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Abstract. The preparation of single-walled, double-walled andThe preparation of single-walled, double-walled and
thin multi-walled nanotubes by hydrocarbon pyrolysis or carbonthin multi-walled nanotubes by hydrocarbon pyrolysis or carbon
monoxide catalytic decomposition is considered. The versions ofmonoxide catalytic decomposition is considered. The versions of
methods, reagents and catalysts are described systematically. Themethods, reagents and catalysts are described systematically. The
kinetics and mechanisms of processes are characterised. Trends inkinetics and mechanisms of processes are characterised. Trends in
the development of methods for nanotube synthesis are shown:the development of methods for nanotube synthesis are shown:
the increasing role of pyrolytic methods as compared with thethe increasing role of pyrolytic methods as compared with the
graphite sublimation. The advantages of thin multi-walled nano-graphite sublimation. The advantages of thin multi-walled nano-
tubes over single-walled ones are noted. Some unsolved problemstubes over single-walled ones are noted. Some unsolved problems
are formulated. The bibliography includes 485 referencesare formulated. The bibliography includes 485 references..

I. Introduction

Carbon nanotubes (CNTs) and nanofibres (CNFs) belong to
materials that attract the keenest attention of scientists and
technologists all over the world (e.g., see Refs 1 ± 10).

In recent summarising publications,11 ± 16 the methods of
preparation of these materials are divided into two main groups,
where the first group includes the graphite sublimation followed
by desublimation and the second group comprises hydrocarbon
pyrolysis and decomposition of carbon oxides (monoxide and
suboxides). The other methods such as electrolysis, chemical
reduction of certain organic derivatives with alkali and alkaline-
earthmetals, chlorination ofmetal carbides or thermal exfoliation
play far less important roles.

Two current trends in the development of synthetic methods
and the application of carbon nanotubes and nanofibres are
observed. One of them reflects the increasing interest in pyrolytic
methods of CNT or CNF preparation, while the second concerns
revision of the role and significance of single-walled CNTs
(SWCNTs).

Indeed, pyrolytic methods do not require such high temper-
atures as sublimation, are amenable to scaleup and easier to
control, provide means for the effective organisation of continu-
ous processes and are more diversified and versatile. As regards
the number of versions, these methods far surpass the electro-arc
and laser-oven sublimation of graphite. A potential advantage of
certain pyrolytic methods is that in addition to CNTs they allow
one to produce hydrogen free of CO, which is very important for

the development of hydrogen energetics 17 and chemical synthe-
ses.18

Initially, the potential of pyrolytic methods was believed to be
restricted to the synthesis of multi-walled CNTs (MWCNTs);
however, it is already clear that this is wrong and these methods
can be applied for the SWCNT production. Dai et al.19 (1996),{

were the first to demonstrate the possibility of the SWCNT
synthesis by the catalytic pyrolysis of hydrocarbons, while the
conditions for the synthesis of high-quality SWCNTs were found
as early as in 1998.23, 24

The second trend reflects the fact that the opinion that
SWCNTs have higher properties than MWCNTs has been
shaken. Indeed, double-walled CNTs (DWCNTs) were the first
to be appreciated as promising industrial materials.25, 26 Partic-
ularly, DWCNTs were shown to surpass SWCNTs in mechanical
properties.27 In addition, DWCNTs exhibit the higher thermal
stability, thermal and electric conductivity as compared with
SWCNTs.28 SWCNTs start coalescing at *1200 8C, whereas
DWCNTs coalesce above 2000 8C. DWCNT-based nanopaper
exhibits higher characteristics than a paper made of SWCNTs.29

The inevitable topological defects typical of all CNTs have a
weaker effect on the DWCNT properties as compared with
SWCNTs. Covalent addition of chemical groups to the surface
drastically changes the electronic properties of SWCNTs and in
certain cases makes their functionalisation (and, hence, their
solubilisation and the possibility of using aqueous colloid solu-
tions of SWCNT for purification, production of composites, etc.)
extremely unwanted. In the DWCNT case, the groups are added
to the external wall and have virtually no effect on the electronic
properties of the internal wall.

Next, a concept of `thinMWCNTs' (from here on; denoted as
t-MWCNTs) has been formulated. These tubes gradually came to
occupy a special place among other filamentous carbon nano-
materials. Tubes with diameters not exceeding 10 nm are classi-
fied as t-MWCNTs,30 ± 34 although certain authors place the upper
limit of diameters at 5 nm. Tubes that contain from 2 to 8 ± 10
walls fall into this category.

Incidentally, the first industrial production of CNTs organ-
ised by `Hyperion Catalysis' (USA) in the mid-1980s was based on
the hydrocarbon pyrolysis and allowed the production of
t-MWCNTs with diameters of 8 ± 10 nm. Later, other countries
have also organised the pilot production of CNTs and CNFs by
pyrolysis. In 2004, a pilot-line production of carbon nanotubes
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was organised in Tambov based on the works from the
D I Mendeleev University of Chemical Technology of Russia.

Certain versions of pyrolytic methods of the CNT synthesis
resemble those of chemical vapour deposition (CVD) which are
widely used in the production of coatings of pyrolytic graphite,
diamond and diamond-like carbon and are characterised by
certain versatility. Indeed, they have their drawbacks, particu-
larly, those associated with the necessity of strict control over the
synthetic conditions aimed at the production of pure and uniform
CNTs.

Several reviews were devoted to the pyrolytic methods (e.g.,
see the recently published reviews 35 ± 42); a survey that summarises
studies on the plasma-enhanced pyrolysis has appeared.16 How-
ever, the majority of these reviews did not dwell into the synthesis
of thin CNTs (one exception is a paper 37 entirely devoted to
SWCNTs) and did not include the most of recent data. The
present review summarises studies devoted to the synthesis of
thin CNTs, which were carried out in the past 4 ± 5 years. The
attention is focused on bimetallic catalysts. For the first time, an
attempt is undertaken to generalise the data on the kinetics of
CNT formation. Certain potentials of pyrolytic techniques are
demonstrated by the example of MWCNT synthesis.

II. Versions of catalytic pyrolysis

Pyrolysis is the transformation of organic substances on heating,
which can proceed via many routes to ultimately yield elemental
carbon. The process is carried out under different conditions,
namely, the temperature of the process may vary from nearly
ambient to above 1000 8C, while the pressure may be both below
and above the atmospheric pressure. Solid (polyethylene, etc.) and
liquid (supercritical toluene) substances and also aqueous and
non-aqueous solutions undergo the pyrolysis to evolve carbon.
Pyrolysis of gases and vapours is very close to the CVD processes
(although it may differ from such processes 43), while the pyrolysis
of aqueous solutions resembles the hydrothermal synthesis.

The CNT synthesis under hydrothermal conditions involves
the introduction of organic precursors (polyethylene, ethylene
glycol, etc.) andmetal catalysts 44, 45 into the system. The process is
carried out at 700 ± 800 8C and a pressure of 60 ± 100 MPa. It was
employed for the production of only MWCNTs with the number
of walls from 5 to 100 and more. The inner diameter of such
MWCNT was 20 ± 1300 nm.

MWCNTs were also synthesised by the pyrolysis of a ferro-
cene solution in toluene under supercritical conditions at 600 8C
and a pressure of *12.4 MPa (MWCNTs or CNFs were
obtained).46, 47 Resistive heating of the Si substrate covered with
a thin Fe film up to 500 ± 1000 8C in certain organic solvents
(methanol, ethanol) also yielded CNTs.48 Pyrolysis of organic
substances in a gel matrix can be carried out at surprisingly low
temperatures (300 8C).49 The catalytic pyrolysis of liquid hydro-
carbons under the conditions of supersonically induced cavitation
stands somewhat apart from the above methods. This synthesis
was first carried out to produceCNTs in 1999 as the pyrolysis of o-
dichlorobenzene in the presence of ZnCl2. Its new version was
described recently.50, 51

Themethods of catalytic pyrolysis of gases are divided into the
following two groups according to the way of catalyst loading:

Ð pyrolysis with a supported catalyst;
Ð pyrolysis with a `volatile' catalyst.
Based on this, two groups of processes performed under

different condition are distinguished. In both cases, to minimise
the non-catalytic decomposition of gaseous monoatomic and
heteroatomic hydrocarbons, their pyrolysis is recommended to
be carried out at a reduced total pressure in the system and a low
partial pressure of the main reagent.

SWCNTs can also be prepared by the pyrolysis without a
catalyst.52, 53

III. Pyrolysis with supported catalysts

1. Versions and specific features of processes
Pyrolysis on a supported catalyst has several versions and offers
the widest opportunities. The pyrolysis with powder catalysts and
the pyrolysis on smooth (flat) or relief (patterned) substrates can
be assigned to its major versions.

The general possibilities may include the production of long
CNTs, CNTs of a given diameter, CNTs of definite shapes, doped
CNTs, CNTs with the diameter- and length-varying compositions
and CNT-containing composites.

On smooth or patterned substrates, it is possible to prepare
CNTs oriented in a definite way or various structures formed by
CNTs, where oriented CNTs or their structures can occupy
relatively wide areas.

The simplest and most frequently applied method is the
pyrolysis with powder catalysts. The overwhelming majority of
CNT syntheses were carried out in set-ups that represented a
heated horizontal reactor in the central zone of which a combus-
tion boat with a weighed portion of the catalyst was placed. The
starting hydrocarbons were fed into the reactor. Upon the end of
the process, the boat contents were taken out and the CNTs
formed were washed from the catalyst remainders with acids and
other reagents.

The large-scale pyrolysis with powder catalysts was performed
in reactors of the following three types: reactors with stirred
(mobile), suspended, and filter beds.54 Horizontal vibroreactors
used in the synthesis of carbon nanofibres pertain to the first-type
reactors.55, 56 Rotating tube reactors 38, 57 and screw-conveyer
type reactors were also used. Suspended-bed reactors include
vertical reactors 58 and reactors with fluidised beds.11 The latter
are most popular. They are intended to be used in the preparation
of SWCNTs in the CoMoCAT (formed from the words Co ±Mo-
catalyst) processes 43, 59, 60 and also in the pyrolysis of C2H2,61

C2H4 ±H2 mixtures 62 and CH4.63

Long (several mm or cm) CNTs and their bundles were
prepared.64 ± 74 Such tubes can be used later in the CNT `cloning'
(the growth of SWCNTs with identical geometry and structure),75

for example, in a cycle shown in Fig. 1. For this purpose, an array
of open-end SWCNTs was synthesised, then, the catalyst particles
were deposited on their ends and the pyrolysis was repeated. The
scheme of `cloning' may be more complicated. Thus the catalyst
particles were attached to shortened and functionalised SWCNTs
in solution, whichwas followed by the deposition of tubes onto the
substrate. The process resembles the epitaxial growth of single
crystals.75

Carbon nanotubes of equal lengths are used most often for
growing arrays of identically oriented tubes (`forest') on smooth
substrates. The use of calibrated catalyst particles allows one to
synthesise CNTs of definite diameters. In this way, SWCNTs with
diameters of 1.45� 0.50 nm (Refs 76 and 77) and 1.3� 0.4 nm
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Seeded growth
500<T<700 8C

`Inner loop' processing

S
W
C
N
T
s
+

ca
ta
ly
st

Bulk
output

Seed preparation
(*0.5 kg day71):
cutting SWCNTs,
preparation of the
catalyst, functionalisa-
tion, attachment, docking

Figure 1. Block diagram of commercial production of SWCNTs of a

definite diameter and desired morphology (chirality);

[http://www.hydrogen.energy.gov/pdfs/review05/stp_37_smalley.pdf].
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(Ref. 78) and also t-MWCNTs with diameters of 4 ± 6 nm were
prepared.79 The use of the MSM-41 molecular sieves made it
possible to control the SWCNT diameter within 0.5 ± 0.8 nm with
an accuracy of 0.05 nm.80 ± 82 By varying the concentrations of
added thiophene in the CH4 pyrolysis it is possible to control the
SWCNT diameter within 0.88 ± 1.18 nm.83 The chemical treat-
ment of zeolites allowed varying the diameter of the void in their
crystal structure thus changing the size of catalyst particles
incorporated into this void and the diameter of resulting
t-MWCNTs.84WhenMWCNTs are synthesised on flat substrates
with deposited catalysts, it is possible to regulate the diameter of
tubes and their density on the substrate by varying the intensity of
the catalytic film pretreatment in the NH3 plasma.85 Morphology
and diameters of CNTs can be changed as a result of changes in
the catalyst composition, for instance, by the addition of Co to the
Ni/Al2O3 catalyst.86

Pyrolyses on flat and patterned substrates have their pecular-
ities, making possible the preparation of oriented CNTs and CNT
structures. The oriented CNT packing is possible in the cases of
pyrolysis in electric field (the majority of papers describe the
MWCNT preparation) 2, 87 ± 96 and magnetic-field orientation
of catalyst particles,97 as well as in a directed gas
stream 66, 69 ± 71, 98 ± 100 and at a definite position of the substrate
with respect to the gravity vector.101

The growth of oriented CNT was observed 2 in electric fields
with the strength of *1 V mm71. Somewhat weaker fields
(0.4 V mm71) were used in the formation of SWCNT bridges as
long as 25 mm between the electrodes.91 The induced dipole
moment was *106 D for *1 mm-long CNTs in a field of
1 V mm71.

The most perfect packing of CNTs on a substrate in electric
field requires the optimisation of the electrode shape and the
elimination of van der Waals interactions between the tubes.
Periodic changes in the electrode position and in the direction of
the constant electric field during the CNT growth allow one to
change the CNT morphology, viz., form bended and zigzag
tubes.102 ± 104 For CNTs to continue their growth upon a change
in the electrode position, the carbon capping that passivates the
catalyst particles should be etched away.

A method of SWCNT orientation (aligning), which involved
the deposition of Al2O3 islets, has been developed.93, 105 In this
process, the tubes grow perpendicular to the boundary due to the
appearance of a space charge. The deposition of a local thin SiO2

coating on the catalyst film allowed CNTs aligned along the
silicon substrate to be grown.106

Orientation under the effect of the gas flowmade it possible to
form networks of crossed SWCNTs (in a two-step process) 66, 69 as
well as more complex structures based on 1-cm long tubes.70 The
best results were achieved at rapid heating of the substrate. Here, a
`kite' mechanism was assumed to operate, i.e., the temperatures of
the substrate and the gas increased at different rates, which gave
rise to upward convection flows. It is these flows that lift up the
ends of growing SWCNTs from the substrate.71

CNT deposition on silicon, quartz or sapphire single-crystal
substrates can also be accompanied by the CNT orientation,
which resembled the epitaxial orientation. The growth of oriented
SWCNTs coordinated with the surface orientation of silicon
single crystals was first observed by Su et al. 107 (later, analogous
studies were performed with sapphire 108 ± 112). It was shown that
when ferritin clusters were used as the catalyst and sapphire served
as the substrate, the formed SWCNTdeposits were ordered on the
A and R faces of sapphire and disordered on its M and C faces.
Such behaviour was attributed to the different packing of Al
atoms on different faces. Sapphire is widely employed as the
substrate material in microelectronics; hence, the further develop-
ment of studies in this direction can lead to the appearance of a
new integral circuit technology.

The oriented deposition of CNTs also occurs along atomic
steps of vicinal faces of a-Al2O3 .108, 113 The directed growth of

SWCNTs was also observed on the Y-cut of a quartz single
crystal.114

As compared with the CNT deposition on flat or powder
substrates, the method of growing of arrays of oriented CNTs in
Al2O3 matrices with cylindrical pores arranged perpendicularly to
the external surface was used less often. The vast majority of
studies that employed this method were aimed at the MWCNT
preparation.115 ± 118 Mesoporous silicates were used for the same
purposes.119, 120 On the other hand, the use of AlPO4 single
crystals,121 ± 126 molecular sieves MSM-41 (Refs 80 ± 82 and
127 ± 129) and ordered films of mesoporous SiO2 (Ref. 130)
made it possible to prepare SWCNTs. Zeolites (see Section III.5)
and porous silicon served as the matrices in the SWCNT growth.
In Al2O3 matrices with crossed pores, branched CNTs were
synthesised.131

The method of preparation of a CNT `forest' described by
Dai 2 is more popular. Catalyst particles of the given size and
density were deposited onto inert substrates thus providing the
tube growth in only one direction. This allowed SWCNTs to be
grown on different substrates in the pyrolysis of ethanol, 131 ± 135

methane,136 ethylene 67 and mixtures of different gases.
The use of photolithography, methods of substrate profiling

or other methods in the deposition of patterns of catalyst particles
on substrates made it possible to grow `columns', `towers', `rods',
`tubes' and other CNT structures aligned perpendicularly to the
surface. The growth of individual SWCNTs on the patterns
formed by photolithographic or microprinting techniques is very
promising.12, 23, 130, 136

The preparation of structures of the `power-line' type, namely,
submicron Si or SiO2 columns with CNT-connected vertices was a
remarkable achievement.2, 12, 136 ± 141 To synthesise such struc-
tures, catalyst particles were preliminarily deposited on column
vertices. The formation of `wires' was explained by swaying of the
growing CNTs.

Patterned growth of CNTs on 100 (Refs 142 ± 144) and
150 mm Si wafers [http://www.elecdesign.com/Articles/
Index.Cfm?AD=1&ArticleID=2462] was documented.

The pyrolytic method of CNT preparation can be employed in
the formation of two- and three-dimensional structures.145 ± 147

A procedure of preparation of `pellets' from CNTs aligned in
parallel and transplantation them onto any substrate chosen has
been developed (Fig. 2).148

The catalytic pyrolysis allows, in principle, a process similar to
the chemical deposition with infiltration to be carried out.
Particularly, attempts were undertaken to prepare carbon ±
carbon composites built of carbon fibres and CNTs.149

321

4

56

XeF2

87

Figure 2. Sequence of operations in the preparation and packing of

`pellets' with CNTs (nanopelleting processes).

(1) Etching trenches, (2) filling trenches with the catalyst, (3) CNT growth,

(4) spin casting 42 an epoxy polymer, (5) planarising and polishing the

outer layer to create isolated pellets with uniform-length CNTs, (6) with-

drawal of pellets, (7) transplantation of pellets onto a new substrate,

(8) etching in the O2 plasma to remove the polymer.
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In the pyrolytic synthesis, the yield of particular CNT types
(SWCNTs or DWCNTs) can reach 90%±95% (e.g., see
Ref. 150). However, the realisation of the above-described `clon-
ing' of tubes would be the most remarkable achievement.75

Tube doping (with nitrogen, boron, etc.) was employed, as a
rule, only in the production of MWCNTs or carbon nano-
fibres,151, 152 although examples are known where
SWCNTs 52, 153, 154 and even DWCNTs 155 were doped with nitro-
gen.

The synthesis of CNTs with a composition varying along their
lengths or diameters was achieved by changing the growth
conditions, particularly, the starting gas composition. Thus
CNTs covered with one or several concentric coatings with
different compositions were grown.

Pyrolytic methods for the preparation of composites of a
ceramic matrix filled with CNTs were actively developed in
France.156 ± 166 The CNT synthesis was carried out on solid oxide
solutions or spinels. In the course of their reduction, solid
solutions and compounds based on Al2O3 or MgO with formulas
of Mg17xMxO (M=Co, Ni) or Mg17xMxAl2O4 (M=Fe, Co,
Ni; x� 1� evolved Fe, Co orNi nanoparticles which served as the
catalysts of the CNT growth. Mixtures of SWCNTs with
t-MWCNTs,167, 168 SWCNTs with DWCNTs,169, 170

DWCNTs,159, 160, 171 and also DWCNTs with triple-walled
CNTs 172 were prepared from the CH4 ±H2 gas mixture with
appropriately chosen concentrations of Fe, Co or Ni (x values).
Oxides CaO, Cr2O3 , La2O3, etc. can also serve as the matrices.

The catalytic pyrolysis of the CH4 ±H2 mixture also allowed
the formation of a composite film containing MgO and
SWCNTs.173 A composite containing long CNTs, Fe and ZrC
was prepared by the pyrolysis of hydrocarbons on a Zr ±Fe
film.174 A composite of SWCNTs and nanocrystalline Al was
obtained.175

Actually, any process of hydrocarbon pyrolysis or CO decom-
position on powder catalysts can be modified to produce compo-
sites.

2. Methods of enhancement of pyrolytic processes
Several methods of enhancement of catalytic pyrolysis were
described, namely, thermal, plasma, hot-filament, and laser
enhancement.

There are two versions of thermal enhancement, viz., heating
of the substrate (either directly or through the reactor walls) and
heating of gaseous hydrocarbons by their partial combustion. In
the second version, which is used very rarely, the substrate covered
with catalyst is placed into a certain zone of flame. Heating of the
substrate was used more often. As a rule, the heating is performed
through the reactor walls; however, resistive heating of the
substrate was described (the use of Joule heat) in which the reactor
walls remain cold 176, 177 and also heating of the substrate using
high-frequency current.178, 179 To decrease the temperature of the
process 180 and the velocity of the gas flow,181 reduced pressure
was used. Thus the pyrolysis of pure C2H4 at a pressure of 100 Pa
made it possible to build SWCNT and t-MWCNT bridges
between the electrodes of nitrided Ta.182

The pyrolysis activated by different types of gas discharges,
namely, arc, microwave, corona, glow, high-frequency (with
frequency from several kHz to several and even tens MHz) was
also carried out at reduced pressure.41 Two types of these
processes are distinguished, viz., in which the substrate is placed
either immediately into the flame discharge zone or outside of it
and it is the gases that are subjected to activation, while the
substrate has a relatively low temperature. An example of the use
of a plasma source at a distance from the substrate was
described.183 The elimination of the direct action of microwave
plasma on the substrate favours the increase in the CNT growth
rate.184

The plasma enhancement allows one to carry out syntheses at
low temperatures of the substrate. ThusMWCNTs were prepared
from CH4 with addition of small amounts of O2 under the action

of high-frequency plasma at the substrate temperature of
350 8C 185 and also from a CH4 ±H2 mixture under the action of
inductively coupled plasma at the substrate temperature of
200 8C.186 This can be associatedwith the fact that charged species
formed in plasma can change the mechanism of chemical reac-
tions.

Presumably, the advantages of plasma enhancement over
thermal enhancement are that the former allows the effective
decomposition of starting hydrocarbons and a strict control over
the concentration of reactive species; the drawbacks include the
somewhat higher disordering of the product structure.187

Plasma enhancement was used most often in the MWCNT
synthesis.16, 41, 188 ± 190 At the same time, the formation of
SWCNTs and t-MWCNTs was reported. The microwave dis-
charge plasma was used most extensively. Thus on a Fe catalyst,
SWCNTs and DWCNTs with the packing density of
*1012 ± 1013 cm72 were formed from a C2H2 ±NH3 mixture,191

t-MWCNTs with diameters of 3 ± 20 nm were prepared from a
CH4 ±CO2 mixture,192 SWCNTs or t-MWCNTs were obtained
from a CH4 ±H2 mixture [http://www.nsti.org/Nanotech2005/
Showabstract.html?absno=273] and MWCNTs were formed
from a CH4 ±NH3 ±H2 mixture.193 The MWCNT diameter was
regulated by varying the size of catalyst particles on the substrate.
This could be achieved, for example, by changing the thickness of
the deposited metal-catalyst film.189, 194 ± 197 A method of prepa-
ration of a SWCNT `forest' under the action of point-arc micro-
wave 198 or `diffusion' 199 ± 201 plasmas was described.

An interesting feature of SWCNTs formed in the CH4

pyrolysis activated by high-frequency discharge is the domination
of tubes with semiconductor characteristics.183, 202

For the first time, in the plasma generated at the electron
cyclotron resonance, SWCNTs or DWCNTs were grown directly
on silicon substrates, which were not preoxidised.203

The hot-filament activated pyrolysis, i.e., activated by an
incandescent tungsten wire heated with Joule heat up to
*2000 8C, is a purely laboratory method. This process is easily
organised (Fig. 3). Such activation can be accompanied by the
formation of plasma, provided a certain potential difference is
applied between the cathode and the tungsten wire, which allows
SWCNTs to be grown. The tubeswere deposited onto low-melting
substrates.79, 204 ± 206

Three types of laser activation are known. In the first method,
a directed laser beam locally heats one or another substrate area
(SWCNTs were obtained this way).207, 208 In the second method,
by employing an appropriate frequency of laser radiation, one can
selectively activate gases subjected to the pyrolysis or decomposi-
tion. Finally, laser beams can be used for heating of diathermic
gases by adding to them substances capable of selective absorption
of laser radiation.209
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Figure 3. Illustration of CNT preparation in hot-filament activated

pyrolysis.

(1) Gas mixture inlet, (2) hot tungsten spiral wire, (3) catalyst, (4) cathode,

(5) substrate, (6) substrate heater.
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A specific feature of pyrolytic processes is that the CNT
growth is accompanied by incorporation of only active metal
particles 210 into CNT hollows, whereas the inert substrate (e.g.,
oxide, see Section III.5) remains outside the tubes. This is the
result of the effect of catalysts on the formation of tubes.

3. Starting compounds
The set of starting compounds used in the production of SWCNTs
and t-MWCNTs is much more limited as compared with the
production of MWCNTs or CNFs. Among hydrocarbons,
methane is the most suitable for this purpose (Refs 23, 24, 27,
28, 83, 87, 92, 101, 105, 107, 114, 136, 141, 173, 185, 211 ± 254).
This hydrocarbon is thermally more stable as compared with
others; this is why its catalytic pyrolysis produces smaller amounts
of amorphous carbon impurities. Dilution with hydrogen, which
is themain gaseous product of pyrolysis, inhibits the non-catalytic
pyrolysis of methane even at relatively high tempera-
tures.74, 106, 142, 143, 156 ± 172, 186, 189, 199 ± 201, 233, 246, 255 ± 262 In the
plasma-enhanced CVD, the dilution with hydrogen is of vital
importance; here, mixtures containing as little as 2 vol.%±
6 vol.% CH4 (e.g., see Ref. 197) are often used. Dilution with
inert gases also has a positive effect. The introduction of small
amounts of C2H4 into the CH4 ±H2 mixture is a common
practice.88, 94, 109

In addition to methane, unsaturated hydrocarbons, particu-
larly, ethylene (Refs 67, 75, 176, 180, 182, 219, 240, 262 ± 270),
acetylene (Refs 61, 79, 84, 89, 182, 209, 215, 271 ± 299) and
propylene,300 were pyrolysed to form SWCNTs, DWCNTs and
t-MWCNTs. Mixtures of unsaturated hydrocarbons with meth-
ane 31, 64, 301 ± 304 and benzene 227, 305 were also used.

As regards the CNT yield and purity, cyclic hydrocarbons,
particularly, cyclohexane, naphthalene and anthracene, do not
surpass methane.305 This is also true for benzene.

Mixtures C2H2 ±NH3 proved to be efficient in the synthesis of
CNFs,41, 306 MWCNTs,41, 188, 283, 307, 308 t-MWCNTs 195, 196 and
SWCNTs 191 in plasma. The role of NH3 in the MWCNT
preparation consists of the maintenance of the active surface
state of catalytic particles due to the removal of amorphous
carbon,309 which accounts for the appearance of HCN is the
gas 308, 310 or the increase in the concentration of hydrogen
atoms.193 The synthesised CNTs contained up to 10 at.% of
nitrogen.188

The difference between the pyrolysis of C2H2 and the pyrolysis
of other hydrocarbons is that the former process is highly
exothermic. The catalytic synthesis of a CNT `forest' was carried
out using C2H2 molecular beams.294 In the initial stages, before
the thickness of the layer of products reached 50 mm, SWCNTs
with diameters of *1 nm were preferentially formed, which was
followed by the growth of SWCNTs with larger diameters and
DWCNTs.

In the last 3 ± 4 years, keen attention was paid to the use of
ethanol as the starting compound in the CNT synthesis. It was
assumed that OH radicals remove amorphous carbon admixtures
to yieldmuch purer SWCNTs as compared with cases where other
reagents were used. This line of research was actively explored by
Japanese scientists of the Maruyama group.132, 134, 135, 177, 311 ± 320

Analogous syntheses were carried out by other scientific
groups.66, 72, 75, 78, 178, 179, 321 ± 327 Low partial vapour pressures
(0.7 ± 1.4 kPa or 5 ± 10 Torr) and a temperature of 800 8C were
commonly used. Ethanol pyrolysis on a Fe ±Co/SiO2 catalyst
selectively produced DWCNTs.326

The introduction of OH radicals into the gas phase can also be
accomplished by the addition of O2 (Refs 185 and 187) or H2O
vapours.67 Presumably, the higher yields and formation rates of
MWCNTs in the CH4 pyrolysis on the oxide catalysts that were
not subjected to preliminary reduction as compared with reduced
catalysts were also attributed to the effect of H2O vapours evolved
in the oxide reduction during the pyrolysis.244

Single-walled CNTs were prepared from vapours of
methanol 323 and mixtures CH3OH+H2 and CH3OH+Ar.71

The rate of MWCNT formation frommethanol was substantially
lower as compared with ethanol.328 A synthesis of SWCNTs was
carried out from methanol and propan-2-ol in a set-up with a hot
filament.329 Low SWCNT yields were obtained from camphor 330

and its analogues, namely, camphorquinone, norcamphor, nor-
bornane, fenchone. These experiments did not reveal any benefi-
cial effect of oxygen on the yield and quality of tubes.331

A matrix synthesis of SWCNTs was carried out using tripro-
pylamine.121, 125, 332 A mixture of SWCNTs and MWCNTs was
isolated after the acetonitrile pyrolysis.333 The synthesis of CNTs
(with a fraction of t-MWCNTs) from associated gas was
described.236, 334

In recent years, the CNT synthesis by the thermal decom-
position of carbon monoxide was actively developed (Refs 19, 43,
59, 60, 68, 80 ± 82, 127 ± 129, 263, 335 ± 349). The equilibrium of
CO decomposition is such that the solid product yield decreases
with an increase in the temperature. This makes the choice of
conditions that suppress the formation of amorphous carbon
much easier. An increase in the pressure substantially increased
the yield of SWCNTs and made them more uniform in the
diameter.128 The addition of H2 was observed to have a positive
effect on the rate of CNT formation 69, 71, 335, 342 and, in the case of
Co/MgO catalysts, the tube diameter was observed to decrease
with the decrease in the Co concentration.342 Thismethod allowed
one to prepare both ordinary 339 ± 341 and long SWCNTs.344

A large-scale production of SWCNTs via the catalytic decom-
position of CO was proposed based on the aforementioned
CoMoCAT process (Fig. 4). The reaction is carried out at
700 ± 950 8C and a pressure of *0.5 MPa (5 atm). Stable oper-
ation of the set-up requires a low degree of CO decomposition in
the reaction zone; this is why the set-up provides the CO recycling
after the recovery of CO2 formed. It was shown that the lower the
temperature of the process the smaller the average diameter of
SWCNTs formed, i.e., the diameter approached 0.8 nm at 750 8C,
1.0 nm at 850 8C and 1.2 nm at 950 8C. The catalyst selectivity
with respect to SWCNTs (the SWCNT fraction in the total CNT
mass) was 80%±90%. The fraction of semiconductor CNTs in
the total amount of tubes was 57%.

4. Catalysts
Among individual metals, Fe, Co and Ni exhibit the highest
catalytic activity in the pyrolytic synthesis of CNTs. It is a wide
opinion that the characteristics of metal ± carbon systems are of
the prime importance for the catalytic activity of metals in the
pyrolysis.

4
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Figure 4. A principal scheme of the CoMoCAT process.

(1) Catalyst load slot, (2) fresh CO feed line, (3) fluidised catalyst bed,

(4) outlet of reaction gases, (5) product output, (6) CO2 trap, (7) inlet of

recycled CO; [http://www.ou.edu/engineering/nanotube/comocat.html].
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In a review,41 the catalysts used in the preparation of various
filamentous carbon nanoparticles on substrates were tabulated
and the original literature references (more than 60) were cited;
however, only three of references are devoted to the synthesis of
SWCNTs. This is why the present survey shows a new list of
catalysts as applied to the synthesis of SWCNTs, DWCNTs and
t-MWCNTs.

The preparation of SWCNTs, DWCNTs and t-MWCNTs
involves most often the use of bimetallic catalysts, i.e., active
metals.350 They exhibit enhanced activity, selectivity and thermal
stability and are less susceptible to poisoning. Such catalysts allow
the diameter and purity of CNTs obtained to be controlled within
certain limits.

The major metal catalysts, namely, Fe, Co or Ni, are often
supplemented with molybdenum compounds (Tables 1 and 2).
Molybdenumas such, its oxides and certain other compounds also
exhibit catalytic properties in the pyrolysis of hydrocarbons and
the decomposition of CO; however, in the CNT synthesis, their

effect is either weak or they impair the morphology of the solid
products of the pyrolysis. In place of CNTs, non-tubular CNFs or
wide-diameter CNTs are often formed. At the same time, the use
of Mo as a promoting additive favours the decrease in the CNT
diameter, the increase in the total yield of solid products and the
decrease in the amount of admixed CNFs. Particularly, it is
assumed that the addition of Mo to the Co/MgO system gives
rise to small Co clusters that are formed due to the decomposition
of CoMoO4 and provide sites for the CNT growth.288

Table 1 shows examples of the use of binary powder catalysts
Co ±Mo on different substrates in the heat-activated pyrolytic
synthesis of SWCNTs, DWCNTs, t-MWCNTs and CNFs. The
data in Table 1 may be supplemented by the results on dispro-
portionation of undiluted CO on the Co ±Mo/SiO catalyst.336 It
was shown that this catalyst changes its chemical composition in
the course of CNT formation. As reported in numerous publica-
tions, binary powder catalysts based on Co ±Mo make it possible
to synthesise SWCNTs from various carbon-containing precur-

Table 1. Composition and application conditions of binary powder catalysts Co ±Mo/support (A) in the heat-activated CNT synthesis.

A Co :Mo :A /mol Process conditions Products Ref.

(Co :Mo)

starting compounds T /8C p /atm

MgO (0 ± 5) : (5 ± 0) : 95 CH4 (20%)7H2 1000 1.0 t-MWCNTs, CNFs 34

MgO 5 : 1 : 94 CH4 (20%)7H2 1000 1.0 t-MWCNTs, CNFs 32

MgO 2.5 : 2.5 : 95.0 a C2H2 (10%)7H2 800 1.0 SWCNTs 288

MgO (1 : 4) CO (100%) 700 1.0 SWCNTs 351

MgO (1 : (2 ± 30)) CH4 (97%)7H2 1000 1.0 t-MWCNTs 352

MgO 1.0 : 0.1 : 20.0 CH4 (9%)7Ar 800 ± 850 1.0 DWCNTs 239

SiO2 0.5 : 1.5 : 98.0 a CO (100%) 750 5.0 SWCNTs 60

SiO2 2 : 4 : 94 CO (100%) 700 1.0 SWCNTs 59, 337

SiO2 (see b) (1.0 : 3.5) CO (100%) 850 1.0 SWCNTs 343

SiO2 (2 : 1) ± (1 : 4) CO (20% or 50%)7He 700, 800 (1.0) SWCNTs 337

SiO2 *0.5 : 1.5 : 98.0 a CO (100%) 700 ± 950 1 ± 10 SWCNTs 43, 345

SBA-16 (1.0 : (0.3 ± 1.0)) C2H5OH7Ar (see c) 850 1.0 SWCNTs 66

Zeol or Al2O3 (0 ± 5) : (5 ± 0) : 95 a C2H2 (9%)7N2 700 1.0 t-MWCNTs 353

Al2O3 1 : 4 : 50 a CH4 (50%)7Ar 550 ± 850 1.0 MWCNTs 244

aMass ratio. bCatalysts with Na additives were also tested. c The partial pressure of ethanol vapours was 0.0155 atm.

Table 2. Composition and application conditions of binary powder catalysts Fe ±Mo/support (A) at thermal activation and atmospheric pressure.

A Fe :Mo :A /mol Process conditions Products Ref.

(Fe :Mo)

starting compounds T /8C

MgO 10.0 : 2.5 : 87.5 CH47C2H47H2 900 t-MWCNTs 31

MgO (1.0 ± 2.0) : (0.05 ± 0.10) : 13.0 CH4 (20%)7H2 (N2) 1000 SWCNTs 241

MgO (0.5 ± 2.0) : (0.05 ± 0.2) : 11 C2H2 (1%± 13%)7Ar 850 ± 950 SWCNTs 296

MgO 1.0 : 0.1 : 11.0 a C2H2 (2%)7Ar 800 ± 950 SWCNTs 287

MgO 1.0 : 0.1 : 12.0 a C6H147Ar 900 DWCNTs 354

Al2O3 9 : 1 : 90 C 2H4 (0.06%)7Ar7H2 (0.03%) 850 SWCNTs+DWCNTs 263

Al2O3 1.00 : 0.16 : 10.00 CH4 900 t-MWCNTs b 355

Al2O3 1.00 : 0.16 : 10.00 CH4 (50%)7H2 950 SWCNTs b 355

Al2O3 1.00 : 0.17 : 10.00 CH4 (60%)7H2 (see c) 700 ± 900 SWCNTs 181

Al2O3 1.00 : 0.25 : 10.00 CH4 (20%)7H2 1000 SWCNTs 356

Al2O3 1.0 : 0.1 : 13.0 CH4 (17%)7Ar 950 SWCNTs+DWCNTs 232

Al2O3 (5 : 1) a CH4 (10%)7Ar 680 ± 900 SWCNTs 220

Al2O3 1.00 : 0.17 : 16.00 CH4 900 SWCNTs 213

Al2O3 1.00 : 0.16 : 16.00 CH4 850 ± 1000 SWCNTs 215

Al2O3 (6 : 1) CH4 (2.2%±35.2%)7Ar (see d) 680 ± 850 SWCNTs 223

Al2O3 9 : 1 : 90 CO (1.18 atm) 700 ± 850 SWCNTs (+DWCNTs) 263

SiO2+Al2O3 1.0 : 0.17 : (16.00+16.00) CH4 900 SWCNTs 213

aMass ratio. bDepending on the catalyst synthesis conditions, MWCNTs and CNFs can be obtained. c The total pressure was 0.13 atm. d The total

pressure was 0.79 atm.
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sors. Moreover, after certain changes in the conditions, even
DWCNTs, t-MWCNTs and CNFs can be isolated. In the pyro-
lysis of CH4 ±H2 mixtures, the highest yield was achieved for the
molecular ratio Co :Mo=1 : 3.34, 357

In addition to studies cited in Table 2, the use of the Fe ±Mo/
MgO catalyst in the synthesis of DWCNTs from CH4 ±H2

deserves mention.358

As follows from Tables 1 and 2, the lowest temperature of the
SWCNT synthesis is 680 8C [e.g., from CH4 with a catalyst based
on Fe and Mo oxides deposited on Al2O3 at the mass ratio
Fe :Mo=5 : 1 (Ref. 220)];{ however, such tubes are convention-
ally obtained at temperatures not lower than 800 8C.

The pyrolytic synthesis of CNTs employs Fe ±Co, Fe ±Ni and
Co ±Ni catalysts on different substrates (Table 3). In addition to

catalysts shown in Table 3, Fe ±Co/MgO (preparation of
DWCNTs in the CH4 pyrolysis),245 Fe ±Co/Zeol (SWCNTs,
C2H2) 278 and Fe ±Co/SiO2 (DWCNTs, C2H5OH) 326 were
described. The use of the Ni ±Mo composition was also men-
tioned.361

Besides Mo, the additions of platinum metals, e.g., Ru,213

Pt 71, 317 and also compounds of tungsten,280, 345 vanadium,353

chromium 280 and manganese 280 was used in the preparation of
bimetallic catalysts based on Fe, Co or Ni. It was shown that the
Co ±Mo catalyst is more efficient than Co ±Pt 317 and the Co ±Ni
catalyst is more efficient than Co ±V, Co ±Cr and Co ±Mn.280

A series of iron-based catalysts with different additives were
tested,359 namely, Fe ±Cr/Al2O3 , Fe ±Ni/Al2O3 , Fe ±Ru/Al2O3 ,
Fe ±Cr/Cr2O3 , Fe ±Co ±Ni/Cr2O3 , Fe ±Co ±Ni/MgO and
Fe ±Co ±Ni/MgAl2O4 .

In addition to binary powder catalysts based on Fe, Co or Ni,
more complex catalysts and supported binary catalysts were also

Table 3. Composition and application conditions of binary powder catalysts M7M0/A (M, M0=Fe, Co or Ni; A is support).

M7M0/A M :M0 : A /mol Process conditions Enhance- Products Ref.

(M :M0) ment

starting compounds T /8C p /atm method

Fe ±Co/Zeol (0 ± 5) : (5 ± 0) : 95 a C2H2 (9%)7N2 700 1.0 thermal t-MWCNTs, 353

(or Al2O3) MWCNTs

Fe ±Co/MgAl2O4 6.5 : 3.5 : 90.0 b CH4 (18%)7H2 700 ± 1070 1.0 " t-MWCNTs, CNFs 359

Fe ±Co/MgAl2O4 (0 ± 0.1) : (0.1 ± 0) : 0.9 CH4 (18%)7H2 1070 1.0 " SWCNTs, DWCNTs 170

Fe ±Co/MgAl2O4 80 c CH47H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Fe ±Co/Al2O3 (see d) 2.5 : 2.5 : 95.0 a C2H4 (27%)7N2 1080 1.0 " SWCNTs 264

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar 700 ± 800 6.661073 " SWCNTs 311

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 850 1.361074 plasma SWCNTs 177

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 800 0.013 thermal SWCNTs 313

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH±Ar 800 6.661073 " SWCNTs 316

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar ±H2 800 6.661073 " SWCNTs 315

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar 900 ± 1000 1.0 " SWCNTs 178, 179

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 900 0.05 ± 0.08 hot filament SWCNTs 360

Fe ±Co/MgO (10 ± 0) : (0 ± 10) e C2H5OH, CH3OH 450 ± 950 (6.6 ± 13.1)61073 thermal SWCNTs 323

Fe ±Co/Zeol (1 : 1) C2H2 (0.4%±1.6%)7Ar 900 1.0 " DWCNTs 280

Fe ±Ni/MgAl2O4 6.5 : 3.5 : 90.0 b CH4 (18%)7H2 700 ± 1070 1.0 " t-MWCNTs, CNFs 359

Fe ±Ni/MgAl2O4 80 c CH4 (18%)7H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Co ±Ni/MgAl2O4 80 c CH4 (18%)7H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Co ±Ni/SiO2 (Al2O3) (1 : 1) CH4 1000 1.25 " SWCNTs 23

aMass ratio. bRatio Fe : Co :Mg orFe :Ni :Mg. c Content ofMgAl2O4 /mol. dGood results were also obtained for the Fe7Co7Ni/Al2O3 catalyst. e The

MgO content was about 97 mass%; Si and SiO2 supports were also used.

Table 4. Composition and application conditions of multilayer catalysts sputtered on flat and patterned substrates in the heat-activated pyrolysis (the
sequence of layers begins with the external layer).

M±M0 ±M00 Layer thickness for Process conditions Products Ref.

or M±M0 M, M0 and M00 /nm
substrate starting compounds T /8C p /atm

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 (0.3%) ± 600 ± 1100 1.0 SWCNTs, DWCNTs 282

Ar (83.0%) ±H2 (16.7%)

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 1000 (0.7 ± 2.7)61073 SWCNTs 289

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 700 ± 1000 2.561073 SWCNTs 290

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 ±H2 ±Ar 535 ± 900 1.0 t-MWCNTs 298

Mo±Fe ±Al 2, 1, 20 see a CH4 ±Ar 950 1.0 SWCNTs, t-MWCNTs, 237

MWCNTs

Mo±Fe ±Al (0 ± 0.2), (0 ± 0.2), 10 b Si C2H2 730 1.0 t-MWCNTs 362

(Fe, Ni, Co) ±Al (1 ± 10), (10 ± 1) d glass CO (6%) ±H2 550 1.0 t-MWCNTs 363, 364

Ni ±Al 1, (2 ± 10) SiO2/Si CH4 800 0.13 SWCNTs 365

Co ±Pt 2, 10 SiO2/Si C2H5OH (4.7%) ±Ar not specified 2.661073 SWCNTs 321

a 15 Substrates of different compositions were tested. b The best properties were observed for Mo0.06Fe0.94 with the total layer thickness of 0.5 ± 2.0 nm.
c Simultaneous sputtering was carried out. d The limits of layer thickness variation are shown.

{ Iron oxides are inactive under these conditions but can be activated by

pre-reduction with a He ±H2 (10%) mixture.

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 7



used (Table 4). The synthesis of CNTs from CO on Co ±Mo films
deposited on quartz 344 and also by plasma-enhanced pyrolysis on
the Al2O3 (thickness 0.7 nm) ±Fe (0.5 nm) ±Al2O3 (5.0 nm) film
sputtered on silicon 198, 348 was described.

The studies by a group of Japanese scientists on the pyrolysis
of hydrocarbons on sputtered Fe catalysts deserve men-
tion.366 ± 368 In particular, they have shown that the CNT diameter
can be regulated by varying the thickness of the sputtered catalyst
film.

In certain cases, the catalysts were applied onto substrates by
the methods simpler than sputtering, viz., by dipping in solutions
or suspensions, chemical vapour deposition, etc. Table 5 shows
the examples of CNT syntheses on such catalysts.

A two-step mechanism was proposed 371 to explain the effect
of bimetallic catalysts in the formation of SWCNTs. The role of
the second metal, e.g., Mo, may consist of the promotion of the
formation of an intermediate CNT precursor. This promoter can
be spatially separated from the main metal on which CNTs are
formed. For instance, a `conditioning' catalyst or `pre-catalyst'
placed immediately in the gas stream fed into the pyrolysis reactor
was observed to substantially increase the CNT yield. 28, 29, 249, 372

It was found that the `pre-catalyst' favours the formation of small
amounts of C6H6 from CH4.

5. Catalyst supports and substrates
In powder catalyst composition, an inert support separates the
active metal particles preventing their aggregation. In the prelimi-
nary stages of the preparation of compositions, due to the
formation of solid solutions, the support favours more uniform
distribution of catalyst precursors. This is why attention is focused
on the choice of supports and the selection of the composition.
A combinatory method for the selection of the composition of
catalysts for the synthesis of MWCNTs,373, 374 t-MWCNTs 374

and SWCNTs 375, 376 was described.
Based on a large number of examples, the relationship

between the diameters of a CNT formed and a catalyst particle
was studied and these diameters were shown to be similar.79, 277, 322

For instance, it was assumed that the size of metal particles should
be limited to 3 nm.319 At the same time, it was shown that
SWCNTs with diameters of 1.45� 0.50 nm grow on uniform Ni
particles with diameters of 4.7� 1.4 nm,76, 77 tubes with diameters

of 1.3� 0.4 nm grow on Fe particles with diameters of
1.7� 0.6 nm 78, 377 and CNTs with diameters of 1 ± 2 nm grow of
Fe particles with diameters of *5 ± 14 nm.260 The experimental
results have not yet been brought in complete agreement with one
another. It was shown 376 that the ratio of diameters of a catalyst
particle and a SWCNT approached 1.6; however, in theMWCNT
preparation (diameter 27 ± 57 nm), a considerably smaller ratio of
diameters, namely, 1.2 ± 1.4, was observed.378

Testing of various powder catalyst supports has shown that
MgO surpasses SiO2 , ZrO2 , Al2O3 , CaO, etc. in the stability and
the SWCNT yields reached.227 For powder MgO with mesopores
of a certain size (d=12± 16 nm), the specific surface area (Ssp) of
the powder is related to the SWCNT purity, as evidenced by the
changes in the intensities ofG- andD-modes in the Raman spectra
of tubes (Fig. 5). At the same time, no unambiguous relationship
between Ssp of the support and CNT characteristics was revealed,
viz., on a SiO2 support with the pore diameter of 7.2 nm, no

Table 5. Composition of catalysts deposited on substrates from the gas phase or from solutions and suspensions and the conditions of their use in the heat-
activated pyrolysis.

M±M0 Pyrolysis conditions Ref.

substrate starting compounds T /8C p /atm

Co ±Mo Si or SiO2 C2H5OH 600 ± 850 1.361072, 2.661072 312, 314, 320

Co ±Mo a SiO2 C2H5OH 800 0.961072 132

Co ±Mo Sõ2 C2H5OH 800 1.361072 134, 135

Co ±Mo b SiO2 C2H5OH 800 not specified 317

Co ±Mo SiO2 C2H5OH 800 1.361072 133

Co ±Mo SiO2 C2H5OH 800 1.361072 318

Fe ±Mo±Al2O3 SiO2/Si CH4 900, 1000 1.0 24, 212, 214, 369 d

Fe ±Mo±Al2O3 SiO2/Si CH47H2 900 1.0 142

Fe ±Mo c Si or SiO2 CH4 900 1.0 218

Fe ±Mo SiO2/Si CO (80%)7H2 900 1.0 98, 99

Fe ±Mo Al2O3/Si CH4 900 1.0 370

Fe ±Mo Al2O3/Si CH4 900 1.0 107

Fe ±Mo±Al2O3 SiO2/Si CH4 ±H2 950 1.0 230

Fe ±Mo SiO2/Si e CO7H2 950 1.0 339

Fe ±Mo Si3N4 (see f ) CH4 (50%)7H2 950 1.1 257

Fe ±Mo±MgO SiO2 CH47H2 950 1.0 173

Fe ±Mo±Al2O3 Cr/Au/SiO2/Si CH47H2 900 1.0 65

a Thickness of the layer on the substrate was 1 ± 2 nm. b Particles measuring 10� 1 nmwere deposited. cA promoting catalyst deposited as a powder was

also used. d In this work,369 the deposition was carried out onto Si tips. e Substrates of Al2O3 andMgOwere also tested. f The substrate was hydrophilised

in the O2 plasma.
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Figure 5. Effect of the specific surface area of MgO powder prepared by

different methods on (1) the average size of powder pores and (2) the ratio

of intensities of G and D modes in the Raman spectra of SWCNTs

synthesised.

Points correspond to experimental data.
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SWCNTs or t-MWCNTs were formed at all even if Ssp of the
support was as large as 446 m2 g71 (Table 6).

The increase in the active metal content in the catalyst entailed
the increase in the deposit yield (Fig. 6) 156 but impaired the CNT
quality, as follows from the Ssp of the carbon product (Fig. 7).156

For sputtered catalysts, the chemical composition of the
substrate surfaces affects the CNT formation. Thus on hydro-
genated silicon substrates, the formation of tube nuclei occurred
easier than on oxidised substrates or those treated with tetrame-
thylammonium hydroxide.205 A buffer layer (Al2O3 , TiO2, etc.)
between the substrate (Si) and the active metal (Fe) is not less
significant, because it can determine the chemical composition of
the catalyst.379, 380 For example, under similar conditions, iron
deposited on an Al2O3 layer exists as FeO and can catalyse the
formation of SWCNTs, DWCNTs and t-MWCNTs, whereas in
an iron layer deposited on TiN and TiO2 layers, iron is present in
the metal form and causes the growth of thick MWCNTs with
more than 20 layers.379, 380

To prepare t-MWCNTs with diameters of less than 10 nm on
metal electrodes, it was recommended to sputter a silicon inter-
layer between the metal electrode and the catalyst particles.381

By changing the composition and thickness of sputtered
layers, one can regulate the CNT density on the substrate.382 The
results of a systematic study 237 point to the strong effect of the
substrate on the morphology and quality of CNTs formed
(Table 7).

The different effects of substrates on the CNT growth were
attributed 237, 383 to the different roughness of their surfaces. The
surface roughness affects the Ssp value, the density of defects and,
as a consequence, the size of catalyst particles. Rough supports
should be preferred. In the case of powder catalysts, the important

role was assigned 238 to the interaction of the metal with the
support.

For the plasma-enhanced catalytic pyrolysis of hydrocarbons,
the substrate can become the source of radicals, i.e., take part in
chemical reactions and also be sputtered with the transfer of the
substrate material to the CNF surface.41

To obtain SWCNTs with small diameters (0.4 ± 0.5 nm),
AlPO4-5 molecular sieves were used.384 The pore size in the Co-
substitutedmolecular sievesMSM-41 and, therefore, the SWCNT
diameter could be regulated by varying the composition of liquid
matrices in the sieve preparation.81

An unordinary substrate, namely, uniform SiO2 microspheres
with diameters from 300 to 700 nm was used in the synthesis of
SWCNTs.251 After the application of Fe particles on these spheres
(the spheres were impregnated with a FeCl3 solution), the CH4

pyrolysis at 900 8C produced SWCNTs that formed `nanoclaws'
patterns on the spheres.

Table 6. Properties of catalyst supports and the pyrolysis products of the
CH47Ar mixture at 850 8C (reproduced with permission of the Royal
Chemical Society).

Material Ssp /m2 g71 dpore /nm RBM peak a IG/ID

SiO2 446 7.2 absent 7
CaO 4.8 38 " 7
ZrO2 102 22 " 7
Al2O3 155 15 present 2.3

aRBM is the radial breathing mode that characterises the presence of

SWCNTs.
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Figure 6. Effect of the content of transition metals in a powder catalyst

on the carbon yield in the deposit.156

(1) Fe, (2) Co, (3) Ni.

(Reproduced with permission of Prof. Rao and the Materials Research

Society.)
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Figure 7. Effect of the content of transition metals in a powder catalyst

on the quality of CNTs obtained (the ratio of the carbon deposit specific

surface area to the deposit mass).156

(1) Co, (2) Ni, (3) Fe.

(Reproduced with permission of Prof. Rao and the Materials Research

Society.)

Table 7. Characteristics of CNTs prepared on the Mo(thickness
2 nm)7Fe(1 nm)7Al(20 nm) catalyst (reproduced with permission of
the Elsevier Publishers).237

Substrate IG/ID Diameters Diameters of

of SWCNTs MWCNTs

/nm /nm

Deposited Al2O3 16.0 1.5 ± 3.5 7
SiC 6.0 1.4 ± 2.2 * 9

Si(001) 4.1 1.3 ± 3.75 5.4 ± 20

Quartz 4.1 1.5 ± 2.4 5.0 ± 13.6

Sapphire 3.2 1.7 ± 2.7 9.0 ± 24

Si/SiO2 1.7 1.2 ± 4.3 7.5 ± 18

MgO 1.4 2.3 ± 4.3 11.0 ± 27.7

Porous Si 1.4 4 5.0 5.6 ± 7.4

Aerogel (80%) 1.4 7 5.9 ± 15.7

Aerogel (50%) 1.2 7 7.1 ± 19.9

Aerogel (30%) 1.1 7 9.4 ± 20.8

Fused SiO2 1.1 7 5.5 ± 12.5

Etched Si(001) 1.0 7 6.3 ± 10.4

Plasma SiO2 1.0 7 5.6 ± 25.9

Si/Si 0.99 7 6.1 ± 22.4

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 9



6. Methods of synthesis of catalysts
In the preparation of catalysts for the synthesis of SWCNTs,
DWCNTs and t-MWCNTs, it is necessary to produce active-
phase particles with sizes not exceeding 3 ± 5 nm.76 ± 79, 319, 377, 385

The methods of preparation of such catalysts are less abundant as
compared with those used in the synthesis of ordinary MWCNTs
and CNFs. The co-deposition of hydroxides, impregnation of
fine-grain or mesoporous supports with metal salt solutions
followed by the salt decomposition and the reduction of metals
with hydrogen, and also the reduction ofmetallates, themethod of
`wet combustion' and the sol ± gel process were used in the catalyst
preparation. Ion exchange processes were employed much more
rarely.272, 386

In particular, the co-deposition was used in the synthesis of
catalysts deposited on MgO 228 and Al2O3.334

Metal salt solutions were utilised in the impregnation of
zeolites 84, 177, 178, 267, 271, 272, 311, 316, 353, 360 (including the thermally
stable Ti-containing zeolite TS-1),280 molecular sieve
MSM-41,80, 127, 128, 387 MgO,227, 228, 231, 256, 288, 323, 354 silica
gel,59, 60, 63, 264, 337, 343 Al2O3 powder and foam (Refs 19, 23, 24,
30, 223, 232, 263, 264, 353), Mg2(OH)2CO3 (Ref. 333) and
powders of different compositions.227 Catalysts were prepared
by the hydrolysis of tetraethylorthosilicate in the presence of
Al2O3 nanoparticles followed by impregnation.213 An aerogel of
Al2O3 impregnated with Fe and Mo salts proved its worth in the
production of SWCNTs from carbonmonoxide.340 Impregnation
is conventionally carried out under conditions of ultrasonic
activation. Salt melts can also be used for the impregnation.63

The impregnation is carried out together with thermal decom-
position and reduction of metals.

The reduction of solid solutions MxMg17xAl2O4 (M=Fe,
Fe ±Co, Fe ±Ni),158, 159, 169, 358 FexMg17xO (Refs 159, 388, 389)
and CoxMg17xO,159, 168, 216, 390 FexAl27xO3 (Refs 159, 162,
255, 391 and 392) and also solid solutions of Co in
MSM-41,80, 81, 127, 128, 388, 393 ± 395 compounds FeLaO3 (Ref. 396)
and NiLa2O4 (Refs 397 and 398) was carried out. A linear
correlation between the diameter of Fe particles formed in the
reduction of Fe0.3Al1.7O3 and the specific surface of the catalyst
was revealed.391 The reduction of solid solutions can also occur
immediately in the course of pyrolysis.399

Themethod of `wet combustion' consists of the preparation of
a homogeneous aqueous solution of metal nitrates and an organic
reducing agent, its rapid heating (an open vessel with the solution
is placed into a heated furnace), evaporation of water and
spontaneous ignition of the residue.400 Thus the reaction of Fe
and Mg nitrates with citric acid yielded a highly efficient catalyst
for the synthesis of t-MWCNTs, namely, Fe ±Mo/MgO (Mo salts
were also added to the starting mixture).31 The syntheses of a Co/
MgO catalyst that involved the use of urea 216 and citric
acid 342, 401 were described. This method was also used in the
synthesis of the following catalysts: Ni/MgO,402 ± 404 Co ±Mo/
MgO (with the use of citric acid),352 Fe ±Mo/Al2O3 [with the use
of poly(ethylene glycol) (PEG)],356 Fe ±Mo/MgO 241 and Fe ±Co/
MgO (with the use of urea).169, 170

The CNT quality and yields on catalysts prepared in such a
way were largely determined by the treatment of the combustion
product. In the presence of excess of a reducing agent, the catalyst
contained carbon black admixtures, which were removed by
annealing in air. In the Co/MgO synthesis, the annealing of the
reaction products of Co andMg nitrates with an organic reducing
agent resulted in the formation of a solid solution CoxMg17xO,
which was difficult to reduce in the H2 or CO medium (especially
for low Co contents) and which proved inefficient in the synthesis
of MWCNTs from CO.342 A much more efficient catalyst was
synthesised in the preliminary reduction of the uncalcined primary
product in H2. However, it is CoxMg17xO from which Co
particles necessary for the SWCNT production were formed.288

Active bimetallic catalysts based on alumogel were prepared
by the sol ± gel method.215, 233, 340, 355

The catalysts were applied on flat or patterned substrates by
sputtering (e.g., magnetron), aerosol deposition, the `drop'
method, spin-coating of liquid compositions followed by thermal
treatment (drying, calcination, reduction), pneumatic spraying of
solutions or suspensions,258 microprinting. A method of dipping
of the substrate into a solution followed by its withdrawal at a
certain rate 133, 318 (e.g., at 4 cm min71) was also employed. This
method is also suitable for the deposition of catalysts on fibres or
wires.

The `drop' method is very simple;74 however, it can be applied
only in laboratory syntheses. Spinning is more efficient and was
used, e.g., in the large-scale production of cantilevers with
CNTs 369 and in the growth of large CNT arrays.142 Particles of
Al2O3 (Ref. 142) and polysiloxane solutions are sometimes added
to the composition to be deposited.260 This method allows one to
prepare size-uniform Fe2O3 particles that are used in the synthesis
of SWCNTs with diameters around 1 nm.405

A unique version of the spinning method was used.228

A homogenised ethanolic solution of Mg and Fe nitrates and
PEG was spread over the substrate, which rotated at 3500 rpm.
After evaporation of ethanol, the substrate was placed into a
furnace heated to 600 8C.

In the evaporation method, a block co-polymer is often added
to the starting solution.173 Dilute (0.01 mass%) ethanolic solu-
tions of metal nitrates are commonly used.133, 134 Thus a solution
of Fe(NO3)3 . 9H2O in propan-2-ol was utilised.268 Immersion of
the substrate for a certain time into an aqueous FeCl3 solution
with preliminarily added NH2OH .HCl was described.303

Nanosize catalyst particles can be prepared by the thermal
decomposition of salts. Such particles are stored in organic
solvents and deposited by spin-coating.286 Monodispersed par-
ticles Fe ±Mo with diameters of 3 ± 14 nm were formed in the
thermal decomposition of carbonyls of these metals in a medium
of long-chain carboxylic acids or amines.370 Iron particles of
different diameters were synthesised by the thermal decomposi-
tion of Fe(CO)5 solutions in dioctyl ether in the presence of oleic,
lauric or caprylic acids.219 Nickel formate, which forms uniform
nickel particles upon decomposition, is a good precursor of Ni
catalysts.222, 406 A catalyst based on Fe particles was prepared by
the plasma treatment of Fe(C7H15COO)3 deposited on the sub-
strate by spin-coating.407 The methods based on the thermal
decomposition of compounds containing metal clusters deserve
special mention, e.g., [HxPMo12O40]([H4MoVI72Fe30.
.(CH3COO)15O254(H2O)98] . 60H2O (contains 84 Mo atoms and
30 Fe atoms), Na2[{MoVI(MoVI)5}12{MoV6 Fe

III
24 )(CH3COO)20.

.O258(H2O)84] . 150H2O (78Mo+24Fe), [{(MoVI)MoVI5 .

.O21(H2O)6}12{FeIII(H2O)2}30] .150H2O (72Mo+30Fe) and their
analogues [http://www.hydrogen.energy.gov/pdfs/review05/
stp_35_liu.pdf].

A procedure that involves the co-deposition of salts of two
metals in the course of slow evaporation followed by thermal
decomposition was used.255

The inverse micelle method 304, 408 ± 410 is usually combined
with the deposition of a colloid solution by dipping, spinning or
pneumatic spraying.

Very small (1 ± 2 nm) individual catalyst particles of the same
size may be supported with the use of ferritin, apoferri-
tin 2, 114, 226, 411 ± 413 and ferritin-like proteins 414 or dendrimers.302

When annealed in an inert medium, thin metal films sputtered
over flat substrates are transformed into islets or nanosize
particles. The sputtering was performed using a magnetron,194, 195

by electron- or ion-beam evaporation 282 and the laser ablation of
the target.317 Usually, the thickness of the deposited film did not
exceed several atomic monolayers, for example, corresponded to
561015 atoms per cm2 (Ref. 92). According to a publication,140

the sputtering and annealing of a Co-catalyst film with a thickness
of 0.5 ± 1.0 nm resulted in the formation of cobalt particles
measuring 3 ± 7 nm that favoured the growth of a dense `forest'
of SWCNTs. The results obtained in the plasma-enhanced pyro-
lysis of a mixture of NH3 and C2H2 (Ref. 415) are quite demon-
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strative (Fig. 8, Ref. 416). The pyrolysis products synthesised
under similar conditions differed not only in the diameter but
also in the morphology, namely, SWCNTs, DWCNTs,
t-MWCNTs, MWCNTs and, finally, CNFs were obtained.

In the preparation of MWCNTs, it was found that on a
catalyst islet, several (up to 7 ± 8) tubes could be grown with
diameters much smaller (2 ± 3-fold) that the islet diameter.417

Moreover, the smaller the diameter of the islet the smaller number
of tubes can grow; this is why the elucidated feature does not
always hold for t-MWCNTs.

A procedure that allows the determination of the optimum
thickness of a layered film in few experiments has been devel-
oped.362 Combinatory methods were proposed for the determi-
nation and optimisation of the deposition conditions.319, 418, 419

Thermodynamic conditions for the transition of films (5-, 10- and
20-nm thick) into particles were considered.189 According to
thermodynamic calculations, in the case of Ni, the radius of a
particle formed exceeded the thickness of the deposited film by a
factor of 1.5.420

The deposition can be performed through masks to promote
the growth of CNTs on definite areas on the substrate and their
organisation into one or another type of structures (e.g., see
Refs 2, 136 and 291). Ordered arrays of SiO2 microspheres can
serve as a sort of masks in the preparation of individual SWCNTs
or their bundles.341 Polymeric spheres with diameters from 1 to
125 mm can also be used.421, 422

Organometallic polymers deposited on the substrate as thin
films can serve as the precursors of catalysts. Particularly, a
polyferrocenylsilane block copolymer was used in the synthesis
of SWCNTs.423

The synthesis of CNTs on catalysts deposited by the micro-
printing technique is of special interest (Fig. 9). In microprinting,
polymethylsiloxane stamps are commonly used.87, 137, 372 This
method is relatively simple and versatile; it allows one to prepare
a considerable number of copies on relatively wide (more than
1 cm2) areas with the resolution varying from below 100 nm to
above 1 mm. The catalyst deposition involves the use of `ink', i.e.,
alcohol (ethanol, isopropyl alcohol) solutions of metal nitrates,
e.g., Fe(NO3)3 . 9H2O containing Al2O3 or SiO2 particles and
MoO2Cl2 or MoO2(acac)2 additives.87, 137, 372 (The details can be
found in numerous publications, e.g., Refs 23, 99, 130, 138, 230,
257, 275, 273, 375, 424 and 425.) By changing the concentration of
the applied solution and the pyrolysis temperature, it is possible to
regulate the CNT diameter.275 A gel catalyst was used in the
synthesis of t-MWCNTs.426

The deposition of Fe nanoparticles of the same size
(1.7� 0.6 nm) on the substrate surface with the accuracy of their
positioning of �5 nm was described.377 An organometallic com-

pound mixed with the resist served as the catalyst precursor. The
diameter of SWCNTs formed was 1.3� 0.4 nm.

The positional packing of SWCNTs on a substrate can some-
times be carried out by an unexpectedmethod. For instance, it was
found that lithographically deposited islets of Pb(Zr0.5Ti0.5)O3

are capable of sorbing the Fe ±Mo catalyst particles and initiating
the local growth of tubes.225 In this case, the stronger sorption of
catalyst particles could be associated with the porous structure of
islets. In the pyrolytic synthesis of CNTs on quartz or oxidised
silicon surfaces, the localisation of tubes involves the creation of
active sites by mechanically damaging the substrate (scratch-
ing).427

Studies devoted to the initial stages of CNT growth in the hot-
filament activated pyrolysis demonstrated 428 the important role
of the catalyst pre-treatment stage in the preparation of finer
particles.

MWCNTs can be used as the substrate.413

7. Mechanism and kinetics
The catalytic growth of CNTs proceeds by the following three
macroscopic mechanisms: base growth, tip growth and branched
growth mechanisms.

In the base growth mechanism, a catalyst particle remains on
the substrate. In the tip growth mechanism, the particle is
detached from the substrate and removed from it as the CNT
grows and the tube tip moves away from the substrate or the
catalyst support. The branched growth can be a version of either
base or tip growthmechanisms and is typical ofMWCNT growth.
In the first case, the catalyst particle is split to form a dendrite
structure;429 in the second case, octopus-like structures are
formed. Sometimes, branched MWCNTs grow from a single
catalyst particle.430 The base and tip growth scenarios can occur
simultaneously to form products with different morphology.29, 431

In many experiments, catalyst particles were observed to change
their shape and size in the course of the process or to be in
continuous or impulsive motion.
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Figure 8. Dependence of (1) the average diameter of islets formed in film

annealing and (2) the average diameter of filiform carbon particles grown

on islets on the initial thickness of the sputtered Fe film (DFe) (according to

Wang et al.416
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Figure 9. Sequence of steps in the production of stamps, microprinting

and CNT growth.

(1) Substrate, (2) substrate with resist, (3) exposure with the use of a mask,

(4) etched structure, (5) elastomer casting, (6) elastomer stamp, (7) inking

of the stamp, (8) microprinting on the new substrate, (9) printed pattern,

(10) growth of CNTs.
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The base growth mechanism is typical of the preparation of
SWCNTs, where the scheme of transformation of carbon or
carbon-containing substances is described by a sequence
vapour ± liquid ± solid.432

The rate of this process depends on several factors (seven
factors have been proposed 296), among which two most impor-
tant factors can be outlined. First, the rate is determined by several
reactions that occur both on the catalyst surface and in the gas
phase. Precisely this factor was used for explaining the effect of the
aforementioned `pre-catalyst' (conditioning catalyst) on the for-
mation rate and yield of SWCNTs.249 An equally bright example
of the effect of gas-phase reactions on the overall process of CNT
formation is the experimental fact that the length of a thin-film
catalyst sample can affect the rate of the process.270 Thus, on a
Mo±Fe/Al2O3 sample with the film dimensions of 161 cm, no
CNTs were formed from CH4, whereas the growth of a CNT
`forest' was observed on a sample of 1615 cm. Moreover, the
process strongly depends on the gas flow rate and the position of
the substrate in the path of gases in the reaction zone.

Second, the rate is determined by the size of catalyst particles.
In addition, it is important that the changes in the conditions of
the process can cause changes in the CNT morphology.

On the surfaces of formed CNTs, secondary processes can
occur. Thus the tubes can become thicker due to the deposition of
amorphous carbon, polyaromatic compounds or graphitised
particles on their walls; moreover, the increase in the temperature
and the duration of the process results in the active growth of such
deposits and substantially increases the CNT diameter.

This is why the catalytic pyrolysis differs substantially from
the processes of chemical vapour deposition, although these
processes are often confused in the literature. The optimum
conditions for the CNT synthesis are developed in those cases
where the temperature is sufficiently high for the rapid growth of
tubes but too low for the formation amorphous carbon and other
undesired forms.

The pyrolysis proceeds at different conditions on a powder
catalyst, on a substrate with the catalyst deposit (the formation of
`forest') and on porous membranes of the Al2O3 type. Thus on a
substrate, the secondary processes can be suppressed by building a
`shelter' over the catalyst particles.270

Table 8 shows the experimentally measured rates of the linear
growth of CNTs under different conditions. As follows from these
data, the rates vary in a very wide range, viz., from 0.2 to

660 mm min71 [for the MWCNT growth, the rate was found to
vary in the ranges of 60 ± 600 mm min71 (Ref. 436) and
0.4 ± 50 mm min71 (Ref. 298)]. This entailed no changes in the
kinetics of formation of SWCNTs and MWCNTs. It is note-
worthy that some studies 67, 437 described the synthesis of high-
quality SWCNTs that grew at a very high rate. The authors of
those studies have explained this fact by the effect of small
amounts of H2O vapour that favour the prolongation of the
catalyst service life. Still higher growth rates of SWCNTs with
diameters of 4 ± 6 nm (480 mm min71) were observed in the
decomposition of CO at 880 8C.68, 349 Ultralong SWCNTs were
grown at a rate of 660 mm min71.72 Ultimately, at 700 8C the
record-breaking rate of theMWCNT growth fromC2H2, namely,
6000 mm min71 was reached (although in the 1st second).292

It should be noted that very high rates of MWCNT growth
(60 ± 600 mm min71) were observed at rather low pressures.436

The interpretation of these results requires their refinement.
So far, it is difficult to explain the wide deviations in the linear

rates of tube growth found in different studies and relate the linear
growth rates to the catalyst efficiency (a relative amount of CNTs
formed before complete poisoning of the catalyst).

As seen in Fig. 10, the rate of CNT growth in the plasma-
enhanced pyrolysis is associated with their diameter, the latter
being determined by the thickness of the deposited metal-catalyst

Table 8. Linear growth rate of CNTs.

Reagent Catalyst T /8C p /atm Enhance- Morphology Diameter Growth rate Ref.

ment method /nm /mm min71

CH4 NiOx 700 1.0 plasma MWCNTs 50 ± 80 0.2 433

CH4+H2 Fe ±Ti 600 0.1 " t-MWCNTs * 5 *10 197

CH4 Fe 700 2.661072 " MWCNTs * 20 5.4 ± 16.8 184

C2H2 Fe 750 ± 950 1.0 thermal MWCNTs 30 ± 130 0.5 ± 2.0 434

C2H2 Fe 750 (1.0) " MWCNTs 10 ± 15 20 291

C2H2 Fe7Mo 730 1.0 " SWCNTs+MWCNTs 1 ± 20 > 17 362

C2H2 Ni 480 (2.6 ± 13.0)61075 " MWCNTs not specified 2.1 ± 2.4 293

C2H2 Ni 480 4 1.361075 " SWCNTs 3.5 0.4 ± 0.5 293

C2H2+Ar+H2 Fe7Mo 535 ± 600 (1.0) " t-MWCNTs not specified 12 ± 30 298

C2H2+Ar+H2 Fe7Mo 700 (1.0) " DWCNTs+SWCNTs not specified 13.2 298

C2H2 Co7Ni 800 ± 900 1.0 " MWCNTs * 200 0.5 273

C2H4 Ni(Fe; Ni ±Fe) 850 ± 1000 3.261074 plasma MWCNTs 10 ± 50 0.25 176

C2H4 (see a) Fe 750 1.0 thermal SWCNTs 1 ± 3 250 67

C2H5OH Co7Mo 800 1.361072 " SWCNTs 1.0 ± 2.0 0.3 134

C2H5OH Fe 900 (1.0) " SWCNTs 1.3 ± 2.2 660 72

B2H6+CH4+ 7 600 ± 650 0.02 plasma nanofibres b 50 ± 400 0.17 435

N2+H2

a 1 vol.%± 13 vol.% C2H4 in a mixture Ar (He) ± 40 vol.% H2 in the presence of additions of 0.0175 mass% H2O vapours. bNanofibres of boron

carbonitride.
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Figure 10. Effect of the average outer diameter of CNTs and CNFs on the

thickness of sputtered Fe, Co or Ni films during the plasma pyrolysis.
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film.195 In the C2H2 ±NH3 mixture, the growth rate of nanofibres
depended on the set-up design (the distance between the plasma
source and the substrate) and on the reactant ratio (Fig. 11).41

The temperature of the SWCNT growth also depends on the
diameter of catalyst particles. Thus, for Fe particles measuring
10 ± 30 nm, tubes were formed at 900 ± 950 8C, whereas for the
5-nm particles, the tubes started to form at 780 8C.195

Only few papers show the classical kinetic parameters of
processes involved in the pyrolysis of organic substances to yield
CNTs. Thus the activation energy (Ea) was assessed as
71 ± 73 kJ mol71 (Ref. 438) for the methane pyrolysis on a Ni/
La2O3 catalyst to yield CNFs and as 95 ± 98 kJ mol71 (Ref. 244)
for the same process on a Co ±Mo/Al2O3 catalyst to form
MWCNTs with diameters of 10 ± 30 nm. At the same time, Ea of
the formation of a pyrolytic carbon deposit on a Fe catalyst at
500 ± 600 8C was much higher being equal to 150 kJ mol71

(Refs 439 and 440). It was noted that the latter value is close to
the Ea of the Fe3C formation equal to 158 kJ mol71.

The formation of SWCNTs in the CH4 pyrolysis on different
catalysts at 900 8C has two periods, namely, a short period of a
fast mass increase and a long period of a relatively slow mass
gain.301 The catalyst Fe ±Mo/Al2O3 ± SiO2 , which was prepared
by gelation of a SiO2 sol in the presence of Al2O3 nanoparticles
followed by impregnation of the calcined gel with Fe andMo salts
(the molar ratio of 1.00 : 0.17), proved to be the best for this
reaction. Among all catalysts studied, this one has the largest
specific surface area (Ssp=196 m2 g71) and the greatest pore
volume (0.79 ml g71).

The results obtained by Choi et al.302 were processed by
Vinciguerra et al.441 They described the reaction rate in terms of
the extrusion-diffusion model and derived an empiric equation
that adequately describes the experimental data but contains no
standard kinetic parameters.

Our calculations based on experimental data obtained 255 have
shown that the reaction order in CH4 changed from 1.24 to 1.77
being in average 1.45. It seems that the deviation of the reaction
order from unity is associated with the increase in the contribution
of non-catalytic decomposition of CH4 with the increase in its
partial pressure. The formal reaction order of the pyrolysis to yield
CNFs was also shown 438 to depend on the temperature and to
increase from 1.05 at 600 8C to 1.3 at 700 8C. According to the
results of another study,439 the order of this reaction is equal to 1.

A threshold value of CH4 partial pressure (0.4 atm at 850 8C)
above which the rate of the catalytic pyrolysis to yield SWCNTs
becomes independent of the partial pressure was observed.233

Presumably, such behaviour is associated with the transition of
the process into the region where the rate is limited by the surface
or volume diffusion. It cannot be ruled out that the thermo-
dynamic restrictions may also affect the reaction rate.

The kinetics of catalytic pyrolysis of CH4 and C2H2 was also
discussed by Nagy et al.243

Pulsed hydrocarbon feeding is one of the ways for the
improvement of CNT purity and yield in the catalytic pyro-
lysis.235, 368 However, this can also decrease the average rate of
the process; hence, this method requires optimisation.

Somewhat different mechanisms are typical of the acetylene
pyrolysis. The use of an interesting method of `marks' allowed the
kinetic parameters of theMWCNTgrowth to be determined in the
pyrolysis of C2H2 on Fe islets.297 It was shown that after a short
interruption of the pyrolysis process due to the C2H2 feeding
cutoff (by replacing it by Ar) followed by the resumption of the
process on the grown tubes (`forest'), clear boundaries (marks)
were left which could characterise the growth rate if one took into
account the duration of individual growth stages. The position of
`marks' and the length of grown segments were determined using a
scanning electron or optical microscope. As a result, it was found
that the activation energy of the process was 159� 5 kJ mol71 in
the temperature range of 873 ± 953 K (the partial pressure used in
the calculation of the Ea value was not shown 297) and the reaction
order in C2H2 was unity for the C2H2 partial pressure of 2 ± 10 kPa
and a temperature of 953 K. The linear rate of CNT growth
reached 20 mm min71. TheEa value of theMWCNTgrowth from
C2H2 on a Fe catalyst at 800 ± 1100 8C was 125 kJ mol71.442

The obtainedEa values made it possible to abandon the earlier
assumptions that the process is limited by the carbon diffusion in a
liquid or quasiliquid catalyst particle (a solution of carbon in a
metal),443 because Ea of this process should be substantially lower
than the found values. It was assumed that a surface reaction at
the gas ± catalyst interface is the limiting stage of this process. At
the same time, the experimentally observed involvement of the
liquid phase in this process cannot be denied.444, 445

Yet another, optical method was used for measuring the
growth rate of the MWCNT `forest' in the C2H2 pyrolysis.298, 446

A multilayer film Mo(0.2 nm) ±Fe(1 nm) ±Al(10 nm) on Si
served as the catalyst, the gas mixture contained 0.25% C2H2 ,
16.62% H2 and 83.13% Ar. It was shown that with the increase in
the temperature from 535 to 900 8C, thinner CNTs were formed,
viz., 6 ± 10-walled CNTsweremainly formed at 575 8C,DWCNTs
predominated at 725 8C and the fraction of SWCNTs increased at
higher temperatures. The highest growth rate (*12 mm min71)
was observed at 700 ± 730 8C; the effective Ea of this process in the
low-temperature region was *2 eV (*190 kJ mol71). Under
isothermal conditions, the pyrolysis occurred with deceleration.
With the increase in the C2H2 concentration, this deceleration was
more pronounced and the CNT growth stopped at a smaller
ultimate length of tubes (the `forest' height).

A simplified mechanism of C2H2 pyrolysis on a Fe catalyst
involves the C2H2 dissociation on the Fe surface, the dissolution
of carbon in the near-surface disordered `fused' Fe layer and the
diffusion of C atoms in this layer to the CNT formation site (with
the diffusion coefficient that at 1000K exceeds the diffusion
coefficient in solid Fe by 3 orders of magnitude). CNTs grow
until the near-surface carbon-containing layer is distributed
throughout the surface of Fe particles. The equations that
adequately describe the experimental results were derived.

Yet another method, laser diffraction was proposed 447 for
measuring the kinetic parameters of the CNT `forest' growth. The
results obtained 447 point to the exponential increase in the CNT
length in time. According to the field emission characteristics,448

the growth rate ofMWCNTs in the electric fieldmeasured at a low
pressure (less than 1072 mbar) was in the range of
60 ± 600 mm min71. With the increase in the C2H2 partial pres-
sure, the MWCNT growth rate increased.448

0.25 0.35 0.45 0.55 0.65 C2H2 :NH3

100

200

300

400

C
N
F
g
ro
w
th

ra
te

/n
m

m
in

7
1

1

2

Figure 11. Effect of the gas mixture composition and the set-up geometry

on the CNF formation rate during the plasma pyrolysis.
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The addition ofH2 reduced the amount of amorphous carbon,
favoured the decrease in theMWCNT diameter and increased the
linear growth rate 1.85-fold.276

The growth rate of the CNT `forest' from a mixture of C2H2

and NH3 (the volume ratio 1 : 3, temperature 700 8C, total
pressure *0.2 kPa, or *2 Torr) on a Ni catalyst increased in
the initial plasma-enhanced stages, reached its maximum
(6.5 ± 8.5 mm min71) and began to decrease upon reaching the
CNT length of *2 mm.449 Such kinetics of the process is associ-
ated with the mechanism of the CNT growth that involves the
surface diffusion. Presumably, the process decelerates when the
tube length exceeds the diffusion path.

The formation of the MWCNT `forest' in the plasma-
enhanced process can proceed at the substrate temperature of
120 8C.283, 450 The Ea value at 120 ± 527 8C turned out to be very
low (22 kJ mol71) as compared with the value typical of the heat-
activated process (116.4 kJ mol71).451 This means that the proc-
ess is limited by the surface diffusion of carbon over Ni particles.
This mechanism can operate on Fe, Ni and Co catalysts in the
pyrolysis of not only C2H2, but also CH4 .452 It should be noted
that a comparatively low Ea value (37 kJ mol71) was also found
for the SWCNT formation at 1050 ± 1200 8C under conditions of
the laser-oven sublimation, which was associated with the follow-
ing mechanism: vapour ± liquid ± solid.453

The MWCNT formation was observed in situ using trans-
mission electron microscopy,292, 293 which allowed the researchers
to propose a realistic growth model. The tubes grow on individual
faces of a Ni particle and with the highest rate on its (100) face.
Catalyst particles rotate or are fused and recrystallised; hence, the
growth direction can change.

The kinetics of ethylene pyrolysis was less thoroughly studied
than that for methane; however, it is known that the rate of this
reaction can be very high.67, 437 The catalyst efficiency (the amount
of CNTs formed per catalyst mass unit before its complete
poisoning) in a process described by Japanese authors was
500 g g71, which exceeded the catalyst efficiency in the HiPco
process (thermal decomposition of CO in the presence of volatile
Fe carbonyl as a catalyst precursor) by two orders of magnitude.
At the same time, the product contained less than 0.013% Fe.

The increase in the pyrolysis temperature narrows the region
of C2H4 partial pressures at which SWCNTs are formed
(Fig. 12).180

The relative rate of the ethanol reaction with metal clusters
depends on the metal nature and the cluster size (Fig. 13).

Many studies 454 ± 474 were devoted to the simulation of CNT
formation; however, most of them dealt with high-temperature
methods, namely, the graphite sublimation in an electric arc and in

laser radiation. Particularly, a process in which mobile Ni atoms
located on the tip of a growing CNT play the active role was
considered.454 Later,456 a basically different mechanism of the
effect of Ni atoms was substantiated and an attempt was under-
taken to resolve the contradictions between these mechanisms.

A relationship between the Fe cluster size, the CNT diameter
and the number of CNT walls was demonstrated.455, 463 The
processes of heat and mass transfer were considered as applied
to the tip mechanism of CNT growth.469

The theoretical analysis of the catalytic pyrolysis of CH4

mixed with H2 arrived at the assumption that this method of
SWCNT synthesis is a very difficult task.474 As follows from the
experimental data mentioned above, this conclusion should be
corrected. Nonetheless, a model that takes into account not only
the chemical stages of the process but its hydrodynamics and the
heat transfer has been developed.475 The authors of this model
cited numerous publications and estimated the kinetic parameters
for 47 gas-phase reactions, 19 reactions on powder Co catalysts
and 15 surface reactions resulting in amorphous carbon, which
may be useful for further calculations.

A thermodynamic model of the formation of MWCNTs with
diameters of 5 ± 35 nm in the C2H2 pyrolysis (this reaction releases
a great amount of heat) assumes the presence of gradients of
temperature and carbon concentration on a catalyst particle.470 It
was shown that the growth rate should be inversely proportional
to the CNT diameter (d ). This corresponds to experimental
results,434 although it was shown earlier 476 that for CNFs the
rate is inversely proportional to d 0.5.

The formation of a liquid external layer on a catalyst particle
and its effect on the SWCNT formation was discussed.477 The
SWCNT growth proceeds until the catalyst particle, which
represents an eutectic metal ± carbon mixture, remains liquid and
stops when the catalyst becomes solid.

Presumably,478 the key stage in the CNT synthesis is the
formation of tube nuclei. It this case, the SWCNT growth is
possible only on liquid catalyst particles.

The choice of the catalyst affects its specific efficiency. Thus
under equal conditions, the alumogel-supported catalyst exhib-
ited the selective efficiency with respect to SWCNTs at least
5-times higher (6 g g71) than a catalyst of the same composition
prepared by impregnation of Al2O3.215 The efficiency of ordinary
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catalysts in the SWCNT formation was *40 mass% (or
0.40 g g71).213 The catalyst efficiency in the CoMoCAT process
was*0.25 g g71. The Fe ±Mo/MgO catalyst exhibited the high-
est efficiency in the synthesis of t-MWCNTs (3000 mass%, or
30 g g71).28

It was noted 434 that the increase in the pyrolysis temperature
accelerates the growth of MWCNTs in their length, and their
average diameter increases. The hydrocarbon partial pressure
affects both the pyrolysis rate and the morphology of CNTs
prepared. The MWCNT diameter changes with variations in the
total pressure in the system.479 The length and the diameter of
growing SWCNTs can be controlled by changing the duration of
the process or by adding a promoter.83 The effect of the temper-
ature and the hydrocarbon partial pressure on the CNT morpho-
logy was also studied by the other researchers.480 By the example
of the C2H2 ±NH3 mixture, it was shown that the decrease in the
pressure favours the transition from bamboo-like nanofibres to
cylindrical MWCNTs.481

The catalytic decomposition of carbon oxide decelerates in
time,340 and the product yield is proportional to t 0.5. The rate of
MWCNT formation from the CO±H2 mixture and the tube
quality depended on the medium in which the catalyst based on
the sputtered Fe ±Co ±Ni alloy was pre-treated.364 Thus catalysts
pre-treated in vacuum demonstrated poorer properties than the
catalysts treated in Ar or N2. After heating in these gases, the
linear rate of MWCNT growth at 580 8C was about
0.4 mm min71, whereas after heating in vacuum the growth rate
was ten times lower.

According to calculations,346 in the CO decomposition,
SWCNTs can grow by the adsorption of molecules on the open
ends of tubes; catalysts favour the formation of nanotube
nuclei.346

IV. Conclusion

While this review was in the stage of preparation for publication,
several new publications have appeared that deserve mention.
These are the materials of the 7th International Conference on
Scientific Application of Nanotubes,482 two Russian books 483, 484

and a monograph 485 in English.
The 7th International Conference on Scientific Application of

Nanotubes in which only one participant from Russia took part
confirmed in a certain sense the trend mentioned in the beginning
of this review. Thus analysing the posters presented in the Session
devoted to the CNT synthesis, Professor A Windle (Cambridge
University) noted that the majority of the 76 reports presented
were devoted to the catalytic pyrolysis. Moreover, the majority of
reports dealt with supported catalysts and heat-activated proc-
esses. Among metal catalysts, attention was focused on Fe,
followed by Co and Mo; the main substrates were SiO2 and
Al2O3 , while the starting compounds included C2H5OH, CH4 ,
C2H4 and CO (shown in the order of decreasing citation fre-
quency). The latter factor was apparently associated with the
domination of scientists from Japan who focus their attention on
the ethanol pyrolysis.

Windle has formulated the following `five questions of science
to answer:

1. Does surface of metal particle catalyse: (a) decomposition
of hydrocarbon, (b) decomposition of futher metal precursor?

2. What is metallurgy of nano particles? (a) Melting point,
surface melting, internal pressure, (b) carbon solubility (as func-
tion of radius), (c) phase diagram with carbon (modelling+
experiment).

3. Does a region of metal particles have to remain free of a
graphene coating? If it doesn't, is that a killer?

4. What determines rate of growth? (a) Diffusion rate inmetal
(surface), (b) supply of carbon to particle, (c) shape changes due
to flow of small (not necessarily molten) particles, (d) interface
modifiers such as sulphur, (e) do we have a reliable Ea yet?

5. What determines type and size of nanotube? (a) Metal
particle diameter and/or composition, (b) temperature, (c) feed-
stock, (d) what is the difference in growth mechanism between
(say) a double wall tube and an 8 ish layer multi-wall tube of
similar diameter? '

Two Russian books are written from absolutely different
standpoints and contain complementary information, viz., the
monograph 483 is largely devoted to the quantum chemistry of
carbon nanotubes, a subject absent in the textbook.484At the same
time, the classification of nanotubes, their properties, synthesis
and applications are described more comprehensively in the text-
book 484 with substantial attention paid to pyrolytic methods.

The textbook 484 mentions the following most important
challenges (some of them are beyond the frames of the present
review):

Ð elucidation and mathematical description of the mecha-
nism of formation of CNTs with different morphology and
structure under different conditions;

Ð determination of the functional relationship between the
kinetics of CNT formation and their morphology and structure;

Ð the search for the methods for regulation and control over
the CNT morphology and structure during their syntheses;

Ð elaboration of methods for deep and selective as well as
local functionalisation of CNTs;

Ð elucidation of mechanisms of the behaviour of CNTs with
different morphology and structure in colloid solutions;

Ð determination of the influence of CNTs and modified
CNTs on organisms.

According to the aforementioned book,484 themost important
unsolved technological problems include the following directions:

Ð development of a process for efficient industrial produc-
tion of CNTs with the same morphology and structure;

Ð development of a process for CNT isolation (grading) with
respect to morphology, structure and size, that allows scaleup;

Ð elaboration of methods for preparation of stable disper-
sions of individual CNTs in aqueous and organic media;

Ð the search for the methods of introduction of individual
CNTs into polymeric, ceramic, and metal matrices and prepara-
tion of CNT composites;

Ð development of methods for the production of macro-
materials fromCNTs, especially, macrofibres and nanopaper with
the oriented packing of individual tubes;

Ð development of methods of commercial production of
functional devices with CNTs, namely, electron emitters, transis-
tors, sensors, actuators, etc.

The third book,485 which has an intriguing title, is destined,
according to its summary and contents, for a learned reader and
embraces both the main information on the subject, the latest
achievements and potential application fields.

In the conclusion, I would like to express my gratitude to
I V Anoshkin for making it possible for me to get acquaintance
with the materials of the 7th International Conference on Scien-
tific Application of Nanotubes, to Nguyen TranHung for his help
in the preparation of this review and also to all colleagues who
have sent me copies of their papers.
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Abstract. Published data on oxidation of dihydropyridines and onPublished data on oxidation of dihydropyridines and on
the mechanisms and the role of hydride shifts in bioorganicthe mechanisms and the role of hydride shifts in bioorganic
chemistry, enantioselective synthesis and supramolecular chem-chemistry, enantioselective synthesis and supramolecular chem-
istry are generalised. The bibliography includes 218 referencesistry are generalised. The bibliography includes 218 references..

I. Introduction

Almost two hundred years ago, theGerman chemist Schorlemmer
defined organic chemistry as the chemistry of hydrocarbons and
their derivatives, from which it follows that the nature of C7H
bonds and the conditions of their formation and cleavage are
important subjects of chemical investigation.

Actually, many processes associated with the formation of
new chemical bonds involve the attack of various reagents, such as
electrophiles, nucleophiles, radicals, carbenes and other active
species, on the C7H fragment. Radical reagents cause C(sp3)7H
bond homolysis, carbenes are inserted into C(sp3 or sp2)7H
bonds, whereas the attack of electrophilic or nucleophilic species,
which generally occurs on the carbon atoms of C(sp2)7H, ends in
the transformation of the substrate molecule into sH adducts
containing the C(sp3) fragment (a geminal unit). It should be
noted that the hydrogen atom elimination is preceded by the
formation of sH adducts and the latter process radically changes
the C7H bond character.

Electrophilic aromatic substitution of hydrogen is a typical
example of this transformation. This is a well-developed approach
to structural modifications of arenes, which has come into
common use as an industrial method for the synthesis of various
aromatic compounds.

Electrophilic aromatic substitution reactions are based on the
ease of C(sp3)7H bond cleavage in cationic arene onium sH

complexes A with restoration of aromaticity of the system, which
is the driving force for the process.

The nucleophilic attack on aromatic carbon atoms gives rise
to anionic sH adducts B. For many years, the difficulties asso-
ciated with elimination of the hydride ion from these adducts have
limited the development of studies on nucleophilic aromatic
substitution of hydrogen (SHN). However, investigations per-
formed in the last decades substantially extended knowledge of
the synthetic potential of this important approach, which is
nowadays used in both oxidative and elimination (ipso substitu-
tion) modifications.1 ± 20

Since the publication of the first review on SHN reactions in
1976,9 extensive data on amination, arylation, alkylation, cyana-
tion, hetarylation and other analogous reactions, which enable the
direct introduction of fragments of various nucleophiles into
activated aromatic compounds of carbo- or heterocyclic series,
have been accumulated in the literature. The conditions of the
formation of anionic sH adducts (as the first step of SHN reac-
tions) 1 ± 3, 10 ± 19 and the characteristic features of their spatial
structures, dissociation and isomerisation were revealed. The
asymmetric induction in the new bond formation in nucleophiles
containing the unsubstituted carbon atom was examined for a
series of azinium salts.20
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The mechanism of abstraction of `hydride-labile hydrogen' {

(the second step of SHN reactions) from dihydropyridines is of
fundamental importance for organic and bioorganic chemistry
and has been the subject of numerous studies and discussions for
almost three decades.21 ± 28 The importance of knowledge of this
mechanism is not only of theoretical interest. The characteristic
features of transformations of dihydropyridines and the hydride
transfer mechanism are at the basis of important processes in
living nature involving nicotinamide adenine dinucleotides and
their phosphates (NADH>NAD, NADPH>NADP), which
are the main components of metabolism and cell energy
supply.21 ± 23, 28 ± 32

The mechanism of hydride-labile hydrogen transfer has come
under discussion almost immediately after the publication of
pioneering studies on oxidation of compounds containing such
hydrogen atoms. Kosower 21 explained an increased attention to
this problem by the fact that the choice between the electron
transfer and hydride ion transfer is critical to establishing the
oxidationmechanism of pyridine nucleotides. Two fundamentally
different mechanisms are considered: the one-step (concerted) and
stepwise (redox, single-electron transfer, SET)mechanisms. In the
latter case, the electron and hydrogen transfer or the two-elect-
ron ± proton transfer are distinguished. Biochemists have long
considered NADH as a source and a component in the electron
transport chain, while organic chemists engaged in studies of
model chemical compounds are actively debating the nature of
hydride transfer.

In the last two decades, the main approaches to investigation
of hydride-labile hydrogen transfer and to the choice of NADH
models were developed. 1,4-Dihydropyridine derivatives, such as
dihydronicotinamides 1, Hantzsch esters 2 andN-methylacridane
(10-methyl-9,10-dihydroacridine, AcrH2, 3), are most often used
as models because these compounds are structurally similar to
pyridine-dependent dehydrogenases and their spatial structures
and electronic properties can be varied over a wide range, thus
influencing the hydride ion mobility.

Nowadays, authoritative research groups concerned with the
problem of hydride shift in such compounds work in different
countries. A considerable contribution to the development of
knowledge of the mechanism and characteristic features of
oxidation of dihydropyridines was made by the research teams
headed byKosower andChipman inUSA, Stradyn andDuburs in
Latvia, Bruice and Moiroux in France, Colter in Canada, Ohno
and Fukuzumi in Japan, Cheng and Zhu in China, Hilgeroth in
Germany, Beletskaya and Pozharskii in Russia, etc. For example,
the group headed by Prof. Ohno investigated the characteristic
features and stereoselectivity of reduction of various unsaturated
systems by dihydronicotinamides, and the results of these studies
were published in hundreds of articles. The group headed by Prof.
Fukuzumi, who is a recognised expert in the field of investigation
of single-electron transfer processes in chemistry and biology and
one of the editors of the five-volume encyclopedia Electron
Transfer in Chemistry published in 2001, has a comparable
number of publications on hydride migrations in dihydro deriva-
tives of pyridine and acridine.

The review of the literature demonstrates that the oxidation
mechanism of dihydropyridines and the use of these compounds
as a `redox arm' (electron carriers) have attracted considerable
interest in the last 5 ± 10 years. This is confirmed by an increase in
the number of investigations on the design of qualitatively new
materials and processes based on these compounds. The extensive
development of biotechnology, nanotechnology and materials
sciences and the progress in the field of coordination and supra-
molecular chemistry facilitated investigations of the hydride shift
mechanism. The acquired knowledge of the pathways of redox
transformations of nicotinamide adenine dinucleotides was useful
in the preparation of antioxidants, free-radical process inhibitors
and corrosion inhibitors, in the enantioselective synthesis and
asymmetric cleavage, in medicine and biochemistry, in the design
of enzyme reactors, bioelectrochemical systems, organic conduc-
tors, molecular devices, etc.

The present review covers the main directions and trends of
the development of knowledge of the hydride transfer mechanism
in the series of dihydropyridines and their analogues discussed in
the literature in the last two decades. This period of studies of
hydride transfer reactions is characterised by development of new
methods for initiation and catalysis of oxidation processes, the
extension of the range of physicochemical methods and the
combined application of various analytical methods.

II. Hydride transfer mechanisms in oxidation of
dihydropyridines

1. Study of the properties of dihydropyridines by theoretical
and kinetic methods
A combination of kinetic and calculation methods for studying
oxidation of dihydropyridines is a main line of investigation of the
hydride transfer mechanism. The development of the single-
electron concept in organic chemistry,32, 33 the progress in inves-
tigation of redox processes 34 ± 36 and the elaboration of the theory
of single-electron transfer { (Marcus theory) 36 ± 39 gave impetus to
studies, in which experimental results were compared with the
calculated energies of hydride transfer reactions and steps of this
process.40 ± 42

N+H

R

Nu7 N
H

R

Nu

N
Nu

R

H+
[O] N+Nu

R

N

N

N

HOOR

HH

H

N

HO

NH2

O P

OH

O

O P

OH

O

O

HH

O N

OH OH

H H

O

NH2

H H

[O]

[H]

R =H (NADH);
R = P(O)(OH)2 (NADPH)

+

N

N

N

HOOR

HH

H

N

HO

NH2

O P

OH

O

O P

O7

O

O

HH

O N

OH OH

H H

O

NH2

R=H (NAD);
R = P(O)(OH)2 (NADP)

R= Alk, Ar.

N

R

H H

1

N

R

H H

CO2Et

MeMe

EtO2C

2

N

H H

Me 3

NH2

O

{The term `hydride-labile hydrogen' is used to designate H7 that can be

eliminated as either a proton and two electrons or a hydrogen atom and an

electron, and the hydride shift is used in reference to the transfer of these

species.

{This theory relates the driving force for redox reactions, i.e., the energy

differences of the reagents and reactions products, to their rates.
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Nowadays, variousmethods are available for quantitative and
qualitative estimation of the `hydride activity' of dihydropyridines
taking into account the energy, magnetic, chemical and structural
criteria.1, 6, 23 For example, a comparison of the energy profiles of
the hydride and hydrogen transfer reactions and of the proton and
two-electron transfer led to different conclusions about the
possible mechanisms of the process.43 ± 46 It was noted that in the
single-electron transfermechanism, the electron and proton trans-
fer occurs between different reaction centres, which is energeti-
cally unfavourable. The solvent effect and reorganisation of the
solvent in transition states for both the one-step and stepwise
oxidation mechanisms were discussed. A comparison of the
calculated and experimental data demonstrated that enzymatic
reactions are characterised by the one-step hydride transfer,
whereas the proton and two-electron transfer occurs in solutions
of model compounds. Analogous conclusions were drawn after
calculations by the Marcus equation, which relates the reaction
rate constants to the standard free energy changes, for the hydride
transfer between NADH and NAD analogues.47

The Gibbs free energy changes and the Brùnsted andHammet
coefficients were calculated for oxidation of 1-aryl-1,4-dihydroni-
cotinamides 1a ± e by 5-nitroisoquinolinium (4), tropylium (5) and
xanthylium (6) cations.48 It appeared that the one-step hydride
transfer is most probable for isoquinolinium cation 4, whereas the
initial electron transfer (the single-electron transfer mechanism) is
more probable for the tropylium and xanthylium cations.

Analysis of the kinetic data, including the isotope effects, and
calculations of the activation parameters of oxidation of 1,4-
dihydropyridines (Hantzsch esters) and benzylidenemalononi-
triles suggested the one-step hydride transfer mechanism for
these processes.49 Based on the estimation of the influence of the
structural factors of substituents on the hydride mobility and the
direct detection of radical species, it was concluded that the
hydrogen abstraction in reduction of radicals and radical ions by
a series of 4-substituted 1,4-dihydropyridines occurs by the single-
electron transfer mechanism.50

Lu et al.51 believed that considerable differences between the
expected and real kinetic isotope effects, the difference between
the energy profiles of the one-step and stepwise hydride transfer
reactions and the detection of intermediates in the reaction of
10-methyl-9,10-dihydroacridine (3) with the 1-benzyl-3-cyanoqui-
nolinium ion (see below) do not rule out the possibility of hydride
tunnelling.

Based on the energy profiles of the hydride transfer from
1-benzyl-1,4-dihydronicotinamide (BNAH, 1f) to p-benzoqui-
none derivatives calculated thermodynamically, the stepwise
mechanism of electron and proton abstraction according to the
electron ± proton ± electron (EPE) scheme was assumed.52, 53 It
was noted that the Gibbs free energy changes for the single-
electron transfer between dihydro adducts and electron acceptors
correlate well with the rate constants and the primary kinetic
isotope effects.

For the reactions of quinones (Q) with dihydropyridines PyH2

(including 1-benzyl-1,4-dihydronicotinamide), the Gibbs free
energy changes (DG�) for different steps of the mobile hydrogen

transfer (Scheme 1), such as the transfer of the first (et) and second
(et0) electrons and the proton, hydrogen and hydride abstraction,
were calculated 54 according to Eqns (1) ± (5), respectively.

DG �et
F
� E �(PyH+.

/PyH2)7E �(Q/Q7.
), (1)

DG �et0
F
� E �(PyH+/PyH

.
)7E �(QH

.
/QH7), (2)

DG �H� = 2.3RT [pKa(PyH+.
/PyH

.
)7 pKa(QH

.
/Q7.

)], (3)

DG �H. = DG �et +DG �H� , (4)

DG �Hÿ = DG �et +DG �H� +DG �et0 , (5)

where F is the Faraday constant and E � is the redox potential.
As a result, it was established that the energy barriers of the

one-step hydride transfer for dihydronicotinamide are higher than
those for the stepwise transfer. A comparison of the calculated and
experimental primary kinetic isotope effects and the influence of
the magnesium(II) concentration on the hydride transfer rate and
the redox potentials of the reactants led to the conclusion that the
reaction proceeds by the single-electron transfer mechanism:

The question about the possibility of homolytic and hetero-
lytic C7H bond cleavage in oxidation of the main NADH
models, viz., compounds 1a ± g, 2a,b and 3, by perchlorate of the
N,N,N 0,N 0-tetramethyl-p-phenylenediamine radical cation
(TMPA+.

) was considered by Chinese researchers 55 with the use
of thermodynamic calculations and data from cyclic voltammetry
and calorimetric measurements.55, 56

The heterolytic and homolytic C7H bond dissociation ener-
gies in an organic solvent (acetonitrile) are 64.2 ± 81.1 and 67.9 ±
73.7 kcal mol71 (for neutral forms of NADH models) and
4.1 ± 9.7 and 31.4 ± 43.5 kcal mol71 (for radical cations), respec-
tively. The energy differences of the heterolytic C7H bond
cleavage for BNAH and AcrH2 are respectively smaller (by
3.62 kcal mol71) and larger (by 7.4 kcal mol71) than the corre-
sponding energy of the homolytic process, whereas the analogous
values for compound 2a are similar (69.3 and 69.4 kcal mol71).
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Consequently, the hydride transfer in dihydropyridines 1 should
occur more readily than the hydrogen abstraction. An opposite
situation is observed for dihydroacridine 3, whereas both situa-
tions are equally probable for Hantzsch esters 2. The data for the
radical cations (for all 10 models, the homolytic C7H bond
dissociation energies are 23.3 ± 34.4 kcal mol71 higher than the
corresponding energies of heterolytic dissociation) are indicative
of the single-electron transfer mechanism and provide evidence
that the proton and electron transfer in the final oxidation step is
more probable than the hydrogen abstraction.

Analogously, the probability of homolytic and heterolytic
cleavage of the neutral and radical cationic forms of NADH in
water (Scheme 2) was estimated for the first time:56

The following dissociation energies (kcal mol71) were
obtained:

NADH+.
NADH

DHhet 5.1 53.6

DHhom 36.3 79.3

Therefore, the proton transfer from the NADH+. radical
cation in aqueous solutions should occur more readily than the
hydrogen abstraction, i.e., the EPE sequence is most probable of
all possible mechanisms in living systems.

In a series of studies concerned with the hydride transfer
mechanism, the possibility of the formation of a charge transfer
complex and its position in the reaction coordinate were exam-
ined.57, 58 The existence of charge transfer complexes was proved
by calculations of changes in the activation enthalpy for the
reactions of substituted dihydroacridines with p-benzoquinone
derivatives and tetracyanoethylene.26 The reaction rate was found
to depend on the temperature. It was also demonstrated that the
nature of the solvent influences the reaction enthalpy change.
Calculations of the equilibrium constants of the electron and
proton transfer steps demonstrated that deprotonation of radical
cations is the rate-determining step.

The stepwise hydride transfermechanismwas suggested based
on the results of calculations of the free energy changes of
elementary reactions involved in the one-step and multistep
mechanisms of reduction of metal cations and quinones by
NADH models combined with measurements of the kinetic
isotope effects.59 ± 61

Based on the results of theoretical studies performed for
various models of nicotinamide adenine dinucleotides, it is impos-
sible to unambiguously decide whether the hydride-labile hydro-
gen transfer occurs by the one-step or stepwise mechanism. It
should be taken into account that most of calculations were
carried out for models in the gas phase without consideration of

the solvent effect. However, these calculations can be used for
comparing the reactivities of dihydropyridine derivatives.

The influence of such factors as the primary and secondary
isotope effects, acid ± base catalysis, the nature of the solvent, the
steric and electronic effects of substituents in the substrate, the
presence of metal complexes or ions and photoinitiation on the
hydride transfer rate was examined.24, 62 ± 66 The experimental
data can be interpreted in favour of both the one-step hydride
transfer and the multistep (single-electron transfer) mechanism.

Measurements of the isotope effects, viz., the kinetic effects
(primary and secondary) and the label distribution in the reaction
products, provide information on the rate-determining step of the
C7H bond cleavage and give evidence for the existence of
intermediates. The maximum primary kinetic isotope effect
KH/KD, which is associated with the concerted hydride transfer
and was calculated for the C7H bonds, is *7. The usual
secondary kinetic isotope effects characterising the change in
hybridisation of the carbon atom (sp3!sp2) in the transition
state are KH/KD* 1.26, 43, 44, 54

A detailed study of the hydride transfer mechanism was
carried out for deuterium- (D) and tritium- (T) labelledN-benzyl-
dihydronicotinamides and their quaternary salts.67 The course of
the reactions was monitored based on the changes in radioactivity
of the starting reactants and final reaction products. The secon-
dary tritium isotope effects for the hydrogen transfer were
anomalous, whereas the primary deuterium isotope effect was
identical to the expected value. The typical secondary tritium
isotope effects corresponding to the hydride transfer should be
equal to *1.2 and *0.83 upon the change in hybridisation from
sp3 to sp2 and from sp2 to sp3, respectively. Anomalies of the
secondary effects of the isotope are attributed to the larger
contribution of the inductive isotope effect to stability of the
radical cation generated as a result of electron transfer. In this
case, the equilibrium constant of the single-electron step increases,
which is responsible for the appearance of an anomaly. Due to
symmetry of the reactants and the reaction products, the free-
energy profile should also be symmetrical. Hence, the only
mechanism consistent with the symmetry of the reaction involves
the successive electron ± proton ± electron transfer (EPE). For
BNAH, this sequence can be represented as follows:

The presence of isotope effects in the hydride transfer does not
provide an unambiguous answer to the question as to the form in
which hydrogen is abstracted (proton, the hydrogen atom or the
hydride ion) in the rate-determining step. Studies of the secondary
isotope effects, in particular, the tritium isotope effects, can
provide information on the changes in the transition state.
However, Colter et al.68 were doubtful about this expectation.
The authors studied N-methylacridane (3), which gives rather
stable radical species due to annulation of the pyridine ring to the
benzene rings, as the NADH model. Oxidation of the latter
affords the acridinium cation.
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The authors 68 considered two reaction mechanisms: the one-
step hydride transfer and the electron and hydrogen transfer. No
explanationwas provided for the anomalous isotope effects, and it
was only hypothesised that tunnelling can occur. Large primary
isotope effects and the fact that they are in agreement with the
isotope label distribution in the products are most likely indicative
of the stepwise rather than the concerted mechanism. It should be
emphasised that the measured isotope effects should be inter-
preted with care considering the results of detailed investigation of
the reaction mixtures, the possibility of side reactions and con-
certed and equilibrium processes. All these data can have a
substantial effect on the conclusions. For example, in one of the
most-cited studies, Steffens and Chipman 69 observed the abnor-
mally high primary isotope effects in reactions of different
dihydropyridines with trifluoroacetophenone. The label distribu-
tion in the products differs from that determined by the reaction
kinetics. Based on this fact, the authors suggested the existence of
radical ionic intermediates in the hydride transfer. However, more
recently Chipman refuted the earlier conclusions by reporting 70

that the disagreement between the isotope effects is due to the
reversible formation of covalent adduct 7, which does not lie in the
redox reaction coordinate.

Unusual condensation of the reaction products of N-(a,a-
dichlorobenzyl)pyridinium chloride with the chloride ion or
pyridines was documented.71 Presumably, the proton in 4-sub-
stituted 1,4-dihydropyridines is transferred from the geminal unit
of the dihydropyridine ring to the benzyl dichloromethylene
group which is accompanied by the replacement of the chlorine
atom to form the corresponding pyridinium cations. Experiments
with the use of deuteropyridine confirmed the fact that the redox
process involves the transfer of hydrogen (or deuterium) as the
cation rather than as the hydride ion or the hydrogen atom.

In the study of oxidation of 3-substituted 1-benzyl-1,4-di-
hydropyridines 1f and 8a ± c by copper ions, ferricyanide or
N-methylacridinium iodide, the influence of substituents at posi-
tion 3 of the heterocyclic moiety on the reaction rate was
estimated.72

The authors have reached an unexpected (in our opinion) con-
clusion that oxidation by organic cations is accompanied by the
one-step hydride transfer, whereas the reactions with inorganic
cations occur by the stepwise single-electron transfer mechanism.

The study of the kinetics and mechanism of oxidation of 10-
methyl-9,10-dihydroacridine (3) by chromium(VI, V or IV) com-
pounds demonstrated 25 that oxidation of AcrH2 to AcrH+ by
chromate ions in a water ± acetonitrile mixture occurs by the
single-electron transfer mechanism and is inhibited by oxygen.
The first step involves the formation of the AcrH�2

.
radical cation

followed by ionisation to the neutral radical and, finally, the
electron transfer to form AcrH+ (Scheme 3).

Dihydropyridine ± electron acceptor systems, in which theH7

transfer occurs in the presence of metal ions, were extensively
studied. These systems aremore complex but they aremost similar
to biochemical processes catalysed by pyridine-dependent de-
hydrogenases. It is known 66 that zinc ions accelerate the hydrogen
transfer between the coenzyme and the substrate. Reduction of
methyl benzoyl formate with an analogue of 1-benzyl-1,4-di-
hydronicotinamide in the presence of magnesium ions is accom-
panied by the anomalous kinetic and product isotope effects due
to the ability of the metal ion to stabilise the transition state in
which the electron is transferred from the dihydro compound to
the acceptor.73 The magnesium ion can either enhance the ability
of dihydropyridines to donate an electron to a-keto esters,
trifluoroacetophenone, diketones and other electron accep-
tors 74, 75 or decrease this ability, as was exemplified by the
reaction of BNAH with thiopivalophenone.73

An attempt wasmade to explain the role of themetal ion in the
electron transfer.76 It was assumed that magnesium in the inter-
mediate complex is coordinated by the dihydropyridine molecule
and the acceptor (the parallel planes indicate the spatial orienta-
tions of the reagents).

A is benzoquinone, tetracyanoquinodimethane, chloranil

or tetracyanoethylene.
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As a result of this coordination, the positive charge is accumulated
on the C(4) atom of the pyridine ring [the downfield shift of the
signal for the H(4) proton in the 1H NMR spectrum], which is
favourable for the proton rather than hydride abstraction. This
assumption was confirmed in the study,54 where the authors
observed that the single-electron oxidation potentials of dihydro-
pyridines are changed in the presence ofMg2+ ions on the average
by 0.2 V, whereas the oxidation potential of N-methylacridane in
the presence of Mg2+ remains unchanged because acridane does
not form complexes with metal.

A number of studies were concerned with oxidation of
dihydroacridines bymetal ions or their complexes. High reactivity
of phenoxide radical complexes of alkali metals (Na and K) was
documented.77 The primary kinetic isotope effects provide evi-
dence for the electron and proton transfer mechanism. The cobalt
complex of tetraphenylporphyrin and decamethylferrocene cata-
lyse the electron transfer from acridane to p-benzoquinones.78 It
was demonstrated 79 that the hydride transfer from 10-methyl-
9,10-dihydroacridine (3) to 3,6-diphenyl-1,2,4,5-tetrazine (Ph2Tz)
occurs only in the presence of scandium(III) ions, which promote
the electron transfer due to the formation of the Ph2Tz ±metal
complex.

The mechanism of stepwise oxidation accompanied by the
hydrogen abstraction or elimination of the substituent in 9-alkyl-
10-methyl-9,10-dihydroacridines catalysed by monomeric or
dimeric cobalt complexes in the presence of perchloric acid was
suggested in the publication.80 Acceleration of single-electron
oxidation of acridane and 1-benzyl-1,4-dihydronicotinamide (1f)
in the presence of ruthenium(IV) complexes was documented.61

Due to the observed differences in the influence of metal ions
on the rate of the hydrogen or hydride transfer and the uncertainty
of the nature of the bond between themetal and the hydride donor
(with both the starting compound and the transition state), no
reliable conclusions can be drawn regarding the mechanism of
these complex reactions. Apparently, the systems under study
should be simplified by separately elucidating the nature of
interactions of the metal cation with dihydro compounds, hydride
acceptors and radical ionic intermediates and estimating the
possibilities of stabilisation of these species, removal from the
solvation cage, etc.

2. Electrochemical simulation
Nicotinamide cofactors are involved in the electron and proton
transport, due to which studies of the redox properties of these
compounds with the use variousmodel compounds have attracted
attention of chemists and biologists.21, 22, 24, 27 Measurements of
the oxidation potentials of NADH at different electrodes, the
determination of the conditions of its electrochemical regenera-
tion, biocatalysis and electrocatalytic oxidation of NADH were
described in the studies.81 ± 86 It is commonly accepted 23 that due

to the specific features of electrode reactions in solution and the
specificity of the electric layer at the electrode ± solution interface,
the hydride transfer involving dihydropyridines under electro-
chemical conditions is a very approximate model of real electro-
chemical reactions in organisms. However, the electrochemical
method enables not only the measurements of individual electro-
chemical characteristics of substances but also the detection of
short-lived particles, the electroorganic synthesis, mediated cata-
lysis and transformations of NADH, NAD and their models. In
the last decade, the number of publications (see, for example,
Refs 85 ± 89) in the field of bioelectrochemistry concerned with
regeneration of nicotinamide derivatives, the construction and
immobilisation of new electrode systems and the design of electro-
chemical enzyme reactors has steadily increased, providing evi-
dence that this direction of investigation holds promise.

The electrochemical behaviour of the oxidised and reduced
forms of the nicotinamide cofactor was investigated.84 Mediated
electrocatalysis and electrode modifications were found 88, 89 to
substantially decrease the overvoltage, facilitate oxidation of
NADH and enable an increase in the yield of NAD. Organic
compounds, which are involved in redox two-electron transfer
reactions and simultaneously act as proton donors/acceptors (for
example, ortho- and para-substituted quinones, phenylenedi-
amines, aminophenols), readily oxidise NADPH. NADH-De-
pendent enzymes existing in contact with an electrode provide
high efficiency of bioelectrocatalytic oxidation of NADPH, which
was observed, for example, in experiments with the use of
diaphorase combined with various quinones, flavins or viologens.
The structure ± activity relationships of artificial analogues of
NADP+ and the possibility of their immobilisation were inves-
tigated.90 The possibility of their use instead of natural NADP+

was examined.91

The influence of the structure of dihydropyridines (Hantzsch
esters) on their reactivity was studied.92 The authors mentioned
the drawbacks of electrochemical simulation of oxidation of
dihydropyridines, which ignores the influence of the nature and
structure of the oxidant partner and of the solvent. Based on a
comparison of the enzymatic and electrochemical oxidation of
dihydropyridines, it is impossible tomake an unambiguous choice
between the fundamentally different mechanisms of this process
involving the hydride and hydrogen transfer.93 It appeared that
3,5-bifunctional 1,4-dihydropyridine derivatives are irreversibly
oxidised at a rotating platinum electrode to the corresponding
pyridines with consumption of two electrons and two protons,
where the proton abstraction is not the rate-determining step.94

However, the authors of the publication 95 observed the potential-
determining influence of the deprotonation step of the radical
cation generated after the electron transfer from the dihydropyr-
idine molecule.

Many studies were concerned with electrochemical oxidation
of 9-substituted 9,10-dihydroacridines 9 combined with chemical
and spectroscopic methods. Oxidation of these compounds by a
divalent copper salt revealed 96 that 2 mol of Cu2+ are consumed
per mole of acridane. It was also found that electrochemical
oxidation of acridanes, like other dihydroazines,97, 98 occurs by
the EPE mechanism analogous to that presented in Scheme 3.

The results of the study 96 were confirmed by more recent
investigations 99 ± 101 of oxidation of various 9,10-dihydroacri-
dines. The data from cyclic voltammetry, controlled potential
electrolysis and chemical syntheses demonstrated that 9,9-disub-
stituted 9,10-dihydroacridines 10 are oxidised to radical mono-
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cations (reversible single-electron transfer), and, after the proton
abstraction, the resulting radicals undergo dimerisation to readily
oxidisable 2,2 0-bi(acridane) systems.100

By contrast, oxidation of 9H-acridanes 9 occurs by the EPE
mechanism to give the acridinium cation, a peak assigned to
reduction of protons being observed in the cyclic voltammogram,
which is an additional argument for the proposed oxidation
scheme.

A series of 9-alkylacridanes 9 (AcrHR) were studied by cyclic
voltammetry.102 The reversible formation of radical cations and
radicals in the case of oxidation of acridanes and reduction of
conjugated cations, respectively, was observed by varying the
potential scan rate. The EPE mechanism was confirmed for
electrochemical and chemical oxidation (by a trivalent iron salt).

This example demonstrates that deprotonation of the radical
cation is the rate-determining step. A substituent in the geminal
unit of acridane favours an increase in the oxidation potential
compared to the unsubstituted compound (AcrH2). This increase
is insignificant in the case of alkyl electron-donating substituents
and is more substantial in the case of electron-withdrawing
substituents.

Earlier, the EPE oxidation mechanism has been observed for
1-benzyl-1,4-dihydronicotinamide derivatives containing differ-
ent substituents in the benzene ring.54 Electron-donating substitu-
ents at position 9 of the acridinium cation favour an increase in the
negative potentials of single-electron reduction and the formation
of neutral radicals in the reaction pathway of electrochemical
oxidation of the corresponding acridane.26 Electron-withdrawing
substituents in the C(sp3)7H fragment of dihydro compounds
substantially decrease their tendency to undergo hydride abstrac-
tion and increase the electron affinity of the conjugated azinium
cations.103 For example, the introduction of the cyano group at
position 9 of acridane leads to oxidation of the dihydro compound
not only by the EPE mechanism but also by the EEP mechanism.
Moreover, under certain conditions, hydrogen can be abstracted
from dihydro derivatives as a proton.104, 105 For example, oxida-
tion of 9-cyanoacridane 11 in the presence of sodium nitrite used

as a base is accompanied by the proton abstraction followed by
the two-electron transfer (the PEE mechanism).106

Electrochemical oxidation of unsubstitutedN-methylacridane
(3) to the N-methylacridinium cation in the presence of pyridi-
nium bases also occurs by the single-electron transfer mechanism
(EPE).101 The deprotonation rate constants of the AcrH�2

.
radical

cation were determined depending on the strength of the base with
the use of spectorphotometric and electrochemical methods, and
the constants pKa were calculated.

Therefore, electrochemical simulation of oxidation of di-
hydroazines enables the detection of short-lived intermediates in
the hydride transfer, viz., radical ions and radicals. The existence
of these types of intermediates was confirmed by different
physicochemical methods.

3. Detection of radical products
The radical forms of nicotinamide cofactors (NAD

.
) can be

involved in enzyme-catalysed oxidation and reduction reactions.
The pyridyl radicals are generated by the addition of one electron
to the pyridinium ion or the hydrogen abstraction from dihydro-
pyridine, for example, under irradiation. These radicals are
generated also from pyridinium charge-transfer complexes in
photochemical reactions, dihydropyridines being able to act as
electron donors in charge-transfer complexes. The pyridyl radicals
can undergo dimerisation to form unusual p complexes (p-mers).

Single-electron processes in hydride transfer reactions can be
directly observed by ESR spectroscopy, which, like electrochem-
ical methods, enables the detection of intermediate radical and
radical ionic species.

The generation of radicals in chemical oxidation of different
dihydro adducts of the pyridine series was confirmed by the
formation of dimeric products 107 ± 109 and with the use of radical
traps [diphenylpicrylhydrazyl, 2,4,6-tri(tert-butyl)phenol, nitro-
xides, etc.].21, 110 Direct reduction of stable radicals and radical
cations by 1,4-dihydropyridines made it possible to observe
radical derivatives of pyridines by ESR spectroscopy.48 The free
radical products were detected by UV irradiation of a ternary
mixture consisting of bromobenzene, aromatic imine and 1-ben-
zyl-1,4-dihydronicotinamide in acetonitrile.111 Radicals and rad-
ical cations were found also in the study of photoinduced
oxidation of 1,4- and 1,2-dihydropyrimidines with quinones.112

The direct detection of pyridyl radicals presents difficulties
because of their high reactivity toward oxidising agents. Never-
theless, it has been possible to detect radicals generated in
oxidation of BNAH with quinones and acids with the use of the
ESRmethod by varying the reaction conditions and the structures
of dihydro adducts and using special techniques for observing fast
processes.113 ± 116 The thiobenzophenone radical anion was
detected by freezing a solution of dihydropyridine and thiobenzo-
phenone in THF, the radical anion being then transformed into
the free radical and anion, whereas dihydropyridine is oxidised to
the pyridinium cation through the successive electron ± proton ±
electron transfer.117
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Radicals generated in reduction of the 4-acetyl-1-benzyl-N,N-
diisopropylnicotinamide (ABNA) and 1-benzyl-4-phenylnicotin-
amide (PhBNA) cations in the presence of trivalent scandium
cations, which form complexes with the corresponding pyridines,
were detected by ESR spectroscopy.118

Benzannulation of the pyridine ring and the introduction of an
electron-withdrawing substituent into the geminal unit stabilise
the radical intermediates generated in oxidation of dihydro
compounds. The generation of the stable 9-cyanoacridinyl radical
in oxidation of acridane 11 by atmospheric oxygen in the presence
of cyanide ions and potassium tert-butoxide used as bases was
documented.104 The acridine radical stable for several hours was
prepared by oxidation of 9-cyano-10-methyl-9,10-dihydroacri-
dine (11) in the presence of nitrite ions under an inert atmosphere
in an electrochemical cell, which was placed in a resonator of an
ESR spectrometer.106 This radical can undergo reversible dimer-
isation in the temperature range from730 to 20 8C.119

Chemical oxidation of acridane 11 in DMF by p-benzoqui-
none and atmospheric oxygen in the presence of lithium nitrite
also enabled the detection of the cyanoacrydinyl radical by ESR.
Such spectra were recorded in the case of reduction of the
N-methylacridinium cation with the cyanide ion and of the
9-cyano-N-methylacridinium cation with sodium borohydride,120

which confirms the possibility of the single-electron transfer from
these compounds.121, 122

The radical ionic and radical products generated in the photo-
initiated reaction of 10-methyl-9-phenyl-9,10-dihydroacridine
with p-xylenewere directly detected byOhkubo andFukuzumi.123

Photoinduced alkylation of the acridinium cation with 1-ben-
zyl-4-tert-butyl-1,4-dihydronicotinamide was investigated.124

Not only the detection of radical species, but also elimination of
the tert-butyl radical from the radical cationic analogue ofNADH
due to the influence of the steric factors on the properties of
dihydro compounds and intermediates of their oxidation are of
interest.

In more recent studies (see, for example, Ref. 125), the
acridinium cation was used as a catalyst for photoinduced
selective oxidation of aromatic compounds, which occurs through
the formation of radical products.

The radical cations of 9-substitutedN-methylacridanes 9were
observed with the use of the stopped-flow rapid-mixing ESR
technique.102

Direct evidence for the formation of the 1-benzyl-1,4-di-
hydronicotinamide radical cation in oxidation of this compound
with the iron(III) and rubidium(III) bipyridyl complexes was
obtained.53, 126, 127
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The results of measurements of the deprotonation rate of the
1-benzyl-1,4-dihydronicotinamide radical cation and the
observed kinetic isotope effect are indicative of the single-electron
transfer mechanism.

The predominant reaction pathway through the formation of
radical intermediates was described for photocatalytic oxidation
of Hantzsch esters in the presence of the platinum terpyridyl
complex.128

Useful information on the mechanism of processes involving
radicals can be obtained by ESR spectroscopy combined with
other instrumental methods for monitoring chemical reactions.
However, in spite of numerous facts of the detection of radical
ionic species in oxidation of dihydroazines and published results
of investigation of the properties of pyridinyl radicals, it is still
doubtful that ESR spectroscopy provides an unambiguous
answer to the question whether the observed radical species lie
on the reaction coordinate.

4. Mass spectrometric fragmentation
Ionisation of substrates can be studied by electron-impact mass
spectrometry and correlated with the mechanisms of chemical
reactions of various nature. In addition, mass spectrometry
provides information on the relationship between the molecular
structure and the reactivity.129, 130

Stability of tetrahydropyrazines with annulated five- and six-
membered heterocycles was studied by mass spectrometry.131

Criteria were proposed for the mass-spectrometric estimation of
stability. The validity of estimates of stability of annulated
tetrahydropyrazines based on the proposed mass-spectrometric
criterion (the ratio of the peaks of the molecular ion or the radical
cation and the 1,4-diazinium ion) was confirmed by chemical
experiments. Stability of tetrahydropyrazines was demonstrated
to depend on the nature and orientation of the heterocycle as well
as on the nature and size of the substituent.

In the study,132 the results of measurements of stability to
electron impact and the tendency of dihydroazines to undergo
aromatisation were correlated for the first time with the exper-
imental data on chemical oxidation of these compounds. Aroma-
tisation of these compounds is characterised by the formation of
conjugated cations from dihydroazines due to elimination of both
the substituent and hydride-labile hydrogen.

The intensity ratio of the peaks of radical cations generated
upon electron impact to the peaks corresponding to the hydrogen
abstraction or elimination of a substituent from molecular ions
was used as the mass-spectrometric criterion for the pathways of
aromatisation of dihydroazines. It should be noted that the single-
electron redox mechanism implies the formation of a radical
cation identical to the molecular ion (M+) generated upon
electron impact. This indicates that aromatisation of dihydro
compounds under electron impact correspond to chemical trans-
formations under the action of dehydrogenating agents. However,
it should be remembered that chemical oxidation in solution can
differ substantially from the process in the gas phase.

In studies of aromatisation of dihydropyridine derivatives
containing electron-donating or electron-withdrawing substitu-
ents in the geminal unit (Table 1), a rather good correlation
between the products of chemical oxidation and the results of
mass-spectrometric experiments was obtained. This can be attrib-
uted (with a certain degree of approximation) to the formation of
a radical cation as the primary intermediate of the chemical
oxidation reaction.24 ± 27, 102 ± 104
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Table 1. Data from mass-spectrometric fragmentation of dihydro-
azines.132
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Since the reactions occur in the gas phase at high temperature
and radical cations are generated under drastic conditions, the
mass spectra give only an approximate model of chemical experi-
ments. Nevertheless, the results of studies demonstrated that mass
spectrometry can provide useful information for estimating the
influence of the electronic effects of substituents, the steric factors
and hetero- and benzannulation on stability of NADH models
and the possible pathways of aromatisation.

5. Modelling of biochemical reactions
In recent years, investigations of the hydride transfer mechanism
with the use of various models approximating chemical systems to
biochemical systems have increased in number. These studies were
concerned primarily with catalysis of redox reactions by metal
ions and complexes, photoinitiation of processes and the use of
mediators and intermediates.30 ± 32, 133, 134 Quantum-chemical
methods are widely used for calculations of the energies of the
hydride transfer processes involving enzymes.40, 135 ± 137

Japanese chemists 138 studied oxidation ofNADHby a system
that models the respiratory chain and demonstrated that the ATP
synthesis is accompanied by electron transfer. The fact of electron
transfer from NADH to the flavin analogue and then to a hemin
complex and oxygen was established by spectroscopic studies.
Analogous model reactions were performed.84, 139, 140

A study of the structure ± activity relationships for artificial
analogues of NADP+ and examination of the possibility of
immobilising these derivatives 90 revealed the conditions for the
use of these compounds instead of natural compounds.91 The
influence of DNA on oxidation of BNAH by photoinduced
oxygen 141 and acridinium cations and on reduction of the
quinolinium cation by a ruthenium bipyridyl complex was inves-
tigated.142 The photoinduced electron transfer from the donor
[Ru(bipy)2�3 ] to the quinolinium cation (QuH+) is efficiently
accelerated by DNA, as is evidenced by the shift of the single-
electron reduction potential of the QuH+ cation to positive values
due to intercalation of QuH+ with DNA molecules. The QuH

.

radical generated upon the electron transfer can be stabilised
through p7p intercalation with two bases of the DNA chain. The
electronic spectrum of this system was recorded by laser flash
photolysis (in the absence of DNA, absorption was not observed).
The opposite situation is observed when DNA is involved in the
hydride transfer from BNAH to the AcrH+ cation. In the
presence of DNA, oxidation of dihydro compounds is inhibited,
which is attributed to the intercalation of the bulky AcrH+ ion
with bases from the DNA chain.143

The isotope effects and their dependence on the temperature
for proton transfer reactions involving transhydrogenases were
described.144 Various compact chemical coenzyme reactors were
designed based on nicotinamide compounds.145, 146 An enzyme
reactor for enantioselective reduction of pyruvate to L-lactate in
high yield can be mentioned as an example.147

Arguments in favour of the EPE mechanism of reduction of
lipophilic quinones with NADH models were presented by
Zlatovic et al.148 The dynamics of the photoinduced electron
transfer during oxidation of 1-benzyl-1,4-dihydropyridine by the
DNA-intercalated acridinium, quinolinium and phenanthridi-
nium cations in the presence of a ruthenium bipyridyl complex
was investigated.149 The shift of the reduction potentials of cations
intercalated into DNA tomore positive values and acceleration of
the reaction in the presence of metal complexes additionally
support the stepwise hydride transfer mechanism. However, the
possibility of the single-electronmechanism of reduction of flavins
byNADHwas not denied.150 In the study cited, the formation of a
charge-transfer complex was detected by stopped-flow electron
spectroscopy.

Presumably,151 insignificant kinetic isotope effects observed in
the case of reduction of D-xylose by dihydronicotinamide attest to
the one-step hydride transfer mechanism. However, thermody-
namic analysis of reduction of quinones by NADPH 152 provided
evidence for the stepwise EPEmechanism of hydride-labile hydro-
gen abstraction.

Photobacterial catalysis of the single-electron transfer from
NADPH to ferredoxin or flavodoxin was examined.153 Kinetic
studies by the stopped-flow technique confirmed the stepwise
mechanism of reduction of flavodoxin by enzymes. The equili-
brium in the NADPH± flavin system was described in the
study,154 where intermediates of the hydride transfer were
observed by spectroscopic and electrochemical methods.

The stereoselectivity of reduction of NO-containing cyto-
chromes by dihydropyridines can be considered as evidence for
the direct hydride transfer.155 However, intermediates of hydride
transfer were detected in the analogous NADH± cytochrome
system,156 and the oxidation rate was demonstrated to depend
on the substituents.

Based on the characteristic features of the reactions involving
dihydropyridines in model or real biological systems and under-
standing of the mechanism of hydride transfer reactions and ways
of controlling these reactions, many of the known compounds
were recommended as biomimetics and bioprotectors, inhibitors
of bacterial processes, neuroprotectors and neuromodulators,
radioprotectors, antidiabetic and anti-dermatitis drugs, etc.
(Refs 157 ± 163).

Therefore, a combination of chemical, electrochemical and
enzyme models holds promise for investigation of the hydride
transfer reactions.

III. Three-dimensional structures of
dihydropyridines and stereospecificity of hydride
transfer

In studies of processes that model NADH±NAD transforma-
tions, it is necessary to take into account that the dihydropyr-
idine ± pyridinium cation system undergoes a substantial
rearrangement because hybridisation of the geminal carbon
atom changes from sp3 to sp2. In this case, not only the aroma-
ticity, chemical, magnetic, electrochemical, physical and energy
characteristics of the molecule but also its spatial structure are
changed. It is known that biological activity of compounds is
related to their structures. Enzymes, for which a dihydronicotin-
amide derivative is a cofactor, are sensitive to the stereoconfigu-
ration of the substrates involved in the interaction, i.e., the spatial
structure of the latter is responsible for stereospecificity of
biochemical processes.29 ± 31
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The development of X-ray spectroscopy enabled the direct
examination of the structures of dihydropyridines and estimation
of the influence of various substituents on the conformation of
NADH analogues.

The presence of sp3-hybridised carbon atoms in dihydropyr-
idines leads to a distortion of the planarity characteristic of
aromatic pyridinium salts. X-Ray diffraction data for 3,5-di-
(methoxycarbonyl)-1-methyl-4-phenyl-1,4-dihydropyridine dem-
onstrated that the strain causes bending of the plane of the
pyridine ring along the N7C(4) axis (Fig. 1) 164 and a certain
degree of shielding of hydride-labile hydrogen in the geminal
unit.165, 166

Shielding of the geminal hydrogen atom by bulky substituents
decreases the `hydride activity' of dihydro derivatives, with the
result that steric hindrances prevail over the electronic effects.167 It
would be interesting to estimate the C(sp3)7H bond length and
energy in the geminal unit in a series of related compounds. It is
the steric factors that are apparently responsible for elimination of
substituents, which is sometimes observed in the case of oxidation
of dihydropyridines.54, 102, 132

For 9-substituted 10-methyl-9,10-dihydroacridines, the pyr-
idine ring is also strongly puckered along the N7C(9) axis, which
is characterised by the average dihedral angle of 1508.168 ± 171 The
ease of dissociation of recombination products of acridinyl
radicals is attributed to the strained structures of heterocyclic
systems,172 which was exemplified by acridine dimer 20
(Fig. 2).119, 169

The spatial structures of dihydroacridine radical cations
generated in oxidation of 9,10-dihydroacridines by an iron(III)
salt were discussed.102 Radical cations of 9-substituted N-methyl-
acridanes 9 were detected with the use of the stopped-flow rapid-
mixing ESR technique. The hyperfine splitting constants were
calculated by comparing the observedESR spectrawith the results
of computer simulation using molecular orbital calculations. The
calculations demonstrated that the acridane system adopts a boat
conformation with the substituent R in an axial position and the
hydrogen atom at C(9) in an equatorial position. It was hypoth-

esised that the steric demands are responsible for the reactivity of
the radical cations.

In our opinion, the calculations demonstrating the nonequi-
valence of the axial and equatorial hydrogen atoms in unsubsti-
tuted dihydroacridine are of considerable interest. It is quite
probable that the steric effects are not the only factors responsible
for differentiation of the geminal hydrogen atoms. Thermo-
dynamic instability of systems that lost aromaticity is also
increased by the charge effects, which act together with the
structural factors. Presumably, this facilitates stereospecificity of
reduction of various substrates by unsubstituted dihydropyri-
dines, which exist in the activated transition state initiated by the
single-electron transfer. After the proton abstraction, the steri-
cally hindered active pyridinium radical cation is transformed into
the neutral radical structurally similar to the cation, and the
secondary electron transfer gives rise to the thermodynamically
more favourable planar molecule of the aromatic pyridinium
cation or its analogue.173

The characteristic feature of the processes in organisms is that
only particular stereoisomers are involved in the reactions, result-
ing in the formation of stereochemically pure products.30, 174 The
stereospecificity is responsible for the fact that only one of
enantiomers exhibits biological properties and this lies at the
basis of the active principle of many pharmaceuticals. In enzy-
matic processes in living organisms, the protein chain acts as the
chiral recognising fragment. Reduction processes involving
NADH are stereoselective. The formation of one of stereoisomers
is associated with the fact that enzymes (dehydrogenases) distin-
guish the enantiotopic hydrogen atoms at the C(4) atom in the 1,4-
dihydropyridine ring. The stereospecificity of the transfer of
hydride-labile hydrogen was experimentally proved by studying
oxidation of deuterium-labelled ethanol. Actually, after oxidation
of (R)-1-D-ethanol, deuterium was found in the reduced form of
NADD at the C(4) atom having the R configuration, whereas
deuterium completely goes to acetaldehyde in the case of oxida-
tion of (S)-1-D-ethanol.30
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Figure 1. Three-dimensional structure of 3,5-di(methoxycarbonyl)-1-

methyl-4-phenyl-1,4-dihydropyridine.164

Figure 2. Three-dimensional structure of N-methylacridine dimer 20.
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To model natural processes, chiral substituents are deliber-
ately introduced into synthetic dihydropyridines. In the case of
formation of reactive chiral complexes, the mutual arrangement
of the reactants is determined only by the structural factors. The
resulting energy difference of diastereomeric transition states
provides an enantiomeric excess of one of the adducts. In recent
years, the regiospecific NAD±NADH conversion has been exten-
sively studied becauseNADH is a necessary component of various
bioorganic processes accompanied by the formation of chiral
organic compounds.

As an example, let us mention stereoselective reduction of
ketones, which was performed by Ohno and co-workers 175 with
the use of specially prepared model compounds 21. The process is
characterised by high enantioselectivity.

The chiral recognition is provided by steric interactions along
with the electronic effects of the substituents. The stereoselectivity
of oxidation of NADH by p-quinone derivatives controlled by the
electronic effect of the carbonyl group was documented.63 The
structural effects of the substituents at position 4 are responsible
also for the reactivity of 1,4-dihydropyridines in reactions with
stable radicals.50

Quantum-chemical calculations of the potential energy sur-
face for isomers of 2-methyl-4(R or S)-methyl-1,4-dihydropyr-
idines in the gas phase and in solution were performed by the
extended Hartree ±Fock method with the 6-311 basis set.176 The
stereoselectivity of reduction with NADH analogues was demon-
strated to be controlled by the steric and electronic properties of
substituents at position 4 as well as by the solvent polarity.

Enantioselective reactions often proceed through the forma-
tion of active prochiral radical species. Numerous examples of
such reactions were cited in the review.177 This is indicative of the
single-electron nature of reduction processes based on dihydro-
pyridine derivatives.

Chiral NADH models providing stereoselectivity of the
hydride transfer were designed based on benzo[b]-1,6-naphthyr-
idines.178 A system consisting of dihydronicotinamide and a zinc
complex was used for reduction of flavin.179

The involvement of bipyridyl complexes of ruthenium and
other metals in regioselective reduction of substrates by NADH
models was documented.180, 181

Data on stereospecificity of the hydride transfer in NAD-
dependent synthases in the antibiotic synthesis were published in
the literature.182 The conformational exchange of the carbothio-
amide group in the hydride transfer between transhydrogenase
and the thionicotinamide analogue of NADH was docu-
mented.183 The factors influencing the stereoselectivity of the
hydride transfer between the NADH model and the NO-bound
cytochrome P450,155 keto esters 184 and dehydrogenases were
reported.185

A series of studies on the synthesis and the use of chiral
NADH models were performed by French researchers. Detailed
NMR studies of asymmetric reduction of methyl benzoylformate
by dihydropyridines 22 ± 24 were carried out.186

New chiral NADH models were designed based on hydro-
genated quinoline.187 ± 189 It appeared that electron-donating
groups in the benzene ring of quinoline enhance its ability to
eliminate the hydride ion, thus providing a high degree of
reduction of methyl benzoylformate with quinoline in the pres-
ence of magnesium ions. The enantioselectivity of reduction is
determined by the concentration of metal ions. The best results (ee
45%) were obtained for dihydroquinoline 25.187

Models favourable for an increase in the stereoselectivity of
the hydride transfer were synthesised based on benzo[b]-1,6-
naphthyridine 26, its analogue 27 178 and pyridinium salts 28.190
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The optically active model NAD compound based on quino-
line was reduced by chiral dihydropyridine 191 to form amixture of
the corresponding 1,2- and 1,4-dihydroquinolines. The orienta-
tion of the carbonyl group in quinoline is responsible for regio-
and enantioselectivity of the reaction products. Thus, the S isomer
forms predominantly the chiral 1,4-adduct with ee 96%.

Regioselective reduction of 1-benzylnicotinamide triflate in
the presence of a ruthenium bipyridyl complex was docu-
mented.192 Many bridged NADH analogues 147 and 1-benzyl-3-
(p-toluenesulfonyl)-1,4-dihydropyridine derivatives 193 have high
enantioselective reducing ability.

Due to ability of NADH and their synthetic models to be
involved in enantioselective reactions along with their tendency to
perform the single-electron transfer, dihydropyridines and their
analogues are unique compounds, because the optical activity is
not generally retained upon the formation of radicals.

IV. Molecular devices based on dihydropyridines

Supramolecular chemistry deals with structures containing non-
bonded interactions, such as hydrogen bonds, electrostatic effects,
hydrophobic forces, etc.These interactions are responsible for fast
and reversible changes of biological molecular structures, such as
nucleic acids, proteins and enzymes.194 In the design of supra-
molecular devices, studies of hydride transfer processes in chem-
ical models of NADH, investigation of the fine mechanism of
these reactions and elucidation of the structure ± property rela-
tionship are of considerable interest.

For example, it was found that macrocycles containing the
1,4-dihydropyridine fragments substantially accelerate the hydro-
gen transfer. In the studies,195, 196 crown ether of dihydropyridine
29 was used as the hydride ion donor. The rate of the reaction of
ether 29 with acceptors is 2700 times higher than that of the
reactions of classical Hantzsch esters or 1-methyl-1,4-dihydropyr-
idine.

Efficient reduction of the pyridinium fragments within supra-
molecular compounds of type 30 through the hydrogen transfer
from dihydropyridines in the peripheral positions was docu-
mented.197

Such first-order intracomplex reactions are inhibited by cations
capable of complex formation.194 As mentioned above, the
influence of metal ions or complexes on the hydrogen transfer is
a characteristic feature of oxidation of dihydropyridines.

It was suggested to use 4-(m-nitrophenyl)dihydropyridine 31
for the design of new photoinduced intramolecular electron-
transfer systems.198

N

NMeO

MeO

H H

Me

O

Me

CH2Ph
Pri

26 27

N

MeO

MeO

H H

Me

N

O

Me

R=Me, Bun, Ph; (a) (1) R2CuLi, (2) (Cl3CCO)2O, (3) MeONa.

+
N

Me

R O

N

MeO

I7

a

28 (45%± 62%)

N

Me

MeO2C

R O

N

MeO

*

+

N

Me

Me

Me O

N
+

N

Prn

Me

O

N

H Me Ph

Me
HH

MeCN

20 8C, 36 h

S configuration

R configuration

N

Me

Me

O

N

MeH

N

Me

Me

O

N

Me

O

O

O

OO

N

H H

OO

Me Me

Me

+
R1

O

S+
R2

Me

29

+

O

O

O

OO

N

OO

Me Me

Me

+
R1 Me

O

S

Me

R2
+

X= C(O)NHBun.

+

N

HN

X

H H

O

O

O
O

OOO
H N

H

H

OHN

N

X

H H

N

OMe

NHO

N

H H

X

O NH

N

X

H H30

Progress in the studies of oxidation of dihydropyridines and their analogues 35



Molecular magnetism is, in essence, a supramolecular phe-
nomenon, because it is associated with the collective properties of
the system components that contain unpaired electrons, and
depends on the relative arrangement of these compounds in
organised ensembles and crystal structures. A search for high-
spin components of the organic (free radicals, carbenes or charge-
transfer salts), organometallic (metal complexes) or inorganic
(coordination metal centres) nature is presently an important
problem.199 ± 202 This is why the radical ionic salts based on
dihydropyridine derivatives have attracted interest. The synthesis
and the mechanism of formation of radical anionic salts in the
reactions of unsubstituted acridane, N-methylacridane or
1-propyl-1,4-dihydropyridine with p-electron acceptors (tetra-
cyanoquinodimethane, dicyanodichloro-p-benzoquinone, tetra-
cyanoethylene, etc.) were described.203

We synthesised analogous compounds by oxidation of
9-cyano-10-methyl-9,10-dihydroacridine (11) to the correspond-
ing radical anionic and dianionic salts with the cyanoacridinium
cation. These salts have a very narrow electrochemical gap, i.e., a
small difference between the reversible oxidation and reduction
potentials. These systems hold promise for the design ofmolecular
switches, conductors, semiconductors, visible light converters into
the electric energy (solar elements) and, on the contrary, nonlinear
optical materials, etc.

Hydrogen bonding, p ± p-stacking interactions or Coulombic
interactions can be employed for recognition of amino acids,
nucleotides and heterocycles through complementary binding. It
was mentioned 142 that such interactions have an effect on the
electron and hydride transfer involvingDNA in redox reactions of
DNA intercalates with NAD and NADH models.

Coulombic interactions and structural factors can be effi-
ciently used for the recognition of systems containing the charged
pyridine rings. Supramolecular charge-transfer complexes formed
by cyclobis(paraquat-p-phenylene) as a model of a molecular
receptor and different neuromediators (for example, by dopamine
in compound 32) were studied.204 Analogous structures were
described in the publications.205 ± 207

N-Methylacridinium derivatives, which are acceptors of
anionic and neutral nucleophiles, can be involved in macrocyclic
bis-intercalates (for example, compound 33) capable of interact-
ing with nucleosides, nucleotides and planar anionic sub-
strates.208, 209

Along with homogeneous processes of molecular recognition
in solution, heterogeneous recognition on the surface or in the
bulk of organised ordered phases and solid materials is also
known. Examples of these reactions are the formation of solid
inclusion compounds, viz., clathrates, with the use of zeolites or
other natural sorbents, as well as intercalation in the formation of
hollow clays and the design of hybrid organic ± inorganic struc-
tures by sol ± gel methods.194 A polysiloxane-immobilised NADH
model compound was prepared.210 This compound provides easy
reduction of olefins as well as isolation of the reaction products
and recycling of the reducing agent. This environmentally safe
process for olefin reduction by immobilised dihydropyridine in a
two-phase system is an example of green chemistry (Scheme 4).
Catalytic transformations of natural compounds under mild
conditions, which are accompanied by the conversion of the
reagents, are among such processes.211

Redox processes involved in NAD±NADH transformations
can be performed in molecular devices which convert molecular
recognition events into electronic signals. Quinones and the 1,10-
dimethyl-4,4 0-bipyridinium dication were examined as such com-
pounds.207

Pyridinium cations 34 linked by a long chain of conjugated
C=C bonds are fragments of so-called molecular wires.194 In
such oligomers, pyridinium cations are used as electron acceptors
capable of forming stable radicals.

The design of supramolecular ensembles based on the 10-
carboxymethyl-9-mesitylacridinium ion and the fullerene cluster
with titanium(IV) oxide or tin(IV) oxide for light energy conver-
sion was documented.212, 213 Systems consisting of donor ± accep-
tor metal complexes, dihydropyridine-based hydride donors and
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acceptors and acridinium cations have been designed and found
use as photocatalysts.214

Macrocyclic NADH models containing two or four nicotin-
amide fragments were prepared.215 In the presence of magnesium
ion as a catalyst, these macrocyclic dihydropyridines selectively
reduce ethyl benzoylformate. Macrocyclic NAD (compound 35)
and NADH models (compound 36), which can form host ± guest
complexes were synthesised based on the pyridinium cation and
dihydropyridine.216, 217

The above data demonstrate that investigations of the hydro-
gen transfer mechanism NAD>NADH with the use of model
compounds provide a deeper insight into processes in living nature
and give possibilities for designing different-purpose devices,
receptors and new materials.

* * *

A review of studies on oxidation of dihydropyridines and their
analogues leads to the conclusion that, in spite of a continuing
discussion regarding the one-step or stepwise mechanism of
hydride transfer, evidence in favour of the latter mechanism
prevails in the modern literature. It should be noted that the
successive electron ± proton ± electron transfer (EPE mechanism)
was accepted by chemists as the most probable pathway of
hydride transfer involving coenzymes.

TheNobel laureateAlbert Szent-GyoÈ rgyi stated that electrons
drive life. In living systems, electrons move to higher energy levels
due to sunlight absorption by the substance and then electrons
portionwise release an excess energy. It should be emphasised that
electrons perform this cycle one-by-one by being excited and
passing through cytochromes, because the central metal atom in
cytochrome can undergo only single-electron transformations.218

In recent years, studies on the fine mechanism of the
C(sp3)7H bond cleavage in dihydroazines have received new
impetus due to the design of new pharmaceuticals and technical
materials, enzyme reactors, bioelectrochemical systems and
molecular devices (switches, antennas, sensors, etc.) based on
these compounds and the use of partially hydrogenated hetero-
arenes as reagents for stereoselective reduction of various unsatu-
rated systems.
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Abstract. It is shown that catalytic carbonylation of variousIt is shown that catalytic carbonylation of various
compounds using iron carbonyl complexes is based on two typescompounds using iron carbonyl complexes is based on two types
of reactions [redox disproportionation of iron carbonyl inducedof reactions [redox disproportionation of iron carbonyl induced
by Lewis bases and oxidative addition of Brùnsted and Lewisby Lewis bases and oxidative addition of Brùnsted and Lewis
acids to (hydrido)carbonylferrate anions] comprising single-elec-acids to (hydrido)carbonylferrate anions] comprising single-elec-
tron initiation steps and subsequent radical chain reactions. Thetron initiation steps and subsequent radical chain reactions. The
role of iron carbonyl radical anions as catalysts for carbonylationrole of iron carbonyl radical anions as catalysts for carbonylation
processes with controlled reduction potential of the medium isprocesses with controlled reduction potential of the medium is
noted. Characteristic features of the radical chemistry of iron andnoted. Characteristic features of the radical chemistry of iron and
other transition metal carbonyls is analysed. The bibliographyother transition metal carbonyls is analysed. The bibliography
includes 262 referencesincludes 262 references..

I. Introduction

The chemistry of transition element carbonyls has been developed
for more than a century since the initial discovery in 1890 of
complexes of transition metals with CO ligands, first, nickel
tetracarbonyl 1 and then iron pentacarbonyl.2, 3 The discovery of
the Fischer ± Tropsch process for hydrocarbon synthesis from
synthesis gas (CO+H2) 4 ± 7 and hydroformylation of organic
compounds made a major impact on the development of this field
of chemistry.8 Metal carbonyls are used as catalysts in all these
processes. The development of homogeneous catalytic systems for
the Reppe synthesis and the replacement of synthesis gas by water
gas (CO+H2O) 9 may be regarded as the major achievements of
these studies. As far as carbonmonoxide is a key component of the
CO+H2 and CO+H2O gas mixtures, the mechanism of cata-
lysis by transition element-based catalysts should be governed by
the chemistry of metal carbonyls. Owing to the structural and
chemical similarities between a metal surface with adsorbed CO
molecules and carbonyl metal complexes, the latter can be

regarded as simple models of catalytic processes, because studies
of heterogeneous transformations are often extremely labour-
consuming (see for example Refs 5 ± 7, 10 and 11).

It is quite possible that in the nearest future the humankind
will solve the energy problem by using renewable sources of energy
instead of oil and gas; however there is no substitute for hydro-
carbons in the industrial organic synthesis. The problem of
alternative sources of raw materials for petrochemical industry
will inevitably arise as the world oil supply gradually dimin-
ishes.5, 6, 12 Hydrocarbons and other organic products obtained
from CO may be such an alternative. In spite of some successful
examples of application of CO conversion processes, inmost cases
they cannot compete with the petrochemical ones for economic
reasons. The main problem is lack of inexpensive and selective
catalysts for operation under mild conditions. The search for such
catalysts requires a detailed investigation of the reactions of
various coordination compounds with CO. The iron carbonyl
complexes are regarded as the most promising ones, as they are
readily available, stable and highly catalytically active in a variety
of transformations.

In the early 1930s, Hieber and co-workers started to study the
properties of iron carbonyls, particularly their reactions with
Lewis bases (cited from 13, 14). They have shown that the two-
electron redox disproportionation is the predominant pathway of
these reactions. This process results in the formation of Fe2+ salts
with carbonyl-ferrate dianions (CFA) and (or) with their proto-
nated analogues, hydridocarbonyl-ferrate monoanions (HCFA).

n=1, m=5; n=2, m=9; n=3, m=12; p=1, q=5; p=2, q=9;

p=3, q=12; p=4, q=14; 24 k4 6; L is a nucleophilic ligand

(a neutral Lewis base).

Besides, these reactions may yield the products of substitution
of nucleophilic ligands for the CO groups. Rearrangements of the
metal core accompanied by the change in the number of metal

[FeLk]2+[HFep(CO)q71]
ÿ
2

HCFA

[FeLk]2+[Fep(CO)q71]27

CFA
Fen(CO)m + kL
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atoms in a cluster also may take place in these reactions.
Numerous iron carbonyl complexes containing various functional
groups have been obtained nowadays.15, 16

Studies of the mechanisms of transformations of iron car-
bonyls are crucial for elucidation of their catalytic activity. The
mechanisms are usually described by schemes that include 16-elec-
tron coordinatively unsaturated species. Thus, the following
sequence of reactions was suggested for substitution proc-
esses:2, 5, 14 ± 16

Fen(CO)m Fen(CO)m71 + CO,

Fen(CO)m71 + L Fen(CO)m71L .

n=1, m= 5; n=2, m=9; n=3, m=12; L is a nucleophilic ligand.

The catalytic scheme of water ± gas shift reaction (Scheme 1)
suggested by Pettit and co-workers 17, 18 is another example of
transformations catalysed by iron carbonyl complexes. The same
scheme with only minor variations was also used by the same
authors for the description of the mechanism of Reppe synthesis.
The most general and complete version of this scheme has been
published byKing et al.19, 20 The nucleophilic addition of a base to
a carbonyl ligand takes place at the first stage of the catalytic cycle,
which is followed by decarboxylation and the formation of
hydridocarbonylferrate anion. The Scheme contains two redox
reactions.

The substitution of nucleophilic ligands for the CO groups
during the activation of iron carbonyls by trimethylamine oxide
proceeds in a similar way (Scheme 2).21 ± 24

Scheme 2

Fen(CO)m +Me3N?O Fen(CO)m71C(O)_ONMe3

Fen(CO)m71 + CO2 +Me3N,

Fen(CO)m71 + L Fen(CO)m71L .

The three abovementioned schemes are unified by a common
paradigm, which has been formed over more than a century,
concerning the major role of 16-electron intermediate species in
the transformations of metal carbonyls. The paradigm is formu-
lated as the Tolman rule,25 which states that the predominant
pathway of these reactions consists of consecutive formation of
18-, 16- and 18-electron complexes (18e? 16e? 18e).

The formation of 16-electron coordinatively unsaturated
species, for example Fe(CO)4, is postulated on the basis of their
detection by IR spectroscopy in the gas phase 26, 27 and in noble
gas matrices at 4 ± 20 K.28 ± 31 However, only recently, was the
existence of Fe(CO)4 in a solution registered by femtosecond IR
spectroscopy during UV photolysis of iron pentacarbonyl. The
lifetime of such species is 660 ps (6.6610710 s).32, 33 Obviously,
special experimental conditions of flash photolysis and the so
short lifetime of iron tetracarbonyl cast doubt upon its participa-
tion in the processes in the liquid phase.

II. Iron carbonyl radical anions

Alongside with neutral and charged iron carbonyl complexes
containing an even number of electrons, iron derivatives with an
odd number of electrons may also exist. We are talking about iron
carbonyl radical anions (ICRA) [Fen(CO)m]7

. (n=1, m=5;
n=3, m=12) and [Fen(CO)m71]7

. (n=1, m=5; n=2, m=9;
n=3,m=12; n=4,m=14), whichmay be generated by various
methods.

Electrochemical single-electron reduction of iron carbonyls in
various solvents leading to the formation of ICRA has been
studied by polarography using dropping mercury electrodes 34 ± 39

and by cyclic voltammetry using platinum,37 ± 41 gold 42, 43 and
glassy-carbon electrode.39

Iron carbonyl radical anions were also obtained by chemical
methods: either by reactions of iron carbonyls with strong
reducing agents such as alkali metals or sodium benzophenone
ketyl,44 ± 46 or by oxidation of carbonylferrate anions by, for
example, ferrocenium or silver salts.46, 47 Iron carbonyl radical
anions are formed also during UV or 60Co g-irradiation of the
corresponding iron carbonyls or CFA.43, 45, 48 ± 52

The formation of [Fe(CO)4]7
. in noble gas matrices at low

temperatures has been observed in the same experiments in which
the 16-electron Fe(CO)4 species have been registered.31, 53, 54 In
order to suppress the formation of mono- and polynuclear iron
carbonyl radical anions, a stabilising agent, namely, 0.02% of
CCl4, has been added to the system (the mechanism of stabilisa-
tion is discussed in Section VII).31 The [Fe(CO)4]7

. radical anion
in Ne or Ar matrices has C3v symmetry and its IR spectrum
exhibits a CO absorption band at 1859.7 cm71 (in Ne) or at
1853.5 cm71 (in Ar).31, 48, 53, 54

Only the signals of terminal CO groups [nCO=2057 (vw),{

2017 (w), 1984 (vw), 1966 (m), 1933 (w), 1922 cm71 (w, sh)] 55, 56

are present in the IR spectra of [Fe3(CO)11]7
. in THF, while in a

solution in aqueous THF in the presence of NaOH, the spectrum
changes [nCO=2057 (vw), 2019 (vw, sh), 1982 (vw), 1969 (m),
1960 (m, sh), 1933 (w), 1916 cm71 (w, sh)].57

The ESR spectra of iron carbonyl radical anions in different
solvents at various temperatures were studied in a number of
papers.38, 44 ± 46, 49, 58, 59 The ESR spectral parameters of ICRAand
their hydrido analogues (g-factor and hyperfine splitting con-
stants a on the 1H, 13C and 57Fe nuclei) are given in Table 1.

The iron carbonyl radical anions in which one or several CO
groups are replaced by phosphine or phosphite ligands are also
known.37, 44, 45, 60, 61

Low-temperature ESR-spectroscopic studies of ICRA in
crystalline matrices and solid solutions have been per-
formed.47, 50 ± 52, 62, 63

The most stable iron carbonyl radical anion, [Fe3(CO)11]7
.,

has been isolated as bis(triphenylphosphine)iminium (PPN+) and
[PPh4]+ salts and characterised by elemental and X-ray diffrac-
tion analysis. TheX-ray study has shown that the anion consists of
a triangular core of iron atoms with one semibridging and ten
terminal CO ligands.55, 56

The photoelectron spectra of the [Fe(CO)4]7
. radical anion

have been reported,64 ± 66 and its reactivity towards various com-
pounds in the gas phase was studied bymass spectroscopy and ion
cyclotrone resonance.67 ± 70 Besides, clusterisation of ICRA in the

(OC)3Fe

CO

Fe(CO)3

Fe(CO)4

7.

Fe(CO)5

H2

HO7 H2O

HO7

H2Fe(CO)4 [HFe(CO)4]7

CO2

[Fe(CO)4(COOH)]7Fe(CO)4

CO
Scheme 1

{The following notation is used for the band intensities in the IR spectra:

v. is very, w. is weak, s is strong, m. is medium; sh (shoulder) is a signal

superimposed as a shoulder on another signal.
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reactions of [Fe(CO)4]7
. with iron pentacarbonyl in the gas phase

were studied 71 ± 73 and IR spectra of the clusters formed were
obtained.74

Thus, on the one hand, we have got 16-electron intermediate
complexes, formed during iron carbonyl transformations, which
are short-lived and ghostly `as the Cheshire cat smile' (the
comparison was made by Poliakoff, one of the founders of this
field of chemistry). On the other hand, the relatively stable ICRA
resulting from single-electron reduction of iron carbonyls, are
regarded at best as by-products of processes involving iron
carbonyls.

III. Reactions of iron carbonyls with Lewis bases.
Activating complex formation

During investigation of the reactions of iron carbonyls with
various Lewis bases in anionic or neutral form, it was found that
radical anions are easily generated in an ESR spectrometer cavity
even at early stages of reactions at low conversions of the initial
complexes.75 ± 79 Nevertheless, the concentrations of the ICRA
were relatively high (1075 ± 1072 mol litre71).

Naturally, these data may be interpreted as evidence in favour
of single-electron reduction of iron carbonyls similar to the
electrochemical reduction or to the action of strong reducing
agents such as the sodium mirror and sodium benzophenone
ketyl. However, the Lewis bases used (supposed electron donors)
may hardly be regarded as reducing agents, because their oxida-
tion potentials are too high (for example, these values for Cl7 and
HO7 in acetonitrile are equal to +2.24 and +0.92 V, respec-
tively 80). These processes have to be interpreted as anomalous
reactions proceeding `against the potential', which are similar to
the reactions between p-quinones andbases studied byPedersen.81

The concept of the `activating complex formation' was sug-
gested by Abakumov 82, 83 to explain the mechanisms of this type
of reactions. As applied to iron carbonyls, this concept may be
formulated as follows: if a donor L7 (a Lewis base in its anionic
form) is unable to reduce directly an acceptor C (an iron carbonyl)
but forms a complex CL7, which becomes a reducing agent with
respect to the initial iron carbonyl molecule, then a single-electron
process becomes possible (Scheme 3).

The Lewis bases used are, most often, quite simple molecules
(or ions) containing localised s-bonds without a p-electronic
conjugated system. Elimination of an electron from such a
compound results in a significant change in the atomic charge of

the `key' atom. This process is energetically unfavourable. On the
contrary, the CL7complex formed acquires donor properties and
electron elimination stabilises the complex due to delocalisation.

The activating complex formation for the reactions of iron
carbonyls with Lewis bases consists of the addition of the base to
the carbonyl group.

The structure of such adducts is well known (see, for example,
the review 84). The kinetics of formation of hydroxycarbonyl
(L=OH) and methoxycarbonyl (L=OMe) iron complexes in
solution has been studied.85 ± 87 The thermodynamic and kinetic
aspects of the formation of such derivatives in the gas phase are
described in papers.67, 88 ± 92

In some cases it is possible to isolate an adduct of an iron
carbonyl with Lewis base. This fact was used to confirm the
second redox step in Scheme 3. Thus, the salt (PPN)[Fe(CO)4.
.C(O)OMe] has been isolated.86, 93 No ESR signals have been
observed for this salt in solution, as for the initial iron pentacar-
bonyl. The reaction of the salt with iron pentacarbonyl directly in
the cavity of an ESR spectrometer reveals that fast reduction of
the iron carbonyl yielding ICRA takes place even at temperatures
below780 8C. The type of ESR spectrum and the character of its
gradual change are similar to those for the reaction of Fe(CO)5
with sodiummethoxide.77 Therefore, the reaction of iron carbonyl
with anionic Lewis bases may be represented as follows:

Fen(CO)m +L7 [Fen (CO)m71C(O)L]7, (1)

[Fen(CO)m71C(O)L]7 +Fen(CO)m

[Fen(CO)m71C(O)L]
.
+ [Fen(CO)m]7

.
,

(2)

n=1, m= 5; n=2, m=9; n=3, m=12.

(CO)m71FenC
O

L

7

Table 1. ESR data of some ICRA and its hydride analogues.

Species g a /mT (the number of nuclei) Temperature Solvent Ref.

/8C
1H 13C 57Fe

[Fe(CO)4]7
. (1) 2.0486 780 THF, MeTHF 43, 49

[Fe2(CO)8]7
. (2) 2.0385 3.7 (2) 780 THF 46

[Fe3(CO)11]7
. (3) 2.0497 5.2 (1) 780 THF 46

[Fe3(CO)12]7
. (4) 2.0016 3.55 (12) 3.1 (3) 780 THF 46

[Fe4(CO)13]7
. (5) 2.0134 16.2 (3), 14.2 (3), 2.5 (6), 7.9 (1) 1.27 (3), 5.8 (1) 780 THF 46

[HFe(CO)4]
.
(6) 2.0545 22.60 (1) 7110 n-C5H12 49

[HFe2(CO)8]
.
(7) 2.0122 22.22 (1) 12.37 (2) 7110 n-C5H12 49

2.0120 22.2 (1) 12.3 (2) 3.60 (2) 7100 n-C5H12,

cyclo-C3H6 58

[HFe3(CO)11]
.
(8) 2.0641 18.95 (1) 10.0 (3) 780 n-C5H12 49

2.0635 18.4 (1) 780 THF 58

[H3Fe(CO)3]
.

2.0459 24.9 (2), 2.9 (1) 780 n-C5H12 49

H3Fe2(CO)7]
.

2.0161 16.7 (1), 5.0 (2) 780 n-C5H12 49

[H2Fe(CO)3]7
. (9) 2.0529 22.2 (2) 7110 MeTHF 59

[H2Fe2(CO)7]7
. (10) 2.0435 22.4 (2) 780 MeTHF 59

[H2Fe3(CO)10]7
. (11) 2.0489 24.2 (2) 740 MeTHF 59

Note. MeTHF is 2-methyltetrahydrofuran.

Scheme 3

L7 +C L
.
+C7.

,

L7 +C CL7,

CL7 +C CL
.
+C7.

.
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This scheme of formation of radical anions is general and does
not depend on the type of iron carbonyl or Lewis bases. A great
number of anionic Lewis bases in the form of sodium derivatives
NaL [L=OR, SR,NR2, CR2NO2 (R=H,Alk, Ph)], alkali metal
and complex cation saltsM+L7 (M is an alkali metal, PPN,NR4;
L=H, F, Cl, Br, I, CN, SCN, N3, MeCO2, CF3CO2, MeSO3,
NO2) as well as sodium salts of dianions S27, CO2ÿ

3 , SO2ÿ
4 have

been studied in the reactions with Fe(CO)5, Fe2(CO)9 and
Fe3(CO)12.76 ± 79 Tetrahydrofuran, 2-methyltetrahydrofuran,
diethyl ether, monoglyme, dioxane, methylene chloride, metha-
nol, ethanol and THF±water (10 : 1 by volume) were used as
solvents.78

Redox disproportionation of iron carbonyls induced by
neutral Lewis bases is much more difficult. Particularly, the
interaction of Fe(CO)5 with neutral bases (ROH, RSH, R2NH)
yields a set of radicals, which is virtually identical to that formed in
the reactions of anionic forms; however the process is consider-
ably slower and takes place only at high temperature.77 The rate of
ICRA generation may be lower due to both a smaller equilibrium
constant of the first step of activating complex formation [reaction
(3)] and the additional energy expenditure for the generation and
separation of charges during the second, redox stage of the process
[reaction (4)].

Fen(CO)m +L Fen(CO)m71C(O)L, (3)

Fen(CO)m71C(O)L + Fen(CO)m
(4)

[Fen(CO)m71C(O)L]+
.
+ [Fen(CO)m]7

.
,

n=1, m=5; n=2, m=9; n=3, m=12.

Besides the abovementioned reactions, the reactions of iron
carbonyls with standard solvents and reagents, such as pyridine,
DMF, DMSO, o-phenanthroline 77 and trimethylamine oxide 79

were studied by ESR. All these neutral Lewis bases possess
electron-donating properties.

A study on the rates of reactions between Lewis bases and
Fe(CO)5, Fe2(CO)9 and Fe3 (CO)12 has shown that the rate is the
lowest for Fe(CO)5 and the highest for Fe3(CO)12. The difference
is a result of the higher reduction potential (E1/2 red) for Fe3(CO)12
(which is in the range from70.32 to70.44 V) 38, 39 in comparison
with that for Fe(CO)5 (E1/2 red=71.77 V).39 The electron trans-
fer step [reactions (2) and (4)] proceeds much easier for Fe3(CO)12
for this reason. Probably, the heterogeneity of the Fe2(CO)9 ±L
(or L7) system does not affect the process rate in this particular
case. The electron transfer from the activated complex formed to
the neighbouring iron carbonyl molecule [reactions (2) and (4)]
proceeds on the surface of a crystal and is accompanied by charge
delocalisation over the crystal, thus reducing the energy required
for the process and compensating the diffusion limitations.

Thus, the scheme comprising a complex formation stage
followed by the transfer of one electron from the activated
complex to another substratemoleculemay be regarded as general
for the disproportionation reactions of iron carbonyls with Lewis
bases.

However, for a long time there has been no answer to the main
question: `Do the radicals take part in the reaction or are they just
by-products? ' In order to solve this problem, kinetic studies of the
reactions of iron carbonyls with various Lewis bases have been
performed. The following conclusions may be drawn from the
obtained data:

1. The initial stage of the interaction of iron carbonyls with
Lewis bases is a reversible bimolecular reaction having the first
order with respect to each of the components,84, 86, 87, 94 which
consists of activating complex formation [reaction (1)]. The
subsequent processes are multistep.86, 95

2. A scheme of transformations including (according to the
Tolman rule 25) the formation of 16-electron coordinatively unsa-
turated species of the Fe(CO)4 type underlay all kinetic calcu-
lations.

3. Methods that determine only the parameters of the initial
reactants and final reaction products were used in kinetic studies
of the multistep processes. (The complexes with the bases formed
at the first step of the reaction were an exception.) The absence of
the kinetic data on the intermediate catalytically active species
makes such schemes look like a `black box' (i.e., the change of the
input parameters results in the change in the output parameters,
but there is no way to find out what is going on inside the box).

The radical chain mechanism of the process was first proved
by studying the kinetics of accumulation and loss of the inter-
mediate radical species, namely, iron carbonyl radical anions.96 A
well studied reaction of iron dodecacarbonyl with tetraethylam-
monium ethanetiolate in THF was used as a model. For this
reaction, the structures of intermediate radical species 77, 97 and
final products are known.98 The reaction was carried out directly
in the cavity of an ESR spectrometer in a flow system using the
stopped flow method. It was shown 96 that the experimental
results on the kinetics of accumulation and loss of intermediate
radical anions 3 and 4 correspond well to the calculated ones.
These calculations were based on the suggested mechanism of
two-step redox formation of ICRA [reactions (1) and (2)].

The iron in complexes with Lewis bases formed in reactions (2)
and (4) are in the formal oxidation states (+1) and (71),
respectively.{ These complexes initiate two chains of transforma-
tions caused by substitution reactions in the coordination sphere
of the radicals. Whereas Fe(71) radicals are intrinsically stable
and easily detectable, the registration of Fe(+1) radicals is much
more challenging, because such complexes (the iron configuration
is d7) are usually extremely unstable. In the case of hard Lewis
bases (L), the coordination sphere of the carbonyl complex is
destabilised with elimination of CO ligands and oxidation of the
iron atom to Fe2+. This gives inorganic compounds of the FeL2

type (L is an anion) or salts of the [FeLk]2+ cation (L is a neutral
base).13, 14 Stabilisation of the coordination sphere of an iron
carbonyl complex becomes possible in the case of soft Lewis base
L (or in the case of transition of hard base into a soft one, e.g.,
NOÿ2 into NO 76) or when the Z-bonding of ligand L with the
metal core increases during the reaction. Sometimes such
iron(+1) radicals may be detected by ESR either directly or as
spin adducts.76, 99

The radical complexes [Fe(CO)57nLn]+
.
(n=1, 2), in which

one or two CO groups are replaced by phosphine or phosphite
ligands are most stable.100 ± 103 The complex [Fe(CO)3(PPh3)2].
.[PF6] . 0.5CH2Cl2 has been isolated 100 and characterised by
X-ray crystallography.104

The reactions of iron carbonyls with sodium hydrosulfide and
thiolates, which may be regarded as soft Lewis bases, are suitable
for the detection of radical complexes of Fe(+1). These bi- and
trinuclear radical anions of the [Fe2(CO)6(SR)2]7

. and
[Fe3(CO)9(SR)2]7

. types formed in the reaction with Fe(CO)5
may be detected.77, 97 The number of metal atomsmay change as a
result of exchange of the CO ligands with the starting iron
carbonyl or the L7 ion. These processes take place in the
coordination sphere of the initially formed Fe(+1) complexes
[reaction (2)].77, 105

[Fe(CO)4C(O)L]
. [Fe(CO)4L]

.
+CO. (5)

[Fe(CO)4L]
. Fe(CO)5

CO
[Fe2(CO)7L]

. Fe(CO)5

CO
[Fe3(CO)10L]

.

L7CO L7CO L7CO (6)

[Fe(CO)3L2]7
.

Fe(CO)5

CO
[Fe2(CO)6L2]7

. Fe(CO)5

CO
[Fe3(CO)9L2]7

.

{ Strictly speaking, the oxidation stages should be noted as +(1/n) and

7(1/n), where n is the number of iron atoms in the corresponding species.

One should keep this in mind when regarding the designations used in this

review.
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In this situation, Fe(CO)5 acts as a peculiar spin trap stabilis-
ing the radical Fe(+1) complex by delocalisation of the unpaired
electron over the iron carbonyl fragment. The subsequent oxida-
tion, which happens during either disproportionation or catalysis,
and substitution by electron transfer (ETC mechanism, see
Section VI), yields the final diamagnetic products. The sequences
of the reactions (6) represent the case where no transitions of the
L7 ligand in the metal coordination sphere take place. The
delocalisation of the unpaired electron on the ligand makes
possible the reorganisation (reduction, oxycarbonyl bond forma-
tion, etc.) of this ligand followed by coordination of the modified
ligands. The formation of bi- and polynuclear iron complexes with
unusually coordinated modified ligands is well known.106, 107

As it was mentioned before, the reactions of iron carbonyls
with Lewis bases generate unstable (with exception of radical
anion 4, see Table 1) electron-rich ICRA [Fen(CO)m]7

.. These
ICRA are formed during single-electron redox disproportiona-
tion [reactions (2), (4)]. The ICRA are transformed into more
stable electron-deficient species [Fen(CO)m71]7

. by decarbon-
ylation. According to the Sedgwick's rule of closed 18-electron
configuration, the transition from 19- to 17-electron complexes
takes place during this process: }

[Fen(CO)m]7
.

[Fen(CO)m71]7
.
+CO. (7)

Usually, the formation of ICRA 2 ± 5 is observed in any
combination of the starting iron carbonyl and the base.76 ± 79

Differences are only in the succession of their generation and
consumption at various stages of the process. For example, in the
reactions of Fe(CO)5 with the bases, the radical anions are
generated in the sequence 1, 2, 4 and 3, 5. The mononuclear
radical anion 1 was detected at the initial stages of the reaction of
Fe(CO)5 with strong bases, such as NaOMe and NaOEt, in
2-methyltetrahydrofuran at 7100 8C.78 In similar reactions of
Fe3(CO)12 the radical anions 3, 4 are produced first and the
radicals 2, 5 are formed later. Species 2 is generated initially in
the heterogeneous system containing Fe2(CO)9; radical anions
3 ± 5 emerge at later stages. Similar succession of ICRA generation
was observed during the reduction of iron carbonyls over a
sodium mirror.46 The equilibrium between ICRA 2 ± 5 with the
trinuclear radical anion 3 as themajor component was observed at
room temperature when the reaction was performed in a closed
system, e.g., in a sealed ampoule. Higher temperature shifts the
equilibrium towards the species containing more metal atoms. At
the same time the ESR signals of species 2 ± 5 appear and become
dominant during the generation of penta- and hexanuclear
[Fe5C(CO)14]7

. and [Fe6C(CO)16]7
. radical anions in the temper-

ature range from730 8C to 50 8C.77

The coordination sphere of iron carbonyl radical anions 1 ± 5
is quite labile and capable of fast ligand and electron exchange.
This enables interconversions of radical ion clusters

[Fe(CO)4]7
.+Fe(CO)5 [Fe2(CO)8]7

.+CO, (8)
1 2

[Fe2(CO)8]7
.+Fe(CO)5 [Fe3(CO)12]7

.+CO, (9)
2 4

[Fe3(CO)12]7
. [Fe3(CO)11]7

.+CO, (10)
4 3

[Fe3(CO)11]7
.+Fe(CO)5 [Fe4(CO)13]7

.+ 3CO. (11)

3 5

Donor compounds, particularly the solvent molecules (Solv),
may take part in these processes 104

[Fe3(CO)12]7
.+ Solv [Fe2(CO)7 . Solv]7

.+Fe(CO)5, (12)

[Fe2(CO)7 . Solv]7
.+CO [Fe2 (CO)8]7

.+ Solv. (13)

The reactions (8) ± (11) represent a sort of radical-ion `oligo-
merisation' of iron pentacarbonyl in solution. The same reaction
may take place in the gas phase.72 ± 74 The reverse process, namely,
a catalytic conversion of Fe3(CO)12 into Fe(CO)5 by electron
transfer, has been described.108

Being labile electron-deficient species, ICRA 1, 2, 3 and 5 tend
to fill their electronic shells. Therefore, in the reactions of iron
carbonyls with Lewis bases they convert into carbonylferrate
dianions [Fen(CO)m71]27, containing 18, 34, 48 and 60 cluster
valence electrons for n=1, 2, 3 and 4 respectively. The unstable
intermediate complexes of Fe(+1) mentioned above may act as
reducing agents for iron carbonyl radical anions.77

Thus, in general, the reactions of iron carbonyls with Lewis
acids proceed as two-electron disproportionations and afford
traditional products of these transformations, the CFA salts.13, 14

IV. Reactions of (hydrido)carbonylferrate anions
with Brùnsted and Lewis acids

The (hydrido)carbonylferrate anion ±Brùnsted (or Lewis) acid
system is the antipode of the previously discussed iron carbonyl ±
Lewis base system. It is very important to note that most of the
carbonylation processes are catalysed by one of these sys-
tems.19, 20, 84, 109, 110 Besides, the interaction of CFA and HCFA
with Brùnsted and Lewis acids may take place in non-catalytic
processes as well, namely, in stoichiometric reactions giving
aldehydes, ketones, carboxylic acids, esters and amides,111 a-di-
ketones,112 and in the reduction of a,b-unsaturated carbonyl
compounds.113, 114 The iron carbonyl radical species were detected
in early investigations of these reactions, but not identified, and
this explains the interest in these processes.113, 115 For example, the
radicals are formed during the direct reduction of an alkyl halide
(Lewis acid) by HCFA.116, 117

[HFe(CO)4]7 +RHal [HFe(CO)4]
.
+RHal7

.

6

Fe(CO)4 + RH+Hal7.

The formation of a 16-electron intermediate species of the
Fe(CO)4 type is traditionally suggested in this reaction, as in
Schemes 1 and 2. The existence of this species in solution has been
discussed in the Introduction. Besides, the direct reduction of
RHal is also thermodynamically unlikely and possible only in the
case of aromatic iodides with the smallest negative reduction
potentials.109, 118 Intensive generation of ICRA 2 ± 5 in the reac-
tions of CFA and HCFA with Lewis and Brùnsted acids has been
observed by ESR spectroscopy.59 These radical anions are iden-
tical to those formed in the reactions of iron carbonyls with Lewis
bases. The hypothesis of `activating complex formation', used
previously to explain the mechanism of the reactions of iron
carbonyls with Lewis bases (see Section 3), has been used to
explain this fact too. The only difference between these two cases is
that CFA or HCFA play a donor role (B7), while their complexes
(BA) with the acid (A+) are acceptors. If the donor (CFA or
HCFA) cannot directly reduce an acceptor (an acid), but the
formation of their complex is still possible, then this complex may
take part in a single-electron transfer, which thus becomes
achievable (Scheme 4).

} In fact, the electron shells of ICRA 1 ± 5 contain 17, 33, 47, 49 and 59

cluster valence electrons respectively. The 18-electron closed shell config-

uration rule is conventionally accepted for clarity and in order to compare

the complexes with different numbers of metal atoms.

Scheme 4

B7 +A+ B
.
+A

.
,

B7 +A+ BA,

B7 +BA B
.
+BA7.

.
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According to Scheme 4, the activating complex formation
stage corresponds to the well known processes: either the proto-
nation of CFA or HCFA

or the oxidative addition of alkyl and acyl halides to
them15, 93, 109, 111, 113, 119 ± 124

[Fe(CO)4]27 +RX [RFe(CO)4]7 +X7, (14)

[RFe(CO)4]7 +R0X R0RFe(CO)4 + X7, (15)

R=H: R0= Alk, AlkC(O); R=R0=Alk, Ar, AlkC(O), ArC(O);

X=Cl, Br, 4-MeC6H4SO2 (Ts).

The reactions (14) and (15) are given for well studied mono-
nuclear iron complexes, which are most active in the redox
transformations affecting the metal coordination centres.}

The electron transfer itself happens at the next step during the
reduction of the formed neutral complex R0RFe(CO)4

[RFe(CO)4]7 +R0RFe(CO)4

[RFe(CO)4]
.
+ [R0RFe(CO)4]7

..
(16)

A similar electron transfer stage for protonated complexes
CFA looks as follows:

[HFen(CO)m71]7 +H2Fen (CO)m71

[HFen(CO)m71]
.
+ [H2Fen(CO)m71]7

..
(17)

The pure starting compounds without any traces of the
oxidation products are required in order to confirm that the
electron transfer occurs during this stage of the reaction. This
was achieved, for example, by vacuum distillation of complex
H2Fe(CO)4 [R=R0=H in reaction (16) or n=1, m=5 in
reaction (17)] directly into an ampoule located in the cavity of an
ESR spectrometer.59 No ESR signals were observed in a solution
of H2Fe(CO)4 in 2-methyltetrahydrofuran at temperatures below
760 8C. A similar situation has been found in the case of a
solution of (PPN)[HFe(CO)4] in MeTHF over a wide range of
temperatures up to room temperature. At the same time, the
reaction of H2Fe(CO)4 with (PPN)[HFe(CO)4] in this solvent
results in the appearance of ICRA signals at as low as7100 8C. It
was shown,59 that 17-electron radical [HFe(CO)4]

.
and 19-elec-

tron radical anion [H2Fe(CO)4]7
., formed at the electron-transfer

stage of the reaction, are unstable under these conditions and are
quickly converted into [Fe2(CO)8]7

. by reactions (18) and (19),
(20), respectively.

[HFe(CO)4]
.
+ [HFe(CO)4]7 [Fe2(CO)8]7

.
+H2, (18)

6 2

[H2Fe(CO)4]7
.

[Fe(CO)4]7
.
+H2, (19)

[Fe(CO)4]7
.
+H2Fe(CO)4 [Fe2(CO)8]7

.
+H2. (20)

1 2

Radical anions 3 ± 5, 11 containing greater numbers of metal
atoms arise in reactions (21) and (9) ± (11).

The transformations of RR0Fe(CO)4 complexes (R=H,
R0=Alk, Ac) should be particularly noted. These are the key
compounds inmany processes involving [HFe(CO)4]7 (Ref. 106).
In this case, reaction (16) is as follows:

[HFe(CO)4]7 +R0HFe(CO)4

[HFe(CO)4]
.
+ [R0HFe(CO)4]7

.
.

(22)

The unstable 19-electron complex [R0HFe(CO)4]7
. formed

initially is transformed into the more stable 17-electron species by
elimination of R0H or CO [reaction (23)]. In the latter case, the
[R0HFe(CO)3]7

. radical anions are formed. They were detected in
the reactions of acyl halides R0X (R0=Ac, Bz) with [HFe(CO)4]7

(Ref. 59).

It is remarkable that the [R0Fe(CO)4]7 and [HFe(CO)4]7

anions do not react with each other. For instance, propionalde-
hyde is not formed in the reaction between [EtC(O)Fe(CO)4]7 and
[HFe(CO)4]7; however it is formed in 57% yield when the acetic
acid, which partially protonates the [HFe(CO)4]7, is added to the
reaction mixture.125 This confirms that the process proceeds
according to pathway (22). The yield of the target compound,
which is approximately half of the theoretical one, points out to
the partial protonation of [HFe(CO)4]7 and its consumption
according to reactions (16) (for R=R0=H) and (18) ± (20).

As it was noted before, on the one hand, ICRA are relatively
stable species (during the reaction their steady-state concentra-
tions may be fairly high). On the other hand, these ICRA are
coordinatively unsaturated electron-deficient systems with labile
coordination sphere capable of fast ligand and electron exchange.
An important consequence of these two characteristics is the
ability of ICRA to add Brùnsted or Lewis acids. These reactions
are the key stages in a number of reduction and carbonylation
processes of various compounds. Initially, the radical anion reacts
with an electron acceptor (the corresponding acid):

[Fe(CO)4]7
.
+RX [RFe(CO)4]

.
+X7,

and then, similarly to reaction (18), species 2 are formed.

[RFe(CO)4]
.
+ [HFe(CO)4]7 RH+ [Fe2(CO)8]7

.
. (24)

2

The subsequent transformations of the ICRA are of the
radical chain type and are accompanied by the increase in the
number of metal atoms in the radical complex:

[Fe2(CO)8]7
.
+RX [RFe2(CO)8]

.
+X7,

[RFe2(CO)8]
.
+ [HFe(CO)4]7 RH+ [Fe3 (CO)12]7

.
. (25)

4

Radical anions 3 and 5 are reduced to corresponding CFA by
reactions (26) and (27) at the final stages of the interaction of
(hydrido)carbonylferrate anions with Brùnsted and Lewis acids.
The reduction potentials of these CFA make the processes
thermodynamically favourable.42, 126

[Fen(CO)m71]7
.
+ [Fep(CO)q71]27

3, 5

[Fen(CO)m71]27 + [Fep(CO)q71]7
.
,

(26)

1, 2

n= 1, m= 5; n= 2, m= 9; n= 3, m= 12; n= 4, m= 14;

[Fen(CO)m71]27
H+

7H+

[HFen(CO)m71]7
H+

7H+

H2Fen(CO)m71,

[Fe2(CO)8]7
.+H2Fe(CO)4

[Fe3(CO)12]7
.+H2

[H2Fe3(CO)10]7
.+CO

(21)

2

4

11

[R0HFe(CO)4]7
.

[Fe(CO)4]7
.+R0H

[R0HFe(CO)3]7
.+CO

(23)

}Tri- and tetranuclear CFA can be alkylated and acylated at the carbonyl

group resulting in the formation of the [Fen(CO)m72(COR)]7 (R=Me,

Ac; n=3, m=12; n=4, m=14) complexes, which mainly tend to

undergo transformations of the carbonyl ligand.15
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[Fen(CO)m71]7
.
+ [HFe(CO)4]7

3, 5

[Fen(CO)m71]27 + [HFe(CO)4]
.
,

(27)

6

n=3, m= 12 (3); n=4, m=14 (5); p=1, q=5 (1); p=2, q=9 (2).

The final products of the reaction are diamagnetic com-
pounds, mainly the modified organic ligands and polynuclear
CFA and HCFA.

Thus, the reactions of (hydrido)carbonylferrate anions with
the Brùnsted and Lewis acids, like the reactions of iron carbonyls
with Lewis bases, may be described as radical chain processes
which include the preliminary activating complex formation and
the redox initiation stage.

V. Reactions of iron carbonyls with
carbonylferrate anions

It is believed that the nucleophilic displacement of the CO groups
in the reactions of diamagnetic iron carbonyls and carbonylferrate
anions results in the formation of CFA with an increased number
of metal atoms Thus, the reaction of Fe(CO)5 with [Fe(CO)4]27

yields [Fe2(CO)8]27 [reaction (28)]:42, 43, 113, 127 ± 129

Fe(CO)5 + [Fe(CO)4]27 [Fe2(CO)8]27 +CO. (28)

The [Fe3(CO)11]27 anion is formed from Fe(CO)5 and
[Fe2(CO)8]27 (Ref. 127)

Fe(CO)5 + [Fe2(CO)8]27 [Fe3(CO)11]27 + 2CO,

while the reaction of [Fe3(CO)12 with [Fe(CO)4]27 results in the
formation of [Fe4(CO)13]27 (Ref. 130):

Fe3(CO)12 + [Fe(CO)4]27 [Fe4(CO)13]27 + 3CO.

It was shown 77 that the [Fe(CO)4]27 and [Fe2(CO)8]27 anions
easily react with Fe(CO)5 and Fe3(CO)12, ICRA 2 ± 5 being
formed at the initial steps of the reaction. At the same time, the
reactions of tri- and tetranuclear CFA salts, [Fe3(CO)11]27 or
[Fe4(CO)13]27, with Fe3(CO)12 give first mainly heavier radical
anions 3 ± 5. It should be noted that the reaction of
(PPN)2[Fe3(CO)11] with Fe3(CO)12 is the preparative method for
the synthesis of the stable radical anion salt, (PPN)[Fe3(CO)11]7

.

(Ref. 131). These data show that in the reactions of carbon-
ylferrate anions with iron carbonyls, single-electron transfer
takes place at low degrees of conversion.

[Fep(CO)q71]27 +Fen(CO)m

[Fep(CO)q71]7
.+ [Fen(CO)m71]7

.+CO,

for p=1, q=5 and p=2, q=9: n=1, m=5; n=2, m=9; n=3,

m=12; for p=3, q=12 and p=4, q=14: n=3, m=12.

Such process may be regarded as direct single-electron reduc-
tion of iron carbonyls,{which is quite natural, taking into account
the high reduction potentials of CFA (Fig. 1).42

The two-electron reduction potential (Ered=71.77V) 39 for
Fe(CO)5 is shown in Fig. 1. This potential, probably, corresponds
to the reduction of iron pentacarbonyl in very fast reactions of
types (7) (for n=1, m=5) and (8) followed by the reduction of
[Fe2(CO)8]7

. to the corresponding anion. In the electrochemical
terms, this corresponds to the two-electron reduction with an
intermediate chemical stage (ECE). The value E1/2 red=72.67 V

has been reported 43 for the reduction potential of Fe(CO)5, which
is probably related to the supporting electrolyte used, Bu4NBF4

(E1/2 red=72.75 V 132).
Whereas the interaction of trinuclear [Fe3(CO)11]27 and

Fe3(CO)12 complexes (E1/2 red from 70.32 to70.44 V 38, 39) in an
open system results in the formation of trinuclear ICRA 3 and 4,
the reaction of tetracarbonylferrate anion with iron pentacar-
bonyl proceeds as a radical chain reaction. The reaction gives
[Fe2(CO)8]27 when the concentrations of the starting compounds
are equimolar [see reaction (28)].

[Fe(CO)4]27 +Fe(CO)5 2 [Fe(CO)4]7
.+CO,

[Fe(CO)4]7
.+Fe(CO)5 [Fe2(CO)8]7

.+CO,

[Fe2(CO)8]7
.+ [Fe(CO)4]27 [Fe2(CO)8]27 + [Fe(CO)4]7

..

With excess iron pentacarbonyl, the process continues further
to give trinuclear CFA incapable any more of reducing the
starting iron pentacarbonyl at ambient temperature at the final
stage of the reaction.

[Fe2(CO)8]27+Fe(CO)5 [Fe2(CO)8]7
.+[Fe(CO)4]7

.+CO,

[Fe2(CO)8]7
.+Fe(CO)5 [Fe3(CO)12]7

.+CO,

[Fe3(CO)12]7
. [Fe3(CO)11]7

.+CO,

[Fe3(CO)11]7
.+ [Fe(CO)4]27

[Fe3(CO)11]27 + [Fe(CO)4]7
.,

[Fe3(CO)11]7
.+ [Fe2(CO)8]27

[Fe3(CO)11]27 + [Fe2(CO)8]7
..

The radical chain process with single-electron redox steps ends
in the formation of diamagnetic complexes. In a closed system,
when CO is not removed from the reaction vessel, the iron
carbonyl radical anions 2 ± 5 are in equilibrium [reactions
(9) ± (13)].

A series of papers 127, 131, 133 ± 137 dealing with the reactions of
CFA with other metal carbonyls and the reactions of anionic
carbonyl compounds of variousmetals with iron carbonyls should
be noted. The electron transfer between such complexes and the
formation of ICRA at the intermediate stages of the process have
been discussed.127, 134, 135, 137 The charge transfer in the
A2[Fe2(CO)8] salts, where A are N-methylated pyridine deriva-
tives, PPN, Ph4P or the organometallic cation [CpFe(C6H6)]+

(Cp is cyclopentadienyl), has been described.138 The electron
transfer in this system results in the formation of radical anion 2,
which undergoes subsequent conversions.

[Fe2(CO)8]27 +A+ [Fe2(CO)8]7
.+A

.
.

2

The structures of [Li2(THF)6Fe2(CO)8] and
[Li2(THF)4Fe2(CO)8]n complexes in which the iron carbonyl
fragment contains two bridging CO ligands with coordinated
Li(THF)3 and Li(THF)2 groups have been determined by X-ray

{This scheme of the direct reduction may be regarded as a variant of the

redox disproportionation with the preliminary activating complex for-

mation stage, if the `additional' lone pair of CFA is considered as a donor

ligand.

71.95 70.9671.5571.68 E /V

1 2 3 4

Fe(CO)5:

Ered=71.77 V

Figure 1. The scale of the redox potentials of the following pairs:

[Fe(CO)4]27/[Fe(CO)4]7
.

(1), [Fe2(CO)8]27/[Fe2(CO)8]7
.

(2),

[Fe3(CO)11]27/[Fe3(CO)11]7
.
(3) and [Fe4(CO)13]27/[Fe4(CO)13]7

.
(4) in

THF.42
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crystallography.139 A similar structure of the Fe2(CO)8 fragment
was suggested for the [Fe2(CO)8]7

. radical anion.7, 63 On the
contrary, the structure of the corresponding carbonylferrate
anion [Fe2(CO)8 ]27 does not contain any bridging groups, two
Fe(CO)4 fragments being linked only by the Fe7Fe
bond.133, 138, 140, 141 It should be noted that the lithium salt with
the [Fe(CO)4]27 anion is unknown in a pure state. As the
reduction potential of Li+ (E1/2 red from 71.42
to71.82 V) 142, 143 is less negative than the redox potential of the
[Fe(CO)4]27/[Fe(CO)4]7

. pair (see Fig. 1), the reduction of Li+

occurs. In the case of [Li2(THF)6Fe2(CO)8] and
[Li2(THF)4Fe2(CO)8]n complexes, when the redox potential of
the [Fe2(CO)8]27/[Fe2(CO)8]7

. pair (see Fig. 1) falls in the E1/2 red

region of lithium, charge transfer from CFA to Li+ may take
place followed by the rigid fixation of the cation in a contact ion
pair. The presence of two different types of lithium atoms in the
structure of the polymeric complex also supports this suggestion.

Thus the carbonylferrate anions are quite strong reducing
agents, able to take part in the direct single-electron reduction of
various substrates, including iron carbonyls. The iron carbonyl
radical anions are formed in these processes and the radicals
undergo further conversions by a radical chain mechanism.

VI. Nucleophilic substitution and catalytic
conversions of iron carbonyls induced by electron
transfer

A series of papers on the nucleophilic substitution of CO by
phosphine, phosphite and isocyanate ligands in iron carbonyl
complexes under the conditions of preliminary chemical or
electrochemical reduction of the initial complex to the corre-
sponding radical anion was published in the early 1980s. The
trinuclear iron carbonyl complex Fe3(CO)12 (Refs 60, 144 ± 146)
and complexes of the Fe3(m3-E)2L(CO)8 type, where L=CO:
E=NAr, PPh, S, Se;147 ± 151 E2 is 2,3-diazanorbornene;152

L=C3H2S2, E=S 153, 154 were the main objects of these studies.
The replacement of CO in iron pentacarbonyl by phosphine and
phosphite ligands, initiated by sodium benzophenone ketyl, has
been described.155 It appeared that these processes correspond to
the known substitution reactions or to the catalytic conversions
induced by electron transfer:156 ± 158

If the standard elecrochemical potentials of reactions (29) and
(32) obey the inequality E �2 >E �1, then the electron-induced
nucleophilic substitution, EINS, takes place.140, 155 If E �1 >E �2,
then a catalysed reaction called electron-transfer chain catalysis
(ETC) takes place.146, 157, 158 The catalytic cycle is shown in
Scheme 5.

Reactions (29) ± (33) and Scheme 5 represent the simplest case
of an ETC process without taking into account the interconver-
sions of the intermediate 19-electron (MCO7. andML7.) and 17-
electron (M7.) radical anions. After the electron addition in
reaction (29) the reorganisation of the radical anions accompanied
by the change in the number of iron atoms in the metal core and
rearrangement of the coordination sphere are possible [see, for

example, reactions (6), (8) ± (10) in Section III and also the
papers 108, 159].

In spite of the fact that no data on the ETCprocesses involving
intermediate 17-electron radical cations are known for iron
carbonyls, similar reactions for the carbonyls of Group VI metals
were described in the literature.160 As applied to the iron carbon-
yls, these transformations may be described as follows
(Scheme 6):

If E �1 >E �2, then electron-induced nucleophilic substitution
takes place. For instance, the nucleophilic substitution of the CO
group in the [Fe(CO)3(PPh3)2]+

. radical cation yielding the
[Fe(CO)2. .(PPh3)2(L7L)]+. complex, where L7L are 1,2-dike-
tones, o-chloranyl, 1,2-naphthoquinone, belongs to this type of
reaction.102, 161 If E �2 >E �1, the catalytic ETC process occurs.
Only one example of ETC process in which the addition of the
nucleophilic anion (EtS7) is followed by rearrangement of the
metal skeleton is known for 17-electron Fe(+1) carbonyl com-
plexes.96

Thus, in the ETC processes involving complex iron carbonyl
radical ions, ligand exchange takes place in the coordination
sphere of a complex with incomplete 17-electron configuration.
This is a radical chain process; however its final products are
diamagnetic.

VII. Iron carbonyls as reducing agents

It was shown in Section III that disproportionation reactions of
iron carbonyls with Lewis bases include a stage of activating
complex formation followed by single-electron transfer from the
carbonyl complex activated by the electron donor to another
molecule of the starting carbonyl. This gives complexes of iron in
the oxidation state (+1) and radical anions containing iron in the
oxidation state (71) [see reactions (1) ± (4)]. If the reaction
mixture contains a third component (Q), more easily reducible
than the starting iron carbonyl, then the reduction of only this
component is possible.

MCO is iron carbonyl complex,

L = PR3, P(OR)3, NCR (R= Alk, Ar).

MCO+ e MCO7., (29)
E �1

MCO7. M7.+CO, (30)

M7.+L ML7., (31)

ML7. E �2
ML+ e, (32)

ML7.+MCO ML+MCO7., (33)

(36)

[Fe3(CO)11C(O)SEt]7 [Fe3(CO)11C(O)SEt]
.
, (34)

7e

[Fe3(CO)11C(O)SEt]
.

[Fe2(CO)7SEt]
.
+Fe(CO)5, (35)

[Fe2(CO)7SEt]
.
+ [Fe3(CO)11C(O)SEt]7

[Fe2(CO)7SEt]7 + [Fe3(CO)11C(O)SEt]
.
.

CO

(17e)

L

ML

(18e)

e

(18e)

MCO

ML7.

(19e)

MCO7.

(19e)

M7.

Scheme 5

MCO

MCO+.
+L MCOL+.

,

MCOL+.
ML+.

+CO,

ML+.
+ e

E �2
ML,

ML+.
+MCO ML+MCO+.

,

MCO+.
+ e,

E �1

MCO is iron carbonyl complex,

L = PR3, P(OR)3 (R = Alk, Ar).

Scheme 6
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Fe(CO)5 + L Fe(CO)4C(O)L, (37)

Fe(CO)4C(O)L + Q [Fe(CO)4C(O)L]+
.
+Q7.

, (38)

L is a Lewis base.

The situation represented by reactions (37) and (38) occurs
when the reduction potentials of the compound Q are higher than
those of iron pentacarbonyl [E1/2 red=71.77 V in THF vs. the
saturated calomel electrode (SCE)],39 as, for example in the case of
the nitroso compound ButNO [E1/2 red=71.36 V (MeCN,
SCE)];162 haloalkanes, viz., CCl4 [E1/2 red=70.78 V (dioxane,
SCE)] 163 and CHCl3 [E1/2 red=71.68 V (dioxane, SCE)],163 as
well as sulfur [E1/2 red=71.077 V in DMF vs. the Fc/Fc+ couple
(Fc is ferrocene) 164].

A study of the reaction of Fe(CO)5 with 2-methyl-2-nitro-
sopropane (ButNO) in THF or toluene in the absence of electron
donors has shown that at 20 8C, the induction period of the
reaction is rather long (*20 min).76 The fast accumulation of the
Fe(CO)3NO

.
[Fe(1+)] and ButNO7., which are subsequently

converted into the stable radicals (OC)3(NO)FeN
.
(O)But and

But2NO
.
, takes place after this period.

The intermediate nitrosyl anion NO7 initiates the already
discussed scheme of redox disproportionation of Fe(CO)5 under
the action of an anionic nucleophile.

Fe(CO)5 + NO7 [Fe(CO)4C(O)NO]7,

[Fe(CO)4C(O)NO]7+ButNO

Fe(CO)3NO
.
+ 2CO+ ButNO7.

.
(40)

After the end of the induction period, the process proceeds as a
chain reaction, which is provided by the formation of ButNO7. in
reaction (40) and its decomposition [reaction (39)]. In the case of
excess Fe(CO)5 relative to ButNO, after complete decomposition
of nitroso compound, the resulting But2NO

.
[E1/2 red=71.63 V

(MeCN, SCE)] 165 is reduced to the hydroxylamine anion accord-
ing to a scheme similar to reaction (38).

The Fe(CO)5 ±Lewis base system (L=DMF, HMPA, ter-
tiary amines, etc.) is widely used as an initiator for radical
addition, telomerisation of olefins with haloalkanes and the
reduction of polychloro-substituted compounds.166 ± 171 Halo-
alkanes (mainly, polyhaloalkanes) are quite reactive in these
processes, because they are reduced more easily than iron penta-
carbonyl. The scheme of the process initiation may be represented
by reactions (37), (38), where L is DMF or HMPA, and Q is an
easily reduced haloalkane RX. The resulting RX7. radical anion
decomposes to give the R

.
radical, which subsequently partic-

ipates in the radical process, and a halide ion X7. The latter reacts
with Fe(CO)5, as a Lewis base, as described above, thus enhancing
the initiation of subsequent transformations. The intermediate
species of the single electron redox process, namely, the Fe+

carbonyl complexes, for example Cl(OC)4FeN
.
(O)But, and alkyl

radicals, were identified by spin-trap methods.99, 169 ± 171 In the
presence of olefins, diamagnetic Fe2+ complexes and the products
of addition of haloalkanes to the double C=C bond are the final
products of telomerisation. Without olefins the reaction of
Fe(CO)5 with polyhalomethanes CCl3X (X=Cl, Br) in the
presence of DMF yields hexachloroethane, which is also evidence
for the radical Cl3C

.
generation.172, 173 In the presence of hydro-

gen donors (alcohols, mercaptans, organosilicon hydrides), the
hydrogen atom adds to the RCCl2

.
radical formed upon decom-

position of RCCl3. Thus, readily available compounds containing
a trichloromethyl group are reduced to dicloro derivatives.169

A study 174 of the reaction of Fe(CO)5 with sulfur (S8) in THF
at 20 8C has demonstrated that after the induction period
(>10 min), the ESR spectra exhibit a broadened signal for Sÿ3

.

with g= 2.031 (according to the literature, g= 2.032 175 and
2.033 176). However, no ICRA are detected. The stable radical
anion Sÿ3

.
, together with S2ÿn (n<8), is formed from Sÿ8

.
through a

relatively complicated disproportionation.164, 177, 178 The polysul-
fide dianions S2ÿn , being Lewis bases, initiate the redox process
according to reactions (38) and (39), where Q=S8. The identi-
fication of the Fe+ radical carbonyl complexes in this system is
difficult, because their signals overlap with the broad signal of Sÿ3

.
.

However, the formation of diamagnetic complexes of the
S2Fe2(CO)6, S2Fe3(CO)9 and SFe3 (CO)10 type 179 ± 181 points to
the fact that their precursors are the Fe+ radical ion complexes,
which are involved in the transformations similar to reaction (6).

If an unsaturated compound is introduced in the reaction of
an iron carbonyl with S8, the S

ÿ
n
.
radical anions appearing in the

system will add to the double bond, forming cyclic polysulfides,
various organic sulfur derivatives and their iron carbonyl com-
plexes.181, 182 This process may be used for the low-temperature
vulcanisation of resins. It was also reported that Fe(CO)5 in the
presence of sulfur is an effective catalyst of lignite and bituminous
coal liquefaction under hydrogen 183, 184 or water gas
(CO+H2O) 185 gasifications.

Thus, in the reactions with Lewis bases in the presence of
compounds reduced more easily than iron pentacarbonyl,
Fe(CO)5 forms an activated complex with a Lewis base and acts
as a single-electron reducing agent. The resulting Fe+ radical
carbonyl derivatives are then oxidised either to Fe2+, or to
diamagnetic carbonyl complexes of the L2Fe2(CO)6, L2Fe3(CO)9
and LFe3(CO)10 type, where L is a nucleophilic ligand. Another
reaction pathway is determined by the Q7. radical anion formed
upon the reduction.

VIII. Catalytic processes involving iron carbonyl
radical anions

The catalytic transformations of iron carbonyls in the processes of
carbonylation of various compounds are usually described by a
scheme constructed according to the Tolman rule for determina-
tion of the major reaction pathway via complexes with even
numbers of electrons in the outer shell (18e? 16e? 18e). How-
ever, all attempts to prove this mechanism failed. In fact, catalytic
processes of carbonylation with iron carbonyl complexes include
reactions of two types: the redox disproportionation of iron
carbonyls induced by Lewis bases (see Section III) and the
oxidative addition of Brùnsted and Lewis acids to the (hydrido)-
carbonylferrate anions (see Section IV).19, 20, 84, 109, 110 In both
cases, ICRA 2 ± 5 are formed. These ICRA are fairly stable and
their steady-state concentrations during the reaction may be high
(1075 ± 1072 mol litre71). At the same time, ICRA 2, 3 and 5 are
coordinatively unsaturated electron-deficient systemswith a labile
coordination sphere, capable of fast ligand and electron exchange.
Usually reactions involving these ICRA follow a radical chain
mechanism (see Sections III and IV); therefore these species are,
most likely, catalysts of carbonylation. The catalytic activity of
ICRA was demonstrated for the first time in the reductive
carbonylation of nitro and nitroso compounds 76 and was con-
firmed later 56, 57 with [Fe3(CO)11]7

. as a model compound.56, 57

Radical anion nitrene complexes were found by ESR method in
the reactions of ButNO2 and ButNO with participation of the
ICRA (Scheme 7).

Scheme 7 depicts the case where only one molecule of nitro
compound is present in the coordination sphere of an iron
carbonyl cluster. Thismolecule is reduced consecutively to nitroso
derivative and then to the nitrene complex. If the process is carried
out in the catalytic mode with a controlled negative reduction
potential of the medium, the intermediate nitrene complexes are
carbonylated to give isocyanates and the starting ICRA. The iron

ButNO7.
(But)

.
+NO7, (39)

(But)
.
+ButNO But2NO

.
.

Fe(CO)3NO
.
+ButNO (OC)3(NO)FeN

.
(O)But

Radical chemistry of iron carbonyls 49



oxidation state (71) in the catalytic species remains unchanged in
this process. The addition of the second molecule of the nitro
compound yields intermediate radical species containing ligands
with nitro groups reduced to different extent.76

If the reaction is carried out with a stoichiometric component
ratio, the reduction of nitrogen-containing ligands may end after
the formation of nitrene structures. In the absence of an adequate
reduction potential of the medium and with additional supply of
carbonmonoxide, the nitrogen-containing ligands in intermediate
complexes are reduced at the expense of oxidation of Fe(71) into
Fe(+1). Further on, the radical anions lose the unpaired electron
to be transformed into well known diamagnetic complexes with d7

electron configuration of the iron atom, for example, into
Fe2(CO)6(NR)2, Fe3(CO)9(NR)2, Fe3(CO)10NR, etc.186, 187 This
results in withdrawal of the complex from the catalytic cycle, and
the subsequent formation of isocyanates becomes impossible
(Scheme 8).

In the presence of proton donors in the reaction mixture, the
nitro compounds are reduced to amines.56, 188 The intermediate
radical anion nitrene complexes may be stabilised by being

reduced to diamagnetic anions, [Fe3(CO)9NR]27 and
[HFe3(CO)9NR]7 (Ref. 56).

It is noteworthy that the catalytically active species are
17-electron radical anions; in the process of catalysis, they add a
ligand, e.g., CO, and are transformed into 19-electron species. The
latter eliminate the product being thus converted into the original
electron-deficient form. There is a possibility of the transforma-
tion of an electron-rich system into an electron-deficient one upon
cluster core rearrangement due to breaking of the Fe7Fe or
Fe7N bonds and upon localisation of the excessive electron on
the ligand. In these cases, a new bond is formed between the
coordinated ligands, for example, CO7NR, or their reduction,
for example into the RNH ligand, takes place in the presence of
proton donors. These transformations afford various diamagnetic
complexes, which may be isolated upon the reaction of iron
carbonyls with nitro compounds.186, 189

Thus, the catalytic cycle of reductive carbonylation of nitro
and nitroso compounds catalysed by ICRA includes transforma-
tions via complexes 17e? 19e? 17e, and the process itself has a
radical chain character.

IX. Reactions with possible involvement of iron
carbonyl complexes

The concept of the `activating complex formation' discussed in
Section III describes adequately a wide variety of redox processes
in organic and organometallic chemistry,82, 83 for example, the
reactions of ferrocenium salts with different nucleophilic
reagents.190

If the neutral complex C in Scheme 2 is replaced by the radical
cation C+.

, we get Scheme 9. This may explain the halide-induced
disproportionation of radical cations [Fe(CO)3(PR3)2]+

.
contain-

ing iron atom in the formal oxidation state 1+ into the complexes
Fe(CO)3(PR3)2 [Fe(0)] and Fe(CO)2(PR3)2X2 [Fe(II)], where
X=Cl, Br, I.100, 101, 103

Scheme 9

L7 +C+.
L
.
+C,

L7 +C+.
CL

.
,

CL
.
+C+.

CL+ + C.

The `activating complex formation' produces at the first stage
the known 100, 101 radical [Fe(CO)3(PR3)2X]

.
[reaction (41)]. This

is followed by an electron transfer from this compound to the
starting radical cation and the formation of the coordination
sphere of Fe(+2) carbonyl complex [reactions (42) and (43)].

[Fe(CO)3(PR3)2]+
.+X7 [Fe(CO)3 (PR3)2X]

.
, (41)

[Fe(CO)3(PR3)2X]
.
+ [Fe(CO)3(PR3)2]+

.

(42)
[Fe(CO)3(PR3)2X]+ + Fe(CO)3(PR3)2,

[Fe(CO)3(PR3)2X]+ + X7 Fe(CO)2(PR3)2X2 + CO. (43)

Themechanism of single-electron redox disproportionation of
iron carbonyls induced by Lewis bases, resulting in the formation
of ICRA, is quite common andmay be applied to a wide variety of
bases (see Section III). However, this mechanism has to be proved
in every particular case. For instance, some authors 23, 24 regard
the N-oxide-induced ligand substitution in iron carbonyls as a
special type of transformations caused by `oxygen atom transfer
reagents' (see Scheme 2 in Introduction). However, it was
shown 79 that, in reality, such processes start with the formation
of ICRA according either to reactions (1) and (2) (L7=OH7), if
commercial Me3NO . 2H2O available as [Me3NOH]+OH7 .H2O
is applied, or to reactions (3) and (4) (L=Me3NO), if the
preliminarily dehydrated amine oxide is used. This is followed by
nucleophilic displacement of CO in the formed ICRA according

O
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to reactions (29) ± (33), which is a typical electron transfer induced
catalysis (see Section VI).

The activation of nucleophilic substitution and CO exchange
in Fe(CO)5 under the action of salts (such as CoHal2 and
NiHal2) 191 or transition metal complexes 192, 193 occurs in a
similar way. These compounds are able to dissociate yielding
negatively charged species, for example, halide ions X7, which act
as Lewis bases. They react with Fe(CO)5 to form complexes
[Fe(CO)4C(O)X]7 [reaction (1)], which subsequently react with
the starting Fe(CO)5 molecule according to equation (2), produc-
ing iron carbonyl radical anions.78 It is important to note that in
these compounds, the transition metal is in a low oxidation state
and is unable to oxidise the emerging radical anions. The
activation of such processes by potassium hydride 194 and by the
complex hydride derivatives, R3BH7 (R=H, Alk, AlkO) and
AlHÿ4 (Refs 194 and 195), which produce the [Fe(CO)4C(O)H]7

formyl iron complex 196 ± 199 proceeds by a similar way.
The kinetic data on one of the most important carbonylation

processes, Reppe olefin hydroformylation in alkaline solutions
containing Fe(CO)5,9 have been interpreted according to the
traditional scheme based upon the Tolman rule. Several inter-
mediate 16-electron species, the possible existence of which was
not proved, are included in this scheme.

However, the very same data can be consistently interpreted
by assuming the formation of ICRA in the iron carbonyl ± Lewis
base system and their radical chain transformations through
complexes 17e? 19e? 17e, which do exist in solution and are
easily detectable by ESR spectroscopy. The key stage of the
process is the addition of an olefin to the coordinatively unsatu-
rated 17-electron radical anion in the presence of a proton donor.
As a result, an alkyl-containing iron carbonyl radical is generated
[reaction (44)].

RCH=CHR0 +H+ + [Fen(CO)m71]7
.

[RCH27CHR0 7Fen(CO)m71]
. (44)

R, R0=Alk; n=2, m=9; n=3, m=12.

The next stage is the addition of CO producing a 19-electron
species and the transformation of the latter into the 17-electron
radical upon carbonylation of the Fe7Alk bond.

The subsequent reaction of radical 12 with [HFe(CO)4]7

produces an aldehyde and radical anion with an increased number
of iron atoms, similarly to the reactions of acyl derivative
[RFe(CO)4]

.
[reactions (24) and (25)]. The hydridocarbonylfer-

rate anion [HFe(CO)4]7 is formed in this process as a result of
redox disproportionation of Fe(CO)5 in the presence of a proton
donor.19, 20, 109 In the presence of carbon monoxide, ICRA 2 ± 5
interconvert 76 ± 78, 96, 108 according to reactions (8) ± (11). This
provides the regeneration of radical anions 2 and 3 and thus
determines the catalytic character of the process.

Stoichiometric reduction of various unsaturated compounds
(alkenes,200 1,3-dienes,201 a,b-unsaturated carbonyl com-
pounds,113, 114 enamines,202 a number of nitrogen-containing
heterocycles and anthracene 203) by HCFA occurs in the absence
of CO in a proton donor medium. During the reduction, ESR
signals that may be assigned to ICRA 2 ± 4 were detected.
However, the formation of such species was usually attributed to
side processes.113

An alkyl-containing complex is formed at the first step of the
reduction.

RCH=CHR0 +H+ + [HFen(CO)m71]7

RCH27CHR0HFen(CO)m71

R, R0=Alk; n=1, m=5; n=2, m=9.

The subsequent process is believed to proceed according to
reactions (22) and (23) (see Section IV), i.e., the scheme of single-
electron redox disproportionation in the HCFA±Lewis acid
system, resulting in the formation of ICRA and reduction
products, is implemented. The iron carbonyl radical anions react
with the starting compounds [see reactions (44), (24) and (25)]. As
a result, the hydrocarbonylferrate anion is completely spent for
the reduction of unsaturated compound.

The transformation schemes via the 17e? 19e? 17e com-
plexes may be applied also to the explanation of other processes,
which involve the iron carbonyl ± Lewis base and HCFA±Lewis
(or Brùnsted) acid systems. However, the validity of using such
schemes should be proved in each particular case.

X. Redox disproportionation of transition metal
carbonyls

The redox disproportionation induced by Lewis bases is a typical
reaction of transitionmetals carbonyls. As a result of this reaction,
the reduction of carbonyls to carbonylmetallate or hydridocarbo-
nylmetallate anions and their oxidation to positively charged
complexes take place. The general features of the formation of
stable complexes, namely, binary carbonyls containing only the
metal atoms and carbonyl ligands, should be considered in the
discussion of these processes, because the relationship between the
stability and reactivity is important for the choice of potential
carbonylation catalysts.

All complexes require the 18-electron configuration of the
outer electron shell of a metal atom in order to achieve the
thermodynamic stability (the Sidgwick rule). The number of CO
ligands coordinated to themetal (not more than 6) is an important
factor determining the stability of carbonyl complexes obtained in
various processes. The size of the metal atom is another such
factor. The larger is the metal atom and the smaller is the number
of CO groups required for its coordination, the more pronounced
is the tendency of the complex to form cluster structures. This fact
is reflected in the concept of close packing of ligands on a metal
core surface.204 For instance, the vanadium atom, which possesses
a d5 electron configuration, forms a stable 17-electron radical,
[V(CO)6]

.
, unable to dimerise. On treatment with a Lewis base (L),

this radical easily disproportionates yielding the salt
[VLn][V(CO)6]2 (n=3, 6), in which the mononuclear anion
[V(CO)6]7 obtains the closed 18-electron configuration.205

A stable mononuclear carbonyl Ni(CO)4 with a closed 18-
electron shell is known for nickel (electron configuration d10).
During the redox disproportionation induced by Lewis bases (L),
it transforms into salts of polynuclear carbonyl-containing
Ni(72) anions, [NiLn][Nip(CO)q] with p5 5 nickel atoms in the
anion cluster, for example [Ni6(CO)11]27, [Ni9(CO)18]27 or
[Ni12(CO)21]47 (Refs 206 ± 208). Platinum, which is located in
the Periodic Table in the same group as nickel, but in Period 6,
does not form a stable mononuclear carbonyl Pt(CO)4, but
produces a polymeric cluster [Pt(CO)2]x instead.209 The same is
true for carbonylplatinates, for example for [Pt3(m-CO)3(CO)3]

2ÿ
n

(Ref. 210).
Group VI metals, Cr, Mo and W, form very stable hexacar-

bonyls M(CO)6, which disproportionate only under the action of
strong bases and under drastic conditions. For instance, the
reactions of M(CO)6 with KOH produces [HM2(CO)10]7 bi-
nuclear anions,211, 212 and the reactions of Cr(CO)6 with KOH in
the presence of the cryptand 222 (4,7,13,16,21,24-hexaoxa-1,10-

[RCH2 CHR0 Fen(CO)m71]
.

(17e)

[RCH2 CHR0 Fen(CO)m]
.

(19e)

[RCH2 CHR0C(O)Fen(CO)m71]
.

12 (17e)

CO
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diazabicyclo[8.8.8]hexacosane) result in the formation of the
[HCr(CO)5]7 anion.213 Dianionic carbonylmetallates,
[M2(CO)10]27 (M=Cr, Mo, W), are also known for these
metals.212, 214 ± 216 When less basic nucleophiles are used, the
redox disproportionation does not occur. The reactions stop
after the formation of complexes at the CO group, for example
[M(CO)5C(O)L]7 [M=Cr: L=N3, H, NEt2 (Ref. 214);
M=W, L=OMe (Ref. 217)]. The subsequent transformations
are accompanied by replacement of the carbonyl group and yield
either [M(CO)5L]7 anions (M=Cr, Mo, W; L=NCS, H, CN,
Cl, Br, I) or neutral compounds M(CO)5L (M=W: L=THF,
NAlk3, AlkCN).216, 218

Group VII metals, Mn, Tc { and Re (with the electron
configuration d7), form stable binuclear carbonyls M2(CO)10
with a closed 18-electron shell. Their redox disproportionation
induced by Lewis bases (L) produces the [ML6] [M(CO)5]2 salts
(M=Mn, Re).219 ± 221 The oxidation state of the metal in the
pentacarbonylmetallate aniones is71. In the case of manganese,
the formation of complex salts [Mn(CO)67nLn]+[Mn(CO)5]7

[n=3 or 6; L is pyridine (Py), amines, etc.] is possible.222

Stable binuclear [Co2(CO)8] and tetranuclear [Co4(CO)12]
carbonyl complexes with 18-electron closed shells are typical of
cobalt (the electron configuration d9).223, 224 Their disproportio-
nation induced by Lewis acids (L) generates the mononuclear
[Co(CO)4]7 anion.

The disproportionation of Co2(CO)8 in the presence of
pyridine may give also the trinuclear [Co3(CO)10]7 anion.
Depending on the conditions, the counter-ions are represented
by Co+ and Co2+ complexes, such as [Co(CO)4Py]+,
[Co(CO)4Py3]+, [CoPy3]2+ and [CoPy4]2+ (Ref. 224).

The cobalt group metals, Rh and Ir, also form dimeric
carbonyls M2(CO)8; however these carbonyls are unstable and
are converted into tetranuclear complexes, M4(CO)12.209, 225 The
clustersM6(CO)16 are also known for rhodium and iridium.209, 225

The reduction of the carbonyls of these metals results in the
formation of the mononuclear anion [M(CO)4]7; however, the
anionic Rh and Ir carbonylmetallate complexes usually exist as
polynuclear clusters [Mp(CO)q]n7with the number ofmetal atoms
p5 5 and the charge n ranging from 71 to 74, for example,
[M5(CO)16]7, [M6(CO)16]27, [Ir12(CO)26]27, [Rh22(CO)37]47 and
[Rh26(CO)32]27 (Refs 204, 209, 225 and 226).

Iron (the electron configuration d8) forms stable 18-electron
carbonyls, Fe(CO)5, Fe2(CO)9 and Fe3(CO)12, and also a carbi-
docarbonyl cluster Fe5C(CO)15. The redox disproportionation of
iron carbonyls produces the salts of carbonylferrate or hydro-
carbonylferrate anions with the number of iron atoms from 1 to 4
(see Introduction). Carbidocarbonyl anionic clusters
[Fe5C(CO)14]27 and [Fe6C(CO)16]27 are formed in the reactions
of iron carbonyls at temperatures around 150 8C.204, 227 These
clusters contain the largest number of iron atoms. The redox
transformations of these compounds produce complexes with
fewer number of iron atoms.78

The iron groupmetals, Ru andOs, have a larger atom size and
produce stable trinuclear carbonyls M3(CO)12, while mono-
nuclear pentacarbonyls of these atoms M(CO)5 are unstable.
The redox disproportionation of Ru3(CO)12 under the action of
KOH produces the [HRu3(CO)11]7 and [Ru6(CO)18]27 anionic
complexes,228 and its pyrolisys gives the Ru6C(CO)17 cluster.209

The thermal destruction of Os3(CO)12 yields new polynuclear

carbonyls, Os5(CO)16, Os6(CO)18, Os7(CO)21 and Os8(CO)23.209

The polynuclear anionic clusters of Ru and Os, for instance
[Ru10C2(CO)24]27 and [Os10C(CO)24]27, are also known
(Refs 204, 228 and 229).

Generally, the anionic carbonyl clusters of platinum group
metals are able to combine into polynuclear clusters with larger
number of metal atoms, up to several dozens or even hundreds.
The resulting clusters have a metal core like a crystal lattice with a
`coat' of CO ligands at the surface. This seriously hinders the
determination of their structure, because during the X-ray study
of such clusters the localisation of carbonyl ligands and determi-
nation of their number is problematic due to high absorption of
X-rays and strong scattering by metal atoms.204 Besides, the
`18-electron configuration rule', which is valid for mono- and
polynuclear complexes of transition metals, does not work for
large clusters. The stable forms of these structures are described in
terms of the concept of cluster valence electrons (CVE) and cluster
core electrons (CCE), which are directly involved in the metal ±
metal bonding.204

Thus, the disproportionation of Group V ±VII metals and Fe
or Co, which belong to Group VIII of Period 4 of the Periodic
Table, produces either stable mononuclear carbonyl complexes or
clusters of few metal atoms. Polynuclear cluster structures are
more typical of carbonyls of platinum Group VIII metals of
Periods 5 and 6.

The reducing ability ofmetal carbonyls is an important factor,
affecting the rate of the redox disproportionation induced by
Lewis bases. This ability is determined by the single-electron
reduction potential (E �red). There are some difficulties in measur-
ing E �red, caused by chemical transformations of carbonyl com-
plexes during electrolysis. The initially formed electron-rich
radical anion of a metal carbonyl tends to transform into an
electron-deficient one (transition 19e? 17e) by elimination of CO
or by breaking of the metal ±metal bond. More energetically
favourable radical anion is formed in the former case. The
unpaired electron of this radical anion is located in the highest
occupied molecular orbital, which is lower than the lowest
unoccupied molecular orbital bearing the unpaired electron of
the initial 19-electron radical anion. The breaking of the metal ±
metal bond may be accompanied either by a decrease in the
number of metal atoms in the complex or by rearrangement
of the cluster core. For example, the initial 19-electron radical
anions [Mn2(CO)10]7

. and [Co2(CO)8]7
. decompose quickly

into 18-electron anions [Mn(CO)5]7 and [Co(CO)4]7 and
17-electron radicals [Mn(CO)5]

.
and [Co(CO)4]

.
respec-

tively.134, 222, 224, 230, 231 The latter are then easily reduced to the
corresponding anions, because their reduction potentials are less
negative.232 As a result, the two-electron reduction of the starting
metal carbonyl takes place; in this process, the electrochemical
stages are accompanied by a chemical reaction (ECE mecha-
nism).233

Mn2(CO)10 + 2 e 2 [Mn(CO)5]7,

Co2(CO)8 + 2 e 2 [Co(CO)4]7.

The two-electron reduction in the ECE-reactions is also
typical of Fe(CO)5 (see Section V, Fig. 1 and its caption) and for
Group VI metal carbonyls M(CO)6 (M=Cr, Mo, W) [reactions
(45) ± (48)]. In these cases, as in the previous example, the
reduction potential of the formation of binuclear complexes at
the second electrochemical stage (48) is less negative than the
potential of stage (45).43, 234

M(CO)6 + e [M(CO)6]7
.
, (45)

[M(CO)6]7
.

[M(CO)5]7
.
+CO, (46)

[M(CO)5]7
.
+M(CO)6 [M2(CO)10]7

.
+CO, (47)

[M2(CO)10]7
.
+ e [M2(CO)10]27. (48)

Co2(CO)8

Co4(CO)12

L

7CO
[CoL6] [Co(CO)4]2

{ The chemistry of the carbonyl complexes of radioactive technecium is

barely known. Only the reduction of Tc2(CO)10 to [Tc(CO)5]7 is

described.219
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Another interpretation of this process with the same final
product, instead of stages (47), (48), includes further reduction of
[M(CO)5]7

. to [M(CO)5]27 and either the reaction of the latter
with the starting complexM(CO)6 (M=Cr) 43 or its dimerisation,
resulting in the formation of [M2(CO)10]27 (M=Cr, Mo, W).40

However, irrespective of the possible reaction pathway, the two-
electron potential of the ECE process may be regarded, with some
restrictions, as the potential of single-electron reduction of the
metal carbonyl. The ECE process includes fast chemical trans-
formations and the diffusion-controlled first stage [reaction (45)]
with the most negative reduction potential.

In some cases, when relatively stable radical anions, e.g.
[Fe3(CO)12]7

., are formed, it is possible to determine two consec-
utive single-electron reduction potentials (Table 2).37 ± 39

The reduction potentials listed in Table 2 were measured by
different methods and under different conditions. These poten-
tials describe the ECE processes, which are irreversible in some
cases, but on the basis of these data, some qualitative conclusions
about the ability of a carbonyl complex to undergo Lewis base-
induced redox disproportionation may yet be drawn. The com-
plexes M(CO)6 (M=Cr, Mo, W), possessing the most negative
reduction potentials, are difficult to disproportionate. Therefore,
the processes in which metal carbonyls reduce, for example,
organic compounds are typical of the carbonyls of these metals.
These complexes are used as the initiators of radical addition
reactions, the olefin telomerisation with haloalkanes and the

reduction of polychlorinated compounds.166 ± 171, 238 Their trans-
formations in the presence of Lewis bases may be described by
reactions (49) ± (54) similarly to reactions (37), (38) and (1), (2), (5)
for Fe(CO)5.

M(CO)6 + L M(CO)5C(O)L , (49)

M(CO)5C(O)L + RX [M(CO)5C(O)L]+
.
+RX7.

, (50)

RX7.
R
.
+X7, (51)

X7 +M(CO)6 [M(CO)5C(O)X]7, (52)

[M(CO)5C(O)X]7 +RX [M(CO)5C(O)X]
.
+RX7.

, (53)

[M(CO)5C(O)X]
.

[M(CO)5X]
.
+CO, (54)

M=Cr, Mo, W; X=Cl, Br, I; L is a Lewis base.

The radicals M(CO)5Cl
.
(M=Cr, Mo, W), detected by the

spin trap method, may be regarded as a proof for the suggested
scheme.99, 166, 168, 169, 171, 238 Other metal carbonyls possessing low
reduction potentials such as Re2(CO)10, Mn2(CO)10, Ni(CO)4, are
also used as the initiators of similar reactions.166 ± 171, 238, 239 In the
case of binuclear complexes Re2(CO)10, Mn2(CO)10 and
Co2(CO)8, the initiation may proceed as a result of photolytic
generation of monomeric radicals [M(CO)5]

.
(M=Re, Mn) and

[Co(CO)4]
.
, respectively.

Themetal carbonyls possessing high reduction potentials, e.g.,
V(CO)6, Co2(CO)8 and Fe3(CO)12, disproportionate easily. It is
reasonable to suggest that this process proceeds according to a
scheme similar to that proposed for iron carbonyls [see Section III,
reactions (1) ± (4)]:

Mn(CO)m +L0/7 [Mn (CO)m71C(O)L]0/7, (55)

[Mn(CO)m71C(O)L]0/7 +Mn(CO)m

[Mn(CO)m71C(O)L]+
./ .+ [Mn(CO)m]7

..
(56)

The formation of the adducts [Mn(CO)m71C(O)L]0/7 (see }) in
the reactions of metal carbonyls with Lewis bases in the neutral
(L0) or anionic (L7) form [reaction (55)] is well known and has
been discussed in a review.84 The higher is the reduction potential
of the complex, the easier is the redox disproportionation accord-
ing to equation (56). The detection of carbonyl radical anions in
these processes is difficult due to their low stability, although they
are known for most metal carbonyls. For instance, the
[Ni(CO)3]7

. (Ref. 240), [Ni2(CO)7]7
. (Ref. 241) and

[M(CO)5]7
. (M=Cr,43, 241 Mo, W 242) radical anions and the

[M(CO)5]
.
(M=Mn, Re) 243 ± 245 and [Co(CO)4]

.
(Ref. 232)

radicals formed upon decomposition of the [M2(CO)10]7
. and

[Co2(CO)8]7
. radical anions respectively, have been studied.

The [Ru3(CO)12]7
. radical anion was detected in the reaction

of Ru3(CO)12 with anionic forms of bases: HO7, MeO7, EtO7,
EtS7, Et2N7, H7 andCl7 (Ref. 78). Taking into account the fact
that the first stage of this reaction yields the [Ru3(CO)11C(O)L]7

anion,87 the scheme of single-electron redox disproportionation
may be represented by reactions (57) and (58).

Ru3(CO)12 + L7 [Ru3(CO)11C(O)L]7, (57)

[Ru3(CO)11C(O)L]7 +Ru3(CO)12

[Ru3(CO)11C(O)L]
.
+ [Ru3(CO)12]7

. .
(58)

The CO group of the [Ru3(CO)12]7
. radical anion may be

substituted by another ligand (ETC process), similarly to the
substitutions in iron carbonyl radical anions [see Scheme 5 and
reactions (30), (31) and (33)], as occurs, for example, in the
electrochemical generation of this species in the reactions of
Ru3(CO)12 with PPh3.236 The only difference is in the method of
generation of the radical anion. This scheme describes well the

Table 2. Reduction potentials of metal carbonyls.

Starting Product Potential /V Number of Ref.

complex (method) a electrons b

V(CO)6 [V(CO)6]7 70.21 (C) 1 40

Cr(CO)6 [Cr2(CO)10]27 72.66 (C) 2 40

72.7 (P) 1 ± 2 ? 34

Mo(CO)6 [Mo2(CO)10]27 72.59 (C) 2 40

72.7 (P) 1 ? 34

W(CO)6 [W2(CO)10]27 72.63 (C) 2 40

72.9 (P) 1 ? 34

Fe(CO)5 [Fe2(CO)8]27 72.38 (C) 2 40

71.67 (C) 2 37

71.77 (P) 2 39

72.4 (P) 1 ? 34

Ni(CO)4 7 72.70 (C) 2 40

72.80 (C) 2 235

72.9 (P) 1 ? 34

Mn2(CO)10 [Mn(CO)5]7 71.65 (C) 2 40

71.8 (P) 2 34

Re2(CO)10 [Re(CO)5]7 72.36 (C) 2 40

72.3 (P) 2 34

Co2(CO)8 [Co(CO)4]7 70.75 (C) 2 235

Fe3(CO)12 [Fe3(CO)12]7
. 70.32 (P) 1 39

70.26 (C) 1 37

70.44 (C) 1 38

Ru3(CO)12 [Ru3(CO)12]27 70.815 (P) 1 37

70.97 (P) 2 236

71.00 (C) 2 236

71.49 (P) 2 237

Os3(CO)12 [Os3(CO)12]27 71.16 (P) 1 37

71,31 (P) 2 236

71.54 (C) 2 236

aThe determination method is either the cyclic voltammetry (C) or

polarography (P). b The number of electrons, which determines the

character (one- or two-electron) of the reduction potential, is indicated.

The question mark means that the authors doubt the reliability of the

value.

}The superscript after the slash indicates the alternative charge.
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nature of the catalytic action of various Lewis bases in the
substitution of CO by phosphine ligands, which was studied in a
series of papers.246 ± 250 The catalytic activity of the
Ru3(CO)12 ± Et4NCl system in the reductive carbonylation of
nitro compounds 251 may also be related to the generation of the
radical anion [Ru3(CO)12]7

., which is a total analogue of ICRA,
which are the catalysts of these processes (see Section VIII).

An important feature of the Ru3(CO)12 complex should be
noted: the main products of its reactions with such Lewis bases as
halide ions are trinuclear complexes with halide ligands, and the
yield of the (hydrido)carbonylruthenate anions is negli-
gible.246, 248, 249 Probably, this is caused by the fact that the
rearrangement of the radical product [Ru3(CO)11C(O)L]

.
is

accompanied by ETC process and, similarly to Fe3(CO)12 [see
reactions (34) ± (36)], may be represented by the following equa-
tions:

[Ru3(CO)11C(O)L]
.

[Ru3(CO)11)L]
.
+CO, (59)

[Ru3(CO)11L]
.
+ [Ru3(CO)11C(O)L]7

[Ru3(CO)11L]7 + [Ru3 (CO)11C(O)L]
.
.

(60)

Taking into account reaction (57), in the overal process, a
significant part of reactants is converted into the final product
[Ru3(CO)11L]7. The role of the single-electron transfer (58) in this
process is reduced to the initial generation of the
[Ru3(CO)11C(O)L]

.
radical. Reactions (59) and (60) describe the

formation of a possible product, [Ru3(CO)11L]7. Other products,
[Ru3(m2-L)(CO)10]7 (L=Cl, Br, I) and [Ru3(m3-L)(CO)9]7

(L=I),248 are produced upon the subsequent transformation of
the ligand L in the coordination sphere of the radical
[Ru3(CO)11L]

.
followed by reduction.

The more negative is the reduction potential of a metal
carbonyl, the less important are the processes of its redox
disproportionation induced by Lewis bases. For instance, for the
M(CO)6 (M=Cr, Mo, W),214, 217 the formation of the carbonyl
group adducts [M(CO)5C(O)L]7 and their transformation into
[M(CO)5L]7 may be represented by reactions (57) ± (60). In these
reactions, thermodynamically the most unfavourable redox stage
(58) is the first stage of the process initiation.

Whereas for metal carbonyls with the most negative reduction
potentials the transformations of M+ complexes formed at the
redox disproportionation step of process (58) are typical, in the
case of complexes with higher reduction potentials, the trans-
formations of the M(0) derivatives become more significant. The
reaction of Co2(CO)8 with ligands L (L=AsPh3, PBu3, PPh3,
13CO) is an example of such transformation. The initiation of the
reaction of the starting metal carbonyl by a base first produces the
[Co2(CO)8]7

. radical anion [reactions (55) and (56)]; its further
transformations proceed as follows:231

[Co2(CO)8]7
. [Co(CO)4]7 + [Co(CO)4]

.
,

[Co(CO)4]
.
+L [Co(CO)3L]

.
+CO,

[Co(CO)3L]
.
+Co2(CO)8 [Co(CO)3L]+ + [Co2(CO)8]7

.,

[Co(CO)3L]+ + L [Co(CO)3L2]+,

[Co(CO)4]
.
+ [Co(CO)3L]

.
Co2(CO)7L,

[Co(CO)3L]
.
+ [Co(CO)3L]

.
Co2(CO)6L2.

Substituted cobalt carbonyls Co2(CO)7L (L=AsPh3),
Co2(CO)6L2 (L=AsPh3, PBu3) and the ionic complex
[Co(CO)3L2][Co(CO)4] (L=PBu3, PPh3) are the final products
of the radical chain process. Similar radical chain substitution of
CO by various basic ligands during photochemical disproportio-
nation of Mn2(CO)10 has been described.230

Thus, the reactions of metal carbonyls with Lewis bases may
be represented by a single scheme of redox disproportionation.
This scheme includes the stage of activating complex formation
(55) followed by single-electron transfer from a carbonyl complex

activated by an electron donor to another metal carbonyl mole-
cule. The radical and radical ion complexes formed at stage (56)
may undergo two types of transformations: (i) further dispropor-
tionation yielding stable cationic metal complexes containing
Lewis bases in the coordination sphere and (hydrido)carbonylme-
tallate anions; (ii) radical chain ETC processes, resulting in the
formation of diamagnetic derivatives ofmetal carbonyl complexes
with initial oxidation state of the metal M(0).

XI. Conclusion

Two types of redox reactions underlie catalytic carbonylation of
various compounds by iron carbonyls. The first type is the redox
disproportionation of iron carbonyl induced by Lewis bases (see
Section III), while the second type is the oxidative addition of the
Brùnsted or Lewis acids to carbonylferrate and hydridocarbonyl-
ferrate anions (see Section IV). The reactions of both types include
single-electron stages of redox initiation and subsequent radical
chain transformations of iron carbonyl complexes. The resulting
iron carbonyl radical anions are coordinatively unsaturated
electron-deficient systems with labile coordination sphere, capa-
ble of the fast ligand and electron exchange. These particular
properties allow one to suggest that ICRA are the catalytically
active species in carbonylation processes (see Section VIII). It is
very important to note that a catalytic cycle with radical anions as
catalysts is based on the transformations which include consec-
utive formation of the odd-electron complexes (17e? 19e? 17e),
the whole process having a radical chain character. This scheme
uncontradictorily describes from a unified standpoint the two-
electron redox processes of iron carbonyls and explains the
formation of all known reaction products. Besides, this scheme is
able to interpret the main chemical transformations of other
metals carbonyls, to suggest new promising catalytic systems for
carbonylation and to propose the optimal conditions for homo-
geneous catalysis (the heterogeneous catalysis is beyond the scope
of the present review).

Mononuclear complexes and small clusters are effective
homogeneuos catalysts of various processes with CO participa-
tion. It is advisable to use either carbonyl complexes of the
Period 4 transition metals, which do not form big clusters, or to
use complexes with bulky substituents, which prevents the cluster-
isation of the platinum-group metals, such as, for example, the
Wilkinson catalyst [RhCl(PPh3)3] or the complex RhH(CO).
.(PPh3)3. These platinum group metal-based catalysts may be
effectively applied in the small-scale organic synthesis of expensive
chemicals,252 but they are not cost-effective in the large-scale
industrial processes. Moreover, in the course of the process the
ligands in the metal coordination sphere may be replaced by
molecules of the main process participants (in our case, CO). This
results in the change in the catalytic system properties. The metal
carbonyl-based complexes are suitable catalysts as they contain
the ligands taking part in the catalysis. In this respect, the
commercially available carbonyl complexes ofGroupVIIImetals,
namely, Fe, Co and Ni, are the most promising as catalysts. The
cobalt carbonyl complexes are industrially important and used in
hydroformylation.6, 12 Numerous studies of Fe and Ni carbonyl
complexes have revealed their reduced catalytic activity in com-
parison with that of the platinum-group metal carbonyls in, for
example, hydroformylation and water gas conversion 6, 17 and in
the reductive carbonylation of nitro compounds.253 A possible
reason for such reduced activity may be the traditional approach
towards the catalytic processes with participation of metal car-
bonyls, according to which they are carried out under the
conditions similar to those of their synthesis (high pressure and
temperature). Assuming that in the case of Fe and Ni, the metal
carbonyl radical anions are the catalytically active species in
carbonylation, it is possible to suggest that the optimal conditions
for their catalytic activity will be controlled reduction potential of
the medium and also relatively low temperature and a nearly
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atmospheric CO pressure. This results in a new approach to
catalytic carbonylation processes, namely, the idea to carry out
the process under conditions favourable for chain propagation
reactions rather than under the traditional conditions involving
high pressures and temperatures. The traditional conditions
increase the role of chain termination reactions and decrease the
catalytic activity of metal carbonyl radical anions.

The reduction potential of the reaction medium is an impor-
tant condition for the formation of Fe andNi carbonyl complexes
from their inorganic salts. For instance, the following compounds
were obtained at room temperature and atmospheric COpressure:
Na2Fe(CO)4 from FeCl3 and [Na+(C10H8)7

.];254 [HFe(CO)4]7

from FeCl3 and NaBH4 upon acetic acid treatment;255 Ni(CO)4
from Ni(acac)2 (acac is acetylacetonate) upon reduction with
Bui2AlH, BunLi or PrnMgBr;256 Ni(CO)2(bipy) (bipy is bipyridyl)
upon electrochemical reduction of [Ni(bipy)]2+ (Ref. 257). It
should also be noted that the catalytic synthesis of ammonia
from N2 and H2 (using the coal-supported K2Fe2(CO)8 ±metallic
sodium system 258 as a catalyst), quite similar to carbonylation,
also proceeds in reductive media.

It is necessary to note the second important aspect of the
catalytic processes, namely, that they follow a radical chain
mechanism proceeding through the 17e? 19e? 17e complexes.
Similar radical reaction schemes were discussed in the late
1970s,259, 260 but this idea has not been generalised and was
regarded as a specific case. The traditional approach, which
describes the process in usual terms of the Tolman rule about
16-electron intermediates, has prevailed. However, the latest
studies attest more andmore often to the radical chainmechanism
as the major one for such catalytic processes. For example, the
electrochemical studies of very well known complexes, the Wil-
kinson catalyst and RhH(CO)(PPh3)3, have revealed that they
easily form radical cations (E1/2 ox=+0.035 V, Ref. 261, and
E1/2 ox=70.48 V, Ref. 262, respectively). This means that,
according to theNernst equation, the radical cation concentration
in a catalytic process may reach tens of percent even when the
electrochemical potential of the reaction medium is close to
neutral. The role of such active speciesmust be taken into account.

Thus, the features of the radical chemistry of iron carbonyls
discussed in the present review provide new opportunities in the
search for effective catalysts for metal carbonyl-based carbon-
ylation processes and in carrying out these processes as radical
chain ones with odd-electron (17 and 19) intermediates and under
the controlled electrochemical potential of the reaction media.
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Abstract. Experimental probe methods for investigation of theExperimental probe methods for investigation of the
free volume in polymers (positron annihilation lifetime spectro-free volume in polymers (positron annihilation lifetime spectro-
scopy,scopy, 129129Xe NMR spectroscopy and inverse gas chromato-Xe NMR spectroscopy and inverse gas chromato-
graphy) and relevant theoretical approaches (computergraphy) and relevant theoretical approaches (computer
simulation) are considered. Various definitions of the free volumesimulation) are considered. Various definitions of the free volume
and related terms are given. The physical principles that underlieand related terms are given. The physical principles that underlie
particular probe methods as well as the scope and limitations ofparticular probe methods as well as the scope and limitations of
each method are discussed. A systematic comparison of the size ofeach method are discussed. A systematic comparison of the size of
free-volume elements in polymers determined by differentfree-volume elements in polymers determined by different
methods is carried out. The bibliography includes 175 referencesmethods is carried out. The bibliography includes 175 references..

I. Introduction

The notion of the free volume is of paramount importance for
physical chemistry of polymers. Being initially formulated for
liquid state,1 it was extended to amorphous polymers that are
either above or below the glass transition temperature (Tg).2 ± 5

The free volume in polymers determines their viscosity, relaxation
and mechanical properties (deformation), thermal expansion, as
well as the rates of interdiffusion of polymers and diffusion of low-
molecular-mass species (gases and vapours) in polymers. Consid-
ering the free volume in polymers, one should keep in mind that
this is not only an abstract physical parameter (although it can of
course be described quantitatively), but also a real physical object
characterised by an average size and shape of the `hole' (a free-
volume element, FVE), FVE size distribution, topology and
connectivity (closed or open internal porosity). The FVE in glassy
polymers are treated as `frozen' in the polymer matrix. For
rubbers, where the free volume has a fluctuation nature like in
liquids, both the size of randomly formed FVE and the rate of
their diffusion in the polymer matrix are essential.

The early phenomenological models treated the free volume as
an abstract notion not related to the chemical structure and
geometry of constituting polymeric chains. At temperatures

above Tg, one can distinguish, in the free volume, the `hole'
component characterised by zero energy expenditure for redis-
tribution (i.e., motion) of FVE and the interstitial component that
becomes accessible to transport owing to energy fluctuations
greater than kT. At temperatures below Tg, yet another compo-
nent of the free volume appears corresponding to the nonequi-
librium thermodynamic state of glassy polymers.4, 5

Elaboration of additive incremental (group contribution)
methods for inclusion of the effect of the chemical structure of
polymers on their properties became an important step towards
establishment of relations between the free volume and physical
properties of polymers. These methods were developed to cor-
rectly estimate the occupied volume in the polymer, which makes
it possible to calculate the macroscopic free volume using the van
derWaals atomic radii and particular concepts of chain packing in
polymer.6 ± 8 Here, the calculated free volume is considered as the
property of solely the polymer; however, only a fractional free
volume `sensed' by different molecular probes can be estimated.9

This group of methods is useful for constructing correlations
between the free volume and various characteristics of polymers
(e.g., gas diffusion and permeability coefficients), but their ana-
lysis is beyond the scope of the present review because our goal is
to consider methods for investigation (first of all, experimental) of
the free volume on the microscopic (molecular) level.

In connection with the development of methods of computer
simulation of polymers, the fractional free volume and related
notions had to be redefined more rigorously.10, 11 These methods
treat polymeric chains as consisting of rigid atomic spheres with
the corresponding van derWaals radii. The occupied volume (Voc)
is the total volume of the polymeric chains in the region under
study. The unoccupied volume (voids) is defined as the volume
including all points lying outside the van derWaals atomic spheres
that form the polymer. Thus, the specific volume (Vsp) of the
polymer can be represented by the sum of the occupied and void
volume. Because free volume calculations are most often carried
out in connection with analysis of gas diffusion, a very important
notion `accessible volume' (Vac) was introduced. The accessible
volume is the volume including the points that can be occupied by
the centres of mass of penetrant molecules without overlap
between the van der Waals volumes of the penetrant molecules
and the atoms of the polymeric chains. Hence, it follows that the
accessible volume is the property of the polymer ± gas system, i.e.,
Vac in a given polymer will be considerably different for, e.g., He
and Xe atoms. It should be noted that the void volume is the
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property of each polymer. The accessible volume forms clusters in
the interior of the polymer, the cluster size and geometry being
significantly different for different penetrants.

Experimental investigations of the free volume in polymers are
often carried out using probe methods. Common features of these
techniques consist of introducing certain molecules (probes) into
the polymer and monitoring their behaviour. The results of
observations allow conclusions about the structure of the free
volume to be drawn. These methods use probes of different nature
and size and provide differently detailed information. For
instance, in 129Xe NMR spectroscopy the only probe (129Xe
atom) `explores' the free volume in different polymers. In studies
of polymers by positron annihilation lifetime spectroscopy
(PALS), an electron-positron pair (positronium atom) serves as
a probe. In inverse gas chromatography (IGC), the role of probes
is played by series of structurally similar compounds.

The present review concerns the principles, fields of possible
applications and results obtained by different probe methods of
investigation of the free volume. The chemical formulae and
names of the polymers mentioned in the text are listed in the
Appendix.

II. Positron annihilation lifetime spectroscopy

Positron annihilation lifetime spectroscopy allows one to obtain
information on the size, size distribution and concentration of free
volume elements as well as on the effect of temperature, pressure,
mechanical deformations and phase compositions of polymers on
the free volume.12 ± 15 This method makes it possible to follow
changes in the free volume occurring in the course of physical
ageing of polymers, as a result of sorption and swelling and during
cross-linking. Parameters of positron annihilation lifetime spectra
strongly depend on the polymer structure but only slightly depend
on the molecular mass,16 which facilitates comparison of different
polymers. In addition, these parameters are fairly reproducible in
studies of different polymer samples and, as showed investigations
carried out in different research laboratories, in the experiments
with reference samples.17

The PALS method is based on measuring the positron life-
times in matter. In polymers, positrons can exist in both free (e+)
and bound states, the latter being represented by H-like positro-
nium atom, i.e., an electron ± positron pair (Ps or e7e+). The
singlet state of this species, p-Ps, has antiparallel spins and a short
lifetime (0.125 ns in vacuum), whereas the triplet state, o-Ps, with
parallel spins has a much longer lifetime (142 ns in vacuum). It is
believed that long-lived species, o-Ps, appear in the regions with
reduced electron density (i.e., in the FVE).18 ± 20 Due to overlap
between the wave functions of o-Ps and electrons of atomic groups
that form the FVE walls, the o-Ps lifetimes become much shorter
compared to annihilation in vacuum, lying usually in the range
from 1.5 to 4.0 ns. The observed lifetimes depend on the FVE size,
namely, the larger the FVE the longer the positron lifetime in the
polymer. The lifetime spectrum is a set of experimental character-
istic times ti (ns) and corresponding statistical weights or inten-
sities Ii (%). It is assumed that the intensity of the positronium
component depends on the concentration of FVE, although it can
also be affected by other factors.

Usually, 22Na isotope with a half-life time of 2.6 years serves
as a source of positrons. Particles formed are characterised by
energies distributed between zero and 0.540 MeV with a maxi-
mum at *0.2 MeV and a mean free path of *1 mm in conven-
tional polymers. In matter, positrons are rapidly (within*10 ps)
thermalised and all subsequent processes involve particles with
thermal energies.

An experimental setup for measuring positron annihilation
lifetimes (see Fig. 1) consists of a source of positrons placed
between two samples of the polymer under study (a plate, a stack
of films or a powder). The lifetimes are measured using an
electronic system (time ± amplitude converter). The circuit meas-
ures the time interval between two events, namely, the appearance

of primary g-quanta from the source and the appearance of
quanta that accompany positron annihilation. Once detected a
total of 105 ± 107 events by a photomultiplier, an experimental
positron lifetime distribution curve y(t) is plotted, which shows the
number of events y as function of the time elapsed t (Fig. 2).

The primary experimental dependences y(t) can be interpreted
in the framework of analysis based on a discrete or continuous
model. In the former case, the y(t) curve is represented by the sum
of several exponents

Ii li exp(7lit), (1)

where Ii is the intensity (in %) and li � 1=ti (in ns71) is the
annihilation rate. The number of exponents n is set in such a
manner that the deviation from the experimental y(t) curve be
minimum. Traditionally, it is assumed that n=3, although for
many polymers studied recently one has n>3. The first two
spectral components t1 and t2 (times *0.1 ± 0.2 and
*0.3 ± 0.5 ns, respectively) are due to annihilation of p-Ps and
the free e+, being not related to probing of the free volume in
polymers. At the same time, the `long-lived' components ti (i=3
or 4) are due to annihilation of o-Ps located within the FVE. It is
analysis of these spectral components that forms the basis for the
use of PALS as probemethod. Discrete analysis of primary data is
performed using different programmes, e.g., PATFIT.22 Contin-
uous data analysis using the CONTIN 23, 24 or MELT 25 pro-
grammes gives the probability density function of positron
annihilation characterised by a given lifetime in the polymer.

22Na
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g

g

g

1.3MeV 0.5MeV

0.5MeV
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Dt DU
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Figure 1. Scheme of a setup for measuring positron annihilation lifetime

spectra.

0 200 400 600 800
100

101

102

103

104

105

Counts

Channel number (35.6 ps per channel)

Figure 2. Typical experimental positron annihilation lifetime distribu-

tions of various polyimides.21
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Here, the number of components in the lifetime spectrum is chosen
by the programme automatically.

A semiempirical expression relating the lifetime of o-Ps (t3) to
the average radius (R3) of a spherical FVE in a polymer (the
Tao ±Eldrup relationship)19, 20 has the form

t3 �
1

2
1ÿ R3

R0

� �
� 1

2p
sin

2pR3

R0

� �� �ÿ1
, (2)

where R0=R3+DR (the fitting parameter DR=1.66 �A was
determined from analysis of the data for media with the known
`hole' size including zeolites). The FVE radii increase almost
linearly as t3 increases (see Fig. 3).

A similar relationship is used in the case of several lifetimes of
o-Ps. Assuming spherical geometry and a known radius, the FVE
volume (uf) or the volume distribution are found

uf �
4p
3
R3

3 .

The assumption of spherical geometry of FVE in polymers
seems to be somewhat incorrect (see Section VI). Cylindrical and
ellipsoidal FVE were also considered and the corresponding
relations for calculating the FVE volumes from the known o-Ps
lifetimes are available in the literature.26 ± 29 However, most
probing studies of free volume in polymers were carried out
using the Tao ±Eldrup relationship.

Variations of the free volume in polymers can be illustrated by
the data listed in Table 1. Here, the polymers are arranged in
almost the same order as the gas permeability and radius R3

increase. The barrier materials (e.g., Vectra copolyester) are
characterised by the smallest size of FVE. As the gas permeability
increases, the lifetimes of o-Ps and the FVE size increase. It was
established (see, e.g., Ref. 33) that the conventional glassy poly-
mers have a monomodal size distribution of FVE (i.e., the o-Ps
lifetime spectrum includes one time t3) and the lifetime distribu-
tion can be represented by Gaussian peaks when analysing the
data using the CONTIN programme. However, statistical proc-
essing of spectra reveals bimodal lifetime and FVE size distribu-
tions that appear starting with particular free volume and gas
permeability values (Fig. 4). For instance, the long-lived compo-
nents in the lifetime spectra of PVTMS and certain relatively high-
permeability polyimides 36 have a `shoulder' or superposition of
two Gaussian peaks, whereas two o-Ps lifetimes appear, namely,
t3 and t4 (see Fig. 4) for polymers with even greater permeabil-
ities. When treated with the CONTIN programme, maxima in the
curves coincide with the lifetimes obtained by discrete processing
of the primary data. Bimodal (or even polymodal) FVE size
distributions were found in numerous studies of highly permeable
polymers.37 ± 42 Note that the average FVE size and the size
distribution determined from PALS data are consistent with the
data obtained by other probe methods and with the results of

molecular dynamics (MD) simulation of the free volume in
polymers (see Sections IV and VI).

Free volume elements of even larger sizes were found in
polymeric sorbents and organic clusters. In particular, PALS
data showed that hypercross-linked polystyrene sorbents contain
cavities with a radius of 14 �A and their content is *20% of the
total number of FVE in the material.43, 44 A cluster prepared by
the reaction of terephthalic acid with chromium nitrate, hydrogen
fluoride and water has pores *3 nm in diameter and a specific
surface area of 5900 m2 g71 (Ref. 45). This is much larger than
the maximum specific surface area in zeolites. Even larger cubic
cavities (volume is*8000 �A3) were identified in the crystal lattice
of a phthalocyanine macrocycle.46 Similar cavities probably form
an open system of pores, which is important, in particular, for
separation processes in membranes.

Thus, the PALS technique provides a microscopic description
of the free volume in terms of the average FVE radii and
corresponding volumes uf . To relate these parameters to macro-

0

2

4

6

8

R3 /�A

2 4 6 8 10 12 t3 /ns

Figure 3. Correlation between positronium lifetime and average FVE

radius in polymers according to the Tao ±Eldrup relationship.

Table 1. Gas permeability coefficients (PO2
) and FVE size in glassy

polymers.

Polymer PO2
R3 uf3 R4 uf4 Ref.

/Barrer a /�A /�A3 /�A /�A3

Vectra copolyester 0.0005 2.1 39 7 7 30

PMMA 0.09 2.6 74 7 7 31

PS 2.9 2.9 102 7 7 32

PC 1.6 2.94 106 7 7 33

Polyimides

6FDA-ODA 2.4 3.19 136 7 7 34

6FDA-BAAF 14.2 3.62 198 7 7 34

PVTMS 44 3.21 138 4.35 345 35

PTMSS 56 2.71 83 3.74 219 35

PPrSiDPA 230 3.83 235 6.38 1088 35

AF2400 1140 2.68 81 5.95 882 35

PTMSP 7700 3.41 166 6.81 1323 35

a 1 Barrer=10710 cm3 (normal conditions) cm cm72 s71 (cm Hg)71;

this is the flow of gas taken by a volume of 1 cm3 under normal conditions

through a surface area of 1 cm2 of a membrane 1 cm thick per s at a

pressure drop of 1 cm Hg.
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Figure 4. CONTIN positron lifetime distributions obtained for glassy

polymers with the increasing free volume.35

Polymer: PFPDMSS (a), PVTMS (b), PPrSiDPA (c), and PTMSP (d).
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scopic characteristics of polymers, one should know the average
FVE concentrations N (cm73) and then estimate the fractional
free volume (FFV) as the product ufN. This can be done using
various approaches.

According to the simplest early models,32, 47, 48 the intensity I3
was assumed to be proportional to N. Then, if we know the
coefficient of proportionality, A, from independent data, the
concentration N is given by

N=AI3 ,

and therefore one gets

FFV=AI3uf .

However, a more correct treatment showed that the intensity I3
also depends on the probability of o-Ps formation, trapping rate of
o-Ps by FVE and on the `decay' of positronium under the action of
polar groups (e.g., C=O groups in imidazole rings of poly-
imides).35 Because of this, the simple model mentioned above is
no longer used. A number of more reliable methods of determi-
nation of the parameter N were developed.

1. The temperature dependences of t3 and FVE volume are
very similar to the classical dilatometric curves for polymers, i.e.,
the temperature dependences of the specific volume that deter-
mine the volumetric expansion coefficients of polymers. However,
there is a significant quantitative difference between these depend-
ences. Namely, the thermal expansion coefficients of a polymer
(i.e., its specific volume) below and above Tg (ag , ar) are of the
order of 1074 K71, whereas the thermal expansion coefficients of
the free volume (ahg , ahr) are an order of magnitude larger. A
natural explanation for this fact is as follows: the ag and ar values
characterise the thermal expansion of both the FVE and the more
dense matrix (walls surrounding the FVE). By comparing the
temperature dependences of the specific volume Vsp and t3 (or uf)
one can choose N values suitable for both dependences, i.e., one
can determine the parameterN.49 ± 52 Recently, this approach was
systematically used for estimating the concentration N in various
amorphous polymers.49, 53, 54 It was shown that in most cases the
concentrationsN depend only slightly on the chemical structure of
polymers and their values lie in the range (2 ± 8)61020 cm73 at
T=Tg and show a relatively weak temperature dependence.

2. The N values can also be determined from PALS data
obtained in studies of gas sorption by polymers. The time t3 is
shortened upon gas sorption. This can be interpreted as a result of
selective sorption byFVEof different sizes. Because the amount of
gas molecules sorbed by polymers in the course of sorption
experiments under different conditions is known, Kirhheim and
co-workers 55 postulated different types of FVE size distributions
and estimated the N values that are consistent with the depend-
ences t3(p) and I3(p), where p is the pressure. However, the N
values for polycarbonate and tetramethylpolycarbonate lie in the
range (2 ± 4)61021 cm73 and seem to be overestimated. Indeed,
they correspond to the situation where the fractional free volume
in these polymers is from 30% to 100%.Here, the polymer volume
per FVE should be 200 �A3, which corresponds to a cube with a
nearly 6 �A-edge. With allowance for the average FVE diameter
this means that the neighbouring FVE should nearly contact one
another, thus indicating an open porosity, which does not occur in
these polymers. An attempt to estimate the parameterN from the
results of sorption experiments gave a more realistic value of
461020 cm73 for three polycarbonates.56

3. Yet anothermethod of estimation of theN value is based on
detailed analysis of the kinetics of formation and annihilation of
o-Ps in polymers.57, 58 According to this approach, only a fraction
of positrons that form o-Ps contributes to the long-lived compo-
nent of the PAL spectrum. Therefore, the intensities I3 and I4
should depend not only on N, but also on the probability of
trapping of o-Ps by FVE. The trapping rate is given by equation

uti � 4pDPsRiNi (i=3, 4), (3)

where DPs is the diffusion coefficient of non-localised o-Ps and Ni

is the concentration of a particular type of traps (FVE) of radius
Ri .

To determine Ni , one should know the coefficient DPs from
independent data. The DPs estimates available in the literature 31

lie in the range (0.5 ± 15)61075 cm2 s71. Probably, the value
DPs=1.361075 cm2 s71 obtained for polyimides 49 is the most
reliable, because it is consistent with theN values determined from
the temperature dependence of ti below and above Tg. Of course,
one should also know how the coefficient DPs varies for different
polymers. Analysis of theD-vs.-d 2 dependences (D is the diffusion
coefficient of molecules with the gas-kinetic diameter d lying
between 2.5 and 4 �A) for different polymers showed that extra-
polation to the o-Ps size (*1 �A) gives the diffusion coefficients
that fall in a relatively narrow range of one decimal order of
magnitude.

The concentration N in partially crystalline polymers can be
estimated from the densities of polymers of different crystallin-
ity.59 Assuming that the specific volume of the crystalline phase
equals the occupied volume, one can determine the fraction of the
specific volume of the amorphous phase h. Then N is given by

N � h

uh
, (4)

where uh is the average FVE volume found from PALS data.
At last, the N values for polymeric sorbents and some high-

permeability open-pore polymers can be estimated from joint
analysis of the annihilation parameters and pore size distribution
obtained according to Brunauer ±Emmet ±Teller.43

An indirect estimate of N can be obtained using the average
size of FVE in polymers. The average volume of the polymer
matrix per FVE in a polymer should be much larger than the FVE
volume.Assuming that the specific volume of the polymer is about
1 cm3 g71 and N is nearly*1020 g71 (or*1020 cm73), one gets
the volume per FVE u=104 ± 103 �A3. This corresponds to a cube
with a 20 ± 10 �A-edge. The average diameter of FVE in polymers is
*5 ± 13 �A; therefore, one can conclude that the average distance
(k) between neighbouring FVE is 5 to 10 �A. At much smaller k
values, the regularities of gas transport in polymers will be similar
to those in porous media, which contradicts the majority of
experimental data. At N>1021 cm73, the parameter k should
take negative values. Note also that the k values determined are in
good agreement with the diffusion jump lengths of gas molecules
in polymers estimated using the Meares model.60 The values of N
obtained by different methods for different polymers are listed in
Table 2.

Thus, the PALS technique allowed one to obtain a funda-
mental result, namely, the FVE concentration in all polymers lies
in a narrow range from 1020 to 1021 cm73.

Table 2. FVE concentrations in different polymers according to PALS
data.

Polymer 10720N /cm73 Ref.

PE 6 ± 8 59

Polyolefins 5 61

EVA 6, 7 62

Rubbers 2 ± 6 52

PVC (plasticised) 8 54

PC 40 55

6 ± 11 50

4 56

PVTMS, PTMSP, AF2400, 6 ± 15 35, 49

AF1600, PTMSS, etc.

Poly(ether imides) 4 ± 8 49
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1. Free volume in thin films and on the surface of solids
Traditionally, the PALS method is used in studies of the free
volume inside a polymer matrix. However, there is a variety of
objects [free thin polymer films (membranes), coatings on the
surface of variousmaterials, etc.] for which the surface rather than
bulk properties of polymers are important. Glass transition
temperature,63, 64 density,65, 66 chain mobility and some other
characteristics 67 of polymers measured for the bulk phase (poly-
mer matrix) and at interfaces can be significantly different.

Positrons used in traditional version of the PALS technique
have an average energy of 200 keV and a braking distance of
*1 mm. The latter value is several orders of magnitude larger
than the characteristic thickness of surface layers; therefore, the
positron lifetimes in PALS experiments contain information on
the free volume in the matrix. Studies of the free volume in near-
surface layers require that the positron beam energy be much
lower than 200 keV (positrons should not penetrate into the
interior of the sample and annihilate in the near-surface layers).
The development of monochromatic low-energy positron beam
techniques 68 with much lower controllable positron energies
(0.2 ± 20 keV) made it possible to probe the free volume in thin
polymer layers (of the order of a few nanometres) and to plot the
corresponding free volume profiles.

The surface layers at polymer ± vacuum interfaces have been
best studied,69, 70 whereas investigations at the polymer ± polymer
interface are less detailed.71 As the positron energy decreases, the
o-Ps lifetimes (t3) in different glassy polymers [an epoxide copoly-
mer, polystyrene, poly(methyl methacrylate)] increase compared
to the lifetimes measured in conventional PALS experiments
where the depth of position penetration is larger.69, 70, 72, 73 Taking
into account the Tao ±Eldrup relationship, this suggests an
increase in the size of FVE in the near-surface layers. Using the
density profile, it was shown 71 that there is a variable-density
layer 30 ± 40 �A thick near the interface where the size of FVE does
increase. The FVE size distribution is broadened near the poly-
mer ± vacuum interface.70 An unexpected result was obtained for
polystyrene, namely, a bimodal positron lifetime distribution with
t4 values lying in the interval from 8 to 14 ns was revealed,71, 72

which corresponds to FVE size from 5.7 to 6.2 �A and exceeds
considerably the size of FVE in polystyrene matrix. However, it
cannot be ruled out that we deal with an artifact due to super-
position with positron annihilation in vacuum characterised by
much longer Ps lifetimes.

Yet another observation has no reasonable explanation so far.
In addition to a very thin near-surface layer (a few tens of
aÊ ngstroÈ m thick) characterised by densification with an increase
in the distance from the interface, there is a much thicker (a few
micrometres) layer the density of which decreases as the distance
from the interface increases. This is indicated by changes in the
densities of glassy polymers and in the coefficients of gas diffusion
therein.65, 66 Probably, harmonisation of these data requires
further studies.

2. Effect of chemical structure on the free volume in polymers
Analysis of the results of numerous PALS studies showed that the
free volume in polymers is highly sensitive to the chemical
structure of the monomer unit. That is why the gas permeability
and gas diffusion coefficients of polymeric materials depend on
their structure (Table 3).

An efficient method of increasing the free volume of a polymer
consists of introducing bulky substituents [first of all, Si(CH3)3
groups] into the main chain (see the data for two metathesis-
derived polynorbornenes in Table 3). The introduction of other
substituents (e.g., amethyl group) into aromatic nuclei of themain
chain also causes a systematic increase in the positron lifetime and
FVE size (in Table 3, this can be followed using the data for
polyimides and polycarbonates).

3. Effect of temperature
The temperature dependences of Ps lifetimes were mentioned
above in connection with the estimation of FVE concentration in
polymers. Numerous studies (see, e.g., Refs 33, 47, 52 ± 54, 77, 78)
showed a linear increase in t3 in the glassy-state region followed by
a kink near Tg and subsequent linear increase in t3 (with a greater
slope) in a highly elastic state with an increase in temperature. This
is illustrated in Fig. 5. Most polymers are characterised by
thermal expansion coefficients of FVE of 161073 K71 below
the glass transition temperature and (2 ± 10)61073 K71 aboveTg

(see Refs 52, 53 and 77).

Interestingly, some polymers present exceptions. For instance,
a study of PTMSP (polymer with the largest FVE and record high
gas permeability) showed that the times t3 and t4 are independent
of temperature.39 Probably, for this polymer the effect of temper-
ature on small-scale motions of atomic groups in the FVE walls
(these motions should govern the temperature dependences of t3
in conventional glassy polymers) is less pronounced due to
abnormally large FVE size. Substantiation of this hypothesis
requires additional measurements of the ti (T ) dependences for
other polymers with large free volumes.

4. Effect of pressure
The nanostructure of the free volume (average FVE radius and
FVE size distribution) in polymeric materials can be significantly
changed by applying high pressure. These changes are well
`sensed' by the PALS technique. In particular, the average FVE

Table 3. Effect of polymer structure on lifetimes t3 and FVE radii.

Polymer t3 /ns R3 /�A Ref.

Poly(norbornene) 2.15 2.9 74

(CH3)3Si-Substituted poly(norbornene) 2.70 3.4 75

6FDA-Polyimides with different number 76

of methyl groups (n) in phenylenediamine

residue

n=0 (6FDA-PDA) 2.57 3.3 76

n=1 (6FDA-1) 2.80 3.5 76

n=2 (6FDA-2) 3.15 3.7 76

n=3 (6FDA-P14) 3.63 4.0 76

n=4 (6FDA-P13) 3.94 4.2 76

Polycarbonate 2.1 2.9 33

Tetramethylpolycarbonate 2.4 3.2 33

2.2

2.3

2.4

2.5

2.6

20 60 100 140 T /8C

Tg

t3 /ns

Figure 5. Temperature dependence of positronium lifetime t3 in poly-

carbonate.78
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radius in polyepoxide decreases from 2.5 to 0.73 �A and the FVE
size distribution becomes narrower as the pressure increases from
0 to 14 kbar.79 The effect of high pressure on the polymer also
manifests itself as an aftereffect, namely, the lifetimes t3 and
corresponding FVE size decrease after decompression.48, 80, 81

5. Mechanical effects
The PALS method is also suitable for probing changes in the free
volume (cavity size and concentration) due to deformation of
polymers. However, because orientation of polymeric films can be
accompanied by crystallisation and the changes in the supra-
molecular structure and in FVE geometry, interpretation of
experimental data can be ambiguous. If deformation of amor-
phous polymers (e.g., polycarbonate 78) at room temperature
causes no crystallisation at small relative elongations (less than
2%, i.e., in the region of quasielastic deformation), the time t3
linearly increases with the relative elongation thus indicating an
increase in FVE. At the same time biaxial orientation of poly-
(ethylene terephthalate), poly(ethylene naphthenate) and their
copolymers at temperatures above Tg causes only minor changes
in t3 and I3 and significant changes in the gas permeability and
diffusion coefficients. This points to predominance of sample
morphology (lengthening of `diffusion paths').82 Much greater
changes in the annihilation parameters were observed at larger
relative elongations Dl upon deformation of partially crystalline
polymers (taking polyethylene as an example).83 As Dl increases,
the positron lifetime, t, corresponding to the fractional free
volume in the amorphous phase initially decreases and then (at
large Dl) remains unchanged. It was assumed that the changes in t
characterise a change in the shape of FVE from nearly spherical in
undeformed sample to ellipsoidal in oriented polymer. Other
examples of PAL studies of mechanical effects in polymers can
be found in the review.15

One of the first PAL studies of the phenomena accompanying
deformation of polymers was reported by Askadskii et al.84

Unfortunately, the authors studied a polyimide based on pyro-
mellitic dianhydride and 4,40-diaminodiphenyl oxide, which is
also known as Kapton polyimide. This and numerous subsequent
studies (see, e.g., Refs 31, 85 and 86) revealed that the PAL
spectrum of this polymer shows only one relatively short-lived
component (lifetime 0.3 ± 0.4 ns) instead of three components. It is
noteworthy that this feature allows Kapton polyimide to be used
as a component of the source of positrons, because Kapton films
do not change the positron lifetimes in the sample under study.
Apparently, this is due to the fact that at high concentration of
dicarboximide rings in this polymer the positronium production is
efficiently inhibited through trapping of positrons by the ring
carbonyl groups. As a result, annihilation mainly involves free
positrons and occurs in relatively close-packed polymer domains
rather than FVE. Again, the absence of the long-lived component
(I3=0) shows that the parameter I3 cannot serve as a measure of
FVE concentration, because it depends on the positronium yield.
Otherwise, Kapton should be characterised by zero free volume,
whereas the gas diffusion coefficients for the polymer are similar
to those found for other polymers (e.g., DO2

=
0.2961078 cm2 s71 according to Ref. 87). Also note that the
absence of the t3 component can be due to a decrease in the FVE
concentration owing to an increase in the concentration of cross-
links, as shown for oligo(ester acrylates).88

III. 129Xe NMR spectroscopy

Chemical shifts in the 129Xe NMR spectra are highly sensitive to
the free volume in the medium where gaseous xenon is sorbed.
Qualitatively, the larger the FVE size the smaller the 129Xe
chemical shift relative to the chemical shift characteristic of the
gas phase. In this respect, polymers differ insignificantly from
other condensedmedia, namely, large chemical shifts are observed
in, e.g., the media with high refractive indices. In this connection
we can say that the xenon atom placed inside the FVE is in a local

low-refraction medium and characterised by a smaller chemical
shift.89

Note that the 129Xe chemical shift is sensitive to structural and
morphological features of partially crystalline and cross-linked
polymers, polymer blends and block copolymers; it also changes
near the glass transition temperature.90 ± 97

According to Fraissard and co-workers 98, 99 who studied the
sorption of xenon in various zeolites, the chemical shift in the
NMR spectrum of a 129Xe atom sorbed in nanoporous medium in
the absence of paramagnetic species or admixtures producing a
strong local electric field (e.g., cations) can be writen as folows:

dS= d0+ d+ dXe/Xe r, (5)

where d0 is a constant, d is the chemical shift due to collisions with
the FVE walls, dXe/Xe is the chemical shift due to collisions with
other xenon atoms in the gas phase and r is the density of the gas
phase. Therefore, after extrapolation to zero pressure of gaseous
xenon the difference

d= dS7d0

should characterise only the collisions with the walls within the
FVE. Based on analysis of the data for zeolites, an empirical
relation for the experimentally measured chemical shift was
proposed 98

d � 499:1

2:054� l
, (6)

where l (in �A) is the mean free path of a xenon atom within the
FVE. Note in advance that this method is only applicable to
studies of those FVE the size of which exceeds that of the xenon
atom. Assuming different FVE geometries, from the l value one
can estimate the diameter of either a spherical cavity (Dsp) or a
cylindrical FVE (Dc) with a large length-to-diameter ratio,

l � Dsp

2
ÿ 2:2, (7)

l=Dc74.4. (8)

The free terms in relations (7) and (8) are the radius and diameter
of the xenon atom, respectively. This approach is based on the
possibility of determining the size of the lattice cell from X-ray
diffraction data for zeolites 100 and availability of various charac-
teristics of xenon. By extending relationships (6) ± (8) to other
nanoporous systems (in particular, polymers) it is possible to
estimate their FVE sizes. However, it should be noted that there
are some difficulties related to, e.g., a large scatter of numerical
characteristics of the size of xenon atom determined by different
methods (see details below).

The FVE size was determined from the results of 129Xe
chemical shift measurements of xenon sorbed in different poly-
mers. NMR measurements were carried out at low pressures or
extrapolation to low pressures was used. 129Xe NMR data
obtained assuming spherical and cylindrical FVE geometries are
listed in Table 4. For comparison, we also present the results
obtained by other probe methods for different polymers. Analysis
of these data allows one to draw some general conclusions.

First of all, the 129Xe chemical shift can be considered as a
characteristic property of the polymer, as indicated by coincidence
of the chemical shifts for the polymers studied by different authors
(e.g., for PE and PS).

Polymers studied to date can be divided into two groups.
Polymers with relatively small free volume and low gas perme-
ability are characterised by the chemical shifts (d) in the region
d 200 ± 214. This corresponds to the FVE radii lying between 2.5
and 2.9 �A, being in good agreement with the PALS data (see
Table 4). Significantly smaller d values are observed for high-
permeability perfluorinated polymers.101 Because small d values
correspond to larger FVE radii, this was interpreted as substan-
tiation of the higher permeability of such polymers. However,
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other factors affecting the chemical shift can exist. This is
indicated by the d values measured for PTMSP (polymer with
the largest free volume and record high gas permeability).89, 104

Typical of perfluorinated polymers are relatively low refractive
indices nD equal to *1.3, which corresponds to the molecular
refraction

Rm=
n2D ÿ 1

n2D � 2
=0.187,

whereas conventional polymers (e.g., PS, PC, PEMA) are charac-
terised by nD value lying between 1.5 and 1.7 (molecular refraction
is *0.3 ± 0.4).110 One can assume that the 129Xe nuclei arrive at
regions with lower refraction upon collisions with the FVE walls
in perfluorinated polymers, i.e., the lower polarisabilities of
chemical bonds in these materials cause less pronounced pertur-
bations of 129Xe nuclei.89 The aforesaid suggests that the FVE
radii calculated from relations (6) ± (8) and listed in Table 4 seem
to be somewhat overestimated. This does not contradict the PALS
and IGC data that are also shown in Table 4. Only PTMSP
presents an exception, namely, the FVE size estimates for this
polymer not only do contradict the data for other polymers, but
are also inconsistent with the PALS data. Probably, errors in
estimation of the FVE size from expressions (7) and (8) are due to
the complex geometry of the free volume in PTMSP.111

The second problem is related to uncertainty in the size of the
xenon atom, which is used for estimation of FVE. Different
methods of determination of the atomic diameter (d ) of xenon
(from viscosity of gas, second virial coefficient, intermolecular
interaction potentials, liquid and crystal densities) give the values
in the range from 3.2 to 4.6 �A (values obtained before 1990 were
summarised inRef. 112). Traditionally, it is accepted that d equals
4.4 �A (this value was obtained using the van der Waals radii
corrected by Pauling and reported by Breck 100). However, Breck
also reported a smaller value (3.96 �A) calculated using the
Lennard-Jones potential of intermolecular interactions. The data
listed in Table 5 illustrate the effect of d value on the theoretical
radius of spherical FVE for two polymers with large free volume.
Clearly, agreementwith the data obtained by other probemethods
is more or less depending on the d value chosen. However, a broad
FVE size distribution found from MD simulation suggests that
the FVE radii mentioned above fall in the range of possible values.

The results of experiments on encapsulation of 129Xe atoms in
C60 fullerene and measurement of 129Xe NMR spectrum 113

offered some prospects for refinement of the 129Xe NMR data
(see above). On the one hand, the synthesis of inclusion compound

Xe@C60 is quite unexpected, because the diameter of xenon atom
(4.4 �A) exceeds that of the fullerene cavity. This could be evidence
of smaller d(Xe) value. On the other hand, the measured 129Xe
chemical shift in this compound is d 179.24, which gives an
estimate of 5 to 6 �A for the inner diameter of the C60 cavity.
Probably, in this case estimation from expressions (6) ± (8) is not
substantiated, because we can assume that the xenon atom
encapsulated in C60 cavity will simultaneously interact with a
few (probably, all) fullerene carbon atoms and this will cause large
chemical shifts, thus making the Fraissard model inapplicable.114

However, this result indicates the necessity of taking into account
the interactions between xenon atom and FVE walls in polymers.

IV. Inverse gas chromatography

Inverse gas chromatography (IGC) is used to study the thermo-
dynamics of sorption of gases and vapours in polymers and to
determine their physicochemical parameters.115, 116 To this end, a
polymer is applied on the surface of a solid porous substrate and
the sorbate is introduced in the carrier gas flow. Under particular

Table 4. Radii of spherical (Rsp) and cylindrical (Rc) FVE (�A) determined by different methods.

Polymer 129Xe NMR spectroscopy PALS IGC

d l /�A Rsp Rc Ref. Rsp Rc Ref. Rsp Ref.

AF2400 63.3 5.83 8.04 5.12 101 5.95 6.33 36 6.4 102

AF1600 76.7 4.46 6.66 4.43 101 4.89 5.43 36 5.8 103

AD 80X 83.6 3.92 6.12 4.16 101 7 7
AD 60X 85.3 3.80 6.00 4.10 101 7 7
PTFE 90 3.49 5.69 3.94 26 4.2 4.9 26

PTMSP 148 1.32 3.52 2.9 89 6.8 6.5 36 7
178 0.75 3.0 2.6 104

PPO 180 0.72 2.92 2.56 26 3.4 4.2 26 3.4 105

185 0.64 2.84 2.52 106

188 0.60 2.80 2.50 107

LDPE 203 0.40 2.60 2.40 26 3.3 4.1 26

200 0.44 2.64 2.42 90

200 0.44 2.64 2.42 97

PC 214 0.28 2.48 2.34 26 2.9 3.8 26

212 0.30 2.50 2.35 90

PS 210 0.32 2.52 2.36 108 2.88 3.76 33

PEMA 203 0.40 2.60 2.40 97 3.0 3.9 109

Table 5. Atomic diameter of xenon and FVE radii obtained by different
methods.

d l /�A d /�A Rsp /�A Ref.

129Xe NMR PALS MDS /�A
spectroscopy (see a)

Polymer PTMSP

148 1.32 3.2 2.9 6.8 2 ± 10 89

3.96 3.3

4.4 3.5

178 0.75 3.2 2.4 7 7 104

3.96 2.7

4.4 3.0

Polymer AF2400

63.3 5.83 3.2 7.4 6.0 1.5 ± 12 101

(powder) 3.96 7.8

4.4 8.0

64.7 5.63 3.2 7.2 7 7 101

(film) 3.96 7.6

4.4 7.8

aMD simulation data were taken from Ref. 111.
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conditions, by measuring the retention times tr one can calculate
various thermodynamic parameters of the polymer ± gas system.

From the known tr values, it is possible to calculate the net
retention volume Vn of a sorbate

Vn � tr ÿ ta� �J m
n Fc

273

T
, (9)

where ta is the retention time of the `non-sorbable' component
(e.g., air), which takes into account the dead volume of the
chromatograph; J m

n is the correction for pressure drop in the
column; Fc is the rate of the carrier gas; and T is the temperature
(in K) at which the experiment is carried out.

A correct application of IGC technique in studies of bulk
sorption in polymers implies no diffusion control of the chromato-
graphic experiments; namely, the characteristic times of diffusion
into the bulk of the supported polymer should be shorter than the
`effective' times of contacts of a sorbate with the polymer phase.
Experimentally, this can be achieved using lower rates of the
carrier gas, by applying thinner polymer films or by carrying out
measurements at higher temperatures.

The main thermodynamic characteristic of bulk sorption (in
contrast to adsorption on polymer surface) is the specific retention
volume Vg defined as follows:

Vg �
Vn

oL

, (10)

where oL is the mass of the polymer in the column. With this
parameter known, one can calculate 117 the solubility factors (S )
at infinite dilution

S � Vg

r
p0

exp

�
2B11 ÿ V1� �J m

n

p0
RT

�
, (11)

where r is the density of the polymer at temperature T; p0 is the
standard pressure (1 atm); the exponential term, which includes
the second virial coefficient B11 and the molar volume of the
sorbate V1, takes into account the non-ideal state of vapours; R is
the universal gas constant.

Yet another important thermodynamic characteristic deter-
mined using Vg is the activity coefficient (a1/w1)? at infinite
dilution

ln
a1
w1

� �
?
� ln

273R

Vg p
0
1M1

 !
ÿ p01
RT

B11 ÿ V1� �, (12)

whereM1 is themolecular mass of the sorbate and p01 is the vapour
pressure of the sorbate at temperature T.

The partial molar enthalpy of mixing, DHm, characterises the
sorbate ± polymer interaction and can be calculated from the
temperature dependence of the activity coefficient.

DHm � R
q ln a1=w1� �?

q 1=T �� . (13)

It can also be estimated from the temperature dependence of
the solubility coefficient

S � S0 exp ÿ
DHs

RT

� �
, (14)

because the enthalpy of sorption can be represented by the sum

DHs � DHc � DHm , (15)

where DHc is the enthalpy of condensation, which is tabulated for
different sorbates.118

Studies of several glassy polymers [polysulfone,119 poly(vinyl-
trimethylsilane),120 poly(phenylene oxide) 105 and amorphous
Teflons AF 102, 121] showed that the DHm values strongly depend
on the size of the sorbate molecule. The DHm values of n-alkanes

C37C12 initially decrease as the molecular masses of these hydro-
carbons increase, pass through minima at particular sizes of the
sorbate molecules (these sizes are different for different polymers)
and then increase again. It was assumed 122 that the critical size of
the sorbate molecule, which corresponds to the minimum and the
highest exothermicity of mixing, is also related to the average size
of FVE. This hypothesis is substantiated by establishment of
correlations between the minimum DHm values and the diffusion
coefficients and gas permeabilities of glassy polymers. Probably,
this behaviour is due to the ability of FVE to uptake molecules
with sizes smaller than the FVE size. Sorption within FVE
requires no energy expenditure to overcome the intermolecular
interaction forces; therefore, the observed DHm values are
negative. The smaller the size difference between the sorbate
molecule and FVE size the softer the restrictions imposed on the
internal degrees of freedom of the sorbed molecule; as a result, the
entropy of mixing DSm , which correlates with DHm, also passes
through a minimum.122 Thus, the IGC technique permits estima-
tion of the FVE size. The IGC data can be compared with the
results obtained using other methods of investigation of the free
volume.

The effect of the critical volume Vc used as a measure of the
molecular size of sorbates (n-alkanes) on the DHm of particular
polymers is illustrated in Fig. 6 a. The DHm values pass through
minima the coordinates of which (Vc,min) are in qualitative
correlation with the gas permeability and diffusion coefficient of
a given polymer, namely, polymers with larger Vc,min values are
characterised by higher diffusion coefficients and gas permeabil-
ities and vice versa.

Figure 6 b presents the FVE size distributions plotted from
PALS data. The ordinate axis denotes the probability density
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Figure 6. FVE size distribution in glassy polymers.121
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function f (R) determined using the CONTIN program. The radii
of FVE were calculated for spherical geometry using the
Tao ±Eldrup relationship and then the uf were found. For clear
visual comparison with the dependence on Vc (Fig. 6 a), it is
appropriate to recalculate the necessary parameters per mole of a
particular compound, i.e.

uf0= ufNA (cm3 mol71),

where NA is the Avogadro constant. A comparison of the plots
shown in Fig. 6 a and Fig. 6 b shows a clear analogy between the
FVE size distributions obtained by two independent methods.
Consider this result in more detail.

1. The relative positions of the curves in Fig. 6 a and Fig. 6 b
are very similar. Both methods assign the smallest FVE size to
PVTMS and the largest one to AF2400. Minima in the DHm(Vc)
curves for AF1600 and PVTMS correspond to alkanes C6 and C7,
respectively, whereas for AF2400 the minima correspond to
bulkier sorbates C10 and C11 (minima at Vc and u 0f equal to
*600 cm3 mol71).

2. According to PALS data, polymer AF1600 has a much
narrower FVE size distribution compared to AF2400. Probably,
the narrower this size distribution the stricter the size segregation
of the molecules sorbed in FVE. This conclusion is also consistent
with the IGC data, namely, the minimum in the DHm curve is
much broader for AF2400 than for AF1600.

Quantitative determination of the FVE size from IGC data
requires substantiated choice of the probe size (probes are the
n-alkanes sorbed in polymers). To this end, different parameters
can be used, e.g., the van der Waals volume VW,123 the molar
volume in the liquid phase Vb (at the corresponding boiling
temperature Tb) 124 and the critical volume Vc .125 Although
these quantities are significantly different from one another (see
Table 6), they show the same trend of changes among the
polymer ± sorbate systems studied. A comparison with other
probe methods (PALS, 129Xe NMR spectroscopy) and with the
results of MD simulation 111 showed that the best agreement is
achieved using Vb or even Vc as a measure of FVE. This is
probably due to the fact that linear n-alkane molecules should
adopt a folded conformation in order to be arranged within
(postulated) spherical FVE; because of this, a rather large
excluded volume should be added to the intrinsic (van der
Waals) volume of the probe.

Some features and limitations of the IGC technique should be
pointed. First of all, the FVE size determined using this method is
found from the temperature dependence of DHm, i.e., the IGC
method provides a temperature-averaged value. Though, with
allowance for the thermal expansion coefficient of FVE (about
1073 K71 for glassy polymers according to PALS data) these

differences seem to be insignificant for the temperature intervals
(nearly 100 degrees) corresponding to operating conditions.
Another problem is related to a limited set of compounds suitable
for free volume determination by IGC. The dependences of DHm

on the sorbate size in rubbers do not pass through minima due to
another mechanism of dissolution and mixing. Additionally, the
diffusion coefficients of many glassy polymers are insufficiently
high so that the experiments are carried out with diffusion
limitatious. The results obtained show that the IGC technique is
applicable to free-volume studies of polymers characterised by
oxygen permeabilities PO2

>20 Barrer at room temperature.
However, the number of such polymers is rather large. Polymers
with lower permeabilities can be investigated at elevated temper-
atures.

V. Miscellaneous methods

Many processes involving low-molecular-mass compounds dis-
solved in polymers are controlled by mobilities of these com-
pounds. The rate of translational (or rotational) mobility strongly
depends on the molecule (probe)-to-FVE size ratio in a given
polymer. Therefore, by following the mobility of probes of differ-
ent size in different polymers one can obtain information on the
free volume.

1. The photochromic probe technique
The technique is based on a hypothesis,127 according to which the
implementation of monomolecular chemical reactions (in partic-
ular, photoisomerisation) in glassy matrices requires a minimum
(critical) FFV in the immediate vicinity of the dissolved probe
molecule. This method involves measurements of the degree of
cis ± trans-photoisomerisation of a probe in a glassy polymer and
in a dilute solution in a model non-viscous solvent where the free
volume imposes no restrictions on the isomerisation. Having
determined the ratio of these parameters as a function of the
probe size (more exactly, as a function of the volume necessary for
isomerisation to occur), one can estimate the average size of FVE.
Victor and Torkelson 128 studied the free volume in glassy poly-
styrene using various stilbene and azobenzene derivatives with the
van derWaals volumes in the range of 127 ± 571 �A3 as probes. The
implementation of photoisomerisation requires an additional
volume for the rearrangement of the molecule that undergoes
isomerisation in the excited state. This volume can be estimated
from geometric considerations. It was found that more than 90%
of the FFV in PS exceeds 120 ± 130 �A3, no FVEwith size>400 �A3

are present, and themaximum in the FVE size distribution curve is
at *270 �A3. Assuming, as in other cases, spherical symmetry of
FVE, one gets a FVE radius of *4 �A, which is somewhat larger
than the values obtained using other probe methods (2.4 ± 3.8 �A,
see Table 4).

Data on changes in the free volume during physical ageing of
glassy polymers obtained by this method worth mentioning.
Larger FVE are the first to disappear in the ageing of poly(methyl
methacrylate) and PS.129 At the same time, an ageing study of
polycarbonate characterised by a broader FVE size distribution
showed that both large and small free-volume elements disappear
simultaneously.130

2. The spin probe technique
This was one of the first methods used for estimating the free
volume in polymers. It is based on the concept that the mobility
(rotational frequency ncor) of spin probes, namely, stable nitroxyl
radicals, first of all 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), is sensitive to the dynamic or structural features of
the polymers in which the probes are dissolved.131 The probe
rotational frequency ncor can be estimated from EPR spectral
parameters. Depending on the ncor values, slow
(0.26109< ncor<107 s71) and fast (ncor>0.56109 s71)
motions of probes in polymers are distinguished. At room temper-
ature, the rotational frequencies of probes in rubbers decrease as

Table 6. Molecular volumes (�A3 per molecule) and FVE radii (�A)
corresponding to minima in DHm-vs.-uf plots.126

Polymer a
VW

R

Vb

R

Vc

R

PVTMS (C6)
113

3:0

235

3:8

611

5:3

AF1600 (C7)
130

3:1

269

4:0

708

5:5

PDSNb (C8)
147

3:3

316

4:2

807

15:8

AF2400 (C11)
198

3:6

436

4:7

1096

6:4

Note. The molecular volumes are given in the numerator and the FVE

radii are given in the denominator.
a n-Alkane corresponding to minimum DHm value is given in parentheses.
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the glass transition temperature increases. Initially, it was
accepted that the FVE size in glassy polymers is less than the
probe size and therefore only slow motions should occur, as is the
case of, e.g., polystyrene.However, it was unexpectedly found that
TEMPO radicals execute fast motions while larger spin probes
execute slow motions in PVTMS.132 Thus, estimation of the FVE
size in PVTMS, which possesses rather high permeability, showed
that it exceeds the size of the TEMPOmolecule (more exactly, it is
larger than the volume necessary for rotation of the TEMPO
molecule by an angle of 1 radian). Later, similar relations were
established by different probe methods for a number of polymers
with relatively large FVE sizes.133

However, it was shown 134, 135 that themodel for rotation used
in the interpretation of the EPR spectra of the spin probes is
simplified and the character of the motion and librations of spin
probes in glassy polymers and low-molecular-mass glasses is more
complex.Nevertheless, even assuming that the parameter ncor does
not reflect the actual dynamics of spin probe motions in FVE, it
can be considered as an indicator of the probe-to-FVE size ratio in
polymers, which shows the relative differences in the FVE values
in different polymers.

3. The electrochromic probe technique
The electrochromic effect, i.e., a change in colour under the action
of an electric field, is due to the effect of the electric field on the
light-absorption of organic compounds. Orientation of light-
absorbing molecules in an electric field changes their extinction
coefficients. This can be used for estimating the molecular
mobility or the free volume in polymers.136 To this end, the light-
absorbing molecules acting as probes are dissolved in polymers.
Experiments involve detection of changes in the extinction coef-
ficients upon switching the electric field on and then off when
random reorientation of the dissolved probe molecules occurs. To
make the effect more pronounced, the probe molecules should
have large dipole moments, e.g., azo dyes with the van der Waals
volumes lying in the range of 770 ± 2900 �A3.137 Note that so large
probe sizes correspond to hypothetical FVE sizes that are absent
in real polymers. In addition, molecules with large dipole
moments can strongly interact with polar groups in the polymer
structure. Therefore, the electrochromic probe technique is not a
`non-perturbative' one, i.e., the FVE size thus determined should
sense distortions produced by the introduction of the probe
molecules. Nevertheless, the results obtained by this method
were useful in the early stages of investigations of the free volume
in polymers.

To estimate the average FVE size, one has to analyse the
kinetic curves of changes in the optical density upon orientation of
dipoles by the electric field and after switching this field off.
Experiments are carried out with probes of different sizes. The
FVE size is determined using the Cohen ±Turnbull model.2, 3

Studies of glassy polymers (PS, PVTMS and PTMSP) 138, 139

using the electrochromic probe technique gave a `correct' order of
changes in the free volume in these polymers, i.e., its increase with
an increase in the gas permeabilities and diffusion coefficients.
Interestingly, the temperature dependence of the average FVE size
in PTMSP was found to be an order of magnitude weaker than in
PS; this was confirmed by PALS data.39

The average FVE size in PSwas found to be in good agreement
with that obtained by the photochromic probe technique.128

However, studies by both methods were carried out using very
large probes; therefore, it cannot be ruled out that the FVE sizes
are overestimated. For instance, the value uf=3290 �A3 found for
PTMSP corresponds to a spherical cavity with the radius of 9 �A.
This exceeds considerably the value obtained from PALS data for
this polymer (according to results of MD simulation, the presence
of so large cavities seems not to be improbable, see Section VI).
Based on the aforesaid, data of free-volume studies carried out
using large probes should be analysed with special care. Addition-
ally, when comparing different polymers taking into account the

matrix-perturbing effects, it is more correct to consider the probe
mobility as a semiquantitative characteristic of the free volume.

4. The conformation probe technique
To probe the free volume in polymers, it was proposed to use
organic compounds that can exist as two conformers with differ-
ent IR spectra.140 ± 142 The FVE size can be estimated from the
shift of the conformational equilibrium for such probes intro-
duced into glassy polymers. If no conformational transitions
occur at a certain temperature (conformational equilibrium is
`frozen'), the FVE size is less than the critical probe size necessary
for its isomerisation. At certain temperature, the ratio of the
conformers changes, which means that the FVE size at this
temperature is comparable with the probe size. The experimen-
tally used conformation probes were dichloroethane, 1,2-bromo-
fluoroethane, 1,1,2,2-tetrabromoethane and some other
compounds. Free-volume studies were carried out for poly-
styrene, poly(vinyl chloride), poly(methyl methacrylate) and
some other glassy polymers. For each probe, the characteristic
IR bands corresponding to trans- or gauche-conformations were
chosen. At low temperatures, the optical density ratio
Dgauche/Dtrans is independent of temperature, then an inflection is
observed at certain Tf value after which this ratio (in the 1/T
coordinates) linearly decreases with temperature. Because the
volume necessary for isomerisation of a given probe is known,
one can estimate the FVE size at Tf . As the probe size increases,
theTf increases. Thismakes it possible to estimate the temperature
dependence of the limiting FVE size (V 6�) necessary for the
conformational transition (isomerisation) of the probe in the
polymer under study. An example of this dependence for poly-
(methyl methacrylate) is presented in Table 7. The results
obtained are comparable with the PALS data.143

Experiments with the same probe in different polymers
showed that for polymers with high permeabilities the conforma-
tional mobility of the probe unfreezes at much lower temperatures
than for polymers with low permeabilities. For instance,
Tf=326 K for PMMA and 163K for PTMSP with 1,2-di(p-
bromophenyl)ethane as probe. Unfreezing of conformation tran-
sitions of a smaller probe (1,1,2,2-tetrabromoethane) in PTMSP
occurs at even lower temperatures (Tf<90K).

However, this method is of limited use for studying the free
volume in polymers due to the overlap of the spectral bands of the
probe and polymer, scarcity of probes and problems associated
with the introduction of the probe into the polymer from a
common solvent.

On the whole, the methods considered in this Section cannot
compete in reliability and informativity with the PALS technique.
However, some of them played an important role in the early stage
of development of studies on the free volume in polymers and still
remain suitable for obtaining additional useful information.

VI. Simulation of the free volume by molecular
dynamics

So far, we considered experimentalmethods of investigation of the
free volume. Recently, methods of computer simulation of the
nanostructure of polymers aimed at predicting many properties of

Table 7. Temperature dependence of FVE size in PMMA from the
conformation probe technique data.143

Probe Tf /K V 6� /�A3

1-Bromo-2-fluoroethane 190� 20 13.0

1,2-Dichloroethane 195� 10 29.5

1,1,2,2-Tetrabromoethane 239� 9 56.6

1,2-Di(p-bromophenyl)ethane 326� 18 108.2
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polymeric materials [in particular, the diffusion (D) and gas
solubility (S ) coefficients] have become increasingly important.
When solving such problems, the construction of a correct model
for the free volume in the polymer under study is prerequisite for
obtaining accurate results. The results of computer simulation are
analysed using relevant data obtained by probe techniques for
substantiation of the reliability of calculations. At the same time,
MD simulation provides valuable information that cannot be
obtained by the probe methods (see below).

The free volume in polymers can be simulated by, e.g., the
Monte Carlo method,8, 144 ± 148 molecular mechanics,8, 149, 150

theory of transition state and related approaches.8, 151, 152 MD
simulation appeared to be the most efficient method and a large
number of polymers were studied by this method in recent years.
In this Sectionwe will consider the results ofMD simulation of the
free volume in amorphous polymers.

In MD simulation of amorphous polymers, the free volume is
described using a cubic box filled with polymer chains. The results
of analysis of the free volume and theoretical parameters including
D and S can depend on the size of the cubic box, which is
undesirable. Calculations with small boxes (cube edge is shorter
than 20 �A) take a shorter time. Starting with a certain size (cube
edge of about 40 ± 50 �A) this correlation is no longer valid, but the
results become more reliable. Usually, the model boxes contain
2000 to 10 000 atoms in the polymer chain.153 All atoms in the
polymer chains are represented by spheres of preset diameters and
masses. The interactions of covalently bonded atoms are
described with allowance for the bond lengths, bond angles and
torsion angles. Non-covalent intermolecular interactions are
described using commonly accepted (most often, the Lennard-
Jones and Coulomb) potentials. The chemical structure of the
polymer studied is determined in different approximations. The
`United Atoms' method ignores all hydrogen atoms and treats all
quasi-spherical atomic groups (e.g., CH2 , CH3) as individual
species in order to reduce the computing time. More reliable
results can be obtained using the `All-Atom Strategy'.11

The sum of all atom ± atom interactions expressed as the
potential energy model of the packing is called the force field. A
correctly determined force field is the key for successful MD
simulation of the nanostructure of the system. The force field
should reproduce the equilibrium structure, thermodynamic and
dynamic properties of the polymer under study and govern the
accuracy of prediction of all parameters of the system. One of the
most popular force field types is known as the COMPASS
(Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies) 154 force field (for details, see Ref. 8).

Theodorou and Suter 155, 156 proposed an efficient box-filling
procedure, which allows the length of the polymer chain to be
chosen in such a manner that the packing be completely amor-
phous. The polymer chains are generated using the so-called
periodic boundary conditions. Namely, as a propagating virtual
chain reaches a cube face and starts to `penetrate' it, a similar
propagating chain is automatically introduced on the opposite
face. The box is filled until a preset, experimentally determined
density of the polymer is reached. Therefore, the polymer density
serves as an `input parameter' for calculations. This can cause
some difficulties, because the densities of glassy polymers depend
on the sample prehistory, amount of residual solvent, etc. Since
the number of possible types of packing within the cubic box is
infinitely large, a packing containing domains with too low or too
high local density can be formed in the initial stage. Obtaining a
more realistic packing requires an additional stage of the process,
namely, the relaxation stage. Various procedures are used to
accelerate relaxation. In particular, molecules of `plasticiser'
(e.g., methanol) can be introduced into the box and then removed
upon relaxation. Detailed consideration of the polymer structure
models can be found in, e.g., Refs 8, 111, 153, 157 and 158.

Computer simulation opens new, additional prospects for
investigation of the free volume in polymers, most of which are
inaccessible in principle to probe methods:

Ð visualisation of the free volume;
Ð analysis of connectivity of free-volume elements (cluster

size, closed or open porosity);
Ð construction of FVE size distribution;
Ð studies of mobility (dynamics) of the free volume elements

in polymers.
Consider as an example model nanostructures of the free

volume 111, 157 in a polymer with moderate permeability, poly(p-
trimethylsilylstyrene) (PO2

=56 Barrer 159) and in two polymers
with high permeabilities and large FVE (according to PALS and
IGC data), namely, poly(trimethylsilylpropyne) and amorphous
Teflon AF2400 (PO2

=7700 and 1140 Barrer, respectively 41, 160).
The force field was calculated using the COMPASS pro-
gramme,154 which includes interactions of all atoms in the mono-
mer unit in explicit form and optimizes the bond lengths, bond
angles, dihedral angles and the Coulomb and van der Waals
potentials. Calculations involve optimisation of the force field in
order to correctly reproduce the physical properties of the
polymer in the block. The cis : trans ratio in PTMSP, which
contains double bonds in the main chain, was set to 1 : 1 assuming
random distribution of cis and trans units over the chain. In this
approximation all dihedral angles were determined based on the
Boltzmann distribution obtained using the torsion potentials
included in the COMPASS force field for particular bonds with
allowance for local non-bonding interactions.

It is convenient to carry out visualisation by slicing the cubic
boxes generated. In boxes with 4 ± 5 nm edges, the neighbouring
layers are separated by a distance of about 0.3 nm (Fig. 7). In
Fig. 7 a, the white background denotes the free volume; the free
volume elements in PTMSS represent compact aggregates the size
of which is comparable with the slice-to-slice separation. For
instance, the visible FVE in slice c4 is not seen in the neighbouring
slices c3 and d1 . This means that the FVE size is comparable with
the slice-to-slice separation of*0.3 nm. The visible `diameter' of
FVE in this slice is also similar to this value. Thus, our simplest
analysis shows that the shape of the free volume elements in
PTMSS is nearly spherical or ellipsoidal with similar lengths of
semiaxes. PTMSP has another shape of the free volume elements
(Fig. 7 b). Here, the characteristic size of FVE is much larger and
the sameFVE can be seen inmany slice sequences in the cubic box.
This can be considered as a proof of the assumptions of quasi-
open porosity in this polymer, which were based on some indirect
observations.161, 162 A broad FVE size distribution was also
obtained in another study 152 where it was found that larger FVE
tend to form channels.

According to MD simulation data, the other polymer with
high permeability, viz., amorphous Teflon AF2400, has yet
another type of the nanostructure of the free volume elements.
The results of MD simulation of the packing in this polymer
showed 111 that the FVE size here is also rather large, but the FVE
no longer pierce the whole cubic box, as in the case of PTMSP.
Elongated FVE rarely extend to more than one or two slices.
Thus, the structure of the AF2400 polymer is rather characterised
by the closed porosity.

It is interesting to follow how these microscopic properties are
reflected in the macroscopic behaviour of membrane materials, in
particular their gas permeabilities and diffusion coefficients
(Table 8). Since

P=DS,

the changes in P in series of penetrants are governed by the kinetic
(D) or thermodynamic (S ) factors. For all polymers theirD values
decrease, although at different rates, as the size or molecular mass
of penetrant increase. On the contrary, the solubility coefficients
S, which characterise the ability of transition to condensed state,
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increase in this case. In polymers the with open porosity charac-
terised by low barriers to diffusion the parameter P is more

strongly affected by the solubility coefficient S. It is this behaviour
that is typical of PTMSP, which has a relatively weak dependence
of D on the size of the penetrant. Contrary to this, polymer
AF2400 behaves as a conventional glassy polymer and demon-
strates a rather strong dependence of D on the size of the
penetrant; therefore, here the P values decrease on going from
CH4 to C3H8 . Thus, the connectivity of the free volume elements
has a crucial effect on the selectivity of glassymembranematerials.

UsingMD simulation, it is possible to determine the FVE size
distribution. The corresponding procedure involves filling of the
box with probes of different size and calculations of the volume
where the rigid spheres of the probes and polymer atoms do not
overlap. However, because the free volume in polymers has a
complex geometry (irregular shape; for details, see, e.g.,
Refs 164 ± 167), the results obtained can depend on how the
notion `FVE' used in analysis of the computer model is defined.
Hofmann et al.111, 157, 168 put forward two definitions of the FVE
in polymers; these are illustrated in Fig. 8. One limiting case
(V_connect approximation) corresponds to a topological situa-
tion where a given FVE contains all points having at least one
neighbour with no overlap of the rigid spheres of the probe and
atoms of the polymer chain. This approach makes it possible to
identify cavities that can be large and have irregular shape. In the
other limiting case (R_max approximation), the FVE contains
only the points located at the shortest distance to the atoms of the
polymer chain surrounding the FVE. This approach allows
partition of large FVE having irregular or extended shape into
smaller `local' regions, as shown in Fig. 8.

Now consider how the shape of the FVE size distribution in
polymers, obtained using these two approximations, are repre-
sented. PTMSS is characterised by a nearly Gaussian distribution
with a maximum at R=2 �A (Fig. 9), which is consistent with the
results of qualitative analysis of the cubic box (see above and
Fig. 7 a). For this polymer, both approximations give similar FVE
size distributions. Another pattern was obtained for the polymers
with high permeabilities and large free volumes. As examples,
Fig. 10 presents the FVE size distributions obtained for amor-
phous Teflon AF2400 in the R_max and V_connect approxima-
tions. In the former case, this is a broadened continuous FVE size
distribution with radii of up to 13�A. In the latter case, we have a
clearly seen bimodal distribution consistent with the results of
PALS data processing using the CONTIN programme (see
Section II). Because the real structure of the free volume in
polymers should be considered as superposition of these two
limiting models, it seems that we get even better agreement
between the predictions of MD simulations and experimental
results obtained using probe methods.

Similar characters of the distributions obtained in the V_con-
nect andR_max approximationswere also established for PTMSP
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Figure 7. Model representation of the free volume in PTMSS (a) and

PTMSP (b).157

Cube edge is about 5 nm, slice-to-slice separation is nearly 0.3 nm; slices

are shown as follows: a1 ... a4 , b1 ... b4 , c1 ... c4 , d1 ... d3(d4).

Table 8. Permeability and diffusion coefficients of hydrocarbons in
AF2400 and PTMSP.

Gas P /Barrer 107D /cm2 s71

AF2400 41 PTMSP 163 AF2400 41 PTMSP 163

CH4 435 15 000 7 240

C2H6 252 31 000 3.6 110

C3H8 97 38 000 0.42 98

C4H10 7 78 000 a 0.24 7

aData taken from Ref. 162.

V_connect R_max

Figure 8. Schematic illustration of two approaches to visualisation of the

free volume in glassy polymers.157

The V_connect approximation characterises the `global' FVE, while the

R_max approximation characterises the `fractional' FVE more similar to

spherical.
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and other polymers with high permeabilities.111 Bimodal distri-
butions in the V_connect approximation were also obtained in
simulation of polymers with smaller permeabilities (polyimides,
see Fig. 11). However, a decrease in gas permeability (and free
volume) of polyimides is followed by rapid transformation of the
bimodal distribution to monomodal (Gaussian).168

The character of the FVE size distribution depends on the
probe size. For instance, the use of oxygen molecules (van der
Waals radius 1.73 �A) instead of o-Ps (Bohr radius 1.06 �A) as
probes causes the distribution to be shifted to the left at larger
radii; however, the overall distinctions between the two distribu-
tions are insignificant.111

By substantially reducing the probe size, one can plot the
`total' FVE size distribution 157, 169 (Table 9), which includes even
so small cavities that cannot participate in transport of the
smallest molecules. For most glassy polymers extrapolation to
zero probe size gives a FFV of about 0.3, but in some cases (e.g.,
PTMSP) it can be as high as 0.5 (Ref. 157). Taking atactic
polypropylene as an example, Greenfield and Theodorou 144

showed that a decrease in the probe size causes a rapid increase
in continuous free-volume clusters in the polymer, which over-
come the percolation threshold. Indeed, an infinite cluster is
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Figure 9. Size distribution of free volume elements in PTMSS.157

Rectangles denote the results obtained in the R_max approximation. The

curve corresponds to averaged data.
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Shown is the evolution of the size distribution upon a change in the

polymer permeabilityPO2
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formed at a virtual (unnatural) probe radius of 0.9 �A (cf. a range
from 1.20 to 1.30 �A reported by different authors for the van der
Waals radius of the He atom).

Correctness of the results ofMD simulation of the free volume
in polymers can be assessed not only by comparing them with the
results obtained by experimental probe methods, but also by
checking for consistence with the FVE size distributions in the
same polymers treated using different computational approaches
(see, e.g., Refs 157 and 169). To date, MD simulations of the free
volume in many glassy polymers (polyimides, polysulfones,
polystyrenes, polyacetylenes, etc.) have been carried
out.110, 148, 160, 163, 164 For most polymers, the FVE radii lie in the
range 2 ± 4 �A, which is consistent with the data obtained by two
probe methods, PALS and 129Xe NMR spectroscopy. However,
for some polymers with high permeabilities MD simulation gives
much larger FVE radii (up to 10 ± 20 �A), which undoubtedly
determines unusual transport properties of these compounds.
Selected results of MD simulation of the free volume and
experimental PALS data are listed in Table 10. Taking into
account a large number of admissions made in both MD simu-
lation and experimental free-volume studies, the degree of con-
sistency obtained for most polymers can be considered
reasonable.

In the aforesaid we considered the static free volume in
polymers. However, MD methods are also suitable for studying
the redistribution dynamics of FVE in polymers. For rubbers [e.g.,
polydimethylsiloxane, poly(methyloctylsiloxane) 172 ± 174 and
poly(dimethylsilamethylene) 158] the average lifetime of FVE in a
certain domain within the box is a few picoseconds while the
opening of channels connecting the neighbouring FVE seems to
take even shorter time. Glassy polymers, e.g., polyimides and
poly(ether-ether-ketone) 172, 175 are characterised by much longer
average lifetimes, but reliable data on these times are unavailable
as yet, because analysis of the events occurring on a few-nano-
second time scale requires unreasonably high computational
resources.

The time necessary for visualisation of FVE redistribution in
glassy polymers is much longer than several nanoseconds.158

Consider the dynamics of FVE redistribution in rub-
bers 153, 158, 172 in more detail. Simulation of the free volume in
poly(methyloctylsiloxane) rubber showed that the opening time of
a channel between neighbouring FVE is of the order of nano-
seconds, i.e., is two orders of magnitude longer than the `settled'
lifetime of the penetrant molecule (H2O). Channels being opened
are rather broad; as a result, two neighbouring FVE coalesce. This
provides an explanation for the well-known phenomenon of low-
selectivity diffusion in rubbers; indeed, here size selection of the
diffusing molecules in the opening channels is impossible. Micro-
scopically, migration of FVE (or, which is the same, opening of
channels) is a consequence of both segmental mobility and small-
scale mobility of side groups (CH3 and C8H17 for poly(dimethyl-
siloxane) and poly(methyloctylsiloxane),153 respectively).

Similar conclusionswere also drawn in studies of the dynamics
of fluctuating FVE in another organosilicon rubber, poly(dime-
thylsilamethylene).158 MD simulation of this polymer was carried
out for the free volume `sensed' by two penetrant molecules of
different sizes, namely, methane and a spherical penetrant with
diameter of 2.8 �A (similar to the size of H2 molecule). The FVE
concentrations accessible to methane molecule appeared to be
much lower than those accessible to the smaller penetrant. In both
cases the larger FVE were characterised by longer `settled' life-
times compared to the smaller FVE. The spatial FVE distribution
significantly changed after a period of 10 ns (time interval between
two successive `frames' in MD simulation of the free-volume
dynamics); the effective diffusion coefficients of FVE were of the
order of 1073 ± 1074 cm s71. This provides an explanation for
fast gas diffusion in rubbers.

VII. Conclusion

At present, the free volume in polymers is studied by experimental
methods based on different physicochemical principles and meas-
uring techniques. On the whole these techniques give mutually
consistent results. Among them, analysis of positron annihilation
lifetimes has been best developed and most often used. Despite
some admissions associated with uncertainties in the hypothesis of
spherical geometry of the FVE in polymers and some doubt
concerned with bimodal FVE size distribution, this method gave
a clear description of the free volume in hundreds of polymers.
Also, it is at least equally important that the method makes it
possible to study changes in the free volume upon chemical
modification of polymers, sorption and plastification, upon
change in temperature and under the action of pressure and
deformations.

The results obtained showed that other probe methods are of
much more limited use. However, their role should not be under-

Table 9. FFV estimates obtained from MD simulation with probes of
different sizes.157

Polymer Probe size /�A FFV

PTMSS 1.1 0.02

0.43 0.185

0.18 0.331

extrapolation to zero *0.36

PTMSP 1.1 0.211

0.43 0.369

0.18 0.469

extrapolation to zero *0.50

Table 10. FVE radii (�A) in polymers obtained from molecular dynamics
simulation and by PALS.

Polymer MD simulation PALS

Rm R1/2 Ref. R R3 R4 Ref.

6FDA-poly-

imides

P13 3.0 1.3 ± 4.5 168 4.2 76

P14 2.7 1.4 ± 4.4 168 4.0 76

BAAF 2.7 1.3 ± 4.0 168 3.6 76

2.7 1.3 ± 3.7 170

PDA 2.6 1.3 ± 4.0 168 3.4 76

ODA 2.6 1.3 ± 3.8 168 3.2 76

PS 3.2 2.9 ± 3.6 167 2.7; 33

2.9 171

PTMSS 1.9 1.3 ± 2.8 157 2.6 3.8 159

PFPDMSS 1.8 1.3 ± 2.6 157 3.6 157

PSP 1.2 0.8 ± 2.2 170 2.8 34, 172

PVTMS 2.6 1.3 ± 4.4 111 3.4 111

PTMSP 4.5 1.7 ± 8.0 111 3.3 6.3 111, 157

5.6 4.7 ± 7.4 169

PPrSiDPA 3.1 1.3 ± 4.9 111 4.4 6.5 111

PPHSiDPA 2.7 1.0 ± 4.7 111 2.6 4.1 111

AF2400 4.7 3.3 ± 5.5 169 2.7 6.0 111

AF1600 3.1 1.6 ± 5.2 111 2.5 4.9 111

4.8 40

Note. Rm is the FVE radius at the distribution maximum; the width of the

FVE size distribution is represented by the range of R1/2 (radii at half-

height) values; PALS data are represented by either a unique radius of

spherical FVE (R) or two values (R3 and R4) if the size distribution is

bimodal.
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estimated. Indeed, reasonable agreement between the FVE sizes
determined by different methods increases the degree of confi-
dence for the principle of probing the free volume in polymers.
This made it possible to establish various correlations between the
free volume and particular characteristics (e.g., diffusion coeffi-
cients and gas permeabilities), which are suitable for quantitative
predictions.

Recently,MDmethods have become of particular importance
for the description and prediction of free-volume parameters. The
results obtained by the probe methods are still needed to confirm
the results of simulation, but it seems likely that in the future the

MD methods will become the main tool of studying the free
volume in polymers. It is also of crucial importance that MD
simulation provides not only local characteristics of the free
volume (FVE size and FVE size distribution), but also informa-
tion on its topology (closed or open porosity, percolation phe-
nomena, etc.). This is inaccessible to probe methods. The
aforesaid suggests that the results of studies on the properties of
polymers (e.g., membrane polymers) should be complemented
with the data obtained by probemethods and by the results ofMD
simulation of the free volume in polymers.

List of polymers.

Notation Name Formula

PVA poly(vinyl acetate)

PVTMS poly(vinyltrimethylsilane)

PVC poly(vinyl chloride)

PDMS poly(dimethylsiloxane)

PDSNb poly(disilylnorbornene)

PC bisphenol-A polycarbonate

PMMA poly(methyl methacrylate)

PPrSiDPA poly{1-phenyl-2-[p-(triisopropylsilyl)phenyl]}acetylene

PS polystyrene
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List of polymers (continued).

Notation Name Formula

PSP polysulfone

PTMSP poly(trimethylsilylpropyne)

PTMSS poly(p-trimethylsilylstyrene)

PTFE poly(tetrafluoroethylene)

PPO poly(1,3-dimethyl-2,5-phenylene oxide)

PFPDMSS poly[p-(3,3,3-trifluoropropyl)dimethylsilyl]styrene

PPHSiDPA poly{1-phenyl-2-[p-(triphenylsilyl)phenyl]}acetylene

PE polyethylene

PEMA poly(ethyl methacrylate)

LDPE low-density polyethylene

EVA ethylene ± vinyl acetate copolymer

AF-2400 random copolymer of 2,2-bis(trifluoromethyl)-

4,5-difluoro-1,3-dioxole (87 mol.%) and

tetrafluoroethylene (13 mol.%)

AF-1600 random copolymer of 2,2-bis(trifluoromethyl)-

4,5-difluoro-1,3-dioxole (65 mol.%) and

tetrafluoroethylene (35 mol.%)

C O

Me

Me

S O

O

O
n

n

C C

Me

SiMe Me

Me

CH CH2
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MeMe Si

n
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n
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n
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List of polymers (continued).

Notation Name Formula

6FDA-ODA polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

4,40-diaminodiphenyl ether

6FDA-BAAF polyimide based on 1,1,1,3,3,3-hexafluoro-

2,2-bis(3,4-dicarboxyphenyl)propane dianhydride

and 2,2-bis(4-aminophenyl)hexafluoropropane

6FDA-P13 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane and 2,3,5,6-tetramethyl-p-

phenylenediamine

6FDA-P14 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

2,4,6-trimethyl-m-phenylenediamine

6FDA-2 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

2,5-dimethyl-p-phenylenediamine

6FDA-1 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

methyl-p-phenylenediamine

6FDA-PDA polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

p-phenylenediamine

6FDA-T6 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

4,400-diamino-3,5,20,50,300,500-hexamethylterphenyl

6FDA-B4 polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

4,40-diamino-3,5,30,50-tetramethylbiphenyl

6FDA-MDX polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

4,40-diamino-3,5,30,50-tetramethyldiphenylmethane

DDS polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-

dicarboxyphenyl)propane dianhydride and

4,40-diaminodiphenyl sulfone

KAP polyimide of pyromellitic dianhydride and

4,40-diaminodiphenyl oxide
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Abstract. Chromatographic techniques for determination of bio-Chromatographic techniques for determination of bio-
logically active phenols and polyphenols are considered. Variouslogically active phenols and polyphenols are considered. Various
methods for sample preparation and detection are compared. Themethods for sample preparation and detection are compared. The
advantages of high performance liquid chromatography withadvantages of high performance liquid chromatography with
spectrophotometric detection for determination of antioxidantsspectrophotometric detection for determination of antioxidants
are demonstrated. Data on determination of biologically activeare demonstrated. Data on determination of biologically active
phenols and polyphenols published in the period from 1995 tophenols and polyphenols published in the period from 1995 to
2005 are analysed. The bibliography includes 270 references2005 are analysed. The bibliography includes 270 references..

I. Introduction

During the last decade, the number of publications devoted to
chromatographic studies of natural and synthetic biologically
active compounds has sharply increased.1 ± 8 The studies of the
antioxidant activity of, in particular, phenol and polyphenol
derivatives attract special attention of researchers. The environ-
ment deterioration and the increase in the number of stress
situations decrease the defense forces in humans. This, in turn,
increases the risk of pathological states (cardiovascular diseases,
inflammatory processes, atherosclerosis, etc.). Studies of the
active forms and the mechanisms of action in vitro and in vivo of
natural and synthetic biologically active compounds is a topical
problem related to preservation of human health.

Phenols and polyphenols possess a broad spectrum of bio-
logical activities: they exert antioxidant,9 ± 11 antiinflammatory,12

antitumour,13 capillary strengthening 14, 15 and hepatoprotector 16

actions. They are able to form chelates with metals. These chelates
can exhibit both antioxidant and prooxidant { activities.17 ± 19 This
accounts for the use of biologically active compounds inmedicine,
pharmacology, biochemistry and food industry. Despite the wide
use of polyphenols as antioxidants, themechanisms of their action
in vitro and in vivo and the cases where these compounds behave as
prooxidants 20 are still not entirely clear. This is due, on the one
hand, to the existence of numerous natural derivatives of these
compounds and the diversity of their oxidised forms and, on the

other hand, to the complexity of composition of the extracts from
which these compounds are isolated and determined. Therefore,
to analyse biologically active compounds, one needs information
on their transformations during all stages of sample preparation.

This review considers the studies devoted to chromatographic
methods for determination of biologically active phenols and
polyphenols published over the last 10 years. The attention is
focused on the most widely used procedures.

II. General characteristics of biologically active
phenols and polyphenols

Phenol derivatives constitute a widely encountered and abundant
class of natural products exhibiting biological activity. They are
distinguished by the presence of free or bound OH group as a
substituent in the benzene ring.
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Phenols are present almost in all plants either as glycosides or
in the free state in amounts from 0.1% to 7%.21

Phenolic alcohols and their glycosides favour the increase in
human performance capability and the organism resistance
against adverse effects. Hydroxycinnamic acids (p-coumaric,
caffeic, ferulic and sinapic acids) are present in many plants 22

and fruits 23, 24 in various combinations, either in the free state or
as glycosides or esters. Caffeic acid and its derivatives (chlorogenic
acid and its isomers), which have antiinflammatory and choleretic
actions, are found in nature most often. Chlorogenic acid occurs
in large amounts in coffee beans, bilberry, mountain tobacco, wild
chamomile leaves, etc. Ferulic acid is a part of plant cell walls.25

Caffeic, chlorogenic, ferulic and coumaric acids together have a
hypouremic effect, enhance the kidney function and stimulate the
detoxifying function of the liver. Hydroxycinnamic acids are also
present in echinacea, burdock root, hawthorn and rhubarb.

Ellagic acid is abundant in many fruits and vegetables,
especially in raspberry, strawberry and pomegranates. Stilbenes
are mainly contained in various kinds of wood (pine tree, gum-
tree, etc.).

Catechins were found in many fruits 26 (apples, peaches,
apricots, queen-apples and plums) and berries (cherry, straw-
berry, currant, raspberry, gooseberry and cowberry). Large
amounts of catechins are present in tea-plant browses 27 (up to
20%±25% of the dry weight) and acacia catechu browses (which
gave rise to the name of these compounds), in grapes (mainly in
stones and peel),28 and in cocoa beans.29 Catechins show high
biological activity; in the human body, they control the capillary
permeability and increase the wall elasticity and also increase the
bioavailability of ascorbic acid. Therefore, catechins are classified
as substances having P-vitamin activity and are used in the
therapy of diseases related to capillary dysfunction and edemas.30

The cell vacuoles of many flowers and fruits contain pigments
such as anthocyanidins and anthocyanins [as oligomeric and
polymeric forms (proanthocyanidins) or complexes with metals,
proteins and polysaccharides], which are responsible for their
bright colour.31, 32 Proanthocyanidins were found in most fruits 33

and vegetables 34 and in leaves of many plants. The main source of
these compounds on an industrial scale are grape stones and peel
and the cluster pine cork. In medicine, they are used to prevent the
cardiovascular diseases and to reduce the cholesterol level in
blood.35 Studies of the antitumour activities of anthocyanidins
are in progress.36 The instability and structural diversity of
anthocyanidins complicate their qualitative analysis.

Flavonols (dihydroflavonols) are mainly present in coniferous
wood (pine tree, larch tree and cedar) and some leaf wood
(eucalyptus, beech, cherry). Flavanones are encountered in citrus
plants. Hesperetin and its glycoside, hesperidin, are contained in
the orange, lemon and citron pulp; the glycoside naringin is
responsible for the bitterish taste of grapefruit, and eriodictyol
occurs in lemons.37, 38

Like flavones, flavonols are yellow pigments,39 which are
distributed in plants most widely (almost universally).40 Com-
pounds of this group encounteredmost frequently include kaemp-
ferol, quercetin, myricetin and their numerous derivatives. 3,5,40-
Trihydroxystilbene (trans-resveratrol) present in red wine is an
interesting biologically active polyphenol, which has been the
subject of a large number of studies in recent years. It was found 41

that trans-resveratrol protects the membrane lipids from perox-
idation; it quenches free radicals less effectively than flavonoids
but it is more effective in chelating copper ions.

Coumarins are also widely distributed in nature.42 ± 44 They
are present in umbelliferous, leguminous and rue plants, being
mainly concentrated in roots and fruits.45 Owing to the avail-
ability and the ease of chemical modification, coumarins can be
used for the development of medicinal drugs.46 A meptazinol
derivative based on coumarin is more easily uptaken in the body
than the starting drug,47 and the coumarin derivative with trans-
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resveratrol is a more efficient vasodilator than trans-resveratrol
itself.48 Coumarins are used as anticoagulants;49 they exhibit
bactericidal,50 fungicidal 51 and antitumour 52 activities.

The relationship between the antioxidant activity and the
chemical structure of polyphenols has not been ultimately eluci-
dated as yet. Chromatographic methods can be used to study the
relationship between the structures and some properties of phe-
nols.53 This is done by modelling the retention in various versions
of chromatography 54 ± 56 and by numerical methods.57 It has been
established 58 that the antioxidant activity of polyphenols
increases in the following cases:

(i) in the presence of a 2,3-double bond of the heterocyclic
ring, as this seems to allow electron delocalisation between rings A
and B [see the structure of (+)-catechin] and, hence, stabilisation
of the aryloxyl radical formed;

(ii) in the presence of hydroxy groups in positions 2 and 4 of
ring B, because this apparently also contributes to radical stabil-
isation;

(iii) on passing from polyphenol glycosides to aglycons,
because carbohydrate residues in glycosides markedly decrease
the antioxidant activity;

(iv) in the presence of a free phenolic hydroxy group.
It is known 59 ± 65 that vegetables, fruits, red wine, chocolate,

and other foodstuffs rich in polyphenols, when eaten on a regular
basis, decrease substantially the risk of cardiovascular diseases.

Depending on the type and concentration of the initiator of
free radicals, polyphenols can behave as either antioxidants or
prooxidants.66 ± 69 The understanding and interpretation of the
dual behaviour of polyphenols is complicated by the fact that
despite the large body of data on high biological activity accumu-
lated in recent years, the questions concerning the mechanism of
their action and existence in the active forms in vitro and in vivo are
still open. Therefore, development of procedures for determina-
tion of phenols and polyphenols in various objects by various
analytical techniques, including chromatographic ones, is a
topical task.

III. Sample preparation

An important problem that researchers are often faced with when
investigating complex mixtures is the need to isolate the analytes
from natural sources and thoroughly purify the extracts prior to
the analysis.

The strategy of determination of biologically active com-
pounds in plants depends on the nature and structure of the
compound under study, the object of analysis (sample) and goals
of analysis and cannot be completely unified. The following main
stages of the investigation can be distinguished: extraction of the
compounds from the sample, purification of the extract from
accompanying compounds, separation and identification.

1. Extraction of compounds from natural sources
As a rule, biologically active compounds come from plant sources.
Therefore, the primary task of a research is to extract the target
compounds from the rawmaterial as fully as possible, better in the
native form. Usually, this is done by liquid or supercritical fluid
extraction, in some cases, by high-pressure steam extraction. The
extraction methods that permit preliminary purification of the
extract from accompanying compounds are preferred.

The plant material is crushed and defatted by treatment with
light petroleum, hexane or chloroform. If it is necessary to isolate
a particular compound or a group of compounds from a complex
sample, successive extractions with solvents in the order of
increasing polarity is carried out (hexane, diethyl ether, ethyl
acetate, butanol, water ± ethanol mixtures).70 In simple cases, one-
stage extraction with methanol 71, 72 or dichloromethane is per-
formed.73 Pinelo et al.74 used ethanol for complete extraction of
biologically active phenols from the almond shell and pine
sawdust, while polyphenols were selectively extracted with meth-
anol. In another study,75 phenols were extracted from lablab

stems, flowers and fruit coat with 90%methanol and from leaves,
with 90% ethanol. Preliminary separation of the flavonoids in
plant extracts is carried out using preparative thin layer chroma-
tography or preparative reversed phase chromatography.76 The
isolation of polyphenols from plant material is performed most
often using 80% ethanol. The purity of the resulting fractions is
checked by thin layer chromatography.77 ± 79

Anthocyanins and anthocyanidins are extracted and sepa-
rated in an acidic medium in order to avoid the destruction of non-
acylated derivatives. In addition, the most stable resonance form
of anthocyanins, flavylium cation, is formed at pH<2. The
extraction of anthocyanins from the ghost plant (Graptopetalum
paraguayense) leaves with water and water ± ethanol mixtures at
different temperatures has been studied.80 The highest antioxidant
activity was found for a 50% ethanolic extract (extraction for 3 h
at 75 8C). A mixture of water, acetonitrile and formic acid
(1 : 1 : 0.1) 81 or trifluoroacetic acid (1 : 1 : 0.5) 82 was used to
extract anthocyanins from liliaceous plant petals. Extraction
with water 83 or methanol 84 with addition of an acid is also
possible; however, the extraction time in this case is 12 ± 16 h.
Water ±methanol ± organic acid mixtures are more efficient.
These extractants were used to isolate anthocyanidins of orna-
mental plants.85 ± 87 The extraction efficiency increases when an
ultrasonic bath or a magnetic stirrer is used.

Sample preparation of procyanidins has some specific fea-
tures. These compounds readily form complexes with metals,
polysaccharides and proteins, which hampers their extraction
using solid sorbents. The extraction of procyanidins from the
seed coats or fruit pulp is complicated by the fact that procyani-
dins are oxidised during fruit ripening. This yields procyanidin ±
polysaccharide complexes and the solubility of procyanidins thus
decreases.88

Rohr et al.89 proposed a procedure for quantitative determi-
nation of procyanidins (three dimers and a trimer of epicatechin)
in hawthorn leaves and flowers by reversed phase high perform-
ance liquid chromatography. The most complete extraction of
procyanidin oligomers (yield 99%) was achieved using 70%
aqueous acetone.However, during acetone evaporation, polymer-
isation and precipitation of the target compounds may take place.
Extraction with 70% aqueous methanol has been reported.90, 91

Methanol was used to obtain extracts from olive tree, hawthorn
and oregano leaves.92 The extraction of procyanidins from the
cat's claw (Uncaria tomentosa) bark by refluxing with water has
been reported.93 Flavonoid glycosides and anthocyanidins can be
destroyed by acid hydrolysis carried out at *90 8C for several
hours. The effect of the addition of an acid during extraction on
the antioxidant activity of plant extracts has been studied.94 The
activity was found to increase in the vast majority of cases.

The higher the pressure, the higher the efficiency in liquid
extraction. Papagiannopoulos et al.95 identified 41 polyphenols in
an aqueous acetone extract of algaroba obtained in this way. By
varying temperature and pressure, biologically active phenols
have been selectively extracted with water from rosemary 96 and
other plants.97 By combined use of solid-phase extraction and
high performance liquid chromatography, an automated proce-
dure for determination of procyanidins in malt was developed.98

Using supercritical fluid extraction technique, one can sub-
stantially increase the yield of labile compounds from biological
matrices. As a rule, supercritical carbon dioxide is used. Since the
polarity of CO2 is relatively low, a polar modifying agent is often
added. The effects of temperature, pressure and polar additives on
the extraction kinetics and antioxidant properties of the ginger oil
have been studied.99 The efficiency of supercritical fluid extraction
of phenols from the olive tree leaves with supercritical CO2 has
increased after the addition of methanol.100 Thermodynamic
modelling of quercetin solubility in supercritical CO2 in the
presence of ethanol has been carried out.101 A scheme for broad-
scale supercritical fluid extraction of the rosemary oil followed by
liquid chromatography ±mass spectrometry analysis of the
obtained fractions has been proposed.102 The use of supercritical
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CO2 for the fractionation of plant extracts has been reported.103

New extraction techniques such as supercritical fluid extraction
and automated tunnelling solid-phase microextraction has been
described.104 The extent of extraction of polyphenols from grape
stones with liquid ± liquid, solid-phase and supercritical fluid
extraction have been compared.105 The highest yield was achieved
by the last-mentioned technique, possibly, due to the fact that the
sample was located in a carbon dioxide atmosphere and was
protected from light. This minimised decomposition of unstable
compounds such as catechins.

A comparison of the efficiency of extraction from natural
sources by liquid ± liquid, solid-phase and supercritical fluid
extraction techniques and by high-pressure extraction using
various solvents has been reported.106

Usual objects of analysis, i.e., plants, berries, fruits and
vegetables, contain diverse phenols and polyphenols. However,
substantial portions of these compounds are often lost during
extraction, isolation and purification. Therefore, correct choice of
the sample preparationmethod is a key issue in the qualitative and
quantitative analysis of complexmulticomponentmixtures.107, 108

2. Methods for extract purification and preconcentration
A number of techniques for the extraction and purification of
phenols from complex mixtures have been reported,109, 110 specif-
ically, supercritical fluid extraction, semipreparative high per-
formance liquid chromatography, high-speed counter-current
liquid chromatography and superheated solvent extraction.
Liquid ± liquid and solid-phase extractions are used most widely
for purification and preconcentration of polyphenols.111 ± 120

For correct quantitation of phenol derivatives, it is necessary
to take into account their possible transformations. This is
especially important for analysis of food and beverages. During
their production, phenols present in the raw materials undergo
various transformations.

The influence of different wine manufacture processes on the
composition of phenols and the antioxidant properties of the red
wine Spatburgurder (Pinot Noir) and Cabernet Franc have been
studied.121 The processes included the grape peel fermentation,
mash heating and a combination of these processes. The highest
concentrations of anthocyanins, flavan-3-ols, flavonols and stil-
benes were found in the red wine prepared by process combina-
tion. Lower concentrations of biologically active compounds were
present in the wine prepared by mash heating; the wine produced
by peel fermentation contained the lowest amount of anthocya-
nins. The process of fermentation during production of wine from
blackberry and cherry berries caused *25% decrease in the
content of the total polyphenol fraction.122

In the extraction of phenols from grapefruit and orange
juices 123 and dry leaves of green tea,124 high yields were attained
by repeated liquid ± liquid extraction with aqueous methanol and
acidified methanol. However, solid-phase extraction 125 ensures
higher yield of phenols and polyphenols from various samples
than liquid ± liquid extraction. The main eluents for fractionation
and separation of extracts are presented in Table 1.

IV. Chromatographic determination of phenols
and polyphenols in various objects

1. Determination in plant materials
Determination of phenols in objects with a large number of
components (complex mixtures) is performed most often by
chromatography and capillary electrophoresis. Due to the ther-
mal and chemical lability of most compounds to be determined,
thin layer chromatography, its high performance version, capil-
lary electrophoresis and high performance liquid chromatography
are used. Thin layer and flash chromatography were the first
methods used to separate many biologically active compounds of
the plant origin. These methods are distinguished by low cost and
simplicity. High-performance and two-dimensional thin layer
chromatography can be used for analysis of complex natural
sources of phenols.

Plant extracts do not require thorough purification by thin
layer chromatography. Examples of such analyses are qualitative
and quantitative determination of flavonoids in the passion flower
(Passiflora coerulea) 126 and beech extracts.127 Flavonoids were
detected by exposure to UV light,128 while procyanidins and
anthocyanins were visualised by spraying with a 5% solution of
vanillin in an ethanol ±HCl (4 : 1) mixture.129 Aglycons and
glycosides were detected in the UV light and then visualised by
spraying with a solution of H2SO4 and heating.130 Scanning
densitometry was used to analyse plant pigments.131 Simultane-
ous separation and detection of compounds with antioxidant
properties was carried out on plates with 1,1-diphenylpicryl-
hydrazide 132 and silver nanoparticles 133 applied thereon as indi-
cators.

Gas chromatography is of limited utility for the analysis of
natural biologically active compounds due to the necessity of
derivatisation of phenols into methyl or trimethylsilyl derivatives.
Nevertheless, such analysis is practised. Gas chromatography
with mass spectrometric detection was used to determine phenolic
acids in a coriander extract,134 the main flavonoids and their
glycosides in the willow wood 135 and phenols in the wormwood
oil.136 Fiamegos et al.137 have developed a procedure for simulta-
neous extraction and derivatisation of flavonoids and phenolic
acids for their determination in plant extracts by gas chromato-
graphy with mass spectrometric detection.

High performance liquid chromatography is used most often
for determination of phenols. This is due to the following
advantages of the method: high selectivity of the sorbents,
sensitivity and selectivity of the diode array, ultraviolet, fluores-
cence and mass spectrometric detectors and mild conditions of
analysis under which the analytes are not decomposed. High
performance liquid chromatography on reversed phase columns
with binary solvent systems and diode array detector is used both
for routine analyses and to study plant extracts with complex
composition. The detection limit of flavonoids can be reduced by
using electrochemical or fluorescence 138 detectors. Examples of
solvent systems and columns for this type of chromatography of
plant extracts are summarised in Table 2.

Chromatography with amperometric detection is used to
estimate the antioxidant activities of foodstuffs, beverages and
drugs.149, 150 Most natural biologically active phenols can be
oxidised on an electrode; therefore, the amperometric detector is
convenient for their determination. This allows one to establish
the presence of unknown compounds in complex natural sources
of phenols, whereas classical chemical methods 151 are only

Table 1. Eluents used for fractionation and separation of extracts.

Phenols Thin layer, preparative and column

chromatography

Procyanidins MeOH, acetone ±water,

ethyl acetate ±HOAc ±H2O

Anthocyanins BunOH±HOAc ±H2O (4 : 5 : 1);

BunOH±2N HCl (1 : 1),

1%HCl, HOAc ±HCl ±H2O (15 : 3 : 82)

Anthocyanidins HOAc ±HCl ±H2O (30 : 3 : 10);

HCO2H±HCl ±H2O (5 : 2 : 3)

Phenolic acids BunOH±HOAc ±H2O (4 : 5 : 1);

EtAc ±HOAc ±H2O (3 : 1 : 1);

EtOH±H2O±NH4OH (16 : 3 : 1);

toluene ±HOAc ±H2O (40 : 10 : 5)

Note. The followingmixture are used as eluents in high performance liquid

chromatography: organic solvent (methanol, acetonitrile, ethanol) ±

water ± acid (HCl, acetic, trifluoroacetic, formic, phosphoric) or organic

solvent ± acid.
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suitable for estimating the overall antioxidant activity of the
sample or the activity of a known compound.

The difficulties arising in the determination of phenols by
chromatographic methods are mainly related (apart from the
necessity of preliminary purification of the extracts before the
introduction into the column) to the lack of standards due to the
great diversity of natural forms of these compounds. Therefore,
the so-called fingerprint method is used in some cases for analysis
of complex plant extracts.152, 153 These fingerprints are specific for
each plant species and can be used to identify the source of a plant
raw material. Secondary metabolites, including phenolic acids
and flavonoids, are used as chemical markers in the finger-
prints.154 The plants species are differentiated based on the
variation of the composition and content of these compounds.155

A combination of the fingerprint method and chromatographic
analysis of biological fluids is used to identify fake drugs.156

A number of methods have been described for quantitative
and qualitative determination of proanthocyanidins and their
derivatives,157 chromatography and spectrometry being used
most often.

The spectrometric methods are based on reactions giving
chromophores (the Folin ±Ciocalteu reagent, the use of
HCl ±BuOH, vanillin, and so on). However, these methods do
not provide information on the amounts and structures of
oligomers with different degrees of polymerisation. Spectro-
photometry is used to determine the total amount of procyanidins
in complex samples,93 however lately it has been replaced by mass
spectrometry. Gel chromatography,158 thin layer and column
chromatography are used to isolate anthocyanin and procyanidin
fractions and to separate them according to the degree of polymer-

isation.92 ± 94 A mixture of individual procyanidins (from mono-
mers to trimers) can be separated by reversed phase high
performance liquid chromatography.99, 159 The method proposed
by Svedstrom et al.91 made it possible to separate epicatechin
oligomers (from monomers to hexamers) present in the extract of
hawthorn leaves and to isolate previously unknown trimers and
pentamers using a polyamide column and an acetonitrile-based
eluent.

Capillary electrophoresis is gaining increasing acceptance for
determination of pharmacologically important compounds in
plants.160 ± 162 trans-Resveratrol was determined using a borate
buffer (pH 8 ± 11), as borates form complexes with the hydroxy
groups of flavonoids, thus facilitating the separation.163 The
buckthorn flavonoids were separated in the presence of a modi-
fying agent, dimethyl-b-cyclodextrin.164 Anthocyanins have been
separated by capillary electrophoresis in an acidic medium.165

Neutral molecules can be separated in an electric field by
micellar electrokinetic capillary chromatography. By varying the
concentration of the micelle-forming agent (most often, sodium
dodecyl sulfate), the system selectivity can be changed. Various
modifying agents are used: methanol for determination of flavo-
noids, phenolic acids and aldehydes,166 butan-1-ol for flavonoids
and iridoids 167 and acetonitrile for coumarins.168 Drawbacks of
the method include lower sensitivity and reproducibility com-
pared to high performance liquid chromatography.

2. Determination in foodstuffs and beverages
Most often, phenols are detected by spectrophotometry using a
number of wavelengths: 230, 280, 360, 503 nm, etc. In some
studies dealing with particular groups of flavonoids, only one

Table 2. Results of analyses of the extracts of some flavonoids in plant samples by high performance liquid chromatography.

Sample Identified Extractant Column Mobile phase Detection Ref.

compounds

Red clover 11 flavonoids ethanol, methanol; HP ODS Hypersil H2O/AcOH±MeOH UV-MS 139

acid hydrolysis

Passion flower 10 flavonoids `dry' extract LiChrospher RP-18 H2O±THF±MeCN± UV-MS 140

(Passiflora incarnata) PriOH

Cistus 8 flavonoids chloroform, LiChrosorb RP-18 0.1M NH4OAc in H2O± UV-MS 141

(Cistus ladanifer) methanol THF±MeCN±PriOH

Goatweed herb 16 phenolic methanol TP 544 RP-18 H2O/H3PO4 ±MeCN± UV-MS 142

(Hypericum per- compounds MeOH

foratum, St John's

wort)

Oregano, caraway, flavonoids, methanol ±water Phenomenex RP C18 H2O/HCO2H±MeOH UV, MS-MS 143

fennel methoxyflavonoids (62.5%)

Siberian larch and 21 flavonoids ethyl acetate TLC: silica gel, H2O/AcOH±MeCN UV, IR, 144

Gmelin larch bark HPLC: Separon C18 NMR

Gnidia (Gnidia flavone and coumarin ethanol, heptane, RP 18 MeOH; UV, UV-MS 145

socotrana) herb derivatives ethyl acetate, H2O/AcOH±MeCN

n-butanol

Cyclopia 8 flavonoids, two methanol Phenomenex H2O/AcOH±MeCN±THF electrochemical 146

isomers separated Synergy MAX-RP C12 detector

Veronica (Veronica acylated flavonoids methanol, light polyamide column MeOH±CHCl3 , fluorescence 147

thymoides) and glycosides petroleum for flash chromato- MeOH±H2O detector

graphy,

TLC: silica gel

Brazilian pine tree 6 flavonoids methanol ±water, Phenomenex MeOH± DAD, MS 148

hexane Synergy C18 CHCl3/HCO2H

Notes. The following designations are used: UV-MS a combination of UV andmass spectrometric detectors, MS-MS is tandemmass spectrometry, TLC

is thin layer chromatography, DAD is diode array detector.
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wavelength was used, namely 280 nm for catechins 169 ± 173 and
520 nm for anthocyanins.174 ± 178 Other studies made use of wave-
lengths of 280, 306 and 360 nm for phenol detection.179 ± 184 Since
many phenols have several absorption maxima, they are often
determined using simultaneous scanning at several wavelengths
called diode array detection.185 ± 190 High performance liquid
chromatography with diode array detection is often used to
determine phenols present in foodstuffs and beverages. The key
advantage of this method is the low detection limits. For example,
the detection limit for catechins in the green tea extract was
reported to be 0.05 mg ml71 (with detection at 205 nm).191

Examples of using the diode array detection in the determination
of phenols and polyphenols in fruit and vegetable extracts and in

beverages by high performance liquid chromatography are sum-
marised in Table 3.

Determination of phenols in foodstuffs and beverages is often
carried out by reversed phase chromatography on modified silica
gels, because reversed phase columns ensure high separation
selectivity and better reproducibility of the results and have longer
service life. Some types of modified silica gels used most often in
the analysis of phenols in various objects are summarised in
Table 4.

To increase the sensitivity and selectivity of determination of
phenolic acids and aldehydes, simultaneous diode array and
fluorescence detection is used. In order to ensure the highest
sensitivity of the analysis, a fluorescence detector should be time

Table 3. Results of determination of phenol and polyphenol antioxidants in fruits, vegetables and beverages by high performance liquid chromatography.

Object Identified compounds Detector Quantifiable concentrations Ref.

Apples, (+)-catechin, DAD 0.1 ± 3.9 mg per kg 192

grapes, (7)-epicatechin, 7
beans 3 catechin derivatives 7

Grapefruit juice naringin DAD 280 nm 2.5 mg litre71 193

Grape berries trans-resveratrol, DAD 306 nm 4.5 ± 10.1 mg per 100 g 194

rutin, 7
quercetin, 0.16 ± 0.45 mg per 100 g

quercitrin 7

Bulgarian wine, quercetin, myricetin, DAD 360 nm the highest total content of flavonols 195

11 brands morin, kaempferol in the brand Melnic: 12.2 ± 16.9 mg litre71

Green and black tea 16 phenols including DAD 205 nm 2.84 mg g71 (black tea) 196 ± 199

(7)-epigallocatechin (23.46 ± 36.53) mg g71 (green tea)

Juices and beverages 21 phenols including: DAD 215 nm 200

quercetin 0.03 mg litre71

(7)-quininic acid 12.5 mg litre71

Table 4. Characteristics of some reversed phase columns used in analysis of phenol derivatives in various objects by high performance liquid
chromatography.

Object Column Elution time Identified Ref.

and mode compounds

sorbent type sorbent grain column size

diameter /mm /mm

Juices (apple and Shim-Pack VP-ODS 5 25064.6 80 min, gradient 31 phenols 201

multifruit)

Cranberry XDR C18 5 15064.6 47 min, gradient 13 phenols 202

Apples, pears Nucleosil 120 C18 5 25064.6 25 min, gradient 5 phenols 203

Green and black tea, PartiSphere 5 C18 3 11064.6 27 min, gradient 15 phenols 191

8 brands

Chocolate, 11 brands Hypersil ODS 5 25064.6 30 min, isocratic 9 phenols 173

Grapefruit, orange m-Bondapak C18 5 25064.6 20 min, isocratic 3 phenols 204

White wine, 11 brands Alltima 3 10064.6 20 min, isocratic 4 phenols 205

Grape berries Hypersil ODS 5 15064.6 25 min, gradient 4 phenols 206

Red and white wine, Nova-Pak C18 4 15063.9 34 min, gradient 17 phenols 207

5 brands

Onion, soy Hypersil 120 3 12564.6 30 min, gradient 5 phenols 208

Green tea YMC-Pack ODS-AQ 5 15064.6 50 min, isocratic 6 phenols 209

Orange juice Luna 3 15062.0 15 min, gradient 10 flavonoids 181

Lemon peel Nova Pak C18 5 15064.6 60 min, gradient 7 flavonoids 210

Wine a Spherisorb ODS 2 3 25064.6 55 min, gradient 17 phenols 211

Orange and grapefruit Alltech C18 5 25064.6 30 min, isocratic 3 flavonoid 123

juice concentrates glycosides

French wine b Nucleosil 100 C18 5 25064.0 75 min, gradient 1 phenol 212

Linseed Sperisorb S-ODS 5 25064.0 50 min, isocratic 6 phenols 213

Lentil, beans Nucleosil 120 C18 5 25064.6 20 min, gradient 5 phenols 214

a The wine brand was not specified. bRed and white wine, 5 brands each.
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programmed for the optimal excitation and fluorescence wave-
lengths for the group of phenols with similar spectral character-
istics. The use of statistic multivariant methods is of interest for
composing an optimal program for detection of a complex
sample.188 After optimisation of all individual parameters of the
analysis, the detection limit for trans-resveratrol using fluores-
cence detector was 0.003 mg litre71, and using diode array
detector, this value was an order of magnitude higher,
0.02 mg litre71 (Ref. 187).

The sensitivities of various versions of detection in the
determination of flavonoids in orange juice by high performance
liquid chromatography have been compared.215 The detection
limits and the concentrations of some flavonoids found in orange
juice are presented in Table 5. It can be seen that all detection
methods ensured high reproducibility and allowed quantitative
determination of low levels of flavonoids.

The compounds to be determined may have a broad range of
polarity; therefore, their analysis requires either a gradient elution
mode or several mobile phases with isocratic elution. Thus the
isocratic mode was used to determine anthocyanins, flavan-3-ols,
flavonols and phenolic acids in three brands of Bulgarian wine
and gradient elution was employed to determine stilbenes in the
same brands of wine.122 In some cases, virtually no sample
preparation was required. For analysis of trans-resveratrol iso-
mers in red wine, the sample was directly applied (without the
sample preparation stage) on a chromatographic column and the
fractions containing each of the target stilbenes were isolated by
reversed phase high performance liquid chromatography.216 Then
these fractions were analysed by the gas chromatography ±mass
spectrometry technique.{

A popular method for detection of phenols is coulometric
detection. Unlike amperometric analysis, in this case the analyte is
completely oxidised. The coulometric detector has been used for
qualitative and quantitative determination of phenols in vegetable
oils.195 The advantages of this detector are the simple design and
the possibility of simultaneous determination of eluates with
different oxidation potentials. This detector ensures a lower
detection limit and a higher selectivity than the UV detector
when used for quantitative determination of biologically active

phenols in plant extracts. However, it suffers from a number of
drawbacks, namely, contamination of the electrode by oxidation
products and, as a consequence, a change in the electrode
characteristics, dependence of the signal on the eluent flow rate
and limited applicability in the gradient elution mode.218 It has
been found 219 that phenolic acids and tocopherol show the
maximum coulometric detector response at low potentials
(100 ± 450 mV), while flavonoids show the maximum responses
in two ranges: 0 ± 300 and 600 ± 900 mV.

In the studies of complex natural objects by any chromato-
graphic method, identification of the components is an important
stage. This task is solved by comparing the retention times,
spectroscopic data and/or retention indices of the analytes with
the same parameters of standard (reference) compounds. In
analysis of natural objects, the most informative data can be
obtained by combined use of all characteristics.220 The phenol
derivatives determined by high performance liquid chromato-
graphy are identified by comparison of spectroscopic character-
istics (mass spectra) 221 and retention indices 222, 223 with the
respective characteristics of the standard compounds. In the
absence of standard compounds,224 the impurities in dihydro-
quercetin can be identified by combined consideration of the
retention indices and spectral ratios at different wavelengths. It is
possible to use retention indices in micellar electrokinetic chro-
matography.225

In recent years, high performance liquid chromatographywith
mass spectrometric detection 226 ± 230 or combinations of diode
array and mass spectrometric detection with various ionisation
sources 231 ± 234 have been used most often to identify phenols
present in plant rawmaterials and foodstuffs. The latter technique
is especially valuable in the study of acylated flavonoid glycosides
present in plants, vegetables or fruits in small amounts.

Using high performance liquid chromatography with mass
spectrometric detection and with chemical ionisation under
atmospheric pressure, extracts of about 40 fruit and vegetable
species have been characterised qualitatively and quantita-
tively.235 Seven flavonoids were isolated and identified. For
example, apples contained up to 2 mg of quercetin per 100 g of
the sample weight and parsley contained up to 185 mg of apigenin
per 100 g of the sample weight.

Studies of flavonoids in many spice plants carried out by high
performance liquid chromatography with electrospray ionisation
mass spectrometry detection have shown 143 the possibility of
determining molecular masses of aglycons and glycosides.

Capillary electrophoresis starts to be actively used to deter-
mine phenols in juices, tea, vegetable oils, wines and ber-
ries.236 ± 241 Advantages of this method include the possibility of
introducing the sample into a capillary in a dilute form under
pressure,242 i.e., the sample preparation stage is avoided, and
performing the experiments over a broader pH range 243, 244 than
in the case of high performance liquid chromatography.

A review 245 cites an interesting example of using capillary
electrophoresis for the separation of six diastereomeric flavanone-
7-O-glycosides. The separation was carried out at pH 10 in a
phosphate buffer with addition of chiral compounds, viz., cyclo-
dextrins and their derivatives, to the supporting electrolyte. Under
chosen conditions, lemon juice was analysed and the mixture of
four flavanone-7-O-glycosides present was separated into iso-
mers.

Currently, capillary electrophoresis is used as a technique
supplementary to high performance liquid chromatography for
the separation and determination of phenols.

3. Determination in biological fluids
Biological fluids (blood, urine) are analysed for the presence of
antioxidants and to estimate the bioavailability of these com-
pounds (after consuming various kinds of food), study their
metabolism and influence on the human health. In virtually all
studies of this type, high performance liquid chromatography and
capillary electrophoresis techniques are used. The applications of

Table 5. Detection limits and results of quantitative determination of
flavonoids in orange juice by high performance liquid chromatography
with different detectors.186

Compound Detector

UV mass electro-

spectrometer chemical

Detection limits (mg in 1 ml) for some flavonoids

Quercetin 0.15 0.2 0.3

Narirutin 0.2 0.1 1.0

Eriocitrin 0.2 0.08 0.5

Hesperidin 0.3 0.1 0.5

Naringin 0.25 0.15 1.0

Content (mg per 100 g) of flavonoids detected in juice

Quercetin 1.34� 0.15 0.90� 0.03 1.18� 0.11

Narirutin 5.10� 0.17 5.4� 0.2 5.0� 0.6

Eriocitrin 1.0� 0.2 0.9� 0.3 7
Hesperidin 73� 7 78.9� 0.4 79.3� 0.5

Naringin 2.6� 0.3 0.14� 0.0 7

{The original procedure for the analysis of hydrophobic samples includ-

ing direct injection of plant or animal fats into a column has been

reported.217 The procedure is applicable to determination of biologically

active compounds in plant oils.
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capillary electrophoresis, in particular, that with mass spectro-
metric detection, for analysis of antioxidants, metabolites and
toxins have been surveyed.245 In the present review, we will
consider the use of high performance liquid chromatography in
more detail.

The extraction of flavonoids from biological fluids is rather
simple. A sample is centrifuged to remove proteins and other
polymeric components and is subjected to solid-phase extraction
with elution by methanol, ethanol and ethyl acetate. If necessary,
enzymatic or acid hydrolysis is carried out. Sample preparation
methods for blood samples have been compared.246 The addition
of anticoagulants does not influence noticeably the accuracy of
analysis, 1% ascorbic acid mixed with orthophosphoric acid
(10 ml ml71) being the best stabiliser. The samples should be
stored at720 8C.

Isoflavones were the first flavonoids to be determined quanti-
tatively in human urine. Routine methods for analysis of human
blood and urine for the presence of daidzein and equol
(120 ng ml71) 247 using reversed phase high performance liquid
chromatography with UV detection have been developed. The
high performance liquid chromatography technique with electro-
chemical detector is more sensitive, permitting determination of
daidzein, genistein and equol at a level of 1 ± 2 ng ml71

(Ref. 248). By gas chromatography ±mass spectrometry, isofla-

vone metabolites were identified in blood serum and rat internal
tissues at a minimum content of 10 ± 20 pg mg71 (Ref. 249).
A fast method for determination of isoflavone in urine by
immunofluorometric assay was proposed by Uehara et al.250 The
method is sensitive (0.1 ng ml71) and reproducible (the root-
mean-square deviation is 2%±10% between the series of ana-
lyses); however, like gas chromatography with the same detection
method, this method is expensive and labour-consuming.

The total amount of quercetin and itsmetabolites in biological
samples is determined using liquid chromatography with mass
spectrometric detection 251 ± 254 and some other methods, for
example, versions of high performance liquid chromatography
with mass spectrometric,252 UV,255, 256 affinity chromato-
graphic,257 fluorescence and electrochemical 258, 259 detection.
Gas chromatography with mass spectrometric detection has
been proposed for determining quercetin and its conjugates in
human urine and blood plasma in concentrations of down to
10 pg ml71 (Ref. 260). The characteristics of some methods for
determination of quercetin and other biologically active phenols
are given in Table 6.

Thus, nowadays, reversed phase high performance liquid
chromatography combined with various detection techniques
(most often, diode array and mass spectrometric detection) is

Table 6. Characteristics of some methods for determination of biologically active phenols in various samples.

Sample Identified Extractant Hydrolysis Method a Detection Ref.

compounds limit /ngml71

Blood, human (+)-catechin, ethyl acetate see b GC-MS 0.01 261

blood serum quercetin,

and plasma, trans-resveratrol

rat urine

Human blood quercetin and its aqueous methanol HCl ±methanol, HPLC, fluorescence 7 262

and urine glycosides 5 h (blood), 8 h (urine) detector

Rat blood quercetin preliminary purification ascorbic acid+ HPLC, electro- 0.63 263

plasma on a C18 column, extrac- b-glucuronidase chemical detector

tion with a toluene ±

CH2Cl2 mixture

Rat urine flavonoids, water, methanol, HCl ±methanol, 45 min RP HPLC-UV 7 264

and blood phenylalkanoic acids fractionation (SPE C18) (C8 , C18)

Human blood naringin, ethanol, fractionation 7 RP HPLC-UV 2 265

plasma naringenin (Sep-Pak, C18 , (C18)

80% methanol)

Human blood catechin, epicatechin, ethyl acetate HCl ±methanol, 30 min RP HPLC-UV 7 266

plasma 3 derivatives (C18)

Human urine apigenin, acacetin addition of 2M NaOAc+ b-glucuronidase+ RP HPLC-UV with 10 ± 70 267

10% ascorbic acid arylsulfatase, 60 min column switching

(C8 , C18)

Human blood naringenin, SPE on a C18 cartridge b-glucuronidase+ HPLC-UV, C8 10 268

plasma hesperetin arylsulfatase, 18 h

Rat blood, a mixture of methanol ± ethyl acetate ± b-glucuronidase+ RP HPLC (C18), 5 269

urine, tissues 8 catechins sodium dithionite arylsulfatase, 45 min electrochemical

(2 : 1 : 3) detector

Human blood 6 phenolic acids formic acid ± acetone ± 7 HPLC-MS (C18) 8 270

serum and aldehydes water (4 : 140 : 56)

Notes. The following designations are used: GC-MS is gas chromatography ±mass spectrometry, RP HPLC-UV is reversed phase high performance

liquid chromatography with UV detection, SPE is solid-phase extraction, HPLC-UV is high performance liquid chromatography with UV detection,

HPLC-MS is high performance liquid chromatography with mass spectrometric detection.
a The hydrocarbon sorbent is indicated in parentheses. b Prior to the analysis, the sample was modified with bis(trimethylsilyl)trifluoroacetamide.
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one of themost efficient methods for separation and identification
of biologically active phenols and polyphenols in various objects.
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Abstract. The current state of the problem of formation of theThe current state of the problem of formation of the
electron-excitedelectron-excited product in the chemiluminescent reaction thatproduct in the chemiluminescent reaction that
underlies the bacterial luminescence is analysed. Various schemesunderlies the bacterial luminescence is analysed. Various schemes
of chemical transformations capable of producing a bacterialof chemical transformations capable of producing a bacterial
bioluminescence emitter are presented. The problem of excitationbioluminescence emitter are presented. The problem of excitation
of secondary emitters is considered; two possible mechanisms ofof secondary emitters is considered; two possible mechanisms of
their excitation are analysed. The bibliography includes 76 refer-their excitation are analysed. The bibliography includes 76 refer-
encesences..

I. Introduction

The bioluminescence, i.e. glowing of living organisms, is based on
chemiluminescent reactions catalysed by biological catalysts, i.e.,
enzymes that are called luciferases.1, 2 Luminescence is inherent in
more than 700 animal species, the best studied of which are
bacteria, fireflies, marine coelenterates (jelly-fishes, hydranths,
etc.), fishes, and so on.1 Among the luminescent organisms, only
bacteria emit light continuously. Being developed on organic
remainders formed, they make a substantial contribution to the
ocean glow. It is believed that by luminous bacteria attract more
advanced species (for example, fish or shrimp) and thus they can
populate their organs as symbiotes or parasites.1 However, the
signal function of bioluminescence may be secondary. Many
researchers suggest an important metabolic role of light-produc-
ing systems,3 in particular, the relationship between the bio-
luminescent reactions and the antioxidant system of the
organisms is considered.4 ± 6 Presumably, bioluminescence is due
to the hereditary change in the mechanisms that protect cells
specially releasing reactive oxygen species for particular purposes
from self-destruction.7 In addition, it has been suggested that
luciferases and their substrates perform only metabolic functions
in the cells, while emission of a light quantum is a `random'
process.4 ± 6 According to a hypothesis, the bioluminescent reac-
tion serves for hydrogen peroxide deactivation by the cells under

conditions of intensive energy metabolism.8 The excess energy is
emitted as a light quantum; otherwise, its dissipation as heat or
side chemical reactions would threaten the cell viability.

The substrates of bioluminescent reactions (traditionally
called luciferins) present in various organisms differ in chemical
structure and belong to different classes of organic compounds.1, 9

The amino acid composition and structure of luciferases are also
different even for related species of luminescent bacteria.10 Cur-
rently, about 30 bioluminescent reactions, i.e., about 30 luciferin ±
luciferase combinations, are known.

Unlike most chemiluminescent processes in the inanimate
nature, the luminescence of living organisms has a high intensity.
This is due, first, to high rates of enzymatic chemiluminescent
reactions, and second, to high quantum yields of the luminescence
of the reaction products, viz., emitters. Despite the fact that
emitter molecules of various bioluminescent organisms belong to
different classes of chemical compounds, they bear similarity in
the electronic structure: they belong to the same spectral lumines-
cent group in the classification of molecules according to spectral
luminescence properties.11 The molecules of this group are char-
acterised by high quantum yields of pp* fluorescence and high
efficiency of intramolecular relaxation of energy from upper
excited states.

In addition, certain contribution to the high bioluminescence
yields (the number of quanta per reaction event) is made by the
protein environment of the bioluminescence emitters, which
protects them from energy transfer and transformation processes
competing with light emission. In this case, the protein can act as a
matrix that ensures rigid fixation of the fluorophore. In some
bioluminescent reactions, the yields of bioluminescence are close
to unity.2, 9

High efficiency of formation of the light quantum distin-
guishes bioluminescence from another type of biological glow,
namely, weak and ultraweak chemiluminescence, which always
accompanies the vital activity of an organism. In the case of
ultraweak luminescence of animal tissues, photons are usually
formed as by-products of free radical autoxidation of unsaturated
fatty acids.12 In addition, bioluminescence usually performs a
definite biological function (e.g., attracts a partner or deters beasts
from prey) and in this sense, the light quantum is physiologically
the main reaction product.

A common feature of all biological light emitting reactions is
that molecular oxygen is always a reaction component.

The luminescence of bacteria has been attracting the attention
of researchers for four decades; in some aspects, this is one of the
best studied bioluminescent processes.2, 13 This, however, does not
refer to the chemical mechanism of formation of the electron-
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excited product in the bioluminescent reaction; this question still
remains open and arouses the interest of chemists and physicists
who study chemiluminescence. Throughout the history of inves-
tigations of bacterial luminescence, a dozen of possible routes for
the excitation of chemiluminescence in the bacterial luciferase-
catalysed reaction have been proposed. This review gives com-
parative analysis of the main excitation mechanisms in the bio-
luminescent reaction of bacteria.

II. General characteristics of the bioluminescent
reaction of bacteria

It has been found long ago 13 that the chemical grounds of
bacterial luminescence include the enzymatic oxidation of the
reduced flavin mononucleotide [(FMN)H2, 1] to flavin mononu-
cleotide (FMN, 2) and oxidation of long-chain aldehyde 3 to
myristic acid (4) with atmospheric oxygen.

The overall reaction can be written as follows:

The bacterial luciferase is a heterodimerwith amolecularmass
of*80 kDa. The components of the bioluminescent reaction can
also react without an enzyme but the efficiency of chemilumines-
cence in this process is 10 orders of magnitude lower.2 From this
standpoint, bacterial luciferase is considered to be the most
catalytically active known enzyme.

The heat of this reaction is 110 kcal mol71; this comprises the
heats of oxidation of (FMN)H2 (40 kcal mol71) and the aldehyde
(70 kcal mol71).7 The overall heat of the reaction is greater
than the energy of the bioluminescence quantum equal to
*60 kcal mol71. However, it can be seen that the oxidation
energy of only (FMN)H2 does not suffice for the observed light
quantum emission.

It is noteworthy that none of the starting reactants of the
discussed reaction can exist in a bacterial cell in the free state, in
particular, (FMN)H2 (1) is rapidly autoxidised, while aldehyde 3
is a poison and is not produced by organisms. Therefore, bacteria
have special enzyme systems that facilitate the reduction of FMN
(2) and carboxylic acid 4 only for the purpose of bioluminescence.
The reduction of FMN in bacteria is believed to be catalysed by
NADH :FMN-oxidoreductase (NADH is the reduced form of
nicotinamide adenine dinucleotide):

The question of the transfer mechanism of the reduced flavin
mononucleotide between the oxidoreductase and bacterial luci-

ferase still remains open. There is indirect evidence for both the
independent operation of these enzymes 14 and the formation of a
strong complex between them.15, 16 This problem has been studied
in detail.16 ± 18

Luciferases from various sources have different specificities
with respect to the second substrate (aldehyde). The affinity of the
aldehyde for luciferase is due to the hydrophobic interactions
between the aliphatic fragment of the aldehyde and the hydro-
phobic groups of the enzyme. Therefore, as the length of the
carbon chain in the aldehyde increases, the aldehyde becomes
more strongly bound to luciferase.1, 13 In addition, the length of
the aliphatic chain determines the position of the aldehyde
carbonyl group involved in the chemical rearrangements in the
luciferase active site. Perhaps, this is why aldehydes with chains
shorter than the octanal chain are not involved in the luminescent
reaction. Tetradecanal (3) is considered to be the natural substrate
of bacterial luciferase,19 because the enzymatic system that
reduces a carboxylic acid for the purpose of bioluminescence is
specific exactly toward myristic acid (4).20

The general scheme of reactant transformation in the reaction
catalysed by bacterial luciferase was proposed more than forty
years ago 21 and confirmed by subsequent investigations. Accord-
ing to this scheme, the reaction proceeds via three intermediate
complexes (intermediates) formed by flavin derivatives with
luciferase (Scheme 1). Complex I contains reduced flavin,
(FMN)H2, complex II, flavin hydroperoxide and complex IIA,
flavin peroxyhemiacetal (the numbers 1, 2, and 5 ± 7 refer to the
proper substrates rather than to their complexes). The existence of
intermediates I and II was proved by NMR spectroscopy.22 The
formation of intermediate IIA has not been proven experimentally
as yet, but is recognised as a necessary step of the reaction.9 It was
shown by NMR spectroscopy that the major chemical trans-
formations during the reaction affect the C(4a) atom of the FMN
isoalloxazine fragment.22 The results of these studies made it
possible to compose the sequence of chemical transformations of
the reduced flavin mononucleotide in the active site of bacterial
luciferase (see Scheme 1) (this and subsequent schemes show only
the part of flavin that is involved in transformations).
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There is still no unified opinion concerning the mechanism of
transformation of intermediate IIA [5-hydroflavin mononucleo-
tide 4a-peroxyhemiacetal (6) bonded to luciferase] into the excited
emitter. This step, designated by the interrogation mark in
Scheme 1, may comprise several steps. The problem of identifica-
tion of the structure of the emitting chromophore (emitter) has not
been completely solved either. It has been accepted by most
researchers that luciferase-bound 4a-hydroxy-5-hydroflavin
mononucleotide (7) acts as the bacterial bioluminescence emitter.
Wewill call this complex intermediate III. The photoluminescence
spectrum of compound 7 (in the bound state) is similar to the
emission spectrum recorded during the bioluminescent reaction.
The problem of formation of the emitter is considered in more
detail in Section III.

The key steps of the bacterial bioluminescent reaction are as
follows.12, 23

1. Formation of intermediates I, II and IIA [the energy range
of the possible excited states of intermediates is approximately
260 ± 390 kJ mol71 (21 700 ± 32 700 cm71)].

2. Elementary excitation event in which the intermediate IIA
is converted into emitter P* (intermediate III).

3. Light emission step P* P+ hn.
The optical properties of the reactants deserve attention. The

spectrum of bacterial bioluminescence is a nearly symmetrical
Gaussian distribution over the frequency scale with a peak at a
wavelength of *490 nm. The position of the peak does not
depend on the acidity or temperature of the reaction mixture.
The bioluminescence yield in this reaction ranged from 0.1 to 0.3
under optimal conditions, depending on the luciferase and alde-
hyde types.2 According to NMR studies,22 the reduced flavin,
(FMN)H2 (1), is bound to luciferase as the (FMN)H7 anion. The
absorption spectra of intermediates I, II, IIA and III differ little
from one another and have a peak at 380 nm characteristic of all
hydroflavins.2, 21 Among these intermediates, noticeable fluores-
cence (with a peak at *490 nm) is observed only for luciferase-
bound hydroxyflavin 7.

The emitter of bacterial bioluminescence 7 refers to groupVof
the classification of molecules in terms of their spectral lumines-
cence properties.11 This group includes all aromatic heterocyclic
compounds characterised by high quantum yields of fluorescence.
The energy levels of the electron-excited states of the molecules of
this group, taking into account the orbital nature andmultiplicity,
can be represented as follows:

These molecules have upper excited states of the np* type and
undergo effective conversion of the excitation into the fluorescent
Spp* state from the Tnp* and Snp* states.24

As noted above, an interesting fact is that the emitters of
bioluminescent reactions of other organisms (for example, glow-
worms and jelly-fishes) also belong to group V of the spectral-
luminescent classification, although the chemical structures of the
emitters differ from that of the bacterial emitter.

Thus, the bioluminescent reaction of bacteria is an efficient
chemiluminescent process which passes, like most known liquid-
phase chemiluminescent reactions, through the formation and
decomposition of organic peroxides. However, this reaction is still
an exception, because no other efficient chemiluminescent proc-
esses involving hydroperoxides (such as derivative 5) have been
found as yet.9

III. Formation of the emitter in the bioluminescent
reaction

Kurfurst and Hastings 25 identified and characterised the emitting
intermediate of reaction (1). While monitoring both the variation
of the absorption and bioluminescence intensity during the
reaction of intermediate II [luciferase complex with 4a-hydro-
peroxy-5-hydroflavin mononucleotide (5)] with decanal, the
researchers detected the formation of two forms of enzyme-
bound flavin. The greater part of bound flavin was FMN (2)
responsible for characteristic absorption peaks at 370 and 440 nm
and a fluorescence maximum at 530 nm. The second form of the
enzyme complex with flavin exhibited an absorption maximum at
360 nm and a fluorescence maximum at 490 nm and was identi-
fied as the intermediate responsible for bioluminescence. Based on
the spectral-luminescent characteristics, the researchers postu-
lated that the fluorophore of this intermediate has the structure
of 4a-hydroxyflavin 7. It was found that the emitting intermediate
has a relatively short lifetime (7 min at 9 8C) ant its fluorophore is
readily oxidised to FMN (2) by dissolved oxygen (the activation
energy for this process equals 83 kJ mol71).26 The ultimate
identification of 4a-hydroxyflavin 7 as an emitting fluorophore
(i.e., emitter) is hampered by the fact that this compound has not
yet been synthesised in a stable form, which is required to describe
comprehensively its spectral-luminescent properties. The studied
stable analogues of this compound, even those having suitable
absorption spectra, exhibit very weak luminescence and provide
much lower yields in chemiluminescent reactions (1074 ±
1077).27, 28 Only recently was a paper published describing a
model derivative of flavin with acceptable luminescent character-
istics.29 The authors studied binding to bacterial luciferase and
fluorescence quantum yields for 5-decyl-4a-hydroxyflavin mono-
nucleotide (7a). It was found that this compound having weak
fluorescence in the free state provided a fluorescence quantum
yield of 0.08 (this makes about 50% of the yield of bacterial
bioluminescence) and a maximum intensity at 440 nm when
bound to bacterial luciferase. In the opinion of the researchers
cited, this fact confirms the identity of 4a-hydroxyflavin 7 and the
natural bacterial bioluminescence emitter.

Of the multitude of mechanisms of excitation of the bacterial
bioluminescence emitter proposed to date, six main mechanisms
discussed below are most interesting from our standpoint.

The first mechanism was proposed rather long ago by Eber-
hard and Hastings.30 Having postulated the key steps of reaction
(1), they suggested that flavin peroxyhemiacetal 6 incorporated in
intermediate IIA undergoes the Baeyer ±Villiger rearrangement
to give directly carboxylic acid 4 and excited hydroxyflavin 7.
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An objection to this hypothesis is the fact that in chemical
reactions, the Baeyer ±Villiger rearrangement does not give elec-
tron-excited products.31

Subsequently, Kosower proposed another route to the bio-
luminescence emitter.32 It is worth noting that this mechanism is
the first attempt to rationalise the excitation process based on
analysis of elementary physicochemical processes. According to
this hypothesis (Scheme 2), the excited state results from disso-
ciative electron transfer from the flavin semiquinone radical 8a.
The peroxide radical anion RCH(O2)O7. formed after the super-
oxide attack abstracts a hydrogen atom from the luciferase SH
group; this is followed by cleavage of the C7H bond in aldehyde
to give protonated flavin mononucleotide 8b in the excited state,
which acts as the emitter.

Three critical remarks are pertinent as regards the above
mechanism. First, this hypothesis is considered doubtful because
it implies the occurrence of free radical steps in this reaction, which
have not yet been detected by EPR.33 (However, this may be due
to limitations of the method.) Second, this mechanism implies
involvement of the enzymemercapto group in the process. Indeed,
it has now been found 34 that the active site of the bacterial
luciferase contains a cysteine residue Cys106, which could theo-
retically provide the SH group for the reaction with the peroxy
radical anion RCH(O2)O7.. However, the subsequent studies
showed that this amino acid residue is not involved in the
bioluminescent process, because its replacement by serine, alanine
or valine does not result in the loss of bioluminescent activity of
the enzyme.35 It was found that the SH group of the Cys106
residue influences the aldehyde binding and the stability of
intermediate IIA.36 Third, an analogue of reduced flavin has
been synthesised that cannot form the N(1)-protonated form
[1-deaza-(FMN)H2] but is nevertheless involved in the bacterial
luciferase-catalysed reaction with emission of a light quantum.37

The mechanism proposed by Kosower can be criticised
regarding several points; however, its main value is that the

excitation of molecules during bioluminescence was related for
the first time to dissociative electron transfer, viz., one of the key
probable mechanisms of chemiluminescence.

After the disovery 38 of chemically initiated electron exchange
luminescence (CIEEL) as a mechanism of chemiluminescent
reactions, Mager and Addink attempted 39 to adopt this mecha-
nism to bacterial bioluminescence. The CIEEL process typical of
the chemiluminescence of some peroxides implies the following
steps: (i) the reaction of peroxide with an electron donor and the
formation of a radical ion pair, (ii) the transformation of the
radical anion into the carboxyl radical and the reverse electron
transfer to give the excited fluorophore. According to the Mager
andAddink concept,39 the formation of flavin peroxyhemiacetal 6
within intermediate IIA is followed by intramolecular single-
electron rearrangement to give hydroxyflavin radical cation A.
This rearrangement includes the transfer of an electron from the
N(5) atom of flavin to the antibonding orbital of the peroxide
fragment and the subsequent localisation of this electron on an
oxygen atom accompanied by simultaneous homolytic cleavage of
the peroxide bond.

Presumably, radical cation A is a key intermediate in the
reverse electron transfer giving rise to either excited hydroxyflavin
7 or excited carboxylic acid 4. The existence of 4a-hydroxyflavin
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radical cations structurally related to radical A has been shown
using electrochemistry and radiolysis of model systems.40 The
efficiency of this reaction is controlled, first of all, by the single-
electron transfer rate. On this basis, numerous attempts to verify
this hypothesis usingmodified flavins with different redox proper-
ties have been undertaken. Eckstein et al.41 generalised the results
of these studies. The kinetic parameters of bioluminescence for the
reaction with FMN analogues having different substituents at
C(8) were measured. An inverse correlation has been found
between the rate constant for the first-order reaction and the
single-electron redox potential of FMN analogues. In the
researchers' opinion, this means that in the rate-limiting step the
flavin moiety of the complex loses the negative charge. This result
is consistent with the intramolecular CIEEL mechanism for the
bacterial luciferase-catalysed reaction. The Baeyer ±Villiger type
rearrangement of the intermediates implies an inverse dependence
of the rate on the redox potential of flavins. Nevertheless,
McCapra criticised 42 the study by Eckstein et al.41 He noted that
the obtained dependences were due to the shift of the equilibrium
between flavin derivatives 6 and 7; it was concluded that no
evidence for preference of the CIEELmechanism for the bacterial
luciferase reaction is currently available.

Yet another line of research in the studies of the mechanism of
bacterial bioluminescence has been pursued by Raushel and
Baldwin.43 They were the first to propose 43 the `dioxirane'
mechanism of the bioluminescent reaction catalysed by bacterial
luciferase. According to their hypothesis, instead of elimination of
the a-proton from the carbonyl carbon of the aldehyde (initiating
the Baeyer ±Villiger rearrangement), the formation of flavin
peroxyhemiacetal 6 is followed by an attack by the aldehyde
oxygen atom on the peroxide bond, resulting in its cleavage to give
4a-hydroxyflavin 7 and dioxirane 9.

The formation of dioxirane is the key point of this hypothesis.
There are two possible ways of dioxirane decomposition. First,
dioxiranes can undergo homolytic cleavage of the peroxide bond
to give radical anion 10, which rearranges to give carboxylic acid
(in either singlet or triplet excited state). This pathway bears direct
analogywith decomposition of dioxetanes. Hydroxyflavin 7 is this
type of a fluorophore, which can accept the electron excitation

energy from both triplet and singlet states of the dioxirane
decomposition product. Second, the excited fluorophore can be
formed via CIEEL in which dioxirane accepts an electron from
fluorophore thus forming a radical ion pair. The subsequent
transformation of the dioxirane radical anion into the carboxyl
radical and the reverse electron transfer give the electron-excited
fluorophore. Both the first and second route of dioxirane decom-
position release sufficient energy for occupation of the excited
states capable of emitting a photon upon deactivation, even in the
blue region.

The Raushel and Baldwin's research group have studied the
isotope effect of deuterated aldehyde on the rate of the bio-
luminescent reaction under various conditions.44 This gave a
relatively low but reliable kH/kD value in the range of 1.5 ± 1.9,
which is consistent with the theoretical calculations of the same
researchers carried out with the assumption of intermediate
formation of dioxiranes.

However, there are some serious objections to the formation
of dioxiranes in the bacterial luciferase reaction, in particular,
those stated by McCapra.9 First, no cases of dioxirane formation
from an aldehyde are known to date.45 Usually, the loss of a
proton by an aldehyde results directly in carboxylic acid. Second,
dioxiranes are highly reactive molecules,45 and their formation
would result in oxidation (injury) of the enzyme in the active site.

A distinctive feature of the next mechanism proposed by
Kudryasheva et al.46 is the occurrence of only intramolecular
rearrangements during the formation of the excited structure of
the bioluminescent emitter upon transition from structure 6 to 7.
The possibility of occupation of the upper excited states as the
primary states of the bioluminescent emitter through the intra-
molecular electron transfer from the deprotonated ketoimide
group to the peroxyhemiacetal fragment of intermediate IIA has
been substantiated.46

For flavins 5 ± 7, the Tnp* states are not the lowest excited
states. The authors suggested that it is in this excited state
(structure B) that flavin is formed in the bioluminescent reaction.
According to this hypothesis, the formation of the excited
carbonyl group is followed by intramolecular transfer of energy
to the fluorescence state, Tnp* Spp*, which is allowed as a
transition between the levels of different orbital nature and multi-
plicity (the El-Sayed rule 47). The prohibition as regards multi-
plicity is eliminated due to spin ± orbit coupling. This fact has been
explained previously in a study by Plotnikov,24 who calculated the
rate constants for intramolecular transitions in this type of
molecules; the resulting values were high, being equal to
1010 ± 1011 s71. The importance of spin ± orbit couplings in the
physicochemical processes has been emphasised by Minaev et
al.48 ± 50 The efficiency of intramolecular transitions between the
levels of different multiplicity was proved for many complex
heteroaromatic compounds. Indeed, for a series of aromatic
compounds including flavins, photoexcitation is known to be
typically accompanied by reverse intersystem crossing from the
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upper excited triplet states to the excited singlet states followed by
fluorescence during transition to the ground state.51

The above-described relaxation process of the excitation in the
bioluminescence emitter is associated with rearrangements of the
electronic structure of the emittermolecule. The excitation located
on the carbonyl group (np* excitation) is delocalised throughout
the molecule (pp* excitation). The process ends by the radiative
transition Spp* S0. It was noted 24 that the upper triplet states
of these structures have too short lifetimes (10710 ± 10711 s) to be
detected by EPR. It is noteworthy that this course of biolumines-
cent reaction also predicts an inverse dependence of the rate
constant for the first-order reaction on the single-electron oxida-
tion potential of FMN analogues, which was mentioned above in
the discussion of the CIEEL mechanism.39 The data obtained
using the FMN derivative in which oxygen at the C(2) atom was
replaced by sulfur (2-thio-1,5-dihydroflavin mononucleotide) as
the substrate of the bioluminescent reaction are also in line with
this hypothesis.52 This is accompanied by a shift of the bio-
luminescence spectrum toward longer wavelengths (to 535 nm).

The fluorescence spectroscopy techniques have been used to
carry out a number of studies aimed at detection of upper excited
states of the bacterial bioluminescence emitter.53 ± 55 In particular,
the energy transfer to exogenous molecules introduced in the
bioluminescent reaction has been attempted.53, 54 Fluorescent
aromatic molecules with energies of the first singlet excited state
in the range of 22 000 ± 32 000 cm71 (i.e., higher than the analo-
gous energy of the emitter molecule) have been used as the
exogenous molecules (potential acceptors of excitation energy).
Note that the absorption spectra of the chosen molecules did not
overlap with the bioluminescence spectrum. During the biolumi-
nescent reaction in the presence of these compounds, their
sensitised luminescence was observed as low-intensity bands in
the short-wavelength region of the spectrum. This result was
attributed to non-radiative energy transfer from the upper elec-
tron-excited states of the emitter to the levels of these exogenous
molecules, probably, by the exchange-resonance (collision) mech-
anism. Since the sensitised luminescence was detected only for
compounds with an energy of the fluorescent state of not more
than 26 000 cm71, this energy was taken as the characteristics of
the upper electron-excited state of the bacterial bioluminescence
emitter.54 A study of the fluorescence anisotropy decay of the
acceptor molecules in the presence of bacterial luciferase proved
the possibility of hydrophobic binding of acceptor molecules to
luciferase, and, hence, thesemolecules can approach the emitter to
distances appropriate for energy transfer by the exchange mech-
anism.55

The last mechanism of bacterial bioluminescence to be men-
tioned was proposed by McCapra.9 He considered the following
advantages of this mechanism over all other mechanisms: (i) this
mechanism is consistent with the isotope effect data 44 and with
experimental results obtained by variation of substituents;41

(ii) this mechanism has a chemiluminescent analogy, namely, the
reaction of peroxy esters with fluorescent compounds. McCapra
postulated that the formation of intermediate IIA in the bacterial
luciferase reaction is followed by the addition of hydrogen
peroxide and second aldehyde molecule to the peroxyhemiacetal
fragment of the complex.9

The resulting adduct 11 decomposes to hydroxyflavin and peroxy
ester. The next step involves decomposition of the ester in the
presence of fluorescent compound (hydroxyflavin) to give the
excited molecules of the latter. This reaction route is confirmed by
the detected enhancement of bioluminescence upon the addition
of hydrogen peroxide.56 The spontaneous formation of H2O2

adduct with two aldehyde molecules is also a proven fact.56 The
McCapra scheme proposed for bacterial bioluminescence is rather
original and substantiated; however, as the author himself admits,
this does not explain the key step, viz., the formation of the
emitter, because the mechanism of chemiluminescence of peroxy
esters has not been ultimately established as yet.

Thus, the question of the excitation mechanism of the mole-
cules in the reaction catalysed by bacterial luciferase is still
debated. The proposed schemes are diverse and cover almost all
mechanisms currently applied to liquid-phase chemiluminescent
reactions. However, as some researchers remark, none of the
proposed reaction mechanisms is consistent with the whole set of
experimental data accumulated throughout a five-decade history
of the studies of bioluminescence.

IV. Excitation of secondary emitters of bacterial
bioluminescence

1. Characteristics of the fluorescent proteins, secondary
emitters of luminescent bacteria
The fact that bacterial luminescence is based on reaction (1) was
established by 1965. However, the difference between the spectral
characteristics of bioluminescence of the bacteria themselves
(bioluminescence in vivo) and luminescence in the reactions of
the reagents isolated from them (bioluminescence in vitro) has
remained uninterpreted for many years. The position of the
spectral peaks of bioluminescent reactions depends on the lucifer-
ase type but is confined within the range of 487 ± 505 nm. Mean-
while, the bioluminescence maxima of living bacteria differ much
more appreciably. Indeed, some bright strains of luminescent
bacteria of the Photobacterium genus emit light with a maximum
at 475 nm,13 while the bioluminescence of the Y1-strain of Vibrio
fischeri discovered in the mid-1970s has a maximum at 545 nm.57

It has now been proven that the reason for the change in the
spectral composition of the above-mentioned bacterial emission is
the presence of specific fluorescent proteins functioning as bio-
luminescence emitters, i.e., in these cases, indirect or sensitised
chemiluminescence takes place.

The fluorescent proteins of luminescent bacteria are protein
complexes with low-molecular fluorophores capable of fluoresc-
ing in the visible spectral region. A fluorescent protein was
isolated from the bacteria Photobacterium; this protein was called
the lumazine protein (LumP), as its fluorophore is represented by
6,7-dimethyl-8-(1-D-ribityl)lumazine (12a).58 The yellow green
strain of V. fischeri was found to contain 59, 60 the so-called yellow
fluorescent protein (YFP) with a similar mass and, as has been
found later,61, 62 with a primary structure also similar to that of
LumP. The YFP fluorophore is represented by FMN (2) or
riboflavin (12b).63
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The key characteristics of these fluorescent proteins are given
in Table 1.

To avoid confusion, we will designate the protein parts of
LumP and YFP, which remain after removal of the fluorophore
(this is called apoprotein), by LumPA andYFPA, respectively. The
proteins LumPA and YFPA are notable by the fact that, unlike
most other proteins, they do not quench the fluorescence of flavin
bound to them.64 On binding to LumPA and YFPA, the fluores-
cence maxima of their natural fluorophores shift to opposite
directions (see Table 1): a hypsochromic shift is observed for
lumazine 12a and a bathochromic shift is observed for flavin 2.
However, both these facts indicate a high polarity of the micro-
environment of the above fluorophores in the binding site of the
protein (since it is known that with a decrease in the solvent
polarity, the peak of flavin fluorescence shifts to shorter wave-
lengths and the peak of lumazine luminescence shifts to longer
wavelengths).2, 64

It was found that in the presence of micromolar concentra-
tions of LumP or YFP, the following effects can be observed
depending on the type of luciferase, the length of the aldehyde
carbon chain and the source of the fluorescent protein: (i) a shift
of the emission peak (hypsochromic in the presence of LumP or
bathochromic in the presence of YFP); (ii) an increase in the
emission intensity (up to a threefold in the presence of LumP and
up to tenfold in the presence of YFP).2 The mechanisms that
underlie these effects are considered in more detail below.

Since the effect of fluorescent proteins on the characteristics of
the bacterial bioluminescent reaction starts to be observed at low
effective concentrations, they probably (or even obviously) form
complexes with the reaction intermediates. It was shown by
fluorescent spectroscopy and chromatography that LumP and
YFP form 1 : 1 complexes with intermediates II and III (but not
with free luciferase).65, 66 The lack of interaction with luciferase
looks reasonable, because otherwise, the addition of the fluores-
cent protein would prevent the substrates of the bioluminescent
reaction (mainly reduced flavin 1) from accessing the active site of
this enzyme. The binding constant of intermediate III with the
YFP determined by fluorescent titration is equal to
76 1077 mol litre71 (0 8C), which is comparable with the effec-
tive concentration at which the effect of this protein on the
bioluminescent reaction starts to be observed.66

A study of the kinetics of bioluminescent reactions involving
LumP andYFPhas shown that an important role in the formation
of protein complexes is played by aliphatic components (alde-
hydes, carboxylic acids, alcohols).67 In the absence of aliphatic
components, no reaction was detected between the proteins.

2. Themechanism of the change in the spectral composition of
bioluminescence by fluorescent proteins
Comparison of the changed patterns of the bioluminescence
spectra with the fluorescence spectra of LumP and YFP on
photoexcitation indicates unambiguously that these proteins are
involved in the light emission event resulting from the reaction.
The problem of the excitation mechanism of the fluorescent
proteins upon their introduction into reaction (1) is still debated.
A non-radiative inductive resonance energy transfer (IRET) from
the primary emitter due to weak dipole ± dipole interaction could
be the simplest and most attractive mechanism responsible for the
excitation of secondary emitters. The rate constant for this
transition kET is determined by the FoÈ rster equation:

kET � AQDk
2tÿ1Rÿ6J,
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Table 1. Comparative characteristics of fluorescent proteins of luminescent bacteria.

Characteristics Values for proteins a

LumP YFP b

Molecular mass /kDa 21 24

Fluorophore Lumazine derivative 12a FMN

Binding constant of the fluorophore with the protein /mol litre71 1.661078 (20 8C, pH 7) 161078 (4 8C, pH 7)

Long-wavelength absorption maximum of the fluorophore 406/417 445/470

in the free/bound state /nm

Molar extinction coefficient of the fluorophore in the free/bound state 10 300 (406 nm)/10 300 (414 nm) 12 500 (445 nm)/12 500 (460 nm)

/litremol71 cm71

Fluorescence spectral maximum of the fluorophore in 490/475 (water) 525/538 (water)

the free/bound state /nm

Fluorescence quantum yield of the fluorophore in the free/bound state 0.45 (water, 22 8C)/0.58 (water, 20 8C) 0.26 (water, 22 8C)/7

Lifetime of the fluorescent state of the fluorophore in 8.9 (20 8C)/1.7 (2 8C) 4.7 (20 8C)/5.5 (2 8C)
the free/bound state /ns

Rotational correlation time c of the fluorophore in the free/bound state 0.15 (2 8C)/20 (0 8C) 0.2 (0 8C)/20 (0 8C)
/ns

Overlap integral of the absorption spectrum of the fluorescent protein 2610715 1.54610714

with the bioluminescence spectrum /cm3 litre mol71

a The conditions of determination of the parameters are given in parentheses. b Characteristics are given for the best studied YFP form with FMN (2) as

the fluorophore. c The rotational correlation time is the characteristic time of the exponential decay of the fluorescence anisotropy of the molecule upon

pulse excitation.
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where A is a constant, QD is the quantum yield of the donor
fluorescence, k2 is the orientation factor, t is the lifetime of the
fluorescent state of the donor in the absence of the acceptor, R is
the distance between the energy donor and acceptor, J is the
overlap integral of the absorption spectrum of the acceptor and
the emission spectrum of the donor. The acceptor properties are
characterised by three quantities in this formula: the distance R,
the orientation factor k2 and overlap integral J. The values of the
first two can be such that they would favour a high rate of the
IRET from hydroxyflavin 7 to fluorescent proteins: the proven
existence of complexes formed by intermediate III with LumP and
YFP can ensure a proximate arrangement and a favourable
orientation of the fluorophores. The last factor, viz., the overlap
integral of the spectra, is high for YFP and low for LumP (see
Table 1).

It is the small overlap integral of the absorption spectrum of
LumP with the bioluminescence spectrum that draws objections
against effective accepting of energy by this protein according to
the inductive resonance mechanism. In addition, the fluorescence
maximum of hydroxyflavin 7 is at 495 nm, while the maximum of
the absorption spectrum of LumP is at *420 nm, and the hypo-
thetical energy transfer should be followed by an increase in the
emitted quantum energy, which is not observed in the photo-
luminescence of dyes in solutions. A great contribution to the
investigation of this problem was made by Lee's research
group.2, 67 ± 71 Initially, Lee and co-workers attributed 69 the effect
of the lumazine protein to the existence of a high-energy precursor
of the bacterial bioluminescence emitter with an excited state
energy of *25 000 cm71. They assumed that this precursor
transmits the electron excitation energy to either hydroxyflavin
or the lumazine protein. However, subsequently, Lee refuted the
high-energy precursor concept and attributed 2, 64 the efficiency of
IRET to a special orientation of the donor and the acceptor with a
small overlap integral of the spectra. Fluorescence spectroscopy
studies 64, 68 revealed the existence of a short-time component in
the fluorescence anisotropy decay of intermediates II and III
complexed with LumP (on excitation to the flavin absorption
band at 370 nm). This fast decay of the anisotropy was attributed
to the occurrence of the IRET from flavin, incorporated in the
intermediates, to lumazine 12a. The results were adequately
described by a model in which the rate constant for the IRET
varied from 46 108 to 109 s71 (depending on the luciferase type
and LumP source).65, 68 Since the rate constant for the radiative
transition of the primary emitter containing fluorophore 7 is
108 s71, it was concluded that the change of the spectral charac-
teristics in the bioluminescent reaction in the presence of LumP
can occur via the IRET. Lee's calculations 64 showed that a fixed
distance of 1.5 nm and a favourable mutual orientation of flavin 7
and the lumazine fluorophore 12a can make up for the small
overlap integral of the spectra and account for the observed high
efficiency of the `anti-Stokes' migration of the excitation energy to
LumP. Note that the spectral properties of the intermediate
III ± LumP donor ± acceptor pair, namely, the close arrangement
of the emission spectral peaks of the donor and the acceptor (490
and 475 nm, respectively), do not allow one to study the energy
transfer by classical fluorescence spectroscopy methods. Usually,
the energy transfer rate is determined from the change in the
quantum yield of the donor in the presence of the acceptor (upon
excitation to the donor absorption band).

Study of the energy transfer processes in the bioluminescent
emitter ±YFP system is easier than that for the LumP-containing
system due to the large bathochromic shift between the emission
peaks of the presumptive energy donor and acceptor. Hence, the
emission bands of the donor and the acceptor can be effectively
separated and the energy transfer rate can be measured more
precisely from the change in the lifetime of the fluorescent state of
the donor. This study has been carried out.67 The rate constant for
the IRET to the YFP (46 109 s71) was found from the change in
the rate constant for the fluorescence decay of intermediate III.
Thus, it was found that the IRET rate for the YFP system is about

ten times as high as that for the LumP system.60 The overlap
integrals of the absorption spectrum with the bioluminescence
spectra of LumP and YFP differ by a factor of 7.7. The authors 67

consider this to confirm the assumption that the secondary
emitters are excited through weak dipole ± dipole interaction
according to the FoÈ rster (inductive resonance) mechanism.

The bioluminescence spectra in the presence of YFP consist of
two bands: a strong yellow-green band with a peak at 540 nm and
a weak blue band with a peak at 490 nm. For more detailed
determination of the mechanism of formation of this spectrum,
Eckstein et al.72 studied the kinetics of reaction (1) in the presence
of YFP. They found a complex and, what is more important,
different patterns of variation of the time decay rates for the `blue'
and `yellow-green' bioluminescence components. In the research-
ers' opinion, this indicates that the classical non-radiative energy
transfer alone cannot account for the effect of YFP on the
bacterial luciferase-catalysed reaction. A scheme was proposed
according to which YFP forms a complex with intermediate IIA,
thus decreasing its lifetime. This complex decomposes to give
excited YFP, while the `blue' component of the bioluminescence is
emitted only by non-bonded intermediate III.

Thismechanism resembles the intermolecular activated chemi-
luminescence where the fluorophore catalyses decomposition of
the peroxide through charge or electron transfer, thus passing to
the excited state. The mathematical model constructed according
to the proposed scheme described adequately the experimental
data obtained for the kinetics of two bioluminescence components
(for low YFP concentrations). As has already been noted,
subsequent studies showed that, upon photoexcitation, the
IRET from intermediate III to YFP in the complex is a very
efficient process.67 Its rate is more than an order of magnitude
greater than the rate of the radiative transition for hydroxyflavin 7
in intermediate III. Therefore, this excitation pattern for the
yellow-green bioluminescence in a system involving YFP should
not be underestimated.

3. Change in the bioluminescence intensity in the presence of
fluorescent proteins
As noted above, both natural bacterial fluorescent proteins
(LumP and YFP) increase the bioluminescence intensity of
reaction (1). However, these effects were found to be due to
different mechanisms.

The addition of LumP to the bioluminescent reaction was
found to increase the bioluminescence yield. The reason for this
increase (trivial, in the opinion of some researchers 2, 67) is as
follows: the quantum yield of LumP fluorescence (0.58) is almost
twice as high as that of luciferase-bound hydroxyflavin 7
(0.28 ± 0.33). Therefore, the emission event is more efficient with
LumP.We would like to note that this explanation is reasonable if
the rate of energy transfer to LumP actually exceeds the rate of the
intrinsic radiative transition in hydroxyflavin 7 by a large factor
(4 ± 10), as it was estimated in the works cited.65, 68 Unfortunately,
the spectroscopic properties of the intermediate III ± LumP sys-
tem preclude precise measurement of the energy transfer rate;
hence, the explanation for the high efficiency of this transfer casts
doubts due to the small overlap integral of the spectra.

The fluorescence quantum yields of YFP and hydroxyflavin 7
differ slightly; therefore, despite the known 67 high rate constant
for the energy transfer in the YFP system, no increase in the total
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number of the emitted quanta takes place in the reaction involving
this secondary emitter.

The emission intensity of the bioluminescent reaction in the
presence of YFP is controlled in a somewhat different way. It was
found 73 that in the presence of this protein the rate of reaction (1)
substantially increases. A unique feature of this system is that this
effect is enhanced with a decrease in temperature. The highest
efficiency of YFP defined as the ratio of the emission intensity at
540 nm (I540) to the intensity at 490 nm (I490) is observed at 4 8C.
Some researchers argue 73 that this system is perhaps the only
enzyme system having a negative temperature coefficient. The loss
of YFP activity with the temperature rise cannot be attributed to
dissociation of flavin and YFPA alone (for example, on heating of
the reaction mixture from 4 to 15 8C in the presence of
46 1076 mol litre71 of YFP, only 15% of YFP molecules
dissociate, while the I540/I490 value decreases threefold). A change
in the conformation of this protein on heating could be an
additional factor contributing to YFP inactivation with the
temperature rise, but this phenomenon has not found experimen-
tal proof or disproof. It is also of interest that not only the optimal
reaction temperature but also the optimal length of the aldehyde
carbon chain change in the presence of YFP.74 The highest
efficiency of YFP is attained in the reaction involving octanal,
whereas in the absence of YFP, the highest intensity was observed
for aliphatic aldehydes containing no less than 12 carbon atoms.
This was attributed to the fact that the longest lifetime of
intermediate IIA in reaction (1) is observed with octanal (com-
pared with reactions involving other aldehydes). As a conse-
quence, YFP has more opportunities to react with this
intermediate and to `switch' the reaction to the pathway leading
to excitation of the `yellow-green' chromophore.74

The biological role of the secondary emitters of luminescent
bacteria is not entirely clear. Most assumptions concerning this
issue imply that the main function of bioluminescence is signal-
ling. From this standpoint, the involvement of LumP in the light
emission provides at least a gain in the luminescence intensity (due
to the increase in the bioluminescence yield). And YFP allows
bacteria to glow over a broad temperature range (from 5 to 25 8C).
It is also assumed that the high luminescence intensity of `yellow-
green' bacteria at 4 8C (i.e., at a temperature where theirmetabolic
processes are retarded) makes them attractive symbiotes for fishes
or other organisms.73

If the hypothesis of `non-thermal energy discharge' in a
bioluminescent process is taken as the basis,8 the possibility of
changing the energy of the `discharged' quantum in the presence of
secondary emitters can be considered as an important adaptation
feature of bacteria under conditions of variable amounts of energy
entering the cell (for example, in the presence of different amounts
of hydrogen peroxide).

To conclude this Section, we would like to note that any
proposed scheme of the bioluminescent reaction should be con-
sistent with the above-described effects produced by fluorescent
proteins. This is especially true for the lumazine protein, as it gives
rise to a hypsochromic shift of the bioluminescence spectrum. Of
the six schemes presented in the previous Section, the last four
schemes imply occupation of the electron-excited states of the
secondary emitter, which can be represented by LumP. If the
reaction follows the CIEEL mechanism, this may give excited
carboxylic acid, which then functions as the energy donor for
fluorescent molecules. Similarly, dioxirane decomposition can
involve LumP and result in the excitation of the lumazine
chromophore. According to the scheme proposed by Kudrya-
sheva et al.,46 LumP is capable of accepting energy from highly
excited levels of the hydroxyflavin intermediate. The reaction
proposed by McCapra may also involve another fluorophore
(apart from hydroxyflavin) in the step of peroxy ester decom-
position followed by excitation of this fluorophore.

Thus, although the secondary emitters of bacterial biolumi-
nescence (the lumazine and yellow fluorescent proteins) induce
different changes in the spectral characteristics of the biolumines-

cent reaction, they still resemble each other in their properties:
their proteins have similar structures and interact efficiently with
the bioluminescent reaction intermediates, thus creating condi-
tions for the excitation of the secondary fluorophore. The highly
effective change in the spectra and bioluminescence intensity upon
the addition of fluorescent proteins is due, first of all, to the
formation of protein complexes. Therefore, their fluorophores
occur in the vicinity of the luciferase active site, almost at the
centre of events, and can be involved in some chemical steps of the
process and the physical transfer of the excitation energy. To date,
it can be stated that neither `physical' nor `chemical' way of
excitation of secondary emitters can alone explain the whole set
of effects of fluorescent proteins on the bacterial bioluminescence
parameters. It is noteworthy that the uncertainty in the mecha-
nism of energy transfer to secondary emitters is partly due to the
uncertainty of the mechanism of the proper reaction catalysed by
bacterial luciferase. Subsequent studies of the pathways leading to
the primary emitter of bacterial bioluminescence would appa-
rently make corrections in the proposed schemes of excitation of
fluorescent proteins. Conversely, investigation of the interactions
of the secondary bioluminescence emitters with the components of
the main chemical process can, in the future, shed light on the
mechanism of the bioluminescent reaction.

V. Conclusion

Bioluminescence is a unique natural phenomenon and an excep-
tionally convenient tool that can be used in various fields of
human activities ranging from environmental monitoring and
clinical analysis to investigations of gene expression and regula-
tion.3, 75 The transformation of the chemical reaction energy into
light with a high quantum efficiency in bioluminescent reactions
has always attracted the interest of scientists. By now, the
sequences of formation of chemical intermediates have been
established and the spectral and kinetic characteristics of bio-
luminescent reactions involving enzymes (luciferases) have been
described. Genetic engineering works aimed at modification of
luciferase are in progress.76 However, since bioluminescence is
traditionally a subject studied by biologists (physiologists, micro-
biologists and biochemists), the formation of excitation is the
most debated issue. Solving this problem requires the use of results
obtained in structural, luminescence and chemiluminescence
studies based on analysis of elementary physicochemical proc-
esses. Thus classification of molecules in terms of their spectral
luminescent properties developed in the 1970 ± 1980s shows that
the emitters of all bioluminescent organisms belong to the group
of molecules characterised by high pp*-fluorescence quantum
yields. The belonging of bioluminescence emitters to this group
of compounds determines (together with enzymatic catalysis) the
high bioluminescence intensity. In our opinion, study of the
intramolecular energy transfer, the use of the theory of intermo-
lecular migration of the excitation energy developed for solutions
of fluorescent dyes and data for chemiluminescent oxidation
reactions would allow researchers to achieve considerable insight
in the processes giving electron-excited states of molecules upon
bioluminescence.
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Abstract. Characteristic features of the crystal structures ofCharacteristic features of the crystal structures of
mercury oxohalides, chalcohalides and related compounds aremercury oxohalides, chalcohalides and related compounds are
surveyed. The structures of these compounds are described usingsurveyed. The structures of these compounds are described using
both the traditional way and a modern approach based on theboth the traditional way and a modern approach based on the
identification of stable building blocks coupled with the analysisidentification of stable building blocks coupled with the analysis
of their packing. The crystallographic and crystal chemical dataof their packing. The crystallographic and crystal chemical data
for the title compounds are given. The bibliography includes 123for the title compounds are given. The bibliography includes 123
referencesreferences..

I. Introduction

Crystal chemistry of mercury compounds is unique being princi-
pally different from that of lighter neighbours of mercury in
Group 12 of the Periodic system, viz., Zn and Cd. In contrast to
zinc and cadmium, the Hg2+ ions are capable of forming two
linear shortened strong bonds that are prone to further associa-
tion, in addition to ordinary tetrahedral bonds. The complexity
and multiplicity of crystal chemistry of mercury compounds is
also manifested in the co-existence of various combinations of
ionic and covalent bonds in a mercury compound with various
anions Y (N, O, S, Se or Te) and X (F, Cl, Br or I). Yet another
characteristic feature consists of the frequently occurring short
covalent bonds between mercury atoms giving rise to cluster-like
polyatomic fragments, such as [Hg2]2+ dumbbells or [Hg3]4+

triangles (with theHg7Hg bond lengths of 2.5 ± 2.7 �A). There are
a number of structures where mercury atoms form covalent bonds
with other crystal chemically similar cations (e.g., Ag, Pb and Cu)
to generate, for instance, [Ag3Hg]3+ or [Ag2Hg2]4+ tetrahedra,
etc. The mercury atoms in these cluster fragments occur in an
oxidation state lower than +2. It is interesting to note that the

[Hg2]2+ dumbbells tend to linear coordination to Y atoms to yield
covalently bound Y7[Hg2]2+7Y moieties, which can further be
involved as building blocks in diverse assemblies (including
extended ones), in addition to the Y7Hg2+7Y group. A similar
behaviour is also typical of the [Hg3]4+ triangular clusters.

The results of structural investigations into inorganic com-
pounds containingmercury atoms either in the bivalent (Hg2+) or
a `low-valence' (i.e., [Hg2]2+, etc.) states gathered to date reveal a
variety of covalently bound chains, layers and frameworks as
building blocks to form the general structural motifs. These
compounds also contain additional isolated or extended atomic
groups, which compensate for the charges and fill in the voids of
the structure presumably favouring the formation of specific
motifs in some cases (owing to the so-called `template' synthesis
mechanism).

A special interest in the crystal chemistry of mercury com-
pounds is partially explained by the fact that this environmentally
important element is highly mobile in the earth's crust, waters and
atmosphere. Presently, about 100 mercury-based and mercury-
containing minerals are known. Among them, mercury amal-
gams, sulfo salts, oxo compounds (predominantly oxohalides)
and sulfohalides can be distinguished as the most representative
groups. Furthermore, about 30 minerals (mainly halides, oxo-
halides and oxochromates) contain low-valence mercury as
[Hg2]2+ or [Hg3]4+ cluster fragments.

Several aspects of the crystal chemistry of mercuric inorganic
compounds with Y andX anions have been elucidated for the first
time by Karin Aurivillius.1 The linear Y7Hg7Y fragment [with
a YHgY bond angle of *1808 and short Hg7Y bond lengths:
(Hg7O)av of 2.04 �A and (Hg7S)av of 2.34 �A] was recognised as
the main building block in the crystal structures known at that
time. It was also noted that two major types of assemblies based
on these fragments are possible: the fragments can occur as
isolated ions or molecules (such as linear X7Hg7X molecules
in the crystal structures of mercuric halides or complex cation
[OHg3Cl3]+ in the structure of Hg3OCl4); or they can join into
infinite chains characterised by a certain sequence of the HgYHg
angles between the neighbouring Y7Hg7Y fragments. Aurivil-
lius introduced 1 a classification of such chains including three
distinct types: helical chains that can be either right-handed (+) or
left-handed (7) (in particular, they occur in the hexagonal
modification of HgO), zigzag chains `+7' (occur in the ortho-
rhombic modification of HgO) and crankshaft chains `++77'
(occur in Hg5O4Br2). The exact geometry of a chain is determined
by theHgYHg angle, which in turn depends on the nature of the Y
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anion (for instance, different forms of crankshaft chains
`++77' are realised in oxo- and sulfoxo compounds, such as
Hg5O4Br2 and Hg3S2Cl2). These chains can assemble into various
planar or puckered ribbons, layers or frameworks.

Bivalent, low-valence andmixed-valence mercury compounds
(nitrates, molybdates, tungstates, vanadates, arsenates and so on
containing the Hg2+, [Hg2]2+ or [Hg3]4+ cations) have been the
subject of investigations by many research groups, including the
ones headed by Brodersen, Jeitschko, Beck, Keller, Mayer, etc.
The group leaded by Voroshilov has contributed a lot into the
structural studies of mercuric ternary chalcohalides. Over the
recent years, about fifty mercury inorganic compounds in differ-
ent oxidation states have been synthesised and characterised by
Weil and co-workers. Over the recent years in Russia, the crystal
chemical analysis of factors affecting the structure formation for
these compounds has been in the focus of research interest of a
group headed by Borisov.

Various aspects of crystal chemistry of naturally occurring
and synthetic compounds containing low-oxidation-statemercury
[including mixed-valence compounds, compounds with poly-
atomic groups [Hgn]x+ (n>2), low-valence mercury compounds
with organic ligands and mercury-containing transition metal
clusters] have been surveyed in two reviews 2, 3 and amonograph.4

The structures of inorganic mercury compounds are of sig-
nificant interest from the viewpoint of the crystal formation
process encompassing all changes in the interactions between
atoms upon their incorporation into a crystalline phase imposed
by the regular packing, symmetry and long-range ordering
requirements. A number of characteristic representatives of
those compounds have been analysed using an original software
package KAP-PLATS 7 within a concept considering the crystal-
line state to be a result of ordering of atoms or rigid atomic
fragments produced by families of parallel equi-distant (crystallo-
graphic) planes.5, 6 Such an approach has been extended to awider
range of mercury compounds in a recent review by Borisov et al.8

The present review is concerned with specific features of the
crystal structure of mercury oxo- and chalcohalides and closely
related compounds, which are determined to a large extent by
crystal chemical preferences of the mercury atoms, in particular,
their tendency to form strong covalent bonds yielding stable
atomic fragments, the so-called `rigid' atomic groups. The struc-
tures of compounds are described both in the traditional way and
using a modern approach based on the recognition of such stable
`building blocks' coupled with the analysis of their packings.

II. Mercury chalcohalides

1. Preparation, properties and occurrence in nature
Within the Hg ± S binary system, there are at least three sulfides
corresponding to the composition HgS.9 Two stoichiometric
modifications, viz., low-temperature a modification, cinnabarite,
and high-temperature bmodification,metacinnabarite, are widely
known. The third phase that becomes stable at even higher
temperature mentioned for the first time in the mid 1960s 10 as
non-stoichiometric g-HgS has been later referred to as hyper-
cinnabarite.

Mercuric sulfide occurs in nature predominantly as crimson
cinnabarite (cinnabar, vermilion), whereas velvet black metacin-
nabarite is very scarce.9 There has been some evidence 10 of
natural occurrence of non-stoichiometric hypecinnabarite with
iron impurities as well. Mercury selenide and telluride occur as
rare minerals,11 viz., purple black tiemannite HgSe and dark grey
coloradoite HgTe.

Ternary mercury chalcohalides (with a 3 : 2 : 2 composition)
Hg3Y2X2 (Y=S, Se, Te; X=Cl, Br, I) have been known for a
long time. Recently, they start to attract a great interest from
reseachers due to their potential application in advanced techno-
logies. These compounds manifest photoconductivity, large
refraction indices and large specific angle-of-polarisation rotation
in the visible light range. In particular, cubic mercury chalco-

halides simultaneously demonstrate the optical activity and linear
electrooptic effect, which makes them promising optical and
gyrotropic materials in optoelectronics.

Comprehensive investigations into the crystal structures of
ternary mercury chalcohalides started in the early 1960s. For
instance, the crystal structures of Hg3S2Cl2, Hg3Se2Cl2,
Hg3Te2Cl2 and Hg3Te2Br2 belonging to one of 9 rare cubic space
symmetry groups, I213, which contain non-intersecting three-fold
symmetry axes, were reported.12, 13 Polymorphism is very typical
of these compounds. Puff et al.14 elucidated polymorphism in a
number of mercury sulfochlorides and sulfobromides. According
to their results, the low-temperature cubic a-Hg3S2Cl2 modifica-
tion can be crystallised from a stoichiometric mixture of HgS and
HgCl2 at 300 8C. The high-temperature cubic b-Hg3S2Cl2 mod-
ification is formed at 400 8C. The low-temperature a-Hg3S2Cl2
modification can reversibly transform into b-Hg3S2Cl2 under
hydrothermal conditions at 300� 0.5 8C. The orthorhombic
g-Hg3S2Cl2 phase can be produced at *750 8C and is probably
metastable over the entire temperature range studied.

The orthorhombic low-temperature modification of mercury
sulfobromide, a-Hg3S2Br2, can be synthesised from HgS and
HgBr2 at 200 8C, the high-temperature (also orthorhombic)
phase b-Hg3S2Br2 is formed from the same reactants at
*420 8C. The metastable g-Hg3S2Br2 phase was prepared via
the interaction of a HgBr2 solution with an excess of KBr and
sodium thiosulfate at 80 8C. No single crystal of this modification
has been grown, but the authors claimed that it was isomorphous
to the tetragonal phase of mixed mercury sulfobromoiodide
Hg3S2Br0.5I0.5.14

Single crystals of mercury sulfofluoride Hg3S2F2 were grown
by heating of a mixture of HgS and dipyridinium tetrafluoromer-
curate up to 260 8C in vacuum according to the reaction

2HgS + (C5H5NH)2HgF4 Hg3S2F2 + 2C5H5N+ 2HF:.

This compound was isomorphous to cubic a-Hg3S2Cl2; isomor-
phous mercury selenofluoride Hg3Se2F2 can be prepared in a
similar way.15

Earlier, an oxidative method for the synthesis of these com-
pounds has been suggested,16 which implied heating of the
respective reaction mixtures in sealed evacuated ampoules at a
temperature of the onest of exothermic effects:

3Hg2X2 + 4Y 2Hg3Y2X2 + X2:.

Among all possible combinations, only Hg3Te2F2 could not
be prepared in pure form by this method, owing to the fact that
heating of mixtures of Hg2F2 and Te in a temperature range of
180 ± 350 8C always yielded liquid mercury. The oxidative syn-
thesis of mercury seleno- and tellurohalides was successfully
realised. The preparation of cubic mercury Hg3S2I2 sulfoiodide
was also reported.17

Systematic investigations into the ternary mercury chalcoha-
lides are performed by a group of Ukranian researchers starting
from the early 1980s.18 ± 23 The preparation, physical and crystal-
lographic characterisation of cubic a-Hg3S2Cl2, Hg3Se2Cl2,
Hg3Te2Cl2, Hg3Te2Br2 and Hg3S2I2 were reported.19 The phase
equilibria in the HgS ±HgTe ±HgCl2 ternary system were eluci-
dated.22 The existence of a single ternary compound, Hg3S2Cl2, in
the HgS ±HgCl2 system was confirmed, which occurs as three
polymorph modifications, viz., low-temperature a modification
with a cubic structure, high-temperature cubic b modification
with the double lattice parameter and metastable g modification.
It turned out that the structure of the g phase belonged to the so-
called order ± disorder type. In addition to the ternary compound
Hg3Te2Cl2 , another compoundwith a compositionHg3TeCl4 was
found in the HgTe ±HgCl2 system.

A study of the HgS ±HgBr2 system revealed 23 two modifica-
tions of mercury sulfobromide Hg3S2Br2 , viz., low- (a) and high-
temperature (b) ones. According to single-crystal X-ray diffrac-
tion data, both compounds belong to the monoclinic system. No
confirmation of the existence of a metastable phase g-Hg3S2Br2
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was found. Two ternary mercury tellurobromides, viz., cubic
Hg3Te2Br2 and Hg3TeBr4 isomorphous to their chloro analogue,
Hg3TeCl4 , were found in the HgTe ±HgBr2 system. Within the
HgTe ±HgI2 system, only one ternary compound Hg3Te2I2 was
identified.

Voroshilov and Slivka 18 have observed for the first time the
formation of ternary compounds Hg3S2I2 (at 658 K) with an
orthorhombic lattice and Hg3Se2I2 (at 693 K), in the HgS ±HgI2
and HgSe ±HgI2 systems, respectively. Syntheses of Hg3S2I2 and
Hg3Se2I2 by heating stoichiometric mixtures of the respective
mercury chalcogenides and iodide in sealed evacuated ampoules
at 260 8C for 2 ± 3 days were reported.24

Based on the analysis of equilibrium diagrams for the
HgY±HgX2 system, Voroshilov and Slivka 18 concluded that the
reactivity of mercuric chalcogenides towards mercuric halides
increases on going from sulfur to tellurium (an increase in the
ionic character of bonding) and from iodine to chlorine (an
increase in the covalency of bonding).

In nature, mercuric sulfohalides occur as typical but rare
exogenous minerals within the oxidation zone of mercury de-
posits, which are often characterised by a variable composition,
depending on the number and type of halogen atoms incorporated
into the crystal structure. These include the following minerals:
corderoite a-Hg3S2Cl2,25 lavrentievite Hg3S2(Cl,Br)2 and arzakite
Hg3S2(Br,Cl)2,26, 27 grechishchevite Hg3S2(Br,Cl,I)2,28 radtkeite
Hg3S2ClI 29 and kenshuaite g-Hg3S2Cl2.30

The data given above indicate that both naturally occurring
and synthetic mercury chalcohalides are of interest in terms of
their polymorphism and possible isomorphous replacements of
the halogen atoms in the crystal structures.

2. The crystal structures of ternary mercury chalcohalides
The rare mineral metacinnabarite (b-HgS) crystallises in the
sphalerite structural type (the Hg7S bond length is 2.54 �A).31

Themore common trigonalmodification, a-HgS (cinnabar),31

possesses a unique structure with no close analogues among
monosulfides, since it involves chains combined into helices with
the mercury atoms surrounded by two closest S atoms at 2.368 �A,
twomore S atoms at 3.10 �A and two even more distant S atoms at
3.30 �A. The S7Hg7S andHg7S7Hg bond angles are 1738 and
1058, respectively (Fig. 1). Similar to b-HgS, HgSe (tiemannite)
andHgTe (coloradoite) crystallise in the sphalerite structural type
(Hg7Se 2.615, 2.634 �A, Hg7Te 2.797 �A, the YHgY angle of
109.478). Upon compression to 1.5 ± 2 GPa, the crystal structures
of HgSe and HgTe are transformed into that of a-HgS.32

a. 3 : 2 : 2 Mercury chalcohalides
The crystal structure of synthetic a-Hg3S2Cl2 (natural mineral
corderoite 25) was determined by means of single-crystal X-ray
diffraction.33, 34 An analysis of the interatomic distances and
angles taking into account the tendency ofmercury atoms towards

the formation of infinite chains 1 (7S7Hg7S7)? identified a
[Hg3S2]

2n�
n framework in the structure, which can be described in

two ways. From the one side, the infinite nearly planar
(7S7Hg7S7)? chains of the `++77' type (Table 1,
Fig. 2) can be considered as major building block of the structure.
The chains go through the unit cell near the z=�1/4 planes and
include 8 out of 12 mercury atoms and all 8 sulfur atoms of a unit
cell. The remaining mercury atoms combine the chains via the
S7Hg7S bridges into a [Hg3Y2]

2n�
n spatial framework with the

halogen atoms localised in its cavities.33 The cubic symmetry
(space group I213) provides the equivalency of all three chain
orientations.

The same authors 33 suggested an alternative method for the
description of the a-Hg3S2Cl2 structure based on the identification
of the trigonal pyramidal SHg3 groups. The sulfur atoms located
on the spatial diagonal of the cubic cell, i.e., on the three-fold axis,
coordinate three mercury atoms with Hg7S bond lengths of
2.42 �A.These threemercury atoms compose regular triangles with
an edge of 3.543 �A. The distance from the centre of such a triangle
to the sulfur atoms in the pyramid apex is 1.30 �A. The SHg3
groups are combined into a common framework by sharing
mercury vertices. Large cavities present in the framework are
occupied by the chlorine atoms. Very long Hg7Cl bond lengths
(2.87 �A) are indicative of the ionic character of bonding.

Frueh and Gray 34 described this structure in a more tradi-
tional way: each Hg atom is octahedrally coordinated by two S
and four Cl atoms. Strongly distorted [HgY2X4] octahedra are
interlinked by face sharing.

Structural data on the isostructural compounds of the
a-Hg3Y2X2 family (Y=S, Se and Te; X=F, Cl, Br and I) 12

that crystallise in the enantiomorphous space group I213 with four
formula units per unit cells are given in Table 1.

In order to rationalise the interatomic interactions in
Hg3S2Cl2, Hg3S2F2, Hg3Se2Cl2, Hg3Te2Cl2 and Hg3Te2Br2 , a
crystal chemical analysis of their structures has been accom-
plished.18 The authors note that the interactions between the
mercury and chalcogen atoms are predominantly covalent. The
Hg7Y7Hg bond angles imply a significant contribution of the
chalcogen p electrons to the chemical bond (the coordination is
trigonal prismatic). Meanwhile, the Y7Hg7Y angles close to
1808 are characteristic of six-coordinated mercury atoms in
distorted [HgY2X4] octahedra. The packing density of the struc-
ture calculated based on mean specific volumes of the atoms
involved estimated from their effective radii is 65%± 71%, which
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c

0 b

Figure 1. The crystal structure of a-HgS (cinnabarite).

0
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Figure 2. The crystal structure of a-Hg3S2Cl2 (corderoite).
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Table 1. Crystallographic and crystal chemical parameters of ternary mercury chalcohalides.

Compound Space Unit cell parameters Z dexp, Bond lengths a /�A Bond angles a /deg. Ref.

group dcalc
(Rf) translations b angle /g cm73 Hg7Y Hg7X YHgY HgYHg

/�A /deg.

3 : 2 : 2 Chalcohalides

a-Hg3S2Cl2 I 213 a=8.940 4 6.74 2.42 2.86, 3.39 165.1 94.1 33

(0.065) 6.90

I 213 a=8.949 4 6.895 2.45 2.87, 3.38 166 92 34

(0.08) 6.827

b-Hg3S2Cl2 Pm�3n a=17.925 32 7 2.36 ± 2.40 2.70 ± 3.64 166.9 ± 176.5 94.8 ± 98.0 22

(0.035) 6.798

g-Hg3S2Cl2 Pbmn a=9.328 2 6.83 2.37 ± 2.44 2.67 ± 3.55 157.8 ± 176.0 94.0 ± 96.0 35

(polytype 1) (0.135) b=8.410 6.814

c=4.541

g-Hg3S2Cl2 A2mm a=4.664 4 6.83 2.37 ± 2.44 2.67 ± 3.55 157.8 ± 176.0 94.0 ± 96.0 35

(polytype 2) (0.213) b=16.820 6.814

c=9.081

g-Hg3S2Cl2 see b a=9.332 8 6.83 7 7 7 7 30

(kenshuaite) 7 b=16.820 6.87

c=9.108

a-Hg3S2Br2 C 2/m a=17.996 116.4 8 7 2.384 ± 2.416 2.848 ± 3.706 162.4 ± 176.5 95.8 ± 98.5 23

(0.0535) b=9.281 7.110

c=10.289

b-Hg3S2Br2 C 2/m a=17.273 89.78 8 7 2.24 ± 2.69 2.64 ± 3.39 137.8 ± 180.0 84.4 ± 109.3 23

(0.086) b=9.374 7.13

c=9.473

Hg3S2I2 Imma a=9.799 8 7 2.399 ± 2.423 7 160.8 ± 169.9 99.11 ± 99.50 24

(0.0449) b=18.703 7.045

c=9.462

Hg3Se2Cl2 I 213 a=9.06 4 7 2.51 2.90 167 92 12

7

Hg3Se2Br2 C 2/m a=17.529 89.51 8 7 2.496 ± 2.536 2.815 ± 3.305 159.2 ± 180.0 92.9 ± 94.6 36

(0.0517) b=9.408 7.577

c=9.775

Hg3Se2I2 C 2/m a=19.392 116.54 8 7 2.36 ± 2.66 2.79 ± 4.09 150.7 ± 166.4 85.7 ± 108.4 36

(0.0749) b=9.652 7.37

c=10.918

Imma a=9.766 8 7 2.501 ± 2.522 3.034 ± 3.304 161.58 ± 171.80 96.53 ± 97.39 24

(0.0518) b=19.381 7.384

c=9.633

Hg3Te2Cl2 I 213 a=9.336 4 7 2.65 2.99 167 91 12

7

Hg3Te2Br2 I 213 a=9.54 4 7 2.64 3.08 167 91 12

7

Hg3Te2I2 C 2/c a=14.22 79.9 8 7 2.648 ± 2.702 2.981 ± 3.499 155.23 ± 180.0 89.75 ± 97.60 37

(0.076) b=9.70

c=14.34

Cc a=14.276 100.11 8 7 2.57 ± 2.77 2.99 ± 3.97 180.0 88.3 ± 100.0 38

(0.0483) b=9.722 7.508

c=14.382

Hg3Te2BrI C 2 a=18.376 90.12 8 7 2.526 ± 2.761 2.850 ± 3.711 (Br) 7 88.7 ± 100.2 39

(0.1045) b=9.587 7.585 3.270 ± 3.838 (I)

c=10.575

Hg3S2F2 I 213 a=8.14 4 8.64 7 7 7 7 15

7 8.68

Hg3Se2F2 I 213 a=8.387 4 7 7 7 7 7 15

7
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indicates that the structure is organised similar to a dense packing
typical of many chalcogenides and halides.

In the crystal structure of b-Hg3S2Cl2, virtually linear
7S7Hg7S7 groups forming closed isolated [Hg12S8] cubes
with the S atoms in their vertices (Table 1, Fig. 3) can be
identified.22 The Cl atoms are located both in the centres of the
cubes and between them. According to an analysis of the inter-
atomic distances and bond angles, the sulfur atoms are coordi-
nated (similar to those in a-Hg3S2Cl2) by three mercury atoms to
form strong covalently bound trigonal pyramidal SHg3 groups,
which can be considered as basic building blocks of the structure.
Closed isolated [Hg12S8] cubes are composed of eight SHg3
groups. It is interesting to note that in both of these cubic
structures (i.e., a- and b-Hg3S2Cl2), each sulfur atom is located
on the spatial diagonal of the cubic lattice, i.e., on the three-fold
axis, in the intersection point of three virtually perpendicular
linear 7S7Hg7S7 groups. Such isolated cubes occur also in
other classes of compounds, in particular, they are similar to the
[Si8O12] cubes found 45 in octasilsesquioxanes (and can be actually
regarded as their antitypes).

The crystal structure of the g modification of Hg3S2Cl2 was
solved 35 as belonging to the order ± disorder type. It is composed
of different polytypes with the prevalence of blocks with theA2/m
or F2/m symmetries. The crystal structure includes layers built up
of the SHg3 groups interlinked by sharing mercury vertices to

Table 1 (continued).

Compound Space Unit cell parameters Z dexp, Bond lengths a /�A Bond angles a /deg. Ref.

group dcalc
(Rf) translations b angle /g cm73 Hg7Y Hg7X YHgY HgYHg

/�A /deg.

3 : 2 : 2 Chalcohalides

Hg3S2Br1.0Cl0.5I0.5 Pbnm a=13.249 8 7 2.358 ± 2.459 2.768 ± 2.804 (Cl) 140.9 ± 172.9 95.95 ± 104.91 40

(0.0363) b=13.259 7.396 3.040 ± 3.078 (Br)

c=8.710 3.259 ± 3.304 (I)

Hg3S2Cl1.0I1.0 C 2/m a=16.827 130.17 8 7 2.240 ± 2.474 2.783 ± 2.961 (Cl) 146.1 ± 180.0 94.7 ± 102.9 41

(0.0527) b=9.117 7.130 3.083 ± 3.216 (I)

c=13.165

Hg3S2Cl1.5Br0.5 (I) C 2/m a=16.841 90.08 8 7 2.372 ± 2.484 2.703 ± 2.801 (Cl) 158.42 ± 180.0 93.06 ± 96.21 42

(0.0528) b=9.128 6.952 3.070 ± 3.099

c=9.435 (Cl, Br) c

Hg3S2Cl1.54Br0.46 (II) Pm�3n a=18.0409 32 7 2.387 ± 2.410 2.715 ± 3.294 (Cl) 166.0 ± 176.1 95.4 ± 96.6 42

(0.0282) 6.851 3.576 (Br)

2.884 ± 3.448

(Cl, Br) c

Hg3S2Br1.5Cl0.5 (III) C 2/m a=17.824 115.69 8 7 2.366 ± 2.430 2.826 ± 2.854 (Cl) 163.0 ± 176.3 96.3 ± 97.6 43

(0.0513) b=9.238 7.005 2.923 ± 3.697 (Br)

c=10.269

Hg3S2Br1.5Cl0.5 (IV) Pm�3n a=18.248 32 7 2.385 ± 2.414 2.773 ± 3.537 165.2 ± 175.0 95.7 ± 96.5 43

(0.0380) 7.026 (Cl, Br) c

3.318 ± 3.591 (Br)

3 : 1 : 4 Chalcohalides

Hg3TeCl4 Pbca a=11.522 8 7 2.631 ± 2.637 2.357 ± 3.691 7 89.89 ± 97.61 22

(0.0388) b=12.140 6.523

c=12.683

Hg3TeBr4 Pbca a=12.360 8 7 2.62 ± 2.71 2.64 ± 3.49 7 81.85 ± 99.07 23

(0.1181) b=12.523 7.00

c=12.868

Hg3TeI4 F�43m a=6.244 7 7.03 7 2.704 7 7 44

(0.1181) 7

aY=S, Se, Te; X=Cl, Br, I; b the crystals are orthorhombic, the possible space groups are Ammm, A2mm, Am2m, Amm2 and A222; c the position is

statistically occupied by Cl and Br.
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Figure 3. A fragment of the crystal structure of b-Hg3S2Cl2.
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form [Hg3S
2�
2 ]?? polycations. Within the layers, the Hg7S and

Hg7Cl bonds are covalent and ionic, respectively (Table 1,
Fig. 4). A comparison of the polycationic motifs in a-Hg3S2Cl2
and g-Hg3S2Cl2 reveals that in the case of a-Hg3S2Cl2 , these
groups are characterised by the 3m symmetry and the covalent
Hg7S bonds form a spatial framework. In the gmodification, the
SHg3 groups appear distorted and the network of the covalent
Hg7S bonds extends only in two dimensions. Each pair of
neighbouring layers is bridged by a system of the Hg7S bonds.
However, the whole structure is joined only by significantly
weaker Hg_Cl contacts. This explains the perfect cleavage of
the g-Hg3S2Cl2 crystals parallel to the (100) plane.

Two polymorph modifications of Hg3S2Br2 , viz., a and b,
were prepared and characterised.23 In the case of the a phase,
nearly undistorted SHg3 groups act as the basic structural unit.
Similar to the situation observed in b-Hg3S2Cl2 , eight such groups
linked by the mercury atoms compose isolated closed [Hg12S8]
cubes with the S atoms in their vertices, which can be regarded as
main building blocks of the structure. The Br atoms are located
both in the centres of the cubes and between them.

Themonoclinicmodification b-Hg3S2Br2 (Ref. 23) is isostruc-
tural to Hg3Se2Br2.36 X-Ray diffraction patterns of Hg3Se2Br2,
g-Hg3S2Cl2 and b-Hg3S2Br2 are very similar.23 The crystal struc-
ture of g-Hg3S2Br2 remains unknown.

The crystal structures of isomorphous Hg3S2I2 and Hg3Se2I2
have been reported.24 The mercury atoms therein are covalently
bound to two chalcogen atoms with the mean Hg7Y bond
lengths of 2.411 �A and 2.512 �A for Y=S and Se, respectively.
The Y7Hg7Y bond angles lie in the range of 160.8 ± 163.98 and
161.48 ± 171.788 for Hg3S2I2 and Hg3Se2I2, respectively. The
mercury and chalcogen atoms form Hg7Y chains with the mean
Hg7Y7Hg angles of 99.38 and 96.98 for Hg3S2I2 and Hg3Se2I2,
respectively. TheHg7Y chains go along the a axis parallel to each
other and are interlinked by the mercury atoms to form step-like
ribbons (Fig. 5). Since the tricoordinated chalcogen atoms in the
YHg3 groups are characterised by the oxidation state 72, these
one-dimensional polycations can be formulated as [Hg3Y2]

2�
? .

The Hg7I interatomic distances exceeding 3 �A clearly indicate
the ionic character of bonding. The iodide ions are located both
inside the covalently bound ribbons and between them. Therefore,
the structures of Hg3S2I2 and Hg3Se2I2 reveal a new type of the
mutual disposition of the trigonal YHg3 groups for compounds of
the Hg3Y2X2 family (Y=S, Se or Te; X=Cl, Br or I).

Minets et al.36 reported on the synthesis and structural studies
of selenohalides Hg3Se2Br2 and Hg3Se2I2. The former compound
is isostructural to b-Hg3S2Br2. Each mercury atom is covalently

bound to two selenium atoms, whereas each selenium atom is
connected with three mercury atoms to form the SeHg3 groups
(see Table 1). These groups are linked by sharing Hg vertices into
[Hg12Se8]?? puckered layers. The majority of the Hg7Se bonds
(5/6) are involved into closed [Hg4Se4] rings oriented in two
different ways and the remaining bonds combine the rings into
layers via the Hg7Se7Hg bridges. The Br atoms are localised
inside the [Hg12Se8]?? layers and between them. Similar puck-
ered layers are observed in the crystal structure of g-Hg3S2Cl2.35

The authors 36 assign the structure of Hg3Se2I2 to the same
type as a-Hg3S2Br2, i.e., the structure containing isolated closed
[Hg12Se8] cubes with the Se atoms in their vertices. The I atoms are
located both in the centres of the cubes and between them. It is of
note that this conclusion contradicts the results reported by Beck
and Hedderick.24

The crystal structure of Hg3Te2I2 has been studied by several
authors.36, 37 Its unit cell contains three types of Hg atoms in the
sites with point symmetries 1, �1 and 2. The coordination poly-
hedron of the Hg atoms in the inversion centres can be described
as a distorted octahedron with four relatively long Hg7I bonds
(3.425 ± 3.499 �A) and two short Hg7Te bonds (2.648 �A, the
TeHgTe angle is 1808). Meanwhile, the Hg atoms residing on the
2-fold axes are surrounded by two Te atoms with the Hg7Te
bond lengths of 2.678 �A and two I atoms at longer distances
[(Hg7I)av of 3.093 �A, the TeHgTe and IHgI angles are 157.808
and 100.998, respectively]. Therefore, this type of crystallograph-
ically independent mercury atoms is characterised by the tetra-
hedrally distorted `butterfly' coordination. The shortest Hg_Hg
distance is 3.782 �A. According to a crystal chemical analysis, a
complex framework of the Hg7Te bonds is realised in the
Hg3Te2I2 structure. It is built up of the [Te8Hg12] fragments,
which are in turn a combination of two [Te4Hg4] rings related to
each other by the two-fold symmetry axis parallel to the ring plane
linked by a Te7Hg7Te bond. These fragments are assembled
into a crankshaft ribbon, which differs from the [Y4Hg6]? ribbon
in that only a half of the rings therein are closed and open rings
form bonds with the neighbouring translationally equivalent
chains. This gives rise to a framework with non-uniformly
distributed bonds: 2/3 of the Hg7Te bonds form identically
oriented closed [Te4Hg4] rings, whereas 1/3 of the bonds link
these rings by the Hg7Te7Hg bridges (Fig. 6). The eight-
membered [Te4Hg4] rings in the crystal structure of Hg3Te2I2
have no shared edges with neighbouring rings, which is typical of
other ribbon and layered Hg7Y motifs; this constitutes the
principal distinction of this structural type from the structures of
other known chalcohalides. All four Te7Hg7Te bonds formed
by a ring are bridging, they link the ring with four neighbouring
ones at different levels.

0 b
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Figure 4. [Hg3S2]
2�
?? puckered layers with closed [S4Hg4] rings in the

crystal structure of g-Hg3S2Cl2.
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Figure 5. [Hg3Y2]
2�
? step-like polycationic ribbons composed of the

closed [S4Hg4] rings going along the [100] direction in the crystal structure

of Hg3S2I2.

106 S AMagarill, N V Pervukhina, S V Borisov, N A Pal'chik



Voroshilov and Minets 39 described the crystal structure of
Hg3Te2BrI, which belongs to the structural type of b-Hg3S2Br2
(Hg3Se2Br2). Due to the presence of two different halogens, the
morphotropic transition Hg3Se2Br2 ? Hg3Te2BrI is accompa-
nied by lowering of the structure symmetry (space group
C2/m?C2) with the approximate retention of the unit cell
parameters due to the regular iodide substitution for a half of the
bromide ions.

Mercury sulfohalides rarely occur in nature. Only a few
minerals within the ternary Hg3S2Cl2 ±Hg3S2Br2 ±Hg3S2I2 sys-
tem are known, all of them have structures closely related to each
other. One of them (corderoite) has been discussed above in the
beginning of Section II.2.a.

Crystals of a synthetic mercury chalcohalide that represents
the analogue of naturally occurring mineral grechishchevite 28

have been structurally elucidated by means of X-ray diffraction.40

In agreement with the refined stoichiometry Hg3S2Br1.0Cl0.5I0.5,
eachmercury atom is connectedwith two sulfur atoms.As in other
structures of mercury chalcohalides with a common formula
Hg3Y2X2, covalently bound S7Hg7S and SHg3 groups
assembled into a general motif can be readily identified in the
crystal structure. A significant deviation of some of the SHgS
angles (141.88 and 140.98) from the linearity typical of bivalent
mercury compounds 1 is of note. The halogen atoms are located
between the zigzag chains. The eight-membered [Hg4S4] rings
composed of the SHg3 groups are assembled into infinite crank-
shaft ribbons going along the [001] direction. As has been
mentioned above, similar polycationic motifs were found 24 in
Hg3S2I2 and Hg3Se2I2. In these structures, all ribbons are trans-
lationally equivalent, whereas they are related to each other by the
inversion centre and 21-axis in Hg3S2Br1.0Cl0.5I0.5. This difference
is sufficient to classify the structure of the grechishchevite ana-
logue as a new structural type (Fig. 7).

Naturally occurring mercury sulfohalide Hg3S2ClI was char-
acterised as a newmineral radtkeite in 1991.29 A few years later, its
synthetic analogue Hg3S2Cl1.00I1.00 was prepared and its crystal
structure was determined.41 As in the case ofHg3S2Br1.0Cl0.5I0.5,40

the SHgS groups deviate significantly from the linearity (see
Table 1). The SHg3 groups form [Hg12S8]?? puckered layers
similar to those found in the crystal structures of g-Hg3S2Cl2,35

b-Hg3S2Br2 23 and Hg3Se2Br2.36 The orientation of the layers
strictly corresponds to the planes of perfect cleavage of the
crystals.

A series of isostructural minerals Hg3S2ClmBrn (m+n=2;
m> n, lavrentievite and m< n, arzakite) 26, 27 have not been
studied by means of X-ray crystallography due to the lack of
suitable single crystals. Attempted syntheses of these minerals
afforded new mercury chalcohalides corresponding to composi-
tions Hg3S2Cl1.5Br0.5 (I), Hg3S2Cl1.54Br0.46 (II) 42 and
Hg3S2Br1.5Cl0.5 (III, IV),43 which have been successfully charac-
terised by single-crystal X-ray diffraction (see Table 1).

Compound I is isostructural to synthetic g-Hg3S2Cl2,
b-Hg3S2Br2, Hg3Se2Br2 and Hg3S2ClI (a synthetic analogue of
radtkeite). A part of the halogen sites in the structure are statisti-
cally occupied by Cl and Br.

Compound II is isostructural to b-Hg3S2Cl2 except for some
increase in the lattice parameter a due to the incorporation of
larger bromine atoms. The monoclinic modification III is iso-
structural to the synthetic compound a-Hg3S2Br2, and the cubic
modification IV is isostructural to b-Hg3S2Cl2. In the latter
structure, 64 Br atoms are located in the nodes of a sublattice
with a sublattice constant a/4, and eight [Hg12S8] groups are
arranged in a way similar to that found in b-W: they are located in
the nodes and in the centre of the unit cell; additionally, each face
of the unit cell accomodates these two groups.

b. 3 : 1 : 4 Mercury chalcohalides
Two isomorphous compounds Hg3TeCl4 and Hg3TeBr4 were
found in the HgTe ±HgCl2 (see Ref. 22) and HgTe ±HgBr2
(Ref. 23) systems (see Table 1). Both Hg3TeX4 compounds
(X=Cl or Br) have layered structures with puckered layers
stacked nearly parallel to the crystallographic xz plane, which
agrees with the fact that the crystals manifest perfect cleavage
along the (010) plane. Double layers oriented perpendicular to the
y axis contain the halogen, tellurium and mercury atoms along
with the TeHg3 pseudotrigonal pyramids analogous to the SHg3
groups observed in the Hg3Y2X2 chalcohalides described above.
The isolated TeHg3 groups are arranged in such a way that two
mercury atoms are located in the same layer as the tellurium atom,
whereas the third Hg atom is located in the neighbouring layer
(Fig. 8) thus making a covalent contribution into the predom-
inantly ionic bonding between the atoms within a double layer.
Owing to the stoichiometry change, the TeHg3 groups are slightly
more distorted than the YHg3 groups in Hg3Y2X2 (Y=S, Se or
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Figure 6. A complicated framework of the Hg7Te bonds in the crystal

structure of Hg3Te2I2.
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Figure 7. Crankshaft ribbons composed of closed [S4Hg4] rings going

along the [001] direction in the crystal structure of the synthetic analogue

of grechishchevite Hg3S2Br1.0Cl0.5I0.5.
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Te; X=Cl, Br or I); the spread in the HgYHg bond angles
increases from 38 (in Hg3S2Cl2) to 78 (in Hg3TeCl4).

In a study of the HgTe ±HgI2 system, a new compound
Hg3TeI4 has been found and an attempt at determining its
structure from powder X-ray diffraction data has been under-
taken.44 According to the results obtained, the compound pos-
sesses a structure similar to that of sphalerite (ZnS) with a
statistical distribution of atoms over the available sites, which
can be described as a cubic close packing of the anions with the
mercury cations statistically occupying its tetrahedral cavities (see
Table 1). The authors also suggested that Hg3TeI4 in the ordered
form can contain fragments of the red modification of HgI2
bridged by chains composed of the HgX4 tetrahedra (X=Te or
I) in a way similar to that observed in the crystal structure of SiS2.

3. Preparation and crystal structures of quaternary mercury
chalcohalides
a. Synthesis and crystal structures of MHgYX compounds
(M=Cu or Ag; Y=S or Se; X=Cl, Br or I)
Silver and copper halides are well known cationic conductors.
With this regard, the crystal structures of compounds of the
MHgYX family (M=Cu or Ag; Y=S or Se; X=Cl, Br or I)
have been in the focus of intense investigations. Main methods for
their preparation can be classified into two types: (a) solid-state
reactions of appropriate stoichiometric amounts of the binary
precursors MX and HgY in sealed evacuated ampoules upon
heating to a specific temperature for a certain time; (b) hydro-
thermal reactions of the starting binary componentsMXandHgY
in concentrated or dilute solutions with HCl, HBr or HI as
solvents in sealed evacuated ampoules at a certain temperature.

The major crystallographic and crystal chemical parameters
of the MHgYX compounds are summarised in Table 2.

The quaternary sulfohalides CuHgSCl and CuHgSBr are
isostructural. According to the X-ray diffraction study of their
orthorhombic single crystals,46 both crystal structures include
planar crankshaft 7S7Hg7S7 chains assembled into a spatial
framework with pairs of strongly distorted [CuS2X2] tetrahedra
sharing an X7X edge (Fig. 9). The coordination polyhedron of
themercury atoms is supplemented to a distorted octahedronwith
the halogen atoms. The coordination polyhedron of the copper
atoms can be regarded as a strongly distorted [CuS2X2] tetrahe-
dron, where the copper atom occupies a position shifted from the
centre of the tetrahedron (see Table 2). The sulfobromide
CuHgSBr undergoes a phase transition at 323 K transforming
into another orthorhombic phase with the halved parameter b.
The crystal structures of CuHgSBr (at 358 K) and b-AgHgSI

(Ref. 50) become virtually identical after the y and z axes in the
former crystal structure are interchanged.

The crystal structure of CuHgSI has been determined inde-
pendently by two research groups using the Rietveld refinement of
a powder X-ray diffraction pattern 48 and single-crystal X-ray
diffraction.47 As major structural units therein, the7I7Cu7I7
and 7S7Hg7S7 zigzag chains going along the c axis can be
identified (Fig. 10). The copper atoms are tetrahedrally coordi-
nated by the S and I atoms, whereas the Hg atoms are linearly
coordinated (see Table 2). The structure of CuHgSI is similar to
those of CuHgSCl and CuHgSBr, except for the fact that the
shape of the 7S7Hg7S7 chains is distorted in the two latter
structures.

As a part of an investigation into the CuCl ±HgSe system, a
new compound CuHgSeCl has been synthesised and character-
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Figure 8. Aprojection of the crystal structure ofHg3TeCl4 onto the (100)

plane.
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Table 2. Crystallographic and crystal chemical parameters of quaternary mercury chalcohalides.

Compound Space Unit cell Z dcalc Bond lengths a /�A Bond angles a /deg. Ref.

group (Rf) parameters /g cm73

/�A Hg7Y M7Y Hg7X M7X YHgY HgYHg YMY XHgX XMX XMY

Chalcohalides with a 1 : 1 cation-to-anion ratio

CuHgSCl Pbam a=9.84 8 6.16 2.362 ± 2.258 ± 2.955 ± 2.273 ± 172.4 ± 96.0 ± 7 87.75 7 101.79 ± 46

(0.049) b=17.75 2.369 2.281 3.091 2.559 172.5 96.6 114.78

c=4.09

CuHgSBr (295K) Pbam a=10.03 8 6.58 2.369 ± 2.266 ± 3.051 ± 2.412 ± 171.6 ± 97.4 ± 7 85.06 7 98.54 ± 46

(0.032) b=18.33 2.371 2.282 3.192 2.787 175.2 97.9 114.16

c=4.124

CuHgSBr (358K) Pmam a=10.092 4 6.57 2.361 ± 2.284 3.061 ± 2.430 ± 171.4 ± 97.9 7 85.07 97.6 7 46

(0.068) b=9.184 2.367 3.265 2.931 180.0

c=4.138

CuHgSI Pna21 a=7.183 4 7 2.359 ± 2.311 ± 3.212 ± 2.633 ± 153.8 98.8 7 7 106.5 103.8 ± 47

7 b=8.343 2.369 2.322 3.999 2.743 116.0

c=6.989

Pna21 a=7.1748 4 7 2.373 2.324 3.213 2.649 153.45 7 114.70 78.78 108.70 7 48

(0.0416) b=8.3356

c=6.9855

CuHg2S2I Cmc21 a=12.618 4 7 2.374 2.368 ± 3.214 ± 3.089 b 7 7 113.4 ± 7 7 92.8 ± 47

7 b=7.224 2.417 b 4.034 125.8 b 106.6 b

c=6.937

CuHgSeCl (see c) Pbam a=6.9444 4 7 2.477 ± 2.379 3.105 ± 2.268 ± 171.31 89.14 126.74 7 7 98.05 ± 49

(0.071) b=12.7561 2.486 3.270 2.882 114.82

c=4.2526

CuHgSeBr Pmma a=10.201 4 7 2.462 ± 2.392 3.073 ± 2.434 ± 173.02 ± 7 128.7 7 7 109.52 50

(0.0591) b=4.312 2.475 3.358 2.787 180.0

c=9.256

AgHgSBr Pmma a=9.648 4 7 2.354 ± 2.498 3.092 ± 2.679 ± 171.4 ± 7 137.80 7 7 109.23 50

(0.0547) b=4.661 2.363 3.357 3.109 180.0

c=9.426

a-AgHgSI P212121 a=7.075 4 7 2.351 2.561 ± 3.482 ± 2.748 ± 172.5 98.1 7 7 115.24 94.7 ± 51

7 b=7.732 2.635 3.745 2.982 130.4

c=8.475

b-AgHgSI Pmma a=10.159 4 7 2.376 2.535 3.268 ± 2.802 ± 171.4 ± 7 132.9 7 7 112.4 50

7 b=4.648 3.453 3.209 180.0

c=9.849

Ag2HgSI2 Cmc21 a=13.834 4 6.35 2.38 ± 2.52 3.375 ± 2.778 ± 175.5 93.1 7 7 103.1 ± 100.0 ± 52

(0.0567) b=7.470 2.52 3.590 2.950 110.5 130.7

c=7.103



Table 2 (continued).

Compound Space Unit cell Z dcalc Bond lengths a /�A Bond angles a /deg. Ref.

group (Rf) parameters /g cm73

/�A Hg7Y M7Y Hg7X M7X YHgY HgYHg YMY XHgX XMX XMY

Chalcohalides with a 3 : 4 cation-to-anion ratio

Hg2SnS2Br2 (see d) P 21/n a=9.356 4 6.352 2.345 ± 2.909 ± 7 2.840 ± 171.5 ± 86.8 ± 7 7 7 7 53

(0.0543) b=8.028 2.369 2.921 2.966 173.5 105.0

c=10.630

Hg2PbS2I2 P 4/mbm a=13.501 4 7.349 2.382 ± 2.989 3.301 ± 3.427 ± 171.06 98.84 73.71 ± 7 7 7 54

(0.039) c=4.593 2.386 3.441 4.385 100.4

Naturally occurring chalcohalides

Hg4.6Ag4.4S4.6 . P 212121 a=17.430 2 6.60 2.29 ± 2.46 ± 3.13 ± 2.74 ± 173.0 ± 96.0 ± 92.0 7 7 7 55
. (Cl2Br0.8I1.6) (0.100) b=12.240 2.43 2.78 3.47 3.03 176.0 102.0 140.0

(perroudite) c=4.350

HgAgS(Cl,Br,I) P 212121 a=6.803 4 6.43 2.40 ± 2.44 ± 2.90 ± 2.71 ± 7 7 7 7 7 7 56

(capgaronnite) (0.170) b=12.870 2.49 2.61 3.34 3.05

c=4.528

HgAgS(Cl,Br) P 62 a=8.234 12 6.59 7 7 7 7 7 7 7 7 7 7 57

(iltisite) 7 c=19.381

aM=Cu, Ag, Sn, Pb; Y=S, Se; X=Cl, Br, I; b the position is occupied by the Cu and Hg atoms in a 0.53 : 0.47 ratio; c the Cl7Cl distance is 3.738 �A; d b=102.688; the HgSSn angles are 95.7 ± 113.98.



ised.49 Its structure represents a framework assembled from the
7Se7Hg7Se7 chains running along the [100] direction. Two
chains related to each other by a translation along c are bridged by
distorted [CuSe2Cl2] tetrahedra involving two Se atoms from
different chains and two Cl atoms. The copper atoms in these
tetrahedra are strongly shifted from the centres. Pairs of these
tetrahedra combined by sharing a Cl7Cl edge assemble the
7Se7Hg7Se7 chains lying in the xy plane into a framework.
The geometry of the7Se7Hg7Se7 chains in CuHgSeCl differs
from that of the 7S7Hg7S7 chains in MHgSX (M=Cu or
Ag; X=Cl, Br or I).58 The7Se7Hg7Se7 chains are similar to
the chains present in the structures of HgO, Hg(OHg)4Br and
Hg2O2NaI described as zigzag chains (the `+7+7' type) by
Aurivillius,1 whereas the chains in CuHgSCl are of the `++77'
type (i.e., crankshaft chains) according to the same classification.

The preparation methods and crystal structures of isostruc-
tural chalcohalides CuHgSeBr, AgHgSBr and b-AgHgSI have
been reported by Beck et al.50 The structures are built up of
puckered layers composed of crankshaft chains with the covalent
Hg7Y bonds. These chains are assembled into a framework by
pairs of strongly distorted M[Y2X2] tetrahedra with shared X7X
edges (Table 2, Fig. 11).

A new phase, a-AgHgSI, has been synthesised recently.51 Its
structure is based on a distorted hexagonal close packing of the
sulfur and iodine atoms. One fourth of the tetrahedral cavities of
the packing is occupied by the silver atoms, whereas a half of the
octahedral sites is occupied by the mercury atoms. The mercury
atoms, like those in other mercuric compounds, are connected to
two sulfur atoms. The 7S7Hg7S7 chains (of the `+7+7'
type) oriented along the [100] direction are assembled into a
framework by pairs of distorted [AgS2I2] tetrahedra with shared
I7I edges (Fig. 12). Each tetrahedron includes two S atoms from
different chains and two I atoms. The low-temperature modifica-
tion b-AgHgSI is transformed into high-temperature a-AgHgSI
at 273 8C.

We conclude this section by considering two compounds that
do not formally fall into the MHgYX family, although they also
correspond to a 1 : 1 cation-to-anion ratio. The crystal structures
of CuHg2S2I (Ref. 47) and Ag2HgSI2 (Ref. 52) are similar. Each
mercury atom is linearly coordinated to two sulfur atoms (see
Table 2). In these structures, the planar (in the yz plane) zigzag
7S7Hg7S7 chains go along the c axis (Fig. 13). The coordi-
nation polyhedron of the Hg atoms is supplemented by the I
atoms to a distorted octahedron. In the crystal structure of

CuHg2S2I, one of the cationic sites is statistically occupied by
mercury and copper in a 0.47 : 0.53 ratio. The Hg/Cu cation is
characterised by a distorted tetrahedral coordination environ-
ment composed of three S and one I atoms. The [(Hg,Cu)S3I]
tetrahedra assemble the 7S7Hg7S7 chains into a framework
by vertex-sharing. In the crystal structure of AgHg2S2I, the silver
atoms are surrounded by three I and one S atoms forming
distorted tetrahedra. These tetrahedra assemble the
7S7Hg7S7 chains into a framework by sharing their S
vertices.

b. Quaternarymercury chalcohalides with a cation-to-anion ratio of
3 : 4
Blachnik et al.53 reported on the synthesis of Hg2SnS2Br2 by a
solid-state reaction of HgS and SnBr2. In the crystal structure of
this compound, helical 7S7Hg7S7 chains, which are nearly
square in the cross-section, oriented parallel to [010] are packed
into a tetragonal structure giving rise to voids accomodating the
Sn2Br4 fragments (Fig. 14). The Hg atoms are characterised by a
distorted octahedral coordination (two S plus four Br atoms, see
Table 2).

In a study of quaternary compounds within the HgS ±PbI2
system involving elements of Groups 12, 14, 16 and 17,54 a new
sulfoiodide Hg2PbS2I2 has been synthesised (see Table 2). In its
crystal structure, the Hg atoms form two covalent bonds with the
S atoms, and four longer Hg7I bonds supplement its coordina-
tion environment to distorted octahedral one. The coordination
polyhedron of the Pb atoms can be described as a monocapped
trigonal prism composed of four S and three I atoms. The sulfur
atoms are tetrahedrally coordinated by twoHg and two Pd atoms.
The 3D structure is built up of planar [Hg4S4] rings stacked in
columns along the [001] direction. The columns are linked by the
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Figure 11. Puckered layers constituted by the Hg7S and Ag7S bonds in

the crystal structure of b-AgHgSI.
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Figure 12. A fragment of the crystal structure of a-AgHgSI.
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Figure 13. The crystal structure of CuHg2S2I.
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Pb atoms coordinated to four S atoms from four [Hg4S4] rings of
two neighbouring columns into a spatial framework; the iodine
atoms occupy its cavities (Fig. 15).

As has been noted by Blachnik et al.,54 Hg2PbS2I2 can be
considered as a cinnabarite (a-HgS) (see Fig. 1) derivative built up
of helical 7S7Hg7S7 chains.1 The replacement of an S27 ion
in cinnabarite with two I7 ions gives rise to the Hg3S2I2 struc-
ture,24 where the chains are joined by the Hg bridges. The
coordination number of the sulfur atoms increases to three. The
sulfoiodide Hg2PbS2I2 can be regarded as a Hg3S2I2 derivative
that is obtained by the Pb2+ substitution for one third of theHg2+

ions, this modification is accompanied by a change of the sulfur
coordination to the tetrahedral one (2 Pb plus 2 Hg).

c. Naturally occurring quaternary mercury chalcohalides
Presently, there are only three known rareminerals falling into the
class of quaternary mercury chalcohalides, viz., perroudite, cap-
garonnite and iltisite. Perroudite and capgaronnite contain three
halogens (Cl, Br and I) at once; among naturally occurring ternary
mercury suflohalides, all three halogens are present simultane-
ously only in grechishchevite.28

In the structure of perroudite Hg5Ag4S5(Cl,Br,I)4, the mer-
cury atoms are covalently bound to two sulfur atoms to form
specific crankshaft chains parallel to b.55 The coordination
environment of themercury atoms is supplemented by the halogen
X atoms to the distorted octahedral one; the halogen sites are
occupied by the Cl, Br and I ions statistically. The silver atoms of
the first type are tetrahedrally coordinated by three S and one X
atoms (Ag7S 2.46 ± 2.78 �A, Ag7X 2.99 �A), whereas those of the
second type are tetrahedrally coordinated by three X and one S
atoms (Ag7S 2.66 �A, Ag7X 2.59 ± 3.03 �A). The S7Hg7S7
chains are assembled into a framework by the [Ag(S,X)4] tetra-
hedra (Fig. 16). An accurate refinement of the crystal structure
indicated the complete mutual isomorphous substitution of the
halogen atoms, Cl substitution for a part of the sulfur atoms and
Ag substitution for a part of the mercury atoms. The mineral was
finally formulated as Hg4.6Ag4.4S4.6Cl2.0Br0.8I1.6.

The mineral capgaronnite corresponds to the stoichiometry
HgAgS(Cl,Br,I). In contrast to the framework structure of per-
roudite considered above, in the crystal structure of capgaronnite,
the zigzag 7S7Hg7S7 chains (of the `+7+7' type) are
assembled into layers parallel to the (010) plane by pairs of edge-
sharing [AgS2X2] tetrahedra (Fig. 17).56 The mercury atoms
inside the chains are linearly coordinated by two S atoms, and
four X atoms supplement their coordination to the octahedral
one. TheAg atoms are tetrahedrally coordinated by two S and two
X atoms.

c

b

0

a

Hg

Sn

S

Br

Figure 14. Helical axes 7S7Hg7S7 going along the [010] direction in

the crystal structure of Hg2SnS2Br2.
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Figure 16. Aprojection of the crystal structure of perroudite Hg5Ag4S5X4

(X=Cl, Br or I) onto the (001) plane.
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A hexagonal polymorph of the orthorhombic capgaronnite,
viz., iltisite HgAgS(Cl,Br), has been reported by Sarp et al.,57

although its crystal structure has not been determined so far.
The major crystallographic and crystal chemical parameters

of quaternary mercury chalcohalides are summarised in Table 2.

III. Mercuric oxohalides

Two binary mercury oxides are well known, viz., yellow ortho-
rhombic (natural mineral montroidite) and red hexagonal phases.

According to investigations into the pressure-induced poly-
morphism in HgO,59 a black polycrystalline powder with the
tetragonal symmetry (the Laue class is 4/mmm) is formed at
35 GPa. The authors assume that the 7Hg7O7Hg7O7
chains are preserved in the new structure, i.e., no dramatic
structural rearrangement occurs.

A new triclinic phase of mercuric oxide has been reported by
Benjamin.60 It is spontaneously formed as a thin film on the
surface of pure mercury under the action of oxygen under
humidity. Meanwhile, stirring of mercury in ozonated oxygen
affords a mixture of the orthorhombic and triclinic HgO
modifications. According to X-ray diffraction data, the film
represents the triclinic HgO modification with the double para-
meters of the orthorhombic unit cell. The structure contains
zigzag 7Hg7O7Hg7O7 chains with the bond lengths and
angles typical of the HgO structures. Nevertheless, the Hg7Hg
distance between the neighbouring chains is *2.64 �A, which is
rather typical of compounds of monovalent mercury. Therefore,
Benjamin suggested this compound to be a mixed-valence one.

Mercury forms various oxo salts. In particular, a series of
mercuric oxochlorides nHgO .HgCl2 (n=0.5, 2, 3, 4) and an
oxobromide Hg(OHg)4Br2 are known.

There are only a few quaternary mercury oxohalides. The
heating of a mixture of PbO, PbBr2, HgBr2 andH2O in a 3 : 1 : 2 : 1
ratio in a sealed evacuated ampoule at 280 8C yields 61

HgPb2O(OH)Br3. Within the PbO±HgCl2 system, single crystal
of HgPb2O2Cl2 has been synthesised by heating a mixture of PbO
and HgCl2 (in a 2 : 1 ratio) in a sealed evacuated ampoule at
275 ± 300 8C.62 As a part of investigations into Hg-containing
high-temperature superconductors, the first barium mercury
oxochloride BaHg2O2Cl2 has been synthesised by heating a
mixture of BaO2 and Hg2Cl2 in a sealed ampoule at 360 8C for
three days.63 The first strontium mercury oxochloride
SrHg2O2Cl2 has been prepared as reddish brown powder by the
solid-state reaction of strontium peroxide SrO2 with calomel
Hg2Cl2.64

The crystal structure of the orthorhombic HgO modification
reveals infinite planar zigzag 7O7Hg7O7Hg7 chains (of the

+7+7 type) 1 lying in the ac plane parallel to a (Hg7O
2.039 ± 2.067 �A, the OHgO and HgOHg angles are 179.58 and
107.38, respectively). A comparison of the crystal structures of
HgO and the hexagonal modification of mercury sulfide (cinna-
barite) reveals similar principles of their structural organisation.
The planar zigzag 7O7Hg7O7Hg7 chains in oxide corre-
spond to the infinite helical 7S7Hg7S7Hg7 chains oriented
parallel to c in sulfide. In both cases, the X7Hg7X bond angles
do not deviate substantially from 1808. A decrease in the
Hg7X7Hg bond angle on going from oxygen (1098) to sulfur
(1058) fully reproduces the respective trend observed in other
structures.

The crystal structure of hexagonal red mercury oxide is built
up of infinite helical (7O7Hg7O7)? chains going parallel to
the c axis. The Hg7O bond lengths (2.03 �A) and Hg7O7Hg
(1088) and O7Hg7O (1768) bond angles inside the chains are
nearly the same as in the planar zizag chains of the orthorhombic
modification.59 Four O atoms at 2.79 ± 2.90 �A supplement the
coordination polyhedron of the Hg ions to a strongly distorted
octahedron. Inside the chains, the Hg7O bond in the hexagonal
modification is of the same type as in the orthorhombic modifi-
cation but the interchain bonds are significantly weaker (the
Hg_O distances are 2.79 and 2.90 �A, the Hg_Hg distances are
3.30, 3.58 and 3.72 �A, the O_O distances are 3.41 ± 4.06 �A).

1. The crystal structures of ternary mercuric oxohalides
The basic crystallographic and crystal chemical parameters of
mercury oxohalides are listed in Table 3.

The structure of Hg3OCl4 (n=0.5) includes the Cl7 anions
and pyramidal [OHg3Cl3]+ cations (Ref. 65). The O atoms are
located on the body diagonals of the cubic unit cell (that is on the
three-fold axes) coordinating three mercury atoms. The oxygen
atoms are shifted by 0.30 �A from the centres of regular triangles
composed of the mercury atoms. Furthermore, each mercury
atom is connected to a chlorine atom (2.302 �A) in a way that
three linear Cl7Hg7O groups intersect at the central oxygen
atom. Therefore, the triangle composed of mercury atoms is
located inside the regular triangle of the chlorine atoms; their
edges are virtually parallel. The remaining chlorine atoms are
situated at significantly larger distances from the mercury atoms.
Each [OHg3Cl3]+ pyramidal cation is surrounded by three Cl7

anions and vice versa each Cl7 anion is surrounded by three
[OHg3Cl3]+ cations. The bonds inside the pyramidal cation are
covalent, as evidenced by the respective Hg7O andHg7Cl bond
lengths (see Table 3). The Hg7O7Hg bond angle (1188) is also
indicative of the covalent bonding between the oxygen and
mercury atoms.

A similar nearly planar [O(HgI)2(HgOH)]+ cation occurs 71 in
two isostructural compounds [O(HgI)2(HgOH)]ClO4 and
[O(HgI)2(HgOH)]BF4 (Hg7O 1.99 ± 2.12 �A, HgOHg
115.4 ± 128.18; Hg7OH 1.98 �A, Hg7I 2.57 �A, OHgI
175.0 ± 177.28, OHgOH 175.98).

In the structure of a-Hg3O2Cl2 (n=2), two crystallographi-
cally independent mercury atoms are characterised by different
coordination environments: the first type Hg atoms are linearly
coordinated by two O atoms (Hg7O 2.07 �A), whereas the second
type Hg atoms are coordinated by three O atoms (Hg7O 2.17,
2.32 and 2.33 �A).66Nearly planarHgO3 triangles are combined by
edge- and vertex-sharing into puckered layers lying in the ac plane.
The layers are further assembled into a framework by the linearly
coordinated Hg atoms. The chlorine atoms occupy cavities of the
framework (Fig. 18). Examples of non-linear coordination types
involving a third O atom (T-shaped, etc.), which are less typical of
Hg2+ cations, can be found elsewhere.3

There is another modification of this compound, b-Hg3O2Cl2,
which can be alternatively formulated as Hg6O4Cl4.67 Its structure
is more complex than that of the a phase, which is evidenced by a
four times larger unit cell volume. A unit cell of the b-phase
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Figure 17. A projection of the crystal structure of capgaronnite HgAgSX

(X=Cl, Br or I) onto the (100) plane.
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Table 3. Crystallographic and crystal chemical parameters of mercury oxohalides.

Compound Space Unit cell parameters Z dexp, Bond lengths a /�A Bond angles a /deg. Ref.

group dcalc
(Rf) translations b angle /g cm73

/�A /deg. Hg7O Hg7X M7O M7X OHgO HgOHg OHgX MOM HgOM

Ternary oxohalides

Hg3OCl4 P 213 a=9.236 4 6.43 2.062 2.302, 7 118.0 175.7 65

(0.108) 6.45 2.987 ±

3.085

a-Hg3O2Cl2 P 21/c a=6.3100 114.36 2 8.53 2.07 ± 2.706 ± 82, 123, 98.3 ± 7 66

(0.059) b=6.8657 8.59 2.23 3.259 149, 180 114.3

c=6.8579

b-Hg3O2Cl2:Hg6O4Cl4 P 21/c a=10.838 108.90 4 8.44 2.028 ± 2.364, 154.9 ± 104.9 ± 158.9 67

(0.059) b=9.317 8.47 2.184, 2.753 ± 175.1 120.7

c=11.564 2.436 ± 2.934

2.781

b-Hg3O2Cl2 P 21/c a=10.826 71.04 8 8.53 2.035 ± 2.362 ± 154.46 ± 85.5 ± 156.91 68

(0.04) b=9.310 8.53 2.778 3.368 174.04 121.9

c=11.515

Hg5O4Br2 Ibam a=11.888 4 9.23 2.05 ± 2.958 86 ± 133, 113 7 69

(0.105) b=6.185 9.43 2.09 163, 175

c=11.746

Hg5O4Cl2 Ibam a=11.619 4 7 2.04 ± 2.916 ± 67.0 ± 113.2 7 70

(pinchite) (0.030) b=6.105 9.29 2.71 3.142 134.2

c=11.710

Quaternary oxohalides

HgPb2O(OH)Br3 Aba2 a=14.652 8 7 2.07 2.422 ± 2.29 ± 7 7 7 7 103.27 ± 114.61 ± 61

(0.0653) b=14.6491 3.347 2.42 108.32 116.48

c=7.782

HgPb2O2Cl2 C 2/m a=11.788 122.64 2 7 2.054 2.981 2.340 ± 3.291 ± 7 7 7 105.99 ± 108.26 ± 62

(0.047) b=3.910 2.388 3.402 109.87 113.10

c=7.749

BaHg2O2Cl2 P 4/mbm a=11.8442 4 7 2.03 ± 3.030 ± 2.72 3.119 ± 169 101 7 7 7 63

(0.0621) c=4.2865 2.09, 2.382 3.107 3.220

SrHg2O2Cl2 P 21/n a=9.943 102.4 4 7 2.046 ± 7 2.542 ± 7 7 108.42 ± 7 107.24 ± 103.88 ± 64

(0.0598) b=7.023 2.491 2.684 108.56 113.16 119.13

c=8.288

aM=Ba, Pb, Sr; X=Cl, Br.



contains six crystallographically independentmercury atoms. One
of them is linearly coordinated by two oxygen atoms (Hg7O
2.068 and 2.099 �A, theOHgOangle is 175.18), four types of theHg
atoms are coordinated (similarly to the structure of a-Hg3O2Cl2)
by three O atoms in the 2+1 manner (Hg7O 2.028 ± 2.184 and
2.436 ± 2.781 �A, the OHgO angles are 154.9 ± 171.48). The last
type of the Hg atoms forms close contacts with two O atoms
(Hg7O 2.100 and 2.586 �A) and binds covalently a Cl atom
(Hg7Cl 2.364 �A, the OHgCl angle is 158.98). The structure is
built up of infinite Hg7O chains (of the `++77' type).1 Four
these symmetry-related chains cross a unit cell nearly parallel to
the [001] direction, a repeating unit of a chain forms two
O7Hg7O bonds with the nearest chain, i.e., individual chains
are assembled into pairs forming 12-membered (Hg7O)6 rings.
Taking into account slighlty longer contacts, these double chains
are joined by pairs into extended ribbons. The sixth type of the Hg
atoms is connected to a chain oxygen atom and a Cl atom to form
a finite7Hg7Cl side chain. As a result, extended double ribbons
with the general formula [Hg2(OHg)4Cl3+]n act as the primary
building blocks of the structure. The ribbons are further
assembled by the Hg atoms into a complicated framework with
the remaining Cl atoms occupying its cavities. The Hg7Cl bonds
with these Cl atoms are essentially ionic, according to their
lengths. The authors of this study proposed to write the crystal
chemical formula of this compound as [Hg2(OHg)4Cl]Cl3. It is of
note that the structure of this phase was determined independently
by another research group 68 and they described its structure as
a motif of condensed cationic oxo-centred tetrahedra (see
Section IV.1).

The presence of extended virtually planar 7O7Hg7O7
chains containing two of three crystallographically independent
types of the Hg atoms and all O atoms constitutes the main
structural feature of mercury oxobromide Hg(OHg)4Br2
(n = 4).69 They can be classified as crankshaft chains of the
`++77' type (Hg7O 2.05 and 2.09 �A, the OHgO angles are
1758 and 1638, whereas the HgOHg angles are 1138). The remain-
ing Hg atoms bridging the chains into a framework are located
between the planes of the chains; these Hg atoms are tetrahedrally
coordinated by the oxygen atoms (Hg7O 2.24 �A, the OHgO
angles are 86 ± 1338). Cavities of the framework accomodate the
Br atoms (Fig. 19). The crystal structure of naturally occurring
mercury oxochloride Hg5O4Cl2, or Hg(OHg)4Cl2 (pinchite), as
determined by Hawthorne et al.,70 appeared fully analogous to
that of Hg(OHg)4Br2.

The Cl atoms play different roles in the structures of the
mercury oxochlorides. Above, in a-Hg3O2Cl2 and Hg5O4Cl2, all
bonds between the Cl atoms and the respective frameworks
([Hg3O

2�
2 ]n and [Hg5O

2�
4 ]n, respectively) are ionic. In

b-Hg3O2Cl2 and Hg3OCl4, a fraction of the Cl atoms (25% and
75%, respectively) form covalent bonds with the mercury atoms
giving rise to the [Hg6O4Cl

3�]n ribbons in the former case and
isolated [OHg3Cl3]+ cations in the latter one. The
7O7Hg7O7 fragments with terminal covalently bound Cl
atoms present in the structure of b-Hg3O2Cl2 loose them upon
heating and the compound converts into Hg5O4Cl2 with the
liberation of HgCl2. The similarity between the crystal structures
of b-Hg3O2Cl2 and a-Hg3O2Cl2 is not obvious. The presence of
planar HgO3 groups is their common structural feature. The
b-Hg3O2Cl2 phase is more stable at 25 8C. Upon heating in air at
200 8C for 70 h, both modifications convert into Hg5O4Cl2; its
structure is similar to that of b-Hg3O2Cl2. The a-Hg3O2Cl2 phase
can be transformed into the b-modification by annealing in
vacuum at 200 8C for a week. A subsequent heating at 230 8C
for three days affords a mixture of Hg5O4Cl2 and HgCl2, as
evidenced by powder X-ray diffraction data. Therefore,
b-Hg3O2Cl2 remains stable at about 200 8C, whereas Hg5O4Cl2
becomes more stable at 230 8C. In overall, solid oxohalides
undergo the following reactions upon heating in vaccum in the
above temperature range:67

2Hg3O2Cl2 Hg6O4Cl4 Hg5O4Cl2+HgCl2,

Hg5O4Cl2 4HgO+HgCl2.

2. The crystal structures of quaternary mercuric oxohalides
In the crystal structure of HgPb2O(OH)Br3, it is a complex
fragment [Hg2Pb4O2(OH)2]6+ with the so-called heterocubane
skeleton that acts as the principal building block.61 The central
empty tetrahedron therein is constituted by the lead cations; four
exterior tetrahedra sharing faces with the central one contain
interstitial oxygen atoms in their centres, whereas their exterior
vertices are occupied by two mercury and two hydrogen atoms.
The mercury atoms in the structure are linearly coordinated by O
and Br at 2.07 �A and 2.42 �A, respectively (the OHgBr angle is
166.78). The coordination polyhedron of the mercury atoms is
supplemented to a distorted trigonal bipyramid with three Br
atoms at larger distances. The [Hg2Pb4O2(OH)2]6+ moieties are
assembled into a framework by sharing Br vertices of the mercury
polyhedra (Fig. 20).

Mercury lead oxochloride HgPb2O2Cl2 is characterised by a
significantly different structure.62 In this case, the [OHgPb3]
tetrahedra and the linear 7O7Hg7O7 groups can be consid-
ered as basic structural units. The [OHgPb3] tetrahedra are

Hg

O

Cl
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c0

Figure 18. A projection of the crystal structure of a-Hg3O2Cl2 onto the

(010) plane.

Hg

O

Br
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c0

Figure 19. A projection of the crystal structure of Hg(OHg)4Br2 onto the

(100) plane.
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assembled into puckered [HgPb2O
2�
2 ]?? layers in the ab plane by

sharing vertices and edges. The Cl7 anions are located between
the layers (Fig. 21).

The crystal structure of BaHg2O2Cl2 has been solved from
powder X-ray diffraction data.63 The Hg atoms in the structure
form two covalent bonds with the O atoms with bond lengths of
2.03 ± 2.09 and 2.382 �A. The coordination environment of the Hg
atoms is supplemented to a distorted octahedron by four Cl atoms
(see Table 3). The coordination polyhedron of the Ba atoms can
be described as a monocapped trigonal prism composed of four O
(Ba7O 2.72 �A) and three Cl atoms. The structure is built up of
planarHg4O4 rings stacked into columns along the [001] direction.

These columns are assembled into a framework via the Ba atoms
coordinated by four O atoms from four Hg4O4 rings belonging to
two neighbouring columns; cavities of the framework accomodate
the Cl atoms. Oxochloride BaHg2O2Cl2 is isostructural to sulfo-
iodide Hg2PbS2I2 (see Fig. 15), its structure contains columns of
isolated Hg4S4 squares.

The crystal structure of SrHg2O2Cl2 has been determined
using powder X-ray diffraction owing to the lack of suitable single
crystals.64 Two crystallographically independent types of mercury
atoms present in the structure are characterised by different
coordination environments. The first type Hg atoms are linearly
coordinated by two O atoms (Hg7Oav 2.07 �A), whereas the
second type Hg atoms have the so-called T-shaped HgO3 coordi-
nation.3, 4 Two HgO3 groups form four-membered rings, which
are further assembled into extended [Hg2O2]? puckered layers
oriented perpendicular to the [�101] direction with the linear
7O7Hg7O7 bridges. The [Hg2O2]? layers are joined together
into a framework (Fig. 22) by the Sr2+ cations, which are
characterised by irregular coordination polyhedra composed of
three oxygen and five chlorine atoms. Thus the structure of
SrHg2O2Cl2 can be classified as a new structural type. The
crystallographic and crystal chemical parameters of quaternary
mercuric oxohalides are summarised in Table 3.

IV. Stable atomic groups (building blocks) in
mercury compounds

1. Oxo-centred complexes in mercury compounds
In addition to the traditional crystal chemical approach to the
structure description based on the coordination polyhedra of
cations, an alternative method relying on the identification of
anion-centred [M4Y] tetrahedra (M=Hg, Cu, Pb or Ln; Y=O
or N) in the structures came in use starting from 1968.72 More
details on this concept can be found elsewhere.73 ± 77

The [Hg4O] tetrahedra that are stable in terms of their shape
and size are capable of forming finite groups, chains, ribbons,
layers and spatial frameworks in the crystal structures of mercury
oxo compounds.78 The Hg7O bond lengths in the oxo-centred
tetrahedra lie in the range of 1.90 ± 2.78 �A. The upper limit
significantly exceeds the sum of the ionic radii of Hg and O,
which implies that no chemical bonding is realised in such cases. It
is worth noting that the spread in the Hg7O bond lengths in
mercury oxo compounds is much larger than that in the M7O
bond lengths for the [M4O] tetrahedra (M=Cu, Pb or Ln).75 This
is explained by the ability of Hg atoms to form strong covalent
bonds with only one or two oxygen atoms, which gives rise to a
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Figure 20. A projection of the crystal structure of HgPb2O(OH)Br3 onto

the (001) plane. The [Hg2Pb4O2(OH)2]6+ groups are localised in the nodes

of the unit cell and in the centres of its faces (the H atoms are omitted for

clarity).
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Figure 21. The crystal structure of HgPb2O2Cl2.
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Figure 22. A projection of the crystal structure of SrHg2O2Cl2 onto the

(010) plane.
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shift of the O27 anion from the centre of the Hg-tetrahedron to
one or two of its vertices.

As has been demonstrated by theoretical calculations, not
only Hg7O covalent bonds are of importance in the [Hg4O]
tetrahedra, but the interactions between the mercury atoms as
well, despite relatively large Hg7Hg interatomic distances
(*3.5 �A).79 This fact additionally justifies the consideration of
these groups in crystal structures. The relative spread in the
Hg_Hg distances in the oxo-centred tetrahedra is smaller than
that in the Hg7O bond lengths. Therefore, the interatomic
interactions in the [Hg4O] groups (or in the [Hg4O5] groups
formed by the addition of external covalent Hg7O bonds to the
oxo-centred tetrahedron) cannot be represented as a mere sum of
the pairwise Hg7O contacts. It is a more complex system of
many-body interactions also involving the Hg_Hg bonding.79

The oxo-centred [Hg4O] tetrahedra can form topologically
complicated assemblies by sharing vertices and edges. Their
examples can be found elsewhere.78 The Hg :O* ratio (where O*
is the so-called free oxygen, i.e., oxygen atoms not involved into
stable groups, such as AsO4 or CrO4 acid anions, etc.) is the main
parameter governing the type of the structures. Below, a series of
such crystal structures are considered, where all oxygen atoms are
`free' and the remaining anions are represented by halogens.80

These compounds contain mercury in different oxidation states.
The crystallographic and crystal chemical parameters of some of
these compounds are given in Tables 3 and 4.

The structure of the mineral poyarkovite 81 Hg3OCl, or
[Hg2]3O2Cl2, is determined both by the covalent Hg7Hg bonds
in the binuclearHg2 fragments and theHg7Obonds giving rise to
the bond angles of 87.9 ± 121.68 at the central oxygen atom.78

Taking into account the geometry of the covalent bonds, a
[Hg6O2] moiety composed of two edge-sharing oxo-centred mer-
cury tetrahedra can be identified in the structure. The convex
polyhedron, which is a joint coordination polyhedron of two

central oxygen atoms of the two tetrahedra, has been considered
earlier for the structures of rare-earth metal fluorides and denoted
as r-octahedron, i.e., rhombically distorted octahedron.90 It can
be considered as a fragment of a cubic close packing, which means
that its long edge and diagonal have lengths of ar

���
2
p

and ar
���
3
p

,
respectively (where ar is the length of its short edge).

In order to confirm the reasonability of the consideration of
this moiety, quantum chemical calculations on [Hg4O5]27 and
[Hg6O8]47 have been accomplished using the ZORAmethod 92 as
implemented in the software code ADF-2002.02.91 In addition to
the internal oxygen atoms in the moiety, the covalent bonds
formed by the Hg atoms with the `external' O atoms were taken
into account. According to the results obtained,93 the [Hg6O8]47

fragment is substantially more preferable in terms of energy as
compared to the isolated oxo-centred tetrahedron [Hg4O5]27.

This implies that these energetically favourable fragments would
spontaneously form during the crystallisation provided that
appropriate conditions are realised (the required Hg/O stoi-
chiometry, the availability of suitable charge-compensating com-
ponents, etc.). The crystal structure formation is completed by the
packing of such hingedly joint moieties and remaining componens
in an ordered way. Indeed, many structures ofmercury oxohalides
support this concept.

Hg

O

[Hg4O5]27 [Hg6O8]47

Table 4. Crystallographic and crystal chemical parameters of low-valence and mixed-valence mercury oxohalides.

Compound Space Unit cell parameters Z dcalc Bond lengths a /�A Bond angles a /deg. Ref.

group /g cm73

(Rf) translations b angle Hg7Hg Hg7O Hg7X OHgO OHgHg

/�A /deg.

Hg3OCl C 2/c a=19.009 b=110.84 24 9.643 2.502 ± 1.95 ± 2.816 ± 77.5 ± 82.1 116.9 ± 173.2 81

(poyarkovite) (0.0607) b=9.018 2.565 2.60 3.043

c=16.848

Hg6O2HCl3 Ia�3d a=16.036 16 7 2.516 2.165 3.010 ± 114.6 162.6 82

(eglestonite) (0.044) 3.095

Hg2OI C 2/c a=17.603 b=101.61 8 8.96 2.534 2.128 ± 3.466 ± 7 174.6 83, 84

(aurivilliusite) (0.036) b=6.981 2.471 3.761

c=6.701

Hg7O3Cl2 Pmba a=11.796 4 9.51 2.536 ± 2.10 ± 2.992 ± 7 175.4 ± 177.0 85

(hanawaltite) (0.049) b=13.890 2.544 2.65 3.340

c=6.471

Hg8O4Br3 P 21/n a=6.8554 b=96.09 4 9.49 2.517 ± 2.10 ± 53.02 79.6 ± 176.7 102.0 ± 172.4 86

0.068 b=6.3033 2.557 2.57

c=31.093

Hg4O2Cl2 C 2/c a=11.953 b=105.5 4 9.35 c 2.703 2.234 ± 2.587 7 7 87

(terlinguaite) b 7 b=5.904 2.462

c=9.466

Hg3AsO4Cl P 213 a=8.3790 4 8.763 2.675 7 2.17 ± 7 7 88

(kuznetsovite) b 7 2.28

Vasilyevite d P�1 a=9.344 a=93.262 2 9.57 2.533 ± 2.00 ± 7 7 157.1 ± 176.0 89

7 b=10.653 b=90.548 2.595 2.32

c=18.265 g=115.422

aX=Cl, Br, I; b the HgHgHg angles are 60 8; c dmeas=9.40 g cm73; dHg20O6I3Br2Cl(CO3), i.e., [(Hg2�2 )10O6]I3Br2Cl(CO3).
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Table 5. Building blocks in the structures of mercury oxohalides with tetrahedral anions.a

Compound, Geometry parameters of Structure-forming Ref. Compound, Geometry parameters of Structure-forming Ref.

Hg :O* ratio the [OM4] tetrahedron fragment Hg :O* ratio the [OM4] tetrahedron fragment

(M is a metal) (M is a metal)

Hg5O4Cl2 Hg7O 2.045 ± 2.707 �A 70

(pinchite) Hg_Hg 3.416 ± 3.945 �A

5 : 4 HgOHg 100.4 ± 113.58

Hg4O2Cl2 Hg7O 2.016 ± 2.486 �A 87

(terlinguaite) Hg_Hg 3.408 ± 3.963 �A

4 : 2 HgOHg 91.6 ± 123.38

Hg7O3Cl2 Hg7O 2.095 ± 2.642 �A 85

(hanawaltite) Hg_Hg 3.311 ± 3.937 �A

7 : 3 HgOHg 81.52 ± 124.88

a-Hg3O2Cl2 Hg7O 2.063 ± 2.319 �A 66

3 : 2 Hg_Hg 3.511 ± 3.766AÊ

HgOHg 98.3 ± 112.58

b-Hg3O2Cl2 Hg7O 1.891 ± 2.588 �A 67, 68

3 : 2 Hg_Hg 3.338 ± 3.989 �A

HgOHg 104.9 ± 120.78

layer 1

layer 2

Hg2OI Hg7O 2.128 ± 2.471 �A 83, 84

2 : 1 Hg_Hg 3.590 ± 3.775 �A

HgOHg 101.3 ± 111.08

Hg3OCl Hg7O 1.949 ± 2.601 �A 81

(poyarkovite) Hg_Hg 3.109 ± 3.943 �A

3 : 1 HgOHg 87.9 ± 121.68

Hg8O4Br3 Hg7O 2.041 ± 2.571 �A 86

2 : 1 Hg_Hg 3.225 ± 3.948 �A

HgOHg 88.1 ± 118.38

layer 1

layer 2

Hg6O2Cl3H Hg7Ob 1.23 ± 2.179 �A 82

(eglestonite) Hg_Hg 3.654 ± 3.994 �A

3 : 1 HgOHg 105.0 ± 113.68

Hg5O2CrO4 Hg7O 2.064 ± 2.705 �A 94

(wattersite) Hg_Hg 3.217 ± 3.814 �A

5 : 2 HgOHg 86.6 ± 121.98



Table 5 (continued).

Compound, Geometry parameters of Structure-forming Ref. Compound, Geometry parameters of Structure-forming Ref.

Hg :O* ratio the [OM4] tetrahedron fragment Hg :O* ratio the [OM4] tetrahedron fragment

(M is a metal) (M is a metal)

Hg5OS2CrO4 Hg7O 2.014 ± 2.585 �A 95

(deanesmithite) Hg_Hg 3.404 ± 3.987 �A

5 : 1 HgOHg 87.3 ± 125.58

Hg3O2CrO4 Hg7O 2.161 ± 2.583 �A 96

3 : 2 Hg_Hg 3.552 ± 3.843 �A

HgOHg 100.65 ± 112.698

HgPb2O2CrO4 Hg7O 2.019 �A 97

3 : 2 Pb7O 2.375 ± 2.395 �A

Pb_Pb 3.579 ± 4.044 �A

Hg_Pb 3.665 ± 3.940 �A

PbOPb 97.25 ± 111.768
HgOPb 110.28 ± 116.208

SrHg2O2Cl2 Hg7O 2.046 ± 2.491 �A 64

3 : 2 Hg_Hg 3.194 ± 3.689 �A

HgOHg 108.42 ± 108.568

[Hg3]2HgO2(PO4)2 Hg7O 2.031 ± 2.526 �A 98

7 : 2 Hg_Hg 3.563 ± 3.607 �A

HgOHg 101.61 ± 119.838

HgPb2O2Cl2 Hg7O 2.048 �A 62

3 : 2 Pb7O 2.341 ± 2.388 �A

Pb_Pb 3.777 ± 3.980 �A

Hg_Pb 3.560 ± 3.706 �A

PbOPb 105.99 ± 109.878
HgOPb 108.26 ± 113.108

HgPb2O(OH)Br3 Hg7O 2.117 �A 61

3 : 2 Pb7O 2.240 ± 2.456 �A

Pb_Pb 3.699 ± 3.781 �A

Hg_Pb 3.611 ± 3.763 �A

PbOPb 100.27 ± 107.328
HgOPb 114.61 ± 116.488

BaHg2O2Cl2 (see Table 3) 63

3 : 2

Hg20O6I3Br2Cl. Hg7O 2.00 ± 2.735 �A 89

.(CO3):[(Hg2�2 )10O6]. Hg_Hg 3.041 ± 3.497 �A

.I3Br2Cl(CO3) HgOHg 92.9 ± 121.18
(vasilyevite)

5 : 3

layer 1

layer 2

a Some discrepancies in the listed geometry parameters as compared to those reported in Tables 3, 4 and 6 are due to the use of different software codes for their calculation (based on the same structural data);
b 1.23 �A is the O7H distance in the [OM3H] tetrahedron.



Table 5 lists possible types of building blocks based on the
[OHg4] tetrahedra and [Hg6O2] r-octahedra realised in the crystal
structures of some natural and synthetic mercury oxohalides.

The dimensions of the r-octahedra determine the unit cell
parameters and, to a some extent, its symmetry. Most frequently,
they are packed in a herringbone manner. Herringbone layers of
the r-octahedra represent stable structural units, which occur in
various structures.

Two independent r-octahedra can be identified in the struc-
ture of poyarkovite [Hg2]3O2Cl2. A crystallographic inversion
centre resides in the centre of one of them. The second r-octahe-
dron has no symmetry elements, although its geometry is close to
that of the first one. All cation vertices of an r-octahedron
covalently link them with the neighbouring r-octahedra via the
Hg7Hg bonds. If the [Hg2]2+ dumbbell is taken as the cation, the
ideal poyarkovite stoichiometry 3 : 2 : 2 is resulted. It is important
to note that the unit cell parameters of the poyarkovite structure
are determined by the size and orientation of the cationic
r-octahedra coupled with the lengths of the Hg7Hg bonds that
join the r-octahedra together (these are the so-called contact
links). The poyarkovite structure is composed of two types of
layers made up of the r-octahedra oriented parallel to the yz plane.

The structure of a-Hg3O2Cl2 analysed earlier in Section III.1
can be regarded as a result of theHg2+ `isomorphous' substitution
for the [Hg2]2+ dumbbells in the poyarkovite structure; this is
accompanied by a reduction in the length of the contact link
between the r-octahedra to zero, i.e., the octahedra are directly
linked by sharing Hg vertices. In a unit cell of a-Hg3O2Cl2, there
are two symmetry-related r-octahedra. Furthermore, there are
two types of the mutual orientations of the neighbouring r-octa-
hedra: the neighbouring r-octahedra are translationally equiva-
lent along the x axis, which means that the translation a is equal to
their long diagonal. In other directions, translationally equivalent
r-octahedra alternate with the r-octahedra tranformed by a 21
screw axis or a c gliding reflection plane. As a result, the unit cell
parameters b and c are nearly identical being equal to the vector
sum of two short edges of the r-octahedra.

The structure of mixed-valence Hg2OI takes 83, 84 a position
intermediate between those of poyarkovite and a-Hg3O2Cl2. In
these structures, only two Hg-vertices of the r-octahedra are
replaced with the [Hg2]2+ dumbbells. The layer of vertex-sharing
r-octahedra analogous to that in the structure of a-Hg3O2Cl2 is
located in the yz plane, which gives rise to nearly identical b and c
in these two structures. Two vertices of an r-octahedron (at the
ends of the long diagonal) are occupied by the [Hg2]2+ dumbbells
extended along the a axis. The vector sum of the parameter a with
the long diagonal of the r-octahedron is a/2=8.8 �A, which is
close to the parameter b of the poyarkovite structure. The residual
free volume is filled with bulky I7 anions.

In the structure of a-Hg3O2Cl2, the translation parameters of
the orthogonal two-dimensional lattice of the herringbone layer
are 6.8657 and 6.8759 �A, whereas its thickness is *6 �A. The
structure of Hg2OI can be represented as two herringbone layers
parallel to x, which are linked by theHg7Hgdumbbells (*2.5 �A)
also oriented along the x axis, rather than by shared Hg vertices.
Thus the a parameter of the Hg2OI structure corresponds to the
doubled a of the a-Hg3O2Cl2 structure (6.310 �A) plus two
Hg7Hg bond lengths: 17.603 �A& 266.310+262.50 �A.

The symmetry centre of an r-octahedron often coincides with
the crystallographic inversion centre of the structure, which
implies that the `rigid' moiety partially determines the structure
symmetry in addition to the unit cell dimensions. In particular, a
single [Hg4O] tetrahedron with no inversion centre can posess a
dipole moment. Meanwhile, a pair of the inversion-related tetra-
hedra mutually compensate for their dipole moments in the
minimum volume, which gives rise to the stabilisation of such a
structural fragment.

In contrast to the a-Hg3O2Cl2 structure, a [Hg10O4] moiety
with an inversion centre localised in the middle of an edge shared
by two r-octahedra acts as the basic building block in the

b-modification of Hg3O2Cl2 due to the condensation of a part of
the r-octahedra. Dimensions of this moiety determine the unit cell
parameters b and c: the double r-octahedra centred at 1=2

1=2
1=2

form a layer in the yz plane, the packing of themoieties in the layer
is determined by the symmetry (a c plane and a 21 axis). This layer
is stacked along a on another layer constituted by two types of the
r-octahedra formed around oxygen atoms of two other types with
the invesion centres at 001=2 and 01=2

1=2. The condensation of the
two r-octahedra changes the Hg :O stoichiometry, a ratio of
Hg :O=5 : 4 is expected provided that each vertex of the double
r-octahedron is shared with the neighbouring ones. In order to
compensate for the stoichiometry violation, two Hg atoms from
the [Hg10O4] fragment become terminal; this is accompanied by
the introduction of a Cl7 anion at a distance of 2.36 �A (the sum of
ionic radii of Hg and Cl is 2.50 �A!) into their coordination
environments in place of oxygen. Taking into account that all
other vertices of the r-octahedra in the structure are bridging, this
configuration restores the 3 : 2 Hg :O stoichiometry.

The ratio of mercury cations to oxygen anions (taking into
account dumbbell groups) in the structure of mixed-valence
hanawaltite [Hg2]3HgO3Cl2 is 4 : 3, i.e., it includes a larger amount
of cations than Hg3O2Cl2. As a result, isolated [Hg4O] tetrahedra
are present in the structure in addition to the r-octahedra. The
r-octahedra are grouped nearby the inversion centres 1=2

1=2
1=2

filling the space between the mirror planes that accomodate the
isolated [Hg4O] tetrahedra. The unit cell parameter c is determined
by the length of the long diagonal of the r-octahedron. The only
Hg2+ atom resides in an inversion centre and is characterised by
the strictly linear O7Hg7O coordination.

Despite a relatively small number of cations in the structure of
pinchite Hg5O4Cl2, all oxygen atoms therein are tetrahedrally
surrounded by the cations. There are two types of the r-octahedra
with partially overlapping volumes; their centres are located at an
inversion centre 1=4

1=4
1=4 (the packing of this type of polyhedra

determines the structure in the ab plane) and at a two-fold axis
parallel to x, respectively.

In overall, the pinchite structure can be represented as an assembly
of four symmetry-related columns composed of the r-octahedra
extended along the b axis. The bonding between the columns is
realised by sharing Hg vertices. Within the columns, the bonding
is stronger: each r-octahedron shares a common [Hg4O] tetra-
hedron with a neighbouring one. Therefore, this represents a new
pattern of bonding between structural units, viz., partial volume-
sharing in addition to known types, such as vertex-, edge- and
face-sharing.

The structure of mixed-valence oxobromide Hg8O4Br3 reveals
a complex combination of structural elements observed in pin-
chite and poyarkovite. All four basic oxygen atoms are involved in
r-octahedra but only one of the r-octahedra (composed of the
mercury atoms forming dimeric [Hg2] groups) is located at an
inversion centre (1=200). This type of the r-octahedra form a layer
in the xy plane (layer 1), which is similar in terms of its structure to
layers present in poyarkovite. Two other types of the r-octahedra
with partly overlapping volumes (similar to those found in the
pinchite structure) occupy larger volume filling the space between
the layers composed of the first type r-octahedra separated by c/2
(layer 2). Pairs of overlapping r-octahedra are linked by sharing
Hg2+ vertices in such a way that one of the typical coordination
types is realised for all mercury atoms. The unit cell parameter b is
equal to the long diagonal of the r-octahedron (like b parameter of
pinchite, c parameter of hanawaltite and b parameter of
a-Hg3O2Cl2).
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In the mineral terlinguaite [Hg3]HgO2Cl2, the [Hg3]4+ trian-
gular clusters and [Hg6O2] r-octahedra (taking into account the
covalent Hg7O interactions) act as basic structure-forming units.
The structure is built up by their packing together with the Cl7

anions. A unit cell includes one type of the r-octahedra centred at
the inversion centre in the origin (000). In agreement with the
space group C2/c, they are arranged in a way that all equatorial
Hg-vertices are bridging and all axial vertices are terminal, which
provides the requred stoichiometryHg :O=4 : 2. The first type of
the mercury atoms are characterised by the linear O7Hg7O
coordination; the second type of the Hg atoms reside in the plane
composed of two oxygen atoms and two mercury atoms of the
third type; the latter are characterised by a non-typical
2O+2Hg+Cl coordination. These structural peculiarities are
due to the presence of the [Hg3]4+ cluster fragment, which
includes two mercury atoms of different types.

InHg-deficient structures, a part of vertices of the r-octahedra
can be occupied by other cations (Sr, Pb), which results in only
insignificant geometry changes (SrHg2O2Cl2, HgPb2O2Cl2, see
Table 5). The approach based on the identification of `rigid'
atomic groups in crystal structures becomes increasingly more
popular.99 ± 102 In particular, very similar atomic arrangements
were found in gold [Au6O2] (Ref. 103) and mixed gold ± rhodium
[Rh2Au4O2] (Ref. 104) clusters. These fragments manifest a high
stability due to the formation of Au7Au (3.008 �A) and Au7Rh
(3.00 �A) bonds.

In the structure of SrHg2O2Cl2, a cationic r-octahedron with
an inversion centre and two strontium atoms occupying two its
vertices can be identified. The [Sr2Hg4O2] r-octahedra are
assembled by isolated [Sr2Hg2O] tetrahedra into a three-dimen-
sional motif, like that in the hanawaltite structure. The formation
of stable atomic groups explains many structural features of these
compounds, in particular, irregular coordination polyhedra of
some atoms, as noted by Harrison et al.64

In the above compounds, the charge-compensating halogen
atoms play an insignificant structure-forming role, since rigid
polyatomic moieties ([Hg4O] tetrahedra and [Hg6O2] r-octahedra)
by far exceed them in terms of both mass and size. In this class of
compounds, they play a secondary role merely filling available
space.

In the majority of structures analysed above, r-octahedra
possess only inversion centres, their short edges, long edges and
long diagonals are 3.40 ± 4.00 �A, 5.30 ± 5.40 �A and 6.10 ± 6.30 �A,
respectively. Each Hg vertex of the polyhedra is involved into
covalent bonding with external oxygen atoms belonging to
neighbouring r-octahedra in addition to one or two internal
oxygen atoms. Therefore, these groups can be regarded as isolated
ones only formally similar to, for instance, SiO4 tetrahedra in
framework silicates. It is the mutual packing of these polyhedra
that governs the crystal structure. Although Hg vertices of
r-octahedra are also involved into external covalent bonding, in
particular, with neighbouring r-octahedra, the spread in the
respective bonding angle is significantly larger than for the
internal bonds. It is worth noting that up-to-date methods for
the quantitative simulation of chemical bonding fully support the
emergence of intuitively apparent cation ± cation bonds in these
groups.79, 105

2. Stable structural units inmercury compounds with the AO4

tetrahedral anions (A=Cr, P, As or V)
A number of crystal structures of naturally occurring and syn-
theticmercury sulfo- and oxochromates reveal evenmore complex
fragmentation patterns. The crystal structures of mercury com-
pounds with the AO4 tetrahedral anions (A=Cr, P, As or V)
include, in addition to the Hg7S and Hg7O covalent bonds
formed by the mercury atoms, covalent A7O bonds within the
[AO4] tetrahedral complexes, which are also incorporated into the
structure as `rigid' moieties.106 The crystallographic and crystal
chemical parameters of these compounds are summarised in

Table 6, whereas the types of cationic and anionic `rigid' atomic
fragments are listed in Table 7.

With an increase in the effective size of the anionic fragments,
their role in the structure formation becomesmore important. The
[AO4] tetrahedra can combine into inversion centre-related pairs
in such a way that two triangular faces looking toward each other
form an octahedral cavity of oxygen atoms. For example, such
pairs are present in the structures of edoylerite and deanesmithite
(see Table 7); the distances between the centres of the tetrahedra in
these structures are 4.10 and 4.30 �A, respectively. The cationic
part of the edoylerite structure is represented by zigzag chains
composed of the [Hg4S4] rings that separate the anionic fragments
from each other. The centres of gravity of these rings coincide with
the crystallographic inversion centres. In the deanesmithite struc-
ture, a three-dimensional framework of Hg7Hg and Hg7S
covalent bonds constitutes the cationic part.

The crystal structures of mercury chromates (HgCrO4,
Hg3O2CrO4 and HgPb2O2CrO4) contain various configurations
of the [CrO4] tetrahedra retaining the same type of contacts via the
octahedral cavity of oxygen atoms. Edge-sharing oxo-centred
tetrahedra, which can be identified as [Hg6O2] and [Hg2Pb4O2]
r-octahedra and [HgPb2O] triangles (in HgPb2O2CrO4), act as the
cationic parts of these structures. Similar structural units occur in
the crystal structure of [Hg3]HgO2(PO4)2 (see Table 5), where
centrosymmetrical [Hg6O2] r-octahedra are assembled into a
framework by shared vertices and the [Hg3]4+ cluster cation; the
[PO4]37 tetrahedra together with the centrosymmetric empty
oxygen octahedra separating them from each other form zigzag
columns, which run through the cationic framework parallel to
the z axis.

In the crystal structure of mineral wattersite
[Hg2�2 ]2Hg2�O2CrO4, a more complex moiety acts as the basic
unit, which in the ideal shape is known as stella quadrangula.111

The central core of this unit comprises an empty [Hg4] tetrahedron
(Hg_Hg 3.30 ± 3.72 �A) capped with two [Hg4O] and two
[CrHg3O] tetrahedra at each face; the rotation axis 2 of this
group coincides with the crystallographic two-fold axis. Along
the z axis, the groups are sharing Hg vertices (these Hg atoms
reside in the inversion centres so that the Hg7Hg distance is
c/2=3.30 �A); in other directions, these groups are bridged by the
[Hg2]2+ dumbbells. Zigzag columns formed by the [CrO4] tetra-
hedra alternating with the centrosymmetrical empty oxygen
octahedra are strongly elongated (the Cr7Cr distance is
5.407 �A), which implies that they play only a secondary role in
the structure formation as compared to the cationic moiety. In the
wattersite structure, the [Hg6O2] cationic group can be represented
in terms of both composition and geometry as a distorted
r-octahedron in which one of the long Hg7Hg edges is shortened
to *3.5 �A. Taking into account two additional relatively close
oxygen atoms of the [CrO4] tetrahedra along with the chromium
atoms themselves, this group can be considered as an intermediate
case between an r-octahedron and a more symmetric stella
quadrangula.

The crystal structure of HgPb2O(OH)Br3 reveals a similar
fragment referred to as `heterocubane skeleton' (see Table 5),
which is similar to the aforementioned group in terms of both
symmetry and dimensions.61 The central empty tetrahedron is
formed by four Pb cations, four adjacent (face-sharing) tetrahedra
contain interstitial oxygen anions, twomercury and two hydrogen
atoms act as external vertices. This example aswell as the structure
of HgPb2O2CrO4 described above demonstrate similar crystal
chemistry of Pb2+ and Hg2+ cations in compounds of the
approximate compositions.112 Notwithstanding, there are sub-
stantial differences between them: the mercury atoms preferably
form linear O7Hg7O fragments and thus tend to occupy
equatorial positions of the r-octahedra, whereas the lead atoms
tend to form three covalent bonds with the oxygen atoms and can
occupy both equatorial and apical positions.

Quite different atomic groups occur in the HgCrO4 structure
(see Tables 6, 7): these include two [CrHg2O] triangles sharing a
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commonHg7Hg edge (*3.5 �A) (an inversion centre is located in
the middle of this bond) forming a nearly planar rhombus.

A non-typical combination of cationic and anionic fragments
occurs in the crystal structure of AgHg2PO4 (see Table 6).109 Its
cationic part is represented by an [Ag2Hg4] r-octahedron com-
posed of two [Ag2Hg2] tetrahedra sharing an Ag7Ag edge with
the crystallographic inversion centre in the middle. In contrast to
the structures described above, the tetrahedra are substantially
smaller since they contain no interstitial oxygen atoms. A pair of
the [PO4] tetrahedra separated by an empty oxygen octahedron
constitutes the anionic fragment of the structure. The centres of
the complex cations and anions are packed into a pseudocubic
I-centred cell with the following parameters: a 0=1/2 a+1/2 b

(6.32 �A); b 0=71/2 a+1/2 b (6.32 �A); c 0= c (6.152 �A); a 0=
b 0= g 0=94.128.

The recently solved tetragonal crystal structure of tillmannsite
[Ag3Hg][(V,As)O4] (see Tables 6, 7) 110 also includes an `empty'
[Ag3Hg] cationic tetrahedron with three Ag and one Hg atoms
statistically distributed over four vertices. The [(V,As)O4]37

tetrahedra alternating with empty oxygen tetrahedra and com-
bined with them by shared edges form a ribbon going along the z
axis, and the centres of both tetrahedra types have the �4 point
symmetry. Two other sites with the �4 symmetry are located in the
centres of the aforementioned cationic tetrahedron and another
adjacent, also `empty', [Ag3Hg] tetrahedron sharing cation ±
cation edges with the former one. The latter tetrahedron is

Table 6. Crystallographic and crystal chemical parameters of mercury compounds with AO4 tetrahedral anions (A=Cr, P, As or V).

Compound Space Unit cell parameters Z dcalc Interatomic Bond angles /deg. Ref.

group /g cm73 distances /�A
(Rf) tranlsations angles

/�A /deg.

Hg3S2CrO4 P 21/c a=7.528 b=118.8 4 7.11 Hg7O 2.441 ± 2.580 SHgS 163.70 ± 173.93 107

(edoylerite) (0.079) b=14.832 Hg7S 2.365 ± 2.415 HgSHg 93.52 ± 125.42

c=7.463

Hg5S2OCrO4: P�1 a=8.129 a=100.4 2 8.14 Hg7Hg 2.536 HgHgS 167.6 ± 171.3 95

[Hg2�2 ](Hg2�)3S2OCrO4 (0.0292) b=9.492 b=110.2 Hg7O 2.11

(deanesmithite) c=6.894 g=83.0 Hg7S 2.352 ± 2.442

HgCrO4 P 21/n a=7.342 b=94.0 4 6.47 Hg7O 2.000 ± 2.047 7 108

(0.049) b=8.522

c=5.202

Hg3O2CrO4 P 3221 a=7.137 3 8.45 Hg7O 2.161 ± 2.170 OHgO 166.27 96

(0.0768) c=10.017 HgOHg 102.83 ± 122.47

HgPb2O2CrO4 P�1 a=6.505 a=91.82 2 7.65 Hg7O 1.993 ± 2.019 OHgO 174.45 97

(0.049) b=7.201 b=92.17 Pb7O 2.236 ± 2.448 HgOHg 112.65

c=7.605 g=111.33

[Hg3]2HgO2(PO4)2 P 21/c a=6.2506 b=95.783 2 7.65 Hg7Hg 2.652 ± 2.705 OHgO 180 98

(0.028) b=9.9366 Hg7O 2.031 ± 2.600 HgHgHg 58.927 ± 60.880

c=9.6663

Hg5O2CrO4: C 2/c a=11.274 b=98.19 4 8.891 Hg7Hg 2.526 HgHgO 153.3 ± 169.5 94

[Hg2�2 ]2Hg2�O2CrO4 (0.055) b=11.669 Hg7O 2.06 ± 2.16

(wattersite) c=6.603

AgHg2PO4 Pbam a=9.256 4 8.18 Hg7Hg 2.608 HgHgO 101.2 109

7 b=8.614 Ag7Ag 2.824

c=6.152 Hg7Ag 2.840, 2.941

Hg7O 2.224 ± 2.348

[Ag3Hg] [(V,As)O4] I �4 a=7.727 2 7.733 Hg/Ag7Hg/Ag 2.752, 7 110

(tillmannsite) (0.037) c=4.648 2.738 (see a)

Hg/Ag7O 2.395 ± 2.449

[Ag3Hg]VO4 I �4 a=7.7095 2 7.645 Hg/Ag7Hg/Ag 2.723, Hg/Ag7Hg/Ag7Hg/Ag 100

(0.0365) c=4.6714 2.739 59.60 ± 60.198

Hg/Ag7O 2.373 ± 2.444

[Ag2Hg2]3(VO4)4 I �42d a=12.6295 4 7.657 Hg/Ag7Hg/Ag 2.684 ± Hg/Ag7Hg/Ag7Hg/Ag 100

(0.0508) c=12.566 2.739 59.31 ± 60.77

AgHgVO4 C 2 a=9.9407 b=94.56 4 7.151 Hg7O 2.084 ± 2.699 7 100

(0.0358) b=5.5730 Ag7O 2.282 ± 3.133

c=7.1210

[Ag2Hg2]2(HgO2)(AsO4)2 P 31c a=6.0261 2 8.537 Hg/Ag7Hg/Ag 2.710 ± Hg/Ag7Hg/Ag7Hg/Ag 100

(0.0480) c=21.577 2.774 59.56 ± 62.38

Hg/Ag7O 2.214 ± 2.597

Hg7O 2.00 ± 2.24

aHg/Ag means that the respective sites are occupied statistically.
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Table 7. Anionic and cationic `rigid' atomic moieties in mercury compounds with AO4 tetrahedral anions (A=Cr, P, As or V).

Compound Types of anionic and cationic fragments Anionic and cationic fragments Ref.

HgCrO4 isolated chains of the [Cr2Hg2O2] rhombs 108

incorporating the [CrO4] tetrahedra

Hg3S2CrO4 (1) isolated pairs of the [CrO4]2 tetrahedra; 107

(edoylerite) (2) zigzag ribbons of the [Hg4S4] rings

Hg5S2OCrO4: isolated pairs of the [CrO4]2 tetrahedra inside 95

[Hg2�2 ](Hg2�)3S2OCrO4 a spatial framework of the S7Hg7Hg7O,

(deanesmithite) S7Hg7S and O7Hg7O bonds

Hg3O2CrO4 (1) isolated helical chains of tetrahedra [CrO4]?; 96

(2) a spatial framework of the [Hg6O2] r-octahedra

linked by vertex-sharing

HgPb2O2CrO4 ribbons of the [Hg2Pb4O2] r-octahedra linked 97

by the [HgPb2O] triangles

Hg5O2CrO4: (1) a fragment of a chain composed of distorted 94

[Hg2]
2�
2 Hg2�O2CrO4 [Hg6O2] r-octahedra; (2) [Cr2Hg6O4] stella

(wattersite) quadrangula, a fragment of the cationic

framework

[Ag3Hg] [(V,As)O4] alternating pairs of r-octahedra composed 110

(tillmannsite) of [Ag3Hg] `empty' cationic tetrahedra and

ribbons of the [(V,As)O4] anions sharing edges

with empty O-tetrahedra
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tetragonally distorted along the z axis [the Ag(Hg) ±Ag(Hg) side
edges are 3.316 �A]. As in the AgHg2PO4 structure, the two
adjacent edge-sharing cationic tetrahedra can be considered as a
deformed `empty' r-octahedron. The overall crystal structure is
built up of ribbons of such r-octahedra packed in the xy projection
together with the ribbons of anionic tetrahedra in a herringbone
manner. The positions of (Ag,Hg) and (V,As) cations themselves
form a pseudocubic F-centred sublattice with a volume constitut-
ing 2/5 of the unit cell volume with the following parameters:
a 0=3/5a+1/5b=4.90 �A; b 0=71/5a+3/5b=4.90 �A; c 0=
c=4.648 �A; a 0= b 0 = g 0=908.

A series of compounds with the [Ag,Hg]4 clusters have been
synthesised within the Ag ±Hg ±E±O system (E=V5+, As5+)
(see Table 6). In the tetragonal structure of [Ag3Hg]VO4, the
tetrahedral cluster is formed by the statistical distribution of the
Ag and Hg atoms in a 3 : 1 ratio over the available positions.
Meanwhile, the tetragonal clusters corresponding to the [Ag2Hg2]
stoichiometry also with the statistical distribution of Ag and Hg
with a mean metal ±metal distance of 2.72 �A are present in
tetragonal [Ag2Hg2]3(VO4)4 and trigonal [Ag2Hg2]2HgO2

.

(AsO4)2 . Assuming the [Ag,Hg]4 moieties and the VO4 or AsO4

tetrahedra to be pseudospherical `building blocks', the structures
of [Ag3Hg]VO4 and [Ag2Hg2]2HgO2(AsO4)2 can be described as a
cubic close packing with the (ABC) stacking sequence and a
mixed-layer packing with the ABACACAB stacking sequence,
respectively, where A is the layer formed by VO4 orAsO4, B andC
are the layers formed by the [Ag2Hg2] clusters. The crystal
structure of [Ag2Hg2]3(VO4)4 cannot be described in a similar
way. It is interesting that another compound synthesised in this
system, AgHgVO4, which has a monoclinic structure, contains no
cluster groups; the cations therein are characterised by usual
coordination types: Ag and V are tetrahedrally coordinated by
oxygen, the Hg coordination is a distorted octahedron.100

Therefore, it might be concluded that the crystal structures
considered above represent the net result of two major structure-
forming factors: the `chemical' one, which induces the formation
of stable atomic fragments that can undergo only minor changes
after their formation and the crystallographic one, which pro-
motes their dense packing into highly symmetric extended assem-
blies by fixing centres of these groups or single atoms at specific
families of crystallographic planes.

V. Themodular principle in the structure formation
of mercury oxo- and chalcohalides

The presence of linear Y7Hg7Y groups (Y=O, S, Se or Te) is
commonly accepted as a specific structural feature of mercury
oxo- and chalcohalides. Additionally, trigonal pyramidal [YHg3]
groups, in which the Y atom is connected to three mercury atoms
forming variable Hg7Y7Hg bond angles in a range from 1108 to
908 frequently occur in the crystal structures of ternary chalco-
halides with the 3 : 2 : 2 stoichiometry, i.e., Hg3Y2X2 (Y=S or Se,
Te; X=Cl, Br or I). These groups can be assembled into various
one-, two- or three-dimensional motifs.1 Typically, large mono-
valent halogens (X=Cl, Br or I) in these structures merely fill the
space between chains, ribbons or frameworks formed by these
stereochemically active structural elements and compensate for
their positive charge. A more thorough analysis shows 113 that the
halogen atoms tend to form a pseudocubic primitive sublattice
with a periodicity constant of 4.4 ± 5.4 �A, depending on the nature
of X.

The original software package KAP-PLATS 7 can be effi-
ciently applied to objectively evaluate the role played by all types
of atoms in the crystal structure formation and indentify common
structural features of these compounds. As a starting postulate,
this approach assumes that the atoms most important for the
structure formation are characterised by most densely occupied
atomic planes within the range of interplane distances dhkl of the
order of shortest interatomic distances. Furthermore, an analysis
of the distribution of special positions, i.e., of the location of

different types of atoms with respect to space group symmetry
elements, is of importance. This is due to the fact that any special
position represents a locus of intersection of both symmetry
elements and closely packed atomic layers and thus they serve as
natural boundaries in dividing a structure into fragments.

1. The role of halogen atoms in the structures of ternary
mercury chalcohalides Hg3Y2X2 (Y=S, Se or Te; X=Cl,
Br or I)
In the crystal structure of a-Hg3S2Cl2 (corderoite) (see Table 1), a
single basis Cl atomoccupies a special position 8(a) on a three-fold
axis. These atoms form a primitive cubic sublattice with a trans-
lation vector a 0= a/2 = 4.47 �A.Deviations of the Cl atoms from
expected ideal positions of the sublattice nodes do not exceed
0.15 �A. The sulfur atoms are located in the centres of cubes of the
Cl sublattice, their deviations from the geometric centres being
*0.3 �A. The mercury atoms centre three of six faces intersecting
in a vertex deviating from the centres by *0.5 �A. Therefore, the
chlorine atoms (as well as other atoms) can shift along the three-
fold axis and appear most rigidly ordered in the lattice since they
are located in the intersection of the (200), (020) and (002) planes
and planes derived from them, such as (222).

A similar situation is observed in the structure of b-Hg3S2Cl2
(see Table 1); its unit cell comprises 64 cubic Cl sublattices (a 0=
a/4=4.48 �A). The Cl atoms are dominantly localised in special
positions and are most rigidly ordered by systems of the {004},
{044} and {444} planes, which intersect in nodes of the sublattice.
The sulfur atoms localised in the centres of the Cl sublattices are
ordered nearly as rigidly, whereas the mercury atoms deviate
substantially from the centres of faces of the Cl sublattice.

In the monoclinic structure of b-Hg3S2Br2 (see Table 1), all Br
atoms are located on themirror reflection planes, which determine
one of the lattice parameters of the Br sublattice as b/2. Two other
lattice parameters are a/4 and c/2, since the intersection points of
the (400), (020) and (002) crystallographic planes most densely
occupied by the Br ions form a pseudocubic primitive sublattice
with exactly these translation vectors: a 0=4.42, b 0=4.69 and
c 0=4.72 �A. The S atoms localised in the centres of cubes of the Br
sublattice are ordered by the same systems of crystallographic
planes but are phase-shifted by 1808. The ordering of the S atoms
is again less rigid than that of the Br atoms due to the fact that the
sulfur atoms occupy general positions in the structure. The
disposition of the Hg atoms is even less ordered.

In the crystal structure of the a-modification of this com-
pound (a-Hg3S2Br2) (see Table 1), a unit cell is constructed from
the Br sublattices in a different manner as compared to the
b-phase, thus the sublattice of nodes occupied by Br is formed by
the intersection locus of the (�401), (020) and (002) crystallographic
planes, which cut a pseudocubic sublattice with a 0=
a/4= d�401 = 4.50, b 0= b/2=4.64 and c 0= d002=4.62 �A
(Fig. 23 a). The sulfur atoms are arranged nearly as regularly as
the bromine atoms, whereas the mercury atoms are distinctly
shifted from the centres of faces of the Br cubes.

The unit cell of Hg3Te2I2 (see Table 1) is constructed of the
iodine sublattices in an even more complicated manner. It is
formed by the intersection of families of the (202), (020) and
(�202) crystallographic planes. They cut a parallelepiped with edges
of 5.47, 4.85 and 5.45 �A and angles close to 908 (Fig. 23 b).

Therefore, the structures of Hg3Y2X2 compounds (Y=S, Se,
Te) despite their formal diversity are constructed, to the first
approximation, from `cubic' modules with the halogen atoms in
the vertices, chalcogen atoms in the centres and themercury atoms
in the centres of three faces intersecting in a common vertex. Such
a cubic module is further attached to a common motif by bonds
going out from the centres of three faces towards the centres of
neighbouring modules. Each of them can be connected by sharing
a face in four possible orientations differing from each other by the
rotation around the Y7Hg7Y bond by 908. Using this algo-
rithm, various puckered ribbon, layered and spatial frameworks
can be assembled from them (Table 8). The dimensions of a
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module determine the unit cell dimensions and partially the
general symmetry of the structure, although the prevailing con-
tribution is made by the specific pattern of the covalent bonding
distribution.113

Signatures of the modular structure preserved to a greater or
lesser extent can be observed in the crystal structures of a number
of mercury oxohalides and more complex compounds.

2. The role of halogen atoms in the structures of mercury
oxohalides
In the crystal structure of the orthorhombic mineral pinchite
Hg5O4Cl2 (see Table 3), the halogen atoms form a planar network
with the translation periods of the Cl sublattices of 4.13 and
4.34 �A. This network is centred by the mercury atoms. In addition
to these eight centring mercury atoms, a unit cell contains 12

mercury atoms, which constitute together with the oxygen atoms a
second layer, where two distorted tetragonal networks of oxygen
atoms sandwich a hexagonal network composed of the mercury
atoms. The commensurability of the (Hg4Cl4) and (Hg6O8) net-
works is provided by a change in the geometry of the latter, which
gives rise to a non-typical flattened tetrahedral oxygen coordina-
tion of the mercury atoms within the hexagonal network. Mean-
while, the Hg atoms of the tetragonal network are characterised
by the linear O7Hg7O coordination supplemented to an octa-
hedral one by a square of the Cl atoms.

The halogen atoms play a key role in the structure formation
of some low-valence mercury halides. In particular, in the crystal
structure of the cubic mineral kuznetsovite [Hg3]AsO4Cl (see
Table 4), the Cl atoms occupy special positions on a three-fold
axis (xxx, x& 0.23). A point on the three-fold axis with a
coordinate x= 0.25 corresponds to the intersection of families
of the (200), (020) and (002) crystallographic planes (with phases
of 1808 for all planes), which cut a unit cell into eigth cubes with an
edge a 0= a/2=4.19 �A. A half of nodes of this sublattice are
occupied by the Cl atoms according to the chessboard pattern; the
centres of the sublattices are alternately filled with the [Hg3]4+

triangles and [AsO4]37 tetrahedra. In the crystal structure of cubic
eglestonite [Hg2]3O2HCl3 (see Table 4), which is characterised by
a lattice parameter nearly doubled as compared to that of
kuznetsovite, the cubic sublattice (a 0= a/4=4.01 �A) is formed
by the intersection of families of the (400), (040) and (004)
crystallographic planes, which gives rise to 64 sublattice nodes
per unit cell. Among them, 48 nodes are occupied by the Cl atoms
and 16 nodes remain vacant. The centres of the sublattices
virtually coincide with the centres of the [Hg2]2+ dumbbells
(again 48 centres out of 64 sublattices are occupied). Two latter
examples demonstrate that in the absence of large S27 anions,
space-filling structural units larger than the oxygen atoms, such as
[Hg3]4+, [AsO4]37 or [Hg2]2+ moieties are required to preserve
the cubic sublattice of halogen atoms. In both cases, the sublattice
has vacant nodes, which gives rise to its slight contraction with
respect to the sublattice with no vacancies.113

3. General trends in the structure formation and an analysis
of the structure-forming factors in the crystal structures of
mercury oxo- and chalcohalides
The crystal structures of mercury oxo- and chalcohalides fully
confirm general regulation of the structure formation formulated
by Borisov et al.5, 6, 114 Rigid multiatomic fragments, e.g., [M4O],
[M6O2], [M10O4], [AO4], etc., are most probably generated in a
reactionmedium even prior to the initiation of crystallisation. The
forces driving the transition of a substance into the crystalline
state are substantially weaker than the interatomic interactions
within these fragments, thus they remain nearly unchanged upon
the the nucleation and crystal growth. The dimensions and shape
of the rigid multiatomic fragments determine the unit cell para-
meters and partially the space symmetry group, since the sym-

Table 8. The Hg7Y motifs in the structures of 3 : 2 : 2 ternary mercury chalcohalides.

Compound Hg7Y motif type Examples of isomorphous compounds Ref.

a-Hg3S2Cl2 a uniform framework of the7Hg7S7Hg7 a-Hg3Se2Cl2, Hg3Te2Cl2, Hg3Te2Br2, Hg3S2F2, Hg3Se2F2 12, 15,

(corderoite) bonds devoid of closed rings (see Fig. 2) 33, 34

b-Hg3S2Cl2 isolated [Hg12S8] groups (see Fig. 3) Hg3S2Cl1.54Br0.46, a-Hg3S2Br2, Hg3Se2I2 (monoclinic), 22, 23, 36,

Hg3S2Br1.5Cl0.5 (monoclinic), Hg3S2Br1.5Cl0.5 (cubic) 42, 43

b-Hg3S2Br2 the [Hg3S2]2+ layers incorporating the [Hg4S4] g-Hg3S2Cl2, Hg3Se2Br2, Hg3S2Cl1.5Br0.5 (monoclinic), 23, 35, 36,

rings in two different orientations (see Fig. 4) Hg3S2ClI (radtkeite), Hg3Te2BrI 39, 41, 42

Hg3S2I2 [Hg3S2]2+ double crankshaft ribbons (see Fig. 5) Hg6S4Br2ClI (grechishchevite), Hg3Se2I2 (orthorhombic) 24, 40

Hg3Te2I2 a spatial framework with identically oriented 7 37, 38

closed [Hg4Te4] rings (see Fig. 6)
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Figure 23. Projections of the crystal structures of Hg3Y2X2.

(a) A partial projection 04 y4 1/2 of the crystal structure of a-Hg3S2Br2
onto the xz plane; the Br sublattice is formed by the (�401), (020) and (002)

planes;

(b) a projection of the crystal structure of Hg3Te2I2 onto the xz plane; the I

sublattice is formed by the (202), (�202) and (020) planes.
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metry element intrinsic to these groups often convert into the
symmetry elements of the whole crystal structure.

In some complicated cases, the software package KAP-
PLATS 7 helps a lot in the analysis of structure-forming factors.
Among the crystallographic planes it seperates those are closely
populated by atoms or gravity centres of rigid multiatomic
moieties.115, 116 The crystal structure is then interpreted as a result
of the spatial ordering of these atoms and centres of moieties by a
set of basis crystallographic planes.6 The stability of the crystal
structure is increased if these planes are related to each other by
symmetry operations (even provided that these operations are
slightly violated 6, 114).

As has been shown by Borisov et al.,116 the relative space-
filling density for isolatedHg atoms is significantly lower than that
for centres of rigid fragments, which implies that the effect of the
ordering of isolated mercury atoms is weakly pronounced and the
overall structure is predominantly determined by the ordering of
centres of rigid atomic fragments.

The spatial segregation of Hg cations with different oxidation
states over different layers 116 facilitates solid-state mercury dis-
proportionation reactions, since the pre-existing layers with
bivalent mercury are retained thus stabilising the structure-
forming motif, whereas the low-valence mercury (i.e., Hg in the
[Hg3]4+ and [Hg2]2+ clusters) partly leave the structure. It has to
be noted that naturally occurring compounds with `cluster'
mercury, e.g., [Hg2]2+ or [Hg3]4+ moieties, are characterised by
a cation-to-anion ratio distinctly different from that of more
common rock-forming minerals. In particular, in known mercury
minerals, this ratio is close to unity, whereas it is about 1.5 in
poyarkovite. The minerals growing in an anion-deficient medium
are obliged to saturate the valence bonds by forming Hg_Hg
contacts, which gives rise to cluster fragments. Due to the deficit,
anions can act as a core for the formation of polyatomic groups,
which probably exist in amother liquor even prior to the initiation
of crystallisation.

Since the total sequence of solid-state transformations hap-
pening to a mercury mineral upon its transition into an oxygen-
rich medium and giving rise to the complete mercury oxidation,
which is actually realised in nature, cannot be elucidated, the
relevant information can be retrieved from an analysis of methods
for the synthesis of compounds containing the [Hg3]4+ and
[Hg2]2+ clusters and their stepwise oxidation as realised under
laboratory conditions. Typically, the synthesis is accomplished
starting from Hg2+ oxides and other components in sealed
evacuated ampoules at a temperature >400 8C or under hydro-
thermal conditions at a sufficiently high temperature. It would be
reasonable to assume that minerals with the [Hg3]4+ and [Hg2]2+

clusters are formed in nature under similar conditions. When the
minerals are transferred to the earth's surface, the mercury
disproportionation processes are initiated:

[Hg2]2+, [Hg3]4+ Hg2++Hg0.

In a laboratory, the disproportionation of `cluster' mercury to
Hg2+ and Hg0 is typically carried out in an open system, since
mercury vapour is liberated. The process proceeds at a high rate at
200 ± 450 8C, however presumably, this process proceeds at a
lower temperature and thus at a lower rate under natural
conditions. A pair of closely related compounds, [Hg2]As2O6

and HgAs2O6, offer a very illustrative example of this process.117

These compounds include identical layers of interlinked AsO6

octahedra; layers formed by the Hg cations are also similar
provided that the centres of the [Hg2]2+ dumbbells are taken as
cations in the former case. Therefore, the reaction

[Hg2]As2O6 HgAs2O6+Hg

can be interpreted as a progressive withdrawal of a half of the
mercury atoms from the cationic layers of the [Hg2]As2O6

structure, which gives rise to the replacement of the [Hg2]2+

dumbbells with single Hg2+ cations. This transformation is

accompanied only by a decrease in the c parameter of the
hexagonal lattice (Fig. 24).

The conversion of a part of mercury atoms from cluster
moieties into the bivalent state with the simultaneous withdrawal
of freemercurymetal from the structure is well possible, especially
in the surface regions of crystals owing to the fact that many
crystal structures reveal large voids and channels (in particular,
channels with a diameter as large as *13.6 �A are present in the
structure of the mineral szymanskiite 118). This process can serve
as a source of mercury in natural waters and atmosphere.119

The segregation of different types of mercury over different
layers observed in the structures of some minerals 116 can be a
consequence of processes directed towards most stable forms,
which slowly proceed under natural conditions. Solid-state trans-
formations changing the overall composition but retaining the
structure of large fragments occur most easily exactly in layered
compounds. The mechanism of the `layer-by-layer' transforma-
tionwas suggested byHawthorne et al.70 within a discussion of the
crystal structures of monoclinic terlinguaite and orthorhombic
pinchite, which are tightly associated in nature.

The important role in the crystal structure formation played
by large anions (Cl, Br and I) has already been noted above as a
part of discussion concerning mercury chalcohalides (see Tables 1
and 8). Mercury and chalcogen atoms are bound by strong
covalent bonds and thus are incorporated into the structure as
extended atomic groups with constrained variations in the bond
lengths and angles. In contrast, quite bulky and large halide
anions are not involved into strictly oriented chemical bonding
and thus are free to form a more ordered sublattice.113

The phenomenon of ordering of various atomic groups by
independent systems of crystallographic planes has earlier been
observed for other classes of compounds, including rare-earth
metal sulfides.120 Normally, the subdivision into groups is per-
formed according to the spectrum of shortest cation ± cation,
anion ± anion and cation ± anion interatomic distances. Within
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O

Figure 24. Projections of the crystal structures of HgAs2O6 (a) and

[Hg2]As2O6 (b) drawn to a common scale.

Plain octahedra denote HgO6, grey octahedra denote AsO6; the As atoms

are not shown for clarity, theHg atoms are shown only in Fig. b. Although

the projections onto the ab plane are identical, those onto the ac plane

differ by a length of the Hg7Hg dumbbell (2.5 �A) along the c axis.
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this approach, the effective size of an atom or atomic group rather
than only their chemical nature are of importance.6

Therefore, the crystal structure formation in mercury com-
pounds can be formally subdivided into two steps.6 As the first
step, larger `building blocks' are ordered by basis families of
planes (which are the coordinate planes constituting the trans-
lation sublattice of these large blocks). As the second step, which
proceeds simultaneously, smaller building blocks and single atoms
are ordered by basis planes of independent sublattices within a
range of shorter interplane distances dhkl . Some atoms of large
building blocks are also involved in the second step. The crystal
formation means that an initial set of independent sublattices
possible for all combinations of atoms and `rigid' atomic groups
converts into a common lattice (least common multiple) with a
unit cell composed of an integer number of sublattices and the
ordering families of planes become crystallographic planes, which
requires the respective indices to be integers.

VI. Crystal chemical features of the MHgYX
compounds (M=Cu or Ag; Y=S or Se; X=Cl,
Br or I)

1. An analysis of the anion packing
According to several groups of authors,46 ± 52 the two-layer
hexagonal close packing is realised in the crystal structures of
MHgYX (M=Cu or Ag; Y=S or Se; X=Cl, Br or I). On the
other hand, the anion packing therein is rather close to body-
centred cubic packing, at least for some representatives of this
class of compounds, according to our results.113

A comprehensive analysis of all closely packed anionic planes
for typical structures of MHgYX 46 ± 52 as well as of Ag2HgSI2
(Ref. 52) and CuHg2S2I,47 which are characterised by similar
stoichiometries, was performed using the software package
KAP-PLATS 7 to establish the character of their anionic pack-
ings. It was demonstrated that idealised hexagonal close packing
(hcp) and body-centred cubic packing (bcc) differ from each other
only in the stacking sequence of dense hexagonal layers 36 and
some distortions of the layers themselves, which complicates the
straightforward assignment of real structures to one of the two
packing types.58

For all the structures, the degree of anion ordering signifi-
cantly (by 15%±20%) exceeds that of cation ordering for the
same range of interplane distances dhkl essential for the crystal
packing formation. This is surprising taking into account the
respective results for the structures of heavy metal fluorides,
oxides and sulfides,114, 120 where cations are more ordered.

In the series of the compounds considered, the anion packing
varies from ideal hcp (e.g., in CuHgSI) 47, 48 to ideal bcc (e.g., in
Ag2HgSI2).52 This result requires additional elucidation for the
cases of large differences in the sizes of the Y27 and X7 anions
(r=1.84 �A and 2.20 �A for S27 and I7, respectively). According
to an analysis of the arrangement of all atoms in these structures,58

the relatively small radii of an S27 anion is compensated for by the
fact that all direct S7S contacts, which could have distorted the
packing (due to a large difference as compared to typical lengths
of the I7I or I7S contacts) involve cations, which results in either
linear S7Hg7S or bent S7M7S fragments, and the S_S
contact appears comparable in length with the S7I and I7I
distances (in the former case, S_S*4.7 �A). Therefore, the
mercury atoms, due to the covalent Hg7S and, to a lesser extent,
M7S interactions, actually occupy positions with a coordination
number of 2, which are non-typical from the classical viewpoint,
thus acting as an auxiliary spacer to the S7S contact, which
apparently increases its length to that of the I7I contact of the
anion packing. The resultant commensurability of the strongest
covalent S7Hg7S bond and the van der Waals contact between
the large I7 anions enables the regularity of a stable collective
packing involving anions with different sizes.

Within this concept, the reason for a less ordered arrangement
of cations becomes evident: it is controlled by the covalent
interactions between cations and anions and between cations,
which is a more powerful factor than mere ordering. As has been
mentioned in Section IV.4, weak attractive Hg_Hg interactions
in the oxo-centred [Hg4O] tetrahedra exist at a Hg7Hg distance
of *3.5 �A.79 Thus it would be reasonable to consider the crystal
structures in more detail taking into account both well known
Hg7Y interactions and possible Hg_Hg and Hg_M interac-
tions.

2. The structure-forming role of the [(Hg,M)4Y] tetrahedra
According to structural studies on quaternary chalcohalides
MHgYX (M=Ag or Cu; Y=S or Se; X=Cl, Br or I) and
closely related Ag2HgSI2 and CuHg2S2I, the S27 anions in these
compounds are characterised by the stable tetrahedral surround-
ing by cations (in contrast to the umbrella-like environment
typical of mercury chalcohalides). A similar environment of the
sulfur anions is observed in the structures of Hg2PbS2I2 (Ref. 54),
perroudite Hg4.6Ag4.4S4.6(Cl,Br,I)4.8 (Ref. 55) and capgaronnite
HgAgS(Cl,Br,I),56 where the [M2Hg2S] tetrahedra similar to the
oxo-centred [Hg4O] tetrahedra present in mercury oxosalts can be
identified. These tetrahedra can be considered as Y-centred; it
would be reasonable to assume that it is the sp3-hybridised orbitals
of the chalcogen atoms that are involved into the bonding with the
cations, since sulfur and selenium are similar to oxygen in terms of
the valence electron structures.58

Experimental data summarised in Table 9 indicate that the
cationic tetrahedra surrounding the S27 anions (only one example
is available for Se27) are sufficiently stable in terms of the
geometry parameters.

Tetrahedron edge Length /�A

Hg7Hg 3.56 ± 3.60

Cu7Cu 4.08 ± 4.14

Hg7Cu 3.48 ± 3.90

Hg7Ag 3.63 ± 4.08

Ag7Ag 4.56 ± 4.83

Noting the small variations in the cation ± anion distances (see
Table 2), the [(M,Hg)4Y] tetrahedra can be considered as `rigid'
atomic moieties (building blocks), which are incorporated into a
crystal structure as a whole. This is due to both well knownHg7S
and Hg7Hg covalent interactions and less elucidated M7S,
M7Hg and M7M bonding.

In the crystal structure of CuHgSI, a chain of the [Cu2Hg2S]
tetrahedra going along the 21 axis parallel to the z axis acts as the
`load-bearing' structural unit, which includes the strongest inter-
atomic interactions, i.e., Hg7S and Hg_Hg. A unit cell includes
two such chains, viz., in the origin and in the centre of the xy
projection. The chains are assembled into a common framework
by sharing Cu vertices, the I atoms coordinated (like the S atoms)
by four cations (2Hg+2Cu) fill the interchain cavities.

In the structure of CuHg2S2I, the [(Cu,Hg)4S] tetrahedra are
assembled into a layer in the yz plane by sharing (Hg,Cu) vertices.
The layers are further assembled into a framework by sharing Hg
vertices. As outlined in Table 9, some edges of the [(Cu,Hg)4S]
tetrahedra are shorter than 3.8 �A, which assumes attractive
interactions.

In both CuHg2S2I and Ag2HgSI2 , mercury and sulfur are
present in a 1 : 1 ratio. Although the anion packings in the two
structures are similar (positions of the S and I ions are inter-
changed), the covalent skeleton in Ag2HgSI2 involves only iso-
lated chains composed of the [Ag2Hg2S] tetrahedra going along
the z axis together with a virtually linear rows of the Hg atoms
with Hg7Hg& c/2=3.55 �A. In a projection onto the xy plane,
the chains of the [Ag2Hg2S] tetrahedra go through the origin and
the centre of the unit cell composing an approximate hexagonal
packing of these isolated one-dimensional fragments in this cross-
section.
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In the crystal structures of CuHgSCl andCuHgSBr (295 K),46

the vertex-sharing [Cu2Hg2S] tetrahedra form puckered layers
lying in the xz plane. The mercury atoms in these structures are
arranged into zigzag rows [in contrast to the linear Hg7Hg
columns that determine the respective unit cell parameters in the
above structures (the double Hg7Hg distance is *7 �A)]. Two
Hg7Hg7Hg fragments intersect at an angle close to 908 and thus
a& 7

���
2
p

=9.84 �A. A unit cell accomodates two layers related to
each other by a glide-reflection plane associated with a shift by
b/2=9.17 �A. Meanwhile, unit cells of similarly organised
b-AgHgSI and CuHgSBr (358 K) accomodate only one such
layer. These structures feature a short translation (*4 �A) normal
to the mirror reflection plane.

In the structure of CuHgSeCl, the Se27 anions are also
characterised by the tetrahedral environment (2Cu and 2Hg, see
Table 9). The structure is based on chains of the [Cu2Hg2Se]
tetrahedra formed around linear rows of the Hg2+ cations with
the doubled Hg7Hg distance of a=6.94 �A. The chains are
assembled into a layer in the xz plane by sharing Cu vertices.
Due to the short translation c (4.25 �A), theCl atoms lie in the same
plane as the Cu atoms, thus the layers formed by the [Cu2Hg2Se]
tetrahedra are separated from each other by layers of the Cl7

anions In the structure of a-AgHgSI,51 symmetry factors do not
prevent the formation of a framework of vertex-sharing
[Ag2Hg2S] tetrahedra; cavities of the framework are occupied by
the large iodine atoms.

3. Crystal structure-forming factors for the MHgYX
structures
Summarising structural data outlined above, we conclude that it is
the Hg7Y covalent interactions and Hg_Hg bonding contacts
that act as the prevailing structure-forming factors in the crystals
of quaternary mercury chalcohalides.58 Linear or zigzag
_Hg_Hg_Hg_ chains (with Hg7Hg distances of *3.5 �A)
determine one of the unit cell dimensions. Other unit cell dimen-
sions are dictated by the necessity to combine the [(M,Hg)4Y]
tetrahedra by vertex-sharing. The commensurability of the
Hg_Hg, X_X and X_Y contacts enables the close packing of
anions and a rather high symmetry of the resultant crystal
structure. The stability of a structure towards isomorphous
substitution of components can be regarded as an additional
argument in favour of its robustness. In particular, the isomor-
phous substitution HgS>AgX over a wide concentration range
with the preservation of the crystal structure type (minerals
perroudite 55 and capgaronnite 56) has been reported. Structural
investigations into the synthetic analogues of minerals grechish-
chevite, lavrentievite, arzakite, radtkeite (corresponding to the
Hg3Y2X2 stoichiometry) confirm the ability of the anion packings
to remain unchanged over significant variations in the halogen
composition within the Hg3S2Cl2 ±Hg3S2Br2 ±Hg3S2I2 sys-
tem.40 ± 43 The halogen atoms always occupy positions in the
nodes of a primitive cubic sublattice centred by the S27 anions.
The introduction of monovalent atoms, i.e., Cu and Ag, relieves
this limitation making the X and Y anions more equivalent.

Table 9. Frameworks of the [(M,Hg)4Y] tetrahedra in the structures of some quaternary mercury chalcohalides.

Compo- Metal ±metal Motif of the Ref. Compo- Metal ±metal Motif of the Ref.

und distance a [(M,Hg)4Y] tetrahedra und distance a [(M,Hg)4Y] tetrahedra

/�A /�A

CuHgSI 3.589 (Hg7Hg) 47

3.617 ± 3.970

(Hg7Cu)

4.078 (Cu7Cu)

CuHg2S2I 3.775 ± 4.152 47

(Hg7Hg/Cu) b

3.696 ± 3.832

(Hg/Cu7Hg/Cu)

Ag2HgSI2 3.559 (Hg7Hg) 52

3.629 ± 4.112

(Hg7Ag)

4.555 (Ag7Ag)

CuHgSBr 3.568 (Hg7Hg) 46

(295K) 3.530 ± 3.831

(see c) (Hg7Cu)

4.124 (Cu7Cu)

3.576 (Hg7Hg)

3.481 ± 3.881

(Hg7Cu)

4.124 (Cu7Cu)

b-AgHgSI 3.598 (Hg7Hg) 50

3.999 (Hg7Ag)

3.776 (Hg7Ag)

4.648 (Ag7Ag)

CuHgSeCl 3.483 (Hg7Hg) 49

3.592, 4.121

(Hg7Cu)

4.253 (Cu7Cu)
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a For the Hg7Y, Cu7Y and Ag7Y distances, see Table 2; bHg/Cu means that the respective site is statistically occupied by Hg and Cu (see Fig. 13);
c data for crystallographically independent [(M,Hg)4] tetrahedra are given.
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Within the approach adopted (based on the identification of
stable `building blocks') it would be interesting to compare the
structures of two natural HgS modifications, viz., trigonal a-HgS
(cinnabar or cinnabarite) and cubic b-HgS (metacinnabarite).
These structures are traditionally considered as distinctly differ-
ent. Our approach to the crystal chemical analysis aimed at the
identification of densely packed crystallographic planes 7 (sepa-
rately for cations and anions) established that the cationic
matrices are identical in both phases. It can be represented as the
three-layer cubic close packing (with the stacking sequence
ABC).121 In the cubic phase, both anions and cations are packed
according to this pattern and thus the overall structure can be
considered as a three-dimensional motif of [S4Hg] or, alterna-
tively, [Hg4S] tetrahedra. Meanwhile, the anion packing is signifi-
cantly different in the trigonal phase. The S27 anions are shifted
from the initial cationic tetrahedron through a common face to a
neighbouring cationic octahedron while the bonds with two Hg
atoms are preserved and remain the strongest in the new location.
F-centred cubic and rhombohedral cells are equivalent provided
that cR/aR=2.45.122 For the cinnabar structure, this ratio is 2.29,
which means that the rhombohedron of Hg atoms somewhat
deviates from cube: a 0R =5.74 �A; a 0R =92.58 (Fig. 25).

The stability of the cationic framework both in a- andb-HgS is
confirmed by its preservation upon the Al substitution for 1/4 of
the Hg cations, as evidenced by the crystal structure of
Hg3AlF6O2H (space group R�3m, a = 7.262 �A, c = 10.441 �A,
Z = 3).123 In contrast to the framework realised in a-HgS, the
F-centred cubic sublattice of cations is deformed in the opposite
direction, i.e., the cube is elongated along the three-fold axis:
a 0R =5.449 �A, a 0R =83.578. This pseudocubic cationic sublattice
corresponds to a hexagonal one with aR = a/2=3.631 and
cR= c=10.441 �A. In this case, the cR/aR=2.88, which by far
exceeds the ideal value of 2.45 (Fig. 26). We note that the F atoms
in this structure occupy cationic tetrahedra, whereas the O atoms
composing the linear O7Hg7O fragments are characterised by a
less regular coordination environment.

The fact that the coordination of an S atom to only two Hg
atoms is preferred can be a reason for the `dissolution' of cinnabar
in specific natural processes, which gives rise to the replacement of
two remote Hg atoms in the coordination environment of the
sulfur atoms with twoCu, Ag, Pb, etc. atoms. The incorporation
of these cations is accompanied by the introduction of charge-
compensating anions, viz., Cl, Br or I, which results in the
formation of structures considered above corresponding to the
MHgXY stoichiometry with HgS :MX=1 : 1.

In the case of more mercury-excessive compounds (here, we
focus on the Hg :Y :X=3 : 2 : 2 stoichiometry, since it is best
represented by structurally studied compounds), the crystal struc-
tures emerge under the action of two factors: covalent bonding
between the Hg and S atoms giving rise to isolated, ribbon, layer
or framework assemblies and arrangement of the halogen atoms
into a packing close to a primitive cubic one.8, 113 As has already
been stated above, the `cubic' unit in these structures provides the
commensurability of the geometric parameters of this two com-
ponents resulting in the stability of the packing motifs even
against substantial variations in the halogen composition. The
freedom in the rotation of the blocks upon their assembling
produces [HgS]n moieties with diverse topologies, which explains
rich polymorphism intrinsic to these class of compounds.

VII. Conclusion

The crystal chemical analysis of natural and synthetic inorganic
mercury compounds with anions abundant in nature (O, S, Se, Te,
F, Cl, Br, I, CrO4, PO4 and AsO4) also containing auxiliary
cations similar to mercury in terms of structural preferences (i.e.,
Cu, Ag and Pb) demonstrate a huge diversity of their crystal
structures. As has been established, some atomic groups with
strong covalent Hg7O, Hg7Y (Y=S, Se or Te) and A7O
(A=Cr, P or As) bonds are not substantially deformed in the
course of the crystallisation. These include oxo-centred [Hg4O]
tetrahedra (which also involve weaker attractive Hg_Hg inter-
actions), S- and Se-centred [(M,Hg)4Y] tetrahedra, [Hg6O2]
r-octahedra, etc. The centres of these `rigid' groups upon their
incorporation into a crystal structure undergo ordering by systems
of parallel (crystallographic) planes to form sublattices and the
true translation lattice.

In the crystal structures of compounds with the 3 : 2 : 2
stoichiometry, the monovalent anions are more strictly ordered
than the cations. This is explained by the fact that large weakly
bound anions adapt much easier to the sublattice requirements
than the covalently bound Hg7Y component of the structure.

Specific features of the assembly of these covalently bound
groups and their ability to change the configuration without
substantial redistribution of the bonding topology facilitate poly-
morph transitions and other structural transformations therein.
This observation can shed light upon complex associations
between naturally occurring mercury-containing minerals. A
deep understanding of the mechanisms underlying structural
transitions in associations of these minerals is of great environ-
mental significance.

aR

bR

bFaF

cF

cR

0

Figure 25. A relation between the rhombohedral and F-centred cubic cells

in the cinnabarite (a-HgS) structure. Only mercury atoms involved into a

lattice close to the F-centred cubic one are shown.

Hg

Al

Figure 26. The cationic F-centred sublattice in the crystal structure of

Hg3AlF6O2H.
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Abstract. Methods of synthesis of highly dispersed inorganicMethods of synthesis of highly dispersed inorganic
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bibliography includes 218 references.bibliography includes 218 references.

I. Introduction

The synthesis of modern inorganic materials usually presents
significant difficulties. Indeed, such systems are multicomponent
and a number of successive stages of formation of intermediates
should be carried out in order to obtain target products. The
multistage character of the synthesis is responsible for inhomoge-
neity of chemical and phase compositions (this presents a severe
problem in the formation of single phase multicomponent prod-
ucts) and the microstructure of materials. These problems are
solved using a variety of chemical homogenisation techniques,1, 2

which make it possible to obtain reaction mixtures in which the
starting reactants are in highly dispersed reactive state. Good
mixing of reactants provides the possibility of formation of
numerous interfacial contacts and, as a consequence, the emer-
gence of a developed reaction interface. The rate of formation of
new phases near the developed reaction interface much exceeds
the rate of interaction between reactants in conventional state.
However, by nomeans all interfacial contacts formed in the course
of homogenisation become reaction interfaces during the syn-
thesis. This is first of all due to the compaction of reactant

particles, breakdown of the contacts formed in the course of
mechanical mixing of reactants and demixing of reactionmixtures
owing to different chemical nature of the reactants.

Solving a number of problems in the synthesis of inorganic
materials requires the use of novel methods that allow one to
change the character of the reaction zone or the reaction mecha-
nism in a targetedmanner and to additionally activate the reaction
mixtures.3 Recently, synthetic methods based on utilisation of
microwave radiation have been progressed rapidly.4 ± 6 Micro-
wave irradiation makes it possible to considerably accelerate such
important physicochemical processes as dehydration, decomposi-
tion of salt and hydroxide precursors, synthesis of multicompo-
nent composites and sintering of ceramics. This approach is
promising due to high rate of heating and short delay of the
process in contactless regime (no contact between the heater and
the heated body) and to the possibility of selective heating of the
components of reaction mixtures.7 Nevertheless, practice shows
that prediction of the behaviour of a system under microwave
irradiation is a very complicated task. The reason is that the
electrophysical and thermophysical characteristics responsible for
the absorbance of compounds strongly depend on temperature.
Correct allowance for this factor is a practically insoluble prob-
lem. The situation becomes evenmore complicated for the systems
in which chemical processes occur, because changes in the phase
composition of such systems cause jumpwise and often uncontrol-
lable changes in their electrophysical and thermophysical charac-
teristics.

Yet another important problem in modern inorganic chem-
istry and inorganic materials science consists in the need of
elaboration of methods for targeted synthesis of nanodisperse
materials.8 Methods of preparation of nanopowders have been
studied for a rather long time and many of them are successfully
used not only in laboratory practice, but also in industry. The
mechanisms of formation of free nanoparticles have been a subject
of intensive research and some of them have found experimental
substantiation. Thismade it possible to choose the strategies of the
synthesis of nanopowders with preset physicochemical properties,
however some problems are still to be solved.9 In particular,
highly dispersed powders have an excess surface energy, which
causes their aggregation. Additionally, enhanced reactivity of
nanopowders compared to bulk crystals predetermines their
instability to the action of various media and rapid degradation.
These problems can be solved by introducing nanopowders into

A Ye Baranchikov, V K IvanovN S Kurnakov Institute of General and

Inorganic Chemistry, Russian Academy of Sciences,

Leninsky prosp. 31, 119991 Moscow, Russian Federation.

Fax (7-495) 954 12 79, tel. (7-495) 236 20 44,

e-mail: a.barantchikov@gmail.com (AYe Baranchikov), van@igic.ras.ru

(V K Ivanov)

Yu D TretyakovDepartment of Chemistry, Department of Materials

Science, M V Lomonosov Moscow State University, Leninskie Gory,

119992 Moscow, Russian Federation. Fax (7-495) 939 09 98,

tel. (7-495) 939 20 74, e-mail: yudt@inorg.chem.msu.ru

Received 25 May 2006

Uspekhi Khimii 76 (2) 147 ± 168 (2007); translated by AM Raevskiy

DOI 10.1070/RC2007v076n02ABEH003644

Sonochemical synthesis of inorganic materials

A Ye Baranchikov, V K Ivanov, Yu D Tretyakov

Contents

I. Introduction 133

II. Methods of generation of acoustic vibrations 134

III. Action of ultrasound on liquid-phase systems 134

IV. Cavitation parameters 135

V. Sonochemical reactions in aqueous media 138

VI. Sonochemical processes in non-aqueous media 142

VII. Sonochemical processes under hydrothermal conditions 144

VIII. Solid-phase sonochemical processes 145

IX. Conclusion 148

Russian Chemical Reviews 76 (2) 133 ± 151 (2007) # 2007 Russian Academy of Sciences and Turpion Ltd



inert matrices or by using low- and high-molecular-mass surfac-
tants that form a shell on the surface of nanoparticles in the course
of the synthesis and thus protect them from aggregation and
degradation.10, 11

A promising method for solving a number of problems
mentioned above is sonication. Utilisation of ultrasonic vibra-
tions in chemistry and materials science has long gone beyond
research laboratories. Ultrasound is widely used in industry for
intensification of many technological processes including degass-
ing of metal melts, dispersion of liquids and solids, extraction,
filtration and cleaning of various surfaces.12, 13 Considerable
attention has been paid to applications of ultrasound in chemical
synthesis including the synthesis of advanced inorganic materials.
Progress of research in this field led to emergence of a new branch
of chemical science, sonochemistry.{

A number of reviews and monographs devoted to various
aspects of application of sonication in inorganic chemistry and
materials science have been reported in the last decade.14 ± 20 At
present, chemically- and materials-science-attractive features of
sonochemical synthesis have beenwell documented. The advent of
promising sonochemical research avenues, e.g., high-temperature
synthesis of complex oxides 21 and synthesis of highly dispersed
oxide materials under concurrent hydrothermal and ultrasonic
treatment 22 should also be pointed out. In the course of prepara-
tion of the present review the authors tried to outline general ideas
of the synthetic potential of the methods involving ultrasonic
treatment, to consider the mechanisms of processes occurring
under sonication and to systematise recent advances in sonochem-
ical synthesis.

II. Methods of generation of acoustic vibrations

Acoustic vibrations are elastic (mechanical) longitudinal vibra-
tions that propagate through a medium. The frequency spectrum
of acoustic vibrations is usually divided into three regions,
namely, infrasound (frequencies lower than 30 Hz), audible
sound (frequency range from 30 Hz to 20 kHz) and ultrasound
(frequencies higher than 20 kHz). This classification is to a great
extent conditional, being based on human perception of acoustic
vibrations.

From the standpoint of applications, ultrasonic vibrations are
grouped into low-frequency vibrations (frequency range from
20 kHz to 1 MHz) and high-frequency (frequencies higher than
1 MHz) ones.23 Low-frequency ultrasonic vibrations are mainly
utilised in industry, chemistry and materials science (production
of metals and alloys with specified microstructure, ultrasonic
cutting and welding,24 pressing,25 synthesis of various compounds
and materials,15 sample preparation in analytical chemistry,26

etc.). High-frequency (diagnostic) ultrasound is used in non-
destructive methods of analysis (ultrasonic defectoscopy and
microscopy, studies of biological objects, etc.); in particular, it is
widely used for contactless precision measurements of fluid
parameters in flow systems.26 The speed of propagation of an
acoustic wave is determined by the properties of the medium
through which the wave propagates; therefore, any changes in the
liquid phase caused by, e.g., the occurrence of a chemical reactions
will change the speed of propagation of the wave and, as a
consequence, change the time interval between the generation
of an acoustic pulse and reception of the echo signal. Ultrasound
diagnostic methods are used if a large number of contactless
measuring devices are available (in, e.g., petrochemical
industry).27 ± 29

Generation of ultrasonic vibrations is based on transforma-
tion of electromagnetic oscillations to elastic mechanical vibra-

tions using specific devices. Electrical energy is converted to
mechanical energy using the magnetostriction or piezoelectric
effect.30 These phenomena are due to the ability of certain
materials to change their linear dimensions upon the action of
alternating electric or magnetic field (piezoelectric effect and
magnetostriction, respectively).

Magnetostrictive transducers characterised by ultrasound
intensity of up to several tens of Watt per cm2 (electroacoustic
efficiency in liquid media exceeds 50%) at frequencies below
30 kHz are best for solving various problems in preparative
chemistry and metallurgy. The maximum amplitude of acoustic
vibrations is*2 mm for ferrite transducers and more than 10 mm
for metallic transducers.

Piezoelectric transducers are mainly used for generation of
high-frequency (500 kHz ± 100 MHz) ultrasonic vibrations in
defectoscopes, sonars and acoustoelectronic devices. The radia-
tion intensity can be as high as 60 W cm72 and even reach the
values 200 ± 500 W cm72 at an efficiency of 60%±65% in, e.g.,
pulsed mode of operation.13

In order to increase the acoustic wave intensity in a local
spatial domain compared to its intensity at the surface of ultra-
sonic radiation source, the so-called concentrators are used.31

Rod-like concentrators (acoustic waveguides) are most widely
used because of simple design and ease of replacement. A rod-like
concentrator increases the amplitude of vibrations due to a
decrease in its cross-section or density in accordance with the
momentum conservation law. The gain coefficient of a waveguide
(with respect to acoustic wave intensity) depends on the shape of
the waveguide. The stepwise and conical concentrators have the
simplest design while the highest gains are provided by exponen-
tial and catenoidal concentrators. The best materials for manu-
facturing of concentrators with maximum amplitude of the
vibrational speed are titanium and its alloys. However, the
maximum operating temperatures of these materials are at most
500 ± 600 8C and therefore operation at higher temperatures
requires the use of various steels with high acoustic characteristics
(e.g., steels with high content of silicon, manganese and chrome).

III. Action of ultrasound on liquid-phase systems

The basic phenomena accompanying propagation of an acoustic
wave through a liquid are summarised in Fig. 1. Numerical data
presented below (including the acoustic wave intensities) refer to
the low-frequency ultrasonic region.

At a rather low intensity (usually, less than 0.1 W cm72), the
behaviour of the system can be quite correctly described using the
classical wave equation. In this case no phenomena that could be

{ In 1994, Elsevier B V (now a part of Reed ±ElsevierGroup) established a

scientific journal Ultrasonics Sonochemistry. This fact substantiates that

research in this field is in high demand.
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Figure 1. Physical phenomena accompanying the action of high-power

acoustic radiation on liquids.
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useful for preparative chemistry and materials science are
observed. As mentioned above, low-power ultrasound can only
be used for solving particular diagnostic problems.

An increase in the acoustic energy flux density to*1 W cm72

and more causes the onset of some non-linear phenomena in the
liquid. Among them, the most important is cavitation.14, 32 ± 34

The mechanism of the onset of cavitation can be described as
follows.14, 35 Propagation of acoustic vibrations through a liquid
causes the appearance of alternating rarefaction and compression
zones in this liquid. A negative pressure is produced in the
rarefaction zone. At high acoustic energy densities, it can exceed
a critical value corresponding to discontinuity in the liquid and
formation of cavitation bubbles in the bulk (Fig. 2, curve AC or
ABL). The critical acoustic pressure for an ideal liquid should be
equal to the difference between the atmospheric pressure and the
pressure at which boiling of the liquid occurs at a given temper-
ature (Ps). Actually, the critical pressure is much lower than this
difference due to the presence of dissolved gases and mechanical
impurities in the liquid. In this connection the formation of
cavitation bubbles in a real system can be treated as a transition
AF (see Fig. 2).

At present, there are two main approaches to explanation of
the mechanism of initiation of sonochemical reactions. One
approach is usually called the `hot spot' theory. It is widely used
by researchers and is based on the following considerations.

During certain time interval the size of an emerged cavitation
bubble and the external acoustic field execute almost in-phase
oscillations. Then, due to a large difference between the hydro-
static pressure of the liquid and the pressure within the cavity of
the cavitation bubble and to an abrupt increase in the acoustic
pressure in the liquid in the compression zone of the ultrasonic
wave the liquid moves towards the centre of the bubble and the
bubble collapses (Fig. 3).36 This is accompanied by concentration
of energy similarly to the focussing of a converging shock wave. A
high pressure developed in the central region of the collapsing
bubble causes generation of a diverging spherical shock wave.37 It
is accepted that collapse of a cavitation bubble leads to the
formation of a `hot spot' at the centre, characterised by a local

temperature of about 56103K [up to (2 ± 3)6104K)] 38 and a
pressure ranging from 500 to 1000 atm.39 The rate of cooling of the
`hot spot' can be as high as 1010 K s71 (Ref. 40). Note that these
numerical values were obtained ignoring the effects of heat
exchange, surface tension and viscosity of the medium on the
parameters of collapse and no correction for non-ideal character
of the gas was applied.41 ± 44

Thus, the key idea of the `hot spot' theory is that ultrasonic
cavitation causes concentration of acoustic energy within very
small spatial domains in the medium. This leads to production of
extremely high local energy densities (mainly in the form of heat),
which thus initiates the sonochemical reactions.45

The second approach to explanation for the mechanism of
initiation of sonochemical processes involves analysis of electrical
phenomena accompanying the evolution of cavitation bubbles.
The approach has been best developed by Margulis,42, 46 ± 50 who
proposed a theory of local electrisation of cavitation bubbles. The
key ideas of this theory are as follows. The action of an acoustic
energy flux causes partial removal of the electrical double layer
near the liquid ± cavitation bubble interface. As a result, an
uncompensated electric charge appears on the surface of the
cavitation bubble. Later on, oscillations of the size of cavitation
bubbles under sonication lead to the loss of stable spherical shape
and to formation of various microirregularities (branches and
jogs) on the surface of cavitation bubbles. In the limiting case,
deformation of cavitation bubbles leads to their fission and
abstraction of fragment bubbles. Deformation of the bubble
surface creates favourable conditions for the appearance of high
local densities of uncompensated electric charge, which eventually
leads to electrical breakdown. Electrical discharge is accompanied
by excitation and splitting of the gas and liquid molecules in the
cavitation bubble. Thus, the mechanism of sonochemical reac-
tions is closely related to the processes occurring during electrical
discharge in a vapour-gas medium in the cavity of the cavitation
bubble.

It should be noted that the local electrisation theory reason-
ably describes some experimental results that cannot be explained
in the framework of the `hot spot' theory,42 including the
occurrence of sonochemical reactions at very low ultrasound
intensities (about 1073 W cm72) or at high ultrasound frequen-
cies (>100 Hz) and an increase in the efficiency of suppression of
sonochemical reactions using high-boiling additives, etc.

IV. Cavitation parameters

Cavitation can be characterised by three main parameters,
namely, intensity, cavitation threshold and stationarity.51

The cavitation intensity means the volume-average intensity
(power) of spherical shock waves generated in a liquid medium
upon collapse of cavitation bubbles. The higher the power of the
shock waves the higher the cavitation intensity.
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The intensity of vibrations I (energy transferred per unit time
through a unit surface area) can be estimated from the relation

I � 1

t

�t
0

I z� �dz � P2

2rc0
� x2o2rc0

2
,

where t is time, z is the integration constant, P= xorc0 is the
amplitude of acoustic pressure, r is the density of themedium, c0 is
the velocity of sound, x is the amplitude of acoustic vibrations and
o=2pf is the angular frequency of vibrations.

It should be noted that the specific power (intensity) of
acoustic vibrations is usually expressed in W cm72 (power per
unit surface area of acoustic radiator) or in W cm73 (power per
unit volume of irradiated sample).52

Clearly, the relation presented above is appropriate for
determination of the acoustic energy flux density only if the
wave propagates through a continuous isotropic medium with
no scattering of acoustic power and the propagation of sound
through the system treated causes no non-linear physicochemical
effects (pre-cavitation regime).

Otherwise, one should use indirect methods of determination
of the energy flux density.52, 53 The most widely used method is a
calorimetric technique 54 based on the assumption that a large
proportion of the acoustic energy absorbed by the system is
released in the form of heat. The main advantage of the technique
is simplicity of both practical implementation and corresponding
calculations. The method involves measurements of the rate of an
increase in the temperature of the medium to which the acoustic
wave radiation is transferred followed by calculations of the
specific acoustic power using the relation

I � CpDTn
St

,

where Cp is the molar (mass) heat capacity of the medium, DT is
the experimentally determined change in the temperature during
the time interval t, n is the mass of the substance being processed
and S is the radiating surface area of the waveguide (or the volume
of the system treated).

Using the definition of specific absorbed acoustic power, it is
possible to estimate the efficiency (Zef) of a sonochemical process

Zef �
m

SIt
,

where m is the amount of the substance (in moles) involved in the
sonochemical reaction. The yield of a sonochemical process (Z)
can be defined 55 using the transferred power of the source of
vibrationsW instead of absorbed acoustic power

Z � m

Wt
.

However, the calorimetric technique described above has a
number of significant drawbacks.56 First, this is an intense heat
exchange between the metallic waveguide contacting the cavitat-
ing liquid. Second, the heat capacities of cavitating media may
differ appreciably from the heat capacity of the liquid (one should
also keep in mind that the properties of the cavitating liquid differ
from those of the same liquid in its normal state). Third, large local
temperature gradients can be produced in the liquid in the course
of experiments.

An alternative method is the comparative calorimetric techni-
que.57 This approach involves initial irradiation of the liquid with
ultrasound over a short period (t) and measurements of the
dependence of the temperature of the liquid on the duration of
the treatment stage (curve A). After cooling, the liquid is heated
again using a conventional technique (by, i.e., an electrical
resistive heater) and the dependence of the temperature of the
liquid on time (curve B ) is also measured. Then, by varying the

power of the heater the shape of curve B is changed in order to
match curve A. Once matched, the output power of the heater is
considered equal to the acoustic power absorbed by the liquid.
The most favourable conditions for calorimetric measurements
are as follows: a slight increase in temperature (0.1 ± 0.4 8C),
short-term operation of the source of ultrasound (5 ± 15 s) and
efficient mixing of the liquid.

The cavitation threshold is a minimum intensity of ultrasonic
waves at which cavitation emerges. Cavitation is quantitatively
characterised by the so-called critical cavitation number (wc)
defined by the relation

wc �
P0 ÿ Ps

Pc

,

where P0 is the external pressure. Interestingly, the wc value
corresponding to the onset of cavitation usually differs from the
value corresponding to its disappearance, i.e., hysteresis occurs.
The wc value depends on many parameters that characterise both
the state of the liquid (content of dissolved gases, temperature,
presence of impurities) and the acoustic field (frequency, pulse
duration, etc.). For instance, the cavitation threshold increases as
the concentration of gas dissolved in the liquid decreases, the
frequency of acoustic vibrations increases, the pulse duration
decreases and the flow turbulence enhances.

Depending on the lifetime of cavitation bubbles, cavitation is
classified into two types,23 stationary and non-stationary cavita-
tion. Non-stationary cavitation bubbles are formed at an acoustic
energy density of the order of 10 Wcm72 and exist during one or a
few acoustic cycles. The bubble radius becomes at least twice as
large as the initial radius and then the bubbles are rapidly
collapsed in the liquid compression stage. Some bubbles disinte-
grate into smaller bubbles that in turn form cavitation centres.
Non-stationary cavitation is characterised by high intensity
because the vapour pressure in the bubble cavities is very low
owing to short bubble lifetimes.

Stationary cavitation bubbles are characterised by relatively
long lifetimes and high vapour pressure in cavities. They are
formed at rather low ultrasound intensities (1 ± 3 W cm72).

It has been accepted for long that only non-stationary
cavitation can induce sonochemical processes. However, recent
calculations showed that the temperature and pressure produced
in the collapsing stationary bubbles are only slightly lower than in
the collapsing non-stationary bubbles. Additionally, the stable
cavitation bubbles have much longer lifetimes and therefore a
stronger effect on the course of the sonochemical reaction.14

The key parameters of acoustic cavitation (cavitation intensity
and threshold) depend on various factors. The most important
factors are listed below.

Ultrasound power and frequency. The ultrasound power neces-
sary for carrying out a sonochemical reaction should be chosen
taking into account the need of overcoming the power threshold
associated with the onset of cavitation (1 ± 5 W cm72 for aqueous
solutions) and the optimum power (10 ± 50 W cm72 for aqueous
solutions), because further increase in acoustic power makes the
process less efficient.23 The limitation imposed on the second
parameter is due to the formation of a cavitation cloud near the
radiating surface at high ultrasound power, which precludes the
development of cavitation in the bulk of the liquid.14

Sonochemical processes are usually carried out with
20 ± 500 kHz ultrasound, because at lower frequencies the role of
vapour cavitation increases appreciably, which reduces the overall
cavitation intensity. At the same time at acoustic frequencies of
2 ± 3 MHz the cavitation threshold substantially increases 14 and
the efficiency of the sonochemical processes decreases.

Physical properties of solvent. It is accepted 40 that an increase
in the viscosity of the medium causes a substantial increase in the
cavitation threshold and a decrease in cavitation intensity.
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According to calculations 58 for acoustic vibrations at 23 kHz, an
increase in the viscosity of themedium from 0.001 to 0.1 Pa s leads
to more than twofold decrease in cavitation intensity. As the
viscosity of the liquid phase increases to 1.0 Pa s, cavitation
almost disappears.

Based on analysis of experimental data, the following relation
between the viscosity of the liquid medium Z and cohesion
pressure pco (characterises the hydraulic resistance of the liquid
to the formation of cavitation bubbles) was proposed 59

log

�
Z
Z0

�
� ÿ3:05pco ,

where Z0=0.13 MPa s and the empirical constant 73.05 is
expressed in atm71.

The cohesion pressure cannot be measured directly, but it can
be expressed through the experimentally measured parameters,
namely, the amplitude of acoustic pressure (pmin) and the intensity
of ultrasonic waves corresponding to the onset of acoustic
cavitation (Imin), i.e., the cavitation threshold 60

pco � p0 ÿ pmin � p0 ÿ
�������������������
2Iminruus

p
,

where p0 is the hydrostatic pressure and uus is the speed of
ultrasonic waves in the liquid medium.

Not only the viscosity, but also the surface tension of the
liquid phase has a strong effect on the cavitation intensity and
threshold. Experiments 61 showed that a decrease in the surface
tension of the liquid from 0.072 to 0.040 N m71 causes a more
than threefold acceleration of sonochemical reactions. The main
reason for this effect is the decrease in the cavitation threshold.61

According to calculations,58 the surface tension of the liquid
sonicated at 23 kHz has no pronounced effect on the cavitation
intensity. At the same time an increase in the surface tension of the
liquid medium from 0.020 to 0.1 N m71 reduces the cavitation
intensity by a factor of nearly 2.5 for sonication at high frequen-
cies (2 ± 3 MHz).

Thus, a correct choice of the medium is of crucial importance
for carrying out sonochemical reactions, namely, the liquid media
of low viscosity (weak intermolecular interaction) and surface
tension are more appropriate for the onset of intense low-thresh-
old acoustic cavitation.

Presence of dissolved gases and purity of reaction system. An
abrupt drop of external pressure in a liquid causes liberation of gas
dissolved in it. If an acoustic wave is in the rarefaction phase, the
dissolved gases liberate in the form of small bubbles, which can act
as nuclei of cavitation centres, and the cavitation threshold
decreases appreciably.62 Additional cavitation nuclei are usually
produced by bubbling an inert gas (nitrogen or argon) through the
liquid.

Any microinhomogeneities or free surfaces present in the
liquid medium also act as nuclei of cavitation bubbles; this
considerably decreases the cavitation threshold.63

Temperature. Experiments 62 showed that raising the temper-
ature favours a decrease in the cavitation threshold on the one
hand and an increase in the rate of solvent evaporation and in the
partial pressure of the solvent inside the bubble on the other hand.
Because of this, a transition is possible from gas cavitation to
vapour cavitation 64 characterised by an abrupt decrease in the
efficiency of collapse of cavitation bubbles and in the intensity of
acoustic cavitation. For instance, the oxidation of aqueous FeSO4

solution under sonication is suppressed at 50 8C and sonolysis of
water resulting in the formation of H2O2 is suppressed at 67 8C.62

Thus, the operating temperature for sonochemical processes in
open systems should be much lower than the boiling point of the
solvent.

External pressure. The cavitation threshold depends on the
pressure developing in the rarefaction phase. This pressure
exceeds the hydrostatic pressure of the liquid medium in absolute

value. An increase in external pressure reduces the difference
between the acoustic pressure in the rarefaction phase and the
hydrostatic pressure. At high external pressure, this difference can
appear to be insignificant for formation of cavitation bubbles in
the liquid medium. In this case the onset of cavitation requires a
substantial decrease in the acoustic pressure in the rarefaction
phase (increase in the amplitude of acoustic vibrations). Exper-
imental studies 14 showed that the optimum external pressure for
sonochemical processes in open systems ranges from 0.1 to
0.5 MPa.

Thus, cavitation emerged upon sonication of liquid-contain-
ing systems enhances the efficiency of ultrasonic treatment due to
concentration of acoustic energy in small spatial domains. Using
this effect, one can solve a number of chemical, materials science
and technological problems, e.g., fabrication of metal slabs with
homogeneous microstructure,65 ± 68 finely dispersed powders,69

emulsions 60, 70 and aerosols.71 ± 73 Additionally, sonication is
successfully utilised for etching of surfaces,23 regeneration of
catalysts,74 monitoring of precipitation,23 etc.

Ultrasonic dispersion procedure is based on violation of
symmetry of collapse of a cavitation bubble near the interface
(e.g., liquid ± solid interface, Fig. 4).15 As a result, intense local
fluid microflows towards the phase boundary are produced; the
speed of propagation of such flows reaches several tens of metres
per second. Physicochemical consequences of this phenomenon
can be followed taking ultrasonic treatment of various suspen-
sions as examples.

It was experimentally established 75 that sonication of suspen-
sions of inorganic oxide and sulfide materials in organic solvents
causes a considerable increase in the surface area of target
powders (20 ± 30-fold increase after*45 min at an initial specific
surface area of 0.3 ± 0.5 m2 g71) due to collisional disintegration
of particles. Chemical processes in the liquid ± solid systems can
also occur at higher rates under these conditions;76 this partic-
ularly concerns molecular intercalation into layered inorganic
materials. For instance, the intercalation rate of amines, metal-
locenes, metallic sulfide clusters and some other compounds into
ZrS2 , V2O5 , TaS2 , MoS2 and MoO3 under sonication increases
by more than two orders of magnitude compared to conventional
intercalation rates. Ultrasonic treatment of suspensions under
normal conditions can initiate reactions giving binary compounds
from elements (Fig. 5).77

A common feature of the fields of application of high-power
ultrasound mentioned above is utilisation of mainly mechanical
effects of sonication of liquids. At the same time there is a broad
spectrum of pure chemical problems that can also be solved using
acoustic treatment of the liquid phase.

Interface

Figure 4. Collapse of a cavitation bubble near interface.15

The direction of the liquid flow after collapse of the bubble is shown by

arrows.
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V. Sonochemical reactions in aqueous media

The chemistry of aqueous solutions under sonication has been
studied in considerable detail.8, 14, 33, 78 In most cases sonochem-
ical reactions in aqueous solutions are due to the fact that water
vapour present in the cavity of a cavitation bubble at the instant of
bubble collapse experiences the action of high temperature and
high pressure; as a consequence, water molecules undergo the so-
called sonolysis 79, 80

H2O H
.
+HO

.
,

HO
.
+HO

.
H2O2 ,

H
.
+O2 HO2 ,

HO2+HO2 H2O2+O2 .

The rate of formation of HO
.
radicals in solutions in the

absence of oxygen dissolved in water is *25 mmol litre71 min71

and the rate of formation of hydrogen peroxide in air-saturated
solutions is 0.6 mmol litre71 min71 (Ref. 81).

Sonication of water causes ionisation ofwatermolecules at the
instant of collapse of the cavitation bubble and emergence of
hydrated electrons 82

e7+ zH2O eÿaq .

The presence of solvated electrons in an aqueous solution
strongly depends on the acidity of the medium.83 For instance, in
an acidic medium the solvated electrons participate in the for-
mation of hydrogen atoms following the reaction

eÿaq +H+ H
.
,

whereas another process occurs in a basic medium

H
.
+OH7 H2O+eÿaq .

Thus, sonication of aqueous solutions should initiate redox
and radical reactions in them. For instance, sonication of an
acidified aqueous solution ofMohr's salt in air causes oxidation of
Fe(II) to Fe(III) as follows 84

Fe2++H2O2+H+ Fe3++HO
.
+H2O. (1)

The oxidation of iodide ions in aqueous KI solution occurs
under similar conditions

I7+HO
.

0.5 I2+OH7, (2)

I2+ I7 Iÿ3 . (3)

Reactions (1) ± (3) are considered as reference reactions in
sonochemistry. They are used, in particular, for dosimetric
purposes in the determination of specific acoustic power from
the data of kinetic experiments, because it is clear that the rates of
these redox reactions are related to the acoustic power absorbed
by the solution.53 In addition to the oxidation reactions of divalent
iron and iodide anion, the decomposition reactions of various
porphyrin derivatives, e.g., 5,10,15,20-tetrakis(4-sulfophenyl)por-
phyrin (TPPS) 85 (Fig. 6), are also used as reference reactions.

Reduction reactions, e.g., reduction of Fe(III) upon sonication
of weak acid or neutral aqueous solution of complex
K3[Fe(C2O4)3] in air 86 can also proceed in aqueous solutions

Fe3++HO2 Fe2++O2+H+.

Reduction of Ce(IV) to Ce(III) under ultrasonic treatment of
acidified aqueous cerium(IV) sulfate solution proceeds analo-
gously.87

Particular attention should be paid to a series of studies of
oscillation processes in ultrasonic field taking the Belousov ±
Zhabotinsky reaction as an example; the results obtained are
summarised in a monograph.14 It was shown that the parameters
of the self-oscillatory chemical process (frequency, intensity,
duration of vibrations) strongly depend on the instant (within
the period of oscillations of the concentration of reaction mixture
components) at which the acoustic energy is transferred to the
irradiated medium.

Radical processes occurring under high-power ultrasound in
aqueous solutions saturated with an oxygen ± nitrogen mixture
have also been studied.88 ± 90 It was established that molecular
nitrogen undergoes a series of chemical transformations involving
the formation of nitrate and nitrite ions at nearly the same rates
(about 0.03 mmol litre71 W71).90
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As mentioned above, sonolysis of water in the course of
ultrasonic treatment of aqueous and aqueous alcoholic solutions
creates favourable conditions for redox reactions, which can be
used for the synthesis of various compounds in highly dispersed
state. In this connection it is convenient to consider direct and
indirect sonochemical redox reactions. In the former case the
chemical reaction is solely driven by hydrogen peroxide formed in
the course of sonolysis while in the latter case the oxidising (or
reducing) agent is added to the reaction mixture during the
synthesis.

It should be noted that often the role of sonication during the
synthesis of disperse powders from aqueous solutions is reduced
to intensification of the mixing of the reaction medium, disaggre-
gation of particles, renewal of their surfaces, fabrication of
uniform heterogeneous mixtures of solids, etc. Thus, sonolysis of
water has almost no effect on the physicochemical features of
synthesis.

1. Reduction of metals from aqueous solutions
Metals characterised by large positive redox potentials corre-
sponding to semireactions (gold, platinum, palladium) can be
reduced by direct sonochemical reduction (no additional reducing
agents) to give disperse elements. For instance, ultrasonic treat-
ment of aqueous tetrachloroaurate solutions in argon atmosphere
makes it possible to prepare colloidal solutions of 10-nm gold
particles 91 with very narrow size distribution. The addition of
aliphatic alcohols to the reaction mixture significantly accelerates
the formation of colloidal solution, the effect being even more
pronounced with enhancement of the hydrophobic properties of
the alcohol. Similar results were obtained 92 in a study of the
influence of aliphatic alcohols on the rate of reduction of platinum
from H2PtCl6. The effect seems to be due to the fact that the
interaction of alcohols with primary radicals H

.
and HO

.
formed

in the sonolysis of water results in more stable and long-lived
secondary radicals, which then act as reducing agents. As the
hydrophobic fragments of molecules increase, the concentration
of alcohol at the cavitation bubble ± solution interface increases.
As a consequence, most primary radicals interact with the alcohol
molecules, thus favouring an increase in the yield of the secondary
radicals. Therefore, the highest rate of sonochemical reactions in
aqueous solutions is expected in the presence of surfactants.

Indeed, the rate of sonochemical reduction of some metals in
the absence of surfactants is very low. For instance, the reduction
of hexachloroplatinum acid and formation of nanodisperse plat-
inum particles with the size of 3 nm occurs only in the presence of
anionic surfactants (sodium dodecyl sulfate, sodium dodecylben-
zene sulfonate or polyethylene glycol sodium monostearate);
moreover, the reaction rate remains almost unchanged if the
surfactant concentration becomes higher than the critical micelle
concentration (0.1 ± 5 mmol litre71).93

The effect of the surfactant concentration on the micro
morphology of nanodisperse powders formed under sonochem-
ical reduction conditions was studied.94 With no surfactant,
ultrasonic treatment of aqueous hydrogen tetrachloroaurate
solution in the presence of poly-N-vinyl-2-pyrrolidone resulted
in the formation of highly dispersed almost spherical gold
particles (average size *7 nm). The particles formed in the
presence of NaO3SC12H23 have different morphologies including
spherical, needle-shaped, disk-like and triangular crystals (Fig. 7).
As the [HAuCl4] : [NaO3SC12H23] ratio decreased from 1 to 0.05
with an increase in the surfactant concentration, the average
particle size reduced from 18 to 10 nm and almost all triangular
particles disappeared (only disk-like or spherical gold particles
formed at high surfactant concentrations).

A negative consequence of the presence of surfactants in
solution consists in reduction of cavitation efficiency due to the
decrease in the surface tension of the solution. Because of this, the
efficiency of formation of primary radicals decreases.

A study 94 of the effect of the acoustic power on the micro-
morphology and average size of gold particles showed that an
increase in the acoustic power from 30 to 90 W causes the average
particle size to decrease from 20 to 10 nm. Additionally, nearly
perfect spherical particles formed under high-power treatment,
whereas low-power sonication resulted in the formation of disk-
like, prismatic and needle-shaped particles. The authors believe
that an increase in the ultrasound power increases the reduction
rate of gold ions and the nucleation rate of the new phase and,
correspondingly, the average particle growth rate decreases.
Hydrogen peroxide that is formed during sonolysis of water is
not a unique reducing agent; other compounds can also play this
role. The mechanism of sonication is most likely associated with
initiation of redox reactions due to the appearance of reactive
radicals in the aqueous solution. The synthesis 95 of nanodisperse
copper particles of size 50 ± 70 nm from copper(II) hydrazine
carboxylate can also be treated as indirect sonochemical reduc-
tion.

The results obtained in a study 96 of sonochemical reduction of
potassium dicyanoaurate(I) in the presence of ascorbic acid
deserve particular attention. It was shown that strongly aggre-
gated gold particles of irregular shape are formed in aqueous
solution. At the same time, gold nanoparticles formed in poly-
ethylene glycol (PEG-400) have a needle-shaped morphology
(diameter *40 nm at an anisotropy coefficient of about 15). It
was assumed that the mechanism of formation of needle-shaped
particles is due to the fact that individual 3-nm gold particles
formed in the redox reaction form chains owing to coordination
by OH and C7O7C groups of the polymer solvent molecules.
Then, these chains aggregate to form needle-shaped particles. This
mechanism was confirmed by the results of a study of the effect of
potassium dicyanoaurate(I) concentration on the micromorphol-
ogy of particles formed. The size and anisotropy coefficients of
aggregates formed upon sonochemical reduction of gold from
solutions with higher salt concentrations considerably increased
and the content of particles with dendritic morphology also
increased.

a

c

b

d

40 nm

Figure 7. Micrographs of nanodisperse gold particles prepared by ultra-

sonic treatment for 1 h at a [HAuCl4] : [NaO3SC12H23] ratio of 1 (a),

0.2 (b), 0.1 (c), 0.05 (d ).94
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At present, studies on the synthesis of inorganic composite
materials based on simple metals using sonochemical reduction
techniques are scarce. In particular, direct sonochemical reduction
of HAuCl4 , AgNO3 and PdCl2 was successfully used 97 ± 101 for
preparation of nanocomposites based on SiO2 xerogels and
containing 4 ± 7-nm nanoparticles of corresponding metals. The
matrix (SiO2) plays an important role in the formation of nano-
disperse metal particles. First, the xerogel pore diameter deter-
mines the size of the metal particles and, second, the matrix
precludes aggregation of individual particles. Nanodisperse ruthe-
nium particles were synthesised in a similar fashion by sonochem-
ical reduction of ruthenium trichloride in the presence of
mesoporous silica SBA-15.102

Sonochemical reduction of HAuCl4 and H2PtCl6 was also
employed to prepare conducting composite materials based on
polypyrrole 103 and polyaniline.104 It was shown that acoustic
treatment makes it possible to significantly accelerate (by
*50 times) the formation of the composite and to increase the
yield of the reaction product.

2. Sonochemically induced reduction of metal oxides and
hydroxides from aqueous media
Iron, chromium andmanganese cannot be obtained from aqueous
solutions by sonochemical reduction (standard electrode potential
of semireactions is negative or has a small positive value).
However, sonication can be utilised for preparation of corre-
sponding highly dispersed oxides. In particular, nanocrystalline
Fe3O4 powder comprising needle-shaped particles (average size
14648 nm) was obtained by ultrasonic treatment of Fe(OAc)2
solution under argon bubbling.105 Good examples of typical
publications in this field are provided in Refs 83, 106 and 107. In
particular, highly dispersed (50 ± 200 nm) powders of X-ray
amorphous manganese and chromium oxides Mn2O3 and Cr2O3

were synthesised from potassium permanganate and ammonium
bichromate, respectively.107 The addition of ethanol to the reac-
tion mixture considerably increased the rate of sonochemical
synthesis due to the formation of secondary radicals (a-hydr-
oxyethyl radical). A study of the effect of temperature of the
solution treated on the sonochemical reaction showed that the
yield of the reaction product increases (but not decreases) with the
increase in temperature due to a decrease in the cavitation
intensity. Probably, in this case the thermodynamic and kinetic
factors predominate. Recently, various modifications of the
sonochemical synthesis of manganese oxides from aqueous sol-
utions have attracted considerable attention because these com-
pounds are promising in the design of materials for d.c.
sources.108 ± 110

As mentioned above, in some cases the mechanism of sono-
chemical synthesis does not involve the redox processes and the
role of cavitation is reduced to various mechanical effects. The
reaction products obtained under sonication can differ in phase
composition and micromorphology from those synthesised under
similar conditions without sonication. In particular, this was
observed 111 in the course of preparation of nanodisperse
a-Ni(OH)2 powder (particle size 20 nm) by precipitation from
aqueous solutions of nickel salts under ultrasonic treatment. The
reaction carried out under similar conditions with no sonication
resulted in the b-modification of nickel hydroxide characterised
by somewhat larger particle size (70 nm).

A number of highly dispersed simple metal oxides were
prepared in a similar fashion by sonohydrolysis.8 In particular,
nanodisperse ceria was synthesised 112, 113 from cerium ammo-
nium nitrate, hexamethylenetetramine, and polyethylene glycol.
The procedure resulted in relatively small particles (size 2 ± 4 nm)
with narrow size distribution. Additionally, it was shown that the
micromorphology of powder obtained by precipitation from a
solution containing cerium nitrate and azoformamide noticeably

changes upon addition of some bases. In particular, the addition
of quaternary ammonium bases gave monodisperse CeO2 powder
with a particle size of 3.3 nm.

Recently, extensive literature on the synthesis of titania
powders under sonication has been published.114 ± 122 Interest in
preparation of highly dispersed titania is first of all due to the fact
that this compound is a promising photocatalyst, which founds
application in cleaning of waste water from organic waste. Most
often, the sonochemical synthesis of TiO2 is carried out by
hydrolysis of titanium tetraisopropoxide in ethanol ±water mix-
ture followed by thermal annealing of the product at relatively low
temperatures (400 ± 500 8C). In this case spherical dense or
mesoporous monophase anatase particles (average size
100 ± 500 nm) or a mixture of anatase with brookite are formed
depending on the reaction conditions.117, 119 In some cases prep-
aration of spherical particles during the synthesis requires the
addition of high-molecular-mass compounds, e.g., polyethylene
glycol 115 or octadecylamine.118 It should be noted that synthesis
of titania from titanium tetrachloride results in monophase
rutile 119, 121 with needle-shaped or dendritic morphologies.

Acoustic treatment of rutile suspensions in sodium hydroxide
solution 122 leads to formation of nanotubes and needle-shaped
particles of approximate composition H2Ti3O7

. 0.5H2O. No such
structures are formed without sonication. The authors assumed
that this is due to partial dissolution of TiO2 upon sonication.

The photocatalytic activity of titania can be considerably
enhanced by carrying out the photodegradation reaction under
sonication (Fig. 8).123 This effect is due to continuous renewal and
activation of the surface of titania particles.

A study 114 of the photocatalytic activity of titania powders
synthesised by sonohydrolysis of titanium tetraisopropoxide in
aqueous and aqueous-alcohol media showed that this procedure
makes it possible to prepare photocatalysts whose catalytic
activities are at least comparable with those of the samples of
commercially available materials (comparison with the Degus-
sa-P25 sample was made, see Fig. 9).

More complex compounds, in particular aluminates,124 nick-
elates and manganites 8 were synthesised using similar sonochem-
ical procedures (addition of precipitating agent to aqueous metal
salt solutions).
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3. Sonochemical synthesis of metal chalcogenides
Recently, extensive literature has been devoted to sonochemical
synthesis of transition metal chalcogenides. This method was used
for preparation of nanodisperse ZnS,125 ± 127 Sb2S3 ,128, 129

HgSe,130 HgS,131 SnS2 ,132 CdS,133 ± 137 CdSe,133, 138 PbX (X=S,
Se, Te),139 ± 141 CuS,96, 142 Cu27xSe, Cu3Se2 , CuSe,143 ± 145

Bi2SexTe37x , Ag2Se, Ag2Te, Cu5Se4 , PbSe, Ni3Se4 ,146 Ag2Se,
NiS17xSex ,142, 147 MoS2 ,148 Ag2S,149 RuS1.7 ,150 Bi2S3 ,151

HgTe,152 MoTe2 ,153 and Bi2Te3 powders.154

Here, salts aremost widely used as the source ofmetal. First of
all, these are acetates,125, 130, 139 nitrates and chlorides.132 The
source of sulfur is provided by thioacetamide, thiourea, elemental
sulfur or sodium thiosulfate. Selenides and tellurides are mainly
synthesised from elemental selenium and tellurium as the sources
of the non-metals; at the same time, the syntheses of selenides and
tellurides using sodium selenite or tellurite were reported.138, 146

The most often used solvents are water or aqueous-alcohol
solutions;125, 134, 136 however, in some cases ethylenedi-
amine 145, 147, 149, 152, 155 or polyethylene glycol 130, 140 is more
appropriate. This concerns the reactions involving elemental
sulfur (or selenium) as the source of the non-metal, because
sonication of a suspension of a chalcogen in ethylenediamine
induces the reaction

S+H2N7CH27CH27NH2

Sn7NH7CH27CH27NH +H2S

resulting in liberation of hydrogen sulfide.149 Nanodisperse sul-
fides are formed as a result of the interaction of hydrogen sulfide
with a metal salt or a metal complex.156 By carrying out reactions
in polyethylene glycol it is possible to substantially reduce the
minimum acoustic power necessary for the sonochemical syn-
thesis of chalcogenides.130 In some cases polyethylene glycol also
acts as a reducing agent.130 Additionally, the synthesis of metal
chalcogenides in the presence of polyethylene glycol or other
polymers capable of playing the role of complex-forming agents
(e.g., hydroxyethylcellulose 136) permits fabrication of submicron
disperse particles with strip and dendritic morphologies. A similar
procedure [sonochemical oxidation of iron(II) acetate in aqueous
solution in b-cyclodextrin matrix] was used for preparation 105 of
needle-shaped magnetite (Fe3O4) nanoparticles.

It should be noted that low-molecular-mass complex-forming
agents affect the micromorphologies of the powders formed in the
course of sonochemical synthesis. This concerns, in particular,
sodium tartrate and sodium citrate.143, 151 However, the most
interesting results were obtained using ethylenediaminetetraacetic
acid (EDTA) as complex-forming agent. Namely, the reactions of
formation of needle-shaped or strip-like nanodisperse Bi2S3,151

PbS,141 and CdS 136 particles in the presence of EDTA were
substantially accelerated. The formation of highly anisotropic
particles in the presence of EDTA was explained using a mecha-
nism involving the formation of a very stable pentadentate
complex between EDTA (Y47) and Cd2+ ion. Steric hindrances
allow the interaction between Cd2+ and S27 ions

CdY27+S27 CdS+Y47

to follow only one direction.16 Correspondingly, the chalcogenide
particles grow in this direction (Fig. 10).

When chalcogenides are synthesised in aqueous media, the
compositions and structures of reaction products are strongly
influenced by the pH value of the solution. Taking mercury
sulfides as examples, it was shown that nanodisperse a-HgS
powders can only be synthesised from solutions with
pH 9 ± 11.131 In more acidic media, coarse-grained precipitate is
formed rapidly. If the medium pH is controlled by adding
ammonia (triethanolamine), the powder formed is characterised
by an average particle size of *35 nm (10 ± 15 nm, spherical
particles). The smaller particle size in the case of triethanolamine
was explained 131 by the fact that this compound is an effective
ligand that forms stable complexes with Hg2+. The synthesis of
nanodisperse b-HgS powder only proceeds at pH values from 3 to
5. Reactions in media of lower acidity result in coarse-grained
b-HgS precipitate. Additionally, it was shown that the b-HgS
particle size also depends on the treatment duration, namely, the
average particle size changes from 13 to 20 nm as the duration of
sonochemical synthesis increases from 0.5 to 1 h. This effect can
be due to recrystallisation and growth of nanodisperse particles.

By and large, the micromorphologies of products of sono-
chemical synthesis are to a great extent determined by the reaction
conditions. For instance, the synthesis of Sb2S3 gave both amor-
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Figure 10. Micrograph of rod-like CdS crystals (*80 nm in diameter,

*1.3 mm long) formed under ultrasonic treatment in the presence of

EDTA (a) and an electron diffraction pattern of an individual rod (b).16
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phous nanospheres and needle-shaped nanoparticles.128 Star-like
Sb2S3 particles were synthesised under somewhat different con-
ditions.129

The mechanism 139 of sonochemical formation of nanodis-
perse lead sulfide powders can probably be extended to other
metal sulfides and selenides provided that the source of the non-
metal is elemental sulfur or selenium. Sonication of such systems
increases the rate of dissolution of the non-metal (conventionally,
this is the limiting stage of the chalcogenide formation reactions)
and, hence, the formation of E27 (E=S, Se, Te) ions. Addition-
ally, ultrasonic treatment precludes aggregation of chalcogenide
particles.

VI. Sonochemical processes in non-aqueous media

As shown above, in the course of sonochemical reactions in
aqueous media the cavity of a cavitation bubble is only filled
with water vapours and dissolved gases, because usually the
volatilities of other components of the aqueous solution are
negligible. The mechanism of sonochemical processes in aqueous
solutions involves the formation of mainly H

.
, HO

.
, and HO2

radicals upon collapse of cavitation bubbles and subsequent
interacton of these species with compounds in solution.

In the case of non-aqueous solutions the number of com-
pounds capable of competing with the solvent in volatility
considerably increases and includes, e.g., various metal com-
plexes. Large amounts of such compounds can be present in the
gaseous phase within the cavitation bubble along with the solvent
molecules. Collapse of the cavitation bubble causes their decom-
position and formation of solid-phase products of sonolysis. Since
each collapsing cavitation bubble can be treated as a specific
microreactor, sonochemical decomposition products are charac-
terised by very high degree of dispersion.

Sonolysis of non-aqueous solutions makes it possible to
obtain simple (metals) and complex substances (e.g., binary
compounds including nitrides, carbides, oxides, sulfides, silicides,
borides) and composites based on them.15 The compositions and
structures of nanomaterials strongly depend on the characteristics
of the reaction medium, namely, the type of solvent, chemical
inertness of the solvent or its ability to interact with the substance
treated; the presence of surfactants and/or high-molecular-mass
compounds; the oxidative, reductive or inert character of the
atmosphere in which ultrasonic treatment is carried out.

1. Synthesis of nanodisperse metals and alloys
Sonication of solutions of transition metal carbonyls [Fe(CO)5 ,
Ni(CO)4 , Co(CO)3NO, Mn2(CO)10 , Re2(CO)10 , Cr(CO)6 ,
Mo(CO)6] in high-boiling alkanes leads to formation of nanosized
clusters of amorphous metal particles.39, 157 ± 161 In particular,
high-power ultrasonic treatment of a solution of iron pentacar-
bonyl in decane under argon bubbling at 0 8C led to weak
aggregation of amorphous particles of elemental iron of size at
most 5 ± 6 nm.39 Subsequent heat treatment of the powder thus
obtained in inert atmosphere at 350 8C resulted in partial crystal-
lisation of iron.

Starting from a mixture of metal carbonyls, one can prepare
nanodisperse alloys. For instance, sonication of a solution of iron
and cobalt carbonyls in decane gave a highly dispersed Fe ±Co
alloy (particle size 6 ± 10 nm).162 By varying the concentrations of
the starting compounds it is possible to obtain a continuous series
of iron ± cobalt alloys from pure iron to pure cobalt.162, 163 Similar
results were obtained in the synthesis of Co7Ni and Fe7Ni
alloys.164, 165

Not only elemental iron, but also carbonyl complexes of more
complex structures are formed 39

2Fe(CO)5 Fe(CO)3+Fe+7CO,

Fe(CO)3+Fe(CO)5 Fe2(CO)8 ,

Fe2(CO)8+Fe(CO)5 Fe3(CO)12+CO;

Fe(CO)5 Fe(CO)4+CO,

Fe(CO)4+Fe(CO)4 Fe2(CO)8 .

It is impossible to obtain Fe3(CO)12 by thermolysis of photo-
lysis of Fe(CO)5 as well as by other methods. Therefore, the
synthesis of compound Fe3(CO)12 can be considered as specific
sonochemical reaction.

Small metal and alloy particles formed in the sonochemical
reaction undergo strong aggregation. The degree of dispersion of
powders obtained can be considerably increased using surfactants
and some other compounds. A method of synthesis of stable
colloidal solutions of elemental iron and cobalt using high-power
sonication was proposed.166 ± 168 The technique is based on
sonochemical decomposition of iron pentacarbonyl or cobalt
carbonyl-nitrosyl in decane in the presence of stabilisers (poly-
N-vinyl-2-pyrrolidone, oleic acid 8, 15 or higher aliphatic
alcohols).167, 168 As a result, a stable colloidal solution of nano-
sized paramagnetic iron particles (size range 8 ± 10 nm) is formed
(Fig. 11). A modified procedure was used for the synthesis of
colloidal Fe2O3 solution stabilised with oleic acid.8

It should be noted that nanodisperse metals can be sono-
chemically synthesised in non-aqueous media not only from
carbonyls, but also from other volatile metal compounds. For
instance, a colloidal solution of nickel particles (size 3.9 ± 4.3 nm)
in diethyl ether was prepared from nickel acetylacetonate in the
presence of triphenylphosphine with diethyl aluminium hydride as
reducing agent at740 8C.169 Colloidal particles can be separated
and redispersed in another polar solvent, e.g., pyridine. Colloidal
particles are stabilised by the triphenylphosphine shell on the
surface.

The use of transition metal b-diketonates instead of carbonyl
and carbonyl-nitrosyl complexes is not very promising because of
rather high metal7oxygen and oxygen7carbon bond energies.
Therefore, sonolysis of solutions of transitionmetal b-diketonates
(even carried out in high-boiling alkanes C127C17) only results in
partial decomposition of these compounds and formation of
products with high content of organic residues.170, 171

Catalysis is one of the largest fields of application of nano-
disperse metals.172 The vast majority of metals used as heteroge-
neous catalysts represent supported catalysts. Here, compounds
characterised by large specific surface area (usually, alumina or
silica) act as substrates. A conventional method of synthesis of
heterogeneous catalysts involves the soaking of a porous substrate
with a corresponding metal salt solution followed by heat treat-
ment in reductive atmosphere. Clearly, in this case metal particles
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Figure 11. Micrograph of colloidal iron sample obtained under sono-

chemical irradiation and stabilised by oleic acid.15
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are adsorbed not only on the surface, but also within the pores of
the substrate, which significantly reduces the specific activity of
the catalyst. In this connection the development of sonochemical
methods for the synthesis of catalysts with uniformly distributed
nanodisperse metal particles with narrow size distribution
(Fig. 12) on the substrate surface seems to be quite
promising.173, 174

Sonolysis of iron pentacarbonyl in decane in the presence of
silica gel results in nanodisperse powders of amorphous metallic
iron (3 ± 8 nm); the powder particles are uniformly distributed
over the surface of silica particles.175 The catalytic activity of the
material thus obtained was studied taking the Fischer ±Tropsch
reaction as an example. A comparison of its catalytic activity with
that of a catalyst prepared by the soaking technique showed that
at the same loading the activity of the sonochemically prepared
catalyst was nearly tenfold higher than the activity of the `soaked'
catalyst. The former catalyst exhibited a high activity at relatively
low temperatures (<250 8C), whereas the activity of the latter
catalyst in this temperature range was very low (Fig. 13).

2. Synthesis of binary compounds
Metal carbonyls can serve as precursors in the synthesis of binary
metal compounds, e.g., carbides and chalcogenides. Depending
on the synthesis conditions and the character of subsequent
treatment, a variety of products can be obtained.176 Often,
preparation of the end product involves high-temperature heat
treatment of an intermediate. For instance, the sonochemical
decomposition of molybdenum hexacarbonyl in hexadecane fol-
lowed by heating of the product in CH4 ±H2 atmosphere resulted
in a nanosized Mo2C1.02 powder with particle size of 3 ± 5 nm.162

In order to synthesise metal chalcogenides, the corresponding
carbonyl and elemental chalcogen are sonicated in a high-boiling
non-polar solvent. In particular, ultrasonic treatment of a solution
of molybdenum hexacarbonyl and sulfur in tetramethylbenzene
under argon bubbling results in the formation of nanocrystalline
MoS2 (particle size *15 nm) with unusual morphology (aggre-
gates of porous spherical particles).148 Molybdenum telluride
MoTe2 was synthesised 153 by sonicating tellurium and Mo(CO)6
in decalin under argon bubbling for 4 h. The product obtained
immediately after sonication was X-ray amorphous powder
characterised by high degree of aggregation of particles of size
50 ± 150 nm. The powder obtained at shorter duration of the
synthesis had a different micromorphology and comprised plate-
like particles of nearly the same size (50 ± 150 nm). Subsequent
thermal annealing of the products of sonochemical synthesis at
650 8C for 10 h gave a molybdenum telluride powder the particles
of which were nanotubes of length 100 ± 500 nm and 20 ± 50 nm in
diameter.

Nanosized amorphous cobalt ferrite (CoFe2O4) powder was
obtained by sonochemical decomposition of iron carbonyl
Fe(CO)5 and cobalt carbonyl-nitrosyl Co(CO)3NO in decalin at
0 8C under oxygen flow.177 Nanosized amorphous nickel ferrite
NiFe2O4 was prepared under similar conditions.178 Subsequent
annealing of the amorphous products at 450 8C led to partial
crystallisation with retention of the nanosized state.

Composite materials can also be synthesised using the proce-
dure described above. Considerable advances in this field were
made by a research group headed by Prof. Gedanken. Most
studies of researchers from this groupwere devoted to preparation
of reactive catalytic materials.8, 15 In particular, a novel method of
fabrication of molybdenum oxide ± silica and molybdenum car-
bide ± silica composites was reported.179 These materials were
synthesised by ultrasonic treatment of a suspension of silica
microspheres and molybdenum hexacarbonyl in decane. Treat-
ment in air gave amorphous powder of Mo2O5 ± SiO2 composite,
whereas ultrasonic treatment in argon atmosphere resulted in
amorphous Mo2C ±SiO2 composite.

Preparation of nanodisperse amorphous oxides, in particular,
nickel and cobalt oxides can also be treated as specific methods of
sonochemical synthesis. It is believed 180 that similar compounds
can be synthesised only under sonochemical treatment, because
one should attain unusually high cooling rates (up to 1010 ±
1011 K s71).

It should be noted that sonochemical reactions in non-
aqueous media are far from being reduced to the transformations
of metal carbonyls. Extensive literature is devoted to sonochem-
ical transformations of organic (alkanes, halogenated hydrocar-
bons) and organometallic compounds; Diels ±Alder synthesis,
Friedel ±Crafts reaction, etc. under sonication. It was shown
that concurrent microwave and ultrasonic treatment is promising
for acceleration of hydrazinolysis of esters.181 A scheme of a setup
for combined microwave7ultrasonic treatment is shown in
Fig. 14. A number of reviews concerned with various aspects of
liquid-phase and heterophase sonochemistry of non-aqueous
media are available.14, 23, 33, 182

Thus, at present the most often used starting compounds for
sonochemical synthesis of nanodisperse inorganic materials in
non-aqueous media are transition metal carbonyl and carbonyl-
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Figure 12. Micrograph of a sample prepared by sonolysis of iron penta-

carbonyl in decalin in the presence of silica microspheres followed by

hydrogen reduction.174
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catalysts were prepared by ultrasonic treatment (1) and by soaking (2).
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nitrosyl complexes. Possible methods of synthesis of such materi-
als are shown in Fig. 15.

VII. Sonochemical processes under hydrothermal
conditions

Initially, hydrothermal synthesis was used as efficient method of
growth of single crystals of various inorganic compounds and for
production of high-purity inorganic materials.183, 184 Later on, the
method was shown to be promising for the synthesis of highly
dispersed (including nanodisperse) inorganic materials. At
present, hydrothermal method is widely used for preparation of
both single crystals and highly dispersed powders of simple and
complex oxides, chalcogenides, hydroxides, phosphates, zeolites,
supramolecular and many other classes of compounds.185

The promise for using concurrent hydrothermal and ultra-
sonic treatment for the synthesis of disperse powders has been
documented.22, 186 ± 188 The authors assumed that the main effects
accompanying sonication of liquid-phase and heterogeneous
liquid ± solid systems under conventional conditions (cavitation,
sonolysis and sonochemical redox reactions, intense local micro-
flows of liquids and shock waves) should also be observed under
hydrothermal conditions. At the same time the possibility of onset

of cavitation in aqueous solutions at temperatures above 100 8C
required experimental substantiation. This was done in analysis of
the level of acoustic noise in an aqueous medium measured by a
broadband hydrophone.186 It was established that the cavitation
intensity at 250 8C is 70%±80% of the cavitation intensity at
room temperature. Unfortunately, the temperature dependence of
the cavitation intensity in the temperature range from 100 to
250 8C was not measured. Additionally, the influence of the
physicochemical properties of liquid media at temperatures
above 100 8C (viscosity, surface tension, saturated vapour pres-
sure, etc.) on the cavitation parameters was also not studied.

It was also shown 186 that sonication of hydrothermal solu-
tions initiates redox processes in them. The authors assumed that
the oxidation of divalent cobalt salts and hydroxide to Co3O4

involves HO
.
radicals generated in aqueous solutions during

sonolysis of water. It should be noted that nanodisperse Co3O4

particles formed under concurrent hydrothermal and ultrasonic
treatment of a cobalt nitrate solution have a well-developed
mesoporous structure (Fig. 16). Under conventional hydrother-
mal treatment of solutions, mesoporous metal oxide powders are
formed at such concentrations at which the rates of nucleation
processes (they dominate at low concentrations) and growth of
crystallites (they dominate at high concentrations) are commen-
surable.189 It was shown experimentally that the growth of
crystallites predominates under hydrothermal treatment of solu-
tions of cobalt(II) salts. At the same time sonication probably
increases the rate of nucleation of the new phase, which leads to a
shift of the hydrothermal synthesis towards the transient `nucle-
ation ± crystallite growth' region characterised by the best con-
ditions for the formation of mesoporous oxide powders.

A study 190 of the synthesis of mixed nickel ± zinc ferrites
showed that ultrasonic treatment under hydrothermal conditions
causes a slight increase (by 10%±20%) in the size of nanodisperse
product crystallites and the formation of powders with a narrower
crystallite size distribution compared to the particle size distribu-
tion typical of conventional hydrothermal synthesis.

Sonication under hydrothermal synthesis also has a moderate
effect on the micromorphology of titania and zirconia powders
prepared by crystallisation of X-ray amorphous zirconyl and
titanyl hydroxide gels.190 At the same time the TiO2 and ZrO2

powders synthesised under concurrent hydrothermal and ultra-
sonic treatment are characterised by significantly different phase
compositions compared to powders prepared under conventional
hydrothermal conditions. For instance, hydrothermal treatment
of amorphous zirconyl hydroxide gel for 3 h at 250 8C results in
the formation of a mixture of two crystalline polymorphs of
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zirconia, namely, a thermodynamically stable monoclinic mod-
ification (*12%) and a metastable tetragonal modification
(*88%).Hydrothermal treatment of amorphous gel ZrO2

. nH2O
under similar conditions with concurrent sonication leads to
appreciable acceleration of crystallisation of the amorphous
phase and to an increase in the content of thermodynamically
stable monoclinic modification of zirconia (to *30%) in the
reaction product.

Similar results were obtained in the synthesis of nanodisperse
titania by high-temperature hydrolysis of aqueous H2TiO(C2O4)2
solution.190 A conventional hydrothermal treatment of the sol-
ution gave a mixture of thermodynamically stable (rutile) and
metastable (anatase) TiO2 polymorphs, the content of rutile being
at most 10%. Concurrent hydrothermal and ultrasonic treatment
led to an increase in the content of rutile to 20%.

At the same time sonication in the course of hydrothermal
synthesis of ZrO2 and TiO2 from zirconyl nitrate and X-ray
amorphous TiO2

. nH2O gel, respectively, had almost no effect
on the phase composition of reaction products.

Thus, sonication during the hydrothermal synthesis of oxide
powders can be accompanied by (i) substantial acceleration of
crystallisation of X-ray amorphous gels and formation of highly
dispersed and nanodisperse powders, (ii) an increase in the con-
tent of thermodynamically stable phases in the products of
synthesis provided that the oxide being synthesised exists as a
number of polymorphs and (iii) initiation of redox reactions in
aqueous solutions resulting in highly dispersed (including meso-
porous) particles.

VIII. Solid-phase sonochemical processes

The mechanisms of liquid-phase sonochemical reactions are
closely related to a number of non-linear effects emerging upon
sonication of solutions and suspensions (first of all, cavitation).
Clearly, cavitation cannot be the driving force of the processes
occurring in the solids irradiated with high-power ultrasound.
Therefore, the mechanism of the action of ultrasound on solids
should be fundamentally different.

Consider the effect of acoustic vibrations on the real structure
of solids. At present, such studies are only carried out for
polycrystalline metals and alloys 191 as well as for single crystals
of ionic compounds (alkali metal halides) and AIIBVI and AIIIBV

semiconductor crystals.192 Main trends in the behaviour of these
systems under alternating stresses are similar.

Sonication causes the following processes in solids to occur.
1. Dislocation motion and redistribution over the volume of

the crystal, which is only possible upon attainment of a threshold
amplitude of ultrasonic vibrations (xthreshold).193, 194 Translational
motion of dislocations mainly follows one direction in spite of
periodic changes in the sign of the stress, because the chain of
point defects, small dislocation loops and dislocation dipoles
formed behind the moving dislocation precludes the change in
the direction of the dislocation motion. The speed of translational
motion of dislocations in various crystals varies from 0.2 to
2.4 mm min71 (Ref. 192). The action of ultrasound on crystals
induces the appearance of stable dislocation patterns, thus having
much in common with thermal annealing.195, 196

2. Dislocation multiplication and an increase in the concen-
tration of dislocations to a certain limiting value (saturation)
occur at stresses corresponding to the dynamic yield stress s0f .
Sonicaton causes an increase in the concentration of dislocations
by several orders of magnitude to 108 ± 1010 cm72 (Ref. 194). The
dislocation distribution over the volume is highly non-uniform;
dislocations are mainly concentrated near sources (at grain
boundaries, cracks and other macroscopic structural defects).

3. Formation of point defects, which can occur at dislocation
jogs or follow the mechanism of annihilation of dislocations of
opposite sign.197, 198

It should be noted that the concentration of structural defects
in ultrasonically treated material is a non-linear function of both

the acoustic power and the treatment temperature. Here, a
considerable (by more than an order of magnitude) increase in
defectiveness of the crystal is observed in particular temperature
and ultrasound power ranges,191 i.e., there is well-defined syner-
gism between acoustic and heat treatment. Clearly, such a change
in the real structure of a solid should lead to considerable
enhancement of the diffusion mobility of ions in the crystal
structure and, correspondingly, to acceleration of certain solid-
phase reactions.

The simplest types of solid-phase reactions are polymoprhic
transformations and phase decomposition. In the text below we
summarise the results of studies on the effect of sonication on
solid-phase austenite transformations in steels.

The effect of ultrasonic radiation on the kinetics of intermedi-
ate (beinite) transformation of 30·¤³¯2¡ steel was studied.199

The ultrasonically treated samples showed a considerable increase
in the content of beinite, i.e., acoustic treatment favoured accel-
eration of the austenite transformation. Electron microscopy
studies revealed that the dislocation density in the untreated
samples was an order of magnitude lower (108 cm72) than in the
samples exposed to ultrasonic irradiation (at least 109 cm72). The
ultrasonically treated steel samples showed that dislocations are
present both in the interior of grains and at grain boundaries.
Additionally, the dislocation structure of austenite developed
under sonication rapidly disappears upon short-term heat treat-
ment of the steel samples. The authors 199 suggested the following
mechanism of austenite transformations. The interaction of point
defects that are formed abundantly under sonication with dis-
locations during high-temperature annealing is due to diffusion
and subsequent annihilation of the defects. Acceleration of the
beinite transformation under ultrasonic treatment results from
enhancement of the mobility of carbon atoms, which in turn is a
consequence of an increase in the density of lattice defects
(dislocations and vacancies).

The effect of sonication on the reverse martensite transforma-
tion in iron/nickel (29% Ni) alloy pre-annealed from 950 8Cwas a
subject of yet another study.200 It was established that the process
slows down upon ultrasonic treatment. The authors 200 pointed
out that austenisation on heating causes the formation of concen-
tration inhomogeneities, namely, regions with higher and lower
concentration of nickel atoms. According to the phase diagram of
the Fe7C system, the nickel-enriched martensite phase should
transform into austenite at lower temperatures compared to the
Ni-depleted phase. Continuous ultrasonic irradiation results in a
high concentration of vacancies and, as a consequence, enhanced
mobility of nickel atoms. Here, the formation of the nickel-
enriched zones becomes less probable. As a result, the reverse
martensite transformation is shifted towards the higher-temper-
ature region.

Studies of the effect of acoustic activation on polymorphic
transformations were carried out for a few oxides, in particular,
PbO 201 and zirconia.202 For instance, it was shown 201 that ultra-
sonic treatment of b-PbO initiates the b-PbO? a-PbO phase
transition even in the absence of additional heat treatment; the
degree of transformation was about 5%. The efficiency of
sonication in the course of phase transition appreciably increases
as the temperature increases. At 400 ± 475 8C, the a-PbO phase
formed under sonication is partially oxidised to Pb3O4. A kinetic
study of the b-PbO? a-PbO phase transition and oxidation of
a-PbO to Pb3O4 at 425 8C showed that an increase in the duration
of ultrasonic treatment of b-PbO causes the overall extent of the
transformation b-PbO? a-PbO+Pb3O4 to increase. Then, the
rate of the phase transition decreases and the curve of the b-PbO
content reaches saturation stage. The maximum extent of trans-
formation of b-PbO under concurrent sonication and heat treat-
ment is 0.85, which is in good agreement with the results obtained
in studies of mechanochemical activation of the b-PbO? a-PbO
transition.203

Sonochemical initiation of the phase transformation `meta-
stable polymorph? stable polymorph' of zirconia proceeds in a
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similar fashion.202 Under conventional heat treatment the tetra-
gonal polymorph of zirconia remains stable on heating up to
600 8C, whereas under concurrent high-temperature and ultra-
sonic treatment the monoclinic modification is formed at 500 8C
(the content of the latter is 18%).

More complex types of solid-phase reactions undoubtedly
include processes in binary and multicomponent systems, because
reactions in such systems occur at grain boundaries.

Enikolopov et al. 204 were the first who studied the possibility
for solid-phase chemical processes to occur under ultrasonic
treatment in mixed (not pure metallic) systems. The following
reactions were carried out under sonication:
(1) decomposition

(NH4)2Cr2O7 N2+Cr2O3+4H2O;

(2) substitutions in metal ± oxide systems (metallothermy)

3CuO+2Al Al2O3+3Cu,

3CuO+2Fe Fe2O3+3Cu,

Fe2O3+2Al Al2O3+2Fe;

(3) exchange in the citric acid ± iron oxide system

2HO2CCH2C(OH)(CO2H)CH2CO2H+Fe2O3

2 (O2CCH2C(OH)(CO2)CH2CO2)Fe+3H2O;

(4) azo couplings in solid-phase synthesis of some azo dyes
(Bismarck brown, pigment Red G) from stoichiometric mixtures
including an aromatic amine and sodium nitrite.

It was shown that in all these systems ultrasonic treatment
favours initiation of solid-phase reactions. For instance, irradi-
ation of metal ±metal oxide systems with ultrasound (vibrational
amplitude 5 mm) initiated reactions that completed in 15 ± 25 s
depending on the system. An increase in the amplitude had no
effect on the reaction rate. Sonication had similar action on the
reactions of ammonium bichromate decomposition and interac-
tion of iron(III) oxide with citric acid. In the latter case the
maximum extent of transformation was only 50% and did not
increase with an increase in the duration of ultrasonic treatment
and in the acoustic power delivered, apparently, due to the
formation of a dense layer of reaction product on the Fe2O3

surface. On the contrary, the synthesis of azo dyes appeared to be
sensitive to the ultrasonic power, namely, the rate of the reaction
increased on the average by 30%±40% upon an increase in the
vibrational amplitude from 10 to 15 mm.

It was established that each system studied is characterised by
a particular threshold amplitude of ultrasonic vibrations (no
reaction initiation occurs at smaller amplitudes). Solid-phase
sonochemical reactions require a rather high density of compac-
tion of the starting powder.204 For instance, initiation of the
decomposition of ammonium bichromate under sonication
occurred only if the density of the starting pellet was at least
80% of the theoretical value. This is probably due to the need of
creation of good acoustic interparticle contacts in powder (if no
contacts are available, acoustic power substantially dissipates at
interfaces and the efficiency of sonication considerably decreases).

It was assumed 204 that the initiating action of ultrasound
causes an appreciable reduction of diffusion limitations, which
allows solid-phase reactions to proceed at rather high rates under
relatively mild conditions. However, in this case the role of
acoustic activation is likely reduced to initiation of the solid-
phase reactions mentioned above. In particular, it is known that
metallothermic processes and decomposition of ammonium
bichromate release much heat. Ultrasonic deformations can
cause local heating in powder systems; for instance, heat release
occurs at interparticle contacts at the instant of reaction initiation.
At high density of compacted samples, the energy released is
almost not dissipated, being completely spent for heating of the
surrounding particles and thus initiating further interaction. Then
the reaction proceeds by amechanism similar to high-temperature

self-propagating synthesis (in this case ultrasound acts as initiator
of the reaction). This assumption is consistent with the fact that an
increase in the amplitude of ultrasonic vibrations upon attainment
of a threshold value does not accelerate the reaction, because after
initiation the effect of sonication on the process becomes negli-
gible compared to the effect of heating of the reaction mixture due
to heat released.

Obviously, the data on the formation of complex organic
compounds 204 could not be interpreted in the framework of the
diffusion formalism. In this case the reaction mixtures are multi-
component systems including not only ionic, but also molecular
compounds, and the chemical reaction involves formation of
numerous intermediate products.

The effect of sonication on high-temperature self-propagating
synthesis of Ti5Si3 and TiSi2 in the titanium ± silicon system was
studied.205 This is a multiphase system and therefore the reaction
product can contain a variety of intermediates depending on the
blend composition and synthesis conditions. Sonication causes
changes in both the temperature profile of the combustion wave
(heating zone is extended) and the rate of combustion. Ultrasonic
treatment reduces the reaction rate and themaximum temperature
of the synthesis. It was assumed that alternating stresses produced
at contacts between the reactant particles induce local heating of
the starting mixture. This can cause the formation of intermediate
reaction products in the heating zone and thus change the reaction
conditions; as a consequence, the amount of heat released will be
smaller compared to the combustion of mixtures without soni-
cation.

A study by Khanukaev and Khanukaeva 206 was a logical
continuation of an earlier investigation.204 The authors 206 also
studied a number of solid-phase processes occurring under ultra-
sonic treatment:

(1) decomposition of ammonium bichromate, chromate and
sulfate;

(2) dehydration of copper(II) and magnesium sulfate crystal
hydrates;

(3) decomposition of Mg(OH)2 and Fe(OH)2;
(4) synthesis of copper(I) phthalocyanine from o-phthalo-

nitrile

4 o-C6H4(CN)2+2CuCl Cu(C8N2H4)4+CuCl2 .

The results obtained in both studies appeared to have much in
common. The vast majority of the reactions studied were charac-
terised by a threshold amplitude of ultrasonic vibrations (*5 mm)
and by a threshold density of compact samples (no reaction at
lower densities). Acceleration of the reactions under ultrasonic
treatment was associated with the overcoming of diffusion limi-
tations.

New information was as follows. First, it was found that the
amplitude of ultrasonic vibrations has a strong effect on the
reaction kinetics in these systems. In particular, the mass loss
rates during the decomposition of hydroxides, Mg(OH)2 and
Fe(OH)2, appeared to be proportional to the squared amplitude
of vibrations at the end face of the waveguide at the same
treatment durations (i.e., the reaction rates are proportional to
the transferred acoustic power). Additionally, almost all reactions
were characterised by rather long induction periods (3 ± 8 min),
which was associated with the need of accumulation of the energy
necessary for initiation and keeping up the reactions in the
reaction volume. The distribution of the reaction product over
the sample volume has a cylindrical symmetry.

The threshold pattern of ultrasonically treated solid-phase
reactions was explained as follows. First, effective mixing of
reactants occurs under such conditions where the stress due to
ultrasonic vibrations exceeds the corresponding yield points. The
threshold amplitude was estimated at *5 mm, which coincides
with experimental data. Second, it is well known that initiation of
any chemical reaction requires the overcoming of an energy
barrier (threshold amplitude of510 ± 11 mm).
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According to amodel proposed,206 the key factors responsible
for acceleration of ultrasonically treated solid-phase reactions are
renewal of the reactant surfaces and removal of the reaction
product layer between the interacting particles rather than the
overcoming of diffusion limitations by generation of structural
defects.

We believe that both mechanisms of acoustic activation of
solid-phase processes take place in real systems.

The fact that sonication of a solid-phase reaction mixture can
accelerate the interaction between the mixture components due to
elimination of diffusion limitations was first experimentally
proved in studies 207 ± 209 on the kinetics and mechanism of ultra-
sonically treated high-temperature reaction

MgO+Fe2O3 MgFe2O4 .

At 800 8C, the rate of magnesium ferrite formation under
ultrasonic activation was noticeably higher (by 15%±20%) than
the rates of the blank reactions (no activation). On the contrary,
the rate of the solid-phase reaction carried out at 700 8C under
ultrasonic activation decreased to some extent. At 900 8C, ultra-
sonic treatment of the samples had almost no effect on the rate of
ferrite formation. The results obtained correlate with the charac-
teristics of the defectiveness of the iron(III) oxide samples, which is
formed upon ultrasonic treatment in the temperature range
700 ± 900 8C.209, 210 The character of changes in the defectiveness
of a-Fe2O3 directly affects the formation kinetics of MgFe2O4,
namely, if the sonicated Fe2O3 samples have less defect structures
compared to the products of the blank reactions (700 8C), the
formation ofMgFe2O4 and the yield of the reaction product in the
former case is lower than in the latter case. However, if the
reaction is carried out at 800 8C, both the defectiveness of the
Fe2O3 samples and the rate of MgFe2O4 formation from the
ultrasonically treated samples are higher than those for the blank
reactions. At 900 8C, the ultrasonically processed samples and the
untreated ones are characterised by the same defectiveness and the
formation of MgFe2O4 occurs at nearly the same rates.

Additionally, alternating stresses at 700 ± 900 8C should obvi-
ously cause the same mechanical effect of renewal of the reactant
surfaces. Thus, it is the diffusion mobility of ions that governs all
changes in the reaction rates under ultrasonic treatment compared
to the rates of the blank reactions.

These non-linear changes in the defectiveness of a-Fe2O3

crystallites and in the rate of solid-phase reactions of a-Fe2O3

were explained 207 ± 209 by the occurrence of the following con-
current processes in the system: generation of structural defects
under sonication; thermal annealing of defects, which dominates
at 900 8C; and annihilation of extensive defects in the acoustic
field upon ultrasonic annealing.

The effective activation energies of the solid-phase reactions
carried out under ultrasonic treatment and without it were
determined from formal kinetic analysis of experimental data. It
was found that in both cases the formation of MgFe2O4 is a
diffusion-limited process. Analysis of the Arrhenius relation
lnk= f (T71) (k is the rate constant for the reaction in the
framework of the kinetic model chosen) gave an apparent activa-
tion energy of 180 kJ mol71 for the samples formed in the blank
reactions. The relationship between lnk and T71 for the reaction
conducted under combined heat and ultrasonic treatment is non-
linear. The temperature range studied can be divided into two
intervals, 700 ± 800 8C and 800 ± 900 8C, which are characterised
by the apparent activation energies of 320 and 100 kJ mol71,
respectively.

The efficiency of sonication performed to accelerate diffusion
was also demonstrated taking the solid-phase reaction of iron(III)
oxide with lithium carbonate as an example.211

An additional substantiation of interrelation between the
mechanism of ultrasonic activation of solid-phase reactions and
elimination of diffusion limitations is provided by the results of a
study 212 of ion exchange in acid tantalum and zirconium phos-

phates in the presence of caesium chloride under ultrasonic treat-
ment.

It was shown that dehydration of mixtures of acid tantalum
phosphate with caesium chloride upon sonication occurs at a
higher temperature, being characterised by smaller mass loss. This
effect is most pronounced for the decrease in the mass loss in the
low-temperature region corresponding to the loss of weakly
bound water. This is due to partial substitution of caesium ions
for (H5O2)+ ions in acid tantalum phosphate. The ultrasonically
treated samples also show a smaller mass loss corresponding to
solid-phase ion exchange accompanied by liberation of HCl. The
major effect of sonication is achieved in the initial stages of
treatment; additional processing of the samples in the reactor
has a much weaker effect. Probably, this is due to the fact that
solid-phase ion exchange between (H5O2)+ and caesium ions is
controlled by cation diffusion through the layer of reaction
product. Therefore, initially (at zero degree of conversion and
diffusion layer thickness) the reaction rate is rather high, being
exponentially decreased with the development of the reaction.213

The overall extent of ion exchange and dehydration reduces on the
average by 15%±20% due to ultrasonic treatment.

Sonication has a similar effect on ion exchange between acid
zirconium phosphate Zr(HPO4)2 .H2O and alkali metal chlorides.
The ultrasonically treated samples were also characterised by the
mass loss at higher temperatures compared to the untreated
samples. This effect was observed for both dehydration
(80 ± 350 8C) and ion exchange (T>450 8C). As in the preceding
case, this is an indication of solid-phase ion exchange induced by
ultrasonic vibrations.

A series of recent studies 21, 214 ± 218 was devoted to detailed
investigations of the effect of ultrasonic activation on high-
temperature solid-phase synthesis of various ferrites including
LiFe5O8 , ZnFe2O4 and NiFe2O4 (Fig. 17). Kinetic studies of the
solid-phase reactions of iron(III) oxide with zinc oxide, nickel
oxide and lithium a-orthoferrite and investigations of the evolu-
tion of the structure of the reactants during the synthesis of the
final phases revealed similarity of the mechanisms of ultrasonic
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reactions of formation of LiFe5O8

(a), ZnFe2O4 (b) and NiFe2O4 (c)

under ultrasonic treatment (filled

circles) and without sonication

(open circles) at different temper-

atures.21

T /8C: 550 (1), 600 (2), 650 (3), 700
(4), 800 (5), 850 (6) and 900 (7); a is
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activation of these reactions. With no sonication, the reaction
products (LiFe5O8 , ZnFe2O4 , NiFe2O4) are formed only on the
outer surface of iron(III) oxide particles representing dense
aggregates of primary Fe2O3 crystallites. The microstructure of
the starting Fe2O3 shows no significant changes [the size of the
coherent scattering domains (CSD) in iron(III) oxide remains
almost unchanged in the corresponding temperature ranges for
all reaction mixtures] and small particles of reaction products
rapidly aggregate into relatively large crystallites, as indicated by
rapid increase in the CSD size in the initial stages of the reactions.

At the same time the reactions of ferrite formation under
ultrasonic treatment are characterised by a decrease in the size of
the primary iron(III) oxide crystallites and by prolonged retention
of small size of the CSDs in lithium, zinc and nickel ferrites that
are formed. This indicates non-uniformity of the reaction front,
which penetrates into the bulk of Fe2O3 aggregates with the
development of the reaction due to intensification of ion transfer
through diffusion along Fe2O3 grain boundaries (Fig. 18).

IX. Conclusion

An undoubtful advantage of ultrasonic treatment consists in the
possibility of concurrent use of the technique and other methods
of activation of reaction mixtures including conventional thermal
activation procedures. Such `combined' methods are character-
ised by manifestation (to some extent) of characteristic physical
effects of sonication. Targeted use of ultrasonic treatmentmakes it
possible to considerably enhance the possibilities of the available
synthetic approaches and to synthesise novel inorganic materials
in a targeted manner. The main effects accompanying the action
of high-power ultrasound on liquid- and solid-phase systems are
listed below.

Liquid-phase systems Solid-phase systems

Processes accompanying sonication

1. Cavitation. Local heating 1. Motions, generation and

to*5000K, local multiplication of dislocations (nearly

increase in pressure to 1 000-fold increase in concentration).

*1000 atm, microflows 2. Nearly tenfold increase in effective

of liquids with velocities diffusion coefficients.

of up to 100 m s71, 3. Formation of interparticle

intense local electric contacts through mutual

discharge. motions of particles.

2. Considerable intensification

of mass transfer.

Main physicochemical consequences of ultrasonic treatment

1. Decomposition of volatile 1. Acceleration of solid-

components of solutions. phase reactions.

2. Initiation and 2. Reduction of reaction

acceleration of redox temperature

reactions.

3. Disaggregation of particles.

4. Formation of stable

suspensions and emulsions.

5. Degassing of solution.

Main fields of application of high-power ultrasonic waves

1. Organic and inorganic 1. Activation of solid-phase

syntheses. reactions; synthesis at lower

2. Preparation of nanodisperse temperatures.

materials based on 2. Targeted formation of the

amorphous and crystalline structure of solids.

metals, simple and complex

oxides, etc.

3. Design of materials with

preset morphologies of

aggregates.

Summing up, it should be emphasised that sonication techni-
ques open new prospects for targeted synthesis of various inor-
ganic materials. Sonochemical treatment allows one not only to
considerably accelerate chemical transformations (first of all, in
heterogeneous systems), but also often to prepare highly dispersed
phases with controllable micromorphology.
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Abstract. The results of studies of the catalytic oxidation ofThe results of studies of the catalytic oxidation of
organic compounds in the presence of molten transition metalorganic compounds in the presence of molten transition metal
salts and oxides are surveyed. The attention is focused onsalts and oxides are surveyed. The attention is focused on
extensive oxidation of halogen-containing compounds. The bib-extensive oxidation of halogen-containing compounds. The bib-
liography includes 197 references.liography includes 197 references.

I. Introduction

Molten salts, in particular, alkali, alkaline earth and rare earth
metal halides, carbonates, sulfates, molybdates, tungstates and
vanadates, are distinguished by thermal and radiation stability,
low volatility, low viscosity, and high electrical and thermal
conductivities over a broad temperature range. Owing to these
properties, ionic melts are of interest as high-temperature electro-
lytes,1, 2 energy storage devices and heat carriers,1 ± 5 and as gas-
and dust-trapping liquids.6 ± 8 Molten electrolytes (metal oxides
and salts) are used in coating of metal surfaces 9, 10 and in thermal
and electrochemical storage cells and fuel cells.1, 2, 9, 11 ± 13 The
present review considers the use of metal oxide and salt melts as
catalysts of oxidation of some organic and inorganic compounds
and as the media for these reactions.

In recent years, considerable attention has been devoted to the
so-called ionic liquids, i.e., salts formed by quaternised nitro-
genous heterocycles (or amines) and Lewis acids, which are liquid
under normal conditions. The application of these compounds as
catalysts for skeletal isomerisation of alkanes and for metathesis,
alkylation, disproportionation and oligomerisation of alkenes has
been described.14 ± 25 High catalytic activity of ionic liquids, which
is attributable to their high polarity and high acidity, was noted.
Thus they induce isomerisation of alkanes at 30 ± 70 8C.

The salt melts considered in this review are also ionic liquids.{

These high-temperature melts are used to carry out reactions that
are thermodynamically allowed only at elevated temperatures
(cracking, dehydrogenation). In addition, due to the high thermal
conductivity, it is expedient to use molten salts in the processes
accompanied by pronounced heat evolution or absorption, for
example, pyrolysis, partial and extensive (complete) oxidation of
organic compounds, coal gasification, and so on.

Molten catalysts (MC) have the following specific features
which make them unique.

1. Unlike the conventional heterogeneous catalysts, MC
exhibit high performance stability, because the `liquid ± vapour
(or gas) phase' interface is constantly renovated during
the catalysis.28 ± 30

2. High thermal conductivity of ionic melts provides easy
solution to the heat supply or withdrawal problem in highly
endo(or exo)thermic reactions. The risk of local overheating
resulting in the destruction of active sites, which is typical of
traditional catalysts, markedly decreases.

3. An important advantage of MC is the simplicity of their
preparation. They are usually prepared by simultaneous or con-
secutive fusion of the components. There is no need to be
concerned about optimisation of the surface texture and the
surface area, themechanical strength or the grain-size distribution
of the catalyst, etc.

4. High electrical conductivity of ionic melts allows one to use
electrochemical methods for the monitoring and control of MC
composition during the process.

5. The reactions on MC proceed in the absence of water or
aqueous solutions; this is very important as regards environment
protection (no wash water).

However, molten catalysts are not free from drawbacks, first
of all, this is their relatively high corrosion activity and the need to
use special reactors.

Despite the fact that the first studies dealt with reactions of
organic compounds catalysed by melts were published more than
a hundred years ago,31 these catalysts have not yet found wide use
in industry. Apart from the high corrosion activity of the melts,
this is due to poor knowledge of their catalytic properties.
Currently, melts are used on an industrial scale only for the
synthesis of isoalkanes 26, 27, 32 ± 34 and for chlorination of hydro-
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carbons 3, 12, 35 ± 41 and on a pilot scale for coal gasifica-
tion.11, 12, 42 ± 44

The purpose of this review is to summarise the published data
on the characteristic features of processes catalysed by melts.

II. Experimental techniques for the work with
molten catalysts

The catalytic processes on molten metal salts and oxides are
carried out using special equipment and procedures. Several
versions of process implementation involving molten catalysts
have been proposed. Most often, MC-catalysed reactions are
carried out by bubbling vapour of the feedstock with or without
a carrier gas through a melt bed.35, 43, 44 Bubble-type reactors are
used for this purpose,45 ± 47 and the contact time of the reaction
mixture with the catalyst is controlled by changing the height of
the melt bed.47, 48

In the bubbling of a gas ± vapour mixture through a melt, the
contact area of the gas ± liquid phases and, hence, the degree of
feedstock conversion depends on the degree of dispersion of the
gas flow. In an ideal case, a gas bubble has a diameter of less than
1 mm, i.e., it is a microreactor with a great surface-to-volume
ratio. Therefore, in these systems, the processes that tend to
acquire an explosive character when carried out in usual reactors
become easily controllable.49

A study of thermal properties of a KPO3 ±V2O5 melt has
shown 50, 51 that oxygen is evolved from the melt in discrete
portions. This was attributed to the formation of oxygen micro-
bubbles, which have no time to unite into large particles. The
minimum volume of an evolved bubble was calculated to be
561075 cm3. Each bubble acts as a microreactor on the walls of
which free radicals are `quenched' and, hence, chain reactions
cannot switch to the explosive mode. Probably, this accounts for
the possibility of safe extensive oxidation of phthalic anhydride
and nitrobenzene production wastes on the K2O±V2O5 melt,52, 53

whereas their combustion in an open flame is accompanied by
explosion.

Gas-phase oxidation of o-xylene with oxygen bubbled
through an eutectic (eut) melt K2SO4 ±V2O5 (39 mass%) and a
melt K2S2O7 ±V2O5 (14 mass%) has been reported.54, 55 The
experimental data were processed, to determine the bubbling
velocity (U), using the equation

U � H

�Hÿ h��pR2=Q� � ÿ
1

hpR2

dQ

d�1=H� ,

whereH is the effective height of the melt; h is height of the melt at
a zero gas velocity; Q is the gas volume flow rate at the melt
temperature; R is the radius of the reactor. The resulting velocity
was used to determine the residence time of the mixture in the
reaction zone.

In the 509 ± 570 8C temperature range for Q=40 cm3 s71,
theU value varied from 9 to 18 cm s71. At 500 8C, the conversion
of o-xylene in a mixture with oxygen reached 35%±42%. (Note
that oxidation of o-xylene mixed with nitrogen under the same
conditions results in a low conversion of the hydrocarbon, viz.,
2.5%± 4.5%.) The residence time of the gas ± vapour bubbles in
the melt zone was*2 s. It is believed 54, 55 that the higher reaction
selectivity observed in the melt compared with a solid catalyst
having the same composition is due to the isothermal mode of the
process, resulting in a decrease in the yields of extensive oxidation
products.

The kinetics of reactions on MC is usually studied using a
tubular reactor with a melt layer applied onto its internal sur-
face.56 The residence time is controlled by varying the feed rate of
the reactionmixture or the reactor length. The reactor can operate
in either continuous or pulse mode.56, 57 Processing of the exper-
imental results obtained with a pulse-type reactor has been
described in detail.58 For reactors operating in the displacement

mode, a dependence of the substrate conversion on time was
derived using different forms of kinetic equations.

If it is necessary to increase the specific surface area of a
molten catalyst, this is applied on a sorbent surface.59, 60 In this
case, reactors traditional for heterogeneous catalysis are utilised.
The use of supported MC often results in higher yields of the
target products with respect to those obtained in the bubbling
mode.

The combined reactor and regenerator in which the catalyst
reduction and reoxidation stages occur separately appears to be
the best version. The ammoxidation process ofm-xylene using this
reactor design has been reported.61 The reaction mixture enters
the reactor at a high rate through a specially designed nozzle and
sprays the melt. The reaction proceeds in a vessel filled with finely
dispersed drops of themelt. The partially reducedmelt flows into a
tank from which it moves again into the reactor by means of a gas
lift { with simultaneous oxidation. The non-consumed hydro-
carbons and ammonia are separated from the reaction products
and recycled.

The necessity to separate the reactor zones in which the
reaction occurs and the catalyst is regenerated is quite common.
Thus the oxidative dehydrogenation of ethylbenzene and aliphatic
alcohols on the K2O±V2O5 melt proceeds more easily than the
reaction of vanadium(IV) with oxygen (catalyst regeneration);46, 62

therefore, it is expedient to carry out the oxidation of vana-
dium(IV) with oxygen at higher temperatures (>640 8C) and to
carry out the oxidation of organic compounds at 500 8C in
another reactor zone.

The catalyst regeneration (saturation with oxygen in the case
of oxidation) can be performed during gas lift transportation of
the melt.63 The melt is first saturated with oxygen and then excess
oxygen is removed in the separation zone until a specified partial
pressure is attained. To increase the selectivity of oxidation of
organic compounds 64 and prevent the formation of explosive
mixtures, it is necessary to eliminate the contact of the hydro-
carbon feedstock and reaction products with oxygen. This allows
one to carry out simultaneously two processes with opposite signs
of thermal effect (an endothermic process in one zone and an
exothermic process in the other zone) and thus to balance the heat
flows. For example, such reactor has been used for the production
of synthesis gas by oxidation of lower alkanes (C1 ±C4) in a flow of
molten metal oxides.65 The proper oxidation was carried out in
one reactor zone, while in the other zone, the oxidation products
were reformed. This endothermic process yielded synthesis gas
virtually free fromnitrogen. The partially reducedmelt was routed
into the regeneration zone for oxidationwith atmospheric oxygen.

A special reactor has been developed for the processing of
solid urban waste by fusion in a slag melt under conditions of air
bubbling. In this reactor, solid waste particles of different sizes are
captured by melt drops, get into the high-temperature region
(1250 8C) and burn. This process for urban waste destruction has
already been tested on an industrial scale.66 ± 68

Non-friable bulk materials are processed using tanks filled
with a molten catalyst.69, 70 The possibility of using molten
catalysts for extensive oxidation of organic polymers containing
a metal cord with subsequent recovery of the metal from wastes
formed in the manufacture and applications of various reinforced
polymeric and rubber articles has been demonstrated.71

III. Characteristic features of reactions
proceeding on melts

Owing to the high thermal conductivity of inorganic melts, the
heat supply to the reactor in the case of endothermic reactions
(hydrocarbon pyrolysis and cracking) and the heat withdrawal
from the reaction zone in the case of oxidation (especially,

{Gas lift is a device for lifting a liquid by the energy contained in the

compressed gas that is mixed with this liquid.
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extensive oxidation) of organic compounds are easier for the
reactions with MC. This allows one to intensify the processes.

The by-products (tars and coke) formed during high-temper-
ature reactions are either collected on themelt surface (and, hence,
they can easily be removed mechanically from the reaction zone)
or distributed throughout the bulk of the melt without the
formation of a continuous crust 30, 72 (this facilitates their removal
by oxygen bubbling, i.e., burning out 30). The addition of glass-
forming metal oxides (boron oxide 29 or metal oxides that increase
coke wettability 73) favours the uniform distribution of coke
throughout the melt. High rate of oxidation of soot was attrib-
uted 74 to goodwettability of soot in the presence of theV2O5melt.

Since metal oxides and inorganic salts exist as melts over a
broad temperature range and have a high thermal conductivity,
the temperature in the reactor can be quickly changed and finely
controlled, which is important for catalytic reactions carried out
under non-steady-state conditions.75 The perturbations intro-
duced into a heterogeneous catalytic system (the changes in the
reactant concentration, temperature and electrode potential) are
controlled more easily when the reaction is carried out on the
melts rather than on solid catalysts for which the surface structure
is poorly reproducible.

High diffusion coefficients of oxygen in melts, in particular,
1077 ± 1075 cm2 s71 (Refs 75 and 76), determine high rate of
structure relaxations and allow one to study fast steps of a
heterogeneous catalytic process. Structural changes in a molten
catalyst can be induced and detected by various methods, includ-
ing electrochemical ones. In this case, the reaction products are
simultaneously detected, which is important to gain information
on the process mechanism.77, 78 This possibility was demonstrated
for the first time in a study of SO2 oxidation mechanism under
non-steady-state conditions on a K2S2O7 ±V2O5 melt.75, 76

The relatively high oxidation temperatures of organic com-
pounds on MC do not prevent investigation of the kinetic effects,
namely, the isotope (KIE) and compensation effects. For exam-
ple, for the oxidative dehydrogenation of para-substituted and
deuterated ethylbenzene on the KVO3 ±V2O5 eutectic melt, pri-
mary KIE and inverse secondary KIE were observed and the log k
vs. s0R dependence was established.56, 79 It was concluded that
oxidative dehydrogenation of ethylbenzene derivatives is a multi-
step process. At a temperature of up to 550 8C, the oxidation
involves sorbed oxygen and follows an associative (concerted)
mechanism, which switches to the stepwise oxidation ± reduction
mechanism at higher temperatures. The first step is the reaction of
V2O5 as the MC component with the aromatic system of the
benzene ring. Presumably, the reaction is facilitated by the
replacement of hydrogen atoms in the benzene ring by deuterium.
This leads to an increase in the equilibrium concentration of the
initially formed p-complex, which is then converted into styrene,
and to an increase in the dehydrogenation rate (inverse secondary
KIE). The replacement of hydrogen atoms at a-carbon in ethyl-
benzene by deuterium results in a twofold decrease in the rate
constant for ethylbenzene dehydrogenation (or a 25% decrease
per deuterium atom). This relatively high (in view of the fact that
the rate constants were determined at 540 ± 600 8C) primary KIE
value indicates that the hydrogen atom is rather remote from the
carbon atom in the transition state.

This assumption is supported by the dependence of the rate
constants for oxidative dehydrogenation of para-substituted
ethylbenzenes on the s0R Hammett constants of the substituents
R.56 The equation for this dependence at 600 8C has the form

log k=70.187� 0.016+ (1.345� 0.120) s0R

(r=0.9907, s=0.0173),

where r and s are correlation parameters.
The dependence of log k on s0R shows that in the transition

state the substituent is involved in resonance interaction with the
aromatic system. The polarity of the transition state is also

confirmed by high reaction constant (r=1.345 at 600 8C),
which suggests a radical mechanism of the process. On the basis
of elemental and powder X-ray diffraction analyses of solidified
catalyst samples taken before and after the reaction, it was
concluded that the reaction follows a stepwise mechanism, which
switches to a concerted mechanism at temperatures below
550 8C.80

A study of the oxidation kinetics of ethanol on K±V±M
oxide catalysts containing various metal oxides (about 300 com-
positions) over a broad temperature range (573 ± 873K, below
and above the melting points of the systems) has revealed 81, 82 a
kinetic compensation effect, i.e., parallel variation of the activa-
tion energies (Ea) and pre-exponential factors (A) in the Arrhenius
equation. This effect is expressed by the relation

log A= cEa + d=Ea/2.3RTs + log ks,

where c and d are constants, Ts and ks are isokinetic parameters.
Different dependences of logA on Ea for oxidative dehydro-

genation of ethanol to acetaldehyde, extensive oxidation of
ethanol to CO2 and dehydration of ethanol to ethylene indicate
that these processes occur on different active sites of the cata-
lyst.82, 83 The aggregation state of the oxide composition does not
influence the pattern of isokinetic dependence.

IV. Relationship between the catalytic reactions
proceeding on solid and molten catalysts

Molten catalysts can be used as models to search for new catalytic
systems, to establish correlations between the catalyst composi-
tion and activity and to study the catalysed reaction mechanisms.
The surface of melts has a more uniform composition than that of
solid-phase catalysts, which have surface defects and structural
and chemical inhomogeneities.51, 84, 85

The features elucidated in the studies of properties and action
of MC can be used when preparing solid catalysts. However, one
should take into account the correspondence of the conditions of
application of molten and solid catalysts, for example, coinci-
dence of the temperature range. A large number of salt and oxide
systems with melting points ranging from room temperature to
900 8C are available.86 This makes it possible to select melt
compositions with melting points below the temperatures used to
carry out most of petroleum refining and petrochemistry proc-
esses such as pyrolysis and cracking of petroleum hydrocarbons,
oxidation of alcohols and alkylaromatic hydrocarbons and pro-
duction of monomers.

Analysis of the published data shows that the principles of
selection of the chemical composition of molten and solid cata-
lysts do not differ much. For example, the chemical composition
(in particular, the content of vanadium with the oxidation state
+4 in the KVO3 ±V2O5 melt) was found to correlate with specific
oxygen desorption from the melt and its catalytic activity with
respect to ethanol oxidation.85, 87 It is noteworthy that the
relationship between the nature of the transition metal oxide
added to the K3V5O14 melt and the catalyst activity in the
oxidation of ethanol (Fig. 1) is similar to the relationship estab-
lished 88 for solid catalysts.

In the oxide catalysts with a more complex chemical compo-
sition, the dependence of the catalytic activity on the composition
is more complicated. Thus for the oxidation of ethanol, the curve
for the activity of the K3V5O14 ±MoO3 melt vs. the content of
MoO3 has three maxima forMoO3 concentrations of 13.3 mol%,
20.5 mol% and 34 mol% (i.e., for molar ratios
K3V5O14 :MoO3 =2 : 1, 1 : 1 and 1 : 2, respectively).85, 87 How-
ever, the curve for solid catalysts having a simpler composition,
V2O5 ±MoO3, has only onemaximum at aMoO3 content of about
30 mol%. The lack of other maxima on the catalytic activity
curve can be attributed to the formation, on the surface of catalyst
grains, of a compound with the same composition (irrespective of
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the amount of MoO3), which is thermodynamically more stable
under these conditions.

A clear correlation between the catalytic activity of melts
based on vanadium oxides in oxidative dehydrogenation of ethyl-
benzene and the content of vanadium +4 in the melts has been
noted.80 The rate of transformation of ethylbenzene into styrene
on K2O±V2O5 ±V2O4 melts was found to decrease with a
decrease in the V2O5 concentration. The extrapolation to a zero
rate shows the lack of activity for a catalyst with the composition
6 mass% V2O4, 69 mass% V2O5 and 25 mass% K2O. In the
phase diagram of theK2O±V2O5 ±V2O4 system, this composition
corresponds to the bronze K(2+2x)V2O16 (x=0.35 ± 0.45) 89 the
presence of which in solidified samples taken from the melt was
proved by powder X-ray diffraction.80 For solid-phase catalysts it
was found 90 that the phase C of the K2O±V2O5 ±V2O4 system
containing 3 mol%± 8 mol%V2O4 exhibits the lowest activity in
the oxidation of o-xylene as compared with other formulations of
the same system. In the oxidation of alcohols, the activity of the
molten K2O±V2O5 catalyst is governed by the KV4O(10.57x)

concentration.81, 85 The activity of the solid catalyst with the
same composition in the oxidation of naphthalene was also higher
than the activity of other potassium vanadates.91

The similarity of action of a catalytic system in the solid or
molten states can be revealed by comparing the reaction rates at
temperatures above and below the catalyst melting point. The
results obtained are useful for solving the problem concerning the
role of the chemical composition and the solid surface in the
catalysis.

The kinetic parameters for catalytic reactions proceeding on
melts and on the solid phase have been compared by many
researchers (see, for example, Refs 75, 85, 92 ± 94). In particular,
the activation energies of some oxidation reactions at temper-
atures below and above the catalyst melting points were deter-
mined.75, 85, 92 Presumably, the invariable activation energy of the
process on going through the melting point can serve as evidence
for the predominant influence of the chemical composition of the

catalyst rather than the pattern of its surface on the reaction rate.
However, the decrease in the activation energy upon melting
observed in some cases is attributable to the fact that the process
occurs not only on the surface but also in the bulk of the molten
catalyst. For example, oxidation of SO2 to SO3 on the K2S2O7 ±
V2O5 melt proceeds both on the melt surface and in the bulk,
depending on the conditions, which was established in a study of
the thickness of an `operating' catalyst film.76, 92, 95 This results in
a more than twofold decrease in Ea for the reaction on melts
compared with the reaction on the solid catalyst surface.62 The
activation energy also increases upon partial crystallisation of the
melt.76 High solubility of sulfur dioxide in theK2S2O7 ±V2O5melt
was also proved.75, 76

The decrease in the activation energy upon passing the catalyst
melting point is not common to all the studied reactions. Thus the
activation energy for elimination of HCl from alkyl chlorides is
the same for catalysis by ZnCl2 solid phase and melt,93 which is
explained by the fact that the process occurs only on the melt
surface. Analogous data were obtained for oxidative dehydrogen-
ation of ethylbenzene on the KVO3 ±V2O5 catalyst applied onto
alumina grains,96 and also for benzene oxidation on vanadium
oxide catalysts.94

A similar dependence of the activation energy on the catalyst
aggregation state was found in the oxidation of hydrogen chloride
on CuCl2 melt.38, 97 On solidification of the molten catalyst, the
activation energy of this reaction sharply increases.

Oxidation of naphthalene on the K2SO4 ±V2O5 melt has been
investigated.97 The activation energy for the reaction on the melt
was found to be lower by 36 kJ mol71 than that on the solid
catalyst with the same composition. No data on the solubility of
naphthalene in the melt of the given composition are available
from the literature; however, according to calculations, molecules
with sizes greater than the size of the benzene molecule (about
0.6 nm) are poorly soluble in such systems. For example, the
solubility of naphthalene in potassium chloride melt was calcu-
lated to be 10712 g-mol (cm3 Pa)71 at 400 8C.98 The solubility of
CO2 (the size of the molecule is *0.3 nm) in the Li2CO3 ±
Na2CO3 ±K2CO3 eutectic melt at 700 8C found experimentally
equals 9.561077 g-mol (cm3 Pa)71 (Ref. 99). The enhanced sol-
ubility of CO2 in alkali metal carbonate melts was attributed 99 to
the formation of the dicarbonate ion:

CO2 + CO2ÿ
3 C2O

2ÿ
5 .

In the oxidation of naphthalene on the potassium± vana-
dium± sulfate melt, the rates of naphthalene consumption and
oxygen adsorption are proportional to the surface area of the melt
and do not depend on its volume.97 Therefore, the decrease in the
Ea for naphthalene oxidation upon passing of the catalyst from
the solid to themolten state can hardly be attributed to occurrence
of the reaction in the melt bulk.

The few kinetic data presented above were obtained for
processes differing in the nature of the substrate, the composition
of the catalyst and reaction conditions. The Ea values for the
formation of acetaldehyde from ethanol on a number of molten
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Figure 1. Correlation between the catalytic activity of the K3V5M0.33O14

melts in the oxidation of ethanol at 500 8C and specific desorption of

oxygen from these melts at 600 8C.
M: (1) Ni, (2) Ba, (3) Cr, (4) Co, (5) Al, (6) none, (7) Ti, (8) Zn, (9) Fe,

(10) Fe (V : Fe=7), (11) Pb, (12) Sn, (13) Sb, (14) Bi, (15) Ag, (16) W,

(17) B, (18) Mo, (19) Mn, (20) Cu.

Table 1. Activation energy for the formation of acetaldehyde from ethanol
on molten and solid catalysts.85

Catalyst composition (mol%) Tm /K Ea /kJ mol71

K2O V2O5 MxOy T<Tm T>Tm

30.7 48.8 20.5 (MoO3) 698 76 76

37.0 59.1 3.9 (NiO) 673 113 58

37.0 59.1 3.9 (Ag2O) 673 91 94

35.6 56.8 7.6 (SnO2) 683 118 85

37.0 59.1 3.9 (Sb2O5) 673 140 79

37.0 59.1 3.9 (Mn2O3) 668 80 80
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and solid catalysts containing V2O5 and other transition metal
oxide additives were determined 85 (Table 1). These data were
obtained under identical conditions for catalysts with similar
compositions; therefore, their comparison is more vivid than a
comparison of the results reported by different authors. The
activation energy of the reaction remains unchanged or increases
on going from the melt to the solid phase. The different influence
of transition of the catalyst through the melting point on Ea can
hardly be attributed to the catalytic action of the bulk of the melt.
It is unlikely that the addition of 4 mass%± 7 mass% of NiO,
SnO2 and Sb2O5 would sharply increase the solubility of ethanol
in the K2O±V2O5 melt, while the same amounts of molybdenum,
silver and manganese oxides would not affect the solubility. The
assumption that the mechanism of ethanol oxidation changes on
passing from high to low temperatures (from 650 to 570K) on
some systems also appears doubtful in view of the fact that on
other systems this mechanism is retained.

It is worth noting that the pattern of dependence of the activity
of K3V5O14 ±MoO3 catalyst on theMoO3 content (from 0 mol%
to 60 mol%) in the ethanol oxidation is the same at 823K (melt)
and at 673K (solid phase). Presumably, the structure of the
catalyst active sites does not change significantly upon the melt
solidification.

The results presented in Table 1 were obtained for catalysts in
the solid and molten states. In this case, the possibility of melt
solidification to give glasses cannot be ruled out. The structures of
the molten and glassy catalysts are similar; therefore, their
catalytic activity is the same. Raman and IR spectroscopic data
show 100 that the local ordering is the same in both glassy and
molten ZnCl2, but differs from that in crystalline zinc chloride.
The similarity of structures of glasses and melts for the K2SiO5 ±
KAlSi3O8 systems was established 101 on the basis of Raman
spectra. The conclusion concerning the identity of the structural
units of themelts and `quenched' glasses was also derived from the
IR spectra of sodium metaphosphate.102

The results of X-ray diffraction studies of high-temperature
melts led researchers 103 to conclusion that an increase in the
temperature to a value 400 ± 700 8C above the Tm changes only
slightly the short-order parameters of the mutual arrangements of
atoms.

In the case where cooling is accompanied by crystallisation of
the system, the environment of the active sites and the distances
between them can sharply change with respect to those in the
liquid state. This might account for the difference in the activities
of catalysts having the same composition in the solid and molten
states. For example, in crystalline vanadium(V) oxide, according
to the FT EXAFS X-ray absorption data, the V7O bond lengths
are 0.16 and 0.19 nm, while after melting the bond lengths become
equal to 0.18 nm.104 Other researchers 105 have shown by X-ray
scattering that amorphous V2O5 obtained by superfast cooling of
the vanadium(V) oxide melt has a tetrahedral coordination with a
V7O distance of 0.18 nm. The formation of either amorphous or
crystalline product depends on the cooling rate of the melt. The
cooling rate that is critical for the amorphisation of melts and the
duration and temperature of incubation are determined by the
difference between the ionic radii and the thermal conductivity of
components.106

This phenomenon is responsible for the increase in the activity
of crystalline silicate catalysts after the `heat shock'. For increas-
ing the activity, the catalyst is first heated at a rate of 0.5 ±
560 K s71 to 1200 8C, kept for 0.1 to 1200 s and rapidly cooled to
500 8C.107, 108 A short heating of superconductor oxide composi-
tions to a temperature of 1000 8C (above Tm) at a rate of
*2000 K min71 followed by cooling at a rate of 100 K min71

is also proposed in another study.109

The validity of assumptions that the structure of active sites
and the distances between them are crucial for the catalyst activity
could be verified by investigating the transition of the catalyst
from the solid to themolten state: for all catalysts of the same type,

the activation energy of the same reaction should decrease upon
this transition. In addition, the dependence of Ea on the aggrega-
tion state of the system presented in Table 1 might change for the
oxidation of other organic compounds on these catalysts.
Unfortunately, no facts either supporting or disproving these
assumptions are now available.

Thus, when working with molten catalysts, one can determine
quickly and reliably the correlations between the structures of
compounds present as catalyst components and the catalyst
activity and to reproduce more precisely the definite ratios of the
catalyst components, which is important for the search for
conditions for selective formation of the target products.

V. Electrochemical control of the activity and
selectivity of molten catalysts

Due to high electrical conductivity of molten metal oxides and
salts, catalytic processes can be carried out under conditions of
electrolysis.110 ± 113 The electrochemical treatment is especially
topical for catalytic oxidation of organic compounds accompa-
nied by a change in the oxidation state of transition metals in the
catalyst. For example, V2O5 widely used as a component of
oxidation catalysts is reduced to vanadium(IV) under the reaction
conditions.85, 110, 114 ± 118 Vanadium(V) is regenerated (V4+?
V5+) under the action of oxygen present in the reaction mixture;
as a rule, this is the rate-limiting step for the whole catalytic
oxidation of organic compounds.80, 92, 110, 119 It has been shown80

that in the oxidation of ethylbenzene, the vanadium(IV) concen-
tration in the molten KVO3 ±V2O5 catalyst depends on the ratio
of the partial pressures of oxygen and the hydrocarbon. The redox
reactions in the melts containing vanadium oxides can also occur
during electrolysis; by varying electrolysis parameters, one can
obtain specified phases of vanadium oxide bronzes.120 The cata-
lytic activity of the vanadium oxide-based melts in the oxidation
of organic compounds can be controlled by varying the redox
potential of the medium.121

The changes in the equilibrium potential of the K2O±
V2O5 ±MxOy melts depend on the amount of oxygen evolved
from the melt,83, 122, 123 which, in turn, depends on the rate
constant for ethanol oxidation on these catalysts (Fig. 2). The
electrochemical control of the catalyst activity includes the change
in the redox potential of the medium and the shift of the equilibria
in the system. The results of electrochemical studies provide
grounds for predicting the catalytic activity of molten oxide ± salt
systems in the oxidation.

The effect of the redox potential of the KVO3 ±V2O5 melt on
the course of ethanol oxidation has been studied.111 ± 113 The
changes in the redox (for acetaldehyde and CO2) or acid ± base
(for ethylene) properties of the melt can be derived from the ratio
of the products.

In reality, all three reactions occur simultaneously giving rise
also to by-products: C2H6, CO, CH4, CH3COOH.

The conversion and the ratio of the products of ethanol
oxidation on melts containing 100 mass%, 90 mass% and
72 mass% of KVO3 (823K, molar ratio oxygen : ethanol=1.5,
contact time 0.5 s) depend on the electrode potential.

The dependence of the composition of ethanol oxidation
products on the magnitude and sign of the working electrode
potential indicates that the oxidation of ethanol under the
conditions studied proceeds in the catalyst melt, and regeneration
of the catalyst occurs upon electrochemical reactions on the
electrodes. Thus, electrochemical processes yield mediators (elec-
tron carrier catalysts), which change the catalytic characteristics

CH3CH2OH

CH3CHO+H2O

CO2 +H2O

CH2 CH2 + H2O
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of the melt, in particular, the reaction rate, selectivity and
direction.124

The features of transformation of ethanol on the K3V5O14 or
NaOH melts and their solutions in the LiCl ±KCl melt are
determined by the nature, redox properties and the redox poten-
tial of the melt components.112, 113, 115 Over the whole range of
potentials studied (from +1 to71 V), the conversion of ethanol
and the yield of acetaldehyde upon electrolysis proved to be higher
than in the case where the melt was not subjected to electrolysis.

VI. Oxidation of organic compounds

1. Partial oxidation
a. Alkanes and alkenes
The catalytic oxidation of methane yields ethylene (oxidative
dimerisation of methane) and liquid hydrocarbons (ethylene
oligomerisation). This process is important for practical pur-
poses,125 ± 127 because its use on a commercial scale would provide
conversion of natural gas into monomers and liquid motor fuel.
However, despite the extensive research dealing with optimisation
of this process, the conversion of methane in this reaction is only
3%± 20%, the selectivity with respect to liquid hydrocarbons
varies from 40% to 70%, and the yield of C2 hydrocarbons does
not exceed 25%.125

A number of patents 125, 128, 129 propose the use of melts as
catalysts for the oxidative dimerisation of methane. The molten
catalysts are composed of mixtures of metal oxides, alkali metal
carbonates or sulfates and a reducible transition metal oxide (Mn,
Sn, Sb, Pb, Bi, etc.). Transition metal oxides insoluble in the melt
and not melting at the reaction temperature should better be fixed
on a support that forms a suspension in the salt melt. For better
dispersion of the initial gas mixture, particles inert with respect to
the melt (the so-called immersed packing) can be added.When the
melts are used, the methane conversion is carried out at a temper-
ature of 500 ± 1000 8C and at a pressure of 0.01 ± 3 MPa. The

methane to oxygen volume ratio in the initial mixture varies from
1 to 50. Themethane conversion reaches 24%,while the selectivity
with respect to higher hydrocarbons, equal to 57%, increases
upon a decrease in the methane conversion, as the process follows
a parallel-consecutive mechanism.125

Lithium carbonate melt was used as the catalyst of oxidative
coupling of methane.130 The experiments were carried out in a
bubble column reactor. In order to keep lithium in the form of
carbonate, CO2 was added to the reaction mixture. It was found
that on a Li2CO3 ±MgO melt (powdered magnesium oxide), the
selectivity with respect to hydrocarbons markedly increased with
temperature, while the yield of CO decreased with the amount of
CO2 remaining the same. The researchers note that no catalyst
deactivation usual for fixed-bed reactors takes place in the bubble
reactor.

The oxidative dimerisation of methane on a Ba(OH)2melt at a
temperature of 800 8C and the ratio CH4 :O2= 3 : 1 has been
studied.131 The conversion of methane reaches 20%, while the
selectivity of formation of C2 products equals 33%±38%. The
authors assumed 131 that the process involves peroxide structures
such as the superoxide ion O2ÿ

2 , which are stabilised upon
enhanced basicity of the medium due to dehydration of
Ba(OH)2. An increase in the basicity increases also the conversion
of methane and the yield of C2 hydrocarbons.

The oxidation of methane to give formaldehyde on a potas-
sium nitrate melt has been studied.132, 133 The process is catalysed
most likely by NO species formed upon decomposition of potas-
sium nitrate.

The oxidation of methane on sodium metaphosphate-based
melts containing transition metal compounds was accompanied
by reduction of Cr(VI), V(V) and Co(III) to lower oxidation
states.133 The concentration ratio of 18O and 16O isotopes in the
melt on bubbling of air or a methane ± air mixture was studied by
mass spectrometry. The results led the authors to a conclusion that
the oxidation of methane on a Na3PO3 melt containing d-metal
ions involves both reversibly dissolved molecular oxygen (exten-
sive oxidation of methane) and oxygen incorporated into an
oxygenated metal complex (partial oxidation of methane).

Oxidation of methane with oxygen on a Na2MoO4 melt
containing V2O5 and K4B2O7 has been reported.134 Despite the
changes in the temperature, catalyst composition, the volume feed
rate of the reaction mixture and the methane : oxygen ratio, high
yield of formaldehyde could not be attained. Similar results have
been obtained on an HPO3 melt with iron oxide additives.32 It is
noteworthy that methane conversion and the selectivity of for-
mation of partial oxidation products on solid catalysts are also
low.135

The oxidation of alkanes and alkenes in molten media are
widely studied in order to develop methods of preparation of
commercially important monomers, buta-1,3-diene (divinyl) and
2-methylbuta-1,3-diene (isoprene). In the oxidative dehydrogen-
ation, oxygen and its mixtures with hydrogen sulfide, ammonia
and sulfur dioxide are used as hydrogen atom acceptors. Eutectic
mixtures of metal chlorides, viz., lithium and potassium, sodium
and potassium, and magnesium and calcium chlorides serve as
molten catalysts, which also contain up to 20 mass%ofGroup II,
IV and VII metal chlorides as promoters.136 Presumably,133 the
use of melts provides easy solution of the problem of heat with-
drawal from the reaction zone owing to high thermal conductivity
and melt circulation. The isothermal character of the process
results in a higher selectivity with respect to the oxidative
dehydrogenation products. For example, bubbling of a butane,
hydrogen sulfide, air and ammonia mixture in a 1 : 4 : 2 : 8 molar
ratio throughmolten lithium, potassium andmanganese chlorides
at 650 8C affords divinyl in a 52% yield, the total yield of divinyl
and butenes being 70%.

The dependences of the degree of conversion of n-butane and
selectivity of formation of C4 alkenes on the nature of the melt
have been studied.28 The relatively high yields of alkenes are also
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observed for molten sodium, potassium and cadmium chlorides
(39.9 mass% Cd) or molten lithium and potassium chlorides
(37.2 mass% K). The effect of addition of some other metal
chlorides on the oxidative dehydrogenation of butanewas studied.
It was found that barium and manganese chloride additives
decrease the conversion of n-butane but increase the yield of
alkenes. The conversion of butane increases with an increase in the
hydrogen sulfide concentration in themixture. The selectivity with
respect to C4 alkenes is maximum at a hydrogen sulfide to butane
molar ratio of four and decreases upon further increase in the
amount of H2S due to extensive oxidation of hydrocarbons and
the formation of sulfur-containing compounds (mainly, thio-
phene) and elemental sulfur.

It has been proposed 137 to carry out the oxidative dehydro-
genation of alkanes and alkylbenzenes onmolten lithium and lead
iodides at 500 ± 650 8C in the presence of iodine for hydrocarbon
oxidation in a two-chamber reactor. The process is described by
the following reactions (for a divalent metal):

Molecular iodine is generated in situ upon the oxidation of
metal iodides. Saturated hydrocarbons react with iodine to give
the target products and HI, which is absorbed by the melt. The
metal iodides present in the melt are reoxidised by oxygen in
another compartment. This allows one to eliminate direct contact
of the hydrocarbon with oxygen, which is a stronger oxidant than
I2 and thus to decrease the formation of complete oxidation
products. The results of a study of hydrocarbon reactivity suggest
a free radical mechanism of oxidative dehydrogenation of alkanes
in the presence of iodine.137 Despite the high conversions of
hydrocarbons and the selectivity of alkene formation (for ethane,
these values are *80% and >90%, respectively), industrial
implementation of this method is precluded by high cost, volatility
and high corrosion activity of iodine.

The CuCl ±KCl melt pre-saturated with air was used 138 to
convert ethane into acetaldehyde in*75%yield. On air bubbling,
CuCl in the melt is oxidised to CuO .CuCl2. Apart from acetalde-
hyde, this reaction affords vinyl chloride.

The results of kinetic and mechanistic studies of the oxidative
dehydrogenation of propane on a LiOH±LiI melt have been
reported.139 At 600 8C and a propane : air ratio of 1 : 2, the
selectivity with respect to propylene is equal to *75% and that
with respect to benzene is 7%± 14%. The reaction proceeds by a
radical mechanism, the yield of propylene being mainly governed
by the concentration ratio of the (Prn)

.
and (Pri)

.
radicals.

A patent 140 describes a process of preparation of acetaldehyde
from C2 hydrocarbons (ethane with ethylene impurity) on tran-
sition metal (Mn, Ni, Fe, Cu, Co, Cr) chloride melts in an air flow
in the temperature range of 370 ± 540 8C at a pressure of
0.1 ± 1.5 MPa and a contact time from 1 to 60 s. At a <12%
conversion of ethane, the selectivity with respect to acetaldehyde
reaches 50%±80%.

The oxidation of propylene with oxygen on bubbling the
reaction mixture through a KVO3 melt in the temperature range
of 500 ± 650 8C has been studied.141 Since the optimum temper-
ature was lower than the melting point of the catalyst, the yield of
aldehydes decreased with increasing temperature.

The partial oxidation of propane on melts representing com-
plex mixtures of potassium, sodium, tungsten, molybdenum and
vanadium oxides as well as B2O3, K2Cr2O7 and NaOH has been
studied.142 It was found that, for some melts, the conversion of
propane in a flow-type bubble reactor at 580 ± 600 8C reaches
70%±90% at rather high yields of carbonyl compounds.
K2Cr2O7, NaOH and B2O3 melts proved inapplicable for this

reaction due to irreversible changes in the catalyst, including
reduction, transformation into carbonate and sublimation,
respectively.

b. Aromatic hydrocarbons
Oxidative dehydrogenation. Alkylbenzenes, for example, ethyl-
and isopropylbenzenes are readily converted into the correspond-
ing alkenylarenes on LiI and PbI2 melts in the presence of iodine.
At a high conversion of the starting hydrocarbon (up to 99%), the
reaction selectivity reaches 95%.137 Propylbenzene is converted
into a mixture of allyl- and cis- and trans-propenylbenzenes. As
the side chain of the hydrocarbon becomes longer, the fraction of
the cracking products increases. Indeed, ethane and styrene are
produced in almost equal amounts upon dehydrogenation of
n-butylbenzene, while the major reaction product is naphthalene
resulting from dehydrocyclisation (yield 72%).137

The oxidative dehydrogenation of ethylbenzene by oxygen on
a molten KVO3 ±V2O5 catalyst has been studied in most
detail.46, 56, 79, 80, 96 In particular, the activities of the catalyst in
the molten and the solid states were compared and the mechanism
of the process and its separate steps was studied.56, 80, 96

The kinetics of the oxidative dehydrogenation of ethylbenzene
on an alumina-supported melt KVO3 ±V2O5 (22 mol%) has been
studied in a flow-type setup with a rotating catalyst, which ruled
out the influence of mass transfer on the process rate.96 This
reaction gave styrene (St) and CO2.

At temperatures of 450 ± 550 8C and ethylbenzene and oxygen
partial pressures of 3.761073 ± 6.761073 MPa and 3.361073 ±
6.2561073 MPa, respectively, this process is described by the
following kinetic equations:

VEtPh= k1[EtPh]1.12[O2]0.68,

VSt= k1[EtPh]1.12[O2]0.687 k2[St]0.53[O2]0.53,

VCO2
= k2[St]0.53[O2]0.53,

where VEtPh, VSt, VCO2
are the consumption rate of ethylbenzene

and the formation rates of styrene and carbon dioxide, respec-
tively, k1 and k2 are the rate constants for reactions (1) and (2).

It was found 80 that the accumulation of V2O4 in the melt is
accompanied by the formation of a complex, inactive in oxidative
dehydrogenation of ethylbenzene, with a composition corre-
sponding to the bronze w. From the temperature dependence of
the rate constants for oxygen sorption in the KVO3 ±V2O5 melt, it
was found that oxygen is sorbed by the melt in two forms differing
in the activation energies: 170.8 kJ mol71 at 500 ± 550 8C and
327.3 kJ mol71 at 550 ± 600 8C. In the temperature range of
500 ± 550 8C, the removal of oxygen from the melt results in an
increase in the catalyst activity in oxidative dehydrogenation of
ethylbenzene.

Molten catalysts are suitable not only for the oxidation of
organic compounds, but also for the synthesis of complex mole-
cules containing more carbon atoms than the starting compound.
Alkyl-substituted aromatic hydrocarbons (for example, toluene
and xylenes) and heteroaromatic compounds [for example, pico-
lines (methylpyridines)] form dimerisation products on alkali
metal hydroxide melts.143 ± 145 These oxidative dehydrodimerisa-
tion reactions are currently the subject of extensive research,

I2 + CnH2n+2 CnH2n + 2HI,

2HI +M(OH)2 MI2 + 2H2O,

MI2 + H2O + 0.5O2 M(OH)2 + I2,

0.5O2 + CnH2n+2 CnH2n +H2O.

Et

k1

HC
CH2

(1)

HC
CH2

+ O2

k2
CO2 (2)
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because their mechanism resembles that of methane conversion
into liquid hydrocarbons.

It was found 144 that the transformation of toluene on alkali
metal hydroxide melts proceeds as follows:

The bibenzyl formation step is highly sensitive to the nature of
the melt. The melts with high basicity catalyse efficiently dimer-
isation of toluene. The conversion of toluene on the NaOH and
KOH melts and their mixtures is much higher than on the melt
composed of a sodium and potassium chloride mixture. The
conversion of toluene increases if up to 10 mass% of vana-
dium(V) or phosphorus(V) oxide is added to the alkali metal
hydroxide melt.144

A study of the transformations of o-, m- and p-xylenes on a
sodium hydroxide melt has shown that, apart from the dimerisa-
tion products, the reaction mixture contains the corresponding
methylstyrenes.122 The reactivities of the meta- and para-isomers
were almost the same; the selectivity of formation of m- and
p-methylstyrenes, respectively, from these isomers was also the
same. The selectivity of formation of o-methylstyrene was almost
four times lower due to steric effect on the dimerisation. This is
consistent with the assumption that transformations of methyl-
benzenes (in particular, toluene and xylenes) involve the inter-
mediate formation of benzyl radicals. Thus the enthalpies of
formation of meta- and para-methyl-substituted benzyl radicals
are 124 kJ mol71 (Ref. 146) and the enthalpy of formation of
unsubstituted benzyl radical is 188 kJ mol71. This is why the
observed conversion of toluene is much lower than that of xylenes.

An increase in the catalyst acidity decreases the yield of
dimers, while the yield of products of more extensive oxidation
of hydrocarbons increases. An acidic catalyst, namely,
V2O5 ±K2SO4 melt supported on SiO2 converts toluene into
oxygen-containing products, benzoin (2-hydroxy-1,2-diphenyl-
ethanone) and benzil (diphenylethanedione), in the presence of
atmospheric oxygen at 400 ± 450 8C.144 No stilbene or bibenzyl
were detected among the reaction products.

In a similar experiment, 2-methylpyridine was converted into
2-pyridoin (1) and 2,20-pyridil (2). The proposed reaction mecha-
nism involves the formation of a benzyl-type heterocyclic radical
(Scheme 1).

On an eutectic melt KVO3 ±V2O5 containing 12 mass% of
MoO3, toluene is converted into benzaldehyde and benzoic acid,
and methylpyridines are converted into pyridine. In the presence
of g-Al2O3-supported K2CO3, KOH, KCl and KNO3 catalysts,
methylpyridines are converted into pyridine, CO2 and water. No
methylpyridine dimerisation products were detected. An increase
in the temperature, content of air in the reaction mixture or the
contact time results in higher yields of 1,2-dipyridylethylenes 3.
Note that the conversion of 3-methylpyridine is lower than that of
4-methylpyridine.145

As noted above, the mechanisms of dehydrodimerisation of
methylbenzenes andmethylpyridines on basic catalysts are similar
to the mechanism of oxidative dimerisation of methane. In the
latter reaction, the formation and dimerisation of radicals occur
on the catalyst surface and subsequently the dimerisation
products pass to the gas phase. Presumably, oxygen-containing
products are formed from ethane 4 and ethylene 3 derivatives (see
Scheme 1), which were found among the reaction products.

However, upon the toluene oxidation catalysed by
V2O5 ±K2SO4/SiO2, no toluene dimerisation products (bibenzyl
or stilbene) were detected.

The difference between the composition of products formed
on basic and acidic catalysts is due to the difference between the
heats of adsorption of organic molecules on different surfaces.
Higher heats of adsorption of aromatic and heteroaromatic
molecules on acidic catalysts and, as a consequence, an increase
in the contact time of the molecule with the catalyst account for
more extensive oxidation of the dimerisation products of methyl-
pyridines on the V2O5 ±K2SO4/SiO2 catalyst.

Apparently, the reaction of toluene or picolines with a basic
catalyst involves the methyl groups (as in the case of oxidative
dimerisation of methane), while in the case of acidic catalysts the
substrate is adsorbed upon interaction of the catalyst with the
aromatic p-system.

Dimerisation of aromatic amines PhNRR0 (R, R0=H,Me) in
a NaCl ±KCl mixture of molten salts containing Lewis acids
(AlCl3 or ZnCl2) to give benzidines has been studied with varied
temperature, reaction time, reactant ratio and salt and gas phase
compositions.147

The highest yield of benzidines was obtained at 150 ± 200 8C in
the presence of oxygen. If amine is used as a base, small amount of
chlorobenzidines is formed, whereas the use of aniline hydro-
chlorides results in chlorinated derivatives as the major products
(>50%). The molecular chlorine formed in situ upon the oxida-
tion of HCl serves as the chlorinating agent. The dimerisation of
amines is markedly influenced by the nature of the Lewis acid,
weaker acids such as ZnCl2 or SnCl4 being inefficient in this
reaction. When two different amines are introduced in the
reaction, a mixture of two symmetrical and one asymmetrical
benzidines is formed. High regiospecificity of aniline dimerisation
was noted: the reaction involves exclusively the para-position with
respect to the amino group of themost stables-complexA formed
upon the reaction of aniline with the Lewis acid.
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Ammoxidation process. A number of US patents describe one-
step synthesis of nitriles, amides, amines and other nitrogen-
containing compounds by conjugated oxidation of organic com-
pounds and ammonia on treatment with molecular oxygen in the
gas phase on transition metal oxide melts.61, 148 ± 152

For example, ammoxidation of propane on Mn, Co, Cr, Cu
chloride and oxychloride melts yields acrylonitrile.149 In the
ammoxidation of the reaction mixture composed of propane,
ammonia, air and oxygen on molten copper and potassium
chlorides at a contact time of 4.8 s, the conversion of propane
was 21%, while the acrylonitrile content in the products was
52.8%.

An eutectic K2O±V2O5 mixture was proposed as the MC for
ammoxidation.61, 150 ± 152 In this case, the process can be carried
out in the absence of oxygen in the reaction mixture.150 For
example, a mixture of m-xylene and ammonia (molar ratio*0.3)
was converted into a mixture (mol%) of benzonitrile (9.49),
tolunitrile (58.05) and isophthalonitrile (4.02). The conversion of
m-xylene was 15.23%.150 For implementing a continuous process,
simultaneous melt regeneration under the action of atmospheric
oxygen has been proposed.61

Benzaldehyde and phthalic anhydride. The oxidation of alkyl-
aromatic hydrocarbons or naphthalene to give benzaldehyde or
phthalic anhydride is accompanied by evolution of a large amount
of heat, resulting in a sharp increase in the temperature in the
reaction zone, which may induce thermal decomposition of the
target products. In order to withdraw heat evolved upon toluene
oxidation, Volynkin 153 proposed placing the suspended or float-
ing catalyst, molybdenum oxide supported on ferrochrome grains
or crushed MoO3, into molten metals or alloys. The yield of
benzaldehyde increased in this case to 20%±30% (based on the
converted toluene). The product composition depended on the
nature of the molten metal. In particular, the yield of benzalde-
hyde was higher when MoO3 was suspended in an aluminium
alloy. Meanwhile, molten lead was converted into lead oxide
under the reaction conditions, and lead oxide catalysed further
oxidation of benzaldehyde.

The oxidation of toluene to benzaldehyde on a series ofmolten
catalysts consisting of vanadium or molybdenum oxide or their
mixtures doped with sodium, potassium, copper, silver and tin
oxides has been studied.154 As the temperature of the liquid
catalyst decreased from 670 to 550 8C, the yield of benzaldehyde
sharply decreased, as on solid catalysts. Volynkin studied the
oxidation of benzene and phenol into maleic anhydride using the
same catalytic systems. The highest activity was found for the
catalysts the electrical conductivity of which does not change
much upon melt solidification.

The oxidation of o-xylene on the K2S2O7 ±K2SO4 ±V2O5 melt
using electrochemical methods has shown that potassium sulfate
not only serves as the solvent for V2O5 but also as a reactant
involved in the oxidation.110 Regeneration is carried out using the
V5+/V4+ redox system, which serves as a `relay switch' between
the S6+/S4+ and O0/O27 electrochemical pairs. The reduction of
the sulfate by the hydrocarbon and the oxidation of vanadium(IV)

by molecular oxygen may be the rate-limiting steps. The reaction
orders for the overall oxidation process with respect to o-xylene
and oxygen are 0.5 and 1.2, respectively. The activation energy is
79 kJ mol71, which almost coincides with the activation energy
for the oxidation of o-xylene on solid vanadium catalysts reported
in a review.155

The major naphthalene oxidation products in a molten
eutectic mixture of K2SO4 and K2S2O7 in the presence of V2O5

include phthalic and maleic anhydrides and naphthoquinone, the
last-mentioned compound being an intermediate in the anhydride
synthesis.156, 157 For a constant air to naphthalene volume ratio,
the yields of the products depend most appreciably on the V2O5

concentration.

c. Oxygen-containing organic compounds
The vapour-phase oxidation of C1 ±C4 aliphatic alcohols on
heterogeneous catalysts is an industrial method for the production
of carbonyl compounds. The oxidation of ethyl and propyl
alcohols on K2O±V2O5 (5 mass%± 24 mass%) melts by a
flow-type bubble method has been studied.45, 158 ± 162 As the
catalyst operates and vanadium(IV) is being accumulated in the
melt, the yield of aldehydes somewhat increases. After the
equilibrium between the oxidation and vanadium reduction has
been attained, the degree of conversion of the alcohol becomes
constant.

Studies of the transformation of alcohols in an oxygen and
nitrogen atmosphere have shown 159 that the qualitative compo-
sition of the products in these reactions is the same. It was thus
concluded that the process follows a redox mechanism at the
expense of oxygen atoms contained in the melt components. The
presence of molecular oxygen in the reaction mixture promotes
oxidative dehydrogenation, while the lack of oxygen is favourable
for dehydration of the alcohol.

The oxidation of isopropyl alcohol on the KVO3 ±V2O5

eutectic melt in a flow mode has been studied.132, 163 On the basis
of IR, 1H NMR and EPR spectroscopic data, it was assumed that
the alcohol is first oxidised by vanadium compounds and then the
reduced forms of vanadium are reoxidised by molecular oxy-
gen.163

The kinetics of the oxidation of n-butanol, n-butanal and
n-butyl n-butyrate (PrnCO2Bun) by chemically bound (lattice)
oxygen of the melt with the empirical formula K21V35O107 has
been studied by pulse chromatography.47 The studies were carried
out in the temperature range of 430 ± 550 8C in a bubble-type
reactor with the bubbling height of the melt varying from 2 to
16 cm. The qualitative composition of the oxidation products
proved to be the same for all three compounds; however, their
ratios were substantially different.47 Under the experimental
conditions, the degree of conversion (x) of the initial compounds
reached 80%±90% and the reaction slowed down with time.
From the decrease in the process rate with an increase in x, it
follows that the kinetic dependences are described by the Frost
equation

k � 1

t
log

1

1ÿ x
ÿ bx

t
, (3)

where the parameter b (inhibition coefficient) is the slope of the
straight line (1/t) log [1/(17x)] vs. x/t (t is time).164 A comparison
of the k values calculated from Eqn (3) and the Ea values
demonstrated that in terms of stability against oxidation, these
compounds can be arranged in the sequence: butyl butyrate>
butanal> butanol.
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The oxidation of dimethyl ether to formaldehyde has been
studied.165 ± 168 The reaction was carried out with oxygen by the
flow method in the bubbling mode under atmospheric pressure in
the temperature range of 400 ± 500 8C. Melts consisting of Li, K,
Na, Mo, V, P oxides (>60 formulations) were used as the
catalysts. In the case of melts consisting of vanadium and
molybdenum oxides promoted by alkali metal oxides and small
amounts of other oxides at an optimum temperature of
420 ± 440 8C, the conversion of dimethyl ether was 45%±54%
and the selectivity with respect to the target product (formalde-
hyde) was 90%±99%. The latter value is much higher than the
selectivity (70%± 80%) obtained with solid oxide catalysts.
A mechanism of the process has been proposed 165 according to
which the ether reacts with molybdenum(VI), which results from
oxidation of Mo(V) with vanadium pentoxide, with transfer of
electrons to the molecular oxygen. The degree of conversion of
dimethyl ether increases with an increase in the number of reduced
Mo and V ions.

2. Extensive oxidation of organic compounds
The extensive catalytic oxidation and destruction of organic
compounds on molten catalysts are of interest, first of all, as
environmentally safe methods for waste utilisation. Other appli-
cations of these reactions are to produce heat 169 and generate
synthesis gas by the reforming of carbon black residues (tar, coke)
with steam.65

The oxidation of formaldehyde by atmospheric oxygen in
molten KVO3 ±KBr (20 mol%) (Tm=491 8C) and LiCl ±KCl
(47 mol%) (Tm=352 8C) eutectic mixtures in a flow-type bubble
reactor has been studied in the 550 ± 800 8C and 400 ± 800 8C
temperature ranges, respectively.170 At 500 8C, the conversion of
formaldehyde in the lithium and potassium chloride melt exceeds
32%, whereas in the gas phase (upon thermal decomposition), it
reaches 98%. The oxidation in the salt melts is more mild, as
follows from the high content of CO in the products; in the gas
phase, the aldehyde is oxidised to CO2.

Complete and fast oxidation of organic wastes to carbon
dioxide and water is often carried out on MC containing vana-
dium pentoxide.52 Unlike the known methods of incineration of
organic compounds in the media of molten metals, glasses and
slags,171 the oxidation in the presence of V2O5-based melts can
involve not only atmospheric oxygen, but also the oxygen from
vanadium(V) oxide. Hence, it is possible to supply the organic
feedstock and oxygen to the reactor separately or to carry out
oxidation of organic compounds with vanadium pentoxide in one
reactor zone and oxidation of the formed vanadium(IV) in another
zone and thus to avoid the formation of explosive mixtures.63

The incineration of organic wastes on molten catalysts occurs
at the interface. Chain oxidation cannot immediately propagate to
the bulk of compounds fed to the reactor; therefore, the process
occurs smoothly, under isothermal conditions, and the heat
evolved during incineration is absorbed by the molten catalyst,
which has a high heat capacity and high thermal conductivity. For
example, the K2O5 ±V2O5 melt (with a V2O5 content of
40 mass% to 83 mass%) was used to oxidise wastes from the
production of phthalic anhydride (tar) 52 and nitrobenzene,52, 53

while their incineration in usual furnaces is accompanied by
explosion. For this reason, these wastes are usually diluted with
water prior to combustion, which reduces the efficiency of using
the supplied heat and requires combined fuel combustion.

Molten mixtures of inorganic salts, alkali metal oxides and
transition metal oxides are also used as catalysts for the oxidation
of carbon monoxide.172

The possibility of detoxification of mixed organic wastes
containing radionuclides using catalytically active melts has been
studied.172 ± 174 Depending on the nature and concentration, the
radioactive metal ions can either be retained in the melt or
precipitate, which leads to the necessity of melt regeneration.173

The oxidation of model extractants containing uranium and

plutonium in melts based on alkali metal carbonate has been
carried out. Analysis of the effluent gases and the melt composi-
tion after completion of the experiments showed high efficiency of
oxidation of organic components from radioactive wastes and
complete absorption of phosphorus and radionuclides by the
melt.173

A method for processing of solid urban wastes by fusion in a
bubbled slag melt has been proposed.66 ± 68, 175, 176 Owing to the
manufacture of special design reactors in which unique aero-
hydrodynamic conditions are produced, solid urban waste par-
ticles of various sizes are captured bymelt drops, get into the high-
temperature region and pass to the liquid (molten) state. Fast
heating to a temperature above 1250 8C in ambient atmosphere
promotes complete oxidation of organic compounds, and fast
cooling of the gaseous products contemplated by the process flow
diagramprevents the transformation of the feedstock components
into dioxins.177 This process flow diagram has passed pilot tests.68

a. Oxidation of organohalogen compounds
Let us consider extensive oxidation processes of organohalogen
compounds and disposal of polymeric materials in more detail.

Molten catalysts are suitable for extensive oxidation of
halogen-containing organic compounds,122, 178 ± 180 while their
oxidation on solid catalysts is complicated by the reactions of
Cl2 andHCl formedwith components of the catalyst. The demand
for an effective catalyst for the oxidation of halogen derivatives is
due to the fact that the amount of such wastes reaches
1.56106 tpy in Russia alone.181 In addition, neutralisation of
fluorine-containing compounds, which are components of chem-
ical weapons now becomes a highly topical problem. Extensive
oxidation on molten electrolytes is also used for this purpose.
Thus exhaustive oxidation of sarin and soman in molten alkali
metal salts was recommended in the USA for large-scale destruc-
tion of chemical agent stockpiles.182, 183 As a method for extermi-
nation of chemical weapon components, their catalytic
destruction by metal melts at high temperature has been con-
sidered.184

An attempt to carry out extensive oxidation of polychlorobi-
phenyls on the molten KVO3 ±V2O5 (60 mass%) catalyst sup-
ported on alumina in a flow-type tubular reactor at 600 ± 750 8C
has been undertaken.185 The kinetic and energetic parameters of
the process were determined. Carbon oxides and HCl were found
to be the major products under these conditions.

Chlorodioxins present in wastes are neutralised by the reac-
tion with molten salts 173 or by incineration after pre-treatment
with molten metallic sodium.186 Pilot plant tests carried out for a
long period of time demonstrated the efficiency of oxidation of
toxic organic compounds such as polychlorobiphenyls and tetra-
chloroethylene on melts.173

The company ATG Inc. (USA) developed an industrial
process ensuring the destruction of halogen-containing wastes
based on injection of the material to be treated into a sodium
carbonate melt or melts of other similar salts.187 At 650 ± 700 8C,
organohalogen components are destroyed to give non-toxic salts
(e.g., sodium chloride). It was noted 187 that this process is
30%± 40% less expensive than the traditional method of waste
disposal by incineration followed by gas scrubbing.

The company Molten Metal Technology Inc. (USA) pro-
posed 188 performing neutralisation of toxic chlorine-containing
wastes using a reactor containing a molten metal acting as the
catalyst. The wastes are thus converted into utilisable products
such as CO, HCl, ceramics, metallic alloys, and the exhaust gases
of the reactor do not contain dioxins or chlorodibenzofurans.

Organohalogen compounds are also oxidised by treatment in
a tank with a melt through which an oxygen-containing gas
mixture is passed.189 The melt contains an alkaline earth metal
and an alkaline earth metal halide. The halogen formed upon
extensive oxidation of wastes reacts with the metal; as a result, the
alkaline earth metal halide is accumulated in the melt. This
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method is rather expensive due to the high cost of the alkaline
earth metal; however, its use for treatment of highly toxic
substances seems to be cost-effective.

A method for treatment of exhaust gases from waste inciner-
ators used for hazardous wastes (chlorinated organic compounds)
has been proposed 190 and prepared for commercial use. The
oxidation occurring on a molten eutectic mixture of Na, Li and
K carbonates at 700 ± 800 8C does not require any expensive
construction materials. The effluent gases of the reactor contain
less than 0.01% of the initial organic compounds.

The results of a study on extensive oxidation of halogen-
containing compounds, viz., CHCl3, CCl4, and fluorocarbon
fluid M-1, on molten catalysts I ±X (Table 2) depending on the
temperature, air feed rate and the nature of the substrate have
been reported.122, 179 It was shown that the extensive oxidation of
CCl4 and CHCl3 on catalyst I yields CO2, Cl2 or HCl. However,
these compounds are absent in the effluent gases, as they are
absorbed by the melt. In the oxidation of CCl4 and CHCl3 on
catalyst II, carbon dioxide appears in the effluent gases in the very
beginning of the experiment, and its concentration gradually
increases. The degrees of conversion of CCl4 and CHCl3 increase
from *99.0% at 350 8C (the ratio air : substrate=1.8) to 100%
at 400 8C. The conversion of chlorohydrocarbons reaches a
maximum with a decrease in the load on the catalyst. The reactor
effluent gases first contain no chlorine (it reacts with sodium and
potassium hydroxides) but after long-term experiment, chlorine
appears. Chloride anions were found in the spent catalysts. The
presence of sodium and potassium chlorides in the catalysts was
confirmed by powder X-ray diffraction data. In the case of
catalyst IV (Tm=710 8C), no complete oxidation of halohydro-
carbons is observed even at 720 8C and the reaction products
contain CO.

When air is bubbled through melt IV containing V2O5

(10 mass%), the reactor effluent gases contain CO2, resulting
from thermocatalytic decomposition of carbonates. Thus, during
catalyst preparation, CO2 is removed due to the reaction of
sodium and potassium carbonates with V2O5 and oxygen. How-
ever, CO2 formed upon passing of CCl4 and CHCl3 vapours
through the melt and their oxidation is absorbed by the melt.
Hence, in the early period of catalyst operation, the CO2 concen-
tration in the reaction products is lower than that calculated
theoretically, while at 650 8C, it approaches the calculated value.

The results of investigation of the oxidation of fluorohydro-
carbon fluid M-1 on melts I, IV, VI ±X have been reported.122, 179

Upon saturation of these melts with atmospheric oxygen (without
supply of the fluorohydrocarbon), evolution of chlorine from
catalysts IX and X was noted. The oxidation of chloride ions to
molecular chlorine by V2O5 and atmospheric oxygen attests to the
possibility of melt regeneration.

It was shown that fluorine and hydrogen fluoride formed
upon decomposition of fluid M-1 are absorbed by the melt. The

best properties as regards extensive oxidation were found for the
melt of sodium and potassium carbonates having the eutectic
composition with the addition of 15 mass% of vanadium pent-
oxide. However, the chloride melt X containing 15 mass% of
V2O5 showed better stability against fluoride ions and molecular
fluorine. The transformation pathway of fluorinated fluid M-1
depends appreciably on the nature of the melt. In the case of melts
IV andVIII, thermal decomposition of fluidM-1 and oxidation of
the pyrolysis products by atmospheric oxygen take place. In the
case of doping of alkali metal chloride or carbonate melts with
vanadium pentoxide, which reacts with alkali metal ions and
catalyses the formation of CO2 from carbonates and the forma-
tion of molecular chlorine from chloride ions, fluorinated fluid
M-1 undergoes catalytic oxidation.

It was shown by differential thermal, elemental and powder
X-ray diffraction analyses 179 that the oxidation of halohydrocar-
bons on molten catalysts NaOH±KOH (eut.), Na2CO3 ±K2CO3

(eut.) or LiCl ±NaCl ±KCl (eut.) containing V2O5 affords an
equilibrium mixture containing alkali metal hydroxides, carbo-
nates, halides and vanadates and vanadium oxide bronzes, their
ratio in the mixture depending on the partial pressures of the
halogen, CO2, water vapour and oxygen. Based on these studies, a
catalyst for extensive oxidation of halogenated compounds stable
against halogens was proposed, in particular a LiCl ±NaCl ±KCl
(eut.) mixture containing 15 mass% of V2O5.

The process of gaseous chlorine evolution frommelts has been
described.122, 191 The NaCl ±V2O5 (5 mass%, 10 mass%,
20 mass%) and NaCl ±NaVO3 (13.4 mass%) systems were
studied in an inert atmosphere and in the presence of atmospheric
oxygen at 820 and 880 8C as molten catalysts for extensive
oxidation of organohalogen compounds. The derivatograms of
the samples obtained by fusing NaCl with 10 mass% of V2O5 in
air or with continuous air supply to the melt at a rate of
2.5 litre h71 exhibit endothermic effects corresponding to the
melting points of NaCl (780 8C), the NaVO3 ±Na2V5O13.3 eutec-
tics (525 8C) and sodium metavanadate (630 8C). The derivato-
gram of the NaCl ±V2O5 (10 mass%) sample molten in air shows
an endothermic effect indicating the presence of the NaV6O15

bronze (670 8C). The derivatogramof a sample of theNaVO3melt
recorded after bubbling CCl4 (fed as a liquid at a rate of 2 ml h71)
for 3 h and air (2.5 litre h71) through the melt contains minima
corresponding to the melting points of NaVO3 (630 8C) andNaCl
(800 8C). The endothermic effect at 525 8C is due tomelting of the
NaVO3 ±Na2V5O13.3 eutectics. The Na2V5O13.3 bronze results
from the reaction of sodium metavanadate with chlorine formed
upon oxidation of CCl4. Themass of the catalyst samples does not
change over the temperature range studied.

When air is bubbled through a NaCl melt at 820 8C, no
molecular chlorine is evolved. Chloride ions might be oxidised
with oxygen to give oxides, peroxides and superoxides, but the
equilibrium constants of these reactions are low.192 If V2O5 has
been added to the NaCl melt, molecular chlorine does form, its
amount increasing with an increase in the V2O5 concentration and
with increasing temperature.

The initial reaction products formed in the NaCl ±V2O5

system are oxide bronzes, b-type NaV6O15 and k-type
Na2V5O13,3:193, 194

2NaCl+6V2O5 2NaV6O15+Cl2, (4)

5NaV6O15+7NaCl+2.4O2

6Na2V5O13.3+3.5Cl2.
(5)

Then the Na2V5O13.3 bronze is converted into NaVO3:

Na2V5O13.3+3NaCl+0.85O2 5NaVO3+1.5Cl2. (6)

The oxidation of chloride ions in an inert atmosphere is due to
the redox reaction accompanied by partial reduction of vana-
dium(V) to vanadium(IV) to give the b-type NaV6O15 bronze
[reaction (4)].

Table 2. Composition of the molten catalysts for extensive oxidation of
halogen-containing compounds.124, 174

Catalyst Primary melt Additives (mass%)

I NaOH±KOH (eut.) 7
II NaOH±KOH (eut.) V2O5 (10)

III NaOH±KOH (eut.) CuO (10)

IV Na2CO3 ±K2CO3 (eut.) 7
V Na2CO3 ±K2CO3 (eut.) V2O5 (10)

VI Na2CO3 ±K2CO3 (eut.) V2O5 (15)

VII LiCl ±KCl (eut.) 7
VIII LiCl ±NaCl ±KCl (eut.) 7
IX LiCl ±NaCl ±KCl (eut.) V2O5 (10)

X LiCl ±NaCl ±KCl (eut.) V2O5 (15)
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It has been found 191 that the amount of chlorine evolved upon
bubbling of nitrogen or carbon dioxide through the NaCl ±V2O5

(10 mass%) melt is the same and is much lower than that in the
case of passing of atmospheric oxygen through this melt (the
initial sections of the curves in Fig. 3). If the gas bubbled through
the melt is replaced by air, the amount of the evolved chlorine
sharply increases (see Fig. 3).

The dynamics of chlorine formation in the NaCl ±NaVO3

(13.4 mass%) melt upon bubbling of air (volume flow rate
2.5 litre h71) has been studied.122 The concentrations of sodium
metavanadate formed in this mixture and in the NaCl ±V2O5

(10 mass%) system in the presence of air are the same in the case
of complete transformation of V2O5 (Table 3). The reaction
affords sodium divanadate. The amount of chlorine evolved in
this case is minor and the rate constant for the reaction of NaVO3

with NaCl is about two orders of magnitude lower than that for
the formation of chlorine in the NaCl ±V2O5 system. In an inert
atmosphere (bubbling of pureCO2), almost no chlorine is evolved.

Presumably, under these conditions, V2O5 is first converted
into non-stoichiometric compounds corresponding in composi-
tion to vanadiumoxide bronzes and then intomore stableNaVO3.
Thus, equal rate constants for the oxidation of Cl7 with air
bubbling though the NaCl ±V2O5 systems suggest simultaneous
existence and fast interconversion of vanadium-containing com-
pounds.

The reactivity of vanadium compounds in the oxidation of
Cl7 decreases in the sequence V2O544NaV6O1544
Na2V5O13.344 NaVO3. Upon an increase in the temperature
and partial pressures of oxygen and chlorine, the rate of transition
of one species into another becomes higher than the oxidation rate
of the chloride ion. Therefore, when using theNaCl ±V2O5 system
as the catalyst for extensive oxidation of chlorinated organic
compounds, the catalyst activity can be controlled by varying the
conditions of the process and the composition of the initial
mixture.

The apparent activation energy for the oxidation of Cl7 in the
NaCl ±NaV6O15 ±O2 system was determined. The relatively high
value (109 kJ mol71) indicates that diffusion has a slight influ-
ence on the chlorine evolution.

The interactions in the NaCl ±MxOy (where M=Cu, Co, Cr,
Mo, Sb) and NaCl ±CuCl systems in air or nitrogen atmosphere
were studied by differential thermal, powderX-ray diffraction and
elemental analyses. The activity of these catalysts in the oxidation
of chloride ions was found to depend on the nature of the metal
oxide and to decrease in the sequence:195 CrO3 > V2O5 >
V2O5+Sb2O5>MoO3>Sb2O5>Cr2O3> Co3O4>CuCl.

In the absence of oxygen, the oxidation of chloride ions takes
place in the reaction of sodium chloride with vanadium, chro-
mium(VI) and molybdenum oxides. When the reaction mixture
contains oxygen, metal oxides act as catalysts of the oxidation of
chloride ions by oxygen; as a result, regular evolution of chlorine is
observed.

The results of studies of chloride ion oxidation to chlorine
indicate that one can select NaCl ±MxOy systems containing
mixtures of transition metal oxides that would ensure that a rate
of chlorine formation and evolution from the melt would be
commensurable with the rate of chlorine supply from extensive
oxidation of halohydrocarbons. Thus, these catalysts would also
be suitable for the latter process.

b. Disposal of polymers
It has been proposed 71 to clean metal cord and fixtures from
polymeric materials by extensive oxidation of the polymers
(burning at 350 ± 600 8C) in a molten catalyst with air bubbling
through the melt. The NaOH±KOH melt with 5 mass%±
10 mass% of transition metal oxide added is used as the catalyst.
The relatively low temperature of the process rules out the
formation of nitrogen oxides and the catalytic oxidation of
compounded rubber is not accompanied by evolution of gaseous
organic compounds or soot. The metal wire is recovered from the
processed wastes from reinforced hoses, where the polymers
contain mixed rubbers, low density polyethylene, plasticisers
(dibutyl phthalate, paraffin, rosin, etc.), or from cord debris
obtained from waste automobile tyres by pressing,196 where
different amounts of compounded rubber could be present.

The rate of extensive oxidation of compounded rubber and
polymeric materials depends on the amount and the nature of
transition metal oxides added. The carbon dioxide formed upon
the oxidation of polymers is partly absorbed by the melt, together
with the sulfur (IV and VI) oxides formed upon oxidation of
compounded rubber. This yields amixture of salts. In the presence
of atmospheric oxygen and water vapour, alkali metal carbonates
present as components of the melt can partially decompose to give
carbon dioxide; therefore, the spent catalyst represents a mixture
of carbonates, sulfites and sulfates as well as transitionmetal salts;
as a result, the melting point of the mixture increases.

VII. Conclusion

Analysis of the properties and possible applications of MC
demonstrates that molten metals, metal oxides and salts can be
successfully used as the media and the catalysts for various
processes. Depending on the melt composition and the nature of
the organic compound that reacts with the melt, this can function
as a solvent, a chemical reagent or heterogeneous or homogeneous
catalyst. The high rate of heterogeneous exchange of the compo-
nents of a melt containing transition metal oxides with the gas-
phase oxygen, the high thermal and electrical conductivities of
these systems and the simplicity and reproducibility of the catalyst
preparation stage and the activity parameters allow researchers to
use molten oxides and salts for mechanistic studies of catalytic
reactions and for establishing the composition ± catalytic activity
relationships. The physicochemical properties attest to advan-
tages ofmolten catalysts over other types of catalysts, especially as

1
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Figure 3. Kinetics of chlorine evolution from the NaCl+10 mass%

V2O5 melt depending on the nature of bubbled gas at 820 8C: (1) CO2 then

air, (2) N2 then air. The gas feed rate is 2.5 litre h71 (Ref. 117).

Table 3. Rate constants for the oxidation of chloride ions according to
reaction (4) for the NaCl ±V2O5 systems.122

Air passing mode Content of V2O5 T /8C 104 k1 /s71

(mass%)

Bubbling 5 820 0.59� 0.03

Bubbling 10 820 0.79� 0.02

10 880 1.31� 0.13

Surface 10 820 0.69� 0.03

164 Yu S Chekryshkin, T A Rozdyalovskaya, A A Fyodorov, G V Lisichkin



regards oxidation of organic compounds accompanied by sub-
stantial heat evolution, coking or formation of explosivemixtures.

The electrical conductivity of molten oxides and salts allows
one to use electrochemical methods for increasing the catalytic
activity; this enhances the reliability of operation of reactors in the
case of violation of the organic compound to oxygen ratio.

Promising applications of molten electrolytes are those for
treatment of exhaust gases and destruction of chemical produc-
tion wastes. By varying the physicochemical properties of these
systems over wide limits, it is possible to use diverse techniques
and equipment for the treatment processes and separate and
utilise compounds with complex chemical compositions and
aggregation states present in the wastes.

Molten salts and oxides demonstrate high stability and
capacity (the bulk of the melt rather than only the surface, as in
the solid catalysts, is involved in operation) with respect to
impurities, which are often poisonous for solid catalysts even
when present in minor concentrations. Therefore, the starting
compounds can be used without pretreatment and complex
mixtures can also be processed using melts.

The use of melts based on alkali metal chlorides containing
transition metal oxides, most often V2O5, appears to be promising
for the oxidation of chlorine-containing organic compounds.
Vanadium(V) oxide increases the catalytic activity and durability
of melt performance and improves the heterogeneous exchange
between the catalyst and oxygen; thus, it becomes possible to
separate the zone for melt saturation with oxygen (catalyst
regeneration) and the zone for oxidation of organic compounds.
Besides, the addition of V2O5 increases the catalyst service life, as
it favours the evolution of CO2 andCl2 from themelt giving rise to
an equilibrium mixture of K, Na, OH, CO3, Cl and V ions in the
reactor. The presence of V2O5 in the molten catalyst favours
oxidation of aromatic hydrocarbons.

Molten catalysts can act as reagents with respect to the
halogen evolved upon extensive oxidation of organic compounds;
hence, trapping of toxic products by adsorbents is not required.
According to published data,173 burial of organohalogen com-
pounds formed in the deactivation is more cost-effective than
absorption of effluent gases in absorbing towers followed by
neutralisation.

Due to the specific character of the catalysts and high cost of
reactors used for the melt-catalysed oxidation, it is expedient to
use this technique for combusting highly toxic wastes or wastes
containing metals and halogens. Thus, it is better to design small-
capacity units which can be combined into blocks if necessary. For
destruction of highly toxic wastes, the incineration units can be
placed into boxes and an additional treatment of the gaseous
products formed can be provided.

Molten catalysts are promising systems for effective disposal
of solid polymeric and metal polymeric wastes.

Thus, the prospects of development of this field are related to
practical implementation of extensive oxidation and destruction
of diverse wastes.

In conclusion, we would like to mention one more application
of molten catalytic systems, which has not yet been practically
implemented, namely, their use as solvents for metal complex
catalysts of high-temperature processes such as dehydrogena-
tion.197
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Abstract. The use of tetrazolium salts for extraction, spectropho-The use of tetrazolium salts for extraction, spectropho-
tometric and potentiometric determination of various elementstometric and potentiometric determination of various elements
and ions is described. The optimum conditions for extraction ofand ions is described. The optimum conditions for extraction of
tetrazolium ion-associated complexes are analysed. Chromogenictetrazolium ion-associated complexes are analysed. Chromogenic
and other systems derived from tetrazolium salts and theirand other systems derived from tetrazolium salts and their
applications in the analysis of industrial and natural samples areapplications in the analysis of industrial and natural samples are
discussed. The bibliography includes 118 referencesdiscussed. The bibliography includes 118 references..

I. Introduction

Tetrazolium salts (TS) are heterocyclic compounds the five-
membered rings in which contain four nitrogen atoms; one of
these atoms bears a positive charge. The methods for synthesis,
properties and applications of TS have been described.1 Substi-
tuted TS usually contain up to three substituents, viz., at the
carbon atom in position 5 and at two nitrogen atoms. The
following combinations of positions of substitution in the tetra-
zolium ring are possible: 1, 2, 5; 1, 3, 5; 1, 4, 5 and 2, 3, 5. The most
extensively studied 2,3,5-trisubstituted TS (Table 1) are the topic
of the present review.

The first tetrazolium salt, viz., 2,3,5-triphenyltetrazolium
chloride, was synthesised in the late 19th century independently
byH von Pechman andE Bamberger. Tetrazolium salts attracted
the attention of investigators by virtue of their ability to be
converted into coloured formazans under the action of chemical
and biological reducing agents. Commercial production of TS
began half a century later. Tetrazolium salts came into wide use as
redox indicators for determination of enzymes and other sys-
tems.1, 2 At present, tetrazolium salts are among the most efficient
reagents in cell biology designed for determination of metabolic
activities of various cells (from mammalian to bacterial).2 In
addition, TS have found application as catalysts and photo-
sensitive materials.1

In the 1960 ± 1970s, a new trend in the chemistry of TS
emerged, namely, the chemistry of ion-associated complexes
(IAC) of tetrazolium cations with simple and complex anions.3, 4

Unlike the original salts, these complexes are poorly soluble in
water and can selectively be extracted with appropriate organic
solvents. Due to the ability to form IAC, tetrazolium salts served
as the basis for the development of analytical (e.g., extraction ±
photometric, etc.) techniques for the determination of metal ions
and non-metal derivatives incorporated in such complexes.

The first surveys 3, 4 of the extraction and analytical applica-
tions of tetrazolium ion-associated complexes (TIAC) published
before 1983 appeared in 1984. Since then, numerous data have
been reported on ion-associated complexes with different tetrazo-
lium cations and their applications for the extraction of various
ions and elements. Competitive extraction ± photometric and
potentiometric methods making use of TIAC and photometric
and catalytic photometric methods based on TS reduction were
also developed.

The aim of the present review is to generalise and to system-
atise the data on the applications of TS in inorganic analysis
published between 1984 and 2006.

II. Preparation and properties of tetrazolium ion-
associated complexes

Tetrazolium ion-associated complexes are crystalline compounds
that are stable under ordinary conditions, poorly soluble in water
and easily soluble in diverse organic solvents. They are decom-
posed upon heating to 180 ± 220 8C (Refs 5 and 6) or under direct
sunlight.3, 4, 7, 8 In weakly basic solutions, e.g., at pH *10, the
N(2)7N(3) bond of the tetrazolium ring is cleaved to yield
coloured formazans.1, 3, 4, 7

The chromophore properties of TIAC usually represent a
combination of chromophore properties of the constituent ions,
viz., tetrazolium cations and complex anions. This suggests the
predominantly ionic nature of the chemical bond in TIAC. The
tetrazolium salts absorb light in the visible and UV spectral
regions, their absorption maxima usually lie at 200 ± 260 nm
with exception of MTT, which has an absorption maximum in
the visible region (*380 nm).

TIAC are widely employed in analytical chemistry as compo-
nents of extraction systems. They are used for both isolation of
ions from complex mixtures and quantitative determination of
metal cations and other inorganic ions in various natural and
industrial samples by extraction ± spectrophotometric methods.
The properties of TIAC allow their extraction from aqueous
solutions and govern the extraction characteristics of systems
employed in the analysis (Tables 2 and 3). In addition to the
general characteristics of the method (e.g., solvents, extraction
time, pH, etc.), these tables list the extraction constants (which
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Table 1. Tetrazolium salts used for the preparation of ion-associated complexes.

Formula Name Abbre- Mol. Formula Name Abbre- Mol.

viation mass viation mass

2,3,5-triphenyl-2H- TT 334.41

tetrazolium chloride

2-(4-nitrophenyl)-3,5- p-NT 379.82

diphenyl-2H-tetr-

azolium chloride

3-(1-naphthyl)-2,5- TV 384.86

diphenyl-2H-tetr-

azolium chloride

(Tetrazolium Violet)

3-(4,5-dimethylthiazol- MTT 414.31

2-yl)-2,5-diphenyl-2H-

tetrazolium bromide

(Thiazolyl Blue

Tetrazolium Bromide)

3-(4-iodophenyl)-2- INT 505.70

(4-nitrophenyl)-5-phe-

nyl-2H-tetrazolium

chloride

3,30-(4,40-biphenylene)- NT 667.60

bis(2,5-diphenyl-2H-

tetrazolium) chloride

(Neotetrazolium

chloride)

3,30-(3,30-dimethoxy- BT 727.66

4,40-biphenylene)bis(2,5-
diphenyl-2H-tetrazo-

lium) chloride

(Tetrazolium Blue

chloride)

3,30-(3,30-dimethoxy- NBT 817.65

4,40-biphenylene)bis[2-
(4-nitrophenyl)-5-phe-

nyl-2H-tetrazolium]

chloride (Nitro Blue

Tetrazolium chloride)

3,30-(3,30-dimethoxy- TNBT 907.6

4,40-biphenylene)bis-
[2,5-di(4-nitrophenyl)-

2H-tetrazolium]

chloride (Tetranitro-

tetrazolium Blue

chloride)
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Table 2. Extraction characteristics of tetrazolium ion-associated complexes with inorganic anions.

Extraction system pH Time of log Kex log KD log b R (%) Ref.

extraction

TIAC solvent /min

(INT+)BrOÿ3 CHCl3 broad range 3 1.9 1.19 0.7 93.9 9

(MTT+)BrOÿ3 CHCl3 the same 3 1.9 1.29 0.6 95.1 9

(TT+)BrOÿ3 CHCl3 " 3 0.8 0.35 0.4 69.1 9

(TNBT2+)[Cd(SCN)4]27 C2H4Cl2+ 2 ± 6 2 2.8 0.85 2.0 87.6 10

+ (CH3)2O

(TT+)2[Cd(SCN)4]27 C2H4Cl2 broad range 3 5.6 1.52 4.1 97.1 11, 12

(INT+)2[Cd(SCN)4]27 C2H4Cl2 the same 3 5.9 1.35 4.5 95.7 11, 12

(MTT+)2[Cd(SCN)4]27 C2H4Cl2 " 3 5.9 1.13 4.7 93.1 13

(NBT2+)[Cd(SCN)4]27 C2H4Cl2 " 4 2.9 0.60 2.3 80.2 11, 14

(NT2+)[Cd(SCN)4]27 C2H4Cl2 " 4 2.8 0.64 2.2 81.3 11, 14

(INT+)ClOÿ3 CHCl3 " 3 3.2 0.88 2.4 88.6 15

(MTT+)ClOÿ3 CHCl3 " 3 3.3 1.04 2.3 91.7 15

(TT+)ClOÿ3 CHCl3 " 3 2.3 0.14 2.2 58.4 15

(INT+)ClOÿ4 CHCl3 " 3 4.0 1.42 2.6 96.3 9

(MTT+)ClOÿ4 CHCl3 " 3 4.0 1.57 2.4 97.4 9

(TT+)ClOÿ4 CHCl3 " 3 3.6 1.27 2.3 94.9 9

(TT+)2[Co(SCN)4]27 C2H4Cl2 " 3 6.5 2.07 4.5 99.2 16

(NBT2+)[Co(SCN)4]27 C2H4Cl2 1 ± 8 (0.01 ± 3 4.1 2.07 2.0 99.2 16, 17

0.66 M H2SO4)

(TV+)2[Co(SCN)4]27 C2H4Cl2 2.7 ± 7.6 3 6.4 1.86 4.6 98.6 8

(MTT+)2[Co(SCN)4]27 C2H4Cl2 2.7 ± 7.6 3 6.6 1.81 4.8 98.5 13

(TNBT2+)[Co(SCN)4]27 C2H4Cl2 + 2 ± 6 2 4.3 2.08 2.3 99.2 10

+ (CH3)2O

(MTT+)3[Cr(SCN)6]37 C2H4Cl2 1.8 ± 7.2 M HCl 0.5 7 7 7 7 18
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characterise the extraction in the system under consideration on
the whole), distribution constants of the ionic associate between
phases (i.e., the concentration ratios in organic and aqueous
phases), stability constants of ionic associates (which describe
the associate formation in the aqueous phase) and the degree of
extraction, i.e., the percentage of the substance extracted into the
organic phase.

Chloroform or dichloroethane are commonly used as an
organic phase for extraction; benzene and n-butanol are used
less often. Sometimes, the use of mixtures of these solvents 67, 68 or
their mixtures with ethers and acetone is more preferable.10, 44

The extraction time varies from several seconds to several
minutes. The relatively slow extraction processes of
[Sb(OH)2Cl4]7 and [ReCl6]27 represent an exception, shaking
for *1 h is required.5, 42, 43 The difference between extraction

Table 2 (continued).

Extraction system pH Time of log Kex log KD log b R (%) Ref.

extraction

TIAC solvent /min

(MTT+)3[Cr(ClO4)6]37 CHCl3 2.4 ± 5.5 M HCl 7 7 7 7 7 18

(NT2+)[CrO3Cl]
ÿ
2 C2H4Cl2 0.36 ± 1.08 M HCl 0.17 7 7 7 7 19

(NBT2+)[CrO3Cl]
ÿ
2 C2H4Cl2 0.25 ± 0.6 M HCl 0.25 7 7 7 7 20

(TT+)[CrO3Cl]7 C2H4Cl2 0.3 ± 1.5 M HCl 1 2.9 0.76 2.1 85.2 21

(INT+)[CrO3Cl]7 C2H4Cl2 0.1 ± 1.1 M HCl 0.5 4.2 1.36 2.8 95.6 8, 22

(TV+)[CrO3Cl]7 C2H4Cl2 0.07 ± 0.36 M HCl 0.5 4.5 1.42 3.1 96.4 8, 22

(MTT+)[CrO3Cl]7 C2H4Cl2 0.15 ± 0.42 M HCl 1 4.0 1.38 2.6 96.0 23

(MTT+)[GaCl4]7 CHCl3 6.1 ± 6.6 M HCl 15 4.7 0.67 4.0 82.4 24

(TV+)[HgBr3]7 C2H4Cl2 broad range 1 4.5 1.60 2.9 97.6 25

(TV+)[HgI3]7 CHCl3 1 ± 9 1 4.1 1.03 3.1 91.5 25

(INT+)[HgI3]7 C2H4Cl2 0.2 ± 5.5 M H2SO4 0.25 4.2 1.18 3.0 93.8 8, 26

(TT+)[HgI3]7 CHCl3 1 ± 9 (0.1 ± 0.5 4.5 1.32 3.2 95.4 27

4.5 M H2SO4)

(MTT+)[HgI3]7 CHCl3 1 ± 8 0.5 4.5 1.22 3.3 94.3 28

(TV+)I7 C2H4Cl2 1 ± 6 (0.25 ± 0.25 7 7 7 7 29

1.8 M HCl)

(TV+)IOÿ4 CHCl3 broad range 3 4.3 0.97 3.3 90.3 30

(INT+)[La(S2O3)2]7 CHCl3 5 ± 7.4 1 7 7 7 7 31

(MTT+)MnOÿ4 C2H4Cl2 5 ± 8 (0.01 ± 0.08 4.5 1.34 3.2 95.6 32

0.16 M H2SO4)

(TT+)MnOÿ4 C2H4Cl2 6 ± 7 (0.01 ± 0.033 3.3 1.25 2.1 94.7 8, 33

0.3 M H3PO4)

(INT+)MnOÿ4 C2H4Cl2 0.01 ± 0.125 M HCl 0.05 3.2 1.38 1.8 96.0 34

(TV+)MnOÿ4 C2H4Cl2 0.01 ± 0.03 M H3PO4 0.17 4.5 1.75 2.8 98.2 35

(NBT2+)[MnOÿ4 ]2 C2H4Cl2 1 ± 9 (0.01 ± 0.2 M 0.5 11.0 1.55 9.5 97.2 8

H2SO4)

(MTT+)3[MoO(SCN)6]37 C2H4Cl2 0.9 M H2SO4 0.5 7 7 7 7 36

(p-NT+)ReOÿ4 CHCl3 1 ± 10 3 3.0 0.97 2.1 90.3 37

(TV+)ReOÿ4 CHCl3 3 ± 10 3 4.2 1.86 2.1 98.6 38

(MTT+)ReOÿ4 CHCl3 2 ± 10 3 4.0 1.59 2.4 97.5 39, 40, 41

(INT+)ReOÿ4 CHCl3 3 ± 10 3 4.6 1.80 2.8 98.4 39, 40, 41

(NT2+)(ReO4)
ÿ
2 CHCl3 4 ± 10 3 8.0 1.18 6.8 93.8 39, 40, 41

(NBT2+)(ReO4)
ÿ
2 CHCl3 broad range 3 9.0 1.22 7.8 94.3 40, 41

(INT+)2[ReCl6]27 C2H4Cl2 2 ± 7 60 7 1.38 7 96.0 42

(NT2+)[ReCl6]27 C2H4Cl2 3 ± 7 60 4.5 0.46 4.0 74.0 43

(MTT+)[Sb(OH)2Cl4]7 C6H6 + diethyl >1.65 M HCl 1 7 7 7 7 44

ether (3 : 1)

(TV+)[Sb(OH)2Cl4]7 CHCl3 6 M HCl 60 7 7 7 7 5

(TV+)[Sb(OH)2Cl4]7 C6H6 >6 M HCl 10 7 7 7 7 45

(MTT+)[TlCl4]7 C6H6 + diethyl 0.01 ± 1.0 M HCl 1 5.3 1.72 3.6 98.1 41, 44

ether (3 : 1)

(TV+)[TlCl4]7 C6H6 0.05 ± 6.0 M HCl; 1 7 7 7 7 45

(TT+)2[Zn(SCN)4]27 C2H4Cl2 broad range 3 8.3 1.05 7.3 91.8 46

(INT+)2[Zn(SCN)4]27 C2H4Cl2 the same 3 8.3 1.02 7.2 91.2 46

(NBT2+)[Zn(SCN)4]27 C2H4Cl2 " 3 5.1 1.68 3.4 98.0 46

(NT2+)[Zn(SCN)4]27 C2H4Cl2 " 3 5.1 1.57 3.5 97.4 46

(TNBT2+)[Zn(SCN)4]27 C2H4Cl2 + 2 ± 6 0.5 5.1 1.68 3.4 98.0 10

(CH3)2O

(TV+)2[Zn(SCN)4]27 C2H4Cl2 2 ± 8 0.02 8.5 1.03 7.5 91.4 8, 47

(MTT+)2[Zn(SCN)4]27 C2H4Cl2 broad range 3 8.0 1.16 6.8 93.5 13

Note. Here and in Table 3,Kex is the extraction constant (Kex=KD6b);KD is the distribution constant of the ionic associate betweeen the phases; b is the
stability constant of the associate (association constant) and R is the degree of extraction.
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Table 3. Extraction characteristics of tetrazolium ion-associated complexes with chelate anions.

Extraction system pH Time of log Kex log KD log b R (%) Ref.

extraction

TIAC a solvent /min

(MTT+)2[Ge(NPC)3]27 CHCl3 2.9 ± 3.5 2 11.2 1.11 9.1 92.8 48

(TT+)2[Ge(NPC)3]27 CHCl3 4.0 ± 4.5 2 11.2 1.52 9.7 97.1 49

(TV+)2[MoO2(NPC)2]27 C2H4Cl2 1.2 ± 2.6 2 8.5 1.75 6.7 98.2 50

(BT2+)[MoO2(NPC)2]27 C2H4Cl2 1.8 ± 4.0 2 5.4 7 7 7 51

(TT+)[MoO2(OH) . CHCl3 1.8 ± 2.5 1 5.2 0.88 4.3 88.4 52

(H2O)(NPC)]7

(MTT+)2[MoO2(NPC)2]27 CHCl3 2.1 ± 3.4 2 9.6 1.12 8.5 93.0 6

(INT+)2[MoO2(NPC)2]27 C2H4Cl2 1.5 ± 3.0 10 10.0 0.47 9.5 74.0 53

(MTT+)[MoO2(OH) . CHCl3 1.6 ± 3.8 2 5.3 1.17 4.2 93.7 6

(H2O)(DHN)]7

(INT+)[MoO(OH)(DHN)2]7CHCl3 0.7 ± 1.9 10 5.3 1.13 4.2 93.2 53

(TV+)[MoO(OH)(PC)2]7 C2H4Cl2 0.3 ± 1.4 1 5.0 0.76 4.3 85.2 52

(MTT+)2[MoO2 (THBA)2]27C2H4Cl2 2.6 ± 3.2 0.25 9.1 0.85 8.2 87.6 54

(NBT2+)[MoO2 (THBA)2]27 CHCl3 0.03 ± 0.08 M HCl 0.5 5.1 1.54 3.6 97.2 55

(INT+)[NbO(PC)2]7 CHCl3 0.09 ± 1.4 M H2SO4 15 5.2 1.74 3.4 98.0 56

(INT+)[NbO(DHN)2]7 CHCl3 0.09 ± 1.2 M H2SO4 15 5.3 1.86 3.5 98.9 56

(TV+)[NbO(PG)2]7 C2H4Cl2 0.25 ± 1.25 M H2SO4 15 4.6 1.49 3.1 96.9 57, 58

(TV+)[NbO(NPC)2]7 C2H4Cl2 0.25 ± 1.25 M H2SO4 15 4.5 1.61 3.0 97.6 57, 58

(TV+)[NbO(PC)2]7 CHCl3 1 M H2SO4 15 5.5 1.54 3.9 97.2 58, 59

(TV+)[NbO(DHN)2]7 CHCl3 0.5 ± 1 M H2SO4 15 5.5 1.51 4.0 97.0 58, 59

(TT+)[NbO(PC)2]7 CHCl3 0.4 ± 1 M H2SO4 15 5.1 1.84 3.2 98.8 60

(INT+)[Ti(OH) . CHCl3 (C2H4Cl2) 1.2 ± 2.8 15 7 7 7 7 61

(H2O)(DHN)2]7

(TT+)2[TiO(DHN)2]27 CHCl3 1.7 10 ± 15 7 7 7 7 62

(TT+)2[TiO(PC)2]27 C2H4Cl2 2.2 10 ± 15 7 7 7 7 63

(INT+)2[TiO(NPC)2]27 CHCl3 1.0 15 7.4 0.74 6.6 84.0 63

(TV+)2[TiO(NPC)2]27 CHCl3 1.4 ± 1.8 15 12.1 1.90 10.0 98.7 63

(INT+)2[VO(NPC)2]27 CHCl3 3.9 ± 4.5 5 10.6 1.4 9.2 96.0 64

(INT+)3[VO2(NPC)2]37 CHCl3 4.7 ± 5.1 5 7 0.39 7 71.1 65, 66

(NT2+)3[VO2(NPC)2]
3ÿ
2 CHCl3 ±BuOH 4.9 20 7 7 8.9 96.1 67

(NT2+)[VO(NPC)2]27 ± CHCl3 ±BuOH 3.9 ± 4.7 15 7 7 7 7 68

[VO(NPC)]0 (4.5 ± 5.5)

(INT+)[VO(DHN)2]7 CHCl3 4.6 ± 5.2 3 4.8 1.03 3.7 92.0 69

(NT2+)3[VO2(TAR)2]
3ÿ
2 CHCl3 4.5 ± 5.0 2 8.2 1.21 7.0 93.8 70

(TT+)3[VO2(TAR)2]37 CHCl3 4.3 ± 5.3 2 15.1 1.13 14.0 93.0 71

(MTT+)3[VO2(TAR)2]37 CHCl3 4.3 ± 5.3 2 17.9 1.16 16.7 93.5 72

(TV+)3[VO2(TAR)2]37 CHCl3 4.3 ± 5.3 2 18.7 1.07 17.6 92.0 72

(INT+)3[VO2(TAR)2]37 CHCl3 4.3 ± 5.3 2 16.3 0.92 15.4 88.9 72

(BT2+)3[VO2(TAR)2]
3ÿ
2 CHCl3 4.7 ± 5.7 2 9.7 1.12 8.6 92.9 72

(NBT2+)3[VO2(TAR)2]
3ÿ
2 CHCl3 5.2 ± 5.7 2 8.4 0.69 7.7 83.1 72

(TV+)3[VO2(PAR)2]37 C2H4Cl2 5.2 ± 6.3 2 17.9 1.48 16.4 96.8 73

(INT+)3[VO2(PAR)2]37 CHCl3 5.5 ± 7.5 2 16.4 1.59 14.8 97.5 74, 75

(MTT+)3[VO2(PAR)2]37 CHCl3 5.1 ± 6.5 2 17.5 1.61 15.9 97.5 76

(TT+)3[VO2(PAR)2]37 CHCl3 5.2 ± 6.3 2 7 7 14.7 7 see b

(NBT2+)3[VO2(PAR)2]
3ÿ
2 CHCl3 4.7 ± 5.7 2 7 7 7.6 7 see b

(TNBT2+)3[VO2(PAR)2]
3ÿ
2 CHCl3 5.7 ± 6.0 2 7 7 6.7 7 see b

(NT2+)3[VO2(PAR)2]
3ÿ
2 CHCl3 4.8 ± 6.7 2 8.5 1.26 7.2 94.8 77

(NT2+)3[VO2(PG)2]
3ÿ
2 BuOH 4.8 ± 5.1 0.5 7 7 7 7 78

(INT+)3[VO2(PG)2]37 BuOH 2.6 ± 3.3 0.5 7 7 7 7 79

(INT+)2[VO(PG)2]27 ± BuOH 2.9 ± 3.5 0.5 7 1.21 8.1 94.2 80

[VO(PG)]0

(NT2+)[VO(PG)2]27 ± BuOH 3.8 ± 4.3 0.5 7 1.37 3.8 95.8 80

[VO(PG)]0

(TT+)[WO(OH)(DHN)2]7 CHCl3 0.04 ± 0.09 M H2SO4 10 5.2 1.28 3.9 95.0 81

(INT+)[WO(OH)(DHN)2]7 CHCl3 0.10 ± 1.10 M 1 5.0 0.81 4.2 86.5 82

H2SO4

(TV+)[WO(OH)(DHN)2]7 CHCl3 0.08 ± 0.35 M 10 5.0 1.93 3.1 98.8 83

H2SO4

(TV+)2[WO2(NPC)2]27 CHCl3 4.2 ± 5.7 3 10.4 1.56 8.9 97.3 82

(TT+)2[WO2(NPC)2]27 CHCl3 3.5 ± 5.0 1 10.3 1.05 9.2 91.9 82

(MTT+)2[WO2(NPC)2]27 CHCl3 1.2 ± 3.6 2 10.3 1.03 9.3 91.5 84
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times of different TIAC can be used for ion separation and
identification (qualitative analysis).

The composition of the extract can differ from the composi-
tion of the aqueous phase, this depends on a number of factors,
e.g., the nature of the central atom of the complex, its oxidation
state, concentration of the starting reagents and pH.

Contrary to amines, tetrazolium cations can be used as IAC
components without preliminary protonation. Therefore, the
changes in the acidity of the aqueous phase do not prevent
quantitative extraction of many inorganic anions, e.g., ReOÿ4 ,
[Zn(SCN)4]27, [HgI3]7, etc. in the form of the respective TIAC.
At the same time, the control over pH is important for the
extraction of complexes with metal-containing anions prone to
hydrolysis (as a rule, the hydrolysed forms are not extracted) as
well as complexes with organic ligands. For TIAC containing
organic ligands with higher molecular masses, the pH optimum
range tends to be broader (see Table 3).

The optimisation of reagent concentrations plays the key role
in extraction and spectrophotometric measurements.

As TS are usually taken in a large excess, their concentrations
(or changes in concentrations) have little effect on the results of
analysis.41 Moreover, in many cases TS have beneficial effects.
Thus it inhibits the reduction of V(V) to V(IV) by polyphenolic
compounds such that vanadium(V) is stable in ternary complexes
with chelating polyphenolic ligands.67, 79 In contrast to other

cationic dyes, only in rare cases the excess of TS interfere with
spectrophotometric measurements.67 The concentration of a
ligand involved in the formation of a complex anion was found
to depend on its stability constant, it varies in a broad range.41

The results of several studies suggest 41, 75, 86, 87 that the asso-
ciation constant of TIAC is proportional to the molecular mass of
the tetrazolium cation: the higher the molecular mass the higher
the association constant. This ratio can be used for the prediction
of the possibility of formation of associates 41, 86 and of the
association constants of newly formed complexes in a given class
of compounds.41, 86, 87 However, this ratio is violated if the
tetrazolium cation of TS-based extraction systems contains a
nitrophenyl substituent (Refs 72 and 75 and Fig. 1).

III. Analytical applications of tetrazolium ion-
associated complexes

1. 1. Extraction ± photometric analysis
Some characteristics of extraction ± photometric methods for
determination of certain elements as TIAC are presented in
Table 4. Spectrophotometric determinations with such complexes
(or their decomposition products) are usually carried out by
measuring absorption in the UV or visible spectral regions.

All tetrazolium complexes strongly absorb light in the UV
region. However, analytical applications of UV spectra are
complicated due to high absorption of the reference sample
(blank experiment) and specific requirements for equipment and
solvents. Therefore, very often preference is given to methods that
employ compounds specially designed for spectrophotometric
measurements in the visible spectral region. These include, for
example, MTT complexes, TIAC containing a coloured complex
anion, conversion products of TIAC (formazans formed upon
reduction of tetrazolium cations in basic media),31, 45 complexes
obtained by replacement of tetrazolium cations by coloured
cations (e.g., rhodamine B) 4 and complexes produced in compet-
itive reactions or their decomposition products.10, 47, 109, 110

The following approaches are used to increase the sensitivity
of determination.

(1) Selection of an appropriate extraction system containing
intensely coloured TIAC and solvents ensuring recovery close to
100%. In the context of this approach, MTT complexes contain-
ing yellow-coloured anions, e.g., [Ge(NPC)3]27 (Ref. 48), are
especially promising, since they contain two chromophore ions
absorbing in the same spectral region.

(2) Extraction of large amounts of coloured complexes by
small volumes of an organic phase.

To attain the required selectivity, special attention is paid to
the selection of adequate extraction-photometric conditions, i.e.,
wavelength,59, 62, 81, 103, 104 pH,77, 82 reagent concentrations,69 the
order of their addition 107 and extraction time.82, 84 Masking is
also popular.

Some TIAC-based procedures are sufficiently selective to
allow direct determinations without additional steps.

Table 3 (continued).

Extraction system pH Time of log Kex log KD log b R (%) Ref.

extraction

TIAC a solvent /min

(TT+)[WO(OH)(DNC)2]7 CHCl3 0.25 ± 0.40 M 2 10.6 1.06 9.6 91.8 82

H2SO4

(TT+)[WO(OH)(PC)2]7 CHCl3 (C6H6) 0.005 ± 4.0 M H2SO4 20 7 7 7 7 85

aAbbreviations: NPC is 4-nitropyrocatechol; DHN is 2,3-dihydroxynaphthalene; PC is pyrocatechol; THBA is 3,4,5-trihydroxybenzoic acid; PG is

pyrogallol; TAR, 4-(2-thiazolylazo)resorcinol; PAR is 4-(2-pyridylazo)resorcinol; DNC is 3,5-dinitropyrocatechol. bK Gavazov, unpublished data.
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Figure 1. Dependence of the logarithm of the association constant of

TIAC (b) on the logarithm of the molecular mass of the tetrazolium cation

(M).

Anions: (1, 1 0) [VO2(TAR)2]37, (2, 2 0) [VO2(PAR)2]37, (3, 3 0)
[Cd(SCN)4]27, (4) [TlCl4]7, (5) [HgI3]7, (6) [CrO3Cl]7, (7)

[Zn(SCN)4]27.

The values of b for tetrazolium ion-associated complexes containing nitro

groups (INT+, NBT2+, TNBT2+) are lower than expected on the

assumption that the association constant increases linearly with the

molecular mass (solid lines).
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Table 4. Extraction-spectrophotometric methods based on TIAC.

Analyte Reagents Solvent pH Linearity l /nm 1074 e Samples Ref.

range a (see b) (see c)

/mg ml71

Co(II) NBT+SCN7 C2H4Cl2 1 ± 8 0.5 ± 9 625 0.76 soils 17

TV+SCN7 C2H4Cl2 2.7 ± 7.6 0.5 ± 9 630 4.0 soils, plants 88

MTT+SCN7 C2H4Cl2 2.7 ± 7.6 0.5 ± 10 625 0.67 soils 89

Cr(III) MTT+SCN7 C2H4Cl2 1.8 ± 7.2 M HCl 0.01 ± 0.06 235 0.465 " 18

Cr(VI) NBT C2H4Cl2 0.25 ± 0.6 M HCl 0.01 ± 0.4 260 8.2 soils, steels 20

NT C2H4Cl2 0.36 ± 1.08 M HCl 0.05 ± 1.5 255 3.12 steels, soils, 19

plants

TT C2H4Cl2 0.1 ± 1.2 M HCl 0.04 ± 0.3 250 3.03 soils, plants 90, 91

TT C2H4Cl2 0.3 ± 1.5 M HCl 4.2 ± 39.5 450 0.25 steels, plants 21, 92

INT C2H4Cl2 0.1 ± 1.1 M HCl 0.02 ± 0.3 250 3.70, 8.8 steels, soils, 93, 94,

vegetables 95, 96

TV C2H4Cl2 0.07 ± 1.1 M HCl 0.02 ± 0.3 230 12.2 the same 94, 96

MTT C2H4Cl2 0.15 ± 0.42 M HCl 0.04 ± 1 245 2.96 soils, steels, plants 23, 91

Ge(IV) NPC+MTT CHCl3 2.5 ± 3.9 0.15 ± 1.88 410 5.11 model mixture 48

NPC+TT CHCl3 4.0 ± 4.5 0.2 ± 3.0 420 2.88 the same 49

Hg(II) TV+I7 CHCl3 0.1 ± 4.5 M H2SO4 0.1 ± 1.4 250 10.2 soils 97

INT+I7 C2H4Cl2 0.2 ± 5.5 M H2SO4 0.1 ± 1.2 260 10.0 " 26

TT+I7 CHCl3 0.2 M H2SO4 0.1 ± 0.8 255 6.45 " 27

MTT+I7 CHCl3 2 0.1 ± 1 255 6.55 " 28

I7 TV C2H4Cl2 1 ± 6 0.4 ± 5 230 11.5 " 29

(0.25 ± 1.8 M HCl)

IOÿ3 TT+I7 C2H4Cl2 0.04 ± 0.7 7.48 drinking water 98

INT+I7 C2H4Cl2 0.1 ± 2.4 M HCl 0.02 ± 0.5 295 16.4 " 99

IOÿ4 TT+I7 C2H4Cl2 0.02 ± 0.35 9.09 " 98

INT+I7 C2H4Cl2 0.1 ± 3.0 M HCl 0.02 ± 0.5 295 16.7 " 99

Mn(VII) MTT C2H4Cl2 0.01 ± 0.16 M H2SO4 0.1 ± 1.75 250 1.0 soils, plants 32

TT C2H4Cl2 0.01 ± 0.7 M H2SO4 0.5 ± 12 530 0.556 soils, steels 33

INT C2H4Cl2 0.01 ± 0.125 M HCl 0.5 ± 12 530 0.694 soils 34

TV C2H4Cl2 0.01 ± 0.03 M H3PO4 0.05 ± 0.6 235 6.67 " 35

NBT C2H4Cl2 0.01 ± 0.2 M H2SO4 260 10 plants, soils 8, 100

Mo(VI) NPC+TV C2H4Cl2 1.2 ± 2.6 0.31 ± 3.1 440 2.06 steels 50

NPC+BT C2H4Cl2 1.8 ± 4.0 0.2 ± 6.7 445 2.38 steels, 51

ferromolybdenum

NPC+TT CHCl3 1.8 ± 2.5 0.5 ± 10.0 445 2.28 model mixture 52

NPC+MTT CHCl3 2.1 ± 3.4 0.2 ± 7.0 440 2.41 steels, 6

ferromolybdenum

NPC+INT C2H4Cl2 1.5 ± 3.0 0.24 ± 6.9 430 1.94 the same 53

PG+TV C2H4Cl2 0.3 ± 1.4 0.5 ± 6.0 432 0.72 the same 52

THBA+NBT CHCl3 0.03 ± 0.08 M HCl 0.5 ± 5 260 15.0 soils 101

THBA+MTT C2H4Cl2 2.6 ± 3.2 0.15 ± 3 245 1.67 soils, 54,

vegetables 102

MTT+SCN7 C2H4Cl2 0.9 M H2SO4 0.1 ± 1.5 470 5.7 plants (lettuce) 36

Mo(VI), W(VI), DHN+ TT CHCl3 0.07 M H2SO4 360, 500, 0.81 steels 103

Nb(V) 625 (Mo at

360 nm)

Nb(V) NPC+TV C2H4Cl2 0.7 M H2SO4 0.41 ± 4.54 440 1.59 " 57

PC+TT CHCl3 0.4 ± 1 M H2SO4 1.25 ± 11.78 390 1.60 " 60

DHN+TV CHCl3 0.5 ± 1 M H2SO4 0.20 ± 3.29 400 1.18 " 59

Re(VII) p-NT CHCl3 1 ± 10 0.2 ± 16 255 2.1 copper 37

concentrate

TV CHCl3 3 ± 10 0.2 ± 17 280 1.32 copper ore 38

MTT CHCl3 2 ± 10 0.2 ± 18 280 0.82 molybdenum 39

concentrates

INT CHCl3 3 ± 10 0.5 ± 24 280 1.45 the same 39

NT CHCl3 4 ± 10 0.5 ± 26 280 0.73 " 39
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a. Determination of cobalt
The extraction-photometric procedure for determination of
cobalt in soils 17, 88, 89 and plants 88 is based on the formation of
ion-associated complexes (NBT)[Co(SCN)4],17 (TV)2[Co(SCN)4]
(Ref. 88) and (MTT)2[Co(SCN)4] (Ref. 89) and their subsequent
extraction with 1,2-dichloroethane in a broad pH range. The
relative standard deviation (RSD), detection limit (DL) andmolar
extinction coefficient (e) for the most sensitive procedure based on
the use of TV are equal to 1.15%, 1.561073 mg ml71 and
46104 litre mol71 cm71, respectively.88

b. Determination of chromium
The interactions of solutions of Cr(VI) in hydrochloric acid with
NT,19 NBT,20 MTT,23 TT,90 INT 93 and TV 94 were studied by
Kamburova et al. The complexes were efficiently extracted with
1,2-dichloroethane. Apparently, the Cr(VI) ± TV complex is the
most suitable for the determination of Cr(VI) in the presence of
ascorbic acid and NH4F as masking reagents in soils,94 steels 94

and vegetables 96 [e230=1.226105 litre mol71 cm71, RSD=
(0.4%± 0.7%)].

The use of a ternary chromium(III) complex with thiocyanate
and MTT for the determination of chromium in soils has been
described;9 however, the sensitivity of this method is low
(e235=4.656103 litre mol71 cm71).

c. Determination of germanium
Two procedures for the determination of Ge(IV) based on
formation of ternary complexes with 4-nitropyrocatechol and
extraction with chloroform have been described.48, 49 The best of
them 48 employs MTT (e410& 5.16104 litre mol71 cm71). The
interfering effects of Al3+, Fe3+ and Cr3+ are eliminated with
Na-EDTA. The presence of Mo(VI), V(IV,), W(VI), I7 and Cl7

interferes with the assay.

d. Determination of mercury
Determination of mercury in soils included extraction of
mercury(II) halide complexes with chloroform. 8, 26 ± 28, 97 The
complexes (TV)[HgI3] and (TV)[HgBr3] manifested the highest
molar extinction coefficients (1.026105 litre mol71 cm71 and
16106 litre mol71 cm71, respectively).97 Other fast and sensitive

Table 4 (continued).

Analyte Reagents Solvent pH Linearity l /nm 1074 e Samples Ref.

range a (see b) (see c)

/mg ml71

Ti(IV) DHN+INT C2H4Cl2 1.2 ± 2.8 0.24 ± 5.2 370 2.57 aluminium alloys 61

Ti(IV), W(VI) DHN+TT CHCl3 1.7 0.12 ± 1.66 (Ti) 380, 470 2.74 (Ti) steels 62

Ti(IV) PC+TT C2H4Cl2 2.2 0.24 ± 2.6 390 1.15 aluminium alloys 62

NPC+TV CHCl3 1.4 ± 1.8 0.20 ± 2.00 440 4.4 the same 63

Tl(III), Sb(V) MTT C6H6 + diethyl 0.2 M HCl (Tl); 1.0 ± 15.0 (Tl); 400.5 cadmium 44

ether (3 : 1) 1.8 M HCl (Tl+Sb) 1.0 ± 16.0 (Sb)

TV C6H6 0.05 ± 6.0 M HCl (Tl); 1.0 ± 20.0 (Tl); 520 " 45

>6 M HCl (Sb) 0.5 ± 9.5 (Sb)

V(V) NPC+INT CHCl3 5.0 0.2 ± 2.6 400 1.7 steels 65

V(IV) NPC+NT CHCl3+BuOH 4.75 0.5 ± 3.0 605 1.15 " 104

(7 : 3)

V(V) TAR+TT CHCl3 4.75 0.1 ± 2.5 550 2.37 catalysts 105

TAR+MTT CHCl3 4.75 0.1 ± 2.5 550 2.60 " 72

PAR+TV C2H4Cl2 5.2 ± 6.3 0.05 ± 2.5 555 4.0 " 105

V(V), V(IV) PAR+TV C2H4Cl2 5.8 0.003 ± 1.45 555 3.05 " 106

PAR+MTT CHCl3 5.8 0.21 ± 1.5 560 3.30 " 76

PAR+INT CHCl3 5.5 ± 7.5 up to 1.5 560 2.4 natural waters 107

V(V) PAR+INT CHCl3 5.5 ± 7.5 up to 1.5 560 2.4 aluminium alloys 107

PAR+NT CHCl3 4.8 ± 6.7 0.15 ± 3.5 560 2.95 steels 77

PAR+TT CHCl3+PrOH 5.8 ± 560 4.7 soils 108

DHN+INT CHCl3 4.6 ± 5.2 0.1 ± 0.9 340 2.5 steels 69

W(VI) DHN+TT CHCl3 0.04 ± 0.09 M H2SO4 0.5 ± 6.0 440 1.16 " 81

DHN+INT CHCl3 0.10 ± 1.10 M H2SO4 0.7 ± 7.4 420 0.938 " 82

DHN+ TV CHCl3 0.08 ± 0.35 M H2SO4 0.9 ± 12.9 440 0.766 " 83

NPC+TV CHCl3 5.4 0.7 ± 10.3 425 ± 430 2.69 steels, 82

ferrotungsten

DNC+TT CHCl3 0.25 ± 0.40 M H2SO4 0.5 ± 7.4 400 2.12 steels 82

NPC+MTT CHCl3 1.2 ± 3.6 0.9 ± 8.8 415 2.8 steels, 84

ferrotungsten

Zn(II) p-NT+ C2H4Cl2 1 ± 7 1.7 ± 13.3 630 cadmium 109

SCN7 +Co(II)

MTT+ C2H4Cl2 2 ± 6 3.3 ± 18.3 630 " 110

SCN7 +Co(II)

TNBT + C2H4Cl2+Me2O 2 ± 6 0.75 ± 8.75 630 " 10

SCN7 +Co(II) (1 : 1)

TV+ C2H4Cl2 2 ± 6 0.5 ± 8 630 " 47

SCN7 +Co(II)

a The concentration range in which the signal is proportional to the analyte concentration enables quantitative determination. bWavelength. c e is the
molar extinction coefficient (litre mol71 cm71) (the values were taken from the cited papers). However, they were not always calculated using standard

methods and different volumes of the aqueous and organic phases were employed.
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methods for the determination of mercury(II) are based on the use
of the complexes (INT)[HgI3],26 (TT)[HgI3] 27 and
(MTT)[HgI3].28 Ascorbic acid and fluoride ions were used as
masking reagents.

e. Determination of iodide, iodate and periodate
A sensitive method for the determination of iodide ions in soils
was developed by Kamburova.29 It is based on extraction, with
1,2-dichloroethane, of ion-associated TV complexes with iodide
oxidation products. Hydrogen peroxide was found to be the
oxidant of choice. The majority of ions, except for Hg2+, BrOÿ3
and S2O

2ÿ
3 , do not interfere.

The optimum complexation conditions in TS ± iodate ±
iodide ± dichloroethane and TS ±periodate ± iodide ± dichloro-
ethane systems have been studied. Two procedures for the
determination of iodates and periodates in drinking water using
(TT+)Iÿ3 and (INT+)Iÿ3 have been described. 98, 99 The
procedure based on TT is more sensitive:98 e295=
(1.64�0.02)6105 litre mol71 cm71 (for IOÿ3 ), e295=
(1.67�0.05)6105 litre mol71 cm71 (for IOÿ4 ). The presence of
other ions has no interfering effect on the assay. The RSD value
lies in the range from 0.8% to 1.3%.

f. Determination of manganese
Several methods were developed for the determination of man-
ganese(VII) in natural and industrial samples.8, 32 ± 35, 100 All of
them included extraction, with 1,2-dichloroethane, of tetrazolium
ion-associated complexes with the permanganate anion. Com-
plexes with TT 33 and INT 34 were used for the determination of
manganese in soils 33, 34 and steels 33 at l=530 nm; however, the
sensitivity of these methods was rather low. Higher sensitivity was
achieved through the use of MTT (e250=1.06104 litre
mol71 cm71),32 TV (e235=6.676104 litre mol71 cm71) 35 and
NBT (e260=1.06105 litre mol71 cm71) 8, 100 in the UV region.
The NBT complex was used for the determination of manganese
in diverse vegetable samples. Interfering ions were masked using
saturated solutions of ascorbic acid. The RSD value did not
exceed 1.8%.

g. Determination of molybdenum
A series of sensitive spectrophotometric procedures for
the determination of molybdenum [e430 ± 445=
(1.94 ± 2.41)6104 litre mol71 cm71] using 4-nitropyrocatechol
and various tetrazolium cations were developed by Dimitrov
et al.6, 50 ± 53 In particular, this method was used for the determi-
nation of molybdenum in ferrous metallurgy products. Other
TIAC-forming reagents, e.g., pyrogallol,52 2,3-dihydroxy-
naphthalene 103 and 3,4,5-trihydroxybenzoic acid, are also
employed.54, 101, 102 The use of 3,4,5-trihydroxybenzoic acid and
MTT for the determination of molybdenum in soils 54 and
vegetables 102 (RSD=1.1% and 1.9%, respectively) has been
described. A highly sensitive procedure for the analysis of soils
101 is based on the use of 3,4,5-trihydroxybenzoic acid and NBT
(e260=1.56105 litre mol71 cm71) and does not require prelimi-
nary isolation of molybdenum.

A method based on the use of thiocyanate and MTT for the
determination of molybdenum in lettuce has been described.36

Fe(III) and V(V) ions were masked with oxalic and ascorbic acids;
the RSD value did not exceed 1.2%.

A procedure for simultaneous determination of molybdenum,
tungsten and niobium in steels with the use of their ternary
complexes with 2,3-dihydroxynaphthalene and TT has been
developed.103 The determination of molybdenum was carried
out at 625 nm; the total content of W+Mo and W+Mo+Nb
was determined at 500 and 360 nm, respectively. Interfering ions
were masked with EDTA. The RSD values for molybdenum,

tungsten and niobium were equal to (0.5 ± 1.07)%, (4.0 ± 6.9)%
and (5.2 ± 8.0)%, respectively.

h. Determination of niobium
Several methods based on the use ofNb(V) complexes with TS and
polyphenols (4-nitropyrocatechol,57 2,3-dihydroxynaphtha-
lene 59, 103 and pyrocatechol 60) for the determination of niobium
in steels have been developed. 4-Nitropyrocatechol ± TV 57 and
pyrocatechol ±TT systems 60 are more suitable for the analysis of
steels containing no molybdenum or tungsten. Other interfering
ions are masked with EDTA or ascorbic acid. If a steel contains
0.021% Nb, its RSD value is equal to 4.7%.57

If a steel contains Mo(VI) or W(VI), the 2,3-dihydroxynaph-
thalene ±TV system is used.59 In the presence of W(VI), absorp-
tion was measured at 400 and 490 nm; in the presence of Mo(VI),
at 400 and 582 nm. This approach can also be used,103 if a steel
contains simultaneously Mo and W (see Section III.1.g).

i. Determination of rhenium
ReOÿ4 ions form ion-associated complexes with tetrazolium cati-
ons,37 ± 39 which enables reliable determination of rhenium in
industrial samples, e.g., copper concentrates,37 copper ores 38

and molybdenum concentrates.39 Extraction with chloroform is
carried out in a broad pH range. The method based on p-NT is the
most sensitive (e255=2.16104 litre mol71 cm71) and selective.37

The assay procedure is not interfered with by Mo(VI), Ni(II),
Co(II), Cu(II), Fe(II), Mg(II), Mn(II), Cd(II), V(V) or W(VI). The
RSD value is 2.1% at the rhenium content of
(1.58 ± 1.75)61073%.

j. Determination of titanium
Determination of titanium in aluminium alloys 61 ± 63 and steels 62

is based on the use of its yellow-coloured TIAC involving
2,3-dihydroxynaphthalene,61, 62 pyrocatechol 62 and 4-nitropyro-
catechol.63 The 4-nitropyrocatechol ±TV system 63 is the best for
extraction in respect of sensitivity (e440=4.46104 litre
mol71 cm71) and reproducibility (the RSD value does not exceed
1.05%). This systemwas used for the determination of titanium in
aluminium alloys with ascorbic acid as a masking reagent.

The 2,3-dihydroxynaphthalene ±TT system was used 62 for
simultaneous determination of titanium and tungsten in steels.
The values of molar extinction coefficients were as follows:
e380=2.746104 litre mol71 cm71 and e470=0 litre
mol71 cm71 for titanium and e380=6.336103 litre mol71 cm71

and e470=4.36103 litre mol71 cm71 for tungsten. Interfering
ions weremaskedwith ascorbic acid. TheRSDvalues for titanium
and tungten were equal to 3.5% and 2.0%, respectively.

k. Determination of thallium and antimony
Two methods for the simultaneous determination of antimony
and thallium in cadmium were developed by Kostova et al.44, 45

They are based on extraction, with an organic solvent, e.g.,
benzene 45 or a benzene ± ether system (3 : 1),44 of thallium(III)
and antimony(V) TIAC. Both procedures imply preliminary
addition of an oxidising reagent to the tested solution containing
Tl(I) or Sb(III).

Only Tl(I) undergoes oxidation to Tl(III) in dilute solutions of
hydrochloric acid. However, in hydrochloric acid solutions of
moderate concentration both Tl(I) and Sb(III) are oxidised to
Tl(III) and Sb(V). Thus, variation in solution acidity enables
stepwise determination of Tl(III) and Sb(V) in the same sample.

The first procedure is more simple.44 The use of ternary
complexes with MTT allows direct determination of Tl(III) and
Sb(V) in the visible spectral region (at 400.5 nm). The RSD values
for Tl and Sb are equal to 1.01% and 1.45%.
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The second, more sensitive procedure 45 includes reduction of
TVwithNH2OH .HCl to formazanwhich absorbs at 520 nm. The
detection limit is 1 mg ml71 for Tl and 0.5 mg ml71 for Sb.

l. Determination of vanadium
It was recommended to use ternary TIAC with 4-nitropyrocate-
chol,65, 104 2,3-dihydroxynaphthalene,69 4-(2-pyridylazo)resorci-
nol 76, 77, 105 ± 108 and 4-(2-thiazolylazo)resorcinol 72, 105 for the
determination of V(V) in the environment and in industrial
samples. It was found that 4-(2-pyridylazo)resorcinol is the most
sensitive and convenient reagent for the determination and
identification of vanadium. If selective determination of V(V) is
required, diaminocyclohexanetetraacetic acid (DCTA) 77 or
DCTA+NH4F are added to the solution as masking
reagents 106, 107 as a result of which V(IV) is masked. This method
is employed in indirect determination of the V(IV) content from
the difference in the absorption measured in the presence and in
the absence of the reagent used for the oxidation of V(IV) to
V(V).106, 107 The use of NH4F as a secondary masking reagent
results in instantaneous colouration and provides better selectivity
with respect to definite ions including V(IV).106, 107 Determination
of vanadium in various natural water samples,107 aluminium
alloys,107 catalysts,86, 105, 106 steels 77 and soils 108 was carried out
by varying detection parameters, such as the nature of TS, order of
addition of the reactants, etc.

m. Determination of tungsten
A series of procedures for the determination of tungsten in steels
and ferrotungsten have been developed. These methods are based
on the formation of tungsten(VI) TIAC with 2,3-dihydroxy-
naphthalene,81 ± 83 3,5-dinitropyrocatechol 82 and 4-nitropyro-
catechol.82, 84 The highest sensitivity (e415=2.806104

litre mol71 cm71) was achieved with 4-nitropyrocatechol and
MTT.84 The interfering effects of Fe(III), Al(III), Cr(III) and
V(V) were eliminated by precipitation/coprecipitation at pH 11
in the course of sample preparation. The RSD value did not
exceed 0.53%.

n. Determination of zinc
A series of spectrophotometric procedures for the determination
of zinc in cadmium have been developed 10, 47, 109, 110 based on
predominant formation of thiocyanate cobalt complexes with TS
cations in the presence of cadmium and their selective extraction.
Blue-coloured cobalt complexes are formed upon addition of a
cobalt salt, an excess of thiocyanate and a small amount of a
tetrazolium salt to the tested sample:

2TS+ + Co2+ + 4SCN7 (TS)2[Co(SCN)4] .

The presence of Zn2+ ions in the system makes the blue colour-
ation of the solution less intensive due to a shift of the reaction
equilibrium towards less soluble weakly coloured zinc complexes:

Zn2+ + (TS)2[Co(SCN)4] (TS)2[Zn(SCN)4] + Co2+.

It was found that the decrease in absorption at 630 nm is propor-
tional to Zn2+concentration in the tested solution in a rather
broad range: 0.5 ± 8 mg ml71 (for a TV+ complex),47

3.3 ± 18.3 mg ml71 (for a MTT+ complex),110 1.7 ± 13.3 mg ml71

(for a p-NT+ complex) 109 and 0.75 ± 8.75 mg ml71 (for a
TNBT2+ complex).10 The detection limit for zinc in cadmium
can be decreased to 6.961073% in the presence of TV.47

2. Application in potentiometric analysis
Two sensitive and selective potentiometric methods for the
determination of Hg(II) 111 and Tl(III) 112 based on the ability of
these ions to form ion-associated complexes with TT+ have been
described.

The use of the complex TT[HgI3] in the construction of a
modified mercury-selective carbon paste electrode has been

described.111 The electrode shows a stable, near-Nernstian
response for 161073 ± 661076 mol litre71 [HgI3]7 (the anionic
slope in the pH range 4.0 ± 9.0 is 55.5�0.4 mV). The lower
detection limit is 461076 mol litre71; the response time is
30 ± 50 s. The interfering effects of the majority of tested ions
were negligibly small. The electrode was used for direct determi-
nation of mercury in waste waters, metal amalgams and dental
alloys.

The application of a membrane sensor based on TT[TlIIICl4]
dispersed in a PVC matrix plasticised with dioctyl phthalate has
been described.112 The electrode shows a stable, near-Nernstian
response at 161073 ± 461076 mol litre71 Tl(III) (the anionic
slope is 56.5�0.5 mV in the pH range 3 ± 6). The lower detection
limit is 261076 mol litre71; the response time is 30 ± 60 s. The
electrode was successfully employed for the determination of
thallium in spiked waste waters and zinc concentrates. The RSD
value at 10 mg ml71 was 1.6%.

IV.Miscellaneous applications of tetrazolium salts
in inorganic analysis

A method for the determination of trace amounts of selenium
based on its catalytic effect on the reduction of TNBT with
dithiothreitol has been described.113 The method proved to be a
simple, fast and efficient procedure for the determination of
several forms of selenium. A similar procedure using the MTT±
dithiothreitol system was used in the analysis of lobsters.114

A procedure for photometric determination of selenium in
aqueous media (at the level of 10 ± 120 mg litre71) with 2-(p-
nitrophenyl)-3,5-diphenyltetrazolium chloride was developed by
Moskvin et al.115 The sample preparation step includes gas
extraction of selenium (in the form of hydrogen selenide) followed
by its liquid-adsorption extraction from the gaseous phase to an
aqueous solution of reagents to yield water-insoluble formazan.
A similar procedure 116 based on 5-(benzo-1,3-dioxol-5-yl)-2-(4-
iodophenyl)-3-phenyl-2H-tetrazolium chloride was used to deter-
mine arsenic at the level of 1 ± 120 mg litre71.

A method for determination of sulfur in steels, nickel alloys,
chromium, tin, sodium dihydrophosphate, galena and
RbAg4I57xSx was developed by Kolesnikova et al.117 Here, the
determination makes use of formazans formed upon reduction of
TT, INT and NBT.

Nagaraja et al.118 developed a highly sensitive spectrophoto-
metric method for the determination of silver (e510=
4.516105 litre mol71 cm71) that involves silver-enhanced reduc-
tion of TT with semicarbazide hydrochloride. This procedure was
used for the determination of Ag(I) in photographic process waste
water.

V. Conclusion

Tetrazolium salts are popular and readily available multifunc-
tional reagents for liquid ± liquid extraction, spectrophotometric
and potentiometric determination of differnt ions and elements in
environmental objects and industrial samples. Each tetrazolium-
containing extraction system has its own advantages and disad-
vantages in terms of sensitivity, selectivity, accuracy, reliability
and rapidity. On the whole, these systems are efficient and enable
solution of complex analytical problems. The characteristics of
some of these methods are comparable with those of atomic
absorption spectrometry (AAS) and inductively coupled
plasma ± atomic emission spectroscopy (ICP-AES). However, in
contrast with the latter, these methods are inexpensive and do not
require costly equipment.

Altogether, these data suggest that complexes of the mono-
tetrazolium salts MTT, TV and INT and of the ditetrazolium salt
BT hold considerable promise for further investigations. Thus
MTT is a convenient reagent for extraction and spectrophoto-
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metric determination of colourless anions, while TV and INT
having higher molecular masses form more stable and readily
extractable complexes. The properties of INT complexes are less
predictable, but their application offers a significant gain in
sensitivity and/or selectivity. BT complexes are the least studied;
however, there are strong grounds to believe that they are more
efficient in comparison with other tetrazolium salts.

The authors thank Professor A V Alexandrov, former Head
of the Department of General and Inorganic Chemistry of the
Plovdiv University and recognised leader in the field, for helpful
discussions and inestimable experience shared to the authors of
this review.

References

1. A B Zhivich, G I Koldobskii, V A Ostrovskii Khim. Geterotsikl.

Soedin. 12 1587 (1990) a

2. M V Berridge, P M Herst, A S Tan Biotechnol. Annu. Rev. 11

(Suppl.) 127 (2005)

3. A AlexandrovTertazolium Salts for Solvent Extraction of Elements

as Ion Association Complexes. Review (SaarbruÈ cken: UniversitaÈ t

des Saarlandes, 1984)

4. A Alexandrov The Application of Tetrazolium Salts in Analytical

Chemistry. Review (SaarbruÈ cken: UniversitaÈ t des Saarlandes, 1984)

5. S Kostova, B Boyanov J. Radioanal. Nucl. Chem., Lett. 200 427

(1995)

6. A N Dimitrov, V D Lekova, K B Gavazov, B S Boyanov Cent.

Eur. J. Chem. 3 747 (2005)

7. W D Hooper Pure Appl. Chem. 19 221 (1969)

8. M Kamburova, Doctoral Thesis in Chemical Sciences, BAS,

Sofia, Bulgaria, 1999

9. Zh Simeonova, A Aleksandrov, K Bukovinov Nauch. Tr. Plovdiv

Univ., Khim. 27 27 (1989)

10. M Kamburova Zh. Anal. Khim. 48 1161 (1993) b

11. M Kamburova, PhD Thesis, BAS, Sofia, Bulgaria, 1986

12. A Aleksandrov, M Kamburova Nauch. Tr. Plovdiv Univ., Khim.

22 25 (1984)

13. A Aleksandrov, M Kamburova Higher School Agricult. Plovdiv,

Sci. Works 32 155 (1987)

14. A Aleksandrov, M Kamburova Nauch. Tr. Plovdiv Univ., Khim.

22 35 (1984)

15. Zh Simeonova, A Aleksandrov Nauch. Tr. Plovdiv Univ., Khim.

27 17 (1989)

16. A Alexandrov, M Kamburova J. Radioanal. Nucl. Chem. 97 271

(1986)

17. M Kamburova, A Aleksandrov Zh. Anal. Khim. 54 277 (1999) b

18. M Kamburova, A Aleksandrov Zh. Anal. Khim. 50 1292 (1995) b

19. M Kamburova Anal. Lett. 30 305 (1997)

20. M KamburovaMikrochim. Acta 128 177 (1998)

21. M Kamburova Zh. Anal. Khim. 45 678 (1990) b

22. M Kamburova, T Popov, A AleksandrovHigher School Agricult.

Plovdiv, Sci. Works 35 41 (1990)

23. M Kamburova Zh. Anal. Khim. 46 1538 (1991) b

24. Z Pancheva, A Dimitrov, S Kostova, A Alexandrov Bulg. Chem.

Ind. 73 17 (2002)

25. M Kamburova Higher School Agricult. Plovdiv, Sci. Works 35 61

(1990)

26. M Kamburova, N Nikolov, A Nikolov Chem. Anal. (Warsaw) 38

161 (1993)

27. M Kamburova Talanta 40 719 (1993)

28. M Kamburova, T Popov, D Nikitova Zh. Anal. Khim. 47 799

(1992) b

29. M Kamburova Zh. Anal. Khim. 46 1534 (1991) b

30. Zh J Simeonova, A V Alexandrov, M B Stoyanova Bulg. Chem.

Commun. 35 5 (2003)

31. S Kostova, A Aleksandrov, in The 3rd National Conference on

Chemistry (Abstracts of Reports), Plovdiv, Bulgaria, 1998 p. 241

32. M KamburovaMikrochim. Acta 124 129 (1996)

33. M Kamburova Chem. Anal. (Warsaw) 40 93 (1995)

34. M Kamburova Zh. Anal. Khim. 50 614 (1995) b

35. M Kamburova Anal. Lett. 27 1999 (1994)

36. M Kamburova, A Aleksandrov Zh. Anal. Khim. 53 589 (1998) b

37. A Aleksandrov, Z Simeonova, M Vasileva Nauch. Tr. Plovdiv

Univ., Khim. 25 47 (1987)

38. Z Simeonova, A Aleksandrov, N Stoimenov Nauch. Tr. Plovdiv

Univ., Khim. 27 39 (1989)

39. A Aleksandrov, Z SimeonovaMikrochim. Acta 1 447 (1985)

40. A Alexandrov, Zh Simeonova Thermochim. Acta 107 123 (1986)

41. A Aleksandrov, Doctoral Thesis in Chemical Sciences, BAS,

Sofia, Bulgaria, 1987

42. Z Simeonova, A Alexandrov, M Dzharkova Fresenius' J. Anal.

Chem. 348 329 (1994)

43. Z Simeonova, A Alexandrov, S Dicheva Talanta 42 867 (1995)

44. A Aleksandrov, A Dimitrov, S Kostova Nauch. Tr. Plovdiv

Univ., Khim. 24 41 (1986)

45. S Kostova, A Dimitrov, A Aleksandrov Nauch. Tr. Plovdiv

Univ., Khim. 29 3 (2000)

46. A Alexandrov, M KamburovaMikrochim. Acta 3 159 (1985)

47. M Kamburova Chem. Anal. (Warsaw) 38 371 (1993)

48. A Dimitrov, S Kostova Bulg. Chem. Ind. 70 88 (1999)

49. A Dimitrov, S Kostova, A AlexandrovAnal. Lab. 7 (1) 20 (1998)

50. A Dimitrov, S Kostova, Z Pancheva, V Lekova Bulg. Chem.

Ind. 73 20 (2002)

51. A Dimitrov, V Lekova, K Gavazov, B BoyanovZh. Anal. Khim.

62 138 (2007) b

52. S Kostova, A Dimitrov Bulg. Chem. Ind. 71 44 (2000)

53. V Lekova, A Dimitrov, M Slavova J. Univ. Chem. Tech. Met. 38

901 (2003)

54. M Kamburova Anal. Lett. 31 2255 (1998)

55. M KamburovaHigher School Agricult. Plovdiv, Sci. Works 43 17

(1998)

56. A Aleksandrov, S Kostova, O Navratil Collection Czech. Chem.

Comm. 50 2369 (1985)

57. S Kostova, A Aleksandrov, I Ilieva Nauch. Tr. Plovdiv Univ.,

Khim. 27 67 (1989)

58. A Aleksandrov, S KostovaNauch. Tr. Plovdiv Univ., Khim. 24 53

(1986)

59. S Kostova, A Aleksandrov, S StatkovaNauch. Tr. Plovdiv Univ.,

Khim. 27 53 (1989)

60. A Alexandrov, S Kostova J. Radioanal. Nucl. Chem. 83 247

(1984)

61. S Kostova, V Stajkovska, A Aleksandrov Nauch. Tr. Plovdiv

Univ., Khim. 29 9 (2000)

62. S Kostova, A Alexandrov, A DimitrovAnal. Lab. 7 (1) 13 (1998)

63. S Kostova, A Dimitrov, A Alexandrov Chem. Pap. 54 66 (2000)

64. Z Simeonova, K Gavazov, A Alexandrov Nauch. Tr. Plovdiv

Univ., Khim. 33 5 (2005)

65. Z Simeonova, K Gavazov, A Alexandrov Anal. Lab. 7 (4) 184

(1998)

66. K Gavazov, PhD Thesis, BAS, Sofia, Bulgaria, 2000

67. K Gavazov, Z Simeonova, A Alexandrov Nauch. Tr. Plovdiv

Univ., Khim. 31 5 (2002)

68. K Gavazov, V Lekova, A Dimitrov, in National Scientific

Conference with International Participation, Union of Scientists of

Bulgaria Ð Branch Smolyan, Smolyan, Bulgaria (CD

Proceedings), 2006

69. Z Simeonova, K Gavazov, A Alexandrov Cent. Eur. J. Chem. 4

258 (2006)

70. K Gavazov, V Lekova, A Dimitrov J. Univ. Chem. Tech.Met. 41

217 (2006)

71. K Gavazov, Z Simeonova Nauch. Tr. Plovdiv Univ., Khim. 32 15

(2004)

72. K Gavazov, V Lekova, A Dimitrov, G Patronov Cent. Eur. J.

Chem. 2006; puiblished online DOI: 10.2478/s11532-006-0053-x

73. K Gavazov, Z Simeonova, A Alexandrov J. Univ. Chem. Tech.

Met. 38 909 (2003)

74. Z Simeonova, K Gavazov, A Alexandrov Zh. Neorg. Khim. 44

676 (1999) c

75. K Gavazov, A Dimitrov, V Lekova, E Karaasenova Nauch. Tr.

Plovdiv Univ., Khim. 34 17 (2006)

76. K Gavazov, V Lekova, G PatronovActa Chim. Slovenica 53 506

(2006)

77. K Gavazov, Z Simeonova, A Alexandrov Anal. Lab. 7 (3) 127

(1998)

178 K B Gavazov, A N Dimitrov, V D Lekova



78. K Gavazov, Z Simeonova, A Aleksandrov, in Scientists Union of

Bulgaria Ð Jubilee Scientific Session (Abstracts and Papers),

Plovdiv, 1998 Vol. 3, p. 189

79. K Gavazov, Z Simeonova, A Alexandrov Zh. Neorg. Khim. 46

494 (2001) c

80. K Gavazov, Z Simeonova, A Alexandrov Zh. Neorg. Khim. 45

142 (2000) c

81. A Alexandrov, A Dimitrov, A Patcheva, M Vrchlabsky Scr.

Fac. Sci. Natl. Univ. Purkynianae Brun. 15 497 (1985)

82. A Dimitrov, A Alexandrov Anal. Lab. 4 (3) 172 (1995)

83. A Aleksandrov, A Dimitrov Nauch. Tr. Plovdiv Univ., Khim. 24

17 (1986)

84. V D Lekova, K B Gavazov, A N Dimitrov Chem. Pap. 60 283

(2006)

85. A Dimitrov, A Alexandrov, A HrdlicÏ ka, M Vrchlabsky Scr.

Fac. Sci. Nat. Univ. Purkynianae Brun. 14 91 (1984)

86. A Alexandrov, Z Simeonova, M Kamburova Commun. Dept.

Chem. Bulg. Acad. Sci. (Bulg. Chem. Commun.) 23 542 (1990)

87. M KamburovaHigher School Agricult. Plovdiv, Sci. Works 43 31

(1998)

88. M Kamburova, A Alexandrov, K Trifonov Chem. Anal.

(Warsaw) 39 639 (1994)

89. M Kamburova, A Alexandrov Chem. Anal. (Warsaw) 43 1021

(1998)

90. M Kamburova, Chem. Anal. (Warsaw) 38 189 (1993)

91. M Kamburova, T MokrevaHigher School Agricult. Plovdiv, Sci.

Works 43 27 (1998)

92. M Kamburova, V RankovHigher School Agricult. Plovdiv, Sci.

Works 35 49 (1990)

93. M Kamburova Talanta 40 725 (1993)

94. M Kamburova Talanta 40 707 (1993)

95. M Kamburova, V RankovHigher School Agricult. Plovdiv, Sci.

Works 36 163 (1991)

96. M Kamburova, T MokrevaHigher School Agricult. Plovdiv, Sci.

Works 43 21 (1998)

97. M Kamburova Chem. Anal. (Warsaw) 40 791 (1995)

98. M Kamburova Talanta 39 997 (1992)

99. M Kamburova Zh. Anal. Khim. 53 140 (1998) b

100. M Kamburova, D NikitovaHigher School Agricult. Plovdiv, Sci.

Works 42 113 (1997)

101. M Kamburova, A Alexandrov Chem. Anal. (Warsaw) 44 745

(1999)

102. M Kamburova, D NikitovaHigher School Agricult. Plovdiv, Sci.

Works 41 59 (1996)

103. A Aleksandrov, A Dimitrov, S Kostova Nauch. Tr. Plovdiv

Univ., Khim. 24 67 (1986)

104. K Gavazov, Z Simeonova, A Aleksandrov Nauch. Tr. Plovdiv

Univ., Khim. 31 13 (2002)

105. K Gavazov, G Patronov, in Balkan Conference of Young

Scientists, (Scientific Researches of the Union of Scientists.

Series C. Technics and Technologies), Plovdiv, 2005 Vol. 5, p. 290

106. K Gavazov, V Lekova,G Patronov,M TurkyilmazChem. Anal.

(Warsaw) 51 221 (2006)

107. K Gavazov, Z Simeonova, A Alexandrov Talanta 52 539 (2000)

108. E A Morgen, L M Dimova Industr. Lab. 50 947 (1984)

109. A Aleksandrov,M Kamburova, A KaranovaNauch. Tr. Plovdiv

Univ., Khim. 25 59 (1987)

110. A Aleksandrov, M Kamburova, S Dimitrov Nauch. Tr. Plovdiv

Univ., Khim. 25 73 (1987)

111. M N Abbas, G A E Mostafa Anal. Chim. Acta 478 329 (2003)

112. M M Hassanien, Kh S Abou-El-Sherbini, G A E Mostafa

Talanta 59 383 (2003)

113. W C Hawkes Anal. Chim. Acta 183 197 (1986)

114. E Aoyama, N Kobayashi, M Shibata, T Nakagawa, H Tanaka

Anal. Sci. 7 103 (1991)

115. L N Moskvin, A V Bulatov, E A Rudenko, D V Navolotskii,

G I Koldobskii Zh. Anal. Khim. 61 29 (2006) b

116. L N Moskvin, A V Bulatov, G L Grigor'ev, G I Koldobskii

Zh. Anal. Khim. 58 955 (2003) b

117. A M Kolesnikova, A I Lazarev, V I Lazareva Zav. Lab. 51 (11)

1 (1985)

118. P Nagaraja, M C Hemantha Kumar, H S Yathirajan Anal. Sci.

18 815 (2002)

a Ð Chem. Heterocycl. Compd. (Engl. Transl.)
b Ð Russ. J. Anal. Chem. (Engl. Transl.)
c Ð Russ. J. Inorg. Chem. (Engl. Transl.)

The use of tetrazolium salts in inorganic analysis 179



Abstract. The review summarises data on the synthesis andThe review summarises data on the synthesis and
functionalisation of gold nanoparticles and their applications infunctionalisation of gold nanoparticles and their applications in
biological investigations. Particular attention is given to applica-biological investigations. Particular attention is given to applica-
tions of colloidal gold in solid-phase assays, immunoassay andtions of colloidal gold in solid-phase assays, immunoassay and
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references.references.

I. Introduction

Gold was one of the first metals discovered by humans, and the
history of its study counts several thousands of years. First data on
colloidal gold (CG) can be found in treatises by Chinese, Arabic
and Indian scientists, who prepared CG and used it, in particular,
for medical purposes as early as 5 ± 4th centuries B.C. In the
Middle Ages, alchemists in Europe actively studied and used CG.
Probably, wonderful colour changes that accompany condensa-
tion of gold atoms prepared by reduction of salt solutions led
alchemists to believe in transformations of elements, CG being
considered as a panacea.1 For example, Paracelsus wrote about
the therapeutic properties of `quinta essentia auri,' which was
prepared by reduction of gold chloride by ethanolic extracts of
plants. In 1583, the doctor of the French king Louis XIII, the
alchemist David de Planis-Campy, recommended the use of a
colloidal solution of gold in water as an elixir of longevity. The
first book on colloidal gold preserved to our days was published
by the philosopher and doctor of medicine Francisco Antonii in
1618.2 This book contains information on the formation of CG
and its medical uses, including practical advices. From the mid-
17th century, CG was used for the production of red (ruby)
glasses, decoration on porcelain (purple of Cassius) and silk
colouration.

The beginning of scientific research on CG dates back to the
mid-19th century, when Michael Faraday published an article 3

devoted to methods of synthesis and properties of CG. In this
article, Faraday described, for the first time, aggregation of CG in
the presence of electrolytes, the protective effect of gelatin and
other high-molecular-mass compounds and the properties of thin
films of CG.Colloidal gold solutions prepared byFaraday are still
stored in the Royal Institution of Great Britain in London.

In the late 19th century ± early 20th century, Richard Zsig-
mondy 4, 5 published a series of fundamental papers on the proper-
ties of CG.Hewas the first to describemethods of synthesis of CG
with different particle sizes with the use of hydrogen peroxide,
formaldehyde and white phosphorus as reducing agents and
report on important physicochemical (including optical) proper-
ties of gold sols. Zsigmondy used colloidal gold as the main
experimental object when inventing (in collaboration with
Siedentopf) an ultramicroscope. In 1925, Zsigmondy was
awarded the Nobel Prize in Chemsitry `for his demonstration of
the heterogeneous nature of colloid solutions and for the methods
he used, which have since become fundamental in modern colloid
chemistry'.

Studies by the Nobel Prize laureate Theodor Svedberg on the
preparation, analysis of mechanisms of colloidal gold formation
and sedimentation properties of CG (with the use of the ultra-
centrifuge he had invented) 6 are also among classical studies.
Svedberg investigated the kinetics of reduction of gold halides and
formulated the main concepts about the mechanism of formation
(chemical condensation) of colloidal gold particles.

Later studies were concerned with various procedures for the
synthesis of gold sols based on both disintegration ofmetallic gold
by electric arc and (primarily) synthesis of colloidal particles from
gold halides with the use of chemical reducing agents or irradi-
ation.7 ± 11

Nowadays, colloidal gold is used by scientists as a perfect
subject for studies of the optical properties of metal particles 12 ± 15

and fractal clusters 16 and the mechanisms of aggregation and
stabilisation of colloids.17 ± 21 Colloidal gold is also applied in
analytical chemistry,22, 23 geomicrobiology, geobiochemistry 24

and photography.25 Colloidal gold, unlike crystalline gold,
shows a pronounced catalytic activity.26 Colloidal gold immobi-
lised on an electrode surface is used in investigations of catalytic
processes and electron transport in biomacromolecules.27

Examples of the application of CG in medicine, in particular,
in colour reactions for proteins which are present in the cerebro-
spinal fluid and blood serum are documented.28, 29 Methods
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developed for these purposes are based on the properties of
proteins to serve (depending on their physicochemical properties)
as either flocculants or stabilisers of colloidal gold particles.
Methods for the treatment of rheumatoid arthritis with CG
solutions were developed.30 Colloidal solutions of the 198Au
isotope (the half-life is 65 h) are successfully used for therapeutic
purposes in oncology.31 Non-radioactive CG has found wide
application in the diagnosis and treatment of cancer diseases.32 ± 35

Gold particles are used for studying the transport of substan-
ces into cells by endocytosis,36 the delivery of genetic material
to cell nucleus by biolistic transfection 37 and targeted drug
delivery.38

However, colloidal gold is most widely applied in medicine as
an immunochemical marker. An ideal marker should be readily
distinguishable with an electron microscope, have a specified size,
shape and structure, be stable against aggregation, be strongly
bound to biomolecules and not decrease their activity. Colloidal
gold meets all these requirements. For the first time, colloidal gold
conjugates with immunoglobulins were used as immunochemical
markers in 1971.39 After the publication in 1973 of the study by
Frens 40 concerned withmethods of synthesis of CGwith a desired
particle size, CG-based biospecific markers have found wide
application in different fields of biology. Abundant information
on the most important aspects of the preparation and application
of CG-based immunochemical markers in biology and medicine
was summarised in monographs 41 ± 43 and reviews.44 ± 47

A colloidal gold particle consists of the crystalline nucleus
[Au]m and AuClÿ4 ions adsorbed on the surface of the nucleus.
These ions determine the negative charge of colloidal gold
particles, compose the inner layer of the ionic (electric) double
layer and determine the adsorption potential. The H+ ions are
present in an intermicellar solution (some of them are located in
the adsorption region; other, in the diffuse region of the electric
double layer). The gold micelle can be represented as follows:

where [Au]m is the micelle nucleus (m is the number of gold atoms,
which can vary from several hundreds tomillions), n is the number
of adsorbed AuClÿ4 ions (n�m), d0 is the adsorption layer thick-
ness and d is the thickness of the diffuse region of the electric
double layer.48

A high electron density, the ability to scatter and emit
secondary electrons, the characteristic absorption and scattering
in the visible region of the electromagnetic spectrum and the
intense red colour of gold-containing markers enable easy detec-
tion of gold particles by different physicochemical methods
(microscopy,{ photometry, flow cytometry, etc.). The possibility
of preparing gold sols with different particle sizes and a narrow
particle size distribution provides a high resolution of these
methods and, in addition, enables simultaneous labelling of two
or more antigens (or other ligands). After the corresponding
immunochemical reaction, the size of CG particles can be
increased by silver 49 or gold 50 enhancement (autometallogra-
phy), which substantially extends the scope of these methods.

In the last 10 ± 15 years, metal nanoparticles (particularly,
gold nanoparticles) have found increasing application as efficient
optical transducers of the results of biospecific interactions (for
example, of an antibody with an antigen adsorbed on CG
particles) into the detected optical signal in devices called biochips
and biosensors.51 These devices are based on the unique optical
properties of CG, in particular, the surface plasmon resonance
(SPR, see below).52 The changes in physicochemical parameters of
biochips and biosensors that occur in the course of biospecific

reactions are detected with the use of visual observations, light-
scattering methods, vibrational spectroscopy, etc.

Biospecific interactions of biomolecules adsorbed on gold
nanoparticles in systems, where nanoparticles exist as ordered
self-assembled structures (thin films) 53 or are encapsulated in
polymeric matrices,54 have been extensively studied. Such struc-
tures are popular for the detection of biomolecules and micro-
organisms, for the design of DNA chips, etc. In these systems, the
optical signal from the marker is sharply enhanced due to a
strengthening of the local excitation field in an aggregate formed
from gold nanoparticles.

Of nanosize structures, which are the subject of numerous
fundamental studies, clusters are of particular interest. They
occupy an intermediate position between individual atoms and
solids and exhibit properties different from those of both atoms
and solids. In particular, their physical characteristics substan-
tially depend on the type and number of atoms involved in these
structures, and this dependence becomes weaker as the number of
atoms increases, which is indicative of the transformation of the
material from the cluster to bulk state (quantum-size effects).
Among clusters of simple substances, metal clusters (gold nano-
particles is a typical example) are of particular interest. These
compounds attract considerable attention due to the character-
istic features of their electronic structures and the relative sim-
plicity of their preparation.

The present stage of development of physics of metal clusters
dates back to 1993, when the electron shell structure of these
clusters was discovered.55, 56 This structure resembles in many
aspects the shell structure of atoms. The experimental discovery of
electron shells in polyatomic clusters was almost simultaneously
confirmed by theoretical methods.

The theoretical approach was based on the property of metal
valence electrons to leave the atoms (to be delocalised) and form a
conduction band. It appeared that it is these shared electrons that
determine the energy structure of the cluster and its unusual
collective properties.57 In particular, delocalised electrons in
metal clusters have an effect on the behaviour of clusters in
interactions with external fields. Recent extensive studies of
interactions of metal clusters with electromagnetic fields revealed
giant maxima (resonances) in electromagnetic absorption spectra.
These resonances are associated with excitation of collective
vibrations of the electronic system analogous to plasma vibrations
of the electronic gas in the plasma and macroscopic metal bodies.
These vibrations are called plasmon vibrations; the resonance, the
surface plasmon resonance. The amplitude and the frequency
range of plasmon resonance in clusters differ from those in
macroscopic crystals.

If particles form aggregates, the corresponding plasmon peak
is shifted to longer wavelengths or is broadened due to dipole ±
dipole interactions of light-induced dipole moments of particles in
aggregates.58 Therefore, optical excitations in aggregates com-
posed of metal nanoparticles have a collective nature. As a result,
local optical fields acting on metal particles in a fractal aggregate
can be substantially higher than the mean field, which leads to
giant non-linear effects.59

It is of principal importance that the optical response of
nanoparticles or their aggregates (particularly, ordered) substan-
tially depends on the particle size and shape, the interparticle
distance and the local dielectric environment of the particles.60

This enables the tuning of the optical parameters of sensors.
The design and practical applications of biosensors based on

metal nanoparticles were considered in reviews.51, 61 ± 68 New
unique technologies, in particular, the monolayer self-assembly
of metal particles,69 nanolithography,70 vacuum evaporation,71

etc., are employed in the design of biosensor devices. Biosensors
based on gold nanoparticles are used in immunoassay 72 and for
the nucleotide sequence determination.73, 74 Recently, record
sensitivities (in a zeptomole range) of such sensors have been
achieved,75, 76 and it has been demonstrated that resonance
scattering spectra of individual particles can be recorded. This

{[Au]mj n(AuClÿ4 )(n7x)H+j xH+j} ,
d0 d

{ In addition to conventional transmission electron microscopy, scanning

electron microscopy, light microscopy and different modifications of

atomic force microscopy are also widely used.
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opens up the possibility of observing intermolecular interactions
at the single-molecule level.77

The unique optical properties of silver and gold nanoparticles,
which are determined by the localised surface plasmon resonance,
are nowadays widely applied in single-electron transistors,78 near-
field optical microscopy,79 surface-enhanced Raman scattering 80

(including at the single-molecule level 81), SPR microscopy, SPR
spectroscopy,82 etc. The optical properties of metal nanoparticles
and their conjugates with biomacromolecules have been
reviewed.83 ± 88

The present review summarises data on different methods of
synthesis and functionalisation of gold nanoparticles and their
applications in biological studies. Particular attention is given to
applications of colloidal gold particles in solid-phase assays,
immunoassays and studies of biomolecules by vibrational spec-
troscopy (the use of gold nanoparticles in electron microscopic
methods is only briefly mentioned). A special section is devoted to
applications of gold nanoparticles as antigen carriers in immuni-
sation.

II. Methods of preparation of colloidal gold

Methods of synthesis of CG (and other metal colloids) can be
arbitrarily divided into the following two large groups: dispersion
methods (metal dispersion) and condensation methods (reduction
of the corresponding metal salts).

Dispersion methods for the preparation of CG are based on
destruction of the crystal lattice of metallic gold in high-voltage
electric field. If an electric arc is created in a liquid between two
gold electrodes under electric field, its blazing leads to the mass
transfer between electrodes accompanied by the colloidal gold
formation. The yield and shape of gold particles formed under
electric current depend not only on the voltage between electrodes
and the current strength, but also on the presence of electrolytes in
solution. The use of direct current leads to the formation of non-
uniform gold particles. The addition of even very small amounts
of alkalis or chlorides and the use of high-frequency alternating
current for dispersion substantially improve the quality of gold
hydrosols.

Condensation methods are more commonly employed than
dispersion methods. Colloidal gold is most often prepared by
reduction of gold halides (for example, of HAuCl4) with the use of
chemical reducing agents and/or irradiation (ultrasonic and UV
irradiation, pulse or laser radiolysis).47, 89 Various organic and
inorganic compounds serve as chemical reducing agents.23 In the
pioneering studies by Faraday and Zsigmondy,3, 4 formaldehyde,
ethanol and white phosphorus were used, inter alia, as reducing
agents. These compounds are still successfully used for the
preparation of sols with an average particle diameter of
5 ± 12 nm.90, 91 In addition, sodium citrate 92 (for the preparation
of CG with an average particle diameter of 20 nm), ascorbic
acid 93 (12 nm), ethylenediaminetetraacetic acid (EDTA) 8

(20 nm), sodium citrate in the presence of tannin (*5 nm),94, 95

sodium borohydride,96 borohydride in a mixture with sodium
citrate 97 or EDTA 98 and cyanoborohydride 99 (for the prepara-
tion of CG with an average particle diameter of *5 nm) have
found application in the synthesis of gold sols. Ultradispersed sols
(the particle diameter of 2 ± 3 nm) can be prepared with the use of
sodium or potassium thiocyanate.100 Other reducing agents, such
as oxalic and tartaric acids, carbon monoxide, tin chloride,
hydrazine, hydrogen peroxide, carbohydrates, phenols, aromatic
aldehydes, essential oils and many other compounds (up to an
aqueous extract ofDutch cigars),90 whichwere extensively applied
in the synthesis of CG early in the 20th century, are not presently
used.

Zsigmondy and Svedberg 5, 6 studied the kinetics of reduction
of gold halide solutions and formulated the principal notions of
the mechanism of formation of gold particles using reduction of
HAuCl4 with hydrogen peroxide as an example

2HAuCl4+3H2O2+8KOH 2Au+3O2+8KCl+8H2O.

This reaction produces only one electrolyte and, consequently, it
can be monitored by conductometry.

According to Zsigmondy and Svedberg,*30% of HAuCl4 is
initially reduced (to form a highly supersaturated gold solution in
which the concentration of atomic metal is 6 orders of magnitude
higher than that in a saturated solution), after which the reaction
rate sharply decreases. The slow step involves condensation of
gold to form very small particles (new phase nuclei). The latter
form large but unstable aggregates (coagulation followed by
peptisation), the sol solution turning blue. Particles involved in
aggregates gradually enlarge and become centres of further rapid
reduction of HAuCl4. Once nuclei reach a particular critical size, a
stable red sol is formed.

Taking into account the condensation mechanism of forma-
tion of a colloidal phase, several parameters determining the
degree of dispersity of a gold suspension can be mentioned.
Evidently, the rate of new phase nucleation depends on the
concentrations of the reactants and the chemical nature of the
reducing agent. At a low rate of nucleation and a rather high rate
of particle condensation (the low degree of supersaturation of an
HAuCl4 solution), rather bulky particles are formed in small
amount. At a high rate of nucleation and a rather low rate of
particle condensation (the high degree of supersaturation of an
HAuCl4 solution), the probability of the formation of small
particles increases. The increase in the concentration of the
reducing agent is limited by aggregation stability of colloidal
gold (rather high stability is achievable only in low-ionic-strength
media).

In the case of self-nucleation, the larger the number of
nucleation centres the higher the degree of dispersity of sols. In
most cases, the nucleation and nucleus growth occur simultane-
ously (i.e., reduced metal is consumed simultaneously in both
processes). A decrease in the nucleation rate also leads to the
formation of more coarse-dispersed hydrosols; a decrease in the
nucleus growth rate, to the formation of finely dispersed hydro-
sols. Studies of numerous gold sols prepared by chemical reduc-
tion demonstrated that most of them were characterised by low
stability and a broad particle size distribution.101 Relatively
monodispersed particles with a diameter of 10 ± 60 nm can be
prepared only by the Frens method 40 using sodium citrate for
reduction of HAuCl4.

According to Zsigmondy, a sol with a narrow Au particle size
distribution can be prepared by adding presynthesised Au seeds,
on which condensation will occur, to an HAuCl4 solution. In this
method, sodium citrate or hydroxylamine can serve as reducing
agents.102 ± 104 Isodisperse and isomorphous sols can be prepared
only if the formation of new nuclei is prevented. As a rule, it is
achieved by performing the process in two steps. Initially, a new
phase nucleates, and then weak supersaturation is created in the
sol, due to which new nuclei are not produced any more and only
the already formed nuclei grow.105

Another procedure for the preparation ofmonodispersed gold
sols was developed.106 This method is based on reduction of a
concentrated HAuCl4 solution (0.5 mol litre71) by isoascorbic
acid in the presence of gum arabic as the protective colloid. Under
these conditions, condensation is accompanied by aggregation to
form virtually monodispersed spherical gold particles with a
diameter from 80 nm to 5 mm (depending on the acidity of the
medium and the concentration of the reducing agent).

Gold nanoparticles can also be prepared by the two-phase
microemulsion method. In the first step, metal-containing
reagents are transferred from an aqueous to an organic phase.
After the addition of a surfactant solution to this system, a
microemulsion, i.e., a dispersion of two immiscible liquids, is
formed. The reduction reaction proceeds in a dispersed phase in
which the drop size is at most 100 nm. As a result, virtually
monodispersed sols are formed.107 Later, a single-phase method
without the use of aqueous solutions was developed.108
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In microemulsion methods of synthesis of CG, alkanethiols
are often added to the reaction solution, and these additives form
dense self-assembledmonolayers on the gold surface. Thismethod
was employed for the preparation of self-assembled two- and
three-dimensional ensembles of gold nanoparticles.109 ± 111 Some
ligands, such as alkanethiols, amines, silanes, phosphines and
halides, can be involved in digestive ripening, i.e., in a process in
which a polydispersed colloidal suspension is transformed into
monodispersed state upon refluxing in a solvent containing
surfactant ligands.112

In recent years, synthetic polymers, such as polyethylene
glycol (PEG), polyethyleneimine, polyvinylpyrrolidone, poly-
(vinyl acetate), polyamidoamine (dendrimer), polydithiafulvene,
chitosan, etc., have found application in the synthesis of mono-
dispersed CG.113 ± 117 Particles formed in the presence of these
polymers are characterised by a higher size and shape uniform-
ity.118, 119 Sodium borohydride,120, 121 alcohols and ethers,122

hydrazine 123 and sodium diphenylaminosulfonate,124 as well as
ultrasonic radiation,125 can be used for reduction. A tyrosine
residue of a polyfunctional peptide served as a reducing agent.126

Colloidal gold with the required particle size can be prepared by
choosing a particular reducing agent and taking into account the
characteristic features of the kinetics of formation of a colloidal
phase.127 ± 130 A procedure for the synthesis of a marker for lectins
with the use of PEG modified by carbohydrates and thiol groups
was described.131

Physical (based on ultrasonic, UV, IR or ionising radiation or
laser photolysis) 8, 9, 132 ± 138 and electrochemical 139 methods of
reduction are much less commonly employed than chemical
methods. The advantages of the former methods are that impur-
ities of chemical compounds are absent in the resulting sols (on the
metal particle surface).140

In electron microscopic biological studies, gold clusters con-
sisting of 11 ± 67 atoms (undecagold, Nanogold2) with a diame-
ter of 0.82 ± 1.4 nm are used as markers. These clusters are
prepared by reduction of a gold triarylphosphine complex with
sodium borohydride 11, 141, 142 or by reduction of HAuCl4 in
methanol with glutathione.143, 144

The application of microorganisms and plant and animal cells
for the CG synthesis is a new line of investigations in nano-
biotechnology.145 ± 148

In recent years, CG particles uniformly distributed in poly-
meric matrices and particles consisting of the metal core and a
dielectric shell,149 ± 151 as well as non-spherical particles (sphe-
roids, rods, chains) { and shell and planar structures,152 ± 162 have
been much in demand due to the use of CG in biosensors. The
latter structures can be prepared by reduction of gold salts in
reverse micelles,163 by the photochemical method 164 and with the
use of porous aluminium or quartz templates and carbon nano-
tubes.165, 166 These methods were also employed for the synthesis
of composite materials, for example, of gold ± iron (possessing
magnetic properties),167 gold ± silver 168, 169 and other bimetallic
nanoparticles.47

III. Functionalisation of gold nanoparticles

A gold hydrosol is a typical lyophobic colloid the particles of
which bear a large negative surface charge (the surface potential is
*50 mV)170 and, hence, it is stable only in very low-ionic-strength
solutions. In lyophobic systems, the dispersion medium and the
dispersed phase are substantially different in the chemical compo-
sition and the interface structure, as a result of which the surface
forces at the interface are uncompensated. These systems are
thermodynamically unstable and require special stabilisa-
tion.17, 170, 171

The stability of a sol can be increased by coating particles with
a polymeric layer (conjugation with a polymer).18 ± 21, 172 This
method of stabilisation was proposed by Faraday, who studied
the protective properties of gelatin.3 The addition of even a small
amount of a polymer (particularly, of polyelectrolytes) to lyopho-
bic colloids can substantially increase their aggregation stability.

The formation of an adsorbed polymeric layer on the particle
surface leads to a decrease in the interphase tension due to a
strengthening of interactions between the dispersed phase and the
dispersion medium, resulting in a substantial increase in the
entropy component of the system (due to the involvement of
molecules and ions of the surface layer in thermal motion together
with particles of the dispersed phase). As a result, the aggregation
stability of the system increases. The adsorption layer favours the
formation of a solvate layer with the result that the particle surface
becomes lyophilic and the lyophobic sol becomes much less
sensitive to coagulation by electrolytes (due to electrostatic and
hydrophobic interactions and structural mechanical stability).

The efficiency of stabilisation depends on solubility of the
protective polymer in a dispersion medium, the ability of lyopho-
bic particles to adsorb the polymer on their surface and the degree
of the surface coverage by the polymer.

Not only the molecular mass of a polymer, but also the charge
of its functional groups are of importance for the protective
action. Polymers containing simultaneously acidic and basic
groups (for example, protein analogues) or weakly basic poly-
cationic macromolecules having the pH-dependent protective
action are the most efficient stabilisers of gold hydrosols.19, 20, 173

The ability of polymers (including biospecific macromole-
cules) to stabilise lyophobic colloids underlies the preparation of
stable bioconjugates, e.g., complexes of CG with immunoglobu-
lins, lectins, enzymes, hormones, lipoproteins, etc.174

The attachment of biospecific probes to CG can be performed
by adsorption and chemisorption methods. Each method has
characteristic features of its own. It is commonly accepted that
stabilisation of CG by recognising biomolecules (functionalisa-
tion) occurs through passive adsorption of a polymer on the
particle surface by electrostatic and hydrophobic interac-
tions.43, 90 A strong negative charge of the gold particle surface
provides their strong adsorption interactions with high-molecu-
lar-mass compounds. The presence of Coulomb interactions
between the NH2 groups of lysine residues of a protein adsorbed
on the gold nanoparticle surface with the citrate ions was
reported.175

In recent years, an important role of cysteine SH groups in
binding of proteins to the surface of gold particles has been
documented.176

The advantage of physical adsorption is that gold particles
have a minimum effect on the structure of a macromolecule (a
probe). Electrostatic (rather than covalent) interaction of a label
with a probe ensures to the greatest extent the conservation of the
native character of the probe and, consequently, the activity and
specificity of its interactions with the target molecule. However,
when using this procedure for the preparation of bioconjugates,
the possibility of desorption of recognising molecules from the
gold nanoparticle surface and their binding to the targetmolecules
must be taken into account. The main distinguishing feature of
polymer adsorption is that polymers are usually adsorbed in
amounts substantially larger than those required for the forma-
tion of a monomolecular layer. Adsorption isotherms of polymer
adsorption from dilute solutions show no inflection points, which
could be indicative of the formation of a discrete monolayer, as is
observed for low-molecular-mass surfactants. This is due to
formation of a relatively large number of contacts between
macromolecules and the surface. The simultaneous cleavage of
these contacts is statistically improbable,20 and consequently, in
most cases, adsorption of individual macromolecules is irrever-
sible.{ It is known that the particle shape has a profound effect on their optical

properties.
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Sulfur and gold atoms are known to form dative bonds.22, 177

Hence, it was proposed that alkanethiol linkers HS(CH2)nR
(R=COOH, OH or SO3H; n=11± 22) were used to achieve
stronger attachment of biomolecules to gold particles (the chemi-
sorptionmethod).178 Interactions of these linkers with gold afford
thiolates [Au0]m .Au+S7(CH2)nR,69 which form a monolayer on
the particle surface.

In 1996, Mirkin et al.73 performed thiolation of oligonucleo-
tides at the 50-end before their attachment to gold particles with a
size of 15 nm. As a result, very stable conjugates (resistant to high
and low temperatures) were prepared, which were employed for
colourimetric determination of DNA in solution. Cyclic disul-
fides 179 and tris(o-mercaptohexyl) derivatives 180 were used as
linkers for the preparation of bioconjugates with gold particles
with sizes of 30 and 100 nm, respectively. Conjugates with gold
nanoparticles (nanospheres and nanorods) were prepared from
thiolated proteins, immunoglobulins and avidin.168, 181 In addi-
tion to alkanethiols, ligands containing phosphino, amino or
carboxy groups served as linkers.47 The advantages of chemisorp-
tion are most pronounced in the case of linear molecules (for
example, DNA). Adsorption of these molecules leads to the
formation of structures characterised by close spatial orientation
of the attached molecules.

However, non-covalent (adsorption) conjugation is still most
commonly employed for the preparation of gold markers for
immunochemical studies. In this approach, the native structure of
biomacromolecules and, as a consequence, their functional prop-
erties are retained to the greatest extent.

IV. Colloidal gold in solid-phase assays

In early steps of development of immunoassay methods, prefer-
ence was given to liquid-phase procedures. However, in recent
years, solid-phase methods have found increasing use because
they enable substantial simplification of experiments and a
decrease in the background signal. For the first time, the solid-
phase procedure was applied in radioimmunoassays of pro-
teins.182

The problem is that the liquid-phase assays require the use of
an antigen in solution; however, not all antigens are water-
soluble.} There is a large number of antigens, which can be
transformed into the soluble state only in the presence of dissoci-
ating additives, such as sodium dodecyl sulfate, urea, guanidinium
chloride, etc. These dissociating additives prevent the formation
of immune complexes.183 These difficulties can be avoided by
immobilising antigens on solid supports. Microtitration plates
and nitrocellulose (NC) filters have gained wide acceptance in
solid-phase assays.184

Radioactive isotopes (125I, 14C and 3H), enzymes (peroxidase,
alkaline phosphatase, etc.) 185 ± 187 and, in recent years, CG have
found wide application as labels in membrane tests. In 1984, the
use of CG as labels for solid-phase immunoassays was docu-
mented in several publications.188 ± 191 Colloidal gold conjugates
have found application in solid-phase assays due to the intense red
colour of gold-containing markers. The appearance of the colour
in the course of the reaction enables visualisation of the proc-
ess.192 ± 194

Non-specific staining of proteins onNC filters was carried out
using the gold stain AuroDye 195, 196 (see }). This method was
further improved and modified.197 ± 199 Non-specific staining of
proteins by gold stains is rather simple, convenient and highly
sensitive.200 The staining intensity is proportional to the logarithm
of the protein concentration and its molecular mass.201 Elution of
CG-immobilised proteins and the photometric determination of

the protein concentration from the light absorption of the result-
ing complex at 540 nm were described.202 The gold stain was used
also for direct protein staining in gels,203 for detection of nucleic
acids immobilised on blots,204 for protein determination by
electron microscopy 205, 206 and for the colourimetric determina-
tion of proteins in solution.207

In assays, an antigen immobilised on amembrane is incubated
with a solution of the corresponding CG-labelled antibodies (or
other biospecific probes). Immunoglobulins,189, 191, 208, 209 Fab
and scFv fragments of antibodies,123, 210 protein A,188, 190 lec-
tins,211, 212 enzymes,204 streptavidin or antibiotin antibodies (in
studies of biotinylated specimens),213, 214 etc., were applied as
probes in `gold' dot-blot assays. To visualise different antigens
on a membrane, several labels can simultaneously be used (for
example, CG and peroxidase 215, 216 or alkaline phosphatase 217).
Colloidal gold conjugates also have found application in tissue
blots,218 in which tissue prints are blotted onto nitrocellulose
filters and the sought-for components are visualised with labelled
probes, as well as in linear blots.219

In membrane tests, CG was used for diagnosis of para-
sitic,220 ± 223 viral 224 ± 227 and fungal 228, 229 diseases, tuberculo-
sis,230 melioidosis,231 syphilis,232 brucellosis 233 and shigellosis,234

for the determination of early pregnancy 235 and blood groups,236

for the identification of plant antigens 237, 238 and for dot-blot
hybridisation.239

Attempts were made (in our opinion, not quite convincing) to
stain samples with CG in wells of microtitration plates 240 ± 244 or
on the cover glass surface 245 and to use colloidal silver 246 or coal
particles 247 instead of CG in solid-phase immunoassays. The
application of CG in assays of large series of antigens in micro-
matrices (immunochips) holds more promise.248 The latter
method enables the determination of analytes at a concentration
of 60 ± 70 ng litre71. In this case, up to 384 samples can simulta-
neously be analysed usingmicrolitre amounts of an analyte and an
immunogold marker as the detecting agent.

Depending on the form in which an antigen is immobilised on
a membrane, immunodot and immunoblot assays are distin-
guished. The former is employed in assays of non-fractionated
specimens; the latter, in assays of pre-fractionated specimens. The
immunodot assay is one of the simplest methods of analysis of
antigens immobilised on membranes and, in some cases, enables
their quantitative estimation. The immunodot assay is most often
used for soluble antigens.249 Studies of whole bacterial cells by dot
assay with an enzymatic label or by colony blot assay were also
documented.250 ± 253 The dot assay of whole bacterial cells using
visualisation of the reaction products with biospecific markers,
viz., CG conjugates, (cell-gold immunoblotting) was used 254, 255

for serotyping of nitrogen-fixing soil microorganisms. More
recently, this method was applied to the diagnosis of intestinal
infections.256

The sensitivity of a label depends on the gold particle size [the
light attenuation coefficient increases with increasing particle
diameter (>40 nm)].257 This is the reason why most of companies
producing gold markers recommend to use conjugates of a probe
withCGparticles with a diameter of 20 ± 30 nm in blot assays. The
sensitivity in dot assays was increased by using conjugates of
recognising molecules with gold nanoparticles as nanorods and
nanoshells.258, 259

In the 1990s, some companies began to produce immuno-
chemical diagnostic test kits. Due to high specificity and sensitiv-
ity of the immunoassay technique, these tests have found wide
application in the determination of narcotic drugs and toxins, the
early pregnancy diagnosis and screening of especially dangerous
infections and urogenital diseases.260 ± 267 In recent years, proce-
dures have been developed for DNA hybridisation 268 and tuber-
culosis diagnosis.269 Immunochromatography is a technique for
rapid immune tests, which is most actively developed and widely
used in practice.

Immunochromatographic assays are based on the motion of
an eluent along a membrane (lateral diffusion), which is accom-

}For example, a wide class of corpuscular antigens, such as whole

bacterial cells, are among water-insoluble antigens.

}The gold stain is a gold sol partially stabilised by polymers, such as PEG

20M, Tween-20, etc.
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panied by the formation of specific immune complexes in different
membrane regions visualised as coloured bands.270 Enzymes,
coloured latexes and, most often, CG are used as labels in these
systems.271, 272

Examinations of these test systems demonstrated their high
stability, reproducibility of the results and correlation with alter-
native methods. The degree of inhomogeneity of the detected
bands estimated by densitometry is in the range of 5%± 8%,
which enables reliable visualisation of the results of assays. These
tests are very simple and convenient in use. However, the
technology of production of components of such test kits (unlike
dot-blot tests) is rather complicated and is the property of
manufacturers, which limits the use of these methods in routine
laboratory practice.

V. Application of colloidal gold for the
quantitative protein determination

Dot-blot assays with the use of CG conjugates have found
increasing use and gained wide acceptance due to high sensitivity
and simplicity. However, this method has some limitations,
among which are difficulties of rigorous quantitative interpreta-
tion of the results and operations with low-molecular-mass
ligands and considerable problems associated with the detection
of components of complex biological systems (homogenates,
exudates, etc.).

In 1980, Leuvering et al.273 developed a new immunoassay
method called the sol particle immunoassay (SPIA). This method
employs two important properties of gold sols: (1) the typical
bright red colour of sols, which remains virtually unchanged upon
adsorption of high-molecular-mass compounds on gold particles,
and (2) changes in the colour of sols upon aggregation of gold
particles, which is detected from changes in absorption in the
visible spectral region. These changes in absorption are clearly
detected both spectrophotometrically and visually.

The SPIA method is rather simple in use. Solutions of a gold-
containing marker and the sample under study are mixed in a
reaction vessel, and either the spectrophotometric characteristics
of the suspension are monitored or the colour of the suspension is
visually estimated during the incubation period (0.5 ± 2 h). If the
biospecific reaction proceeding on the CG surface is accompanied
by destabilisation of the sol resulting in aggregation of gold
particles (in the case of polyclonal antibodies, this process is called
agglutination), the absorption spectrum of the suspension shows
substantial changes associated with a noticeable change in its
colour (from red to blue or gray). Antigens can be quantitatively
determined with spectrophotometers and colourimeters.

Later,274 ± 277 this method was modified and optimised to
detect human chorionic gonadotropin in the urine in pregnancy
(larger gold particles and monoclonal antibodies to different
antigen regions were used). Based on the results of these inves-
tigations, home-use test kit Discretest2 for early pregnancy is
produced (Chefaro company, the Netherlands). The immunoco-
lourimetric test kits for the rheumatoid factor and streptolysin is
produces by PLIVA Lachema company (Czech Republic).

More recently, this method was applied to immunoassays of
Schistosoma 278 and Rubella 279 antigens, the determination of
affinity constants for different isotypes of mouse monoclonal
IgG 280 and quantitative determination of immunoglobu-
lins 281, 282 and cystatin C (an endogenousmarker for the filtration
ability of kidney glomeruli).283

In 2002, Thanh and Rosenzweig 284 rediscovered this method
and applied it to the quantitative determination of antibodies to
protein A with the use of the conjugate of protein A with CG. In
recent years, new methods for the detection of a response of a
system (for example, antigen ± antibody labelled by CG) to
interactions, such as photothermal spectroscopy,285 double-
beam laser absorption spectroscopy 286 and hyper-Rayleigh scat-
tering,287 have enabled an increase in the assay sensitivity. The

combined use of agglutination of latex and gold particles (hetero-
geneous SPIA) was proposed.288

All versions of the SPIAmethod are very simple in use and are
characterised by high sensitivity and specificity. However,
researchers facedwith the fact that antigen ± antibody interactions
on sol particles not always lead to destabilisation of the system
(particle aggregation). In some cases, in spite of the obvious pair
complementarity, the colour of the solution and, consequently,
the absorption spectra change only slightly, if at all.

After a series of preliminary experiments, it was hypothes-
ised 289 that in these cases a second protein layer is formed on gold
particles without loss of aggregation stability of the sol. In this
case, changes in the spectra due to adsorption of the second
biopolymer and, correspondingly, changes in the structure of the
biopolymer layer on the metal particle surface are relatively small.
However, even such small changes in the absorption spectra can
be recorded and used for quantitative assays in biological appli-
cations.290, 291

Another version of the above-describedmethod was proposed
by Mirkin and co-workers.73 This version is based on the
colourimetric determination of polynucleotides interacting with
complementary oligonucleotides immobilised on gold nanopar-
ticles. This process is accompanied by the formation of an ordered
three-dimensional structure of gold nanoparticles, which leads to
changes in the absorption spectrum of the solution and is detected
visually 73 or photometrically.292

The formation of ordered three-dimensional structures in the
reactions of IgG-functionalised gold nanoparticles with anti-
gens 176, 293 or with aptamers was documented.294 It was demon-
strated that biologically programmed ensembles of gold
nanoparticles can be prepared with the use of an avidin ± biotin
system.295, 296 An analogous approach was applied for the detec-
tion of lectins.146 Ca2+-dependent aggregation of gold nano-
particles coated with carbohydrates was described.297

In spite of the fact that the SPIA method is very simple in use,
the real practical applications of this method during 20 years have
been described in rather modest number of papers. Only in the
very recent past, this method has been demonstrated to be
promising as a high-performance clinical test. In our opinion,
the SPIA method has little use because the physicochemical and
optical mechanisms of the conversion of signals, which are
generated upon the biospecific binding of target molecules to
CG conjugates, into characteristics of light attenuation or scatter-
ing by suspensions are poorly understood.

A new version of the SPIA method with the use of micro-
titration plates and microplate reader and a trypsin (proteolytic
enzyme) conjugate with CG as a specific visualising agent for
proteins was proposed.298 This assay holds considerable promise
for the rapid, sensitive and quantitative protein determination.

VI. Application of gold nanoparticles in studies of
biologically active compounds by vibrational
spectroscopy

Raman spectroscopy is an efficient tool to investigate molecular
structures because the set of intramolecular vibrational frequen-
cies is uniquely related to the molecular structure as well as to
intermolecular and intramolecular interactions.299, 300 However,
since the intensity of the Raman signal is relatively low, the
detection of this signal is a rather complex problem and requires
the use of modern laser sources and photon counting systems. In
1974, Fleischman et al. 301 suggested that the effective number of
molecules involved in scattering from the adsorbed monolayer
could be increased by increasing the real surface area with
retention of the `visible' surface area illuminated with pumping
radiation. For this purpose, the silver surface was made coarse by
anodic etching and the spectra of compounds adsorbed on this
surface were recorded. The intensity of Raman scattering
increased by a factor of 106 ± 107, while the surface area after
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etching of the silver electrode surface increased by only an order of
magnitude.301 More recently, it was demonstrated that the
observed enhancement of Raman scattering is associated with a
new non-linear effect called the surface-enhanced Raman scatter-
ing (SERS) effect.{

Surface-enhanced Raman scattering has some features distin-
guishing it from conventional Raman scattering. First, SERS
cross-sections for vibrational modes of adsorbed molecules can be
increased by a factor of 1010 or more compared to the analogous
parameters for unadsorbed molecules. Second, the enhancement
of scattering varies depending of the excitation frequency and the
degree of roughness of the support according to a law specific for
SERS. Third, the SERS spectra of many adsorbed molecules are
substantially different from the corresponding Raman spectra of
molecules in the free state. This is manifested in the selective
enhancement of particular vibrations and the appearance of new
bands in the SERS spectrum.

Abundant information on applications of surface-enhanced
Fourier-transform IR and SERS spectroscopy in biological stud-
ies is summarised in the reviews.303 ± 306 Vibrational spectroscopic
methods are used for studying individual biomolecules, as well as
cells and tissues.307 ± 311

In most of the cited studies, vibrations of biomolecules were
enhanced due to their adsorption onmetal electrodes or thin films.
However, in recent years the methods in which signals are
enhanced with the use of colloidal metals (primarily, gold and
silver), have gained wide acceptance.312 ± 316 In these methods, the
signal is enhanced by giant non-linear local fields that are
produced in metal clusters.317, 318 Different versions of immuno-
assay with the use of antibodies or antigens adsorbed on gold
nanoparticles and vibrational spectroscopic methods were devel-
oped.319 ± 323

It was demonstrated for the first time 324 that Fourier-trans-
form IR spectroscopy can be employed for the sensitive determi-
nation of interactions of protein molecules with the gold particle
surface and for the reliable and simple monitoring of biospecific
reactions. This method (that is called spectroimmunochemical)
can serve as a basis for the development of test systems detecting
biospecific antigen ± antibody, enzyme ± substrate, lectin ± poly-
saccharide, etc. interactions. The observed changes in the spectra
of biomolecules immobilised on gold particles are evidence that
these biomolecules are indeed adsorbed. The proposed method
along with other methods (for example, SERS) can be used for
controlling the quality of gold conjugates.

VII. Gold nanoparticles as antigen carriers

Let us briefly consider two interrelated problems of modern
immunology that attract the attention of many researchers.
These are the preparation of antibodies against non-immunogenic
low-molecular-mass compounds (haptens) and the design of new
generation vaccines based on natural (microbial) or synthetic
peptides.325 ± 328

The biosynthesis of antibodies in organisms is known to be
induced by compounds possessing a rather developed structure
(immunogenicity). These compounds include proteins and poly-
saccharides.329 However, many biologically active compounds
(neuromediators, hormones, vitamins, antibiotics, etc.) have
rather low molecular masses. Low-molecular-mass antigens
belong to the so-called weak antigens, i.e., a pronounced immune
response against these antigens (biosynthesis of the corresponding
antibodies) is not developed.

The preparation of antibodies against haptens has attracted
interest for several reasons. First, antibodies to particular frag-
ments of biomacromolecules can serve as a highly efficient tool for

investigating their topography and structures. Second, the prep-
aration of antibodies to such low-molecular-mass compounds, as
antibiotics, hormones and some pharmaceuticals, would enable
the control of their amount in the blood of patients, in meat and
dairy products and in cultural media. The drug monitoring is
widely used in all developed countries. This method enables
substantial enhancement of the efficiency of curing and preven-
tion of complications. Among various procedures for the detec-
tion of such compounds, immunochemical assay is most
convenient and highly sensitive, which implies the preparation of
antibodies to these low-molecular-mass compounds. Antibodies
to low-molecular-mass compounds hold considerable promise in
immunotherapeutic practice.325, 330 Third, attempts are made to
use synthetic peptides for the design of artificial (acellular)
vaccines containing only protective antigens and inert carriers.

Since haptens exhibit weak immunogenicity, the choice of an
optimal carrier (a delivery system) providing a high immune
response and the preparation of sufficiently pure antibodies are
important problems to be solved in the preparation of antibodies
to haptens. These problems are traditionally solved by covalent
coupling of a hapten to a protein matrix, the so-called schlepper
(which comes from theGermanword `schleppen', whichmeans `to
drag, lug') with the use of adjuvants and intensive schemes of
animal immunisation by the resulting conjugate.325, 331 Bovine
serum albumin, ovalbumin, thyroglobulin, hemocyanin, diphthe-
ria or tetanus anatoxins (for synthetic peptides), etc. are usually
used as schleppers. However, these processes give antibodies
against both a hapten and immunodeterminant sites of a carrier.
The use of such carriers not necessarily gives rise to a pronounced
immune response to weak antigens. In addition, the subsequent
purification and screening of the resulting antibodies are time-
consuming and expensive, and their titer and affinity are often
low.

Most of the presently used adjuvants based on oil emulsions
and suspensions of inorganic compounds are, as a rule, prone to
phase separation, their immunogenic properties change with time,
and many of such adjuvants cause local and systemic toxic
effects.332, 333 The application of antibody phage display is seem-
ingly the most promising solution of the problem of the prepara-
tion of antibodies against haptens.334 However, this technique is
virtually inapplicable in vaccinology.

In recent years, studies have been carried out on the design of
the so-called complex antigens, i.e., artificial macromolecular
complexes containing both the desired antigenic determinants
and carriers and/or adjuvants. In particular, synthetic poly-
electrolytes [poly-L-lysine, polyacrylic acid, polyvinylpyridine,
poly(styrenesulfonate), Ficoll, etc.] were proposed as carriers.335

For example, the influenza vaccineGrippol was designed based on
the cation exchange resin `Polyoxidonium'. These polymeric
compounds are synthesised by radical polymerisation of the
corresponding monomers.336 The simplicity of the chemical syn-
thesis of polyelectrolytes and the possibility of preparation of
polymer chains in a broad molecular mass range (i.e., of different
length), solubility in water and other properties (the ability to
undergo conformational transformations, complex formation
with proteins, etc.) opened up possibilities for their application
in immunological studies.337 These carrier-adjuvants can form a
depot of antigens at the site of injection, enhance the presentation
of antigens to immunocompetent cells and induce the production
of required cytokines. However, low immunogenicity of such
complexes associated with a low epitopic density stimulated a
search for new non-toxic and efficient carriers having, in addition,
adjuvant properties.

In our opinion, nanosized corpuscular carriers, such as
polymeric nanoparticles [for example, poly(methyl methacryl-
ate)],338 liposomes, proteosomes and microcapsules,339 ± 341

fullerenes,342, 343 carbon nanotubes,344 etc., hold considerable
promise in this respect. The use of such carriers leads to a change
in the form of manifestation of immunogenicity of the required
compound in the immune system of host organisms. An antigen

{Adsorption of molecules of the compound under study on the metal

surface is accompanied also by changes in luminescence, absorption and

non-linear effects and the appearance of induced optical activity.302
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adsorbed to, or encapsulated in, nanoparticles can be used as an
adjuvant for optimisation of the immune response of the organism
upon vaccination. For example, an analysis of the dynamics of an
immune response demonstrated that the titer of antibody in
response to an antigen introduced together with fullerenes was
equal to the titer of antibody in response to the antigen introduced
together with the Freund's complete adjuvant (FCA) and was
approximately an order of magnitude larger than the titer of
antibody in response to the antigen introduced without an
adjuvant.

In 1986, the successful preparation of antibody to glutamic
acid with the use of CG particles as a carrier was reported in the
pioneering study by Japanese researchers.345 (It should be noted
that colloidal metals were used for stimulation of an immune
response to haptens and complete antigens as early as 1920th by
Zil'ber and co-workers.346 ± 348) More recently, this method has
been applied and improved for the preparation of antibodies to
the following haptens and complete antigens: amino acids,349, 350

platelet activating factor,351, 352 quinolinic acid,353 biotin,354

immunophilin,355 lysophosphatidic acid,356 endostatin,357 pepti-
des of hepatitis C virus capsid,358 surface antigens of Yersinia 359

and brucelles.360 In all the above-mentioned studies, haptens were
directly conjugated with CG particles, mixed with FCA and used
for immunisation of animals. As a result, high-titer antisera,
which did not require further purification from ballast antibodies,
were obtained.

In 1993, Australian scientists 361 suggested that haptens
should be added to a carrier protein before conjugation with
CG.More recently, this approach was applied for the preparation
of antibodies against a number of synthetic 362 ± 365 and natural 366

peptides, amino acids,367, 368 citrulline 369 and phenyl b-D-thio-
glucuronide.370 In these studies, FCA or N-acetylmuramyl-L-
alanyl-D-isoglutamine were used as adjuvants.363 Antibodies
prepared according to this procedure have high specificity for
antigens under examination and a higher titer (the authors of the
publication 361 referred to this titer as extremely high), from
1 : 250 000 to 1 : 1 000 000, compared to antibodies prepared
according to a conventional procedure (by conjugation with a
schlepper).

In 1996, researchers from the Khabarovsk Research Institute
of Epidemiology and Microbiology demonstrated 371 for the first
time that CG particles in a viral vaccine can be used as carriers of
tick-borne encephalitis virus capsid protein antigen. According to
the results of this study, in spite of the fact that no adjuvants are
present in the vaccine, the latter has higher protective properties
compared to commercial analogues. In 2003, a new procedure for
the preparation of antibodies against Ab peptides, which is a
molecular marker of Alzheimer's disease, was described.372 The
authors designed a molecular mimic of the fibrillar form of Ab
peptides by covalently binding prethiolated oligomers to the gold
particle surface. Antibodies to antigens that were synthesised
according to this procedure, have very high specificity and affinity
for both soluble and fibrillar forms of Ab peptides.

Numerous studies were devoted to applications of CG par-
ticles in the design of DNA vaccines. In DNA immunisation, gene
constructions coding proteins to which it is necessary to prepare
antibodies, are introduced into organisms. In the case of efficient
gene expression, these proteins serve as antigens for the develop-
ment of an immune response.373, 374 In early studies, immunisation
was performed with subcutaneous or intramuscular injections of
`naked' DNA. However, the biolistic transfection with nano-
particles began to be applied for this purpose almost at the same
time. This procedure proved to be very efficient due apparently to
multiple sites of interactions between a transgene and tissues. The
injection material began to be administered subcutaneously,
epicutaneously or intranasally.375, 376

Among nanoparticles, colloidal gold particles are most widely
applied as DNA carriers.377 ± 383 Initially, gold has been used only
as a carrier, but more recently gold was demonstrated to enhance

an immune response in vivo.384 However, to our knowledge, data
on the mechanisms of this action of gold particles are lacking.

Gene immunisation (it is often called DNA immunisation),
which has been developed in tests on animals, is highly efficient,
particularly, against viral infections, such as tick-borne encepha-
litis, HIV infection, hepatitis B and some other. The DNA
immunisation has some advantages over conventional vaccina-
tion. One recombinant vector can simultaneously direct the syn-
thesis of several antigens, which decreases the number of
immunisations. This eliminates problems associated with the
difficulties of penetration of proteins into organisms and, in
addition, substantially decreases the risk of side effects, which
depend on toxicity of inactive proteins introduced in the case of
conventional vaccination or virulence in bacteria and viruses. In
the coming years, DNA immunisation would be expected to be
among the most efficient methods of gene therapy.37, 385, 386

The preparation of antibodies to complete antigens and
haptens of different nature using CG particles as carriers was
documented.387, 388 It was demonstrated that CG as an antigen
carrier activates phagocytic activity of macrophages and influen-
ces the functioning of lymphocytes, which is apparently respon-
sible for its immunomodulation effect. Themost interesting aspect
of manifestation of the immunogenic properties by haptens upon
their immobilisation on colloidal gold is that CG particles act
simultaneously as adjuvants and carriers, i.e., present haptens to
T-cells. Gold nanoparticles conjugated with antigens were found
to influence activation of T-cells (an increase in proliferation by a
factor of 10 compared to that upon the addition of the native
antigen). This fact shows that the targeted activation of T-cells
(for example, by antigens of Mycobacterium tuberculosis, HIV,
etc.) followed by activation of macrophages and pathogen killing
is possible, in principle, which holds considerable promise for the
design of new generation vaccines.

The question is what is responsible for the adjuvant properties
of CG. Nowadays, there is no answer to this question. However,
let us give some comments.

In our opinion, conclusions about the preferable macrophage
response to corpuscular antigens, unlike soluble antigens, is
undoubtedly valid.361 This fact was confirmed in the stud-
ies 379, 381, 384 where the mechanism of action of DNA vaccines
was elucidated and gold particles were used for delivery of genetic
material into cells. In these studies, the role of the Kupffer cells
and the Langerhans islets in the immune response was revealed.
Moreover, CG particles were used in the studies 389, 390 of endo-
cytosis by macrophages. (Gold particles included in phagocyte
lysosomes even received their own name `aurosomes'.) The
influence of dendrite cells on the immune response to antigens
conjugated with gold nanoparticles was discussed.391 In addition,
the authors mentioned that, when using nanoparticles in medical
practice, it is necessary that lipopolysaccharides be absent on their
surface.

However, these data do not reveal further mechanisms of
presentation of antigens to T helpers. According to modern
views,329, 392 the presentation of antigens to T-cells is preceded
by processing (protein cleavage into peptide fragments) followed
by the formation of compounds with molecules of the major
histocompatibility complex, which performs the delivery of an
antigen fragment to the surface of antigen-presenting cells. Hence,
it remains unclear how this process can occur with haptens. The
assumption about the existence of a multivalent antigen, i.e., the
antigen that is formed due to a high local concentration of
monovalent antigens on the gold particle surface, also does not
answer this question.

At the same time, the influence of gold salts on the immune
system has long been known.393 ± 397 Treatment of a number of
autoimmune diseases, in particular, of rheumatoid arthritis, is
based on the ability of gold to change non-specific immune
reactions of an organism. For example, the successful therapy of
rheumatoid arthritis by a colloidal gold solution was docu-
mented.30, 398 According to the results of another study,399 in this
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case the function of CG is to inhibit monocyte-induced prolifer-
ation of lymphocytes. The transformation of Au(0) into Au(I) in
immune system cells under the action of certain amino acids was
discussed.400

Contradictory results were obtained in the studies 401 ± 403

aimed at examining the sensitivity of mammalian organisms to
the introduction of metallic gold. In particular, it was noted 401, 402

that the injection of CG into laboratory animals can lead to
inflammatory reactions, accumulation of gold in reticular cells of
lymphoid tissues and activation of cellular and humoral immun-
ity. However, in the study 403 dealt with the influence of gold
nanoparticles on the immune system cells, it was concluded that
CG particles is a non-cytotoxic, non-immunogenic and biocom-
patible material for the potential application in different fields of
nanoimmunology, nanomedicine and nanobiotechnology.

In recent years, the use of gold nanoparticles for targeted drug
delivery has been considered in a number of publications (see, for
example, Refs 32 and 404 ± 406). In this connection, it should be
noted that, in our opinion, this problem must be considered with
caution taking into account that antibodies against the adminis-
tered drug adsorbed on CG particles can be formed in animal and
human organisms.

In conclusion, it should be noted that it is apparently the time
to consider not only biochemistry, but also biophysics of the
immune response, because it is the unique biophysical properties
of metal particles, in particular, the surface charge and the
electrostatic field of the particles (which influence the charge,
orientation and polarisation of antigenic molecules adsorbed on
the particles) that have a substantial effect on the immune
response.

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project Nos 04-04-48224
and 05-02-16776).
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Abstract. Data on the synthesis and properties of seven-Data on the synthesis and properties of seven-
membered heterocyclic compounds containing five successivemembered heterocyclic compounds containing five successive
sulfur atoms and a carbon ± carbon bond, 1,2,3,4,5-pentathie-sulfur atoms and a carbon ± carbon bond, 1,2,3,4,5-pentathie-
pines and -pentathiepanes, are generalised and describedpines and -pentathiepanes, are generalised and described
systematically. The bibliography includes 104 referencessystematically. The bibliography includes 104 references..

I. Introduction

Among seven-membered polysulfur-containing heterocycles
containing five sulfur atoms and two carbon atoms, there are
1,2,3,4,5-pentathiepines and -pentathiepanes and 1,2,3,4,6-
and 1,2,3,5,6-pentathiepanes. Data on the two last-mentioned
classes of compounds, whose properties are substantially
different from those of 1,2,3,4,5-isomers, are beyond the
scope of the present review. We review data on methods for
the synthesis and reactions of seven-membered rings, which
contain a carbon ± carbon double or single bond and a chain of
five sulfur atoms, viz., 1,2,3,4,5-pentathiepines and their
hydrogenated analogues, 1,2,3,4,5-pentathiepanes.

FeheÂ r was the first to synthesise such derivatives: penta-
thiepanes in 1967 (Ref. 1) and pentathiepines in 1971.2 Twenty
years later, a seven-membered polysulfur-containing ring was
found in natural antibiotics isolated from marine organisms
(cited in Ref. 3). In recent years, pentathiepines have attracted
considerable interest as antitumour, antifungal and antiseptic
drugs. Apparently, it is the heterocycle that is responsible for
their biological activity. In addition, 1,2,3,4,5-pentathiepines
have found application in industry, for example, as cathodic
materials. These compounds are also valuable starting com-

pounds in synthetic organic chemistry, because they can be
used for the preparation of various sulfur-containing deriva-
tives, both cyclic (1,4-dithiines, 1,2,4,5-tetrathiocines and 1,3-
dithioles) and acyclic (vicinal 1,2-dithiols and many other
compounds).

Among natural and synthetic pentathiepines, benzopenta-
thiepine (1a) and its analogues containing a substituted ben-
zene ring are best studied. Natural compounds, such as varacin
(2a), lissoclinotoxin A (2b) and N,N-dimethyl-5-(methylthio)-
varacin (3a), have antiseptic and antifungal activities and
inhibit protein kinase C. In addition, varacin exhibits anti-
tumour activity.

In 2004, we published a review 3 on the chemistry of
pentathiepines. Data on reviews on pentathiepanes are lacking
in abstract journals, although data on both classes of com-
pounds were included in chapters of the monograph Compre-
hensive Heterocyclic Chemistry.4 In the present review, the
results of research into the chemistry of 1,2,3,4,5-pentathie-
panes are analysed for the first time. Since the synthesis
methods, chemical properties and spectroscopic characteristics
of 1,2,3,4,5-pentathiepines and their hydrogenated analogues
are rather similar, it is worthwhile to consider and compare
data on these heterocycles in one paper, with a supplement of
studies on pentathiepines published in the last three years.

II. Methods of synthesis

1. Sulfurisation of sulfur-containing compounds by elemental
sulfur
a. Synthesis of pentathiepines from aromatic vicinal dithiols
Benzopentathiepine (1a) and its 7-chloro-substituted analogue
(1b) were synthesised by Sato et al.5 by the reaction of the
corresponding arene-1,2-dithiols (4a,b) with elemental sulfur
in liquid ammonia. The reactions were performed in a titanium
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autoclave at 20 8C. More recently, this method was improved
(for example, dichloromethane was used as the solvent), and a
wide range of monosubstituted benzopentathiepines 1c ± jwere
synthesised.6 ± 8 In addition to thermodynamically stable pen-
tathiepines 1a ± j, sulfurisation of arene-1,2-thiols with elemen-
tal sulfur affords less stable benzo-1,2,3-trithioles 5a ± j as by-
products. Unfortunately, the yields of the reaction products
were not reported in the cited studies.

This method was used for the synthesis of 6-(2-amino-
ethyl)benzopentathiepine (1g) and 6,7-dimethoxybenzopenta-
thiepine (6a) as structural analogues of the natural antibiotic
varacin (2a).7

The reaction can be performed with S,S-dialkyl-substi-
tuted arene-1,2-dithiols instead of thioles. In this case, the
pentathiepine ring is synthesised in two steps. Compound 7 is
dealkylated by sodium in liquid ammonia, which is accompa-
nied by reduction of the hydroxy group, and the subsequent
reaction with sulfur produces pentathiepine 1k.8

Recently, the synthesis of phthalocyanines fused with the
pentathiepine ring by the reaction of the corresponding 4,5-
(o-xylylenedithio)phthalonitrile derivatives with lithium amide
and elemental sulfur has been documented.9

As an exception, let us mention the reaction ideologically
similar to the above-considered method. In this reaction,
aromatic monothiol was used as the starting compound. The
treatment of dilithium intermediate 8, which is generated in situ
by the reaction of p-toluenethiol with butyllithium, with sulfur
affords pentathiepine 1l.10

b. Synthesis from fused 1,3-dithiole-2-thiones
R Sato et al.5 synthesised benzopentathiepine (1a) and its
7-monosubstituted analogues 1b,m,n from fused 1,3-dithiole-
2-thiones 9a,b,m,n by the reaction with sulfur in liquid ammo-
nia. The use of benzene as the solvent led to an increase in the
yield of the reaction products. However, attempts to synthesise
7-nitrobenzopentathiepine according to this method failed.
Interestingly, pentathiepine 1a is derived from compound 9a
in higher yield compared to the reaction with benzene-1,2-
dithiol (4a), although the latter is produced by hydrolysis of

benzodithiole 9a and is, presumably, an intermediate in the
synthesis of pentathiepine 1a.

The reaction of benzobis(dithiolethiones) 10a ± d with
sulfur in liquid ammonia gives trithiolobenzopentathiepines
11a ± d in high yields rather than the corresponding benzobis(-
pentathiepines).11 Under these conditions, the reaction of
benzobis(1,3-dithiole-2-thione) containing no alkoxy groups
yields only polymers of unknown structure.

Pentathiepane 12 fused with the cyclohexane ring was
synthesised from 1,3-dithiole-2-thione 13 in low yield (35%)
due to formation of tetrathiine 14 as a by-product.12

c. Synthesis from benzo-1,2,3-trithioles
Pentathiepines can be synthesised starting from benzo-1,2,3-
trithioles. For example, the treatment of benzobis(trithiole) 15
with sulfur in liquid ammonia affords pentathiepine 11e in
good yield.13

d. Synthesis from annulated 1,2,3-thia(selena)diazoles
A procedure for the synthesis of benzopentathiepines from the
corresponding 1,2,3-thiadiazoles was proposed and developed
by Chenard et al.14, 15 The reaction proceeds upon heating
(160 ± 185 8C) of benzothiadiazoles 16a,m,o ± s with elemental
sulfur in decalin. In the presence of diazabicyclo[2.2.2]octane
(DABCO), final products 1a,m,o ± s were obtained in higher
yields. The authors attributed this fact to high nucleophilicity
of the organic base necessary for the S8 ring opening. Benzo-
thiadiazoles react as latent o-mercaptodiazonium salts. Appa-
rently, the reaction initially leads to cleavage of the heterocycle
in compound 16 accompanied by elimination of the nitrogen
molecule and the resulting intermediate reacts with the acti-
vated [S87DABCO] species.

R1 = H: R2 = H (a), Cl (b); R2 = H: R1 = SiMe3 (c), SiMe2But (d),

SiEt3 (e), SiPh3 (f), CH2CH2NH2 (g), CH2CH2NHBoc (h),

CH2Py (i), CH2Pyrm (j)

Boc is tert-butoxycarbonyl, Py is 2-pyridyl, Pyrm is 2-pyrimidyl.
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This method allowed the synthesis of a series of pentathie-
pines annulated with heterocyclic rings, such as the pyrazole
ring (17, 36%± 44% yields) 15 or the dihydrofuran ring (18,
22%).16

Analogously, 1,2,3-selenadiazoles 19 and 20 are trans-
formed into pentathiepines 18 and 21, respectively. The reac-
tion with compound 19 proceeds very rapidly to give
predominantly 1-selena-2,3,4,5-tetrathiepine 22.17

2. Sulfurisation of vicinal dithiols with other reagents
The first compound belonging to pentathiepanes, viz., per-
hydrobenzopentathiepane (12), was synthesised by FeheÂ r and
Degen 1 from trans-cyclohexane-1,2-dithiol (23) with the use of
the rare reagent dichlorotrisulfane (S3Cl2). The reaction was
carried out in a mixture of diethyl ether and carbon disulfide at
room temperature.

The parent compound of pentathiepines, viz., unsubsti-
tuted pentathiepine (24), and benzopentathiepine (1a) were

synthesised for the first time by the reaction of ethylene- and
benzene-1,2-dithiols, respectively, with S3Cl2.2

More recently, this reaction was extended to other vicinal
1,2-dithiols. In these reactions, cheaper sulfur monochloride
(S2Cl2) was used instead of S3Cl2. The limitations of this
method are associated exclusively with stability and access-
ibility of the starting compounds. The reaction with sulfur
monochloride can be performed also with mono-S-alkylated
derivatives, for example, with compound 25.10 In this case,
dealkylation occurs under mild conditions in the presence of a
sulfur-containing reagent; the resulting benzothiepine 1l was
isolated by silica gel column chromatography.

The synthesis of annulated pentathiepines from salts, 1,2-
dithiolates, was documented.18 ± 20 In particular, cyano-sub-
stituted pentathiepinoisothiazole 26 was synthesised from the
corresponding disodium salt 27 in almost quantitative yield.18

However, the analogous reaction with diammonium salt 28
produced pentathiepine 29 in substantially lower yield.20

The reaction with the hexalithium salt of hexamercapto-
benzene 30 afforded products in rather high total yield;
however, pentathiepine 31was obtained as aminor component
of the mixture, and the reaction produced predominantly
benzotris(trithiole) 32.19

It should be noted that vicinal dithiols can be generated in
situ from various 1,2-bifunctional compounds.10, 15, 21 ± 26

Examples of reactions, in which intermediate dithiolate anions
form the 1,2,3,4,5-pentathiepine ring, are given below. It

R1 = R2 = R3 = H (a); R2 = R3 = H: R1 = Br (o), CF3 (p);

R1 = R3 =H: R2 = OMe (m), NMe2 (q); R1 = R2 =H:

R3 = Cl (r), CF3 (s).
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should be noted that this reaction was described 10, 21 ± 23 as one
of steps in the total synthesis of natural pentathiepine ana-
logues.

3. Cyclosulfurisation at a carbon ± carbon multiple bond
a. Reactions with elemental sulfur
One of the commonly used procedures for the synthesis of
pentathiepanes is based on the reactions of cyclic and linear
alkenes with elemental sulfur. However, this reaction generally
gives products in low yields. For example, the reactions of
norbornene derivatives with sulfur in DMF afford pentathie-
panes 33a ± c in low yields, whereas the corresponding trithio-
lanes 34a ± c are obtained as the major products.27

Compo- R7R Yield (%)

und 33 34

a 2H 6.5 30

b CH2CH=CH 5 40

To stabilise intermediates, Fe3(CO)12 was added to the
reaction mixture.28, 29 However, the use of this carbonyl as the
catalyst for the reactions of cyclohexene 28 and vinyltrimethyl-
silane 29 with sulfur did not lead to an increase in the yield of
pentathiepanes 12 and 35.

The reactions with polycyclic aromatic alkenes produce
fused pentathiepanes in considerably higher yields. For exam-
ple, pentathiepanes 36 and 37 were synthesised by the reaction
of barrelene 30 or acenaphtho[1,2-a]acenaphthylene 31 with
elemental sulfur in DMF in 46% and 88% yields, respectively.

Due to steric hindrance, the analogous reaction of 1,1,4,4-
tetrasubstituted buta-1,2,3-trienes 38 with sulfur proceeds
regioselectively at the central C=C double bond to give
compounds 39, as a rule, in good yields.17, 32

It should also be noted that benzopentathiepine (1a) was
obtained as one of products in the reaction of dehydrobenzene
with sulfur at low temperature.33 Unlike the above-considered
reactions, this reaction results in the addition of elemental
sulfur to the carbon ± carbon triple bond.
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2,3-Benzannulated five-membered heterocycles containing
one heteroatom readily react with electrophilic sulfur in the
presence of strong bases. In these reactions, the double bond of
the starting molecule, which is involved in the heteroaromatic
system, remains intact, and the process can be considered as the
formal replacement of hydrogen atoms. Pentathiepino[6,7-c]-
indoles 40a,b were synthesised by Bergman and co-workers 34

from indole derivatives 41a,b and thiooxindole 42a,b. The
reaction with sulfur is preceded by the treatment of the hetero-
cycles by butyllithium or sodium hydride.

Starting R Yield

compound of 40 (%)

41a H 29

41b Me 22

42a H 42

42b Me 13

The reaction of benzo[b]thiophene with butyllithium and
S8 produces benzothienopentathiepine 43, whereas the reac-
tion of benzo[b]furan performed under analogous conditions
gives only bis(benzofuro)tetrathiocine 44.35

In the presence of a mixture of elemental sulfur and iron
carbonyl Fe3(CO)12, (vinyldimethyl)silylferrocene is trans-
formed into the corresponding pentathiepine fused with ferro-
cene (45).36 In this reaction, not only the hydrogen atom, but
also the silicon-containing group are replaced.

b. Reactions with sulfur monochloride
Commercially available sulfur monochloride is used as a
reagent for cyclosulfurisation of various compounds to form

pentathiepines. For example, refluxing of indene derivative 46
in toluene with S2Cl2 in the presence of triethylamine afforded
pentathiepine 47.37 Apparently, the initial electrophilic
replacement of two hydrogen atoms gives rise to a 2,3-
bis(chlorodithio) derivative, which reacts with the third sulfur
monochloride molecule to form the pentathiepine ring after
elimination of SCl2.

Recently, we have demonstrated 38, 39 that the reactions of
five-membered electron-donating heterocycles, such as pyr-
role, thiophene and their derivatives, with S2Cl2 in the presence
of a base can be used as a one-pot method for the synthesis of
annulated pentathiepines. Pentathiepines 48a ± d fused at posi-
tions 3 and 4 of the pyrrole ring were synthesised from
N-substituted pyrroles and pyrrolidines. These reactions are
also accompanied by the replacement of the hydrogen atoms in
the b position. It should be noted that the reaction of N-iso-
propylpyrrolidine with S2Cl2 and DABCO produced pyrrolo-
bis(pentathiepine) 49c, which is the first representative of
compounds containing two pentathiepine rings in one mole-
cule.

In the reactions with 1,2,5-trisubstituted pyrroles, cyclo-
sulfurisation products 48a,e ± i are formed in good yields.

Under analogous conditions, the reaction of N-methyl-
indole produced pentathiepino[6,7-c]indole 40b.

The reaction of thiophene with S2Cl2 in the presence of
diisopropylethylamine gives pentathiepine 50 in substantially
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lower yield than that obtained in the reaction of tetrahydro-
thiophene with S2Cl2 in the presence of DABCO.

Pentathiepines fused with the pyrrole, thiophene or indole
rings can also be prepared by the reactions of the correspond-
ing heterocycles with a prestored mixture of sulfur monochlor-
ide and DABCO.40 The authors hypothesised that 1-(4-aza-
1-azoniabicyclo[2.2.2]oct-1-yldithio)-4-aza-1-azoniabicyclo-
[2.2.2]octane dichloride (51) is the main reacting species in
these transformations. The formation of the latter was estab-
lished by IR spectroscopy based on the disappearance of the
S7Cl absorption band. It should be noted that in these
reactions, annulation products 52a ± d at positions 2 and 3 of
the pyrrole ring are generated fromN-substituted pyrrolidines.

High reactivity of salt 51 was confirmed by its unexpected
transformations. For example, the addition of triethylamine to
a solution of this salt in chloroform followed by heating of the
reaction mixture afforded thienopentathiepine 53 and hepta-
thiocane 54.41 X-Ray diffraction study demonstrated that the
polysulfur rings of these compounds exist as chair and crown
conformations, respectively.

The reactions of other tertiary ethylamines with S2Cl2
proceed analogously, although these reactions afford products
in lower yields. The thiophene ring in compound 53 is
constructed from the ethyl groups of two amine molecules
(the new C7C bond is formed between two non-activated
methyl groups); the pentathiepine ring, as a result of the
reaction of intermediate thiophene with salt 51 (by analogy
with the above-considered examples). The probable reaction
mechanisms were proposed in the cited studies.

In spite of low yields of the products, the advantage of this
method is that these products are generally formed in one step
from cheap starting reagents.

4. Other methods
In conclusion, let us consider several original approaches to the
synthesis of pentathiepines.

Cyclosulfurisation with elemental sulfur accompanied by
the intramolecular rearrangement of the starting compound
was documented. The reaction ofN-methylazepane with sulfur
in the presence of hexamethylphosphoramide (HMPA) pro-
duced pentathiepinopyrrole 55 in low yield.42 Unfortunately,
no suggestions about the reaction mechanism were made.

In some cases, pentathiepanes and pentathiepines were
synthesised with the use of non-traditional reagents. For
example, pentathiepane 33d was synthesised from norborna-
diene with the use of the sulfurising reagent S7NH, which is
more reactive than elemental sulfur (see Section II.3.a).
Although the reaction was performed under mild conditions
(at room temperature), pentathiepane 33dwas produced in low
yield (12%), and trithiole 34d was obtained as the major
product.27

Structurally similar trithiole 34a was transformed into the
corresponding pentathiepane 33a in high yield in the reaction
with triphenylmethylthiosulfenyl chloride (Ph3CSSCl).43

One of the most rational methods for the synthesis of
pentathiepines is based on the introduction of three sulfur
atoms into 1,2-bis(chlorosulfenyl)benzene under the action of
bis(pentamethylcyclopentadienyl)titanium dichloride trisul-
fide. This reaction gives benzopentathiepine (1a) in good
yield.44

This method was also used for the synthesis of pentathie-
pane 33b from the corresponding bis(sulfenyl chloride). This
reaction produced compound 33b in 9% yield.45

Tetrasulfur tetranitride (S4N4) can also be used as the
sulfurising reagent in the synthesis of benzopentathiepines.
For example, refluxing of S4N4 in xylene with 4-methylben-
zene-1,2-dithiol and (ortho-mercaptophenyl)triazene 46

afforded compounds 1l and 1a, respectively.
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Pentathiepine fused with ferrocene (45) was synthesised by
the reaction of dithiastannole 56 with a large excess of sulfur
dichloride.47

Perchlorobuta-1,3-diene reacts with Na2S5 to form bis(di-
thiolethione) 57. The reaction of the latter with sodium in
liquid ammonia followed by the treatment with Ph4P+Cl7

affords thienopentathiepine salt 58.48

Sulfurisation of 1,1,4,4-tetrasubstituted buta-1,2,3-trienes
38 to form pentathiepanes can be performed by electrolysis on
a sulfur graphite electrode in DMF in the presence of
Et4NOTs.49, 50 The reactions with tetraaryl derivatives 38
(R=Ar) afforded pentathiepanes 39 (R=Ar) as the major
products (61%±86% yields). By contrast, 1,4-bis(trifluoro-
methyl)-1,4-diarylbuta-1,2,3-trienes gave predominantly
1,2,5,6-tetrathiocines 59, whereas pentathiepanes 39
(R=CF3) were isolated in yields from 1% to 25%.

Some approaches to the synthesis of pentathiepines were
discovered accidentally. For example, the reaction of 2,3-
dichloro-1,4-naphthoquinone with sodium hydrosulfide in
DMF unexpectedly produced naphthopentathiepine 60.51

It appeared that the reaction of isatin with P4S10 under
reflux in pyridine does not stop at the formation of dithioisatin;
instead, it produces pentathiepino[6,7-c]indole 40a. This fact is

indicative of thermodynamic stability of the final products,
fused pentathiepines.52

Pentathiepino[6,7-c]pyrrole 48j was isolated as a by-prod-
uct in the reaction of acetophenone oxime with sulfur mono-
chloride in the presence of pyridine and o-aminophenol.53 This
reaction gives substituted dithiazole as the major product.

To summarise, there are several approaches to the con-
struction of the pentathiepine ring based on different starting
compounds and sulfur-containing reagents.

III. Chemical properties

Most reactions of pentathiepines and pentathiepanes consid-
ered in this Section involve the nucleophilic or electrophilic
attack on the S atom, resulting in the pentathiepine ring
opening and elimination of one to five sulfur atoms.54 These
reactions proceed through the formation of various charged
and neutral intermediates A ±G.55

1. Thermolysis and photolysis
Thermal and photochemical transformations of pentathie-
pines generally lead to a loss of two, three or four sulfur
atoms. These reactions produce 1,2,3-trithioles, dimeric tetra-
thiocines and 1,4-dithiines. For example, pyrolysis of penta-
thiepinoisothiazole 26 affords 1,4-dithiine 61.17
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Heating of dihydronaphthopentathiepine 21 in 1,2-di-
chlorobenzene to 140 8C or its irradiation with a high-pressure
mercury lamp (100 W) affords an equilibrium mixture of the
starting pentathiepine, 1,2,3-trithiole 62 and elemental sul-
fur.56

Irradiation of a solution of 6,9-diethylbenzopentathiepine
(6b) in dichloromethane leads to successive desulfurisation,
dimerisation and ring contraction. The corresponding trithiole
and tetrathiocin were detected as intermediates, and 1,4-
dithiine 63was obtained as the final transformation product.57

Under analogous conditions, dihydropentathiepino[6,7-c]-
furan 18 also gave 1,4-dithiine 64; however, compound 65
belonging to the poorly known class of 1,2,3,4-tetrathiines was
isolated as the major photolysis product.16

2. Desulfurisation with bases
The reactions of pentathiepines and pentathiepanes with bases
{for example, with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
and other tertiary or secondary amines} involve desulfurisa-
tion of the substrate accompanied by a loss of two to five sulfur
atoms. For example, refluxing of pentathiepanes 39 in the
presence of DBU in DMF affords the corresponding benzo-
thiophenes 66 and buta-1,3-dienes 67.32 In the authors' opin-
ion, the mechanism of formation of these products and their

Ar Yield (%)

66 67

Ph 12 52

4-MeC6H4 33 40

4-ClC6H4 2 32

ratio depend on the relative stability and reactivity of radical
intermediates.

The reactions of benzopentathiepines 1o,p,t substituted at
position 6 with diethylamine in hexane yield the corresponding
trithioles 5o,p,t.15 In the reaction with trifluoromethyl deriva-
tive 1p, an equilibrium is established (1p : 5p=46 : 54).

Heating of pentathiepino[6,7-c]indole 40b with triethyl-
amine in ethanol affords bis(indolo)-fused 1,2,3,4-tetrathio-
cine 68 in high yield.34 The reaction mechanism involves
elimination of three sulfur atoms to form dithioindole, which
undergoes dimerisation to give product 68.

Evidently, the role of the base in these transformations is to
cleave the polysulfide chain.

3. Reduction
Benzopentathiepines are reduced most often with sodium
borohydride.15 These reactions generally produce arene-1,2-
dithiols. For example, 7-chlorobenzopentathiepine (1b) was
reduced with NaBH4 to dithiol 4b.15

In the presence of an electrophilic reagent (for example,
alkyl halide) in the reaction mixture, intermediate dithiol is
readily alkylated to form stable 1,2-di(alkylthio) derivatives.
S,S-Dialkyl-substituted arene-1,2-dithiols were synthesised
from various benzopentathiepines according to this
method.11, 13, 15
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1,2-Dithiol 69 was prepared from pentathiepane 33b with
the use of lithium aluminium hydride. Compound 69 is rather
stable; it was isolated in almost quantitative yield and charac-
terised by different physicochemical methods.27

Varacin (2a) and its derivative 3awere reducedwith lithium
tris(tert-butoxy)aluminium hydride.58, 59 Subsequent alkyla-
tion of the intermediate with iodomethane afforded amine
70a and quaternary ammonium salt 71a, respectively.

Polycyclic pentathiepane 37 was reduced with lithium
triethyl borohydride. The treatment of the reaction mixture
with iodomethane gave the bis(methylthio) derivative of ace-
naphtho[1,2-a]-acenaphthene 72.31

The reactions can be performed with acylating reagents
instead of alkylating reagents. For example, the reaction of
lissoclinotoxin A (2b) with acetic anhydride in the presence of
4-dimethylaminopyridine (DMAP) in DMF at room temper-
ature produces compound 73b.60 Apparently, three sulfur
atoms are eliminated through the nucleophilic attack of
DMAP. In the analogous reaction (with NaBH4 and acetic
anhydride), isolissoclinotoxin A (2c) gives isomer 73c.22

It should be noted that the pentathiepine ring can be
reduced in such a way that the trithiole ring remains intact.
For example, mild reduction of trithiolobenzopentathiepine
11ewith sodiumborohydride afforded benzobis(trithiole) 15 in
good yield.13

Pentathiepine 47 is reduced under reflux with Raney nickel
in THF with a loss of all five sulfur atoms and cleavage of the
dithiole ring to form benzofulvene.37

4. Reactions with compounds containing the activated
methylene group
In the presence of bases (triethylamine or sodium ethoxide),
compounds containing the CH-acidic methylene group
(malononitrile, ethyl cyanoacetate, ethyl acetoacetate, ethyl
2-chloropropionate and acetylacetone) react with benzopenta-
thiepine (1a) to form 1,4-dithiines, 1,3-dithioles and 1,2,4-
trithiines.61 Under these conditions, malononitrile and ethyl
cyanoacetate give dithiines 74 in high yields.

The reaction of benzopentathiepine (1a) with ethyl aceto-
acetate in the presence of triethylamine produces benzo-1,3-
dithiole 75a; the reaction with ethyl acetoacetate and acetyl-
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acetone in the presence of sodium ethoxide gives benzodi-
thioles 75b,c.

Dithioles 75a (40% yield) and 75b (42%) are formed also
from benzopentathiepine (1a) and ethyl 2-chloroacetoacetate.
However, the reaction of compound 1a with ethyl 2-chloro-
propionate and sodium ethoxide gives trithiine 76 rather than
dithiole 75d as the major product. Presumably, the latter
reaction proceeds through the above-considered intermediates
C, D or F (see the beginning of Section III).

5. Reactions with unsaturated compounds
The reactions of benzopentathiepines with unsaturated com-
pounds (alkenes, alkynes and arenes) give rise to new S7C
bonds. Benzopentathiepine (1a) reacts with alkenes in the
presence of a Lewis acid or triethylamine. The reaction
catalysed by BF3

.Et2O produces unsymmetrical benzo-1,2,5-
trithiepines 77a ± d. In this case, pentathiepine is involved in the
reaction as a 1,5-dipole (C).62 Other Lewis acids are less
efficient catalysts for the pentathiepine ring opening than
BF3

.Et2O.

Compound 77 R1 R2 R3 Yield (%)

a H (CH2)4 81

b H (CH2)3 68

c Me H Me 58

d Et H Et 39

In the presence of triethylamine in DMF, the reaction of
compound 1a with norbornadiene and acrylonitrile is accom-
panied by a loss of three sulfur atoms; 1,4-dithianes 78 and 79
are apparently formed through intermediate D.55

The direction of the reaction of benzopentathiepine (1a)
with norbornene in the presence of triethylamine depends on

the nature of the solvent. The reaction in DMF produces an
equimolar mixture of 1,2,3-trithiolane 34a and adduct 80
generated as a result of addition of two norbornene molecules
at the sulfur atoms. The analogous reaction inDMSOgives not
only compounds 34a and 80, but also dithiane 81.

Benzopentathiepines 1a,b,q slowly react with dimethyl
acetylenedicarboxylate (DMAD) to form benzo-1,4-dithiines
82a,b,q, the reaction being substantially accelerated in the
presence of triphenylphosphine or triethylamine in DMF.15, 55

Product 82 R Reaction conditions Yield (%)

a H Et3N, DMF 84

b Cl xylene 15

q NMe2 Ph3P, CH2Cl2 51

The reaction of electron-withdrawing alkynes with penta-
thiepines fused with aromatic and heterocyclic rings in the
presence of triphenylphosphine is characteristic of this class of
compounds; the corresponding 1,4-dithiines are formed in high
yields (64%±93%).41, 63 Examples of compounds prepared
according to this procedure are given below.

In the presence of triphenylphosphine, pentathiepino-
[6,7-b]pyrroles 52a,e regioselectively add to an unsymmetircal
alkyne molecule.63 For example, in compliance with the
electron density distribution in the intermediates, which are
generated according to the proposed reaction mechanism, the
addition products ofmethyl propiolate, viz., fused 1,4-dithiines
83a,e, were obtained.
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Apparently, triphenylphosphine, acting as a nucleophile,
attacks molecule 52a, which is accompanied by the pentathie-
pine ring opening and successive elimination of three sulfur
atoms to give intermediate of type D,55 and the latter adds to
alkyne (see also Section III.6, the reaction with the Grignard
reagent).

Benzopentathiepine (1a) reacts with benzene and some its
derivatives in the presence of a Lewis acid (for example, AlCl3)
as the catalyst. The corresponding 1,4-dithiines 84a ± h are
generally formed in good yields.64

Compound 84 R1 R2 R3 R4 Yield (%)

a H H H H 44

b Me H H Me 75

c Pri H H Pri 62

d Me Me Me Me 83

e 1,2-C6H4 H H 93

f Me 1,2-SC6H4S Me 20

g H H 1,2-C6H4S 43

h H H 1,2-C6H4S 43

Under the action of AlCl3 in dichloromethane, pentathie-
pines 1l,o,u are transformed into radical cations 85l,o,u, which
are apparently intermediates in Friedel ±Crafts reactions.65

The formation of radical cations 85 was detected by EPR
spectroscopy.

6. Reactions with Grignard reagents
R Sato et al.66 developed convenient procedures for the syn-
thesis of 2-alkyl(aryl)sulfenylthiophenols. These authors dem-
onstrated that benzopentathiepine (1a) reacts with alkyl- and
arylmagnesium bromides under mild conditions in the pres-
ence of triphenylphosphine.

In the absence of triphehylphosphine, the reactions give
products in low yields. The presumable mechanism of these
reactions involves elimination of three sulfur atoms from
benzopentathiepine (1a) under the action of triphehylphos-
phine to form intermediate of type D, which adds a Grignard
reagent. Hydrolysis of the reaction mixture leads to organyl-
sulfenylthiophenols.

7. Reactions with phosphorus-containing compounds
The reactions of benzopentathiepine (1a) with neutral and
cationic organophosphorus compounds were documented.
The reactions with trialkyl phosphites regioselectively produce
thiophosphonates 86 or 87 depending on the reaction condi-
tions.67 The former products are generated at 715 8C; the
latter products, under reflux of the reagents in dichlorome-
thane. Apparently, the reaction is accompanied by elimination
of three sulfur atoms under the action of P(OR)3, and the
resulting intermediate D adds the phosphite molecule.

The nucleophilic attack on benzylphosphonium salts 88 in
the presence of sodium hydride in pentathiepine 1a results in a
mild ring opening.68 These reactions produce mixtures of
tetrathiepines 89 and trithiines 90 in moderate yields.

Compound R Yields (%)

89 90

a H 15 52

b NO2 0 55

c Me 19 51

d OMe 45 25

e Cl 7 53

R1 =Me, R2 = H (a); R1 = Et, R2 = Cl (e).
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8. Reactions with isothiocyanates
2-Iminobenzo-1,3-dithioles 91a ± h were synthesised in good
yields from benzopentathiepine (1a) and isothiocyanates in the
presence of triethylamine.69 Aryl isothiocyanates react more
readily than alkyl derivatives, and their reactions are acceler-
ated in the presence of electron-donating groups in the mole-
cule. However, unsubstituted phenyl isothiocyanate does not
react with pentathiepine 1a, and compound 91h was synthes-
ised with the use of phenyl isoselenocyanate.

9. Reactions with acetone
Condensation of pentathiepino[6,7-c]pyrazoles with acetone in
the presence of ammonium sulfide at room temperature gives a
mixture of tetrathiepines 92 ± 94 in low yields.70

R Yield (%)

92 93 94

Me 10 15 0

Ph 22 21 14

The structures, the energies of transformation and con-
formational dynamics of isomeric tetrathiepines were studied.
However, the mechanism of formation of these compounds
remains unclear. Presumably, the pentathiepine ring is cleaved
as a result of the nucleophilic attack of the sulfide ion. This
reaction is accompanied by extrusion of S2 to form bis-
nucleophilic intermediates analogous to intermediates A and
B, which are fused with acetone.

10. Unusual transformations of pentathiepines
Pentathiepines can serve as sources of sulfur atoms. For
example, in the reactions with benzopentathiepine (1a),
sodium alkyl- and arylsulfinates are transformed into thiosul-
fonates 95 in high yields.71

The treatment of N-substituted pentathiepino[6,7-c]pyr-
roles 48e ± i with a prestored mixture of sulfur monochloride
and DABCO at room temperature leads to an unusual cascade
transformation giving rise to bis(dithiolo)pyrroles 96e ± i in
high yields.39 The authors described the presumable reaction

mechanism involving oxidation of an enamine tautomer with a
disulfide reagent as the key step.

The treatment of pentathiepine 97 with a large excess of
S2Cl2 unexpectedly leads to elimination of all sulfur atoms to
form vicinal dichloride 98.24 At 4 8C, the reaction is completed
in a few days.

Analogous transformations of other pentathiepines are
unknown.

11. Reactions of substituents in aromatic rings of
benzopentathiepines
a. Reactions of amino and hydroxy groups
Reactions of the phenol hydroxy group and an aminoalkyl-
aromatic fragment of benzopentathiepine derivatives are of
interest primary as procedures for modifying natural penta-
thiepines and their analogues. It should be noted that the
pentathiepine ring is very sensitive to the nucleophilic attack,
for example, by the nitrogen atom of the unsubstituted amino
group of a peripheral substituent.8 For this reason, the
protection of the amino group by acylation leads to substantial
stabilisation of pentathiepines. N-Acetylation and trifluoro-
acetylation of amines are generally performed with acetic 60, 72

or trifluoroacetic (TFAA) anhydrides,22, 73 Ac2O reacting also
with free phenol groups.

Lissoclinotoxin B (99) is easily acylated with acetic an-
hydride in pyridine at room temperature. The reaction pro-
ceeds both at the nitrogen atom of the amino group and the
oxygen atom of the phenol hydroxy group.22

E=S: R=Me (a, 81%), Et (b, 59%), Prn (c, 47%), 4-MeC6H4 (d, 77%),

4-ClC6H4 (e, 84%), 4-MeOC6H4 (f, 74%), 2-MeOC6H4 (g, 86%);

E = Se, R = Ph (h, 78%).
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It should be noted that the pentathiepine ring remains
intact in the transformation of the amino group of the side
chain in varacin (2a) into the urea fragment in the course of the
reaction with (S)-(+)-1-(1-naphthyl)ethyl isocyanate.74

Since benzopentathiepine 1g containing the free amino-
ethyl group is unstable, it is generally used as hydrochloride. By
contrast, compounds 1i,j,v containing less nucleophilic hetero-
cyclic fragments (pyridine or pyrimidine) and thiophene are
rather stable.8

Methylation of the phenol group in compounds 2d,e with
diazomethane and 13C-labelled diazomethane made it possible
to establish the structure of lissoclinotoxin A.73 In this reac-
tion, the pentathiepine ring also remains intact.

Derivatives of varacin and lissoclinotoxin A containing
primary or secondary amino groups can be transformed into
stable hydrochlorides and trifluoroacetates.8, 10, 22, 23

b. Oxidation and reduction of the trithiole ring
Tricyclic compounds 11 containing the trithiole ring alongwith
the pentathiepine ring were oxidised with various reagents. It
appeared that the reactions with m-chloroperoxybenzoic acid
(MCPBA) 75 or the Ti(OPri)4 ±DET±ButOOH [DET is (R,R)-
diethyl tartrate] system 76 occur only at the trithiole ring.

Oxidant Yield (%)

100a 100b 101a 101b

MCPBA 16 13 26 32

ButOOH 29 18 23

Sulfoxides 100a,b and 101a,b were isolated from the
reaction mixture. Compounds 100a,b were demonstrated to
exist as achiral centrosymmetric conformers, whereas com-
pounds 101a,b are unsymmetrical diastereomers containing
the sulfoxide group in different conformations with respect to
the pentathiepine ring (the stereochemistry is considered in
more detail in Section V).

Upon oxidation with mercury acetate, the pentathiepine
ring also remains intact. For example, the reaction between this
reagent and 1,3-dithiole-2-thione fused with pentathiepine 102
produces the corresponding keto derivative.77

It is known that sodium borohydride NaBH4 can reduce
the pentathiepine ring.15 However, the treatment of trithiolo-
benzopentathiepine 11a with two equivalents of NaBH4 fol-
lowed by alkylation with ethyl b-bromoacetate afforded
tetrasubstituted benzopentathiepine.11 This is evidence that
the trithiole ring is more sensitive to reducing reagents than the
pentathiepine ring.

Reactions of carboxylic acid derivatives
High stability of the pentathiepine ring to acids and nitrosating
reagents was exemplified by cyanoisothiazole derivative 26.15

For example, the cyano group was hydrolysed in concentrated
sulfuric acid to give the amide group in high yield. Then the
amide was transformed under the action of sodium nitrite and
concentrated sulfuric acid into the acid; its treatment with
thionyl chloride and methanol afforded methyl ester 103. In all
these transformations, the pentathiepine ring remains intact.

Het = 2-Py (i), 2-Pyrm ( j ), 2-thienyl (v).
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IV. Spectroscopic studies

1. UV and IR spectroscopy
The character and positions of absorption bands inUV spectra
depend on the structure of pentathiepine. The spectrum of
unsubstituted pentathiepine (24) shows weak and diffuse
signals at 206 [the extinction coefficient (e) is 9730], 253
(e=3440) and 315 nm (e=1510).1 Most pentathiepines are
characterised by only one intense band at *210 nm
(e=25000 ± 32 000).1, 15, 60, 73 The spectra of benzopentathie-
pines 11e,f annulated with the trithiole ring show absorption
bands at 292 ± 294 nm (e=15100 ± 15 500).78 For pentathie-
pines fused with pyrrole, pyrazole or thiophene, the absorption
maxima are observed at 230 ± 240 nm.15, 42 The UV spectra of
pentathiepanes fused with carbocycles (for example, com-
pounds 12, 33a,d and 35) show two characteristic bands at
231 ± 233 (e=3750 ± 5500) and 278 ± 281 nm (e= 3090 ±
3480).1, 2, 29

The IR spectra contain absorption bands of the S7S bond
in pentathiepines at 460 ± 485 cm71 (Ref. 29).

2. Raman spectroscopy
All pentathiepines fusedwith aromatic or heterocyclic rings are
characterised by strong absorption at 485 cm71 in Raman
spectra.15 Most often, Raman spectra of pentathiepines show
two absorption bands, the most intense band being observed at
490� 5 cm71. The Raman spectra of benzopentathiepines
have two additional characteristic absorption bands at
425� 5 cm71 (of weak to medium intensity) and
180� 5 cm71 (strong), which can be used for the identification
of these compounds.

3. NMR spectroscopy
The ring protons in the 1H NMR spectrum of unsubstituted
pentathiepine (24) have a chemical shift (d) of 7.42 ppm. The
spectrum of benzopentathiepine (1a) is characterised by an
AA0BB0 system centred at d=7.52.1 The signals for the carbon
atoms of the pentathiepine ring are observed in the 13C NMR
spectrum at low field (d=135 ± 145).18, 22, 32, 56, 59, 77

The correspondingNMR spectra of pentathiepanes 33a,c,d
show signals for the ring hydrogen atoms at d 3.93 ± 4.06 and
signals for the carbon atoms of the pentathiepane ring at
d 69.8 ± 72.7.27

4. Mass spectrometry
Mass spectrometry is one of the main methods for establishing
the structures of pentathiepines and pentathiepanes. Gener-
ally, samples are transformed into the ionised state under
electron impact. Almost in all cases, the intensity of the
molecular ion peak is low (from 0.6% to 25%), and the
[M7S2]+ ion peak corresponding to a loss of two sulfur
atoms is the most characteristic peak (the intensity is
40%±100%) upon fragmentation.34, 35, 42, 46, 49, 56, 60, 77 ± 79

Pentathiepines can also be identified by FAB (Fast Atom

Bombardment) mass spectrometry,72, 73 however this method
has not gain wide acceptance.

5. X-Ray diffraction
The molecular structures of more than 30 compounds contain-
ing the pentathiepine or pentathiepane rings were established
by X-ray diffraction. In most compounds, polysulfur-contain-
ing rings adopt a chair conformation. The S7S bond length
varies from 2.039 (in benzopentathiepine 1a) 80 to 2.063 �A (in
dithiolopentathiepine 102),81 which is similar to the bond
length in the S8 molecule (2.051 �A). The S7S7S and
S7S7S7S angles are also comparable with those in S6 and
S8. The S7C bond lengths in pentathiepines and pentathie-
panes (1.744 ± 1.795 �A) are comparable with the S7C(sp2)
single bond length (1.78 �A).15, 81, 82

6. Electrochemical methods
The electrochemical properties of pentathiepine 29 were
studied by cyclic voltammetry. This compound is characterised
by two pairs of reversible redox potentials with the following
values: +0.69 and +1.06 V. These potentials are higher than
those for the structurally similar BEDT-TTF compound
(+0.53 and +0.89V).20 This indicates that the electron-
donor properties of pentathiepine 29 are weaker than those of
BEDT-TTF. Apparently, this fact can be attributed to the
induction effect due to the larger number of sulfur atoms in the
pentathiepine ring.

A comparison of the electrochemical behaviour of penta-
thiepinoindole 40b and 1-methylindole demonstrated that the
introduction of a polysulfur-containing ring into an inactive
molecule gives rise to electrochemical activity.83

V. Stereochemical aspects: conformation and
chirality

The 1H NMRspectra of varacin (2a) and lissoclinotoxinA (2b)
show complex signals for the protons of the benzyl group.73, 74

A complication of the signals is a consequence of a high energy
barrier (30 kcal mol71) for inversion of the pentathiepine ring,
resulting in asymmetry of themolecule and diastereotopicity of
the benzyl protons. An increase in temperature from 25 to
100 8C leads to narrowing of the signals and the signals for all
protons are clearly observed. The high energy barrier is
apparently attributed to unfavourable overlap of the isolated
orbitals of the sp3-hybridised sulfur atom during ring inversion
through the half-chair transition state.73

The structures of four sulfoxides (100a,b and 101a,b),
which were synthesised by oxidation of trithiolobenzopenta-
thiepine 11f with m-chloroperoxybenzoic acid, were estab-
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lished by X-ray diffraction.75 For pairs of 2- and 1-oxides, the
activation parameters of the pentathiepine ring inversion in
chloroform at room temperature were determined. It appeared
that the free energy change (298DG 6�) after complete inversion is
from 105.0 to 113.4 kJ mol71 in each case.76

Analogous investigations were performed for pairs of
isomers of monosubstituted pentathiepanoacenaphtho[1,2-
a]acenaphthylenes 37a ± c; for the complete inversion, 298DG 6�

was 103.8 ± 108.5 kJ mol71.31

VI. Quantum-chemical calculations of
pentathiepine molecules

The conformations of pentathiepine (24), benzopentathiepine
(1a) and thieno[3,4-f ]pentathiepine (1v) were studied by the
semiempirical AM1 method.84 It was found that the rigid
chair-like conformation of the heterocycle is the most stable
one. The results of calculations by theCNDOmethod correlate
well with the observed positions of absorption bands in UV
spectra.

Ab initiomolecular orbital calculations (SCF andMP-2) of
the conformational behaviour of benzopentathiepine (1a) are
in good agreement with the experimental data. According to
the results of calculations, the chair conformation is more
stable than the boat and twist conformations.70 Calculations of
the highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital for compound 1a by the PM3 method
demonstrated that the nucleophilic attack of trialkyl phos-
phites occurs predominantly on the sulfur atom at position 2 to
give products 86 and 87, as was described above (see Sec-
tion III.7).67

The structures of pentathiepines and their reactions were
studied in detail by Greer 85 by density functional theory
(DFT). The calculations demonstrated that decomposition of
unsubstituted pentathiepine (24) upon the nucleophilic attack
on the hydrosulfide anion unexpectedly starts with the attack
on the S(1) atom rather than with the more expected attack on
the S(2) atom. This gives rise to the delocalised enethiolate
anion, which initiates the subsequent liberation of the S3

species.{ The S3 molecule was detected by the reactions with
norbornene and 2,3-dimethylbuta-1,3-diene; these adducts are
analogous to the reaction products with S2.86

VII. Biological activity and practical applications
of pentathiepines

Varacin (2a) isolated from the marine organisms Lissoclinum
vareau in 1991 was the first known natural pentathiepine.58

More recently, several structurally analogous compounds were
isolated: lissoclinotoxin A (2b) from the ascidians Lissoclinum
sp.,73 lissoclinotoxin B (99) from the tunicate Lissoclinum
perforatum found near the Palau Islands,60 N,N-dimethyl-5-
(methylthio)varacin (3a) from the ascidians Lissoclinum japo-
nicum, 5-(methylthio)varacin (3b) in a mixture with the corre-
sponding trithiole (in a 2 : 3 ratio) and demethylated varacin
(2f) from various species of the marine organisms Lissoclinum
and Eudistoma found near the Pohnpei Island, respectively.59

Synthetic and natural pentathiepines have various bio-
logical activities. The antitumour properties of these com-
pounds were tested. High cytotoxicity of varacin was
demonstrated with several types of cancer cells (IC50 varies
from 1 to 50 nmol litre71).87 The cytotoxicity against
HCT 116 human colon cancer cells is characterised by
IC50=0.05 mg ml71. Varacin is 100 times more active and
1.5 times less toxic to CHO EM9 tumour cells compared to
5-fluorouracil (the antitumour drug belonging to antimetabo-
lites).58

N,N-Dimethyl-5-(methylthio)varacin (3a) and synthetic
benzopentathiepines 1g (as hydrochloride), 1h and 6a have
the cytotoxicity IC50=0.26, 3.2 and 6.1 mg ml71, respec-
tively, against HeLa53 cells. Pentathiepine hydrochloride 1g
is 10 times more active in these experiments than the corre-
sponding starting arene-1,2-dithiol.7
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{The appearance of the previously unknown S3 species is considered as an

important factor in chemical and, which is particularly important,

biochemical transformations of pentathiepines, for example, in the

explanation of the mechanism of antitumour action of varacin (2a).

Elimination of S3 is attributed also to the presence of the side aminoalkyl

group, which was found in all natural pentathiepines. The intramolecular

attack of the primary or secondary (but not tertiary!) amino group on the

S(1) atom of fused pentathiepine is the key step of elimination of the S3
species.
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7-Methylbenzopentathiepine (1l) has a thiol-dependent
DNA-binding ability. This is the first direct evidence that
pentathiepines can act on DNA in physiological conditions.88

Recently, it has been demonstrated 89 that the nucleophilic
attack of thiols leads to a more rapid opening of the pentathie-
pine ring in 7-methylbenzopentathiepine (1l) compared to the
analogous reactions with di- and trisulfides. Apparently, this is
responsible for the cytotoxic role of natural pentathiepines
interacting with endogenous cellular trisulfides. Varacin has an
efficient DNA-binding ability both in the presence and in the
absence of 2-mercaptoethanol, and this activity increases with
increasing concentration of thiol.87

Since all natural pentathiepines contain the aminoethyl
fragment, the positively charged amino group of pentathiepine
antibiotics is presumably favourable for their interactions with
DNA.88, 89 Demethylated varacin (2f) and N,N-dimethyl-5-
(methylthio)varacin (3a) inhibit protein kinase C with
IC50=0.5 and 3.0 mg ml71, respectively.59

Lissoclinotoxin A (2b) and lissoclinotoxin B (99) are strong
antimicrobial drugs, the former compound showing activity
toward a number of microorganisms similar to that of cefo-
taxim.60 Compounds 2b and 99 were found to have activity
against a fish pathogenic strain similar to that of ampicilin.

Varacin (2a), lissoclinotoxin A (2b) and benzopentathie-
pine (1a) exhibit high in vitro activity against the microorgan-
isms Candida albicans and Bacillus subtilis.58, 72, 73 This activity
of the benzopentathiepine system is independent of the pres-
ence of an amino group in the side chain. The fungicidal
activity of pentathiepinoisothiazole 26 was tested and covered
by patents 90 ± 93 for the tomato fungus Phytophthora infes-
tans 94 and the fungus Venturia inaequalis in infected apple
trees.95 7-Trifluoromethylbenzopentathiepine (1u) at a concen-
tration of 100 ppmprovides 100%protection against the apple
scab; its 7-dimethylamino analogue 1q, 100% protection
against the cucumber mosaic virus.96

Pentathiepines derived from norbornene and its derivatives
were proposed as catalysts for vulcanisation of diene rubbers.97

Benzo- and perhydrobenzopentathiepines were used in pho-
tography as additives to emulsion layers or adjacent hydro-
philic colloidal layers as antifogging agents;98 other
pentathiepines have found application for the improvement
of properties of photographic materials.99 ± 104 In 2005, Japa-
nese researchers proposed that pentathiepinoindole 40a be
used as a cathodic material for storage batteries.83

* * *

In conclusion, it should be noted that 1,2,3,4,5-pentathiepines
and 1,2,3,4,5-pentathiepanes are the most stable C2Sn hetero-
cycles because they are thermodynamically controlled prod-
ucts of numerous sulfurisation reactions. Although only a
rather small amount of time has passed since the first synthesis
of pentathiepanes (in 1967) and pentathiepines (in 1971) and
isolation of natural antibiotics containing the pentathiepine
ring from marine organisms (in 1991), a large number of
studies on these compounds have been published. These
compounds have attracted considerable interest because of
their surprising stability, high inversion barriers of the chair-
like pentathiepine ring and various biological activities.

The pentathiepine ring can easily be formed with the use of
known synthetic methods; however, these heterocycles are
often formed accidentally as a result of quite unexpected
transformations of sulfur-containing substrates. Since there
are numerous possibilities for both the nucleophilic and
electrophilic attack on all five sulfur atoms, the pentathiepine
ring can be involved in various chemical reactions. Unfortu-
nately, scarce examples were documented for such transforma-
tions, the mechanisms of these transformations often

remaining unknown. Hence, further investigations in this
interesting field of heterocyclic chemistry are required.

This review has been written with the financial support of
the Russian Foundation for Basic Research (Project No. 05-
03-32032).
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Abstract. The experimental results concerning the mechanismThe experimental results concerning the mechanism
and thermodynamics of formation of three classes of supra-and thermodynamics of formation of three classes of supra-
molecular systems, namely, polymers, discrete ring nanostruc-molecular systems, namely, polymers, discrete ring nanostruc-
tures and macrocyclic complexes (with crown ethers,tures and macrocyclic complexes (with crown ethers,
cryptands,cryptands, etcetc.) are surveyed. The thermodynamic factors, in.) are surveyed. The thermodynamic factors, in
particular, the bond energy between the `building blocks',particular, the bond energy between the `building blocks',
determining the stability of supramolecular assemblies aredetermining the stability of supramolecular assemblies are
analysed. The energy contributions of the metal ± ligand andanalysed. The energy contributions of the metal ± ligand and
metal ±metal interactions and hydrogen bonds to the thermo-metal ±metal interactions and hydrogen bonds to the thermo-
dynamics and mechanism of self-assembly are compared. Thedynamics and mechanism of self-assembly are compared. The
principles of design of new polynuclear assemblies of s, p, dprinciples of design of new polynuclear assemblies of s, p, d
and f elements are considered. The bibliography includesand f elements are considered. The bibliography includes
165 references165 references..

I. Introduction

The subject of supramolecular chemistry (SMCh) is the for-
mation of new chemical structures upon self-assembly of
molecules and molecular aggregates into supramolecular
assemblies (SMA). A founder of this new scientific trend,
J-M Lehn proposed 1, 2 the following definition: `Beyond
molecular chemistry based on the covalent bond, there lies
the field of supramolecular chemistry, whose goal it is to gain
control over the intermolecular bond'.

Initially, the task of SMCh was formulated (according to
Lehn's views) as the study of `non-covalent interaction of two
or more subunits' 3 or `spontaneous interaction of molecules to
give structured, stable, non-covalently bound aggregates'.4

However, as experimental data on the synthesis of SMA such
as supramacrocycles (SMC), macrocyclic complexes (MC) and
supramolecular polymers (SMP) have been accumulated, the
definition of SMCh was modified. For example, it was stated 5

that, whereas non-covalent interactions play a key role in the
formation of secondary and tertiary structures in natural

macromolecules, in the case of linear supramolecular poly-
mers, strong, highly directed interactions are more desirable in
order to create materials with bonds able to make an alter-
native to covalent bonds. Currently, there is no consensus of
opinions about this issue. It has been even doubted 6 whether it
is possible to distinguish between the chemistry of polynuclear
metal complexes and SMCh. Generalisation of the proposed
mechanisms of SMA formation 1 ± 8 shows that they include all
types of interactions between structural units ranging from
weak intermolecular 1 ± 4 to strong coordination bonds.5, 7, 8 No
new, previously unknown types of interaction have been found
in the SMCh.

The concepts and notions borrowed from biology have
played a significant role in the formation of supramolecular
chemistry as a separate field of science. The most important of
such concepts are the molecular recognition and cooperativity.
The formation of SMA is considered 1 ± 20 to be a cooperative
process based on the molecular recognition of the interacting
`building blocks' related to the complementarity principle.

The structural blocks in SMCh include nitrogen- and
sulfur-containing heteroaromatic compounds, polypyridine
ligands, cyano-substituted aromatic ligands, hydroxamates,
o-catecholamides, calixarenes, etc.6 ± 25 Recent reviews are
devoted to the synthesis and properties of crown-substituted
porphyrinates and phthalocyaninates;7 stereochemical aspects
of chiral self-assembly,6 development of the assembly principle
of SMC,8, 9 dendrimers,10, 11 tetrathiafulvalenes,12 rotaxanes,13

molecular `containers',14 crown ethers,15 the photochromism
of SMA,16 molecular wires,17, 18 helical polycyanides and
SMP 19 and supramolecular fullerene aggregates.20 Some stud-
ies discuss the synthesis of new SMA (including SMC) and
their practical application as sensors;21 nanopores and meso-
pores; the properties of individual nanoparticles and metallic
nanoclusters;23 and plastic cylinders.24 Although s-, p- and
d-metal complexes are used as building blocks,25 preference is
given to soft (according to Pearson's classification 26) metal
cations: Cu+, Ag+, Au+, Pd2+, Pt2+, Cd2+, Pd4+, Pt4+, and
cations having intermediate properties: Fe2+, Co2+, Ni2+,
Ru2+, Os2+, Rh3+ and Ir3+. A number of publications deal
with the SMCh of lanthanides 7, 27 and actinides.28 The pre-
paration of polymetallic SMA for Ln3+ and An3+ may
provide a new solution to an important processing problem,
namely, the separation of these elements by extraction.

According to Pearson,26 all Ln and An cations are classi-
fied as hard acids, irrespective of the oxidation state. The
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hardness of Ln and An was characterised quantitatively
depending on the oxidation state.29, 30 It was shown 31, 32 that
An3+ ions are softer acids than Ln3+ and they should be better
coordinated to soft bases.

Supramolecular assemblies can contain three and more
metal ions. For example, a metallodendrimer containing
64 ferrocenyl ions and a polycobaltocene dendrimer with 32
cobalt ions have been obtained in solutions.10 The strategy of
self-assembly allows one to prepare SMA with pre-specified
properties.9 In these SMA, metal ions can exhibit new and
unexpected redox and magnetic properties. The unique fea-
tures of SMA include the selective inclusion of guest ions and
molecules into the cavities to give new SMA of the guest ± host
type.1, 2, 8, 9

This review is concerned with SMA constructed from s-, p-,
d- and f-metal ion complexes. In these SMA, discrete structures
formed through coordination bonding and incorporating
metal ions are combined into large stable assemblies. As the
experimental data have been accumulated, it became necessary
to perform quantitative analysis of the interaction energies
between the building blocks, which contribute to the formation
enthalpy of SMA. In this review, we attempted to compare
quantitatively different mechanisms for SMA formation, in
particular, the formation through weak intermolecular inter-
actions,1 ± 4, 18 strong coordination and ionic interac-
tions 5 ± 17, 19 and mixed type interactions.1, 2, 6, 18, 22

Comparison of the energetic characteristics of metal-con-
taining building blocks and the structural fragments linking
them to form SMA is an important stage in the study of the
thermodynamics of SMA formation. In SMC, the metal ±
metal interaction even at large distances, as well as interaction
through bridging ligands may play a significant role in the
formation of stable SMA. All available estimates of the
D0(AB) bond energy are based on the structural thermo-
dynamic model (STM).32 ± 34 The basis equations include the
following parameters: the radius of the maximum electron
density R0, which can be found by solving the SchroÈ dinger
equation with allowance for relativistic corrections for free
atoms in the ground state; the experimental Re(AB) value, i.e.,
the equilibrium internuclear distance for the A7B bond in the
given compound; Rdi

e is the experimental internuclear distance
in the diatomic AB(g) molecule; w(A) and w(B) are the chemical
potentials of atoms A and B, respectively; w(AB) is the relative
chemical potential, which is close to the Pauling electronega-
tivity; wdi(AB) corresponds to a diatomic AB(g) molecule.

ln[D0(AB)]= w(AB)+ g(AB)= l(AB);

D0(AB)= kel(AB), k& 1 eV;

w(AB)= w(A)+ w(B)= wdi(AB)e y;

y=(Re 7 Rdi
e ) (Re+Rdi

e )
71;

g(AB)= g(A)+ g(B);

g(A)= [R0(A)] [Re(AB)]71 7 [Re(AB)] [R0(A)]71.

In a number of studies,30, 32, 33, 35 ± 38 the STMhas been used
to calculate the thermodynamic properties of d- and f-element
complexes with various ligands (H2O, NO3, O-, S- and
N-donor ligands, F, Cl, Br). The D0(AB) bond energies
determine the thermodynamic properties of compounds, in
particular, the standard enthalpies of their formation in
solution DH �f (aq), in the crystalline state DH �f (s) and in the
gaseous state DH �f (g). If DH

�
f have not been measured, they

can be calculated from known D0(AB) values; conversely, if
DH�f have been measured, they can be used to evaluate the
accuracy of D0(AB) by solving the inverse problem.

The following properties were calculated 35, 36 for com-
pounds of d elements: DH�f (ML4, g) and DH�f (ML4, s),
L=Cl, Br; DH�f (MCl2ÿ6 , g), DH�f (MCl2ÿ6 , aq) and

DH�f (A2MCl6, s), where M are 4d, 5d, 6d and 5f elements (Zr,
Hf, Th, Rf; Nb, Ta, Pa, Db;Mo,W,U, Sg; Tc, Re, Np, Bh; Ru,
Os, Pu, Hs; Rh, Ir, Am, Mt; Pd, Pt, Cm, 110TAn; TAn are
transactinides). The DH�f values for many compounds of 3d,
4d, 5d and 5f elements have been measured. The calcula-
tions 30, 32, 33, 35 ± 38 of DH�f and D0(AB) reproduce the exper-
imental values to within�15 kJ mol71; this has stimulated the
use of the STM for predicting the properties of transactinides
[D0(TAn7Hal) andDH�f (TAnHal4)] 35, 36 and the properties of
SMA. The structural thermodynamicmodel has also been used
to estimate the thermodynamic parameters for the extraction
of Ln3+ and An3+ ions with amides,32 acids R2PSSH and
O-containing co-extractants such as phosphates, amides and
phosphine oxides.30, 37

In supramolecular chemistry, polypyridine ligands, for
example, 2,20:60,200-terpyridine, are widely used as building
blocks. Data on the thermodynamic properties of the com-
plexes of f elements with this class of ligands are scarce.27 The
stability constants K(LnL3+) for 70 complexes with these
ligands were calculated, while for 15 complexes they were
measured.38 The accuracy of calculation was �10% of the
experimental logK(LnL3+) values.

II. Molecular recognition in biology and
coordination chemistry

The progress in the development of nanochemistry and nano-
technology is largely due to the use of biological con-
cepts.8, 39 ± 42 The idea of designing machines at the molecular
level has also come to chemistry from biology: numerous
biological `machines', for example, cell proton pumps, trans-
membrane ion channels, etc., are known.42 A classical example
of molecular recognition in biology is the complementary
binding of nucleotides into the DNA double helix.1, 43

A classification of different types of molecular recognition
has been proposed.2, 44 Weak specific interactions between the
receptor and the substrate play an important role in the
formation of complex biological structures at the cellular
level, hydrogen bonds being especially significant.43, 45

The supramolecular chemistry usually considers two limit-
ing mechanisms for SMA formation: non-covalent 1, 2, 45 and
covalent interactions.42 However, this differentiation is rather
conventional.5, 6 The formation of SMA through hydrogen
bonds has been discussed in the literature.18, 41, 43, 45 Coordina-
tion bonds can also act as strong interactions.

The coordination mechanism of SMA formation, which is
also called metal-directed self-assembly,8, 9, 42 is an alternative
to the mechanism based on weak intermolecular interactions
(this is called in some cases the biological mechanism). The key
features of the coordination mechanism include 8, 39, 42 the
directional character of the metal ± ligand bonds; the diversity
of SMA caused by the diversity of building blocks (polydentate
ligands and metals), a combination of strong and weak
bonds,22 the possibility of a control over the reaction mecha-
nism, i.e., of carrying out the reaction under thermodynamic or
kinetic control.8, 9, 39

The molecular recognition principle in the coordination
mechanism is based on the stereochemical model developed in
a number of papers.8, 9, 39 It is noteworthy that the decrease in
the free energy upon the formation of SMA according to this
mechanism is due to the appearance of weak coordination
bonds between the metal atoms either directly (M_M) or
through bridging ligands (M_L_M).15 The properties of
cations (the electronic configuration and the size determining
the geometry of the polyhedra in the local environment), the
softness or hardness of cations and ligands and the chelation
effects are to be taken into account in the coordination
mechanism of SMA formation. Chelating polypyridine ligands
have found extensive use in SMCh.1, 2, 6, 8, 9, 14, 18, 39, 42 It was
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shown 46 that in the formation of the ML3�
n complexes, where

M=Ln3+ (Ln=La, Ce, ... , Lu) and An3+ (An=Pu, Am,
Cm), with such ligands, the chelation effect can stabilise
complexes both by increasing the entropy and by decreasing
the enthalpy, depending on the cation and the number of
ligands n (n=1±3). The effect of chelation on the thermo-
dynamics of self-assembly of molecules to SMA has not yet
been considered.

III. Transition d and f elements as structural
components of polymers

The self-assembly giving rise to supramolecular systems is a
new line of research in the polymer science.5 This research is at
the boundary of organic, bioorganic and inorganic chemistry.
Polymers of new generation are synthesised based on a preset
(i.e., inherent in the synthetic strategy) 47 combination of
intramolecular and/or intermolecular interactions.6 A prom-
inent achievement in this field is the synthesis of polymers with
one-dimensional structure. The search for and the targeted
synthesis of quasi-one-dimensional systems is an important
problem in the solid-state physics and chemistry. This Section
deals with the properties of the new-generation polymers.

1. Self-assembly in the formation of inorganic polymers: the
effect of the electronic structures of metals and ligands
In recent years, dinuclear metal complexes have been actively
used to design molecular assemblies. The synthesis of one-
dimensional tetracarboxylate SMP where the blocks contain-
ing Rh4�2 or Re6�2 are combined by hydrogen bonds has been
reported.47 Many polymers of this type in which dinuclear
blocks are connected by bridging ligands have been studied
previously. The structure of the first inorganic formate-con-
taining polymer Rh2(HCOO)4 .H2O (1) with the Rh2+ ions
linked by bridging oxygen atoms Rh2+_O_Rh2+ has been
reported in a review;48 the references cited therein have
initiated the study of SMP based on dinuclear d-element
cations. Although dimeric Cr, Rh, Cu and Mo carboxylates
were the first to be prepared, their structural studies were
performed somewhat later. Using the results of early synthetic
and structural works 48, 49 and later publications,47, 50 ± 52 we
compared the bond energies in the polymers constructed from
the same dinuclear blocks connected by either bridging
ligands 48, 49 or hydrogen bonds.5, 47, 50 ± 52

Inorganic metal-containing SMP can exist in different
conformations: helical, zigzag and so on. A theoretical model
interpreting the reasons and the mechanism for the formation
of a particular conformation in inorganic SMP should take
into account the electronic structure of the metal cation.

As an example, consider compounds of monovalent ele-
ments of the copper group: Cu+, Ag+ andAu+. In the crystals
of KCu(CN)2 (2), the Cu atoms have a coordination number
(C.N.) of 3. TheC andNatoms and theCu atoms towhich they
are bonded are nearly coplanar.53 One CN group is terminal
and the other two groups are bridging. This gives rise to helical
polymeric chains_CN_Cu_CN_. In theKCu2(CN)3 .H2O
crystal, the polymeric layers [Cu2(CN)3]

ÿ
n are composed of

helical (CuCN)n chains (as in compound 2) and zigzag
(CuCN)n chains; the Cu atoms in the polymeric chains with
different conformations are linked through the third cyano
group. It should be emphasised that the anions in KAg(CN)2
(3) and KAu(CN)2 (4) are discrete and form no polymeric
structures.53 A linear coordination and C.N. equal to 2 have
also been found for the Ag atom in AgSCN and AgCN, which
are zigzag polymers in the solid state.

A triangular coordination of the metal atom like that in
compound 2 may arise in the case of ds2, dp2 or sp2 hybrid-
isation. The Cu, Ag and Au atoms have the same electronic
configuration nd10(n+1)s1, n=3±5; however, the formation

of the nd9(n+1)s2 electronic configuration corresponding to
these types of hybridisation requires different energy expendi-
tures DE(ds). The DE(ds) value is abnormally high for Ag and
is the lowest for Cu:54

Element Cu Ag Au

DE(ds) /kJmol71 34.4 91.8 40.2

As a result, among the three compounds with the same
composition KM(CN)2, compound 2 has a polymer structure
(the C.N. of Cu is 3) and compounds 3 and 4 have a discrete
structure (the C.Ns of Ag and Au are 2). Thus, the electronic
structure determines the C.N. Note that the mechanism of
formartion of these inorganic polymers is determined by strong
(ionic and covalent) rather than weak interactions. Thus the
thermal stability and low solubility of the acetylenide polymer
Cu2C2

.H2O are due to the formation of strong p-bonds.53

Transitions between conformations of inorganic polymers
require, most often, large energy expenditure.

Concluding this Section, consider an interesting example in
which the metal complex serves as the polymerisation catalyst
of aliphatic and aromatic isocyanides.19

Complex A has a trans-configuration; however, for poly-
merisation to start, the complexmust have two vacant cis-sites.
Complex B formed under the action of an acid serves as an
efficient polymerisation catalyst. The driving force of this
reaction is the transformation of formally divalent carbon in
the monomer into the tetravalent carbon in the polymer. The
reaction readily proceeds at room temperature, the reaction
heat being 81.4 kJ mol71. It cannot be ruled out that the heat
of polymerisation is related to the electron excitation energy
accompanying the transition of carbon into the tetravalent
state.

The considered examples demonstrate the importance of
electronic effects in the thermodynamics of the formation of
polymers involving metals and non-metals.

2. Coordination mechanism of the formation of inorganic
carboxylate polymers containing M4�

2 dimers of d elements
Quasi-one-dimensional systems have long been of only theo-
retical interest as hypothetical models in the solid-state physics
and chemistry; they were used to start the solution of many
problems. However, more recently, synthetic chemists have
manufactured species that can be regarded, to a first approx-
imation, as one-dimensional solids.55 Among these, an impor-
tant place is occupied by divalent 3d-element carboxylates. For
example, the compound Cu(PhCOO)2 . 3H2O is a one-dimen-
sional ferromagnet and is described by theHeisenbergmodel.55

On the basis of M4�
2 carboxylate complexes (M=Cr, Mo, Cu,

Rh), polymers with a quasi-one-dimensional chain structure
have been prepared. The simplest compound, dirhodium
tetraformate monohydrate Rh2(HCOO)4 .H2O (1) consists of
two types of complexes:48 Rh2(HCOO)4 . (H2O)2 (1a) and
Rh2(HCOO)4 (1b). Complexes 1a have a distorted octahedral
geometry and consist of Rh2+±Rh2+ dimers connected by
four bridgingHCOO7 groups, and twoH2Omolecules occupy
the trans-positions with respect to the Rh2+±Rh2+ bond.
Complex 1b contains no coordinated H2O molecules; they are
replaced by the O atoms of the HCOO7 groups of the
neighbouring complexes 1a. The Rh2+±Rh2+ bonds are
oriented either along the polymer axis or at an angle, which is
favourable for binding Rh4�2 dimers through the bridging O
atoms: Rh4�2 _O_Rh4�2 . Compound 1 has one coordination
vacancy. In the polymer, weak cooperative charge ordering is
formed along the (Rh4�d2 _Rh4ÿd2 )x axis, resulting in polymer
stabilisation. The coordinatively saturated compound

Ni(acac)2(RNC)2

A

Ni(acac)(RNC)�2 + acac

B

H+
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Rh2(OAc)4(H2O)2 (5) does not form a polymer, as the `excess'
water molecule (missing from compound 1) saturates the
coordination. Numerous non-polymeric compounds
M2(RCOO)4L2 (M=Cr, Mo, Cu, Rh, etc., L is a neutral
ligand) have been prepared; they do not undergo disproportio-
nation to give two complementary complexes.49

The interactomic distances R(Rh7Rh)=2.38� 0.02 �A,
R[Rh7O(water)]=2.20� 0.06 �A, average R(Rh7O)=
2.03� 0.05 �A in polymer 1 48 are much shorter than the
R(Rh7O)=2.45� 0.03 �A distance to the inter-moiety bridg-
ing oxygen atom. Here and below, the bond energies in the
structural blocks were calculated 22 based on the STM32, 33

with experimental R(A7B) distances reported in the studies
cited and with handbook 56 data for R di

e : D0(Rh2+±Rh2+)=
233.5, D0(Rh2+±O)=246.9 and D0(Rh2+±OH2)=
178.8 kJ mol71, while the energy of the bridging Rh2+±O
bonds combining these blocks into a polymer, D0(Rh2+±O) is
equal to111.2 kJ mol71.

The driving force of polymerisation is disproportionation
2 1? 1a+ 1b, resulting in alternation of the complementary
complexes 1a and 1b. It follows from the bond energies that
complexes 1a and 1b are constructed through strong coordi-
nation bonds and are connected to each other by weaker
bridging bonds.

3. Mechanism of formation of supramolecular polymers
containing M4�

2 dimers of d elements with participation of
hydrogen bonds
In recent years, the trend of using combinations of strong
valence bonds with weak intermolecular contacts (p7p-inter-
actions, hydrogen bonds and so on) has started to develop in
the SMP synthesis. In order to connect metal-containing
blocks into the SMP through hydrogen bonds, pyridinecar-
boxylic acids and their amides are used most often.57, 58

Another synthetic strategy for the preparation of one-dimen-
sional SMP using dinuclear M2 fragments was developed in
parallel.51, 52 The two possible limiting M2 orientations with
respect to the polymeric chain dictate the range of bridging
ligands: parallel (axial bridges) and perpendicular (equatorial
bridges) orientations. The complexes containing Rh4�2 or Re6�2
dimers were used to prepare one-dimensional SMP:47

Rh2(OAc)4(INA)2 . 2Me2CO (6); Rh2(OAc)4(NIA)2 .

2Me2CO (7); cis-Re2(OAc)2Cl4(INA)2; cis-Re2(OAc)2Cl4.
.(NIA)2 . 2 (NIA), where INA is isonicotinamide and NIA is
nicotinamide. The idea was to replace two water molecules in
complex 5, which cannot be self-assembled due to the coordi-
nation saturation, by the ligands NIA or INA, which form
hydrogen bonds like other amides. Pyridinecarboxamides are
used as donors in the axial positions, while hydrogen bonds are
formed due to complementarity of the amide groups. The
conformation of SMP depends on the geometry of the linkers
(NIA and INA). As a result, compound 6 contains linear
polymer chains and complex 7 contains zigzag chains.

Presumably, the stability of the dirhodium SMP is due to
the presence of a stable diamagnetic structural block,
Rh2+±Rh2+. Then one can expect that R(Rh7Rh) in SMP
6, 7 and in compound 5 would be different. Although these
differences are slight: R(Rh7Rh)=2.4034(16) (for 6),
2.3972(12) (for 7), 2.3855(5) (for 5), 2.38(2) �A (for 1),47 ± 49 the
secondary effect is still observed, namely, the Rh2+±Rh2+

bonds in complexes 6 and 7 are slightly weaker than those in
non-polymeric compound 5, and these bonds in complex 1 are
slightly stronger than those in 5. The D0(Rh7Rh) values were
calculated in terms of the STM (to the accuracy of
�2 kJ mol71): D0(Rh7Rh)=224 (for 6)4 226 (for 7)<
231 (for 5)4 234 kJ mol71 (for 1).

The averageR(Rh7O) distances to the carboxylate oxygen
atoms in the three SMP are similar:47, 48 R(Rh7O)=2.03(5)
(1); 2.036(6) (6) and 2.037(4) �A (7). The key difference between

the SMP 1 and 6, 7 is related to the energetic properties of
linkers, i.e., the Rh4�2 _O_Rh4�2 bridging bonds in complex 1
and hydrogen bonds in complexes 6 and 7. The interaction
energy between the blocks upon the formation of hydrogen
bonds is much lower than the bridging bond energies, which
accounts for the higher stability of polymers of type 1.

The difference between the energetic properties of linear
and zigzag polymers 6 and 7 is due to the difference between the
R(Rh7N) distances to the pyridine N atoms:
R(Rh7N)=2.205(7) (INA) and 2.224(5) �A (NIA). The cal-
culated values, D0[Rh7N(INA)]=240 and D0[Rh±
N(NIA)]=232 kJ mol71, differ by 8 kJ mol71. The stronger
Rh7N bond in SMP 6 results in weakening of hydrogen bonds:
R(N7H_O)=2.922 �A with respect to R(N7H_O)=
2.865 �A in SMP 7.

The thermodynamic and structural properties of com-
pounds with hydrogen bonds have been studied in numerous
works.5, 18, 41, 43, 59 ± 64 The first estimates of the energies of such
bonds concern the peptide structure.61 Then the energies of the
O7H_O, O7H_N, N7H_O, N7H_N, O7H_Cl,
N7H_F, N7H_Cl, F7H_F and other hydrogen bonds
were determined from thermodynamic properties of the corre-
sponding compounds or from spectroscopic data 63 ± 65 or
calculated in terms of the STM.66 In a review,41 the reference
values for hydrogen bond energies have been compared with
the energies of conventional single bonds. The S7S, C7P,
C7N, C7Cl, C7C, N7H, C7H, H7H and O7H bond
energies vary in the range of 260 ± 460 kJ mol71, while hydro-
gen bond energies lie in the 10 ± 65 kJ mol71 range; however, if
the hydrogen bond is formed with an ion (for example,
HCOOH_F7), the range is broadened to 40 ± 190 kJ mol71.

It follows from the reported data 18, 41, 60, 63, 64, 66 that the
dependence of the hydrogen bond energy D(AH_B) (A=N:
B=O, Cl; A=B=O, and so on) on the R(A_B) distance is
described by the equation

D(AH_B)= a exp [7bR(A_B)],

where a and b are empirical constants.
Using this equation, D(AH_B) can be estimated from the

measured R(A_B) values to the accuracy of �3% relative to
the values determined from spectroscopic and thermodynamic
characteristics of the corresponding compounds.63 ± 65 The
hydrogen bond energies were calculated in terms of the STM.66

The hydrogen bond energies for SMP 6 and 7were found to
be 6.5 and 7.6 kJ mol71, respectively. Since each complex is
linked to two neighbouring complexes by four hydrogen
bonds, the total energy difference for two conformations is
equal to *5 kJ mol71. Hydrogen bonds formed at so long
distances (2.8 ± 2.9 �A) cannot be strong. The energies of the
bridging coordination bonds [D0(Rh2+7O)=111.2 kJ
mol71] in inorganic polymer 1 are much higher than the
hydrogen bond energies in SMP 6 and 7 [4D0(N7H_O)&
30 kJ mol71]. Apart from hydrogen bonds, other non-valent
contacts should also be taken into account in the structures of
complexes 6 and 7; however, they are also present in SMP 1.

TheN7H_Odistances and the hydrogen bond energies in
polymers 6 and 7 fall in the range typical of biological systems.
Indeed, in the case of peptides,63 the R(NH_O) distance
ranges from 2.80 to 3.16 �A. However, a value of 2.90 �A equal
to the sum of the van der Waals radii of the oxygen and
nitrogen atoms RVW(NO) is encountered most often. Mean-
while, in the linear SMP 6, R(N_O)=2.922 �A>RVW(NO),
and in the zigzag SMP 7, R(N_O)=2.865 �A<RVW(NO).

It has been noted above that the presence of axial ligands
relative to the Rh7Rh bonds prevents the formation of SMP,
because these complexes are coordinatively saturated. This is
also valid for other metal compounds. Thus all non-solvated
compounds Cr2(O2CR)4 form polymeric chains in the crystal-
line state where R(Cr7Cr) varies from 2.2 to 2.5 �A,49 and the
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bond energy D0(Cr2+7Cr2+) that we calculated falls in the
range of 154 ± 232 kJ mol71. However, the lack of axial
ligands is a necessary but not a sufficient condition for self-
assembly to give SMP. If very short bonds, R(Cr7Cr)<
1.9 �A, are formed in the complexes, their energy sharply
increases and the complexes lose flexibility. These complexes
contain no axial ligands but still they do not tend to self-
assemble.

Thus, a comparison of the two mechanisms of SMP
formation from identical dinuclear blocks (through bridging
oxygen ligands or hydrogen bonds) indicates that the bridging
coordination bond energy for inorganic polymer 1 is higher
than the total energy of all hydrogen bonds in SMP 6 and 7 and
that the stronger the coordination bonds in the initial building
block, the weaker the hydrogen bonds between the blocks.

4. Self-assembly of trivalent lanthanide and actinide
complexes
Asmentioned above, the lanthanide ions Ln3+ are classified as
hard acids; they form strong bonds with hard bases.26, 67

However, in recent years, interest has arisen in Ln3+ com-
pounds in which the coordination sphere contains both hard
and soft donor atoms: (F, S, O),68 (O, S, N).30, 36 ± 38, 69, 70 These
compounds were found to exhibit unusual properties not
inherent in Ln3+ compounds containing either only hard or
only soft ligands. These properties have already found ap-
plication in the separation of Ln3+ and An3+ ions by extrac-
tion.30, 36 ± 38 In sulfur-containing crystalline compounds, Sm
and Eu are known to exhibit mixed valence.67 The reactions of
metallic Sm and Eu with mercury perfluorobenzenethiolate
Hg(SC6F5)2 in THF give dimer [(THF)2Sm(SC6F5)2.
.(m-SC6F5)]2 (8) and one-dimensional polymer [(THF)2Eu.
.(SC6F5)2(m-SC6F5)2]n (9), respectively.68 In dimer 8, two
thiolate ligands form rings through the Sm7S and Sm7F
bonds, while the bridging thiolate ligands are not coordinated
by F atoms. The coordination sphere is completed by two THF
ligands. In compound 9 (unlike dimer 8), the bridging thiolates
interact with Eu atoms through F atoms, thus forming an
SMP. This is a rare example where a `hard' F atom is
coordinated as a neutral donor and, in combination with a
`soft' S atom, gives rise to an eight-coordinate Eu2+

(4 S+2F+2O).
The charge transfer energies from the higher occupied non-

bonding molecular orbitals (MO) DE (L?M3+) (L=S, F) in
S- and F-containing lanthanide and actinide compounds
(M=La, Ce, Pr, ... , Lu; Ac, Th, Pa, ... ,Lr) have been
discussed.30, 37 On the basis of the DE (L?M3+) values, one
can find out what lanthanides (apart from Eu) and light
actinides (from Ac to Am) could form SMP similar to polymer
9 according to the samemechanism. TheDE (L?M3+) values
are known to correlate with the reduction potentials
E 8(3+/2+). It was found experimentally 30, 37 that the lowest
DE (S?Ln3+) values in the lanthanide series (in eV) are found
for Eu (2.79), Yb (3.26) and Sm (3.77), while among light
actinides, this is observed for Am (4.22). The corresponding
E 8(3+/2+) values are 0.35 (Eu), 1.05 (Yb), 1.55 (Sm) and
2.3V (Am).37 The measured distances, R(Sm7S)=2.822 (8)
and R(Eu7S)=3.034 �A (9),68 correspond to the ionic radii
Rion(Sm3+) and Rion(Eu2+). Using the correlation between
E 8(3+/2+) for Eu, Yb, Sm, Am and the measured R(Sm7S)
and R(Eu7S) values, one gets R(Yb7S)=2.954 and
R(Am7S)=2.850 �A. These distances correspond to ionic
radii Rion(Am3+)=1.106 and Rion(Yb2+)=1.186 �A. The
qualitative estimates lead to the conclusion that Am, like Sm,
would not be reduced within the thiolates under discussion,
while Yb is expected to be reduced like Eu. In the former case,
the reaction gives a dimer and in the latter case, an SMP is
formed. It can be seen that the polymer is formed if the
E 8(3+/2+) and DE(L?M3+) values obey the following

conditions: 0.354E 8(3+/2+)<1.55 V and 2.794
DE(L?M3+)<3.26 eV.

An exceptionally high level of cooperative p ± p-interaction
of the thiolate rings has been noted 68 for the SMP.

IV. Complexes of d and f elements as the building
blocks in macrocycles

The square planar (M=Pd2+, Pt2+), tetrahedral (M=Cu+)
and octahedral (M=Fe2+, Co2+, Ni2+) complexes are used
most often in self-assembly reactions. To date, supramacro-
cycles containing from 2 to 12 metal atoms have been prepared
in the solid state and in solution. These can be classified into
three types: (1) SMC inwhich themetal atoms are separated by
bridging ligands; however, a weak M_M interaction exists
and contributes to the thermodynamics of SMC formation;
(2) SMC in which the metal atoms are shielded by bulky
ligands, the distances M_M >5 �A and M_M interaction is
lacking; (3) SMC with short and strong M_M bonds making
an appreciable contribution to the thermodynamics of SMC
formation.

In the SMC chemistry, the principle of SMA formation is
formulated 8, 9, 14, 39 as metal-directed self-assembly. The most
typical features of the self-assembly of discrete metal-contain-
ing blocks into large cyclic aggregates have been summarised in
a review:8 (1) upon self-assembly, the blocks are selectively
bound by coordination bonds based on the molecular recog-
nition principle; (2) self-assembly is a cooperative process;
(3) the SMA formed are discrete. The above-listed publica-
tions mention all types of interactions ranging from weak
intermolecular to ionic and covalent ones. Therefore, we
consider it important to compare the energetic properties of
the strong coordination bonds M_M, M/L and hydrogen
bonds (OH_O, NH_O, NH_Cl), which contribute to the
formation energy of SMC.

Note that the properties of SMC are determined by not
only the nature of intermolecular interactions but also the
electronic structure of the metal ions, their Lewis acid proper-
ties (soft or hard),26, 69 their redox potentials and their depend-
ence on the number (q) of pq, dq and f q electrons.29, 70

It is necessary to emphasise that themacrocyclic systemswe
discuss differ fundamentally from the previously studied poly-
nuclear metal complexes by the fact that the large ring system
exists not only in the solid state but is also formed and retained
in solutions. This feature opens up broad prospects for the use
of these systems in nanotechnology and molecular-level tech-
nology.

The experimental thermodynamic data concerning the free
energy or enthalpy of formation of SMC are few. As a rule,
they are used to draw qualitative conclusions concerning the
driving force of the formation of various SMC: some studies
assume the entropy mechanism and other studies, the enthalpy
ormixed (enthalpy and entropy)mechanisms.We attempted to
estimate quantitatively the contribution of weak and strong
interactions to the formation of SMC.

1. Mechanism of self-assembly of macrocycles
A number of mechanisms for the self-assembly of macrocycles
have been considered in biology and coordination chem-
istry.8, 39 A fast kinetic process and thermodynamic equi-
librium between the reactants and products in every reaction
stage are the key features of the self-assembly mechanism
typical of coordination chemistry. This mechanism has been
called 39 thermodynamic or strict. The ratio of the products in
the final stage of self-assembly is determined by their thermo-
dynamic stability. The thermodynamic self-assembly should
result in one, most stable product to be of practical value.2

Other self-assembly mechanisms characteristic of both biology
and coordination chemistry also exist. They have been classi-
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fied and analysed.71 (1) An irreversible or kinetically con-
trolled mechanism of self-assembly induces a cascade of
irreversible reactions and the equilibrium is not reached.
(2) An assisted mechanism involving an auxiliary reagent that
does not participate in either self-assembly or the formation of
the final product but prevents the formation of intermediate
products. (3) The directed mechanism requires the presence of
a recognition pattern reagent, which directs the self-assembly
without being involved in the formation of the final product.
Other mechanisms assuming various ways of modification of
either reactants prior to self-assembly or final products after
the self-assembly (post-modification) have also been consid-
ered.71 Although many SMA have been prepared according to
the thermodynamic mechanism of self-assembly, other self-
assembly mechanisms (irreversible, directed, and self-assembly
with post-modification) are also widely used, for example, in
Sauvage's studies.72 ± 74 Molecular knots, most of catenanes
and some kinetically stable helical SMAhave been prepared by
self-assembly with post-modification.75, 76

The present review considers the SMA prepared according
to the thermodynamic self-assembly mechanism. Note once
again that the so-called biological (i.e., caused by intermolec-
ular interactions) and coordination self-assembly mechanisms
are not always easily differentiated. For example, complexes of
the typeMA2X2, whereM=Pd2+, Pt2+, A is a neutral ligand,
X is an anion, are widely used in the SMC synthesis.1, 2, 9, 10, 39

In the solid state, these compounds form islet structures
MA2X2 in which the complexes are linked by weak intermo-
lecular interactions. For example, in the cis-isomer of dichloro-
diammineplatinum, a `column motif' is repeated.77 In the
neighbouring columns, two Cl atoms of the same complex are
linked to two NH3 groups of another complex by hydrogen
bonds with the distances R[Cl(1)7N(2)]=3.34 and
R[Cl(2)7N(1)]=3.30 �A.77 The R(Pt7Pt) distances are 3.372
and 3.409 �A. Each pair of complexes in the columns is linked
by two hydrogen bonds the energies of which (our calculations)
are as follows (in kJ mol71): D0[NH3_Cl(1)]=49.7;
D0[NH3_Cl(2)]=45.6. The Pt7Pt bonds also contribute to
stabilisation of the cis-isomer: D0(Pt7Pt)=28.7 kJ mol71

for R(Pt7Pt)=3.409 �A; D0(Pt7Pt)=29.9 kJ mol71 for
R(Pt7Pt)=3.372 �A. For each pair of complexes in neigh-
bouring columns, the intermolecular interaction energy is
relatively high: SD0& 125 kJ mol71. This example demon-
strates that weak intermolecular M7M contacts may be
important both for the coordination chemistry and in SMC
by determining the self-assembly process.

It is emphasised in a review 8 that self-assembly is a
cooperative process. A monograph 55 devoted to the theory of
cooperative processes and order ± disorder type models
presents the result of a quasichemical approximation in the
solution of the Ising problem for the Bethe lattice, which
represents a tree within the framework of the graph theory.
Numerous dendrimers with this type of structural motif have
been described in reviews.10, 11 Theoretical physicists have
anticipated, to some extent, the existence of some structural
motifs, which have been later considered in the SMCh.
Similarly, theoretical physicists have predicted 55 some struc-
tural motifs and called them `ladder cluster', `ladder pseudo-
assembly' and so on; more recently, the SMA called the
`ladder', `rack' and `grid' have been synthesised in solution
and in the solid state.1, 39

2. Structural factors in the formation of supramacrocycles
The structural principles of the design of SMC were developed
at a qualitative level in the studies by Lehn,78, 79 Raymond,80

Verkade,81 Fujita 9, 82 and Stang.8 Lehn introduced into prac-
tice 78, 79, 83 the method of SMA formation with the use of
branched chelating ligands, which are highly pre-organised
and have a large binding energy to metals. As compared with

monodendate ligands, the benefit in the free energy is due to the
chelation effect. At an early stage of the development of SMCh,
various SMA have been synthesised by mere screening diverse
ligands and metals. Subsequently, rational approaches to the
synthesis of these assemblies have been developed; these can be
described systematically as two models.8

The first approach was called the symmetry interaction
model.8, 79 ± 83 Thismodel considers freemetal ions and ligands,
most often, rather rigid bi- and tridentate chelating ligands as
the starting fragments. The preferential coordination number
and the preferential polyhedron for a givenmetal are taken into
account. On the basis of analysis of the point group of
symmetry of the target assembly with allowance for the mutual
arrangement of the symmetry axes of various types, the syn-
thesis is planned with particular metal ions and particular
ligands. Formore precise description of the geometric relations
between the ligands and the metal ion, a number of special
terms were defined (chelation vector, chelate plane, approach
angle).8, 80

The other ideology can be called a molecular library
model.1, 2, 8, 9, 39 In this case, coordinatively unsaturated
metal-containing fragments with vacant sites oriented at a
definite angle rather than free metal ions are considered as the
starting blocks. These are supplemented by linking fragments
with different numbers of donor atoms (di-, tri- and tetratopic)
and different geometry (linear, angular, etc.). By combining a
moderate number of such elementary blocks, one can construct
a variety of cyclic and polyhedral SMA. It is assumed that the
geometric parameters (first of all, the angles) of the free blocks
do not change much upon association.

Thus, the use of only ditopic ligands resulted in diverse
SMA (ranging from a triangle to a dodecahedron) with many d
and f elements.83 ± 99

3. Macrocycles based on d and f elements and their
thermodynamic properties
a. Dinuclear structures
Numerous dimers have been prepared in coordination chem-
istry and their physicochemical properties (spectral, thermo-
dynamic, magnetic, and so on) were studied. The dimers
Cu2(OAc)4 . 2H2O, which interact through hydrogen bonds in
the solid state, have been reported;53 the distance
R(Cu7Cu)=2.64 �A is somewhat larger than in the metal,
while the exchange interaction between the Cu atoms is
*300 cm71. The water molecules can be replaced by dioxane,
pyridine or aniline.

Many dinuclear assemblies with different metals have been
obtained; these metals include Cu,84, 98 Ag,85Mo,86 Cd,87 Zn,88

Fe, Ga,89 Os,90 and, most often, Pd and Pt,91 ± 97 which is not
surprising, because Pd2+ and Pt2+ dimers have been studied
for a very long period.48, 77 Let us compare the previously
studied 77 dimer [PdL2Cl2]2 (10) (L=NH2CHMeCHMeNH2)
with the recently synthesised 96 SMC [PdL2Cl2]2 (11) [L is 3,5-
bis(dimethylaminomethyl)pyridine]. In SMC 11, the Pd atoms
are coordinated by two N atoms (the pyridine atom of one L
and the aminomethyl N atom of the other Lmolecule) and two
Cl atoms. The distance R(Pd7Pd)=4.6 �A is rather long;
therefore, the interaction between the metal ions does not
contribute to dimer stabilisation. In dimer 10, the Pd atoms
also form two Pd7Cl bonds and two Pd7Nbonds. Dimerisa-
tion is due to weak Pd7Pd intermolecular interactions and
hydrogen bonds,97 which, according to a definition,1 ± 4 are
rather characteristic of SMCh:R(NH_Cl)=3.29 and 3.35 �A,
and the distance R(Pd7Pd)=3.34 �A is shorter than that in
SMC 11. The following energy values correspond to these
distances (in kJ mol71): D0(Pd_Pd)=12.8; D0(NH_Cl)=
50.6 and 44.7. The overall contribution to dimerisation
enthalpy is rather high: SD0=12.8+2(50.6+44.7)=
203.4 kJ mol71.
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Both SMC 11 and dimer 10 contain usual Pd7N and
Pd7Cl coordination bonds present in compounds of the
ML2Cl2 type (M=Pd, Pt). However, the structural difference
is obvious: in the case of SMC 11, the self-assembly stops after
formation of the dimer (i.e., a discrete ring) both in the solid
state and in solution, while in compound 10, dimers form an
infinite structure in the solid state due to weak intermolecular
contacts.

The experimental thermodynamic data on the formation of
dinuclear SMC in solutions are still scarce. It has been
shown 100 that the complexes Ln(tta)3(H2O)2 [tta is 2-thenoyl-
(trifluoro)acetone] react with bis-bidentate bridging ligand
bptz [3,6-bis(2-pyridyl)tetrazine] in aqueous ethanol to form
mononuclear complexes [Ln(tta)3(bptz)] (Ln=La,Nd) for the
first half of the lanthanide series and dinuclear complexes
[{Ln(tta)3}2(m-bptz)] (12) (Ln=Gd, Er, Yb) for the second
half of the lanthanide series.

The stability constants (K1 and K2) of the complexes
formed in the following reactions, respectively, were measured:

bptz+Ln(tta)3(H2O)2 [Ln(tta)3(bptz)]+2H2O,

Ln(tta)3(H2O)2+ [Ln(tta)3(bptz)]

[{Ln(tta)3}2(m-bptz)]+2H2O,

Ln logK1 logK2

La 6.32 5.42

Yb 6.0 4.8

However, dinuclear complex 12 was isolated only with Yb but
not with La. In dimer 12, the C.N. of the Ln3+ ion is equal to 8
(2N+6O), the coordination polyhedron has an approximate
square antiprism geometry. This geometry is also characteristic
of solvated cations of heavy lanthanides (Ln=Dy, Ho, ...,
Lu),101 whereas solvated cations of light lanthanides have a
tricapped trigonal prismatic coordination and C.N. 9. Thus,
light lanthanides do not form dimers, because the coordination
geometry required for dimer formation is associated with
considerable steric hindrance.

The change in the thermodynamic parameters (DH �,TDS �

and DG �) upon the formation of Ln3+ complexes with chelat-
ing ligands has been considered along the lanthanide
series.27, 102 It was shown that g=|DH �/TDS �|& 0.25� 0.1.
With this g for dimer 12 with the measured 100 value of
DG �=762.1 kJ mol71, one gets the approximate values
DS �& 165� 20 J mol71 K71; DH �&713� 6 kJ mol71.
The formation of dimer 12 ismainly an entropy-driven process,
like all other processes of formation of Ln3+ complexes in
aqueous solutions.27

The thermodynamics of the Eu3+ self-assembly in MeCN
with the bis[1-methyl-2-(6-[1-(3,5-dimethoxybenzyl)benz-
imidazol-2-yl)]pyridin-2-yl)benzimidazol-5-yl]methane ligand
(Ld), composed of two tridentate bis(benzimidazolyl)pyridine
fragments, has been studied.103 The stepwise and overall
stability constants were measured for the reactions:

Eu+Ld EuLd, logK1=4.6� 0.3;

EuLd+Ld EuLd
2, logK2=7.0� 0.4;

EuLd
2 +Eu Eu2L

d
2, logK3=6.5� 0.4;

Eu2L
d
2 +Ld Eu2L

d
3, logK4=6.2� 0.5;

overall reaction

2Eu+3Ld Eu2L
d
3, log b4=24.3� 0.4.

From these data, it follows that

log b4& logK1+3 logK3=4.6+366.5=24.1,

which is similar to the experimental value equal to 24.3. The
first step of the reaction depends on the energy expenditure for
the change in the ligand conformation, while the subsequent
steps, on the properties of ligands and their interactions with
cations.

The relations between the stability constants of the Ln
complexes with monotopic chelating ligands have been derived
for the reactions below 31, 46

Ln+L LnL ,

LnL+L LnL2 ,

LnL2+L LnL3 ,

Ln+3L LnL3 ,

logK1> logK2> logK3,

logK17 logK2& logK27logK3 ,

log b3& 3 logK2.

These relations hold with high accuracy for approximately
200 Ln complexes with monotopic ligands and for a Eu3+

complex with the ditopic ligand Ld. No other data on Ln
complexes with ditopic ligands are available. The enthalpy
changes upon the formation of dinuclear Eu3+ complexes have
not been measured. Presumably, DS �j <0, because it is
known that in MeCN, lanthanide complexes are formed by
an enthalpy mechanism rather than by an entropy
mechanism 27 as in aqueous solutions.

The thermodynamics of formation of the dinuclear Eu3+

complex with the ditopic ligand Ld implies an important role of
ligand pre-organisation at the first stage of the reaction.103 For
the subsequent stages, the derived relations between logKi

(i=2, 3, 4) and logb3 allow one to calculate the stability
constants. Using lanthanide complexes (Ln=La, Nd, Gd, Er,
Yb) with tta and m-bptz as examples, the role of the cation size
in the formation of dinuclear SMC in aqueous solutions has
been demonstrated.100

b. Trinuclear structures
Triangular structures with weakM7Mbonds. According to the
molecular library model, the triangular SMC may be formed
based on three building blocks arranged at 608 angles and
linked by three linear fragments. The M3 building blocks are
widely known in the cluster chemistry. They can be combined
to form tetrahedra, octahedra and other polyhedra.104 ± 110 The
M3 metal rings with the M7M or M7L7M bonds can
behave as both Lewis acids and bases;104 hence, they can be
used for the synthesis of SMC with diverse ligands in solution
and in the solid state. A number of reviews 105 ± 110 have
discussed the concept of the `magic' number of valence
electrons m=48 for the M3 clusters composed of d elements.
Deviations from m=48 exist, i.e., this number is not univer-
sal 105 ± 110 even for elements of the same group, for example,
M=Cu, Ag, Au or M=Ni, Pd, Pt. Indeed, inclusion of

Ln =Gd, Er, Yb.
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relativistic effects for Pt or Au metal rings would change the
sequence and structure of the MO.

Two factors, viz., the electronic structure of the metal and
the effect of bridging groups, determine the M7M interac-
tion.111 ± 115 As was discussed in Section IV.3.a, many metals
form dimeric complexes M2(OAc)4L2 (M=Cu, Rh, Ru, Re,
Cr, Mn, but not Pd or Pt). In the crystalline state, Pd2+

diacetate Pd3(OAc)6 .H2O (13) contains trimeric ring com-
plexes. The Pd atoms form a nearly regular triangle with the
distances R(Pd7Pd)=3.105 ± 3.203 �A (on average, 3.154 �A)
and R(Pd7O)=1.973 ± 2.014 �A (on average, 1.99 �A).112

Although, according to STM calculations,32, 33 the Pd7Pd
bond energy is markedly lower than the energy of one Pd7O
coordination bond: D0(Pd7Pd)=19.5 kJ mol71,
D0(Pd7O)=191.6 kJ mol71, the contribution of three
Pd7Pd bonds equal to *60 kJ mol71 stabilises trimer 13.
The palladium acetatoacetoneoximate Pd3(OAc)3.
.(ONCMe2)3 . 0.5C6H6 (14) has a similar structure;77 however,
the R(Pd7Pd) distances (3.009 �A) are shorter and the energy
of three Pd7Pd bonds [3D0(Pd7Pd)=3627.3=
81.9 kJ mol71] is greater than those in the acetate.

A number of SMC have been prepared on the basis of
palladium acetate. The reaction of Pd(OAc)2 with 1,3-bis(1-R-
benzimidazol-2-yl)benzene (RbzimPh) gives the compound
[Pd(RbzimPh)(OAc)]3 . 9MeCN (15), where R=Me, Et,
CH2D.39, 114, 115 Supramacrocycles 15 are based on the struc-
tural motifs of compounds 13 and 14. In the solid state, the
cavity is occupied by the MeCN molecules. The triangular
shape of these rings is due to the acetate structure in which the
carboxy groups combine three Pd2+ cations (rather than two,
as in Cr, Mn, Cu, Ru, Rh and Re dimers).

It is noteworthy that in SMC 15, as in trimers 13 and 14, the
Pd atoms are separated by bridging ligands but the shortest
Pd7Pd distances allow the metal ±metal interaction, which is
weak but still stabilises the triangular shape. The R(Pd7Pd)
distances vary from 3.0 to 3.5 �A and the energy of one bond,
D0(Pd7Pd), ranges from 28 to 10 kJ mol71.

The bis(2-mercaptoethyl) sulfide anion is a promising
ligand for the synthesis of triangular SMC. The crystal
structure of Pd3(SCH2CH2SCH2CH2S)3 resembles that of
palladium acetate trimers.77 Each Pd atom is coordinated by
four sulfur atoms (approximately square planar geometry); the
Pd atoms form a triangle with R(Pd7Pd)=3.41, 3.49
and 3.66 �A, the corresponding bond energies being
3D0(Pd7Pd)=11.0+9.3+6.6=26.9 kJ mol71.

Platinum complexes of this type have been prepared. The
acetate groups and the bis(2-mercaptoethyl)sulfide anion draw
the metal atoms towards one another, shorten the M7M
bonds and thus strengthen the M3 core.

Triangular structures without stabilising M7M bonds.
Bulky nitrogen-containing hetaryl ditopic bridging ligands
shield the M7M interaction. Many SMC have been prepared
with these ligands, in particular, [Pd(dmpze)Cl2]3 [dmpze is 1,2-
bis(3,5-dimethylpyrazol-1-yl)ethane];116 [Cu(tacn)(imd)]3�3
(tacn is 1,4,7-triazacyclononane, imd is imidazolate);117

[Fe(ttpO)]3 (ttpOH is 2-hydroxytetrakis-40-tolylporphyrin).118
The triangular SMC [(en)M(pyrXpyr)2]3(NO3)6 (16)

(M=Pd, Pt; en=H2NCH2CH2NH2, pyr is 4-pyridyl;
X= p-C6H4, C:C, C:C7C:C) have been prepared in an
aqueous solution using bis-hetaryl ligands and
Pd(en)(NO3)2;119 in solution, these complexes occur in equi-
librium with square SMC. In our opinion, the presence of
flexible linking pyrXpyr ligands and the absence of M7M
contacts in SMC 16 reduce the stability of these supramacro-
cycles. The reaction of Pt(en)(NO3)2 in H2O with 2,20-bipyr-
azine (2,20-bpz) yields only the triangular SMC [Pt(2,20-
bpz)]3(NO3)6, while in the case of Pd, only the mononuclear
chelate complex is formed.120

The above information leads to conclusions concerning the
similarity of, and the differences between, the palladium and
platinum SMA. Although Pd and Pt compounds, most often,
have similar structures, thermodynamic characteristics of their
SMC may be different. The difference between the cohesion
energies 121 of metallic palladium and platinum is
*200 kJ mol71; the Pt7Pt bonds are stronger than the
Pd7Pd bonds. In the absence of M7M bonds in SMC and
in the formation of p-bonds with polydentate ligands, it is
important that the 5d atomic orbitals of platinum are more
diffuse than the 4d atomic orbitals of palladium and form
stronger p-bonds with ligands. In addition, platinum atom has
a higher electron affinity than palladium (2.1251 and
0.5621 eV, respectively). The electron affinity of platinum is
nearly equal to that of sulfur and higher than that of oxygen
( 1.465 eV). Thus, the effective charges on the platinum atoms
are much lower than those on palladium atoms and the bonds
with ligands are stronger and more covalent.

Macrocycles with strong M7M bonds. Quite a few exam-
ples of triangular macrocycles formed by d elements and
stabilised through the formation of M7M bonds can be
cited. Thus the Pt3[m-C(OMe)C6H4Me-4]3(CO)3 trimers
have 122 short Pt7Pt distances (2.62 �A), the corresponding
energy D0(Pt7Pt) is equal to 73 kJ mol71 (i.e., 219 kJ mol71

for three bonds).
The first lanthanide-containing SMC were prepared not

long ago.123, 124 The hexadentate 1,3,5-triamino-1,3,5-tri-
deoxy-cis-inositol ligand (H3L) and Ln3+ form the [Ln3L2]3+

complex (17) in an aqueous solution according to the reactions

2H3L 2L3ÿ
aq + 6H�aq

3 Ln3�aq + 2L3ÿ
aq [Ln3L2]

3�

Ln=Gd, Lu.

Structural similarity of complexes 17 for Ln=Gd and Lu
has been established: the Ln3+ cations are bound to two
ligands through two N atoms and four O atoms; two water
molecules complete the C.N. of the metal ion to 8. Three Ln3+

ions form a nearly regular triangle similarly to many other
metal rings formed by d elements,104 for example,
[M3(m-H)3(CO)12] (M=Mn, Tc, Re); [M3(m-CO)3(PR3)n]
(n=3, 4; M=Pd, Pt). Despite numerous studies of the
triangular clusters and SMC of this type, the thermodynamics
of self-assembly in solution has been reported only in two
studies.123, 124 It was found that (a) the self-assembly is a purely
entropic process: DS �>0, DH �>0; (b) the stability of SMC
17 increases from La to Lu in parallel with a decrease in the
ionic radius Rion; (c) DG �[La3L2]3+ and DG �[Lu3L2]3+ differ
almost threefold. Such a pronounced change in the thermo-
dynamic characteristics is unusual for the chemistry of Ln3+

complexes. This unexpected fact of the thermodynamics of
SMC is attributable to the difference between the thermo-
dynamic parameters of desolvation of the [Lnaq]3+ cations.
The change in DG � during the reaction can be represented as
follows:
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DG�=DG�f [Ln3L2]
3+7 3DG�f (Ln

3�
aq )7

7 2DG�f (L
3ÿ
aq ) + 6DG�f (H

�
aq),

where DG�f [Ln3L2]
3+, DG�f (Ln

3�
aq ), DG

�
f (L

3ÿ
aq ) and DG�f (H

�
aq) are

the standard free energies for the formation of the complex, the
Ln3+ aqua ions, hydrated ligands and protons, respectively.

Then the difference between the DG � values of the reaction
(dDG �) for different Ln3+ ions (with respect to Ln=La) is
given by

dDG�= dDG�f [Ln3L2]3+7 3 dDG�f (Ln
3�
aq ),

where

dDG�f [Ln3L2]3+=DG�f [Ln3L2]3+7DG�f [La3L2]3+,

dDG�f(Ln3�aq )=DG�f (Ln
3�
aq )7DG�f (La

3�
aq ).

The corresponding values are presented in Table 1; the
DG�f [Ln3L2]3+ values were taken from the work by Chapon
et al.,124 and theDG�f (Ln

3�
aq ) values were reported byMorss.125

The reaction thermodynamics is determined by the contri-
butions of two opposite effects: the energy gain due to the
formation of two Ln3+7N bonds and four Ln3+7O(L)
bonds and energy loss for the cleavage of six Ln3+7O(OH2)
bonds. The DG�f (Ln

3�
aq ) values (in kJ mol71) increase on pass-

ing from La to Gd and decrease from Gd to Lu:125

DG�f (Ln
3�
aq )=7688 (La), 7660 (Gd); 7677 (Lu). The con-

tribution of the desolvation effect 3 dDG�f (Ln
3�
aq ) to dDG� is

from 30% to 70%. Two effects, i.e., the decrease in the energy
consumption for desolvation for heavy elements and the
increase in the Ln3+7N and Ln3+7O(L) bond energies in
the SMC of these elements, caused by the lanthanide contrac-
tion partially counterbalance each other. The enthalpy contri-
bution of desolvation, 3 dDH�f (Ln

3�
aq ) (see Table 1), determines

almost completely the dDH� values for Sm andGd, whereas the
gain in energy caused by the formation of two Ln3+7Nbonds
and four Ln3+7O(L) bonds (Ln=Er, Lu) makes the major
contribution to dDH� of these elements. The balance of the two
contributions to the reaction enthalpy results in a monotonic
variation of dDH� versus the ionic radius Rion of the cations
(C.N. 8) and allows one to estimate the DH� values for the
SMC of Ce, Nd, Eu, Tb, Ho, Tm, Yb, which have not been
measured. The entropy contribution TDS� to the self-assembly
reaction is documented 124 with the accuracy of
�7.5 kJ mol71. The dTDS� values for Gd, Dy and Er are
determined almost completely by the difference in the desolva-
tion entropies dTDS�f (Ln

3�
aq ) (see Table 1, Fig. 1). The qualita-

tive aspects of the variation of thermodynamic parameters
upon the formation of SMC have been considered.50, 126 ± 128

c. Supramacrocycles with square or rectangular geometry
Many metal complexes with square planar, trigonal bipyrami-
dal, tetrahedral and octahedral coordination can be used as

angular structural fragments in the construction of homonu-
clear square assemblies. The tetragonal SMC were prepared
for the following metals: Ti;8, 129 V, Cr;14, 81 Mn;14, 130, 131

Fe;8, 14, 39, 130, 132 Co;8, 14, 39, 130, 131, 133, 134 Ni;130, 131

Cu,8, 14, 39, 130, 135 Zn,8, 14, 39, 130 Zr, Nb, Mo;8, 14, 81, 136, 137 Tc,
Ru;39, 138, 139 Rh;8, 140 Pd, Pt,8, 9, 14, 39 Ag;8, 39, 141 Cd;39, 130, 131

Hf, Ta, W;14, 81 Re;8, 142, 143 Os, Ir, Au, Hg;39 Na, Cs;8 Ga 137

and Mg;131 heteronuclear SMC have also been prepared:
Pt7Pd, Ti7Pt, Re7Pd.8 The supramacrocycles with a square
geometry refer to the simplest representatives of the family of
nanoassemblies. The steric strain in a square SMC depends on
the ligands that form the square sides; therefore, their self-
assembly is not always thermodynamically favourable; in these
cases, kinetically labile oligomers are formed. In the self-
assembly of square SMC, flexible or semiflexible linkers are
used, for example, 4,4 0-bipy; 1-(2-thiouracil-4-methylene)-3,6-
diazahexane; bis(4-pyridyl)methane and -ethane; bis[4-(2-
diphenylphosphinoethyl)phenyl] ether; 1,4-bis(4-pyridyl-
methyl)-2,3,5,6-tetrafluorobenzene, amines and substituted
bis-phosphonates; tetrakis(2-pyridyl)thiocarbazide and so on.

In the future, square supramacrocycles could find extensive
practical use:1, 2, 8, 9, 14, 18, 39 they participate in the hydropho-
bic/hydrophilic molecular recognition; form host ± guest com-
plexes by inclusion of various molecules into the cavity where
they demonstrate high selectivity; they are used to transport
salts into the organic phase and as artificial receptors. A
promising trend in electrochemistry is the use of square SMC
which change the oxidation state depending on the M7M
interaction, e.g., the metallacyclophane `host' with four

Table 1. Change in the thermodynamic parameters of the formation of complexes 17 in the lanthanide series (at 298K).

Parameter /kJ mol71 Pr Sm Gd Dy Er Lu

dDG� 748 783 795 7104 7111 7122

dDG�f [Ln3L2]3+ 727 750 711 732 766 789

73 dDG�f (Ln
3�
aq ) 721 733 784 772 745 733

dDH� 724 758 772 780 776 788

dDH�f [Ln3L2]3+ 714.4 73.1 74.8 738.6 772.1 767.6

73 dDH�f (Ln
3�
aq ) 79.6 754.9 767.2 741.4 73.9 720.4

7dTDS� 724 725 722.6 724.4 734.6 733.6

7dTDS�f [Ln3L2]3+ 712.6 746.9 76.2 6.6 6.1 721.4

3 dTDS�f (Ln
3�
aq ) 711.4 21.9 716.8 730.6 741.1 712.6

R ÿ1ion (C.N. is 8) /�Aÿ1
0.85 0.90 0.95 1.00 1.05
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Figure 1. Variation of the thermodynamic parameters of the formation

of Ln3+ complexes with 1,3,5-tramino-1,3,5-trideoxy-cis-inositol depend-

ing on the Ln nature.

(1) DH, (2) DG, (3) TDS.
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reduced metal centres can transfer four electrons to a guest
molecule. The redox reactions in a `host ± guest' system result
in the change in properties (reactivity, magnetism, optical
properties). Square SMC based on imine or azine Re com-
plexes possess luminescent properties and are of interest as new
promising sensors. The influence of the guest molecules on the
excited states of the host molecule is considered as a new line of
research in optics. The use of paramagnetic metal ions in
square SMC allows one to study intermolecular interactions
insidemolecular layers; porphyrin-containing SMCare used to
study the photochemical properties of the bound porphyrin
layers, in particular, the processes occurring in the active sites
of photosynthesis and in light-accumulating bacteria are
modelled in this way; finally, square assemblies are used in
catalysis.

In square rings, the M7M interactions are shielded by
bulky ligands, however the design of SMC as a rectangle from
two dimers with relatively short M7M bonds connected by
substituted aryl ligands gives SMC of a new type. This
approach makes use of rhenium complexes with alkoxy 142 or
thiolate 143 ligands. The reaction of the dimer [(OC)4Re.
.(m-SPr)]2 with 4,40-bipyridyl (L) in chloroform gives SMC
having a rectangular structure with two shorter sides
(OC)3Re(m-SPr)2Re(CO)3 and two longer sides, Re7L7Re
[R(Re7Re)=3.81 and 11.57 �A].143 The shorter side of the
rectangle, i.e., the dimeric fragment, is stabilised by theRe7Re
interaction, while the longer side, by Re7N coordination
bonds [D0(Re7Re) = 2618.3=36.6 kJ mol71].

The longer side of this SMC can be shortened by replacing
bipyridyl by pyrazine; the Re7Re contact would also con-
tribute to stabilisation of the ring. Generally, the development
of this strategy appears to hold promise. When designing
rectangular SMC, one can choose various dimers of transition
d elements with strong or weak M7M bonds.49 The length of
the other two bonds in the rectangular SMC can be varied by
`elongating' the 4,40-bipy ligand, i.e., by using pyrXpyr ligands
of different length, for example, X= p-C6H4, C:C,
C:C7C:C. Rectangular supramacrocycles are able to
accommodate neutral aromatic guest molecules.

Among the factors that stabilise SMC, a new type of
ligand ± ligand interaction, the so-called p ± p-stacking inter-
action, is often mentioned. However, it is difficult to confirm
this effect experimentally. It was hypothesised 8 that the ring
structure of the tetranuclear assembly [Cu4(dppn)4](OTf)4
[dppn is 3,6-bis(2-pyridyl)pyradazine, OTf=CF3SO3] with a
distorted tetrahedral coordination of Cu(I) is stabilised by the
p ± p-stacking interaction of two pairs of ligands. This could be
accepted if Cu+ compounds with C.N. 4 devoid of the
stabilising p ± p-stacking interactions were unstable. However,
in all compounds (both with s and with p Cu+7L interac-
tions, in polymers, and in isolated molecules, and now in
SMC), Cu+ has a tetrahedral coordination and all these
compounds are stable. Now the role of p ± p-stacking inter-
actions between the aryl ligands in the SMC remains an
interesting hypothesis. The variation of the stability of
[LnL3]37 complexes (L is pyridine-2,6-dicarboxylate) along
the lanthanide series was attributed 128 to the p ± p-stacking
interaction between the ligands. It turned out, however, that in
the complexes of heavy Ln, the conformation of the ligands
changes. Probably, the p ± p-stacking interaction is important
for biological systems, but in the case of SMC containing
metals that form strong dp(M)7pp(L) bonds, multicentre
L(p ± p)7M7(p ± p)L interactions arise. The problem of
p ± p-stacking interactions is related to the important theoret-
ical problem of the degree of electron delocalisation in SMC.

Although many metals form square assemblies, Pd2+ and
Pt2+ complexes possess a number of specific properties. A
square coordination geometry is typical of the electronic
configuration d8. Square Pd2+ and Pt2+ complexes are self-

assembled to form a square SMC in the case where the cis-
positions of the complex are `protected', i.e., they do not
interact with other ligands.

A square supramacrocycle, [Pd(en)(4,40-bipy)]8�4 (18), has
been synthesised 82 by the reaction between a ditopic non-
chelating ligand, 4,40-bipyridyl, and the kinetically labile
Pd(en)(NO3)2 complex. The 4,40-bipy ligand replaces the
nitrate anions in the trans-positions with respect to N atoms
of ethylenediamine and forms bonds with two cations.

This method of synthesis, i.e., self-assembly of cis-protected
Pd2+, Pt2+ and other metal complexes has been analysed in
many publications,6, 8, 12, 14, 18, 39 as it allows one to prepare
SMC with different types of bonds, ranging from strong
coordination M7N, M7O, M7C, M7P and M7Cl bonds
to weak intermolecularM_Mand hydrogen bonds. However,
in the Jones opinion,14 the studies 9, 82 are not pioneering,
because the first square-shaped SMC 19 were prepared, based
on the same idea (the use of cis-protecting ligands), ten years
earlier, in particular, by reactions of M(CO)6 (M=Cr, Mo,
W) with ditopic donor P(OCH2)3P ligands.81

Even earlier, an extensive class of Pd and Pt metallacycles,
for example, allylplatinum chloride [(p-C3H5)PtCl]4 (20), have
been studied in the solid state.144 In the solid tetramer 20, each
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Pt atom is coordinated in the p-mode by the C=C bond of the
allyl group, in thes-mode by the CH2 fragment of another allyl
group and also by chlorine atoms. The bridging allyl ligands in
complex 20 protect the cis-positions, similarly to the en andCO
ligands in compounds 18 and 19, respectively. It seems likely
that the proper idea of cis-protection has long been used for the
synthesis of tetramers with a rectangular or square coordina-
tion.77 The Pt atoms in tetramer 20 are arranged at the corners
of a square, the Pt7Pt distances being 3.270 and 3.235 �A, and
the contribution of Pt7Pt bonds into the tetramer formation is
essential [D0(Pt7Pt)=2633.3+2634.6=135.8 kJ mol71].

One can compare the properties of tetramers 18 and 20.
According to NMR spectroscopy and mass spectrometry, the
structure of the ring in 18 is the same in solution as in the
crystalline state (determined by X-ray diffraction). No exper-
imental data on the structure of tetramer 20 in solution are
available. The sides of rings 18 and 20 are*8 and<3 �A long,
respectively; note that the size of the former can be varied. The
supramacrocycle 18 is capable of molecular recognition, as it
can host some guest molecules such as benzene, naphthalene,
and so on; the ring size in tetramer 20 is too small for the
insertion of guest molecules. The difference between Pt and Pd
is noteworthy.8 Thus Pt(en)(NO3)2 and 4,4

0-bipy react to give a
mixture of oligomers from which a thermodynamically stable
square-shaped SMC can be isolated on heating. This effect was
attributed to the fact that the Pd7N(bipy) bond is weaker than
Pt7N. For the statistically average distances,
R(Pd7N)=2.04 and R(Pt7N)=2.06 �A,77 the bond ener-
gies we calculated are as follows: D0(Pt7N)=274,
D0(Pd7N)=238 kJ mol71.

Square-shaped SMC have also been synthesised from bis-
phosphine derivatives [M(dppp)(OTf)2] [M=Pt, Pd;
dppp=Ph2P(CH2)3PPh2] and 4,40-bipy in a non-aqueous
solvent (CH2Cl2).145, 146 The existence of the square SMC
[M(dppp)(4,40-bipy)]4(OTf)8 (21) was proved by NMR spec-
troscopy. The researchers cited noted a remarkable fact: even
with a 100-fold excess of the 4,40-bipy ligand, only square SMC
21 are formed in solution, i.e., a fragment corresponding to a
side or a corner of the SMC cannot be isolated.

M=Pd, Pt.

For solid compound 21 with M=Pt, it was shown that a
square side is equal to 11.2 and the diagonal is 14.3 �A. The
Pt2+ ions have C.N. 4: each Pt2+ ion is connected to two P
atoms of the dppp ligand and twoN atoms of the two 4,40-bipy
ligands. The N7Pt7N bond angles are equal to 848 and the
P7Pt7P angles are about 908, so that the whole ring is
essentially non-planar. It was assumed 145 that the stability of
this SMC is related to the strong p ± p-stacking interaction
between the ligands, in particular, between the p-electrons of

the benzene rings of the chelating bis-phosphine ligands and
p-electrons of one of bipyridyl rings. If this interaction was
responsible for the stability of SMC 21, the effect would be
manifested in the interatomic distances in square SMC com-
pared to those in the Pt2+ and Pd2+ complexes studied
previously.77 Our analysis of the reported structural
data 8, 9, 14, 77, 145 has shown that the M2+7N and M2+7P
distances (M=Pt, Pd) in the phosphine and pyridine com-
plexes and in square SMC 21 are equal to within the accuracy
of measurements. Indeed, in Pd[Ph2P(CH2)2PPh2](SCN)2, the
measured 77 distances are R(Pd7P)=2.245 ± 2.260 �A, while
in SMC 21, R(Pt7P)=2.23 ± 2.25 �A.145 An early publica-
tion 77 reports the average R(Pt7N) and R(Pd7N) values in
the Pt2+ and Pd2+ pyridine compounds to be 2.02 ± 2.06 �A,
and the R(Pt7N) distances in SMC are 2.03 ± 2.07 �A.8, 9, 14, 145

Thus, the assumption of stabilisation of the SMC by p ± p-
stacking interactions between the ligands is not confirmed.

Analogous square SMCbased on cis-phosphine derivatives
have been obtained:145 [M(PEt3)2X]4(OTf)8 (M=Pd2+, Pt2+;
X is 4,40-bipy, 2,7-diazapyrene, and so on). For all square SMC
considered above, the cis-positions in the starting complexes
(i.e., the square corners) are protected by bidentate (en, dppp)
or monodentate (PEt3) ligands, which form strong M7P
bonds. Neutral phosphines are strong electron donors, there-
fore, their interaction with metals is accompanied by a sub-
stantial charge transfer.37 In the initial MA2X2 complexes
(M=Pd, Pt; A=PEt3; X is anion), the R(Pt7P) and
R(Pd7P) distances vary in the 2.22 ± 2.34 �A range.77 Accord-
ing to our estimates, the M7P bond energy is fairly high
[D(M7P)=415 ± 358 kJ mol71]; phosphine ligands protect
the cis-positions of the structural blocks by a thermodynamic
mechanism, i.e., they stabilise the SMC by a great contribution
of the M7PEt3 and M7PPh2 interaction energy. In addition,
the PPh2 ligands provide a steric protection of the cis-positions,
which opens up broad opportunities for the synthesis of SMC
using these ligands.8, 14, 39

In the absence of groups shielding the cis-positions, square-
coordinated SMPmay form. For example, this is the case in the
reaction of Co(NCS)2 with 4,40-bipy.147

Although the properties of many palladium and platinum
SMC are largely similar, note once again the difference in the
self-assembly mechanisms: under the same conditions, square
SMC are formed for palladium but oligomer mixtures are
formed for platinum, because the Pd7N bonds are weaker
than Pt7N bonds and more labile in the self-assembly
processes giving SMC.8

The reaction of [Pd(dppp)(OTf)2] with p-NC(C6H4)nCN-p
(n=1, dcp; n=2, dcdp) in CH2Cl2 produces square SMC
[Pd(dppp)(dcp)]4(OTf)8 (21a) and [Pd(dppp)(dcdp)]4(OTf)8
(21b), the sides of which can be represented as follows:

Thus, although a large number of homonuclear and
heteronuclear SMC based on complexes of almost all of d
elements have been prepared in recent years, nitrogen-contain-
ing SMC with Pt2+ and Pd2+ are most numerous. This can be
attributed to several reasons. The Pt2+ and Pd2+ ions are soft
acids and the nitrogen atom, being a softer ligand than oxygen,
forms numerous complexes with these ions, which is not so
typical of other d elements. The Pd7N and Pt7N bond
energies are higher than the Pd7O and Pt7O bond energies.
This is an important thermodynamic factor affecting the self-
assembly. As an illustration, one can compare the energies of
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the Pd7N and Pd7O bonds having standard interatomic
distances, R(Pd7O)=2.0 and R(Pd7N)=2.05 �A.77 The
calculated energies are as follows: D0(Pd7N)=243.4,
D0(Pd7O)=191.6 kJ mol71, so that the energy gain due to
the formation of two Pd7N bonds instead of two Pd7O
bonds is significant: dD0=2 [D0(Pd7N)7D0(Pd7O)]=
26(243.47 191.6)=85.6 kJ mol71.

The thermodynamics of the self-assembly process is sub-
stantially affected by the solvent. The formation of complexes
of d elements and lanthanides in aqueous solutions is entropy
controlled, while in non-aqueous solutions, it is enthalpy
controlled.26, 121 Without experimental data, it is unknown
whether this would be valid for the self-assembly of SMC from
complexes. Various hypotheses on the thermodynamics of the
self-assembly of SMC have been put forward; it was noted 39

that the formation of ring structures is preferred over the
formation of linear structures from the enthalpy standpoint,
while the formation of small rings is preferred over the
formation of large rings (at low concentrations) from the
entropy standpoint.126, 127

Nanosized square SMC have now been prepared.8, 111 For
example, the addition of a solution of cis-
[(dppp)Pt{C:C(C5H4N-4)}2] in CD2Cl2 to the solid bis-tri-
flates TfOPt(PR3)2(p-C6H4)nPt(PR3)2OTf gave square SMCof
different size the side of which can be represented as

This nanosquare contains 12 platinum ions; each side has four
ions, two of these being common to two sides. Generally, the
synthetic strategy is the same as for the smaller SMC described
previously (18, 21 and so on), namely, cis-protection of the
metal ion. The calculated square diagonal is*36 �A long.8

Nanosquares of this type are promising for the design of
molecular switches and molecular machines. Another possibil-
ity is to use the magnetic properties of these SMC. These
macrocycles are classified as ultrathin particles with a diagonal
dimension of 3.4 ± 4.8 nm. Nanoparticles applied onto a sub-
strate are known to form ordered one-, two- and three-dimen-
sional structures,23 which find application due to the possibility
of magnetic transitions (paramagnet ± ferromagnet ± antiferro-
magnet) or metal ± dielectric phase transition.76

d. Polygonal supramacrocycles and three-dimensional structural
motifs
Pentagonal and hexagonal supramacrocycles. The first SMC
with pentagonal or hexagonal geometry were obtained by
Lehn 148, 149 in ethylene glycol using FeCl2 or FeSO4, respec-
tively, in the presence of NH4PF6 and ligand L.

These are helical SMC {[FeL]5Cl}(PF6)9 (22) and
[FeL]6(PF6)12 (23). In compound 22, the Cl7 ion resides in
the SMC cavity. By analogy with SMC 22, the compound
{[NiL]5Cl}(PF6)9 (24) was prepared.

39

The authors 148 noted that the inner cavity of SMA 22 has a
radius of 1.75 �A The size of the Cl7 ion (the ionic radius is
1.7 �A) fits the cavity and strong binding is due to the high
positive charge of the SMA. However, when FeSO4 is used, a
large six-membered SMA containing no anion is formed.
Analogous SMA were synthesised with Fe(BF4)2 and FeSiF6.
The use of FeBr2 resulted in an approximately equimolar
mixture of five- and six-membered SMA. Thus, it was con-
cluded that the structure of SMA is influenced by the size
rather than the charge of the counter-ion. However, the
mechanism of this influence remains an open question, i.e.,
whether the anion serves as the template in the SMA formation

R= Et: n=1, 2; R = Ph: n= 2, 3.

n

PPh2

Ph2P

PtCCNPtPtNCC

PPh2

Ph2P Pt

PR3

PR3 PR3

PR3
* *

N N
N N

N N
MeMe

L

NN

FeN

N

N

N

N

N

Fe

N

N

N
N

N

N

Fe

N

NN
N

N

N

Fe

N

N N
N

N
N

N

N

Fe

N

N

Cl7

22

9+

NN

FeN

N

N

N

N

N

N

N Fe

N N

N

N

N

N Fe

N N

NN

FeN

N

N

N

N

N

N

N Fe

N N

N

N

N

N Fe

N N

12+

23

224 A Yu Tsivadze, G V Ionova, V KMikhalko, Yu N Kostrubov



or the assemblies capable of strong binding of the anion
(substrate) as receptors are formed owing to the reversibility
of self-assembly.

Using K2PtCl4, H2NNH2 and ButNC, SMC 25 has been
synthesised in an aqueous solution.112 This compound pos-
sesses luminescent properties being responsible for a strong
band in the visible region at 356 nm. This band was assigned to
a Pt?p(carbene) charge transfer transition. An X-ray diffrac-
tion study showed that the SMC is non-planar, its conforma-
tion resembling the `chair' conformation. The CN7Pt7CN
angles are equal to 92.48 and the Pt7N:C and Pt7C:N
fragments are nearly linear (angle 1748).

Six-membered SMC have also been prepared for other
metals. The compound [CuL]6(ClO4)6 (26) was synthesised

135

by triethylamine-induced deprotonation of the complex
Cu(HL)(ClO4)2, where HL is N-(2-phenylimidazol-4-ylmeth-
ylidene)-2-aminoethylpyridine.

The complex [{Au(C:CBut)}6]2 (27) was isolated upon the
reaction of [Au(NH3)2]BF4 with ButC:CH in acetonitrile.150

It was found that this compound is a catenane consisting of two
interlinked six-membered SMC; each SMC contains six Au+

ions and six acetylene groups. Within each ring, metal ions
form a planar hexagon in which the R(Au7Au) distances are
3.30 ± 3.36 �A. Although these distances are longer than those
in metallic gold (2.88 �A), the Au7Au contacts determine the
stability of this SMC. The energy of six Au7Au bonds
D0(Au7Au) [for average R(Au7Au)=3.33 �A] equals
6626=156 kJ mol71.

Octagonal supramacrocycles. The reaction of
[Co(OAc)2(H2O)4] with the salt KL {L is bis[3-(2-pyridyl)pyr-
azol-1-yl]dihydroboronate} in MeOH with the addition of
KPF6 or NaClO4 for precipitation gave 151 SMC containing
eight Co2+ cations, twelve L7 bridging ligands and the PFÿ6 or
ClOÿ4 anion: [M8L12A]3+(Aÿ)3, M=Co, Ni; A=ClO4, PF6.
The ligand L=C5H4N7C3H2N27BH27N2C3H27C5H4N
forms a bridge between the neighbouring Co2+ ions.

According to electrospray mass spectrometry and X-ray
diffraction analysis, one anion resides in the SMC cavity of
[Co8L12(ClO4)]3+(ClOÿ4 )3 (28). No [M8L12]4+ cation without
an anion in the cavity was detected; thus, the anion stabilises
the eight-membered ring and, apparently, controls its size. We
present our interpretation of this effect based on the thermo-
dynamics of anion formation in solution. Note first of all that
in the hexagonal SMC 26 of a smaller size, the ClOÿ4 anion is
not inserted in the cavity, i.e., the size effect is significant for
SMC 26 and 28.

It is known that thermodynamics of formation of anions
affects their outer- or inner-sphere coordination. Thus the
standard free energies of formation 121 DG �f (ClO

ÿ
4 )aq=

7163.5 and DG �f (Cl7)aq=7164.5 kJ mol71 are similar but
the coordination of the ClOÿ4 anion is usually outer-sphere,
while the Clÿ ion can be coordinated as both an outer- and an
inner-sphere ligand. The standard entropy of formation of the
ClOÿ4 anion in an aqueous or ethanolic solution is positive and
high, while that of the Clÿ ion is negative [DS �f (ClO

ÿ
4 )aq=

+118.7, DS �f (Cl
ÿ)aq=78.7 J mol71 K71]. Thus, the

entropy factor mainly determines the outer-sphere coordina-
tion of the ClOÿ4 anion, because the inner-sphere coordination
is entropically unfavourable. For insertion into an SMC, the
ClOÿ4 anion should be stabilised by a gain in enthalpy, i.e., by
the formation of strong bonds with the atoms of SMC, in order
to counterbalance both the entropy and enthalpy loss. Appa-
rently, this is the case for SMC 28 in which the ClOÿ4 anion is
strongly bound to atoms of the eight-membered ring 8 and the
size effect allows the anion to be inserted into the cavity. The
possibility of insertion of the SO2ÿ

4 , Clÿ and ClOÿ4 anions has
been studied from the standpoint of the size effect.148, 151
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However, it should be borne in mind that thermodynamics of
their insertion into SMC are fundamentally different due to
different thermodynamics of their formation in solutions. Thus
the values DS �f (SO

2ÿ
4 )aq=7112.2 and DS �f (ClO

ÿ
4 )aq=

+118.7 J mol71 K71 are close in magnitude but have oppo-
site signs. The insertion of (SO2ÿ

4 )aq into SMC is entropically
favourable but the enthalpy loss is high because
DH �f (SO

2ÿ
4 )aq= 7875.9 kJ mol71. The (ClOÿ4 )aq anion has

the maximum entropy of formation and the (SO2ÿ
4 )aq ion has

the minimum enthalpy of formation. Hence, in order to
surpass the enthalpy loss upon the insertion of SO2ÿ

4 , it is
necessary to select an appropriate SMCwith very strong bonds
between its atoms and the inserted SO2ÿ

4 anion.
Apart from two-dimensional SMC, three-dimensional

SMA with a tetrahedral,152 prismatic 91 or cylindrical 28, 98

geometry have also been prepared. For example, SMA 29 was
synthesised by the reaction of [Cu(MeCN)4]BF4 with hexaphe-
nylhexaazatriphenylene and quaterpyridine in chloroform.98

The structure of this SMAwas determined byX-ray diffraction
analysis. By introduction of various fragments (acetylene,
benzene and so on) into quaterpyridine, the height of SMA
29 can be increased to 33 �A.78

As the conclusion of this Section, we would like to note that
Pt4+ and Pd4+ compounds could also be used in the SMCh.
However, this would require an absolutely different strategy of
the preparation of SMA. The stereochemistry of these com-
pounds, for example, R3PtX (R=Me, Et; X=OH, Cl, I),
shows 144 that the PtR�3 groups tend to acquire a pyramidal
structure and Pt4+ tends to an octahedral geometry. This gives
compounds with a cubane structure, which is based on a cube
with vertices occupied by alternating Pt4+ and X7 ions. In
these systems, the R(Pt7Pt) distances vary from 3.41
(Me3PtOH) to 3.90 �A (Me3PtI, Et3PtCl), so that the contribu-
tion to the enthalpy stabilisation ranges from
D0(Pt7Pt)=4628.7=114.8 to D0(Pt7Pt)=4617.8=
71.2 kJ mol71. As a result of competition between the ten-
dency of PtR�3 to form a pyramidal coordination and the
tendency of Pt4+ to an octahedral coordination, depending on
the number and the coordination capacity of the anions and
polar molecules, either oligomers or SMC are formed.

4. Thermodynamic factors in the formation of
supramacrocycles
The role of thermodynamic factors in the formation of SMC
has been considered in a number of studies.8, 39, 50, 71, 126, 128 As
noted above, several mechanisms have been proposed 8, 39, 71

for the formation of supramolecular systems, which reflect to
one or another extent the thermodynamics of self-assembly,

namely, these are thermodynamic, kinetically controlled and
irreversible, assisted, directed mehanism, etc. According to the
thermodynamic mechanism of the self-assembly in solution, a
thermodynamic equilibrium between the starting reactants and
one, thermodynamically the most stable product is attained.
Thermodynamically unstable products either dissociate or are
formed in minor amounts with respect to the major product.
The self-assembly of the structural blocks to give SMC or a
linear oligomer decreases the disorder in the system and, hence,
results in a negative change in entropy, which can be counter-
balanced by the enthalpy effect. In a review,8 it has been
suggested that both the enthalpy and entropy changes are
favourable for the self-assembly of SMC. It has been shown
above, using numerous examples, that the metal ±metal bonds
present in SMC contribute considerably to the enthalpy of
formation of SMC.

The thermodynamic parameters of the self-assembly proc-
ess largely depend on the properties of the solvent.124 It was
found experimentally that the formation of Ln3+ and An3+

complexes in acetonitrile is characterised by the following
relationship between the enthalpy and entropy contributions
to the free energy:153 ± 155

DS �<0, DH �< 0, |TDS �|< |DH �|.

However, in water, the formation of Ln3+ and An3+

complexes with various N- and O-donor ligands obeys other
relations:125, 156

DS �>0, DH �< 0, TDS �>|DH �|.

In water, the 3Ln3++2L self-assembly to give triangular
SMC 17 is entropy-driven, i.e., similar to the formation of
Ln3+ andAn3+ complexes.156 However, it is not clear whether
this conclusion can be extended to the formation of SMC with
other metals, a different geometry (for example, squares), and
in other solvents.

The self-assembly processes often use chelating n-dentate
ligands. In SMC 17, the ligand is hexadentate (n=6); two
ligands form a common electronic system; therefore, for two
chelating ligands, we get n=12. Let us assume that the change
in entropy upon self-assembly is due to the chelation effect. The
entropy change caused by the chelation effect is determined 156

by the equation

DS �=R (n7 1) lnM=367 J mol71 K71,

where R is the universal gas constant, M is the molality of
water. The change DS � upon the formation of SMC 17
ranges 124 from 329 (La) to 442 J mol71 K71 (Lu). With
allowance for the inaccuracy of DS � equal to
� 25 J mol71 K71, the average entropy of self-assembly for
SMC 17 is DS �=408 J mol71 K71 (Ref. 124); this value is
consistent with the estimate DS �=367� 50 J mol71 K71

made using the chelation model.
The role of the solvent is highly important in both complex-

ation and the self-assembly: the free energy of formation of
SMC 17DG �f correlates with the free energy of formation of the
aqua ions 3DG �f (Ln

3�
aq ); therefore, from the known DG �f (Ln

3�
aq )

and DG �f (An3�aq ) values and the measured DG �f (17) values, one
can estimate the standard free energy of formation of similar
SMC with other metals and, hence, the changes in the free
energy DG � for the corresponding self-assembly reactions:

Ln Eu Pu Am Cm

DG � /kJ mol71 104 83.6 93.3 90.0

An important problem in the processing of radioactive ele-
ments is the separation of Eu3+, Am3+ and Cm3+.
The obtained values dDG �(Eu7Am)=10.7 and
dDG �(Eu7Cm)=14.0 kJ mol71 show that using SMC, one
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can achieve high selectivity in the separation of Ln3+ and
An3+ ions.

The properties of solvents (dielectric constant, polarisabil-
ity, the ability to form hydrogen bonds, viscosity) determine
the soft or hard behaviour of the solvent.44, 156 Using the set of
these properties, it is possible to predict that the self-assembly
involving hard Ln3+ cations in water is an entropy-driven
process, that in acetonitrile or pyridine is enthalpy-driven, the
process in octanol is rather enthalpy-driven, etc. In addition, it
was shown 124 that DG � and the DS �/DH � ratio for the self-
assembly depend on the properties of cations. It is beyond
doubt that the effects of solvents on the self-assembly thermo-
dynamics should be different for compounds of soft M+

(M=Cu, Ag, Au, Tl, Hg), M2+ (M=Pd, Pt, Cd, Hg) and
hard (Ln3+, An3+) cations. Even among the same family (soft
or hard cations), the DS �/DH � ratio would substantially
depend on the desolvation of this cation. Ten years ago the
DG � values for self-assembly were still calculated using two-
parameter models,157 which define the electron-donor (CD)
and -acceptor (CA) properties of the interacting Lewis acids
and bases

DG �=constCDCA.

As new data have been accumulated, it became clear that these
simplified models do not reflect either quantitative or qualita-
tive features of thermodynamics of the SMA formation.

V. Thermodynamic properties of macrocyclic
complexes in solution

Among the macrocyclic ligands, crown ethers, cryptands,
spherands, calixarenes and their derivatives have been most
studied.1, 2, 7, 128, 158 ± 161 The advances in the synthesis of the
alkali and alkaline earth metal complexes 1, 2, 7, 159 ± 162 have
stimulated the development of analogous studies dealing with
lanthanides.27, 128, 161, 162 The particular interest in this field is
related to the extensive use of lanthanides in catalysis, in the
manufacture of glass, ceramics, optical and electronic devices,
in nuclear power engineering (separation processes), in biology
and medicine.

As regards the stability of Ln complexes with crown ethers
containing 4, 5, 6 and 10 oxygen atoms, it has been noted 162

that the plots log b vs. Rÿ1ion(Ln) do not show any general trend,
some passing through an extremum and some other monotoni-
cally descending or ascending. This reflects the relationship
between parameters such as the ion diameter and the size of the
ligand cavity. Although the idea of size fitting has not lost its
importance in analysis of the selectivity of complexation of
macrocyclic ligands with alkali and alkaline earth metals, the
experimental data indicate that other properties of cations such
as desolvation parameters and the ability to accept electron
density have a substantial influence on the thermodynamic
properties of MC.

1. Size selectivity of macrocyclic ligands with respect to
cations
It was found that the ratio of the cation to cavity dimensions
(Rion/Rc= r) is an important factor determining the selectivity
of complexation with the crown ethers, 12-crown-4 (12C4),
15-crown-5 (15C5), 18-crown-6 (18C6), 21-crown-7 (21C7)
and 30-crown-10 (30C10) in solution.

The stability constants log b1 of lanthanide(III) complexes with
a number of crown ethers in propylene carbonate (PC) were
measured and the log b1 values were statistically processed
depending on r:162

Crown ether 21C7 18C6 15C5 12C4

logb1(La7Lu) 5.0 ± 7.5 7.0 ± 9.0 6.0 ± 7.5 5.0 ± 5.5

r 0.6 ± 0.75 0.75 ± 0.95 1.20 ± 1.40 1.70 ± 2.0

The logb1 values are maximum for the complexes with
18C6. For r55 1 or r44 1, the stability of the complexes
decreases. For the complexes of light lanthanides with 18C6,
r& 1, which accounted for their higher stability compared to
heavy lanthanide complexes. The decrease in log b1 of the
complexes with this crown ether in methanol 160 following an
increase inZ(Ln) from La to Eu could also be attributed to the
better fit between Rion and Rc. It may seem that the trends in
variation of log b1 upon complexation of alkali metals with
crown ethers can also be interpreted in this way; however, on
going from Na+ to Cs+ the ionic radius increases 1.6-fold and
on going from La3+ to Lu3+, only 1.2-fold. This implies the
need for essential preorganisation of macrocyclic ligands for
the reaction with M+: in the complexes with 18C6, the K+

cation fits in the plane of the ligand molecule with D3d

symmetry, while the large Cs+ ion deviates from this plane.
However, the Na+ ion is too small for the large ring; therefore,
its symmetry is highly distorted compared to D3d.

The enthalpy of desolvation (DHh) and electronegativity of
cations play an important role in the complexation. Compare
two ion pairs, Sr2+/Pb2+ and Rb+/Tl+, having similar DHh ,
Rion and similar enthalpies of complexation with 18C6
[DH(18C6)]:

Sr2+ and Pb2+:

DHh=71521 and71556 kJ mol71;

Rion=1.18 and 1.19 �A,

DH(18C6)=715.1 and721.8 kJ mol71;

Rb+ and Tl+:

DHh=7339 and7364 kJ mol71;

Rion=1.52 and 1.50 �A,

DH(18C6)=715.9 and718.4 kJ mol71.

The negative DH(18C6) values larger in magnitude found
for Pb2+ and Tl+ were attributed 156 to higher electronegativ-
ity of Pb (1.8) and Tl (1.8) compared to Sr (1.0) and Rb (0.8);
apparently, the 5d-AO of lead and thallium participate in the
formation of bonds withmacrocyclic ligand atoms, resulting in
more exothermic complexation.

In the case of cryptands, the size fitting principle is
believed 156 to be more significant than for crown ethers or
tetraazamacrocycles, which is reflected in the stability con-
stants logK211, logK222, logK322.
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The highest stability is attained for smaller cations, which fit in
small cavities:

Li+: Rion=0.675 �A,

logK211> logK221;

Na+: Rion=1.0 �A,

logK211< logK221> logK222< logK322;

K+: Rion=1.376 �A,

logK221< logK222> logK322;

Ca2+: Rion=0.72 �A,

logK211< logK221> logK222< logK322;

Ba2+: Rion=1.389 �A,

logK221< logK222> logK322< logK332.

The reason is in the greater hardness of cryptands
CR111 ±CR322 and higher preorganisation compared to
crown ethers.

2. Effect of the charge transfer energy from the ligand to the
cation on the stability of macrocyclic complexes
Presumably, the interaction of macrocyclic ligands (cryptands
and azacrown ethers, AC) with Ln3+ ions occurs through
electron density transfer from the O and N atoms of the ligand
to the cations. The higher the electron-acceptor capacity of the
cation and the lower the electron transfer energy from the
occupied MO of the ligands to vacant or partially occupied
4f-AO of the cation, the more stable the complex. If this
hypothesis is valid, the charge transfer energy
DE [2p(O)? 4f(Ln3+)] and DE [2p(N)? 4f(Ln3+)] should
correlate with log b [Ln(CR221)]3+ and log b [Ln(AC21)]3+.
The DE [2p(O)? 4f(Ln3+)] have been measured for many
complexes and systematised,29, 35 whereas no data on
DE [2p(N)? 4f(Ln3+)] are available. Figure 2 compares the
trends of variation of DE [2p(O)? 4f(Ln3+)] (Ref. 35) and
log b [Ln(CR221)]3+ or logb [Ln(AC21)]3+ (Ref. 161). It can
be seen that in the first half of the series, on going from Pr to
Eu, the stability of complexes [Ln(CR221)]3+ increases in line
with a decrease in DE [2p(O)? 4f(Ln3+)], i.e., with an increase
in the electron-acceptor ability of the cation. The extreme
points of log b [Eu(CR221)]3+ and log b [Eu(AC21)]3+ cor-
respond to the minimum of DE [2p(O)? 4f(Eu3+)].
The antiparallel variation of log b [Ln(CR221)]3+ and
DE [2p(O)? 4f(Eu3+)] in the second half of the lanthanide
series from Gd to Yb is beyond doubt. The
log b [Lu(CR221)]3+ has not been measured: in the model
considered, one can expect that logb [Lu(CR221)]3+<
log b [Yb(CR221)]3+. As a conclusion of this Section, note

that the charge transfer energy in the MC of transition d
elements has not been studied experimentally, although this
could provide direct information on the electron density trans-
fer from the ligands to the cations inserted in the cavity.

3. Effect of desolvation of cations on the stability of
macrocyclic complexes
The stability of lanthanide cryptates depends on the solvent
and increases in the sequence 161 DMF<DMSO<H2O<
MeOH<MeCN55PC. In highly solvating solvents (DMF,
DMSO, H2O, MeOH), the lower the expenditure for desolva-
tion, the higher the stability of complexes (log b) (or the greater
the magnitude of the negative DG � upon complexation). The
free desolvation energy is determined by the free energy of
formation of solvated ions; in the aqueous solution, the
7DG �f (Ln

3�
aq ) values vary in the range from 576 (Eu) to

688 kJ mol71 (La).125, 153 ± 155

Ln 7DG �f (Ln
3�
aq ) /kJ mol71 Ln 7DG �f (Ln

3�
aq ) /kJ mol71

La 688 Tb 668

Ce 676 Dy 664

Pr 681 Ho 675

Nd 672 Er 673

Sm 677 Tm 671

Eu 576 Yb 639

Gd 660 Lu 677

It was noted 161 that the dependences of
log b [Ln(CR221)]3+ and log b [Ln(AC21)]3+ on Z(Ln) are
essentially non-monotonic. It should be emphasised that in
the first half of the series, the extremal point is found for Eu in
both cases. Evidently, neither the size of the cavity nor the ionic
radius, which is a monotonic function Z(Ln), can be respon-
sible for the non-monotonic variation of the stability of the
complexes and the presence of extremal points for Eu.
Probably, the variation of logb [Ln(CR221)]3+ and
log b [Ln(AC21)]3+ is determined by the desolvation para-
meters of the cations. Since there are no experimental data on
the free energy of formation of Ln3+ in MeOH, we use the
reported 125 experimental values of DG �f (Ln

3�
aq ). A comparison

of |DG �f (Ln
3�
aq )| for Sm, Eu and Gd shows that the extremal

points in the logb [Ln(CR221)]3+ and logb [Ln(AC21)]3+

plots corresponding to an increase in the stability of Eu
complexes with respect to Sm and Gd complexes are related
to the desolvation of cations. The antiparallel variations of
|DG �f (Ln

3�
aq )| and log b [Ln(CR221)]3+ or logb [Ln(AC21)]3+

can be clearly seen (see Fig. 2).
If the correlation between log b [Ln(CR221)]3+ and

|DG �f (Ln
3�
aq )| is applied only to two elements, La and Yb, one
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can determine log b [Ln(CR221)]3+ for Ln=Ce, Pr, Nd, Sm,
Gd, Tb, Dy. The difference between these estimates and the
experimental values equal to� 0.4 for log b (or*2.4 kJ mol71

for DG�) signifies not only a qualitative but also a quantitative
relationship between the MC stability and the desolvation
energy of the cations inserted in the cavity. However, the
|DG �f (Ln

3�
aq )| values for Ln=Ho (675), Er (673) and Tm

(671) differ by only 2 kJ mol71 (Ref. 125). This is apparently
lower than the experimental error in the determination of log b;
for these three elements, the variations of log b can be deter-
mined by other factors.

4. Effect of the solvent on the stabilisation of the unusual
oxidation states of lanthanides and actinides
The charge transfer energies DE [2p(O)?4f(Ln3+)] can serve
as a quantitative characteristics of the redox potentials
E �(3+/2+).153 ± 155 The lowest DE [2p(O)?4f(Ln3+)] values
for europium, samarium and ytterbium correspond to their
most stable, divalent states in the series of lanthanides. The
divalent state of europium, samarium and ytterbium can be
stabilised upon complexation with cryptands or even coro-
nands 161 in H2O, MeOH and DMF. In these solvents, the
cryptates and coronates of trivalent lanthanides are reduced at
higher potentials than free (solvated) cations, which attests to
stabilisation of the lanthanide(II) complexes. In MeCN or PC,
no systematic stabilisation of the divalent state is observed.

Therefore, it may be promising to use cryptands and
coronands for the separation of Ln2+/Ln3+ and An2+/An3+

pairs by extraction based on the difference between the redox
potentials E �(3+/2+). It has been noted above that the
separation of Eu3+, Am3+ and Cm3+, which are deservedly
called the `Bermuda Triangle' in the extraction chemistry is a
challenge. The problem is that complexes of these cations in
solutions have very similar thermodynamic characteristics due
to the small difference between the free energies of formation of
solvated cations DG �f , in particular, in aqueous solutions,
DG �f =7576 (Eu3+), 7603 (Am3+) and 7594 kJ mol71

(Cm3+).125 Upon complex formation with cryptands and
coronands in aqueous solutions, Am3+ and Cm3+ are not
reduced, unlike Eu3+. However, the heavy actinide ions (Cf3+,
Es3+, Fm3+ like Sm3+, and Md3+ like Eu3+) should be
reduced to the divalent state. The good prospects of using
cryptands and coronands for the separation of these elements
are due to the use of readily available solvents and environ-
mentally safe extractants, which do not give rise to the third
phase, unlike the classical phosphorus-containing extractants.

5. Complexation with preorganised ligands
The thermodynamic characteristics, i.e., the free energy and
enthalpy changes upon the formation of [Ln(CR221)]3+ com-
plexes in MeCN and PC, were measured 161 for Ln=La, Pr,
Nd, Er and for Ln=La, Pr, Nd, respectively. The ligand is
hard and highly preorganised and both solvents are non-
solvating. Presumably, the DG �[Ln(CR221)]3+,
DH �[Ln(CR221)]3+ and DS �[Ln(CR221)]3+ values are con-
trolled by the size effect. The experimental values of DG � and
DH � for seven lanthanides depend linearly on the ionic radii of
the cations (C.N. 9) with a correlation factor of 0.99. This
allows one to estimate DG �[Ln(CR221)]3+,
DH �[Ln(CR221)]3+ and TDS �[Ln(CR221)]3+ for Ce, Sm,
Eu, Gd, Tb, Tm, Yb, Lu in MeCN and PC. Thus, in the case
of MC [Ln(CR221)]3+ we have at hand the
DG �[Ln(CR221)]3+ values for all lanthanides in MeOH,
MeCN and PC and the DH �[Ln(CR221)]3+ and
TDS �[Ln(CR221)]3+ values in MeCN and PC.

In the complexation of Ln3+ with O- and N-donor ligands
in MeCN, both the entropy and enthalpy changes are nega-
tive;128, 156 therefore, it is not unexpected that
DS �[Ln(CR221)]3+<0 and DH �[Ln(CR221)]3+<0 in the

case of formation of [Ln(CR221)]3+ in MeCN (Fig. 3). How-
ever, it is difficult to explain why DS� for complexation in PC
changes the sign: for light lanthanides, DS �>0 (La ±Nd), in
the middle of the series, DS �& 0 (Eu, Gd) and in the second
half of the series,DS �<0 (Tb ±Lu). The change in the entropy
sign is rarely encountered in the chemistry of complex com-
pounds; it is attributed to a change in the composition of
complexes or the conformation of the ligands.156 As regards
the complexation of Ln3+ with CR221 in other solvents (H2O
or MeOH), the DS �[Ln(CR221)]3+ values may be expected to
be positive and the entropy contribution to the change in the
free energy of complexation would predominate over the
enthalpy contribution.

6. Macrocyclic effect
When studying MC, it is general practice to estimate the
macrocyclic effect by comparing the thermodynamic proper-
ties of the MC and its acyclic analogue; however, such an
analogue cannot be easily selected.156 We chose the lanthanide
complexes with highly preorganisedmacrocyclic ligand CR221
synthesised inMeCN andMeOH and with a non-preorganised
edta ligand in H2O. Each ligand has six coordinating atoms
(2N+4O). The presence of the same donor atoms results in
some linear relationships for the free energy of complexation
DG �CR221(MeCN), DG �CR221(MeOH) 101 and DG �edta(H2O) 156

(all values are expressed in kJ mol71):

DG �edta(H2O)=DG �CR221(MeCN)7 23.5, (1)

DG �edta(H2O)=0.985DG �CR221(MeOH)7 36.5. (2)

However, the trends in the variation of DH �CR221(MeCN)
and DH �edta(H2O) as well as TDS �CR221(MeCN) and
TDS �edta(H2O) are different. The change in the C.N. in lantha-
nide complexes with edta (C.N. is 10 for La ±Nd, 9.5 for Sm
andGd, 9 for Tb ±Lu) 102 is responsible for the non-monotonic
variation of the entropy along the series and, as a consequence,
a non-monotonic variation of the enthalpy (Fig. 4). Both
DH �CR221(MeCN) and TDS �CR221(MeCN) vary monotonically
along the lanthanide series. This is a consequence of high
preorganisation of the ligand and the effect of the non-
solvating solvent. As long as experimental DH �CR221(MeOH)
and DH �CR221(H2O) values are missing, it is difficult to draw
conclusions about the nature (either enthalpy or entropy) of
the macrocyclic effect. It is clear that the degree of ligand
preorganisation depends on the solvent. At a qualitative level,
it can be noted that if a thermodynamic effect of ligand
preorganisation in solvating solvents is pronounced, this can
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Figure 3. Enthalpy and entropy changes upon the formation of cryptates

[Ln(CR221)]3+ in MeCN.
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mask the non-monotonic entropy and enthalpy changes along
the lanthanide series.

For predicting themacrocyclic effect, it is important that in
Eqns (1) and (2), the coefficient at DG �CR221 is* 1. Hence, the
macrocyclic effect along the lanthanide series can be estimated
using known DG � for the appropriate ligands with the same
number and nature of the donor atoms as in the macrocycle,
for example, nitrilotriacetate (1N+3O), ethylenediaminete-
traacetate (2N+4O), ethylenetriaminepentaacetate
(3N+5O), etc.

7. Calixarenes and crown ethers
a. Interaction of calixarenes with lanthanide aqua ions
Water-soluble calixarenes are considered as promising ligands
for the synthesis of MC.163 p-Sulfocalix[4]arenes (p-SC [4]A)
form SMA with a variety of guest molecules in both solution
and the solid state. Two-dimensional hydrogen-bonded SMP
with Ln3�aq : [Ln(H2O)3�8 ][p-SC[4]A] (Ln=Gd, Tb, Tm) have
been synthesised. In the two-dimensional SMP, each aqua ion
is connected by hydrogen bonds to four neighbouring sulfo-
nate groups of p-SC[4]A, thus forming an infinite structure.
For example, in the Tb complex, each [Tb(H2O)8]

3� ion forms
eight hydrogen bonds with the distances R(O7H_O)=
2.741 �A and the energy SD0(O7H_O)=8612.98=
103.8 kJ mol71.

The enthalpy and entropy changes upon the formation of
O7H_O bonds have been reported 43, 60 to be approximately
equal, i.e., DH �/TDS �& 1.0. In view of the reported
SD0(O7H_O), the change DS � upon the formation of
hydrogen bonds of each aqua ion with four sulfonate groups
equals DS �(O7H_O) = 174� 40 J mol71 K71. The stand-
ard entropy of formation of the aqua ions is negative:111

DS �f (Ln
3�
aq )=7219, 7224 and 7236 J mol71 K71 for

Ln=Gd, Tb and Tm, respectively;125 hence, upon binding of
Ln3�aq with p-SC[4]A, DS �f (Ln

3�
aq ) is largely counterbalanced by

DS �(O7H_O).
A fundamental issue is the relationship between the coor-

dination and hydrogen bond energies in the [Ln3�aq ± calixarene]
SMAand their variation along the lanthanide series. Structural
data for solving this problem appeared only recently:164 for the
[LnL(NO3)2(H2O)2]NO3 complexes [Ln =Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu; L is 2,6-bis(2-pyridyl)-4-amino-1,3,5-
triazine], the lengths of the coordination bonds R(Ln7O) and
the hydrogen bondsR(O7H_O)weremeasured.Using about
200 measured 164 R(Ln7O) and R(O7H_O) values, it was
established 30, 31 that the greater R(Ln7O), the smaller
R(O7H_O). Thus, the interaction of Ln3�aq with p-SC[4]A is

accompanied by a decrease in R(Ln7O) and an increase in
R(O7H_O) on passing from light lanthanides to heavy ones.
The energy of intermolecular hydrogen bonds Ln3�aq ± calix-
arene decreases to the end of the series, whereas the energy of
the coordination bonds increases.

b. Crown ethers and cryptands as guest molecules in calixarenes:
encapsulation according to the `matreshka doll' pattern
On the basis of a structural conformation analysis, structural
reorganisation of crown ethers taking place upon the reaction
of 18C6 with p-SC[4]A and Ln3�aq was studied. The SMA of a
complicated structure formed in the case of Ce can be repre-
sented 163 by the following formula (the sign ( designates
inclusion and the sign \ attests to the arrangement of the
crown ether molecule above the calixarene bowl):

[(Ce(H2O)3(18C6\p-SC[4]A)Ce(H2O)6(Ce(H2O)(18C6({p-SC[4]A}2)].

.Ce(H2O)9 . 23.5H2O

The partially hydrated Ce(1) ion is incorporated in the 18C6
ring forming six Ce7O(18C6) bonds, three Ce7O(H2O)
bonds and one Ce7O7S(p-SC[4]A) bond. The Ce(2) ion is
also incorporated into the 18C6 ring; remarkably,
[Ce(2)+18C6] are encapsulated by two p-SC[4]A ligands.
Atwood 163 has called such encapsulation the `matreshka
doll'. One 18C6 molecule serves at the host for the Ce(1)
guest ion but [Ce(2)+other 18C6] serve themselves as a guest
for two p-SC[4]A molecules. The Ce(3) ion is bound to two
sulfonate groups from two p-SC[4]A ligands, whereas the Ce(4)
ion is completely hydrated, forms no coordination bonds with
macrocyclic ligands and is involved only in the formation of
hydrogen bonds. The energy spectrum of this SMA is fairly
complicated (Fig. 5): the Ce(1)7O(18C6) bonds are weaker
than Ce(1)7O(H2O); the encapsulation of [Ce(2)+18C6] in
two p-SC[4]A strengthens all bonds in the inner `doll', which is
compressed by the outer one. The modification of all bonds is
rather significant; for example, the hydrated Ce(4)(H2O)3�9 ion
in SMA is distorted due to the formation of hydrogen bonds to
such an extent that R(Ce7OH2) varies from 2.352 to 2.674 �A.
This cation does not resemble the hydrated cation with a nearly
regular tricapped trigonal prismatic coordination considered
in the traditional lanthanide chemistry.

As a conclusion of this Section, note that the chemistry of
host ± guest systems based on calixarenes, crown ethers and
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cryptands represents a new field of SMC; which is most
amazing, this is a new type of `matreshka doll' encapsulation.

VI. Conclusion

The synthesis and structure of supramolecular assemblies
containing ions of d and f transition elements is a relatively
new and rapidly developing field of SMC. These SMA attract
particular attention of researchers owing to a set of unique
properties, which may enable their extensive practical use in
the future.

The synthesis of quasi-one-dimensional polymeric struc-
tures, which had been previously considered to be only
theoretical models, was an achievement in the supramolecular
chemistry. A number of such SMP in which separate dinuclear
metal-containing blocks are linked by coordination or hydro-
gen bonds have now been prepared. A necessary (but not
sufficient) condition for the formation of SMP is the absence of
axial ligands in the initial complex. The formation of SMP or
discrete aggregates (for example, dimers) is determined by the
electronic structure of themetal and the ligands. Depending on
the geometry of the binding ligands, one can obtain SMP in
various conformations (linear, zigzag and so on).

Supramolecular rings are apparently the most numerous
class of SMA. The variation of metal-containing fragments
and ditopic ligands connecting them gives SMCof various sizes
and geometries. Currently, systematic approaches to their
synthesis have been developed, which allows targeted design
of the structure with a definite parameters.

Several mechanisms of the self-assembly of the structural
blocks in SMC are known. Of these, thermodynamic mecha-
nism is studied inmost detail and usedmost often; according to
this mechanism, equilibrium between the reactants and prod-
ucts is established in each step and, finally, the thermodynami-
cally most stable product is formed. In the SMC synthesis,
Pd2+ and Pt2+ complexes are used most widely; however,
many SMCwith other metals are also known (Cr,Mo, Cu, Au,
etc.).

The stability of SMC depends on a number of factors
among which the metal ±metal interaction is the most impor-
tant. In some cases, a contribution of p ± p-stacking is prob-
able. The self-assembly process depends considerably on the
solvent properties.

A distinctive feature of SMC is that their structure is
retained in solutions. As a result, the ring may function as the
host molecule for small ions or molecules exhibiting high
selectivity. This feature is of particular interest for researchers,
the more so, because the SMC can be varied by selecting
appropriate ligands.

Three- and four-membered SMC are best studied; how-
ever, examples of five-, six- and eight-membered and even
larger rings are also known.

The advances in the synthesis and practical use of alkali
and alkaline earth metal macrocyclic complexes stimulated the
development of analogous research for lanthanides and acti-
nides. Crown and azacrown ethers, cryptands, calixarenes and
so on are used as macrocyclic ligands. Of particular interest is
the study of the variation of MC stability along the lanthanide
and actinide series. The elucidation of these trends with
allowance for the electronic characteristics of metal ions and
the solvent effect would open up the way to the development of
an efficient method for the separation of poorly separable
Ln3+ and An3+ ions. The differences between the reduction
potentials E �(3+/2+), which correlate with the charge trans-
fer energy DE [2p(O)? 4f(Ln3+)] can be used for the same
purpose.

Thus, a large body of experimental data on the synthesis of
diverse SMA has now been accumulated. In the next stage, it is
necessary to carry out in-depth studies of the mechanisms of

their formation based on themethods and concepts of chemical
thermodynamics, kinetics, and theoretical and quantum chem-
istry.22, 165
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Abstract. Gas discharge initiation of chemical processes inGas discharge initiation of chemical processes in
electrolyte solutions is considered. Data on the types ofelectrolyte solutions is considered. Data on the types of
chemical transformations in plasma ± solution systems arechemical transformations in plasma ± solution systems are
presented. The processes of generation of primary reactivepresented. The processes of generation of primary reactive
species in solutions under gas discharge and the key routes forspecies in solutions under gas discharge and the key routes for
their further reactions are analysed. The prospects for practicaltheir further reactions are analysed. The prospects for practical
application of plasma ± solution systems in solving technolog-application of plasma ± solution systems in solving technolog-
ical and environmental problems are considered. The biblio-ical and environmental problems are considered. The biblio-
graphy includes 109 referencesgraphy includes 109 references..

I. Introduction

Nonequilibrium gas-discharge plasma finds practical applica-
tion in implementation of numerous physicochemical proc-
esses 1 due to its extremely high chemical activity at relatively
low temperatures of treated materials. As a penalty, the high
reactivity entails low selectivity of chemical reactions initiated
by plasma. This necessitates a search for such conditions that
would combine the high reactivity of plasma with the selec-
tivity of its effect. The fundamental way for solving this
problem is presented by the plasma activation of chemical
reactions in electrolyte solutions. Successful realisation of these
processes requires the knowledge of physics of gas discharges
(in our case, discharge that interacts with the solution), and the
mechanism and kinetics of generation of active species (in
liquid and gas phases) and their chemical reactions in solution.
All these questions are as yet little understood, although the
studies of chemical effects initiated by the simplest plasma ±
solution system, namely, a glow discharge with the electrolyte
that plays the role of the electrode, date back to nearly 100
years ago. GuÈ ntherschulze (e.g., see Ref. 2) studied the electro-
forming of aluminium and tantalum electrodes in electrolytic
cells with dilute electrolyte solutions (Na2B4O7 ±HBO3 and
Na2B4O7) and observed that the anodic sparkling was accom-

panied by the gas evolution on the anode at a rate higher than
the value calculated based on the Faraday law and also the
appearance of hydrogen peroxide in the solution. A hypothesis
was advanced according towhich gaseswere formed in a region
immediately adjacent to the discharge zone as a result of the
four-body recombination of oxygen and hydrogen atoms
delivered from the discharge zone. Fundamental cycles of
studies were accomplished by schools of Klemenc 3 ± 7 in
Germany and Hickling 8 ± 16 in England. Although the inter-
pretation of their results has now substantially changed, these
studies are still of interest, the more so that no such compre-
hensive systematic studies were carried out since that time and
no exhaustive reviews on this subject are known.

II. Plasma ± solution systems

1. Specific features and types of plasma ± solution systems
The interaction of a gas dischargewith solutions can be realised
in the following two ways:

(1) with a discharge that contacts the liquid and is gen-
erated between two electrodes located in the gas phase;

(2) with a discharge in which the electrolyte solution plays
the role of one or both electrodes.

In both cases, the properties of the system and the achieved
results substantially depend on whether we deal with a (qua-
si)stationary discharge or a high-voltage pulsed discharge. The
present review is chiefly devoted to plasma ± solution systems
(PSS) with stationary discharges; however, the studies of
pulsed PSS are also discussed.

The first-type processes resemble conventional hetero-
geneous plasma-chemical processes in which active species
generated in plasma diffuse to the interface to initiate chemical
reactions in the solution. In the second-type systems, the
discharge current passes through the electrolyte, which sub-
stantially changes the properties of the plasma ± liquid inter-
face. In this case, plasma can be generated either in the original
plasma-forming gas that contains solvent vapours or within a
vapour blanket formed in the liquid phase due to the superheat
instability. Figure 1 shows possible configurations of systems
differing in the roles of the metal and electrolyte electrodes.
The Figure also shows different orders of alternation of
interfaces formed by metals, plasma and solutions in PSS of
different types. A plasma ± solution system can be distin-
guished from a classical electrochemical system by the presence
of one or two plasma ± solution interfaces. Note that the
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plasma structures in these systemsmay be in direct contact with
neither metal electrodes nor the external atmosphere.

The glow discharge in which the electrolyte solution serves
as one of the electrodes (most often, the cathode) was studied
most thoroughly (see Fig. 1a).3 ± 16 Apparently, anodic micro-
discharges that arise as a result of the breakdown of the oxide
film on the surface of such metals as Al, Ta, Nb, which are
immersed into the solution, can also be assigned to the same
type.17 ± 22 Special mention should be made of PSS in which the
plasma formed in the solution has a sufficiently large volume,
which allows one to treat materials by combining the impacts
of plasma and the plasma-activated solution (see Fig. 1 e).23

From out viewpoint, any strict classification of plasma ±
solution systems is hardly possible to date. A classification
based on the analysis of the number of metal ± solution and
plasma ± solution interfaces and the order of their alternation
was proposed.24 It is the dynamic plasma ± solution interface
that is the key feature of any PSS. Few available experimental
data characterising this interface were obtained only for a glow
discharge with electrolyte electrodes and exclusively for the
case where the electrolyte serves as the cathode. For non-
stationary continuous discharges, e.g., diaphragm discharge,
such studies are more cumbersome and are virtually unknown
to date According to our viewpoint, the most important

properties of the dynamic plasma ± solution interface are
similar for the mentioned discharge types. This is why below
we consider only the glow discharge with the electrolyte as the
cathode.

Drawing the analogy between a glow discharge with the
electrolyte cathode and a classical low-pressure glow dis-
charge, it should be noted that the cathodic potential drop at
the electrolyte surface is determined by two characteristics,
namely, the coefficient of electron emission from the solution
(g) and the Townsend coefficient of volume ionisation (a).24

Measurements gave the cathodic potential drop at the electro-
lyte surface in the range from 300 to 800 V.25 These values
substantially exceed the usual cathodic potential drops
obtained for glow discharges with metal electrodes, which
apparently can be associated with the low coefficient g.
Estimates, which were based on an assumption that at low
discharge currents (not exceeding tens of mA), the glow
discharge with an electrolyte cathode can be considered as a
conventional glow discharge, gave the values g=1074 ± 1073

(Ref. 26).
The high potential drop at the surface of electrolyte

cathodes determines the sufficiently high yields of primary
active species in the thin surface layer of the solution. To our
knowledge, the energy distribution of ions bombarding the
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Figure 1. Configurations of discharge cells. In parentheses, the order of alternation of interfaces formed between metal (M), plasma (P) and electrolyte

solution (E) is shown.

(a) Glow-discharge cell (M±E±P ±M): (1) electrodes, (2) plasma zone, (3) electrolyte, (4) magnetic stirrer.

(b) Diaphragm discharge cell (M±E ±P ±E±M): (1) electrodes, (2) quartz ampoule, (3) diaphragm (plasma zone), (4) electrolyte, (5) stirrer.

(c) Gliding arc discharge cell (M±E±P±M): (1) solution, (2) gliding arc discharge, (3) special-shape electrode (anode), (4) thermocouple entry, (5) flow

meter, (6) gas inlet.

(d) Diaphragm discharge cell with buffer compartments (M±E±P ±E ±M): (1) electrodes, (2) plasma zone, (3) active zone, (4) buffer compartments, (5)

quartz ampoules with diaphragms.

(e) Cell for initiation of volume discharges in a tube filled with a solution (M±E±P ±E±P ±E ±M): (1) electrodes, (2) discharge zone, (3) circulation of

electrolyte solution, (4) to a reflux condenser.
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solution surface is yet unknown. However, it is evident that the
maximum possible energy should correspond to the potential
drop at the cathode surface.

Ionic bombardment of the solution surface not only leads
to its effective chemical activation but also gives rise to an effect
similar to the classical cathode sputtering, i.e., the transfer of
solution components into the plasma zone. According to the
results of measurements,27, 28 the transfer coefficient of solvent
(water) molecules, which is determined as the number of water
molecules knocked out from the solution per incident ion
exceeds 102; the transfer coefficient of the solute is approx-
imately proportional to its mole fraction in the solution. The
vapour jet that arises as a result of cathodic sputtering has a
linear velocity of 50 ± 100 cm s71. The energy consumed in its
formation reaches 50% of the total discharge energy.29 Esti-
mates of average energy consumed in the transfer of a single
water molecule to the plasma zone correspond to
*50 kJ mol71, which does not differ much from the thermo-
dynamically equilibrium consumption (43.3 kJ mol71 at
40 8C 30).

The presence of non-equilibrium vapour jet leads to the fact
that regardless of the nature of the main plasma-forming gas,
the ionisation of water molecules plays the key role in the
formation of plasma; moreover, according to certain esti-
mates,25 the main ions in the plasma zone are H3O+ .H2O.
The role played by this jet in the discharge-initiated processes
in solution is of no less importance. The analysis of the
mechanism of these processes requires taking into account the
ion-bombardment-induced transfer of reagents and products
into the gas zone.31 The fact that recombination processes that
involve primary active species (HO

.
, H

.
, eÿsolv) almost exclu-

sively occur in the cathodic spot zone necessitates the separate
consideration of the rates of processes initiated by primary
species in the cathodic spot and those initiated by secondary
species (e.g., hydrogen peroxide) in the rest solution volume.31

2. The mechanism of chemical activation of solutions in
plasma ± solution systems
Despite the substantial difference in the PSS mentioned above,
the main reason for the plasma activation of solutions is their
bombardment with ions accelerated near the solution surface
in the vicinity of the near-electrode (mainly cathodic) potential
drop. This causes non-equilibrium dissociation and ionisation
of, first of all, solvent molecules. As a result, H

.
, HO

.
radicals

and solvated electrons appear in the solution. This mechanism
of activation followed by chemical reactions is close to that
comprehensively studied in radiation chemistry.32 The yields of
primary active species depend on the cathodic potential drop
formed. Another important effect of ionic bombardment is the
transfer of solution components into the plasma zone. The data
on its kinetics under the conditions of an atmospheric-pressure
glow discharge are available.26 ± 28 Undoubtedly, the transfer
processes initiated by ionic bombardment substantially affect
the properties of other non-stationary PSS, including the
migration of plasma wisps in solution. In the case of non-
stationary discharges (diaphragm and volume discharges), a
shock wave is initiated in the electrolyte bulk, the propagation
of which can also affect the chemical processes in the solu-
tion.33, 34

The contact of the plasma zone with the solution surface
apparently activates the solution via the `dissolution' of active
species formed in the plasma by fairly well knownmechanisms.
However, the quantitative contribution of this activation
mechanism to the observed yields of chemical reaction
products in solutions still remains unclear. Obviously, this

contribution can be higher when the plasma zone is located
within the solution as in the case of anodicmicrodischarges or a
diaphragm discharge.

3. Yields of primary active species in plasma ± solution
systems
Within the framework of the simplified scheme described
above in the absence of discharge-initiated chain reactions in
solutions, the yields of final products of redox reactions cannot
exceed the yields of primary active species. Experimental
results that allow one to directly check this assumption are
scarce. Thus it was found 8, 9, 13, 14 that with an increase in the
salt concentration, the yields of oxidation products of Fe2+

and Ce3+ approach the yields of HO
.
radicals found in the

same studies. As a whole, these results do not contradict the
above assumption. The only exclusion was the far too high
yield observed 35 in the oxidation of Fe2+ to Fe3+ with a very
low discharge current (0.1 mA). Table 1 shows the discussed
results.

III. The effect of gas discharges
on physicochemical properties of solutions

Initiation of redox reactions in solutions should be accompa-
nied by the changes in their acidity. At the same time, the
observed pH changes sometimes cannot be explained by this
effect. As demonstrated for a corona discharge 43 and, later, for
a gliding arc discharge burning between twometal electrodes in
the immediate vicinity of the solution surface,44 the pH of
aqueous solutions in contact with a gas discharge decreased. In
both studies, the discharge-activated gas was in contact with
the aqueous solution surface but no discharge current passed
through the solution. Moreover, according to the authors of
these studies, the effect of a powerful gliding arc discharge on
the solution pH completely resembled the titration of a strong
alkali with a strong acid (i.e., the pH changes were sharp and
great). The simplest explanation of this effect assumes the
formation of nitrogen oxides in the plasma zone followed by
their dissolution.

In the studies of the effect of a glow discharge on the acidity
of solutions of alkali metal chlorides,26 no oxidation processes
initiated in the liquid phase were found; however, in dilute
solutions, a strong and steady decrease in the pHwas observed,
where the changes in the proton concentration in solution
corresponded to the quantity of electricity passed. In was
assumed 45 that the observed effect can be attributed to a
redox process initiated by ion bombardment and localised in
the gas phase. This process gave alkali metal atoms and
chlorine molecules observed experimentally in the gas phase.
Under the experimental conditions used, virtually no sodium
returned to the liquid phase, in contrast to chloride. Thus, in
this case, the changes in the solution acidity were determined
by the transfer rate of the solute to the gas phase under the
action of ion bombardment.

The changes in the acidity of solutions subjected to a gas
discharge were accompanied by the changes in the solution
conductivity.46 The conductivity of concentrated acids and
alkalis subjected to a diaphragm discharge decreased, whereas
the conductivity of salt solutions remained unchanged.47

Taking into account the mechanisms of conduction in these
solutions, this effect was explained by the changes in the
structural characteristics of acid and alkali solutions, which
affected the effectiveness of the relay mechanism of charge
transfer in them.
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IV. Plasma-initiated chemical processes in solution

Table 2 shows examples of redox processes that occur in
solution under the action of gas discharges.

The number of studies devoted to chemical reactions in
solutions initiated by different types of gas discharge is
sufficiently large. However, the comprehensive analysis of all
these data is complicated because the experimental conditions
used were substantially different and often described in insuf-
ficient detail.

1. Hydrogen peroxide generation in electrolyte solutions
subjected to the gas-discharge plasma
Klemenc et al.3 ± 6 pioneered the quantitative studies of the
formation of hydrogen peroxide in PSS. Hickling et al.8, 15

carried out further comprehensive investigations of the hydro-
gen peroxide formation in aqueous solutions subjected to a
low-pressure discharge (50 ± 75 Torr) with the anode located in
the gas phase. According to their results, hydrogen peroxide
was formed in an amount proportional to the quantity of
electricity passed, the accumulation of hydrogen peroxide was
accompanied by its decomposition, which ultimately led to its
steady-state concentration. The amount of H2O2 formed in the
solution upon the passage of a given charge through it was
independent of both the current and the factors that determine
the discharge nature and can be described by the following
expression:

Ceq �
F

k

�
1ÿ exp

�
akq

V

��
,

Table 1. Yields of the primary active species or the products of redox processes initiated by these species.

Species or Yield Conditions Ref.

process /mol F71

(see a)

HO
.
, H

.
7.3 glow discharge (25 ± 125 Torr), FeSO4 solution 9

7.6 glow discharge (25 ± 125 Torr), Ce2(SO4)3 solution 10

8.3 glow discharge (25 ± 125 Torr), NaN3 solution 10

3.16 ± 3.58 microdischarges in aqueous solution of NH3+H3BO3 18

eÿsolv 3.3 glow discharge, sulfuric acid solution 3

6.0� 0.6 solutions of salts of chloroacetic acid 17

H2O2 0.532 low-pressure glow discharge, current 60 mA, 1M H2SO4 4

1.1 ± 1.9 glow discharge (75 ± 100 Torr), current 50 ± 100 mA, pH 1 ± 8 8

0.66 ± 1.1 contact discharge (1 atm), sulfate buffer 36

0.42 glow discharge (750 Torr), current 25 mA, 0.49M NH3 (aq.) 37

3.39 glow discharge (100 Torr), phosphate buffer with addition of 0.9 mol litre71 ethanol, 38

bubbling of O2 through the solution (900 cm3 s71), current 30 mA

0.64 ± 9.75 glow discharge (1 atm), 0.01 ± 0.5M Na2SO4, KCl, KOH, current 8 ± 30 mA 39

I7 I2 0.18 ± 2.88 glow discharge (1 atm), current 6 mA, 0.15 ± 0.25M KI 29

3.2 glow discharge, 0.02M KI, neutral phosphate buffer (the maximum yield is shown) 40

Fe2+ Fe3+ 7.3 glow discharge (50, 75, 100 Torr), current 25 ± 100 mA, 0.005 ± 0.075M FeSO4 9, 10

(the limiting yield reached at the maximum salt concentration is shown)

11; 25 glow discharge in air (25 Torr), current 4.2 or 0.1 mA, 0.01M iron ammonium sulfate 35

solution in 0.5M H2SO4

Ce3+ Ce4+ 7.6 glow discharge (50, 75, 100 Torr), currents 25 ± 100 mA, 0.005 ± 0.075M Ce2(SO4)3 9, 10

(the limiting yield reached at the maximum salt concentration is shown)

K4[Fe(CN)6] 7.3 glow discharge in air, nitrogen, oxygen (50 Torr), currents 75 mA (limiting yields 41

K3[Fe(CN)6] reached at the increase in the salt concentration to 0.45 mol litre71 are shown)

5.7 glow discharge in hydrogen (50 Torr), current 75 mA (limiting yields reached 41

at the increase in the salt concentration to 0.45 mol litre71 are shown)

0.5 ± 0.9 atmospheric-pressure glow discharge, current 5 or 10 mA, 42

K4[Fe(CN)6] concentrations 161073 ± 561072 mol litre71

KMnO4 MnO2 1.25 atmospheric-pressure glow discharge in air, current 20 mA 29

0.66 atmospheric-pressure gliding arc discharge in air, current 20 mA 29

aFrom hereon, F corresponds to Faraday, i.e., an off-system unit widely used in electrochemistry, namely, 1F& 9.656104 C.

Table 2. Examples of redox processes initiated by gas discharge in aqueous
electrolyte solutions.

Reaction Medium

Oxidation reactions

I7 I2 IOÿ4 neutral, acidic

Br7 Br2 BrOÿ4 the same

S27 S SO2ÿ
3 SO2ÿ

4 "

Cl7 Cl2 ClOÿ2 "

Mn2+ MnO2 "

Cr3+ Cr2O
2ÿ
7 "

Fe2+ Fe3+ "

[Fe(CN)6]47 [Fe(CN)6]37 neutral

Ce3+ Ce4+ acidic

Tl+ Tl3+ the same

Reduction reactions

MnOÿ4 MnO2 neutral

Cr2O
2ÿ
7 Cr2O3 the same

VOÿ3 VO2+ "
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where Ceq is the steady-state concentration of H2O2, F is the
Faraday constant, k is the rate constant for the hydrogen
peroxide decomposition, a is a numerical coefficient equal to
1.1 ± 1.9 which corresponds to the number of hydrogen per-
oxide equivalents primarily formed per Faraday of electricity
(the initial yield is G0), q is the quantity of electricity in
Faradays, V is the solution volume.

The process followed the same mechanism in the pH range
from 1 to 9. However, beyond this range, the H2O2 yield
decreased. In strongly alkaline solutions, no hydrogen perox-
ide was detected. Presumably, this can be associated with its
anodic decomposition at the discharge of hydroxyl ions. The
primary formation of hydroxyl radicals dimerisation of which
yields peroxide was assumed to occur in the solution. At high
concentrations, hydrogen peroxide decomposed in the reaction
with the mentioned HO

.
radical. The hydrogen peroxide yield

was observed to depend relatively weakly on the electrolyte
concentration (including aqueous ammonia and sulfuric acid
solutions) and also on the nature of the primary plasma-
forming gas and its pressure.11 ± 16

Considering the formation of hydrogen peroxide as a result
of dimerisation of HO

.
radicals, one can expect the appearance

of H2O2 in alcohol solutions. However, in the glow-discharge-
treated solution of 0.3 M LiClO4 in methanol, formaldehyde
was the main product and no hydrogen peroxide was
detected.33 A totally different situation was observed upon
plasma treatment of aqueous ethanol in the presence of oxy-
gen.38 The action of an anodic glow discharge on ethanol in its
neutral aqueous solution (a phosphate buffer) afforded acetal-
dehyde, butane-2,3-diol and hydrogen peroxide. The yields of
these products strongly depended on both the oxygen flow and
stirring. With the increase in the discharge current, the main-
tenance of the hydrogen peroxide yield at a constant level
requires the increase of the oxygen consumption. Under
experimental conditions, the amount of formed H2O2 linearly
increased with the increase in the quantity of electricity passed,
i.e., no discharge-induced decomposition of hydrogen peroxide
took place.

Kinetic curves of hydrogen peroxide accumulation meas-
ured 8, 15, 40, 48 under different conditions were processed in our
studies with the use of an exponential relationship similar to
that proposed by Hickling 8, 15

C � Clim

�
1ÿ exp

ÿÿBQ��,
where C is the current concentration of hydrogen peroxide,
Clim is the maximum concentration of hydrogen peroxide
obtained by using this processing procedure, B is the empirical
coefficient, Q is the quantity of electricity passed through the
system. Table 3 shows the obtained results.

For similar discharge currents, the initial current yields of
hydrogen peroxide were virtually the same, whereas its limiting
concentrations differed by more than an order of magnitude.
Moreover, the maximum difference was observed for only one
type of discharge, namely, the contact discharge, i.e., the
explanation should be sought in the discharge as such. This
means that even for the same discharge type, the rates of
discharge-induced hydrogen peroxide decomposition can dif-
fer by two orders of magnitude.

In the aforementioned studies, Hickling also examined the
decomposition of hydrogen peroxide for the cases where
0.05 M solutions of H2SO4, Na2HPO4 and NaOH with differ-
ent starting H2O2 concentrations were subjected to the dis-
charge. It was found that in discharge-treated sulfuric acid and
sodium phosphate solutions, the amount of hydrogen peroxide
changed until its steady-state concentrations corresponding to
those found in experiments on the peroxide synthesis were
reached. In the alkaline solution, decomposition of hydrogen
peroxide with the current efficiency equal to 1 persisted, which
was explained by the following anodic processes:

HO77 e7 HO.,

HO.+H2O2 H2O+HO2
.
,

HO.+HO2
.

H2O+O2.

2.Oxidation processes initiated by a gas discharge in aqueous
solutions of inorganic substances
A gas discharge initiates both oxidation and reduction reac-
tions in solution (see Table 2). According to available data, the
discharge initiates all thermodynamically permissible redox
reactions that involve primary active HO

.
species. At the same

time, the rate of the process strongly depends on the ratio of
redox potentials of the corresponding half-reactions.

The oxidation of FeSO4, NaN3 and Ce2(SO4)3 initiated by
a glow discharge at reduced pressure (125 ± 250 Torr) in the
argon atmosphere was studied.9, 10, 13, 14, 35, 44

It was found 9 that the yield of oxidation products of FeSO4

(G /equiv F71) can be described by the relationship

G � 1� n
�Fe2�� � A

�Fe2�� � A� B
,

where n is the number of equivalents of the oxidant, which were
formed per Faraday of electricity, A and B are empirical
constants.

Presumably, the majority of obtained experimental results
can be explained based on the assumption that the HO

.
radical

is the primary oxidation agent. The kinetic model, which was
developed based on the experimental data, has led to a
relationship similar to that shown above and allowed the
empirical kinetic characteristics for the oxidation of three
substrates mentioned above to be found. The initial yield of
HO

.
(mol F71) was determined to be 7.3 for iron sulfate, 7.6

for cerium sulfate and 8.3 for sodium azide (the limiting yields
obtained at the maximum salt concentration are shown).9, 10

Glow-discharge-induced oxidation of K4[Fe(CN)6] was
studied.41 With the increase in the concentration of oxidised
ions, the yield of oxidation products tended to a limit of
7 mol F71 (at the salt concentration of 0.45 mol litre71).
Presumably, the main oxidation reactions were as follows:

HO
.
+Fe(CN)4ÿ6 Fe(CN)3ÿ6 +HO7,

H
.
+O2 HO2

.
,

HO2
.
+Fe(CN)4ÿ6 HOÿ2 +Fe(CN)3ÿ6 .

The reduction of K3[Fe(CN)6] under the action of hydrogen
atoms was neglected.

Table 3. Kinetic characteristics of the hydrogen peroxide accumulation
under different conditions.a

Experimental conditions 103Clim 103B u (see b) Ref.

/mol litre71 /F71 /mol F71

Contact discharge (1 atm), 0.2 1.88 0.376 8

0.05M K2SO4

Glow discharge (50 Torr), 1.7 0.405 0.688 15

current 75 mA, 0.4M H2SO4

Glow discharge (50 Torr), 2 0.403 0.806 40

current 110 mA,

0.05M NaHSO4

Contact discharge (1 atm), 10 0.189 1.89 48

current 110 mA, 0.02 M H2SO4

a Initial current yield of H2O2 were practically the same (*1.5 mol F71);
b u is the formation rate of H2O2.
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The oxidation of K4[Fe(CN)6] to K3[Fe(CN)6] initiated by
a `positive' atmospheric-pressure glow discharge between an
electrode-tip in the gas phase and the surface of an aqueous
electrolyte solution was studied 42 as a function of the gas
discharge current and the concentration of the starting com-
pound. The currents of 5 and 10 mA were used, the voltage at
electrodes did not exceed 5 kV. Table 4 shows the results
obtained.

The oxidation of ammonium ions under the discharge
conditions was studied.37 Air-saturated stirred aqueous
ammonia (50 ml) served as the working solution. In the
`positive' discharge, the main products were hydrogen perox-
ide, hydrazine, hydroxylamine and nitrite ions. In the `neg-
ative' discharge, neither hydrogen peroxide nor hydrazine were
detected. In both cases, no formation of nitrate ions was
observed. Both anodic and cathodic discharges afforded nitro-
gen and hydrogen as the gaseous products. In a cooled trap
behind the discharge cell, only NH3 and H2O were detected.

Sulfuric acid oxidation was studied back in the work by
Klemenc and Eder.4 They have found that the oxidation
products of sulfuric acid under the action of a glow discharge
were (in addition to hydrogen peroxide) peroxydisulfuric
(H2S2O8) and peroxymonosulfuric (H2SO5) acids. The effect
of minor additives on this process was studied 5 (see below).
Denaro and Hough 48 studied the oxidation of sulfuric acid
under a glow discharge in 0.4 M H2SO4 under a nitrogen
atmosphere, at a pressure of 50 Torr and a discharge current
of 57 mA. The authors observed the formation of the same
products; however, according to their data, hydrogen peroxide
was produced in the highest yield, whereas the yield of
peroxydisulfuric acid was very low. The total yield of oxidation
products, which was assumed equal to the sum of yields of
hydrogen peroxide and peroxydisulfuric acid was found as well
as individual yields of each productmentioned. Figure 2 shows
the dependence of the overall concentration of oxidation
products on the quantity of electricity passed.

The following reactions that lead to the formation of
oxidation products were considered:48

H2O H
.
+HO

.
(reaction rate Ri),

HO
.
+HSOÿ4 HSO4

.
+HO7,

HO
.
+HO

.
H2O2 ,

HO
.
+H

.
H2O,

H
.
+H

.
H2,

H
.
+HSO4

.
H2SO4 ,

HO
.
+HSO4

.
H2SO5 .

Using the values of rate constants k1& 86105,
k2=161010, k3=3.261010 litre mol71 s71 and assuming
that the thickness of the active layer at the cathodic spot was
*1 nm, the authors assessed the rate (Ri) of generation of
radicals and their concentrations to be Ri=261 mol
litre71 s71, [HO

.
]=8.1761075, [H

.
]=661075 mol litre71

(the latter quantity pertains to the primary reaction zone with a
thickness of*400 nm).

Oxidation of potassium iodide solutions was also studied.40

The effect of a glow discharge on acidic and neutral KI
solutions in hydrogen atmosphere was explored. Solutions
were prepared from 0.4 M H2SO4 and a neutral phosphate
buffer (0.1 M Na2HPO4+0.1 M KH2PO4). The formation of
molecular iodine and hydrogen peroxide was expected. Hydro-
gen peroxide complicated the analysis because it could react
both during the discharge and after its quenching. To solve this
problem, 1 ml of 20% ammonium molybdate solution was
added to the cell as the catalyst of the hydrogen peroxide
reaction with iodide ions. Under these conditions, I2 was
expected to become the only product of this process. Figure 3
shows the measured total yields of oxidation products. In
contrast to other cases [oxidation of bivalent iron, potassium
hexacyanoferrate(II), etc.], the dependences of the yield of
oxidation products passed through the maximum rather than
tended to a limit.

Oxidation of potassium iodide subjected to a gliding arc
discharge was studied.44 For a discharge power of 1 kW
dissipated in 50 ml of solution, the steady-state concentration
of oxidation products was attained in*1 h.

Spectrophotometric studies 29, 49 ± 51 were devoted to the
oxidation of iodide ions under a glow discharge. The changes in
the absorption of a neutral potassium iodide solution subjected
to a stationary discharge were studied at a wavelength of
460 nm for different starting concentrations. During the
plasma treatment, the optical density of the solution passed
through a maximum the height and position of which strongly
depended on the starting concentration of iodide ions. The
initial segments of optical density curves were almost linear.
The curves' segments at greater times described the optical
density to descend by approximately the exponential law.

k1

k2

k3

Table 4. Initial oxidation rates (u0) of potassium hexacyanoferrate(II) and
current yields (G) for different discharge conditions.42

Discharge 103C0 107 u0 G b

current /mA /mol litre71 (see a) /mol litre71 s71

10 5 2.27 0.88

2 1.91 0.74

1 1.99 0.77

0.5 2.34 0.90

0.25 2.45 0.94

5 0.5 0.904 0.70

0.25 0.728 0.56

1 0.683 0.53

aC0 is initial concentration of K4[Fe(CN)6].
bAverage current yield is expressed as the number of K3[Fe(CN)6]

molecules formed per incident ion.

1.2

1.4

1.6

1.8

104C /mol litre71

104Q /F5040302010

Figure 2. Dependence of the overall concentration (C) of sulfuric acid

oxidation products (H2SO5+H2O2) under a glow discharge on the

quantity of electricity (Q) passed.
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Table 5 shows the characteristics of gas-discharge-initiated
oxidation of iodide ions calculated from experimental results.

Due to a high rate of the transformation of molecular
iodine to triiodide ions,52 the initial segments of absorption
curves measured at moderate starting concentrations of iodide
ions directly illustrated the accumulation of triiodide ions. This
conclusion was confirmed by the absorption spectra of KI

solutions treated in plasma. At short treatment times, merely
the absorption of triiodide ions was observed, which monot-
onically increased with an increase in the exposure time.
Experiments at low starting concentrations of iodide ions
showed that the optical density of solutions descended for the
greater doses of treatment, i.e., the formation of polyiodide
ions was merely the first stage of oxidation. Qualitative
chemical analysis of solutions thus treated indicated the
formation of iodates.

Studies of the effect of plasma formed in a stationary glow
discharge and a gliding arc discharge on aqueous solutions of
sodium sulfide have shown 29 that plasma-initiated oxidation
of sulfide ions proceeds via sulfur and polysulfide ions to
ultimately afford sulfites and sulfates. These conclusions were
drawn based on spectral measurements and the qualitative
chemical analysis of treated solutions.

3. Reduction of inorganic compounds
Plasma-initiated reduction reactions in solutions were far less
studied as compared with oxidation reactions. Early studies by
Klemenc 3, 4 provided the most systematic data. The precipita-
tion of metal or metal oxide from salt solutions and the
reduction of certain acids (HClO3, HBrO3, HClO4, HNO3,
etc.) were investigated.3

The reduction of potassium chlorate in a neutral solution
yielded chloride ions. The reduction of KBrO3 proceeded quite
efficiently even in neutral solutions (like the reduction of
chlorates in acidic solutions). Chromic acid was reduced
almost completely to a chromium(III) salt. Perchloric acid
failed to be reduced in the conventional electrolysis. A glow
discharge initiated its reduction with the conversion degree
dependent on the concentration. Table 6 compares the reduc-
tion processes that occur in the classical electrolysis and with
the plasma activation.

The studies 4 of the reduction of perchloric and chloric
acids and their salts have revealed the following specific
features.

1. The discharge-induced reduction of perchloric and
chloric acids and their salts can occur with either anode or
cathode located in the gas phase.

2. The reduction of perchloric acid in the region of the
cathodic potential drop (when the anode is located in the gas

a

104 C{0.5(I2 + H2O2)} /mol litre71

103Q /F12840

1

2

3

2
1

b
G0 /mol F71

CKI /mol litre71

0.02 0.04 0.06 0.08 0.100

1.5

2.0

2.5

3.0

Figure 3. Dependences (a) of the overall concentration of KI oxidation

products under the action of a glow discharge on the quantity of electricity

passed through the solution and (b) of the initial current efficiency on the

KI concentration in solution. Hydrogen atmosphere (50 Torr), current

75 mA.

(1) Acidic medium, (2) alkaline medium.

Table 5. Oxidation rates (u) of iodide ions and current yields (G0) of the
oxidation product (stationary glow discharge, discharge current 6 mA).29

103C0(KI) /mol litre71 107 u /mol litre71 s71 G0 /mol F71

0.9 1.57 0.45

1.8 0.63 0.18

3.6 1.38 0.4

7.23 9.8 2.88

15 3.4 0.96

Table 6. Features of reduction under conditions of classical electrolysis and glow discharge.3

Electrolyte Classical electrolysis Glow discharge a Notes

KNO3 the products are NH3 and NH2OH the products are HNO2, NO and N2O alkaline solution

Fe2(SO4)3 easily reduced reduced insignificantly sulfuric acid solution

KClO3 no or insignificant reduction on a Cu ±Pt electrode, reduction (12%) neutral solution

substantial reduction on a Fe electrode reduction (90%) acidic solution

KBrO3 readily reduced on a Pt electrode reduction (90%) neutral or acidic solution

H2CrO4 reduction to Cr2(CrO4)3 reduction (88%) 7
HClO4 no reduction stepwise reduction (up to 40%) Cu or Pt electrode

a In parentheses, the yield of reduction products is shown.
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phase) demonstrates the strongest (40-fold in 2.5 M solution)
increase in the yield of products over the faradaic yields.

3. The reduction of perchloric acid corresponds to its
decomposition to HCl and O2.

4. Side reactions that produce detonating gas occur at a
rate, which is the higher the slower the corresponding reduc-
tion reaction in the electrolyte.

5. The ratio of current efficiencies observed in the anodic
and cathodic compartments is the same for the oxidation of
sulfuric acid solutions and the reduction of perchloric acid.

Table 7 compares the reduction processes that occur in the
classical electrolysis with the corresponding plasma-electro-
lytic reactions.

The reduction of inorganic ions under the action of a
stationary glow discharge at atmospheric pressure was
studied 53, 54 (the discharge current was 10 mA, the solution
volume was 400 ml). The following processes were observed:

MnOÿ4 MnO2 Mn2+ (neutral medium),

MnOÿ4 MnO2ÿ
4 MnO2 (alkaline medium),

Cr2O
2ÿ
7 Cr3�,

IOÿ3 I2 I7.

4. Gas evolution processes
In `classical' electrolysis of aqueous electrolyte solutions, the
evolution of main gaseous products (oxygen and hydrogen) is
associated with the electrode processes of the discharge of
hydroxyl and hydronium ions. The situation changes crucially
when the electrode represents the plasma in contact with a
solution. Ions accelerated in the region of the potential drop at
the solution surface initiate dissociation of solvent molecules.
This gives rise to many effects including the evolution of
gaseous products, which does not obey the Faraday law. At
the same time, ions that came to solution from the plasma zone
and underwent thermalisation can either be solvated or recom-
bine with solution counter-ions, which ultimately affords
gaseous products in yields corresponding to the Faraday law.
Hence, the analysis of the gas evolution in the course of the
plasma treatment of solutions might shed light on the be-
haviour of ions injected into the solution from the plasma zone
and answer the question on the role of their solvation.

It was noted 5 that, if exclude the secondary effects, the gas
evolutionwas never observed in the cathodic spot region on the
solution surface. This makes the bulk recombination of ions
injected into the plasma zone quite unlikely.

It was shown 7 that in addition to the faradaic (`polar',
according to the authors of Ref. 7) gas evolution, the electro-
lysis in a glow discharge always produces the detonating gas.
The cathodic spot is the source of active species that lead to the
formation of the latter gas. The amount of evolved detonating
gas can be many times increased if one surrounds the cathodic
spot with a narrow glass cylinder. The effect manifests itself to
the full extent only if the cylinder is completely immersed into
the electrolyte. Based on these experiments, it was concluded 5

that the `non-polar' formation of detonating gas occurs only as
a result of a heterogeneous process.

The formation of oxygen and hydrogen in the anodic and
cathodic discharges was studied.12 A solution of 0.05 MK2SO4

served as the electrolyte. Figure 4 shows the dependences of the
oxygen and hydrogen yields on the quantity of electricity
passed through the solution and the potential drop in the
discharge gap for a `positive' contact discharge. As seen from
the Figure, the processes that do not obey the Faraday law
make the main contribution to the formation of gaseous
products. In a `negative' contact discharge, the yields of oxygen
(1.84 mol F71) and hydrogen (2.73 mol F71) also substan-
tially exceeded their faradaic yields.

5. Oxidation processes initiated by a glow discharge in
solutions of organic compounds
a. Oxidation of alcohols
The effect of a glow discharge on a methanol solution was
studied.38 In the cathodic glow discharge, the main products
were formaldehyde and formic acid. The anodic discharge
produced fomadehyde and insignificant amounts (*1% of the
HCOH yield) of formic acid, ethylene glycol and dimethoxy-
methane. No hydrogen peroxide formation was observed. In
both cathodic and anodic discharges, hydrogen, methane and
carbon monoxide were the main gaseous products. Trace
amounts of ethane, ethylene and acetylene were detected.

The medium becomes acidic under the action of a `positive'
discharge and alkaline when subjected to a `negative' dis-
charge.

The effect of a glow discharge on the ethanol solution was
considered in the same publication. Oxygen and argon at a
pressure of 100 Torr served as the working gas. The main

Table 7. Reduction of perchloric and chloric acids and their salts under conditions of classical electrolysis in a glow discharge.4

Electrolyte Classical electrolysis Reduction in a glow discharge (%)

cathode in the gas phase anode in the gas phase

HClO3, 1 M insignificant reduction on a Pt electrode 500 2600

HClO4, 1 M is not reduced on a Cu ±Pt electrode 20 200

KClO3, 0.26 M insignificant reduction on conventional electrodes 90 500

NaClO4, 0.5 M is not reduced on a Pt electrode insignificant reduction 60

insignificant reduction on a Ni ±Fe electrode the same no noticeable reduction
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Figure 4. Dependences of (1) oxygen and (2) hydrogen yields on the

quantity of electricity passed under the action of a glow discharge on a

K2SO4 solution; (3) and (4) corresponding `faradaic' yields.
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reaction products included acetaldehyde, hydrogen peroxide
and butane-2,3-diol. Their yields strongly depended on the
presence of oxygen in this system and the intensity of its flow.
The other key factors were the gas pressure, the intensity of
stirring, the discharge current and the quantity of electricity
passed. The hydrogen peroxide yield increased with an increase
in the oxygen flow rate. The following mechanism of the
processes was put forward. In the absence of oxygen and at a
sufficient concentration of ethanol, the main initial reaction
was the capture of hydroxyl radicals by ethanol molecules. The
reactions of hydrogen atoms and solvated electrons proceeded
more slowly. The reaction of H

.
and HO

.
radicals with ethanol

is sufficiently well studied. A HO
.
radical abstracts a hydrogen

atom froman ethanolmolecule to form the following products:
CH3CH2O

.
(2.5%), CH3CHOH

.
(84.3%), CH2CH2OH

.

(13.2%). The rate of the reaction of hydrogen atoms with
ethanol molecules was lower by approximately two orders of
magnitude. The main process was the elimination of a hydro-
gen atom from the CH2 group to afford molecular hydrogen
and a CH3CHOH

.
radical. In turn, radicals CH3CH2O

.
and

CH2CH2OH
.
abstracted a hydrogen atom from an ethanol

molecule. In the second case, this led to the conversion of the
HO

.
radical into the 1-hydroxyethyl radical.

The action of a glow discharge on a water ± ethanol
solution of a neutral phosphate buffer under the argon
atmosphere produced hydrogen peroxide, butanediol and
acetaldehyde.38

HO
.
+HO

.
H2O2 ,

2CH3CHOH
.

CH3CH(OH)CH(OH)CH3 ,

2CH3CHOH
.

CH3CHO+CH3CH2OH.

The following solvated electron reactions were considered:

eÿaq +CH3CHO CH3CHO7,

CH3CHO7+H2O CH3CHOH+HO7,

eÿaq +H2O2 HO
.
+HO7.

The hydroperoxyl radical HO2
.
played an important role in

the discussed processes.

H
.
+O2 HO2

.
,

eÿaq +O2 Oÿ2 ,

2HO2
.

O2+H2O2 ,

HO2
.
+CH3CO2HOH

.
CH3CHO+H2O2+O2 ,

CH3CO2HOH
.

CH3CHO+HO2
.
,

2HO2
.

O2+H2O2.

Thus, the presence of oxygen in the system gives rise to two
additional channels for the formation of hydrogen peroxide.
One channel is associated with the intermediate formation of
organic peroxyl radicals and the second corresponds to the
formation of hydroperoxyl radicals.

Bugaenko et al.21, 55 studied the conversion of 0.1 ± 3 M

solutions of methanol and ethanol in a carbonate electrolyte
under the action of microdischarges on an aluminium anode.
Table 8 shows the main reaction products and their energy
yields. The products of ethanol conversion were formed both
within gas-vapour bubbles and in the near-surface liquid layer
(the yield of the latter amounted to no more than 20% of the
total yield).

The results shown above allow one to qualitatively com-
pare the effects of a glow discharge (at reduced pressure) and
anodic microdischarges on methanol and ethanol solutions.
The reaction products for both PSS types by and large
coincided. However, it should be mentioned that the reaction

products formed under the action of a glow discharge on a
methanolic solution of LiClO4 included dimethoxymethane,
which was absent when methanol in aqueous sodium carbo-
nate solutions was subjected to anodic microdischarges. The
quantitative comparison of yields of products in these PSS is
complicated by the fact that the yields are expressed in different
units, namely, per 100 eV of consumed energy (anodic micro-
discharges) and in mol F71 (glow discharge). However, bear-
ing in mind that the authors of these studies 21, 55 assessed the
average energy of ions that have passed to the solution from the
anodic microdischarge zone as 100 eV, it can be assumed that
the yield per 100 eV coincides with the yields expressed as the
number of moles per Faraday of electricity. This allows one to
compare certain values found for the glow discharge and
anodic microdischarges (Table 9).

The difference between the yields obviously exceeds the
possible errors andmay point to a difference in themechanisms
of processes in these PSS.

Table 8. Energy yields of reaction products of 2M ethanol and 2M

methanol in a 0.03M solution of sodium carbonate under the action of
microdischarges on an aluminium anode (voltage 500V, current 90 mA,
error of yield determination <10%).21, 55

Product Yield /number of molecules per 100 eV

ethanol solution methanol solution

H2 1.90 2.60

CO 0.72 1.30

CH4 0.29 0.27

C2H6 0.17 7
C2H4 0.40 7
C2H6+C2H4 7 0.11

C3H8 0.056 0.0086

C2H2+C3H6 0.19 0.010

C4H10 0.13 7
CH3OH 0.030 7
CH3CH(OH)CH2OH 0.015 7
CH3CH(OH)CH(OH)CH3 0.015 7
CH2O 0.041 0.28

(CH2OH)2 7 0.098

HCOOH 7 0.058

CH3CHO 0.260 7
CH3COOH 0.050 7
H2O2 0 0

Note. The consumption of ethanol and methanol (calculated from the

yields of products) was 1.83 and 2.38 molecules per 100 eV of energy,

respectively.

Table 9. Yields of products (mol F71) under the action of a glow
discharge 38 and anodic microdischarges 21, 55 on an aqueous ethanolic
solution.

[C2H5OH] CH3CHO Butane-2,3-diol

/mol litre71

glow dis- glow dis- anodic glow dis- anodic

charge charge micro- charge microdis-

in O2 in Ar discharge in Ar charges

0.01 0.18 0.25 7 0.05 7
0.1 2.39 1.83 0.024 0.90 0.0007

0.3 6.47 4.67 0.043 1.14 0.0015

0.9 6.44 4.56 7 1.20 7
1.0 7 7 0.14 7 0.078
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b. Oxidation of aromatic compounds under pulsed discharges
Since the early 1990s, in line with the solution of environmental
problems, keen attention has been paid to the oxidation of
aromatic compounds in aqueous solutions under the action of
either pulsed discharges in liquids or pulsed discharges between
a metal electrode located in the gas phase and the solution
surface.55 ± 69 These studies preferentially dealt with phenol and
its derivatives. In the phenol oxidation generated by pulsed
discharges, pyrocatechol, hydroquinone, p-benzoquinone and
(in small amounts) resorcinol were detected as the primary
products.60, 68 Figure 5 shows the kinetics of decomposition of
phenol and accumulation of its primary destruction products.
Presumably, the first stage of this process is the hydroxyl
radical reaction with a phenol molecule, which results in either
the addition of HO

.
to the benzene ring to afford a dihydroxy-

cyclohexadienyl radical or the elimination of a hydrogen atom
from the OH group to form a phenoxyl radical. The radical
reactions produced the intermediates listed above. Subsequent
stages involved the benzene ring opening to form acyclic
products

and also oxalic and formic acids, acetaldehyde and form-
aldehyde. Figure 6 illustrates the kinetics of accumulation of
formic acid in aqueous phenol subjected to a corona dis-
charge.60

The oxidation of phenol in aqueous solutions under anodic
microdischarges was described.22, 70 For relatively low initial
phenol concentrations (*1075 ± 1072 mol litre71), its con-
centration was found to decrease in time according to the
exponential law; however, for high initial concentrations, two
characteristic kinetic regions were observed, namely, the initial
fast and the subsequent slow regions. Presumably, the dece-
leration of the oxidative destruction of phenol observed in its
concentrated solutions was associated with the accumulation
of stable intermediates and their competition with phenol
molecules for HO

.
radicals.

c. Oxidation of organic dyes in aqueous solutions
The corona-discharge generated oxidation of Methylene Blue
and Malachite Green dyes in aqueous solutions was studied 71

(the solution volumewas 100 ml, the starting concentrations of
dyes was 6 mg litre71, the discharge current was varied from
40 to 150 mA). The kinetics of this process was monitored by
following variation of the light absorption by the dissolved dye.
The results strongly depended on stirring and the distance
between the electrode and the solution surface. Chloride ions
inhibited this process. Presumably, ozone, oxygen atoms, HO

.

radicals and hydroxyl ions were the active species that initiated
the dye oxidation. After the treatment, the solution ceased to
absorb light at 200 ± 900 nm.

The oxidation of an aqueous solution of Monochlorotri-
azine Blue (or Bright Blue) dye (MCTB) under glow or gliding
arc discharges was considered.72, 73 In all experiments, the dye
was decolourised (Fig. 7). However, the initial period of this
process could be different for different discharge currents and
types. Thus when the times of MCTB exposure did not exceed
2 ± 3 min, the absorption could uniformly decrease over the
whole visible spectrum range; however, the process could lead
to a decrease in the absorption in the vicinity of the maximum
(*600 nm) and its simultaneous increase in the vicinity of the
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Figure 5. Kinetics of oxidation of phenol and accumulation of its

primary destruction products: (1) phenol, (2) pyrocatechol, (3) hydro-

quinone, (4) p-benzoquinone.
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Figure 6. Kinetics of formic acid accumulation under the action of a

pulsed corona discharge on an aqueous phenol solution: (1) in argon, (2) in

air.60
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Figure 7. Changes in the absorption spectrum of a solution of Chloro-

triazine Blue under a gliding arc discharge.

Exposure time (min): (1) 0, (2) 2, (3) 4, (4) 6, (5) 8, (6) 10, (7) 12.5,

(8) 15, (9) 17.5.
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absorptionminimum (*450 nm). For long-term exposure, the
absorption at 450 nm passed through a maximum and the
absorption in the near UV range increased. The changes in the
absorption spectrum of the dye could be observed for several
hours after the cessation of the plasma treatment.

Based on the results of specrophotometric measurements,
kinetic curves that reflect the changes in the dye concentration
were plotted. In doing so, it was assumed that oxidative
destruction products of a dye do not absorb in the long-wave
region. Figure 8 shows the examples of kinetic curves.

Experimental kinetic curves were interpreted within the
framework of a simplemodel that assumes the plasma-initiated
formation of an oxidant and its one-stage reaction with the
dye, which is of the first order with respect to the oxidant. The
rate of oxidant formation (oo) is constant within the frame-
work of this model. The accumulation of oxidant after switch-
ing on the discharge is determined by oo and the oxidant
lifetime (to). The model gives the following expression for the
time dependence of the relative dye concentration (C/C0):

ln
C

C0

� ÿ
�
kooto

2

�
t2 ÿ �koot

2
o��eÿt=to ÿ 1�,

where k is the effective rate constant for oxidation.
Figure 8 shows the dependence of the dye oxidation rate on

the distance between the anode and the solution surface. An
increase in the discharge current results in the substantial
acceleration of the dye destruction (Fig. 9). Extrapolation to
the zero inter-electrode distance gives the reaction rate for the
solution activation by exclusively the ions accelerated in the
region of the near-surface potential drop and injected into the
liquid phase. The increase in the reaction rate with the increase
in the plasma column height points to the possibility of
initiation of the reaction by neutral active species generated in
the gas phase.

The effect of the pre-treatment of a MCTB solution with a
corona discharge on the rate of the MCTB oxidation under a
stationary glow discharge was studied.29 For the treatment

time of no longer than 30 min, the decolouration of the
solution under the direct action of a corona discharge with a
current of 50 ± 100 mAwas hardly visible. At the same time, the
subsequent oxidation of the dye under the action of a glow
discharge sharply accelerated.

The oxidation of Methylene Blue in aqueous solutions
under the action of glow and diaphragm discharges was
considered 74, 75 (the current was varied in a range of
20 ± 50 mA). The kinetics of dye destruction was studied
using a spectrophotometric technique in wavelength ranges of
220 ± 350 and 450 ± 750 nm (lmax=667 nm) with periodic
sampling of the solution.

Discharges of both types favoured a decrease in the optical
density of solutions in the visible spectrum of the dye. In an
acidic medium (pH<4), the increase in the discharge current
led to the acceleration of dye destruction. It should be noted
that for all other factors equal, the decolouration was faster at
the diaphragm discharge. The absorption spectra in the region
of 450 ± 750 nm remained virtually unchanged, being identical
for both discharge types. At the same time, the changes in the
UV spectrum substantially depended on the discharge type.
The increase in the optical density of solutions with the increase
in the time of their exposure to plasma was one order of
magnitude greater for the glow discharge (for equal exposure
times and similar discharge currents and pH values). This fact
can be interpreted as a result of the deeper oxidative destruc-
tion of the dye under the action of a diaphragm discharge.
Presumably, these results point to the difference in the mech-
anisms of processes initiated by glow and diaphragm dis-
charges. This was assumed to be due to the effect of a shock
wave that appears during the burning of a diaphragm dis-
charge.

In the same publications, the post-effect, which was
observed in solutions treated with a discharge was discussed.
The studies were carried out by several methods.

1. Dye solutions (pH 3) were exposed to the plasma of the
glow and diaphragm discharges at a current of 50 mA for 2, 5
and 10 min, then samples were taken and the time variations of
the absorption spectra in the absence of plasma treatment were
studied.

2. Electrolyte solutions (H2O+H2SO4+Na2SO4) with
pH 3 were exposed to discharges of both types for 2, 5 and
10 min; immediately a dye was added up to a concentration of
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Figure 8. Kinetics of destruction of Monochlorotriazine Blue under a

glow discharge with the plasma zone of different length (mm): (1) 1.34, (2)

2.3, (3) 3.8.
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Figure 9. Initial destruction rate of Monochlorotriazine Blue during the

plasma treatment vs. discharge current (the rate was assessed from the

changes in the optical density of solution).
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0.01 g litre71. Then, solution samples were taken and their
absorption spectra were analysed in certain time intervals.

3. Experiments were carried out as described above
(point 2), but the dye was added in 20 min rather than
immediately.

The deviations in the effects of glow and diaphragm
discharges also showed up in the post-effect characteristics.
Under the same conditions, the diaphragm discharge produced
a stronger effect (Fig. 10). Upon the cessation of the discharge,
the dye concentration decreased to the same level for both the
direct plasma treatment of dye solutions and when the dye was
added to the electrolyte pre-activated by a discharge. At the
same time, the kinetics of the post-effect strongly depended on
the experimental conditions, e.g., on the illumination (Fig. 11).

To explain the results obtained, it was assumed that, in
principle, the exposure of solutions to gas discharges can give
rise to three different effects, namely, solution activation,
solute activation and changes in the solution structure.
Among these effects, only the solution activation is sufficiently
well studied. Insofar as the differences between the glow and
diaphragm discharges were observed both at their direct action
on dye solutions and as the post-effect in preliminary treated
dye solutions and also as the changes in the destruction rate of
a dye added to electrolyte solutions (pre-treated with a dis-
charge in the absence of the dye), the role of direct activation of
the solute can hardly be great. At the same time, the post-effect
could not be caused by short-lived primary active species; and,
moreover, the addition of hydrogen peroxide to a dye solution,
which was not pre-treated with a discharge, did not lead to
results resembling the post effect. Thus, the reason for the long-
term and strong post-effect should be sought in the effect of the
discharge on the solution structure, which can cause changes in
both thermodynamic and kinetic characteristics of processes
that occur in solutions. This effect can be stronger in the
presence of a shock wave at the diaphragm discharge.

d. Syntheses of organic compounds initiated by a gas discharge in
electrolyte solutions
Harada and co-workers 76, 77 studied the asparagine formation
under the action of a glow discharge on a solution containing a
mixture of amino acids (glycine, alanine and b-alanine) with
amides of simple carboxylic acids.

Denaro and Hough 78 studied the acrylamide polymer-
isation initiated by a glow discharge between the air-located
metal anode and an aqueous solution of the monomer. They
have found the dependences of the polymer yield and its
average molecular mass on the quantity of electricity passed,
the acrylamide concentration and the air pressure. The results
obtained were explained within the framework of a simple
kinetic model. Two reaction zones were singled out. The first
zone represented a thin near-surface solution layer in the
vicinity of the cathodic spot. No polymerisation was observed
in this zone. The concentration of radicals in this zone was very
high; hence, their recombination prevailed. Only *0.2% of
radicals reached the second zone with a volume of *0.4 cm3.
Here, the radicals initiated the chain polymerisation reaction.
The polymer yield increased virtually linearly with the increase
in both the quantity of passed electricity and the acrylamide
concentration. The average molecular mass also increased
linearly with the increase in the monomer concentration.
Under the conditions of the experiment described, the polymer
yield reached 15 mol F71.With the increase in the air pressure,
these characteristics decreased.Moreover, the efficiency of this
process also decreased in the alkaline medium.

V. Potentials and prospects of plasma initiation of
industrial processes in aqueous solutions

The surface modification of polymeric materials including
fabrics with natural and synthetic fibres (pre-treatment of
fabrics before printing, dying, etc.), bleaching (especially of
linen), delignification of wood, etc. may be assigned to the
heterogeneous processes presumably initiated by the plasma ±
solution treatment. At present, this field remains virtually
unexplored.

1. Plasma modification of starch glue. Treatment of
microcrystalline cellulose
The modification of starch by different reagents is one of the
methods used in practice for the preparation of starch and its
products with desired properties. The treatment of starch with
oxidants, for example, sodium or potassium hypochlorites, is
most popular. Hydrogen peroxide, potassium permanganate
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Figure 10. Changes in the optical density of a Methylene Blue solution

upon its exposure to plasma (discharge current 50 mA, pH* 3,

lmax=667 nm): (1) glow discharge, exposure time 5 min; (2, 3, 4)

diaphragm discharge (exposure times 2, 5 and 10 min, respectively).
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(1) Glow discharge: exposure time 10 min, the solution was kept in the

dark; (2±5) diaphragm discharge: exposure time 10 min (2) in the dark and

(3) in the light; exposure time 5 min (4) in the dark and (5) in the light.
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in alkaline media, chloramine T, etc. are also used. The diverse
goals of starch modification, the long time required when
traditional methods are used and the environmental problems
associated with the use of such reagents as hypochlorites send
the scientists in search for alternative methods of modification.
The effect of the glow-discharge plasma treatment on the
properties of starch glue was studied.79, 80 The glue viscosity
was considered as the criterion of its modification degree. The
viscosity was observed to increase in the initial period of
treatment. The decrease in the viscosity at long-term treatment
pointed to the predomination of destruction processes. Note
that it takes a short time to reach the maximum viscosity even
for discharges with quite moderate power densities.

The use of atmospheric-pressure plasma in processing of
cellulose-containing materials attracts attention because cellu-
lose is one of the basic raw materials used in the pharmaceutic,
textile and food industries. The surface modification of cellu-
lose by the gas-discharge activation can change its reactivity.

The effect of gas-discharge activation on the electrokinetic
properties of aqueous suspensions of cellulose powder (electro-
phoresis mobility of cellulose particles) was considered.81

Glow and diaphragm discharges served as the sources of
activation. A 0.04% solution of cellulose powder with colloid
particles <63 mm in diameter was studied. The required
solution conductivity was achieved by adding sodium chloride
(1073 mol litre71). The acidity of the dispersed medium was
controlled by the addition of sodium hydroxide or hydro-
chloric acid. The studies of the electrophoretic mobility of
processed cellulose have shown that the isoelectric point is at
pH 2.5 and the maximum electrophoretic mobility is reached
at pH 6.5. The exposure (20 min) of the dispersed system
studied to the discharge led to the increase in the electro-
phoretic mobility of cellulose particles as compared with the
reference untreated solution; moreover, the greatest effect was
observed for the glow discharge. The latter effect can be
associated with the fact that a diaphragm discharge not only
generates reactive species but also gives rise to a shock wave in
the solution.

2. Destruction of aqueous emulsions of hydrocarbons in
anodic microdischarges
Under the action of an anodic microdischarge (aluminium
cathode) on a pentadecane emulsion in a carbonate electrolyte,
the alkane is destroyed to form hydrogen, carbon monoxide,
gaseous hydrocarbons and an insoluble product, namely, a
polycondensate that gives rise to the formation of spherical
hollows filled with gas.82 ± 85

It was assumed that the primary process is the reaction
between pentadecane and a hydroxyl radical, which consists of
the elimination of a hydrogen atom from the alkane. A
secondary aliphatic radical formed can either dimerise to
afford a branched product or add an oxygen molecule. In
turn, the peroxide radical gives rise to various secondary
products, namely, alcohols, ketones, acids, hydroperoxides.
The appearance of spherical particles points to the formation
of a three-dimensional network; hence, dimeric products are
subjected to the secondary attack of HO

.
radicals and decom-

position products of hydroperoxides or react with fragment
radicals formed in gas ± vapour bubbles (GVB).

The energy yields of gaseous hydrocarbons C1 ±C5 and CO
were independent of the emulsion concentration in the liquid
phase. The overall curves of accumulation of gaseous products
were linear for degrees of pentadecane conversion not exceed-
ing 50% (at higher degrees of conversion, the curves tended to
a certain limit). The partial curves of accumulation of individ-
ual gases with the exception of hydrogen were linear. The sum
of energy yields of gaseous products increased non-linearly
with the increase in the pentadecane concentration. The
destruction of pentadecane to form light hydrocarbons almost

totally proceeded within gas ± vapour bubbles. Hydrogen mol-
ecules were largely formed in the pentadecane layer on the
GVB surface upon the reaction of the hydrogen atoms formed
in GVB with pentadecane molecules. Carbon monoxide was
also formed in GVB but upon the oxidation processes.

The microdischarge treatment of an emulsion containing
0.0012 mol litre71 of pentadecane and 0.005 mol litre71 of
styrene resulted in the destruction of both pentadecane and
styrene in energy yields of 0.16 and 0.50 molecules, respec-
tively, per 100 eV of consumed energy, which was close to their
yields in emulsions containing only individual components.86

3. Plasma treatment of cellulose-containing and other
phytogenic materials in aqueous media.
Refining of textile materials
In addition to the search for new kinds and sources of raw
materials, the development of fundamentally new methods for
processing of traditional raw materials is of great importance.
The processing of wood and resulting cellulose (including
microcrystalline cellulose) forms the basis of many industrial
processes (in pulp and paper industry, manufacturing of
synthetic fibres, etc.).

Traditional processing of wood into cellulose, which
involves mechanical grinding of wood, removal of lignine,
(e.g., by sulfite-alkaline digestion), bleaching, washing and
drying, is an energy-consuming process accompanied by the
formation of vast amounts of toxic sewage.

Thus, the plasma ± solution activation of the listed proc-
esses in the stationary (or quasi-stationary) plasma or pulsed-
discharge plasma in the liquid phase attracts attention. In these
two cases, the chemical activation conditions are different;
moreover, pulsed discharges give rise to a shock wave, i.e., lead
to the mechanochemical activation.

The studies of the effect of pulsed discharges in aqueous
media on raw plant materials date back to the1970s. Thus it
was shown 86 that the processing of winter wheat straw inwater
and weak alkaline solutions leads to the partial destruction of
the lignocarbon complex in straw and can form the basis of an
industrial process of straw treatment for feeding livestock. It
was proposed 87 to use high-voltage pulsed discharges in
aqueous media for washing and degreasing wool. It was
shown 88 that the electrohydraulic treatment of chlorella
improves the digestibility of nitrogen-containing substances,
while the similar processing of pine needles 89 makes it possible
to produce a vitamin ± protein concentrate. The action of
pulsed discharges in water on kitchen herbs (parsley, dill)
leads to the formation of a protein ± lipid complex, a precursor
of the vitamin ± protein paste.90 It was found 91 that the
electrohydraulic treatment of aqueous solutions of saccharose
and glucose results in their hydrolysis, where a part of
molecules decompose to afford formaldehyde. The possibility
of using pulsed discharges at different stages of the wet treat-
ment processes in industry, including textile production, was
studied.92 A method for production of fibres from stems of
fibre crops in which the wetting procedure was combined with
high-voltage discharges at a voltage of 30 ± 50 kV has been
developed.93

Detailed studies of the pulsed-discharge treatment of plant
raw materials in aqueous media were carried out later.94, 95

Wheat straw (coarse chopped, 3 ± 10 mm) was subjected to
pulsed discharges in water and the aqueous solutions of
NH4OH (0.5%± 5%) and hydrogen peroxide (1%± 5%).
A stainless-steel reactor served as the cathode, a cylindrical
anodewas placed at the reactor axis above the solution surface.
A power source allowed application of voltage pulses of
20 ± 35 kV at a frequency of 0.1 ± 0.5 Hz, period of 4 ± 5 ms
and energy of 120 ± 2500 J. The treatment involved series of
100 ± 1000 pulses. Both liquid and solid phases of the system
formed upon the action of pulses were analysed. Table 10
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shows the results of the analysis of the liquid phase after
100 pulses with different energies.

Under the electrohydraulic impact, wheat straw is effec-
tively chopped and its lignine ± carbon complex is destroyed.
The solid residue is freed from nitrogen-containing (proteins
and their products) and silicon-containing compounds that
enter into the ash composition. The short-term destruction of
the lignine ± carbon complex is the characteristic feature of the
electrohydraulic treatment of plant biomass. The deeper
destruction of the lignine ± carbon complex was observed in
the processing of wheat straw in NH4OH and H2O2 solutions;
although, due to the high conductivity of these solutions, a part
of energy was consumed in the pre-breakdown stage, which
affected the effectiveness of the electrohydraulic impact.

Similar processes occurred in alkaline aqueous suspensions
of hydrolytic lignine, which were subjected to high-voltage
pulsed discharges.95 Lignine was dispersed and freed from
mineral and organic low-molecule substances. However,
gummy and lignohumic compounds were not removed. The
gummy substances were washed out in alkalis, which was
considerably accelerated under the simultaneous treatment
with electric pulses.

All aforementioned studies devoted to the use of pulsed
discharges failed to separate the contributions of chemical
process and mechanochemical activation.

The effect of the solution activation in a glow discharge on
the surface properties of cellulose-containing materials placed
in solutions and also on the extraction of lignine was
studied.29, 96 Linen and roving fabrics were studied as well as
wood in the form of sawdust. The process was carried out in
aqueousNaOHat constant stirring, either without the gas flow
or with oxygen bubbling through the solution. A `positive'
stationary glow discharge was used. It was found that the
plasma ± solution treatment allows one to increase the capil-
larity of fabrics; moreover, the effect strongly depended on the
solution pH and might not correlate with the lignine destruc-
tion.

To check the selectivity of the effect of an activated solution
on the cellulose-containing materials, the products obtained in
the treatment of delignified cellulose and wood-extracted
lignine, which have passed to solution, were analysed sepa-
rately. The effect was followed by the analysis of absorption
spectra of treated solution samples. Figure 12 shows the results
obtained in an alkaline solution after the treatment of cellulose
(with andwithout plasma activation) and lignine. According to
these data, a plasma-activated aqueous solution that contains
no specially added oxidants exerts a selective effect on the
cellulose-containing materials.

The presence of such selectivity allows one to assume the
possibility of using the mentioned method in the bleaching of
fabrics. The samples of linen fabric were treated in the plasma-
activated solution in the absence of specially added oxidants.
The absorption spectra of the solution and the scattering
spectra of the fabrics were studied simultaneously. The results
obtained confirmed that the effect of fabric bleaching is present

and the products accumulated in solution substantially affect
this process.

The use of a volume discharge described quite recently in
the treatment of cellulose-containing materials in the plasma ±
solution system was discussed.97 Presumably, to achieve the
greatest effect in the modification of polymeric materials, it is
necessary to develop a PSS in which the reactions in the
activated solution would occur simultaneously with the direct
effect of plasma on the material modified. The discharge was
ignited in a tube of silicon rubber that connected two stainless-
steel vessels, which served as the electrodes; the circulation of
solution was performed using a peristaltic pump. Linen roving
of four-fold milling and purified cellulose were studied. The
average degree of polymerisation, the lignine content and the
moisture absorption were measured for the case of linen
roving. In the case of cellulose, the measured characteristics
included the degree of polymerisation and the contents of
a-cellulose and the aldehyde and carboxyl groups. The treat-
ment time was 10 min.

The treatment of linen roving in a PSS with a discharge in
the electrolyte volume (NaOH) resulted in a greater decrease in
the lignine content as compared with the conventional thermal

Table 10. Liquid phase characteristics (in % of the original straw mass)
after 100 discharge pulses as a function of single-discharge energy.94

Determined Discharge energy /J

characteristics

120 240 540 960 2500

Extractive substances 0.04 0.09 0.55 0.13 0.58

Lignine 0.32 0.27 0.25 0.42 0.6

Polysaccharides 0.05 0.06 0.07 0.08 0.04

Colloidal suspension 1.1 1.2 1.0 1.5 1.5

Ash content 0.33 0.51 0.56 0.69 1.0

20

10

5

0 100 200 l /nm

A (rel. u.)

1
2
3

Figure 12. Absorption spectra of solutions of (1) lignine and (2) cellulose

upon treatment in a glow discharge (NaOH solution with concentration

1 g litre71, discharge current 20 mA, exposure time 20 min) and (3) spec-

trum of a solution of cellulose unexposed to plasma.

Table 11. Properties of linen roving treated in a plasma ± solution system
(volume discharge).97

Sample CNaOH Lignine content a Degree Moisture

/g litre71 (%) of poly- absorp-

ASL AIL
merisation tion (%)

Original roving 1.5 10.5 4750 1010

(4-fold milling)

Samples after treatment

boiling b 50 0.4 9.3 3200 980

discharge c 50 0.21 5.2 2986 1030

boiling b 100 0.5 8.8 5500 1250

discharge c 100 0.2 4.6 1450 1142

boiling b 150 0.42 9.2 4500 1210

discharge c 150 0.19 4.6 2785 1205

aASL and AIL are acid-soluble and acid-insoluble lignine, respectively;
b at 98 8C for 1 h; c in solution for 10 min.
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treatment in alkali with a longer exposure time. The plasma ±
solution treatment in the volume discharge sharply reduced the
degree of polymerisation; however, the moisture absorption
changed insignificantly (Table 11). Table 12 shows the data
obtained in the studies of cellulose.

4. The use of plasma ± solution systems
in cleaning and sterilisation of water, aqueous solutions
and articles
The use of plasma discharges in aqueous media for their
sterilisation and also for the sterilisation of articles was
extensively studied since the beginning of the 1970s.98 ± 106

High-voltage electropulsed discharges can be considered as
an environmentally clean source of UV radiation the short-
wave spectrum of which is not `cut off' by glass walls as in the
case of UV lamps. Under the action of reactive species formed
in water, decomposition of amino acids and proteins, depoly-
merisation of nucleic acids and destruction of other bio-
logically active substances take place. Moreover, a pulsed
discharge generates intense acoustic waves capable of tearing
apart bacterial cells thus destroying them. The disinfecting
effect persists for a long time after the cessation of the discharge
treatment (days, weeks and longer) due to the effect of the
microorganism decomposition products obtained in the active
phase of the process. According to the data of Ref. 106, the
pronounced antibacterial effect was observed at a discharge
energy of (0.6 ± 0.8)6102 J. In the same study, quantitative
estimates of energy consumed in the water disinfection were
obtained. The calculated relationships were derived under the
assumption that the main effect is associated with the shock
wave impact and that the destruction of simplest unicellular
microorganisms requires an acceleration of 100 ± 1000 g. The
pressure in the compression wave front was assessed by the
semi-empiric relationship

P=0.661075 E 0:6
0 tÿ0:8rÿ1,

whereP is the pressure (mPa),E0 is the discharge energy (J), t is
the time of energy generation (s), r is the distance from the
discharge centre to the measurement point (m).

If r0 and a0 are the density of the liquid and the sound
velocity in it, then the liquid acceleration in the wave is

W � 2P

r0a0t
.

Hence, for the relative accelerationKp, we obtain the following
expression:

Kp �
2P

gr0a0t
� 0.861075

2E 0:6
0

grr0a0t
1:8

.

The volume of water cleaned is assessed from the distance
at which the acceleration of the liquid in a wave is not lower
than a given critical value.

The disinfecting efficiency of an atmospheric-pressure glow
discharge that burned over the water surface in a flow-through
system was assessed.107 The concentration of hydrogen per-
oxide formed under the discharge (the discharge current was
200 mA, the output voltage reached 5 kV) was taken as the
criterion of water decontamination efficiency. For a discharge
gap of 10 mm and the power of *90 W, the maximum
accumulation of hydrogen peroxide was observed, namely,
3.6 g m73 (161074 mol litre71) at the minimum energy con-
sumed in its formation (*250 kW h kg71). The fact that the
maximum H2O2 concentration was achieved under these con-
ditions was attributed to the maximum area of the cathodic
spot. The hydrogen peroxide concentration decreased with an
increase in the water consumption, whereas the efficiency with
respect toH2O2 increased. This was explained by the fact that a
part of hydrogen peroxide synthesised in the discharge was
destroyed by the discharge itself. As a result, at the higher water
consumption, the larger amount of H2O2 was brought out
from the discharge zone without destruction. The overall
content of hydrogen peroxide also depended on the electrode
erosion products, which often catalyse H2O2 decomposition.

Sterilisation of conducting solutions and objects immersed
in them under a glow discharge or a low-voltage diaphragm
discharge (alternating current) was studied.33, 108, 109 The
inhibiting effect of the atmospheric-pressure glow and dia-
phragm discharges on asporogenic microorganisms Escheri-
chia coliM-17was discussed.Microbiological studies of strains
of the culture tested revealed that totally sterile solutions were
obtained in 1 ± 20 min depending on the exposure time, the
type and intensity of discharge, the nature of the object
sterilised and the nature and concentration of the bacterial
culture. (Table 13).

Table 12. The effect of cellulose treatment in a volume discharge on its
physicochemical properties.97

Treatment conditions Degree Content 105 d
of poly- of a-cellulose (see a)

CNaOH time tube dia- merisation (%) (%)

/g litre71 /min meter /mm

Original sample 1400 91.4 5.3

50 20 10 825 93.24 3.39

50 20 8 905 91.3 3.51

50 15 8 900 90.7 3.76

10 30 10 940 89.4 2.9

10 15 10 960 88.1 3.3

10 15 8 892 91.84 2.98

5 20 8 959 88.67 3.47

See b 20 8 981 88.77 2.98

a d is the content of aldehyde groups; b in this case, the electrolyte was

0.1MNa2SO4.

Table 13. Results of gas-discharge sterilisation of solutions containing
microorganisms Escherichia coliM-17 (see a).109

Composition of C (see c) Treatment time d /min

the medium b

DDC RIF ECS

Glow discharge

I 104 6 11 16

II 104 5 10 15

107 10 16 20

Diaphragm discharge

II 104 1 2.5 3

107 5 10 12

aDischarge parameters. Glow discharge: current 50 mA, voltage 1500V;

diaphragm discharge: current 50 mA, voltage 500V; bComposition of the

medium: (I) aqueous NaOH solution (1.5 g litre71) and nitrilotrimethyl-

phosphonic acid; (II) physiological solution of NaCl (2 g litre71); c C is

relative concentration of microorganisms (number of colonies in 1 ml of

solution); d treatment time necessary for a decrease in the density of

colonies (DDC), for observation of rare individual formations (RIF), for

reaching the effect of complete sterility (ECS).
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VI. Conclusion

Plasma ± solution systems in which an electrolyte solution
plays the role of one or both gas-discharge electrodes represent
non-equilibrium systems where the chemical activation pre-
dominantly proceeds in a thin near-surface solution layer and
is substantially determined by the parameters of the gas
discharge and related processes on the plasma ± solution inter-
face. The combination of the chemical activity of plasma with
the possibility of carrying out selective processes in solutions
allows one to use plasma ± solution systems in cleaning ofwater
and aqueous solutions from organic and inorganic impurities,
sterilisation of solutions and objects immersed in them and also
in the modification of surface properties of natural and
synthetic polymeric materials.

The physical chemistry and physics of PSS were studied far
less comprehensively than the corresponding properties of the
classical reduced and atmospheric pressure plasma in contact
with solid objects. The most important trends in the physico-
chemical studies of PSS are associated with the kinetics of
generation of reactive species in both the solution surface layer
and the adjacent plasma layer and also with the reactions of
these species depending on the type of initiating gas discharge
and the properties of the solution. It is the processes at the
plasma ± solution interface that are the governing factor.
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Abstract. The main types of post-metallocene catalysts forThe main types of post-metallocene catalysts for
olefin polymerisation based on bis(imino), bis(imino)pyridyl,olefin polymerisation based on bis(imino), bis(imino)pyridyl,
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the mechanism of action of these catalysts are discussed. Thethe mechanism of action of these catalysts are discussed. The
bibliography includes 375 referencesbibliography includes 375 references..

I. Introduction

During the last 30 years the main attention of scientists study-
ing catalytic olefin polymerisation has been attracted to the
catalysts based onmetallocene complexes of Group 4 elements
in combination with activators, namely, Lewis acids [methyl-
aluminoxane (MAO), fluoroarylboron derivatives and some
others],1 ± 11 which have replaced the Ziegler ±Natta catalysts.
The cationic nature of the active sites (an activator should form
a non-coordinating anion) and the correlation between the
ligand structure and the structure of polymer are typical of
metallocene-based catalytic systems. Such properties of metal-
locene systems as high catalytic activity, narrow range of
molecular masses of the obtained polyolefins, the ability of
catalysing co-polymerisation of ethylene with higher a-olefins,
the possibility of controlling the catalytic properties by varia-
tion of ligand structure, have stimulated their broad industrial
production in the 1990s,12, 13 which was even called a `metal-
locene revolution'.11, 14 However, at present the scope of
industrial applications of metallocene systems is smaller than
it was predicted. This is a result of some disadvantages of such
systems, namely, significant consumption of expensive activa-
tors increasing the cost of products and the oxophilicity of
Group 4 metals, which makes them unsuitable for the syn-
thesis of co-polymers with functionalised olefins. Obviously,
catalysts of other classes are required in order to increase the

variety of polyolefins. This has inspired the search for more
effective and inexpensive catalysts. Moreover, in view of the
higher resistance of complexes of the so-called `late' transition
metals (Ni, Pd, Co) to heteratomic fragments compared to that
of complexes of `early' transition metals (Ti, Zr, V), one could
hope for the development of catalysts that would be active in
co-polymerisation of ethylene and olefins with polar functional
groups.14, 15

Thus as early as the first half of the 1990s the interest in the
synthesis of a new type of homogeneous one-centred catalysts
of polymerisation, viz. of a non-metallocene (or, according to
the chronology, post-metallocene), catalysts increased. During
this period, a significant attention was paid to complexes of
Group 4 metals with one cyclopentadienyl ligand and other
ligands containing donor heteroatoms. An important event in
the development of post-metallocene systems was the synthesis
of nickel(II) bis(imine) complexes capable of catalysing ethyl-
ene polymerisation.16 Later, systems based on nickel com-
plexes and not requiring an activator have been found.17 At the
end of the 1990s, iron bis(imino)pyridyl complexes highly
active in ethylene polymerisation were discovered.18, 19 In
addition, it was found that not only MAO but also trialkyl-
aluminium derivatives may be used as activators.20 ± 22 This
substantially simplified and decreased the cost of a catalytic
system.

In recent years, significant interest has arisen in titanium
and zirconium bis(phenoxyimine) complexes 23 and titanium
bis(pyrrolylimino) complexes.24 These compounds are able to
catalyse the so-called `living' polymerisation of olefins 25 and
produce polymers with narrow molecular mass distribution
(the ratioMw/Mn is around 1.1) and high molecular masses.

In order to convert post-metallocene catalysts to an active
form (as for metallocene catalysts), co-catalysts are required.
These co-catalysts are Lewis acids, which produce cationic
active centres with a high olefin affinity. Immobilisation of
active catalytic systems on a solid support is of a great practical
importance, as it facilitates the system handling, simplifies the
catalyst composition (as the support itself may work as an
activator; both a catalyst and an activator may be deposited on
the same support), increases the resistance of the system
against adverse external effects (e.g., heating and oxidation)
and also improves the morphology of the product.

To date, a series of reviews,14, 15, 26 books 27, 28 and general-
ising reports 23, 24 on the non-metallocene olefin polymerisa-
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tion catalysts have been published. However, these papers were
written before 2003 and usually discuss only one particular
type of catalytic systems and reflect the contribution of only
one research group. The author of the present review has aimed
at following the development of studies of post-metallocene
catalytic systems of olefin polymerisation during the recent
years. The attention is focused on the most scientifically and
industrially important systems. To this end, it appeared
expedient to abandon the traditional systematisation of the
post-metallocene complexes according to the metal position in
the Periodic Table 15, 26 and classify them according to the type
of ligand, because catalysts based on different metals with
several main types of ligands are known. The order of
discussion of the ligands in the present review mainly cor-
responds to the chronology of their appearance in the liter-
ature.

It should be noted that some caution is needed when
comparing the properties of catalysts reported by different
authors, because no universal procedure of catalyst testing
exists and the experimental data are affected by particular
reaction conditions, such as the reactor configuration, stirring
speed, themethod of activation, etc. Quite often the authors do
not report the kinetics of polymerisation (or even the lifetime of
a catalyst), but provide, for example, the data about the
activity of a catalyst during the first 1 ± 5 min of the reaction,
which may create an inadequate idea of the catalytic properties
of a complex in the case of its rapid deactivation. A slightly
modified scale suggested by Gibson and co-workers 26 is used
here for the activity classification: very low, low, medium
(moderate) and high, which correspond to the following values
<1, 1 ± 10, 10 ± 100, 100 ± 1000 and higher in terms of (kg of
polymer) (1 mol of catalyst)71 h71 bar71 units (or in the
abbreviated form, kg mol71 h71 bar71), respectively.

II. Monocyclopentadienyl complexes

Up to the mid-1990s, most papers on the catalytic olefin
polymerisation dealt with metallocene (1), including ansa-
metallocene (2), and monocyclopentadienyl catalysts, partic-
ularly with `half-titanocenes' (3) and the so-called `constrained
geometry' complexes (4).1 ± 11

To date, the processes that take place upon the activation
of metallocene complexes with alkylaluminium chlorides,29 ± 31

methylaluminoxane 32 ± 41 and the trialkylaluminim ± tetrakis-
(pentafluorophenyl)borate system,42 ± 45 have been studied in
detail. The cationic complexes that are the precursors of active
intermediates have been detected and identified by NMR
spectroscopy. The genuine intermediates, i.e., the complexes
in which the central atom is coordinated by the growing
polymeric chain, were also detected.33, 36, 46

Naturally, the initial attempts of the search for new
catalysts were aimed at the synthesis of non-metallocene
complexes of Group 4 metals. Monocyclopentadienyl com-
plexes of titanium and zirconium and of some other metals
with additional donor atoms are discussed in this Section.
Generally, the monocyclopentadienyl complexes are less active
in olefin polymerisation than their bis(cyclopentadienyl) ana-

logues, but more active in ethylene co-polymerisation with
a-olefins. The incorporation of additional donor atoms into
catalysts often adds new important properties, for example,
high thermal stability (as in the case of complexes 4 with
constrained geometry) and high polymerisation activity.

1. Complexes of Group 4 metals with one cyclopentadienyl
ligand and an additional ligand containing a donor atom
As noted above, titanium(IV) and zirconium(IV) monocyclo-
pentadienyl complexes 3 are less active in olefin polymerisation
than their bis(cyclopentadienyl) analogues.47 ± 49 Complexes 4
and 5 (R=H, X=Cl) with the activity of about 2500
kg mol71 h71 bar71 (Ref. 50) were obtained by introduction
of an additional ligand containing a donor atom (for example,
N). However, such complexes are highly sensitive to traces of
oxygen which deteriorates the process.51 Another possible
modification is introduction of a non-coordinating substituent
into the cyclopentadienyl ring (complex 6).52 Interestingly,
complex 6 (X=Cl, n=0) is able to catalyse highly selective
ethylene trimerisation when activated by MAO.53 The role of
pendant phenyl ring in this process is discussed comprehen-
sively in a review.54

The monocyclopentadienyl systems in which an additional
ligand containing a donor atom is covalently bonded to the
metal have also become popular. Such catalysts (e.g., com-
plex 4) are applied in industry due to their high thermal
stability and ability to initiate co-polymerisation.55, 56 The
catalytic properties of the complexes may be controlled by
introducing substituents (including heteroatoms) into the
cyclopentadienyl ring. Thus the application of fluorenyl com-
plex 7 in the co-polymerisation of ethylene with higher a-ole-
fins yields ethylene co-polymers with cycloolefins 57 ± 65 and
also with oct-1-ene (the octene content >70 mol%, Ref. 61).

Several attempts at changing the nature of the bridging and
the donor atom were described. For instance, linear high-
molecular-mass polyethylene (PE) was obtained by using
complex 8,65 while complex 9 and its titanium analogue
catalyse the co-polymerisation of ethylene with octene.66 The
presence of a bulky aromatic substituent in complex 10
facilitates the polymerisation of propylene with a relatively
high degree of isotacticity ([mmmm]=56%).67 Complex 11
containing the C-donor bridge C2B10H10 is able to initiate the
e-caprolactone polymerisation besides being a catalyst of
ethylene polymerisation.68 The activity of complexes with
ligands similar to phosphinimide (12) 69 and guanidinate
(13) 70 is >1000 (kg PE) mol71 h71 bar71.
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The aryloxide complexes 14 71, 72 and 15 73 should be
mentioned; in the latter complex, the aryloxy group is linked
to the cyclopentadienyl ligand. The complexes of type 14 are
highly active in etylene polymerisation [>2000 (kg PE)
mol71 h71 bar71 for M=Ti and >4000 (kg PE) mol71

h71 bar71 for M=Zr], while the activity of complex 15 is
somewhat lower. Complexes 14 and 15 are also able to catalyse
propylene and styrene polymerisation.

2. Complexes of Group 4 metals with one cyclopentadienyl
ligand and an additional ligand containing several donor
atoms
Among derivatives of Group 4 metals with one cyclopenta-
dienyl ligand, complexes 16 proposed by Bergman and co-
workers 49 should be noted. The zirconium complex with a
tropidinyl fragment, isoelectronic to cyclopentadienyl, is
highly active in ethylene polymerisation in the presence of
MAO (comparable with the activity of Cp2ZrCl2 , Cp=Z5-
C5H5); the corresponding titanium complex is less active.49

Nakazawa et al.74 have described complex 17 with a
tris(pyrazolyl)borate ligand, which is active in ethylene poly-
merisation. The complexes LZrCl3 and LTiCl3 with additional
bulkier mesityl-substituted tris(pyrazolyl)borate ligands L are
slightly more active in ethylene polymerisation; they are able to
catalyse the co-polymerisation of ethylene with hex-1-ene.75, 76

In the presence of an activator B(C6F5)3, complex 17 yields
high-molecular-mass polyethylene [Mw= (4 ± 6)6105].
Moderately active catalysts 18 can be activated by both MAO
(X is a halogen) 77 and perfluoroarylborate compounds

(X=Me).78 Structurally similar complexes 19 (R=Alk, Ar)
are able to catalyse living polymerisation of hex-1-ene with
[PhMe2NH][B(C6F5)4] as an activator.79

Among other monocyclopentadienyl complexes of
Group 4 metals, compounds 20 ± 22 80 ± 82 with alkoxy and
aryloxy ligands deserve attention. They exhibit moderate
activity in ethylene polymerisation.

3. Monocyclopentadienyl complexes of other metals with
additional ligands containing donor atoms
Group 5 metals in the formal oxidation state+4 and+5 form
monocyclopentadienyl complexes that are active in ethylene
polymerisation (it should be noted that the metal oxidation
state may change during activation of the catalyst 15). Thus
complex 23 (Y=Me) 83 is slightly active [27 (kg PE)
mol71 h71 bar71] when activated by MAO; the fast deactiva-
tion of the catalyst is caused by the formation of inactive
dinuclear vanadium complexes.84 Immobilisation of the active
centres of complex 23 on polystyrene (Y is polystyrene)
increases the lifetime of the active species which results in the
production of high-molecular-mass polyethylene (Mw=
1.96106) when activated by diethylaluminium chloride.85

Among vanadium(IV) derivatives, complex 24, isostructural
to the `constrained geometry' catalysts based on Group 4
metals should be noted. This complex is less active in ethylene
polymerisation than its titanium analogue.86

Chromium(III) complex 25 is almost catalytically inactive
in ethylene polymerisation 87 and is able to catalyse only
oligomerisation or isomerisation of higher a-olefins, while
complex 26 is relatively active [8300 (kg PE) mol71 h71

bar71] when activated by MAO.88 Structurally similar com-
plex 27 is even more active in these reactions.89 Compounds 28
are able to catalyse the polymerisation of ethylene 90 and
propylene 91 (to give atactic polypropylene).
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Complexes with phosphine ligands 29,92, 93 which provide
ethylene conversion into oligomers and low-molecular-mass
polyethylene upon activation by methylaluminoxane, and
complex 30,94 which ensures the formation of linear saturated
hydrocarbons due to the chain transfer from MAO to alumi-
nium are also known. Complex 31 with an additional pyridyl
ligand is active in ethylene polymerisation [up to
1000 (kg PE) mol71 h71 bar71, Ref. 95]. In general, chro-
mium cyclopentadienyl complexes containing an additional
ligand with a donor atom exhibit significant polymerisation
activity.96, 97

The monocyclopentadienyl complexes of late transition
metals should also be noted. Thus complexes 32 show low
activity in living ethylene polymerisation (Mw/Mn=
1.1 ± 1.2).98 The polymerisation activity of complexes 33 and
34 99 is several orders of magnitude lower then the activity of
their chromium analogues.99 Branched polyethylene (up to 10
branches per 1000 carbon atoms) was obtained when com-
plex 35 with a sulfide donor fragment was used,100 and the
application of nickel complex 36 with monoindenyl and
phosphine ligands yielded high-molecular-mass polyethylene
[the activity of the complex was up to 130 (kg PE)
mol71 h71 bar71].101

III. Complexes of late transition metals

The catalysts briefly discussed in Section II are generally not
used in industry (except for the constrained geometry catalysts
of type 4). The discovery of nickel and palladium bis(imino)
complexes 37 and their analogues by Brookhart and co-
workers 16 has become an important event in the search for
new catalysts of polymerisation. The complexes with bis-
(imino) ligands are widely used due to the specific properties
of ligands, namely, their ability to effectively stabilise organo-
metallic compounds, relatively high steric hindrance and the
possibility of fine tuning of their electronic and steric proper-
ties by introduction of substituents into the aryl rings.
A number of such complexes were found to be active in
polymerisation of ethylene, linear a-olefins, styrene, norbor-
nene, and in co-polymerisation of ethylene with higher olefins
and polar co-monomers.

The complexes that do not require activation (the trans-
formation into cationic form) were developed. The main types
of nickel and palladium bis(imino) and other complexes are
discussed below as well as the development of the views on the
mechanism of polymer chain growth and the effect of ligand
structure on the catalytic properties.

1. Nickel and palladium bis(imino) complexes
The first studies of nickel and palladium bis(imino) complexes
were published by Brookhart.16, 102 ± 105 The simplest way of
their synthesis is the reaction of a ligand with a metal
derivative, for example, (DME)NiBr2 , (COD)PdMeCl (DME
is 1,2-dimethoxyethane, COD is cycloocta-1,5-diene) and
others.14

Active centres in these complexes are formed upon alkyla-
tion and then activation by transformation into a cationic
form. Both boron derivatives {NaBAF, H(Et2O)2BAF,
BAF= [B(3,5-(CF3)2C6H3)4]

7} and MAO may be used as
activators. Nickel(II) complexes 37 are highly active [up to
11 000 (kg PE) mol71 h71 bar71] in ethylene polymerisa-
tion.16 b-Elimination of a hydrogen atom with subsequent
secondary 2,1-addition (see below) results in the formation of
branched polymers with up to 70 and more branches per 1000
carbon atoms. Polyethylene with molecular mass of up to 106

may be obtained by varying the temperature and pressure as
well as the structure of the ligand. The polymerisation of
a-olefins at low temperatures (710 8C) follows a living mech-
anism (the polypropylene obtained had Mn=1.66105 and
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Mw/Mn=1.13), which allows one to produce di- and tri-block
co-polymers.104, 106 The living polymerisation of a series of
a-olefins (from but-1-ene to oct-1-ene) with catalysts 38
(R1=H, R2=C*HMePh, R3=Me) was observed in the
temperature range from 730 to 740 8C by Coates and co-
workers.106 Besides, the syndiotactic polypropylene may be
obtained at low temperature.107

Palladium(II) complexes 37 are usually less active and
produce highly branched amorphous polyethylene with up to
100 branches per 1000 carbon atoms.16, 108, 109 Palladium
complexes are able to catalyse co-polymerisation of ethylene
with a-olefins and with functionalised co-monomers (methyl
acrylate, methyl vinyl ketone).102, 103 Thus the incorporation of
up to 25% of co-monomer was achieved in co-polymerisation
of ethylene with methyl acrylate. The activity of such catalysts
in co-polymerisation of ethylene with a-olefins is substantially
lower than that in homopolymerisation; the introduction of a
co-monomer sharply reduces the polymer molecular mass and
narrows its molecular mass distribution. The suggested mech-
anism of co-polymerisation of ethylene with methyl acrylate
includes 2,1-insertion of co-monomer with the formation of an
intermediate cyclic adduct followed by the insertion of ethylene
molecule.103

Note that palladium bis(imino) complexes are also active in
the living polymerisation. For example, polyethylene with
polydispersity of 1.05 was obtained by Gottfried and Broo-
khart in polymerisation of ethylene at 5 8C in the presence of
palladium(II) bis(imino) complex 37 (R1=2,6-Pri2;
R2=X=Me; Y=Cl) activated by NaBAF.110

The ability of nickel(II) and palladium(II) bis(imino) com-
plexes to catalyse the formation of branched polymers is
unique: the topology of the resulting polymers varies from

linear with a small number of branches up to the hyper-
branched one (in the latter case, oils are formed). A migratory
insertion mechanism of the ethylene polymerisation into
branched polyethylene (Scheme 1) was suggested on the basis
of low-temperature 1H NMR studies.16, 111 A key feature of
the mechanism is that the main form of the catalyst is alkyl-
ethylene complex 39. Note that for early transition metals such
intermediates have never been observed. The limiting step of
the reaction is the addition of ethylene to complex 39; there-
fore, the rate of the chain growth is of zero order with respect to
ethylene. The energy barrier to ethylene insertion is 17 ±
18 kcal mol71 for M=Pd 16, 112 and 13.5 ± 14 kcal mol71 for
M=Ni.112 This explains the difference between the observed
activities of the polymerisation catalysts. The b-elimination of
a hydrogen atom leading to the formation of alkenyl hydride
complex may follow the ethylene insertion. The repeated 2,1-
addition of coordinated olefin may take place in the coordina-
tion sphere of this complex resulting in branching of the
polymer chain.

Scheme 1

The effect of conditions of the process on the activity of the
catalyst and the properties of the polymers formed was
studied.113 ± 121 Various aspects of the mechanism of polymer-
isation were discussed in a number of theoretical studies (see
for example, Refs 122 ± 129).

In all of the previously discussed schemes, MAO, ionic
tetrakis(aryl)borate derivatives or alkylaluminium chlorides
were used as activators. If B(C6F5)3 is used, the activity of the
ethylene polymerisation catalyst is significantly lower.130

Nevertheless, B(C6F5)3 was used in co-polymerisation of ethyl-
ene with acrylates in the presence of nickel bis(imino) com-
plexes,131, 132 and the achieved degrees of co-monomer
incorporation were higher than those in the presence of
palladium complexes.

The substituents in the aromatic rings greatly affect the
catalytic properties of bis(imino) complexes: the shielding of a
vacant coordination position of the central atom due to an
increase in the bulk of the ortho-substituents decreases the
catalytic activity; at the same time, the chain propagation rate
decreases and, as a consequence, the molecular mass of the
polymer increases. The size of the ortho-substituent does not
affect the number of short-chain branches verymuch; however,
this number rapidly increases with temperature. Oligomeric
products are obtained in the presence of complexes with one
ortho-substutuent.14 ± 16, 26, 133 Complexes 37 containing ali-
phatic substituents in the aromatic rings are able to function
at temperatures up to 50 8C, but at higher temperatures, their
activities significantly decreases. Ivanchev and co-workers
have shown133 ± 136 that the incorporation of bulky o-cycloalkyl
substituents into 1,2-bis(arylimino)acenaphtyl complexes 38
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slightly increases the thermal stability of the catalysts. Other
nickel and palladium complexes (such as 40 ± 42) 137 ± 139 and
different bis(imino) ligands (for example 43 ± 45) 16, 28 are also
in use.

The nickel and palladium bis(imino) complexes are applied
in the production of polymers by the so-called in-reactor
blending methods. In essence, most of these methods consist
of the introduction of a composite catalyst containing a
metallocene complex of earlier transitionmetal in combination
with a complex of later transition metal, into the reac-
tor.135, 140 ± 143 The resulting polymeric product possesses an
extended molecular mass distribution, which facilitates its
processing.

The bis(imino) complexes are catalytically active in poly-
merisation of cycloolefins and in co-polymerisation of linear
olefins with cycloolefins. Thus complexes 38 catalyse polymer-
isation of cyclopentene in the presence of ethylaluminium
chloride.144 In co-polymerisation of ethylene with norbornene,
nickel bis(imino) complexes are inactive. At the same time,
palladium complexes 37 are able to catalyse this process.
Depending on the structure of the ligand, the molecular mass
of the resulting co-polymers of ethylene with norbornene was
up to 86105 (and higher) and the degree of incorporation of
norbornene was as high as 90%.145

2. Miscellaneous nickel and palladium N,X-donor chelate
complexes
A series of complexes with other N,N-chelate ligands (46 ± 51)
deserve attention. It should be noted that efficient olefin
polymerisation requires sterically hindered ligands; otherwise,
b-elimination with subsequent dissociation of the coordinated
olefin will result in the predominant formation of higher
a-olefins.146 Complexes 46 with various (alkyl, aryl and other,
including polar) substituents in the pyridine and benzene rings
of the ligand are less active in ethylene polymerisation than
bis(imino) complexes and produce polymers with lower molec-
ular masses.147 ± 153 Complexes 47 ± 49 in the presence of

various co-catalysts [MAO, modified methylaluminoxane
(MMAO), Al2Et3Cl3] produce mainly a-alkenes.144, 146, 154, 155

Ethylene oligomerisation proceeds slowly in the presence of
complex 50 without a neutral co-catalyst.156 Complex 51 is
active in the polymerisation and oligomerisation of hex-1-
ene.157 The catalysts with this type of ligand are described in
patents; the corresponding references can be found in a
review.14 Various types of post-metallocene catalysts immobil-
ised on polymeric supports have been discussed.158

Complexes with N,P-chelating ligands 52 ± 54 have been
reported.159 ± 161 Among the variety of catalysts, compounds
with bis(imino), N,N-chelate (see above) and N,O-chelate
ligands, which will be discussed later, turned out to be most
active.

3. Nickel salicylaldiminate and other N,O-chelate complexes
In 1998, Grubbs and co-workers 162 have prepared catalysts
based on nickel salicylaldiminate complexes 55 with bulky
substituents. Ethylene polymerisation has been performed in
the presence of two equivalents of a co-catalyst [Ni(COD)2 or
B(C6F5)3]. The productivity of the catalyst (13.3 ± 253 kg PE
per 1 mol of catalyst in 40 min under ethylene pressure from 7
to 14 atm) and the molecular mass of the polymer
(Mw=46103 ± 3.66104) strongly depended on the substitu-
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ent. The number of branches in the obtained polyethylene
samples varied from 5 (for R1=Ph, X=H) to 55 per 1000
carbon atoms (for R1=But, X=H). The molecular mass
distribution fluctuated from 1.4 to 12.4. Theoretical studies
have shown that elimination of the donor group PPh3 from
complex 55 takes place in the initial step of the process.163

Catalysts 56 (R1 is anthracenyl, R2=Ph) turned out to be
more active: their productivity was up to 6400 (kg PE)
mol71 h71 under the pressure of 17 atm.17 Triphenylphos-
phine as well as acetonitrile may be used as the ligand L.

Some of the discussed catalysts are able to function without
a co-catalyst (the testing was continued for 1 ± 2 h).17, 164 The
following catalytic cycle of polymerisation with nickel salicyl-
aldiminate complexes has been suggested on the basis of
31P NMR studies.

Data on dinuclear complex 57 which exhibits similar
catalytic properties, have been published recently.165 Catalysts
of this type are quite resistant to the effect of polar functional
groups; this makes it possible to obtain co-polymers of ethyl-
ene with substituted norbornenes and a,o-functionalised ole-
fins 17, 166, 167 and also to perform polymerisation in polar and
protic solvents.168, 169 However, the co-polymerisation of ole-
fins with vinyl-functionalised co-monomers turned out to be
impossible due to the catalyst deactivation.170 Nevertheless, Li

et al.171 have managed to perform homo- and co-polymer-
isation of ethylene with methyl metacrylate (the incorporation
of co-monomer was up to 16.7%) on catalyst 58 and MMAO
as a co-catalyst. The co-polymerisation of ethylene withmethyl
metacrylate on nickel catalysts activated by Ni(COD)2 and
then by methylaluminoxane has been discussed.172 It was
shown 173 that complexes containing a vinyl substituent in the
aromatic ring are transformed into `self-immobilised' catalysts
59 during ethylene polymerisation.

Hicks and Brookhart 174 have reported nickel anilinotro-
polone complex 60, which does not require a co-catalyst in
olefin polymerisation. This complex produces polyethylene
with molecular mass Mn=16105 ± 36105, a rather narrow
molecular mass distribution (Mw/Mn=1.7 ± 2.0) and the
number of branches ranging from 8 to 100 per 1000 carbon
atoms. Later, it was shown that the polymerisation has a
migratory mechanism (see Scheme 1), the predominant state
of the catalyst being the complex LNiR(C2H4) (L is the
anilinotropolone ligand, R is the polymeric chain); the activa-
tion parameters of separate stages of the process were also
evaluated.175

The effect of reaction conditions on ethylene polymer-
isation in the presence of dinitro-substituted nickel catalysts
55 (R1=X=NO2 , R2=H, Pri) and methylaluminoxane has
been studied.176 A linear polyethylene of high molecular mass
has been obtained and the activity of the catalyst was as high as
200 (kg PE) mol71 h71 bar71. A tenfold increase in the activ-
ity of the catalytic system was achieved by varying the content
of trimethylaluminium in MAO.177 It was shown 178 that
complex 55 (R1=cyclo-C6H11, R2=H, X=Me) is able to
catalyse ethylene polymerisation and its co-polymerisation
with functionalised substrates (tert-butyl undec-10-enoates,
methyl undec-10-enoates, pent-4-en-1-ol) when activated by
Ni(COD)2 . A similar catalyst (R1=cyclo-C6H11, R2=H,
X=Cl) is active in the homo- and co-polymerisation of
ethylene with esters of undecenoic acid when Ni(COD)2 or
AlBui3 are used as co-catalysts.179 NickelN,O-chelates are very
convenient as they are applicable to various substrates. For
instance, b-ketoiminate complexes 61 are inactive in olefin
polymerisation; however they catalyse the norbornene poly-
merisation when activated by MAO. The activity of such
system may reach 1600 (kg polynorbornene) mol71

h71 bar71 withMw/Mn=1.3 ± 2.0.180
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Among other nickel N,O-chelates, worthy of note are
complexes 62 160 and 55 (X=Cl, R1=CHO, Ar is 1-naph-
thyl),181 which are active in ethylene oligomerisation with
B(C6F5)3 and MAO co-catalysts, respectively. The results of a
systematic study of the effect of substituents in various
positions of salicylaldiminate ligands (complexes 63) on the
structure of the polymers obtainedwere reported.17, 162, 182 ± 184

Thus the introduction of bulky substituents in the ortho-
position of aryl ligand at the nitrogen atom results in the
increase in linearity and molecular mass of polyethylene.
A linear polyethylene with the highest molecular mass was
obtained using catalysts with bulky substituents in the ortho-
position relative to the phenoxy group. These catalysts also
possess the longest lifetimes. More branched polyethylene was
obtained when a halogen atomwas placed in the ortho-position
of the aryl substituent or when primary imino group was
replaced by a secondary one. The activity of these catalysts
remained almost the same; however, the molecular mass of the
polymer decreased. Besides, the catalytic activity of nickel
salicylaldiminate complexes increased when substituents such
as Cl and NO2, were placed in the ortho- and para-positions of
the phenoxy ring.

Thus, unlike polymerisation catalysts based on Group 4
metals, complexes of the late transition metals are able to
catalyse not only homopolymerisation of linear olefins, but
also other processes such as oligomerisation, co-polymerisa-
tion of olefins with polar co-monomers, living polymerisation,
polymerisation in polar media and may produce branched
polymers if the mechanism of b-elimination followed by
repeated 2,1-insertion takes place. However, unlike Group 4
metal complexes, no obvious correlation between the ligand
structure and the microstructure of the obtained polymers has
yet been established for the late transition metal complexes.

IV. Complexes with bis(imino)pyridyl and similar
ligands

In 1998 the groups of Brookhart 18 and Gibson 19 published
independently the first studies dealing with olefin polymer-
isation catalysts based on iron(II) and cobalt(II) complexes 64
with bis(imino)pyridyl ligands and MAO as a co-catalyst.

The extremely high activity of such systems [up to
11 000 (kg PE) mol71 h71 bar71, which is higher than the
activity of Group 4metal complexes] has attracted attention of
scientists and chemical industry professionals. This type of
catalysts produce linear polyethylene with wide molecular
mass distribution ranging from oligomers to a high-molecu-
lar-mass polyethylene. The presence and the bulk of substitu-
ents in the phenyl rings at the imine nitrogen atoms strongly
affect the activity of the catalyst and the molecular mass of the
polymer. Later, it was shown that simpler and cheaper activa-
tors, particularly trialkylaluminium, may be used for these
catalysts;20 ± 22, 185, 186 supported catalysts were developed as
well as the catalysts based on complexes of other metals (V, Cr)
with bis(imino)pyridyl ligands.

1. Iron(II) bis(imino)pyridyl complexes and their analogues
Iron(II) complexes 64 catalyse ethylene polymerisation pro-
ducing linear polyethylene with Mw up to 66105 (Ref. 187),
which usually has a broad molecular mass distribution
(Mw/Mn=2.3 ± 144), including a bimodal distribution.26, 187

This can be explained by the suggestion that besides b-elimi-
nation,188 chain transfer to aluminium may take place in this
type of systems.187 The following processes are possible in
catalytic systems based on iron bis(imino)pyridyl complexes:

The complexes containing two substituents in the ortho-
positions of aryl rings at the nitrogen atom (R1=R3=Alk,
R2=H) are more active than complexes with one ortho-
substituent (R1=Alk, R2=R3=H), and the introduction
of a para-substituent increased the catalyst activity and the
molecular mass of the polymer to even a greater extent.18, 19

Meanwhile, iron bis(imino)pyridyl complexes are able to
catalyse the oligomerisation of ethylene to give a-olefins with
high selectivity if the aryl rings contain one small substituent in
the ortho-position (R1=Me, R2=R3=H) or if the ligand is
non-symmetric (i.e., two different amines are used in the
synthesis of the ligand).189 ± 191

Predominant formation of oligomeric products was also
observedwhen only 3- and 4-substituents are present in the aryl
fragments at the nitrogen atoms in complexes 64.192 It was
established 192 that in the presence of acetyliminopyridine
complexes 65, ethylene oligomerisation proceeds with high
selectivity (the content of a-alkenes is up to 82%).
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The effect of substituents at the nitrogen atoms on the
activity of MAO-activated catalysts has been studied.193 Sin-
gle-component catalysts 66 based on the iron(II) complex with
bis(imino)pyridyl ligands were proposed by Chirik and co-
workers.194 They were obtained by the reaction of appropriate
precursors with activators, B(C6F5)3 or [PhMe2NH][BPh4].

Such systems have attracted considerable interest. A num-
ber of papers on their optimisation for practical use have
appeared. Thus the thermal stability of iron bis(imino)pyridyl
catalysts somewhat increases upon introduction of cycloalkyl
substituents in the ortho-positions of the aromatic rings
(complex 67).134, 195 ± 198

Several research groups have shown that such catalysts
may be activated by trialkylaluminium derivatives [AlMe3 ,
AlBui3, Al(n-C8H17)3].20, 21, 185, 186 It is of interest that, accord-
ing to Semikolenova and co-workers,22 the activity of iron
complexes in olefin polymerisation in the presence of MAO
strongly depends on the content of trimethylaluminium in
MAO: the activity is higher at high (28%) or low (1%) contents
of Al in the form of AlMe3 than at a content of 10%. This fact

may indicate that different active intermediates operate in
systems with trialkylaluminium and MAO. High activity in
ethylene polymerisation was observed in the presence of such
activators as AlMe3 , AlBui3 or Al(n-C8H17)3 .22 The applica-
tion of trialkylaluminium derivatives for the activation of
catalysts 64 results in the formation of polyethylene with a
broad molecular mass distribution (Mw/Mn=4 ± 11), the
composition of the activator affects both the molecular mass
of the polymer and its polydispersity.199

The immobilised homogeneous iron bis(imino)pyridyl cat-
alysts are better suited for industrial application, as immobili-
sation simplifies their handling, increases their stability and
lifetime, and improves the polymer morphology.22 Thus sys-
tems with catalysts supported on silica gel,22, 200 ± 204 alu-
mina,202 modified mesoporous material SBA-15 (Ref. 205) or
MgCl2 (Refs 200, 206) and encapsulated into cyclodextrin 207

have been reported over the last years. A system containing an
iron complex, MgEtBun and Al2Et3Cl3 which is active in the
presence of various trialkylaluminium derivatives was pro-
posed recently.208 According to the reactor blending approach
(tested previously in similar homogeneous systems),135, 209

Ivanchev et al.203 have proposed catalysts for ethylene poly-
merisation based on SiO2-supported iron and nickel complexes
67 and 39.

Due to the good prospects of bis(imino)pyridyl catalysts,
study of active intermediates of polymerisation is of obvious
interest. In systems based on such iron complexes (LFeCl2),
Talsi and co-workers 21, 210 ± 212 identified, using NMR and
EPR methods, the immediate precursors of active species,
namely, neutral (when trialkylaluminium derivatives were
used as activators) or cationic iron(II) complexes rather than
iron(III) complexes as has been suggested earlier.213
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The mechanism of activation of iron(II) bis(imino)pyridyl
complexes is shown in Scheme 2. In order to explain the
observed bimodal molecular mass distribution of the polymer-
isation products, Wang and co-workers 214 have suggested, on
the basis of electron microscopy data, the formation of two
types of catalytically active species (Scheme 3) in the activation
of iron(II) bis(imino)pyridyl chloride complexes by triethyl-
aluminium. Barabanov et al.215, 216 have made an attempt to
establish the nature of active centres in such systems. They
estimated the concentration of these centres and the rate
constant for chain propagation with inhibition of polymer-
isation by the addition of 14CO. Two types of active centres
were found in the system with AlBui3. Presumably, the most
active (less stable) centres are responsible for the formation of
the low-molecular-mass polyethylene fraction. Similar meas-
urements were performed for supported systems and the
relative amount of active centres in the supported systems
turned out to be significantly lower then that in homogeneous
systems.199, 217

Scheme 3

The diversity of bis(imino)pyridyl complexes is based on
the variety of ligand structures. Thus the cationic complex 68 is
highly active in ethylene polymerisation when activated by
MAO or by the AlMe3 ±B(C6F5)3 system.218 The replacement
of the pyridine ring by a pyrimidine ring (complex 69) some-
what decreases the catalyst activity.219

The attempts to isolate complexes with ligands containing a
five-membered heterocycle (compounds 70) instead of the
pyridine ring were unsuccessful.219 The replacement of methyl
groups in the ketimine fragments by bulkier substituents
resulted in the formation of highly active catalysts of ethylene
polymerisation 71.220

However,N,N 0-bis(diphenylmethyl)-2,6-bis(imino)pyridyl
complexes do not react with ethylene, while N,N 0-di-
fluorophenyl-2,6-bis(imino)pyridyl complexes are highly
active in its oligomerisation.193, 221 Non-symmetric iron bis-
(imino)pyridyl complexes exhibit high activity in ethylene
polymerisation.193, 222 If one (or both) imine fragments are
replaced by neutral amino groups (complex 72), the observed
decrease in activity is 1 ± 2 orders of magnitude.223 Series of
studies were performed to elucidate the influence of various
substituents at the imine nitrogen atoms in iron and ruthenium
bis(oxazoline)pyridine (73) 224, 225 and bis(hydrazone)pyri-
dine 226, 227 complexes on their activities. Several attempts
were made to explain the effect of substituents in aromatic
rings 228 ± 230 and activators 231, 232 on the behaviour of the
polymerisation catalysts and also on the structure and molec-
ular mass of the polymers.

Iron bis(imino)pyridyl complexes are fairly active in pro-
pylene polymerisation.233, 234 Small and Brookhart 233 have
reported the activity of up to 950 (kg propylene) mol71 h71

bar71, the polymerisation proceeding with a high proportion
of 2,1-insertion; the content of the [mm] diads in the resulting
low-molecular-mass propylene (Mn& 6500) was as high as
67%. These catalysts show low degree of a-olefin insertion,
therefore, they are unsuitable for co-polymerisation.15

2. Cobalt(II) bis(imino)pyridyl complexes
The catalysts of olefin polymerisation based on cobalt(II)
bis(imino)pyridyl complexes 64 (M=Co) were discovered
simultaneously with similar iron(II) complexes.18, 19 Very
often, the new iron and cobalt bis(imino)pyridyl ligands were
studied in parallel.18, 19, 187, 218, 219, 226, 228 ± 230, 235 ± 239 Some
papers describe supported iron and cobalt catalysts.205, 239

Interestingly, cobalt complexes with ligands containing bulky
polynuclear aromatic substituents at the nitrogen atoms are
relatively active in ethylene polymerisation; indeed, the activity
of cobalt complex 74 was up to 673 against 950 (kg PE)
mol71 h71 bar71 for the similar iron complex when activated
by MAO.240 The activity decreases and the polymer molecular
mass increases with an increase in the bulk of the ortho-
substituents in the phenyl rings at the nitrogen atom. The
presence of both ortho-substituents is required in order to
obtain polyethylene, while in the case of only one substituent,
lower oligomers predominate among the products. Generally,
the cobalt complexes are an order of magnitude less active than
similar iron complexes and produce linear polymers with
somewhat narrower molecular mass distribution (Mw/Mn for
cobalt complexes rarely exceeds 10, while it is as high as several
tens for iron complexes).
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Cobalt bis(imino)pyridyl complexes are rather active in the
polymerisation of vinyl ethers in the presence of MAO (iron
complexes are significantly less active) 241 and in the co-
polymerisation of ethylene with methylcyclopropanes.242 The
cobalt catalysts containing electron-withdrawing substituents
are extremely active in selective dimerisation and oligomerisa-
tion of a-olefins. Particularly, the selectivity of propylene
dimerisation to give hex-1-ene catalysed by complex 75 is
72% and the activity of the catalyst is 19.3 (kg products)
(g Co)71 h71 bar71; this catalyst is also active in ethylene
polymerisation, its activity being up to 129 000 (kg PE)
mol71 h71 bar71 (however, only for polymerisation time of
2 min).243 This is a record value for Group 9 metals, complex
75 being the first example of a systemwhere a cobalt complex is
more active than its iron analogue. Catalysts 64 (M=Co;
R1=Me; R2=Me, OMe) are highly active in a-olefins
formation. Such complexes in combination with [rac-ethylene-
bis(indenyl)]zirconium(IV) dichloride 244 or with a constrained
geometry complex 245 (the reactor blending) are used in ethyl-
ene polymerisation to produce linear low-density polyethylene
with ethyl, butyl and other long alkyl branches in the side
chain.

Of the analogues of cobalt(II) bis(imino)pyridyl complexes,
compounds 76 deserve attention: the introduction of phos-
phinimide fragments results in the formation of moderately
active catalysts.246, 247 In contrast to similar nickel compounds,
branched oligomeric products are formed when cobalt bis-
(imino) complexes 77 are used in ethylene polymerisation in
the presence of MAO.248

The structure of the active intermediates in cobalt-based
systems has not been determined so definitely as in the case of
similar iron(II) complexes. Some authors claim that cobalt(I)
derivatives may be the active species.249, 250 The activation
process suggested for systems based on cobalt bis(imino)pyr-
idyl complexes is shown in Scheme 4. Gibson et al.249 have
synthesised cobalt(I) complex 78, a supposed precursor of the
active intermediate, and have shown that after MAO activa-
tion, the same polymer is formed at the same rate as in the case
of the starting cobalt(II) complex. Complex 78 itself is unable
to add ethylene, it must be transformed into an active cationic
form 79.249, 251 According to NMR data, the observed inter-
mediates represent ionic pairs of the types LMeCo(II)Cl ±
MAO or LMeCo(II)Me ±MAO.22 The activation of cobalt
bis(imino)pyridyl complexes by methylaluminoxanes was also
studied by electronic spectroscopy.252

3. Vanadium(III) and chromium(III) complexes with
bis(imino)pyridyl and other nitrogen-containing chelating
ligands
Soon after the discovery of iron(II) and cobalt(II) bis(imino)-
pyridyl complexes, similar catalysts based on othermetals were
developed. Thus Gambarotta and co-workers 253 have
observed high activity of vanadium complex 80 in ethylene
polymerisation [up to 3300 (kg PE) mol71 h71] in the pres-
ence of MAO. The resulting polymers possessed a bimodal
molecular mass distribution and the value of Mw/Mn was as
high as 50. Several years later, Schmidt et al.254, 255 have studied
systematically the effect of substituents in aromatic rings on the
activity of catalysts 81 and the properties of the products. It
was found that in contrast to similar iron(II) complexes,
oligomeric products are formed predominantly when vana-
dium complexes are used.255 Low-molecular-mass poly-
ethylene was formed only if the aromatic rings contained two
or more relatively bulky substituents (Et, Pri). The introduc-
tion of electron-withdrawing substituents into the ortho- and
para-positions of the phenyl ring sometimes increased the
activity.255 Grassi and co-workers 256 have reported low activ-
ity of similar complexes in the presence of MAO or Al2Et3Cl3
in the processes of homo- and co-polymerisation of butadiene
with ethylene. The mechanism of activation of vanadium
catalysts is not yet clear. It was found 253 that alkylation of
the ligand takes place when the excess of MAO is added to
catalyst 80. It was suggested that it is complex 82 formed
(X=Cl) that catalyses ethylene polymerisation. The activa-
tion processes of vanadium catalysts were studied by electronic
spectroscopy.257 The results were interpreted by assuming the
formation of complex 82 (X=Me) as the precursor of the
active intermediate.
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Vanadium(III) bis(imino) complexes 83 have shown low
activity in ethylene polymerisation in the presence ofMAOand
AlEt2Cl.258 On the contrary, catalyst 84 supported on
modified MgCl2 was rather active [up to 3100 (kg PE)
mol71 h71 bar71]; polyethylene formed had high molecular
mass and a narrow molecular mass distribution (Mw up to
76105, Mw/Mn=2.0 ± 2.3).259 Vanadium(III) bis(benzimid-
azole) complexes 85 are highly active in ethylene polymer-
isation in the presence of AlMe2Cl and produce polyethylene
withMw up to 106 andMw/Mn=2.4 ± 3.3.260

There are very few studies on chromium(III) bis(imino)-
pyridyl complexes. The first publications on the synthesis of
chromium(III) bis(imino)pyridyl complexes 86 261 and on the
study of their catalytic activity in ethylene polymerisation in
the presence of MAO, AlBui3 and triisobutylaluminoxane 262

appeared in 2002 ± 2004. The resulting polymers usually
possess low molecular masses (Mw up to several tens of
thousands) and narrow molecular mass distribution [the ratio
Mw/Mn=1.3 ± 1.9 is the lowest among bis(imino)pyridyl
complexes of various metals] and the activity of the catalysts
is very high [for R1=R2=R3=Me, the activity was up to
25 000 (kg PE) mol71 h71 bar71 in the presence ofMAOand
15 000 (kg PE) mol71 h71 bar71 in the presence of AlBui3 ,
polymerisation time 30 min]. A systematic study of the effect
of substituents revealed general trends for all bis(imino)pyridyl
complexes: the presence of ortho-substituents in the aromatic
rings is required to achieve high activity and an increase in the
bulk of these substituents results in a decrease in the activity
and an increase in the molecular masses of the polymers.

Small et al.263 have studied the catalytic properties of a
series of other complexes of the type 87, including non-asym-
metrical ones, mainly in the reaction of ethylene oligomerisa-
tion. It was found that at room temperature the monoimine
complexes 87 (X=O) are moderately active in ethylene poly-
merisation (Mw=346103 ± 1036103) and at higher temper-
atures (80 ± 100 8C) they behave similarly to the bis(imine)
complexes [produce low-molecular-mass PE, the catalyst activ-
ity being up to 14 000 (kg PE) mol71 h71 bar71].

Nakayama et al.264 have studied a number of chro-
mium(III) complexes with halo-substituted bis(imino)pyridyl
ligands. The activity of such complexes in the presence of
MMAO ranged from moderate to high. Among the analogues
of bis(imino)pyridyl complexes, compound 88 has to be noted.
This complex produces a mixture of oligomeric products
alongside with low-molecular-mass polyethylene.265 The chro-
mium(II) and chromium(III) complexes with tris(pyridyl-
methyl)amine (TPA) 89 show low activity in ethylene
polymerisation.266, 267 Complexes 90 containing a donor sulfur
atom are moderately active in the presence of MMAO
[72 ± 188 (kg PE) mol71 h71 bar71] and yield relatively high-
molecular-mass linear product (Mw up to 3.946105).268
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It should be noted that chromium and vanadium bis(imi-
no)pyridyl complexes are not currently used for ethylene
polymerisation as extensively as the iron complexes. This is
attributable, first, to the fact that they were discovered later
than iron and cobalt complexes and, second, to the fact that
they are less active and the molecular masses of the obtained
polymers are lower. The zirconium(IV), titanium(III), titan-
ium(IV) and manganese(II) bis(imino)pyridyl complexes have
also been reported;269, 270 however, due to their low activity,
they would hardly find any industrial application.

Taking into account the above-mentioned features of
bis(imino)pyridyl complexes, one may conclude that the
iron(II) and chromium(III) complexes are the most active in
ethylene polymerisation; the iron-based catalysts produce
polyethylene with a broad molecular mass distribution
(Mw/Mn>10), while the chromium derivatives produce poly-
ethylene with a narrow molecular mass distribution
(Mw/Mn<10, sometimes even 1.3 ± 1.9). The cobalt(II) and
vanadium(III) complexes are less active and the polymers
formed usually have Mw/Mn<10 and a lower molecular
mass than those obtained with iron- and chromium-based
catalysts. The vanadium-based catalysts mainly produce oli-
gomeric products. The product characteristics strongly depend
in all cases on the substituents in the aromatic rings at the
imino-group nitrogen atoms.

V. Complexes with phenoxyimine, pyrrolylimine
and similar ligands

The first catalysts of ethylene polymerisation based upon
titanium(III), titanium(IV) and zirconium(IV) complexes with
N,O-donor bis(hydroxyphenyloxazoline) ligands 91 were syn-
thesised by Floriani's research group in 1995; however the
activities of these catalysts were very low.271, 272

Later, at the end of the 1990s, the synthesis of new highly
active catalysts of olefin polymerisation based on complexes of
Group 4 metals with bis(phenoxyimine) ligands 92 was
reported.273, 274 The activity of these catalysts was equal to or
even higher (depending on the substituents) than the activity of
metallocene-based systems. Some complexes were able to
catalyse living polymerisation of ethylene, stereospecific poly-
merisation of propylene and even co-polymerisation of ethyl-
ene and a-olefins with polar co-monomers.23, 275 Later, highly
effective bis(pyrrolylimine) catalysts 93 have been synthes-
ised.24

1. Zirconium complexes with phenoxyimine ligands
The optimal structure of the ligand for complexes 94 which
makes them active catalysts in ethylene polymerisation upon
activation with MAO was found even in the first studies of
Fujita and co-workers.276 ± 278 Whereas the titanium and haf-
nium complexes were highly active [3300 and 6500 (kg PE)
mol71 h71 bar71 respectively], the zirconium complex has
shown a unique activity of 519 000 (kg PE) mol71 h71 bar71

at 25 8C and polymerisation time of 5 min. Zirconium catalyst
94 effectively maintained the activity for at least 30 min at
room temperature. In the presence of MAO, the maximum
activity was observed at 40 8C [587 000 (kg PE) mol71

h71 bar71]; the polyethylene obtained had Mw=104. How-
ever, if the Ph3CB(C6F5)4 ±AlBui3 combination was used as an
activator, the activity drastically decreased [down to
11 000 (kg PE) mol71 h71 bar71 at 50 8C] and ultrahigh-
molecular-mass polyethylene was obtained.279 The catalytic
properties were strongly affected by the presence of substitu-
ents in the aromatic ring and the aniline fragment. Thus, the
introduction of alkyl substituents (R1=Alk) in the ortho-
position of the aniline ring (complex 95) resulted in a decrease
in the catalyst activity and in an increase in the polymer
molecular mass in the presence of MAO.280

Further development of this catalytic system involved
mainly the modification of ligands. The activity was increased
by selecting bulky R2 substituents and the activity of
complex 95 (R1=H, R2=CMe2Ph, R3=Me) reached
2.16106 (kg PE) mol71 h71 bar71 (Ref. 279). The replace-
ment of aniline by cyclohexylamine increased the activity of
these catalysts evenmore. In the presence ofMAO, complex 96
(R1=R2=Ph, R3=OMe) has shown the activity of
9 350 000 (kg PE) mol71 h71 under a pressure of 9 bar at
75 8C during 15 min of polymerisation.23, 280, 281 Matsui and
Fujita 279 have called these highly active catalysts `FI Cata-
lysts'.

Polyethylene with a relatively narrow molecular mass
distribution (Mw/Mn=1.1 ± 2.5) is obtained in the presence
of most zirconium bis(phenoxyimine) complexes. However,
polyethylene obtained in the presence of complexes 97 pos-
sesses a trimodal distribution (eachmaximumhasMw/Mn& 2)
and the content of the high-molecular-mass fractions may be
controlled by temperature variation.282 It was suggested that
this effect is caused by existence of equilibrium of several
coordination isomers of the catalyst.
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In the presence of MAO and Ph3C[B(C6F5)4] ±AlBui3,
zirconium systems are able to catalyse propylene polymer-
isation 277 and also co-polymerisation of ethylene with pro-
pylene 279, 280 (with 20%±30%of propylene content) including
co-polymerisation which produces an ultrahigh-molecular-
mass co-polymer (Mw=10.26106).283 The catalytic proper-
ties of phenoxyimine catalysts and the structures of the result-
ing polymers have been surveyed.284, 285

It was found that these catalysts may also be activated by
activators other than MAO and Ph3C[B(C6F5)4], for example,
by AlEt3 and a phosphomolybdenum heteropoly com-
pound 286 or even by trialkylaluminium derivative alone.287 In
the latter case, the molecular masses of the products are higher
and their molecular mass distribution is broader than those in
the case of MAO activation, while the activity of catalysts
remains approximately the same. The MgCl2 ±RmAl(OR)n
system was used as an activator and a support for zirconium,
titanium and vanadium bis(phenoxyimine) complexes.288, 289

Also, highly active `self-immobilised' zirconium and titanium
systems containing an allyl substituent in the aniline ring were
proposed, the molecular mass distribution (Mw/Mn=
3.5 ± 19.2) attained with the `self-immobilised' catalysts being
wider than that for similar homogeneous systems
(Mw/Mn<3).290

The mechanism of polymerisation with zirconium
bis(phenoxyimine) complexes is little studied. Makio and
Fujita 291 have attempted to detect active intermediates by
1H NMR spectroscopy, but the results were not highly infor-
mative.

Bis(ketimine) complexes 98, which are moderately active in
ethylene polymerisation, should be noted among the analogues
of zirconium bis(phenoxyimine) complexes.292 Highly active
bis(phenoxyketimine) complexes 99 were synthesised; the
introduction of the R1 substituents into the imine group results
in an increase in the catalyst activity and the molecular mass of
polyethylene.293

It is remarkable that removal of one phenoxyimine ligand
or its replacement by cyclopentadienyl results in a significant
decrease in the activity of complexes 100 and 101.82, 294 Com-
plexes 102 with tridentate N,O,O-donor ligands are highly
active in ethylene polymerisation and co-polymerisation of
ethylene with propylene in the presence of MAO [up to
5700 (kg PE) mol71 h71 bar71 at 25 8C for polymerisation
time of 5 min] and Ph3CB(C6F5)4 ±AlBui3 [up to
36 590 (kg PE) mol71 h71 bar71 under similar conditions].

The increase in temperature has resulted in a decrease in the
polymer molecular mass and in the narrowing of the molecular
mass distribution due to acceleration of chain transfer proc-
esses.295 The catalysts containing phenoxyimine ligands linked
by a polymethylene bridge were also highly active.296 The
zirconium complexes containing bis(phenoxyimine) ligands
linked by different types of bridges were moderately active in
the polymerisation 297 ± 299 and oligomerisation of ethyl-
ene.300, 301

2. Titanim complexes with phenoxyimine ligands
In contrast to zirconium complexes, titanium complexes with
bis(phenoxyimine) ligands are not highly active in polymer-
isation but produce polymers with higher molecular masses.
Thus the activity of titanium complexes 94 276 ± 280, 302 in ethyl-
ene polymerisation in the presence of MAO was equal to
2280 ± 4150 (kg PE) mol71 h71 bar71; a high-molecular-
mass polyethylene (Mw=2.96105 ± 8.86105) was obtained
at 25 ± 75 8C. This complex is less active in the presence of
Ph3CB(C6F5)4 ±AlBui3; however, the resulting polyethylene
had an ultrahigh molecular mass (Mw=3.96106 ± 5.96106).
Note that titanium complex 94may be reduced by triisobutyl-
aluminium to a phenoxyamine derivative, which is active in
polymerisation of higher olefins, particularly, hex-1-ene.303

Structurally related N-benzylidene complex 103 is also highly
active in ethylene polymerisation in the presence of MAO or
Ph3CB(C6F5)4 ±AlBui3 yielding high-molecular-mass poly-
ethylene.304

The most interesting properties were found for catalysts
with electron-withdrawing substituents in the aniline ring.
Thus it was established that complexes 104 (R1=But,
R2=H) are able to catalyse living polymerisation of ethyl-
ene 305 and propylene with high syndioselectivity ([rr] of up to
87%±93%,Mw/Mn* 1.1) in the presence ofMAO.306, 307 The
presence of even one fluorine atom in the ortho-position of the
aniline fragment is sufficient to trigger the living polymer-
isation mechanism; the highest activity [up to 36 000 (kg PE)
mol71 h71 bar71 at 50 8C] was achieved with a catalyst
containing a pentafluorinated phenyl ring, and the polymer
molecular mass was also the highest in this case
(Mn=4.246105).23, 308 Complexes containing fluorine atoms
only in the meta- and/or para-positions of the aniline ring are
also highly active but do not catalyse living polymerisation
(Mw/Mn=1.78 ± 2.18).23, 305 ± 308 It is characteristic that upon
introduction of electron-withdrawing substituents into the
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salicylaldimine ring, polymerisation in the presence of titanium
bis(phenoxyimine) complexes 104 (R1=R2=I; Fn=2,6-F2)
is no more living and the activity of the catalyst decreases.
Complexes 104 are able to catalyse the production of block co-
polymers with styrene.309 ± 311 It should be noted that in all
cases, the polymerisation timewas very short (from 1 to 5 min).

Titanium fluorinated phenoxyimine complexes were used
for the production of ethylene ± propylene block co-poly-
mers.312 Trifluoromethyl groups (complex 105) can also be
used as substituents that increase the activity; the higher the
number of electron-withdrawing groups the higher the catalyst
activity and the polymer molecular mass.313 Coates and co-
workers 314 have found that titanium complexes 106 with
phenoxyketimine ligands without electron-withdrawing sub-
stituents in the aniline ring may be used as catalysts of living
polymerisation of ethylene. Complexes 107 produce poly-
ethylene with a relatively broad molecular mass distribution
(Mw/Mn=4 ± 5).315

A number of interesting properties were found for fluori-
nated phenoxyimine catalysts 104 in living polymerisation of
propylene.306, 307 Particularly, the syndiotactic polypropylene
with a high melting point (up to 149 ± 156 8C) was obtained in
the presence of MAO.316 It is quite remarkable that chain
propagation occurs according to the 2,1-insertion mecha-
nism.317, 318 If the Ph3CB(C6F5)4 ±AlBui3 system is used as a
co-catalyst, a high-molecular-mass atactic polypropylene is
produced; the zirconium and hafnium analogues of com-
plex 104 in combination with this co-catalyst form isotactic
polypropylene.319 This was attributed to the reduction of the
imine bond leading to compounds 108, which possess different
catalytic properties.320 Particularly, these compounds are less
active than phenoxyimines and their activity in the polymer-

isation of higher olefins increases in the series hex-1-ene<oct-
1-ene<dec-1-ene<4-methylpent-1-ene.

Bis(phenoxyimine) complexes may be used as catalysts of
ethylene co-polymerisation with higher olefins. Co-polymer-
isation of ehtylene with propylene, hex-1-ene and norbornene
catalysed by titanium bis(phenoxyimine) complexes 94 has
been studied.321 Complexes 109 may catalyse the production
of block co-polymers with hex-1-ene, oct-1-ene, dec-1-ene with
narrow molecular mass distributions (Mw/Mn=1.1 ± 1.3) and
co-monomer contents of up to 30%.322 The homopolymerisa-
tion of higher a-olefins (C6 ±C10) in the presence of titanium
bis(phenoxyimine) complexes and Ph3CB(C6F5)4 ±AlBui3 have
been discussed by Fujita and co-workers;323 atactic polyolefins
with high molecular mass were obtained (Mw=
8.56105 ± 1.56106).

The search for other co-catalysts has brought some results.
Particularly, polyethylene 324 and syndiotactic polypropy-
lene 325 were obtained with fluorinated catalysts activated by
isobutylaluminium 2-ethylhexyloxide [BuimAl(OR)n] with
MgCl2. Similar co-catalyst systems were used for activation
of titanium, zirconium and vanadium phenoxyimine com-
plexes.288 The first papers on the solid-phase phenoxyimine
systems have appeared. For example, Klapper and co-work-
ers 326 supported titanium bis(phenoxyimine) complex on latex
particles and obtained ultrahigh-molecular-mass (Mw>
66106) polyethylene withMw/Mn=3.

The structure of phenoxyimine ligands was varied in a
number of studies. Complexes 110 with bulky substituents in
the aniline ring had a low activity.327 Bravaya and co-
workers 328 synthesised dinuclear titanium complex 111,
which was highly active in ethylene polymerisation in the
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presence of MAO and produced high-molecular-mass poly-
ethylene (Mn=2.56106).

Bochmann and co-workers 82 have synthesised titanium
monocyclopentadienyl monophenoxyimine and phenoxy-
amine complexes similar to zirconium complexes 101; these
compounds were active in the polymerisation of 1-alkenes in
the presence of MAO. The monosalycylaldimine compounds,
for example, the titanium analogues of complexes 100, exhibit
relatively low activities [up to 440 (kg PE) mol71

h71 bar71].294, 329 The hybrid salicylaldiminato pyrrolyl-
iminate catalysts 112 are highly active [up to 85 000 (kg PE)
mol71 h71 bar71, polymerisation time 2 min, 20 8C]; how-
ever, they are unable to activate living polymerisation.330

Recently, it has been found that the titanium and zirconuium
complexes L2MCl2 with salicyloxazoline ligands 113 bearing
substituents R1, R2, R3=H, Me, Pri, But are highly active
catalysts of ethylene polymerisation [up to 280 000 (kg PE)
mol71 h71 bar71, polymerisation time 1 min, 22 8C].331

Tang and co-workers 332 have shown that titanium com-
plexes 114 with tridentate N,O,P-donor ligands are active in
ethylene polymerisation in the presence of MMAO and are
also able to catalyse co-polymerisation of ethylene with pro-
pylene, hexene and norbornene.

It should be noted that zirconium phenoxyimine and other
related complexes particularly, titanium complexes are usually
rapidly deactivated; therefore, most of the authors use only the
initial parts of polymerisation curves (1 ± 5 min) in the calcu-
lation of catalytic activities.

In the case of titanium phenoxyimine catalysts, active
intermediates have been studied in more detail than their
zirconium analogues. Thus Fujita and co-workers 289 have
identified a series of titanium(IV) complexes in the catalytic
system 109 (R=But) with MAO by 1H NMR spectroscopy.
Later, Talsi and co-workers 333 have used 1H, 13C and
19F NMR to detect and identify a series of cationic intermedi-
ates, including species 115, in the catalytic systems comprising
compound 109 (R=But) and MAO (Scheme 5) and also with
AlMe3 ± Ph3CB(C6F5)4. It was established that reduction of
the metal to titanium(III) and the transfer of the phenoxyimine
ligand to aluminium, resulting in the formation of LAlMe2, are
the main routes of deactivation of the active species.

3. Group 4 metal complexes with pyrrolylimine ligands
The first complexes of Group 4 metals with pyrrolylimine
ligands were synthesised and tested in polymerisation by Fujita
and co-workers 24, 334, 335 and Bochmann and co-workers.336

Zirconium complex 116 was moderately active in ethylene
polymerisation in the presence of MAO [63.8 (kg PE)
mol71 h71 bar71], while titanium complexes 117 proved to
be much more active [up to 33 200 (kg PE) mol71 h71 bar71

in the presence of MAO, R1=cyclo-C8H15] to produce linear
high-molecular-mass polyethylene (Mw=3.16106). When
Ph3CB(C6F5)4 ± Bu

i
3Al was used as a co-catalyst, the activity

decreased severalfold andMw increased (up to 4.96106), as in
the case of phenoxyimine catalysts (see above). Later, it was
shown 337 that complex 117 (R1=cyclo-C6H11) is able to
catalyse living polymerisation of ethylene with norbornene,
the co-monomer content being up to 44%±48%, and the
product formed has Mn up to 86105 and Mw/Mn=1.1 ± 1.2.
Fujita and co-workers 24 have generally termed the bis(pyrro-
lylimine) catalysts as `PI Catalysts'.

Titanium bis(pyrrolylimine) complexes are more active
than their zirconium analogues and, hence, it is studies of
titanium complexes that are themost advanced. Attaining high
activity of such complexes does not require necessarily the
presence of a bulky substituent in the vicinity of the active
centre. Indeed, the complex with R2=H is the most active in
the series of catalysts 118.24 Probably, the higher content of
propylene (up to 20%±30% against 4.5% for phenoxyimine
systems) and hex-1-ene (up to 1.9% against 0.4% for phen-
oxyimine systems) obtained upon co-polymerisation of ethyl-
ene with these co-monomers may be explained by greater steric
accessibility of the central atom in pyrrolylimine com-
plexes.24, 321 A similar picture was also observed in co-polymer-
isation of ethylene with norbornene.24 Details of studies on
living co-polymerisation of ethylene with norbornene have
been reported.24, 337 Analysis of the co-polymer structure has
revealed that alternating norbornene ± ethylene units predom-
inate. Interestingly, the homopolymerisation of ethylene is not
living polymerisation (the obtained polymer has Mw/Mn=
2.1) and norbornene is not polymerised at all.338 For the first
time, the authors havemanaged to obtain block co-polymers of
ethylene with norbornene that contained polyethylene and
alternating ethylene ± norbornene segments.338, 339 The cal-
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culations for ethylene insertion into the metal ± carbon bond,
which take place in the polymerisation on bis(pyrrolylimine)
catalysts, were performed in a theoretical study.340

Apart from the titanium bis(pyrrolylimine) complexes,
similar hafnium and zirconium complexes have been studied.
In contrast to complexes 117,336 compounds 119 are extremely
active in ethylene polymerisation when activated by MAO or
B(C6F5)3 ±AlBui3 [up to 22 900 (kg PE) mol71 h71 bar71]
and zirconium complexes are approximately an order of
magnitude more active than the hafnium ones.341, 342

A study of titanium complexes 112 with one pyrrolylimine
and one phenoxyimine ligands has shown that they are able to
catalyse co-polymerisation of ethylene not only with norbor-
nene, but also with hex-1-ene or cyclopentene (in the latter
case, the co-monomer content reached 37 mol%).329, 343

Mashima and co-workers 344 ± 346 have synthesised and studied
a series of complexes 120 and 121, which are active in polymer-
isation of ethylene in the presence of MAO or MMAO.
However, their activity is lower than those of titanium bis-
(pyrrolylimine) complexes.

Thus, the titanium bis(pyrrolylimine) complexes are quite
attractive as catalysts: they are more active in ethylene poly-
merisation than the metellocene systems, they are able to
catalyse living co-polymerisation of ethylene with norbornene
yielding the products with high norbornene content, and are
suitable for production of block co-polymers of ethylene and
norbornene.

4. Phenoxyimine and pyrrolylimine complexes of other
metals and their analogues
Titanium and zirconium compounds are catalytically the most
active in ethylene polymerisation among metal phenoxyimine
and pyrrolylimine complexes known so far. Similar complexes
of other metals are also able to catalyse this process. Thus the
activity of chromium bischelate complex 122 was up to
96 (kg PE) mol71 h71 bar71 with AlEt2Cl as an activator.347

Monochelate phenoxyimine complex 123 is more active
[130 (kg PE) mol71 h71 bar71],348 and AlEt2Cl is also more
efficient as an activator than MAO.

Monochelate complex 124 containing a bulky anthracenyl
substituent is better activated by methylaluminoxane yielding
ultrahigh-molecular-mass polyethylene.349 Complex 125 (and
a number of similar complexes) with the tridentate O,N,N-
donor ligand was found during screening of a wide variety of
ligands. Such complexes are highly active in ethylene polymer-
isation [6970 (kg PE) mol71 h71 bar71] producing linear
low-molecular-mass polyethylene.349, 350

Chromium pyrrolylimine complexes are less active than
similar titanium complexes. The activity of catalyst 126 com-
bined with AlEt2Cl is up to 70 (kg PE) mol71 h71 bar71

(Ref. 351). Subsequently, it was shown 352 that AlMe2Cl may
be used for activation of complex 126; this results in an
increase in the polymer molecular mass and in narrowing of
the molecular mass distribution. Complex 126 shows no
noticeable activity in the presence of MAO.352

Among other catalysts, vanadium bis(phenoxyimine) com-
plexes should be noted; in particular, compounds 127 (R=H,
Ar=Ph) in combination with a heterogeneous activator,
MgCl2 ±EtmAl(OEH)37m (OEH is 2-ethylhexyloxy), is highly
active in ethylene polymerisation at high temperature
[65 000 (kg PE) mol71 h71 bar71 at 75 8C] and also in the
co-polymerisation of ethylene with propylene (Mw=697 000,
propylene content 21.3 mol%). It should be noted that com-
pounds 127 are the first vanadium-based highly active ther-
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mally stable single-centred catalysts of polymerisation.285, 353

Redshaw et al.354 have used AlMe2Cl for activation of com-
plexes 127 [R=CH(2-OHC6H4)2 , Ar=2,6-Pri2C6H3]. The
activities were somewhat lower [up to 24 900 (kg PE)
mol71 h71 bar71 at 75 8C]; ethyl trichloroacetate, which
increases the catalyst thermal stability and service life, was
added as a re-activator.

Aluminium(III) mono(phenoxyimine) complexes, which
showed low activity in the polymerisation of ethylene and
propylene in the presence of AlEt3 or AlMe3 and B(C6F5)3,
should also be noted.355 ± 357

VI. Miscellaneous complexes

We discussed the key complexes used as catalysts of olefin
polymerisation and synthesised in the late 1990s and in the
early 2000s. However, a number of other complexes, which
have been synthesised recently and may turn out to be
perspective in the future, should be noted. Thus titanium(IV)
complexes 128 containing aminotropolone ligands were syn-
thesised. These complexes combined with MAO are able to to
catalyse polymerisation of ethylene and propylene and their
activities are comparable with those of metallocene cata-
lysts.174, 358, 359

Carpentier and co-workers 360 have synthesised and char-
acterised a series of titanium and zirconium complexes with
dialkoxy ligands containing a sulfur bridge. In the presence of
MAO, some of these complexes were highly active in ethylene
polymerisation [for example, the activity of complex 129 was
7190 (kg PE) mol71 h71 bar71]. Titanium complex 130
effectively catalyses polymerisation of hex-1-ene in the pres-
ence of MAO, the resulting polymer having a narrow molec-
ular mass distribution (Mw/Mn=1.07 ± 1.11). This implies
that polymerisation follows a living mechanism; the isotactic-
ity of the mmmm-pentad was 80%±85% (for the C2-form of
the catalyst).361

Gibson and co-workers 362 have described Group 4 metal
complexes 131 with P,O-donor ligands that are active in olefin
polymerisation. The activity of the catalyst with M=Zr,
R1=But, R2=Ph in ethylene polymerisation during 1 h at
20 8Cwas equal to 26 700 (kg PE) mol71 h71 bar71. This is a
very high value for non-metallocene systems.

Titanium complexes 132 with the tris(pyrazolyl)methane
ligand show varying activities depending on the substituent at
the nitrogen atom. The complexes with R=CF3 , But were

extremely active under nearly industrial conditions (100 8C,
7 bar, 10 min), their activities being 133 700 and
152 500 (kg PE) mol71 h71 bar71 (Ref. 363). Titanium and
vanadium complexes 133 catalyse ethylene polymerisation in
the presence of MAO or the AlBui3 ±MAO system, their
activity exceeding 104 (kg PE) mol71 h71 bar71. High-
molecular-mass polyethylene (Mw=1.2 ± 1.66106) may be
obtained with the vanadium complex (X=NBut).364

The synthesis and the catalytic activity in ethylene polymer-
isation for several tens of imidotitanium complexes 134 con-
taining triazacyclic ligands have been reported 365 (only
triazacyclononane complexes are shown but triazacyclohexane
complexes were also studied). The activities of some complexes
reached 4000 ± 10 000 (kg PE) mol71 h71 bar71 at 100 8C for
a polymerisation time of 10 min.

A series of complexes containing vanadium in various
oxidation states ranging from +2 to +5 with O,N,N,O-
donor ligands 135 have recently been reported. In the presence
of AlEtCl2, these complexes are moderately active in ethylene
polymerisation and in co-polymerisation of ethylene with hex-
1-ene and norbornene (the content of norbornene is up
to 29 mo l%).366

Catalysts 136 ± 138 based on mono- and dinuclear vana-
dium complexes synthesised and studied by Redshaw and co-
workers 355, 367 may be of considerable interest. Complex 136 is
highly active in ethylene polymerisation in the presence of
AlMe2Cl and ethyltrichloroacetate as the reactivator [up to
96 500 (kg PE) mol71 h71 bar71 at 80 8C, polymerisation
time 15 min, Al : V=2500]; a decrease in the temperature to
25 8C results in a 3.5-fold decrease in activity; however, the
molecular mass increases by more than an order of magnitude
(Mw=5.186106).354

The activity of dinuclear complex 137 was similar under
similar conditions.354 The activity of complex 138 (R1=But,
R2=Me) was formally a record [up to 640 000 (kg PE)
mol71 h71 bar71 at 80 8C], but only in the presence of a
huge excess of AlMe2Cl (Al : V=150 000) and polymerisation
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time of 1 min. Themelting point of the product obtained under
these conditions was 135 8C, which is typical of linear ultra-
high-molecular-mass polyethylene.367 Among other new com-
plexes, vanadium complexes with tris(pyrazolyl)borate ligands
supported on SiO2 should be noted. These systems are highly
active [up to 1900 (kg PE) mol71 h71 bar71] in the presence
of MAO, AlMe3 , AlPri3 (Ref. 368).

No copper complex-based catalysts of olefin polymerisa-
tion are discussed in this review because the activity of even the
most active ones (complexes 139 369 and 140 370) does not
exceed 300 (kg PE) mol71 h71 bar71. However, copper bis-
(benzimidazole) complexes 140 are able to catalyse co-poly-
merisation of ethylene with acrylic acid esters in the presence of
MAO.370, 371 Recently, studies of copper complexes with other
N,O- 372 and N,N-chelating 373 ligands were reported. The
state-of-the-art of the studies into olefin polymerisation cata-
lysts based on rare earth metal complexes, including non-
metallocene ones, has been reviewed.374

VII. Conclusion

At the boundary of the century, a great number of new non-
metallocene catalytic systems for olefin polymerisation have
emerged. Among these systems, the transition metal bis(imine)
and bis(imino)pyridyl, bis(phenoxyimine) and bis(pyrrolyl-
imine) complexes stand out. These systems have overcome
theirmetallocenic predecessors in the activity and variety of the
obtained polymer products. New classes of ligands have
appeared that allow one to control the catalytic properties of
the active centres over a broad range by variation and
modification of the ligands' structure. In contrast to metal-
locene systems, which use expensive Lewis acids (methyl-
aluminoxane, perfluoroarylboron derivatives) as activators,
much cheaper activators such as trialkylaluminium, alkoxyal-
kylaluminium derivatives on MgCl2, etc., may be used for
activation of post-metallocene systems. At present, the main
target of the studies of these systems is maximum control over
the parameters (molecular mass, composition, structure) of the
resulting products. Undoubtedly, very soon we can expect new
achievements in this field, as big research groups have started a
systematic search for new catalytic systems by employing the
`high-throughput screening' methodology.15, 350 The experi-
mental and theoretical studies of the structures of active
intermediates and the mechanisms of catalytic polymerisation
are also in progress.

In an early review on the new catalytic systems, Gibson has
mentioned that overcoming of the stereotype that the search
for new catalysts should be limited by a narrow class of metals,
which have already proved themselves in the formation of
active polymerisation centres, and that the development of new
systems will be restricted only by imagination of a scientist,
would form the distinctive features of the `post-metallocene
age' of olefin polymerisation catalysts.26 Some research groups
proceeded, from the very beginning, from the assumption that
the ligand structure is the most important factor because the
olefin affinity is pronounced for all transition metals.24

According to this ligand-oriented approach, high polymer-
isation activity requires a suitable ligand with balanced elec-
tron-releasing and -withdrawing properties. Indeed, up to now,
among all complexes of the first raw transition metals, the
highly active catalytic systems for olefin polymerisation are
practically unknown only formanganese complexes. However,
this situation is already changing: manganese(I) hydrotris(pyr-
azolyl)borate complexes are reported.375

At the same time, it should be noted that the development
of studies of post-metallocene systems has not resulted so far in
a broad commercial application of these systems. On the one
hand, some time is required for bringing new processes to
large-scale industrial production. On the other hand, the
industry demands, first of all, active systems stable at higher
temperatures (preferably supported). At present, most of the
post-metallocene catalytic systems do not meet these criteria.
Therefore, it is obvious that the traditional processes based
upon Ziegler ±Natta and metallocene catalysts will not be
quickly replaced and mainly those post-metallocene systems
that produce valuable polyolefin-based materials with new
properties will be used by industry in the future.

The author is grateful to professors V A Zakharov and
E P Talsi for important comments during the preparation of
the present review.
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Abstract. The results of studies of RNA bulge structures areThe results of studies of RNA bulge structures are
reviewed. Cleavage of the phosphodiester bonds within RNAreviewed. Cleavage of the phosphodiester bonds within RNA
bulges is considered. Attention is focused on the factorsbulges is considered. Attention is focused on the factors
influencing the cleavage efficiency. The state-of-the-art of theinfluencing the cleavage efficiency. The state-of-the-art of the
problem of targeted RNA cleavage induced by variousproblem of targeted RNA cleavage induced by various
reagents is discussed. The bibliography includes 101 referencesreagents is discussed. The bibliography includes 101 references..

I. Introduction

Most RNA molecules are single-stranded polynucleotide
chains with a complex three-dimensional structure (tertiary
structure) stabilised through hydrogen bonds between comple-
mentary or partially complementary sequences (Watson ±
Crick complementary base pairing), stacking interactions
between loops and binding of loops to metal ions.1 ± 3

A combination of various interactions gives rise to a unique
RNA packaging, which can be compared with a complex
protein packaging.

Short double-stranded regions (or stems) and four types of
single-stranded regions, viz., single-stranded fragments, hair-
pin loops, internal loops (symmetric or asymmetric) and
junctions, are typical elements of the RNA secondary struc-
ture.1

Bulges are a special case of asymmetric internal loops, i.e.,
RNA regions where the adjacent stems are stacked. Bulges are
frequently occurring secondary structure elements. They pro-
vide flexibility for the ribose phosphate backbone necessary for
RNA folding. RNA bulge loops containing nucleotides that
lack complementary bases in the opposite RNA strand play an
important biological role. They determine the RNA tertiary
structure,4 represent specific RNA±protein binding sites 5, 6

and form active sites of ribozymes.7, 8

Single-base bulges were studied and characterised in most
detail. Single-adenosine bulges most frequently occur in natu-
ral RNAs. Bulged adenosine residues (bulge A) serve as
specific protein-binding sites, for example, in E. coli ribosomal

RNAs (5 S rRNA±protein L18 and 16 S rRNA±protein
S8) 9, 10 and in the operator region of mRNAs encoding the
capsid proteins of bacteriophage MS2.5 Single-uridine bulges
were found in many RNAs. For example, this bulge is present
in the catalytic site ofRNase P,11, 12 in the high-affinity binding
sites for the Rev protein to HIV-1 RNA 13, 14 and for the Tar
protein to HIV-2 RNA.15 Single-cytosine or -guanine bulges
are much more rare; however, such bulges play an important
role in organisation of the tertiary structure of natural
RNAs.16, 17

Numerous low-molecular-weight compounds capable of
RNA cleavage under physiological conditions (pH 7.0, 37 8C)
have been synthesised in recent years.18 ± 25 RNA cleavage
induced by these compounds occurs predominantly at regions
that are not involved in secondary structure formation. RNA
cleavage within apical hairpin loops has been most extensively
studied. RNA cleavage at linkages in bulge loops has been
studied to a lesser degree, although bulges have advantages
when used as targets for selective RNA cleavage. Both bulges
in natural RNAs and tailor-made bulges in RNAs by hybrid-
isation with partially complementary DNA or RNA oligo-
nucleotides can serve as such targets.

II. Structure of RNA bulge loops

1.Methods of investigation of the bulge structure inDNAand
RNA duplexes
X-Ray diffraction analysis is most commonly used in studies of
DNA and RNA duplex structures.26 ± 28 In spite of high
accuracy of this method, X-ray crystallography of nucleic
acids offers only an approximate estimate of general structural
parameters of duplexes. It is impossible to construct a satisfac-
tory structural model based on these parameters without
invoking data from other methods. Potential energy calcula-
tions provide a general insight into internal mobility of RNA
molecules. Among spectroscopic methods, NMR is used most
often.29 ± 31 Analysis of nucleic acid structures by NMR spec-
troscopy provides insight into themolecular dynamic structure
in solution and complements X-ray diffraction data, which are
somewhat limited due to the static state of the subjects under
study. The influence of bulges on the RNA tertiary structure is
analysed by gel retardation assay,32 fluorescence resonance
energy transfer (FRET) 33 and transient electric birefringence
(TEB).34 The classification of structural elements of RNAs and
their abundance in natural and synthetic RNAs studied by
X-ray diffraction and NMR spectroscopy is available through
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the Internet (SCOR: Structural Classification of RNA,
http://scor.lbl.gov/index.html).

2. Structures of single-nucleotide bulges
Single-nucleotide bulges appear in RNAs if one nucleotide in
the polynucleotide chain lacks a complementary base and is
located between two classicalWatson ±Crick or non-canonical
base pairs.35 This unpaired nucleotide can adopt two main
conformations, e.g., can be either looped out of the helix
(Fig. 1 b) or be stacked into the helix with adjacent bases
(Fig. 1 a).36 The conformation of the bulged nucleotide
depends on both the nature of the nitrogen base and the
adjacent bases. There are examples when the same bulge
adopts different conformations, which change depending on
intermolecular interactions.

About 30 single-adenine bulges that are present in RNA
structures studied byNMRspectroscopy andX-ray diffraction
were derived from the SCOR database. In 11 structures,
adenosine is located within the helix; in the other structures
it is looped out. Generally, the X-ray diffraction
method 13, 28, 37 ± 41 shows that in crystals, a bulged adenosine
residue is looped out from the RNA helix (Fig. 2), whereas the
NMR method 42 ± 45 indicates that this adenosine is located
within the helix and is involved in stacking interactions with

adjacent bases. Apparently, a bulged adenosine residue is
highly mobile, and its position at each instant of time is
determined by intra- and intermolecular interactions. There-
fore, the discrepancy between the data can be attributed to
different conditions in which RNAs exist during experiments:
in solution (NMR experiments) or in the solid phase (X-ray
diffraction analysis).

In crystals, the duplex structure is stabilised by intermolec-
ular bonds. In addition, intermolecular stacking interactions
between flipped-out nucleoside bases located in different
duplexes can exist. The looped-out conformation of a bulged
adenosine residue in crystals can also be due to the fact that
crystallisation is performed in the presence of divalent metal
cations, for example, of Mg2+, which can stabilise this struc-
ture.38 NMR spectroscopic studies of duplex structures are
performed in solution, where RNA molecules adopt the
energetically most favourable conformation. In this conforma-
tion, a duplex contains a bulged adenosine oriented inside the
helix. As a result of high mobility of a bulged adenosine,
different conformations of a bulged adenosine were established
in the same RNA duplexes.27, 46, 47

To understand which conformation is adopted by a bulged
adenosine depending on its environment, an attempt was made
to determine the energetically most favourable conformation
by computer simulation methods.48, 49 An hierarchical
approach was used 49 to investigate various sterically possible
low-energy conformations of single-base bulge loops. The
method is based on the assumption that a bulge and adjacent
base pairs are responsible for the conformational deformation
of the double helix. Computer simulations and calculations of
all possible conformations were performed for 6-mer RNA
duplexes containing one bulged adenosine. The duplex in
which the bulged adenosine lies inside the helix and is involved
in stacking interactions with adjacent nucleotides has the
lowest energy. Higher Gibbs energies were obtained for RNA
duplexes in which the bulged adenosine is located inside the
helix and forms a triplex with a base pair at the 50 end (in the
minor groove). According to the calculations, duplexes con-
taining a bulged-out adenosine are characterised by the highest
energies. It should be noted that a somewhat different situation
was observed for analogous DNA duplexes containing a
bulged adenosine. The stacked conformation of a bulged
adenosine was also energetically most favourable. However,
next in the Gibbs energy was the conformer with a bulged-out
adenosine, whereas the conformer in which the bulged adeno-
sine forms a triplex was energetically least favourable.

Single-guanosine bulges (bulge G) have been much less
studied. In the structures of all known duplexes containing a
bulged guanosine, this nucleoside is looped out from the
helix.16, 50, 51 In natural RNAs, a bulged guanosine was found
in the a-sarcin loop region 23 ± 28 S of rRNA, where it forms
the so-called G-bulged motif.16 This motif is located in an
imperfect stem of a 29-mer hairpin in the 50GGAACC .

30CAUGACU sequence, where the bulged guanosine (printed
in boldface type) is flanked by non-canonical A- -A, C- -C and
U- -C base pairs (Fig. 3).

G-Bulged motifs have an important biological function
(interactions with a-sarcin and elongation factor G). These
motifs were found in the rRNA large subunits of rat andE. coli
ribosomal RNAs and in the E loop of 5 S rRNA from the frog
Xenopus laevis.9, 16, 52 ± 54 The specific structural feature of the
G-bulged motif is that the bulged guanosine is flanked by the
non-canonical purine-purine base pair A- -A on the 50 side and
forms the G .U .A triplex with the adjacent base pair on the 30

side (see Fig. 3). This leads to a widening of the major groove
of RNA by 5�A, the groove depth remaining typical of the
A-form RNA structure.16 An analysis of mutant 28 S rRNAs
demonstrated that a conserved bulged guanosine, which allows
RNAs to fold into a unique tertiary structure, is absolutely

a b

50

50

30

30

Figure 1. Three-dimensional structure of the RNA double strand con-

taining a single-nucleotide bulge, which is stacked in the helix (a) or is

looped out from the helix (b).36

dC G.

dT A.

dC G.

A16

dC9 G10.

dT A.

dT A.

dC G.

dT A.

dC G.

50 30

30 50

a b

Figure 2. Sequence (a) and the three-dimensional structure (b) of the

RNA .DNA duplex containing a single-nucleotide A bulge.28

Hereinafter, G bases are green, A bases, red; C bases, yellow;U bases, dark

blue (or pale blue).

The PDB code for the bulge A structure is 1EFO (http://www.rcsb.org/

pdb/explore.do?structureId=1EFO).
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necessary in the a-sarcin hairpin for rRNAs to exhibit bio-
logical activity (binding with the elongation factor).16

According to X-ray diffraction data, an uridine residue in
single-nucleotide bulges (bulge U) is generally looped out, and
it is not only looped out from the helix, but also forms a
complex intramolecular structure (for example, it can be
directed inward the minor groove).13, 55 The main distinguish-
ing feature of this conformation of the bulged uridine is that it
is stabilised by intramolecular (rather than intermolecular)
interactions, to be more precise, by hydrogen bonds between
adjacent nucleotides either directly or through aqua bridges.
The bulged uridine directed inward the minor groove changes
the conformations of adjacent nucleotides. The twist angle of
the helix near this bulge increases to 508 (over-twist).55 The
only bulged uridine adopting a stacked conformation inside
the helix was found in a ribozyme (Fig. 4).56 Interestingly, the

replacement of this uridine by any other nucleoside does not
change the activity of the ribozyme, which is not typical of
single-stranded regions of catalytic RNAs.53

A conserved single-cytidine bulge (bulge C) was found in
5 S rRNA.17, 57 The structure of this bulge was studied in detail
in an 8-mer RNA duplex (Fig. 5) corresponding to the helix II
region of 5 S rRNA from the frog Xenopus laevis.51 Crystals of
the duplex were studied at 2.2 and 1.7�A resolution. In both
crystal structures, the bulged cytidine is looped out, and the
helix axis deviates from the straight line by an angle smaller
than 108. In the crystals studied at 2.2�A resolution, the bulged
base is directed toward the 30 end of the duplex; in the crystals
studied at 1.7�A resolution, to the 50 end. The existence of two
conformations of the bulged cytidine was attributed to its
mobility. In crystal, the bulged cytidine, like the bulged uridine,
is involved in several intermolecular hydrogen bonds with
nucleotides of the adjacent duplexes as well as in stacking
interactions with purine bases.

The structure of single-nucleotide bulges in RNA .DNA
duplexes was established by X-ray diffraction study of the
homopyrimidine . homopurine heteroduplex d(C1TCCTC.
.TTC9) . r(G10AAGAGA16GAG19) containing a bulged
adenosine (printed in boldface type) (see Fig. 2).28 It was
demonstrated that the bulged adenosine adopts a looped-out
conformation, the ribose ring of the adenosine being almost
perpendicular to the helix axis. A comparison of the structure
of this duplex with the structure of the RNA .DNA duplex
with the same sequence but lacking a bulged adenosine
demonstrated that the presence of a bulge has only a slight
effect on the bend angle of the helix axis of the RNA .DNA
duplex (68). This behaviour of a bulged adenosine in the
RNA .DNA duplex substantially differs from that in
RNA .RNA and DNA .DNA duplexes. In crystals, the bulged
adenosine (A16) forms the (C9 .G10) .A16 triplex with the
terminal C9 .G10 base pair of the symmetrically arranged
molecule of the heteroduplex through intermolecular hydro-
gen bonds.

3. Structures of bulges containing two or more nucleotides
Asmentioned above, one of the functions of bulges in nature is
to organise the RNA tertiary structure, to be more precise, to
provide orientation of two adjacent double-stranded RNA
regions relative to one another.1, 58 The influence of the length
and the nucleotide composition of a bulge on the RNA

a b

C G.

A G

A- -G

U A.

G

4319G

A

A- -A

C- -C

U- -C

C G.

G C.

U A.

G C.

50 30

G C.

G C.

Figure 3. Sequence (a) and the three-dimensional structure (b) of the

a-sarcin loop of the rat 28 S rRNA containing a single-nucleotide G

bulge.16

The PDB code for the bulge G structure is 430D (http://www.rcsb.org/

pdb/explore.do?structureId=430D).
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Figure 4. Sequence (a) and the three-dimensional structure (b) of the

duplex containing a bulged uridine.56

The PDB code for the bulge U structure is 1J9H (http://www.rcsb.org/

pdb/explore/images.do?structureId=1J9H)
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Figure 5. Sequence (a) and the three-dimensional structure (b) of the

duplex containing a bulged cytosine.17

The PDB code for the bulge C structure is DQH1 (http://www.rcsb.org/

pdb/explore.do? structureId=1DQH).
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structure was characterised in the studies 32 ± 34, 59 dealing with
electrophoretic mobility of bulge-containing RNA .RNA
duplexes. An analysis of homo-A and homo-U bulges contain-
ing from 1 to 7 nucleotides demonstrated that an increase in the
length of the bulge leads to a decrease in electrophoretic
mobilities of duplexes,32 duplexes with Un bulges always
having a higher electrophoretic mobility than duplexes with
An bulges.59

The X-ray data on changes in the bend angle of the axis of a
bulge-containing helix were confirmed by the data obtained by
the FRET 33 and TEB 34 methods. It appeared that the bend
angle depends on two parameters, viz., the length of the bulge
(an increase in the number of nucleotides in the bulge leads to
an increase in the bend angle) and its nucleotide composition
(bulges containing primarily purine bases bend the helix axis to
a lesser extent than bulges containing pyrimidine bases).34

X-Ray diffraction and NMR spectroscopic data demon-
strated that bulges consisting of several nucleotides are gen-
erally stabilised by a complex system of intermolecular
hydrogen bonds, intra- and intermolecular stacking interac-
tions and interactions with metal ions.38, 51, 60 ± 62 The diversity
of nucleotide sequences and the environments of bulges con-
sisting of several nucleotides is responsible for the infinite
diversity of their structural forms. The structures of two motifs
with particular sequences and structures are known: the above-
described G bulges in the a-sarcin hairpin of rRNA and the
`kink-turn' or `K-turn' structure. The K-turn structure was
found for a three-base bulge flanked by two G .C base pairs at
the 50 end and by two or three non-canonical G- -A base pairs
at the 30 end.51 As a result, the helix axis is bent by 1208 at the
bulge (Fig. 6). The K-turn motifs play an important biological
role. For example, five K-turn motifs were found in
23 S rRNA, and all these motifs serve as binding sites for
ribosomal proteins.

Therefore, an analysis of X-ray diffraction and NMR
spectroscopic data shows that the looped-out conformation
rather than stacked into a helix is more typical of single-
nucleotide uridine, guanosine and cytidine bulges. Single-
adenosine bulges have higher mobility and can adopt different
conformations. Double-stranded RNA regions containing
bulges are highly mobile. The major groove of the A helix in
the bulge region is widened (predominantly, on the 50 end of the
bulge) due to which it is accessible for interactions with other
molecules. In addition, the helix axis is bent at bulges.
Numerous multi-membered bulges are known; however,
except for the K-turn motif, there are no clear criteria for

predicting the three-dimensional structure of bulges with an
arbitrary nucleotide sequence.

III. Phosphodiester bond cleavage in RNA bulges

1. Geometric parameters of internucleotide bonds and RNA
stability
RNA cleavage occurs predominantly in single-stranded
regions (hairpin loops, mismatches, internal loops, bulges,
junctions and single-stranded fragments). However, it is diffi-
cult to determine which bonds and in which sequences are
cleaved more rapidly because of complexity of the secondary
and tertiary structure of natural RNAs. Many ribozymes and
natural and artificial ribonucleases cleave RNA by phospho-
diester bond transesterification.63 It is hypothesised that RNA
transesterification can occur only when the attacking oxygen
atom of the 20-hydroxy group of the nucleophile is in-line with
the 50-oxy anion of the leaving group, i.e., the arrangement of
the leaving group (the oxygen atom of the 50-hydroxy group),
the phosphorus atom and the nucleophile (the oxygen atom of
the 20-hydroxy group) is strictly linear.64

Double-stranded RNAs and RNAs involved in
RNA .DNA duplexes generally assume an A-form helix, in
which the 20-oxy anion and the 50-oxy anion of the leaving
group are arranged so that the formation of a linear con-
formation is hindered, resulting in higher stability of double-
stranded regions of RNAs and RNA .DNA duplexes com-
pared to single-stranded RNA regions, in which the phospho-
diester bonds are labile and can spontaneously adopt an in-line
configuration. Therefore, the rate of phosphodiester bond
cleavage in RNA bulges would be determined by their ability
to adopt an in-line configuration. A phosphodiester bond can
spontaneously assume an in-line configuration in the case of
sufficient mobility of the corresponding region of the RNA
structure. The mobility of a bulge is determined by its size, the
nucleotide sequence and the efficiency of intra- and intermo-
lecular stacking interactions between bases.64

Nowadays, it is impossible to predict theoretically the
sensitivity of the bonds in each particular RNA bulge to
cleavage and, much less, to suggest the geometric parameters
for the design of a catalytic group capable of performing
selective cleavage. In spite of the fact that the specificity toward
the RNA structure is always determined for all new com-
pounds exhibiting ribonuclease activity, the dependence of the
site and efficiency of cleavage on the RNA primary and
secondary structure was studied systematically mainly for
divalent metal ions.65 ± 70

2. RNA cleavage at bulge sites by metal ions
RNA cleavage by metal ions or metal ion complexes can occur
either by the transesterification mechanism 71, 72 or by metal-
dependent redox reactions.73, 74 Manymetals catalyse cleavage
of internucleotide phosphodiester bonds in RNAs.75, 76 Ini-
tially, oligomers containing a 20,30-cyclophosphate at the 30 end
are formed and these oligomers are then hydrolysed to give
a mixture of 20- and 30-phosphates (Zn2+ ions) 77 or only
30-phosphate (for example, in the presence of Pb2+ ions).78

Among divalent metal ions, lead ions most efficiently
cleave RNA under physiological conditions.79 Cleavage of
various oligoribonucleotides containing bulges of different
length by lead ions (Fig. 7 a) was analysed.67 The oligoribonu-
cleotides differed not only in the length, nature and nucleotide
sequence of bulges, but also in flanking bases. Adenine bulges
flanked by G .C base pairs on both sides are not cleaved by
Pb2+ ions. The replacement of the G .C base pair on the 50 side
by the U .A or U .G base pair facilitates phosphodiester bond
cleavage in bulges. This fact was attributed to the difference in
staking interactions between a bulged base and flanking bases.
The efficiency of stacking interactions decreases in the series
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Pu .Pu>Py .Pu>Py .Py,80 the base on the 50 side of the bulge
making the largest contribution. If a base in a bulge takes part
in stacking interactions with adjacent bases, the phospho-
diester bonds of the nucleotide in the bulge adopt a config-
uration similar to that in double-stranded RNA and become
slightly sensitive to cleavage.

All known oligoribonucleotides with two-membered
bulges (AA, CC, UU and CA) located between two G .C base
pairs were cleaved by Pb2+ ions, all three phosphodiester
bonds in the bulge being cleaved. The bond in the middle of
the bulge was cleaved most efficiently. The same situation was
observed for three-membered bulges. Phosphodiester bonds in

bulges and hairpin loops containing the same nucleotide
sequences substantially differ in sensitivity to cleavage by
metal ions. For example, the UUCG sequence in an apical
hairpin loop is stable and does not undergo cleavage, whereas
this sequence in a bulge is readily cleaved by lead ions.67

The sensitivity of the phosphodiester bonds in RNA bulges
to cleavage bymagnesium ionswas studied.68 The formation of
bulges composed of 1 ± 4 nucleotides in the 50-end region of a
132-mer RNA was induced by hybridisation with oligodeoxy-
ribonucleotides. Magnesium ions at a concentration of
2.5 mmol litre71 in weak alkaline solutions (pH 8.0) at 60 8C
can cleave RNAs at single-stranded regions,68 all bulges in
RNA . oligonucleotide complexes being cleaved (Fig. 7 b).

In single-nucleotide bulges, cleavage occurs predominantly
at the phosphodiester bonds on the 30 side for bulged nucleo-
tides, whereas cleavage of these bonds on the 50 side for bulged
nucleotides is less efficient. The appearance of secondary
cleavage sites on the 50 side for bulges was attributed to the
increased flexibility of the bulged nucleotide after cleavage of
the most sensitive bond (primary cleavage). When a bulge is
flanked on the 30 side by A .U(T) base pairs, secondary
cleavage sites are observed also at sites involved in binding of
oligodeoxyribonucleotides, which is attributed to stability of
heteroduplexes with a single cleavage site.

Unlike lead ions, magnesium ions cleave all single-nucleo-
tide bulges with the same efficiency independently of the type
of the bulged base and the flanking base pairs.When the length
of an artificial bulge is increased up to 2 ± 4 nucleotides,
primary RNA cleavage at the phosphodiester bond on the 30

side of the bulge occurs simultaneously with extensive cleavage
of the analogous bond in the double-stranded region adjacent
to the bulge on the 50 side. It should be noted that phospho-
diester bond cleavage in artificial bulges is accompanied by
cleavage of these bonds in all other single-stranded regions in a
132-mer RNA. A comparison of phosphodiester bond cleav-
age in RNA bulges with cleavage in artificial mismatches
demonstrated that, as opposed to bulges, cleavage of sequences
flanking mismatches is induced.68

The study 81 dealt with phosphodiester bond cleavage by
zinc ions in 1 ± 5-nucleotide bulges of a 20-O-methyl oligoribo-
nucleotide, in which only one nucleotide was not modified at 20

position. Since cleavage of 20-O-methyl oligoribonucleotides
occurs not by the transesterification mechanism, the use of
such model RNAs allowed the authors to analyse the sensitiv-
ity of each particular phosphodiester bond in bulges. The most
efficient cleavage was observed for the phosphodiester bond
formed by an unmodified uridine residue (rU), which was
located in the middle of a five-base bulge. This bond is cleaved
two times more rapidly than the analogous bond in a single-
stranded oligoribonucleotide. Four- and three-nucleotide
bulges containing riboadenosine or ribouridine in the apical
position are cleaved by zinc ions at approximately the same
rate. In the case of single- and two-nucleotide bulges, the
cleavage rate sharply decreases.

The computer analysis 81 of the structures of bulge-con-
taining oligoribonucleotides demonstrated that five-base
bulges with a ribose unit, which is either in the apical position
or located closer to the 50 side of a bulge, adopt the same
conformation in which all nucleotides are located inside the
helix. Two-nucleotide bulges have a similar structure. The
cleavage rates of two- and five-nucleotide bulges in which a
ribonucleotide is located closer to the 50 end are, respectively, 3
and 6 times lower than the cleavage rate of a five-nucleotide
bulge with ribose in the apical position. The geometric para-
meters of phosphodiester bonds determined by molecular
dynamics methods for all types of bulges are substantially
different from the parameters typical of the in-line configura-
tion of these bonds.81 Presumably, the lability of phospho-
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diester bonds in bulges is an important feature responsible for
sensitivity of these bonds to cleavage.

The above-considered data show thatmost bulges in RNAs
and RNA .DNA complexes can be cleaved by divalent metal
ions, cleavage of bulges being different from that of mis-
matches and apical hairpin loops. Cleavage of bulges has a
random character. Thus, phosphodiester bonds located on the
30 side (in some cases, on the 50 side) from bulges are cleaved. In
addition, some phosphodiester bonds in an RNA .DNA
duplex located near a bulge loop can undergo cleavage. In
most cases, RNA cleavage at the bonds in bulges has no effect
on the pattern (level) of phosphodiester bond cleavage in other
RNA regions.

3. RNA cleavage within artificial bulge loops by metal
complex ± oligonucleotide conjugates
One of promising approaches to selective RNA injury is based
on RNA cleavage by antisense oligonucleotide conjugates
containing RNA-cleaving groups. First conjugates containing
an RNA-cleaving group covalently bound to the 50 end of
oligonucleotides were constructed in the mid-1990s.82, 83 These
conjugates cleaved RNA targets at bonds located in a single-
stranded region on the 30 side from heteroduplexes. However,
the conjugates described 82, 83 cannot cleave RNAs in a cata-
lytic manner because of slow dissociation of complexes of the
conjugate with the cleavage product. To cleave RNAs in a
catalytic manner, it is necessary that an RNA . conjugate
complex be more stable than the cleavage product . conjugate
complex. In other words, RNA cleavage should occur within
RNA . oligonucleotide duplexes. However, such duplexes are
poor substrates for cleavage because the catalytic (imidazole-
or metal-containing) group in such substrates occurs in the
double-stranded RNA region.84 ± 86

This problem can be solved by creating artificial bulges in
RNAs using hybridisation with partially complementary
oligonucleotides containing RNA-cleaving groups. Haner
and co-workers were the first to apply this approach.86 They
used oligodeoxyribonucleotides that contained thymidine

modified by a La3+ or Eu3+ macrocomplex in the middle of
the sequence (Fig. 8 a). Upon binding to RNA, these conju-
gates induced the formation of two-nucleotide AA or GA
bulges. In this case, a modified thymidine bearing a metal
complex was located not exactly opposite to the artificial bulge
in the RNA target but was shifted to the 30 or 50 end of RNA by
4 nucleotides, due to which the RNA-cleaving group can
approach the bulged bonds from the side of either the minor
or major groove of the duplex.

Conjugates of oligonucleotides entirely complementary to
a 32-mer RNA target (except for two nucleotides that form a
bulge in the RNA) efficiently cleave the phosphodiester bonds
in this bulge and near the bulge (the extent of cleavage is 92%,
16 h), the conjugates containing the Eu3+ complex (see
Fig. 8 a) performing more efficient RNA cleavage compared
to conjugates containing the La3+ complex.

The experiments demonstrated that the most favourable
position of a modified base bearing an RNA-cleaving group is
such that provides cleavage through the minor groove of a
heteroduplex.86 Interestingly, the conjugate, in which the Eu3+

complex was covalently attached to the 50 end of a bulge
forming oligonucleotide, also efficiently cleaved RNA at the
phosphodiester bonds in the bulge. It should be noted that
binding of RNA to the conjugate gave rise to a free 10-mer
single-stranded fragment at the 50-end region of the conjugate,
which was subjected to cleavage to an insignificant extent. The
cleavage occurred primarily at the bonds in the region of the
artificial bulge. The above data demonstrate that the phospho-
diester bonds in bulges are more sensitive to cleavage than
those in other single-stranded RNA regions. This is apparently
attributed to the fact that the phosphodiester bonds in bulges
assume a configurationmore favourable for transesterification
compared to their configuration in single-stranded RNA
regions.

RNA cleavage by Eu3+ complex ± oligodeoxyribonucleo-
tide conjugates occurred efficiently; however, the reaction
proceeded in a non-catalytic manner. The replacement of an
oligodeoxyribonucleotide by 20-methoxyethoxy derivatives

d

P

O

O

O

c

N

N

Me

Me

N

H

O
Cu2+

O

N

H

O

P

O

O

O7

7

O
H

H

H

N

O
N

N

NHZn2+

H H

N

O

O
O

O O

N NH

O

O

Me

N

H

O

N

N

N

N

Me

N

H

N

N

Me

Eu3+

H

N

N

N

Me

Me

N

H

N

O
N

H

H

HN

O

O
Zn2+

O

O

O

P 7

N

O
O

O OMe

O

O

O

P 7

O
O

O OH

a b

Figure 8. Structure of modified nucleotide units containing an RNA-cleaving group.86, 89, 91, 92

284 I L Kuznetsova, M A Zenkova, V V Vlassov



having a higher affinity for RNA enabled a decrease in the
length of an antisense oligonucleotide by a factor of two.87 The
conjugate of this 10-mer oligonucleotide with the Eu3+ com-
plex cleaved a 23-mer RNA target in a catalytic manner; one
molecule of the conjugate was able to cleave 39 RNA mole-
cules under physiological conditions in 64 h.88

Another type of RNA-cleaving conjugates includes oligo-
nucleotides in which one nucleotide is modified by phenan-
throline (Fig. 8 b) or terpyridine complexes of Cu2+ or Zn2+.
It was demonstrated 89 that site-directed RNA cleavage at the
phosphodiester bond in an artificial single-base bulge can be
performed with the use of oligonucleotide conjugates contain-
ing serinol modified by phenanthroline or terpyridine Cu2+

complexes instead of one of nucleotides. As opposed to
conjugates described earlier,86 metal complexes in the conju-
gates under consideration were attached not to ribose but to its
analogue (serinol) incorporated into the ribose-phosphate
backbone of an antisense oligodeoxyribonucleotide.89 This
non-nucleotide insertion was located directly opposite to
artificial RNA bulge. Depending on the nature of the copper
complex, the efficiency of cleavage decreased in the series: 2,9-
dimethyl-o-phenanthroline complex� terpyridine com-
plex> o-phenanthroline complex. The extent of site-directed
159-mer RNA cleavage by the 2,9-dimethyl-o-phenanthroline
complex was as high as 80%.Unfortunately, the authors failed
to perform this reaction in a catalytic fashion. Efficient RNA
cleavage was observed only in the presence of a 500-fold excess
of the conjugate with respect to the RNA substrate.

Stromberg and co-workers 90, 91 synthesised 20-O-methyl-
oligoribonucleotides containing a modified uridine (Fig. 8 c)
or cytidine residue bearing the 2,9-dimethylphenanthroline
zinc complex in the middle of the nucleotide sequence. The
oligoribonucleotides used were completely complementary to
the RNA under study, except for nucleotides involved in
homo-A bulges containing from 1 to 5 nucleotides. These
conjugates cleave RNAs at the phosphodiester bonds in bulges
containing from 2 to 5 nucleotides in a catalytic fashion, single-
base bulges remaining uncleaved.

Unlike macrocyclic Ln3+ complex ± oligonucleotide con-
jugates, which cleave RNAs at the phosphodiester bonds in
bulges or near the bulges, conjugates with zinc complexes
cleave RNAs only at the bonds in bulges.90 The cleavage rate
depended on the length of an artificial bulge and the mode of
attachment of the 2,9-dimethylphenanthroline Zn2+ complex
to the antisense oligonucleotide. Four-nucleotide AAAA
bulges were cleaved most efficiently, the phosphodiester
bonds between the first three adenosine residues were cleaved
much more rapidly than the last bond in the bulge.

A comparison of different modes of covalent binding of the
2,9-dimethylphenanthroline zinc complex to heterocyclic bases
demonstrated that the attachment at the C(5) atom of uracil is
most favourable (see Fig. 8 c). Apparently, this arrangement of
the complex allows the Zn2+ ion to approach the internucleo-
tide bonds in bulges at the shortest distance. A conjugate
containing two nucleotides modified by the 2,9-dimethylphe-
nanthroline Zn2+ complex (in the middle and at the 50 end of
the oligonucleotide chain) was synthesised to increase the
efficiency of RNA cleavage. Surprisingly, the presence of the
second RNA-cleaving group led to a sharp decrease in the
extent of RNA cleavage, which was attributed to steric
factors.90

Phenanthroline zinc complex ± oligonucleotide conjugates
efficiently cleavedRNAs in the presence of a 4-fold excess of an
RNA with respect to the conjugate. However, due to weak
complexation of Zn2+ ions with phenanthroline, the presence
of a 25-fold excess of Zn2+ ions in the reaction mixture is
necessary for the reaction to proceed efficiently. To decrease
the concentration of Zn2+ ions in the reaction mixture,
complexes of macrocyclic polyamines, in particular, 1,5,9-

triazacyclododecan-3-yl (aza crown) zinc complexes
(Fig. 8 d ),92 were used instead of phenanthroline zinc com-
plexes. In solution, these complexes are four times more stable
than phenanthroline complexes. These conjugates also cleaved
oligoribonucleotides at the phosphodiester bonds in artificial
bulges, but the reaction rate was an order of magnitude lower
than that achieved with conjugates containing phenanthroline
complexes.

Stromberg and co-workers 93 suggested that antisense
oligonucleotides, which bear not only an RNA-cleaving
group, but also a group that decreases mobility of an RNA
bulge, be used for RNA cleavage. It was found that oligo-
nucleotides containing 20-(1-naphthylmethyl)-20-deoxytuber-
cidin can specifically stabilise artificial bulges.

Other authors used an adenosine derivative containing a
phenylurea substituent at position 6 of the heterocyclic base.94

This modified adenosine has a high ability of stacking inter-
actions with adjacent bases and corresponds in size to the
complementary A .T base pair.When this nucleoside is present
in a duplex, it pushes the opposite nucleotide out of the helix.
The phosphodiester bonds on the 30 and 50 sides with respect to
these bulged-out nucleotides are cleaved by magnesium ions at
a higher rate than the phosphodiester bonds in a single-base
bulge or a mismatch. The construction of conjugates, which
contain simultaneously nucleosides (adenosine) bearing
groups that stabilise bulges and nucleosides bearing an RNA-
cleaving group, is presently underway.

4. RNase A- and artificial RNase-induced cleavage at bulge
sites
Earlier, it has been demonstrated that RNA cleavage under
physiological conditions proceeds efficiently in the presence of
small synthetic molecules bearing RNA-cleaving groups.
These molecules mimic active sites of natural RNases.21, 22, 25

Imidazole is the simplest RNA-cleaving agent. In concentrated
solutions of this compound (1 or 2M), RNA undergo random
cleavage at the phosphodiester bonds located in single-
stranded regions.69 More complex RNA-cleaving compounds
(artificial RNases, artificial ribonucleases; hereinafter referred
to as aRNases) generally contain an RNA-binding fragment
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(for example, an intercalator, a cationic structure or an
oligonucleotide).21, 22, 24, 95

The sensitivity of RNA bulges to imidazole, RNase A and
various aRNases was examined.96, 97 A 96-mer RNA fragment
of influenza virus M2 protein mRNA was used as an RNA
target. In this fragment, bulges of different length (from 1 to 7
nucleotides) and sequences were formed by hybridisation with
partially complementary oligodeoxyribonucleotides (Fig. 9)
analogously to a procedure used earlier.68

It was demonstrated that the character of RNA cleavage
within the bulges induced by imidazole is similar to the
cleavage by metal ions, i.e., all phosphodiester bonds in bulges
and all bonds in a single-stranded RNA regions are cleaved.
However, unlike RNA cleavage by magnesium ions, imidazole
does not induce cleavage of the bonds adjacent to the bulges
(<5 nucleotides). Cleavage of RNA containing longer bulges
(from 5 to 7 nucleotides) by imidazole occurs at the phospho-
diester bonds both in the bulges and adjacent regions. Presum-
ably, this is associated with the fact that RNA oligonucleotide
complexes containing short bulges are more stable than com-
plexes containing longer bulges. In the latter complexes, RNA
remaining in the dissociated state over a long period of time
(`breathing' complexes).96

Natural RNase A cleaves RNAs at the phosphodiester
bonds in all bulges except for single-base bulges. In addition
to the phosphodiester bonds in bulges, RNase A cleaves
phosphodiester bonds in other single-stranded RNA regions.
Similar pattern of RNA cleavage was observed for aRNases.
The extent of phosphodiester bond cleavage in bulges depends
on the length and the nucleotide sequence of the bulges.

The concept `selectivity' was introduced to estimate the
difference in sensitivity of the phosphodiester bonds in arti-
ficial bulges and other phosphodiester bonds. The selectivity
means the ratio of the extent of RNA cleavage at the bonds in a
bulge to the total extent of RNA cleavage including all other

phosphodiester bonds. It appeared that the selectivity of
cleavage depends on the type of aRNase. RNase A cleaves
the bonds within bulges with a low selectivity (no higher than
0.1). In other words, cleavage at the bonds in bulges occurs at a
rate lower than or similar to that at the other cleaved
phosphodiester bonds in RNAs.

The selectivity of RNA cleavage by artificial RNases,
which are short cationic peptides, was also low.97 The highest
selectivity of cleavage was observed for aRNases containing
the 1,4-diazabicyclo[2.2.2]octane residue.98, 99 The CA phos-
phodiester bond in a four-membered bulge was cleaved with
the highest selectivity (0.4). The cleaved phosphodiester bond
was in the apical position. The presence of the secondCAmotif
in a bulge increases the selectivity of phosphodiester bond
cleavage up to 0.5.

Interestingly, the selectivity of cleavage in RNA . oligonu-
cleotide complexes, in which the oligonucleotide contains a
non-complementary adenosine residue opposite to the bulge,
was always higher than that in complexes in which this non-
complementary base was absent. It should be noted that,
according to the data from gel shift analysis, binding of
oligonucleotides containing an additional adenosine residue
to RNAs does not differ from binding of oligonucleotides in
which a non-complementary adenosine residue is absent.96

Consequently, in this case high selectivity of cleavage can be
attributed to a more flexible structure of the bulge, which
provides for efficiency of transesterification. Therefore, artifi-
cial ribonucleases containing the 1,4-diazabicyclo[2.2.2]octane
residue, unlike short cationic peptides, predominantly cleave
bonds in bulges.

5. RNA cleavage at bulge sites by artificial RNases in the
presence of magnesium ions
It is known that Mg2+ ions stabilise the RNA structure by
decreasing its mobility,100 resulting in a decrease in efficiency

C G.

G C.
A

50 30

30 50

A T.

C

50 30

G C.

30 50

A T.

A
C

50 30

G C.

30 50

A T.

G

A
C

50 30

G C.

30 50

A T.

A

A
C

50 30

G C.

30 50

A

C G.

C

A

50 30

G C.

30 50

A T.

C

A

50 30

G C.

30 50

A

C G.

A

50 30

G C.

30 50

A

A

A T.

A
C

50 30

G
C G.

30 50

A

A T.

C
A

50 30

C
A T.

30 50

G

C G.

A
G

50 30

A
G C.

30 50

C

A T.

A

C

50 30

C
A T.

30 50

G
A

A T.

G
C

50 30

A
G C.

30 50

G
A

A T.

A

C

50 30

C
A T.

30 50

G
A

A T.

C

50 30

G
C G.

30 50

A

A

A

G

A T.

A

C

50 30

A

A

G C.

30 50

C

A

C

A T.

A

C

50 30

A

G

A T.

30 50

A

G
C

A T.

A

C

50 30

A

G

A T.

30 50

A

G A
G

G C.

A

A

50 30

C

A

G C.

30 50

C

A
G

A T.

A

C

50 30

A

A

G C.

30 50

C

A
C

A T.

C
A

50 30

G

G
A T.

30 50

A

A

Figure 9. Sensitivity of the phosphodiester bonds in RNA bulges to cleavage by artificial RNases (the arrow thickness corresponds to the cleavage

efficiency of a particular phosphodiester bond).96, 97

286 I L Kuznetsova, M A Zenkova, V V Vlassov



of RNA cleavage by different agents. At the same time,
magnesium ions stabilise such RNA structural elements as
bulges. In the presence of magnesium ions, the total extent of
M2-96 RNA cleavage by artificial RNases decreases. How-
ever, in the presence of MgCl2 at a concentration of 10 mmol
litre71, RNA . oligonucleotide complexes are cleaved by
aRNases containing 1,4-diazabicyclo[2.2.2]octane predomi-
nantly at the bonds in bulges, whereas cleavage at other regions
is suppressed to a substantial degree.96, 97 In the presence of
magnesium ions, the selectivity of cleavage of four- and seven-
membered bulges increases to 0.68 and 0.75, respectively, i.e.,
the formation of bulges in RNAs entirely changes the cleavage
pattern by aRNases containing 1,4-diazabicyclo[2.2.2]octane.
An increase in selectivity of cleavage in the presence of
magnesium ions was observed for neither RNase A nor short
cationic peptides.97

These data correlate with the X-ray diffraction data for the
single-nucleotide A bulge in the [r(GCG)d(ATATA)r(CGC)]2
duplex. In the presence ofMg2+ ions, the phosphodiester bond
in the bulge adopts a nearly in-line configuration, unlike the
configuration observed in the crystals grown in the presence of
spermine.41 Apparently, Mg2+ ions can stabilise the in-line
configuration of the phosphodiester bonds in bulges, which is
favourable for transesterification.

IV. Conclusion

The idea for construction of specific catalysts for RNA
cleavage has attracted attention for many years. Theoretical
studies demonstrated that oligonucleotides that contain RNA-
cleaving groups and form artificial bulges in a complementary
RNA sequence can selectively inactivate RNAs in a catalytic
manner and do not require additional enzymes or cofactors.
However, there are problems with implementation of this
approach in practice. The sensitivity of the phosphodiester
bonds in bulges depends not only on the length and the
nucleotide sequence of the bulge, but also on the nature of the
RNA-cleaving group. An RNA-cleaving group should not
only be an efficient catalyst for cleavage, but also be in an
optimal orientation with respect to the cleaved bond. One of
requirements imposed on the oligonucleotide moiety of the
conjugate is that the DNA .RNA complex should be suffi-
ciently stable before cleavage and readily dissociate after
cleavage. In the case of long RNAs, this problem is compli-
cated by a search for RNA regions accessible for binding with
oligonucleotides. Therefore, the construction of efficient arti-
ficial RNases performing site-directed RNA cleavage requires
a complex approach.

Two main approaches are available for site-directed RNA
cleavage by artificial RNases. One approach is based on the
synthesis of antisense oligonucleotides containing RNA-cleav-
ing groups (see Section III.3). Another approach consists in
constructing binary systems composed of a low-molecular-
weight RNA-cleaving unit and a complementary oligonucleo-
tide. The latter contains a group enhancing the sensitivity of a
particular region or particular bonds in RNAs to cleav-
age.96, 97, 101 Site-directed RNA cleavage with the use of this
system was first exemplified by cleavage of a short model
36-mer RNA in which all bonds, except for the bond subjected
to cleavage, were protected by complexation with complemen-
tary oligonucleotides.93

The approach proposed be Vlassov et al.96 is based on an
increase of sensitivity of phosphodiester bonds in RNAs to
cleavage due to their bulging. It was demonstrated that in the
presence of magnesium ions, the phosphodiester bonds in
(4 ± 7)-member bulges, which are formed in RNAs by hybrid-
isation with a partially complementary oligonucleotide, are
selectively cleaved by aRNases at a rate several times higher
than the rate of cleavage of other phosphodiester bonds in

RNAmolecules. Selective RNA cleavage within a bulge occurs
apparently due to the appearance of constrains, which is
necessary for efficient transesterification, and stabilisation of
the other parts of the RNA molecule in the presence of
magnesium ions. As a result, the RNA molecule becomes
poorly sensitive to cleavage at all bonds except those in
bulges.96, 97 To summarise, selective RNA cleavage at phos-
phodiester bonds in bulges can be performed with the use of a
binary system consisting of aRNase and an oligonucleotide
partially complementary to RNA.
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001/254 and RI-19.0/001/826), the Siberian Branch of the
Russian Academy of Sciences (Grant for State Support of
Young Scientists) and the Russian Science Support Founda-
tion (Grant `Doctors of Science of the Russian Academy of
Sciences').
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Abstract. Methods for the synthesis of polyfluoro(chloro,Methods for the synthesis of polyfluoro(chloro,
bromo) derivatives of Cbromo) derivatives of C6060 fullerene and their structures arefullerene and their structures are
described. The reactivity of these compounds is demonstrateddescribed. The reactivity of these compounds is demonstrated
considering redox reactions, nucleophilic substitution, radicalconsidering redox reactions, nucleophilic substitution, radical
addition, cycloaddition and electrophilic arylation. The bib-addition, cycloaddition and electrophilic arylation. The bib-
liography includes 185 referencesliography includes 185 references..

I. Introduction

Polyhalofullerenes are the best studied fullerene polyadducts,
and halogenation reactions were among the first reactions of
fullerenes performed in the early 1990s.1 ± 8 These compounds
have attracted interest primarily because they hold promise for
the design of newmaterials, which would be expected to exhibit
unique properties. In particular, an idea of the synthesis of
chemically inert perfluorinated fullerene C60F60 similar in
properties to Teflon (the so-called `Teflon Buckyballs') was
very popular at one time.1, 9 However, later it has been
found 10, 11 that polyfluorofullerenes are not as chemically
stable as polyfluoroalkanes, and it is impossible to prepare
exohedral C60F60. Nevertheless, polyhalofullerenes have con-
tinued to attract attention, and investigations into halogen-
ation of fullerenes for more than one decade led to the
development of efficient methods for the synthesis of poly-
fluoro-, polychloro- and polybromofullerenes. The structures
of individual polyhalofullerenes were established.

Compounds containing an aromatic annulene fragment
bearing conjugated C=C bonds only in trans configuration
(all-trans annulenes or trannulenes) were first synthesised
based on polyfluorofullerenes.12 It has been repeatedly sug-
gested 12 ± 15 that polyhalofullerenes hold promise for the syn-
thesis of donor ± acceptor dyads with improved electron-

withdrawing properties and for the design of molecular devi-
ces. This has stimulated studies of the redox,16, 17 electro-
chemical 18 ± 21 and photophysical 22 ± 24 behaviour of
polyhalofullerenes and their derivatives. The design of new
polyhalofullerene-based materials requires that both physical
and chemical properties of these compounds were known. The
aim of the present review is to systematise and analyse methods
for the synthesis, structural features, chemical properties and
characteristics of chemical transformations of polyhalo deriv-
atives of the C60 ([60]fullerene) molecule.

II. Synthesis, structures and physical properties of
polyhalo[60]fullerenes

Being polyunsaturated compounds, fullerenes are prone to be
involved in radical and nucleophilic addition and cycloaddi-
tion reactions, but they very rarely react with strong electro-
philic reagents.25, 26 Polyhalofullerenes are usually synthesised
by the reactions of fullerene with a wide range of halogenating
agents. Preparative procedures for the synthesis of various
polyfluoro-, polychloro- and polybromofullerenes are avail-
able. Polyiodofullerenes are presently unknown, although the
existence of molecular crystals with the composition C60

. 2 I2
was proved.27, 28 In spite of the fact that the number of possible
geometric isomers of polyhalofullerenes is very large, in
practice only a few of them were prepared by halogenation of
fullerene. The formation of particular isomers is generally
controlled by thermodynamic factors and only in rare cases
by kinetic factors.

The present review deals only with polyhalo derivatives of
C60 fullerene. Polyhalogenated C70 fullerenes and polyhalo-
genated higher fullerenes have been studied in much less detail.
However, the available data suggest that their chemical proper-
ties are analogous to those of polyhalo[60]fullerenes.

1. Synthesis and structures of polyfluoro[60]fullerenes
Polyfluorofullerenes are most numerous of all isolated and
characterised polyhalofullerenes (Fig. 1).29 ± 36 For example,
the structures of C60F18 with the symmetry group C3v,37 ± 39

three isomers of C60F36 (withT,C3 andC1 symmetry) 40 ± 42 and
D3 and S6 isomers of C60F48 (Refs 43 and 44) were studied.
Polyfluorofullerenes C60F2n (n=1±4),45, 46 Cs-C60F16
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(see {),47 D5d-C60F20,48, 49 Th-C60F24 (Ref. 50) and C60F38

(Ref. 51) were isolated and partially characterised.
The methods for the synthesis of polyfluoro derivatives of

fullerenes can be divided into three groups: (1) fluorination of
fullerene by molecular fluorine either directly or in metal
fluoride matrices, (2) fluorination of fullerene by fluorides of
transition metals in high oxidation states and (3) fluorination
of polychloro- and polybromofullerenes.

Higher polyfluorofullerenes, in particular, C60F48, can
easily be synthesised by the reaction of fullerene withmolecular
fluorine (see Section II.1.a).43 However, attempts to use this
procedure for the synthesis of less fluorinated fullerenes led to
the formation of complex mixtures of products. This is due to

the fact that direct fluorination occurs by a radical mechanism.
The range of synthetically accessible polyfluorofullerenes was
substantially extended due to the use of high-oxidation-state
metal fluorides as fluorinating agents. In this case, the reaction
apparently proceeds by a mechanism of single-electron oxida-
tion of fullerene (and its partial fluorination products) bymetal
cations followed by the addition of the fluoride ion to the
intermediate radical cation. This assumption is consistent with
the observed dependence of the degree of fluorination of
fullerene on the metal oxidation potential.35, 52 The selective
formation of polyfluorofullerenes C60F18, C60F36 and C60F48

was also observed in the reactions of fullerene with molecular
fluorine in MnF2, CoF2 or NiF2 matrices.53 ± 55 The advantage
of this approach is the possibility to synthesise polyfluoroful-
lerenes in a flow reactor, which is of importance for the
development of industrial apparatus. Fluorination of polyha-
lofullerenes under mild conditions affords thermodynamically
unstable but kinetically stable Th-C60F24 (see Sections II.1.d
and V).50

a. Polyfluorofullerene C60F48

Fluorination of [60]fullerene with molecular fluorine was
historically one of the first studied functionalisation reactions
of C60. Early experiments on fluorination of this fullerene often
gave complex mixtures of fluoro derivatives of [60]fullerene,
the composition of the products varied depending on the
reaction temperature and time.1, 11, 56, 57 In 1994, Tuinman
and Gakh 43 developed a preparative procedure for the selec-
tive synthesis of C60F48 involving two fluorination steps.

The reaction was performed in the presence of NaF to
decrease the exothermicity of fluorination, which made it
possible to decrease the degree of `combustion' of fullerene in
fluorine atmosphere and increase the yield of the target
product. Initially, C60 and NaF were heated in a stream of
fluorine at 250 8C for 20 h. The resulting mixture of isomers of
higher polyfluorofullerenes C60F46 and C60F48 was extracted
with CFCl3 and subjected again to fluorination but at higher
temperature (275 8C, 30 h). Polyfluorofullerene C60F48 was
obtained in yields up to 60%. All attempts to perform further
fluorination of C60F48 at high temperatures failed. Decom-
position of the carbon skeleton of the molecule giving rise to a
complex mixture of polyfluorocarbons CnFm (n=16± 30,
m=30± 50) occurred instead of the addition of the fluorine
atom.58 Based on this fact, it was concluded that the maximum
possible degree of fullerene fluorination is achieved in poly-
fluorofullerene C60F48. Improved procedures for the synthesis
of C60F48 were described.55, 59

One- and two-dimensional 19F NMR correlation spectro-
scopy demonstrated that polyfluorofullerene C60F48 thus syn-
thesised is amixture of isomers with the point groupsD3 andS6

(see Fig. 1 a, b).43 The structures of theD3 and S6 isomers were
conclusively established by X-ray diffraction.44 These mole-
cules are characterised by the presence of six shortened double
bonds (1.301 �A), which are located in six five-membered rings
of the fullerene cage and are completely shielded by the
surrounding fluorine atoms. The F_F distance between the
opposite fluorine atoms at the double bond is 4.2 �A. Since the
van der Waals diameter of the fluorine atom is 2.7 �A, the open
space around the C=C bond is at most 1.5 �A. Such a
substantial steric shielding of the double bond is one of the
factors that preclude further fluorination of C60F48 without
destruction of the fullerene cage.11

C60

NaF, F2

250 8C, 20 h
C60F46 + C60F48

NaF, F2

275 8C, 30 h
C60F48

(60%)

a b

c d

e f

g h

Figure 1. Schlegel diagrams of polyfluorofullerenes C60F48 [D3 (a) and

S6 isomers (b)], C60F36 [T (c),C3 (d) andC1 isomers (e)],C3v-C60F18 (f) and

two projections of D5d-C60F20 (g, h). Hereinafter, the solid circles indicate

the binding sites of halogen atoms.

{The point symmetry group of the compound is given in italics as a prefix

to the formula.
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b. Polyfluorofullerene C60F36

Heating of C60 withMnF3,60 CeF4
35 orMPbF6 (M=Mg, Ca,

Sr or Ba) 61 at 380 8Cunder dynamic vacuum affords amixture
of T, C3 and C1 isomers of C60F36 in a yield of >70% (see
Fig. 1 c ± e).

The structures of the isomers have been initially suggested
based on 19F NMR spectroscopic data.40, 62More recently, the
structures of T- and C3-C60F36 were established by X-ray
diffraction.41, 42 Each isomer contains isolated cyclohexatriene
fragments. An analysis of the C7C bond lengths in these rings
demonstrates that all these distances are averaged and are
similar to the typical bond lengths in aromatic compounds (for
example, 1.373 �A for T-C60F36 and 1.368 �A for C6F6). Taking
into account efficient p-electron density delocalisation and
small deviations from planarity (about 0.01 �A) of the cyclo-
hexatriene fragments, these rings can be considered as ben-
zenoid. In the most symmetrical isomer T-C60F36, the fluorine
atoms are arranged so that four isolated benzenoid fragments
are retained. The molecules of the less symmetrical isomers
(C3-C60F36 and C1-C60F36) contain three such fragments,
whereas the remaining three double bonds are localised in the
five-membered rings. It should be noted that all three isomers
of C60F36 are structurally related to each other and can easily
be derived from each other as a result of the 1,3-shift of one
fluorine atom (interconversions of theC3 andC1 isomers) 63 or
three fluorine atoms (interconversions of theT andC3 isomers)
within one or three five-membered rings, respectively. These
rearrangements are also confirmed by the fact that fluorination
of isomers of C60F36 by molecular fluorine affords higher
polyfluorofullerenes D3- and S6-C60F48, which cannot occur
without migration of the fluorine atom over the surface of the
fullerene sphere.64 It should be noted that analogous mecha-
nisms were proposed for the explanation of interconversions of
polyhydrofullerenes C60H36 isostructural to isomers of
C60F36.65

c. Polyfluorofullerenes C60F18 and C60F20

Polyfluorofullerene C60F18 can be prepared in yields of up to
60% by heating (465 8C) a mixture of C60 and K2PtF6 under
dynamic vacuum.37, 39 The compounds Cs3PbF7,61 Rb2PtF6

and Cs2PtF6 (Ref. 66) can be recommended as alternative
fluorinating agents for the synthesis of C60F18. The use of
KMnF4,46 K3CoF6,67 Li4CeF8 or the KF±MnF3 system 49, 67

leads to an increase in the percentage of low-fluorinated by-
products or a decrease in the degree of conversion of C60.
Hence, these reactions are less attractive for the synthesis of
C60F18.

The only isomer of polyfluorofullerene C60F18 with sym-
metry C3v (see Fig. 1,f and 2) was isolated. An important
difference between this compound and the above-considered
polyfluorofullerenes is that all fluorine atoms in this com-
pound are located in one half of the fullerene cage, whereas
another hemisphere remains unfunctionalised. As a result, the
molecule assumes a large dipole moment estimated to be
8 ± 15D.38, 68 According to the X-ray diffraction data,38, 39 the
fullerene hemisphere containing fluorine atoms is substantially
flattened (see Fig. 2 b). This hemisphere includes the cyclo-
hexatriene pole, in which the bond lengths are equalised and
are typical of aromatic systems (1.372 �A). Therefore, like
isomers of C60F36, polyfluorofullerene C60F18 contains a

benzenoid fragment. The bond lengths and the shape of the
pole of the fullerene hemisphere free of fluorine atoms are very
similar to the corresponding parameters of non-modified full-
erene. The C60F18 molecule contains four types of fluorine
atoms, one of which is sterically most accessible, and the
distance from such fluorine atoms to the carbon atoms bearing
them (1.396 �A) is larger than the lengths of the other fluo-
rine ± carbon bonds (1.361 ± 1.385 �A). Evidently, this longest
bond is the weakest one, i.e., this type of fluorine atoms is most
reactive in the C60F18 molecule. The higher reactivity of this
type of atoms compared to other fluorine atoms is also
attributed to the fact that the involvement of the latter in
chemical transformations results in a deviation from planarity
and destabilisation of the aromatic p system of the benzene-like
fragment.

Polyfluorofullerene C60F20 was isolated from fluorination
products of C60 with complex manganese and cerium fluorides
in 5%±8% yields.48, 49, 66, 69 (It should be noted that this
compound was found in trace amounts, if at all, among the
reactions products of fullerene withK2PtF6 andCs2PtF6, but it
was detected in the analogous reaction with Rb2PtF6).
A 19F NMR spectroscopic study demonstrated that all 20
fluorine atoms in the C60F20 molecule are equivalent. This is
consistent with the structure shown in Figs 1 g,h and 3.48

Fullerene D5d-C60F20 contains the equatorial belt of sp3-
hybridised carbon atoms (CF)20, which divides the fullerene
cage into two equivalent dehydrocorannulene fragments.
Although the alternative structure of C60F20 described in
Ref. 48 formally satisfies the condition of equivalence of
20 fluorine atoms, conclusive evidence in favour of the initially
proposed structure containing the equatorial (CF)20 belt was

C60

MnF3

380 8C, <10 Pa
C60F36

(70%± 80%)

C60

K2PtF6

465 8C, <10 Pa
C60F18

(40%± 60%)

a b

Figure 2. Three-dimensional structure of C3v-C60F18: top view (a) and

side view (b).

a b

Figure 3. Three-dimensional structure of D5d-C60F20: top view (a) and

side view (b).
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given in a more recent study.49 Evidently, polyfluorofullerene
D5d-C60F20 cannot be generated from C3v-C60F18 without
substantial rearrangements of the fluorine atoms. This suggests
that the pathways giving rise to these two compounds include
different intermediate fluorination products.48

Due to the presence of two dehydrocorannulene fragments,
which are located at the poles of the C60F20 molecule and can
independently bind donor or acceptor groups, these derivatives
are promising starting compounds for the formation of
donor ± acceptor complexes and polymers.70

d. Polyfluorofullerene Th-C60F24

A possible method for the synthesis of polyhalofullerenes is
based on the replacement of one halogen atom by another
halogen. In early studies,71, 72 it has been demonstrated that
chlorine (bromine) atoms in polychloro(bromo)fullerenes can
be replaced by fluorine atoms in reactions with molecular
fluorine or XeF2. However, the authors failed to isolate
individual compounds. By contrast, bromination of lower
polychloro derivatives C60Cln (n=6, 8, 12 or 14) by liquid
bromine affords Th-C60Br24,73 the chlorination of which by
antimony pentachloride at high temperature gives rise to
Th-C60Cl24.74

Fluorination of Th-C60Br24 with xenon difluoride in an-
hydrousHF at room temperature is the only known example of
the successful selective formation of polyfluorofullerene by the
substitution reaction.50

Under the above-mentioned conditions, bromine atoms in
polyhalofullerene are replaced by fluorine atoms. According to
the 19F NMR spectroscopic data, this reaction produces the
highly symmetrical Th-C60F24 compound isostructural to the
starting C60Br24 compound (Fig. 4). According to quantum
chemical calculations,50 this polyfluorofullerene is metastable
and, consequently, can undergo isomerisation or disproportio-
nation to formmore stable structures. However, this process is
kinetically hindered; at least, it was not detected at room
temperature.

e. Other polyfluoro derivatives of [60]fullerene
In addition to C60F18 and C60F20, fluorination of C60 fullerene
by complex metal fluorides (K2PtF6, KMnF4, Cs2PbF6,
Li4CeF8, etc.) gives other lower polyfluorofullerenes [C60F2n

(n=1±3),45, 46 two isomers of C60F8,45, 46, 75 C60F12, C60F14,49

C60F16 (Ref. 47)], oxopolyfluorofullerenes [C60F2O,45

C60F2nO (n=2±4),76 C60F16O,77 C60F18O,78 ± 80 C60F18O2

(Ref. 81)] and mixed perfluoroalkylfluoro derivatives
[C60F7CF3,45, 46 C60F17CF3, C60F17C2F5 (Ref. 82)]. Impurities

of oxopolyfluorofullerenes and perfluoroalkylpolyfluoro-
fullerenes are always present in certain amounts among fluo-
rination products of fullerenes. These compounds are formed
because of imperfections in vacuum apparatus used for their
preparation, due to the presence of traces of oxygen in
crystalline fullerene, reagents or on the surface of the reactor
and as a result of thermal destruction of polyfluorofullerenes
(for more details, see Section III.4.b). Although the percentage
of these compounds is low (the yields are usually lower than
5%), they were isolated by chromatography and partially
characterised. The structures of most of these compounds
were proposed based on 19F NMR spectroscopic data. The
structures of some derivatives were confirmed by the results of
other spectroscopic methods (for example, by IR and Raman
spectroscopy) interpreted with the use of quantum chemical
calculations. The structures of some compounds were estab-
lished by X-ray diffraction. For example, it was demonstrated
that theCs andC1 isomers of fullerene C60F17CF3 are isostruc-
tural to C60F18. Thesemolecules contain the CF3 group instead
of one of three sterically most accessible fluorine atoms.82

An X-ray diffraction study showed that oxohomofullerene
Cs-C60F18O dominates among oxygen-containing products.80

In this compound, the oxygen atom is introduced into the
longest [5,6] C(F)7C(F) bond } of the C60F18 molecule, which
is accompanied by cleavage of this bond.

2. Solubility of polyfluoro[60]fullerenes
Only a few studies were concerned with the determination of
solubility of polyfluorofullerenes and investigation of their
stability in solution.83 ± 85 It should be noted that the lack of
information on stability of polyfluorofullerenes in different
solvents led to erroneous interpretation of the experimental
data in some early studies in favour of the formation of
C60F60.1, 86, 87

Stability of polyfluorofullerenes in solution depends on the
chemical properties of these compounds. As will be demon-
strated below, polyfluorofullerenes are prone to nucleophilic
substitution reactions, in particular, to hydrolysis and can act
as oxidising agents. Hence, to prevent non-destructive dissolu-
tion of polyfluorofullerenes, it is necessary to avoid the use of
nucleophilic or protic solvents (for example, alcohols, amines,
pyridine, etc.), solvents that are difficult to purify from traces
of water or alcohols (for example, acetone and chloroform)
and solvents that are readily involved in redox reactions
(ethers, particularly, for higher polyfluorofullerenes).

Among the solvents recommended for use in experiments
with polyfluorofullerenes, hydrocarbons (alkanes and arenes)
and their halogeno derivatives should be mentioned. The
solubilities of C60 and polyfluorofullerenes C60F18, C60F36

and C60F48 in some organic solvents are given in Table 1.

3. Synthesis and structures of polychloro[60]fullerenes
Unlike polyfluoro[60]fullerenes, polychloro derivatives of full-
erene C60 have been less studied. For example, only C60Cl6 has
been synthesised (by the reaction of fullerene with iodine
monochloride) so far and reliably characterised.89 ± 91

Fullerene C60 is known to react only with highly reactive
electrophiles; however, this compound is readily involved in
radical addition reactions. Hence, it is reasonable to suggest

Th-C60Br24
XeF2, HF, 25 8C

7BrF3

Th-C60F24

C60

ICl, 25 8C

7I2
C60Cl6

(70%)

Figure 4. The Schlegel diagram of Th-C60F24.

}The carbon ± carbon bond between the five- and six-membered rings is

enclosed in brackets [5,6].
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that chlorination of C60 proceeds by a radical mechanism.89

This assumption is consistent with the influence of solvents on
the reaction rate. It was found that the reaction proceeds more
rapidly in benzene or chlorobenzene than in toluene. Evi-
dently, toluene captures part of the radicals, resulting in a
decrease in the rate of chlorination of fullerene. Since ICl is a
weak Lewis acid, chlorination of C60 in benzene or toluene
gives aryl-containing fullerenes as by-products.91, 92 Appa-
rently, this reaction proceeds analogously to arylation of
fullerenes and polychlorofullerenes in the presence of alumi-
nium chloride 93 (see Section IV.2). The yields of aryl-contain-
ing fullerenes that are formed as by-products can be
substantially decreased using monochloro- and dichloroben-
zenes, which are less reactive in Friedel ±Crafts reactions, and
by removing unconsumed ICl from the reaction mixture as
quickly as possible.91, 94

The structure of polychlorofullerene C60Cl6 (Fig. 5 a) was
established by 13C NMR spectroscopy 89 and was then con-
firmed by X-ray diffraction.95 In the molecule, five chlorine
atoms surround one of the pentagonal faces of the fullerene,
whereas the sixth chlorine atom is directly attached to this five-
membered ring to form a 1,2 contact with the adjacent chlorine
atom (this structure is generally described as a truncated
pentagonal pyramid). This addition pattern of addends to the
fullerene cage was demonstrated 96 to be energetically most
favourable in the presence of bulky substituents, including
chlorine atoms. To the contrary, the formation of trans-chains
of 1,2 contacts (the so-called S addition pattern) is favourable
for small substituents, such asH andF atoms. This difference is
evidently associated with steric strain due to interactions
between the adjacent bulky groups. The presence of one 1,2
contact between chlorine atoms in the C60Cl6 molecule leads to

a slight elongation of the corresponding C7Cl bond and, as a
consequence, to its weakening. At the same time, most reac-
tions with C60Cl6 consist of the replacement of all five chlorine
atoms surrounding the five-membered ring with retention of
the chlorine atom in the ring. This is due to the fact that
elimination of this atom as the chloride anion should give rise
to a fragment of the cyclopentadienyl cation with pronounced
antiaromatic properties. By contrast, elimination of other
chlorine atoms affords stable allyl-type cations.

Syntheses of a series of polychloro derivatives of fullerene
C60 with a larger number of chlorine atoms [for example,
C60Cl8, C60Cl10,94 C60Cl12,4, 94, 97 C60Cl14,94, 97 C60Cl24,2

C60Cl26 (Ref. 94)] were documented. However, only indirect
evidence for the formation of these molecules was presented,
and these data can be interpreted ambiguously. Higher poly-
chlorofullerenes, viz., Th-C60Cl24, C1-C60Cl28, C2-C60Cl30 and
D3d-C60Cl30 (see Fig. 5), have been synthesised and structur-
ally characterised only very recently.74 These compounds can
be prepared by heating fullerene with such chlorinating agents
as ICl, PCl5, SbCl5, VCl4, KICl4, MoCl5 or VOCl3.74, 98

Polychlorofullerene Th-C60Cl24 is isostructural to the halogeno
derivatives Th-C60Br24 and Th-C60F24. The structure of the
compound D3d-C60Cl30 (see Fig. 5 b) contains two benzenoid
poles and the [18]trannulene `equator' (see Section III.2.c) with
a high degree of delocalisation. The aromatic character of these
fragments is confirmed by the C7C bond lengths (1.368 and
1.375 �A in the six-membered rings and 1.386 and 1.392 �A in
the trannulene ring).99 In the D3d-C60Cl30 molecule, the C=C
double bonds are involved only in aromatic rings, due to which
this polychlorofullerene is thermally more stable (Tdecomp=
450 ± 500 8C) than other polychlorofullerenes
(Tdecomp=280 ± 3508C).74, 99, 100 Although the reactivity of
these compounds remains unstudied, their unusual structures
will undoubtedly attract attention of researchers in the nearest
future.

4. Synthesis and structures of polybromo[60]fullerenes
Polybromo[60]fullerenes can be synthesised by the reaction of
C60 with liquid bromine or its solution in an appropriate

Table 1. Solubility of C60 and polyfluoro[60]fullerenes in organic solvents
at 25 8C (in mg ml71).

Solvent C60 C60F18 C60F36 C60F48

Aromatic hydrocarbons

Benzene 1.5 a 0.48 b 7 1.5

Toluene 2.9 a 0.52 b 7 1.4

o-Xylene 8.7 a 0.75 b 7 4.8

m-Xylene 1.4 a 1.23 b 7 11.1

p-Xylene 5.9 a 0.96 b 7 9.1

Mesitylene 2.4 a 7 7 0.31

n-Alkanes

n-Pentane 7 7 0.36 19.4 c

n-Hexane 7 7 0.50 11.6 c

n-Heptane 7 7 0.60 10.8 c

n-Octane 7 7 0.44 11.6 c

n-Nonane 7 7 0.89 9.9 c

n-Decane 7 7 0.61 9.0 c

n-Undecane 7 7 7 6.5 c

Tolyl halides

o-MeC6H4Cl 7 5.6 2.1 14.8

m-MeC6H4Cl 7 6.4 3.3 18.2

p-MeC6H4Cl 7 8.2 2.1 8.2

o-MeC6H4Br 7 5.6 1.6 8.2

m-MeC6H4Br 7 6.4 2.2 6.4

p-MeC6H4Br 7 4.2 1.8 6.4

p-MeC6H4F 7 4.2 3.4 11.4

aRef. 88, bRef. 83, cRef. 85. Other values were taken from Ref. 84.

a

dc

b

Figure 5. The Schlegel diagrams of Cs-C60Cl6 (a), D3d-C60Cl30 (b),

C1-C60Cl28 (c) and C2-C60Cl30 (d ).
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solvent. For example, dissolution of C60 in liquid Br2 affords
orange crystals of C60Br24 . nBr2.7

The structure of C60Br24 was established by X-ray diffrac-
tion.7, 101 All the attached bromine atoms are located in the
fullerene cage so that 1,2 contacts between these atoms are
absent (Fig. 6 a). There is the only possible arrangement for 24
attached bromine atoms without 1,2 contacts. It corresponds
to the structure with high symmetry Th. The average C7Br,
C7C and C=C bond lengths are normal for these types of
bonds (1.994, 1.510 and 1.344 �A, respectively). Further addi-
tion of the bromine atoms leads to appearance of 1,2 contacts
between these atoms, and, as a result, to destabilisation of the
molecule due to strong steric strains caused by repulsions
between the bulky substituents. Therefore, the highest degree
of bromination of C60 is apparently achieved in polybromo-
fullerene C60Br24.

Bromination of [60]fullerene bymolecular bromine in some
organic solvents affords polybromofullerenes C60Br6 and (or)
C60Br8, the selectivity being dependent on the nature of the
solvent.5 In CS2 or CHCl3, dark-brown crystals of C60Br8
containing solvated bromine molecules precipitate from the
reaction mixture (in 80% and 50% yields, respectively).5

Bromination of C60 in benzene or CCl4 gives rise to C60Br6
(in*50% and 92% yields, respectively) as dark-claret plates.5

In the study cited,5 the observed selectivity of the formation
of polybromofullerenes in various solvents was attributed to
selective precipitation of insoluble polybromofullerene, due to
which it does not undergo further transformations. However,
more recent investigations demonstrated 102 that the reagent
ratio also has a principal effect on the selectivity of formation
of polybromofullerenes. In particular, both C60Br6 and C60Br8
were synthesised in nearly quantitative yields with the use of
1,2-dichlorobenzene as the solvent in the reactions with a 40-
and 400-fold excess of Br2, respectively.102

The structures of polybromofullerenes C60Br6 and C60Br8
(see Fig. 6 b, c) were unambiguously established by X-ray
diffraction.5, 101, 103 The molecules have C s and C2v symmetry,
respectively. The C7Br bond lengths vary in a narrow range
(1.986 ± 1.998 �A). The changes in the C7C bond lengths in the
molecule Cs-C60Br6 compared to those in C60 fullerene are
substantial only for the brominated hemisphere, the largest
elongation being observed for the bonds involving sp3-hybri-
dised carbon atoms. Five bromine atoms surround the five-
membered ring containing the butadiene fragment with two
double C(sp2)=C(sp2) bonds (1.350 �A) and one elongated
C(sp2)7C(sp2) single bond (1.462 �A). The characteristic fea-
tures of the addition pattern of the bromine atoms in the
molecule C2v-C60Br8 are responsible for the presence of the
isolated C=C double bonds with typical lengths of 1.333 and
1.339 �A in the brominated fragment of the fullerene cage. The
C(sp2)7C(sp3) bonds of predominantly ordinary character
have an average length of 1.510 �A. The remote region of the
fullerene sphere is characterised by the C7C bond lengths
typical of [60]fullerene.

Polybromofullerenes are the thermally least stable poly-
halo derivatives of fullerenes and decompose to give C60 and
molecular bromine upon heating to 100 ± 200 8C, the thermal
stability being increased in the series C60Br6<
C60Br8<C60Br24.7, 102 Polybromofullerenes are characterised
by low solubility and low stability in solution, which limits
their use in organic synthesis.89-

III. Reactions of C60F18 and other
polyfluoro[60]fullerenes

In the previous sections, it was noted that C60F18 is a syntheti-
cally accessible, rather stable and reactive polyfluorofullerene.
Its structure is characterised by the presence of a flattened
fluorine-substituted fragment and the unfluorinated fullerene
hemisphere. These structural features are responsible for the
diversity of chemical transformations of this compound, such
as redox, nucleophilic substitution, arylation and cycloaddi-
tion reactions. Hence, it is not surprising that the chemical
properties of this compound have been studied in most detail.
In addition to the reactivity of C60F18, scarce published data on
the chemical properties of other polyfluoro[60]fullerenes are
considered below.

1. Redox reactions
It is known that C60 fullerene exhibits oxidation properties and
forms the Cÿ60

.
radical anion at a relatively positive potential

[the first half-wave potentialE I
1=2 =70.59V in CH2Cl2 vs. the

saturated calomel electrode (SCE)].18, 19, 21 The addition of
electronegative groups to the fullerene cage should, on the

C60

Br2
C60Br24 .Br2

(86%)

C60

Br2

C60Br8 .Br2

(80%)

CS2

CCl4
C60Br6 .Br2

(92%)

a

b

c

Figure 6. Three-dimensional structures and the Schlegel diagrams of

polybromofullerenes Th-C60Br24 (a), C2v-C60Br8 (b) and Cs-C60Br6 (c).

294 A A Goryunkov, N S Ovchinnikova, I V Trushkov, M A Yurovskaya



whole, lead to an increase in electron-withdrawing properties.
As a result, the reduction potentials of polyfluorofullerenes are
more positive. This shift achieves 1.38V for C60F48 against
C60.21 The high electron affinity of polyfluorofullerenes is also
confirmed by the fact that long-lived polyfluorofullerene
dianions 20, 21, 104 ± 106 and even the C60F

3ÿ
48
.
trianion 17 were

detected in the gas phase by mass spectrometry.
The processes that occur during electrochemical reduction

of polyfluorofullerene C60F48 were studied in detail.21 One-
electron reversible reduction of C60F48 giving rise to the C60F

ÿ
48
.

radical anion occurs at the potential E I
1=2 =0.79V (CH2Cl2,

SCE). Since the reduction potential of C60F48 is more positive
than the oxidation potentials of the Iÿ/Iÿ3 (0.26V, SCE) and
Iÿ3 /I2 pairs (0.65V, SCE), the reaction of C60F48 with the iodide
anion occurs with elimination of molecular iodine.21, 107 This
process is accompanied by the formation of the long-lived
(>20 s) C60F

ÿ
48
.
radical anion.

Further reduction of C60F48 at potentials E II
1=2 =0.44,

E III
1=2 =0.37 and E IV

1=2 =70.12 V (CH2Cl2, SCE) leads to
irreversible processes accompanied by defluorination of poly-
fluorofullerenes.21 To elucidate the mechanism of these proc-
esses, the reaction products of C60F48 with various reducing
agents were studied by electrospray ionisation mass spectrom-
etry. The reducing agents were chosen in such a way that their
oxidation potentials were as close to the potential of the
corresponding process as possible. For example, reduction of
C60F48 with ferrocene (Fc) with the oxidation potential
[E(Fc/Fc+)=0.31 V vs. SCE] close to the second reduction
potential of polyfluorofullerene affords the C60F

ÿ
47 anion. It

was hypothesised that the reaction initially produces the
unstable C60F

2ÿ
48 dianion, which decomposes to form the F7

and C60F
ÿ
47 anions. The latter yields C60F

2ÿ
47
.
. The reaction of

C60F48 with the stronger reducing agent, viz., decamethylfer-
rocene [E(DmFc/DmFc+)=70.11 V vs. SCE], produces
C60F

2ÿ
46 . In the authors' opinion, the latter is formed as a result

of elimination of F7 from the initially formed C60F
3ÿ
47 trianion.

The schemes of the reactions involved in the successive
reduction of C60F48 and their reduction potentials in CH2Cl2
vs. SCE are given below.

C60F48 +e7 C60F
ÿ
48
.
, E1/2=0.79V;

C60F
ÿ
48
.
+e7 C60F

2ÿ
48 Fÿ+C60F

ÿ
47, E1/2=0.44V;

C60F
ÿ
47 + e7 C60F

2ÿ
47
.
, E1/2=0.37V;

C60F
2ÿ
47
.
+e7 C60F

3ÿ
47 F7+C60F

2ÿ
46 , E1/2=70.12V.

It should be noted that the process is not stopped at this
moment, and the percentage of polyfluorofullerenes contain-
ing a smaller number of fluorine atoms increases with time.

Electrochemical transformations of polyfluorofullerenes
containing smaller amounts of halogen have been investi-
gated.16, 18, 19, 108 Reduction of these compounds was demon-
strated to be accompanied by a loss of fluorine atoms. For
example, the reaction of C60F18 with chloroanil produces the
C60F

ÿ
17 ion,108 and reduction of C60F2 and C60F4 affords the

Cÿ60
.
anion.18

The reduction potential of polyfluorofullerenes monotoni-
cally increases with increasing number of the attached fluorine
atoms or upon introduction of other electron-withdrawing
fragments into the molecule (Table 2). The arrangement of the
fluorine atoms at the fullerene cage also has an effect on the
potential. For example, of the three studied isomers of C60F36,
it is most difficult to reduce theT isomer; theC1 andC3 isomers
are reduced at 30 and 80 mV higher potentials, respectively.108

This fact correlates with higher chemical stability of the
T-C60F36 isomer compared to the C1 and C3 isomers (see
Section III.2.a).109, 110

Interesting results were obtained in the study of the
trannulene dyads C60F15[C(CO2Et)2CO2R]3 (R=Et, pyrene-,

perylene-, ferrocene- or tetrathiafulvalene-containing frag-
ments).14, 22, 111 The first reduction potential of these com-
pounds corresponding to the single-electron reversible transfer
varies from 70.005 to 70.10 V (CH2Cl2, SCE), which is
substantially higher than the reduction potential of C60F18

(70.33 V, CH2Cl2, SCE).108 The observed process is attrib-
uted to reduction of the [18]trannulene fragment in the com-
pounds under study.

Polyfluorofullerenes are stronger oxidising agents than
fullerene, which was demonstrated back in early studies.
A mixture of higher polyfluorofullerenes C60F44 and C60F46

was found to oxidise the iodide anion to I2.107 Reduction of
polyfluorofullerenes is accompanied by a loss of fluorine atoms
to form a complex mixture of compounds, from C60F36 to
C60F40. The reactions of higher polyfluorofullerenes with Br7

proceed with difficulty and are accompanied by elimination of
only a small amount of Br2.

Organic compounds can also be oxidised and even fluori-
nated by higher polyfluorofullerenes. For example, heating of
a mixture of C60F44 and C60F46 in PriOH affords acetone,107

whereas heating of solutions of polyfluorofullerenes in aro-
matic solvents in the presence of Lewis acids leads to defluori-
nation of fullerenes 112 ± 114 accompanied by partial
fluorination of solvent molecules. Under these conditions,
even pyridine, which exhibits low reactivity in electrophilic
substitution reactions, gives 2-fluoropyridine in a yield of up to
10%.107 In the presence of higher polyfluorofullerenes, poly-
merisation of THF occurs;87, 110, 115 an analogous process is
also observed upon dissolution of these compounds in acetone
(in the latter case, a polymer is formed as a result of aldol
condensation induced by HF).1

Therefore, polyfluorofullerenes are very strong oxidants,
the redox reactions involving these reagents being accompa-
nied by defluorination of the starting polyfluorofullerenes. The
degree of defluorination is generally determined by the
strength of the reducing agent and the possibility of compet-
itive substitution and addition reactions. Some other examples
of reduction of polyfluorofullerenes observed in the course of
nucleophilic substitution and cycloaddition reactions are given
in Sections III.2 and III.4.a.

2. Nucleophilic substitution reactions
Themechanisms of nucleophilic substitution in polyhalofuller-
enes are virtually unknown. The ideas about the processes
involved in these reactions changed with time. However,
numerous uncertainties and ambiguities concerning these

Table 2. Reduction potentials of polyfluorofullerenes and some their
derivatives in CH2Cl2.

Compound E I
1=2 /V Ref.

vs. SCE vs. C60/C
ÿ
60

C60 70.59 0.00 18, 19, 21

C60F2 70.55 0.04 18

C60F4 70.51 0.08 18

C60F18 70.33 0.26 108

C60F18O 70.28 0.31 108

C60F15[C(CO2Et)2CO2R]3 a 70.10 to70.005 0.49 ± 0.51 14, 22, 111

T-C60F36 0.04 0.63 108

C1-C60F36 0.07 0.66 108

C3-C60F36 0.12 0.71 108

C60F36
b 0.24 0.82 19

C60F48 0.78 1.38 21, 108

aR=Et, pyrene-, perylene-, ferrocene- or tetrathiafulvalene-containing

fragments; b a mixture of the T-C60F36 and C3-C60F36 isomers (1 : 10).
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mechanisms still persist. The problem is that the substitution of
different nucleophiles and polyhalofullerenes occurs appa-
rently by different pathways. Hence, there is good reason to
discuss the most probable mechanisms of these reactions in the
present review. We expect that further experimental studies
will provide conclusive information on these mechanisms.

a. Reactions with O-nucleophiles
Even in early studies, it was found that polyfluorofullerenes,
which have initially been believed to be chemically inert, are
involved in nucleophilic substitution reactions.56, 86, 115, 116

These reactions have been discovered accidentally. The mass
spectrometric analysis of fluorination products of C60 fullerene
revealed the presence of oxopolyfluoro derivatives containing
from 1 to 18 oxygen atoms.8, 57, 117

It is unlikely that oxygen atoms are inserted into poly-
fluorofullerene molecules upon oxidation by atmospheric
oxygen because solid samples of polyfluorofullerenes were
found 29, 59, 86 to be unchanged in air for an indefinitely long
period of time. However, dissolution of highly fluorinated
fullerenes in polar solvents (for example, THF) containing
traces of water is accompanied by an exothermic reaction
resulting in a loss of fluorine atoms.110, 115 Hence, it was
hypothesised that oxo derivatives of polyfluorofullerenes are
formed through the nucleophilic displacement of F by OH
followed by elimination of HF from the adjacent F and OH
substituents.57, 115, 116 This transformation occurs so easily that
oxopolyfluorofullerenes have long been considered as primary
reaction products.57, 117 However, hydroxypolyfluorofuller-
enes are precursors of these compounds, as has been recently
exemplified by the individual isomers C3- and C1-C60F36.109

The discovery of `accidental' 34 epoxidation of polyfluoro-
fullerenes has inflated studies of targeted nucleophilic displace-
ment of fluorine atoms by oxygen-containing nucleophiles. It
was found that C60F36 (Ref. 40) and higher polyfluorofuller-
enes 115, 116 are easily hydrolysed in the presence of organic co-
solvents (the presence of the latter is necessary because poly-
fluorofullerenes are insoluble in water). For example, dissolu-
tion of C60F36 in wet toluene or chloroform affords the
compounds C60F35OH, C60F33(O)OH and C60F32(O)2.118 The
treatment of polyfluorofullerenes with methanolic NaOMe
leads to methoxydefluorination. The nucleophilic displace-
ment of fluorine atoms with sodium acetate in acetic acid was
also documented.115 Therefore, unlike polyfluoroalkanes and
most of their derivatives, polyfluorofullerenes are rather good
substrates for nucleophilic substitution reactions. The mecha-
nism of this reaction deserves a detailed discussion.

The nucleophilic substitution involves the carbon ± leaving
group bond cleavage and the carbon ± nucleophile bond for-
mation. These processes can be either concerted (the so-called
SN2 mechanism) or sequential. The concerted mechanism is
impossible for polyhalofullerenes because it involves the back-
side attack of a nucleophile with respect to the leaving group,
i.e., from the inside of the the fullerene sphere. In early studies
on nucleophilic substitution in polyhalofullerenes, the direct
nucleophilic displacement of halogen has been believed to be a
result of the frontal attack of a nucleophile. However, this
mechanism was rejected in more recent studies. Actually, the
frontal attack of a nucleophile is a forbidden process according
the orbital symmetry rules.Ab initio quantum chemical studies
with an extended basis set taking into account diffuse and
polarisation functions demonstrated that the energy barrier to
the frontal attack is 165 ± 190 kJ mol71 higher than that to the
backside attack even in simplest halomethanes.119

Nucleophilic substitution reactions at a carbonyl carbon
atom or at a silicon atom proceed by an addition ± elimination
mechanism (the leaving group is eliminated only after the

formation of a bond with a nucleophile). However, it is evident
that this mechanism is impossible for polyfluorofullerenes. The
SN1 mechanism can also be rejected. First, the formation of
carbocations from electron-deficient polyfluorofullerenes in
the absence of Lewis acids is hardly probable. Second, the
substitution reaction rate was found to depend on the strength
of a nucleophile. For example, up to 65% of fluorine atoms are
replaced in the reaction with sodium methoxide in methanol
for 12 h, whereas only 15% of fluorine atoms are replaced in
the reaction with the weaker nucleophilic agent, viz., sodium
acetate, in acetic acid (which is often used as the solvent in SN1
reactions) even after 550 h.115

The nucleophilic substitution reaction can be considered as
a single-electron transfer from a nucleophile to the leaving
group. Before the reaction, the nucleophile bears a lone
electron pair, whereas the leaving group contains one electron
of the R7X bond. After completion of the reaction, the
nucleophile bears one electron of the R7Y bond, whereas
the leaving group contains a lone electron pair. This electron
density shift can occur either simultaneously with the bond
cleavage ± formation steps or independently of these processes
(or one of these processes).

All possible nucleophilic substitution mechanisms can be
represented by a three-dimensional reaction diagram
(Fig. 7).120 ± 122 The degree of the R7Y bond formation is on
the x axis; the degree of the R7X bond cleavage, on the y axis;
the degree of electron density transfer from one fragment to
another, on the z axis. The SN1 mechanism is described by the
movement of the system from the point A to the point C
through the point B. The movement along the ADC path
corresponds to the addition ± elimination mechanism. The
transformation of the system from the state A to the state C
without intersections of other nodes in the diagram corre-
sponds to the concerted SN2 reaction.

If the electron shift from the nucleophile (Y:) to the
substrate (RX) is not accompanied by the Y7R bond for-
mation and the R7X bond cleavage, the mechanism involves
the single-electron transfer (path A±F). If the electron shift is
not accompanied by the formation of the Y7R bond but is
accompanied by the cleavage of the R7X bond, the mecha-
nism involves the dissociative electron transfer (path A±G).
The strong electron-withdrawing properties of fullerene and,
particularly, of polyfluorofullerenes suggest the possibility of
the single-electron transfer mechanism.
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Figure 7. Three-dimensional reaction diagram for nucleophilic substitu-

tion reactions. See comments in the text.
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The single-electron transfer from various donors to
polyfluorofullerenes is rather well known (see Sec-
tion III.1).16, 18, 19, 21 These reactions are usually accompanied
by complete or partial defluorination. Actually, it was found
that hydrolysis of S6- and D3-C60F48 in aqueous acetone
affords a complex mixture of products, including C60F42O,
C60F40O, C60F38O, etc.110 These data can be considered as
evidence for the single-electron transfer mechanism in the case
of hydrolysis of the strongest electron-withdrawing poly-
fluorofullerene, C60F48.

The C3v-C60F18 and T-C60F36 compounds are stable with
respect to hydrolysis. Hydrolysis of the C3 and C1 isomers of
C60F36 proceeds without a loss of additional fluorine
atoms.109, 110 This would be impossible in the case of the
single-electron transfer mechanism. Consequently, the nucleo-
philic substitution reactions of these substrates proceed by
another pathway. A comparison of the structures of the
T-C60F36 isomer, which withstands hydrolysis, and the hydro-
lysable isomersC3-C60F36 andC1-C60F36 (see Fig. 1 c ± e) gives
the answer to this question. In the T-C60F36 molecule, all
double bonds adjacent to the fluorine atoms are involved in the
aromatic benzenoid six-membered rings. This isomer contains
only Ph7C(F)RR0-type fragments. In two other isomers, there
are three isolated double bonds containing the C(F)RR0 frag-
ment in the allylic position. It is known that nucleophiles can
attack allyl halides both at the a- and g-carbon atoms. The
latter attack leads to the shift of the C=Cdouble bond (the so-
called SN2

0 mechanism). The nucleophilic substitution in poly-
halofullerenes should proceed by this mechanism.

Actually, dissolution of C3-C60F36 in wet toluene affords
C1-C60F35OH (1), which is consistent with the SN2

0 mecha-
nism.109

The isomers of hydroxypolyfluorofullerene C1-C60F35OH,
viz., compounds 1 and 2 (Fig. 8), obtained upon hydrolysis of
C3- and C1-C60F36, respectively, were isolated and character-
ised.109 It was found that only the allylic fluorine atoms are

replaced. On the contrary, the fluorine atoms that are sur-
rounded only by other fluorine atoms or benzenoid rings
remain intact.

Compounds 1 and 2 easily undergo dehydrofluorination to
give C60F34O. In this case, the oxygen atom is, apparently,
involved in the epoxide ring. However, it should be borne in
mind that some oxopolyfluorofullerenes generated as by-
products in fluorination reactions of [60]fullerene, viz.,
C60F2nO (n=1±4),45 C60F18O 80 and C60F36O,109 contain an
oxygen atom as an intramolecular ether group.

It was hypothesised 36, 57 that epoxide is formed by elimi-
nation of HF from the adjacent OH and F groups. Therefore,
the overall process of epoxide formation is described by
reaction (1).

However, we are doubtful about this mechanism because
the formation of the epoxide ring from halohydrins generally
occurs by the SN2 mechanism, which, as demonstrated above,
is impossible in the case under consideration. Hence, the SN2

0

mechanism described by reaction (2) seems to be more prob-
able. Unfortunately, it is impossible to draw an unambiguous
conclusion about the mechanism of this step because it is
necessary to establish the structures of the resulting epoxides.

The further substitution of fluorine atoms can also occur.
The C60F33(O)OH and C60F32O2 compounds were also
detected among the hydrolysis products of the polyfluoroful-
lerene C60F36.118 The formation of these compounds is accom-
panied by migration of double bonds, which destabilises the
molecule as a whole. Hence, the percentage of the latter
compounds is low.

The analogous SN2
0 mechanism of the substitution of

fluorine atoms is observed for dissolution of D3- and S6-
C60F48 in THF or acetone in the presence of water.110 This
treatment leads to the replacement of up to 12 halogen atoms.
This is consistent with the presence of six double bonds, for
which the SN2

0 mechanism is possible. Subsequent elimination
of HF gives fragments containing up to six epoxide rings.
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Figure 8. The Schlegel diagram of C1-C60F35OH (2).
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Calculations of the formation energies of possible intermedi-
ates containing a hydroxy group demonstrated that the energy
difference between these intermediates is small. Consequently,
hydrolysis of C60F48 can afford complex mixtures of iso-
mers.110

Thus, the nucleophilic substitution in polyfluorofullerenes
occurs by the SN2

0mechanism or via the electron transfer and is
possible only in the presence of the activated carbon ± carbon
double bond that is not involved in the aromatic ring and
occupies the b positionwith respect to the leaving atom.Hence,
the C3- and C1-C60F36 isomers containing three allylic frag-
ments are much more reactive in nucleophilic substitution
reactions than T-C60F36 in which the p-electron density is
completely delocalised over the aromatic rings. It should also
be noted that the double bonds containing several fluorine
atoms in the nearest environment are more reactive. As a
result, O-nucleophiles react more readily with higher poly-
fluorofullerenes than with lower polyfluorofullerenes, in
particular, with C60F18, which are less reactive in these reac-
tions.109, 110

b. Reactions with N-nucleophiles
The reactions of polyfluorofullerenes with N-nucleophiles are
less studied than the reactions with O-nucleophiles. It is known
that higher polyfluorofullerenes react readily with primary and
secondary amines. For example, up to 55% of fluorine atoms
are substituted in reactions of higher polyfluorofullerenes with
Et2NH during 1 h (19F NMR spectroscopic data), and the
percentage of the replaced fluorine atoms increases to 65%
when the reaction time is increased to 12 h.115 Pyridine also
reacts slowly with higher polyfluorofullerenes C60F44 ±C60F46

with selective formation of 2-fluoropyridine.107 To explain this
fact, the authors suggested the mechanism involving the N
addition followed by the migration of the fluorine atom.

This unexpected result may be of importance in the
preparative chemistry of pyridine, because it is virtually
impossible to synthesise 2-fluoropyridine by other methods.
Besides, this is the first example of the use of higher polyfluoro-
fullerenes as fluorinating agents for heterocyclic compounds.

c. Reactions with C-nucleophiles
Reactions with organometallic compounds. The formation of a
new carbon ± carbon bond is the most important reaction in
synthetic chemistry of fullerenes. Hence, the reactions with
C-nucleophiles attract the largest interest among nucleophilic
substitution reactions of polyfluorofullerenes. Alkyl- and
aryllithium compounds are known to be very reactive nucleo-
philes. In an early study on the chemical properties of poly-
fluorofullerenes,115 it was demonstrated that these compounds
react readily with typical C-nucleophiles, such as Grignard
reagents and organolithium compounds. However, the
products have not been isolated and analysed. Further detailed
studies on the reaction of polyfluorofullerenes C60F44 ±C60F46

with alkyllithium reagents showed that this is one of the most
efficient routes to polymethylated and polyphenylated [60]full-
erenes with high degree of addition.123

Products with the compositions C60Men (n=2±28) and
C60Phn (n=2±20) were synthesised by the reactions of a
mixture of polyfluorofullerenes C60F44 ±C60F46 with an excess
of MeLi and PhLi, respectively.123 The formation of com-
pounds with the number of methyl (phenyl) groups smaller
than the number of fluorine atoms in the starting poly-
fluorofullerene is evidence for partial defluorination of the
substrate in the course of the reaction. This suggests that the
reactions of polyfluorofullerenes with organolithium com-
pounds proceed by the single-electron transfer mechanism.
This reaction pathway is also supported by the fact that a
considerable amount of biphenyl was detected in the reaction
with phenyllithium.107 Fullerene methylation (or phenylation)
products are orange (or brown), very readily soluble in non-
polar organic solvents, thermally stable at least up to 300 8C
and storage-stable in air over a long period of time. It is of note
that refluxing of polyfluorofullerenes in diethyl ether for 3 h is
required to achieve the complete substitution of methyl groups
for all fluorine atoms. At room temperature, mixed derivatives
C60FxMey are formed. The necessity of prolonged heating of
the reaction mixture for the complete substitution of fluorine
atoms is attributed to the fact that the electron-withdrawing
properties of fullerene are decreased as the degree of substitu-
tion of methyl groups for the fluorine atoms increases and, as a
consequence, to the incomplete reaction under milder condi-
tions (cf. Ref. 115).

Arylation of C60F18. An alternative procedure for the
introduction of aryl substituents into the fullerene cage is the
Friedel ±Crafts reaction. In this reaction, polyfluorofullerenes
and aromatic compounds act as electrophiles and nucleophiles,
respectively. In other words, the arylation reactions of poly-
fluorofullerenes belong to nucleophilic substitution reactions.
Many arylated fullerenes, which are of practical interest, were
synthesised by the reactions of fullerenes or polyhalofullerenes
with aromatic compounds in the presence of Lewis acids.
Arylfullerenes are soluble in organic solvents and storage-
stable.

The Friedel ±Crafts reaction with polyhalofullerenes was
first described for polychlorofullerenes 2 (arylation of poly-
chlorofullerenes is considered in detail in Section IV.1). Since
alkyl fluorides aremore reactive in the Friedel ±Crafts reaction
than analogous chlorides,124 it can be expected that polyflu-
orofullerenes would also be involved in this reaction. Actually,
it was found that the electrophilicity of polyhalofullerenes
increases in the series Br<Cl<F.125

It can also be expected that of all polyfluorofullerenes the
lower polyfluorofullerenes would be most reactive in the
Friedel ±Crafts reaction because fluorine atoms in these com-
pounds are sterically more accessible. For example, C60F18

reacts with benzene in the presence of FeCl3 at room temper-
ature. On the contrary, attempts to replace fluorine atoms in
higher polyfluorofullerenes C60F36 and C60F48 by phenyl
groups using the Friedel ±Crafts reaction failed.112

The trefoil-shaped triphenyl derivative C60F15Ph3 (3),
which was called triumphene (Fig. 9), was isolated from
arylation products of polyfluorofullereneC3v-C60F18 and com-
pletely characterised.112

Based on the 19F NMR spectroscopic data, which are
indicative of the C3v symmetry of this molecule, evidence for
the direct nucleophilic substitution of fluorine atoms according
to the SN1 mechanism was reported.112 This mechanism is
facilitated by the Friedel ±Crafts catalyst. An increase in the
reaction temperature results in the formation of C60Ph18, in
which all fluorine atoms are replaced by phenyl groups. It was
hypothesised 36, 112 that, in spite of presumable steric hin-
drance, the phenyl groups occupy the positions of fluorine
atoms in the precursor. However, this is doubtful. The mass
spectra of the reaction products show a low-intensity peak of
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the C60Ph
�
19 ion. Apparently, this compound is formed as a

result of further phenylation of the fullerene cage. This reaction
is analogous to the well-known reaction of fullerene with
benzene in the presence of AlCl3.93 In addition, C60F15Ph7
and other phenylation products of polyfluorofullerene were
detected in the reaction mixture.112

In studies of the reaction of polyfluorofullerene C60F18

with a wide range of aromatic compounds catalysed by FeCl3,
mono-, bis- and tris(aryl) derivatives 4 ± 6 (Fig. 10) were
detected.112, 113 The results of these experiments are summar-
ised in Table 3.

The degree of substitution of F atoms depends on the
nature of the aromatic reagent. For example, the reactions of
C60F18 with bulky arenes, such as naphthalene, biphenylene,
pyrene or fluoranthene, yield monosubstituted compounds 4
as the major products. On the contrary, bis- (5) and(or) tris-
substituted (6) products dominate in the reactions of C60F18

with smaller arenes, such as benzene, chloro- and 1,2-dichlor-
obenzenes, toluene, biphenyl, fluorene, etc. Some aromatic
compounds do not give arylation products because of steric
hindrance (for example, mesitylene), self-condensation side
reactions 113 or low reactivity of the substrate (for example,
trifluoromethylbenzene). Serious steric hindrance or self-con-

densation and chlorination of arenes in the presence of FeCl3
as side reactions precluded synthesis of the substitution prod-
ucts of C60F18 with thiophene, perylene and azulene.

The reactions of C60F18 with hydroxyl-containing aromatic
compounds (phenol, hydroquinone and 2-naphthol) are not
stopped after electrophilic defluoroarylation, but are accom-
panied by elimination of HF to give benzofuran derivatives of
fullerene 7, 8 and 9, respectively (Fig. 11).113, 125 The elimina-
tion of HF was described as a result of the direct attack of the
OH group on the F atom, which becomes adjacent to the
2-hydroxyphenyl substituent after the 1,3-shift (Scheme 1).
The possibility of the 1,3-migration of the fluorine atom was
exemplified63 by the transformations of isomers of C60F36.

Scheme 1

An alternative step of dehydrofluorination of the inter-
mediate A involves the attack of the OH group on the adjacent

FeCl3 PhOH

+

7HF

OH

1,3-shift

OH

7

A

Figure 9. The Schlegel diagram of C3v-C60F15Ph3 (3).

Ar

4

Ar

Ar

5
Ar

Ar Ar

6

Figure 10. The Schlegel diagrams of electrophilic mono- (4), di- (5) and

tri-substitution products (6) in C60F18 by different arenes (see Table 3).

Table 3. Results of the replacement of fluorine atoms in C60F18 by
different agents.

Arene Product

4 5 6

Benzene 7 7 +

Chlorobenzene 7 7 +

1,2-Dichlorobenzene 7 7 +

Toluene a + + +

Anisole + + +

Diphenyl ether + + +

Biphenylene + + +

Naphthalene + + +

Biphenyl + 7 +

Fluorene b + 7 +

Pyrene + 7 7
Fluoranthene + + 7
Mesitylene 7 7 7
Perylene b 7 7 7
Coronene 7 7 7
Thiophene c 7 7 7
Azulene b 7 7 7
Trifluoromethylbenzene c 7 7 7

a The para isomer is generated as the major product, although fractions

containing ortho- and meta-substitution products were isolated; b chlori-

nation and(or) self-condensation of arene are side processes; c the reaction

does not proceed.
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double bond accompanied by themigration of the electron pair
and elimination of the fluorine atom (SN2

0 reaction). Taking
into account the discussion in Section III.2.a, the second
pathway seems to be more probable.

The reaction of C60F18 with 2-naphthol affords naph-
tho[2,1-b]furano[d-1,2] [60]fullerene as a by-product, which is
formed as a result of complete defluorination of polyfluoro-
fullerene.125 The formation of this compound can be consid-
ered as evidence for the competitive single-electron transfer
from naphthol to polyfluorofullerene. This process is not
observed in the reaction of C60F18 with water, because water
molecules are hard acids and non-polarisable nucleophiles and
are rarely involved in electron transfer reactions. To the
contrary, readily oxidisable 2-naphthol is much more prone
to donate electrons to an appropriate acceptor.

The reaction of C60F18 with benzene in the presence of
SbCl5 afforded the expected C60F15Ph3 product (3) along with
two oxygen-containing derivatives.114 One of these products is
fluorooxyfullerene C60F14OFPh3 (10) (Fig. 12); the second, a
mixture of oxahomo derivatives (intramolecular ethers)
C60F14O2Ph3.

Anomalous Bingel reaction. Since C60F18 can serve as a
precursor for the formation of donor ± acceptor dyads having
stronger electron-withdrawing properties, attempts were made
to involve this compound in reactions, which are generally used
for the synthesis of analogous structures from C60. The Bingel
reaction is most often used for this purpose. This reaction
involves the nucleophilic addition of the stabilised a-halocar-
banion to the fullerene cage followed by the intramolecular
substitution of the halogen atom to give methanofuller-
enes.126, 127

However, it appeared that the reaction of diethyl bromo-
malonate with C60F18 in the presence of 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU) proceeds by a mechanism
different from the [2+1]-cycloaddition.12 The reaction was
found to givemono-, di- and trisubstitution products of diethyl
bromomalonate groups for the fluorine atoms, viz., the com-
pounds C60F187n[CBr(CO2Et)2]n (n=1±3) (Fig. 13). The
degree of substitution can be regulated by the rate of addition
of the base.12, 128 Due to the presence of a leaving group (even a
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Figure 12. The Schlegel diagram of C60F14OFPh3 (10).
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poor leaving group, such as the fluoride anion) in fullerene,
after the addition of the diethyl bromomalonate carbanion to
the polyfluorofullerene cage the reaction proceeds not as
cyclopropanation. This follows a pathway analogous to the
SN2

0 reaction considered above in the discussion of the
formation of epoxides from polyfluorofullerenes in the pres-
ence of atmospheric moisture (see Section III.2.a).109, 110 The
only difference is that the fluoride ion is eliminated as a result
of the nucleophilic attack not on the g-carbon atom, but on
the more distant e-carbon atom (to emphasise this fact,
some authors used the notation SN2

00 mechanism,
Scheme 2).12, 14, 129

Scheme 2

Apparently, the attack of the bulky nucleophiles
7CBr(CO2Et)2 on the g-carbon atom (the SN2

0 mechanism) is
hindered due to steric effects caused by adjacent fluorine
atoms. On the contrary, the attack on the e-carbon atom (the
SN2

00 mechanism) remote from fluorine atoms occurs without
noticeable steric repulsions. As a result, one to three most
sterically accessible fluorine atoms, which are adjacent to the
double bond and are bound to carbon atoms bearing the
largest positive charge are subjected to nucleophilic substitu-
tion in the C60F18 molecule. Semiempirical quantum chemical
calculations by the AM1 and PM3 methods demonstrated 128

that among the carbon atoms of the C60F18 cage, the carbon
atoms that lose fluorine atoms bear the largest positive charge.
Of the fluorine atoms in the C60F18 molecule, the largest
negative charges are accumulated on the leaving atoms.128

Therefore, the reaction involves the successive replacement of
three fluorine atoms and finally gives the trisubstituted prod-
uct, which is not prone to further reactions.

The structure of the C3v-symmetrical trisubstituted deriva-
tive C60F15[CBr(CO2Et)2]3 (11) established by X-ray diffrac-
tion deserves special attention.12 This compound is
characterised by the presence of the equatorial [18]annulene
belt (see Fig. 13 c). Since all double bonds involved in the belt
are in trans configurations, this fragment is called [18]trannu-
lene according to the term proposed in the early theoretical
study.130 An analysis of the C7C bond lengths in the [18]tran-
nulene fragment in C60F15[CBr(CO2Et)2]3 shows that these
bonds are substantially equalised (the maximum difference is
0.018 �A) and vary from 1.392 to 1.410 �A. By contrast, these
bonds in the starting C60F18 vary in a wider range (from 1.368
to 1.528 �A, i.e., the difference is as large as 0.160 �A).39

It should be noted that p-electron delocalisation in the
[18]trannulene fragment resulting in the equalisation of the
bond lengths can be explained as a result of the formation of a
single aromatic p-system. However, commonly known aro-
matic systems are annulenes, in which C=C bonds are either
in cis (for example, benzene), or cis,trans configurations (for
example, [18]annulene). These conformations aremore favour-
able because the p orbitals involved in aromatic conjugation
are perpendicular to the plane of the annulene ring. Never-
theless, the possibility of the existence of aromatic systems,
which are additionally stabilised due to overlap of the p
orbitals lying in the [n]annulene plane, has theoretically been
predicted earlier.131, 132 In particular, it was theoretically
demonstrated 130 that aromatic stabilisation can be achieved

by fixing the trans configuration of the [n]annulene ring (i.e.,
the formation of [n]trannulene) upon its involvement in the
molecular cage. The calculated geometry, energy and magnetic
properties indicate that [n]trannulenes obey the HuÈ ckel rule,
e.g., (4n+2) p-electron systems are aromatic, whereas 4n
p-electron systems are antiaromatic. Therefore, due to the
rigid fullerene cage and the arrangement of the addends in the
C60F15[CBr(CO2Et)2]3 molecule, [18]annulene adopts the trans
configuration, which satisfies the HuÈ ckel rule, resulting in
aromatic conjugation. The aromaticity of the [18]trannulene
fragment in the C60F15[CBr(CO2Et)2]3 molecule leads to a
slight bond-length alternation in this ring,12, 23 gives rise to
the diamagnetic ring current induced by the external magnetic
field 133 and leads to an increase in chemical stability of the
C60F15[CBr(CO2Et)2]3 molecule compared to the starting
polyfluorofullerene C60F18.23, 110 Analogous [18]trannulene
structural fragments were found in the fullerene derivatives
D3d-C60Cl30,99 S6-C60[CMe(CO2Et)2]6 and S6-C60[CMe.
.(CO2But)2]6 synthesised more recently.134 The mono- and
disubstituted products C60F187n [CBr(CO2Et)2]n (n=1 or 2),
unlike trisubstituted compound 11, do not contain the [18]tran-
nulene belt because of the presence of C(sp3) atoms disrupting
the equatorial p-conjugation system (see Fig. 13 a,b).

Turning back to the discussion of the Bingel reaction
mechanism, it should be noted that the formation of the
[18]trannulene fragment is one of the factors responsible for
the regiochemistry of nucleophilic substitution in C60F18.
Actually, one of the three most activated fluorine atoms can
be subjected to the nucleophilic displacement through the
attack of a nucleophilic species both on the e- and g-carbon
atoms (see Scheme 2). However, the formation of the aromatic
[18]trannulene fragment is possible only upon the addition of a
nucleophile at the e-carbon atom, resulting in additional
thermodynamic and kinetic stabilisation of the fullerene.
After the formation of C60F15[CBr(CO2Et)2]3, the fluorine
atoms that remain in the molecule are separated from double
bonds by aromatic p-systems of the benzenoid and [18]trannu-
lene rings, which prevents further nucleophilic substitution.

The nucleophilic displacement of three fluorine atoms in
the C1- and Cs-C60F18O isomers by 7CBr(CO2Et)2 anions
afforded the corresponding [18]trannulenes, viz., C1- and Cs-
C60F15O[CBr(CO2Et)2]3, and these products were character-
ised.129 These results demonstrate that the presence of the
oxygen atom in the molecule results in neither steric nor
electronic effects hindering the formation of trannulenes.

The reactions of C60F18 with a large number of malonates
HCX(CO2R)2, with different ester [R=Me, Et, PhCH2 or 3,5-
(MeO)2C6H3CH2] and acceptor groups [X=F, Cl, Br, CN,
CO2Et, NO2, P(O)(OMe)2, SO2CH2Ph ot C(O)CH2. .CH2Ph],
were studied to elucidate the influence of the nature of
substituents and the size of the 7CX(CO2R)2 carbanion on
the possibility of the synthesis of trannulenes.14, 23, 129

Almost all known malonates [except for oxomalonate
HC(C(O)CH2CH2Ph)(CO2Et)2] were found to be involved in
nucleophilic substitution reactions with C60F18. The inactivity
of the oxomalonate under these conditions was attributed to
the keto ± enol tautomerism of the reagent.14 The anions
derived from fluoro- and cyanomalonates do not form trannu-
lenes; instead, they give mono- or disubstituted products, viz.,
C60F17[CF(CO2Et)2], C60F17[C(CN)(CO2Et)2] and C60F16.
.[C(CN)(CO2Et)2]2, in low yields. Based on the differences in
the 19F NMR spectra of the fullerene derivatives
C60F17[C(CN)(CO2Et)2] andC60F17[CBr(CO2Et)2], it was con-
cluded 128 that cyanomalonate reacts at the g position, i.e., by
the SN2

0 mechanism.14 However, it should be noted that the
determination of the structure of C60F17[C(CN)(CO2Et)2] only
from 19F NMR spectroscopic data is insufficiently reliable.

DBU,

PhMe

7F7

CBr(CO2Et)2
7
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F
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The reactions of C60F18 withHC(SO2CH2Ph)(CO2Et)2 and
HC[PO(OMe)2](CO2Et)2 afford trannulene-containing prod-
ucts in low yields.14 The reaction of phosphorus-containing
malonate is accompanied by dephosphonylation giving rise to
C60F15[CH(CO2Et)2]3. This is confirmed by the absence of
signals in the 31P NMR spectrum and resonances of the
methoxy groups in the 1H NMR spectra of the isolated
product. Since potassium fluoride is known to induce dephos-
phonylation of tertiary phosphonates,135 dephosphonylation
of the trannulene belt is apparently initiated by fluoride anions
generated in the reaction.14

Good yields of the corresponding trannulenes (*30%)
were achieved in the reactions of C60F18 with HCBr(CO2R)2,
where R=CH2Ph 129 or CH2C6H3(OMe)2-3,5,23 or with
HCX(CO2Et)2, where X=Cl,129 Br,12, 128 CO2Et or NO2.14

It should be noted that an increase in the bulk of the ester group
leads to a decrease in the degree of substitution in C60F18. This
can be overcome by increasing the malonate-to-fullerene ratio
or introducing a bridge into malonate, resulting in an increase
in the distance between the bulky substituent and the carb-
anionic centre.23

A series of trannulenes were synthesised by the reactions of
C60F18 withmethanetricarboxylates containing various photo-
active functional groups.22, 23 Methanetricarboxylates serve as
an attractive alternative to halo- and nitromalonates. The
advantages of the latter compounds are low pKa, high nucle-
ophilicity of anions, the absence of the keto ± enol tautomer-
ism, a rather large steric demands and stability. To achieve the
efficient formation of trannulenes from C60F18, CH-acids
should meet these requirements.

The starting methanetricarboxylates can easily be synthes-
ised from the corresponding alcohols (Scheme 3). Commer-
cially available alcohols 12a ± i containing photoactive
fragments were used. Treatment of these alcohols with ethyl
malonyl chloride afforded the corresponding malonates
13a ± i, which were deprotonated and coupled with ethyl
chloroformate to form methanetricarboxylates 14a ± i. Tran-
nulenes 15a ± i were synthesised from methanetricarboxylates
14a ± i and C60F18.

The results of the above studies demonstrate that the larger
the bulk of the substituent shielding the nucleophilic carba-
nionic centre, the larger the amount of methanetricarboxylate
14 required for the synthesis of trannulene. Attempts to use
perylene ester 14h for the synthesis of trannulene 15h failed in
spite of a variation of the reaction conditions over a wide
range. In all cases, bis-adduct 16 was obtained as the major
product due to the size of the perylene fragment (Scheme 4).

The steric barrier was overcome by removing the bulky
fragment from the reaction centre after the introduction of the
phenylacetylene bridge between the perylene moiety and the
methanetricarboxylate group. For example, the reaction of
ester 14i with C60F18 in the presence of a base produces
trannulene 15i in 31% yield.

All compounds 15 are emerald-green, which is typical of
fullerene trannulenes 12, 23, 129, 134 due to intense absorption of
the [18]trannulene fragment at 610 ± 670 nm. In addition, the
presence of this fragment leads to an increase in electron-
withdrawing properties of the molecule, which is manifested in
a substantial increase in the first potential of single-electron
reversible reduction (from 70.005 to 70.10V, CH2Cl2,
SCE) 14, 22, 111 compared to that for C60F18 (70.33V,
CH2Cl2, SCE).108 To summarise, fullerene trannulenes have
better chromophoric properties, more efficiently stabilise the
negative charge compared to traditional fullerene derivatives
prepared by the Bingel reaction and retain low reorganisation
energy for transition into the charge-separated state due to the
rigid fullerene cage. Based on this fact, it was suggested that

trannulene derivatives of C60F18 are promising molecular
`building blocks' for the design of components of single-
electron devices, molecular switches and sensors.14, 22, 23, 136 In
particular, studies of single-electron transfer in the tetrathia-
fulvalene ± trannulene dyad demonstrated that these molecules
can accumulate energy of photoexcitation in the long-lived
(870 ns) charge-separated state.22 However, it should be borne
in mind that the use of fullerene trannulenes as electron-
withdrawing building blocks is sometimes complicated by
considerable activation barriers to the transition into the
charge-separated state.111
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In conclusion of this section, it should be noted that the
anomalous Bingel reaction (synthesis of trannulenes) can be
accompanied by the formation of classical cyclopropanation
products. For example, the reaction of C60F18 with diethyl
bromomalonate generated in situ (from diethyl malonate and
CBr4) in the presence of DBU affords the usual cyclopropana-
tion product C1-C60F18C(CO2Et)2 in low yield.128 It was
hypothesised that the classical Bingel reaction proceeds as a
result of the attack of the carbanion on the fluorine-free
fullerene hemisphere. In addition, the C60F16C(CO2Et)2
adduct, which was generated as a result of a loss of two fluorine
atoms upon cyclopropanation, was detected. The formation of
this compound was attributed to defluorination of C60F18 with
a base.

3. Cycloaddition to lower polyfluoro[60]fullerenes
The development of efficient methods for the synthesis and
isolation of lower polyfluorofullerenes in the individual state
allowed investigation of a number of cycloaddition reactions,
which are widely used for functionalisation of C60.137 On the
one hand, the presence of a large number of the attached
fluorine atoms in polyfluorofullerene molecules leads to a
strong increase in the electron affinity of these compounds
compared to C60 and, consequently, to an increase in their
electron-withdrawing properties. On the other hand, the pres-
ence of large fluorine-free fragments of the fullerene cage in
lower polyfluorofullerenes allows the cycloaddition reactions
to proceed without substantial steric hindrance, which is
unlikely in the case of higher polyfluorofullerenes. Therefore,
lower polyfluorofullerenes would be expected to be involved in
cycloaddition reactions analogously to C60. Due to lower
symmetry of polyfluorofullerenes, a larger number of isomeric
products can be formed. In addition, the reactions with
electron-donating reagents can be accompanied by competitive
complete or partial defluorination of substrates.

a. [2+3]-Cycloaddition (the Prato reaction)
One of the most widely used methods for the fullerene cage
functionalisation is based on the Prato reaction (annulation of
the pyrrolidine ring by the reaction of fullerene with azo-
methine ylides derived from a-amino acid esters and carbonyl
compounds).138

The reaction of C60F18 with N-methylaminoacetic acid
(sarcosine) and formaldehyde or benzaldehyde produced the
corresponding fulleropyrrolidines, which were isolated and
partially characterised by 1H and 19F NMR spectroscopy.139

It should be noted that, unlike the anomalous Bingel reac-
tion,128 the Prato reaction with C60F18 proceeds by a tradi-
tional pathway, no products of substitution or elimination of
fluorine atoms being detected. Cycloaddition to the C60F18

molecule at the fluorine-free fullerene hemisphere affords
mono- and bis-adducts.

To interpret the structures of the resulting cycloadducts, it
is necessary to consider possible cycloaddition patterns of
azomethine ylide at C=C double bonds to form the pyrroli-
dine fragment. It is reasonable to exclude the double bonds
involved in the benzenoid ring and the [5,6] bonds from
consideration because the cycloaddition at these types of
bonds reduces stabilisation due to aromatic conjugation and
leads to an increase in strains in the fullerene cage. Conse-
quently, the formation of a monoadduct can occur at one of
four non-equivalent bonds, a, b, c or d (Fig. 14).

Two products prepared by annulation of the pyrrolidine
ring to the C60F18 molecule (at the a and c bonds) should have
Cs symmetry, whereas two other annulation products (the
addition at the b and d bonds) are non-symmetrical. It is
reasonable to suggest that steric hindrance does not allow the
reaction to proceed at the d bond. Hence, the formation of
three isomeric monoadducts would be expected; the bis-addi-

tion would be expected to give five symmetrical and eight non-
symmetrical bis-adducts.

Two monoadducts of three possible adducts were found
experimentally (Fig. 15).139 This reaction affords Cs-symmet-
rical monoadduct 17 as the major product as a result of the
cycloaddition at the a bond most remote from the fluorine
atoms. Non-symmetrical cycloadduct 18, which is formed with
the involvement of the b bond, is the minor product. The Cs-
symmetrical cycloaddition product at the c bond was not
detected in the reaction mixture. Apparently, the addition to
this bond close to the flattened fragment of C60F18 leads to an
increase in steric hindrance in the fullerene cage.

Polycycloaddition products were also found, three Cs-
symmetrical and four non-symmetrical bis-adducts being
isolated. As in the case of monoadducts, the addition of
azomethine ylide occurs predominantly at the a bond, whereas
the addition products at the c and d bonds are absent. In other
words, all bis-adducts are formed as a result of different
cycloaddition patterns at the a and b bonds. For example,
annulation of the pyrrolidine fragment at two a bonds
(Fig. 16 a) was proposed 139 for one of the Cs-symmetrical
isomers, viz., compound 19. However, it should be noted that
in this case the pyrrolidine rings are bound to one six-
membered ring resulting in destabilisation of this isomer due
to repulsion between these rings. Hence, it cannot be ruled out
that Cs-symmetrical bis-adduct 19 is formed as a result of
cycloaddition at the b1, b4 or b, b1 bonds (see Fig. 16 b).
Unfortunately, no 13C NMR spectroscopic data were
reported.139

The Prato reaction of C60F18 with sarcosine and benzalde-
hyde proceeds analogously to give a complex mixture of
isomeric adducts.139 Six major products and four minor
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d1 d4
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Figure 14. Possible cycloaddition sites in the C60F18 molecule.
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Figure 15. The Schlegel diagrams of the C60F18(C3H7N) monoadducts.

Synthesis, structures and reactivity of polyhalo[60]fullerenes 303



products were identified. These products were isolated in
amounts insufficient for the structure elucidation.

Monoadduct 17 produced by the reaction of C60F18 with
sarcosine and formaldehyde was unexpectedly detected in the
reactions with other aldehydes.139 This can be attributed to
either the presence of an impurity of formaldehyde in sarcosine
or the in situ formation of formaldehyde as a result of oxidation
of sarcosine catalysed by fluorofullerene. The latter is evi-
denced by the fact that the major product (monoadduct) of the
reaction of C60F18 with sarcosine and benzaldehyde is formed
by refluxing a toluene solution of C60F18 with sarcosine in the
absence of benzaldehyde in the reaction mixture! This result is
attributed to the presence of traces of benzaldehyde in toluene
(0.05%, HPLC data), the amount of which increases due to
oxidation of toluene under the reaction conditions.

To summarize, the Prato reaction of lower polyfluoroful-
lerenes is not accompanied by defluorination and produces
complex isomeric mixtures of mono- and bis-adducts. The
cycloaddition occurs predominantly at the sterically most
accessible and fluorine-free fragment of the fullerene cage.

b. [2+4]-Cycloaddition reactions
Electron-deficient fullerene and its derivatives can be involved
in the Diels ±Alder reaction.140 ± 142 Polyfluorofullerenes are
no exception.13, 70 For example, refluxing of a toluene solution
of C60F18 with anthracene under argon produced monocy-
cloadducts 20 and 21, which were isolated and partially
characterised (in a ratio of 3 : 2, the total yield was 40%,
Fig. 17).13 Anthraquinone was found among by-products.
The latter compound was also detected in the reactions of
anthracene with C60 and C60Cl6. Apparently, fullerene or its
halogen derivatives either act as oxidants in these reactions or
catalyse oxidation of anthracene.

In the electron ionisation mass spectra of 20 and 21, the
molecular ion peak is absent, but the spectra show ions
corresponding to C60F18 and anthracene, which is evidence
that thermodesorption is accompanied by the retro reaction.
This process is also typical of cycloadducts of non-halogenated
C60.142

The structures of monocycloadducts 20 and 21 were
proposed based on the analysis of 1H and 19F NMR spectro-
scopic data. In this case, as in the Prato reaction, defluorina-
tion products are not observed. The majorCs-symmetrical (20)
and minor non-symmetrical (21) isomers are produced by
cycloaddition at the a and b bonds, respectively (see Fig. 17).
Quantum chemical calculations (by the semiempirical AM1
method) of the thermal effects of the Diels ±Alder reactions of
C60F18 with anthracene, butadiene or benzene confirmed that
the cycloaddition at the a bond is more favourable and this
adduct is more stable.143 Cycloadducts 20 and 21 partially

decompose on storage. For example, the degree of decompo-
sition of major compound 20 after two weeks of storage at
room temperature is 5.5%. Minor product 21 is much less
stable. Virtually immediately after isolation of compound 21
from the reaction mixture, a considerable amount of anthra-
cene was detected by 1H NMR spectroscopy. Moreover,
spontaneous isomerisation of minor product 21 was observed.
As a result, compound 20 and a new cycloadduct were
obtained. The 19F NMR spectroscopic study demonstrated
that the latter compound has Cs symmetry although it differs
from major product 20. Apparently, this product is generated
by the retroDiels ±Alder reaction followed by cycloaddition at
the c bond.

Fullerene C60F20 is another promising substrate for cyclo-
addition reactions. Due to high D5d symmetry of the C60F20

molecule, the monoadduct can be formed as a result of cyclo-
addition to one of two non-equivalent [6,6] bonds (see
Fig. 1 g). Since the approach of the reagent to one of these
bonds is sterically hindered, the only cycloadduct would be
formed.

The [2+4]-cycloaddition reaction of anthracene with poly-
fluorofullerene C60F20 was demonstrated 70 to proceed only
under illumination and in the presence of dissolved oxygen.
Oxidised non-symmetrical cycloadduct 22 was obtained in a
yield of <40%. The structure of this product was proposed
based on 1H and 19F NMR spectra (Fig. 18). The `normal' Cs-
symmetrical cycloadduct of anthracene and C60F20 was
detected as an impurity.

N

Me

Me

Me
N

Me

a

a1

b1 b4

a b

N

N

Figure 16. The Schlegel diagrams of two possible Cs-bis-adducts
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Figure 18. Structure of cycloadduct 22 (for clarity, the C7F bonds are
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4. Miscellaneous reactions
a. Unusual cycloaddition reactions
The use of tetrathiafulvalene (TTF) as an electron donor plays
an important role in studies on the photoinduced electron
transfer involving fullerene. Attempts to perform the reaction
of C60F18 with tetrathiafulvalene led to the discovery of the
previously unknown cycloaddition reaction.15 Concentration
of a solution of C60F18 and tetrathiafulvalene in toluene
afforded products 23 and 24. The non-symmetrical [C60F16 ±
tetrathiafulvalene] adduct (23) was obtained as the major
product (Scheme 5).

Apparently, this reaction involves at least two steps. Ini-
tially, C60F18 undergoes partial defluorination due to the redox
reaction of C60F18 with tetrathiafulvalene. Indeed, dehaloge-
nation of C60Cl6, C60Br6 or C60Br8 with tetrathiafulvalene has
been documented earlier,144 although the reaction products
were not isolated and characterised. Intermediate polyflu-
orofullerene C60F16 exhibits high reactivity with respect to
tetrathiafulvalene and gives the [2+2]-cycloaddition product.

Storage of product 23 leads to its rearrangement to form
two compounds with identical molecular masses. The unstable
minor adduct was not studied in detail.Major adduct 25, which
is formed upon elimination of the thioketene fragment from
derivative 23, is a new type of fullerene derivatives, viz.,
thiirano[2,3-a]cyclobuta[c-1,2]fullerene.

The structure of compound 24 was determined by
1H NMR spectroscopy and electron ionisation mass spectro-
metry. In this bis-adduct, unsaturated dithiolactone 26 gener-
ated from tetrathiafulvalene by elimination of CS2 serves as the
second addend (Scheme 6).

Scheme 6

TTF is tetrathiafulvalene.

An analogous replacement of two fluorine atoms is also
observed in the reaction of C60F18 with 2-methoxyethoxy-

methyl azide.145 The reactions of non-modified C60 with azides
(in particular, with 2-methoxyethoxymethyl azide) generally
produce open-cage fulleroid adducts, viz., azahomofullerenes,
upon the [2+3]-cycloaddition of the azide followed by extru-
sion of N2 (see, for example, Ref. 146). As in many above-
considered examples, the use of polyfluorofullerenes as the
substrate substantially changes the reaction pathway because
of the ease of a loss of fluorine atoms giving rise to aziridino-
polyfluorofullerene C60F16N(CH2OCH2CH2OMe).

b. Radical reactions
Fullerenes are readily involved in radical addition reactions.25

In particular, the reactions of C60 with molecular fluo-
rine 1, 11, 43 and with radical species generated in situ by decom-
position of peroxides,147 alkyl and perfluoroalkyl iodides,6, 148

metal trifluoroacetates,149 etc. were documented.
Polyfluorofullerenes are also involved in radical addition

reactions but they are less reactive than fullerene. As men-
tioned above, fluorination of C60 with molecular fluorine
proceeds by a radical mechanism. Evidently, fluorination of
lower polyfluorofullerenes by fluorine also proceeds by a
radical mechanism. The transformation of C60F36 into C60F48

is an example of such reactions.64 As was discussed in
Section II.1.a, further fluorination occurs under more drastic
conditions due to steric strains and is accompanied by decom-
position of the fullerene cage.11, 58

The formation of the mixed compounds C60Fx(RF)y
(RF=CF3 or C2F5), which were detected in the reaction of
C60 with high oxidation state metal fluorides, is yet another
interesting example.45, 82, 150 The 1,9- and 1,7-C60FCF3,
C1-C60F5CF3,150, 151 C1-C60F7CF3 (see Refs 45, 46 and 150)
and Cs-C60F17C2F5 isomers and three isomers of C60F17CF3,
viz., oneCs-symmetrical isomer (65% of the total amount) and
a pair of C1 enantiomers (35%),82, 152 were isolated from these
reaction mixtures by HPLC. The structures of the compounds
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were proposed based on 19F NMR spectroscopic data and
results of quantum chemical calculations. It should be noted
that C60F17CF3 has initially been considered 152 as the diflu-
oromethanofullerene derivative C60F18CF2. However, more
recent X-ray diffraction study demonstrated 82 that this com-
pound is an analogue of C60F18, with the only difference that
one of the sterically most accessible fluorine atoms is replaced
by the CF3 group.

In a number of studies,36, 82, 152 it was hypothesised that
mixed fluoro- and perfluoroalkyl derivatives are generated
through the insertion of the difluorocarbene :CF2 into poly-
fluorofullerene at C7F bonds. The origin of difluorocarbene
is attributed to thermal destruction of polyfluorofullerenes.
This reaction can proceed analogously to the insertion of
methylene into the C60 molecule upon hydrogenation 153 with
the only difference that the methylene group is inserted at the
double bond of fullerene, whereas difluoromethylene is
inserted at the C7F bond. However, it should be noted that
the more probable pathway of the formation of perfluoroalky-
lated fullerene derivatives involves the addition of the

.
CF3 or.

C2F5 radicals that are generated upon thermal destruction of
polyfluorofullerenes to fullerene or its fluorination products.
Actually, these radicals were detected upon decomposition of
polyfluorofullerenes. 8, 58, 154, 155 Convincing evidence for the
formation of mixed derivatives in the reaction of [60]fullerene
with

.
CF3 was reported.67 It was demonstrated that the

independent generation of the
.
CF3 radicals at the moment of

fluorination of fullerene with K2PtF6 gives rise predominantly
to mixed fluoro and CF3 derivatives of fullerene with the
compositions C60F187n(CF3)n and C60F207m(CF3)m (n=
1±5, m=1±6).

IV. Reactions of polychloro[60]fullerenes

Until recently, C60Cl6 has been the only polychlorofullerene
that was available in preparative amounts in high purity
form.89 Because of this, the reactions of polychlorofullerenes
were studied in most detail for this compound. Higher chlor-
ides, for example, C60Cl24,100 C60Cl28 (Ref. 74) and two
isomers of C60Cl30, were synthesised and isolated in the
individual state.99 This will help in studying their reactivity in
detail and synthesising new derivatives of the fullerene series.

1. Arylation of polychlorofullerenes
Polychlorofullerenes readily enter the Friedel ±Crafts reac-
tion.2 For example, 1H and 13C NMR spectroscopic studies
demonstrated that stirring of a benzene solution of C60Clnwith
catalytic amounts of AlCl3 at room temperature for 2 h leads
to the formation of polyphenylfullerenes (according to mass-
spectrometric data, up to 22 phenyl groups are attached).

The Friedel ±Crafts reaction of fullerene C60Cl6 with
various aromatic substrates was studied in detail.156 ± 158 The
reactions of C60Cl6 with arenes in the presence of FeCl3 were
demonstrated to give the corresponding Cs-symmetrical aryl
derivatives C60Ar5Cl in yields ranging from 48% (Ar is thienyl)
to 63% (Ar=4-FC6H4). The reaction with toluene proceeds
both at the para and ortho positions. The reactions with anisole
and fluorobenzene gave exclusively para-substituted products,
which were isolated and completely characterised.157 The
replacement of chlorine atoms by aryl groups at the same
positions as those occupied by chlorine atoms in C60Cl6,
indicates that the reaction proceeds through the cationic full-
erene intermediate.

In a more recent detailed study 158 of the reaction of C60Cl6
with fluorobenzene in the presence of FeCl3, themajor product
[C60(4-FC6H4)5Cl] was detected along with two Cs-sym-
metrical isomers of 1,4-(4-FC6H4)2C60, one non-symmetrical
isomer of C60(4-FC6H4)4 and a small amount of
C60(4-FC6H4)4H2. The following scheme was proposed for
the explanation of the formation of the latter compound.
Initially, two chlorine atoms are replaced by a hydrogen
atom, which is most likely generated from the solvent. The
resulting intermediate enters the Friedel ±Crafts reaction with
fluorobenzene.159 The substitution of hydrogen for chlorine
atoms was also observed in the reaction of C60Ar5Cl with
triphenylphosphine.157

Ar=4-FC6H4.

The steric hindrance in C60Cl6, which is the presently
known bulkiest electrophile, plays an important role. For
example, no reaction occurs with sterically hindered mesity-
lene.158 At the same time, reagents with lower steric demands
can replace all six chlorine atoms. For example, the reaction of
C60Cl6 with an excess of allyltrimethylsilane in the presence of
TiCl4 produces hexaallylfullerene C60(CH2CH=CH2)6 in
good yield.160

In this case, the steric factors are less significant, which
facilitates the complete replacement of chlorine atoms. The
pentasubstituted compound C60(CH2CH=CH2)5Cl was iso-
lated as a minor reaction product.
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A comparative study of the geometry and electronic
structures of the compounds C60Cl6, C60Ph5Cl and C60Ph5H
by quantum chemical calculations (the AM1 method) demon-
strated that the nature of functional groups has no noticeable
effect on the bond lengths in the fullerene cage (the difference in
the lengths of the analogous C7C bonds is at most 0.01 �A).161

For these derivatives, the addition of functional groups leads to
a loss of the icosahedral (Ih) symmetry, cleavage of five
carbon ± carbon double bonds and the appearance of the
isolated cyclopentadienyl fragment. The C7C bonds involv-
ing sp3-hybridised carbon atoms (1.50 ± 1.55 �A) are longer
than those in C60. The 1H NMR spectroscopic study revealed
free rotation of the phenyl groups at room temperature. This is
consistent with the results of calculations by the AM1 method,
according to which there is a large number of conformations in
a narrow energy range. Therefore, the molecules C60Ph5Cl and
C60Ph5H are `pseudo-Cs-symmetrical'.156

Calculations of the Mulliken charges illustrated the almost
neutral character of chlorine atoms relative to the fullerene
cage in C60Cl6 and a weak donor character of the phenyl
groups in C60Ph5Cl and C60Ph5H. Each phenyl group in these
compounds donates, on the average, 0.038 (in C60Ph5Cl) and
0.02 electrons (in C60Ph5H) to the carbon cage. The hydrogen
atom bound directly to the fullerene cage acts as a strong donor
(+0.217 e) and the chlorine atom, as a weak acceptor
(70.044 e). Unlike C60Ph5H, in which the negative charge is
almost uniformly distributed over the functionalised fragment,
the total charge inC60Ph5Cl (0.150 e) donated by the addends is
mainly redistributed to the intact part of the cage (70.143 e).

Due to a combination of the aryl substituents and the
reactive chlorine atom in themolecules C60Ar5Cl, the latter can
be used as the starting compounds for further functionalisa-
tion.162, 163 For example, a new pathway of spontaneous
oxidation of C60Ph5X (X=H or Cl) to the benzofuran
derivative of C60, in which the oxygen atom forms a bridge
between the carbon cage and one of the benzene rings, was
found (see Section IV.2).163

The treatment of C60Ph5Cl with cyanogen bromide allows
the annulation of the quinoline fragment onto the fullerene
cage.162 The reaction is accompanied by a loss of the chlorine
atom and the formation of the bromine-substituted CN bridge
between the carbon cage and the ortho position of the adjacent
benzene ring to form 1-bromoisoquinoline derivative 27.

The structure of this derivative was confirmed by the synthesis
of amide 28 by the nucleophilic substitution of a hydroxy
group for the bromine atom.162 Like the other amides, com-
pound 28 is poorly soluble and crystallises from benzene as
orange-red plates.

The proposed 162 mechanism of the formation of com-
pound 27 (Scheme 7) is based on the experimental facts that
the reaction does not proceed in the absence of FeCl3 and that
C60(4-FC6H4)5Cl does not undergo this transformation. The
dependence of the process on the presence of a strong Lewis
acid is indicative of the involvement of a carbocationic
intermediate in this reaction. In this case, the intermediate

can be generated in the reaction of FeCl3 with either C60Ph5Cl
or BrCN.

It should be noted that if the complex of BrCN with
iron(III) chloride were an intermediate of this reaction, an
electrophile would be formed and the latter would attack the
phenyl group inC60Ph5Cl predominantly at themost accessible
para or (taking into account the electron-withdrawing charac-
ter of the fullerene substituent) meta position. However, the
absence of these products in the reaction mixture suggests that
the transformation of C60Ph5Cl into product 27 proceeds by a
different mechanism involving the formation of the C60Ph

�
5

cation.
Due to considerable steric hindrance, the C60Ph

�
5 cation

cannot react with the phenyl group of another C60Ph5Cl
molecule, but can react with the small BrCN molecule at the
nitrogen atom. Then the electrophilic attack of the resulting
iminium cation on the adjacent phenyl group occurs. The
strong electron-withdrawing properties of fullerene hinder the
electrophilic substitution in the aryl moiety bound to the
fullerene cage. Nevertheless, high electrophilicity of the bro-
moiminium cation and the intramolecular character of the
reaction (the entropy factor) do make this cyclisation possi-
ble.164 In C60(4-FC6H4)5Cl, the electronegative fluorine atom
is in the meta position to the site of attack and has a negative
inductive effect, which makes the electrophilic attack even
more difficult. In combination with the electron-withdrawing
effect of the fullerene cage, this is sufficient for deactivation of
the benzene ring even toward the intramolecular attack by the
iminium electrophile.

2. Nucleophilic substitution reactions
Polychlorofullerenes are sensitive to hydrolysis and readily
react with nucleophiles.2 For example, the reaction of a
mixture of polychlorofullerenes with excess KOH under reflux
in methanol produced polymethoxyfullerenes, the most sub-
stituted product containing 26 methoxy groups (mass spectro-
metric data).2

This reaction proceeds simultaneously with partial hydroxyla-
tion of the substrate.

The reaction of a benzene solution of C60Cl6 with sodium
alkoxide in the corresponding alcohol ROH (R=Me, Et)
produces C60(OR)5Cl in moderate yields (15%±20%).165 The
reaction proceeds rather rapidly under reflux, but several days
are required for its completion at room temperature. The
reaction of C60Cl6 with EtO7 yields 1,4-(EtO)2C60 as a by-
product. Therefore, the substitution reaction is competitive
with elimination of chlorine atoms.WhenC60Cl6 is heatedwith
an alcohol in the absence of alkoxide ions, which are stronger
nucleophiles, dechlorination becomes the main reaction. For
example, the reaction of a benzene solution of C60Cl6 with
methanol or isopropyl alcohol under reflux for 140 h produces
1,4-(MeO)2C60 or 1,4-(PriO)2C60 in 11%±30% yields.165 The
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reaction of C60Cl6 with secondary aliphatic amines gives 1,4-
diaminofullerenes (in 5%±20% yields) and an inseparable
mixture of tetra- and hexaaminofullerenes.166

The reaction of C60Cl6 with an excess of methyllithium in a
THF± cumenemixture at room temperature affords a complex
mixture of products.167 The completely alkylated derivative
C60Me6 and chloropentamethylfullerene C60Me5Cl are among
the major reaction products. Since the arrangement of the
addends typical of C60Cl6 is retained in these compounds, it
was hypothesised that the reaction involves the frontal replace-
ment of chlorine atoms by nucleophilic species. However, as
mentioned above, we are doubtful about this mechanism.

As discussed above, the reactions of higher polyfluoroful-
lerenes with nucleophiles proceed by the SN2

0 mechanism. This
mechanism is also possible for the transformation of C60Me5Cl
into C60Me6. However, it is inconsistent with the retention of
the arrangement of the addends upon the transformation of
C60Cl6 into C60Me5Cl, since it is known that alkyllithium
compounds are involved in exchange reactions with alkyl
halides rather than give coupling products. Presumably, the
transformation of C60Cl6 into C60Me5Cl involves the halo-
gen ±metal exchange step:

This process was found to partly proceed in the reaction of
phenyllithium with polyfluorofullerenes,107 as evidenced by
the presence of a certain amount of fluorobenzene as one of by-
products. It is also known 168 ± 173 that alkali metal fullerides
smoothly react with alkyl halides to form the corresponding
alkylfullerenes.

The compound C60Me5Cl readily undergoes hydrolysis
and oxidation.165, 167, 174, 175 In the presence of atmospheric
oxygen, epoxides with the compositions C60Me5(O)OH,
C60Me5O2OH and C60Me5O3H were obtained. The X-ray
diffraction study showed that the hydroxy group in the
molecule C60Me5O2OH (29) occupies the position of the
chlorine atom in the molecule C60Me5Cl, and two oxygen
atoms form epoxide functions attached at the double bonds of
the butadiene fragment in the five-membered ring.174

The compound C60Me5O3H (30) isomeric to bis(epoxy)fuller-
enol 29 is bis-epoxy ketone containing the open-cage fullerene,
and compounds 29 and 30 undergo interconversions through
the 1,3-tautomeric shift of the hydrogen atom of the hydroxy
group.175 It should be noted that the compounds C60Ph5Cl and
C60Ph5H containing a truncated pentagonal pyramidal frag-
ment undergo oxidation too. The high reactivity of this frag-
ment is apparently attributed to a high p-electron density on
the double bonds.176 The tendency of these oxygen-containing
compounds to undergo decarbonylation during thermolysis,
which can lead to an opening of the fullerene cage, is an
important but, unfortunately, poorly studied characteristic
feature of such compounds.158, 167, 174

The reactions of C60Cl6 with phenols (PhOH, 4-FC6H4OH
or 4-MeOC6H4OH) and aniline in the presence of water and
KOH represent an unusual example of the nucleophilic dis-
placement of chlorine atoms followed by cyclisation.177 The
reactions with phenol or its substituted analogues produce
benzofuran derivatives 31 (Scheme 8), while aniline gives
indolofullerene. It should be noted that, although the reaction
can lead to the nucleophilic displacement of several chlorine
atoms by phenoxy or anilino groups, only one of these groups
undergoes cyclisation to give a heterocyclic (benzofuran or
indole) functional group. Other chlorine atoms are either
eliminated or are subjected to the nucleophilic substitution
without the ring formation. It was demonstrated that thio-
phene, being a weak nucleophile, does not react, and the
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reaction rate increases in the series PhOH<4-FC6H4OH<
4-MeOC6H4OH<PhNH2 in accordance with an increase in
the nucleophilicity of the reagent.

It was hypothesised 177 that a derivative with a chlorine
atom bound to the fullerene cage in the ortho position with
respect to the arene group, is formed as an intermediate in this
reaction, and cyclisation occurs as a result of a loss of the ortho-
hydrogen atom of the aromatic ring and the chlorine atom (see
Scheme 8, path a).177 In our opinion, it is more probable that
this reaction involves the initial nucleophilic attack on the
polychlorofullerene cage by the ortho-carbon atom of the
phenoxide ion followed by the substitution of the phenoxide
for the chlorine atom (see Scheme 8, path b) according to one
of the above-considered nucleophilic substitutionmechanisms.

V. Reactions of polybromo[60]fullerenes

Unlike reactions of polyfluoro and polychloro derivatives of
fullerenes, chemical transformations of polybromofullerenes
have not been adequately studied because the use of the latter
as synthons is limited by their poor solubility and instability in
most of organic solvents.89 For example, dissolution of C60Br6
in chloroform, dichloromethane, 1,2-dichlorobenzene, carbon
disulfide or cyclohexane is accompanied by its complete
decomposition into C60 and Br2.103, 144 Disproportionation of
C60Br6 giving rise to C60 and C60Br8 upon dissolution in
organic solvents was also documented.5, 103 Decomposition of
C60Br8 to the starting fullerene and molecular bromine occurs
upon heating in organic solvents to 70 ± 80 8C, whereas
C60Br24 does not decompose even upon prolonged refluxing
in 1,2-dichlorobenzene (180 8C).103 Therefore, thermal stabil-
ity of polybromofullerenes in organic solvents increases in the
series C60Br6<C60Br8<C60Br24, which is consistent with the
thermogravimetric data for crystalline polybromofuller-
enes.102 Thermal decomposition of polybromofullerenes
under an inert atmosphere or under vacuum leads to molecular
bromine and C60 fullerene. In the presence of oxygen, this
process is accompanied by the formation of fullerene oxides,
which, under these conditions, are readily involved in the
cycloaddition reaction to form difullerenofuran derivatives.178

It should be noted that thermolysis of polybromofullerenes in
the presence of oxygen affords rather easily fullerene oxides.
On the contrary, C60 fullerene is involved in these reactions
only in the presence of strong oxidising agents, e.g., ozone or
peroxides, or as a result of photochemical or electrochemical
reactions.179, 180

Like other halogen derivatives of fullerenes, polybromo-
fullerenes enter the Friedel ±Crafts reaction with arenes cata-
lysed by AlBr3 or similar Lewis acids.2, 181 The reactions of
C60Br24 with benzene, toluene or fluorobenzene in the presence
of AlBr3 produce polyarene derivatives C60Arn (n=2±16;
Ar=Ph, MeC6H4 or FC6H4).181 In the presence of organic
electron donors of the tetrathiafulvalene series, C60Br6 and
C60Br8 undergo debromination accompanied by the formation
of C60 and the donor radical cation.144

The reaction of polybromofullerene C60Br24 with metha-
nolic KOH produces a complex mixture of polymethoxy-
fullerenes C60(OMe)n (n=2±26).181 The treatment of
polybromofullerenes with aqueous alkalis or aqueous dioxane
leads to their complete hydrolysis to form fullerenols with
complex composition.182 In the case of aqueous dioxane, the
substitution of bromine atoms in fullerenes C60Br8 andC60Br24
is the main reaction giving rise to compounds of compositions
similar to C60(OH)10 and C60(OH)26, respectively. In reactions
with aqueous alkalis, the nucleophilic substitution of bromine
atoms is accompanied by the additional attachment of hydroxy
groups to the fullerene cage to give fullerenols containing a
large number of hydroxy groups, whatever the composition of
the starting polybromofullerene. An elemental analysis

demonstrated that alkali metal fullerenolates are present
among the products obtained by alkaline hydrolysis of poly-
bromofullerenes. This fact accounts for higher solubility of
these fullerenols in water compared to fullerenols prepared
according to other procedures. It should be noted that pH of
aqueous solutions of alkali metal fullerenolates is close to
neutral, which is typical of salts of strong acids. This is
apparently due to the strong electronegative nature of the
fullerene cage functionalised by a large number of electron-
withdrawing hydroxy groups.

It was demonstrated that polybromofullerenes react with
silver trifluoroacetate upon heating in aromatic hydrocar-
bons.182 In the case of C60Br8 and C60Br24, the compounds
with the compositions C60(CF3COO)2 ± 3(OH)6 ± 5 and
C60(CF3COO)2 ± 4(OH)6 ± 7 were obtained as the major
products. It can be seen that the compositions of the resulting
compounds do not correlate with the number of the replaced
bromine atoms. The formation of hydroxy derivatives was
attributed to high sensitivity of the intermediates to atmos-
pheric moisture. However, the products do not undergo
further hydrolysis in the presence of HCl. Analogously,
phosphorylation of C60Br24 and C60Br6 in THF by (EtO)2-
POLi leads to the addition of up to six diethoxyphosphoryl
groups PO(OEt)2 to the fullerene cage.181

The selective substitution of bromine atoms in polybromo-
fullerenes is exemplified by the reactions of C60Br24 with SbCl5
(or with KICl4) at 140 ± 150 8C 74, 100 and with XeF2 in liquid
anhydrous HF at room temperature.50 In both cases, the
Th-C60Cl24 and Th-C60F24 compounds isostructural to the
starting polybromofullerene were obtained as the major prod-
ucts. Polychlorofullerenes, in turn, can be transformed into
Th-C60Br24 by the reactions with liquid bromine.73 In earlier
studies,71, 183 attempts have also been made to replace bromine
and chlorine atoms by fluorine; however, individual com-
pounds have not been obtained.

It should be noted that, according to quantum chemical
calculations, fullerene Th-C60F24 is thermodynamically unsta-
ble and can undergo disproportionation to C60F18 and C60F36.
Apparently, that is why this compound was not isolated from
products of high-temperature syntheses of polyfluorofuller-
enes under thermodynamic control.34, 183 However, Th-C60F24

can be synthesised by the reaction of C60Br24 with XeF2 under
mild conditions, which is evidence for its kinetic stability to
further rearrangements. Unfortunately, the mechanism of this
reaction remains unknown and it can only be hypothesised that
the reaction involves the concerted Br ±F exchange at the sp3-
carbon atom or(and) a sequence of addition and elimination
reactions.50 It cannot be ruled out that the reaction of C60Br24
with XeF2 is of the radical cation nature, analogously to that
assumed for fluorination of bromopentafluorobenzene
C6F5Br or bromotetrafluorobenzenes C6F4HBr with xenon
difluoride in liquid HF.184, 185 The reaction of benzene deriv-
atives with XeF2 is not accompanied by debromination, which
is apparently associated with a higher C7Br bond energy in
these compounds. In the case of polybromofullerenes, in which
the bromine atoms are bound to tertiary carbon atoms and
cause steric strain in the cage, the C7Br bond energy is
substantially lower, resulting in elimination of bromine
atoms. Nevertheless, mixed compounds with the composition
C60F25Br were detected among the reaction products of
C60Br24 with XeF2. Therefore, under these conditions, not
only the substitution of fluorine for bromine atoms, but also
the addition of fluorine atoms to the fullerene cage is observed.

* * *
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Abstract. Methods for the synthesis of substituted and unsub-Methods for the synthesis of substituted and unsub-
stituted indoloindoles are considered. Characteristic featuresstituted indoloindoles are considered. Characteristic features
of electrophilic substitution in the indoloindole system andof electrophilic substitution in the indoloindole system and
some transformations in the side chains are discussed. Thesome transformations in the side chains are discussed. The
bibliography includes 86 referencesbibliography includes 86 references..

I. Introduction

In recent years, considerable attention has been paid to the
study of diverse synthetic analogues of indole, which was
stimulated by their potential biological activities.1, 2 Of partic-
ular interest among these compounds are indoloindoles in
which indole fragments are fused so as to have in common
either carbon atoms of the pyrrole rings {e.g., 5H,10H-indolo-
[3,2-b]indole (1)} or carbon and nitrogen atoms of the pyrrole
rings {e.g., 10H-indolo[1,2-a]indole (2)}, or carbon atoms of
the benzene rings {e.g., 1H,6H-indolo[7,6-g]indole (3), 3H,8H-
indolo[4,5-e]indole (4), etc.}. The last-mentioned compounds
are of interest because the reactive pyrrole rings in their
molecules remain unsubstituted and capable of various trans-
formations.

Natural compounds containing an indoloindole fragment
in which the fused indole rings have the carbon atoms of the
benzene rings in common have not yet been found.

The present review generalises data on the synthesis and
properties of the above-mentioned indoloindoles and related
compounds in which two indole fragments are fused so that
three or four carbon atoms of the benzene and pyrrole rings are
in common simultaneously. Compounds of the type

in which the pyrrole ring of one indole molecule is fused to the
benzene ring of the other molecule are beyond the scope of this
review, because in conformity with the IUPAC rules, they are
called pyrrolocarbazoles.

Since no reviews on indoloindoles have been published as
yet, we did not restrict ourselves to consideration of only recent
studies but also included the results of earlier studies.

II. Synthesis and use of indoloindoles with carbon
atoms of the pyrrole rings in common

The first reported synthesis of indoloindoles dates back to 1884
when P Golubeva 3 obtained a neutral compound with the
molecular formula C14H10N2 by the reduction of o,o0-dinitro-
benzil (formed upon oxidation of dinitrodeoxybenzoin) with
tin and hydrochloric acid in ethanol

C14H8(NO2)2O2+7H2 C14H10N2+6H2O.

Golubeva 3 suggested that this compound is a tolan derivative
and called it `diiminotolan'.

Later, Kliegl andHaas 4 prepared a compound identified as
dinitrobenzil, according to elemental composition, by oxida-
tion of o,o0-dinitrotolan with a mixture of chromic and glacial
acetic acids. The reduction of this product with tin gave a
compound identical to Golubeva's `diiminotolan'. They sug-
gested that reduction of dinitrobenzil does not give `diimino-
tolan', as Golubeva believed, but is accompanied by ring
closure to give compound 1, which they called `doubly fused
indole'.
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The targeted synthesis of 5H,10H-indolo[3,2-b]indole (1)
was first performed by Ruggli.5 He used o,o0-dinitrotolan (5),
as the starting compound, which was oxidised with bromine to
give 1,2-dibromo-1,2-di(o-nitrophenyl)ethylene. The reduc-
tion of this product with tin(II) chloride { in hydrochloric acid
afforded product 1,

which was almost identical to the `diiminotolan' obtained by
Golubeva in the physicochemical properties.

Later, Ruggli and Zaeslin 7 reported an improvement of the
method for the synthesis of indoloindole 1 from o,o0-dinitro-
tolan (5). They first prepared 2-(o-aminophenyl)indolenin-3-
one (6) by refluxing compound 5 in an aqueous solution of
sodium sulfide followed by reduction with tin(II) chloride in a
mixture of hydrochloric and glacial acetic acids at 70 8C to give
5H,10H-indolo[3,2-b]indole (1) (yield 78%). Compound 1 was
formed as colourless crystals poorly soluble in conventional
organic solvents. According to Ruggli and Zaeslin,7 it was not
2-(o-aminophenyl)indolenin-3-one (6) that cyclised in this
reaction but its reduced form, compound 8 formed after acid-
ification.

Compound 6 can also be obtained by the reduction of
o,o0-dinitrobenzil 7 in a neutral solution in the presence of Ni.

Dehydrogenation of indoloindole 1 on treatment with
chloranil 6 results in a product for which a quinonoid structure

and the name dehydroindoloindole were proposed. The struc-
ture of 5,10-didehydroindolo[3,2-b]indole (9) was confirmed
by IR and UV spectroscopic data. Oxidative dehydrogenation
of indoloindole 1 (in boiling acid) was also carried out by
Treibs.8, 9 Subsequently, he attempted to develop a more
convenient method for the synthesis of 5,10-didehydroindo-
lo[3,2-b]indole (9). To this end, he investigated the following
reactions:9

However, it turned out that compound 9 is formed in low yield
from indolin-3-one phenylhydrazone (10) and is not formed at
all from glyoxal diphenylhydrazone (11).

Compound 9 and some derivatives of indoloindole 1 were
synthesized by HuÈ nig and Steinmetzer 10 ± 13 in a study of
various redox systems, in particular, the system

Cadogan et al.14 proposed a new method for the synthesis
of carbazoles, indoles, indazoles and related compounds,
which involved the reduction of appropriate nitro compounds
with triethyl phosphite. It was found that reduction of mono-
nitro derivatives gives products in high yields, while in the case
of dinitro compounds, the yields are moderate. Thus o,o0-
dinitrostilbene was converted into indoloindole 1 in a very low
yield (2%), whereas treatment of 1-methyl-2-(o-nitrophe-
nyl)indole (12) and its 3-isomer 13 with triethyl phosphite in
cumene at 160 8C resulted in the formation of 10-methyl-5H-
indolo[3,2-b]indole (14) and 6-methyl-5H-indolo[2,3-b]indole
(15), respectively, in good yields.15

Kaszynski and Dougherty 16 prepared diethyl 5H,10H-
indolo[3,2-b]indole-2,7-dicarboxylate (16) from diethyl 2,20-
diaminostilbene-4,40-dicarboxylate (17) according to the fol-
lowing scheme:
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The cyclisation of diazide 18 took place in o,o0-dichlorobenzil
at 155 8C. In this reaction, indolo[1,2-b]indazole derivatives
were obtained as by-products. Diester 16 can also be obtained
by simultaneous reduction (SnCl2) and cyclisation of com-
pound 19 in a mixture of hydrochloric and acetic acids.

Kaszynski and Dougherty 16 also synthesised the N,N 0-
dimethyl derivative of compound 16 and studied its electro-
chemical oxidation in CH2Cl2 in the presence of Bu4N+ClOÿ4
to give stable radical cation 16+.. It was assumed that the
indoloindole obtained could find use in the synthesis of polar-
onic ferromagnets.

A new synthetic route to indolo[3,2-b]indole derivatives
based on N-substituted indoxyls and phenylhydrazines has
been proposed.17 Refluxing of 1-acetylindolin-3-one (20) with
substituted phenylhydrazines in acetic acid for 10 min gave the
corresponding indolo[3,2-b]indoles (21).

The process involves the formation of hydrazones, which then
undergo the Fischer reaction to be converted into the corre-
sponding indoloindoles. The acetyl derivative 20 may be
replaced by the tosyl derivative;18 in this case, the yield of
indolo[3,2-b]indole is 50%.

The Fischer method has found use in the synthesis of
diverse fused heterocycles. In particular, this approach was
employed to prepare indolo[3,2-b]indolo[1,7a,7-ab]tetrahydro-
pyridine (22a) and indolo[3,2-b]indolo[1,7a,7-ab]diazepinone
(22b).19

Cyclisation of phenylazoindoles 23 in acetic acid at
60 ± 70 8C in the presence of Na2S2O4 gave 10-amino-5-tosyl-
indolo[3,2-b]indoles 24.20

Yet another route to indolo[3,2-b]indole derivatives is
electrochemical reduction of bis-Schiff bases.21 The reduction
of 6,12-diphenyldibenzo[b, f ][1,5]diazocine (25) and its 2,8-
dichloro derivative 26 gives 4b,9b-diphenyl-4b,5,9b,10-tetra-
hydroindolo[3,2-b]indole (27) and its 3,8-dichloro derivative
(28) in 94% and 69% yields, respectively.22

Previously, compounds 27 and 28 were obtained in rela-
tively low yields 23 ± 25 by the reduction of compounds 25 and 26
with zinc in acetic acid or by platinum oxide-catalysed reduc-
tion.

Recent publications describe the use of indolo[3,2-b]indoles
in the synthesis of high-spin polymeric materials for light
emitting diodes. Thus the synthesis and electroluminescent
properties of a high-spin polymer, poly(5,10-dihexylin-
dolo[3,2-b]indole-2,7-diyl) (29), have been reported.26 This
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polymer possessed good optical and electroluminescent prop-
erties, but unfortunately had a lowmolecular mass and formed
poor-quality polymeric films.

Earlier, high-spin polymers with a similar structure con-
taining an indolo[3,2-b]indole fragment in the monomer unit
were prepared by Murray et al.,27 who have called them the
prototypes of polaronic ferromagnets.

A study of the hole conduction of various heterocyclic
systems related to the class of 5,10-dihetera-5,10-dihydroin-
deno[3,2-b]indenes 28 has shown that 5,10-dihydroindolo-
[3,2-b]indole possesses the best characteristics (luminescent
properties and the lifetime).

Dobrin and co-workers 29 ± 32 studied the photophysical
properties of 5H,10H-indolo[3,2-b]indole (1) and its deriva-
tives (in particular, 5,10-dimethylindolo[3,2-b]indole and its
2,7-diethoxycarbonyl derivative) using the spectral and quan-
tum-chemicalmethods. These compounds can be considered to
be stilbene analogues, as they contain a stilbene chromophore
as a part of a tetracyclic system.

III. Indoloindoles with carbon and nitrogen atoms
of the pyrrole rings in common

The interest in indoloindoles with carbon and nitrogen atoms
of the pyrrole rings in common is due to their biological
activities. The first derivative with this type of fusion, namely,
10H-indolo[1,2-a]indol-10-one (30), was prepared in 40%yield
back in 1953 by Shirley and Roussel 33 upon treatment of
N-phenylindole with excess n-butyllithium and saturation with
carbon dioxide. The oxime of compound 30was also prepared.
It was suggested that indoloindole 30 is formed upon the
reaction of 2,20-dilithiated N-phenylindole with CO2 .

Thermolysis of dilute solutions of 2-(hydroxydiphenylme-
thyl)indole (31) in boiling bromobenzene did not give the
expected dimer 32, but afforded instead a mixture of products
33 ± 37 comprising 11-phenyl-10H-indolo-[1,2-a]indole (34)
and its derivatives 35 ± 37.34 The structures of compounds
34 ± 37 were proposed based on the data from IR and UV
spectroscopy.

IV. Indoloindoles with carbon atoms of the benzene
and pyrrole rings in common

In order to study the possibility of preparing fused heterocyclic
compounds with two pyrrole rings upon cyclisation of sub-
stituents located in the peri-position of the naphthalene
nucleus, an attempt was made to synthesise indolo[5,4,3a,
3-cde]indole-2,6-dione (38).35 5-Amino-2-oxobenzo[c,d ]indo-
line-6-carboxylic acid (39), which was obtained from 5-bromo-
benzo[c,d ]indolin-2-one (40), was subjected to the cyclisation.

Lactam ring closure in the peri-positions of the naphtha-
lene nucleus was attained only by refluxing compound 39 in
acetic anhydride. This gave 1,5-diacetyl-1,5-dihydroindolo-
[5,4,3a,3-cde]indole-2,6-dione (41) in 59% yield. This amide
proved unstable; in an acidic medium it was converted into the
starting compound 39. Heating of compound 41 in aniline did
not give unsubstituted indolo[5,4,3a,3-cde]indole-2,6-dione
(38); instead, opening of one lactam ring took place to give
compound 42.

Yet another indoloindole fused so as to have the carbon
atoms of the benzene and pyrrole rings in common, namely,
4-benzoyl-7-methyl-5,5a,6,6a-tetrahydroindolo[6,5,4-cd ]indol-
8-one (43), was isolated at a stage of synthesis of lysergic acid 36

by the reaction of 1-benzoyl-5-methoxycarbonylmethyl-
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4,5-epoxy-1,2,2a,3,4,5-hexahydrobenz[c,d ]indole (44) with a
large excess of methylamine in an autoclave (100 8C, 6 h).

An attempted synthesis of lysergic acid from enamine 45
resulted in indolo[6,5,4-cd ]indole 46 as one of the products.37

Japanese researchers 38 ± 40 prepared indolo[6,5,4-cd ]indole
derivatives and used them as prolactin secretion inhibitors and
intermediate compounds in the synthesis of drugs. In one
study,40 they used tetrahydrobenzo[c,d ]indole 47 (R=NO2)
as the starting compound; refluxing of compound 47 with zinc
amalgam in 2M HCl gave the corresponding amine
(R=NH2). Cyclisation of this product in aqueous methanol
containing NaHCO3 resulted in indolo[6,5,4-cd ]indole 48 in
high yield (87%).

A patent 41 describes the preparation of a large group of
substituted hexahydro-4H-indolo[6,5,4-cd ]indoles 49 from
agroclavine and ergoline derivatives.

The synthesis of a series of tetracyclic indole derivatives, in
particular indolo[3,2,1-hi ]indoles, using the Fischer reaction
has been described; their anticonvulsant activities have been
studied.42

V. Indoloindoles with carbon atoms of the benzene
rings in common

1. Synthesis of substituted indoloindoles
The first indolo[7,6-g]indole derivatives, namely,
1H,6H,2,3,7,8-tetrahydroindolo[7,6-g]indole-2,3,7,8-tetraone

(50) and its monophenyl- and diphenylhydrazones, were pre-
pared in 1922.43 Compound 50 is formed on heating 1,5-naph-
thylenediamine with diethyl oxalate in acetic acid followed by
hydrolysis of diester 51with potassium hydroxide and neutral-
isation with HCl.

Subsequently, indolo[7,6-g]indole tetraoxo derivatives 52
substituted in the benzene ring were prepared 44 using the
classical Sandmeyer synthesis of isatins from diaminonaph-
thalene as shown below.

Kossmehl and Manecke 45 prepared indolo[7,6-g]indole-
tetraone 50 in the same way and then converted this product
into polymer 53 containing fragments of this indoloindole.
Compound 50 was coupled with thiophene in a mixture of
glacial acetic and concentrated sulfuric acids. Polymer 53 was
obtained in 84% yield as a dark purple powder, which did not
melt up to 600 8C and was insoluble in conventional organic
solvents (Scheme 1).

A new approach to the synthesis of substituted indolo-
[7,6-g]indoles using readily available 1,5-dihydroxynaphtha-
lenes as the starting compounds has been proposed.46
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The Fischer cyclisation of isopropyl methyl ketone 1,5-,
1,6-, 1,7- and 2,6-napththylenedihydrazones gave isomeric
hexamethylindoloindoles: 2,3,3,7,8,8-hexamethyl-3H,8H-in-
dolo[7,6-g]indole (54), 2,3,3,6,6,7-hexamethyl-3H,6H-indo-
lo[6,7-e]indole (55), 2,3,3,9,10,10-hexamethyl-3H,10H-in-
dolo[7,6-e]indole (56) and 1,1,2,6,6,7-hexamethyl-1H,6H-
indolo[5,4-e]indole (57), which were used as hetero residues in
the synthesis of carbocyanine dyes.47

The researchers cited 47 were unable to prepare hexameth-
ylindoloindoles from isopropyl methyl ketone 2,7-napthylene-
dihydrazone, because only one pyrrole ring was closed in this
case due to steric hindrance. Only recently,48 was 1,1,2,9,10,10-
hexamethyl-1,10-dihydroindolo[4,5-e]indole (58) synthesised
in 35% yield by the Fischer reaction of 2,7-napthylenedi-
hydrazine and isopropyl methyl ketone in acetic acid without
isolation of the dihydrazone.

Substituted indolo[6,7-g]indoles 59a,b were prepared using
photolysis of 1,10-(1,8-napththylene)bis(1H-1,2,3-triazoles)
(60a,b) (450 W, high-pressure Hg lamp, quartz, 20 8C).49 The
reaction occurs in two steps, one pyrrole ring being closed first
followed by closure of the other ring.

The structure of compound 59a was confirmed by X-ray
diffraction analysis.50

2. Synthesis of unsubstituted indoloindoles
The systematic investigation into the synthesis of unsubstituted
indoloindoles in which the indole fragments have the carbon
atoms of the benzene rings in common was started in 1977
simultaneously at the Chairs of Organic Chemistry of the
D I Mendeleev Russian University of Chemical Technology
and the I Javakhishvili Tbilisi State University.

Isomeric unsubstituted indoloindoles 3, 4 and 61 were
obtained by cyclisation of pyruvic acid or ethyl pyruvate 1,5-,
2,6- and 2,7-napththylenedihydrazones (62a,b), which were
prepared from the corresponding napththylenedihydrazines
under conditions of the Fischer reaction (Scheme 2).51 ± 53
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The cyclisation of pyruvic acid napththylenedihydrazones
62a was carried out in a mixture of concentrated sulfuric and
glacial acetic acids, while the cyclisation of ethyl pyruvate
dihydrazones 62b was performed in a mixture of esters of
polyphosphoric acid. The subsequent thermal decarboxylation
of diacids 63, 64a and 65a yielded unsubstituted 1H,6H-
indolo[7,6-g]indole (3), 3H,8H-indolo[5,4-e]indole (61) and
3H,8H-indolo[4,5-e]indole (4).

Theoretically, one could suggest that cyclisation of pyruvic
acid 1,5-napththylenedihydrazone followed by decarboxyla-
tion would give compound 66 with four six-membered rings;
however, 1H NMR spectroscopic data attest to a structure in
which protons occur in six- and five-membered rings, which is
consistent with structure 3.54

The cyclisation of 2,6- and 2,7-napththylenedihydrazones
may give six isomeric indoloindoles, four symmetrical (two
linear and two angular) and two asymmetric ones. Chromato-
graphic monitoring of the cyclisation of dihydrazones showed
the presence of several products; however, only one isomer was
isolated in each case (namely, compounds 64 and 65), i.e., in
both cases, cyclisation involved more reactive a-positions of
the naphthalene nucleus.52

As an attempt to obtain linear indoloindoles, cyclisation of
cyclohexanone 2,7-napththylenedihydrazone was carried
out.55, 56 In this case, due to the steric influence of the cyclo-
hexane ring, cyclisation of the dihydrazone to give linear
structure 67 seemed more likely. Indeed, one-pot reaction
carried out in a mixture of concentrated acetic and sulfuric
acids gave this compound without isolation of the extremely
unstable dihydrazone 68.

Angular isomer 69 was formed in this reaction as an
admixture, which was proved by 1H NMR spectroscopy.

Similarly, compound 70 was prepared from 1,5-naphthy-
lenedihydrazine and cyclohexanone.57

3. Quantum-chemical calculations for unsubstituted
indoloindoles
Themolecules of indoloindoles 3, 4 and 61 are tetracyclic fused
conjugated hetero systems. According to Albert's classifica-
tion,58 indoloindoles are p-excessive heterocycles, as the num-
ber of p-electrons in their aromatic system exceeds the number
of atoms in the rings. In this respect, they resemble indoles and
benzindoles, but differ from them by the presence of the second
heteroatom. Pozharskii 59 classified these fused p-excessive
heterocycles as a separate group, as in these cases, the benzene
rings also become p-excessive due to the shift of the p-electron
density in the heterocycle. In the molecules of indoloindoles 3,
4 and 61, the p-excessive character extends to the naphthalene
nucleus.

Quantum-chemical calculations for the molecules of
1H,6H-indolo[7,6-g]indole (3),60 3H,8H-indolo[4,5-e]indole
(4) 61 and 3H,8H-indolo[5,4-e]indole (61) 62 were carried out.
The electronic structure of the indoloindole molecule 3 was
calculated by the CNDOMO and those of molecules 4 and 61
were determined using the SCF MO method in the CNDO/2
approximation.63 The calculations for molecules 3 and 4 were
carried out using theMaslov programme,64 those for molecule
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61, using software developed at the Department of Chemistry
of the Moscow State University (Ref. 65).}

It can be seen from the molecular diagrams of indoloin-
doles 3, 4 and 61 (Figs 1 ± 3) that the introduction of an
additional pyrrole ring into the [4,5]- and [6,7]-benzindole
molecules results in a more pronounced electron delocalisa-
tion. The charge density and the overall (s+p) charges are
maximum for the atoms located at the b-positions of the
pyrrole rings; the electron density is also increased at positions
5,10 (compound 3), 4,9 (compound 61) and 4,7 (compound 4)
of the naphthalene nucleus.

Unlike indole, pyrroloindole 66 or other indoloindole iso-
mers, in the molecule of indoloindole 4, the highest p-electron
densities occur on the a-carbon atoms of the pyrrole rings,67

which is abnormal for the indole ring.

4. Reactions of indoloindoles with the carbon atoms of the
benzene rings in common
a. Cycloaddition and cyclocondensation
The reactions of indoloindoles 58 and 54 with 20,30-dimeth-
oxycarbonylspirofluorenecyclopropene yielded dispiropoly-

cyclic photochromic systems, namely, compounds 71 and
72.48, 68, 69

Yet another method for the preparation of spirocyclic
compounds based on indolo[7,6-g]- and indolo[4,5-e]indoles
is the condensation of indoloindoles with substituted salicylal-
dehydes.70, 71 To this end, isomeric hexamethyldihydroindo-
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Figure 1. Molecular diagram of indoloindole 3.

(a) Overall (s+p) charges, (b) p-electron densities, (c) bond orders.

a b

0.038

70.139

0.096

70.034

70.010

0.016

70.012

70.046
0.038

70.139

0.095

70.039

70.010

0.016

70.012

70.046

N

N 0.557

0.563

0.646
0.647

0.7
87
0.635

0.6350.672

0.928

0.6
06

0.
59
7

0.851

0.557

0.564

0.646

0.7
87

0.597
0.6

06

0.851

N

N

Figure 2. Molecular diagram of indoloindole 61.

(a) Charge density on the atoms, (b) Wiberg indices.
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loindoles 54, 58 were first converted into bis-quaternary salts,
which were then treated with a warm solution of alkali to
obtain the Fischer bases, viz., 1,3,3,6,8,8-hexamethyl-2,7-
dimethylideneindolino[7,6-g]indoline (73) and 1,1,3,8,10,10-
hexamethyl-2,9-dimethylideneindolino[4,5-e]indoline (74).
The latter compound was condensed with 5-nitro-, 3,5-dinitro-
or 3,5-dibromosalicylaldehyde to be converted into spiro
compounds 75 and 76 substituted at the pyran fragment.

b. Electrophilic substitution in the pyrrole ring
In a study of the chemical properties of indoloindoles with the
carbon atoms of the benzene rings in common, it was of interest
to elucidate the influence of the mode of fusion of the indole
rings on the specific features of various reactions, in particular,
electrophilic substitution. It follows from the molecular
diagrams of indoloindoles 3, 4 and 61 that the molecules of
these compounds contain two reactive sites most favourable
for the electrophilic attack, namely, the b-positions of the
pyrrole rings. Since the molecules are symmetrical, these
positions are equivalent from both the electronic and steric
standpoints. Therefore, it is of interest to find the conditions
for selective formation of mono- or disubstituted derivatives
and determine the ratios of the yields of mono- and disubsti-
tuted products when they are formed simultaneously. One
should also take into account the possibility of competitive
substitution in the a-positions of the pyrrole rings or in the
naphthalene nucleus.

The Vilsmeier reaction. Among numerous methods of
formylation of organic compounds, the Vilsmeier ±Haack
reaction is one of the most synthetically important methods.
Indoloindoles 3, 4 and 61 were formylated using different
molar ratios of these compounds to formamide complexes

with POCl3 (Vilsmeier complexes, VC). On treatment of
indoloindoles 3 and 61 with a threefold excess of VC,
symmetrical dialdehydes, viz., 3,8-diformyl-1H,6H-indolo-
[7,6-g]indole (77) and 1,6-diformyl-3H,8H-indolo[5,4-e]indole
(78), respectively, were formed in high yields.61, 72 Note that
dialdehyde 77 was obtained in highly pure state under these
conditions and did not require additional treatment for the use
in subsequent transformations.54

At the same time, indoloindole 4 was converted into a mixture
of 1,9- (79) and 1,10-diformyl-3H,8H-indolo[4,5-e]indoles
(80).72

With equimolar amount of VC, indoloindole 4 is converted
into a- (81) and b-monoaldehydes (82). Chromatographic
monitoring of the formylation showed also the presence of
diformyl derivatives 79 and 80 among the reaction prod-
ucts.61, 72

Indoloindole 3 is converted under the same conditions into
a 1 : 1 mixture of 3-formyl- (83) and 3,8-diformyl-1H,6H-
indolo[7,6-g]indoles (77). An attempt has been made 60 to
obtain monoformyl derivative 83. To this end, the formylation
temperature was reduced to 55 ± 60 8C and the reactants were
taken in a 1 : 1 ratio. Under these conditions, the yield of
aldehyde 83 was 43%, 2-formyl-1H,6H-indolo[7,6-g]indole
(84) being formed as a by-product.

Indolo[7,6-g]indole (3) does not react with N,N-dimethyl-
acetamide at 70 ± 100 8C. An increase in temperature results in
the resinification of the starting compound, no acetylation
products being detected in the reaction mixture.72

The presented data show that indoloindoles undergo the
Vilsmeier ±Haack reaction more readily than indole, as indi-
cated by the formation of a-substituted aldehydes in addition
to b-substituted products. This is due to the rather high
p-electron density on the carbon atoms of the pyrrole ring.

Acetylation. Acetylation of indoloindoles 3, 4 and 61 61, 72

with acetic anhydride in the presence of acetic acid affords
mixtures of acetyl derivatives in low yield. In the case of
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acetylation of indolo[7,6-g]indole (3), both mono- (85 and 86)
and disubstituted (87 and 88) derivatives were isolated from the
reaction mixture by column chromatography.

The acetylation of indolo[5,4-e]indole (61) with acetyl
chloride in the presence of AlCl3 yields only monosubstituted
a- and b-acetyl derivatives 89 and 90, while acetylation of
indolo[4,5-e]indole (4) under the same conditions affords only
a-acetyl derivatives 91. In the latter case, minor amounts of
N-acetyl derivatives 92 and 93 are also formed.

The acetylation of compound 4 at the b-position of the
pyrrole ring does not take place, unlike acetylation of indo-
loindoles 3 and 61. This is apparently due to steric hindrance
created by the closely arranged pyrrole rings in compound 4. In
all cases, the yield of monoacetylated derivatives was substan-
tially higher than the yield of diacetylated products.

The formation of product substituted in the naphthalene
nucleus (compound 88) upon the acetylation of compound 3 is
attributable to an increase in the p-electron density and an
additional activation of the naphthalene a-position due to the
electronic influence of the pyrrole ring.

Azo coupling. Azo coupling tends to be highly selective.
Studies of azo coupling of indoloindoles 3, 4 and 61 with
different diazo components in a neutral medium at a 1 : 3molar
ratio of the substrate to the diazonium salt have been
reported.61, 72 Under these conditions, indoloindole 3 is con-
verted into the expected monosubstituted b-phenylazo deriva-
tives 94a ± c, while azo coupling of indoloindole 4 follows an
abnormal route with a predominant formation of monosub-
stituted a-phenylazo derivatives 95a ± c. The reaction of indo-
loindole 61 with phenyldiazonium chloride furnishes 1-phe-
nylazo- (96) and 2-phenylazo-3H,8H-indolo[5,4-e]indoles (97)

in a 1 : 4.5 ratio; the reaction with p-nitrophenyldiazonium
chloride results in polymeric products.

The predominant formation of monosubstituted deriva-
tives in azo coupling may be caused by low electrophilicity of
the ArN�2 ion, which is insufficient for the subsequent inter-
action with the monosubstituted phenylazo derivatives
formed, in which the electron density of the aromatic system
has been reduced by the introduction of the first phenylazo
group. The formation of 2-substituted derivatives from com-
pounds 61 and 4 may be due to the steric influence of the
pyrrole ring and naphthalene nucleus.

The Mannich reaction. Indoloindole 3 undergoes the Man-
nich reaction with formaldehyde and amines (dimethylamine,
piperidine and morpholine) to give the corresponding disub-
stituted derivatives 98 ± 100 in high yields.73, 74 The reaction is
carried out in acetic acid at 60 8C.

Indoloindoles 61 and 4 are converted into 1,6-bis-
(dimethylaminomethyl)-3H,8H-indolo[5,4-e]indole (101) and
1-dimethylaminomethyl-3H,8H-indolo[4,5-e]indole (102), re-
spectively, with the same ease and in high yields.61

In order to study the probable biological activities, salts of
gramine analogues were prepared, namely, 3,8-bis(dimethyl-
aminomethyl)-1H,6H-indolo[7,6-g]indole dihydrochloride,
dimethosulfate, dimethiodide and diethiodide,73, 74 1-dime-
thylaminomethyl-3H,8H-indolo[4,5-e]indole methiodide and
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1,6-bis(dimethylaminomethyl)-3H,8H-indolo[5,4-e]indole di-
methiodide.

Alkylation. The alkylation of indoloindoles 3, 4 and 61was
carried out using alkyl halides.75 In non-polar solvents (for
example, under conditions of phase transfer catalysis in a 50%
aqueous solution of NaOH), the reactions proceed slowly
(*12 h) despite vigorous stirring at a temperature of
60 ± 65 8C. Probably, this is caused by poor solubility of
indoloindoles in non-polar solvents. The alkylation of com-
pounds 3, 4 and 61 in 1,2-dichloroethane at a catalyst (tetra-
butylammonium bromide) : substrate molar ratio of 1 : 5 at
40 ± 45 8C yields mainly N,N 0-dialkylindoloindoles.75 Indo-
lo[4,5-e]indole 4 undergoes N,N 0-dialkylation more easily
than compounds 3 and 61, which is due to its better solubility
in 1,2-dichloroethane. Compounds 103 ± 105 were synthesised
by alkylation.75 ± 77

Apart from the purely theoretical interest, compounds
103 ± 105 are of considerable practical value because of their
probable biological activities and the use for preparation of
polymers. For example, 3,8-dipropargylindolo[5,4-e]indole
(104d) was used as an example in theGlaser ±Eglinton reaction
to give polyacetylenes 106 containing fused indoloindole frag-
ments in the monomeric unit,78 whereas in the case of 3-prop-
argylindole, symmetrical diacetylene was isolated.79

N,N 0-Dibenzyl-substituted indoloindoles 107 and 108were
obtained by direct Fischer cyclisation of the corresponding
napththylenedihydrazines and alkyl ketones followed by ben-
zylation of the cyclisation products 109 and 110.57, 68, 80

The same publications describe the synthesis of N,N 0-
dibenzyl derivatives 111 and 112 from compounds 67 and 70 .

c. Transformations in side chains
Synthesis of heteroauxin analogue. The synthesis of a hetero-
auxin analogue, viz., 3,8-bis(carboxymethyl)-1H,6H-indo-
lo[7,6-g]indole (113), has been reported.73 3,8-Bis(di-
methylaminomethyl)-1H,6H-indolo[7,6-g]indole (98) was
used as the starting compound.
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After refluxing of an ethanolic solution of compound 98 in
the presence of KCN for 17 h, 3,8-bis(carbamoylmethyl)-
1H,6H-indolo[7,6-g]indole (114) resulting from partial hydro-
lysis of the intermediate dinitrile 115 precipitates from the
reaction mixture. Due to the poor solubility in an alkaline
medium, compound 114 does not undergo further hydrolysis;
however, in an acidic medium, the Bouveault reaction of amide
114 yields an oily product in which diacid 113 was detected by
chromatography.

Condensation involving indolo[7,6-g]indole aldehydes. Alde-
hydes 77 and 83 are readily coupled with primary amines to
give Schiff bases. The reactions of compounds 77 and 83 with
aniline resulted in 3,8-diformyl-1H,6H-indolo[7,6-g]indole
dianil (116) and 3-formyl-1H,6H-indolo[7,6-g]indole anil
(117), respectively, in high yields.60 The reaction proceeds
without a catalyst.

The condensation of compounds 77 and 83 with thiosemi-
carbazide in the presence of a catalytic amount of an ethanolic
solution of HCl (pH 4 ± 5) occurs equally smoothly giving rise
to thiosemicarbazones 118 and 119.

The reaction of monoaldehyde 83 with hydroxylamine
proceeds smoothly to yield a mixture of 3-formyl-1H,6H-
indolo[7,6-g]indole oxime (120) isomers, which could not be
separated.60 The reaction is carried out in ethanol in the
presence of sodium hydrogencarbonate. The condensation of
dialdehyde 77 takes place only with a strong oximating
reagent, viz., a mixture of hydroxylamine hydrochloride with
pyridine. The reaction yields geometric isomers of
3,8-diformyl-1H,6H-indolo[7,6-g]indole dioxime (121); both
isomers were isolated by chromatography. According to
NMR spectroscopy, these isomers had syn,syn- and anti,anti-
configurations and existed in the cisoid conformation,60 which
is sterically more favourable than the transoid conformation of
the aldoxime groups.

The condensation of monoaldehyde 83 with excess nitro-
methane (or nitroethane) proceeds in the presence of a catalytic
amount of ammonium acetate yielding 3-(2-nitrovinyl)- (122a)
or 3-(2-nitroprop-1-enyl)indolo[7,6-g]indole (122b) (the nitro-
alkane serves as the solvent).81, 82 The reactions of dialdehyde
77with these nitroalkanes follow different routes depending on
the amount of the nitroalkane. When a stoichiometric amount
of nitroalkane is used and the reaction is carried out inDMF in
the presence of ammonium acetate, disubstituted derivatives
123a,b are formed.

With a large excess of nitromethane and a 50% solution of
NaOH as the catalyst, the reaction of dialdehyde 77 with
nitromethane does not stop after the formation of compound
123a, but proceeds further to give small amounts (isolated
yields 5%±8%) of the addition products of nitromethane to
compound 123a, namely, 3,8-bis(1,3-dinitroisopropyl)-
1H,6H-indolo[7,6-g]indole (124) and 3-(1,3-dinitroisopropyl)-
8-formyl-1H,6H-indolo[7,6-g]indole (125), as followed from
their elemental composition and spectroscopic data. The
addition of nitromethane to 3-(2-nitrovinyl)indole follows a
similar route.83

The condensation of dialdehyde 77 with malonic acid in
pyridine in the presence of piperidine affords 3,8-divinyl-
1H,6H-indolo[7,6-g]indole (126), which is the key compound
in the synthesis of various monomeric and polymeric prod-
ucts.84 Presumably, the condensation gives diacid 127, which is
decarboxylated under the reaction conditions to give com-
pound 126.
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Synthesis and transformations of indoloindole dihydrazides.
Refluxing of diesters 64b and 65b with hydrazine hydrate in
propan-2-ol yielded 2,7-di(hydrazinocarbonyl)-3H,8H-indo-
lo[5,4-e]indole (128) and 2,9-di(hydrazinocarbonyl)-3H,8H-
indolo[4,5-e]indole (129).85, 86

Nitrosation of dihydrazide 129 using sodium nitrite and
concentrated HCl gives 2,9-di(azidocarbonyl)-3H,8H-indo-
lo[4,5-e]indole (130).85 Treatment of dihydrazide 128 with
ethyl methyl ketone or hexanone resulted in dihydrazones 131
and 132, respectively.
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Abstract. Key results of research into the reactions of cyclo-Key results of research into the reactions of cyclo-
phosphorylation of dibasic phenols and related compoundsphosphorylation of dibasic phenols and related compounds
with tri- and pentavalent phosphorus compounds are analysed.with tri- and pentavalent phosphorus compounds are analysed.
Structural features and chemical modification of macrocyclicStructural features and chemical modification of macrocyclic
systems obtained are considered. The bibliography includes 63systems obtained are considered. The bibliography includes 63
referencesreferences..

I. Introduction

Research into macrocyclic phosphorus-containing systems
began after the discovery of plasmids that are giant DNA
molecules containing cyclic structures.1 Probably, this fact and
considerable advances in the synthesis and investigations of
crown ethers and other macroheterocycles gave an impetus to
intensive studies dealing with the design and chemical proper-
ties of cyclic systems containing tri- and pentavalent phospho-
rus acid residues.2 ± 5 It should be noted that the attention of
researchers was focussed on the products of cyclophosphor-
ylation of dibasic phenols. The results obtained in this field
allow one to relate the reactivities of the cyclic compounds to
their sizes, mutual position of phosphorus-containing groups
and other factors. Now one can expect the design of original
supramolecular assemblies based on novel phosphorus-con-
taining macrocycles, observation of molecular recognition
effects,6, 7 discovery of novel catalytic systems, etc.

At present, cyclic compounds of different nature are
available. Their molecules comprise two to six phosphorus-
containing fragments and the same number of arylene sub-
stituents. In this review we will dwell on the studies devoted to
the synthesis and investigations of the properties of such
systems that mainly include the phosphite and phosphonite
moieties.

II. Syntheses using trivalent phosphorus
compounds

1. Syntheses of diphosphamacrocycles
This problem attracted the attention of scientists from several
research centres. They studied the reactions of dibasic phenols
with equivalent and inequivalent amounts of phosphorylating
agents (direct cyclophosphorylation and molecular assembly
techniques, respectively).

a. Cyclophosphorylation of dihydroxybenzenes
and 4,40-dihydroxybiphenyl
The first phosphacyclophanes comprising two resorcinol (1)
residues linked by two phosphoramidite bridges were synthes-
ised in 1997 by the reactions of 1 with hexaalkylphosphorous
triamides 2 taken in a 1 : 2 molar ratio.8 ± 10 Then, 1,3-bis(phos-
phordiamidite)benzene 3 formed in the first stage was intro-
duced into the reaction with an equimolar amount of 1:

In addition to this process (we will call it `molecular
assembly'), a direct reaction between equimolar amounts of
resorcinol and phosphorous triamide is also possible. This
reaction, which can be called `direct cyclophosphorylation' or
`direct synthesis', is more convenient and often gives better
results. Both reactions proceed in acetonitrile or 1,4-dioxane at
room temperature.
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Cyclic bis(phosphoramidites) 4 are oily substances charac-
terised by good solubility in conventional organic solvents and
high oxidisability.

Cyclic phosphoramidites 5 based on hydroquinone 6 were
also synthesised by the molecular assembly and direct phos-
phorylation techniques (from this point on, figures in paren-
theses above or below the arrow denote the reactant ratio).11

The direct phosphorylation method resulted in higher yields of
compounds 5 compared to the molecular assembly technique.

The structures and individuality of the reaction products as
well as cyclic phosphoramidites and their derivatives (see
below) were proved by physicochemical methods (1H and
31P NMR spectroscopy, IR spectroscopy and mass spectro-
metry) and confirmed by the results of elemental analysis.
Cyclic phosphoramidites 5 synthesised in different ways exhib-
ited identical physicochemical characteristics. These are solid,
low-melting and poorly soluble substances that are unstable
upon storage even in inert atmosphere. Probably, the labile
behaviour of these compounds is due to strain in the macro-
cycle caused by the proximate arrangement of two aromatic
rings. This assumption was confirmed by the results of calcu-
lations of the most stable conformations, according to which
the molecules of cyclic bis(phosphoramidites) 5 have an
eclipsed cyclophane structure.12

Compounds 5 readily add oxygen and sulfur to give
corresponding cyclic bis(phosphoramidates) and bis(phos-
phoramidothioates).

Similar heterophanes (hereafter, phosphacyclophanes) 7
are formed in the reactions of 4,40-dihydroxybiphenyl with
phosphorous triamides 2.11

Compounds 5 and 7 were introduced into the oxidation
reactions and into complexation with Mo(CO)6 and
Rh(CO)2(acac) (acac stands for acetylacetonate). The oxida-
tion and complexation with Rh(CO)2(acac) occurred in
dichloromethane at room temperature. Complexes with
Mo(CO)6 formed only on heating in dioxane (95 8C) in the
presence of excess carbonyl. All derivatives were isolated and
studied by physicochemical methods ( 1H and 31P NMR spec-
troscopy and IR spectroscopy).

Nitrogen-containing phosphacyclophanes 8 were obtained
from (N-benzylidene)-p-aminophenol and dialkylphosphoro-
chloridites (RO)2PCl.13 The reactions proceeded in chloroform
at room temperature and completed in 5 days.

Phosphacyclophane 9 was synthesised by phosphorylation
of N-(b-hydroxypropyl)-o-aminophenol with hexamethyl-
phosphorous triamide.14 Monitoring by 31P NMR spectro-
scopy revealed the formation of cyclic compound 10 with one
phosphorus-containing fragment. When heated, compound 10
transformed into heterobicycle 11 which in turn experienced
spontaneous dimerisation into phosphoramidite 9. The struc-
ture of compound 9 was proved by X-ray analysis.

At 20 8C, the transformation 11? 9 takes a very long time
to complete (about a year).

b. Cyclophosphorylation of organylenebisphenols
Among the first examples of this type of chemical trans-
formation is the reaction of 1,7-bis(2-hydroxyphenyl)-
1,4,7-trioxaheptane with 1-adamantyldibromophosphine
(AdPBr2).15

This cyclophosphorylation results in the fourteen-mem-
bered adamantylphosphonous acid diester 12 (yield 10%) and
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diphosphorus cyclic compound 13 (yield 11%±44%). The
structures of the products were confirmed by NMR spectro-
scopy and by measuring the molecular mass (ebullioscopy).
Substance 13 appeared to be a stable and convenient reactant,
which can be oxidised, alkylated, etc.

The cyclophosphorylation of an available commercial
product, namely, 2,2-bis(p-hydroxyphenyl)propane (DIAN)
(14) with phenylphosphonous acid tetraethyldiamide was
studied in the 1990s.16

The reaction was carried out in toluene under (relatively)
severe conditions (115 ± 120 8C). The structure of cyclophenyl-
phosphonite 15was studied by X-ray analysis.17 The phospho-
rus atoms and the quaternary carbon atoms approximately
occupy the corners of a square. The angle between the DIAN
aromatic rings is 358 so the whole system has a cavity. The
diphosphonite macrocycle 15 was found to be a stable com-
pound.

This allowed one to extend the range of dinuclear bisphe-
nols used in cyclocondensation and synthesise new macro-
cycles 16 containing not only isopropylidene, but also sulfide,
imide and other bridges.18

Cyclic bis(phenylphosphonites) 16 were introduced into
the complexation, oxidation and sulfurisation reactions, easily

resulting in cyclophosphonates and their thio analogues. An
X-ray diffraction study revealed considerable changes in the
cavity volume and configuration for cyclic bis(phosphonates)
compared to the starting cyclic bis(phenylphosphonites).18

Some cyclic bis(phenylphosphonites), e.g., compounds 15 and
16, can form complexes with CuBr.19, 20 The assumption of
metal coordination to two phosphorus atoms was confirmed
by 31P NMR data.

Complexes 17 exhibit high catalytic activity in the reactions
accompanied by transfer of hydrogen atoms in homogeneous
media.

Phosphorylation of bisphenol 14 with equimolar amount
of phosphorous triamides 2 under mild conditions results in
reactive cyclic phosphoramidites 18.21

This approach can be extended to molecular assembly of
unsymmetrical bis(phosphoramidite) macrocycles (Scheme 1).

Using bisphenols 19 and 20 as matrices and 2,6-di-tert-
butyl-4-methylphenylphosphonous dichloride (21) and dieth-
ylamidophosphonous dichloride as phosphorylating reagents,
in the last decadeHabicher and Bauer 22 ± 25 synthesised a series
of even more complex macrocycles 22 ± 24. The syntheses were
carried out at room temperature in toluene in the presence of
triethylamine upon high dilution (Scheme 2).

Habicher and Bauer also established that many unsym-
metrical macrocycles undergo spontaneous symmetrisation.
For instance, the interaction of bisphenol 14 with bis(phos-
phorodiamidite) based on bisphenol 20 results in cyclic phos-
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phoramidite 15 and free bisphenol 20. When carried out on
heating, this reaction affords acyclic oligomeric products.

The above series of reactions is completed by the synthesis
of phosphorus-containing cryptands 25a ± c by the reaction of
bisphenol 20 with phosphorus trichloride.26

Analysis of the structures of cryptands 25 revealed the
`in ± out' isomerism. All three stereoisomers were chromato-
graphically separated. The structures of isomers 25a ± c were
proved by NMR spectroscopy and X-ray diffraction analysis.
In addition, all three cryptands were introduced into the
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reactions characteristic of simple phosphites.27 The synthesis
and investigations of the chemical features of cyclic phosphites
and phosphorus-containing cryptands have been well docu-
mented in a review.28

At present, cyclophosphorylation reactions are carried out
using phosphorochloridites and phosphoramidites, the latter
often beingmore convenient because they react with phenols at
room temperature in various solvents and do not require
removal of amines released. Additionally, the amide groups
show different reactivities, namely, the first amide group is
replaced rapidly while the third amide group remains almost
unsubstituted. At the same time the use of reaction mixtures
based on phosphorochloridites requires introduction of
acceptors in order to bind hydrogen chloride evolved, all
chlorine atoms being almost equally reactive. Probably, the
next stage of research and development in this field of synthetic
chemistry will require optimisation of reaction conditions, e.g.,
the search for appropriate catalysts.

Progress in the synthesis of complex macrocyclic diphos-
phorus systems using phosphorous triamides 2 led to the
preparation of multinuclear chiral structures 26 based on the

available bisphosphorylated 1,4;3,6-dianhydro-D-mannitol
derivative.29 ± 31 The reaction was carried out in benzene with
distillation of diethylamine (75 8C) in inert atmosphere.

Products 26 were converted in situ into corresponding
bis(thiophosphates), which were isolated from the reaction
medium in 60%±88% yields by column chromatography.

Structures with large cavities were also synthesised starting
from silylated b-cyclodextrin derivative 27 and various di-
nuclear phosphorylated bisphenols.32 The reactions in benzene
at 75 8C completed in 6 h and resulted in the so-called `capped'
cyclodextrins 28 isolated in 62%±75% yields by column
chromatography. `Capping' of the cyclodextrin molecule
enhances its ability to form inclusion complexes with various
`guest' molecules.

In addition to bisphenols, aromatic diamines were also
employed to design related macrocyclic systems. For instance,
bis(2-amino-5-methylphenyl)methane (29a) and its phenyl
analogue 29b served as building blocks for the synthesis of
16-membered nitrogen-containing macrocycles 30a,b.33 The
reaction was carried out using the molecular assembly techni-
que in dioxane in the presence of triethylamine at 5 8C with
ethyl phosphorodichloridite as phosphorylating agent.

The best results were obtained in the phosphorylation of
primary amines with alkyl phosphorodichloridites. 31P and
1H NMR studies showed that the macrocycles synthesised
exist as mixtures of two conformers.
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c. Cyclophosphorylation of dihydroxynaphthalenes and
dihydroxyanthracenes
The cyclophosphorylation of dihydroxynaphthalenes is a
promising method for the synthesis of previously unknown
phosphacyclophanes. At present, it has been shown that both
symmetrical (1,5-; 2,6-; 2,7-) and unsymmetrical (1,3-; 1,6- and
1,7-) dihydroxynaphthalenes 31 efficiently react with phospho-
rous triamides 2 following the single-step or two-step (involv-
ing intermediate amido esters 32) schemes.17, 34 ± 39

All reactions were carried out in acetonitrile at room
temperature and completed in 3 to 40 h depending on the
substituent in the phosphorylating agent. The cyclic products
33a ± f were obtained in 70%±80% yields.

Cyclophosphorylation of 1,7-dihydroxynaphthalene (31a)
results in two structural isomers with differently arranged
naphthylenedioxy groups, namely, a series arrangement in
compound 33a (1,7,1,7) and a pairwise arrangement in com-
pound 33a (1,1,7,7). The former isomer was isolated and
studied by NMR spectroscopy and X-ray diffraction analy-
sis.36, 37 Its 31P NMR spectrum exhibits a singlet. The second
isomer was characterised by 1H NMR spectroscopy in the
form of thio derivative. The 31P NMR spectrum of 33a
(1,1,7,7) exhibits two singlets.

Products of cyclophosphorylation of 1,6- or 1,3-dihydr-
oxynaphthalene exist as single structural isomers [compounds
33b (1,6,1,6) or 33c (1,3,1,3), respectively] with a series arrange-
ment of naphthylenedioxy groups in the ring.38, 39

The molecular assembly technique was also used for the
synthesis of phosphacyclophanes 34 the molecules of which
comprise different arylene moieties. A number of `non-uni-
form' naphthophosphacyclophanes containing two different
naphthylenedioxy units were obtained.40

Similarly to the case of `uniform' naphthophosphacyclo-
phanes based on 1,6- and 1,3-dihydroxynaphthalenes, cyclo-
phosphorylation of unsymmetrical 1,7-, 1,6- and 1,3-
dihydroxynaphthalenes only resulted in structural isomers
with a series arrangement of the naphthylenedioxy groups in
the ring.

The reaction is regioselective; therefore, the products were
isolated in a pure state. The naphthophosphacyclophanes 33
and 34were oxidised and sulfurised. The reactions in dichloro-
methane at room temperature took a short time (20 h) to
complete. Thiophosphoramidates were isolated by column
chromatography (yields *55%) and cyclophosphoramidates
were isolated by reprecipitation (yields*90%). The structures
and individual character of allmacrocycles 33, 34 and their thio
and oxo derivatives were confirmed by 1H, 13C and 31P NMR
spectroscopy and by MALDI mass spectrometry. MM2 cal-
culations of the steric energies of the `uniform' and `non-
uniform' naphthophosphacyclophanes made it possible to
predict the stabilities of corresponding phosphites, thiophos-
phates and phosphates.

Cyclic phosphoramidites 33 and 34 readily form complexes
with Mo(0) and Rh(I). The complexation of `uniform' naph-
thophosphacyclophanes occurs more easily than that of `non-
uniform' compounds.

Recently, the syntheses of naphthalene-based phospha-
cyclophanes using dismutation of bis(phosphoramidites) were
reported.41, 42 The process can be described as follows:

The rate of this reaction depends on position of substitu-
tion in naphthylenedioxy groups and on the nature of the
substituent at the phosphorus atom. In particular, the reaction
of unsymmetrical 1,7-dihydroxynaphthalene results in one
structural isomer with a series arrangement of naphthylene-
dioxy groups in the ring.37

i= 1: j= 7 (a), 6 (b), 3 (c), 5 (d); i= 2: j= 7 (e), 6 (f).

R =Me, Et, Pri; R ±R=(CH2)5; Ar = i,j-naphthylene;
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As mentioned above, the direct synthesis and molecular
assembly techniques afford a mixture of two structural iso-
mers, one with a series (1,7,1,7) and the other with a pairwise
(1,1,7,7) arrangement of naphthylenedioxy groups in the ring.
Therefore, the dismutation is a regioselective reaction.

The dismutation of bis(phosphoramidites) based on diba-
sic phenols and naphthols has been studied in considerable
detail.41, 42 The process is governed by many factors including
the nature of the aromatic fragment, the substituent at the
phosphorus atom, the solvent and especially the existence of
conjugation in the starting reactant molecule. The derivatives
of condensed aromatic systems undergo dismutation faster
than their mononuclear analogues. Dismutation of the amide
derivatives with aliphatic substituents at nitrogen also pro-
ceeds more readily than that of their heterocyclic analogues.
The reaction in dichloromethane proceeds at the highest rate
irrespective of the aromatic component and substituents at
phosphorus. Non-polar solvents (benzene, diethyl ether) do
not favour dismutation. Temperature does not affect the
duration of the dismutation reaction. In the presence of a
catalyst (amine hydrochloride) the process time is shortened by
a factor of 1.5 ± 2.

In addition, MM2 calculations of the steric energies were
carried out for all the compounds synthesised. Generally, the
steric energies of phosphorous diamido esters 32 are higher
than those of phosphorous amido diesters 33, 34.

Cyclic phosphoramidites 36 were synthesised from
bisphosphorylated aromatic diols 3, 32a,c,e and 2,20-di-
hydroxy-1,10-dinaphthylmethane (35) by the molecular assem-
bly technique at room temperature in dioxane.43

The oxidation occurred in dioxane or dichloromethane at
room temperature and completed in 24 h. The structures of the
resulting macrocycles 37 were confirmed by 1H, 13C and
31P NMR spectroscopy and by MALDI mass spectrometry.

Phosphacyclophanes were also synthesised from dihydr-
oxyanthracenes. For instance, the reaction of 2,6-dihydroxy-
anthracene with hexaethylphosphorous triamide results in a
symmetrical ring system 38.44 This compound is similar in

chemical properties to the naphthalene analogues studied
earlier.

A cage product 39 comprised of two anthracene residues
linked by two phosphoramidite bridges at positions 9,10 was
prepared from 9,10-diacetoxyanthracene, which was used
instead of very unstable 9,10-dihydroxyanthracene, and hexa-
methylphosphorous triamide.45, 46

The reaction proceeded at 20 8C and completed after 96 h.
Phosphacyclophane 39 was isolated in a 42% yield using two
methods, at equimolar reactant ratio and by dismutation.

Product 39 appeared to be unstable in solution and
decomposed with release of anthraquinone. This is consistent
with the results of MM2 calculations.

A dimer based on 1,4-dihydroxyanthracene was also syn-
thesised from its diacetate derivative 40 using the molecular
assembly technique involving bis(phosphoramidite) 41 and the
direct synthesis.46, 47

The reaction was carried out at room temperature. Phos-
phacyclophane 42 was isolated in 37% (molecular assembly
technique) and 58% (direct synthesis) yields. A MALDI mass
spectrometric study showed that the cyclic product contains
two anthracene moieties and two phosphorus-containing
groups. Compound 42 is much more stable than compound
39, because the aromatic fragments in the former can be more
distant from each other.

Macrocycle 43 is based on dianthrone 44, a bisphenol
containing two mutually perpendicular 9-anthrone residues

32a 0.5 O
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O PR2N
NR2 + 2
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linked by a C7C bond at positions 10.48 It was phosphoryl-
ated with phosphorous amides 2 in pyridine only on heating in
the temperature range of 50 ± 120 8C depending on the sub-
stituent in the phosphorylating agent. Cyclic systems 43 were
only synthesised by the molecular assembly technique using
corresponding bisphosphorylated derivatives 45.

The direct synthesis affords a mixture of cyclic systems
containing two to four dianthrone residues. It was established
that oxidation of cyclic compound 43 (R=Me) results in a
`cross-linked' structure 46 containing a five-membered ring
with two quaternary carbon atoms. It was assumed that in this
case one deals with isomerisation, which obeys the pattern of
intramolecular Diels ±Alder reaction and is similar to intra-
molecular cycloaddition of some compounds with two anthra-
cene residues.

Metallaphane complexes 47 containing bridging Pt(II)
atoms are based on dihydroxynaphthalene derivatives 32a ± f
and bisphosphorylated dihydroxyanthracenes 41 and 45. The
synthesis was carried out in dichloromethane or pyridine at
room temperature with diacetonitriledichloroplatinum(II) as
the starting complex.35, 49 ± 51

Complexes 47 are powder-like compounds which decom-
pose upon melting. They were isolated in 60%±80% yields.
The structures and compositions of the complexes were con-
firmed by 1H and 31P NMR spectroscopy and by cryoscopy.
The spin ± spin coupling constants 1JPPt equal to 3441 and
3347 Hz indicate that the complexes are trans-isomers.

2. Synthesis of triphosphamacrocycles
Recently, macrocyclic compounds larger than molecule 4
containing regularly arranged phosphoramidite groups and
resorcinol fragments have been synthesised. The resulting
compounds resemble Pedersen's crown ethers.6 Therefore,
they or corresponding pentavalent phosphorus derivatives
can found practical applications in supramolecular chemistry.

The simplest representatives of these macrocyclic com-
pounds were synthesised following the scheme:

The reactions of resorcinol and phosphorous amides 2were
carried out at 1 : 2 molar ratio of the reactants at room
temperature. Then, phosphorodiamidite 3 was introduced
into the reaction with resorcinol. Linear reaction product 48
undergoes cyclisation in the reaction with phosphoramide
2.52 ± 54

Sulfurisation of macrocyclic tris(phosphoramidite) 49
results in a crystalline cis,cis,trans-product (one P atom is
above and the other two P atoms are below the macrocycle
plane); its structure was established by X-ray diffraction
analysis.53 Later on, dismutation of macrocyclic pentakis-
(phosphoramidite) (see Section II.3) afforded the cis,cis,cis-
isomer of heterocycle 49 (all P atoms are on one side of the
macrocycle), which significantly differs from the cis,cis,trans-
isomer in properties.54, 55

Mention should bemade of the possibility of bis(phosphor-
amidite) 4 formation in the first stage of this reaction. Unfortu-
nately, other procedures for the synthesis of cyclic
phosphoramidites are also non-selective. For instance, the
reactions of resorcinol with phosphorous triamides 2 in aceto-
nitrile result in cyclic bis(phosphoramidite) 4 and cyclic tris-
(phosphoramidites) 49 as the major products.8, 9

Cyclic tris(naphthylenephosphoramidites) have also been
synthesised (Scheme 3).51, 56 One route to these compounds
begins with the synthesis of linear bis(phosphoramidite) 50
containing three naphthylene fragments, two of which bear
hydroxyl groups, at a 1 : 3 ratio of the starting reactants (this is
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a necessary condition). Otherwise, the reaction results in cyclic
bis(phosphoramidite) 33e. Bisphenol 50 was sulfurised and
product 51 was isolated by column chromatography. Phos-
phocyclisation of 51 with phosphorous triamides 2 resulted in
compound 52 which was again sulfurised. Tris(thiophosphate)
53 was isolated by column chromatography in*60% yield.

The second method involves the synthesis of stable acyclic
O,O-bis(7-hydroxy-2-naphthyl) N,N-dialkyl thiophosphor-
amidates 54. Cyclisation of 54 with bisphosphorylated 2,7-
dihydroxynaphthalene 32e followed by sulfurisation affords
the desired cyclic tris(thiophosphate) 53.

Cyclic thiophosphates 53 synthesised using both methods
exhibited fully identical physicochemical characteristics.51, 56

These tris(thiophosphates) can be used as, e.g., ligands for
binding `soft' metals or as starting compounds in syntheses of
cyclic tris(phosphites).

Bisphenol 14, P(NEt2)3 and phenylphosphonous dichlor-
ide were used for the synthesis of a phosphorylating agent 55,
which was then employed in the phosphorylation of 1,4;3,6-
dianhydro-D-mannitol 31 in order to obtain a chiral large-
cavity system 56.

The reaction was carried out in benzene, the second and
third stages being conducted in the presence of triethylamine.
Macrocycle 56 was isolated in 40% yield and characterised by
31P and 1H NMR spectroscopy.

3. Synthesis of higher phosphorus-containing macrocycles
Higher macrocyclic systems were designed using the molecular
assembly technique starting from resorcinol and phosphorous
triamides 2 (see above). The oligomer chain terminated with
hydroxyl groups at both ends was extended in a sequential
manner. Then, the diols thus obtained were cyclophosphoryl-
ated with phosphorous triamides 2. One-pot synthesis under
control of the composition of intermediates 57 ± 59 resulted in
cyclic pentakis(phosphoramidites) 60 (Scheme 4).53, 54

The reaction was carried out in acetonitrile or benzene at
room temperature. Cyclic compound 60a is unstable and
undergoes a rearrangement resulting in cyclic bis- and tris-
(phosphoramidites) when stored in benzene solution.

60a 4+ 49

In contrast to this, cyclic pentakis(phosphoramidite) 60b does
not undergo rearrangement.54, 55
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Regarding even more complex macrocycles, it is appropri-
ate to synthesise them from two fragments of a target system
with similar compositions. An example is provided by the
synthesis of cyclic hexakis(phosphoramidites) 61 (Scheme 5).

Cyclic oligomeric phosphoramidites considered above
were introduced into the sulfurisation and oxidation reactions.
Some of themwere introduced into the complexation reactions
with Rh(CO)2(acac). The results of cryoscopic determination

R=Me (a), Et (b).
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of the molecular masses and the NMR spectra confirm the
structures of these compounds.

Macrocycles 62 were synthesised based on 2,20,7,70-tetra-
hydroxy-1,10-dinaphthylmethane 63. Macrocycles 62 contain
four phosphorus atoms, two of them form phosphocine frag-
ments. Phosphorous triamides 2 served as phosphorylating
agents. Macrocycles 62 can be synthesised using two proce-
dures, by direct phosphorylation at 1 : 2 reactant ratio and in a
stepwise reaction using the action of calix[4]resorcinarene
(K[4]P) with bulky hydrophobic substituents in the lower rim
on the phosphate derivative 64 in the second stage.57 All
reactions were carried out in dioxane under argon at room
temperature (Scheme 6). The yields of the target products 62
were 55%±63%.

III. Syntheses using pentavalent phosphorus
compounds

Compared to trivalent phosphorus compounds, pentavalent
phosphorus derivatives are usually poor phosphorylating
agents. Nevertheless, in some cases it is more appropriate to
synthesise complex phosphorus-containing macrocyclic sys-
tems using phosphochloridates, phosphoramidates and other
pentavalent phosphorus derivatives. This is confirmed by the
stereochemical features of the pentavalent phosphorus deriva-
tives and by their stabilities against oxidation and dispropor-
tionation and, therefore, by the stability upon storage.
Recently, novel polyfunctional crown ethers representing
macrocyclic phosphates and phosphonates have been synthes-
ised. For instance, arylenephosphate 65 and bis(arylenediphos-
phate) 66 were synthesised in two stages by the reactions of
various arylenediols 67 with phosphorus oxochloride in the
presence of triethylamine followed by hydrolysis of intermedi-
ate phosphochloridates 68, 69 (compounds 69 were not iso-
lated).58

Pentavalent phosphorus derivatives were also employed to
design polyfunctional phosphate-phosphonate macrocyclic
systems 70 and 71 reported by Caminade et al.59 ± 61 Of
particular interest are those systems that can be readily
modified due to the presence of aldehyde groups (e.g., com-
pound 71), which favour chain extension and formation of
bulky cryptands, crown ethers and dendrimers
(Scheme 7).62, 63

IV. Conclusion

Summing up, an original field of chemistry of phosphorus-
containing macroheterocycles has emerged in the last decade.
Progress in this research avenue is due to the availability of
reactants and efficiency of synthetic methods. The strategies of
synthesis have been well developed, the molecular assembly
technique being used more often. In turn, the alternative route,
the direct synthesis of bismacrocyclic systems, is sometimes
more preferable because it ensures higher yields of end prod-
ucts. Carrying out reactions at high temperatures and under
solvent-free conditions can result in macrocycles containing
more than two phosphorus-containing groups. Usually, the
best results are obtained in phosphorylation and cyclophos-
phorylation with amides, which results in a smaller content of
side products. Research on the synthesis of novel phosphorus-
containing heterocycles revealed a number of interesting
chemical facts including the `in ± out' structural isomerism of
cage structures and dismutation of unsymmetrical aromatic
mono- and bisphosphorus systems.
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Abstract. The review outlines the theoretical foundations andThe review outlines the theoretical foundations and
industrial implementations of modern detonation synthesis ofindustrial implementations of modern detonation synthesis of
nanodiamonds and chemical purification of the nanodia-nanodiamonds and chemical purification of the nanodia-
monds thus obtained. The structure, key properties andmonds thus obtained. The structure, key properties and
promising fields of application of detonation-synthesis nano-promising fields of application of detonation-synthesis nano-
diamonds are considered. The bibliography includes 135diamonds are considered. The bibliography includes 135
referencesreferences..

I. Introduction

Detonation-synthesis nanodiamonds (ND) were first synthes-
ised by researchers from the USSR in 1963 by explosive
decomposition of high-explosive mixtures with negative oxy-
gen balance in a non-oxidising medium.1, 2 Nanodiamonds are
characterised by nanoscale particle sizes and have chemically
inert cores and reactive peripheral regions called shells. A
micrograph of a typical ND particle is shown in Fig. 1.

The detonation synthesis offers the following advantages
over the static synthesis of ND: (1) high performance due to
the lack of limitations associated with the size and the weight of
charges; (2) no need for expensive and scarce expendable
materials (hard alloys, alloy steels) and metal catalysts (nickel,
manganese); and (3) possibility of preparation of unique poly-
crystalline ND powders under strongly non-equilibrium con-
ditions.

A drawback of the technique consists in potential explosion
risk when carrying out blasting operations, fabrication and
transportation of charges.

II. Detonation synthesis of nanodiamonds:
mechanisms

No commonly accepted theory of the detonation synthesis of
ND is available at the moment. Different authors propose

different (sometimes, significantly different) ND formation
mechanisms. In this Section we will consider a number of
theoretical models for ND formation.

A mechanism of ND formation from TNT±hexogen
(RDX) mixtures is as follows.3, 4 In the zone of the detonation
wave the explosive molecules disintegrate into atoms. Carbon
atoms thus released are condensed into an amorphous carbon
phase by means of diffusion and liquid droplet coalescence.
Subsequently, amorphous carbon particles undergo a phase
transition to diamond. It is believed that the degree of
conversion increases from 0% to 100% in the pressure range
17 ± 23 MPa. The formation of the diamond phase in this
pressure range (it corresponds to the region of chemical peak of
the detonation wave) was confirmed in other studies.5 ± 7

According to the data mentioned above, the formation of ND
takes a time of 0.2 to 0.5 ms.

The diamond phase repeatedly experiences the action of
reflected shock waves, and the ND temperature increases. As a
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consequence, the thermodynamic state of detonation products
corresponds to the graphite stability region and partial graphi-
tisation of ND occurs.

A study of the isotopic composition of the condensed
products formed upon detonation of a TNT/octogen (HMX)
mixture (TNT was labelled with 13C at methyl group) showed
that detonation-synthesis ND are mainly formed from the
carbon atoms of TNT.8 Similar conclusions were made in the
studies of ND synthesis from a mixture of RDX with TNT
labelled with 14C at position 1 of the benzene ring.9, 10 It was
also established that the yield of condensed carbon linearly
decreases as the TNT content in the mixtures decreases, while
the ND content in the diamond blend (DB), an intermediate
product of ND synthesis, monotonically increases and reaches
a constant value (for mixtures with RDX and HMX denoted
TNT/RDX and TNT/HMX, respectively).11

The addition of heterocyclic and aliphatic nitramines has a
little effect on the formation of ND. The role of the additives is
to produce the necessary pressure and temperature for the
phase transition to occur.12

The dispersion of ND depends on the nature of the carbon
source.13 For instance, the average particle size of the diamond
phase formed upon detonation of mixtures of HMX with
liquid organic additives varied from 1.8 (for glycerol) to
4.1 nm (for ethanol).

Themaximum yield of NDwas obtained using TNT/HMX
or TNT/RDXmixtures containing 60 mass% to 70 mass%of
TNT (density 1630 kg m73).11

According to Lin,14 the key step in ND formation is the
appearance of cyclohexane molecules (nuclei of the diamond
structure). Collisions between the nuclei cause their aggrega-
tion into small clusters followed by growth of mesoscopic
structures with long-range crystal order. Subsequent interac-
tion of the mesoscopic structures with one another and with
nuclei causes the formation of ND.

Anisichkin 15 put forward an original hypothesis, accord-
ing to which the initial decomposition stages of explosive
materials occur with the release of hydrogen as methane and
carbon in the diamond phase. Then, these products are
oxidised. The extent of carbon conversion to the diamond
phase is determined by the detonation parameters.

It was shown that the chemical reaction zone extends as the
dimensions of the explosive charge increase and that energy
release also continues behind the Chapman ± Jouguet plane.16

Carbon coagulation and crystallisation can occur upon adia-
batic expansion of detonation products. This was established
in the studies 2, 17 of the effect of the mass of the charge and the
heavy shell surrounding it on the ND particle size. For
instance, an increase in the charge mass from 0.6 to 10 kg
using a water shell causes the particle size to increase from 4 to
6 nm (specific surface area is reduced from 330 to 200 m2 g71,
see Ref. 2). The detonation of a 140-kg charge in water shell
afforded ND particles with an average size of about 8 nm and
individual polycrystals of size up to 85 mm.17

According to Danilenko,18 the formation of ND can
proceed by the known mechanism of homogeneous condensa-
tion of ultradisperse phases in highly supersaturated vapour
(vapour ± liquid ± crystal mechanism) and result in spherical
particles. Because of rapid exhaustion of the gas-vapour
medium the average particle size does not increase with
increasing duration of existence of the particle-growth con-
ditions.

Crystallisation from vapour usually gives spherical nano-
particles of size4 20 nm, which also holds for ND.19

Additionally, Danilenko reported 18 that the assumption of
ND crystallisation from the liquid phase was substantiated by

the fact that the shape of the ND particle size distribution is
typical of liquid droplet coalescence.20

The most probable values of the detonation pressure and
temperature in the Chapman ± Jouguet plane are listed in
Table 1. The Chapman ± Jouguet parameters of TNT/RDX
alloys correspond to liquid nanocarbon.18 At higher densities
of explosive materials (r), carbon condensed in the reaction
zone consists of nanodroplets only.

The formation of ND in the detonation wave involves the
following processes:18

Ð condensation of carbon in the reaction zone with the
formation of primary clusters (d<1 nm);

Ð cluster ± cluster interaction (liquid droplet coalescence)
with the formation of nanodroplets;

Ð crystallisation of nanodroplets with formation of ND
provided a sufficiently long period of cooling by turbulent
detonation products or amorphisation of nanodroplets and
clusters resulting in free and bound soot.

Possible reasons for soot release in DB are (i) imperfect
detonation in certain regions of the charge volume (initiation
zone, boundary regions) characterised by low P and T values
and leading to carbon condensation by the vapour ± amor-
phous carbon mechanism and (ii) formation of methane,15

which decomposes to soot upon detonation according to the
reaction

CH4 C+2H2 .

Detonation in real systems occurs in non-ideal and non-
steady-state regimes. Here, carbon is oxidised to CO rather
than CO2 . The process is characterised by lower pressures and
temperatures and, correspondingly, by lower content of free
carbon in detonation products and a decrease in the yield of
ND. For instance, calculations 21 showed that the P50 :P100

andT50 :T100 ratios are respectively equal to 0.337 and 0.546 at
50% conversion, i.e., the pressure decreases about twice faster
than the temperature.

As the mass of the water shell surrounding the charge
increases, theNDyield increases and reaches amaximum value
at the shell mass equal to ten charge masses.22, 23 Optimum
conditions for the synthesis of ND require the use of explosive
charges with minimum porosity (highest density) and the blast
conditions that provide the minimum possible imperfection of
detonation.

The general conditions for optimum synthesis resulting in
the maximum ND yield and the corresponding experimental
methods are listed below.

Table 1. Parameters of the ideal detonation in the Chapman ± Jouguet
plane.18

Explosive r /kg m73 P /GPa T /K

experi- calcula- experi- calcula-

ment tions ment tions

TNT 1600 ± 1640 18 ± 19 18.3 ± 20.1 3700 a 3500 ± 3618

RDX 1780 ± 1800 34.5 ± 35.4 34.7 ± 35.0 4500 b 4200

TNT/RDX

36 : 64 1713 ± 1730 27 ± 29.2 27.4 ± 29.3 7 3931 ± 4063

50 : 50 1670 ± 1680 24.6 24.4. ± 25.5 7 3225 ± 3900

Tetryl 1700 7 23.9 ± 25.4 3700, 3991 ± 4063

4300 c

r=1510,a 1660 b and 1610 c kg m73.
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Synthesis conditions Implementation methods

Condensation of maximum possible, Detonation of explosive charges

for a given explosive, amount with the minimum porosity

of free carbon. and imperfection.

Carbon condensation in the Use of TNT/RDXor TNT/HMX

liquid nanocarbon region. alloys with pressures higher than

22 GPa in the Chapman ±

Jouguet plane.

Maximum possible times of existence Detonation of explosive charges

of liquid nanocarbon conditions in heavier than 5 kg in a water shell

the detonation products and crystal- weighing more than ten charges.

lisation of nanocarbon at pressures

higher than 10 GPa in detonation

products.

Blasting under conditions that ensure Blasting charges in a massive

the absence of amorphisation, water shell.

oxidation and graphitisation.

Thus, the chemical reaction zone of the detonation wave
involves formation of carbon nanodroplets, which then crys-
tallise into ND upon adiabatic expansion of detonation
products in the pressure range from 16.5 to 10.0 GPa and in
the temperature range from 3400 to 2900 K (ND stability
region).18 When the charge is surrounded by a water shell, the
unloading (pressure drop) in this pressure interval slows down
and the temperature of detonation products is halved. As a
consequence, the degree of oxidation of ND decreases and the
effect of chamber walls on the yield of ND becomes less
pronounced. Soot in the resultant mixture is treated as the
product of amorphisation of carbon nanodroplets rather than
graphitisation of ND. In the case of adiabatic expansion of
detonation products, crystallisation of nanodroplets with
d<1 nm is impossible at all, amorphisation of nanodroplets
with d<2 nm occurs under conditions corresponding to the
diamond region in the phase diagram of carbon, while
amorphisation of nanodroplets with d>2 nm, under condi-
tions corresponding to the graphite region.

Another model for ND formation was proposed by Breu-
sov.24 A comparison of the energy released upon detonation of
explosives with the energies of chemical bonds in the starting
(explosive) molecules revealed impossibility of release of free
carbon. Indeed, the energy released upon detonation is at most
809 kJ mol71 for TNT and 1240 kJ mol71 for RDX.25

The energies of some chemical bonds (in kJ mol71) 26 are
listed below.

C7H CC C7N C=N N=O N7N

413.6 346.1 305.0 615.9 188.6 (in 163.4

(in alkanes) (in alkanes) nitro com-

421.9 487.7 pounds)

(in benzene) (in benzene)

Cleavage of all C7H and C7N bonds in the molecule
requires a total of 3000 kJ mol71 for TNT and 3071 kJ mol71

for RDX; i.e., the energy released upon detonation of each
explosive or their mixture is several times lower than that
needed for intermediate formation of elemental carbon. There-
fore, a fraction of volatile chemically bonded components
should not be consumed in the initial stages of the process.

In the shock-wave front zone certain bonds in the starting
molecules can break down. According to Breusov,24 radicals
thus produced favour the formation of the carbon cage to
which many molecules of volatile products are chemically
bonded in the initial stages. Depending on theP ±T detonation
conditions and corresponding electronic hybridisation of car-
bon atoms, one can deal with either a graphite-like or a
diamond-like frame.

Nucleation and growth of diamond particles are accom-
panied by accumulation of volatile low-molecular-mass deto-
nation products (nitrogen, hydrogen, CO, CO2 , NxOy , H2O,
etc.) in the interparticle space, which precludes the delivery of
carbon-containing `building' material to the growing particles
and finally the growth ceases.

It is believed 24 that methane and methyl radical are most
suitable for growth of diamond particles and `healing' their
structural defects.

III. Detonation synthesis of nanodiamonds: key
features and regularities

The design of the blast chamber is of great importance for the
synthesis of nanodiamonds. Roughly, 1 to 4 m3 of the chamber
volume are required per kg of explosive.2

In design of large blast chambers (>50 m3) one should
allow for the fact that the larger the chamber volume the lower
themechanical strength of the chamber.2 The effect of the scale
factor can be explained by brittle fracture of large items made
of plasticised steel in the elastic deformation region. The
thicker the chamber walls the more probable the appearance
of structural defects that reduce the fracture stress.

The effect of the scale factor can be significantly reduced
using blast chambers with multilayer walls made of, e.g., steel
strips or glass fibre. This significantly increases the crack
resistance of the material.

Industrial blast chambers are usually relatively small and
have a volume of 2 m3 [FSUE `Federal Research and Produc-
tion Centre (FRPC) Altai', FSUE `Elektrokhimpribor' In-
tegrated Plant, FSUE SDTB `Tekhnolog', facilities in China].
They have long operating life (failure-free operation since mid-
1980s). The mass of the explosive charges varies from 0.5 to
1.0 kg; this allows up to 2.5 kg of nanodiamonds to be
synthesised over a period of 8 h. These chambers are reliable
and simple in operation.

Larger blast chambers, e.g., 11 m3 in volume, are also used
[RPA `Sinta', Belarus; Russian Federation Nuclear Centre ±
All-Russian Research Institute of Technical Physics (RFNC±
ARITP), Snezhinsk, Russia]. Here, the explosive charges have
a mass of 2 kg and therefore such blast chambers are charac-
terised by higher performance. However, they are unreliable in
service.

The Closed Joint-Stock Company (CJSC) `Alit' (Kiev,
Ukraine) successfully employs for more than a decade a 100
m3 blast chamber (mass of explosive charge is 10 kg), which
provides a high performance with respect to ND.However, the
blast chamber has a complex hand-driven charging system;
sometimes, ice armour weighing at least 60 kg is used. The
blast chamber looks like a railway tank and is rail tracked. The
charge is blasted at the centre of the `tank'. The action of the
shock waves on the blast chamber walls is non-uniform and the
undesired effects are quenched by spraying water in the
chamber upon explosion. As a result, the content of incom-
bustible impurities (products of chamber wall corrosion) in the
condensed carbon is rather high (16 mass% to 26 mass%).2

Thus, in choosing the volume and design of industrial blast
chambers one should allow for not only the performance, but
also simplicity and safety of operations with explosives and the
content of impurities in the condensed carbon.

Nanodiamonds can be synthesised using various individual
explosives and high-explosive mixtures. The type of the explo-
sive governs the detonation characteristics and the composi-
tion of detonation products. In the case of adiabatic
(isentropic) expansion of detonation products the temperature
drop rate also depends on the type of the explosive, the state of
the charge surface and the charge shape and on the atmosphere
in the blast chamber. The key parameters affecting the final
temperature and the corresponding rate constant (and, hence,
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the yield of ND) include the heat capacity, the content and the
reactivity of the medium. An increase in the volume of the gas,
its initial pressure and heat capacity in the blast chamber
favour efficient reduction of the residual temperature and
improves the yield of ND. The most pronounced effect is
attained using CO2 .

A general rule is as follows: the larger the ratio of the mass
of the medium surrounding the blasting charge to the mass of
the explosive charge, the higher the yield of ND.

The possibility of synthesis of ND upon detonation of the
following aromatic nitro compounds: 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB), bis(2,4,6-trinitrophenyl)diazine
(HNAB) and 2,4,8,10-tetranitro-5H-benzotriazolo[2,1-a]ben-
zotriazolium (z-Takot) was studied.27 To improve the detona-
tion parameters, in some cases the explosives were mixed with
HMX and then used in the experiments.

Analysis of experimental data (Table 2) showed that the
syntheses ofNDupon detonation of the explosives under study
and TNT obey the same pattern. Indeed, if the detonation
parameters of an explosive and TNT are similar, the ND yields
are also similar. The data for z-Takot show that, similarly to
the TNT/RDX and TNT/HMX compositions, the content of
the diamond phase in the DB released increases as the HMX
proportion in the charge increases.

In the case of HNAB the thermodynamic parameters
produced are sufficiently high to efficiently form ND without
HMXadditives. However, in this case the overall yield of DB is
nearly halved compared to that obtained using TNT and
z-Takot; therefore, the yield of ND is somewhat lower than
the yields reached using optimum TNT/RDX compositions.

The results obtained using TATB deserve particular atten-
tion. Despite the higher detonation pressure (compared to
z-Takot and TNT), the content of the diamond phase in DB
was lower. This is probably due to the lower detonation
temperature, which hampers efficient growth of the diamond
particles.

Nanodiamonds are also formed upon detonation of hexa-
nitrostilbene,29 picric acid,30 tetryl 31 and TNT/nitroguanidine,
RDX/polybutadiene and RDX/aluminum mixtures.32

Long experience in industrial synthesis of ND has shown
that TNT/RDX mixtures remain the most appropriate explo-
sives. Indeed, these substances have well-known characteristics
and are produced on a large scale. Processing of these explo-
sives faces no problems, charges are castable and mouldable
and can be shaped in any desired fashion. The yield of
industrially synthesised ND can be as high as about 14%.

The synthesis of ND in the presence of organic admixtures
to high explosives (RDX or HMX) is of considerable interest.
The yield of ND produced in the presence of benzene, benzyl
alcohol, allyl alcohol, allylamine, acetonitrile, nitrobenzene,
propargyl alcohol and aniline admixed to HMX (*25 vol.%)
is 6%± 10%per unit mass of the mixture. Lower yields (*3%)
were obtained with paraffin admixtures (hexane, decane),

alcohols (pentyl and octyl alcohols) and the lowest yield
(*2%) was obtained using tetradecane.

The temperature and pressure developed upon detonation
of explosives reach up to 4000 K and 30 GPa, respectively.

Table 3 lists the yields of diamond blend and ND obtained
under different detonation synthesis conditions, namely, in the
atmosphere of gaseous detonation products or an inert gas; in a
water shell surrounding the explosive charge; and in an ice
armour.33, 34 High yield of ND in the presence of a water shell
or ice armour is due to prolonged action of pressure in the
diamond stability region.

As shown above, the process affords the raw carbonaceous
material (DB) consisting of ND, graphite-like particles and
contaminants (metals and metal compounds).

The yields of ND and DB also depend on the charge mass-
to-chamber volume ratio and on the site where the explosion is
initiated. TheND content in diamond blend is plotted vs. water
shell thickness at different charge geometries (TNT :RDX=
40 : 60) in Fig. 2. In the case of long cylindrical charge (l/d>2)
the amount of ND is much higher compared to those obtained

Table 2. Yields of diamond blend (MDB) and ND (MND) as functions of the type of explosive.27

Explosive MExpl. /g (see a) r /kg m73 MDB/MExpl. (%) MND/MDB (%) MND/MExpl. (%)

z-Takot 153.2 1603 18.4 19.2 3.34

z-Takot :HMX (80 : 20) 250.7 1580 14.3 30 4.3

z-Takot :HMX (70 : 30) 294.5 1740 12.3 69 8.6

HNAB 263.5 1630 9.47 71 6.63

TATB :HMX (70 : 30) 324.6 1850 9.9 54 5.3

TNT b 280 1605 18.1 15.7 2.8

TNT/HMX (70 : 30) 310 1700 12.5 65.7 8.2

aMExpl. is the charge mass. bData taken from Refs 10 and 28.

Table 3. Yields of DB and ND under different detonation synthesis
conditions.33, 34

Quality parameters of Synthesis conditions

final product

intert gas aqueous ice armour

medium medium

DB yield (mass%) 3 ± 8 6 ± 12 8 ± 14

ND content in DB (mass%) 20 ± 40 40 ± 63 55 ± 75

ND yield calculated with 0.6 ± 3.2 2.4 ± 7.6 4.4 ± 10.5

respect to explosive
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Figure 2. ND content in diamond blend plotted vs. water shell thickness

at different charge geometries (TNT :RDX=40 : 60 charge, mass

100 g).35

Charge shape: cylinder (1), disc (2) and sphere (3).

342 V Yu Dolmatov



with disc-like of spherical charges under identical explosion
conditions.35

To obtain the maximum possible yield of ND and DB, one
should use long cylindrical charges of the highest possible
density, a water shell or an ice armour surrounding the charge
and a hardest booster pulse.

The yield of ND and DB also depends on the procedure
used for cooling of detonation products in the blast chamber. If
the charge is surrounded by a water shell or ice armour (so-
called `wet' synthesis), intense cooling of detonation products
is due to transformation of their energy to heat (heating and
vapour formation) and the kinetic energy of water and
turbulent mixing with water. Additionally, water and ice are
convenient substances, because they do not damage the walls
of the blast chamber and ice does not require a container.

`Wet' synthesis (in water) can be carried out in optimum
manner using a TNT/RDX charge with a TNT content of
40%. The composition produces a high synthesis temperature,
while rapid cooling with water provides a higher degree of
conservation of ND.

The so-called `dry' synthesis involves blasting of a charge in
gaseous medium. Here, carbon dioxide is the most efficient
coolant of ND. Detonation products of a preceding blast can
be used as coolant gas. ATNT/RDXcharge containing 60%of
TNT is optimum for the `dry' method. Since for this alloy the
detonation pressure and detonation temperature are lower
than those reported for the composition with 40% of TNT,
the yield of ND is nearly halved.

As the number of blasts in unventilated chamber increases,
the composition of the gaseous atmosphere significantly
changes. Namely, the concentrations of carbon dioxide, nitro-
gen and oxygen decrease, while the concentration of carbon
monoxide increases, which makes the cooling of detonation
products less efficient.35 Therefore, it is desired to introduce
carbon dioxide into the chamber after each series of four or five
blasts.

The synthesis takes at most 0.5 ms, which approximately
corresponds to the time of chemical reaction (or chemical
peak) in the detonation (explosive) decomposition of TNT.6

The elemental composition of DB is governed by hetero-
phase endothermic processes of gasification of the blend with
carbon dioxide and water vapour

C+CO2 2CO7172.4 kJ mol71, (1)

C+H2O CO+H27130.1 kJ mol71, (2)

which can be described by the overall reaction

2C+CO2+H2O 3CO+H27151.3 kJ mol71. (3)

At high temperature, two competing processes proceed in
the chamber, namely, gasification of DB (first of all, gas-
ification of the non-diamond carbon as the more reactive DB
component) and graphitisation of ND.

In the course of chemical purification (on going fromDB to
ND) the texture of the material changes non-monotonically (in
stepwise fashion), which distinguishes the DB from other
carbonaceous materials.36 This is due to the fact that DB is
an organised three-dimensional structure formed as a result of
multistage aggregation of primary particles rather than a
mixture of ND and non-diamond carbon.

IV. Novel method of synthesis and revised
elemental compositions of nanodiamonds and
diamond blend

A novel method of synthesis of ND 37, 38 permits significant
improvement of the qualitative and quantitative characteristics
of ND and DB. Namely, it allows one to change the elemental

composition towards higher content of carbon as the major
element, to considerably increase the yield of ND and DB and
to reduce the content of incombustible impurities.

A charge made of TNT±RDX alloy containing 40 mass%
of TNT (TNT/RDX 40) was blasted in a blast chamber
surrounded by a water shell (chamber volume 1 m3, charge
mass 0.6 kg, blast atmosphere: products of previous detona-
tions). The explosive : water mass ratio was maintained at 1 : 6.
A number of readily oxidisable reducing agents (hydrazine
hydrate, urotropin, urea, ammonia) were added to water, the
explosive : reducing agent ratios being 1 : (0.1 ± 10.0). The DB
was purified toNDby dilute nitric acid at 513 K and a pressure
of*80 atm.39

Additionally, a new procedure for elemental analysis of DB
and ND was elaborated. It differs from conventional proce-
dure by more severe conditions.37, 38 Namely, a weighed
sample is kept in vacuo (0.01 ± 10.0 Pa) at 120 ± 140 8C (DB)
or 423 ± 453 K (ND) for 3 ± 5 h and then treated with oxygen
passing at a flow rate that ensures complete combustion of the
sample at 1323 ± 1473 K over a period of 40 ± 50 s. Subsequent
determination of the elemental composition is carried out by
conventional analytical techniques.

According to published data,36, 40 the detonation synthesis
of ND involves four stages. In the first stage, the detonation
transformation of the explosive mainly occurs within the
volume occupied by the charge. When using a condensed
shell (water or ice), the detonation products are for some time
confined within this volume, which favours a more complete
transformation of carbon into the diamond prastructure.

Completion of the detonation process requires rapid gas-
dynamic cooling of products to protect ND formed in the
chemical reaction zone (or behind this zone 18). The second
stage consists in adiabatic expansion of gaseous detonation
products.

The third stage of the detonation synthesis of ND involves
circulation of the shock wave reflected from the chamber walls
and turbulent mixing of detonation products with the medium
in the chamber.

The fourth stage of the process involves intense cooling of
the blast-heated medium surrounded (and thus confined) by
the cold shell. In addition to various gaseous products (CO2 ,
CO, O2 , H2 , N2 , CH4 , NO, NO2 , NH3 , H2O), the blast
chamber contains highly disperse suspension of carbon par-
ticles possessing high radiating capacity. Therefore, cooling of
this medium occurs through simultaneous heat transfer by
convection and radiation.

The retention of condensed carbon is governed by hetero-
phase gasification reactions with carbon dioxide and water
vapour. Two competing processes proceed in the blast cham-
ber in the third and fourth stages at the high residual temper-
ature. These are gasification of condensed carbon (first of all,
non-diamond carbon as the most reactive component) and
graphitisation (or amorphisation 18) of ND.

At a constant composition and density of the explosive, it is
impossible to influence the first stage of the synthesis (i.e., the
formation of ND) by adding various admixtures to the
condensed phase (water, ice) surrounding the charge. The
processes occurring in the second stage can also hardly be
affected by the substances in the condensed phase even with
allowance for non-ideal character of gas-dynamic cooling of
detonation products upon expansion. On the contrary, the
addition of more readily oxidisable compounds (reducing
agents) in the third stage (turbulisation of products), where
condensed carbon reacts with CO2 , H2O and other corrosive
(under these conditions) compounds, will strongly affect the
results of the synthesis. Of course, the oxidising agents (CO2 ,
H2O, O2 , NO2 , N2O3) first of all react with more readily
oxidisable reducing agents (in our case, hydrazine hydrate,
urotropin, urea, ammonia) rather than with hardly oxidisable
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carbon, especially ND. Therefore, one should expect an
increase in the yield of DB and, hence, ND and quantitative
changes in the elemental composition.

Additionally, the presence of readily oxidisable reducing
agents among the detonation products also affects the fourth
stage of the process, Namely, the temperature of the products
decreases due to decomposition of a fraction of the reducing
agent, which favours protection of ND and a decrease in the
extent of its graphitisation.

The elemental compositions of DB and the content of the
major impurity (incombustible metal oxides and carbides) are
listed in Table 4. As can be seen, introduction of organic or
inorganic reducing agents (at least 10 mass%, calculated with
respect to the initial explosive) causes a significant increase (by
*4 mass%± 7 mass%) in the content of carbon in DB. The
content of hydrogen remains almost unchanged, but those of
nitrogen and oxygen decrease dramatically (3- to 10-fold). The
amount of incombustible impurities also decreases 1.5 ± 2-fold,
which makes the DB thus produced suitable for immediate use
in plating, finish polishing, polymer chemistry, oil composites,
etc. Additionally, this DB can be much more readily purified,
which leads to high-quality ND.

The content of ND in the DB synthesised in the presence of
reducing agents increases by about 5 mass%± 7 mass%,
whereas the overall mass of the DB is doubled and therefore
the yield ofND calculated with respect to the starting explosive
increases 2.5-fold.

The elemental compositions and amount of impurities in
the ND isolated by chemical purification of the DB produced
by the novel method are listed in Table 5. The content of the

major component (carbon) in the detonation-synthesis ND
prepared by the new technique is considerably larger (by
4 mass%± 6 mass%) and amounts to 96.0 mass%. Irrespec-
tive of the synthesis conditions, the content of nitrogen varies
in a narrow region, from 2.2 to 2.9 mass %, which indicates a
quite uniform distribution of this element within all ND layers.
Contrary to this, the amounts of hydrogen and oxygen change
considerably (from 0.4 mass% to 2.4 mass% and from
0.7 mass% to 2.3 mass%, respectively). This points to accu-
mulation of H and O in the outer layers of ND particles and to
strong dependence of the contents of these elements on the
synthesis conditions.

The lowest amount of incombustible impurities was found
in the ND produced in the presence of urotropin. This is due to
the fact that urotropin is a strong complex-forming agent,
which reacts withmetal impurities (Fe,Ni, Cr, Cu, etc.) to form
soluble complexes which can be easily removed during chem-
ical purification (upon treatment with nitric acid).

Because of the low content (0.1 mass%± 0.3 mass%) of
incombustible impurities (metal oxides and carbides) ND thus
produced can be used in all technologies. At the same time the
content of the non-diamond carbon in ND is almost constant
(0.8 mass%± 1.4 mass%) and has no effect on the technolo-
gies that use ND. The content of the diamond phase in the
purified ND can be as high as 99.1 mass%

The elemental compositions of a large number of ND
samples produced at different facilities in Russia, China,
Ukraine and Belarus were determined using the recently
proposed procedure.37, 38 The contents of the constituent
elements in ND vary within the following limits (in mass%):

Table 4. Elemental compositions and the DB and ND yields upon blasting of TNT/RDX 40 charges surrounded by water shell with different reducing
agents.38

Reducing Explosive : redu- Elemental composition of DB (mass%) Content of Content of DB yield ND yield

agent cing agent ratio incombustible ND in DB calculated calculated

(mass to mass) C H N O impurities in (mass%) with respect with respect

DB (mass%) to explosive to explosive

(mass%) (mass%)

Hydrazine hydrate 1 : 0.1 90.2 3.3 3.0 0.4 3.1 51.1 14.4 7.36

1 : 0.5 90.5 3.0 2.9 0.8 2.8 54.7 15.8 8.64

1 : 2.0 90.1 3.7 3.2 0.4 2.6 53.8 16.0 8.61

Urotropin 1 : 0.25 94.1 1.6 2.2 0.5 1.6 51.6 12.4 6.4

1 : 0.5 91.2 3.0 2.6 0.9 2.3 51.7 12.2 6.3

1 : 1 92.7 2.8 2.8 0.3 1.4 51.9 16.3 8.46

Urea 1 : 0.5 90.1 3.6 3.1 0.5 2.7 51.2 14.1 7.22

Ammonia 1 : 0.5 91.1 3.0 2.8 0.9 2.2 51.0 13.4 6.83

No additive 7 84.2 0.9 8.3 3.1 3.5 45.0 7.2 3.24

Table 5. Elemental composition and purity of ND isolated by nitric-acid purification from DB prepared using different types of reducing agents.37

Reducing Explosive : redu- Elemental composition of ND (mass%) Content of in- Content of ND purity (ND content

agent cing agent (mass combustible oxidisable in the solid phase)

to mass ratio) C H N O impurities in carbon in (mass%)

ND (mass%) ND (mass%)

Hydrazine hydrate 1 : 0.1 93.6 1.2 2.3 1.7 1.2 1.0 97.8

1 : 0.5 94.4 0.4 2.5 2.3 0.4 1.1 98.5

1 : 2.0 95.2 0.7 2.3 1.6 0.2 1.0 98.8

Urotropin 1 : 0.25 94.9 1.1 2.5 1.4 0.1 0.8 99.1

1 : 0.5 95.2 1.0 2.2 1.5 0.1 1.0 98.9

1 : 1 96.0 0.4 2.6 0.7 0.3 0.9 98.8

Urea 1 : 0.5 94.3 1.6 2.7 0.8 0.6 1.4 98.0

Ammonia 1 : 0.5 92.7 2.4 2.9 1.3 0.7 0.9 98.4

No additive 41 7 88.5 1.1 2.2 8.2 7 7 7
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90.3 ± 93.8 for C, 0.4 ± 4.8 for H, 1.5 ± 2.3 for N and 2.3 ± 4.5
for O.

The actual elemental composition of ND is as follows:

Element C H N O

Content (mass%) 93 ± 95 1 ± 2 *2.5 2 ± 3.5

V. Chemical purification of nanodiamonds:
theory vs. practice

The specific features of DB include high dispersion, defectness
of the carbon structures, developed active surface and, as a
consequence, enhanced reactivity.

Besides, the detonation blend contains metal particles
resulting from wear of the operating surfaces of the blast
chambers and foreign impurity particles.

All the knownNDpurification techniques are based on the
use of different stability of the diamond and non-diamond
forms of carbon to oxidants.42 Liquid-phase oxidants offer an
undoubtful advantage over gas ± solid systems, because they
allow one to obtain higher reactant concentrations in the
reaction zone and, therefore, provide high reaction rates.

Nevertheless, a method of oxidation of the non-diamond
carbon by ozone was reported.43 The ozone ± air mixture is
passed throughDB at 120 ± 400 8C.Despite quite a high degree
of purification of DB from the non-diamond carbon, it still
contains unburnt impurities (mainly iron oxides and carbides,
up to 25 mass%; CJSC `Alit', Ukraine). These impurities can
be dissolved using liquid oxidants (strong acids).

The liquid-phase oxidation proceeds at sufficiently high
rates at high temperature. Therefore, the oxidisingmixtures are
prepared using high-boiling acids (HClO4 , H3PO4 , H2SO4)
and oxidising agents (HNO3 , nitrogen oxides, H2O2 , NaClO4 ,
CrO3 ,K2Cr2O7, etc.). Initially, perchloric acid was widely used
as the high-temperature single-component oxidising agent.
However, this is a hazardous substance (operation with and
storage of this acid are expensive) and therefore it is no longer
used for isolation of ND despite the unique properties.

There are three conventional ND purification techniques
used in industry:

(1) action of chromium anhydride (CrO3) solution on DB
in concentrated sulfuric acid (RFNC±ARITP; FSUE `Elek-
trokhimpribor' Integrated Plant, Lesnoy, Russia; CJSC `Alit',
Ukraine; facilities in China);

(2) use of nitric acid/oleum mixtures (`FRPC Altai', Biysk,
Russia); and

(3) use of dilute nitric acid (FSUE SDTB `Tekhnolog',
St Petersburg, Russia; CJSC `Sinta', Minsk, Belarus; Beijing
Technological Institute, China).

In particular, DB was mechanically filtered, treated with
concentrated sulfuric acid, then heated and the non-diamond
carbon was removed by adding oxidising agent (aqueous
chromium anhydride solution) to the mixture of DB with
concentrated sulfuric acid.44 After the oxidation, ND were
washed with water. The primary treatment of DB with sulfuric
acid was carried out at 105 ± 110 8C for 1.0 ± 1.5 h. Nano-
diamonds were first washed from acid treatment products with
water to pH 5 ± 6 at 60 ± 70 8C and then with hot distilled water
until negative reaction for chromium ions in rinse water. As a
result, the amount of metal impurities in ND reduced to
0.9 mass% and the content of the major component increased
to 98.5 mass%. This multistage chemical purification techni-
que 44 is complex and expensive and produces very toxic waste.

The main advantages of the nitric acid/oleum oxidising
systems consist in the availability and cheapness of the compo-
nents. They are also simple in design and technological
operation.45 The drawbacks of the technique include low
quality of purified ND (ND content is *90 mass%), large

consumption of the acids (up to 57 kg per kg of DB), complex-
ity of the regeneration and utilisation of the multicomponent
mixture and contamination of the diamond surface with sulfur
and nitrogen compounds.

Yet another group of methods of liquid-phase purification
of ND is based on the principle of free dispersion of carbona-
ceous material in all stages of treatment.46 The reaction
suspensions of DB in liquid oxidising mixtures are homoge-
neous, colloidally stable (no ND precipitate), highly disperse
and characterised by low viscosity. During the reaction, the
oxidising agent has unrestricted access to the solid particles,
which practically removes the diffusion limitations on the
reaction rate.

High reactivity of DB allows the following oxidising
systems to be used for purification:

C+ x [O] [COx] CO2:

Oxidation system Reaction products

HNO37H2SO47SO3 CO2+H2O+NOx+SOy

HNO37H2SO4

HNO37H2SO47H2O

HNO37H2O CO2+H2O+NOx

HNO37H2O7H2O2

H2O27H2O7catalyst CO2+H2O

O27H2O7catalyst

The total concentration of acids, specific consumption of
reactants, amount and toxicity of gaseous reaction products
and corrosion activity of the reaction medium decrease while
the economic and environmental characteristics of technolog-
ical processes are improved along the arrow.

Hydrogen peroxide is an attractive oxidising agent. Indeed,
its reaction with carbon results in only two products, carbon
dioxide and water.47 The reaction also causes the development
of a specific surface of the diamondmaterial, which is free from
sulfo and nitro derivatives. The use of hydrogen peroxide based
oxidising systems for purification of ND significantly simpli-
fies the process infrastructure, first of all the environmental
protection system andwaste reclamation. Themain drawbacks
of the technique include the impossibility of removal of
unburnt impurities, the need of using equipment for high-
pressure operation and incomplete removal of the non-dia-
mond carbon.

These problems can be solved on going to aqueous nitric
acid solutions. This fundamentally improves the quality of ND
purification, because sulfur-containing derivatives cannot be
formed on the diamond surface.39 The process is carried out at
elevated pressure. The equipment operating at high temper-
ature is made of corrosion resistant materials.

High-purity ND (carbon content 5 98.5 mass%) can be
obtained fromDB upon 30 ± 40 min of its residence in hot zone
under high pressure. This process has been implemented in
Russia, China and Belarus.

The use of complicated but efficient method of high-
temperature oxidation with nitric acid under pressure makes
it possible to implement a high-performance process charac-
terised by low content of hazardous waste. The dissolution of
metal-containing impurities and their transformation into
water-soluble products are combined with oxidation within
this method.

The simplest and the most readily available oxidising agent
is atmospheric oxygen. Using specific features of the detona-
tion blend, the non-diamond carbon was selectively oxidised
by blowing air through an aqueous DB suspension in the
presence of catalysts.46 The procedure offers all advantages of
the liquid-phase ND purification techniques and has the same
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drawbacks as the method based on purification with hydrogen
peroxide.

Analysis of the simplest, convenient and environmentally
safe purification methods unambiguously shows that only
dilute nitric acid should be used in large-scale production.

At present, the two-step ND purification technique based
on treatment of DB with aqueous nitric acid solutions is
practically implemented at some facilities. The first stage
involves treatment of DB with concentrated (50 ± 99)% nitric
acid at 80 ± 180 8C. In the second stage the material is treated
with (10 ± 40)% nitric acid at 220 ± 280 8C.39

A novel promising method of chemical purification of ND
by combined treatment of DB with (2 ± 40)% nitric acid and
atmospheric oxygen at 200 ± 280 8C under pressure (5 ±
15 MPa) was developed.37 The treatment involves renewal of
the outer boundary layer of ND particles and has almost no
effect on the structure of the diamond core. Therefore, purifi-
cation is the key stage in the formation of the application
characteristic of ND, because it is this stage that determines the
possibility of preparation of various modifications of the
product.

VI. Industrial synthesis of nanodiamonds

Technologically, production of ND involves the detonation
synthesis, chemical purification and washing of ND from acids
and conditioning of the product,34, 36 recovery and utilisation
of acid vapours and gases, pretreatment and recycling of nitric
acid and water treatment.

Usually, industrial detonation synthesis (Fig. 3) is a peri-
odic process. Every time an explosive charge equipped with
electric detonator is manually loaded through a top hatch (not
shown) of a hermetically closed blast chamber. Depending on
the process used at the plant, a cylindrical charge (either non-
armoured or surrounded by a water shell or ice armour) is
suspended on strips to a hook welded at the top of the blast
chamber. The charge is blasted from a distant explosion-proof
room by applying an electric pulse to the detonator. The blast
chambers of volume*2 m3 are used most often.

In addition to DB, 60% nitric acid, air and desalinated
water are used. The process results in ND as the end product in
the form of either thickened stabilised suspension in distilled
water or dry powder.

A simplified scheme illustrating the key stages of purifica-
tion process is shown in Fig. 4. Generally, the ND purification
procedure involves the following steps.36

1. Preparation of DB.
2. Preparation of aqueous nitric acid solutions.
3. Preparation of thin homogenated suspensions of DB in

aqueous nitric acid solutions.
4. Continuous thermal-oxidation treatment of DB suspen-

sions under pressure (*500 K, 8 ± 10 MPa). This is the key
stage, which requires the use of tailor-made equipment. The
process is carried out in a flow reactor cascade with a particular
temperature profile (smooth variation of the temperature
along the reactor cascade) under equilibrium pressure.

5. Separation of thermal-oxidation treatment products.
6. Recycling of nitric acid.
7. Washing of ND from acids.
8. Waste processing.
9. Preparation of stabilised ND suspensions in distilled

water.
10. Preparation of ND in the form of dry uniform powder.
Modern technology of ND purification by thermal oxida-

tion using liquid-phase high-temperature oxidation of nitric
acid provides high and stable characteristics of purification
and is readily scalable and best practically implemented.

VII. Properties of nanodiamonds

Nanodiamonds are complex objects usually having a three-
layer structure 48, 49 comprised of

Ð adiamond core 4 ± 6 nm in size, containing from 70% to
90% of the total number of carbon atoms;

Ð a transient carbon shell (intermediate layer) surround-
ing the core and consisting of X-ray amorphous carbonaceous
structures 0.4 ± 1.0 nm thick, containing from 10% to 30% of
the total number of carbon atoms; and

Ð a surface layer comprised of carbon atoms and other
heteroatoms (N, O, H) that form various functional groups;
the nitrogen atoms are quite uniformly distributed among all
layers.

Detonation-synthesis ND are chemically inert and hardly
oxidisable.49 The diamond core can be partially decomposed
by prolonged etching under severe conditions (in strong acids
or acid mixtures, e.g., conc. HNO3 , HNO3+HCl, HNO3+
H2SO4+SO3, etc. at corresponding boiling temperatures for
50 ± 100 h). Oxidation (etching) of ND has a complex charac-
ter because the process does not involve a conventional layer-
by-layer removal of the non-diamond and diamond phases
(i.e., their oxidation to gaseous products). Etching of the
carbon matrix (up to the diamond phase) proceeds at struc-
tural defects within the intermediate layer. When the process
involves the diamond core (mass loss of 30 mass% and more
with respect to starting ND), not only the chemical composi-
tion of the surface functional groups, but also the structure of
the intermediate layer is reproduced. It was shown that highly
etched ND particles (mass loss of 40 mass%± 60 mass%)
possess nearly the same properties as the starting detonation-
synthesis ND. The formation of almost the same intermediate
shell was proved in many studies by various analytical meth-
ods. The oxidation processes first of all affect unstable (excited)
atoms in the material. The most excited carbon atoms are on
the surface of particles near structural defects. Thus, here we
deal with selective etching of the most defect fragments of the
near-surface structures near the most excited carbon atoms,
resulting in the formation of nearly identical intermediate
layer.

It should be noted that the greatest difficulties during
chemical purification of detonation-synthesis NDby oxidation
of DB are encountered in the oxidation of the `last'

Cyclone separator

Collector

Dry DB

DB
suspension

Blast
chamber

Filtration
Magnetic
separation

Inert
gas

Figure 3. Detonation synthesis of nanodiamonds: flow chart of the

process.3
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18 mass%± 20 mass% of the non-diamond carbon, i.e., in
this case the residual carbon also shows a diamond-like
behaviour.

The intermediate layer of purified ND has inhomogeneous
structure. The inner sphere of the intermediate shell, which is
adjacent to the diamond core, is comprised of continuous
onion-like carbon (OLC) layers formed by hexagons.48 The
intermediate layer also contains graphite-like monolayers
localised in peripheral regions. However, the overall structure
of the intermediate layer is still to be clarified.

The complex structure of the intermediate layer is due to
incomplete transformation of the carbon component of the
ND particle to the diamond under the synthesis conditions.
During the action of the detonation wave and in the course of
the unloading step, when detonation products expand and
reflected shock waves pass through them at rapidly dropping
pressure but still at a very high temperature, structural frag-
ments of themolecules of initial explosives chaotically combine
with one another in the chemical reaction zone.1, 2, 10, 28, 36

Secondary processes, namely, graphitisation of detonation-
synthesis ND and amorphisation of the crystalline phase are
also highly probable under these conditions.

It is likely that the structure of the intermediate layer is
comprised of a randomly combined praunits of those chemical
compounds that release fromNDupon extraction and thermal
desorption. However, it is still unclear what these units and
compounds made of them look like and how they are bonded

to one another, embedded into the intermediate-layer cage and
stabilised.

Undoubtedly, it is vast variety and high reactivity of
chemically bonded prastructures (in addition to the reactivity
of functional groups on the surface of ND particles) that are
responsible for the high reactivity of detonation-synthesis ND.
Amazingly, the bulk mass concentrated in the diamond core
remains chemically inert. Therefore, the behaviour of detona-
tion-synthesis ND in various systems is hard to predict.

The average ND particle size is 4.2 nm. A simplified model
for the surface of an ND particle with different functional
groups is shown in Fig. 5. The number of atoms in such a
particle is quite difficult to estimate owing to imperfection of
the crystal, complication in the determination of the actual
number and types of functional groups and uncertainty
associated with characteristics of the intermediate carbon
shell of the nanocrystal.

The number of carbon atoms in 4.2-nm ND particles
reported by different authors varies from 300 to 20 000.36, 50

(Usually, the elemental composition was calculated for a
perfect crystal.) The average number of atoms (including
heteroatoms) in octahedral ND crystal (edge length 4.4 nm) is
*20 000.51

A spherical ND particle of 4.2 nm size comprises nearly
7000 carbon atoms. The results of some calculations of the
elemental composition of ND are listed in Table 6. According
to Shenderova, the number of surface carbon atoms is *1000
or*15% of the total number of atoms.
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Figure 4. Simplified nanodiamond purification flow chart.36

The mixer is filled with DB andHNO3 . A suspension thus formed is fed to the measuring tank and then to Reactor 1. The ND suspension in spent HNO3

passes through the heat exchanger and then is delivered to the adsorption columnwhere gas separation occurs. Gases are absorbed by water and by alkali

solution and the sour suspension is fed to the system of settling vessels and subsequent washing. The air collector is used to smooth pressure surges and to

produce prepressure at the start-up in the operating mode, thus acting as a high-pressure throttle.
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Most often, functional groups appear on the surface of ND
particles during purification of DB with strong oxidising
agents. All oxygen and hydrogen atoms belong to the surface
groups of ND.36, 50, 52 ± 55 Nitrogen atoms are incorporated not
only into the diamond lattice, but also the surface groups
(amide groups 53 and nitro groups 54, 56).

The surface functional groups were analysed by IR spec-
troscopy,53 ± 59 temperature-programmed desorption,53 chem-

ical titration,59, 60 polarography 36, 60 and X-ray photoelectron
spectroscopy.58

The surface groups were identified as hydroxyl groups
(OH) in the form of sorbed water, carboxyl group and tertiary
alcohol;53 ± 57, 61 amide groups [NC(O)7H];53 hydrocarbon
groups (C7H) in the form of CH, CH2 and CH3;53, 56, 58, 62, 63

carbonyl groups (C=O) in the form of ketone, carboxyl
group, acid anhydride, ester and lactone;53, 55 ± 58, 63 C7O7C
groups in the form of ether, acid anhydride, lactone and epoxy
group.54 ± 57, 62

A study of fluorinated ND revealed the presence of surface
CF, CF2 and CF3 groups.58

The electrokinetic potential (x-potential) is one of the key
characteristics of the ND surface, which strongly depends on
the surface state. Different fractions of the same ND sample
and, moreover, of ND samples purified and surface-modified
in different manner are usually characterised by different
x-potentials.

The x-potentials of three fractions (precipitate, intermedi-
ate and aqueous suspension) of the ND produced at the
RFNC±ARITPwere+16,+32 and+39 mV, respectively.64

The x-potential of non-fractionated ND (UDD-TAH brand)
produced at the FSUE SDTB `Tekhnolog' is +33 mV (aque-
ous medium).

Three types of modified ND (UD-HP, UD-SO and UD-M
brands) are produced at the RPA `Sinta'.65 The x-potentials
of their aqueous suspensions equal 716 (UD-HP), 787
(UD-SO) and +24.9 (UD-M) mV.

Dry ND is a light-grey polydisperse powder with a bulk
density of about 0.5 g cm73. It is comprised of agglomerates of
size from a few to hundreds of micrometres. Twomain types of
impurities in ND are incombustible and oxidisable carbon (the
latter remains on the surface of ND particles after chemical
purification). The admissible content of each of the two
impurities is at most 1.0 mass%. Well-purified ND contains
at most 0.5 mass% of each type of impurity. Practical appli-
cations of ND are mainly interfered with the presence of
incombustible impurities; their compositions for three com-
mercially available ND brands is presented in Table 7.50, 66

An aqueous suspension of pure ND in water cannot be
neutral (Fig. 6); the ND particles should behave in water like
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Figure 5. Nanodianond particle with different surface functional groups

(according to Shenderova, International Technology Center, USA).

The structure was optimised by the semiempirical quantum-chemical

method PM3.

Table 6. Contents of chemical elements (%) with allowance for various
functional groups on the surface of spherical diamond particle 4.2 nm in
diameter.

Surface composition Cdiamond H O N C7X Ctot

(hetero-

atom or content atom)

group (%)

H 100 98.7 1.3

OH 100 81.9 1.0 17.1

OH 50
89.5 1.2 9.3

H 50

COOH 50
77.0 1.0 16.0

6.0 83.0

H 50

H 63.8

88.7 1.17 5.68 2.34 2.09 90.79

OH 10

COOH 5

CO 10

NH2 11

NO2 0.1

NO3 0.1

Note. All surface groups provide a 100% `coverage' of unsaturated bonds.

(Calculated by Shenderova, International Technology Center, USA).

Table 7. Contents of incombustible impurities (mass%) in ND samples
according to atomic emission spectroscopy data (analysed by Chukhaeva,
RFNC±ARITP).50, 66

Impurity Aqueous ND suspension a Typical ND b

UDD-SWS UDD-TAH

powder powder

Fe 0.15 0.1 0.1

Cr 0.07 0.05 0.5

Xi 0.3 0.1 0.15

Al 0.005 0.001 0.01

Na 0.03 0.003 0.05

K 0.002 0.002 0.002

Cu 0.005 0.002 0.003

Ca 0.002 0.002 0.01

Mg 0.005 0.003 0.005

Mn 0.001 see c 0.001

Ti 0.01 0.005 0.002

Pb 0.001 0.001 0.001

Total 0.58 0.27 0.84

Incombustible 0.95 0.4 1.4

residue (%)

a Produced at FSUE SDTB `Tekhnolog'. b Produced at RFNC±ARITP.
cUndetected at a sensitivity of 561074 mass%.
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an acid due to the presence of surface carboxyl groups.67

Indeed, they do behave as poorly soluble weak organic acids.
The rapid coagulation threshold of ND particles, i.e., the loss
of sedimentation stability, corresponds to a pH value of 5.5.

Earlier (see, e.g., Ref. 68), it was shown that the phase
transition occurs on heating of ND from 720 to 1400 K in inert
atmosphere.

The lines in the Raman spectra of ND coincide with
maxima of the phonon state density functions of diamond
and graphite. This indicates the presence of small amounts of
amorphous diamond and graphite in the ND material. Nano-
diamond clusters exist only in the form of aggregates;69 the
amorphous phase is likely to occur in the interior. The presence
of the amorphous phase is also confirmed by X-ray diffrac-
tometry data; the characteristic size of this phase was estimated
at about 1.5 nm.

According to X-ray diffractometry data, nucleation of the
graphite phase occurs only at T>1200 K. The diamond ±
graphite structural phase transition occurs on anneling in inert
atmosphere and begins at the surface of ND clusters; the
graphite phase nucleates in the form of equidistant nanoplates.

The phase transition onset temperature correlates with the
electron microscopy data,70 according to which the decrease in
the size of theND core begins only atT>1300 K. The process
is accompanied by transition of the outer carbon atoms to the
OLC phase.

Later on, it was found that graphitisation of diamond can
be induced by heat treatment and by the action of reactive
gases and maintained using metal catalysts and also by
emission from various sources.71 On the one hand, graphitisa-
tion sets limitations on the temperature range and conditions
for efficient use of diamond. On the other hand, it provides the
possibility of design of novel nanoscale carbonaceous materi-
als. It was shown 71 that annealing of 2 ± 5-nm ND particles
gives rise to the OLC phase,{ whereas the annealing of micro-
metre-size diamond particles leads to formation of closed bent
graphite-like structures, such as nanotubes, nanohelices, etc.
Based on the results of molecular modeling by the molecular
mechanics, molecular dynamics and Hartree ±Fock methods,
it was assumed that the formation of the OLC and closed bent
graphite-like structures on the surface of diamond particles
exhibits specific features of self-assembly processes.

Nanodiamond particles have a large specific surface area
and therefore their physical and chemical properties are
strongly affected by the surface groups. Controlled function-
alisation provides a powerful tool of specific modification of
ND particles. Using this approach, one can involve ND in
various chemical reactions, enhance their interaction with
solvents, components of composite materials, polymers and
catalysts. The surface groups stabilise the surface of ND

particles and preclude their graphitisation. Decomposition of
the surface groups causes graphitisation of ND and formation
of bucky-diamonds (intermediates of the transformation of
ND to OLC) and, finally, to OLC. With allowance for high
stability of the hydrocarbon groups the most thermally stable
ND can be prepared by surface hydrogenation.

Various graphitisation mechanisms were reported for the
`low'- and `high'-temperature regions.71 In the high-temper-
ature region, the rate of graphitisation is controlled by the
detachment of a single atom from the diamond surface. In the
low-temperature region, the mechanism of graphitisation
involves incomplete detachment of carbon atoms from the
surface of diamond particles and the external planes (faces) of
diamond crystal are gradually transformed into the graphite
planes. These temperature regions are separated by the Debye
temperature of diamond (1910 K).

By varying the ND graphitisation rate it is possible to
prepare diamond/nanographite composites with different
ratios between the diamond core and bent graphite shells (so-
called sp2/sp3-nanocomposites). The presence of interfaces
between the nanoscale diamond cores and graphite shells
and, probably, high concentrations of the open graphite
edges can predetermine unusual electronic properties of these
composites.

Selected characteristics of the static-synthesis diamonds
and detonation-synthesis ND are listed in Table 8. The differ-
ences between the particle size, specific surface area and
content of volatile impurities are most pronounced.

Table 9 lists selected properties of ND and technological
parameters of large-scale production of ND for three leading
manufacturers of detonation-synthesis ND in the CIS.72 The
maximum yield of ND is obtained using the novel method of
synthesis at the FSUE SDTB `Tekhnolog'. Additionally, the
content of incombustible impurities even in DB is minimum
and their content in pure ND is very low.

4.5
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5.5

6.0

0 2 4 6 8

ND concentration (mass%)

pH

Figure 6. The pH values of a washed aqueous ND suspension plotted vs.

ND content.67

{Complete annealing results in OLC particles while partial annealing

affords diamond/OLC core ± shell particles.

Table 8. Characteristics of detonation-synthesis nanodiamonds and
static-synthesis diamonds.72

Parameter Nanodiamonds Diamonds

Phase composition cubic diamond, cubic diamond,

a=0.3565 a=0.3567

Picnometric density /g cm73 3.30 3.51

Particle size /nm 4 ± 15 30 ± 2000

Specific surface area /m2 g71 200 ± 450 13.5

Content of incombustible <1.5 <0.2

impurities (mass%)

Content of volatile 10 ± 12 1 ± 2

impurities (mass%)

Temperature corresponding 800 780

to the onset of intense

oxidation in air /K

Maximum exothermic effect 960 ± 1000 900

in air /K

Temperature corresponding 1373 1373

to the onset of graphitisa-

tion in vacuo /K

Electrical resistivity /O m 7.76109 161010

Specific magnetic suscept- <1.0 0.5

ibility, 108 w /m3 kg71

Surface functional groups OH, C=O, CO2H HO, C=O,

NH2 CO2H
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VIII. Fields of application of nanodiamonds

Nanodiamonds incorporated into materials act as powerful
structure-forming agents that ensure dispersion strengthening
of composites.

In search for optimum cost ± quality relation for ND-
containing products one should allow for the following:

Ð simple ND synthesis technology makes it possible to
establish large-scale production of cheap ND the cost of which
is mainly determined by the cost of explosives;

Ð in many fields of application ND can be replaced by
crude DB, which is much cheaper than purified ND;

Ð positive effect is attained upon introduction of
(0.1 mass%± 1.0 mass%) of ND additive into the material.

Nanodiamonds have a broad spectrum of applications
(Fig. 7), three of them being the major ones. These are finish
polishing (*70% of the total amount of ND), metal plating
(*25%) and oil composites (*5%). In the nearest future,
production of polymer ± diamond composites, charge-transfer
catalysts and modified biologically stable concretes can
develop into large-scale industries.

1. Metal plating
Nanodiamonds present in the electrolyte of a galvanic bath
should be in the suspended state. To this end, an aqueous ND
suspension is added to the electrolyte. In the preparation of
metal ± diamond composite electrochemical coatings, the sus-
pended state ofND ismaintained by gas evolution and thermal
convection.

The introduction of ND into electrochemical coatings
significantly improves their microhardness, wear resistance,
corrosion resistance, throwing power, makes the visual appear-
ance of goods more attractive and reduces porosity. The main
reason for these changes consists in reduction of the size of
metal domains in the coatings. Nanodiamond particles are
small and therefore sufficiently dense and uniform distribution
over the coating can be attained even at very low content of
these species (few tenth of a per cent).

A number of ND-containing composite electrochemical
coatings based on chromium, nickel, tin, zinc, copper, gold,
silver, aluminium, iron and various alloys were developed.
Selected physicomechanical characteristics of such coatings are
listed in Table 10.

a. Chromium plating
Investigations on metal ± diamond coatings began with the
studies of electrochemical deposition of chromium and
ND.73 ± 75 Later on, they attracted the greatest interest because
chromium coatings are most often used to provide for high
wear resistance of tools and workpieces.

Table 9. Technological parameters and properties of samples produced by the leading manufacturers of detonation-synthesis ND in the CIS area.72

Parameter FSUE SDTB `Tekhnolog', CJSC `Alit', Kiev, `FRPC Altai', Biysk,

St Petersburg, Russia Ukraine Russia

Blast conditions in chamber water shell (3 kg) water shower/water shower+ gaseous atmosphere

of complex composition ice armour (100 kg)

Mass of explosive charge /kg 0.6 10.0 0.6

Explosive charge composition 40% 40% 60%

(TNT/RDX mixture) (mass% of TNT)

ND yield relative to the mass of explosive (%) 10 ± 14 5 ± 7/8 ± 12 4 ± 5

ND content in diamond blend (mass %) 55 ± 75 50 ± 60/*70 30 ± 40

Content of incombustible impurities 1.5 ± 3.0 16 ± 26 5 ± 12

in DB (mass %)

Chemical purification procedure 55%± 60% HNO3 , 1) HCl (boiling) H2SO4+SO3+HNO3 ,

and its parameters 513K,*8 MPa 2) H2SO4+H2Cr2O7 (boiling) 523K

3) HCl+HNO3 (boiling)

ND size (coherent scattering range) /nm 4 ± 5 6 ± 8 4 ± 6

ND specific surface area /m2 g71 330 200 250 ± 350

Content of incombustible residue 0.1 ± 0.6 2.5 ± 3.0 4 ± 5

in ND (mass%)

Content of oxidisable carbon 0.5 ± 0.8 0.8 ± 1.5 4 ± 5

in ND (mass%)

Nanodiamonds

Polymers

Rubbers

Films

Membranes

Charge-transfer
catalysts

Plating

Precursors
for CVD

Oils and lubricants

Plasma flame
polymer ± diamond
spraying

Medicine
and biology

Sintered compacts

Finish
polishing

Plasma flame
metal ± diamond
sprayingHydrogen

energetics

ElectrodesHydrogen fuel
cells

Laser initiation
explosives

Indestructible
concretes

Figure 7. Fields of application of nanodiamonds.

Thick and thin arrows denote the current and future fields of application,

respectively.

350 V Yu Dolmatov



Either solid chromium plating electrolytes or buffer elec-
trolytes are used as chromium/ND plating electrolytes. The
content of ND in the coating is 0.3 mass%± 1.0 mass %.

The content of ND in the chromium coating is analysed as
follows. A chromium±diamond coating (CDC) 55 ± 60 mm
thick is deposited on a stainless steel plate. Then, the CDC is
electrolytically dissolved in 10% aqueous NaOH solution at a
cathode current density (ic) of 10 A dm72 and a temperature of
303 K. A sodium chromate solution containing the ND
suspension is passed through a preliminarily weighed Schott
filter. The ND precipitate on the filter is successively washed
with hot water, 10%H2SO4 , water, 20% HCl and againwater.
The filter with the precipitate is dried at 423 ± 473 K, the
absolute amount ofND is determined from themass difference
and then the ND concentration in CDC is calculated (knowing
the mass of the dissolved coating).

The microhardness of chromium coating depends on the
ND concentration in the electrolyte, namely, the microhard-
ness increases as the ND concentration increases.76 As ic
increases, the microhardness also increases. The most impres-
sive results were obtained using a composite diamond additive
comprised of detonation-synthesis ND and static-synthesis
diamonds (Fig. 8).77

In Fig. 9 the wear of various chromium coatings is com-
pared with that of titanium nitride coatings.77

Chromium plating usingND is widely used in Russia, USA
and South Korea.

b. Nickel plating
Analysis of the data listed in Table 11 and the plots shown in
Fig. 10 reveals a positive effect of ND on the quality of
nickel ± diamond coatings.76, 78, 79

Table 10. Physicomechanical characteristics of metal ± diamond coatings.

Coating Wear resistance HV Porosity de- Corrosion

increases by /kg mm72 creases by resistance

a factor of n, (see a) a factor of m, increases by

where n is where m is a factor of p,

where p is

Cr+ND 2± 12 up to 2300 2 ± 3 3 ± 6

Ni+ND 5± 6 up to 600 no pores 2 ± 5

Cu+ND 9± 10 160 the same no corrosion

Au+ND 2± 5 200 6 the same

Ag+ND 10 ± 15 180 8 "

Zn+ND 7 7 6 ± 8 2 ± 4

Sn+ND 4± 5 150 7 1.5

Al+ND 10 ± 13 600 ± 700 3 no corrosion

Fe+ND 6± 8 800 8 ± 10 3 ± 4

Ni+B+ND 6 8000 7 no corrosion

Sn+Pb+ND 7 31 no pores 5 ± 7

Sn+Sb+ND 2.5 25 5 ± 6 2 ± 3

Ag+Sb+ND 1.5 ± 1.7 150 7 7

aMicrohardness.
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Figure 8. Microhardness of solid Cr-ND-ASM-coating plotted vs.

cathodic current density (standard electrolyte).77

No ND additives (1) and in the presence of ND (ND :ASM=5 : 5) (2);

ASM brand is synthetic diamond nanopowder.
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Figure 9. Wear of titanium nitride (TiN) and chromium coatings.77

TiN (1), hard Cr (2), wear-resistant Cr (3), Cr+ND (4) and

Cr+ND+ASM (5).

Table 11. Effect of ND content on microhardness, wear resistance and
porosity of nickel coatings at different cathodic current densities.76, 78

ND content HV /kg mm72 Porosity /number Wear res-

/g litre71 of pores per cm2 istance

(rel.u.)

1.0 a 1.5 a 5.0 a 1.0 a 1.5 a 5.0 a

No additives 251 286 308 20 15 1.0

0.5 301 312 330 15 10 1.8

1 320 331 354 15 5 2.3

2 359 380 378 15 5 3.8

5 370 408 472 10 5 5.7

10 395 467 583 6 4 6.4

a The ic values (in A dm72).
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Figure 10. Microhardness (1) and wear resistance (2) of nickel coating

plotted vs. ND concentration in sulfuric acid electrolyte.36

ic=5 A dm72.
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The content of ND in the coating increases from
0.1 mass% to 0.7 mass% as the ND concentration in the
electrolyte increases from 0.5 to 10.0 g litre71. At a 5 g litre71

ND concentration in the electrolyte, the microhardness of the
coating becomes nearly doubled (see Fig. 10) and the wear
resistance shows a nearly sixfold increase. The coating thus
prepared is fine-grained, dense and has a low porosity.

c. Gold plating
If the ND concentration in the electrolyte varies from 0.1 to
10.0 g litre71, theND content in the gold coating changes from
0.2 mass% to 0.8 mass%. The microhardness of the coating
reaches a value of 200 kg mm72 and the wear resistance
increases two- to five-fold.36, 80 ± 82

The structure and properties of the coating vary non-
monotonically. Figures 11 and 12 show bimodal plots.65 The
first peak appears at low ND concentrations and its intensity
depends on both the electrolyte composition and the type of the
co-deposited diamond-containing additive. The second peak
appears at higher ND concentrations. Nanodiamonds can be
incorporated into the coating in the formof individual particles
or as large aggregates depending on their colloidal state in the
electrolyte. The second peak appears in the concentration
range corresponding to co-deposition of gold with ND aggre-
gates. In this region some technological characteristics (e.g.,

sedimentation rate and the yield of gold calculated with respect
to electric current) are deteriorated.

The gold plating process has been implemented on a large
scale.

g. Silver plating
Using ND, it is possible to prepare dense, fine-grained semi-
bright silver coatings containing up to 1.0 mass% of
ND.36, 80, 83

Depending on the electrolysis conditions, composition and
type of electrolyte, the microhardness of the silver ± diamond
coating increases by 200 ± 700 MPa compared to that of
microhardness of pure silver. The wear resistance of the coat-
ings shows a ten- to fifteen-fold increase (Fig. 13), the solder-
ability of this coating is identical to that of pure silver. The
silver plating process has been implemented on a large scale.36

d. Zinc plating
The optimum concentration of ND in the zinc plating electro-
lyte is 10 g litre71, which corresponds to the ND content in the
coating of 0.7 mass%.36, 76, 84 As the amount of ND in the
electrolyte increases, the precipitates become more finely
grained.

Passivation of zinc/ND coatings thus obtained by conven-
tional chromium plating or phosphating significantly increases
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Figure 11. Mass percentage of co-deposited ND particles in gold coating

plotted vs. concentration of the diamond-containing additive in the

electrolyte for two types of additives: DB (1) and ND (2).65
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Figure 12. Microhardness of gold coating plotted vs. concentration of the
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Figure 13. Wear resistance (mass loss) of silver ± diamond coating plotted

vs. ND concentration in electrolyte.36, 80
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Figure 14. Corrosion resistance (mass loss) of zinc coatings compared to

that of unprotected steel and cadmium coating (NaCl fog, 60 h).36, 76, 84

Unprotected steel (1), Zn-coating (2), Cd-coating (3), Zn+ND (4),

Zn+ND+chromating (5) and Zn+ND+phosphating (6).
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their corrosion resistance (Fig. 14). Phosphating was found to
be much more efficient and environmentally safe.

e. Anodic oxidation of aluminium
Anodic oxidation is the main method of corrosion protection,
and increasing the strength and wear resistance of aluminium
and aluminium alloys.

During oxidation, the ND particles fill pores and remain in
them due to mechanical and van derWaals forces. The mass of
the filled oxide film increases two- to four-fold.36, 76, 85 The
wear resistance of such a film increases to amuch greater extent
(by 10 to 13 times; see Fig. 15) and so do its corrosion
resistance and dielectric properties. The film turns grey.

g. Iron plating
The hardness of electrochemical iron coating approaches that
of steel. Such coatings become even harder when using ND.86

For iron plating, it is more appropriate to use DB rather than
purified ND. The best results were obtained using partially
oxidised DB prepared following a known procedure.87

The effect of ND and partially oxidised DB on the micro-
hardness and wear of iron coatings is illustrated in Figs 16
and 17. The advantage of using the cheaper product (DB) is
clearly seen.

2. Polishing
Introduction of ND into polishing composites improves the
characteristics of chemicomechanical polishing and the effi-
ciency of the overall surface treatment.36, 50, 88 ± 93

The colloidal, sedimentation and mechanical properties of
ND clusters aggregated into complex fractal structures depend
on the procedure for preparation and on the composition of the
liquid dispersion medium. Nanodiamonds introduced into the
liquid (ND content of 0.1 mass%± 0.3 mass%) act as power-
ful structure-forming agent. Using low-filled aqueous, organic
and aqueous-organic ND dispersions, one can obtain ideally
smooth surfaces of materials processed, in which the micro-
roughness is comparable in size with interatomic distances.

The fractal structure of ND favours efficient relief of local
stress produced as the working surfaces approach each other.
Large loose ND aggregates easily break down upon slightest
action on the suspension and appear again also easily.

The fractal ND aggregates act as a kind of damper, which
makes rigid point-to-point interactions between the working
surfaces less probable. This prevents the material being proc-
essed from deformations and stress in the near-surface layer.

When the polishing pads and treatment regimes on most
buffing machines were chosen appropriately, all materials
showed smoothing of relief and formation of flat mirror
surfaces without macroscopic defects.

Preparation of polycrystalline micropowders with different
nanostructures of porous particles seems to be promising for
polishing. Powders are prepared by milling large aggregates
formed upon compaction of ND powder.

Polishing using ND is employed to improve the operating
characteristics of almost all materials, namely, composites,
semiconductors, dielectrics and conductors having a crystal,
polycrystal, glassy or some other structure.92

The key parameters of polishing are the rate of removal of
material, surface roughness, plateness and plane-parallel
arrangement of surfaces of working pieces. They are deter-
mined by the properties of ND and to a great extent by the
design of buffing mashines, types of polishing pads, their pre-
treatment and other factors. Therefore, a particular ND
powder (or polishing composite) should be `tuned' to a
technology of treatment of a material in hand or working
pieces made of it.
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Figure 15. Wear of anodically oxidised aluminium film based on D-16

alloy (Germany) plotted vs. ND concentration in anodic oxidisation

electrolyte (ia=1.5 A dm72).36, 76, 85
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Figure 16. Effect of ND (1) and DB (2) concentration on microhardness

of iron coating (ic=4 A dm72).86
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Figure 17. Effect of various diamond-containing additives on wear of an

iron coating (concentrations of all additives were 5 g litre71, ic=

4 A dm72).86

No additives (1), ND (2), conventional DB (3) and oxidised DB (4).
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Nanodiamond-containing polishing compositions can pro-
vide a high plateness (to 1 mm) and reproducible surface
roughness from a few fractions of a nanometre to a few
nanometres for more than thirty crystalline substances. The
number of such materials increases and the polishing quality is
improved, which indicates a versatile character of this techno-
logy.

Table 12 lists the components of some polishing composi-
tions.94 The results of treatment of materials characterised by
different hardness and plasticity are listed below.94

Material Surface roughness /nm

Hard alloy 1 ± 5

Steel 5 ± 6

Sapphire 5 ± 6

Quartz 0.5 ± 1.5

Molten silica 0.5 ± 1.0

Silicon 0.5 ± 1.5

NaCl crystal 2 ± 3

KBr crystal 2 ± 3

A decrease in the diamond particle size from 1 mm to
3 ± 5 nm is accompanied by a decrease in the relief roughness
and by the change in the mechanism of mass transfer on the
surfaces of alloys and composite materials from anisotropic
(plastic deformation) to isotropic (nanoscratching) removal of
material.

3. Oils and lubricants
Nanodiamonds, as modifiers of the friction surfaces, offer the
following advantages over other types of surface modi-
fiers:36, 50, 95 ± 97

Ð efficiency at very low concentrations in the base oil;
Ð compatibility with various types of synthetic and min-

eral oils; and
Ð environmental safety of the carbon additive to oils

compared to metal particles or fluorocarbons.
The addition of diamond blend containing a large number

of ultrasmall graphite-like particles and ND causes the proper-
ties of lubricants and the character of the interaction between
the friction surfaces to change. Namely, the viscosity of the
liquid, the strength of the lubricating film and, as a conse-
quence, the loading capacity of tribomating increase. Selected
characteristics of diamond-containing lubricant compositions
and their efficiency are listed below.

Parameter Numerical

value

ND content (mass%) 0.01 ± 0.3

Particle concentration /cm73 *1014

Reduction of temperature in the contact zone (%) 16 ± 20

Reduction of the friction coefficient (%) 20 ± 30

Increase in limiting load of a friction from 16 to

pair (steel ± bronze) /MPa 72 (approx-

imately

fourfold)

Reduction of wear of mating components by a factor of n n=1.5 ± 3.0

Combustion engines

Engine run-in time reduction by a factor of m m=10± 12

Fuel economy (%) 3 ± 6

Power increase (%) 4 ± 8

Cylinder compression increase (%) 10 ± 17

Cooling-lubricating liquids (CLL)

Cutting torque reduction (%) 20 ± 30

Increase in operating life of tools by a factor of p p=1.5 ± 4.0

Themost interesting parameters are the very low content of
ND, considerable increase in the limiting load, reduction of
wear of mating components, engine run-in time reduction and
an increase in the operating life of tools. ND-containing
lubricant compositions can be based on mineral or synthetic
oils and CLL.

The DB in a lubricant composition produces a complex
effect consisting in:

Ð filling of dips on the friction surfaces with carbon
clusters and subsequent reduction of boundary friction and
wear;

Ð an increase in viscosity of the lubricant composition in
thin films due to dispersion structuring of carbon clusters;

Ð a decrease in viscosity of the lubricant composition at
low temperatures due to reduction of glass transition threshold
of the dispersion-filled medium;

Ð after-effect (duration over 60 h) upon replacement of
the lubricant composition by the base oil; the effect is due to
strongmechanical, adsorption and diffusion immobilisation of
carbon clusters on the friction surfaces;

Ð operation of ND clusters as microscopic antifriction
bearings under high load at maximum displacement of the
liquid phase between friction surfaces, which permits an
increase in the limiting load of the friction pair.

The content ofDB in the lubricant composition depends on
the character and operation mode of a particular device.

Diamond blend has a strong effect on most structural-
mechanical and operating characteristics of almost all types of
lubricants. The use of preservation greases reduces the chem-
ical and electrochemical metal corrosion because many addi-
tives (usually, corrosive substances) are no longer used. The use
of sealing greases and thread lubricants improves the tightness
of joints, reduces corrosion of the contact surfaces and
stabilises and reduces the shear stress and torque.

Cooling-lubricating liquids are most efficient in screw
cutting and holemaking in hard-to-machine materials.98 ± 100

Introduction of DB (1 mass%± 5 mass%) into lubricants
used in plastic metal working significantly reduces the friction
coefficient and improves the quality of the surface of goods.101

Diamond blend-containing oil compositions are used in
Russia, Germany, Italy, Turkey and China.

Table 12. ND-containing polishing compositions.94

State Medium ND content

(mass%)

Suspension water, ethylene glycol, aqueous 3 ± 5

KOH or FeSO4 solution,

petroleum oil

Polishing lipids, polymers 3 ± 5

compound

Solids of cured silicone, nitrile, 2 ± 3

specified shape etc. rubbers

cured formaldehyde and 2 ± 5

epoxy resins

metal (aluminum, nickel) <50
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4. Polymer ± diamond composites
Numerous studies showed efficiency of the introduction of ND
and DB into polymeric composites and films based on poly-
(flouroelastomers), perfluorocarbons, polysiloxanes, poly(iso-
prenes), butadiene ± styrene rubbers, polyurethanes, poly-
imides, etc.36, 50, 91, 102 ± 107

The introduction of ND improves the overall elasticity and
strength characteristics and in some cases provides polymers
with unique tribotechnical properties.

The introduction of DB significantly reduces the perme-
ability of fluoroelastomer films.103 ± 105 Based on some opti-
misation parameters, poly(vinylidene fluoride-co-perflu-
oropropyl ether) (CVPE) filled with DB to different extent
(from 2 to 50 parts by mass) was chosen as the elastomeric
component. A comparative analysis of mass thermograms of
the elastomer and nanocomposites based on it showed an
increase in the thermal degradation onset temperature, on
average, by 40 8.

At a DB content of 5 mass%, the tear resistance of the
fluoroelastomer is doubled (Fig. 18). The physicomechanical
characteristics of the fluoroelastomers based on this DB
measured in the course of thermal ageing at 522 K are identical
to or better than those of non-aged conventional vulcanisates.

A fluoropolymer filled with DB (2 parts by mass) demon-
strated a decrease in the coefficient of sliding friction at the
metal ± rubber interface to 7.061073. Rubber mixtures based
on DB-modified fluoroelastomers showed an increase in the
abrasive wear resistance by a factor of 1.5 ± 2.0.

Thus, DB is the most reactive filler of fluoroelastomers and
provides a highly cross-linked vulcanisation network, mini-
mum thermal ageing, low friction coefficient of film coatings
and extends their operating life by 25%±40% in the friction
units.

a. Polyisoprene and butadiene ± styrene copolymer
The modifying action of DB was demonstrated in relation to
conventional filled polymer blends based on polyisoprene
and butadiene ± styrene rubbers, which are widely used in
Russia.108

Diamond blend-modified rubbers are characterised by
higher degree of vulcanisation, a 35% higher conditional
tensile strength at 300% elongation and a 30% lower degree
of swelling in toluene. Such rubbers have better strength
characteristics (about 30% higher than those of conventional

rubbers) under normal test conditions and better wear endur-
ance. The addition of DB to rubber in a (2 ± 4) : 100 ratio (by
mass) is optimum from the standpoint of the overall effect on
the physicomechanical characteristics of rubbers.

As the DB content increasees, the cohesion strength of
rubbers increases by a factor of 1.3 ± 2.0. The maximum
cohesion strength is attained at the DB content of 7.5 parts
(by mass). The introduction of DB into polyisoprenes causes
the tear strength to increase by a factor of about 1.5.

To determine the effect of the rubber matrix on the
modifying activity of DB, the latter was introduced in excess
(2, 3 and 4 parts by mass) into a conventional rubber blend
based on butadiene ± styrene copolymer containing 30% of
styrene units. The rubber blends containing 3 and 4 parts (by
mass) of DB showed an increase in the cohesion strength by a
factor of 1.5 to 2.0 compared to the reference samples. The tear
resistance of DB-containing vulcanisates is doubled compared
to that of the reference samples (Fig. 19). Thus the modifying
action of DB introduced into rubber matrices of different
nature manifests itself in different manner.

b. Polysiloxanes
Polysiloxanes were studied using a polyblock copolymer of
ladder phenylsesquisiloxane and poly(dimethylsiloxane) (LPS-
PDMS) as the polymer matrix.106

This copolymer is cold-resistant to 200 K and thermally
stable to 673 K. It can be used as the basic component of film-
forming materials having a broad spectrum of applications
from protective coatings to selectively permeable membranes.

Nanodiamond powders were pre-calcined and the ND
particle surfaces were modified using the silylation reaction
(Fig. 20).

When the modified fillers were used in their individual
state, the strength parameters of the modified films increase by
20%±30% in the practically valuable interval of deformations
and their elastic properties remain reasonably good. The effect
is attained at filling degrees of less than 5 mass%.
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c. Polyurethanes
The introduction of DB (0.2 mass%) into polyurethanes
causes the conditional strength to increase by a factor of 3
upon an increase in the polymer elasticity by a factor of 1.5.

The introduction of DB (0.3 mass%) into polyurethane
foams leads to an increase in the compression strength by a
factor of 1.5 and improvement of process performance in the
preparation of this polymer.

d. Cold-resistant butadiene ± nitrile rubber
Introduction of DB (to 1 mass%) into cold-resistant butadie-
ne ± nitrile rubber causes a significant (up to 70%) increase in
the relative ultimate elongation of the rubber. Additionally, the
wear resistance increases and the friction coefficient is halved
compared to that of gum rubber.109, 110 At 223 K, the cold
resistance increases by 50%.

The resistance of rubbers in hydrocarbon media increases
by 20% upon introduction of DB. The addition of DB
(0.1%± 0.5%) improves the key operating characteristics,
namely, the friction coefficient decreases and the wear resist-
ance, elasticity and cold resistance of the materials increase.
Additionally, the rubbers studied had lower hysteresis losses
under dynamic loading; this is responsible for longer operating
life.

e. Explosive decompression-resistant rubbers
The introduction of DB (0.1 mass% to *2 mass%) into
commercially available, explosive decompression-resistant
rubbers based on various polymers having an elastic modulus
of up to 8MPa causes the tear resistance and wear resistance to
increase by 60% and 40%, respectively.111

f. Plasma-flame-spraying polymeric coating
A process was developed for plasma flame spraying of single-
and multilayer polymeric coatings containing disperse ND.112

Bilayer metal ± polymer coatings containing 0.5 mass% of
ND prepared by plasma flame spraying technique provide
reliable protection of immersion pump bearings and rotors and
other parts from combined action of corrosion and wear,
which allows them to retain high operating characteristics
over a long period of time.

5. Diamond sintered samples and compacts
Experience in sintering of diamond micropowders has shown
that a decrease in the grain size causes deterioration of the
physicomechanical properties of sintered polycrystals. The
reason lies in high back pressure of desorbed gases at
T>1773 K and at pressures >5 GPa.113 ± 115

Desorption of gases physisorbed on the surface of ND
particles was achieved by heat treatment of compacts in vacuo
for 2 h at 773 K and a residual gas pressure of 1073 Pa.116

As the sintering temperature increases, the degree of
graphitisation increases. Removal of carbonyl and hydroxyl
groups from the surface of diamond particles as a result of its
chemical modification decreases the degree of graphitisation of
ND on sintering. Here, raising the temperature is accompanied
by densification of the sintered polycrystals; as a consequence,
their strength and hardness increase (maximum hardness is
28 GPa).116

By cold pressing of ND one can prepare compacts with a
density of 1830 (at 4.5 GPa) and 1950 kg m73 (at 8 GPa). At
the pressing temperature of 1773 K, the density slowly
increases and at 2273 and 2573 K it decreases.117 The samples
prepared at 1273 K and higher temperatures showed graphiti-
sation of ND, which develops at the grain boundaries. The
optimum sintering duration is 36 s. The sintering of ND is
governed by two parameters, the initial density of ND and the
quality of purification of the particle surfaces.

The data on theND sintering conditions and the character-
istics of their structural state are listed in Table 13.115 Two
processes occur during the sintering of ND, that is, trans-
formation of the structural state of ND and the diamond!
graphite phase transition.

A possible method of counteracting the effect of desorbed
gases on the sintering of ND involves the introduction of
getters (elements or compounds that form chemical bonds with
gas molecules) into the reaction volume.118 For instance, by
modifying the surface of ND particles with cobalt and nickel, a
fraction of volatile oxides was replaced by non-volatile ones; as
a consequence, gas evolution in the course of hot compaction
reduced and the density and hardness of the compacts
increased.119

The approach involving the introduction of compounds
favouring glass formation into the ND powder proved to be
fruitful.120 In particular, the addition of B2O3 , SiO2 , CaO or B
(1 mass% to 3 mass%) made it possible to reduce the sinter-
ing pressure from 7 to 5 GPa and to increase the temperature
and duration of sintering; graphitisation and recrystallisation
of diamond slowed down.

The density and hardness of sintered ND samples can also
be increased by sintering mixtures of ND with static-synthesis
diamond micropowders produced on a large scale. The draw-
ing dies for metal cord fabrication showed a halved wear
compared to the dies sintered from static-synthesis diamond
micropowders only.

By introducing DB into copper ± graphite collectors one
can eliminate the wear problems of both the collector and the
copper wire (minimum wear).

Rolled tungsten+aluminium+ND composite (thickness
4 mm) is used for production of body armour.2
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The following silylating composites were used: Me3SiCl :

(Me3Si)2NH=1 : 1, (CH2=CH)2SiCl2 :Me3SiNH2=1 : 1; R is the

functional group containing `reactive' proton (OH, NH2, COOH, etc.).
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6. Biological activity of nanodiamonds
Modern antioxidants used for chemotherapy of cancer patients
are very toxic compounds. This makes the search for novel
antioxidants of low toxicity topical.

Diamonds are non-toxic and non-tumourigenic species,
possess nomutagenic properties and are insoluble in biological
liquids. The biological activity of ND has not been studied as
yet.

An ND crystal has a chemically inert classical diamond
core (almost round or oval in shape) and a quite reactive
surface `fringe' comprised of functional groups that are safe for
living organism and impart the surface with hydrophilic
properties.121, 122 Additionally, each ND crystal has a large
number of unpaired electrons, being in essence a multiradi-
cal.123

Nanodiamonds belong to fundamentally novel antitumour
agents.124, 125 They can be treated as polyfunctional supra-
molecular structures bearing polar groups [OH, NH2 ,
C(O)NH2] that govern the antioxidant activity and the ability
to participate in free-radical processes in living cells.

A large number of functional groups on the surface of ND
particles can provide both additional generation and quench-
ing of excess radicals in metabolic processes. It is the ability to
control free-radical processes under the action of ND that can
appear to be a basis for their antitumour action.

In all studies, ND showed amarked beneficial effect, which
manifests itself in the extension of life of cancer patients
compared to predictions. Figure 21 shows the initial and final
stages of the attack of ND on malignant cells in human body.

Generally, the results obtained using aqueous ND suspen-
sions are as follows: significant or even complete relief of severe
pain; normalisation of intestinal peristalsis, including recovery
of gut permeability; improvement of blood characteristics;
significant activation of the immune system and the mental
status of patients (incredible eagerness for life was observed).

It is possible to design ND-based pharmaceuticals for
activation of the enzymatic subsystem of the antioxidative
cell protection system.126, 127

Thus, the results of a few available studies of biological
activity of ND are as follows.

1. At present, ND have no analogues, with allowance for
their physical state (insoluble solid powder), from the stand-
point of complex action on human organism.

2. The use of ND along with chemotherapy and radio-
therapy can appear to be promising in treatment of malignant
neoplasms.

3. ND are highly efficient for normalisation of gastro-
intestinal function.

Nanodiamonds are also of great interest for biochemistry
as a novel kind of sorbents suitable for separation and
purification of proteins.128 ± 131 Nanodiamonds can selectively
adsorb recombinant apoobelin from the protein extract of the
cells of Escherichia Coli. It was found that ND particles also
can adsorb phytoprotein on their surface.129 An ND±obelin
composition was grafted onto the surface of aluminium sub-
strate and a prototype of planar luminescent sensors (biochips)
was created.128

Recently, a highly sensitive test method for determination
of the presence and type of antibodies and antigen markers of
different nosology using ND has been developed. The techni-
que does not require any equipment and solutions other than
analysed one.

Table 13. Characteristics of starting ND and ND-based compacts prepared under different conditions of heat treatment under pressure.115

Treatment conditions Phase composition Composition of the diamond component

P /GPa T /8C t /s polycrystaline particles aggregates single-crystal grains

size content (%) size /�A content (%) size /�A content (%)

1 7 7 starting diamond I 90

II 10

4.5 1000 36 diamond+graphite I+ II 100 7 7
4.5 1500 36 the same I+II 80 100 ± 150 20

8 750 36 diamond I+II 100 7 7
8 1000 36 diamond+graphite I+ II 100 7 7
8 1500 36 the same I+II 80 100 ± 150 20 7
8 2000 12 " I+ II 20 100 ± 200 70 100 ± 300 10

8 2000 36 " 7 100 ± 500 70 100 ± 500 30

8 2300 12 " 7 100 ± 500 20 500 ± 1500 80

Note. Notations used in this Table are as follows: `I' for particle size from 3 to 50 �A and `II' for particle size from 100 to 150 �A.

a

b

Figure 21. Initial (a) and final (b) stage of ND attack onmalignant cells in

human organism.126
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7. Other fields of application of nanodiamonds
A novel initiation composition VS-2 based on 5-hydrazino-
tetrazolylmercury(II) and poly(methylvinyltetrazole) contain-
ing ND (Table 14) was developed.132, 133 The substance is
sensitive to low-temperature laser radiation.

Laser initiation is a relatively new safe procedure for
blasting explosives. It provides a high degree of isolation of
the light-initiated detonator from a false pulse because of the
lack of powerful random light sources suitable for blasting the
detonator in the optical region. The additives to the VS-2
composition, namely, finely disperse soot, fullerenes or nano-
tubes (1%± 3%) increase the threshold of initiation by a single
pulse of a neodymium laser. On the contrary, the introduction
of detonation-synthesis ND (0.5%± 3%) reduces this thresh-
old.

The composition provides simultaneous enhancement of
sensitivity to the laser pulse by a factor of 1.5 ± 1.7 and high
adhesion to the contact surface due to improvement of the
adhesive properties of poly(methylvinyltetrazole) caused by
the presence of ND. The minimum initiation energy drops
from 310 to 180 mJ for the ND-containing material.

To protect architectural monuments made of white Car-
rara marble, ND-containing organic ± silicate coatings were
developed and evaluated.134, 135 Nanodiamonds present in
such coatings inhibit the growth of the most abundant, in
urban environment, fungi and bacteria that destroy the struc-
ture of stone materials. The coatings are prepared from
tetraethoxysilane-based sols containing ND. They can be
used to modify the surface of particles of the powder compo-
nents of cements and concretes. This permits a significant
extension of the operating life of buildings, motorways, hydro-
electric power plants and other facilities made of concrete.
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Abstract.Data published in the past 10 years on the use of ion-Data published in the past 10 years on the use of ion-
selective electrodes in direct potentiometry and potentiometricselective electrodes in direct potentiometry and potentiometric
titration for the determination of organic medicinal drugs aretitration for the determination of organic medicinal drugs are
analysed. In the vast majority of cases, ion-sensitive mem-analysed. In the vast majority of cases, ion-sensitive mem-
branes contain associates of drug cations or anions withbranes contain associates of drug cations or anions with
appropriate counter-ions. The theoretical approaches to opti-appropriate counter-ions. The theoretical approaches to opti-
misation of the characteristics of ion-selective electrodes aremisation of the characteristics of ion-selective electrodes are
discussed. The mechanism of electrode response generation fordiscussed. Themechanism of electrode response generation for
neutral and charged carriers of organic ions is considered. Theneutral and charged carriers of organic ions is considered. The
bibliography includes 314 referencesbibliography includes 314 references..

I. Introduction

The advance of the pharmaceutical science is marked by the
appearance of 30 ± 40 new medicinal drugs annually. At
present, there are more than 10 000 medicinal drugs (MD)
and over 100 000 drug preparations registered all over the
world.1, 2

According to the data issued by theMinistry of Health and
Social Development, since 1997, the number of MD registered
in the Russian Federation has increased almost 1.5-fold
(Fig. 1), of which *80% pertains to reproduced prepara-
tions.2 Figure 2 illustrates the dynamics in the development
of original Russian MD in the period from 1997 to 2003. The
average number of new MD introduced into the national
health protection practice amounted to 40 ± 60 items per year.

In line with the progressively increasing number of new
MD, the problem of their identification and determination in
both individual samples (in vitro) and living organisms (in vivo)
becomes urgent. The demand for the accumulation, general-
isation and systematisation of data on theMDmonitoring and
analysis resulted in the appearance of specialised scientific
periodicals. Since 1983, the international Journal of Pharma-
ceutical and Biomedical Analysis (J. Pharm. Biomed. Anal.),
which deals with the studies in the field of the MD analysis,
analytical biochemistry, pharmacokinetics, forensic toxicology
and other related fields, has been published. Fresenius' Journal
of Analytical Chemistry has been published under a new title,

viz.,Analytical and Bioanalytical Chemistry since 2002. Among
the other international issues that publish the results of studies
in the field of MD analysis, mention should be made of
journals American Journal of Pharmaceutical Education,
Archiv der Pharmazie, Drug Information Journal, European
Journal of Pharmaceutical Sciences, Il Pharmaco, International
Journal of Pharmaceutics, Journal of Chromatography B: Bio-
medical Sciences and Applications, etc. The main Russian
journal devoted to this field is the Khimiko-farmatsevticheskii
Zhurnal [Pharm. Chem. J. (Engl. Transl.)], which has been
published since 1967.

Considering the data published in original papers in
J. Pharm. Biomed. Anal., it can be stated with confidence that
the chromatographic methods of analysis still occupy the
leading position (more than 1500 publications in 10 years).
They amount more than 50% of all methods of MD determi-
nation (Fig. 3), of which 45% fall on HPLC, 23% correspond
to liquid chromatography, 14% are devoted to liquid chroma-
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tography with mass spectrometric detection, 7% deal with gas
chromatography and 11% fall on the rest chromatographic
techniques.

According to the number of publications in J. Pharm.
Biomed. Anal., the electrochemical methods of the MD ana-
lysis occupy the third place after photometry and spectro-
photometry, *20% of publications being devoted to the
potentiometric determination of MD.

Equilibrium electrochemical methods of the MD analysis,
which include direct potentiometry (ionometry) and potentio-
metric titration, are extremely convenient, simple and make it

possible to determine those MD that can be converted into the
corresponding ionic forms. As a rule, they combine sufficient
selectivity with the precision of determination, which can
substantially be enhanced even in the direct determination by
operating the sensors via the mechanism of super-Nernstian
response. Moreover, potentiometric detectors are capable of
operation under the conditions of on-line analysis and can
sufficiently easily be miniaturised to serve as micro- and ultra-
microelectrodes.

In 1980 ± 1990, many reviews were devoted to the use of
ion-selective electrodes (ISE) in the pharmacological, clinical
and biomedical assay. The biomedical aspects of the use of ISE
and microelectrodes,3, 4 the application of ISE in the medicinal
practice and the potentiometric determinations in vivo 5, 6 were
considered. The peculiarities of the use of ISE, including the
application of potentiometric measurements with ISE and
transducers in the clinical chemistry, were discussed. 7 ± 14. The
data on the use of various ISE (with liquid and film mem-
branes, `coated wire' ISE, heterogeneous ISE with matrix-
incorporated ion exchangers, pseudoliquid ISE, etc.) in phar-
macy and pharmacological analysis were systematised.15 ± 25

However, in the past decade, a vast number of new MD
appeared and different ISE types were elaborated for their
determination, which necessitates the systematisation of the
corresponding literature data.

II. Principles of operation of membrane
ion-selective electrodes

An ion-selective electrode can be defined as an electrochemical
sensor with a membrane the potential of which serves as the
measure of the activity of a certain ion.26 An ISE membrane
may represent a crystalline or non-crystalline, homogeneous or
heterogeneous phase, which, as a rule, exhibits high ionic
conductivity. Crystalline membranes are based on single
crystals (e.g., LaF3 for F7-ISE), polycryalline compounds
(e.g., Ag2S for Ag+- and S27-ISE), heterogeneous mixtures
pressed into pellets or incorporated into an inert binding
material (matrix) (the Pungor electrodes). Glass, liquid and
plasticised membranes are classified with non-crystalline mem-
branes. The latter are used most extensively. The main require-
ment to a membrane is the ability to exchange ions of only one
type. For an ISE to be selective with respect to a single type of
ions, its membrane should contain a substance that can
reversibly bind the ion under determination and at the same
time exhibit the minimum solubility in aqueous solutions.
Substances with such properties are called electroactive com-
pounds (EAC). According to the mechanism of EAC reactions
with the determined ion, the EAC are divided into charge
carriers or ion-exchangers (the ion is transferred by an active
ion-exchange site due to electrostatic interactions), neutral
carriers or ionophores (the ion transfer follows the mechanism
of selective complexation) and chelate-forming carriers (the
ion transfer proceeds due to both electrostatic interactions and
the complexation).26

Ion-selective electrodes are classified according to the type
of membranes used. Solid-phase, liquid-phase and film ISE are
distinguished, which can be divided further to various groups
depending on the nature of EAC used and the design of the ISE
itself. Thus gas electrodes, enzyme electrodes, solid-contact
electrodes and microelectrodes are often singled out into
individual groups. Figure 4 shows the designs of most popular
ISE types.

In addition to EAC, other components are often intro-
duced into membranes to improve the functional properties of
ISE. These can be additives that affect the electrophysical
characteristics of membranes or substances capable of addi-
tional specific or non-specific interactions with the membrane
or solution components.
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(1) Capillary (including zone) electrophoresis (6%); (2) bioanalysis and

biosensors (2%); (3) HPLC (25%); (4) liquid chromatography (13%);

(5) liquid chromatographywithmass spectrometric detection (8%); (6) gas

chromatography (4%); (7) other chromatographic methods (6%);

(8) mass spectrometry (2%); (9) immunoassay and radioimmunoassay

(2%); (10) IR spectroscopy and Raman spectroscopy (1%); (11) voltam-

metry (3%); (12) inversion voltammetry (2%); (13) ionometry (2%);

(14) miscellaneous electrochemical methods (3%); (15) fluorimetry (3%);

(16) NMR (2%); (17) spectrophotometry and photocolourimetry (10%);

(18) flow-injection analysis (3%); (19) miscellaneous analytical methods

(4%).
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Ion-selective electrodes can be used in the determination of
both organic and inorganic ions and certain neutral molecules.
As will be shown below, the vast majority of studies dealing
with the ISE for medicinal drugs were associated with the
development of procedures for the quantitative determination
of MD in model solutions, drug preparations, more rarely, in
biological fluids and raw materials used in chemical and
pharmaceutical industries. Much fewer studies were aimed at
relating the physicochemical, electrochemical and transport
properties of selective membranes to the potentiometric char-
acteristics of the relevant ISE.27 ± 38

In the majority of cases, the charged carriers, i.e., ion
associates (IA) formed by MD cations or anions with the
corresponding counter-ions, are introduced into selective
membranes as the EAC. In addition to ion-exchange properties
and the minimum solubility in water, an EAC should be
compatible with the other components of the ion-sensitive
membrane. The mechanism of operation of such ISE is
described by a model of charged carriers.39

Pungor 40, 41 has considered the processes that occur on the
membrane surface and in its bulk and assessed the contribu-
tions of individual components to the membrane potential. In
discussing the anomalies that arise in the interpretation of the
mechanism of ISE operation, he took into account 40 the
Donnan effect, the response time, the surface morphology,
etc. The modified electrodes the chemical reaction on which
involves the potential-determining ion were found to demon-
strate a surface response. For IA-based ISE, the lyotropic
series rule is valid; the surface reactions are also possible;
however, such electrodes not always demonstrate the Nerns-
tian response. Such aspects as the energy of the transfer of
charged species across the electrode ± solution interface were
also considered.

For polymeric membranes that contain charged ion-
exchangers and neutral carriers as the ionophores, it was
proposed 42 ± 45 to quantitatively describe the ISE response
based on the consideration of the ion-exchange equilibrium at
the membrane ± solution interface. The validity range of the
Nikolskii ± Eisenman equation used in the calculation of the
selectivity coefficient of ISE was discussed. It was shown that
the derived mathematical relationships allow more accurate
calculations of ISE selectivity coefficients in the presence of

interfering ions with different charges. It was concluded that
this approach can be applied in assessing the selectivity of most
ISE with polymeric membranes.

The studies aimed at the optimisation of electroanalytical
properties of membrane ISE were largely developed in two
directions, namely, the optimisation of the internal near-
membrane solution and the introduction of different ions and
molecules into the membrane.

The first direction was developed in the studies by Pretsch
and Bakker. In 1997, Pretsch and co-workers 46 demonstrated
that the introduction of hydrophilic (thus, incapable of pene-
trating into the membrane) complexing agents that can form
stable complexes with the determined ion, into the intramem-
brane solution intensifies the ion fluxes from the external
solution to the membrane phase and dramatically lowers the
detection limit. The development of these ideas made it
possible to create a new model describing the detection limit
of ISE and to elaborate new sensors with superhigh sensitivity.

The processes that lead to lowering of the detection limits
of ionophore-based ISE are described by a steady-state model
of ion fluxes.47, 48 It was found that the ion-exchange and
extraction equilibria at both sides of a membrane stimulate the
appearance of concentration gradients in the membrane phase
and can affect the detection limit through the ion fluxes. The
concentration variations in the near-membrane internal solu-
tion can change the ISE detection limits by more than five
orders of magnitude. However, it is necessary to produce high
gradients of concentration to achieve adequate ISE character-
istics. It was shown that the appearance of a superlow detection
limit of ISE (1079 ± 10712 mol litre71) cannot be defined
according to the IUPAC rules. The impurities present in
minor concentrations in themembrane phase can have a strong
effect on the ISE characteristics when the electrodes operate at
the concentrations of determined substances below 1 mmol
litre71.

Mention should be made of studies 42, 49 ± 53 on the effect of
different parameters on the ISE characteristics, which were
based on the steady-state model.47, 48 The effect of interfering
ions, the composition of near-membrane and intramembrane
solutions, the selectivity coefficients, the analyte lipophilicity,
the concentrations of ionophore and lipophilic additives in the
membrane, the thicknesses of theNernstian diffusion layer and
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Figure 4. Designs of main types of ion-selective electrodes.

(a) Solid-phase ISE with crystalline or heterogeneous membranes: (1) ion-selective membrane, (2) hydrophobic graphite layer, (3) case (a PVC or PTFE

tube), (4) electron conductor (steel wire).

(b) Solid-contact electrodes of the `coated wire' type: (1) ion-selective membrane, (2) electron conductor (Au, Pt or Cu wire), (3) case (usually glass).

(c) ISE with a polymeric membrane and an internal liquid contact: (1) ion-selective membrane, (2) internal standard solution, (3) case, (4) internal

reference electrode (Ag/AgCl).

(d) ISE with a liquid membrane: (1) porous plate impregnated with EAC solution, (2) EAC solution in an organic solvent, (3) internal standard solution,

(4) internal reference electrode (Ag/AgCl), (5) case.

(e) Glass ISE: (1) ion-selective glass membrane, (2) internal reference electrode (Ag/AgCl), (3) internal standard solution, (4) case.

(f ) Gas-sensitive ISE: (1) gas-permeable membrane, (2) internal solution, (3) ISE with (4) standard solution and (5) reference electrode, (6) case,

(7) internal reference electrode

Ion-selective electrodes in medicinal drug determination 363



the membrane and the diffusion coefficients of ions in both
phases were studied. Based on the results obtained, it was
concluded that all these factors might contribute to the low-
ering of the detection limit of potentiometric sensors.53

The most general theoretical description of the stationary
potentiometric response of ISE membranes was pre-
sented.54 ± 56 Membrane systems that contain any number of
ionophores with ion-exchange centres fixed on a polymeric
matrix were considered. The thermodynamic model explains
the characteristics of ISE selectivity based on different diffu-
sion-induced effects associated with trans-membrane ion
fluxes at zero emf. The appearance of super- and sub-Nernstian
responses and the upper and lower limits of the determined
concentrations were discussed; the temporal characteristics of
ISE were considered. The approach developed allows one to
considerably improve the selectivity coefficients and detection
limits of ionophore-containing ISE. These studies open up new
possibilities and prospects for the wide application of ISE
techniques, which can compete with the most sensitive ana-
lytical methods.

A non-classical interpretation of the electrode response of
sensors based on ionophores was discussed.57 Several new
concepts on the development of ionophore-based ISE were
considered. Various long-known ISE for simple cations and
anions are widely used in the industry and clinical chemistry.
However, further studies that would allow the optimisation of
ISE properties for analytical purposes are necessary. These
studies should be carried out in the following directions:

7 reduction of the lower limit of determined concentra-
tions by governing the analyte ion fluxes through the mem-
brane;

7 development of methods for the determination of ion
concentrations using sensors that exhibit the effect of the
intensification of ion fluxes to the internal near-membrane
solution;

7 targeted search for ionophores that can provide the
super-Nernstian response to the ions determined;

7 development of ion-exchange membranes sensitive to
polyions according to a non-equilibrium mechanism of elec-
trode response;

7 development of membranes selective to molecules of
non-ionogenic surfactants;

7 development of ISE with the electrode response formed
due to redox reactions between the ionophore and the detected
ion.

Insofar as the current practice consists of the incorporation
of membrane-active complexones (ionophores) synthesised for
this purpose 58 ± 106 into the ISE, the results of studies men-
tioned above 42 ± 57 are of fundamental importance for the
development of ionometry of MD.

The second direction in the optimisation of ISE properties
dates back to the pioneering studies of 1970s in which poly-
meric matrices with fixed charges were used for the improve-
ment of electrode characteristics of membranes.39 Later, this
idea gave impetus to the development of mobile anionic sites in
the membrane by the introduction of highly lipophilic ions
such as tetraphenylborate anions.39, 107 ± 109 It is believed that
due to the poor solubility in water, these species indeed reside
in the organic phase of a membrane. Lipophilic ions should
remove the analyte anions to one extent or another from the
membrane rather than compete with the ionophore for the
formation of complexes with cations. As a result, the effect of
the anion permeability that deforms the cationic response of
the ISE is diminished or totally eliminated. Such compounds
proved to be promising for ISE based on dissociating ion
exchangers.110 This made it possible not only to extend the
interval of the ISE electrode response, but also to considerably
enhance the electrode selectivity.

The mechanism of operation of ISE based on liquid ion-
exchangers, which are incorporated in the membrane in a
mixed form, viz., preferentially as a salt with an ion modifier
and partially as a salt with the determined ions, was consid-
ered.111 The ion modifier should be much more lipophilic than
the determined ion to ensure the virtually constant concen-
trations of both salts in the membrane surface layer in the
course of an ion exchange reaction that occurs once the
membrane is brought into contact with the aqueous solution
containing ions to be determined. The boundary conditions for
the linearity of the electrode function for ISE of such a kind in
solutions of determined ions were formulated. It was proved
theoretically and demonstrated experimentally that for electro-
des under consideration, the extraction selectivity of the ion-
exchanger with respect to the determined ion can be adequately
converted into the potentiometric form.

At present, almost all electrodes (including ISE based on
ion associates) for the determination of both cations and
anions employ membranes modified with lipophilic additives,
which considerably improve their characteristics. The incor-
poration of ionic components into ISE membranes based on
neutral carriers also proved to be advantageous due to the
substantial reduction of theOhmic resistance in themembrane.

The operation limits of ISE are the important character-
istics. The dynamic range of the ISE operation can be sub-
stantially extended by either modifying the membrane or
introducing a special buffer into the internal solution of the
ISE. In the first case,110 the ISE membrane will operate by the
mixed mechanism, namely, the addition of a lipophilic salt will
increase the ISE selectivity (due to the stabilisation of counter-
ions in the membrane) and also decrease the negative effect of
co-ions that cause degeneration of the ISE electrode function.

The studies on the effect of the intramembrane buffer on
the detection limit have shown 42, 46, 49, 50, 112 ± 114 that the buffer
can affect the ion fluxes and thus change the detection limit of
conventional ISE. Such parameters as the composition of the
internal electrolyte, the membrane thickness, the nature and
concentration of the ion exchangerwere studiedwith the aim of
achieving the lower detection limits of ISE. The experimental
data were explained based on the fundamental concepts of
theoretical models of the diffusion transfer.

Reliable information on the effect of the membrane com-
position and the ion-exchanger properties on the electrochem-
ical and analytical characteristics of ISE retrieved by studying
the transfer of potential-determining species across interfaces
under both equilibrium and non-equilibrium conditions. The
state of EAC based on MD ion associates in the membrane
phase,27 ± 36 the nature and physicochemical properties of ion
exchangers in the membrane solvent 27 ± 29, 33 and the processes
associated with the effect of water on the properties of
interfaces 37 were considered.

Studies on the kinetics of the ion-exchange sorption ofMD
cations on the surface of ion-selective membranes have shown
that the degree of ion exchange is determined by the lipo-
philicity of the eluting ion, while the time of the establishment
of the equilibrium state is controlled by the diffusion. A
mechanism of the exchange of hydrophobic organic ions on
the surface of liquid membranes with strongly associating
active sites was proposed.38

The effect of the nature of the polymeric matrix on the
electroanalytical properties of ISE was discussed.115 The
studies on the transport of organic cations throughmembranes
involved the determination of their transport numbers. The
dependences of the selectivity coefficients on the transport
properties of polymeric matrices and on the coefficients ofMD
distribution between aqueous and membrane phases were
obtained.
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III. Mechanism of electrode selectivity of
ionophore-based membranes

Neutral carriers (ionophores) were used as EAC in the ISE for
different MD, namely, protonated amines, quaternary ammo-
nium compounds, amino acids, peptides, nucleotides.58 ± 106

The use of neutral carriers as the receptors for organic ions is
based on their specific reactions and the formation of `host ±
guest' complexes. In the formation of such complexes, the
hydrophobic effects, van der Waals forces, hydrogen bonds
and p-cationic interactions play the great role.116 The stability
of complexes formed is determined by the following factors:117

7 the correspondence between the geometrical sizes of the
molecule-guest and the cavity of the molecule-host,

7 the conformational flexibility of the ligand,
7 the presence of functional groups in ionophore mole-

cules,
7 the nature of the solvent.
The membrane potential in a cell with an ISE based on a

neutral carrier is formed as a result of processes of selective
molecular recognition between the ionophore and the poten-
tial-determining ion, which occur at the interface.

To find the principles of potentiometric selectivity of
ionophores with respect to organic ions and molecules, it is
expedient to consider the effect of the polarity of structural
fragments in organic compounds.118 For polar organic ions,
the appearance of a specific membrane potential was associ-
ated with the electrostatic interaction and(or) the formation of
hydrogen bonds between the functional groups of the iono-
phore and the polar fragments of the organic molecule (ion).
Such a mechanism of selective recognition is typical of macro-
cyclic polyamines with long-chain hydrocarbon substituents,
which can formmulticharged cations upon protonation. These
ionophores are selective with respect to multicharged organic
anions such as adenine nucleotides and anions of certain
dicarboxylic acids.119 ± 121 Moreover, the potentiometric selec-
tivity of ionophores depends on the charge of organic ions (the
potentiometric response decreases in the sequence
ATP47�ADP37�AMP27) 119, 121 or on the localisation of
the negative charge on the organic anion [the potentiomet-
ric response decreases in the sequences cis-
7OOC7CH=CH7COO7 > trans-7OOC7CH=CH7
COO7; o-C6H4(COO7)2 > m-C6H4(COO7)2 > p-C6H4.
.(COO7)2] (Refs 120, 121). Thus macrocyclic hexamine 1 was
used as the neutral carrier in the benzoate-ISE.58 The selectiv-
ity of an electrode based on amine 1 with respect to anions
decreased in the sequence PhCOO7& Cl7& SO2ÿ

4 &
PO3ÿ

4 > AcO7>NOÿ3 > citrate.

Macrocyclic hexamine 1 exhibits a pronounced anionic
receptor function at the pH from 4 to 6 due to the presence of
amide groups in the b-positions relative to the nitrogen atoms
of the polyamine ring, which enhance the affinity of the
ionophore for hydrogen ions and improve its receptor function
with respect to anions.122 The same ionophore was used as the
EAC in an ion-selective electrode sensitive with respect to
anions of adenosine diphosphate and adenosine monophos-
phate; moreover, the electrode function slope proved to be
close to the theoretical slope.59

The effect of positively charged nitrogen atoms formed
upon protonation of ionophores on their complexation prop-
erties was demonstrated by the example of cyclic and acyclic
polyamines.121

Porphyrine and its derivatives represent typical cyclic poly-
amines (azacrown compounds) with donating nitrogen atoms,
which are softer bases as compared with oxygen atoms. They
were used in ISE sensitive with respect to salicylate and
valproate anions.60, 63 ± 65 5-n-{[4-(10,15,20-Triphenyl-5-por-
phynato)phenoxy]-1-butoxy}phenyl-10,15,20-triphenylpor-
phyrine (2) and 5,10,15,20-tetrakis[2-(2,3,4,6-tetraacetyl-b-
D-glucopyranosyloxyphenyl]porphyrine (3) served as spe-
cific ionophores in ISE for alkaloid berberine.61, 62

The studies on the reaction of ionophores 2 and 3 with
berberine cations involved the analysis of electron absorption
spectra of their solutions in chloroform and nitromethane,
which were measured before and after these solutions were
brought into contact with an aqueous solution of berberine
cations.62 The absorption peaks of porphyrin 3 at 418, 516, 588
and 654 nm observed upon the contact with the solution of a
berberine salt shifted to the long-wave region on average by
4 nm and the peak at 544.5 nm disappeared. This was also
observed for ionophore 2. At the same time, the absorption
spectra of a manganese(II) complex with porphyrin 3 remained
unchanged both before and after its contact with the berberine
salt.

A comparison of IR spectra of PVC membranes based on
ionophore 3 before and after their contact with a berberine salt
revealed the shifts of absorption bands at 1643.9, 1218.7 and
707.9 cm71 to 1647.1, 1221.9 and 720.0 cm71, respectively,
and the appearance of a new characteristics peak at
1046.5 cm71 associated with the valence vibrations of the
amino group in the berberine molecule. This made it possible
to assume 62 the reversible complexation of ionophores with
the berberine cation.

A more complicated process that accompanies the com-
plexation is the formation of hydrogen bonds between the
`guest' and `host' molecules. In this case, the potentiometric
selectivity was demonstrated for liquid membranes that con-
tained ionophore 4 with a dual receptor function and were
capable of recognising guanine- and adenine-containing
nucleotides with high selectivity with respect to the former.123

The selectivity of ionophores with respect to organic
compounds depends on the presence of non-polar fragments
of different nature and structure and, in the general case, is
determined by the hydrophilic ± lipophilic balance in the
organic molecule as a whole. Although the ability for the
incorporation of organic molecules into the hydrophobic
cavities of the matrices of molecules-hosts is one of the key
factors in the molecular recognition, for example, for cyclo-
dextrins and cyclophans in aqueous solutions, the membrane
systems pose certain difficulties in the realisation of this
selectivity mechanism due to the presence of competitive
interactions between ionophores, organic molecules and mem-
brane components. This is why the potentiometric selectivity of
ionophores is associated with such properties of organic
molecules as lipophilicity and chirality.118, 124 ± 126
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The enantiomeric potentiometric selectivity of ionophores
with respect to protonated amines and esters of amino acids
was demonstrated for PVC membranes based on crown
ethers,127, 128 natural ionophores 129 and cyclodextrins.130 Due
to the peculiarities of their three-dimensional structure,
calix[n]arene derivatives exhibited selectivity with respect to
primary amines and catecholamines.131

Cyclic coronands (crown ethers) such as 18-crown-6,
dibenzo-15-crown-5, dibenzo-18-crown-6, dibenzo-21-
crown-7, dibenzo-24-crown-8, dibenzo-30-crown-10, dicyclo-
hexano-18-crown-6, 40,400(500)-di-tert-butylcyclohexano-18-
crown-6 and dicyclohexano-24-crown-8 were used in the ISE
sensitive with respect to chlorophenoxamine,66 mexitil 67 and
amphetamine stimulators.68, 69

Potentiometric selectivity of crown ethers is associated with
the lipophilicity of organic ions. The formation of complexes
between `guest' and `host' molecules is accompanied by the
formation of hydrogen bonds, which is typical of, e.g., any
protonated primary amines. Thus the selectivity of dibenzo-
18-crown-6 with respect to primary ammonium cations corre-
lates with the logP and decreases in the following sequence:
octylammonium (3.06� 0.18)& adamantylammonium
(2.22� 0.24) > phenetylammonium (1.46� 0.19)> benzyl-
ammonium (1.09� 0.21) & tert-butylammonium (0.56�
0.21). Its selectivity with respect to catecholamines decreases
in the sequence dopamine (0.12� 0.22) > adrenaline
(70.63� 0.28)>noradrenaline (70.88� 0.27) (Ref. 70).{

The structure of resulting complexes is as follows.

In certain cases, the lipophilicity of an organic cation is not
the key factor for the potentiometric selectivity of crowns. It
was assumed that an ISE based on dibenzo-18-crown-6 should
be more selective with respect to the hydrophobic cations of
phentermine (logP=2.16� 0.21) as compared with less
hydrophobic cations of amphetamine (logP=1.81� 0.20)
and phenetylamine (logP=1.46� 0.19). However, its selec-
tivity turned out to be approximately the same with respect to
all mentioned cations.68 Here, the key role is played by the
steric factor that directly affects the stability of complexes
formed. In the phentermine molecule, steric accessibility of the
positively charged nitrogen atom for complexation is restricted
by two a-methyl groups. The use of an acyclic ionophore with
carboxamide fragments made it possible to develop an ISE
with the higher selectivity with respect to phentermine. The ISE
selectivity decreased with the decrease in the lipophilicity of the
organic cation in the series phentermine>amphetamine>
phenetylamine. This suggests that the stability of complexes of
a series of (phenylalkyl)amines with an acyclic ionophore is
independent of the steric accessibility of the NH�3 group. The
peculiarities of the complexation of crown ethers with nitro-
gen-containing organic compounds were discussed.117

Acyclic oxygen-, nitrogen- and phosphorus-containing
podands, namely, N,N-bisoctadecyl-N 0,N 0-dipropyl-3,6-
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dioxaoctanediamide (Pb2+-ionophore I, ETH322); bisdodecyl
ether of triethylene glycol; N,N,N 0,N 0-tetrakis(cyclohexyl)-
oxybis(o-phenyleneoxy)diacetamide (Ba2+-ionophore I);
N,N,N 0,N 0-tetrakis(cyclohexyl)diglycolamide (Ca2+-iono-
phore II, ETH 129); N,N,N 0,N 0-tetrakis(cyclohexyl)-1,2-phe-
nylenedioxydiacetamide (Na+-ionophore III, ETH 2120) and
tris[(2-(2-diphenylphosphinylmethyl)phenoxy)ethyl]amine,
which are traditionally used in the ISE reversible with respect
to metal ions, turned out to be selective ionophores with
respect to amphetamine preparations,68, 69 b-lactam antibiot-
ics,71 anions of hydroxy-, mono- and dicarboxylic acids and
surfactants.72

Calix[n]arenes can form p-complexes due to the presence of
aromatic rings. Such complexes are formed with organylam-
monium, -iminium and tropylium cations; their stability
depends first of all on the conformational peculiarities of the
calix[n]arene molecule.132 Thus complexes of amino acids,
aliphatic amines, guanidine, creatinine with methyl, ethyl and
propyl ethers of calix[6]arene proved to bemore stable than the
complexes of amino acids with cyclodextrins and crown
ethers.133

Theoretical calculations and the results of computer simu-
lations have confirmed that the complexing ability of a
calix[n]arene directly depends on the size and conformational
peculiarities of its macrocycle and the presence of functional
groups.134 ± 137

It was assumed that the reaction of calix[n]arenes with
amines in solutions can be described 138 by the following
sequence of reactions:

ArOH+R3N ArO± +R3NH+ ArO7_+HNR3.

In the first stage, a mobile proton is transferred from the
calix[n]arene molecule to the amine molecule. In the second
stage, complexation with association of ions occurs, where the
ammonium cation can be incorporated into the conical hollow
in the ionophore matrix due to the p-cationic interac-
tion.139 ± 141

For example, Scheme 1 illustrates the reaction of
25,26,27,28-tetrakis[(S)-(7)-(1)-phenylethylaminoethoxy]ca-
lix[4]arene with anions of amino acids or aliphatic amines in
water ± organic media.142

Complexes with the different composition (other than 1 : 1)
are formed if the reaction proceeds by the following mecha-
nism: encapsulation of the amine molecule by a macrocycle,
formation of a coordination bond between the `host' molecule
and another amine molecule.

As a rule, the arrangement of amine molecules is such that
hydrocarbon radicals are located in the intramolecular cavities
of the calixarene matrix.143

Chemical modification of calix[n]arenes is a sufficiently
simple, effective and versatile approach to the synthesis of
receptors highly selective with respect to both cations and
anions.144 The introduction of different functional groups into
calix[n]arene molecules makes it possible to change the selec-
tivity of ionophores with respect to organic ions. Thus N,N-
diethylamide of hexahomotrioxacalix[3]arene extracts 97.8%
of BunNH�3 , 48.1% of BuiNH�3 and 35.4% of ButNH�3 from
the salt mixture. The introduction of a (4-methylbenzyl)ami-
nocarbonyl group into the same calix[3]arene results in the
total loss of its specificity with respect to metal ions, whereas
the selectivity with respect to nitrogen-containing organic
cations such as tetrabutylammonium and trimethylphenylam-
monium appears as a result of higher electron density on the
oxygen atom of the carbonyl group due to the conjugation in
the N7C=O$N+=C7O7 fragment.145 ± 149 As the result
of the formation of hydrogen bonds between the neighbouring
NH and CO groups, the calixarene molecule looses its affinity
for `soft' and `hard' metal cations.150 In the formation of a
complex with the BunNH�3 cation, the alkyl substituent travels

through the ligand p-cavity thus causing changes in the
calixarene conformation; moreover, no intramolecular hydro-
gen bonds are formed in this conformation. The anion (Cl7) is
located within the complex and does not leave it due to the
formation of an intramolecular hydrogen bond with the NH
group.

The peculiarities of complexation of calix[n]arenes with
nitrogen-containing organic compounds (amines, quaternary
ammonium cations, iminium ions, amino acids, peptides) were
discussed in several reviews.116, 151

Derivatives of calix[6]- and calix[8]arenes (5 and 6, respec-
tively) with specific complexing properties with respect to
histamine, dopamine, norephedrine, serotonin 73 and chlor-
phenoxamine 66 were synthesised and used as the specific
receptors in ISE membranes.
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Calix[6]crown ethers were tested as the ISE ionophores in
the determination of catecholamines (epinephrine, norepi-
nephrine, dopamine).74 ISE based on compound 7 exhibited
the best potentiometric characteristics. The selectivity of such
an electrode doped with a lipophilic compound decreased in
the sequence epinephrine>K+& dopamine> NH�4 >nor-
epinephrine>Na+. The detection limit for epinephrine was
1.8661075 mol litre71. The calculated values of logP were
70.17, 70.39, 70.97 for dopamine, epinephrine and norepi-
nephrine, respectively. The inversed order of the extraction
selectivity for catecholamines suggests that the complexation
of ionophores with the epinephrine cation makes the main
contribution in the formation of the potentiometric response of
an ISE.

Cyclodextrins (CD) are cyclic oligosaccharides that consist
of D-glucopyranose residues linked with one another with
a-1,4-glycosidic bonds. Their lipophilic derivatives 8 were
incorporated into selective membranes for the determination
of diclofenac sodium,75 protonated physiologically active
amines, namely, dopamine,76 (S)-enalapril,77 tricyclic anti-
depressants (desipramine, imipramine, trimipramine),78 local
anaesthetics (bupivacaine, lidocaine, procaine, prilocaine),79

propranolol, acetylcholine, methacholine, metformin, nor-
ephedrine, phenformin, choline, ephedrine.80 ± 83

a-, b-, g-Cyclodextins differ from one another in the
number of glucopyranose residues in the molecule and, corre-
spondingly, in the diameter of the inner cavity:152

The presence of an inner cavity makes it possible for
cyclodextrin molecules to form inclusion compounds with
both inorganic and organic molecules and ions.

Cyclodextrin derivatives that exhibit enantiomeric selectiv-
ity can be used in ISE for the determination of organic
compounds.81 Thus ISE based on lipophilic 2,6-dioctyl-a-
cyclodextrin and 2,6-bisdodecyl-a-cyclodextrin allow the selec-
tive determination of the (7)-(lR,2S)-ephedrine cation in the
presence of its three stereoisomers, even though the free
energies of the formation of isomer complexes differed by
merely 2.5 kJ mol71. The method of proton magnetic relaxa-
tion, which was used in the studies of diastereomeric complexes
of ephedrine and its analogues with lipophilic cyclodexrins, has
demonstrated the difference in the degree of hydrogen bond
formation between the structural fragments NH+_O in the
complex compounds.84 As a result of stereo-differentiation in
the formation of cyclodextrin complexes with ephedrine cati-
ons, a more stable complex of the corresponding stereoisomer
was formed.81

A guanidinium ion and 2,6-bisdodecyl-b-cyclodextrin form
a 1 : 1 complex, and the ISE on its basis exhibited approx-
imately equal sensitivity with respect to organic cations with
the structures close to that of guanidine.81 The occasional
independence of the ISE electrode response on the cyclodextrin
structure (a-, b-, OH- and alkylcyclodexrins) was associated
with the formation of a primary hydrogen bond between the
positively charged nitrogen atom and the oxygen atom of the
cyclodextrin molecule.80

Certain cyclodextrin derivatives can form supramolecular
polymers, intramolecular inclusion complexes and more intri-
cate supramolecular systems, which extends the possibilities of
their practical application as specific receptors.153

Complexes of aluminium, tin(IV) and copper(II) with
tetra(tert-butyl)phthalocyanine and oxo(phthalocyaninato)-
vanadium(IV) and -molybdenum(IV) were used as ionophores
in liquid 85 ± 89 and solid-contact 90 membranes of salicylate-
selective electrodes.Metallocenes [bis(cyclopentadienyl Co(II),
Fe(II), Ni(II), Hf(IV), Nb(V), Tl(I) and Zr(IV)], tribenzyltin(IV),
phenolates and carboxylates, phenylboronic acid derivatives,
heptyl 4-(trifluoroacetyl)benzoate, complexes of Al(III) and
Sn(IV) with N,N 0-bis(salicylidene)-o-phenylenediamine, com-
plexes of Schiff base 9, guanidine derivatives 10 and tetra-
azo[14]annulene copper(II) also proved to be suitable
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ionophores for the ISE selective with respect to salicylate
anions (Sal7).91 ± 95

Spectrophotometry,63, 88, 89, 96 IR spectroscopy 63 and the
electrochemical impedance method 97 were used for the eluci-
dation of the mechanism of the potentiometric response of ISE
to salicylate anions. Spectralmethods provided information on
the mechanism of complex formation, while the electrochem-
ical impedance method afforded data on the kinetic character-
istics and limiting stages of the transfer processes.

Based on experimental data, it was shown that the reaction
of tetra(tert-butyl)phthalocyaninato(iodo)cobalt(III) with
salycilate anions proceeds via the substitution of a salicylate
ion for the axial iodide ion. This was not the case for tetra(tert-
butyl)phthalocyaninato(chloro)rhodium(III) due to the very
strong Rh7Cl bond and the hindered coordination through
the free sixth axial position on the metal, because the radius of
the Rh(III) ion substantially exceeds the size of the phthalo-
cyanine cavity so that the metal ion `leaves' the plane in the
direction of the axial chloride ion. An ion-selective electrode
based on tetra(tert-butyl)phthalocyaninato(chloro)rho-
dium(III) does not respond to salicilate anions, whereas an
ISE based on tetra(tert-butyl)phthalocyaninato(iodo)co-
balt(III) demonstrates an electrode function with a slope S of
50� 2 mV (pC)71 and a detection limit of 6.361075 mol
litre71 of Sal7 (Ref. 88).

An ion-selective electrode based on complex 11 formed by
dibenzyltin with a Schiff base produced a super-Nernstian
response [S=65.5� 1.8 mV (pC)71] to salicylate anions in
the range of 1.061071 ± 4.061076 mol litre71 of Sal7

(Ref. 97).

The appearance of the super-Nernstian response was associ-
ated with the ability of the ionophore to form dimers and more
complex aggregates in the organic phase of the membrane,
while the increase in the electrode function slope is the
consequence of the changes in the stoichiometry of the iono-
phore reaction with the salicylate anion (2 : 1 in place of 1 : 1).
Based on the analysis of electron absorption spectra of
ionophore solutions in chloroform measured before and after
their contact with the NaSal solution, the potentiometric
selectivity of a membrane with respect to Sal7 was associated
with the thermodynamically preferential coordination of the
Sal7 anion at the central metal atom of the ionophore. The
results of impedance measurements made it possible to assume
the diffusion-controlled transfer of salicylate anions.97

The mechanism of the potentiometric response of an ISE
with a membrane based on m-oxobis[5-(p-hydroxyphenyl)-
10,15,20-triphenylporphyrinato]manganese(III) {[Mn(5-HP).
.TPP]2O} was studied by IR and UV spectroscopic tech-
niques.63 The selectivity of the ISE electrode with respect to
Sal7 was associated with the formation of charged carriers in
the membrane as a result of the following reaction:

2 (Sal7)solution + {[Mn(5-HP)TPP]2O}membrane

2 {[Mn(5-HP)TPP]+Sal7}membrane + 2 (OH7)solution.

Acyclic polyether antibiotics lasalocid (12) and omomycin
(13) were shown to exhibit enantiometric selectivity with
respect to optical isomers of methyl esters of amino acids.98

The electrode function of ISE in solutions of L-isomers had
a slope close to theoretical. The coefficient of enantiometric
selectivity for L- and D-isomers of methyl phenylalaninate was
2.38 for lasalocid-based membranes and 1.85 for membranes
containing omomycin. According to the transport tests, it was
shown that lasalocid can transfer protonated cations of methyl
phenylalaninate across the liquid mebrane ± solution interface
according to the antiport principle at a rate close to that of the
transfer of cations by other ionophore antibiotics.

Phenylboronic acid derivatives and complexes of hydr-
oxamic acids with boric acid were used as ionophores for ISE
membranes sensitive to protonated forms of catecholamines
(adrenaline, dobutamine, dopamine, noradrenaline),95, 99 phe-
nolic acids (gallic, homoprotocatechuic, caffeic and salicylic
acids).94, 99 The electrode response of ISE membranes was
associated with the trend of polyhydroxycompounds for the
fast and reversible formation of covalent ester bonds with boric
acid derivatives.94, 95, 99

Of other ionophores, 2,3,5-triphenyl-2H-tetrazolium tung-
stophosphate was used in the ISE for ascorbic acid,100 a
complex of iron(II) with 2,4,6-tri(piperidino)-1,3,5-triazine
was used in ISE for diclofenac sodium,101 O-(2,4-dichloro-
phenyl) O-ethyl S-propyl dithiophosphate was employed in
ISE for histamine,102 heptyl 4-(trifluoroacetyl)benzoate was
used as the ionophore in salicylate-ISE.103

Studies were carried out devoted to the development and
optimisation of characteristics of ISE for polyions (heparin
and protamine).154 ± 164 The equilibrium response of sensors to
polyions of different structure was compared for ISE based on
tri(dodecyl)methylammonium chloride and tetra(dodecyl)am-
monium chloride. The deviations in the emf changes were used
as the basis for stating a correlation between the energy of
interaction of ionic pairs and the polyion charge. A threshold
mass of polyion molecules was required for reaching the
maximum emf value. The effect of lipophilic additions on the
ISE response was studied. It was shown that the ISE may be
used in the monitoring of the enzymatic hydrolysis of prota-
ozoline with tripsin.

A modernised ISE for protamine, which was based on its
associate with dinonylnaphthalinesulfonate, was developed for
the whole blood analysis.163 The electrode operates by the
mechanism of non-equilibrium response in the concentration
range of 0.5 ± 20 mg litre71 and can be used in both direct
potentiometry and potentiometric titration of heparin with
protamine. The results of ISE determinations agreed with the
data of other (independent) analytical techniques. It was
shown that the procedure of potentiometric titration of hep-
arin using this ISE allows complete automation.

The development and optimisation of solid-contact ISE for
heparin was discussed.164 The temporal instability of the
potential is the main drawback of solid-contact ISE. To
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remove this drawback, silver(I) complexes with a lipophilic
derivative of tert-butylcalix[4]arene 14 were incorporated into
the membrane in addition to EAC [tri(dodecyl)methylammo-
nium chloride].

This complex serves as the reversible electron carrier
between the polymeric membrane and the current lead and
favours the stabilisation of the potential of the solid-contact
sensor.

IV. Components of ion-selective electrode
membranes and methods of potentiometric
determination of medicinal drugs
As was mentioned above, IA formed by MD cations and
anions with the corresponding counter-ions are used most
often as the EAC in selective membranes. Table 1 presents
different EAC types, which are incorporated into the compo-
sition of ISE membranes both directly and in the form of ion
associates with MD. Tetraphenylborate and its derivatives are
used most extensively in EAC for cation-selective electrodes,
while the cations of quaternary ammonium bases (QAB) are
employed in EAC for anion-selective electrodes.

Nitrobenzene derivatives (in ISE with liquid membranes),
nitrophenol ethers, esters of o-phthalic, adipic, sebacic, phos-
phonic and phosphoric acids are used most often as the
solvents-plasticisers. Table 2 shows membrane solvents used
in ion-selective membranes. o-Nitrophenyl octyl ether, dibutyl
phthalate and dioctyl phthalate are the most common plasti-
cisers of the polymeric binder, i.e., polyvinyl chloride (PVC).
Depending on the particular case, one or another membrane

But But

O
OH OH

O

But But

S
Me

S
Me

14

Table 1. Electroactive compounds incorporated into the selective membrane either directly or as ion associates with medicinal drugs.

Class of compounds Compound Ref.

Tetraphenylborate derivatives sodium tetraphenylborate 86, 87, 106, 165 ± 219

sodium tetrakis(4-methylphenyl)borate 37, 170

potassium tetrakis(4-chlorophenyl)borate 37, 66, 68, 73, 74, 76, 80, 83, 86, 170, 171, 191, 192,

211, 220 ± 226

potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 37, 67, 78 ± 82, 192, 227, 228

sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro2-methoxy- 64, 67, 102, 229

isopropyl)phenyl]borate Na[B(C14H9O2F12)4]

Heteropoly compounds molybdophosphoric acid H3[PMo12O40] 32, 34, 36, 165, 170, 172, 175, 184, 189, 198, 230 ± 246

molybdosilicic acid H4[SiMo12O40] 32, 34, 36, 170, 172, 231, 239, 240, 246

tungstophosphoric acid H3[PW12O40] 32, 34, 36, 100, 170 ± 172, 177, 184, 195, 196, 208, 212,

233 ± 235, 238 ± 241, 243 ± 261

tungstosilicic acid H4[SiW12O40] 32, 34, 36, 170, 172, 195, 202, 232, 240, 262 ± 266

1,10-Phenanthroline and 1,10-phenanthroline 267, 268

its derivatives 4,7-diphenyl-1,10-phenanthroline (batophenanthroline) 267, 269 ± 271

Quaternary ammonium N,N,N,N-tetraoctylammonium 272 ± 274

and phosphonium cations N,N,N,N-tetrakis(decyl)ammonium 31, 170, 275, 276

N-methyl-N,N,N-trioctylammonium 71, 87, 220, 277 ± 280

N,N,N,N-tetradodecylammonium 75

N-hexadecylpyridinium 281

N,N,N-tridodecyl-N-methylammonium 58, 103

N,N,N-tributyl-N-hexadecylphosphonium 71

bis(triphenylphosphoranilidene)ammonium 64, 273, 282, 283

[Ph3P=N+=PPh3]

Nitroaromatic compounds 2,20,4,40,6,60-hexanitrodiphenylamine (dipicrylamine) 271, 284 ± 286

2,4,6-trinirophenol (picric acid) 34, 100, 204

3-methyl-4-nitro-1-p-nitrophenylpyrazol-5-one 100, 287, 288

(picrolonic acid)

Miscellaneous salts (anions) sodium dodecyl sulfate 285, 288, 289

and acids Reinecke salt anion [Cr(NH3)2(NCS)4]7 32, 34, 197 ± 199, 201, 210, 214 ± 216, 225, 242, 253, 255, 261

tetraiodobismuthate 32, 34, 183, 204

tetraiodomercurate 32, 34, 197, 204, 290, 291

tetraiodocadmate 292

trioctyloxybenzenesulfonic acid 293

hexathiocyanoferrate(III) anion 294

tetrathiocyanocobaltate(II) anion 242

5-nitropyrimidine-2,3,6-trione 295

(5-nitrobarbituric acid)
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solvent may prove to be more suitable for the achievement of
optimum electroanalytical characteristics of ISE for MD.

In the organic analysis, arrays of sensors (multisensor
systems of the `electronic tongue' type) are used. Amultisensor
system has been developed for the determination of lysine in
foodstuffs.298 The array of sensors comprised an enzyme
electrode based on lysine oxidase with NH�4 -ISE and a set of
solid-contact ISE for H+, NH�4 , K+, Na+, Ca2+, Mg2+ and
Li+ cations. The response of the enzyme electrode was
associated with the enzymatic reaction

Insofar as the selectivity of the enzyme electrode with
respect to other cations is low, the cross-selectivity-based
potentiometric response of a multisensor system can be deter-

mined using the multiversion regression analysis. Among the
methods for mathematical processing of potentiometric data,
the least-squares technique with partial regression, which
provides the smallest prediction errors, has shown the best
results.298

An ISE-based method of precipitation potentiometric
titration was also used for the determination of MD and drug
preparations. Sodium tetraphenylborate commonly used as
the titrant in the cationic MD determination proved to be
suitable for determination of both individual MD 266, 268, 291

and multicomponent MD mixtures.299

The method of preciptation potentiometric titration was
also used in the flow analysis. In the determination of ephe-
drine by potentiometric titration, a flow-injection cell with a
tubular indicator electrode containing tetrapentylammonium
tetraphenylborate dissolved in o-nitrophenyl pentyl ether has
been developed.213 An ISE-containing individual channel in
the cell was provided for the ephedrine determination. The

H2N(CH2)4CH(NH2)CO2H+H2O+ O2

lysine oxidase

H2N(CH2)4C(O)CO2H

Table 2. Solvents-plasticisers used in membranes of liquid and polymeric ion-selective electrodes.

Plasticiser type Name of compound Ref.

Plasticisers with high permittivity

Nitro compounds nitrobenzene 284

2-nitrotoluene 100

1-isopropyl-4-nitrobenzene 222, 274

2-nitrophenyl octyl ether 35, 61 ± 63, 67, 71, 73 ± 75, 78 ± 83, 85, 91 ± 96, 103, 104, 171,

(NPOE) 174, 180, 182, 189, 192, 197, 207, 208, 221 ± 225, 227, 233,

234, 243, 261, 263, 266, 269 ± 273, 279, 281 ± 283, 296

2-nitrophenyl dodecyl ether 227

2-nitrophenyl phenyl ether 213, 222, 233

2-nitrophenyl 2-fluorophenyl ether 67, 76, 192, 229

Plasticisers with low permittivity

Esters of o-phthalic acid dibutyl phthalate (DBP) 31, 32, 34, 36, 37, 61, 105, 169, 170, 177, 179, 182, 184 ± 186,

188, 195 ± 197, 204, 206, 228, 239, 240, 244, 254, 262, 275 ± 277,

281, 293

bis(2-ethylhexyl) phthalate 65, 90

dioctyl phthalate (DOP) 32, 34, 36, 61, 62, 66, 67, 85, 172 ± 174, 177, 186, 187, 190, 191,

193, 195 ± 199, 201, 202, 204, 212, 214 ± 216, 218, 230 ± 232,

235, 238, 239, 243, 245, 246, 256 ± 260, 266 ± 268, 275, 276, 279,

281, 284, 290, 291, 294, 297

diisooctyl phthalate 62

bis(2-ethyloctyl) phthalate 96

dinonyl phthalate (DNP) 58, 192, 278

diisononyl phthalate (DiNP) 36, 202, 262

Esters of adipic acid bis(2-ethylhexyl) adipate 91, 226

bis(1-butylpentyl) adipate 80, 83, 86, 91

Esters of sebacic acid diethyl sebacate (DES) 85, 94, 95

dibutyl sebacate (DBS) 197, 214, 225, 266, 281

bis(2-ethylhexyl) sebacate (EHS) 32, 61, 66, 68, 104, 182, 192, 205, 222, 225, 227, 273, 275, 276

dioctyl sebacate (DOS) 36, 62, 74, 202, 224

dinonyl sebacate 86

Esters of phosphoric and tributyl phosphate 85

phosphonic acids dioctyl phenyl phosphonate (DOPP) 51, 277

tritolyl phosphate (mixture of isomers) (TTP) 36, 67, 202, 230, 239

bis(2-ethylhexyl) phosphate 225

tris(2-ethylhexyl) phosphate 67, 69, 192, 225

trioctyl phosphate 226

Esters of miscellaneous acids chlorobenzene 181

and non-ester plasticisers n-octanol 292

heptyl benzoate 32, 34, 275

bis(1-butylpentyl)decan-1,10-diyl diglutarate 64

tetrakis(2-ethylhexyl) pyromellitate 192
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Table 3. Composition of membranes and characteristics and electroanalytical properties of ion-selective electrodes for determination of medicinal drugs.

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Adrenomimetics and sympathomimetics

Dobutamine PPVCM (NPOE or DES) with phenylboronic acid derivatives LR 1.061072 ± 5.061074, 95

DL=1.761075,

S=58, pH 6.3 ± 8.0

Norephedrine PPVCM [bis(1-butylpentyl) adipate] with a lipophilic derivative DL=7.961076, 82

of b-CD and addition of K[B(C6H4Cl-4)4] S=58

PPVCM (NPOE) with derivatives of calix[n]arenes (n=6, 8) LR 1.061072 ± n61076, 73

and addition of K[B(C6H4Cl-4)4] S=50± 57

Oxymetazoline PPVCM (DOP) based on IA of MD cations with [PW12O40]37 LR 1.061072 ± 2.061075, 260

S=57.2, pH 1.0 ± 9.4

Prenalterol PPVCM (DOP) based on IA of MD cations with BPhÿ4 LR 3.261072 ± 1.261075, 187

S=56.3, pH 2.2 ± 7.5

Reproterol PPVCM with individual IA of MD cations with [PW12O40]37 LR 1.061071 ± 6.361076, 241

and [PMo12O40]37 or their mixture pH 2.0 ± 9.0

Salbutamol ISE for FIA with PPVCM (DOP) based on IA of MD cations LR 1.061071 ± 6.361076, 235, 238

with [PW12O40]37 and [PMo12O40]37 S=57± 67, pH 2.0 ± 11.0

SC-ISE (glassy carbon substrate) with an ion-electron transducer LR 1.061071 ± 4.061075, 194

(polyaniline), PPVCM based on IA of MD cations with BPhÿ4 DL=1.261075,

S=60.4, pH 3.9 ± 7.8

Terbutaline PPVCM based on IA of MD cations with [PW12O40]37 7 250

Phenylpropanolamine PPVCM (DBP or DOP) based on IA of MD cations LR 8.961073 ± 1.061075 177

hydrochloride with BPhÿ4 and [PW12O40]37

Epinephrine PPVCM (DOS) with calix[6]crowns and addition of LR 1.061072 ± 1.061074, 74

lipophilic K[B(C6H4Cl-4)4] DL=1.961075,

S=45, pH 7.2
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Adrenomimetics and sympathomimetics

Etilefrine PPVCM (DOP) based on IA of MD cation with BPhÿ4 and [PW12O40]37 LR 1.061071 ± 6.361075, 212

Ephedrine microsensor based on a field transistor and a sensitive membrane LR 1.061071 ± 3.061076, 303

modified with b-cyclodextrin S=58, pH 3.0 ± 8.0

PPVCM [bis(1-butylpentyl) adipate] with a lipophilic derivative DL=2.561077, S=60 80, 83

of b-CD and addition of K[B(C6H4Cl-4)4]

tubular ISE for FIA with PPVCM based on IA [(n-C5H11)4N]+[BPh4]7 LR 1.061071 ± 3.861076, S=56.4, pH 2.5 ± 11.5 213

PPVCM with a mixture of IA formed by ephedrine cations with BPhÿ4 , LR 1.061071 ± 1.061075, 215

[Cr(NH3)2(NCS)4]7 and by phenylephedrine cations with [Cr(NH3)2(NCS)4]7 DL=4.061076, S=50± 55, pH 2.0 ± 9.0

Analgesic drugs (narcotic and non-narcotic analgesics)

Acetylsalicylic acid tubular flow ISE for salicylate anions formed upon alkaline LR 4.061072 ± 4.061073, pH 8 304

(AcSA) hydrolysis of AcSA

flow ISE, PPVCM (NPOE) with addition of tetraoctylammonium LR 1.061072 ± 5.061075, 272

salicylate and p-(tert-octyl)phenol for the determination of AcSA after DL=5.061075, S=56

its preliminary hydrolysis

tubular flow SC-ISE based on ethylene ± vinyl acetate co-polymer, LR 5.061071 ± 5.061073, 220

trioctylmethylammonium salicylate and addition of K[B(C6H4Cl-4)4], sensitive DL=2.561073, S=58.3, pH 6 ± 10

to salicylate anions formed upon hydrolysis of AcSA

Diclofenac sodium PPVCM (NPOE) with addition of a-CD and [(n-C12H25)4N]Br LR 1.061072 ± 5.061076, 75

DL=1.061076, S=57.5, pH 8.2 ± 12.7

PPVCM based of IA of diclofenac with a Fe(II) complex LR n61072 ± n61076, pH 5.5 ± 9.5 101

with 2,4,6-tris(2-pyridyl)-1,3,5-triazine

Ibuprofen PPVCM based on IA of MD anions with cations of different QAB 7 305

PPVCM (DOP) with IA formed by MD anions with a Fe(II) complex LR 1.061072 ± 2.061075, 268

with phenanthroline DL=0.8 ± 1.3 mg ml71, S=59± 60

Codeine PPVCM (DOP) with IA of MD cations with BPhÿ4 and [Cr(NH3)2(NCS)4]7 LR 1.061072 ± n61075, 199, 214

DL=3.561075, S=50± 60, pH 2.5 ± 8.0

Methadone PPVCM (NPOE) with IA of MD cations with [B(C6H4Cl-4)4]7 LR 1.061071 ± 2.561075, S=59.5, pH 2.0 ± 9.0 221

Nefopam PPVCM with a nefopam ±picrolonate complex LR 5.061072 ± 5.061074, 287

DL=7.961075, S=56
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Analgesic drugs (narcotic and non-narcotic analgesics)

Pethidine PPVCM (DBP) with IA of MD cations with BPhÿ4 and [SiW12O40]47 LR 1.061072 ± 1.061075, 206, 265

DL=2.261076, S=51.8, pH 2.0 ± 8.0

Pipazetate PPVCM (DOP) with IA of MD cations with [PMo12O40]37 and [PW12O40]37 LR 1.061071 ± 6.361075, 245

S=45± 50, pH 2.0 ± 9.0

Piroxicam PPVCM (DNP) with IA of MD anions with trioctylmethyl ammonium LR 1.061072 ± n61075, 278

cations (Aliquat 336S) DL=(2.4 ± 6.0)61076, S=54± 56, pH 4.0 ± 7.5

Tenoxicam the same the same 278

Tramadol SC-ISE with PM (DOP or DBPhos) and IA of MD cations with [PW12O40]37 LR 1.061072 ± n61075, 249, 257

DL=2.361076, S=55.9� 0.4, pH 1.0 ± 7.0

Fentanyl PPVCM with IA of MD cations with [B{(C6H3(CF3)2-3,5}4]7 LR 1.061072 ± 1.061075, 228

DL=6.2961076, S=57.9

Flurbiprofen PPVCM with IA of MD anions with Aliquat 336S LR 1.061072 ± 7.061075 280

Ethylmorphine SC-Sensor (Si/Si3N4 substrate) with PPVCM based on IA of MD cations LR 1.061072 ± 2.561075, 211

with BPhÿ4 and addition of K[B(C6H4Cl-4)4] DL=1.0 mg ml71, pH 2.5 ± 6.5

Antiadrenergics and dopamine mimetics

Propranolol PPVCM (DiNP or DOP) with IA of MD cations with [SiW12O40]47, LR 261072 ± n61076, 231, 262

[PMo12O40]37 or [SiMo12O40]47 DL=(1.0 ± 10.0)61077, S=30.0 ± 54.7, pH 4.0 ± 8.0

PPVCM (NPOE) with a lipophilic derivative of b-CD and DL=1.061075, S=60 83

addition of K[B(C6H4Cl-4)4]
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Antiadrenergics and dopamine mimetics

Piribedil PPVCM (DBP and DOP) based on IA of MD cations with BPhÿ4 , LR n61072 ± n61076, 186, 204

BiIÿ4 or HgI2ÿ4 S=30± 57, pH 3.0 ± 6.4

Prazosin PPVCM based on IA of MD cations with [PW12O40]37 LR 1.061072 ± 2.761076, pH 1.5 ± 6.4 248

Chlorphenoxamine PPVCM containing a mixture of ionophores (18-crown-6, dibenzo- LR 5.061072 ± 6.361076, 66

18-crown-6 or 37,38,39,40,41-pentakis[(diethoxythiophosphoryl)oxy]- DL=5.961076, S=35± 55, pH 3 ± 8

5,11,17,23,29,35-hexakis(1,1-dimethylethyl)calix[6]arene-42-ol)

with K[B(C6H4Cl-4)4]

Antiarrhithmic drugs

Disopyramide PPVCM (2-nitro-20-fluorodiphenyl ether) with Na[B(C14H9O2F12)4] LR 1.061074 ± 6.061076, 229

DL=8.061077, S=55± 63, pH 7.4 (buffer)

PPVCM with IA of MD cations with dodecyl sulfate LR n61072 ± n61075, 289

DL=7.161078, pH 2.0 ± 6.5

Mexitil PPVCM based on 40,400(500)-di(tert-butyl)cyclohexano-18-crown-6 LR 1.061072 ± 1.061075, 67

and Na[B(C14H9O2F12)4] DL=3.061076, S=54± 59, pH 7.4 (buffer)

Antibiotics

Ampicillin PPVCM (NPOE) containing tris{[2-(2-diphenylphosphonylmethyl)phen- LR 1073 ± 1074, 71

oxy]ethyl}amine DL=3.161075, S=58� 1

PPVCM (DMP) based on IA of MD anions with [(n-C10H21)4N]+ LR n61071 ± n61076, 31

DL up to 6.361076, S=58± 62, pH 5.0 ± 9.2

Penicillin G the same the same 31

PPVCM (NPOE) containing [Bun3(n-C16H33)P]Br or [(n-C8H17)3MeN]Cl LR 1.061071 ± 2.561075, 71

DL=1.061075, S=49± 57, pH 4.5 ± 8.0

ISFT (Ta2O5 substrate) with immobilised enzyme penicillinase LR 1.061073 ± 561075, 306

(b-lactamase) DL=5.061076, S=120� 10

microsensor for FIA based on Si ± SiO2 ±Ta2O5 LR 5.061073 ± 161074, S=135 307

PM (NPOE) based on PVC and ethyl vinyl ether and containing manganese(III) LR 1.061071 ± 2.061075, S=59± 61 296

5,10,15,20-tetraphenylporphyrinate and lipophilic additives
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Antibiotics

Gentamycin PPVCM (DBP) with IA of MD cations with BPhÿ4 LR 1.061071 ± 1.061076, 169, 188

DL=1.061076, S=26� 2, pH 5.5 ± 6.0

Kanamycin the same the same 169, 188

Metacyclin PPVCM (DOP) with IA of MD cations and BPhÿ4 LR 3.061072 ± 6.061076, 195

DL=3.461076, S=52.9, pH 2.6

Oxacillin PPVCM (NPOE) containing copper tetra(tert-butyl)phthalocyaninate LR 1.061071 ± 2.061075, 71

or [Bun3(n-C16H33)P]Br DL=8.061076, S=57� 2, pH 4.5 ± 8.0

PPVCM(DBP) with IA of MD anions with [(n-C10H21)N]+ LR 1.061072 ± 3.261076, 31

DL=3.161076, S=65� 3, pH 5.0 ± 6.0

Oxytetracycline SC-ISE with PPVCM (DBP) with IA of the cationic form of MD LR n61072 ± n61077, 184, 185

with BPhÿ4 , [PMo12O40]37 or [PW12O40]37 S=59± 62, DL up to 1.061077, pH 4.0 ± 11.0

Tetracycline PM (NPOE or EHS) based on a mixture of PVC and ethylene ± vinyl LR 1.061072 ± 1.261074, S=57.4, 223

acetate co-polymer with addition of K[B(C6H4Cl-4)4] pH 2.0 ± 3.8
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Antibiotics

Chlortetra- PPVCM based on IA of MD cations with [PMo12O40]37 and [PW12O40]37 LR 1.061072 ± 1.061076, 252

cycline S=60± 67, pH 5.5 ± 11.5

Cefuroxime PPVCM (NPOE or EHS) (including those for FIA) with IA of MD anions DL=1.361074, S=50± 55, 273

with [(n-C8H17)4N]+ and bis(triphenylphosphoranylidene)ammonium cations pH 3.5 (H3PO4 ±NaH2PO4 buffer)

and addition of p-(tert-octyl)phenol

Antihistamine drugs

Histamine PPVCM with O-(2,4-dichlorophenyl) O-ethyl S-propyl dithiophosphate LR 1.061072 ± 5.061075, 102

and Na[B(C14H9O2F12)4] DL=2.061075, S=56

PPVCM (NPOE) with derivatives of calix[n]arenes (n=6, 8) 7 73

and K[B(C6H4Cl-4)4]

Diphenhydramine PPVCM based on IA of MD cations with [PW12O40]37, BPhÿ4 LR n61072 ± 3.561075, 253

hydrochloride and [Cr(NH3)2(NCS)4]7 S=57.5, pH 2.0 ± 7.5

SC-ISE with PPVCM (DOP) based on IA of MD with H3[PMo12O40] LR 1.061072 ± 1.061075, 232

and H4[SiW12O40] and poly(a-naphthylamine) as the transducer DL=3.061076, S=57.5, pH 2 ± 6

Promethazine PPVCM (DOP) based on IA of MD cations with organic and inorganic anions LR 3.261072 ± 1.061075, 172

DL=3.561076, S=41± 55, pH 2.5 ± 6.0

PPVCM (NPOE or EHS) (including those for FIA) with IA of MD cations LR 1.061072 ± 5.061075, DL=2.061075, 207

with BPhÿ4 pH 6.0 (phosphate buffer)

Ketotifen PPVCM based of IA of MD cations with [B{C6H3(CF3)2-3,5}4]7 7 227

Ranitidine Ag/AgCl SC-ISE with PPVCM (DNP) and IA of MD cations and BPhÿ4 LR 1.061071 ± 5.061074, DL=2.861074, 192

S=59.7, pH 8.2 (phosphate buffer)

Chloropyramine PPVCM based on IA of MD cations with anions [B(C6H4Cl-4)4]7, LR 1.061072 ± 2.361075, 225, 246

[Cr(NH3)2(NCS)4]7, [PW12O40]37, [PMo12O40]37 and [SiMo12O40]47 DL=1.161075, S=48± 55,

pH 2.6 ± 5.5
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Antihistamine drugs

Tripelenamine tubular and conventional ISE with PPVCM and IA of MD cations LR 1.061071 ± 4.061075 182

with BPhÿ4

Triprolidine membrane ISE, carbon-paste and graphite-supported electrodes; LR 1.061072 ± 2.061075, 196

PPVCM (DBP) and IA of MD cations with BPhÿ4 S=54± 56, pH 4.7 ± 8.8

Famotidine PPVCM based on IA of MD cations with BPhÿ4 LR 1.061073 ± 1.061075, 178

pH 1.0 ± 5.0

Fexofenadine PPVCM, IA of MD cations with BPhÿ4 , HgI2ÿ4 and [Cr(NH3)2(NCS)4]7 LR 1.061072 ± 2.561076, 197

DL=1.361076, S=62,

pH 2.0 ± 4.5

Quifenadine PPVCM based on IA of MD cations with [PW12O40]37, LR 1.061072 ± 5.461075, 219

[PMo12O40]37 and [SiMo12O40]47 DL=3.661075, S=43± 50,

pH 2.8 ± 5.0

Chlorpheniramine ion-selective piezoelectric sensors with PVC membranes based on IA LR 1.061073 ± 1.061078, 183

maleate of MD cations with dipicrylamine, BiIÿ4 and BPhÿ4 DL=6.061079

AgCl/Ag SC-ISE with membranes based on carbamide-formaldehyde 7 209

resin with dispersed KCl and IA of MD cations with BPhÿ4

Cyproheptadine PPVCM and IA of MD cations with [B(C6H4Cl-4)4]7 and dipicrylamine LR n61072 ± n61077, 222

anions pH 2.5 ± 7.0

Cimetidine PPVCM based on IA of MD cations with [PW12O40]37 LR 1.061072 ± 1.061075, 247

DL=5.061076, S=58,

pH 3.0 ± 5.5
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Anticonvulsants

Sodium PPVCM based on a Ga(III) complex with tetraphenylporphirine and LR 1.061072 ± 5.061075, 64

valproate bis(1-butylpentyl)decane-1,10-diyldiglutarate (ETH 469) DL=2.061075, S=55, pH 5.5 (buffer)

Antiseptics and viricides

Amantadine PPVCM (DOP) based on IA of MD cations with BPhÿ4 and [Cr(NH3)2(NCS)4]7 7 173

Amprolium PPVCM (DOP) based on IA of MD cations with BPhÿ4 and [Cr(NH3)2(NCS)4]7 LR 1.061071 ± 1.061075, pH 7.0 ± 11.0 216

Benzoic acid PPVCM with a macrocyclic polyamine and a lipophilic additive LR 1.061072 ± 1.061074, DL=1.061074, pH 5.0 58

PPVCM based on heptyl 4-(trifluoroacetyl)benzoate LR 5.061072 ± 2.061074, DL=1.061074 308

Methylene PM (DBP) with trioctyloxybenzenesulfonic acid as an ion exchanger LR 161074 ± 1.061076, DL=6.261077, 293

Blue S=53.3� 0.5, pH 4.0 ± 11.0

Salicylic acid ISE based on complexes of Co(II) with bis(salicylaldehyde)diaminodipropylamine LR 1.061071 ± n61076, 96, 309

or Co(III) with Schiff bases as the carriers DL up to 8.061077, S=66.8, pH 4.0 or 5.5

PPVCM based on IA of 3-(4-tolylazo)phenylboronic acid LR 1.061071 ± 5.061075, DL=1.561075, S=54� 1 94

with tetrahexylethylenediamine

PM based on Sn(IV) complexes with 8-hydroxyquinoline 7 85

and tetra(tert-butyl)phthalocyanine

PPVCM with m-oxobis[5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrinato]- LR 1.061071 ± 6.361077, S=57� 3.5, 63

manganese(III)] as the ionophore pH 6.0 (phosphate buffer)

PPVCM with tribenzyltin phenolates or carboxylates as ionophores LR 1.061071 ± n61076, DL up to 1.061076, S=57, 92, 93

pH=5.5 (phosphate buffer)

PPVCM (NPOE) with a guanidinium ionophore LR 1.061071 ± 1.061073, DL=1.361074, pH 6.0 104

PPVCM with different metallocenes as ionophores LR 1.061071 ± 1.061073, S=58, pH 5.5; 7.4 91

PPVCM (dinonyl sebacate) with [2,9,16,23-tetra(tert-butyl)phthalocyaninato]tin(IV) LR 1.061071 ± 1.061075, DL=6.361076, pH 5.5 86

and addition of KBPh4
PPVCM with heptyl 4-(trifluoroacetyl)benzoate as the ionophore and addition LR 1.061072 ± 2.061074, DL=4.061075, 103

of tri(dodecyl)methylammonium chloride S=55, pH 7.4

PPVCM (DBP) with a neutral carrier LR 1.061071 ± 2.561076, DL=1.061076, S=57� 2, 105

pH 5.0

SCE (graphite substrate), PPVCM containing Al(III) and Sn(IV) complexes LR 1.061071 ± 1.061076, DL* 1.061076, 106

with Salophen as ionophores with addition of NaBPh4 S=57± 59, pH 3.0 ± 8.0
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Antiseptics and viricides

Salicylic acid PPVCM with chloro(tetraphenylporphyrinato)chromium(III) LR n61071 ± n61076, pH 3.0 ± 9.0 65

PPVCM with oxo(phthalocyaninato)vanadium(IV) and -molybdenum(IV) LR n61071 ± n61077, pH 6.0 ± 9.0 87

as ionophores

SCE (graphite substrate), PPVCM with aluminium phthalocyaninate LR 1.061071 ± 5.061076, S=59� 1 90

Trimethoprim PPVCM with IA of MD cations with [PMo12O40]37 LR 1.061072 ± 2.361076, S=56.5, pH 1.6 ± 6.2 237

ion-selective piezoelectric sensor with PPVCM (DBP) based on IA of LR 2.061073 ± 2.061078, DL=2.061078, pH 4.0 254

MD cations with [PW12O40]37

PPVCM (DOP) with IA of MD cations with BPhÿ4 , [Cr(NH3)2(NCS)4]7 LR 1.061072 ± n61076, DL= n61076, S=57± 59, 201, 256

or [PW12O40]37 pH 1.8 ± 6.3

Cetylpyridinium PPVCM (DOP) with IA of cetylpyridinium with iron(III) thiocyanate LR 1.061073 ± 1.061076, DL=8.061077, 294

chloride S=57.5� 0.4, pH 1.0 ± 6.0

PPVCM (DOP) with IA of MD cations with HgI2ÿ4 LR 1.061073 ± 2.061076, DL=4.061077, 291

S=29.0� 0.4, pH 3.0 ± 6.0

Enoxacin PPVCM with IA of MD cations with BPhÿ4 and an internal LR 1.061072 ± 7.961075, DL=2.061075, S=30.4 176

pin Ag/AgCl reference electrode

Vitamins and their analogues

Ascorbic acid SC-ISE based on a PVC matrix modified with ionophores. A polymeric ISFT film LR 5.061073 ± 5.061076, 310

based on MnO2 nanoparticles immobilised on the transducer surface is fixed DL=2.061076

between the electrode and the PVC membrane LR 1.361073 ± 2.061075, 167

DL=1.061075

ISE with liquid membrane based on 2-nitrotoluene with dissolved IA LR 1.061072 ± 2.061074, 100

of triphenyltetrazolium with [PW12O40]37 S=56± 58, pH 3.0 ± 12.0

Menadione PPVCM (NPOE) with IA of MD anions with complex cations of nickel(II) LR 1.061071 ± n61075, 270

or iron(II) with batophenanthroline DL=2.061075, S=51± 58, pH 1.0 ± 5.0

Nicotinamide ion-selective piezoelectric sensor with PVC membrane based on IA of MD LR 1.061073 ± 1.061079, pH 7.0 264

cations with [SiW12O40]47

Pyridoxine PPVCM (NPOE) with IA of MD cations with [PMo12O40]37 or [PW12O40]37 LR 1.061072 ± 6.061075, DL=4.061075, 233, 234

S=54, pH 2 ± 4

CO2H

OH

N
N

MeO

MeO

MeO

NH2

NH2

+

N C16H33-n Cl7

HO

O

N N N

NH

O

Et

F

O
HO O

OHHO
H

HO

O

Me
O

N O

NH2

N OH

OH

Me

HO



Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Vitamins and their analogues

Thiamine electrode represents a graphite disk covered with successive layers of conductive LR 1.061071 ± 1.061076 311

chloride epoxy resin and ionophore-containing PVC membrane

Choline PPVCM (NPOE) with lipophilic b-CD derivatives and DL up to 4.061077, S=61, pH 7.0 80 ± 82

chloride addition of Na[B{C6H3(CF3)2-3,5}4]

Hepatotropic drugs

Berberine PPVCM (different esters) based on porphyrins LR 5.061073 ± n61077, 61, 62

bisulfate S=60± 66, pH 3.7 ± 11.2

Hypoglycemic drugs

Metformin PPVCM with IA of MD cations with [PMo12O40]37 or [PW12O40]37 LR 1.061072 ± n61075, S=58, pH 3.0 ± 11.0 236, 251

PPVCM (DOP, NPOE or DBS) with IA of MD cations with [Cr(NH3)2(NCS)4]7 LR n61071 ± n61075, pH 5.0 ± 11.0 266

and [SiW12O40]47

PPVCM (NPOE) with lipophilic b-CD derivative and addition DL= n61076, S=56 ± 61 80, 81

of Na[B{C6H3(CF3)2-3,5}4]

Phenformin the same the same 80, 81

Hypotensive drugs

Benazepril `coated wire' electrode with PVC membrane based on benazepril ± BPhÿ4 associate LR 5.861073 ± 1.361075, pH 2.5 ± 9.2 217

hydrochloride

(Amlodipine)

Sodium PPVCM with IA of MD anions with cetylpyridinium LR 1.061072 ± 3.061075, 281

nitroprusside DL=2.061075, S=27� 1, pH 2.0 ± 10.0

Enalapril ISE based on graphite paste (a mixture of graphite powder with kerosene) LR 6.461072 ± 3.661075,

impregnated with a solution of 2-hydroxy-3-trimethylammoniopropyl-b-CD DL=1.061075, S=55� 0.3, pH 3.0 ± 6.0 77

chloride

Diuretics

Triamterene `coated wire' electrode with PVC membrane and IA of MD cations with BPhÿ4 LR 3.561072 ± 1.061076, pH 4.5 ± 7.5 179
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Diuretics

Furosemide PPVCM (DBP or DOPP) with IA of MD anions with trioctylmethylammonium LR 1.061072 ± 1.661074, 277

DL=1.261074, S=58.9, pH 7 ± 10

Dopaminergic drugs

Dopamine Graphite-based SC-sensor with a membrane of carboxylated PVC with addition LR 1.061071 ± 5.061075, 76

of b-CD, K[B(C6H4Cl-4)4] and 2-nitro-20-fluorodiphenyl ether DL=3.061076, S=59, pH 2.0 ± 7.5

electrode for FIA, PPVCM (NPOE) with bis(triphenylphosphoranylidene)- LR 2.761071 ± 8.061073 g litre71, S=310.1� 7.4 283

ammonium periodate

PPVCM (NPOE) with devivatives of calix[n]arenes (n=6, 8) and addition 7 73

of K[B(C6H4Cl-4)4]

Coagulants and anticoagulants

Warfarin PPVCM with IA of MD anions and complex cations of Ni(II) and Fe(II) LR n61071 ± n61075, DL=0.8 ± 5.3 mg ml71, 268, 271

with phenanthroline S=51± 60

Etamsylate the same the same 268, 271

(Dicinone)

Local anesthetics

Bupivacaine PVC or polyuretane membranes (NPOE) with lipophilic derivatives of b-CD LR 1.061072 ± 1.061074, 79

and addition of Na[B{C6H3(CF3)2-3,5}4] DL=1.361075, S=54± 62, pH 6.84

Cocaine PPVCM [tetrakis(2-ethylhexyl) pyromellitate] with IA of MD cations LR 1.061072 ± 1.061076, 192

with [B{C6H3(CF3)2-3,5}4]7 DL=4.061077, S=56, pH 1.0 ± 8.0

Lidocaine PPVCM (NPOE or DOS) modified with 2,6-disdodecyl-b-CD LR 1.061071 ± n61075, 224

and K[B(C6H4Cl-4)4] (for FIA) DL=1.661075, S=55

PVC or polyuretane membranes (NPOE) with lipophilic derivatives of b-CD LR 1.061071 ± 1.061073, 79

and addition of Na[B{C6H3(CF3)2-3,5}4] DL up to 1.561074, S=61± 67, pH 6.84

PPVCM based in IA of MD cations with [Co(SCN)4]27, [PMo12O40]37 LR 1.061071 ± 1.061075, pH 3.0 ± 7.0 242

and [Cr(NH3)2(NCS)4]7
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Local anesthetics

Procaine piezoelectric sensor with selective PVC membrane based on IA of MD cations LR 5.061073 ± 8.361078, DL=8.361078, pH 5.0 203

with BPhÿ4
PPVCM (NPOE) with lipophilic derivatives of b-CD and addition DL up to 1.061075, S=61, pH 6.84 79

of Na[B{C6H3(CF3)2-3,5}4]

Prilocaine the same the same 79

Muscle relaxants

Gallamine carbon-paste electrode impregnated with IA gallamine ±BPhÿ4 LR 1.061073 ± 2.061076, DL=1.061076, 219

S=17.0� 0.7, pH 5.0 ± 8.0

Mucolytic drugs

Bromhexine PPVCM (DOP) with IA of MD cations with BPhÿ4 LR 1.061071 ± 4.061074, S=57.5 218

Antitumour drugs

Iphosphamide PPVCM (DOP) or a membrane based on carboxylated PVC (NPOE) with LR n61072 ± n61075, 174

IA of MD cations with BPhÿ4 S=50± 55, pH 4 ± 7

Cyclophosphan the same the same 174

Fluorouracil PPVCM (DOP) based on IA of 5-fluorouracil with Ni(II) and Fe(II) complexes LR 1.061073 ± 1.061075, 267

with batophenanthroline and Fe(II) complexes with phenanthroline DL=1.061075, S=28± 34, pH 5 ± 9

Psychotropic drugs

Azaleptine PPVCM (DOP or TTP) with IA of azaleptine cations with BPhÿ4 LR 1.061072 ± 1.061075, 230

or [PMo12O40]37 DL=2.861076, S=45± 54, pH 4.0 ± 7.0
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Psychotropic drugs

Amineptine PPVCM (DOP or TTP) with IA of azaleptine cations with BPhÿ4 LR 1.061072 ± 3.261076, S=54± 58, pH 2.0 ± 3.9 165

or [PMo12O40]37

Amitriptyline PPVCM with IA clonidine ±BPhÿ4 against 1073 M solution of NaCl LR 1.061073 ± 1.061078, 166

and 1073 M solution of clonidine DL=561079, S=58.4

Garmaline sensors for FIA with PPVCM based on IA of MD cations with BPhÿ4 LR 1072 ± 1076, 210

and [Cr(NH3)2(NCS)4]7 DL up to 2 mg ml71, pH 3.0 ± 8.0

Garmine the same the same 210

Hydazepam PPVCM (DBP) with IA of MD cations with heteropolyanions LR n61073 ± n61075, 170

and [B(C6H4Cl-4)4]7 and addition of a lipophilic compound DL up to 4.861076, S=50± 57, pH 2.5 ± 5.3

Diazepam the same the same 170

(Relanium) PPVCM (NPOE) based on IA of MD cations with BPhÿ4 and [PW12O40]37 LR 31.57 ± 0.29 mg ml71, 171, 208

DL up to 0.7 mg ml71, S=50± 65, pH 4.0 ± 7.0

Clonazepam the same the same 171, 208

PPVCM (DBP) with IA of MD cations with hereropolyanions and LR n61073 ± n61076, 170

[B(C6H4Cl-4)4]7 and addition of a lipophilic compound DL up to 6.661077, S=48± 60, pH 2.5 ± 5.3

Chlordiazep- the same the same 170

oxide SC-ISE (DOP) with ion-selective transducer [poly(o-aminophenol)] and IA DL=6.761076, 259

(Elenium) of MD cations with [PW12O40]37 S=55.6, pH 2.4 ± 6.3

SC-ISE (DBP) with IA of MD cations with [PMo12O40]37 and [PW12O40]37 LR 1.061072 ± 3.261076, S=59± 61, pH 2.0 ± 4.5 244

NH(CH2)6CO2H

.HCl

NMe2

N

N

Me

MeO

H

N

N

Me

MeO

H

H
N

O
N

N

O

Ph

Br

H2N

Me
N

N

O

Ph

Cl

HN N

O

Cl

NO2

N N

MeHN

Cl

O



Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Psychotropic drugs

Hydroxyzine PPVCM (NPOE) with IA of MD cations with [SiW12O40]47 LR 1.061072 ± 6.061077, 263

DL=2.561077, S=57, pH 2.8 ± 6.9

Desipramine PPVCM (NPOE) with alkylated CD and addition of Na[B{C6H3(CF3)2-3,5}4] DL up to 2.561076, S=56± 62, pH 7.0 78

Imipramine the same the same 78

Trimipramine the same the same 78

Moclobemide PPVCM with IA of MD cations with dodecyl sulfate LR 1072 ± 1075, 289

DL=1.1610710, pH 2.0 ± 6.5

Nortriptyline PPVCM (DOP) with IA of MD cations with BPhÿ4 and [B(C6H4Cl-4)4]7 LR n61072 ± n61075, 191

DL=(8.0 ± 9.0)61075, S=52± 54, pH 6.0 ± 7.0

Promazine ISE with liquid membrane based on IA of MD cations with CdI2ÿ4 LR 1.061073 ± 5.061076, 292

in n-octanol S=61, pH 4.0 ± 7.0

PPVCM (EHS) with IA of MD cations with BPhÿ4 LR 1.061072 ± 1.061075, 205

DL=1.061075, S=58.0� 1.5, pH 2.0 ± 6.0

Trazodone `coated wire' electrode (Cu) based on PPVCM (DOP) with IA trazodone ±BPhÿ4 LR 8.961073 ± 1.461075, 193

DL=1.061075, S=59, pH 2.4 ± 9.0
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Psychotropic drugs

Phenazepam PPVCM (DBP or DOP) with IA of MD cations with [PMo12O40]37, LR 1.061072 ± 1.061075, 239

[PW12O40]37 and [SiMo12O40]47 S=43± 54, pH 1.0 ± 3.0

Fluphenazine PPVCM (DOP) with IA of MD cations with BPhÿ4 and LR n61073 ± n61075, 191

addition of K[B(C6H4Cl-4)4] DL=(4.5 ± 5.5)61075, S=59, pH 6 ± 7

Antiemetic drugs

Metoclo- PPVCM (DOP) based on IA of MD cations with HgI2ÿ4 LR 161072 ± 6.061075, DL=4.061075, 258, 290

pramide or [PW12O40]37 S=53� 0.5, pH 3.0 ± 7.0

Serotonergic drugs

Serotonin PPVCM (NPOE) with derivatives of calix[n]arenes (n=6, 8) 7 73

and addition of K[B(C6H4Cl-4)4]

Spasmolytics

Verapamil microsensor based carboxylated PVC and Nafion on LR 1.061072 ± 1.061075, 297

a graphite substrate DL=4.161076, S=56± 57, pH 2.0 ± 8.0

Drotaverine PPVCM based on IA of MD cations with derivatives of LR 5.061072 ± n61077, 32, 37

(No Spa) tetraphenylborate and organic and inorganic anions DL up to 161077, S=51 ± 61, pH 1.8 ± 7.0

carbon-paste electrode for FIA with PPVCM (esters of phthalic LR 1.061072 ± 5.061077, 202

acid and TTP) containing IA of MD cations with [SiW12O40]47 DL=5.061077, S=59� 2, pH 2.5 ± 7.0

and BPhÿ4

Mebeverine SC-ISE (for FIA) and ISE with PM (DBP) based on IA of LR 1.061072 ± 4.061076, 36

MD cations with heteropolyanions DL=3.161076, S=55± 59, pH 1.0 ± 7.2
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Spasmolytics

Papaverine ISE with liquid membrane (chlorobenzene) based on IA of MD cations LR 5.061072 ± 1.061075, S=62.6, 181

with BPhÿ4 pH 3.5 ± 5.5

PPVCM based on IA of MD cations with organic and inorganic anions LR 5.061072 ± 1.061075, 34

DL=3.761076, S=42± 56, pH 2.0 ± 6.0

Anaesthetics

Ketamine membrane with active ion-exchange sites synthesised by polymerisation directly LR 1.061072 ± 1.061075, 35

hydrochloride in the plasticiser medium (NPOE) DL=1.061076, S=59, pH 4.0 ± 8.5

Thiopental graphite SC sensor with polyurethane membrane based on IA of thiopental LR 1.061071 ± 5.061075, 269

with complexes of Co(II) and Cu(II) with batophenanthroline DL=5.061076, S=28, pH 6 ± 11

Drugs for improving blood circulation of internal organs and tissues

Cinnarizine PPVCM (DOP) with IA of MD cations with BPhÿ4 , flavianate, LR n61072 ± n61076, 198

[Cr(NH3)2(NCS)4]7 and [PMo12O40]37 DL=(1.1 ± 8.1)61076, S=27.1 ± 38.2,

pH 2.0 ± 3.3

Stimulators of central nervous system

Amphetamine PPVCM (EHS) based on neutral carriers LR 1.061072 ± 2.061076, 68

DL=7.061077, S=53± 55, pH 5.0

PPVCM with an N,N-dioctadecyl-N 0,N 0-dipropyl-3,6-dioxaoctanediamide LR 1.061072 ± 2.061076, 69

ionophore and addition of Na[B(C14H9O2F12)4] DL=1.061076, S=59, pH 5.0

Phentermine PPVCM (EHS) based on dibenzo-18-crown-6 and other ionophores with LR 1.061072 ± 2.061076, DL=7.061077, 68

addition of K[B(C6H4Cl-4)4] S=53± 55, pH 5.0 (acetic acid ±magnesium

acetate buffer)

Sulfonamides

Streptocidum PPVCM with IA of MD anions with different QAB cations LR 1.061071 ± 1.061075, 29, 275,

solubile DL up to 7.461076, S=42± 57, pH 7.0 ± 11.0 276

Sulfamethazine the same the same 29, 275,

276
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Sulfonamides

Sulfadimeth- PPVCM with IA of MD cations with different QAB cations LR 1.061071 ± 1.061075, 29, 275,

oxine DL up to 7.461076, S=42± 57, 276

pH 7.0 ± 11.0

Miscellaneous chemotherapeutic agents

Ketoconazole PPVCM (NPOE) based on IA of MD cations with BPhÿ4 or [PMo12O40]37 LR 6.361073 ± 7.161076, 180

DL=5.061076, S=72� 2, pH 3.0 ± 5.0

Clotrimazole the same LR 1.061073 ± 1.461075, 189

DL=1.061075, S=59� 2, pH 1.5 ± 2.5

Metronidazole PVC membrane with Mn(III) complex with 5,10,15,20-tetrakis[2-(2,3,4,6-tetra- LR 2.961073 ± 5.861078,

O-acetyl-b-D-glucopyranosyloxy)phenyl]porphyrin and with addition DL=5.861078, S=25± 28, pH 4.3 312

of graphite powder and epoxy resin

Perfloxacin PPVCM with IA of MD cations with BPhÿ4 LR 1.061072 ± 5.061075, S=23 200

Piperazine PPVCM (DOP) based on IA of MD cations with heteropolyanions LR 1.061071 ± 1.061074, 240

adipinate DL=3.261075, S=35, pH 3 ± 8

Quinine PPVCM based on lipophilic derivatives of tetraphenylborate LR 1.061072 ± 6.361076, 312

DL=2.561076, S=52± 59, pH 4.4 ± 8.0
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Miscellaneous chemotherapeutic agents

Oxine SC-ISE (graphite substrate) with PPVCM (DOP) and IA of MD cations LR 1.061071 ± 1.061076, 190

with BPhÿ4 DL=4.061077, S=59.0� 0.5, pH 1.8 ± 4.7

Chloroquine PPVCM with IA of MD cations with [B(C6H4Cl-4)4]7 (ISE for FIA) DL up to 5.061077, S=28± 32 226

(Lariam)

Cinchonine IA cinchonine ± picrolonate in an electropolymerised o-phenylenediamine film LR 1.361075 ± 2.561077, 288

on the gold electrode surface DL=1.061077, pH 7.0

Anticholinergic drugs

Atropine ion-selective piezoelectric microquartz sensor based on PVC membrane LR 1.061073 ± 1.061078, 168

with IA atropine ±BPhÿ4 and atropine ± dipicrylamine anion DL=5.061079, pH 3.0 ± 8.0

Hyoscyamine ISE and FIA sensors with PPVCM based on IA of MD cations with BPhÿ4 LR 1.361072 ± 1.061075, DL=3.961076, 255

and [PW12O40]37 S=56.5 ± 57.8, pH 3.0 ± 10.0

Scopolamine PPVCM with IA of MD cations with 5-nitrobarbiturate LR 1.061072 ± 1.061074 295

PPVCM with IA of MD cation with [PMo12O40]37 LR 1.061072 ± 1.061076, 243

DL=8.061077, S=54.5� 0.5,

pH 3.0 ± 7.0

Acetylcholine PPVCM (NPOE) with lipophilic derivatives of b-CD and addition DL up to 2.061077, S=60± 62, pH 7.0 80 ± 82

chloride of Na[B{C6H3(CF3)2-3,5}4]
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Table 3 (continued).

Medicinal drug Formula Membrane composition and electrode type a Major electrode characteristics b Ref.

Choline mimetic

Methacholine PPVCM (NPOE) with lipophilic derivatives of b-CD and DL up to 2.061077, S=60± 62, pH 7.0 80 ± 82

addition of Na[B{C6H3(CF3)2-3,5}4]

Miscellaneous drugs

Iopanoic IA of the acid anion with [(n-C8H17)N]+ in p-isopropylnitro- LR 5.061073 ± 5.061075, pH 12 274

acid benzene

Potassium PPVCM (NPOE) based on IA clavulanate ± bis(triphenylphos- LR 1.061071 ± 2.461073, 282

clavulanate phoranylidene)ammonium with addition of p-(tert-octyl)phenol DL=8.061074, S=59.4� 0.9, pH 4.8 ± 7.1

Saccharin tubular ISE for FIA, PVC membrane with IA of MD anions LR 2.061072 ± 1.061074, 313

with organic dye cations DL=8.061075, S=53.1� 0.4, pH 2.5

PPVCM (NPOE or DOP) with IA of Aliquat 336S cations LR 1.061071 ± 5.061075, 279

with MD anions DL=3.061075, S=59± 60, pH 4.5 ± 11.0

Sildenafil PM containing IA of MD cations with BPhÿ4 and [PMo12O40]37 LR n61072 ± n61075, S=54± 56, pH 3.0 ± 6.0 175

citrate

(Viagra)

Phenytoin surface acoustic wave selective PVC sensor LR 8.061074 ± 6.761078, DL=1.061078, 314

pH 10.0

Flecainide PPVCM based on IA of MD cations with dipicrylamine anions LR n61072 ± n61075, DL=(1 ± 830)61079, 285, 286

and dodecyl sulfate S=51± 54

a PM and PPVCM stand for the plasticised membrane and the plasticised PVC membrane (plasticiser is shown in parentheses, see Table 2; DBPhos is dibutyl phosphate), FIA is flow-injection analysis, SC-ISE is

solid-contact ISE, ISFT is ion-selective field transistor.
b LR is the linearity range of the electrode function (mol litre71); DL is the detection limit (mol litre71), S is the slope of the electrode function [mV (pC)71].
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accuracy of MD determination in the flow mode was
98.6� 2.5%. The electrode was also used in the determination
of tetraphenylborate anions at pH from 2.5 to 11.5; the
electrode function slope was 56.4 mV (pC)71, the detection
limit was 3.861076 mol litre71.

In the mercurimetric titration of barbiturates, a Hg(ClO4)2
solution was used as the titrant and an I7-ISE served as the
indicator electrode.300 The titration curve demonstrated two
jumps, the first corresponding to the stoichiometric reaction of
mercury(II) with the titrated MD and the second, to the titrant
reaction with the borate buffer solution.

Redox titration was used in the flow-injection determina-
tion of ascorbic acid, where the latter was consumed in the
reduction of IOÿ3 ions to I7 (Ref. 301). An I7-ISE monitored
the concentration of iodide ions. A specially developed com-
puter-governed system of automatic control over the ascorbic
acid content provided the automation of this procedure and the
reduction of experimental errors. This method can be used in
the acid concentration range from 7.5 to 15.0 mmol litre71

(Sr* 0.01).
The method of artificial neural networks was used in the

processing of results of potentiometric titration of mixtures of
derivatives of hydroxycinnamic acid (p-coumaric and sinapic
acids) and hydroxybenzoic acid (vanillic and isovanillic acids)
with a solution of tetrabutylammonium hydroxide in propan-
2-ol.302 A four-layer recurrent neural network with back
propagation of errors was used in the modelling of the non-
linear dependence between the analytical signal and the
hydroxy acid concentration. To test the chosen model and
train the neural network, the results of potentiometric titration
of a series of standard solutions with different concentrations
of the determined component were processed. The obtained
results served as the basis for the formation of a random data
sample, which was used in the training of the neural network.
The changes in the signal elements were normalised in a range
of 0.1 ± 0.9 according to the equation

XN � 0:1� 0:8�Xÿ Xmin�
�Xmax ÿ Xmin�

,

where XN is the normalised signal (at the input and output of
the network), X is the initial signal, Xmin and Xmax are the
minimum and maximum signal values.

The optimisation of the network architecture involved
choosing the number of layers (the input layer, one or two
inner layers and the output layer) and the number of neurons in
each layer. Two neurons were used in the input layer (the
analytical signal and the titrant volume) as the variables
independent from one another. Neurons in the inner layer
were optimised for each concrete solution and their mixture,
and the number of neurons was determined by the choice of the
neural network (this is very important, because the correctness
of the results of determination depends on the choice). The
chosen network employed the algorithm of back propagation
of errors, which allowed minimisation of the least-squares
deviation of the current output of a multilayer perceptron
from the desired output.

The developed procedure makes it possible to analyse four-
component mixtures of p-coumaric, sinapic, vanillic and iso-
vanillic acids with the total concentration of n61073 mol
litre71 by the acid ± base potentiometric titration with 0.02M

solution of tetrabutylammonium hydroxide in propan-2-ol
with the relative error of less than 5%.302

Ion associates of MD with the corresponding counter-ions
were used as the EAC in membrane ISE with liquid filling and
solid-contact ISE. Table 3 shows the data on the composition
of selective membranes and the basic electroanalytical charac-
teristics of ISE for the MD determination.

* * *

In the past 10 years, different versions of ISE (membrane ISE
with liquid filling, solid-contact and flow ISE), which can
operate under conditions of flow-injection analysis, were
developed for the determination of MD in patented medicinal
drugs and biological fluids. The composition of selective
membranesmay include both the IA ofMD cations and anions
with lipophilic counter-ions and the neutral carriers. The latter
allows one to enhance the ISE selectivity in the presence of
lipophilic ions. The linearity range of the electrode function of
ISE is usually in a range of 1071 ± 1075 mol litre71.
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Abstract.Data on the synthesis of individual and multicompo-Data on the synthesis of individual and multicompo-
nent oxides from salts with microwave initiation publishednent oxides from salts with microwave initiation published
over the last 15 years are analysed. The advantages andover the last 15 years are analysed. The advantages and
drawbacks of using microwave heating in the synthesis ofdrawbacks of using microwave heating in the synthesis of
oxide materials are noted. Criteria for the selection of chemicaloxide materials are noted. Criteria for the selection of chemical
systems formicrowave heating are proposed. The bibliographysystems formicrowave heating are proposed. The bibliography
includes 162 referencesincludes 162 references..

I. Introduction

The development of new synthetic methods that would allow
decreasing the energy expenditure and increasing the rate of
formation of the final multicomponent products is an impor-
tant problem of modern inorganic chemistry and materials
science. The rate of solid-phase reactions can be often
increased by using the starting compounds in the active state
(salt or hydroxide co-precipitation, cryochemical crystallisa-
tion, spray drying, hydrothermal treatment, etc.).1 Another
way for accelerating the reaction is additional treatment (apart
from heating, e.g., mechanochemical or ultrasonic treatment)
of reaction mixtures, which intensifies diffusion processes
in situ.2, 3 It is noteworthy that the physicochemical character-
istics of the compounds synthesised using these approaches are
not inferior to the characteristics of substances prepared by
conventional procedures and, moreover, often surpass them.

Microwave heating of reaction mixtures is a promising
method of increasing the rate of solid-phase reactions.4 ± 6

Microwave radiation is a non-ionising electromagnetic radia-
tion with a frequency of 300 MHz to 30 GHz. Microwave
heating is used to carry out important physicochemical proc-
esses such as dehydration, decomposition of salts and hydr-
oxides, synthesis of multicomponent compounds and ceramics
sintering. The time and energy expenditures in such processes

are much lower than those in conventional processes. More-
over, in some cases, microwave treatment provides results that
cannot be achieved by other methods.7, 8

Microwave treatment has a number of advantages over the
usual methods of heating of condensed media (solids and
liquids), in particular, high speed and low inertia of heating,
the absence of contact between the heated body and the heater,
the uniformity of heating throughout the whole material bulk,
the possibility of selective heating of mixture components and
high oven efficiency (50% for the ovens with radiation fre-
quency of 2.45 GHz and 85% for the ovens with radiation
frequency of 915 MHz).4 ± 7

The first studies dealing with microwave heating of materi-
als were performed in 1967. Ford 9 carried out systematic
research of the behaviour of oxides and sulfides under micro-
wave heating at a 2.45 GHz frequency. Subsequently, the effect
of microwave heating on many oxides 10 and natural miner-
als 11 has been studied.

During the last 10 ± 15 years, the number of publications
devoted to the use of microwave heating in various fields of
chemistry has increased severalfold. In particular, the synthesis
of individual and multicomponent oxides using microwave
radiation were documented. Nevertheless, despite the consid-
erable interest in this method, no attempts to generalise the
accumulated experience in using microwave heating for the
synthesis of oxide materials or to formulate the criteria for
evaluating the efficiency of microwave heating for inducing
various chemical processes have been undertaken as yet. This
review is aimed to fill this gap at least partially.

II. Foundations of the theory of interaction
of microwave radiation with the matter

In the electromagnetic radiation scale, the microwave radia-
tion is situated between the IR radiation and radiowaves and
corresponds to the wavelengths (l) from *1 m to 1 cm.12

The waves with frequencies of 1 to 30 GHz are actively used in
radars and the rest frequency range is employed in telecommu-
nication. On the basis of international agreement, frequencies
of 2.45 GHz (l& 12.2 cm) and 915 MHz (l& 32.7 cm) were
allocated for laboratory and domestic microwave ovens
(Fig. 1).

Currently, the microwave heating theory has been fairly
well developed.6 ± 9, 12 In this review, wewill restrict ourselves to
a brief description of the principal mechanisms of absorption
of microwave radiation by condensed matter, related to heat
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evolution due to dielectric loss on polarisation and to induced
currents flowing in the material.

A set of microscopic processes of interaction of electro-
magnetic waves with charged particles of the matter can
correctly be described only by means of quantum mechanical
models. Nevertheless, for description of microwave heating, it
is often sufficient to take into account the macroscopic proper-
ties of the absorbing matter, which are described in terms of
classical physics.11, 13 ± 17

Electromagnetic field affects the electric charges in the
matter, which are usually classified into free and bound. Free
charges can be carried by electrons, vacancies or ions able to
move by macroscopic distances. Under the action of an
external electric field, conduction currents appear in thematter
due to free charge migration

~Jc � sc~E, (1)

where ~Jc is the conduction current density vector, sc is the
electrical conductivity of the matter, and ~E is the electrical field
vector.

The migration of bound charges is confined to the micro-
scopic size of an atom, a molecule or a crystal cell. Under the
action of an external field, the bound charges are merely
displaced from their equilibrium states giving rise to macro-
scopic polarisation. If no free charge carriers are present, the
substance is a dielectric and its capacity for polarisation is
determined by the relative dielectric permittivity (eb)

~Pb � eb ÿ 1� �e0~E, (2)

where ~Pb is the polarisation vector resulting from bound
charges (electrical dipole moment of the unit volume of the
substance), e0 =1079/36p (F m71) is the dielectric permittiv-
ity of vacuum.

In the case of an alternating field, the displacement of the
bound charges from the equilibrium states is time-dependent;
this implies effective movement of charges and, hence, an
alternating electric current

~Jb �
q~Pb

qt
, (3)

where ~Jb is the polarisation current density.
Thus, in an alternating field, the separation of effects

related to the migration of free and bound charges is rather
arbitrary.

Currents of any nature in the matter give rise to heat
evolution. In the case of high-frequency fields, it is convenient
to use field period-averaged characteristics. Therefore, the
expression for the power of heat source per unit volume (q)
can be written as follows:

q � ~J ~E

 �

, (4)

where~J � ~Jc �~Jb is the total electric field density vector in the
matter.

In general due to the inertia of free and bound charge
carriers the conduction current and the polarisation vector lag
behind the electric field in phase. These effects are often
formally described using the so-called complex amplitude
method in which all oscillating values are given by

~E � Re ~Eo exp iot� �� �
, (5)

~J � Re ~Jo exp iot� �� �
,

etc., where o is the field circular frequency, t is time, i is the
imaginary unit, the values with the subscript o designate the
corresponding complex amplitudes. In the complex form,
Eqns (1) and (2) are represented as follows:

~Jco � sc o� �~Eo , (6)

~Pbo � eb o� � ÿ 1� �e0~Eo ,

where sc o� � � s0c o� � ÿ is00c o� � and eb o� � � e0b o� � ÿ ie00b o� � are
the complex values describing the above-mentioned phase lag
of the conduction current and the polarisation vector behind
the electric field strength. In the microwave range, the depend-
ence sc o� � and its imaginary part can be neglected for the vast
majority of materials, taking that sc o� �% sc. The dependence
eb o� � and its imaginary part are determined by the type and
properties of the bound charges in the dielectric and can be
substantially different for different substances.

Within the complex amplitude formalism, Eqn (4) can be
written in the form

q � 1

2
oe0e

00j~Eoj2 �
1

2
oe0e

0
btandj~Eoj2, (7)

where e00 � e00b � sc=oe0 is the imaginary part of the equivalent
dielectric permittivity of a substance, e0 is its real part,
tand: e00=e0b is the dielectric loss tangent.

If the substance has pronounced magnetic properties, a
term corresponding to the specific power of heat evolution
caused by dissipative processes upon magnetisation should be
introduced into Eqn (7)

q � 1

2
oe0e

0
btandj~Eoj2 �

1

2
om0m

00j~Hoj2, (8)

where m0 is the magnetic permittivity of vacuum, m00 is the
imaginary part of the magnetic permittivity of the substance,
~Ho is the magnetic field strength complex amplitude.
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Figure 1. Electromagnetic scale.12
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It can be seen from Eqn (8) that the intensity of heat
evolution in a sample being treated depends on many factors,
in particular, on electrophysical properties of the material, the
frequency and the intensity of the applied field. Note that this
equation implies circumstantially the dependence of the heat-
ing efficiency on various parameters including the geometric
size of the treated sample and the resonator cavity. As
characteristics of the microwave treatment system largely
depend the field amplitude in the sample, they also affect the
heat evolution in its body. For irradiation of a sample with a
flat electromagnetic wave with all parameters except e00 being
fixed, the highest heating power is observed at some e00 value
specific for the given substance. Below this value, the wave
would pass through the sample without being significantly
absorbed, while above this value, the wave would be largely
reflected from the sample.

When selecting the conditions for microwave heating, it is
important to take into account the depth of penetration of the
electromagnetic wave into the substance under treatment. This
factor greatly affects the distribution of the field amplitude in
the sample and, hence, uniformity of heat distribution.18 ± 21

If the depth of field penetration into the matter (dE) is
defined as the distance at which the field strength decreases
e-fold (e is the Napierian base), then

dE �
l

p
�����������������������������������������
2e0�

��������������������
1� tan2d
p

ÿ 1�
q . (9)

If tand55 1, then

dE �
l

p
����
e0
p

tand
. (10)

Thus, an increase in frequency entails an increase in not
only the heating power but, unfortunately, also in the heating
non-uniformity; this may imply overheating of the outer layers
of the sample. The penetration depth of the microwave field
into material can vary over broad ranges, from several microns
to several metres. For example, at 25 8C, the penetration
depths of the radiation with 2.45 GHz frequency into copper
and graphite are 2.6 and 38 mm, while those into epoxide resin
and alumina are 0.73 and 187 m, respectively. If the geometric
size of the sample is much larger than the penetration depth of
the microwave radiation, heating of the sample will be non-
uniform.

It is noteworthy that the dE value characterises the heat
treatment depth only to a first approximation, because the field
penetrates to a greater depth, and its energy may be sufficient
for the required heating effect. The dielectric parameters of the
matter, and, hence, the penetration depth depends on temper-
ature and can change during heating. Thus, the depth of heat
treatment during given technological process can be deter-
mined exactly by solving the problem of temperature field in
the volume of sample. It is important not only to choose the
optimal frequency and amplitude of the electromagnetic field,
but also to select the resonator geometry.

In standard domestic microwave ovens with a rectangular
resonator (these ovens are still used in most experiments),
materials with medium conductivities, i.e., semiconductors,
oxides with mixed metal oxidation states, and some powdered
metals, are heated more efficiently than good conductors
(some metals) or dielectrics (oxides and halides) (Table 1).

This effect may be due to the fact that dielectric losses at
room temperature are low for insulators; therefore, no effective
heating takes place, although the microwave field penetrates to
a high depth. In the case of metals, the microwave radiation is
considerably reflected.9 Thus, effective heating of substances
with low or, conversely, high e00 values requires selection of

optimal geometric parameters of the resonator. It is often a
complicated engineering problem.

In heterogeneous systems containing phases with different
dielectric properties, an external electromagnetic field may
produce charges at interfaces (the Maxwell ±Wagner effect).
It has been shown 22 that the simplest and most correct
description for this type of polarisation is provided by the
model of spherical particles of a highly conducting phase
distributed uniformly in a dielectric. The reactive component
of the dielectric permittivity of such a system can be described
by the equation

ei
00 � �9Veomax�ot

1:86 1010s�1� o2t2� , (11)

where V is the volume fraction of the dispersed phase; omax is
the circular frequency of the electromagnetic field correspond-
ing to the maximum loss for the dielectric phase; t is the
relaxation time of the dielectric (the time span during which the
system returns to the equilibrium state after removal of the
electromagnetic field); s is the conductivity of the dispersed
phase. This model was verified experimentally using paraffin
with dispersed isotropic particles of copper phthalocyanine as
a semiconductor.23 A good correspondence between the theo-
retical and experimental results was noted (Fig. 2).

Unfortunately, the contribution of the Maxwell ±Wagner
effect to the solid- and liquid-phase transformations occurring
under microwave irradiation has not been quantitatively

Table 1. Efficiency of microwave heating of substances with different
types of conduction (radiation frequency 2.45 GHz, power 800 W).9, 10

Substance Resistivity /O m T /8C Heating

duration /min

Metal powders

Al 1078 ± 1076 577 6

Co 1078 ± 1076 697 3

Cu 1078 ± 1076 228 7

Fe 1078 ± 1076 768 7

Mg 1078 ± 1076 120 7

Mo 1078 ± 1076 660 4

Semiconductors

FeS2 1075 ± 1073 1019 7

PbS 1075 ± 1073 956 7

CuFeS2 1075 ± 1073 920 1

Oxides with mixed oxidation states

Fe3O4 1074 ± 1072 1258 3

Co3O4 1074 ± 1072 1290 4

NiOx 1074 ± 1072 1305 6

Graphite *10 1300 4

Alkali metal halides

KCl 104 ± 105 31 3

KBr 104 ± 105 46 1

NaCl 104 ± 105 83 7

NaBr 104 ± 105 40 4

LiCl 104 ± 105 35 1

Oxides

SiO2 104 ± 1014 79 7

Al2O3 104 ± 1014 78 4

Salts

KAlSi3O8 104 ± 1014 67 7

CaCO3 104 ± 1014 74 4
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estimated as yet. Nevertheless, in some studies (see, for
example, Ref. 12), it was suggested that surface polarisation
is responsible for the so-called `non-thermal' effects of micro-
wave treatment resulting in acceleration of processes in a
microwave field.

Apart from the above-described features of the propaga-
tion ofmicrowave radiation and its interactionwith thematter,
an important role in microwave heating is played by thermo-
physical properties of the sample, because the efficiency and
uniformity of microwave heating depend on not only the
dielectric properties of the material, but also its ability to
dissipate the evolved heat throughout the bulk. Thus a main
cause of non-uniform heating is the sharp increase in the
dielectric loss factor with temperature. The rate of heat
dissipation in the sample bulk is insufficient, and areas with
higher temperature characterised by more intense absorption
ofmicrowave radiation appear in the sample (the so-called `hot
spots'). Thus, despite the widely accepted view that microwave
heating produces uniform dissipation of heat throughout the
sample bulk (see above), one should thoroughly select the
experimental conditions to avoid sharp temperature differ-
ences within the sample.24 ± 26

When performing any experiments on microwave heating,
it is necessary to take into account the following properties of
the sample material.

1. Electronic and ionic conduction. There exists an optimal
range of electronic conduction that ensures the most efficient
interaction of the matter with the microwave field: good
insulators are transparent for the microwave field, while
substances with high electronic conductivity (metals) reflect
microwave radiation. Analysis of published data on micro-
wave heating of substances with high ionic conductivity
demonstrated that these substances possess rather high absorp-
tion capacity. The absence of substances reflecting microwave
field due to high ionic conductivity is attributable to the too
low concentration of free ionic charge carriers and their
relatively low mobility even in the best ionic conductors.

2. Dielectric permittivity and dielectric loss factor. There
exists an optimal range for the dielectric loss factor, which
determines the absorption capacity of a substance; an increase
in this factor entails a decrease in the depth of penetration of
the microwave field into the sample. Thus, the more efficiently
the substance absorbs, the smaller is the sample that can be
heated in a microwave field without formation of temperature
gradients within the sample bulk. It should be borne in mind
that at low temperatures the contribution of dielectric losses to
microwave heating is quite insignificant formost of substances.

3. Heat conductivity. Heating of substances with low heat
conductivity usually produces local overheating giving rise to

above-mentioned `hot spots', because the evolved heat has no
time to dissipate uniformly throughout the bulk. Uniform
microwave heating requires a relatively high heat conductivity
of the sample. The more efficiently the substance absorbs and
the more pronounced is the temperature dependence of the
absorption capacity, the higher heat conductivity is expected
for this substance.

Thus, one can define the main criteria for the selection of
chemical systems for microwave heating and the range of
problems that can be solved using this way of heat supply to
condensed matter.

1. Non-uniform temperature distribution within the sam-
ple bulk can be avoided if the microwave-treated substance has
rather high heat conductivity. In each particular case, it is
necessary to determine experimentally the maximum dimen-
sions of the sample of a given substance (or a mixture of
substances) that can be heated uniformly throughout the whole
bulk without formation of pronounced temperature gradients.

2. The substances that can be heated by microwave radia-
tion should possess either a high dielectric loss factor (i.e., they
should contain mobile dipoles with a relatively high dipole
moment) or a high electronic, hole or ionic conductivity at the
experimental temperature. It is noteworthy that for specific
conductivity of less than *1075 O m, the sample starts to
reflect the microwave radiation. The dielectric properties
depend on temperature and, hence, the absorption mechanism
can change during heating not only upon chemical trans-
formations in the sample, but also due to a change in the
parameters of microwave radiation absorption by the sample.

It is evident that dipole fragments with zero effective charge
have the highest mobility in the crystal structure. Among
inorganic compounds, water meets best of all the above
requirements (high mobility of molecules and high dipole
moment). The Rehbinder classification, which is based on the
work of isothermally reversible detachment of one mole of
water from the material framework, distinguishes three main
types of binding of water in solid systems: physicomechanical
(for example, capillary water), physicochemical (for example,
adsorption water) and chemical binding (water of crystallisa-
tion, hydroxy groups). Chemically bound water is most inter-
esting for solving synthetic problems, because this is
characterised by the highest energy of detachment from the
crystal lattice (from 20 to 80 kJ permole ofH2Oapproximately
depending on the number of watermolecules removed from the
crystal structure), and the supply of this amount of energy
often results in decomposition of the dehydrated substance.
Thus, salt crystal hydrates and hydroxides appear promising
precursors for the microwave synthesis of oxide compounds.

Analysis of published data on the use of microwave heating
for the synthesis of inorganic compounds has shown that,
despite the large number of publications, no information that
allows predicting the efficiency of the use of microwave
radiation for heat treatment of chemical systems is available.
Most papers discuss experimental data; the choice of starting
reactants for the synthesis is not substantiated, and the
discussion of the results concerns the microstructure and the
structure-sensitive properties of the products but does not
include any fundamental conclusions about their dependence
on the physicochemical properties of the starting compounds,
the way of organisation of the reaction area, or on the
mechanism of interaction of microwave radiation with the
sample.

Therefore, of particular interest are papers dealing with the
theoretical substantiation of the microwave action on a sub-
stance. In most studies of this type, augmentation of mass
transfer upon microwave treatment is attributed both to uni-
form heating of the whole sample bulk and creation of the
reversed temperature gradient and to specific `non-thermal'
mechanisms of microwave field action on diffusion processes.
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Figure 2. Frequency dependences of the reactive component of the

dielectric permittivity of the copper phthalocyanine ± paraffin system.23

(1) Experimental data, (2) calculation by the Maxwell ±Wagner model.
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A theoretical substantiation 27 ± 29 of the `non-thermal'
activation of mass transfer under the microwave treatment
has been proposed.{ Consider one-dimensional diffusion of a
substance in an alternating electromagnetic field. In this case,
mass transfer equation has the form

qc
qt
� D

q
qx

qc
qx
ÿU�t� qc

qx

� �
. (12)

The additional term U(t) depends on external field parameters
U(t)= qE cos(ot/kT ), where q is the ion or vacancy charge, o
is the circular field frequency, k is the Boltzmann constant, T is
temperature.

No analytical equation relating the rate of mass transfer to
the electromagnetic field strength and frequency can be derived
for the case of three-dimensional diffusion. However, approx-
imate solution provides the conclusion that the most pro-
nounced influence of the microwave field should be expected
at an early stage of the solid-phase process and at short
diffusion distances. As the time of action of microwave
radiation increases, the process gradually becomes steady-
state, and according to Bokhan,27 the contribution of the
electromagnetic field to the driving force of diffusion rapidly
decreases. In conformity with thismodel, the diffusion fluxes in
the matter are directed from regions with high electric field
strength to regions with low electric field strength.
The diffusion processes are fairly intense, resulting in redis-
tribution of the electromagnetic field strength and, hence, in a
change in the direction of diffusion fluxes. As a consequence,
the rate of solid-phase processes increases and the temperature
of the process onset decreases.

Unfortunately, this approach is too simplified for the
mathematicalmodelling of processes taking place undermicro-
wave heating of solid systems, and the experimental verifica-
tion of the assumptions made by Bokhan 27 is today
impossible.

Another approach to the theoretical substantiation of the
`non-thermal' effects of microwave heating has been
reported.30 ± 32 It was assumed that a high-frequency electro-
magnetic field should create fluxes of charged species (ions or
vacancies) in the matter, their intensity being changed in
parallel with the strength of the external electromagnetic
field. Within the sample bulk, these fluxes counterbalance one
another and the overall concentration of charged species
remains spatially uniform; however, near the surfaces, discon-
tinuity of the medium gives rise to harmonic oscillations of the
charged species concentrations the frequency of which coin-
cides with (or is close to) the electromagnetic field frequency
(Fig. 3).

It has been asserted 30 that oscillations of this type produce
uncompensated fluxes of charged species along any extended
crystallite imperfections (free surfaces, phase interfaces or
grain boundaries). In the opinion of the researchers cited, this
is responsible for the fact that microwave treatment does not
increase the rate of charged species migration, but creates an
additional driving force for diffusion (F ), which is defined by
the following expression:

F � ci
c0i

qiE, (13)

where ci is the concentration of the ith sort of charged species at
the crystallite boundary under the action of an external
electromagnetic field, c0i is the concentration of the i th sort of
charged species at the crystallite boundary in the absence of an

external electromagnetic field, qi is the charge of the i th sort of
charged species.

According to this theory, the more dispersed the system
under treatment, the stronger the `non-thermal' microwave
effects. The effect of an external electromagnetic field on the
ionic current in the NaCl crystal was studied in order to
confirm this hypothesis (Fig. 4).32 It was stated that the
experimentally detected change in the ionic current density in
the NaCl crystal located in an external electromagnetic field is
equal to the calculated gain in the ionic current induced by the
microwave field.

It is clear that the proposed model of the 'non-thermal'
microwave effects on the diffusion processes can hardly be
practically verified. Indeed, it is not clear whether the experi-
ment mentioned above (see Fig. 4) allows one to draw unam-
biguous conclusions about the change in the mass transfer
mechanism during the solid-phase reaction under microwave
heating. In any case, verification of this model requires addi-
tional experiments.

III. Design and key principles of operation of
microwave heating systems

Almost all microwave heating facilities are designed according
to a chart shown in Fig. 5. The microwave energy comes out of
the source through transmission line and is directed to the
working chamber into which the sample is supplied through a
loading system. The fraction of energy absorbed by the sample
depends on the sample size and electrophysical characteristics
briefly considered above. The microwave treatment parame-

{ The information was partially gained from a Yu I Bokhan's private

communication.
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ters are controlled by the control system. Some devices
envisage a `feedback', which allows the change in the supplied
power during heating following a change in the sample temper-
ature (or pressure in the case of treatment in an autoclave).{

Currently there is no generally accepted classification of
microwave heating facilities. Arkhangelskii 11 proposed a clas-
sification (Fig. 6) in which the power, the design, the mode of
operation and the technological purpose of the setup were
taken as the determining features. Detailed consideration of
the operation principles and the possible designs of microwave
heating devices is beyond the scope of this review; therefore, we
will present only a brief analysis.More detailed information on
this topic can be found elsewhere.7, 11, 12, 19, 20 The designs and
the main operation principles of magnetron systems will be
considered in somewhatmore detail, becausemost studies have
been performed using domestic microwave ovens or devices
based on them. An important part of the microwave heating
device is the working chamber in which the sample is treated.
When designing or choosing the working chamber, it is
reasonable to consider its dimensions, the pattern of field
distribution and type of transmission line as the principal
parameters (Fig. 7).

Magnetron is used most often as the microwave radiation
source for the synthesis and sintering of oxide materials.
Among other sources, mention should be made of gyrotron

systems with a radiation frequency of *30 GHz designed at
the Institute of Applied Physics of the RAS, klystron tubes and
microwave triodes.20 Due to the high radiation frequency,
treatment in gyrotron systems is more efficient and less
sensitive to the electrophysical characteristics of the material.
The gyrotron microwave heating systems are fairly promising
for syntheses and especially for sintering. Unfortunately, the
complexity of the design and high cost of gyrotron systems
hamper their extensive use in scientific practice.

On the one hand, devices based on domestic microwave
ovens are used most widely, but on the other hand, they are
least adapted for experiments under definitely specified and
reproducible conditions. Therefore, it is expedient to consider
the operation principle of domestic microwave ovens and the
key parameters affecting the operation, in order to find
whether it is possible to carry out experiments under controlled
conditions in these ovens and what should be done to achieve
this goal.

The magnetron used in domestic microwave ovens is a
cylindrical diode ontowhich amagnetic field directed along the
cathode is applied. The potential between the cathode and the
anode representing a ring of linked cavity resonators reaches
several thousand volt. In the non-adjustable magnetron, the
oscillators are designed in such a way that they emit energy
with a particular frequency. Most domestic microwave devices
make use of non-adjustable magnetrons with an output
frequency of 2450� 13 MHz. This magnetron consumes
*1200 W from the supply line; this is converted into a 600 W
electromagnetic power output. The rest is converted into heat,
which is dissipated by air cooling. The designs of magnetrons
and other microwave emitters are described in detail in
specialised literature (see, for example, Refs 7, 19 and 20).

In estimation of the power of domestic microwave systems,
the averaged rather than the full output power of magnetron is

generator

power unit

Source

control
system

transmission
line

working
chamber

loading system

Figure 5. Microwave heating unit.11
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used. The magnetron duty factor, i.e., the ratio of the time the
magnetron is switched on (t1) to the sweep time (ts), is used for
this purpose. Thus if t1=5 s and ts=10 s, the duty factor is
0.5. Hence, in order to obtain the average radiation power of
300 W (half of the output power), the magnetron of domestic
microwave oven should be switched on during some time t1 and
switched off during time t2 . Domestic microwave ovens
usually have the sweep time equal to

ts= t1+ t2=10 s.

This long sweep time is undesirable for microwave heating
of substances and materials, because with magnetron being
switched off for a long period (5 s for a duty factor of 0.5), the
loss of heat can be rather high. Most of laboratory microwave
heating equipment have shorter sweep times, which is much
more convenient for experiments, especially for heating of
solids. Many modern facilities provide for the fine power
adjustment without switching-off the magnetron.

The full output power of the magnetrons of domestic
microwave ovens is usually about 600 ± 700 W. A simple
method for its determination is to measure the temperature of
a fixed mass of water able to absorb almost all energy supplied
to the resonator. Usually, the apparent output power is
determined by measuring the temperature of 1 litre of water
heated during 2 min at the full magnetron power.

Equation for the calculation of the apparent output power
(P /W) has the form 4

P � Kcp
DTm
t

, (14)

where K is the conversion factor of the thermodynamic
units cal min71 into Watts; cp is the specific heat
capacity /cal deg71; DT � Tf ÿ Ti (the difference between
the final and initial temperatures /8C);m is the sample mass /g;
t is time /s. If the heated substance is water, Eqn (14) can be
simplified

P � 35
DTm
t

, (15)

where the numerical multiplier includes the conversion factor
and water heat capacity. The correctness of power determina-
tion depends on the arrangement of sample inside the reso-
nator and on the identity of the containers used. Since energy
scattering by a dielectric and energy loss as radiation depend on
temperature, the same initial temperature and approximately
equal differences DT should be used. Power determination is
most accurate if the initial temperature of water is equal to
20� 2 8C.

The output power of themagnetron ismarkedly affected by
the overheating due to reflection of a part of radiation back to
the magnetron. The modes that ensure energy transfer from
one medium to another without reflection are called wave
coupling match. A mismatch may result in magnetron over-
heating, loss of output power or even failure of themagnetron.4

For magnetron protection in case of wave coupling mismatch
and for reaching the required output power, devices that
eliminate reflection of microwave radiation have been
designed. Domestic microwave ovens are usually devoid of
such devices, but they are stipulated in industrial microwave
systems. The device used most often is the output circulator
(ferrite valve or the Faraday isolator), which allowsmicrowave
radiation to propagate in the forward direction but directs the
reflected radiation to an absorber located outside the resona-
tor, which is a heavy ferrite rod where energy dissipates as heat
without damaging the microwave device.7 The magnetron-
generated microwave radiation is transmitted to the working
chamber (resonator) by means of a waveguide made of a
reflecting material, for example, a metal sheet.

Considering the working chamber classification shown in
Fig. 7, one can see that the working chamber of a domestic
microwave oven is a rectangular resonator with stationary
waves. In such devices, it is often rather difficult to achieve
uniform heating of a sample. In most domestic devices, this
problem is solved using a rotating sample holder (usually, as a
dish). There exist rotating holders that continuously rotate by
3608 and cyclic holders rotating in both directions by 1808.
Alternating rotation is used when the sample has various
detectors attached. Unfortunately, all these methods for equal-
isation of the field energy density throughout the resonator
volume do not ensure uniform heat treatment of the sample.11

In conclusion of this Section, we will consider a highly
important problem of temperature measurement during
microwave heating of the sample. Correct measurement of
the process temperature is a very complicated problem.
A faulty way of introducing a temperature indicator and
perturbations induced by themicrowave field on themeasuring
instrument may give rise to substantial errors in the temper-
ature measurement and, hence, in the evaluation of the
efficiency of microwave heating.

The use of conventional bimetallic thermocouples is pre-
cluded under microwave heating conditions, because a high-
frequency electromagnetic field generates additional currents
in the thermocouple and induces disturbance on measuring
devices. In addition, the introduction of ametallic item into the
resonator changes the distribution of the microwave field
power, which may result in local overheating.4 The only
solution to this problem is the use of a screened thermocouple
grounded to the resonator wall. It is necessary to determine
beforehand the position at which the thermocouple would not
disturb the uniform distribution of microwave energy over the
resonator volume. Currently, the patterns of electromagnetic
field distribution over resonators with different geometries
have been determined both experimentally and by calculations.

If the sample is relatively large, the gradients formed upon
microwave heating preclude the possibility of accurate charac-
terisation of the sample temperature using only one detector.
Accurate temperature measurement requires a good contact
between the sample and the measuring detector, which may
pose problemss if the sample changes its volume or moves
during the experiment. The use of other contact methods of
temperature measurement is markedly complicated by such
effects as indicator heating, screening and local overhearting at
the site of detector contact with the heated body.5, 9 When
optical devices are used for temperature measurement, it is
necessary to establish an accurate correlation between the
radiating power of the sample in the given wavelength range
and the sample temperature. Apart from temperature, the
radiation intensity depends on the state of the sample surface
and on the sample homogeneity. If the optical device for
temperature measurement and the heated item are separated
by a barrier (for example, in domestic microwave ovens, the
working chamber door is usually made of metallic grid), it is
necessary to take into account attenuation of the radiation
from the heated item, as part of radiation is absorbed by the
barrier. It should be borne in mind that the attenuation factor
depends appreciably on the radiation wavelength. These diffi-
culties can be overcome by using a pyrometer, which measures
the temperature based on the ratio of radiation intensities of
the sample at two different wavelengths.

IV. Use of microwave heating for the synthesis
of individual and complex oxides

It was noted above that microwave radiation is a promising
alternative to usual heating for performing various processes
including sintering, dehydration, decomposition of salts and
hydroxides for the synthesis of individual andmulticomponent
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compounds, solid-phase and liquid-phase syntheses.7 A rather
well-developed theory allows one to predict how efficiently a
particular substance will absorb microwave radiation. Never-
theless, in practice, it is very difficult to predict the system
behaviour in a microwave field. This is mainly due to the fact
that electrophysical characteristics that determine the absorp-
tion capacity of substances are highly temperature-dependent:
as the substance is being heated in a microwave field, its
absorption capacity continuously changes. Exact account of
this phenomenon is complicated, and data on the temperature
dependence of the absorption capacity have been fully accu-
mulated to date only for a limited range of compounds. Apart
from the electrophysical characteristics, the heat conductivity
and heat capacity of substances and, in many cases, also their
micromorphology also change during heating. The change in
these parameters affects the absorption of the microwave
energy by the substance. Elucidation of the influence of each
of the listed parameters on the system behaviour in a micro-
wave field is hardly possible; however, since these character-
istics change rather smoothly and monotonically, the heating
dynamics can be roughly estimated.

This task becomes much more difficult if chemical proc-
esses take place in the system during heating. Upon changes in
the chemical and phase composition, electrophysical charac-
teristics of the system change jumpwise and often uncontrol-
lably. As the temperature rises, the sample properties also
change. Therefore, it is almost impossible to predict the
absorption capacity of the system in which a chemical reaction
occurs. This accounts for the lack, in the vast majority of
publications, of data on the system behaviour under micro-
wave treatment or attempts at its targeted use for performing
processes with allowance for this information.

From the chemical standpoint, sintering is the simplest
process; it is not by chance that this application of microwave
heating is best studied. Most often, sintering does not change
the chemical or phase composition of the sample; the change in
the absorption capacity is mainly due to a change in density
and grain composition during heating. These characteristics
change rather monotonically; therefore, in most cases, one can
control sintering to achieve specified results.

Starting with the1970s, a large number of publications have
been devoted to the use of microwave heating for sintering of
various materials ranging from weakly absorbing compounds
(Al2O3 , TiO2) to compounds that actively interact with the
microwave field even at room temperature (SiC, TiB2 ,
B4C).33 ± 66 The main advantages of microwave-assisted sinter-
ing include high rate and uniformity of heating. This gives rise
to ceramics with a more homogeneous microstructure com-
pared to ceramics produced by traditional methods.67, 68

Thirty years ago the first experiments on sintering of
alumina and zirconia in a microwave unit with a radiation
frequency of 2.45 GHz were carried out.33 This demonstrated
both the advantages (high rate of sintering, uniform heating of
the whole sample bulk) and specific drawbacks (complexity of
temperature measurement and risk of local overheating) of
microwave heating. Subsequently, microwave sintering of
b-alumina has been studied.34, 35 It was found that microwave
treatment leads to substantial (severalfold) decrease in the
sintering time required to reach a nearly theoretical density of
the material. Nevertheless, no fine-grain ceramics with a
narrow grain size distribution have been obtained in these
studies.

The temperature and time dependences of the density of
yttrium and cerium oxide-doped zirconia samples during
sintering in a microwave oven and in an electric resistance
furnace have been considered.36 In the case of low-temperature
exposure, samples sintered in a microwave oven had higher
density. Nevertheless, nearly theoretical densities are attained
in both cases only at temperatures of about 1500 8C. Gener-

ally, the change in the time dependences of sample densities
indicates that microwave-induced sintering proceeds at an
appreciably higher rate. In addition, samples with equal
densities are characterised by much smaller crystallites when
sintered in amicrowave field. Experiments onmicrowave field-
induced sintering of alumina powders have been
described.37, 41, 42 It was shown that densities and microstruc-
tures of samples sintered in amicrowave oven and in an electric
resistance furnace are actually equal. Upon comparison of the
results of these studies, one can suggest that the influence of
microwave heating on the grain shrinkage and growth during
sintering is manifested to a higher extent in substances with
ionic conduction than in dielectrics. This probably can be
attributed to intensification of diffusion processes caused by
microwave field excitation of ionic currents in samples possess-
ing ionic conduction.

Apart from papers devoted to microwave heating of
alumina, titania and zirconia, a large number of publications
dealing with sintering of oxide powders with complex compo-
sitions have appeared in recent years.Microwave radiation has
been successfully used 44, 45 for sintering of lead zirconate
titanate- and mixed niobium and magnesium zirconate-based
powders (PZT and PMNT, respectively) used as piezoelectrics.
Note that the use of a microwave system with a magnetron
operating at 2.45 GHz 44 did not result in better ceramic
properties compared to those obtained by conventional sinter-
ing techniques. Meanwhile, ceramics with much more uniform
size distribution of crystallites was produced using a gyrotron
system with radiation frequencies of 30 and 83 GHz. Micro-
wave heating was also successfully used for sintering of nano-
crystalline hydroxylapatite powders.46 The compacted samples
reached a density of 95% of the theoretical after a 5-min
treatment and 98% after a 15-min treatment, and the micro-
hardness of the ceramic samples was as high as
5.9� 0.8 GPa.46

Manganese nickel, nickel zinc and nickel copper zinc ferrite
powders were sintered using a high-power (3 kW) microwave
radiation with a 2.45 GHz frequency.47, 48 The microstructure
and the magnetic properties of the ceramic samples thus
obtained were not inferior to the properties of samples
annealed in a conventional furnace. The degradation during
annealing is much slower for ceramics with a `microwave'
prehistory. The ceramics thus formed was used for the design
of multilayer chips the magnetic properties of which were not
inferior to the properties of chipsmanufactured using standard
industrial processes, while the manufacture time was signifi-
cantly reduced.

It is noteworthy that owing to the relative ease of changing
the electrophysical characteristics of a sample during sintering,
it is often possible to distinguish and describe the specific
effects of microwave treatment. Many researchers noted a
considerable decrease in temperature duringmicrowave sinter-
ing with respect to control experiments carried out using an
electric resistance furnace. The most significant result was
attained by Janney and Kimrey,52, 53 who managed to reduce
the sintering temperature of an Al2O3 powder by 400 8C using
radiation at 28 GHz. The decrease in the sintering temperature
of ZrO2 ,54, 55 ZrO27Al2O3 composite ceramics 56 andLaCrO3

(Ref. 57) was also reported. Similar results were obtained for
sintering of ceramics based on oxygen-free compounds, for
example, B4N (Ref. 58) and Si3N4 .59, 60 Analysis of published
data showed that the decrease in the sintering temperature is
more pronounced at higher frequencies of electromagnetic
radiation.61, 62 A considerable decrease in the sintering temper-
ature can be achieved for microwave heating of dielectrics or
ionic conductors but not for electronic conductors, which
suggests the influence of the microwave field on the diffusion
processes taking place during sintering of powders.5, 63, 64

Unfortunately, the validity of such assumptions largely
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depends on the correctness of temperature measurement in the
microwave field. In most cases, even using screened thermo-
couples and fibre optic systems for temperature measurement,
one cannot state unambiguously that a significant lowering of
the sintering temperature was attained during microwave
heating. Indeed, a very thorough investigation of the sintering
of stabilised ZrO2 was carried out.69 The sample shrinkage was
monitored by dilatometric measurements in situ. It was shown
that themicrowave effect that cannot be reduced to the thermal
component does actually exist; however, its contribution is
moderate: under identical conditions, shrinkage in a micro-
wave field to the same density as in the case of heat treatment
takes place at a 50 ± 80 8C lower temperature. In addition, the
contribution of the `non-thermal' factor decreases with an
increase in the temperature. This was attributed 69 to the
decrease in the field strength within the sample with an increase
in the temperature. Thus, the results of studies published in
Refs 52 ± 57 appear to be not quite reliable, as the temperature
measurement during sintering was, most likely, improper.

Many researchers totally deny the fact of lowering of the
sintering temperature in a microwave field. For example,
Levinson et al.,65 who studied sintering of zinc oxide powders,
did not notice any substantial difference between the sintering
time in a microwave field and in an electric resistance furnace.
In a study 39 devoted to the microstructure and the ionic
conduction of yttrium oxide-doped ZrO2 ceramics sintered in
a microwave field, no significant differences were noted
between the microstructures and properties of samples
obtained by microwave treatment and in an electric resistance
furnace, except for some decrease in the sintering time.
In another publication,40 it was concluded that the difference
between the properties of ceramics obtained bymicrowave and
conventional sintering is insignificant.

In view of these different opinions, one can suggest that the
effect of microwave treatment on the sintering processes
depends appreciably on the chemical nature of the sample, in
particular, the type of conduction. On the one hand, micro-
wave and thermal sintering of dielectrics and substances with
considerable electronic conduction almost do not differ, but on
the other hand, the rate of compaction of clear-cut ionic or hole
conductors is much higher in a microwave field.

On passing to more complex processes, namely, to the
synthesis of individual oxides by decomposition of salts or
hydroxides, it is much more difficult to control the absorption
properties of the sample and to identify the effect of microwave
radiation on the processes. During the synthesis of individual
oxides, microwave radiation is mainly used in order to obtain
more uniform grain-size composition of the resulting powders
and a smaller average particle size. A few papers are devoted to
the synthesis of oxide particles with a controlled habit. For
example, star-likeCu2Oparticles were prepared bymicrowave-
assisted treatment of a copper sulfate solution with sodium
hydroxide in the presence of a complex composition containing
a surfactant and ascorbic acid as the reducing agent.70 Well
crystallised copper oxide was prepared by hydrolysis at 95 8C.
On the basis of these results, it was concluded that the particle
size distribution and habit depend appreciably on the method
of heating and on the concentration of a copper sulfate
solution. Conventional heating gives rise to cubic copper(I)
oxide crystallites with a rather broad size distribution. The use
of microwave heating results in practically monosized star-like
crystallites. An increase in the concentration of the starting
solution of copper sulfate in both cases resulted in particles
with a nearly spherical habit. This was attributed to enhance-
ment of the homogeneous nucleation in the case of microwave
heating, which suppresses secondary nucleation and promotes
fast uniform growth of the nuclei.

The synthesis of zirconia powders by hydrolysis of aqueous
ethanolic solutions of zirconyl chloride undermicrowave treat-

ment has been described.71, 72 The uniformheating of thewhole
bulk of the solution in the microwave field afforded ZrO2

powders with spherical particles having a monomodal size
distribution. It is of interest that, as in the study of Fetter
et al.,73 microwave heating resulted only in the tetragonal
ZrO2 modification. However, in another study,74 the mono-
clinic modification formed under similar conditions.

Nanocrystalline tin(IV) oxide 75 and SnCl2 ± graphite com-
posites 76 were synthesised by hydrolysis of a saturated solution
of tin(IV) chloride. The authors emphasised that tin oxide
prepared by these procedures is formed in the nanocrystalline
state only when microwave heating is used. In their opinion,
this is due to acceleration of the olation ± oxolation processes in
amorphous precipitates under microwave treatment and also
to the fact that owing to the uniform heat supply, nucleation
predominates over the growth of nuclei.

The synthesis of NiO, ZrO2 and CeO2 powders by micro-
wave-assisted hydrolysis of aqueous solutions of the corre-
sponding metal salts in the presence of urea has been
described.77 It was shown that uniform heat supply to the
heated solution produces oxide powders with spherical par-
ticles with a narrower size distribution compared to powders
obtained by hydrolysis with conventional heating (Fig. 8).

Spatz et al.78 prepared titanium dioxide nanoparticles from
solutions of various titanium alkoxides in reverse micelles of
polymeric molecules (Fig. 9 a). It was shown that the sharp
decrease in the duration of the synthesis and selective heating
of a microquantity of a titanium alkoxide solution inside the
micelle allows one to avoid evaporation of HCl, which stabil-
ises micelles, and thus prevent aggregation of TiO2 nano-
particles in a polymeric matrix (Fig. 9 b).

In recent years, publications dealing with the synthesis of
various nanodispersed materials by `soft chemistry' techniques
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Figure 8. Microphotographs of ZrO2 powders synthesised by hydrolysis

of an aqueous ethanolic solution of zirconyl chloride in a microwave oven

(a) and in a conventional furnace (b).77
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using microwave treatment have appeared more and more
often. Many of these publications are devoted to the synthesis
of various sulfides and nitrides,79 ± 85 but some works deal with
the synthesis of nanosized oxides. For example, copper(II)-
oxide-based nanostructures have been synthesised.86, 87

The micromorphology of the obtained powders was shown to
be substantially affected by the chemical nature of the initial
compounds and the surfactant concentration. For example,
hydrolysis of copper acetate in the presence of poly(ethylene
glycol) affords virtually isotropic highly aggregated CuO
particles, while hydrolysis of an aqueous solution of CuCl2 in
the presence of 1-n-butyl-3-methylimidazole tetrafluoroborate
yields slightly aggregated nanowhiskers and nanoplates with a
narrow size distribution. Note that by using microwave radi-
ation, it is possible to increase substantially the rate of synthesis
and increase the degree of crystallinity of the products.

High-temperature hydrolysis of an aqueous iron chloride
solution in the presence of poly(ethylene glycol) and urea as the
precipitating agent gave anFe2O3 powderwith a particle size of
3 ± 5 nm.88 However, despite the presence of a surfactant in the
solution, powder particles were highly aggregated as shown by
transmission electron microscopy. The results of magnetic
measurements showed that, as expected, iron oxide nano-
particles occurred in the superparamagnetic state. During
annealing at 400 8C, the oxide was crystallised to give
a-Fe2O3; this was accompanied by an increase in the particle
size to 30 ± 40 nm. The researchers discussed the possible
mechanism of formation of iron oxide upon high-temperature
hydrolysis. According to calorimetric data, the following
reaction takes place as an intermediate stage of the process

Fe(H2O)x(OH)�3ÿy��y +H2O Fe2O3
. nH2O+H3O+.

More uniform heating of the solution exposed to microwave
radiation favours the formation of a large number of hydrated
oxide nuclei.

The synthesis of nanocrystalline SnO has been reported.89

Hydrolysis of an aqueous solution of tin(II) chloride in the
presence of ammonia as a precipitating agent afforded tin
oxide powders with an average particle size of 30 nm and a
specific surface area of*40 m2 g71. It is of interest that unlike
usual heating, microwave heating almost does not induce the
oxidation of Sn2+ ions to Sn4+. This was attributed to the fact
that, as shown by additional experiments, tin(II) oxide absorbs
microwave radiationmuchmore intensively than tin(IV) oxide.
The researchers also noted that it was impossible to establish
the exact mechanism of the specific `non-thermal' microwave
radiation effect in this experiment. The study cited 89 is a rare
example of successful use of the above-discussed change in the
absorption capacity of the system upon the change in its phase
or component composition.

The synthesis of nanocrystalline SnO2 by hydrolysis of an
aqueous solution of tin(IV) chloride in the presence of urea has
been described.90 Highly aggregated powders with a crystallite
size of *3 nm were obtained. During the subsequent anneal-
ing of these powders, regular particle coarsening and coales-
cence take place up to micron-size aggregates. The advantage
of using microwave radiation is reduced in this case to an
increase in the hydrolysis rate.

The synthesis of Mg(OH)2 nanofibres by hydrolysis of a
solution of magnesium hydroxide with a highly dilute aqueous
solution of sodium hydroxide supplied through a semiperme-
ablemembrane has been reported.91Microwave radiation with
a relatively low power (20 W) was used and hydrolysis took
place at room temperature over a period of 5 days. Owing to
these mild conditions, well crystallised magnesium hydroxide
powder with 100 ± 150 nm-long and 20 ± 40 nm-thick nano-
fibre-shaped particles was obtained. The control experiments
carried out under similar conditions without microwave heat-
ing gave virtually isotropic crystallites with a broad size
distribution. Unfortunately, the authors 91 did not discuss the
possible mechanism of action of microwave radiation on the
crystallisation and the growth of crystallites in this system.

Analysis of the effect of the crystal structure of reactants
and the phase composition of the reaction mixture on the
intensity of absorption of microwave radiation has been
reported.92 The author was able to establish the relationship
between the crystal structure and absorption capacity of
various modifications of Al2O3 . In particular, it was shown
that, owing to the presence of structure-boundwater molecules
in the mullite-like modification of alumina formed upon
hydrolysis of aluminium salts in the presence of alkali metal
ions, this compound absorbs microwave radiation much better
than a-Al2O3 (this oxide is almost transparent for microwave
radiation; therefore, it is used for heat insulation of samples
during microwave heating). Using this effect, it was possible to
perform one-stage synthesis and sintering of b-Al2O3-based
ceramics without additives that absorb microwave radiation,
which are usually added for microwave sintering of alumina-
based ceramics.

Microwave heating is also successfully used for sol ± gel
processes. Thus microwave-induced crystallisation of the
SiO27TiO2 xerogel gave 93 the phase TS-1 used as a molecular
sieve. Crystallisation was shown to proceed at a much higher
rate than crystallisation induced by conventional heating
(Fig. 10) and the microstructure and the catalytic properties
of the product were not inferior to the properties of samples
synthesised with conventional heating.
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Figure 9. Microphotograph of titanium nanoparticle images in a poly-

mer matrix synthesised in a conventional furnace (a) and a microwave
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The sol ± gel synthesis of zirconia-based catalyst powders
with copper oxide dispersed over the surface has been
reported.73 The effect of pH and the duration of microwave
heating on the micromorphology and the catalytic activity of
the synthesised powders was established. Upon conventional
heating during the sol ± gel process, particles of tetragonal
ZrO2 are formed only in the pH range from 3 ± 4 to 13 ± 14,
while in the case of microwave heating, these particles are
formed irrespective of the pH of hydrolysis of the zirconium
n-butoxide solution. Unfortunately, the authors offered no
interpretation for this finding.Note that the above result 73 is at
variance with the generally accepted view stating that diffusion
processes are intensified in the microwave field, because this
field eliminates the kinetic and diffusion hindrance to the
metastable modification ± stable modification transition.
It was also shown that the use of microwave heating results in
amore even distribution of copper oxide over the ZrO2 surface,
which in turn results in an increase in the catalyst acidity.

Several papers 94 ± 96 devoted to the synthesis of highly
dispersed cerium dioxide-based catalyst powders using micro-
wave heating have been published. The first of the cited
publications represents an attempt to use microwave and
ultrasonic treatment for the targeted formation of the micro-
morphology of cerium dioxide powders prepared by hydrolysis
of aqueous solutions of (NH4)2Ce(NO3)6 in the presence of
surfactants. As in the studies cited above,89 ± 91 microwave-
induced high-temperature hydrolysis yielded spherical oxide
particles with a rather narrow size distribution. The average
particle size was 2 ± 3 nm. Analysis of electron diffraction data
showed that the powders were composed of well-crystallised
cubic CeO2 phase. The specific surface area measured by the
low-temperature nitrogen adsorption technique was equal to
200 ± 250 m2 g71. Powders with approximately the same
micromorphology were synthesised using ultrasonic treatment
with conventional heating. The width of the band gap in the
resulting nanopowders was 5.5 and 4.1 eV for samples syn-
thesised with ultrasonic andmicrowave radiation, respectively;
that of coarsely crystalline cerium dioxide is 3.19 eV. It is
worth noting that the widths of the band gap in the samples
with approximately equal average particle sizes obtained by
different methods are essentially different. This was attrib-
uted 94 to activation of the surface of particles formed under the
action of ultrasound caused by the collapse of cavitation
bubbles and formation of microstreams during the sonochem-
ical treatment. The key drawback of this procedure is inevi-
table contamination of the surface of oxide particles by the
surfactant, which would obviously have an adverse influence
on the catalytic activity of cerium dioxide.

Solid solutions based on cerium dioxide with partial sub-
stitution of zirconium and samarium atoms for cerium were
synthesised by thermal and microwave-assisted decomposition
of the corresponding nitrates mixed with urea,95 glycine,
alanine and citric acid.96 Presumably, the mechanism of this
process is similar to the mechanism of SHS synthesis where
metal nitrates act as internal oxidants and urea is the reducing
agent. As expected, the oxide particles formed had an order of
magnitude greater average size than the particles obtained by
Wang et al.94 (according to X-ray diffraction data, the average
particle size was 10 ± 20 nm and the specific surface area was
40 ± 60 m2 g71). An increase in the rate of formation of the
oxide phase under microwave radiation was noted.95, 96

In addition, the effect of the chemical nature of the internal
reducing agent on the micromorphology of the oxide powders
formed was analysed.96 It was noted that the use of citric acid
markedly decreases the average particle size (to 6 ± 8 nm);
unfortunately, this result was not interpreted.

Hydrothermal synthesis deserves particular attention as an
application of microwave radiation in inorganic chemistry.
Microwave heating was used for the hydrothermal process to

prepare nanocrystalline strontium, barium and lead titanate,
zirconate and niobate powders possessing piezoelectric proper-
ties,97 ± 99 zinc, nickel and manganese ferrites,100 various fer-
rates and bismuthates,101, 102 layered double hydroxides,103

zeolites and molecular sieves 104 ± 106 and metal powders.107

As advantages of the microwave-assisted hydrothermal
synthesis, most of the cited authors list high rates of phase
formation and processes in a microwave field caused by both
heat supply features and the possible acceleration of nucleation
due to `non-thermal' effects. Thus an order of magnitude
higher rate of formation of LiMnO2 under microwave heating
of hydrothermal solutions of lithiumhydroxide andMn(O)OH
with respect to conventional hydrothermal synthesis has been
noted.108 It was shown 109 that by varying the duration of
microwave action, one can control the morphology of the
resulting powders. In addition, some hydrothermal processes
carried out withmicrowave heating gave new phases that could
not be obtained by conventional methods. For example,
titanium and tin phosphates were first synthesised in this
way.106

A promising trend in the use of microwave action is the
combination with the sol ± gel process. The uniformity and
high rate of microwave heating favour fast decomposition of
the gel with the formation of powders with narrow particle size
distributions. For example, barium molybdate was prepared
by precipitation of citrate gels followed by thermal and micro-
wave-induced decomposition.110

The effect of parameters of microwave radiation on the
synthesis of layered double hydroxides with hydrotalcite
structure by co-precipitation from aqueous solutions of
nitrates followed by microwave treatment of the resulting gels
has been studied.111 The authors were able to prepare layered
magnesium aluminium double hydroxides with different cat-
ion ratios. For this purpose, they varied the duration and
power of microwave action. It was found that the use of
microwave heating increases the gel crystallisation rate, which
is in line with the assumption of intensification of diffusion
processes in a microwave field. Interestingly, the variation of
the microwave power is accompanied by parallel variation of
the cationic composition. As the power ofmicrowave radiation
(W ) increases, theMg :Al ratio in the final product approaches
the rated one.}

W /W 200 400 600

Mg :Al 5.53 4.54 3.62

This fact was attributed to different diffusion mobility of ions.
The researchers also noted 111 that an increase in the power and
duration of microwave heating induces the formation of
powders with smaller uniform particles.

The synthesis of LiCoO2 and Li2Mn2O4+d powders (used
for the preparation of cathode materials) from mixtures of
lithium hydroxide hydrate with cobalt (Co3O4) andmanganese
(MnO2) oxides has been described.112, 113 It was noted that as
regards the particle size and shape, the products of microwave
synthesis do not differ much from the powder particles
prepared by conventional heating at the same temperature.
In both cases, the powder morphology is determined by the
morphology of the starting oxides (Fig. 11).

The microwave heating of co-precipitated nickel and
aluminium hydroxides was used to prepare nickel alumi-
nate.114 The microwave-induced decomposition of hydroxides
yields a single-phase porous nickel aluminate consisting of
finely dispersed particles. The attempt to prepare nickel
aluminate from gels obtained by hydrolysis of aluminium
alkoxide in the presence of nickel nitrate failed: according to

} The rated ratio of magnesium to aluminium cations is 3.
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IR spectroscopic data, the amorphous intermediate formed
upon microwave heating of the gel contained a lot of nitrate
ions. Unfortunately, no explanation for the difference between
the mechanisms of interaction of various initial mixtures with
the microwave field is given in the paper.

Nickel aluminate was synthesised by microwave-assisted
decomposition of co-precipitated hydroxides.115 Despite the
fairly long microwave treatment of the mixture, the final
product was rather poorly crystallised, which is unusual for
microwave heating.

The solid-phase reactions between substances that poorly
absorb microwave radiation at room temperature are often
carried out, like sintering, using the so-called `hybrid' micro-
wave heating, which implies addition, to the reaction mixture,
of a compound that actively absorbs microwave radiation and
provides the primary heating of samples. Amorphous carbon
or graphite, silicon carbide, copper(I) and copper(II) oxides,
MnO2 , MoSi2, etc. are normally used as such additives. Two
methods are usedmost often to introduce the additive, namely,
mixing of reactant powders with the powdered absorbing
substance and placing the sample into a container made of
the absorbing material. Both methods have advantages and
drawbacks. Mixing of the reactants with the absorbing addi-
tive ensures faster and more uniform heating of the sample;
however, there is a risk of contamination of the final product.
Placing of the sample into an absorbing container, although
decreases the probability of formation of by-products, actually
levels-off all the advantages of microwave heating, because in
this case, as during of conventional heating, heat is mainly
supplied to the sample from the container walls.

Despite these drawbacks, the `hybrid' microwave heating
procedure has found wide use and was employed to synthesise
numerous oxide compounds. For example, magnesium alumi-
nate with the spinel structure was prepared by solid-phase
reaction of aluminium hydroxide and magnesium oxide in the
presence of carbon.116 The optimal amount of the absorbing
additive (50 mass%) was found and the micromorphologies
and sintering characteristics of powders obtained by micro-
wave and conventional heating were compared. It was shown
that the use of microwave heating not only markedly reduces
the duration of synthesis but also results in the formation of
powders with higher sintering ability. The same method was
used to prepare Sr2CeO4 ,117 La0.8Sr0.2Ga0.83Mg0.17O37x

(Ref. 118) and Li0.35La0.55TiO3 .119 In all studies, appreciable
acceleration of the solid-phase synthesis upon the use of
microwave treatment was noted.

Solid-phase synthesis of a number of niobates and titanates
from oxides and salts in the presence of graphite to absorb
microwave radiation was carried out.120 It was noted that the
use of microwave heating reduces the duration of synthesis of
these compounds by 1 ± 2 orders of magnitude. This pro-
nounced acceleration of a solid-phase reaction can hardly be
attributed to high uniformity and rate of microwave heating

alone; however, researchers 120 did not make any assumptions
on this issue.

If a component of the reaction mixture actively absorbs
microwave radiation at room temperature, the reaction can be
carried out without an absorbing additive. However, it should
be noted that the reactants and products have different
absorption capacities, which gives rise to local temperature
differentials in the system. This effect was studied in detail 121 in
relation to the solid-phase synthesis of barium and yttrium
ferrites and nickel aluminate from the corresponding oxides.
Each reaction mixture consisted of an oxide efficiently absorb-
ing microwave radiation and a weakly absorbing material
(Fe3O4 and BaCO3 , Fe3O4 and Y2O3 , NiO and Al2O3 ,
respectively). In the researchers' opinion,121 the particles of
highly absorbing oxides functioned as heat sources in the
microwave field, while weakly absorbing particles were heat
receivers. A permanent temperature gradient was established
in the reaction area, which, in turn, resulted in redirection of
diffusion fluxes during the solid-phase interaction. Control
experiments with the Y2O3 and Fe3O4 diffusion pair have
shown, first, that the difference between the reactant temper-
atures reaches, in the limiting case, 400 8C, and, second, the
diffusion flux is inverted with respect to that observed with
conventional heating, in particular, iron ions diffuse in yttrium
oxide. It is not quite clear what makes the authors confident
that in the case of conventional heating, yttrium ions diffuse
into the Fe3O4 structure. (In a study 122 dealing with the
mechanism of ferrite formation under conventional heating,
diffusion of iron ions into yttrium oxide is considered to be the
predominant process.) Nevertheless, this study is of interest for
elucidation of specific effects of microwave heating during
solid-phase reactions. The diffusion flux is directed from the
higher-temperature region to the `cold' region. If the reaction
product actively absorbs microwave radiation, this addition-
ally intensifies the subsequent interaction. The substantial
acceleration of solid-phase reactions under microwave treat-
ment observed by many researchers was attributed to this fact.

It is quite probable that the temperature gradient formed
during microwave heating of the reaction mixture between
reactants with different absorption capacity has actually a
considerable effect on the course of reactions, because most
data on the acceleration of solid-phase processes concern
systems containing both highly and poorly absorbing compo-
nents. These processes include the preparation of alkali and
alkaline-earth metal and lanthanide ferrites, manganites,
cobaltites, vanadates, molybdates and cuprates. Uematsu
et al.123 synthesised Eu3+-doped yttrium vanadate from the
corresponding oxides. They also studied the dynamics of
absorption of microwave radiation by the reaction mixture
depending on the dielectric properties and conductivity of the
reactants and the products. It was found that yttrium and
europium oxides, like yttrium vanadate, poorly absorb micro-
wave radiation, whereas vanadium oxide intensively absorbs
microwave radiation even at low temperatures. After comple-
tion of the synthesis, temperature sharply drops, apparently,
due to the disappearance of highly absorbing vanadium oxide
from the reaction mixture. The authors recommended the use
of microwave heating for performing solid-phase processes in
which the reactants efficiently absorb microwave radiation,
while the products, conversely, are transparent for micro-
waves.

Yet another approach to the investigation of the mecha-
nisms of solid-phase interactions during microwave heating
has been developed 124 in relation to the kinetics of the reaction
between barium carbonate and titanium dioxide under quasi-
polythermal conditions (samples were heated as fast as possible
to different temperatures and quenched and then the reaction
mixtures were analysed quantitatively by powder X-ray dif-
fraction). Using kinetic data, the activation energy of the solid-

a b

51.4 mm 0.103 mm

Figure 11. Photomicrographs of initial MnO2 powder (a) and

Li2Mn2O4+d powder synthesised in a microwave oven (b).113
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phase interaction was calculated in terms of the diffusion
model proposed in another publication.125 The activation
energy of the solid-phase reaction was found to be almost 4
times lower in a microwave field than with conventional
heating. The authors noted that this result attests in favour of
the intensification of the surface diffusion by the electro-
magnetic field rather than in favour of the vacancy jump
mechanism considered by Katz et al.,66 as in this case, one
would rather expect a change in the pre-exponential factor in
the Arrhenius equation but not the activation energy for
diffusion.

Solid-phase synthesis of lanthanide chromite and sodium
cobaltite with partial replacement of cobalt ions by manganese
ions from the corresponding oxides was carried out.126, 127

The researchers used a microwave system operating at
28 GHz, which, as they believed, ensured more uniform
distribution of the electromagnetic field strength within the
sample bulk. It was found that the synthesis of lanthanum
chromite with microwave heating can be carried out at 450 8C,
which is much lower than that required with conventional
heating (about 1200 8C). Measurement of the sample temper-
ature during the process showed that the temperature increases
in the first stage (less than 4 min) and then remains constant
throughout the whole synthesis. Note that the change in the
microwave power from 0.3 to 1 kW does not affect signifi-
cantly the `saturation' temperature. Apparently, this temper-
ature is determined by the absorption capacity of components
of the reaction mixture and the intensity of heat removal from
the sample surface. The latter conclusion contradicts other
data,121 because the sample composition changes appreciably
during microwave heating. It cannot be ruled out that these
discrepancies are caused by the higher absorption capacity of
lanthanum chromite compared with yttrium vanadate.

It is of interest to compare these data with the results of
another work 128 in which lanthanum chromite, cobaltite and
nickelate were also synthesised from oxides but in the presence
of an absorbing additive (graphite). The temperature substan-
tially increased during the synthesis (to 1100 ± 1200 8C) and the
duration of synthesis of the single-phase product wasmarkedly
reduced (to 5 min). Thus, the introduction of the absorbing
additive was justified in this case.

The SrFeCo0.5Oy phase with a mixed conduction type used
for the design of solid-state fuel cells was prepared by `hybrid'
microwave heating with SiC as the absorbing additive.129

A powder with a narrow particle size distribution and high
sintering ability was produced using this procedure.

In the synthesis of complex oxide compounds from salts, it
is even more difficult to identify the specific microwave effect,
as the number of processes influencing the absorption of
microwave radiation by the reaction mixture increases. No
studies devoted to the effect of the phase composition of such
systems on the absorption of microwave radiation have been
published. Most of researchers only state the fact of consid-
erable increase in the reaction rates in the microwave field and
make no attempts to determine the reaction mechanisms.

A procedure for the synthesis of a broad range of oxide
compounds including individual manganese, iron, cobalt and
copper oxides, multicomponent ferrites, manganites and
cobaltites based on microwave heating of the corresponding
nitrates has been developed.130 ± 137 It was shown, that using
microwave heating, it is possible not only to shorten the time of
synthesis of multicomponent oxide products with various
crystal structures, but also, in most cases, to substantially
decrease the temperature of synthesis. The latter apparently
indicates that microwave heating intensifies the diffusion
owing to the appearance of circulating ionic currents on the
crystallite surface (`non-thermal' action). The oxide phases
synthesised with microwave heating were not inferior in

performance properties to the control samples produced by
conventional thermal treatment.

The synthesis of phases based on lanthanum chromite from
the corresponding nitrates has been described.138, 139 A consid-
erable decrease in the time of synthesis and more uniform
micromorphology of the resulting powders upon the use of
microwave treatment were noted; in the authors' opinion, this
was a consequence of a high uniformity of heat supply
favourable for fast formation and even distribution of the
oxide phase nuclei.

Amethod for the synthesis of a powderedMnCo2O4-based
catalyst by microwave decomposition of the corresponding
nitrates has been developed.140, 141 The introduction of some
amorphous carbon to the reaction mixture (5 mass%±
30 mass%) with a high specific surface area resulted in a
higher rate of formation of the final product and a higher
catalytic activity, probably, due to greater surface area. Anal-
ysis of the dependence of the specific surface area of the oxide
powder on the carbon content demonstrated that after some
limiting value has been reached, further increase in the carbon
content in the initial mixture does not affect the specific surface
area of the oxide powder. Unfortunately, the authors did not
analyse the mechanism of microwave action on the reactions
and the micromorphology of the final product.

Quite a few papers are devoted to the synthesis of various
lithium-containing oxide compounds used as cathodes in
lithium rechargeable batteries. The vast majority of these
publications deal with the synthesis of materials based on the
LiMn2O4 phase, which is considered to be most promising for
lithium batteries. Nakayama et al.142 compared two proce-
dures of microwave-assisted synthesis of the LiMn2O4 phase,
viz., decomposition of a mixture of the corresponding nitrates
and a mixture of Mn2O3 , LiOH .H2O and copper oxide as the
absorbing additive. The former method was preferred, because
a single-phase product was formed over a shorter period of
time and no LiMnO2 impurity phase was present. This was
attributed to faster attainment of thermal equilibrium in the
case of liquid-phase synthesis and to `non-thermal' effects of
microwave heating, which are more pronounced in the absence
of an absorbing additive.

Detailed analysis of the effect of the chemical nature of the
starting compounds on the course of the reactions in a micro-
wave field has been carried out 143 using the synthesis of lithium
nickelate as an example. Lithium carbonate and hydroxide and
nickel hydrocarbonate, hydroxide and oxide in various combi-
nations served as the reactants. Note that the use of microwave
treatment markedly reduced the temperature of formation of
lithium nickelate. However, in all cases, microwave heating
was followed by additional annealing of the sample in a
conventional furnace in an oxygen stream in order to obtain a
single-phase product. In the authors' opinion, a mixture of
hydroxides is the best choice for the synthesis of LiNiO2 , as in
this case slightly aggregated powders with a narrow particle
size distribution were produced.

A series of publications 144 ± 148 report the efficiency of the
synthesis of complex ferrites and manganites by microwave-
assisted decomposition of nitrate mixtures in the presence of
urea. The large volume of gases evolved upon decomposition
of nitrates and urea favours deaggregation of the oxide
powders. Despite the abundant factual data, the authors
unfortunately did not consider the relationship between the
microwave treatment conditions and the composition, on the
one hand, and the morphology of final products, on the other
hand.

A rational approach to the choice of the starting com-
pounds for the microwave-assisted synthesis has been
reported.149 The La0.7Ba0.3MnO3 phase possessing giant mag-
netoresistance (Fig. 12) was prepared by microwave-induced
decomposition of a mixture of metal nitrates. The authors
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substantiated the choice of nitrates as precursors by a large
dipole moment of the nitrate ion, which should actively
interact with the microwave field. In addition, nitrates readily
melt in their water of crystallisation, and aqueous solutions
always absorb efficiently microwave radiation. Additional
heat is evolved, in the authors' opinion, upon the oxidation of
manganese(II), which takes place during decomposition of
manganese nitrate. Heat evolution upon oxidation is the
main reason why heating does not stop after removal of water
from the solution but continues up to decomposition of the
precursors to give the oxide phase. It was also found 149 that
apart from the substantial decrease in the time of synthesis, the
powders obtained by microwave-assisted decomposition of a
nitrate mixture have a better microstructure than the powders
synthesised by the ceramic technique. It was shown that the
properties of ceramics produced using the obtained powders
are not inferior to the properties of samples synthesised by the
traditional techniques.

In the publications 147, 150 devoted to the synthesis of
ferrites Ni0.25Cu0.25Zn0.5Fe2O4 and SrFe12O24 by pyrolysis of
a metal nitrate mixture in the presence of urea, a modification
of the procedure considered above was proposed. The reaction
of metal nitrates and urea at elevated temperatures is accom-
panied by evolution of a gas mixture (NH3 , HNCO, O2 and
NO), which spontaneously ignites after a particular critical
temperature has been reached and heats the mixture of solid
reaction products to 1000 8C or higher. This process lasts for
10 ± 15 min and is accompanied by the formation of single-
phase powders of the corresponding ferrites. The microstruc-
ture of the synthesised powders is characterised by a loose
framework composed of 3- to 6-mm aggregates. The formation
of such structures is typical of pyrolysis of salts. Despite the
high reaction temperature, the primary crystallites are rather
small (50 ± 75 nm) (Fig. 13), which is probably due to high rate
of the process. The subsequent annealing of the synthesised
samples results in a regular enlargement of particles upon
recrystallisation. By correct adjustment of the temperature of
the subsequent annealing of the powders, it is possible to reach
saturation magnetisations and coercive forces that are rather

high for this type of ferrite systems (Fig. 14). Unfortunately,
the authors did not compare the properties of samples pre-
pared by microwave-assisted decomposition of a salt mixture
with those treated in a conventional furnace; therefore, it is
difficult to make conclusions about the advantages of micro-
wave heating. In addition, analysis of the publication 149 casts
doubt on the necessity of addition of urea for decomposition of
a nitrate mixture in a microwave field.

The synthesis of layered aluminium and zinc double
hydroxides with intercalated sodium dodecyl sulfate molecules
has been reported.151 Crystallisation in the microwave field
proceeded much faster than that with the use of conventional
heating (1 ± 2 h instead of 2 ± 3 days). In addition, crystallisa-
tion induced by microwave heating enhances the intercalation
of the organic anion into the hydroxide matrix, and thus the
starting concentration of sodium dodecyl sulfate can be
reduced. The product consists of smaller crystallites with a
narrower size distribution than the sample prepared by the
conventional heating.

The results of synthesis of the ferrite Co17xZnxFe2O4

(04 x4 0.8) by precipitation of hydroxides from solutions
of the corresponding salts by a solution of KOH in ethylene
glycol under microwave treatment followed by separation of
the precipitate and annealing at a temperature above 500 8C
have been reported.152 The influence of the solution pHand the
duration of boiling on the micromorphology of the resulting
powders has been studied. It was shown that with an increase in
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Figure 13. Transmission electron microscopy image (a) and electron

diffraction pattern (b) for the particles of the Ni0.25Cu0.25Zn0.5Fe2O4
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the pH, the particle size of the powder increases and the degree
of agglomeration simultaneously decreases. The addition of
ethylene glycol to the solution led to a decrease in agglomer-
ation of the powders.

High-temperature solvolysis of solutions of barium, lead,
titanium and zirconium salts in ethylene glycol gave the double
oxides BaTiO3 , BaZrO3 , PbTiO3 and Ba6Ti17O40 in the nano-
crystalline state.153 A specific feature of the synthesis is that the
use of ethylene glycol, which functions simultaneously as a
solvent, a complexing agent and a surfactant, allows one to
vary the powder composition and morphology over a broad
range. Note that with the use of microwave heating, it is
possible to eliminate a key drawback of the synthesis of oxide
phases from solutions in ethylene glycol, i.e., the low reaction
rate.

V. Conclusion

The range of physicochemical problems solved successfully by
means of microwave radiation is exceptionally broad. This
review covers only a small portion mainly related to the
synthesis of oxide materials. Not only studies dealing with the
synthesis of sulfides,80 ± 84 nitrides,50, 154 selenides 155 or sili-
cides,156 but also the applications of microwave treatment such
as organic synthesis,4, 7, 157 ± 159 analytical chemistry 4, 160 ± 162

and so on remained beyond the scope of the review. Each of
these fields deserves separate consideration and comprises an
extended subject matter.

Nevertheless, a general problem should be considered,
namely, the possibility to control the processes taking place
duringmicrowave treatment of chemical systems, and a closely
related problem of evaluating the efficiency of microwave
treatment.

Evidently, a satisfactory solution to this problem can now
be obtained only for the microwave heating of very simple,
more precisely, single-phase systems the physicochemical state
of which is not changed much during heating. A good example
of such process is the preparation of dense ceramics by
sintering of compacted powders, because only the sample
morphology is changed most often during compaction, which
undoubtedly affects the absorption capacity but this effect is
slight and can be taken into account. Similar conditions exist
during solution treatment, because these processes usually take
place in a rather narrow temperature range and the physico-
chemical properties of the system do not change much. This
range can be supplemented by reactions in inert matrices the
specific features of which caused by microwave heating have
been poorly studied. In the case of multicomponent systems, it
is rather difficult to control the results of microwave treatment
due to the large number of processes taking place simulta-
neously, each affecting significantly the absorption capacity of
the whole system. The only practicable way is to accumulate
the empirical information on the behaviour of various systems
under microwave heating. This would provide an at least
qualitative estimate for the efficiency of using such heating.
Therefore, systematisation of the accumulated experimental
data appears a topical task, which was fulfilled, to some extent,
by this review.

Thus, to be able to control the microwave heating in the
synthesis or sintering, one should choose systems with the
smallest number of components or attain artificially a greater
system uniformity by diluting it with a inert matrix or a `buffer'
component the absorption capacity of which depends slightly
on the processes that take place. This type of microwave
treatment has much in common with the above-mentioned
`hybrid' microwave heating; however, in this case, the added
inert component not only enhances the absorption of radia-
tion, but also allows one to control the microwave heating.
Thus, the buffer medium should satisfy the same requirements,

namely, it should be chemically inert, absorb efficiently the
microwave radiation and be easily separable from the synthesis
products after heating has been completed. This route seems
especially attractive, as in the future, it may be extended to a
rather broad range of physicochemical processes.
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Abstract. The results of studies of composite ionic conductorsThe results of studies of composite ionic conductors
are considered. The relationship between their properties andare considered. The relationship between their properties and
the ionic salt disordering and the interfacial interactionthe ionic salt disordering and the interfacial interaction
between the components of the material is analysed. Specialbetween the components of the material is analysed. Special
attention is paid tomodels that describe the surface disorderingattention is paid tomodels that describe the surface disordering
and the mechanism of defect formation. The methods ofand the mechanism of defect formation. The methods of
calculation of physicochemical characteristics of composites,calculation of physicochemical characteristics of composites,
the thermodynamic stability and peculiarities of the genesis ofthe thermodynamic stability and peculiarities of the genesis of
the nanocomposite morphology are discussed. The bibliogra-the nanocomposite morphology are discussed. The bibliogra-
phy includes 188 referencesphy includes 188 references..

I. Introduction

Ionics, i.e., a science that studies ionic processes in systems and
materials, is a comparatively new and rapidly progressing field
of knowledge.1 ± 3 Although it ranks much below electronics in
the practical application, its role tends to increase. This is
caused first of all by the demands for new and more efficient
electrochemical systems for the accumulation and conversion
of energy at a constant threat of the shortage of natural energy
resources. This problem can be solved given a wide spectrum of
electrolytes with different functional characteristics that can be
adapted to the specific conditions of operation of various
electrochemical systems. Solid electrolytes that exhibit high
mechanical strength, thermal stability, unipolar ionic conduc-
tivity and can be used in chemical power sources, gas sensors
and other electrochemical devices occupy a special place
among these electrolytes.

Heterogeneous doping of ionic compounds with dispersed
dielectrics that are chemically inert with respect to the ionic salt
is known to enhance the conductivity inmost cases. Composite
solid electrolytes of the ionic salt ± oxide (MX±A) type can be
considered as a new class of ionic conductors with high ionic
conductivity. The combination of high conductivity with the

enhancedmechanical strength together with the wide prospects
for the targeted modification of the electrolyte properties by
varying the type and concentration of the dopant makes these
composites promising materials for real electrochemical sys-
tems. The composites LiI ±Al2O3 synthesised by Liang in 1973
proved to be convenient solid electrolytes for chemical power
sources.4, 5 This achievement has triggered a scientific boom,
and a large number of composite ionic conductors were studied
in the subsequent years. Actually, doping with dispersed oxides
was shown to enhance the conductivity of virtually all compo-
sites based on classical (non-superionic) ionic salts, i.e., it is a
general effect, which requires scientific explanation and theo-
retical substantiation.

There are several reviews devoted to the description and the
analysis of the ion transport in polycrystalline and composite
solid electrolytes.6 ± 22 The increase in the ionic conductivity
upon heterogeneous doping can be explained within the frame-
work of the space charge model proposed by Wagner and
Maier,6, 7, 9, 10, 12, 13, 15 which represents a version of the classical
Frenkel's model.23 This model allows the interpretation of
many phenomena observed in composites and is the best suited
for the explanation of experimental data for composites con-
taining oxides with relatively coarse grains. However, the space
charge model in its classical version is correct only for ideal
crystals in contact with vacuumor a structure-freemedium and
obviously ignores the real features of the interphase contact,
namely, changes in the structures of ionic crystals (e.g., for
epitaxial contacts), the effect of elastic strains, the formation of
dislocations, etc. Moreover, if the surface concentration of
defects is sufficiently high, it is impossible to ignore the
interaction between the defects, which results in their ordering
and the formation of superstructures and even metastable
surface phases.

It is known that the conductivity of composites increases as
the size of dopant particles increases. Hence, composites with
nanosized grains (about 10 nm) are of particular interest for
practice. Obviously, uniform mixing of such an oxide with an
ionic component should produce a nanocomposite the proper-
ties of which strongly depend on the energy of surface
interaction and the peculiarities of the interface between the
phases. For composites with coarse-grained dopants, the
presence of surfaces or interphase contacts has virtually no
effect on the bulk properties of the ionic salt; hence, the
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increase in the conductivity is of the purely surface nature.
However, in many cases, it still remains unclear whether the
enhanced conductivity is primarily caused by the specific
interactions at the interface or by the trivial increase in the
surface conductivity as such. To answer this question, infor-
mation on the conductivity of polycrystals is necessary. In
nanocomposites, an ionic salt is virtually totally located at the
interface. This is why its structure and thermodynamic char-
acteristics can substantially change. Particularly, for ionic
compounds containing high-temperature disordered phases,
the latter may prove to be stable at low temperatures in
nanocomposites. Therefore, it is important to understand the
thermodynamic reasons for the appearance of a disordered
phase. To this end, it is necessary to elucidate how the
thermodynamic parameters of crystals, particularly, the
enthalpy and entropy of phase transitions are related to the
lattice disorder.

In this review, the problems of thermodynamic stability of
nanocomposites and the genesis of the composite morphology
during its sintering are discussed; possible mechanisms of the
interfacial interaction and the general trends for the changes in
the ionic salt properties are analysed for a wide series of ionic
salt ± oxide systems; size effects and methods for the quantita-
tive estimation of conductivity and other physicochemical
characteristics of composites are considered.

II. General criteria for the choice of composite
electrolytes with high ionic conductivity

Even in their first stage, the studies have revealed the following
relationships typical of the composite solid electrolytes
MX±A:6 ± 8, 10 ± 15

Ð due to heterogeneous doping, a region of low-temper-
ature conductivity with a lower activation energy (Ea) appears
in the Arrhenius plots of conductivity in addition to the region
of intrinsic conductivity (at high temperatures);

Ð in the low-temperature region, the concentration
dependence of the conductivity has a maximum at a dopant
concentration of 10 vol.%± 40 vol.%; in certain systems, the
maximum is observed at lower dopant concentrations
(1 vol.%± 10 vol.%);

Ð in the high-temperature region, the conductivity mono-
tonously decreases with the increase in the dopant concen-
tration; an analogous effect is observed in superionic phases;

Ð the conductivity of composites usually increases with
the decrease in the size (LA) of particles of the heterogeneous
dopant or with the increase in its specific surface (SA).

All composite solid electrolytes known can arbitrarily be
divided into two groups:24

(1) CompositesMX±Awith the properties similar to those
of polycrystals MX (e.g., LiI ±Al2O3 , AgCl ±Al2O3 ,
AgBr ±Al2O3 and TlCl ±Al2O3). In this case, the activation
energy of the compositeMX±A is close toEa of polycrystalline
MX and virtually coincides with the enthalpy of migration of a
cationic vacancy (Ecv) in the single crystal MX. This is an
argument for the applicability of the space chargemodel for the
explanation of the conductivity mechanism in compo-
sites.6 ± 8, 10, 12 ± 15

(2) Composites with unusual properties. In certain compo-
sites, the physicochemical properties of ionic salts substantially
differ from those of single-crystal and polycrystalline samples.
The activation energy often substantially depends on the type
and concentration of a fine-grain dopant and may far deviate
from bothEcv andEa . In certain cases, the observed deviations
were apparently due to the insufficiently wide temperature
ranges in which the conductivity was measured. However, the
specific interaction between the composite components can
also be a reason for the dramatic changes in the Ea values. For
example, in composites AgI ±Al2O3, the temperature of the

b-AgI phase transition into the superionic state was observed
to decrease, which was accompanied by a decrease in the
enthalpy of the phase transition.25, 26 For composites AgI ±
Fe2O3 both the changes in the parameters of the AgI phase
transition and the increase in the NeÂ el temperature for Fe2O3

were observed.27 This suggests that the thermodynamic para-
meters of both bulk phases are different in composites. In
certain composites, in addition to the conventional phases, new
phases non-typical of pure ionic crystals were revealed.

These facts suggest that the interfacial interaction in
composites may substantially affect the bulk physicochemical
properties of the ionic component in a composite. However, so
far, no systematic studies were carried out aimed at the
synthesis of composites and the investigation of anomalous
properties of the constituent ionic salts. Themajority of studies
were focused on the increase in the ionic conductivity. The
theoretical models that describe the increase in the ionic
conductivity are usually tested on quite different objects that
usually exhibit no high conductivity.

Insofar as the thermodynamic parameters of ionic salts in
composites can substantially change, it is important to study
their relationship with the surface disordering. The deeper
insight into themechanism and thermodynamic peculiarities of
the formation of defects in the crystal bulk, on its surface or on
intergrain boundaries requires the knowledge of how the point
defects affect the thermodynamic properties of crystals. One
may consider the inverse problem, namely, judge on the degree
of disordering of a solid based on the analysis of the thermo-
dynamic data. The most distinct changes in vibrational spectra
and the degree of disordering occur during the phase transi-
tions and give rise to easily measurable changes in the entropy
and enthalpy of a crystal. The presence of grain and phase
boundaries affects the concentration of defects in a crystal
and can lead to changes in the thermodynamic parameters of
phase transitions. Thus, it is expected that the thermodynamic
studies of phase transitions would provide information on the
disordering of the ionic component in a composite.

In contrast to crystals in which the self-diffusion coeffi-
cients may differ by several orders of magnitude, the transport
properties of melts are approximately the same for all sub-
stances. In this respect, the molten state is universal, most
disordered, and the thermodynamic parameters of melting (or
crystallisation) contain information on the degree of disorder-
ing of a crystal at the melting temperature. Hence, it is the
correlations between the parameters of melting and the trans-
port properties of solids that attract the prime interest.
Elucidation of the factors responsible for melting allows one
to get a clearer insight into the processes that occur in the
transition of a substance into the superionic or orientationally
disordered state in both pure crystals and ionic salts brought in
contact with the surface of another phase.

It was shown 28 ± 33 that for a wide range of substances a
linear correlation is observed between the enthalpy of melting
(Hmelt) and the enthalpy of formation of Schottky defects (h0)
(Fig. 1)

h0= bHmelt . (1)

The ratio h0/Hmelt= b=8.6� 0.6 is independent of the
type of the substance and remains unchanged in binary ionic
substances, metals and molecular crystals. In contrast to the
correlations such as h0= aTmp , which are cited most often but
are fulfilled for a limited range of substances, correlation (1) is
more general. Within the framework of the phenomenological
quasicrystalline model, the melting process can be presented as
an abrupt increase in the mole fraction of point defects in a
crystal (c) up to a certain critical value cL followed by the
relaxation of the structure around defects. In this approxima-
tion, the parameter b has a simple physical meaning and is
defined as b=1/cL . The constancy of cL=0.12� 0.02 for
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substances with different types of interatomic interactions may
be assumed as a characteristic feature of the liquid state. The
relative changes in the volume upon melting (DV/V ) are
associated with the volume of the defect formation v0 (O is
the molecular volume)

DV
V
� cL

v0
O

.

This relationship was confirmed experimentally for metals and
crystalline alkali metal halides (in this case, v0 is the volume of
formation of the Schottky defect).33 Melting with the forma-
tion of the Schottky defects or the vacancy melting is always
accompanied by an increase in the volume. Some substances
(H2O, Bi, Sb, Si, Ge, RbNO3) melt with a decrease in their
volumes. In this case, the melting apparently follows the
inerstitial mechanism, i.e., involves the formation of Frenkel
defects, the volume of formation of which (in contrast to the
Schottky defects) can be negative.

If we assume that the vibrational frequencies of atoms or
ions in a liquid are equal to those of atoms around a defect in a
crystal, it is possible to assess the entropy of the defect
formation (s0) and the concentration of defects in crystals at
themelting temperature (cmp). The calculated s0 and cmp values
agree sufficiently well with experimental data for metals and
ionic crystals.34, 35 Insofar as for metals and alkali metal
halides, a linear correlation is observed between the enthalpy
of defect formation and the enthalpy of migration, one can
estimate the absolute magnitudes of the coefficients of self-
diffusion or ionic conduction based on Hmelt .28 ± 30, 36 The
correlations mentioned can be found in the well-known refer-
ence book.37

Superionic conductors form an unusual class of ionic
conductors characterised by the high conductivity comparable
with that of ionicmelts and aqueous solutions. The equilibrium
concentration of current carriers in superionic conductors is
high and comparable with the total amount of mobile ions in
the lattice, i.e., h0 is close to zero. Superionic conductors and
ionic melts are known to exhibit common features, for exam-
ple,

Ð a diffuse distribution of the ion density along the
conduction channels, which is analogous to the broad radial
distribution function of the same ions in melts;

Ð close values of ionic conductivity and, hence, only
minor changes in the conductivity in the melting;

Ð substantial changes in the thermodynamic parameters
of substances upon their transition into the superionic state,
which are comparable in themagnitudewith the corresponding
effects in the melting.

High-temperature phases of AgI and Li2SO4 are typical
examples of superionic conductors. On the qualitative level, a
superionic conductor may be represented as a partly ordered
system built of two sublattices, one of which is entirely ordered
and forms a rigid frame and the other is strongly disordered
and resembles a liquid phase that fills the frame. The expres-
sions for the melting temperature, which were derived within
the framework of the quasicrystalline model of melting are
similar to those obtained by Gurevich for a `strong' superionic
transition.38 ± 40 This similarity forms the basis for the predic-
tion (if only on the qualitative level) of certain properties of
superionic conductors. Apparently, the assumption that c& 1
is not true for superionic conductors. By analogy with melts, it
can be expected that c& cL=0.12. Because no reliable meth-
ods were developed so far for the estimation of the defect
concentration in superionic conductors, it remains unclear
what is the concentration of defects in superionic phases.

An interesting class of ionic conductors is formed by the
phases that contain orientationally disordered anions. Obvi-
ously, the orientational disordering should entail an increase in
the free volume in crystals, which will favour the increase in the
diffusion coefficients and in the ionic conductivity. Moreover,
the of anion reorientation event may additionally facilitate the
transfer of the neighbouring cation by the `paddle-wheel'
mechanism proposed by Lunden.41 The thermodynamic
parameters of phase transitions are related to the extent of
the crystal disorder at a temperature below the phase tran-
sition. This relationship manifests itself most clearly in a series
of alkali metal nitrates for which a decrease in the enthalpy and
entropy of melting is accompanied by an increase in the
conductivity of high-temperature phases.24, 42 Alkali metal
nitrates form an unusual class of inorganic salts, being charac-
terised by phase transitions with orientational disordering in
the anionic sublattice.43 Among the nitrates, rubidium nitrate
has the lowest Hmelt and demonstrates three phase transitions
associated with the orientational disordering of NOÿ3 ions.42

The thermodynamic data correlate well with the ionic con-
ductivity, i.e., rubidium nitrate exhibits the highest ionic
conductivity in the series of nitrates 42 and is promising for
the development of ionic conductors with the high rubidium
conductivity.44 This is why, in this review, attention is focused
on rubidium nitrate and composites on its basis.

In composites and, particularly, nanocomposites, the inter-
facial interaction affects the energy of an ionic crystal thus
favouring the stabilisation of high-temperature disordered
phases. The phase-transition temperature and enthalpy may
serve as the convenient parameters that characterise the degree
of disordering and the changes in the energy characteristics of a
crystal in a composite. For this reason, compounds containing
high-temperature superionic or orientationally disordered
phases were chosen as the best candidates for the ionic salt
component in the ionic salt ± oxide composites.

III. Surface disordering of ionic crystals

Embarking on the discussion of the effect of heterophase
additives, it is necessary to consider the possible mechanisms
of disordering, i.e., the formation of point defects on the free
surface of an ionic crystal. In is known that in many cases the
conductivity of polycrystalline samples exceeds that of single
crystals. Hence, simple dispersion of an ionic crystal MX may
be one of the reasons for the increase in its conductivity in
composites. This is accompanied by the formation of a large
number of free surfaces or grain boundaries MX±MX, which
are characterised by the enhanced surface or intergrain con-
ductivity. As a rule, the increase in the concentration of surface
defects is associated with the formation of an electrical double
layer in the near-surface region of a crystal.
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Figure 1. Correlation between the enthalpy of melting (Hmelt) and the

enthalpy of formation (h0) of the Schottky defects in crystals presented in

(a) linear and (b) logarithmic scales.
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Currently, the interpretation of surface phenomena in ionic
crystals widely employs the Frenkel ±Kliewer model.23, 45 ± 48

This model was first proposed by Frenkel 23 and is based on the
assumption that different types of defects can form separately
and independently in the crystal bulk due to the difference in
their chemical potentials. Frenkel assumed this to be associ-
ated with the appearance of an electrical potential in the crystal
bulk, which may be considered as a contact potential drop in
the crystal surface layer, caused by the difference in the energies
of formation of positive and negative defects that appear on the
surface.23 Figure 2 a illustrates the changes (in terms of the
Frenkel model) in the energy parameters, the defect concen-
tration and the electrical potential on going from the ionic
crystal surface to its bulk. This model was analysed most
comprehensively in the studies by Kliewer.47, 48

According to this model, the surface potential jS , i.e., the
potential difference between the surface and the bulk of an
ionic crystal MX containing intrinsic Schottky defects is

ejS=
gVX ÿ gVM

2
, (2)

where e is the electron charge, gVX and gVM are the partial
energies of the formation of anionic and cationic vacancies in
the crystal bulk the sum of which is equal to the energy of
formation (g0) of the Schottky defect. This expression is
remarkable because it contains no characteristics directly
related to the surface properties, namely, the quantities gVM
and gVX (as well as g0) are the bulk parameters of the substance;
hence, the quantityjS should be a universal constant of a given
substance. However, it is well known that the real surface
properties are determined by several specific factors such as the
crystal plane type, defects, adsorbed impurities, etc., which
casts doubt on the validity of the Frenkel ±Kliewer model.

The surface potential can be calculated using a more
realistic Stern model,49 which implies that the physical proper-
ties of a crystal and all its components (native and foreign ions,
point defects) on the surface differ from those in the bulk.
Particularly, the energies of formation of individual defects on

the surface (gVX)S , (gVM)S and the energy of the proper surface
disordering gS= (gVX)S+ (gVM)S will differ from the corre-
sponding parameters in the crystal bulk. This difference is the
reason for the adsorption (positive or negative) of defects on
the crystal surface. If the adsorption energies of oppositely
charged defects differ, the excessive defects with the most
negative adsorption energies are concentrated on the surface,
while the opposite-sign defects form a diffuse layer under the
surface. Figure 2 b shows the corresponding energy diagram
and the distribution of defects in a crystal. According to the
Stern model, the surface charge (QS) is defined as a sum of
contributions of different defects each calculated based on the
Langmuir isotherm

QS � NS

X
i

qi 1� 1

xi
exp

Dgi ÿ qijS

kT

� �� �ÿ1
,

where NS is the concentration of accessible surface sites
(adsorption centres), qi is the effective charge of defects, xi is
the mole fraction of defects in the crystal bulk, Dgi is the
adsorption energy of the ith defects (i.e., the excess Gibbs
energy of a crystal due to the transition of a defect of the ith
kind from the crystal bulk to the surface), k is the Boltzmann
constant, T is the absolute temperature; summation is carried
out over all possible charged defects. The surface charge is
compensated by the charge (Qd) of a diffuse layer, which is
formed under the crystal surface and described by the Gouy ±
Chapman equation for the diffuse layer charge

Qd � A
X
i

N0i xi exp ÿ qijSÿ1
kT

� �
ÿ 1

h i( )1=2

,

where A=(2ee0kT )1/2, e is the dielectric permittivity, e0 is the
dielectric constant;N0i is the bulk concentration of the ith ions
in the crystal; jS71 is the potential of the outer Helmholtz
plane. The assumption that the surface charges are equal to the
diffuse layer charge allows one to obtain a transcendental
equation the solution of which gives the surface potential.

The analysis of solutions of this equation 50 showed that the
form of the dependence jS(T ) is entirely determined by the
values of Dgi , g0 and NS . For positive adsorption energies
(Dg7>0, Dg+>0, negative adsorption), the defect concen-
tration on the crystal surface is lower than in its bulk. In this
case, the surface charge and potential are close to zero. For
negative adsorption energies of defects (Dg7<0, Dg+<0,
positive adsorption), the cationic and anionic vacancies are
concentrated on the surface to form a negative (at
jDg7j> jDg+j) or positive (at jDg7j< jDg+j) surface charge.
Figure 3 shows the dependences of the surface potential on the
temperature for a crystal of the NaCl type with the Schottky
defects, which were calculated for fixed parameters
g0=1.0 eV, Dg7=70.1 eV and different values of Dg+

(Dg+<0). The analysis has shown that the form of jS(T )
curves changes as follows depending on the ratio between g0
and Dg+:

1. For small energies of defect adsorption (jDg+j< g0/4;
Dg+<0), the quantity jS(T ) increases monotonically with the
temperature; at T ? 0, jS ? 0 (Fig. 3 a). Such a behaviour of
the surface potential cannot be explainedwithin the framework
of the Frenkel ±Kliewer model 48, 49 and is described by the
following approximate formula obtained 50 for the case of the
low potentials ejS/kT55 1:

jS &
2kT

AN0

NS exp ÿDg�

kT

� �
ÿ exp ÿDgÿ

kT

� �� �
6 (3)
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ÿ g0
4kT

�
.

gVX

g0/2

gVM

j0

jS

j?

j(x)
0

[VM
0 ] [VM

0 ]

[VM
0 ]?=[VX

.
]? [VM

0 ]?=[VX
.
]?

[VX
.
]

[VX
.
]

gVX=gVM=g0/2

j(x)

D(gVX)S

D(gVM)S

gS/2

jS

0

(gVM)S

(gVX)S

a b

Figure 2. Changes in the energy parameters (g), potential (j) and defect

concentration ([V]) on going from the surface to the bulk of an ionic

crystal.

(a) The Frenkel model; the surface potential jS is equal to the potential

difference between the surface (j0) and the bulk (j?) of a crystal; (b) the

Stern model; a case of a diffuse layer enriched with cationic vacancies is

considered.
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This equation is identical to the expression derived by Lifshits
and Geguzin.51 According to Eqn (3), the surface potential is
determined not only by the difference between Dg+ and Dg7

but also by the energy of defect formation. The quantity jS

increases with the increase in the concentration of surface sites
in proportion to the square root of the Schottky defect
concentration in a crystal. Thus, for a low adsorption energy,
the formation of a double layer is limited not only by the
number of surface sites but also by the capacity of the crystal to
form a diffuse layer, i.e., by the density of bulk defects.

2. For high adsorption energies (jDg+j>g0/4; Dg+<0),
the shape of jS(T ) curves substantially changes (Fig. 3 b ± d ).
In the limit at T ? 0, the dependence jS(T ) tends not to zero
but to a certain value j�S determined by the relationship

ej�S �
2

3
ÿDg� ÿ g0

4

� �
.

In the general case, the surface potential can either increase
or decrease depending on the quantities Dg+ andNS . For very
high adsorption energies jDg+j, the temperature dependences
jS(T ) differ insignificantly from the curves obtained within the
framework of the Poeppel ± Blakely model,52 which makes an
attempt to take into account the effect of the limited number of
accessible surface sites on the surface potential. This case is
shown in Fig. 3 d, namely, at small NS , the number of surface
sites becomes the limiting factor and the surface potential falls
to zero with the increase in the temperature, whereas at large
NS* 1015 cm72, the function jS(T ) tends to the high-temper-
ature limit determined by the equation

jS=
Dgÿ ÿ Dg�

2e
. (4)

A comparison of expressions (4) and (2) shows that they are
identical under the assumption that

Dg77Dg+= �DgVM�S ÿ �DgVX�S � gVX ÿ gVM.

Thus, for sufficiently high jDg+j and NS values and after the
renormalisation of the energy values, the Stern model leads to
the same result as the Frenkel ±Kliewer and Poeppel ± Blakely
models.

The Stern model allows one to calculate the surface
potential in different types of ionic crystals. In the general
case, the calculated parameters of thismodel include the energy
of defect formation, the energy of adsorption of defects and
impurity ions, the concentration of surface sites, the concen-
tration of impurities and the temperature. This model allows
one to calculate jS in NaCl crystals containing admixed
bivalent metals and to assess the isoelectric temperature. The
Stern model can be used for the interpretation of experimental
jS values for AgCl andAgBr and also for the calculation of the
surface defect concentration in a model superionic oxygen
conductor M4�

1ÿcM
3�
c O270.5 c . The main advantages of the

Stern model are that all its parameters have clear physical
meaning, its solution can be found relatively simply and it can
be applied to a wide range of problems that include the
investigation of segregation effects and the interaction of
defects on interfaces.

In the first approximation, the conductivity of a real
polycrystalline specimen can be described in terms of a model
of cubic blocks by the following expression:9, 53

s& 2s\(4sk+ sb)(2s\+ sb)71,

where s\ and sk are the contributions of double layers oriented
normally and in parallel to the electric field, respectively, to the
conductivity; sb is the conductivity in the crystal bulk. Usually,
for crystals s\44 sk , and the conductivity of a specimen is
determined by the sum of bulk and surface conductivities. If
the same carriers are responsible for the conductivity in the
crystal bulk and in the diffuse layer, the conductivity of a
polycrystal is expressed by the equation
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Figure 3. Temperature dependences of the surface potential calculated in terms of the Stern model for g0=1.0 eV, Dg7=70.1 eV and
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s= sb

�
1� 8lD

L
exp

�
� ejS

2kT

��
(5)

and is determined by the effective layer thickness equal to the
double Debye length of screening (2lD), the block size (L) and
the surface potential. The Debye length depends on the
concentration of carriers in the crystal bulk and, in the general
case, on the temperature. It was shown that the activation
energy of conduction of an impurity-free MX crystal is

Ea=
h0
4
ÿ ejS

2
� Em , (6)

i.e., it is determined by the bulk characteristics of the solid,
namely, the enthalpies of formation (h0) and migration (Em) of
a defect and the surface potential (jS).

Studies of polycrystalline AgCl have shown 24 that the
conductivity of specimens non-subjected to long-term anneal-
ing is determined by the conductivity of intergrain boundaries.
The estimates of the surface potential based on relationship (6)
produce quite reasonable valuesjS=0.1 ± 0.2 V, provided the
conductivity is assigned to interstitial cations that form the
diffuse layer. Polycrystalline specimens demonstrated the
dielectric relaxation with a small increment De/e0& 3. On
annealing, the activation energy of conduction was observed
to increase monotonically and the quantity De/e0 vanished.

Studies of polycrystalline AgI have shown 54 ± 56 that the
conductivity of mechanically dispersed samples far exceeds the
conductivities of b- and g-phases of AgI cited in the literature.
Upon heating or storage at room temperature, the conductivity
decreased, which was accompanied by a gradual increase in the
activation energy of conduction from 0.23 to 0.31 eV. For
specially purified specimens, the Arrhenius plots demonstrated
a bend at a temperature Tb in the range from 0 to 40 8C. After
sintering at T>150 8C, the absolute magnitudes of conduc-
tivity virtually coincidedwith that of a b-AgI single crystal. The
static permittivity (es), which does not depend on the electrode
polarisation, substantially increased to es/e0* 50 ± 200 after
the specimens were pressed or mechanically treated, whereas
the high-frequency permittivity (e?) (e?/e0=8� 2) was close
to the permittivity of pure b-AgI. The observed changes can be
explained by the formation of b ± g-polytypes containing
randomly alternating closely packed layers (in contrast to the
regular packing ABABAB or ABCABCABC in the b- and
g-phases, respectively). Insofar as the unit cells in both phases
(in both g-AgI and b-AgI) possess no inversion centres, the
mechanical activation of polytypes can shift the closely packed
layers. This is accompanied by changes in the polar axis
direction and may result in the formation of a contact between
two layers I7 ±Ag+. The cations on two sides of the contact
plane are in different tetrahedral positions. This contact
represents an antiphase boundary, i.e., a boundary between
antiphase domains. In this case, the strong Coulomb interac-
tion between the Ag+(T+) and Ag+(T7) layers is compen-
sated by the partial transition of Ag+ ions from their regular
positions to the vacant tetrahedral and octahedral positions,
i.e., to form the Frenkel defects at the antiphase boundary. The
accumulation of the space charge at antiphase boundaries is
the reason for the high dielectric permittivity of this material.

The presence of a small concentration of a heterogenic
admixture (e.g., metallic silver) stabilises the antiphase
domains. A qualitatively similar effect was observed in the
AgI ± poly(tetrafluoroethylene) system.57, 58 Themechanism of
stabilisation of antiphase boundaries resembles that of disper-
sion strengthening in metals where fine heterogeneous inclu-
sions prevent the annealing of grain boundaries.

IV. Disordering of ionic crystals at interfaces.
Conductivity of microcomposites

The physical reason for the surface interaction in a composite
of the ionic salt ± oxide type lies in the trend of both substances
to decrease their surface energy due to the interaction of
surface ions with the ions of the neighbouring phase. The
surface energy of the interface between an ionic salt MX and
alumina is determined in the first approximation as a sum of
the cation ± cation (M+±Al3+), cation ± anion (Al3+ ±X7

and M+±O27) and anion ± anion (X7 ±O27) interactions
(EM±Al , EX±Al , EM±O and EX±O, respectively)

G s
MXÿA = gMX±ASMX±A&EM±Al+EAl ±X+EM±O+EX±O ,

where g is the specific surface energy and S is the surface area.
For the sake of simplicity, we assume that, as a result of

their interaction, the lattices of MX and A phases are fitted to
one another at the interface. Because the energies EM±Al ,
EX±Al , EM±O and EX±O are different in the magnitude (due to
the different energies of interaction in the ion pairsM+±Al3+,
Al3+ ±X7, M+±O27 and X7 ±O27), in the interface layers,
the ideal structure inherent in individual phases will be dis-
torted in such a way as to provide a gain in the surface energy
due to the mutual approach or removal of surface atoms. The
relative displacement of ions from their ideal positions is
determined by the balance of energiesEi . Insofar as in alumina
and in majority of salts MX under discussion, anions exceed
cations in size, it can be expected that for close packing, the
interface cations will have the larger free volumes and be
displaced by longer distances than anions. As a result, in the
space between the surface layers, an intermediate positively
charged layer enriched with cations is formed, the charge of
this layer being compensated by the cationic vacancies (VM

0 )S
that constitute the diffuse layer. The process of structural
relaxation can be presented as the following quasichemical
reaction:

0 VM
0 +(M±A)S

.
, (7)

which describes the stage of the surface disordering of MX at
theMX±A interface (the superscripts

.
and 0 correspond to the

positive and negative charges of a species, respectively, as
compared with the stoichiometric charge of a given lattice
site). If an anion is adsorbed on the surface, another reaction
proceeds

0 VX
.
+(X±A)0S . (8)

The isoelectric point of an oxide pE was proposed 59 as a
measure of its surface activity. Indeed, equations similar to
Eqns (7) and (8) may be written for the surface interaction of
an oxide with water

H2O OH0+(H±A)S
.
, (9)

2H2O H3O
.
+(OH±A)0S .

The first reaction predominates for oxides with pE>7, for
instance Al2O3 , CeO2; the second prevails for oxides with
pE<7 (ZrO2 , SiO2). By analogy with aqueous solutions, one
can expect that the surface reaction (7) will occur in composites
containing basic oxides (pE>7), whereas for acidic oxides
(pE<7) the interface interaction will follow the mecha-
nism (8). Unfortunately, to date, due to the insufficient
amount of experimental data, it is difficult to check the
correctness of the direct transfer of the model of acid ± base
equilibria in aqueous solutions to the case of composites.
Nonetheless, the competition between processes (7) and (9)

VM
0 +(M±A)S

.
+H2O OH0+(H±A)0S +MX
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can be responsible for the deterioration of the ionic conductiv-
ity of composites AgCl ±Al2O3 (Ref. 60) and AgI ±Al2O3

(Ref. 61) and the appearance of the protonic conductivity in
composites Li2SO4 ±Al2O3 (Ref. 62) and M(NO3)n ±Al2O3

(M is an alkali metal) 63 in humid atmosphere.
In essence, reactions (7) and (8) describe the formation of

the electrical double layer on the surface ofMX in contact with
Al2O3 . The changes in the energy (DgA) upon the displacement
of an ion from its normal position into the interfacial space can
be considered as the energy of cation adsorption in terms of the
Stern model; hence, the quantity DgA is related to the surface
potential (jSA) at the interface of a crystal MX

jSA*ÿDgA
qi

, (10)

where qi is the charge of the displaced ion. Insofar as the exact
jSA value is determined not only by the quantity DgA but also
by the contribution of the relaxation of oxide ions, expres-
sion (10) can be considered as merely a correlation between the
values DgA and jSA, viz., the surface potential increases with
the increase inDgA. ForT=0 K, on the surface of a saltMX in
contact with an oxide, a dense layer similar to the Helmholtz
layer exists. With the increase in the temperature, the cationic
vacancies form a diffuse layer, which provides the enhanced
conductivity of the composite.

Insofar as ions in the dense layer are bound to the surface of
oxide A and have limited mobility, the conductivity of MX in
composites is determined by the defects that dominate in the
diffuse layer. The mobility of defects in the diffuse layer is
assumed equal to their mobility in the crystal
bulk.6, 7, 10, 12, 13, 15 This statement is based on the assumption
that the defect concentration in the surface layer remains low;
hence, the crystal structure does not change (the absence of
deformations, surface phase transitions, etc.). Within the
framework of these assumptions, the conductivity across the
diffuse layer in the composite is described by expression (5),
where jSA should be substituted for jS and the migration
energy Em pertains to the defects that form the diffuse layer.
For low jSA , i.e., for a relatively weak surface interaction, the
absolute magnitudes of conductivity are low and the activation
energy of conduction is

Ea �
h0
4
ÿ ejSA

2
� Em .

The quantity Ea can vary within the limits
(h0/4+Em)>Ea> (h0/4+Em7ejSA/2) and is sensitive to
the surface state of the MX±A contact, i.e., to the presence of
structural defects, adsorbed admixtures, etc.; the measured
parameters of conductivity are often characterised by poor
reproducibility. Such effects are observed in insufficiently
sintered composites.

If as a result of surface interaction, the surface potential
increases to its limiting value ejS= h0/2, the activation energy
of conduction decreases to Ea=Em [see Eqn (6)]. As was
shown by Maier,10, 13, 15 the activation energy of conduction
in composites MX±A is close to the energy of migration of a
cationic vacancy, which indirectly confirms the fact that the
surface potential is sufficiently high and reaction (7) proceeds
on the interface to afford a diffuse layer built of cationic
vacancies.

Most composites considered in the early studies can be
classified with microcomposites, because they were prepared
from oxides with the average particle size of 0.06 ± 10 mm. The
properties of microcomposites are similar to those of poly-
crystalline specimens, and all physicochemical properties of
ionic salts (except for the ionic conductivity) in these systems
are analogous to the properties of pure starting compounds. A

typical example of such systems is the composites
AgCl ±Al2O3. The dependence of the conductivity (s) on the
mole fraction (x) of the oxide has a maximum at x=0.30,
the activation energy of conduction is close to the energy
of migration of cationic vacancies.6, 60 The estimates of
the energy of formation of silver chloride in a composite,
which were obtained using an electrochemical cell
Pb/PbCl2/(17x) AgCl ± xAl2O3/Ag, showed that the thermo-
dynamic properties of AgCl in composites remain virtually
unchanged.64 The exposure of composites to a humid medium
lead to the reduction of their conductivity, particularly, at
x>0.5 ± 0.6.60

Based on correlations obtained earlier 65, 66 and an assump-
tion that Ea=Em , it is possible to assess the concentration of
current carriers in composites. The following relationship
between the conductivity at 25 8C (s25 /S cm71), the defect
concentration (n /cm73) and the activation energy (Ea /eV) was
proposed:53

log s25= log n714.5Ea720.55.

In composites with the highest conductivity, the concen-
tration of defects proved to be high and comparable with their
concentration in superionics. This suggests that additional
channels for the defect formation exist in composites so that
the correct interpretation of experimental data requires that
the specifics of interphase interactions and the real structure of
the interface were taken into account. It cannot be ruled out
that the disordered surface phases formed at the interface will
manifest most strongly their specific properties on going from
micro- to nanocomposites. These effects are discussed below.

V. Calculations of physicochemical properties
of composites

The model of cubic blocks,53, 67 which is similar to that used
earlier to describe the conductivity of polycystalline specimens,
may be applied for the quantitative calculation of the physical
characteristics of composites MX±A. If a layer with a thick-
ness l and properties differing from those of the MX phase in
the substance bulk exists near the interface, this layer can be
conditionally assumed to be the surface phase. The model of
cubic blocks allows one to estimate the volume and mole
fractions of the surface phase ( fS and xS, respectively) for the
uniform random distribution of equal-size particlesMX and A
in a composite

fS=
2bl f �1ÿ f �

LA

,

xS=
2bldx�1ÿ x�

LA�1� x�dÿ 1�� ,

where b is the constant determined by the particle geometry,
for cubic or spherical particles, b& 3; l is the surface phase
thickness; f and LA are the volume fraction and the size of
particles of the component A in the composite; the coefficient d
is determined by the ratio of densities (d ) andmolecularmasses
(m) of components, namely, d=(mAdMX)/(mMXdA); x is the
mole fraction of the component A. The volume fraction of an
ionic salt ( fMX)bulk beyond the surface layer can be determined
using the expression

( fMX)bulk=17f7fS =

�
1ÿ 2bfl

LA

�
(17f ), ( fMX)bulk5 0, (11)

which is very convenient for the estimation of the surface layer
thickness provided the size of particles A is known. In real
systems, LA corresponds to the size of an aggregate of particles
A and dA corresponds to the average density of aggregates.
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Expression (11) allows one to determine the ratio l/LA based
on the concentration dependence of any extensive character-
istic of theMXphase; moreover, provided the average size of A
particles is known, the absolute magnitude of the surface phase
thickness l can be found (Fig. 4).

To assess the conductivity of composites, the models of
effective medium or the theories of percolation, which were
adapted to the specific features of the morphology of compo-
sites, are used. The most precise calculations of the conductiv-
ity of conventional composites of the conductor ± dielectric
type (17f )M7fA can be performed for the limiting cases
( f? 0 and f? 1), where the particles of phases A orM pertain
to the second-phase matrix and are isolated from one another.
As the volume fraction of the second phase increases, its
particles are no longer isolated and the calculations of the
conductivity of composites require the use of more intricate
models. A simpler method for the calculation of the composite
conductivity based on the well-known mixing equation was
proposed 68, 69

sa=(17f )saM + f saA , (12)

where the parameter a is determined by the empirical fitting of
dependence (12) to experimental values. The comparison of
Eqn (12) with the exact solutions obtained for the limiting
cases showed that the parameter a depends on the composite
morphology. The morphology of real composites changes as
the content of the second component increases, which makes
extremely difficult the theoretical calculations of the conduc-
tivity within the framework of models mentioned above. The
use of rules of mixing allows one to solve this problem by
introducing the linear dependence of the power index a in
Eqn (12)

a: a( f )= a1(17f )+ a2 f, (13)

where a1 and a2 are the constants corresponding to the
morphology of composites in the regions of limiting dilution
(for f? 0 and f? 1, respectively). Taking into account expres-
sion (13), it is possible to represent expression (12) in the
general form

sa1�1ÿf ��a2 f =(17f )sa1�1ÿf ��a2 fM + fsa1�1ÿf ��a2 fA . (14)

In the limiting cases, Eqn (14) is reduced to expressions
obtained within the framework of the effective mediummodel.
The form of dependences log s ( f ) and s ( f ) shown in
Figs 5 a,b is entirely determined by a1 and a2. These depend-
ences allow one to describe the conductivity of composites the
morphology of which is determined by quite different factors
including the percolation effect. The theoretical curves are
close to those obtained using theMcLachlan equation,70 which
is widely employed for the description of the percolation
behaviour of composites. Figure 5 c shows the experimental
conductivity of different composites 71 in comparison with
calculated curves.

As in the case of conductor ± dielectric composites, the
most accurate calculations of the conductivity of solid electro-
lytes (17f )MX± fA can be performed for the limiting cases
( f? 0 and f? 1), where isolated particles of phases A or MX
are located in the second phase matrix. In the general case, the
conductivity of model systems is described in terms of a
percolation model 11 with two percolation thresholds, namely,
p1 (dielectric MX± ionic conductor) and p2 (ionic conductor ±
dielectric A). The most serious difficulties in calculations
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emerge in the vicinity of percolation thresholds at f& p1 or p2 .
In these regions, intricate models 72 ± 81 are used. Moreover,
even for composites with simple morphologies, rather cumber-
some analytical expressions with a large number of fitting
parameters should be used, which complicates the testing and
practical application of these models. The mixing equation can
be applied for the description of composite ionic conductors.
The additional contribution of the surface conductivity can be
taken into account in terms of themodel of cubic blocks, which
allows one to assess the concentration of the surface conduct-
ing phase. The mixing equation should take into account the
contribution of this phase and can be presented as follows:

sa=
�
17f76f �1ÿ f � l

LA

�
saM � 6f�1ÿ f �saS

�
l
LA

�
� fsaA . (15)

For 6(l/LA)sS44 sMX , the expression takes a simpler form

s=
�
6f�1ÿ f � l

LA

�1=a
sS. (16)

For a>0, dependence (16) has a symmetrical form with the
maximum at f=0.5. The introduction of the linear depend-
ence a= a( f ) [expression (15)], which takes into account the
changes in the morphology, allows one to obtain a modified
mixing equation suitable for the description of conductivity of
composite solid electrolytes. Analysis showed that the form of
curves substantially depends on the parameters a1 , a2 and that
theoretical curves allow one to describe the conductivity as a
function of the composition for specimens with totally differ-
ent morphologies (Figs 6 a,b). It is interesting that the con-
ductivity of a composite should increase with the increase in the
size of particles of the oxide additive according to the expo-
nential law s* (1/LA)b, where b= a715 1, and only in the
limiting case a( f )=1, it is expressed by the relationship
s* (1/LA) conventionally used in the literature.15, 22, 25, 26

Equation (15) type describe well the experimental data for
composites LiI ±Al2O3 (Ref. 4) and AgCl ±Al2O3 (Ref. 60)
(Fig. 6 c). The mixing equation in the form (15) is qualitatively
consistent with the basic expressions obtained within the
framework of the effective medium model and the percolation
theory and also with the results of computer calculations.

VI. Thermodynamic description of composites.
The effect of self-dispersion of ionic salts.
Synthesis of nanocomposites

In the general case, a solid-phase composite represents a
complex multicomponent system that comprises several real
solid phases. By a real solid phase is meant a combination of
single crystals of different sizes, which contain admixtures,
lattice defects (point defects and pores), free surfaces, cracks
and grain boundaries. Many properties of composites depend
on their morphology, viz., the size distributions of particles of
each phase and the mutual spatial arrangement of monophase
domains. In the presence of the surface interaction between the
phases MX and A, the expression for the excess Gibbs energy
of the composite can be presented as follows:24, 82 ± 84

G=(G�MX + gMXSMX+DG elas
MX)+ (17)

+(G�A + gASA+DG elas
A )+ gMX±ASMX±A .

Here, G�MX and G�A are the standard changes in the Gibbs
energies of the formation of individual componentsMXandA;
gMXSMX and gASA are their excess surface energy determined
by the specific surface energy (g) multiplied by the free surface
area; DG elas

MX and DG elas
A are the elastic strain contributions;

gMX±ASMX±A is the energy of the interface, where gMX±A is the
specific surface energy at the interface; SMX±A is the area of the
contact between components MX and A; the contribution of
the elastic energy is taken into account by terms DG elas

MX and
DG elas

A . The expression for the Gibbs energy of the component
MX can be obtained from Eqn (17), if we assume that the
interface energy is evenly distributed between the components

GMX=G�MX + gMXSMX+
gMXÿASMXÿA

2
+DG elas

MX . (18)

The contribution of elastic strains (DG elas
MX) to the total energy

of the MX phase is largely determined by the elastic energy of
themisfit in lattice parameters at the interface and the energy of
dislocations that arise in the interface regions. The calculations
of G elas even for thin films with simple morphologies are very
tedious; hence, it is difficult to assess this contribution in
composites. Nonetheless, in all the cases irrespective of the
nature of elastic strains (dilatational or compression strains),
the quantity DG elas

MX is positive and should increase with an
increase in SMX±A. Hence, the last two terms in expres-
sion (18), which determine the energy of theMX phase depend
on the area of the interphase contact in the composite.

Sintering of a mixture of a low-melting component MX
(with the higher self-diffusion coefficients) with the nano-
particles of a high-melting component A can be accompanied
by both a decrease and an increase in the interface area. In the
former case, the sintering is reduced to simple recrystallisation
of phases. The latter case is more interesting for solid-state
chemistry. The process of the formation of an interphase
contact (Fig. 7) is thermodynamically favourable if
dG/dSMX±A<0. In this case, the sintering is accompanied by
an increase in the interface area SMX±A. If we ignore the
dependences of the specific surface energies and the elastic
energy on the surface area (or the particle size) [gMX , gA ,
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sS=1073 S cm71 and (c) their
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Curves were obtained for different
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gMX±A , G elas
MX, G

elas
A = f(SMX±A)] and express gMX±A through

the free energy of adhesion (ga)

ga= gMX+ gA7gMX±A ,

we can find the change in the Gibbs energy of a composite with
the increase in the interface area by dSMX±A

dG

dSMXÿA
� gMX

dSMX

dSMXÿA
� gA

dSA

dSMXÿA
+ gMX+ gA7ga . (19)

Pines 85 and Geguzin 86 considered in detail the mechanism of
sintering, i.e., the formation and the growth of the interface.
The mechanism and kinetics of sintering differ for two cases
determined by the conditions ga<2 gMX and ga>2 gMX . In
the former case, a neck is formed between two grains the shape
and size of which are determined by the shape and size of
particles and the absolute magnitudes of gMX , gA and ga .

The expression

ga>2 gMX (20)

is known as the Gibbs ± Smith condition for complete spread-
ing. It can be derived from Eqn (19), provided that
dG/dSMX±A<0, dSA/dSMX±A=71, dSMX/dSMX±A& 1,
i.e., if the decrease in the free energy of a component A
(substrate) is accompanied by the formation of the equivalent
free surface of a component MX (film). The same condition is
prerequisite for the stable layer-by-layer growth of films
according to the Frank ± van der Merve mechanism.
Figure 7 (1) shows the corresponding changes in the morpho-
logy. However, upon sintering of mixtures with an arbitrary
microstructure, the newly formed free surfaces of the compo-
nent MX can overlap if the distances between the surfaces of
phase A are sufficiently small [Fig. 7 (2)]. At the complete
overlap of free surfaces, the derivative dSMX/dSMX±A

approaches zero, and the following expression can be derived
from Eqn (19):

ga> gMX , (21)

which represents a condition of the feasibility in principle of
spreading of the componentMX over the surfaces of the phase
A in a composite. A comparison of condition (21) with the
condition (20) for the complete spreading (or epitaxy) in films
shows that the interfacial interaction in composites should
proceed more actively and at lower energies of adhesion in
contrast to ordinary film structures. The surface roughness is
known to improve wettability. The roughness coefficient is
equal to the ratio of the true contact area to its apparent area
and can take values in the range from zero to unity. Equa-

tion (21) corresponds to the limiting roughness coefficient of
the phase A equal to unity.

If conditions (20) or (21) are met, the interface area in the
system spontaneously increases or the sufficiently well devel-
oped surface of nanocrystals A is `wetted' with the substance
MX. A comparison of values g& 100 ± 300 erg cm72 for alkali
metal halides 87 with the specific surface energies of oxides
Al2O3 , FeO, MgO and SiO2 (g& 600 ± 1200 erg cm72)
(Refs 88 and 89) suggests that the wetting condition (20)
should be fulfilled for composites that consist of ionic halides
and high-melting oxides including alumina.

If substance A is in the nanocrystalline state, the effective
size of particles of the phase MX should decrease to very small
values, i.e., an unusual effect, the self-dispersion of component
MX to form a two-phase nanocomposite is observed.24 Indeed,
the self-dispersion effect was observed during the solid-phase
sintering of composites AgCl ±Al2O3 ,60 AgI ±Al2O3 (Refs 61,
71 and 90 ± 92) and Li2SO4 ±Al2O3.

82, 83, 93, 94 A similar effect
was observed in heterogeneous systems based on alkali metal
nitrates [LiNO3 ±Al2O3 , NaNO3 ±Al2O3 ,95 RbNO3 ±
Al2O3 ,67, 96, 97 CsNO3 ±Al2O3 (Ref. 96)] and halides
[NaCl ±Al2O3 , KCl ±Al2O3 and RbCl ±Al2O3 (Ref. 24)],
which points to the good adhesion of ionic salts to the alumina
surface. Self-dispersion serves as the indicator of strong
interfacial interaction in the system and occurs at long-term
sintering until the whole surface of the component A is covered
with substance MX. In this limiting case, the quantity SMX±A

approaches SA , and the system spontaneously reaches firm
metastable equilibrium where

G=(G�MX +G�A)+ gMX±ASA+
ÿ
DG elas

MX+DG elas
A

�
,

GMX=G�MX +
gMXÿASA

2
+DG elas

MX . (22)

According to the latter expression, the properties of an
ionic salt are determined not only by the standard thermody-
namic parameters of the substance, but also by the contribu-
tion of the energy of interfacial interaction, which increases in
proportion to the surface area of the oxide A (or in the inverse
proportion to the size of its particles). If the components taken
in a volume ratio of 1 : 1 are uniformly mixed so that the total
surface of a component A is completely wetted with a compo-
nent MX, the effective size of MX grains is approximately
equal to LA/2. In composites with oxide nanoparticles
(LA/2& 10 nm), the size of MX particles becomes sufficiently
small for the manifestation of pronounced size effects.

VII. Size effects in composites

Size effects in heterogeneous systems 84 are determined by
many factors, namely, the chemical nature of components in
the heterogeneous mixture, the morphology of the system and
the interfacial interaction between the components. Since it is
difficult to take into account these factors, no adequate
theoretical description of the size effect in composites has
been developed so far. As in the case of pure substances, the
most pronounced changes in the properties are observed in
nanocomposites, i.e., heterogeneous systems with the average
size of particles of both phases below100 nm. In recent years,
the interest in the unusual effects observed in nanosize systems
has arisen.17 ± 22, 24, 84, 85, 88, 98 ± 128 This is not surprising, since
the processes that involve nanosystems form the basis for
future solid-state nanotechnologies.

Size effects can conditionally be divided into two types.
1. Weak effects, where the physicochemical properties of a

substance change insignificantly with an increase in the specific
surface area (or a decrease in the particle size) and all the
changes observed can be explained by the additive effect of the

MX MX7A

D

ga> gMX

ga>2 gMX

LA LMX

A

(1)

(2)

Figure 7. Illustration of self-dispersion of an ionic salt MX at its contact

with a nanocrystalline oxide A (see the text).
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surface on the basic properties of a crystal. According to the
classification proposed by Shcherbakov,129, 130 these effects
may be assigned to capillary effect of the first kind. As a rule,
these effects are observed in crystals with the size above 10 nm.

2. Strong phase size effects or, according to the Shcherba-
kov classification, capillary effects of the second kind respon-
sible for the qualitative changes in the substance properties,
which are impossible to explain in terms of ordinary surface
phenomena. As a rule, these effects are observed in very small
particles the size of which does not exceed 10 nm. It is these
systems that should be considered as truly nanosize systems.
The concept of Shcherbakov was qualitatively confirmed
by the subsequent experimental and theoretical stud-
ies 84, 100 ± 104, 116, 117, 124, 126.

As a result of spreading or self-dispersion, theGibbs energy
of an ionic salt increases to a value described by expres-
sion (22). The excess energy is determined by twomain factors,
namely, the interface energy, which depends on the nature and
the energy of interactions between the surface atoms of phases
in contact, and the elastic strains that arise in the bulk of
contacting phases.

The mechanism of interactions in composites MX±A is
determined by the contribution of non-dispersion interactions,
namely, ion ± ion, donor ± acceptor, dipole ± dipole, etc. The
correct estimation of the interface energy requires consider-
ation of the structure of the contact plane and the real
potentials of ion ± ion interactions in the contact region,
which is an extremely complicated and still unsolved problem.
It was shown 24 that lithium salts in systems with alumina
exhibit a stronger trend for the formation of nanocomposites
as compared with rubidium and caesium salts, while iodides
more readily form nanocomposites as compared with chlorides
and fluorides. This suggests that the polarising power of the
cation and the polarisability of the anion in the ionic compo-
nent play an important role in the surface interaction mecha-
nism.

Studies of thin films have demonstrated that the structure
of a solid in the near-interface region depends substantially on
the features of the crystallography and energy of planes in
contact. As a rule, in very thin films, the epitaxal contact
between phases is energetically favourable and the film struc-
ture is determined by the effect of the support and can differ
from the structure of the same substance in the individual state.
With the increase in the film thickness, elastic strains are
accumulated in its bulk, which results in the film restructuring
upon reaching a certain critical thickness hcr. For a minor
misfit in the structural parameters, the film acquires a structure
corresponding to the pure component and a network of misfit
dislocations is formed on the interface. For a 1%±0.1%misfit
in the lattice parameters, the thickness of the epitaxial layer was
calculated to be hcr& 5 ± 25 nm.131 ± 133 If the structural
parameters of the substrate and the film differ substantially,
hcr becomes very small, and the relaxation of the elastic energy
of the growing epitaxial layer necessitates the formation of a
very large number of dislocations, which becomes energetically
unfavourable. In this case, the relaxation of elastic strain
energy can proceed through different channels, namely, the
film can be divided into separate blocks the size of which
increases with the increase in the film thickness or an amor-
phous surface phase is formed.100, 133

In the above-mentioned cases, the formation of thin
epitaxial, nanocrystalline or amorphous films may be consid-
ered as the manifestation of the phase size effect in heteroge-
neous systems, viz., with the increase in the characteristic size
(film thickness), new surface phases are formed.

In the composites MX±A the distance between the grains
of the oxide component A plays the role of the MX layer
thickness. If the size of particles A far exceeds hcr , the proper-
ties of the ionic component are similar to those of thick MX

films. If the oxide grains are sufficiently small and comparable
with hcr , then at sufficiently high oxide concentrations, theMX
phase is localised in nanopores between oxide particles, i.e.,
under the conditions similar to those of the existence of a thin
MX layer on the surface of A. In a real composite, two states
always coexist (a `normal' state of coarse MX grains and an
`interfacial' state with anomalous properties) in a quantitative
ratio determined by the composition and morphology of the
composite.

The thermodynamic properties of substances deposited on
a solid support to form adsorbed layers or thin films differ from
those in the bulk.85, 98 ± 100, 131 The characteristic grain size at
which noticeable deviations in the thermodynamic properties
are observed is *10 nm.84, 100 ± 102, 105, 107 ± 111, 113, 116, 117, 124

The temperature of a phase transition (Tt) that occurs in the
bulk of an ionic salt MX can be estimated 24, 100, 115 using the
following approximate relationship:

Tt

T �t
� 1ÿ

�
�gbMXS

b
MX ÿ gaMXS

a
MX��

� 1

2
�gbMXÿAS

b
MXÿA ÿ gaMXÿAS

a
MXÿA� � DG elas

�
1

Ht

,

where T �t is the standard temperature of the transition, super-
scripts a and b correspond to high-temperature and low-
temperature phases, respectively, DG elas is the difference
between the excess elastic energies of phases b and a, Ht is the
enthalpy of the phase transition. The interface energies gMX

and gMX7A decrease with the increase in the temperature; this
is why if the phase transition is accompanied by only small
changes in the bulk and DG elas (Sa

MX &Sb
MX *Lÿ1MX;

Sa
MXÿA &Sb

MXÿA *Lÿ1A ; DG elas& 0), the temperature of
transformation to the high-temperature a-phase will decrease,
which indeed was usually observed for thin films where the
layer thickness plays the role of the particle size. The literature
offers two types of phase diagrams plotted in coordinates
Tt(T,L71) for supported films of different metals;85, 98 ± 100 the
phase transition temperatures can decrease by hundreds of
degrees as L decreases to 10 nm. In the general case, the phase
transition temperatures in a composite can either decrease or
increase depending on the concrete form of functions
G8=f(T ); s=f(T ); DG elas= f(T ) in different phases of a
given composite.

The above-described self-dispersion effect caused by the
surface interaction of ionic salts with nanodispersed oxides (the
particle size not exceeding 10 nm) allowed a wide range of
nanocomposites of the MX±A type to be synthesised and
studied.24, 84, 134 ± 148 Ionic salts in the nanoheterogeneous sys-
tems mentioned exhibited several specific features.

1. Crystal structure and morphology. In sintered compo-
sites AgI ±Al2O3,61, 71, 90 ± 92 either various polytypes or an
amorphous phase were formed depending of the oxide particle
size and the conditions of the composite synthesis. Nano-
composites synthesised at 600 8C comprised globular AgI
particles measuring 2 ± 5 nm and uniformly distributed over
the composite volume (Fig. 8). According to the results of
structural studies of composites LiX ±Al2O3 (X7=F7, Cl7,
Br7, I7, 1/3 PO3ÿ

4 , 1/2 SO2ÿ
4 ) synthesised by decomposition of

a precursor, the size of particles in both phases of the composite
did not exceed 10 nm, i.e., solid-phase nanocomposites were
formed.53 The most thoroughly studied nanocomposites
Li2SO4 ±Al2O3 exhibited the highest conductivity among
these nanocomposites.53, 82, 83, 93, 94 On the interfaces of these
composites, regardless of the method of their synthesis [by
decomposition of the precursor Li2SO4

. 2nAl(OH)3 .mH2Oor
by simple mixing of components followed by sintering], an
intermediate aluminate layer with a thickness of about 1 ± 2
monolayers was formed to provide a good epitaxial contact
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between Li2SO4 and Al2O3 . The average particle size varied in
the range of 3 ± 10 nm (Fig. 9). In composites CsCl ±Al2O3 ,
according to the X-ray diffraction data, a high-temperature
face-centred CsCl phase with the particle size in the range of
20 ± 80 nm was stabilised.144 In nanocomposites based on
alkali metal nitrates, amorphous phases of ionic salts were
formed.67, 95 ± 97

2. Thermodynamic properties. Rubidium nitrate attracts
attention because in the temperature range of 25 ± 330 8C it
undergoes three polymorphous transitions (at 164, 219 and
286 8C) before melting at 315 8C. The results of differential
scanning calorimetry (DSC) studies of composites
RbNO3 ±Al2O3 showed 67 that sintering did not virtually affect
the temperatures of all phase transitions of rubidium nitrate
including the melting temperature, while the corresponding
enthalpies dramatically decreased (Fig. 10 a). At a relatively
low mole fraction of the oxide (x5 0.7), the curves demon-
strated no heat effects that would point to the presence of
crystalline rubidium nitrate in the composite. In line with the
decrease in the enthalpy of crystalline RbNO3, the DSC curves
acquire a new strongly broadened peak at 250 8C. The men-
tioned effects were not observed in composites containing
coarse-grained alumina (with the grain size of several micro-
metres); hence, the effects were intrinsic in the oxide surface
(Fig. 10 b). In composites RbNO3 ±Al2O3, an amorphous
phase was formed and the heat effect at 250 8C was caused by
the phase transition, namely, its vitrification. The formation of
an amorphous phase in nanocomposites was also confirmed by

the disappearance of the heat effect associated with salt
melting. The amorphisation of an ionic salt also occurred in
composites RbNO3 ± SiO2 ,145 CsHSO4 ± SiO2 (Refs 146 and
147) and LiClO4 ±Al2O3 (Ref. 148). In composites
CsCl ±Al2O3, with the increase in the oxide concentration,
the enthalpy of the transition to the high-temperature phase
gradually decreased, which was accompanied by the broad-
ening of the hysteresis loop of the phase transition temper-
ature.144

Expression (11) allows one to assess the ratio l/LA and, for
a given particle size (LA), the thickness of the surface phase (l),
based on the concentration dependence of the enthalpy of
phase transitions in composites. The l estimates were 3 and
4 nm in composites AgI ±Al2O3 (Ref. 92) and RbNO3 ±Al2O3

(Ref. 97), respectively. For a sufficiently high concentration of
the oxide (x>0.6 ± 0.7, which corresponds to the volume ratio
f>0.5 ± 0.6), the effective size ofMXparticles was comparable
with l and virtually the whole volume of the ionic salt was in
the amorphous state (Fig. 11).

Self-dispersion of rubidium nitrate in contact with nano-
crystalline alumina (the specific surface of 200 m2 g71) was
studied 97, 149 in situ by the DSC method; the results are shown
in Fig. 12. For non-mixed starting components, the surface
interaction began at the rubidium nitrate melting temperature,
as indicated by the appearance of the exothermic effect. In the
melting, the liquid-phase spreading occurred being accompa-
nied by liberation of the heat of wetting. The DSC curves
obtained in the repeated heating of the same specimen corre-
sponded to amixture of the residual crystalline and amorphous
phases. When the starting components were mixed more
thoroughly, the surface dispersion and self-dispersion pro-
ceeded at noticeable rates even at temperatures substantially

20 nm

Figure 8. Morphology of the nanocomposite 0.2AgI ± 0.8Al2O3 syn-

thesised at 600 8C.

20 nm

Figure 9. Microstructure of the composite Li2SO4 ±Al2O3.
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Figure 10. (a) DSC curves of composites (17x)RbNO3 ± xAl2O3

[x=0.1 (1), 0.3 (2), 0.5 (3), 0.7 (4 )] containing nanocrystalline alumina

(Ssp=270 m2 g71), which were heated at 350 8C and (b) segments of

DSC curves in the region of phase transition RbNO3-IV>RbNO3-III for

the composites 0.3RbNO3 ± 0.7Al2O3 containing (1) coarse-grain and (2)

nanocrystalline alumina.
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below Tmp , i.e., where rubidium nitrate was in the crystalline
state. Due to the solid-phase spreading, the amorphous phase
was formed, i.e., the crystalline phase spontaneously passed to
the amorphous state. The solid-phase spreading to form the
amorphous phase was also observed upon sintering of compo-
sites AgI ±Al2O3.92

The possible reason for the spontaneous amorphisation of
an ionic salt MX in the composites MX±A due to the liquid-
phase or solid-phase spreading could be the relaxation of
elastic strains that arise in the MX volume formed as a result
of the salt spreading over the surface and in the pores of the
oxide matrix. If the lattices of the contacting phases do not
match one another, the contribution of the elastic energy
becomes substantial. Moreover, in contrast to thin films, the
MX particles in nanopores are adhesively bound with the
randomly oriented oxide surfaces surrounding a pore, which
should lead to rather active formation of microdomains of
particles and provide the excess surface energy. Apparently,
the structural relaxation can occur by spontaneous amorphisa-
tion of an ionic salt. This process may be illustrated by a phase
diagram shown in Fig. 13.97, 139, 140 The amorphisation is
possible if with the decrease in the effective particle size, the
free energy of the crystalline MX phase becomes higher than
the energy of the amorphous phase. A concept of the sponta-
neous transition from the crystalline to the amorphous state
was discussed earlier in the literature in context of the reasons
for the mechanical alloying of ionic salts.150 ± 158 The data on
the amorphisation of alkali metal halides 159, 160 and certain
other inorganic crystalline hydrates 161 ± 167 in nanopores are
available. Amorphous hydrates incorporated into nanoporous
matrices turned out to exhibit unusual thermodynamic proper-
ties, which are responsible for the changes in the parameters of
chemical processes of hydration and dehydration.

3. Ionic conductivity and dielectric properties. In the low-
temperature range, all the nanocomposites (17x) AgI ±
xAl2O3 studied exhibited enhanced ionic conduc-

tivity.61, 71, 90 ± 92 A comprehensive analysis of the temperature
dependence of conductivity and the results of calorimetric
studies of composites revealed the presence of two phase
transitions. The temperature dependences of conductivity had
a non-trivial shape, namely, with the increase in x, the phase-
transition hysteresis gradually widened and the conductivities
of the high-temperature (superionic) and low-temperature
phases gradually became equal, i.e., the phase transition of a
salt to the superionic state gradually disappeared 61, 71, 91

(Fig. 14 a). The conductivity maximum (*1073 S cm71 at
25 8C) was situated not at x=0.20 ± 0.30 as was observed
earlier but at a higher mole fraction of the oxide, x=0.5 ± 0.6
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phases in composites (1, 3) (17x) AgI ±xAl2O3 (Ref. 92) and (2, 4)
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Figure 12. (a) DSC curves of original RbNO3 ±Al2O3 mixtures (lower

curves) and the same mixtures in repeated heating (upper curves) for

different component ratios; (b) a DSC curve of a thoroughly ground
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(Fig. 14 b). The activation energy of conduction in both
superionic and low-temperature phases increased monotoni-
cally with the increase in x. The concentration dependence of

the dielectric permittivity e (x) had two maxima, namely, the
first weak maximum at x=0.2 and the second more pro-
nounced maximum at x=0.9 (see Fig. 14 b).92 These results
are consistent with the percolationmodel 11 according to which
the permittivity maxima corresponding to two percolation
thresholds should be observed at the oxide volume fractions
p1=0.1 and p2=0.9 (i.e., at x=0.12 and 0.94).

The temperature dependence of conductivity of the nano-
composite Li2SO4 ±Al2O3 lacked the conductivity jump at
575 8C associated with the transition of lithium sulfate to the
superionic state (Fig. 15).82, 83, 93, 94 The s(T ) dependence had
a shape typical of solid electrolytes with the fluorite structure in
the vicinity of the `diffuse' phase transition.

Studies of the conductivity of composites based on alkali
metal nitrates MNO3 ±Al2O3 (M=Li, Na, K, Rb, Cs) have
shown 95, 96 that doping of nitrates with alumina with a specific
surface area of 270 m2 g71 is accompanied by a sharp increase
in the conductivity (Fig. 16). The dependences of the conduc-
tivity on the dopant concentration had a maximum at
x=0.5 ± 0.7, and the relative increase in the conductivity
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Figure 13. State diagram of an ionic salt in a composite; the changes in the

energy of the system in the amorphisation of ionic compounds are

indicated.
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sulfate and (2) a nanocomposite Li2SO4 ±Al2O3 .82
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Figure 16. Arrhenius plots of conductivity for (1, 3, 5, 7, 9) pure alkali

metal nitrates and (2, 4, 6, 8, 10) a 1 : 1 composite MNO3 ±Al2O3 .95, 96

M=Li (1, 2), Na (3, 4), K (5, 6), Rb (7, 8), Cs (9, 10).
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(s/so) at 343 K depended on the cation type and varied in the
range from 102 (in composites CsNO3 ±Al2O3) to 108 (in
composites LiNO3 ±Al2O3). For x>0.5 ± 0.6, the Arrhenius
plots s(T ) of all composites studied were not linear and lacked
conductivity jumps at phase transition temperatures. The
physicochemical properties of composites based on rubidium
nitrate were studied in more detail. The decomposition voltage
Ud=4 V assessed from voltammetric curves was close to the
corresponding values in fused alkali metal nitrates and halides
which allows one to assume that rubidium cations are the main
current carriers in the composites RbNO3 ±Al2O3.

In the composites CsCl ±Al2O3, with the increase in the
oxide concentration, the conductivity jump associated with the
transition to the high-temperature phase gradually disap-
peared, which was associated with the stabilisation of the latter
phase (Fig. 17).144

Thus, in all systems under study, the nature of conduction
was observed to change at sufficiently high concentrations of
the fine-grain additive. These changes can be associated with
either the appearance of new highly conductive amorphous
phases atypical of pure ionic compounds (composites based on
nitrates, AgI ±Al2O3) or with the stabilisation of high-temper-
ature phases (the phase-transition hysteresis in Li2SO4 ±Al2O3

and AgI ±Al2O3 , the formation of a face-centred cubic phase
in CsCl ±Al2O3) in composites. Moreover, the properties of
high-temperature phases stabilised in nanocomposites differed
from those of the same phases in pure salts, namely, the former
had higher activation energies andmodified lattice parameters.
A clear trend for the levelling of the characteristics of high-
temperature and low-temperature phases was observed, the
phase transition region widened and the transition itself
became diffuse approaching the second-order phase transi-
tions. Nanocomposites differ basically from polycrystals and
microcomposites in their properties; this is explained by the
increasing effect of surface interactions on the bulk properties
of ionic salts. Under certain conditions, this leads to the
appearance of phase size effects or capillary effects of the
second kind. Figure 18 illustrates the changes in the ionic salt
structure in the vicinity of the MX±A interface, which were
observed as the surface interaction increased, i.e., on going
from micro- to nanocomposites.

Computer simulation methods can be used for the elucida-
tion of the nanocomposite structure and the conduction
mechanism. Nanocomposites LiI ±Al2O3 were studied 168 by
the molecular dynamics techniques. It was shown that the
phase contact was epitaxial, the electrical double layer was

formed at the interface and the activation energy of diffusion of
lithium cations was close to the experimental value.

The molecular dynamics methods were also applied 169 for
the simulation of the CsCl ± a-Al2O3 interface. The calculation
model represented a two-layer heterostructure that comprised
22 080 ions (3840 ions of Cs+ and Cl7 each and the balance
number of Al3+ and O27 ions). The calculations were per-
formed for cyclic boundary conditions and involved the use of
the Born ±Mayer potential. The parameters of the potential
were taken from the literature and refined in the preliminary
simulation of individual starting components Al2O3 and CsCl.
The heterostructure was obtained as a result of spontaneous
crystallisation of amodel CsClmelt, which was followed by the
long-term isothermal exposure at T=0.8Tmp up to the estab-
lishment of the steady state (Fig. 19). Caesium chloride crystal-
lised to form a high-temperature phase structure of the NaCl
type and did not pass to the low-temperature state as the
temperature decreased. The CsCl ± a-Al2O3 interface was real-
ised along the (110) CsCl jj (10�10)Al2O3 planes whichwere off-
oriented by a small angle of*10 ± 138 and contained boundary
dislocations at a distance of *5 nm from one another. The
boundary dislocations corresponded to the sites of the surface
exposure of low-angle boundaries localised in the caesium
chloride bulk. Although the bulk of caesium chloride as a
whole represented a monolythic crystal, the low-angle boun-
daries divided it into twomicrodomains disoriented by 3 ± 3.58.
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Figure 17. Dependences of conductivity of composites (17x) CsCl ±

xAl2O3 (a) on the temperature and (b) and the oxide concentration.

(a) x=0 (1), 0.60 (2); (b) T=573 (1), 673 (2) and 773 K (3).
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Figure 18. Changes in the ionic salt structure in the vicinity of theMX±A

interface with the increase in the effect of surface on the bulk properties of

MX, i.e, on going from micro- to nanocomposites.

(a) Original surfaces; (b) weak interfacial interaction, insignificant struc-

tural changes, the capillary effect of the first kind; (c) interfacial inter-

action generates dramatic changes in the ionic salt structure (e.g.,

amorphisation), phase size effect, the capillary effect of the second kind.

a b

Figure 19. Heterostructure CsCl ±Al2O3 calculated by the molecular

dynamics method.169

(a) For temperatures above the melting point of caesium chloride;

(b) immediately after its hardening and isothermal exposure at

T=0.8Tmp .
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In contrast to the system LiI ±Al2O3, no double layer was
formed on the interface. Nonetheless, the ions located in the
vicinity of the interface and on low-angle boundaries exhibited
enhanced mobility. The self-diffusion coefficients of caesium
and chloride ions were approximately the same, i.e., equal to
*1076 cm2 s71 at 700 K, which is smaller than the corre-
sponding values in molten CsCl by merely an order of
magnitude. Apparently, the main difference of the system
CsCl ±Al2O3 from the system LiI ±Al2O3 is the weak interface
interaction. In this case, it is the energy of elastic strains the
relaxation of which favours the appearance of intergrain
dislocations and small-angle boundaries that makes the main
contribution to the changes in the ionic salt properties. Hence,
the real composite structure and the mechanism of ionic
conduction in nanosized systems depend not only on the
energy of interactions, but also on the energy of elastic strains
that arise in the interface zone.

The spectrum of phenomena observed in nanocomposites
is very wide. Particularly, nanocomposites with protonic con-
ductivity, which are based on acid salts, were shown to exhibit
interesting properties.146, 170 ± 176 In our studies, we have shown
that the physicochemical characteristics of ionic salts depend
on the pore size in the silica gel used as the dispersed additive,
viz., there is an optimum pore size (*2 nm) corresponding to
the maximum changes in the thermodynamic, structural and
transport properties of CsHSO4.170 In our studies, we deliber-
ately ignored the systems with chemical interactions between
the components. The chemical reactions make possible the
formation of three or four-layer components that include the
starting reagents and interfacial phases.177 Recent years were
marked by the discovery of metacomposites, i.e., heterogene-
ous systems the interfacial interaction in which brings sub-
stantial changes into the physicochemical properties of both
components.149, 178 Moreover, such a heterosystem as a whole
exhibits the properties typical of none of its individual compo-
nents. Such materials form a new interesting class of metama-
terials. The transport properties of metamaterials synthesised
by the layer-by-layer deposition of nanolayers CaF2/BaF2

were studied.179, 180 Nanostructurised solid solutions 181 ± 183

the lattices of which contain separate nanodomains coherently
attached to one another and divided by interdomain bounda-
ries are of special interest for solid-state ionics. Highly doped
superionic fluorides that comprise extended clusters in their
structure are another example of nanoheterogeneous sys-
tems.184 It is not improbable that nanostructuring is the
general property of highly doped solid solutions.

Nanoheterogeneous solid-phase systems are of great inter-
est for practice. Like all composite solid materials, they are
characterised by the enhanced mechanical strength and ther-
mal stability and can be used in chemical power sources, gas
sensors and other electrochemical devices. The high ionic
conductivity is among the most important characteristics of
nanocomposite solid electrolytes. Nanocomposites based on
conventional ionic salts far surpass the corresponding poly-
crystalline materials and microcomposites in the conductivity.
Another valuable characteristics of these materials is that the
phase transitions in them are absent or levelled off, which
prevents the loss of their mechanical strength at thermal
cycling. In model medium-temperature fuel cells with a nano-
composite solid electrolyte CsHSO4 ± SiO2 , sufficiently high
current densities were reached.185, 186 The performance of a
fuel cell with a composite electrolyte compares well with the
performance of a cell that employs pure salt as the electro-
lyte.187 Nanocomposites LiClO4 ±Al2O3 exhibit high lithium
conductivity at 150 ± 200 8C.148 Studies of medium-temper-
ature lithium cells with solid electrolytes and oxide electrodes

were initiated.188. Further miniaturisation of these devices, the
decrease in the electrolyte thickness and the optimisation of
characteristics of electrode materials may provide high power
of batteries.

VIII. Conclusion

Summarising the results of studies of composite ionic conduc-
tors, it may be concluded that the properties of composite solid
electrolytes are determined by both the intrinsic disordering of
an ionic salt and the interfacial interaction between the
composite components. The intrinsic disordering of a conven-
tional ionic crystal involves the stages of the defect formation
in the bulk and on the surface of the crystal. The surface
disordering is well described by the Stern model, which allows
the surface potential to be easily calculated. The same model
can be employed for the description of themechanism of defect
formation as the main stage of the interfacial interaction.
Methods for the estimation of the conductivity and other
physicochemical characteristics of composites were proposed.
The problems of the thermodynamic stability of nanocompo-
sites and the genesis of their morphology during the sintering
were considered. The general peculiarities of the variation of
ionic salt properties in a wide series of the ionic salt ± oxide
systems were analysed as well as the size effects.

In heterogeneous systems with sufficiently strong interfa-
cial interaction, the effect of self-dispersion of an ionic salt was
observed, which allowed the nanocomposites to be synthesised
by the method of liquid-phase or solid-phase spreading. The
nanosize state of a salt in systems thus obtained is thermody-
namically stable if the size of oxide particles remains constant.
Based on the combined studies of a wide series of composites
MX±A with different ionic compounds, it was shown that
nanocomposites are characterised by considerable changes in
the thermodynamic and structural properties of ionic salts.
These changes manifest themselves most clearly in compounds
that contain high-temperature disordered phases, namely, AgI,
Li2SO4 and alkali metal nitrates. Disordered crystalline surface
phases are stabilised in silver iodide and lithium sulfate,
whereas the amorphous state is stabilised in nitrates. Rapid
quenching of nanocomposites AgI ±Al2O3 allowed amor-
phous silver iodide to be obtained for the first time. This
convincingly proves that the pronounced size effects can be
observed on going from microsystems to nanoscale systems,
which opens up the possibility for the synthesis of new
materials with unusual properties.
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Abstract. The review summarises the main methods for theThe review summarises the main methods for the
preparation of nanostructured metals, alloys, semiconductorspreparation of nanostructured metals, alloys, semiconductors
and ceramics. The formation mechanisms of nanostructuresand ceramics. The formation mechanisms of nanostructures
based on two different principles,based on two different principles, viz.viz. the assembly principlethe assembly principle
(bottom-up) and the disintegration principle (top-down), are(bottom-up) and the disintegration principle (top-down), are
analysed. Isolated nanoparticles, nanopowders and compactanalysed. Isolated nanoparticles, nanopowders and compact
nanomaterials produced by these methods possess differentnanomaterials produced by these methods possess different
properties. The scope of application of various classes ofproperties. The scope of application of various classes of
nanostructured materials is considered and the topicality ofnanostructured materials is considered and the topicality of
the development of nanoindustry is emphasised. The bibliog-the development of nanoindustry is emphasised. The bibliog-
raphy includes 271 references.raphy includes 271 references.

I. Introduction

A large body of the available experimental data on nano-
materials and nanotechnologies provided the basis for the
generalisation of fundamental and applied results in reviews
and monographs.1 ± 20

Due to the development of the nanoscience in recent years,
the data on nanotechnologies and nanomaterials becomemore
abundant and new, sometimes unexpected, properties are
revealed. Hence, the present review begins with the author's
point of view on the nomenclature and comparative character-
isation of the concept of nanomaterials and other similar (often
related) notions.

The term nanotechnology refers to the methods used for
the construction of nanomaterials and nanodevices and meth-
ods of handling of nanoobjects. Nanotechnologies produce
nanometre-size particles. These technologies are based on
methods allowing the construction of objects with sizes that
are thousand or evenmillion times smaller than those visible to
the human eye. The systematic and purposeful development of
the fundamentals of nanotechnologies started several decades
ago. Nowadays, the results of investigations in this field are
introduced in industry. In the present review, emphasis is given
to procedures for the preparation of nanostructured materials,
their properties and promising fields of application.

Nanotechnologies aimed at preparing nanostructured
materials can arbitrarily be divided into the following two
groups: bottom-up and top-down. This classification takes
into account the key step (or the process) of nanotechnology
where a nanostructure is formed. The former group includes
methods, in which nanoparticles are formed from atoms and
molecules, i.e., the starting species are enlarged to nanometre
sizes; the latter group, methods in which nanometre sizes are
achieved by disintegration of larger particles, powders or
grains. The former group of methods of nanotechnology are
based primarily on the chemical approach, while the latter
group of methods, on the physical approach. In many cases,
nanomaterials with the same chemical composition but with
different properties can be prepared using these two different in
principle groups of technologies.

A decrease in the particle size of a solid below a certain
threshold leads to a considerable change in its properties. For
most known materials, the threshold at which a jumpwise
change in the properties occurs (the so-called size effect) varies
from 1 to 100 nm.

Of course, all materials composed of nanometre-size build-
ing blocks can be referred to as nanomaterials. Large mole-
cules, clusters, material particles or polycrystalline grains can
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serve as building blocks. However, in this case, the term
`nanomaterial' would be narrowed to the simple statement of
the block size, and it would be unclear why the development of
nanotechnologies is considered as a new technology revolu-
tion. Hence, it is necessary that the concept of a nanomaterial
include not only the size of building blocks, but also a jumpwise
change in properties of materials that occurs as the nanometre
size is achieved.

In some publications, the term nanomaterials refers to
highly dispersed, ultrafine-grain, superfine-grain or ultrathin
materials. This is unjustified because the concept of nano-
materials includes a quantitative parameter, viz., the size of a
particle, grain or building block, reflected in the prefix `nano'.
In the other above-mentioned systems, the building block size
is reflected only qualitatively (a small or supersmall size with-
out mentioning its particular value), i.e., the sizes are uncertain
and relative. Consequently, the use of the term nanomaterials
in relation to these systems should be avoided wherever
possible.

The concept of nanomaterials should not be also confused
with another commonly accepted concept of submicrocrystal-
line materials. The properties of submicrocrystalline materials,
like those of nanomaterials, differ from the properties of
coarsely crystalline, coarse-grain and single-crystalline materi-
als. However, the difference in the properties is associated
primarily with increased specific surface area which results in
acceleration of various processes, e.g., chemical reactions, but
does not lead to a decrease in the activation energy (i.e., to a
decrease in the temperature of the beginning of the reaction).
In submicrocrystalline materials, the particle, grain or building
block size is assumed to be smaller than a micrometre.
A micrometre, like a nanometre, is a quantitative character-
istic. However, there is a difference in principle between nano-
materials and submicrocrystalline materials. It is the nanostate
rather than the submicrocrystalline state that is intermediate
between themolecular and solid states. The properties of solids
are manifested at nanometre distances. This is also the physical
reason of substantial changes in the properties observed on the
nanometre-size scale. The fact is that the lengths at which the
main physical forces act in materials vary from 1 to 100 nm. It
should be noted that different types of interactions, viz.,
electron ± electron, electron ± phonon, phonon ± phonon,
magnon ±magnon, etc., are extended to different distances in
the samematerial. Hence these interactions can be observed for
different nanoparticle sizes. It is evident that the nanoparticle
size is of no fundamental importance for the same or different
materials.

Nanomaterials are often called nanocrystalline materials.
This is also not always justified. Crystalline particles or grains
serve as building blocks in nanocrystalline materials. However,
nanomaterials are, as a rule, thermodynamically non-equili-
brium systems and, consequently, their building blocks do not
necessarily have perfect crystal structures.21 It is more likely
that the situation is opposite. Building blocks in nanomaterials
often have highly defective structures. Sometimes, their state is
close to amorphous. In other words, the long-range order in
building blocks of nanomaterials can be violated, and multi-
particle correlations in the atom arrangement are determined
by the short-range order. Hence, the more correct and com-
plete name for nanomaterials should be `nanostructured mate-
rials'.

Different classifications of nanomaterials are associated
with their diversity. The most appropriate classification is
based on the size of building blocks or their constituent
structural elements. The main types of nanomaterials are
zero- (0D), one- (1D), two- (2D) and three-dimensional (3D).
Nanocluster materials and nanodispersions composed of iso-
lated nanoparticles belong to a zero-dimensional type; nano-

fibre (nanorod) and nanotubular materials, to a one-
dimensional type, the fibre (rod) or tube length varying from
100 nm to tens of micrometres. Nanometre-thick films belong
to two-dimensional nanomaterials. Nanoparticles in 0D, 1D
and 2D nanomaterials are often embedded in a liquid or solid
matrix or are deposited onto a support. Powders, fibre, multi-
layer and polycrystalline materials, in which 0D, 1D and 2D
particles are closely packed together to form interfaces, belong
to three-dimensional nanomaterials. A polycrystal containing
nanometre-size grains is an example of three-dimensional
nanomaterials. In such polycrystals, the total bulk is occupied
by nanograins, the free surface of grains is virtually absent, and
only grain interfaces are present. The formation of interfaces
and the `disappearance' of the nanoparticle surface in three-
dimensional nanomaterials is of fundamental importance for
the understanding of the nature of their properties. Actually,
the properties of a strongly agglomerated nanopowder can be
substantially different from those of a compact nanomaterial
consisting of particles of the same size as the powder. In the last
two decades, considerable attention was given to the prepara-
tion of 3D nanomaterials. It is three-dimensional nanomate-
rials that will be used in the hard-alloy production, the aircraft
construction and hydrogen power engineering in the nearest
future.

Nowadays, a rather wide range of nanomaterials is avail-
able.11 ± 20 In the present review,methods for the preparation of
dense three-dimensional and two-dimensional nanostructured
materials are considered.

II. Vapour condensation and gas-phase synthesis

One of the simplest procedures for the preparation of nano-
particles is based on vapour condensation in an inert atmos-
phere under reduced pressure. This method can be applied to
the preparation of nanoparticles of both simple and complex
compounds. Synthesis of nanoparticles of metal compounds,
for example, of oxides, nitrides, carbides, etc., requires that the
corresponding reaction gas (oxygen, nitrogen, carbon dioxide,
methane, etc.) be added. The simplest way to amaterial vapour
is evaporation. The atoms of vaporised substances rapidly lose
the kinetic energy and form nanoparticles. In the case of metal
compounds, the metal atoms react with the reaction gas.
Particles of the desired size can be formed by adjusting the
inert gas pressure. The formation of nanoparticles according to
this method was systematically studied for Zn, Cd, Se, As and
Au. Particles with sizes from 2 to 100 nm were prepared,22 ± 24

the optimum inert gas pressure being in the range from 40 to
400 Pa.

It is difficult to collect nanoparticles formed upon con-
densation because nanoparticles are not deposited under the
force of gravity but exist in the suspended state in the Brownian
motion. Nanoparticles are usually collected on a cold surface
or on filters.

Nanoparticles can also be prepared by dispersing ametal in
a liquid with the use of an electric arc followed by condensation
of a metal vapour in a liquid vapour.25 The features of
condensation in a supersaturated vapour, which proceeds
through the nucleation and nucleus growth, were considered
in the reviews.26 ± 28

The shapes of nanoparticles prepared by the gas-phase
method depend on their size. Nanoparticles with size <20 nm
are spherical in shape due to a change in the relative contribu-
tion of the surface energy to the total energy of nanoparticles as
their sizes decrease. Larger particles are faceted. Yet another
interesting fact associated with the small size of isolated nano-
crystals and related to the energy is the absence of dislocations,
which are energetically less favourable than disclinations.29
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In the gas-phase synthesis, nanoparticles are formed upon
cooling of a vapour ± gas mixture containing one, two or more
chemical elements along with an inert gas. Cooling occurs in
the condensation zone the size of which in a particular reaction
vessel can be controlled by varying the inert gas pressure.
The condensation zone increases with a decrease in pressure
and vice versa. The influence of the change in the inert gas
pressure on the resulting nanoparticle size is manifested both
directly and through the condensation zone size. An increase in
the gas pressure leads to an increase in density, acceleration of
heat removal, a decrease in the formation rate of crystallisation
centres in the gas phase, but an increase in the growth rate of
crystals and, consequently, the resulting particle size. In the
gas-phase synthesis of rather small particles (20 ± 30 nm), the
inert gas (usually, helium) pressure is maintained at 40 ± 60 Pa.

Preparation of nanoparticles of metal compounds requires
that a reaction gas be added to the inert gas medium. Single-
crystalline nanoparticles of metal compounds with different
morphologies are formed in these reactions. The particle shape
can be controlled by varying the composition of the gas phase.
For example, CdS can be prepared as prismatic plates, ribbons,
needles, whiskers, threads or tubes upon variation of the
temperature and deviation of the Cd : S ratio in the gas phase
from the stoichiometric ratio (1 : 1) toward an increase in the
cadmium content.30, 31 The intermediate clusters [CdS]n ,
[Cd2S]n and [Cd3S]n serve as the structural basis of the growth
of crystals of different shapes. Thus, the ratio of the starting
components of the gas phase and the temperature are the main
factors determining the particle shape, whereas their size more
strongly depends on the inert gas pressure.

Monodisperse nanoparticles with size <2 nm can be
prepared bymass separation of clusters in amass spectrometer.
For example, metal vapour is passed through a cell filled with
helium under a pressure of *1000 ± 1500 Pa and then intro-
duced into a vacuum chamber (*1075 Pa). The mass of
clusters is determined from the flight time by a particular
distance in the mass spectrometer. This method was used for
the preparation of antimony, bismuth and lead clusters con-
taining 650, 270 and 400 atoms, respectively. The helium gas
temperature in the case of Sb and Bi vapour was 80 K; in the
case of a Pb vapour, 280 K.32

Diamond nanoparticles can be synthesised from a gas
phase supersaturated with respect to carbon (CO2 , methane,
acetylene, propane and other hydrocarbons) under a sub-
atmospheric pressure.33, 34 Condensation of carbon from the
gas phase and diamond nucleation are favoured by an excess
surface energy at the solis ± gas interface. Deposition of dia-
mond nanoparticles is widely used for the construction of
diamond and diamond-containing films and coatings.35

Nanocrystalline powders of oxides Al2O3 , ZrO2 and Y2O3

were prepared by evaporation of oxide targets in a atmosphere
helium,36 magnetron sputtering of zirconium in a mixture of
argon and oxygen 37 and controlled oxidation of yttrium
nanocrystals.38 Highly dispersed powders of transition metal
nitrides can be synthesised by electron-beam heating of the
corresponding metal targets, evaporation being performed in
an atmosphere of nitrogen or ammonia at a pressure of
130 Pa.39

Metal carbide, oxide and nitride nanoparticles can be
synthesised by pulsed laser heating of metals in an atmosphere
of methane (for carbides), oxygen (for oxides), nitrogen or
ammonia (for nitrides) under reduced pressure.40 Pulsed laser
evaporation of metals in an atmosphere of an inert gas (He or
Ar) and reaction gases (O2 , N2 , NH3 and CH4) affords
mixtures of nanocrystalline metal oxides and oxide ± nitride
and carbide ± nitride mixtures. The composition and size of
nanoparticles in these mixtures can be controlled by varying
the pressure, the composition of the atmosphere, the laser pulse

power and the temperature gradient between the evaporated
target and the surface onto which condensation occurs.

Nanoparticles of Fe7Ni, Fe7Mn, Fe7Cr, Fe7Pt and
Fe7Co iron-rich alloys are prepared under argon at a pressure
of 400 Pa.41 Deposited particles are spherical in shape. Their
average size is 25� 5 nm. As a rule, nanoparticles are two-
phase (with bcc or hcc lattices), which corresponds to the
thermodynamic equilibrium between the components in these
alloys.

An yttrium oxide-doped zirconium oxide film with an
average crystallite size of 10 ± 30 nm was prepared by pulsed
laser evaporation of metals in an oxygen ion beam followed by
deposition of oxides onto a support at 350 ± 700 K.42

Nanopowders of ceramic materials can be prepared from
organometallic and organoelement compounds. For example,
nanocrystalline SiCxNy powders were prepared as follows. The
starting compound (hexamethyldisilazane) was mixed with an
inert carrier gas in a heated tubular reactor serving as an
evaporator. Its thermal decomposition affords a continuous
cluster or nanoparticle flow, which escapes from the reactor
into a working chamber and is condensed in a refrigerator
constructed as a rotating cylinder. Nanopowders of SiO2 , SiC
and Si3N4 can be synthesised by adding water, hydrogen or
ammonia, respectively, along with the same precursor to the
carrier gas. The success of the reaction is provided by a low
concentration of the organoelement compound in the inert gas,
fast expansion and cooling of the gas flow at the exit from the
reactor into the working chamber and a low pressure in the
working chamber.43

III. Plasmochemical synthesis

The plasmochemical synthesis is most commonly used for the
synthesis of highly dispersed boride, carbide, nitride and oxide
powders. This method makes use of low-temperature
(4000 ± 10 000 K) nitrogen, ammonia, hydrogen, hydrocarbon
or argon plasmas produced by arc, glow, high-frequency and
superhigh-frequency discharges. The characteristics of the
resulting powders depend on the nature of the starting mate-
rial, the technology and the reactor type. Particles of such
powders are most often prepared as single crystals with sizes
from 10 to 100 ± 200 nm and larger. For nanoparticles to be
synthesised by this method, the reaction should be far from
equilibrium and the rate of solid-phase nucleation should be
high, whereas the rate of nucleus growth should be low.
The plasmochemical synthesis provides high formation and
condensation rates of compounds and sufficiently high output.
Broad particle size distribution (i.e., low selectivity of the
process) and heavy contamination of the powder are the main
drawbacks of this method. Highly dispersed powders of
titanium, zirconium, hafnium, vanadium, niobium, tantalum,
boron, aluminium and silicon nitrides, titanium, niobium,
tantalum, tungsten, boron and silicon carbides and magne-
sium, yttrium and aluminium oxides were prepared by the
plasmochemical method.32, 36 ± 51

At high plasma temperature, all starting compounds pass
into the ionised gas state due to which the reaction rates are
high and the reaction times are short (1073 ± 1076 s). Active
particles are formed in arc, high-frequency and superhigh-
frequency plasma reactors. Arc plasma reactors are character-
ised by the highest power and efficiency; however, materials
prepared in such reactors are contaminated by electrode
erosion products. Electrodeless high-frequency and plasma
ultrasonic reactors are free from this drawback. In the next
step, quenching results in the isolation of the reaction products.
Powders with the desired composition and with a particular
particle shape and size can be prepared by varying the quench-
ing region and rate.
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Since nanoparticles synthesised by the plasmochemical
method have a large excess energy, their chemical and phase
compositions can be inconsistent with the equilibrium phase
diagram. Additional short-term annealing of the product in a
controlled atmosphere helps in preparing nanoparticles of the
required stoichiometry. For example, a tungsten carbide
powder was synthesised by the plasmochemical method from
tungsten oxide (WO3) and methane in a low-temperature
(*4000 ± 5000 K) hydrogen plasma flow.52 A nanocrystalline
powder with an average particle size of 20 ± 40 nm was
obtained. AnX-ray powder diffraction study (Fig. 1 a) showed
that the powder contained two carbide phases, viz., W2C
(>75 mass%) and WC (*5 mass%), and tungsten
(*18 mass%). Chemical analysis revealed the presence of
free carbon in the powder. To achieve the single-phase state,
the synthesised powder was additionally annealed under argon
at 800 ± 1000 K. The annealed powder contained only hexa-
gonal (space group P6m2) tungsten carbide (Fig. 1 b). The size
of coherent scattering regions in the annealed powder
remained virtually unchanged compared to that in the starting
powder, but the particle size determined by scanning electron
microscopy 53 increased to 60 ± 120 nm. This suggests agglom-
eration of nanoparticles in the annealed powder. The retention
of the nanoparticle size ofWC in the powder after annealing at
800 ± 1000 K is associated with high thermal stability of this
compound, as was demonstrated by magnetic susceptibility
measurements.53

The gas-phase synthesis involving laser heating of a reac-
tion mixture is a version of the plasmochemical synthesis.54, 55

This method is highly competitive with other methods due to
its reliability and high efficiency. Laser heating excludes con-
tamination of the reaction mixture and allows the control over
homogeneous nucleation. Other advantages of laser heating
are that surfaces inducing heterogeneous nucleation are absent
and the process can be controlled. A laser is a source of high-
intensity monochromatic radiation due to which a high degree
of its conversion to heat is achieved. The laser-induced syn-
thesis of nanocrystalline Si, Si3N4 and SiC powders was
described in detail.54 Silicon powders were prepared by pyro-
lysis of gaseous silane (SiH4) using a CO2 laser. Silicon grains

were spherical in shape with a diameter of 50� 20 nm and
consisted of several crystallites with the size of *15 nm.
Silicon nitride powders were synthesised from a gas mixture
of silane and ammonia. The resulting powder was amorphous,
and the grains were spherical with a diameter of 17� 4 nm, the
size distribution of grains being narrower than that in a silicon
powder (for Si3N4, the size distribution of grains varied from
10 to 25 nm). Unlike silicon nanoparticles, Si3N4 grains had no
internal structure. Silicon carbide was synthesised from gas
mixtures of silane with methane or ethylene. The grain size in
the resulting crystalline SiC powder varied from 18 to 26 nm;
the average size was 21 nm. The nanoparticle size was demon-
strated 54 to decrease as the intensity of the laser radiation
increased due to an increase in the temperature and the heating
rate of the reagent gases. Grains of nanopowders synthesised
by laser heating are characterised by a narrow size distribution
and a spherical shape.

The plasmochemical gas-phase synthesis with the use of
laser radiation for the plasma production and maintenance
proved to be efficient for the preparation of molecular clusters.
The latter have polymorphic cage atomic structures and
occupy special place among nanoparticles. Fullerenes, which
are allotropes of nanocarbon and differ from the known
carbon modifications (graphite and diamond), have received
most attention.56 ± 58

Fullerenes can be synthesised by sputtering of graphite in
an electric arc under helium at a pressure of 1.336104 Pa. Arc
burning affords soot that is condensed on a cold surface.
The soot is collected and treated with refluxing toluene or
benzene. The extract is concentrated to give a black rasidue
containing a mixture of fullerenes C60 and C70 (*10%±15%).
Electron-beam evaporation and laser ablation can be used
instead of electric arc sputtering. The diameter of the C60

fullerene molecule is 0.72 ± 0.75 nm. Crystallisation of C60

affords molecular crystals with a fcc lattice; the unit cell
parameter is 1.417 nm. Among carbon nanoparticles fullerene
C60 is characterised by higher stability, which has been pre-
dicted theoretically.59, 60

The plasmochemical synthesis was also used for the prep-
aration of other important molecular nanoclusters, such as
fullerene-like C48N12 ,61 the endohedral complex Ti@C28

(Ref. 62) and the stable charged cluster Ti8C
�
12 with the linear

size of*0.5 nm.63, 64

The clusters M8C12, where M=Zr, Hf, V,65, 66 Cr, Mo or
Fe,67 are called metallocarbohedrenes (Met ±Car). In these
compounds, transition metal and carbon atoms form a cage-
like structure. Metallocarbohedrenes were characterised and
the methods for their synthesis were summarised in
reviews.68, 69

Interestingly, the plasmochemical gas-phase synthe-
sis 63, 65, 66 produced predominantly the clusters M8C12 and
MmCn (M=Ti, Zr, Hf or V) with a ratio M :C& 1.5 ± 2.0
rather than nanoparticles of carbides TiC, ZrC, HfC or VC
with the structure B1. Analogous synthesis in Ta7C and
Nb7C systems affords the clusters TamCn and NbmCn, respec-
tively the composition of which is similar to that of M8C12

along with small amounts of nanoparticles MmCn (m& n) with
a cubic structure. Conventional plasmochemical synthesis
(without laser heating of a plasma) yields only carbide nano-
particles. Thus, the gas-phase synthesis in transition metal ±
carbon systems can afford both cubic structures and metal-
locarbohedrene-like structures.

Metallocarbohedrenes are formed at a high hydrocarbon
concentration and a high laser power.70 These conditions
favour an increase in the carbon content in the plasma.
A decrease in the hydrocarbon concentration or a decrease in
the laser power leads to a decrease in the carbon content in the
plasma. If carbon is present in a deficient amount, carbide
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Figure 1. X-Ray powder diffraction patterns of tungsten carbide pow-

ders prepared directly by the plasmochemical synthesis (a) and after

additional homogenising annealing (b).52

The resulting powder is multiphase; after additional annealing under

argon, a single-phase powder was obtained; the average nanoparticle size

of the powder was 20 ± 40 nm.
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nanoparticles MC with the cubic structure B1 are formed. The
carbon content in these particles is lower than that in the
molecular clusters MmCn . This suggests that the formation of
cubic or dodecahedral structures in systems M7C under
conditions of the gas-phase synthesis is determined primarily
by the kinetic rather than thermodynamic factors. The correct
answer to the question about the factors responsible for the
predominant formation of a particular structure is of practical
importance because it allows the targeted synthesis of the
desired modification of nanostructured materials.

A version of deposition from a plasma is based on magnet-
ron sputtering, which allows the use of not only metal or alloy
cathodes, but also of cathodes made of different compounds,
thus decreasing the substrate temperature by 100 ± 200 K. This
allows the synthesis of a wider range of nanostructured films.
However, the degree of ionisation, the kinetic energy of ions
and the deposition rate of the product in the case of magnetron
sputtering are lower than those obtained with the use of an arc
discharge plasma. Intermetallic Ni3Al films with an average
crystallite size of *20 nm were synthesised by magnetron
sputtering of the Ni0.75Al0.25 target and deposition of a metal
vapour on an amorphous substrate.71

Conventional methods for deposition of films are based on
chemical vapour deposition (CVD) and physical vapour dep-
osition (PVD). These methods have long been used for the
preparation of films and coatings for different purposes.
Generally, crystallites in these materials are rather large in
size, but nanostructures can be prepared in multilayer or
multiphase CVD films.8, 72 Vapour deposition is generally
associated with high-temperature reactions of metal chlorides
in an atmosphere of hydrogen and nitrogen or hydrogen
and hydrocarbons. The temperature range of deposition
of CVD films is 1200 ± 1400 K, and the deposition rate is
0.03 ± 0.2 mm min71. The use of laser radiation leads to a
decrease in the deposition temperature to 600 ± 900 K, which
is favourable for the formation of nanocrystalline films.

IV. Deposition from colloidal solutions

Chemical deposition from colloidal solutions is widely used for
the preparation of highly dispersed powders as well as of
discrete and continuous films. To prepare nanoparticles from
colloidal solutions, the chemical reaction between the solution
components is interrupted at a particular instant of time,73

after which the system is converted from the liquid (colloidal)
state to the solid (dispersed) state. The method for the
preparation of stable colloidal gold solutions and their optical
properties were described for the first time by Faraday.74

Deposition from aqueous colloidal solutions is used for the
synthesis of various metal chalcogenides (sulfides, selenides
and tellurides) having semiconducting properties. For exam-
ple, the synthesis of nanocrystalline sulfide powders involves
the reaction of water-soluble metal salts with a sulfidising
reagent (a sulfur atom donor). Hydrogen sulfide and sodium
sulfide are the simplest sulfidising agents. For example, depo-
sition from a mixture of solutions of cadmium perchlorate and
sodium sulfide by the reaction

Cd(ClO4)2+Na2S=CdS;+2NaClO4 (1)

affords nanostructured cadmium sulfide. The growth of CdS
nanoparticles can be interrupted by a jumpwise increase in pH
of the solution.

In the synthesis of sulfide nanoparticles of a specified
size, thiocarbamide (thiourea) and its derivatives (for example,
thiosemicarbazide, thiocarbazide, thioacetamide, allyl-
thiourea, acetylthiourea and sodium thiosulfate) are used as
sulfidising reagents. Each of them is characterised by particular
formation rates and properties of the resulting films (precip-

itates). In addition, each sulfidising reagent is characterised by
particular optimal deposition conditions of metal sulfide.
Metal sulfides are deposited as a result of the irreversible
reaction; the positive chemical affinity serves as the criterion
of the spontaneous formation of sulfide.75 [The chemical
affinity is equal to the product of the gas constant and the
absolute temperature (RT ) and the natural logarithm of the
ratio of the equilibrium constant of the process under consid-
eration to the product of the concentrations and activities of all
components.]

The sizes of PbS particles can be controlled using thiourea
and varying the chemical affinity for deposition of the sulfide
(Fig. 2). The sulfide particle size, which is equal to the size of
coherent X-ray scattering regions at a wavelength l, was
determined 76 ± 78 by the Williamson ±Hall method (Fig. 3)
from the dependence of the reduced broadening

b*(2y)=
b�2y� cos y

l

on the scattering vector

s=
2sin y

l
;

for the quantitative analysis, the X-ray diffraction line profile
was described by the pseudo-Voigt function.77, 79

The size of cadmium sulfide nanoparticles synthesised by
chemical deposition from colloidal solutions with thiourea
varied from 2 to 10 nm.77, 80 ± 83 The structures of nanofilms
were studied by a new X-ray diffraction method, the so-called
X-ray grazing incidence diffraction, which is also called X-ray
scattering under total external reflection conditions. This
method was used for studying deposition on a substrate and
the atomic structures of films several nanometres thick
(Fig. 4) 21, 78, 82 and for confirming the hydroxide mechanism
of the formation of cadmium sulfide films.82

After deposition of a cadmium sulfide film, the precipitates
contained hexagonal prismatic particles several micrometres in
size (Figs 5 and 6) 80 where self-organisation of nanoparticles
differed substantially from that observed in analogous com-
pounds prepared by chemical deposition 84 ± 87 and from that
found in SiO2 (Ref. 88) and TiO2 (Ref. 89). This is because
CdS nanoparticles of several nanometres in size, which form a
colloidal crystal several micrometres in size, are arbitrarily
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Figure 2. Linear approximation (solid line) of the dependence of the

particle size (coherent scattering region) on the chemical affinity for

deposition of lead sulfide powders.75

(1) X-Ray diffraction, (2) scanning electron microscopy.
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oriented with respect to each other, are irregular in shape and
are different in size. Cadmium sulfide nanoparticles are packed
closely together in coagulates with the size of *150 nm
(Fig. 7).80

Self-organisation is a common natural phenomenon.90, 91

In recent years, the self-organisation processes in chemis-
try 17, 18 have attracted considerable attention because these
processes are intended for the use in nanotechnologies for self-
assembly of highly efficient schemes for nanoelectronics.
The self-assembly mechanism of nanoparticles remains
unclear. Emphasis is given to the elucidation of the nature of
forces of interparticle interactions, which result in self-organ-
isation and ordering of nanoparticles to form one-, two- and

three-dimensional assemblies.87 Van der Waals, capillary,
electrostatic, steric, etc. forces are considered as such forces.

Colloidal metal oxide particles are formed by hydrolysis of
salts.92 ± 95 For example,

TiCl4+2H2O=TiO2;+4HCl. (2)

Nanocrystalline titanium, zirconium, aluminium and yttrium
oxides can be prepared by hydrolysis of the corresponding
chlorides or hypochlorites. Titanium oxide nanoparticles can
also be prepared by hydrolysis of titanyl sulfate followed by
calcination of the amorphous precipitate at 1000 ± 1300 K.
Coagulation of nanoparticles can be prevented by addition of
polyphosphates, amines and hydroxide ions to colloidal
solutions.
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and nanocrystalline PbS with a particle size of 60� 25 nm (2).75

The Miller indices for the structure B1 are given.
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Figure 5. A photomicrograph of a precipitate of cadmium sulfide CdS.80

Most of particles are well-faceted hexagonal prisms with approximately

the same size of*2.5 mm.
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Deposition from colloidal solutions is highly efficient for
the synthesis of isolated nanoparticles and allows the prepara-
tion of nanoparticles characterised by a very narrow size
distribution.

Metal and semiconductor clusters with a narrow size
distribution can be prepared inside pores of molecular sieves
(zeolites), isolation of clusters inside the pores being retained
upon heating to very high temperatures. This method was used
for the synthesis of, for example, the semiconductor clusters
(CdS)4.96 The properties of clusters prepared in zeolite pores
were considered in a review.97 Larger semiconductor nano-
particles can be synthesised upon attachment of additional
molecules to the starting clusters pre-stabilised by organic
ligands. This synthesis of large nanoparticles can be considered
as polymerisation of inorganic compounds.

Isolated nanoparticles can also be obtained by ultrasonic
treatment of colloidal solutions containing large particles.

Deposition from colloidal solutions can be used for the
synthesis of nanocrystalline heterostructures, viz., nanopar-
ticles with mixed composition where the core and the shell are
formed by semiconductors with different structures of the
electron levels (for example, CdSe/ZnS or ZnS/CdSe,
HgS/CdS, ZnS/ZnO and TiO2/SnO2 ). For this purpose, con-

trolled deposition of a semiconductor onto pre-synthesised
nanoparticles of a semiconductor of another type should be
performed.98 ± 101

An important problem encountered in the deposition from
colloidal solutions is prevention of coalescence of the resulting
particles and clusters. The chemical synthesis of large stabilised
metal clusters with the use of colloidal solutions was described
in detail in a review.102 Generally, colloidal particles and
clusters are stabilised by ligands L represented usually by
polymers. The reaction scheme for the synthesis of ligand-
stabilised metal clusters Mn is as follows:

(3)

Metallic gold, platinum and palladium clusters synthesised by
this method contain from 300 to 2000 atoms and have cubic or
hexagonal close-packed structures. Ligand-stabilised clusters
contain the metal core and the external shell formed by the
metal atoms that are partially coordinated by ligandmolecules.
For example, reduction of palladium acetate in acetic acid with
hydrogen in the presence of phenanthroline affords stabilised
palladium nanoclusters.103 The phenanthroline molecules
form a shell around the core consisting of the palladium
atoms (Fig. 8).

Highly dispersed powders can be prepared by calcination
of precipitates from colloidal solutions consisting of agglom-
erated nanoparticles at 1200 ± 1500 K. For example, a nano-
crystalline silicon carbide powder (D* 40 nm) was obtained
upon hydrolysis of organosilicon compounds followed by
calcination in argon at 1800 K.104 Highly dispersed titanium
and zirconium oxide powders are often synthesised by deposi-
tion with oxalates.

Nanopowders can also be prepared by cryogenic drying of
colloidal solutions.9, 11 In this case, a solution is sprayed into a
chamber containing a cryogenic medium where the solution is
frozen as small particles. Then the gas pressure is reduced to a
value lower than the equilibrium pressure above the frozen
solvent. Then the material is heated (with continuous evacua-
tion of gases) to remove the solvent. As a result, thinnest
porous granules possessing the same composition are formed.
Calcination of the latter affords powders.

Various nanostructured mixtures can be synthesised by
deposition. An efficient procedure was developed 105, 106 for the

nM++ n e7 Mn MnLm .
mL

1 mm

Figure 6. A photomicrograph of a typical colloidal crystal prepared by

chemical deposition of CdS.80

The crystal side length is*2.5 mm.

10 nm

Figure 7. A photomicrograph of coagulates in a chemically deposited

CdS powder.80

Nanoparticles with the size of 7 nm densely fill the volume inside the

coagulates.

10�A

Figure 8. A photomicrograph of a stabilised palladium nanocluster

formed by seventeen closely packed atom rows and coated by an eight-

layer shell composed of phenanthroline molecules.103

The cluster boundaries are indicated by arrows.
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synthesis of nanocrystalline composites of tungsten carbide
and cobalt, which are intended for the preparation of nano-
structured solid alloys. Since the synthesis begins in solution,
mixing of the components (WC and Co) occurs at the molec-
ular level. Colloidal solutions of tungsten and cobalt salts [for
example, (NH4)6(H2W12O40) . 4H2O, CoCl2 , Co(NO3)2 and
Co(AcO)2] are dried by spraying. Then the resulting powder is
subjected to low-temperature carbothermal reduction in a
suspended state due to which high dispersity is retained. This
technology is covered by a patent 107 under the name the spray
conversion process (SCP). A carbidised powder is amorphous.
To retard the grain growth and decrease solubility of WC in
cobalt, up to 1 mass% of non-stoichiometric vanadium car-
bide was added to the mixture. The solid alloy prepared from
this nanocrystalline composite is characterised by an optimum
combination of high hardness and stability. The hardness (HV)
of this alloy is as high as 21.5 GPa, whereas the maximum
hardness of the alloy with the same composition prepared from
a WC powder is at most 19.5 GPa.105 ± 108 An increase in the
percentage of vanadium carbide in the alloy leads to an
increase in the hardness and a decrease in the grain size of
WC. The size distributions of grains in samples of WC alloys
containing 6 mass% Co, which were sintered from a nano-
structured mixture with 0.83 mass% VC, and in samples of a
WC alloy with 6 wt% Co and an additive of 0.32 mass% VC
are shown in Fig. 9.109 As can be seen from Fig. 9, the average
grain size of WC in the alloy prepared from an amorphous
nanopowder is 250 nm; in the usual alloy, the grain size is
almost twice as large (450 nm).

Each WC7Co nanoparticle with the size of *75 mm was
demonstrated 109, 110 to consist of several millions of nano-
crystalline WC grains with the size <50 nm distributed in a
cobalt matrix (Fig. 10). This nanocrystalline WC±Co powder
with a carbide grain size of 20 ± 40 nm is produced in the USA
on a commercial scale under the trademark NANOCARBTM.

Sintering of a nanostructured mixture of tungsten carbide
with 6.8 mass%Co and 1 mass%VC afforded alloys in which
60% of WC grains had sizes of <250 nm and 20% of WC
grains, sizes of <170 nm. An alloy containing, in addition to
tungsten carbide, 9.4 mass% Co, 0.8 mass% Cr3C2 and

0.4 mass% VC had an even finer grain structure. After sinter-
ing at 1670 K, 60% of tungsten carbide grains in the alloy had
sizes of <140 nm and 20% of grains, sizes of <80 nm. Thus,
the use of nanostructured WC±Co mixtures synthesised by
chemical deposition from colloidal solutions proved to be very
efficient for the preparation of nanostructured solid alloys.

Oxide semiconductor films are formed upon deposition
onto a support from colloidal solutions. The method involves
the preparation of the solution, deposition, drying and anneal-
ing. Deposition of oxide nanoparticles afforded ZnO, SnO2 ,
TiO2 and WO3 semiconductor films.111 ± 115 Nanostructured
films containing different semiconductor nanoparticles can be
synthesised by co-deposition of the latter. The procedure for
the preparation of nanocrystalline ZrO2 films was docu-
mented.116

Pulsed electrodeposition is an efficient procedure for the
application of coatings and films. This method is also widely
used for the preparation of nanostructuredmetals. A support is
soaked in a solution containing ions of an element to be
precipitated, and the time-variable (pulsed) potential differ-
ence is created between the support and the electrode placed in
the solution. The pulsed voltage favours the formation of a
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Figure 9. The size distribution of grains in samples of a tungsten carbide

alloy; 6 mass% Co.109

(1) An alloy sintered from a nanostructured mixture of WC and Co with

0.83 mass% VC, which was prepared by co-deposition from a colloidal

solution followed by drying and carbothermal reduction (the sample

contained 1000 grains); (2) a usual fine-grain WC alloy with 6 mass%

Co and 0.32 mass% VC, the sample contained 948 grains.
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homogeneous coating. A study of the influence of the deposi-
tion parameters on the structure and properties of a nickel
coating 117 demonstrated that the size distribution of grains is
narrow, the nickel grain size varying from 13 to 93 nm.Heating
of the resulting coating to 380 K did not result in grain growth.
The cited study showed also that the grain size and the chemical
composition of the nanocrystalline alloy Ni17xCux deposited
at room temperature can be controlled by varying the para-
meters of the pulsed mode and adding organic compounds to
the reaction solution.

V. Pyrolysis

In the preparation of nanocrystalline metal powders and their
compounds by pyrolysis (thermal decomposition), complex
organoelement and organometallic compounds, polymers and
metal hydroxides, carbonyls, formates, nitrates, oxalates,
amides, imides and azides are generally used as the starting
compounds. These compounds contain all or almost all
chemical elements, which should be present in the target
product. Heating of the starting compounds to a particular
temperature results in their decomposition to form the target
product and evolution of gaseous compounds.

Highly dispersed metal powders are synthesised by thermal
decomposition of various salts.118 For example, metal powders
with an average particle size of 100 ± 300 nm were prepared by
pyrolysis of iron, cobalt, nickel and copper formates under
vacuum or in an inert gas at 470 ± 530 K. Other combinations
of pyrolysis and condensation are also used for this purpose.
Decomposition of organometallic compounds occurs in a
percussion fuse, after which free metal atoms are condensed
from a supersaturated vapour, or during supersonic gas flow
from a chamber through a nozzle into vacuum.119 The prepa-
ration of nanocrystalline metal powders by reduction of metal
hydroxides, chlorides, nitrates and carbonates in a hydrogen
flow at<500 K can be considered as a modification of
pyrolysis. Low impurity content and a narrow size distribution
of particles are advantages of this method.

Thermal decomposition combined with reduction is used
for the preparation of supported metal catalysts. This techno-
logy is widely employed in industry. In this case, a porous
material (silica gel, zeolite, etc.) is impregnated with a solution
of hydroxide or another compound of the required metal.
The impregnated porous support is dried and then calcined in a
hydrogen flow to reduce the metal. As a result, catalytically
active metal nanoparticles are formed in pores of the support.

However, pyrolysis is most often used for the preparation
of nanocrystalline powders of ceramic materials, such as
various oxides, carbides, nitrides, borides, carbonitrides, boro-
carbides, borocarbonitrides, etc.

The synthesis of oxide nanomaterials starting from
metal carboxylates and their chemical modification products
by ethylene glycol was documented.120 The compound
Ti(OCH2CH2O)2 proved to be an efficient precursor for the
synthesis of titanium dioxide nanofibres with a diameter from
20 to 100 nm.121 Titanium glycolate nanofibres were synthes-
ised by heating hydrated titanium dioxide Ti(OH)4 with ethyl-
ene glycol in air. Then titanium glycolate nanofibres were
subjected to thermal decomposition in air at a temperature
from 400 to 900 8C to prepare TiO2 nanofibres. Depending on
the thermal decomposition temperature, titanium dioxide had
a crystal structure of either anatase or rutile, themorphology of
the precursor being retained.

A nanocrystalline powder of titanium carbide TiC can be
synthesised by pyrolysis of the coordination organometallic
compound (Z-C5H5)2TiMe2 under argon or by pyrolysis of the
polymer [(C6H4O2)2Ti]n under argon with the use of hydrogen
as the reducing agent.122

Nanocrystalline SiC powders can be prepared by thermal
decomposition of polycarbosilanes and polycarbosiloxanes;
nanocrystalline silicon nitride Si3N4 is produced by pyrolysis of
polysilazanes.123 ± 125 Since polycarbosiloxanes contain oxygen
atoms, their pyrolysis is performed under hydrogen according
to the scheme

(4)

Initial heating is carried out using a high-temperature
plasma or laser radiation followed by additional annealing of
pyrolysis products at* 1600 K.

Nanocrystalline boron carbide B4C is obtained upon
decomposition of poly(vinylpentaborane) [C2H3(B5H8)]n .
Polyborazine-, polyborazole- and polyvinylborazine-type
boron-containing polymers were suggested 125 for the use in
the synthesis of highly dispersed boron nitride powders and as
additives to a titanium powder for the synthesis of nanocrystal-
line composites TiN+TiB2 . A nanocrystalline aluminium
nitride powder with an average particle size of 8 nm was
synthesised by decomposition of [Al(NH2)3NH]n in ammonia
at 900 K.126

To stabilise the composition and structure of the powders
prepared by pyrolysis of monomeric and polymeric com-
pounds, it is necessary to perform their additional annealing;
the annealing temperature of nitrides and borides varies from
900 to 1300 K and that of oxides and carbides, from 1200 to
1800 K. The main drawback of thermal decomposition is that
the selectivity of the reaction is rather low so that the reaction
product represents a mixture of the final product and inter-
mediates.

Nowadays, thermal decomposition is applied to the syn-
thesis of multicomponent amorphous and nanocrystalline
ceramic materials. For example, the complex ceramic material
Si3B1C4.3N2 was synthesised by decomposition of polyvinylsi-
lazane (B[C2H4SiMeNH]3)n at 523 K for 1 h and at 623 K for
3 h followed bymilling of the product and its dehydrogenation
at 1673 K for 2 h.127 The influence of annealing on nano-
crystallisation and the free volume change in ceramics were
examined in detail for the Si7C7B7N system by X-ray
diffraction methods and positron annihilation.128

A nanostructured mixture of WC and Co can be prepared
by pyrolysis of various precursors.122 In particular, heating can
simultaneously afford WC and Co

(NH4)8[H2Co2W11O40] WC+Co, (5)

[CoEn]3WO4 WC+Co, (6)

where En is ethylenediamine.

VI. Mechanosynthesis

Mechanosynthesis is one of the most efficient `dry' chemical
technologies requiring no or a minimum amount of solvents
for chemical reactions. The mechanical treatment of solid
mixtures is accompanied by dispersion of substances, acceler-
ation of the mass transfer, mixing of the components at an
atomic level and, as a consequence, activation of their chemical
reaction.129, 130 The mechanisms of mechanochemical reac-
tions are characterised by the involvement of many steps.
The most important steps are as follows: initial deformation
of the crystal structures of the reactants, the formation,
accumulation and interactions of point and linear defects,
disintegration of substances, the formation ofmetastable states
in the contact zone of different phases, chemical homogenisa-
tion and relaxation of the reaction products to the equilibrium
state.131 The reactivity of solids in the course of their deforma-
tion and decomposition is the subject of mechanochemistry.

[ SiMe2O ] SiC.
H2

n
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Mechanical milling can result in a decrease in the size of
microcrystalline blocks to 10 nm (and smaller), which is
equivalent to a decrease in the diffusion length necessary for
the reaction.129 Simultaneous mechanical treatment of several
components of the mixture causes deformation mixing and
mechanochemical reactions. The characteristic features of low-
temperature mixing of solid reactants associated with the
formation of intermediate metastable states and the possibil-
ities of the mechanochemical synthesis of various compounds
were covered in detail in the reviews.129, 130

The mechanical milling is an efficient procedure for the
preparation of large amounts of nanopowders of various
materials, such as metals, alloys, intermetallides, ceramics
and composites. Complete solid-state solubility of elements
mutual solubility of which under equilibrium conditions is
negligibly small can be achieved by mechanical milling and
mechanical fusion.132, 133 Various mills (reactors) in which the
specific mechanical energy imparted to a powder can be as high
as 102 ± 103 kJ g71 are most popular for mechanical activation
of powders and mechanochemical processes.

During mechanical milling of powders, the plastic defor-
mation is developed by the dislocation mechanism and it is
initially localised in slip bands containing multiple disloca-
tions. As a particular stress level is achieved, these dislocations
annihilate, are combined and recombine as small-angle grain
boundaries, which separate individual grains, entrapping
impurity atoms. In this step of milling, particles with a
diameter of 20 ± 30 nm are formed, and their number increases
as the particles are ground. In plastic metals, intergrain
boundaries are formed by the polygonisation mechanism.134

In the next step of milling, the orientation of individual
crystallites with respect to each other becomes random due to
a slip along the grain boundaries. This behaviour in the course
of milling is typical of metals and intermetallides with a bcc
lattice.133

The mechanical action during milling of materials is pulsed
in character. Hence, the stress field does not act during the
entire residence time of particles in the reactor but only at the
instant of their collision. During a short period after the
collision, partial relaxation occurs. Hence, the character of
formation of the stress field in time and the kinetics of
subsequent relaxation processes should be taken into account
in the mechanochemical synthesis. The mechanical action is
not only pulsed, but also local, because it occurs not in the total
bulk of the solid, but only where the stress field appears and
then relaxes.

Let us consider some results of milling and mechanochem-
ical synthesis with the use of high-energy planetary and
vibration mills. A nanocrystalline powder of barium titanate
(BaTiO3) with an average particle size of 25 nm was prepared
by the mechanical treatment in a planetary ball mill.135

According to the results of electron microscopy, BaTiO3

nanoparticles contain almost no dislocations. Nanoparticles
were combined to form dense aggregates up to 1 mm in size,
which in turn form large agglomerates >2 mm in size.
The agglomeration is a characteristic property of nanocrystal-
line powders prepared by mechanical milling.

Mechanochemical synthesis of transition metal boride,
carbide, silicide and sulfide powders from powdered mixtures
of metals with boron, carbon, silicon and sulfur, respectively,
was performed by the so-called explosion method in vibration
mills.136 In essence, the explosion mechanosynthesis is analo-
gous to the self-propagating high-temperature synthesis; how-
ever, unlike the latter method, the fast reaction in the explosion
mechanosynthesis is initiated by mechanical activation of
powders of the starting components (metal and carbon,
boron, silicon or sulfur) for a few minutes rather than by a
short-term powerful thermal pulse. X-Ray diffraction and
electron microscopic studies of boron, titanium, zirconium,

hafnium, vanadium, tantalum and tungsten carbide powders
prepared by the mechanochemical synthesis in eccentric and
planetary ball mills demonstrated that the average particle size
in these powders varied from 6 to 20 nm.137 Metal powders
were mechanically milled in planetary and vibration mills
under oxygen and nitrogen, respectively to prepare nano-
crystalline oxides and nitrides with a particle size of several
nanometres.138

The mechanochemical synthesis of nanocrystalline car-
bides TiC, ZrC, VC and NbC with an average particle size of
7� 1 nmwas carried out by 48-hmilling in a planetary ball mill
of a mixture of metal and carbon powders.139 The formation of
carbides starts 4 ± 12 h after the beginning ofmilling. The study
of thermal stability of dispersed nanocrystalline carbides
demonstrated 139 that niobium carbide is the most heat-resist-
ant of all the synthesised carbide nanopowders. The grain size
of NbC increases from 7 ± 10 to 30 nm as the temperature
increases from 300 to 1300 K. Vanadium carbide is the least
thermally stable. Extensive recrystallisation at 1000 ± 1200 K
resulted in the VC grain growth to 90 nm.

Vibration ball milling of mixtures of metal powders for
300 h afforded nanocrystalline (the grain size was 5 ± 15 nm)
Fe7Ni and Fe7Al alloys with bcc lattices.140

The synthesis of amorphous nanocrystalline Ni3Al pow-
ders by mechanical milling of an ordered intermetallic alloy
Ni3Al was documented.141 The coarse-grained (with a particle
size of 445 mm) powder had an ordered Cu3Au-type cubic
structure (L12) with a long-range parameter of 0.96. After its
ball milling for 5 h, superstructure reflections in the X-ray
diffraction pattern disappeared (complete ordering of the
powder) and the structure reflections corresponding to the fcc
lattice broadened. The average crystallite size and the lattice
strains were estimated 141 from the broadening of the structure
reflections of a Ni3Al powder by the Willamson ±Hall
method.142 ± 144 After 5-h milling, the average crystallite size
was 19 nm, and the microstrain was 261074 (0.02%).
An increase in the milling time to 50 h led to a further broad-
ening of the most intense structure reflections (111) and (200)
and the disappearance of other structure reflections. The size of
the coherent scattering regions decreased to 8 ± 10 nm. A study
of the milled powder by scanning and transmission electron
microscopy demonstrated that the nanoparticle size was
2 ± 3 nm, and the electron diffraction pattern for nanoparticles
is typical of an amorphous state. Thus, mechanical milling of a
coarse-grained powder of the ordered intermetallide Ni3Al
initially resulted in its disorder (the formation of a disordered
fcc alloy with an A1-type structure) followed by the formation
of a nanocrystalline fcc alloy and, in the final step ofmilling, an
amorphous Ni3Al powder with an average nanoparticle size of
*2 nm.

The mechanochemical synthesis can be combined with the
synthesis of a nanostructured mixture.145 In an argon-filled
ball mill, a nanostructured mixture of cobalt and tungsten
carbide grains with an average size of 11 ± 12 nm is formed
after milling of a mixture of course-grained (*75 mm) tung-
sten, graphite and cobalt powders for 100 h. In the solid alloy
prepared by cold pressing followed by sintering of this mixture
at 1310 K,most ofWC grains had a size of<200 nm, i.e., they
were several times smaller than those in usual alloys of the same
composition. The sintered samples of the alloy had a hardness
of *18 GPa and a relative density of 80% of the theoretical
value. It was hypothesised 145 that the lower sintering tem-
perature of a nanostructured powdered WC7Co mixture
compared to that of a coarse-grained mixture is a consequence
of the lower melting point of nanocrystalline cobalt compared
to that of the coarse-grained metal.

A complex methodologically correct study of the mecha-
nosynthesis of a nanocrystalline cubic titanium carbide powder
was documented.146 The results of this study deserve a more
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detailed discussion. Metallic titanium and graphite powders in
a ratio of 44 : 56 were milled in a sapphire ball mill at room
temperature under argon.

After milling for 26103 s, the X-ray diffraction pattern of
the reaction mixture (Fig. 11) showed only broad reflections
corresponding to elemental Ti and C. After milling for
116103 s, the reflections corresponding to graphite almost
disappeared; after milling for 156103 s, reflections of a new
cubic phase with the structure B1 (titanium carbide) appeared.
This is consistent with the results of investigation 139 in which
the formation of carbide phases was observed after milling of
powdered mixtures of transition metal and carbon for four ±
six hours. An increase in the milling time to 46104 s led to the
complete disappearance of X-ray reflections of titanium metal
and an increase in the intensities of reflections of titanium
carbide. Further increase in the milling time was accompanied
by an increase in mechanical deformation of powder particles
and a sharp decrease in the grain size, as evidenced by a
noticeable broadening of X-ray reflections. Milling for
726104 s afforded nanocrystalline titanium carbide and sub-
sequent increase in the milling time to 106 s did not lead to
changes in the resulting carbide.

The changes in the grain size of powders during milling are
illustrated in Fig. 12. The formation of nanocrystalline tita-
nium carbide involves four steps presented in Fig. 13. The
starting powder (Fig. 13 a) consists of randomly distributed
particles of different size and shape. In the first step (themilling
time up to 116103 s), very large (with the size of *1 mm)
composite Ti/C particles are formed (Fig. 13 b). A metallo-
graphic study demonstrated that these particles consist of
numerous titanium and carbon layers. The second step (the
milling time from 116103 to 26104 s) involves a solid-phase

reaction during which titanium and carbon react almost
completely with each other to form large titanium carbide
grains from 800 to 1000 nm in size. In the third step (themilling
time from 26104 to 86104 s), extensive dispersion of large
titanium carbide grains affords a finely dispersed powder with
a rather broad size distribution of grains (from 5 to 100 nm);
the carbide grains form particles with the size of 5 ± 10 mm
(Fig. 13 c). In the last step (the milling time from 86104 to
16106 s), the nanocrystalline powder is homogenised with
respect to the grain size resulting in the average grain size of
*2� 1 nm; the grains agglomerate to form spherical particles
with the size no larger than 300 nm (Fig. 13 d ).
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Figure 11. Changes in the X-ray diffraction pattern of powdered

44Ti+56C mixtures prepared at different milling times.146

The changes in the X-ray diffraction patterns are associated with changes

in the phase composition resulting from the formation of titanium carbide

andwith disintegration of carbide particles to nanometre sizes. Themilling

time /s: (1) 26103, (2) 66103, (3) 86103, (4) 116103, (5) 156103,

(6) 226103, (7) 46104, (8) 86104, (9) 726104.
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(1) The particle size determined from the broadening of X-ray reflections;

(2) the particle size determined by electron microscopy.
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Figure 13. Photomicrographs of particles of the staring powderedmixture

of titanium and carbon (44 : 56) (a) and a powder after ball milling during

different periods of time (b ± d ) see the text.146
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The titanium carbide powder thus prepared was sintered in
an activated plasma. The sintering afforded compact titanium
carbide samples with high densities (up to 5.2 g cm73) and
hardnesses (up to 3.2 GPa), the average grain size of <70 nm
being retained.

The results of the study 146 demonstrated high efficiency of
the mechanosynthesis of nanocrystalline titanium carbide.
However, it should be noted that the authors' hypothesis that
the composition of the starting mixture is identical with that of
the synthesised titanium carbide casts doubt, because if this
were the case, the superstoichiometric carbide TiC1.27 or the
carbide Ti0.79C1.00 with a defect metal sublattice would be
synthesised. The lattice period of the synthesised titanium
carbide (0.4326 nm) is somewhat smaller, whereas the meas-
ured density (5.2 g cm73) is higher than the corresponding
parameters (0.4328 nm and 4.91 g cm73, respectively) of the
conventional stoichiometric carbide TiC1.0. An excess of
carbon atoms in the carbide and its high density can be
attributed to the presence of interstitial carbon atoms in the
structure B1.

VII. Detonation-induced synthesis

Shock waves is yet another type of mechanical action that
creates the conditions for both disintegration of the starting
compounds and the synthesis of the final product. Detonation
of explosives (the explosion energy) is widely used for perform-
ing phase transitions and the synthesis of new compounds.
The detonation-induced synthesis of nanopowders proceeds
under dynamic conditions where kinetic processes play an
important role.

The detonation-induced synthesis of diamond from rhom-
bohedral graphite using a shock wave (the pressure of up to
30 GPa was achieved) was documented.147 The shock-wave
treatment of mixtures of graphite andmetals (the duration of a
shock wave was 10 ± 20 ms and the produced pressure was
20 ± 40 GPa) afforded 148 diamond powders. These powders
were shown to contain single crystals with the size no larger
than 50 nm along with assemblies and tightly bound agglom-
erates with the size of up to 5 mm consisting of individual
crystals with sizes of 1 ± 4 and 10 ± 160 nm, respectively.

The `dry synthesis' based on detonation of condensed
carbon-containing explosives with a negative oxygen balance
followed by cooling of the detonation products under an inert
atmosphere was documented.149, 150 Presently, this process is
used for industrial production of diamond nanopowders for
different technical purposes. The synthesis is performed in
explosion chambers with a volume of no smaller than 2 ± 3 m3.
In the so-called `aqueous synthesis', which is another version of
the detonation-induced synthesis of diamond powders, the
diamond particles are cooled with water.

Diamond powders are formed in the zone of chemical
decomposition of the starting compounds within <0.4 ms.
These powders consist of compact cubic particles with an
average size of *4 nm. Large (up to 1 mm) diamond particles
can be prepared with the use of powerful explosives.151

The detonation-induced synthesis of various morpholog-
ical forms of carbon as well as of aluminium, magnesium,
titanium, zirconium and zinc oxide nanopowders was
described.152, 153 A shock wave passing through a layer of the
starting compound (highly porous metal, a chemical com-
pound or a metal hydroxide sol or gel) causes compression
and heating of highly porous metals or decomposition of the
starting compound to form oxide followed by stabilisation of
oxide phases. After the escape of the shock wave on the free
surface of the starting compound, materials disperse in the gas
atmosphere of the explosion chamber. In a CO2 atmosphere,
carbon nanotubes, spherical carbon particles and thread-like
MgO crystals were obtained. The average diameter of thread-

like MgO crystals was 60 nm, and the length to diameter ratio
reached 100.

Reactions with chemical compounds as the starting
reactants are performed with the use of gaseous and liquid
media neutral with respect to the final products, due to which
the compounds are rapidly cooled and high-temperature and
metastable crystal modifications are stabilised. For example,
an yttrium oxide-stabilised cubic ZrO2 nanopowder was syn-
thesised 152, 153 by the detonation method. The average particle
size was 30 nm.

VIII. Self-propagating high-temperature synthesis

Self-propagating high-temperature synthesis (SHS) is rapidly
propagating combustion of solids (of a metal and carbon in the
synthesis of carbides or of a metal under nitrogen in the
synthesis of nitrides) at a temperature from 2500 to
3000 K.154, 155 Since the particle size in the self-propagating
high-temperature synthesis products is usually 1 ± 5 mm, it was
believed that this method is inapplicable to the preparation of
compounds in the nanocrystalline state.

It was suggested 156 that titanium carbide nanopowders
would be synthesised by the SHS method in the presence of an
inert diluent preventing the particle growth, e.g., using a
Ti+C+mNaCl mixture, where m=0.2 ± 0.7. The particle
sizes of the starting Ti, C and NaCl powders were at most 50,
0.1 and 150 mm, respectively. Pellets with a diameter of 30 mm
and a height of 40 mm were pressed from the powder mixture.
The synthesis was carried out in a standard reactor under
argon at a pressure of 0.5 MPa. Combustion was initiated by a
current pulse (the voltage was 15 ± 20 V and the pulse duration
was 1.0 ± 1.5 s), which was supplied to the sample with a
tungsten wire. The combustion temperature decreased from
2500 to 1950 K C as the amount of sodium chloride increased
(as m changes from 0.2 to 0.7).

The combustion was accompanied by spontaneous homo-
genisation of the staring mixture due to melting of Ti and
NaCl. A microscopic study demonstrated that the resulting
titanium carbide particles are distributed in a NaCl melt and
are isolated from each other by a thin layer of this melt, which
prevented their further growth. No intermediate phases were
found. The titanium carbide particle size decreased with the
increase in the amount of NaCl in the starting mixture. After
washing off NaCl, the titanium carbide powder was studied by
X-ray diffraction and electron microscopy. The resulting
titanium carbide had the cubic structure B1 with a lattice
parameter of 0.433 nm. The powder consisted of particles of
irregular shape with a size from 20 to 300 nm; the average
particle size was*100 nm. The optimum amount of NaCl for
the synthesis of titanium carbide nanoparticles (m) was
found 154 to be 0.4 (or *30 mass%). The chemical composi-
tion of titanium carbide synthesised in the study 156 was not
determined.

IX. Compaction of nanopowders

A method for the preparation of compact dense three-dimen-
sional (3D) nanocrystalline materials named after Gleiter, who
was the first to suggest this method,157 involves the following
steps: condensation of nanoparticles under a low-pressure inert
gas atmosphere, deposition of particles onto a cold surface of a
rotating cylinder and scraping of nanoparticles from the
cylinder surface to a collector.158 After evacuation of the inert
gas from the chamber, a nanocrystalline powder was pre-
pressed (under a pressure of *1 GPa) and finally pressed
under a pressure of up to 10 GPa. This method can be used for
the preparation of cylinders with a diameter from 5 to 15 mm,
a thickness of 0.2 ± 3.0 mm and a density of 70%±90% of the
theoretical density of the corresponding material. In partic-
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ular, the density of nanocrystalline metal powders reaches
97%; the density of nanoceramics, 85%.3 Depending on the
evaporation and condensation conditions, compact nanoma-
terials consist of particles with an average size from 1 ± 2 nm to
80 ± 100 nm. This method was applied to the preparation of
compact nanocrystalline nickel with an average particle size of
60 nm.159

The contact of substances with the environment in the
synthesis of nanopowders and their pressing is excluded due to
which compact nanocrystalline samples remain uncontami-
nated. The apparatus described in the papers cited 157, 158 can
be used for the preparation of compact nanocrystalline oxides
and nitrides.

The porosity of nanoceramics prepared by pressing of
powders is determined primarily by the pores located at triple
joints of crystallites and the grain boundaries.2 Powders of
lower dispersity are less compressible.160 A uniform porosity
distribution is achieved by pressing ceramics at high temper-
ature at which no extensive recrystallisation occurs. For
example, conventional sintering of a highly dispersed zirco-
nium oxide powder with a particle size of 40 ± 60 nm at 1370 K
for 10 s afforded a material with a relative density of 72% and
an average grain size of 120 nm. Hot pressing at the same
temperature under a pressure of 1.6 GPa afforded a material
with a relative density of 87% and an average grain size of
130 nm.161 Compact oxide ZrO2 with a relative density of
>99% and an average grain size of 85 nm was obtained when
the temperature was lowered to 1320 K and the sintering time
was increased to 5 h.162 The most dense (with a relative density
of 98%) samples of titanium nitride could be obtained by
sintering samples pressed from finely dispersed nanopowders
with a grain size of * 8 ± 25 nm and a minimum deviation of
the grain size from these values.163

Sintering of powders at a high (up to 10 GPa and higher)
pressure holds promise for the preparation of dense compact
finely grained materials.164, 165 For example, a TiN powder
with an average particle size of 40 nm was sintered at 3 and
4 GPa at a temperature from 1000 to 1800 K. The maximum
density of sintered samples was achieved at 1670 K.
An increase in the pressure was accompanied by an increase
in the density to 94%of the theoretical value, the crystallite size
was 200 ± 300 nm. It should be noted that the crystallite size in
samples sintered at 1400 ± 1500 K was at most 60 nm, and the
relative density of samples was as high as 92%±93%.

Pressing followed by high-temperature sintering holds
promise for the synthesis of compact nanomaterials, partic-
ularly, of ceramic materials. To prevent grain enlargement
during sintering of pressed samples, it is necessary to use high-
density pressing and low sintering temperature T4 0.3Tm

(Tm is the melting point). The preparation of high-density
compact materials presents a serious problem because it is
difficult to press nanopowders by conventional static pressing
methods. Poor compressibility of nanopowders is associated
with adhesion forces the contribution of which to interparticle
interactions sharply increases with a decrease in the particle
size.

The magnetic pulse method is rather efficient for compac-
tion of nanopowders.166 ± 168 This method consists of concen-
trating the force action of magnetic field of powerful pulse
currents, resulting in the appearance of compression waves
with an amplitude of up to 5 GPa and a duration of a few
microseconds. The parameters of compression waves can
rather easily be controlled in this method. The magnetic pulse
pressing is environmentally safe, it is much safer than dynamic
methods.

Unlike stationary pressing methods, the magnetic pulse
method results in extensive heating of powders due to rapid
energy release caused by particle friction during packing under
the action of a compression wave. If particles are sufficiently

small (4300 nm), the time of their heating is substantially
shorter than the characteristic duration of pulse compression
waves. Under the same pressure, the magnetic pulse method
sometimes allows the preparation of denser compact samples
than those prepared by stationary pressing. Aluminium nitride
powders prepared by electric explosion (see below) are pressed
by the magnetic pulse method under a pressure of 2 GPa to the
density of 95% of the theoretical value; Al2O3 powders, to the
relative density of 86%. This method is applied to the prepa-
ration of articles of different shape, which, as a rule, require no
additional mechanical treatment. In particular, articles of a
complex shape with a density of>95%of the theoretical value
were formed from powders of superconducting oxide
ceramics.167 In the general case, interparticle forces are effi-
ciently overcome in the case of rapid motion of a powder
medium under the action of pressure pulses due to which the
resulting samples have higher density than samples prepared
by static pressing. Heating of nanopowders lasts for a short
while, which favours a decrease in its recrystallisation at high
temperature and the retention of a small particle size.

The magnetic pulse method was used for pressing nano-
crystalline Al2O3 (see Refs 169 and 170) and TiN powders.171

An increase in the pressing temperature to *900 K was
demonstrated 171 to be more efficient than an increase in the
pressure in cold pressing. Compact samples of nanocrystalline
titanium nitride with a grain size of *80 nm and a density of
*83% of the theoretical value were prepared under a pulsed
pressure of 4.1 GPa at 870 K. A decrease in the pressing
temperature to 720 K was accompanied by a decrease in the
density to 81%.

A comparative study of compaction of ultradispersed TiN
powders by magnetic pulse pressing, high-pressure pressing
and conventional pressing was reported.172 The average
particle sizes of the starting powders were 70 and 80 nm.
A decrease in the particle size led to a decrease in the degree
of compression of samples. An increase in the pressing pressure
was accompanied by an increase in the relative density.
An increase in the density becomes slower at a pressure of
>4 GPa, the density being no higher than 85% even at 7 GPa.
It was noted that cold pressing according to different proce-
dures gives very similar results at a pressure of >1 GPa.
At 1 GPa, the density of samples prepared by the magnetic
pulse method appeared to be somewhat lower than that of
samples prepared by static pressing.

Gas-tight ceramic tubes with an external diameter of up to
15 mm and a length of up to 100 mm were produced from
nanopowders by radial magnetic pulse pressing.173 Powders
were placed in a cylindrical gap between a rigid metallic rod
and an external cylindrical copper shell. The pressing was
performed by radial compression of the external shell under
current pulses, the developed pulse pressure being 2 GPa.
Aluminium oxide nanopowders and an Y2O37ZrO2 mixture
with an average particle size of 10 ± 30 nm were used as the
starting materials. Radial magnetic pulse pressing of these
nanopowders afforded tubes with a relative density of ceramics
of >95%.

Ceramic nanopowders can be compacted by dry cold
ultrasonic pressing.174, 175 Under the action of an ultrasonic
field with a power of several kilowatts, interparticle frictions
and frictions between particles and walls of the press form
decrease, agglomerates and large particles are disintegrated,
the surface activity of the powder particles increases and the
volume distribution of particles becomes more uniform. This
results in an increase in the density of pressed articles, accel-
eration of diffusion processes, limitation of the grain growth in
subsequent sintering and retention of the nanostructure. For
example, ultrasonic pressing of an Y2O3-stabilised ZrO2 nano-
powder followed by sintering of samples in air at 1923 K
afforded a ceramic material with a relative density of *90%.

Nanotechnologies Properties and applications of nanostructured materials 447



The average particle size in the initial nanopowder was
*50 nm.

An interesting procedure for sintering of ceramic compact
nanomaterials based on heating of sintered samples with the
use of microwave radiation was documented.176, 177 Heating is
performed bymillimetre-range radiationwith frequencies from
24 to 84GHz in a technological gyrotronic device with a power
of several kilowatts. The volume energy absorption of micro-
wave radiation provides simultaneous uniform heating of
samples because the heating rate is not limited by heat
conductivity, as opposed to conventional sintering methods.
This allows the preparation of sintered ceramics with a
homogeneous microstructure.

Compact samples of Al2O3 were prepared by cold isostatic
and magnetic-pulse pressing of a nanopowder with an average
particle size of 26 nm.177 The relative densities of the pressed
samples were 52% and 70%, respectively.Microwave sintering
at maximum temperatures of 1570 and 1770 K afforded
samples of Al2O3 with a density of 99% of the theoretical
value and an average crystallite size of*80 nm.

Conventional sintering methods do not always allow
strong connection of different ceramic materials. For example,
it is impossible to prepare a mechanically stable composite of
ZrO2 andAl2O3 , which is reqired for the design of devices such
as thermal barriers, by conventional methods. This problem
can be solved with the use of nanocrystalline materials and
microwave sintering.177 Oxides ZrO2 and Al2O3 are bound to
each other with the use of a sintered interlayer made from the
nanosized composite ceramic material 60 vol.% ZrO2+
40 vol.% Al2O3 with an average grain size of 100 nm. The
relative density of the interlayer was 96%±98% of the theo-
retical value. Microwave heating of the ZrO2/interlayer/Al2O3

structure over a short period of time to 1700 K afforded a
stable composite consisting of oxides ZrO2 and Al2O3 .

X. Crystallisation of amorphous alloys

The above-described methods are based on the assembly
principle, i.e., belong to `bottom-up' nanotechnologies. Meth-
ods of `top-down' technologies are described below.

Nanostructures can be formed in amorphous alloys by
crystallisation.178 Amorphous metal alloys can be prepared by
rapid (at a rate of5 106 K s71) cooling of alloys on the surface
of a rotating disc or drum. This method is called spinning.
Nanostructures are created by annealing in such a way as to
form a large number of crystallisation centres and the crystal
growth rate is low.

The amorphous magnetically hard alloy Fe90Zr7B3 can be
referred to as an example.178 The amorphous alloy was
prepared by spinning and then subjected to relaxation anneal-
ing at 673 K for 2 h. A nanocrystalline structure formed when
the alloy was additionally annealed at 873 K under vacuum
(1075 Pa) for 1 h. The transformation of the Fe90Zr7B3 alloy
from the amorphous to the nanocrystalline state results in a
change in the X-ray diffraction pattern (Fig. 14): very broad
diffuse X-ray reflections become sharp and narrow.178 The
grain size of the crystalline bcc phase a-Fe(Zr) that is formed in
the amorphous matrix was*10 nm (results of high-resolution
electron microscopy). Considerable attention was given to
investigation of the structure of an amorphous matrix contain-
ing a-iron nanoparticles.178 In particular, a study of the atomic
structure of the matrix by modern electron ± positron annihi-
lation methods revealed a high content of zirconium concen-
trated at the nucleation sites of the bcc phase a-Fe(Zr).

Crystallisation of amorphous alloys is extensively studied
in view of the possibility of constructing nanocrystalline
ferromagnetic Fe7Cu7M7Si7B alloys (M=Nb, Ta, W,
Mo or Zr) with a very low coercive force and high magnetic
permeability, i.e., of magnetically soft materials. The magnetic

properties of thin films of the Ni7Fe alloy were demon-
strated 179 to be improved as the effective magnetocrystalline
anisotropy decreases. This can be achieved by increasing the
number of grains involved in exchange interactions in thin
magnetic films. In other words, a decrease in the grain size
results in an increase in exchange interactions, a decrease in
magnetocrystalline anisotropy and, consequently, an improve-
ment of the properties of magnetically soft materials. More
recently, this idea has been implemented in targeted crystal-
lisation of multicomponent amorphous alloys.

Silicon-containing steels are magnetically soft materials.
Initial attempts to improve the properties of these materials by
crystallisation of amorphous alloys were undertaken for alloys
of the Fe7Si7B systemwith addition of copper. However, no
alloys with nanocrystalline structures could be obtained in this
system. It is only after the introduction of Group IV ±VII
transition metals along with Cu that a nanostructure was
prepared by crystallisation of this system.180 Crystallisation
of amorphous Fe7Cu7Nb7Si7B alloys at 700 ± 900 K
afforded an alloy with a homogeneous nanocrystalline struc-
ture. In this alloy, grains of the bcc a-Fe(Si) phase with the size
of *10 nm and copper clusters with the size of <1 nm are
uniformly distributed in an amorphous matrix.

Positron annihilation studies demonstrated 79 that
(Fe3Si)95Nb5 alloys are thermally stable due to segregation of
Nb atoms at the interfaces. Due to the high melting point,
niobium hinders complete recrystallisation of the alloy.

The preliminary (before crystallisation annealing) rolling
deformation of amorphous Fe7Cu7Nb7Si7B alloys
(or their low-temperature annealing) allows a decrease in the
grain size to*5 nm.181

Crystallisation of rapidly solidifying aluminium alloys
Al7Cr7Ce7M (M=Fe, Co, Ni or Cu) containing 92 at.%
Al gave a structure containing an amorphous phase and
icosahedral aluminium-rich nanoparticles with the size of
* 5 ± 12 nm.182

XI. Severe plastic deformation

Severe plastic deformation is a very attractive procedure for
the preparation of compact nano- and submicrocrystalline
materials.19, 183 ± 186 This method is based on the formation of
strongly fragmented and disoriented structures with signs of a
recrystallised amorphous state. Large deformations of materi-
als can be achieved with the use of the following methods:
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Figure 14. Changes in the X-ray diffraction pattern upon the transforma-

tion of the alloy Fe90Zr7B3 from the amorphous (1) to the nanocrystalline

(2) state.178

The grain size of the bcc phase a-Fe(Zr) is*10 nm.
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twisting under quasi-hydrostatic pressure, equal-channel
angular pressing, rolling and three-dimensional forging.
These methods consist of performing multiple intense plastic
shear deformation of materials, the true logarithmic deforma-
tion (e) being 4 ± 7. The use of severe plastic deformation allows
not only a decrease in the average grain size but also the
production of massive samples with a virtually pore-free
structure, which cannot be achieved by compaction of nano-
powders.

Twisting under high pressure of disc-shaped samples with
the radius R and the thickness l creates shear deformations.
The geometric shape of samples is such that the main bulk of
materials is deformed under quasi-hydrostatic compression
and, hence, the samples are not destroyed in spite of a high
degree of deformation. The true logarithmic deformation
achieved upon twisting under high pressure is calculated by
the equation 183

e=ln
yR
l
, (7)

where y is the twist angle in radians. The results of numerous
investigations demonstrated that after several turns, the struc-
ture of samples is disintegrated both at the periphery and in the
central part so that it becomes homogeneous throughout the
bulk.19

The most homogeneous structure is formed upon steady-
state simple shear deformation. In this method, a material is
pressed through two channels of equal cross-section intersect-
ing at an angle of 2F=90± 1508. The intersection plane of the
channels contains a homogeneous localised simple shear
deformation with an intensity of

DG=2cotF. (8)

Multiple cycling treatment of a material according to this
scheme provides superhigh intense deformations

G=NDG=2NcotF,

whereN is the number of cycles. The resulting sample exists in a
homogeneous stressed deformed state, but its cross-section
sizes remain unchanged. The true logarithmic deformation is
calculated by the equation

e=arsh
G
2
= ln

G
2
�
��

G
2

�2

�1
�1=2( )

. (9)

It is most reasonable to use angles 2F close to 908, at which the
maximum intensity of deformations is achieved, an increase in
the contact pressure being insignificant. A grease is used to
minimise contact frictions. This deformation scheme is called
equal-channel angular pressing. This methodwas described for
the first time by Segal 187 and was developed further.188, 189

The results of investigations of the structures and proper-
ties of submicrocrystalline materials were analysed in
reviews.19, 185, 190 Annealing of nanocrystalline materials leads
to evolution of their microstructures, which can arbitrarily be
divided into two steps. In the first step, annealing at a temper-
ature equal to approximately one third of the melting point
leads to stress relaxation, the transformation of the grain
boundaries from the nonequilibrium to a more equilibrium
state and a slight grain growth. In the second step, further
increase in the annealing temperature or an increase in the
annealing time cause collective recrystallisation (grain enlarge-
ment). The first annealing step can readily be observed from
the results of microhardness measurements of plastically
deformed materials, for example, of Cu, Pd and Ti (Fig. 15).

The severe plastic deformation was applied to obtain nano-
and submicrocrystalline structures of metallic Cu,191 ± 193

Pd,194 ± 197 Fe,198 Ni 191, 193, 199 and Co,200 aluminium-,184 mag-
nesium- 201 and titanium-based 202, 203 alloys and a number of
brittle compounds. Interestingly, after plastic deformation of
similar strength, the grain size in brittle compounds was
smaller than in metals. For example, a compact nanocrystal-
line sample with a grain size of *30 ± 40 nm was prepared for
the first time 204, 205 from a coarsely dispersed nonstoichiomet-
ric powder of carbide TiC0.62 (with a particle size of*2 ± 5 mm)
by twisting under quasi-hydrostatic pressure.

The synthesis of nanocrystalline titanium monoxide by
twisting under quasi-hydrostatic pressure of 8 GPa was docu-
mented.206 The size of coherent scattering regions estimated
from the Williamson ±Hall plot was *40 nm. In addition, it
was found that the cubic lattice parameter of titanium mon-
oxide was increased by 0.0004 nm after mechanical treatment
(Fig. 16), which is indicative of a substantial change in the
concentration of titanium vacancies.206 Particular attention is
given to structural vacancies in this compound, because they
are responsible for the properties of the monoxide.
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Figure 15. Plots of the microhardness of plastically deformed metals

Cu (1), Pd (2) and Ti (3) vs. the annealing temperature.
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Figure 16. Plot of the lattice parameter of titanium monoxide aB1 vs. the

concentration of structural vacancies in the metal sublattice for the

equilibrium state (1) and the stoichiometric monoxide subjected to a

pressure of 8 GPa at high temperature (2).206

The increase in the lattice parameter of titaniummonoxide TiO1.23 (I ) and

the decrease in the concentration of titanium vacancies (II ) after severe

shear deformation under a pressure of 8 GPa at room temperature are

indicated by arrows.
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XII. Electric explosion

Nanopowders can be prepared by electric explosion of
conductors caused by passing a powerful current pulse
with density of 104 ± 106 A mm72 and duration of
1075 ± 1077 s.207 ± 209 For this purpose, a wire with a diameter
of 0.1 ± 1.0 mm is used. An electric explosion of a conductor is
accompanied by a sharp change in the aggregation state of
metal as a result of intense energy release and by the shock
wave generation, enabling rapid (at a rate of higher than
16107 K s71) heating of metals to high temperatures
(T>104 K). In the initial step of electric explosion, heating
of conductors is accompanied by their linear expansion at a
rather low rate (1 ± 3 m s71). In the explosion step, the metal is
overheated to a temperature higher than the melting point,
expansion of the compound occurs at a rate of up to
56103 m s71 and the overheated metal is explosively dis-
persed.210 The pressure and temperature at the shock wave
front achieve several hundreds of megapascals (thousands of
atmospheres) and *104 K, respectively. Condensation in a
flow of rapidly expanding vapour affords very small particles.
Powders with a particle size from 100 mm to 50 nm can be
prepared by controlling the explosion conditions. The average
particle size monotonically decreases with an increase in the
current density and decrease in the pulse duration. Metal and
alloy powders can be prepared by electric explosion in an inert
atmosphere. Finely dispersed powders of metal oxides, nitrides
and carbides or their mixtures can be prepared by intoducing
additional reagents (air, a mixture of oxygen and an inert gas,
nitrogen, distilled water, decane, paraffin or a technical oil)
into a reactor. Copper powders with the maximum of the size
distribution corresponding to *20 nm and aluminium pow-
ders with an average particle size of*50 nm were prepared by
electric explosion at a pressure of 200 Pa.208

According to experimental data,211 submicrocrystalline
powders prepared by electric explosion of a wire have a very
high excess energy. For example, the excess energy of alumi-
nium powders with an average particle size of 500 ± 800 nm is
100 ± 200 kJ mol71 and of silver powders with an average
particle size of *120 nm is 40 ± 80 kJ mol71, which is several
times higher than the heat of melting of a massive substance.
This excess cannot be attributed to a contribution of only the
surface energy. The observed accumulation of a large excess
energy by finely dispersed powders prepared by electric explo-
sion 211 remained unexplained. It was hypothesised 212 that the
excess energy is accumulated as the surface energy, internal
defects and charge states. The size distribution of powders is
logarithmically normal, and the maximum of distribution is in
the range of 10 ± 500 nm. Particles of metal and alloy powders
prepared by electric explosion are spherical, whereas particles
of nitride powders are faceted.

In recent years, the electroerosion method was developed
for the preparation of nano- and submicrocrystallinemetal and
alloy powders.

XIII. Ordering of non-stoichiometric compounds
as a method for the construction of nanostructures

Group IV, V and VI transition metal carbides hold promise for
the construction of nanocrystalline ceramic materials having
rather high hardness, low fragility and stability against crack-
ing. These ceramics belong to highest-melting compounds and
they are inferior only to diamond and cubic boron nitride in
hardness.

Group IV and V transition metal monocarbides MCy are
strongly non-stoichiometric compounds.213 ± 215 In the disor-
dered state, these compounds have the cubic structure B1 and
contain up to 50% structural vacancies in the non-metal
sublattice.51, 213 ± 220 At temperatures below 1300 K, the struc-

ture B1 becomes unstable, and non-stoichiometric carbides
undergo first-order disorder ± order phase transitions accom-
panied by a jumpwise change in the volume and the formation
of ordered phases with complex superstructures.213 ± 221 Since
the ordering is a diffusion process, the transformation occurs
during a particular temperature-dependent period of time.
Carbides are synthesised at 1400 ± 1800 K, which is above the
disorder ± order phase transition temperatures (Ttrans). Cool-
ing of carbides to room temperature is accompanied by order-
ing. In the rapid cooling, ordering is not completed and non-
stoichiometric carbide persists in ametastable disordered state.
A difference in the lattice parameters of disordered and
ordered phases gives rise to stresses, which can lead to cracking
of crystallites at interfaces. Nanostructured powders of non-
stoichiometric carbides can be prepared by decreasing the
domain size of the ordered phase.

An idea of the nanostructure formation by atom-vacancy
ordering of non-stoichiometric compounds was applied for the
first time to non-stoichiometric vanadium carbide.222

The latter was chosen for investigation because ordering in
this compound is the most pronounced.221, 223, 224 In nano-
crystalline solids and nanopowders, not only bulk effects
(associated with the particle size), but also surface effects
(associated with the state and structure of interfaces) 9 ± 12

play an important role. This is why particular attention was
given to the surface state of compounds in the studies on
physicochemical properties of vanadium carbide.222, 225

Particles of nanostructured powdered vanadium carbide
VC0.875 were obtained by carbothermal reduction of oxide
V2O5 followed by cooling to room temperature. Vanadium
carbide is nanostructured, and its nanoparticles are curved and
petal-shaped. The petals are joined to each other to form a
coral-like structure (Fig. 17). An electron microscopic study
revealed small deviation of the nanoparticle size. Nanostruc-
tured vanadium carbide is unique because this structure has
not been found earlier.

The crystal structure of vanadium carbide was studied by
X-ray diffraction using CuKa1, 2 radiation.225, 226 The X-ray
diffraction spectra of disordered, coarse-grained ordered and
nanostructured carbide VC0.875 are presented in Fig. 18.
The X-ray diffraction pattern of a VC0.875 nanopowder
(Fig. 18 c) shows, along with structure reflections of the basic
phase B1, only superstructure reflections corresponding to the
cubic ordered phase V8C7 with the space group P4332.
The lattice parameter of the disordered phase is

500 nm

Figure 17. Morphology of particles of the vanadium carbide powder

VC0.875 .222

Particles with the size of *1 mm are two-dimensional nanocrystallites

having a shape of curved petal discs with a diameter from 400 to 600 nm

and thickness of*15 ± 20 nm.
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0.8337� 0.0001 nm. The idealM8C7-type cubic superstructure
with the space group P4332 has the doubled (compared to the
disordered basic phase B1) lattice parameter.219, 220, 224 Hence,
the lattice parameter of the basic phase aB1 of the vanadium
carbide under study is 0.41685 nm. This parameter is substan-
tially (by 0.00047 nm) larger than the lattice parameter of
disordered carbide VC0.875 . Such a large difference can be
observed only in the case of the maximum (or nearly max-
imum) degree of ordering.217, 219, 220

The intensity of superstructure reflections of coarsely
crystalline ordered carbide VC0.875 decreases with the increase
in the diffraction angle 2y (Fig. 18 b), whereas the intensity of
superstructure reflections of the nanopowder in the angle range
2y>1008 even increases rather than decreases (Fig. 18 c). This
fact remains unexplained.

In spite of the nanometre thickness of nanocrystallites, an
analysis of X-ray reflections did not reveal their broadening.
Since all atoms in the crystallite scatter coherently, the absence
of broadening of X-ray lines is consistent with the presence of a
rather large number of atoms in nanocrystallites, as evidenced
by a large size of the latter in two other dimensions.

Electron ± positron annihilation is the most efficient and
sensitive method for studying defects at interfaces and on the
surfaces of nanoparticles. The positron trapping by such
defects as vacancies or nanopores results in an increase in the
positron lifetime compared to that in defect-free materials 227

and in changes in the Doppler broadening spectra of annihila-
tion g quanta.228 The defect type can be judged from the
lifetime.

The positron lifetime was measured with the use of a
VC0.875 carbide powder pre-calcined at 400 K to remove

water.222, 225 For comparison, the positron lifetimes were
measured in a coarse-grained sintered sample of VC0.875 .
The positron lifetime spectra are shown in Fig. 19. The average
positron lifetime in the nanopowder is substantially longer
than that in the polycrystal. The spectrum of the coarse-
grained sample of vanadium carbide shows only a short-
lifetime component with 157� 2 ps, which corresponds to
positron annihilation of a structural vacancy in the carbon
sublattice.229, 230 The spectrum of the nanocrystalline sample
contains a short-lifetime component along with a long-lifetime
component with 500 ps and a relative intensity of 7%.
The long-lifetime component is attributed 227 to positron
annihilation in defects on the particle surface. The positron
trapping by a structural vacancy is evidence of the absence of
long-distance diffusion of positrons. In this case, the intensities
of the components are proportional to the volume fractions of
phases containing different types of defects. Thus, the relative
intensity of the long-lifetime component is consistent with the
volume fraction of the surface

DVsurf= d
S

V

in the nanopowder. The surface layer was estimated to have
thickness d=0.5 ± 0.7 nm or 3 ± 4 atomic monolayers.
The results of determination of the positron lifetime show
that the inner part of vanadium carbide nanocrystallites
contains only non-metal structural vacancies and the surface
layer involves vacancy agglomerates as defects.

The observedmorphology of the nanocrystalline powder of
non-stoichiometric vanadium carbidemay be a consequence of
grain cracking at the interfaces between the disordered and
ordered phases. Actually, high-temperature X-ray diffraction
measurements demonstrated 221 that a jumpwisee increase in
the lattice parameter of the fcc sublattice by 0.0004 nm occurs
at 1413� 20 K as a result of the disorder ± order phase
transition. The domain size of the ordered phase is *20 nm.
It was shown 223 that ordering occurs according to the mech-
anism of the first-order phase transition at 1368� 12 K.
At 300 K, the parameter aB1 of the basic crystal lattice of
quenched disordered carbide VC0.875 is 0.0002 nm smaller than
that of ordered carbide with the same carbon content.
The difference between the volumes of the disordered and
ordered phases is responsible for the appearance of stresses and
subsequent cracking at the interfaces.
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Figure 18. X-Ray powder diffraction patterns of disordered (a), ordered

coarse-grained (b) and nanostructured carbide VC0.875 (c) (CuKa1, 2
radiation, the intensity is shown on the logarithmic scale; the structure

reflections of the phase B1 are indicated).226

The superstructure reflections in the X-ray diffraction patterns (b) and (c)

correspond to the cubic ordered phase V8C7: aB1 /nm: (a) 0.41638, (b)

0.41682, (c) 0.41685.
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Figure 19. Positron lifetime spectra of nanostructured (1) and coarse-

crystalline (2) powders of ordered carbide V8C7 ;222

t is the current time.
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The nanostructure formation can proceed according to
another mechanism. Unlike the above-considered mechanism
associated with the presence of domains of disordered and
ordered phases, the mechanism under discussion involves the
formation of antiphase domains of the ordered phase. The first-
order disorder ± order phase transition affords domains of the
ordered phase between which stresses occur due to a mismatch
of the atomic structures of antiphase domains. In due course,
stresses lead to cracking of grains of the initial disordered phase
at the antiphase domain boundaries of the ordered phase.

According to this mechanism, the nanostructure formation
of a non-stoichiometric VC0.875 powder (see Fig. 17) can be
attributed to the VC0.875?V8C7 phase transition. Nanocrys-
tallites of ordered non-stoichiometric vanadium carbide are
formed as curved discs with a diameter of <600 nm and
thickness of 15 ± 20 nm through cracking of particles with the
size of up to 1 mm. The inner part of nanocrystallites consists of
ordered carbide V8C7 with a high degree of long-range order
and a negligibly small amount of dissolved oxygen. The surface
layer of nanocrystallites with a thickness of 0.5 ± 0.7 nm con-
tains chemisorbed oxygen and a large amount of vacancy
agglomerates, i.e., has a loose structure.

The ordering allows the nanostructure formation in com-
pact samples of non-stoichiometric compounds.

The structures of annealed and quenched compact samples
of VC0.875 were studied by X-ray diffraction. After both
annealing and quenching, the X-ray diffraction spectra con-
tain, along with the structure reflections, weak additional
reflections (Fig. 20). The positions of additional reflections
correspond to superstructure reflections and are assigned to
the ordered cubic phase V8C7 with the space group P4332.
The superstructure reflections for annealed and quenched
samples are similar in the integral intensity but strongly differ
in the width.

According to the equilibrium phase diagram of the V ±C
system,231 the ordered V8C7 phase is formed after the disor-
der ± order phase transition at 1380 K; the experimental phase
transition temperature is 1413� 20 K.221 Rapid cooling from
1420 and 1500 to 300 K could result in quenching of non-
stoichiometric vanadium carbide VC0.875 and its retention in a
metastable state. However, even quenching from 1500 K gives
rise to the ordered V8C7 phase, the relative intensities of
superstructure reflections being approximately equal to those
for samples obtained after quenching from 1420 K or anneal-
ing at 1370 K (see Fig. 20).

As a consequence of ordering, each grain of the basic
disordered phase is divided into domains of an ordered phase.
The degree of ordering in domains is high, whereas the mutual
spatial arrangement of domains is random to a degree allowed
by the ratio between the structures of the ordered phase and the
disordered matrix. X-Ray diffraction studies showed that the
width of structure reflections is independent of the conditions
of thermal treatment of compact VC0.875 samples. Hence, the
grain size of the basic phase presumably remains unchanged
upon ordering. However, the superstructure lines are substan-
tially broadened, which can be attributed to a small domain
size of the ordered phase formed under different conditions of
thermal treatment. Since the width of reflections depends on
the domain size and the resolution of the instrument used for
measurements, the domain size can be determined by measur-
ing the broadening. Let us assume that the deformation
broadening is absent in the first approximation and the
observed broadening b is associated only with a small domain
size, i.e., b= bs . In this case, the broadening

bs(2y): 2bs(y),

measured in radians is related to the average domain size hDi
by the Scherrer equation.

The largest broadening of superstructure reflections is
observed for a sample quenched from 1500 K; the least broad-
ening, for a sample annealed at 1370 K. This suggests that the
ordered phase in the former sample has the minimum domain
size. Annealed vanadium carbide is characterised by the
maximum domain size because annealing followed by slow
cooling provide more favourable conditions for the domain
growth. The determination of the broadening bs and an
estimation of the average domain size of the ordered phase
gave the following results: the domain size in annealed samples
(see Fig. 20 a) is 127� 10 nm with 95% confidence probabil-
ity; in samples prepared by quenching from 1420 K (see
Fig. 20 b) and 1500 K (see Fig. 20 c), the domain sizes are
60� 9 and 18� 12 nm, respectively, with the same confidence
probability.

Thus, annealing and quenching of compact samples of non-
stoichiometric carbide VC0.875 from Ttrans� 100 K are accom-
panied by the nanostructure formation, the nanostructure
being composed of domains of the ordered phase. The higher
the annealing (quenching) temperature or the higher the cool-
ing rate, the smaller the domain size. The nanostructure
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Figure 20. X-Ray diffraction patterns of compact samples of VC0.875

prepared by hot pressing and subjected to additional thermal treatment

(CuKa1, 2 radiation, the structure reflections of the phase B1 and the

superstructure reflections of the phase V8C7 are indicated).226

(a) Annealing at 1370 K for 2 h followed by slow cooling to 300 K; (b)

quenching from 1420 to 300 K at a cooling rate of 100 K s71; (c)

quenching from 1500 to 300 K at a cooling rate of 100 K s71; all X-ray

diffraction patterns show superstructure reflections of the ordered cubic

phase of V8C7; the most broadened superstructure reflections are seen in

the X-ray diffraction pattern of a sample of VC0.875 quenched from

1500 K.
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formation in compact non-stoichiometric VC0.875 is associated
with the VC0.875?V8C7 phase transition.

The disorder ± order transitions accompanied by a change
in the volume can be used for the formation of the nano-
structured state not only in strongly non-stoichiometric com-
pounds, but also in substitution solid solutions. It was
suggested 232 that polymorphic phase transitions would be
used for the nanostructure formation in compact compounds.

XIV. Properties and application of nanomaterials

The properties of nanomaterials are substantially different
from those of other materials because the properties of nano-
particles differ from those of large particles. In addition,
nanoparticles interact with each other in a fashion different
from that of large particles because the distances at which
interactions occur in electron, phonon andmagnon subsystems
are comparable with the sizes of nanoparticles. The properties
of the latter differ from those of atoms or associations of atoms
but are still different from the properties of compounds
consisting of a large number of atoms (solid materials).
In addition, nanoparticles have no thermodynamically equili-
brium atomic-molecular structure due to which their proper-
ties can assume a number of values for the same particle size
depending on the conditions of synthesis and the temperature
prehistory.

Due to high energy of nanoparticles, their structures are
not necessarily equilibrium. Accumulation of experimental
data on this problem is presently underway. For example, it
was demonstrated 21 that the structure of cadmium sulfide
nanoparticles differs from those of this compound in the
wurtzite (equilibrium under normal conditions) and sphalerite
phases. The atomic structure of nanoparticles is actually
disordered to a large degree although the short-range order is
almost completely retained. The atomic structure of cadmium
sulfide nanoparticles can be represented as disordered super-
imposed close-packed planes consisting of cadmium and sulfur
atoms. The three-dimensional model of CdS nanoparticles
containing 3038 cadmium atoms with a disordered structure
of the metal sublattice (ACABCBC) was described.21

The particle height (h) is 2.3 nm, the distance (d ) between the
lateral faces is 5.7 nm, and the aspect ratio of the particle sizes
d/h* 2.5. Calculations by the Debye equation demonstrated a
good agreement between X-ray diffraction spectra and exper-
imental data. A lattice with the space group P6/mmm can be
considered as an average crystal lattice of the cadmium sulfide
nanophase (Fig. 21).

The properties of isolated nanoparticles along with a
disorder are also determined to a large extent by the contribu-
tion of the surface layer. For a spherical particle with a
diameter D and surface layer thickness d, the surface layer
fraction (DV ) in the total particle bulk (V ) is

DV
V
� p

6
D3 ÿ p

6
�Dÿ 2d�3

h i�p
6
D3

�ÿ1
&

6d
D

.

If the surface layer thickness is equal to 3 ± 4 atomic
monolayers (0.5 ± 1.5 nm) and the average nanocrystallite size
is 10 ± 20 nm, up to 50%atoms of a substance are located in the
surface layer.222 Hence, the properties of nanoparticles are
determined by their large specific surface area and the strong
effect of the near-surface atoms. The coordination of these
atoms and their interatomic distances differ from those of
atoms located far from the surface. In many cases, the near-
surface atoms have high energy, resulting in a decrease in the
temperature of chemical reactions between nanoparticles, and
the reaction intensity increases as a consequence of a large
specific surface area of nanoparticles.

Interactions between nanoparticles differ from those
between microparticles. The interfaces between nanoparticles
make a large contribution to the properties of assemblies of
nanoparticles. For example, the structure of high-angle inter-
faces between nanoparticles often determines the mechanical
properties of nanomaterials. The electric andmagnetic proper-
ties depend to a large degree on the ratio between the coherence
lengths of electron, phonon and magnon interactions and the
distances between the centres of nanoparticles. In many cases,
the nicrostructures of nanomaterials are determined by inter-
actions between nanoparticles. For example, the van derWaals
forces are responsible for the mutual arrangement of nano-
particles. The interactions result in self-organisation of nano-
particles in nanomaterials.17, 18, 80, 87

In studies of compact nanomaterials, solid materials are
considered as assemblies of interacting grain-boundary
defects. For example, the symmetry properties of polycrystals
in relation to changes in the characteristic scale of structural
heterogeneity, i.e., the grain size, are analysed 233 using the
calibration field theory,234, 235 which was developed for the
description of the structural and physical properties of materi-
als with defects. An increase in the grain size to several nano-
metres was demonstrated 233 to lead to the topological
transition from isolated waves of orientation shear instability,
which are characteristic of the usual polycrystalline state, to
spatially periodic defect structures. This topological transition
in an assembly of grain-boundary defects is accompanied by a
sharp change in the connectivity characteristics and scaling
parameters. The validity of this approach is associated with the
fact that the concentration of defects in nanomaterials is so
high that interactions occur between the defects. For a few
nanomaterials in which the concentration of defects is low the
application of the calibration field theory is unjustified.

The use of the size effects is convenient for analysing
changes in different properties of solids. Actually, there is
abundant evidence of the influence of the nanostate on the
magnetic properties of ferromagnets, the Curie temperature,
coercive forces, the saturation magnetisation and the magnetic
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Figure 21. The experimental X-ray diffraction spectrum of a CdS powder

(a) and linear spectra of different structures.21

(a) The linear spectrum of a disordered structure, the space group of the

average lattice isP6/mmm; (b) the linear spectrum of the wurtzite structure

B4, the space group P63mc; (c) the linear spectrum of the sphalerite

structure B3, the space group F�43m.
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susceptibility of weak para- and diamagnets, the memory
effects on the elastic properties of metals, substantial changes
in the heat capacity and hardness, changes in the optical and
luminescence characteristics of semiconductors and the plasti-
city of boride, carbide, nitride and oxide materials, which are
rather brittle in the usual coarse-grained state.

It has long been known that the properties of small particles
differ from those of massive substances. This fact is used in
industry. Aerosols, colouring pigments and colouration of
glass melts by colloidal metal particles for the preparation of
colour glasses can be referred to as examples. Suspensions of
metal nanoparticles (generally iron or its alloys) with the size of
30 nm and larger are used as engine oil additives for restoring
worn-out details of internal combustion engines directly dur-
ing operation. Small particles and nanometre-sized elements
are used in the production of different aircraft materials, for
example, of radio-absorbing ceramics the matrices of which
contain randomly distributed metal nanoparticles.

Polymerised rhombohedral fullerene Rh7C60 has the
Curie temperature of 500 K and the hysteresis curve typical
of ferromagnets.236 A light magnet operating at room temper-
ature can be constructed from this nanomaterial. In fullerene
crystals, C60molecules are linked to each other byweak van der
Waals forces, whereas the presence of nitrogen atoms in the
fullerene-like nanomaterial C48N12 is responsible for the
appearance of strong covalent bonds. Hence, the latter mate-
rial can be employed when a combination of strength and
elasticity is required.

Carbon nanotubes show high mechanical stability. Hence,
they can be used for the construction of high-strength compo-
sites. It is expected that nanotubes will find application in the
construction of various mechanical nanodevices.237 Carbon
nanotubes are already used as nanoindenters in microhardness
measurements and as probes in atomic-force microscopes.238

Carbon nanotubes exhibit semiconductivity or metal conduc-
tivity depending on the arrangement of carbon atoms in their
walls. Due to this fact, these nanotubes are used as conducting
elements in nanoelectronics.

Various structures having different properties can be
prepared by connecting carbon nanotubes. The synthesis of
such structures is of importance for application in electronic
technique. Carbon nanotube T-junctions 239 can operate as
contact devices. Due to a defect structure, Y-nanotubes 240

allow current to pass in one direction at the junction of teeth
and operate as diodes.241 The stem of Y-nanotubes has a
diameter of *60 nm. The diameter of branches is *40 nm.
If a controlling voltage is applied to one tooth of an Y-nano-
tube, the latter will operate as a current stabiliser.
The possibility of controlling the current holds promise for
the use of Y-nanotubes in nanoelectronics.

Bundles of multilayer carbon nanotubes with a diameter of
20 ± 30 nm that were grown on a substrate coated with a SiO2

layer, can find application in next generation integrated micro-
circuits and in microelectromechanical devices.242 Nanotubes
can be used as atomic-molecular pumps for depositing indi-
vidual molecules, atoms or ions onto the surface.243 The results
of investigations and applications of various carbon and non-
carbon nanotubes were summarised in reviews.244 ± 246

Catalysis of chemical reactions is an important field of
application of metal, alloy and semiconductor nanoparticles.

High catalytic activity of small particles is attributed to the
electronic effect. Actually, the number of atoms in an isolated
metal particle is small and, consequently, the distance between
the energy levels d&EF=N (EF is the Fermi energy andN is the
number of atoms in the particle) is comparable with the energy
kT. In the limit, when d> kT, the energy levels are discrete and
the particle loses metallic properties. Nanoparticles begin to
exhibit catalytic activity at d& kT. For metals, the Fermi

energy is 10 eV. At *300 K, d is 0.025 eV and, hence,
N& 400. The particle consisting of 400 atoms has a diameter
of*2 nm.

As a rule, nanoparticles exhibit catalytic activity in a very
narrow size range. For example, rhodium catalysts, which are
synthesised by decomposition of the Rh6(CO)16 clusters depos-
ited on the surface of dispersed silica, catalyse benzene hydro-
genation only if the particle size is 1.5 ± 1.8 nm, i.e., only Rh12
particles are actually catalytically active in this reaction. High
selectivity of the catalytic action is typical also of nanoparticles
of such popular catalysts as palladium and platinum. For
example, a study of ethylene hydrogenation at 520 K under a
hydrogen pressure of 1 atm catalysed by platinum deposited
on SiO2 or Al2O3 revealed a pronounced maximum of the
reaction rate corresponding to the platinum nanoparticle size
of *0.6 nm. Such a high sensitivity of the catalytic action to
the size of small particles demonstrates the importance of the
development of selective procedures for the preparation of
nanoparticles with an accuracy to one atom. Materials char-
acterised by a very narrow size distribution of nanoparticles are
required not only for catalysis, but also for nanoelectronics.

A detailed analysis of the size effect of small metal and alloy
particles deposited on a support was performed;247 the
reviews 248 ± 250 deal with catalysis involving metal alloys and
palladium.

A new field of catalysis on nanoparticles, viz., photo-
catalysis with the use of semiconductor particles and nano-
structured films, holds promise for purification of water from
organic contaminants by photocatalytic oxidation and miner-
alisation. For example, colloidal solutions of semiconducting
oxide and sulfide nanoparticles (without deposition on a
substrate) and the nanocrystalline heterostructures ZnS/CdSe,
HgS/CdS, ZnS/ZnO and TiO2/SnO2 are used in the photo-
catalytic synthesis and destruction of organic compounds as
well as in decomposition of water.98 ± 101

Polymeric composites containing metal nanoparticles are
used as conducting film composite materials, the possible
amount of the filling agent in the matrix being as high as
90 vol.%. Hybrid metal ± polymer composites can be synthes-
ised by the nanoparticle formation in a polymeric
matrix.251, 252 Coloured light guides for computer techniques
are produced by introducing metal ions into polymeric fibres.
The optical properties of polymers filled with metal, alloy or
semiconductor (CdS, CdSe, InP or InAs) nanoparticles are of
interest. Such polymers are easily subjected to mechanical
treatment and can be used for the preparation of films.
Hence, such polymers hold promise as optical elements and
light filters.

Multilayer nanostructures are widely applied in the micro-
electronic device manufacturing. Layered inhomogeneous
nanostructures, viz., superlattices consisting of alternating
solid superthin layers (with a thickness from several to one
hundred crystal lattice parameters or *1 ± 50 nm) of two
different compounds, can be referred to as an example. This
crystal structure contains, along with a usual lattice of periodi-
cally arranged atoms, a superlattice consisting of repeated
layers with different compositions. Since the nanolayer thick-
ness is comparable with the de Broglie wavelength of the
electron, the quantum size effect is manifested in the electronic
properties of superlattices. The use of this effect in multilayer
nanostructures allows the design of fast-operating electronic
devices with a high information capacity. The double-barrier
diode AlAs/GaAs/AlAs consisting of a gallium arsenide layer
with a thickness of 4 ± 6 nm, which is located between two
aluminium arsenide layers with a thickness of 1.5 ± 2.5 nm, is
an example of the simplest electronic devices.

Magnetic nanostructures showing giant magnetoresistance
are of interest. These nanostructures are multilayer films
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composed of alternating layers of ferromagnetic and non-
magnetic metals. For example, ferromagnetic Co7Ni7Cu
layers and non-magnetic Cu layers alternate in the Co7
Ni7Cu/Cu nanostructure. The layer thickness is approxi-
mately equal to the electron free path, i.e., to several tens of
nanometres. The magnetic configuration of multilayer nano-
structures can be changed by varying the external magnetic
field intensity from 0 to a particular value H so that the
conductivity varies in a very broad range. These films can be
used as magnetic field detectors. In the nanostructure under
consideration, the largest giant magnetoresistance was
achieved for very thin (*0.7 nm) copper layers.

In modern microcircuits produced on a large scale,*1000
electrons are required for transistor switching on/off. Due to
miniaturisation of microcircuits, the number of required elec-
trons would be decreased to ten in the nearest future.253

Besides, studies aimed at constructing single-electron transis-
tors are presently underway.254

A device consisting of two condenser plates and a metal-
lised ball hanged between these plates was developed. Under
the action of direct-current voltage applied to the plates, the
ball swings and transfers the charge. In the nanoversion, such
nanopendula (or electronic shuttles) can operate at a frequency
of *100 MHz and transfer individual electrons.16, 255 Such
devices would be expected to serve as elements of quantum
computers or current interrupters.

Semiconducting heterostructures consisting of two ormore
different materials are of particular interest. In these hetero-
structures, a transition layer, viz., the interface between two
materials, plays an important role. Moreover, the interface in
semiconducting heterostructures can be used as a technical
device.256

Molecular-beam and liquid-phase epitaxies allow the
growth of heterostructures with a sharp interface. Two inter-
faces can be located so close to each other that the quantum size
effects become to play the key role. Such structures are called
quantum wells. In quantum wells, the thickness of the medium
layer is several tens of nanometres, resulting in electron level
splitting due to the size quantisation effect. This effect, which is
manifested as a characteristic stepwise structure of optical
absorption spectra of the semiconducting heterostructure
GaAs ±AlGaAs with a hyperfine GaAs layer (a quantum
well), was observed for the first time in 1974.257 In this study,
it was also found that characteristic energies are shifted as the
thickness of the quantum well (a GaAs layer) decreases.
In quantum wells, superlattices and other structures with very
thin layers, large deformations are not necessarily accompa-
nied by the appearance of dislocations and, hence, corres-
pondence of the lattice parameters is not required.258

The fundamental characteristics of semiconducting crystals,
such as the gap width, the effective masses and the charge
carrier mobility, can be controlled with the use of heterostruc-
tures, particularly double structures, including quantum wells,
quantum wires and quantum dots.

In three-dimensional semiconductors, the density of states
N(E ) is a continuous function. A decrease in the dimension-
ality of a semiconductor results in a change in the energy
spectrum from continuous to discrete due to its splitting
(Fig. 22). The quantum well is a two-dimensional structure in
which the charge carrier motion is restricted in the direction
perpendicular to the layers, but the charge carriers can freely
move in the plane of the layers. In quantum wires, the charge
carrier motion is limited in two directions and the charge
carriers freely move only along the wire axis. Quantum dots
are quasi-zero-dimensional (`0'D) structures. In such struc-
tures, the charge carrier motion is limited in all three directions
and these structures are characterised by completely discrete
energy spectra.

The sizes of quantum dots obtained by molecular-beam
epitaxy and lithography vary from 100 to 10 nm; smaller
quantum dots (1 ± 10 nm) the surface of which is protected by
organic molecules preventing particle aggregation can be
prepared by methods of colloid chemistry.259

Only nanotechnologies allow a decrease in the size of
elements of electronic devices to several nanometres with the
use of quantum dots. Time instability of nanostructures at high
temperatures is a practical problem to be solved in the
construction of quantum dots. Stability of quantum dots is
determined by quantum jumps or diffusion of small amounts
of atoms, which occur very rapidly on the surface and at
interfaces of quantum electronic elements. As a result, destruc-
tion of elements or even their migration on a substrate is
observed at room temperature.260 The problem of stability of
nanoelectronic circuits can be solved with the use of multi-
component materials including metal oxides, carbides and
nitrides. These compounds have high melting points and low
diffusion mobility of atoms and, consequently, show high
thermal and time stability.

Special lenses and mirrors with multilayer coatings of
alternating thin layers of elements with higher and lower
densities (for example, of tungsten and carbon, molybdenum
and carbon or nickel and carbon) are used in X-ray and UV
optics. Two layers have thicknesses of *1 nm; the layers
should be smooth at the atomic level. Multilayer X-ray lenses
and mirrors are required in X-ray lithography, which is one of
the fields of nanotechnology, and in astrophysical studies.
The formation of X-ray mirrors was described in sufficient
detail;261 this study dealt with multilayer Ni/C nanostructures
with a period of *4 nm. The Fresnel zone plates with a
minimum zone width of *100 nm and diffraction lattices
with a period of <100 nm are yet other optical devices with
nanometre-sized elements intended for use in X-ray diffraction
microscopy.

Heterostructures F/S are formed by alternating nanolayers
of a ferromagnet (F) and a superconductor (S). Ferromagnetic
interlayers of F are generally constructed of Fe, Co, Gd or Ni
the Curie temperatures of which are higher than the super-
conducting transition temperature of metals (Nb, Pb or V) that
form an S layer. Experimental studies of such heterostructures
were initiated by Hauser et al.262 The construction of F/S-type
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Figure 22. The density of states of N charge carriers as a function of the

dimensionality of the semiconductor.12

(a) A three-dimensional semiconductor, dN/dE*E71/2; (b) a quantum

well, dN/dE* const; (c) a quantum wire, dN/dE*E1/2; (d) a quantum

dot, dN/dE* d(E ).
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superlattices can be performed with the use of molecular-beam
epitaxy, electron-beam coating ormagnetron spraying at direct
current.263 It should be noted that F/S-type heterostructures
with layers of atomic thickness can be applied in next gen-
eration electronics as logical elements and superconducting
current switches.264, 265 In this case, the superconductivity can
be controlled with a weak external magnetic field.266 The
properties of multilayer F/S systems including the supercon-
ducting transition temperature depend on the thicknesses of
the ferromagnetic and superconducting layers. The thickness
of a ferromagnetic layer is generally <1 nm, and the thickness
of a superconducting layer varies from 10 to 40 ± 50 nm.266 In
F/S heterostructures, the superconducting transition temper-
ature (Tc) not only monotonically decreases but also oscillates
as the thickness of the F layer increases. For example, an
increase in the thickness of the iron layer in the three-layer
system Fe/Nb/Fe from 0.1 to 0.8 nm initially leads to a
lowering of Tc from 7 to 4.5 K. Then the temperature rises to
5 K as the layer thickness increases to 1.0 ± 1.2 nm followed by
a decrease in the temperature to 3.2 ± 3.4 K as the thickness
further increases to 3 nm. In F/S heterostructures, metal and
alloy (NbxTi17x /Co or V/FexV17x) layers can alternate with
each other. Superconductor/ferromagnetic semiconductor (for
example, NbN/EuO/Pb or NbN/EuS/Pb) heterostructures
with the Josefsson tunnel transition 267 are also of interest.
The layer thickness of the ferromagnetic superconductor
(EuO, EuS) in these heterostructures is 10 ± 50 nm and the
thickness of superconducting layers is >200 nm.

Ceramic nanomaterials are widely used for the production
of components operating at high temperatures, under non-
uniform thermal stresses and in corrosive media. Due to
superplasticity, these nanomaterials can be used for the prep-
aration of complex-configuration products with highly precise
dimensions, in particular, for aerospace technique. Due to
biocompatibility and high stability, hydroxylapatite-based
nanoceramics are applied in orthopedy for the production of
artificial joints and in dental surgery for the production of
dental prostheses. Nanocrystalline ferromagnetic alloys
Fe7Cu7M7Si7B (M is a Group IV ±VI transition metal)
have found use as soft magnetic materials for transformers
with a very low coercive force and high magnetic permeability.

A method for the manufacture of a detonation diamond
nanopowder is implemented in Russian industry. As a result of
high pressure and temperature developed during explosion in
special chambers, nanodiamond is synthesised from carbon-
containing explosives catalysed by particles and metal vapour
from ammunition shells.

Ultrasonic pressing of nanopowders is particularly efficient
in the construction of complex-shaped articles such as sockets,
conical gears, helices, etc.268 The resulting ceramic articles have
homogeneous microstructure and density.

The hydrothermal synthesis belonging to `mild chemistry'
methods holds promise for the preparation of nanoceramics.
The synthesis proceeds at high temperature and pressure.
Oxide nanoceramic materials, for example, TiO2 , ZrO2 and
HfO2 ,269 including nanorods can be obtained by this
method.270 Nanocrystalline titanium, zirconium and hafnium
dioxide powders and composites on their basis have found use
as catalysts, gas sensors, dielectric ceramics, dyes, solid electro-
lytes, diffusion barriers and optical coatings. The development
of the hydrothermal synthesis would be expected to expand the
field of application of oxide nanoceramics.

To summarise, the analysis of the scope of modern nano-
technologies and prospects of application of different classes of
nanostructured materials shows the topicality of the develop-
ment of nanoindustry.

XV. Conclusion

Studies performed in the last decades provided a deeper insight
into the mechanisms of size effects. Emphasis has long been
placed on nanoparticles the properties of which are intermedi-
ate between those of isolated atoms and polycrystalline solids.
The development of methods for the production of compact
nanomaterials composed of nanometre-sized building
blocks enabled researchers to investigate the properties of
solids in the nanostructured state. Nowadays, the following
methods are mainly used for the preparation of compact
nanomaterials: compaction of isolated nanoclusters, which
are obtained by evaporation and condensation, precipitation
from solutions or decomposition of precursors, crystallisation
of amorphous alloys, severe plastic deformation and ordering
of strongly non-stoichiometric compounds and solid solutions.
Each method has advantages and drawbacks, and neither is
universal.

For a theoretical interpretation of experimental results
obtained in studies of isolated nanoparticles and compact
nanomaterials, the separation of the surface (associated with
interfaces) and bulk (associated with particles sizes) effects is of
considerable importance. Nowadays, this problem is far from
being solved.

Nanomaterials are characterised by exceptionally high
diffusion mobility of atoms along the grain boundaries. This
mobility is 5 ± 6 orders of magnitude higher than that in usual
polycrystals. However, the mechanisms of diffusion processes
in nanomaterials are far from being completely understood,
and different explanations of these processes were provided in
the literature. The microstructure of nanocrystals, i.e., the
structure of interfaces and the atomic density, and the influence
of nanopores and the free volume on the properties of nano-
crystals are still debated.

The above-considered data suggest that new nanomaterials
stable at high temperature will be constructed based on multi-
component systems with the use of refractory metals and
compounds. Metal oxides, nitrides and carbides with high
melting points and thermal stability will be of particular
importance in future nanotechnologies. These compounds
will find application as components of nanocrystalline materi-
als.The construction of stable-operating systems, which retain
their properties throughout the service life, becomes possible
with the use of the above-mentioned compounds.

Studies in the field of nanotechnologies and investigations
of the nanostate of substances should provide the basis for a
new interdisciplinary area of knowledge based on fundamental
laws of physics, chemistry and biology.271
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Abstract. The state-of-the-art of investigation into multifunc-The state-of-the-art of investigation into multifunc-
tional (multicomponent) nanostructured films used inmechan-tional (multicomponent) nanostructured films used inmechan-
ical engineering and medicine is considered. The bibliographyical engineering and medicine is considered. The bibliography
includes 113 referencesincludes 113 references..

I. Introduction

New materials form the basis for the technology of the 21st
century, and the industry of nanomaterials is a priority field of
development of science and engineering. An important vigo-
rously developing trend in the nanomaterial and nanotechnol-
ogy sciences is the surface engineering, in particular, the design
of multicomponent (multifunctional) nanostructured films
(MNF) with a characteristic crystallite size of 1 to 100 nm
(Fig. 1).1

What makes nanostructured films unique is the high
volume fraction and strength of interfaces, the absence of
dislocations inside the crystallites, the possibility of changing
the ratio of the volume fractions of the crystalline and
amorphous phases and the mutual solubility of metal and
non-metal components. The presence of a large interfacial area
(the volume fraction may reach 50%) in nanostructured films
allows one to change their properties either by material and
electronic structure modification { or by doping. The strength
of the interfaces favours the stability of nanostructured films
against deformation. The lack of dislocations inside the
crystallites increases the elasticity of these films. These factors
altogether allow the production of nanomaterials with
improved physicochemical and physicomechanical character-
istics, namely, with high hardness (H>30 GPa), elastic recov-
ery (We>70%), strength, thermal stability, and heat and
corrosion resistance.

An important feature of the ultrahard nanomaterials based
onMNF is that materials with the same hardness may differ in
the elastic modulus (E ), resistance against elastic strain to
failure (H/E ) and resistance against plastic deformation
(H 3/E 2).2

Multifunctional nanostructured films are used to protect
surfaces of articles and tools exposed simultaneously to ele-
vated temperatures, corrosivemedia and various types of wear.
This refers, first of all, to the cutting and press forming tools,
mill rolls, parts of aircraft engines, gas turbines and compres-
sors, friction bearings, glass and mineral fibre extrusion
nozzles, etc. These films are also indispensable in the develop-
ment of new-generation biocompatible materials, namely,
orthopedic and dental implants, craniofacial and maxillofacial
surgery implants, fixation of cervical and lumbar spines and so
on.

Methods for the production of nanostructured materials
and films and methods for the investigation of their structures,
compositions, and properties have been widely addressed in
Russian and foreign publications (see, for example, Refs 3 ± 9).
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Figure 1. Crystallite with a 1.5 nm size in the Ti ±Al ±B ±N film.1

{ By changing the charge of the interfaces (by application of an electric

field), one can affect the electronic structure of the films and, hence, their

magnetic, optical and electric properties and also the mutual solubility of

separate components and the formation of new phases.
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This review presents a critical account of the promising trends
in the application ofMNF (based on refractory compounds) in
mechanical engineering andmedicine, i.e., in those fields where
the multifunctional properties of thin-film materials are man-
ifested in full measure. Note that some MNF are used in other
fields of technology, for example, in magnetooptics and
electronics.

II. Multicomponent nanostructured films for
mechanical engineering

Currently, titanium nitride-based films are widely used in
industry. The introduction of a third component (for example,
Si or B) into the films may markedly improve their physico-
mechanical properties and thus extend the scope of applica-
tion. The interest in the Ti ± Si ±N films is mainly caused by
their high hardness,10 ± 12 thermal stability,13 ± 15 resistance
against high-temperature oxidation 14, 15 and substantial abra-
sive wear resistance.16 Nanostructured Ti ±B ±N films possess
a series of important performance characteristics including
high hardness,17 ± 19 thermal stability up to 1000 8C (in
vacuo),20 ± 22 heat,15 wear 23 ± 26 and corrosion resistance,27

impact resistance 28 and high electrical resistance.29 Chromium
is known to have a beneficial effect on the stability of titanium
carbides, borides and nitrides against oxidation 30 and on the
wear resistance of articles made of them at elevated temper-
atures.31

Thus, the introduction of doping elements (Al, Si, B and
Cr) into protective TiN films provides a combination of high
hardness and wear resistance with relatively low friction
coefficient (Kfr).32, 33 In terms of their physicomechanical and
tribological properties,MNF substantially surpass the conven-
tional titanium nitride and carbonitride films. Thus the
Ti ±B ±N and Ti ±Cr ±B ±N films obtained under optimal
conditions have hardnesses of 31 ± 34 and 40 ± 47 GPa, elastic
moduli of 378 and 506 GPa, friction coefficients of 0.49 ± 0.60
and 0.45 ± 0.52, dry wear rates of (3.4 ± 4.6)61077 and (6.0 ±
6.8)61077 mm3 N71 min71 and substrate adhesion (maxi-
mum critical load) of 50 and 42 N, respectively.32

The nanostructured films are prepared using both physical
and chemical methods, among which physical vapour deposi-
tion methods (reactive and non-reactive magnetron deposi-
tion, cathode sputtering, laser ablation, etc.) are used most
often. Ion plasma sputtering is an effective method for the
synthesis of MNF. The use of multicomponent composite

targets in the magnetron sputtering (MS) process and high-
power metal ion beam-assisted MS gives nanostructured
Ti ± (Si,Cr,Al) ± (B,N,C) coatings with controlled composition
and high mechanical and tribological parameters.33 ± 36

Coatings of the tribological use must possess high hard-
ness, high fatigue strength and deformation and fracture
resistance. All these requirements are satisfied for the tribo-
logical ultrahard (Hv5 40 GPa) nanostructured films com-
posed of immiscible phases (or phases with limited mutual
solubility), namely, nanocrystalline (nc) and amorphous (a)
phases. The preparation of these films depends on the possi-
bility of simultaneous deposition of nanocrystalline and amor-
phous phases. Transition metal nitrides (TiN, CrN, AlN, ZrN,
TaN, etc.), carbides (TiC, VC, WC, ZrC, etc.), borides (TiB2,
CrB2, WB, ZrB2, etc.), oxides (Al2O3, TiO2, SiO2, MgO, Y2O3,
ZrO2, etc.) and silicides (TiSi2, CrSi2, ZrSi2, etc.) are used as
nanocrystalline phases, and Si3N4, BN, C and other substances
can act as the amorphous matrices (Table 1).

Veprek et al.14 proposed a theoretical concept for the
design of ultrahard nanomaterials according to which these
materials should be composed of dislocation-free nanocrystal-
lites (solid phases) of 3 ± 10 nm size separated by a thin
(1 ± 2 nm) amorphous phase layer. An idealised model of the
ultrahard nanostructured film is shown in Fig. 2. It is note-
worthy that complete phase segregation is usually observed
when the films are deposited at high temperatures
(500 ± 600 8C), while upon deposition at lower temperatures,
the interfaces may include both ordered and disordered sec-
tions, the amorphous phase being mainly formed as localised
areas rather than as thin amorphous interlayers along the
crystallite boundaries.42

It has been noted above that the hardness and the elasticity
of nanostructuredmaterials depend on the nanocrystallite size.
The existence of the characteristic size of nanocrystallites (dc)
ensuring the highest hardness of nanostructured coatings is due
to the continuous transition, at distances close to dc, from the
macroscopic dislocation nucleation and motion processes (for
d> dc) described by the known Hall ± Petch law (H& d71/2)
for conventional polycrystalline materials to intercrystallite
local sliding processes along grain boundaries and interfaces
(for d< dc) .

Nanocrystallites with a size less than 10 nm are considered
to contain no sources of generation of dislocations.40 Note that
the characteristic size of nanocrystallites as applied to nano-
crystalline metallic materials can vary within 2 ± 24 nm.48 The

Table 1. Examples of tribological ultrahard nanostructured films consisting of immiscible phases.

Coating Composition of the sputtered targets Phase composition of films Ref.

Ti ±B ±C ±N TiB+Ti or TiB2+TiC nc-TiC+ nc-TiB2+ a-BN 37

Ti ±B ±N TiB2+TiN or TiB2+Ti nc-TiN+ nc-TiB2 (or a-TiB2)+ a-BN 33, 36, 38

Ti ± Si ±N Ti5Si3+Ti nc-TiN+ nc-TiSi2+ a-Si3N4 39

see a nc-TiN+ a-Si3N4 40

Ti ±Cr ±B ±N TiB+Ti9Cr4B+Cr2Ti nc-TiN+ nc-CrB2+ a-BN+ a-TiB2 33

Ti ±C ±B TiC+TiB2 nc-TiB2+ nc-TiC+ a-B4C 41

Ti ± Si ±B ±N TiB2+Ti5Si3+Si or TiB2+Si nc-TiB2+ nc-TiN+ nc-TiSi2+ a-Si3N4 35, 36

Ti ± Si ±C ±N TiC+Ti5Si3 or TiC+Ti5SiC2+TiSi2+SiC nc-TiC+ nc-Ti2SiC2+ nc-TiSi2+ nc-SiC+ a-Si3N4 36, 42

Ti ±Al ±B ±N TiAlBN nc-TiB2+ nc-(TixAl17x)N+ a-BN+ a-AlN 1

Ti ±Al ±C ±N TiAl+TiC nc-TiC+ nc-(TixAl17x)N+ a-AlN 36

W±C W+laser ablation of C nc-WC+ a-C 43

W±Si ±N see b nc-W2N+ a-Si3N4 44

Ti ±C TiC0.5 nc-TiC+ a-C 45

Ti ±Al ± Si ±N TiN+TiAl nc-(TixAl17x)N+ a-Si3N4 46

Cr ± Si ±N Cr+Si nc-CrN+ a-Si3N4 47

Cr ±B ±N CrB2 nc-CrB2+ a-BN 33

Note. In most cases, films were prepared by magnetron sputtering from the targets in an Ar or N2/Ar atmosphere. a The films were obtained by chemical

vapour deposition (CVD). b The films were obtained by thermal annealing of the amorphous W±Si ±N films.
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experimental data on this issue available from the literature are
rather scarce and contradictory. Thus a study of the structure
of Ti ±B ±N films by high-resolution transmission electron
microscopy 49 demonstrated the existence of a large number of
internal edge dislocations in 5 ± 15-nm crystallites. Figure 3
clearly shows the edge dislocation with the Burgers vector [100]
within a 5-nm crystallite. Note also that the interfaces of
nanostructured films often accommodate misfit dislocations
(see Fig. 3), giving rise to long-range elastic stress fields.

The appearance of the amorphous phase in a nanostructured
film is usually accompanied by a change in the film structure,
namely, transition from the columnar structure,{ representing
a set of interconnected columns, to a composite structure in
which nanocrystallites of one or several phases are separated
by thin amorphous interlayers. Controlled introduction of
`amorphisers', for example, boron or silicon, allows targeted
variation of the structure and properties of nanostructured
films. Thus the highest hardness of M±Si ±N films (M is a
transition metal) was attained in composite nanostructured
nc-MN+ a-Si3N4 films with the characteristic crystallite size

dc& 10 nm at a silicon content within the 7 at.%± 10 at.%
range.50

Although the reasons for ultrahigh hardness of some
composites are not fully understood, the key factors favourable
for the increase in hardness can be listed. These include high
compression stresses arising due to the difference between the
thermal expansion coefficients of the substrate and the coating;
distortion of the crystal phase lattice caused by the change in
the mutual solubility of elements; high internal stress (or
growth stress) and chemical bonds between some phase com-
ponents.

In addition to high hardness, tribological nanostructured
films are expected to have low elastic moduli and high elastic
recovery values (We), reaching 90%. The numerical values of
these characteristics can be measured using a nanohardness
tester. Using known parameters E and We, one can calculate
H/E and H 3/E 2. The dependences H=f(E*) [E*=E (17 n2)
is the effective elastic modulus, where n is the Poisson coef-
ficient], H 3/E 2= f(H) and We= f(H) are the principal rela-
tions describing the mechanical properties of the films.51

For a series of oxide, carbide, nitride and composite nano-
structured films obtained by magnetron sputtering, the
dependence H=f(E*) can be approximated by a straight
line, while the dependenceH 3/E 2= f(H), by a parabola.44, 45

H=0.15E*712,

H 3

E 2
� 4.361074H 2.

These equations are useful for predicting the mechanical
behaviour of films.

Plastic deformation (Wp) is yet another important chrac-
teristics of nanostructured films. No quantitative relationship
(as approximating equations) exists between the Wp, H and
H 3/E 2 values,52 but only a qualitative relationship. As H and
H 3/E 2 increase, the Wp value decreases; films with
H>25 GPa have relatively low plastic deformation values
(*30%).

The local deformation mechanisms in nanostructured thin
films have been investigated.19, 53 The existence of two local
deformation mechanisms for such films was established,
namely, homogeneous (with weak chemical bonds between
structural elements) and non-homogeneous (with strong bonds
between the crystallites). Both deformation mechanisms are
implemented by sliding of the structure elements, i.e., separate
grains (homogeneous mechanism) or multigrain domains
(columnar elements) (non-homogeneous mechanism), parallel
to the applied load. In the case of weak chemical bonds
between the neighbouring grains, some structure elements can
be expelled to the outside as a result of elastic stress relaxation
upon load release. In the case of strong chemical bonds
between neighbouring grains, the deformation occurs through
sliding of the columnar elements, resulting in the formation of
shear steps.

The tribological properties of films largely depend on the
phase composition of the nanocomposite. Thus for the
Ti ±B ±N and Ti ±Cr ±B ±N films, the friction coefficient
decreases to 0.40 with a decrease in the boron content and an
increase in the nitrogen content. This lowKfr value is due to the
presence of the hexagonal a-BN phase.33 The presence of
silicon also enhances the tribological properties of nanostruc-
tured films. For example, the friction coefficient of the
Ti ± Si ± B ±C±N films in the friction couple with a WC±Co
carbide ball decreases to 0.15 as the silicon concentration
grows to 12 at.%. Silicon promotes the formation of inter-
mediate solid lubricant layers resulting from tribochemical
reactions during friction. Silicon compounds such as TiSi2, SiC
and SiB4 as the film constituents are known to react with water

1 ± 2 nm

3 ± 10 nm

2 1

Figure 2. Idealised model of ultrahard nanostructured films.

(1) Nanocrystalline phases, (2) amorphous phase.

(001)

(0
1
0
)

Burgers vector

��100�

1 nm

Figure 3. Edge dislocation inside the crystallite (large circle) and misfit

dislocation at the crystallite boundary (small circles) in the Ti ± Si ±B ±N

film.49

{ It is believed that undesirable stresses parallel to the substrate surface

arise in the films with columnar structure.
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and oxygen to give self-lubricated tribolayers of the SiO2 or
Si(OH)4 type.

An enhanced wear resistance of a material can also be
indicated by high values of H/E. This correlation has been
confirmed both theoretically and experimentally for a large
number of materials.54

A number of publications 43, 55, 56 describe the first syn-
thesis of `chameleon' type nanostructured films. These tribo-
logical nanocomposite films with low Kfr values represent
mixtures of hard and soft self-lubricated phases. The hard
phases (nitrides, carbides or boride) are responsible for high
wear resistance under high load, while soft phases (a-C, a-WS2,
a-Si3N4, a-BN) significantly decreaseKfr of the contact friction
couple.

Sputtering of multilayer or functionally gradient nano-
structured films with alternating ultrahard and self-lubricated
layers is a promising trend in the design of tribological coatings
with ultimately low Kfr values (<0.05). As an example, con-
sider bilayer WSex/TiC, WSex/TiCN andWSex/TiSiN films in
which the WSex layer consists of WSe2 and W3O nanocrystal-
line phases incorporated in the amorphous a-WSex matrix.57

These bilayer compositions had a low friction coefficient both
in air (Kfr=0.015 ± 0.05) and in water (Kfr=0.06 ± 0.07)
throughout the whole series of tribological investigations. A
distinctive feature of these films is the absence of starting
(break-in) friction coefficient in the beginning of testing, which
is usually the highest.

An important factor for increasing the service life of articles
at high temperatures is to ensure their thermal stability and
high-temperature oxidation resistance (heat resistance). These
parameters depend on the elemental and phase composition of
the films and on the thermal stability of the constituent
individual phases. The thermal stability of nanostructured
films has been considered in detail in a review byAndrievskii.58

As an example, Fig. 4 shows the dependence of the average
crystallite size in nanostructured Ti ±B ±N and Ti ±Cr ±B ±N
films on the annealing temperature. It can be seen that the
average size of crystallites does not exceed 5 nm even after
annealing of the films in vacuo at 1000 8C for 1 h. The same
figure shows the dependence of film hardness on the annealing
temperature. Both films showed an increase in hardness with
an increase in the annealing temperature to 800 8C; for the
Ti ±Cr ±B ±N films, this high hardness was retained up to
1000 8C, the hardness of the Ti ±B ±N films at 1000 8C was

somewhat lower than at 800 8C but nevertheless it was rather
high.33 This extremal pattern of hardness variation with
temperature is in good agreement with previous results,
indicating the presence of a hardness peak for the Ti ±Al ±
Si ±N 59 and W±Si ±N films 60 at 800 and 900 ± 950 8C,
respectively.

The microcrystalline TiN, TiC, TiCN and TiAlN films
obtained by physical deposition are known to demonstrate a
monotonic decrease in hardness with an increase in temper-
ature.61, 62 The increase in the hardness of nanostructured films
with the increase in temperature may be due to the change in
the thickness of intergrain amorphous interlayers and the
concentration-induced separation of metastable phases.7 In
addition, hardness can be affected by stoichiometry of the
crystalline phase. Thus the maximum hardness of the
Ti ± Si ± B ±N films was achieved at the strictly stoichiometric
composition of the Ti(B,N)2 phase.63

In some publications (see, for example, Ref. 12), it was
suggested that the high hardness of the nanostructured films
obtained by low-temperature magnetron sputtering is related
to the presence of high compression stresses. As the tempera-
ture is increased (to 450 8C), elastic stress relaxation takes
place and, as a consequence, the hardness of films decreases
down to values typical of polycrystalline materials. However,
this assumption is at variance with the data obtained for
nanostructured Ti ±B ±N and Ti ±Cr ±B ±N films; these
films retain high hardness up to 1000 8C.

The heat resistance of the films has a critical temperature
above which the film is completely oxidised and destroyed. The
heat resistance varies over a broad range from 400 to 950 8C
(Table 2). A common feature of nanostructured films is the
polycrystalline structure, which provides direct oxygen access
to the substrate along the grain boundaries (by the surface
reactive diffusion mechanism). This accounts for the relatively
low heat resistance of polycrystalline films.

An efficient way for increasing the heat resistance of solid
films is suppression of the recrystallisation of nanocrystallites
by creating a dense composite structure in which the crystallites
occur in the amorphous matrix containing elements (Si, Al, Cr,
B) with high oxygen affinity. It has been shown 67 ± 70 that the
nc-MNx+ a-Si3N4 (M=Ta, Zr, Mo) compositions with high
(>50 at.%) contents of the amorphous phase meet these
requirements. These films have a high heat resistance
(*1000 8C), while retaining high hardness within the
20 ± 40 GPa range.

The positive influence of amorphising elements (Si, Al and
B) on the heat resistance of nanostructured Ti ±B ±N,
Ti ± Si ± B ±N, Ti ± Si ±C ±N, Ti ±Al ±C ±N and Ti ±C ±B
films is manifested as an increase in the content of amorphous
phases (a-Si3N4, a-AlN, a-BN, a-B4C); an increase in the
thermal stability of the nanocrystalline state; the formation of
a protective oxide layer on the film surface preventing the
oxygen access to the substrate.36, 41, 71 ± 74 For example, in the
(Ti,Al)17x(C,N)x nanostructured films, oxygen is dissolved in
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Figure 4. Average size of crystallites (curves 1, 2) and hardness (curve 1 0,
2 0) of the Ti ±Cr ±B ±N (1, 1 0) and Ti ±B ±N (2, 2 0) films vs. annealing

temperature.

Table 2. Heat resistance of some nanostructured films.

Film Heat resistance /8C Ref.

TiC 400 64

TiN 650 30

TiAlN 850 30

(Ti,Al,Y)N 950 65

MSiN a 950 66

(M=Ti, Zr, Cr, W,

Ta, Mo, Nb)

a The silicon content does not exceed 10 at.%.
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the fcc lattice at 800 8C,} while at 1000 8C, aluminium diffuses
toward the film surface to form a protective Al2O3 layer, which
prevents further oxidation.

The results of measurements of the oxidation depth of
nanostructured Ti ±B ±N and Ti ± Si ± B ±N films at various
temperatures are presented in Fig. 5. It can be seen that the
oxidation resistance of Ti ±B ±N and Ti ± Si ± B ±N films is
higher than that of TiN films, which are oxidised to depth of
800 nm at 550 8C. The Ti ±Cr ±B ±N and Ti ±Al ± Si ± B ±N
films are even more resistant against high-temperature oxida-
tion: the depth of oxygen penetration into these films did not
exceed 800 nm even after annealing at 800 8C. The high heat
resistance of the Ti ±Cr ±B ±N and Ti ±Al ± Si ± B ±N films is
due to the formation of (Ti,Cr)BO3 and TixAlySiOz oxide ±
based protective layers on their surfaces. In terms of the high-
temperature oxidation resistance, these films can be arranged
in the order TiN>Ti ±B ±N>Ti ± Si ±B ±N>Ti ±Cr ±
B ±N> Ti ±Al ± Si ± B ±N (the authors' data).

For a number of practical applications, for example, for
high-speed cutting or for mechanical tooling in a fluid lubri-
cant, it is important that the films combine high heat resistance
with corrosion resistance. The electrochemical testing of the
Ti ±B ±N films carried out in 1 N H2SO4 at room temperature
demonstrated advantages of chromium-doped films over non-
doped or silicon- and aluminium-doped films.36 The
Ti ±Cr ±B ±N films have greater positive free corrosion poten-
tials and fourfold lower current density (corrosion rate at the
passivation potential) compared to those of the Ti ±B ±N
films, whereas the Ti ± Si ± B ±N and Ti ±Al ± Si ± B ±N films
have low corrosion and passivation resistances. The corrosion
rates of the Ti ± Si ± B ±N and Ti ±Al ± Si ± B ±N films under
passivation conditions were 6.6 and 14 times higher, respec-
tively, and the free corrosion potentials were more negative
than those of the Ti ±B ±N film. This experiment shows that
introduction of chromium in the Ti ±B ±N films results in
stabilisation of the protective oxide layer on the film surface
under anodic polarisation conditions.

The above data indicate that the progress in the design of
solid wear-resistant nanostructured coatings implies imparting
qualitatively new properties and multifunctional character to
these coatings. In addition to high hardness and wear resist-
ance, these coatings have low friction coefficients, and high
thermal stability and heat and corrosion resistances.

III. Multifunctional nanostructured films for
medicine

A topical scientific and technological task of modern biology
and materials science is the design of new biomaterials able to
accelerate the adaptation of artificial implants to living tissues
and markedly increase their service life. The complexity of the
problem is due to the fact that none of the materials currently
used to produce implants possesses all properties of the bone
tissue. New biomaterials for implants should combine the
advantages of various materials, in particular, biocompatibil-
ity, bioactivity, corrosion stability in physiological media, high
fatigue strength and rupture strength, low elastic modulus and
friction coefficient, high wear resistance.

Metals and alloys are used most often to produce implants.
The use of titanium, stainless steel 316-L and the Cr ±Co ±Mo
alloy (vitallium) in medical practice for the manufacture of
implants started back in 1937. However, pure titanium has a
relatively lowwear resistance; therefore, inmedicine it has been
replaced by the Ti ±Al ±V alloys, which are not only biocom-
patible but also show high mechanical strength, corrosion
resistance, fatigue strength and wear resistance. However, the
toxicity of vanadium and the side effects caused by the presence
of aluminium ions (high risks of thrombus formation and
neural disorder) restrict the use of Ti ±Al ±V alloys in medi-
cine.75, 76 In order to eliminate the adverse effect of Al and V
ions, new titanium alloys were developed, e.g., Ti ±Nb ±Zr 75

and Ti ± In ±Nb ±Ta.77

The Ni ±Ti, Ni ±Cr ±Mo and Au±Pt alloys and BT1-0,
BT5 and BT14 titanium alloys are often used inmedicine. Note
that the metal or alloy surface is bioinert and cannot adsorb
biological molecules or form chemical bonds with living
tissues; therefore, in order to increase the bioactivity of metals
and alloys, a hydroxyapatite layer [Ca10(PO4)6(OH)2, HAP], is
often applied on their surface.}Unfortunately, HAP cannot be
applied on the surfaces of implants operating under load, as it
has low strength and crack resistance compared to those of
bone tissue.78, 79

Yet another class of materials widely used in medicine
includes ceramic materials TiN, TiO2, SiO2, Al2O3, ZrO2 and
SiC. Thus owing to its excellent mechanical properties, zirco-
nia-based ceramics has been used in endoprosthesis replace-
ment (as parts of artificial joints and couplings) since the late
1960s.80, 81 In 2003, the United States Food and Drug Admin-
istration (FDA) approved the use of Al2O3 in medicine.
However, neither ZrO2 nor Al2O3 can form chemical bonds
with the bone tissue. Ceramics based on TiN is better suited for
medical purposes. Titanium nitride (as a thin coating) is widely
used to protect the surface of dentures, artificial hip joints and
cardiac valves.82 ± 85 This is due to the combination of several
useful properties in TiN films, e.g., high hardness, relatively
high corrosion stability and biocompatibility. In addition, TiN
(Refs 86, 87) and TiO2 (Ref. 88) films possess high hemo-
compatibility. However, TiN has a too high friction coefficient
and too low wear resistance to ensure a long service life. It is
significant to note that SiO2 and TiO2 coatings have a
negatively charged surface within the human body (environ-

} A 800-nm thick titanium oxide layer is formed on the surface of the

standard titanium nitride film under the same conditions.

2000

1500

1000

500

0

O
x
id
a
ti
o
n
d
ep
th

/n
m

1

2

3

4

TiN I II III IV

Figure 5. Oxidised layer thickness in the Ti ±B ±N (I ), Ti ± Si ±B ±N
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} A layer of HAP and calcium phosphate is often used as a bioactive

boundary between the implant and the surrounding tissue due to the close

similarity of their chemical and mineral components.
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ment acidity pH 7), resulting in the formation of a hydroxy-
apatite layer.89 Amorphous silicon carbide-based alloys are
used to improve the biocompatibility of artificial cardiac
valves.90 The drawbacks of the ceramics include enhanced
brittleness, high elastic modulus and low bioactivity if any.

Carbon-based coatings deserve special note. Diamond-like
carbon, a metastable form of amorphous carbon containing a
considerable number of C(sp3)7C(sp3) bonds, is a solid wear-
and corrosion-resistant material with a low friction coefficient,
chemical inertness and biocompatibility.91, 92

Bioactive ceramics initiates the formation of a bone-like
apatite layer on its surface, and through this layer the material
is bound to the bone tissue. The formation of an apatite layer
on the ceramic surface is possible if the ceramics contains some
Ca, Si, P, C andO atoms.93, 94 The formation of an apatite layer
is related to the formation ofOHgroups on the charged surface
of bioactive ceramics in the living organism.95 ± 97 The silicate
ceramics CaO±SiO2 (Refs 95 and 96) and CaO±MgO± 2 SiO2

(Ref. 98) show good bioactivity and biocompatibility. The
introduction of bioinert additives such as ZrO2 into the
bioactive matrix may improve mechanical properties.99 A
drawback of this ceramics is enhanced brittleness, high elastic
modulus, limited plasticity and low cracking resistance.

A possible way of improving the properties of metallic
implants operating under load is their coating with protective
films with multifunctional properties. Recently a fundamen-
tally new approach to the design of biocompatible thin-film
materials has been developed; according to this approach,
additional elements (Ca, Zr, Mn, O, P) are introduced into
titanium carbide-, carbonitride- or silicide-based films to
improve the mechanical and tribological properties of the
material and ensure the bioactive properties and biocompati-
bility of the surface.100 ± 104 Inorganic additives, CaO, ZrO2,
TiO2, KMnO4 and HAP, are introduced during the self-
propagating high-temperature synthesis (SHS) of composite
targets, which are subsequently used for the ion plasma film
deposition. The use of high-power metal ion beam-assisted
magnetron sputtering of such composite targets allows one to
modify the surface of the metallic implants. This process gives
dense films with high adhesion strength and controlled ele-
mental composition. The nanocomposite TiC ±CaO films can
also bemanufactured by amixed PVD/PACVDprocess, which
represents a combination of the magnetron sputtering from a
composite target TiC0.5+CaO and plasma assisted chemical
vapour deposition (PACVD). The activated plasma is used to
increase the ionisation degree of the sputtered particles.105 ± 108

Since the bulk ceramic materials have high Youngmodulus
and rather low plasticity, their deformation is accompanied by
the formation and propagation of cracks resulting in fast
destruction of the material. An important advantage of MNF
is that they possess high hardness and rather low elastic
modulus, which is much lower than that of Al2O3, TiN, SiC
or ZrO2 ceramic materials. The low Young modulus of the
MNF, similar to that of bone tissue (30 GPa), results in a better
bearing of functional loads by a bone tissue and stimulates
growth of the bone tissue. Thus, MNF represent a new unique
type of material for medical applications combining high
hardness with elastic recovery. Whereas the H 3/E 2 parameter
of bulk ceramics (TiN, TiO2, SiO2 ZrO2 and SiC) does not
exceed 0.2 GPa, in the case of MNF, it varies from 0.1 to
0.9 GPa. Multifunctional nanostructured films exhibit high
resistance against elastic strain to failure as compared with
bulk ceramics.54 The H/E parameter is also a measure of the
wear resistance of a material.109

The biocompatibility of new materials is now estimated by
two types of testing, first, studies of the in vitro cytocompati-
bility (cytotoxicity) and of the in vivo biocompatibility. The
adhesion of cells followed by spreading on the implant surface
is the first stage of interaction between the organism cells and

the implant. This stage is crucial, as this determines the
material biocompatibility. The shape and degree of cell spread-
ing on the substrate depends on the actinic cytoskeleton. Since
artificial implants are used most often to replace the bone
tissue, of particular interest is their interaction with fibroblasts
(connective tissue cells) and osteoblasts (bone tissue cells). The
effective spreading of cells is necessary for proliferation and, in
the case of osteoblasts, for the subsequent differentiation
resulting in the formation of bone tissue from hydroxyapa-
tite.110

Effective implantation requires integration of the implants
into the tissue medium and their firm connection to the bone
without interlayers, i.e., osteointegration. The effect of the
implant material on the capability of bone cells (osteoblasts)
for differentiation is estimated in in vitro experiments using
various cell systems, for example, MC3T3-E1 mice osteoblasts
or primary cultures of rat osteoblasts isolated from newborn
animals.

The biocompatibility is usually estimated in in vivo studies
by hypodermic implantation of the materials tested in ani-
mals.100, 101 These studies are necessary, first of all, because the
implantation of artificial materials in a living organism usually
induces acute and chronic inflammatory processes, the degree
of which depends directly on the biocompatibility of the
implants. The inflammatory responses are due to polymor-
phonuclear leucocytes (neutrophiles) and lymphocytes, which
are accumulated in the inflamed area. Macrophages are also
accumulated on the surface of the foreign object; they can be
combined to form multinucleate giant cells. It is considered
that these giant cells of foreign objects are most active and play
the crucial role in the implant destruction.111 The activated
macrophages produce cytokines (TNFa), which accumulate
neutrophiles and lymphocytes, promoting the inflamma-
tion.112 Macrophages can release osteoinductive signals, in
particular, bone morphogenetic proteins.111, 112 Bone osteoin-
ductive proteins are known to stimulate the differentiation of
osteoblasts and the formation of bone tissue.113 The amount of
macrophages, neutrophiles, lymphocytes and multinucleate
giant cells on the implant surface is an important character-
istics for the estimation of biocompatibility of the studied
materials.

The osteointegration process is evaluated by implanting the
testedmaterials into the bone tissue of laboratory animals. The
degree of osteointegration is judged by the degree of resorption
of the bone material around the implant, the structure and the
maturity of the connective tissue and the newly formed cell
structures. Figure 6 shows the interface between the bone and

0.1 mm

Figure 6. Interface between the bone and the titanium implant surface

with the nanostructured Ti ±Ca ±P ±C±O±N coating.
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the titanium implant surface with the nanostructured
Ti ±Ca ±P ±C ±O±N coating 30 days after the implantation.
One can see areas of tight contact between the implant and the
bonewithout the formation of coarse-fibred structures, gaps or
voids.

The biocompatible MNF obtained to date have high
hardnesses (25 ± 40 GPa) and adhesion strengths (critical load
>30 GPa), low elastic moduli (150 ± 250 GPa), low friction
coefficients (0.1 ± 0.25) and wear rates (<1075

mm3 N71 min71) in physiological media, high resistances
against elastic strain to failure (>0.1) and plastic deformation
(>0.2 GPa). They are characterised by negative charge on the
surface at the acidity of the medium of pH 6 ± 8, surface
hydrophilicity and bioactivity, biocompatibility and acceler-
ated osteointegration.100, 101

Thus,MNFhave a number of advantages over known bulk
and thin-film analogues, which makes them promising materi-
als for implants operating under load.
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Abstract. Different theories of stability of liquid nanolayers,Different theories of stability of liquid nanolayers,
disperse and colloidal systems are considered. Limitationsdisperse and colloidal systems are considered. Limitations
intrinsic in the classical Derjaguin ±Landau ±Verwey ±Over-intrinsic in the classical Derjaguin ±Landau ±Verwey ±Over-
beek (DLVO) theory (in particular, calculations of the van derbeek (DLVO) theory (in particular, calculations of the van der
Waals forces acting between macroscopic bodies separated byWaals forces acting between macroscopic bodies separated by
a thin liquid interlayer) are briefly outlined. Studies devoted toa thin liquid interlayer) are briefly outlined. Studies devoted to
the analysis and calculations of non-DLVO interactions ofthe analysis and calculations of non-DLVO interactions of
different nature are reviewed. Particular attention is paid to thedifferent nature are reviewed. Particular attention is paid to the
forces caused by the inhomogeneity of liquid interlayers. Theforces caused by the inhomogeneity of liquid interlayers. The
applicability of the known approaches for solving the nano-applicability of the known approaches for solving the nano-
technology challenges (namely, calculations of interactiontechnology challenges (namely, calculations of interaction
forces acting through nanolayers and between nanoparticles)forces acting through nanolayers and between nanoparticles)
is discussed. The bibliography includes 174 referencesis discussed. The bibliography includes 174 references..

I. Introduction

Nanoscience and nanotechnology are two relatively young
fields of science and technology. They are based on a theore-
tical assumption that reduction of the particle size to nanoscale
leads to significant changes in the known properties of the
corresponding materials and to the appearance of new proper-
ties that are not inherent in the bulk state. Later, this assump-
tion was confirmed experimentally. Progress in these new fields
of natural science concerns almost all avenues of human
activity from biology and medicine to production of polymeric
materials, metallurgy, microelectronics, space research, etc.
Although formally nanoscience and nanotechnology emerged
only 20 ± 25 years ago, studies concerned with the dependence
of the properties of nanosystems on their size date back to the
1940s. For instance, at that time Derjaguin repeatedly pointed
to the dependence of the structure of water in thin liquid
interlayers on the interlayer thickness. Manufacture of ultra-
disperse powders, a new production area established in the

USSR in the 1950s, was based on the observed dependence of
the properties of nanoparticles on the particle size.

A specific feature of small objects is that the smaller the
particles the greater the percentage of the molecules (atoms) in
the near-interface layer that strongly interact with the phases
that bound the object under study. Therefore, reduction of the
size of such an object leads to an increase in the surface-to-
volume ratio and to a more pronounced effect of the surface
phenomena on the properties of the object. Yet another feature
of such systems is a stronger effect of the size of small particles
on the character of collective phenomena and on the density of
states of elementary excitations in the systems.

These features point to the key role of two-phase and three-
phase surface phenomena in nanotechnological processes.
A considerable proportion of physicochemical studies on
these phenomena are carried out using the methods of physics
of fluids and colloid chemistry. This is due to the fact that fluids
are active participants of liquid-phase chemical synthesis of
nanoparticles. The properties of fluids affect the size and
stability of particles produced, the course of chemical reactions
on the surface of such particles and the strength and character
of adsorption at interfaces. In addition, solid nanoparticles
prepared using all the known methods 1 were designed for
operation under atmospheric conditions or in industry rather
than laboratories with controllable gaseous medium. When
nanomaterials are exposed to atmosphere, the small size of the
objectsmade of thembecomes of crucial importance, because it
causes the formation of either capillary condensate in nano-
porous media or wetting films on the surfaces of certain
particles. As a result, a nanomaterial with well-studied (under
laboratory conditions) properties is replaced by a composite
nanosystem comprising the solid nanomaterial and a liquid
interlayer or capillary bridges. The properties of the system as a
whole are determined by the properties of not only the solid
phase, but also the liquid interlayer, the character of the
interaction between the liquid and the solid nanoparticles
and, finally, the character of the interaction between nano-
particles separated by the liquid interlayer. The presence of
liquid interlayers can play a decisive role in, e.g., self-organi-
sation of nanoparticles, their flowability, etc.

Even the examples given above point to particular impor-
tance of the studies on the properties of liquids in the nano state
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for further progress in nanotechnology. In spite of a variety of
challenges in this field, here we will dwell on one problem,
namely, stability of liquid nanofilms and disperse and colloidal
systems. We believe that this problem is of paramount impor-
tance for the development of scientific foundations of nano-
technology; in addition, the author of this review was directly
involved in research in this field.

II. The surface forces and stability of disperse
systems

Amodern physical theory that describes the state and stability
of liquid films and the disperse and colloid systems is based on
the analysis of the surface forces acting across thin liquid
interlayers separating particles or macroscopic surfaces. Here,
the surface forces play the same role as the intermolecular
interaction forces in condensed systems. In the 1940s, Derja-
guin showed 2 that consideration of the interactions between
two surfaces approaching each other is equivalent to consid-
eration of the dependence of the disjoining pressure on the
interlayer thickness. The dependence of the disjoining pressure
on the thickness of the liquid interlayer is the key thermo-
dynamic characteristic of the thin interlayer that distinguishes
it from the bulk liquid. In particular, if the interlayer thickness
is such that its medium fragment retains the properties of the
bulk phase and, therefore, there is no overlap of the boundary
layers adjacent to the interfaces, the disjoining pressure in the
interlayer is zero. On the contrary, overlap of the boundary
layers leads to anisotropy of the pressure tensor in the
interlayer and to appearance of the disjoining pressure [P(h)]
dependent on the thickness of the liquid interlayer,

P(h)=PN(h)7P0 , (1)

where PN(h) is the normal component of the pressure tensor in
the thin interlayer with thickness h and P0 is the pressure in the
bulk isotropic fluid that is in equilibrium with the interlayer.
The character of the dependence of the disjoining pressure on
the liquid film thickness characterises the physical nature of the
forces that govern the interaction between two surfaces sepa-
rated by the liquid interlayer. The nature of the interaction
forces is naturally determined by three factors, namely, char-
acteristics of the interacting bodies, properties of the fluid,
constituting the interlayer and the character of the interaction
between the fluid and the boundary phases and, as a conse-
quence, by the dependence of the properties of fluid in the
interlayer on the interlayer thickness.

Quantitative analysis of the surface forces is based on the
Gouy ±Chapman 3± 5 theory of diffuse ionic atmospheres and
the theory of molecular forces by London.6 These two
approaches underlie the Derjaguin ±Landau ±Verwey ±Over-
beek (DLVO) theory of stability of lyophobic colloids.7, 8 In
the framework of the DLVO theory, the total interaction
energy is determined by the dispersion (van der Waals) and
electrostatic mechanisms. Now we will consider them in more
detail.

III. Dispersion (van der Waals) forces

The dispersion forces are universal in character and act in all
systems. In 1930, London reported a general quantitative
theory of the van der Waals forces.6 Since then the theory of
dispersion interactions between macroscopic bodies separated
by an interlayer was developed using two different approaches,
a microscopic and a macroscopic one.

The former approach is associated with de Boer 9 and
Hamaker.10 Here, the force of molecular attraction between
identical macroscopic bodies is treated as the resultant of the
London attraction forces acting between all pairs of molecules
in the body. Details of calculations are available from original

studies and monographs.2, 8, 11 This approach allowed one to
derive analytical expressions for calculation of the force of the
interaction between two spheres, a sphere and a plane and two
planes separated by a vacuum interlayer for both thin and thick
interlayers (in the non-retarded limit and with allowance for
electromagnetic retardation).{Hamaker's interaction constant
addition rule 10 makes it possible to extend the microscopic
approach to the interactions of condensed bodies separated by
a condensed-phase interlayer. However, the state-of-the-art in
physics of condensed media is such that the additivity of the
London forces in the calculaton of the interactions between
macroscopic bodies separated by dense-phase interlayers is
quite a rough approximation. Thus, the simplicity of the
microscopic method of calculations does not compensate for
quantitative (in the case of absorbing interlayers, also quali-
tative) errors in the results of interaction force calculations.

A rigorous macroscopic approach to calculations of dis-
persion interactions between two bodies separated by a vac-
uum interlayer or an absorbing condensed phase was reported
by Lifshitz et al.12, 13 [Dzyaloshinskii ± Lifshitz ± Pitaevskii
(DLP) theory]. The formalism treats the bodies separated by
a thin interlayer as continuous media interacting through
fluctuating electromagnetic field. The interlayer thickness is
assumed to be much greater than the size of the molecules
constituting the bodies. Dzyaloshinskii, Lifshitz and Pitaev-
skii 12 took into account that the force of the interaction
between bodies in vacuum coincides with the zz-component
of the averagedMaxwell stress tensor, which was calculated by
solving the Maxwell equations with inclusion of fluctuation
field sources. To perform the field averaging procedure, the
fluctuation-dissipation theorem was applied to the field sour-
ces. Later,14 it was shown that the problem of determination of
the stress tensor in the case of two macroscopic bodies
separated by vacuum and by an interlayer is reduced to
calculations of corresponding Green functions. Since the
DLP theory is based on exact Maxwell equations, the retarda-
tion effects are included by default. The expression for calcu-
lating the disjoining pressureP(h) equal to the specific force of
the interaction between macroscopic bodies separated by a
homogeneous plane-parallel liquid interlayer of thickness h has
the form 13

P(h)=ÿ kT
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Here k is the Boltzmann constant; T is temperature; c is the
speed of light; p is the integration variable, xN=2pkTN/�h (N is
a natural number, �h is the Planck constant); e1, e2 and e3 are the
dielectric permittivities of the macroscopic bodies 1 and 2 and
of the liquid interlayer 3 considered as functions of the
imaginary field frequency (o=ix), i.e., e= ej (ixN);
s1= (a7 1+ p2)1/2, s2= (b7 1+ p2)1/2, where a= e1/e3,
b= e2/e3. The prime at the sum points that the first term in
the sum corresponding to N=0 is to be taken with a factor of
0.5. Note that direct substitution ofN=0 into Eqn (2) leads to
uncertainty because xN equals zero, whereas the integral with

{ In principle, methods of numerical calculations in the framework of the

microscopic approach allow one to calculate the interaction between

bodies of arbitrary geometry.
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respect to dp diverges. Once the uncertainty is disclosed,13 the
term with N=0 takes a finite value.

From relation (2) it follows that calculations of the dis-
persion forces only require knowledge of the frequency
dependence of the dielectric permittivities of the contacting
media ej (ixN). These can be determined using the Kramers ±
Kronig relationships { and the values of the imaginary part of
dielectric permittivity measured for a broad spectral range.

Analysis of relation (2) shows that the dispersion interac-
tion between identical bodies (e1= e2) is always attractive.
However, in the case of different bodies (e.g., wetting films)
both attractive and repulsive forces are possible depending on
the behaviour of the functions ej (ixN). Moreover, since the
behaviour of the functions e1(ixN), e2(ixN) and e3(ixN) in the
frequency range important for these bodies is not related to the
static dielectric permittivities of the contacting bodies, for
certain systems the sign of the interaction force changes with
variation of the liquid interlayer thickness (Fig. 1).

Expression (2) can be simplified using integration over
dx=(2pkT/�h)dN instead of summation. However, the force
calculation error due to neglect of the contribution of the term
with N=0 to the net integral can be significant for the polar
fluid interlayers that exhibit strong absorption in the low-
frequency range of electromagnetic vibrations. If we compare
the interlayer thickness to the main wavelength (l0) in the
absorption spectra of the contacting media and consider two
limiting cases, namely, the thin and thick interlayer limits

(h55 l0/2p and h44 l0/2p, respectively), expression (2) is
reduced to asymptotic relationships (3a) and (3b) for the
delayed and non-delayed dispersion forces, respectively.

P(h)=ÿ �h

8ph3

�?
0

�e1 ÿ e3��e2 ÿ e3�
�e1 � e3��e2 � e3�

dx� ÿ A132

6ph3
at h55

l0
2p
; (3a)

P(h)=ÿB�e10; e20; e30�
h4

at h44
l0
2p

. (3b)

Here e10, e20 and e30 are the electrostatic dielectric permittivities
of the contacting media, A132 and B(e10,e20,e30) are the dis-
persion force constants in the non-retarded and retarded limits,
respectively. The constant B is determined by the electrostatic
dielectric permittivities of the contacting media in the low-
frequency range. Analysis of the disjoining pressure values
calculated using exact relation (2) shows that marked devia-
tions of theP(h) dependence from the h73 law [expression (3a)]
begin at distances of 2 ± 3 nm. As to the h74 law [relationship
(3b)], the correctness of the application of this expression to a
wide variety of systems is doubtful.15 In particular, if the
systems are characterised by the same sign of the van der
Waals forces and the contacting bodies show weak absorption
in the radiofrequency and IR region, this law is reasonably
obeyed at film thicknesses of 30 ± 40 nm.2 At the same time if
the van derWaals forces change the sign as h increases, the h74

law can be used as an asymptotic relation only at interlayer
thicknesses of the order of hundreds of nanometres (see Fig. 1).
From expression (3a) it follows that the dispersion force
increases as the dielectric contrast (differences e17 e3 and
e27 e3) between the contacting phases increases. As an exam-
ple, Table 1 lists the Hamaker constants A132 of certain
systems calculated using relations (2) and (3a).

An alternative approach to calculations of dispersion
interactions was proposed byVanKampen et al.19 Themethod
is based on calculations (in the harmonic approximation) of the
excess energy of the normal modes of surface oscillators as
function of the interlayer thickness. The approach is somewhat
more simple and clear compared to that used in the DLP
theory;13 however, it proved itself as `heuristic and intuitive'.20

{ These are the integral relationships relating the real and imaginary parts

of the complex dielectric permittivity e= e 0(o)+ ie 00(o). A particular case

of the Kramers ±Kronig relations is the expression

e�ixN� � 1� 2

p
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oe00�o�
o2 � x2N

do;

which determines the values of the e function of the imaginary argument

o=ix. It is these e(ixN) values that appear in relation (2).
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Figure 1. Change in sign of the molecular component of the disjoining

pressure (dispersion forces) plotted vs. film thickness (curve 1). Shown are

the results of P(h) calculations using Eqn (2) for the air ±water ± fluorite

system. Curves 2 and 3 are calculated using Eqns (3a) and (3b), respec-

tively.

Table 1. Hamaker constants of various systems.

System Hamaker Ref.

constant (A132) /J

Gold ±water ± gold 2.5610719 16

Gold ±KCl solution ± gold 4.0610719 17

Platinum±KCl solution ± platinum 1.4610719 17

Platinum±MgSO4 solution ± platinum 8.5610720 17

Silicon ±water ± silicon 1.2610719 17

Quartz ±water ± quartz 7.5610721 16

Quartz ±water ± quartz 8.5610721 18

Sapphire ±water ± sapphire 5.3610720 18

Poly(vinyl chloride) ±water ± 1.2610720 16

poly(vinyl chloride)

Polystyrene ±water ± polystyrene 1.3610720 16

Polyisoprene ±water ± polyisoprene 7.4610721 18

Fluorite ±water ± fluorite 1.0610720 18

Polytetrafluoroethylene ±water ± 3.3610721 18

polytetrafluoroethylene

Ice ±water ± gold 1.6610721 16

Ice ±water ± silicon 71.7610721 16

Ice ±water ± quartz 3.0610723 16

Ice ±water ± polystyrene 1.2610722 16

Quartz ±water ± air 71.0610720 18

Fluorite ±water ± air 71.2610720 18
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Later, Barash and Ginzburg 21 reported a substantiation of the
Van Kampen approach and analysed its applicability to the
solution of new problems with arbitrary media.

Experimental studies of dispersion interactions between
bodies were carried out using various model systems contain-
ing both symmetrical liquid and gaseous interlayers and
wetting films. Comprehensive analysis of these studies was
done in a monograph.2 Without dwelling on details, note that
by and large the interactions between macroscopic bodies
separated by vacuum or air and the dispersion interactions of
neat non-polar fluids in wetting films can well be described
using the macroscopic theory of the van der Waals forces with
an error of 15%±30%. Deviations in the behaviour of macro-
scopic bodies separated by vacuum or air interlayer from the
theoretically predicted in the thin interlayer limit are associ-
ated 22 ± 24 with both the effect of the roughness and hetero-
geneity of the surface of solids and with the formation of the
adsorption or oxide layers on the surface (Fig. 2). Although in
each case shown in Fig. 2 the experimental data are reasonably
described by the inverse cube law, the calculated Hamaker
constants differ appreciably and only for curve 3 the value of
this constant (A132=70.88610720 J) is in good agreement
with the theoretical estimates for a hexane wetting film
immobilised on fused quartz. At the same time, in some cases
the behaviour of solids separated by liquid interlayers strongly
differs from that predicted by the theory of the van der Waals
forces (Figs 3 and 4). The reasons for the deviation seem to be
due to the assumptions underlying the theory in the case of
liquid interlayers.

Detailed analysis of the key assumptions in theDLP theory
was reported by Barash and Ginzburg.21 They used the Green
functions for the Maxwell equations to determine the contri-
bution of the long-wavelength equilibrium electromagnetic
fluctuations in matter to the free energy of a system comprising
macroscopic bodies separated by a thin liquid interlayer. The
solutions of the Maxwell equations were expanded over the
eigenfunctions of an auxiliary system.21 This made it possible
to reduce an infinite series for free energy calculations to a
rather simple expression suitable for further analysis and reveal
limitations on the use of the equations 13 for calculating the
interaction forces acting between two macroscopic bodies.

First, the DLP theory ignores the contribution of the
interaction between the long-wavelength fluctuation field and
matter to the dielectric permittivity (in essence, the spatial
dispersion for an arbitrary system is ignored). Second, the
expressions for the energy of the system and the interaction

forces derived by Dzyaloshinskii, Lifshitz and Pitaevskii
assume that the volumes and dielectric permittivities of the
bodies in the system do not change upon the change in the
distances between the bodies. This limitation is valid for
interacting macroscopic bodies, but in the case of a thin
interlayer it is non-rigorous and leads to significant under-
estimation of the forces produced in the system. Thus, if the
dielectric permittivity of the interlayer depends on the inter-
layer thickness and/or if the interlayer shows a spatial dis-
persion, the approach developed by Dzyaloshinskii, Lifshitz
and Pitaevskii appears to be somewhat incorrect for the
description of the interaction forces in a real system.
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Figure 2. Disjoining pressure isotherms of hexane films on a polished

substrate (roughness of about 5 nm) (1) and on molecularly smooth films-

substrates (roughness at most 0.5 nm) in air in the presence of water

vapour (2) and in anhydrous nitrogen atmosphere (3).
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Figure 3. Adsorption isotherm of n-heptan-1-ol on an optical glass K-8.

Experimental data by Derjaguin and Zorin 25 (1) and theoretical curve for

the dispersion component of the disjoining pressure (2).
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Figure 4. Reduced force (F/R) plotted vs. distance between two mica

surfaces in white oil (mixture of branched alkanes) at 22 8Cunder different

experimental conditions.26

Solid circles correspond to completely anhydrous liquid existing in

equilibrium with air dried over P2O5, open circles correspond to com-

pletely anhydrous liquid in anhydrous nitrogen atmosphere, and the

dashed line corresponds to the van der Waals forces.

Here and in Figs 5 and 9, the reduced force is the ratio of the measured

force (F) of the interaction between cylindrical surfaces to the surface

radius R. The shaded region between the solid lines denotes the limits of

scatter of the measured values. The dotted lines denote the expected

behaviour of the forces in the case of thick films.
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Both these factors act, as a rule, in complex molecular
liquids, especially in the case of thin interlayers. This causes
deviations of the experimental interaction curves from the
dependences predicted by the DLP theory. In addition, inter-
layers a few AÊ ngstroÈ m thick violate one of the DLP theory
conditions, according towhich the film thicknessmuch exceeds
the size of the molecules. In this case, treatment of the liquid as
a continuous medium is somewhat incorrect. Finally, calcu-
lations of dispersion interactions in the framework of the DLP
theory ignore the existence of surface layers of the interacting
bodies (dielectric permittivities of these layers can differ
appreciably from the corresponding bulk characteristics used
in calculations). Thus, theoretical calculations of dispersion
interactions between bodies separated by a liquid or gaseous
interlayer 13, 19 are reliable only for the interlayers tens of
nanometres thick. In the case of thinner interlayers, such
calculations are of limited use.

IV. Ionic electrostatic interactions

In the case of ionic fluids and particles having charged surfaces
the stability of a liquid film is to a great extent governed by the
electrostatic forces due to the overlap of the electric double
layers in the liquid interlayer. Themain difficulty in calculating
these forces consists of the need of determining the spatial
arrangement and concentration of ions in the interlayer with
allowance for deformation of ionic atmospheres as the surfaces
approach each other.

Rigorous calculations of the ionic electrostatic component
of the disjoining pressure Pe based on the solution of the
Debye ±HuÈ ckel equation for strong electrolytes were first
reported by Derjaguin.27 He derived equations for calculating
the interactions between two identical spheres or two plates
separated by a liquid interlayer. Derjaguin used the linearised
Debye ±HuÈ ckel equation, therefore the equations derived by
him are only applicable to calculations of electrostatic forces in
weakly charged sols.

The interaction of strongly charged particles in electrolyte
solutions was studied by Derjaguin and Landau.7, 28 Using the
constant potential approximation for the surfaces brought
closer together, they derived relationships for calculating the
repulsive forces and the energy of the interaction between flat
plates and convexmacroscopic surfaces, formulated the coagu-
lation criterion and substantiated the Schulze ±Hardy rule
according to which the coagulating concentration of electro-
lyte rapidly decreases as the valence of the counterion
increases. Verwey and Overbeek reported an independent
study 8 of the interaction between identical plates in potentials
with arbitrary magnitudes, which was also carried out in the
constant potential approximation. Additionally, they intro-
duced the Stern correction, which allows for the dense compo-
nent of the electric double layer.

It should be noted that in solving the problem of electro-
static interaction of charged surfaces separated by an ionic
interlayer the boundary conditions are first of all determined
by the charging mechanism. In particular, if the surface
charging occurs by adsorption of ions from solution and the
entropy contribution to the free energy of the system is
independent of the amount of adsorbed ions, the charged
surfaces will approach each other under the constant-potential
boundary condition. If the charging occurs by complete
dissociation of surface groups, the constant-charge boundary
conditions are applied. In the case of incomplete dissociation
of ionised groups or if the entropy depends on the concen-
tration of adsorbed ions, the charge-regulation boundary
condition is used.29, 30 Yet another type of boundary condi-
tions corresponds to the interaction of `soft' ion-permeable
particles or polyelectrolyte particles.31 If the particle size much
exceeds the Debye wavelength, the potential in the bulk of the
particle is always equal to the Donnan potential.

The classical theory of ionic electrostatic interactions is
restricted to consideration of the first two types of boundary
conditions. Both analytical and numerical solutions to the
problem of electrostatic interaction between charged identical
surfaces (in symmetrical and non-symmetrical electrolytes, see
Refs 2 and 31) were derived in the framework of this theory.
There is a feature that permits essential simplification of the
procedure for evaluation of the ionic electrostatic component
of the disjoining pressure Pe in the systems with unknown or
interlayer-thickness-dependent surface charging mechanism.
For instance, all possible dependences of Pe on the interlayer
thickness obtained under different boundary conditions lie
between the curves corresponding to the constant potential of
the diffuse layer boundaries and to the constant density of the
surface charge and the charge of the dense Stern monolayer.
The former and latter cases correspond to minimum and
maximum repulsive forces, respectively.

Later, calculations of the ionic electrostatic component
were generalised to electrostatic interactions between different-
type particles, which are of particular value in the case of
particle ± electrode interaction and in electrofiltering and elec-
trophoretic sedimentation. Derjaguin 2 proposed a graphical
method of isodynamic curves, which allows one to estimate the
magnitude and character of hetero-interactions at constant
potentials of diffuse ionic layers. A feature of the case in point
is that the ionic electrostatic forces acting between two likely
charged particles bearing non-equal charges are repulsive in
character at long distances. The repulsive forces increase as the
interlayer thickness decreases, pass through a maximum and
then change their character to attractive. The attractive forces
increase without limit as the interlayer thickness tends to zero.
Analysis showed that the maximum repulsion is determined by
the surface potential of the particle bearing the smaller charge.

Considering weakly charged surfaces, an analytical solu-
tion to the problem was obtained using the linearised
Poisson ±Boltzmann equation for both flat interlayers (under
constant potential 32 and constant charge 33 boundary condi-
tions) and spherical particles of different radii. A simple
equation for calculating the energy of the interaction between
spherical particles at constant potentials on both surfaces was
obtained by Hogg et al.32 The problem with the constant
charge boundary conditions was first solved by Usui.34 Kar
et al.35 considered a complex case corresponding to a constant
potential on one surface and a constant charge on the other
surface for the case of thin (compared to the particle radii)
double layers. It should be noted that the solutions were
obtained for the problem of the interaction between spherical
particles the radii of which much exceed the thicknesses of the
liquid interlayers between them.

A general numerical method of solving the non-linear
Poisson ±Boltzmann equation developed by McCormack
et al.36 makes it possible to calculate electrostatic interactions
between different-type surfaces in flat interlayers of symmet-
rical electrolytes at large surface charges not only for the
abovementioned cases of constant potential and charge at
both interfaces simultaneously, but also in the case where the
surface of one particle has a constant charge while the other
particle has a constant potential. However, it should be
emphasised that a wide variety of the laws of variation of the
ionic electrostatic component of the disjoining pressure with
the interlayer thickness and the dependence of these changes on
the boundary conditions 2, 31 can only be observed if the film
thickness is smaller than or comparable to the Debye screening
length.} At long distances, the interaction between both flat
and spherical particles exponentially decreases as the interlayer
thickness increases irrespective of the surface charging mech-

} The Debye screening length is the action range of the electric field of a

single charge in electrolyte.
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anism; this was confirmed by numerous experiments (see, e.g.,
Ref. 37).

The mechanisms of the van der Waals forces and electro-
static interactions considered above underlie the theory of
stability of lyophobic colloids. It is lyophobic surfaces and
colloids (their particles are treated as weakly interacting with
the dispersion medium) that usually permit a correct descrip-
tion of the stability of interlayers (Fig. 5), kinetics of coagu-
lation and the destabilising effect of electrolyte additives using
the two approaches to calculations of surface forces (see
above). We believe that the last stage of the evolution of the
DLVO theory in its classical form should be dated to the early
1960s; at that time, the macroscopic theory of the van der
Waals forces was already elaborated and various theories of
calculations of electrostatic interactions between same-type
and different-type particles separated by uniform liquid or
solvent interlayers were developed. However, the development
of the DLVO theory was accompanied by accumulation of
experimental data that not only showed poor quantitative
agreement, but in some cases qualitatively contradicted the
predictions of the classical DLVO theory. Examples are
provided by recent studies on the stability of foam films,38, 39

wetting films and interlayers between solid surfaces.40 ± 44

Attempts to attain agreement between the theory and
experiments led, on the one hand, to allowance for specific
features of real experimental systems in the framework of the
evolution of the classical approaches and, on the other hand, to
development of some new mechanisms of long-range surface
forces that have a common name `non-DLVO'-forces.

V. Progress in the theory of dispersion forces

Non-uniformity of a real liquid interlayer due to the change in
the film density across the interlayer thickness and to mono-
molecular or diffuse adsorption of a solution component near
the boundarymedia was included in calculations of the van der
Waals interactions in the framework of the model layered
systems. Calculations were carried out either assuming identi-
cal dielectric properties within each layer 20, 45 ± 48 or using
different laws of the changes in the dielectric properties along
the normal to the layers.49, 50 In all cases, the results obtained
with allowance for non-uniformity were appreciably different
from those obtained in the homogeneous interlayer approx-
imation. For instance, the interaction energies calculated using
these models for films a few nanometres thick differed by
almost an order of magnitude from the values calculated using
the DLP theory 13 with the bulk dielectric permittivities.

An alternative microscopic approach to evaluation of the
non-uniformity of the liquid interlayer is based on the mole-
cular statistics methods.51, 52 Here, the non-uniformity of the
film can be taken into account by augmentation of the
equations for interaction energy calculations with an addi-
tional term proportional to the inverse cube of the interlayer
thickness. This term becomes of particular importance as the
interlayer thickness decreases.

Eventually, Derjaguin and Churaev 2, 53 developed a
method of inclusion of the non-uniformity of the interlayer,
which involves thermodynamic treatment of adsorption and
evaluation of the interaction between components of non-
polar solutions and the boundary phases in the framework of
the macroscopic approach. Later, the method was extended to
solutions of polar substances dissolved in a non-polar sol-
vent.54 ± 58 Additional interactions due to non-uniform distri-
bution of the solution components across the interlayer
thickness were named `adsorption component of the disjoining
pressure'. Depending on the ratio of the dielectric permittivities
of the solvent and solute and on the ratio of the dielectric
permittivities of the solvent and boundary phases, these
interactions can either stabilise or destabilise the liquid inter-
layer. It should be noted that the effect of these additional
forces is significant only in the case of interlayers a few
nanometres thick.

Calculations of dispersion interactions with allowance for
the spatial dispersion of dielectric permittivity appeared in the
electrolyte solution films were carried out by Gorelkin and
Smilga 59, 60 using either the Dzyaloshinskii ± Lifshitz ±Pitaev-
skii method (based on calculations of the temperature Green
functions) or the Bogolyubov functions. An analytical solution
was obtained for electrolytes modelled by the Debye plasma
and collisionless plasma with mirror reflection from the
boundaries assuming neutral film boundaries and diagonal
dielectric permittivity tensor within the electrolyte interlayer.

A comparison of the equations derived in Refs 59 and 60
with Eqn (2) derived using the DLP theory revealed significant
difference only for the termwith zero frequency. Therefore, the
inclusion of spatial dispersion is of particular importance in
studies of the systems where this term plays a significant role.
In addition, the spatial dispersion also manifests itself in the
appearance of specific effect of interfaces on the character of
the frequency dependence of the dielectric permittivity of the
interlayer. The effect is expected only for films a few nano-
metres thick in specific systems, such as metal solutions in
ammonia. According to calculations, the presence of dilute
electrolyte solution in the system leads to screening of the van
der Waals forces at long distances (1077 ± 1076 m). At these
distances, the molecular forces decrease exponentially rather
than in proportion toP(h)* h74, as follows from relationship
(3b).
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Figure 5. Reduced forces of interaction (F/R) between two crossed

cylindrical mica surfaces of radius 1 cm in water (curves 1, 1 0) and in

dilute potassium nitrate solution (1074MKNO3, curves 2, 2
0) and calcium

nitrate solution [1074M Ca(NO3)2, curves 3 and 3 0, respectively].11

The open and solid circles denote the experimental data, the solid lines

correspond to the results of force calculations using the DLVO theory (the

Hamaker constant A132=2.2610720 J) in the constant potential (C0,

curves 1 ± 3) and constant surface charge (curves 1 0± 3 0) approximations.

For thick interlayers, both approximations give the same results.

C0&7150 mV (1, 1 0),C0&7120 mV (2, 2 0) andC0&750 mV (3, 3 0).
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VI. Progress in the theory of ionic electrostatic
interactions

The evolution of the classical theory of electrostatic interac-
tions between surfaces immersed in electrolyte solutions has
been accompanied by revision of its foundations, such as the
continuity of charge distribution along the particle surfaces,
constant surface potential or constant charge of the approach-
ing surfaces, treatment of ions in solution as point changes and
consideration of other (non-Poisson) potentials determining
the ion distribution in solution, etc.

In particular, Muller showed (see Ref. 2) that drawing
colloidal particles closer together is accompanied by rearrange-
ment of not only the diffuse charge, but also the surface charge
of the electric double layer except for the chemisorbed part of
this layer. He derived an exact parametric equation relating the
repulsive energy to the distance between flat plates assuming
that the changes in the adsorption of ions as the plates
approach each other are described by the Stern isotherm.

Healy and co-workers 61 reported the need of using a
charge regulation model instead of the constant potential
approximation in calculations of ionic electrostatic interac-
tions at short distances between the charged surfaces.29 ± 31

Based on this model, a correction to the DLVO forces of the
interaction between hydrophilic surfaces in water was calcu-
lated in the framework of constant dielectric permittivity of the
solvent with inclusion of the Nernst layer of hydroxyl groups
near the interface (this makes the position of the charge plane
more distant from the surface).62 This approach made it
possible to explain the appearance of an additional minimum
on the energy curve, which is located between the primary and
secondary minima predicted by the DLVO theory.

A general thermodynamic consideration of changes in the
charge of the interlayer in the course of approach of differently
charged flat surfaces was reported by Lyklema and Duval 29

who assumed charge regulation in the Gouy ± Stern layer.
The approachwas used for calculating the potential and charge
distributions in plane-parallel interlayers and the forces and
energy of the interaction between different-type surfaces
in various model systems that simulate the behaviour of
complex real systems, e.g., the interaction of clay and metal
oxide particles. The constant charge or constant potential
approximations of the diffuse double layer were shown to be
correct only in the case of thick interlayers. Systems with thin
interlayers exhibit deviations from both boundary conditions.
To characterise the charge regulation processes occurring
within the interlayer as the surfaces approach each other, it is
appropriate to introduce the notion of the regulation capacity
characterising the possibility of establishment of a new charge
distribution in the interlayer without significant change in the
potential. The higher the regulation capacity of the interlayer
the more correct the description of the behaviour of the system
in the constant potential approximation.

The next step in considering ionic electrostatic interactions
between surfaces immersed in electrolyte solution is the inclu-
sion of various factors determining the ion distribution in the
liquid interlayer. For instance, the theory of the interaction of
electric double layers, which is based on the classical Poisson ±
Boltzmann equation, assumes that ions obey the Boltzmann
distribution with the interaction potential obeying the Poisson
equation. This theory ignores the effects due to specific nature
of the ions in solution. At the same time, experimental data on
the stability of disperse systems in electrolyte solutions and on
the forces of the interaction between such systems separated by
electrolyte interlayers indicate that electrostatic forces depend
not only on the valence of ions and the ionic force of the
solution, but also on the type of the cations and anions present
in the solution.63 ± 65

To describe the specific order of ions with respect to the
character of their effect on the interaction between the double
layers, it was suggested to augment the Poisson ±Boltzmann
equation with additional potentials that include, in one way or
another, the nature of the ion.66 ± 72 For instance, Ninham and
Yaminsky 66 proposed to include the potential of the van der
Waals forces acting between the ion and the remaining part of
the system in the description of the ion distribution in the
solution. In addition to the potential of ion-dispersion inter-
action including the potential of the van der Waals forces and
the Poisson potential, Karraker and Radke 72 also proposed to
take into account the potential of the interaction between ions
and their `images' in air, which causes additional repulsion of
ions from the water/air interface. Manciu and Rucken-
stein 70, 71 considered not only the long-range ion-dispersion
potential (see above), but also the short-range ion hydration
potential, which describes the ion hydration free energy diffe-
rence between the solution bulk and the near-interface region.

Thus, the ion redistribution in the solution interlayer in the
potentials of ion-dispersion and ion hydration interactions
depends on the type of ions. Such a redistribution causes
changes in the surface charges and surface potentials and,
therefore, affects the interaction between the double layers.
Interestingly, the authors of all the approaches mentioned
above get satisfactory descriptions for the experimentally
observed dependence of the surface tension of electrolyte
solutions on the ionic strength of the solutions in spite of
different choice of the additional potentials.68, 70, 72

Correlations in mutual arrangement of ions in the electric
double layers and the related additional forces were
studied.73 ± 75 Additional contributions to the energy of ion ±
ion interactions in the liquid interlayer are due to correlations
of charge density fluctuations in the double layers formed on
the opposite surfaces of the liquid interlayer. Taking into
account the ion size (passage from point ions presentation to
the ions with finite sizes) also causes the energy to change due
to additional repulsion between ion shells near the mid-plane
of the film. The `image' forces cause deformation of diffuse
ionic atmospheres with the corresponding energy contribution.
Finally, the ion concentration difference between the actual
film and the value predicted using the conventional Poisson ±
Boltzmann approach leads to a change in the Debye screening
length. Analysis showed 73 ± 75 that the effect of ion ± ion
correlations mainly involves the appearance of additional
attraction between the charged surfaces. This effect is most
pronounced in di- and multivalent electrolyte solutions and
leads to significant decrease in repulsion between the double
layers or to the change in the sign of the interaction. The effect
of ion size on the interaction force manifests itself to the
greatest extent in the case of thin interlayers, large ionic radii
and/or large surface charges. The influence of ion ± ion
correlations on stability of colloidal solutions with multivalent
counterions was experimentally established 76 by direct
measurements of interaction forces between mica surfaces in
0.15M CaCl2 solution.

Rejection of the uniformly `smeared' surface charge model
led to the development of a family of models 77 ± 81 that allow
for discrete structure of the dense part of the electric double
layer at the interface.

For instance, Zhiguleva and Smilga 79 used the modified
Evald method for two-dimensional geometry and analysed the
electrostatic field and potential distributions in the electric
double layer for various regular flat charge distribution latti-
ces. According to calculations,79 the inclusion of discrete
structure of the double layer in many systems is necessary
because the actual interaction force can be two orders of
magnitude higher than the values obtained using the smeared
charge model. Similar results were also reported by Kostoglou
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and Karabelas 80 who considered the interaction of surfaces
characterised by discrete distribution of round or square-
planar potential-determining ions occupying regular lattice
sites. They found that the interaction energy differences
between the surfaces with discretely distributed and smeared
charge are more pronounced (over a wider range of film
thicknesses) at a constant potential of the approaching surfaces
rather than in the constant charge approximation.

Derjaguin and Muller 2 established that in the case of
delocalised adsorption of ions the discreteness of the surface
charge distribution causes correlations in the arrangements of
the ions on the opposite film surfaces. According to calcula-
tions, these correlations are responsible for the appearance of
additional attraction forces that decrease asP(h)* h74. In the
case of thin interlayer, these correlation forces not only reduce
the electrostatic repulsion, but in some cases cause a change in
the sign of the interaction.

Analysis of the effect of discreteness of the surface charge
distribution on the electrolyte/insulator interface showed 81

that the structure of the diffuse layer in counterions is deter-
mined by not only the exponential decay of the field due to the
Debye screening, but also additional asymptotics with ampli-
tudes depending on the dielectric permittivity of the insulator.

According to the results of theoretical studies,82 ± 84 the
electric double layer near the surface bearing a non-uniformly
distributed charge has a modified structure compared to the
double layer near a uniformly charged surface. The deviation
of the structure of the diffuse part of the counterion layer is
particularly pronounced in the presence of multiply charged
ions and at large average surface charges.

Basu and Sharma 85 found that repulsive forces additional
to those given by the DLVO theory, acting between surfaces
can also be due to changes in the static dielectric permittivity of
the solvent near the charged interface. Henderson and Lozada-
Cassou 86 attempted to take into account the structure of the
thin solvent interlayer by analysing the preferred orientation of
the dipole moments of the solvent molecules near the interface,
which is interpreted in the framework of the continuummodels
as dielectric saturation. It was shown that this phenomenon,
which manifests itself in a decrease in the static dielectric
permittivity, causes an extra repulsion between surfaces (in
addition to the DLVO forces) and can be used for explanation
of the appearance of hydration forces in electrolyte solutions.

Paunov et al.87 ± 89 analysed the role of the size of hydrated
ions in solution near the interface and showed that the ion size
affects the ion distribution not only near the charged interface,
but also outside the electric double layer. Redistribution of
ions across the film thickness due to the ion size effect and to
the changes in the static dielectric permittivity of the solvent
near the charged interface requires introduction of a correction
to the electrostatic component of the disjoining pressure.
The correction describes the additional repulsive in thick and
additional attraction in thin interlayers provided that the
overlap of the double layers is small.89

Discrete dipole distributions along interfaces were studied
by different authors.54 ± 58, 77, 90 ± 93 For instance, JoÈ nsson and
WennerstroÈ m 90 analysed the contribution of image forces to
the interaction between surfaces covered with surfactants
having bipolar terminal groups using the continuum electro-
staticmodel and pointed that these forces lead to appearance of
repulsive forces that can be responsible for the swelling of
phospholipid bilayers in aqueous solutions. Kjellander and
Marcelja 91 restricted themselves to consideration of dipoles
oriented normal to the surface in the hyperchain approxima-
tion and showed that the correlation attraction of dipoles
located on different surfaces dominates over repulsion between
the dipoles and their images. Similar results were obtained by
Attard andMitchell 92 and by JoÈ nsson et al.93 usingmethods of
the perturbation theory and by Martynov and Smilga 77 who

used the electrostatic approach. As was reasonably argued by
Martynov and Smilga,77 attraction between dipoles in a sym-
metrical system is a general result. Since the strength of the field
created by the layer adsorbed on one dipole surface alternates
in the plane of the second adsorption layer (this is a conse-
quence of the Gauss theorem), at a constant interlayer thick-
ness the dipole lattices on the opposite surfaces are displaced
relative to each other in such a manner that the potential
electric energy of their interaction be minimum. This in turn
causes the appearance of attractive forces acting between the
dipole lattices, i.e., a negative disjoining pressure. JoÈ nsson et
al.93 showed that the inclusion of orientation rotation of
dipoles in the framework of perturbation theory (long-wave-
length approximation) can cause either attraction or repulsion
between the dipole layers. However, in a symmetrical system
the repulsion forces are much weaker than the van der Waals
attraction.93 It should be noted that the authors of stud-
ies 77, 90 ± 93 considered only symmetrical systems assuming
that adsorption is independent of the interlayer thickness and
ignoring specific features of the structure of dipole molecules.

VII. Electrostatic interactions in non-polar media

Specific features of ionic electrostatic interactions in non-polar
media consist in that usually the bulk ion concentrations in
such systems are low and, correspondingly, the Debye screen-
ing lengths are of the order of a few thousand nanometres,94

which much exceeds the thickness of the interlayers under
study. In this case, the interaction between charged surfaces
can be treated as the Coulomb interaction ignoring screening.
Analysis of the interaction between small charged particles, a
polarisable particle and a charged electrode and between
polarisable particles in a nonuniform electric field using this
approach in the smeared surface charge approximation was
reported in a recent review by Adamczyk.95 Another approach
is based on consideration of the interaction between electric
double layers having diffuse parts comprising counterions
only.94, 96 If the source of counterions is the surface and no
ion exchange with the bulk reservoir occurs, the energy of the
interaction between two flat charged surfaces can be calculated
using the total entropy maximisation approach 97 with the
assumption of charge regulation or constant charge condi-
tion.96 According to calculations, the long-range repulsion
between surfaces separated by non-polar liquid interlayer is
more than an order of magnitude weaker compared to ionic
electrostatic interaction through a water interlayer. The repul-
sive forces asymptotically decrease with the interlayer thick-
ness following a power law rather than exponential law
predicted by the classical DLVO theory.

The mechanisms of appearance of additional forces of the
interaction between surfaces separated by a non-polar liquid
interlayer in the presence of polar molecules were consi-
dered.54 ± 58 This case is of particular importance in the analysis
of stability of suspensions in dispersion media represented by
solutions of polar components in non-polar solvents. Discrete
distributions of the dipoles simulating polar molecules across
the interfaces and interlayer thickness cause the appearance of
various types of image forces and to dipole ± dipole interac-
tions within the interlayer. Both symmetrical and asymmetrical
systems characterised by different magnitude and, in some
cases, type of adsorption at different interfaces were consid-
ered.54 ± 58 Equilibrium adsorption calculations were carried
out with allowance for not only the specific potential of the
interaction between polar adsorbable molecules and active
sites at the interface, but also the potentials of the image forces
and dispersion interaction of these molecules with the boun-
dary phases. The last two potentials cause a significant depend-
ence of the equilibrium adsorption on the thickness of the
liquid interlayer.
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The contribution of electrostatic interaction between layers
of adsorbed dipole molecules and their images in the confining
phases to the disjoining pressure can be rather large even in
highly dilute solutions of polar substances in non-polar sol-
vents. Generally, this contribution is a non-monotonic func-
tion of the concentration of polar molecules (Fig. 6) and
decreases in aP(h)* h74mode as the film thickness decreases.
It can cause either attraction or repulsion between film
boundaries depending on the character of the changes in the
adsorption of the solute across the interlayer thickness, on the
ratio of the static dielectric permittivities of the contacting
media and on the magnitude of dispersion interaction between
the dipole molecules and the confining phases.

Analysis of the expressions derived and numerical calcu-
lations carried out for monolayers of adsorbedmolecules using
different magnitudes and orientations of the dipole moments
relative to the interfaces showed 54 ± 58 that in non-symmetrical
thin interlayers (e.g., wetting films) at both in-plane and
normal orientations of the dipoles in the monolayer the forces
of the interaction between the monolayer and its images can

much exceed other types of interaction forces including the
forces of the interaction between the diffuse adsorption layers,
correlation attraction forces acting between the monolayers
adsorbed on the opposite sides of the interlayer and the
dispersion forces (Fig. 7). However, the force of dispersion
interaction dominates over the image forces in 2 ± 3 nm and
thicker films because it decreases in proportion toP(h)* h73

as the film thickness decreases.

VIII. Interaction forces caused by mofidied
structure of liquid interlayer

1. Treatment of liquid in a continuum approximation
The assumptions of structural differences between the liquid in
the thin interlayer and in the bulk phase and of the existence of
long-range surface forces due to this difference were first made
by Derjaguin.2 Later, these assumptions were repeatedly (and
fruitfully) used in discussing the nature of hydration, solvation
and structural repulsive forces and hydrophobic attractive
forces due to deviations of various structural parameters
from the corresponding values in the bulk. One of the first
theoretical studies of the processes occurring in a polar solvent
as a result of decrease in the thickness of the liquid interlayer
was reported byMarcelja andRadic.98 They calculated the free
energy density using the Landau expansion in the order
parameter and showed that the inclusion of only quadratic
expansion terms (with respect to the order parameter and its
gradient) permits a correct description of the exponentially
decreasing repulsive forces acting between the surfaces confin-
ing the liquid interlayer provided that variations of the order
parameter are small. Later, other authors interpreted the order
parameter as a characteristic of the local polarisation of
water.99 ± 102

The idea of surface-induced polarisation of water mole-
cules as the source of hydration forces was used by different
authors.103 ± 106 For instance, Kornyshev and Leikin 105, 106

proposed two different mechanisms of polarisation of water
molecules near the interface. One mechanism is based on
consideration of the contribution of the interaction between

1
0
7

5
P
(h
)
/N

m
7
2

a
6

0

1

2

3
3

73

76

79

1
0
7

4
P
(h
)
/N

m
7

2

b
4

2

72

74

0

1 0

2 0

3 0

1076 1075 1074

Mole fraction of solute

1073 1072 1071 100

1076 1075 1074 1073 1072 1071 100

Figure 6. Contribution to the disjoining pressure related to the inter-

action between the adsorbed monolayer and its images plotted vs. mole

fraction of polar solute for films 1 (a) and 2 nm (b) thick. Curves (1, 1 0)
correspond to in-plane and curves (2, 2 0) correspond to normal orienta-

tion of dipoles in the monolayer. Curves (3, 3 0) correspond to dispersion

interaction of bodies (the Hamaker constant A132=5610721 J) taken

with the opposite sign. Disjoining pressure calculations were carried out

for wetting films of solutions of alcohols in oil on the water surface.57, 58

P(h) /N m72

1.0 2.0 h /nm

106

105

104

103

102

101

100

7106

7105

7104

7103

7102

7101

7100

1

2

3

4

5

Figure 7. Various components of the disjoining pressure acting in the

wetting films of pentanol solution in pentane on water surface plotted vs.

film thickness.

Contribution related to the interaction between the adsorbed monolayer

of dipole molecules and its images (1); molecular component calculated

using published data 45 (2); adsorption component calculated using the

constants of the interaction between pentanol molecules and the boundary

phases (taken fromRef. 55) (3); contribution related to excess electrostatic

energy of diffusely distributed alcohol molecules (4); and contribution of

the correlation attraction of adsorption monolayers (5).

Long-range surface forces and their role in the progress of nanotechnology 479



oppositely charged groups of one electrically neutral surface of
a lipid membrane and their images in a non-polar medium
separated from the membrane surface by a water interlayer.105

Spatial correlations of water polarisation fluctuations were
included using the methods of non-local elecrostatics. It was
shown that lateral ordering of polar groups on the membrane
surfaces plays the key role in determining the character of the
interaction forces between them (Fig. 8). The other, `chemical',
mechanism of ordering of water molecules is based on the use
of the Landau free energy functional and introduction of a
phenomenological order parameter and inhomogeneous boun-
dary conditions. This approach allowed differences between
the states of water near the polar surface and in the bulk phase
to be analysed.106 Both mechanisms predict an exponential
decrease in repulsive forces with an increase in the thickness of
the water interlayer. These forces are related to the character of
ordering of the polar groups on the surface of lipidmembranes.
Both pre-exponents and correlation lengths depend on the
nature and structure of the surfaces confining the interlayer.

Mitlin and Sharma 107 studied the interaction between flat
plates separated by a liquid interlayer. They combined, in the
framework of the gradient theory, the Cahn approach pro-
posed for analysing wetting transitions at an interface between
two media108 and the approach used by Marcelja and Radic.98

The new analytical method 107 made it possible to derive
asymptotically exact dependences of the disjoining pressure,
free energy and order parameter profile on the interlayer
thickness for an arbitrary dependence of the free energy density
on the order parameter. It was found that in the general case
the disjoining pressure can be described by a sum of exponents
with the characteristic lengths proportional to the correlation
radius in bulk liquid, the pre-exponent being dependent on
both the deviation of the free energy density from the quadratic
form in the expansion and on the parameters of the interaction
between the liquid in the interlayer and both surfaces confining

the interlayer. The interaction forces between the plates can be
either attractive or repulsive. In addition, the sign of the forces
changes as the interlayer becomes thinner.

A new approach to account for the interaction between the
liquid and the confining surfaces in calculations of forces
additional to DLVO was made by Kuklin.109 The free energy
of the system was modelled by the harmonic approximation of
the Landau ±Ginzburg functional, which depends on the order
parameter. In addition to the free energy density expansion
terms considered by Marcelja and Radic 98 and by Kornyshev
and Leikin,106 Kuklin proposed to augment the functional
with functions characterising the contribution of direct short-
range interaction between the near-surface layers of the liquid
and the surface of the solid phase. It was shown 109 that the
forces acting between surfaces of different nature can be either
attractive or repulsive depending on the interlayer thickness.
These forces depend on four scaling parameters, namely, two
extrapolation lengths characterising the depth to which the
field produced by each surface penetrates into the liquid phase
and two field parameters that describe the effect of the solid
surface on the properties of the nearest molecular layer in the
liquid. When these parameters and the interlayer thickness are
chosen appropriately, the forces show a nearly exponential
dependence on the thickness of the liquid interlayer.

The approach proposed by Eriksson et al.110 is conceptu-
ally similar to that developed byMarcelja and Radic. Here, the
order parameter characterises the relative local increase in the
number of hydrogen bonds per water molecule in the thin
interlayer compared to the corresponding characteristic of the
bulk phase. Eriksson et al.110 considered a system comprising
the water interlayer and hydrophobic surfaces confining it and
expanded the free energy of the system in terms of the order
parameter, minimised it and concluded that an increase
in the order parameter near the hydrophobic wall causes the
appearance of long-range attractive forces. The action range of
such forces is much shorter than that of hydrophobic attrac-
tion reported in the literature.

Yushchenko et al.111 suggested another mechanism of the
appearance of hydrophobic attraction forces acting at longer
distances. This involves the formation of a cavity filled with
vapour of the liquid under study (or with gas) between the
interacting lyophobic particles. The hydrophobic attraction
forces appeared in this case are in essence capillary forces. This
mechanism is possible if the wetting angle exceeds 908 and the
cavity is formed only after the interacting bodies are brought
into contact. According to calculations,111 the cavity is also
thermodynamically stable even in the initial appearance of a
gap between the plates; however, the energy barrier to cavity
formation is as high as tens of kT before the bodies are brought
into contact.We believe that this is responsible for the fact that
the cavity formed only after the hydrophobic surfaces have
preliminarily been brought into contact in water.112

It should be noted that hydrophobic attraction in the case
of thick interlayers was also observed without explicit cavity
formation.113 The cavity formation mechanism proposed to
explain the experimental data was based on the hypothesis that
the formation of a vapour-filled cavity is preceded by nuclea-
tion in the liquid interlayer. Forsman et al.114 also reported a
decrease in the density of the liquid near the lyophobic wall,
which was associated with the presence of gaseous nuclei.
Analysis of the density functional of the liquid in the thin
interlayer showed that non-uniform decrease in the density
across film thickness causes the appearance of attractive forces
which can be much stronger than the van der Waals forces for
thin films. It is noteworthy that these forces increase rather
than decrease (as is traditionally accepted in the literature) in
absolute value as the temperature increases.
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Other mechanisms leading to appearance of long-range
hydrophobic forces related to formation of cavities and micro-
bubbles between the interacting surfaces were also pro-
posed.115 ± 118

2. The accounting for discrete structure of liquid
The studies analysed in the preceding Section treated the
solvent or the liquid (i.e., the liquid interlayer) in the con-
tinuum approximation. However, extensive literature is also
available (see, e.g., Refs 119 ± 129) in which the discrete
structure of the liquid in the interlayer is included in the
framework of the model of the Lennard-Jones fluid or the
model of hard spheres. Here, irrespective of the model
employed, both analytical methods and computer-aided cal-
culations allow one to reproduce the oscillating character of
the interaction forces (Fig. 9) observed in experiments with the
liquid interlayers of different nature (see, e.g., Refs 11 and 130).

The main problem in theoretical calculations of the inter-
action between two solid walls separated by a liquid interlayer
consists of maintaining a constant chemical potential of the
liquid as the interlayer thickness varies. If for Monte Carlo
simulations this condition is explicitly met in the framework of
the grand canonical ensemble,119 it is hardly possible in the case
of calculations based on analytical theories. There are also
some exceptions, namely, approximate theories (e.g., various
versions of the mean field theory 120 and simple theories of

integral equations for inhomogeneous systems 121) in which the
closure of the unary distribution functions is attained using the
pair distribution functions of the bulk phase.However, the pair
distribution functions characteristic of liquid interlayers are
anisotropic in nature and therefore the results of correspond-
ing calculations can be incorrect.122 In this connection, a
number of approaches were proposed, which permit a more
correct inclusion of the anisotropy of the liquid in the thin
layer.

Kjellander and Sarman 123 did their research in the frame-
work of the theory of integral equations based on the solution
of the exact Ornstein ±Zernicke equation for anisotropic pair
correlation function and proposed to use the Percus ±Yewick
anisotropic closure. Attard 124 showed that the use of a hyper-
chain approximation and its versions in solving the Ornstein ±
Zernicke equation permits a correct reproduction of the
oscillating character of the forces using the model of hard
spheres and the Lennard-Jones model of fluid. It should be
noted that some authors (see, e.g., Ref. 122) cast doubt on the
correctness of the use of the hyperchain approximation for
calculations of interaction forces in dense fluids with short-
range potentials.

To study molecular liquids having non-spherical mole-
cules, Chandler and Andersen 125 developed the reference
interaction site model (RISM), which is a molecular analogue
of the Percus ±Yewick approximation of hard spheres for a
simple fluid. According to the RISM model, the equilibrium
correlations between molecules in the dense fluid are deter-
mined by the short-range repulsive component of the intermo-
lecular potential. This model was used for calculating the
solvation forces for liquid interlayers comprised of diatomic
molecules based on the theory of integral equations.126 The
results of calculations revealed a high damping of oscillations
on going from the model of hard spheres to the RISM model
(Fig. 10), which allows for asymmetry of molecules of the
liquid.

3. Phonon mechanism of surface forces
As mentioned above, Derjaguin, Churaev and their scientific
school (see, e.g., a monograph 2 and articles 131, 132 and refe-
rences cited therein) repeatedly used the idea of the structural
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difference between the liquid in the thin interlayer and in the
bulk phase in discussing the stability of certain colloidal
systems. However, in these studies the structural differences
meant static deviations of the local polarisation, intermolecu-
lar distances and orientations of molecules relative to inter-
faces in the interlayer from the corresponding bulk
characteristics. Thus, additional surface forces appeared in
the system were associated with the overlap of the structure-
modified boundary layers in the film.

Another approach to the problem of structuring of the
liquid in a system of restricted dimension is based on consi-
deration of the dynamic structure of the liquid.133 ± 138 Here,
the dynamic structure of the liquid is treated as the set of
vibrational and rotational motions of all atoms and molecules
in the liquid confined within a thin interlayer. The dynamic
structure of liquid strongly depends on both the interlayer
thickness and the surface-induced changes in the intermolecu-
lar interactions. The dynamic structure differences between
bulk liquid and the liquid in the state of restricted dimension
manifest themselves in, e.g., the absorption spectra of the
liquid in the corresponding state (Fig. 11).

Clearly, these two types of structuring in the thin liquid
interlayer complement rather than exclude each other. There-
fore, understanding of the character of molecular motions in
thin layers of molecular liquids is important for the description
of various properties of liquid films and the development of
detailed mechanism of structure-induced surface forces.

Generally, molecular motions in bulk liquid are anhar-
monic. However, if the observation time is short compared to
the characteristic relaxation times of the corresponding type of
motion 139, 140 or the region under consideration is small,141 the
complex picture of intra- and intermolecular motions in the
liquid can quite correctly be represented by a set of collective
vibrational states, or normal modes, associated with acoustic
waves in the liquid medium. The fruitfulness of this approach
to the description of many phenomena in liquids has been well
documented. The most important studies are based on the
normal-mode approach, e.g., the description of solvation
dynamics,142 calculations of diffusion constants 143 and

absorption spectra 144 and the description of the nature of the
glassy state.145

The approach developed in our studies 133 ± 138 also treats
the intra- and intermolecular motions in liquids as harmonic
processes characterised by corresponding characteristic times
and normal-mode spectra. Each normalmode is determined by
the parameters of an oscillator involved in a vibrational (rota-
tional) motion and by its interaction with neighbouring oscil-
lators. The probability of realisation of a normal mode of an
arbitrary oscillator depends on the ratio of the liquid interlayer
thickness (h) to the free path length (L) of phonon correspond-
ing to the normal mode in question, being equal to exp (7h/L).
Because of the normalisation condition for the total number of
degrees of freedom at each time instant any oscillator in the
film is either involved in collective vibration of the entire
ensemble of oscillators propagating normal to the interface or
oscillates at a frequency characteristic of the bulk liquid and
determined by both the internal force field of the whole
molecule and the effective average field produced by the
surrounding molecules.

The dynamic structure differences between bulk liquid and
the liquid in the thin film are due to the fact that the free path
lengths of phonons, orientations of molecules relative to one
another and to interfaces and intermolecular distances in the
thin interlayer are changed due to the interaction between the
molecules and the surface. In addition, the surfaces that bound
the thin liquid interlayer induce changes in the conformational
states of molecules. All these factors affect the normal-mode
spectrum and give rise to an additional contribution to the film
free energy, which depends on the interlayer thickness and is
given by

FE �
X
j

�?
0

kT ln
sh��ho=2kT�
sh��hoj 0=2kT�

Zj�o�exp
�
ÿ h

Lj�o�
�
do , (4)

whereoj 0 are the eigenfrequencies of corresponding molecular
vibrations in the bulk liquid, Zj (o) is the thermodynamically
averaged density of vibrational states determined from the
dynamic matrices of instantaneous film states and Lj is the free
path length of photons for the jth type of oscillators. Summa-
tion is carried out over all types of oscillators (j) associated with
branches of the dispersion curve for the liquid interlayer. The
product Zj (o) exp(7h/Lj (o)) do is the number of vibrational
modes of the jth type per unit surface area of the liquid
interlayer with allowance for finite relaxation time of the
vibrational mode. For linear waves the free path lengths of
phonons are given by the following transcendent relationship

Lj�o� � uj�o�t0
� �
Lj�o�

r�z� exp
�
U�z�
kT

�
dz

�ÿ1
, (5)

where uj (o) is the absolute value of the group velocity of
collective vibration at the frequencyo, t0 is the average lifetime
of oscillators between thermal jumps in the bulk liquid, r(z) is
the linear density of oscillators along the normal to the film
boundaries and U(z) is the excess (compared to bulk liquid)
potential barrier to thermal jumps due to the interaction
between the oscillators and the boundary phases. Integration
is carried out along the chain of oscillators. In the harmonic
approximation we neglected the phonon ± phonon interaction.
In this case the contribution of collective vibrational excita-
tions to the disjoining pressure in the film is given by 133, 135
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The contribution to the disjoining pressure described by
expression (6) is due to collective vibrational excitations
(phonons) in the film; therefore, it was called the phonon
component of the disjoining pressure.

From relations (4) and (6) it follows that the excess free
energy and the disjoining pressure are calculated as the sums of
the contributions of different types of phonons. The signs of
the summands are determined by the ratio of the mode
frequencies in the film to the corresponding frequencies in the
bulk liquid. The magnitudes of the summands are determined
by not only the frequency difference, but also the density of
phonon states in the nanofilm, the latter contribution being
decisive.

Numerical analysis revealed great differences (several
orders of magnitude) between the contributions of different
types of oscillators. Usually, only a few less localised optical
modes essentially contribute to the total disjoining pressure.
According to relation (5), the contribution of a certain type of
oscillators will first of all be determined by the coupling
between these oscillators (both within the same molecule and
within neighbouring molecules), which affect the group velo-
city of phonons. Calculations using the model of coupled
oscillators 135 ± 137 and the force constants of intermolecular
interaction characteristic of associated liquids showed that in
some cases the contribution of the phonon component of the
disjoining pressure to stability of the liquid interlayer can be
much larger than that of molecular forces.

From expressions (4) and (6) it follows that the contribu-
tions of different oscillators to the disjoining pressure and to
the free energy of the film depend exponentially on the film
thickness and also implicitly depend on the thickness (this is
expressed through the dependence on the free path length of
phonons and on the density of vibrational states).

Three terms in square brackets in Eqn (6) describe three
different types of the disjoining pressure ± film thickness inter-
relations. The third term dominates in the case of thick films.}

Here, the phononmechanism provides an exponential decrease
in the disjoining pressure as the film thickness increases. In a
broad range of thicknesses the phonon component of the
disjoining pressure is usually described by the sum of several
exponentially decreasing terms. This theoretically predicted
type of dependence is in good agreement with numerous
experimental data (see, e.g., a monograph 2 and references
cited therein).

The first term plays the decisive role for thin films where the
discrete structure of the liquid should be taken into account.
This discreteness leads to inhomogeneous distribution of
molecules across the interlayer due to both the interaction of
the liquid with the confining phases and the excluded-volume
effect. The last-mentioned factor causes oscillations of the local
density across the film thickness. This leads to oscillations of
the force constants in the dynamic matrix, which in turn
initiates oscillations of the density of vibrational states and,

as a result, oscillations of the excess free energy and disjoining
pressure. The use of the phonon mechanism for analysis and
description of solvation forces in thin films 138 made it possible
to explain many details of experimental observations, such as
anharmonicity of oscillations, changes in the oscillation period
with variation of the film thickness and similar oscillations
periods for different liquids. Calculations 138 also clarified the
mechanism of disappearance of such oscillations near rough
surfaces and in wetting films.

However, it should be emphasised again that the approach
under consideration predicts oscillations of forces in thin films
with respect to some exponentially decaying function of the
film thickness rather than zero. The role of the decaying
function is played by the third term in square brackets in
Eqn (6).

Eventually, at intermediate thickness of the liquid inter-
layer the contribution of the oscillations of the density of
collective vibrational states can be neglected, but the changes in
the mean free path of phonons with variation of the film
thickness cannot be ignored. Here, a significant role is played
by the second term in square brackets in Eqn (6). The magni-
tude and sign of this term are determined by the derivative,
dL/dh, which mainly depends on the character of the inter-
action between the oscillators and the phases confining the
film.

The effect of the character of the interaction between the
liquid and the confining phases on the magnitude and sign of
the phonon component of the disjoining pressure deserves
particular attention. This effect is first of all due to significant
changes in localisation of normal modes near interfaces owing
to the interaction between the oscillators and the confining
phases. For instance, the free path of phonons increases near
the lyophilic surface due to an increase in the energy barrier to
thermal jumps and, hence, a significant increase in the relaxa-
tion time of the entire ensemble of the oscillators involved in
collective vibrations. On the contrary, the energy barrier to
thermal jumps decreases near the lyophobic surface, which
leads to higher mobility of the molecules near corresponding
interface.

Figure 12 shows the normalised relaxation times of a linear
ensemble of oscillators in a liquid film plotted vs. film thickness
for different constants of the van der Waals interaction
between the molecules and the phases confining the film. As
can be seen, the effect of the lyophobic substrate manifests
itself at much longer distances provided equal, in absolute
value, interaction constants. However, the effect of the hydro-
phobic substrate is not restricted to shortening of the relaxa-
tion time of the ensemble of oscillators, but alsomanifests itself
in significant strengthening of intermolecular interactions (e.g.,
marked strengthening of hydrogen bonds in aqueous media
near the hydrophobic surface 146). In turn, the latter factor
causes an increase in the group velocity of phonons associated
with the O7H vibrations in water molecules. Therefore, for
not too thick films the Lj (o) parameter, which is sensitive to
the interaction of oscillators with the film-confining phases,
can vary over a rather wide range as the properties of
the confining phases vary only slightly. This was found
experimentally for water interlayers separating various lipid
membranes.147, 148 In the case of inhomogeneous boundary
conditions, the free path lengths should fluctuate along the
interface; however, these variations of Lj (o) can hardly be
measured experimentally because in actual experiments we
usually measure the integrated characteristics.

Yet another factor affecting the magnitude and sign of the
phonon component of the disjoining pressure is the orientation
effect of substrate on the molecules in the near-wall layers of
the liquid. As a result, the frequency distribution of the density
of vibrational states changes significantly. Apparently, this
distribution is a consequence of configuraton averaging over

} Thick films are the films for which the dependence ofL andK on the film

thickness can be ignored.
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all possible orientations of the molecules in chains (corres-
ponding to instantaneous static structure) with allowance for
the statistical weight of each state. For instance, the orienta-
tions of molecules and their fragments (oscillators) relative to
one another in bulk liquid are only determined by intermole-
cular interactions. In a liquid film, the field of surface forces of
the substrate superimposes the field of intermolecular forces
and thus causes redistribution of the statistical weights of
different orientations.

We have shown that static structuring even in the first layer
of a liquid film strongly affects the dynamic structuring of
liquid in thewhole film. Therefore, changes in the wettability of
the interface resulting in redistribution of the density of vibra-
tional states over frequencies can induce changes in not only
the magnitude, but also the sign of the phonon component of
the disjoining pressure. In the framework of the phonon
mechanism we explained the experimentally observed effect
of temperature on the oscillating and exponentially decreasing
forces (to a first glance the effect is somewhat contradictory).
For instance, theoretical analysis showed 134 that if the para-
meters of the dynamic matrix are independent of temperature
(neglect of thermal expansion and changes in the state of the
surface), the increase in the temperature causes damping of
oscillations (Fig. 13) and a decrease in the magnitude and
correlation lengths for the exponentially decreasing forces
(Fig. 14).

The results of molecular dynamics calculations 149 and
measurements of oscillating forces reported by Christenson
and Israelachvili 150 (they studied the interaction between mica
cylinders separated by an octamethylcyclotetrasiloxane inter-
layer in the temperature interval 14 ± 40 8C) and by Nakada et
al.151 (for the interaction between the Si3N4 and highly oriented
pyrolytic graphite surfaces separated by interlayers of normal
alcohols in the temperature range 25 ± 60 8C) are in agreement
with the results of theoretical studies indicating a slight damp-
ing of oscillations with an increase in temperature.

It is important that the decrease in the disjoining pressure
with an increase in temperature, which is theoretically pre-
dicted for thick films in the framework of the approachwe have
developed (see Fig. 14), was repeatedly observed in experi-

ments. Moreover, weakening of the surface forces in water
interlayers with an increase in temperature was for long treated
as a characteristic property of structural forces and interpreted
as a result of partial breakdown of the structure (e.g., dis-
ruption of the network of hydrogen bonds).2

The mechanism we have proposed does not contradict this
interpretation and provides a better insight into the physical
sense of the structural changes occurring in the liquid with an
increase in temperature. In particular, an increase in tempe-
rature is accompanied by a decrease in the ratio of the energy of
hydrogen bonds to kT; therefore, an increase in the frequency
of thermal jumps is accompanied by redistribution of the
density of vibrational states over frequencies.

However, the approximation of constant boundary con-
ditions under temperature variation is not always valid. For
instance, changes in the boundary conditions with an increase

t/t0

1.5

1.0

0.5

0 5 10 15 h /nm

1

2

3

4

Figure 12. Relaxation time ratio of a linear molecular chain in sym-

metrical liquid film (t) and in bulk liquid (t0) plotted vs. film thickness at

different constants of dispersion interaction between the liquid molecules

and the boundary phases: 1610749 (1), 2610750 (2),72610750 (3) and

75610750 J m73 (4).

0.8 1.2 1.6 h /nm

79E+5

76E+5

73E+5

3E+5

6E+5

P /N m72

0

12

3

Figure 13. Damping of oscillations of the disjoining pressure with an

increase in temperature: T=20 (1), 50 (2), 70 8C (3). Calculated using the

coupled oscillator model.137

0

2E+4

4E+4

4 5 h /nm

P /N m72

1

2

3

Figure 14. Changes in the non-oscillating portion of the disjoining pres-

sure isotherm with temperature: T=20 (1), 30 (2), 50 8C (3). Calculated

using the coupled oscillator model.137

484 L B Boinovich



in temperature can cause significant changes in the density of
vibrational states for the interlayers bounded by bilayers,
surfactant-coated surfaces, etc. This effect is most pronounced
near the phase transition temperature in the surface layers.
Calculations and theoretical analysis revealed 134 the possibi-
lity of strengthening rather than weakening of exponentially
damping forces. Apparently, it is changes in the density of
vibrational states that are responsible for the experimentally
observed swelling of dipalmitoylphosphatidylcholine 147 and
egg phosphatidylcholine 152 bilayers on heating above the
melting point.

Thus, the phonon mechanism of surface forces is based on
consideration of changes in the frequency spectrum of the
liquid upon restriction of its dimension, which was repeatedly
observed in the model and real experiments (see, e.g., Refs 146
and 153 ± 155). This mechanism provides better insight into the
dynamic processes occurring under limitation of the character-
istic sizes of the liquid medium and makes it possible to assess
the role of the interaction between the liquid interlayer and the
confining phases in the formation of the dynamic structure of
the liquid. It should be noted that this mechanism allows one to
describe the oscillating (solvation) forces and various manifes-
tations of the exponentially decreasing forces, such as the
hydration-induced repulsion between hydrophilic surfaces
and hydrophobic attraction.

4. Forces associated with the presence of long-chain
surfactants and high-molecular-mass polymers in a liquid
interlayer
There is yet another type of forces, which is ignored by the
DLVO theory but has a great practical value for colloidal and
disperse systems. These are forces associated with the presence
of high-molecular-mass polymers and long-chain surfactants
in a thin liquid interlayer. In this case the non-DLVO forces are
mainly determined by the character of the interaction between
polymers (long-chain surfactants) and the surfaces of particles
separated by the liquid interlayers. Theoretical analysis of the
forces arising in such systems involves consideration of three
different cases, namely, reversible and irreversible adsorption
of polymers on particles and the `no adsorption' case.

Determination of the magnitude, sign and action range of
forces requires the inclusion of (i) character of the polymer ±
solvent interaction, which is determined by the Flory ±Hug-
gins interaction parameter; (ii) degree of surface coverage with
the polymer, (iii) evaluation of the proportion of polymer
segments contacting the surface and the adsorption energy per
segment and (iv) estimation of the thickness of the adsorption
layer and the concentration of the polymer in solution. Finally,
the size ratio of colloidal particles to polymer molecules should
also be taken into account.

De Gennes 156 and Fleer et al.157 proposed models that
describe the interaction between large particles coated with a
polymer irreversibly adsorbed from solution. The approach by
de Gennes is based on scaling theory methods, being restricted
to the case where the polymer occupies a fraction of the
available adsorption sites on the surface of a particle and the
adsorption energy of each polymer chain is high. The second
approach uses the self-consistent field theory and is not
restricted to low adsorptions. Both methods are applicable to
the case where the phases confining the interlayer approach
each other rapidly compared to the rate of establishment of the
adsorption equilibrium on the surface but slowly compared to
the rate of establishment of the conformational equilibrium in
the adlayer. Various types of forces can appear in this case. At
low polymer concentrations in a good solvent, bringing the
surfaces closer together at constant surface coverages with the
polymer causes the appearance of repulsive forces that
decrease in proportion to the inverse cube of the separation
between the surfaces (the interlayer thickness should be com-

parable with the doubled thickness of the adsorption layer).158

At high polymer concentrations or under chemisorption con-
ditions, the interaction between surfaces will have another
character. An increase in the polymer concentration in solution
leads to an increase in the interface coverage and to formation
of brush structures (polymer molecules are arranged normal to
the interface) under chemisorption conditions. In the latter
case the elastic energy of the initially stretched chains in the
brush structures decreases as the interlayer thickness decreases.
This provides a negative contribution to the disjoining pressure
in the film (attraction), which decreases in proportion to h3/4.
In addition, the osmosis contribution, which includes the
change in the entropy of mixing and solvation energy of the
polymer segments, and steric effects due to limitation of the
number of possible conformations of the polymer molecules
confined within the thin interlayer cause the appearance of
repulsive forces that increase in proportion to h79/4 as the
interlayer thickness decreases. Thus, the sign of the resultant
force is determined by competition of the factors mentioned
above and the interlayer thickness normalised to the thickness
of the adlayer.158 Numerous experimental data (see, e.g., Refs
159 ± 161) revealed the key role of the steric factor.

It should be noted that the idea of elastic repulsion between
the surfactant and polymer adsorption layers was proposed by
Rehbinder 162 in discussion of the effect of surfactants and
polymers on the stability of colloids long before elaboration of
theories of steric stabilisation. Recently, Huang and Rucken-
stein 163 showed that changes in the polymer concentration
over a wide range can induce a sequence of (re)stabilisation ±
destabilisation processes. For instance, on the one hand, a
considerable increase in the polymer concentration causes an
increase in adsorption of the polymer on the surface of particles
and thus increases steric repulsion between them. On the other
hand, it induces aggregation of the polymer in solution result-
ing in the appearance of attractive forces due to depletion
forces (see below).

As to reversibly adsorbable polymers (usually, homopoly-
mers), both theories, by Fleer 157 and by de Gennes,156 predict
attraction of the surfaces owing to bridging bonding through
polymer molecules under equilibrium approach and free
desorption of the polymer from the interface.

The effect of non-adsorbable polymers on the interaction
between flat plates and spherical particles has been a subject of
extensive research (see, e.g., Refs 164 ± 174). In this case, the
sign and magnitude of the interaction depend on the thickness
of the liquid interlayer, the shape of particles, the charge state
of polymermolecules and the ratio of the gyration radius of the
polymer to the radius of the colloidal particle. For instance, if
macroscopic surfaces immersed in a liquid approach each
other and the interlayer thickness is smaller than the length of
a free polymer molecule, the concentration of the polymer in
the interlayer decreases compared to its concentration in the
bulk phase.165 ± 168 The osmotic pressure produced in this case
causes the appearance of attractive forces (the so-called `deple-
tion forces'). These forces considerably increase (i) as the
polymer concentration increases,165, 167 ± 168 (ii) on going from
spherical polymer molecules to polymer chains or asymmet-
rical molecules,165, 166 (iii) in the case of charged polymer
molecules 166, 168 and (iv) if the particle ± solution interface is
covered with an adlayer of a polymer having a higher mole-
cular mass compared to that of the free polymer.167 Contrary
to this, for thick interlayers bringing the surfaces closer
together leads to an increase in the concentration of free
polymer in the interlayer due to displacement of the solvent,
which in turn causes the appearance of repulsive forces.167, 168

It should be noted that the repulsive forces at thick interlayers
are always weaker than attractive forces at thin interlayers.
Nevertheless, an increase in long-range repulsion with an
increase in the concentration of a charged polymer at polymer
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concentrations >1 vol.% favours stabilisation of suspen-
sions.168

The methods and approaches mentioned above are appli-
cable to macroscopic colloidal particles. The interaction of
small (compared to the gyration radius of the polymer)
particles was also studied. 169 ± 171 The polymer was treated as
an ensemble of monomer units involved in manybody inter-
actions. If the particle size is comparable with the gyration
radius of the polymer, the theoretical analysis of the inter-
actions in question is much more complicated.172 ± 174 For
instance, Tuinier and Fleer 173 used the notion `depletion
thickness' in the framework of the mean-field theory and
derived an analytical expression for calculating the potential
of depletion forces acting between two disperse particles. This
method was also used 174 in a study of the effect of the polymer
chain length, bulk concentration and solubility on the polymer
segment distribution density across the liquid interlayer and on
themagnitude of the depletion forces. It was pointed out that if
the disperse particles, polymer molecules and the correlation
length in the polymer solution are comparable, the actual
magnitudes of depletion forces much exceed those reported in
the literature.165 ± 168 Thus, for nanodispersions the destabilis-
ing role of depletion forces is much more significant than for
microdisperse systems.

Summing up, it should be noted that poor understanding of
all specific features of the interactions between disperse par-
ticles in solutions of polymers or long-chain molecules is to a
great extent due to a non-equilibrium character of the
approach of the surfaces of particles in polymer solutions.

IX. Conclusion

Usually, the classical DLVO theory permits reliable calcula-
tions of the destabilising effects of electrolytes in classical
colloidal and disperse systems characterised by a particle size
of 100 nm and more and weak particle ± dispersion medium
interaction.

However, modern nanotechnology deals with much more
complex objects. The use of nanocolloidal and nanodisperse
systems comprising solid (or liquid) particles comparable in
size with not only the Debye screening length, but also the
thickness of the liquid interlayer between them requires the
introduction of significant corrections for the curvature of the
particle surfaces in calculations of the van of der Waals and
ionic electrostatic interactions and simultaneous inclusion of
the specific features of the charge distributions along the
surface of particles and across the interlayer separating them.

One of the key problems in nanotechnology is reliable
manipulation of the size and properties of the surface of
nanoparticles. This involves the use of multicomponent dis-
persion media characterised by strong interaction between
particles and the medium (when it possesses lyophilic or
lyophobic properties). This significantly reduces the efficiency
of the classical theory in prediction and control of the stability
of complex nanocolloidal and nanodisperse systems.

The author hopes that this review of modern theoretical
approaches to calculations of surface forces of different nature
acting in nanoscale liquid interlayers will help researchers and
nanotechnologists to reasonably choose procedures for, and
regimes of, treatment of systems containing nanoobjects in
order to attain the desired results.
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This issue is devoted to the 50th anniversary of the Siberian
Branch of the Russian Academy of Sciences the foundation of
which was an outstanding event in the history of Russian
science. The intensive exploration of Siberia including mineral
resources and development of industry and agriculture, which
started in the 1950s and was preceded by evacuation of many
factories and scientific institutions from the USSR central
regions to Siberia during the World War II, brought about
numerous problems to be solved by Russian science. This
required creation of an adequate scientific potential of Siberia.
Outstanding scientists, Academicians M A Lavrentiev and
S A Khristianovich proposed the foundation of a new scien-
tific centre in Siberia. The government supported this proposal
and on May 18, 1957, the USSR Council of Ministers estab-
lished the Siberian Branch of the USSR Academy of Sciences,
which was the first regional Branch of the Academy. The
Siberian Branch comprised the already existingWest-Siberian,
East-Siberian, Yakutia andFar Eastern (remained a part of the
Siberian Branch of the USSRAcademy of Sciences up to 1970)
subsidiaries of the USSR Academy of Sciences.

From the very beginning, the activity of the Siberian
Branch (SB) was based on advanced principles, which have
not still lost their value. These include interdisciplinary funda-
mental research, integration of science and education and
development of the required infrastructure for the practical
implementation of scientific achievements, the famous
`Lavrentiev triangle'.

As soon as the first year of existence of the SB of the USSR
Academy of Sciences, it was decided to establish a number of
chemistry-oriented institutes in Siberia, namely, the Institute of
Chemical Kinetics and Combustion, the Institute of Inorganic
Chemistry and the Institute of Organic Chemistry in Irkutsk.
However, the first chemistry-oriented Institute of the Academy
appeared in Siberia back during World War II (in 1943). This
was the Chemicometallurgical Institute founded in Novosi-
birsk, together with four other Institutes of the Academy
within the bounds of the West-Siberian subsidiary of the
USSR Academy of Sciences. Today, this institute is called the
Institute of Solid State Chemistry and Mechanochemistry of
the SB RAS and is among the eleven actively functioning
chemical institutes of the Siberian Branch of the RAS, six of
which are located in the Novosibirsk Akademgorodok and
refer to theNovosibirsk Scientific Centre of the SBRAS. These
are the Joint Institute of Catalysis comprising the G K Bor-
eskov Institute of Catalysis, St Petersburg and Volgograd
Branches of the Institute, and the Institute of Problems of
Hydrocarbon Processing; the A V Nikolaev Institute of Inor-
ganic Chemistry, the N N Vorozhtsov Novosibirsk Institute
of Organic Chemistry, the Institute of Chemical Kinetics and
Combustion, the International Tomography Centre, and the
above-mentioned Institute of Solid State Chemistry and
Mechanochemistry. The rest are parts of other scientific
centres of the SB RAS, namely, the Irkutsk (A E Favorsky
Irkutsk Institute of Chemistry), Krasnoyarsk (Institute of
Chemistry and Chemical Technology), Tomsk (Institute of

Oil Chemistry) and Omsk centres (Institute of Problems of
Hydrocarbon Processing); the most recently founded Institute
for Problems of Chemical and Energetic Technologies is
situated in Biysk.

The largest one is the Institute of Catalysis whose staff
counts almost 1000. The Institute is a leader in the research of
catalytic processes. The works of its founder and the first
Director, Academician G K Boreskov, and his school are
known all over the world. Boreskov's rule of approximate
invariability of the specific catalytic activity of chemicals with
invariable chemical and phase composition has underlain the
modern theory of heterogeneous catalysis. The Institute's
works on mathematical modelling of catalytic processes and
development of the strategy for switching from laboratory
studies to industrial scale production changed fundamentally
the approach to the design of catalytic reactors and prompted
the ways for increasing the efficiency of existing industrial
processes. A large contribution to the development of physical
methods for investigation of catalysts and elaboration of non-
traditional ways for performing catalytic reactions was made
by Academicians K I Zamaraev and V N Parmon and their
co-workers. In particular, they determined the structure of
numerous active catalytic sites, developed the methods for
stimulation of catalytic processes with light or ionising radia-
tion. Among recent, practically valuable achievements of the
Institute of Catalysis, mention should be made of the develop-
ment of highly efficient titanium±magnesium catalysts for the
preparation of a superstrength polymer: ultrahigh-molecular-
mass polyethylene. A priority trend in the Institute's activity is
the development of environment-oriented processes, in partic-
ular, numerous catalytic processes for detoxification of wastes
from industry, power engineering and transport.

The history of foundation and development of the Institute
of Chemical Kinetics and Combustion (ICKC) is tightly
connected with the names of Academician V V Voevodsky, a
founder of chemical radiospectroscopy in the USSR, and first
Director of the Institute, CorrespondingMember of the USSR
Academy of Sciences A A Koval'sky. Chemical radiospectro-
scopy and related studies of the magnetic interactions of
molecules, the effect of magnetic field on chemical reactions
and the synthesis of stable radicals and molecular magnets are
essential priority lines in the research of this Institute. Under
direction of Academician Yu D Tsvetkov, the first USSR and
European electron spin echo spectrometer specially adapted
for investigation of paramagnetic crystals at cryogenic tem-
peratures was devised at the ICKC in 1965. Newmodifications
of the electron spin echo spectroscopy designed and developed
at the Institute allow one to study the motion of spin-labelled
lipid molecules in biological membranes, the permeability of
these membranes, to determine protein conformations and to
study electron transfer at the photosynthesis centres. Quantum
beats spectroscopy in recombination fluorescence was also
developed at the ICKC. This method allows one to study
superfast processes in radical ion pairs taking place in solutions
over billionth of a second. The works dealing with spin
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chemistry carried out at the Institute under the supervision of
Academicians Yu N Molin and R Z Sagdeev have gained
broad recognition. Studies of the combustion processes in
gases and combustion of energetic materials is yet another
important scientific trend in the activity of the ICKC. Of
special note are works dealing with filtration combustion of
gases. In addition, the mechanisms of photochemical reactions
and the reactivity of active intermediate species are studied at
the Institute. Using a laser on free electrons designed at the
G I Budker Institute of Nuclear Physics of the SB RAS, an
original method for the investigation of biological macro-
molecules using terahertz radiation, which does not destroy
large molecules, has been developed.

A number of international scientific centres were organised
at the base of the Siberian Branch institutes that occupy
leading positions in their field of science. One of these centres,
the International Tomography Centre (ITC), was founded in
1996 under initiative of Academician R Z Sagdeev in cooper-
ation with the Bruker group of companies. The key lines of
research of the ITC include the theory of chemical bond, the
reactivity of chemical compounds, themechanisms of chemical
reactions; magnetic phenomena in chemistry and medicine,
spin and exchange phenomena, in particular, those in multi-
spin coordination compounds; diagnostic NMR imaging and
NMR microtomography for physicochemical applications.
The unique 3DMYURprocedure developed at the ITC allows
visualisation of the peristaltic motion dynamics of free fluid
along the hollow biostructures and direct estimation of the
physiological rhythm parameters. The development of new
contrasting means based on stable aminoxyl radicals for
magnetic resonance imaging (MRI) of living organisms is in
progress. Magnetic resonance imaging is widely used for
chemical investigations, as it makes it possible to study the
internal structure and behaviour of samples without their
destruction. The method has been successfully used for in situ
studies of mass transfer within porous materials and also for
studies of gas and liquid structure. Using aminoxyl radicals
and paramagnetic metal ions, the researchers of the ITC were
able to prepare heterospin coordination compounds, which
represent a new type of molecular magnets. Pioneering studies
on the design of layered polymeric and framework structures
were carried out at the ITC. A new in principle class of objects
was discovered, the so-called breathing crystals, which tend to
change their volume unusually strongly around magnetic
transitions upon temperature variation.

A key trend in the activity of the A V Nikolaev Institute of
Inorganic Chemistry (NIIC) is the physicochemical research of
materials for electronics. A research group of the Institute
headed by Academician F A Kuznetsov carried out a large
series of works in this field, in particular, they developed the
strategy of chemical vapour deposition, which is among the
techniques most widely used in industry for themanufacture of
microelectronic devices. Yet another important project of the
Institute is the development of a crystal growth process for
laser technology by the Chokhralsky low-gradient method.
A new trend in the NIIC activity is supramolecular chemistry
concerned with large molecular arrays self-assembled from
geometrically and chemically complementary fragments. Typ-
ical examples of supramolecular compounds are `host ± guest'
complexes. These complexes are studied at the Institute, in
particular, transition metal complexes incorporated into a
hydrophobic cavity of large molecular containers, cucurbitur-
ils. It was shown experimentally that the molecules that get in
the cavity of such a molecular container can change essentially
their physicochemical properties. This method can be used to
prepare complexes containing metals in unusual oxidation
states with unique reactivity. At the Institute, a method has
been developed and a table-top spectrometer NMR-micro has
been designed for nanosystem porometry and for studying the

dynamics of nanoliquids under quantum constraint conditions
and the properties of the mobile subsystem in ultrathin
channels of nanoporous items and heterostructures. Using
this method and quantum chemistry methods, the trigger
properties of metal nanoclusters, proton and superionic con-
ductors, superconducting systems, nanoporous crystals of the
natural zeolite family were studied.

All research trends at the Novosibirsk Institute of Organic
Chemistry (NIOC) are associated with the name of its founder,
Academician N N Vorozhtsov, a prominent scientist in the
chemistry and technology of aromatic compounds, organic
intermediates and dyes. He and his followers developed the
synthetic chemistry of aromatic compounds, a general
approach to the preparation of polyfluorinated aromatic
compounds starting from available polychlorinated analogues.
One more line of research initiated by N N Vorozhtsov was
concerned with themechanisms of most important reactions of
aromatic compounds and the structures and properties of
carbocations. This subject was further developed in Academi-
cian V A Koptyug's studies. The series of studies dealing with
carbocations carried out under his supervision was awarded in
1990 the Lenin prize, the most prestigious prize in the USSR.
Since Siberian flora is a source of an enormous number of
biologically active compounds, N N Vorozhtsov established
the Laboratory of Natural Physiologically Active Compounds
at the Institute. This research started by Professors
V A Pentegova and V A Barkhash was successfully continued
by Academician G A Tolstikov. Currently, target-directed
synthesis of drugs and modification of plant metabolites form
an important field of investigations carried out at theNIOC. In
particular, Academician G A Tolstikov supervised the syn-
thesis of new derivatives of betulonic acid, which was syn-
thesised from betulin extracted from the birch bark. Many
amides and peptides of betulonic acid are active inhibitors of
tumour cell growth. Studies on transformation of readily
available plant di- and triterpenoids and diterpene isoquinoline
alkaloids aimed at the elaboration of promising antiviral,
anaesthetic, cardiostimulating and antitumour drugs are car-
ried out at the Institute.

The main field of research carried out at the Institute of
Solid State Chemistry and Mechanochemistry (ISSCM) is
related to solid-phase transformations. Academician V V Bol-
dyrev and co-workers elucidated the influence of defects in a
solid on the mechanism and the rate of solid-phase trans-
formations. By selecting the methods for the production and
pretreatment of solids, they succeeded in carrying out many
solid-phase processes not only absolutely without wastes, but
also with a considerable decrease in the number of stages and
the time of the processing cycle. Among the most recent
ISSCM studies, one can mention those of nanoparticle for-
mation upon explosion carried out in cooperation with the
G I Budker Institute of Nuclear Physics and theM A Lavren-
tiev Institute of Hydrodynamics of the SBRAS in the real-time
mode using synchrotron radiation. These studies provided a
deeper insight into the nature of fast processes and ensured the
development of a number of explosion-based industrial proc-
esses, in particular, controlled synthesis of nanodiamonds.

TheA E Favorsky Irkutsk Institute of Chemistry of the SB
RAS (IrIC) is among the most prominent Russian centres for
fundamental research in organic and organoelement
chemistry. A leadingRussian scientific school, which continues
the tradition of the great Russian organic chemist
A E Favorsky, has formed at the Institute. The research
carried out at the Institute from the day it was founded has
been mainly concerned with acetylene and complex organic
and organoelement molecules synthesised based on acetylene.
The chemistry of organic compounds of silicon with unusual
valence represents yet another leading research trend of
the Institute. Under the supervision of Academician
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M G Voronkov, compounds with pentacoordinated silicon,
the so-called silatranes, were prepared at the IrIC. Many new
chemical reactions were discovered, the best known being the
reaction of ketoximes with acetylene discovered by Academi-
cian B A Trofimov. This reaction gives rise to pyrroles, key
fragments of important life-supporting metal complex systems
(chlorophyll and haemoglobin) and has been included into
monographs and handbooks as the Trofimov reaction.
Numerous drugs, environmentally safe pesticides, plant
growth regulators, polymers, fragrances, sorbents, comp-
lexones and metal and pollutant extractants, corrosion inhib-
itors, fuel and oil additives, new-generation materials for
microelectronics and lithium batteries and energetic com-
pounds for rocket propellants were developed at the Institute.
Among new pharmacological agents prepared by Irkutsk
chemists, mention should be made of Acyzole, which possesses
antidote properties with respect to carbon monoxide, Coba-
zole, which actively stimulates haemogenesis, and Anavidin, a
new-generation antiseptic and disinfectant. A new highly
efficient antituberculosis agent Perchlozon active with respect
to mycobacteria that are stable against standard antitubercu-
lous drugs is under clinical trials.

The setting of research of Siberian chemical institutes have
always included a regional component. First of all, this implies
systematic studies into the composition of diversified fossil and
renewable raw materials and development of the methods for
reasonable use of these resources, in particular, development of
environmentally safe methods for their processing. The Insti-
tute of Chemistry and Chemical Technology of the SB RAS
(ICCT) has accumulated highly valuable experience in the
processing of plant biomass to produce various target prod-
ucts; in particular, methods for the production ofmicrocrystal-
line cellulose from wood wastes were developed. The Institute
contributed significantly to the development of the theory of
structure of the surface and near-surface layers of minerals, in
particular, those formed on sulfides in chemical and electro-
chemical reactions. On the basis of microscopic cenospheres
present in the ash from carbon-based heat electric generation
plants, microspherical zeolite sorbents, encapsulated inorganic
ion-exchange materials and organic extractants for purifica-
tion of liquid radioactive wastes of nuclear plants and waste
waters of hydrometallurgical plants from radionuclides and
nonferrous and noble metal ions were developed.

The Institute of Problems of Hydrocarbon Processing
(recently, this was the Omsk Branch of the Institute of
Catalysis of the SB RAS), together with the Institute of
Catalysis were engaged in a highly important State innovation
project in 2003 ± 2006 and thus developed (and prepared for
commercialisation) new catalysts for two important oil
refining processes, namely, cracking and reforming; engine
fuel production at Russian plants was successfully upgraded.

The Institute of Petroleum Chemistry of the SB RAS
carries out extensive fundamental and applied studies directed
at the creation of new science-intensive, environmentally safe,
energy-saving processes for enhanced oil refining. Large-scale
industrial use of these processes would extend the period of
commercial production from fields at later stages of develop-
ment and start the development of fields with oil reserves which
are difficult to refine, in particular, with high-viscosity oils.
The development and perfection of physicochemical, hydro-
dynamic, steam and microbiological methods for reservoir
development and integrated processes that combine these
ways of stimulation are in progress.

An essential contribution to the production of new highly
energetic substances was made by one of the youngest Insti-
tutes of the SB RAS, the Institute for Problems of Chemical
and Energetic Technologies, founded in 2001 by the Siberian
Branch in close cooperation with the Federal State Unitary
Enterprise `Altay' in order to pursue the fundamental and

applied studies in the development and use of energetic com-
pounds, development of the methods of fine organic synthesis,
and manufacture of new materials. An achievement of the
Institute is the design of new high-enthalpy polymers and other
components of rocket propellants with the record-breaking
characteristics accomplished by Academician G V Sakovich.

When considering the chemistry-related studies carried out
at the Siberian Branch of the RAS, it should be noted that they
are far from being limited to the above-listed chemical insti-
tutes. For example, extensive advanced studies in bioorganic
chemistry and physicochemical biology are carried out at the
Institute of Chemical Biology and Fundamental Medicine
(formerly, this was the Institute of Bioorganic Chemistry
formed from a department of the Novosibirsk Institute of
Organic Chemistry) and also in a number of other biological
institutes.

The works on the design of new materials including nano-
materials and nanotechnologies are carried out at physical
institutes. At some institutes of the SB RAS, research into the
chemical essence of natural phenomena and objects is actively
carried out (chemistry of atmosphere, geochemistry, etc.).
Noteworthy are very promising studies of gas hydrates in
permafrost zones and aquatic areas representing inexhaustible
reserves of methane and physicochemical and analytical
studies dealing with Baikal.

Finally, institutes of different disciplines make a great
contribution to the development of new instruments and
procedures and their adapting to the investigation of chemical
processes and materials, as was mentioned above.

The principles of work of the Siberian Branch established
by its founders allowed the Branch to survive during the hard
years of perestroika and to adapt to work under market.
The high level and the integrated character of fundamental
research allow the Institutes to compete for, and win grants
from, Russian and foreign funds and to award contracts with
leading foreign companies. The system of training of scientific
staff in the SB RAS ensures preservation of the scientific
potential of the Branch at a high level, and the engineering
design and pilot departments established at the institutes allow
one to bring the scientific results to the level required for
commercialisation, thus opening the way for new science-
intensive industrial processes and attraction of investments.
An important achievement of the SB RAS is the active
functioning of world-level scientific schools. The works of
scientists of the Branch have been repeatedly rewarded with
prestigious prizes, prizes of the RF government and the
Russian Academy of Sciences. Many scientists of the SB RAS
are international prize winners, members of foreign Academies
and international scientific associations.

This issue of the journal composed with significant partic-
ipation of Professor V P Fedin includes reviews prepared by
senior researchers of the chemical institutes of the SB RAS. Of
course, this covers only a minor portion of results of studies
carried out at these institutes. The subsequent issues of the
journal would continue to acquaint the readers with the
scientific results obtained by chemists of the Siberian Branch
of the RAS.

Academician V N Parmon
Chairman of the Joint Academic Council

on Chemical Sciences of the SB RAS
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Abstract. Possible fields of application of the phenomenon ofPossible fields of application of the phenomenon of
quantum beats in spin-correlated radical pairs in studies of thequantum beats in spin-correlated radical pairs in studies of the
properties of short-lived radicals (lifetimes of up to a fewproperties of short-lived radicals (lifetimes of up to a few
nanoseconds) in liquid solutions are considered. The theoret-nanoseconds) in liquid solutions are considered. The theoret-
ical approaches to the description of this phenomenon andical approaches to the description of this phenomenon and
modern experimental data are analysed. The bibliographymodern experimental data are analysed. The bibliography
includes 82 referencesincludes 82 references.

I. Introduction

Shortly after the discovery of chemically induced dynamic
nuclear polarisation (CIDNP) in the late 1960s it was estab-
lished that the course of radical reactions in solutions may be
affected by external magnetic fields, resonance microwave
radiation and hyperfine interactions (magnetic isotope effect).
The new field of research on the effects of electron and nuclear
spin dynamics on elementary chemical reactions is for brevity
called `spin chemistry' or `dynamic spin chemistry'. Recent
advantages, research potential and specific features of this field
of chemical science have been well documented (see mono-
graphs 1 ± 4 and reviews 5 ± 21).

Most phenomena studied by spin chemistry are due to
dynamic (not associated with paramagnetic relaxation) tran-
sitions between different states of electron spins in a radical
pair (RP) emerged in a coherent (singlet or triplet) spin state.
Corresponding methods of investigation also employ this
feature. These dynamic transitions, or quantum beats, are
similar to quantum beats in other systems, which allows spin
chemistry to be considered as a `companion' to yet another new
avenue of research, namely, femtochemistry, and to some
spectroscopic methods of investigations that also utilise quan-
tum interference. In both spin chemistry and femtochemistry
the quantum beats in the populations of reactant states
modulate the yield of reaction products. To describe these

phenomena, one should allow for the oscillation phase of the
wave function. This unusual, for chemistry, feature offers
basically new opportunities for control of chemical reactions
through variation of the phase relations in the wave packet by
varying external factors. In addition, frequency analysis of
quantum beats provides information on the properties of
reacting species and offers new horizons for experimentalists.

Most experimental approaches used in spin chemistry
involve analysis of time-average manifestations of the spin
evolution in RPs. A typical example is provided by measure-
ments of the magnetic field effect (dependence of the yield of
final products of radical reactions on the magnetic field
strength). The magnetic field affects positions of electron-spin
energy levels and, as a consequence, the evolution of the spin
state of the RP. Since the reaction is spin selective, the yield of
reaction products changes with the magnetic field strength.
The change in the product yield is thus an integrated `finger-
print' of the temporal evolution of the spin state in the RP.

Development of pulsed methods of generation of radical
pairs and relevant detection instruments with nanosecond
temporal resolution permitted real-time monitoring of mani-
festations of quantum oscillations of the spin state in RP. In
this review we will consider methods of detection of quantum
beats based on recombination luminescence of RPs and the
results of recent studies obtained by these techniques.

II. The nature and detection of quantum beats
in radical pairs

1. A qualitative model
Dynamic singlet ± triplet transitions in spin-correlated RPs are
related to the quantum nature of electron spins. Spin-corre-
lated pairs are produced upon rupture of chemical bonds or
after ionisation of molecules. The total spin of the unpaired
electrons remains unchanged, which means that the state
(singlet or triplet) of a radical pair is the same as that of its
precursor.

Quantum beats are due to the fact that the singlet and
triplet states of RP are superpositions of several stationary
states. In turn, this is due to the spin ± orbit and hyperfine
couplings in radicals. Quantum beats occur in any system
whose states are coherent superpositions of stationary
states.22, 23 In the simplest case the initial state of a quantum
system

jC(0)i= cajai+ cbjbi,
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is a superposition of two vectors of the stationary states jai and
jbi of the system with the energies Ea and Eb, respectively (ca
and cb are constants). At arbitrary instant t>0, the state of the
system is described by the vector

jC(t)i= cajaie7iat+ cbjbie7ibt, (1)

where a=Ea/�h, b=Eb/�h. Let x be the operator of an observ-
able quantity and let x have no explicit dependence on time.
The average value of x in the state (1) is given by

hx�t�i= 

C(t)jxjC(t)

�
= (2)

= jcaj2xaa+ jcbj2xbb+2jc�acbxabj cos[(a7b)t+j].

The first two terms in the right side of Eqn (2) are the
weight-average of x and the last term is the cross-term
modulated by the frequency of the transition between the
states a and b (here j is the relative phase of the complex
coefficients ca and cb). If the initial state is composed of more
than two vectors of stationary states, the average value of the
physical quantity is modulated by several frequencies.

The simplest example of quantum beats in a radical pair is
provided by two noninteracting radicals differing in their
isotropic g-factors. The energies of the stationary states of the
pair in a strong magnetic field are shown in Fig. 1. Two states
of the pair, with the energiesE1 andE4, are the triplet states T+

and T7, whereas the other two states with the energies E2 and
E3 are mixed states composed of the spin states S and T0 taken
with equal weights. This means that emergence of a radical pair
in, e.g., the singlet state will cause coherent population of two
energy levels, E2 and E3. This will be accompanied by the onset
of singlet ± triplet oscillations at the frequency

o � bB
�h
�g1 ÿ g2�,

corresponding to the difference E2 and E3. If isotropic hyper-
fine couplings (HFC) occur in the radicals, the oscillation
frequencies are given by

o � bB
�h
�g1 ÿ g2� �

X
i 1

ai 1mi 1 ÿ
X
i 2

ai 2mi 2 ,

where b is the Bohr magneton, B is the induction of external
magnetic field, g is the g-factor, ai is the constant of HFC with
the ith nucleus, and mi is the projection of the spin of the ith
nucleus on the direction of the magnetic field; the subscripts `1'
and `2' enumerate different radicals in the pair.

The visual pattern of beats in an RP in a constant magnetic
field (magnetic field strength much exceeds the constants of
HFC in the radicals in the pair) is illustrated by the vector

diagram shown in Fig. 2. The pair emerged in the singlet (S)
spin state corresponds to the antiparallel orientation of the
radical spins in the vector diagram (Fig. 2 a). Then, in a strong
magnetic field the spins undergo precession about themagnetic
field direction. However, the spin precession frequencies differ
due to differences between the `internal magnetic fields' owing
to different spin ± orbit and hyperfine interactions in radicals.
As a result, the pair periodically goes to the T0 state in which
the vector sum of the spins differs from zero and is oriented
normal to the magnetic field direction (Fig. 2 b).

2. Quantum beats in recombination luminescence
The possibility of experimental observation of quantum oscil-
lations in RP is due to the fact that the yield of the products of
recombination of the radicals in the pair depends on the total
spin of the radicals at the instant of recombination. This means
that oscillations of the singlet state population of the RP can be
monitored by observing the kinetics of formation of the
product of singlet recombination.

Experiments involving detection of recombination lumi-
nescence of radical ion pairs formed upon the action of a pulse
of ionising radiation on non-polar solutions of electron donors
and acceptors appeared to be the most fruitful for observation
of quantum beats in the spin state of RP. The formation and
recombination of radical ion pairs can be described by the
following scheme:

Solv+
.
+D Solv+D+.

, (4)

e7+A A7.
, (5)

D+
.
+A7.

D+A* hn. (6)

In the first stage (3), irradiation of dilute solutions of electron
donors (D) and acceptors (A) causes ionisation of solvent
molecules (Solv) and formation of a primary RP comprised of
an electron and the solvent hole (Solv+./e7). Since the solvent
molecule was in the singlet spin state before irradiation, the
primary RP emerged upon ionisation is also in the singlet state.

This correlation also holds for the secondary pairs
(D+./A7.) if the rates of reactions (4) and (5) are higher than
the rate of the singlet ± triplet transition. To monitor the spin
state of this pair using recombination luminescence, the
electron donor or acceptor should be a luminophore with a
rather short fluorescence time. Then, recombination (6) of the
singlet radical pair resulting in a singlet-excited product A*
(or D*) will be followed by emission of a fluorescence quan-

Solv (3)Solv+
.
+e7,

ionising radiation

1���
2
p (T0+S ) E2=

1

2
bB(g17g2)

T+ E1=
1

2
bB(g1+ g2)

1���
2
p (T07S ) E3=ÿ 1

2
bB(g17g2)

T7 E4=ÿ 1

2
bB(g1+ g2)

Figure 1. Energy levels of a radical pair comprising radicals with dif-

ferent g-factors in strong magnetic field.

DBloc DBloc

S T0

oST0

a b

Figure 2. Vector diagram illustrating the onset of S7T0 oscillations of

the spin state of a radical pair in strong magnetic field.

Oscillations are due to the Larmor frequency difference between electron

spins in different local magnetic fields.
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tum. As a consequence, the dynamic singlet ± triplet transitions
responsible for the oscillations of the singlet state population
will induce modulation of the kinetics of recombination
fluorescence. The recombination products of triplet pairs
usually show no intense phosphorescence in solution.

Solutions in non-polar solvents are the most convenient
systems for carrying out these experiments. The reasons are as
follows. First, the separation between radical ions in the
primary RPs generated in a non-polar medium is shorter than
the Onsager radius. Therefore, they mainly recombine in a
geminate fashion, i.e., with the spin-correlated partners. Sec-
ond, the solvation energy of the recombining radical ions in the
non-polar medium is minimum, which favours the release of
energy sufficient for recombination luminescence.24 In addi-
tion, recombination immediately follows the first collision
between radical ions irrespective of their spin state due to
strong Coulomb attraction. Therefore, the effects of secondary
collisions almost do not manifest themselves,1 and the rate of
formation of the singlet-excited products of recombination (6)
can be represented by the product of the recombination rate to
the singlet state population of the RP. This essentially sim-
plifies the analysis of the kinetics of recombination lumines-
cence in order to detect the quantum beats due to the
singlet ± triplet transitions in the spin state of the RP. Finally,
the partners emerge and spend most time at a long distance
from each other. Under these conditions the effect of the
dipole ± dipole and exchange interactions between partners
can be ignored, which also essentially simplifies the theoretical
description of the spin evolution in radical pairs.

3. Methods and instruments
Advances in detection of quantum beats were to a great extent
due to the use of the single photon counting technique 25 for
detection of recombination fluorescence. The method permits
detection of fluorescence with high temporal resolution in high
dynamic range of intensities (>105). Quantum beats are
detected using radioactive sources of fast elec-
trons 13, 14, 17, 26 ± 48 and controllable sources of ionising radia-
tion,13, 14, 17, 41, 49 ± 66 the latter providing a much higher
performance of experimental installations.

At rather short excited-state lifetimes of recombination
products, the experimental procedures involving detection of
recombination fluorescence in fact detect the derivative of the
accumulation kinetics of the product of the spin-dependent
reaction. This improves the detection of quantum beats. An
analogy is provided by radiospectroscopy. Namely, going to
phase-sensitive detection (here, the derivative of the signal is
recorded) provides enhanced resolution and improves the
signal-to-noise ratio. Clearly, relevant mathematical process-
ing of the data obtained by other methods will also allow
quantum beats in reactions of spin-correlated RPs to be
observed. Analysis of the temporal dependence of the fluo-
rescence intensity ratio in nonzero and in zero magnetic field
rather than the kinetics of recombination fluorescence offers
additional advantages in the interpretation of experimental
results (see below). This ratio was called the time-resolved
magnetic field effect (TRMFE).

As an example of experimental setup for TRMFE studies,
Figure 3 presents a block diagram of an X-ray fluorimeter
designed at the same Institute, Siberian Branch of the Russian
Academy of Sciences. This instrument was used to obtain
many of the results discussed below. The electron gun was also
designed at the Institute of Chemical Kinetics and Combus-
tion, Siberian Branch of the Russian Academy of Sciences and
is used to generate X-ray pulses in the *20 keV energy range.
X-Ray radiation incident on the sample placed between the
poles of an electromagnet causes fluorescence, which passes
through the light guide and light filter to the photomultiplier

and the fluorescence detection unit. The fluorimeter makes it
possible to detect the kinetics of radiofluorescence on the time
scale from 10 to 104 ns at the magnetic field induction ranging
from 0 to 1.1 T and provides temperature stabilization in the
223 ± 353 K range.

4. First observations of quantum beats
Quantum beats due to hyperfine coupling were first observed
by Klein and Voltz 26, 27 in 1976 and independently by Brockle-
hurst.28, 29 Klein and Voltz 26, 27 measured the kinetics of
recombination fluorescence induced by irradiating a cyclo-
hexane solution of a dye [2,5-bis(4-butylphenyl)-1,3,4-oxadi-
azole, bPPD] with fast electrons in magnetic field by the single
photon counting technique at times up to 700 ns. Having
plotted the TRMFE curve, the authors revealed a kink. The
nonmonotonic character of the TRMFE curve was associated
with magnetic-field-dependent singlet ± triplet transitions in
the secondary radical ion pairs bPPD+./bPPD7.. These tran-
sitions determine the multiplicity of the RP at the instant of
recombination and, as a consequence, the multiplicity of the
recombination product, i.e., an excited bPPD molecule. As a
result, fluorescence due to emission of singlet-excited mole-
cules of this dye is modulated, the modulation frequencies
being equal to the singlet ± triplet transition frequencies.

Brocklehurst reported similar experiments with other
luminophores (p-terphenyl and biphenyl) in various non-
polar solvents.28, 29 Researchers from both groups used radi-
cals with complex hyperfine structures characterised by a
number of different HFC constants. As a result the TRMFE
curves exhibited a single peak of oscillations (Fig. 4), thus
providing a little information on the phenomenon under
study.11 The authors of the pioneering and subsequent studies
(see a review 11) clearly demonstrated the possibility of obser-
vation of the spin evolution in RPs using the TRMFE
technique.

Studies reported by Anisimov et al.30, 31 in 1983 gave a new
impetus to the development of the method of quantum beats in
recombination fluorescence. Anisimov et al. observed a num-
ber of quantum beat peaks in the kinetics of recombination
luminescence of the solutions of tetramethylethylene

9
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2
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740 kV
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Figure 3. Blok diagram of a nanosecond X-ray fluorimeter.49

Synchronisation and control unit (1), electron gun (2), fluorescence

detection unit (3), converter of time intervals (4), multichannel analy-

ser (5) coupled with a computer (6), magnetic field and temperature

control unit (7), light guide (8), electromagnet (9), and sample (10).
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(2,3-dimethylbut-2-ene) and p-terphenyl-d14 in trans-decalin,
cis-decalin, squalane and pentadecane in strong (Fig. 5) and
zero magnetic field.

Tetramethylethylene chosen as hole scavenger forms a
radical cation containing twelve equivalent protons. There-
fore, the pattern of quantum beats in a strong magnetic field is
formed by oscillations with the multiple frequencies and looks
quite simple. Similar results were obtained 30, 31 in studies of a
solution of durene (its radical cation also contains twelve
equivalent protons) and p-terphenyl-d14 in trans-decalin.
Both the shape and period of oscillations corresponded to the
theoretically predicted ones, but the amplitude of beats
observed in the experiments was much smaller than it follows
from theory.

Researchers from this group also detected quantum beats
due to the g-factor differences between radicals in the solutions
of diphenyl sulfide-d10 and p-terphenyl-d14 in various solvents
(Fig. 6).32, 33, 35 ± 38

The (diphenyl sulfide-d10)+
. and (p-terphenyl-d14)7

. radi-
cal ions produced in such solutions are characterised by
negligible HFC constants and significantly different g-factors.
The amplitude of beats was found to be much larger compared
to the results of the earlier studies.30, 31 In this case the
frequency of beats is proportional to the induction of external
magnetic field.

III. Theory of quantum beats in recombination
luminescence of spin-correlated radical ion pairs

Theory of quantum beats in the spin states of radical pairs has
beenwell developed for isotropicHFC.2No analytical solution
for the general case of arbitrary magnitudes of HFC constants
and magnetic fields is available. However, most of experimen-
tal data can be approximately described using analytical
solutions derived for some particular cases. These analytical
results are of paramount value because the computational cost
of the available algorithns of numerical solution to this prob-
lem is very high. This strongly complicates calculations and
makes them of limited use in simulating experimental curves.

The possibility of manifestation of singlet ± triplet transi-
tions in recombination of radical pairs was first reported by
Brocklehurst in 1969.67 He analysed a radiation-chemical
process of geminate recombination of an electron (or radical
anion) with the parent radical cation and assumed that in this
case the S7T transitions in the pair can affect the product ratio
and that these transitions are induced by paramagnetic re-
laxation of electron spins. In the mid-1970s, interest in the
singlet ± triplet evolution in RPs increased after carrying out
the pioneering experiments on observation of recombination
fluorescence.26, 27, 43 At that time, Brocklehurst 44, 68 and Schul-
ten and Wolynes 69 calculated the effect of HFC on the
singlet ± triplet transitions for some particular cases. Further
development of the theory of singlet ± triplet evolution is
associated with the studies by Salikhov, his followers and
colleagues who succeeded in deriving analytical solutions for
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Figure 4. Magnetic field effect (B=100 mT) in recombination fluores-

cence for squalane solutions of p-terphenyl (curves 1 and 2) and p-ter-

phenyl-d14 (curve 3). Solute concentration: 5 mmol litre71 (1 ) and

1 mmol litre71 (2, 3).11
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Figure 5. Quantum beats in recombination fluorescence of tetramethyl-

ethylene and p-terphenyl-d14 solutions in trans-decalin in a magnetic field

of 0.33 T, detected as the ratio of the fluorescence kinetics to the smooth

function F(t) simulating the recombination kinetics (a) and theoretical

curve for the singlet state population of the RP (b).30
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Figure 6. Recombination fluorescence kinetics of a isooctane solution

of mixture of p-terphenyl-d14 (1 mmol litre71) with diphenyl sulfide-d10
(30 mmol litre71) in magnetic field of 0.017 (1), 0.24 (2), 0.48 (3) and

0.96 T (4).36 For clarity, the curves are arbitrarily shifted along the Y axis.
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a broader range of hyperfine interactions (key results were
reported in a monograph 2). Some practically valuable rela-
tionships were derived recently.42, 70 ± 72

A salient feature of radical ion pairs produced in solution
upon the action of a pulse of ionising radiation is that only a
fraction of them is in the spin-correlated singlet state. Theoret-
ical models usually assume that recombination of both corre-
lated and uncorrelated pairs obeys the same kinetic law and
that fluorescence of the excited molecules of recombination
products occurs instantaneously. Then, the experimentally
observed kinetics of the fall-off of recombination fluorescence
intensity I(t) is given by 42, 50, 51

I�t�!F�t�
�
yrss�t� �

1

4
1ÿ y� �

�
.

Here F(t) is the rate of pair recombination, y is the fraction of
singlet-correlated pairs, rss(t) is the temporal dependence of the
singlet state population of the spin-correlated pair, which is
determined by both dynamic spin processes and the spin
relaxation and strongly depends on the strength of the applied
magnetic field. The second term in the square brackets includes
the contribution of the singlet component of spin-uncorrelated
pairs to fluorescence.

As mentioned above, the IB(t)/I0(t) ratio (time-resolved
magnetic field effect) ismore convenient for analysis. This ratio
is independent of the function F(t), being determined only by
the evolution of the spin state.

IB�t�
I0�t�

� yrBss�t� � 1=4�1ÿ y�
yr0ss�t� � 1=4�1ÿ y� (7)

Here the superscripts `B ' and `0' indicate that the system is in
external nonzero and zero magnetic field, respectively. This
simplifies the situation and allows the spectral parameters to be
determined by fitting relation (7) to the experimentally meas-
ured TRMFE using the singlet state populations rss(t) calcu-
lated in the framework of a particular model for hyperfine
coupling in radical ions of the pair.

When calculating the singlet state population rss(t), one
should allow for the fact that the initial spin state of the radical
pair is correlated (sometimes, it is called `entangled' state), i.e.,
the corresponding density matrix cannot be represented as the
product of the densitymatrices of subsystems. This means that,
generally, it is impossible to write the solution as the product of
the functions, each of them corresponding to a single radical.
At the same time the absence of interactions between electron
spins of radicals in the pair, which is characteristic of the
examples considered in this review, simplifies the solution and
it can be written in the form reported by Schulten and
Wolynes,69

rss�t� �
1

4
�
X
i;k

T
�1�
ik �t�T �2�ik �t�, (8)

where i,k={x,y,z}, and the components of the correlation
tensor are

T
�1�
ik �t� �

D
Tre
�
Ŝ1i�t�Ŝ1k�0�

	E
, (9)

T
�2�
ik �t� �

D
Tre
�
Ŝ2i�t�Ŝ2k�0�

	E
.

Here Ŝ�t� are the operators of the electron spins of the radicals
in theHeisenberg representation. The superscripts `1' and `2' in
the tensors and the subscripts `1' and `2' in the spin operators
correspond to different radicals in theRP;Tre denotes the trace
over electron spin variables and the angle brackets denote the
averaging over projections of the magnetic nuclei. Equa-

tion (8) makes it possible to obtain the solution to the problem
of the spin evolution of the RP using the components of the
correlation tensor, each of them depending only on the
Hamiltonian of one radical.

As mentioned above, there is no general analytical solution
for the components of the correlation tensor at arbitrary HFC
in each radical in the RP and arbitrary magnetic field. Now we
will consider some particular cases of isotropic HFC with the
known analytical solutions.

1. One magnetic nucleus or equal HFC constants for all
magnetic nuclei in arbitrary external magnetic field
The results for the case ofHFCwith onemagnetic nucleus were
reported earlier;2, 68 the corresponding expressions written in a
more convenient form 70 are as follows:

Txx � Tyy �
1

2
Re h�t�� �, (10)

Txy � ÿTyx �
1

2
Im h�t�� �,

Tzz �
1

2
g�t�,

where

g�t� � 1ÿ a2

2I� 1

XI
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2Rm� �2

h
1ÿ cos 2Rmt� �

i
,
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4 2I� 1� �
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m�ÿI

h
1�Dm� �eiRmt � 1ÿDm� �eÿiRmt

i
6

6
h
1�Dmÿ1� �eiRmÿ1t � 1ÿDmÿ1� �eÿiRmÿ1t

i
(11)

and

2Rm �
�������������������������������������������������������������������
o2

0 � ao0 2m� 1� � � a2 I� 1

2

� �2
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,

Dm �
o0 � a m� 1=2� �

2Rm

.

In the last two relationships o0 � gbB=�h is the Larmor
precession frequency of electron spin in external field, g is the
g-factor of the radical, b is the Bohr magneton, B is the
magnetic field induction, �h is the Planck constant, a is the
isotropic HFC constant expressed in circular frequency units,
m is the nuclear spin projection on the magnetic field direction
and I is the spin of the magnetic nucleus in the radical.

This result can also be used in the case of a group of nuclei
with equal HFC constants. Here, expressions (10) and (11)
should be averaged over the spin I treated as the total spin of
the magnetic nuclei. The weightPI of each I value can be found
by adding the spins of magnetic nuclei characterised by equal
HFC constants. In particular, for n nuclei with the spin 1/2 (see
Ref. 42) one has

Pn; I �
2I� 1� �2n!

2n �n=2� ÿ I� �! �n=2� � I� 1� �! .

In weak magnetic fields, a specific situation of weak HFC
in one and strong HFC in the other radical in the pair is also
possible (for both radicals the HFC constant is compared to
the induction of external magnetic field). It was theoretically
predicted and experimentally confirmed that in this case
quantum beats at a frequency similar to the frequency of
Larmor precession of electron spin manifest themselves in
recombination fluorescence.64, 65
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2. The singlet state population of a radical pair in zero
magnetic field
In zero external magnetic field we deal with the diagonal tensor
(9) having equal principal values. Therefore, in zero magnetic
field one gets

r0ss�t� �
1

4
� 3T �1�zz �t�T �2�zz �t�. (12)

In the presence of a HFC with only one nucleus with the
spin I (HFC constant a) in zero magnetic field one has 2

Tzz�t� �
3� 4I I� 1� � � 8I I� 1� � cos a I� 1=2� �t� �

6 2I� 1� �2 . (13)

In the case of several magnetic nuclei with equal HFC
constants, expression (13) should be averaged over the total
nuclear spin I. For instance, the expression for a group of n
nuclei with the spin 1/2 and equal HFC constants a, has the
form 42

Tzz�t� �
1

6

n� 3

n� 1
� 2n�n� 2�

n� 1
cos

at

2

� �n�1
ÿ2n cos

at

2

� �nÿ1� �
. (14)

Schulten and Wolynes derived 69 an approximate solution
for the case of a large number of magnetic nuclei characterised
by small, but not necessarily equal, HFC constants; this
corresponds to an unresolved EPR spectrum of a radical. To
allow for zero magnetic field in this approximation, expres-
sion (12) should be written using the quantity

Tzz �
1

6

�
1� 2C�st��,

where

C�x� � 1ÿ x2
ÿ �

eÿ0:5 x
2

,

and the parameter s2 is the second moment of the EPR
spectrum of the radical:

s2 � 1

3

X
n

a2nIn In � 1� �. (15)

An approximate solution to the problem of the spin
evolution in a singlet-correlated pair of noninteracting radicals
in zero magnetic field was derived for the case where one
nucleus (or a group of equivalent nuclei) in the radical is
involved in isotropic HFC characterised by a large HFC
constant and other nuclei have relatively small (not necessary
equal) HFC constants.71 In EPR and NMR spectroscopy this
is called `inhomogeneous line broadening'. Simulation 71

showed that this type of broadening affects the spin dynamics
similarly to phase relaxation.

An analytical solution for Tzz(t) in the case of isotropic
HFC with two groups of equivalent nuclei in zero magnetic
field is also available.72 In the two last-named cases, the
solutions are cumbersome, so we have to address the reader
to the original studies.71, 72

3. The singlet state population of a radical pair in a strong
magnetic field
Considering the case of a strong magnetic field whose strength
much exceeds the HFC constants of the radicals in the RP, one
can use the high-field approximation2 to simplify the Hamil-
tonian of the RP. Here, assuming an isotropic HFC tensor and
g-tensor, expression (8) takes the form

rss�t� �
1

2
� 1

2
cos
h
o01 ÿ o02� �t

i
G1�t�G2�t�, (16)

where o01 and o02 are the frequencies of Larmor precession of
electron spins in the magnetic field and the functions G(t) are
determined by the HFC constants (an) and the spins of the
magnetic nuclei (In) in each radical in the RP

G�t� �
Y
n

(
1

2In � 1� �
sin
�
an 2In � 1� �t=2�
sin�ant=2�

)
. (17)

Here the subscript n enumerates the magnetic nuclei.
The solution (16), (17)was first reported byBrocklehurst 68

in the form of a relation for the singlet state population at
particular I values. In a particular case where one radical
contains n1 and the other radical contains n2 equivalent nuclei
with the spin I=1/2 and the HFC constants a1 and a2,
respectively, one gets

rss�t� �
1

2
� 1

2
cos
h
o01 ÿ o02� �t

i�
cos

a1t

2

�n1
�
cos

a2t

2

�n2

.

In the quasi-classical approximation,69 which is valid for
many magnetic nuclei having small HFC constants, the func-
tions (17) take the form

G�t� � eÿ�s
2t2�=2,

where the second moment of the EPR spectrum s2 is given by
Eqn (15).

4. Taking into account the effect of paramagnetic relaxation
The effect of paramagnetic relaxation on the singlet state
population of RPs in a strong and zero magnetic field was
also included as follows.13, 17, 42, 45, 46, 50 ± 61 Let r0ss(t) be the
singlet state population calculated ignoring paramagnetic
relaxation. The singlet state population with allowance for
relaxation in a strong magnetic field is given by

rss�t� �
1

4
� 1

4
eÿt=T1 � eÿt=T2 r0ss�t� ÿ

1

2

� �
, (18)

and the corresponding expression for zero magnetic field has
the form

rss�t� �
1

4
� eÿt=T0 r0ss�t� ÿ

1

4

� �
, (19)

where T1 and T2 are, respectively, the longitudinal and trans-
verse paramagnetic relaxation times in the strong magnetic
field and T0 is the transverse paramagnetic relaxation time in
zero magnetic field.

Although some theoretical background substantiating
relations (18) and (19) is available,5, 11, 45 one must admit that
these equations are based on semiempirical considerations
only. Namely, in the strong magnetic field the transverse
relaxation mixes the singlet state of the RP with only one of
the three triplet states in which the spin projection on the
magnetic field direction is zero. This means that the asymptotic
rss(t) value in the presence of transverse relaxation is 1/2.
In Eqn (18), this is included by the exponent eÿt=T2 . At the same
time longitudinal relaxation equilibrates the populations of the
singlet state and all the three triplet states [see the exponent
eÿt=T1 in Eqn (18)]. In zero magnetic field there is no preferred
axis and the rates of longitudinal and transverse relaxation
should be equal to each other.

This approach usually provides a satisfactory description
of experimental results using a minimum number of relaxation
rate parameters, namely, two and one for the case of a strong
and zeromagnetic field, respectively. At the same time this may
appear to be insufficient for rigorous treatment of a particular
physical mechanism of paramagnetic relaxation.73
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IV. Spectroscopy of quantum beats in radical pairs

Spectroscopic information on the partners of a radical pair
extracted by the method of quantum beats is similar to that
obtained in EPR studies. The key advantages of the title
method are much higher sensitivity and the possibility of
detecting species characterised by the lifetimes of up to a few
nanoseconds. Development of this technique made it possible
to study short-lived radical ion species in liquid solutions at
ambient temperatures.

1. Determination of hyperfine coupling constants
and g-factors of radical ions
The simple TRMFE curves for the case of hyperfine coupling
with a number of equivalent protons in one partner of the
radical pair were analysed.42 It was shown that in this case
quantum beats manifest themselves as a sequence of peaks in
the TRMFE curve. The position of the first peak on the time
scale is determined by the secondmoment of the EPR spectrum
of this radical. For even number of protons, the next peak is
more intense and its position is determined by the HFC
constant. If the number of protons is odd, a trough occurs
instead of the peak. Then the beats show a periodic damping
pattern due to relaxation. These predictions were checked in
the same study 42 taking radical cations of nine compounds
(alkanes, alkenes and aromatics) with equivalent protons. The
p-terphenyl-d14 radical anion, whose HFC constants are small
and make a negligible contribution to the spin evolution of the
pair, served as the geminate partner. Figure 7 presents some
examples of the TRMFE curves. The HFC constants deter-
mined from the instants corresponding to the appearance of
the second peak are listed in Table 1. It should be noted that
the obtained HFC constants coincided with the published data
measured by other methods.

The possibility of determining both theHFC constants and
the g-factor differences between radical ions was demon-

strated 52 taking the hexamethylethane (2,2,3,3-tetramethylbu-
tane) radical cation as an example. The EPR spectrum of this
species is governed by isotropic HFC with eighteen equivalent
protons. The HFC constant was calculated from positions of
peaks in the TRMFE curve, and the g-factor difference
between the (hexamethylethane)+. and (p-terphenyl-d14)7

.

radical ions was determined from analysis of the dependence
of the shape of the TRMFE curve (Fig. 8) on the magnetic field
strength. These results coincided with the data obtained in the
same study by the optically detected EPR (OD EPR) technique
and with the published data.

1.0

1.4

1.8

2.2

2.6

0 20 40 60 Time /ns

IB/I0

1

2

3

4

Figure 7. TRMFE curves for dilute cyclohexane solutions of mixtures of

p-terphenyl-d14 with 9,10-octalin (1), tetramethylethylene (2), octamethyl-

cyclohexa-1,4-diene (3) and cis-decalin (4).42

The arrows show the theoretical positions of the second (main) peak.

Table 1. HFC constants (a) for radical cations of various electron donors
in nonpolar solutions measured by quantum beats technique.

Donor a /mT a Ref.

cis-Decalin 4.5 (4H) 42

9,10-Octalin 2.4 (8H) 42

Tetramethylethylene 1.6 (12H) 42

Octamethyl-1,4-cyclohexadiene 0.7 (12H) 42

p-Xylene 1.7 (6H) 42

p-Diethylbenzene 1.7 (4H) 42

1,2,4,5-Tetramethylbenzene 1.0 (12H) 42

Hexamethylbenzene 0.6 (18H) 42

Hexamethylethane 1.24 (18H) 52

2,3-Dimethylbutane 1.66 (12H) 72

0.65 (2H) 72

2,2,6,6-Tetramethylpiperidine 71.85 (1H) 72

1.78 (1N) 72

Diisopropylamine 2.1 (1N) 72

2.1 (2H) 72

72.4 (2H) 72

2,2,3-Trimethylbutane 1.24 (9H) 66

1.55 (6H) 66

2,2,4-Trimethylpentane 1.3 (10H) 66

0.37 (6H) 66

2,2-Dimethylpentane 1.33 (11H) 66

0.39 (3H) 66

2,2,4,4,6,8,8-Heptamethylnonane s=1.6 b 66

aFigures in parentheses denote the number and types of nuclei. b Parame-

ter of the second moment of the EPR spectrum of the radical cation.
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Figure 8. TRMFE curves of dilute n-hexane solutions of mixture of

hexamethylethane with p-terphenyl-d14 in magnetic field of 0.1 (1), 0.5 (2)

and 0.7 T (3).52

Smooth solid curves represent the results of simulation of experimental

data.
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The TRMFE method was used to study radical anions of
1,2,3,4-tetraphenylcyclopenta-1,3-diene (1a) and its hetero-
organic analogues containing silicon (1b) and germanium
(1c ± e) in n-decane solutions.50, 51

Simulation of experimental curves (Fig. 9) gave the follow-
ing HFC constants:

Compound 1 a /mT

a 2.50� 0.04 (2H)

b 1.56� 0.03 (2H)

c 1.50� 0.03 (2H)

d 0.7� 0.1 (2Cl)

e 1.14� 0.1 (Cl)

Reliable detection of this type of radical anions by the
TRMFEmethod indicates that their lifetimes in solution are at

least of the order of tens of nanoseconds. This is of great
importance for chemistry of such compounds, because
attempts to detect these species (except for radical anion 1a)
by other methods failed and the possibility of their formation
in solutions cast some doubts.

The contributions of each radical in the pair to the spin
evolution [see Eqns (14) and (16)] can be separated.53 Figure 10
shows the TRMFE curves obtained for an n-octane solution of
mixture of hexamethylethane (0.1 mol litre71) with tetra-
phenylcyclopentadiene (361074 mol litre71) at a magnetic
field induction of 0.1 and 0.7 T at room temperature. The spin
evolution is determined by the hyperfine coupling in the
(hexamethylethane)+./(tetraphenylcyclopentadiene)7. pair.
The former species is involved inHFCwith eighteen equivalent
protons (HFC constant a1=1.24 mT), while the latter has two
equivalent protons (HFC constant a2=2.46 mT). The smooth
curves in Fig. 10 represent the results of approximation of
experimental data by a relevantmodel. Although the pattern of
beats is more complicated, experimental data are well
described by the theory.

The 2,3-dimethylbutane, 2,2,4,4-tetramethylpiperidine and
diisopropylamine radical cations containing two groups of
magnetically equivalent nuclei were studied.72 In addition to
the calculation of absolute values of the HFC constants, the
authors of this study confirmed the theoretically predicted
possibility of determining the signs of the HFC constants for
groups of nuclei. In Fig. 11 we present the experimental curve

E=C, R1=R2=H (a);

E=Si, R1=R2=H (b);

E=Ge: R1=R2=H (c);

R1=R2=Cl (d);

R1=Me, R2=Cl (e).
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Figure 9. TRMFE curves of solutions of 1,2,3,4-tetraphenylcyclopenta-

1,3-diene (1 ) and its heteroorganic analogues 1b (2) and 1c ± e (3 ± 5) in

n-decane.51

Smooth solid curves represent the results of simulation of experimental

data.
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Figure 10. TRMFE curves of solutions of hexamethylethane and tetra-

phenylcyclopentadiene in n-octane [B=0.1 (1) and 0.7 T (2)].53

Smooth solid curves represent the results of simulation of experimental

data.
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Figure 11. TRMFE curve for an n-hexane solution of mixture of

2,3-dimethylbutane with p-terphenyl-d14 (1) and best fits of experimental

data using amodel with the HFC constants a (12H) and a (2H) of the same

sign (2) and of different signs (3).72
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of TRMFE due to hyperfine coupling in the 2,3-dimethylbu-
tane radical cation. The best approximation of experimental
data with the `12H+2H'model gave the same signs of theHFC
constants for these groups of protons, which was confirmed by
quantum chemical calculations. Calculations with the HFC
constants of different sign led to poorer agreement with the
experiments.

Radical cations of branched alkanes and their hetero-
organic analogues Me4E and Me3EEMe3 (E=C, Si, Ge, Sn)
in hexane were studied by the TRMFE method 54 and the
g-factors and HFC constants of the heteroorganic radical
cations were obtained. Fast degenerate electron exchange
(DEE) was observed in the Me4E compounds, whereas this
was not observed in the Me3EEMe3 compounds. It was found
that, in contrast to the alkane radical cations, the hetero-
organic ones are characterised by short phase relaxation time
of the order of 10 ns. The authors believed that a large
contribution to relaxation comes from the spin-rotational
interaction and degenerate electron exchange. The last-men-
tionedmechanism is particularly efficient due to a considerable
proportion of magnetic isotopes 29Si, 73Ge, 117Sn and 119Sn.

A number of radical cations of branched alkanes were
studied.66 The formation of such species upon radiolysis of
solutions was confirmed and their HFC constants were also
determined (see Table 1).

2. Studies of fast chemical reactions involving radical ions by
the method of time-resolved magnetic field effect
Along with spectroscopic data, monitoring of quantum beats
in recombination luminescence makes it possible to obtain
spectroscopic data and information on reactions of short-lived
radical ions in solutions. The reaction causes changes in the
spin Hamiltonian of the pair, which leads to changes in the
character of quantum beats and in the shape of the TRMFE
curve. In the text below we present some examples of the
reactions of electron transfer and degenerate electron exchange
in solutions.

To determine the rate of the transfer of the solvent hole (or
an electron) to acceptor, the acceptor concentration should not
be too high. In this case the secondary pairs are generated not
instantaneously and the scatter of the corresponding formation
times should cause a decrease in the amplitude and the
appearance of phase shifts of quantum beats. By analysing
the changes in the TRMFE pattern it is possible to determine
the rate constant for charge transfer.

This approach was first employed in measuring the phase
shift of the Dg beats as function of the concentration of
diphenyl sulfide-d10 used as hole trap.35 ± 38 This dependence
was used to determine the rate constant for solvent (isooctane)
hole scavenging by the diphenyl sulfide molecule, which was
found to be similar to the value corresponding to the diffusion-
controlled process.

A study of alkane solutions of 9,10-octalin revealed a
rather strong peak of quantum beats due to hyperfine cou-
plings in the 9,10-octalin radical cations even at rather low
concentrations of this compound.46 The large peak amplitude
was explained by the contribution of fast non-stationary stage
of electron transfer [reaction (4)] from the 9,10-octalin mole-
cule to the primary radical cation and by the fact that the
electron-transfer radius exceeds the geometric radius. The
electron-transfer radii determined for three n-alkanes from
experimental data using the model proposed are 15.1, 13.9 and
10 �A for octane, decane and dodecane, respectively. A decrease
in the electron transfer radii for hydrocarbons C8 , C10 , C12

was associated with the decrease in the ionisation potential
difference between the alkane and 9,10-octalin in this series,
which is consistent with the predictions based on the Marcus
theory.74

The degenerate electron exchange

D+.
+D0 D+(D0)+.

(20)

between n-alkane, norbornane and tetramethylsilane mole-
cules and their radical cations was studied by the method of
quantum beats.54 ± 57 In EPR spectroscopy, slow degenerate
electron exchange causes broadening of spectral lines, whereas
fast degenerate electron exchange leads to the exchange nar-
rowing of the spectrum. These changes in the EPR spectra
correspond to characteristic features in the TRMFE curves; by
simulating such curves one can determine the rate constant for
the exchange reaction.

Figure 12 shows the transformation of the TRMFE curves
measured in hexane solutions of n-nonane with an increase in
the n-nonane concentration from 0.07 to 3 mol litre71 and in
neat n-nonane. The shift of the maximum in the MFE curves
following an increase in the nonane concentration is due to the
narrowing of the EPR spectrum of the nonane radical cation
with an increase in the DEE rate [reaction (20)]. This was also
confirmed by calculations (smooth lines in Fig. 12). The
theoretical curves were obtained using a mathematical model
developed by Schulten and Wolynes.69 Details of simulation
were documented.55

The dependence of the DEE rate (t71) on the concentra-
tion of n-nonane established in Ref. 55 is shown in Fig. 13.
Linear character of the rate ± concentration plot confirms the
bimolecular character of the DEE reaction for n-nonane.
n-Alkanes are characterised by much lower DEE rates (two
orders of magnitude lower than the rate of diffusion-controlled
process). This was explained by the effect of numerous con-
formations of neutral n-alkane molecules and a rather high
activation barrier to electron transfer in the collisional complex
between the radical cation and the molecule.55

Modulation of the HFC constants due to DEE can induce
not only the phase relaxation, but also noticeable spin ± lattice
relaxation even in a relatively strong magnetic field.57 The
DEE reaction involving the norbornane radical cation con-
taining four equivalent protons with non-negligible HFC
constants was studied. The authors reported exact calculations
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Figure 12. Time-resolved magnetic field effect obtained in hexane solu-

tions of n-nonane at a concentration of 0.07 (1), 0.3 (2), 0.6 (3), 1 (4) and

3 mol litre71 (5) and in neat n-nonane.55

Smooth curves represent the results of simulation using the DEE rates

shown in Fig. 13.
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of the evolution of the spin state of the radical pair under DEE
conditions. The asymptotic behaviour of the exact dependence
of the singlet state population is satisfactorily described by an
exponent with a single time parameter, which can be treated as
the spin ± lattice relaxation time T1 . The T1 value obtained was
similar to that calculated in the framework of the Redfield
theory.75

Figure 14 shows the TRMFE curves for an n-hexane
solution of mixture of norbornane (0.2 mol litre71) with
p-terphenyl-d14 (30 mmol litre71) plotted vs. magnetic field
induction. The fall-off of the TRMFE curves is determined
by the rate of spin ± lattice relaxation of the norbornane radical
cation. Analysis of the dependence of spin ± lattice relaxation
rate on the magnetic field induction at different norbornane
concentrations (Fig. 15) showed that the magnetic field-
dependent contribution to relaxation is due to DEE in the
norbornane radical cation. The rate constant for DEE was
1.561010 litre mol71, which is similar in magnitude to the

diffusion-controlled rate constant. The relaxation time of the
norbornane radical cation in the strong magnetic field tended
to a value of *180 ns. The nature of the magnetic field
independent contribution remains unknown. Probably, it is
due to the spin ± orbit interaction, as in the case of some
cycloalkanes (see below).

The DEE reaction involving the tetramethylsilane (TMS)
radical cation in n-hexane was studied.54 The TRMFE curves
obtained for the solution of TMS are shown in Fig. 16. Good
agreement between theory and experiment (curve 1) was
attained only assuming that hyperfine coupling in the TMS
radical cation is averaged almost to zero due to DEE that
occurs under diffusion control.

A radical cation of alicyclic amine, namely, 2,2,4,4-tetra-
methylpiperidine was studied by the TRMFE and quantum
chemistry methods.58 Based on the changes in the spectra
observed upon an increase in the amine concentration and
temperature variation, the formation of dimeric radical cations
of unusual structure was suggested. A collision between the
amine radical cation and the amine molecule is accompanied
by proton transfer to the molecule and results in the formation
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Figure 13. DEE rate for n-nonane radical cation plotted vs. n-nonane

concentration in hexane solution.55

The straight line is the best linear approximation obtained at a rate

constant of 2.66108 litre mol71 ns71.
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Figure 14. TRMFE curves for an n-hexane solution of mixture of

norbornane (0.2 mol litre71) with p-terphenyl-d14 (30 mmol litre71) at a

magnetic field induction of 0.05 (1), 0.1 (2), 0.2 (3) and 1 T (4).57

Straight lines are the exponential approximation of the TRMFE curves in

the range of 10 to 50 ns.
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Figure 15. Spin ± lattice relaxation time of norbornane radical cation

plotted vs. magnetic field induction at a norbornane concentration of

0.04 (1), 0.2 (2) and 0.6 mol litre71 (3).57

Solid lines represent the results of approximation in the framework of the

Redfield theory.
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Figure 16. Experimental and theoretical TRMFE curves for a solution of

tetramethylsilane and p-terphenyl-d14 in n-hexane.54

Calculated for fast DEE (1) and no exchange (2).
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of a rather stable distonic dimer in which the charge and spin
are localised on different molecules. The rate constant for
dimerisation reaction determined by simulating the changes in
the shape of quantum beats pattern with an increase in the
amine concentration (Fig. 17) was similar to the diffusion-
controlled rate constant.

3. Studies of paramagnetic relaxation in radical ions
The TRMFE technique has unique potential for measuring the
spin ± lattice relaxation rates of short-lived radical ions in
solutions over a wide range of change in the magnetic field
induction. Some examples were considered above. Mention
can be made of a pioneering study 47 in which the relaxation
times of a number of aromatic radical ions (about 1 ms) were
measured. Most results can be satisfactorily described in the
framework of the relaxation mechanisms known from EPR
spectroscopy.

Unusually fast spin ± lattice relaxation in the cyclohexane
and adamantane radical cations and their alkyl-substituted
analogues detected recently by the TRMFE technique
appeared to be a surprising exception.59 ± 61 Figure 18 shows
the TRMFE curves obtained for solutions of some cyclo-
alkanes. The exponential decay of the TRMFE curves is
determined by the T1-relaxation. In all cases a three-fold
change in the cycloalkane concentration and temperature
variation in the 250 ± 320 K range had almost no effect on the
rate of T1-relaxation. The T1-relaxation times of various
cycloalkanes are listed in Table 2.

Using the known data on the EPR spectrumof cyclohexane
radical cation and the Redfield theory,75 it was shown that the
relaxation time T1=9 ns obtained for the cyclohexane radical
cation at a magnetic field induction of 1 T is due to neither
modulation of HFC constants or the g-tensor anisotropy nor
degenerate electron exchange involving the radical cations.
Earlier, unusually fast relaxation was observed by EPR spec-
troscopy in radical anions of some symmetrical aromatic
molecules.76

Although quantitative theory of unusually fast relaxation
has not been developed so far, it is believed76, 77 that the
phenomenon can be due to strong spin ± orbit interaction in
symmetrical radical ions. The unusually fast relaxation in some
cycloalkane radical cations provides an explanation for unsuc-
cessful attempts to record their OD EPR spectra.78

4. Manipulation of the spin state of a radical pair
As mentioned above, the character of the spin evolution in a
radical pair depends strongly on the external magnetic field.
The spin evolution can also be affected by the resonance
alternatingmagnetic field. Pulsed switching-on and(or) switch-
ing-off of the magnetic field makes it possible to immediately
tamper with the elementary step of RP recombination. The
TRMFE technique involving detection of recombination fluo-
rescence permits real-time observation of these effects.

The procedure and results of the first experiments (Fig. 19)
on observation of the dynamics of the spin state of a radical ion
pair upon fast (*20 ns) switching-off of external magnetic
field (initial magnetic field induction 4 mT) were reported.62

Prior to switching the magnetic field off the system shows a
conventional TRMFE pattern determined by the spin evolu-
tion in the pair in both zero or nonzero external magnetic field.
The fall-off of the TRMFE curves after switching the magnetic
field off depends only on the spin evolution in zero field. As
should be expected, the fall-off rate is determined by the second
moment of the EPR spectrum of radical ions. Deuterated
p-terphenyl-d14 is characterised by a much longer fall-off time
compared to non-deuterated p-terphenyl.
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Figure 17. Experimental TRMFE curves obtained for a solution

of 2,2,4,4-tetramethylpiperidine and p-terphenyl-d14 in n-octane

(B=0.1 T).58

Amine concentration /mmol litre71: 30 (1 ), 10 (2) and 3 (3).
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Figure 18. Experimental TRMFE curves (B=1 T) obtained for C6F6

solutions in n-hexane in the presence of adamantane (1), cyclohexane (2),

ethylcyclohexane (3), methylcyclohexane (4) and cis-decalin (5).59

Solid lines represent the results of exponential approximations.

Table 2. Paramagnetic relaxation times of radical ions generated from
corresponding compounds in nonpolar solvents.59 ± 61

Compound T1 /ns T2=T0 /ns

Hexafluorobenzene a 350� 15 15� 5

cis-Decalin 390� 15 10� 5

Cyclohexane 9� 2 9� 2

Methylcyclohexane 57� 10 5� 2

Ethylcyclohexane 21� 3 10� 5

Propylcyclohexane 38� 4 7� 3

Isopropylcyclohexane 280� 20 20� 5

cis-1,2-Dimethylcyclohexane 280� 20 20� 5

Adamantane 6.5� 1 5� 3

1,3-Dimethyladamantane 8.2� 1 5� 3

aA radical anion is produced in this case; all other entries in this Table

correspond to radical cations.
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A procedure for control of the course of a spin-dependent
reaction using the pulses of alternating resonance magnetic
field was studied taking radical ion pair (C8H18)

+./(p-ter-
phenyl)7. as an example.63 The relative change in the fluo-
rescence intensity (Fig. 20) characterises the change in the
singlet state population in the pair in the resonance field.
Prior to switching the resonance field off, damping oscillations
are observed (see Fig. 20), the oscillation frequency being
determined by the amplitude of the magnetic field in the
rotating frame.63 At the instants corresponding to the switch-
ing-off of the resonance field (arrowed), the spin state of the
pair is `frozen'. Then, the spin populations are equilibrated at
the rate determined by spin ± lattice relaxation.

5. Radiation chemistry applications
In the examples considered above, ionising radiation only
served a convenient instrument of pulsed generation of spin-
correlated radical ion pairs. Meanwhile, from the very begin-
ning it was clear that TRMFE studies can provide valuable

information on specific features of fast reactions in tracks of
ionising particles.

The key role in the development of this avenue of research
was played by the studies by Brocklehurst who used the
TRMFE technique in recombination luminescence to solve
some stubborn problems in radiation chemistry and physics of
non-polar solutions. These include the structure of tracks, the
origin of superdiffusion mobility of positive charges (solvent
holes), the role of excited states in delayed luminescence, the
possibility of spin correlation of non-geminate RP in radiation
tracks, etc. The results obtained by Brocklehurst were sum-
marised in reviews.11, 14 Due to complexity of the problems
under study, some of these results are ambiguous. However, in
the cited reviews, Brocklehurst touches upon almost all sig-
nificant details of the processes the radical pairs in radiation
tracks are involved in. A thorough study of the dependence of
the fraction of the RPs recombining in the spin-correlated state
(geminate pairs in the track) on the type and energy of ionising
radiation deserves particular attention.

The fraction of geminate radical ion pairs in radiation
tracks was determined from the amplitude of quantum
beats.39 ± 41When different non-polar solutions were irradiated
with fast electrons, this quantity was 1.3 ± 2.8 times higher than
that found for irradiation with X-rays.41

The kinetics of recombination luminescence of non-polar
solutions and the magnetic field effect on these kinetics were
reported in a study 48 aimed at investigating the formation of
radical ion pairs under the action of vacuum ultraviolet; the
magnetic field effect observed was used for substantiation of
his statement that the primary radical pair is formed from
singlet-excited solvent molecule.

6. Quantum beats in laser generation of radical pairs
Laser photolysis undoubtedly belongs to the most widely used
methods of pulsed generation of spin-correlated radical pairs
and radical ion pairs. However, data on observation of
quantum beats in recombination of pairs under laser irradi-
ation are scarce. Most experiments were characterised by low
temporal resolution and a complex structure of EPR spectra of
the pair partners, which excluded the possibility of obtaining a
clearly seen pattern of quantum beats.

Clearly observed beats were reported in a study of time-
resolved magnetic field effect on the delayed fluorescence of
N,N,N 0,N 0-tetramethyl-1,4-phenylenediamine (TMPD) in
alcoholic solutions.79 Fluorescence was excited by a pulse of a
UV laser operating at 308 nm. Irradiation with light resulted in
ionisation of TMPD and generation of a spin-correlated pair
(TMPD)+./e7. The spin evolution in this pair caused oscil-
lations at times shorter than 150 ns; at longer times, a magnetic
field effect due to triplet ± triplet annihilation of excited TMPD
molecules was observed.

Real-time observations of manifestations of the spin
dynamics of radical pairs were also reported in fast switched
magnetic field CIDNP studies.80 ± 82 A solution irradiated with
a laser pulse was placed in a Helmholtz coil that allowed the
magnetic field to be switched within the limits of � 2 mT
(switching time 1 ns) with variable delay between the pulse
and the switching of magnetic field. Then, the solution was
rapidly transferred to the magnet of an NMR spectrometer for
CIDNP measurements. In the experiments with radical ion
pairs (naphthalene-d8)+

./(1,2-cis-dicyanoethylene)7., switch-
ing of the magnetic field from 2.3 to 0 mT was followed by
oscillations of the CIDNP plotted vs. delay time due to the
hyperfine interactions in the radical anion. The shapes of these
curves (Fig. 21) depend on the concentration of the electron
acceptor, which was explained by the effect of degenerate
electron exchange.
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Figure 19. Curves of IB? 0(t)/I0(t) ratio obtained for a solution of

p-terphenyl (1073 mol litre71) in n-decane at field switching-off delays of

100 (1) and 225 ns (2) and for a solution of p-terphenyl-d14
(1073 mol litre71) in decane at 100-ns delay of the field switching-

off (3).62

The arrows denote the instants of the magnetic field switching-off.
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Figure 20. Effect of microwave field, IRF(t)/I0(t), obtained for a solution

of 2,2,4-trimethylpentane and p-terphenyl-d14 in n-hexane at the reso-

nance UHF field switching-off delays of 300 (1), 45 (2) and 25 ns (3).63
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V. Conclusion

The method of quantum beats in recombination luminescence
proved itself as a powerful tool in the solution studies of short-
lived radical ions (lifetimes up to a few nanoseconds). Theo-
retical foundations of extraction of unique information on
these species from experimental data were developed and
relevant experimental approaches were implemented. Using
the quantum beats technique, one can determine the magni-
tudes and, in some cases, the signs of the HFC constants of
radical ions, the g-factors, the paramagnetic relaxation times
and the fraction of spin-correlated radical pairs in radiation
tracks. The main advantages of the method of quantum beats
over conventional EPR spectroscopy consist in the high
sensitivity and temporal resolution. The former factor is due
to the possibility of carrying out light intensity measurements
on the single-photon scale. Therefore, the quantum beats
technique makes it possible to study very low concentrations
of radical ion pairs (up to about 100 pairs per sample), being
enormously more sensitive than EPR spectroscopy. Compared
to the OD EPR technique, which is based on the same proper-
ties of radical ion pairs, the method of quantum beats provides
the possibility of monitoring the course of the chemical
reactions involving RPs on the nanosecond time scale.

An apparent limitation of the title method is the necessity
of tuning the conditions for a rather high quantum yield of
recombination fluorescence and short fluorescence time
(it should be shorter than the desired temporal resolution in
the experiments). In most cases the radical ions of interest are
produced from molecules that do not possess the properties of
luminophores. This limitation can be eliminated with ease by
choosing an appropriate luminophore as partner (i.e., acceptor
of the opposite charge). One can face some difficulties in
studies of radical ions in polar solvents. For instance, in this
case the energy released in recombination of radical ions may
appear to be too low to form an excited luminophore molecule
owing to high polarisation energy. These problems are still to
be studied, because almost no experiments in polar solvents
were carried out as yet.

Prospects for the use of the method of quantum beats are
first of all associated with an increase in the number of those
radical ions that cannot be studied in solution by other
methods due to the short lifetimes. These can be radical ions
of heteroorganic or halogen-containing compounds, spin
traps, biologically active substances, etc.

Yet another promising avenue of research involves the use
of laser methods for generation of radical ion pairs. Photo-
ionisation processes attract considerable attention of chemists
and physicists and the methods considered above could find
wider application. The results of photochemical experiments
involving photogeneration of pairsmay appear to be simpler to
interpret because of the lack of cross-recombination effects
typical of radiation tracks. Here, the method of quantum beats
could provide additional information on the primary act of
formation of radical pairs in solutions upon photoionisation,
because many details of this key step remain unknown so far.

This review has been written with financial support from
the Chemistry and Materials Science Division of the Russian
Academy of Sciences (in the framework of the Basic Research
Programme No. 1) and the Federal Programme for State
Support of Leading Scientific Schools in the Russian Feder-
ation (Grant NSh-5078.2006.3)
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Abstract. The latest results in the field of classical reactions ofThe latest results in the field of classical reactions of
acetylene are analysed. Attention is focused on reactionsacetylene are analysed. Attention is focused on reactions
catalysed by strong bases (vinylation, alkynol synthesis, acety-catalysed by strong bases (vinylation, alkynol synthesis, acety-
lene ± allene isomerisation) and related syntheses. The bibliog-lene ± allene isomerisation) and related syntheses. The bibliog-
raphy includes 347 referencesraphy includes 347 references..

I. Introduction

Chemistry of acetylene, a versatile building block of the
organic synthesis, is continued to be rapidly developed.1 As
compared with ethylene, highly reactive acetylene and its
derivatives better match the trends in the development of
chemical industry, which is more and more oriented to the
production of science intensive chemicals for modern techno-
logies, medicine and agriculture. Acetylene can be considered
as an accumulator of high-density energy, i.e., the heat
consumed in its formation is liberated in chemical reactions
thus promoting them and providing the shortest and the least
power-consuming way to the target products.

Although quite recently, acelylene was virtually beyond
competition as the basic chemical used in the industry, now it
has lost its leading position. At the same time, according to
certain analysts, acetylene might again become the leader.2 ± 7

Future will show whether or not this happens and to the full
extent or only partly, however, there are objective prerequisites
for this to happen.

Acetylene is mainly produced from oil and natural gas by
oxidative pyrolysis in an electric discharge, in plasma, by laser
technologies and using solar energy.Moreover, acetylene is the
main side product in the ethylene synthesis.2 At the same time,
acetylene can also be produced from coal. Accounts of natural

energy resources show that oil and natural gas fields are being
rapidly exhausted, while the coal resources may last for
centuries. Hence, the return to coal-based technologies seems
quite likely.2, 5, 6 Acetylene is obtained from coal by both the
traditional carbide method and the modern plasma technolo-
gies as well as by hydrogenation, gasification or via the
synthesis gas. Moreover, different types of biomass such as
lignine and various carbon-containing industrial and domestic
waste may be transformed into acetylene by their fast pyrolysis
in plasma. The latter method seems especially attractive, being
associated with the solution of environmental problems.

Long-term economical prognoses allow one to assume that
new, constantly modernised plasma technologies for the pro-
duction of acetylene from coal have a sufficient potential for
making acetylene once again the chief chemical in the manu-
facturing of commercial products such as vinyl chloride, vinyl
acetate, acrylates, chloroprene and chlorinated solvents.2, 5 ± 7

To make the quest for new synthetic approaches to the
chemistry of acetylene more effective, the theoretical studies
based on high-level ab initio quantum-chemical calculations
are invoked with increasing frequency.8, 9

Among the popular synthetic methods actively elaborated
today, classical reactions of the addition of nucleophiles to the
triple bond, the acetylene ± allene ± diene isomerisation and the
transformations of acetylene and allene-derived carbanions
deserve mention. Recent reviews 10, 11 show numerous exam-
ples of syntheses of heterocyclic and carbocyclic compounds by
the addition of different nucleophiles to acetylenes.

The quest for new reactions of the formation of C7C
bonds that involve acetylene-derived carbanions (metal acety-
lenides) and especially those based on the addition of acetylene
to the carbonyl group (the Favorsky alkynol synthesis and its
analogues) is carried on.12 Numerous studies on transition
metal acetylenides were summarised in several reviews.13, 14

Unconventional prospects for the organic synthesis are
opened up by acetylenic sugars, which were the subject of
hundreds of publications (e.g., for a review, see Ref. 15).

The progressively greater efforts are directed to the quest
for new organic semiconductors and optoelectronic materials
based on acetylene polymers and oligomers. Today, high
expectations are placed on polyarylene ethynylenes, i.e., poly-
mers containing alternating triple bonds and arene
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groups,16 ± 19 and unique polyyne structures, which can be
synthesised through alkylidenecarbenes and -carbenoids.20, 21

The interest in polyynes 22, 23 and arylene ± ethynylene sys-
tems 24 is explained by their prospects as the molecular wires
and also in the context of studies of carbyne and its analogues
as the allotropic forms of carbon.

The appearance of new synthetic approaches to the design
of new acetylenic structures, which are based on cross-coupling
reactions catalysed by transition metal complexes, has revolu-
tionised the assembling of different acetylene-containing sys-
tems and ensembles.25 ± 27

In the recent decades, systematic studies were carried out
aimed at further development of classical reactions of acetylene
with the use of superbasic catalysts and reagents. The present
review is devoted to the brief analysis of achievements in this
field. At the same time, due to the limited volume, it chiefly
deals with the addition reactions to the triple bond (vinylation),
addition of acetylene-derived carbanions (alkynol synthesis)
and acetylene ± allene ± diene isomerisation, which serve as the
basis for the most popular synthetic methods in the acetylene
chemistry and are used most widely in laboratories and the
industry.

The elaboration of a new approach to the enhancement of
the reactivity of nucleophilic reagents, which is associated with
the use of superbasic catalysts, have led not only to the refining
of most important base-catalysed reactions of acetylene but
also to the discovery of new reactions involving the triple
bond and the development of synthetic methods based on
them.7, 28 ± 43

II. Acetylene reactions in superbasic media

The concept of superbasicity was first formulated by Trofi-
mov 44 in 1977: `a medium consisting of a strong base and a
solvent or a reagent that specifically binds cations thus `strip-
ping' the conjugated anions is considered superbasic...'. Later,
this concept was systematically used in the refinement of
classical reactions involving triple carbon7carbon bonds
(Refs 7, 28 ± 30, 33, 41 and 43).

Obviously, within the framework of this concept, the
definition of superbasicity is the `mirror image' of superacidity,
i.e., a superbase is a complex of a strongly ionised base (the
Brùnsted base) with a ligand that can specifically interact with
the cation of this base (the Lewis base) in a medium capable of
weak solvation of anions (as a rule, in a medium of a polar
hydroxyl-free solvent).33, 41

Systems with the Hammett acidity function (H_) higher
than 18.5, i.e., the systems with the basicity unattainable in
hyroxyl-containing solvents (water and alcohols) due to the
limitations imposed by the intrinsic acidity of the medium,
were assigned 33, 41 to superbases.

Among diverse superbasic systems, the system
KOH±DMSO proved to be the most suitable for the system-
atic application in the acetylene chemistry as the simplest, most
easily prepared and versatile system.7, 28 ± 30, 32, 33, 41 ± 46 Its
upper basicity limit is determined by the DMSO acidity
(pKa=35.1); however, the acidity does not usually exceed 32
(in theH_ scale) unless special measures have been undertaken
for the removal of water liberated in the formation of dimsyl
potassium.

KOH+Me2SO K
+
C
7
H2S(O)Me+H2O.

A great advantage of the system KOH±DMSO is its
controllable basicity. As the water content in DMSO decreases
to 25%, the system passes to the superbasicity region
(H_>20). With further decrease in the water concentration,
the value ofH_ sharply increases approaching 30 ± 32 for 99%
DMSO.41

Yet another advantage of the system KOH±DMSO is its
ability for autostabilisation (self-adjustment), i.e., its basicity is
maintained on a constant level due to the absorption of water
(if water is liberated in the reaction) by the solid phase (KOH);
the KOH concentration in the liquid phase is low
(*0.04 mol litre71 in pure DMSO) and the consumed KOH
is replenished from the solid phase, i.e., its concentration is
automatically kept constant. Thus, the reactions in this system
often acquire the features of the phase-transfer catalysis.41

1. Development of classical acetylene reactions
a. The Favorsky acetylene ± allene isomerisation
The selective isomerisation of propargyl ethers to allenyl ethers
was first carried out under the action of KOBut on propargyl
vinyl ethers of ethylene glycol oligomers.47, 48

The superbasicity of the reaction mixture was achieved due
to the formation of chelate complexes of potassium cations
with the polyether chain.

The use of the superbasic system KOH±DMSO in the
isomerisation of propargyl ethers have led to the development
of an efficient and highly selective method for the synthesis of
alkyl allenyl ethers.49

This reactionmade accessible the alkyl allenyl ethers, which
so far pertained to the insufficiently explored class of substan-
ces.7, 50 ± 52 Obviously, their synthetic potential as the reactive
monomers and building blocks is more multifaceted as com-
pared with the corresponding vinyl ethers that have foundwide
application in both the organic synthesis 2, 28, 53 ± 58 and poly-
mer chemistry.59 ± 67

It was shown that the system KOH±DMSO allows one to
selectively isomerise the propargyl group of an allyl propargyl
ether to the allenyl group, leaving intact the allyl fragment.
When carried out at higher temperatures, this reaction can shift
the double bond to afford allenyl prop-1-enyl ether.41

M=Li, Na, K, Rb, Cs; B is a carbanion, H, OH, OR, NH2, NR2;

Y correspond to ethers (polyethers), amines (polyamines), NH3,

cryptands, sulfoxides, sulfones, amides, phosphine oxides, etc.

M+B7 + Y

Lewis
base

Brùnsted
base

B7[MY]+

Superbase

O
O

n
O

O
n

n= 1± 3.

KOBut

30 ± 40 8C

O

O O

K

OO

O

OBut
+

O

OO K
+ 7 7OBut

R =Me, Et, Pr, Bun, Bui.

R

O

KOH±DMSO

20 8C, 15 min

R

O
(*90%)

O
40 ± 50 8C

20 8C
O
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O
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N-Allenylpyrroles 1, the promising monomers 68 and
building blocks in synthetic chemistry, which were difficult to
synthesise until recently, were easily obtained in high yields by
the isomerisation of N-propargylpyrroles catalysed by the
system KOH±DMSO.69

R1 R2 Yield of 1 (%) R1 R2 Yield of 1 (%)

H H 63 Me Me 49

Me H 68 (CH2)4 88

Ph H 70

N-Allenylpyrroles 1 can be synthesised in a one-pot proce-
dure using both propargyl chloride 70 (which is sufficiently
obvious) and much cheaper 2,3-dichloroprop-1-ene 71 and
1,2,3-trichloropropane,72 which are the side products of the
industrial synthesis of epichlorohydrin. In this case, the system
KOH±DMSO serves not only as the catalyst, but also as the
reagent and, hence, should be taken in a superstoichiometric
amount.

The same superbase and the same reagents allowed the one-
pot allenylation of other azoles to be carried out.73, 74 For
example, N-allenylimidazole was synthesised from imidazole
and propargyl chloride in the yield of 75%.

1,2,4-Triazole behaves in a similar way, namely, its reaction
with propargyl chloride producesN-allenyl-1,2,4-triazole (2) in
the yield of 31%.73, 74 The use of trichloropropane in allenyla-
tion allows one to stop the reaction after the formation of
N-chloroallyl derivative 3 (yield 21%).73

b. Nucleophilic addition to a triple bond (vinylation)
Superbasic catalysts have extended in principle the potentials
of the classical Favorsky reaction of vinylation.75 For example,
vinylation of acetylenic alcohols with acetylene is impossible
in the presence of common bases (alkali metal hydroxides
or alkoxides); however, in superbasic systems such as
KOH±DMSO this reaction proceeds sufficiently smoothly.41

As a rule, it is rather difficult to stop this reaction in a stage of
the formation of a vinyl ether of acetylenic alcohol 4 (this
requires special measures to be undertaken). Usually, the
acetylene ± allene isomerisation proceeds simultaneously to
afford the corresponding allenyl vinyl ethers 5 (yields up to
80%).76, 77

This reaction is the most promising for the transformation
of commercially available propargyl alcohol into vinyl-
oxyallene.

A new generation of superbases, the catalytic systems
CsF ±MOH±DMSO (M=Li, Na, K) have been developed
recently. As a rule, they aremore active 41, 78 ± 83 than the system
KOH±DMSO. In a simple way, their enhanced activity can be
explained by the formation of caesium hydroxide (a base
stronger than potassium hydroxide) due to the shift of the
equilibrium to the formation of poorly soluble fluorides,
particularly, lithium fluoride.41

CsF+MOH CsOH+MF

M=Li, Na, K.

A comparison of the activity of two superbasic catalytic
systems, namely, KOH±DMSO and CsF ±NaOH±DMSO,
in the vinylation of acetone oxime shows that the caesium
system is much more active. In the presence of this system, the
optimum reaction temperature was lower (by *10 8C) and the
yield ofO-vinyl acetone oxime (6) was higher (by 20%)78, 80 as
compared with the system KOH±DMSO.

B T /8C Yield of 6 (%)

CsF ±NaOH±DMSO 70 ± 72 85

KOH±DMSO 78 ± 80 65

Yet more impressive difference in the activities of these two
superbasic catalytic systems was observed in the vinylation of
polyhydric alcohols. Thus the vinylation of glycols 7 at 100 8C
and atmospheric pressure in the presence of the system
CsF ±NaOH±DMSO afforded divinyl ethers 8 in the yields
from 45% to 90% (depending on the glycol structure), whereas
in the KOH±DMSO system, the yield of divinyl ethers was at
the level of 10%.41, 83

In the reaction of acetylene with pentaerythritol carried out
at 130 ± 135 8C and the atmospheric pressure in the system
CsF ±NaOH±DMSO, the yield of tetravinyl ether of penta-
erythritol (9) exceeded 60%, whereas in the system
KOH±DMSO, its yield was 5%.41
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R=(CH2)3, (CH2)4, MeCH(CH2)2, (CH2)7;
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R
O O
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The reaction of glycerol with acetylene in the system
CsF ±NaOH±DMSO produced 1,2-bis(vinyloxy)prop-1-ene
(10) rather than the expected trivinyl ether of glycerol.81 Thus,
this reaction represents a new type of vinylation, namely, the
eliminative vinylation.84 In the presence of the system
KOH±DMSO as the catalyst, only traces of compound 10
were obtained.

Recently, tetravinyl ether 11 was synthesised from methyl
a-D-glucoside in the presence of superbasic catalysts
KOH±DMSO and KOH±THF.85

B T /8C t /h Yield of 11 (%)

KOH±DMSO 85 ± 87 1 75

KOH±THF 135 ± 140 6 52

Superbasic catalytic systems that allow one to perform
isopropenylation of methanol with methylacetylene (the sec-
ond most readily accessible acetylenic hydrocarbon) at the
atmospheric pressure and 100 ± 120 8C have been developed.86

This made it possible to synthesise 86 2-methoxyprop-1-ene
(12), a valuable monomer and reagent, which has found its
application in the industrial syntheses of fragrant compounds,
vitamins and carotenoids.87 ± 90 Complexes of potassium and
caesium tert-alkoxides with N-methylpyrrolidone (NMP)
proved to be the most active in this reaction.

Apparently, this is associated with the formation of a charge-
transfer complex between NMP and alkoxides. This is evi-
denced by the presence of the charge transfer bands (283, 543,
580 nm; bright purple colour) in the UV spectrum of a KOBut

solution in NMP and also by the high-frequency shift of
vibrations of the C=O group (1683 cm71! 1693 cm71,
probably due to the contribution of the vibrations of the
+N=C group) observed in the IR spectrum.41

At present, the superbasic catalytic system KOH±DMSO
is the most versatile for the vinylation reactions.7, 41, 43 Thus
this allowed the vinylation of cholesterol 13 to be carried out
undermild conditions (without epimerisation andmigration of
the double bond) to afford the quantitative yield of optically
active liquid-crystalline vinyl ether 14, which is used as a
monomer and a highly reactive intermediate in the synthesis
of new compounds of the steroid series.91 In the presence of the
same catalytic pair, pregnenolone 15 and acetylene gave vinyl
ether 16with retention of the keto group and configurations of
all assymmetric centres. This is the first example of the
successful vinylation of a hydroxy ketone.41, 92

In the presence of the systemKOH±DMSO, pyrroles were
vinylated for the first time under relatively mild conditions
with a methylacetylene ± allene mixture to produce N-isopro-
penylpyrroles 17 in good yields.93

This catalyst can also be used in the isopropenylation of
other azoles (105 ± 145 8C, 5 ± 15 h), namely, indoles, imid-
azoles, pyrazoles, triazoles. The corresponding N-isopropenyl
derivatives 18 ± 22 were obtained in yields of 20%±70% (non-
optimised yields).94

The above (hardly exhaustive) examples illustrate the
impressive advances in the studies of vinylation with acety-
lenes, which were observed in the past decades due to the use of
superbasic catalytic systems.7, 41

HO
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c. The Favorsky alkynol synthesis and its analogues
The quantum-chemical analysis 95 ± 97 shows that in the gas
phase or a weakly solvating medium the formation of acetylide
anions from acetylene under the action of superbases at low
temperatures is more preferential than the alternative nucleo-
philic addition of anions to the triple bond. Hence, superbases
should accelerate the Favorsky ethynylation of aldehydes and
ketones (the addition of acetylide anions to the C=O bond).

Indeed, it was shown that in the superbasic medium
KOH±DMSO, acetylene reacts quickly and quantitatively
with paraform at the atmospheric pressure and room temper-
ature to form propargyl alcohol 98 ± 100 and/or but-2-yne-
1,4-diol.33, 41 In contrast to the classical vinylation of
formaldehyde, which proceeds in the presence of an explosive
copper acetylide under a pressure of up to 70 atm and at a
temperature of 90 ± 130 8C, the new method allows one to
make, if required, propargyl alcohol the main reaction product
(yield up to 90%).99

Other aldehydes and ketones also react with acetylenemore
actively in the presence of the system KOH±DMSO than
under conventional conditions; moreover, different acetylenic
alcohols and glycols can be synthesised in high yields with no
recourse to high pressures, cooling and large volumes of
solvents,7, 33, 101 i.e., in the absence of all attributes inherent in
the classical ethynylation.

In the system KOH±DMSO, the one-pot synthesis of
glycidyl propargyl ether (23) was carried out from paraform,
acetylene and epichlorohydrin.102

Acetylide anions generated from acetylene in superbasic
media add to the C=N bond. Thus anilides 103 ± 105 and
anilines 106 react with acetylene in the presence of their potas-
sium derivatives (at 160 8C, under enhanced pressure, in THF
or dioxane) to form 3-arylaminobutynes 24a ± c.

It was proved that these reactions proceed through the
intermediate formation of the Schiff base that adds the
acetylide anion to the C=N bond (the aza analogue of the
Favorsky reaction).103, 105

2. New reactions
Several new general reactions of acetylene that occur in
superbasic media and produce promising monomers and
synthons for the fine organic synthesis have been discov-
ered.7, 28 ± 36, 40 ± 43

a. Hydrative trimerisation of acetylene
It was found that in the presence of the complex
2KOH .H2O±DMSO (80 ± 115 8C, 10 ± 15 atm), three acety-
lene molecules and one water molecule undergo a single-stage
formation of 2-vinyloxybuta-1,3-diene that simultaneously
contains a 1,3-diene fragment and a vinyl group.107, 108

Mild acid-catalysed hydrolysis of 2-vinyloxybuta-1,3-diene
(1% HCl, 20 8C) affords methyl vinyl ketone in the quantita-
tive yield.33

b. Direct vinylation of chalcogens and elemental phorphorus
The use of superbasic systems made it possible to carry out a
series of unconventional acetylene reactions, particularly, the
direct vinylation of chalcogens and elemental phosphorus in
the presence of aminimum amount of a proton donor (usually,
water). These studies were initiated by the discovery of a
reaction of acetylene incorporation into the S7S bond of
disulfides in the system KOBut ±DMSO. The reaction is
stereoselective and produces Z-isomers of 1,2-bis(alkylthio)-
ethenes 25.109 ± 111

As was found later, this reaction is general and may be
extended to dialkyl diselenides 112 and elemental S8 , Se and
Te.111, 113 ± 115 Being a supernucleophile, the polysulfide anion
formed from the cyclic octamer S8 is easily captured by
acetylene. As a result of subsequent transformations, the
polysulfide anion transforms into divinyl sulfide in the pres-
ence of proton donors.111, 113, 114 Selenium and tellurium are
vinylated to divinyl selenide and divinyl telluride, respectively,
in the presence of the system KOH±HMPT (HMPT is
hexamethylphosphotriamide).111, 114, 115 In this reaction,
superbases act not only as the catalysts but also as the reagents,
being involved in the redox disproportionation of selenium or
tellurium.

Under these conditions, elemental phosphorus behaves in a
similar way. Under the action of an activated hydroxide
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ion, the P7P bonds of both white and red phosphorus are
easily cleaved to form phosphide and phosphinite anions,{

which react with the appropriate electrophile (complementary
with respect to symmetry and population of unoccupied
valence molecular orbitals).35, 116 ± 120

For phosphide anions, acetylenes proved to be these
complementary electrophiles. Thus the reaction of phosphide
anion with phenylacetylene at 60 ± 65 8C proceeds by a stereo-
selective mechanism to form a Z,Z,Z-isomer of tristyrylphos-
phine (26).35, 117 ± 119

c. Synthesis of O-vinylketoximes
Nucleophilic addition of ketoximes 27 to acetylene in super-
basic media to formO-vinylketoximes 28made the latter easily
accessible.42, 121 ± 124

The highest yield of vinyloximes 28 was reached due to the
modification of the superbasic system MOH±DMSO by the
addition of a non-polar solvent (pentane) and caesium halides.
Pentane extracts the O-vinyloximes formed and thus prevents
their further transformation to pyrroles, while caesium salts
are converted to CsOH due to the exchange processes thus
providing the high basicity of the system.121 ± 123

d. Synthesis of O-vinylamidoximes
The use of superbasic catalysts made it possible to vinylate
amidoximes, which are prone to tautomeric transformations
under ordinary conditions.125, 126

Chemoselective vinylation at the hydroxyl group occurs at a
temperature unusually low for this reaction (75 8C) very
quickly, virtually instantaneously (it takes about 5 min for
the reaction to be completed).125, 126 The resulting O-vinyl-
amidoximes form a new class of promising monomers and
synthons, particularly, for designing heterocycles. For exam-
ple, they are easily cyclised to oxodiazolines,41 although the
attempts to rearrange them into imidazoles (analogously to the
rearrangement of O-vinyloximes to pyrroles 42, 127) failed so
far.

e. Acetylene reactions with ketoximes: synthesis of pyrroles
A new general reaction of ketoximes with acetylenes, which
proceeds in superbasic media such as MOH±DMSO (M is an
alkali metal) and afford pyrroles 29 and N-vinylpyrroles 30,
was discovered.30, 32 ± 34, 37, 41, 42 127 ± 144 An excess of acetylene
favours direct formation of N-vinylpyrroles 30. Actually, this
reaction represents a two-stage transition from ketones to
diverse pyrroles.

By this reaction, virtually any ketone that has at least one
methylene or methyl group in the a-position with respect to the
carbonyl function and contains no strong base-sensitive sub-
stituents can be transformed into the corresponding pyrrole or
N-vinylpyrrole. If necessary, a one-pot synthesis can be carried
out in the systemMOH±DMSO. For this purpose, a ketone is
treated first with hydroxylamine (or its hydrochloride) and
then with acetylene.143

This reaction has provided a facile route to pyrroles with alkyl,
cycloalkyl, aryl and hetaryl substituents and pyrroles annu-
lated with common rings, macrocycles and fused sys-
tems.7, 30, 41, 140 ± 146
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At present, this reaction is widely referred to in the
literature as the Trofimov reaction (e.g., see Refs 147 ± 157).

Alkali metal hydroxides were used as theMOH component
of the superbasic catalytic system MOH±DMSO. Rubidium
and caesium hydroxides are more active than KOH but the
latter is much cheaper; this is why the system KOH±DMSO is
used, as a rule. Lithium and sodium hydroxides are less active;
however, they allow one to obtain NH pyrroles more selec-
tively, because they virtually do not catalyse their vinylation.
In the absence of DMSO, pyrroles are not formed, i.e., the
intrinsic basicity of alkali metal hydroxides is insufficient and
this reaction requires superbasicity.41

In place of acetylene, methylacetylene and allene can be
employed.93

This reaction was successfully used for the synthesis of
pyrroles 31a ± c with terpenoid substituents.7, 41, 131 For this
purpose, terpenoid ketones were treated first with hydroxyl-
amine and then with acetylene in the system KOH±DMSO.

This reaction was also used to prepare recently unknown
steroid pyrrole compounds including those containing highly
reactive O- (compound 32a) and N-vinyl (32a ± c) groups
capable of polymerisation and further chemical modifica-
tion.41, 134, 136, 137

f. Synthesis of dd-carboline from 3-acetylindole oxime and acetylene
The reaction 3-acetylindole oxime with acetylene in the super-
basic catalytic system KOH±DMSO opened up a new way

(one-pot assembling) to the synthesis of d-carboline system,
namely, pyridoindole 33, which was difficult to synthesise
earlier.158

Apparently, this reaction proceeds through the homolytic
cleavage of theN7Obond in the intermediateO-vinyloximeA
followed by the intramolecular attack of iminyl radical B on
the pirrole ring. After this, the homolytic opening of the
spiroazirine intermediate C and the addition of the second
acetylene molecule to radical D complete closure of the
pyridine ring.158

Carboline structures are present in many natural com-
pounds and medicinal drugs; however, so far the synthesis of
d-carbolines remained an unsolved problem in the chemistry of
indole alkaloids. An important advantage of this reaction is the
possibility of the one-stage synthesis of the hitherto unknown
N-vinyl-d-carbolines.42 The latter combine the properties of an
NH-protected d-carboline with those of highly reactive syn-
thons and monomers, which opens up wide prospects for the
development of the fundamental and synthetic chemistry of
indole alkaloids and high-molecular-weight compounds of the
carboline series.

g. Eliminative vinylation of 1,2-diols and polyols
The eliminative vinylation of 1,2-diols and polyols opened up a
rational way to divinyl ethers, namely, vinyloxyalkenes 34.33

The formal elimination of vinyl alcohol from the intermediate
divinyl ethers proceeds only in the presence of superbases such
as KOH±DMSO; moreover, the elimination proceeds more
smoothly in the presence of acetylene.159, 160
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Due to this reaction, divinyl ethers, the promising mono-
mers and synthons, have become accessible for the first time
and the reaction itself, being general, has supplemented the
arsenal of methods of organic chemistry.33

h. Cyclo-co-oligomerisation of acetylene with acetonitrile
The cyclisation of acetylene with three acetonitrile molecules
pertains to the new reactions of acetylene that proceed in
superbasic media. The cyclisation occurs under mild condi-
tions (from 710 to 20 8C, atmospheric pressure, a superbasic
system KOH±MeCN) and leads to 2-amino-3-(2-iminoethyl)-
6-methylpyridine (35), the first representative of pyridines that
simultaneously contains an imine and an amine functions, and
3-acetyl-2-amino-6-methylpyridine (36).161

i. Rearrangement of O-propargylketoximes
In the presence of a specific superbasic system KOBut ±THF,
propargyl ethers of ketoximes 37 are rearranged to N-vinyl-
acrylamides 38 rather than to the expected allenyl ethers (room
temperature, exothemic process). This rearrangement is
general.162

In turn, O-propargylketoximes 37 are obtained in quanti-
tative yields from oximes and propargyl chloride in the super-
basic system KOH±DMSO.41, 163 It is amazing that this
virtually universal catalytic system fails to induce the rear-
rangement of O-propargylketoximes formed.

III. Chemistry of acetylenic hydroxy acids and
their derivatives

1. Oxidative methoxycarbonylation of acetylenic alcohols
The direct catalytic synthesis of methyl esters of acetylenic
hydroxy acids 39 was carried out by the reaction of acetylenic
alcohols with carbon monoxide in methanol in the presence of

palladium and copper chlorides.31, 33 In contrast to the classical
Reppe carbonylation, which affords the acrylic systems, in this
case, the triple bond remains intact. The presence of an
acceptor group near the triple bond in compounds 39
dramatically enhances the reactivity of this bond, which
makes these compounds the promising reagents for the fine
organic synthesis.

The reaction of oxidative methoxycarbonylation of acety-
lenic alcohols provided reliable synthetic grounds to the
chemistry of acetylenic hydroxy acids and their deriva-
tives.31, 38

2. Addition of nucleophiles
The addition of different nucleophiles (alcohols, thiols, amines,
cyanide anion) to esters and nitriles of a,b-acetylenic
g-hydroxy acids followed by the cyclisation under biomimetic
conditions (room temperature, aqueous medium) opened up
new approaches to the synthesis of functionalised heterocycles,
which were difficult to prepare. Below, the examples of com-
pounds synthesised by this approach are shown.7, 31, 38, 164 ± 172
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This strategy can be applied to the directed synthesis of
biologically important derivatives of tetronic, ascorbic and
penicillic acids and other antibiotics of this series, particularly,
the promising anti-HIV drugs.38

The nucleophilic addition of amines to nitriles of hydroxy
acetylenic acids affords conjugated poly(iminodihydrofurans)
40 with unusual electrophysical properties.173 ± 178

3. Synthesis of fused pyridine systems
An unexpected regiospecific cyclisation of nitriles of hydroxy
acetylenic acids with pyridine and its methyl derivatives (a-, b-
and g-picolines), which occurs at room temperature in the
absence of catalysts and solvents, leads to the formation of
(Z )-cyanomethylidene-1,3-oxazolidino[3,2-a]-1,2-dihydropyr-
idines 41 in high yield. The latter compounds serve as the
reactive building blocks in the fine organic synthesis, the
promising biologically active compounds and polydentate
ligands for the design of metal-complex catalysts.179

Later, this reaction was extended to the functional pyridine
derivatives 180 ± 184 and 1-substituted benzimidazoles.185

Hence, this is a general reaction. It was used for the syntheses
of oxazolidinoqinolines 42,181 bis(oxazolidino)quinoxalines

43,181 substituted (oxazolidinopyridinyl)piperidines 44,183

oxazolidinobenzimidazoles 45.185

IV. Acetylene- and allene-derived carbanions

In the past decade, a considerable contributionwasmade to the
chemistry of carbanions of the acetylene and allene
seties.186 ± 192

The functionalisation of the pyrroloacetylene dianion with
trimethylchlorosilane and chalcogens afforded 2-trimethyl-
silyl-1-trimethylsilylethynylpyrrole, pyrrolo[2,1-b]thiazole
and the hitherto unknown fused heterocyclic systems, namely,
pyrrolo[2,1-b]selenazole and pyrrolo[2,1-b]tellurazole.186

A direct reaction of elemental phosphorus with the acety-
lenide ions generated from acetylenes under the action of a
strong base served as the basis of a new convenient approach to
the formation of the Csp7P bond and the synthesis of
acetylenic phosphines 46 and 47, the promising monomers,
reagents, intermediates and ligands for the production of
effective metal-complex catalysts, which were difficult to
synthesise.187, 188, 190

A new direction in the organic and organomettalic
chemistry has been developed. This concerns the low-tem-
perature reactions of carbanions derived from alkynes and
allenes with isothiocyanates.7, 189, 191, 192 Based on these reac-
tions, new convenient approaches to the synthesis of funda-
mental heterocyclic systems, namely, derivatives of pyrrole,
pyridine, quinoline and thiophene, were developed.189, 191 ± 204

Thus the copper salt-catalysed cyclisation of azatrienes 48
produced 1-alkyl-3-methoxy-2-methylthiopyrroles 49 and
their isomers, 2,3-dihydropyridines 50 in the total yield of 80%.
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Azatrienes 48 are easily formed from 1-lithio-1-methoxy-
allene (51) and alkyl thiocyanates 52.189, 191 ± 193, 203

V. New reactions involving pyrrole

The systematic elaboration of acetylene reactions with ketox-
imes (the Trofimov reaction) made accessible a virtually
unlimited series of substituted pyrroles, which served as a new
impetus for further development of the chemistry of pyrrole
compounds.7, 30, 32 ± 34, 37, 39 ± 46, 129, 205 ± 208 Although the discus-
sion of pyrroles is beyond the frames of this review, we,
nonetheless, decided to discuss several new reactions involving
these compounds.

1. Ambident pyrrole anions in the synthesis of alkyl pyrrole-
2-dithiocarboxylates
A method was developed for the synthesis of alkyl pyrrole-
2-dithiocarboxylates 53 by the pyrrole reaction with carbon
disulfide and alkyl halides at room temperature in the super-
basic system KOH±DMSO.209 ± 211

In the presence of substituents in both a-positions of the
pyrrole ring, pyrrole-3-carbodithioates 54a ± g are exclusively
formed in yields of 36%±61%.212

2. Synthesis of functional 2- and 3-vinylpyrroles
A simple, general and reliable approach to the synthesis of 2-
(55) and 3-(1-alkylthio-2-cyanovinyl)pyrroles (56) has been
found, which is based on the reaction of pyrrole-2- (53) and
pyrrole-3-carbodithioates (54) with nitriles containing an
active methylene function (with malononitrile and cyanoacet-
amide) followed by alkylation of the intermediate thio-
late.39, 40, 213 ± 216

3. Cyclisation of functionally substituted 2-vinylpyrroles
to 3H-pyrrolizin-3-ones and 3H-iminopyrrolizines
On heating (55 ± 100 8C) in the system KOH±DMSO, the
functionally substituted 2-vinylpyrroles 57 undergo intramo-
lecular cyclisation to form earlier unknown 3H-pyrrolizin-
3-ones 58.217, 218

By the example of 2-[(alkylthio)cyanovinyl]pyrroles 55, it
was shown that cyclisation in the systemEt3N±MeOH leads to
3H-iminopyrrolizines 59.218, 219

4. Nucleophilic substitution of an amino group for the
alkylthio group in 3H-pyrrolizin-3-ones
Under mild conditions (20 ± 25 8C, 15 min), 3H-pyrrolizin-
3-ones 58 react quickly and quantitatively with secondary
amines to form aminopyrrolizin-3-ones.218
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A similar exchange was observed for 3-imino-4,5,6,7-tetra-
hydrocyclohexa[c]-3H-pyrrolizines.219 ± 222

5. Enols of the pyrrole series
On treatment with NaOH, the alkylthio group in 2-[(alkyl-
thio)cyanovinyl]pyrroles 55 is easily (40 ± 45 8C, 1 h) displaced
by a hydroxyde ion to form stable enols, namely, 2-(1-hydroxy-
2-cyanovinyl)pyrroles 60 in the yield of up to 90%.223

This reaction opened up a new way to the new class of
stable enols with pyrrole substituents, which are the promising
subjects for studying the fundamental problems of reactivity,
the theory of chemical bonds, the electron transfer in con-
jugated systems, the hydrogen bond and tautomerism. The
synthesised enols are also highly reactive building blocks for
targeted synthesis of new medicinal drugs and materials.

On heating, enols 61 are rearranged into 3-isomers 62. This
is the first example of the migration of a functional substituent
from the a- to b-position in the pyrrole ring.224

Obviously, the easymigration of the enol fragment is due to the
enhanced acidity of the hydroxyl function (the effect of two
strong electron-withdrawing CN groups in the conjugated

system) and the sensitivity of the pyrrole ring with respect to
protonation.224

6. 2-Arylazo-1-vinylpyrroles
To extend the synthetic potential of 1-vinylpyrroles and assess
the relative reactivity of the vinyl group and the pyrrole ring
with respect to different cations, the reaction of 1-vinylpyrroles
with aryldiazonium salts was studied. The use of this reaction
made possible a highly efficient synthesis of 2-arylazo-1-vinyl-
pyrroles 63,225, 226 which are promising compounds for the
development of electrochromic devices, optical switches and
materials for non-linear optics.

Based on 2-arylazo-1-vinylpyrroles, coloured polymers
were synthesised as well as palladium complexes, which are
promising catalysts of cross-coupling reactions.225

7. 1-Vinylpyrrole-2-carbaldehydes
The efficient formylation of N-vinylpyrroles was carried out
under mild conditions (0 ± 20 8C) according to the modified
Vilsmeier ±Haack reaction to produce a new, previously
unknown class of functional pyrroles, namely, 1-vinylpyrrole-
2-carbaldehydes 64.227

The simultaneous presence of two reactive groups (vinyl and
aldehyde) in vinylpyrrolecarbaldehydes 64 makes them prom-
ising reagents for the fine organic synthesis.228

VI. The use of acetylenes in the synthesis of
phosphines and phosphine chalcogenides

Anew approach to the formation of the C7P bond, which was
discovered by the example of the reaction of phenylacetylene
with elemental phosphorus, has been systematically devel-
oped.35, 116 ± 119, 229 This approach is based on the use of
phosphorus-centred anions generated from elemental phos-
phorus in heterogeneous superbasic media such as
KOH±DMSOorKOH±H2O±organic solvent ± phase-trans-
fer catalyst. These studies allowed the commercially manufac-
tured electrophiles to be directly phosphorylated with
elemental phosphorus (or with a phosphine generated from
phosphorus) and also the highly efficient syntheses of phos-
phines and phosphine chalcogenides.230 ± 240 The thus obtained
primary and secondary phosphines and phosphine chalcoge-
nides are the promising PH-addends for the addition to multi-
ple bonds.

1. Nucleophilic addition of primary and secondary
phosphines to acetylenes
Superbases proved to be good catalysts for the vinylation of
phosphines under the action of aryl- and hetarylacetylenes.
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At 60 8C and atmospheric pressure, the reaction is stereo-
selective to afford Z,Z,Z-isomers of tristyrylphosphine (26)
and its analogues 65a ± d in the yields of up to 80%.36, 117, 119,
240 ± 243

Primary alkyl- and arylphosphines add to phenylacetylene
in the system KOH±DMSO (60 8C, 1 ± 4 h) to form Z,Z-
isomers of distyrylphosphines 66.244

An activated alkyne [cyano(phenyl)acetylene] reacts with
alkylphosphines under mild conditions (KOH±dioxane,
20 ± 22 8C) to form either secondary (compound 67) or tertiary
(compounds 68) phosphines in the Z-configuration (yield
70%±91%) depending on the rectant ratio.245

It was experimentally proved (based on the EPR and UV
spectroscopic data) that the reaction proceeds through a single-
electron transfer.245

Secondary phosphines readily react with cyano(phe-
nyl)acetylene in the absence of catalysts to form monoadducts
69 preferentially in the Z-configuration.246 According to the
results of EPR andUV spectroscopic studies, this reaction also
involves the single-electron transfer stage.246

Based on the reaction of secondary phophines with
4-hydroxy-4-methylpent-2-ynonitrile, a convenient, efficient
and stereo-controlled method for the synthesis of functionally
substituted tertiary phosphines 70 containing hydroxyl and
nitrile groups has been developed.245, 247

2. Nucleophilic addition of primary and secondary phosphine
chalcogenides to acetylenes
Secondary phosphine oxides 71 [X=O, R1=Ph(CH2)2], 72
(X=O, R1=Ph) and phosphine sulfides 73 [X=S,
R1=Ph(CH2)2] react virtually quantitatively with methylace-
tylene (74) (R2=H, R3=Me) 248 and cyano(phenyl)acetylene
(75) (R2=Ph, R3=CN) 249 in the presence of superbases
KOH±DMSO (Ref. 248) or KOH±THF (Ref. 249) to form
phosphine oxides 76, 77 and phosphine sulfide 78 containing
chiral carbon centres.

Compound X R1 R2 R3

76 O Ph(CH2)2 H Me

77 O Ph Ph CN

78 S Ph(CH2)2 Ph CN

Compounds 76 ± 78 are the promising intermediates for the
synthesis of optically active phosphine ligands, which are
widely used in the catalytic stereospecific synthesis.
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VII. Acetylene derivatives of silicon
and germanium

M G Voronkov and co-workers have developed the synthetic
approaches to macrocyclic silaalkynes 250 ± 273 and silicon-and-
chalcogen-containing heterocyclic compounds.274 ± 277

1. Synthesis of acetylene- and silicon-containing macrocycles
Based on the condensation reaction of the bromomagnesio
derivatives of dimethyldiethynyl- and methyl(vinyl)diethynyl-
silane, bis(dimethylethynylsilyl)ethyne, dimethylbis(dimethyl-
ethynylsilylethynyl)silane, etc. with dialkyl-, ethyl(methyl)-,
methyl(trimethylsilylethynyl)- and methyl(2-trimethylsilylvi-
nyl)dichlorosilanes, a general method of synthesis of methyl-
organylcyclosilaalkynes 79 ± 84 (MeRSiC:C)n (n=4±8)
containing exocyclic substituents (R=H, Me, Et,
CH2=CH, Me3SiC:C, Me3SiCH=CH) was devel-
oped.257 ± 259, 261, 263

12-Membered cyclosilaethyne 85 of the propellane type
was synthesised by the reaction of 1,1-bis(bromomagnesio-
ethynyl)silacyclopentane with 1,1-dichlorosilacyclopen-
tane.265

Spiromacrocyclic polysilaalkynes 86 and 87 were synthes-
ised by the condensation of bromomagnesio derivatives
of dialkylbis(dimethylethynylsilylethynyl)silane with silicon
tetrachloride.264

The (E)-1,2-bis(bromomagnesioethynyldimethylsilyl)-
ethene reaction with 1,2-bis(methyldichlorosilyl)ethane pro-
duced an unusual macrobiocyclic compound 88, which
contained both unsaturated and saturated endocyclic groups
(SiC:CSi, SiCH=CHSi, SiCH2CH2Si).270

2. New five-membered silicon-and-chalcogen-containing
heterocycles
New unsaturated heterocycles of the fulvene (compounds
89 ± 91) or cyclopentene (compound 92) types, which contain
silicon, selenium and tellurium atoms, were synthesised from
dimethyldiethynylsilane and selenium and tellurium tetraha-
lides under mild conditions (20 ± 25 8C, CHCl3) in good or
moderate yields.274 ± 277

3. Silicon- and germanium-containing acetylene aldehydes
The reactivity of 3-(trimethylsilyl)- (93, X=Me3Si) and
3-(triethylgermyl)prop-2-ynals (94, X=Et3Ge), which are
easily prepared by the oxidation of the corresponding 3-trime-
thylsilyl- and 3-(triethylgermyl)prop-2-ynols 278 ± 285 with the
activated system MnO2 ± SiO2

286 or pyridinium chlorochro-
mate 287 under microwave radiation in the absence of a solvent,
was studied. Being ambident 1,3-biselectrophiles, propynals 93
and 94 react with nucleophiles chemoselectively involving the
triple bond, the carbonyl groupor both reaction centres.288 ± 298

By the example of secondary phosphine chalcogenides, it
was shown that the chemoselective addition of P-centred
nucleophiles to the carbonyl groups in propynals 93 and 94
can efficiently proceed under mild conditions (10 ± 50 8C,
THF, without catalyst) to afford earlier unknown multifunc-
tional chiral tertiary phosphine chalcogenides 95 ± 101 con-
taining ethynyl and hydroxyl functions.290, 296

Compound X Y R Compound X Y R

95 SiMe3 O Ph 99 GeEt3 O Ph

96 SiMe3 O 2-Py 100 GeEt3 S Ph

97 SiMe3 S Ph 101 GeEt3 Se Ph

98 SiMe3 Se Ph

The reactions of propynals 93 and 94with ethylenediamine
and 1H-1,2,4-triazol-3-ylamine to afford the corresponding

Si(C CMgBr)2 + SiCl2 SiSi
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R

R
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H
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P
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bis(azomethines) 102, 103 and triazolylaldimines 104, 105 also
involve the carbonyl group.297

Azomethines 106, 107 and their cyclisation products,
namely, 1,3-thiazolidines 108, 109, were prepared from propy-
nals 93, 94 and 2-aminoethanethiol.297

Under microwave radiation (420 W, 12 min), the reaction can
be directed to the exclusive formation of heterocycles 108,
109.297

By the example of the same propynals, the possibility of
using acetylenic aldehydes in the Biginelli reaction was dem-
onstrated. Thus, on refluxing with urea and ethyl acetoacetate
in methanol in the presence of HCl (5 mol%), polyfunctional
tetrahydropyrimidines 110 and 111 were obtained in high
yields.298

The use of LiClO4 (20 mol%) instead of HCl led to the
selective formation of the Knoevenagel adducts, i.e., ethyl
2-acetyl-5-(trimethylsilyl)- and ethyl 2-acetyl-5-(triethylger-
myl)pent-2-en-4-ynoates.298

Under the conditions of the Baylis ±Hillman reaction
(TiCl4 , Me2S), propynals 93 and 94 react with 1-phenylprop-
2-yn-1-one to form 3-hydroxy-1-phenyl-2-[(Z,E )-chlorome-
thylydene]-5-X-pent-4-yn-1-ones 112, 113.289

Regiospecific 1,3-dipolar cycloaddition of trimethylsilyl
azide involves the triple bond of propynal 93 and produces
4-trimethylsilyl-1H-1,2,3-triazole-5-carbaldehyde (114).292

By the example of propynal 93, unusual cascade assembling
of new multifunctional heterocyclic compounds were
developed. Thus under microwave radiation, the propynal 93
reacts with 2-aminopyridine in the system ButOH±H2O±
4-MeC6H4SO3H (5 mol%) to produce N-(2-pyridinyl)-2-(tri-
methoxylylethynyl)-1,2-dihydropyridine-3,5-dicarbaldehyde
(115) in the yield of 75%.293 In the presence of a basic catalyst
[5 mol% of diazabicyclooctane (DABCO)] and trace amounts
of water, propynal 93 is quantitatively trimerised to 4-tri-
methylsilylethynyl-4H-pyran-3,5-dicarbaldehyde (116).295

VIII. New acetylene-based technologies

New modifications of classical acetylene reactions made it
possible to develop simple and commercially feasible methods
of the synthesis of unique monomers and intermediates that
were implemented in laboratory and in pilot plants.33 As a
result, commercially feasible technologies were developed for
the synthesis of pentaerythritol tetravinyl ether (9),33, 299 ± 301

ethylene glycol glycidyl vinyl ether (117) (`Vinylox'),53, 302, 303

2-vinyloxyethyl methacrylate (118),33, 304, 305 potassium
(sodium) N-[2-(vinyloxy)ethyl]dithiocarbamate (biocide `Vin-
ditat') (119),33, 306 divinyl sulfide (120),29, 111, 307 divinyl sulf-
oxide (121),308, 309 tetrahydroindole (122) and N-vinyltetra-
hydroindole (123).30, 32, 310, 311

New effective methods were developed for the preparation
of certain other valuable monomers and intermediates,
namely, methyl vinyl and ethyl vinyl ethers,312 ± 314 propargyl
alcohol,99, 315 N-vinylcarbazole,33, 316, 317 3-methylbut-1-yn-
3-ol,318, 319 1-ethynylcyclohexanol,319 dehydrolinalool 33, 320

and other acetylenic alcohols and their derivatives.43

Based on the developed technologies, ethylene glycol
monovinyl ether (2-vinyloxyethanol),28, 33 2-methyl-1,3-dioxo-
lane divinyl ether,28, 33, 43 diethylene glycol 28, 33, 160 and etha-
nolamine vinyl ether (2-vinyloxyethylamine) 314, 321 were
produced on a pilot scale (`Karbid', Temirtau).
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IX. Conclusion

In this review, the progress in the studies on several classical
acetylene reactions in the past 10 ± 15 is surveyed, although it is
evident that certain new modifications of these reactions rely
on the achievements of earlier decades. From this review, it is
evident that the interest in many directions developed by the
Favorsky school is quickened. First of all, this concerns the
field of base-catalysed reactions of vinylation, ethynylation
and prototropic migration of a triple bond through the allene
and diene structures. The systematic use of superbasic catalysts
and the development of a concept of superbasicity made it
possible to develop new, in principle, versions of the classical
Favorsky reactions and convert them into more efficient and
practically feasible synthetic methods. New processes that
employ acetylene at the atmospheric or reduced pressure were
carried out on the experimental and commercial scales (the
vinylation of alcohols, glycols, glycerol, pentaerythritol, car-
bazole and ethanolamines; the preparation of divinyl sulfide;
the synthesis of acetaldehyde via vinyl ethers).43

Together with the development of classical reactions, new
base-catalysed reactions of acetylene, which are genetically
linked to their classical prototypes, were discovered. These are
the vinylation of sulfur, selenium, tellurium and phosphorus,
the hydrative trimerisation of acetylene (vinylation of water),
the synthesis of pyrroles andN-vinylpyrroles from ketones and
acetylene via ketoximes, etc.43 These reactions substantially
extend the synthetic potential of acetylene.

Methods for the synthesis of macrocyclic silaalkynes that
utilise the corresponding sodium and bromomagnesio deriva-
tives of acetylene (the Iotsich complexes) were developed.
Based on bis(ethynylsilanes), new unsaturated heterocyclic
compounds that contain silicon and chalcogen atoms in their
rings were prepared. Chemistry of silicon and germanium-
containing acetylenic aldehydes has been developed further.

Some of these directions have a considerable effect on the
development of the chemistry of acetylene all over the world,
although, naturally, hardly embrace the whole vast field of
chemistry of compounds with triple carbon ± carbon bonds.
The best studies carried out within the scope listed above are
actively cited and many research groups successfully explore
these directions.

The studies on the modification of classical acetylene
reactions are in progress. In addition to superbases (KOBut)
conventionally used in the synthesis of acetylenic alcohols (e.g.,
from ferrocenylacetylene 322), the current attention is focused
on the alkynol synthesis (the addition of acetylenes to the
C=O bond) in the presence of either metal complexes partic-
ularly those with chiral ligands (the asymmetric version of the
Favorsky reaction),323 ± 326 or zinc salts and organozinc com-
pounds,327 triphenylphosphine,328 organic catalysts.329 The
recently published review 330 is devoted to alkynylation of
chiral aldehydes (including those with alkoxy, amino and thio
groups) under the action of metal acetylides.

The addition of amines to a triple bond successfully
employs the catalysis with metal complexes.331 ± 336 Recently,
the addition of hydroselenides and diselenides to acetylenes in
the presence of InBr3 was accomplished.337

Superbases (KOH±DMSO,338 KOBut ±THF,339

KOH±THF 340) are successfully used in the synthesis of
amides of the allene series and the corresponding propargyl
compounds. The base-catalysed acetylene ± allene isomerisa-
tion (acetylene `zipper'), which employs lithium 2-aminoethyl-
amide, is the easy way for the synthesis of 1,3-alkadiynes and
their internal isomers.341

It should be stressed that the metal-complex catalysis now
becomes the main trend in the modification of classical
acetylene reactions and opens up new horizons in the tradi-

tional chemistry of acetylene;342 however, its discussion is
beyond the scope of this review.

The popularity of chemistry of acetylene increases, which is
associated with the progressive extension of the use of acety-
lenic compounds in the organic synthesis, particularly, in the
synthesis of medicinal drugs (e.g., enediyne antibiotics),343

optoelectronic materials,344 ± 346 molecular machines and
other nanostructured objects,27, 347 including porphyrins with
acetylene bonds.

The authors hope that this review will help a wide circle of
chemists and technologists in solving the topical problems of
the organic synthesis and modern technologies based on the
use of acetylene and its derivatives.
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Abstract. The state-of-the-art and prospects of the develop-The state-of-the-art and prospects of the develop-
ment of chemistry of chalcogenide clusters of Group 5 ± 7ment of chemistry of chalcogenide clusters of Group 5 ± 7
metals of the Periodic Table are discussed. The main structuralmetals of the Periodic Table are discussed. The main structural
types, methods of synthesis, the reactivity and possible appli-types, methods of synthesis, the reactivity and possible appli-
cations of vanadium, niobium, tantalum, chromium, molyb-cations of vanadium, niobium, tantalum, chromium, molyb-
denum, tungsten and rhenium chalcogenide clusters withdenum, tungsten and rhenium chalcogenide clusters with
nuclearity of three and larger are considered. The bibliographynuclearity of three and larger are considered. The bibliography
includes 363 referencesincludes 363 references..

I. Introduction

The achievements of chemistry in the second half of the 20th
century are mostly associated with the foundation of basics of
cluster chemistry. In 1964, F Cotton introduced the term
`cluster' for compounds the molecules of which contain a core
of metal atoms linked by metal ±metal bonds.1 The develop-
ment of cluster chemistry was a revolutionary step in coordi-
nation chemistry.2 The complexes in which metal clusters are
coordinated by chalcogenide or polychalcogenide ligands
occupy a special place among numerous types of cluster
compounds. Chalcogenide clusters are a typical example of
so-called inorganic or high-valence clusters and are most
characteristic of 4d- and 5d-metals ofGroups 5 ± 7. The present
review discusses methods of synthesis, structures and proper-
ties of sulfide, selenide and telluride cluster compounds of
vanadium, niobium, tantalum, chromium,molybdenum, tung-
sten and rhenium. The review includes only the metal clusters
with nuclearity equal, to or larger than, three.

The present review is dedicated to the 50th anniversary of
the A V Nikolaev Institute of Inorganic Chemistry, Siberian
Branch of the Russian Academy of Sciences (NIIC) and it is

not a coincidence: from the date of its foundation and up to
now systematic studies of chalcogenide clusters of transition
metals have been carried out in the Institute and several new
key types of chalcogenide clusters have been discovered here.
In the mid-1960s, trinuclear molybdenum complexes
Mo3Q7X4 (Q=S, Se; X=Cl, Br, I) 3, 4 were synthesised in
NIIC, which became a beginning of massive studies of trian-
gular chalcogenide clusters. At the same time lower molybde-
num chalcogenides of the Mo6Q8 (Q=Se, Te) type have been
found,5, 6 which turned out to be predecessors of a group of
numerous closely related ternary cluster compounds later
called the Chevrel phases (these compounds were also inten-
sively studied because of their properties as superconductors).7

The studies of hexa- and tetranuclear rhenium clusters
Re6Te15,8 Re6Q4X10,9 Re4Q4(TeX2)4X8 (Ref. 10) and chal-
cocyanide complexes [Re6Q8(CN)6]47 (Ref. 11) and
[Re4Q4(CN)12]47 (Ref. 12) should be noted among the
pioneering investigations of NIIC. Recently, new types of
square vanadium and tantalum clusters V4S9Br4 (Ref. 13)
and Ta4Q9X8 (Q=S, Se; X=Br, I) 14 were discovered in
NIIC and the unique 12-nuclear rhenium clusters
[Re12CS17(CN)6]87/67 (Ref. 15) containing an interstitial car-
bon atom were synthesised.

Chalcogenide clusters of Group 5 ± 7 transition metals are
typically obtained by high-temperature synthesis. Such clusters
usually possess polymeric structures and therefore they are
insoluble, low-reactive and their chemical properties could not
be studied for a long period. The breakthrough in this area
occurred after the discovery 16 of synthetic methods of trans-
formation of polymeric cluster complexes into soluble molec-
ular complexes by introduction of new ligands. In addition, the
substitution of atoms of the cluster core was performed,
including preparation of heterometallic clusters. Inorganic
ligands (SSe27, STe27, TeCl2, TeBr2, TeI2, Te6), previously
unknown in coordination chemistry were discovered. Most of
the studies of tellurium containing cluster complexes were also
performed in NIIC.11, 17 ± 20

In the present review we summarise the forty years of
development of chemistry of chalcogenide clusters of early
transition metals. A particular attention is paid to the new
advances in chemistry of this class of compounds that emerged
during the last years and to the prospects of development of
basic studies and practical applications of these compounds.
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II. Main structural types of chalcogenide clusters

1. Triangular clusters with the cluster core M3Q4

The cluster core M3(m3-Q)(m2-Q)3 contains a triangular metal
cluster M3, which coordinates four chalcogenide ligands Q
(one m3-Q and three m2-Q). Cluster complexes with the core
M3Q4 are most typical of molybdenum, tungsten and rhenium,
while for Group 5 metals (V, Nb, Ta) such complexes are
uncommon and are represented only by sulfide clusters of
vanadium [V3S4(edt)3]37 (H2edt is ethane-1,2-dithiol) 21 and
niobium [Nb3SO3(NCS)9]67 (Ref. 22). Numerous examples of
sulfide and selenide clusters of molybdenum and tungsten are
known, but so far only one telluride cluster,
{Mo3Te4[(PriO)2PS2]3(m-o-NH2C6H4CO2)(PBu

n
3)}, has been

described.23

Metal ions in triangular clusters with the number of valence
electrons available formetal ±metal bond formation (Ne) equal
to 6 (i.e., there are three two-electron bonds) possess d2

electron configuration. Accordingly, the charge of the cluster
core M3Q

n�
4 is determined by the position of the metal in the

Periodic Table: for V and Nb, n=1, for Mo and W n=4, for
Re, n=7. TheM7Mmetal bond lengths correspond to those
of single bonds. Besides, in the case of monodentate ligands
each metal atom coordinates three ligands. Anionic complexes
with single-charged anionic ligands [M3Q4L9]57, where L is
cyanide,24 thiocyanate,25 ± 29 formate,30 etc., are typical exam-
ples of such clusters. There are two types of ligands L in such
complexes: cis- and trans-oriented relative to the m3-Q ligand.
The well-known aqua complexes of molybdenum and tungsten
[M3Q4(H2O)9]4+ (M=Mo, W; Q=S, Se) (Fig. 1) 25, 31, 32 are
examples of cluster complexes with neutral ligands.

The cluster complexes [Mo3S4(C2O4)3(H2O)3]27 contain
simultaneously both bidentate (C2O

2ÿ
4 ) and monodentate

(H2O) ligands; the monodentate ligands in these complexes
occupy only trans-positions relative to m3-Q (Fig. 2).33 ± 35 The
complexes with chelating O-, N-, P- and S-donor ligands are
most abundant among triangular cluster compounds. The
complexes with oxalate,33 ± 35 iminodiacetate,36 nitrilotriace-
tate,25, 37, 38 triethylenetetraaminohexaacetate 39 and other
ligands belong to this class. A number of complexes with

phosphine ligands are also known. Usually the bulky mono-
dentate phosphine ligands occupy trans-positions relative to
the chalcogenide m3-ligand as, for instance, in (HPEt3).
.[Re3S4Cl6(PEt3)3] 40 (Fig. 3). In contrast to oxalate complexes,
one phosphorus atom in complexes with bidentate phosphine
ligands is in trans-position and another in cis-position relative
to the chalcogenide m3-ligand. This results in the chirality
of the cluster cations formed [M3S4X3(dmpe)3]+ and
[M3S4X3(dppe)3]+ [M=Mo, W; X=Cl, Br; dmpe is 1,2-
bis(dimethylphosphino)ethane, dppe is 1,2-bis(diphenylphos-
phino)ethane] (Fig. 4).18, 41

The Mo7Mo bond lengths (2.807 �A) in the cluster
Mo3S

3�
4 of the paramagnetic reduced electron-rich complex

[Mo3S4Cl3(dppe)2(PEt3)] (Ne=7) are slightly longer than
those in its phosphine analogues with the cluster core Mo3S

4�
4

(2.776 �A).42, 43

There is also a significant number of compounds with
S-donor ligands, including dithiophosphate, dithiolate, dithio-
phosphinate and dithiocarbamate complexes.18 The tetrasul-
fide ligand in compound (NH4)2[W3S4(S4)3(NH3)3] .H2O is
bidentate and an ammonia molecule is also coordinated to
the tungsten atom (Fig. 5).44

2. Triangular clusters with the cluster core M3Q7

This structural type is most typical of molybdenum and
tungsten compounds; here the metal cluster M3 coordinates
one chalcogenide m3-ligand and three dichalcogenide
m2-ligands M3(m3-Q)(m2-Q2)3 (Fig. 6).

Bidentate bridged dichalcogenide ligands asymmetrically
coordinate metal ±metal bonds according to the m2-Z2 :Z2-
mode, which results in structural and chemical non-equiva-
lence of the chalcogen atoms of these ligands. Thus, the
distances Mo7Seq and Mo7Sax complex (Ph4P)2[Mo3S7Cl6]
are equal to 2.485 and 2.391 �A, respectively.45 The bond force

S

Mo

O

Figure 1. Structure of the complex [Mo3(m3-S)(m2-S)3(H2O)9]4+.

S

Mo

O

C

Figure 2. Structure of the complex [Mo3S4(C2O4)3(H2O)3]27.

Cl

Re

P

C

S

Figure 3. Structure of the complex [Re3S4Cl6(PEt3)3]7.

S

Cl

W

P

C

Figure 4. Structure of the complex [W3S4Cl3(dppe)3]+ (the phenyl

groups are omitted).
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constant of the Mo7Seq bond is also smaller 46 and the
equatorial sulfur atoms are quite labile in chalcogen substitu-
tion and elimination reactions.44, 47 ± 49 This makes possible
their selective substitution by selenium atoms resulting in the
formation of the cluster core Mo3(m3-S)(m2-SSe)3.47 Another
feature of the M3Q7 core is its predisposition to the formation
of specific non-valence interactions of the M3Q7_Y type with
short contacts between axial chalcogen atoms and atom Y (Y
may be a halide or chalcogenide ion). These interactions may
be described as electrostatic or as a charge transfer from m3-Y
to the s*-orbital of the dichalcogenide ligand Y2ÿ

2 (Ref. 50).
For the first time, compounds with the core M3Q7 were

synthesised as polymeric chalcohalides Mo3Q7X4 (Q=S, Se;
X=Cl, Br, I).3, 4 The cluster cores M3Q7 in these compounds
are linked together into infinite zigzag chains by bridging
halogen atoms (Fig. 7). A number of complexes containing
anions [M3Q7X6]27 (M=Mo, W; Q=S, Se; X=Cl, Br, I,
NCS) is known nowadays.18 However, there are very few
complexes with N-donor ligands. Complexes with aniline
[Mo3S7Br3(PhNH2)3]+,51 pyridine,52 1,10-phenanthroline
[M3Se7(phen)3]4+ (Ref. 53) and ethylenediamine 54 were syn-
thesised. On the contrary, the cluster compounds in which the

cores M3Q7 coordinate S-donor ligands are fairly numerous
and include complexes with various thio-ligands: polysulfide
[Mo3S7(S2)3]27 , dithiophosphate [Mo3S7(dtp)3]+, dithiocar-
bamate [M3Se7(dtc)3]+, dithiophosphinate [Mo3S7(R2PS2)3]+

(R=Et, Prn, Bun) and other.55 ± 58

Triangular clusters of molybdenum and tungsten with the
core M3Q7 are well studied; similar complexes of vanadium
and rheniumare also known. Themetal ±metal bond lengths in
[VIII

3 S7(bipy)3]PF6 (Fig. 8) are equal to 2.75 ± 2.78 �A;59 the
cluster fragment V3S

2�
7 corresponding to the oxidised form is

found in (Et4N)[V3S7(Me2NCS2)3], where the V7V distances
are slightly shorter (2.74 ± 2.75 �A).60

A series of isostructural rhenium complexes Re3Q7X7

(Q=S, Se; X=Cl, Br, I) were synthesised.61 ± 63 In these
compounds, the cluster core Re3Q

7�
7 is isoelectronic to that of

Mo3Q
4�
7 , but the distance Re7Re in Re3S7Cl7 (2.698 �A) is

slightly shorter than the distance Mo7Mo in Mo3S7Cl4
(2.758 �A) probably because of the difference in atomic radii
of ReV and MoIV.

There are very few telluride complexes M3Q7. The com-
plexes Mo3Te10I10 , [Mo3Te7(CN)6]27, [W3Te7(CN)6]27 and
[Mo3Te7((EtO)2PS2)3]I containing the M3(m3-Te)(m2-Te2)

4�
3

core were synthesised and their structures were estab-
lished.50, 64 ± 67.

3. Other examples of triangular chalcogenide clusters
There are some mixed chalcogenide compounds among M3Q4

clusters.68 In the triangular cluster [Nb3(m3-S)(m2-O)3.
.(NCS)9]67, only the sulfur atom occupies the m3-position.22

Compounds [M3(m3-S)(m2-O)x(m2-S)37x(H2O)9]4+ (M=Mo,
W; x=1±3) and [Mo3(m3-Se)(m2-O)x(m2-Se)37x(H2O)9]4+ are
also known.18, 69 ± 71 Dithiophosphate derivatives of the cluster
Mo3(m3-O)(m2-S)

4�
3 were described as well.72 Recently the

complex [W3(m3-Te)(m2-Se)3(CN)9]57 has been synthesised.67

Mixed-chalcogen clusters M3Q7 are more diverse, they include
Mo3(m3-O)(m2-S2)

4�
3 ,Mo3(m3-S)(m2-Se2)

4�
3 ,M3(m3-S)(m2-SSe)

4�
3 ,

M3(m3-Se)(m2-SSe)
4�
3 (M=Mo, W), Mo3(m3-S)(m2-Te2)

4�
3 ,

Mo3(m3-O)(m2-Te2)
4�
3 and W3(m3-Te)(m2-TeSe)

4�
3 (Refs 47, 49,

50, 54, 67, 73 and 74). The substitution of the m3-chalcogen
atom by an atom of lighter chalcogen results in significant
shortening of metal ±metal bonds in the M3 triangle. This
shortening corresponds approximately to the difference in size
of the bridged chalcogen atoms. For example, the shortening
in dithiophosphate complexes [Mo3Q(S2)3{(EtO)2PS2}3]X

N

W

S

Figure 5. Structure of the complex [W3S4(S4)3(NH3)3]27.

Sax

Seq Cl

Mo

S

Figure 6. Structure of the complex [Mo3(m3-S)(m2-S2)3Cl6]27.

Cl

Mo

S

Figure 7. Structure of the polymer Mo3S7Cl4.

S

C

V

N

Figure 8. Structure of the complex [V3(m3-S)(m2-S2)3(bipy)3]+.
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(X=Cl, I, I3) is equal to *0.1 �A: from 2.723 �A for Q=S to
2.626 �A for Q=O.73

Along with most typical triangular clusters M3Q4 and
M3Q7, a number of other metal chalcogenide clusters are
known. The cluster [Cr3(m3-S)2(m2-S)3(dmpe)3] contains two
m3-bridging chalcogen atoms (Fig. 9).75 Similar `double-
capped' coordination was also observed in (Et4N)2[Cr3(m3-
Se)2(CO)10] and [Re3(m3-S)2(m2-S)2(m2-Cl)Cl3(PEt3)3].76, 77 An
equilateral triangle Nb3 in compound [(Z5-C5EtMe4)3Nb3{m3-
BS3(SH)}(m2-S)3] is symmetrically `covered' by the
[BS3(SH)]47 ligand.78 Only two electrons are available for
metal ±metal bonding in this cluster. Very similar tantalum
cluster was found in the compound [(Z5-C5EtMe4)3Ta3.
.(m3-(BS3(H))(m2-S)3]. In this cluster the `cap' is represented by
the hydridotrithioborato anion [BS3(H)]7.79

Polymeric chalcogenides of niobium and tantalumM3QX7

contain the cluster core M3(m3-Q)(m2-X)4�3 .80 ± 83 The structure
consists of parallel planes containing triangular clusters Nb3
(the Nb7Nb bond length is 2.776 �A). The triangles are linked
together into a two-dimensional network by bridging halogen
atoms (Fig. 10).

4. Tetrahedral metal clusters with the core M4Q4

Each face of theM4 tetrahedron in tetrahedral clusters with the
core M4(m3-Q)4 coordinates m3-chalcogen atoms in such a way
that the metal and chalcogen atoms form a distorted cubane
structure. The cubane clusters are topologically (and often
genetically) related to previously discussed clusters of the
M3(m3-Q)(m2-Q)3 type, which may be regarded as defective
cubane clusters (without one metal atom). Such type of cluster
compounds is known for all discussed transition metals.
Twelve valence electrons (Ne=12) are required for the for-
mation of six two-electron two-centre covalent metal ±metal
bonds in a tetrahedral clusterM4. The stoichiometry of most of
the stable complexes with d3 electronic configuration of metal
ions supports this rule. However, there are numerous examples
of clusters where this simple model does not work and these
compounds are formally electron-deficient.

Polymeric ternary chalcogenides and chalcohalides of the
types M4Q4X4 (M=Nb, Mo; Q=S, Se; X=Cl, Br, I),84 ± 86

Re4S4Te4 (Fig. 11) 87 andMMo4Q8 (M=Al, Ga) 88 ± 91 are an
abundant group of tetrahedral cluster compounds. All these
compounds are isostructural and form spinel-type cubic crystal
structures. The cubane cluster groups are linked into a three-
dimensional framework by bridging halogen atoms or by
excess chalcogen atoms according to the [M4Q4X12/3]???-
type. Interestingly, only sulfur atoms occupy m3-positions in
the cluster core of rhenium telluride Re4S4Te4. Part of rhenium
atoms of this cluster may be replaced by molybdenum atoms,
which results in the formation of heterometallic cluster
Re47xMoxS4Te4 (04 x4 1.25).92 The metal ±metal distances
in these clusters are correlated with Ne values (Table 1). The
electronic and magnetic properties are determined by the
successive filling of the d shell.

The rhenium atoms of the cluster core Re4Q4 of molecular
rhenium chalcohalide complexes [Re4Q4(TeX2)4X8] (Q=S,
Se, Te; X=Cl and Q=Te, X=Br; Ne=12) additionally
coordinate two halide ligands and the ligand TeX2.10, 93 The
tetrahedral chalcogenide clusters [(Z5-C5H4R)4M4Q4] with
monosubstituted cyclopentadienyl ligands are known for
some metals discussed: V (Q=S, R=Me),94 Cr (Q=S, Se,
Te; R=Me),95 ± 100 Mo (Q=S, Se; R=Pri).101 The cyclo-
pentadienyl cluster complexes of the Group 5 elements are
represented only by vanadium cyclopentadienyl(thio) com-
plexes [(Z5-C5H4R)4V4S4] (R=H, Me).94 The Ne value in
neutral complexes is equal to 8 for vanadium and 12 for
chromium and molybdenum.

A large number of chalcocyanide cluster complexes
[M4Q4(CN)12]n7, where M=Mo, W, Re; Q=S, Se, Te
(Fig. 12) is studied in detail.102 ± 107 The cluster core of the
complexes [Re4Q4(CN)12]47 coordinates terminal cyano
groups through the carbon atom. The cluster M4 becomes
electron-deficient in the corresponding molybdenum
complexes [Mo4Q4(CN)12]67. The cyano complexes
[M4OTe4(CN)12]67 containing the metal core M4(m4-O).
.(m3-Te)

6�
4 with an interstitial oxygen atom were obtained for

niobium and tantalum.108 In these clusters, Ne=4, and the
M7M distances are significantly longer than those in the

S

Cr

Figure 9. Cluster core in the complex [Cr3(m3-S)2(m2-S)3(dmpe)3] (the

dmpe ligands are omitted).

I

Te

Nb

Figure 10. Fragment of the polymer Nb3TeI7.

Re

S

Te

Figure 11. Structure of the cluster fragment Re4S4Te12/3 in the compound

Re4S4Te4.

Table 1. Number of metal ±metal bonding valence electrons and the
metal ±metal distances in tetrahedral metal clusters.

Compound Ne M7M bond length /�A

GaNb4Se8 7 3.03

Nb4Se4I4 8 2.96

GaMo4Se8 11 2.89

Mo4S4Br4 12 2.80

Re4S4Te4 12 2.78
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corresponding metals or in the compounds containing single
M7M bond.

A series of the complexes M4Q4L12 with various terminal
ligands L such as H2O (M=Mo, W; Q=S, Se),109 ± 111 Cl
(M=Re, Q=Te; M=Mo, Q=S),22, 70, 112 ± 119 NCS
(M=Re: Q=S, Se, Te; M=Mo, Q=S) 111, 116, 120 are
known for the cubane clusters of molybdenum, tungsten and
rhenium. Complexes [Re4S4(S3)6]47 and [Re4Q4(S3)4(S4)2]47

with polysulfide ligands are known for rhenium.121 ± 123 The
edges of the tetrahedron Re4 in the complex
[Re4Se4(S3)4(S4)2]47 coordinate four bidentate polysulfide
ligands S3 and two S4 ligands in trans-position relatively to
each other (Fig. 13).

Sulfur-containing ligands stabilise the electron-deficient
cluster core Mo4S

6�
4 (Ne=10): this cluster core was found in

dithiophosphate [M4S4(m2-dtp)2(dtp)4] (M=Mo, W;
Q=S) 115, 124 and in dithiocarbamate [Mo4S4(m2-Et2NCS2)2.
.(Et2NCS2)4] 115 complexes.

A unique series of high-valence cubane clusters based on
p-tolylimide (tolN27) derivatives of Mo(V) and W(V), were
synthesised.125, 126 Each metal atom in the structure of
[Mo4S4(tolN)4(S2P(OEt)2)4] is bound to one terminal

=NC6H4Me-p group, to one chelating dithiophosphate and
to three bridging sulfide ligands of the cluster core. Four
electrons available for M7M-bonding are localised in such a
way that two single Mo7Mo (2.862 �A) bonds are located at
the opposite edges of the tetrahedron. The four remaining
metal ±metal distances are significantly longer (3.69 �A). The
complex [W4S4(en)4(S)4]S (en is ethylenediamine) containing a

distorted metal cluster (Ne=6; W7W 2.801 ± 2.878 �A) is
another example.127 Alternatively, one can regard this com-
pound as [W4S4(en)4(SH)4]S with a more conventional cluster
core W4S

6�
4 .

5. Square metal M4 clusters
The complex Li4[Nb4S2(SPh)12] in which the square metal
cluster coordinates two m4-S-ligands was the first discovered
compound of this rare type.128 Four NbIII atoms in this
diamagnetic compound provide eight electrons for the forma-
tion of four metal ±metal bonds with distances Nb7Nb equal
to 2.83 �A. Another example is the [Nb4S2(SPh)8(PMe2R)4]
complex (R=Me, Ph).129

The polymeric vanadium compound V4S9Br4 contains the
metal core V4(m4-S)(m2-S2)4�4 (Fig. 14).13 Four ligands S2 are
coordinated asymmetrically. The bridging bromine atoms link
the clusters into the layer [V4(m4-S)(m2-S2)4Br8/2]??. The
vanadium oxidation state in this complex is equal to +3.5
and only two electrons take part in the metal ±metal bonding
(the distances V7V are equal to 3.01 �A). The remaining four
non-bonded electrons are located at the metal centres (one per
each metal atom), which makes the compound paramagnetic.
The oxidation state of tantalum atoms in the cluster core
Ta4(m4-Q)(m4-Q2)

8�
4 of molecular diamagnetic compounds

Ta4Q9X8 (Q=S, Se; X=Br, I) is +4.5 and therefore only
two electrons are available for bonding in the metal cluster.14

Long distances Ta7Ta (3.30 ± 3.39 �A) are typical of such
electron-deficient square clusters.

6. Other examples of tetranuclear chalcogenide clusters
Tetranuclear complexes containing the cluster core
M4(m3-S)2(m2-S)

2�
4 with planar arrangement of metal atoms

were synthesised. The complexes [Mo4(m3-S)2(m2-S)4.
.(SH)2(PMe3)6] (Fig. 15) 130 and [W4(m3-S)2(m2-S)4(SH)2.
.(PMe2Ph)6] belong to this class.131 These clusters provide ten
electrons for the formation of five localised metal ±metal
bonds; the bond lengths lie in the narrow interval (Mo7Mo
2.83 ± 2.85 �A; W7W 2.81 ± 2.84 �A). The two-electron oxida-
tion of the complex [W4(m3-S)2(m2-S)4Cl2(PMe2Ph)6] yields the
salt of double-charged cationic cluster [W4(m3-S)2(m2-S)4Cl2.
.(PMe2Ph)6](CF3SO3)2.131 The reduction of the same cluster by
excess of sodium amalgam results in the formation of the
tungsten(III) complex [W4(m2-S)6(PMe2Ph)6], containing tetra-
hedral metal cluster W4 (Ne=12, the distances W7W are
equal to 2.634 �A).131

The cluster M4 core of a `butterfly' type with two m3-S-
ligands was found in the complex [Mo4(m3-S)2(m-CO)4.
.(Z5-C5H4CO2Me)4]; the edges also coordinate four m2-car-
bonyl groups (Fig. 16).132

Re

N

C

Te

Figure 12. Structure of the complex [Re4Te4(CN)12]47.

S

Se

Re

Figure 13. Structure of the complex [Re4Se4(S3)4(S4)2]47.

V

S

Br

Figure 14. Structure of the cluster fragment V4(m4-S)(m2-S2)4Br8 in the

compound V4S9Br4.
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7. Octahedral clusters
The octahedral clusters (Fig. 17) are the most numerous
among hexanuclear cluster complexes. The metal cluster M6

in these complexes is surrounded by eight m3-Li ligands
coordinated to triangular faces of the metal octahedron. Addi-
tionally, the metal atoms coordinate the terminal ligands La

producing a cluster complex [{M6L
i
8}L

a
6]. [The indices i and a

were introduced by SchaÈ fer and Schnering 133 and derived from
German words inner (inner) and ausser (outer); the ligands of
the m2-L type, coordinated to the edges of metal cluster, were
classified as inner.] Then the cluster core may be regarded as a
combination of the metal cluster and Li ligands. The total

number of the ligands surrounding the M6 octahedron is equal
to 14. Accordingly, the cluster compounds with L :M=14 : 6
possess the molecular structure with isolated cluster complexes
{for example, [Re6S4Br10], Cs4[Mo6S2Br12],134 [W6S8(py)6],135

etc.}. When the ratio L :M is smaller, the polymeric structures
are formed. In these structures, both Li and La may play the
role of bridging ligands. The examples of such structures are
given below.

Twenty-four valence electrons (Ne=24) are required for
the filling of 12 bonding molecular orbitals (MO) correspond-
ing to metal ±metal bonds in a metal cluster M6. This situation
exists in compounds in which the metal ions possess the d4

electron configuration, for instance, in the octahedral ReIII

complexes that contain the Re6Q
2�
8 cluster core.136 Com-

pounds with electron-deficient cluster cores (Ne=20 ± 22) are
stable in the case of chromium, molybdenum and tungsten
chalcogenide complexes; the most spectacular examples of
such compounds are molybdenum chalcogenides, Mo6Se8
(Ne=20) and PbMo6S8 (Ne=22).

The octahedral chalcogenide clusters of theGroup 5metals
are virtually unknown, probably, because of the considerable
deficit of electrons required for the formation of the M7M
bonds in the cluster. The complex [V6Se8(O)(PMe3)6] (Fig. 18),
in which the metal cluster V6 contains an interstitial (m6)
oxygen atom, is the only example of such chalcogenide
clusters.137 The octahedral geometry of this electron-deficient
cluster (Ne=12) is retained due to the formation of V7O
bonds.

Isocharged or non-isocharged substitution of chalcogenide
ligands in the cluster core M6Q8 results in the formation of
isomers which are very hard to separate. Thus in the case of
M6Q6Q

0
2 three geometric isomers are possible (Fig. 19), and in

the case ofM6Q4Q
0
4 the number of isomers is six. Typically, the

heteroatoms in the solid state structure of the clusters with
mixed ligands are disordered over all possible positions. How-
ever, there are some examples of ordered structures. These
compounds are usually formed in the cases of significant
difference in atomic radii of the ligands Li: Te and Cl in
Re6Te8Cl10 (Ref. 138) or Se and O in [Re6Se4O4Cl6]47.139

The metal cluster Re6 in compound Cs11(H3O).
.[Re6Se4O4Cl6]3 . 4H2O is surrounded by four oxygen atoms
and four selenium atoms, localised at the opposite faces of the
Se4O4 cube (Fig. 20).139 Such ligand environment results in a
significant distortion of the metal cluster and the Re7Re
distances in this compound vary from 2.46 �A (in the faces
coordinating the m3-oxygen atoms) to 2.62 �A (in the faces
coordinating the m3-selenium atoms).

Mo

S

P

Me

Figure 15. Structure of the complex [Mo4(m3-S)2(m2-S)4(SH)2(PMe3)6].

Mo

S

C

O

Figure 16. Structure of the complex [Mo4(m3-S)2(m-CO)4.

.(Z5-C5H4CO2Me)4].

M

Q

L

Figure 17. Structure of the octahedral cluster complex [M6Q
i
8]L

a
6.

C

O

P

V

Se

Figure 18. Structure of the complex [V6Se8(O)(PMe3)6].
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There are several examples of heterometallic octahedral
clusters: Mo67xMxQ8 (M=Re: Q=S, Se, Te, x=4;
M=Ru: Q=Se, Te, 04 x4 2; M=Rh, Q=Te, x= 0.5,
1.33),140 Nb67xRuxTe8 (2.504 x4 3.17),141

Cs5[Re67xMoxS8(CN)6],142 Cs3[Re5OsS11],143 Cs3[Re67xOsx-
Se8Cl6] (x=1, 2) and K2[Re3Os3Se8Cl6] [Re4Os2Se7Cl7].144

The phosphine and cyanide complexes were studied for rhe-
nium±osmium clusters.144, 145

A great number of molecular complexes of molybdenum,
tungsten and rheniumwith the cluster coreM6Q8 were studied.
Ions (halides, cyanide, thiocyanate, hydroxide) or neutral
molecules (phosphines, pyridines, etc.) play the role of ligands
La in these complexes.19, 135, 136, 139, 146 ± 178 Usually, the termi-
nal ligands are coordinated in a monodentate mode or as
bridging ligands linking adjacent clusters. The study of
coordination of diphosphine Ph2P(CH2)nPPh2 with octahe-
dral rhenium clusters has shown that the chelate complexes are
formed if n5 6.153

8. Miscellaneous hexanuclear clusters
The metal cluster V6 in compound (Et4N)3[V6S4(edt)6(O)2] is
essentially planar. Nine valence electrons take part in the
formation of five V7V bonds (2.82 ± 2.86 �A) (Fig. 21).179

Four triangles Mo3 with shared edges in the topologically
related hexanuclear molybdenum clusters [Mo6S10(SH)2.
.(PEt3)6] coordinate four m3- and six m2-chalcogen atoms
(Fig. 22).130 There are 14 electrons per nine Mo7Mo bonds
in this cluster, which results in the shortening (in comparison

with the vanadium structure) of the distances Mo7Mo
(2.73 ± 3.06 �A). Similar structure of the cluster core was also
observed in compounds [Mo6Q8Cl6(PEt3)6].180

The metal cluster Mo6 in an unusual complex
[Mo6S6(CN)16]87 (Fig. 23) may be represented by two edge-
sharing tetrahedrons. Four edges coordinate sulfur atoms
according to the m3-type and two pairs of fused faces (i.e.
those with the shared edge) coordinate sulfur atoms according
to the m4-type.181

Two triangles Nb3 in the hexanuclear cluster [Nb6SBr17]37

(Fig. 24) are linked together by a m6-sulfur atom.182 The
Nb7Nb bond lengths in the triangles are in the range of
2.95 ± 2.98 �A, the distances between the triangles are longer
and equal to 3.276 �A.

M

Q

Q0

Figure 19. Geometrical isomers of the cluster core [M6Q6Q
0
2].

Se

O

Re

Cl

Figure 20. Structure of the complex [Re6Se4O4Cl6]47.

S

O

V

C

Figure 21. Structure of the complex [V6(m3-S)4(edt)6(O)2]37.

S

P

Mo

C

Figure 22. Structure of the complex [Mo6(m3-S)4(m-S)6(SH)2(PEt3)6].

S

Mo

N

C

Figure 23. Structure of the complex [Mo6S6(CN)16]87.
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9. Compounds based on polymeric octahedral cluster
complexes
The decrease of the number of ligands in molecular complexes
[M6L

i
8]L

a
6 results in the formation of polymeric-bridged struc-

tures. According to SchaÈ fer,133 the inter-cluster bridging
ligands are designated as La7a, Li7a and La7i depending on
their structural role in each of the metal clusters linked by
them.

a. Linking of the octahedral cluster cores through bridging halide
ligands La7a

One of the most common methods of linking of cluster cores
M6L

i
8 into polymeric chains, layers and frameworks (when the

ratio L :M is decreasing) is the linking through apical halide
ligands which become bridging between two cluster cores
(Table 2). If all six apical ligands are bridging, then the
compounds form 3D frameworks (Fig. 25), if four equatorial
ligands are bridging then layered 2D polymers are formed and
in the case of two bridging ligands 1D chains are formed.

The ternary systems Re7Q7Y (Q=S, Se; Y=Cl, Br)
are models in the studies of the influence of the number of
shared ligands on the polymeric structure type. Depending on
the ratio Q :Y, all possible types of structures are formed in
these systems: the frameworks in {(Re6Q

i
7Y

i)Yaÿa
6=2 },

184 the
layers in {(Re6Q

i
6Y

i
2)Y

i
2Y

aÿa
4=2 },

184 the chains in
{(Re6Q

i
5Y

i
3)Y

a
4Y

aÿa
2=2 }

184 and isolated cluster complexes in
(Re6Q

i
4Y

i
4)Y

a
6.
186 ± 190 The structures and properties of these

compounds are discussed in details in reviews.16, 136, 191

b. Linking of the octahedral cluster cores through chalcogenide and
polychalcogenide inter-cluster ligands
The compounds with bridging chalcogenide and polychalco-
genide ligands were obtained only for rhenium and techne-
tium;192 some crystal data on these compounds are listed in
Table 3. The examples of the compounds with unusual
bridging ligands, viz., spiro-Te2ÿ7 and Te6, are shown in
Figs 26 and 27.8, 206

Linking of the cluster cores into layered or 3D-framework
structures through chalcogen atoms is typical of ternary
rhenium sulfides and selenides. The cluster cores in
Cs4[(Re6Se

i
8)Se

aÿa
2=2 (Se2)

aÿa
4=2 ] are linked together by two selenide

and four diselenide bridges yielding a 3D structure (Fig. 28).201

Recently, octahedral rhenium chalcocyanide complexes
with bridging chalcogenide ligands have been obtained: the
layered structure of K4[Re6S10(CN)2] and chain structures of

S

Nb

Br

Figure 24. Structure of the complex [Nb6SBr17]37.

Table 2. Octahedral clusters with inter-cluster halide ligands.

Compound Structural Crystallochemical Ref.

type formula

Mo6QCl10 framework (3D) {(Mo6Q
iCli7)Cl

aÿa
6=2 }; 183

Q=S, Se, Te

Re6Q7X4 " {(Re6S
i
7Br

i)Braÿa6=2 } 184

Re6Q6X6 layer (2D) {(Re6Se
i
6Cl

i
2)Cl

a
2Cl

aÿa
4=2 }, 184

{(Re6S
i
6Br

i
2)Br

a
2Br

aÿa
4=2 }

Re6Q5X8 chain (1D) {(Re6Se
i
5Cl

i
3)Cl

a
4Cl

aÿa
2=2 }, 184

{(Re6S
i
5Br

i
3)Br

a
4Br

aÿa
2=2 }

AgRe6Se6Cl7 " Ag{(Re6Se
i
6Cl

i
2)Cl

a
4Cl

aÿa
2=2 } 185

ZnRe6Se7Cl6 " Zn{(Re6Se
i
7Cl

i)Cla4Cl
aÿa
2=2 } 185

Re

Br

Figure 25. Fragment of the structure of Re6Se7Br4 (the `inner' ligands are

omitted).

Re

Te

Figure 26. Linking of the metal clusters Re6 through Te7 ligands in the

structure of Re6Te15.

Re

Te

Figure 27. Linking of the metal clusters Re6 through Te6 ligands in the

structure of Re6Te16Cl18.
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K4[Re6Se10(CN)4] and Cs4[Re6S9(CN)4] contain bridging sul-
fide and diselenide ligands (Fig. 29).193, 194

c. Linking of the octahedral cluster cores through `inner' ligands
Themetal coordination sphere of lower chalcogenides contains
the ligands of an adjacent cluster core which thus become the
inter-cluster bridges. The less is the L :M ratio the more `inner'
ligands are involved in the formation of these inter-cluster
bridges. Examples of such compounds are given in Table 4.

Each molybdenum atom in the compound Mo6Se8 is
bonded to the inner ligand of the adjacent cluster, which thus
may be regarded as an apical ligand.213, 214 As a result, the
clusters are strongly linked together due to the formation of
rhombic fragments Mo2Se

i
2 (Fig. 30) and the Mo7Mo dis-

tances between the molybdenum atoms of the neighbouring
metal clusters are shortened (3.266 �A).

Other compounds with strong inter-cluster bridges are
represented by rhenium chalcohalides Re6S8Cl2, Re6Se8Cl2,
Re6S8Br2 and Re6Se8Br2.207 ± 209 The cores Re6S

i
8 in crystals of

Re6S8Cl2 are linked in chains by two centrosymmetrical Re7S

Table 3. Octahedral clusters with chalcogenide and polychalcogenide inter-cluster ligands.

Compound Structural type Crystallochemical formula Ref.

Compounds containing only the chalcogenide bridges

Cs4Re6S9(CN)4 chain (1D) Cs4{(Re6S
i
8)(CN)a4(S)

aÿa
2=2 } 193

K4Re6S10(CN)2 layer (2D) K4{(Re6S
i
8)(CN)a2(S)

aÿa
4=2 } 194

Cs6Re6S12 " Cs6{(Re6S
i
8)S

aÿa
4=2 S

a
2} 195

Li4Re6S11 framework (3D) Li4{(Re6S
i
8)S

aÿa
6=2 } 196

M2Re6S11, M=Sr, Ba, Eu " M2{(Re6S
i
8)S

a
6=2} 197, 198

Compounds containing polychalcogenide bridges

K4Re6Se10(CN)4 chain (1D) K4{(Re6S
i
8)(CN)a4(Se2)

a
2=2} 194

M4Re6S12, M=Na, K, Rb framework (3D) M4{(Re6S
i
8)S

aÿa
4=2 (S2)

aÿa
2=2 } 199, 200

M4Re6Se12, M=K, Rb " M4{(Re6Se
i
8)Se

aÿa
4=2 (Se2)

aÿa
2=2 } 201

M4Re6S13, M=(K,Rb), Rb, Cs " M4{(Re6S
i
8)S

aÿa
2=2 (S2)

aÿa
4=2 } 201, 202

Cs4Re6Se13 " Cs4{(Re6Se
i
8)Se

aÿa
2=2 (Se2)

aÿa
4=2 } 201

Cs4Re6S13.5 " Cs4{(Re6S
i
8)S

aÿa
2=2 (S2)

aÿa
3=2 (S3)

aÿa
1=2 } 202, 203

Cs6Re6S15 " Cs4{(Re6S
i
8)(S2)

aÿa
6=2 }

.Cs2S 204

Cs6Re6Se15 " Cs4{(Re6Se
i
8)(Se2)6=2}

.Cs2Se 205

Re6Te15 " {(Re6Te
i
8)(Te7)

a
6=6} 8

Re6Te8(Te8Cl18) " {(Re6Te
i
8)(Te8Cl18)

a
6=6} 206

Re6Te8(Te6)(TeCl3)2 layer (2D) {(Re6Te
i
8)(TeCl3)

a
2(Te6)

a
4=4} 206

Re

Se

Figure 28. Fragment of polymer layer [{Re6Se
i
8}Se

aÿa
2=2 (Se2)

aÿa
4=2 ]

4ÿ
11 in the

structure of Cs4[Re6Se13] (the m3-Se ligands are omitted).

Ð Se, Ð Re, Ð N, Ð C.

Figure 29. Fragment of polymer chain [{Re6Se8}(Se2)2=2(CN)4]
4ÿ
1 in the

structure of K4[Re6Se10(CN)4].

Mo

O
Qa7i

Qi7a

Figure 30. Fragment of the structure ofMo6Q8 in the Chevrel phases. The

inter-cluster Mo7Mo contacts are shown by dashed lines.
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bonds. The chains are combined into a 3D structure by
Re7Cla7a7Re bridges. The rhombic bridges Re2Q2 were
also found in some other compounds. The structure TlRe6.
.Se8Cl3, i.e. Tl[(Re6Se

i
5Se

iÿa
3=2)Se

aÿi
3=2Cl

a
3], consists of layers linked

by three Re2Se2 bridges.212 The cores Re6Se8 in crystals of
Cs2Re6Se8Br4 are trans-linked in chains by rhombuses Re2Se2
(Fig. 31).211

The complex Nb6I9S containing the electron-deficient
19-electron cluster core Nb6I

i
6S

i
2 occupies a special place

among the polymeric chalcogenides. The sulfide ligands Li in
this compound are shared between adjacent clusters (Fig. 32).
In addition, the apical iodine atoms also make bridges between
the clusters; this results in the formation of unusual linear
chains [Nb6I

i
6S

iÿi
2=2I

aÿa
6=2 ].

217

10. High nuclearity clusters
A homological series of the clusters Mo6+3xQ8+3x (Q=S, Se;
x=1±3), which was found in ternary molybdenum chalcoge-
nides, may be described as a product of the progressive
condensation of triangles Mo3. The first member of the series,
Mo9Se11, contains a dioctahedral metal cluster Mo9.218 Eight
selenium atoms are bonded to the metal cluster according to
the m3-mode, and three selenium atoms, which are located in
the plane of themiddleMo3 triangle, are m4-mode coordinated.
The metal atoms of the outer triangles Mo3 of the cluster core
Mo9Q11 in a crystal are additionally coordinated by six
bridging Se atoms, which link together the adjacent cluster
fragments Mo9Q11. The structures of clusters Mo9Q11,
Mo12Q14 and Mo15Q17 are shown in Fig. 33.218 ± 221 The
condensation continues up to joining together 11 octahedra
in the structure of Rb10Mo36S38.222 The ultimate case of the
condensation of the triangles Mo3 is represented by com-
pounds M[Mo3Q3] (M=Li, In, Tl; Q=Se, Te) containing
infinite chains [Mo3Q3]

ÿ
1.223

Themixed-valence cluster complex [Re9Se11Br6]27 consists
of eight ReIII atoms and one ReII atom. This is the only
example of a rhenium cluster in the family of condensed
octahedral clusters.224 The complex contains a cluster core
similar to that of the Mo9Se11 and only the bromine ligands
occupy terminal positions.

The unique twelve-nuclear cluster complex
[Re12CS17(CN)6]87 (Fig. 34) consists of two Re6 octahedra

Table 4. Octahedral clusters with additional coordination of the `inner' ligands of cluster core.

Compound Structural type Crystallochemical formula Ref.

Re6S8Cl2, Re6S8Br2, Re6Se8Br2 framework (3D) {(Re6Q
i
6Q

iÿa
2=2)Q

aÿi
2=2Y

aÿa
4=2 }; Q=S, Se; Y=Cl, Br 207 ± 209

Re6Se8Cl2 layer (2D) {(Re6Se
i
4Se

iÿa
4=2)Se

aÿi
4=2Cl

a
2} 210

Cs2Re6Se8Br4 chain (1D) Cs2{(Re6Se
i
6Se

iÿa
2=2)Br

a
4Se

aÿi
2=2} 211

TlRe6Se8Cl3 layer (2D) Tl{(Re6Se
i
5Se

iÿa
3=2)Cl

a
3Se

aÿi
3=2} 212

CsRe6Se8I3 " Cs{(Re6Se6Se
iÿa
2=2)I

a
2I

aÿa
2=2 Se

aÿi
2=2} 211

M2Re6Q8Cl4, M=Tl: Q=S, Se; M=Cs, Q=S chain (1D) M2[Re6Q6Q
iÿa
2=2 ]Cl

a
4Q

aÿi
2=2 211, 212

Re4Os2Se8Cl4 framework (3D) {(Re4Os2Se
i
8)Se

aÿi
2=2Cl

a
2Cl

aÿa
2=2 (Re4Os2Se

i
6Se

iÿa
2=2)Cl

a
4Cl

aÿa
2=2 } 144

Mo6Q8 " {(Mo6Q
i
2Q

iÿa
6=2)Q

aÿi
6=2}; Q=S, Se 213, 214

Mo6S6Br2 " {(Mo6Br
i
2S

iÿa
6=2)S

aÿi
6=2} 215

Mo6I8Se2 " {(Mo6I
i
5Se

iSeiÿi2=2)I
aÿa
6=2 } 216

Nb6I9S chain (1D) {Nb6I
i
6S

iÿi
2=2I

aÿa
6=2 } 217

Ð Se, Ð Re, Ð Br.

Figure 31. Fragment of polymer chain {Re6Se8Br4}
2ÿ
1 in the structure of

Cs2Re6Se8Br4.

S

Nb

I

Figure 32. Fragment of a polymeric chain {Nb6I
i
6S

iÿi
2=2I

aÿa
6=2 } in the struc-

ture of Nb6I9S.

a b c

Se

Mo

Figure 33. Structures of the cluster cores Mo9Se11 (a), Mo12Se14 (b),

Mo15Se18 (c).
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linked by three m2-S-bridges and a m6-carbon atom.15 Each
Re6-cluster coordinates seven m3-S-atoms and a m6-C-ligand
attaining environment typical of octahedral Re clusters Re6Q8.
The Re6 prism formed by `inner' triangles and centred by the
m6-carbon atom is an important part of the structure. Themean
distance between metal clusters in the anion [Re12CS17.
.(CN)6]87 is equal to 3.17 �A. This distance is very sensitive to
the charge of the cluster anion and decreases to 2.90 �A after
two-electron oxidation of the cluster.15 The cluster Mo12S18,
which was found in the compound Ba4Mo12S18, possesses a
similar structure.225

The dodecanuclear clusters of a different type are formed in
the condensation of the octahedral clusters with labile apical
ligands. Thus thermolysis of cis-[Re6Se8(PEt3)4(MeCN)2] con-
taining two labile MeCN ligands results in the formation of
dimers of trans-[Re12Se16(PEt3)8(MeCN)2]4+ (Fig. 35).152, 226

III. Methods of synthesis of chalcogenide clusters

The methods of synthesis of the cluster compounds may be
divided into two main groups: the high-temperature synthesis,
which is carried out in closed systems (usually, in sealed
evacuated tubes), and the solution synthesis. The high-tempe-
rature reactions are extremely important for the synthesis of
clusters of the Group 5 ± 7 metals because quite often a
chalcogenide cluster core, especially a high-nuclear one, cannot
be formed in solution. Further chemical modifications of a
cluster compound obtained by high-temperature synthesis may
be carried out in solutions or in melts.

1. High-temperature synthesis
The method is based on the fact that a phase that is thermo-
dynamically stable under certain experimental conditions may
be obtained from different starting compounds taken in the
appropriate ratio. The elements and compounds (for example,
metal halides, chalcogenides and chalcohalides) are used as the
starting compounds in the synthesis of chalcogenide clusters.
In addition to the ratio of the starting compounds in the
reaction mixture, the right choice of temperature of the syn-
thesis is very important. A standard procedure for the synthesis
of cluster chalcogenides is as follows: a quartz tube is loaded
with starting compounds and then evacuated and sealed. If
necessary, the tube is cooled down by liquid nitrogen prior to
evacuation in order to avoid the loss of volatile components.
The sealed tube is placed into a furnace and heated according
to the chosen protocol. The reaction mixture is kept at certain
temperature for the required period, usually from several tens
of hours up to several days, in order to complete the reaction.
Such processes, particularly in the case of chalcohalide sys-
tems, are accompanied sometimes by mass-transfer processes,
which results in the concentration of a solid phase in a cool
area. Usually, such gas-transport reactions produce crystals of
high quality suitable for X-ray crystallographic and other
physicochemical studies.

The chalcohalides of niobium Nb3QX7 (Q=S, Se, Te;
X=Cl, Br, I) 80, 83, 227 and tantalum Ta3QI7 (Q=Se, Te),228

Ta3SBr7,82 Ta4SI11,229 Ta4S9Br8, Ta4Se9I8 (Ref. 14) were
obtained from the elements at 450 ± 550 8C.

Trinuclear molybdenum and tungsten complexes M3Q7X4

(Q=S, Se, Te; X=Cl, Br, I) were synthesised at 350 ± 400 8C.
The choice of this temperature interval is caused by both
kinetic and thermodynamic factors because these compounds
are unstable at higher temperatures. Wide variety of com-
pounds that ensure the correct stoichiometry may be used as
the starting components: elementary compounds, lower hal-
ides (MoCl3 or Mo6Cl12, W6Cl12) with sulfur or selenium,
sulfides MS3 (M=Mo, W) with PCl5 as well as other sys-
tems.3, 230, 231

High-temperature synthesis affords the telluride complexes
[Mo3Te7(TeI3)3],66 [Mo3Te7(TeI3)3]2(TeI3)I, [Mo3Se7(TeI3)I2]I
and [Mo3Se7(TeBr3)Br2]2[Te2Br10] as single crystals in which
the cluster fragments are coordinated by TeXÿ3 ligands.232 The
triangular clusters Re3Q7X7 (Q=S, Se; X=Cl, Br) were
synthesised from ReX4 or ReOCl4, elemental sulfur or sele-
nium and the corresponding sulfur and selenium halides Q2X2

or SeX4 (Q=S, Se; X=Cl, Br) at 130 ± 250 8C.61 Compounds
Re3S7Br7 and [Re3S7Cl6] [AlCl4] were obtained in the reaction
of Re2O7 with S2Br2 and with the solution of AlCl3 and S2Cl2,
respectively.62, 63

The high-temperature synthesis is used for the preparation
of various types of tetranuclear cluster compounds: rhombic,
square and tetrahedral clusters. The rhenium dichalcogenides
ReQ2 (Q=S, Se) containing rhombic clusters were obtained
by the high-temperature synthesis from elements at
600 ± 800 8C.233, 234 The vanadium and tantalum chalcoge-
nides V4S9Br4 (Ref. 13) and Ta4Q9X8 (Q=S, Se) 14, 235 con-
taining square clusters were synthesised by the same method
but at lower temperatures (400 ± 450 8C).

The cubane clusters form the most abundant group of
tetranuclear chalcogenide clusters. A series of Mo and Nb
chalcohalidesM4Q4X4 (Q=S, Se; X=Cl, Br, I) was obtained
by high-temperature synthesis (880 ± 1000 8C) from various
starting compounds providing the required proportion of the
metal, chalcogen and halogen.84, 85 The isostructural rhenium
mixed chalcogenide Re4S4Te4 was synthesised by heating a
stoichiometric mixture of metallic rhenium, sulfur and tellu-
rium for three weeks at 900 8C.87 A series of ternary chalcoge-
nides AM4Q8 (A=Al, Ga; M=Mo, Nb, Ta; Q=S, Se),
GaMo4(Q,Q0)8 (Q,Q0=S, Se, Te) and MMo2Re2S8 (M=Zn,

S

Re

C

N

Figure 34. Structure of the complex [Re12CS17(CN)6]87.

Se

Re

P

N

Figure 35. Structure of the complex trans-[Re12Se16(PEt3)8(MeCN)2]4+

(the ethyl and MeC groups are omitted).
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Ni, Co, Fe) belong to the same group of compounds (Refs
88 ± 91, 236 ± 238).

The synthesis of Re4Te4(TeBr2)4Br8 from elements at
550 8C was also described.93 The tetrahedral cluster-type
rhenium chalcohalides Re4Q4(TeCl2)4Cl8 were obtained from
ReCl5 by the reaction either with tellurium or with a mixture
S ±Te or Se ±Te at 350 ± 400 8C:10

4ReCl5+4Q+5Te Re4Q4(TeCl2)4Cl8+TeCl4 .

Chalcocyanide cluster complexes can also be prepared by
high-temperature synthesis. The niobium and tantalum tel-
lurocyanide tetrahedral complexes [M4OTe4(CN)12]67 are
formed in the reaction of higher tellurides NbTe4 and TaTe4
with KCN at 440 ± 460 8C and 340 ± 360 8C, respecti-
vely.108, 239 The tetrahedral tellurocyanides [Mo4Te4(CN)12]77

and [W4Te4(CN)12]67 were obtained from the ditellurides of
these metals by heating with KCN at 400 8C.102 Interestingly,
the interaction of trinuclear chalcohalides M3Q7X4 (M=Mo,
W) with KCN at 400 8C also yields the clusters
[M4Q4(CN)12]n7 of higher nuclearity.102

The high-temperature synthesis is the main method for the
preparation of octahedral chalcogenide clusters ofMo,W, Re.
The binary and ternary molybdenum chalcogenides Mo6Q8

(Q=Se, Te) and MxMo6Q8 (M is a transition or post-
transition metal) as well as phases with condensed clusters
containing two, three, four andmore fused octahedra up to the
phase MMo3Q3 (M is an alkali metal), which consists of
infinite chains (Mo3Q3)7, were synthesised from the simple
compounds.214, 223 The temperature of the synthesis of these
compounds is in the range of 900 ± 1500 8C. The synthesis of
clusters of higher nuclearity usually requires higher temper-
atures. The octahedral chalcogenide complexes of the type
A4M6Sx (A is an alkali metal or thallium; M=Tc, Re; x=11,
12, 13, 13.5) were synthesised at 800 ± 1400 8C. Hydrogen
sulfide or hydrogen selenide were used as sources of chalcogen,
which were passed over the mixture of a powder metallic rhe-
nium with an alkali metal carbonate.192, 196, 197, 199, 201, 203, 240

The cluster-type rhenium telluride Re6Te15 was obtained by
heating metallic rhenium with tellurium for two weeks at
900 8C.8 The reaction rate increases significantly if highly
reactive highly-dispersed rhenium powder is used. The chalco-
halides Re6Q87nX2+2n , where Q=S, Se; n=1, 2, 3, 4, were
synthesised from elements or from the corresponding com-
pounds at 800 ± 900 8C. ReCl5 is typically used as a source of
chlorine in the synthesis of chalcochlorides.136 The telluroha-
lide complexes Re6Te8(Te8Cl18), Re6Te8(Te6)(TeCl3)2 and
Re6Te8(TeBr2)6Br2 with unusual ligands TeX2, Te6, Te8Cl

2ÿ
18

were obtained from ReCl5 or Re3Br9 at 450 ±
500 8C.138, 189, 206, 241 It should be noted that the octahedral
rhenium chalcohalides are formed exclusively in the high-
temperature reactions. Besides the synthesis from simple com-
pounds, the octahedral rhenium chalcohalides are formed in
the condensation of triangular clusters: in the reaction of
rhenium bromide Re3Br9 with cadmium or lead chalcogenides
at 500 ± 550 8C.190 The nonanuclear dioctahedral complex
[Re9Se11Br6]27 is also formed.224 The dodecanuclear sulfido-
carbide cluster [Re12S17C(CN)6]87/67 was obtained by the
reaction of ReS2 with KCN at 750 8C.15

2. Methods of solution synthesis
The methods of synthesis in aqueous solutions or in organic
solvents are mainly used for chemical modifications of cluster-
type complexes obtained by high-temperature synthesis. The
reactions in solutions used specially for the synthesis of
chalcogenide clusters are significantly less common, as the
yields in these reactions are usually low and are well developed
only for a limited number of clusters. Solution syntheses are
used most often for the preparation of thio complexes, less

often for seleno complexes and only in very few cases for telluro
complexes. Mononuclear tetrathiometallate complexes, metal
halides or organometallic compounds are used as starting
components of these reactions. In some cases, reductive con-
densation of bi- or trinuclear complexes into cluster complexes
of higher nuclearities are also carried out in solutions.

a. Synthesis of triangular cluster complexes
At present, trinuclear vanadium complexes are obtained only
in solutions. Usually, VCl3 or (NH4)3VS4 are used as the
starting compounds. For instance, the compound
(Et4N)[V3S7(Me2NCS2)3] was obtained in low yield in the
reaction of (NH4)3VS4 with CuCl, PhSNa, Na(Me2NCS2)
and Et4NCl in DMF,60 and the complex (Et4N)[V3S7.
.(Et2NCS2)3] was synthesised from (NH4)3VS4, Na(Et2NCS2)
and Et4NCl in methanol with passage of H2S through the
reaction mixture.242 The reaction of [V(SPh)2(bipy)2]PF6 with
sulfur in MeCN furnishes [V3S7(bipy)3]PF6 in 35%±40%
yield.59 The unique cluster-type complex (Et4N)3[V3S4.
.(edt)3] . 2MeCN with the core V3S

3�
4 was isolated in 20%

yield from a multicomponent reaction mixture containing
Na2(edt), Et4NBr, VCl3 and sulfur.21

The cluster-type niobium complex [Nb3SO3(NCS)9]67was
obtained by dissolution of [Nb2Cl6(THT)3] (THT is tetra-
hydrothiophene) in hydrochloric acid followed by treatment
with NH4NCS.22 The triangular complex [Cr3S5(dmpe)3] was
synthesised in the reaction of anhydrous CrCl2 with NaSH
(78 8C, methanol) with subsequent addition of the phos-
phine.75 The selenide cluster (Et4N)2[Cr3(m3-Se)2(CO)10] was
obtained in 52% yield by the reaction of SeO2 with Cr(CO)6 in
a methanolic alkaline solution with subsequent addition of
Et4NBr.76

The cluster aqua complexes, obtained preliminarily by
reductive condensation of mono- or binuclear chalcogenide
complexes, are used in the synthesis of triangular Mo and W
complexes. In most cases these reactions are non-selective and
result in mixtures of products that can be separated by
chromatography with difficulty. Thus, the aqua complex
[Mo3S4(H2O)9]4+ was obtained in 15% yield alongside with
[Mo4S4(H2O)12]5+ (20%) in the reaction of [Mo(CO)6] with
anhydrous Na2S in acetic anhydride.35 The cluster
[Mo3S4(H2O)9]4+ was synthesised with the yield of 20% by
the reduction of (NH4)2[Mo2(S2)2Cl8] with Pb or In in con-
centrated HCl.243 The compound (NH4)2MoS4 can be reduced
with NaBH4 in aqueous hydrochloric acid yielding
[Mo4S4(H2O)12]5+. Oxidation of the latter with atmospheric
oxygen results in [Mo3S4(H2O)9]4+ isolated by ion-exchange
chromatography in 50% yield.25 The selenium analogue
[Mo3Se4(H2O)9]4+ is difficult to obtain and it was synthesised
by the reduction of [Mo2O2Se2(cys)2]27 (cysH is L-cysteine)
with NaBH4 in a solution of hydrochloric acid. Cation-
exchange chromatography afforded a mixture of species, viz.,
[Mo3O2Se2(H2O)9]4+, [Mo3OSe3(H2O)9]4+, [Mo3Se4.
.(H2O)9]4+ and [Mo4Se4(H2O)12]5+ in a total yield of 10%.
The cluster [Mo3O2Se2(H2O)9]4+was obtained in 70%yield by
the reaction of [Mo2O2Se2(cys)2]27 with [MoCl6]37 (90 8C,
1 h, 1M HCl), and the complex [Mo3O3Se(H2O)9]4+ was
synthesised by electrochemical reduction of [Mo2O4(cys)2]27

in the presence of grey selenium powder in 3% yield or by
treatment of [Mo3O2Se2(H2O)9]4+ with a 30-fold excess of
NaBH4.28, 29 The cationic complex [W3S4(H2O)9]4+ was
obtained in the reduction of a solution of (NH4)2[WS4] with
NaBH4 in the presence of HCl. The reaction produces a
mixture of complexes, viz., [W3O2S2(H2O)9]4+ (0.3%),
[W3OS3(H2O)9]4+ (5%) and [W3S4(H2O)9]4+ (25%).25 The
complex (NH4)2[Mo3S7(S2)3], which is a starting compound in
the synthesis of otherMo3S

4�
7 derivatives, was obtained by the

reaction of (NH4)6[Mo7O24] with (NH4)2Sx at 90 8C,244 and
the selenide analogue [Mo3Se7(Se2)3]27, by the hydrothermal
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synthesis fromMo orMoO3 and a polyselenide.245 The cluster
[Mo3O(Te2)3. .(en)3]In2Te6 was synthesised by heating the
mixture of Li2Te, K2Te, MoCl5, InCl3 and Te in ethylenedi-
amine (180 8C, 7 days).54

b. Synthesis of tetranuclear cluster complexes
The solution synthesis is extremely important for the prepara-
tion of vanadium and chromium tetrahedral complexes
because the high-temperature methods of synthesis of these
compounds are yet to be developed. The vanadium cyclo-
pentadienyl complexes [(Z5-C5H4R)4V4S4] were obtained from
the corresponding mononuclear vanadium complexes by the
reactions with thiols (as a source of sulfur) in hydrocarbon
solvents. Thus refluxing of [(Z5-C5H4Me)2V] with ButSH in
heptane yields [(Z5-C5H4Me)4V4S4] (with a small amount of
pentanuclear [(Z5-C5H4Me)5V5S6]).246 The compound
[Cp4V4S4] was obtained from the vanadocene and MeC(S)SH
or H2S.247, 248 The cluster V4S

5�
4 was isolated as the dithiocar-

bamate complex (Et4N)[V4S4(C4H8NCS2)6] in 67% yield from
(NH4)3VS4, ammonium pyrrolidinodithiocarbamate and PPh3
in the presence of Et3N.249

Tetranuclear vanadium clusters can be synthesised by
reductive dimerisation of binuclear complexes. For example,
the complex [(Z5-C5H4Me)4V4S4] was obtained by the reaction
of [(Z5-C5H4Me)2V2S4] with Bun3P.

247 The selenide [Cp2V2Se5]
also reacts with PBun3 in CH2Cl2 yielding [Cp4V4Se4] (72%
yield).94 The tellurides [(Z5-C5H4R)4V4Te4] (R=H, Me) were
obtained by thermolysis of [(Z5-C5H4R)2V2(CO)4(m-Te)2] in
toluene at 50 ± 60 8C in virtually quantitative yields. 94

Only the cyclopentadienyl derivatives of the cubane-type
clusters Cr4Q

n�
4 (n=4, 5) are known. The compounds

[(Z5-C5H4R)4Cr4S4] (R=H, Me) were obtained from the
corresponding chromocenes [(Z5-C5H4R)2Cr] and elemental
sulfur or ButSH by heating in high-boiling organic sol-
vents.250, 251 Thermolysis of [Cp2Cr2(m-S)2(CO)5] in toluene at
100 8C yields [Cp4Cr4S4].95 ± 97 The cluster [(Z5-C5H4Me)4.
.Cr4S4] was obtained upon thermolysis of [(Z5-C5H4Me)2.
.Cr2(SBut)2S] or upon its reaction with CuBr2 in THF in the
presence of triethylamine.252 The complexes [(Z5-C5H4R)4.
.Cr4Se4] (R=H, Me) were formed upon heating
[Cp2Cr2(CO)6] or [(Z5-C5H4Me)2Cr] with grey selenium.95, 97

The reaction of [(Z5-C5H4Me)2Cr] with H2Se in toluene
produces complex [(Z5-C5H4Me)4Cr4Se4] in the yield of
90%.252, 253 The cluster [Cp4Cr4Se4] was obtained from
[Cp2Cr2(CO)6] and Ph2Se2.98, 99 For tellurium, only mixed
oxide-telluride clusters [Cp4Cr4Te3O], [Cp4Cr4Te2O2] and
[Cp4Cr4TeO3], obtained by thermolysis of [CpCr(CO)3TePh],
are known.100

In contrast to the derivatives of the Group 5 metals and
chromium, the tetrahedral clusters of Mo and W are so
resistant against oxygen and water that they can also be
obtained in aqueous solutions. Mononuclear carbonyls, hali-
des or chalcogenides are used as the starting compounds.
Reductive condensation of binuclear chalcogenide complexes
and the addition of a mononuclear fragment to a triangular
cluster are also potentially very important as the synthetic
methods. The methods of synthesis of tetrahedral Mo and W
complexes are numerous, well developed and described in
detail in several reviews.18, 19 It should be noted that in most
cases the solution syntheses of the cubane-type cluster are non-
selective and afford complex mixtures of products requiring
laborious separations.

There is an example of synthesis of the complex
[W4S4(en)4(S)4]S by a reaction of [W(CO)6] with K2S4 in
supercritical ethylenediamine at 300 8C.127 The complex
[(Z5-C5H4Pri)MoCl2]2 reacts with LiHS or LiHSe producing
[(Z5-C5H4Pri)4Mo4Q4] (Q=S, Se) in high yield.101, 253

A uniquemethod of synthesis of Cs6[Mo4S4(Sx)6] (x=3, 4)
by the reaction of Mo6Br12 with Cs2S3 in water was found. So

far this is the only example of the transformation of a
hexanuclear halide cluster into a tetranuclear chalcogenide
cluster.254

The tetrahedral polysulfide cluster complex [Re4(m3-S)4.
.(m-S3)6]47 was obtained by heating a solution of NH4ReO4

with an aqueous solution of ammonium polysulfide.122, 123 The
cyanide complex [Re4S4(CN)12]47 was prepared by the reac-
tion of trinuclear thiobromide Re3S7Br7 with KCN in aqueous
solution at room temperature.104

c. Synthesis of octahedral cluster complexes
The molecular octahedral vanadium complex
[V6Se8(O)(PMe3)6] with an interstitial oxygen atom was
obtained from [CpVCl2(PMe3)2] and (Me3Si)2Se.137 Octa-
hedral clusters with the Cr6(m3-Te)8 core were synthesised by
either the reaction of [CrCl2(PEt3)2] with alkyl magnesium
chloride and TePEt3 (the source of tellurium) or the reaction of
bis(2,4-dimethylpentadienyl)chromium with TePEt3 in the
presence of excess PEt3.255 The reaction of anhydrous CrCl2
with Na2Se or NaSH followed by treatment with PEt3 in
methanol yields a mixture of complexes [Cr6Q8(PEt3)6] and
[Cr6Q8(H)(PEt3)6].256

The first molecular octahedral molybdenum clusters
[Mo6S8(PEt3)6] and [Mo6Se8(PEt3)6] stable in air were
obtained by the reductive dimerisation of trinuclear clusters
[Mo3Q4Cl4(PEt3)x] (x=3, 4; Q=S, Se) with Mg.257 ± 259 The
substitution of halogen atoms in octahedral molybdenum
dihalide is yet another approach to the synthesis of chalcoge-
nide clusters. The cluster [Mo6S8(py)6] was obtained by the
reaction of Mo6Cl12 with NaSH and NaOBut in pyridine,176

and complexes Cs5[Mo6Se3.6Cl4.4(CN)6] and Cs5[Mo6Se3.4.
.Br4.6(CN)6], by refluxing metal dihalides and Cs2Se3 in water
followed by the addition of KCN to the reaction mixture.260

The methods of solution synthesis are particularly impor-
tant for the preparation of octahedral chalcogenide tungsten
clusters. The reaction of W6Cl12 with NaSH and NaOBut in
pyridine yields [W6S8(py)6] via complexes [W6Cl6S2Cl2(py)6]
and [W6S6Cl2(py)6].135 The octahedral tungsten telluride clus-
ters [Na(py)6] [W6Te8(py)6] . py and [W6Te8(pip)6] . 6 (pip) were
obtained by the reaction of Na2Te with W6Cl12 [3 days,
refluxing in pyridine (py) or piperidine (pip)].175, 178

IV. Reactivity of chalcogenide clusters

Diverse chemical transformations of the chalcogenide cluster
complexes may be divided into two large groups, viz., trans-
formations occurring with and without changes in the metal
chalcogenide cluster core. The reactions of the former type for
the clusters of various nuclearity havemuch in common but the
changes in cluster cores are highly specific for different types of
clusters.

1. Substitution of terminal ligands
Similarly to the classic coordination chemistry, the reactions of
ligand substitution in clusters are the most abundant and allow
an access to compounds with virtually any cluster ± ligand
combinations. In the present review, we will discuss general
features of these reactions for each cluster type, specially
highlighting only the most important or unusual cases.

The substitution of halide or aqua ligands proceeds most
easily. Therefore, it is not surprising that the chemistry of
clusters stable in such environment is the most well studied.
Three main classes of compounds belong to such clusters: the
triangular chalcogenide clusters M3Q4 and M3Q7 (M=Mo,
W), the tetrahedral clusters M4Q4 (M= Mo, W, Re) and the
octahedral clusters M6Q8 (M=Mo, Re). However, in some
cases as, for example, for [Mo3(m3-S)2(m-Cl)3Cl6]27,18 such
studies have not been carred out yet. The octahedral clusters
[M6S8L6] containing highly labile inorganic (hydroxide and
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halide) and organic (acetonitrile, amines, etc.) ligands that can
easily be substituted by other ligands (for example, phos-
phines) are quite perspective in studies of the ligand substitu-
tion reactions.18

a. Triangular clusters M3Q4

The substitution of water molecules in aqua complexes
[M3Q4(H2O)9]4+ is studied in detail.261 The exchange of the
coordinated water in [Mo3S4(H2O)9]4+ was studied by
17O NMR spectroscopy. Different exchange rates were
observed for the ligands in non-equivalent positions. The
exchange rate of the molecules in trans-positions relative to
the m3-sulfur atom (c-H2O) is approximately 105 times slower
than that for the water molecules in the cis-position relative to
m3-S and therefore in the trans-position relative to the bridging
sulfur atom (d-H2O). It was suggested that the conjugated base
[Mo3S4(H2O)8(OH)]3+ is formed in which the positions d
rather than c are activated. The dissociation constant value
(Ka) of [Mo3S4(H2O)9]4+was equal to 0.18 mol litre71 (25 8C,
ionic strength I=2.00 mol litre71) when the formation of this
conjugated base was taken into account.261 Depending on the
concentration of HCl in the solution, equilibrium mixtures of
aqua chloride complexes are produced up to [Mo3S4.
.(H2O)2Cl7]37, which can be isolated by the formation of
supramolecular systems of hydrogen bonds with the
macrocyclic cavitands cucurbit[n]urils. So far, all attempts to
isolate the complexes with completely substituted anions
[M3Q4Cl9]57 were unsuccessful.262 The small value of the
formation constant for the complex [Mo3S4(H2O)8Cl]3+ (3.0)
indicates low competitiveness of the chloride ligands in aque-
ous solutions.262

The substitution of thiocyanate for coordinated water
was studied in detail for a series of complexes
[Mo3OxQ47x(H2O)9]4+ and [W3OxQ47x(H2O)9]4+. The fol-
lowing regularities were found: the substitution of m3-S and
further of m3-Se for m3-O in the series from [Mo3O4(H2O)9]4+

to [Mo3Se4(H2O)9]4+ decreases the rate of d-ligand, substitu-
tion by 6 and 11 orders of magnitude for S and Se, respectively.
At the same time, the substitution of m2-bridging ligands
increases the substitution rate by 10 (for S) and 20 (for Se)
orders of magnitude per bridging atom.69 In the mixed-metal
complexes [Mo2WS4(H2O)9]4+ and [MoW2S4(H2O)9]4+, the
substitution of the ligands bonded to the molybdenum atom is
faster than of those bonded to the tungsten atom.264 The
kinetic data of the reaction of [W3S4(H2O)9]4+ with NCS7

were explained by the formation of an intermediate complex
with S-coordinated thiocyanate ligand and its subsequent
transformation into more stable N-bonded isomer.263 The
complexes [M3Q4(NCS)9]57 are easily formed upon the
treatment of thiocyanate aqua complexes, and in all isolated
solid products the ligand is coordinated by nitrogen
atom.25 ± 28, 265, 266 The substitution of formate for water results
in the formation of Z1-formate complexes, which were isolated
and structurally characterised in the form of salts
K4[Mo3S4(HCO2)8(H2O)] and K6[W3S4(HCO2)9](HCO2) .
. 3H2O.30 No complexes of this type with other carboxylate
ligands are known. The anion pts7 in the known toluene-
p-sulfonates is always located in the outer coordination sphere
as follows from structural studies of the corresponding aqua
complexes [M3Q4(H2O)9](pts)4 . xH2O.31, 118, 267 The cyclopen-
tadienyl derivatives [Cp3M3S4](pts) and their analogues with
substituted cyclopentadienyl ligands were synthesised from the
complex Mo3S4(pts)4 .xTHF obtained in situ by its reaction
with TlCp and Tl(Z5-C5H4Me).268

The substitution of oxalate or acetylacetonate for water
molecules yields the complexes [M3Q4(C2O4)3(H2O)3]27 and
[M3Q4(acac)3L3]+ (L=py, NH3; M=Mo, W; Q=S, Se),
respectively.33, 34 The complexes [Mo3S4(dtp)3(m-dtp)(H2O)]
and [Mo3OS3(dtp)3(m-dtp)(H2O)] (dtp is diethyldithiophos-

phate) are formed in the reactions of the corresponding aqua
complexes with (EtO)2PS2H. The remaining water molecule is
easily substituted by other neutral ligands and the bridging
diethyl dithiophosphate, by carboxylate.269, 270 A number of
complexes obtained from [Mo3S4(dtp)3(m-dtp)(H2O)] and
related compounds by substitution of various (predominantly,
nitrogen-containing heterocycles and carboxylates) ligands for
coordinated water and bridging dithiophosphate have been
described.18 The complex [Mo3Se4(dtp)3(m-AcO)(py)] was
obtained from the aqua complex [Mo3Se4(H2O)9]4+ simi-
larly.271 The attempt to synthesise the dithiophosphate com-
plexes [M3Se4(m-dtp)(dtp)3(H2O)] (M=Mo, W) from
solutions of [M3Se4(H2O)9]4+ in hydrochloric acid by the
addition of P4S10 in the corresponding alcohol yielded the
complexes [M3(m3-Se)(m-SeqSeax)3(dtp)3]Cl as a result of sulfur
addition to the cluster core M3(m3-Se)(m-Seax)

4�
3 .271

Quite complicated molecules can be obtained on the basis
of polynuclear carboxylates, such as the complexes
[{Mo3S4(dtp)3L}2(m-COO(CH2)nCOO)] (n=3, 4) containing
two cluster units linked by bridging glutarate or adipinate
ligands.272 Two bridging ligands, glutarate and 1,3-bis(4-py-
ridyl)propane, link simultaneously two cluster units in
[{Mo3(m3-O)S3(dtp)3}2(m-COO(CH2)3COO)(m-py 0(CH2)3py

0)]
(py 0 is 4-pyridyl).273

The tridentate ligand diethylenetriamine (dien) reacts with
[Mo3S4(H2O)9]4+ and [Mo3OS3(H2O)9]4+ yielding [Mo3S4.
.(dien0)(dien)2]Cl3 . 4H2O and [Mo3OS3(dien

0)(dien)2]Cl3 .
. 3H2O where one of three ligands (dien) is deprotonated
(dien0 ).274 The reaction of [Mo3S4(H2O)9]4+ and
[Mo3OS3(H2O)9]4+ with KHB(pz)3 (pz is pyrazolo) results in
the formation of the corresponding pyrazoloborate complexes
[Mo3Q4{HB(pz)3}3]+.275 Due to partial hydrolysis of the
ligand, the compound [{(HB(pz)3)2Mo3S4}2(m-O)(m-pz)2] is
also formed. Two cluster fragments of this compound are
linked by a bridging oxygen atom and two pyrazolyl ligands.276

Of the ligands containing both nitrogen oxygen donor
atoms only polyaminocarboxylates were the subject of fairly
detailed studies. A series of iminodiacetate (H2ida) and nitrilo-
triacetate (H3nta) complexes [Mo3SxO47x(ida)3]27 and
[M3SxO47x(Hnta)3]27 were synthesised.18 The nitrilotriace-
tate is a tridentated ligand leaving one CH2COOH group free.
In all cases, the nitrogen atoms occupy the trans-positions with
respect to the m3-sulfur atom. Complexes of W3S

4�
4 and

W3O3S
4� with polyaminocarboxylate ligands [ethylenedioxy-

bis(ethylenenitrilo)tetraacetate, triethylenetetramine hexa-
acetate, oxybis(ethylenenitro)tetraacetate, 1,4-butylenedi-
aminotetraacetate, 1,3-propylenediaminotetraacetate and its
2-methyl-, 2-methoxy- and 2-carboxymethyl derivatives] were
suggested as X-ray contrast diagnostic agents of a new gene-
ration.39, 277, 278

Complexes of Mo3S
4�
4 with 1,3,5-triamino-1,3,5-trideoxy-

cis-inositol (taci) and its hexa-N-methyl derivative were syn-
thesised. Three bond isomers with ligands coordinated in the
N,N,N-, N,N,O-, and N,O,O-mode are present in aqueous
solution of [Mo3S4(taci)3]4+.279

The lacunar anions [SiW11O39]67 and [P2W17O61]107 can
also serve as the ligands to form, with [Mo3S4(H2O)9]4+,
nanosized hybrid polyoxometallate cluster complexes
[{(SiW11O39)Mo3S4(H2O)3(m-OH)}2]107 and [{(P2W17O61).
.Mo3S4(H2O)3(m-OH)}2]147. In these structures, the poly-
oxymetallate ligands are coordinated around the central core,
which consists of two fragments Mo3S4(H2O)4�3 linked by two
hydroxyl bridges (both are in the cis-positions with respect to
m3-S). These complexes are stable in solutions in the pH
range of 1 ± 7, but in more acidic solutions form
[Mo3S4(H2O)9]4+ quantitatively.280

The halide ligands in the phosphine complexes
[W3Q4Cl3(dmpe)3]+ and [W3Q4Br3(dppe)3]+ may be substi-
tuted by the hydride by the reaction with NaBH4 to yield the
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salts [W3Q4H3(dmpe)3]+ and [W3Q4H3(dppe)3]+.276 The
halide complexes can be recovered upon treatment with hydro-
halide acids. According to the kinetic data, in the presence of
water the reaction proceeds through several stages and the
dihydrogen complex [W3Q4(H2)H2(dmpe)3]+ is formed ini-
tially. In the absence of water, this does not happen and the
bond H_H is formed between the hydride complex and the
dimer (HCl)2.281 ± 283 The reaction with NaOH in acetonitrile
yields [W3Q4(OH)3(dmpe)3]+.281, 283

b. Triangular clusters M3Q7

In the presence of sources of halide ions, the coordination
polymers M3Q7X4 can be transformed into discrete anionic
complexes [M3Q7X6]27 under rather drastic conditions: in
melt, upon mechanochemical treatment or upon radioly-
sis.45, 53, 231, 284, 285 The salts [M3Q7X6]27 in turn can be trans-
formed into aqua complexes [M3Q7(H2O)6]4+ that are quite
stable in an aqueous solution of TsOH, but could not be
isolated in the solid state.24, 32 The rate constants of substitu-
tion of the halide ion for the coordinated water in the
molybdenum aqua complexes [Mo3Q7(H2O)6]4+ do not
depend on [H+] [for Cl7: 1.8361074 (Q=S); 6.761074

(Q=Se); for Br7: 2.0761074 (Q=S); 3361074 litre -
mol71 s71 (Q=Se)].32 The observed kinetic data agree with
the suggestion that the replacement of the water molecule in
cis-position relative to m3-Q proceeds in one step yielding
[Mo3Q7Cl3(H2O)3]+. The halide complexes [M3Q7Br6]27 are
convenient startingmaterials for the synthesis of otherMo3S

4�
7

derivatives by the ligand substitution reactions. The complexes
[Mo3Q7(NCS)6]27 [Q=S,51, 286 Se (Ref. 44)] are formed in the
reactions with thiocyanate and the reaction with aniline
furnishes the complex [Mo3S7Br3(PhNH2)3]Br .Et4NBr.51, 286

The ligand exchange reactions were used for the synthesis of
dithiocarbamates [Mo3S7(Et2NCS2)3]X, [Mo3S7(pdtc)3]X
(pdtc is piperidine-1-dithiocarboxylate), dithiophosphates
and diselenophosphates.53, 287 ± 290 The compounds
[Mo3Q7{N(QPPh2)2}3]Br containing six-membered chelate
rings were synthesised from (Et4N)2[Mo3Q7Br6] and
K[{Ph2P(Q)}2N] (Q=S, Se).287, 291 The complex (Et4N)2.
.[Mo3S7(MeC6H3S2)3] with toluene-3,4-dithiolate as a ligand
was synthesised and its structure was studied. 292 Catecholate
complexes are also known.293, 294 Trischelate complexes of
Mo3S7 with bidentate ligands [2-mercaptosuccinic acid
(H3msa), meso-2,3-dimercaptosuccinic acid (H4dsa), 2-mer-
captobenzoic acid, 3,4-dihydroxybenzoic acid, 8-hydroxyqui-
noline and 6-mercaptopurine] were obtained by exchange
reactions from (Et4N)2[Mo3S7Br6] in acetonitrile or
DMF.293 ± 295 Although the presence of only one isomer of the
compound (Et3NH)2[Mo3S7(Hmsa)3] in which the sulfur
atoms of the three ligands are coordinated in cis-positions
with respect to m3-S was established, the results of potentio-
metric titration of [Mo3S7(dsa)3]27 better correspond to the
behaviour of less symmetric isomer in which two chelate rings
are closed through the sulfur atoms (S,S 0) and the third one
through the S and O atoms.293 The coordination of the redox-
active ligands 4,5-dimercapto-1,3-dithiole-2-thione (dmit) and
dimercaptomaleonitrile (mnt) results in the complexes
[Mo3S7(dmit)3]27 and [Mo3S7(mnt)3]27.296, 297

The oxalate complexes [M3Q7(C2O4)3]27 (M=Mo:
Q=S, Se; M=W, Q=S) were obtained by mechanoche-
mical synthesis from the corresponding coordination polymers
and potassium oxalate or the solution synthesis from the
bromide complexes and oxalate.34, 297 The oxalate ligands can
subsequently coordinate ions of other transition metals, lan-
thanides and actinides yielding in some cases nanosized com-
plexes and porous coordination polymers.298

Melting of selenobromides M3Se7Br4 (M=Mo, W) with
1,10-phenanthroline produces very stable complexes
[M3Se7(phen)3]4+ isolated as salts with anions X7 or ZnX2ÿ

4

(X=Cl, Br) after the extraction of the melt with hot concen-
trated solutions of HCl or HBr.53

The chalcohalides Mo3Te7I4 and W3Te7Br4 produce the
cyanide complexes [M3Te7(CN)6]27 when heated with aque-
ous solution of KCN. The cluster [Mo3Te7(TeI3)3]I forms
[Mo3Te7{(RO)2PS2}3]I in a solid-state reaction with dithio-
phosphates KS2P(OR)2 (R=Et, Pri) at 100 8C. The mecha-
nochemical reactions of Mo3Te7I4 or W3Te7Br4 with
(EtO)2PS2K also result in the `cutting out' of theM3Te7 cluster
fragment and formation of [Mo3Te7{(EtO)2PS2}3]I or
[W3Te7((EtO)2PS2)3]Br in low yields.50, 64, 67, 299, 300

c. Cubane-type clusters M4Q4

The cubane-type molybdenum aqua complexes
[Mo4S4(H2O)12]n+ exist in three oxidation states with n=4, 5
(the most stable state) and 6. The chloride ion is weakly
coordinated to [Mo4S4(H2O)12]5+ (K1=1.98, which is
approximately 1000 times less than the corresponding value
for thiocyanate). According to the kinetic data, the rate of
substitution of thiocyanate for water molecule increases by
several orders ofmagnitude in the series 5+<4+<6+ . The
substitution of Se for S in the aqua complex [Mo4S4(H2O)12]5+

increases the rate of substitution approximately tenfold. In all
cases, the full substitution is accompanied by oxidation of the
cluster core to the state M4Q

6�
4 and the formation of isothio-

cyanate complexes [M4Q4(NCS)12]67, although the kinetic
data indicate probability of the intermediate formation of an
S-coordinated isomer.70 The salts [Mo4S4(NCS)12]67,
[Mo4Se4(NCS)12]67, [W4Q4(NCS)12]67, [MoW3Q4.
.(NCS)12]67 (Q=S, Se), [Mo3WS4(NCS)12]67 were synthe-
sised and their structures were studied.22, 116 ± 118 The oxidation
of the cluster M4Q

5�
4 into M4Q

6�
4 also occurs upon addition of

the dithiophosphates (RO)2PS
ÿ
2 (R=Et, Pri) to solutions of

aqua complexes in HCl. This results in the dithiophosphate
complexes [M4Q4(dtp)6], which exist in the form of two isomers
[M4Q4(m-dtp)2(dtp)4] and [M4Q4(m-dtp)3(dtp)3].116 Similarly to
the triangular clusters M3Q4, the bridging dithiophosphate
ligand in [Mo4S4(m-dtp)2(dtp)4] is rather labile and can be easily
replaced by other bidentate ligands such as, for example,
acetate or benzoate. As a result, the paramagnetic complexes
[Mo4S4(m-OOCR)2(dtp)4] are formed.114, 124 The bridging
dithiocarbamate ligands can be selectively substituted by
xanthate producing a mixture of [Mo4S4(m-Et2NCS2).
.(m-EtOCS2)(Et2NCS2)4] and [Mo4S4(m-EtOCS2)2.
.(Et2NCS2)4].115 On the contrary, treatment of the aqua com-
plex [Mo4S4(H2O)12]5+ with concentrated aqueous ammonia
results in the reduction of the cluster core and formation of the
complex [Mo4S4(NH3)12]4+.113 Reaction of the aqua complex
[Mo4S4(H2O)12]5+ with potassium tris(pyrazolo)borate pro-
ceeds without any redox processes in the cluster core and yields
[Mo4S4{HB(pz)3}4(pz)].301 An attempt to coordinate oxalate
to [Mo4S4(H2O)12]5+ resulted in the isolation of the triangular
cluster [Mo3S4(C2O4)3(H2O)3]27 as the only product.35

The molecular complexes [Re4Q4(TeCl2)4Cl8] (Q=S, Se,
Te) are very convenient starting compounds in the chemistry of
tetranuclear rhenium complexes:121 the coordinated TeCl2
molecules and chloride ions can easily be substituted for
other ligands.106, 107, 120, 302 ± 304

d. Octahedral clusters Re6Q8

The halide complexes [Re6S8X6]47 (Ne=24) and [Re6Se8I6]37

(Ne=23) are the most common starting compounds for the
substitution reactions.136 The substitution rarely proceeds
completely and even in the excess of the ligand di- and
trisubstituted products are often formed. The addition of
Ag+ ions for binding of the halide ions allows complete
substitution of the terminal ligands. This method was used
for the synthesis of the complexes [Re6S8(H2O)6]2+ (from
[Re6S8X6]47 and AgClO4 in HClO4),147 [Re6Se8(MeCN)6]2+
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(from [Re6Se8Br6]37 and AgBF4 in MeCN; in this case the
substitution is accompanied by the cluster reduction).146 The
reaction of Cs3[Re6(S7Br)Br6] (the `inner' ligands Li of the
cluster complex are given in parentheses) with aqueous ammo-
nia results in step-by-step substitution of NH3 for all terminal
ligands and in the formation of [Re6(S7Br)(NH3)6]3+.148 The
reactions of [Re6S8Cl6]37 with pyridine affords a mixture of
cis- and trans-isomers of [Re6S8Cl4(py)2]27 as well as faceial
isomers of trisubstituted complexes [Re6S8Cl3(py)3]n7

(n=0, 1).149, 150 In the case of phosphines, more complete
substitution is possible. Thus in the reaction of [Re6Se8I6]37

with PEt3 the following complexes were obtained: fac- and
mer-[Re6Se8(PEt3)3I3]7, cis- and trans-[Re6Se8(PEt3)4I2],
[Re6Se8(PEt3)5I]+ and completely substituted [Re6Se8.
.(PEt3)6]2+. The reaction of [Re6Se8I6]37 with a bidentate
1,6-bis(diphenylphosphino)hexane ligand also results in the
monochelate, cis- and trans-bischelate and trischelate com-
plexes and is accompanied as usual, by one-electron reduction
of the cluster core.153 The remaining unsubstituted halogen
atoms in the mixed-ligand phosphine complexes can be sub-
stituted by other ligands. For example, the solvolysis of
[Re6Se8(PEt3)4I2] in donor solvents yields cationic complexes
[Re6Se8(PEt3)4L2]2+ (L=MeCN, DMF, DMSO).152, 154 The
bicluster derivatives {[Re6Se8(PEt3)5]2(L7L)}4+ were
obtained from [Re6Se8(PEt3)5(MeCN)]2+ using the bidentate
bridging (ditopic) ligands [4,4 0-bipyridyl and 1,2-disubstituted
ethane, ethylene and acetylene with 4-pyridyl substituents
(L7L).154 These reactions with [Re6Se8(PEt3)4(MeCN)2]2+

result in the formation of tetrakiscluster complexes in which
the clusters and bipyridyl bridges form molecular squares.155

The substitution of 4-(3,4,6-tribenzyloxy)benzyloxypyridine
for acetonitrile molecules in the complex [Re6Se8(MeCN)6]2+

is the first step in the synthesis of dendrimers based upon
redox-active sixnuclear clusters.146

Highly nucleophilic cyanide ion is able of substituting all
bridging ligands even in the three-dimensional structures
[Re6Q8Br2] (Q=S, Se) and Re6Te15 yielding [Re6Q8(CN)6]47

(Refs 156, 157 and 305). Similarly compound [Re6Q8(OH)8]47

is formed in a melt of KOH.158 In the case of [Re6Se8Br2], the
reaction can also result in partial substitution of oxide bridges
for the selenide yielding Re6Se4O

2�
4 derivatives. Remarkably,

the selective substitution of selenium atoms of just one face of
the Se8 cube takes place.139 Another method for the synthesis
of hexacyanide complexes is based on the reactions of the salts
[Re6Se8I6]47 and [Re6S8Br6]47 with a melt of NaCN.306 The
telluride [Re6Te8(Te7)] forms [Re6Te8(CN)6]47 in the cyanide
melt.163 Similarly, the chalcogenides ZnMo6S8 and Mo6Se8
give [Mo6S8(CN)6]77 and [Mo6Se8(CN)6]77 in a sodium
cyanide melt, the latter complex is readily oxidised to
[Mo6Se8(CN)6]67.162, 307

The interaction of the cluster complexes Cs4[Re6S8Br6] .
. 2H2O, Cs3[Re6S8Br6] . 2H2O, Cs3[Re6(Q7Br)Br6] .H2O and
K2[Re6(S6Br2)Br6] with the melts of 3,5-dimethylpyrazole
(3,5-Me2pzH) and triphenylphosphine results in complete or
partial substitution of the halide ligands. The complexes
[Re6Q8(3,5-Me2pzH)6]Br2 . 2 (3,5-Me2pzH), [Re6(Q7O)(3,5-
Me2pzH)6]Br2 . (3,5-Me2pzH) (with the substitution of m3-O
for m3-Br), trans-[Re6Q8(PPh3)4Br2], fac-[Re6(Q7Br)(PPh3)3Br3],
cis-[Re6(S6Br2)(PPh3)2Br4] and trans-[Re6(S6Br2)(PPh3)2Br4] .
.4H2O were isolated and their structures were studied.159±161

2. Redox reactions
Cyclic voltammetry (CV) of triangular clusters M3Q

4�
4 shows

two waves of reduction, which can be explained as sequential
reductionMIV

3 O4�
4 ?MIV

2 MIIIQ3�
4 ?MIVMIII

2 Q2�
4 . The reduc-

tion ability decreases in the series Mo3S
4�
4 >

Mo3Se
4�
4 >W3Se

4�
4 >W3S

4�
4 (Refs 24, 38, 269 and 308). In

some cases the one-electron reduction products may be iso-
lated and their structures can be established.42, 309, 310 Usually,

the reduction of the clusters Mo3S
4�
7 is irreversible and is

accompanied by elimination of sulfur yielding Mo3S
4�
4

(Ref. 293).
Cyclic voltammetry revealed the possibility of reversible

one-electron reduction (to n=4) and oxidation (to n=6) of
the clusters [MoxW47xQ4(H2O)12]n+ (x=0±4).116, 117 For
both of the pairs 5+/4+ and 6+/5+, the value of half-wave
potential (E1/2) almost linearly decreases with the increase in
the number of tungsten atoms in the cluster: each additional
tungsten atom causes a negative potential shift of approxi-
mately 0.2V. It reflects the predisposition of tungsten to higher
oxidation states. The effect of the substitution of selenium for
sulfur in the cluster core is less pronounced: the substitution of
four Se atoms for S decreases the potential by less then
0.1V.116, 117 Two waves of one-electron reduction of the
cyanide clusters [M4Q4(CN)12]67 (M=Mo, W; Q=S, Se,
Te) were also observed byCV. Interestingly, the substitution of
the cyanide ions for coordinated water molecules results in a
significant positive shift of the potentials (0.6 ± 0.7V), which
makes possible the reduction of [W4Q4(CN)12]77 to
[W4Q4(CN)12]87 (Q=S, Se, Te). The cyanide ligands damp
the effect of the metal change on the electrode potential: while
for the pair [Mo4S4(H2O)12]6+/[W4S4(H2O)12]6+DE1/2 is equal
to 825 mV, it is only 411 mV for the pair [Mo4S4(CN)12]67/
[W4S4(H2O)12]67. Presumably, this is caused by the partici-
pation of the cyanide ion p-orbitals in the charge redistribution
within the cluster core. The transition fromQ=S to Se and Te
regularly (by approximately 100 mV) decreases the redox
potential stabilising the most oxidised state of the cluster
(M4Q

6�
4 ).102 However, in the case of [Mo4Q4(edta)2]n7

(n=2±4), the substitution of Se for S does not affect the E1/2

value.311 The reversible two-electron oxidation was also
observed in the case of cyclopentadienyl clusters
[(Z5-C5H4Pri)4Mo4Q4] (Q=S, Se); the selenium clusters
undergo oxidation at significantly more negative poten-
tials.101, 253 In contrast to the molybdenum and tungsten
analogues, no reversible redox transformations were observed
for rhenium tetrahedral clusters.

One-electron oxidation proceeds relatively easily in the
case of the chalcogenide clusters Re6Q8 (Ne=24).136 The
reversible one-electron reduction at the negative potentials
was detected by CV for the compounds [Re6(Q5Cl3)Cl6]7

(Q=S, Se), but no oxidation occurs.188 Such behaviour is in
keeping with both the increase in the negative charge of the
cluster anion with the increase in the number of chalcogen
atoms in the cluster core and lower electronegativity of the
chalcogen atoms. In some cases, stable oxidation products,
such as (Bun4N)3[Re6S8Cl6], (Ph4P)3[Re6S8(CN)6] (Ph4P)2(H).
.[Re6Se8(CN)6] . 8H2O and (Et4N)2(H)[Re6Te8(CN)6] . 2H2O,
can be isolated.312, 313 It was found that the oxidation potential
of complexes with heterocyclic amines increases in accord with
the basicity of the ligand. The reduction of heterocyclic ligands
takes place in the region of negative potentials and the
electronic interaction of two heterocyclic ligands through the
cluster was observed.149 The oxidation of the cyanide com-
plexes [Re6Q8(CN)6]47 occurs at significantly lower potential
than that of their halide analogues. The transition from a
sulfide cluster to the telluride drastically (by 0.5V) reduces the
oxidation potential.314

Both reversible one-electron reduction and one-electron
oxidation are possible for the electron-deficient molybdenum
clusters [Mo6Q8(PEt3)6] (Q=S, Se; Ne=20). In spite of a
strong electron-deficient character of the clusters, reduction
occurs at highly negative potentials. Both electrode processes
occur at virtually the same potentials for sulfide and selenide
clusters.259 On the contrast, the monochalcogenide clusters
[Mo6(QX7)X6]37 (Q=S, Se; X=Cl, Br) can reversibly loose
one or two electrons. The introduction of the second chalcogen
atom results in a strong negative shift of the potentials, as in the
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case of the cyanide clusters [Mo6Q2X6(CN)6]47 (Q=S, Se).134

It should be noted that there is virtually no difference in E1/2

values for [Mo6(QCl7)X6]37/27, whereas for two geometrical
isomers of [Mo6(Se2Cl6)Cl6]47/37/27, the difference in E1/2

values is as large as*0.1V.164, 165

3. Clusters of clusters, coordination polymers and
supramolecular compounds
Cyanide derivatives of chalcogenide clusters attract attention
as `building blocks' in the synthesis of coordination polymers,
particularly those with big cavities and high porosity. Both
tetrahedral clusters M4Q4(CN)12 and octahedral clusters
M6Q8(CN)6 (M=Mo, W, Re; Q=S, Se, Te) are used for
these purposes.11, 12, 315 ± 330 Recently, coordination polymers
based on the aqua complexes [Re6Q8(OH)6]47 (Q=S, Se)
have been synthesised.331

The condensation of clusters takes place during thermo-
lysis of [Re6Se8(PEt3)5(MeCN)2]2+ and cis-[Re6Se8(PEt3)4.
.(MeCN)2]2+. Here, the labile acetonitrile molecules are sub-
stituted by the m3-Se atom of the other cluster core yielding
[Re12Se16(PEt3)10]4+ and trans-[Re12Se16(PEt3)8(MeCN)2]4+

(Ref. 152). Similar process resulting in the formation of
[Mo12Q16(PEt3)10] was observed in the elimination of coordi-
nated triethylphosphine from the complex [Mo6Q8(PEt3)6]
under the action of sulfur.332

Due to the formation of complementary bonds between the
carbonyl groups of the macrocyclic cavitand cucurbit[6]uril
and water molecules of aquachloride complexes, the isolation
of the cluster complexes [M3Q4(H2O)97xClx](47x)+ (x=1±3)
in the form of supramolecular adducts with cucurbit[6]uril
from solutions in 2 ± 4M HCl and studies of their structures
become possible. The size and the symmetry of six carbonyl
groups of cucurbituril correspond well to six aqua ligands in
cis-positions with respect to m3-bridging chalcogen atom in the
triangular cluster aqua complexes. In the case of bulkier and
less water-soluble cucurbit[8]uril, the aquachloride complexes
with higher chloride content (up to x=7)were isolated in spite
of the loss of complementarity, because the cluster aquachlor-
ide complexes occupied the voids between differently packed
large cucurbit[8]uril molecules and the hydrogen bonds pro-
vided additional stabilisation of the structure.262, 333, 334

4. Substitution of `inner' bridging ligands
The reactions of the sulfohalides [M3S7X6]27 with PPh3Se or
KNCSe result in the selective substitution of selenium for the
equatorial sulfur atom of the disulfide ligand. This reaction is
irreversible and even the excess of KNCS or PPh3S does not
transform the clusters Mo3S(SSe)

4�
3 back into Mo3S

4�
7 . The

synthesis of the compound [Mo3S4Se3(Et2NCS2)3]+ from
[Mo3S7(Et2NCS2)3]+ and KNCSe in MeCN at room temper-
ature is an example of such reaction.47, 49 High lability of the
equatorial sulfur atom was confirmed by selective isotope
exchange in the reaction of (NH4)2[Mo3S7(S2)3] with a solution
of ammonium polysulfide containing the isotope 34S.44, 48 The
substitution of chalcogen atoms of Mo3S7Br4 in KNCSe melt
at 200 ± 220 8C proceeds further via [Mo3S4Se3(CN)6]27 and
[Mo3(m3-S)Se6(CN)6]27 and yields finally [Mo3Se7(CN)6]27.67

The relative lability of the chalcogen atoms in three different
positions of the cores M3(m3-Q)(m-QaxQeq)

4�
3 decreases in

following order Qeq>Qax> m3-Q. Seleno cyanate serves
simultaneously as a source of selenium for the formation of
selenide clusters and a source of cyanide ions. A similar order
of substitution of Se for Te was found in the reaction of
M3Te7Br4 with KNCSe. The complex [W3(m3-Te).
.(m2-TeSe)3(CN)6]27, containing a new inorganic ligand
TeSe27 was isolated and its structure was studied.67 The
molten KNCS transforms the chalcobromides W3S7Br4 and

W3Se7Br4 into [W3S4(NCS)9]57 via [W3SxSe47x(NCS)9]57

(x=1±3).335 The transformation of the cluster Mo3Se
4�
7 into

Mo3S74�was also observed in the reaction ofMo3Se7Br4 with
(NH4)2Sx under hydrothermal conditions.44

The substitution of ions Q27 (Q=O, S, Se, Te), NR27,
P37, As37 for m3-bridging halogen atoms is typical of octa-
hedral rhenium complexes. This reaction proceeds more easily
in the case of the most halogen-rich cluster cores. Thus
[Re6(Se4O2Cl2)Cl6]27 is formed upon mere heating of the
compound [Re6(Se4Cl4)Cl6] in wet DMF, both isomers,
which differ in mutual position of the oxygen atoms, being
isolated. [Re6(S7Br)Br6]37 is one of the products of a complex
reaction of the sulfobromide [Re6(S4Br4)Br6] with KNCS in a
melt.336

The clusters [Re6(Q5Cl3)Cl6]7 (Q=S, Se) are studied in
most details. They readily form the complexes
[Re6(Q5Q

0Cl2)Cl6]27 (Q0=O, S, Se, Te) in the reactions with
the silylated chalcogen carriers [(Me3Si)2Q].337 With the silyl-
amide reagents [(Me3Si)2NR, where R=H, Me, Bun], the
complexes [Re6(Q5EX2)Cl6]27 (E=NSiMe3, NMe,NBun) are
formed. The trimethylsilyl group can be removed by treatment
of the reaction mixture with Bun4NF yielding
[Re6{Q5(NH)X2}Cl6]27. The nitrogen atom in this cluster
remains nucleophilic and can be alkylated by butyl chloride
in the presence of a base yielding the complex
[Re6{Q5(NBun)X2}Cl6]2.338 In the case of the oxide cluster,
the substitution of one of the terminal chloride ligands also
takes place and the complex [{Re6(S5OCl2)Cl5}2O]47 is
formed.339 The substitution of O, S, NH for two m3-chlorine
atoms in the chalcogenide clusters [Re6(S6Cl2)Cl6]27 is possi-
ble in the reactions with silyl reagents. The clusters
[Re6(S6E2)(PPr3)6]2+ (E=P, As) containing m3-atoms of
Group 15 elements in the cluster core were obtained when
PhAs(SiMe3)2 or P(SiMe3)3 were used.136

The bridging chalcogenide ligands are less labile and can be
substituted only under drastic conditions. For instance, the
reaction of [Re6Te8(Te7)] with a melt of KNCS results in the
substitution of sulfur for m3-tellurium atoms and produces a
mixture of [Re6S8(CN)6]47 and [Re6S6Te2(CN)6]47.163, 340 The
formation of the mixed-chalcogen clusters was confirmed by
77Se and 125Te NMR spectroscopy.341 The reaction of
[Re6Te8(Te7)] with bromine yields [Re6(Te4Br4)Br6].8, 187

Iodine, being a weaker oxidant, transforms the spiro-anion
Te2ÿ7 into the ligand TeI2 without affecting the cluster core to
give the cluster [Re6Te8(TeI2)6]I2.342

In the series of the octahedral molybdenum chalcogenide
clusters Mo6Q8 (Q=S, Se, Te), the telluride possesses the
highest reactivity and can be transformed into Mo6Cl12 with
chlorine or other chlorinating reagents. The experiments with
isotopomeric compounds have shown that the octahedron of
Mo6 remains intact.343, 344

5. Elimination of chalcogens from the clusters M3Q7

Awell studied transformation of triangular clusters M3Q7 into
M3Q4 in the reaction with such reagents as cyanide ion or
phosphines belongs to this class of processes.18 It was shown by
isotope exchange method that it is the equatorial atom of
dichalcogenide ligand that is eliminated.46, 48 The selenium
atom is eliminated from the clusters Mo3(m3-S).
.(m-SaxSeeq)4�3 .32, 47 The proneness to chalcogen elimination
decreases in the order Mo3S7>Mo3Se7>Mo3Te7. In the
case of telluride clusters, no elimination of tellurium atom in
reactions with cyanides or phosphines usually occurs. The only
exception is the reaction of [Mo3Te7{(PriO)2PS2}3]I with
tributylphosphine (in the presence of benzoic acid), which
results in the formation of the complex [Mo3Te4.
.{(PriO)2PS2}3(m-C6H4CO2)(PBu

n
3)].

23
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The aqua complex [Mo3S7(H2O)6]4+ quantitatively yields
[Mo3S4(H2O)9]4+ in the reactionwith water-soluble phosphine
PR3ÿ

3 (R=C6H4SO3). The following equation describes the
dependence of the rate of this reaction on [H+]

k= k1[H+]+ k71[H+]71

(k1=3.146104 litre2 mol72 s71; k71=2.786104 s71). It
was thus suggested that both the m-S2-protonated form of
[Mo3S5(HS2)(H2O)6]5+ and the conjugated base [Mo3S7.
.(H2O)5(OH)]3+ are involved. The rate of this reaction in the
case of the selenide complex [Mo3Se7(H2O)6]4+ is approxi-
mately 1000 times lower than for the sulfide analogue.32 The
reactions with cyanide and phosphines usually produce the
corresponding cyanide or phosphine complexes.18, 24, 308, 345

Even coordination polymers react in this way.24, 53 The com-
plexes [M3Q4(dmpe)3X3]+ obtained in the reaction with dmpe
are convenient starting compounds for the synthesis of hetero-
metallic cubane-type clusters.346 Recently, complexes with
chiral phosphines have been obtained.347 The isotope labelling
studies suggest that the formation of [Mo3S7(S2)3]27 from
Mo3S7Br4 and (NH4)2Sx proceeds as the elimination ± addition
in the equatorial position, i.e., via the cluster Mo3S4.44, 48

In the case of W3S7Br4 and (NH4)2Sx the complex
[W3S4(S4)3(NH3)3]27 is the reaction product.44, 231 Generally,
the tungsten clusters W3Q

4�
7 are less stable and readily elimi-

nate three chalcogen atoms yielding the clusters W3Q
4�
4 , for

example, in the synthesis of oxalate complexes.33 The complex
[W3S7Br6]27 yields [W3S4(NCS)9]57 even upon heating with
KNCS in acetonitrile.231 The sulfobromide Mo3S7Br4 elimi-
nates sulfur atoms from the disulfide ligands in a melt of KHF2

furnishing [Mo3S4F7(FHF)2]57.348

The reaction of [Re3S7Cl6]Cl with an ionic liquid (amixture
of 1-ethyl-3-methyl-imidazolium bromide andAlBr3) results in
the formation of the anionic complex [Re3S4Br9]27.349 The
reactions with phosphines are accompanied by reduction and
transformation of the cluster core.350

6. Reactions with the change in of the number of metal atoms
The incorporation of Group 6 ± 15 metals (more than 20
elements) in low oxidation states into the cluster core is typical
of triangular clusters M3Q4 and results in the formation of
heterometallic cubane-type clusters. These reactions were
intensively studied and the results were summarised in several
reviews.18, 19, 346 In the case of a transition metal (Cr, Mo, W,
Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu) that is incorporated,
this is involved in bonding Mo (W) to form a metallotetrahe-
dron. Group 12 ± 15 metals do not form metal7metal bonds.
In the case of transition metals, the clusters in which the total
number of valence electrons (NVE) including those provided
by the ligand is equal to 60 are the most stable. This cor-
responds to the scheme of MO of tetrahedral clusters. The
derivatives of Mo3CuQ

4�
4 (NVE=61), Mo3CoQ

4�=3�
4

(NVE=58 and 59), Mo3FeS
4�
4 (NVE=58) are exceptions to

the rule. When an atom of post-transition element is incor-
porated, the heterometallic clusters are formed only if the
metal is in the formally zero oxidation state (Zn, Cd, Hg, In,
Tl, Ge, Sn, Pb, As, Sb, Bi) or possesses a lone pair of electrons
(GaI, InI, GeII, SnII, PbII, SbIII, BiIII). The tendency towards
the formation of heterometallic clusters decreases in the order
Mo3S

4�
4 >Mo3Se

4�
4 > W3Se

4�
4 >W3S

4�
4 , i.e. similarly to the

order of decrease in the rate of cluster core reduction.18, 19, 346

Oxidation of heterometallic cubane-type clusters recovers
readily the starting triangular clusters M3Q

4�
4 .19 The ease of

oxidation increases in the same order as the tendency to
reduction of a triangular cluster decreases. In the case of
heterocubane clusters [MoxW47xQ4(H2O)12]6+ (x=1±3),
oxidation always proceeds with elimination of the tungsten
atom. This reaction can be used for selective synthesis of

otherwise hardly accessible mixed heterometallic triangular
clusters [MoxW37xQ4(H2O)9]4+ (Q=S, Se; x=1, 2).116, 117.
The first heterometallic clusters Re3MS4 (M=Ni, Co, Cu)
were obtained.40, 351, 352

In some cases the cubane-type clusters M4S4 are formed
from triangular clusters as a result of complicated reactions in
attempted reduction or ligand exchange reactions. Thus, the
reduction of the aqua complex [Mo3S4(H2O)9]4+ affords a
mixture of a cubane-type and a heptanuclear bis-cubane
clusters [Mo4S4(H2O)12]4+ and [Mo7S8(H2O)18]8+,353 and an
attempt to synthesise Re3S4 derivatives from [Re3S7Cl6]Cl by
the reactionwithKCNunexpectedly yields [Re4S4(CN)12]47.87

The cyanide cluster complexes [M4Q4(CN)12]67were obtained
by high-temperature reactions of triangular coordination pol-
ymers M3Q7X4 (Q=S, Se, Te; X=Br, I) with KCN.102

The reduction of phosphine complexes [Mo3Q4.
.(PEt3)3 ± 4X4(MeOH)1 ± 2] (Q=S, Se) with magnesium results
in the reductive fusion of two metal triangles into an octahe-
dron and the formation of phosphine cluster complexes
[Mo6Q8(PEt3)6], which are molecular analogues of the Chevrel
phases.257 Formally, octahedral clusters M6Q8 are the dime-
risation products of reduced triangular clusters M3Q4. If the
reaction takes place at low temperatures, then the dimerisation
of two triangular clusters happens at the stage of one-electron
reduction. This reaction affords the compounds [Mo6Q8Cl6.
.(PEt3)6] in which two metal triangles are linked by one
metal ±metal bond.179 The cluster [Mo6S10(SH)2(PEt3)6] of a
similar structure was obtained from (NH4)2[Mo3S7(S2)3] and
triethylphosphine.130

The cases of transformation of tetrahedral clusters into
octahedral clusters are extremely rare. One example is the
formation (simultaneously with the chalcogen atom replace-
ment in the cluster core) of the complex [Re6Se8(CN)6]47 from
[Re4Te4(TeCl2)4Cl8] and KNCSe (the latter is the reducing
agent as well as the source of selenium and cyanide ions) in
acetonitrile at 200 8C. The cluster Re4S4Te4 reacts with KCN
at 850 8C yielding the octahedral cluster complex
[Re6S6(S0.34Te0.66)2(CN)6]47. This reaction was used for the
synthesis of heterometallic clusters [Re5MoS8(CN)6]57 and
[Re4Mo2S8(CN)6]57 from Re3MoS4Te4.142

V. Potential applications of chalcogenide clusters

The progress in chemistry of chalcogenide clusters of early
transition metal is very important for better understanding of
the processes that occur in living systems with involvement of
transition metals. It is well known that at least seven metals (V,
Mo, W, Fe, Ni, Cu and Zn) in living systems are bonded quite
often to sulfur (and/or selenium) atoms and are vital for
various biological functions. Among the early transition met-
als, molybdenum is particularly important as a part of different
enzymes. Tungsten is the heaviest element with reliably deter-
mined biological role. Chalcogenide clusters are also of interest
as models of solid-state metal chalcogenides; besides they are
used in the synthesis of new catalysts and advanced materials
(superconductors, X-ray contrast diagnostic agents and non-
linear optic materials).

Catalysis. Supported transition metal sulfides are catalysts
of hydrorefining of crude oil.354 CoMoS and NiMoS sup-
ported onto alumina are widely used in industry for desulfur-
isation. Traditionally they are prepared by impregnation of
g-Al2O3 with ammonium heptamolybdate and cobalt or nickel
nitrate with subsequent calcination and transformation of
oxides into sulfide phases by heating in an atmosphere of H2S
andH2 at 400 8C.More effective catalysts were obtained in the
reactions of the sulfide cluster [Mo3S13]27 with various salts,
including those with complex nickel- or cobalt-containing
cations.355 The metal ratio in the heterometallic cubane-type
clusters M3NiS4 and M3CoS4 corresponds to the composition
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of the best hydrorafining catalysts and the coordination of
heterometal is thought to be similar to that of cobalt or nickel
atom in the active site of such catalysts.356 The triangular and
heterometallic cubane-type cationic aqua complexes
[Mo3S4(H2O)9]4+ and [Mo3NiS4(H2O)10]4+ were incorpo-
rated into zeolites by an ion-exchange reaction.357 ± 359 It was
shown that the activity of such catalysts in hydrogenation of
thiophene strongly depends on the zeolite type. The complex
[Mo3NiS4(H2O)10]4+ incorporated into the zeolite cavity
catalyses also the synthesis of ethane and ethylene in the
hydrogenation of CO.

The triangular pentamethylcyclopentadienyl cluster
[Cp�3Mo3S4]

� reacts with [Ni(cod)2] (cod is cycloocta-1,5-
diene) in dichloromethane at room temperature yielding the
cubane-type heterometallic cluster [(Cp�3Mo3NiS4)2(cod)]

2+,
which is a highly effective catalyst of intramolecular cyclisation
of alkynoic acids into the corresponding enollactones in the
presence of Et3N. Presumably, an intermediate nickel alkyne
complex is formed in this reaction.360

The 1,4,7-triazacyclononane (tacn) heterometallic cluster
[Mo3(PdCl)S4(tacn)]3+ possesses a unique ability of coordi-
nating and activating such p-acidic ligands as CO, isonitriles,
alkenes and alkynes under very mild conditions. Thus the
solution reaction with CO proceeds even at room temperature
and yields the brown complex [Mo3(PdCO)S4(tacn)3]3+. Acti-
vated alkynes (for example, HC:CCO2Me and
MeO2CC:CCO2Me) also coordinate only the palladium
atom of the cluster, but form very labile complexes, which
could not be isolated. However, selective nucleophilic addi-
tion of methanol to methyl propiolate result in
(Z)-MeOCH=CHCO2Me in virtually quantitative yield
takes place in the presence of methanol. It is important that
the reactions of nucleophilic addition are catalytic processes
and more effective than the catalytic reactions of mononuclear
palladium complexes.361

Unique catalysts possessing a chiral metal chalcogenide
cores can be obtained from chalcogenide clusters.347 Each
diphosphine ligand in the triangular molybdenum and tung-
sten diphosphine complexes [M3Q4(diphospine)3X3]+

(M=Mo, W; Q=S, Se; X=Cl, Br) links to only one metal
atom, while the phosphorus atoms are located in cis- and trans-
positions with respect to the m3-chalcogen atom. These diphos-
phine clusters are chiral. From the chiral diphosphine (+)-1,2-
bis[(2R,5R)-2,5-(dimethylphospholan-1-yl)]ethane [(R,R)-
MeBPE], the chiral triangular cluster [Mo3S4{(R,R)-
MeBPE}3Cl3]+ and heterometallic derivative
[Mo3CuS4{(R,R)-MeBPE}3Cl3]+ were obtained. This hetero-
metallic cluster turned out to be an effective catalyst of two
reactions: the intramolecular cyclisation of 1-diazohex-5-en-2-
one and the intermolecular cyclopropanation of styrene or
2-phenylpropene with ethyl diazoacetate. The reactions pro-
ceed in high yields of the corresponding cyclopropanes (up to
95%), the enantiomeric excess being in the range from 12% to
25%.347

Conductors and superconductors. A unique substance was
obtained by two-electron oxidation of the anionic molybde-
num cluster [Mo3S7(dmit)3]27.362 Electrochemical oxidation
of its tert-butylammonium salt yields deep-violet needle-
shaped crystals stable in air. Chemical oxidation with iodine
in dichloromethane is yet another method of its synthesis in
quantitative yield. The neutral cluster molecules crystallise in a
hexagonal space group and the structure is built of chains. The
molecules in the chains are linked by short S_S contacts
between axial sulfur atoms of the bridging disulfide ligands and
m3-sulfur atoms. The S_S contacts between the sulfur atoms of
the cluster complexes of different chains combine the chains
into honeycomb-like framework with spacious vacant chan-
nels *10 �A in diameter. The room-temperature conductivity
measurements have shown that [Mo3S7(dmit)3] is a quazi-one-

dimensional semiconductor with a very low value of activation
energy. The magnetic susceptibility measurements reveal the
presence of antiferromagnetic exchange interactions between
unpaired electrons of the neutral clusters [Mo3S7(dmit)3]. It is
expected that chemical modification of this unique cluster (for
example, by the replacement of the metal, chalcogen or redox-
active ligand) and application of high pressure will eventually
result in the stabilisation of the metal state.

Non-linear optical properties. The triangular molybdenum
and tungsten chalcogenide clusters and their heterometallic
cubane derivatives were systematically studied in this respect.
All triangular clusters [M3Q4L3X4]+ (M=Mo, W; Q=S, Se;
L=dmpe, dppe) and their copper-containing cubane-type
derivatives [M3CuQ4L3X4]+ turned out to be promising opti-
cal limiters and the value of threshold limiting flux decreases on
going from the cubane-type clusters to triangular ones and
from tungsten clusters to molybdenum analogues.296, 308, 346

X-Ray contrast agents. The cluster-type tungsten thio
complexes (W3S

4�
4 derivatives) represent a new class of X-ray

contrast diagnostic agents. The cluster compounds of heavy
metals (Z>50) possess a high X-ray absorption coefficient,
which results in a significant improvement of the image quality
and/or reduction of X-ray irradiation dose. Triangular tung-
sten thio clusters are highly soluble in water, do not hydrolyse
in aqueous solutions and form stable chelate complexes with
various ligands. It is very important that theW3S

4�
4 derivatives

are significantly less toxic in comparison with water-soluble
tungsten heteropolyanions.363

VI. Conclusion

The data presented show that the chemistry of chalcogenide
cluster complexes of Group 5 ± 7 metals is extensive and
diverse. Many specific properties of cluster compounds are
determined by the structure, geometry and electronic features
of the cluster core. The possibility of modifying the cluster core
by isovalent and non-isovalent substitution of both `inner'
ligands and metal atoms allows one to change the properties of
cluster complexes. Such approach underlies the directed syn-
thesis of materials with preset properties in which the cluster
complexes are used as building blocks with predetermined
spatial, electronic, optical or magnetic characteristics. The list
of useful properties of chalcogenide cluster compounds is
already quite remarkable and will undoubtedly be extended
with the further studies of this class of compounds. More and
more, not only synthetic chemists, but also physicists, theo-
reticians, materials scientists are involved in these studies and,
owing to their efforts, the first steps towards the design of new
materials and better understanding of the principles which
control the properties of these compounds are being made.

The data presented show the progress in the studies of
cluster chalcogenide complexes of transition metals. Quite
interesting is the evolution of studies of such systems. Whereas
after the discovery of the key compounds, they were studied
predominantly by the methods of solid state chemistry the set
of which was rather small, nowadays the main attention is paid
to the chemistry of solutions due to the development of
methods of transformation of polymeric cluster compounds
into molecular complexes. New research groups became
involved into this field of chemistry, which increases the ability
to detect specific properties of cluster complexes.

At the first glance, it seems that, as a result of intensive
studies, the chemistry of chalcogenide cluster complexes of
Group 5 ± 7 metals has been exhausted. However, recent
syntheses of cluster metal complexes of unexpected types,
such as square vanadium V4S9Br4 and tantalum Ta4Q9X8

(Q=S, Se) clusters, dodecanuclear rhenium complexes
[Re12CS17(CN)6]87/67 with interstitial carbon atom, indicate
that further discoveries are awaiting.
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Abstract. A fundamental approach to the development ofA fundamental approach to the development of
heterogeneous catalysts consisting of the study of the struc-heterogeneous catalysts consisting of the study of the struc-
ture ± activity relationships using surface science methods andture ± activity relationships using surface science methods and
techniques is proposed. According to this approach, a studytechniques is proposed. According to this approach, a study
should start with an investigation into well-ordered singleshould start with an investigation into well-ordered single
crystals under ultrahigh vacuum conditions and then movecrystals under ultrahigh vacuum conditions and then move
along the way of both increasing the gas phase pressure (toalong the way of both increasing the gas phase pressure (to
address the `pressure gap' problem) and complicating theaddress the `pressure gap' problem) and complicating the
samples under study from single crystals to supported clusterssamples under study from single crystals to supported clusters
(to address the `material gap' problem). The case studies cited(to address the `material gap' problem). The case studies cited
in the review prove the efficacy of the proposed approach toin the review prove the efficacy of the proposed approach to
investigations into the reactivity of active component particlesinvestigations into the reactivity of active component particles
for the subsequent molecular design of catalysts with improvedfor the subsequent molecular design of catalysts with improved
performance (activity, selectivity and stability) and demon-performance (activity, selectivity and stability) and demon-
strate that it conforms with the modern trends in the develop-strate that it conforms with the modern trends in the develop-
ment of surface science as applied to heterogeneous catalysis.ment of surface science as applied to heterogeneous catalysis.
The bibliography includes 198 referencesThe bibliography includes 198 references..

I. Introduction

Traditionally, the term `Surface Science' implies the applica-
tion of specific instrumental techniques that are intrinsically
surface sensitive to studies of the surface structure and compo-
sition of solids. In contrast to standard analytical techniques,
such methods yield information on a few surface layers (with a
thickness of up to 10 nm) of a sample rather than on its total
bulk. The tremendous progress in this field started in the 1970s
when serial ultrahigh vacuum spectometers equipped with one
or several surface science techniques appeared on the market.
That time, Auger electron spectroscopy (AES), low-energy
electron diffraction (LEED), X-ray and UV photoelectron
spectroscopy (XPS and UPS, respectively), electron energy
loss spectroscopy (EELS) were among the most popular
techniques. Their wide utilisation in the practice of the expe-
rimental studies of solid surfaces enabled the retrieval of

important information at the atomic or molecular level.
Fundamentals of instrumental techniques for surface studies
(ITSS) as well as specific examples of their application, which
demonstrate general trends in this field by the end of the 20th
century are nicely described in a series of reviews published in
1994 in a special issue of the journal `Surface Science' devoted
to its 30th anniversary.1

As applied to catalysis, it is the interactions between simple
gases (e.g., CO, O2 , NO, C2H4, etc.) and clean single-crystal-
line metal surfaces (Pt, Pd, Ag, Cu) that were the central
problem of surface science in that period (see Refs 2 ± 4 and
references therein). These studies gave rise to the identification
of a large number of adsorbed species, which helped to
rationalise diverse surface phenomena, such as physical and
chemical adsorption, lateral interactions in adsorbed mono-
layers and chemical interactions on surfaces.

The results obtained were immediately appreciated by
specialists in catalysis such that the knowledge gathered on
the `intimate' life of atoms andmolecules became a basis for the
improvement on the performance of catalysts. Since then,
attempts at the molecular design of catalysts with improved
characteristics were often preceded by in-depth elucidations of
the interactions between the reaction media and smooth solid
surfaces in order to understand the nature of the catalytic
action of specific active components in specific catalytic
reactions. Recently, such an approach referred to as the
fundamental one in contrast to the empirical approach became
very popular.

Despite the fact that ITSS provide detailed information
at the atomic and molecular levels, their efficient application
to the description of real catalytic processes is hindered by
two major factors commonly referred to as `pressure gap'
and `material gap'. The former problem consists of the dif-
ference in pressures typical of the majority of surface science
studies (P4 1076 mbar) and of real catalytic processes
(P5 1 mbar). As a result, concentrations of important inter-
mediates as well as rates of certain reaction steps under the
measurement conditions can appear substantially lower than
the sensitivity threshold of the instrumental techniques
applied. In this case, the information gathered often inad-
equately reflects the chemistry behind the processes on the
surface of a functioning catalyst.

Yet another problem encountered by many surface science
researchers refers to the use of metal single crystals as subjects
of catalysis-related studies instead of small metal particles

V I BukhtiyarovG K Boreskov Institute of Catalysis, Siberian Branch of

the Russian Academy of Sciences, prosp. Acad. Lavrentieva 5, 630090

Novosibirsk, Russian Federation. Fax (7-383) 330 80 56,

tel. (7-383) 330 67 71, e-mail: vib@catalysis.nsk.su

Received 17 April 2007

Uspekhi Khimii 76 (6) 596 ± 627 (2007); translated by Ya V Zubavichus

DOI 10.1070/RC2007v076n06ABEH003721

Modern trends in the development of surface science as applied
to catalysis. The elucidation of the structure ± activity relationships
in heterogeneous catalysts

V I Bukhtiyarov

Contents

I. Introduction 553

II. The `pressure gap' problem 555

III. The `material gap' problem 564

IV. Investigations into the structure of active sites in porous catalysts 570

V. Development of methods of the purposeful synthesis of highly active catalysts 575

VI. Conclusion 578

Russian Chemical Reviews 76 (6) 553 ± 581 (2007) # 2007 Russian Academy of Sciences and Turpion Ltd



supported on an inert matrix, which represent real catalysts in
most cases. Since all heterogeneous reactions proceed on the
surface of a solid, the surface/volume ratio has to be increased
in order to enhance the utilisation coefficient of the active
metal. Therefore, metal particles in real practically applicable
catalysts are often so small (3 ± 5 nm) that deviations in their
properties from those of the bulk metal have to be taken into
account, which is referred to as the size effect and gives rise to
the `material gap' problem.

Starting from the end of the 1980s, these two problemswere
seriously addressed. In particular, high-pressure reactors and
cells integratable into standard ultrahigh vacuum (UHV)
equipment were designed, which enabled measurements of
catalytic reaction rates at atmospheric pressures followed by
an ex situ analysis of the catalyst composition avoiding its
contact with air. Thus it became possible to systematically
compare the surface composition and morphology of catalysts
before and after the reaction with the respective changes in the
catalytic activity. Such a combined ex situ approach was
applied by Over et al. 5 ± 7 to address the `pressure gap' problem
in the case of CO oxidation on the Ru(0001) surface. By using
temperature-programmed desorption (TPD), scanning tunnel-
ing microscopy (STM), LEED and XPS, they demonstrated
that the clean Ru(0001) surface, which is inert under UHV
conditions, is oxidised toRuOx under the action of the reaction
medium. The latter proved to be even more reactive with
respect to the CO oxidation than platinum, which is a proto-
typical catalyst for this reaction. Such an oxidised surface
cannot to be formed spontaneously under UHV conditions.
Another example of the efficiency of this approach to the
studies of model catalytic systems was demonstrated by Camp-
bell et al.8 ± 10 for the oxygen and ethylene adsorption on single-
crystalline (111) and (110) faces of silver. In this study, a special
design of the electron spectrometer was used, which made it
possible to transfer samples from a high-pressure microreactor
to an UHV analytical chamber for the characterisation of the
preprocessed surfaces with various instrumental techniques
very fast (in less than 20 s). Still, such experiments are not free
form the major drawback of the post-reaction analysis: evac-
uation of the reaction medium effectively eliminates weakly
bound adsorbed species that could act as key species governing
the catalyst reactivity under the reaction conditions.

A different in principle approach to address the `pressure
gap' problem was utilised by the British company `Vacuum
Generators', which is a recognised world-leading manufac-
turer of UHV equipment. This company designed and put into
production a `high-pressure' electron spectrometer,{ which
enabled the in situ registration of photoelectron spectra at
pressures of up to 1 mbar,11 i.e., 6 orders of magnitude higher
than in serial spectrometers. With such spectrometers that
operate at pressures close to that of typical catalytic reactions,
the quantitative determination of the relationships between the
composition of the surface layer of a sample and its catalytic
performance became possible. It is apparent that this approach
to the solution of the `pressure gap' problem is very promising.

The necessity to address the size effects within the context
of the `material gap' problem became apparent in the end of the
20th century, when studies of catalytic properties of supported
metal catalysts as a function of the size of the active component
(see Refs 14, 15 and references therein) revealed that the rates
of many catalytic reactions normalised to the number of
surface atoms vary upon changes in the size of supported
metal particles. Boudart 14 introduced the term structure-
sensitive reactions to designate this phenomenon and distin-
guish it from structure-insensitive reactions, the rates of which

were independent of the size of catalytic metal particles.
Interestingly, the size effect can be both positive (i.e., the
reaction rate increases with a decrease in the size of supported
metal particles) and negative (i.e., the reaction rate decreases).
It was size effects that encouraged extensive investigations into
the electronic, structural and adsorption properties of small
metal clusters in comparison with those of bulk metals.

However, only low efficiency and slow progress in this field
were achieved with traditional supported catalysts. Indeed,
real catalysts that are usually prepared by impregnation of a
support with a large specific surface area with aqueous
solutions of salts of the active component followed by the
drying and reduction of the salt to the metal state refer to
colloidal systems. The collection of fully reproducible data on
such systems is naturally very difficult. This fact together with
possible contamination of the catalytic systems by undesired
admixtures either coming from the substrate material or
introduced at the steps of catalyst synthesis likely explain the
large contradiction in data on catalytic activities of nominally
identical catalytic systems reported by different authors.15

Poor reproducibility of the results can be overcome if the
synthesis of supported catalysts and their subsequent charac-
terisation are repeated many times. Furthermore, it has to be
taken into account that the preparation of a series of catalysts
with a systematically varying mean size of metal particles is a
time-consuming procedure by itself.

As an alternative, model supported catalysts can be pre-
pared in a reproducible way by vacuum deposition of disperse
metal particles onto the surface of a planar substrate. Thin
oxide films grown on the surface of metal single crystals or
surfaces of oxide single crystals can be used as the sub-
strates.16, 17 Indeed, the preparation of metal nanoparticles
directly in a UHV spectrometer makes it possible, first, to
carefully pre-clean the substrate and deposition system and,
second, to transfer the sample into an analytical chamber
without its contact with air. This preparation scheme avoids
introduction of undesired contaminants and enables quick
production of series of samples with variable sizes of metal
clusters. This way of the simulation of real catalysts is widely
applied to the analysis of the electronic properties and mor-
phology of metal nanoparticles as a function of their size (for
example, see Refs. 16 ± 20). Several attempts have been under-
taken to study the specificity of adsorption on disperse metal
particles.18 ± 21 It is of note that the inconcistency between the
model and real substrates intrinsic to the preparation method
has not only negative, but also positive aspects, since it allows a
wider choice of the substrate material. For instance, an oxide
substrate can be replaced by a carbon-based one. This makes it
possible to appeal to supplementary instrumental techniques
to probe the adsorption properties of metal clusters. With
graphite substrates instead of oxide ones, XPS can be effi-
ciently applied to study the oxygen adsorption on metal
clusters since in this case relatively weak O1s signal from the
adsorbate is not superimposed on the prevailing background
singal from Al2O3 or SiO2 substrates. And thus adsorbed
oxygen species can be identified based on an analysis of the
O1s spectra.

The low specific surface area of single crystals prevents
measurements of the specific catalytic activity of single crystal-
basedmodel systems in many catalytic reactions. Nevertheless,
the chemistry underlying the catalytic action of metals cannot
be understood without comparison of the results on model
objects with the catalytic properties of real catalysts. Inves-
tigations into the reactivity of small clusters towards the
reactants and reaction products, necessarily as a function of
their size, can help to fill the gap between surface science
studies and the real catalysis.

Therefore, the nature of the catalytic action of metals can
efficiently be analysed using an approach depicted schemati-

{ Two such spectrometers were purchased by Cardiff University (UK) 12

and G K Boreskov Institute of Catalysis (Novosibirsk, Russia).13
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cally in Fig. 1. A study should start with well-ordered single
crystals under UHV conditions and then move along both
increasing the pressure of the reactionmedium (i.e., from left to
right) and complicating the object under study (i.e., from top to
bottom). The movement from left to right implies the elimi-
nation of the `pressure gap' problem, whereas that from top to
bottom addresses the `material gap' problem. Finally, instru-
mental techniques for surface studies have to be applied to
elucidate the structure of the active sites in real catalysts during
their formation, activation and deactivation and these data are
to be compared to the results of model studies.

It is evident that in order to retrieve reliable data on the
structure of functioning catalysts, not only ITSS but also bulk-
sensitive techniques, such as transmission electron microscopy
(TEM), X-ray diffraction and X-ray absorption methods
(EXAFS, XANES), have to be applied.

Examples of studies accomplished over recent years in the
Laboratory of surface science of theG K Boreskov Institute of
Catalysis as well as in other world-renowned research centres
specialised in the field, which are described in detail below,
demonstrate that the above approach conforms with the
modern trends in surface science as applied to catalysis by
helping to establish the structure ± activity relationship in
heterogeneous catalysts and advancing towards purposeful
design of highly active, selective and deactivation-resistant
catalysts.

It has to be however noted that several methodological
problems non-typical of traditional surface science, which
hinder the retrieval of required information, emerge in the
implementation of this approach in practice. Possible solutions
of these problems are often highly specific and cannot be
generalised and standardised. With this regard, in the descrip-
tion of experimental results below, we shall put an emphasis
(somewhat greater than in traditional reviews) on relevant
technical details of the respective measurements.

II. The `pressure gap' problem

As has been stated in the Introduction, the development or
optimisation of surface science techniques capable of in situ
monitoring of processes directly in the course of a chemical
reaction represents the most promising way to address the
`pressure gap' problem.22 ± 38 Among techniques working at
pressures close to those of real catalytic reactions
(P>0.1 mbar), Infrared Reflection-Absorption Spectroscopy
(IRAS),22 ± 24 in particular, in the polarisation modulation
mode, Sum-Frequency Generation (SFG) spectroscopy,25 ± 28

X-ray Absorption Near-Edge Structure (XANES),29 ± 31 X-ray

Photoelectron Spectroscopy (XPS) 11 ± 13, 32 ± 36 and scanning
tunneling microscopy 37, 38 are of special note.

X-Ray photoelectron spectroscopy occupies a special place
in this list being one of the best analytical techniques for studies
of the chemical composition and electronic structure of solid
surfaces. The physical limit of pressure at which an XPS
spectrum can still be measured is determined by the photo-
electronmean-free path. The latter value is of the order of a few
millimetres at a pressure of 1 mbar. Meanwhile, the typical
pressure in the vast majority of XPS spectrometers is
*1079 mbar, which required for the safe operation of an X-
ray source, an electron energy analyser and a secondary
electron multiplier. Due to fundamental difficulties in combin-
ing these two requirements in one spectrometer design, the in
situ mode of XPS data collection had been inaccessible for a
long time. The situation has changed only recently and there
are currently several research groups worldwide running XPS
spectrometers capable of measuring spectra at a pressure range
from 1079 mbar to 1 mbar.11 ± 13, 32 ± 36 One of such dedicated
high-pressure machines manufactured by `Vacuum Genera-
tors' is installed at the Boreskov Institute of Catalysis in
Novosibirsk. Its preliminary adaptation to the in situ studies
of catalytic reactions at pressures of up to 1072 mbar was
accomplished in the Laboratory of metal catalysts.13 The
additional cycle of spectrometer optimisation enabled the
extension of the operational pressure range to 0.2 ± 0.3 mbar
(Refs 34 ± 36). This value is only severalfold lower than the
maximum achievable operational pressure realised in
advanced spectrometers installed at the synchrotron radiation
beamlines { in ALS (Berkeley, USA) 33 and BESSY (Berlin,
Germany).35

A few illustrative examples of the application of XPS in the
in situ mode to the elucidation of mechanisms of catalytic
reactions are given below.

1. Interaction of CO with the Pd surface
As the first example, let us consider the combined application
of XPS and SFG to the elucidation of interactions of CO and
CH3OH with the palladium surface in a wide range of temper-
atures and pressures. Simultaneous utilisation of several com-
plementary instrumental techniques, which increases the
reliability of conclusions derived from the experimental results,
reflects one of the trends in contemporary surface science.
Sum-frequency generation spectroscopy based on the irradi-
ation of a sample surface with two pulse lasers operated in
visible and IR spectral ranges is a rather complicated but still
very promising non-linear optical technique suitable for the
in situ studies of adsorbed complexes. The physical back-
ground of this method is described in detail elsewhere.25 ± 28

During the measurements, the frequency of the visible-light
laser is kept constant (l=532 nm), whilst that of the IR laser
is scanned over a certain range, which gives rise to the
appearance of characteristic SFG resonances under specific
conditions associated with the vibrational excitations of
adsorbedmolecules.25, 26 The SFG is a second-order non-linear
optical process, which has a non-vanishing probability exclu-
sively in a non-centrosymmetrical medium. The requirement of
the absence of the local inversion symmetry is always met for
an interface and, as a rule, violated for an isotropic gas and the
bulk of a solid, which provides the ultimate surface sensitivity
of this method. According to the selection rules, both IR- and
Raman-active vibrations are manifested in the SFG spectra.
With SFG, vibrational spectra of adsorbed species can be
collected in the in situ mode at high pressures up to the
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{ The extreme brilliance of synchrotron radiation makes it possible to

approach to the theoretical limit of pressures in the in situ experiments

(1 ± 2 mbar).
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atmospheric pressure, which is an evident advantage of this
technique.

On the other hand, XPS provides direct quantitative
information on chemical composition of the adsorbed and
near-surface layers of the catalyst under study and its variation
under high pressures (vide supra).

The mechanism of activation of the C7O bonds on the
surfaces of transition metals attracts keen attention from
specialists working in the field of heterogeneous catalysis. It
plays a key role in the carbon monoxide hydrogenation as well
as methanol oxidation and dehydrogenation, which are the
important steps of large-scale industrial processes of produc-
tion of hydrocarbons, aldehydes, alcohols and hydrogen.39 ± 44

In particular, the C7O bond activation (followed by its
cleavage) is a necessary step in the synthesis of hydrocarbons
according to the Fischer ±Tropsch process. Meanwhile, the
progressive carbon deposition on the catalyst surface as a result
of the CO dissociation often reduces its catalytic activity due to
the shielding of active surface sites. Actually, the activity and
selectivity of all of the above reactions is governed by the
activation of the C7Obonds depending on the catalyst nature,
gaseous medium composition and reaction conditions. With
this regard, deep understanding of the mechanism of the C7O
activation on the surface of transitionmetals is a prerequisite to
the prediction of the catalytic action and consequently to the
purposeful design of catalysts with improved efficiencies for
specific reactions.

Figure 2 shows SFG and XPS spectra measured in situ
during the CO adsorption on atomically smooth Pd(111)
single-crystalline face at 400 K. At low pressure
(PCO=1076 mbar), the SFG spectrum reveals a single line at
1910 cm71 attributable to stretching vibrations of bridge-
bonded COmolecules. At the same time, a narrow symmetrical
line centred at 285.6 eV emerges in the C1s XPS spectrum
(Fig. 2 b), which can thus also be ascribed to adsorbed CO
molecules in bridging positions. Upon an increase in pressure,
a new SFG resonance at 2075 ± 2080 cm71 appears, which is
indicative of the appearance of terminally bound species due to
the higher surface concentration of COads .Meanwhile, the C1s
XPS line broadens due to the emergence of a new component of
terminally bound CO with Eb=286.3 eV (according to the
deconvolution of the spectra into the components 1 0 and 1 00).
Such an attribution of the C1s components agrees with the
results of high-resolution XPS obtained by Surnev et al.,45 who
demonstrated that the three-fold hollow, bridge-bonded and
on-top CO molecules on Pd(111) are characterised by similar
C1s binding energies of 285.6� 0.1 eV, 285.85 eV and
286.3 eV, respectively. The C1s feature at around 290 eV
appearing at even higher pressures PCO>561072 mbar
(the component 1 in Fig. 2 b) can be assigned to gaseous
carbon monoxide.46

SFG and XPS spectra registered in situ during the CO
adsorption on the atomically smooth Pd(111) crystal face at
200 K and PCO=1 mbar (SFG) or 0.1 mbar (C1s) are shown
in Fig. 3. These experimental conditions (viz., high pressure
and low temperature) provided the maximum possible cover-
age of palladium surface with CO molecules of 0.75 mono-
layers. The respective SFG spectrum reveals two vibrational
bands at 1895 cm71 and 2107 cm71 assigned to three-fold and
on-top species, respectively. The conlcusion on the presence of
terminally coordinated CO molecules on Pd(111) is supported
by the comparison of the C1s XPS spectrum measured under
similar conditions with that measured at T=400 K and
PCO=1076 mbar, i.e. where such species are surely absent
(see the SFG spectrum in Fig. 3 a). The difference spectrum
(spectrum 3 in Fig. 3 b) obtained by subtracting the contribu-
tion of the three-fold CO species from the total C1s spectrum is
characteristic of the terminal adsorbed CO species. This con-
clusion is supported by the quantitative estimation of relative

surface concentrations of the three-fold (spectrum 2) and
on-top (spectrum 3) COads . The respective ratio of *1.9
obtained from the experimental XPS spectra is close to the
value 2 determined earlier for the (262)-3CO surface struc-
ture, which corresponds to the maximum coverage of Pd(111)
with the CO molecules (Y=0.75 monolayers). It is also of
note that this clear separation of the C1s spectral component
responsible for the terminally coordinated CO species
(Eb=286.3 eV) validates the spectral deconvolution proce-
dure utilised in the analysis of the XPS spectra shown in Fig. 2.

The application of XPS to the in situ studies of the CO
adsorption on Pd(111) helped to answer the important ques-
tion whether the dissociation of C7O bonds can proceed on
palladium. In a number of earlier publications (for instance,
see Refs 47 ± 50), a dissociative character of the CO adsorption

285.6
286.3

CO(gas)

282 286 290

Binding energy /eV

C
1
s
in
te
n
si
ty

(a
rb
.u
.)

1800 2000 2200

S
F
G

in
te
n
si
ty

(a
rb
.u
.)

1935

2080

1925

2075

1910

a

Wavenumber /cm71

b

1

1

2

2

3

3

10

20

200

100

1000

Figure 2. SFG (a) and C1s XPS (b) spectra measured in situ during CO

adsorption on the atomically smooth Pd(111) surface at 400 K as a

function of PCO .

PCO /mbar: (a) 1 (1), 1073 (2), 1076 (3); (b) 0.1 (1), 561073 (2), 1076 (3).

Lines (1 ± 3) are experimental data, (1 0, 1 00) and (20, 200) are deconvolution
of the experimental curve into two components corresponding to bridge-

bonded (1 0 and 2 0) and on-top (1 00 and 2 00) CO molecules; (1 000) is a

component attributed to gaseous CO. Hereinafter, all C1s spectra are

normalised to the integral intensity of the respective Pd3d lines.

556 V I Bukhtiyarov



on the surface of highly disperse palladium particles was
suggested. On the other hand, no CO dissociation was
observed in other studies,51 ± 53 despite the detection of weakly
bound adsorbed CO species on palladium particles with a size
of 2 ± 3 nm. A strong influence of pressure on the adsorption
process can be a reason for this apparent discrepancy. The rate
of the CO disproportionation under UHV conditions is quite
low, such that very often no respective products can be
detected. Indeed, the probability of CO dissociation on the
palladium surface is very low according to theoretical calcu-
lations.53 ± 55 However, the combined application of SFG and
XPS decisively rules out this explanation since only lines of
molecularly adsorbed CO are observed in all the C1s XPS
spectra, including those measured in situ at pressures of up to
1 mbar.46 In the cases of CO dissociation or formation of
carbonyl structures [e.g., Pd(CO)2], the appearance of addi-
tional photoemission components at about 284 eV and
287 eV, respectively, is expected.56, 57 Thus, no indication of
the CO dissociation or the formation of other adsorbed species
on the Pd(111) surface was found by in situmeasurements over
the pressure range from 1076 mbar to 1 mbar and temperature
range from 200 K to 400 K.

2. Interaction of CH3OH with the Pd surface
Despite the fact that the interaction of methanol with the
palladium surface has been the subject of intense investigations
by many research groups for a long time, the mechanism of
catalytic methanol decomposition remains disputable.58 ± 70

The majority of specialists have a consensus that it is the
dehydrogenation of methanol to CO and H2 that is the
predominant pathway of this reaction.58 ± 62 As has been
established,58 at low temperature, methanol is adsorbed on
the palladium surface molecularly through the oxygen lone
pair. A layer of adsorbed methanol and formaldehyde mole-
cules as well as methoxy groups is formed following methanol
adsorption at 170 K.59, 60 An investigation into the decom-
position of methanol on Pd(111) by means of Secondary-Ion
Mass Spectrometry (SIMS) 61 and EELS 62 revealed that the
cleavage of the O7H bond in an adsorbed methanol molecule
occurs as the first step of the reaction to yield theCH3O groups,
which further decompose to CO and H2 by the stepwise
detachment of the hydrogen atoms upon heating. The reaction
proceeds via CH2O and CHO. Such a mechanism is supported
by the TPD and EELS data.59, 60

Nevertheless, some authors believe that the methanol
decomposition on Pd(111) accurs as the C7O bond cleavage
to yield adsorbedCHx (x=0±3) species.54, 63 ± 65 The probable
dissociation of the C7Obond in a methanol molecule upon its
adsorption on the Pd(111) surface has been suggested by
Winograd et al.54, 63 based on the XPS, SIMS and TPD data.
Species CH3, ads were detected on Pd(111) (in a concentration
of Y=0.04 monolayers) after methanol adsorption at 110 K
(to Y& 0.5 monolayers) followed by annealing in vacuo at
175 K. Further annealing resulted in the dehydrogenation of
the CH3 species to CH2, ads , CHads and Cads .

Notwithstanding, no cleavage of the C7O bond in meth-
anol molecules upon adsorption on Pd(111) was detected in a
TPD study of isotopically labelled compounds 13CH3

16OH
and 12CH3

18OH over a wide temperature range (87 ± 265 K),
which provided a very high sensitivity of*0.01 monolayers.64

It was suggested that this apparent discrepancy is due to
different rates of competing pathways of the methanol decom-
position on the palladium surface. For instance, the rate of
methanol dehydrogenation to CO is approximately two orders
of magnitude higher than the decomposition through the
C7O bond cleavage,66 and thus it is nearly impossible to
detect the formation of CHx, ads species under UHV conditions
at low temperatures and small methanol exposures.

This hypothesis was verified in a combined XPS and SFG
study of the methanol interaction with the atomically smooth
Pd(111) surface at variable temperatures and pressures.67, 68

The SFG (a) and C1s XPS (b) spectra measured in situ during
the methanol decomposition on Pd(111) is shown in Fig. 4.
Themethanol adsorption at room temperature and 1076 mbar
gives rise to the emergence of a vibrational SFG resonance at
1915 cm71 corresponding to bridging adsorbed CO molecules
at a coverage ofY& 0.5 monolayers.27, 28, 45, 46, 69 Meanwhile,
the C1s XPS spectra reveal two components with binding
energies of 284 eV and 285.6 eV, which can be assigned to
hydrocarbon CHx, ads (x=0±3) and oxygen-containing
CHxOads (x=0±3) species based on an analysis of the
literature data. 45, 46, 56 Quantitative agreement between the
coverages (Y& 0.5 monolayers) estimated from the relative
intensity of the C1s line at Eb=285.6 eV and from the SFG
data allowed the authors to limit the range of potential species
and assign the C1s component withEb=285.6 eV to adsorbed
CO.67 This assignment is supported by numerous studies
indicating that the decomposition of the CH3O groups to
COads on palladium proceeds efficiently already at
200 ± 250 K.60, 62, 70 With an increase in residence time, the
intensity of the XPS signal at 284 eV progressively increases,
whereas that of the component at 285.6 eV remains virtually
constant.
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Figure 3. SFG (a) and C1s XPS (b) spectra measured in situ during CO

adsorption on the atomically smooth Pd(111) surface at 200 K and 1 mbar

(curve 1) and at 400 K and 1076 mbar (curve 2).

The curve (3) is calculated by the direct subtraction of the respective C1s

spectra, (4) is the averaged spectrum (3).
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An increase in temperature up to 400 K or in the methanol
pressure up to 0.1 mbar results in an abrupt increase in the
surface concentration of the CHx species (see Fig. 4 b). In

particular, the absolute intensity of the C1s component with
Eb=283.8 eV corresponds to Y& 1.0 monolayer at 300 K
and PMeOH=0.1 mbar (the spectrum 3). Despite this large
apparent coverage of the Pd(111) surface with the CHx species,
a part of the surface remains covered with adsorbed CO
molecules (Y& 0.4 ± 0.5 monolayers). The total concentration
of adsorbed species (including both CHx and CO) exceeding
one monolayer was explained by either partial dissolution of
carbon in the near-surface region of palladium 71 or formation
of three-dimensional carbon structures. The amount of car-
bon-like species further increases at 400 K (Y& 1.5 mono-
layers), which is accompanied by a small shift of the respective
line towards higher binding energies (Eb=284.0 eV). This
change probably reflects some chemical transformations of
the carbon particles.

These results clearly demonstrate that the C7O bond of
the methanol molecule is activated on the atomically smooth
Pd(111) surface at a measurable rate even at 300 ± 400 K. The
methanol decomposition rate and the amount of deposited
carbon increases with an increase in methanol pressure.
Carbon particles formed as the methanol decomposition
product lead to the progressive coking of the metal surface
and ultimately to its complete deactivation. Due to this
process, no products of the catalytic methanol decomposition
on Pd(111) (i.e., CO and H2) were detected by means of gas
chromatography at elevated pressures (15 ± 30 mbar of meth-
anol in a helium atmosphere) and temperatures (300 ± 600 K)
even after their accumulation for several hours.68 On the other
hand, the introduction of oxygen into the reaction mixture
immediately resulted in the appearance of the methanol total
oxidation products, viz., CO2 and H2O.

Based on these experimental results, the following scheme
of the methanol interaction with the Pd(111) surface can be
proposed. The first step of the decomposition is cleavage of the
O7H bond to yield the methoxy groups.59, 60, 62, 64 The
adsorbed methoxy groups as well as methanol molecules are
bound to the palladium surface through the oxygen lone pairs.
They are oriented nearly perpendicular to the surface.62 As the
dehydrogenation proceeds, the molecular axis of the adsorbed
complex is rotated by 908, such that formaldehyde molecules
(CH2Oads) and formyl groups (CHOads) are oriented parallel to
the palladium surface.65, 66 The final dehydrogenation product,
CO, is oriented again perpendicular to the surface but it is
bound to the metal atoms through the carbon atom.72, 73

The formation of carbon deposits on the atomically
smooth Pd(111) surface observed experimentally 67, 68 supports
the activation mechanism of the C7O bonds upon the
methanol interaction with the palladium surface schematically
depicted in Fig. 5. It is evident that an increase in the lifetime of
the reaction intermediates should give rise to a higher proba-
bility of the C7Obond dissociation. Likely, this is a reason for
the experimentally observed increase in the rate of carbon
accumulation on the Pd(111) surface at high reaction pressures
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(see Fig. 4) and in the presence of defects on the surface of
supported palladium clusters.66

Taking into account the principle of microscopic reversi-
bility of reaction steps, it might be assumed that the CO
hydrogenation on palladium

CO+2H2 CH3OH

can also be accompanied by the C7O bond dissociation and
catalyst deactivation due to the accumulation of carbon
deposits. The emergence of the respective C1s signal with
(Eb& 284 eV) was indeed detected in the XPS spectra meas-
ured in situ during the interaction of CO+H2 mixtures with
Pd(111) surfaces.74

All these results are well explained within the Blyholder
model, which describes the interaction of CO with transition
metal surfaces as an electron density exchange between the
metal d orbitals and 5s/2p* molecular orbitals of CO. Pre-
sumably, the geometry of the adsorption complex is the key
factor governing this interaction, especially, the electron back
donation from the metal d orbitals to the 2p*-antibonding
molecular orbitals of CO. In the case of an adsorbed CO
molecule, the orientation perpendicular to the palladium sur-
face suppresses the back donation contribution and thus
provides the inertness of palladium towards the C7O bond
dissociation. The formation of intermediates like CHxO
(x=1±3) in the course of the methanol dehydrogenation (or
CO hydrogenation) promotes the electron transfer from the
metal to the 2p*-antibonding orbital of CO, which weakens the
C7O bond and ultimately gives rise to its dissociation and
formation of carbon deposits on the palladium surface.

3. Ethylene epoxidation over silver
It has to be stressed that the collection of spectral data in the
presence of a reaction medium over the sample (at
P=0.1 ± 1 mbar) in the in situmode does not a priori provides
information on the mechanism of catalytic reactions. Indeed,
adsorbed species detected on the surface of a catalyst at high
pressure are not necessarily catalytically active species or
reaction intermediates. This issue can be effectively solved by
combining the studies of the state of a catalyst surface with
measurements of its catalytic properties (such as activity and
selectivity) by means of mass spectrometry or gas chromatog-
raphy. The efficiency of such an approach is demonstrated
below by the example of a combined study of the ethylene
epoxidation reaction on silver using mass spectrometry and a
number of spectral techniques (including XPS, UPS, AES and
XANES).30, 75 ± 77

Despite numerous studies devoted to the ethylene
epoxidation on silver by diverse instrumental techni-
ques,8 ± 10, 12, 13, 78 ± 82 a number of key questions on the
mechanism of this reaction remain disputable in the literature.
Recent kinetics measurements have clarified some important
points, but due to the lack of direct experimental data, there are
still a few issues unaddressed. In particular, neither the nature
of actual oxygen species driving the epoxidation,8 ± 10, 78 ± 79 nor
the structure of the key intermediate 78 ± 82 yielding ethylene
oxide were unambiguously established. Ethylene coordinated
in a way similar to p-complexes 78 ± 80 or an oxametalla-
cycle 81, 82 were regarded as such intermediates. This stipulates
the necessity of in situ measurements during the reaction to
establish direct quantitative correlations between the yield of
ethylene oxide and surface composition. Recently, the results
of a series of studies on the ethylene epoxidation on silver using
XPS and Proton-Transfer Reaction Mass Spectrometry
(PTR-MS) jointly conducted by specialists from the
G K Boreskov Institute of Catalysis SB RAS and the Depart-
ment of Inorganic Chemistry, the Fritz Haber Institute (Berlin,
Germany) have been published.75 ± 77

Figure 6 shows ethylene and ethylene oxide partial pres-
sures in the reaction cell of a photoelectron spectrometer as a
function of temperature and reaction duration. The final
regions of the plots were measured in the flow of pure ethylene
(no O2 was supplied) at T=470 K (a) and 520 K (b), respec-
tively. The partial pressure values were calculated from the
respective PTR-MS signals corresponding to m/z=45. The
ionisation of gaseous species for the subsequent separation in a
mass analyser in this relatively uncommon variant of mass
spectrometry, was achieved through the proton transfer from
H3O+ ions generated in a special source to the molecules
subject to analysis. The reaction

S+H3O+=SH++H2O,

where S is the substrate, yields a molecular ion SH+ with a
mass larger (due to a surplus proton) than that registered by
traditional mass spectrometry by 1 a.m.u.. This specific ionisa-
tion mechanism guarantees that only substances with proton
affinities higher than that of hydroxonium ions (e.g., ethylene
oxide but not CO2) contribute to the mass spectra. Further-
more, this ionisation method virtually completely avoids the
fragmentation of the molecular ion into lower-molecular-mass
fragments, which greatly facilitates quantitative analysis of the
experimental data. The high sensitivity of PTR-MS technique
to organic molecules, such as ethylene oxide, is yet another its
advantage. A detailed description of this modification of mass
spectrometry can be found elsewhere.83

The PTR-MS data presented in Fig. 6 a indicate that the
signal of ethylene oxide is negligible at 4370 K but is reliably
detected at T=420 K. Further increase in temperature results
in an abrupt increase in the ethylene oxide partial pressure,
whereas a slow but continuous decrease in the partial pressure
of C2H4O starts above T5 470 K, which is explained by the
deactivation of the catalyst at these temperatures. After stop of
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the oxygen flow, the PTR-MS signal of ethylene oxide rapidly
drops down to the background value. These results imply that
ethylene oxide forms as a product of the direct catalytic
ethylene oxidation on silver at a pressure in the range of
0.1 ± 0.5 mbar, and the epoxidation rate increases with an
increase in temperature. This conlcusion is supported by test
measurements, which showed that no ethylene oxide is formed
upon heating of ethylene in the temperature range of
300 ± 600 K in the absence of silver. In order to analyse the
composition of adsorbed layers, full sets of XPS spectra were
collected in the regions of constant temperatures (see Fig. 6).77

The respectiveO1s andC1sXPS spectrameasured in situ at
PC2H4

=0.1 mbar and PO2
=0.25 mbar are plotted in Fig. 7.

All O1s spectra are normalised to the integral intensity of the

Ag3d5/2 spectra. At 370 K, the XPS spectra reveal only one
O1s component withEb=530.5 eV and three types of carbon-
containing species corresponging to the C1s components with
Eb=284.2 eV, 285.8 eV and 287.3 eV, respectively (spectra 1
in Figs 7 a and b ). The spectra change dramatically upon
heating of the sample to 420 K: the dominant component in
the O1s spectrum shifts to 530.0 eV and a shoulder appears at
528.5 eV. Meanwhile, two components with Eb=285.8 eV
and 287.9 eV (spectra 2 in Figs 7 a and b ) are observed in the
C1s spectrum. Upon further increase in temperature 470 K,
the shape of the O1s signal becomes more complicated, which
implies the emergence of additional components from other
types of oxygen-containing species (spectrum 3 in Fig. 7 a).
After removal of oxygen from the gas mixture, two compo-
nents with Eb=529.1 eV and 530.6 eV appear in the O1s
spectrum (spectrum 4 in Fig. 7 a). The difference spectrum
(spectrum 5 in Fig. 7 a) indicates that two O1s peaks with
Eb=530.0 eV and 528.5 eV present in the spectra under
reaction conditions at a lower temperature disappear. In the
C1s spectrum measured in a flow of pure ethylene (spectrum 4
in Fig. 7 b), a single peak at 285.8 eV is revealed.

It has to be noted that the large number of spectral
components and the resultant ambiguities in their assignment
is a common problem of the interpretation of spectra registred
in situ. This problem can be solved by making use of supple-
mentary reference data from traditional adsorption experi-
ments, which in some cases requires additional measurements
on special model systems. The ethylene epoxidation reaction
clearly demonstrates why this supplementrary information is
needed.

Indeed, despite the apparent complexity of the pattern of
temperature changes in the XPS spectra, numerous experimen-
tal data available in the literature 8 ± 10, 78 ± 81, 84 ± 86 make it
possible to quite reliably assign the components observed in
the XPS spectra to different surface and gaseous species. The
XPS signals coming from gas molecules, which start to make
appreciable contribution at P>0.05 mbar,33 ± 36 can be differ-
entiated from those of adsorbed species by their significantly
smaller FWHM (full width at the half maximum). It is for this
reason, as well as taking into account possible compositions of
the mixture under the catalytic reaction, that the components
with Eb=285.7 eV and 287.9 eV observed in the C1s spec-
trum (spectrum 2) were attributed to gaseous ethylene and
ethylene oxide, respectively.77 Indeed, rather similar binding
energies of free ethylene and ethylene oxide (DEb& 2 eV) were
reported earlier by Siegbahn et al.85 This assignment is addi-
tionally supported by the spectral changes following cessation
of the oxygen supply. The signal of gaseous ethylene
(Eb=285.8 eV) remains virtually unaffected, whereas that of
ethylene oxide rapidly drops down to the background value
(spectrum 4 in Fig. 7 b), which is in keeping with the disap-
pearance absence of one of the reactants. The direct observa-
tion of gaseous ethylene oxide in the XPS spectra is a
significant merit of the in situ measurements, since it solidly
confirms the assignment of the PTR-MS signal with m/z=45
to ethylene oxide rather than its isomer, acetaldehyde, which
was reported by some authors.8 ± 10, 12, 13

Other signals in the C1s and O1s spectra (see Fig. 7) were
assigned to adsorbed species.77 Temperature ranges of their
existence can be used as a supplementary criterion for their
assignment. In particular, the peaks at *530.5 eV (O1s) and
*287.5 eV (C1s) observed at T=370 K were attributed to
surface carbonates CO2ÿ

3; ads not only based on the binding
energy values, but also taking into account that they disappear
upon heating to 420 K.} Furthermore, the atomic ratio
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spectrum (curve 5 and its components) exhibit only signals of species

present on the Ag surface under reaction conditions. } Carbonate anions adsorbed on silver are known to be stable only below

420 K.13, 78, 84
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O :C=2.8 ± 2.9 calculated from the absolute intensities of the
respective components corresponds to the stoichiometric value
expected for carbonates (3.0). The low-binding energy peak
observed in the C1s spectrum measured at 370 K
(Eb=284.2 eV) was attributed to carbon deposits (elementary
carbon or hydrocarbon residues), which can accumulate on the
silver surface at moderately low temperatures. It was con-
cluded 77 that the screening of the silver surface with carbon
deposits and adsorbed carbonate groups is primarily respon-
sibly for the lack of catalytic activity of silver below 370 K (see
Fig. 6).

The O1s signals observed in the XPS spectra measured at
T>370 K were assigned to atomic oxygen, taking into
account the absence of any Cs1 signal from adsorbed carbon
species. The attribution of lines with Eb=528.5 eV and
530.0 eV to the nucleophilic and electrophilic forms of
adsorbed oxygen was made on the basis of earlier publications
devoted to the studies of surface interactions of polycrystalline
silver foil with reaction media.75, 76, 79 The line with
Eb& 529.0 eV was ascribed to the so-called Og form, which
has been elucidated in detail by SchloÈ gl et al.86, 87 within the
context of partial methanol oxidation over silver. This species
was formulated as a strongly bound atomic oxygen substitut-
ing the silver atoms in the fcc lattice. An additional O1s signal
that emerges at T>470 K was attributed to the near-surface
oxygen Oss (or Ob) } incorporated into the octahedral cavities
of the silver fcc lattice near the surface. The subsurface location
of the Og and Ob oxygen species explains their inertness
towards ethylene. It is these forms of oxygen that remain on
the silver surface after the oxygen supply is stopped. In
contrast, the nucleophilic (Onucl) and electrophilic (Oelec) oxy-
gen species (see the difference spectrum 5 in Fig. 7 a) rapidly
disappear from the silver surface in the absence of O2 in the
reaction mixture, which clearly indicates their high reactivity
towards the ethylene oxidation.

To clarify the roles played by the nucleophilic and electro-
philic oxygen species in the ethylene oxidation reaction, a
quantitative comparison of the XPS and PTR-MS data col-
lected at variable C2H4 :O2 ratios in the gaseous reaction
mixture has been carried out. The absolute intensities of the
respective peaks normalised to that of the Ag3d5/2 line were
used as measures of the surface concentrations of these species.
This procedure was necessary to account for the decrease in the
XPS absolute line intensities for different compositions and
pressures of the gas phase. The partial pressure of ethylene
oxide was taking as a measure of the reaction yield.
The ethylene oxide yield is correlated with the relative amounts
of the nucleophilic and electrophilic oxygen species (Fig. 8).
A dependence of the ethylene oxide yield on the
concentration of the electrophilic oxygen is apparent: the
larger the O1s/Ag3d5/2 ratio for the component with
Eb(O1s)=530.0 eV, the higher the partial pressure of
C2H4O. This dependence can readily be approximated by a
straight line passing through the point of origin. This correla-
tion clearly proves the involvement of the electrophilic form of
the adsorbed oxygen in the ethylene oxide formation, which
supports the epoxidation mechanism proposed by
Bukhtiyarov et al.79

Oelec+C2H4, ads C2H4O.

Note that the linear dependence of the ethylene oxide yield
on the surface concentration of the electrophilic oxygen species
was also observed at other temperatures (470 K and 520 K),77

the slopes of the respective lines being increased for higher
temperatures. These slopes were used to calculate the activa-

tion energy of the epoxidation reaction, which appeared
in excellent agreement with the known Eact values measured
for the epoxidation reaction over real Ag/a-Al2O3 cata-
lysts.8 ± 10, 78, 82 Even a decrease in the Eact value from
14 kcal mol71 to 11.3 kcal mol71 with an increase in tem-
perature from 450 K to 500 K is reproduced.77, 82

The surface concentration of the nucleophilic oxygen
species correlates with the ethylene oxide yield in a more
complex way (see Fig. 8). As has been found, in different
experiments silver can demonstrate dramatically different
catalytic activities at nearly identical surface concentrations
of the nucleophilic oxygen. In particular, for
I(O1s)/I(Ag3d5/2)& 0.02 the partial pressure of ethylene
oxide is 0.0013 mbar (which is still a reliably measured value)
in one experimental point A (Fig. 8), but drops far below the
detection threshold (<1075 mbar) in another point B. It has
to be noted that the latter case was realised at low pressure and
thus the concentration of the electrophilic oxygen was negli-
gible. If only data point in the pressure range of 0.1 ± 1 mbar
are taken into account, then a negative correlation of the
ethylene oxide yield with the surface concentration of nucleo-
philic oxygen species is observed. Such a correlation can be
rationalised by assuming that the nucleophilic oxygen catalyses
the total ethylene oxidation. A similar conclusion was derived
in earlier studies 3, 8 ± 10, 78, 79, 88 based on the results of titration
of this type of adsorbed oxygen species with ethylene. Only
CO2 and H2O were registered as the titration products in
numerous experiments. However, other authors 75, 76, 79 recog-
nised the positive role played by the nucleophilic oxygen in the
ethylene epoxidation, since it is involved in the formation of the
Agd+ ions,89, 90 which further act as adsorption sites for ethyl-
ene. According to this scheme, adsorbed ethylene then reacts
with the electrophilic oxygen species to yield ethylene oxide.

The possible co-existence of two forms of oxygen atomi-
cally adsorbed on the silver surface has been substantiated for
the first time by Carter and Goddard.91, 92 Using quantum
chemical calculations, they demonstrated stability of two
distinct states of atomically adsorbed oxygen, viz., oxide-like
and oxyradical-like. The electronic structures of these forms
depend on the coordination of the oxygen atom to the silver
atoms. The oxyradical anion is active towards the selective
alkene oxidation and is essentially equivalent to the electro-
philic form of the adsorbed oxygen. The oxide oxygen, as will
be shown below, can be associated with the nucleophilic
oxygen form.

The specificity of chemical interactions of silver atoms with
the electrophilic and nucleophilic adsorbed oxygen species
were studied using X-ray Absorption Near-Edge Structure

} This form of oxygen is referred to as Ob , according to the classification

adopted in earlier publications.86, 87
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trations of the nucleophilic (1 ) and electrophilic (2) oxygen species.77

The measurements were performed at T=420 K and varialbe partial

pressures of oxygen and ethylene.
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spectroscopy (XANES, the term NEXAFS is also frequently
used in the literature 75, 76). This method provides direct
information on vacant orbitals of atoms and molecules with
element sensitivity. According to the dipole selection rules
(Dl= � 1), the oxygen K-edge XANES spectra are formed by
the electron transitions from the O1s core level to vacant
oxygen p-orbitals.93

Figure 9 a,b shows the oxygen K-edge XANES spectra
collected under conditions providing the selective formation
of either nucleophilic (spectrum 1) or electrophilic (spect-
rum 4) oxygen species. In the case of Onucl , the XANES
spectrum reveals two distinct resonances at *531 eV and
*539 eV (Fig. 9 a). According to the literature data,94, 95 the
presence of a narrow low-energy resonance below the main
absorption edge at *531 eV indicates the effective hyb-
ridisation between the oxygen 2p and silver 4d electrons.
The broader signal just above the main absorption edge is
due to the hybridisation of oxygen p and silver 5sp electrons.
The presence of a narrow absorption pre-edge peak in the
spectrum of Onucl clearly indicates that its 2p shell is not filled
completely. In fact, in the case of a purely ionic Ag7O bond,

the transfer of two electrons from the silver atoms to the
oxygen atom should give rise to the electronic configuration
O1s22s22p6, and the transition 1s? 2p responsible for the pre-
edge peak in the XANES spectrum will be formally forbidden.
With this regard, a value of the partial negative charge on the
oxygen atom estimated from the Auger spectra 75, 76 (*1.65 e
per oxygen atom) is in complete accordance with its nucleo-
philic nature, and the involvement of the silver 4d electrons
into the formation of the Ag7O bonds explains its high
ionicity and the observed shift of the Ag3d line by 0.5 eV.75

The oxygenXANES spectrum of bulkAg2O is very similar,
which suggests similar electronic structures of O(Ag2O) and
Onucl (Fig. 9 a). The involvement of the silver 4d electrons into
the formation of the Ag7O bonds in Ag2O is also supported
by the emergence of a `white line' in the Ag L3-edge XANES
spectrum (3.352 keV, see inset to Fig. 9 a), which corresponds
to the dipole-allowed electron transition 2p3/2? 4d (Dl=1).
An increase in the intensity of this line with an increase in the
ionicity of the bond reflects the degree of the actual involve-
ment of the silver 4d electrons in its formation.96, 97 The
transition 2p3/2? 4d is forbidden for anAg+ ion characterised
by the electronic configuration 4d105s0. However, the forma-
tion of the chemical bond Ag7O results in electron density
transfer from the 4d to the 5s orbitals. As a result, the electronic
configuration of the Ag+ ion can be formulated as 4d107d5sd,
which features partly vacant 4d states near the Fermi level
responsible for the emergence of a narrow X-ray absorption
resonance at 3.352 keV.

The conclusions derived from the experimental XANES
spectra are fully supported by quantum chemical calculations
of the electronic structure of Ag2O.98 Indeed, the weak
population of the Agdz2 and Ag5s states indicates appreciable
charge transfer from the Ag atom to the O atom associated
with the Ag7O ionic bond formation. It is of note that this
type of hybridisation (viz., sdz2 ) is rather frequently observed
for metals but rarely for ionic semiconductors like Ag2O due to
the wide energy gap between the occupied d-band and vacant
sp-states. In terms of the molecular orbital theory, this can be
reformulated in the following way. The O2p and Agdz2 states
are hybridised to form the pds bond, whereas the hybrid-
isation of the O2p and Agdxz ,dyz yields the pdp bonds. These
interacting orbitals are split into bonding and antibonding
states with partial p- and d-characters. TheAgdx2ÿy2 andAgdxy
orbitals remain essentially non-bonding.98

The K-edge XANES spectrum of electrophilic oxygen
species displays a broad peak around 541 eV (spectrum 3 in
Fig. 9 b). The absence of distinct pre-edge peaks (around
531 eV) strongly implies that the Ag7O bonds are formed by
the hybridisation of the oxygen 2p and silver 5sp electrons,
whereas the metal 4d electrons remain unaffected. The respec-
tive Ag3d5/2 spectrum does not show additional `ionic' lines,
such that the electronic state of the silver atoms is similar to
that in the bulk metal 75 (the electronic configuration of silver
atoms is 4d105s1). In the metallic state, the 5s electrons of silver
are delocalised in the conduction band. Most likely, it is these
delocalised conductivity electrons that participate in the for-
mation of Ag7Oelec bonds.

According to the literature data, a similar oxygen XANES
spectrum is characteristic of oxygen adsorbed on the copper
surface in the suboxide state.99 The respective Cu L2,3-edge
XANES spectra reveal no characteristic `white line' in contrast
to the spectra of CuO or Cu2O (which are similar to that of
Ag2O), which means that the copper atoms in this structure
indeed preserve essentially metal-like properties and only
outermost 4sp electrons are involved in the Cu7O bond
formation. Therefore, in both these cases, the M7O bonds
are formed by the interaction of the oxygen 2p and metal
outermost sp orbitals and characterised by the essentially
covalent character.
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Figure 9. K-Edge XANES spectra of the nucleophilic form of adsorbed

oxygen (Onucl) (a, spectrum 1) and oxygen within Ag2O (a, spectrum 2),

electrophilic form of adsorbed oxygen (Oelec) (b, spectrum 3) and oxygen

adsorpbed on the copper surface (b, spectrum 4).

Insets: L-edge spectrum of Ag2O (a) and L-edge spectrum of the copper

surface with adsorbed oxygen (b).2, 3 The O1s binding energies from the

XPS measurements for the respective samples are shown with horizontal

arrows.
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Then another important question arises, what geometries
can be ascribed to the adsorption complexes of Onucl and Oelec .
According to the literature data, the binding energy of Onucl is
Eb(O1s)=528.4� 0.1 eV (calibrated against the Ag3d5/2 line
with Eb=368.2 eV) independent of the type of the silver
surface [different polycrystalline foils, single-crystalline faces
Ag(111), Ag(110) or Ag(100) and even graphite-supported
silver particles]. The small scatter of the experimental data
suggests the common character of the nucleophilic oxygen
species adsorbed on different silver faces. The majority of
researchers agree that the formation of the nucleophilic oxygen
state is directly related to silver surface reconstruction. In
particular, the oxygen adsorption on the Ag(110) crystal face
at 300 ± 500 K can give rise to the superstructures of the type
Ag(110)-(n61)-O, where n decreases from 7 to 2 with an
increase in the O2 exposure.78, 100, 101 The Ag(110)-(261)-O
reconstruction due to the appearance of supplementary atomic
rows going along the [001] direction with the oxygen atoms
residing nearly in the plane of the supplementary rows has been
reliable established with scanning tunneling microscopy and
photoelectron diffraction. The Ag7O bond length is 2.044 �A,
which is nearly identical to the respective value typical of bulk
Ag2O (2.05 �A).102 The formation of such a surface structure
with Y=0.5 monolayers results in a substantial (by 0.8 eV)
increase of the work function as compared to clean silver
surface, which indicates a significant charge transfer from the
metal to oxygen atoms.100 The linear increase in the work
function with an increase in coverage implies that the surface
dipole moment per adsorbed oxygen species is independent of
coverage,101 i.e., the electronic structure of nucleophilic oxygen
adsorbed onAg(110) remains constant over the entire coverage
range and is close to that in oxide. The adsorption of oxygen in
the nucleophilic form on the densely packed Ag(111) face gives
rise to the p(464) surface reconstruction. The nature of the
Ag7O bonds in this surface structure is also believed (for
instance, see Refs 10, 103 and 104) to be similar to that in bulk
Ag2O.

Thus, the nucleophilic form of oxygen is formed on the
silver surface as a result of the reconstructive adsorption giving
rise to linear fragments Ag7O7Ag (Fig. 10 a). Indeed, the
angle Ag7O7Ag in both the bulk Ag2O oxide and in the
Ag7Onucl7Ag surface structure are close to 1808. Such a
geometry favours the rather strong interaction between the
silver 4d and oxygen 2p orbitals associated with the substantial

charge transfer. The high ionicity of the Ag7Obonds in such a
structure, on the one hand, provides the conversion of the silver
atoms into the ionic form Ag+ required for the ethylene
adsorption and, on the other hand, determines the nucleophilic
properties of the oxygen atoms in the ethylene epoxidation.

The geometry of the electrophilic oxygen state is less
elucidated. It is only known from the experimental data that
oxygen in the electrophilic form is adsorbed directly on the
silver surface.76, 79, 103 Most likely, the adsorption does not
induce surface reconstruction and the oxygen atom is located
above the triangle of silver atoms (three-fold hollow, Fig. 10 b).
For instance, the adsorbed oxygen species with Eb(O1-
s)=530.1 eV have been detected on the Ag(111) face.103 The
absence of a surface reconstruction in that case was evidenced
by LEED, whereas surface location of the oxygen atoms was
confirmed by angular-resolved XPS. The absence of additional
components in the Ag3d spectrum was consistent with the
covalent character of the Ag7Oelec bonds.

This model agrees well with the results of quantum chem-
ical calculations. Zilberberg et al.105, 106 found a stable state of
atomically adsorbed oxygen on the non-reconstructed Ag(111)
surface. The oxygen atoms are located symmetrically above a
three-centre cavity and bound to three silver atoms [the three-
fold axial symmetry is governed by the symmetry of the
Ag(111) face]. The Ag7O bond length is 2.109 �A (note that
the Ag ±Onucl is 2.044 �A). The charge transfer from the metal
to the adsorbate in this case should be much smaller than that
in the binding of Ag to Onucl . The aforementioned oxyradical
oxygen adsorbed on Ag(110) is characterised by a similar
geometry.91, 92 In this case, oxygen is also localised on the
three-centre position of the non-reconstructed surface, i.e., the
oxygen adsorption on Ag(110) proceeds dissociatively without
reconstruction. Such a geometry of the adsorption complex
determines the essential covalency of the Ag7O bond and
consequently the electrophilic properties of this oxygen form in
the ethylene epoxidation to ethelene oxide.

The experimental efforts aimed at the elucidation of the
structure of the active site and the mechanism of the ethylene
epoxidation have been described in so much detail to demon-
strate that the in situ measurements provide correlation
dependences sufficient to establish the structure ± activity rela-
tionship in heterogeneous catalysis, despite they are associated
with greater difficulties and ambiguities in data interpretations
as compared to traditional UHV measurements. It is also
evident that it is the application of several instrumental
techniques to one system that gives a chance of success in
establishing this relationship.

4. Reaction of partial methanol oxidation into formaldehyde
over copper
As another example of efficient determination of the mecha-
nism of a catalytic reaction using in situ measurements, we
describe the methanol oxidation into formaldehyde over the
copper surface studied by XANES, XPS and mass-spectro-
metry.29, 35, 107 A brief survey of experimental facts available
in the literature indicates that:

Ð a Cu catalyst has to be activated prior to use;
Ð the methanol conversion pathway depends on the ratio

of methanol/oxygen partial pressures in the reaction mixture
and on the sequence of the reactants supply;

Ð stoichiometric copper oxides (Cu2O and CuO) demon-
strate low selectivity in the formaldehyde synthesis;

Ð Cu catalysts are transformed into Cu2O after evacua-
tion of the reaction medium or its fast cooling aimed at the
freezing of the active state of the copper surface.
This means that the forms of adsorbed oxygen responsible for
the copper activity towards the selective methanol oxidation
are formed directly under the reaction conditions. Thus, the
catalytic system represents a dynamic system, which exists only

[110]

[001]

[111]

a b

ÐO atoms; , , Ð Ag atoms from different layers.

Figure 10. A structural model of adsorbed oxygen species.

(a) Nucleophilic oxygen on the reconstructed Ag(110) surface, (b) electro-

philic oxygen on the unreconstructed Ag(111) surface. Top panels is top

view, bottom panels is side view.
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in the contact with the reaction medium and thus the `pressure
gap' problem is very important for this system.

As a result of studies, various forms of adsorbed oxygen
have been identified and correlations between their concen-
trations and yields of respective products of the methanol
oxidation via different pathways (i.e., total or partial oxida-
tion, etc.) have been determined. The surface oxygen species
identified include two oxide forms (a surface and a bulk forms)
and one suboxide form. The assignment of the latter to the a
suboxide oxygen state was based on the absence of a character-
istic O1s?O2pCu3d peak in the oxygen K-edge XANES
spectra. Judging from the linear correlation between the sur-
face concentration of suboxide oxygen and formaldehyde
yield, it was concluded that it is this form that catalyses the
partial methanol oxidation.29, 107 Similar dependences of the
formaldehyde yield on the concentration of the oxide forms
were far from the linear character, which allowed a conclusion
that these forms catalyse the total methanol oxidation.

A generalised scheme of various species present on the
copper surface in the course of the catalytic methanol oxida-
tion and responsible for different reaction pathways is shown
in Fig. 11.107 It is of note that the suboxide oxygen form on the
copper surface was detected by means of XANES only in the
presence of the reaction medium, which additionally demon-
strates the importance of in situ studies.

A great interest of researchers to the state of active catalyst
surfaces during their operation (even in the case of model
systems) is reflected in the appearance over recent years of
numerous monographs and special issues of scientific journals
devoted to the application of instrumental techniques to
studies of the catalytic activity in the in situ mode with
surface-sensitive techniques occupying a notable place among
them.107 ± 111

III. The `material gap' problem

The intermediate state occupied by nanoparticles in the row
metal ± atom determines their unique physicochemical proper-
ties (electronic, magnetic, optical, etc.) clearly distinguishable
from those of both bulk metals and isolated atoms. No doubt,
it is the changes in the surface structures and electronic
properties of metal catalysts upon transition from bulk sam-
ples to nanoparticles that are of primary interest for catalysis

specialists,18 ± 20 since it is these characteristics that govern the
features of the interaction of reactants with the active compo-
nent, the nature and reactivity of adsorbed species and ulti-
mately the activity and selectivity of nanostructures in
heterogeneous catalysis.

1. CO oxidation over nanoparticles
of the platinum-group metals
According to investigations into the catalytic activity of
palladium particles supported on a-Al2O3 with respect to the
CO oxidation as a function of the mean particle size,112 a
decrease in the particle size from 30 nm to 5 nm accelerates the
reaction three fold. This experimental fact was explained
within the Langmuir ±Hinshelwood mechanism, which
assumes that any adsorption ± desorption steps of a heteroge-
neous catalytic reaction are in equilibrium and the total rate is
limited by the reaction between the adsorbed species:

COgas COads ,

O2, gas 2Oads ,

COads+Oads CO2, gas .

In the case of CO oxidation of single-crystalline surfaces, the
validity of this mechanism has been established earlier.1, 113 An
increase in the rate of the CO oxidation on Pd particles was
explained by weaker binding of the CO molecules to the Pd
atoms of small clusters. This conclusion was derived from a
comparative TPD analysis of the CO adsorption on Pd(111)
single crystal and disperse palladium samples.1, 49 In the case of
Pd nanoparticles with a size of 2.5 nm, the TPD spectrum of
carbon monoxide reveals additional weakly bound states that
are characterised by lower desorption temperatures as com-
pared to adsorption states on the single-crystalline surface.
Meanwhile, in the case of large particles with d=27 nm, the
TPD spectrum was identical to that measured with the single
crystal.

A different in principle picture was observed for Pt particles
supported on alumina 47 or mica:114 the TPD spectra of CO
desorption showed that a weakly bound state typical of a
single-crystalline surface or large supported particles virtually
disappears for Pt particles smaller than 3 nm. This observation
is in accord with a more than seven fold deceleration of the CO
oxidation on small Pt nanoparticles.115 According to TPD
studies of the CO adsorption on supported platinum and
rhodium particles,116 relative populations of weakly and
strongly bound COads is virtually independent of the mean
size of rhodium dispersed particles. This explains why the
reaction of CO+O2 on the rhodium surface is structure-
insensitive.117

The above example demonstrates that the use of model
catalysts prepared by the thermal deposition of a metal on
planar substrates is extremely efficient for the analysis of size
effects for reactions catalysed by supported metal particles.
This statement can be most spectacularly illustrated with a
study of the CO oxidation on gold particles. Presently, this
reaction became a canonical example of the `nanosize' effect.

2. CO oxidation over gold nanoparticles
For a long time, gold was considered as one of the most inert
metals. Nevertheless, as was discovered in the 1990s, gold
nanoparticles with a size of <5 nm supported on titania
manifested high catalytic activity in a series of practically
important reactions exceeding that of platinum catalysts tradi-
tionally applied in the field (the CO oxidation was the first
reaction of this series 118, 119). Figure 12 plots the atomic
catalytic activity of nanosized gold particles for the CO
oxidation reaction as a function of the mean particle
size.120, 121 It is clearly seen that the reaction rate rapidly
increases with a decrease in the mean size of gold particles to
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CH2O+H2

CH2O+H2O

CO2+H2O
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CH3OH
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CO+H2
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Figure 11. Amodel of the active surface of a copper catalyst with various

co-existing oxygen species.107

The arrows indicate routes of mutual tranformations of various oxygen

species and interaction paths of CH3OH(gas) with the copper surface.

Bulk (Oxbulk) and surface (Oxsurf) oxide forms of oxygen catalyse the total

methanol oxidation into CO2 andH2O. Formaldehyde is formed upon the

interaction of methanol with weakly bound oxygen species (SubOx)

adsorbed on the copper surface.
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3.5 nm. Further decrease in the particle size results in a
decrease in the catalytic activity. Such an unusual catalytic
behaviour of utrasmall Au particles remained unexplained at
the atomic level for a long time despite enormous efforts put
forth. The understanding of the size effect has been achieved
owing to a transition to Au/TiO2 model systems.122 ± 127 These
brilliant results have been obtained by a group of researchers
from the A&M University (Texas, USA) headed by Prof.
Goodman.

A typical STM pattern for a model sample composed of
gold nanoparticles with a diameter of 2.6 nm and a height of
0.7 nm (which constitutes only 2 ± 3 atomic layers) dispersed
on the TiO2(110)-161 single-crystalline face and covering

25% of its surface is shown in Fig. 13. Such a morphology of
the gold particles is explained by the fact that the growth
proceeds in two steps: first two-dimensional (2D) islets are
formed and only then as the surface concentration of gold
increases, the particles start to grow in the third dimen-
sion.128, 129 By changing the surface concentration of deposited
gold, a series of model samples was prepared with the mean
particle size systematically varying from 1.5 nm to 6 nm.

These model catalysts Au/TiO2(110)-161 were assayed in
the catalytic activity in the CO oxidation. The reaction rate as a
function of the gold particle size obtained (Fig. 14) was nearly
identical to that measured for real supported catalysts, which
justifies the utilisation of model systems in the analysis of the
size effects. The apparent activation energy in the temperature
range of 350 ± 450 K increases from 1.7 kcal mol71 to
5 kcal mol71 with an increase in the mean Au particle size
from 2.5 nm to 6 nm.

These measurements onmodel samples helped to shed light
upon the reasons for the extraordinary activity of gold nano-
particles. Variations in the mean size of particles in a range
from 2 nm to 4 nm are accompanied by changes in the band
gap (Fig. 14 b).122, 127 With a decrease in the mean Au particle
size below <3.5 nm, a metal ± insulator transition occurs:{

particles with a height of one atomic layer are characterised by
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Figure 12. Turnover frequency (TOF) of the supported Au/TiO2 catalysts

with high specific surface areas in the CO oxidation at 300 K as a function

of the mean Au particle size.121
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{ The metal ± insulator transition, which is a particular case of the

quantum size effect, was observed earlier for many metal cata-

lysts.124, 130, 131
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a rather wide band gap, whereas particles with heights of
3 layers and more are essentially metallic.

Furthermore, the strength of the CO7Au bondwas shown
to be dependent on the Au particle size. This conclusion was
derived based on IR absorption spectroscopy of COmolecules
adsorbed on gold nanoparticles with a size from 1.8 nm to
3.1 nm.125, 126 The specific heat of absorption abruptly
increased from 12.5 kcal mol71 to 18.3 kcal mol71 with a
decrease in the particle size, and the maximum is observed at
the same size (*3 nm) as the catalytic activity maximum and
the onset of the metal ± insulator transition.122 The final con-
clusion about the structure of active sites wasmade based on an
analysis of the relative distribution of bilayer gold particles as
a function of the mean particle size, which is also shown in
Fig. 14 c. The maximum of this distribution falls on the same
mean size (2.5 ± 3.0 nm) as the maximum strength of the
CO7Au bonds and activity of model catalyst in the CO
oxidation.

Further arguments in favour of the suggestion that it is the
bilayer gold particles that are active in the CO oxidation 33, 101

were gathered in an LEED study of gold particles deposited
into an ultrathin single-crystalline film of TiO2 . The film was
prepared by mild oxidation of a titanium monolayer grown on
aMo(112) single crystal.127 The surface was characterised by a
distinct (862) LEEDpattern. Two-dimensional gold islets and
bilayer particles were identified by the appearance of (161)
and (162) LEEDpatterns, respectively. The sample contaning
bilayer gold particles manifested an unprecedented catalytic
activity in the CO oxidation (Fig. 15). Thus, it was demon-
strated that in order to provide high activity of nanosized gold
catalysts in the low-temperature CO oxidation, gold particles
composed of exactly two layers of Au atoms have to be
selectively prepared. This finding initiated extended experi-
ments aimed at the development ofmethods for the synthesis of
nanoparticles supported on porous alumina and design of
advanced catalysts on their base (see Section V).

Model samples synthesised by the UHV deposition of
metals on planar supports were used to study many aspects of
the catalytic action of supported metal catalysts. Only a few of
them will be addressed in the present review, including the
catalytic synergism in the CO oxidation on bimetallic Pt7Rh

catalysts,132 ± 135 the size effects { in the ethylene epoxidation on
silver catalysts 20, 136 ± 138 and the deactivation mechanism of
Pt/Al2O3 catalysts for neutralisation of exhaust gases in the
presence of SO2 .139, 140

3. CO oxidation on bimetallic Pt7Rh catalysts
The synergism in the CO oxidation on supported
Pt7Rh/Al2O3 catalysts used for the exhaust gases neutralisa-
tion has been reported for the first time by Oh and Carpen-
ter,141 who studied this reaction under conditions of excess of
oxygen. They showed that catalysts prepared by successive
impregnation of alumina with solutions of platinum and
rhodium salts manifest significantly higher activities than
mechanical mixtures of two catalysts with individual metals.
This result was later reproduced by Cai et al.142

On the other hand, Nieuwenhuys et al.143, 144 observed no
synergistic effect in the Pt7Rh/Al2O3 catalytic system. They
noted only a monotonic change in the catalytic properties
between two limiting points represented by monometallic
platinum and rhodium systems. This apparent discrepancy
was likely due to variations in the nature of studied samples,
experimental conditions and procedures used for the catalysts
preparation.141 ± 144 Nieuwenhuys et al.143, 144 employed simul-
taneous impregnation of alumina with a solution of platinum
and rhodium salts, whereas Oh and Carpenter 141 and Cai
et al.142 performed the impregnation successively in two steps.
It would be reasonable to assume that a statistical distribution
of alloy particles over the alumina surface is realised in the case
of the simultaneous impregnation and subsequent reduction,
whereas isolated Pt and Rh particles are generated upon
successive impregnation.

In order to verify this assumption, Bukhtiyarov
et al.132 ± 135 carried out a comparative analysis of the CO
oxidation on continuous polycrystalline films of Pt and Rh,
their alloy and heterophase Pt7Rh bimetallic surfaces at a
reaction mixture pressure below 1075 mbar. The high-vacuum
conditions were necessary to exclude surface oxidation of the
catalysts, which cannot be avoided with porous sup-
ports.141, 142 Continuous polycrystalline films of Pt and Rh
were prepared byUHVdeposition of the respectivemetals on a
Ta foil. In order to suppress the diffusion of the noble metals
into tantalum, the surface of clean Ta foil was covered with a
thin alumina film prior to metal deposition.132

The alloy with a composition of 56 at.% of Pt and 44 at.%
of Rh was prepared by successive deposition of platinum and
rhodium from two independent sources. Prior to experiments,
the alloy was annealed at 800 8C for 10 min under UHV to
equilibrate the atomic distribution.

The preparation of heterophase Pt ±Rh surfaces included
several steps: (a) vacuum deposition of a continuous rhodium
film on the Al2O3/Ta substrate; (b) total oxidation of rhodium
toRh2O3 by exposure to oxygen for 30min atP=10mbar and
T=400 8C; (c) vacuum deposition of Pt on the oxidised
rhodium surface until the Pt4f7/2/Rh3d5/2 line intensity ratio
in the XPS spectrum becomes equal to 0.38 and (d) subsequent
reduction of the surface in hydrogen at P=1076 mbar and
T=300 8C. The heterophase surface prepared in this way can
be regarded as a model of catalysts synthesised by successive
impregnation, whereas the alloy surface mimics the catalysts
produced by simultaneous impregnation.

According to an STM study of these samples, the hetero-
phase surface is composed of platinum particles with a size of
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Figure 15. Turnover frequency (TOF) of the Au/Mo(112)-(862)-TiOx

catalysts in the CO oxidation at 300 K as a function of coverage of the

surface with gold nanoparticles.

{ As has been demonstrated earlier, the rate of ethylene oxide formation

decreases by more than one order of magnitude with a decrease in the

mean size of supported silver particles below 50 nm.
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10 ± 20 nm dispersed on a flat rhodium substrate and covering
50% of its surface; the alloy is characterised by a smooth
surface with a roughness of<1 nm (Fig. 16). The heterophase
surface is stable against heating up to 350 8C but converts into
the homogeneous alloy at higher temperatures.

Typical plots of the CO oxidation rates (measured as a CO2

partial pressure) for the platinum sample measured at a
constant O2 pressure (1076 mbar) and variable CO pressures
as a function of temperature are shown in Fig. 17. All curves
reveal three distinct regions. At low temperatures, the reaction
is very slow and the CO2 concentration is below the detection
limit of themass spectrometer.With an increase in temperature
up to a certain threshold value, CO2 appears in the gas phase,
then the reaction rate rapidly increases reaching the maximum
value. After that, the reaction rate smoothly decreases. Similar
dependences were obtained for all the samples under study.

Such a character of the reaction rate vs. temperature plots is
typical of platinum metals and explained by the adsorption
mechanism of the CO oxidation (the Langmuir ±Hinshelwood
mechanism), which involves steps of reversible molecular
adsorption of CO, dissociative adsorption of O2 and a reaction
between the adsorbed species on the metal surface.1 At low
temperature, the metal surface is covered by adsorbed CO
molecules, which screen surface areas accessible to the O2

adsorption. As a consequence, the reaction rate is low.
With an increase in temperature, COads species partly

desorb freeing adsorption sites for O2 . Under these conditions,
the reaction rate is limited by the carbonmonoxide desorption,
i.e., CO inhibits the reaction. With further increase in temper-
ature, the reaction rate rapidly increases reaching the maxi-
mum value, which is accompanied by a change in the

composition of the adsorbed layer from purely COads to
COads+Oads .145 Further smooth decrease in the reaction rate
with increasing temperature is usually attributed to the screen-
ing effects of adsorbed oxygen. At high temperatures, the
reaction is characterised by the zero order with respect to the
concentration of the excess of the reactant and nearly first
order with respect to the concentration of the deficient
reactant.1

Due to the validity of the Langmuir ±Hinshelwood mech-
anism for the CO oxidation, the temperature dependences of
the CO conversion known as the `light-off curves' came in use
as an industrial test of properties of catalysts for the after-
burning of exhaust gases. Typically, the light-off curve has a
shape similar to the above curves of the CO oxidation rates
measured in a chamber of an XPS spectrometer serving as a
catalytic reactor (see Fig. 17): the CO conversion is negligible
at low temperature but rapidly increases reaching 100% when
temperature is increased above the critical value. This fact can
easily be rationalised taking into account that CO2 is the only
product of the CO oxidation. A catalyst that provides the
minimum temperature of the 100% CO conversion is consid-
ered to be the best one (the half-conversion temperature is
routinely used in quantitative comparisons).

In order to verify the probable synergistic effects for the
heterophase surfaces, the temperature dependences of the CO
oxidation rates were compared for different model surfaces,
including monometallic Pt and Rh films, the Pt7Rh alloy and
the Pt ±Rh heterophase surface (Fig. 18). For the sake of
comparison, Fig. 18 also shows a calculated temperature
dependence of the CO oxidation rate on a bimetallic Pt7Rh
sample with two independent platinum and rhodium domains
with areas twice smaller than those in the individual mono-
metallic samples (curve 5). The number of platinum and
rhodium surface sites in the case of the calculated curve was
adjusted to be the same as in the heterophase surface. All
experimental curves were measured under identical conditions
for equimolar CO and O2 mixtures (P& 1076 mbar).

As it becomes clear from Fig. 18, rhodium manifests much
higher activity than platinum. Importantly, high oxidation
rates are observed on the Rh catalyst at relatively low temper-
ature. In particular, the activity of rhodium is maximum at
T=200 8C where platinum exhibits nearly zero activity. The
activity of the alloy is intermediate between those of individual
Rh and Pt. The COoxidation rate on the heterophase surface is

a b

Figure 16. STM Images of the Pt7Rh alloy (a) and the Pt ±Rh hetero-

phase surface (b) prepared by the UHV Pt and Rh co-deposition on a thin

alumina film grown on a Ta foil (see text).
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Figure 17. Temperature dependences of the CO oxidation rates

(expressed as CO2 partial pressures) on Pt as a function of PCO at a

constant oxygen pressure (PO2
= 1076 mbar).
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Figure 18. Temperature dependences of the CO2 formation rates at

PCO=PO2
= 1076 mbar on Rh (curve 1), Pt (2), Pt7Rh alloy (3),

Pt ±Rh heterophase surface (4).

The simulated dependence for a heterophase Pt7Rh surface assuming

independent Pt and Rh domains with relative coverages of 0.5 (curve 5,

see text).
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close to that on rhodium at low temperatures and exceeds that
on rhodium above 250 8C. Nevertheless, it has to be taken into
account that the accessible area of rhodium in the case of the
heterophase samples is twice smaller than in the case of the
purely rhodium sample. Therefore, a comparison of the
activity of the heterophase sample (curve 4 in Fig. 18) with
the calculated curve (curve 5) would be more informative. The
calculated curve has a kink atT=200 8C corresponding to the
maximum reaction rate on pure rhodium and a maximum at
T=300 8C (corresponding to the maximum reaction rate on
platinum).

The curves 4 and 5 are nearly identical atT<200 8C, while
the CO oxidation rate on the heterophase Pt ±Rh surface starts
to significantly exceed the respective value expected for the
bimetallic surface under assumption of the independent beha-
viour of Pt andRh domains at higher temperatures, i.e., there is
a prominent synergistic effect. This result was explained by a
specific structure of the adsorption layer and its evolution in
the course of the reaction (Fig. 19). At the ignition temper-
ature, the adsorbed CO molecules are oxidised by Oads species
adsorbed on the rhodium regions that become vacant due to
the CO desorption. The CO oxidation rate is maximum at
T=200 8C, which corresponds to the Tmax for pure Rh. At
this temperature, the reaction rate on platinum is low (since Pt
particles are covered with COads). At T>200 8C, the reaction
between COads (on platinum) and Oads (on rhodium) takes
place (see Fig. 19). The experimentally observed synergism in
this case is due to the involvement of the Pt particles into the
overall process as a supplier of one of the reactants (i.e.,
COads).

In summary, the enhanced activity of the bimetallic catalyst
can be explained by the selective adsorption of the reactants on
different surface sites (Oads preferably on rhodium whilst
COads preferably on platinum) and a reaction between the
Oads andCOads proceeding at the interface between Pt andRh.

4. Interaction of oxygen with silver nanoparticles
The size effects in the ethylene epoxidation on silver catalysts
were elucidated on model catalysts prepared by vacuum
deposition of silver on the graphite substrate.20, 136 ± 138

The use of the carbon substrate instead of the oxide (Al2O3)
helped to suppress the charging effects, which hampers studies
of the electronic properties of supported metals by means of
XPS for dielectric samples, and get rid of the masking O1s
signal from the substrate. The absence of the spurious O1s
from the substrate makes the XPS method highly informative
for the elucidation of O2 adsorption on the surface of
supported silver particles.137, 146 Sputtering of silver and sub-
sequent oxygen adsorption on model Ag/C specimens was
performed directly in a UHV chamber of a photoelectron
spectrometer avoiding air exposure of the specimens. Only the
STM characterisation of the supported silver particles was
performed in a vacuum chamber of the tunneling microscope

following transfer of the samples from the chamber of the
photoelectron spectrometer.

A typical STM pattern of the graphite surface after the
silver deposition (relative coverages were estimated according
to ratios of the silver and carbon line intensities in the XPS
spectra; the current sample corresponds to IAg3d/IC1s=0.13) is
shown in Fig. 20. The originally rather smooth graphite sur-
face becomes substantially rough after the silver deposition due
to the formation of three-dimensional silver nanoparticles with
amean size of 1 ± 3 nm.A statistical treatment of several (>10)
STM pictures afforded a size distribution histogram of silver
particles depicted in Fig. 20 b. This sample is characterised by a
mean silver particle size of 1 ± 1.2 nm. Samples with larger
mean particle sizes were prepared using longer deposition
times, although this necessarily resulted in broadening of the
size distribution.

The O1s XPS spectra recorded just after the O2 adsorption
on Ag particles (within 10 min) at PO2

= 0.1 mbar and
T=420 K are shown in Fig. 21. Only nucleophilic Oads

species are formed under these conditions on the bulk silver
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Figure 19. A structural model for the active Pt/Rh surface explaining the

synergism in the CO oxidation.
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Figure 21. O1s XPS Spectra after exposure of graphite-supported silver

particles to O2 for 10 min atT=420 K andPO2
= 0.1 mbar as a function

of coverage (estimated as the IAg3d/IC1s line intensity ratio).

Coverage (particle size): (1) 0.13 (1 ± 2 nm), (2) 1.5 (5 ± 7 nm), (3) 2.4

(*10 nm), (4) 13.1 (>20 nm). The mean size of Ag particles (in paren-

theses) was estimated from STM.
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surface, whereas the electrophilic species are found on the
nanoparticles, which is evidenced by the appearance of the O1s
component with Eb& 530.5 eV in the XPS spectra. The
electrophilic form of adsorbed oxygen remains prevailing for
silver nanoparticles with sizes of up to 30� 10 nm. Only for
larger Ag particles, the line characteristic of the nucleophilic
oxygen species emerges in the spectra.

This result indicates that the same two species of adsorbed
oxygen (viz., the nucleophilic and electrophilic ones) can be
detected on the surface of supported silver nanoparticles as on
bulk samples. They are formed directly upon adsorption of
pure O2 rather than of amixture of oxygen and ethylene, which
was necessary for the formation of the Oelec species in the case
of bulk silver. This enables the collection of reliable TPD data
for the electrophilic oxygen to estimate the strength of the
Ag7Oelec bonds. This was impossible for bulk silver due to a
parasitic desorption contribution from oxygen dissolved in
silver and Oelec elimination through the interaction with near-
surface carbon (both dissolved oxygen and near-surface car-
bon are generated upon the activation of the bulk silver surface
by the reaction medium).

The procedure used for the preparation of Ag/C samples
was slightly modified for the determination of the strength of
the Ag7O bonds by means of TPD. A thin film of graphite
(with a thickness of a few hundred nm) was deposited on a Ta
foil by pyrolysis of ethylene at T=1100 K and
P=50 mbar.137 The Ta foil was used as a resistive heater,
which provided a sample heating rate of 2 ± 3 K s71 sufficient
for the TPD data acquisition. The time of ethylene pyrolysis
was monitored by repeating survey XPS scans: the pyrolysis
was stopped when the tantalum line was completely sup-
pressed. The graphite-like nature of the carbon deposit was
confirmed by XPS: the position of the C1s line and the
appearance of a characteristic shake-up satellite were fully
consistent with the respective features in the spectrum of bulk
graphite.146 The graphite layer was prepared in the same UHV
chamber where subsequent vacuum deposition of silver and
oxygen adsorption were carried out.

Figure 22 shows the curves of temperature-programmed
desorption of electrophilic oxygen measured using mass spec-
trometry by the appearance of O2 in the gas phase (heavy line)
and as changes in the intensity of the O1s component with
Eb=530.5 eV (fine line) after its differentiation and inversion
(the procedure used for the conversion of XPS data into TPD
spectra is described in detail elsewhere 147). The full agreement

of the TPD spectra obtained by mass spectrometry with that
calculated from the XPS data confirms that the signal in both
cases is due to the desorption of the electrophilic oxygen.
According to these results, the electrophilic form of atomically
adsorbed oxygen is characterised by a lower desorption tem-
perature as compared to the nucleophilic form (500 K vs.
580 K), which means that this form responsible for the ethy-
lene epoxidation is bound to the silver surface less strongly
than the nucleophilic form, which is active in the total ethylene
oxidation to CO2 and H2O. This conslusion is of great
importance, since it confirms the compliance with the thermo-
dynamical requirement of the possible participation of electro-
philic oxygen in the formation of ethylene oxide: the upper
limit of the bond strength for an oxygen species driving the
epoxidation was estimated to 25 ± 27 kcal mol71 (Refs 148
and 149).

The changes in relative amounts of the electrophilic and
nucleophilic forms of Oads on Ag/C catalysts dependent on the
silver particle size is yet another feature of these catalysts. The
character of this dependence (i.e., the disappearance of Onucl

with a decrease in the Ag particle size below 200 ± 300 �A)
explains within a common mechanism the decrease in the rate
of the ethylene epoxidation on Ag/a-Al2O3 catalysts by more
than an order of magnitude with a decrease in the mean size of
silver particles down to 50 nm.136 Indeed, the disappearance of
the nucleophilic form of adsorbed oxygen on silver particles
with a size<50 nm results in a decrease in the concentration of
adsorbed ethylene, which in turn results in deceleration of the
key step of the epoxidation reaction, according to the active
surface law. This result is another illustration that both the
electrophilic and nucleophilic forms of oxygen adsorbed on
silver are involved into the ethlyene epoxidation.136 ± 138

Based on the results of fundamental investigations into the
nature and reactivity of adsorbed oxygen species on supported
silver particles, a mechanism of the ethylene epoxidation
reaction was proposed (Scheme 1), which takes into account
the silver surface morphology ensuring the formation of two
forms of adsorbed oxygen.

Scheme 1

The oxygen adsorption on a regular surface yields the
nucleophilic adsorbed oxygen species, which promotes ethy-
lene adsorption but is active only with respect to the total
ethylene oxidation. Only transformation of regular surface
domains into defect ones due to the silver activation under the
action of the reactants enables the formation of the electro-
philic form of Oads , which upon interaction with adsorbed
ethylene, affords the target partial oxidation product, ethylene
oxide. Alternatively, the formation of the electrophilic form is
also possible upon the direct adsorption of O2 on defect sites of
the silver surface. In particular, the surface of supported silver
nanoparticles with a size of <50 nm consists of electron
density-deficient low-coordinated Ag atoms.138

The understanding of the molelcular mechanisms of cata-
lytic reactions makes it possible to predict catalytic properties
of specific catalysts and suggest possible ways of the improve-

(a) Ag surface restructuring; (b) oxygen diffusion; Agreg and Agdef are

regular and defect domains of the supported silver particle surface.
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Figure 22. TPD Spectra of eletrophilic oxygen adsorbed on Ag particles

measured by mass spectrometry (heavy line) and as changes in the XPS

O1s line intensity for a relative coverage IAg3d/IC1s=2.4 [thin lines; (1)

after differentiation, (2) after inversion].
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ment of the existing catalytic systems. In particular, the yield of
the target product, ethylene oxide, is one of the key character-
istics of the epoxidation reaction on the industrial scale. In
order to optimise the catalytic system as regards this parame-
ter, the factors affecting the selectivity of the overall process
have to be analysed. The selectivity of the reaction (S ) with
respect to ethylene oxide

S � R�C2H4O�
R�C2H4O� � R�CO2�

is determined by the rate ratio of two competing reaction
pathways, viz., epoxidation [R(C2H4O)] and total oxidation
[R(CO2)].

In the case of bulk silver samples, the nucleophilic oxygen
species are formed efficiently, while the rate of the electrophilic
form formation due to the modification of surface by compo-
nents of the reaction medium is rather low. This favours the
total oxidation pathway of the reaction. As a result, the
selectivity of the epoxidation reaction rarely exceeds
30%±40% with silver single crystals, despite its relatively
high rate.8 ± 10, 150

When supported catalysts are used, the epoxidation reac-
tion is decelerated by two orders of magnitude due to the low
concentration of sites suitable for the ethylene chemisorption.
But at the same time, the rate of the ethylene total oxidation by
nucleophilic oxygen species also decreases and decreases more
abruptly than that of the epoxidation. This is due to diffierent
stoichiometries of the two oxidation pathways: the total
oxidation of a C2H4 molecule to CO2 and H2O requires six
oxygen atoms, whereas only one oxygen atom is needed for the
partial oxidation. This results in a substantially enhanced
selectivity of the partial oxidation of C2H4 in the case of
supported catalysts 151 (S drops below 50% only in rare
cases). If the mechanism of the ethylene oxidation reaction
described above is valid, further decrease in the mean silver
particle size (especially down to 50 nm and smaller) should
further enhance the selectivity of the partial C2H4 oxidation
(>86%, which is the maximum possible value realisable for
molecular oxygen as the ethylene epoxidising agent;
S<6/7).9, 10

Notwithstanding, several authors (for instance, see
Ref. 152) reported on a decrease in the selectivity on going to
very small silver particles, which cannot be rationalised with-
out postulated secondary reactions of ethylene oxide after-
oxidation on the alumina surface. Ethylene oxide is formed
exclusively on the silver surface (see above). Meanwhile, the
total oxidation products, CO2 and H2O, can be generated in at
least two pathways, viz., the interaction of C2H4 with the
nucleophilic oxygen species adsorbed in silver and the after-
oxidation of ethylene oxide. It is well known that it is the
reaction proceeding on the alumina surface that makes the
dominant contribution to the afteroxidation pathway. Its rate
is independent of the mean size of supported silver particles.
This implies that the side reaction of the ethylene oxide after-
oxidation has to be suppressed in order to increase the
selectivity of the partial ethylene oxidation. Taking into
account that this reaction is catalysed by acidic OH-sites
present on the alumina surface,153 the use of surfaces devoid
of such sites can serve as a possible solution of the problem.
Indeed, Balzhinimaev et al.154 achieved the selectivity of the
ethylene epoxidation as high as 85%±88% by using a carbon
substrate (sibunite) instead of alumina. Even higher selectivity
(>90%) was achieved by the utilisation of utradispersed silver
particles with a mean size close to the optimum
(50 ± 100 nm).154 This results are the best confirmation of the
validity of the proposed reaction mechanism and consequently
of the efficiency of the fundamental approach to the design of

catalysts based on experimental studies of model systems with
surface science techniques discussed in the present review.

IV. Investigations into the structure of active sites
in porous catalysts

The elucidation of the formation and evolution of active sites
during the preparation, activation and deactivation of porous
catalysts with surface science techniques constitutes an impor-
tant part of the proposed investigation scheme (see Introduc-
tion), since it enables the transition from model objects to real
catalytic systems. However this task is very demanding from
the experimental viewpoint. First of all, difficulties in the
interpretaion of the experimental results have to be taken into
account, which are due to the complex stoichiometry and phase
composition of real catalysts, low concentrations of the active
component and high concentrations of promotors therein. In
our opinion, a rational compromise between catalytic charac-
teristics of a model catalyst and the relative simplicity of its
structure is needed to make an advance in these investigations.
Although preparation of such catalyst results in a decrease in
its activity (however, this should not be dramatic), this is
compensated for by more straightforward interpretation of
the experimental results. In order to improve the reliability of
structural information provided, one should supplement sur-
face science techniques with traditional techniques of catalyst
characterisation, such as TEM, X-ray diffraction, etc.

The history of ITSS application to the characterisation of
porous catalysts is nearly as long as their utilisation for studies
of chemical interactions on the surface of model samples;
pioneering works in both directions date back to the 1970s.
The number of studies in this field is so large that any their
systematic analysis is near to impossible. Often the experimen-
tal results are reported as a mere characteristics of specific
catalyst samples without recourse to respective results on
appropriate model objects. Nevertheless, even these results
are in some cases valuable for establishing the structure ± ac-
tivity relationships in heterogeneous catalysts within the fun-
damental approach discussed in the present review. First of all,
this concerns systems where model catalysts do not possess
sufficient catalytic activity under conditions accessible to
instrumental characterisation (even in the in situ mode), i.e.,
where a catalytic reaction proceeds at a measurable rate only
on a catalyst with high specific surface area. Ruthenium
catalysts of the ammonia synthesis are typical expamples of
such systems. Indeed, all attempts at the elucidation of the
structure of possible ruthenium active sites with traditional
model experiments failed due to the negligible activity of Ru
single crystals with respect to N2 adsorption (the respective N2

sticking probabilities reported in the literature lie in the range
of 10712 ± 1079).155 ± 157 Meanwhile, catalytic, structural
and spectral studies performed on porous Ru/MOx ,
Ru7Cs+/MOx (MOx=MgO, Al2O3 or SiO2) catalytic sys-
tems revealed important details of the promotor ±metal and
promotor ± support interactions and helped to determine the
active site structure.158 ± 160

1. The promotion mechanism of ruthenium catalysts in the
ammonia synthesis
Ruthenium-containing supported systems are widely recog-
nised as the most promising and practical catalysts of the gas-
phase ammonia synthesis at moderate pressures and temper-
atures. It is known that the activity of such catalysts in the
ammonia synthesis is dependent on the chemical nature of the
support: higher activity is provided by supports with prom-
inent basic properties. The highest activity was achieved with
magnesia.161 The use of technologically more suitable sup-
ports, such as alumina or carbonaceous materials, instead of
MgO results in a dramatic decrease in the activity of ruthenium
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catalysts.162, 163 The activity of supported rithenium catalysts
can be enhanced to a level sufficient for industrial applications
by doping with alkali metals or their compounds. The activity
of ruthenium catalysts increases with an increase in the basicity
of the dopant along the series Na+<K+<Rb+<Cs+.164

The reasons and mechanisms underlying the influence of
the support material and dopant type on the activity of
supported ruthenium catalysts in the ammonia synthesis
remains a subject of vivid scientific discussions, but no con-
sensus has been reached so far. In order to make progress in
this field, three types of interactions have to be considered:
(1) between the catalytically active metal and promotor,
(2) between the metal and support and (3) between the pro-
motor and support.158 ± 160 Within the context of this study,
magnesia, alumina and silica were tested as support materials,
Ru(OH)Cl3 and Cs2CO3 were chosen as precursors of the
active component and promotor, respectively.

Studies of catalytic properties of promoted and non-
promoted supported ruthenium systems differing in supports
and precursors revealed Ru7Cs+/MgO samples to be the
most active. Al2O3-Supported ruthenium is significantly less
active than MgO-supported. Temperature dependences of the
catalytic activities of two catalysts, viz., Ru7Cs+/MgO and
Ru7Cs+/Al2O3, expressed as steady-state ammonia concen-
trations in the reaction mixtures are presented in Fig. 23
together with the equilibrium curve of ammonia yield calcu-
lated for the reaction conditions. In the presence of the
Ru7Cs+/MgO catalyst, the yield of ammonia nearly reaches

its equilibrium value at T=350 8C, whereas the
Ru7Cs+/Al2O3 catalyst is inert under these conditions. The
performances of these two catalysts in the ammonia synthesis
expressed as the amount of ammonia (ml) per g of the catalyst
in 1 hour are listed in Table 1. The tabulated data also clearly
confirm that Ru7Cs+/MgO is characterised by a significantly
higher activity than Ru7Cs+/Al2O3 . A combination of
instrumental techniques was used to analyse the reasons for
the so different catalytic properties of the samples.

The results of XPS and AES studies on the electronic states
of different ruthenium catalysts are given in Table 2.
The binding energy of the ruthenium core level Eb(Ru3d5/2)
changes from 280.2 eV typical of bulk ruthenium to 279.0 eV
or 280.4 eV in the Ru7Cs+/MgO and Ru/Al2O3 catalysts,
respectively. The shift of Ru3d binding energies in MgO-sup-
ported catalysts (279.2 ± 279.5 eV) with respect to bulk
ruthenium suggests that the high activity of these samples is
due to the charge transfer from the basic support (MgO) to the
ruthenium nanoparticles.163 The access of electron density on
the ruthenium atoms facilitates the activation of a nitrogen
molecule owing to the electron transfer from the 3d orbitals of
Ru to the antibonding orbitals of N2 (which is the first step of
the dissociative N2 adsorption). It is generally accepted that it
is the nitrogen activation that is the rate-limiting step in the
ammonia synthesis. In contrast to the Ru/MgO catalysts, the
Ru/Al2O3 and Ru/SiO2 samples are characterised by standard
(normal) values of the binding energy close to that in bulk
ruthenium (280.2 ± 280.5 eV).160, 163, 165

Although the negative shift in the position of the core-level
line in XPS spectra can indeed indicate an excessive electron
density on the supported metal due to its interaction with the
support, there are several other reasons (including non-chem-
ical ones), which could be responsible for the effect observed.
These include a change in the relaxation energy (which is the
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Figure 23. Steady ammonia concentration in the reaction mixture at the

reactor outlet for the Ru7Cs+/MgO (curve 1) and Ru7Cs+/Al2O3

(curve 2) catalysts as a function of temperature.

Equilibrium of the ammonia curve yield (3) calculated for the reaction

conditions used in the experiment.

Table 1. Performance of the ruthenium catalysts in the ammonia synthesis
measured at ambient pressure and a ratio of H2 :N2 partial pressures of
3 : 1.

Tempe- Ru7Cs+/Al2O3 Ru7Cs+/MgO

rature /8C /ml(NH3) g(cat)71 h71 /ml(NH3) g(cat)71 h71

250 0 a 0.4

300 0 4.4

350 0 19.8

400 0 12.7

a The lowest detection limit was less than 0.1 ml(NH3) g(cat)71 . h71

(the volume of NH3 under normal conditions).

Table 2. Relevant XPS parameters of the ruthenium catalysts.

Sample Eb(Ru3d5/2)exp /eV Ekin(RuMNN ) /eV a /eV DErelax /eV DEdif /eV Eb(Ru3d5/2)corr /eV

Rubulk 280.2 274.5 554.7 0 0 280.2

Ru/MgO 279.5 275.3 554.8 0 +1.0 280.5

Ru/Al2O3 280.4 274.3 554.7 0 +0.1 280.5

Ru7s+/MgO 279.0 274.6 553.6 70.6 +1.3 279.7

Ru7Cs+/Al2O3 280.2 274.5 554.7 0 +0.4 280.6

Notations adopted: Eb(Ru3d5/2)exp is the Ru3d5/2 core-level binding energy observed experimentally; Ekin(RuMNN ) is the kinetic energy corresponding

to the RuMNNAuger peak (with the AlKa excitation at 1488.6 eV); a is the modified Auger parameter calculated as a=Eb(Ru3d5/2)+Ekin(RuMNN );

DErelax is a change in the relaxation energy calculated asDErelax=0.5Da, whereDa is a difference in a between a supported catalyst and bulk Ru;DEdif is a

differential charging value determined from a comparison of the valence-band spectra as a difference between the Fermi edge positions for a supported

catalyst and bulk Ru; Eb(Ru3d5/2)corr is the Ru3d5/2 core-level binding energy corrected for the final state effects, i.e., Eb(Ru3d5/2)corr=

Eb(Ru3d5/2)exp+DErelax+DEdif .
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energy of the electron redistribution in the presence of a core
hole generated upon photoemission, it is also referred to as the
final-state effect) and a differential charging,} i.e., a smaller
positive electrostatic potential of the surface of metal particles
with respect to that of the dielectric support, which gives rise to
different shifts of the respective core-level lines (a sample
surface during XPSmeasurements is always charged positively
to a certain steady value dependent on the dielectric properties
of thematerial due to the constant emission of photoelectrons).

Neither relaxation nor differential charging effects can be
estimated using the internal standard method (the positions of
XPS lines in the spectra of supported catalysts are usually
referenced to a selected line of an element from the support
material). The change in the relaxation energy (DErelax) can be
determined from the change in themodified Auger parameter a
for the supported metal with respect to the bulk metal. The
modified Auger parameter a is calculated as the sum of the
binding energy of a metal core-level and the kinetic energy of
the respective Auger peak:166

DErelax=
1

2
Da=

1

2
D
h
Eb(Ru3d5/2)+Ekin(RuMNN )

i
.

The extent of the differential charging (DEdif) can be deter-
mined from the Fermi edge shift in the valence-band spectrum
of supported metal particles with respect to its position in the
spectrum of the bulk metal.167, 168

The values of parameters a, DErelax and DEdif determined
for the Ru/MOx and Ru7Cs+/MOx supported systems from
the XPS spectra are compiled in Table 2. The values of a for
Ru/MOx and Rubulk are identical to within 0.1 eV
(554.7 ± 554.8 eV), which implies that DErelax& 0 for non-
promoted systems. Non-zero differential charging of Ru
particles was observed only in the case of Ru/MgO
(DEdif=+1.0 eV), whereas it equals to zero for Ru/Al2O3

and Ru/SiO2 . Thus the original experimental values of
Eb(Ru3d5/2) for Ru/Al2O3 and Ru/SiO2 are correct, whereas
the respective value for Ru/MgO has to be corrected to the
differential charging:

Eb(Ru3d5/2)corr=Eb(Ru3d5/2)exp+DEdif=

=279.5+1.0=280.5 eV.

Therefore, taking into account the necessary corrections, the
binding energy of the Ru atoms in the Ru/MgO system is
essentially the same as in other Ru/MOx systems studied
exceeding the respective value of bulk ruthenium by
DE=0.3� 0.1 eV. The latter value means that the surface
ruthenium atoms in the Ru/MOx systems are slightly oxidised,
which disproves the earlier assumption of the excess electron
density on the MgO-supported Ru particles.

In the case of promoted samples (see Table 2), the exper-
imental ruthenium binding energies Eb(Ru3d5/2) are 279.0 eV
and 280.2 eV for Ru7Cs+/MgO and Ru7Cs+/Al2O3 ,
respectively. The modified Auger parameter a for
Ru7Cs+/MgO differs from that of bulk ruthenium by
71.2 eV, i.e., in this case, DErelax=70.6 eV. Furthermore, a
non-zero differential charging was identified for both pro-
moted systems Ru7Cs+/MgO (DEdif=+1.3 eV) and
Ru7Cs+/Al2O3 (DEdif=+0.4 eV). The true binding energies
after all corrections, Eb(Ru3d5/2)corr , are 279.7 eV and
280.6 eV for Ru7Cs+/MgO and Ru7Cs+/Al2O3 , respec-
tively. Thus, a negative shift in the ruthenium binding energy
with respect to bulk metal is observed for the promoted
MgO-supported catalyst.

The reasons for the negative shifts of the Ru3d5/2 binding
energy in this sample were found in additional studies, primar-
ily, using TEM. Histrograms of the size distributions of Ru
particles revealed that, in both supported Ru/MOx systems
and promoted samples, ruthenium particles are characterised
by sizes in the range of 2 ± 10 nm 160 or several nanometres,
respectively, which rules out the possible assignment of the
Ru3d line shift to a change in the mean Ru particle size. More
details on the structure of the active component have been
obtained using high-resolution TEM. The respective micro-
graphs of promoted catalysts are shown in Fig. 24. In the case
of Ru7Cs+/MgO (Fig. 24 a), it is clearly seen that the Ru
particles are coated with a thin layer of a substance, while the
Ru particles in the Ru7Cs+/Al2O3 sample are devoid of such
a coating (Fig. 24 b).

The nature of the surface coating of the Ru particles was
identified by the Energy-Dispersive X-ray fluorescence analy-
sis (EDX) implemented in an attachment to a transmission
electron microscope (it provides a spatial resolution of
<100 nm).160 The EDX spectra measured in the proximity
of ruthenium particles for the Ru7Cs+/MgO and
Ru7Cs+/Al2O3 catalysts are compared in Fig. 25. In the
case of Ru7Cs+/MgO, the EDX spectrum reveals a weak
peak attributed to Cs in addition to the dominant ruthenium
signal, whereas no additional signal was detected for
Ru7Cs+/Al2O3 . This result was consistently reproduced for
a larger number of ruthenium particles.160

Data on CO chemisorption provide another experimental
evidence for the formation of a Cs-compound on the surface
of Ru particles in the catalyst Ru7Cs+/MgO. It was

} This possible reason for negative shifts of XPS lines is most frequently

ignored, which is not actually justified.
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Figure 24. Electron micrographs of the surface of the Ru7Cs+/MgO (a)

and Ru7Cs+/Al2O3 (b) catalysts.
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Figure 25. EDX Spectra from areas in the proximity of ruthenium

particles for the Ru7Cs+/MgO (spectrum 1) and Ru7Cs+/Al2O3 (spec-

trum 2) catalysts (see Fig. 24).
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found that the degrees of dispersion D defined as
D=(Nsurf/Ntot)6100%, where Nsurf is the number of surface
Ru atoms and Ntot is the total number of Ru atoms, in the
promoted and non-promoted Al2O3-supported samples are
nearly identical (D=25.0% and 23.6%, respectively). Mean-
while, a totally different picture is observed for the analogous
MgO-supported catalysts: the degree of dispersion D in the
promoted sample decreases to 9.9% from 27.3% in the non-
promoted sample despite no significant changes in the mean
size of ruthenium particles is detected by TEM. This observa-
tion suggests that the surface of Ru particles accessible for CO
adsorption in the latter sample is partly screened by the
promotor. Presumably, this interaction between ruthenium
and the promotor plays a key role in the formation of the
active catalytic state, which is manifested in the negative shift
of the Ru3d5/2 line.158 ± 160

The speciation of the promotor chemical state was accom-
plished based on the Cs3d5/2 XPS data. Figure 26 shows the
respective core-level spectra for Ru7Cs+/MgO (a) and
Ru7Cs+/Al2O3 (b) measured both immediately after loading
of the samples into the spectrometer and after their reduction
with hydrogen directly in the spectrometer. The efficiency of
XPS for the identification of the caesium chemical state is
demonstrated by Table 3, which compiles the Eb(Cs3d5/2)
values for various caesium compounds with oxygen.169 ± 171

The data given in Table 3 indicate that inverse chemicals shifts
in the binding energy are typical of caesium, as well as for some
other metals (Ag, Cd, Ba, etc.), i.e., the binding energy
decreases rather than increases upon oxidation. The reasons
for this phenomenon lie beyond the scope of this review and
will not be discussed here. It is important that the data from
Table 3 help to assign the experimentally observed Cs3d
spectral features to specific states of the caesium atoms or
caesium compounds.

The XPS spectra of the Ru7Cs+/MgO and
Ru7Cs+/Al2O3 catalysts measured immediately after their
loading into the spectrometer reveal nearly identical positions
of the Cs3d5/2 lines with binding energies of 724.8 eV and
724.9 eV, respectively (see Fig. 26). This caesium state can be
attributed to Cs+ (suggestedly, as caesium peroxide). Caesium
in caesium oxide Cs2O is characterised by a similar binding
energy Eb(Cs3d5/2)=725.0 eV, but it is known that caesium
oxide readily converts into peroxide upon exposure to oxygen

(exposure doses of (5 ± 10)61076 Torr s),170 which quite deci-
sively rules out its presence in the catalysts under study.

The reduction of the Ru7Cs+/MgO sample with hydro-
gen directly in the spectrometer leads to a shift of the Cs3d5/2
line to larger binding energy, which is indicative of caesium
reduction, whereas the spectrum of Ru7Cs+/Al2O3 remains
unchanged upon similar treatment. Meanwhile, the Cs3d5/2
binding energy in promoted ruthenium-free samples on differ-
ent supports shows no shifts due to oxidative or reductive
treatments. The shift of Cs3d lines upon reduction of
Ru7Cs+/MgO also supports the existence of direct cae-
sium± ruthenium interactions.160 Presumably, during the
reduction, hydrogen molecules dissociate on the surface of
ruthenium particles, which enables the subsequent reduction of
caesium ions with atomic hydrogen.

The details of the interaction of caesium with ruthenium
were established by XPS studies of model samples prepared by
the deposition of caesium onto a polycrystalline ruthenium foil
either in vacuum or in an oxygen flow. The Cs3d5/2 and O1s
binding energies and the Cs :O atomic ratios were determined.
An analysis of these spectral data and, especially of theEb(O1s)
values, which are highly specific for different caesium com-
pounds with oxygen 170, 171 revealed that the vacuum deposi-
tion yields caesium suboxide Cs2+xO, whereas that in an
oxygen flow affords caesium peroxide Cs2O2 . Some deviations
of the experimental Cs :O atomic ratios from the stoichiomet-
ric values were attributed 160 to a partial oxidation of the
suboxide due to an insufficiently high vacuum or concomitant
formation of caesium superoxide Cs2O4 (in the cases of the
Cs2+xO/Ru and Cs2O2/Ru layers, respectively). The presence
of superoxide in the sample is evidenced by the emergence of an
additional component with Eb=533.5 eV in the O1s XPS
spectrum.172, 173

Taking these results of model studies into account, it might
be concluded that the Cs3d5/2 binding energy in the range of
725.4 ± 725.8 eV can be attributed to caesium suboxide
(although its partial contamination with oxide cannot be
ruled out), whereas the values in the range of 724.7 ± 725.2 eV
are due to caesium peroxide.

However, it has to be noted that, for the suboxide, this
assignment means only the formation of surface species rather
than an individual phase. Otherwise it would have been
possible to observe these compounds by X-ray diffraction. At
the same time, only metallic ruthenium and the respective
support (MgO or Al2O3) were identified in the diffraction
patterns of both non-promoted and promoted samples.158 ± 160

In earlier works devoted to Cs-promoted silver catalysts of the
ethylene epoxidation, Podgornov et al.173 suggested that silver
atoms are capable of substituting for the Cs atoms in the
Cs7Cs fragment present in the bulk structure of caesium
suboxide to form the Cs7Ag bond.

Following this analogy, it might be suggested that bonds
between the caesium and ruthenium atoms are formed in the
catalyst Ru7Cs+/MgO. This suggestion is further supported
by the fact that the Eb(Cs3d5/2) binding energy in promoted
ruthenium blacks (i.e., in support-free materials) increases
from 725.0 eV to 725.5 eV upon their reduction in the spec-
trometer. Similar results were observed for thin films of
caesium on the surface of bulk ruthenium. At the same time,
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Figure 26. The Cs3d5/2 XPS spectra of the Ru7Cs+/MgO (a) and

Ru7Cs+/Al2O3 (b) before (1 ) and after (2) hydrogen treatment directly

in the spectrometer.

Table 3. Eb(Cs3d5/2) and Eb(O1s) values for various caesium com-
pounds.166 ± 170

Binding Cs compound

energy /eV

Csmet Cs2+xO Cs2O Cs2O2 Cs2O4 CsOH

Eb(Cs3d5/2) 726.1 725.5 725.0 724.5 724.2 724.1

Eb(O1s) 7 531 528.2 530.6 532.9 7
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in the alumina-based systems, the Cs3d5/2 binding energy
remains constant irrespective of the oxidative or reductive
treatment applied.

The experimental evidence presented above indicate that it
is the ruthenium ±promotor rather than ruthenium± support
interactions that are responsible for the observed shift of the
Ru3d5/2 line to a smaller Eb .158, 160 The formation of a thin
alkali metal film on the surface of a transition metal is known
to decrease the work function (e.g., S1 caesium ± silver photo-
cathodes are formed in a similar way).171 Thus, the downshift
of the binding energy can also be due to a decrease in the work
function of the electron escape from the surface of Ru particles
covered with a promotor layer.

If this suggestion is valid, a next question arises, why
ruthenium effectively interacts with caesium only with magne-
sia as a support, whereas no such interaction occurs on
alumina. An answer to this question was given by an X-ray
diffraction study of the Ru7Cs+/Al2O3 and Ru/Al2O3

samples. The diffraction pattern of the promoted catalyst
reveals some increase in the scattering backgound in the angle
range of 20 ± 408, 160 which is typical of caesium aluminate.
Most likely, caesim cations in this sample are incorporated into
the aluminate structure due to a chemical reaction of the
promotor with Al2O3 . The Eb(Cs3d5/2) value of 724.9 eV
found for Ru7Cs+/Al2O3 also does not contradict to its
assignment to caesium aluminate.

The following important conclusion can be derived from
the above extensive studies 158 ± 160 of supported ruthenium
catalysts of the ammonia synthesis. An analysis of the mech-
anims of the formation of active sites schematically depicted in
Fig. 27 has to take into account the promotor ± ruthenium and
promotor ± support interactions in addition to more common
support ± ruthenium interactions. Indeed, magnesia, due to its
prominent basicity, is expected to be quite inert as regards its
reaction with caesium oxides, which are themselves strong
bases. This largely facilitates the migration of caesium over the
magnesia surface to react with ruthenium particles thus gen-
erating active sites for the N2+H2 reaction (Fig. 27 a). The
dissociative adsorption of N2 should be accelerated on such
sites due to a decrease in the electron escape work function.

On the contrary, acidic sites present on the alumina surface
strongly bind the promotor thus preventing them from the
reaction with ruthenium particles (Fig. 27 b). Consequently,
non-promoted ruthenium particles manifest a lower activity in
the dissociative nitrogen adsorption, which determines to the
overall low activity of such catalysts in the ammonia synthesis.
It is of note that alumina-based catalytic systems can manifest
high activity in the ammonia synthesis, but only at high
promotor content (promotor :metal5 3.0).174 Very likely, at
high concentrations, a fraction of the promotor remains
unbound to the support and thus capable of ruthenium
activation.

Despite the prominent success of the post-reaction analysis
of the mechanism of formation of active component in porous
catalysts with surface-sensitive techniques, future progress in
this field relates to the extensive usage of in situmeasurements.
For instance, the structure of active sites of barium-promoted
ruthenium catalysts supported on BN has been determined by
in situTEM studies.176 In the as-prepared catalysts, ruthenium
particles were incorporated into boron nitride. TEM micro-
graphs measured under the reaction conditions of the ammo-
nia synthesis reveal restructured catalyst surfaces and support-
free ruthenium particles covered with the barium promotor in
the form of either amorphous particles or amonolayer coating.
It was concluded that barium is an electron promotor for
ruthenium.176

Additional examples of highly efficient in situ XPS inves-
tigations into the state of active components in porous cata-
lysts can be found in recent publications by SchloÈ gl et al.177 ± 179

2. Hydrogen sulfide oxidation of iron-based catalysts
The use of model objects instead of real catalysts for monitor-
ing the formation of active sites becomes inefficient for
catalytic reactions involving agressive reaction media. The
inadmissibility of agressive gases into UHV chambers due to
safety reasons prevents in situ measurements thus eliminating
one of the most important merits of model experiments, viz.,
the absence of exposure to air of samples after their activation.
This limits the research capabilities to the traditional post-
reaction analysis with a necessary comparison of as-prepared,
activated and sometimes deactivated catalysts. It is always
desirable to avoid exposure to air of the samples upon their
transfer from a catalytic reactor to the analytical UHV
chamber. This requirement was fullfilled in a study of the
formation of active sites of supported iron catalysts for theH2S
oxidation, such as Fe2O3/SiO2 and Fe2O3/Al2O3 .180, 181

According to the XPS data, the reaction of the iron-
containing catalysts with gas mixtures containing a large
fraction of water vapour in addition to hydrogen sulfide and
oxygen, gives rise to the sulfidation of surface layers of iron
oxide(III) particles.180, 181 Such a change in the chemical state
of the active component was identified by the appearance of a
Fe2p3/2 component with a binding energy of 708.8 eV, which
is typical of FeS2 .182, 183 At the same time, an intense signal
of sulfide ions emerges in the S2p XPS spectra (Eb& 163 eV).
The spectral line attributable to Fe2O3 with
Eb(Fe2p3/2)=711.2 eV remains dominant in the spectra,
which suggests the surface sulfidation of the active component.

A comparison of the XPS results with data on the catalytic
activity revealed that oxide forms of the active site catalyse the
selective oxidation of H2S to sulfur, whereas the formation of
FeS2 alters the oxidation pathway. The total oxidation
product, SO2 , becomes dominant in this case. It is of note
that both the selective and total hydrogen sulfide oxidation are
of practical interest, although for different applications. The
application of instrumental techniques, such as XPS, to the
elucidation of the sulfidation process revealed important
details regarding the effects of the support type, precursor
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Figure 27. A scheme of interaction of the promotor with the support and

active component in the catalysts Ru7Cs+/MgO and Ru7Cs+/Al2O3 .
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nature, annealing temperature and amount of water on the rate
of formation and depth of FeS2 formation.180, 181

V. Development of methods of the purposeful
synthesis of highly active catalysts

The purposeful design of catalysts based on the knowledge of
the structure of active sites gathered in model studies is an
extremely important task, since it allows the easiest verification
of the performance of intuitively envisaged active site struc-
tures in practice. Indeed, the correctness of the structure ± ac-
tivity relationship adopted in the molecular design enables the
development of convenient methods for the synthesis of highly
active and selective catalysts with a prolonged service life.
Without this knowledge, such methods affording advanced
practical catalysts will remain elusive. Instrumental techniques
of surface studies within this approach are necessary to control
the results of the molecular design aimed at the preparation of
active sites with a desirable composition and structure. The
productivity of this approach is demonstrated belowwith some
examples.

1. Bimetallic Ni7Au catalyst for the steam reforming of
hydrocarbons
The purposeful improvement of Ni catalysts for the steam
reforming of hydrocarbons is one of themost striking examples
of the efficacy of the fundamental approach to the improve-
ment of the catalyst performance.184 ± 186 Nickel is widely used
as a component of industrial catalysts of the steam reforming
of natural gas (primarily, methane). As has been shown, the
steam reforming starts with the methane activation on nickel.
This is accompanied by the progressive deposition of graphite
on the surface of Ni catalyst followed by the growth of
filamentous carbon and ultimately by the catalyst deactiva-
tion.187, 188

The deactivation of Ni catalysts due to the formation of
graphite layers on early steps of the catalytic reaction was
established unambiguously using TEM. The deactivation ofNi
catalysts can be suppressed by introducing minor amounts of
hydrogen sulfide into the reaction mixture. Sulfur adsorbed on
the Ni particles poisons the catalyst, which, on the one hand,
decelerates the overall steam conversion reaction but, on the
other hand, inhibits the graphite formation, thus significantly
prolonging the service life of the catalyst. Despite some
promise of this approach, it has not found wide application
since sulfur-contaning compounds poison various catalytical
reactions, in particular those combined with the steam reform-
ing into technological scheme, such as ammonia synthesis.

Another possible approach to overcome the problem of the
fast deactivation of Ni catalysts in the steam reforming relates
to a modification of the active component by, for example,
alloying nickel with another metal. The best results are
expected for metals forming only surface rather than bulk
alloys with nickel. As has been shown by Besenbacher
et al.190 ± 192 in an STM study of model objects, nickel indeed
forms surface alloys in a series of binary systems, such as
nickel ± gold. The reason for the formation of this surface alloy
is a decrease in the surface tension energy of nickel due to the
electron density transfer from the gold atoms to the low-
coordinated nickel atoms at the surface. These simple
qualitative speculations were supported by quantum chemical
calculations at the DFT level, which demonstrated that the
bonding of carbon to the nickel atoms having adjacent Au
atoms is much weaker than that to Ni atoms in the exclusively
nickel environment.

As a result of these model studies,190 ± 192 the porous
Ni7Au catalysts were suggested. They were prepared by
depositing 16.5 mass.% of a nickel7gold mixture (0.3% of
gold) on the surface of magnesium aluminate.193 The incorpo-

ration of gold atoms in the surface layers of nickel particles
yielding a surface alloy was unambiguously confirmed by
EXAFS. Further assay of these Ni(Au)/MgAl2O4 catalysts in
the steam reforming of n-butane demonstrated a stably high
activity of the bimetallic systems in cotrast to the standard
nickel catalysts.193 Butane was used rather than methane due
to its easier graphitisation.

Thus, the understanding of the structure ± activity relation-
ships indeed enabled the molecular design of advanced nickel-
based catalysts for the steam reforming of hydrocarbons
characterised by significantly improved stability against deac-
tivation.

2. Nanosized Au/Al2O3 catalysts for the low-temperature
CO oxidation
The synthesis of Au/Al2O3 catalysts for the low-temperature
CO oxidation represents yet another example of the purposeful
design of an advanced catalyst for specific catalytic pro-
cesses.194 ± 196 The molecular design of this system was based
on the results of fundamental investigations into the reasons
governing the catalytic activity of gold nanoparticles,120 ± 123

which revealed a pronounced size effect in the activity of
Au/TiO2 catalysts. Taking into account some technological
inconvenience of TiO2 as a support for industrial applications,
alumina was chosen as the support material. Therefore, it
became necessary to develop efficient methods for the prepa-
ration of nanosized gold particles on the surface of alumina
particles, including g- (microspherical particles) and y-Al2O3

(fine powder).194 ± 196 Three major synthetic procedures were
tested: the Deposition-Precipitation (DP), Chemical Liquid-
Phase Grafting (CLPG) and Chemical Vapour Deposition
(CVD) from volatile gold complexes.

Hexachloroauric acid was selected as a precursor of the
active component in the DP synthesis, whereas dimethylgold
acetylacetonate was used for CLPG and CVD due to its high
volatility, thermal stability [the saturated vapour pressure of
(CH3)2Au(acac) is 5.561074 Torr at 25 8C, while the decom-
position point in the solid state is 54 8C] and accessibility.194

The mean sizes of gold particles in the catalysts were
determined using X-ray diffraction and TEM. X-ray diffrac-
tion was also used to control the phase composition of the
samples. Since the most intense diffraction peaks of bulk gold
(i.e., 111, 200 and 220) overlap with the reflexes of Al2O3 , the
sizes of Au crystallites were determined from the width of the
Au(311) peak at 2y& 788 using the Selyakov ± Scherrer
equation.

Preliminary TEM study of the Au/Al2O3 catalysts showed
that standard procedures of TEM images measurement
appeared unsatisfactory: the Au particles with a diameter
smaller than 45 nm were nearly undistinguishable on the
background of the support. Therefore, special techniques of
the contrast enhancement were applied. In particular, the use
of Fresnel scattering suppression on the Al atoms helped to
decrease the brightness of the Al2O3 surface background with
respect to that Au particles. Furthermore, the TEM micro-
graphs used for the size distribution analysis of the Au particles
were obtained in the so-called Z-contrast mode, i.e., at a
specific electron collection angle providing that only electrons
scattered on the Au atoms contribute to the image. In this
mode, the gold particles occur in the micrographs as bright
spots on the uniform black background coming from the
support and thus the particle size can be determined quite
precisely. Typical micrographs of the catalysts prepared by the
DP method and annealed at 673 K are shown in Figs. 28 and
29. From a series of TEMmicrographs, histograms of the gold
particle size distribution were obtained in both cases, which are
also shown in Figs 28 and 29.

It is apparent that the Au/y-Al2O3 catalyst (sample 1,
Fig. 28 a) mainly contains gold particles with a size of
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2 ± 4 nm and single particles with a size from 5 nm to 8 nm.
The particles are characterised by a nearly spherical shape. The
size distribution is relatively narrow and has a Gaussian shape;
the mean linear diameter of the Au particles hdAui=3.8 nm
(Fig. 28 b). In the case of the Au/g-Al2O3 catalyst (sample 2,
Fig. 29 a), the TEMmicrographs reveal microaggregates com-
posed of primary globules of the support covered with mainly
small gold particles with a size of 2 ± 4 nm. At the same time,
larger particles of up to 10 ± 15 nm are also present in the
sample. As a result, the size distribution of Au particles in this
case is bimodal with two maxima at 4 nm and 12 nm
(Fig. 29 b).

The mean sizes of Au particles in the Au/Al2O3 catalysts
determined from TEM and X-ray diffraction data are com-
pared in Table 4. In the case of samples prepared by deposi-
tion-precipitation, themean volume-surface diameter (hdvsi) of
Au particles estimated from TEM was larger than that calcu-
lated from the broadening of the Au(311) diffraction line. The
maximum discrepancy between the TEM and diffraction
estimates is observed for sample 2. In this case, the contribu-
tion of relatively large metal particles into the diffraction
broadening is small, although total numbers of small and
large particles are comparable according to the TEM estimate.

Sample 3 prepared by the CLPG method from
(CH3)2Au(acac) and annealed at 673 K in air contained pre-
dominantly Au particles with a size of 8 ± 18 nm characterised
by a normal distribution and single particles with a larger size
of*20 nm (Fig. 30 b). This sample was nearly devoid of metal
particles with a size 4 5 nm. The mean diameters of Au
particles estimated by TEM and X-ray diffraction were nearly
identical (see Table 4).

The chemical vapour deposition was performed according
to two procedures. Sample 4 was synthesised by passing
(CH3)2Au(acac) vapour through an immobile layer of
g-Al2O3 kept at room temperature. The process was accom-
panied by a change in the vapour colour indicative of a partial
decomposition of the complex by water molecularly adsorbed
on the support surface. A chemical analysis of several probes of
the sample 4 taken in different places of the reactor showed
that the Au concentration progressively decreases along the
direction of the gas flow. This gradient indicates that the
interaction of (CH3)2Au(acac) with the surface of g-Al2O3 is
too strong. Thus, the CVD procedure was modified in order to
prevent the uncontrollable decomposition of the organometal-
lic precursor and provide the uniform distribution of the active
component over the support. This modified procedure was
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Table 4. The mean diameters of supported gold particles in the Au/Al2O3

catalysts estimated from X-ray diffraction (XRD) and TEM data.

Sample Prepa- Sup- Au con- Mean diameter of Au

ration port tent particles /nm

method (mass%)

XRD TEMa

hdli hdsi hdvsi

1 DP y-Al2O3 1.4 43 3.8� 1.3 4.1 4.5

2 DP g-Al2O3 1.3 6.6 6.6� 4.7 8.1 12.5

3 CLPG g-Al2O3 3.8 12 13.3� 2.8 13.6 14.5

4 CVD g-Al2O3 1.2 >5 20 ± 25 5.6

5 CVD g-Al2O3 0.7 43 2.9� 0.9 3.5

a hdli �

X
i

fidiX
i

fi
, hdsi �

����������������X
i

fid
2
iX

i

fi

vuuuut and hdvsi �

X
i

fid
3
iX

i

fid
2
i

,

where fi is the number of particles with a diameter di encountered in TEM

images.

ba

10 nm

0

10

20

30

N

5 10 15 20

Particle size /nm

Figure 30. TEM Image of the Au/g-Al2O3 catalyst (sample 3) (a) and the

respective Au particle size distribution (b).

The catalyst was prepared by the chemical liquid-phase grafting of

(CH3)2Au(acac) on the g-Al2O3 surface. The mean linear diameter of the

Au particles is 13 nm.
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used for the preparation of sample 5. First, the support was
carefully dehydrated by annealing in vacuo (*1077 Torr)
at 300 ± 350 8C prior to its contact with vapourised
(CH3)2Au(acac). Second, the deposition was accomplished in
a constantly rotating reactor under the quasistationary con-
ditions. The resultant sample was uniformely coloured and the
Au concentrations in several probes taken from different
places were nearly identical.

According to the TEM studies, sample 4 contained gold
particles characterised by a very broad size distribution (from
5 nm to 35 nm), whereas TEM micrographs of sample 5
typically revealed microaggregates of primary g-Al2O3 glob-
ules covered with mainly small Au particles of spherical or
semispherical shapes with sizes from 2 nm to 4 nm (Fig. 31 a),
although single larger particles with a diameter 5 ± 10 nm were
also present. The size distribution is rather narrow and has a
Gaussian shape with a maximum at 2.5 ± 3.0 nm (Fig. 31 b).

These Au/Al2O3 catalysts prepared by different synthetic
routes were assayed in terms of their catalytic activity towards
the CO oxidation. The catalytic studies were performed in a
plug-flow reactor at 313 K and ambient pressure. The testing
conditions were chosen so as to approach the realistic oxida-
tion conditions in a closed room with ordinary humidity and
slightly elevated temperature. The composition of the initial
reactionmedium (IRM) corresponded to air purified fromCO.
The results obtained are listed in Table 5.

Under the conditions used, samples 1 and 2 demonstrated
high catalytic activities in the CO oxidation. The most active
Au/y-Al2O3 catalyst (sample 1) taken in an amount as small as
40 ± 50 mg provided the degree of CO conversion of*45% at
the maximum possible SRM supply rate (400 ml min71). It
was impossible to realise the process for this sample under
differential conditions, which resulted in somewhat under-
estimated reaction rates (see Table 5). TheAu/g-Al2O3 catalyst
(sample 2) demonstrated a lower activity probably due to a
significantly larger mean size of gold particles in this sample
(hdvsi=12.5 nm) as compared to sample 1.

Sample 3 did not demonstrate any measurable catalytic
activity in the CO oxidation over the temperature range of
313 ± 523 K; in the presence of this catalyst, CO2 lines were
detected in the Raman spectra only when temperature was
increased to 773 K (the degree of CO conversion was then
* 2%). Since the mean size of Au particles hdvsi in sample 3 is
virtually the same as in sample 2 (according to TEM), the
observed dramatic difference in the catalytic activity could be
attributed to different size distributions of Au particles in these

two samples (see Figs 29 b and 30 b). Sample 2 is characterised
by a broad distribution encompassing particles with sizes from
3 nm to 20 nm. Meanwhile, the distribution for sample 3 is
much narrower and includes virtually no Au particles smaller
than 5 nm. This strongly suggests that in the case ofAu/Al2O3 ,
the specific catalytic activity exhibits the same size effect as was
observed earlier for the Au/TiO2 , Au/Co3O4 and Au/Fe2O3

systems: the catalytic activity abruptly increases (by several
orders of magnitude) with a decrease in the size of Au
crystallites down to d4 5 nm.

Studies on the catalytic activity of samples 4 and 5 also
demonstrates the size effect. Sample 4 containing only Au
particles with a diameter55 nm demonstrated no measurable
activity. In contrast, sample 5 composed of mainly small gold
particles of <5 nm showed a relatively high activity in the CO
oxidation. The starting level of CO conversion in the presence
of this catalyst at an Au content of 0.7 mass% was 15%. In
three hours, the degree of conversion increased to 35% and
remained constant at this level until the end of testing. The
apparent activation energy (Ea) of the CO oxidation on the
catalyst 5 calclulated from the experimental temperature
dependence of the reaction rate assuming the Arrhenius-type
function is 9.5 kJ mol71, which is only slightly larger than the
respective value of 7 kJ mol71 found by Goodman for model
catalysts.127 (This again proves the close correspondence
between model and real catalytic experiments.)

A change in the electronic state of gold atoms during the
preparation of the Au/y-Al2O3 catalysts (sample 1) was
studied using Diffuse Reflectance UV-Vis Spectroscopy
(DR-UV-Vis ).195 In addition, the plasmon resonance features
in the electronic spectra of gold particles with the bulk
structure and the electronic spectra of some model Au(III)
complexes with the Au7O7Au bonds were simulated theo-
retically. A colloid suspension of gold containing spherical Au
particles with a mean diameter of *50 nm was used, as the
reference sample, whichwas prepared by heating of an aqueous
HAuCl4 solution (0.05 mg Au ml71) with a 1% solution of
sodium citrate. The respective spectra are shown in Fig. 32.195

The spectrum of an alkalified HAuCl4 solution (spectrum
1, Fig. 32) shows an absorption band centred at 48 000 cm71.
Such spectra with one weak ligand ±metal charge transfer line
in the UV range are characteristic of mononuclear complexes
[AuCl47x(OH)x]7 with x=2 and 3. According to the
literature data, upon treatment of Al2O3 with alkalified
HAuCl4 solutions, the complexes [AuCl2(OH)2]7 and
[AuCl(OH)3]7 react with the surfaceOH groups of the support
resulting in the immobilisation of the Au(III) ions due to the
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Figure 31. TEM Image of the Au/g-Al2O3 catalyst (sample 5) (a) and the

respective Au particle size distribution (b).

The catalyst was prepared by the chemical vapour deposition of

(CH3)2Au(acac) on the g-Al2O3 surface. The mean linear diameter of the

Au particles is 3.3 nm.

Table 5. Activities of the Au/Al2O3 catalysts prepared by different
methods in the CO oxidation measured in a plug-flow reactor at 313 K.

Sample hdvsi a /nm CO conversion Reaction

level (%) in rate b

1 h 7 h

1 4.5 89 85 47

2 12.5 19 31 7.4

3 12.0 c <1 <1 <0.05

4 5.6 <1 <1 <0.05

5 3.5 24 55 18.7

Notes. The initial reaction mixture compositions: 1 vol.% CO,

2.2 vol.% H2O, 20 vol.% O2 , the rest is N2; the volume rate of the initial

reaction mixture supply is 100 ml min71.
a Mean volume surface diameter of the Au particles calculated from

the TEM data (see Table 4). b The unit of measure is

mol CO (mol Au)71 s71. c The mean particle diameter calculated from

the XRD data.
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formation of the Al7O7Au bonds. A subsequent thorough
washing with warm water leads to the removal of the Au(III)
ions weakly bound to the support and the hydrolysis of the
Au7Cl bonds in the immobilised complexes. The residual Cl
content in samples prepared in this way is <0.01 mass%,
according to X-ray fluorescence analysis.195

The DR-UV-Vis spectrum of the y-Al2O3 sample treated
with an alkalified HAuCl4 solution reveals a new broad
absorption band over 35 000 ± 50 000 cm71 centred at
44 000 cm71 (spectrum 2, Fig. 32), which is probably due to
chemisorbed Au(III) complexes. The so large width of this
band indicates heterogeneous composition of the surface
compounds. A shift in the position of the absorption band
maximum to lower wavenumber with respect to the spectrum
of parent alkalified HAuCl4 solution can be due to exchange
interactions between the Au(III) ions immobilised on the Al2O3

surface. The exchange interaction implies that the sorbed
Au(III) ions are associated, for instance into `islets' with a
high local concentration of grafted complexes with neighbour-
ing metal ions located at a distance of 0.5 ± 1 nm from each
other.

In addition to the absorption band at 44 000 cm71 , the
DR-UV-Vis spectrum of y-Al2O3 treated with an alkalified
HAuCl4 solution exhibits an additional weak band at
19 000 cm71 attributed to the plasmon absorption band from
gold metal nanoparticles. The appearance of the resonance
plasmon line for this sample means that metallic gold is partly
formed already upon adsorption or during the washing and/or
drying steps. The absorption band at 19 000 cm71 abruptly
increases after annealing of the sample in air at 400 8C and a
new band at 25 000 ± 32 000 cm71 emerges. Since resonance
plasmon features cannot be shifted so far to larger wave-
numbers, the observation of the band at 25 000 ± 32 000 cm71

indicates that theAu/y-Al2O3 sample contains `ionic' species of
gold in addition to metal particles.195

The formation of metal oxide clusters and their co-exis-
tence with metallic gold was observed earlier in Au/MgO
catalysts manifesting high activity in the low-temperature CO
oxidation.197, 198 The application of X-ray absorption techni-
ques EXAFS and XANES to probe the chemical state of gold
nanoparticles revealed that both cationic and zero-valence
(i.e., metallic) gold co-exist in the functioning catalysts and

relative amounts of these two forms depend on the composi-
tion of the reaction mixture. Simultaneous measurements of
X-ray absorption spectra and the catalytic activity of Au/MgO
catalysts in the CO oxidation for reaction media with different
reactant ratios made it possible to correlate the reaction rate
and relative fractions of the cationic and zero-valence gold.
The results of these measurements are shown in Fig. 33.
The maximum activity is achieved in the case of Au/MgO
catalysts with nearly equal fractions of the ionic and metallic
gold.

These results suggest that the activity of the Au/Al2O3

catalysts in the low-temperature CO oxidation is due to the
associative mechanism of the process similar to that used
earlier to rationalise the catalytic action of some metal oxides
in this reaction. The associative mechanism of the CO oxida-
tion assumes that a decrease in the apparent activation energy
of the catalytic reaction is achieved due to energy-coupled
oxidation and reduction of surface oxide metal clusters accom-
panied by the formation of carbonate structures as key
intermediates.

The above data demonstrate a practical potential of the
Au/Al2O3 catalysts. Indeed, possible areas of application of
catalysts providing the low-temperature CO oxidation are
extremely broad. These catalysts are of importance for the air
purification in closed spaces, solution of the `cold start'
problem in the exhaust gas neutralisation, purification of
hydrogen from CO for the use in fuel cells based on proton-
conducting membranes, etc.

VI. Conclusion

The examples discussed in the present review clearly demon-
strate that instrumental techniques for surface studies remain
essential for catalytic investigations, since they yield detailed
information on the structure of surface sites driving specific
catalytic reactions thus helping to establish the structure ± ac-
tivity relationships in heterogeneous catalysts. In parallel,
modern trends in surface science require several novel
approaches to be included into everyday practice of scientific
investigations. In particular, these include:

Ð in situ methods of catalyst characterisation enabling
studies exactly under conditions of catalytic reactions (a new
term Operando spectroscopy appeared recently to designate
this type of experiments);

Ð techniques for the analysis of nanosized and nanostruc-
tured materials (primarily, with a low concentration of an
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Figure 32. Transmission (1) and diffusion reflectance (2, 3) UV-Vis

spectra for the Au/y-Al2O3 catalyst and reference samples; (1) alkalified

aqueous solution of HAuCl4 ([Au]=0.013 mol litre71, [OH]/[Au]=

3.8 mol mol71); (2) y-Al2O3 support after treatment with the HAuCl4
solution (conditions 1 ) at 70 8C, thoroughwashing with water and drying;
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active component) sensitive to the metal ± support interactions
(it is the efficient interaction of metal nanoparticles with the
support that provides the optimum, from the catalytic perspec-
tive size of the active component and its stability against
aggregation and deactivation upon sintering);

Ð methods for the synthesis of nanosized and nanostruc-
tured catalysts with a controlled narrow particle size distribu-
tion, including both model catalysts on single-crystalline
substrates and real catalysts with high specific surface area.

The first approach offers one possible way to address the
`pressure gap' problem, whereas two latter approaches address
the `material gap' problem. The experimental information on
the structure of active sites retreived by instrumental methods
for surface science will be reliable and relevant to specialists in
catalysis for the design of highly active and selective catalysts
only provided that both these problems are properly
addressed. The costs for the development of so expensive
direction as surface science are well warranted by the ultimate
practical success in the invention of novel advanced catalysts.
Essentially, this concerns research efforts that can result in the
establishment of a totally new material and technical basis of
chemical and petrochemical industry, where 80% of all proc-
esses are nowadays catalytic.

Due to the complexity and expensiveness of the surface
science instrumentation, further progress in the field is only
possible with a wide cooperation of scientists from diverse
disciplines (physicists and chemists, theoreticians and exper-
imentalists, surface scientists and catalysis experts), integration
of research capabilities of different centres and laboratories,
including international collaborations.
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Abstract. New physicochemical applications of multinuclearNew physicochemical applications of multinuclear
magnetic resonance imaging that will determine the develop-magnetic resonance imaging that will determine the develop-
ment of the method in the near future are considered. Thesement of the method in the near future are considered. These
include studies of solids, investigations of mass transferinclude studies of solids, investigations of mass transfer
processes in multiphase systems, studies onprocesses in multiphase systems, studies on in situin situ reactors,reactors,
heterogeneous hydrogenation with para-hydrogen and spec-heterogeneous hydrogenation with para-hydrogen and spec-
troscopy of long-lived singlet states. It is noted that in additiontroscopy of long-lived singlet states. It is noted that in addition
to an extension of the range of objects and processes of interest,to an extension of the range of objects and processes of interest,
the magnetic resonance imaging technique itself undergoesthe magnetic resonance imaging technique itself undergoes
considerable changes. The bibliography includes 204 referen-considerable changes. The bibliography includes 204 referen-
cesces..

I. Introduction

Magnetic resonance imaging (MRI) formerly referred to as
nuclear magnetic resonance (NMR) tomography is known
primarily as a method of medical diagnostics. This method is
also widely used in biological studies. At the same time, MRI
has found increasing and fruitful application in studies of non-
living objects, including investigations in chemistry, chemical
engineering, materials science, etc.1 ± 4 Both the fundamentals
of MRI and its physicochemical applications were considered
in the reviews.5 ± 7 In the last five years, this method has gained
new applications due to its extensive development, resulting in
a considerable expansion of the range of objects and processes
studied by MRI. This range includes catalytic reactors and
biofilm reactors, fuel cells, microreactors, polymers, drug
delivery systems, gas hydrates, rock cores, building materials,
film coatings, cultural heritage objects, plants, food products,
etc. This, in turn, stimulates the further development of MRI
technique itself. Efforts of researches in this field of science led

to fundamentally new applications, including those, which
have been considered to be impossible or impracticable. In
particular, these are MRI of gas transport, single-spin mag-
netic resonance, NMR spectroscopy and MRI in highly
inhomogeneous or very low magnetic fields, MRI of solids
and high-temperature processes, the diffusion coefficient and
flow rate measurements at time intervals that are substantially
longer than the spin relaxation times, and many other.

Unfortunately, these investigations have received little
attention in Russia. The present review summarises recent
achievements and trends in the development ofMRI, including
results obtained in recent years at the International Tomo-
graphy Centre of the Siberian Branch of the Russian Academy
of Sciences. In the present review, we do not try to cover the
results of all investigations. This is practically impossible
taking into account the progress achieved in this field in the
last 5 ± 10 years. Our aim is to attract the attention of
researchers to this field of science by presenting the most
remarkable applications, which apparently will determine the
progress in MRI in the nearest future.

II. Multinuclear magnetic resonance imaging
of solids

In biomedical applications, the MRI technique is mainly used
for investigations of soft tissues and fluid transport (blood and
lymph fluid) in living organisms. Until recently, scientific and
technical applications of MRI have been limited mainly to
investigations of objects containing considerable amounts of
liquids. The progress in MRI of gases is hampered mainly by a
low density of gases (i.e., a low concentration of nuclear spins)
and, as a consequence, low sensitivity and low spatial resolu-
tion. As a result, MRI of gases has found limited use although
methods for the preparation of hyperpolarised gases with a
considerable degree of nuclear spin polarisation have been
extensively developed in recent years to overcome limitations
associated with low sensitivity. At the same time, in spite of a
relatively high density of solidmaterials, their investigations by
MRI also present difficulties due mainly to the characteristic
features of magnetic resonance of solids. However, it is evident
that the use of MRI for investigations of solid materials would
substantially extend the scope of this method.

In the solid phase (unlike in liquids), anisotropic interac-
tions involving nuclear spins are not averaged to zero because
of low molecular mobility. This is responsible for a large
linewidths in NMR spectra of solids. For example, the line-
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widths for quadrupolar nuclei are often >1 MHz. An excep-
tion are soft solids, such as polymers and elastomers, which can
often be studied by conventional MRI techniques.8, 9 For rigid
solids, a large linewidths lead to a very fast NMR signal decay,
resulting in a substantial decrease in the sensitivity of the
technique. Moreover, the NMR signals cannot be detected at
all in some cases. In addition, magnetic field gradients, which
are far beyond the possibilities of commonly used `liquid-
phase' instruments, may be required to achieve a satisfactory
spatial resolution. For example, separate two-dimensional
images of powdered alumina and zeolite 10, 11 and one-dimen-
sional projections of ceramic samples 12 were obtained fro-
m 27Al NMR signals with the use of magnetic field gradients
amplitude of 225 ± 350 G cm71. However, even such values
are beyond the possibilities of modern NMR tomographs.

Several research teams are currently developing
approaches to MRI of solids based on solid-state NMR
techniques,7 such as magic-angle sample spinning,13 the use
of multiple-pulse sequences,14 large magnetic field gra-
dients,15 ± 18 single point imaging (SPI), single point ramped
imaging with T1 enhancement (SPRITE),19 ± 21 continuous
wave NMR,22 etc. However, the wide application of MRI of
solids is substantially hampered by the necessity (actual or
implied) of the use of specialised instruments and complex
techniques;23 the vast majority of commercial or homebuilt
instruments are oriented towards procedures conventionally
used in NMR and MRI of liquids.

It is known that a line broadening inNMR spectra of solids
is inhomogeneous, i.e., broadened signals are virtually sets of
overlapping signals with a substantially smaller own width.
This fact can be used in different ways. For example, the use of
long frequency-selective pulses can allow excitation of only a
part of the inhomogeneously broadened resonances. In this
case, the time of transverse magnetisation decay T �2 is sub-
stantially increased and it becomes possible to use liquid-phase
techniques inMRI of solids.24, 25 The obvious drawback of this
approach is that only a small part of nuclear magnetisation is
used in experiments, resulting in low sensitivity.

In our studies, 26 ± 30 we used another approach. Originally,
the choice of a solid material (g-Al2O3) and, consequently, the
magnetic nucleus (27Al) was determined by ourMRI studies of
heterogeneous hydrogenation of unsaturated compounds on
Pt/g-Al2O3 or Pd/g-Al2O3 catalysts and by the fact that
alumina is a commonly used support for catalysts. However,
we found that this approach is also applicable to many
magnetic nuclei involved in rigid solid materials. Our inves-
tigations were based on a number of concepts well-known in
the field of NMR. First, a large difference between homo-
geneous and inhomogeneous widths of the signals is essentially
a large difference between the characteristic decay time of the
observed signalT �2 (the time of transverse magnetisation decay
or free induction decay) and the true transverse magnetisation
relaxation time T2 . After the application of the first non-
selective radio frequency (RF) pulse, a rapid signal decay with
the characteristic time T �2 is observed. However, the applica-
tion of the second RF pulse can substantially reverse the decay
and refocus magnetisation.12 Second, the central transition
(1/2.71/2) in the spectrum of half-integer quadrupolar
nuclei I=(2n+1)/2, n=1, 2 ... , including 27Al (I=5/2), is
much narrower than the satellite transitions.18, 31 Therefore,
the detection of the central band in the spectra of quadrupolar
nuclei in many cases poses no big problems,32, 33 in particular if
combined with the phase encoding of the spatial information.

The above approach was used with advantage for two-
dimensional imaging of cylindrical alumina pellets and alu-
mina or cordierite monolithic honeycomb supports with 27Al
NMR signal detection.26, 27, 29 The images were acquired
within*15 min. To demonstrate the potential of this method,
a series of composite samples of complex composition con-

taining various materials (Al2O3 , V2O5 , KMnO4 , NaHCO3 ,
glass, etc.) were prepared. Images of the corresponding parts of
the composite samples at a spatial resolution of 150 ± 300 mm
were obtained by detecting signals of different nuclei (27Al,
23Na, 51V, 55Mn).28 ± 30

The observation of a signal from a glass tube in images
obtained from the 27Al NMR signal is evidence that multi-
nuclear MRI shows promise for investigation of glass samples.
The studies were dased on the detection of NMP signals of
27Al, 11B, 23Na, and 29Si NMR nuclei.26, 29, 30 This can be used,
for example, in studies of the macrostructures of catalysts and
supports, glass and ceramic materials and the structures of
granular layers and containers in which they are located. In
particular, the structure of a reactor can be visualised in studies
of catalytic processes occurring in the reactor. This, along with
studies of transport processes, will allow investigation of the
correlation between the structure of the reactor and the
processes that take place in it. For this purpose, the MRI
technique was used for three-dimensional imaging of model
granular layers composed of glass beads (23NaMRI, Fig. 1) or
spherical alumina grains (27Al MRI).

The merit of the MRI method is that it not only provides
structural information but, which is more important, also gives
spatially resolved maps of properties of the objects of interest
(velocity, temperature, chemical composition, etc.). Hence, the
further progress in MRI of solids will be directed towards the
use of this method with different image contrast mechanisms.
An evident field of application involves studies of themotion of
solids and granulated materials.

The development of spatially resolved NMR thermometry
is another promising area of investigation. Heat transport
processes are of primary importance in the design and use of
catalytic reactors. Nuclear magnetic resonance tomography is
rather widely applied in thermometry of liquids.7, 34 ± 37 How-
ever, none of the available approaches based on the signal
detection of a liquid phase can be used for thermometry of
heterogeneous catalytic processes. This is associated with the
fact that all parameters used in NMR thermometry (signal
intensity, chemical shifts, relaxation times, diffusion coeffi-
cients) substantially depend on other factors, for example, on
the amount of a liquid in pores. Therefore, it is impossible to
relate unambiguously the changes in these parameters to the
changes in temperature.

At the same time, the detection of a signal from a solid
matrix, which is much less subjected to changes during
operation of a reactor, allows the use of MRI for thermometry
of reactors. This possibility was documented almost exclu-
sively for soft solids. For example, the pronounced temper-
ature dependence of the longitudinal (spin ± lattice) and
transverse (spin ± spin) nuclear relaxation times (T1 and T2 ,
respectively) was used to construct three-dimensional temper-

Figure 1. Three-dimensional image of

the packing of glass beads with a diame-

ter of 3.5 mm in a glass tubewith an inner

diameter of 4.2 mm.

The image was acquired within 9 h by

detecting the 23Na NMR signal. The

image of the tube has been removed.
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ature maps for a cis-polybutadiene block, through which cold
and hot water was pumped using two pipes,38 and for vulcan-
isates of butadiene ± styrene rubber under dynamic mechanical
load.8, 9, 39 Two-dimensionalMRI of aKBr crystal,40 for which
the time T1 of the 81Br NMR signal shows a pronounced
temperature dependence, is an example of thermometry of
rigid solids. As mentioned above, alumina is widely used for
the preparation of catalysts and supports. Investigations
demonstrated that both the time T1 and the amplitude of the
27Al signal of alumina are characterised by a pronounced
temperature dependence.26 In the future, it can be used for
the development of procedures for spatially resolved NMR
thermometry of solids.

III. Multinuclear magnetic resonance imaging
of transport processes

Magnetic resonance imaging has long been advantageously
used in investigations of transport processes.6 In particular,
liquid flow, filtration, dispersion and diffusion in various
geometries, including transport in model granular layers,41 ± 44

plants,45, 46 electroosmotic flow,47, 48 turbulent flows, 49 etc.,
were considered in a vast number of publications.

Nowadays, MRI is being increasingly used in studies of
structures of bioreactors and transport processes in them. The
development of new technologies based on the use of various
bioreactors is of importance, for example, in such fields as
waste water treatment, food industry, construction of artificial
tissues, etc. The MRI technique allows the non-invasive
determination of the amount and spatial distribution of a
biomass in a reactor and location of inhomogeneities in biofilm
structures. For example, studies of the growth of biopolymers
based on Staphylococcus epidermidis in a capillary bioreactor
showed the presence of clusters of biomass, in which channels
and cavities were distinguished.50 The use of relaxation time
contrast made it possible to obtain separate three-dimensional
MRI images of water and biopolymers.51

Another approach to the separate visualisation of water
and biofilms was used in the study,52 where the differences in
the diffusion coefficients were employed. The MRI method
was applied also to investigate the structures of methanogenic
aggregates from an anaerobic purification system of waste
water.53 The contrast ofMRI images is substantially enhanced
upon absorption of paramagnetic compounds by a bio-
film.54 ± 56 In model studies, the removal of metal ions (La3+

and/or Cu2+) from aqueous solutions with biopolymers based
on the bacterium Citrobacter sp. was investigated.55, 56 Con-
siderable attention was focussed on the flow and diffusive
transport in bioreactors.50, 54, 57, 58 The flow in a new coaxial
bioreactor based on hollow fibre permeable membranes was
studied.59 The relationship between the structure and transport
properties of biopolymers was considered in several publica-
tions.50, 58 Mammalian cell-based bioreactors have found
increasing use for the production of antibodies, hormones
and proteins for therapeutic and clinical application, the tissue
growth for transplantation and the design of artificial tissues
and organs. The distribution and transport of paramagnetic
gadolinium complexes in such reactors were investigated.60, 61

Aspects of application of MRI in studies of transport and
biological activity in biofilms and bioreactors were considered
in several reviews (see, for example, Refs 62 and 63).

In recent years, considerable attention has been given to
application of MRI in studies of two-phase (liquid ± gas) flows
in various geometries,64 in particular, of gas and liquid trickle
flow in model granular beds. In this case, MRI experiments
provide information on the residual and dynamic liquid
holdup in a reactor, the presence of liquid streamlets in the
bed and wetting of the catalyst surface. For example, it was

demonstrated 65 that the flow pattern can remain unchanged
for many hours for a co-current trickle flow of water and air in
a model granular bed at constant gas and liquid flow rates. An
analysis of the results of investigation was used for the
determination of the above-mentioned parameters and their
dependence on the liquid flow rate. Changes in the gas flow rate
do not lead to substantial changes in the liquid distribution in
the layer. However, the initial state of the granular bed was
found to have a substantial effect on the gas and liquid
distribution in the bed.65, 66 A study of the dependence of the
liquid holdup in the reactor and wetting of the surface of
cylindrical alumina pellets in a granular bed on the liquid flow
rate 67 showed that smaller grains are characterised by higher
values of these parameters. After the flow is turned on aswell as
after the temporary interruption of the liquid feed, a few
minutes 64, 68 to several hours 69 are required for the establish-
ment of the stationary liquid and gas distribution in the bed.

Investigations of fast dynamic processes under two-phase
flow conditions require fastMR imaging. The imaging at a rate
of 10 images per second revealed liquid slugs passing through
the imaged slice at a high liquid flow rate.64, 68 Ultrafast
imaging (20 ms for two-dimensional images and 0.3 s for
three-dimensional images) allows MRI studies of gas ± liquid
two-phase flows in the trickle, pulsing and transient flow
regimes.70, 71 Most likely, the pulsing regime begins with the
appearance of local fluctuations and is characterised by the co-
existence of regions with constant and fluctuating contents of a
liquid. The sizes of the regions with an unstable flow increase
with the liquid flow rate and finally the regions coalesce. In the
transient flow regime, the instability regions in the bed are
shifted, which is apparently responsible for a hysteresis in the
plot of the pressure drop vs. the liquid flow rate. In the pulsing
flow regime, changes in the intensity of most of elements of an
MR image are observed. To characterise the periodicity of
changes in the local liquid content in the bed, the time
autocorrelation function was calculated from these data. A
preliminary study of the periodic mode with a modulated
liquid feed to the bed was documented.70 In spite of changes
in the liquid distribution in the bed after the liquid flow rate
returns to the starting value, no changes in the wetting of the
catalyst and the liquid holdup in the bed were observed.

It should be noted that the character of transport and its
quantitative characteristics can be radically changed if the
mass transfer is coupled with heat transfer and/or a chemical
reaction (see Section IV.2). A comparative study of a two-
phase flow of a diesel oil and N2 in a bed of glass beads or
alumina trilobes was carried out under normal conditions and
at high temperature and pressure (398 K, 10 atm).72 The liquid
holdup in the bed was determined from MR images. The
results obtained in the trickle flowmode showed a considerable
influence of the temperature on the dynamic liquid holdup in
the bed, which decreases with temperature.

To study a two-phase flow in channels of honeycomb
monolithic supports, for example, in a bubble-train flow with
alternating liquid slugs and gas bubbles, it is also necessary to
use fast magnetic resonance imaging because, unlike a steady-
state pattern in the trickle flow mode, the gas and liquid
distribution pattern is continuously changed. The possibility
of acquiring 4 ± 8 successive two-dimensional images in*0.6 s
was demonstrated in studies of air ±water two-phase bubble-
train flow in a thin pipe 73 and a cordierite monolithic honey-
comb support.74, 75 These experiments allow one to determine
the size of gas bubbles and liquid slugs and to follow their
motion in time. A fast NMR signal decay provides indirect
evidence for liquid recirculation in the case of two-phase
bubble-train flow.73 The same approach was used in studies
of ascending gas bubbles in channels of a monolith placed in a
static liquid.64, 66, 67, 76
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Studies of the filtration of liquid ± liquid two-phase systems
in porous media, for example, of water and silicon oil
embedded in glass beads, are presently underway.77, 78

The possibility of investigating gas flow and filtration by
the MRI technique has been demonstrated earlier.79 ± 82

The results of these studies gave impetus to further progress
in MRI techniques as applied to investigations of gas trans-
port. For example, a methane flow and accumulation of solid
particles in soot filters of diesel engines was considered.83

A relatively high spatial resolution (100 ± 250 mm) was
achieved by increasing the gas pressure to 10 MPa.
The measured maps of gas flow velocity showed that the flow
distribution through a porous filter wall is relatively uniform
along the channel length. The next series of experiments was
concerned with the accumulation of small carbon particles,
which were introduced into a gas flow, in a filter.

Until recently, it has been believed that the turbulent gas
flow in an inhomogeneous magnetic field should lead to fast
NMR signal decay and, consequently, this flow cannot be
studied by MRI. However, recently it has been demonstrated
that this is not true. The maps of flow velocity and turbulent
diffusivity for SF6 flowing at velocities >10 m s71 (Re>105)
above a step or about a wing model were reported.84

The experimental results are in rather good agreement with
calculations by computational fluid dynamics methods.

Even at high pressure, the sensitivity in experiments on
MRI of gases remains substantially lower than that of MRI of
water. Hence, velocity maps can be obtained only in channels
of a rather large diameter and, in contrast to MRI of liquids,
cannot be obtained in granular beds. However, studies of gas
filtration in porous media are of considerable interest in many
fields of science and technology. The use of pulsed field
gradient NMR (PFG NMR) for measuring an average propa-
gator (the velocity distribution of molecules) holds promise as
an approach to studying gas flow and filtration.79, 81, 85 This
method was used to obtain average propagators for axial and
transverse directions of propane or butane flows in different
granular beds.86, 87 If the time between gradient pulses (D),
during which the molecular motion is determined, is short, the
Gaussian distribution with a maximum for the zero displace-
ment is observed. A relatively large width of this distribution is
associated with a large gas diffusion coefficient. AsD increases,
an extended wing on the side of larger displacements appears in
the axial displacement distribution. Then a Gaussian distribu-
tion is formed again but with a maximum near the average
displacement due to gas flow. The widths of the axial and
transverse distributions for large D are determined by the
corresponding dispersion coefficients, which are substantially
larger than the gas diffusion coefficient. In experiments, the
dependence of the axial and transverse dispersion coefficients
onD, the gas flow rate and the grain size in the bed was studied.
The Gaussian distribution at large D for the axial transport
indicates that dead zones are absent in the layer. In the case of
gas filtration through a bed of porous particles [for example, of
poly(vinyl chloride)],87 the axial distribution shows the second
peak at zero displacements in the limit of large D. This peak
corresponds to the gas present in grain pores, which is rather
slowly exchanged with the free flowing gas. In addition, the
characteristic autocorrelation times of the velocity of gas
molecules were experimentally studied for filtration through
model granular bed.88

In spite of the progress in application of MRI in studies of
gas transport, low sensitivity is still the main obstacle to such
investigations. Hence, considerable recent attention has been
focussed on the production of hyperpolarised gases with a
considerable increase (by several orders of magnitude) in
nuclear spin polarisation compared to thermal equilibrium
polarisation in a spectrometer or tomograph magnet field.89

Laser procedures were developed for the continuous genera-

tion of hyperpolarised noble gases (129Xe, 3He, 83Kr).90 ± 92 It is
convenient to use these procedures to study gas flow and
filtration by MRI.80, 93

The use of hyperpolarised gases, particularly combined
with highly sensitive methods for the signal detection (for
example, with a superconducting quantum interferometer)
allows the detection of NMR signals and MR imaging at very
low magnetic fields using extremely small field gradients. For
example, experiments 94 were carried out at a magnetic field of
2.3 mT, which is approximately 3 orders of magnitude lower
than those used in most of MRI studies of non-living objects.
In the cited study, the filtration of hyperpolarised 129Xe*
through an aerogel and a bed of powdered polypropylene was
considered. In the latter case, due to a large chemical shift
difference (200 ppm or 5 Hz), bulk xenon and adsorbed xenon
were distinguished in spite of a very low magnetic field. Ultra-
low frequency magnetic fields allow investigation of samples
inside a metal container.95 In strong magnetic fields, these
investigations are in principle impossible because high-fre-
quency electromagnetic radiation does not penetrate into
conducting screens (skin-effect).

In recent years, methods of the so-called remote-detection
NMR and MRI have been developed based on the use of
continuous generation systems of hyperpolarised gases and
their delivery.96 ± 99 The remote detection is a new method, in
which spatial information is encoded into an NMR signal with
the use of radiofrequency pulses and field gradients at the
moment when molecules (information carriers) are present in
the object of interest, while the signal is detected at a different
site. This provides delay for the time of molecule transport
from the object to the site of detection. The distance between
the object of interest and the site of detection can vary from
several millimetres to several metres if the transport time is no
longer than the spin relaxation time, which determines the
lifetime of the encoded information. An obvious advantage of
this approach is that conditions of signal detection can be
optimised regardless of the properties and size of the object of
interest. Preliminary studies using remote-detection NMR
have demonstrated an enhancement of sensitivity and spatial
resolution for hyperpolarised 129Xe* in model objects and real
porous materials.96, 97 The remote signal detection was applied
in MRI of transport in model microreactors.98, 99 This made it
possible to perform detailed studies on the role of flow,
diffusion and mixing processes and reveal dead zones.99

The transport of solid granulated materials is used in many
industrial processes, including fluidised granular beds,
granulation, drying, pneumatic transport, etc. Magnetic reso-
nance imaging is widely used for investigating such processes.
However, all MRI studies of the transport of solids are based
on the detection of the NMR signal of a liquid phase. Hence,
liquid-containing solid particles are required. Plant seeds
(poppy or mustard) with high oil and moisture content,
pharmaceutical pellets with a liquid core, and liquid-saturated
porous grains are often used for this purpose.4, 6, 100, 101

Three-dimensional images of a granular bed fluidised with
an air stream 102 clearly show low-density regions (as vertical
columns) of the particle distribution above each orifice of the
gas-distribution plate. Interestingly, these regions were
observed at a gas velocity lower than the minimum fluidisation
velocity (U<Umf). At U>Umf , these regions coalesce into a
single low-density region in the upper part of the bed. The
images also clearly show dead zones between adjacent orifices.
Mixing of particles in a fluidised bed was studied using two
types of particles, which give and do not give NMR signals.103

Different modes of fluidisation were examined by recording
axial profiles of the particle density distribution, the particle
velocity distribution and the effective dispersion coefficient.104

In somewhat more complex MRI experiments, the contribu-
tions of coherent (differences in particle velocity) and incoher-
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ent (velocity modulation due to collisions) particle motion to
the dispersion coefficients can be distinguished.105

In particular, the dispersion coefficients for the transverse
transport with and without considering the coherent contribu-
tion differ by a factor of 3 ± 4; for the axial transport, this
difference is substantially smaller. Local information on the
particle velocity averaged over the time and an element of an
MR image can be obtained by combining MRI sequences and
velocity encoding methods.102, 105 Velocity distribution maps
reflect the upward particle motion in the central part of the bed
and downward motion in the near-wall region at a much lower
velocity. The transport of a gas used for fluidisation of a
granular bed can be studied by MRI. The gas exchange
between different phases (gas bubbles and emulsions) was
studied and gas velocity distributions at different gas flow
rates were obtained with the use of hyperpolarised
xenon.106, 107

Magnetic resonance imaging is applied also to study fluid-
isation of a granular bed in vibrating containers.108 ± 111

In addition, the particle transport in Couette flow 112, 113 and
in horizontal rotating cylinders was investigated 114 ± 117 and
filtration of mineral oil-containing Al2O3 particles through a
bead pack, which serves as a model of a catalytic reactor, was
studied.85, 118, 119

The drawback of the above-considered applications of
MRI in studies of the transport of solids is that it is necessary
to detect the signal of a liquid phase. This largely limits the
range of materials and processes, which can be studied by this
method. Until recently, the possibility of detecting the NMR
signal of a solid phase in such studies has not been considered.
The successful use of multinuclearMRI allowed us to study for
the first time the motion of solids by the direct detection of the
NMR signal of a solid phase. We used 30 the MRI method for
visualising the rotation of a cylinder filled with an alumina
powder. Three-dimensional velocity maps of the two velocity
components perpendicular to the cylinder axis were con-
structed by detecting the 27Al NMR signal. These data are in
good agreement with the results of calculations based on the
known parameters, viz., the rotation velocity and the diameter
of the sample. Propagators for motion of finely grained
alumina under the force of gravity were also obtained (Fig. 2).

The further progress in applications of MRI is greatly
hampered by the sensitivity of the method. This is also true for
the MRI of solids, especially when the signals of nuclei with a
low natural abundance of a magnetic isotope or a low
magnetogyric ratio are detected. Hence, we made considerable
efforts to enhancing the sensitivity of detection of the 27Al
NMR signal and signals of other nuclei. One of approaches in

NMR of half-integer quadrupolar nuclei is based on an
increase in the level population difference of the central
transition as a result of a inversion of satellite transitions by
means of adiabatic sweep of the radiofrequency field.120 This
made it possible to double the intensity of the 27Al NMR signal
in MR imaging of a glass tube with a wall thickness of
1.5 mm.30 The use of a narrower spectral band in the signal
detection 19, 121 led to a further increase in the signal-to-noise
ratio by a factor of 3.5. Nowadays, we use another approach
based on the development and construction of higher-sensitiv-
ity resonator-type radio frequency detectors.

Multinuclear MRI can be useful not only in studying the
transport of solids but also in investigating the transport of
different dissolved compounds. From a methodological view-
point, this obviates problems associated with the detection of
signals of a solid phase because a fast molecular motion in
solutions averages anisotropic nuclear spin interactions, result-
ing in a narrowing of NMR lines by several orders of
magnitude. Due to this, all liquid-phase MRI techniques are
fully applicable for multinuclear MRI of solutes.

Transport processes of dissolved substances have attracted
interest of researchers in different fields of science and tech-
nology. For example, the transport of salts in porous building
materials is of primary importance. In recent years, multi-
nuclear MRI has found application in studies of such proc-
esses.122, 123 The design of functional porous materials is often
based on impregnation of a porous matrix with various
substances. For example, efficient sorbents were prepared by
introducing different salts into pores of alumina, silica gel or
another porous matrix.124 It will be possible in future to
characterise both transport processes of dissolved substances
in impregnation and drying steps and the final distribution of a
solid-phase component introduced into a porous matrix after
complete removal of the solvent by combining MRI of
dissolved compounds and MRI of solids.29, 125, 126

The transport of dissolved substances is of great impor-
tance also in the preparation of supported catalysts by impreg-
nation of a porous support with the corresponding solutions.
The diffusive transport rate of substances into a porous
support substantially depends on the character of interactions
between these substances and the support, the presence of
modifying additives in solution, pH of the medium and other
factors. In some case, this rate can be very low, but in this case
uniform distribution of an active component over a support
cannot be achieved. In some cases, a non-uniform distribution
of egg-shell, egg-white, etc. types are required. In earlier
studies, we have found that platinum hexachloride (PtCl2ÿ6 )
deposited onto an extended surface of alumina can increase the
proton spin relaxation times of liquids filling the pore space of
supports.127, 128 As a result, MRI images reflecting the macro-
distribution of platinum in grains was obtained by detecting
signals of a liquid (cyclohexane or water) in grain pores.
Analogous experiments were performed for palladium tetra-
chloride (PdCl2ÿ4 ). Moreover, the non-destructive character of
MRI allowed, for the first time, the observation of the
dynamics of redistribution of adsorbed platinum hexachloride
in real time in one grain in the course of competitive adsorption
from a solution together with oxalic acid.127, 128 Unlike PtCl2ÿ6
and PdCl2ÿ4 , paramagnetic adsorbates lead to a decrease in the
spin relaxation times of contacting liquids. This allows the use
of MRI in studies of simultaneous adsorption of two active
components of different nature (for example, PtCl2ÿ6 and
Cu2+) upon simultaneous deposition onto an alumina
grain.118, 129

More recently, studies of practical importance were carried
out. The corresponding procedures were developed using
alumia-supported (Ni/Co)Mo catalysts for hydrodesulfurisa-
tion. These catalysts are often prepared with the addition of
other components, viz., co-promoters and modifying agents
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Figure 2. Particle velocity distribution of finely grained Al2O3 in a

vertical pipe obtained by detecting the 27Al NMR signal.
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(for example, phosphates and citrates). The transport of
phosphate in an alumina grain upon impregnation of the latter
in an aqueous H3PO4 solution was studied in the first step.
Magnetic resonance imaging with 31P NMR signal detection
provided dynamic visualisation of the phosphate transport in a
grain in the course of impregnation.125, 126 To confirm the
reliability of this method, maps of the spatial distribution of
phosphate in the solid phase were recorded after termination of
impregnation at various stages of impregnation and the sub-
sequent drying of the granules. This became possible due to the
development of the above-considered (see Section II) multi-
nuclear MRI of solids. The distribution of phosphate in a dry
grain was demonstrated to correlate with the distribution of
phosphate in the liquid phase during impregnation. In addi-
tion, an investigation with the use of the initially dry grain
combined with an alternating detection of 31P (phosphate) and
1H (water) images demonstrated fast capillary ingress of water
from a solution, the penetration of phosphate inside the grain
being much slower due to a strong interaction between the
phosphate and the surface of alumina pores.

In the next step, the cobalt transport during impregnation
of an alumina pellet with an aqueous solution of a cobalt salt
was investigated. The dynamics of the process was studied by
MR imaging by detecting 1H NMR signal of water because
paramagnetic cobalt ions (Co2+) have a substantial effect on
the intensity of the NMR signal of water. The addition of citric
acid to an impregnation solution was demonstrated to have a
substantial effect on the impregnation process: the cobalt
concentration at the periphery of the grain decreases due to a
stronger interaction between citric acid and the pore surface
and the displacement of cobalt further into the granule (Fig. 3).
The influence of the impregnation conditions on the character
of cobalt transport and the final distribution of cobalt over the
grain of the support was studied in detail. For example, the
redistribution of cobalt in the course of impregnation at high
and low pH (8 and 1, respectively) of an impregnation solution
for a grain with a diameter of 3.5 mm is completed in*2 h. At
pH 1, the final distribution has an egg-yolk type. At pH 8,
cobalt is uniformly distributed over a granule in spite of the
presence of citrate. At intermediate pH (for example, 5), the

impregnation time exceeds 15 h. Images obtained by MRI in
studies of the transport of Co2+ ions were converted into
concentration profiles with the use of calibration curves, i.e., it
was demonstrated that quantitative information on transport
processes in the course of supported catalysts preparation can
be obtained.

In the next step, the transport of molybdenum (Mo7O
6ÿ
24 )

was studied. Granules were impregnated with an aqueous
solution of ammonium heptamolybdate. Diamagnetic molyb-
denum ions (Mo6+) were found to lead to a substantial
increase in the spin relaxation times of water in the pores.
This effect is analogous to the effect used earlier in studies of
impregnation of support grains with an aqueous solution of
H2PtCl6 or H2PdCl4 (see above). Based on the results of these
investigations, approaches were developed for selective visual-
isation of the regions of grains containing (or not containing)
Mo6+, and a procedure was devised for observing the dynam-
ics of molybdenum transport in grains during impregnation.
However, it is necessary to useMRI in combination with other
physicochemical methods for complete characterisation of
such multicomponent systems. For example, spatially resolved
optical spectroscopy can be used for determining the nature of
ionic metal complexes.126, 130

In the above-described investigations, the transport of a
diamagnetic precursor of an active component in grains of a
support in the course of the preparation of supported catalysts
by impregnation was for the first time monitored by detecting
directly the NMR signal of the metal atom. This was exempli-
fied 125 by the preparation of a Pt/g-Al2O3 catalyst with the
observation the dynamics of the process by detecting the
195Pt NMR signal. The approaches developed in the latter
study were used for investigating the preparation of catalysts
on other supports, for example, for studying the distribution of
an active component in different samples of monolithic honey-
comb supports both after calcination and in freshly prepared
samples.131 To visualise the spatial distribution of an active
component, T1-weighted images were generated. Therefore,
approaches were devised for the first time to usingMRI for the
non-destructive control of the preparation of supported cata-
lysts by dynamic visualisation of the distribution of active
components and compounds promoting catalytic activity.

IV. Magnetic resonance imaging
of chemical reactions

1. Homogeneous reactions
Under homogeneous conditions, a liquid-phase reaction or
related mass-transfer processes can give rise to non-uniform
spatial distributions of reactants, products, intermediates and
other important parameters. In these cases, MRI can provide
useful information on processes occurring in systems.
An example is MRI studies of the Belousov ±Zhabotinsky
(BZ) reaction, metal ion-catalysed oxidation of organic sub-
strates by bromate anions.132 A series of interesting MRI
investigations were carried out in this field 133, 134 (see the
review 7). In the last three to four years, after a hiatus, interest
in this problem was rekindled. For example, the reaction
alternative to the classical BZ reaction, viz., the non-catalytic
cyclohexane-1,4-dione+bromate+acid reaction, was
studied.135 However, since the MR image contrast in all
previous studies of the BZ reaction has been based on the
periodic change in the oxidation state of metal ions (catalyst),
the latter investigation was performed with the addition of
manganese ions as a passive indicator of the processes occur-
ring in the system. This allowed investigation of the appearance
and evolution of wave structures in this system. The concen-
trations of the reactants, products and intermediates at dif-
ferent instants of time were determined by NMR monitoring
of the reaction, which partially confirmed the reaction mech-
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Figure 3. Two-dimensional 1H MRI images reflecting the dynamics of

transport of Co2+ ions into a g-Al2O3 grain in the course of its

impregnation with a solution of 0.2M Co(NO3)2 and 0.4 M citric acid at

pH 1.

The images were acquired by detecting the 1H NMR signal; the dark ring

corresponds to the part of the grain with the highest concentration of

Co2+ ions; the spatial resolution was (1396231) mm2.
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anism proposed earlier. Later,136 spatial maps of the concen-
trations of Mn(II) and Mn(III) ions were obtained directly in
the course of the BZ reaction.

The BZ reaction is homogeneous. However, its behaviour
can be substantially changed by performing this reaction in
thin capillaries or in an inert porous medium. The behaviour of
the BZ system in glass bead or quartz sand packs was inves-
tigated.88, 137, 138 In particular, the concentration wave velocity
in a glass bead pack with a bead diameter of 0.5 mm was
demonstrated to decrease by a factor of *2.5 after passing
through the interface between the bulk liquid and the granular
layer filled with the liquid. The wave velocity is proportional to
the square root of the diffusion coefficient of an autocata-
lyst.132 The diffusion coefficient in a porous medium decreases
by a factor of e/T (e is the porosity of the medium and T is the
tortuosity of the pore space) compared to the diffusion
coefficient in the liquid bulk.139 Estimates demonstrated that
changes in the concentration wave front velocity after passing
through the interface between these phases are associated
primarily with this factor.

The concentration wave propagation velocity decreases as
the curvature of the front increases.140, 141 As the critical
curvature is achieved, the formal velocity becomes negative,
resulting in the disappearance of wave activity of the medium.
The local (on the length scale of individual pores) curvature of
the wave front is determined by the pore size in a granular
layer. Hence, the propagation of the concentration front can be
influenced by varying the grain size. In particular, at fixed
concentrations of the key reactants, there is a critical pore size,
belowwhich nowave activity is observed. In addition, the wave
propagation velocity depends on the bromate anion concen-
tration.132 These investigations actually demonstrated that
each granular layer is characterised by a particular concen-
tration range, where the wave activity can be observed. For
porous materials with small pores, such as alumina, the wave
activity was not found at all.

Considerable attention is given to characteristic features of
coupling of a non-linear chemical reaction with transport
processes in open systems. In particular, very interesting effects
are observed in the course of filtration of aBZ reactionmedium
through inert granular layers. The descending wave velocity
(i.e., the wave propagating in the direction of flow) in a porous
medium was demonstrated to be substantially larger than the
sum of the flow velocity and the wave velocity in the stationary
medium, whereas the ascending wave can remain steady-state
in a laboratory reference system in a wide range of flow
velocities.137, 142, 143 Spatially resolved periodic-in-time con-
centration oscillations were studied 144 by pumping the BZ
reactionmedium through a glass bead pack. To create constant
boundary conditions at the layer inlet, the reactionmixture was
introduced from a continuously stirred tank reactor. After the
initial transition period, stationary wave structures were
observed in the system over a long period of time. Evidently,
it is impossible to detect three-dimensional wave structures by
optical methods in a non-transparent system.

Since the detailed mechanism of the BZ reaction is rather
complex, this unusual behaviour of wave fronts in a granular
layer in the presence of a reactant flow remains to be explained.

The concentration wave propagation is observed also in
different non-oscillating autocatalytic reactions, which often
have a much simpler mechanism than the BZ reaction. In this
connection, we performed a series of investigations of such
reactions to reveal the common features of coupling of trans-
port processes with a non-linear reaction. For experiments in a
reactor containing a stationary granular layer, we chose two
autocatalytic systems suitable for MRI studies: oxidation of
the Co2+ ethylenediaminetetraacetate (EDTA) complex by
hydrogen peroxide 145 (OH7 ions act as the autocatalyst)

2CoEDTA27+H2O2=2CoEDTA7+2HO7, pH 4 (1)

and oxidation of Fe2+ with nitric acid (NOÿ2 ions act as the
autocatalyst)

2 Fe2++HNO3+2H+=2Fe3++HNO2+H2O. (2)

In addition to the above-mentioned advantages, an advant-
age of these systems over the BZ system is that the initiation of
chemical waves can easily be controlled. Owing to changes in
paramagnetic properties of metal ions in the course of the
above transformations, it is easy to acquireMR images withT1

contrast. For reaction (1), a qualitative pattern for the chemical
wave front propagation was obtained. In experiments with
reaction (2), the quantitative dependence of the wave prop-
agation velocity on the flow velocity of the reactants through a
stationary granular layer was measured. These experiments
demonstrated that the wave velocity linearly depends on the
flow velocity of reactants, but the slope of the plot differs from
unity, i.e., the wave velocity in the moving medium is not a
simple sum of the wave velocity in a stationarymedium and the
flow velocity. For comparison, reaction (2) was performed in a
thin capillary. The latter process is characterised by a liquid
flow velocity distribution, but the dependence of the wave
propagation velocity on the average reactant flow velocity is
analogous to that observed for reaction (2) in a reactor with a
stationary granular layer. The experiments demonstrated that
the wave front propagation can be accompanied by a sponta-
neous change in velocity from slow to fast and back. This
unusual behaviour is apparently attributed to the exothermic
character of the chemical reaction and, consequently, to
changes in the density of the reaction solution.

In these experiments, considerable efforts were made to
develop MRI techniques for studying the chemical wave
propagation under different conditions. For example, the
chemical wave propagation in polymeric media is of interest
as a model, which can be used to study living biological tissues,
where different specific transformations can proceed. To
perform experiments in polymeric media, we chose oxidation
of thiosulfate with chlorite ions

S2O
2ÿ
3 +2ClOÿ2 +H2O=2SO2ÿ

4 +2Cl7+2H+. (3)

This reaction shows a wave activity at low
(<0.1 mol litre71) concentrations of the reactants (auto-
catalysis by H+ ions). Isopropylacrylamide gel was used as a
polymer matrix. We found that the nuclear spin relaxation
times of water vary with pH. For example, the chemical wave
propagation in the gel impregnated with the chlorite ± thio-
sulfate reaction solution led to a change in pH by 7 units,
resulting in an increase in the relaxation time T1 by *200 ms.
This allowed us to acquire MR images with pH contrast of the
propagating wave front at different instants of time.

The spatially resolved NMR thermometry for visualisation
of the chemical wave propagation is another area of methodo-
logical development. Since reaction (3) is exothermic, the
concentration front propagation can in principle be observed
from changes in the local temperature of the medium. Mag-
netic resonance imaging is rather widely used formeasuring the
local temperature in different samples.7 For systems containing
large amounts of water, including living objects, the tem-
perature determination is often based on an almost linear
temperature dependence of the chemical shift of a water
molecule in a wide temperature range. For the first time, we
usedMRI thermometry for measuring the local temperature in
the course of concentration wave propagation.146 The reaction
was performed in a vertical glass cell with an inner diameter of
9 mm, and two-dimensional images of a 2-mm thick slice were
acquired at three-second intervals for central longitudinal or
transverse sections. As a result, temperature profiles for this
colourless reaction were obtained (Fig. 4). According to the
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MRI data, an increase in the temperature of the solution in the
course of reaction front propagation was *8 8C, which is in
good agreement with the results of thermocouple measure-
ments performed separately. The accuracy of MRI measure-
ments of the temperature in these experiments was estimated at
1 8C. After the front propagation, the temperature of the
solution gradually decreases to the initial level, which is
reflected in the temperature profiles. These profiles also
demonstrate the presence of convective flows in the cell,
resulting from heating of the medium in the vicinity of the
reaction front. Therefore, the above-described procedures are
applicable to studies of the influence of reactant transport in
polymeric media and the temperature on the chemical wave
propagation.

2. Heterogeneous reactions
The application of MRI in the in situ studies of operating
reactors is a relatively new field that made its appearance in the
21th century.147 Nevertheless, numerous data were obtained
during this short period of time. Investigations carried out in
the course of a reaction are of great importance because
coupling of transport processes with reactions and attendant
processes (heat transfer and phase transformation) can funda-
mentally change the situation.

First in situMRI investigations of heterogeneous catalytic
reactions proceeding at high temperature were carried out at
the International Tomography Centre of the Siberian Branch
of the Russian Academy of Sciences in collaboration with the
Institute of Catalysis of the Siberian Branch of the Russian
Academy of Sciences. Heterogeneous hydrogenation of unsa-
turated compounds (a-methylstyrene, heptene, and octene) on
supported metal catalysts (Pt/g-Al2O3 and Pd/g-Al2O3) were
chosen as model reactions

R17CR2=CH2+H2 R17CHR2CH3 , (4)

R1=C6H5 , R2=CH3; R2=H: R1=n-C5H11 , n-C6H13 .

To perform reactions inside an NMR magnet, a NMR-
compatible reactor was designed, which allowed an increase in
the temperature of the reaction zone to *100 8C due to
external heating by a hot air stream. The reaction zone and
the hot-air jacket were placed in an evacuated glass Dewar to
prevent overheating of gradient coils of the instrument.
The catalyst is placed in the reaction zone; both the liquid
reagent which is fed through a capillary and the preheated

hydrogen gas which can be additionally saturated with the
reagent vapour are supplied from above.

Early studies 28, 88, 148 ± 150 addressed the spatial distribution
of a liquid phase in a single cylindrical pellet of the
15% Pt/g-Al2O3 catalyst in the course of hydrogenation of
a-methylstyrene (AMS). At that time, one two-dimensional
image was acquired during *260 s. Nevertheless, this first
experiment, where the operation of a model three-phase
reactor was directly observed, revealed the presence of con-
siderable concentration gradients of the liquid phase in the
catalyst grain under conditions of the simultaneous endother-
mic evaporation of the liquid reactant and exothermic hydro-
genation of its vapour.88, 149, 150 Presumably, fast evaporation
of the reactant occurs at the interface between the filled and dry
parts of the catalyst grain, whereas its vapour is efficiently
hydrogenated in the dry part of the grain.

Evidently, to study dynamic processes in a reactor, it was
necessary to decrease the MR acquisition time for each image,
which is determined primarily by the spin relaxation time of the
liquid phase. Hence, subsequent experiments were carried out
with grains of the 1 mass% Pd/g-Al2O3 catalyst containing
0.1 mass% Mn.27, 28, 85, 151, 152 This made it possible to acquire
two-dimensional images in 34 s. As a result, a number of
interesting dynamic processes, such as redistribution of the
liquid phase in the granule upon `ignition' of the catalyst grain,
were observed. It is worthy of note that in some experiments,
`ignition' started when the pellet was virtually completely
wetted and it led to drying of the grain by more than a half.
Most likely, the optimal conditions for the beginning of the
process are provided in the near-surface region of the grain,
because the temperature directly on the surface is lower due to
continuous heat removal by a gaseous reactant flow, while the
diffusive transport to inner parts of the grain through pores
filled with the liquid is hindered. As a result, `ignition' begins in
the grain at a particular distance from the surface, whereas the
near-surface and inner regions of the grain remain filled with
the liquid during a much longer period of time. As the liquid
reagent is evaporated, the inner wetted region of the grain
shrinks, resulting in a decrease in the rate of hydrogen trans-
port to the evaporation ± reaction zone. At a particular instant
of time, inhibition becomes the main process, the temperature
of the grain decreases, and a new cycle of filling of the grain
with the liquid begins. Based on these results, a hypothesis can
be made that hydrogenation efficiently proceeds in the region
under the grain surface, where the optimal balance between the
temperature of the grain and the diffusive supply of hydrogen
through the pore space is provided.

In longer experiments, numerous grain `ignitions' giving
rise to quasiperiodic oscillations of the liquid that was present
in the grain and the back-and-forth motion of the liquid front
were observed. These oscillations were observed when the
grain was filled with the liquid by more than a half and were
accompanied by changes in the amount of the liquid in the
grain and its temperature, large gradients of the liquid phase in
the grain in the radial direction and the liquid front propaga-
tion in a radial direction. The nature of these oscillation is
associated with the mutual influence of several processes, such
as heat transfer, mass transfer, phase transitions and the
chemical reaction itself. This is confirmed by the results of
mathematical simulation.153

Another type of behaviour is observed when a grain is
initially filled with a liquid by less than a half. In this case, the
concentration wave propagation along the axis of a cylindrical
grain occurs in a plug-like fashion. The largest amount of
liquid was detected in the upper part of the grain, where the
liquid reactant was delivered. The size of this region and its
boundaries continuously oscillated. The remaining part of the
grainwas filled with a vapour ± gasmixture and did not contain
the liquid. Evaporation of AMS and the gas-phase reaction led
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DT /8C

Figure 4. Temperature profiles obtained in the course of chemical wave

propagation in a chlorite ± thiosulfate system.

Longitudinal sections of the cell are shown; the images were acquired at

25-s intervals; the convective flow is indicated by an arrow.
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to temperature oscillations, which were detected in the lower
dry part of the grain by a thermocouple located in this region.
In the course of oscillations, the instant of timewhen the largest
(smallest) amount of the liquid in the grain was observed did
not coincide with the instant of time when the lowest (highest)
temperature was detected. In addition, the amounts of the
liquid in the upper and lower parts of the grain change out of
phase. These observations provide evidence for the delayed
feedback between the temperature of the grain and the amount
of the liquid in pores.

The oscillating liquid front propagation in a catalyst grain
suggests that, under particular conditions, a steady-state
reaction can become unstable because of its exothermic char-
acter. Subsequent experiments demonstrated considerable
sensitivity of the oscillating mode to external conditions.
In particular, the existence of oscillations and their periodicity
and regularity were found to depend on the activity of the
catalyst, the flow rate of liquid AMS and the temperature of
the supplied gas.

Experiments with single grains provide information on
dynamic processes at a characteristic single-grain size scale.
To study processes at larger scales and to investigate inter-
actions and the collective behaviour of grains, experiments
were performed with clusters consisting of a small number of
spherical catalyst grains with a diameter of 4.2 mm, which
form an approximately regular packing containing 3 ± 4 grains
in each horizontal layer. Two-dimensional MR images of
horizontal sections of the grain packing were obtained. These
experiments showed the possibility of `ignition' of individual
grains in a layer. These grains can act as microreactors
remaining dry after `ignition' due to the efficiency of the
reaction in spite of the fact that these grains contact with grains
filled with a liquid. In addition, the mutual influence of
adjacent grains in the layer was revealed. In particular, it was
demonstrated that dry grains can be replenished with the liquid
from adjacent wet grains.

In the practice, beds consisting of a huge number of catalyst
grains are used. The operation efficiency of a catalytic reactors
substantially depends on the liquid phase distribution in a
granular bed It is highly probable that the appearance of hot
spots in a bed is also associated with the character of the liquid
phase distribution. Hence, it is very important to map the
liquid phase distrubution in a catalytic reactor for different
operation modes. Finally, these investigations will allow estab-
lishment of the mechanisms responsible for the development of
critical phenomena both at the micro- and macroscale. We
carried out a series of investigations of the liquid phase
distribution in a granular bed of spherical catalyst grains with
a diameter of either 1 or 2 ± 3 mm directly in the course of
hydrogenation. In particular, it was found that the liquid phase
distribution in a catalyst layer substantially depends on the
conditions of reactor start-up. For example, essentially differ-
ent liquid phase distributions are observed when a liquid
reactant is supplied to a dry layer or a layer initially saturated
with a liquid.

In subsequent studies, we succeeded in obviating the need
for impregnation of catalyst grains with paramagnetic ions to
reduce the image acquisition time. Procedures were developed
for three-dimensional imaging of the whole catalyst bed with a
submillimetre spatial resolution in 20 ± 30 s and for acquiring a
set of five two-dimensional sections in 2 ± 3 s each. This, in
turn, enabled us to perform the detailed study of the dynamics
of the liquid phase redistribution in regular layers of spherical
catalyst grains. The results of these investigations confirmed
the existence of partially wet catalyst grains over long periods
of time, replenishment of dry or partially wet grains with a
liquid from adjacent grains and the fluctuating liquid front
propagation in partially wet grain (Fig. 5). Evidently, the
observation of such effects, which are impossible in a `cold'

reactor (in the absence of reaction), is a manifestation of the
non-linear coupling of heat and mass transfer processes, phase
transformations and a chemical reaction proceeding in the
reactor. In the absence of the reaction, the liquid is approx-
imately uniformly distributed as a result of capillary imbibition
of the liquid in porous grains. The above-described approaches
allow individual imaging of both a liquid phase in porous
grains and a liquid filling the space between grains. Experi-
ments demonstrated that the liquid phase transport occurs
primarily through film flow over the surface of catalyst grains
and showed the possible disturbance of the local phase
equilibrium in an exothermic reaction, which creates condi-
tions for the reactor to deviate from a stable operation
mode.154

Images obtained in the above-described experiments reflect
the total liquid (both the reactant and the product) distribu-
tion. However, NMR is primarily a powerful spectroscopic
method. Many available applications are based on a combina-
tion of NMR spectroscopy and imaging, which give either
spatially localised NMR spectra, i.e., spectra reflecting the
local chemical composition, or tomographic images (the spa-
tial distribution of the substance in question). These data are
necessary for characterisation of the reactor operation because
they provide spatially resolved information on the degree of
conversion of the reactants. Undoubtedly, an improvement of
combinedNMR/MRI techniques for chemical engineering will
be one of the main directions of further development in this
field.

Unlike high-resolution NMR spectra of bulk solutions, in
which the linewidth is often <1 Hz, NMR spectra of pore-
filling liquids are characterised by substantially broader lines.
Nevertheless, in room-temperature NMR spectra with a spa-
tial resolution of 260.560.12 mm3 of a mixture of AMS and
cumene, which fills pores of an alumina grain, the 1H linewidth
is not so large, and at least semiquantitative analysis of the
composition of the reaction mixture can be performed.149

Subsequent experiments were carried out for an operating
reactor with a packed bed of catalyst grains with a diameter
of 1 mm.151 In three-dimensional experiments (one spectral
and two spatial coordinates), NMR spectra were measured for
each element of a two-dimensional image. The reactant-to-

Figure 5. Liquid phase distribution in a regular bed of a catalyst

(1% Pd/g-Al2O3 , catalyst bed diameter is 4.2 mm) directly in the course

of octene hydrogenation.

Each image was acquired for 3 s at 0.5 ± 3.5-min intervals; the images show

a non-steady-state operation of the reactor; lighter shades of gray

correspond to a higher local concentration of the liquid phase.

Multinuclear magnetic resonance imaging as a multifunctional tool ... 591



product ratios in different regions of the granular layer were
determined directly in the course of the reaction by comparing
these spectra with the spectra for pure AMS and cumene. The
NMR spectrum detected in the upper part, where the liquid
reactant is supplied, corresponds to virtually pure AMS; the
NMR spectrum detected in the lower part, to the virtually pure
product (cumene); the spectrum detected in the middle part
corresponds to amixture of the reactant and the product. Their
ratio gradually changes along the height of the layer. In
addition, the degree of conversion in the radial direction also
varies.

A number of other catalytic reactions (liquid ± solid and
gas ± liquid ± solid) were studied by MRI. For example, ester-
ification of methanol and acetic acid giving rise to methyl
acetate and water in a reactor with a granular bed composed of
small grains of the acidic form of an ion-exchange resin was
documented:155

MeOH+MeCO2H MeCO2Me+H2O. (5)

The spatial pattern of the degree of conversion in a reactor was
obtained by combining the spectroscopic andMRImethods. It
was found that the concentration of the product along the
length of the reactor increases and the degree of conversion
decreases as the flow rate increases. The variations of the
conversion in the radial direction are as high as *20%. All
experiments were carried out under stationary conditions,
because the signal acquisition time was long. Later, investiga-
tions aimed at revealing correlations between the degree of
conversion and the transport characteristics of the reactor with
a granular bed were performed.68, 156 For example, the plot of
the local conversion vs. the local rate showed a good correla-
tion between these two parameters in spite of the fact that the
degree of conversion is not a local characteristic. An approach
used in the studies 68, 155, 156 is based on the detection of 1H
NMR signals of the OH groups of acetic acid, methanol and
water, which coalesce into one broadened line as a result of fast
proton exchange. The position of this line in the spectrum
depends on the relative concentrations of all three compounds.
This approach is limited to a particular class of reactions.
A more common approach, which is based on the use of MRI
with a spectroscopic resolution, was successfully used 157 for
catalytic esterification of propionic acid and butan-1-ol giving
rise to butyl propionate and water with the use of an enzyme
immobilised on a single calcium alginate grain,

BunOH+EtCOOH EtCOOBun+H2O. (6)

Experiments with the use of one spatial coordinate and one
spectroscopic coordinate made it possible to trace the increase
in the intensity of the signals of water and butyl propionate and
the decrease in the intensity of the signal of butanol in the grain
in the course of the reaction.

Multinuclear MRI produces images from not only the
1H NMR signal but also from signals of other magnetic nuclei.
In particular, the 13C nucleus is characterised by a substantially
broader range of chemical shifts than the 1H nucleus, which, in
principle, enables one to obtain substantially more accurate
quantitative spectral information even in the case of substan-
tial line broadening in NMR spectra. However, since the
natural isotopic abundance of 13C is very low (1.1%), the
quality of images is poor and, consequently, a long time is
required for image acquisition or it is necessary to use isotope-
labelled compounds. Nevertheless, such investigations were
documented. The competitive transformation of 2-methylbut-
2-ene into tert-amyl methyl ether and tert-amyl alcohol at
40 8C catalysed by ion-exchange resin grains (600 ± 850 mm) in
a reactor with a diameter of 15 mm was studied.158

MeCH=CMe2 (7)

EtCMe2OMe+EtCMe2OH.

Two-dimensional integrated images of a reactor were acquired,
and a 13C NMR spectrum was measured for each element.
The conversion of 2-methylbut-2-ene into ether and alcohol
was found to be gradually increased in the axial direction, the
selectivity to ether being retained at *75%±80%. Both the
selectivity and the conversion fluctuate in the transverse
direction, the variation of the conversion for a fixed axial
coordinate being *15%. The equilibrium magnetisation
transfer from 1H to 13C nuclei was used to compensate, in
part, for the loss of sensitivity in experiments with a natural
isotopic abundance of 13C. However, even in this case, a
moderate spatial resolution (2.563.75 mm, without slice
selection) was achieved at the acquisition time of one image
of 16 h. The 13C NMR signal detection was used also
in investigations of hydrogenation and isomerisation of
oct-1-ene.159 To record spectra with a spatial resolution of
2.8 mm along one coordinate integrated over two other
coordinates, more than a quarter of an hour was required.

In spite of considerable difficulties in performing MRI of
gases and problems associated with the use of high temper-
atures in a probe of a microimaging instrument, some research
teams designed special apparatus and proceeded to studies of
high-temperature gas-phase reactions. For example, to per-
formMRI studies of combustion processes, a probe with water
cooling and a system for removing combustion products was
designed.160 In the experiments, the behaviour of gas streams
before and after methane ignition was compared. A stream of
the unignited gas was visualised a flow rate of up to 2 m s71

from an orifice with a diameter of 1 mm. In the presence of
flame, an NMR signal gradually disappears at a distance of
*3 mm from the orifice. The acquisition time of each image
was several hours.

One possible way of enhancing the sensitivity in gas-phase
MRI experiments is based on the use of hyperpolarised gases
(see Section III). In particular, this approach was applied in
studies of non-catalytic methane combustion over the surface
of a granular layer of partially dehydrated zeolite NaX.161 A
mixture of hyperpolarised 129Xe* andmethane was supplied to
the layer together with air from the bottom, and the process
was studied by recording 129Xe NMR spectra without spatial
resolution. Due to very high sensitivity of the 129Xe chemical
shift to the environment, the authors succeeded in visualising
different regions in the cell, which differ in the concentration of
xenon, the composition of the mixture and the temperature.
The exchange between these regions in the course of combus-
tion was studied by two-dimensional exchange NMR spectro-
scopy.

3. Hydrogenation with parahydrogen
Hyperpolarised gases and liquids can be prepared by hydro-
genation. Molecular hydrogen (H2) is a mixture of two spin
isomers, viz., orthohydrogen (o-H2 , the total nuclear spin
I=1) and parahydrogen (p-H2 , I=0). Only orthohydrogen
gives an observableNMR signal due toRF-induced transitions
between three spin sublevels. The spin relaxation times of the
1H NMR signal under normal conditions are rather short
(T1=3 ms, T2=0.4 ms). However, states with different
multiplicities are not mixed in relaxation process, and the
time of the ortho ± para conversion for hydrogen under normal
conditions can be as long as one year. Hence ortho- and
parahydrogen can be considered as two different gases, one of
which (p-H2) is generally not involved in NMR experiments
because it has the zero nuclear spin.

At room temperature, the o-H2 : p-H2 equilibrium ratio is
close to a random value (3 : 1). At lower temperatures, the
equilibrium is shifted to p-H2 . At the liquid hydrogen temper-
ature, the equilibrium mixture consists virtually exclusively of
p-H2 . At 77 K, the equilibrium ratio is approximately 1 : 1.
Taking into account the low rate of spontaneous ortho ± para
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conversion, normal hydrogen is cooled over a catalyst for
ortho ± para conversion to achieve the equilibrium. Paramag-
netic compounds [FeO(OH), activated carbon, etc.] are com-
monly used as catalysts for this process. An advantage of a low
rate of spontaneous conversion is that, after the establishment
of the equilibrium at low temperature, hydrogen can be stored
at room temperature over a long period of time, no substantial
changes in the o-H2 : p-H2 ratio being observed.

Non-equilibrium mixtures of ortho- and parahydrogen are
characterised by the presence of an overall correlation of
nuclear spins in an ensemble of molecules. For this correlation
to be observed in NMR spectra, it is necessary to break the
magnetic equivalence of nuclear spins of two hydrogen atoms.
Evidently, this can be achieved by using parahydrogen in
hydrogenation, as a result of which two hydrogen atoms in
the reaction product are in non-equivalent positions. It is
important that two atoms of one hydrogen molecule be added
to one substrate molecule, which retains the initial correlation
of nuclear spins. In this case, the intensity of theNMR signal of
the reaction product increases by a factor of 46104 for a
spectrometer with amagnetic field of 7 T and this signal is even
more enhanced in weak fields. The spectral manifestation of
parahydrogen-induced polarisation depends on the experi-
mental scheme. If hydrogenation is performed directly in an
NMRprobe, the spectrum shows two antiphase multiplets (the
PASADENA effect, parahydrogen and synthesis allow dra-
matically enhanced nuclear alignment). If the reaction is
performed in magnetic field of the Earth followed by the
transfer of a sample to a probe of a spectrometer, a net
enhancement of two multiplets having opposite signs is
observed (ALTADENA, adiabatic longitudinal transport
and dissociation engender net alignment).162, 163

During 15 years, hydrogenation with parahydrogen was
used primarily in studies of the reaction mechanisms of
homogeneous hydrogenation with transition metal complexes
(for example, with the Wilkinson and Vaska catalysts). The
reactionmechanism implies the formation of ametal dihydride
complex as a short-lived intermediate. The use of parahydro-
gen in hydrogenation allows an increase in the intensity of the
NMR signal by several orders ofmagnitude and, consequently,
it is possible to detect 1H NMR spectra of intermediate
dihydride complexes.164 Parahydrogen-induced polarisation
was observed in homogeneous processes involving different
Rh, Ir, Ru, Pt and Os complexes. Detailed studies of the
kinetics and mechanism of homogeneous hydrogenation reac-
tions involving such complexes were carried out with the use of
parahydrogen as a spin label, and in some cases the new
intermediate species were detected.165 ± 168 As a result of polar-
isation transfer from protons to other nuclei (13C, 31P, 15N,
19F), a much more detailed spectroscopic information can be
obtained.169 ± 172

Interest in the use of parahydrogen for enhancement of the
NMR signal was rekindled after the publication of the
study,173 where hydrogenation with parahydrogen was used
for the first time to enhance the signal in MRI. In this study,
hydrogenation was followed by polarisation transfer to 13C
nuclei by varying the external magnetic field. Then the solution
was injected into a blood vessel of a laboratory animal and an
MR image was recorded. The use of this procedure and its
subsequent modifications 169, 174 allowed the authors to
acquire two-dimensional images of a blood vessels (angio-
grams) from the 13CNMR signal of the reaction product in less
than 1 s with a natural isotopic abundance of 13C.

The presence of a catalyst in solution is a drawback of the
approach used in the studies,169, 173, 174 which substantially
limits its application in studies of living organisms and makes
it impossible to perform these investigations in medical pur-
poses. In addition, this fact hampers the development of
technical applications of MRI. For example, the construction

of systemswith a continuous polarised fluid (liquid or gas) flow
for MRI of different objects with the use of homogeneous
hydrogenation requires large amounts of an expensive catalyst.
In principle, the catalyst can be removed from solution with an
appropriate adsorbent.175 However, the polarisation relaxa-
tion time is equal to a few seconds and is additionally decreased
in the case of a contact between the product and a porous
material.

Up to 2007, data on parahydrogen-induced polarisation in
heterogeneous reactions were lacking. It should be noted that
polarisation was observed 176 when performing hydrogenation
on colloidal (Pd)x[N(n-C8H17)4Cl]y particles in a liquid. How-
ever, it cannot be ruled out that the solution simultaneously
contained the dissolved metal complex, which was responsible
for the observed polarisation. In addition, the authors of this
study mentioned the commonly accepted view that polarisa-
tion of the product is impossible in heterogeneous catalytic
hydrogenation with parahydrogen. Actually, many industrial
hydrogenation catalysts are highly dispersed metal (Pt or Pd)
particles deposited on a porous support (for example, Al2O3).
It is commonly accepted that hydrogenation on these catalysts
involves dissociative chemisorption of hydrogen on metal
particles, hydrogen migration over the particle surface and
spillover onto the support. Under these conditions, the
probability that the correlation of nuclear spins of the starting
parahydrogenmolecule will be retained and that two hydrogen
atoms of one H2 molecule will be present in one product
molecule is negligibly small. Hence, until recently, it was
believed that parahydrogen-induced polarisation can be
observed only in homogeneous catalytic processes with all
attendant problems and drawbacks.

In recent years, experts in catalysis have made great efforts
to establish bridges between homogeneous and heterogeneous
catalytic processes.177 In many cases, homogeneous catalysts
exhibit much higher activity and selectivity; however, the
unbeatable advantage of heterogeneous catalysts is that the
latter can easily be removed from the reaction mixture.
Presently, the latter fact is of key importance not only in view
of strengthening of environmental requirements for industrial
processes, but also because the catalysts become considerably
more expensive as their structure gets progressively more
complex. In this connection, a combination of the advantages
of homogeneous and heterogeneous catalysis by immobilisa-
tion of homogeneous catalysts on an appropriate porous
support is one of increasing trends in modern catalysis.178, 179

Nowadays, several procedures are available for immobilisa-
tion based on formation of hydrogen bonds, ion pairs, covalent
attachment to organic or inorganic supports, etc. Many of
these procedures were used also in the design of new hydro-
genation catalysts 180 ± 185 characterised by high stability, effi-
ciency and selectivity in heterogeneous hydrogenation under
mild conditions. It is important that, in many cases, the
chemical structure of metal complexes does not undergo
substantial changes upon their immobilisation. Consequently,
the reaction mechanism presumably remains unchanged upon
immobilisation. However, it is difficult to obtain direct evi-
dence for this fact.

Polarisation in heterogeneous hydrogenation with para-
hydrogen was observed for the first time in the study by
Koptyug et al.186 (Fig. 6). For this purpose the following
three catalysts were used: the Wilkinson catalyst (1) immobi-
lised on a styrene ± divinylbenzene copolymer (1/polymer), the
same catalyst immobilised on modified silica gel
RhCl(PPh3)2PPh2(CH2)27SiO2 (1/SiO2) and the immobilised
tridentate complex Rh(cod)(sulfos)7SiO2 (2/SiO2; cod is
cycloocta-1,5-diene; sulfos is 7O3S(C6H4)CH2C(CH2PPh2)3).
In one series of experiments, hydrogenation was carried out in
magnetic field of an NMR spectrometer. For this purpose, a
tube with a solution of the substrate (styrene) and the catalyst
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(1/SiO2 or 1/polymer) was placed in a probe of the spectro-
meter and heated to 65 ± 80 8C. Both catalysts efficiently
hydrogenate styrene to ethylbenzene. In reactions with the
use of enriched parahydrogen, both catalysts lead to substan-
tial polarisation of nuclear spins in the reaction product and
give rise to the characteristic antiphase structure of multiplets
in the NMR spectrum (PASADENA, see Fig. 6 b). The NMR
spectra of the product, which was prepared by hydrogenation
outside a magnet followed by the transfer of the sample to a
probe of an NMR spectrometer, show multiplets with net
polarisation of opposite signs (ALTADENA). It was also
found that after removal of the catalyst from the solution,
bubbling with hydrogen did not lead to either the formation of
the product or polarisation. These results confirm that polar-
isation upon hydrogenation with parahydrogen was observed
in a heterogeneous process for the first time.

Besides, hydrogenation with parahydrogen was applied for
the first time 186 to generate nuclear spin polarisation in gases.
For this purpose, catalysts immobilised on a porous support
(1/SiO2 or 2/SiO2) were used. To observe the PASADENA
effect, the tubewith a dry catalyst was placed in anNMRprobe
and heated to 80 8C. A mixture of propylene and enriched
parahydrogen was continuously introduced into a tube
through thin capillaries. The nuclear spin polarisation of the
reaction product, viz., propane, was determined from NMR
spectra. To observe the ALTADENA effect, the reaction was
carried out outside a magnet. For this purpose, a mixture of
propylene and enriched parahydrogen was continuously
purged through a copper tube packed with a catalyst heated
to 130 8C and then passed to anNMRprobe (see Fig. 6 a). The
observation of polarisation upon hydrogenation of a gas is

unambiguous evidence for the fact that nuclear spin polar-
isation can be produced not only in homogeneous but also in
heterogeneous processes. Later, polarisation in hydrogenation
of propylene with parahydrogen was achieved with the use of
the silica gel-immobilised RhCl(POMe3)3 complex.

In further investigations,187 the possibility of the prepara-
tion of a hyperpolarised gas in heterogeneous hydrogenation
was used for MR imaging of model objects; NMR tubes with
cross-shaped partitions or capillary bundles mounted inside
the tubes were used as such objects. As in the earlier experi-
ments,186 hydrogenation of propylene was performed using a
continuous flow of a gas mixture through a heated catalyst.
Then the polarised product (propane) was delivered through a
system of tubes to the model object, and the MR image was
obtained by detecting the NMR signal of the polarised gas.
Until recently, the preparation of hyperpolarised gases was
limited primarily by laser polarisation of noble gases (see
Section III). Therefore, the results of the studies 186, 187 sub-
stantially extended the range of gases, for which the signal-to-
noise ratio in MRI experiments can be substantially improved
by producing nuclear spin polarisation.

The above-described results are of importance for several
reasons. First, the observation of polarisation of the product
with the use of parahydrogen is direct evidence for the pair-
wise addition of two hydrogen atoms of an H2 molecule to one
substrate molecule. Therefore, these results confirm that the
reaction mechanism of hydrogenation by metal complexes
remains unchanged upon their immobilisation onto a support.
Second, the pair-wise addition is a necessary but not sufficient
condition for observation of polarisation. After the formation
of the dihydride complex, two hydrogen atoms become non-
equivalent and their spin correlation decays due to spin
relaxation.188 Immobilisation of the complex leads to a sub-
stantial decrease in molecular mobility, and the spin relaxation
times can be substantially shorter than the spin relaxation
times of complexes in solution. The observation of polarisation
indicates that the lifetime of intermediate dihydride cannot be
substantially longer than its spin relaxation time.

The preparation of pure fluids with polarised nuclear spins
opens a broad spectrum of new possible applications, partic-
ularly, those associated with the NMR signal detection in low
and ultra-low magnetic fields,189, 190 where the equilibrium
differences in the populations of spin energy sublevels are
very small. The possibility of creating continuous flows of
polarised fluids is particularly attractive. This possibility was
exemplified by heterogeneous hydrogenation of propylene.
Efficiency of biomedical experiments with parahydrogen-
induced polarisation can be increased using solid catalysts. In
addition, many studies based on homogeneous hydrogenation
with parahydrogen are characterised by an uncertain duration
of this process because the termination of bubbling of a
solution with parahydrogen does not lead to the immediate
termination of the reaction. This substantially complicates the
interpretation of the results.170, 191 It is important to obtain
pure quantum states in experiments with the use of para-
hydrogen-induced polarisation aimed at designing quantum
computers.192, 193

In view of the results of recent investigations, hydrogena-
tion with parahydrogen has yet another important potential
application in NMR. Many modern NMR and MRI experi-
ments are based on the creation of particular perturbation of a
spin system, which then undergoes evolution over a particular
period of time. The evolution is followed by the `read-out' of
the new state of the spin system. This principle provides the
basis for the diffusion coefficient and flow rate measure-
ments,139, 194 different two-dimensional NMR spectroscopic
experiments,195 etc. If the evolution period is substantially
longer than the spin relaxation times, the detection of the final
state of the spin system does not give useful information on the
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(a) ALTADENA for propylene hydrogenation (R=Me) in weak field at

130 8C, (b) PASADENA for styrene hydrogenation (R=Ph) in strong

field at 60 8C. In both cases, equilibrium NMR signals of the reaction

product are negligibly small.
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processes in question. Hence, until recently, researchers have
believed that the maximum evolution time is comparable with
the spin ± lattice relaxation time (T1) of the spin system.
However, recently it has been demonstrated 196, 197 that this
limitation can be overcome by using the unique properties of
singlet spin states. Actually, for pairs of equivalent nuclei with
spin 1/2, the states with a certain total spin of the pair are the
eigenstates of the Hamiltonian: singlet (I=0) and triplet
(I=1). This is also the case with a hydrogen molecule (see
above). The spinless singlet state is not involved in relaxation
processes which affect the NMR spectra, and the interconver-
sion time between states with different total spins can be longer
that the spin relaxation times by an order of magnitude or
larger.196, 197 As in the above-considered NMR of parahydro-
gen, the singlet state of a pair of nuclei is not directly involved
in NMR experiments. Hence, to use the unique properties of
singlet states, it is necessary to construct a molecular system in
which the magnetic equivalence of a pair of nuclei could be
`switched on' and `switched off' under the external action on
the spin system. So far, the two different ways of performing
this switching have been suggested: the physical transfer of a
sample from a weak magnetic field to a strong field and
back 197 or prolonged RF irradiation of the spin system in a
strong field of a spectrometer.196 For example, the measured
lifetime of the singlet state (Ts) of 2,3-dibromothiophene
in DMSO-d6 in weak field was 104 s (T1=17 s).197 For
2-chloroacrylonitrile in DMSO-d6, Ts=141 s (T1=7.8 s) in
the case of continuous RF irradiation.196

Practical outputs of these investigations hold considerable
promise. A substantial increase in the lifetime of spin coherence
can be useful in studies of slow transport processes. For
example, the use of long-lived singlet states in experiments on
measurements of molecular diffusion coefficients (D) by PFG
NMR at Ts=10T1 allows a decrease of the lower detection
limit ofD by an order of magnitude, all other factors being the
same. An example of the application of this approach was
described in the study,198 where the diffusion coefficients of
2-chloroacrylonitrile in a DMSO-d6 ±D2Omixture were meas-
ured in the temperature range from 746 to +25 8C. Long-
lived spin states hold promise also in investigations of very slow
dynamic processes, such as chemical exchange, conformational
transformations, protein and RNA refolding, etc. Two-dimen-
sional exchange spectroscopy with the use of long-lived singlet
states was proposed in the study.199 This study dealt with
conformational transformations of monosaccharide, in which
all hydrogen atoms, except for two atoms, were replaced by
deuterium. The lifetime of the singlet state for this pair of
protons was demonstrated to be 37 times longer than T1. In an
exchange experiment, the mixing time allotted for a conforma-
tional change of the molecules was 12 s (T1=0.7 s).

The extensive development of the theory of long-lived spin
states is presently underway.200 ± 204 Evidently, the use of states
with lifetimes substantially longer than T1 also shows promise
for imaging applications, particularly, for liquid and gas flows,
for example in the remote imaging (see Section III).
A combination of the properties of long-lived singlet states
and nuclear polarisation produced by hydrogenation with
parahydrogen is also promising.170, 191 The initially produced
state of a pair of nuclear spins in the reaction product is singlet,
and an additional advantage is that an excess of these states in
an ensemble of molecules increases by several orders of
magnitude.

V. Conclusion

In recent years, the number of studies in the area of physico-
chemical applications of the MRI technique has rapidly
increased. In addition to a substantial extension of the range
of objects and processes, the MRI technique itself underwent

considerable changes. This stage of investigations is charac-
terised by the development of new applications, which have
been considered to be impossible to implement in practice until
recently. These are studies of solids without the use of solid-
state NMR techniques, investigations of gas transport, studies
of high-temperature reactions, etc. In addition, the develop-
ment of methods of nuclear spin hyperpolarisation and spec-
troscopy of singlet spin states opens new prospects for the
further progress in MRI.
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Abstract. The results of spin chemistry studies of the singleThe results of spin chemistry studies of the single
electron transfer step and the role of spin states of para-electron transfer step and the role of spin states of para-
magnetic intermediates in the enzymatic oxidation of organicmagnetic intermediates in the enzymatic oxidation of organic
substrates induced by horseradish peroxidase are generalised.substrates induced by horseradish peroxidase are generalised.
Detailed theoretical description of the approach used toDetailed theoretical description of the approach used to
analyse the magnetic field effects in enzymatic multispinanalyse the magnetic field effects in enzymatic multispin
systems is presented. Prospects for the use of spin chemistrysystems is presented. Prospects for the use of spin chemistry
techniques for elucidation of themechanisms of radical steps oftechniques for elucidation of themechanisms of radical steps of
enzymatic processes are considered. The bibliography includesenzymatic processes are considered. The bibliography includes
80 references80 references..

I. Introduction

Spin chemistry methods are used in studies of radical reactions
the rates and, often, directions of which depend on the
orientation of the electron and nuclear spins of transient
radical species and on the strength of external and local
magnetic fields. Spin chemistry became an individual avenue
of chemical research nearly twenty-five years ago and currently
there is no need to introduce it to the reader. The term `spin
chemistry' refers to the chemistry of the radical processes
mentioned above and to the methods employed. The latter
comprise the methods based on the phenomena of chemically
induced dynamic electron and nuclear polarisation (CIDEP
and CIDNP, respectively), magnetic field effect (MFE), mag-
netic isotope effect (MIE) and related techniques that have
been comprehensively described in a number of reviews and
monographs (see, e.g., Refs 1 and 2).

After completion of theoretical description of the magnetic
field effects detected in model systems, the last decade was
marked by the trend to practical application of this knowledge
to the studies of complex chemical and biochemical processes
by spin chemistry. This avenue of research seems to be quite

important because elucidation of the structure and properties
of short-lived intermediates in chemical reactions belongs to
the key problems in modern chemistry. Spin chemistry
methods make it possible to study paramagnetic intermediates
with lifetimes from a few nanoseconds to a few microseconds,
viz., radical ions and neutral free radicals, biradicals, carbenes
and carbene analogues and triplet-excited molecules.

The involvement of radical ions, radicals and biradicals in
some reactions was only postulated; remarkable examples of
successful use of the CIDNP and MFE techniques for eluci-
dation of the mechanisms of these processes have been
reported.3 ± 5 Of particular interest are recent spin chemistry
studies in biology 6 including investigations of oscillatory
enzymatic reactions,7 structural features of reversible protein
folding,8 type of the intermediates in the reactions of B12-
dependent enzymes 9 and simulation of protein ± nucleic acid
interactions.10

Recently, the experimental data suggesting that free-radi-
cal states initiate processes that damage cell structures, certain
proteins and nucleic acids have been accumulated increas-
ingly.11 It is believed that free radicals are responsible for the
development of cardiovascular diseases,12 compromised
immune response,13 cataract development,14 development of
Parkinson's disease,15 schizophrenia,16 and Alzheimer's
disease,15, 17 as well as accelerated ageing and higher risk of
cancer.18 According to modern concepts, destructive changes
in living organisms are most probably due to the processes
involving reactive oxygen species and oxygen-containing radi-
cals (Oÿ2 , HO2

.
, HO

.
and 1O2) that induce oxidative stress,

diseases and senilism.19 In this connection, a demand arose for
spin chemistry studies of reactive paramagnetic intermediates
in biological systems.

Paramagnetic species play an important role in some
processes that are responsible for normal activity of mamma-
lian cells.20 The involvement of radical species in many bio-
logical processes was reviewed.21, 22 Enzymatic processes in
living systems are sources of various free radicals, in particular,
HO2

.
(Ref. 23). The present review is devoted to reaction

mechanisms of horseradish peroxidase (HRP), which is the
source of intermediates that react with many free radicals; of
note is the appearance of the expression `the free-radical
chemistry of peroxidase'.24 Peroxidase is present both in
mammalian organisms and plants, where it decomposes toxic
hydrogen peroxide and can serve as a scavenger of free radicals.
It should be noted that at present researchers are far from

M S Afanasyeva, P A Purtov, M B Taraban, T V Leshina Institute of

Chemical Kinetics and Combustion, Siberian Branch of the Russian

Academy of Sciences, ul. Institutskaya 3, 630090 Novosibirsk,

Russian Federation. Fax (7-383) 330 73 50, tel. (7-383) 333 14 05,

e-mail: afanasieva@ns.kinetics.nsc.ru (M S Afanasyeva),

taraban@ns.kinetics.nsc.ru (M B Taraban),

leshina@ns.kinetics.nsc.ru (T V Leshina),

tel. (7-383) 333 11 02, e-mail: purtov@ns.kinetics.nsc.ru (P A Purtov)

Received 5 April 2007

Uspekhi Khimii 76 (7) 651 ± 668 (2007); translated by A M Raevskiy

DOI 10.1070/RC2007v076n07ABEH003714

Spin chemistry of enzymatic processes

M S Afanasyeva, P A Purtov, M B Taraban, T V Leshina

Contents

I. Introduction 599

II. Phenomenological description of the magnetic field and spin effects in enzymatic systems 600

III. Theory of the magnetic field and spin effects in enzymatic multispin systems 602

IV. Magnetic field effects in enzymatic reactions catalysed by horseradish peroxidase 604

V. Conclusion 612

Russian Chemical Reviews 76 (7) 599 ± 615 (2007) # 2007 Russian Academy of Sciences and Turpion Ltd



knowing all sources of free radicals in the living systems in
health and disease.

Taking into account the aforesaid, studies on the elemen-
tary processes resulting in emergence of free radicals, in
particular, enzymatic reactions, are of considerable interest.
The mechanisms of enzymatic reactions are studied by various
modern physicochemical methods. Identification of paramag-
netic species often faces severe difficulties.25 Problems con-
cerned with detection of free radicals by EPR spectroscopy
(low steady-state concentrations of radicals in biological
systems) are well known.26 Using the spin trap technique in
EPR spectroscopy, one can solve the `concentration' problem,
but some new problems often arise, e.g., the need of suppres-
sion of EPR signals corresponding to further transformations
of spin traps and stable radicals that formed.26 In addition,
when observing the EPR signal of a free radical, it is unclear
whether the radical is involved in the process under study or it
is the side reaction product. Spin chemistry studies of radical
intermediates in biological processes could answer this ques-
tion. Clearly, enzymatic processes are also promising subjects
for spin chemistry studies, because chemical transformations in
the active sites ofmanymetal-containing enzymes involve spin-
change reactions and interconversions of the intermediates
existing in different spin states; it is the oxidation states of such
metals as Fe, Cu, Zn, etc. that are dealt with. For instance, the
catalytic cycle of HRP involves reliably characterised reactive
intermediates, the so-called HRP-Compounds the active sites
of which contain iron atoms in different oxidation and spin
states (high-spin state in native HRP and ferroperoxidase and
low-spin state in Compounds I ± III).24

However, until very recently the lack of comprehensive
theoretical description of multispin systems precluded the
extension of spin chemistry studies of enzymatic processes.
Even a few years ago a relevant theoretical description (radical
pair theory) was only developed for the cases where reaction
products were formed from radical pairs with half-integer spins
(S=1/2). Meanwhile, iron-containing intermediates in the
high-spin states are paramagnetic intermediates in many bio-
logical processes (e.g., in reactions involving iron ions or haem-
containing enzymes including HRP and cytochromes). Usu-
ally, in such systems a multi-electron atom having several
unpaired electrons serves as the radical centre.27 Here, analysis
of the MFE requires knowledge of the specific features of the
evolution of spin states in multispin systems. At present,
intensive experimental research of multispin systems has been
carried out taking the processes in radical pairs (RP) induced
by the so-called third or fourth spin (usually, the spins of stable
radicals or biradicals) as examples.28, 29 Progress in this field of
research, which is in the early stage of development (accumu-

lation of experimental results), was stimulated by the stu-
dies 30, 31 in which a novel phenomenon called `spin catalysis'
was discovered.

The magnetic field effects treated in a broad sense, i.e., the
effects of external magnetic fields on various processes in living
organisms, from migratory orientation of birds to the effect of
the so-called magnetic storms on human health, belong to
popular subjects of research.32 Since such effects undoubtedly
have a complex nature, detection of the changes occurring in
the presence of a magnetic field usually provides no informa-
tion on the mechanisms of generation of the MFE signals and
on the magnetic field-sensitive steps of the processes under
study.

Mechanistic studies of the magnetic field effect on parti-
cular stages of in vitro processes using spin chemistry techni-
ques are much more informative. These methods were used for
comprehensive treatment of enzymatic processes involving
magnetic field sensitive steps with participation of the pairs of
paramagnetic species generated in single-electron transfer
reactions.33 ± 35 Conclusions about the involvement of radical
pairs in an enzymatic process are based on a comparison of the
experimental and calculated dependences of the rate constants
for transformations of paramagnetic intermediates on the
magnetic field strength. Such studies were carried out for
transformations of reactive paramagnetic intermediates in the
catalytic cycle of the oxidation of some HRP substrates in the
steady-state 33 ± 35 and oscillatory regimes.7 An important
result of these investigations consists of the demonstration of
the role of spin states of the paramagnetic intermediates in the
catalytic cycle of the enzymatic process.

The magnetic field effects in biological systems were
considered in a review,6 which also summarised the data on
possible biological effects under the action of static and
alternating magnetic fields. In the present review, we make an
attempt at systematisation and interpretation of the available
material concerning theoretical description of the spin and
magnetic field effects in multispin enzymatic systems and the
results obtained in experimental studies of the dependences of
the rates for enzymatic oxidation of organic substrates by
horseradish peroxidase on the strength of the external mag-
netic field.

II. Phenomenological description of the magnetic
field and spin effects in enzymatic systems

Reactions the rates and, sometimes, directions of which
depend on the orientation of the electron and nuclear spins of
the paramagnetic precursors of reaction products are themajor
subject of spin chemistry studies. An example of such a
reaction is shown in Scheme 1.

Scheme 1

A radical pair emerged in, e.g., photochemical or thermal
decomposition of a molecule exists in one of the two correlated
spin states, namely, in a singlet (S ) or a triplet (T ) state. The
total electron spin of the radicals is equal to zero in the former
state and unity in the latter. Usually, the triplet state of the
radical pair is non-reactive (or low reactive),1 and the RP
recombination mainly occurs from the singlet state. Magnetic
and spin interactions induce transitions between the non-
reactive T-state and reactive S-state (the so-called T7S-
transitions responsible for the change in the fraction of the
reactive species). These singlet ± triplet transitions represent the
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physical essence of the spin and magnetic field effects in
chemical processes. The most important magnetic interactions
that induce the singlet ± triplet transitions and affect their
efficiency include the Zeeman interaction of the unpaired
electrons in the RP with the external magnetic field, hyperfine
coupling (HFC) between the electron spins and the magnetic
nuclei (nuclei with a non-zero nuclear spin I ) of the radicals
and electron exchange interaction between the unpaired elec-
trons in the RP. Figure 1 schematically presents two limiting
cases of singlet ± triplet mixing. For instance, in weak magnetic
fields (Fig. 1 a) the hyperfine interaction induces S7T-tran-
sitions between all the three triplet Zeeman sublevels (T0 , T+1

and T71) and the recombining singlet state (HFC-mechanism
of singlet ± triplet transitions). In strong external magnetic
fields that exceed substantially the local magnetic fields due
to HFC, a large splitting between the T+1 and T71 sublevels
leads to the situation where the hyperfine interaction only
affects the transitions between the singlet state and one triplet
state (T0). Isotropic hyperfine interaction does not involve the
other two triplet states (T+1 and T71) in the S7T-transition
(Fig. 1 b). Mixing of the S and T0 states of a radical pair can
also be due to the g-factor difference between the radicals (Dg-
mechanism of singlet ± triplet transitions). Thus, even weak
(e.g., Zeeman and hyperfine) magnetic interactions the con-
stants of which are 5 ± 6 orders of magnitude lower than kT can
increase the fraction of the reactive state of the radical pair
owing to the S7T-transition.

The manifestation of singlet ± triplet transitions requires
that the RP lifetime be rather long. In a condensed medium,
this can be attained due to the cage effect. This effect deter-
mines two key features of the reactions under study, namely,
the relatively long time of contact between partners and the
possibility of repeated contacts of the same pair of reactants in
the course of diffusion motion. The characteristic cage size (R)
and the residence time (t) of the reactants in the cage are
governed by the kinematics of the relative motion, interaction
between the reactants and some other properties. For instance,
the hyperfine coupling constant between the unpaired elec-
trons and magnetic nuclei (o, in frequency units) in organic
free radicals is of the order of about 108 ± 109 rad s71 and the
probability of singlet ± triplet transitions on the time scale
t* 1079 ± 10710 s is

ot* 0.01 ± 0.1.

The probability of S7T-transitions increases with an increase
in the viscosity of the solution (as t increases) or in the reactions
involving radical ion pairs (due to the Coulomb interaction
between the partner radicals).

The singlet ± triplet conversion depends on the orientation
of electron and nuclear spins of the partners in the RP and the
singlet ± triplet conversion rate is affected by the HFC, Dg and
external magnetic field. An important consequence is the
possibility of manifestation of the magnetic field and spin
effects (MIE and CIDNP) in chemical and biochemical reac-
tions.

The MIE is due to the T7S conversion rate difference
between the radical pairs containing magnetic nuclei and the
RP devoid of such nuclei. The MIE provides the isotopic
selectivity in different reaction products. Chemically induced
dynamic nuclear polarisation is a manifestation of the a- and
b-spin selection in different reaction products. When carrying
out the reaction in the probe of an NMR spectrometer, the
lines observed in the NMR spectra at the very beginning of the
process correspond to the distribution of the spin sublevel
population that differs from the Boltzmann (equilibrium)
distribution. A detailed description of the spin and magnetic
field effects can be found in a monograph.1

At present, the effect of the external magnetic field and
CIDNPwere detected for a number of chemical processes, such
as single-electron transfer steps in the reactions previously
treated as nucleophilic substitution;3 cis ± trans-isomerisation
of alkenes including biologically valuable polyenes (retinal and
carotenoids);36 donor-acceptor interactions of synthetic
analogues of nicotinamide adenine dinucleotide (NADH),
namely, 1,4-dihydropyridines containing electron-with-
drawing groups 37 ± 40 and many other processes.

Now we will consider the specific features of manifestation
of themagnetic field and spin effects in biochemical systems. In
homogeneous solutions, a strong cage effect is most probably
due to a high viscosity of the solvent and to the electrostatic
interaction between partners in radical ion pairs. Pronounced
cage effects are also characteristic of the reactions occurring in
molecularly organised media, e.g., liposomes, micelles,
`guest ± host' inclusion complexes, etc. (here, the time spent
by radical pairs in the contact zone due to the so-called weak
interactions is longer than in non-viscous systems). Weak
interactions also include the enzyme ± substrate interactions
(enzyme ± substrate binding) in the active site of enzyme, which
is usually considered as themain factor responsible for the high
selectivity of enzymatic processes.41 By analogy with well-
studied processes in complexes or micelles,42 one can expect
that the radical intermediates formed in an enzymatic process
will also form quite a long-lived enzyme ± substrate complex.
Binding of the partners in the active site of enzyme gives
grounds to expect manifestations of rather strong electron
exchange interaction between paramagnetic species in the
enzyme ± substrate complexes, which can be detected by spin
chemistry techniques.

Now we have to dwell on basic differences between
manifestations of the magnetic field and spin effects in homo-
geneous radical and enzymatic processes. In a radical reaction,
the magnetic field effects consist of a change in the ratio of the
recombination probability of free radicals to the probability of
their escape into the bulk.1 In enzymatic reactions, where the
paramagnetic intermediates are involved in the catalytic cycle,
two different spin states of a pair of paramagnetic species
(corresponding to recombination and escape to the bulk, see
Scheme 1) can characterise different steps in the catalytic cycle.
Thus, the magnetic field will affect the ratio of recombination
probabilities (or back electron transfer in the case of single-
electron transfer) and transition to the next step in the catalytic
cycle. As an example, we will consider a model catalytic cycle
shown in Scheme 2.

The cycle begins with the formation of an enzyme ± sub-
strate complex [E_SH] in which an electron is transferred
from the donor (substrate) to acceptor (enzyme) to form the
(P1 SH+.) radical pair in, e.g., the singlet state. Magnetic
interactions induce the singlet ± triplet conversion; when the
RP is in the singlet state, back electron transfer (recombina-
tion) and regeneration of the starting enzyme (E) and substrate
(SH) are possible. The triplet RP is a precursor of the next stage
of the catalytic cycle, which involves the formation of the
intermediate P2 . Thus, this example clearly demonstrated the
possibility of the effect of the spin states of paramagnetic

S T0

T+1

T71

S T0

T+1

T71

a b

Figure 1. Energy levels of a radical pair and allowed transitions between

the S- and T-states in weak (a) and strong (b) magnetic fields.
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Scheme 2

intermediates on the rates of the processes occurring in the
catalytic cycle of the enzyme.

The effect of the magnetic field on an enzymatic process
will manifest itself as the dependence of particular steps of the
catalytic cycle on the strength of external magnetic field. In this
case, themagnetic field a effect can be defined as the ratio of the
rate constants for the reactions carried out in a magnetic field
of specified strength to the corresponding rate constants
measured in zero (geomagnetic) field. Analysis of the magnetic
field effects detected in enzymatic processes involves measure-
ments of the dependences of the rates of particular steps of the
catalytic cycle or the overall process on the strength of the
external magnetic field (magnetic field dependence) and a
comparison of the experimental and calculated dependences
on the magnetic field. In the case of enzymatic processes, the
recombination (back electron transfer) probabilities are calcu-
lated for a pair of paramagnetic species with specifiedmagnetic
resonance parameters (HFC constants, g-factors of radicals,
effective electron exchange interaction constant J ) with allow-
ance for the lifetimes of the paramagnetic pair and the multi-
plicity of the initial and recombining states. Now we will
consider an approach to the calculation of a recombination
probability in multispin systems including enzymes.

III. Theory of the magnetic field and spin effects
in enzymatic multispin systems

A model of a multispin system differs from that model used in
the radical pair theory in the number of unpaired electrons
(>2). For instance, the spin catalysis 30 deal with systems
comprising three radicals (triads) or pairs of species with
spins I>1/2. Thus, the description of multispin systems
requires taking account of possible correlated doublet, quartet,
quintet and higher spin states. Recombination probability
calculations for such multispin pairs should be carried out
with allowance for a large number of subensembles of radical
pairs, each corresponding to particular configurations of
electron and nuclear spins. The interaction of RP spins with
external magnetic fields and the spin ± spin interactions induce
transitions of a given RP from one subensemble to another.
These interactions are described by systems of a large number
of coupled kinetic equations. In addition, description of the
dynamics of the RP spin state requires the use of quantum
mechanics. The density matrix formalism is the most appro-
priate for simultaneous consideration of the spatial motion and
spin dynamics of a radical pair. Now we will calculate the
recombination probability in the framework of this method.

If the density matrix, r�~r; t�, of a pair of paramagnetic
species separated by the distance r depends on r, changes in
r�~r; t� with time (t) are governed by three factors, viz., the spin
evolution of the unpaired electrons due to the spin ± spin
interactions and spin interactions with external and local

magnetic fields, the relative motion of reactants and recombi-
nation of radicals 1

qr�~r; t�
qt

�
�
qr
qt

�
spin

�
�
qr
qt

�
motion

�
�
qr
qt

�
recomb

: (1)

This equation is usually written as follows:43

qr�~r; t�
qt

� iL̂�~r�r�~r; t� �R̂�~r�r�~r; t� ÿÛ�~r�r�~r; t�, (2)

where L̂�~r� � Ô� iR̂� Ĵ�~r� is the Liouville operator (Liouvil-
lian), which allows for the coordinate-independent spin evolu-
tion due to isotropic HFC and the Zeeman interaction with
external magnetic fields (Ô), the spin relaxation processes (R̂),
and the coordinate-dependent spin evolution induced by the
exchange interaction [Ĵ�~r�]. The operator Û�~r� describes the
spin-dependent RP recombination, and its matrix elements
characterise the rate of transformation of different compo-
nents of the density matrix to the reaction product (or
products). The functional operator R̂�~r� specifies the motion
of reactants, which is usually treated in the framework of
classical mechanics.

The probability of RP recombination from a certain spin
state at the instant t is given by the corresponding components
of the vector ŵ�t�

ŵ�t� �
�t
0

�
Û�~r�r�~r; t�dtd~r . (3)

Among a large number of methods for solving Eqn (2), the
Green function formalism is most often used. The Green
functions specify the character of the relative motion of other
paramagnetic species in the pair.44 This method makes use of a
physically substantiated admission that the reaction zone is
always a rather narrow region in the space of motion of
reactants. In this case, the general matrix expression for the
probability of recombination of a pair of paramagnetic species
from a certain spin state has the form:43

ŵ �Û0 ĝ
�
1�Û0 ĝ

�ÿ1
r0 , (4)

whereÛ0 is the matrix of recombination constants for different
spin states (generally, recombination from any electron spin
state is possible, but at different rate); ĝ is the operator
(averaged over the reaction zone) characterising the relative
motion and the spin dynamics in the pair. The matrix of this
operator is the matrix of characteristic `times'. For instance,
the matrix element gnn; kk is the mean lifetime of the RP in the
spin state jnni provided that the system initially was in the
electron spin state jkki. All elements of this matrix are
expressed through the one and only function g(s) character-
ising the relative motion (changes in themutual position) in the
pair of recombining paramagnetic species.

Carrying out particular calculations often requires know-
ledge of only certain elements of the matrix ĝ, i.e., one or
several of characteristic `times'. Consider a typical case where
the RP can recombine only in a particular electron spin state,
e.g., a doublet or singlet state. Let the spin evolution in the RP
occur in such a way that no transitions between different
recombining states of the radicals occur. Then, the whole
ensemble of radical pairs can be divided into subensembles
with a particular configuration, {m}, of nuclear spins in the
doublet (or singlet) state. Calculations for each subensemble
are performed independently; the recombination probability
for a specified subensemble is given by
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wm �
U0tm

1�U0tm
, (5)

where the quantity tm is the mean residence time of the radical
pair in the reaction zone in the doublet state with the specified
spin configuration {m} provided that the pair was born in the
reaction zone in the doublet state with the same spin confi-
guration {m}.

In some cases, transitions between doublet states can play
an important role. Suppose that a transition from the doublet
state with the nuclear spin configuration {m} to the doublet
state with the spin configuration {m0} is possible. We thus
obtain a more general expression compared to Eqn (5)

wm � U0

tm � tmm 0 �U0�tmtm 0 ÿ tmm 0tm 0m�
1�U0�tm � tm 0 � �U 2

0�tmtm 0 ÿ tmm 0tm 0m�
. (6)

Here tmm 0 is the mean residence time of the RP in the reaction
zone in the doublet state with the preset spin configuration {m}
provided the start is from the doublet state with the preset spin
configuration {m0}. The parameter tm 0m has a similarmeaning.

Further calculations require specifying of the spin Hamil-
tonian of the RP to describe the spin evolution and choosing an
appropriate model for the relative motion to describe the
spatial motion of the species. Changes in the mutual position
of the species in the enzyme-substrate complex can be
described using a rather simple two-position model,45 accord-
ing to which two states of an RP in the cage are possible: (i)
radicals contact each other and can recombine and (ii) radicals
do not contact each other but can return to the contact state.
The state (i) is characterised by the time t1 necessary for
transition of RP from this state to the state (ii). The state (ii)
is characterised by two parameters, namely, the time t2 of back
transition from the state (ii) to the state (i) and the time tc of
irreversible decomposition of the RP. The singlet ± triplet
transitions occur in the state (ii) of the RP.

In the framework of the two-position model, the function
g(s) characterising the changes in the mutual position in a pair
of recombining paramagnetic species is given by:45

g�s� � tp
n� 1

1� n

1� stc

� �
, (7)

where n is the number of repeated contacts and tp � nt1.
The spin evolution is described using appropriate basis spin

states ji . For instance, the singlet ± triplet basis is suitable for
the description of a pair of species with I=1/2. If a pair
comprises two species with I=1/2 and 1, the resultant spin
state can be doublet or quartet. The spin functions of these
states have the form

Dj i �
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���
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bT0
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8>>>>>>><>>>>>>>:
.

By specifying the spin Hamiltonian of the system it is
possible to determine the stationary energy levels (Ei) and the
eigenfunctions (wavefunctions) of the system (ci). The sta-
tionary wavefunctions in the ji basis set are represented by

ci �
X
j

�Q̂�ijjj ,

where �Q̂�ij is the matrix that describes transition from the
initial spin basis set to the basis of eigenfunctions. The depen-
dence of the wavefunctions on time is as follows:

jc�t�i � exp�ÿiĤt�jc�0�i.

Now we will write the density matrix in the basis of the ji

functions. The action of the operator Q̂ on the functions ji

leads to

jj�t�i � Q̂ÿ1jc�t�i � Q̂ÿ1 exp�ÿiĤt�jc�0�i � (9)

� Q̂ÿ1 exp�ÿiĤt�Q̂jj�0�i;
since

r̂�t� � jj�t�ihj�t�j ,
one gets

r̂�t� � Q̂ÿ1 exp�ÿiĤt�Q̂jj�0��
j�0�jQ̂ÿ1 exp�iĤt�Q̂ . (10)

For instance, the probability for theRP to exist in a doublet
state at any instant is given by:

rDD�t� �
D
D
���Q̂ÿ1 exp�ÿiĤt�Q̂

���DEDD���Q̂ÿ1 exp�iĤt�Q̂
���DE. (11)

Here Q̂ represents the matrix coefficients; therefore, the
expression for rDD�t� can be transformed as follows:

rDD�t� �
X
i

Q4
i1 �

X
i; j

Q2
i1Q

2
j1 exp

h
ÿ i�Ei ÿ Ej�

i
t � (12)

�
X
i; j

Q2
i1Q

2
j1 exp

h
i�Ei ÿ Ej�

i
t.

The average lifetime of an RP in a doublet state provided
that the RP was born in the same state can be determined from
the following expression

t � ĝ� �DD;DD�
X
i

Q4
i1g�0� �

X
i;j

Q2
i1Q

2
j1g
h
ÿ i�Ei ÿ Ej�

i
� (13)

�
X
i; j

Q2
i1Q

2
j1g
h
i�Ei ÿ Ej�

i
.

For the two-position model, the equation for t takes the
form

t � tp

"X
i

Q4
1i � 2

X
i> j

Q2
1iQ

2
1j

n� 1

 
1� n

1� ��Ei ÿ Ej�tc�2
!#

. (14)

The probability of recombination from the doublet state
provided that the RP was formed in the doublet and quartet
state, respectively, can be calculated using the following
relationships:

wD � 1

2

U0t
1�U0t

, (15)

wQ � 1

4

U0 tp ÿ t
ÿ �

1�U0t
. (16)

Recombination probability calculations for such systems
are exemplified by the reactions catalysed by horseradish
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peroxidase containing an iron atom in the active site (see
below).

IV. Magnetic field effects in enzymatic reactions
catalysed by horseradish peroxidase

1. Modern concepts of the mechanisms of horseradish
peroxidase-catalysed oxidation of substrates
Two models for the mechanism of the HRP catalytic cycle are
available in the literature, a `simplified' model 27 and a `chemi-
cally realistic' one.24 The former model (Scheme 3) was pro-
posed as a possible mechanism of the oxidation of the natural
peroxidase substrate (NADH) in the presence of an initiator
(hydrogen peroxide) and involves successive transformation of
native HRP (Per3+, FeIII) into reactive paramagnetic HRP
intermediates, namely, Compound I containing a haem oxo-
form p-radical cation (FeIV=O+.) in the active site and
Compound II (FeIV=O).

Scheme 3

The secondmodel (Scheme 4) was used to describe the NADH
oxidation in the absence ofH2O2 . It is based on the assumption
that slow oxidation of NADH with oxygen present in the
buffer solution in an acid medium results in the formation of
H2O2 and that the amount of H2O2 formed is sufficient for
initiation of the catalytic cycle,46 which includes interconver-
sions of native HRP (Per3+, FeIII), Compound I
(FeIV=O+.), Compound II (FeIV=O), Compound III
(FeIV7O7OH) and ferroperoxidase (Per2+, FeII).

However, the efficiency of the hypothetical step of H2O2

generation casts some doubts. The authors of the present
review believe that single-electron transfer between the native
HRP and substrate (NADH) is much more probable, because
this is a commonly accepted starting point of oxidation in the
reactions catalysed by other haem-containing enzymes.47, 48

Indeed, according to published data on HRP-catalysed oxida-
tion of substrates,49, 50 the binding of a substrate in the active
site of enzyme occurs near the haemplane, which permits direct
electron transfer from the substrate to the haem. Here, the rate
of single-electron transfer from the substrate to the haem in the
enzyme ± substrate complex should be much higher than the
rate of the substrate oxidation by dissolved oxygen (for
NADH, k=3.061076 s71).24 It should be noted that high
probability of single-electron transfer is also due to the donor
properties of NADH (E 0=7320 mV) and acceptor proper-
ties of HRP (E 0=7306 mV).51

However, in spite of these arguments, the concept consi-
dering the formation of H2O2 as the starting point of the
peroxidase-catalysed substrate oxidation still dominates in the
literature.24, 47 Nevertheless, the aforesaid suggests34, 35 that
the single-electron transfer step can occur in the [Per3+_
NADH] enzyme ± substrate complex. It should be noted that
the possibility of electron transfer betweenHRPandNADH to

give ferroperoxidase (Per2+) was discussed in a study of HRP-
catalysed oxidation of photoexcited NADH.52

Thus, the possibility of electron transfer between the native
HRP and NADH requires experimental proof. Of particular
interest are the experimental proofs of the involvement of the
NADH+.

radical cation in the enzymatic oxidation processes.
Discussion of whether the multistep mechanism involving
electron transfer is possible in biological systems

NADH NADH+.
NAD

.
NAD+,

or the oxidation occurs as the hydride transfer remains to-
pical.53 It should be emphasised that the radical steps were
proposed for almost all processes involving HRP, that is,
hydrogen peroxide utilisation, initiation of polymerisation in
the synthesis of plant cell membranes, etc.47 Meanwhile, only
reactive paramagnetic intermediates of the native HRP, i.e.,
Compounds I ± III, were experimentally detected to date.46

Since the involvement of paramagnetic intermediates (Per3+,
Per2+, Compounds I ± III) in the catalytic cycle of HRP can be
considered proven (see Schemes 3 and 4), it was quite natural
to expect that the use of spin chemistry methods will provide
reliable information on hypothetical reactive paramagnetic
substrate species generated in these processes.

Further, we briefly outline themethodology of experiments
and analysis of the magnetic field effects, which permits
reliable establishment of manifestations of the radical steps in
the HRP-catalysed oxidation of organic substrates.

2. Methodology of studies on the magnetic field effects in the
substrate oxidation catalysed by horseradish peroxidase
To date, detailed magnetic-field-effect-based spin chemistry
studies were carried out of the HRP-catalysed oxidation of
organic substrates, namely, 2-methyl-1-(trimethylsilyloxy)-
prop-1-ene (Me2C=CHOSiMe3 ) in the presence of H2O2,33

NADH34 and its synthetic analogue, 3,5-di(methoxycar-
bonyl)-2,3-dimethyl-4-nitrophenyl-1,4-dihydropyridine (nife-
dipine, NF), in the absence of H2O2.35 In all the three cases, the
effective rate constants for transformations of particular
intermediates of the catalytic cycle of HRP (Per3+, Per2+,
Compounds I ± III) were measured using a rapid-scanning
stopped-flow spectrophotometer. Since the intermediates
listed above show different absorption spectra 46 (Fig. 2), it is
possible to monitor the kinetics of corresponding interconver-
sions. For instance, in the study of Me2C=CHOSiMe3
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oxidation, the changes in the absorption (A) of the reactive
HRP intermediates were detected at 418 nm (maximum
absorption of Compounds II and III, see Fig. 2) over a period
of 1 s with a time resolution of 1 ms.33 The time resolution was
16 ms in the NADH oxidation 34 and 32 ms in the NF
oxidation,35 because the reactions with these substrates took
much longer time to complete (up to 500 s). To study the effect
of external magnetic field, the mixing cell in which the reaction
of the substrate with HRP occurred, was placed between the
poles of an electromagnet and the magnetic field strength was
varied from 0 to 4500 G. The kinetic traces recorded in each
case were compared with the corresponding traces obtained in
zero magnetic field (to this end, the residual magnetisation of
the electromagnet was compensated up to a value of 0.3 to
0.5 G). The effective rate constants for interconverions of the
HRP intermediates were determined using the Levenberg ±
Marquardt non-linear regression algorithm. The analytical
solution to the system of differential equations describing
successive transformations of intermediates of the catalytic
cycle of HRP with allowance for their molar extinction
coefficients at 418 nm 24, 47 was used as the fitting function.
The magnetic field effects were detected as the dependence of
the ratio of the effective rate constant in a particular magnetic
field to the correspondig rate constant determined in terrestrial
magnetic field on the strength of the external magnetic field.

3. Analysis of magnetic field effects in the oxidation
of 2-methyl-1-(trimethylsilyloxy)prop-1-ene by horseradish
peroxidase
The oxidation of Me2C=CHOSiMe3 by horseradish per-
oxidase in the presence of hydrogen peroxide 33 was the first
example of the substrate oxidation by a haem-containing
enzyme, in which the effect of magnetic field on transforma-
tions of paramagnetic intermediates was detected.

The kinetic curves (Fig. 3) with allowance for absorption of
reactive peroxidase intermediates at 418 nm (see Fig. 2) can be
explained by a sequence of conversions of the paramagnetic
species. The initial decrease in the absorbance (see Fig. 3,
region 1) can be explained by the formation of Compound I
(extinction coefficient e418=35 litre mmol cm71) in the reac-
tion of the native HRP with H2O2. The subsequent reaction of

Compound I with the first substrate molecule results in Com-
pound II (e418 =115 litre mmol cm71) and, consequently, in
an increase in the absorbance (see Fig. 3, region 2). Then
Compound II reacts with the second substrate molecule to
regenerate the native HRP.

The reaction of HRP with hydrogen peroxide is too fast to
be treated correctly under the experimental conditions and at
the time resolution mentioned above. In this connection the
initial region of the fall-off of the kinetic curve was ignored in
the design of the kineticmodel for theoretical description of the
process. Therefore, changes in the optical absorption can be
described, in the framework of the sequence of conversions
shown in Scheme 5, using the kinetic model for two successive
unimolecular reactions

Since the extinction coefficient of HRP at 418 nm is much
lower than that of Compound II (see Fig. 2), the overall
function for the description of the experimentally observed
kinetics of changes in the optical absorption (A418) is given by:

Compound I Compound II Compound III.
k1 k2

(17)

0
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400 450 Wavelength /nm

A/litre mmol71 cm71

1

2

34

5

Figure 2. Absorption spectra of horseradish peroxidase and peroxidase

reactive intermediates.47

Compound I (1), Per2+ (2), Compound III (3), Compound II (4) and

Per3+ (5).
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Figure 3. Kinetic curve of chemical transformations of reactive para-

magnetic peroxidase intermediates observed at 418 nm.

Reaction conditions (all concentrations after mixing): 100 mM phosphate

buffer (pH 7.4), [Per3+]=4 mmol litre71, [H2O2]=0.1 mmol litre71,

[2-methyl-1-(trimethylsilyloxy)prop-1-ene]=16 mmol litre71; 25 8C.
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A418 �
�
compound II � Per3�

�
& (18)

&

�
compound I

�
0

2

"
1ÿ �k2 ÿ 2k1� exp�ÿk1t�

k2 ÿ k1
ÿ k1 exp�ÿk2t�

k2 ÿ k1

#
.

To determine the effective rate constants k1 and k2 , the
analytical solution (18) is used for constructing a correspon-
ding kinetic plot with allowance for the sequence of conver-
sions of reactive paramagnetic intermediates of the peroxidase
catalytic cycle (see Scheme 5) using the Levenberg ±Mar-
quardt non-linear regression algorithm. Figure 4 illustrates

excellent agreement between the experimental kinetic curve
and calculated function (18). The magnetic field effects were
calculated as the ratio of the rate constants k1 and k2 measured
in non-zero external magnetic fields to the corresponding rate
constants determined in the zero magnetic field. The magnetic
field dependences of the magnetic field effects determined for
k1 and k2 are shown in Fig. 5. In Section III, we showed that
the shape of the magnetic field dependence of the magnetic
field effect and positions of extrema are determined by the
magnetic resonance parameters of two paramagnetic species.1

By comparing the experimental magnetic field dependence (see
Fig. 5) and the results of calculations using the known semi-
classical approximation,54 one can determine the magnetic
field-sensitive step of the process, namely, the second stage of
the catalytic cycle, which involves the interaction of Com-
pound II with the substrate. In this stage, the event of single-
electron transfer is followed by the formation of the radical
form of Compound II and the radical anion of the enol form of
1-isobutyraldehyde (Me2C=CHO7 .). In this case the mag-
netic field effect is due to the probability difference between
back electron transfer in the radical pair in weak and strong
magnetic fields. Here, the reversible electron transfer event in
the collective triplet state of the RP is accompanied by
regeneration of Compound II, whereas the singlet state even-
tually results in the starting HRP (Per3+) (Scheme 6).

Thus, manifestation of the magnetic field effect confirms
the assumption of involvement of the paramagnetic intermedi-
ates in the catalytic cycle of HRP. This also indicates the
possibility for a new, non-studied, short-lived radical form of
Compound II to exist.24, 27, 47

4. Magnetic field effects in the oxidation of NADH and its
synthetic analogues by horseradish peroxidase
a. Enzymatic oxidation of NADH catalysed by horseradish
peroxidase
Yet another example of manifestation of the magnetic field
effect in the reactions catalysed by HRP is provided by the
oxidation of NADH, a natural HRP substrate. In the above
discussion of modern concepts of the mechanisms of oxidation
of organic substrates catalysed by HRP, mention was made
that the initiation step of the catalytic cycle in the absence of
hydrogen peroxide requires additional studies. Electron trans-
fer from the donor molecule (NADH) to acceptor (e.g., haem
of the active site of HRP) can be a highly probable starting
point of the catalytic cycle. The use of spin chemistry methods
to prove this assumption seems to be correct.

The oxidation of NADH catalysed by HRP in the absence
of H2O2 was studied by the stopped-flow spectrophotometric
technique (see above). The reactive HRP intermediates (Com-
pounds I, II and III) were also detected at the wavelength of
maximum absorption of Compounds II and III (418 nm).
Based on the known sequences of interconverions of HRP
intermediates 46 and their molar extinction coefficients 24 (see

0
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0.15

A (rel.u.)

0.2 0.4 0.6 0.8 Time /s

Figure 4. Fitting of the experimental kinetic curve using the Leven-

berg ±Marquardt non-linear regression algorithm and analytical solution

(18).

Experimental data are shown by open circles and the fitting results are

shown by the solid line.
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Figure 5. Magnetic field effect on the rate constants k1 (a) and k2 (b) of

the oxidation of 2-methyl-1-(trimethylsilyloxy)prop-1-ene catalysed by

horseradish peroxidase. Shown are the standard deviations (averaging

over three experimental series including 5 or 6 measurements each).

Reaction conditions (all concentrations are reported after mixing):

100 mM phosphate buffer (pH 7.4), [Per3+]=4 mmol litre71,

[H2O2]=0.1 mmol litre71, [2-methyl-1-(trimethylsilyloxy)prop-1-ene]=

16 mmol litre71; 25 8C.
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Fig. 2), the characteristic kinetic curve of this process (Fig. 6)
was explained as follows:34 a decrease in absorption in the first
step (see Fig. 6, region 1) is associated with the transformation
of native HRP (e418=62 litre mmol71 cm71) to ferroperox-
idase (Per2+) (e418=62 litre mmol71 cm71) upon electron
transfer event from the substrate (NADH) to the starting
HRP, which results in the formation of the reduced form
(Per2+). This is followed by the reactions of ferroperoxidase
with oxygen dissolved in the buffer solution (Scheme 7), which
leads to rapid conversion of Per2+ (k=5.86104 litre
mol71 s71) to Compound III (e418=115 litre mmol71

cm71) 24 and subsequent increase in absorption (see Fig. 6,
region 2). Fast deprotonation of the NADH+. radical cation
(k=3.66106 s71) (Ref. 55) produces the NAD

.
radical,

which reacts with Compound III to give Compound I
(e=35 litre mmol71 cm71) (see Scheme 7). This process

corresponds to the `deflection' region of the kinetic curve (see
Fig. 6, region 3). Then, the single-electron reduction of Com-
pound I produces Compound II (e418=115 litre mmol71

cm71), which leads to an increase in the absorption at
418 nm (Fig. 6, region 4).

The initial portion of the kinetic curve of ferroperoxidase
formation was too fast for quantitative treatment; therefore,
the corresponding rate constant was excluded from the theo-
retical kinetic model. Therefore, in accordance with the pro-
posed sequence of reactions (see Scheme 7), an increase in the
absorption (see Fig. 6, regions 2 ± 4) was described using a
kinetic model that assumes three unimolecular reactions

Compounds II and III are characterised by equal extinc-
tion coefficients that are about three times higher than the
molar extinction of Compound I and twice as high as that of
Per2+; therefore, the overall fitting function for the description
of the experimental changes in absorbance with time can be
written as follows:

A418 �
�
compound III

�� �compound II
�� (20)

�
�
compound I

�
3

�
�
Per2�

�
2

�

� �Per2��
0
ÿ 2
�
compound I

�
3

ÿ
�
Per2�

�
2

.

The curve calculated using experimental data and the
Levenberg ±Marquardt non-linear regression algorithm for
the overall analytical solution (20) to the system of equations
that describe the sequence of reactions in the catalytic cycle of
HRP (19) virtually coincides with the experimental kinetic
curve shown in Fig. 7. It should be noted that kinetic simu-
lation with allowance for ferroperoxidase formation allowed
one to obtain the best fit of the experimental and theoretical
curves. This made it possible to determine the rate constants
k1 , k2 and k3 for the reactions (19).

Yet another proof of occurrence of single-electron transfer
between HRP and NADH in the enzymatic oxidation was
obtained by analysing the magnetic field dependences of the
magnetic field effect detected in this process. Themagnetic field
effect calculated as the ratio of the effective rate constants in a
magnetic field to the corresponding rate constants in the zero
magnetic field was found only for the constant k1 (Fig. 8). The
most probable magnetic field sensitive step is electron transfer

k1
Compound III

k2
Per2+ Compound I Compound II.

k3
(19)
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Figure 6. Kinetic curve of chemical transformations of horseradish

peroxidase reactive paramagnetic intermediates observed at 418 nm in

the NADH oxidation catalysed by peroxidase.

Reaction conditions (all concentrations after mixing): 100 mM MES

buffer, pH 5.6; [Per3+]=1 mmol litre71, [NADH]=100 mmol litre71;

25 8C.
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between the native HRP and NADH. Subsequent conversion
of ferroperoxidase in the reaction with oxygen occurs under
kinetic control (k=66104 litremol71 s71);24, 47 therefore, the
rate of formation of Compound III will bemuch lower than the
rate of spin conversion in the pair (Per2+ O2) and the process
will most probably be spin-independent. The interaction of
Compound III with the radical NAD

.
also cannot be the

source of a strong magnetic field effect, if a collision of this
radical with the radical NAD

.
in the bulk produces the so-

called F-pair (strong magnetic field effects are not character-
istic of this species).56 However, is it possible to consider
enzymatic reactions as bulk processes? The issue has not been
answered so far. As to the subsequent steps of the catalytic
cycle, the interaction of Compound IwithNADHproduces no
RP and the formation of peroxidase as a result of the reaction
between Compound II and NADH was not included in the
analytical function at all, because this step was not observed on
the time scale studied. Thus, we have formulated a hypothesis
that the dependence of the rate constant k1 on the strength of
the external magnetic field is due to the effect of the magnetic
field on the rate of ferroperoxidase formation in the event of
single-electron transfer between HRP and NADH.

To check the assumption that the magnetic field effect is
formed in the first step of the catalytic cycle, the magnetic field
dependence of the magnetic field effect for the paramagnetic
pair (Per2+ NADH+.

) was calculated. The RP multiplicity
was established in the framework of the theory of crystal field
by analysing 34 the spin state of the central iron atom in the
ferroperoxidase haem.57

According to modern concepts, the inorganic complex
(ferroperoxidase, Per2+) can be treated as a stable polyatomic
system in which the effect of ligands [porphyrin (N) and
histidine (NHis)] on the central ion Fe(II) is electrostatic in
nature. It was established that in a free iron atom five d-states
(dxy , dxz , dyz , dz2 and dx2ÿy2 ) with the same energy are split into
four groups with different energies in the pyramidal field of
ferroperoxidase ligands (N and NHis), i.e., the quintuply
degenerate 5D-term of free ion is split in the ligand field of the
pyramidal complex into four terms, namely, b1 (dx2ÿy2 ), b2
(dxy), a doubly degenerate e (dxz , dyz) and a (dz2 ).

The electron states of the RP are shown in Scheme 8.
Donation of a single electron from NADH to the native HRP

causes the formation of the (Per2+ NADH+.) RP in the
quartet and doublet states. Owing to intersystem crossing, the
non-reactive quartet spin state becomes a reactive doublet
state. Recombination of the latter (back electron transfer)
maintains the possibility of regeneration of the starting HRP
and NADH.

Scheme 8

The recombination probability for the RP under study was
calculated in the framework of the density matrix formalism
for the two-position model. The basics of this approach have
been considered above (see Section III). It was assumed 34 that
the observed quartet ± doublet spin evolution of the RP is
governed by the electron spin interaction with the constant
external magnetic field, isotropic hyperfine interaction
between the unpaired electrons and magnetic nuclei in the
system and by the exchange interaction between the unpaired
electrons, which causes splitting of the RP terms into a doublet
and a quartet.

The Hamiltonian of this system of interactions has the
form:

Ĥ � o1Ŝ1 � o2Ŝ2 � aŜ2 Î� JŜ1Ŝ2, (21)

where o1= g1b�h71H0 and o2= g2b�h71H0 are the spin pre-
cession frequencies of the radicals in the pair of species with the
electron spins 1 and 1/2, respectively; the g-factors are
g1=3.25 (for ferroperoxidase) 58 and g2=2.003 (for the
substrate radical cation);55 a=32.9 G (Ref. 55) is the constant
of isotropic hyperfine interaction between the unpaired elec-
tron of the radical cation NADH+.

and the magnetic nucleus
in this radical cation (I=1/2); and J is the exchange integral
between the doublet and quartet terms of the radical pair. It
should be noted that in the general case the exchange inter-
action constant depends on the distance between the radicals
(r) and the orientation angles (y and j), i.e., J= f (r,y,j). For
simplicity, only two possible conformational states of the
complex [Per2+_NADH+.] characterised by the quartet ±
doublet (Q ±D) evolution with the corresponding exchange
integrals J1 and J2 varied from 2006107 to 3006107 rad s71

were analysed.34 The best agreement between the calculated
and experimental dependences on the magnetic field applied
was attained at J1=2006107 and J2= 2656107 rad s71.

The spin Hamiltonian (21) commutates with the projection
of the total spin of the electrons and nucleus on the direction of
the external magnetic fieldH0 , the total projection being equal
to

ŜZ � Ŝ1Z � Ŝ2Z � ÎZ . (22)

Because only the states with the same total projection partic-
ipate in quantum transitions, all spin states of the radical pair
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Figure 8. Magnetic field effect on the rate constant k1 of the oxidation of

NADH catalysed by horseradish peroxidase.

The error bars show the sum of the instrumental error (3.5%) and the

standard error of averaging over three experimental series including 5 or 6

measurements each. Reaction conditions (all concentrations aftermixing):

100 mM MES buffer (pH 5.6); [Per3+]=1 mmol litre71, [NADH]=

100 mmol litre71; 25 8C.
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can be divided into the following subensembles: SZ=�2,
SZ=�1 and SZ=0, only the subensembles with the total
spin projections equal to+1,71 and 0 contributing to the RP
recombination. The behaviour of the stationary energy levels
obtained by solving the SchroÈ dinger equation with the Ham-
iltonian given by expression (21) for the subensembles men-
tioned above is illustrated in Fig. 9. Recombination
probability calculations were carried out for each of the three
subensembles. The final recombination probability for the RP
(Per2+ NADH+.

) was calculated as the sum of the proba-
bilities for each subensemble with allowance for the statistical
weights. The recombination probability W(Q) thus calculated
for the radical pair (Per2+ NADH+.) born in the quartet state
is plotted vs. magnetic field in Fig. 10.

The magnetic field dependence of the recombination prob-
ability first calculated for the multispin system was interpreted
as follows.34 According to the classical radical pair theory, a
radical pair born in the non-reactive quartet state is charac-
terised by a minimum recombination probability in zero
magnetic field, which is confirmed by calculations. Further
increase in the recombination probability W(Q) in weak
magnetic fields corresponds to removal of degeneracy of the
Zeeman energy levels on going from the zero to a non-zero
magnetic field. Interpretation of the remaining regions of the
magnetic field dependence requires consideration of the behav-
iour of the stationary energy levels of the subensembles with
the spin projections equal to +1, 0 and 71 (see Fig. 9) in
different magnetic fields. A decrease in separation between the
energy levels in the range 200 ± 250 G indicates that here one
should expect manifestation of specific features of the recom-
bination probability behaviour. Indeed, the theoretical curve
(see Fig. 10) shows an extremum at 250 G the position of
which unambiguously indicates manifestation of electron
exchange interaction (J ). The role of J is clearly illustrated in

the scheme of the RP terms in the magnetic field (Scheme 9).
Effective quartet ± doublet mixing is possible in the external
magnetic field equal to

H0 �
�3=2�J
�g1 � g2�b

.

Then, after passage of the local maximum of the magnetic
field dependence, the splitting between the energy levels (see
Scheme 9, lines 2, 3) increases again due to the Zeeman
interaction. As a result, transitions from the quartet state to
the doublet state occur at lower rates and the recombination
probability decreases (see Fig. 10). Since the frequency of
transitions between states is determined by the Larmor fre-
quency difference between the radicals in the pair

oQD � o1 ÿ o2 � �g1 ÿ g2�b�hÿ1H0 ,

the efficiency of transitions between the non-reactive quartet
state and reactive doublet state will increase again with an
increase in the magnetic field. Therefore, the recombination
probability increases in strong magnetic fields (400 ± 1000 G).

The calculated recombination probability characterises the
magnetic field effect on the Q ±D transition in the radical pair
(Per2+ NADH+.), resulting in regeneration of the starting
HRP. Therefore, the experimentally detected formation of
Compound III in the bimolecular reaction between ferroper-
oxidase and oxygen molecule with the rate constant k1 is
described by the dependence of [17W(Q)] on the magnetic
field applied (Fig. 11). A comparison of the calculated (see
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Fig. 11) and experimental (see Fig. 8) magnetic field
dependences of the magnetic field effect revealed qualitative
agreement between them.

Thus, manifestation of the magnetic field effect, the
magnetic field dependence of which is described in the frame-
work of the radical pairs theory, indicates involvement of two
paramagnetic species in the NADH oxidation catalysed by
HRP. Agreement between the experimental and calculated
magnetic field dependences is attained assuming formation of
the magnetic field effect in the pair (Per2+ NADH+.

). It
should be emphasised that the conclusion about the presence
of single-electron transfer step in the catalytic cycle of HRP
also follows from the analysis of the experimental kinetic
curves (see, e.g., Fig. 6).

b. Magnetic field effect in the enzymatic oxidation of nifedipine, a
synthetic analogue of NADH
The presence of the single-electron transfer step in the catalytic
cycle of HRP was additionally substantiated in the studies of
the enzymatic oxidation of nifedipine [3,5-di(methoxycar-
bonyl)-2,3-dimethyl-4-nitrophenyl-1,4-dihydropyridine], a
synthetic analogue of NADH, which were also carried out
using the stopped-flow technique.35

The characteristic kinetic curve of the formation and decay
of the peroxidase reactive intermediates in the oxidation of NF
observed at 418 nm (maximum absorption wavelength of
Compounds II and III) is shown in Fig. 12. The kinetic curve
was analysed using the approach similar to that described
above for the enzymatic oxidation ofNADH. It was found that
the NF oxidation kinetics can be explained by a sequence of
elementary steps35 identical to that proposed 34 for the descrip-
tion of the enzymatic NADH oxidation (Scheme 10).

A decrease in the absorbance in the initial portion of the
kinetic curve (see Fig. 12, region 1) is associated 35 with the
formation of ferroperoxidase (e418=62 litre mmol71 cm71)
upon electron transfer from NF to the haem iron atom of the
enzyme, which also leads to formation of the radical cation
NF+.. Further increase in absorbance (see Fig. 12, region 2)
occurs during the reaction of ferroperoxidase with the dis-
solved oxygen to give Compound III (e418=115 litre mmol71

cm71). In the next stage, a neutral nifedipine radical (NF
.
)

formed as a result of deprotonation of the NF+. radical cation
is involved in the reaction. A CIDNP study 35 of the trans-
formations of NF+. in a model process showed that the
deprotonation takes a few nanoseconds. The radical thus
formed reacts with Compound III, which causes a dramatic

decrease in absorbance (see Fig. 12, region 3) due to the
formation of Compound I (e418=35 litre mmol71 cm71).
Single-electron reduction of Compound I by the second NF
molecule results in the formation of Compound II
(e418=115 litre mmol71 cm71); as a result, absorbance
increases (see Fig. 12, region 4). No rapid regeneration of the
native HRP occurs in the course of the reaction between NF
and Compound II; this seems to be due to inactivation of the
enzyme in the reactions with radicals.35

At the same time, a comparison of the kinetic curves of the
HRP-catalysed oxidation of NADH and NF (cf. Figs 6 and
12) clearly demonstrates significant differences between these
processes. For instance, it should be noted that each step of the
NF oxidation is much slower than the corresponding step of
the reaction of HRP with NADH. This can be explained by
several factors, in particular, a lower concentration of NF
compared to the NADH concentration (15 and 100 mmol
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.+)Q plotted vs. the external magnetic field (simula-

tion of experimental dependence of the rate constant k1 in the NADH

oxidation catalysed by horseradish peroxidase on the external magnetic

field).

1

2

3

4

0.26

0.30

0.34

0.38

A418 (rel.u).

0 100 200 300 400 Time /s

Figure 12. Kinetic curve of chemical transformations of the peroxidase

reactive intermediates observed in the oxidation of nifedipine.

Reaction conditions (all concentrations after mixing): 100 mM phosphate

buffer (pH 7.0); [Per3+]=1 mmol litre71; [NF]=15 mmol litre71;

15 vol.% EtOH; 25 8C.

N(His)

FeIV

O

N

N

N

N

Compound I

+.

N(His)

FeIV

O

N

N

N

N

Compound II

N(His)

FeIV

O

OH

N

N

N

N

Compound III

O2

NF NF
.
+H+

NF
.

�NÄ
.

�NÄ
.

�NÄ +

NF

�NÄ

Per3+ Per2+

N
N

N(His)

N
N

FeIII

N
N

N(His)

N
N

FeII

Scheme 10

610 M S Afanasyeva, P A Purtov, M B Taraban, T V Leshina



litre71, respectively) and by the use of the phosphate buffer
(pH 7.0) instead of the MES buffer (pH 5.6) in which HRP is
more reactive.24 The activity of the enzyme is also affected by
the addition of EtOH (15%) necessary for solubilisation of
NF, because ethanol acts as aninhibitor of HRP.

The effective rate constants for the formation of Com-
pounds III and I were determined by treating the kinetic curves
measured at different strengths of external constant magnetic
field using the Levenberg ±Marquardt non-linear regression
algorithm. In this case, the kinetic model for two successive
unimolecular stages was considered

and fitting was performed only for the portion of the kinetic
curve that describes the kinetics of formation and consumption
of Compound III (see Fig. 12,2). It turned out that, similarly
to the NADH oxidation, only the rate constant k1 is magneto-
sensitive. The experimental magnetic field dependence of the
magnetic field effect (Fig. 13) agrees with the theoretical curve
(see Fig. 11) assuming that the magnetic field effect is formed
in the pair (Per2+ NF+.

) (Scheme 11).

Thus, we can conclude that, similarly to the case of NADH,
back electron transfer in the pair (Per2+ NF+.

) occurs in the
doublet state of the RP, whereas the quartet spin state is the
source of Compound III (see Schemes 8 and 11).

An important conclusion that can be drawn based on the
analysis of the magnetic field effects detected in the enzymatic
oxidation of the natural substrate of horseradish peroxidase,
NADH and its synthetic analogue nifedipine, is as follows. In
the absence of hydrogen peroxide, the enzymatic oxidation
begins with electron transfer between the native HRP and
substrate rather than the reaction with trace amounts of
hydrogen peroxide formed as a result of NADH (NF) oxida-
tion by dissolved oxygen, which was earlier considered as the
initiation step.24, 47

Scheme 11

5. Studies of the magnetic field effect on the NADH
oxidation by horseradish peroxidase in an oscillatory
reaction
Of particular interest is the oscillatory reaction of NADHwith
O2 catalysed by HRP, which has been a subject of intensive
studies. The reaction dynamics shows a number of specific
features dependent on the reaction conditions.59 The perox-
idase ± oxidase system exhibits bistability (i.e., two different
dynamic states can exist under identical experimental condi-
tions).24 Examples are provided by two coexisting stable
states 60 and a stable state that coexists with periodic
oscillations.61

It should be noted that oscillations in an enzymatic system
are complex biochemical processes that often involve up to
10 ± 20 coupled elementary reactions associated with either
generation or consumption of free radicals. To study the
oscillatory oxidation reaction, NADH and oxygen are contin-
uously added to a stirred aqueous buffer solution (pH 5.0 ± 6.5)
containing HRP and an initiator (usually, an aromatic com-
pound, such as 4-hydroxybenzoic acid, melatonin or Methyl-
ene Blue). Under such conditions one can observe oscillatory
processes.62, 63 Reaction products include hydrogen peroxide
and a number of oxygen-containing free radicals.24 The
formation of reactive oxygen species is undesired for cell
metabolism due to their destructive properties; additionally,
too high concentrations of H2O2 cause inactivation of HRP in
the reaction of peroxide with Compound I.64, 65 A mechanism
of inactivation of the enzyme by free-radical species is
described 66 and the role of aromatic initiators in this process
was discussed. It was assumed that inactivation is a result of the
interaction between reactive oxygen species and the side chains
of amino acid molecules and peroxidase sugar residues.67 It
was shown that reduction of inactivation of the enzyme in the
oscillatory system is followed by an increase in the concen-
tration of melatonin, which rapidly reacts with the oxygen
radical species formed, e.g., OH

.
.

Studies of the effect of external magnetic field on the rate of
oscillatory processes are of particular interest. It is quite
important to answer the question whether or not does the
enzymatic oxidation retain its magnetic field sensitivity in the
oscillatory reaction and what is the role of its initiator?

The effect of external magnetic field on the consumption of
oxygen in the oscillatory reaction of NADH with O2 catalysed
by horseradish peroxidase was first observed by Olsen et al.7

The oxygen concentrations in the solution during the reaction
in a magnetic field of strength varied from 0 to 4000 G were
measured with a Clark-type oxygen electrode. The frequency
and amplitude of [O2]-oscillations are plotted vs. magnetic field
in Fig. 14. The plots exhibit characteristic extrema at about
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1500 G. The magnetic field effect is independent of the pH
value, NADH and methylene blue concentrations, being
sensitive to the change in the concentrations of HRP and
initiator, 4-hydroxybenzoic acid (Fig. 15).7 It was assumed
that the magnetic field sensitive steps of the oxidase oscillatory
reaction can involve radical pairs including Compounds I and
II.

Compound I+NADH Compound II+NAD
.
, (24)

Compound II+NADH Per3++NAD
.
+H2O. (25)

The dependence of the magnetic field effects observed on
the concentration of phenolic compounds can be explained 7 by
participation of the latter in electron transfer between Com-
pounds I and II in the course of the reactions

Compound I+PhOH Compound II+PhO
.
, (26)

Compound II+PhOH Per3++PhO
.
+H2O, (27)

PhO
.
+NADH PhOH+NAD

.
. (28)

Note that the lack of a theoretical magnetic field depend-
ence 7 precludes drawing unambiguous conclusions about the
magnetic field sensitive step of the process. We can only point
to significant differences between the magnetic field depend-
ences obtained for the steady-stateHRP-catalysed oxidation of
organic substrates [Me2C=CH(OSiMe3), NADH and NF]
(see above) and measured in the course of oscillatory NADH
oxidation by peroxidase (cf. Figs 5, 8, 13 and 14). These
differences can be explained taking into account the fact that
in the course of the steady-state substrate oxidation catalysed
by HRP the magnetic field effects were detected in particular
stages of the catalytic cycle, whereas in the case of oscillatory
oxidase reaction 7 the effect of the magnetic field on the rate of
the overall process was studied. The observed dependence of
the magnetic field effect on the concentration of phenol 7 gives
grounds to assume the presence of a number of magnetic field
sensitive steps in the reaction under study, which can be a
possible reason for the differences between the magnetic field
dependences (see above).

V. Conclusion

The material presented in this review demonstrates the applic-
ability of spin chemistry methods to studies of paramagnetic
species involved in the enzymatic oxidation. Manifestation of
the magnetic field effects in enzymatic reactions points to a
relationship between the reactivity and spin states of para-
magnetic intermediates of the catalytic cycle of HRP. For
instance, it was shown that in the absence of hydrogen peroxide
the enzymatic oxidation is initiated by electron transfer
between the native enzyme and substrate. In addition, obser-
vation of theCIDNP effect 68 in the interaction of photoexcited
NADHwith horseradish peroxidase not only substantiates the
conclusion about the possibility of electron transfer between
the peroxidase haem and NADH, but also proves the forma-
tion of the radical cation NADH+.

, which was postulated in
the analysis of the magnetic field effect.34

Agreement between the experimental magnetic field
dependences of the magnetic field effects detected in studies
of the oxidation catalysed by horseradish peroxidase and the
results of calculations in the approximations used in the radical
pair theory makes it possible to draw some conclusions on the
subtle mechanisms of the processes occurring in the catalytic
cycle.

For instance, the molecular dynamics of partners in the
enzyme ± substrate complex should meet key requirements of
the radical pair theory, namely, the rates of electron transfer in
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enzymatic processes should be similar to the diffusion rates
(otherwise, manifestation of the magnetic field effect is impos-
sible), and the lifetimes of reactive intermediates should not
exceed a few microseconds. The calculated magnetic field
dependence 34 showed the best agreement with experimental
data at submicrosecond lifetimes of the pair of paramagnetic
species. Since the theoretical model is based on the concept of
diffusion of partners, one should assume that reactants to some
extent retain their mobilities in the enzymatic processes. In
addition, extrema present in the magnetic field dependences at
a magnetic fields strength of the order of hundreds of Gauss
attest unambiguously to electron exchange interaction between
partners in the catalytic cycle of horseradish peroxidase. This is
most probably due to the substrate binding in the active site of
the enzyme. One can hope that analysis of positions of the
extrema in the plots of the magnetic field dependences of the
magnetic field effects in the enzymatic oxidation of different
substrates in combination with the data obtained by other
methods for detection of enzyme ± substrate interactions will in
the future allow one to formulate criteria for evaluation of
binding.

An important result is also the observation of the magnetic
field effect in the oscillatory reaction of NADH oxidation by
peroxidase. To draw unambiguous conclusions about changes
in the processes occurring in the catalytic cycle of peroxidase in
the course of oscillatory oxidation in the presence of additional
sources of free radicals (Methylene Blue, phenol, etc.), one
should study the effect of magnetic field on interconversions of
HRP-Compounds, as was done for the steady-state oxidation.
Differences in the character of the magnetic field dependences
of the magnetic field effects detected in particular steps of the
steady-state oxidation and in the oscillatory reaction (overall
reaction) suggest the presence of non-identified magnetic field-
sensitive steps of the oscillatory process.

Summing up, it seems useful to list other enzymatic
processes that are most promising for spin chemistry studies
in order to establish the mechanisms of elementary reactions.
These are first of all the processes involving cytochrome P450
and cytochrome c oxidase,69 which have well-established para-
magnetic intermediates and are structurally similar to the
peroxidase Compounds.

Cytochrome P450 plays an important role in enzymatic
catalysis by metal-containing enzymes:47 it participates in
hydroxylation of xenobiotics, such as saturated and unsatu-
rated fatty acids,70 steroid hormones,71 cholesterol,72 bile
acids 73 and prostaglandins.74 Despite the fact that the mech-
anism of substrate oxidation catalysed by cytochrome P450
has been studied for two decades, it is still to be clarified. The
catalytic cycle of hydroxylation by cytochrome P450 involves
radical steps (Scheme 12).47 For instance, it was assumed that

the substrate oxidation starting with the binding by the
FeIV=O group can proceed by either a radical (`radical
clock' of norcarane and spiro-2,5-octane) or cationic mecha-
nism. This results in different reaction products.75

In addition, the state (high-spin or low-spin) of the active
site of enzyme in the enzyme ± substrate complex and the
changes in this spin state upon reduction as a result of single-
electron transfer are still unclear.48

Spin chemistry methods can be useful in studies of the
mechanism of hydroxylation by cytochrome P450. Indeed, by
analysing the magnetic field dependences of the effective rates
of the interconversions of reactive intermediates in the catalytic
cycle of cytochrome and the dependences of the product ratio
of substrate oxidation on the strength of external magnetic
field it is possible to determine the spin state of iron in the
enzyme active site and the spin configurations of the cyto-
chrome reactive intermediates. Analysis of the magnetic field
effects also permits monitoring of the effect of electron spins of
the cytochrome P450 intermediates on the ratio of the radical
and cationic oxidation pathways.

Yet another enzymatic system that can (potentially) be
studied by spin chemistry methods is the cytochrome c ± cyto-
chrome c oxidase system. The role of electron-transfer steps in
this system has been a subject of considerable discussion.76 The
case in point is the generation of the chemical potential within a
mitochondrion in the respiratory chain, which produces most
of the free energy necessary for life processes in aerobic
organisms by combining electron transfer and the synthesis of
adenosine triphosphate (ATP).77 The electron transfer steps
involving proteins and highly reactive paramagnetic cyto-
chrome intermediates in the mitochondrial chain is the key to
this process. At present, we know that the cytochrome c ± cy-
tochrome c oxidase system contains four cofactors, namely,
two copper atoms, a low-spin haem group and a haem group
that is a constituent of the protein containing haem iron and
copper.78During the reaction, the system adds four electrons in
four successive single-electron steps, thus reducing oxygen to
water, and at the same time creates a proton gradient across the
inner mitochondrial membrane (see Scheme 12). Recently,76

the reactive paramagnetic intermediates of cytochrome c oxi-
dase were determined spectroscopically. These are peroxide
linkers (Compounds PM and PR), ferryl intermediate (Com-
pound F), ground state (Compound O), a singly reduced form
(Compound E) and a doubly reduced form (Compound R).
Interconversions of these species involve single-electron trans-
fer between the paramagnetic intermediates of the enzyme.69

Based on the results of structural studies of cytochrome c,79, 80

possible pathways of electron transfer in the enzyme and a
mechanism involving interconversion of cytochrome c inter-
mediates were proposed; however, all these assumptions
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require additional proofs. It is desired to prove them in studies
of the dynamics of the processes occurring in the cytochrome
c ± cytochrome c oxidase system. One can expect that spin
chemistry methods, such as the magnetic field effect and
chemically induced dynamic nuclear polarisation, will provide
the possibility of establishing the role of the electron spin states
in different paramagnetic intermediates and obtaining
information on the subtle mechanism of functioning of the
system of mitochondrial breath, namely, the cytochrome c ±
cytochrome c oxidase system.
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Abstract. The role of catalyst systems in the perfection ofThe role of catalyst systems in the perfection of
polymerisation processes and the improvement of the perform-polymerisation processes and the improvement of the perform-
ance characteristics of polyethylene and other polyolefins isance characteristics of polyethylene and other polyolefins is
considered. The scope of application of post-metalloceneconsidered. The scope of application of post-metallocene
catalysts based on transition metalcatalysts based on transition metal aa-diimine, bis(imino)pyr--diimine, bis(imino)pyr-
idine and phenoxy imine complexes designed in the last decadeidine and phenoxy imine complexes designed in the last decade
is analysed. The structures of complexes depending on the typeis analysed. The structures of complexes depending on the type
of ligands are described systematically. The development ofof ligands are described systematically. The development of
research into these catalyst systems is discussed, the optimalresearch into these catalyst systems is discussed, the optimal
structures as regards the activity and selectivity are mentioned,structures as regards the activity and selectivity are mentioned,
and the mechanism of their action and the prospects forand the mechanism of their action and the prospects for
industrial use are demonstrated. The bibliography includesindustrial use are demonstrated. The bibliography includes
207 references207 references..

I. Introduction

In the early 21st century, the annual production of polymers
exceeded hundred million tons (`World Polymer Products'
issued by the Chemical Marketing Association, Inc., on
September 2005) due to the universal use of these materials in
industry and other fields of human activity. Among various
classes of polymers, there are leaders in both the amount of
production and the width of consumption. For example, the
percentage of polyolefins in the total annual production of
plastic materials (180 ± 190 million tons) is higher than 50%
(105 mil. tons, including *64 mil tons of polyethylene and
*41 mil tons of polypropylene). Consequently, polyethylene
(PE) and polypropylene (PP) are the most widely used polymer
materials, whose production increases annually by 3%±7%.

Polyolefins attract great attention of both manufacturers
and consumers because these materials are produced from
inexpensive and readily available sources and are characterised
by an attractive combination of their properties and the ease of
processing. The advantages of polyolefins are also their hydro-
carbon composition and, consequently, the ease of utilisation
by recycling or burning. Polyolefins have wide and various

applications due to rather highmelting points [up to 135 8C for
polyethylene, *160 8C for propylene and *200 8C for poly-
(4-methylpentene)] combined with a low weight, transparency,
corrosion resistance, rigidity, shock resistance and ability to be
modified.

The history of the development of research into polyme-
risation processes of ethylene, propylene and other a-olefins
and the development and commercialisation of polyolefin
production processes dates back approximately 70 years.
After the first successful technological solutions on procedures
for ethylene polymerisation under high pressure, ICI Plc (UK)
began commercial production of PE in the late 1930s. More
recently, in addition to the autoclave process, a procedure for
ethylene polymerisation in tubular reactors was developed and
commercialised.1 These processes hold industrial importance
to the present day.

The Nobel Laureates K Ziegler and G Natta laid the
scientific foundation for catalytic ethylene and propylene
polymerisation at moderate pressure and temperature.2 ± 7

These scientists have designed catalysts based on titanium
chloride and alkylaluminium compounds, which are com-
monly known as Ziegler ±Natta catalysts. The application of
these catalysts and their analogues on the industrial scale took
great efforts and years because of difficulties in elucidating the
mechanism of action of catalysts, choosing the optimal struc-
tures of components of catalyst systems and finding conditions
for the preparation of polymers with required properties and
performance characteristics.

Montagna andFloyd 8 suggested a graphical interpretation
of the evolution of catalytic olefin polymerisation as an
S-shaped step curve (Fig. 1). This curve reflects the relation-
ship between the level of technological solutions and the
molecular architecture (structure) control of polymers, on the
one hand, and the structural features of polymerisation cata-
lysts and the time of their design, on the other hand. This plot
was published in the recent handbook 9 of polyolefins for
characterisation of the steps of perfection of olefin polyme-
risation processes.

An analysis of the plot presented in Fig. 1 shows that the
progress in the control of the polymer structure is always
associated with advances in the design of new high-perform-
ance and highly selective commercial catalysts.

In the first step of investigations of olefin polymerisation
corresponding to the first step in the curve presented in Fig. 1,
high-pressure ethylene polymerisation was performed in auto-
clave reactors. The technology of ethylene polymerisation
(1500 atm, 200 8C) by the radical mechanism developed in
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the late 1930s allowed the preparation of polyethylene with a
specific structure. Macromolecules of this polymer contain
both long-chain and short-chain branches (Fig. 2 a). The
process equipment was improved to increase the performance
and the degree of control over the structure of high-molecular-
weight products with the use of a wider range of initiators (in
addition to oxygen, peroxides with different structures). This
led to an improvement of the properties and an extension of the
assortment of PEs.

The second step in the PE production started in 1950s,
when the Standard Oil Company (USA) began the commercial
production of PE at moderate pressure (*40 atm) and tempe-
rature of *100 8C in the presence of an alumina-supported
molybdenum oxide catalyst.10 A new class of complex organo-
metallic catalysts discovered by Ziegler and co-workers 2 in
1953 made a revolution in this technology, resulting in an
increase in the efficiency of ethylene polymerisation under
moderate pressure. Natta and co-workers 4 ± 6 developed a
procedure for stereospecific propylene polymerisation.

There are three factors responsible for the unique techno-
logical and industrial advances in the improvement of proper-
ties and extension of the scope of application of polyolefins:

Ð strategy of the control over promising technologies to
formmaterials with improved performance characteristics and
an extension of the fields of their rational use;

Ð permanent perfection of the production processes and
the improvement of the structure and properties of polymers,
the design of new types of polyolefins;

Ð dynamism of the development of convenient technolo-
gies and the efficiency of introduction of modern technological
solutions, which is a prerequisite for the design of materials
with new properties and new possibilities of their application.

As mentioned above, the design of new-generation cata-
lysts for olefin polymerisation, in-depth investigations of the
mechanism of their action and the determination of conditions
for their optimal use were and remain the driving force of the
progress in studies in this field. Discoveries of higher-perform-
ance catalyst systems always led to the perfection of polyolefin
production and new advances in the control of the molecular
structures of polymers.

For example, the modification of Ziegler ±Natta catalysts
by electron-donor additives resulted in an increase in the
activity and selectivity of the catalysts by two orders of
magnitude.11 The use of such catalysts allowed the simplifica-
tion of the flow scheme for the polyethylene production (the
polymer washing step is excluded) and the improvement of the
efficiency of copolymerisation of ethylene with higher
a-olefins. As a result, linear low-density polyethylene
(LLDPE) was prepared.11 ± 23 This polymer consists of linear
molecules with short-chain branches (see Fig. 2 c), and this is
the difference from PE prepared earlier, which has a linear
structure without branches and is characterised by a high
density (see Fig. 2 b).

The design of catalyst systems supported on inorganic
adsorbents (SiO2, Al2O3 or MgCl2) and, more recently, on
polymer supports was an important breakthrough in the
perfection of olefin polymerisation catalysts. This gives rise to
a new version of the flow scheme, viz., gas-phase polyme-
risation. The Union Carbide Corporation (USA) was the first
to employ this scheme in industry. Later on, this process was
used also by other companies [British Petroleum, BASF
(Germany), etc.]. Studies of the characteristic features of the
behaviour of supported catalyst systems, primarily of MgCl2-
supported catalysts, which were independently performed by
the Mitsui Chemical (Japan) and Montedison (Italy) Compa-
nies resulted in the design of catalysts allowing the control over
the properties and polymermorphology. It appeared that these
systems are able to replicate (reproduce the shape) the starting
catalyst particles by the resulting polymer particles. This
allowed the synthesis of granular polymers directly in a
polymerisation reactor.11, 23 ± 28

A new step in the perfection of olefin polymerisation
catalysts (1980s) was associated with investigations of so-called
`metallocene' catalysts based on coordination organometallic
compounds. In these complexes, one or two cyclopentadienyl
rings (including substituted rings) form a p bond with the
central Group IVB, VB or VIB transition metal
atom.11, 20, 29 ± 39 A new type of organoaluminium compounds,
viz., poly(methylalumoxane) ([7Al(Me)O7]n, MAO), was
used for activation.40

In the 25-year metallocene epoch, about 700 patents were
granted and more than 10 reviews and monographs devoted to
this problem were published (see, for example, Refs 20, 29 ± 31
and 33 ± 39). The following aspects were considered: the
evolution of the design of new structures of metallocene
complexes, the mechanism of action of catalyst systems based
on these complexes with the use of cocatalysts of different
nature and the possibility of application of these complexes in
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Figure 1. Evolution of olefin polymerisation catalysts.

(1) Low-density PE (non-catalytic radical process); (2) high-density PE

and PP (Ziegler ±Natta catalysts); (3) gas-phase polymerisation (sup-

ported catalysts); (4) preparation of homo-and copolymers with different

microstructures (single-site catalysts and metallocenes); (5) copolymerisa-

tion of olefins with polar monomers, functionalised polymers and block

copolymers (post-metallocene catalysts).

a b c d

Figure 2. Structures of different types of polyethylene:

(a) Long-chain branches combined with short-chain branches;

(b) unbranched polymer; (c) short-chain branches, whose regularity

depends on MW; (d) short-chain branches (or the insertion of a co-

monomer) with a regular distribution in the chain.
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olefin polymerisation and copolymerisation. A detailed ana-
lysis of problems associated with the mechanism of olefin
polymerisation in the presence of metallocene catalysts and
the related publications are beyond the scope of the present
review. Let us only note the most important aspects due to
which this type of catalysts attracts great interest of resear-
chers.

Metallocene catalyst systems are characterised by a num-
ber of important features:

Ð high activity { in ethylene polymerisation (up to 40 tons
of PE per gram of transition metal for 1 h);

Ð the single-site character of the catalysis process;
Ð the similarity of the constants of copolymerisation of

ethylene and higher a-olefins, which provides the uniform
incorporation of a-olefins into the polymer chain regardless
of the molecular mass of the copolymer (see Fig. 2 d );

Ð high performance in polymerisation and copolymerisa-
tion of a wide range of monomers;

Ð lower oxophilicity compared to Ziegler ±Natta catalysts
allowing polymerisation of monomers containing functional
groups remote from double bonds.

Judging by numerous predictions, metallocene catalyst
systems would replace Ziegler ±Natta catalysts in the poly-
olefin production. However, their introduction occurred much
more slowly than expected due primarily to a high price of the
components of these catalysts and problems associated with
processing of polyolefins.41, 42

To summarise the aforesaid, it can be stated that, in spite of
great progress in studies of olefin polymerisation catalysts, a
number of problems associated with the technology of these
processes remain to be solved. For example, copolymers of
ethylene and other olefins with various available comonomers
containing polar groups cannot be prepared because of the
oxophilic character of the components of metallocene catalyst
systems. A search for ways for increasing the performance and
selectivity of catalysts and controlling the morphology of the
resulting polyolefins as well as the improvement ofmethods for
stereochemical control of the growing chain are still important.

Many research teams were engaged in solving these prob-
lems. This gave rise to the subsequent step in the history of
evolution of olefin polymerisation processes associated with
the design of a radically new generation of catalysts. This step
is represented by dashed line 5 at the top of Fig. 1 and
corresponds to more perfect catalyst systems characterised by
high performance and selectivity, a wider range of conditions
(temperature and pressure), the possibility to control the
catalytic properties by varying the oxophilicity of the ligand
and the ability to control the polymerisation process. These
catalysts should solve the problem of copolymerisation of
ethylene with polar monomers and should be characterised
by high efficiency, accessibility and the safe storage and use. In
addition, the use of these catalysts provides the possibility of
improving the structural characteristics of polyolefins, thus
ensuring better recycling and performance characteristics of
polymer materials.

First publications on new catalyst systems meeting the
above-mentioned requirements date back only 10 years.
Nevertheless, numerous papers, patents and reviews have
been published during these years.43 ± 52 A new class of high-
performance non-metallocene catalyst systems is referred to as
`post-metallocene catalysts'.{

Most of the studies of olefin polymerisation catalysts
published in the last decade are related to systems based on
late transition metal complexes with nitrogen-containing
ligands (`the nitrogen skeleton'). These are primarily nickel
and palladium diimine complexes as well as iron and cobalt-
bis(imino)pyridine complexes (see, for example, Refs 44, 45,
48, 49 and 51). A new type of post-metallocene catalysts based
on phenoxy imine complexes of titanium, zirconium, hafnium
and some other transition metals has attracted attention more
recently.47, 50, 52

In Russia, investigations of post-metallocene catalyst sys-
tems started somewhat later. In this connection, the publica-
tion of a Russian review devoted to an analysis of the progress
in this field will apparently attract interest of researchers
concerned with catalytic olefin polymerisation.

II. Catalyst systems based on late transition metal
aa-diimine and bis(imino)pyridine complexes

1. aa-Diimine complexes as catalysts for olefin polymerisation
In 1995, the US research team headed by Brookhart obtained
first successful results in the design and application of post-
metallocene catalyst systems.53 ± 56 The authors demonstrated
that ethylene, propylene and hex-1-ene polymerisation can be
performed in the presence of nickel or palladium complexes (1
and 2, respectively) with bis(arylimine) ligands.

The results of investigations of these systems obtained in
the first five years were summarised in the review.45 a-Diimine
fragments most often contain aryl substituents at the nitrogen
atoms and are involved in an aliphatic or complex polyaro-
matic system (for example, the acenaphthylene system). The
general structures of nickel and palladium a-diimine complexes
can be represented as follows:

A sophisticated analysis of the published data on the
synthesis and studies of late transition metal complexes with
ligands containing the nitrogen skeleton demonstrated that
studies by Brookhart were preceded by earlier investigations in

M=Ni (1), Pd (2); R =Me, Pri; X = Cl, Br, Me.
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{ Hereinafter, the activities of catalysts are given in units of (amount of a

polymer) [mole (or gramme) of a catalyst]71 h71.

{ The term `post-metallocene catalysts' has been used for the first time in

the review by Britovsek et al.44
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this field. For example, Yamamoto et al. reported 57 the results
of tests of catalysts based on cobalt and iron alkyl complexes
with bipyridine ligands (for example, compound 3), in poly-
merisation of acrylic acid derivatives, as early as in 1970. It is
evident that these catalysts are similar to late transition metal
a-diimine complexes.

Later on, it was demonstrated 57 that bipyridine complexes
3 are characterised by relatively weak coordination of the iron
atom by bipyridine ligands. This facilitates side processes, such
as b-hydride migration and reductive elimination. The termi-
nation of the polymer chain growth leads to fast deactivation
of the catalyst 58 and, consequently, to a decrease in its activity.
Because of these drawbacks, researchers have lost interest in
this type of complexes.

It should be emphasised that the newly synthesised cata-
lysts based on late transition metal complexes containing
ligands with the nitrogen skeleton were covered by numerous
patents. In the period from 1994 to 2001, 742 patents were
issued (cited from the monograph,51 p. 59), which is compar-
able only with the number of patents on the design of metal-
locene systems.

To perform olefin polymerisation, it is necessary to trans-
form a-diimine complexes into the active form. Methylalum-
oxane or perfluoroaryl boron compounds (the latter are more
suitable for complexes with the central palladium atom) are
commonly used as activators (or cocatalysts). Somewhat later,
it was demonstrated that simple alkyl derivatives of aluminium
can also be used for these purposes.59, 60

Depending on the structure of the ligand and the reaction
conditions, nickel and palladium a-diimine complexes can
exhibit high activity in ethylene polymerisation to give PE
with molecular weight (MW) varying in a wide range. For
example, the performance of up to 11 (kg PE) mmol71 h71

bar71 was observed for some nickel derivatives,53 PEwithMW
of up to 1 million was obtained at low temperatures. On the
whole, nickel a-diimine complexes provide higher activity of
catalysts in ethylene polymerisation and form polymers with
higher MW compared to analogous palladium complexes.

Studies of the PE structures showed that new catalyst
systems allow the preparation of polymers with short-chain
(methyl, ethyl, butyl or longer) branches.

Based on low-temperature NMR spectroscopic data, the
branch migration mechanism for ethylene polymerisation in
the presence of nickel or palladium a-diimine complexes was
suggested (Scheme 1).45, 61, 62 The reactions of the complexes
with cocatalysts and coordination with ethylene afford the
inactive (latent) cationic form A and the polymer chain begins
to grow. The formation of the growing linear chain can
alternate with b-elimination of a hydride ion and the formation
of alkenyl hydride complex B, whose transformation gives rise
tomethyl branching in the growing chain. The formation of the
whole macrochain is a result of a combination or alternation of
the chain growth and b-elimination of a hydride ion in the
alkenyl hydride complex, resulting in the next branching.

According to this mechanism, catalyst systems based on Ni
and Pd a-diimine complexes afford polymers with methyl
branches. Several successive b-hydride transfer reactions give
rise to short-chain ethyl, propyl or other (longer) a-alkyl
branches. These catalysts are very promising because they
allow the preparation of short-chain branched polyethylenes
without the use of comonomers.

For palladium systems, the barrier to ethylene insertion by
the migration mechanism was estimated 53, 63 at
17 ± 18 kcal mol71 (the lowest barrier is observed for the
bulkiest imine ligands), whereas this barrier for nickel systems
is substantially lower (13 ± 14 kcal mol71). Therefore, the
energy difference of 4 ± 5 kcal mol71 is consistent with higher
activity of nickel complexes observed in experiments.

In the presence of palladium catalysts, the branching of PE
is independent of the monomer pressure in the polymerisation
process. However, the ethylene pressure influences the polymer
morphology. At moderate pressures, polymerisation affords
viscous amorphous oils; at high pressures, amorphous rubber-
like solids, plastomers (Fig. 3).

In the case of nickel complexes, the degree of branching of
PE is always lower than that obtainedwith the use of palladium
analogues, and this degree decreases with increasing ethylene
pressure. The sensitivity of the degree of branching of the
product to the pressure is a result of a competition between two
processes, viz., trapping of ethylene by the active complex and
the chain transfer. High pressures are favourable for trapping
of ethylene, resulting in a lower degree of branching.

Polymerisation on diimine catalysts giving high-molecular-
mass polymers is characterised by a much higher chain growth
rate compared to the chain transfer rate. An increase in steric
crowding of the axial regions in the square plane of the complex
is the key factor responsible for a decrease in the chain transfer
rate.45 The crystallographic data show that the benzene rings in
square-planar palladium a-diimine complexes are located
approximately perpendicular to the plane of the square, and
the ortho substituents are located above and below this plane.
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Important investigations aimed at optimising the struc-
tures of diimine catalyst systems involve variations of the
nature of substituents in the ligand and the elucidation of
their influence on the characteristics of the resulting polymers.
For example, the detailed theoretical investigation of nickel
complexes with various diimine ligands was carried out.64 An
increase in the bulkiness of substituents at the nitrogen atom
was demonstrated to play a dual role. First, these groups block
the access to the transition metal atom in the axial direction.
This destabilises the inactive (latent) state of the catalyst and
the chain termination transition state, in which both axial
positions are occupied. Second, the aryl rings in nickel com-
plexes, unlike those in palladium analogues, are located in one
plane with the diimine fragment, which is favourable for
stabilisation of the transition state of ethylene insertion com-
pared to the latent state of the catalyst. An increase in the
bulkiness of substituents either at the carbon atoms or in the
ortho positions of the aryl groups at the nitrogen atoms of
diimine results in a more rigid fixation of the plane of the
aromatic ring perpendicular to the metal ± ligand coordination
plane. In this case, ortho substituents more efficiently block the
axial directions.65

In particular, the 2,3-bis(2,6-dimethylphenyl)butanedi-
imine nickel dichloride complex (1, R=Me, X=Cl) is one
of the most active catalysts in this class.66 Ethylene polyme-
risation on this catalyst activated by MAO affords PE charac-
terised by the number average MW (Mn) in the range of
(1.7 ± 6)6105 and a rather narrow molecular weight distribu-
tion (MWD) of 2.0 ± 3.5. The degree of branching increases,
whereas MW decreases as the temperature of the process is
increased. The polymer branching is virtually independent of
the Al :Ni molar ratio and the concentration of the catalyst.

Therefore, the main structural feature of ligands in late
transition metal a-diimine [as well as bis(imino)pyridine, see
below] complexes and catalysts based on these complexes is
that the active cationic centre is sterically shielded by bulky
ortho-substituted aryl groups at the nitrogen atom, resulting in
suppression of side processes of chain termination (elimination
of the hydrogen atom from the b position and the associative
substitution of olefins) during polymerisation. The ability to
provide efficient stabilisation of organometallic complexes
that are formed in the reactions with monomers is another

important property of these ligands. The electronic structure of
ligands is rather flexible because it is determined primarily by
the nature of substituents in N-aryl groups. These characte-
ristic features were observed in many experimen-
tal 45, 48, 49, 51, 53 ± 58, 67 ± 70 and theoretical 60, 64, 65, 71, 72 investi-
gations.

Therefore, the activity of a-diimine catalysts based on
nickel and palladium complexes in olefin polymerisation was
substantially increased by changing the structure of the ligand,
to be more precise, by introducing bulky aryl substituents at
the ortho positions of the phenyl rings at the nitrogen atoms of
the imine fragments.51 Recently, new Ni and Pd complexes
with the use of various types of ligand variation were synthes-
ised.73 ± 75 For example, complexes having symmetric (4 and 5)
or non-symmetric (6) structures and complexes with hetero-
aromatic substituents (7) were prepared.

The activity of catalyst systems based on compounds 4 ± 7
in ethylene polymerisation and MW of polymerisation pro-
ducts appeared to be similar to the corresponding characte-
ristics for complexes, which have been studied earlier by
Brookhart. The highest performance was observed for the
catalyst based on compound 5. These systems are characte-
rised by the dependence of the degree of branching of PE and,
consequently, of its glass-transition temperature (Tg) on the
structure of ligands. For example, complexes 4, 5 and 7 allow
the synthesis of virtually linear PE. In addition, polymerisation
in the presence of complex 6 containing unsymmetrical ligands
affords PE characterised by a lower degree of branching
compared to a polymer prepared with the use of structurally
similar Brookhart's complexes. Polymerisation in the presence
of catalyst systems based on complexes 7 with peripheral
heterocyclic substituents affords polymers with lower MW. It
should be noted that an analogous situation is observed for
complexes containing other heteroaromatic substituents (for
example, indoles, etc.) instead of the pyrrole rings.

M=Ni, Pd; X, Y = Hal, Me; R = Alk.
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2. Bis(imino)pyridine complexes as olefin polymerisation
catalysts
Several years after the discovery of a-diimine catalysts for
olefin polymerisation, Brookhart and co-workers 45, 76, 77 in
USA and the research group headed by Gibson 48, 78 ± 84 in
UK simultaneously and independently published data on the
design and examination of iron and cobalt 2,6-bis(arylimino-
alkyl)pyridine [hereinafter, referred to as bis(imino)pyridine]
complexes.

Iron complexes with R1=R3=Me, Pri or But, R2=H,
R4=Me and X=Cl, Br or NO3 were the first representatives
of this type of compounds.77 A short time later, other
researchers were also engaged in the synthesis of complexes
with N-tridentate ligands (see, for example, Ref. 85).

The characteristic structural feature of these complexes is
that themetal atom in them has the coordination number 5 and
a pseudosquare-pyramidal coordination geometry with the
phenyl rings being virtually perpendicular to the plane of the
square. High-molecular-weight polyethylene (Mw up to
76105) was prepared on these catalysts in high yield upon
activation by modified methylalumoxane (MMAO) in the
presence of ethylene in toluene. As opposed to Ni(II) and
Pd(II) diimine catalysts, linear (without branches) PE is formed
under analogous conditions even in the presence of bulky
ligands in the complexes and at low ethylene pressure. The
molecular weight of the polymer varies in a wide range depen-
ding on the type of the ligand, the nature of the central metal
atom and the concentration of the cocatalyst. As in the above-
considered diimine complexes, the bulkiness of the aryl frag-
ments at the imine nitrogen atoms in the ligands in Fe and Co
bis(imino)pyridine catalysts plays an important role. Thus, an
increase in the bulkiness of the ortho substituents also leads to
an increase in the activity of the catalyst system.

The mechanism of ethylene polymerisation with the use of
catalysts based on Fe(II) bis(imino)pyridine complexes was
analysed in detail 86 using quantum chemical calculations by
the density functional theory (DFT) method and in combina-
tion with the molecular mechanics method. The calculations
were carried out for the active state of the catalysts, viz., for the
model (8) and real (9) cationic complexes.

The trapping of ethylene by the cationic metal alkyl
complex was demonstrated 86 to be the rate-determining step
of both the chain growth and termination. The mechanism of
chain termination involves the b-hydride transfer of the grow-
ing chain to the monomer in the active centre as the major
process (see Scheme 1). As in the case of a-diimine ligands, the
presence of bulky aryl groups containing substituents in the
ortho positions at the imine nitrogen atom (for example, 2,6-
Pri2C6H3) is desirable for the highest performance. In the
presence of complexes with such substituents, the chain termi-
nation is suppressed and the rate ofmonomer insertion into the
growing chain increases.

The group headed by Brookhart found 45 that bis(aryl-
iminoethyl)pyridine complexes 10 ± 12 containing only one
ortho substituent in each benzene ring are superactive catalysts
for ethylene oligomerisation.

It should be noted that this fact is consistent with the results
of our investigation 68 of ethylene oligomerisation with the use
of substituted diimine complexes.

In the study,83 the dependence of the kinetic activity of
bis(imino)pyridine complexes in ethylene polymerisation on
their structure (primarily, on the size of substituents in the
ortho position of the arylimine fragment) was found and the
molecular characteristics of PE were determined. These cha-
racteristics are also not contradictory to the above-considered
data.

Ethylene polymerisation in the presence of iron complexes
with various tridentate nitrogen-containing ligands, such as
2,6-bis(aryliminoalkyl)pyridine (13, 14), 2-arylaminoalkyl-6-
aryliminoalkylpyridine (15, 16) and 2,6-bis(arylaminomethyl-
pyridine) (17), and cobalt complex 18 combined with the
cocatalyst MAO was investigated.84 Compounds containing
bis(imine) fragments were demonstrated to have higher cata-
lytic activity than bis(amine) and aminoimine derivatives;
complexes with ketimine ligands are more active than com-
plexes with aldimine ligands. Cobalt complex 18 is less active
than its iron analogue 15.

M= Fe, Co; X = Cl, Br; R1, R2, R3 = H, Alk, Ar; R4 = H, Alk.
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It was noted that lower activity of amine complexes
compared to bis(imino)pyridine analogues is possibly attri-
buted to a relatively weak bond between amine and the iron
atom, whose cleavage results in dissociation of the amine
fragment. In addition, insufficiently strong conjugation of the
ligand environment and the spatial orientation of the amino-
aryl substituent, which hinders access of the monomer to the
catalyst active site and, correspondingly, the growth of the
polymer chain, can also play a particular role.

On the whole, ethylene polymerisation catalysts based on
transition metal bis(imino)pyridine complexes are attractive
because they are synthetically accessible and inexpensive,87

allow the synthesis of products with both narrow and wide
MWD and can be activated by various alkyl derivatives of
aluminium.59, 60 The main drawbacks are relatively low ther-
mal stability, which is manifested in a considerable decrease in
the catalytic activity of the system as the temperature rises (by a
factor of two and nine as the temperature rises to 50 and 70 8C,
respectively, compared to the activity at the optimal tempe-
rature of 35 ± 40 8C). In addition, an increase in the polymer-
isation temperature leads to a sharp decrease in MW of
polyethylenes prepared with the use of these catalysts.
Attempts to eliminate this drawback were made in several
studies.

Our research teammade a considerable contribution to the
solution of this problem.88, 89 For example, we demonstrated
that the temperature range, where catalysts based on com-
plexes 19 ± 22 containing cycloalkyl substituents in the ortho
position of the arylimine group exhibit high performance, can
be shifted to higher temperatures.

Ethylene polymerisation was performed in toluene using
the catalyst : activator (MAO) ratio of 1 : 1500 at ethylene
pressure of 0.3 MPa; the reaction time was 1 h.89 The curves
of the temperature dependence of the activity of catalyst
systems based on iron bis(imino)pyridine complexes with
cycloalkyl substituents 19 ± 22 and reference complex 23 con-
taining isopropyl substituents at positions 2, 4 and 6 of the
arylimine groups are presented in Fig. 4. It can be seen that the
activity of catalyst 23 sharply decreases at temperatures higher
than 50 8C, whereas the optimal temperatures for cycloalkyl-
substituted complexes are higher, this effect being more
pronounced as the number of the methylene groups in the
ring is increased. The experimental results were confirmed by
quantum chemical calculations for the complexes in ques-
tion.88, 89

A generalised analysis of the influence of the structure of
transition metal complexes with a-diimine and bis(imino)-
pyridine ligands on the activity of catalyst systems based on
these ligand was performed in the Polymer Research Labora-
tory of the BASFCompany (see themonograph,51 pp. 59 ± 98).
The authors confirmed that the key feature of the ligand

structure of these catalysts is that the active cationic centre is
sterically shielded to an extent sufficient to suppress unde-
sirable chain termination processes (primarily, b-hydride eli-
mination and associative substitution of olefins in active
complexes). Steric shielding can be provided, for example, by
bulky ortho-substituted aryl groups bound to the peripheral
donor centres (imine nitrogen atoms).

The results of studies of nontraditional substituents at the
imine nitrogen atoms of a-diimine and bis(imino)pyridine
ligands, for example, of nitrogen-containing heteroaromatic
groups, made a substantial contribution to knowledge about
the influence of the structure of complexes on their activity.
Earlier, when considering the catalytic activity of a-diimine
systems containingN-pyrrole rings, we have demonstrated that
the degree of branching of PE in polymerisation can be
changed (decreased or completely suppressed). An similar
effect was observed also in the presence of symmetrical
(24 ± 27) or unsymmetrical (28) iron bis(imino)pyridine com-
plexes with peripheral N-heterocyclic substituents.51
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A comparison of the polymerisation activity of systems
based on complexes 24 ± 28 in ethylene polymerisation with
that of the most active classical Brookhart ±Gibson catalysts
showed that the activity of the former catalyst systems is rather
high, but MW of PE prepared with their use is substantially
lower. The molecular mass was increased by increasing the
bulkiness of the peripheral N-azolyl substituents in the cata-
lyst, but this led to a decrease in activity. However, the most
substantial difference is that the reaction mechanism changes.
Polymerisation with the use of complexes 24 ± 28 affords
branched polymeric or oligomeric products, whereas polymer-
isation with the use of Brookhart ±Gibson complexes studied
earlier gives linear products.

The above-considered data show that there is a fine
equilibrium between the following two processes that occur
during ethylene polymerisation catalysed by transition metal
bis(imino)pyridine complexes: the monomer insertion resul-
ting in the formation of linear PE and b-hydride elimination
with the repeated addition of the isomerised chain giving rise to
branched structures. This equilibrium substantially depends
on the steric and electronic effects of peripheral substituents in
catalytic complexes, whose nature (for example, the introduc-
tion of the N-azolyl fragment instead of the N-phenyl group)
determines the mechanism of polymer formation. The chain
growth can give rise to either linear or branched structures with
the use of both a-diimine and bis(imino)pyridine complexes.

When analysing new complexes containing ligands with the
nitrogen skeleton, the recently synthesised oligomeric nickel
a-diimine complexes 90 and iron bis(imino)pyridine com-
plexes 91 deserve note. Unfortunately, the results of examina-
tion of these complexes in ethylene polymerisation were not
reported in the study cited.90 However, in the presence of
polyfunctional oligomeric bis(imino)pyridine complexes 29
and 30 (these complexes were synthesised by our group 91)
activated by MAO, polyethylenes with high MW were
obtained at high temperatures (70 ± 90 8C), i.e., the temper-
ature range of high performance of the catalyst system was
extended.

Bis(imino)pyridine complexes not only with the central
divalent iron atom but also with other transition metals, such
as cobalt, nickel, vanadium, copper, zinc, chromium and
manganese, were synthesised. The results of research into the
activity of catalyst systems based on various metals were
considered.92 ± 96 Divalent iron complexes exhibited the highest
activity in ethylene polymerisation, whereas Fe(III) complexes
proved to have low activity. Divalent cobalt complexes, which
were synthesised virtually simultaneously with the iron ana-

logues, are generally substantially less active than the latter.
However, Co(II) complexes in the presence of MAO show
higher activity in polymerisation of vinyl ethers than the
corresponding iron complexes.97 Divalent cobalt complexes
containing electron-accepting substituents exhibit high activity
also in selective dimerisation and oligomerisation of a-ole-
fins.98

Vanadium bis(imino)pyridine complexes were docu-
mented.99 Detailed studies of the influence of the structure of
complexes on the properties of the reaction products demon-
strated 100, 101 that olefin polymerisation in the presence of
vanadium systems gives mainly oligomeric products.

Chromium complexes analogous to iron bis(imino)pyri-
dine complexes have received little study as olefin poly-
merisation catalysts. As a rule, these complexes exhibit lower
activity than the above-considered iron, cobalt and vana-
dium complexes and often form low-molecular-weight pro-
ducts.101, 102

The differences in the behaviour of iron and cobalt 2,6-
bis(imino)pyridine complexes activated by modified methyl-
alumoxane in ethylene polymerisation under homogeneous
conditions were noted in the recent publication by Kissin et
al.103 Cobalt complexes form virtually single-site catalysts with
MMAO, whereas iron complexes give multisite (polyfunc-
tional) catalysts, whose character depends on the Al : Fe
ratio, the ethylene pressure, the temperature and the nature of
substituents in the ligands.

In recent years, great attention has been given to the
mechanism of action of Fe(II) 2,6-bis(imino)pyridine com-
plexes in ethylene polymerisation, including the determination
of key intermediates. For example, based on the results of 1H
and 13C NMR spectroscopic studies of the structures of
intermediates formed in homogeneous systems in the reactions
of the complexes with an activator, it was concluded 104 that
individual Fe(II) complexes rather than cationic intermediates
are active components of the catalyst system. In more recent
studies,105 ± 108 this conclusion was reviewed and it was hypo-
thesised that neutral complexes in these systems are precursors
of active sites for ethylene polymerisation. The schemes of the
transformations of these complexes into active sites were
proposed. The influence of activators, viz., various alkyl
derivatives of aluminium, on both the activity of the Fe(II)
2,6-bis(imino)pyridine complex and the characteristics of the
resulting polyethylene (MW, MWD and the molecular struc-
ture) was analysed.108 In this study, data on the number of
active sites and the rate constants of chain growth in ethylene
polymerisation were obtained.
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New views of the mechanism of influence of alkylalumi-
nium cocatalysts AlR3 (R=Et, Bui or n-C6H13) on the activity
of iron bis(imino)pyridine complex 31 were reported in the
recent publication.109

It was found that the activity of catalyst systems and the
structure,MWandMWDof PE depend on the polymerisation
temperature and the Al : Fe molar ratio. The analysis of in situ
UV-Vis spectra suggested the formation of two types of
catalytic species, viz., LFeRCl and LFeR2 (L is 2,6-bis-
[1-(2,4,6-trimethylphenylimino)ethyl]pyridine), the predomi-
nant formation of wich being determined by the Al : Fe molar
ratio. The LFeR2 compound has lower activity and favours the
formation of low-molecular-mass branched polyethylenes.

It should be noted that catalysts with the nitrogen skeleton,
in particular, a-diimine complexes, can be involved in two-
component catalyst systems for olefin polymerisation (the
method of reactor mixing). These mixtures (provided that the
components are compatible and the catalytic activity is not
decreased) are synthesised with the aim of changing the
structure and molecular characteristics of PE. Reactor mix-
tures of PE were prepared by combining two catalyst systems,
which provide themodification of polymers in the course of the
synthesis, with the possibility of controlling their MW and
achieving wider MWD.110

The reactor mixtures of PE have been prepared earlier with
the use of two-component systems based on Ziegler ±Natta
catalysts and late transition metal complexes, as well as of
metallocene and a-diimine systems.111, 112

For these purposes, our research group used two-compo-
nent heterobimetallic catalyst systems consisting of a-diimine
and bis(imino)pyridine complexes.113 The kinetic features of
ethylene polymerisation on methylalumoxane-activated cata-
lysts involving 2,6-bis(imino)pyridyl complexes of iron
dichloride 14 and 20 and 1,2-bis(imino)acenaphthyl complexes

of nickel dibromide 32 and 33were studied at different ratios of
the components in the temperature range of 50 ± 70 8C.

These components were confirmed to be compatible in one
reactor, and it was demonstrated that they can be efficiently
used (at high rates) to synthesise polyethylene with different
MWand short-chain branches. Amixture of complexes 14 and
32 proved to be an optimal combination of the components of
a binary catalyst system, which retains high activity and gives
rise to branched polyethylenes with satisfactory molecular
characteristics.

3. Compolymerisation of ethylene with polar monomers
in the presence of catalysts based on aa-diimine
and bis(imino)pyridine complexes
The structures and low oxophilicity of late transition metal
complexes containing ligands with the nitrogen skeleton hold
promise for their use as catalysts for copolymerisation of
ethylene with polar monomers.

For example, catalyst systems based on palladium a-di-
imine complexes were successfully used by Brookhart and co-
workers 53, 54, 56 for copolymerisation of ethylene and propy-
lene with monomers containing functional groups. Methyl
acrylate, tert-butyl acrylate, methyl vinyl ketone and fluoro-
octyl acrylate served as polar comonomers; the process was
carried out in the presence of the [LPdMeCl] ±NaBAr4 systems
(L is the a-diimine ligand) using the catalyst in an amount of
0.1 mmol per mole of themonomer in CH2Cl2 at 25 ± 35 8C for
18 ± 37 h. High-molecular-mass random polymers, which are
amorphous highly branched structures with approximately 100
branches per 1000 carbon atoms, were synthesised. These
polymers are characterised be the predominant arrangement
of the ester groups at branches or at the ends of the chain
(Fig. 5). The glass-transition temperature of these products
varies from 767 to 777 8C. The maximum degree of intro-
duction of the comonomer was 12.1%, 0.7%, 1.3% and 5.6%
for methyl acrylate, tert-butyl acrylate, methyl vinyl ketone
and fluorooctyl acrylate, respectively.

The introduction of functional groups of amines and
nitriles into the polymer chain of polyolefins was reported.114

The efficiency of binding of the metal centre of the catalyst to
the fragments of the CH2=CH(CH2)nXmonomers (X=CN,
NH2 or NMe2), viz., the N-containing polar group and the
p-system of the double bond, was compared 115 by the density
functional theory method. The energies of stabilisation of p-
and N-complexes of monomers with Ni(II)- and Pd(II)-based
catalysts containing diimine and salicylaldiminate ligands were
calculated, and the energy diagrams of their decomposition
were constructed. It appeared that p coordination of a mono-
mer to metal is more favourable for systems with the central
palladium atom, which provides the further growth of the
polymer chain. In the presence of nickel catalysts, stronger
metal ± nitrogen bonds are formed and the latter hinder effi-
cient copolymerisation, which accounts for the lack of success
in ethylene copolymerisation with the use of this type of
systems.
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Chien et al.116 successfully performed copolymerisation of
ethylene with a series of polar monomers, such as hex-5-en-1-
ol, undec-10-enoic acid, methyl vinyl ketone, vinyl acetate and
e-caprolactam. The authors modified the catalyst system by
activating bis(imino)acenaphthene nickel(II) dihalide with a
mixture of methylalumoxane (or diethylaluminium chloride)
and dibutylmagnesium.

In the review,117 the optimal structures of nickel and
palladium diimine complexes were proposed for copolyme-
risation of ethylene with polar monomers and the mechanism
of formation of copolymers with polar functional groups was
analysed based on the results obtained by the research teams
headed by Brookhart and Chien. As a result of the electron
distribution in the complexes, these palladium catalysts are
polar compounds due to which they readily form highly
branched PE, and provide the introduction of polar (in
particular, acrylate) fragments into the ends of branches in
copolymerisation reactions (see Fig. 5).

It should be noted that the possibility of polymerisation of
methyl methacrylate in o-xylene at 90 8C in the presence of
divalent iron complexes with tetradentate nitrogen-containing
ligands, for example, with [N,N 0-diphenyl-N,N 0-di(quinolin-2-
ylmethyl)]-1,2-ethylenediamine (using ethyl 2-bromoisobuty-
rate as the initiator) was demonstrated for the first time in the
recent publication by SeppaÈ laÈ and co-workers.118 In this case,
iron complexes catalyse the so-called atom transfer radical
polymerisation (ATRP).

4. Supported catalyst systems based on aa-diimine
and bis(imino)pyridine complexes
As mentioned above, catalyst systems based on a-diimine and
bis(imino)pyridine complexes are characterised by relatively
low thermal stability and, as a consequence, rapidly lose
activity during high-temperature polymerisation. The use of
catalysts adsorbed on the surface of inorganic supports is a way
to overcome this drawback.119 Experiments with supported
catalyst systems demonstrated that they not only have high
thermal stability but also allow the synthesis of polymers with
substantially higher MW, improve their morphology and
density and prevent adsorption of polymers on the walls of
the reactor.

Patents 120, 121 on the preparation of supported a-diimine
and bis(imino)pyridine complexes were issued shortly after the
discovery of post-metallocene catalysts. These supported cata-
lyst systems were studied in detail.122, 123 A comparison of the
efficiency of ethylene polymerisation in the presence of the
MAO-activated 2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]-
pyridine complex of iron dihalide under homogeneous con-
ditions and in the presence of the SiO2-supported complex
showed 123 that the activity of the supported system is 5 times
lower. However, the polymer formed on the supported catalyst
has higher MW and better morphology.

Our research group 124 studied the kinetic features of
ethylene polymerisation in the suspension and gas-phase
modes in the presence of SiO2-supported 2,6-bis(arylimino)-
pyridine complexes of iron chloride and 1,2-bis(arylimino)ace-
naphthyl complexes of nickel bromide containing cycloalkyl
substituents in the ortho positions of the aryl groups. We
prepared supported catalysts under the conditions described
in the patents.120, 121 It was found that supported catalyst
systems based on iron bis(imino)pyridine complexes 19 ± 22
allow a decrease in the amount of the required activator (the
optimal Al : Fe ratio is 110). The kinetic characteristics of
polymerisation were steady in time (during >1 h), whereas a
sharp decrease in the polymerisation rate during the process
was observed for the analogous homogeneous catalyst. For
supported systems, the pattern of the dependence of the
catalytic activity on the bulkiness of the cycloalkyl substituent
in the ortho position of the aryl ring also changes. In the latter

case, complex 20with the cyclohexyl group showed the highest
performance, whereas the activity of the corresponding homo-
geneous analogues increases with increasing bulkiness of the
substituent in the series cyclopentyl (19)< cyclohexyl (20)<
cyclooctyl (21).

In the presence of substituted 1,2-bis(imino)acenaphthyl
complexes of nickel bromide (for example, compound 32),
polymerisation proceeds without the additional (except for the
step of catalyst deposition) introduction of a cocatalyst. The
kinetic profile of the process is generally similar to that
observed with the use of bis(imino)pyridine systems.

In the very recent study by Zakharov and co-workers,125

the characteristic features of ethylene polymerisation in the
presence of the 2,6-[(2,6-Me2C6H3N=CMe)2C5H3N]FeCl2
(34) complex activated by various alkyl derivatives of alumi-
nium, such as MAO, AlMe3, AlBui3 and Al(n-C8H17)3, were
investigated. The catalytic behaviour of these systems under
homogeneous conditions was compared with that of the
systems supported on SiO2, Al2O3 or MgCl2. The supported
catalysts showed high activity, retained stability up to
70 ± 80 8C and gave higher-molecular-mass products. The
polymers synthesised with the use of both homogeneous and
supported systems were characterised by rather wide MWD.
The authors also compared the number of active sites and
determined the rate constants for chain growth in the presence
of both types of catalysts. It should be noted that these
constants for the homogeneous and heterogeneous systems
were of the same order in the beginning of the process.
However, in the presence of the supported catalysts, these
constants remained virtually unchanged with time, whereas
theywere decreased by a factor of three already within 5 min of
polymerisation in the presence of the homogeneous catalysts.
The absolute values of the effective rate constants for chain
growth 125 for the homogeneous systems (2.66104 litre
mol71 s71) are rather similar to those for the supported
systems [(1.2 ± 2.4)6104 litre mol71 s71], whereas the num-
bers of the active sites are substantially different. In the case of
the supported systems (0.028 ± 0.032 mol per mole of Fe), this
number is lower than that for the homogeneous systems
(0.41 mol per mole of Fe). Unfortunately, this fact remained
unexplained.

The interaction of the bis(imino)pyridine complex of
divalent iron with oxide supports was studied by diffuse
reflectance IR spectroscopy.126 This study showed that the
complex was strongly fixed possibly as a result of interactions
of the ligandwith several hydroxyl groups on the oxide surface,
the geometric arrangement of these groups favours a multisite
(according to the nomenclature used by the authors) contact.
In aluminium oxide, both hydroxyl groups and Lewis acid sites
are located on the surface, which provides stronger binding of
the nitrogen-containing ligand to the support.

In the case of formation of supported catalysts on the
surface of MgCl2, the LFeCl2 complex [L is the bis(imino)-
pyridine ligand] interacts only with Lewis acid sites of activated
magnesium chloride.127 Consequently, when choosing the
conditions for deposition of the catalyst system, it is necessary
to take into account the character of its interaction with the
support. A characteristic feature of the behaviour of nickel
a-diimine complexes immobilised onMgCl2 is that the particle
shape of the dispersed catalyst system is replicated by the
polymer formed on this system.128

The scope of action and the elucidation of the optimal
conditions for the preparation of SiO2-supported two-com-
ponent catalyst systems based on a-diimine and bis(imino)-
pyridine complexes were described in our study.129

Recently, an original procedure for immobilisation of
nickel a-diimine complex 35 (Scheme 2) and iron bis(imino)-
pyridine complex 36 (Scheme 3) on a polymeric support
(polystyrene) has been published.130 These catalysts were
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called polymerised catalysts. Copolymerisation of an excess of
styrene with comonomer complexes in toluene afforded
copolymers with low molecular weight (MW*10 000) invol-
ving the catalytic complex.

Procedures for the synthesis of the corresponding ligands
and complexes containing alkenyl groups, capable of polyme-
risation, were reported.131 ± 134 A procedure was developed for
the preparation of an SiO2-supported polymerised catalyst as
spherical particles with a core ± shell structure.130

The resulting polymerised systems were examined as ethyl-
ene polymerisation catalysts in the suspension mode using
activation by MMAO. These catalysts showed high activity
and gave good results as regards the replication ability in the
formation of polymer particles, which confirms the prospects
of this field of investigation.

III. Phenoxy-imine catalysts for olefin
polymerisation

1. General views
A new generation of post-metallocene catalysts for olefin
polymerisation based on transition metal phenoxy-imine }

complexes was discovered by the research group from the
Mitsui Chemical, Inc., Company (Japan) in the framework of
the Project `Ligand-Oriented Catalyst Design' started in the
mid-1990s.

First patents 135, 136 and articles (see, for example, Ref. 137)
on phenoxy-imine catalyst systems, which were issued less than
10 years ago, marked the beginning of a large series of
publications on this problem in different journals.

As the authors noted, the concept of the above-mentioned
project was based on the analysis of advances in the design of
high-performance single-site olefin polymerisation catalysts
andwas aimed at searching for systems satisfying the following
main criteria:

Ð catalyst systems should provide an efficient insertion of
structurally different olefins, including sterically hindered
olefins, as well as polar monomers, into the polymer chain;

Ð stability of catalysts under standard conditions of the
polymerisation process;

Ð the possibility to control the chain transfer reaction, the
achievement of the uniform distribution of the comonomer
and stereochemical control of the product;

Ð extension of the range of the produced polymers by
performing copolymerisation with the previously unused
monomers.

An important principle of this concept was that olefin
polymerisation is accompanied by extensive electron exchange
between transition metal and ligands. In this case, it is
necessary that the ligands should contain heteroatoms (as a
rule, oxygen and/or nitrogen atoms), coordinate metal atoms
in a bidentate fashion and have an unsymmetrical structure
withmobile electrons (the so-called electron-flexible structure).
The ability of transition metals to coordinate olefins and to be
introduced into the polymer chain combined with such ori-
ented ligands would provide high activity of the system in
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} The term phenoxy-imine complexes is generally referred to complexes

containing salicylaldiminate ligands and their analogues.
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polymerisation. Figure 6 schematically shows a catalyst sys-
tem based on ligand-oriented catalyst design.52

It was demonstrated that polydentate electron-flexible
unsymmetrical ligands, which are capable of chelating and
forming five- or six-membered rings, satisfy the above-men-
tioned conditions. These are primarily ligands containing
phenoxy, pyridine and/or conjugated imine fragments. These
ligands are characterised by stability under the reaction con-
ditions, have required electron-donating properties for the
efficient olefin insertion and stabilisation of the transition
state and contain accessible coordination sites necessary for
polymerisation.

However, in my opinion, the authors of this concept, when
designing a new class of high-performance phenoxy-imine
catalysts, did not give proper attention to studies of the Shell
Company on the development of SHOP (Shell Higher Olefin
Process) catalysts and improvement of nickel catalyst systems
for ethylene oligomerisation and polymerisation.138 ± 143

Initially, the research group headed by Fujita 135 ± 137 syn-
thesised catalytic complexes with unsymmetrical electron-
flexible ligands based onN-(o-phenoxyphenyl)pyridylaldimine
(37, 38) and salicylaldiminate (39 ± 41) derivatives.

Studies of the catalytic activity of cobalt complex (37) and
nickel complex (38) in MAO-mediated ethylene polymerisa-
tion in toluene showed that the former complex is inactive and
the latter complex has lower activity than Ni catalysts with
a-diimine ligands. Zirconium complex 39 in toluene at 25 8C
exhibited activity of 519 (t PE) mol71 h71 (the molecular
mass of the polymer was *104), which is 20 times higher
than the activity of the metallocene catalyst Cp2ZrCl2
(Cp=Z-C5H5). In addition, this zirconium complex is charac-
terised by rather high stability in a wide temperature range (the
activity gradually decreases as the temperature is raised).

Over a rather short period of time, this research group
synthesised a large number of structurally different phenoxy-
imine complexes containing substituents of different nature
both at the imine nitrogen atom and the phenoxy group,144, 145

including those with perfluorinated fragments.146 ± 149 Concep-
tually similar derivatives based on nitrogen-containing hetero-
cycles, viz., indolyl-imine 150 and pyrrolyl-imine 151 complexes,
were also synthesised.

Shortly thereafter, the results of investigations in this field
were summarised and systematised, which showed consider-
able progress in the design of this new class of post-metallocene
catalysts.52, 149, 152, 153 For example, the classification of diffe-
rent catalysts, which were developed based on the ligand-
oriented catalyst design concept, was proposed in the review.52

Table 1 summarises the general structures of phenoxy-imine
and analogous chelate complexes. It should be noted that not
only complexes, in which metal atoms are coordinated by
heteroatoms (oxygen and nitrogen), but also titanium phe-
noxy-cyclopentadienyl complexes with similar properties are
referred to this class.160, 161

Many complexes listed in Table 1 proved to be high-
performance catalysts for the synthesis of a number of special
polymers and copolymers. For example, particular phenoxy-
cyclopentadienyl complexes of Group IV transition metals
showed high activity in copolymerisation of ethylene with
sterically hindered monomers. In the presence of titanium
bis(pyrrolyl-imine) complexes, living copolymerisation of
ethylene with norbornene giving rise to high-molecular-weight
copolymers and block copolymers can be performed at room
temperature. The titanium indolyl-imine complex allows living
polymerisation of ethylene and propylene and their living
block copolymerisation at room temperature.

Among the above-mentioned structures, phenoxy-imine
catalysts (or FI catalysts according to the nomenclature by
Fujita 137) are most promising due to high catalytic activity, the
possibility of varying substituents in the ligand and the
simplicity of the synthesis. These catalysts are considered in
more detail below.

The general structure of FI complexes consists of two
bidentate unsymmetrical phenoxy-imine ligands coordinated
to transition metal.

As can be seen in Fig 7, the complexes with n=m=2 can
exist in five isomeric forms having an octagonal coordination
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(depending on the arrangement of the ligand). According to the
1HNMR spectroscopic data,52 FI catalysts with the central Ti,
Zr or Hf atom exist in solution as mixtures of isomers.
Quantum chemical calculation (the density functional theory)
of the corresponding energies of the formation of isomers
showed that isomersA andB are most often present in solution
(see Fig. 7). It should be noted that for some FI complexes the
formation of only one isomer is favourable. For example, Zr
complex 42 exists predominantly as isomer B, whereas Ti
complex 43 containing the perfluoroaryl fragment at the
imine nitrogen atom exists exclusively as isomer A.

The coexistence of different isomeric forms of FI catalysts
can be responsible for deviation from the single-site character
of the catalyst system formed on their basis.

The structural characteristics and stereochemistry of FI
complexes have been extensively studied, including by X-ray
diffraction. The geometric parameters of four FI complexes 39
and 44 ± 46, in which the natures ofmetal and the substituent in
the phenoxy group were varied, were determined.52, 162

The X-ray diffraction study demonstrated 52 that these
complexes in the solid state contain the metal centre (Zr or
Ti) in a nearly octahedral coordination environment charac-
terised by the space groupC2 with the O, N and Cl atoms being
in trans, cis and cis positions, respectively. The bond lengths
and bond angles in complexes 39 and 44 and in their homo-
logues 45 and 46 determined by different research groups 52, 162

are given in Table 2. It can be seen that these results are in good
agreement with each other. Small differences in the bond
angles are attributed to the presence of the methyl substituent
in complexes 45 and 46.
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Table 1. Ligand-oriented olefin polymerisation catalysts.

Complex Structure Ref. Complex Structure Ref.
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The results of quantum chemical calculations 52 (the den-
sity functional theory) for the structures of the precursors of
the ethylene-coordinated methyl cationic catalyst, which is
generated in the reaction of highly active Zr complex 39 with
MAO (the calculated Zr7N bond lengths are given in paren-
theses), are presented in Scheme 4. The cationic complex has a
distorted octahedral coordination, the Zr7N bonds and the
polymerisation site being located in one plane. The interaction
with a monomer leads to an increase in the length of this bond
from 2.232 to 2.337 �A, whereas the Zr7O bond lengths
remains unchanged. The change in the Zr7N bond length is
indicative of a flexible exchange between the metal atom and
the ligands, and the cis arrangement of the active site combined
with the nature of the ligands is, apparently, responsible for
high activity of this FI system [519 (t PE) mol71 h71].

Scheme 4

New FI catalyst systems synthesised by Fujita and co-
workers 163, 164 were studied as ethylene polymerisation cata-
lysts. The authors analysed the dependence of the catalytic
activity on the nature of transition metal and the nature and
size of substituents at the imine nitrogen atom and in the ortho
and para positions of the phenoxy group. For example, after
the replacement of Zr by Ti, Hf, V or Cr in complex 39
combined with the cocatalyst MAO, the catalytic activity was
3, 26, 4 and 1 (t PE) mol71 h71, respectively.

The first conclusions about the influence of the bulky
substituents in the ortho position of the phenoxy group and
the small substituent at the imine carbon atom were made in
the publications.163, 164 The steric hindrance caused by the
bulky substituent adjacent to the oxygen atom of the phenoxy
group protects the latter from the electrophilic attack of a
Lewis acid, which is present in the polymerisation system, and
facilitates the efficient separation of the cationic active species
and the anionic species of the cocatalyst. Small substituents in
the imine fragment leave sufficient space for the approach of
the monomer to the active site of the growing chain. Hence, the
presence of the aldimine fragment in the complex provides high
activity of the catalyst, whereas ketimine-type FI systems (for
example, those containing the substituted RC=N fragment,
where R=Me, Et or Ph) are substantially less active.165

Complexes 47 ± 50 are ethylene polymerisation catalysts of
exceptionally high efficiency.

For example, MAO-activated FI system 47 exhibits the
surprisingly high activity [6552 (kg PE) mmol71 h71, 25 8C,
MW of the polymer was *16104] and is characterised by the
record turnover frequency of 64 900 s71 atm71.52 The acti-
vities of bis[N-(3-cumyl-5-methylsalicylidene)phenylamina-
to]ZrCl2 (50) and bis[N-(3-cumyl-5-methylsalicylidene)cyclo-
hexylaminato]ZrCl2 (48) are as high as 2 (t PE) mol71 h71

and are increased as the concentration of the catalyst is slightly
decreased. For bis[N-(3-(2-adamantyl)-5-methylsalicylidene)-
cyclohexylaminato]ZrCl2 (49), the yield of the polymer is
0.7 t min71 (Refs 144 and 145). It was noted 166, 167 that FI
complex 42 shows the unusual behaviour, which is manifested
in that MWD of the product varies with the temperature. At 0
and 25 8C, the monomodal curve is observed, whereas the
curve at 75 8C is bimodal, which was attributed to a change in
the ratio between the coordination isomers in the FI system.

Zirconium complexes (for example, 51), in which the
phenyl group at the imine nitrogen atom contains substituents
in both ortho positions, were also reported.168 The use of these
systems generally results in a decrease in the activity of
catalysts. Catalysts 52 are exceptions to the general rule.

In spite of the facts that ketimine complexes are less active
than aldimine complexes 165 and that the presence of an ortho
substituent in the aniline fragment does not lead to an increase
in the activity of the system, complexes 52 showed high
catalytic activity, and high MW of the resulting polyethylene
were achieved.169
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Complex Bond lengths /�A Bond angles /deg Ref.

M7O M7N M7Cl OMO NMN ClMCl

39 1.985(2) 2.355(2) 2.423(5) 165.5(1) 74.0(1) 100.3(8) 52

44 1.980(3) 2.351(4) 2.428(8) 157.9(9) 84.3(3) 94.6(1) 52

45 1.852(4) 2.236(4) 2.305(2) 171.6(2) 76.4(2) 103.1(1) 162

46 1.844(3) 2.212(5) 2.306(2) 164.0(3) 86.0(3) 94.08(1) 162
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Our research group revealed the relationship between the
structure of such catalysts and their activity in ethylene
polymerisation using the density functional theory method.170

The influence of the structure of complexes on the energy
effects of the formation of catalytically active species, the
formation of p complexes of the catalysts with ethylene, the
chain growth and chain transfer and deactivation of the system
was analysed for five titanium and zirconium phenoxy-imine
complexes. The results of investigation provided an explana-
tion for the different behaviour of Ti and Zr complexes and the
dependence of the activity of the catalyst system on the ligand
structure.

In the recent study,171 an attempt was made to systematise
the results of research into the influence of substituents in
phenoxy-imine complexes on their catalytic activity in ethylene
polymerisation by analysing FI systems, in which the substi-
tuents either at the imine nitrogen atom or in the phenoxy
group were varied. An investigation of ten structurally diffe-
rent FI complexes demonstrated that the substituents at the
imine nitrogen atom influence not only the activity of the
catalyst system but also the temperature range of the efficient
catalyst functioning. Sterically hindered substituents in the
ortho position of the phenoxy group should have the optimal
volume; otherwise, the activity of the catalyst system decreases.

In the presence of particular FI catalysts in polymerisation
systems, polymerisation can proceed according to the living
polymerisation mechanism. Initially, this mechanism was
established for structures containing perfluorinated aryl
groups at the imine nitrogen atom.146 ± 148 For example, living
polymerisation of not only ethylene but also of propylene was
successfully performed in the presence of complex 43. In the
latter case, syndiotactic polypropylene (SPP) with narrow
MWD (Mw :Mn=1.11) was obtained.

Polyethylene was synthesised by living polymerisation with
the use of complexes 53 ± 56 combined with MAO [the activity
was 43.3 (kg PE) mmol71 h71,Mn=1.366106].147

Quantum chemical molecular orbital calculations demon-
strated that the characteristic features of the mechanism of
living polymerisation with the use of these systems are asso-
ciated with the electron-accepting effect of the fluorine atoms,
resulting in an increase in the electrophilicity of the metal
centre and a decrease in the activation energy for ethylene
insertion.

The possibility of living ethylene and propylene polyme-
risation was demonstrated by Bulychev and co-workers 172

using dinuclear fluorine-containing titanium bis(salicylidene)-
imine complexes. According to the results of calculations (the
density functional theory), fluorine-substituted phenyl groups
at the imine nitrogen atom provide the living polymerisation
mechanism. In the course of polymerisation, the fluorine atom
in the active state of the catalyst interacts with the hydrogen
atom in the b position of the polymer chain thus preventing b
hydride transfer.

Living ethylene and propylene polymerisation is success-
fully used for the preparation of a number of unique block
copolymers (both diblock and multiblock copolymers).

We were the first to perform living ethylene polymerisation
with the use of non-fluorinated titanium FI systems. For
example, it was demonstrated 162, 173 that ethylene polyme-
risation on the MAO-activated bis[N-(3-(tert-butyl)-5-methyl-
salicylidene)anilinato]TiCl2 complex (46) affords the polymer,
whose molecular mass linearly increases with time. After
termination of feeding of ethylene and subsequent intro-
duction of hex-1-ene into the polymerisation system, poly-
ethylene ± block ± poly(hex-1-ene) was obtained. This confirms
that polymerisation proceeds accoridng to the living polymer-
isation mechanism. The detailed analysis of living olefin
polymerisation in the presence of various catalyst systems,
including phenoxy-imine complexes, was performed in the
recent review.174

2. Influence of activators on catalytic activity and selectivity
of FI complexes
The influence of the nature of the cocatalyst on the activity and
selectivity of Ziegler ±Natta catalysts, as well as of metallocene
systems, in olefin polymerisation was considered in-depth in
numerous monographs and reviews (see, for example, Refs 8,
12, 16, 17, 22, 36 and 40). Taking into account that FI ligands
contain heteroatoms, it could be expected that these complexes
would be activated with a larger number of structurally diffe-
rent cocatalysts compared to metallocenes.

Earlier, the successful use of MAO or its modified deriva-
tives as activators of FI complexes has been documented. In
addition, the Bui3Al ± Ph3CB(C6F5)4 systems can serve this
purpose.144, 175 ± 179 It was found that the mechanism of activa-
tion of FI catalysts by this system is based on the formation of
amino-ligated complex 57 catalysing polymerisation.

The use of FI complexes combined with the Bui3Al ±
Ph3CB(C6F5)4 system in olefin polymerisation results in a
decrease in the activity compared to that observed in the
presence of MAO; neverthelss, the activity remains at a
satisfactory level, MW of the polymers being substantially
increased.

Taking into account the specific mechanism of activation,
the structure of FI complexes substantially influences the
efficiency and selectivity of this type of catalyst systems. For
example, polymerisation with the use of FI complex 39
activated with Bui3Al ± Ph3CB(C6F5)4 at 50 8C affords poly-
ethylene with MW*56106, and the activity of the catalyst
was 11 (kg PE) mmol71 h71, while the same system combined
with MAO exhibited activity of 519 (kg PE) mmol71 h71,
and MW of the resulting polyethylene was as low as
*16104. It should be emphasised that the application of the
Bui3Al ± Ph3CB(C6F5)4 system as the activator proved to be
very useful.

Magnesium chloride-supported organic derivatives of alu-
minium, for example, R0nAl(OR)37n/MgCl2 (R and R0=Et or
Bui), were proposed as promising cocatalysts for FI systems.
These activating systems simultaneously serve as supports for
FI complexes. Earlier attempts 180, 181 to use these systems

R1 = R3 =H, R2 = F (53); R1 = R3 = F, R2 = H (54);

R1 = R2 = R3 = F (55); R1 = R3 = CF3, R2 = H (56).
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combined with metallocene catalysts have failed. Recently, it
has been demonstrated 182 ± 184 that the efficiency of the use of
specially treated MgCl2 as the cocatalyst for olefin polyme-
risation is determined by the presence of heteroatoms in FI
systems.

The latest advances in research into the FI complex ±
R0nAl(OR)37n/MgCl2 catalyst systems were considered in the
publication.185 For example, the activity of catalyst 49 in
ethylene polymerisation in the presence of R0nAl(OR)37n/
MgCl2 amounts up to 1819 (kg PE) mmol71 h71 (50 8C,
0.9 MPa).185 The use of vanadium-based FI systems in the
presence of this type of activators makes it possible to perform
polymerisation with high efficiency at high temperatures
(75 8C). Modified MgCl2 serves as the active cocatalyst for
living olefin polymerisation with the use of fluorinated FI
ligands.186

Substantial advantages of activators based on modified
MgCl2 are that the polymer morphology is improved (repli-
cation of spherical, including ultradisperse, particles of the
supported catalyst) and the polymer has a high bulk density
and is not deposited on the walls of the reactor.185 The
characteristic features of immobilisation of complexes on
modified MgCl2 and the coordination mode of ligands in
supported catalyst systems were reported.187, 188

3. Use of FI catalyst systems for the preparation
of non-traditional polyolefins
The use of FI catalysts can allow the preparation of polymers
with a nonconventional topology. For example, MAO-medi-
ated complexes 58 and 59 catalyse the formation of low-
molecular-mass polyethylenes with terminal vinyl groups (the
percentage of vinyl groups at one of the ends of the polymer
chain is no lower than 90%).189 High reactivity of the terminal
groups is combined with rather high melting points of these
polymers (>120 8C). Polymerisation in the presence of com-
plex 58 affords a product with the weighted-average molecular
weight (Mw) of 2100 and the ratio Mw :Mn=1.52; in the case
of compound 59,Mw=3800 and Mw :Mn=1.82.

The steric factors rather than the electronic nature of
substituents play the key role in the formation of the terminal
vinyl groups of the polymers when polymerisation is catalysed
by complexes containing lower cycloalkyl (cyclobutyl or cyclo-
pentyl) substituents in the imine fragment. Recently,190 the
structures of zirconium bis(phenoxy)imine complexes 58 ± 61
containing various cycloalkyl groups at the imine nitrogen
atom were studied by X-ray diffraction. It was noted that the
substituents greatly influence the kinetic behaviour of these
complexes in ethylene polymerisation (MAO as the cocatalyst,
25 8C). Complexes 58 ± 61were demonstrated to have identical
coordination geometry irrespective of the number of CH2

groups in the ring. Nevertheless, the cyclic substituent strongly
influences the steric environment of the potential active sites of
polymerisation and, consequently, the catalytic activity of
complexes 58 ± 61 depends on the bulkiness of the cycloalkyl
substituent. Both low- and high-molecular-weight polyethy-
lenes containing unsaturated vinyl groups at the ends of the

polymer chain can be prepared with the use of these phenoxy-
imine complexes due to the fact that the b-hydride transfer to
monomers prevails over the transfer to the metal centre. This
character of the transfer process was confirmed by quantum
chemical calculations and experiments on the effect of the
ethylene pressure on the polymerisation process. Thus, the
influence of substituents in phenoxy-imine complexes on the
mechanism of elementary steps of chain transfer in olefin
polymerisation was demonstrated for the first time in the
study.190

Polymers containing terminal vinyl groups can find use as
macromers for the preparation of copolymers with long-chain
branches. Various modifying additives as well as graft and
block copolymers can be synthesised by functionalisation of
vinyl fragments in theses polymers.

Propylene polymerisation catalysed by FI complexes 62
and 63 afforded highly isotactic polypropylene.179 Isotactic
polypropylene (IPP) with Mw=172 000 and the ratio
Mw :Mn=2.1 was synthesised with the use of zirconium
complex 62 combined with the Bui3Al ± Ph3CB(C6F5)4 system.
This polymer is characterised by a high percentage of mm
triads } (98%) and the relatively high melting point (164 8C).
The catalyst based on analogous hafnium complex 63 facili-
tates the formation of IPP withMw=364 000,Mw :Mn=3.5,
[mm]=98% and Tm=165 8C.

Syndiotactic polypropylene was synthesised on MAO-
activated titanium FI complexes 64 and 65.191, 192 Polyme-
risation with the use of complex 64 containing the phenyl
substituent at the imine nitrogen atom at 1 8C afforded SPP
containing 91% of rr triads with Tm=140 8C. The replace-
ment of this substituent by the perfluorinated phenyl group
(complex 65) resulted in the formation of SPP with [rr]=94%
and Tm=156 8C. Polymerisation in the presence of
BuinAl(OR)37n/MgCl2-activated catalyst 65 at 25 8C gave
SPP with [rr]=97%, Tm=155 8C and Mw=32 000. The
characteristic features of the formation of SPP were dis-
cussed.192 ± 196

It is generally very difficult to synthesise stereo- and
regioregular higher a-olefins because of the difficulties in
performing stereocontrol of the process (exclusion of `regio
errors'). Another problem is associated with a decrease in the
activity of the catalyst because of steric hindrance to the
approach of the monomer to the active site. These difficulties
were successfully overcome with the use of Bui3Al ±
Ph3CB(C6F5)4-activated titanium phenoxy-imine complex 40
as a catalyst for hex-1-ene polymerisation.176 In this case,
atactic (non-regioregular) polyhexene with Mw=720 000,
Mw :Mn=1.68 and the regio error of *50% was obtained at

n= 1 (58), 2 (59), 3 (60), 4 (61).

But

N

O

ZrCl2

(CH2)n

58 ± 61

2

M= Zr (62), Hf (63).

64, 65

R= Ph (64), C6F5 (65).

N

O

MCl2

Me

62, 63

2

N

R

O

TiCl2

Me SiMe3

2

} Isotactic diads (m-diads) are characterised by an identical arrangement

of the methyl groups with respect to the plane of the carbon chain of the

macromolecules, as opposed to syndiotactic (r) diads, in which the methyl

groups of propylene are located on the opposite sides of this plane.39
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25 8C. Under analogous conditions, polyoctene, poly(4-meth-
ylpentene) and other higher polyolefins were prepared. The
catalytic activity decreases in the following series ofmonomers:
4-methylpentene>dodec-1-ene>oct-1-ene>hex-1-ene.

Recently, the advances in the synthesis of isotactic poly-
propylene have been demonstrated with the use of titanium
phenoxy-aldimine and -ketimine complexes containing ortho-
phenoxyhalide substituents.197

4. Non-standard phenoxy-imine and structurally similar
complexes
Group IV metal complexes with tetradentate ligands con-
taining hydrocarbon-bridged phenoxy-imine fragments are of
particular interest as high-performance olefin polymerisation
catalysts.198

The rigidly organised structure of these complexes is
responsible for their high thermal stability and provides stereo-
specificity in polymerisation reactions. For example, the acti-
vity of SiO2-supported compound 66 in the presence ofMAO is
3.53 (kg PE) mmol71 h71, which is 30 times higher than the
activity of an analogous catalyst under homogeneous condi-
tions.198

The catalytic activity of tetradentate bis(phenoxy-imine)
complexes 67 and 68 was studied.199 ± 201 These catalysts are
characterised by high stability and can function at high
temperatures [for example, in the course of solution ethylene
polymerisation at 150 8C, the activity of compound 67 was
143 (kg PE) mmol71 h71]. It should be noted that the activity
of such catalyst systems increases with the number of CH2

groups in the bridge between the imine nitrogen atoms.200

Tridentate titanium complexes containing simultaneously
the phenoxy-imine and cyclopentadienyl ligands were synthe-
sised;202 however, their activity in ethylene polymerisation
appeared to be low. For example, the activity of compound
69 was 15.6 (g PE) mmol71 h71, the molecular weight of the
resulting polymer being 1 630 000.

In 2005, hybrid titanium (phenoxy-imino-pyrrolyl-imine)
complexes 70 and 71 were described.203 These complexes
showed high activity in MAO-mediated ethylene polyme-
risation. The complexes were prepared by the reaction of the
titanium mono(salicylaldiminate) complex with the metallated
pyrrolylaldiminate ligand.

Bis(pyrrolyl-imine) complexes of Group IV metals, which
are structurally similar to FI systems and were synthesised by
Fujita and co-workers,204, 205 are of great interest in both
theoretical and commercial aspects.

Such complexes with the central titanium atom proved to
be better ethylene polymerisation catalysts than zirconium
complexes. As in the case of phenoxy-imine ligands, methyl-
alumoxane is a more efficient cocatalyst for these compounds
than the Bui3Al ± Ph3CB(C6F5)4 system, with MW of the
resulting polymers being of the same order of magnitude.

Further investigations 151, 206 demonstrated an interesting
possibility of living copolymerisation of ethylene with nor-
bornene in the presence of these systems. This process gives
copolymers whose composition is similar to that of alternating
copolymers. It should be emphasised that these catalysts are
inactive in living homopolymerisation of both norbornene and
ethylene. It was found 207 that the introduction of substituents
into the pyrrolidine ring does not change the activity of the
catalyst system.

Pyrrolyl-imine catalysts are very efficient in copolymerisa-
tion of ethylene with propylene and a-olefins providing a high
degree of comonomer insertion.

A search for and investigation of new structures of
phenoxy-imine catalysts and their analogues having unusual
and sometimes exotic structures are presently underway.
Unfortunately, it is impossible to mention all results obtained
by numerous research groups in this important and interesting
field of investigation. Nevertheless, the present review hope-
fully provides insight into the advances and prospects in the
design of post-metallocene catalysts for olefin polymerisation.

IV. Conclusion

The fifty-year history of the large-scale production of the most
important polymers, viz., polyethylene and polypropylene,
which are widely used in various fields of human activity,
shows a tremendous role of catalysts in the perfection of the
polymerisation process. The use of Ziegler ±Natta catalysts,
catalyst systems for gas-phase polymerisation and transition
metal metallocene complexes made a considerable contribu-
tion to the perfection of polyolefin production processes and
improvement of their performance characteristics.

m=1, R=H, n=2 (66);
m=0; R is 2-adamantyl, n=2±6 (67); R=CH2Ph, n=4 or 6 (68).

66 ± 68
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The chronology of the design and introduction of new
catalysts showed that the search for active and selective
catalyst systems for olefin polymerisation is a high-priority
field in polymer chemistry. In recent years, the design of these
catalysts has becomemore extensive. It took 30 years to change
over Ziegler ±Natta catalysts tometallocene catalysts, whereas
the last decade witnessed the discovery of a new type of
catalysts, viz., transition metal post-metallocene complexes,
which hold considerable promise for commercial olefin poly-
merisation and copolymerisation.

Over a short period of time, the characteristics of post-
metallocene polymerisation catalysts, such as activity, selecti-
vity, sensitivity to the reaction conditions, availability, safety
and the range of monomers used in polymerisation, became as
good as and even better than those of metallocene complexes.
The use of these catalysts becomes preferable also from the
economical point of view. Post-metallocene systems are char-
acterised by a wide range of activators and supports ensuring
their functioning. Awide range of ligands for these systems and
prospects for solving the problems of monitoring (NMR
method) and controlling the structures of the resulting polymer
systems (molecular weight, branching and block structure)
substantially extend the scope of their commercial application.
The experimentally established possibility of the synthesis of
superhigh-molecular-weight polymers and copolymers by the
living polymerisation mechanism, the synthesis of block
copolymers of different composition, an increase in the per-
centage of sterically hinderedmonomers in copolymers and the
formation of low-molecular-weight polymers with unsaturated
reactive groups are some of the characteristic features of new
post-metallocene systems demonstrating their great poten-
tialities. Great prospects for their use are associated also with
high performance of heterogeneous complexes, in which
modified MgCl2 serves as the activator and support.

Post-metallocene catalyst systems have been discovered
rather recently. Nevertheless, the main aim of investigations
of these systems would be expected to be changed, the research
into commercial applications of catalysts will be more inten-
sive, interest in the design of new complexes being retained, as
well as the mechanism of polymerisation with the use of these
catalysts will be refined. The immobilisation of catalyst sys-
tems, an increase in the temperature range of their steady
activity, the extension of the possibilities to control the
structure and performance characteristics of the resulting
polymers, simulation of polymerisation processes and tailoring
of pilot devices to real industrial conditions will likely receive
more attention.

I thank Academician G A Tolstikov and Dr. N I Ivan-
cheva for helpful discussion of some aspects of the present
review and Dr S V Myakin for help in preparing this review.
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Abstract. Catalytic processes that occur under conditions ofCatalytic processes that occur under conditions of
the targeted unsteady state of the catalyst are considered. Thethe targeted unsteady state of the catalyst are considered. The
highest efficiency of catalytic processes was found to behighest efficiency of catalytic processes was found to be
ensured by a controlled combination of thermal non-statio-ensured by a controlled combination of thermal non-statio-
narity and unsteady composition of the catalyst surface. Thenarity and unsteady composition of the catalyst surface. The
processes based on this principle are analysed, in particular,processes based on this principle are analysed, in particular,
catalytic selective reduction of nitrogen oxides, deep oxidationcatalytic selective reduction of nitrogen oxides, deep oxidation
of volatile organic impurities, production of sulfur by theClausof volatile organic impurities, production of sulfur by the Claus
process and by hydrogen sulfide decomposition, oxidation ofprocess and by hydrogen sulfide decomposition, oxidation of
sulfur dioxide, methane steam reforming and anaerobic com-sulfur dioxide, methane steam reforming and anaerobic com-
bustion, selective oxidation of hydrocarbons,bustion, selective oxidation of hydrocarbons, etcetc. The biblio-. The biblio-
graphy includes 234 referencesgraphy includes 234 references..

I. Introduction

Catalytic processes operating under targeted unsteady state
conditions receive considerable attention in both the scientific
research and industry. The reason for such keen interest lies in
the fact that unsteady-state conditions allow one to enhance
the efficiency of catalytic technologies, namely, accelerate
reactions, enhance their selectivity, increase the yields of the
target products, decrease the energy consumption and reduce
the operational expenses and the cost of reactors.

None of the known heterogeneous catalysts represent a
true unsteady system during its operation. At the very least,
this is associated with their inevitable deactivation, which
shortens their service life and necessitates their replacement
or regeneration once the service life is overrun. Nonetheless,
two conceptually opposite approaches are distinguished,
namely, a steady-state approach that postulates the time
invariability (as far as possible) of all process parameters and
the unsteady approach based on the targeted dynamic varia-
tion of these parameters. The present review is exclusively
devoted to catalytic technologies that employ catalysts under
the targeted unsteady-state conditions and demonstrate sub-
stantial advantages over analogous stationary processes.

In the recent decades, the most significant progress in
unsteady catalysis was associated with the reverse-flow pro-
cesses. The latter are based on concepts of the thermal non-
stationarity that arises in a fixed adiabatic catalyst bed as the
parameters of the reaction mixture flowed through this bed are
modulated. However, it is evident that the progress in this field
lies in the development of processes with not only the modu-
lated catalyst temperature but also with the modulated che-
mical composition of the surface.

The present review considers mainly the gas-phase reac-
tions that occur on the solid catalyst surface. Apparently, the
formulated approach can also be applied to multiphase cata-
lytic processes; however, this field is very wide and deserves
special consideration.

Insofar as the periodic changes in the catalyst state are
directly associated with the sorption, most of processes con-
sidered below can be described as sorption-catalytic processes,
which implies that it is joint sorption and catalytic processes
that occur within one catalyst bed or a single process vessel.
This approach does not embrace the combinations of catalytic
and sorption processes that are carried out separately and
independently in different reactors even within one flow
scheme.

In this study, sorption is understood in the general sense,
i.e., as the reversible physical adsorption of reactants, their
reversible (irreversible) chemisorption associated with che-
mical reactions and the formation of stable intermediates on
the active surface or even as the absorption of reactants in a
liquid film of the active component melt.

The first studies of cyclic catalytic processes that involved
the periodically modulated catalyst state date back to the
19th century. The analysis of the development of these studies
leads to a paradoxic idea that in a certain sense, the first
catalytic processes studied were cyclic unsteady processes.

This can be illustrated by several examples. Thus the
English chemist Claus 1, 2 studied the reaction of hydrogen
sulfide oxidation to sulfur, which opened up the way to the
recovery of elemental sulfur fromhydrogen sulfide, in fact, first
under the adsorption-catalytic conditions (with the adsorption
of liquid sulfur on the catalyst). Somewhat earlier, his com-
patriot Deacon 3 ± 5 discovered the reaction of hydrogen chlo-
ride oxidation with oxygen, which marked the beginning of the
catalytic processes for the commercial synthesis of chlorine.
Unlike Claus, he did not deal with unsteady technologies but,
on the contrary, proposed and carried out a stationary
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catalytic process. However, this very fact indicates that the
periodic processes preceded his studies.

The same year that his patent was issued,3 the unsteady
methane steam reforming in the presence of a sorbent that
absorbed CO2 was described .6 This study is considered as the
pioneering in the catalytic steam reforming of hydrocarbons.

Many other examples of similar studies carried out since
the end of the 19th century to the first half of the 20th century
can be mentioned.

Such a development, which, at the first glance, looks
paradoxic, however does not lack logics. In their early stage,
the studies of the periodical combination of the known
chemical reactions could be reduced to the closed reaction
cycles, actually, to the stationary catalysis, which, at that time,
was of significant interest for practice. Scientific research was
also directed towards the stationary catalytic processes asmore
predictable, reproducible and hence more attractive for their
exploration and building up the relevant theories.

Later, with the accumulation of knowledge on the catalytic
processes, the limitations inherent in the stationary catalysis
and narrowing the freedom of developers of new technologies
were revealed. That is why attention was redirected to the
`origins', i.e., the unsteady catalytic processes but with the new
insight into the already known phenomena.

Systematic studies of the unsteady phenomena in catalysis
date back to the second half of the 20th century. After the first
publications on the unsteady modes of operation of catalytic
reactors, which appeared in the 1960s,7 ± 11 the rapid progress in
this field (both experimental 12 ± 16 and theoretical 17 ± 20) was
observed.

The studies 21 ± 29 carried out under supervision of acade-
mician G K Boreskov and Yu Sh Matros at the Institute of
Catalysis of the Siberian Branch of the Russian Academy of
Science have made a considerable contribution into the theory
and practice of unsteady catalysis. These studies have given the
first physical explanation and substantiation to the observed
phenomena, being particularly based on the Boreskov' concept
of the changes in the catalyst state under the reaction con-
ditions.

II. Theoretical basis and methods for
organisation of unsteady-state conditions
in catalyst beds

Any heterogeneous catalytic reaction includes several separate
stages that can be associated with successive chemical and
sorption processes. Obviously, under steady-state conditions,
the rates of these stages are related by rigid balance relation-
ships, which sometimes limit the efficiency of the process.

Under unsteady-state conditions, a set of stages can be
represented as separate cycles, which are technologically iso-
lated in the space and/or time. Such conditionsmake it possible
to weaken or violate, at least theoretically, the local balance
relationships mentioned above. This eliminates a part of
restrictions and opens up additional possibilities for the deve-
lopment of new technologies.

Obviously, the disintegration of reactions into individual
cycles implies that the latter form a closed system. In other
words, a series of cycles should provide the return of the
catalytic system into its original state in order to ensure their
repetition. Otherwise, the system cannot be considered as
catalytic. Moreover, the closed nature implies the observance
of the integral mass and energy balances in the overall process
cycle.

The rates of reaction and sorption processes involved in the
catalytic cycle and their ratio are determined by the nature of
the active catalyst surface and reaction mixture components
and also by the external conditions (reaction mixture compo-

sition, temperature, pressure). Hence, the realisation of
unsteady-state conditions is associated with the choice of an
appropriate catalyst ± sorbent and with the cyclic time varia-
tions of at least one of external factors.

1. Temperature modulation
The effect of temperature modulation as a source of the
unsteady state in catalytic systems was discussed in numerous
scientific studies. Their most important result was the develop-
ment of catalytic reverse-flow processes,22, 25, 30, 31 which have
found wide use in the industry. Reverse processes involve no
direct control over the temperature, and their thermal non-
stationarity is caused by the motion of thermal waves in the
motionless adiabatic catalyst beds under the conditions of the
periodic reversal of the direction of the initial filtrating gas
mixture with a low inlet temperature.

Figure 1 shows examples of flow schemes of reverse
processes. In the simplest case (Fig. 1 a), a system of switching
valves changes the flow direction of the reaction mixture in the
catalyst bed. In a modified scheme shown in Fig. 1 b, the
catalyst in the edge parts of the bed is partially replaced by a
heat-regenerating material (inert), which is catalytically inac-
tive. Figure 1 c shows a multibed scheme (for the sake of
simplicity, only two beds are shown) in which the inlet or
outlet of both heat andmass (heating/cooling of the flow, inlet/
outlet of additional flows and reagents) takes place between the
fragments of the catalyst bed. A valve-free version of the
reverse process is known, which includes the rotating beds
packed with the catalyst and the inert material (Fig. 1 d ).

Figure 2 shows certain interesting flow schemes is which
the thermal non-stationarity in the catalyst beds may be
created without the reversal of the reaction flow.22

It is important to understand that for processes involving
the thermal non-stationarity of the catalyst, one faces the
problem of the basic approach to the development of such
technologies rather than of the unsteady chemical composition
of the catalyst.

C

I

I

C

C
I

C

C

I

I

M, Q

a b

c d

Figure 1. Flow schemes of reverse processes.

(a) A one-bed scheme, (b) a scheme inert ± catalyst ± inert, (c) a multibed

scheme with intermediate heat exchange and inlet/outlet of flows, (d) a

scheme with rotating beds; dark arrow shows the direction of rotation of

the catalyst bed, light arrows show the directions of the reactant flows.

Here and in Fig. 2, solid and dashed arrows show the directions of the

reaction flow in different phases of the cycle; C is the catalyst; I is an inert

heat-regenerating material;M,Q are the inlet/outlet of reactants and heat,

respectively.
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2. Modulation of the reaction mixture composition
A comprehensive review of the studies on unsteady isothermal
modes under forced modulation of the reaction mixture
composition is given in Ref. 32. As a rule, the effectiveness of
periodic modes is compared with the parameters of equivalent
stationary modes in which the reactant concentrations are
equal to the cycle-averaged concentrations in the unsteady
mode.

In simple reaction mixtures with virtually one reaction
route (CO oxidation,33 ± 47 hydrogenation of ethylene 15, 48 and
aromatic hydrocarbons,49 ± 51 methanation of carbon
oxides,52 ± 54 syntheses of methanol 55 ± 57 and ammonia,58 ± 63

SO2 oxidation,16, 64 the Claus reaction,65 synthesis of ethyl
acetate from ethylene and acetic acid,66 ± 68 deamination of
primary amines and dehydration of alcohols, 69 ± 72 etc.), the
main positive effect of the optimum unsteady mode lies in the
increase in the cycle-averaged reaction rate. However, for the
majority of simple reaction systems, the rate increase was no
more than 1.5 ± 2-fold, which can hardly be considered quanti-
tatively significant. At the same time, it should be noted that
for the SO2 oxidation under isothermal conditions with peri-
odic alteration of the SO2-containing mixture and air fee-
ding,64 the average yield of sulfur trioxide can exceed the
equilibrium limit in the equivalent stationary mode.

Modes with periodic modulation of the reactant concen-
trations in systems with complicated parallel-sequential pro-
cesses are more interesting.

According to theoretical studies, for the periodic modula-
tion of the mixture composition in a model system of two
parallel reactions, the selectivity of the target conversion can
change if the reactions have different orders with respect to
reactants,17 whereas in a model system of three sequential
reactions in a perfect-mixing reactor, the selectivity with
respect to the intermediate product can increase.73 Matros et
al.21 ± 28 carried out a comprehensive systematic analysis of
unsteady modes of complex reactions. They have found that
the gain in the selectivity of processes carried out in unsteady
cyclic modes substantially depends on the reaction mechanism
and the type and parameters of unsteady modes. Moreover,
they have shown that the adequate description of such systems

requires the use of unsteady kinetic models that take into
account the dynamics of adsorption processes and the changes
in the catalyst surface state under the reaction conditions.

The possibility of the enhancement of the reaction selecti-
vity and the increase in the yield of the target products and of
the reduction of the side-product yields was experimentally
demonstrated by the example of several complex processes
such as the NO reduction under the action of CO,74 ± 80

selective hydrogenation of butadiene 81 and acetylene,82, 83

oligomerisation of methane and ethylene,84 ± 88 oxidative
dimerisation of methane,89 ± 92 oxidation of ethylene to ethyl-
ene oxide 93, 94 and propylene to propylene oxide,95 oxidative
and steam reforming of methane into the synthesis gas,96 ± 98

oxidation of propylene to acrolein,99 ± 102 anaerobic oxidative
dehydrogenation of hydrocarbons (propane to propylene,
butane to butene and butadiene, butene to butadi-
ene),46, 103 ± 109 oxidation of butane to maleic anhydride, of
aromatic hydrocarbons to maleic and phthalic anhydrides,
synthesis of aromatic nitriles, the Fischer ±Tropsh reaction,32

etc.
For all these reactions, the positive effect was observed only

in a limited range of characteristics of unsteady modes (cycle
duration, amplitude of concentration oscillations, phase shift
in the supply of reactants, etc.). As an example, a system for the
catalytic purification of automotive exhausts can be con-
sidered. Its peculiarity consists of the fact that the unsteady
composition of the original reaction mixture is determined by
the specifics of the engine operation. Under the conditions that
did not allow one to control the system and optimise the
parameters of unsteady modes, both positive and negative
effects of the non-stationarity could be observed,110 ± 113 and its
overall effect was ambiguous.32

Figure 3 shows flow schemes that makes it possible to
realise periodic modulation of the reaction mixture composi-
tion and/or the separate delivery of reactants. In the simplest
case (Fig. 3 a), the modulation of the composition was
achieved by the alternating supply of individual reactants or
reaction mixtures of different composition. Such a process is
basically periodic. To provide the overall continuity in the
composition modulation, a scheme that includes two (and
more) reactors (Fig. 3 b) with the alternating cyclic supply of
reactants and the processes with moving or rotating catalyst
beds (Figs 3 c,d ) were used. In the latter case, different
reactants are permanently delivered into different reactors
and transported in their sorbed state by the catalyst, which
permanently travels between the reactors.

3. Chromatographic mode of catalytic reactions
Reactive chromatographic processes with the periodically
varied composition of the mixture form a subclass of unsteady
processes.114 ± 117 They were pioneered byRoginskii back in the
early 1960s.7 ± 9 In these processes, advantage was taken of the
adsorption properties of catalysts, which allow one to carry out
chromatographic separation of the reaction mixture simulta-
neously with chemical transformations. The merits of these
technologies include the possibility of separate extraction of
individual products and the achievement of superequilibrium
degrees of conversion due to the dynamic separation of
components in the catalyst bed.

The chromatographic mode is based on the pulsed supply
of the reaction mixture (pulsed delivery of reactants into the
inert-gas flow or pulsed introduction of one component into
the flow of another reactant) and can be implemented in a one-
reactor scheme (see Fig. 3 a). A multibed scheme with the
constant direction of the reaction mixture flow in beds and
the periodical shift of the points of the reactant inlet and the
product outlet, which provides the permanent circulation of
the adsorption and reaction waves in catalyst beds, deserves
attention 118 (Fig. 4). Such a system, which received the name

a b

c

Figure 2. Flow scheme of proces-

ses with the thermal non-stationa-

rity of catalyst beds (in grey).

(a) `Torus', (b) `match', (c) `wings'

(the names correspond to those

given in Ref. 22).
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SimulatedMoving Bed Reactor (SMBR), holds much promise
for carrying out certain practically important reactions.114

It should be noted that a reactive chromatography process
is efficient under the high residence time of the reactionmixture
in the reactor, i.e., in case of high loading volume of a catalyst
with low specific productivity. Obviously, it is economically
more reasonable to use the reactive chromatography only in
small-scale processes of fine organic synthesis, where the highly

expensive reactants and products determine the high capital
and production costs.

4. Periodic pressure modulation
Periodic pressure modulation or the impact of periodic pres-
sure pulses on the reaction system represent an alternative
method for the creation of unsteady-state conditions in cata-
lytic reactions. Here, two groups of processes should be
distinguished, namely, at low and high frequencies of pressure
oscillations.

The first group includes the processes with the cycle
duration from several tens of seconds to several minutes.
They combine the pressure swing adsorption (PSA) process,
which was known since the early 1960s,119 and a catalytic
reaction. Such processes are called pressure swing reactions
(PSR) processes. Their efficiency was demonstrated in model
studies 120, 121 and also by the example of methane steam
reforming in the presence of substances that absorb CO2.122

The second group includes the processes generated by high-
frequency pressure pulses (from tenth fractions to several tens
and hundreds of Hz). Studies of such processes were surveyed
by Silveston and Hudgins.123 Pressure oscillations intensify
mass transfer in the catalyst pores, which, on the one hand, can
accelerate the reactions in simple reaction systems and, on the
other hand, change the selectivities and yields of products and
the other parameters in complex systems. Presumably, such
pulses can induce oscillations in the reactant concentrations on
the catalyst surface, which may affect the reaction rate and
selectivity.

Pressure pulses can be generated both by an external source
or be induced by mechanical oscillations in catalytic systems.
Particularly, as was shown theoretically, the periodic pressure
modulation with a frequency of an order of magnitude of
several hundreds and thousands of Hz can arise in the channels
of a block catalyst as a result of spontaneous turbulisation of
the gas flow at the entry of channels in the presence of surface
irregularities on the frontal panel of the unit.124

III. Catalytic processes that utilise the unsteady
states of catalyst

In this Section, attention is focused on the technologies that
purposefully utilise the unsteady state of a catalyst. The
described processes are based on the combined action of
thermal and adsorption unsteady factors.

1. Selective catalytic reduction of nitrogen oxides
As the example of the targeted use of the unsteady state of a
catalyst, the NOx reverse process can be mentioned, which was
developed 30, 125, 126 at the Institute of Catalysts of the Siberian
Branch of the Russian Academy of Sciences based on the
principle of the periodic reversal of the reaction mixture flow
for the reduction of nitrogen oxides according to the reaction

NOx+NH3 N2+H2O. (1)

At the BiyskOleumPlant, a commercial-scale unit has been
developed for the reduction of nitrogen oxides from the
exhaust gases of the production of dilute nitric acid. Insofar
as ammonia water cannot be evaporated in the `hot' part of the
bed, it was supplied into the central part of the catalyst bed (see
Fig. 1 c).

The commercial application of this system showed that this
way of ammonia feeding enhances the efficiency of this process
above the theoretical estimates. Particularly, the gases were
purified from nitrogen oxides to a very high extent and
virtually no `breakthrough' of ammonia was observed.{

The detailed kinetic studies of this process and its mathe-
matical simulation 128 ± 131 have shown that ammonia strongly
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Figure 3. Flow schemes of modes with modulation of the reaction

mixture composition.

(a) One-reactor periodic process; (b) two-reactor continuous process,

valves in different positions that correspond to different phases of the

process are marked in white and black; (c) two-reactor process with the

moving catalyst bed; (d) process with rotating catalyst bed. A and B are

different reactants or mixtures of different composition, C is catalyst.
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Figure 4. Flow scheme for a reactive chromatography process with

pseudomoving catalyst beds.

The arrow in the centre shows the direction of shift of inlet points of
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sorbs on the catalyst surface and reacts in its chemisorbed state
with nitrogen oxides. In the reverse-flow process, ammonia
sorbs in the exit part of the bed. Simultaneously, in its entry
part, NOx introduced with the intel gases react with ammonia
sorbed in the previous cycle to form molecular nitrogen. After
the flow reversal, this process is repeated. The adsorbedNH3 is
concentrated in the central part of the bed, which virtually
totally prevents the loss of ammonia as a result of its desorp-
tion from the bed edges. The introduction of ammonia water
into the middle part of the bed produces a positive side effect,
namely, the direct contact between NH3 and NOx becomes
possible only in the preheated parts of the reactor, which
prevents the formation of explosive ammonium salts in the
unit.

2. Deep oxidation of impurities volatile organic compound
Decontamination of exhaust gases of industrial plants from the
impurities of volatile organic compounds (VOC), namely,
hydrocarbons, alcohols, acids, ethers, esters, aldehydes,
ketones, etc., is an important environmental problem.

If the exhausts contain high VOC concentrations, their
decontaminationmaywell involve the procedures of extraction
and recycling of impurities, which are based on the absorption,
adsorption, condensation and membrane processes.31 For
dilute gases, it is reasonable to use the thermal and catalytic
oxidation of VOC with oxygen (usually, atmospheric oxygen)
to harmless products, namely, carbon dioxide and water
vapour; moreover, in the treatment of low-concentration
exhausts, the catalytic reverse-flow processes that provide the
autothermal (i.e., without additional supply of energy or fuel)
processing of gases with the VOC content from 0.6 to
0.8 g m73 and higher proved to be the method of choice from
the economical and environmental viewpoints. Purification of
gases with lowerVOC contents requires additional energy to be
supplied.

Thus, a pressing problem of the treatment of large volumes
of vent gases with a very low concentration of harmful
impurities (below 0.1 g m73) should be mentioned. This
enhances the specific power consumption and increases the
cost of decontamination systems. Moreover, such systems
should be simple and safe in operation due to the abundance
of exhaust sources at different kinds of plants and the quite
probable lack of skilled staff.

The decontamination technologies that include the adsorp-
tion-catalytic processes meet the criteria mentioned. Their
realisation usually requires a simple combination of adsorbers
and catalytic reactors, i.e., VOC are first absorbed in a sorbent
layer, which is followed by the sorbent regeneration (usually
with water vapour or hot air) and the catalytic oxidation of
impurities in a separate unit. However, in the framework of this
review we are interested in adsorption-catalytic processes
based on the VOC adsorption immediately on the surface of a
deep-oxidation catalyst at low temperature with periodic
regeneration of the catalyst by oxidation of sorbed impurities
at elevated temperatures.132 ± 141

Adsorption-catalytic processes exhibit substantial advan-
tages over the conventional catalytic technologies of deep
oxidation of VOC, especially in the processing of low-concen-
tration gases. In this case, the use of such processes allows one
to avoid permanent heating of gases to be cleaned, which
reduces substantially power consumption. Their high techno-
logical flexibility makes it possible to decontaminate gases with
the initial VOC concentration varying over a wide range and

quickly put units into operation without preliminary heating.
Such processes can be implemented within a one-reactor
scheme (Fig. 5 a) with the periodic elevation of the temperature
of the gas to be decontaminated at the reactor inlet in order to
initiate the catalyst regeneration.

However, the practical experience and the results of
mathematical simulation 142 ± 145 revealed certain drawbacks
of adsorption-catalytic processes. Thus partial desorption of
non-oxidised VOC or the products of their incomplete oxida-
tion is possible on heating of the catalyst, which reduces the
degree of decontamination and necessitates additional purifi-
cation of desorbed gases; there is also the risk of the reactor
overheating during the regeneration.

These drawbacks can be overcome by the optimisation of
flow schemes, operation conditions and parameters of the
catalyst-adsorbent. Particularly, one of the ways to minimise
desorption losses is the use of a procedure of stepwise heating
of the catalyst during its regeneration.136 In this version, the
gradual heating in the beginning of the regeneration cycle
allows one to transform a considerable part of weakly sorbed
reactant into its strongly chemisorbed form. However, this
approach is effective for a limited number of VOC and,
moreover, substantially complicates the regeneration process
and makes it more lengthy.

In addition, the losses can be reduced by using relatively
coarse-grained catalysts-sorbents (i.e., by creating internal
diffusion hindrances for the desorption).146

The reduction in the efficiency of decontamination due to
the desorption of non-oxidised VOC can be avoided by using
more sophisticated flow schemes that include, e.g., a post-
reactor 134 (Fig. 5 b), which is preliminarily heated before the
catalyst regeneration where final oxidation of the desorbed
impurities occurs. Yet another version represents an adsorp-
tion-catalytic reverse process 142 ± 144, 147, 148 (Fig. 5 c) where the
adsorption phase involves the delivery of the original gases into

{ In other versions of the reverse process (e.g., with the ammonia delivery

into the original mixture), the breakthrough caused by the ammonia

desorption from the edges of the catalyst bed after the flow reversal posed

a serious problem.127
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Figure 5. Flow schemes of adsorption-catalytic processes of deep oxida-

tion of VOC.

(a) One-reactor scheme, (b) scheme with additional post-reactor, (c)

adsorption-catalytic reverse process. From hereon, H is a heater.
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two parallel reactors, and the regeneration occurs due to the
heating of gases with simultaneous supply of air and periodic
changes in the flow direction. In this case, VOC impurities are
preferentially sorbed in the catalyst-bed parts adjacent to the
point of inlet of the original gases, which allows one to
minimise their losses in the desorption. Moreover, the efficient
heat regeneration in the mode with the flow reversal makes it
possible to considerably reduce the power consumed in the
regeneration of the catalyst-sorbent.

It is of note that the developed model of adsorption-
catalytic process allows one to cast a fresh glance on the
conventional reverse process of deep oxidation of VOC (see
Fig. 1 b). The results of simulation 149 have shown that at
moderate temperatures in the inlet of the catalyst bed, before
the flow reversal, the admixtures are adsorbed and a substan-
tial part of them is sorbed reversibly. Alter the reversal of the
flow, this part of the bed becomes the outlet and its temper-
ature begins to increase. As a result, a part of sorbed substance
can be sorbed to be flown away with the exit gas flow, which
substantially decreases the overall degree of decontamination.
To avoid this, it is necessary to use sufficiently long beds
packed with an inert heat-regenerating material (the choice of
this material is also important; in the ideal case, it should have
the zero adsorption capacity with respect to VOC), and apply a
reasonable strategy of the control over the process (particu-
larly, it is important to choose the correct temperature of flow
reversal at the catalyst ± inert interface).

Of interest is a flowl scheme of an adsorption-catalytic
process according to which the catalyst is regenerated by a
combustion wave of sorbed VOC that moves towards the gas
flow due to the heat conduction of the catalyst bed.140, 145

A feature of this mode is that the desorbed substances get into
the preheated part of the catalyst bed where they can be
efficiently oxidised. However, according to mathematical sim-
ulations and experimental studies,145 the motion of the couter-
current heat front is possible only for the low linear filtration
rates of the regenerating air. Under these conditions, it is
possible to achieve complete conversion of oxygen present in
the air flow and, as a consequence, the formation of partial
oxidation products, including CO. It was proposed 145 to solve
this problem by the installation of an additional post-reactor at
the outlet main unit which substantially complicated the
scheme and made it more expensive. At the same time, it
cannot be ruled out that the use a catalyst-sorbent with a
reduced adsorption capacity would be sufficient.

A process is known in which the catalyst regeneration and
the oxidation of sorbed VOC occur upon simultaneous
increase in the temperature and pressure in the closed space
of the reactor-adsorber by delivery of compressed air.150 The
efficiency of this process is due to the fact that no flows at all
exit before the end of regeneration and the VOC losses are
impossible in principle. However, this process is technologi-
cally complicated and requires sufficiently high skill of the
staff, which may limit its practical application.

An advantageous version of the adsorption-catalytic proc-
esses of VOC oxidation employs a spiral reactor (Fig. 6 a)
consisting of two concentric metal spirals of which one is
covered with a thin catalyst layer and the other is coated with
a thin sorbent layer.151 The original gas travels along one
system of spiral channels to the spiral centre and then along the
second system of channels from the centre to the exit. The gas is
decontaminated by the adsorption. The periodic regeneration
of the sorbent is performed by switching on a heater located in
the centre of the spiral. The active heat exchange between the
inlet and outlet gases provides the fast heating of the sorbent
and the catalyst (due to the heat produced by the heater and

released in the VOC oxidation) with the minimum energy
consumption. The high heating rate of the catalyst provides
the high efficiency of oxidation of desorbed VOC to harmless
products. Due to the complexity of spiral reactors, their
practical implementation is hardly possible for high gas flow
rates; however, they can be used in compact systems for local
decontamination of air.

For the effective decontamination of gases from VOC, a
multidispersed adsorption-catalytic system can be used 152

(Fig. 6 b), which consists of a relatively coarse-grain adsor-
bent-catalyst with the spaces between the grains filled with a
microfibre catalyst. The typical geometric size of catalyst
microfibres (<10 mm) is substantially smaller that the grain
size (>1 mm); hence, the specific surface of fibres substantially
exceeds that of grains. During the regeneration, the catalyst
microfibres are heated in contact with the hot gas flow much
more quickly than the grains of the catalyst-sorbent. Cor-
respondingly, VOC desorbed during the regeneration phase
come in contact with the preheated catalyst and are efficiently
oxidised.

Returning to the second problem of adsorption-catalytic
processes of deep oxidation, i.e., the possible overheat of a
catalyst above the threshold of its thermal stability, it should be
noted that this problem might be solved by the optimisation of
themaximumadsorption capacity of the sorbent-catalysts. For
example, according to the results of simulations,142, 144 this
capacity should be from 1 to 2 mass % for the oxidation of
aromatic hydrocarbons on the aluminium± chromium± cop-
per catalyst (with the operation temperature limit of 750 8C).

In the development of adsorption-catalytic processes,
attention was often focused on the elaboration and the use of
catalysts and sorbents with the maximum possible adsorption
capacity. However, in the general case, the optimum capacity
for a process does not coincide with the maximum capacity of
the catalyst.

Catalyst (fibres)

Adsorbent-catalyst

Decontami-
nated air

Original
air
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Figure 6. Promising schemes of adsorption-catalytic systems for decon-

tamination of gases from VOC.

(a) Spiral adsorber-reactor, (b) multidispersed adsorption-catalytic sys-

tem.
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3. Claus sulfur recovery process
The commercial production of elemental sulfur from acid
waste gases of certain industrial processes is based on the
Claus reaction

H2S+
1

2
SO2

1:5

n
Sn+H2O. (2)

This reaction is reversible and exothermic; hence the maximum
degree of sulfur recovery from gases is, as a rule, limited by
thermodynamic parameters. The catalytic process usually
involves several stages. Between the stages, the gases are cooled
and the sulfur formed is removed. However, even this does not
help in reaching the required degree of sulfur recovery.
Obviously, the equilibrium in the Claus reaction can be shifted
to the products upon removal of one component of the gas
mixture (sulfur or water) directly in the course of reaction.

a. Sulfur condensation and adsorption
According to one version, the Claus reaction is carried out at a
temperature below the dew point of sulfur vapour and its
condensation occurs directly in the catalyst bed. The transfer of
sulfur from the gas to the condensed state can substantially
shift equilibrium (2), although this requires the timely cleaning
of the catalyst from liquid sulfur by its evaporation. The basics
of this approach were formulated by Claus back in the 19th
century.1, 2 Later, the concept of Cold Bed Adsorption was
formulated, which gave rise to the development of the com-
mercial CBA 153 and Sulfreen154 processes, which are widely
used in the modern industrial practice of Claus units tail gas
cleanup and make it possible to increase the total degree of
sulfur recovery from 96%±98% (the theoretical limit for two-
and three-stage stationary Claus units) to 99.5% and higher.
For the comprehensive review and the analysis of these
technologies, see Ref. 155. It should be noted that sulfur
vapour is removed from the gas mixture by both their con-
densation and the adsorption in the catalyst pores; therefore,
the use of the term `adsorption-catalytic' process is justified in
this case.

The realisation of such processes requires the use of multi-
reactor parallel schemes (see Fig. 3 b) containing, as a rule, two
or three reactors in which, in turn, the following stages
alternate: reaction/surfur adsorption, catalyst regeneration
(evaporation of sulfur at elevated temperature of the catalyst
in a flow of a hydrogen sulfide-containing gas) and reactor
cooling.

Moreover, schemes are known in which the catalyst rege-
neration and the removal of sulfur are carried out using the hot
reaction gas delivered from the Claus furnace; as an example, a
process 156 in which the unsteady-state conditions in three
successive catalyst beds are realised by the periodic shift of
the position of the inlet and outlet points of the reaction
mixture and, correspondingly, by the change in the succession
of catalyst beds the gas flow passes through. Conceptually, this
scheme is close to the `torus' scheme (see Fig. 2 a) and also to a
scheme with the pseudomoving catalyst beds (see Fig. 4).
According to the results of modelling, such a scheme allows
up to 99.9% of sulfur to be recovered; moreover, whereas the
aforementioned conventional technologies such as Sulfreen
serve only for the cleanup of tail gases from stationary Claus
units, the proposed scheme is an alternative for the complete
combination of the Claus and Sulfreen methods (with virtually
the same capital and operational costs as in the Sulfreen
process).

b. The Claus reverse processes
Yet another version of processes that include sulfur condensa-
tion and evaporation is the Claus reverse process,157 ± 165 which
due to the periodic reversal of the flow, allows one to carry out

the reaction at a low inlet gas temperature, i.e., under the
conditions of sufur condensation.

Mathematical models of this process have shown161 ± 164

that under these conditions, a zone with a temperature above
the sulfur dew point is formed in the central part of the catalyst
bed. In this zone, the Claus reaction occurs, while in the cooler
edge zones, sulfur is condensed and evaporated. In the reverse
process, the maximum temperature in the reaction zone that
defines the equilibrium yield of sulfur can exceed the sulfur dew
point merely by several degrees; as a result, this temperature is
substantially lower as compared with the stationary process
(the maximum temperature of the latter is determined by both
the dew point as the minimum inlet gas temperature and the
adiabatic heat of the Claus reaction). This allows one to reach
higher degrees of conversion of the starting reactants.

Particularly, the one-stage Claus reverse process, which is
carried out by the schemes shown in Fig. 1 a,b, is equivalent to
the two-stage stationary process as regards the total degree of
sulfur recovery (up to 96%), whereas the reverse process with
intermediate heat removal 159 (see Fig. 1 c) is equivalent to the
conventional three-stage process with the degree of sulfur
recovery approaching 98%. Moreover, the reverse process
does not require heat exchangers and the preliminary heating
of gases, which makes this technology substantially cheaper.

The one-stage reverse process has the following drawbacks:
the degree of sulfur recovery is<96%; a part of sulfur is lost as
a result of the incomplete hydrolysis of CS2 and COS usually
present in the reaction gas; sulfur is lost due to the formation of
a fog from its vapour. These disadvantages can be overcome by
using the Claus `double' reverse process 160 (Fig. 7). The unit
includes three reactors, of which the first operates at high
temperature of the gas delivered from the Claus furnace
(300 ± 400 8C), while the second and third reactors operate at
temperatures below the sulfur dew point (120 ± 160 8C). Con-
tinuous operation of the second reactor is provided by periodic
reversals of the gas flow in the internal circuit, while the
catalyst regeneration in the third bed occurs when the order
of reactors the gas passes through is changed upon the reversal
of the flow direction in the external circuit. High temperature
in the first (with respect to the gas flow) reactor favours the
efficient hydrolysis of CS2 and COS and also the efficient
regeneration of the catalyst (due to the evaporation of liquid
sulfur accumulated in the previous phase of the external cycle).
The high overall degree of conversion and also the condensa-
tion and adsorption of non-condensed sulfur vapour are
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Figure 7. Flow scheme of the Claus `double' reverse process.

(1 ± 3) Catalytic reactors, (4, 5) units for sulfur condensation.
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favoured by the low temperature in the third reactor (with
respect to the gas flow).

According to the results of modelling,164 the `double'
reverse process provides a high degree of mixture conversion,
efficient hydrolysis of COS and CS2 and elimination of sulfur
losses with non-condensed fog (the total level of sulfur extrac-
tion was 99.6%± 99.8%). This process is advantageous due to
the absence of strict requirements to the quick response of
switching valves. This is associated with the fact that the
switches in the external cycle are rare (about once in a day)
and the losses in the switch are insignificant, while the gas
breakthroughs in the switches in the internal circle (the
characteristic switch frequency is several times per hour) is
damped by the protective action of the third bed. The units for
the `double' reverse process do not require complex equipment
and thus are very compact.

Pilot-plant tests of the Claus reverse process 165 confirmed
its feasibility.

c. Adsorption of water vapour
As was noted above, the equilibrium in the Claus reaction can
be shifted by the removal of water vapour from the reaction
mixture. The Claus process in a combined bed containing
catalyst grains and a zeolite sorbent was described. 166 ± 169 The
scheme of this version provides for a two-stage reverse process
(see Fig. 1 c) with the intermediate heat exchange and the
intermediate sulfur removal. The original gas is fed to the
reactor at a temperature that exceeds the dew point of sulfur
vapour (e.g., at 250 8C). In the first bed, the Claus reaction and
the adsorption of water vapour on the sorbent (zeolite) occur
simultaneously. The gases that exit from the second bed are
first cooled for sulfur condensation and then heated to higher
temperature before entering the second bed where the water
vapour is desorbed. As the sorbent is saturated with water, the
flows in the first bed are reversed and the process is carried out
in the same mode.

According to theoretical and experimental studies,166 ± 169

removal of water vapour by adsorption provides a substantial
shift of the reaction equilibrium and ensures virtually 100%
conversion of the mixture even for high initial contents of
reactants and the cycle time between reversals of no less than
1 h. However, it was noted 169 that such a scheme has certain
drawbacks, particularly, it does not rule out a decrease in the
efficiency of the hydrolysis of COS, whichmay be present in the
gases. At the same time, they assumed that these drawbacks
can presumably be minimised or eliminated provided the
optimum combination of the time-dependent concentration
and temperature fields in the catalyst beds will be found.

4. Low-temperature decomposition of hydrogen sulfide
Direct decomposition of H2S is one of the methods for the
production of elemental sulfur from hydrogen sulfide

H2S H2+
1

n
Sn . (3)

This method attracts attention due to the possibility of the
production of hydrogen (in place of water in the Claus process)
in addition to sulfur, which is important in view of the
development of hydrogen energetics.

However, all attempts to develop a commercial process of
decomposition of hydrogen sulfide faced serious thermo-
dynamic limitations, namely, reaction (3) is reversible and the
equilibrium degree of hydrogen sulfide dissociation is virtually
zero under ordinary conditions. To achieve the equilibrium
H2S conversion of about 10%, the temperature should be
elevated to 700 8C, while its complete dissociation requires
temperatures of nearly 2000 8C. It is difficult to carry out such
a process; moreover, recombination of sulfur and hydrogen to
H2S during the cooling of the reaction products is probable,

and the elimination of this route would require additional
efforts.

In the industry, acidic gases producted upon refining of
natural gas and oil and containing, as a rule, considerable
amounts of hydrocarbons and carbon oxides in addition to
H2S are the main source of hydrogen sulfide. At high tempe-
ratures, there is a high probability for the pyrolysis of these
compounds, which may substantially complicate the techno-
logy, viz., necessitate the use of rather intricate and expensive
equipment for the separation and purification of H2S before its
utilisation.

The use of the adsorption-catalytic process proved to be an
effective (and interesting within the framework of this review)
way for overcoming the equilibrium limitations of the degree of
dissociation of hydrogen sulfide and also for the decrease in the
reaction temperature.

The known methods of H2S decomposition 170 ± 172 involve
hydrogen sulfide chemisorption on the surface of sulfides of
transition metals (iron, nickel, cobalt, copper, etc.), which is
accompanied by the formation of surface polysulfides of
metals and hydrogen, and periodic thermolysis of polysulfides
to the original sulfides and sulfur. Chemisorption proceeds at
relatively low temperatures (200 ± 550 8C), which, nonetheless,
allows one to achieve high degrees of H2S decomposition. The
sorbent is regenerated by heating to 700 ± 800 8C in a gas flow
containing no hydrogen or hydrogen sulfide, which results in
the release of elemental sulfur.

Startsev et al.173 ± 176 have shown experimentally that the
stage of hydrogen sulfide chemisorption can proceed at a
sufficiently high rate even at room temperature, whereas the
regeneration occurs at temperatures not exceeding 200 ±
300 8C provided the supported sulfide catalysts or certain
catalytically active systems are taken as the chemisorbents.

Figure 8 shows the dynamics of hydrogen evolution in the
stage of hydrogen sulfide chemisorption where the gas mixture
is fed to the sulfide catalyst bed. In the beginning of the
experiment, almost 100% adsorption of hydrogen sulfide was
observed; moreover, even at room temperature, considerable
amount of hydrogen evolved. If relatively short cycles
(<10 min) were used, the process involved no discharge of
hydrogen sulfide into the gas phase and the degree of H2S
decomposition was 100%. Periodic regeneration of the cata-
lyst-chemisorbent at moderate temperatures (200 8C) allowed
complete recovery of its chemisorption properties. This was
confirmed in multiple chemisorption ± regeneration cycles.

At the first glance, the possibility of achievement of that
high degree of hydrogen sulfide decomposition to sulfur and
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hydrogen at low temperatures contradicts the thermodynamic
limitations. This is rationalised as being due to different states
of a catalyst in a periodic adsorption-catalytic process, which
enables the spatial and temporal separation of the reaction
stages and allows one to substantially shift the equilibria.

In the general case, the sequence of stages is as follows:

MS+ xH2S MSx+1+ xH2 , (4)

MSx+1 MS+
x

n
Sn . (5)

A simplified scheme includes the transformation of iron
sulfide into disulfide in the chemisorption stage

FeS+H2S FeS2+H2 (6)

and the reverse transformation in the regeneration stage 143

FeS2 FeS+
1

n
Sn . (7)

Figure 9 shows the equilibrium degrees of conversion of
sulfides according to reactions (6) and (7). Reaction (6) is
exothermic and virtually irreversible in the low-temperature
range. Decomposition of FeS2 to sulfur proceeds with the
absorption of a large amount of heat [which ensures the total
endothermic effect in the overall reaction (3)] and is thermo-
dynamically less advantageous (which explains the low equi-
librium degree of H2S dissociation under steady-state
conditions at low temperatures).

However, the equilibrium degree of sulfide dissociation
concerns only steady-state modes of reactions and imposes no
direct limitations on the operation of a flow-through reactor
with the variable catalyst state. Continuous removal of sulfur
vapour from the reaction zone with a flow of a regenerating gas
gradually enables complete regeneration of the chemisorbent-
catalyst surface. Under these conditions, the equilibrium
degree of dissociation determines the regeneration time rather
than its maximumdegree. It is of fundamental significance that
the regeneration occurs in the absence of hydrogen in the gas
flow, which eliminates the reverse process, i.e., the H2S
formation.

Obviously, the above description is quite simplified.
A much more comprehensive study with involvement of the
quantum chemical simulation 176 has shown that the formation
of complex compounds comprising hydrogen atoms in addi-
tion to the metal and sulfur occurs in the chemisorption of
hydrogen sulfide on the surface of a sulfide catalyst.

It should be emphasised that the attainment of super-
equilibrium degrees of H2S dissociation is only possible in a
periodic chemisorption-catalytic process with the well-defined
separation of the chemisorption and regeneration stages in
space and time

The low-temperature decomposition of hydrogen sulfide
can be carried out in a multireactor system (see Fig. 3 b) with
the periodically alternating delivery of a cold gas containing
hydrogen sulfide and a heated regeneration gas (e.g., commer-
cial nitrogen, carbon dioxide, natural gas, etc.) to each reactor.
Such a technology allows one to achieve the 100% conversion
of hydrogen sulfide at quite moderate temperatures. At low
temperatures, the requirements to construction materials and
to the heat removal from the reactor become less severe, in
addition, complex sour gases containing hydrogen sulfide can
be processed without preliminary extraction and purification
of H2S. Moreover, this reduces the energy consumption due to
not only the minimisation of the heat loss as a result of the
lower operation temperatures, but also the substantial shift of
the heat balance of this reaction. Thus at T>600 8C, the
endothermic effect of the sulfur formation as the molecules S2
was 90 kJ mol71, while atT* 200 8C, where S6 and S8 are the
dominant allotropic forms of sulfur, the effect decreased to
35 ± 40 kJ mol71. This decrease was caused by strongly exo-
thermic reactions of sulfur molecule growth in the series
S2! S6! S8 .

The chemisorption-catalytic processes are advantageous in
a situation where the volume of produced hydrogen is of
importance. Particularly, their use is promising in the pro-
cessing of sour natural gases, e.g., the gas from the Astrakhan
gas field, which contains 30% H2S. The obtained hydrogen
can be utilised in fuel cells for the electric power production.

5. Oxidation of sulfur dioxide
Sulfur dioxide oxidation

SO2+
1

2
O2 SO3

is a reversible reaction the equilibrium in which can be shifted
by adsorption effects. There are two adsorption-catalytic
approaches that can substantially enhance the efficiency of
the conventional version of this reaction.

a. Water flushing of the catalyst
The first way of shifting the reaction equilibrium is the
oxidation of sulfur dioxide at low temperatures in the presence
of water vapour. Under such conditions, sulfur trioxide reacts
with water to form a sulfuric acid condensate, thus shifting the
equilibrium of the target reaction.

The processes of SO2 oxidation at 35 ± 80 8C on activated
carbon (this catalyst was chosen because the conventional
vanadium catalysts are inactive at low temperatures) with the
initial concentrations of sulfur dioxide of 0.1 vol.%±
0.5 vol.% were studied.177 ± 179 Under these conditions, the
acid formed was condensed and sorbed in the catalyst pores.
The catalyst was regenerated by flushing it with water.

The described processes, which were characterised by
rather lengthy operation cycles, namely, up to 100 ± 200 min,
made it possible to reach very high degrees of sulfur dioxide
conversion (the residual concentration of SO2 in gases was
about 50 ppm). However, the use of water flushing leads to the
formation of vast amounts of off-grade (low-concentration)
acid, which substantially limits the practical application of this
technology.

b. Flushing of catalyst beds with air
Yet another method aimed at the shift of the equilibrium to
enhance the efficiency of SO2 oxidation takes advantage of the
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Figure 9. Equilibrium degrees of conversion of sulfides according to the

reactions (7) (1 ) and (6) (2).

Unsteady catalytic processes and sorption-catalytic technologies 647



adsorption properties of the molten active component of
conventional vanadium catalysts.

It was shown 180 that the alternating feeding of the reaction
mixture and air to the vanadium catalyst bed can substantially
increase the degree of sulfur dioxide conversion. Presumably,
flushing of the catalyst bedwith air leads to the supersaturation
of a film of themolten active component on the catalyst surface
with oxygen so that in the next reactant feeding cycle, the
oxygen concentration in the melt substantially exceeds its
equilibrium value (with respect to the reaction mixture com-
position); and, hence, the degree of SO2 conversion can also
exceed the equilibrium limit reached in the steady-state mode.

This process can be implemented in a two-reactor scheme
(see Fig. 3 b) with separate delivery of air and the reaction
mixture according to two main versions, namely, with direct
flow 180 and counter flow.181 The calculations 182 carried out
within the framework of a one-dimensional model of an
adiabatic catalyst bed that operates under the plug flow
conditions183 together with a comprehensive unsteady-state
kinetic model of this process, 184 have shown that both versions
allow one to reach extremely high degrees of SO2 conversion
(>99.9%). However, the counterflow version provides stable
operation of the system in much wider ranges of initial
concentrations of sulfur dioxide and inlet gas temperatures
and, hence, can be carried out at technologically favourable
parameters (cycle duration, catalyst load, initial temperature
of gases, etc.) in the second stage of the sulfuric acid contacting
schemes DC/DA (double contacting/double adsorption). In
this case, the total degree of sulfur dioxide conversion in the
contact unit can reach 99.999%, which corresponds to the final
SO2 concentration on a level of 50 ppm and meets the most
severe environmental requirements. These theoretical conclu-
sions were successfully confirmed by the pilot tests.143

6. Steam reforming of methane and CO
The reforming of methane and other hydrocarbons aimed at
the production of hydrogen, which is utilised in the syntheses of
ammonia and methanol and in the petroleum industry and
hydrogen energetics, is among themost important directions of
chemical technology.

In these technologies, the most important stages are the
methane steam reforming

CH4+H2O CO+3H2

and the CO steam reforming (water gas shift-reaction)

CO+H2O CO2+H2 .

In both cases, the formation of hydrogen is limited by the
equilibrium factors. According to the thermodynamic analysis,
the hydrogen yield can be substantially increased if carbon
dioxide is removed from the reaction zone. The removal of CO2

can be accomplished by its adsorption, particularly, on metal
oxides, to form carbonates.

Attention is focused on the reaction of methane steam
reforming, the equilibrium of which can be shifted due to the
absorption of carbon dioxide 185 ± 193 by various sorbents (CO,
MgO, hydrotalcite, dolomite, lithium zirconate, etc.). In a
single-stage process, hydrogen with the purity grade from
85% to 98% is produced; moreover, the residual mixture
mainly contains methane with the minimum amounts of
carbon oxides.

Analogous studies have also confirmed the possibility of a
substantial shift of the chemical equilibrium in water gas shift
reaction by the adsorption of CO2 on CaO.194 In this case,
hydrogen with the purity grade of 99.5% was formed.

The reverse reaction, namely, the carbon dioxide reduction
with hydrogen to CO and water, also deserves mention.195 In
this case, the virtually 100% CO yield was reached due to the
adsorption of water on a zeolite sorbent.

It should be stressed that the developments mentioned
above were based on a concept of the catalyst steady state,
whereas the non-stationarity of the process was entirely
attributed to the sorbent effect. Particularly, the well-known
steady-state model196 was used in the simulation of the
processes of methane steam reforming. However, the correct-
ness of this approach was not substantiated and is not self-
evident.

An interesting scheme was proposed,197 in which cyclic
feeding alternation of steam and the synthesis gas was used in
the production of hydrogen on an iron oxide catalyst

3 FeO+H2O Fe3O4+H2 ,

Fe3O4+CO 3FeO+CO2 .

This process, which was named the Reformer Sponge Iron
Cycle (RESC), can be employed in the production of hydro-
gen from the natural gas, liquid hydrocarbon fuels and coal
gasification products. Similar schemes were proposed
recently.198, 199

The production of hydrogen by the catalytic pyrolysis of
hydrocarbons with the simultaneous production of valuable
types of activated coal is actively developed.200 ± 209 In this
method, carbon is deposited and accumulated on the catalyst
surface, and the processes involved are basically unsteady.

7. Anaerobic oxidation of methane
At present, the processes of cyclic oxidation of methane under
anaerobic conditions, where nickel and iron oxides are used as
the catalysts, are actively studied. 210 ± 213 These processes are
called Chemical-Looping Combustion (CLC). They are aimed
at the deep oxidation, which is achieved by the correct choice of
the reaction temperature (1000 8C) and the catalyst composi-
tion. Natural gas is passed through a catalyst bed to oxidise
hydrocarbons to CO2 andwater vapour; the catalyst is periodi-
cally reoxidised with air.

This processes is meant particularly for energy purposes,
e.g., for the electric power production. What is its main
advantage over the conventional combustion of natural gas
consists, is that in the hydrocarbon delivery cycle, the gas
mixture at the outlet from the reactor contains only carbon
dioxide and water vapour. Due to relative simplicity of water
removal from this flow, highly concentrated CO2 can be
produced and extracted later in the pure form and utilised
without its emission to the atmosphere. The latter factor is
currently the topical problem in view of the Kyoto Protocol
requirements. The second advantage of this process is the
relatively low temperature in both phases of the cycle, which
allows substantial reduction of the emission of nitrogen oxides
to the atmosphere.

8. Anaerobic processes of oxidative dehydrogenation
of hydrocarbons
The quest for the ways of increasing the selectivity of target
reactions in complex reaction systems is among the currently
topical problems of catalysis. These reactions include numer-
ous processes of selective catalytic oxidation of hydrocarbons
(propane to propylene, butane to butylene and butadiene, etc.).

As was shown above, the way of enhancing the selectivity
of conversion and the yield of target products as compared
with steady-state processes lies in the use of the unsteady state
of a catalyst, which can be generated by the cyclic separate
feeding of hydrocarbons and the oxidant (air). Oxygen chemi-
sorbed on the catalyst surface acts as the oxidant, whereas
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molecular oxygen is not present in the hydrocarbon flow (this
explains the term `anaerobic process').

Reactions of selective oxidation of hydrocarbons with
oxygen are, as a rule, exothermic and the selectivity of most
of them decreases as the temperature increases. As a conse-
quence, the maximum concentrations of reactants are limited
in a steady-state adiabatic process, which has a negative effect
on the efficiency. Apparently, the effective coupling of heat and
concentration fronts in the catalyst bed is the key problem in
the elaboration of selective oxidation processes.

Model studies of parallel adiabatic endothermic reactions
have shown 143, 214 ± 216 that under adiabatic conditions the
cyclic feeding of a preheated hydrocarbon into a cold bed of a
preliminarily oxidised catalyst leads to substantially lower
maximum temperatures as compared with the steady-state
process. This is associated with the fact that, in the former
case, a considerable portion of heat released in oxidation
reactions is consumed for the catalyst heating. The lower
temperatures, in turn, favour the higher reaction selectivity.
Moreover, this allows one to feed concentrated hydrocarbons
into the reactor, which makes it possible to substantially
enhance the efficiency of the process.

Model studies also showed the possibility of the existence
of a reversed heat front, which, due to the heat conduction of
the bed, can move in the catalyst bed counter-currently the
reaction gas flow. This allows one to additionally decrease the
maximum temperature and enhance the oxidation selectivity.

In the studies 142, 217 devoted to the processes of selective
oxidation of hydrocarbons with the separate delivery of
reactants, propane oxidative dehydrogenation to propylene
on a vanadium-oxide catalyst was considered. The system of
reactions can be written as follows:104

C3H8+ [V2O5] C3H6+H2O+ [V2O4], (8)

C3H6+9 [V2O5] 3CO2+3H2O+9 [V2O4], (9)

C3H8+10 [V2O5] 3CO2+4H2O+10 [V2O4], (10)

[V2O4]+
1

2
O2 [V2O5]. (11)

According to rough estimates, the stage of selective oxida-
tion (8) produces a virtually zero (within the calculation error)
heat (about 74.6 kJ per mole of propane), while the total
exothermic effect of the overall selective oxidation of propane
(116.8 kJ mol71) is largely due to a sufficiently high exothemic
effect in the catalyst reoxidation stage (11), namely, 121.4 kJ
per mole of V2O4. At the same time, the stages of deep
oxidation of propylene (9) and propane (10) are characterised
by pronounced heat evolution (840 kJ mol71) approximately
the same for both these reactions.

Based on these results, a very important conclusion can be
drawn, viz., the temperature conditions of the process depend
not only on the catalyst activity and selectivity, but also on its
thermodynamic properties, particularly, the energy of the
bond between chemisorbed oxygen and the surface, which
determines the redistribution of the released heat between the
stages of catalyst reduction (8) ± (10) and reoxidation (11).

According to model studies,217 feeding of pure propane
with a temperature of 300 8C into a cold bed of a preliminarily
oxidised catalyst gives rise to a thermal front that travels
toward the filtrating gas flow. In the front, due to the virtually
zero thermal effect of the main reaction and the insignificant
extent of deep oxidation reactions, the catalyst is not heated
above the outlet gas temperature.

In addition, such a process can be carried out in a
continuousmodewith a cyclic separate feeding of cold propane
and air in counterflows, e.g., according to the two-reactor
scheme (see Fig. 3 b), into the preliminarily heated catalyst
bed. As a result, a stable autothermal unsteady mode is

generated in this bed (Fig. 10), which eliminates the necessity
of the energy supply and the preheating of reaction flows.

According to estimates, the use of concentrated propane
makes it possible to increase the efficiency as compared with
steady-state technologies and also noticeably enhance the
selectivity of propane oxidation. Among the other advantages
of this process, the following factors deserve mention.

1. Technological simplicity and low costs required for its
implementation, which is associated with the use of simple and
inexpensive reactors with steady-state adiabatic beds of cata-
lyst grains and with the minimum use of the heat-exchange
infrastructure.

2. Safety of the process, which is due to the absence of
direct contact between hydrocarbons and oxygen.

3. A possibility of utilising air as the oxidant in place of
pure oxygen.

4. The possibility of prolongation of the catalyst service life
due to the effective suppression of the coke formation in the
stage of propane conversion (as a consequence of low tempe-
ratures) and to the burning out of coke with oxygen in each
cycle of catalyst reoxidation

The processes under consideration also include the de-
hydrogenation of paraffins to alkenes, which involves the
selective anaerobic oxidation of hydrogen over transition
metal oxides and periodic reoxidation of the latter with
air,218, 219 the partial oxidation of n-butane to maleic anhyd-
ride 220 (implemented on the commercial scale by DuPont
company) and of o-xylene to phthalic anhydride 221 in moving
catalyst beds and also the oxidation of paraffins to alkenes 222

with separate feeding of hydrocarbons and oxygen.
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Figure 10. Temperature profiles of a catalyst along the bad length in the

established cyclic mode with separate counter-current feeding of propane

and air.

(a) Propane feeding cycle (catalyst reduction), (b) air feeding cycle

(catalyst reoxidation). Arrows show the direction of the reaction mixture

flow, numbers over the curves show time (in s) from the beginning of each

cycle. The inlet gas temperature was 20 8C in both cycles, the cycle

duration was 350 s.
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9. Purification of automotive exhaust
The currently topical problems include the problem of `cold
start', which concerns the idle start of an engine when the
catalyst temperature is too low.

A solution to this problem lies in the corporation of
adsorption traps into the catalytic neutralisers. These traps
can adsorb toxic impurities (CO, hydrocarbons, NOx) and soot
particles from the exhaust gases.223 ± 226 However, although the
sorbed hydrocarbons and soot can be oxidised to the higher or
lesser extent, removal of nitrogen oxides poses certain difficul-
ties associated with the fact that these oxides are desorbed
during heating of the neutraliser much sooner than the tempe-
rature necessary for their efficient reduction is reached.

An original solution to this problem was patented.227 In
essence, the patent describes a procedure for the reversal of
flows in a multibed system inert ± catalyst ± sorbent ± cata-
lyst ± inert, where the reversal is carried out by a mechanical
rotationt of this system.

At a low temperature, the impurities are accumulated in the
sorbent located between two catalyst beds. As the temperature
increases, the catalyst beds are first to be heated, while the
sorbent layer is heated later. Thus, the desorption of impurities
begins only when the catalyst temperature becomes sufficient
for its effective decontamination. This process may be a good
illustration of the effective interrelation between the adsorp-
tion properties of the system and the dynamics of thermal fields
in it.

10. Miscellaneous processes
Among the other processes actively employing the sorption
properties of catalysts, the following processes can be singled
out:

Ð direct synthesis of HCN from CO and ammonia with
sorption of CO2 formed on lithium zirconate;166

Ð the unsteady Deacon process 228, 229 of complete oxida-
tion of HCl to elemental chlorine, which includes separate
stages, namely, chemisorption of hydrogen chloride on copper
oxide to form CuCl2 and water vapour and the regeneration of
the sorbent due to the copper chloride oxidation to form CuO
and Cl2;

Ð a cyclic process of alkene synthesis from methane
through transient bromination of methane, which includes
the stages of chemisorption of molecular HBr on oxide
sorbents used in this process and periodic regeneration of the
sorbent to form elemental bromine;230

Ð synthesis of methanol with removal of the product
formed by its absorption with a fine-grain sorbent conti-
nuously filtered through a fixed catalyst bed;231

Ð dehydrogenation of cyclohexane to benzene over a
metal-hydride catalyst with chemisorption removal of hydro-
gen;232

Ð unsteady processes of hydrodesulfurisation and hydro-
dearomatisation of fuels, which take advantage of high
adsorption capacity of the catalyst with respect to sulfur
compounds 233, 234 and include reverse processes for hydro-
treatment.

All the processes listed above are based on the sorption
properties of the catalytic surface and could be carried out in
unsteady-state modes with the efficiency enhanced as com-
pared with steady-state processes and particularly afforded
superequilibrium yields of the reaction products.

IV. Conclusion

The studies of sorption-catalytic processes described above
showed that the purposeful use of sorption (adsorption and
chemisorption) properties of heterogeneous catalysts allows
one to substantially enhance the efficiency of many catalytic
reactions. The highest technological effect can be achieved for

a controlled combination of the thermal non-stationarity with
the composition non-stationarity of the catalyst surface.

In the elaboration of a new process, when choosing the
main active factor (e.g., concentration modulation), it is
necessary to take into account the other factors (dynamic
changes in the temperature and the pressure). Otherwise,
instead of the expected improvement in the characteristics as
compared with steady-state processes, one may obtain a zero
and even negative effect.

It should be borne in mind that unsteady catalytic processes
are cyclic or periodic, and certain technological efforts may be
necessary to ensure their recurrence and, in most cases, the
uninterrupted operation of the system as a whole. This compli-
cates practical implementation of such technologies and makes
them less attractive; hence, their development is reasonable only
if the unsteady-state mode offers substantial advantages over
the steady-state processes. Correspondingly, this entails high
requirements to the skill of developers and the quality of their
service, while the success is determined by the deep insight into
the phenomena observed and the use of modern experimental
techniques and the methods of comprehensive mathematical
simulation.

The diversity of methods for the development of unsteady-
state conditions and their combinations is even reflected in the
yet unsettled terminology used in the literature. The term
`unsteady catalysis' is often used, although it is too wide and,
in certain cases, ambiguous. Insofar as the technologies with
modulating catalyst state actively utilise the adsorption phe-
nomena, the term `sorption-enhanced catalytic processes' is
often used. Other popular terms are `multifunctional pro-
cesses', which reflects simultaneous occurrence of different
types of phenomena (e.g., adsorption and catalysis), and
`chemical looping', which characterises the cyclic nature of
processes. The latter are sometimes called (however, not
always correctly) the `reactive chromatographic' processes.

The development of unsteady and adsorption-catalytic
processes is a very sophisticated task, which requires that a
large number of different factors and their combined action on
different-scale levels of the process be understood and taken
into account. It should be noted that many relationships
typical of steady-state processes do not in principle valid the
unsteady catalytic processes.

Particularly, in unsteady processes, even in formally
adiabatic catalyst beds, the conditions are realised where the
temperature in the bed substantially deviates from the adia-
batic value. This difference is determined, in addition to the
dynamic effects associated with the regenerative heat exchange
and themotion of thermal fronts in the catalyst bed (a property
typical of conventional reverse processes with the thermal non-
stationarity of the catalyst), by the possible dynamic redistri-
bution of released heat, which occurs in different reaction
stages and phases, in both space and time (this is a unique
property of systems with the sorption non-stationarity).
Depending on the chosen strategy of the realisation of the
unsteady mode, the maximum temperature in the process can
be either substantially lower (e.g., as in the anaerobic oxidation
of hydrocarbons, see Section III.8) or higher (as in the adsorp-
tion-catalytic process of VOCoxidation, see Section III.2) than
the adiabatic temperature in an equivalent steady-state
process.

The use of the sorption capacity of the catalyst allows one
to carry out individual reaction stages within certain phases of
the technological cycle, which opens up wide prospects for the
modulation of the reactant concentrations on the catalyst
surface. In many cases, the correct organisation of this process
in combination with the temperature factor allows one to
overcome the equilibrium limitations and reach higher yields
of the target products as comparedwith analogous steady-state
processes.
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It is of note that in many cases the parameters of unsteady
modes substantially depend on the factors that play a minor
role or have an indirect effect on the steady-state technologies.
These factors include the bond energy of the reactant with the
catalyst surface, the heat capacity of the catalyst, its specific
surface, etc.

Summarising, the following advantages of the sorption-
catalytic technologies over the steady-state methods can be
mentioned:

Ð a decrease in the energy consumption in the processing
of low-concentration gases (deep oxidation of VOC);

Ð an increase in the efficiency of decontamination of
exhaust gases (NOx reduction and purification of automotive
exhausts);

Ð superequilibrium yields of target products in thermo-
dynamically limited reactions (the Claus process, H2S decom-
position, SO2 oxidation, steam reforming of methane and CO,
the Deacon process, etc.);

Ð the enhanced selectivity of partial oxidation processes
provided by the use of chemisorbed oxygen as a `soft' oxidant
(oxidation of n-butane to maleic anhydride, o-xylene to
phthalic anhydride, paraffins to alkenes, etc.).

In many cases, these advantages may include the reduction
in the capital costs in the realisation of these processes and also,
paradoxical as this may look at the first glance, the simplifica-
tion of flow schemes and the enhancement of their operation
stability.

However, it should be stressed that the aforementioned
improvements are achieved only in the case of optimally
organised processes. Otherwise, the utilisation of catalyst
sorption properties may have a negative effect. Particularly,
as was demonstrated above by the example of reactions of deep
oxidation of VOC and of the reduction of nitrogen oxides and
the oxidation of sulfur dioxide, the sorption ± desorption
phenomena in a conventional reverse process reduce its effi-
ciency; and, hence, different technological approaches are
required in order to achieve positive effects. This is why the
key factor of the successful development of sorption-catalytic
processes is the correct choice of the process scheme and the
search for the optimum strategy for its dynamic control.

The author wants to express his deep gratitude to acade-
mician V N Parmon and to A S Noskov, M V Dmitrienko,
B S Bal'zhinimaev, V O Strots, P G Tsirul'nikov, A G Oku-
nev, and I A Zolotarskii for valuable discussions and the
assistance in the preparation of this publication.
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Abstract. The results of studies of some terpenoids, alkaloidsThe results of studies of some terpenoids, alkaloids
and phenolic derivatives isolated from Siberian plants areand phenolic derivatives isolated from Siberian plants are
summarised. The structures of the compounds studied aresummarised. The structures of the compounds studied are
presented and the chemical transformations of the availablepresented and the chemical transformations of the available
terpenoids and alkaloids are considered. Examples of practicalterpenoids and alkaloids are considered. Examples of practical
application of natural compounds and their derivatives areapplication of natural compounds and their derivatives are
given. The bibliography includes 131 referencesgiven. The bibliography includes 131 references..

I. Introduction

Natural compounds of plant origin, namely, secondary plant
metabolites, are of interest from the scientific and practical
standpoints. A fundamental basis for resource studies lies in
taxonomy, determination of the chemical composition of
plants and elucidation of the structure of particular compo-
nents. Often, chemical compounds isolated from plants repre-
sent novel classes of chemical compounds, which favours the
progress in new fields of organic chemistry. At the same time,
many plant metabolites and products of their transformations
possess practically useful properties, first of all, various bio-
logical activities.

At present, a great body of information on plants as
sources of valuable compounds has been collected. Many of
these compounds can easily be produced in amounts that meet
current demands. The development of efficient methods for the
isolation of natural compounds in individual form stimulates
the design of new pharmaceuticals and agricultural prepara-
tions based on them.

Plant metabolites themselves can be the active principles of
drugs. For instance, oriental medicine has long used camphor,
which was recommended as an inhalation remedy during
plague epidemy in the Middle Ages in Europe. A number of
individual natural compounds were introduced into medicinal

practice in the 19th century. These are quinine, morphine,
strophanthin, etc. In the 1950s, drugs based on alkaloids
vinblastine and vincristine were introduced into antitumour
therapy.

However, at present the search for biologically active
compounds is mainly associated with modification of the
known plantmetabolites aimed at either enhancing the original
activity of the chemical compound or obtaining derivatives
that exhibit other activities.

For a long time, researchers working at the N N Vorozh-
tsov Novosibirsk Institute of Organic Chemistry, Siberian
Branch of the Russian Academy of Sciences, have been
investigating the chemical composition of compounds isolated
from forest trees and landscape plants of Siberia andAltai. The
resource and structural analytical studies are being carried out
to reveal plant producents of valuable metabolites and to
develop new methods of processing of plant raw materials to
isolate individual compounds that are either used in practice or
are of interest for the design of chemical structures with novel
properties. The structures of the compounds isolated are
determined using all available modern physicochemical
methods. In the last two decades, the research carried out at
the Institute follows a programme that is aimed, on the one
hand, at obtaining basic knowledge on the reactivity of three
important classes of plant metabolites, namely, terpenoids,
alkaloids and phenolic compounds and, on the other hand, at
searching biologically valuable derivatives of these classes of
compounds. The ultimate goal of these studies is the develop-
ment of novel pharmaceuticals and environmentally safe
pesticides.

The present review reports on the most important results
obtained in the studies of secondary plant metabolites of the
Siberian flora.

II. Results of the resource and structural analytical
studies

In the 1960s, N N Vorozhtsov, the founder of the Novosibirsk
Institute of Organic Chemistry (NIOCh), Siberian Branch of
the Russian Academy of Sciences, initiated organisation of the
laboratory for wood chemistry. The first two decades of studies
headed by V A Pentegova gave a great deal of information on
coniferous plants growing in Siberia and Far East (pine, cedar,
abies, etc.) as unique sources of terpene compounds. Chemical
compositions of oleoresins, turpentines and extracts including
mono-, sesqui- and diterpenoids from several species of coni-
ferae were determined. The results obtained in these studies
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were summarised in amonograph 1 and by right became part of
the treasury of knowledge in the domestic and world science of
resources and served as the basis of a new research avenue,
which is rapidly developed at present.

Particular attention is paid to Siberian plants containing di-
and triterpenoids. The interest of chemists and pharmacolo-
gists in these compounds is indicated by a number of publica-
tions.2 ± 7 In addition to terpenoids, researchers at the NIOCh
study readily available alkaloids and phenolic metabolites
present in some landscape plants. The resource and structural
analytical studies of the Siberian flora included search for
sources of promising plant metabolites, investigations of
variation of the composition of the components depending on
the species of plants, identification and structural elucidation
of individual compounds and the development of optimum
isolation procedures. As a result, researchers at the NIOCh
created a database that includes the metabolites characterised
by the following major features:

Ð availability of the plant source;
Ð efficiency of the isolation procedures;
Ð chemical structure providing great potential for syn-

thetic modification; and
Ð putative biological activity.
Here we shall consider a number of compounds that are of

interest for further investigations isolation of which from
Siberian plants relies on well-developed procedures.

1. Diterpenoids
Undoubtedly, levopimaric acid (1), abietic acid (2) and their
derivative, dehydroabietic acid (3) are the most available
tricyclic diterpenoids. These compounds are isolated from
pine resin and oleoresin, being of interest as substrates for
targeted chemical transformations and pharmacological
studies.8

One of the key components of the extractives of pine
needles is a labdane-type diterpenoid isoabienol (4). Labda-
noids containing a conjugated diene system in the side chain
are of interest as the starting compounds for the synthesis of
fragrances 9 and pharmaceuticals.10 Yet another labdanoid,
lambertianic acid (5),11, 12 which can readily be isolated from
cedar oleoresin and needles, also exhibits physiological activ-
ity. Labdanoids epitorusolol (6) and larixol (7) can be obtained
from oleoresins of the Siberian and Gmelin larch.

Among monocyclic diterpenoids isolated from the oleo-
resin of Siberian cedar, macrocyclic cembranoid isocembrol
(8), a structural analogue of metabolites of marine organisms
possessing high antitumour activity,13 deserves attention.

2. Triterpenoids
As to triterpene compounds, betulin (9) isolated from birch
bark 5, 14 and glycyrrhizic acid (10), a metabolite of licorice 6

belonging to oleanane-type glycosides, should undoubtedly be
ranked first in the availability and pharmacological potential.
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From the standpoint of plant physiology, Firs (Abies
genus) differ from Pines, Spruces and Larches belonging to
the same botanical family in production of triterpenoids
having a modified lanostane carbon skeleton. One of them,
namely, abieslactone (11) present in bark of many species of
Firs, can readily be isolated from extracts of plant raw
materials by crystallisation.15, 16 Of particular interest is also
an abieslactone derivative 12 with an antitumour activity.17

Triterpenoids 13 ± 22 produced by Siberian fir (Abies
sibirica Ledeb.) show structural diversity.18 ± 31 These com-
pounds can affect the immune status of agricultural plants,
thus enhancing their resistance against fungi.

3. Alkaloids
Classical investigations on alkaloids carried out by resear-
chers from the scientific school headed by academician
S Yu Yunusov (Uzbekistan) demonstrate a fruitful combina-
tion of the resource, taxonomic, structural analytical and
processing studies that enabled the progress in medicinal
chemistry and pharmaceutical industry. Despite the fact that
most of these studies were carried out using Middle-Asian
plant raw materials (see, e.g., a review 32), they played an
important role in the studies of Russian alkaloid-containing
flora.

The first results of studies on the chemistry, isolation
techniques and pharmacological properties of alkaloids from
Siberian and Altai plants carried out at the NIOCh clearly
demonstrated that themethods and strategies developed by the
researchers fromUzbekistan are well applicable for progress in
this research avenue. Plants of West Siberia and Gornyi Altai
are rich sources of alkaloids many of which also grow in
mountain regions of the Middle Asian.

To date, the field and processing investigations made a
number of alkaloids including lappaconitine (23), methyllica-
conitine (24), elatine (25), songorine (26) and berberine (27)
available for extensive studies.33 ± 35 For instance, the pilot
plant at the NIOCh can produce several kilogrammes of
lappaconitine (23) annually.

Lappaconitine (23) isolated from Aconitum septentrionale
Koelle is the active principle of the anti-arrhythmic drug
allapinine.36 Alkaloids 24 and 25 isolated from Delphinium
retropilosum Sambuk 34 and Delphinium elatum L (Ref. 33),
respectively, are agonists of neuronal acetylcholine receptors
(N-AChRs);37 the former compound also shows insecticide
activity.38 The antiarrhythmic activity of songorine (26) pro-
duced by Aconitum barbatum Pers.35 was reported by resear-
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chers from Uzbekistan in the 1970s 39 and berberine (27)
isolated from Berberis sibirica Pall. is known as choleretic and
antimalarial agent.40

4. Phenolic compounds
Phenolic plantmetabolites represent one of themost important
classes of natural bioregulators that can have beneficial effect
on the vital functions of organisms.41 ± 43 Many of them inhibit
tumorigenesis and exhibit antiviral (including anti-HIV) and
antitubercular activities. Phenolic metabolites of the Siberian
flora show a diversity of structural types and have a great
resource potential. According to the data obtained by resear-
chers from the Irkutsk Institute of Chemistry, Siberian Branch
of the Russian Academy of Sciences,44 the total amount of
larch wastewood permits large-scale production of phenolic
metabolites used as substances for biologically active additives.
Recent studies carried out at the NIOCh made many phenolic
metabolites available,45, 46 first of all, the (+)- and (7)-usninic
acids (28) isolated from lichens.

Phenolic compounds also include linear and angular cou-
marins, which are internal phenol esters. Some Umbelliferrae
plants produce (+)-pterixin (29) 45 and peucedanin (30);46

Myricaria dahurica is a producent of ellagic acid (31), a strong
protein kinase inhibitor.47

Licorice roots are a source of licoricidine (32), which
exhibits antiulcer and antitumour activity.48 Cedar bark con-
tains readily extractable resveratrol (33), pinostilbene (34) and
their glycoside derivatives, namely, resveratroloside (35a) and
pinostilbenoside (35b).49 The therapeutic action of stilbenes
33 ± 35 has been comprehensively reviewed.50

All these phenolic metabolites are considered as promising
agents for further modification.

III. Chemical transformations of terpenoids and
alkaloids

1. The Diels ±Alder (retro-Diels ±Alder) reactions
The availability of levopimaric acid (1) has made it a subject of
synthetic studies. This diterpenoid has two conjugated double
bonds and readily reacts with activated alkenes.51 (Note that
the Diels ±Alder reaction adducts can be obtained from pine
oleoresin containing up to 20% of levopimaric acid). Com-
pound 1 readily reacts with quinone-type dienophiles to give
high yields of adducts of unique structures.52, 53 The effect of
the dienophile structure on the selectivity of [4+2]-cycloaddi-
tion was studied taking levopimaric acid as an example. It was
established that 2,6-disubstituted benzoquinones 36a,b, 1,2-
naphthoquinone and indoloquinones 37a,b add to diene 1
regiospecifically. Regioselectivity of the cycloaddition of asym-
metric benzoquinones 36a,b can be explained by the presence
of electron-donor substituents (NHAc, Br) in their molecules;
this favours the formation of a hydrogen bond between the
carboxyl group and the carbonyl oxygen atom in position 1 of
the quinone molecule. In addition, stabilisation of this tran-
sition state is also due to the shieding effect of the isopropyl
group. Levopimaric acid derivatives 38 ± 40 can be of interest
as the starting compounds for the synthesis of pharmacologi-
cally valuable products (Scheme 1).

Scheme 1
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Of particular interest is the ability of adducts, i.e., bi-
cyclooctadienes, to undergo a retro-diene cleavage. This reac-
tion offers efficient ways for the synthesis of derivatives
containing terminal vinyl groups, e.g., 1,4-naphthoquinone
(41) and pyrrole (42).53

Quinopimaric acid (43) turned out to be a highly reactive
dienophile, which readily reacts with silyloxy- and sulfur-
containing butadienes and their aza analogues.54 For instance,
the reactions of acid 43 with 5-alkoxyoxazoles (the Kondra-

tyeva reagents) result in two compounds, viz., a Diels ±Alder
adduct 44 and a 1,3-dipolar cycloadduct 45.55 In the latter case,
the dipole is likely to be formed upon thermal decomposition
of 5-alkoxyoxazole. The results of the reactions of quinopima-
ric acid (43) with alkoxyoxazoles depend on the nature of the
solvent. In acetic acid, compounds 44 are the major products
(yields 58%±67%), whereas the reactions in an AcOH±
MeCN mixture afford adducts 44 (yields 40%±42%) and
isoindole derivatives 45 (yields 25%±35%). Further trans-
formations of compound 44 give terpenylazaanthraquinones
46 (Scheme 2).

The behaviour of a morphinan-type alkaloid thebaine (47)
in the Diels ±Alder reaction was studied.56 A new group of
thebaine derivatives was synthesised, which includes com-
pounds 48 ± 54 containing additional carbocyclic and hetero-

cyclic units.57 ± 63Maleimides andmaleic anhydride, 2,3-dihyd-
rothiophen-3-one 1,1-dioxide, substituted benzoquinones (or
the corresponding hydroquinones in the presence ofAg2O) and
indoloquinones 37a,b served as the dienophiles. The cyclo-
addition of thebaine (47) to cyclic dienophiles results in 7,8-
fused derivatives 46 of 6a,14a-ethenoisomorphinans; the reac-
tion is regioselective in the case of non-symmetric dienophiles.
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Thebaine (47) reacts with substituted benzoquinones
(aqueous dioxane, 20 8C) or with a system hydroquinone ±
silver oxide (MeOH, 20 8C) to give adducts 51 and subsequent
fused hydroquinones 52 (yields 75%±90%). The product ratio
varies from 1 : 8 to 1 : 10. Compounds 51 readily isomerise to
hydroquinone derivatives 52 under the action of alkaline
alumina in CH2Cl2 (yields 92%±98%).

Indoloquinone 37a adds to thebaine (47) in aqueous
dioxane with simultaneous aromatisation to a dihydro deri-
vative 53a (yield 62%). Regioselectivity of the reaction is
probably due to stabilisation of the transition state upon the
interaction of the NH group in the pyrrole fragment with the
methoxy group in position 6. The reaction ofN-methylindolo-
quinone 37b with diene 47 results in products 53b and 54b in a
3 : 2 ratio (overall yield 75%).

A thebaine adduct 50 is prone to skeletal rearrangements
with elimination of SO2.57, 60, 61, 64 For the mechanism of this
reaction, see Ref. 57. The retro-Diels ±Alder cleavage of
compound 50 results in a furobenzoazocine derivative
55.58, 61, 64

Here we present some transformations 62, 63 of adducts 48
and 49, which made it possible to synthesise oripavines
(promising psychotropic agents) from natural alkaloids.61, 63

Reactions of morphinandiene 56 with a number of dieno-
philes were also studied. Taking the Diels ±Alder reactions of
dienes 47 and 56 as examples, the factors affecting the regio-
and stereoselectivity of these processes were studied. It was
found that introduction of morphinandiene 56 devoid of the
dihydrofuran fragment into the reaction changes the stereo-
chemistry of the cycloaddition. This results in 6b,14b-etheno-
morphinans.59, 64

R=NHAc, SCH2X (X=CH2OH, CO2H, CO2Me, CH(NH2)CH2OH).
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2. Diterpenoids in the synthesis of alkaloid-like compounds
Alkaloid-like compounds can be synthesised from structures
that can be readily transformed to nitrogen-containing hetero-
cycles. These are, e.g., methyl lambertianate (57) and related
derivatives.

For instance, terpenocarbolines 59a,b were synthesised
from methyl 16-formyllambertianate (58) using the Pictet ±
Spengler reaction.65

By choosing selective oxidants affecting different frag-
ments of the molecule of lambertianic acid (5), it is possible to
obtain various oxygen-containing derivatives suitable for fur-
ther structural modifications. For instance, the oxidation of
methyl lambertianate (57) followed by aminomethylation
involving the furan ring led to N-heterocycles 60 and 61
(Scheme 3).66, 67

The synthesis of pyrrolyllabdanoids 62 and 63 from com-
pound 5 has been reported.68, 69 In the first stage lambertianic

acid (5) is converted to methyl ester 57 under the action of
dimethyl sulfate in ethanol; ester 57 is then oxidised using
various reagents. Note that compound 62was isolated as a 1 : 1
mixture of C(8)-epimers.

Synthetic routes to labdane derivatives 64 and 65 con-
taining tricyclic nitrogen-containing fragments starting from
lambertianic acid were developed.70, 71
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Alkylation of the amino derivative (step b) in acetonitrile as
a solvent results in products 64 (yields 54%±58%) without
isolation of salt. All stages of the synthesis of compound 65 are
characterised by good yields (68%±84%), the last step,
heterocyclisation, occurs spontaneously.

3. Reactions involving metal complex catalysis
The programmeof studies on synthetic transformations of some
available alkaloids carried out at the NIOCh 72± 79 involves
metal complex catalysis as a particular research avenue.

For instance, the aromatic fragment of lappaconitine (23)
was modified using cross-coupling reactions.80, 81 Procedures
for lappaconitine bromination and iodination were also
developed, which made it possible to obtain the corresponding
50-halogeno derivatives 66a,b. Lappaconitine derivatives 67
and 68 containing alkenyl substituents conjugated with the
benzene ring were first synthesised by condensation of these
halides with ethyl acrylate or 5-vinyl-2-methylpyridine under
the Heck reaction conditions.

Condensation of 50-iodolappaconitine 66b with terminal
acetylenes, namely, prop-2-yn-1-ol, 2-methylbut-3-yn-2-ol,
phenylacetylene and 5-ethynylpyrimidine under the Sonoga-
shira reaction conditions affords lappaconitine derivatives
69 ± 72 containing aklynyl fragments.

Halogeno derivatives of endo-ethenotetrahydrothebaine
(73a,b ±75a,b) and dihydrothebainohydroquinone (76a,b) also
react with various alkenes in the presence of palladium com-
plex catalysts.82, 83 This strategy was used for the synthesis of
some C(1)-substituted thebaine derivatives. Succinimido-
annulated 1-iodotetrahydrothebaines 73b are more reactive
than pyrrolidine derivatives 74b in theHeck reaction with ethyl
acrylate; the reactions of the former compounds occur under
milder conditions and in higher yields.
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The effect of the structure of alkenes (acrylates, 2-methyl-
5-vinylpyridine, styrene, alkyl vinyl ethers) on the yield of
1-ethenyl-substituted dihydrothebainohydroquinones was
studied. It was found that the reaction of 7,8-(1-acetoxy-4-
hydrohybenzo)-1-iodo-6,14-endo-ethenodihydrothebaine (76b)
with ethyl vinyl ether results in an arylation product at
a-position of the ethyl vinyl ether molecule, but work up of
the reaction mixture gives 1-acetyl-7,8-(1-acetoxy-4-hydroxy-
benzo)-6,14-endo-ethenodihydrothebaine (77b) as a result of
hydrolysis. 1-[(E)-Pyridynylethenyl]dihydrothebainohydro-
quinone 78b was used in the synthesis of hybrid structures
79b containing fragments of indolizine- and isoquinoline-type
alkaloids (Scheme 4).

Structural modification of thebaine (47) and its 7,8-annu-
lated derivatives (e.g., compounds 49 and 52) using organo-
metallic compounds made it possible to synthesise novel
morphinan derivatives containing substituents at the C(8)
and C(1) atoms. For instance, thebaine adds diazomethane in
the presence of copper triflate (0.02 ± 0.04 mol) to give 6b,7b-
methylene-6,7-dihydrothebaine (80), a carbene addition pro-
duct of to the C(6)7C(7) bond. A side reaction product,
N,N-dimethyl-N-nor-8b,14b-methylene-8,14-dihydrothebaini-
um trifluoromethanesulfonate (81), formed upon addition of
two diazometane molecules to the C(8)7C(14) bond and the
tertiary mitrogen atom was also isolated. The structure of

compound 81 was established by spectral data and confirmed
by X-ray diffraction analysis.84, 85

We studied the possibility of synthesis of 8a-substituted
derivatives of 14b-hydroxy-6b,7b-methylenedihydrocodeine.
For instance, the oxidation of compound 80 with excess
m-chloroperoxybenzoic acid (MCPBA) in dichloromethane
gives 8b,14b-epoxy-6b,7b-methylene-6,7,8,14-tetrahydrothe-
baine N-oxide (82).

The reaction occurs under kinetic control. N-Oxide 83 can be
isolated from the reaction mixture at a reduced temperature
using 0.8 equiv. of the oxidant. The epoxide ring opening in
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compound 82 under the action of sodium azide in aqueous
dioxane gave the 8a-azido derivative of 6b,7b-methylene-7,8-
dihydrocodein-14b-ol (84).85

4. Reactions of monoterpenoids in the presence of crystalline
aluminosilicate catalysts
Monoterpenoids are widespread in nature. They are produced
by Coniferous plants and constitute their oleoresins, turpen-
tines and resins, being also the major components of essential
oils extracted from many other plants. Most monoterpenoids
are highly reactive compounds and readily undergo various
acid-catalysed cyclisation reactions and rearrangements. This
often makes selective transformations difficult. For instance,
isomerisation and polymerisation reactions occurring upon
storage of a-pinene epoxide (85) in acid media can result in the
formation of more than 200 different products.86

It turned out that the problem can be solved by carrying out
the process under heterogeneous conditions, namely, on crys-
talline aluminosilicates (zeolites and clays). The first successful
example of the use of aluminosilicates in the chemistry of
monoterpenes is provided by the development, in the first half
of the 20s century, of a large-scale method for isomerisation of
a- (86) and b-pinenes (87) to camphene (88) in the presence of
clays.87

However, systematic studies of the behaviour of terpenoids
on crystalline aluminosilicates began only in the early 1990s.88

It was found that the use of zeolites and clays as catalysts of
acid transformations of terpenoids made it possible not only to
carry out reactions under milder conditions, enhance reaction
selectivity, simplify work up of reaction mixtures and solve the
acid waste problem, but also often allows the reactions to
follow unusual pathways, which cannot be realised under
conditions of conventional homogeneous catalysis.

Intramolecular reactions of terpenoids in the presence of
aluminosilicate catalysts have been reviewed in detail;88 ± 90

therefore, here we only present some examples of intermole-
cular reactions of monoterpenoids on zeolite and clay supports
that were first carried out at the NIOCh. We present the most
unusual reactions that demonstrate that the laws of homo-
geneous catalysis cannot always be directly applied to reactions
of labile polyfunctional compounds (including monoterpe-
noids) in the presence of crystalline aluminosilicate catalysts.

a. Reactions of monoterpenes with carbonyl compounds
Studies of the reactions of some monoterpenes, namely,
mircene (89), dipentene [(�)-limonene] (90) and b-pinene (87)
with aliphatic and aromatic aldehydes in the presence of
natural montmorillonite (askanite ± bentonite) clay made it
possible to develop a simple and efficient method of synthesis
of bicyclic ethers 91 with the 3-oxabicyclo[3.3.1]nonane ske-
leton.91, 92 The interest in these compounds is due to, e.g.,

recently found selectivity of binding to estrogen a- and
b-receptors.93 The highest yield of the target product (up to
56%) was attained in the case of b-pinene (87).

A possible mechanism of transformations of the three
monoterpenes involves the formation of the same intermediate
p-menthane carbocation 92, which then interacts with the
aldehyde molecule. It should be noted that a-pinene (86),
which also forms a tertiary carbocation upon protonation,
does not react with aldehydes under these conditions. This is
apparently due to specific features of adsorption of monoter-
penes 86 and 87 on aluminosilicate.

The reaction of dipentene (90) with salicylic aldehyde on
clay does not stop after the formation of bicyclic ether.94

Favourable spatial arrangement of the hydroxyl group in the
intermediate carbocation leads to double heterocyclisation
resulting in compound 93 with a new tricyclic skeleton.

Reactions of (7)-camphene (88) and (+)-a-fenchene (94)
with acetone in the presence of b-zeolite (Hb) mainly give the
same enantiomer of tricyclic compound 95.95 The yield and
optical activity of the product depend on the solvent used. The
best results were obtained for the reaction in CH2Cl2
(Scheme 5).

b. Reactions of monoterpene alcohols with aldehydes
Reactions of aldehydes with natural monoterpene alcohols or
hydroxymethylated monoterpenes in the presence of alumino-
silicate catalysts result in polycyclic ethers. In particular, trans-
verbenol (96) reacts with aldehydes on montmorillonite to give
compounds that are structurally similar to products of
b-pinene reactions with aldehydes (see Section III.4.a).96
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Reactions of cis-verbenol and trans-verbenol methyl ether
(97) with aldehydes occur similarly. Therefore, the stereo-
chemistry of the hydroxyl group (including alkylated one) has
no effect on the direction of intermolecular reactions; only
position of the hydroxyl group in the molecule does matter.
Indeed, neither a-pinene (86) having no oxygen-containing
substituents nor verbenone (98) (carbonyl group in position 4)

nor myrtenol (99) (hydroxyl group in position 10) react with
aldehydes on clays.96, 97

Reactions of 3-hydroxymethyl-2-carene (100) or 6-hydr-
oxymethylisolimonene (101) with salicylaldehyde in the pre-
sence of clay gave a tetracyclic compound 102 with a
furo[4,3,2-kl]xanthene skeleton.98 The mechanism of forma-
tion of this compound involves a number of carbocationic
rearrangements (Scheme 6).

At the same time, the reaction of 6-hydroxymethyllimo-
nene (103), a double bond regio isomer of compound 101, with
salicylic aldehyde on clay affords product 104 having a
5-oxatricyclo[5.3.1.03, 8]undecene skeleton.98 Thus, monoter-
penes 103 and 90 containing the same p-mentha-1,8-diene
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skeleton react with salicylaldehyde in different manner because
they bear different functional groups.

The reaction products of 3-hydroxymethyl-2-carene (100)
with other aldehydes (a-methylacrolein and butyraldehyde)
were also obtained in the presence of clay.99 It was found that
the direction of these reactions depended on the structure of the
aldehyde. For instance, the reaction with a-methylacrolein
resulted in indeno[1,7-bc]furan 105 as the major product. In
the case of PrnCHO, the reaction involves the addition of two
aldehyde molecules to give 6,10-dioxatricyclo[5.4.0.04, 8]unde-
cane 106 (Scheme 7). Unlike alcohol 100, attempts to intro-
duce compound 101 into reactions with other aldehydes failed.

Thus, structurally similar, conformationally labile mole-
cules form different products in the presence of
montmorillonite clays.

c. Transformations of monoterpenoid epoxides
The behaviour of a-pinene epoxide (85) and b-pinene epoxide
(107) in the presence of crystalline aluminosilicates was studied
in detail.88, 100 This is associated with both the availability of
the starting compounds and the fact that many reaction
products (e.g., campholenic aldehyde (108), carveol (109),

myrtenal (110), perillyl alcohol (111), etc.) are commercially
valuable products. The product ratio depends strongly on the
nature of the catalysts used (zeolites and clays) and varies over
a rather broad range.

Recently,97, 101 it has been shown that transformations of
verbenol epoxide (112) and verbenone epoxide (113) in the
presence of montmorillonite clays gives different products.
Moreover, they significantly differ from the products synthe-
sised using conventional homogeneous catalysts (analogues of
campholenic aldehyde). For instance, isomerisation of verbe-
nol epoxide (112) results in trans-diol 114 as themajor product,
whereas an analogue of campholenic aldehyde 115was isolated
as the minor product.97 Isomerisation of verbenone epoxide
(113) on clay afforded a-hydroxyketones with the camphane
(116) and p-menthane (117) structures, whereas no campho-
lenic-type products were detected.101

Some epoxides of the pinane series undergo intermolecular
reactions with aldehydes in the presence of montmorillonite
clays. The products formed on clay in the reacrions of
a-pinene, b-pinene and verbenone epoxides (compounds 85,
107 and 113, respectively) with aliphatic aldehydes 96, 101 have

the 3-oxabicyclo-[3.3.1]nonane skeleton [see reactions of
b-pinene (87) with aldehydes] with different reactive functional
groups.
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The reaction of a-pinene epoxide (85) with salicylalde-
hyde 96 led to unexpected results; namely, an unusual tetracy-
clic ether 118 was isolated as the only product. The reaction
scheme proposed to explain the mechanism of formation of
compound 118 involves more than ten stages (Scheme 8).

Reactions of epoxide 112 with aromatic aldehydes in the
presence of clay result not only in products of substrate
isomerisation, compounds 114 and 115, but also heterocycle
119; the product ratio depends on the structure of the alde-
hyde.97 Product 119 has the benzo[1,3-d ]dioxine skeleton in
contrast to the reaction products of other terpenoids with
aldehydes (see Section III.4.a), which have the 3-oxa-
bicyclo[3.3.1]nonane skeleton. This can be explained by diffe-
rent reaction mechanisms, namely, heterocyclisation in the last
step of formation of compound 119 rather than carbocyclisa-
tion in the case of other terpenoids.96, 97, 99, 101

Thus, the use of crystalline aluminosilicate catalysts (clays
and zeolites) for performing diverse reactions of monoterpe-
noids significantly extends the synthetic potential of these
compounds and allows easy access to heterocyclic systems
that are difficult to obtain. In addition, transformations of
terpenoids occur with retention of optical purity under these
conditions.88, 97, 101

Note that most reactions presented above do not occur in
the presence of conventional homogeneous catalysts. There-
fore, the aluminosilicate catalysts not only play the role of the
acidic reagent, but also determine the mutual arrangement of
the reactants and the site where the cationic centre appears.
Because of this, even relatively small changes in the structure of
the terpenoid or reagent can cause significant changes in the
direction of the reaction.

IV. Practical applications of natural compounds
and their derivatives

Studies in the properties of plant metabolites gave practically
valuable results. Both natural compounds and their derivatives
have found applications in agriculture and medicine.

1. Triterpene acids isolated from fir as the basis for fungicides
Triterpene acids isolated from fir wood green enhance the
stability of cotton-plant, crops and vegetables. A mixture of
triterpene acids produced in a pilot plant 102 ± 104 served as the
basis for the preparation `Novosil'. This has passed the
Russian Federation State tests and was certified in 1995 as a
plant growth regulator.105 ± 107 Its positive complex effect on
plants consists in an increase in yield by 10%±30%, 2 ± 4-fold
enhancement of plant resistance to bacterial and fungal dis-
eases, enhancement of freezing tolerance and drought resist-
ance of plants and acceleration of ripening.108

2. Pharmacological properties
a. Diterpenoids
Two derivatives of lambertianic acid (5), namely, pinusolide
(120) and a diterpene derivative of g-aminobutyric acid 121
show pronounced physiological action. Pinusolide, an induc-
tor of apoptosis, is active towards cells of juvenile lympho-
blastic and mieloid leukemia,109 while compound 121 exhibits
nootropic activity determined from the rate of dissipation of
conditioned passive avoidance reflex and from the degree of
the anxiolytic effect.110, 111
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Levopimaric acid is the starting material for the synthesis
of dihydroquinopimaric acid (122), which shows antiulcer
activity, which compares well withmodern drugs (e.g., Venter).

b. Triterpenoids
Among triterpene compounds, the most active are betulonic
acid derivatives. For instance, betulonic acid-derived dipeptide
123 is a new HIV integrase inhibitor 112 and inductor of
apoptosis of malignant cells.113 At present, pre-clinical anti-
HIV trials of this preparation are in progress.114, 115

Betulonic acid alanylamide 124 shows antioxidant action
and is considered to be a promising corrector of toxic effects in
cytostatic chemotherapy.116 ± 118

Glycyrrhizic acid (10) has been the subject of considerable
attention of researchers for long. A particular manifestation of
the physiological actvity is the complexation with various
drugs, which ensures reduction of the therapeutic dose of the
drug.119 ± 122

c. Alkaloids
Modification of diterpene alkaloids made it possible to syn-
thesise novel derivatives of lappaconitine (23), which exhibit a
much higher anti-arrhythmic activity compared to the well-
known drug allapinine.123, 124 An example is provided by
50-bromolappaconitine hydrobromide (125). When introduced
in a dose equal to one-tenth of the therapeutical dose of
allapinine, compound 125 prevents the development of cal-
cium chloride- and adrenaline-induced arrhythmia, being 4.8
times less toxic than allapinine.124

A number of highly efficient analgesics possessing no
adverse effects typical of morphinans 63, 125 ± 127 were synthe-
sised from thebaine (47). Among the annulated morphinan
derivatives, mention may be made of compounds 126 ± 129.

Compound 126, in a lipophilic transport form, acts as
blocker of pain caused by all types of stimulators. The ED50

value was 0.02 mg kg71 for the electric pain stimulation
model, 0.07 mg kg71 for the hot-plate model and
0.009 mg kg71 for the acetic acid writhing (AAW) model.
These data characterise compound 126 as a m-receptor ago-
nist.126 Compound 127 is a threefold times more efficient pain
blocker for the AAWmodel. The effect of physical and visceral
pain control was also observed upon introduction of com-
pound 128. In the dose corresponding to ED50 it only slightly
changes the heart rate and has no effect on the bronchomotor
tone in cats.127 Amorphinan derivative 129 shows a prolonged
analgesic action on physical pain models.63

* * *

The material presented above shows that intensive develop-
memt of chemistry of low-molecular-mass plant metabolites is
being continued. These compounds are important not only as
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representatives of various structural types and information
carriers in chemotaxonomic studies, but also as precursors for
the synthesis of many valuable products and design of original
drugs, cosmetics and agricultural preparations. At present, the
available terpenoids and phenolic compounds are first of all
used for directed synthesis of complex carbocyclic and hetero-
cyclic structures. Recently, there have been increasing studies
on transformations of those alkaloids, which in the native
forms are of limited use in medicine owing to high toxicity or
pronounced adverse effects. Considerable attention is paid to
medicinal chemistry-oriented transformations of the meta-
bolite classes described above (search for novel leader
compounds and optimisation of their structures; fragment-
oriented ligand design), as reported in recently published
reviews.2, 128 ± 131

References

1. V A Pentegova, Zh V Dubovenko, V A Raldugin, E N Shmidt

Terpenoidy Khvoinykh Rastenii (Terpenoids of Coniferous Plants)

(Novosibirsk: Nauka, 1987)

2. M S Butler Nat. Prod. Rep. 22 162 (2005)

3. W N Setzer, M C SetzerMini Rev. Med. Chem. 3 540 (2003)

4. P Dzubak, M Hajduch, D Vydra, A Hustova, M Kvasnica,

D Biedermann, L Markova, M Urban, J SarekNat. Prod. Rep. 23

394 (2006)

5. T G Tolstikova, I V Sorokina, G A Tolstikov,

A G Tolstikov, O B Flekhter Bioorg. Khim. 32 42 (2006) a

6. G A Tolstikov, L A Baltina, E E Shults, A G Pokrovskii

Bioorg. Khim. 23 691 (1997) a

7. D Yu, S L Morris-Natschke, K-H LeeMed. Res. Rev. 27 108

(2007)

8. M Dakir, F El Hanbali, F Mellouki, M Akssira, A Benharref,

J F Quilez del Moral, A F Barrero Nat. Prod. Res. 19 719 (2005)

9. R F Vlad, M N Koltsa Sintez i Primenenie Dushistykh Veshchestv

iz Labdanovykh Diterpenoidov (Synthesis and Applications of

Fragrance Compounds from Labdanum Diterpenoids) (Kishinev:

Shtiintsa, 1988)

10. I Chinou Curr. Med. Chem. 12 1295 (2005)

11. B H Han, H O Yang, Y-H Kang, D-Y Suh, H J Go, W-J Song,

Y C Kim, M K Park J. Med. Chem. 41 2626 (1998)

12. T G Tolstikova, S V Chernov, E E Shults, M P Dolgikh,

L N Popova, G A Tolstikov The 3rd International Symposium on

the Chemistry of Natural Compounds (Abstracts of Papers),

Bukhara, Uzbekistan, 1998 p. 13

13. K H Altmann, J Gertsch Nat. Prod. Rep. 24 327 (2007)

14. G A Tolstikov, O B Flekhter, E E Shults, L A Baltina,

A G Tolstikov Khim. Inter. Ustoich. Razvitiya 13 1 (2005) b

15. T Takahashi J. Pharm. Soc. Jpn. 58 888 (1938)

16. J P Kutney, N D Westcott, F H Allen, N W Isaacs,

O Kennard, W D S Motherwell Tetrahedron Lett. 12 3463 (1971)

17. J Takayasu, R Tanaka, S Matsunaga, H Ueyama, H Tokuda,

T Hasegawa, A Nishino, H Nishino, A Iwashima Cancer Lett. 53

141 (1990)

18. V A Raldugin, Yu V Gatilov, I Yu Bagryanskaya,

N I Yaroshenko Khim. Prirod. Soedin. 584 (1986) c

19. V A Raldugin, Yu V Gatilov, T V Rybalova, Ya V Rashkes

Khim. Prirod. Soedin. 688 (1986) c

20. V I Roshchin, V A Raldugin, R A Baranova, V A Pentegova

Khim. Prirod. Soedin. 648 (1986) c

21. S A Shevtsov, V A Raldugin Khim. Prirod. Soedin. 364 (1988) c

22. V A Raldugin, S A Shevtsov, V I Roshchin, V A Pentegova

Khim. Prirod. Soedin. 816 (1988) c

23. V A Raldugin,M M Shakirov, T V Leibyuk, S A ShevtsovKhim.

Prirod. Soedin. 511 (1991) c

24. S A Shevtsov, V A Raldugin Khim. Prirod. Soedin. 212 (1989) c

25. V A Raldugin, S A Shevtsov, M M Shakirov, V I Roshchin,

V A Pentegova Khim. Prirod. Soedin. 207 (1989) c

26. V V Grishko, A G Druganov, M M Shakirov, V A Raldugin Izv.

Akad. Nauk, Ser. Khim. 519 (1998) d

27. V A Raldugin, S A Shevtsov, T V Leibyuk Khim. Prirod.

Soedin. 206 (1991) c

28. V V Grishko, I Yu Bagryanskaya, Yu V Gatilov,

M M Shakirov, V A Raldugin Izv. Akad. Nauk, Ser. Khim. 748

(1996) d

29. I Yu Bagryanskaya, Yu V Gatilov, V V Grishko,

V A Raldugin Izv. Akad. Nauk, Ser. Khim. 1314 (1997 d

30. S A Osadchii, E E Shults, G A Tolstikov Izv. Akad. Nauk,

Ser. Khim. 2094 (1997) d

31. A G Druganov, V A Raldugin, M M Shakirov,

S A Nekhoroshev, A P Koskin, G A Tolstikov Khim. Inter.

Ustoich. Razvitiya 8 699 (2000) b

32. I A Bessonova, S F Aripova, R Shakirov Khim. Prirod. Soedin.

3 (1993) c

33. S A Osadchii, E E Shults, G A Tolstikov Khim. Prirod. Soedin.

(Spec. Issue) 18 (1999) c

34. S A Osadchii, E Yu Yakovleva, M M Shakirov, E E Shults,

G A Tolstikov Izv. Akad. Nauk, Ser. Khim. 800 (1999) d

35. I Yu Bagryanskaya, Yu V Gatilov, Zh Ganbaatar,

S A Osadchii, M M Shakirov, E E Shults, G A Tolstikov Izv.

Akad. Nauk, Ser. Khim. 2000 (2001) d

36. M D Mashkovskii Lekarstvennye Sredstva (Drugs) (Ed. 15)

(Moscow: Novaya Volna, 2006)

37. D J Hardick, I S Blagbrough, G Cooper, B V L Potter,

T Critchley, S A Wonnacott J. Med. Chem. 39 4860 (1996)

38. J M Jacyno, J S Harwood, N-H Lin, J E Campbell,

J P Sullivan, M W Holladay J. Nat. Prod. 59 707 (1996)

39. N Tulyaganov, F N Dzhakhangirov, F S Sadritdinov,

V Khamdamov Farmakologiya Rastitel'nykh Veshchestv

(Pharmacology of Vegetal Substances) (Tashkent: FAN, 1976)

p. 76

40. A I Potopal'skii, L I Petlichnaya, S V Ivasivka Barbaris i ego

Preparaty v Biologii i Meditsine (Barberry and Its Preparations in

Biology and Medicine) (Kiev: Naukova Dumka, 1989)

41. M N Zaprometov Fenol'nye Soedineniya. Rasprostranenie,

Metabolizm i Funktsii v Rasteniyakh (Phenol Compounds.

Occurrence, Metabolism and Functions in Plants) (Moscow:

Nauka, 1993)

42. L C Chang, A D Kinghorn Bioactive Compounds from Natural

Sources: Isolation, Characterisation and Biological Properties

(Ed. C Tringali) (London: Taylor and Francis, 2001) p. 161

43. Flavonoids: Chemistry, Biochemistry and Applications

(Eds é M Andersen, K R Markham) (London: Taylor and

Francis, 2006)

44. V A Babkin, L A Ostroukhova, S G D'yachkova,

Yu K Svyatkin, D V Babkin, N A Onuchina Khim. Inter.

Ustoich. Razvitiya 5 105 (1997) b

45. J Ganbaatar, Ya Yamyansan, S A Osadchii, E E Shults,

G A Tolstikov, M M Shakirov Ann. Sci. Rep. 32 20 (2006)

46. E E Shults, T N Petrova, M M Shakirov, E I Chernyak,

L M Pokrovskii, S V Nekhoroshev, G A Tolstikov Khim. Inter.

Ustoich. Razvitiya 11 683 (2003) b

47. G Cozza, P Bonvini, E Zorzi, G Poletto,M A Pagano, S Sarno,

A Donella-Deana, G Zagotto, A Rosolen, L A Pinna,

F Meggio, S Moro J. Med. Chem. 49 2363 (2006)

48. E E Shults, T N Petrova, M M Shakirov, E I Chernyak,

G A Tolstikov Khim. Prirod. Soedin. 296 (2000) c

49. Russ. P. 2294919; Byull. Izobret. (7) 123 (2007)

50. B B Aggarwal, A Bhardwaj, R S Aggarwal, N P Seeram,

S Shishodia, Y Takada J. Anticancer Res. 24 713 (2004)

51. W Herz, R S Blackstone, M G Nair J. Org. Chem. 32 2992

(1967)

52. G A Tolstikov, E E Shults, T Sh Mukhametyanova,

I P Baikova, L V Spirikhin Zh. Org. Khim. 29 698 (1993) e

53. S V Chernov, E E Shults, M M Shakirov, Yu V Gatilov,

I Yu Bagryanskaya, G A Tolstikov Zh. Org. Khim. 36 1671

(2000) e

54. G A Tolstikov, E E Shults, G F Vafina, L V Spirikhin

Zh. Org. Khim. 28 192 (1992) e

55. G A Tolstikov, E E Shults, T Sh Mukhametyanova,

V S Sultanova, L V Spirikhin Zh. Org. Khim. 28 1310 (1992) e

Plant metabolites of the Siberian flora. Chemical transformations and the scope of practical application 669



56. L Maat Drugs of Abuse: Chemistry, Pharmacology, Immunology

and AIDS (NIDA Research Monographs) Vol. 96

(Eds P T K Phan, K Rice) (Washington, DC: U.S. National

Institute on Drug Abuse, 1990) p. 35

57. G A Tolstikov, E E Shults, L V Spirikhin Tetrahedron 42 591

(1986)

58. G A Tolstikov, E E Shults, T Sh Mukhametyanova,

L V Spirikhin Zh. Org. Khim. 27 273 (1991) e

59. E E Shults, T Sh Malikova, I A Shafifgaliev,

L V Spirikhin, G A Tolstikov Zh. Org. Khim. 29 938 (1993) e

60. G A Tolstikov, E E Shults, T Sh Malikova, L V Spirikhin

Mendeleev Commun. 4 60 (1994)

61. E E Shults, G A Tolstikov, M M Shakirov, T G Tolstikova

Nitrogen Containing Heterocycles and Alkaloids Vol. 1

(Eds V G Kartsev, G A Tolstikov) (Moscow: Iridium Press, 2001)

P. 161

62. E E Shults, M M Shakirov, G A Tolstikov, V N Kalinin,

G Shmidkhammer Zh. Org. Khim. 41 1155 (2005) e

63. E E Shults, T G Tolstikova, S E Tolstikov, V T Daibova,

M M Shakirov, A V Bolkunov, G A Tolstikov Khim.-Farm. Zh.

(2) 15 (2007) f

64. E E Shults, T Sh Mukhametyanova, L V Spirikhin,

V S Sultanova, G A Tolstikov Zh. Org. Khim. 29 1149 (1993) e

65. S V Chernov, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim. 38 703 (2002) e

66. S V Chernov, E E Shults, M M Shakirov, I Yu Bagrjanskaja,

Yu V Gatilov, G A Tolstikov Arkivoc (xiii) 172 (2003)

67. S V Chernov, E E Shults, M M Shakirov, I Yu Bagryanskaya,

Yu V Gatilov, G A Tolstikov Zh. Org. Khim. 41 547 (2005) e

68. S V Chernov, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim., 42 852 (2006) e

69. Yu V Kharitonov, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim. 39 67 (2003) e

70. Yu V Kharitonov, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim. 41 1167 (2005) e

71. Yu V Kharitonov, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim. 42. 725 (2006) e

72. S A Osadchii, N A Pankrushina, M M Shakirov, E E Shults,

G A Tolstikov Izv. Akad. Nauk, Ser. Khim. 552 (2000) d

73. N A Pankrushina, I A Nikitina, N V Anferova,

S A Osadchii, M M Shakirov, E E Shults, G A Tolstikov

Izv. Akad. Nauk, Ser. Khim. 2354 (2003) d

74. N V Anferova, I Yu Bagryanskaya, Yu V Gatilov,

S A Osadchii, M M Shakirov, E E Shults, G A Tolstikov Izv.

Akad. Nauk, Ser. Khim. 2363 (2003) d

75. N V Malykhina, S A Osadchii, M M Shakirov, E E Shults,

G A Tolstikov Dokl. Akad. Nauk 394 343 (2004) g

76. S A Osadchii, E E Shults, G A Tolstikov Izv. Akad. Nauk, Ser.

Khim. 868 (2001) d

77. Zh Ganbaatar, D Batsuren, S A Osadchii, E E Shults,

G A Tolstikov Izv. Akad. Nauk, Ser. Khim. 493 (2002) d

78. Zh Ganbaatar, S A Osadchii, E E Shults, T G Tolstikova,

M P Dolgikh, G A Tolstikov Khim.-Farm. Zh. (9) 20 (2002) f

79. Zh Ganbaatar, S A Osadchii, E E Shults, G A Tolstikov

Izv. Akad. Nauk, Ser. Khim. 2127 (2002) d

80. S A Osadchii, E E Shults, E V Polukhina, M M Shakirov,

G A Tolstikov Izv. Akad. Nauk, Ser. Khim. 1038 (2006) d

81. S A Osadchii, E E Shults, S F Vasilevskii, E V Polukhina,

A A Stepanov, G A Tolstikov Izv. Akad. Nauk, Ser. Khim. 344

(2007) d

82. V T Bauman, E E Shults, G A Tolstikov Tezisy Dokladov IX

Nauchnoi Shkoly-konferentsii po Organicheskoi Khimii, Moskva,

2006 (Abstracts of Reports of the IXth Research School-

Conference on Organic Chemistry, Moscow, 2006) p. 71

83. V T Bauman, E E Shults, M M Shakirov, G A Tolstikov

Zh. Org. Khim. 43 529 (2007) e

84. S Z Sultanov, V A Dokichev, E E Shults, U M Dzhemilev,

G A Tolstikov, O M Nefedov Izv. Akad. Nauk, Ser. Khim. 550

(1994) d

85. E E Shults, M M Shakirov, I Yu Bagryanskaya, Yu V Gatilov,

G A Tolstikov, V N Kalinin, G Shmidkhammer Zh. Org. Khim.

39 1154 (2003) e

86. W F HoÈ lderich, U Barsnick Fine Chemicals through Hetero-

geneous Catalysis (Eds R A Sheldon, H van Bekkum)

(Weinheim: Wiley-VCH, 2001) p. 223

87. G A Rudakov Kamfora (Camphor) (Moscow: Goslesbumizdat,

1961)

88. N F Salakhutdinov, V A Barkhash Usp. Khim. 66 376 (1997)

[Russ. Chem. Rev. 66 343 (1997)]

89. J L F Monteiro, C O Veloso Top. Catal. 27 169 (2004)

90. K A D Swift Top. Catal. 27 143 (2004)

91. K P Volcho, L E Tatarova, D V Korchagina,

N F Salakhutdinov, I S Aul'chenko, K G Ione, V A Barkhash

Zh. Org. Khim. 30 641 (1994) e

92. I V Il'ina, D V Korchagina, N F Salakhutdinov, V A Barkhash

Zh. Org. Khim. 35 491 (1999) e

93. L G Hamann, J H Meyer, D A Ruppar, K B Marschke,

F G Lopez, E A Allegretto, D S Karanewsky Bioorg. Med.

Chem. Lett. 15 1463 (2005)

94. K P Volcho, D V Korchagina, N F Salakhutdinov,

V A Barkhash Tetrahedron Lett. 37 6181 (1996)

95. V V Fomenko, K P Volcho, D V Korchagina,

N F Salakhutdinov, V A Barkhash Zh. Org. Khim. 38 392

(2002) e

96. I V Il'ina, D V Korchagina, N F Salakhutdinov, V A Barkhash

Zh. Org. Khim. 36 1483 (2000) e

97. I V Il'ina, K P Volcho, D V Korchagina, V A Barkhash,

N F Salakhutdinov Helv. Chim. Acta 90 353 (2007)

98. K P Volcho, D V Korchagina, Yu V Gatilov,

N F Salakhutdinov, V A Barkhash Zh. Org. Khim. 33 666

(1997) e

99. N F Salakhutdinov, K P Volcho, I V Il'ina, D V Korchagina,

L E Tatarova, V A Barkhash Tetrahedron 54 15619 (1998)

100. P J Kunkeler, J C van der Waal, J Bremmer, B J Zuurdeeg,

R S Downing, H van Bekkum Catal. Lett. 53 135 (1998)

101. I V Il'ina, K P Volcho, D V Korchagina, V A Barkhash,

N F Salakhutdinov Helv. Chim. Acta 89 507 (2006)

102. Russ. P. 2025976; Chem. Abstr. 123 332736 (1995)

103. Russ. P. 2108803; Byull. Izobret. (11) 171 (1998)

104. Russ. P. 2108107; Byull. Izobret. (10) 153 (1998)

105. Russ. P. 2083110; Chem. Abstr. 128 1208 (1998)

106. Russ. P. 2147400; Chem. Abstr. 135 222845 (2001)

107. Zashchita Karantin Rastenii (5) 26 (1995)

108. Spisok Pestitsidov i Agrokhimikatov, Razreshennykh k Primene-

niyu na Territorii Rossiiskoi Federatsii (Prilozhenie k Zhurnalu

`Zashchita i Karantin Rastenii') [List of Pesticides and Agro-

chemicals Registered in the Russian Federation (Appendix to

Journal `Protection and Quarantine of Plants')] (Moscow: Kolos,

2001)

109. E E Shults, J Velder, H-G Schmalz, S V Chernov,

T V Rubalova, Yu V Gatilov, G Henze, G A Tolstikov,

A Prokop Bioorg. Med. Chem. Lett. 16 4228 (2006)

110. T G Tolstikova, I V Sorokina, M P Dolgikh,

Yu V Kharitonov, S V Chernov, E E Shults, G A Tolstikov

Khim.-Farm. Zh. (10) 13 (2004) f

111. T G Tolstikova, M P Dolgikh, G A Tolstikov Dokl. Akad.

Nauk 374 268 (2000) g

112. E A Semenova, O A Plyasunova, N I Petrenko,

N V Uzenkova, E E Shults, G A Tolstikov, A G Pokrovskii

Dokl. Akad. Nauk 391 556 (2003) g

113. A G Pokrovskii, A B Shintyapina, N V Pronkina,

V S Kozhevnikov, O A Plyasunova, E E Shults,

G A Tolstikov. Dokl. Akad. Nauk 407 698 (2006) g

114. A G Pokrovskii, O A Plyasunova, T N Il'icheva,

O A Borisova, N V Fedyuk, N I Petrenko, V Z Petukhova,

E E Shults, G A Tolstikov Khim. Inter. Ustoich. Razvitiya 9 485

(2001) b

115. Russ. P. 2211843; Byull. Izobret. (25) 152 (2003)

116. I V Sorokina, T G Tolstikova, N A Zhukova, N I Petrenko,

E E Shults, N V Uzenkova, O R Grek, S V Pozdnyakova,

G A Tolstikov Dokl. Akad. Nauk 399 274 (2004) g

117. N A Zhukova, D E Semenov, I V Sorokina, T G Tolstikova,

S V Pozdnyakova, O R Grek Byull. Eksperim. Biol. Med. 140

348 (2005) h

670 E E Shults, V A Raldugin, K P Volcho, N F Salakhutdinov, G A Tolstikov



118. I V Sorokina, N A Zhukova, T G Tolstikova,

S V Pozdnyakova, O R Grek, N A Popova, E M Andreeva,

V A Kaledin, V P Nikolin Vopr. Biol. Med. Farm. Khim. (1) 29

(2006)

119. T G Tolstikova, I V Sorokina, I L Kovalenko,

A G Tolstikov Dokl. Akad. Nauk 394 707 (2004) g

120. G T Shishkina, N N Dygalo, A M Yudina, T S Kalinina,

T G Tolstikova, I V Sorokina, I L Kovalenko, L V Anikina

Zh. Vyssh. Nervn. Deyat. 55 207 (2005) i

121. T G Tolstikova, A O Bryzgalov, I V Sorokina,

E A Morozova, S E Tolstikov, A V Al'fonsov,

A G Tolstikov Dokl. Akad. Nauk 403 274 (2005) g

122. T G Tolstikova, I V Sorokina, A O Bryzgalov, M P Dolgikh,

G I Lifshits, M V Khvostov Ratsional. Farmakoterap. Kardiol.

(1) 55 (2006)

123. Russ. P. 2180583; Byull. Izobret. (8) 148 (2002)

124. Russ. P. 2295524; Byull. Izobret. (8) 68 (2007)

125. G A Tolstikov, T G Tolstikova, E E Shults,

T Sh Mukhametyanova, V G Popov, V A Davydova,

D N Lazareva, F S Zarudii Khim.-Farm. Z. (11 ± 12) 39 (1992) f

126. T G Tolstikova, V A Davydova, D N Lasareva, F S Zarudiy,

E E Shults, G A Tolstikov Eur. J. Pharmacol. 183 2336 (1990)

127. T G Tolstikova, E E Shults, M P Dolgikh, G A Tolstikov

Dokl. Akad. Nauk 394 280 (2004) g

128. A D Buss, B Cox, R D Waigh Burger's Medicinal Chemistry

and Drug Discovery Vol. 35 (Ed. D J Abraham) (New York:

Wiley, 2003) p. 847

129. P A Krasutsky Nat. Prod. Rep. 23 919 (2006)

130. B R Copp, A N Pearce Nat. Prod. Rep. 24 278 (2007)

131. D J Newman, G M Cragg J. Nat. Prod. 70 461 (2007)

a Ð Russ. J. Bioorg. Chem. (Engl. Transl.)
b Ð Chem. Sust. Develop. (Engl. Transl.)
c Ð Chem. Nat. Compd. (Engl. Transl.)
d Ð Russ. Chem. Bull., Int. Ed. (Engl. Transl.)
e Ð Russ. J. Org. Chem. (Engl. Transl.)
f Ð Pharm. Chem. J. (Engl. Transl.)
g Ð Dokl. Chem. (Engl. Transl.)
h Ð Bull. Exp. Biol. Med. (Engl. Transl.)
i Ð J. High. Nerv. Activ. (Engl. Transl.)

Plant metabolites of the Siberian flora. Chemical transformations and the scope of practical application 671



Abstract. Published data on the methods of synthesis ofPublished data on the methods of synthesis of
polycyclic nitramines are analysed. The advantages, draw-polycyclic nitramines are analysed. The advantages, draw-
backs and prospects of two main approaches to the formationbacks and prospects of two main approaches to the formation
of the molecular cage, namely, amine or amide condensationof the molecular cage, namely, amine or amide condensation
with carbonyl compounds and consecutive formation of thewith carbonyl compounds and consecutive formation of the
polycyclic cage with introduction of reactive terminal substitu-polycyclic cage with introduction of reactive terminal substitu-
ents, are discussed. The bibliography includes 64 references.ents, are discussed. The bibliography includes 64 references.

I. Introduction

Currently, polycyclic nitramines (PCNA) are becoming sig-
nificant as promising high-energy compounds, which are
superior to other explosives in some properties. They have
high density, which improves the explosive characteristics
without increasing the sensitivity to mechanical action. High
content of hydrogen in PCNA (unlike aromatic heterocyclic
compounds) results in an increase in the heat of explosive
transformation and a decrease in the average molecular mass
of the detonation products.

Polycyclic nitramines meet the requirements imposed on
promising components of high-energy compositions: they have
the optimum oxygen balance, moderate enthalpy of formation
and high density.

There are rather few studies devoted to the synthesis of
PCNA, most being concerned with the methods of synthesis of
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclo-[5.5.-
0.03, 11.05, 9]dodecane (hexanitrohexaazaisowurtzitane, CL-20,
HNIW).1 The present review describes systematically the
known methods for the synthesis of PCNA, including
approaches to the formation of the polycyclic cage and ways
of substitution of nitro groups for functional groups at the
nitrogen atoms.

The cages of most polycyclic nitramines are synthesised in
one step. This way is most convenient for industrial implemen-
tation and, as a rule, represents the condensation of amines or
amides with carbonyl compounds.

The second stage is introduction of nitro groups. This is
accomplished by substituting them for N-alkyl and functional
(N-acyl, N-sulfonyl) groups.2 ± 6 Nitrolysis of protected secon-
dary amines for the synthesis of cyclic nitramines is fairly well
studied.7 Of the alkyl substituents, the tert-butyl group is
replaced most easily. In the series of acyl substituents (CHO,
Ac, EtCO, Me2NCO, ROCO, ArCO), acetyl group is replaced
most easily by the nitro group, while the replacement of formyl
and propionyl groups requires more drastic conditions. The
sulfo group, which undergoes nitrolysis under very mild
conditions, is the substituent of choice for the introduction of
the nitro group.

Thus, the main problem in PCNA synthesis is construction
of a polycyclic cage with N-substituents appropriate for sub-
stitution of nitro groups. The simplest method for the con-
struction of the hexaazaisowurtzitane cage is condensation of
glyoxal with benzylamine or its derivatives. Direct nitrolysis of
hexabenzylhexaazaisowurtzitane does not result in HNIW; the
major part of investigations on this subject are devoted to the
transformation of benzyl groups into substituents suitable for
the replacement by the nitro groups.1

II. Synthesis of polycyclic nitramines by
condensation of amines and their derivatives with
formaldehyde

The polycyclic cage of nitramines can be formed by condensa-
tion of tetramines with formaldehyde. The condensation
products are labile compounds, and they are usually converted
into the corresponding nitroso derivatives, which are readily
nitrated to nitramines.

This method was used to synthesise 8 ± 10 a number of
bicyclic nitramines.
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The reaction of 1,1,2,2-tetrakis(nitramino)ethane (1) with
formalin gives, instead of the expected 2,4,6,8-tetranitro-
2,4,6,8-tetraazabicyclo[3.3.0]octane (2), bicyclic compound 3
containing nitrogen and oxygen atoms in the seven-membered
heterocycles.11

The cage of bicyclic nitramines can be prepared by amino-
methylation of compounds with an active hydrogen atom (the
Mannich condensation):2, 12

The reaction of nitraminoethane 1 with formalin and tert-
butylamine results unexpectedly in elimination of nitramine
groups.13

The reaction ofN,N 0-dinitrourea with ammonia and form-
aldehyde gives dinitropentamethylenetetramine 4, which is the
starting compound for the synthesis of octogen.14 It is assumed
that N,N 0-dinitrourea is hydrolysed to nitramide during the
synthesis.

Despite the simplicity and, hence, attractiveness of the
PCNA synthesis by condensation of amine derivatives with
formaldehyde, it should be noted that compounds with high
explosion characteristics cannot be obtained in this way.

III. Synthesis of polycyclic nitramines
by condensation of amines and their derivatives
with glyoxal

Glyoxal is widely used to prepare nitrogen-containing hetero-
cyclic compounds.15, 16 In an aqueous solution of glyoxal,
glyoxal hydrate exists in equilibrium with its hydrated oligo-
meric derivatives.17

The condensation of glyoxal with primary amines affords
mainly 1,2-diaminoethylene glycols 5, which readily eliminate
water being converted into conjugated diimines 6.18, 19

The reactions of glyoxal with primary amides 7 afford
products with different degrees of substitution depending on
the reactant ratio and reaction conditions.20 ± 25
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Compounds 5 and 6 where R is the benzyl or substituted
benzyl group (R=ArCH2) usually serve as precursors of
hexaazaisowurtzitane derivatives 8.1

Recently, similar hexaazaisowurtzitanes were synthe-
sised 26 using other amines (R is furfuryl, allyl, propargyl,
3-pyridylmethyl, cinnamyl, 2-thienylmethyl, 1-naphthyl-
methyl).

Dimerisation of compound 9 gives rise to piperazine
derivative 10.27

No polycyclic structures are formed in this case.
The reaction of ethylenediamine with glyoxal follows

different routes depending on the reactant ratio and reaction
conditions. When the molar ratio is 2 : 1, the reaction gives
trans-fused tetraazadecalin; its nitration results in 2,5,7,10-
tetranitro-2,5,7,10-tetraazabicyclo[4.4.0]decane (11).28

The reaction of N,N 0-dibenzylethylenediamine with
glyoxal in 2 : 1 ratio yields cyclic products containing fused
and non-fused heterocycles.29

In the case of 1 : 1 molar ratio of the reactants, a tricyclic
compound is formed in a relatively low yield (<10%).30, 31

The use of a longer hydrocarbon chain between the amino
groups in the diamine results in compounds with non-fused
1,3-diazacycles.32

Glyoxal reacts with aminoethanols 12 to give oxaazabi-
(13) and -tricyclic (14) compounds.33

The use of N-(2-hydroxyethyl)sulfamate in the conden-
sation allows one to obtain the bicyclic cage and easily replace
the sulfo group by the nitro group.34

2,2-Diaminohexafluoropropane is a stable compound
(unlike diaminomethane); it reacts with glyoxal to afford a
bicyclic product, which is nitrated to give bicyclic nitramines.35

Weakly basic diaminofurazan is also readily coupled with
glyoxal.36, 37 Nitration of the coupling product results in a
series of nitro derivatives, including the fully nitrated com-
pound 15.

Ar = Ph, XC6H4 (X = 4-Me, 2-Me, 4-MeO, 2-MeO, 4-Pri, 4-Cl,

2-Cl, 2-F, 2-Br), 3,4-(MeO)2C6H3.
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The reactions of glyoxal with urea derivatives proceed very
easily to afford glycoluril.38 ± 41

Nitration of glycoluril gave a series of its nitro derivatives,
among which DINGU and SORGUIL (TENGU) are distin-
guished as regards explosion characteristics.42, 43

In order to prepare 2,4,6,8-tetranitro-2,4,6,8-tetraazabi-
cyclo[3.3.0]octane, attempts at multicomponent condensation
of amines with amides and glyoxal or formaldehyde have been
undertaken.38, 44 Thus condensation of N,N 0-dinitromethy-
lenediamine with urea and glyoxal afforded 45 2,4,6,8-tetra-
nitro-2,4,6,8-tetraazabicyclo[3.3.0]octan-3-one (16).

A series of tricyclic derivatives of urea 17a ± e were syn-
thesised in a similar way.46

Compound R1 R2 R3 R4 R5 R6

17

a H H H H H H

b NO2 H NO2 NO2 NO2 H

c NO2 H NO2 NO2 H NO2

d NO2 NO2 NO2 NO2 H NO2

e NO2 NO2 NO2 NO2 NO2 NO2

In the search for synthetic routes to bicyclic nitramines,
coupling of methylenediamine derivatives with glyoxal was
studied. The condensation of N,N 0-dibenzyldiaminomethane
with glyoxal resulted 47 in a cis-fused bicyclic system.

The reaction of N,N 0-diacyl-4,5-dihydroxyimidazolidine
(obtained by condensation of methylenediamide with glyoxal)
with dinitramines resulted 48 ± 51 in a number of bicyclic struc-
tures 18 ± 20. However, attempts to replace the acyl substitu-
ents at the nitrogen atoms by the nitro groups failed.

The coupling of glyoxal with metal sulfamates deserves
special attention. The sulfo group is easily replaced by the nitro
group, which makes it the protecting group of choice among
those used for the synthesis of polycyclic nitramines. The
coupling sulfamates with carbonyl compounds forms not
only mono- and bi-, but also tetracyclic products.

The multicomponent condensation of glyoxal with form-
aldehyde and sulfamates followed by nitration of the bicyclic
product with concentrated nitric acid at 730 8C affords
2,4,6,8-tetranitro-2,4,6,8-tetraazabicyclo[3.3.0]octane (21)
(or, at 0 8C, its oxo analogue 22).52
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The reaction of glyoxal with sulfamates proceeds in dif-
ferent ways,52, 53 depending on the reactant ratio and reaction
conditions.

Compound 23 and 24 with the isowurtzitane structure are
formed in an acid medium (pH 2.8 ± 4.0) at 50 ± 65 8C. At
lower temperature and acidity, salts of 2,3,5,6-tetrahydr-
oxypiperazine-1,4-disulfonic acid (25) are mainly formed.

Nitrolysis of sulfonates 23 and 24 with nitric acid ± based
mixtures proceeds under relatively mild conditions and results
in nitramines with the isowurtzitane structure.52 ± 54

The reaction of ethylenediaminosulfamate with glyoxal at
various temperatures affords cis- (26) and trans-fused (27)
tetraazadecalin derivatives, which were nitrated to give bicyclic
nitramines.55

Thus, the reactions of amines and their derivatives with
glyoxal provide a broad range of PCNA with different struc-
tures. Some of them present practical interest and are produced
in industry. The main trend of future works would involve the
search for economical two-step methods for the synthesis of
hexanitrohexaazaisowurtzitane, the most powerful explosive
among the PCNA synthesised and the study of application of
PCNA and their precursors as biologically active compounds.

IV. Miscellaneous methods for the synthesis of
polycyclic nitramines

The following method for the construction of the 3,5,12-
triazawurtzitane cage 28 has been proposed:56, 57
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However, the attempts to carry out substitution at the
nitrogen atoms in compound 28 failed.

Nitration of the condensation product of the sulfamate
salts with glyoxal (25) gave 4,10-dinitro-2,6,8,12-tetraoxa-
4,10-diazatetracyclo[5.5.0.03, 11.05, 9]dodecane (29).53, 54

This compound can also be prepared in a different way.58

Alkylation of ethylenedinitramine with 1,3-diacetyl-4,5-
dibromoimidazolidin-2-one with subsequent nitrolysis results
in bicyclic urea derivative 30. This compound was also pre-
pared by nitration of the condensation product of ethylene-
diamine with urea and glyoxal.59, 60

Polycyclic structures called cucurbiturils were prepared by
condensation of glycoluril with formaldehyde,61 and hexa-
cyclic systems were formed upon the reaction of glycoluril,
formaldehyde, and diamines.62 The attempts to introduce nitro
groups in these compounds were unsuccessful.

The reaction of urea with 1,1,3,3-tetraethoxypropane and
subsequent nitration yielded 2,4,6,8-tetranitro-2,4,6,8-tetra-
azabicyclo[3.3.1]nonane-3,7-dione (31).60

Alkylation of a stannyl derivative of tris(nitramino)cyclo-
hexane was used to synthesise 2,4,10-trinitro-2,4,10-triaza-
adamantane (32).56

The possibility of attachment of an amino group at the
carbon atom already containing two nitramino groups would
give a broad range of PCNA with a tris(nitramino)methane
fragment in the molecule, for example, hexanitrohexaaza-
adamantane. According to calculations, the introduction of
terminal amino groups into the PCNA structure would sharply
increase the density and explosion characteristic of the com-
pound. Due to the ability of the carboxy group to be replaced
by the amino group, the former is a preferable terminal group
for the PCNA synthesis.63

The reaction of ethylenediamine with dioxosuccinate, the
fixation of the reaction product as the nitrosamine and
subsequent nitration with dinitrogen pentoxide in nitric acid
gives rise to a bicyclic nitramine containing carboxy groups.63

R=Me, Et, Prn; R0 =Me, Et, Bn, 4-MeOC6H4CH2, 4-Me2NC6H4CH2.
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The methods of synthesis of polycyclic structures by con-
secutive formation of the molecular skeleton have not been
adequately developed as yet, but they are quite promising for
the design of diverse PCNA.

* * *

Analysis of puiblished data allows one to distinguish two main
methods for the synthesis of PCNA: one-step construction of
the polycyclic core of the molecule by condensation of amines
and their derivatives with carbonyl compounds and the con-
secutive formation of the polycyclic cage. Most of PCNA
described in the literature were prepared by the formermethod.
The second method is not adequately developed as yet but
holds much promise and may yield PCNA of different struc-
tures.

The chemistry of high-energy materials, in particular,
methods for their synthesis is a topical field of research being
actively developed, as indicated by regular publication of new
studies (see, for example, the monograph 64).
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Abstract. The presently known approaches to the synthesis ofThe presently known approaches to the synthesis of
non-symmetrically substituted phthalocyanines of the Anon-symmetrically substituted phthalocyanines of the A33B andB and
AA22BB22 types are surveyed. The prospects for the use of thesetypes are surveyed. The prospects for the use of these
compounds for the synthesis of binuclear and heteronuclearcompounds for the synthesis of binuclear and heteronuclear
complexes and phthalocyanine oligomers and polymers arecomplexes and phthalocyanine oligomers and polymers are
demonstrated. The bibliography includes 84 referencesdemonstrated. The bibliography includes 84 references..

I. Introduction

Phthalocyanines, being synthetic analogues of porphyrins wide
spread in nature attract attention of many researchers owing to
their prominent chemical and thermal non-stability. Over the last
decade, non-symmetrically substituted phthalocyanines bearing
different types of substituents came into the focus of interest.
These compounds manifest a number of valuable properties
enabling their application as advanced materials, in particular in
non-linear optics.1 ± 12 Non-symmetrically substituted phthalo-
cyanines readily form ordered single layers (i.e., the Langmuir ±
Blodgett films) 11 ± 14 and linear polymers.15 Furthermore, their
zinc complexes are promising substrates in the photodynamic
anticancer therapy.16, 17

It is of note that the synthesis of non-symmetrical phthalo-
cyanines is a very labourious task, which hinders their studies and
practical applications. In the vast majority of cases, non-sym-
metrically substituted phthalocyanines are synthesised by random
cyclisation of phthalogens, which gives rise, naturally, to mixtures
of phthalocyanines that are difficult to separate in extremly low
yields of the target products.

Non-symmetrically substituted phthalocyanines are of inte-
rest from both theoretical and practical standpoints. The presence
of different functional substituents in these macrocyclic com-
pounds enables the design of novel supramolecular structures
with unique physicochemical properties.18 ± 21 That is why the
developement of methods for the directed synthesis of this class of

compounds is one of the topical directions in the chemistry of
phthalocyanines.

In the present review, the emphasis is placed on the methods
for the synthesis of non-symmetrically substituted phthalocya-
nines and their modifications aimed at the introduction of new
functional substituents required for the design of bi- and poly-
nuclear assemblies of any complexity.

II. Methods for the synthesis of non-symmetrically
substituted phthalocyanines

As has been noted above, the directed synthesis of non-symmetri-
cally substituted phthalocyanines remains a challenging problem.
The known methods of synthesis do not provide sufficiently high
yields 15 ± 17, 22 ± 41 comparable to those achievable in the synthesis
of symmetrical phthalocyanines.

There are two major approaches to the synthesis of non-
symmetrically substituted phthalocyanines, viz., the random cyc-
lisation of different phthalonitriles and their synthetic analogues,
1,3-diiminoisoindolines,15 ± 17, 22 ± 32, 40, 42 ± 50 and the macrocycle
ring expansion in subphthalocyanines, i.e., compounds with
three rather than four isoindole fragments.33 ± 39, 51 ± 56

1. Methods of synthesis based on the phthalogen random
cyclisation
The random cyclisation is presently used the most often for the
synthesis of different types of non-symmetrically substituted
phthalocyanines, despite its intrinsically low selectivity. Thus the
joint cyclisation of two phthalogens A and B may theoretically
afford six products, viz., AAAA (A4), BBBB (B4), AABB, ABAB
(two isomers with the A2B2 stoichiometry), AAAB (A3B) and
ABBB (AB3) (Scheme 1).

The separation of the resultant random mixture requires the
application of sophisticated chromatographic techniques. Due to
the high proneness of phthalocyanine molecules to self-aggre-
gation, the isolation of the target product represents a rather
difficult problem.23, 57 Typically, it can be solved with the use of
phthalogens with substituents of different nature. In particular,
bulky substituents prevent the self-aggregation and increase the
solubility thus facilitating the chromatographic isolation and
purification of the target product.43, 58, 59

The yield of a target product is strongly affected by the ratio of
the reactants.16, 17, 22 ± 27 According to a theoretical analysis, the
reaction of phthalogensA andBwith similar reactivities taken in a
molar ratio of 3 : 1 yields amixture containing phthalocyanines A4

and A3B in a ratio of 3 : 4.58 The total yield of the A3B products
does not exceed 10%±20%. Leznoff and co-workers 17 noted that
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the content of the product A3B in the reaction mixture can be
increased with respect to other possible phthalocyanines by
increasing the amount of the phthalogen A to 9 ± 10 equivalents.
But even in this case, the yield of the target product rarely exceeds
20%.

In the synthesis of the A2B2 type phthalocyanines, the for-
mation of two isomers with the identical fragments arranged
either next to (AABB), or opposite to (ABAB), each other is
possible.15 ± 17, 27, 28, 43 ± 45 These isomers cannot be separated by
adsorption chromatography, thus a two-step process has been
elaborated 17 for the selective synthesis of the isomer AABB.

The reaction of lithiummethoxide with phthalonitrile taken in the
equimolar ratio in methanol at 40 ± 60 8C yields mainly inter-
mediate 1. Its subsequent cyclisation with alkoxy-substituted
phthalonitriles in n-octanol affords complexes 2.

An alternative approach to the synthesis of structures AABB
consists of the use of the mixed cyclisation of bis(phthalonitriles)
prepared from 3-nitrophthalonitrile and diols with closely
arranged OH groups.7, 8, 27, 60, 61 Such phthalocyanines synthe-
sised for the first time in the mid 1990s 61 are commonly referred
to as side-strapped.

R =Me (a), CH2Ph (b), CHPh2 (c).
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Since in the starting compound the phthalonitrile groups are
located close to each other, the probability of the oligomerisation
and formation of binuclear products is rather low, such that non-
symmetrically substituted phthalocyanines of the AABB type are
preferably formed. Nevertheless, the possible formation of a
phthalocyanine with two cross-links at the opposite sides is not
totally ruled out even in the presence of phthalonitrile.27

Young and Onyebuagu 28 proposed a method for the selective
synthesis of phthalocyanines ABAB based on the cyclisation of
6-nitro-1,3,3-trichloroisoindole and substituted 1,3-diiminoiso-
indoline taken in an equimolar ratio.

The target product 4 is formed in 50% yield, which is record
high for non-symmetrically substituted phthalocyanines. How-
ever, other authors who employed this method 15, 62 observed the
formation of the phthalocyanine AAAB as a by-product with the
total yield of the target phthalocyanine ABAB not exceeding
15%±25%. It was also noted 63 that the selectivity of the reaction
increases with an increase in the bulk of substituents in one of the
phthalogens.

Therefore, the random cyclisation as a method for the syn-
thesis of non-symmetrically substituted phthalocyanines provides
low selectivity, which weakly depends on the nature and ratio of
the starting phthalogens.

The synthesis on a polymer support (P) represents a promising
modification of the random cyclisation method. This approach
involves grafting of a phthalonitrile contaning an OH group in a
substituent to a polymer, converting the thusmodified phthalogen
into the respective 1,3-diiminoisoindoline analogue followed by
its mixed cyclisation with another substituted 1,3-diiminoiso-
indoline.40, 49

An acid treatment of the immobilised phthalocyanine 5a
afforded compound 5b in 20% yield. The simplicity of the
isolation of the target product is an evident advantage of this
methodÐ it is sufficient to wash the immobilised phthalocyanine
with an appropriate solvent to remove concomitant symmetrical
phthalocyanine. WoÈ hrle and co-workers 50 proposed to use
modified silica gel as a support for the assembly of the target
phthalocyanine.

The synthesis on a polymeric support requires that substitu-
ents in the starting phthalonitriles should contain suitable reactive
groups, which limits the diversity of substituted phthalocyanines
that can be synthesised by this method.

2. A method of synthesis based on the ring expansion
in subphthalocyanine macrocycles
A rather convenient and elegant method for the synthesis of A3B-
type phthalocyanines has been suggested by Kobayashi et al.53

and further developed by Torres and co-workers,37, 38, 51 van Lier
and co-workers 33, 54, 56 and WoÈ hrle and co-workers.52 These
studies showed that energetically strained subphthalocyanines
undergo ring opening in the presence of 1,3-diiminoisoindolines
giving rise to phthalocyanines. In a recent paper, van Lier and co-
workers 56 reported on the synthesis of a number of functionally
substituted phthalocyanines 6a ± g by this method. This method
provides a substantial advantage over the statistical cyclisation:
the reaction selectivity can be finely controlled.

The ring expansion reaction is shown 64, 65 to be of the first
order with respect to subphthalocyanine and its selectivity is
mainly governed by the nature of substituents in the reactants.
The reaction proceeds with themaximum selectivity and the target
products are obtained in the maximum yields (>20%) provided
that the subphthalocyanine is either non-substituted 51 or bears
acceptor substituents,39 whereas the 1,3-diiminoisoindoline bears
electron-releasing substituents.35, 38, 51, 52 Highly reactive 1,3-di-
iminoisoindolines with electron-withdrawing groups yield ran-
dom mixtures of products.36, 37
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Compound 6 R1 R2 X Y Z

a H H I H H

b H But I H H

c CH=CHCH=CH I H H

d H H H H I

e H But H H I

f CH=CHCH=CH H H I

g H H I I H

Mixtures of DMSO with a-chloronaphthalene or o-dichloro-
benzene are typically used as solvents for the subphthalocyanine
ring expansion.33 ± 39, 51 ± 54 Dimethyl sulfoxide is the optimum
medium for the reaction, but subphthalocyanines are only mode-
rately soluble in DMSO and thus co-solvents are necessary. The
use of such solvents as DMF or alcohols results exclusively in the
decomposition of subphthalocyanines.39

Torres and co-workers 37, 38, 66 suggested a mechanism of this
reaction. In the first step, an `open' phthalocyanine, which is an
intermediate with four isoindole framgents, is formed. Then the
intermediate undergoes either ring closure to yield phthalocyanine
or fragmentation to a random mixture of products. However, the

mechanism of the attack at subphthalocyanine, which is central, in
our opinion, for the selection of optimum conditions for the
subphthalocyanine ring expansion, remains largely unexplored.

3. A comparison of the methods for the synthesis
of non-symmetrically substituted phthalocyanines
A comparison of yields of non-symmetrically substituted phthalo-
cyanines with the stoichiometry A3B provided by the subphthalo-
cyanine ring expansion and random cyclisation reveals their similar
efficiencies. In both cases, the total yields do not exceed 20%. Thus
since the formermethod requires an additional step of synthesis and
purification of subphthalocyanines, the random cyclisation is con-
sidered as the method of choice by the majority of researchers
despite the laborious isolation of the target products. Furthermore,
the randomcyclisationof phthalogenswith bulky substituents seems
to be preferable for the synthesis of A2B2-type phthalocyanines.

III. Structure modification of non-symmetrically
substituted phthalocyanines

The majority of non-symmetrically substituted phthalocyanines
described in the literature bear functional groups, which allow their
post-synthetic modifications.2 ± 6, 9, 13, 18, 26, 31, 67 ± 70 In particular, a
selective method for the synthesis of planar bi- and trinuclear
phthalocyanines with the macrocycles linked by ethylene,71, 72

ethynyl,67, 68, 73 ferrocenediethynyl,3, 4 dehydroannulene 20, 70 or
anthraquinone 2 spacers has been developed. These phthalocya-
nines are of great potential as new-generation functional materials
due to their extended conjugated p-systems providing efficient
interactions between the phthalocyanine macrocycles.

1. Structure modification of halogen-substituted
phthalocyanines
In the late 1990s, Ali and van Lier 74 found that zinc 9,16,23-
tri(tert-butyl)-2-iodophthalocyanine (7) readily undergoes the
Heck and Stille reactions affording products 8a ± e, 9b,c and 9a,
respectively, in preparative yields (Scheme 2).
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Later, other cross-coupling products were synthesised 26 based
on the phthalocyanine 7. Thus, halogen-substuted phthalocyanines
can be regarded as the basic synthetic precursors of both other non-

symmetrically substituted phthalocyanines (with the composi-
tion A3B) and binuclear phthalocyanines.2 ± 4, 18, 26, 67± 69, 73± 75
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In this way, a fullerene-substituted phthalocyanine (10) and a
planar binuclear phthalocyanine (11) have been prepared. Both
compounds manifest unique photophysical properties owing to
the efficient intramolecular interaction between the macro-
cycles.70, 73

The starting phthalocyanine 7 is usually synthesised by co-
cyclisation of 4-(tert-butyl)phthalonitrile and 4-iodonaphtho-
nitrile,26, 73 although an alternative more complex two-step modi-
fication of the respective nitro-substituted phthalocyanine has
been reported.69

Phthalocyanine 12 with two bromine atoms in the ortho-
position is no less important from the synthetic viewpoint. Its
cross-coupling with tributylstannylacetylene yields diethynyl-
phthalocyanine 13. This compound can also be prepared from
the respective diiodo-substituted complex.18

Starting from phthalocyanine 13, bi- and trinuclear phthalo-
cyanines 14 and 15 can be synthesised, which can well be regarded
as supramolecular structures: the phthalocyanine macrocycles
therein are fused through the dehydroannulene spacers
(Scheme 3).20, 70 This fusion provides even more efficient intra-
molecular conjugation, which is important for the practical
utilisation.

o-Dihalogen-sibstituted phthalocyanines can be synthesised
by co-cyclisation using respective 4,5-dibromo- or 4,5-diiodo-
substituted phthalonitriles as one of the phthalogens.18, 20, 70

2. Structure modification of phthalocyanines using the
Diels ±Alder and Wittig reactions
The Diels ±Alder and Wittig reactions are among few classical
organic reactions that enable the stereo- and regioselective con-
struction of compounds with specified structures under mild
conditions in high yields. The possibility of utilisation of phtha-
locyanines in these reactions opens broad synthetic pros-
pects.71, 72, 76, 77

The Diels ±Alder reaction of non-symmetrically substituted
phthalocyanines has been realised for the first time byHanack and
co-workers 72, 76 aimed at the preparation of linear phthalocya-
nine-based oligomers and polymers. It was demonstrated first for
symmetrically and then for non-symmetrically substituted phtha-
locyanines (e.g., 16) that the isobenzofuran fragments in peri-
pheral substituents in phthalocyaninemacrocycles readily react as
dienophiles with 2,3,4,5-tetraphenylpentadienone as a diene
(Scheme 4).

Complex 17 loses CO and tetraphenylbenzene (TPB) mole-
cules upon boiling in toluene yielding an unstable intermediate 18
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with a diene structure capable of reacting with dienophiles, e.g.,
with 1,4-naphthoquinone. Product 19 has to be only aromatised
to afford the target phthalocyanine 20. However, standard
reagents used for similar naphthalocyanine substrates (e.g.,
TsOH) react with phthalocyanines, as a rule, with partial decom-

position of the macrocycles. Therefore, the use of a mild Lewis
acid, trimethylsilyl triflate is more appropriate.

The Diels ±Alder reaction was also successfully applied to
prepare ordered polymeric structures. Non-symmetrically substi-
tuted phthalocyanines ABAB can be converted into linear poly-
mers (Scheme 5).15, 62
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The Wittig reaction necessitates a phthalocyanine to bear at
least one aldehyde group. Such phthalocyanines cannot be
directly synthesised by the standard method based on the random
cyclisation since dicyanobenzaldehydes yield no phthalocyanine
products.72, 77 Therefore, the required aldehyde-functionalised
phthalocyanines should by synthesised by a structure modifica-
tion of other non-symmetrically substituted phthalocyanines
(Scheme 6).

Hydrolysis of hydrazone 21 or acetal 22 yields phthalocya-
nines 23 and 24, respectively. The starting derivatives 21 and 22
can easily be prepared by the random cyclisation of the corre-
sponding phthalogens.77

The Wittig reaction makes it possible not only to modify the
structure of non-symmetrically substituted phthalocyanines but
also to synthesise planar binuclear phthalocyanines. The structure
of the target product in this case is governed by the number of
ylide groups in the selected spacer (Scheme 7).

The simple control over the structure of the target products
and nearly quantitative yields make this method very useful for
both the modification of monophthalocyanines and the prepara-
tion of bi- and polynuclear phthalocyanines with a specified
spatial orientation of the macrocycles.

The phthalocyanines synthesised by the Diels ±Alder or
Wittig reactions are characterised by extended conjugated elec-
tron systems, which results in bathochromic shifts of theQ band in
their UV-Vis absorption spectra.71, 72, 76, 77

3. Functionalisation of nitro-substituted phthalocyanines
Anitro group as an electron-withdrawing substituent activates the
aromatic nucleophilic substitution. Furthermore, it can readily be
reduced to amino and diazo groups, which can further be involved
in the preparation of various alkylation and coupling products.

One possible way to modify nitro groups in non-symmetri-
cally substituted phthalocyanines, viz., the reduction to the amino
group, has been mentioned above in the description of the
synthesis of monoiodo-substituted phthalocyanine 7. A unique
synthesis of planar trinuclear phthalocyanine 25 (Scheme 8) is
based on the easy alkylation of the amino group.19

A similar alkylation reaction has been realised for mono-
hydroxy-substituted phthalocyanine.21

Yet another method for the structure modification of mono-
nitrophthalocyanines, viz., the nucleophilic substitution of the
nitro group, has been developed 78, 79 for the synthesis of new
functionally substituted phthalocyanines, which served as precur-
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sors of binuclear clamshell phthalocyanines 26a,b 80 and a hetero-
nuclear complex phthalocyanine ± spacer ± subphthalocyanine
27.81, 82

The ipso-substitution of the nitro group is typically accom-
plished in substrates with strong electron-withdrawing substi-
tuents, such as CN groups. Such an approach is used
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for the synthesis of bis(phthalonitriles) 83 and the majority of
alkoxy-substituted phthalonitriles.27, 84 However, this reaction
has not been applied to phthalocyanines so far. The feasibility of
the nucleophilic substitution of a nitro group in non-symmetri-
cally substituted phthalocyanines 28a ± d has been demonstrated
for the first time and the optimum reaction conditions have been
found by our group.78 The target complexes 29a ± d containing a
benzyl alcohol fragment in a peripheral substituent were isolated
in preparative yields.

When K2CO3 was used as the base, the reaction was com-
pleted in 50 h and the products 29a ± d formed in trace concen-
trations. The use of a stronger base, viz., sodium hydride, made it
possible to both accelerate the reaction and increase the yields of
the target products 29a ± d. The course of the reaction can
conveniently be monitored by means of UV-Vis absorption
spectroscopy (Fig. 1). The starting nitrophthalocyanines 28a ± d
manifest split Q bands. The products 29a ± d devoid of both
electron-releasing and -withdrawing substituents should be char-
acterised by spectra typical of mononuclear metal complexes,
which is indeed observed experimentally.

As the nucleophilic substitution reaction proceeds, the split-
ting of the Q band gradually disappears. Meanwhile, it was found
that a prolonged contact of phthalocyanines with a strong base
should be avoided, since it results in a gradual decomposition,
which was confirmed by control experiments.

A similar reaction of the aromatic nucleophilic ipso-substitu-
tion was utilised for the synthesis of phthalocyanines 30a ± d
containing reactive phthalonitrile fragment.78

Phthalocyanines 30a ± d are synthetic precursors of non-
symmetric binuclear clamshell phthalocyanines. The feasibility
of the synthesis of such compounds has been demonstrated with
complex 30c as an example.80 The co-cyclisation of phthalocya-
nine 30c with substituted phthalonitriles in the presence of copper
and zinc acetates afforded binuclear phthalocyanines 26a,b.

The presence of a benzylic OH group in complexes 29a ± d
enables the synthesis of heteronuclear complexes and supra-
molecular structures. In particular, the reaction of phthalocyanine
29b with boron m-chlorohexabutylsubphthalocyanine yields com-
plex 27 involving a phthalocyanine and a subphthalocyanine
moieties.

Therefore, the functionalisation of monosubstituted phthalo-
cyanines together with the structure modification of non-sym-
metrically substituted phthalocyanines considered above make it
possible to prepare diverse bi- and polynuclear (including hetero-
nuclear) macrocyclic compounds.

IV. Prospects for the use of non-symmetrically
substituted phthalocyanines

Non-symmetrically substituted phthalocyanines attract attention
not only from synthetic chemists but also from physicists. Pri-
marily, this concerns complexes of the push ± pull type. The

R= R0 =Et (a), Bun (b), OPrn (c); R = But, R0 =H (d).
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Figure 1. Changes in theUV-Vis absorption spectra (inDMSO) in the course of the nucleophilic substitution of the nitro group in phthalocyanine 28d in

the presence of NaH at 25 8C.
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simultaneous presence of substituents of the opposite character
modifies, first of all the spectral properties of these macrocyclic
compounds.31, 46, 78 In particular, an intramolecular electron
transfer from a donating to a withdrawing substituent has been
observed in A3B phthalocyanines.11, 14, 47

Non-symmetrically substituted phthalocyanines possess no
inversion centre and thus they are prone to the formation of
oriented dipoles upon irradiation with coherent light. They
manifest non-linear optical properties and thus can be used for
the second harmonic generation.11, 12 Furthermore, it was found
that these phthalocyanines readily form Langmuir ±Blodgett
films,11 ± 14 which significantly facilitates the above studies.

Recently, the capability of fullerene-substituted A3B phthalo-
cyanines to separate and accumulate for a long time electric
charges in a solid phase has attracted considerable attention. A
possible application of such compounds as components of solar
cells has already been demonstrated.6, 9 The chemical conversion
of solar energy was achieved with heteronuclear complexes zinc
phthalocyanine ± ruthenium(II) tris(bipyridine) 31a ± c.5

Thus, non-symmetrically substituted phthalocyanines are
very promising compounds and the progress in the methods for
their synthesis will certainly extend fields of their practical
utilisation.

* * *

The well-known methods for the formation of a phthalocyanine
macrocycle has recently been supplemented with regioselective
reactions giving rise to new classes of macrocyclic compounds and
unveiling new avenues in the synthesis of supramolecular struc-
tures for emerging areas of science and technology. The methods
for the synthesis and structure modification of non-symmetrically
substituted phthalocyanines are being successfully developed,
which makes the macrocyclic compounds accessible for the
investigations and practical applications. We hope that the
number of structurally diverse non-symmetrically substituted
phthalocyanines will expand substantially in the nearest future
and some day they will come into practice as advanced functional
materials.
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Scientific journals, which first appeared in the second half of
the 17th century (the oldest of the currently existing journals,
Philosophical Transactions of the Royal Society, has been
published since 1665),1 made a great contribution to the
formation and development of science. At that time, scientific
journals did not publish review articles, as there was no need in
them. However, the subsequent avalanche-like increase in the
amount of primary scientific information made impossible
`tracing' of the necessary publications in the rapidly growing
number of scientific periodicals. It became necessary to gen-
eralise the scientific knowledge either as monographs or as
scientific reviews, which are much faster responding and
available than monographs. In the early 20th century, special
review journals were founded for publishing review articles. In
chemistry, these journals were represented by Chemical
Reviews, Accounts of Chemical Research, Chemical Society
Reviews and so on; in the USSR, the Uspekhi Khimii (Russian
Chemical Reviews) journal was created for this purpose.

Uspekhi Khimii was founded in 1932 by the decision of the
USSR Narkompros (Ministry of Education) for publishing
review papers in theoretical and experimental chemistry and
chemical engineering that were of great methodological and
integrating value. Currently, this is a leading periodical of the
Russian Academy of Sciences concerned with chemistry and
related sciences. In 2007, Uspekhi Khimii marked its 75th
birthday. This is a serious age for a journal and a worthy
occasion for its bibliometric analysis. The bibliometric (scien-
tometric) methods2 using statistical data on publications,
references, citation and some other parameters have come in
wide use in the second half of the 20th century to characterise
the state-of-the-art and the trends in the development of
science and to evaluate scientific journals. At present, biblio-
metric analysis of scientific journals has become routine
practice for both foreign and Russian periodicals, including
those dealing with chemistry.3 ± 10

Modern bibliometric studies use most often databases
(DB) of scientific and technical information as the source of
primary data.2, 11 Despite the fact that bibliometry is mainly a
retrospective descriptive science, systematically described bib-
liometric data form the quantitative base for analysis. In some
cases, this analysis reveals hidden features and trends of a

particular field of research covered by the journal and allows
one to formulate proposals for increasing the efficiency and
professional image of the journal.

The bibliometric analysis of the journal Uspekhi Khimii
over the 75-year period of existence was carried out using
reliable global DB, viz., Chemical Abstracts (CA) and
SCISearch (a version of the Science Citation Index, SCI), i.e.,
the International Scientific and Technical Network (STN
International),12 through which the journal is perceived by
most of the world chemical community (the STN provides the
access to the CA DB retrospect down to 1907 13 and the
SCI DB, down to 1974 14). The journal Uspekhi Khimii
(Russian Chemical Reviews) is included in the core journals
list of the authoritative international DBÐCA and SCI. It has
been abstracted in the CA database from the first issue of 1932;
overal, this DB keeps records of 99% of the journal's original
publications.

By the search date (February to March 2007), the CA DB
has contained 4281 papers of Uspekhi Khimii where the
publications of 1932 ± 1998 (starting with the first published
review `New problems in the investigation of mineral raw
materials' by Academician A E Fersman) were recorded
based on the original Russian-language edition Uspekhi Khi-
mii (USP), while the 1999 ± 2006 publications were taken from
the translated version Russian Chemical Reviews (RCR),
which has been published since 1960. The SCI database was
found to contain 2324 papers published in Uspekhi Khimii in
1973 ± 2006.

The joint search through both CADB and SCIDB resulted
in 4403 non-identical publications of the journal for
1932 ± 2006, which is about 90% of the total number of
publications (the original and translated versions of a paper
were regarded as one publication). The difference between the
total number of publications in USP/RCR and their number
included in the DBs is due to the fact that from the early years
of existence (1932 ± 1950) and up to 1980 the journal published
not only submitted papers but also translations of the reviews
and survey papers written by most prominent world scientists
(J Bernal, L Hammett, C Ingold, K Kohlrausch,
E Rutherford, E SchroÈ dinger, G Seaborg and others), which
were not abstracted by the DB producers. During the period
from 1932 to 1942 the numbers of original and translated
articles in the journal were almost equal. Apart from translated
articles, the journal also published historical and biographical
as well as information articles, in particular, those dealing with
the activities of scientific laboratories and institutes of the
USSR Academy of Sciences. Figure 1 a presents the year-by-
year variation of the journal's original publications abstracted
in the DB and Fig. 1 b shows the same plot for the whole set of
journal's publications.

The CA and SCI databases have records of 4766 authors of
the journal USP/RCR. The average number of authors per
review is two; the average number of reviews per author is less
than two. About 75% of authors had only one publication in
Uspekhi Khimii.
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The authors' addresses kept in the DBs can be used to
investigate their geographic and departmental distributions.
The CA database cites the addresses for all authors. Table 1
summarises the institutions the employees of which appear
most often in the journal (based on the data for 1978 ± 2006),
and Table 2 presents the departmental affiliations of the
authors. It can be seen that the Academy of Sciences predom-
inates among the departments and Moscow predominates
among the cities.

Subject classification and controlled terminology of the CA
DB allow one to characterise, although roughly, the main
subject matter of journal publications. In the CA database,
every abstract is placed in a particular subject section corre-
sponding to the publication contents. The primary (1907)
30 sections were transformed in 1962 ± 1967 into 80 subject
sections, which were combined in 1974 into five gross catego-
ries: Biochemistry (BIO, sections 1 ± 20), Organic chemistry
(ORG, sections 21 ± 34), Macromolecular chemistry (MAC,
sections 35 ± 46), Applied Chemistry and Chemical Engineer-
ing (APP, sections 47 ± 64) and Physical, Inorganic and Ana-
lytical Chemistry (PIA, sections 65 ± 80).15

The distributions of journal publications according to the
CA DB subject sections and categories are presented in Fig. 2
(the publications of 1932 ± 1966 were assigned to the currently
existing categories taking into account the known prehistory of
the sections 15). These results indicate, in particular, that
organic and physical chemistry prevail among branches of
chemistry. Up to the mid-1960s, the attention has been

focussed on the physical, inorganic and analytical chemistry,
and in subsequent years, on organic chemistry (in the last
decade, Uspekhi Khimii published many reviews on the
chemical foundations of materials science). Since the mid-
1960, the quantitative relations between the subjects distin-
guished in Fig. 2 for decade periods have been generally
retained.

Analogous data for the journal Chemical Reviews 5 pub-
lished by the American Chemical Society demonstrate that the
majority of papers in this journal are also concerned with
organic and physical chemistry. However, in recent years
Chemical Reviews have published increasing number of
reviews related to biological and biomedical sciences.5

The renown of any scientific journal is evaluated, among
other factors, based on the amount of citation of papers
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Figure 1. Year-by-year variation of the journal publications abstracted

in the CA DB (a) and found by examining all journal issues (b).

(1) Total number of papers, (2) original reviews, (3) translated papers, (4)

other.

The small difference between the curve shown in Fig. 1 a and curve 2 in

Fig. 1 b is due to the fact that not all of the original papers published in

Uspekhi Khimii were abstracted in the DB.

Table 1. Most productive scientific institutions in 1978 ± 2006 (more than
25 reviews).

Institution City The number of

papers in the DB

CA SCI

A N Nesmeyanov Institute of Organo-

element Compounds of the RAS Moscow 169 164

M V Lomonosov Moscow State

University Moscow 165 158

N N Semenov Institute

of Chemical Physics of the RAS Moscow 138 133

N D Zelinsky Institute

of Organic Chemistry of the RAS Moscow 103 101

Institute of Problems of Chemical Cherno-

Physics of the RAS golovka 79 75

Institute of Physical Chemistry

of the RAS a Moscow 54 54

G K Boreskov Institute of Catalysis, Novo-

Siberian Branch of the RAS sibirsk 46 39

Rostov State University Rostov-

on-Don 44 44

N I Lobachevskii Nozhnii Novgorod Nizhnii

State University Novgorod 39 34

St Petersburg State University St Peters-

burg 39 42

A E Favorsky Irkutsk Institute of Che-

mistry, Siberian Branch of the RAS Irkutsk 37 33

L Ya Karpov Institute

of Physical Chemistry Moscow 37 34

Kazan State University Kazan 35 34

A V Topchiev Institute of Petrochemical

Synthesis of the RAS Moscow 31 24

D I Mendeleev University

of Chemical Technology of Russia Moscow 29 27

A N Frumkin Institute

of Electrochemistry of the RAS a Moscow 27 24

a Since 2006, A N Frumkin Institute of Physical Chemistry and Electro-

chemistry of the RAS.

Table 2. Department affiliations of journal authors.

Department Database

CA SCI

USSR Academy of Sciences/

Russian Academy of Sciences 1574 1096

Universities 1003 633

Research Institutes 379 142

Other 16 18
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published in this journal by other periodicals; this is reflected,
in particular, by the impact factor (IF) of the journal. In terms
of this parameter, Uspekhi Khimii has held the first or second
position among all Russian scientific journals during the last
10 years. According to the Journal Citation Reports (JCR)
DB, in 1996 ± 2006 the impact factor of the journal varied from
0.983 (in 1997) to 2.392 (in 2004) (Fig. 3).16, 17

The citation search for the journal publications was carried
out by two standard procedures:6 ± 10 (i) using special search
terms created on the basis of journal publications found;
(ii) using full and abbreviated names of original (USP) and
translated (RCR) versions of the journal. According to the SCI
DB, 4403 publications of the journal were cited 66 350 times in
1974 ± 2006; the original version was cited 47 827 times, while
the English-translated one (since 1960) was cited 18 523 times.

According to the CA DB, 4403 publications of the journal
were cited 22 857 times in 1996 ± 2006; of these, the original
version was cited 12 303 times, while the English-language one,
10 556 times. A comparison of the list of publications in
USP/RCR with the obtained list of references to these pub-
lications revealed journal's papers not included in the DB and,
hence, not found during the primary search. This is due to the
facts that Uspekhi Khimii published translated reviews from
other journals not covered by the DB and that the original
papers references to which contained mistakes in the digital
part (year, volume, the first page), precluding their unambig-
uous identification, were also missing from the DB. The
subsequent discussion takes into account only unambiguously
identified original publications in USP/RCR. As a result, the
number of citations of these identified publications in the SCI
DB in 1974 ± 2006 amounted to 61 540, while that in the CA
DB was 22 401. Table 3 presents 15 most cited journal
publications in the period of 1993 ± 2006 according to the SCI
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(no data for 2002 are available).

Table 3. Most cited publications in Uspekhi Khimii (Russian Chemical Reviews) in 1993 ± 2006.

The number of refe- Publication

rences in the database

SCI CA a authors, title year volume page

159 131 Yu V Zefirov, P M Zorky. New applications of van der Waals radii in chemistry 1995 64 415

116 128 V I Ovcharenko, R Z Sagdeev. Molecular ferromagnets 1999 68 345

108 77 V I Sokolov, I V Stankevich. The fullerenes Ð new allotropic forms of carbon:

molecular and electronic structure, and chemical properties 1993 62 419

96 111 D V Konarev, R N Lyubovskaya. Donor7acceptor complexes and radical ionic salts based

on fullerenes 1999 68 19

91 106 Yu V Pleskov. Syntheic diamond in electrochemistry 1999 68 381

89 73 A P Polishchuk, T V Timofeeva. Metal-containing liquid ± crystal phases 1993 62 291

87 86 G I Koldobskii, V A Ostrovskii. Tetrazoles 1994 63 797

83 63 I V Kozhevnikov. Fine organic synthesis with the aid of heteropolycompounds 1993 62 473

83 86 V L Ermolaev, E B Sveshnikova. The application of luminescence-kinetic methods in the study

of the formation of lanthanide ion complexes in solution 1994 63 905

71 63 O I Kolodiazhnyi. Methods of preparation of C-substituted phosphorus ylides and

their application in organic synthesis 1997 66 225

70 75 I.Yu. Galaev. `Smart' polymers in biotechnology and medicine 1995 64 471

64 58 R Sh Vartapetyan, A M Voloshchuk. The mechanism of the adsorption of water molecules

on carbon adsorbents 1995 64 985

64 67 A Ya Sychev, V G Isak. Iron compounds and the mechanisms of the homogeneous catalysis

of the activation of O2 , H2O2 and the oxidation of organic substrates 1995 64 1105

63 78 A F Pozharskii. Naphthalene `proton sponges' 1998 67 1

55 66 A D Garnovskii, B I Kharisov, G Gojon-Zorrilla, D A Garnovskii. Direct synthesis

of coordination compounds from zerovalent metals and organic ligands 1995 64 201

a The CA DB considers citations only since 1996.
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and CADBs and Table 4 shows the most cited publications of
the journal (more than 150 citations) for 1974 ± 2006 (accord-
ing to the SCI DB data) with indication of the journal version
that is cited.

It can be seen from Table 3 that the numbers of citations
according to the SCI DB and CA DB do not coincide, but
nevertheless, they allow one to evaluate the popularity of a
particular paper. (It should, however, be borne inmind that the
amount of citation does not say anything about other features
of the papers, i.e., the originality and reliability, information
value and the contribution to the scientific progress.18) It
follows from Table 4 that both Russian- and English-language
versions of the journal are cited. When comparing the citation
data with data on downloading of full papers from the
journal's Internet site (Table 5, statistical data from the

journal's DB), one can see that the request rate for the
electronic versions of the papers does not correlate with the
citation rate. Note that of the 17 publications presented in
Table 5, nine are related to nanomaterials.

Analysis of the citation dynamics makes sense for compar-
ing rather long periods of time, for example, 10-year periods of
publications and 12-year citation periods. Table 6 presents the
citation data for these periods, which demonstrate that the
number of citations of journal publications for corresponding
12-year periods was only 40%±50% of the total number of
citations by the search instant (the end of 2006). Thus it follows
that the reviews published by Uspekhi Khimii (Russian
Chemical Reviews) remain topical for long.

The reviews published in Uspekhi Khimii (Russian
Chemical Reviews) are often cited by both Russian and foreign

Table 4. Most cited (more than 150 citations) publications of the journal of 1974 ± 2006 (SCI DB).

Publication The number of references in the SCI BD

version USP+RCR

USP RCR

I V Berezin, K Martinek, A K Yatsimirskii. Physicochemical foundations of micellar catalysis

1973, Vol. 42, P. 787 142 347 489

T A Masrtyukova, M I Kabachnik. The application of the Hammett equation with the constants spH

in the chemistry of organophosphorus compounds, 1969, Vol. 38, P. 795 232 40 272

E A Paukshtis, E N Yurchenko. Study of the acid7base properties of heterogeneous catalysts

by infrared spectroscopy, 1983, Vol. 52, P. 242 178 89 267

Yu V Zefirov, P M Zorky. Van der Waals radii and their application in chemistry, 1989, Vol. 58, P. 421 205 36 241

I V Kozhevnikov. Advances in catalysis by heteropolyacids, 1987, Vol. 56, P. 811 80 158 238

V V Dunina, O A Zalevskaya, V P Potapov. General principles and characteristics

of cyclopalladation reactions,1988, Vol. 57, P. 250 48 181 229

I V Kozhevnikov, K I Matveev. Heteropolyacids in catalysis, 1982, Vol. 51, P. 1075 81 96 177

M I Vinnik. Acidity functions of aqueous solutions of strong acids, 1966, Vol. 35, P. 802 167 6 173

M I Stankevich, I V Stankevich, N S Zefirov. Topological indices in organic chemistry,

1988, Vol. 57, P. 191 117 43 160

Yu V Zefirov, P M Zorky. New applications of van der Waals radii in chemistry, 1995, Vol. 64, P. 415 127 32 159

A L Buchachenko. Organic and molecular ferromagnetics: advances and problems, 1990, Vol. 59, P. 307 57 100 157

Table 5. Statistical data on downloading of the electronic versions of papers from the Uspekhi Khimii (Russian Chemical Reviews) internet site for
1996 ± 2006.

The number Publication

of down-

loadings authors, title year volume page

203 T V Vernitskaya, O N Efimov. Polypyrrole: a conducting polymer; its synthesis, properties and applications 1997 66 443

108 A L Ivanovskii. Non-carbon nanotubes: synthesis and simulation 2002 71 175

105 G B Sergeev. Nanochemistry of metals 2001 70 809

104 A D Pomogailo. Hybrid polymer-inorganic nanocomposites 2000 69 53

102 S P Gubin, Yu A Koksharov, G B Khomutov, G Yu Yurkov Magnetic nanoparticles:

preparation, structure and properties 2005 74 520

87 V A Tarasevich, N G Kozlov. Reductive amination of oxygen-containing organic compounds 1999 68 55

85 E G Rakov. Methods for preparation of carbon nanotubes 2000 69 35

83 R F Khairutdinov. Chemistry of semiconductor nanoparticles 1998 67 109

78 V V Rozanov, O V Krylov Hydrogen spillover in heterogeneous catalysis 1997 66 107

76 E G Rakov. The chemistry and application of carbon nanotubes 2001 70 827

66 E M Zubin, E A Romanova, T S Oretskaya. Modern methods for the synthesis

of peptide7oligonucleotide conjugates 2002 71 239

65 V N Korotchenko, V G Nenajdenko, E S Balenkova, A V Shastin.

Olefination of carbonyl compounds: modern and classical methods 2004 73 957

63 V I Roldugin. Self-assembly of nanoparticles at interfaces 2004 73 115

58 B V Timokhin, V A Baransky, G D Eliseeva. Levulinic acid in organic synthesis 1999 68 73

52 A D Pomogailo. Polymer-immobilised nanoscale and cluster metal particles 1997 66 679

51 L M Bronstein, S N Sidorov, P M Valetsky. Nanostructured polymeric systems as nanoreactors

for nanoparticle formation 2004 73 501

50 N A Bragina, V V Chupin. Methods of synthesis of deuterium-labelled lipids 1997 66 975
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periodicals; according to the SCI DB, in the last decade
(1996 ± 2006), among the citing periodicals, about 48% are
Russian journals and 52% are foreign journals. According to
the CA DB, these values are 38% and 62%, respectively.

Table 7 presents quantitative data on citation of reviews
published by USP/RCR by Russian and foreign periodicals.
The journal self-citation is low: from3.4% to 3.9%.

In conclusion, we would like to note that in recent years,
owing to crucial changes in the editorial policy of the journal
Uspekhi Khimii (Russian Chemical Reviews), transfer of the
whole body of preparatory work for the edition of Russian-
and English-language versions to the editorial office and
recruiting highly skilled research personnel from the chemical
institutes of the Russian Academy of Sciences for participation
in editorial work, it became possible to increase the quality of
selection of reviews and preparation for publication, to
improve the appearance of the journal and attain almost
simultaneous publication of the Russian and English versions.

The range ofthe journal authors and the staff of the
Editorial Board headed by Academician O M Nefedov since
1995 were substantially extended; the international Advisory
Board was founded. The journal started to practice the
publication of invited reviews and subject-related issues
devoted to topical trends of chemical science as well as the
publication of special issues composed of reviews by leading
scientists of particular centres of chemical science such as the
Siberian Branch of the RAS, Moscow, St Petersburg and Kiev
Universities, the Institute of Problems of Chemical Physics of
the RAS and other.

Currently, both versions of the journal (Uspekhi Khimii
and Russian Chemical Reviews) appear as both printed and
electronic editions. Since 1995, the following information
about the journal is available free on the Internet (http://
www.uspkhim.ru): general information, subscription terms,
the contents of the journal for a year and brief abstracts of all
papers. In 2004, in cooperation with the British company
Turpion Ltd (a partner in publishing English version of the
journal), the electronic archive of the English version starting
with the first issue (1960) was composed and an up-to-date
integrated system for preparation, publication and distribution
of the electronic version of the journal with the on-line
submission and refereeing optios was elaborated. By now, the
first stage of composing the electronic archive of the Russian
version of the journal for 1990 ± 2006 has been completed.

All this helps to maintain the subscribers' and readers'
interest in the journal and to ensure its high rating.
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Abstract. Various pulsed EPR in the method of spin labels andVarious pulsed EPR in the method of spin labels and
probes based on electron spin echo spectroscopy (spin echoprobes based on electron spin echo spectroscopy (spin echo
envelope modulation through electron ± nuclear interactions,envelope modulation through electron ± nuclear interactions,
electron ± electron double resonance, echo detected EPR,electron ± electron double resonance, echo detected EPR, etcetc.).)
are considered. These methods provide information on theare considered. These methods provide information on the
conformations of complex biomolecules, nanostructure ofconformations of complex biomolecules, nanostructure of
matter, depth of water penetration into biological membranes,matter, depth of water penetration into biological membranes,
supramolecular structure of multicomponent systems (mem-supramolecular structure of multicomponent systems (mem-
brane ± peptide,brane ± peptide, etc.etc.), co-operative orientational dynamics of), co-operative orientational dynamics of
molecules and dynamic low-temperature transitions in disor-molecules and dynamic low-temperature transitions in disor-
dered molecular media and biosystems. The bibliographydered molecular media and biosystems. The bibliography
includes 130 referencesincludes 130 references..

I. Introduction

The method of spin labels and probes has been widely used in
physicochemical and biophysical studies since the 1970s.1 ± 3

Spin probes are stable paramagnetic molecules (usually,
nitroxyl radicals 4, 5) that are introduced into the system under
study as a minor additive. Spin labels represent nitroxide
radicals covalently bound to macromolecules. The method of
spin labels and probes is used in studies of the local structure of
molecules and molecular dynamics, for identification of par-
ticular functional groups, measurement of oxygen concentra-
tion and proton content, determination of polarity,
acceleration of nuclear spin relaxation in MRI studies and for
solving some other problems.{

The method makes use of unpaired electrons present in
radicals, which permits utilisation of electron paramagnetic
resonance (EPR) spectroscopy. Despite the fact that EPR
spectroscopy emerged more than six decades ago, the state-
of-the-art in this field is characterised by continuous progress
and improvement of various experimental techniques. Quite
recently, pulsed EPR spin label ± spin probe studies began
using, in particular, pulsed electron ± electron double reso-
nance (PELDOR), electron spin echo envelope modulation

(ESEEM), pulsed electron ± nuclear resonance, echo-detected
EPR, etc. All of them are based on the ESE technique.6, 7

Pulsed EPR spectroscopy significantly extended the poten-
tial of the method of spin labels and probes. It allows one to
investigate the nanostructure of matter including large bio-
molecules, supramolecular structure of complex systems, e.g.,
membranes and their peptide components as well as co-
operative small-amplitude orientational motions of molecules
in disordered media and biological liquids.

There are a number of reviews 8 ± 15 concerning particular
aspects of pulsed EPR spin label ± spin probe studies. Themain
goal of this review was to briefly outline the fields of applica-
tion of the method, to summarise the results of recent inves-
tigations and to highlight new experimental techniques.

II. EPR spectroscopy of nitroxide radicals Ð
the fundamentals

1. Nitroxide radicals. Site-directed spin labelling technique
Nitroxide radicals are stable paramagnetic molecules contain-
ing a paramagnetic NO fragment bearing an unpaired elec-
tron.4, 5 This fragment is surrounded by the shielding
substituents (usually, methyl groups). To date, a few hundreds
of nitroxide radicals have been synthesised. A few simple
examples are given below:

The so-called site-directed spin labelling (SDSL) technique
appeared to be of particular importance for obtaining infor-
mation on the molecular level.16 ± 18 The method involves
attachment of a spin label to the molecular fragment of interest
in a complex biomolecule or supramolecular system. In protein
studies, a cysteine residue in the amino acid sequence is most
often labelled using amethanethiosulfonate spin label, namely,
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(1-oxyl-2,2,5,5-tetramethylpyrrolin-3-yl)methyl methanethio-
sulfonate (MTSL). Artificial protein analogues containing this
residue are also studied. It is possible to label some other amino
acid residues, e.g., lysine, aminoisobutyric acid, etc. Small spin-
labelled peptides containing less than 50 amino acids and
bearing spin labels at desired positions of the amino acid
sequence can directly be synthesised. Not only peptides and
proteins, but also other biomolecules (e.g., lipids) can be site-
directed spin labelled.

2. EPR spectra of nitroxide radicals. Electron ± nuclear
interactions. The effects of motion
In the framework of the first-order perturbation theory, the
X-band (wavelength about 3 cm, frequency *10 GHz) EPR
condition for nitroxide radicals can be quite correctly approxi-
mated by 19

g�y;j�bB� a�y;j�M � �ho, (1)

where

g�y;j� � gXX sin2 y cos2 j� gYY sin2 y sin2 j� gZZ cos2 y,

a�y;j� �
�����������������������������������������������������������������������������������������������������
A2

XX sin2 y cos2 j� A2
YY sin2 y sin2 j� A2

ZZ cos2 j
q

,

b is the Bohr magneton; B is the magnetic field induction;M is
the nuclear spin projection on the quantisation axis; �h is the
Planck constant;o is the frequency of the alternating magnetic
field; gXX , gYY and gZZ are the principal values of the g-tensor;
andAXX ,AYY andAZZ are the principal values of the hyperfine
coupling tensor. Usually, the molecular system of coordinates
is used, in which the X axis is aligned with the N7O bond and
theZ axis is normal to the plane in which the 7O fragment
is situated. The angles y and j define the direction of the
magnetic field in the spherical system of coordinates. Typical
values of the components of the magnetic tensors of nitroxide
radicals are as follows: gXX& 2.0090, gYY& 2.0060,
gZZ& 2.0025, AXX/geb&AYY/geb& 5 G, AZZ/geb & 35 G
(ge is the g-factor of free electron). In the case of high-field

EPR, Eqn (1) should be augmented with a term corresponding
to the Zeeman interaction between atomic nuclei.

The overall shift of the resonance due to unresolved hyper-
fine coupling (HFC) of the unpaired electron with other nuclei
in the radical and matrix is about 3 G. In the c.w. EPR
spectrum, these couplings remain unresolved due to super-
position of many lines with small splittings; it should be noted
that signals from radicals characterised by different g�y;j�
values may appear in the same spectral region.

The c.w. EPR technique involves sweep of the field B under
continuous action of alternating microwave field at a constant
frequency o. Figure 1 shows a typical shape of the EPR
spectrum of a nitroxide radical. Usually, the first derivative of
the absorption lineshape with respect to the magnetic field is
measured. The parallel and perpendicular orientations of the
molecule are also shown; this can be done assuming axial
symmetry of the magnetic tensors (see above) and ignoring
unresolved hyperfine coupling.

Orientational motions cause averaging of magnetic inter-
actions. In the X-band, the characteristic frequency variation
due to different molecular orientations is *109 rad s71.
Therefore, in the case of fast motions of the whole molecule
at frequencies much higher than 109 rad s71 the EPR spectrum
should exhibit three lines of equal intensity corresponding to
three projections of the nitrogen spin on the direction of the
external magnetic field. Here, the g-tensor and the HFC tensor
are averaged to the scalar values equal to 1/3 of the spurs of the
tensors.

Biological and other supramolecular systems are usually
characterised by slow molecular motions at frequencies lower
than 109 rad s71. As a consequence, no complete averaging
occurs; therefore, the results obtained in conventional c.w.
EPR experiments are often ambiguous. Pulsed methods based
on the ESE technique are sensitive to motion even under glass
transition conditions.

3. Electron ± electron dipole ± dipole interactions between
radicals
At present, the dipole ± dipole (d ± d) interaction between
electron spins in spin labels is widely used in studies of the
nanostructure of spin-labelled systems. This interaction is of
the order of g2eb

2=r3 in magnitude, where r is the distance
between two radicals. Pulsed EPR methods based on the ESE
technique are highly sensitive to d ± d-interaction. The charac-
teristic times of transverse relaxation in organic solids are
about 1076 s and thus the upper bound of the measured
distances is nearly 5 to 7 nm. The lower bound obtained from
the `dead time' of an instrument (*1077 s) is close to 1.5 nm.
The advantage of ESE spectroscopy consists of high accuracy
of measurements in this range of distances. At r* 3 nm, the
error is at most 0.1 nm.8 ± 10 This is a record spatial resolution
among all known physical methods, which allows one to reveal
subtle effects in the nanostructure of matter that cannot be
disclosed by other methods. It should also be noted that ESE
studies do not require special treatment of samples (e.g.,
crystallisation, high degree of purification, etc.)

The Hamiltonian of magnetic dipole ± dipole interactions
between the magnetic moments of two electrons has the form

Hd � g1g2b
2 r

2S1S2 ÿ �S1r��S2r�
r5

, (2)

where g1 and g2 are the g-factors of two particles; S1, S2 are the
spin operators; r is the radius vector connecting the particles.
Almost all long-chain biradicals can be studied in the point
dipole approximation, which assumes that the spin density of
the unpaired electron is localised at some point.10

When studying nitroxide biradicals, one can use the per-
turbation theory, which treats the Hamiltonian (2) as a small
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Figure 1. EPR spectrum of a nitroxide radical.

The lower curve represents the EPR spectrum as the first derivative of the

absorption lineshape with respect to the magnetic field. Dashed lines

denote particular components of HFC; for each component, approximate

positions of the parallel and perpendicular orientations are shown. The

inset specifies the molecular system of coordinates. The splitting between

the outermost peaks in the lower curve approximately equals the doubled

AZZ principal value of the HFC tensor [averaged value is hAZZi in the

presence of librations].
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perturbation compared to expression (1). In the case of weak
d ± d-interactions, where

ed 55 jg1 ÿ g2jbB

(this is always valid at r>0.15 nm), the transition frequencies
for each of the two spins are given by 10

o1; 2 �
g1;2b

�h
B � 1

2
ed , (3)

where

ed �
g1g2b

2

r3�h
�1ÿ 3 cos2 Y�,

(Y is the angle between the direction of the external magnetic
field and the line connecting two radicals). The sign � means
that for each spin the resonance is shifted due to the d ± d-
interaction with the partner spin depending on the projection
of the latter on the direction of the external magnetic field.

Considering pulsed EPR methods, expression (3) leads to
temporal dependences of the type cos(edt) (see below).10 The
Fourier-transformed EPR spectrum exhibits a doublet at the
frequencies �ed. In a polyoriented system, the frequency
(o)-dependent intensities of the dipolar doublet lines are
averaged over all spatial orientations of the pair. At

o\ � �
g1g2b

2

r3�h
,

singularities appear (Y= p/2, perpendicular orientation of the
pair). Often, only the singularity due to the relatively low
intensity of other lines can be observed experimentally. Its
position permits immediate determination of the distance r.

4. Electron spin echo of nitroxide radicals
Excitation of transitions between spin energy levels by inten-
sive microwave pulses causes the appearance of a free induc-
tion signal, i.e., an oscillating macroscopic transverse
magnetisation.6, 7 Optimum conditions for observation of the
free induction signal are attained by applying a pulse that
causes a p/2 (908) flip of the magnetisation vector. Typical
microwave pulse durations in ESE spectrometers are 10 to
100 ns. Signal decay is due to the scatter of precession
frequencies (this determines the shape of the EPR spectrum).

The resolution of ESE spectrometers is limited by the
characteristic time of transient processes in the cavity upon
application of microwave pulses (usually, it is of the order of
100 ns),6, 7 which is called the `dead' time. In the case of
nitroxide radicals, the nonzero `dead' time makes observation
of the free induction signal impossible owing to fast signal
decay. The free induction signal can only be observed after
some hardware improvements aimed at shortening the `dead
time', e.g., on going to the Ku-band (resonance frequency
17 GHz, not to be confused with the Q-band!) and to elevated
temperatures (this is required for line narrowing).

Two pulses applied with a time delay cause the appearance
of an echo signal (see Fig. 2 a). The time delay after the second
pulse equals the time delay between two pulses, t. The
optimum flip angle of the magnetisation vector upon applica-
tion of the second pulse is p. The formal notation for the pulse
sequence and the echo signal is given below:

p/2 ± t ± p ± t ± echo.

The mechanism of the appearance of the echo signal is as
follows. The second pulse follows the first one after the time
delay t and changes the phase of spin precession in the plane
normal to the external magnetic field. Now the precessing spins

have the same velocities but different initial phases. At the
instant t after the second pulse, refocussing occurs (all spins
have the same phase) and the echo signal appears (then,
defocussing will occur again). The echo signal decays with
increase in t due to spin relaxation.

Yet another method for ESE detection is the three-pulse
stimulated echo pulse sequence (Fig. 2 b)

p/2 ± t ± p/2 ±T ± p/2 ± t ±echo.

The first pulse creates a precessing transverse magnetisation
and the second pulse creates the projection of the magnet-
isation vector on the Z axis (longitudinal magnetisation),
which retains its magnitude during the time T in the absence
of relaxation. This pulse creates a nuclear coherence, i.e., the
system is described by a non-stationary superposition of
various electron ± nuclear states upon application of the second
pulse. The third pulse again creates the transverse magnet-
isation, which refocusses at the instant

t=2t+T,

i.e., the echo signal appears.
A feature of the ESE studies of nitroxide radicals consists in

incomplete (or selective) excitation of the EPR spectrum by
microwave pulses. In most experiments, the pulse amplitudes
reach 3 ± 5 G, whereas the overall width of the EPR spectrum is
of the order of 70 ± 80 G. In some cases (e.g., in studies of
spectral diffusion, i.e., stochastic fluctuations of the resonance
frequency due to orientational motion), this feature is of
crucial importance.

If orientational motions cause fluctuations of the reso-
nance frequencies with the root-mean-square hDo2i and the
correlation time tc , theory predicts that at

hDo2it2c 55 1,

the relaxation rate is given by hDo2itc .20 The Do value can be
estimated with ease from Eqn (1). For simplicity, suppose an
axial symmetry

gXX= gYY= g\ , AXX=AYY=A\ .

p/2 p

t t

a

b

c

T

p/2 p/2 p/2

t t

p/2A pA pA

t t

T
pB

Figure 2. Electron spin echo pulse sequences.

Basic two-pulse sequence (a), three-pulse stimulated echo sequence (b) and

two-frequency double resonance (PELDOR) (c). PELDOR experimental

conditions: detection at the A spin frequency and an additional pump

pulse at the B spin frequency. Dashed lines show an additional refocussing

pulse and echo (see text).

Pulsed EPR in the method of spin labels and probes 701



Let us denote

gZZ= gk, AZZ=Ak .

In the case of small-amplitudemotions the angle y fluctuates by
Dy. Then, in a constant magnetic field B, expansion of the
resonance frequency fluctuations Do in terms of Dy has the
form 21

Do � 2 sin y cos y6 (4)
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At y=0, p and p/2, the Do value equals zero, i.e., spin
relaxation near the canonical orientations (parallel and per-
pendicular) should be slow.

Fast small-amplitude orientational motions also manifest
themselves in c.w. EPR spectra, because they cause partial
averaging of anisotropic magnetic interactions. In the case of
orientational motion about an axis lying in theXY plane of the
molecular system of coordinates, the parameter Ak is aver-
aged 22

hAki=Ak ÿ �Ak ÿ A?�ha2i, (5)

where the angular deviation, a, from the equilibrium position is
related to Dy as follows: Dy= a sinj. The parameter hAki can
be measured with ease from the splitting between the outer-
most peaks in the EPR spectrum (see Fig. 1).

III. Pulsed EPR techniques

1. ESEEM through electron ± nuclear interactions
If an electron spin interacts with a nuclear spin, application of
microwave pulses at the EPR resonance frequency causes
simultaneous excitation of both allowed and forbidden spin
transitions (without and with nuclear spin flip, respectively) in
a solid.6, 7 Interference of the resonance frequencies of these
transitions upon ESE decay induces beats (oscillations) of the
signal, which are called electron ± nuclear modulation or the
electron spin echo envelope modulation (ESEEM) effect.6, 7 A
few examples of the ESEEM effect are shown in Fig. 3 a, which
corresponds to the interaction between the unpaired electron
of the spin label and deuterons from the surrounding heavy
water. The Fourier-transformed frequency spectrum of the
beats exhibits peaks (see Fig. 3 b), the positions of which are
determined by the electron ± nuclear interactions. In the case of
interactions with the nearest nuclei in the matrix, these peaks
are centred around the resonance (Larmor) frequency of a
given nucleus in the magnetic field of the ESE spectrometer
(2.2 MHz for deuterons). These peaks cannot be resolved in
c.w. EPR experiments (see above).

The ESEEM through electron ± nuclear interactions repre-
sents a convenient tool of structural studies in the nearest
environment of spin labels; it can be used for identification of
the types of the nuclei in the nearest environment and determi-
nation of their spatial arrangement relative to the unpaired
electron.

This approach has long been used in pulsed EPR spectro-
scopy, where it can be considered classical. Most related
methodological problems have been solved to date. The
fundamentals of the ESEEM technique have been comprehen-
sively treated in monographs.6, 7 Recently, this method has
found increasing application in studies of the local environ-
ment of spin labels.

2. Pulsed electron ± electron double resonance in studies of
d ± d-interactions between radicals
As mentioned above, the d ± d-interaction between radicals is
nowwidely used in studies of the nanostructure of spin-labelled
systems. Most of them are carried out by pulsed double
electron ± electron resonance (PELDOR).8 ± 10, 13 The method
was proposed in the 1980s.23, 24 It allows one to determine the
distances between radicals on the nanometre scale, draw
conclusions on the conformations of doubly spin-labelled
biomolecules and estimate the size of the aggregate (cluster)
of spin-labelled molecules in the case of their aggregation
(clusterisation).

In the PELDOR experiments the echo signal appears upon
application of a conventional two-pulse sequence and an
additional 1808 pump pulse at the other resonance frequency
(Fig. 2 c). The spins responsible for the appearance of the echo
signal are called A spins while their partner spins (in our case,
they are influenced by the additional pulse) are called B spins.
The phase of the A spins at t=2t equals

jA � p� edT

(the `plus' or `minus' sign depends on the projection of the B
spin).

The echo signal is proportional to cos(edT ), which means
that the signal is modulated at the frequency ed as the time T
changes. Note that here modulation is due to electron ± elec-
tron rather than electron ± nuclear interactions (see above).
The Fourier transform of the modulated ESE decay in a
polyoriented system leads to the appearance of a peak at the
singularity frequency

70.4

70.2

0

0.2

0.4

Vn(T )

0 2 4 6 T /ms

70.05

0

0.05

0.10

Fc /ms

1.0 2.0 3.0 f /MHz

a

b

Figure 3. Typical signal oscillations (ESEEM) induced by electron ± nu-

clear interactions (a) and Fourier-transformed frequency spectrum (b) of a

spin label in D2O-containing matrix.

Rom original experimental ESEEM a smooth non-oscillating function

(result of averaging) was subtracted; the resulting Vn(T ) signal is normal-

ised to this function atT=0. Fc denotes the Fourier transform amplitude.
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The separation between spin labels can be determined from the
position of this peak.

The effect of finite pulse duration (theory assumes infinitely
short pulses) can be eliminated using an additional refocussing
pulse.13

Pulsed ELDOR technique also allows study on clusterisa-
tion of spin-labelled molecules. Actually, the pump pulse
excites only a fraction, PB, of the partner spins of a given A
spin. If a cluster comprises N particles and the probability of
simultaneous excitation of more than one B spin is low (i.e.,
PBN55 1), the ESE signal is given by 8

V�T � � �1ÿ PBh1ÿ cos�edT �i�Nÿ1. (6)

It follows that at t? ? the V(T ) value tends to the limiting
value equal to (17PB)N71. This asymptotic value can experi-
mentally be measured with ease and thus one can estimate the
number of particles, N, in the cluster.

The same effect can be attained not only by irradiating B
spins at the other resonance frequency, but also by changing
the magnetic field in a pulsed (jumpwise) manner. This
experimental technique was practically implemented in the
X-band 25 and W-band 26 EPR experiments. The A spins are
excited using the three-pulse stimulated echo sequence. In the
time between the second and third pulses, the magnetic field is
changed in a jumpwise manner and a 1808 pump pulse is
applied. Due to shift of the resonance, this pulse affects only
the B spins. The approach assumes the time delay t between the
first and second pulses to be varied. Here, electron ± nuclear
modulation also appears in addition to modulation through
electron ± electron interactions. The two mechanisms can be
distinguished by separating the overall decay signal into the
decay signal observed in the presence and in the absence of
pump (no pump pulse). These mechanisms are independent of
each other and should therefore contribute multiplicatively to
the observed envelope modulation.

The advantage of the field-step PELDOR over the two-
frequency PELDOR technique consists the possibility of using
a scanning pump 25 owing to an increase in the proportion of
spins PB to be excited, which leads to an increase in the
modulation depth. A drawback of the technique is the effect
of transverse relaxation on the echo decay observed.

Variousmethodological aspects of the PELDOR technique
have been considered in a number of recent studies. Mention
may be made of the problem of correct inclusion of the spin
label structure and binding to a biomolecule in modelling the
structure of the biomolecule from PELDOR data.27 Methodo-
logical aspects concerned with extraction of information from
PELDOR data and optimisation of experimental design have
been considered.28 ± 30 A comparative PELDOR study of
biradicals in two (X and S) EPR bands was carried out.31

Since the electron ± nuclear modulation depends on the partic-
ular microwave band while the electron ± electron modulation
is independent of it, the approach can be employed to deter-
mine the contribution of the electron ± electron modulation. It
was reported 32 that the quality of information extracted from
the PELDOR frequency spectra can be improved using iso-
topic substitution, namely, by replacing (i) 14N atom by 15N
atom and (ii) hydrogen atom by deuterium atom in one radical
of the pair. Here, the 2D version of the four-pulse PELDOR
was proposed as the experimental technique. The potential of
PELDOR studies of biradicals in the high-frequency EPR
band (frequencies higher than 95 GHz) was discussed.33

Orientational selectivity effects due to high spectral resolution
were demonstrated.

3. Miscellaneous methods of investigation
of d ± d-interactions
Complications in PELDOR experiments (need for an addi-
tional source of microwave radiation, a special cavity, etc.)
gave an impetus to the development of miscellaneous exper-
imental techniques for studying d ± d-interactions.

The `2+1' method 34 is similar to the PELDOR technique
except for the fact that all pulses are applied at the same
resonance frequency. The pulse sequence is as follows:

pulse 1 ±T ± pulse (+1) ± (t7T ) ± pulse 2 ± t ± echo.

The echo signal is created by two pulses (pulse 1 and pulse 2);
an additional pulse (it is this pulse that is called +1) is
necessary to achieve alternation of the d ± d-interaction.
Experiments involve variation of the time T at constant t. A
drawback of the `2+1' method is that it is not free from
electron ± nuclear ESEEM. Moreover, the dipole ± dipole
interaction alternates under the action of not only pulse +1,
but also the second pulse. Correct allowance for interference
between these two effects is not always possible. As a result,
information on the d ± d-interaction can be significantly dis-
torted.

Method based on double-quantum coherence. Using an
appropriately designed pulse sequence, it is possible to excite
a double-quantum coherence in the spin level system of a
biradical.35 A commonly used pulse sequence for this experi-
ment includes four pulses. Three of them (p/2 pulses) create a
stimulated echo signal. An additional p pulse is applied at the
midpoint of the time interval between the second and third
pulses. The contribution of the double-quantum coherence is
selected using the pulse phase cycling from one series to
another. Experiments involve variation of the time t; the signal
is modulated at the ed frequency.

In order to avoid the loss of signal during the `dead' time,
an additional refocussing (fifth) pulse is applied. One can also
use the six-pulse sequence, in which the double-quantum
coherence is created by three rather than two pulses.

p/2 ± t/2 ± p ± t/2 ± p/2.

The advantage of this approach consists of the absence of
the interference effects characteristic of the `2+1' method.
However, in this case the electron ± nuclear ESEEM occurs
too.36 The drawbacks of the double-quantum coherence tech-
nique also include the large number of phase change cycles (a
total of sixty-four cycles), which can introduce an additional
error, and high demands to experimental equipment, namely,
the amplitudes of microwave pulses should be higher than the
pulse amplitudes for commercially available spectrometers.
Finally, the phenomenon is characterised by a rather compli-
cated theoretical description and the lack of a clear picture.
Nevertheless, a number of double-quantum coherence studies
of the d ± d-interaction of spin probes are available in the
literature. Methodological aspects of application of the
method have been considered.37 ESEEM suppression techni-
ques were also proposed.38

Amethod based on the solid-state NMR pulse sequences 39 is
based on the known `solid echo' and Jeener ±Broekaert pulse
sequences. The `solid echo' pulse sequence is as follows:

(p/2)x ± t ± (p/2)y ± t ± echo.

Compared to the double-quantum coherence method, here the
experimental design is much simpler (smaller number of phase
change cycles is required). However, theoretical description
remains complicated and no clear representation of the phe-
nomenon is available.
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The aforesaid suggests that at present PELDOR is themost
convenient method of investigation of d ± d-interactions. It
provides a clear picture of the phenomenon and essentially
simplified theoretical description and is almost free from the
ESEEM effects. These advantages were demonstrated in a
comparative double-quantum coherence and PELDOR
study 36 of a doubly spin-labelled protein with a label-to-label
separation of 3.55 nm.

4. Relaxation-induced enhancement of electron ± electron
ESEEM induced by in d ± d-interaction
The drawback of all the methods described above including
PELDOR is low portion of excited spins (at most 10%±15%)
due to a large width of the EPR spectra of nitroxide radicals
compared to the amplitude of microwave pulses; as a conse-
quence, the ESEEM effect is weak. This drawback becomes
particularly pronounced on going to high-field EPR. An
approach 40 based on the use of spin ± lattice (longitudinal)
relaxation in the spin pair makes it possible to overcome these
difficulties. The Larmor frequency of the resonance A spin
coupled with an off-resonance B spin

o�A =oA+mBed ,

where mB is the B spin projection, can be changed by B spin
flips induced by longitudinal relaxation. In this case the
probability for an odd number of the B spin flips to occur
during the time interval T is 0.5[17exp(7T/T1)], where T1 is
the longitudinal relaxation time. With scanning t, the stimu-
lated ESE is modulated at the dipolar frequency ed . The
modulation amplitude increases with the `evolution' period T.
Relaxation-induced dipolar modulation enhancement
(RIDME) was observed experimentally.40 The RIDME
method is free from the drawbacks associated with the low
portion of excited spins, because up to 50%of all off-resonance
spins can be involved in dipolar modulation. Therefore,
RIDME is a quite promisingmethod of high-field ESE studies,
as was shown by, e.g., a 130-GHz (4.4 T) ESE.41

5. ESEEM modulation due to spontaneous intramolecular
motions and nuclear spin relaxation
Modulation phenomena in conventional ESEmethods are due
to coherent dynamic effects caused by simultaneous excitation
of two and more transitions in the EPR spectrum under the
action of microwave pulses. In the case of RIDME, the ESE
modulation is due to spontaneous changes in the magnetic
parameters of radicals under the action of the pulse sequence.
However, spontaneous changes can also be induced by intra-
molecular motions 42 and nuclear spin relaxation in the nearest
environment.43 Such effects are studied using the three-pulse
stimulated echo sequence. It includes scanning the time delay t
between the first and second pulses at the fixed time delay T
between the second and third pulses. The ESEEM is due to a
spontaneous change in the Larmor precession frequency of
electron spin in the course of system evolution between the
pulses during the time T, induced by longitudinal nuclear spin
relaxation in the nearest environment. The longer the time T
the more probable the event. Manifestation of spontaneous
processes in the ESEEM have been considered in a review.44

6. Pulsed high-field/high-frequency EPR
High-field (high-frequency) EPR is observed in magnetic fields
higher than 3 T (frequencies higher than 95 GHz). Continu-
ous-wave high-field/high-frequency EPR has long been used in
studies of spin-labelled systems. The main advantage of the
technique consists of orientation selectivity due to the g-factor
anisotropy, which permits investigation of particular (dif-

ferent) orientations of spin probes and spin labels. Therefore,
research on polyoriented systems provides information identi-
cal to that obtained in studies of oriented single crystals.
Recently, a number of pulsed high-field/high-frequency EPR
studies of the molecular structure and dynamics of spin-
labelled systems have been reported (see, e.g., Refs
26, 33, 41, 45, 46). High-field/high-frequency EPR spectrome-
ters are commercially available.

7. Echo-detected EPR in studies of orientational dynamics
In echo-detected EPR, the echo signal is recorded as the
function of the magnetic field at different times t (2D experi-
ment).21 Different resonance fields correspond to different
orientations of the radical relative to the external magnetic
field direction (see Fig. 1); therefore, the method allows one to
obtain information on the orientational dependence of the
relaxation rate or relaxation anisotropy. The relaxation aniso-
tropy is related to the mechanism and rate of motion.

For convenience, a number of echo-detected EPR spectra
are recorded at different t normalised to the same magnetic
field corresponding to the spectral maximum and then plotted
together as shown in Fig. 4. This allows one to exclude the
magnetic field independent isotropic relaxation governed by
some processes not related to motions and to clarify the
character of the relaxation anisotropy. For instance, Fig. 4
shows that relaxation near the spectral edges (they correspond
to the parallel orientation of the molecule, see Fig. 1) is slower.

Echo-detected EPR of spin probes is sensitive to fast small-
amplitude stochastic motions of the spin probe and spin label
molecules near equilibrium positions. Such orientational
motions are called stochastic librations; they are only charac-
teristic of disordered molecular (including biological) media.
The technique is sensitive to very small motion amplitudes
(down to 0.1 ± 18).47 Note that stochastic motions are different
from dynamic orientational oscillations that are characteristic
of any phase state of matter.

8. Two-dimensional pulsed electron ± electron double
resonance in studies of orientational dynamics
The pulse sequence of 2D pulsed electron ± electron double
resonance 12, 48, 49 is the same as the PELDORpulsed sequence.
The difference is that here the free induction signal appeared
after application of the last pulse is measured. The Fourier
tranform is performed over two times, the time T and the time
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Figure 4. Typical echo-detected spectra recorded at different time inter-

vals t between pulses and normalised to the maximum intensity.

The thin solid line denotes the results of calculations using the model of

fast small-amplitude motions (see text).
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delay after the last pulse in the pulse sequence. The 2D spectra
allow one to differentiate the homogeneous broadening due to
the motion and the inhomogeneous broadening caused by
microscopic ordering, i.e., to obtain information on structural
dynamic heterogeneity of the system. In this case, observation
of the free induction signal requires the use of short-`dead-time'
instruments, e.g., Ku-band EPR spectrometers (17 GHz). Line
narrowing can be attained at elevated temperatures.

9. Pulsed double electron ± nuclear resonance
In addition to ESEEM EPR, electron ± nuclear interactions
can be studied by c.w. electron ± nuclear double resonance
(ENDOR) and by pulsed ENDOR according to Mims and
Davies. A comparative study 50 of the interaction of spin labels
with 31P nuclear spins carried out by different experimental
techniques showed that the most reliable data can be obtained
using the Mims pulsed ENDOR method, which allows small
splittings (to 0.03 MHz; this corresponds to a distance of 1 nm)
to be measured. In studies of spin-labelled lipids in a com-
pletely hydrated membrane these measurements permit deter-
mination of the tilt angles of lipid chains with respect to the
membrane plane.

High-field pulsed ENDOR/EPR studies are also possi-
ble.51 Orientation selectivity allows one to obtainmore detailed
information on the structure of the nearest environment of the
molecule under study. This method was used to study the
geometry of complexes of spin probes with solvent molecules
(e.g., complexes of 5-doxylstearic acid with deuterated alco-
hols).51

10. `Saturation ± recovery' technique in time-resolved EPR
Time-resolved EPR 52 is not a pulsed technique, because the
EPR signal is detected using c.w. microwave field. Considering
relaxation timemeasurements, the `saturation ± recovery' tech-
nique occupies an intermediate position between the pulsed
and c.w. EPR, because it combines pulsed saturation of the
EPR spectrum (usually, the saturation pulse is a few micro-
seconds long) and continuous recording of the EPR signal. The
method was employed to study acceleration of the spin label
relaxation in biosystems induced by the fluctuating magnetic
dipole ± dipole interaction with the neighbouring metal ion.
The results obtained were used for estimating the distance in a
pair spin label ± ion.53 ± 55

The `saturation ± recovery' technique is used for the deter-
mination of local concentrations of molecular oxygen (so-
called oximetry) in biological objects.56 It is based on accel-
eration of spin label relaxation by collisions with molecular
oxygen.

EPR has an advantage over than the ESE spectroscopy-
based techniques, when the ESE (or free induction) signal
cannot be observed due to the problems related to the `dead'
time of the spectrometer and short relaxation times. However,
the technique is not free from drawbacks including a lower
temporal resolution, a complex and ambiguous theoretical
description and lower functionality.

There are some interesting applications of time-resolved
EPR spectroscopy for solving spin chemistry problems. An
example is provided by spin polarisation transfer to the spin
label in the molecule of a model hexapeptide from photo-
excited chromophore located in the same molecule.57 Yet
another example is the effect of spin labels on the formation
of spin polarisation in spin-correlated radical pairs generated
upon photoexcitation of photosynthetic reaction centres in
plants.58 The results obtained may be useful in studies of
electron transfer in these systems. Pulsed EPR spectroscopy
also seems to be useful in this case.

IV. Structural studies of spin-labelled systems

1. Conformations of long-chain biradicals and doubly spin-
labelled biomolecules
Different conformations of a molecule have different length.
Therefore, the conformational structure of biradicals or dou-
bly spin-labelled biomolecules can be determined bymeasuring
the distances between two unpaired electrons in them. Details
of relevant measuring techniques including PELDOR and
some other methods have been reviewed (see, e.g., Refs
8 ± 10). Now we will discuss the state-of-the-art in the field
and recent literature.

Long-chain biradicals can adopt a large number of possible
conformations; therefore, one should consider a distance
distribution function of paramagnetic fragments. If the dis-
tance distribution is expected to be rather narrow, its width can
be directly estimated from the ESEEM decay. In particular, a
magnetic field jump PELDOR study of two long-chain
(*2 nm long) biradicals (a rigid-chain and a flexible one) was
reported.25 The distance distribution width estimated from the
ESEEM decay for the flexible biradical was found to be about
0.3 nm.

Conformations of a biradical containing two nitroxide
fragments separated by a chain comprising from 8 to 20
methylene groups (n=8, ...20) were studied by the PELDOR
method.59, 60 A large scatter of distances between the two
radicals was expected. The data extracted from the frequency
spectra were compared with the results of calculations of (i)
fully stretched trans-conformation (limiting case) and (ii)
conformational statistics at a specified temperature. The
results of distance measurements and conformational statistics
calculations coincided within the limits of experimental error.
At n=10 and r=2.1 nm (average distance), the distribution
function width at half-height was 0.5 nm.

The PELDOR technique permits measurements of spin ±
spin interactions not only in nitroxide biradicals, but also in
biradicals containing a paramagnetic metal ion as the spin
partner.61

Doubly spin-labelled peptides can also be studied in a
similar manner. If the spin labels are separated by a short
distance (<1.5 nm), c.w. EPR spectroscopy is employed.62 If
the label ± label distance exceeds 1.5 nm, pulsed EPR techni-
ques should be used.

PELDOR studies of conformations of a doubly spin-
labelled peptide Trichogin GA IV in organic glasses are avail-
able.63 ± 65 This linear peptide isolated from the fungus Tricho-
derma longibrachiatum is a rich source of aminoisobutyric
(Aib) acid

n-Oct-Aib1-Gly-Leu-Aib4-Gly-Gly-Leu-Aib8-Gly-Ile-Lol

(n-Oct is n-octanoyl and Lol is leucinol). Trichogin GA IV
possesses antibacterial and antifungal properties. Such pepti-
des can create ionic channels in membranes, thus making them
permeable, which may cause cell death. A distinctive feature of
Trichogin GA IV is that its molecule is short. It comprises only
10 amino acids, which is much smaller than the membrane
thickness; therefore, themechanism ofmembrane permeability
is unclear as yet.

The Aib residues are replaced by structurally similar nitro-
xide spin labels (TOAC) in the course of chemical synthesis.66
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For convenience, the peptide terminal groups could be
replaced by other residues. This does not change the mem-
brane-modifying properties of the peptides.67 The peptides
synthesisedwere doubly labelled at positions 1 and 4, 4 and 8 or
1 and 8. The first two types of biradicals can be studied by c.w.
EPR spectroscopy, whereas the third type can only be studied
by pulsed EPR methods due to long spin ± spin separations.

Conformations of doubly spin-labelled peptide were
studied at 77 K in different glass-forming solvents (methanol,
ethanol, trifluoroethanol) and in chloroform ±DMSO mix-
tures with different component ratios.63, 64 PELDOR studies
in all matrices revealed modulation effects at different oscil-
lation frequencies. The distances between the spin labels in
positions 1 and 8 vary from 1.53 (in trifluoroethanol) to
2.18 nm (in ethanol). It was concluded that the peptide adopts
the 310-helical conformation in trifluoroethanol and the
27-helical conformation in other matrices.

Conformation of spin-labelled Trichogin-1,8 in biological
membranes was studied.68, 69 The distance distribution func-
tion in egg L-a-phosphatidylcholine membranes exhibits two
maxima at 1.3 and 1.8 nm.68 The authors suggested that the
peptide conformations represent combinations of the a-helical
conformation, 310-helical conformation and more stretched
conformations. Similar results were obtained for this peptide in
model phospholipid membranes.69

PELDOR studies of doubly-nitroxide-labelled RNA were
reported.70 ± 72 The label ± label distances were found to lie
between 2 and 5 nm. The results of measurements were in
agreement with the results of molecular dynamics calculations.
Based on the results obtained, the conformations of the
biomolecules were determined.

Changes in the conformation of a protein (BtuB) upon
binding to a substrate (TonB) in a membrane have been a
subject of a joint SDSL±PELDOR study.73 The protein binds
and carries vitamin B12 across the outer membrane of Gram-
negative bacteria such as Escherichia coli. The protein was
doubly spin labelled. In the absence of the substrate, the results
of measurements showed a narrow interspin distance distribu-
tion for the number of pairs (number of pairs from r to r+dr).
In the presence of the substrate, the distance distributions
broadened. This indicates a substrate-induced transition of the
protein from the ordered to disordered state.

Singly labelled Na+/H+ regulators, namely, NhaA from
Escherichia coli were studied.74 Residues situated in domains
undergoing pH-dependent structural changes were chosen for
site-directed spin labelling. PELDOR experiments revealed
modulation of the echo signal, which showed that NhaA exists
in the dimeric form. The modulation depth reversibly
decreased with the decrease in the pH value, thus indicating
an increase in the distance in the dimer. Relation between these
results and the mechanism of NhaA activity was considered.

The structure of different-size [2]catenanes was studied by
the PELDORmethod.75 Each of the twomacrocycles was spin
labelled. The molecular conformation distribution and size
were evaluated by comparing the experimental data and
theoretical estimates.

The arrangement of the b-subunits in the holo-enzyme
F0F1-ATP synthase from E. coli was investigated by the
SDSL and PELDOR methods.76 Based on the interspin
distances, parallel orientation of two helices and other struc-
tural features were revealed.

A double-quantum coherence study of model peptide
helices was carried out.77 The intramolecular distances were
determined and the folding of the helices was studied.

The possibility of SDSL and PELDORstudies of the global
structure of nucleic acids was considered.78 Spin labelled
duplexes of DNA dodecamers with known structure were
used as model systems. The distances measured by PELDOR

(2 to 4 nm) were in agreement with those obtained fromNMR
data.

2. Peptide aggregation in molecular glasses and
biomembranes
There are reasons to assume that peptide aggregation in
biomembranes significantly affects their functional properties,
e.g., formation of ionic channels. The sizes of peptide aggre-
gates are on the nanometre scale, which points to the possibility
of using the PELDOR method.

To clarify possible mechanisms of peptide aggregation in
biomembranes, peptides in simpler model systems were
studied. The results of the PELDOR studies of aggregation of
spin-labelled peptide Trichogin GA IV in organic molecular
glasses were considered in detail in reviews.8, 10, 14 No aggrega-
tion was observed in polar media, whereas in glasses of low
polarity the number ofmolecules in aggregates (N ) varied from
3.1 to 4.3 depending on the type of the system. For spin-
labelled Trichogin dimers (two molecules covalently bound in
`head-to-tail' fashion) in a chloroform± toluene mixture, the
number N varies from 2 to 3 and the interspin distance varies
from 3.0 to 4.5 nm.79 As the concentration increases, the
formation of tetramers occurs.80

A PELDOR study of aggregation of spin-labelled zerva-
mycin IIA (fungal hexadecapeptide) in a glassy toluene ±me-
thanol mixture at 77 K revealed the presence of aggregates
with antiparallel orientation of the peptide molecules.81

Aggregation of spin-labelled peptide alamethicin in polar
and non-polar molecular glasses was studied.82 The peptide
molecule contains 20 amino acid residues.

Act-Aib-Pro-Aib-Ala-Aib-Ala-Glu-Aib-Val-Aib-Gly-

-Leu-Aib-Pro-Val-Aib-Glu-Gln-Phol.

The compound possesses the properties of an antibiotic.
Samples spin-labelled at position 16 by replacing the amino-
isobutyric acid residue by the TOAC spin label were studied.
No aggregation was observed in the polar glass, in contrast to
the glass of low polarity (chloroform± toluene mixture). It was
found that the number of molecules in the aggregate is rather
large and varies from 6 to 8.

Aggregation of spin-labelled peptides Trichogin GA IV in
biological membranes was studied.68, 69 At a concentration of
2.2 mol.%, the peptide is uniformly distributed in egg L-a-
phosphatidylcholine membrane.68 The addition of cholesterol
(up to 16.5 mol.%) led to an increase in the local peptide
concentration. No peptide aggregation occurred at low peptide
concentration in model phospholipid membranes (peptide : li-
pid ratio lower than 1 : 100).69 An increase in the peptide
concentration in the model phospholipid membranes to a
peptide : lipid ratio of 1 : 20 caused the formation of dimeric
aggregates with an average interspin distance of nearly 2.5 nm.

Peptide aggregation with an increase in the peptide con-
centration seems to be of fundamental importance for the
appearance of membrane channels. A unique advantage of the
PELDOR technique consists in the possibility of determining
the number and characteristic size of molecules in aggregates.

3. Nanostructure of ionomers
Ionomers are polymers bearing ionic end groups.83, 84 The
ionomer structure comprises ionic clusters a few nanometres
in size. The intercluster distance is of the same order of
magnitude. These parameters of the nanostructure of ionomers
based on a polyisoprene/polystyrene copolymer were esti-
mated in a PELDOR study using ionic spin probes.85 ± 87

The surface of ion clusters is accessible to such probes. The
characteristic interparticle distance in the cluster was about
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2 nm and the characteristic cluster ± cluster distance was nearly
5 nm. The results obtained were considered in more detail in
reviews.10, 13

4. Detection of structural transformations in materials
Themechanism of formation ofmesoporousmaterials (MCM-
41 and SBA-15) from the starting micellar compounds in the
presence of spin probes was studied by the method of ESEEM
through electron ± nuclear interactions.88 ± 91 In different stages
of the reaction the sample was cooled to 77 K and the ESEEM
through the interaction of the spin-probe unpaired electron
with deuterium present in the starting compounds was
recorded. A number of stages of the formation of the materials
were observed and interpreted.

5. Profile of water penetration into biomembranes
The depth of water penetration into a biomembrane is an
important characteristic that governs transport of polar and
charged particles across membranes and the energy character-
istics of protein embedding in them.92 ± 95 The content of water
in the local environment of the spin label was measured using
the ESEEM effect due to hyperfine interaction of the spin-label
unpaired electron with deuterium nuclei in the molecules of
heavy water used for hydration of membranes.96 ± 99 The use of
heavy water is due to the fact that, first, the amplitude of
deuterium modulation much exceeds that of proton modula-
tion. Second, this allows the contribution of the protons of
biomolecules to the ESEEM effect to be separated. Using the
SDSL technique, one can determine the local concentration of
water in the nearest environment of the spin label by the
ESEEM method. The estimated spatial resolution of the
method was about 0.5 nm.

Studies were carried out using either lipids spin-labelled at
different positions of the aliphatic chain in DL-a-dipalmitoyl
phosphatidylcholine (DPPC) model phospholipid mem-
branes 96, 99 or spin probes based on p-doxylstearic acid
(n=5, 7, 12, 16) in multilayered egg phosphatidylcholine
liposomes.97, 98 The experimental techniques employed were
two-pulse echo 96 ± 98 and stimulated echo,99 the latter being
much more accurate.

The experimental temporal oscillations of stimulated
ESEEM signals and the corresponding cosine-Fourier-trans-
formed spectra are similar to those shown in Fig. 3. The

spectrum exhibits a narrow line and a broad background
component (see Fig. 3 b). According to theoretical analysis,99

the narrow line is due to the interaction with free water,
whereas the broad component arises from the interaction
with bound water that forms a complex with the nitroxide
radical. For samples labelled at different positions of the lipid
chain, the amplitudes (spectral density) of the deuterium line
are appreciably different. In Fig. 5 this amplitude is plotted vs.
label position (amplitudes of the narrow line and broad
component appeared to be in proportion to each other). As
the label `moves' intomembrane's interior, the amplitude (and,
hence, water concentration) decreases. In the presence of
cholesterol, the concentration of water near the membrane
surface is higher and decreases much more abruptly on `mov-
ing' into the membrane interior. The drop occurs near the C(8)
atom in the lipid chain. The smooth decrease in the absence of
cholesterol can be explained by `entanglement' of lipid chains
(cholesterol favours ordering of lipid molecules).

The results mentioned above were also considered in a
review.100

6. Localisation of peptides and other biomolecules in
membranes
A series of spin probes, namely, p-doxylstearic acid (n=5, 7,
10, 12, 16) in DPPC and dihexadecyl prosphate (DHP) vesicles
were studied by the ESEEM method.101 The ESEEM effect
was induced by the interaction between the unpaired electron
in the doxyl group and 31P nuclei of the polar heads of the lipid
vesicles. Based on the results obtained, one can draw conclu-
sions about localisation of the spin probe relative to the
membrane surface. It was found that the spin probe penetrates
about 0.5 nm into the DHP vesicles.

At present, considerable attention is given to studies of the
supramolecular structure of membrane ± peptide systems. A
`classical' object of such studies is peptide Trichogin GA IV.
The peptide helix is 1.6 nm long, which is about half the
membrane thickness. Most studies were carried out using
fluorescent labels.102 ± 104 However, this technique has a sig-
nificant drawback, namely, the labels are too bulky and can be
displaced towards the membrane surface along with the pep-
tide.103 Therefore, it is interesting to perform corresponding
spin label studies because spin labels are much more compact.

The localisation and orientation of peptide Trichogin
GA IV in a phospholipid membrane were studied 67 using the
effect of polarity on the parameters ofHFI in c.w. EPR spectra.
However, molecular motions also contribute to these interac-
tions, thus introducing errors in experimental data. The
methods based on ESEEM are free from this drawback.

The ESEEM profile of water concentration in a model
phospholipid membrane99 was used for the determination of
localisation of spin-labelled peptide Trichogin GA IV in this
membrane.105 Three peptide analogues spin-labelled at differ-
ent positions (1, 4 and 8) were studied.

Fmoc-TOAC-Gly-Leu-Aib4-Gly-Gly-Leu-

-Aib8-Gly-Ile-Leu-OMe,

Fmoc-Aib1-Gly-Leu-TOAC-Gly-Gly-Leu-

-Aib8-Gly-Ile-Leu-OMe,

Fmoc-Aib1-Gly-Leu-Aib4-Gly-Gly-Leu-

-TOAC-Gly-Ile-Leu-OMe.

Figure 6 presents the ESEEM spectra of the three samples.
The peak amplitudes obtained should be compared with the
amplitudes obtained for the spin labels in lipids measured
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under identical conditions (see Fig. 5, data in the absence of
cholesterol). A comparison shows that the amplitudes for
positions 1 and 8 (4.2 and 3.3 arbitrary units, see Fig. 6) are
similar to those for the spin label positions in the lipids that are
closer to themembrane surface than position 10 with respect to
the polar head, i.e., positions 1 and 8 of the spin labels in the
peptide molecule are closer to the membrane surface than the
spin label in position 10 in the lipid. At the same time, a
comparison of the two types of data showed that position 4 in
the peptide molecule is similar to position 10 in the lipid
molecule. This suggests that the peptide molecule is oriented
parallel to the membrane surface.

This situation is observed at small peptide : lipid concen-
tration ratios (lower than 1 : 100). As this ratio increases to
1 : 20, the sutiation changes significantly (Fig. 7), namely, the
peak amplitude for the spin-labelled position 1 appreciably
decreases. Thus, as the peptide concentration increases, the
peptide N-terminus moves deeper into the membrane interior
and now the orientation of the whole molecule is similar to
transmembrane one. As mentioned above, this is accompanied

by peptide aggregation into dimers with a broad interspin
distance distribution.

Probably, it is these changes in the supramolecular struc-
ture of a membrane with embedded peptides that are respon-
sible for the membrane permeability. Probably, the formation
of the transmembrane dimer can lead to formation of a channel
in the membrane.

A similar approach was employed in a study 106 of local-
isation of two peptides antibiotics, a natural peptide melittin
(26-mer) and a synthetic peptide (15-mer) using model mem-
branes. The spin label was attached to the N-termini of the
peptides (here, peptides were labelled only in one position 105).
Either D2O-hydrated membranes or H2O-hydrated mem-
branes containing deuterium-substituted lipids were used. A
comparison of the deuterium ESEEM peaks with the peaks of
the lipids spin-labelled at different positions showed that the
peptideN-terminus is on the membrane surface. An increase in
the concentration of non-labelled peptides caused a noticeable
water penetration into themembrane, whichwas detected from
the increase in the deuterium peaks for the labelled lipids. This
suggests that membrane permeability is governed by the
peptide concentration.

7. Structural studies of spin-labelled photosynthetic reaction
centres
The SDSL and pulsed EPR studies of the supramolecular
structure of photosynthetic reaction centres of plants and
bacteria began quite recently. In a PELDOR study,107 the
MTSL spin label was attached to a cysteine residue at position
156 of protein H in the reaction centre of the bacteria
Rhodobacter sphaeroides R26. The distance between the spin
label and the primary quinone electron acceptor QA was found
to be 3.05� 0.05 nm. The results of measurements were
compared with the results of molecular dynamics calculations.
It was concluded that the accuracy of measurements is suffi-
cient for detection of structural changes that can be expected
upon transfer of an electron.

V. Studies of the dynamics of spin-labelled systems

1. Rotation of methyl groups in nitroxide radicals
The paramagnetic fragment NO in the nitroxide radicals is
most often shielded by four methyl groups. Generally, rotation
of methyl groups has little effect on the EPR spectral shape;
however, in some cases this influence can be significant.
Therefore, proper use of EPR spectroscopy in the method of
spin labels and probes requires information on the parameters
of this motion. Studies of nitroxide radicals aimed at determin-
ing the rotational correlation times and the amplitudes of
accompanying HFC fluctuations in a wide temperature range
have been reported only very recently. Theywere carried out by
the ESEEMmethod (see above); here the ESEEM effect is due
to spontaneous changes in the magnetic parameters of radicals
induced by the three-pulse stimulated ESE sequence.42 ± 44

The Fourier transformed stimulated ESE spectra of some
nitroxide radicals in glassy toluene, ethanol and water ± glyc-
erol (1 : 1) mixture at 77 and 90 K revealed 42 the appearance of
intense peaks in a broad frequency range from 0 to 15 MHz.
The peak at 15 MHz, which is due to the interaction with the
matrix protons, showed no temperature dependence, whereas
the peaks at lower frequencies became much more intense with
an increase in T . The effect was attributed to rotation of
methyl groups. The Fremy salt nitroxide radical contains no
methyl groups; a reference experiment with this compound
showed no effect.

A study 43 of nitroxide radicals in o-terphenyl and glycerol
in the temperature range 120 ± 260K also revealed intense
peaks that became more intense with increasing T. This effect
was attributed to relaxation of methyl protons. The nuclear
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relaxation rate was determined from the kinetics of peak
growth. The rotational correlation time of methyl groups was
determined from the relaxation rate using the Redfield
theory.20 The Arrhenius parameters of this rotation are as
follows: the energy barrier lies in the range 1300 ± 1500 K and
the pre-exponent is about 1012 s71.

2. Fast small-amplitude orientation mobility of spin probes in
molecular glasses
Spectral transformations with an increase in t (see Fig. 4)
correspond to the model of small-amplitude stochastic libra-
tions. In this case, the relaxation anisotropy is determined
using expression (4). The results of these calculations and the
experimental data are in excellent agreement.22 The whole set
of the spectra recorded at different t was calculated using only
one fitting parameter, namely, the product ha2itc , which is
proportional to the relaxation rate hDo2itc .

The c.w. EPR spectra are also consistent with the model of
fast small-amplitude motions.108 Note that c.w. EPR experi-
ments with glassy liquids and other disordered systems are
often treated in terms of such motion models as continuous
Brownian diffusion in the angular space or discrete rotation by
an arbitrary or fixed angle (accounting or ignoring the motion
anisotropy).109 These models assume an infinite molecular
motion in the angular space. However, there are data that
contradict the infinite character of motion. For instance, if
polarised light `burns out' a particular orientation of photo-
sensitive molecules, one can monitor how the spectral `hole'
broadens with time.110 These experiments permit immediate
measurements of the rate of the infinite angular motion. It was
found that the rate determined is many orders of magnitude
lower than the rate determined by analysing the EPR spectra of
spin probes of similar size. Therefore, the models of infinite
motions are inappropriate for the description of the motion in
highly viscous media and molecular glasses, often despite good
agreement between theory and experiment.109

The behaviour of the echo-detected EPR spectra with an
increase in t (see Fig. 4) is typical of spin labels and spin probes
in disordered media including biosystems. Moreover, it is also
characteristic of other types of paramagnetic species that
exhibit anisotropic EPR spectra, namely, metal complexes,111

semiquinone radicals in high-field EPR112 and molecules in
triplet excited states.113 Thus, it becomes clear that here we deal
with some universal basic regularities of the molecular dynam-
ics in such systems. Unusual character of the molecular
dynamics in disorderedmedia has long been reported in studies
carried out by various physical methods, namely, light scatter-
ing,114 single-molecule spectroscopy,115 dielectric relaxa-
tion,116 neutron scattering,117 MoÈ ssbauer absorption,118 etc.
Despite numerous experimental data, the nature of the phe-
nomena is still to be clarified.

Interesting information on the properties of this motion
can be obtained using echo-detected EPR spectroscopy. Obser-
vation of anisotropic relaxation in echo-detected EPR spectro-
scopy indicates that orientational motion of the whole
molecule occurs in the system. A study of the dynamics of
spin probes of different structure and in different glassy
solvents 119 allowed one to establish with certainty that the
motion depends on the nature of the solvent rather than the
type of the spin probe. Probes used in these studies were 0.3 to
5 nm in size; therefore, it is clear that it is co-operative
molecular dynamics, i.e., the motion occurs by collective
rearrangements in the molecular structure, being supramolec-
ular in character. The size of the molecular cluster is a few
nanometres. In the case of simple low-molecular-mass glasses
the motion is also supramolecular in character.

The principal value of the HFC tensor hAZZi averaged by
fast motions can be determined with ease from c.w. EPR
spectra (see Fig. 1). Typical results obtained for molecular

glasses are shown in Fig. 8 a. The temperature dependence of
hAZZi is linear at low temperatures and becomes much steeper
above a certain temperature. Using these data and relation (5),
it is possible to obtain the temperature dependence of ha2i
(Fig. 8 b).

3. Dynamic low-temperature transition in disordered media
Neutron scattering 117, 120 and MoÈ ssbauer absorption 118 stud-
ies of atomic vibrations in molecular disordered (including
biological) media (in the latter case the substance under study
contains 57Fe ions) revealed a clearly defined transition from
harmonic to anharmonic motion on raising the temperature.
The effect manifests itself as transition from the linear temper-
ature dependence of the root-mean-square atomic displace-
ment hx2i (this is characteristic of harmonic motion) to a
steeper dependence with an increase in temperature. The
transition is only characteristic of the disordered media.
A feature of the crystalline state is a linear temperature
dependence in the whole temperature range. This transition is
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called the dynamic transition; the transition temperature is
denoted by Td (Fig. 8 c).

Biosystems have the Td temperatures lying in the range
200 ± 230 K.120 The physiological activity of biosystems man-
ifests itself only above Td . At present, the nature of this
transition and its importance for biosystems have been subjects
of intensive studies. Interestingly, these Td values are similar to
the minimum air temperatures on the Earth.

Valuable information on the molecular dynamics can be
obtained by echo-detected EPR spectroscopy of spin labels and
spin probes. Noteworthy is an analogy between the EPR data
and the neutron scattering data shown in Figs 8 b and 8 c,
respectively. Neutron scattering is sensitive to motions at
frequencies higher than 109 s71 (MoÈ ssbauer absorption is
sensitive to motions at frequencies higher than 107 s71).
These frequencies are of the same order of magnitude as that
required for librational narrowing of EPR spectra (108 s71).
The characteristic motion amplitudes hx2i (see Refs 117, 118
and 120) are also similar in magnitude to the ha2i values shown
in Fig. 8 b (numerical values of ha2i expressed in squared
radians and of hx2i expressed in squared AÊ ngstroÈ ms can be
compared with allowance for the fact that the characteristic
size of the molecule is *1�A). These quantitative relations
suggest that different methods deal with the same type of
motion.

The applicability of c.w. EPR for measuring ha2i is limited
to non-polar media. In polar media, the measuredAZZ value is
additionally affected by the change in the matrix polarity,
which may introduce rather large errors. In the case of echo-
detected EPR, information on the motion is extracted from the
rate of anisotropic relaxation, which is not affected by the
polarity of the matrix.

A typical temperature dependence of the characteristic
changes in the echo-detected EPR spectra in molecular glasses
is shown in Fig. 9. These changes can be characterised by the
relative intensity at the centre of the high-field component. At
low temperatures, no changes occur, but raising the temper-
ature causes a marked decrease in the intensity, which may be
assigned to the dynamic transition.

The Td values determined for molecular glasses (glycerol
and o-terphenyl) are 195 and 245 K, respectively.121, 122 It was
found that these temperatures coincide with the Td values
determined for these glasses from neutron scattering
data.117, 123

Thus, echo-detected EPR is a sensitive tool for determi-
nation of the temperature of the dynamic transition from
harmonic to anharmonic (or stochastic) motion. Other impor-
tant advantages of this technique are the relative, compared to
neutron scattering and MoÈ ssbauer abrosption, accessibility of
measurements and the possibility of SDSL studies of different
fragments in complex supramolecular systems.

A rather steep decrease in the temperature dependence
shown in Fig. 9 prompt that the potential of this motion seems
to be temperature dependent and changes its shape above a
certain temperature. Different versions are possible, namely,
the potential can be essentially anharmonic or it may become a
stochastic function of time.

Since the potential is determined by the structure of matter,
we can say that the so-called mean order in this structure
(correlations in the arrangement of atoms andmolecules on the
nanometre scale) changes above Td.

4. Dynamic low-temperature transition in spin-labelledmodel
biomembranes
Echo-detected EPR spectroscopy studies of the dynamics of
DPPC lipids spin-labelled at different positions of the lipid
chain in model phospholipid membranes with high content of
cholesterol (50 mol.%) revealed 124 a dynamic transition, com-
mon to all positions, with Td lying in the range 200 ± 230 K.
This is in agreement with the results obtained in a neutron
scattering study.93 A new phenomenon was disclosed in
comparing the data for different positions in the spin label,
namely, in the membrane interior the dynamic transition spans
a wide temperature range and begins at 100 ± 120 K.

A dynamics study of cholestane spin probe (this compound
is structurally similar to cholesterol, an important membrane
component)125 also showed low-temperature motions in the
membrane interior.

Different-type dynamics at different distances from the
membrane surface and low-temperature motions may appear
to be important for understanding the mechanisms of mem-
brane functioning. These data may also be of interest for the
development of fundamental concepts of possible mechanisms
of biological tissue cryoconservation.

5. Dynamic low-temperature transition in spin-labelled
complex biosystems and its interrelation with functional
activity
Seed and pollen cells are interesting subjects for studies using
the method of spin labels and probes. They show a remarkable
ability to be stored for years without loss of vital activity. A
possible explanation for this ability involves intracell glass
formation. An echo-detected EPR study of spin probes intro-
duced into the seed and pollen cells revealed a marked
anisotropic relaxation at T>200 K, which itself indicates
glass formation.126 These effects depend strongly on the water
content in the samples. These studies are important for under-
standing the processes that govern the storage period of seeds
and other biological objects.

Echo-detected EPR was also used to study SDSL reaction
centres isolated from the photosynthetic centre of purple
bacteria.127 These objects are often used in studies of funda-
mental processes in photosynthesis. Cysteine residues in these
centres were labelled with the MTSL spin label. A clearly
defined dynamic transition was detected near 200 K. At this
temperature, transfer of a photo-induced electron along the
electron acceptor chain is blocked,128 ± 130 namely, electron
back transfer occurs followed by recombination with the
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`hole' (radical cation of bacteriochlorophyll dimer) instead of
direct electron transfer from the primary quinone acceptor to
the secondary one. The nature of the reversal of electron
transfer direction is still to be clarified. Moreover, no correla-
tions between this effect and the properties of complex supra-
molecular structure of the reaction centre were reported so far.
The results of echo-detected EPR studies indicate the correla-
tion of this effect with the dynamic transition near 200 K in the
system.

6. Dynamic structure of vesicular membranes
The motion of cholestane spin probes in multilayered phos-
pholipid vesicles in the presence of cholesterol was studied by
the 2D PELDOR method.49 At present, it is accepted that a
liquid ordered phase appears in cholesterol-containing mem-
branes in addition to conventional liquid-crystalline phase
(which also exists in the absence of cholesterol). The ordered
domains are called rafts. The two phases are in equilibrium;
their investigations are of considerable interest from the stand-
point of research on the membrane operation mechanisms.
Visual studies of 2D spectra did allow one to distinguish two
phases differing in the rotational diffusion rate and degree of
molecular ordering (these parameters were higher in the
ordered domains).

VI. Conclusion

The use of pulsed EPR in the method of spin labels and probes
have been started quite recently. Spectroscopic methods
appeared to be useful in conformational and aggregation
studies of large biomolecules, nanostructure of matter, supra-
molecular structure of multicomponent systems and co-oper-
ative orientational dynamics of molecules. In some cases they
show a record resolution compared to other physicochemical
methods of investigation. For instance, the PELDOR techni-
que is highly sensitive to distance measurements in the nano-
metre range and provides a 0.1-nm accuracy of measurements
at distances of about 3 nm. Echo-detected EPR spectroscopy is
a sensitive tool of investigation of small-amplitude stochastic
orientational motions (down to amplitudes of 0.1 ± 18). Using
this method, the temperature of dynamic transition from
harmonic to anharmonic (or stochastic) motion in disordered
molecular media and biosystems can be determined with ease.
More andmore data reported in the literature indicate that this
transition is a crucially important characteristic of living
systems.

Pulsed EPR techniques are continuously developed and
improved. It is of great importance that the vast majority of the
results discussed above were (or could be) obtained using
commercially available spectrometers.
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(Integration Project No. 51).
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Abstract. The experimental and theoretical data concerning theThe experimental and theoretical data concerning the
formation of open fulleroid structures (homofullerenes) uponformation of open fulleroid structures (homofullerenes) upon
chemical modifications of the fullerene spheroid are general-chemical modifications of the fullerene spheroid are general-
ised. The bibliography includes 88 referencesised. The bibliography includes 88 references..

I. Introduction

Cycloaddition is one of the best studied types of reactions in
organic chemistry of fullerenes. The results of detailed studies
of cycloaddition reactions involving fullerenes such as the
Diels ±Alder, 1,3-dipolar, [2+1] and others have been
described in numerous publications. In the vast majority of
cases, these reactions afford addition products at the fullerene
C=C double bond, the so-called [6,6]-closed adducts. As
expected for the normal cycloaddition, a p-bond is cleaved
and all s-bonds are maintained in these products. Meanwhile,
many examples of the formation of [5,6]-open and [6,6]-open
fulleroid structures in parallel, or in addition, to the expected
[6,6]-closed adducts are presently available, which implies that
it is s-bonds between the carbon atoms of the fullerene sphere
that are cleaved. In some particular cases, open fulleroids can
spontaneously isomerise into closed fullerenes and vice versa.
Various types of the cycloaddition reactions yield fulleroids,
and the reasons for the formation of these unexpected struc-
tures among reaction products have not yet been completely
established. Several authors speculated upon possible reasons
for the formation of open adducts, whereas other authors
merely described the experimental data obtained. Despite the
fact that the formation of open fulleroid structures is undoubt-
edly of theoretical interest, no systematic review on this topic
has been published so far.

II. Reactions of diazo compounds with fullerene

Carbenes are known to readily add to the double bonds C=C
to yield cyclopropanes. Diazo compounds are widely used as
synthetic precursors of carbenes. However, the thermally
induced addition of diazo compounds toC60 fullerene proceeds
in a more complex way than the addition of singlet carbenes
generated by other methods and affords mixtures of [6,6]-
closed (fullerene) and [5,6]-open (fulleroid) isomeric cyclo-
adducts. This is due to two possible mechanisms of the cyclo-
propane fragment formation in the thermally induced
reactions of C60 with diazo compounds: the thermal decom-
position of a diazo compound to a carbene followed by its
synchronous addition to the [6,6] bond of fullerene giving rise
to closed products and the 1,3-dipolar cycloaddition to ful-
lerene followed by the extrusion of nitrogen from the pyrazo-
line intermediate, which can yield both isomers (Scheme 1).1

However, thermolysis of 2-diazo-4,5-dicyanoimidazole,
which can afford two electrophilic intermediates, viz., car-
bene-type and zwitter-ionic species stabilised by two electron-
withdrawing substituents in the heterocyclic ring in the pre-
sence of C60 does not yield isomeric fullerene and fulleroid
spiromethanofullerenes (1 and 2, respectively),

but rather an adduct 3.2 In our opinion, the radical 1,4-
addition is a probable mechanism, since it is quite common in
fullerene chemistry,3 whereas no nucleophilic 1,4-addition to
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C60 has been described so far in the literature. Furthermore, the
conversion of 2-diazo-4,5-dicyanoimidazole into a radical is by
far more probable than into an anion, which requires the
presence of a reducing agent (Scheme 2).

The thermal attachment of dimethyl diazomethylphosph-
onate N2CHP(O)(OMe)2 to C60 (110 8C, toluene) also yields a
mixture of isomeric fullerene and fulleroid cycloadducts in a
3 : 1 ratio.4

Pellicciari et al.5 reported the first addition of carbenoids to
C60 catalysed by transitionmetals. In particular, the reaction of
C60 with alkoxycarbonylcarbenoids generated from diethyl
diazomalonate with Rh2(OAc)4 as a catalyst provides higher
product yields and selectivity as compared to ordinary thermal
reactions (Scheme 3, Table 1).

Unstable diazo compounds can be generated in situ from
stable hydrazones and their derivatives using oxidation of
hydrazones, e.g., with MnO2.6,7 It was suggested 8, 9 that the
reaction proceeds through the initial 1,3-dipolar cycloaddition
of the diazo compound to C60 followed by the extrusion of a
nitrogen molecule from the pyrazoline intermediate formed.
As a result, a mixture of [6,6]-closed (fullerene) and [5,6]-open
(fulleroid) derivatives is obtained. This method was success-
fully used to introduce methylene bridges containing benzo-
crown ether fragments 6 or 3,5-bis[(dimethylamino)methyl]-
phenyl (dmmph) group 7 aimed at studying the complexation
properties of new fullerene derivatives. It is of note that the
formation of only one of two possible [5,6]-open stereoisomers
(8 and 9) in addition to [6,6]-closed adduct 7 is feasible for
specific asymmetric methanofullerenes, according to calcula-
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tions. In particular, isomers 8e,f are feasible, whereas isomers
9e,f are not.6

For all other non-symmetrical methanofullerenes, both [5,6]-
open isomers have been isolated. No rationale for this expe-
rimental fact has been given.6

Initially, the reaction of fullerene with diazo compounds
bearing a dmmph group was found 7 to yield a mixture of [5,6]-
open fulleroids and [6,6]-closed methanofullerene in a 9 : 1
ratio.

In addition to the aforementioned oxidation of unsubsti-
tuted hydrazones, thermolysis of N-tosylhydrazone anions 10
can be employed for the generation of diazo com-
pounds.8, 10 ± 16 Their addition also yields a mixture of [6,6]-
closed and [5,6]-open isomeric cycloadducts (compounds 11
and 12, respectively). Conditions of the thermolysis of the
corresponding N-tosylhydrazone lithium salts in boiling tol-
uene could be tuned so as to enable the preferred formation of
fulleroid derivatives. This was accomplished by shortening the
reaction time, which favours the formation of a kinetically
controlled product.

R1=R2=R3=H (a); R1=R2=CO2Et, R3=H (b);

R1=R3=CO2Me, R2=H (c); R1=R3=CO2Et, R2=H (d).

Themaximum yield of 67% and themaximum isomer ratio
of [5,6]-open to [6,6]-closed (13.3 : 1) were achieved for com-
pound 10c and a reaction time of 25 min. With an increase in
the reaction time to 90 min, the yield of monoadducts drops
down to 23% and the isomer ratio, to 1.7 : 1. Most probably,
such a change in the product ratio is due to the progressive
accumulation of the product of thermal rearrangement of the
initially formed [5,6]-open isomer into the [6,6]-closed isomer.

In contrast, the reaction of C60 with 4-[bis(40-tert-butylbi-
phenyl-4-yl]benzaldehydeN-tosylhydrazone in o-dichloroben-
zene in the presence of sodium methoxide even at a relatively
low temperature (40 8C) yields selectively the thermodynami-
cally more stable [6,6]-closed isomer.17

The reaction of fullerene C60 with 2,2,6,6-tetramethyl-4-
oxopiperidine-1-oxyl N-tosylhydrazone affords only the open
isomer in a*25% yield.10

The kinetically controlled products, viz., [5,6]-fulleroids,
were obtained in the reaction of fullerene with a diazo
compound bearing a tetrathiafulvalene substituent 13 and a
diazo compound generated in situ from 4-benzoylbutyric acid
N-tosylhydrazone.18

An unusual method for the carbene generation has been
found in the reaction of C60 with DL-valine and 4,4,5,5-
tetramethylimidazoline-2-thione.19 This reaction yields the
respective spiro-fused fulleroid (Scheme 4).

As has been noted above, the reactions of C60 with carbenes
afford [6,6]-closed methanofullerenes, whereas those with
diazo compounds yield fulleroids (i.e., [5,6]-open isomers).
This allows fullerenes to be used as specific probes to distin-
guish carbenes and diazo compounds. The nature of the
adducts formed provides information on the reaction mecha-
nism.20

However, it has to be noted that the thermal reaction of C60

with a dibromo derivative 13, which involves a carbene
intermediate, yields a symmetrical fullerene adduct 14, dimers
formed upon the reaction of two molecules of the carbene
intermediate and an isomeric non-symmetrical adduct 15
comprising fullerene and fulleroid fragments in one mole-
cule.21 It was shown that the fulleroid 15 was the major
reaction product (its yield varies from 5% to 10%), but no
explicit ratio between the adducts 14 and 15 was given.
According to calculations,21 the isomer 15 is more stable than
14 (Scheme 5).

R2

R1

R1 R2 R2 R1

7a ± g 8a ± g 9a ± d,g

R1 = : R2 = H (a), Me (b), Ph (c), R1 (d);

R1 = : R2 = H (e), Me (f), Ph (g).
OMe

OMe

O

O
O

O
O

*
*

N

LiN

Ts R1

H

R3

R2

C60

R1

H

R2

R3
+

+

10a ± d 11a ± d

12a ± d

R3

R2

H

R1

N
Me
Me Me

Me

N

O

HN

Ts

NaOMe, D

N

N2

O

Me

Me Me

Me

C60

O

N
Me

Me Me
Me

Table 1. Conditions, yields and product ratios for the reaction of C60 with diethyl diazomalonate.

Catalyst R Solvent T /8C Reaction time /h Yield (%) Ratio of isomers

4 5 6

7 H toluene 110 7 35 1 4 2

Rh2(OAc)4 H toluene 20 20 21 14 1 1

Rh2(OAc)4 H 1-methylnaphthalene 20 8 42 52 1 7
7 CO2Et toluene 110 20 10 not determined

Rh2(OAc)4 CO2Et 1-methylnaphthalene 80 32 9 1 7 7
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Scheme 4

As has been shown by different groups,6 ± 8, 13, 18 [5,6]-open
fulleroids synthesised in this way undergo a thermal rearrange-
ment into thermodynamically more stable [6,6]-closed isomers.
A number of [5,6]-open fulleroids bearing substituents stabili-
sing radical species in the methylene bridge was proven to
rearrange into [6,6]-closed fullerenes both in the zero-order (in
terms of kinetics) photochemical process and in the high-
energy unimolecular route, which involves the disrotatory
ring closure into a [5,6]-closed fullerene followed by its rear-
rangment into the [6,6]-closed isomer via biradical intermedi-
ates. 22 Generally, this process is depicted in Scheme 6
(omitting substituents in the bridge). The energy parameters
of various isomers of methanofullerenes and fulleroids calcu-
lated by the MNDO method are reported.23

It has to be stressed that unsubstituted [5,6]-methanofulle-
roid is not thermally converted into methanofullerene.24 This
agrees with the radical mechanism of the rearrangement
suggested above, since the formation of a biradical intermedi-
ate becomes thermodynamically unfavourable due to the
absence of radical-stabilising substituents in the bridge.

The rearrangement of fulleroid 16 into methanofullerene
17 occurs in o-dichlorobenzene (o-DCB) at 153 8C, but all
attempts to perform it in an NMR tube carefully protected

Scheme 6

from light failed and the starting fulleroid 16 remained
quantitatively intact.25

Thus, this rearrangement requires illumination. Indeed,
compound 16 is converted into methanofullerene 17 quantita-
tively upon illumination of its solution with filtered light
(l>500 nm, 200 W) for 16 h. Oxygen inhibits the reaction,
which supports the suggested biradical mechanism of the
isomerisation.

Prato et al. 23 also described experiments on the thermal
rearrangement of fulleroids into methanofullerenes and pre-
sented calculations demonstrating higher thermodynamic
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stability of methanofullerenes. It is of note that the reaction of
fullerene with 1-(p-methoxyphenyl)diazoethane affords a mix-
ture of [6,6]-closed (18a) and two [5,6]-open (18b,c) isomers in a
4 : 2 : 1 ratio, whereas the reactionwith p-methoxyphenyldiazo-
methane yields only two isomers, viz., [6,6]-closed (19a) and
one [5,6]-open (19b) adducts.

According to calculations for a series of model systems
containing fused six- and five-membered rings similar to those
in the fullerene molecule (using MMPI, RHF/AM1 and
UHF/AM1 methods with the geometry optimisation),9 [5,6]-
open isomers can become more stable than their [6,6]-closed
counterparts with an increase in the degree of convexity.

The known instability of aliphatic diazo compoundsmakes
the control over the process of their addition to C60 very
difficult, the more so that the reaction occurs in extremely
low yields. Zhu et al. 26 generated diazo compounds in situ from
a stable precursor, compound 20, which allowed them to
overcome this problem.

Since the addition ofKOH to the nitroso compound results
in the immediate nitrogen evolution and pyrazoline interme-
diates have never been observed among the reaction products,
it was suggested that the reaction follows the carbene mecha-
nism.

In this case, the [5,6]-open isomer 21 proves thermody-
namically more stable. It is formed upon rearrangement of
initially formed [6,6]-closed cycloadduct 22 (according to the
data from NMR spectra), which was rationalised by the effect

of a bulky aliphatic substituent in the bridge. On the one hand,
the sp2 carbon atoms i and ii of the fullerene cage in the open
adduct are characterised by localised double bonds, which
should induce strains in the cyclic structure, according to the
Bredt rule. In the closed adduct, these carbon atoms are sp3-
hybridised and thus the total structural strain is substantially
lower. On the other hand, the closed adduct contains a strained
cyclopropane fragment, the strain in which is proportional to
the steric bulk of the substituent in the methylene bridge. The
distance between the carbon atoms i and ii is larger in the open
adduct than in the closed one and thus the strain in the attached
molecular fragment is lower. The relative stability of the two
isomers, open and closed, is exactly determined by the inter-
play of these two factors. In the present case, the [5,6]-open
adduct is more stable. Zhu et al. 26 stressed that the adduct
isomerisation is strongly affected by solvents. They concluded
that temperature, solvent and the nature of substituents are the
three key factors governing the formation of a specific isomer.
This conclusion on the reasons for a higher stability of open
adducts with bulky substituents in the bridge agrees with the
aforementioned experimental data 21 on higher stability of the
open isomer with the fullerene molecule serving as the bulky
substituent. This explanation, however, contradicts the results
of other authors,27 who showed that methanofullerenes
bearing substituents of a comparable size [viz., C(R)CH2.
.C(O)OCH2CMe2CH2OH, R=H, Et, Ph] do not rearrange
into open fulleroids even upon heating to 200 8C.

Eiermann et al. 28 reported the electrochemical isome-
risation of a [5,6]-open fullerene synthesised by the addition
of (p-methoxycarbonylphenyl)diazomethane to C60 into the
respective [6,6]-closed methanofullerene. In this case, the gene-
ration of a radical anion 23 favours the isomerisation. The
tentative mechanism is shown in Scheme 7.

Scheme 7

Ar=4-MeO2CC6H4.

As has been mentioned above, there are two possible
mechanisms of the cyclopropanation upon thermal reactions
of C60 with diazo compounds.1, 9 Wallenborn et al. 29 theore-
tically studied the possibility of the formation of methanoful-
lerenes with the thermal extrusion of N2 from the pyrazoline
intermediate. According to ab initio calculations (using the
B3LYP/6-31G* method) on benzene and pyracene as mimics
for the fullerene core, the extrusion of a nitrogen molecule
proceeds as a synchronous process with an energy barrier of
15 ± 20 kcal mol71. The energy of biradical transition states
corresponding to potential stepwise mechanism of the reaction
is much higher, which makes this mechanism hardly probable.
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III. Reactions of azides with fullerene

Aza analogues of carbenes, i.e., nitrenes, which can be gene-
rated in situ by the thermal decomposition of azides behave
similarly in cycloaddition reactions, resulting in [6,6]-closed
fulleroaziridines. However, it was found 30 that the reaction of
fullerene with azidoformates 24 yields closed adducts 25
together with an appreciable amount of [5,6]-open isomers 26
(the reactions were accomplished under drastic conditions
where azidoformates undergo thermal decomposition to
nitrenes). Additionally, fullerooxazolines 27, which are the
thermal rearrangement products of alkoxycarbonyl fullero-
aziridines, were isolated.

Schick et al. 31 reported the following synthesis. A concen-
trated solution of fullerene C60 in 1-chloronaphthalene was
heated at 60 8C in the presence of N3CO2But (1 equiv.); such
conditions are typical of the formation of fullerotriazolines.
Then the reactionmixture was diluted tenfold with toluene and
heated at 120 8C to give amixture of [5,6]-open and [6,6]-closed
adducts (28 and 29, respectively) in a ratio 16 : 3. This result
clearly demonstrates the preferred formation of the open
fulleroid upon the thermal decomposition of fullerotriazoline
30. Under the conditions of nitrene generation (i.e., thermal
decomposition of N3CO2Et), the [6,6]-closed aziridinofulle-
rene is the major reaction product with fullerene.

The reactions with akyl azides typically afford [5,6]-open
adducts, which can further rearrange into more stable [6,6]-
closed isomers. Less stable acyl azides preferably yield [6,6]-
closed adducts. This can be explained by the fact that the
reaction of alkyl azides with fullerene follows the 1,3-dipolar
cycloaddition mechanism giving rise to unstable triazolines
that further decompose to [5,6]-open adducts. The thermal
decomposition of acyl azides proceeds more readily, the
resultant nitrenes react with fullerene to yield the [6,6]-closed
adducts. Most probably, the nitrene attack occurs to the
shortest and most reactive [6,6] bond of fullerene. This con-
clusion is supported by the fact that the addition of singlet
carbenes and silylenes always occurs to the [6,6] bond yielding
the respective closed adducts.32, 33 Nevertheless, the reasons for
the formation of [5,6]-open isomers in some reactions of
fullerene with oxacarbonylnitrenes remain unclear.34 Banks
et al. 35 formulated two hypotheses. According to one of them,R= Et (a), But (b), 2,4,6-But3C6H2 (c).
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open adducts are formed directly upon the addition of a singlet
nitrene to the [5,6] bond. According to another hypothesis, the
addition of the remaining triplet nitrene to fullerene can result
in a mixture of [5,6] and [6,6] regioisomers. The former
hypothesis is supported by calculations,36 which demonstrated
that the [5,6] and [6,6] bonds are comparable in reactivities
from both thermodynamic and kinetic viewpoints under the
conditions of the nitrene addition to fullerene.

Within the context of investigations into the cycloaddition
reactions of isocyanurate-substituted alkyl azides (31) to ful-
lerene (Scheme 8), [5,6]-closed isomer 32 has been detected for
the first time and convincing spectroscopic evidence for its
existence has been gathered: in particular, its 13C NMR
spectrum revealed two signals assigned to the two sp3-hybri-
dised carbon atoms of the fullerene core.37, 38

The reaction of C60 with 5-(5-azidopentyl)-1,3-diallyl-
1H,3H,5H-1,3,5-triazine-2,4,6-trione (n=5) at 100 8C affords
in a preparative yield [5,6]-closed isomer 32, which is succes-
sively converted first into [5,6]-open isomer 33 and then into
the thermodynamically most stable [6,6]-closed aziridinoful-
lerene 34. Under more drastic conditions (180 8C), the reaction
with 1,3-bis(cyanoethyl)-substituted azide affords closed
adduct 34 alongside with the dimerisation product of the
intermediate nitrene 35, which strongly supports the domi-
nance of the nitrene mechanism at high temperature.

The cycloaddition of per-O-acetylglycosyl azides to C60

was used 39 for the preparation of fullerene glycoconjugates;
this reaction yielded a mixture of open stereoisomers 36 and 37
in a ratio 2 : 1.

Compounds with fullerene and porphyrin moieties linked
by a polyether linker were synthesised in a similar way.40 The
cycloaddition of azides was used to introduce a pharmaco-
phore acridine group (known by its activity with respect to
DNA) into fullerene.41 Fulleroid cycloadducts were obtained
in all these cases.

Jagerovic et al. 42 considered the dependence of the direc-
tion of cycloaddition on the azide structure using aryl and
hetaryl azides. It is known that the nitrene addition occurs to
the double [6,6] bond to yield closed fulleroaziridines, whereas
the initial 1,3-dipolar cycloaddition yields triazoline inter-
mediate, which converts into [5,6]-open p-azafulleroids upon
subsequent extrusion of nitrogen. The [6,6]-closed and [5,6]-
open cycloadducts are formed from aromatic and heterocyclic

azides 38 and 39, respectively. However, the authors did not
comment this experimental result.

The reaction of C60 with 7-azido-6-fluoroquinoxaline in
o-DCB at 180 8C yields a mixture of [6,6]-closed (40) and [5,6]-
open (41) isomers with predominance of the former one.43

The structure of [6,6]-closed isomer 40 was reliably estab-
lished by 13C NMR spectroscopy. Unfortunately, the available
amount of compound 41 was insufficient for the collection of
NMR spectra and thus its assignment to the [5,6]-open isomer
was made on the basis of the UV spectrum that revealed no
narrow weak band at lmax=425 nm typical of the closed
isomer 40.

Similar results were obtained for the reaction of fullerene
with 2-azido-4,6-diphenylpyrimidine.44

Studies of the electrochemical reduction of compounds
40 ± 43 bearing quinoxaline and pyrimidine fragments by
means of cyclic voltametry revealed that they represent first
fulleroaziridines that are stronger electron acceptors than the
parent fullerene.43, 44

Different products can be obtained in the reaction of
fullerene C60 with 2-azido-5-nitropyrimidine, depending on
the reaction conditions.45, 46 In particular, 4-nitro[60]ful-
lero[10,20 : 4,5]imidazo[1,2-b]pyrimidine (44) was obtained
upon heating at 100 8C in o-DCB; [6,6]-closed 5-nitro-2-
{[60]fullereno[1,2-b]aziridino}pyrimidine (45) was obtained in
a 13% yield at 160 8C; and azahomofullerene 46 is formed at a
higher temperature (Scheme 9). It is of note that the reaction
products do not undergo thermal interconversions.
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Scheme 9

The reaction of alkylsulfonyl azides with fullerene yields a
mixture of open (47a,b) and closed (48a,b) adducts, whereas
that with arylsulfonyl azides affords exclusively open fulleroids
47c,d. All open fulleroids synthesised in this way undergo the
photochemical rearrangment into [6,6]-closed fulleroaziri-
dines.47

The possibility of oxidative generation of nitrene from
glycylglycine methyl ester enabled the synthesis of a dipeptide
with a fulleroid substituent.48

Bisazides are added to two fullerene [5,6] bonds giving rise
to fulleroid structures. In particular, the reaction of C60 with
diethyl diazidomalonate in boiling xylene affords a 1 : 1 adduct
representing a bis(aza)fulleroid in a 65% yield.49

The bis-addition proceeds regioselectively: it still involves
two [5,6] bonds of the same five-membered ring of fullerene
even when the azido groups are separated by two or three
methylene units.50

n=2, 3.

The reaction of C60 with chiral 1,4-di(tert-alkoxy)-2,3-
bis(azido)butanes affords the respective chiral bis(aza)fulle-
roids (2R,3R)-49a, (2S,3S)-49a, (2R,3R)-49b and (2S,3S)-49b
in yields of 54%, 49%, 56% and 51%, respectively.51

It turned out that the regioselective synthesis of aza-
homofullerene bisadducts is possible even with monoazides.
In particular, the addition of isocyanurate-substituted alkyl
azides to fullerene C60 can result in the regioselective formation
of diverse azahomofullerene adducts, depending on the bulk
and structure of organic substituents.52 For instance, in the
case of isocyanurate groups with methoxycarbonylethyl sub-
stituents at the nitrogen atom, an open bisadduct 50 similar to
those described above is obtained owing to the azide addition
to two [5,6] bonds.

Bisadducts with different structures were unexpectedly
formed upon changes in the substituent R at the nitrogen
atom in the isocyanurate-substituted alkyl azides virtually
independent of the length of the methylene spacer between
the azido group and the heterocycle. The structure of adducts
51a,b was postulated 52 due to the presence of a signal at
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d=160 in their 13C NMR spectra, which is typical of carbon
atoms bonded to two nitrogen atoms.

In our opinion, this single argument is insufficient for the
unambiguous determination of the structure that has to be
confirmed by X-ray crystallography. The possible pathway to
various azahomofullerene bisadducts proposed by the
researchers cited is shown in Scheme 10.

The similar bis(aza)fulleroid structure was proposed for
fullerene-containing calix[4]arene derivatives (e.g., compounds
52 and 53) capable of exohedral complex formation with Li+,
Na+ andAg+ cations. In the [5,6]-open structures formed, one
carbon atom of the fullerene part of the adduct is bonded to
two nitrogen atoms.49, 53

The reaction of C60 with tetrathiafulvalene-substituted
methyl azides in o-dichlorobenzene with heating in an argon
atmosphere for 4 h yields [60]fullero[1,2-e]-triazolines stable in
the solid state at room temperature; the products include
initially formed triazoline 54, azafulleroid 55 (20%) and traces
of fulleroaziridine 56 (Scheme 11).54

The mechanism of the reaction involving the 1,3-dipolar
cycloaddition of methyl azide to fullerene C60 followed by the
extrusion of a nitrogen molecule was theoretically substanti-
ated using quantum chemical calculations at the semiempirical
level and within the density functional theory.55 According to
the results obtained, the azide addition occurs to the [6,6]
double bond to yield the triazoline intermediate, which is
characterised by the energy barrier of *20 kcal mol71 and
an exothermic effect of*2 kcal mol71 (according to B3LYP/
6-31G*//AM1 calculations). The subsequent thermal extru-
sion follows the stepwise mechanism with the cleavage of an
N7N single bond followed by the cleavage of a C7N bond
with an overall activation energy of *45 kcal mol71. The N2

elimination occurs simultaneously with the formation of a new
C7N bond. During this process, the steric influence of the
outgoing N2 molecule prevents the nitrene addition to the [6,6]
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bond thus enhancing the probability of the addition to the [5,6]
bond.

It turned out that substituents at the azafulleroid nitrogen
atom strongly affect the rate of the photochemical rearrange-
ment into fulleroaziridines.56

In particular, times for the completion of the reaction are
1440 : 1 :>2160 : 360 for a series of derivatives 57a ± d. Thus,
the rates of the photochemical rearrangement differ by a factor

of more than 2000 between the most (57b) and least (57c)
reactive compounds. Photolysis of compounds 57a ± d in air-
saturated solutions proceeds much more slowly, which implies
intermediacy of the triplet state of the starting azafulleroid.

IV. Reactions of nitrile ylides with fullerene

In all cases described in the early literature, only [6,6]-closed
cycloadducts were obtained with fragments of five-membered
heterocycles annulated to the fullerene spheroid. Unexpect-
edly, it was found 57 that the 1,3-dipolar cycloaddition of nitrile
ylides to C60 can also yield [5,6]-open fulleroid isomers. Indeed,
the cycloaddition of 1-(4-nitrophenyl)-3-phenylnitrile ylide
generated in situ fromN-benzyl-4-nitrophenylimidoyl chloride
under the action of triethylamine at 130 8C yields [6,6]-closed
[60]fullero[1,2-c]-5-(4-nitrophenyl)-2-phenyl-2H-3,4-dihydro-
pyrrole (58) along with a mixture of diastereomeric [5,6]-open
fulleroid cycloadducts 59a,b in a ratio 2 : 1 (Scheme 12). The
C=N double bond in the open cycloadducts 59 is in the
a-position with respect to the unsubstituted phenyl group,
whereas it is in the a-position with respect to the nitrophenyl
substituent in the [6,6]-closed isomer.

Under milder conditions (toluene, room temperature), this
reaction yields another set of cycloadducts with no open
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isomers.58 In that case, isomeric compounds 58 and 60 dif-
fering in the position of a double bond were isolated.

In our opinion, the nitro group can stabilise the biradical
mesomeric form of the ylide, which enables the stepwise
addition of the radical form to fullerene yielding open struc-
tures in addition to the concerted [6,6]-addition of the dipolar
form yielding the closed adduct at high temperature.

V. The formation of fulleroid structures with
an open [6,6] bond

The unusual opening of the fullerene sphere has been disco-
vered for the first time 59 in the reduction of N-alkoxycarbo-
nyl[60]fullero[1,2-b]-aziridines (61) with zinc or magnesium in
glacial acetic acid. This reaction yields fulleroids 62 with an
open [6,6] bond. In the case of R=But, the removal of the tert-
butoxycarbonyl protection with 50% aqueous CF3CO2H
provides a convenient synthetic route to C60H2NH (63),
which is a parent compound of a new class of fulleroids.
Under the action of a base (e.g., 1,4-diazabicyclo[2.2.2]octane),
compound 63 converts in several minutes into fullero-
aziridine 64.

This reaction is of general character, compounds 61 bearing
diverse substituents (R=But, Et, Cl3CCH2 or 9-fluorenyl-
methyl) can readily be reduced to derivatives 62 in yields of
>90%.

In addition to regioisomeric [6,6]-closed bis(imino)ful-
lerenes, cis-1-isomeric bisadducts 65, which represent the first
example of fullerene derivatives with open [6,6]-transannular
bonds, were isolated in the bisfunctionalisation of C60 with
monoazides (e.g., ethyl and tert-butyl azidoformates).60

A relatively regioselective synthesis of compounds 65 was
accomplished starting frommonoiminofullerenes 66 via highly
reactive intermediates 67 generated upon [3+2]-cycloaddition
with a negatively polarised (R)N atom atached to a positively
polarised C(4) atom of the adjacent non-functionalised [6,6]
bond. Such a polarisation of bonds in the carbon cages of
molecules 66 is supported by calculations using the AM1
method. The thermal extrusion of nitrogen gives rise to
biradical intermediates 68. Due to the localisation of the first
addend at the same six-membered ring, normal spin density
delocalisation over this ring [i.e., spin density transfer to the
C(5) atom] becomes impossible and thus the radical recombi-
nation can occur only for the radical site localised at the C(3)
atom. Consequently, the formation of 1,2;3,4-bis(imino)[60]-
fullerene isomer prevails. The subsequent retro-Diels ±Alder
reaction (or 2p ± 2s isomerisation) results in compounds 65.

Similar formation of a bisadduct with [6,6]-open trans-
annular bonds was also observed in the reaction of C60 with
2-azido-5-nitropyrimidine.61

N

NO260

R= Et, But, CCl3CH2, 9-fluorenylmethyl
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H
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It is of note that this adduct undergoes the electrochemical
oxidation more readily than fullerene C60 .

It is well known that the reaction of C60 with dihalocar-
benes (CCl2 and CBr2) yields closed [6,6]-dihalomethanoful-
lerenes.62 ± 64 Nevertheless, as has been found recently, 65 [6,6]-
difluoromethylene-homo[60]fullerene (69) can be synthesised
by the reaction of C60 with CF2ClCO2Na in o-DCB in the
presence of 18-crown-6.

This open monoadduct is the major reaction product (the yield
of pure compound is 19%), whereas polyadducts C60(CF2)n
(n=2, 3) and minor [5,6]-open isomeric monoadduct are
formed as by-products. The structure of the adduct 69 was
reliably established by mass spectrometry (MALDI), 19F and
13C NMR, UV and IR spectroscopy and further confirmed by
quantum chemical calculations.

VI. The formation of miscellaneous fulleroid
structures

The reaction of C60 with diazide 70 is also accompanied by
the opening of the fullerene sphere. The oxidation of the
intermediate yields bislactam 71 with an open carbon cage
capable of accomodating foreign small molecules (He or H2)
(Scheme 13).66, 67

The addition of 1,4-bis(2-azidophenyl)buta-1,3-diene to
fullerene is accompanied by complex rearrangements of both
the fullerene cage and the addend finally resulting in an open
derivative with two fused triazole rings.68

A fulleroid keto lactam containing an 11-membered ring
was synthesised 69 by the reaction of C60 with methoxyeth-
oxymethyl azide.

A fulleroid with an eight-membered ring in the fullerene
cage is obtained from the fullerene adduct with 1,3-cyclo-
hexadiene by the photochemical intramolecular [4+4]-cyclo-
addition followed by the ring opening.70, 71

Fulleroid structures with eight-membered rings in the ful-
lerene cages were synthesised in a similar way by the reaction of
C60 with nickela- 72 and palladacyclopentadiene 73 derivatives
and phthalazine.74 The direction of the reaction of C60 with
phthalazine (72) depends on the reaction conditions. In parti-
cular, a fulleroid structure 73 with an eight-membered ring in
the fullerene cage is formed in 1-chloronaphthalene at 225 8C,
whereas the mechanochemical solid-state synthesis yields ful-
lerene dimer 74. The authors argue that both processes start
with the [4+2]-cycloaddition stage.74, 75 A tentative mecha-
nism of these reactions for di- and triazines is depicted in
Scheme 14.74 ± 76 It involves the following principal stages: the
[4+2]-cycloaddition of azines to the [6,6] bond of fullerene, the
elimination of a nitrogen molecule, the radical [4+4]-cyclo-
addition 74 and finally the retro-[2+2+2]-process giving rise to
the eight-membered ring.

Similarly, the thermal reaction of C60 with a 1,2,4-triazine
derivative yields an open fulleroid 75 with an eight-membered
ring.75

Oxidation of all aforementioned open fulleroids with an
eight-membered ring in the cage gives rise to open structures
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with 12-membered rings 75 ± 78 (compound 76 can serve as an
example). In addition, open structures with 11- and 13-mem-
bered rings in the fullerene core were obtained as oxidation
products.75

The reaction of fulleroperoxide C60(O)(OOBut)4 with alu-
minium chloride yields [5,6]- and [6,6]-oxahomo[60]fullerenes

owing to the oxidative cleavage of the [5,6] and [6,6] bonds in
the fullerene cage.79

There are experimental data 80 ± 82 confirming the existence
of fluoro derivatives of [6,6]-open oxahomofullerene, in which
the oxygen atom is bonded to the fluorinated carbon atoms of
the fullerene core.

As has unexpectedly been found, the fluorination of C60

with binary fluorides with the general formula CsxPbOyFz in
vacuum at 550 8C yields two stable polyfluorofullerenes
C58F18 (77) and C58F17CF3 (78), which represent open struc-
tures with a seven-membered ring (Fig. 1).83

The structures of these compounds were established using
mass spectrometry and 19F NMR spectroscopy. The authors
suggested that the C60 molecules lose a carbon atom through
the steps of fluorine atom addition to the single C7C and the
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CF3

Figure 1. The Schlegel diagrams of open fullerene derivatives C58F18 (77)

(a) and C58F17CF3 (78) (b). Black circles denote the addition sites of

F atoms.
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conjugated double C=C bonds followed by elimination of
difluorocarbene.

VII. The formation of open homo[70]fullerenes

Chemistry of fullerene C70 is studied in much less detail than
that of fullerene C60 due to its lower accessibility. Nevertheless,
there are some examples of the formation of open structures
derived from fullerene C70.

In contrast to fullerene C60 , evenmonofunctionalisation of
C70 gives rise to mixtures of regioisomers due to its lower
symmetry and larger differences in the reactivity of bonds.
Four [6,6]-closed and four [5,6]-open isomeric adducts are
possible.

Ulmer and Mattay 47 studied the reaction of C70 with
sulfonyl azides. It is of note that in this case, in contrast to the
analogous reaction with C60 , only open adducts are formed.
These reactions with azides 79a,b afford two [5,6]-open isomers
80a,b (in yields of 9% and 10%, respectively) and 81a,b (in
yields of 6% and 7%, respectively). Meanwhile, the reaction
with azide 79c yields only one fulleroid 80c (12%).

The reaction of C70 with PhHgCCl2Br, which produces
dichlorocarbene upon heating, affords 84 three monoadducts
(82, 83, 84) in a ratio of 35 : 37 : 29 along with polyadducts.
Among the products, the adduct 84 is a [5,6]-open fulleroid.

The reaction of C60 with carbenes yields exclusively [6,6]-
closed methanofullerenes, in contrast to the situation with C70.

It is known that it is the [5,6] bond between the atoms C(7)
and C(8) of fullerene C70 that is involved in the addition of
dehydobenzene resulting in a [5,6]-closed adduct.85 The
authors suggested that the reaction of C70 with dichlorocar-
bene begins with the carbene addition to the [5,6] bond to form
a [5,6]-closedmethanofullerene, which subsequently undergoes
the norcaradiene rearrangement to afford a [5,6]-open fulle-
roid.

VIII. Theoretical investigations into the possible
formation of open adducts in the cycloaddition
reactions

The mechanisms of the 1,3-dipolar cycloaddition of diazo-
methane, nitrile oxide and nitrone to fullerene C60 have been
simulated 86 by ab initio calculations at the B3LYP/6-
31G(d,p)//AM1 level. All four possible types of the addition
giving rise to [6,6]-closed, [6,6]-open, [5,6]-closed and [5,6]-
open adducts have been considered. According to the calcu-
lations, the cycloaddition processes resulting in [5,6]-closed
and [6,6]-open adducts are endothermic, whereas those resul-
ting in [6,6]-closed and [5,6]-open adducts are exothermic.
Among all the aforementioned dipolar ylides, the formation
of [6,6]-closed adducts is most favourable from both the kinetic
and thermodynamic viewpoints. This process has to follow the
concerted mechanism. Qualitatively, this theoretical result can
be explained by three factors:

Ð open structures are more strained than closed ones;
Ð three and two double bonds in five-membered rings

appear in [5,6]-closed and [6,6]-open adducts, respectively,
which is energetically unfavourable;

Ð the [6,6] bonds are characterised by higher electron
density than the [5,6] bonds, which enables more efficient
overlap of the frontier orbitals upon the [6,6]-addition.

Similar to the case of methanofullerenes and their open
isomers, [6,6]-closed aziridinofullerenes are calculated to be
more stable than [5,6]-azafulleroids, whereas [6,6]-open and
[5,6]-closed isomers should be least stable.36, 87, 88

IX. Conclusion

The literature data summarised in the present review suggest
that the presently available experimental results and theore-
tical studies are insufficient for comprehensive understanding
of the mechanisms governing the formation of fulleroids.
Furthermore, some experimental facts and rationales for the
formation of open structures contradict each other. Never-
theless, certain common regularities behind the cycloaddition
processes resulting in open adducts can be revealed, which
allows us to make some suggestions on the mechanism of the
fulleroid formation.

1. With a high level of confidence it can be assumed that
open structures are produced as a result of rearrangement or
decomposition of an initially formed closed adduct in the
majority of systems studied except for nitrile ylides and a few
other nitrenes.

2. Very likely, synchronous addition to the [6,6] bond
typically occurs, to yield closed fullerene adducts. This sugges-
tion is supported by both theoretical calculations and numer-
ous experimental data. The available data on the formation of
open structures upon the addition of nitrenes, carbenes, diazo
compounds, azides and dienes to fullerene suggest that a
[6,6]-closed adduct is formed initially but then it is transformed
into a fulleroid structure. Nevertheless, some theoretical cal-
culations 35, 36 point to possible direct addition of nitrenes to
the [5,6] bond to yield an open adduct.

3. Open and closed isomers are prone to interconversions,
which often do not follow simple structure ± stability relation-
ships. In the majority of cases, [6,6]-closed isomers are thermo-
dynamically most stable. Open adducts can transform into
closed ones by thermal, photochemical or electrochemical
isomerisations; for the opposite process, only thermal rear-
rangements have been described.

4. Hardly there is a single mechanism explaining the
formation of any open structure; several routes to fulleroids
can be envisaged.

R = 4-MeC6H4 (a), 4-MeOC6H4 (b), Me (c).
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The first, most commonmechanism consists of the thermal
decomposition of fulleropyrazolines and fullerotriazolines
initially formed upon cycloaddition. The extrusion of a nitro-
gen molecule proceeds simultaneously with the formation of a
new C7X bond, three-membered rings involving a [5,6] bond
being preferably formed due to the steric effects of the outgoing
nitrogen molecule, i.e., [5,6]-closed adducts are formed. They
undergo rapid rearrangements into more stable [5,6]-open
fulleroids (Scheme 15).

Scheme 15

An alternative is represented by thermal rearrangements of
[6,6]-closed methanofullerenes bearing bulky substituents that
induce substantial steric strains in the three-membered ring
thus making [5,6]-open isomers thermodynamically more
stable. The mechanism of such rearrangements remains
unclear.

The third route consists of the formation of [5,6]-open
adducts directly as a result of the 1,3-dipolar cycloaddition of
specific nitrile ylides to fullerene. Probably, this reaction
proceeds as successive addition of nitrile ylide in the biradical
form, which gives rise to fulleroids.

There are a number of reactions resulting in the cleavage of
a [6,6] bond in the fullerene sphere or even a few s-bonds at
once. These transformations follow different mechanisms that
cannot be unified within a single principle. The C7C s-bonds
in a fullerene cage can be cleaved upon the oxidation, reduction
or rearrangements.
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Abstract. The advantages and disadvantages of modern meth-The advantages and disadvantages of modern meth-
ods of synthesis of linear block copolymers using identical andods of synthesis of linear block copolymers using identical and
different mechanisms of monomer polymerisation are consid-different mechanisms of monomer polymerisation are consid-
ered. The attention is focussed on the synthesis of blockered. The attention is focussed on the synthesis of block
copolymers with a controlled molecular structure and narrowcopolymers with a controlled molecular structure and narrow
molecular-mass distribution. The matrix effects that appear inmolecular-mass distribution. The matrix effects that appear in
block copolymerisation due to chemical complementarity ofblock copolymerisation due to chemical complementarity of
the blocks are considered. The bibliography includes 393 refer-the blocks are considered. The bibliography includes 393 refer-
encesences..

I. Introduction

Block type copolymers include a broad spectrum of hetero-
polymer compounds comprised of two (A, B), three (A, B, C)
and more components. There are linear block copolymers,
graft copolymers, star-like block copolymers and block
copolymers of complex molecular architecture.1 During the
last fifteen years the synthesis of block copolymers has been
considered in reviews and monographs (see, e.g., Refs 2 ± 11).
This is due to considerable interest of researchers in such
compounds and the development of new polymerisation tech-
niques (first of all, controlled, or `pseudoliving', radical poly-
merisation 12) that open new possibilities for macromolecular
design. Block copolymers are widely used in nanotechnolo-
gies;13 ± 19 therefore, obtaining of almost monodisperse prod-
ucts with specified length and position of particular blocks
requires improvement of relevant synthetic procedures.

Various methods of synthesis of linear di-, three- and
multiblock copolymers of the types A-b-B, A-b-B-b-A, B-b-
A-b-B, A-b-B-b-C, [A-b-B]n , [A-b-B-b-C]n and gradient
(tapered) block copolymers of the A-b-(B-co-A)-b-B type are
available at the moment. All of them can be divided into three
main groups, namely, (i) sequential polymerisation of mono-
mers by the same mechanism; (ii) monomer polymerisation by
some mechanism; and (iii) interaction between reactive end
groups of oligomers.

This review concerns the first two groups of the methods of
synthesis of linear block copolymers and manifestations of the
matrix effects in block copolymerisation, where the first block
already formed and the growing second block in the macro-
molecules of di- or triblock copolymers are chemically com-
plementary. In each case we begin with a brief survey of the
corresponding polymerisation mechanism and provide refer-
ences to comprehensive sources.

II. Sequential polymerisation of monomers
by the same mechanism

One-stage (or one-pot) synthesis of linear block copolymers is
the most preferable method. The approach involves sequential
introduction of different monomers into the reaction without
changing external conditions (temperature, solvent, etc.) and
leads to copolymers of necessary composition, with the desired
block lengths and narrow molecular mass distribution
(MMD). This can be done provided a correct choice of
monomers using the `living' ionic, ion-coordinative and `pseu-
doliving' radical polymerisation.

1. Homogeneous and microheterogeneous radical
polymerisation
Sequential free radical polymerisation was the first method
used for the synthesis of linear block copolymers. A PMMA-b-
PS block copolymer [PMMA is poly(methyl methacrylate) and
PS is polystyrene] was synthesised in the early 1940s by adding
styrene to PMMA macroradicals.20 The technique was then
used for preparation of various block copolymers of the A-b-B
and A-b-B-b-A types.21 The mechanism, advantages and
drawbacks of free radical polymerisation are well known.22, 23

The advantages of this block copolymer synthesis were found
to be simplicity of practical implementation, high reaction rate
and versatility, a great choice of the monomer pairs and weak
dependence on the solvent nature and a presence of impur-
ities.22, 23 However, poor controllability of the process owing to
its high rate and various chain termination reactions leads to
broad MMD and compositional inhomogeneity of resulting
block copolymers and to the presence of homopolymer impur-
ities. This makes the method unpromising compared to other
techniques.

At the same time the advantages of the process (see above)
still attract the attention of researchers, as indicated by studies
of so-called `micellar' radical polymerisation.24 ± 27 At present,
this technique is used only in aqueousmedium for the synthesis
of multiblock copolymers from polyacrylamide (PAA) or
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polyacrylic acid (PAAc) and their hydrophobically modified
derivatives. However, the one-stage synthesis and some degree
of self-control in the system allow one to hope for progress of
research in this field. Since only a few reviews of themethod are
available,24, 27 we will dwell on it in more detail.

The main idea of `micellar' polymerisation, as applied to
the synthesis of block copolymers rather than random ones
from a mixture of monomers in the presence of radical
initiators, is to separate the chemically different monomers is
such a fashion that the system be characterised by micro-
heterogeneity and no phase separation. This can be done using
a mixture of amphiphilic monomers in water in the presence of
surfactants (surfactant concentration should be higher than
the critical micelle concentration).24 ± 31 The mechanism of
`micellar' polymerisation is shown in Fig. 1. One (soluble)
monomer is dissolved in the reaction medium and the other
(insoluble) monomer is present in the hydrophobic core of
surfactant micelles. The introduction of a soluble initiator
(potassium or ammonium persulfate) causes polymerisation
of the hydrophilic monomer and the hydrophilic block is thus
formed. If the growing chain `meets' a surfactant micelle,
polymerisation of the hydrophobic monomer occurs and the
hydrophobic block is formed. A multiblock copolymer is a
final product.

The authors of the pioneering studies (see, e.g., Ref. 33)
assumed that copolymers thus synthesised are comprised of
randomly distributed hydrophilic and hydrophobic mono-
mers. However, the properties of these copolymers were differ-
ent from those of the random copolymers synthesised from the
same monomers in a common solvent; therefore, a microblock
structure of the copolymers was proposed.30 This hypothesis
was confirmed by the results of fluorescence studies of the
copolymers containing acrylamide derivatives with styryl or
pyrenyl groups as hydrophobic co-monomers.34, 35 These
studies revealed one of the basic regularities of `micellar'
polymerisation, namely, the higher the hydrophobic monomer
to surfactant ratio the longer the hydrophobic blocks.24 The
structure of micelles was determined. It was shown that the
hydrophilic fragments of hydrophobic monomers are located
in the hydrophilic `corona', which also contains a small
amount of hydrophilic monomers.24, 34 Hence, it was assumed
that chain propagation through addition of hydrophobic
monomers begins proceeds in the hydrophilic `corona' of
micelles.

Kinetic studies 32, 36 of the reaction of acrylamide with
N-(4-ethylphenyl)acrylamide in the presence of sodium

dodecyl sulfate (SDS) as surfactant revealed some additional
features of `micellar' polymerisation.

Solubilisation of hydrophobic monomers into micelles does
not reduce their accessibility to the growing chains formed in
the aqueous medium. Hydrophobic monomers are more rap-
idly added to the propagating chain in the initial steps of the
process (the larger the hydrophobicmonomer : surfactant ratio
the higher the addition rate). This effect was explained by
migration of the hydrophobic monomers betweenmicelles that
occurs three orders of magnitude faster than the addition of
these monomers to the PAA

.
radical. As a result, during

polymerisation of the hydrophobic monomer in one micelle
the delivery of this monomer from other micelles is also
possible. Therefore, in the initial stages of the process the
number of monomer units in the hydrophobic blocks, which
determines the lengths of such blocks, can be larger than the
average number of hydrophobic monomers in the micelle. As
the monomer in the micelles is consumed, the hydrophobic
blocks become shorter. The major distinction between `micel-
lar' polymerisation and conventional emulsion polymerisation
consists in the high surfactant to hydrophobic monomer ratio
(from 15 : 1 to 70 : 1 by mass, see Ref. 32).

Pioneering studies on `micellar' polymerisation were car-
ried out using pairs of monomers with hydrophilic acrylamide
(AAm) and hydrophobic N-mono-substituted AAm. In addi-
tion to N-(4-ethylphenyl)acrylamide (see the reaction shown
above), N-benzylacrylamide 37 and N-octyl-, N-decyl- and
N-dodecylacrylamide were used as hydrophobic co-mono-
mers.38 The hydrophilic/hydrophobic balance in the system
was changed using not only insolubleN-(n-decyl)acrylamide or
N-[4-(n-butyl)phenyl]acrylamide and soluble AAm, but also
ionogenic monomers, such as sodium acrylate, sodium 3-acryl-
amido-3-methylbutanoate and sodium 2-acrylamido-2-
methylpropanesulfonate.39, 40 Therefore, multiblock copoly-
mers comprised blocks built of random copolymers of AAm
with ionogenic co-monomers. Recently, alkyl methacrylates 41

and N,N-dialkyl acrylamides 42, 43 with growing hydrocarbon
`tails' have been used as hydrophobic monomers. Surfactants
used in `micellar' polymerisation include not only anionic SDS
and sodium hexadecyl sulfate,32, 41 ± 43 but also cationic surfac-
tants, e.g., hexadecyltrimethylammonium bromide.37

2. `Living' anionic polymerisation
Sequential `living' anionic polymerisation is the most widely
used method of synthesis of linear block copolymers of
specified composition, molecular masses of constituent blocks
and narrowMMD. Generally, `living' polymerisation involves
no chain termination and chain transfer stages, i.e., the rate
constants for these reactions are equal to zero (kt=0, ktr=0,
see Refs 22, 23, 44 and 45). However, the `living' mechanism is
also retained if kt and ktr are much lower than the rate constant
for chain propagation in accordance with the following cri-
teria 46

kp
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Figure 1. Schematic representation of micellar radical polymerisation.32

Hydrophilic monomer molecules (1), hydrophobic monomer molecules

(2) and surfactant micelles (3).
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Here [M]0 and [I]0 are the initial concentrations of the mono-
mer and initiator, respectively; [M]? is the concentration of
monomer at the end of polymerisation and

ÿ
Pn is the degree of

polymerisation .
These relations represent two important conditions for

`livingness' of the system and obtaining of polymers with
predictable structure andmolecular mass. The third conditions
is fast initiation of the process.22 Exactly in this case the
polymer chains are formed and grow simultaneously and the
degree of polymerisation rises linearly with the monomer
conversion (q)

ÿ
Pn �

q�M�0
fi�I�0

,

where fi is the efficiency of initiation. In actual experiments, the
condition ki=? (ki is the rate constant for initiation) is not
necessary for control of the molecular mass of a polymer; it is
sufficient that inequality ki5 kp be valid.46 Obtaining a
narrow MMD requires that the following additional condi-
tions be met: (i) equal activity of the growing chains or fast
exchange between their active sites; (ii) irreversible chain
growth (rate constant for chain propagation should be much
higher than the rate constant for depolymerisation). Under
these conditions theMMDof the polymer depends only on the
degree of polymerisation (according to the Poisson distribu-
tion) and the Mw/Mn ratio (i.e., polydispersity index) near to
unity.

The `livingness' of a system may be determined provided
that individual or relative rate constants for chain growth,
chain termination and chain transfer are known.47, 48 These
principles of retention of the `living' mechanism mainly con-
cern ionic processes characterised by long lifetimes of active
species (this makes it possible to create the fast initiationmode)
and by the absence of bimolecular chain termination reactions.
Practical implementation of controlled, or `pseudoliving',
radical polymerisation is based on other principles (see below
Sections II.5 ± II.7).

The mechanism of anionic polymerisation and the prob-
lems related to the activity of monomers, stability of macro-
radicals, choice of initiators, solvents and temperature have
been subjects of intensive research and discussion.22, 23, 44, 46, 49

We remind that anionic polymerisation assumes a nucleophilic
attack of carbanion on the double bond of the monomer.
Therefore, the monomer which has the most electrophilic
double bond and provides greater stabilisation of the negative
charge is the most reactive. The nucleophilicity of initiator
should be high enough to initiate the process, but not too high
to preclude the occurrence of side reactions. The formal
criterion for sufficiently high nucleophilicity of the initiator is
as follows: the pKa of corresponding conjugate acid is equal to
or higher than the pKa value of the macroanion.22, 50 Different
forms of active species, namely, ion pairs, separated ion pairs
and free ion pairs are in equilibrium. The rate of anionic
polymerisation (kÿp ) in the free ion regime increases dramati-
cally 44

kÿp & 105 k�p .

To reduce this parameter and thus obtain a narrower MMD,
lithium chloride is introduced into the system (this salt shifts
the equilibrium from free ions to ion pairs).46, 51, 52

Solvents used in anionic polymerisation processes include
hydrocarbons and ethers. Protic and halogen-containing sol-
vents that favour chain transfer or termination are not used.
The `living' anionic polymerisation requires pure reagents,
inert atmosphere and correct choice of temperature conditions.
Polymerisation of nonpolar monomers in nonpolar solvents is
well controllable at moderate positive temperatures (from 0 to
50 8C). Anionic polymerisation of polar monomers in polar
solvents occurs at much higher rates, being controllable at low
temperatures (as rule, 778 8C). Chain termination is most
often attained by adding methanol.

To obtain a copolymer of specified composition, particular
block lengths and narrow MMD by `living' anionic polymer-
isation, some additional problems should be solved. The main
problem is the relative reactivity of monomers, which deter-
mines the possibility or impossibility of initiation of polymer-
isation of the second (and then third) monomer by
macroanions formed in the polymerisation of the first (and
the second)monomer.22, 44, 46 To this end, a series ofmonomers
with increasing (electrophilic) reactivity are chosen. The proc-
ess begins with polymerisation of the least reactive monomer
that produces the most reactive macroanion; then increasingly
more reactive monomers are added. The second problem is the
side reactions occurring upon nucleophilic attack of macro-
anions on other reactive groups of the second (or third)
monomer rather than the double bond. This is true for
polymerisation of polar monomers containing hydroxyl, car-
bonyl, ester, amino and other groups.22, 46 To prevent the
process, the `living' ends of a preceding block are protected
by monomers with bulky groups in a-position (a-methyl-
styrene, a-diphenylethylene, etc.). In addition, only protected
derivatives of common functional monomers, in particular,
(meth)acrylic acids are employed instead of ordinary func-
tional monomers.9, 53, 54 The protective groups include tert-
butyl, trimethylsilyl, benzyl, alkoxyalkyl and other groups that
are removed by polymer-analogous transformations of the
block copolymer.9 Sequential anionic polymerisation requires
a correct choice of reaction conditions (solvent and temper-
ature) to avoid a heterogeneous process. This is particularly
important in the synthesis of block copolymers with thermo-
dynamically incompatible blocks. In this connection we will
now consider particular syntheses of block copolymers.

a. Binary nonpolar/nonpolar block copolymers
Nonpolar monomers (styrene, dienes, etc.) and their macro-
anions formed in nonpolar solvents show almost identical
reactivity in anionic polymerisation. The similarity of nucleo-
philicities of the styrene and diene macroanions is confirmed
by almost equal pKa values of conjugate acids (40 ± 42 for
styrenes and 43 for dienes).46 Therefore, the order in which
monomers are introduced is of no concern for the synthesis of
corresponding di-, tri- and multiblock copolymers. Copoly-
mers with nonpolar blocks were among the first copolymers
synthesised.55 ± 57 Among them, copolymers based on polystyr-
ene (PS) and polybutadiene (PB) are best known. These are the
first representatives of thermoplastic elastomers 58 that can
absorb radiation.59 Di-, tri- and multiblock copolymers of
predictable structure and narrow MMD were synthesised by
sequential addition of styrene (St) and butadiene (B) (or vice
versa) in nonpolar solvents (hexane, benzene, etc.) in the
presence of initiators (organolithium compounds). Moreover,
by sequentially introducing (i) one monomer, (ii) an equivalent
mixture of two monomers and (iii) the other monomer into the
reaction one can obtain the so-called gradient triblock copoly-
mers.60 ± 62 Here, the PS and PB blocks are separated by a
`mixed' block characterised by a compositional gradient (tran-
sition from pure PS to pure PB) owing to the features of
copolymerisation of the monomers.

R7 +Li+ R7 Li+

R7 Li+ .LiCl

LiCl

LiCl
R7 Li+ . 2LiCl
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b. Binary nonpolar/polar block copolymers
Polarmonomers aremuchmore reactive than nonpolar ones in
anionic polymerisation in contrast to the reactivity ratio of
corresponding macroanions. Therefore, anionic polymerisa-
tion of polar and nonpolar monomers only leads to two types
of block copolymers, namely, A-b-B and B-b-A-b-B (A is the
hydrophobic block, which is formed first). Multiblock copoly-
mers based on such pairs of monomers are synthesised using
other techniques, e.g., by the reaction between the end func-
tional groups.

The block copolymers in question first of all include
amphiphilic block copolymers based on nonpolar PS, PB and
polyisoprene (PI) and on polar poly(ethylene oxide) (PEO).
When comparing the nucleophilicities of the St and ethylene
oxide (EO) macroanions using the pKa values of conjugate
acids (41 ± 42 and 16 ± 18, respectively),46 it is clear that
sequential polymerisation of St and EO should develop very
actively. The authors of Ref. 63 were among the first to obtain
a PS-b-PEO diblock copolymer by sequential introduction of
St and EO into the reactor in the presence of cumyl potassium
as initiator.

This copolymer was also synthesised using toluene as
solvent and 1-phenylethyl potassium as initiator.64 Polymer-
isation of the first block was carried out at 10 8C. The kinetic
curves showed an induction period of about 1 h, which reduced
as the temperature increased and upon introduction of tetra-
hydrofuran (THF). Polymerisation of the second block was
conducted at a higher temperature (30 8C); as a result, the EO
conversion increased to 92%. To study the self-assembly of
block copolymers into micelles, PS-b-PEO copolymers con-
taining intermediate units bearing pyrene, anthracene and
phenathrene groups were synthesised.65, 66 To improve the
controllability of sequential polymerisation of St and EO, in
the 1990s it was proposed to carry out the process in a polar
solvent (THF) at low temperatures (778 8C).67, 68

PEO-b-PS-b-PEO triblock copolymers were first prepared
using sodium naphthalene as initiator and THF as solvent.69

An analogous initiator (potassium naphthalene) was used in
polymerisation of styrene and ethylene oxide.70 However, in a
series of other works 64, 71, 72 the dimeric or tetrameric adducts

of sodium (potassium) naphthalene with a-methylstyrene were
applied as initiators (Scheme 1). It was found that the reac-
tivities of metal naphthalenes in block copolymerisation
decrease as follows: potassium naphthalene>sodium naph-
thalene> lithium naphthalene. The last-named compound is a
very poor initiator for the block copolymerisation of styrene
and ethylene oxide.64

Di- and triblock copolymers based on polydienes and PEO
were synthesised by the same method using mono- and bifunc-
tional organopotassium initiators. In this case the lithium
initiator was inefficient. For instance, a PB-b-PEO copolymer
was obtained in a polar medium (THF) in the presence of
cumyl potassium as initiator,73 while a PEO-b-PI-b-PEO tri-
block copolymer was synthesised by sequential polymerisation
of isoprene and EO in THF with potassium naphthalene as
initiator.74 Polymerisation of the first block was carried out at
740 8C for 6 h and that of the second block was performed at
25 8C for 3 days. Raising the temperature was due to low
solubility of PEO in THF.

The copolymers in question also include copolymers with
PS, PB or PE (polyethylene) nonpolar blocks and polar blocks
of polyalkyl (meth)acrylates and products of their hydrolysis
[PAAc and polymethacrylic acid (PMAAc) or their salts]. Note
that methacrylates treated as conjugate acids with respect to
macroanions formed from them are characterised by pKa

values of 27 ± 28,46 which is much lower than the pKa values
of styrene and dienes. Therefore, macroanions based on
alkyl(meth) acrylates are incapable of initiating anionic poly-
merisation of nonpolar monomers. The first syntheses of di-
and triblock copolymers based on PS and poly(tert-butyl
acrylate) (PTBA) were reported in the 1990s.75 Sequential
anionic polymerisation was conducted in THF in the presence
of LiCl at778 8C.

Scheme 2

The block copolymer precursors were then hydrolysed in
toluene at 80 8C in the presence of p-toluenesulfonic acid as
catalyst to obtain the PS-b-PAAc and PAAc-b-PS-b-PAAc
polyacid blocks. The synthesis of PS-b-PAAc and PS-b-
PMAAc copolymers with controlled molecular structure and
narrow MMD following Scheme 2 was simultaneously
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reported by three research groups.68, 76, 77 The side reactions
characteristic of `living' PS chains in the polymerisation of
(meth)acrylates were avoided by `capping' the ends of macro-
anions by 1,1-diphenylethylene 76, 77 or a-methylstyrene.68 This
synthetic procedure is used to change the hydrophilic/hydro-
phobic balance in block copolymers; this is a basic technique in
the design of micellar structures sensitive to the pH value of the
medium and to salt additives.78, 79 The lengths of the PS and
PAAc blocks varied over a rather wide range, but the poly-
dispersity index of the block copolymers was low
(Mw/Mn=1.05 ± 1.21).80 An alternative procedure of PTBA
transformation into PAAc involves prolonged (more than
10 h) hydrolysis in dioxane at 100 8C in the presence of
HCl.79 PAAc or PMAAc can also be converted to polyacry-
lates or polymethacrylates by adding alkali.79

PE-b-PMAAc and PMAAc-b-PE-b-PMAAc block
copolymers were synthesised by sequential anionic polymer-
isation involving two polymer-analogous reactions.81 First,
anionic polymerisation of butadiene and tert-butyl methacry-
late (TBMA) in the presence of mono- or bifunctional initia-
tors resulted in PB-b-PTBMA and PTBMA-b-PB-b-PTBMA
copolymers. This was followed by hydrogenation of PB using
Wilkinson's catalyst and hydrolysis of PTBMA.

Sequential anionic polymerisation of styrene and alkoxy-
ethyl methacrylates, namely, 1-(ethoxy)ethyl methacrylate
(EEMA) and 1-(tert-butoxy)ethyl methacrylate (TBEMA),
was carried out not only at 778 8C and 735 8C, but also at
0 8C.82 A well-controlled process resulted in PS-b-PEEMA
and PS-b-PTBEMA copolymers of predictable molecular
architecture.

Yet another group of copolymers belonging to this class
comprises diblock copolymers based on PS or poly(tert-butyl-
styrene) (PTBS) and cationic polyelectrolytes, namely, poly(2-
vinylpyridine) (P2VP), poly(4-vinylpyridine) (P4VP), poly[5-
(N,N-diethylamino)isoprene] and their quaternised deriva-
tives. They are of interest as stabilisers of colloidal disper-
sions;83 however, the attention was focussed on their micellar
structures 84, 85 and films showing microphase separation.86 It
should be noted that the pKa values of 2-vinylpyridine and
4-vinylpyridine treated as conjugate acids with respect to
corresponding macroanions are much lower (29 and 26,
respectively) than the pKa values of styrene and dienes.46

Therefore, polyvinylpyridine macroanions cannot initiate
polymerisation of the nonpolar monomers mentioned above.
A typical synthetic route to PS-b-P2VP, PS-b-P4VP and
PTBS-b-P2VP assumes sequential introduction of nonpolar
and polarmonomers in THF, the presence of n-butyllithium or
sec-butyllithium as initiator and a low temperature
(778 8C).86, 87 Yet another initiator, namely, an adduct of
sec-butyllithium with 1-methylstyrene, was used 84 to obtain
block copolymers with Mw/Mn=1.13 ± 1.14. When needed,
the polyvinylpyridine block was treated with methyl iodide in
ethanol, which resulted in a strong cationic polyelectrolyte.84

Basic monomers, namely, 5-(N,N-dialkylamino)isoprenes,
have been synthesised quite recently.88, 89 Two new amphi-
philic block copolymers having poly[5-(N,N-diethylamino)-
isoprene] (PDEAI) blocks, PS-b-PDEAI and PDEAI-b-PS-
b-PDEAI, were prepared and studied.90 ± 92 The procedure for
the synthesis of the triblock copolymer consisting of sequential
introduction of diethylaminoisoprene, styrene and again
diethylaminoisoprene 91 points to almost equal reactivities of
the monomers. The polymerisation was carried out in
benzene at 10 8C using sec-butyllithium as initiator. The
copolymers had narrow MMDs (Mw/Mn=1.2 ± 1.4,
Mn=1.366104 ± 2.686104).91, 92 Quaternisation of the
copolymers with dimethyl sulfate gave copolymers having
strong cationic polyelectrolyte blocks.

c. Binary polar/polar block copolymers
This group comprises block copolymers based on PEO and
poly[alkyl (meth)acrylates]. Comparison of the pKa values of
alkyl (meth)acrylates and oxiranes showed that alkyl (meth)-
acrylate macroanions should be more reactive than PEO
macroanions. Indeed, `living' poly[alkyl (meth)acrylates] read-
ily initiate the polymerisation of EO.93 However, when using
methyl methacrylate (MMA), one can obtain inhomogeneous
PMMA-b-PEO copolymers due to side reactions between the
`living' end groups of PEO and the methyl ester groups of
PMMA. The monomers can also be introduced in the reverse
order. For instance, efficient polymerisation of MMA in THF
using PEO disodium alkoxide was reported.94 This was
explained by the fact that the nucleophilicity of the macro-
dianions is higher than that of the anions at one chain end.
Sequential anionic polymerisation of EO and MMA faces two
problems.95 One of them consists in low solubility of PEO in
THF. To avoid the formation of a heterogeneous system,
polymerisation of the second block should be carried out at
T>20 8C. Under these conditions for polymerisation of
MMA the chain termination and chain transfer reactions
seem to be unavoidable. The second problem is transesterifi-
cation between the PEO macroanion and MMA. It was found
that by protecting the ester groups of (meth)acrylates with tert-
butyl groups it is possible to preclude the formation of side
products and to obtain copolymerswith a desired structure and
narrow MMD irrespective of the order of introduction of the
monomers. In particular, polymerisation of EO and TBMA in
THF at room temperature using cumyl potassium as initiator
led not only to diblock copolymers characterised by narrower
MMD (Mw/Mn=1.4 ± 1.7) compared to the polymerisation of
EO and MMA, but also to multiblock copolymers.96 Analo-
gously, sequential anionic polymerisation of the same mono-
mers was used for the synthesis of all possible di- and triblock
copolymers, that is, PEO-b-PTBMA, PTBMA-b-PEO,
PEO-b-PTBMA-b-PEO and PTBMA-b-PEO-b-PTBMA 97

with diphenylmethyl potassium and potassium naphthalene
as initiators. The synthetic procedure involved polymerisation
of TBA at 778 8C; after introduction of ethylene oxide the
temperature was raised to 35 8C. Analysis of the reaction
products by gel-permeation chromatography and by NMR
and IR spectroscopies revealed no side processes and no
homopolymers. Quantitative hydrolysis of tert-butyl ester
groups of PTBMA led to formation of new block copolymers
containing PMAAc.

The known non-ionogenic di- and triblock copolymers
based on hydrophilic PEO and hydrophobic poly(propylene
oxide) (PPO) should be pointed out. They are produced on a
large-scale basis under the trademarks `Proxanols', `Pluronics'
and `Poloxamers' mainly by sequential anionic polymerisa-
tion.22 These amphiphilic block copolymers can form
micelles 98 and complexes with many organic substances 99, 100

including pharmaceuticals.101

A quite interesting group of copolymers is built of PEO and
cationic P2VP or P4VP blocks. There are few studies on the
synthesis of such compounds, although their micelle-forming
properties in aqueous solutions have been a subject of intensive
research.102 Since 2-vinylpyridine and 4-vinylpyridine (VP) are
characterised bymuch higher pKa values than oxiranes (29 and
26 vs. 16 ± 18, respectively),46 one can assume that PVP macro-
anions will be more reactive than PEO macroanions. This
requires that the basic monomer be polymerised first. This
order of introduction of the monomers was used in the syn-
thesis of P2VP-b-PEO diblock copolymer.102, 103 The polymer-
isation was carried out in THF at 778 8C with cumyl
potassium/18-crown-6 ether complex as initiator.103 In spite
of a narrow MMD of the P2VP blocks, not all `living' P2VP
chain ends initiated the polymerisation of EO. As a result, the
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reaction product contained up to 30 mass% of P2VP homo-
polymer.

Recently, there has been search for new polar hydrophobic
polymer blocks to obtain micelle-forming biocompatible and
biodegradable materials by copolymerisation with PEO. One
of such polymers is poly(e-caprolactone) (PCL). Copolymers
PEO-b-PCL that were synthesised and studied recently 104, 105

are promising for the design of macromolecular therapeutic
systems.106 It should be noted that among the monomers listed
in Ref. 46, lactones have the lowest pKa values in the range
from 6 to 8, i.e., their macroanions have the lowest nucleophi-
licity. Yet another biodegradable hydrophobic polymer is
poly-L(or DL)-lactide (PL),107 which is also widely used as a
constituent of block copolymers. For instance, copolymers
PEO-b-PL and PL-b-PEO-b-PL were synthesised and
studied.108, 109 However, the synthetic procedure did not
involve sequential anionic polymerisation; macroinitiators
based on commercially available polyethylene glycol (PEG)
(Mn=46103) or PEG monomethyl ether (PEGME,
Mn=56103) were employed. The hydroxyl groups of PEG
or PEGME were activated by metallic potassium (in THF) 108

or tin 2-ethylhexanoate,109 converted to mono- or bifunctional
initiators and then anionic ring-opening polymerisation of DL-
or L-lactide (Scheme 3) was carried out.

Copolymers PEO-b-PL and PL-b-PEO-b-PL were charac-
terised byMn of (5.8 ± 19.2)6103 and (6.0 ± 17.4)6103, respec-
tively.109 Analogous triblock copolymers 108 had similar
molecular masses; however, the MMD was broad
(Mw/Mn=3.04 ± 4.21) due to intermolecular (Scheme 4) and
intramolecular (Scheme 5) re-esterification reactions during
the polymerisation of D,L-lactide.

By combining sequential anionic polymerisation and poly-
mer-analogous transformations it is possible to form copoly-
mers containing anionic PAAc or PMAAc blocks and non-
ionogenic thermally sensitive N-mono- or N,N-dialkyl-substi-
tuted acrylamide blocks.9 They are called the double stimuli-
responsive copolymers, because the state of the polyacid blocks
is determined by the pH value, while the state of the substituted
PAA blocks is governed by temperature. The first stage
involved block copolymerisation of protected tert-butyl acryl-
ate (TBA) withN,N-diethylacrylamide (DEAA)9 initiated by a
mixture of diphenylhexyl lithium with LiCl. The polymer-
isation of the first block was followed by introducing triethyl-
aluminium into the system. In the second stage the PTBA-
b-PDEAA copolymer was hydrolysed to obtain the PAAc-
b-PDEAA copolymer. A similar technique was used for the

synthesis of PTBMA-b-PDMAA copolymers [PDMAA is
poly(N,N-dimethylacrylamide)] with different block
lengths.110 First, tert-butyl methacrylate was polymerised
under the action of an oligostyryllithium adduct with
1,1-diphenylethylene in the presence of LiCl (T=730 8C).
Then, the active centres were modified with an excess of
diethylzinc at 740 8C, the temperature was reduced to
778 8C, N,N-dimethylacrylamide was introduced and the
process continued. Block copolymers thus obtained had
Mn=3.76104 (Mw/Mn=1.33) and 1.5426105

(Mw/Mn=1.28) and contained 48.7 mass% and
14.3 mass% of PDMAA, respectively.

Amphoteric block copolymers, or copolyampholytes, con-
taining acid (PAAc or PMAAc) and basic {poly[p-(N,N-dime-
thylamino)styrene] (PDAS), PVP and poly[2-(dimethyl-
amino)alkyl methacrylates]} blocks occupy a special position.
They are synthesised by sequential anionic polymerisation of
the basic monomers and protected alkyl (meth)acrylates fol-
lowed by acid hydrolysis of the polyester blocks. Amphoteric
diblock copolymers P2VP-b-PMAAc and P2VP-b-PAAc were
first obtained 111 by sequential polymerisation of 2-VP and
trimethylsilyl methacrylate (TMSMA) or TBA followed by
hydrolysis of the protected ester groups. A P4VP-b-PMAAc
copolymer synthesised in a similar fashion was converted to
poly(4-vinyl-1-methylpyridinium chloride)-b-PMAAc copoly-
mer by quaternisation of pyridine groups (Scheme 6).112, 113

When obtaining the PTMSMA-b-PDAS and PTBMA-
b-PDMAEMA copolymers {PDMAEMA is poly[2-(di-
methylamino)ethyl methacrylate]},114, 115 the order of intro-
duction of the acid and basic monomers was reversed. There-
fore, the macroanions formed by the basic monomers and
protected alkyl (meth)acrylates have similar nucleophilicities.
Note that the PTBMA-b-PDMAEMA copolymer 115 had a
desired molecular mass (Mn exp=5.46103 from gel-permea-
tion chromatography data, cf. Mn theor=5.56103) and a
narrow MMD (Mw/Mn=1.08). The initiation efficiency of
the polymerisation of 2-(dimethylamino)ethyl methacrylate by
PTBMA macroanions was fi= 0.92. Copolyampholytes
PMAAc-b-PDMAEMA were also synthesised and
studied.116 ± 118 A similar synthesis of the di- and triblock
copolymers A-b-B, A-b-B-b-A and B-b-A-b-B with poly[2-
(dimethylamino)alkyl methacrylate] (alkyl=ethyl, propyl and
1-ethylmethyl) groups as the A component and sodium poly-
methacrylate as the B component was reported.119 Polymer-
isation was carried out in THF at 778 8C with diphenylme-
thyllithium as initiator and LiCl as regulator.
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Scheme 6

d. Nonpolar/polar block terpolymers
One of the first reviews concerning the synthesis of linear block
terpolymers by sequential anionic polymerisationwas reported
in 1980.120 In the last decade, considerable advances in the
design of A-b-B-b-C copolymers with controlled molecular
structures were made using this technique. As previously, the
key factor in the design of the synthetic procedure is the relative
reactivity of monomers and their macroanions.

A few studies on the synthesis of A-b-B-b-C-terpolymers
containing two nonpolar blocks have been reported so far.
Recently, PS-b-PB-b-PMAAc terpolymers were obtained by
hydrolysing PS-b-PB-b-PTBMA terpolymers synthesised by
sequential polymerisation of St, butadiene and TBMA.121 It
was found that the presence of a polar (ionogenic) and two
nonpolar blocks (`hard' PS and `soft' PB) in the sane macro-
molecule leads to a specific morphology of triblock copolymer
films, which is different from that of diblock copolymer films.
To study the morphology of terpolymers with two nonpolar
blocks, a PB-b-PS-b-PEO terpolymer was synthesised by
sequential polymerisation with sec-butyllithium as initiator.122

Hydrogenation of the PB block in the presence of Wilkinson's
catalyst gave a PE-b-PS-b-PEO terpolymer with two crystal-
lisable end blocks.

Terpolymers having one nonpolar PS or PB block are of
much greater interest. The simplest task is to synthesise
terpolymers with a side nonpolar block, which in this case is
polymerised first and its highly reactive `living' chain end
initiates the polymerisation of a broad spectrum of polar
monomers. This method was employed to obtain a PS-
b-PMMA-b-PTBA terpolymer.123 The polymerisation of St
in cyclohexane was initiated by sec-butyllithium. Once formed,

the PS block was `capped' with a-methylstyrene to avoid side
reactions in the polymerisation of MMA. Then, the third
monomer was added. Subsequent hydrolysis of TBA units
with p-toluenesulfonic acid in toluene (at 100 8C for 5 h)
afforded the PS-b-PMMA-b-PAAc terpolymer. It was shown
that no hydrolysis of MMA units occurs in the polymer-
analogous reaction. This polymerisation scheme was imple-
mented in the synthesis of PS-b-PMMA-b-PEEMA terpoly-
mer 82 with MAAc protected by 1-(ethoxy)ethyl groups as the
third monomer. It was possible to introduce the second and
thirdmonomers in any order and thus to change the position of
the PMAAc ionogenic block formed upon hydrolysis of the
protected units. Terpolymers thus obtained had desired com-
positions and narrow MMDs. PS-b-PMAAc-b-PMMA ter-
polymers with central ionogenic block and similar chemical
structure were also synthesised.124 The ability of theA-b-B-b-C
terpolymers comprised of one nonpolar, one polar hydro-
phobic and one polar hydrophilic (ionogenic) block to form
specific micellar structures in aqueous and non-aqueous media
attracts the attention of researchers. Such block copolymers
may be used as nanoreactors and nanocontainers.13, 14, 17, 18

Recently, the synthesis of terpolymers with one nonpolar
and two polar hydrophilic blocks by sequential anionic
polymerisation has been part of research on novel micellar
structures. A number of studies in this field concern the
synthesis and investigation of PS-b-P2VP-b-PEO terpolymers
with the polybasic central block.125 ± 129Monitoring of changes
in the molecular masses andMMDs of the blocks in the course
and after the synthesis by gel-permeation chromatography and
1H NMR spectroscopy gaveMnPS=26104 (Mw/Mn=1.07),
MnP2VP=1.46104 andMnPEO=2.66104, the polydispersity
index of the terpolymer was 1.1 (Ref. 128). The terpolymers
formed specific core ± shell ± corona aqueous micelles.127, 130

A series of studies is devoted to the synthesis of ampholytic
block terpolymers. The PS-b-P2VP(P4VP)-b-PMAAc block
copolyampholytes were prepared by conventional techni-
que.131 Sequential polymerisation of St, VP and protected
MA gave a precursor of terpolymer and subsequent acid
hydrolysis of the protected units resulted in the copolyampho-
lyte. Attempts to synthesise a triblock copolyampholyte with
the nonpolar central PS block were reported.132, 133 This is a
severe problem because P2VP (or P4VP) and protected poly-
methacrylate macroanions cannot initiate the polymerisation
of St. To overcome the difficulty, 5-(N,N-dimethylamino)iso-
prene (DMAI) was used instead of 2-VP (or 4-VP).132 The
reactivity of DMAI in anionic polymerisation is similar to that
of St; therefore, no bifunctional initiator was used in the
synthesis of the PDMAI-b-PS-b-PMAAc terpolymer with the
central PS block. Sequential polymerisation of the necessary
monomers in the reactor afforded a precursor, PDMAI-b-PS-
b-PTBMA terpolymer, which was hydrolysed to obtain the
PDMAI-b-PS-b-PMAAc copolyampholyte. Another proce-
dure was employed for the synthesis of a copolyampholyte
with the side P4VP block.133 In the first stage, a PTBA-based
macromonomer with the terminal double bond was prepared.
Then, initiation of the macromonomer and anionic polymer-
isation of St and P4VP (Scheme 7) were carried out.

The process was performed in THF at 778 8C using
an adduct of sec-butyllithium with a-methylstyrene as initiator
in the presence of LiCl. The copolyampholyte samples were
characterised by narrow MMD (Mw/Mn=1.09 ± 1.11,
Mn=5.26610479.866104).

e. Polar block terpolymers
Presently, a few terpolymers formed by various methacrylates
are available. The monomers used are similar in reactivity;
therefore, by varying the order of their introduction one can
form hydrophilic and hydrophobic blocks at necessary
positions. In particular, terpolymers comprised of
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poly[2-(perfluorobutyl)ethyl methacrylate], PTBMA and
poly[2-(trimethylsilyloxy)ethyl methacrylate] (PTMSOEMA)
were synthesised; the monomers were introduced in different
order.134 Poly[2-(hydroxy)ethyl methacrylate] blocks were pre-
pared by selective hydrolysis of protected PTMSOEMA units.
The microphase structure of terpolymer films was studied.135

3. Anionic group transfer polymerisation
Anionic group transfer polymerisation (GTP) discovered in
1983 (Ref. 136) is widely used for the synthesis of di- and
triblock copolymers based on polyacrylates and polymeth-
acrylates at room temperature or at somewhat higher temper-
atures. The key condition for practical implementation of a
sequential process is to use monomers with similar reactivities.
Opinions differ on the mechanism of this kind of polymer-
isation.22, 23, 137 ± 139 Researchers who proposed the GTP tech-
nique explained the `living' mechanism of the polymerisation
of methacrylates in the presence of initiators (O-silyl ketene
ketals) and catalysts [strong nucleophiles, e.g., HFÿ2 with
tris(dimethylamino)sulfonium or tetrabutylammonium coun-
terions] by the formation of intermediate eight-membered ring
accompanied by transfer of the trimethylsilyl group.22, 46 This
is the so-called associative mechanism.

However, more recently yet another (dissociative) mecha-
nism was proposed with allowance for a lower rate of the
process compared to the classical anionic polymerisation of
methacrylates, a narrower MMD of polymers and nearly
identical stereochemical structure of polymers synthesised by
bothmethods (instead of predominant isotacticity expected for
GTP).140, 141 It assumes that GTP occurs as anionic polymer-
isation in which a small amount of enolate anions is in
equilibrium with the vast majority of silyl ketene ketal end
groups.46

Scheme 8

Owing to this equilibrium the lifetime of the enolate anions
is shortened, which favours retardation of GTP compared to
the classical anionic polymerisation. The equilibrium (see
Scheme 8) and its shift towards a particular type of active
centres also provides an explanation for the lower polydisper-
sity of GTP products. Since here the role of counter-ions is
played by tris(dimethylamino)sulfonium or tetrabutylammo-
nium cations, solvent-stabilised free anions should act as the
chain growth centres.

At present, GTP is treated as classic anionic polymerisation
controlled by reversible chain termination (dissociative mech-
anism) and/or degenerate chain transfer.46 Note that direct
group transfer polymerisation of AAc and MAAc is also
impossible; the PAAc and PMAAc blocks are prepared by
GTP of corresponding protected derivatives followed by
removal of the protective groups using relevant chemical
reactions.9 Now we will consider some examples of the GTP-
synthesis of block copolymers.

a. Binary block copolymers
Amphiphilic diblock copolymers PMMA-b-PMAAc were
synthesised 142 using GTP and a polymer-analogous reaction.
Sequential polymerisation of MMA and benzyl methacrylate
(BMA) was followed by hydrolysis of the protected units.
Diblock copolymers PMMA-b-PAAc were prepared in a
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similar fashion to study the micelle-forming properties.143 The
AAc units were protected with tert-butyl groups. Triblock
copolymer PTBMA-b-PMMA-b-PTBMA was synthesised
from the same monomers (MMA and TBMA) by the GTP
method.144 The copolymer with the central hydrophobic block
surrounded by hydrophilic blocks was isolated upon hydrol-
ysis of PTBMA.

New diblock copolymers with various basic blocks were
synthesised by sequential GTP of 2-(imidazol-1-yl)ethyl meth-
acrylate and DMAEMA at 25 8C using the 1-methoxy-1-
trimethylsiloxy-2-methylpropene ± tetrabutylammonium ben-
zoate system as initiator.145 The basic block containing imid-
azole groups showed high catalytic activity in the hydrolysis of
p-nitrophenyl acetate. Two more copolymers with the basic
blocks, namely, PDMAEMA-b-PDEAEMA {PDEAEMA is
poly[2-(ethylamino)ethyl methacrylate]} and PDEAEMA-
b-PMEMA {PMEMA is poly[2-(morpholino)ethyl methacry-
late]} were obtained by the GTP technique.146, 147

Diblock copolyampholytes containing PDMAEMA and
PMAAc were synthesised by the same method using protected
benzyl methacrylate monomer 148 and tetrahydropyranyl
methacrylate (THFMA).149 In the latter case, poly-THFMA
blocks were readily hydrolysed at room temperature.

b. Block terpolymers
Model block terpolymers poly[(2-ethylhexyl) acrylate]-
b-PMMA-b-PAAc with gradually increasing hydrophilicity
of the blocks were synthesised by sequential polymerisation
of 2-ethylhexyl acrylate with MMA and TBA followed by
hydrolysis of the PTBA block.150 The GTP technique was used
for the synthesis of not only diblock, but also triblock
copolyampholytes containing two unlikely charged blocks
(PDMAEMA and PMAAc) and a hydrophobic PMMA
block.148 The position of the hydrophobic block strongly
affected the micelle-forming properties of the copolyampho-
lytes.151 Triblock copolyampholytes containing the same poly-
meric components were also obtained using THFMA as the
protected monomer and all possible types of introduction of
the monomers.152 Polymerisation was followed by hydrolysis
of the PTHFMA block in a weak acid medium.

4. `Living' cationic polymerisation
`Living' cationic polymerisation makes the design of the
chemical structure of block copolymersmore versatile, because
there exist monomers (isobutylene, alkyl vinyl ethers, etc.) that
are better polymerised by the cationic mechanism.22, 23, 44, 45

Specific features of cationic polymerisation and the stages,
kinetics and conditions for carrying out the process have been
well documented;22, 45, 46 because of this, we will only dwell on
the key steps. Cationic polymerisation represents a sequential
addition of monomers possessing the properties of nucleo-
philes and capable of stabilising the positive charge to carbo-
cations.22, 23, 45 The development of the process requires that
the double bond be the most nucleophilic fragment of the
monomer molecule. Traditionally used initiators of `living'
cationic polymerisation include protic acids and products of
the interaction of Lewis acids with water, alcohols, ethers and
alkyl halides. High reactivity of carbocations predetermines a
high rate of chain growth, which makes the process poorly
controllable. In addition, b-H atoms become highly mobile;
therefore, chain transfer by abstraction of b-protons from the
growing carbocations is a typical side reaction occurring in the
course of cationic polymerisation of a-olefins.46 However, the
side reactions can be suppressed by carrying out polymer-
isation at low temperatures in hydrocarbons and in chlorine-
and nitrogen-containing solvents.153 Protic solvents and
amines that favour chain transfer and chain termination
should not be used.

In cationic polymerisation the active centres include the
contact and free ion pairs that coexist in equilibrium. The
solvent separated ion pairs are not involved in polymerisation
processes.46 The reactivities of ion pairs and free ions in
cationic polymerisation are almost equal (k�p & k�p ), but these
species have different lifetimes.154, 155 This leads to products of
higher polydispersity compared to anionic polymerisation
products. An important condition for providing the `living-
ness' of the process is reduction of the polymerisation rate. This
is achieved by shift of the equilibrium between the active
centres towards the contact ion pairs. The growth centres are
`deactivated' by introducing salts (containing the same coun-
terion as the active centre) 156 and nucleophiles (Nu)46 that
interact with carbocations and form stable ion pairs.

Binding of carbocations to salts or nucleophiles under fast
exchange between the active and `sleeping' centres causes the
rate of the process and the polydispersity of macrochains to
decrease. Yet another important condition is the reversible
character of chain termination. In cationic polymerisation, in
the absence of impurities and chain termination agents, the
chain growth is mainly ceased owing to collapse of the ion
pair,46 namely, formation of a covalent bond between the
carbocation and counterion (or its fragment 22). However, in
some cases the reaction is reversible due to, e.g., the addition of
halide ions from the SnClÿ5 , SbCl

ÿ
6 , SnBr

ÿ
5 , BCl

ÿ
4 and BBrÿ4

counterions. In such systems, one can hope for controllable
character of polymerisation.

The design of a sequential chain in the synthesis of block
copolymers using cationic polymerisation has a number of
specific features. In particular, the most reactive (most nucleo-
philic) monomer is most often polymerised first (Scheme 9).
This favours fast and quantitative initiation. The polymer-
isation of the more reactive monomer requires a lower temper-
ature. To activate the polymerisation of the other (less reactive)
monomer, the temperature and/or concentration of the co-
initiator is increased (Scheme 10).46
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Numerous examples of the synthesis of the A-b-B, A-b-B-
b-A, B-b-A-b-B and A-b-B-b-C copolymers by sequential
cationic polymerisation are available in the literature. In
the early studies, sequential polymerisation of THF and
3,3-bis(chloromethyl)oxetane was carried out.157 More
recently, poly(p-methoxystyrene)-b-poly(isobutyl vinyl ether)
diblock copolymers were prepared.158 Now we will consider
the synthesis of particular block copolymers.

a. Binary nonpolar block copolymers
Studies 159 ± 162 on the synthesis of block copolymers by sequen-
tial cationic polymerisation revealed the possibility of intro-
ducing the monomers in the reversed order starting from the
less reactive monomer provided that the first block is `capped'
with a readily ionisable monomer that cannot be polymerised.
This technique was used to obtain almost monodisperse
(Mw/Mn<1.1) di- and triblock copolymers containing poly-
isobutylene (PIB) and poly(1-methylstyrene) (PMS) or other
styrene derivatives. Initially, HCl and TiCl4 were used as
initiator and co-initiator, respectively. The polymerisation of
IB was followed by `capping' the PIB block with 1,1-diphenyl-
ethylene and deactivation of the first Lewis acid (TiCl4) with
titanium isopropoxide or butoxide [Ti(OR)4]. Then, the second
Lewis acid (SnBr4) was added and the styrene derivative was
polymerised. The efficiency of polymerisation initiation of the
second monomer approached 100%. At the same time a study
on the synthesis of PS-b-PMS-b-PS copolymers from styrene
and p-methylstyrene (p-MS) characterised by similar reactiv-
ities using a bifunctional initiator showed that the resulting
triblock copolymer had a narrower MMD (Mw/Mn=1.15) if
the more reactive p-MS was polymerised first.163When styrene
was polymerised first, the product was characterised by
Mw/Mn=1.34.

Sequential cationic polymerisation was used for the syn-
thesis of PS-b-PIB-b-PS triblock copolymers with nonpolar
components, which possessed the properties of thermoelastic
elastomers.164 ± 168

b. Binary nonpolar/polar block copolymers
Syntheses of block copolymers based on PS, PMS or PB
(nonpolar blocks) and on various poly(vinyl ethers) (polar
blocks) have been reported. Cationic polymerisation of the
following pairs of monomers was studied: p-MS ± isobutyl
vinyl ether (IBVE),169 St ±methyl vinyl ether (MVE),
St ± chloroethyl vinyl ether (CEVE)170 and a-MS ±CEVE.171

The best results (narrower MMD) were obtained where more
reactive monomers, namely, IBVE and MVE, were polymer-
ised first. The technique was used to obtain 170 a PMVE-b-PS
copolymer with controlled molecular structure and a polydis-
persity index of 1.33, although the temperature and the Lewis
acid concentration were increased in the second stage (see
Scheme 9). Polymerisations of the less reactive monomers in
the first stage led to mixtures of block copolymers with
homopolymers formed by the more reactive monomers in
second stage.169, 170 Since a-MS and CEVE had almost identi-
cal reactivities, their block copolymerisation could be per-
formed in any order.171

Sequential cationic polymerisation starting with the less
reactive monomer was employed for the synthesis of PIB-
b-PMVE copolymers with a very narrow MMD
(Mw/Mn<1.1).172

c. Binary polar/polar block copolymers
Typical representatives of this group are diblock copolymers
based on various polyethers. Copolymers PMVE-b-PCVE
[poly(cetyl vinyl ether)] having two polyether blocks
(Mn<3.56103), a narrow MMD and controllable composi-
tion were obtained 173 using a HI/ZnI2 mixture as initiator in
the early stage of research in this field.173 Sequential cationic

polymerisation starting from the most nucleophilic monomer
was employed for the synthesis of diblock copolymers com-
prised of poly(isobutyl vinyl ether) and poly(p-metoxystyrene)
(PMOS),169 PMVE and PMOS 174 and poly[p-(tert-butoxy)-
styrene] (PTBOS) and PIBVE.169 Copolymers PMVE-
b-PMTEGVE (PMTEGVE is poly(methyltriethylene glycol
vinyl ether) were prepared in a similar fashion (Scheme 11) 175

using an adduct of HCl with isobutyl vinyl ether and SnCl4 as
initiating system. The addition of tetrabutylammonium
chloride enhanced the `livingness' of the system. Seven samples
of copolymers were obtained in a yield of 99 mass%
(no homopolymers). They had molecular masses
(Mn=1.58610371.406104) similar to theoretical values
and narrow MMDs (Mw/Mn=1.14 ± 1.29).

Scheme 11

Sequential cationic polymerisation of MVE and
ethyl [2-(vinyloxy)ethyl]malonate (EVOEM) to prepare
PMVE-b-PVOBA diblock copolymers [PVOBA is poly(viny-
loxy-4-butanoic acid)] (Scheme 12) was reported.176 Polymer-
isation of the first block of variable length was followed by
introduction of a constant amount of the secondmonomer and
the process was continued. The diblock copolymers thus
obtained were involved in two polymer-analogous reactions,
namely, alkaline hydrolysis followed by decarboxylation after
dialysis. According to size exclusion chromatography and
1H NMR spectroscopy data, five specimens of PMVE-
b-PVOBA were characterised by variation of the molecular
mass of the first block over a wide range
(Mn=5.86610373.556104) and by small variations of the
molecular mass of the second block [Mn= (4.9476.37)6103].
The copolymers had narrow MMDs (Mw/Mn=1.1 ± 1.3) and
served as efficient stabilisers of aqueous and organic iron oxide
dispersions.

This polymerisation technique also appeared to be efficient
in the synthesis of diblock copolymers based on poly(2-ethyl-2-
oxazoline) and poly(L-lactide).177 Such copolymers attract
increasing interest of researchers because they contain two
biocompatible blocks.

d. Block terpolymers
The search for new methods of control of the micellar and
microphase structures of copolymers predetermines an
increase in the number of components in block copolymers,
which in turn requires improvement of synthetic procedures.
`Living' cationic polymerisation, which is also employed in this
case, is of limited use compared to `living' anionic polymer-
isation. Among the small range of block terpolymers synthes-
ised by this method, mention may be made of model triblock
copolymers based on poly(ethyl vinyl ether) (PEVE), PMVE
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and PMTEGVE containing an equal number of each type of
monomer units (N=20).178 These terpolymers attract the
attention of researchers owing to combination of a water-
insoluble (PEVE), poorly water-soluble (PMTEGVE) and
readily water-soluble (PMVE) blocks in the same macromole-
cule. Interestingly, the terpolymer dissolved in water (less
than 1 mass%) possessed the micelle-forming properties only
upon addition of a low-molecular-mass salt.

5. `Pseudoliving' radical polymerisation involving stable
radicals
A fundamental problem in polymer chemistry is to develop
methods of controlled radical synthesis of polymers. This
problemwas solved by the end of theXXth century. At present,
there are three commonly accepted types of `pseudoliving'
radical process. These are the stable free radical polymerisation
(SFRP), atom transfer radical polymerisation (ATRP) and
reversible addition ± fragmentation transfer (RAFT) radical
polymerisation. Mention may also be made of the molecular
design via interchange to xanthates (MADIX). At the same
time all the methods are based on common principles that
allow one to carry out a controlled `pseudoliving' radical
process. From the standpoint of control, the drawbacks of
free radical polymerisation include (i) high reactivity of radi-
cals and, as a consequence, a very high rate of the process and
(ii) bimolecular chain termination reactions. Therefore, it was
proposed to `divide' the overall polymerisation process into a
large number of `short-term' stages by choosing such reversible
chain termination reactions (SFRP and ATRP) or chain
transfer reactions (RAFT andMADIX) that their equilibrium
constants be rather low and provide a long `sleep' period. Thus,
the main idea of `pseudoliving' radical polymerisation is to
provide conditions for reversible chain termination (inhibition)
or chain transfer provided that these reversible reactions are
faster than the recombination reaction (kin(tr)44 kr).23, 179 ± 183

Reversible chain termination or chain transfer reactions char-
acterised by low equilibrium constants play the role of a `valve'
that `opens' the polymerisation process and `closes' it upon
adding a few monomer units. The characteristic features of a
`pseudoliving' radical process include a linear dependence of
themolecular mass of the polymer on themonomer conversion
and a narrow MMD.22, 180 ± 184 The kinetic laws of various
types of `pseudoliving' polymerisation have been comprehen-
sively treated in reviews.185, 186 An original method of determi-

nation of the kinetic parameters of controlled radical processes
by linearising the polymer chain length distribution was
proposed.187 Presently, all types of `pseudoliving' polymer-
isation are widely used in the synthesis of block copolymers;
therefore, we will consider the key features of each type
separately.

Otsu andYoshita 188 were the first to report the significance
of reversible chain termination in radical polymerisation. In
the mid-1980s, the SFRP technique was developed.189, 190 The
best results were obtained for the polymerisation and copoly-
merisation of St-based monomers. Reversibility of the process
wasmaintained by the chain termination reaction involving the
growing chains and stable nitroxides [e.g., 2,2,6,6-tetramethyl-
piperidine-N-oxyl (TEMPO)], which became reversible at
T>100 8C.

The equilibrium constant for C7O bond cleavage in the
polymeric alkoxyamine formed is 23, 191

K � kÿT
kT

=2.1610711 mol litre71.

Here kT and k7T are the rate constants for chain termination
and re-initiation (TEMPO addition and elimination), respec-
tively. In the presence of TEMPOa controlled radical polymer-
isation of St is thermally initiated using a conventional radical
initiator (e.g., benzoyl peroxide) and low-molecular-mass
alkoxyamines (AOA) that are products of the interaction of
the initiator, TEMPO and (in some cases) monomer mole-
cule.23, 179, 180 The rate of `pseudoliving' polymerisation of St in
the presence of AOA obeys the first-order equation with
respect to the monomer concentration
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ÿ d�M �
dt
� kpKb�M �,

where K is the equilibrium constant and b=[AOA]/[T
.
] is the

alkoxyamine : TEMPO concentration ratio (this ratio is a
constant for a steady-state process).23, 179 In addition, up to
q* 90% the process is characterised by a linear dependence of
the molecular mass on conversion and by narrow MMD
(1.05<Mw/Mn<1.2)

ÿ
Mwÿ
Mn

� 1� 2

tkÿT
.

A feature of `pseudoliving' polymerisation of styrene is alter-
nation of short (*1074 ± 1073 s) addition steps of some
monomer molecules to the growing chains and long
(*40 min) `sleep' periods. In the late stages of SFRP polymer-
isation the rate of the process decreased and the polydispersity
of the product increased because of the decomposition of the
polymeric alkoxyamine due to disproportionation reaction
between the nitroxide radical and the growing macroradical
resulting in hydroxyamine and the polymer with the double
bond at the chain end.186

In addition to TEMPO, stable radicals N,N-di(tert-butyl)-
N-oxyl (DBN), N-(tert-butyl)-N-(isopropylphenyl)methyl-N-
oxyl (TIPNO), N-(tert-butyl)-N-(tert-butyldiethylphospho-
nyl)methyl-N-oxyl (DEPN), etc. were also used in the SFRP
processes.185, 186 The structure of the nitroxide radical strongly
affects the kinetic parameters of the SFRP process. In partic-
ular, the more sterically hindered the nitroxide the easier the
C7O bond cleavage in alkoxyamines and the higher the rate
constants for their dissociation (k7T) and the equilibrium
constants (K). For instance, the polymerisation of styrene in
the presence of DEPN was characterised by an equilibrium
constant K of 661079 mol litre71 (see Refs 185 and 192),
which is two orders of magnitude higher than in the case of
TEMPO. This makes it possible to reduce the temperature of
the SFRP process.186

SFRP of acrylic monomers (especially methacrylates) in
the presence of TEMPO is complicated by the accumulation of
nitroxide in the system, which slow down or even prvent the
polymerisation.9 The degree of control and the rate of poly-
merisation of these monomers considerably increase in the
presence of sterically hindered nitroxide compounds, such as
TIPNO, DBN and DEPN. The reason is a higher dissociation
rate of the corresponding alkoxyamines compared to that of
the TEMPO-based ones.185, 186 In addition, a kinetic study of
SFRP of tert-butyl acrylate in the presence of DBN showed
that the rate of the process increases upon addition of a radical
initiator dicumyl peroxide.193 No significant MMD broad-
ening occurs in this case. In addition, polymerisation of n-butyl
acrylate under the action of DEPN occurred even without
decomposition of polymeric alkoxyamine and was well con-
trolled.192 At the same time the polymerisation of methacry-

lates was poorly controlled even using sterically hindered
nitroxides because polymeric alkoxyamines tend to undergo
disproportionation involving abstraction of a proton from
a-methyl group.186, 194

Recently, an interesting avenue of research on in situ
formation of nitroxide radicals in the polymerisation system
emerged.195, 196 High-molecular-mass spin adducts are formed
in the reactions of chain growth radicals with nitrones and
nitroso compounds,197 ± 202 triazines,203 sterically hindered
secondary amines,204 a nitrogen monoxide/nitrogen dioxide
mixture 196 and other compounds. Controlled syntheses of PS,
PMMA, poly(vinyl chloride) (PVC), poly(N-vinylpirrolidone)
(PVPD) and copolymers of VPDwithMMA in the presence of
these stable radicals were carried out at low temperatures
(50 ± 120 8C) and at rather high rates.196 ± 199, 205 However,
inhomogeneous structure of the in situ formed nitroxides was
reported.196

A new interesting approach to involvement of inactive
monomers (MMA and vinyl acetate (VA) in controlled SFRP
process by copolymerisation with an active monomer (St) was
proposed.194, 206 Yet another procedure for practical imple-
mentation of a `pseudoliving' SFRP process in the presence of
an alternative stable radical, namely, a product of oxidation of
alkyl-9-borobicyclo[3.3.1]nonane, will be considered below
(see Section III.1).

a. Binary nonpolar block copolymers
Pioneering studies on SFRP of styrene and its derivatives
(under the action of benzoyl peroxide in the presence of
TEMPO) aimed at preparing block copolymers date back to
the early 1990s.184, 207 ± 210 The method was used for the syn-
thesis of A-b-B andA-b-B ± b-A type block copolymers.211 ± 214

More recently, SFRP was also employed in the synthesis of
copolymers with polar blocks.

b. Binary nonpolar/polar block copolymers
Quite interesting copolymers PS-b-PPhIMS {PPhIMS is poly-
[p-(phthalimidomethyl)styrene]} and PS-b-PPhIMS-b-PS were
prepared by the SFRPmethod.215 Initially, the polymerisation
of styrene under the action of benzoyl peroxide in the presence
of TEMPO resulted in PS bearing a nitroxide end group. Then
it was used as macroinitiator of the polymerisation of PhIMS,
and diblock copolymers with the same end group were thus
synthesised. The third, PS, block was obtained using the
diblock copolymer as macroinitiator (Scheme 13).

The molecular masses of the PS blocks increased in
proportion to conversion and the Mw/Mn ratio was
1.1571.25. The number-average molecular masses, Mn, of
the copolymers varied between 1.96104 and 36104. Under the
action of hydrazine the phthalimide groups were converted to
amino groups and thus di- and triblock copolymers containing
basic poly[p-(aminomethyl)styrene] blocks were prepared.

Diblock copolymers containing the first PS block and
PMMA, poly(ethyl methacrylate) (PEMA), poly(butyl meth-
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acrylate) (PBMA), poly(octyl methacrylate) (POMA),
PDMAEMA, poly(vinyl acetate) (PVA) and PDMAA as the
second block were synthesised analogously using the same
initiator (benzoyl peroxide) in the presence of TEMPO radical
at higher temperature (T=130 8C).216 The copolymers were
thoroughly characterised by gel permeation chromatography
and 1H NMR spectroscopy. The first stage involved the
synthesis of PS blocks with nitroxide group
(Mn=56102 ± 2.66103), which played the role of macro-
initiators in the next step. In all cases, except the polymer-
isation of DMAEMA and VA, the diblock copolymers were
obtained in high yields, the molecular masses increased in
proportion to conversion and the polydispersity was
Mw/Mn=1.271.5. The end nitroxide groups were detected
for all the copolymers. Interestingly, an earlier attempt 217 to
attain controlled homopolymerisation of DMAA in the pres-
ence of TEMPO also failed. Controlled homo- and block
copolymerisation of this monomer is only possible in the
presence of sterically hindered nitroxides TIPNO.218

(Co)polymers thus obtained were characterised by
Mn=4610374.86104 and a narrow MMD (Mw/Mn=
1.1071.21).

It should be noted that the polydispersity indices of the
diblock copolymers obtained by SFRP of PS and poly(meth)-
acrylates are much higher than those of the identical copoly-
mers synthesised by sequential anionic polymerisation. This is
quite natural because the efficiency of nitroxide-bearing PS in
SFRP of acrylates is low ( fi< 0.6 at 125 8C), being even lower
for the polymerisation of methacrylates ( fi< 0.4).210 There-
fore, such diblock copolymers have a broader MMD.

Nitroxide-controlled radical polymerisation was success-
fully used for the synthesis of diblock copolymers from sodium
poly(styrene sulfonate) (PSSNa) and polyvinylnaphthalene 219

and a copolymer with PS blocks and alternating copolymer of
St with maleic anhydride (MA).220 N-(tert-Butyl)-N-(2-
methyl-1-phenylpropyl)-o-(1-phenylethyl)hydroxyamine was
used instead of TEMPOand the poly(St-alt-MA)-b-PS copoly-
mer was synthesised in one step.220 Styrene andMAwere taken
in a 9 : 1 ratio; the process began with alternating copolymer-
isation of styrene with MA, which was followed by homo-
polymerisation of excess styrene upon consumption of MA.
A linear increase in Mn with conversion and a narrow MMD
(Mw/Mn41.2) were observed.

c. Binary polar/polar block copolymers
Only few studies on the synthesis of polar/polar block copoly-
mers using the SFRP technique have been reported so far. In
particular, a PTBA-b-PDMAA diblock copolymer was
obtained by the SFRP method; subsequent hydrolysis of
TBA units afforded PAAc blocks.218 Studies 221 ± 223 carried
out to selectively modify the microphase structure of polymer
films were based on an original idea. Block copolymers
containing protected poly(p-hydroxystyrene) blocks were syn-
thesised by the SFRP method in the presence of alkoxyamine.
To this end, p-acetoxystyrene (AOS), p-(tert-butoxy)styrene
(TBOS), p-[di(tert-butyl)methylsiloxy]styrene and p-(tetra-
hydropyranyloxy)styrene (THPOS) were used. The main goal
was not only to improve the polymerisation process using
protected monomers, but also to selectively remove the pro-
tective groups from particular blocks of the copolymers by a
chemical or thermal method, thus affecting the microphase
structure of polymer films. In particular, the protective groups
were removed from the PAOS blocks by treatment of the films
with hydrazine hydrate and from the PTHPOS blocks by heat
treatment.

6. Controlled atom transfer radical polymerisation
Controlled atom transfer radical polymerisation (ATRP) is an
alternative to `pseudoliving' radical polymerisation. The

method developed by two independent research groups in the
mid-1990s 224 ± 229 differs from the SFRP technique in that
chain growth is controlled by a reversible termination redox
reaction. The growing chain reversibly interacts with a metal
(copper 224, 226 or ruthenium 227, 228) halide fragment of a com-
plex with an organic base, donates an electron to the metal and
adds the halogen atom. In the case of a copper catalyst the
equilibrium is as follows:

Since in the course of polymerisation the halogen atom is
transferred along the chain, this `pseudoliving' mechanism was
named ATRP. The equilibrium constant for chain growth
activation is 23, 181

K � kCuI

kCuII
� �Mn��CuII�
�MnHal��CuI� ,

where [Mn] and [MnHal] are the concentrations of the `living'
and `sleeping' radicals. The polymerisation is initiated by low-
molecular-mass organic compounds containing a mobile hal-
ogen atom, e.g., 1-phenylethyl halides. Most often, complex-
forming organic ligands include 2,20-bipyridyl and its deriva-
tives, namely, 4,40-di-(hept-1-yl)-2,20-bipyridyl; 4,40-di(non-
5-yl)-2,20-bipyridyl (DNBP) andN,N,N 0,N 00,N 00-pentamethyl-
diethylenetriamine, N,N,N 0,N 00,N 000,N 000-hexamethyltriethyle-
netetraamine, etc.181, 186 The reversible termination mode is
attained at high temperatures (T>100 8C). However, lower-
temperature ATRP were also reported. For instance, the
ATRP of styrene, MA andMMA in the presence of CuICl(Br)
complexes with sterically hindered DNBP was carried out at
90 8C; the corresponding equilibrium constants K being rather
high, namely, (1 ± 2)61078 (Ref. 230), 1.261079 (Ref. 231)
and 761077 (Ref. 232). With nickel and rhodium halide
complexes with triphenylphosphine [NiBr2(PPh3)2 and
RhBr(PPh3)3] as catalysts the temperature of the ATRP
polymerisation of MMA was reduced to 75 8C 233 with reten-
tion of MM control and a narrow MMD of PMMA.

The ATRP method has been well documented in mono-
graphs and research communications 12, 181, 186, 234 ± 237 that
provide comprehensive treatment of the mechanism of this
process and criteria for the choice of each component of the
system (monomer, initiator, transition metal, organic ligands
and solvent). When carrying out an ATRP process, the
initiator, regulator, solvent and other conditions should be
chosen for each monomer in such a fashion that the equili-
brium constant (K=1078� 2) and the rate constant for
deactivation of radicals (kda=107� 1 litre mol71 s71) be opti-
mum [for reaction (1) kda= kCuI ].

238 The method does its best
in the polymerisation of St- and (meth)acrylate-based mono-
mers, but can also be used for polymerisation of acrylamide,
(meth)acrylamides and dienes.238 It should be noted that
ATRP polymerisation can be performed not only in organic
solvents (most studies),232, 239 ± 241 but also in the bulk,242 in
emulsion,243 in suspension 244 and even in aqueous solu-
tions.245, 246 However, an attempt to use this approach for
polymerisation of (meth)acrylamides failed;247 the process was
poorly controlled and the resulting polymers were character-
ised by a broadMMD. Similar results were obtained forATRP
of DMAA, which led to Mw/Mn>1.6 for the resulting
PDMAA.248, 249 It was shown that ATRP requires the use of
protected acid monomers that cannot be coordinated to the

CH2 (1)CH+ CuIIHal2 .L

X

Hal = Cl or Br, L is organic ligand; X is substituent.

CH2 CH

X

Hal + CuIHal .L .

kCuII

kCuI
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transition metal and thus poison the catalyst.9 In addition, the
best catalytic systems are obtained using protonated basic
ligands, because this precludes strong complexation with the
metal.

In contrast to `living' anionic polymerisation the ATRP
technique is quite tolerant to the nature of monomers and
solvents. This makes it possible to synthesise the A-b-B-b-A,
B-b-A-b-B and A-b-B-b-C type copolymers from polar and
nonpolar monomers starting in any order. Each ATRP syn-
thesised polymer has a mobile halogen atom at the chain end.
Therefore, it can act as macroinitiator of polymerisation of
other monomers under the action of the same catalytic system.
Some examples of the use of ATRP for the synthesis of binary
and ternary block copolymers are presented below.

a. Binary nonpolar/polar block copolymers
In this group the most popular objects of synthetic studies are
di- and triblock copolymers of PS with protected poly(meth)-
acrylates. As mentioned above, the (meth)acrylic monomers
are protected to prevent the poisoning of catalyst. Di- and
triblock copolymers of PS with poly(butyl acrylate) (PBA) of
well-defined molecular structure were obtained.250 Similar
PBA-b-PS copolymers were synthesised in a water ± hexane ±
Brij98 dispersion.251 The process was initiated by ethyl-2-
bromoisobutyrate and a complex of CuBr with DNBP was
used for reversible termination. The block copolymers thus
obtained were characterised by Mn=16104746104 and
Mw/Mn=1.1271.25. Amphiphilic di- and triblock copoly-
mers of PS with PAAc were obtained as follows:252 ± 256 di- or
triblock precursors (with PTBA) were synthesised by ATRP
and subsequent acid hydrolysis of the TBA units gave the
PAAc blocks. Studies 252, 253 were carried out using methyl
2-bromopropionate as initiator and a complex of CuBr with
PDMETA as catalyst. A `pseudoliving' mechanism of the
process with a linear increase in Mn depending on conversion
was observed at 60 8C only in polar solvent (acetone).

A similar scheme was also used to obtain block copolymers
of PS with PMAAc in other studies;257, 258 however, the
protected monomer was p-nitrophenyl methacrylate in the
former study and TBMA in the latter.

Examples of successful use of ATRP in the synthesis of
highly hydrophobic diblock copolymers based on PS and
polyfluorinated polyalkoxystyrenes have been reported.259, 260

First, polyfluorinated monomers, namely, 2,3,5,6-tetrafluoro-
4-(2,2,3,3,3-pentafluoropropoxy)styrene [TF(F5)S] and
2,3,5,6-tetrafluoro-4-(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadeca-
fluorooctoxy)styrene [TF(F15)S] were synthesised and their
ability to undergo controlled ATRP was checked and con-
firmed.260 The products synthesised were characterised by a
narrowMMD(Mw/Mn4 1.3). Oligomers withMn=6.56103

were then used as macroinitiators of the polymerisation of
styrene, which resulted in A-b-B type copolymers [poly-
TF(F5)S-b-PS and polyTF(F15)S-b-PS] of well-defined mo-
lecular structure and narrow MMD. In addition, the
polymerisation in a xylene solution (owing to poor solubility
of the fluorinated blocks) was performed using the reverse
order of introduction of the monomers and led to B-b-A type
copolymers characterised byMnPS of 46103 and 9.76103, PS
content of 36 and 90 mol.%, respectively, andMw/Mn4 1.37.

An ATRP synthesised diblock copolymer of poly(4-fluo-
rostyrene) (PFS) and poly(methyl acrylate) (PMA) was con-
verted to PFS-b7PAAc amphiphilic copolymer by hydrolysis
of the PMA blocks and used for the synthesis of micellar
nanoparticles with cross-linked `corona' comprised of the
PAAc blocks.261

b. Binary polar/polar block copolymers
ATRP was used for preparation of amphiphilic diblock
copolymers containing hydrophobic PMA or PMMA blocks.

A block copolymer precursor synthesised by sequential poly-
merisation of MMA with TBMA was selectively hydro-
lysed,262 which resulted in PMMA-b-PMAAc copolymer.
This scheme was also employed in the synthesis of amphiphilic
diblock copolymer PAAc-b-PMA 263 with TBA as the pro-
tected monomer in the first stage. The micelle-forming proper-
ties of the copolymers were the most interesting.

c. Block terpolymers
In recent years, the ATRP method has been used for the
synthesis of copolymers containing three chemically different
blocks (terpolymers). For instance, not only diblock copoly-
mers, but also terpolymers of composition PTBA-b-PS-
b-PMA were synthesised in the study mentioned above.263

Sequential introduction of TBA, PS and PMA faced no
problems, unlike the case of `living' anionic polymerisation
(see Section II.2). The ATRP polymerisation of TBA,MA and
styrene led to a PTBA-b-PMA-b-PS terpolymer, which was
converted to the PAAc-b-PMA-b-PS terpolymer with increas-
ing block hydrophobicities by hydrolysis of the PTBA
block.252 The micelle-forming properties of these compounds
and the possibility of nanoparticle formation with a chemically
cross-linked `corona' was studied.

7. `Pseudoliving' radical polymerisation with reversible chain
transfer
The third type of `pseudoliving' radical polymerisation, name-
ly, reversible addition ± fragmentation chain transfer (RAFT)
polymerisation was developed in the 1998 ± 1999s.264 ± 267 It is
characterised by the lowest sensitivity to the nature of mono-
mers, solvents and external polymerisation conditions. The
method was even used for controlled synthesis of PAAc
(Mw/Mn=1.23) using unprotected AAc [T=60 8C, dime-
thylformamide (DMF) as solvent and azobis(isobutyronitrile)
(AIBN) as initiator].264 A feature of the RAFT polymerisation
is the presence of dithioester chain transfer agents (CTA) of the
general structure 1 ± 4

which readily react with either the initiator radical (e.g., AIBN)
or the growing polymer chain, thus forming a new CTA, or
with the macroCTA, and the reactive radical (R1)

.
, which re-

initiates the polymerisation:

initiation

where kd is the rate constant for decomposition of the initiator;

chain growth

addition ± fragmentation reaction

C
R1S R2

S

1

C
R1S NHR2

S

4

C
R1S SR2

S

3

C
R1S OR2

S

2

I (2)I
kd

2 I ,

I +M I M ,

I M + (n71) M I Mn ; (3)

I Mn + S C

R2

S R1
kad

k7ad

(4)

I Mn S C S R1

R2

k7b

kb

I Mn S C S + (R1) ,

R2
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where kad and k7ad are the rate constants for addition of
(macro)CTA molecules to the growing chains and for elimi-
nation of the (macro)CTA molecules, respectively, and kb and
k7b are the rate constants for addition of (R1)

.
radicals to the

macroCTA molecules and for their fragmentation, respec-
tively;

re-initiation/chain growth

chain alignment(degenerative chain transfer)

`Pseudoliving' polymerisation mode provides a reversible
chain transfer.264, 265, 268 Reversible (degenerative) chain trans-
fer occurs until the MMs of the growing chains become almost
equal to one another, thus providing a narrow MMD.

The rate constant for degenerative chain transfer, i.e., the
rate constant for radical exchange in the CTA molecules
[stage (6)], is defined as follows:

Cex=
kex
kp

=0.5
kad
kp

,

where kex and kp are the rate constant for degenerative chain
transfer and the rate constant for chain growth, respec-
tively.185, 186 At Cex5 100 and at low conversions, the starting
CTA is completely transformed into macroCTA following
reaction (4) and then the macroCTA participates in degener-
ative chain transfer following reaction (6). The highest Cex

values are characteristic of the RAFT polymerisation of
n-alkyl acrylates, they are somewhat lower for the polymer-
isation of styrene and even more lower for that of MMA.269

For instance, the polymerisation of styrene (T=40 8C) and
MMA (T=60 8C) under the action of macroCTA (polystyryl
dithiobenzoate) was characterised by Cex=6000� 2000 and
140, respectively.270 The existence of radical intermediates [see
stages (4) and (6)] in the RAFT polymerisation of styrene,
n-butyl acrylate (nBA), N-vinylpyrrolidone, VA and other
monomers was proved by EPR spectroscopy.271, 272 No proof
was obtained only for MMA owing to high k7ad value.271 The
first CTAs used in the synthesis of PAAc were 1-phenylethyl
dithiobenzoate 264 and 1-cyanoethyl-2-pyrrolidone-1-carbodi-
thioate.273

Practical implementation of a RAFT process requires that
the rates of radical addition to the C=S double bond and
subsequent abstraction of reactive radicals be higher than the
chain propagation rate. Therefore, the choice of the R1 and R2

radicals in the CTA molecule matters. To provide fast radical
addition to CTA, the R2 substituent should act as stabiliser.
Usually, this role is played by the phenyl group.268 Rapid
abstraction of theR1 radical requires that R1 have a rather long
lifetime, be active in the re-initiation reaction and be sur-
rounded by bulky groups to avoid recombination. With
allowance for these requirements, good results were obtained
using a tertiary radical of 4-cyanopentanoic acid.268, 273, 274 By
appropriately choosing the R2 substituent one can also elimi-
nate the well-known effect of a strong decrease in the chain
propagation rate in the presence of RAFT agents.186, 267

Yet another reaction proposed 275 to control radical poly-
merisation processes is the reaction of chain transfer to
dithiocarbonates (xanthates) of general formula represented
by structure 2. This type of controlled radical polymerisation
was named the `molecular design via interchange to xanthates'
(MADIX). Among other CTAs used for reversible chain
transfer, mention may be made of trithiocarbonates 3 and
dithiocarbamates 4.273, 276 ± 278 For instance, dibenzyl and
bis(1-phenylethyl) trithiocarbonates provided well-controlled
polymerisation of AAc 279 and benzyl and cumyl dithiocarba-
mates provided well-controlled polymerisation of N-iso-
propylacrylamide.277

The number-averageMMof a polymer obtained by RAFT
polymerisation is given by 280

ÿ
Mn � q

MM�M�0
�CTA�0 � 2 fi�I�0�1ÿ eÿkdt� �MCTA ,

whereMMandMCTA are, respectively, themolecularmasses of
the monomer and CTA, and [M]0 and [CTA]0 are the initial
concentrations of the corresponding reactants. For an ideal
RAFT process the number of polymer chains emerged from
the initiator molecules should be minimum. In this case the
second term in the denominator becomes small compared to
[CTA]0 . In addition, the parameterMCTA can be neglected at a
highmolecular mass of the polymer. Therefore, in most studies
on RAFT polymerisation the value

ÿ
Pn was estimated from the

relationship

ÿ
Pn � q

�M�0
�CTA�0

.

Once synthesised, polymers contain dithioester, xanthate,
trithiocarbonate or dithiocarbamate end groups, which per-
mits continuation of controlled radical polymerisation of other
monomers to obtain linear block copolymers. The method
allows one to carry out controlled synthesis of anionic and
cationic polyelectrolytes and polyelectrolyte block copolymers
in aqueous medium. Below we present some examples of the
synthesis of block copolymers using different versions of the
technique. All of them concern diblock copolymers containing
at least one polar block.

a. Nonpolar/polar diblock copolymers
These block copolymers were synthesised by the RAFT
method. For instance, a PS-b-PEA [PEA is poly(ethyl acryl-
ate)] copolymer was obtained by the MADIX technique in
emulsion.281 By hydrolysis of the ethyl acrylate units it was
converted to amphiphilic copolymer PS-b-PAAc. A PS-b-PEA
copolymer (MnPS=26103, MnPEA=1.956104;
Mw/Mn* 2.0) was synthesised in a similar fashion and the
effect of the degree of hydrolysis of PEA on the character of the
micelle-forming properties of the diblock copolymer in aque-
ous medium was studied.282 A series of poly(St-alt-MA)-b-PS
copolymers with variable length of both blocks
[Mn= (3.11 ± 3.52)6104] and narrow MMD (Mw/Mn=
1.09 ± 1.16) was synthesised by the RAFT method.283

b. Polar (including ionogenic) block copolymers
The RAFT method was used for the synthesis of diblock
copolymers involving PAAc and PMAAc, namely, PBA-
b-PAAc, PMMA-b-PMAAc and PBMA-b-PMAAc, where
PBMA is poly(benzyl methacrylate).265 The polymerisation
was carried in DMF with 1-phenylethyl dithiobenzoate as
CTA. The copolymers obtained were characterised by low
polydispersity. More recently, block copolymers of PAAc with
poly(N-isopropylacrylamide) (PAAc-b-PIPAA) were synthes-
ised using 1-cyanoethyl 2-pyrrolidone-1-carbodithioate as

(R1) + mM R1 Mm ; (5)

R1 Mm + S C

R2

S Mn I
kad

k7ad

(6)

R1 Mm S C S

R2

Mn I
kad

k7ad

R1 Mm S C S + I

R2

Mn .
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CTA.273 The first block to synthesise was PAAc, which then
played the role of macroCTA in the polymerisation of N-iso-
propylacrylamide. Diblock copolymers with the same compo-
nents were also obtained with benzyl and cumyl dithiocarba-
mates as CTA.277 The presence of dithiocarbamate groups at
the end is important for subsequent transformation to thiols
and conjugation with proteins or pharmaceuticals.

In some studies on the synthesis of polar block copolymers
by `pseudoliving' RAFT polymerisation (see above) and in
most related studies to be considered below it was pointed that
the best results (narrower MMD) can be obtained if the more
rigid block is synthesised first. This indicates an important role
of the conformation of the first block in the initiation and
growth of the second block. For instance, amphiphilic block
copolymers PAAc-b-PTBA with well-controlled molecular
structure were obtained by polymerisation of acrylic acid
followed by the polymerisation of TBA using trithiocarbonate
or xanthate as CTA.284 The synthetic route to the block
copolymers based on poly(meth)acrylonitrile (PMAN and
PMA) involving the RAFT polymerisation starting with the
rigid block (PMAN) was patented.285 Chain-transfer agents of
general formula R7S7C(=S)Z (R is a mobile group capable
of easy elimination by the radical mechanism and Z is a
hydrogen or halogen atom or a low-molecular-mass or poly-
mer group) were proposed for the synthesis of linear block
copolymers.

Block copolymers having two hydrophilic blocks, PAA
and PAAc, were synthesised by the MADIX method using
mono- or bifunctional xanthates as CTA.286 The A-b-B and
A-b-B-b-A type copolymers were characterised by
Mw/Mn4 1.5.

Interesting studies on the synthesis of polyelectrolyte block
copolymers using an improved RAFT technique are avail-
able.268, 287 The polymerisation was initiated by 4,40-azobis(4-
cyanopentanoic) acid (ABCPA) (5), which gave the same
tertiary radicals of 4-cyanopentanoic acid upon thermal
decomposition as those formed upon abstraction from the
CTA molecule [4-cyanopentanoic acid dithiobenzoate
(CPADTB) (6)] in the course of chain transfer reactions.

This methodology was employed for controlled synthesis
of three diblock copolymers containing various polyanionic or
polycationic blocks in aqueous solution viaRAFT. These were
PSSNa-b-PVBNa based on poly(sodium 4-styrenesulfonate)
and poly(sodium 4-vinyl benzoate), PVTMAC-b-PDMVBA
based on poly(vinyltrimethylammonium chloride) and
poly(N,N-dimethylvinylbenzylamine) and PNaAAMPS-
b-PNaAAMB based on poly(sodium 2-acrylamido-2-methyl-
propane sulfonate) and poly(sodium 3-acrylamido-3-methyl
butanoate). The first two copolymers were obtained in two
steps.268 The first step (sealed tubes, 70 8C, 8 h) afforded
almost monodisperse PSSNa and PVTMAC containing
dithioester end groups. The molecular masses of the blocks
monotonically increased with conversion. In the second stage
(reactor, 70 8C, inert atmosphere, 24 h) both blocks played the
role of the macroCTA in `pseudoliving' radical polymerisation

of sodium vinyl benzoate andN,N-dimethylvinylbenzylamine.
The copolymer containing polyanionic blocks was character-
ised by Mn=1.866104 and Mw/Mn=1.18 while the copoly-
mer with polycationic blocks had Mn=5.16104 and
Mw/Mn=1.37.

The third copolymer, PNaAAMPS-b-PNaAAMB, was
synthesised from N-substituted acrylamides in two stages
using the same reactor 287

The monomers were introduced in different order and the
overall polymerisation processes were studied, because the
polymerisation of acrylamide monomers by the SFRP and
ATRPmethods is problematic (see above). The polymerisation
of the first block (PNaAAMPS or PNaAAMB) was accom-
panied by a linear increase in Mn with increasing conversion,
the reaction being first-order with respect to the monomer
concentration; the first-order rate plot showed an induction
period (*1 h). This was attributed 287 to the slow initiation by
the initiator used. Unlike the SFRP and ATRP methods for
which the polydispersity of products usually decreases with
conversion, here the polydispersity Mw/Mn somewhat
increased with conversion but remained below 1.3. Because of
high viscosities of strong polyelectrolytes in aqueous solutions
(this can reduce the reaction rate) in the second stage of
polymerisation the concentration of the second monomer was
halved. Simultaneously, the duration of the polymerisation of
the second block was doubled. Themolecular massesMn of the
PNaAAMPS-b-PNaAAMB and PNaAAMB-b-PNaAAMPS
copolymers (6.976104 and 5.796104, respectively) were in
excellent agreement with the theoretical values; the polydisper-
sitiesMw/Mn were also low (1.14 and 1.16, respectively).

c. Multiblock copolymers
Prospects for the synthesis of block polyelectrolytes in aqueous
solutions offered by the RAFT and MADIX methods are
clouded by some circumstances. First, most CTAs are insolu-
ble in water. Second, the synthesis of copolymers containing
only one polyelectrolyte block often causes an abrupt increase
in the medium viscosity. This complicates the RAFT polymer-
isation of tri- and multiblock copolymers or makes the process
impossible. Therefore, now considerable attention is paid to
industrial implementation of this polymerisation technique. In
particular, prospects for the synthesis of homopolymers and
copolymers using emulsion/miniemulsion RAFT polymerisa-
tion technique were studied.288 ± 292 The advantages of the
RAFT process under conditions of emulsion/miniemulsion
polymerisation compared to the same process in a homo-
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geneous medium consist in a higher chain propagation rate
(due to segregation of radicals) and a better processability of
products owing to low viscosity in solution at high polymer
content. To improve the process, it was proposed to use a train
of continuous tank reactors instead of a single reactor.293 This
allows one to achieve higher monomer conversions in smaller
reaction volumes and to obtain narrow-MMD multiblock
copolymers of specified architecture. Taking the synthesis of
gradient multiblock copolymers of St with n-butyl acrylate as
an example, it was shown that the composition and length of
any block can easily be varied by varying the temperature, flow
rate in the reactor train and the injection point. The polymer-
isation was carried out at 72 ± 77 8C with Na2S2O8 as initiator,
1-phenylethyl phenyldithioacetate as CTA and SDS as emulsi-
fier).

8. Other methods
Now we will dwell on yet another, rarely used, method of
`living' polymerisation, namely, sequential anion-coordination
polymerisation in the presence of metalloporphyrins, which
permits the synthesis of certain block copolymers of specified
molecular architecture. It has been comprehensively treated in
a review 46 and concerns controlled room-temperature, ring-
opening polymerisation of oxiranes, b-lactones, d-valerolac-
tones, e-caprolactones, D-lactide, methacrylates and metha-
crylonitrile. The role of polymerisation initiators and
nanoreactors, where a next monomer molecule is added to a
growing chain by the anion-coordinationmechanism, is played
by (5,10,15,20-tetraphenylporphyrinato)aluminium chlorides,
(5,10,15,20-tetraphenylporphyrinato)(methyl)aluminium and
(5,10,15,20-tetraphenylporphyrinato)(methoxy)aluminium.46

The growth centres include aluminium alkoxides for the
polymerisation of oxiranes, d-valerolactones, e-caprolactones
and D-lactide; aluminium carboxylate for the polymerisation
of b-lactones and aluminium enolate for the polymerisation of
methacrylates (see the processes shown in Scheme 14).

Scheme 14

Reversible chain termination reactions of the alcohol or
carboxylic acid protons (for the polymerisation of oxiranes and
lactones) represent important elements of control of the
polymerisation of heterocyclic compounds (see the first and
third processes in Scheme 15).46, 294

Scheme 15

The reversible chain termination reactions are much faster
compared to chain propagation, namely, kt/kp=10 (Ref. 294).
Therefore, the polydispersity index of polymers remains very
low (Mw/Mn& 1.1). The number-average degree of poly-
merisation in these processes is given by the ratio 46

ÿ
Pn � q

�M�0
��TPP�AlHal� � �H� ,

where [H] is the concentration of the compound containing a
mobile proton (alcohol or acid). Owing to fast reversible chain
termination by the alcohol or acid protons these processes take
a few days or weeks until complete consumption of the
heterocyclic compounds.46 However, they can be accelerated
by introducing sterically hindered Lewis acids, e.g., methyl-
aluminium bis[2,6-di(tert-butyl)-4-methylphenolate].295

Unlike heterocyclic compounds, (TPP)AlHal do not ini-
tiate the polymerisation of methacrylates and methacryloni-
trile. Polymerisation of these monomers in the presence of
(TPP)AlMe is only possible upon irradiation of the systemwith
visible light (see the last reaction in Scheme 14). These slow
processes can also be accelerated by introducing solid Lewis
acids, such as methylaluminium bis[2,6-di(tert-butyl)pheno-
late], triphenylphosphine and organoboron compounds.46 The
Lewis acids are coordinated by the monomer carbonyl groups
and enhance their electrophilicity. Successful polymerisation
of non-irrradiated methacrylates can be performed using more
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nucleophilic porphyrins, such as (propylthio)- and (phenyl-
thio)(5,10,15,20-tetraphenylporphyrinato)aluminium with
methylaluminium bis[2,6-di(tert-butyl)-4-methylphenolate].46

In these processes the degree of polymerisation (up to
Pn=300) is determined by the ratio

Pn �
q�M�0
�I�0

,

and the MMD is very narrow (Mw/Mn=1.05 ± 1.2).46

Aluminium porphyrinates were used in the synthesis of
diblock copolymers from two oxiranes,296, 297 two b-lac-
tones,298 b-lactone and oxirane.298 In the last (mixed) case,
b-lactone was polymerised first because aluminium carboxy-
late at the chain end initiated the polymerisation of oxiranes,
whereas the corresponding aluminium alkoxide was incapable
of initiating the polymerisation of b-lactone. Diblock copoly-
mers were also obtained by sequential polymerisation of EO
and e-caprolactone,83 propylene oxide and D-lactide 299 and
variousmethacrylates.300 It should be noted that, in contrast to
carbochain polymers, products of polymerisation of hetero-
cycles (in particular, polyethers and polyesters) possess a
unique ability to undergo biodegradation.301 Therefore, con-
siderable attention has been paid recently to the design of block
copolymers containing these specific blocks.104 ± 109

III. Combination of different mechanisms of
monomer polymerisation

This Section concerns alternativemethods of synthesis of block
copolymers. Common to all of them is the involvement of
different polymerisation techniques in the course of synthesis.
This strategy of synthesis of block copolymers is called multi-
mode polymerisation.9 The new avenue of research began with
a study 302 whose authors reported for the first time a transition
from `living' cationic polymerisation of THF to `living' anionic
polymerisation of St. Short after this publication the subject
has attracted considerable attention of researchers.303, 304 The
major impetus to the development of multimode polymer-
isation techniques came from the need of the synthesis of
copolymers from blocks of different chemical nature that are
difficult or hard to synthesise by sequential polymerisation of
monomers by the same mechanism. The idea of using poly-
meric products of large-scale synthesis for preparation of block
copolymers also played its role. At present, three strategies of
multimode polymerisation of linear block copolymers are
developed. These are (i) formation of macroinitiators for
radical, ionic or other types of polymerisation at the ends of
ready polymers; (ii) combination of various mechanisms of
controlled (`living' ionic and `pseudoliving' radical) polymer-
isation and (iii) use of bifunctional initiators. Consider now
each strategy in more detail.

1. Formation of macroinitiators based on ready blocks
Transformation of the end groups of polymers into macro-
initiators of polymerisation requires that they bear active

groups of particular chemical nature. In some polymers, such
groups are formed in the course of synthesis. An example is
provided by PEG containing active hydroxyl groups at the
chain ends. In other polymers, especially in practically impor-
tant polyolefins [PE, polypropylene (PP), PS, poly(4-methyl-
pent-1-ene), etc.] the formation of active groups occurs during
the synthesis or follows it.8, 305

a. Macroinitiators based on poly(ethylene glycol)
The use of the OH groups of PEG and PEGME to obtain
macroinitiators of radical polymerisation and prepare A-b-B,
A-b-B-b-A and B-b-A-b-B block copolymers has been a
subject of considerable literature (see, e.g., Refs 306 ± 310).
These problems have been treated in most detail in a review.6

There are two main methods of conversion of PEG into
macroinitiators. One of them involves direct `activation' of
the OH groups of PEG in the presence of other monomers
followed by synthesis of block copolymers. The other techni-
que involves modification of the end groups of PEG, their
`activation' in the presence of monomers and synthesis of di- or
triblock copolymers. Now we will consider some examples.

Direct activation of PEG is possible in a redox reaction of
formation/breakup of complexes between hydroxyl groups
and mixed-valence metal ions (CoIII, CeIV, MnIII, etc.).311

The mechanism of a reaction of isolated OH groups with a
CeIV salt is as follows:311, 312

The lifetime of the intermediate complex varies from tens of
seconds to a few hours depending on the structure of the
hydroxyl-containing compound.312

Novitskaya and Konkin 306 were the first who used reac-
tion (7) for the synthesis of PAN-b-PEO-b-PAN copolymers
(PAN is polyacrylonitrile). The starting PEG had a molecular
mass of 4.46103. The PEO content in the resulting triblock
copolymer varied from 12% to 20 % by mass. More recently,
this technique was employed for the synthesis of PAA-b-PEO-
b-PAA, PEO-b-PIPAA, PIPAA-b-PEO-b-PIPAA and PAAc-
b-PEO-b-PAAc copolymers with variable molecular mass of
the PEO block.307, 308 A PMMA-b-PEO-b-PMMA copolymer
was synthesised in a similar fashion in the presence ofMnIII.309

Yet another method was used for modification of the
hydroxyl groups of PEG and formation of thermal macro-
initiators, which form free radicals upon a change in temper-
ature. In particular, the reaction of PEG with 4,4-azobis(4-
cyanopentanoic acid) gave a polyazo ester, which was used in
the synthesis of PEO-b-PAA diblock copolymers
(Scheme 16).310

The same thermal macroinitiator was obtained as inter-
mediate product in the synthesis of the PEO-b-PS, PEO-b-
PMA, PEO-b-PMMA, PEO-b-PVA and PEO-b-PAN copoly-
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mers.313 The reactivities of monomers were compared at the
same macroinitiator concentration under identical conditions
(60 8C, 24 h). The rates of polymerisation of MA and MMA
were higher and, therefore, higher q values and molecular
masses of blocks were observed in these cases (q 80%±85% for
MA and MMA vs. at most 20% for styrene). This macro-
initiator was also obtained 314 by the interaction of PEG with
4,4-azobis(4-cyanopentanoic acid) anhydride. Then, it was
thermally `activated' in the presence of styrene and the PEO-
b-PS copolymer was obtained.

A macroinitiator with ester end groups was synthesised in
the reaction of PEG (Mn=400) with azobis(cyanopentanoic)
acid chloride in the presence of benzoyl chloride or acetyl
chloride (Scheme 17) 315 and used in the polymerisation of St
to obtain a liquid block copolymer PEO-b-PS with
Mn=2.2610472.96104.

Yet another polyazo ester was synthesised by the interac-
tion of PEG with AIBN in acidic medium (Scheme 18).316 Its
heating in aqueous acrylonitrile solution caused the formation
of polydisperse PEO-b-PANblock copolymer (maximum yield
40 mass% at 85 8C) containing a soluble (6%± 12% of PAN)
and insoluble (86%±92% of PAN) fractions.

A more complex method 317 of synthesis of PEG-based
macroinitiators of styrene polymerisation involves 317 the for-
mation of macroazocarbamate in the reaction of PEG with
aliphatic diisocyanate and then with 4,4-azobis(4-cyanopen-

tan-1-ol). Heat treatment of the macroazocarbamate in the
presence of styrene led to PEO-b-PS copolymer (Scheme 19).

Macrodiazocarbamate was synthesised analogously using
isophorone diisocyanate and initiated polymerisation of
MMA.318 The final product, a PMMA-b-PEO-b-PMMA
copolymer, hadMw= (2 ± 7)6105.

Yet another type ofmodification of theOH groups of PEG
to obtain a PS-b-PEO-b-PS triblock copolymers is shown in
Scheme 20.319, 320 PEG was mixed with isophorone diisocya-
nate and then with dihydroperoxides of general formula
HOO7R7OOH or with monoperoxide ButOOH. This
resulted in yet another thermal macroinitiator, PEO diperox-
ycarbamate. The final triblock copolymer had a broad MMD
and contained the homopolymer due to occurrence of the chain
transfer reaction.319

Direct `activation' of the OH groups of a PEG-based
polyazo ester in the interaction with CeIV or MnIII followed
by thermal initiation was used 321 for the synthesis of PMMA-
b-PEO-b-PMMA and PMMA-b-PEO-b-PS block copolymers
(Scheme 21). A bifunctional polyazo ester was treated with
CeIV orMnIII salts inMMAsolution at room temperature. The
resulting tetrablock copolymer with the central azo group was
heated in the presence of styrene or MMA.

Of course, the block copolymers obtained by radical
polymerisation of monomers under the action of PEG-based
macroinitiators had broader MMDs compared to the block
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copolymers obtained by controlled sequential polymerisation.
Nevertheless, in the former case the number of partners for
PEG was larger.

Recently, various transformations of PEG into mono- and
bifunctional macroinitiators of anionic ring-opening polymer-
isation of lactones and lactides to synthesise biodegradable
block copolymers 108, 109 (see Section II.2) and studies on the
formation of PEG-based macroinitiators of controlled radical
polymerisation were reported. For instance, the bromo
derivatives of PEG and random copolymers of ethylene glycol
and propylene glycol [poly(EG-co-PG)] were used in ATRP
of 2,3,4,5,6-pentafluorostyrene (PFSt).322, 323 PEG chains
(Mn=26103 ± 16104) and poly(EG-co-PG) (Mn* 16103,
EG content 74 mass%) were converted into macroinitiators
by esterification of OH groups with bromoisobutanoic acid
bromide. 1H NMR spectroscopy studies confirmed the limit-
ing degree of functionalisation of the end groups (Fn=1). The
ATRP of PFSt at both ends of polyethers afforded triblock
copolymers PPFSt-b-PEG-b-PPFSt and PPFSt-b-P(EG-co-
PG)-b-PPFSt. The molecular masses of the central blocks
increased by 15%±84 % by mass and the polydispersity
index Mw/Mn was less than 1.22. The triblock copolymers
formed films with well-defined microphase separation and
complexes with Li+ salts.

A unique synthesis of diblock polyelectrolyte PEO-b-
P(NaMA) by ATRP in aqueous solution was reported.324

The polymerisation of NaMA performed with a PEG bromo
derivative as macroinitiator and the CuIBr ± 2,20-bipyridyl
system as catalyst resulted in a high yield of narrow-MMD
copolymer. A feature of the synthesis consisted in an optimal
pH value (pH 8 ± 9) that allowed one to maintain a balance
between the possible reduction of P(NaMA) chain propaga-
tion rate at too high pH and competing protonation of 2,20-
bipyridyl at too low pH.

b. Macroinitiators based on polyolefins
Polyolefins are polymeric materials produced on a large-scale
basis. Due to the lack of polar groups they are poorly
compatible with inorganic fillers, polar polymers, glass fibre,
pigments and metals. An efficient method of improving the
compatibility of polyolefins with other materials is the syn-
thesis of polyolefin-based block copolymers containing polar
blocks. Therefore, in the last decade researchers undertook
considerable efforts to developmethods of functionalisation of
polyolefins. Thesemethodsweremost comprehensively treated
in reviews.8, 305 In the text belowwe present themost promising
techniques used for the synthesis of linear block copolymers. In
this connection we will first dwell on the synthesis of poly-
olefins.

At present, stereoregular polyolefins are synthesised on a
large scale using ionic-coordination polymerisation in the
presence of heterogeneous or homogeneous Ziegler ±Natta
catalysts [e.g., TiCl3+AlRnCl37n (n=1±3) on MgCl2 pow-
der].22, 305 The mechanism of the process is well known.22, 23

Recently, new homogeneous metallocene and post-metallo-
cene catalysts have been widely used in the field. The major
components of the metallocene catalysts are sandwich com-
plexes of Group IV transition metals (Ti, Zr or Hf) with two
cyclopentadienyl ligands (7). In some cases ligands may be
linkedbybridging groups involving carbonor silicon atoms.305
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Active co-catalyst of metallocenes is methylalumoxane
(MAO) of general formula Ð[Al(Me)7O ] nÐ with a molecular
mass of 86102 to 1.56103 (Ref 305), which is formed upon
partial hydrolysis of trimethylaluminium. The post-metallo-
cene catalysts may contain unsubstituted and substituted
indene (Ind) or fluorene (Flu) ligands, in particular,
(Ind)2ZrCl2 and (Flu)2ZrCl2, instead of cyclopentadienyls.305

The ability of the ligands to donate electrons to the transition
metal increases in the order Cp<Ind<Flu.325 By varying the
electronic and steric effects by changing the ligand structure
one can control the polymerisation, stereoregularity and the
MM of polyolefins, as well as modify their end groups.

To prepare macroinitiators, the end groups of homo- or
copolyolefins are functionalised in the course of metallocene-
catalysed synthesis of these compounds (to make the products
cheaper) using two main procedures involving formation of (i)
unsaturated end groups to be chemically modified and (ii) end
groups capable of directly initiating block copolymerisation
when activated.

The formation of terminal double bonds in polyolefins is
due to transfer of b-H atoms or b-alkyl groups (if exist), which
occur in the active centres of chain growth (see the reactions
shown in Scheme 22) and reduce the molecular mass of the
polymer.8, 305 The first type of transfer resulting in metal
hydrides and alkenes (first reaction) was observed in the active
centres of neutral or positively charged alkylmetallocenes.305

The second type of transfer (second reaction) was detected in
the polymerisation of propylene on heterogeneous metallocene
catalysts and in the copolymerisation of propylene with
ethylene on Cp2ZrCl2+MAO.305 Transfer of b-alkyl (methyl)
groups to the transition metal (third reaction) was observed in
a study of propylene oligomerisation with Cp�2LaMe as cata-
lyst.326

Scheme 22

b-H transfer to transition metal

b-H transfer to monomer

b-Alkyl transfer to transition metal

The transfer reactions can be controlled with ease by
varying themetallocene structure (electronic and steric factors)
and conditions of polymerisation (temperature and pres-
sure).305 The more readily the ligands donate electrons to the
metal the lower (i) the thermodynamic affinity of the metal to
the b-proton in the growing chain and (ii) the probability of
b-proton transfer. A similar effect can be attained by increasing
the volume and number of substituents in the ligands, because
this is accompanied by an increase in steric hindrances to the
orientation of a single polymer chain (see the first process in
Scheme 22) or to that of a polymer chain and a monomer
molecule (see the second process in Scheme 22) in the active

centre that are necessary for b-proton transfer. In addition,
reduction of the pressure and temperature causes the transfer
rate to decrease; at T<720 8C, the chain transfer reactions
can be suppressed at all.

Further modification of unsaturated polyolefin end groups
can be done in various fashions.305 One of the most promising
methods is to form macroinitiators by, e.g., quantitative
(Fn=1) hydroboronation of unsaturated end groups using
9-borabicyclo[3.3.1]nonane (9-BBN) (Scheme 23). Alkylbor-
ane groups thus obtained are readily oxidised at room temper-
ature and form two radicals.305

Scheme 23

The alkoxyl radical is reactive and readily initiates the poly-
merisation of a-olefins. The borinate radical is more stable,
being incapable of initiating polymerisation. In fact, alkyl-
9-BBN peroxide, which is in equilibrium with the reactive
(C7O

.
) and stable (B7O

.
) radicals, forms an initiating and

control system, which can maintain the `pseudoliving' charac-
ter of radical polymerisation 326 and is similar to alkoxyamines
based on the TEMPO stable radicals in the mechanism of
action.

This method of formation of macroinitiators at the ends of
unsatured polyolefins was first used for the synthesis of the
following diblock copolymers: PP-b-PMMA and PP-
b-PEMA,327 PP-b-PBA, PP-b-PS and PP-b-PVA 328 and PP-
b-poly(St-alt-MA).329 For the first copolymer the `pseudo-
living' polymerisation of MMA is described by Scheme 24.

Scheme 24

In this step, the molecular mass of the polymer increased
from 1.36104 (for the starting PP) to 2.96104 (for the PP-b-
PMMA copolymer) and the polydispersity index varied insig-
nificantly, from 1.5 to 1.7 (Ref. 327). High efficiency of the
initiation with alkylborane groups ( fi= 1) was pointed.
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Hydroboronation of unsatured polyolefins (isotactic PP)
followed by oxidation of the product (Scheme 25) was used to
form hydroxyl end groups.330 Quantitative addition of the
borane groups to the double bonds was characterised by lower
oxidation efficiency (final value Fn=0.7). The modified PP
was activated by dibutyl tin dilaurate [Bun2Sn(O2CC11H23-n)2]
and used as macroinitiator of anionic ring-opening polymer-
isation of e-caprolactone.331, 332 Based on PP with Mn=
1.06103, a PP-b-PCL copolymer with Mn=4.66103 (see
Ref. 332) was obtained; the monomer conversion was 70%.

Scheme 25

A more complex procedure for conversion of unsaturated
polyolefins to macroinitiators by hydroboronation
(Scheme 26) was also reported.333 Treatment of isotactic PP
(Mn=2.26103) with a borane/dimethyl sulfide complex led to
replacement of all protons by PP chains. Subsequent addition
of an organomagnesium reagent resulted in quantitative yield
of a macroinitiator of `living' anionic polymerisation, which
was used for the synthesis of PP-b-PMMA block copolymer
(Mn=2.56103 ± 36103). The `living' mechanism of polymer-
isation of the PMMAblockswas confirmed by a linear increase
in their molecular mass with time.

Consider two recently developed methods of in situ for-
mation of active end groups in polyolefins in the course of
metallocene-catalysed synthesis.8 They are based on the reac-
tion of chain transfer to specific chain transfer agents (CTA)
that do not affect the chain propagation rate. One method uses
9-BBN, while the other uses p-methylstyrene as CTA.

In situ modification of polyolefin end groups with 9-BBN
appeared to be a complicated task. A proton of the 9-BBN
group can be exchanged with ease with alkyl groups of metal
alkyls and simultaneously react with unsaturated a-olefins.
Therefore, polymerisation of olefins on metallocene catalysts
can involve not only chain transfer to 9-BBN, but also side
exchange reactions (between borane and aluminium alkyl
groups of MAO) and hydroboronation of monomers. Never-
theless, these problems were solved and the side reactions
avoided.8, 305 It was shown that the 9-BBN molecules form
stable dimers in the conventional nonpolar solvents (hexane,
toluene) used for carrying out metallocene-catalysed polymer-
isation and do not react with olefins. In this case, a perfluoro-
borate co-initiator, which does not react with most

alkylboranes, was used instead of MAO. This made it possible
to develop a rather efficient polymerisation process
(Scheme 27) resulting in polyolefins bearing one 9-BBN end
group.

Scheme 27

A narrow-MMDpolymer was obtained 334 by the polymer-
isation of ethylene in the presence of 9-BBN on the
[Cp2ZrMe]+[MeB(C6F5)3]7 and [Cp�2ZrMe]+[B(C6F5)4]7

catalysts. A linear dependence of Pn(PE) on the monomer:
9-BBN concentration ratio was established:

Pn �
kp�M�

ktr�CTA�
.

The kp/ktr ratio determined from the slope of the straight line
thus obtained equals 75. The presence of borane end groups in
PE was confirmed by NMR spectroscopy. 9-BBN was used as
CTA in the synthesis of syndiotactic PS on [Cp�2TiMe2]+.
.[MeB(C6F5)3]7 catalyst.335 As the 9-BBN concentration
increased, the molecular mass of PS decreased. 9-BBN has
almost no effect on the stereotacticity of PS; however, the
catalyst activity reduced, which was explained by competitive
coordination of St and 9-BBN to the catalyst.

Borane-modified PE and PS were used as macroinitiators
of controlled radical polymerisation of MMA and benzyl
methacrylate.334 ± 336 The macroinitiators were `activated'
using the known oxidation reaction of alkyl-9-BBN (see
Scheme 23). The kinetics of MMA polymerisation
(T=25 8C) under the action of oxidised PE chains
(PE: Mn=1.946104 and 4.276104; Mw/Mn=2.1 and 2.2,
respectively) was studied.334 The linear increase in the molec-
ular mass of PMMA with time confirmed the `pseudoliving'
mechanism of radical polymerisation. The resulting
PE-b-PMMA copolymers had Mn=9.036104 and 9.766104

and similar MMDs (Mw/Mn=2.0 and 2.9). An analogous
picture was observed in a study 335 of MMA and BMA
polymerisation under the action of oxidised PS
(Mn=1.56104, Mw/Mn=2.2). The molecular masses of the
PMMA and PBMA blocks linearly increased with time, which
indicated correctness of the polymerisation mechanism pro-
posed. After 24 h, the PS-b-PMMA and PS-b-PBMA copoly-
mers were characterised by Mn of 2.96104 and 3.336104,
respectively.

Yet another example of efficient CTA is provided by
p-methylstyrene.8 Introduction of this compound and molec-
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ular hydrogen in metallocene-catalysed polymerisation of
olefins led to chain termination and formation of terminal
p-methylphenyl groups. To make the reaction mechanism
efficient and avoid the copolymerisation of olefins with MS,
it was proposed to use a sterically hindered metallocene
catalyst with bridging ligands. For instance, the problem of
chain transfer to MS in the propylene polymerisation in
toluene (T=30 8C) was solved using the rac-Me2Si[2-
Me-4-Ph(Ind)]2ZrCl2+ MAO system as catalyst.337 Owing to
steric hindrances in the active centre, one p-MSmolecule added
to PP and after that, the polymerisations of all monomers
ceased. To cleave the Zr7C bonds and restore the Zr7H
bonds responsible for continuation of the polymerisation
cycle, hydrogen was added.

The terminal character of p-methylphenyl groups was con-
firmed by 1H and 13CNMR spectroscopies and by the involve-
ment of PP in `living' anionic polymerisation of styrene.337 The
p-methylphenyl groups were `activated' using the metallation
reaction.

The modified PP was suspended in cyclohexane in the presence
of excess BusLi at room temperature for 5 h. The product was
filtered off and used in the polymerisation of styrene. An
increase in the molecular mass of PS with time confirmed the
`living' mechanism of polymerisation. Two samples of the
PP-b-PS copolymer with Mn=5.46104 and 1.1756105

(Mw/Mn=2.34 and 2.25) were prepared (cf. Mn=2.596104

andMw/Mn=2.3 for the initial modified PP).
The last-named two methods of functionalisation of poly-

olefins and formation of macroinitiators seem to be the best.
They provide a convenient transition from metallocene cata-
lysed polymerisation of the first block to controlled radical or
ionic polymerisation of the second block. This offers prospects
for attachment of blocks of different chemical nature to the
polyolefin blocks and for the design of copolymers of specified
molecular structure.

c. Macroinitiators based on another polymers
Polydimethylsiloxane (PDMS) containing flexible hydropho-
bic chains is produced on a large-scale basis and attracts
considerable interest of researchers as a component of block
copolymers. The compound is widely used as macroinitiator of
polymerisation of various monomers in both the native (with
silanol end groups) and end-group-modified forms. Remind
that usually PDMS is synthesised on a large-scale basis by
anionic polymerisation of cyclic dimethylsiloxanes accompa-
nied by partial polycondensation.22 The modification of SiOH
groups in PDMS can be best exemplified by the etherification
reaction. PDMS containing one or two silyl ketene acetal
groups was used as macroinitiator of GTP of (meth)acrylic
acids protected with tert-butyl or dimethylsilyl groups.338 ± 340

The initiation efficiency was low and therefore the di- and
triblock copolymers contained an impurity of the starting
PDMS.338 Hydrolysis of the protected blocks gave amphiphilic
copolymers of PDMS and PAAc (or PMAAc) of the A-b-B
and B-b-A-b-B types. The copolymers possessed the properties
of a surfactant and stabilised the polymerisation dispersions
even in supercritical carbon dioxide.339, 340 PDMS was also
used as macroinitiator of `pseudoliving' radical polymerisa-
tion.341, 342 To this end, halogen derivatives of PDMSwere first
obtained and the `pseudoliving' ATRP was carried out.

Recently, yet another method of formation of macroinitia-
tors of radical polymerisationwas developed. This is ultrasonic
destruction of polymer chains in the presence of monomers.
The technique is of particular importance for the synthesis of
block copolymers based on natural polymers, e.g., chitosan
{poly[b(1 ± 4)-2-amino-2-deoxy-D-glucose]} belonging to poly-
saccharides.343 Chitosan is a cationic polyelectrolyte charac-
terised by high reactivity and sorption capacity and also
radiation resistance. Ultrasonic destruction of chitosan
(Mv=1.446105, frequency 22 kHz, electric current 40 mA,
T=0 8C) in an acetic acid solution in the presence of VPD,
AA, acrylonitrile and DMAEMA salt causes the formation of
block copolymers containing almost no homopolymers.343

Only in the case of AAm did the final product contain about
2 mass% of PAA. Clearly, the products of synthesis should be
polydisperse with respect to molecular mass and composition.
Indeed, ultrasonic destruction of polymers takes some time to
complete; the limiting value of themolecularmass is attained at
the end of this time interval.344 For chitosan, the limiting
molecularmass is 26103 after 15 ± 20 min.343 As a result, in the
initial step of ultrasonic destruction the macroradicals initiat-
ing the polymerisation of monomers are longer than in, e.g.,
20 min; this is the reason for polydispersity of the product.

2. Combination of `living' cationic and `living' anionic
polymerisation
Synthetic procedures involving a combination of several types
of `living' ionic and/or `pseudoliving' radical polymerisation
open new prospects for the design of block copolymers;
however, this requires considerable experimental efforts. The
main problem consists in quantitative conversion of one type
of active centres into another type of polymerisation centres.
Studies on conversion of `living' carbocations into `living'
carbanions began in the early 1990s.345 ± 353 They were aimed
at obtaining block copolymers of nonpolar PIB (elastomer
highly resistant to external factors) with rigid poly(meth)acry-
late, poly(meth)acrylic acid, polyacrylamide and polyester
polar blocks. A number of methods of modification of PIB
macrocations were proposed.

Cationic polymerisation of IB was initiated with bifunc-
tional cumyl ether, namely, 1,3-bis(1-methoxyisopropyl)-5-
(tert-butyl)benzene in the presence of dimethylacetamide and
TiCl4 .348, 349 Therefore, the polymerisation carried out in a
methyl chloride ± n-hexane mixture [40 : 60 (vol.%)] with heat-
ing in the last step immediately gave a dichloro derivative of
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PIB (Scheme 28),22 Cl7PIB7Cl, which had the expected
molecular mass and showed a narrow MMD (Mn=6.16104,
Mw/Mn=1.15). In the second stage it was used in the toluene
alkylation according to Friedel ±Crafts and a ditolyl derivative
of PIB was obtained (Fn=1).

In the third stage, MePh7PIB7PhMe was transformed
into a `living' polydianion by the reaction of sec-butyllithium
(in n-hexane) in the presence of N,N,N 0,N 0-tetramethylethyle-
nediamine (TMEDA) followed by the reaction with 1,1-diphe-
nylethylene in THF. Then, the monomer (MMA) was
introduced, the temperature was reduced and PMMA-b-PIB-
b-PMMA copolymers were obtained (see Scheme 28). The
copolymers were characterised by MnPMMA=
7610371.656104 and a narrow MMD (Mw/Mn=
1.23 ± 1.30) and contained almost no homopolymers.349 The
PMMA blocks showed a high stereoregularity (content of
syndiotactic units was about 75%).

A simpler procedure for quantitative conversion of PIB
macrocations to macroanions was also proposed.9, 354 ± 356 In
the first step cationic polymerisation of IB in a MeCl ±
n-hexane mixture was initiated by TiCl4 with 2,4,4-trimethyl-
2-chloropentane (Scheme 29). `Living' PIB chains were
`capped' with diphenylethylene, terminated with methanol
and diphenylmethoxyl terminal fragments were thus obtained.
In the second step they were quantitatively converted to
carbanions by the reaction of methoxy groups with alkali
metals. Then, the polar monomer (TBMA) was introduced,
the temperature was reduced and `living' anionic polymer-
isation was carried out. This resulted in PIB-b-PTBMA
copolymers with controlled molecular mass and a narrow
MMD; subsequent hydrolysis gave a block polyacid PIB-
b-PMAAc (see Scheme 29).

Yet another method of transformation of PIB macro-
cations into macroanions to obtain PIB-b-PTBMA
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(Scheme 30) 9 differs from the technique considered above in
that (i) macrocations are `capped' with thiophene in the last
step of IB polymerisation and (ii) thiophenelithium derivative
of PIB (Fn=1) should be synthesised to initiate anionic
polymerisation of polar monomers, such as TBMA.

3. Combination of `living' anionic and `pseudoliving' radical
polymerisation
The discovery of various types of `pseudoliving' radical poly-
merisation was followed by intensive use of these techniques in
multimode polymerisation. The most promising method of
synthesis of block copolymers with controlled molecular
structure and low polydispersity is a combination of controlled
radical polymerisation and `living' ionic polymerisation.181

At the same time, attempts to obtain, e.g., PS-b-PBA,
PS-b-PMMA and PS-b-PI copolymers with rather broad
MMDs by `pseudoliving' polymerisation (SFRP) following
the free radical process have also been reported.357

A specific feature of the multimode process involving a
`pseudoliving' (radical mechanism) and a `living' (ionic
mechanism) polymerisation consists in performing the ionic
polymerisation first. The reason is not only the higher temper-
atures of controlled radical processes, but also easier conver-
sion of ionic active centres into the groups necessary for

initiation and control of `pseudoliving' radical polymerisation.
These groups are different for different types of polymer-
isation, namely, nitroxides for SFRP, mobile halogen atoms
for ATRP, dithioester groups for RAFT and dithiocarbonate
(or trithiocarbonate and trithiocarbamate) groups for
MADIX.

There are strong proofs of the synthesis of linear block
copolymers of well-defined structure and narrow MMD by
combining `living' anionic polymerisation with SFRP or
ATRP. A PB-b-PS copolymer was synthesised using anionic
polymerisation followed by SFRP.358, 359 The process (see
Scheme 31) began with `living' anionic polymerisation of
butadiene in cyclohexane. Termination of PB macroanions to
change the polymerisation mechanism was done with an
epoxy-functionalised alkoxyamine, namely, 2,2,6,6-tetra-
methyl-1-(2-glycidyloxy-1-phenylethoxy)piperidine.358 The
nitroxide-`capped' PB block had Mn=3.846103 (this is in
agreement with the calculated values) and a narrow MMD
(Mw/Mn=1.02). High degree of functionalisation of PB
(Fn>0.95) was established by 1H NMR spectroscopy. In the
second stage, the nitroxide-`capped' PB served a macroinitia-
tor of `pseudoliving' polymerisation (SFRP) of styrene in the
bulk (see Scheme 31) with the initiation efficiency fi= 1. After
20 h, styrene conversion was 65%. The PB-b-PS copolymer
was characterised byMn=1.746104, which was in agreement
with the calculated value (Mn=1.56104), and a low poly-
dispersity index (Mw/Mn=1.22).

Considerable literature devoted to combination of `living'
anionic polymerisation with ATRP is available. Now we will
dwell on some typical examples. Nonpolar block copolymers
PI-b-PS were synthesised using a multimode process involving
anionic polymerisation and ATRP.360 The synthesis involved
not only the polymerisation of particular blocks and trans-
formation of active centres, but also the formation of fluores-
cent phenanthryl or anthryl linkers between the blocks
(Scheme 32) to study the structure and properties of the
copolymers. The polymerisation of isoprene in cyclohexane
was followed by sequential addition of 1-(9-phenanthryl)- or
1-(2-anthryl)-1-phenylethylene and a,a0-dibromo-p-xylene to
`living' PI. The product was isolated and used in `pseudoliving'
radical polymerisation of styrene in the presence of the
CuBr ± 2.20-bipyridyl system (see Scheme 32). Gel-permeation
chromatography and NMR studies revealed good agreement
between the experimental [Mn= (5 ± 45)6103] and calculated
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molecular mass and a low polydispersity (Mw/Mn=1.1 ± 1.2)
of the PI-b-PS copolymers.

A combination of `living' anionic polymerisation with
ATRP was used 361 for preparation of PS-b-P2VP block
copolymer containing nonpolar and polar (polybasic) blocks.
Anionic polymerisation of St (first stage) in benzene was
initiated by BusLi and followed by modification of the PS
chain ends to `cap' them with mobile chlorine atoms
(Scheme 33). The product was isolated and dissolved in
toluene. The catalyst (CuICl ± 2,20-bipyridyl) was introduced
followed by the second monomer (2VP) and the mixture was
heated to 120 8C. Gel-permeation chromatography and NMR
data showed that the molecular mass of PS-b-PVP was insig-
nificantly different from the calculated MM and that the
MMD was also narrow (Mw/Mn=1.05 ± 1.14).

A combination of anionic ring-opening polymerisation
with ATRP was used in the synthesis of diblock copolymers
containing polar non-ionogenic and polyacid blocks. In par-
ticular, anionic ring-opening polymerisation of e-caprolactone
(similar to the process shown in Scheme 3) followed by ATRP
of TBA resulted in a precursor (PCL-b-PTBA copolymer).
Subsequent hydrolysis of the PTBA blocks (see the process in
Scheme 6) gave a PCL-b-PAAc copolymer.362 As another
example, copolymers PEO-b-PTBA were synthesised by
anionic ring-opening polymerisation of EO followed by mod-

ification of the OH groups of PEG with a-halo esters and
subsequent ATRP of TBA.363 The resulting copolymers were
then converted to PEO-b-PAAc.

Since `living' ionic and `pseudoliving' radical polymerisa-
tions themselves allow one to synthesise a broad range of
binary and ternary block copolymers, combination of the
techniques offers additional prospects for the design of block
copolymers. In this connection, noteworthy is a study 364 on
the synthesis of PDMS-b-PS-b-PDMOMSPA terpolymers
{PDMOMSPA is poly[3-(dimethoxymethylsilyl)propyl acryl-
ate]}. An appropriately chosen multimode process involved
anionic ring-opening polymerisation of cyclic dimethylsilox-
ane, transformation of the SiOH groups of PDMS into
2-bromoisobutylsilyl groups and two consecutive ATRPs of
styrene and 3-dimethoxymethylsilylpropyl acrylate. The
resulting terpolymer was characterised by high affinity to the
surface of the silicon plate where it formed a `brush'-like layer.

4. Combination of `living' cationic and `pseudoliving'
mechanisms
Controlled synthesis of block copolymers using `living' cati-
onic and `pseudoliving' radical (ATRP) polymerisation was
first reported in 1997.365 Earlier, `living' cationic polymer-
isation to obtain poly(vinyl ethers) was combined with free
radical polymerisation of methacrylonitrile 366 and benzyl
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methacrylate.367 The lack of control in the second stage led to
polydisperse final products containing homopolymers. The
authors of study 365 synthesised the PS-b-PS, PS-b-PMA and
PS-b-PMMA copolymers (with two nonpolar blocks and with
nonpolar and polar blocks) of controlled structure and narrow
MMD. `Living' cationic polymerisation of St was carried out
using the SnCl4 ± 1-phenylethyl chloride initiating system in the
presence of Bun4NCl as nucleophile (Scheme 34).

Scheme 34

The chloro derivative of PS, isolated upon reprecipitation in
methanol (Mn=2.16103,Mw/Mn=1.17), served as amacro-
initiator of ATRP of styrene, MA and MMA in toluene using
the CuICl ± 4,40-di(non-5-yl)-2,20-bipyridyl catalytic system.
The molecular masses of the PS-b-PS, PS-b-PMA and
PS-b-PMMA copolymers (Mn=5.086103, 6.336103 and
1.1096104, respectively) were in agreement with the calculated
values (at fi= 1). This means that the unmodified chloro
derivative of PS is a highly efficient macroinitiator of ATRP
of styrene and (meth)acrylates. The polydispersity indices of
the copolymers were also low (Mw/Mn=1.10, 1.20 and 1.57,
respectively).

An important advantagemade by the authors of study 365 is
the one-pot polymersation of, e.g., the PS-b-PMA copolymers.
To this end, the chloro derivative of PS was deactivated by
methyl methacrylate introduced at 715 8C. Then the temper-
ature was increased and the solvent, the Lewis acid and the
ester were distilled off, a solution of the catalytic system in
toluene and the monomer were added, the temperature was
raised to 100 8CandATRPofmethylmethacrylate was carried
out. One-pot multimode process resulted in the PS-b-PMA
copolymer characterised by almost the same parameters
(Mn=6.36103, Mw/Mn=1.21) as the copolymer obtained
via isolation of intermediate product.

Similar syntheses of PS-b-PIB-b-PS and PAOS-b-PIB-
b-PAOS copolymers [PAOS is poly(p-acetoxystyrene)] con-
taining three nonpolar blocks, as well as one nonpolar and two
polar blocks, were reported.368 Here, `living' PIB chains
propagating along both directions were `capped' with styrene
at both ends. This resulted in a dichloro derivative of PIB,
which efficiently initiatedATRP of variousmonomers (styrene
and AOS). This combination of polymerisation processes was
also used for the synthesis of block copolymers of PIB with
PMAAc.369 `Living' cationic polymerisation led to mono-
chloro and dichloro derivatives of PIB, while ATRP of
protected MAAc monomers in the presence of the
CuICl(CuIBr) ±N,N,N 0,N 0,N 00-pentamethyldiethylenetriamine
catalytic system followed by acid hydrolysis gave di- and
triblock copolymers PIB-b-PMAAc and PMAAc-b-PIB-
b-PMAAc. The molecular masses of the blocks varied as
follows: MnPIB=2.86103 ± 5.66104 and MnPMAAc=

4.36102 ± 1.726103. Thus, the authors reached the main
goal, namely, they synthesised model block copolymers of
variable length of the elastomeric and rigid ionic blocks. The
mechanical and rheological properties of the block copolymers
were determined by aggregation of macrocoils governed by
hydrogen and ionic bonds.370

5. Application of bifunctional initiators
Design of selective multifunctional initiators is a new promis-
ing approach to implementation of multimode (including one-
pot) polymerisation processes. Only a few studies on the
subject are available at the moment; however, researchers
point to great prospects for this strategy of synthesis of block
copolymers. Unlike a simple combination of various polymer-
isation mechanisms, here the main advantage consists in the
possibility of carrying out sequential and concurrent multi-
mode processes that do not include additional chain end
functionalisation stages. Puts and Sogah 371 ± 374 pioneered in
formulating the problem and doing research in this field.
Initially, the global challenge was to design a universal initiator
capable of initiating the most important types of controlled
polymerisation processes.371 It was assumed that correspond-
ing functional groups of the initiator will act independently.
Puts and Sogah greatly succeeded in solving the problem
posed. They synthesised a multifunctional initiator 1-[(tert-
butyl)dimethylsiloxy]-2-{4-[2-(4,5-dihydrooxazol-2-yl)ethyl]-
phenyl}-2-(2,2,6,6-tetramethyl-1-piperidineoxy)ethane (8).

The compound was designed to allow for the following:
(i) alkyl adducts of nitroxides (1) can initiate a SFRP process;
(ii) C7H bonds (2) in a-position to the oxazoline group can
form carbanions and initiate `living' anionic polymerisation;375

(iii) oxazoline ring (3) can be a monomer in cationic ring-
opening polymerisation;376 (iv) neutral oxazolines are stable to
free radicals and ionic reactions; (v) oxazolines are good
protective groups for carboxylic acids and can be readily
removed;377 (vi) alkylsiloxy group (4) can initiate anionic
ring-opening polymerisation of heterocycles;378 (vii) by
removal of oxazoline protection from CO2H groups (3) and
tert-butyldimethylsilyl protection from OH groups (4) the
polymerisation centres can be converted into polycondensa-
tion centres.379 Thus, initiator 8 includes four polymerisation
centres and allows one to obtain linear, graft and star-like
block copolymers. Since only a [poly(2-oxazoline)-g-PS] graft
copolymer was synthesised using this initiator,371 analysis of
the synthetic procedure goes beyond the scope of this review.

Then, the multifunctional initiators 9a ± d and tribromo-
ethanol (10) were proposed.372 ± 374 Using some of them, not
only one-pot, but also concurrent multimode syntheses of
linear block copolymers were developed. Consider these results
in more detail. A bifunctional initiator 1-hydroxy-2-phenyl-
2-(2,2,6,6-tetramethylpiperidin-1-yloxy)ethane containing a
nitroxide and an OH group (9a) was used 374 for the synthesis
of A-b-B and B-b-A copolymers from poly(e-caprolactone)
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and PS. The role of the order in which themultimode process is
carried out (anionic polymerisation of e-caprolactone (CL)
followed by `pseudoliving' SFRP of styrene, or vice versa) and
the relative reactivities of nitroxide radicals attached to the
initiator and to the PCL chain end in the polymerisation of
styrene was studied. Anionic ring-opening polymerisation of
CL under the action of the OH groups of the initiator in the
presence of catalyst Al(OPri)3 readily occurred in toluene at
25 8C. However, the nitroxide group of initiator initiated bulk
SFRP of styrene only at a high temperature (T=125 8C). Due
to significant differences between polymerisation conditions
various multimode processes (Scheme 35) involving isolation
of intermediate products (11 or 12) could be performed with
ease. There was no need for additional chain end modification
steps. Gel-permeation chromatography and 1H NMR studies
revealed full control of the MM of the PCL and PS blocks
(linear increase inMMwith monomer conversion) irrespective
of the order in which they were synthesised; the MMDs of
particular blocks and the whole copolymer also remained
narrow (Mw/Mn=1.07 ± 1.4). It was found that the nitroxide
radicals at he PCL chains aremore reactive than those attached
to initiator; this manifested itself in acceleration of the poly-
merisation of styrene in the presence of macroinitiator 11
compared with the homopolymerisation of styrene under the
action of the unmodified initiator. In addition, the molecular
mass of PS in the block copolymer was controlled up to high
values (Mn=1.56105). The authors provided no explanation

for this effect, but the assumption of a change in the medium
polarity in the presence of PCL as the sole factor affecting the
system under study was ruled out (SFRP of styrene with
covalently nonbonded PCL of various molecular mass showed
no acceleration of the polymerisation process).

The activity of a simpler commercially available and cheap
bifunctional initiator 10 in another multimode process involv-
ing `living' anionic polymerisation and ATRP was checked.374

First, high efficiency of the initiator in (i) anionic ring-opening
polymerisation of e-caprolactone [in toluene in the presence of
catalytic amounts of Al(OPri)3]; (ii) ATRP of styrene (in
toluene with CuICl ± 2,20-bipyridyl as catalyst); and (iii) ATRP
of MMA in THF in the presence of NiBr2(PPh3)2 or
RhBr(PPh3)3 complexes was proved. Then, multimode syn-
thesis of A-b-B and B-b-A copolymers based on PS (or
PMMA) and PCL were carried out using the reverse strategy,
where polymerisation of CLwas followed by polymerisation of
styrene (MMA) (see example in Scheme 36). According to
1H NMR data, macroinitiators 13 and 14 and hydroxyl-
terminated PS showed high efficiency in polymerisation of the
second block ( fi= 1). This excluded additional chain-end
functionalisation stages from the synthetic procedure. The
molecular masses of the PS, PMMA and PCL blocks in the
copolymers were in agreement with the calculated values. The
polydispersities of particular blocks and the copolymer were
also low (Mw/Mn=1.21 and 1.17 for PS-b-PCL with
MnPS=2.256103 andMnPS-b-PCL=4.456104, respectively).
Taking into account the fact that one end of the diblock
copolymer obtained after ATRP of the second block contained
chlorine atoms capable of initiating ATRP of the third block, a
PCL-b-PBA- b-PMMA copolymer of specified molecular
structure was synthesised.374

The possibility of concurrent multimode synthesis of
diblock copolymers using bifunctional initiators was first
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reported by Sogah and co-workers.373 Using 1-benzoyl-2-[4-
(chloromethyl)phenyl]-2-(2,2,6,6-tetramethyl-1-piperidineoxy)-
ethane (9c) as initiator, the authors carried out concurrent
`pseudoliving' SFRP of styrene and `living' cationic polymer-
isation of 2-phenyl-2-oxazoline (PhOx) (Scheme 37). This
unique synthesis was performed in the bulk as follows. The
reactor was charged with anhydrous initiator and anhydrous
silver triflate (silver trifluoromethaneulfonate, AgOTf),
purged with an inert gas, an excess PhOx was added at 25 8C;
this resulted in a cationic derivative of the initiator in excess of
the monomer. Then, styrene was introduced, the temperature
was raised to 125 8C and polymerisation was carried out for
44 h. The rigid block copolymer was cooled, dissolved in
CH2Cl2 and methanol was added to convert the charged
phenyloxazoline group of PPhOx-b-PS to methyl ether group.
TheAgCl precipitate was filtered off. The PPhOx-b-PS diblock
copolymers were characterised by PnPPhOx ranging from 29 to
198. The copolymers contained almost no homopolymers
(according to gel-permeation chromatography and 1H NMR
spectroscopy data) and had a narrow MMD (Mw/Mn=
1.27 ± 1.40). Subsequent hydrolysis of the oxazoline units led
to copolymers of PEI-b-PS with linear polyethyleneimine
(PEI).

Questions posed by Sogah and co-workers.373 remain
unanswered as yet. In particular, the authors confirmed the
formation of block copolymers, but gave no proofs of con-
current character of `living' cationic and `pseudoliving' SFRP
polymerisation throughout the whole 44 h. An unambiguous
answer can be obtained by investigating the kinetics and
mechanisms of this and other multimode processes. At the
moment, it should be emphasised that this study opens a new
avenue of research on polymer synthesis, which involves
concurrent and competing polymerisation processes.

IV. Matrix effects in block copolymerisation
processes

Now we will consider yet another important aspect, which was
ignored for long in studies on the synthesis and properties of
block copolymers. Most studies on the subject concern block
copolymers whose components are thermodynamically
imcompatible or show a limited compatibility; macromole-
cules of such components form `supercrystal' structures in the
bulk 15, 19, 380, 381 and various micellar and vesicular structures

in solution.1, 7, 9, 13, 382 However, block copolymers with highly
compatible, chemically complementary components are also of
considerable interest. Such components can form a system of
co-operative noncovalent bonds between blocks, namely,
electrostatic bonds, as in ampholytic (or zwitter-ionic) block
copolymers,112, 113 or hydrogen bonds, as in the block and graft
copolymers synthesised from non-ionogenic polymers and
polyacids.6, 383 This type of block copolymers is treated as
intramolecular polymer complexes (IntraPC). They can be
used as binders in biothechnology and medicine, membranes,
as flocculants and drag reducing agents in the case of turbulent
flow.384 Taking into account specific properties of the block
and graft copolymers that form IntraPC, the formation of a
system of noncovalent bonds between the components in the
course of synthesis was hypothesised (in other words, the case
in point is manifestation of matrix effects that are well known
for polymerisation of monomers in the presence of chemically
complementary polymer chains, matrices, in the block and
graft copolymerisation).385 The fruitfulness of this hypothesis
was first confirmed in the kinetic studies of the synthesis of
starch-g-PAA and PVS-g-PAA graft copolymers. Namely, it
was shown that the rate of graft copolymerisation of PAAwith
starch 386 and PVS 387 substantially increases compared to the
rate of homopolymerisation of acrylamide under identical
conditions. These results were considered in a review.384

Since investigations of the matrix phenomena in block
copolymerisation processes are in the early stage of develop-
ment, we will dwell on them in more detail. Studies 388, 389

concern the kinetics of radical block copolymerisation of PAA
with different-MMPEGwhose terminal groups were activated
in the reaction of OH groups with CeIV ions [see reaction (7)].
Block copolymerisation was carried out in aqueous solution at
25 8C. For comparison, homopolymerisation of AAm initi-
ated with ethanol instead of PEGwas performed under similar
conditions. Chemical complementarity of PAA and PEG was
preliminarily confirmed in the complexation studies of cova-
lently nonbonded polymers 390 and a system of H-bonds in the
resulting InterPC 391 in water.

The results of dilatometric studies are presented in Fig. 2.
All kinetic curves show an induction period. The authors
believed that it is governed by the `lifetime' of the intermediate
complex formed by CeIV ions with the OH groups of PEG. The
rate of block copolymerisation of PAA with the lowest-
molecular-mass sample (PEG1) and the yield of the PAA-b-
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PEO-b-PAA1 triblock copolymer (TBC1) were very low,
whereas the induction period t0 was very long compared to t0
for homopolymerisation of AAm (see Fig. 2, curves 1 and 2).
Another situation was observed in block copolymerisation of
PAA with longer-chain PEG (Mv>16103). Namely, the
induction period shortened and the copolymerisation rate
and the yield of the final product increased (curves 3 ± 5). This
is quantitatively characterised by the data listed in Table 1.

Significant acceleration of the block copolymerisation and
an increase in AAm conversion in the synthesis of the TBC3,
TBC4 and TBC5 copolymers compared to the synthesis of
PAA points to a positive kinetic matrix effect due to the
interaction of the PEO blocks (matrices) with the growing
daughter PAA blocks that are covalently bonded through a
systemof hydrogen bonds (see Fig. 2).388, 389 The effect became
more pronounced with elongation of the PEG block. Indeed, a
change in Mv PEG from 66103 to 46104 caused the rate of
block copolymerisation (V 20

p ) to increase by an order of
magnitude compared to the homopolymerisation rate of
AAm (see Tabl. 1). This is consistent with the well-known
increase in the energy of the interaction between partners and
stability of the polycomplexwith elongation of polymer chains.
Unlike similar matrix processes that occur in water due to
formation of a system of H-bonds between the covalently
nonbonded matrix and the daughter chain and lead to high
compaction of InterPC,392 matrix block copolymerisation of
PAA with PEO resulted in water-soluble IntraPC. This is a
manifestation of the effect of the third hydrophilic block
(PAA), which prevented high hydrophobisation and compac-
tion of macroglobules.

A characteristic feature of the PAA-b-PEO-b-PAA tri-
block copolymers is a nearly linear increase in the molecular

mass of the PAA blocks (from 4.56104 to 9.076105) with an
increase in the molecular mass of the PEO central block.388, 389

It was established that the interblock interaction strongly
affects both the synthesis and the molecular structure of the
block copolymers.

Yet another type of matrix effects was observed 393 in a
comparative study of the RAFT polymerisation of monomer
mixtures, namely, N,N-dimethylacrylamide (DMAA) and
2-(N-butyl perfluorooctanefluorosulfonamido)ethyl acrylate
(BPFOFSAEA), in the presence of both low-molecular-mass
CTA (3-benzylsulfonylthiocarbonylpropionic acid) and a
macroCTA obtained by etherification of the low-molecular-
mass CTA with PDMS (Mn=1.86104). Polymerisation was
carried out under identical conditions at 60 8C. The DMAA
content was constant and the content of the second monomer
was varied; azobis(isobutyronitrile) was used as initiator.
a,a,a-Trifluorotoluene was chosen as the common solvent
with allowance for high hydrophobicity of macroCTA.
RAFT polymerisation of a mixture of monomers resulted in
poly-(DMAA-co-BPFOFSAEA) copolymer in the pre-
sence of the low-molecular-mass CTA and in poly(DMAA-
co-BPFOFSAEA)-b-PDMS-b-poly(DMAA-co-BPFOFSAEA)
copolymer in the presence of the macroCTA. In both cases the
RAFT process showed some common features, namely, a
linear increase in the molecular mass of the polymers with
conversion and narrow MMDs for all products (Mw/Mn=
1.12 ± 1.26). However, the compositions of the side blocks in
the triblock copolymers were basically different from the
compositions of the copolymers obtained in the presence of
the low-molecular-mass CTA. Namely, the triblock copoly-
mers contained a large excess of BPFOFSAEA. In fact, the
hydrophobic matrix (PDMS block) `selected' the most hydro-
phobicmonomer (BPFOFSAEA) from themixture, towhich it
has a higher thermodynamic affinity, this is the reason for the
effect observed. Shortening of the induction period in the
kinetic curves for the RAFT polymerisation in the presence
of macroCTA was also pointed out.

* * *

In this review we considered newmethods of synthesis of block
copolymers and new aspects of the investigations of the
regularities of polymerisation processes. with allowance for
chemical complementarity of the blocks formed. This may be
useful for further research in this field.
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Abstract. Rigid aromatic dendrimers synthesised by conver-Rigid aromatic dendrimers synthesised by conver-
gent, divergent and combined methods are considered. Thegent, divergent and combined methods are considered. The
potential of practical application of rigid aromatic dendrimerspotential of practical application of rigid aromatic dendrimers
is analysed. The bibliography includes 121 referencesis analysed. The bibliography includes 121 references..

I. Introduction

In the last decades, data on dendrimers have been covered in
numerous reviews,1 ± 28 which suggests continuing interest in
this unique class of monodisperse highly branched macro-
molecules with a highly ordered controllable and regular
structure. Unlike conventional polymers, dendrimers incorpo-
rate the following three main structural components: the
central fragment (core), internal branched units and terminal
units (Fig. 1). Two main strategies, divergent and convergent,
were developed for the synthesis of dendrimers.

The divergent approach is based on iterative coupling and
activation steps starting from the polyfunctional core, the
growth of molecules proceeding from the centre to the periph-
ery. In the first step (the growth step), monomers (building
blocks) are attached to the core to form first-generation
dendrimers (Fig. 2). Monomers (AnB) containing functional
groups of different nature are generally used as building
blocks. In these monomers, one group (B) is reactive and can
be involved in the reaction, whereas other groups (An , their
number depends on the nature of the monomer) are deacti-
vated. In the next step (the activation step), the passive groups
are activated by deprotection or in other ways, after which
these groups are ready to be involved in the growth of
dendrimers. Therefore, dendrimers grow layer by layer. Theo-

retical calculations demonstrated that this growth is, however,
not infinite.29 The density of the periphery of the molecule
increases from generation to generation, and the resulting
steric hindrance limits the growth of dendrimers. As a result
of steric restrictions, the molecule assumes a nearly spherical
shape. The packing density at the periphery achieved in this
step is called the DeGennes dense packing.29 According to this
model, attempts to grow the subsequent layer should lead to
the formation of irregular dendrimers (due to the incomplete
substitution of functional groups). This problem is particularly
acute for rigid aromatic dendrimers.

The functionalisation of dendrimers in the final step of the
molecule formation can be performed with the use of mono-
mers containing the necessary functional groups. The difficul-
ties of controlling the transformations of the functional groups
are often considered as a drawback of the divergent approach
to the synthesis of dendrimers. Not all functional groups of the
growingmacromolecule can be involved in the growth of a new
layer, which in turn can result in defects in the structure of the
final product. This problem can be obviated by using excess of
the monomer AnB, which creates difficulties in the step of
purification of the final product. Nevertheless, the divergent
approach is a method of choice for the synthesis of high-
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generation dendrimers if coupling reactions are selective and
efficient.

The convergent approach is also based on the alternation
of growth and activation steps. However, the growth of
macromolecules occurs from the periphery to the centre,
which is achieved due to formation of branched monomers
called dendrons, which are attached to the core in the final step
of the synthesis. In the first step, a monomer AnB is attached to
the monomer containing peripheral groups of the future
dendrimer (the growth step) giving rise to the first-generation
dendron (Fig. 3). The activation and coupling of the dendron
to the monomer AnB gives the next-generation dendron. In the

last step, the dendrons are attached to the central polyfunc-
tional fragment (core) to form the final dendrimer.

The convergent approach also has advantages and disad-
vantages. The number of reactive functional groups of each
molecule involved in the reaction is small and remains constant
regardless of the number of generations and the size of the
dendron, thus allowing minimisation of the amount of uncon-
sumed groups. The reaction can be brought to completion
using a small excess of the monomer (unlike the divergent
method). It is much easier to purify the reaction products
synthesised according to the convergent approach, because the
reaction mixture contains smaller amounts of by-products.
The difference in physical properties of the components of the
reaction mixture allows the efficient use of chromatographic
purification, thus providing the access to individual macro-
molecules. However, the convergent approach does not allow
the formation of high-generation dendrimers (i.e., dendrimers
composed of a large number of layers) because of steric
hindrance in the step of coupling of the dendron to the core.1

An advantage of the convergent method is that it can be
used for the preparation of dendrimers containing different
functional groups at the periphery of themolecule. To this end,
building blocks containing various substituents are used.

Therefore, the divergent approach is the method of choice
for the formation of high-molecular-mass monodisperse den-
drimers composed of a large number of layers, whereas the
convergent approach is suitable when it is necessary to synthe-
sise monodisperse macromolecules containing a small number
of layers and different functional groups at the periphery.1

The potential of the synthesis of macromolecules with
different architecture and chemical composition can be
extended by combining the divergent and convergent
schemes.23, 30 ± 33 For example, a versatile procedure for the
synthesis of organosilicon dendrimers 31 is based on the graft-
ing of dendrons, which are prepared according to the con-
vergent scheme onto an oligomeric dendrimer constructed by
the divergent method.

In the present review, emphasis is given to rigid dendrimers,
because these macromolecules have received little attention in
the literature.34 ± 38 However, these compounds belong to one
of the most interesting classes of dendrimers, are characterised
by high chemical and thermal stability and are soluble in
conventional organic solvents. Rigid aromatic dendrimers of
controlled size hold promise in high-temperature catalysis. In
addition, aromatic dendrimers with a p-conjugated system can
find use in optoelectronic devices.26, 28, 33, 34, 39 ± 41

II. Rigid aromatic dendrimers synthesised by the
convergent method

Polyphenylene dendrimers have been synthesised for the first
time 42, 43 by the convergent method using the Suzuki coupling
of substituted phenylboronic acid 1 with aryl bromides.44 This
was used for the synthesis of dendrimers based on 1,3,5-
triphenyl-substituted monomers.
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Figure 2. Schematic representation of the synthesis of dendrimers by the

divergent method.
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Figure 3. Schematic representation of the synthesis of dendrimers by the
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A first-generation dendron was prepared by coupling of
3,5-dibromo-1-(trimethylsilyl)benzene (2) with substituted
phenylboronic acid 1. The trimethylsilyl protecting group was
removed by treating with boron tribromide followed by
hydrolysis, and then activated dendrons 3 were attached to
the central fragment, viz., to 1,3,5-tribromobenzene (4), giving
rise to dendrimer 5. More branched central fragment 6 was
used for the synthesis of dendrimer 7.43 Monitoring of the
reaction of compound 3 with 6 by chromatography demon-
strated that the first three bromine atoms are replaced very
rapidly, whereas the replacement of other bromine atoms
occurs much more slowly due to steric effects. This situation
is typical of the convergent synthesis. Due to the presence of a
`rigid' repeating fragment in the dendrimer structure, the shape
and size of molecules remain unchanged under different
external conditions.

The synthesis of macromolecules based on arylalkyne and
phenylacetylene fragments was documented.26, 45 4-(tert-
Butyl)phenyl substituents were used as groups increasing the
solubility of the final dendrimer; however, their influence on
solubility was extended only up to third-generation den-
drimers. Fourth-generation dendrimers with 3,5-di(tert-butyl)-
phenyl terminal groups proved to be somewhat better
soluble.46

Poly(phenylacetylene) dendrimers were synthesised using
dendrons that have been prepared based on the diethynyl
monomer containing a triazene protecting group. This den-
dron is easily activated for the subsequent coupling reaction by
replacing the protecting group by a halogen.47

The cross-coupling reaction of first-generation halogen-
containing dendron 8 with compound 9 catalysed by a palla-
dium complex afforded second-generation dendron 10. Due to
the rigid defect-free structures of such dendrimers containing
conjugated fragments, they possess promising photophysical
properties.

Phenylacetylene dendrimers containing ButCO2 peripheral
groups were synthesised by the modified convergent method.
Solid-state thermolysis of these systems resulted in the con-
version of the ButCO2 groups into carboxy groups.48 Since
thermolysis of high-generation dendritic molecules is accom-
panied by partial cross-linking, an alternative procedure for
the synthesis of phenylacetylene dendrimers containing car-
boxy terminal groups was developed. Dendrimers prepared by
this method in high yields (up to 90%) are water-soluble
compounds.

A first-generation dendron was synthesised 49 by coupling
of aldehyde 11 with monomer 12 containing two phosphate
groups.
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Acid hydrolysis leads to the conversion of the acetal group
into the aldehyde (compound 13), which can be involved in the
Horner ±Wadsworth ±Emmons coupling reaction giving rise
to second-generation dendron 14. However, only third-gener-
ation dendrons were synthesised by this procedure. The syn-
thesis of the fourth-generation dendron was considered
unreasonable because of low yields and long reaction times.

Analogous dendrons were synthesised 50 by Heck
coupling 51, 52 of substituted styrene 15 with 3,5-dibromo-
benzaldehyde (16) followed by the Wittig reaction with
methylenetriphenylphosphorane iodide. Unfortunately, den-
drons of only three generations could be synthesised by this
procedure.

The convergent method was developed 53 for the synthesis
of polyphenylene-type dendrimers based on the Diels ±Alder
reaction. This starts with coupling of 4,40-diethynylbenzil (17)
with an excess of 2,3,4,5-tetraphenylcyclopentadienone (18).
4,40-Diethynylbenzil is a monomer A2B-type because it con-
tains two dienophilic ethynyl groups, which can be involved in
the Diels ±Alder reaction with dienes, and one ethanedione
group, which is inactive in the [2+4]-cycloaddition but is
helpful for further tranformations. Dendron 19 formed in the
growth step is converted by the Knoevenagel reaction with
diphenylacetone into reactive second-generation dendron 20.
This undergoes the Diels ±Alder reaction with the central
fragment, viz., tetrakis(4-ethynylphenyl)methane (21), to
form phenylated rigid second-generation dendrimer 22.
First-, second- and third-generation dendrons were prepared
in rather high yields (85%±89%). Nevertheless, all attempts to
make the third-generation dendron react failed because steric
hindrance did not allow it to undergo condensation with
diphenylacetone. However, identical dendrimers of not only
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the third, but also the fourth generation can be synthesised
using the divergent approach, as will be demonstrated in the
next section.

The convergent method was successfully applied to the
synthesis of polyphenylene dendrimers containing peripheral
substituents of different nature.38 For this purpose, the central
fragment, viz., bis(4-ethynylphenyl)bis[4-(triisopropylsilyl)-
ethynylphenyl]methane (23), with two protected triple bonds
was synthesised using a deficient amount of desilylating agents
from a tetrasilyl precursor. Then the Diels ±Alder reaction
with dendrons 24 containing substituents A was carried out.
After desilylation, the liberated ethynyl groups were involved
in the Diels ±Alder reaction with dendrons 25 containing
substituents B to give finally dendrimer 26 containing different
substituents in one molecule (Scheme 1).

Dendrimers based on porphyrin fragments have attracted
interest because of their valuable photophysical proper-
ties.17, 54 ± 57 For example, rigid polyphenylene dendrimers
containing the porphyrin fragment as the central group have
recently been synthesised.36 Dendron 27, which has been
prepared by the convergent method using the Suzuki reaction,
was coupled with pyrrole. The further demethylation with
boron tribromide and oxidation with 2,3-dichloro-5,6-
dicyano-p-quinone (DDQ) produced dendrimer 28 containing
peripheral benzoquinone groups (Scheme 2).

The synthesis of luminescent dendrimers 29 and 30 con-
taining the porphyrin core and carbazole peripheral fragments
was documented.58 Initially, aldehyde precursors were syn-
thesised by a multistep procedure using the Ullmann reaction
or the palladium-catalysed Suzuki reaction. Further conden-
sation with pyrrole was carried out under the Lindsey con-
ditions.59, 60

Due to the presence of large hyperbranched blocks, p-con-
jugated dendritic molecules possess characteristic three-dimen-
sional architecture, which imparts qualitatively new properties
to these molecules compared to linear semiconducting oligo-
mers and polymers.28 p-Conjugated aromatic dendrimers
31a,b containing stilbene-like groups as bridging fragments
were synthesised by the convergent method using the Suzuki

reaction and the Horner ±Wadsworth ±Emmons reaction.61

These dendrimers show luminescence in the blue region with
high quantum yield, which led the authors to conclude that
these compounds can be used as materials for light-emitting
diodes.

III. Rigid aromatic dendrimers synthesised by the
divergent method

The so-called iptycenes were among the first characterised rigid
dendrimers, which were synthesised by the divergent method
(using the Diels ±Alder reaction).62 These unique molecules
based on the benzene or iptycene cores (compounds 32 and 33,
respectively) are characterised by high thermal stability.
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Very simple but stringent requirements are imposed on the
chemical reactions involved in the main cycle including growth
and activation of a molecule: the reactions should be unambig-
uous, enable complete conversion of the substrates and be
feasible. One of the most efficient synthetic schemes for the
preparation of polyphenylene dendrimers by the divergent
method was developed by MuÈ llen and co-workers.34, 38, 63 ± 71

This is based on two iterative reactions, viz., the Diels ±Alder
cycloaddition of tetraphenylcyclopentadienones to substituted
ethynyl compounds 72 (the growth step) and desilylation of
tri(isopropylsilyl)-substituted alkynes (the activation step).

The reaction of 3,30,5,50-tetraethynylbiphenyl (34) with
cyclopentadienone derivative 35 afforded first-generation den-
drimer 36a containing tri(isopropyl)silyl-substituted ethynyl
groups. Activated first-generation dendrimer 36b with eight
ethynyl terminal groups was obtained after removal of tri(iso-
propyl)silyl protection. The reaction of compound 36b with
cyclopentadienone 35 afforded second-generation dendrimer
37a. As a result, dendrimer 36a with a molecular mass of 3119
(220 carbon atoms) was transformed into dendrimer 37awith a

molecular mass of 7606 (548 carbon atoms) by the two-step
reaction. In spite of the high molecular masses, compounds 36
and 37 are readily soluble in organic solvents.

Graphite-like highly fused system 38 was prepared by
dehydrocyclisation of dendrimer 36c.

A series of dendritic polyphenylenes were synthesised
based on compound 21 as the core using A2B-type monomer
35 as the building block (Scheme 3). These dendrimers of four
generations exhibit good chemical stability, thermal stability
and solubility in many organic solvents. In addition, a series of
dendrimers were synthesised 68 using an A2B block, an A4B
block and various cores [compounds 21, 34, 1,3,5-triethynyl-
benzene (39) and 1,2,3,4,5,6-hexakis(4-ethynylphenyl)benzene
(40)], and their spatial organisation was studied. In the case of
an A2B monomer and cores 21 and 34, the ability of a
dendrimer to grow was demonstrated to be independent of
the nature of the core, and the nearly globular shape is achieved
only in the fourth generation. On the contrary, the globular
shape is achieved very rapidlywith the use of anA4Bmonomer;
however, it is impossible to prepare defect-free dendrimers of
generations higher than two.

Alkyl-substituted polyphenylene dendrimers, which are
capable of self-assembly on solid surfaces (for example, on
graphite), were synthesised 64, 66, 73 starting from 1,3,5-triethy-

32

33

38

+ 4

35

34

RRR

R

R R R

R

36a

O

SiPri3

SiPri3

36b
35

7HSiPri3

37b

R R

R

R

R

R

RRRR

R

R

R

R

R R

37a

7HSiPri3

36c+ 4 O

18

34

R= (a), (b), H (c).SiPri3

Rigid aromatic dendrimers 773



(39)

SiPri3

Pri3Si

Pri3Si

SiPri3

SiPri3

SiPri3

R1

R1

R1

R1

R1

R1

R1

R1

R1

R1

R1

R1

O

R1R1

(21)

O

SiPri3

35

SiPri3

Bu4NF

O R2

R1R1

R2

SiPri3

SiPri3

Pri3Si

Pri3Si

SiPri3

SiPri3

SiPri3

SiPri3

R1

R1

R1

R1

R1

R1

R1

R1

R2

R2

R2

R2

R2

R2

R2

R2

R2

R1R1

R2R2

R1 R1

R2R2

R1

R1

R2

R1

R1

R2

R2

Bu4NF

R1=n-C12H25 , H; R2=H, n-C12H25 .

Scheme 3

774 M S Rajadurai, Z B Shifrina, N V Kuchkina, A L Rusanov, K MuÈ llen



nylbenzene and tetrakis(4-ethynylphenyl)methane (see
Scheme 3).

First- and second-generation dendrimers containing the
1,3,5-triethynylbenzene fragment as the core were studied by
the molecular dynamics method.74 It was demonstrated that
only four of six possible conformations of second-generation
dendritic molecules are stable, and the dendrimer sizes can vary
only within 10%.

A series of dendrimers containing 4, 10 and 22 symmetri-
cally arranged fluorine-substituted aromatic rings were syn-

thesised.43 The surface layers of the molecular structures of
dendrimers consist of perfluorinated phenyl groups. Den-
drimers are rather thermally stable, monodisperse and readily
soluble in organic solvents (THF, CH2Cl2 or CHCl3). In
addition, these dendrimers have good electron-conducting
properties and chemical stability. Due to the above-mentioned
characteristics, these dendrimers are attractive materials for
the design of light-emitting diodes.75

A series of polyphenylene dendrimers of four generations
(compound 41 is a fourth-generation dendrimer) containing

N
N

41

Bu4NFN

N SiPri3

SiPri3

SiPri3

Pri3SiN

N

35

Scheme 4

35

18
N

NN

N

N

N

SiPri3

SiPri3

SiPri3

SiPri3

Pri3Si

Pri3Si

Pri3Si

Pri3Si

41

Rigid aromatic dendrimers 775



the azobenzene cores were synthesised starting from 4,40-bis(4-
ethynylphenyl)azobenzene (Scheme 4).71 The resulting den-
drimers exhibit reversible photosensitivity under UV-Vis irra-
diation, which reflects reversible structural changes in the
molecule. The influence of the number of the dendrimer
generation and the degree of branching of the dendrimers on
the kinetic characteristics of photoisomerisation was studied.

In addition to polyphenylene dendrimers containing differ-
ent functional groups at the periphery and/or in the centre of
the macromolecule, dendrimers with different arrangement
and compositions of functional groups in the inner sphere
were synthesised. Studies aimed at designing polyphenylene
dendrimers based on new pyridine-containing monomers, such
as 3,4-bis{4-[tri(isopropyl)silylethynyl]phenyl}-2,5-di(pyridin-
2-yl)cyclopenta-2,4-dienone (42), 3,4-di(pyridin-2-yl)-2,5-

diphenylcyclopenta-2,4-dienone (43) and 2,3,4,5-tetrakis(pyr-
idin-2-yl)cyclopenta-2,4-dienone, have been carried out. 76 ± 78

The introduction of pyridine fragments into polyphenylene
dendrimers can impart new properties to the latter. The
presence of pyridine rings not only at the periphery, but also
in the inner sphere of macromolecules extends the potential of
functionalisation. Pyridine-containing dendrimers of four gen-
erations were prepared using synthetic routes based on the
Diels ±Alder reaction; however, steric hindrance appears
already in the synthesis of the third-generation dendrimer
with substituted benzene 40 as the dendrimer core (Scheme 5).

The synthesis of dendrimers of four generations based on
core 39 is presented in detail in Scheme 6. In the last step, the
third-generation dendrimer containing ethynyl peripheral
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Scheme 5 (continued)
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groups is transformed into the fourth-generation dendrimer
containing phenyl peripheral groups.

According to the thermogravimetric analysis, all the den-
drimers under study are characterised by rather high thermal
stability. Thus, a 10% mass loss in air for second ± fourth
generation dendrimers was observed at temperatures above
480 8C. According to the differential scanning calorimetry, no
phase transitions occur in samples of dendrimers up to the
decomposition temperature. The structures of the above-
mentioned dendrimers are not destroyed even upon treatment
with acids or alkalis over a long period of time. Due to high
chemical and thermal stability, the resulting macromolecules
are unique compounds among other known dendrimers con-
taining the pyridine or amine (imine) functional groups, and
these compounds can be used in corrosivemedia and/or at high
temperatures. In addition, these dendrimers can be used in the
design of new hybrid (dendrimer ±metal) nanostructured sys-
tems having catalytic properties.77

The efficient combined divergent / convergent synthesis of
new conjugated zero-generation (44a) and first-generation
(44b) dendrimers containing oligo(ethynylthiophene) frag-
ments was documented.33 This method is based on the iterative
Sonogashira andWittig reactions. The dendrimers prepared in
high yields (72%±82%) are readily soluble in organic solvents,
which made it possible to study in detail the dependence of
their properties on the structure. Due to the ability to absorb
light in a very broad frequency range, these dendrimers hold
promise for the design of light-absorbing materials analogous
to natural substances.

The above-considered results show considerable progress
in the synthesis of rigid aromatic dendrimers by both the
convergent and divergent methods. It is expected that further
investigations will be aimed at extending the range of these
dendrimers and searching for fields of their practical applica-
tion.

IV. Possible areas of application of rigid
dendrimers

The development of procedures for the synthesis of versatile
dendritic matrices, which can be used for the design of special
materials for different fields of application (catalysts, optical
materials, magnetic nanoparticles and drug delivery agents), is
one of the most interesting and important areas in chemistry of
dendrimers. Due to predictable, controlled and highly repro-
ducible molecular sizes, dendrimers are ideal standards for
mass spectrometry, electronic and atomic spectroscopy and
ultrafiltration. The presence of channels and pores in dendritic
macromolecules allows their use for encapsulation and immo-
bilisation of small-molecular-mass guest molecules. The possi-

bility of incorporation of guest molecules into dendrimers has
been demonstrated,79 which gave impetus to numerous inves-
tigations in this field and the design of new composites of
dendrimers with guest molecules.80, 81 Such host ± guest com-
posites can find use in biology, medicine, pharmacology and
catalysis.14, 23, 82, 83

The use of dendrimers as host molecules for the encapsu-
lation of guestmetal nanoparticles holds considerable promise.
Pioneering investigations in this field date back to 1994.9 First
essential results were published in the late 1990s. The forma-
tion of copper nanoparticles in a dendrimeric template was
documented.84, 85 Reduction of copper ions in the presence of
dendrimers gave rise to colloidal solutions stable at room
temperature for more than 90 days. The formation of nano-
particles stabilised by a dendrimeric template was confirmed
by UV spectroscopy and electron microscopy. Gold nano-
particles in a dendrimeric template were synthesised by an
analogous procedure.86 It was found that the size of the
resulting nanoparticles can be controlled using dendrimers of
different generations (from zero to fifth). It was demonstrated
that the strategy of the formation of metal nanoparticles inside
a dendrimeric nanoreactor can be successfully applied to all
transition metals. The introduction of monometallic, bimetal-
lic 90 and semiconducting 87 nanoparticles into dendrimers was
examined.19, 83, 84, 87 ± 93 In this case, dendritic macromolecules
are used for efficient stabilisation of supersmall metal particles.

The growing interest in the synthesis of metal nanosized
particles in dendrimeric templates was dictated not only by the
novelty and simplicity of the procedure, but also by the
possible practical applications of nanocomposites, in partic-
ular, as catalysts. It was noted 94 that dendrimers allow
combination of advantages of homogeneous and heterogene-
ous catalysis and can provide the control over the structure and
size of catalytic particles. For example, Pd and Pt nanoparticles
stabilised by a dendrimeric template are characterised by
excellent catalytic activity in hydrogenation of simple (for
example, allyl alcohol) and electron-deficient (N-isopropyl-
acrylamide) alkenes in an aqueous medium.89 Bimetallic nano-
particles synthesised in the presence of dendrimers are also
active in the Heck and Suzuki coupling reactions.88

The choice of rigid dendrimers as templates for the for-
mation of metal nanoparticles provides better control over the
particle growth and morphology. New hybrid (dendrimer ±
metal) nanostructured systems based on poly(pyridylpheny-
lene) dendrimers, which have catalytic properties, were
studied.76, 77 The catalytic mono- and bimetallic nanoparticles
thus synthesised proved to be rather active catalysts for hydro-
genation of the triple bond in acetylenic alcohols.95, 96

Rigid dendritic macromolecules with a strictly defined
structure and predictable properties have a high potential for
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the design of optical and electronic devices. Conjugated
phenylacetylene dendrimers 97 containing optically pure
4,40,6,60-tetrabromo-1,10-bi(2-naphthol) diacetate were
among the first rigid dendrimers having optical properties,
which hold promise for the design of enantioselective fluores-
cent sensors. Such optically active dendrimers can also be used
in the asymmetric synthesis.

Perfluorinated first- and second-generation polyphenylene
dendrimers were investigated as materials for organic light-
emitting diodes.98 These systems can be used for the design of
blue-light-emitting diodes; however, perfluorinated den-
drimers are inferior to linear or branched analogues because
of a low degree of conjugation of dendrimers (due to the
presence of bulky fluorine atoms) and low electron affinity.

The efficiency of natural light-harvesting systems in plants
and bacteria performing the visible light harvesting and con-
version of visible light energy into chemical energy stimulated
many researchers to design analogous artificial systems.Due to
the unique features, conjugated dendrimers are attractive
materials for such systems. Numerous dendrimers of different
architecture with efficient light-harvesting properties have
already been synthesised. For example, the synthesis of con-
jugated phenylacetylene dendrimers and dendrons,26, 99 ± 103

phenylenevinylene dendrimers 104 and dendrimers with por-
phyrin 105, 106 and perylene groups 107 ± 109 was documented.

The above-mentioned conjugated dendrimers 33 containing
oligo(ethynylthiophene) fragments are highly promising light-
absorbing materials due to the efficient inter- and intramolec-
ular energy transfer and a broad absorption spectrum.

Efficient donor ± acceptor systems 45 containing the triar-
ylamine core, oligothiophene side branches and peryleneimide
terminal groups were studied.110 These systems also showed
high photochemical activity. The photochemically stable per-
yleneimide terminal group acts as an electron acceptor; the

triphenylamine core, as an electron donor. In different solvents
(THF, chloroform or toluene), the luminescence quantum
yield decreases with an increase in the solvent polarity due
apparently to better stabilisation of the donor ± acceptor pair.

Porphyrin-containing dendrimers are of interest as syn-
thetic analogues of biological systems.16, 111, 112 Porphyrin-type

R1

S
R1

S

R1

S

R1

S

R1

S
R1

S

R2

R2

R1

S

R2

R1

S

N

R1

S

R1

S

R1

S

R1

S

45

R1=n-C6H13; R2= .

O

N

O

Pri

Pri

O

O O

O

O

O

O

O
O

OO

O
O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

N

N N

N

NN

N

N

N N

N

N

N

N

O

O

O

46

Pri

Pri

Pri

Pri

Pri

Pri

Pri

PriPri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

Pri

PriPri

Pri

Pri

Pri

780 M S Rajadurai, Z B Shifrina, N V Kuchkina, A L Rusanov, K MuÈ llen



dendrimers 29 and 30 with carbazole peripheral groups can be
used as efficient light-harvesting antennas.58 The porphyrin
core acts as an energy trap. In addition, porphyrin-containing
dendrimers can be involved in various redox reactions.

Multichromophoric system 46 based on rigid polypheny-
lene dendrimers was stadied.113 The specified spatial arrange-
ment of chromophore groups and their spectroscopic
characteristics provide efficient light absorption throughout
the visible region and the energy transfer to the central
terrylenediimide fragment, which converts this energy into
the IR radiation energy.

The growing interest in the synthesis of dendrimers with
unique photophysical properties requires a deeper insight into
charge transfer mechanism in these systems. Investigations of
symmetrical dendritic molecules did not give an unambiguous
answer to these questions. Investigations of phenyleneethyn-
ylene dendrimers with asymmetric architecture 100, 101 provided
the partial solution to this problem. Intramolecular interac-
tions and the charge transfer mechanism in the systems were
considered in more detail.103 Phenylethynylene dendrimers
exhibit highly efficient energy transfer from dendrons to the
core, an increase in the generation number of dendrimers
having no negative effect on the fluorescent properties of the
system. The fluorescence dynamics was studied for symmet-
rical and non-symmetrical dendrimers both in the presence and
absence of an energy trap. The *50% energy transfer was
found to proceed according to a multistep mechanism. Never-
theless, the process is completed in less than one picosecond.

In recent years, bulky macromolecules bearing charged
functional groups and having magnetic properties have
attracted growing interest. From this point of view, polyphe-
nylene dendrimers are promising nanoobjects.114 In addition
to such advantages as the regular structure and high thermal
and chemical stability, polyphenylene dendrimers can stabilise
active radical groups with very short lifetimes. In addition to
the electronic effects (for example, the resonance effects),
dendrimers stabilise radicals due to steric effects by retaining
the distance between individual radical groups and preventing
them from interacting with each other.115, 116 The synthesis of a
series of dendrimers containing radicals both at the periph-
ery 117, 118 and as the corewas documented.119, 120 In addition, a
series of polyphenylene dendrimers (for example, compound
47) containing definite number of carbonyl groups uniformly
distributed in the macromolecular structure were synthesised.

These dendrimers were modified with organolithium reagents
with the aim of preparing different types of radicals.121

V. Conclusion

Polyaromatic dendrimers have various unique properties dif-
ferent from those of aliphatic analogues. The synthesis of such
dendrimers is rather simple and unambiguous because mono-
disperse dendritic molecules are, as a rule, produced in high
yields. Due to the rigid molecular shape, the desired arrange-
ment of functional groups in dendrimers can be achieved with
the use of appropriate building blocks. This approach facili-
tates the introduction of functional groups both into the core
of dendrimers or dendritic branches and at the periphery. Some
of the above-mentioned features, in particular, the presence of
numerous functional groups at the periphery, allows the use of
dendrimers as nanosupports for catalysts and chromophore
groups. Therefore, polyaromatic dendrimers are attractive as
objects of investigation for both organic chemists and experts
in the fields of materials science and nanotechnology.

Due to a constant shape, rigid dendrimers are used in
studies of electron transfer processes between different redox
centres. If one centre is located in the core and another centre is
present at the periphery of a dendrimer, the distances, which
are necessary to overcome for the electron transfer, can be
calculated. In addition, dendrimers containing fragments of
two different types of fluorescent dyes at the periphery are of
interest in studies of energy transfer processes between these
dyes (light-harvesting antennas).

The introduction of fluorescent dye labels into dendritic
molecules bearing an active receptor allows the use of such
systems in biological objects to determine the degree of binding
of the receptor to a biological substrate.

Based on the analysis of the published data, it can be
concluded that the development of procedures for the synthesis
of dendritic systems and a search for new fields of their
application are of great importance. Due to the unique proper-
ties, dendrimers are interesting objects of investigation for both
fundamental science and various fields of applied studies.
Virtually defect-free structures of polyaromatic dendrimers
hold promise for the design of variousmaterials having optical,
catalytic and magnetic properties. Due to high chemical and
thermal stability, such dendrimers are particularly attractive
materials for the use in corrosive media and/or at high temper-
atures.

This review has been written with the financial support of
the Russian Foundation for Basic Research (Project Nos. 07-
03-00220 and 07-03-00228).
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Abstract. Different strategies for the synthesis of symmetricalDifferent strategies for the synthesis of symmetrical
and unsymmetrical macrocyclic Schiff bases in the absence ofand unsymmetrical macrocyclic Schiff bases in the absence of
metal ions are considered. General methods for performingmetal ions are considered. General methods for performing
macrocyclisation under thermodynamic or kinetic control aremacrocyclisation under thermodynamic or kinetic control are
analysed. The key factors influencing the structure of macro-analysed. The key factors influencing the structure of macro-
cyclic azomethines are discussed. The bibliography includescyclic azomethines are discussed. The bibliography includes
215 references215 references..

I. Introduction

Schiff bases (azomethines) contain the RC=N group and are
widely used in organic synthesis, for example, as intermediates
in the synthesis of amines. Some azomethines have high
biological activities, including antitumour,1, 2 bactericidal 3 or
antiviral activity.4 Schiff bases containing additional electron-
donating groups belong to an important class of heteropoly-
dentate ligands involved in mono- or polynuclear complexes
with metals. Macrocyclic azomethines can trap metal ions with
large radii and high coordination numbers, including lantha-
nides and actinides, in their cavities and form bi- and poly-
nuclear complexes, in which two or more metal atoms are
located in one cavity in close proximity to each other andwhich
are characterised by unusual magnetic properties 5 and cata-
lytic activity.6 Some azomethine complexes have non-linear
optical properties.7 Macrocyclic azomethines are prone to
form discotic liquid crystals.8 In recent years, it has been
demonstrated 9 that macrocyclic Schiff bases can also recog-
nise and selectively bind anions, thus acting as artificial anionic
receptors.

The most general procedure for the synthesis of azome-
thines is based on acid-catalysed condensation of carbonyl
compounds with primary amines discovered by Schiff 10 in
1864. The classical Schiff reaction generally proceeds with high
yield (Scheme 1).

Scheme 1

Since all steps in this transformation sequence are reversible,
the process performed under thermodynamic control affords
an equilibriummixture of products, which can be considered as
a dynamic combinatorial library.11 An understanding of the
factors determining the equilibrium in this system is of key
importance for the achievement of chemoselectivity.

The reactions of dicarbonyl compounds with diamines are
muchmore complicated and can afford a large set of cyclic and
acyclic condensation products (Scheme 2). In the first step, one
molecule of a dicarbonyl compound reacts with one diamine
molecule to give the acyclic [1+1]-condensation product A,
which can then form either the [2+1] product B with the
second molecule of the dicarbonyl compound or the [1+2]
product C with the second diamine molecule. In addition,
compound A can undergo either cyclisation to give the [2+2]
macrocycle D or polycondensation to form linear oligomers E
with different molecular mass. In turn, bis-azomethines B and
C can give the macrocyclic [2+2]-condensation product D in
the subsequent reaction with diamine or the dicarbonyl com-
pound, respectively.

The rate-determining step of the reaction depends on the
acidity of the medium and it is either the addition of amine at
the double bond of the carbonyl group in acidic medium or
elimination of the water molecule in neutral medium. Hence,
the proton-donor properties of the solvent have a substantial
effect on the composition of the products, particularly, in the
case of the assembly of large rings or if the starting compounds
have complex geometry.

The classical scheme of processes involved in the reaction
of diamines with dicarbonyl compounds was reported in
several reviews (see, for example, Refs 12 and 13).
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In the synthesis of macrocycles, the addition of a template
agent is themost efficient way of preventing polycondensation.
Systematic studies of the template effect were initiated by
Busch and co-workers 14 ± 17 in the early 1960s. Template agents
are generally classified into several types depending on the
nature of dominant interactions with the starting compounds
(donor-acceptor, electrostatic or hydrophobic interactions, p,p
stacking, hydrogen bonding). The principal studies on the
template synthesis were covered in sufficient detail in two
volumes of Topics in Current Chemistry.18, 19 The anionic
template effect was considered in depth in several review
articles 20 ± 22 included in the special issue of Coordination
Chemistry Reviews and also in reviews.23, 24 In the last decade,
investigations on the synthesis of macrocyclic Schiff bases in
the presence of metal ions and the properties of the resulting
complexes were summarised inmore than ten publications (see,
for example, reviews 13, 25 ± 28 and monographs 29). The metal
template synthesis has been covered in depth in publications by
Vigato and co-workers.30, 31 Recently, Sessler and co-wor-
kers 32 have published a review on the synthesis of pyrrole-
containing macrocyclic Schiff bases by different methods.

The metal template synthesis of macrocyclic Schiff bases
has been studied in most detail. However, this method has two
substantial drawbacks. First, the reactions with dicarbonyl
compounds and diamines as the starting components generally
produce symmetrical complexes. Hence, the template synthesis
is unsuitable for the preparation of unsymmetrical macrocyclic
Schiff bases. Second, metal-free compounds cannot be syn-
thesised by this method. The selective condensation in the
presence of a template agent is provided by strong binding of a
metal ion in the cavity of the macrocycle. In many cases,

demetallation of complexes can be performed only with the use
of simultaneous reduction of imino groups to amino groups.

In the last two decades, considerable efforts were made to
develop template-freemethods for the synthesis of Schiff bases.
In the present review, we analyse main approaches to the
synthesis of macrocyclic azomethines by the self-assembly
method in the absence of template agents. These data are
considered from other points of view and are substantially
extended and revised compared to the data published in our
earlier review.33

II. Symmetrical macrocyclic Schiff bases

Symmetrical macrocyclic Schiff bases are generally synthesised
by [n+n]-condensation reactions, where n=2, 3 or 4.

Schiff bases prepared from diamines and carbonyl com-
pounds of the aliphatic series are unstable and readily undergo
hydrolysis. These macrocyclic ligands are usually synthesised
by the template method. On the contrary, azomethines gen-
erated from aromatic or heteroaromatic diamines and ali-
phatic dicarbonyl compounds are rather stable and can be
isolated as free ligands. For example, the condensation of
acetylacetone with equimolar amount of 2,6-diaminopyridine
in methanol in the presence of catalytic amounts of hydro-
chloric acid affords the corresponding [2+2] macro-cycle 1.34

The [2+1]-condensation product of acetylacetone with
p-phenylenediamine, viz., compound 2, was prepared in high
yield in the presence of a large excess of the dicarbonyl
compound.35

Even more stable Schiff bases can be synthesised from
aliphatic or aromatic diamines and dicarbonyl derivatives of
aromatic and heteroaromatic series. These compounds are
used in the synthesis of polydentate ligands by self-assembly
reactions more often than other reagents.

Aromatic diketones generally react with aliphatic diamines
in ethanol in the presence of catalytic amounts of acids to form
the corresponding [2+2]-condensation products. For exam-
ple, the reaction of benzil with 1,3-diaminopropane produces
macrocyclic Schiff base 3.36

This reaction with aromatic diamines proceeds under
prolonged reflux and gives not only macrocyclic [2+2]-con-
densation product 4 but also quinoxaline derivative 5 as a
[1+1]-condensation product (Scheme 3).37

The composition of the products synthesised by the reac-
tions of dicarbonyl compounds with diamines is determined by
several factors, among which the nature of the starting com-
pounds is of most importance. As a rule, the target products
can be prepared in good yields by varying the concentration
and the ratio of the reagents, the nature of the solvent, the
temperature and the catalyst. The reactions of dicarbonyl

MeMe

O O

NH2N NH2

H2N

NH2

N

Me

N

N

Me

N N

N

Me

Me

1 (71%)

NN

Me

Me

O

Me

Me

O

2 (82%± 96%)

R Y R

OO
+

X
H2N NH2

[1+1]

R Y R

NO
X

NH2A

[2+1]

[2+2]

[1+2]

RYR

N O

X

ON

R Y R

B

RYR

N N

X

NN

R Y R

X

D

[2+2]

[2+2]

C

X

NN

R Y R

X NH2

NH2

NN

R Y R

X
n

E

Scheme 2

786 N E Borisova, M D Reshetova, Yu A Ustynyuk



compounds with aliphatic a,o-diamines were studied in most
detail. For these reactions, the conditions of the synthesis of
stoichiometrically controlled condensation products were
found.

Two amino groups of aliphatic diamines separated by a
hydrocarbon bridge react independently of each other. Hence,
the reactions involving these groups cannot, as a rule, be
terminated after the formation of acyclic [1+1]-condensation
products. In the absence of metal salts, most of these reactions
produce oligomeric compounds.38, 39 However, [2+2] macro-
cyclic compounds can be prepared as the major products by
carefully choosing the ratio and the concentration of the
reactants and the nature of the solvent.40

Intermolecular reactions giving oligomers are generally
suppressed using high-dilution conditions (the concentration
is 1072 ± 1073 mol litre71 or lower) and stoichiometric
amounts of the components. The solvent is chosen such that
the starting reagents are readily soluble, whereas the target
product is poorly soluble. Taking into account the fact that the
resulting macrocyclic Schiff bases are less polar than the
starting compounds, polar solvents, such as methanol, ethanol
and acetonitrile, are the solvents of choice. The reactions can
be performed either at room temperature over a long period of
time (>12 h) or by refluxing for 0.5 ± 4 h. Many efficient
syntheses of [2+2] macrocycles based on aromatic and hetero-
aromatic dicarbonyl compounds, which were performed under
these conditions, were documented. The composition of the
reaction products depends primarily on the nature of the
aromatic moiety of dicarbonyl compounds and the presence
of substituents in these compounds, whereas the geometry and
conformations of the fragments involved in the reaction are
insignificant.

The macrocyclisation reactions systematised according to
the type of the starting dicarbonyl compounds are considered
below.

1. Cyclocondensation of diamines with aromatic dicarbonyl
derivatives
The condensation of isophthalaldehyde and terephthal-
aldehyde with diamines in dilute solutions (*1072 ±
1073 mol litre71) of lower alcohols or acetonitrile affords
[2+2]-macrocyclic Schiff bases 6a ± k. (Most of macrocyclic
compounds based on phthalaldehyde were synthesised by the
template method.29)

Compound 6 X Isomer Yield (%) Ref.

a absent 1,3 88 41

b CH2NMeCH2 1,3 10 42

c CH2NHCH2 1,3 60 ± 70 40

d CH2NHCH2 1,4 7 43

e CH2NTsCH2 1,3 87 42

f (CH2SCH2)2 1,3 71 41

g (CH2SCH2)2 1,4 48 44

h 1,2-C6H4(CH2SCH2)2 1,3 86 45

i 1,2-C6H4(CH2SCH2)2 1,4 96 45

j 1,3-phenylene 1,3 7 46

k 1,3-phenylene 1,4 7 43

X-Ray diffraction studies showed that, in the crystals, such
macrocyclic compounds adopt a stair-like conformation with
the parallel arrangement of the aromatic rings. The [2+2]-
condensation product of isophthalaldehyde with 1,3-bis(ami-
nomethyl)benzene, viz., compound 6j, contains two pairs of
mutually parallel aromatic rings, which form a cavity inside the
ligand (Fig. 1).46 The azomethine groups in this compound are
in the cis,trans conformation with respect to the aromatic ring.

Unlike acyclic aliphatic diamines, diaminocyclohexanes
have a rather rigidly fixed configuration. In trans-1,2-diami-
nocyclohexane, both amino groups are in equatorial positions,
and the H2N7C7C7NH2 dihedral angle is close to 608.
Because of this, trans-1,2-diaminocyclohexane behaves like an
almost planar building block, which is prone to form [3+3]
macrocycles in the reactions with structurally rigid dicarbonyl
compounds with the linear arrangement of carbonyl groups.
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For example, the reactions of trans-(R,R)-1,2-diamino-
cyclohexane with terephthalaldehyde and its derivatives afford
[3+3]-condensation products 7a ± i. Low yields of somemacro-
cyclic compounds are attributed to the necessity of performing
repeated reprecipitation of the resulting compounds to isolate
analytically pure samples, although the yields determined from
the spectroscopic data are no lower than 80%±85%.

The use of a low-polarity aprotic solvent (dichlorome-
thane) made it possible to perform reactions at high concen-
trations of the reactants (*0.1 mol litre71) and obviate
oligomerisation. According to the results of calculations by
the molecular mechanics method, the position of the confor-
mational equilibrium for model compound 8, which differs
frommacrocycles 7 by the absence of one azomethine group, is
favourable for the closure of the [3+3] macrocycle.47 Appa-
rently, the cyclic structure is generated from this conformation
of the acyclic [3+3] precursor.

The X-ray diffraction data for compound 7a show that the
cyclohexane fragments in [3+3] azomethine molecules are in
one plane, whereas the benzene rings are virtually perpendic-
ular to this plane and form a trihedral prism (Fig. 2).47, 51

A detailed study of this reaction of a series of 2,5-disub-
stituted terephthalaldehydes showed that their condensation
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Figure 1. X-Ray diffraction structure of compound 6j.46 (All structures

shown in the figures in the present review were retrieved from the

Cambridge Structural Database.)
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Figure 2. Structure of [3+3] azomethine 7a.47
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with trans-(R,R)-1,2-diaminocyclohexane is stereospecific and
affords only one of two possible stereoisomeric macrocycles.
As a result, only highly symmetrical [3+3]-condensation
products 7j ± n are formed.50

The reaction with trans-(R,R)-1,2-diaminocyclohexane
was successfully extended to other aromatic dicarbonyl com-
pounds containing formyl groups in the para positions with
respect to each other. For example, [3+3] macrocycles 9 were
synthesised in yields from moderate to high.

Y Yield (%) Ref.

R1=H, R2=Me 18 52

R1=R2=F 55 53

R1=R2=H 99 54

32 ± 67 54, 55

57 52

14 52

80 54

99 55

68 55

58 55

A consideration of the results of macrocyclisation in terms
of geometry of the starting compounds (the geometric
approach) leads to the conclusion that changes in the mutual
orientation of the carbonyl groups in dialdehydes should
determine the direction of the process. Actually, the deviation
of the angle between the formyl substituents from 1808 results
in mixtures of cyclic compounds 9 and 10, [2+2] macrocycles
being the major reaction products, upon reactions of such
dialdehydes with trans-(R,R)-1,2-diaminocyclohexane.

Y 10 : 9 Yield Ref.
10 (%)

97 : 3 67 53

98 : 2 72 53

95 : 5 72 53

98 : 2 66 53

A=B=CH 90 : 10 79 53
A=N, B=CH 90 : 10 78 53
A=CH, B=N 88 : 12 81 53

85 : 15 34 53

7 42 52
7 68 56

7 42 56

7 30 48

By contrast, the condensation of substituted isophthal-
aldehydes, in which the mutual arrangement of the carbonyl
groups seemingly hinders the formation of [3+3] macrocycles,
with trans-(R,R)-1,2-diaminocyclohexane in concentrated
(0.1 mol litre71) solutions in dichloromethane gives [3+3]-
macrocyclic azomethines 11a ± f in good yields.

Compound 11 R1 R2 R3 Yield (%) Ref.

a H H H 90 47

b Me H H 75 48, 49

c H H Me 67 48

+
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Compound 11 R1 R2 R3 Yield (%) Ref.

d OMe OMe OMe 70 48

e Me OH H 78 57

f Me H OTs 59 50

Under these conditions, [3+3]-macrocyclic products 11 are
formed under kinetic control, but the reaction mixtures con-
tain also [2+2] Schiff bases as the products formed under
thermodynamic control. The latter were detected in the ESI
(electrospray ionisation) mass spectra of the reaction mixtures
produced in the synthesis of compounds 11b,c.48 In addition,
the [3+3]-condensation products can undergo the rearrange-
ment into the corresponding [2+2] macrocycles 12b,c in
quantitative yield upon prolonged refluxing (12 ± 72 h) in
dichloromethane.48

This geometric approach does not operate in the reactions
of tetramines 13 and 14 with aromatic dicarbonyl compounds.
For example, the reactions of diamine 13 with iso- and
terephthalaldehydes give [2+2]-condensation products 15a
and 15b, respectively.58

However, the reaction of geometrically similar diamine 14
with terephthalaldehyde afforded [3+3]-condensation pro-
duct 17, whereas isophthalaldehyde gave, as expected, [2+2]
macrocycle 16a.58 The results of molecular simulation (PM3
method) show that [3+3]-condensation product 17 adopts a
figure eight-like conformation due to the p,p-stacking inter-
action between the benzene ring of the terephthalate fragment
and the naphthalene system.58 Apparently, this interaction
determines the reaction pathway.

Stereoisomeric (R,R)- and (S,S)-1,2-diamino-1,2-diphenyl-
ethanes contain two bulky benzene rings serving as confor-
mational anchors. These substituents rather rigidly fix the
mutual arrangement of the amino groups. The angle between
these groups, like that in trans-1,2-diaminocyclohexanes, is
close to 608. Because of this, the reactions of these diamines
with dicarbonyl compounds proceed analogously to the reac-
tions of trans-1,2-diaminocyclohexanes. For example, the
reactions of these diamines with iso- or terephthalaldehyde in
dichloromethane at room temperature produce [3+3] macro-
cycles 18.49

R1 =Me, R2 = H (b); R1 = H, R2 =Me (c).
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Y Stereo- Yield (%)

configuration

S,S 17

R,R 19

S,S 20

An investigation of the behaviour of [3+3] macrocycles 18
demonstrated that these compounds are decomposed in
chloroform to give oligomeric condensation products. Appa-
rently, [3+3] azomethines are generated under kinetic control,
whereas oligomers are produced under thermodynamic con-
trol. It cannot be ruled out that thermodynamic stability is
determined by the solvation effect, i.e., it depends on the nature
of the solvent.

The amino groups in cis-1,2-diaminocyclohexane are in the
equatorial and axial positions. This change in the geometry
leads to changes in the reactivity with respect to dicarbonyl
compounds. cis-1,2-Diaminocyclohexane, unlike the trans
isomer, reacts with terephthalaldehyde to give a mixture of
[2+2]- and [3+3]-condensation products (mass spectrometric
data), with the latter greatly predominating.59

Complex mixtures are also produced in the reactions of
acyclic 1,2-ethylenediamine.

The field desorption (FD) mass spectrometric study demon-
strated 60 that the reaction of isophthalaldehyde with ethyl-
enediamine in methanol gives a combinatorial library of
[1+1]-, [2+2]-, [3+3]- and even [4+4]-condensation pro-
ducts.

By contrast, these reactants afford only one reaction
product, viz., [2+2] macrocycle 6a (see above), in acetonitrile.
Presumably, the use of protic methanol instead of aprotic
acetonitrile leads to an increase in the condensation rate and, as
a consequence, to a decrease in the selectivity of the reaction.

Dicarbonyl derivatives containing several benzene rings,
including those linked to each other through heteroatoms,
react analogously to monocyclic compounds. For example, the
reactions of bis(2-formylphenyl) chalcogenides 19 (E=Se or
Te) with aliphatic diamines in boiling acetonitrile produce the
corresponding macrocyclic Schiff bases.61, 62

2. Cyclocondensation of diamines with pyridine dicarbonyl
derivatives
On the whole, pyridine dicarbonyl derivatives are very reactive
in nucleophilic addition reactions to the carbonyl group
because of the electron-withdrawing character of the pyridine
ring, due to which they readily form Schiff bases. However, the
selectivity of such reactions is, as a rule, low. Examples of the
selective formation of macrocyclic systems from pyridine
dicarbonyl derivatives in the absence of template agents are
few in number, whereas products of their template condensa-
tion in the presence ofmetal ions are widely known.13 As a rule,
diformylpyridines react with various diamines in dilute solu-
tions in acetonitrile (more rarely, in methanol) to form [2+2]
macrocycles 20a ± f in satisfactory yields.
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Compo- X Solvent Yield (%) Ref.

und 20

a (CH2)3 MeCN 62 63
b CH2C:CCH2 MeOH 86 64
c (CH2)2NMe(CH2)2 MeCN 60 42
d (CH2)2NH(CH2)2 MeCN 60 ± 70 40, 43

e MeOH 45 65

f 7 7 66

Data on the three-dimensional structures of macrocyclic
Schiff bases based on pyridine derivatives are scarce. Accor-
ding to the available data, two pyridine rings in [2+2] macro-
cycle 20f, which was synthesised from 2,6-diformylpyridine
and trans-4,5-bis[(1-amino-1,1-diphenyl)methyl]-2,2-dimethyl-
dioxolane, are linked to each other by the p,p-stacking inter-
action and are spaced by 3.3 �A (Fig. 3).66 The azomethine
groups of the macrocycle are in the trans,trans conformation,
resulting in the lipophilic character of the cavity.

The condensation of trans-1,2-diaminocyclohexane with
2,6-diformyl- or 2,6-diacetylpyridine (refluxing in methanol)
gives [2+2]-macrocyclic Schiff bases 21a,b in both dilute and
concentrated solutions.67

The detailed study of this reaction with diformylpyridine
and racemic trans-diamine demonstrated that this reaction
gave a mixture of [2+2]- (21a) and [4+4]-condensation
products (22a),68 which were isolated and characterised by
different physicochemical methods, and [3+3] macrocycle
23a, which was detected by the NMR method. No formation
of macrocycles diastereomeric with macrocycles 21a, 22a and
23a was observed. The self-organisation of the achiral and
racemic starting compounds gives rise to the only stereoisomer
even in the case of [4+4] macrocyclisation.

The reaction of 2,6-diformylpyridine with trans-(R,R)-1,2-
diaminocyclohexane also yields a mixture of [2+2]-, [3+3]-
and [4+4]-condensation products, with the [3+3]-condensa-
tion product substantially predominating.68
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The structures of [2+2] macrocycles 21 containing the
trans-(R,R)-1,2-diaminocyclohexane fragments substantially
differ from those of azomethines containing aliphatic diamine
fragments because the cyclohexane ring is geometrically more
rigid.Macrocycle 21b adopts a stair-like conformationwith the
coplanar pyridine rings (Fig. 4).67 The pyridine nitrogen atoms
are spaced by 3.6 �A due to the fact that all azomethine groups
are in the trans,trans conformation.

The reactions of o-phenylenediamine with pyridine dicar-
bonyl derivatives in the presence of sulfuric acid also produce
macrocycles. Initially, the [2+2]-macrocyclic structure has
been assigned to the condensation product of 2,6-diacetylpyr-
idine with o-phenylenediamine.69 However, a more detailed
investigation showed that the closure of the macrocycle in this
product is followed by intramolecular alkylation at the C=N
bond to give product 24.70

In the absence of acids, pyridine dicarbonyl derivatives
behave abnormally in the reactions with o-phenylenediamines.
For example, the reaction of 2,6-diacetylpyridine with o-phe-
nylenediamine in ethanol in the absence of acid catalysts
affords only [1+1]-condensation product 25, which reacts
with neither the dicarbonyl compound nor diamine.70

This inertness of bifunctional derivatives can be explained,
for example, in terms of the electron-withdrawing properties of
the pyridine ring. Since the carbonyl group in the resulting
[1+1]-Schiff bases 25 is involved in the chain of direct polar
conjugation with the amino group, the reactivity of each group
substantially decreases.

From this point of view, investigations of the behaviour of
2,6-diformylpyridine N-oxide under analogous conditions are
of obvious interest. However, the reaction of this compound
only with 1,2-ethylenediamine was documented.71 This reac-
tion proceeds under reflux inmethanol and gives [2+2] macro-
cycle 26.

3. Cyclocondensation of diamines with dicarbonyl derivatives
of phenols and their thio analogues
The reactions of diamines with dicarbonyl derivatives of
phenols were studied in most detail. Due to the presence of
the proton-donating hydroxy group, such dicarbonyl com-
pounds can catalyse self-condensation with diamines.
Although the acidity of dicarbonyl derivatives of phenols is
not too high (pKa of salicylaldehyde is 8.37),72 the autocatalytic
reactions of phenol derivatives with diamines in alcohols
proceed easily. The corresponding macrocycles are formed in
high yields, although with low selectivity. The reactions of
long-chain aliphatic and heteroaliphatic diamines with 4-sub-
stituted 2,6-diformylphenols readily proceed in dilute
(*1072 mol litre71) methanolic or ethanolic solutions to
give [2+2]-macrocyclic Schiff bases 27 in quantitative
yields.73 ± 79

As demonstrated above (see Section II.1), dicarbonyl
derivatives of phenol ethers react similarly to benzene ana-
logues containing no OR groups. This is the basic difference
between derivatives of phenol ethers and phenols. However,
the reaction of 2,6-diformylanisoles 28with diethylenetriamine
produces [2+2]-macrocyclic Schiff bases 29.80
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Figure 4. Structure of [2+2] macrocycle 21b.67
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The condensation proceeds more easily if two dicarbonyl
fragments are linked to each other by a bridge of an appro-
priate length to form onemolecule. For example, diethylenetri-
amine reacted with bis-sulfide 30 to give the corresponding
macrobicyclic Schiff base, which was reduced to the corre-
sponding polyamine 31 in a total yield of >90%.81

Under standard conditions (heating in alcohols), dicar-
bonyl derivatives of phenols do not form macrocyclic Schiff
bases in the reactions with ethylene- and propylenedi-
amines.41, 43 However, these compounds can be synthesised
by performing the reaction in dilute methanolic solutions
(*1072 mol litre71) in the presence of two equivalents of a
strong protic acid (HBr). Macrocyclic [2+2] Schiff bases
32a ± f thus synthesised were isolated as salts.82, 83

Compo- X R1 R2 Z A

und 32

a (CH2)2 Me H O Br

b (CH2)2 But Me O Br

c (CH2)3 Me H O Br

d (CH2)3 Me Me S Br

e CH2CH(OH)CH2 Me H S Br

f (CH2)4 Me H O ClO4

The structures of dications 32a ± e depend on the number of
the carbon atoms (n) in aliphatic a,o-diamines. If n=2 or 4,
the molecules adopt a stair-like conformation. Macrocycle 32f
[R1=Me, R2=H, Z=O, X=(CH2)4, A=ClO4] formed
from 1,4-diaminobutane (Fig. 5 a) is an example.84 Macro-
cycle 32c containing an odd number of carbon atoms (n=3)
adopts a horseshoe conformation because of the close prox-
imity of two aromatic rings of the phenolic fragments located
at a distance of 3.6 ± 4.1 �A (Fig. 5 b).85, 86 Under conditions of
acid catalysis, 2,6-bis(aminomethyl)-4-methylphenol reacts
with 2,6-difor-myl-4-methylphenol to give [2+2] macrocycle
33.87

In the reactions with dicarbonyl compounds, thiocarbo-
hydrazide behaves like aliphatic diamines. For example, the
condensation of this compound with an equimolar amount of

R= Br, Cl, Me, OMe.
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Figure 5. Molecular structures of doubly protonated macrocycles 32f
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2,6-diformyl-4-methylphenol in boiling ethanol affords [2+2]
macrocycle 34.88

The reactions of dicarbonyl derivatives of phenols with 1,2-
diaminoalkanes in dichloromethane instead of ethanol pro-
duce lower cyclooligomers. As mentioned in the Introduction,
the addition of amine at the carbonyl group is the rate-
determining step of the reactions giving azomethines in acidic
medium. Hence, the use of a less polar aprotic solvent, which
prevents dissociation of the hydroxy group of phenol, instead
of polar ethanol readily performing the proton solvation is an
appropriate solution.

The reaction of 2,6-diformyl-4-methylphenol with (R,R)-
1,2-diamino-1,2-diphenylethane in dichloromethane at75 8C
produced [3+3] macrocycle 35, which was isolated in 99%
yield uncontaminated with other azomethines (mass spectro-
metric data).89 The structure of compound 35 is shown in
Fig. 6.

By contrast, the reaction of 4-substituted 2,6-diformyl-
phenols with (S,S)-1,2-diamino-1,2-diphenylethane in boiling
ethanol produces [2+2] macrocycles 36a,b.90

From the above it follows that enantiomerically pure 1,2-
diphenylethylenediamines give [3+3]macrocycles as themajor
products under kinetic control and [2+2] products under
thermodynamic control. An analogous situation is observed

in the reactions of diformylphenols with trans-1,2-diaminocy-
clohexanes even when carried out in alcohols.

For example, the reaction of trans-(R,R)-1,2-diamino-
cyclohexane with 2,6-diformyl-4-methylphenol in a concen-
trated (0.1 mol litre71) methanolic solution at 75 8C or at
room temperature produces [3+3]-macrocyclic azomethine 37
in quantitative yield.57, 89, 91, 92 However, according to the
results of the study,90 trans-(S,S)-1,2-diaminocyclohexane
reacts with 4-substituted 2,6-diformylphenols under reflux in
ethanol for 5 h to give [2+2] products 38a,b. This is circum-
stantial evidence that the formation of [2+2]-condensation
products is thermodynamically controlled.
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Figure 6. Structure of [3+3] macrocycle 35.89
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The structures of the [3+3] macrocycles synthesised by the
reactions of 1,2-diaminocyclohexane with diformylphenols
substantially differ from those obtained in the reactions with
diformylbenzenes containing no OH groups (see Fig. 2). In the
former case, the molecules adopt a bowl conformation due to
which they can be considered as analogues of calix[3]arenes.89

The reactions of o-phenylenediamine and its derivatives
with 2,6-diformylphenols in alcohols easily proceed only in the
presence of acids and give salts of [2+2] macrocycles 39, like
the reactions with 1,2-ethylenediamine.39

The X-ray diffraction data show that structures of macro-
cycles 39 are planar, and the hydrogen atoms are localised at
the oxygen atoms of the phenolic groups and the nitrogen
atoms of the azomethine fragments (Fig. 7).39 Consequently,
the macrocycles prepared by the reactions of diformylphenols
with aromatic diamines are structurally different from their
aliphatic analogues (see above), in which all endocyclic hydro-
gen atoms are located at the nitrogen atoms of the azomethine
groups.

Different, in principle, macrocycles were synthesised by the
reactions of 2,6-diformylphenols with o-phenylenediamine in
the absence of acids. These reactions afford mixtures of [2+2]-
macrocyclic Schiff bases 40, in which two of four imino groups
are reduced, as well as 2,6-bis(benzimidazol-2-yl)phenols
41.74, 93, 94 Macrocyclic compound 40 (R1=Me, R2=H) was
synthesised in 60% yield by the reaction of o-phenylenedi-
amine with 2,6-diformyl-4-methylphenol in the presence of
catalytic amounts of hydrochloric acid (Scheme 4).39

The theoretical investigation of the mechanism of forma-
tion of macrocycles 40 by the density functional theory
method 94 demonstrated that the first step of this reaction

(like the reaction of 2,6-diacetylpyridine with o-phenylenedi-
amine) gives the [1+1]-condensation product, which can be
represented as two rotamers 42a and 42b.

The most stable conformer 42a exists in equilibrium with
isomer 42b, whose energy is 3.18 kcal mol71 lower. In the
latter isomer, the distance between the nitrogen atom of the
amino group and the carbon atom of the imino group is about
3.5 �A, which is favourable for intramolecular cyclisation.

The resulting benzimidazoline 43 is a strong reducing
agent. The reaction of 43 with [1+1] Schiff base 42a leads to
reduction of the latter to diamine 44. According to the results
of calculation, this process is exothermic (27.3 kcal mol71).
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Twomolecules of diamine 44, in which the carbonyl and amino
groups are separated from each other, are readily involved in
the usual Schiff condensation yielding compound 40
(R1=R2=H). This reaction is exothermic (DH�=
70.12 kcal mol71, DG�=79.15 kcal mol71).

The X-ray diffraction structure of macrocyclic compound
40 (R1=But, R2=H) is planar (Fig. 8). In the crystal
structure, the molecules are disordered so that the CH2NH
and CH=N groups randomly replace each other,

due to which the differences in the lengths of the double and
single CN bonds are not observed (the standard HC=N and
H2C7N bond lengths are 1.303 and 1.460 �A, respectively).93

Apparently, the crystal structure contains several tautomeric
forms, in which the hydrogen atoms are in the vicinity of
different nitrogen atoms. In addition, the crystal structure can
contain zwitterions, in which all three or four nitrogen atoms
are protonated and the negative charges are located on one or
two oxygen atoms [the C7O bond lengths are 1.33(1) and

1.34(1) �A and are similar to the standard C(sp2)7OH and
C(sp2)7O7 bond lengths, respectively].

In the reactions with dicarbonyl compounds, polycyclic
aromatic diamines containing amino groups in different aro-
matic rings behave like aliphatic a,o-diamines. For example,
the condensation of 2,6-diformylphenol in methanol with
equimolar amounts of diamino derivatives of biphenyl, diphe-
nylmethane and 1,2-diphenylethane afforded the expected
[2+2] macrocycles 45.95, 96

Schiff bases that are formed in reactions of diformyl
derivatives of polyphenols or their thio analogues with dia-
mines, are of great interest as ligands. Unexpected results were
obtained in the reaction with dicarbonyl compounds contain-
ing the hydroxy group that undergoes deprotonation, partic-
ularly, if the hydroxy and carbonyl groups are in the ortho
positions with respect to each other. In this case, there are
conditions favourable for the formation of strong hydrogen
bonds both in the starting dicarbonyl compound and its
cyclocondensation products with diamines, resulting in an
increase in thermodynamic stability of such compounds. In
addition, the absence of the direct polar conjugation between
the carbonyl groups in dicarbonyl compounds results in an
increase in their reactivity with respect to diamines.

The reaction of diformyl derivative 46 with 1,4-bis(amino-
methyl)benzene in THF at room temperature affords [2+2]-
macrocyclic Schiff base 47.97

The condensation of bis-phenol 48 with 3,6-dioxa-1,8-
diaminooctane in a chloroform ±methanol mixture under
high-dilution conditions affords a mixture of [2+2], [3+3],
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Figure 8. X-Ray diffraction structure of macrocycle 40 (R1=But,
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[4+4], [5+5], [6+6] and even [7+7] macrocycles. Some of
these products (compounds 49 ± 51) were isolated in the
individual state. The high-molecular-mass products were
detected by MALDI-TOF mass spectrometry.98 It should be
noted that the [1+1]-condensation product was not found in
the mixture (Scheme 5).

The X-ray diffraction data for [2+2]-condensation pro-
duct 49 show that, in the crystal, this macrocycle adopts a
twisted, figure eight-like, conformation due to the p,p-stacking
interaction between two of four phenol fragments (Fig. 9).98

This suggests that the template reaction in which the p,p-
stacking plays the organising role is possible, because cyclo-
oligomer 49 is produced in the maximum yield.

In the reactions with aliphatic diamines, polyphenols con-
taining the salicylaldehyde fragments linked to each other by

bridges in the para position with respect to the hydroxy group
show reactivity similar to that of monophenols. For example,
the reaction of bis-phenol 52a with ethylenediamine produces
[2+2]-macrocyclic Schiff base 53.99

The reactions of bis-phenols 52with salts of chiral diamines
in alcohols in the presence of potassium carbonate under
microwave irradiation also afford [2+2] macrocycles.100
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The reaction of trans-1,4-diaminocyclohexane with a dicar-
bonyl derivative of bis-phenol 46, in which the carbonyl groups
are fixed by strong hydrogen bonding, produced [2+2]-macro-
cyclic Schiff base 54.97

Because of the absence of direct polar conjugation between
the carbonyl groups in dicarbonyl compound 46, these groups
are involved in the reactions with diamines independently of

each other, which allows the synthesis of stoichiometrically
controlled products. The reaction of 0.1M solutions of dialde-
hyde 46 with aromatic diamines (in a ratio of 1 : 1) in THF or
DMF at room temperature afforded the corresponding [2+2]
macrocycles 55.97 The reaction was demonstrated to give
initially [1+1]-condensation products. The1H NMR spectro-
scopic study showed that these compounds are stabilised (like
the final products) by strong hydrogen bonding between the
phenolic hydroxy groups and the azomethine nitrogen
atoms.97

The reactions of dilute (0.04 mol litre71) methanolic
solutions of dialdehyde 46 with an excess of o-phenylenedi-
amine or its 4,5-dimethoxy derivative at room temperature
yielded acyclic [1+2]-condensation products 56.101

R=H, OMe.

Diamines 56 thus synthesised are very sensitive to atmo-
spheric oxygen and, like the [1+1]-condensation products
involving 1-R-2,6-diformylphenols (see above), are oxidised
to the corresponding benzimidazole derivatives 57. This pro-
cess is the major side reaction in the synthesis of these
azomethines.101

The X-ray diffraction study showed that two molecules of
[1+2] azomethine 56 in the unit cell are located so that the
nitrogen atoms of the amino groups of one molecule are
located close to the carbon atoms of the azomethine fragments
of the adjacent molecule.

R1 = CH2: R2 = H, Br, NO2, But; R1 = CMe2: R2 = H, Br;

R1 = SO2, R2 = H; R1 is absent,R2 = H;

R3 ±R4 = (CH2)4, CH2NBnCH2; R3 = R4 = CO2Bn.
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1,4-phenylene (76%± 98%), 1,5-naphthylene (90%±97%).
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It was hypothesised that the dimeric structure is retained in
solution. Upon prolonged storage of solutions, two molecules
of compound 56 undergo condensation to form [2+2] macro-
cyclic Schiff base 58, which is accompanied by elimination of
two o-phenylenediamine molecules.101

The condensation of dicarbonyl derivatives of polyphenols
with diamines proceeds analogously even if two fragments of
salicylaldehyde are linked to each other by a rigid bridge. For
example, the reaction of equimolar amounts of dialdehyde 59
with diamines in dilute acetonitrile solution (0.01 mol litre71)
produces [2+2]-macrocyclic azomethines 60.102

Important results giving a new insight into the formation of
macrocycles were obtained in the study of the reaction of 3,30-
diformyl-2,20-dihydroxybinaphthyl with (R,R)-1,2-diamino-
1,2-diphenylethane. For example, dialdehyde having the R

configuration forms only oligomers,103, 104 whereas the S
enantiomer undergoes [2+2] condensation to give macrocycle
61.105

The selective reaction of the S enantiomer of dialdehyde
with optically pure diamine allowed the resolution of racemic
3,30-diformylbinaphthyl and the isolation of the pure S enan-
tiomer in 50%±60% yield (with respect to theoretical).105

Unlike dicarbonyl derivatives of polyphenols, diformyl-
pyrocatechols react with aromatic dialdehydes to form only
[3+3]-condensation products. Apparently, this is a conse-
quence of the rigid structural preorganisation of the reactants.
In some sense, the same factor of self-organisation of macro-
cycles, which was responsible for the predominant formation
of [3+3] macrocycles in the reaction of terephthalaldehyde
with trans-1,2-diaminocyclohexanes (see Section II.1), plays
the decisive role.

The reaction of 3,6-diformylpyrocatechol with o-phenyl-
enediamines in acetonitrile in the absence of catalysts proceeds
in complete agreement with the geometry of the reaction
components and affords [3+3]-condensation products 62.
The reaction proceeds through the formation of acyclic
[1+1]- (63) and [2+2]-condensation products (64). In this
case, the macrocycles are stabilised by hydrogen bonds, which
was demonstrated by 1H NMR spectroscopy.106, 107 Thermo-
dynamically most stable [3+3] macrocycle 62 precipitates
from the reaction mixture, resulting in the shift of the equili-
brium toward the formation of this product (Scheme 6).

R = H (71%), OMe (37%).
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This reaction in a boiling chloroform ± acetonitrile mixture
also produces [3+3] macrocycles 62, a much longer reaction
time being required for the reactions with long-chain amines
[1,2-diamino-4,5-di(hexyloxy)benzene].8 In this case, [1+1]-,
[1+2]- and [2+1]-condensation products were also detected in
the reaction mixture. The position of the equilibrium in this
dynamic combinatorial library substantially depends on the
reaction conditions. Since [3+3] macrocycle 62 is the thermo-
dynamically controlled reaction product, it is formed as the
major product upon prolonged refluxing of the reaction
mixture. The reaction under kinetic control (low temperature
and short reaction time) gives predominantly [1+1]-condensa-
tion product 63 and at room temperature, [1+2]-condensation
product 65. All these compounds were demonstrated 8 to be
intermediates in the reaction affording the [3+3] macrocycle.

Other diformylphenols with analogous arrangement of the
carbonyl groups are also involved in the reactions with
o-phenylenediamines. Their reactions with o-phenylenedi-
amines in a chloroform ± acetonitrile mixture yield [3+3]-
condensation products (Scheme 7).108, 109

Scheme 7

X-Ray diffraction studies showed that the resulting anti-
aromatic 48p-electron macrocycles are non-planar
(Fig. 10).106, 109 Due to this geometry, the conjugation between
the aromatic rings is absent, the antiaromaticity is violated,
and these compounds become unstable.

The analogous reaction in commercial chloroform produ-
ces [3+3] macrocycles 62 along with partially reduced deriva-
tives 66 in low yields (10%±20%). The reduction products

were not detected if the reaction was carried out in chloroform
purified from traces of moisture and acids.8, 110

The mechanism of formation of reduced product 66 is
presented in Scheme 8.110 The reaction of [3+3]macrocycle 62
with the starting dialdehyde in commercial chloroform affords
products of the macrocycle cleavage, including [1+1]-conden-
sation product 63. The latter can undergo intramolecular
cyclisation analogous to that described above for phenol
derivatives to form benzimidazoline derivative 67, which is
involved in reduction of [3+3] macrocycle 62 yielding com-
pound 66. The transfer of the hydrogen atom to the carbon
atom of the imino group occurs from the carbon atom of
benzimidazoline, which was confirmed experimentally with the
use of an isotope label.110

Scheme 8

Reduction of [3+3] macrocycles 62 is accompanied by
oxidation of benzimidazoline 67 to benzimidazole 68, which

D, 2 ± 12 h
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Figure 10. Structure of macrocycle 62 (R=H).106
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was detected in the reaction mixture along with reduced
macrocycle 66 and bis(benzimidazoline) derivative 69.8, 110

The extension of [3+3]-condensation of o-phenylenedi-
amines with aromatic 1,4-dialdehydes to naphthalene deriva-
tives resulted inmacrocycle 70, which exists in equilibriumwith
keto-enamine tautomeric form 71 (Scheme 9).111

Tautomerisation of azomethine to the corresponding
enamine leads to the removal of antiaromaticity of [3+3]
macrocyclic Schiff base, the second aromatic ring in naphtha-
lene remaining intact. Studies of model compounds by quan-
tum chemical methods and X-ray diffraction showed 111 that
azomethine derivatives of 1,4-diformyl-2,3-dihydroxynaph-
thalene, viz., compounds 72 and 73, unlike their pyrocatechol
analogue 74, exist in the keto-enamine form.

The formation of hydrogen bonds is a powerful driving
force for the self-organisation of macrocycles. This is most
clearly illustrated by the formation of macrocycles 75 as a
result of [6+6] condensation of diformylresorcinol with o-phe-
nylenediamine (Scheme 10).112
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The fact that the analogous reaction of 2,7-diformyl-3,6-
dihydroxynaphthalene was successful suggests that this [6+6]
macrocyclisation for rigidly preorganised dihydroxydiformyl
derivatives of polycyclic aromatic compounds has the general
character (Scheme 11).112

4. Cyclocondensation of diamines with dicarbonyl derivatives
of five-membered carbo- and heterocycles
a. 2,5-Diformyl derivatives of furan and thiophene
2,5-Diformylfuran and -thiophene readily react with aliphatic
diamines to form [2+2]-macrocyclic Schiff bases 76a,b and
77a ± g if the amino groups are separated by a chain of three or
more atoms. Dilute solutions of these compounds in aceto-
nitrile ormethanol are used. The behaviour of these dicarbonyl
compounds is completely analogous to that of related benzene
derivatives (Scheme 12).

The three-dimensional structure of one of these com-
pounds, viz, the reaction product of 2,5-diformylthiophene
with 3-oxapentane-1,5-diamine 77e, was established
(Fig. 11).118

With a geometrically more rigid diamine, viz., trans-(R,R)-
1,2-diaminocyclohexane, more complex processes occur com-
pared to the reactions with flexible aliphatic amines. For
example, the reactions of 2,5-diformylthiophene in methanol
at room temperature produce [2+2] (78) and [3+3] macro-
cycles (79). Studies by mass spectrometry showed that these
products are present in a mixture in equal amounts.119 The
replacement of methanol by dichloromethane results in the
formation of only one reaction product, viz., [3+3]macrocycle
79 (35% yield) (Scheme 13).48
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Compound X Z Yield (%) Ref.

76a CH2NHCH2 O 7 43

76b (CH2OCH2)n (n=1± 3) O 60 ± 70 40

77a CHOH S 50 ± 55 113

77b CH2NHCH2 S 7 114

77c CH2NButCH2 S 48 115, 116

77d CH2SCH2 S 70 114, 117

77e (CH2OCH2)n (n=1± 3) S 60 ± 70 114, 117

77f (CH2)n (n=1± 3) S 50 ± 90 117

77g (CH2)2NH(CH2)2 S 50 ± 90 117

S

S

NN

N N

O
O

Figure 11. Structure of [2+2] macrocycle 77e (n=1).118
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The condensation of 2,5-diformylfuran with trans-(R,R)-
1,2-diaminocyclohexane at room temperature in dichlorome-
thane gives [3+3] azomethine 80 in quantitative yield.52

Such different results obtained for related 2,5-diformyl
derivatives of furan and thiophene provide conclusive evidence
that the formation of [3+3]macrocycles depends on the nature
of the solvent. In weakly polar dichloromethane, the reactions
afford only [3+3]-condensation products, whereas a series of
products are formed in polar methanol.

b. Diformyl derivatives of pyrrole and compounds
with several pyrrole rings
Unlike oxa and thia analogues, a,a 0-dicarbonyl derivatives of
pyrrole are less reactive toward amines. Hence, the synthesis of
pyrrole-containing macrocycles requires the use of a catalyst
(acids). A rather few azomethine macrocyclic compounds (for
example, compounds 81a ± c) were synthesised by direct reac-
tions of 2,5-diformylpyrrole with aliphatic diamines.

However, not all reactions yield macrocyclic azomethines.
For example, the reaction of ethylenediamine with 2,5-difor-
mylpyrrole in ethanol stops at the formation of hemiaminal 82,

which is the intermediate of the [2+2]-condensation reac-
tion.38

The addition of molecular sieves to the reaction mixture
favours the completion of the reaction giving rise to macro-
cycles. Under these conditions, the reactions of diformylpyr-
role derivatives with ethylenediamine and propylenediamine
produced compounds 81d ± f.120

Unlike the 2,5 isomers, 3,4-diformylpyrroles react with
diamines in the absence of acids and molecular sieves to give
[2+2] macrocycles 83 in high yields.121

The reactions of 3,4-dialkoxy-2,5-diformylpyrroles with
hydrazine,{ which can, in principle, be considered as the
simplest diamine, yielded unexpected results. The reactions in
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{The template synthesis affords the corresponding [2+2] macrocycles.
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methanol in the presence of HCl afford [4+4] macrocycles 84
as the condensation products.122

By contrast, the reaction of hydrazine with 5,50-diformyl-
4,40-dipropyl-2,20-bipyrrole gives [2+2]-condensation product
85.123

Since aromatic diamines are much less nucleophilic than
aliphatic diamines, the reactions of the former with diformyl
derivatives of pyrrole proceed only in the presence of acid
catalysts. As a rule, the reactions give [2+2]-condensation
products, i.e., compounds 86a ± g, in good yields.

Compo- Y Z Yield Ref.

und 86 (%)

a OMe 100 124

b OMe 95 125

Compo- Y Z Yield Ref.

und 86 (%)

c OMe 60 126

d R1=R2=H, R3=Me H 98 127, 128

e R1=R2=H, R3=Me OMe 66 127

f R1=Me, R2=Et, R3=H H 91 127

g R1=R2=H, R3=Ph H 48 128, 129

The reactions of 1,8-diaminoanthracene with diformyl
derivatives of the pyrrole series in methanol in the presence of
acids also produce [2+2]-macrocyclic Schiff bases 87.126, 130

In the absence of acids, 2,5-diformylpyrrole reacts with
o-phenylenediamine in ethanol to give only [1+1]-condensa-
tion product 88, which is involved in reactions with neither the
dicarbonyl compound nor the diamine without additional
activation.131

Since the carbonyl group in the resulting [1+1] Schiff base
88 is also involved in the chain of direct polar conjugation with
the amino group, both groups become substantially less
reactive. Two azomethine molecules in the crystal of 88 are
linked to each other to form a stable dimer through four
hydrogen bonds between the amino groups and the hydrogen
atoms of the pyrrole rings and the oxygen atoms of the
carbonyl groups (Fig. 12).131 The energy of formation of this
dimer estimated by quantum chemical calculations in terms of
density functional theory 131 is 15.4 kcal mol71. Apparently,
the dimeric structure is retained in solution, which additionally
decreases the ability of this azomethine to be involved in
further condensation.

c. Diformyl derivatives of pyrazole
Data on macrocyclic azomethine derivatives of five-membered
heterocycles containing more than one heteroatoms are scarce.
Only several successful syntheses of macrocycles from 3,5-
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diformylpyrazoles in the absence of metal ions were docu-
mented. In alcohols or acetonitrile, the reactions of 1-substi-
tuted 3,5-diformylpyrazoles with diamines containing no
additional nitrogen atoms produce macrocyclic Schiff bases
89.132, 133

Under the same conditions, the reaction of diethylenetri-
amine or dipropylenetriamine gave pentacyclic products 90 in
80% yield.132 Presumably, the reaction initially produces
[2+2]-macrocyclic azomethine 91, which undergoes intra-
molecular cyclisation, viz., the nucleophilic addition of the
secondary amino group at the C=Nbond.132, 133 Most likely,
this process is reversible because reduction of Schiff bases 90 to
compounds 92 is accompanied by the opening of both imida-
zolidine rings.133, 134

The intramolecular nucleophilic addition at the C=N
bond was observed also in the template condensation of
diformyl derivatives of pyrazole with diamines containing
additional donor atoms (for example, with 1,3-diamino-2-
hydroxypropane, diethylenetriamine, etc.).135 ± 138 This process
was demonstrated to be reversible, and the equilibrium can be
shifted by adding ions of various metals or performing trans-
metallation of the resulting complexes.

d. Diformyl derivatives of azulene and ferrocene
The reactions of compounds containing two carbonyl groups
in a five-membered carbocycle with diamines have received
little study. Only one synthesis of macrocycles by condensation
of 1,3-diformylazulene with trans-(R,R)-1,2-diaminocyclohex-
ane in dichloromethane at room temperature giving rise to a
mixture of [2+2]- (93) and [3+3]-condensation products (94)
in a ratio of 1 : 4 (Scheme 14) was documented.48

The reactions of 1,10-diformylferrocene were studied in
more detail. Due to the unique properties, this dicarbonyl
organometallic compound is widely studied in supramolecular
chemistry. The reactions of 1,10-diformylferrocene with di-
amines in acetonitrile or chloroform at concentrations lower
than 0.1 mol litre71 generally produce [2+2]-macrocyclic
Schiff bases 95.139, 140

R = H, Me, Bn; X is m-phenylene (30%),CH2OCH2 (90%±94%).
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The reaction pathway substantially depends on the nature of
the diamine. Aliphatic diamines and 1,3-bis(aminomethyl)ben-
zene give [2+2]-cyclocondensation products, whereas 1,4-
di(aminomethyl)benzene forms only oligomeric products
(Ref. 139).

The carbonyl groups in 1,10-diformylferrocene are located
in different planes and can occupy different positions with
respect to each other due to free rotation of the cyclopenta-
dienyl rings. This allows the synthesis of [1+1] macrocycles
based on this aldehyde even by the reactions of the latter with
lower aliphatic diamines. For example, the reaction of 1,10-
diformylferrocene with 1,3-diaminopropane in ethanol instead
of acetonitrile gives [1+1] macrocycle 96 as the major pro-
duct.141

The reactions of diamines containing amino groups at a
longer distance give [1+1] macrocycles as the major products
regardless of the nature of the solvent. For example, compound
97 was synthesised by the reaction of 1,10-diformylferrocene
with 1,4-bis(3-aminopropyl)piperazine in a mixture of ethanol
and chloroform at a dialdehyde concentration of
661073 mol litre71 (Ref. 139).

Due to ability of two cyclopentadienyl rings in 1,10-difor-
mylferrocene to rotate about the common axis, the reaction of
this compound with trans-(R,R)-1,2-diaminocyclohexane gave
rise to [3+3] azomethine 98; however, the yield of this product
was as low as 13.8%.52 Nuclear Overhauser effect (NOE)
experiments showed that the cyclopentadienyl rings in each
ferrocene moiety of compound 98 in solution are turned round
so that the angle between the Cipso7C(=N) bonds is 1808.52

e. Synthesis of cryptands by condensation of diformyl compounds
with triamines
Cryptands can be assembled by the Schiff reaction of dicar-
bonyl compounds with triamines ([3+2] condensation) or of

tricarbonyl compounds with diamines ([2+3] condensation).
Only the former reaction has gained wide acceptance.

A unique example of the formation of a cryptand by the
latter of condensation type was described in 2001.142 Com-
pounds 99a,b were synthesised by the reactions of triformyl
derivatives of tripyrromethanes with ethylenediamine or buty-
lenediamine, respectively, in THF.142

Regardless of the nature of diformyl compounds, their
reactions with polyamines generally produce cryptands. The
reactions in dilute solutions (*261072 mol litre71) in diffe-
rent solvents (alcohols or acetonitrile) give [3+2]-condensa-
tion products, viz., compounds 100 143 and 101a ± g, in
moderate or high yields. The cryptands produced in these
reactions are structurally similar. Their molecules have a
trihedral prismatic shape, the prisms being bound by three
aromatic fragments of the dialdehyde and the nitrogen atoms
of the polyamine.154 ± 157 Figure 13 shows the structure of
cryptand 101a prepared from 2,5-diformylfuran and tris-
(2-aminoethyl)amine.154
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Compo- Y R Yield Ref.

und 101 (%)

a 7 62 43, 144

b 7 7 43

c 7 60 43, 145

d 7 47 ± 56 43, 73, 145

e OMe 42 146

Me 63 147

f Me 55 ± 65 148, 149

n-C6H13 50 148

H 7 30, 150

g 7 64 151

h 7 60 152

i 7 60 153

The condensation of 2,6-diformyl-4-methylphenol with
2,6-bis[1,1-bis(aminomethyl)ethyl]pyridine in the presence of

HBr affords polycycle 102 as the [6+3]-condensation product
in a yield higher than 90% (Scheme 15).158, 159

Macrocycle 102 contains three [2+2] macrocyclic frag-
ments formed by 2,6-diformyl-4-methylphenol and 1,3-propy-
lenediamine, which are linked to each other by pyridine
bridges. All three fragments, like free protonated [2+2]macro-
cycles (see Fig. 5 b), adopt a horseshoe conformation
(Fig. 14).159

To generalise the results considered in the present section, it
should be noted that the following two methods are used most
widely for the synthesis of azomethine macrocycles from
dicarbonyl compounds and diamines: the condensation of
*1072 M solutions of equimolar amounts of the starting
compounds in acetonitrile at room temperature and the con-
densation of more dilute solutions (*1073 M) by refluxing in
alcohols. The results of the reactions with aliphatic diamines
are determined primarily by the reactant ratio. The synthesis
according to most of other procedures affords a library of
products. The isolation of individual compounds from this
library can be based on low solvation of certain macrocyclic
azomethines in low-polarity solvents.

The nature of diamines has the main effect on the ratio of
the components. If the amino groups in diamines are separated
by a long aliphatic or heteroatomic chain, these groups react
independently of each other because they are spatially distant
and the conjugation is absent. In reactions with monocyclic
dicarbonyl compounds in the absence of acids, diamines in
which the amino groups are in rather close proximity (a,b and
a,g diamines), as a rule, form oligomers. In the presence of
strong acids (HCl or HBr), these reactions give salts of [2+2]
macrocycles as the major products.

III. Unsymmetrical macrocyclic Schiff bases

An analysis of the published data shows that the condensation
of dicarbonyl compounds with diamines offers great scope for
the synthesis of various polydentate Schiff bases. In this class of
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compounds, unsymmetrical macrocyclic compounds contain-
ing at least two coordination units of different nature (a soft
unit for binding late transition metals and a hard unit for
binding early transition metals) inside the macrocycle have
attracted considerable attention in recent years. Heterobinu-
clear complexes belonging to this class are of exceptional
interest for catalysis. Quantum chemical calculations demon-
strated that these complexes can bind low-reactivity com-
pounds (alkenes, carbon monoxide and dioxide, nitrogen and
even alkanes) and activate them for further chemical trans-
formations as a result of the concerted push-pull effect of two
metals of radically different nature on the substrate mole-
cule.160 The structures and properties of heterobinuclear com-
plexes were covered in the reviews.29, 30, 161

In the previous sections, we considered several special
examples of the synthesis of unsymmetrical macrocyclic Schiff
bases. The optimal strategy for the construction of such
structures is based on the idea of the fragment assembly
involving the [1+1] condensation of large bifunctional blocks
presynthesised in the previous steps. The diamine and dicar-
bonyl components are most often synthesised independently,
although blocks containing one amino group and one carbonyl
group can, in principle, be used. The structure complementar-
ity of the fragments, including their ability to adopt conforma-
tions favourable for cyclisation, is the main prerequisite for the
last step of the macrocyclic ring closure (Scheme 16).

Scheme 16

The choice of an appropriate solvent capable of stabilising
such conformations plays an exceptionally important role. The
reactions can proceed both under acid catalysis and in the
absence of acids. In some cases, the nature of the anion has a
considerable effect on the reaction pathway in the presence of
acids, which indicates that anions can act as template agents
(see Section IV).

Numerous [1+1] condensations of bifunctional blocks
with the use of metal ions as template agents were documented.
In these reactions,metal ions provide preliminary coordination
of the both starting polydentate building blocks by fixing the
conformation favourable for cyclisation, which proceeds in the
inner coordination sphere of the ion. Its coordination number
determines also the size of the resulting ring. In most of the
characterised reactions of this type, diamine and one of the
presynthesised dicarbonyl precursors were used for the tem-
plate assembly of macrocyclic Schiff bases. However, many
examples of the use of mononuclear metal complexes with a
dicarbonyl precursor and a diamine molecule in condensation
reactions were documented. In these reactions, the metal ion
located in the cavity distant from the reaction centres serves the
function of retaining the dicarbonyl fragment in the confor-
mation favourable for cyclisation. Although the carbonyl and
amino groups involved in the reaction are not included in the
coordination sphere of themetal ion, these transformations are
always considered in depth in reviews on the template syn-
thesis.

The assembly of macrocycles based on diamines has found
little use because these compounds are difficult to synthesise.
Template-free reactions of dicarbonyl compounds with di-

amines giving macrocyclic structures are considered in detail
below.

1. Template-free fragment assembly in the absence of acids
Asmentioned above, the nature of the solvent has a substantial
effect on the [1+1] cyclocondensation pathway. The assembly
of macrocycles from enlarged blocks is performed in aprotic
solvents (acetonitrile, chloroform or dioxane), which rather
weakly solvate polar carbonyl and amino groups of the starting
compounds without hindering hydrogen bonding between
these groups. Hydrogen bonds provide the organisation of
the prereaction complex, in which the carbonyl and amino
groups of two reactants involved in the reaction are in spatial
proximity.

As an example of such condensations, let us refer to the
synthesis of oxazamacrocyclic ligands 103. In the case of trans-
1,2-diaminocyclohexane, the yields of the products were
89%±95%.

The reactions of dicarbonyl precursors with aliphatic
diamines in chloroform at room temperature under kinetic
control produce unsymmetrical compounds 104.75

The condensation in polar aprotic solvents (chloroform or
acetonitrile) also affords [1+1] macrocycles (for example,
compounds 105a ± h) as the major products if the reactions of
aliphatic a,o-diamines are performed with dicarbonyl deriva-
tives, in which two salicylaldehyde fragments are separated by
a flexible oligo(oxyethylene) chain.

d

+

X
H2N NH2

d

OO

N
X

N

NH2

d

O

Y

O

+

d

NH2

;

Y

N N

X= (CH2)2N(CH2CH2NH2)(CH2)2 (n= 1);162

n

O

O

O

O

O

+ H2N
X

NH2

n

O

N

O

O

N
X

103

X= , n= 0±4.163

Z = S, NH; X is absent, CH2ZCH2.

OHCl

O

N

Z

N

HO

O

Cl +

H2N

X

H2N

OHCl

N

N

Z

N

HO

N

Cl

X 104

Synthesis of azomethine macrocycles by condensation of dicarbonyl compounds with diamines without using metal ions as template agents 809



Compound 105 X Yield (%) Ref.

a (CH2)2 62 ± 65 164, 165

b (CH2)3 42 166

c (CH2)2NMe(CH2)2 55 ± 60 165, 167

d (CH2)2NH(CH2)2 60 ± 70 165
e 54 ± 59 164

f (CH2)3NH(CH2)3 54 ± 59 164

g CH2CHCO2H 69 ± 70 164

h (CH2)2CHCO2H 69 ± 70 164

High dilution is yet another prerequisite for the synthesis of
[1+1]-condensation products. The reactions of dicarbonyl
blocks 106, in which the carbonyl groups located in different
parts of the molecules are in spatial proximity, with 1,2-
diamines and hydrazine afford [1+1]-condensation products
107 in moderate yields only in chloroform at concentrations of
261073 mol litre71 in the presence of molecular sieves.
Under these conditions, the condensation is accompanied by
dehydrogenation of the macrocyclic system.

Diamine Z R Yield Ref.

(%)

S 2,4,6-Me3C6H2 7 167

(Mes)

S Mes 7 168

S Mes 7 168

S Ph 20 169

S Ph 40 169

S Mes 50 169

O Mes 43 170

The reactions of o-phenylenediamine with such dicarbonyl
compounds also produce [1+1] macrocycles. For example, the
reaction of dicarbonyl derivative 106a with o-phenylenedi-
amine in chloroform in the presence of molecular sieves gives
the expected [1+1] macrocycle 108.168

Interestingly, unlike the condensation with aliphatic diamines
and hydrazine, the latter reaction is not accompanied by
dehydrogenation to form a conjugated system. Apparently,
this is associated with the fact that the completely conjugated
macrocycle, which could be formed in this transformation, is
antiaromatic.

The analogous condensation of compound 106a with
1,2,4,5-tetraaminobenzene affords [2+1]-condensation pro-
duct 109.168

The assembly of macrocyclic Schiff bases can be performed
also in methanol under thermodynamic control. For example,
[1+1] macrocycles 111 were syntheisesed by the reaction of
dicarbonyl compound 110 with 1,2-diaminoalkanes in boiling
methanol.163, 171

However, if the dicarbonyl block and diamine are non-
complementary, the reactions give, as a rule, mixtures of
products. For example, dicarbonyl derivative 112 reacted

n= 1, 2.
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with ethylenediamine to form [1+1]- and [2+2]-condensation
products, which were not isolated in the individual state. By
contrast, the reactions of this compound with other diamines
(1,3-diaminopropane and 1,4-diaminobutane) gave only
[1+1]-condensation products 113.172

Under prolonged reflux in a methanol ± acetonitrile mix-
ture, the dicarbonyl derivative of calixarene (114) reacts with
diamines to form [1+1] macrocycles 115.173

Enlarged precursor blocks can react with each other to give
large rings. For example, salicylaldehyde derivative 110 reacts
in boiling ethanol with diamine containing the oxyethylene
chain to form [1+1] macrocycle 116.174

The reactions of dicarbonyl derivatives of calixarenes with
complementary diamines produce [1+1] macrocycles 117 in
high yields (74%±92%).175

Even more complex supramolecular aggregates can be
synthesised by condensation of dicarbonyl compounds with
per-O-methyldiamino derivatives of a- and b-cyclodextrins.176

The reaction proceeds at room temperature in acetonitrile in
the presence of molecular sieves A4.

The condensation products of 2,6-diformylpyridine with
diaminocyclodextrins contain a hemispherical hydrophilic
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cavity bound by a fragment of the dicarbonyl compound
(Fig. 15).176

The use of blocks containing two amino groups for the
fragment assembly is limited by the fact that they are less
widespread and are difficult to synthesise.

Scheme 17

For example, the condensation of compounds 118 with
dicarbonyl derivatives of bis-pyrroles (Scheme 17) can be
assigned to this type of reactions.{

It should be noted that diamine 119, which was synthesised
by demetallation of the template [1+2]-condensation product
of 2,6-diformylpyridine with o-phenylenediamine,63 does not
react with dicarbonyl compounds due to the electron-with-
drawing effect of the azomethine fragments conjugated with
the amino groups (see Sections II.3 and II.4). However, its
reduction product 120, which is synthesised by refluxing in
toluene as a result of redox disproportionation, reacts with 2,5-
diformylpyrrole to form an unsymmetrical macrocycle.177

On the contrary, aromatic diamines acylated at one of the
amino groups by dicarboxylic acid readily form macrocycles.
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For example, diamine 121 reacts in an aprotic polar solvent
(1,4-dioxane) with various dicarbonyl compounds to give
[1+1] macrocycles 122a ± e.178 In this case, the geometry of
the starting diamine imposes strict restrictions on the second
reaction component (dialdehyde). Diamine 121 is planar, and
dicarbonyl compounds, which can adopt planar conforma-
tions, are most active in reactions with this diamine resulting in
the closure of themacrocycle because only this can give rise to a
system containing a long chain of conjugation.

2. Fragment assembly in the presence of protic acids
Numerous syntheses of macrocycles from dicarbonyl com-
pounds and diamines in the presence of protic acids were
documented. For example, the reaction with excess acetic
acid produced 13-membered azathiacrown macrocycles
123.179 In this case, the acid acts as both the solvent and the
acid catalyst.

In polar protic solvents, which readily solvate amino
groups (for example, in methanol), dicarbonyl derivatives of
the pyrrole series are involved in condensation only in the
presence of strong protic acids. For example, the condensation
of dicarbonyl derivatives of the pyrrole series with optically
active 2,20-diamino-1,10-binaphthyls in methanol in the pres-
ence of hydrochloric or trifluoroacetic acid affords macro-
cycles 124.180

Y R Configuration Yield (%)

of diamine

7 R 39

7 S 30

Et R 31

Et S 36

Me R 55

Under acid catalysis, dicarbonyl compounds react with
weakly nucleophilic diamines, even with 2,3-diaminomaleoni-
trile, to form macrocycles 125a ± i.

X R1 R2 R3 Com- Yield Ref.

pound (%)

125

4-NO2C6H4 Me Et a 95 181

4-NO2C6H4 Me Me b 98 181

H Prn H c 83 182

H Prn H d 80 182

H Et Me e 7 183

Ph Me Me f 70 181

4-NO2C6H4 Me Me g 52 181

H Prn H h 9 184

H Et Et i 86 184

Polypyrrole dialdehyde 126 reacts with hydrazine and 1,3-
diaminoguanidine in methanol in the presence of hydrochloric
acid to form the corresponding macrocycles 127a,b.184

Macrocycles obtained from polypyrrole derivatives, which
are close analogues of extended porphyrins,185 are of interest
for supramolecular chemistry because they contain a cavity
inside the macrocycle, which can include substrates of various
nature. For example, X-ray diffraction data show that a
methanol molecule is fixed in the cavity of compound 125e by
five hydrogen bonds (Fig. 16).183 The structures of other
inclusion compounds are similar to that described above.181
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The strategy of the fragment assembly can be used for the
synthesis of three-dimensional structures. The condensation of
meso-(2-aminophenyl)porphyrin with one or two equivalents

of dialdehyde 128 in the presence of trifluoroacetic acid affords
the corresponding three-dimensional polycyclic systems 129
and 130 in moderate yields (30%±45%) (Scheme 18).186

Catalysis is required also in the synthesis of heterocyclic
analogues of polypyrrole macrocycles, in particular, of pyr-
azolepyrrole system 131.187
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Examples of the successful assembly of macrocycles by
condensation of diamines in the presence of protic acids are few
in number. For instance, compound 121 reacts with various
dicarbonyl derivatives in methanol only in the presence of
protic acids to form salts of [1+1]macrocycles 122a ± c,f or free
Schiff bases 122d,g,h.178, 188 Free macrocyclic azomethines can
be isolated by treating the salts with triethylamine. Interest-
ingly, the yield of some macrocycles in these reactions sub-
stantially depends on the nature of the acid used in the reaction.

Compo- Y HA Condi- n Yield

und 122 tions (%)

a HCl a 2 73

b HCl a 2 73

c HCl a 3 42

d HCl b 0 88

f H3PO4 a 2/3 85
CF3CO2H a 2 70

g H2SO4 b 0 95
HCl b 0 65

h HCl b 0 83

IV. Anion template effect in the synthesis
of macrocyclic azomethines

For most of the above-described reactions of dicarbonyl
compounds with diamines, the nature of the Brùnsted acid
anion has no effect on the structure of the reaction products or
their yield. However, in 1982 Corey 189 found that the cyclo-
condensation in the synthesis of the boron-containing anti-
biotic aplasmomycin efficiently proceeds only in the presence
of boric acid. Corey was the first to hypothesise that the borate
anion acts in this reaction as the template agent. In 1985, it was
found that boric acid serves as a good catalyst for the [2+2]
condensation of 3,30-diformyl-2,20-dihydroxybiphenyl with
1,4-bis(aminomethyl)benzene in methanol. In more recent

years, this approach has been extended to the condensation of
this dialdehyde with o-phenylenediamine, which allowed the
synthesis of macrocycles 132.

Analogously, boric acid can direct the condensation of
other bis-phenol dialdehydes as well. For example, [2+2]
macrocycles 133 were generated from various diamines in the
presence of boric acid.192

Apparently, borate with two molecules of the diformyl
derivative of bis-phenol is produced as an intermediate in this
reaction. Intermediate tetrahedral borate fixes the relative
arrangement of the dicarbonyl fragments favourable for the
closure of a macrocycle, but renders the oligomerisation
impossible. Hence, the role of boric acid as a template agent
is limited only to phenol derivatives. This reaction with the use
of phenylboronic acid affords boron-containing macrocycles
134. In this case, the covalent template, viz., phenylboronic
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acid, remains in the molecule and forms a macrocycle through
ester bonds and additional coordination with the azomethine
nitrogen atom.193, 194

The presence of the borate group in amine molecules is
favourable for the autotemplate reactions with aldehydes. The
reaction of 3-aminophenylboronic acid with substituted sali-
cylaldehydes leads to the autotemplate [3+3]macrocyclisation
giving rise to compounds 135a ± e.

Compound 135 R1 R2 R3 Yield (%) Ref.

a But But H 92 195

b I I H 56 196

c OH H H 57 196

d H H Me 48 197

e H H Ph 65 197

As opposed to the above-described reactions, the reaction
of unsubstituted salicylaldehyde with 3-aminophenylboronic
acid produces [4+4] macrocycle 136.197

The possible involvement of acid anions, which are inca-
pable of binding with dicarbonyl compounds or diamines by a
strong covalent bond, has long been an open question. Sessler
et al.124 were among the first to find the influence of the nature
of anions on the reaction pathway of dicarbonyl compounds
with diamines (see Section II.4.b). It appeared that the [2+2]
cyclisation of 3,4-diethylpyrrole-2,5-dicarbaldehyde with o-
phenylenediamine produces compound 86a in quantitative
yield only in the presence of nitric acid.

A detailed study of the reaction of 2,20-diformylbipyrrole
with o-phenylenediamine in the presence of various acids
demonstrated that the reactions of these compounds proceed

R1, R2 = H, Me; R3 = H, Me, Ph.
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in the presence of nitric acid to give product 86b in a yield of up
to 95%, whereas the reactions in the presence of other acids
produce the macrocycle in substantially lower yields.125

Recently, it has been found that diamide of pyridine-2,6-
dicarboxylic acid and o-phenylenediamine (137) reacts with
dialdehydes in the presence of trifluoroacetic or sulfuric acid to
form [1+1]-condensation products 138a ± c. The reactions in
the presence of other acids (HCl, AcOH, HNO3 or H3PO4)
afford mixtures of [1+1] macrocycles and oligomeric pro-
ducts.

It was demonstrated 9, 177, 198 that macrocycles containing
the dipyrromethane fragment can bind tetrahedral anions. The
binding constants of template agents are known to correlate
with the molar fraction of the receptor in a dynamic combina-
torial library.199 As mentioned in the Introduction, the syn-
thesis of azomethines from polyfunctional derivatives gives
mixtures of products. Therefore, high affinity of receptors for
tetrahedral anions accounts for the template function of the
latter in the macrocyclisation. However, the role of trifluoro-
acetic acid remains unclear. This acid can also efficiently

catalyse the macrocyclisation despite that the binding con-
stants of the resulting macrocycles with acetate ions are low.

The structure of the complex of ligand 138c with sulfuric
acid was determined by X-ray diffraction (Fig. 17).198 As can
be seen from Fig. 17, H2SO4 occurs in the complex as the
dianion; macrocyclic azomethine is present as a derivative
doubly protonated at the azomethine nitrogen atoms. This
suggests that the synthesis of such systems requires the treat-
ment of the reaction mixture with a base for deprotonation of
azomethines.

Further study of the reactions of diamine 137 with dicar-
bonyl derivatives of the pyrrole series showed that the reaction
of compound 137 with 2,20-diformylbipyrrole (139), with
carbonyl groups more remote from each other, in methanol
in the presence of various acids gives different products.200

Studies by mass spectrometry demonstrated that the reaction
in the presence of nitric acid produces only oligomers. Oligom-
ers are also the major products in the reactions catalysed by
HCl or HBr, although these reactions produce small amounts
of [1+1] macrocycles. In the presence of acetic or trifluoro-
acetic acids, the reaction gives the salt of [2+2] macrocycle 140
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Figure 17. Structure of complex 138c .H2SO4 (for clarity, the hydrogen

atoms at the C atoms are omitted).198

Synthesis of azomethine macrocycles by condensation of dicarbonyl compounds with diamines without using metal ions as template agents 817



as the major product along with a small amount of oligomers.
The salt of [2+2] macrocycle 140 containing two H2SO4

molecules was isolated without traces of oligomerisation
products only in the presence of sulfuric acid as the catalyst.200

This result deserves notice. It indicates that the reaction of 137
with 139 in the presence of tetrahedral anions proceeds
according to the template scheme (Scheme 19).

The structure of dihydrate of compound 140, which was
isolated upon the treatment with triethylamine, was deter-
mined by X-ray diffraction (Fig. 18).200

Macrocycle 140 is quite stable under standard conditions.
However, storage of this compound in acetonitrile in the
presence of tetrabutylphosphonium hydrosulfate or dihydro-
phosphate leads to its rearrangement into sulfate ofmacrocycle
141 in quantitative yield as a result of [3+3] condensation.200

Apparently, sulfate of [2+2] macrocycle 140 is formed in
methanol; sulfate of [3+3] macrocycle 141, in acetonitrile.
Evidently, the nature of the solvent has a substantial influence
on the formation of macrocycles due to solvation of the anion
and macrocyclic products formed in the course of the reaction.

The anion template effect is not the only factor determining
the pathway of these reactions giving rise to macrocycles. As
demonstrated in Section II, the results of macrocyclisation
depend also on p,p-stacking interactions. The formation of
macrocycles in [n+n]-template condensations governed by p,p
interactions was documented for dicarbonyl derivatives, pri-
marily of benzene and phenol (see Sections II.1 and II.2).

Phenolic azomethines 142a,b react with 4-tert-butyl-2,6-
diformylphenol 201 analogously to related pyridine derivative
137. However (unlike the anion template reaction of com-
pounds 137 and 139), the reactions of azomethines 142a,b c
with this phenol proceed in the absence of template agents to
give [2+2] macrocycles 143a,b without traces of oligomerisa-
tion products.201 The reaction in the presence of metal ions as
the template agent affords a radically different macrocycle,
viz., the [1+1]-condensation product.201

X-Ray diffraction data show that [2+2] macrocycle 143a
adopts a figure eight conformation due to pairwise stacking
interactions between two phenolic fragments and two o-
phenylenediamine fragments (Fig. 19).201 In addition, this
system is stabilised by numerous hydrogen bonds between the
phenol hydrogen atoms and the azomethine nitrogen atoms.
Evidently, the successful macrocyclisation is attributed to p,p
interactions.

From the above it follows that both hydrogen bonds and
other weak nonbonding interactions can be efficiently used for
controlling the condensation of dicarbonyl compounds with
diamines under thermodynamic control. These interactions
provide the selective binding of one of the products from the
dynamic combinatorial library, thus shifting the equilibrium
toward the most stable complex. This phenomenon lies at the
basis of an efficient approach to the design of artificial cationic
and anionic receptors.
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V. Acyclic condensation products of dicarbonyl
compounds with diamines

Investigations of the pathways of formation of acyclic con-
densation products of dicarbonyl compounds with diamines
are of importance primarily in the synthesis of enlarged blocks
used in the further fragment assembly of macrocycles. [2+1]-
Condensation products are of great interest as building blocks
for the assembly of unsymmetrical macrocycles by performing
their reactions with diamines of different structure. Several
successful syntheses of these compounds by the reactions of
diformyl derivatives of phenols with aliphatic diamines (the
reactant ratio was 2 : 1) were documented. The condensation
can be performed in boiling acetonitrile or methanol. Products
144 are formed in nearly quantitative yields.

2,6-Diacetyl-4-methylphenol reacts analogously yielding
azomethine 145.203

The condensation of diformyl derivatives of phenols with
tris(2-aminoethyl)amine in a ratio of 3 : 1 in anhydrous aceto-
nitrile affords [3+1]-condensation product 146.147, 202, 204, 205

Acyclic condensation product 146 is formed only if the
reactants are used in a stoichiometric ratio; otherwise, the
macrocyclisation giving cryptands is the main reaction path-
way (see Section II.4.e).

The reaction in methanol results not in the triformyl
derivative but in its acetal 147.206
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All attempts to perform the stoichiometrically controlled
[1+2] condensation of dicarbonyl compounds with two
equivalents of aliphatic diamines failed. The reactions afford
[1+2]-condensation products only in the presence of a
50 ± 100-fold excess of diamines. However, attempts to isolate
azomethines in the pure formwere also unsuccessful because of
hydrolytic instability of these compounds. The corresponding
stable amines 148 are formed only after reduction of Schiff
bases with sodium borohydride.

2,3-Diaminomaleonitrile existing (like o-phenylenedi-
amine) in the enediamine form has low basicity and nucleo-
philicity due to the strong electron-withdrawing effect of two
nitrile groups conjugated with the amino groups. The reactions
of this compound with dicarbonyl compounds give [1+2]-
condensation products 149 in high yields.211, 212

After completion of the reaction at the first amino group,
the nucleophilicity of the second amino group decreases so that
the process is terminated. Regardless of the nature of the
dicarbonyl compound and the reactant ratio, diamines 149
were isolated as the only products.

Special procedures were developed for the controlled syn-
thesis of [1+2]-condensation products. In these procedures,
one of two amino groups in diamines is preliminarily pro-
tected. After condensation and reduction of the imine function,
the protecting group is removed. For example, the monoace-
tyl 199 derivative of 1,3-diaminopropane and the monobenzyl-
oxycarbonyl 200 derivative of diethylenetriamine gave [1+2]-
condensation products with diformylpyridine and diformyl-
anisole, respectively, in high yields (the reactants were used in a
stoichiometric ratio). The resulting Schiff bases 150 and 151
were immediately (without isolation) reduced to amines fol-
lowed by deprotection. 213, 214

The reactions of 2,6-diformyl-4-R-phenols (R=H or Cl)
with a twofold excess of the diamino derivative of calixarene
152 in methanol afford the stoichiometrically controlled
[1+2]-condensation product 153.152 In this case, the aromatic
diamine gives the [1+2]-condensation product without the
formation of the corresponding macrocycle.

To perform the target [1+2] condensation of dicarbonyl
compounds with o-phenylenediamine, one of the amino groups
is protected, as in the case of aliphatic diamines (see above).
N-Acetyl-o-phenylenediamine reacts with 4-tert-butyl-2,6-
diformylphenol in methanol at room temperature to form
[1+2]-condensation product 154, which is then reduced with
NaBH4 to yield the corresponding tetramine.215
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Under analogous conditions (methanol, room tempera-
ture), the reaction of N-(tert-butoxycarbonyl)-o-phenylenedi-
amine produces [1+2]-Schiff bases 155.

Y Z R Yield (%)

COH But 70

N H 60

O 7 71

NH 7 75

NH CMe2 69

O S 90

7 7 10

Reduction of the C=N bond in azomethines 155 with
NaBH4 followed by treatment of tetramines 156 with gaseous
HCl in dichloromethane afforded salts of acyclic diamines
157.215

These condensations allow the synthesis of diamines and
dicarbonyl derivatives containing additional functional groups
of different nature. The resulting compounds can be used as
building blocks for the construction of more complex macro-
cycles, which are of interest as polydentate ligands.

VI. Conclusion

The data summarised in the present review show that the
condensation of dicarbonyl compounds with diamines under
thermodynamic equilibrium conditions gives dynamic combi-
natorial libraries, which can contain numerous products, due
to reversibility of all steps of series-parallel reactions involved
in the condensation process. A careful choice of the conditions
(the solvent, the concentration and the ratio of the reactants,
the temperature and acid catalysis) allows the equilibrium to be
shifted toward the target product, and free Schiff bases can be
synthesised in good yields in the absence of metal cations,
which are traditionally used as template agents. The most
complex problem of the formation of unsymmetrical macro-
cycles can be successfully solved by performing fragment
assembly from enlarged building blocks as precursors. In the
final step of the synthesis, not only metal ions but also anions
can be used as template agents. The latter are particularly
efficient in the assembly of macrocycles containing a large
number of proton-donor groups capable of hydrogen bonding
inside the cavity. Such template condensations provide an
approach to the design of artificial anionic and cationic
receptors. Polydentate Schiff bases play an important role in
coordination and supramolecular chemistry, organic synthesis
and various biological and medical applications, resulting in
the extensive development of this field of chemistry.

This review has been written with the financial support of
the Russian Foundation for Basic Research (Project
Nos 06-03-07017, 05-03-32684 and 05-03-08017).
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Abstract. The published data on the methods of synthesis,The published data on the methods of synthesis,
properties and transformations of organosilicon derivatives ofproperties and transformations of organosilicon derivatives of
nitrogen heterocycles containing a hypervalent silicon atomnitrogen heterocycles containing a hypervalent silicon atom
are generalised and described systematically. The bibliographyare generalised and described systematically. The bibliography
includes 173 referencesincludes 173 references..

I. Introduction

Most of the known organosilicon compounds contain a
tetracoordinate silicon atom. However, the coordination num-
ber of silicon can increase to 5 or 6, especially when the silicon
atom is surrounded by electronegative substituents. Intermo-
lecular complexes containing a hexacoordinate silicon atom
have been known since the early 19th century when Gay-
Lussac and Thenard 1 obtained the addition product of ammo-
nia to tetrafluorosilane, 2H3N . SiF4. In the second half of the
20th century, the attention of scientists was attracted by intra-
molecular complexes of pentacoordinate silicon. Of particular
interest among these are silatranes studied in detail by Aca-
demician M G Voronkov and his co-workers.2 ± 16 Studies on
silatranes made a valuable contribution to the theoretical,
synthetic, medical and applied chemistry. Organosilicon intra-
molecular complexes are considered in reviews.17 ± 22 These
compounds have an unusual molecular structures, high reac-
tivities and specific biological activities.

During the same period, many researchers were interested
in organosilicon derivatives of nitrogen heterocycles,23 ± 27

which came into use as synthons in organic chemistry for the
preparation of biologically active compounds, sorbents, etc. It
is known that nitrogen-containing rings such as pyrrole,
imidazole, pyrazole, pyrimidine, indole, carbazole, etc., form
the core of alkaloids, natural and synthetic antibiotics and

other pharmaceuticals. The introduction of an organosilicon
substituent containing a hypervalent silicon atom into nitrogen
heterocycle molecules changes considerably their electronic
structure and reactivity. The most pronounced changes are
observed upon introduction of a silatranyl [inductive constants
sI=70.56,28 s*=73.49 (Ref. 29)] and silatranylmethyl
[sI=70.36,30 s*=72.24 (Ref. 29)] groups exhibiting
strong electron-donating inductive effect and having a high
dipole moment. This modification of heterocyclic compounds
gives rise to new classes of biologically active products pro-
mising for medicine and agriculture.

Hypervalent silicon-containing organosilicon derivatives
of nitrogen heterocycles can be classified into three groups.

1. Intermolecular complexes of heterocyclic compounds
with tetrahalosilanes and organylhalosilanes, for example,
complexes of pyridine, picolines, 2,20- and 4,40-bipyridines
and 1,10-phenanthroline with tetrafluorosilane and organyl-
fluorosilanes which have been described in detail in a review.31

2. Heterocyclic compounds in which the silicon atom
becomes hypervalent due to intramolecular coordination with
endo- (or exo-)cyclic heteroatom N or O.

3. Heterocyclic compounds in which the hypervalent sili-
con atom is a part of an exocyclic substituent. The main
representatives of this group are silatrane derivatives in which
the silicon atom is bound to the heterocycle either directly or
through a (CH2)n, CH2NR, CH2S, O or another bridge.

This review deals with organosilicon derivatives of nitrogen
heterocycles of the last two groups, except for N-(dialkylchlo-
rosilylmethyl)lactams with an O?Si bond and their deriva-
tives, which were studied in detail by Baukov's group
(Russia),25, 32 and zwitter-ionic spirocyclic l5-Si-silicates with
an Si7C7N(Het) fragment described by Tacke and co-
workers (Germany).33 ± 35 Some data concerning compounds
of the second and third groups obtained by the authors of the
present review have been briefly surveyed before.36 ± 38 The
organosilicon compounds considered below that contain
simultaneously a nitrogen heterocycle and a hypervalent
silicon atom are of substantial theoretical interest for organic
chemists. The knowledge of the molecular structure and
physical properties of these compounds would extend the
existing views on both the stereoelectronic structure of the
hypervalent silicon derivatives and the specific influence of
organosilicon substituents containing a penta- or hexacoordi-
nate Si atom on the character of the heterocycle and its
reactivity. In addition, many of these compounds possess
high and specific biological activities and are potential phar-
maceutical or agricultural agents.
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II. Intramolecular organosilicon complexes
of nitrogen heterocycles

1. Methods of synthesis
The presence of an organosilicon substituent YSiXnMe37n

(X=Cl, F; n=1±3; Y is a hydrocarbon or heteroatomic
group) in a nitrogen heterocycle may produce, at a certain
molecular structure, a pentacoordinate silicon atom through
the donor ± acceptor interaction with the endocyclic hetero-
atom, either nitrogen or oxygen. This is observed, for example,
in trifluorosilylmethyl derivatives of 2-mercaptobenzoxazole
(1) or 2-mercaptobenzothiazole (2).39

This type of compounds were synthesised by reactions of
S-trimethoxysilylmethyl derivatives of heterocycles with boron
trifluoride etherate. Trifluoro(8-quinolylthiomethyl)- (3) and
difluoro(methyl)(8-quinolylthiomethyl)silanes (4) were ob-
tained in a similar way.40 However, UV and IR spectroscopic
data did not support the assumption about the presence of
intramolecular N?Si donor ± acceptor bonds closing six-
membered chelate rings in these compounds.

The reaction of N-trimethoxysilylalkyl or N-dimethoxy-
(methyl)silylmethyl derivatives of 3,5-dimethylpyrazole and
benzimidazole with an excess of boron trifluoride etherate
involves not only the replacement of methoxy groups by
fluorine atoms but also coordination of nitrogen to the BF3

molecule to give B-trifluoroborazane.37, 38

On treatment with potassium fluoride or carbamide, bor-
azanes lose BF3 being converted into compounds 5 ± 8.

The reaction of N-(trimethoxysilylmethyl)imides of dicar-
boxylic acids, namely, succinic, glutaric and phthalic acids,
with boron trifluoride etherate without a solvent at 35 ± 40 8C
afforded intramolecular complexes: N-(trifluorosilylmethyl)-
succinimide (9),41 ± 43 -glutarimide (10) 43, 44 and -phthalimide
(11).45 In these compounds, the silicon atom is pentacoordi-
nated due to the formation of an additional transannular
O?Si donor ± acceptor bond; the presence of this bond was
confirmed by X-ray crystallography and multinuclear NMR
and IR spectroscopy.41, 43 ± 45 These compounds refer to the
group of so-called dragonoids.13

N-(Chlorodimethylsilylmethyl)glutarimide (12) was pre-
pared by the reaction of N-(trimethylsilyl)glutarimide with
chloro(chloromethyl)dimethylsilane or by the reaction of
unsubstituted glutarimide with a mixture of hexamethyldisil-
azane and chloro(chloromethyl)dimethylsilane.46 The pres-
ence of a pentacoordinate silicon in compound 12 was
demonstrated both in solutions and in crystals

In the case of N-(trimethylsilyl)succinimide, the formation
of the expectedN-(chlorodimethylsilylmethyl)succinimide (13)
was accompanied by the formation of organosilicon diimide
14, resulting from substitution of the imide fragment for
chlorine. According to NMR and X-ray diffraction data, the
silicon atom in compound 14 is tetracoordinated.

Hensen and Klebe 47 demonstrated that the reaction of
O-lithio-8-hydroxyquinoline with chloro(methyl)silanes
ClnSiMe47n (n=1, 2) results in substitution of the quinolyloxy
group for chlorine to give compounds 15 (n=1) and 16 (n=2)
with tetracoordinate silicon atoms.

In an analogous reaction with more chlorinated silanes
(n=3 and 4), two chlorine atoms are replaced, because two
molecules of lithiated 8-hydroxyquinoline are involved. In the
compounds 17 and 18 thus formed, the silicon atom is linked by
N?Si donor ± acceptor bonds to both heterocyclic molecules.

N

X
S

Si

F F

F

X =O (1), S (2).

1, 2

N

S

SiFnMe37n

3, 4

n= 3 (3), 2 (4).

n= 2, m= 1 (6, 8).

N = (5 ± 7); (8); n= 3: m= 1 (5), 3 (7);

N
N

Me

Me

N

N

N (CH2)mSiMe37n(OMe)n +
n

3
F3B .OEt2

N (CH2)mSiMe37nFn

BF3

KF
N (CH2)mSiMe37nFn

5 ± 8

O

N Si(OMe)3 + F3B .OEt2

O
X

X= (CH2)n ( n= 2 (9), 3 (10)), o-phenylene (11).
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O
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O
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O

O

N

Me

Me

O

O

14

NSiMe3 + ClCH2SiMe2Cl

O

O

7Me3SiCl

n= 1 (15), 2 (16).
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N
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X=Me (17), Cl (18).
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It was found 48 that the silicon coordination polyhedron in
(chloro)methyl[bis(8-quinolyloxy)]silane (17) is a distorted
octahedron.

We proposed a new original method for the synthesis of
organosilicon intramolecular complexes of quinoline 19 and 20
containing a pentacoordinate silicon atom by protolytic
cleavage of the Si7C bond in trifluoro(phenyl)silane under
the action of 8-hydroxy- or 8-mercaptoquinoline:38, 49

The reaction of trifluoro(phenyl)silane with 8-(trimethyl-
siloxy)quinoline and its thio analogue occurs as transsilylation
with elimination of fluoro(trimethyl)silane to give intramole-
cular complexes 21 and 22 containing an N? Si donor ± ac-
ceptor bond.49

Trichloro(phenyl)silane can be used to prepare organo-
silicon derivatives of nitrogen heterocycles. When made to
react with 3 equivalents of 8-hydroxyquinoline in the presence
of triethylamine as HCl acceptor, this compound produces
complex 23 containing a hexacoordinate silicon atom.50

The reaction of pyrrole-2-N-(o-hydroxyphenyl)carbald-
imine with dichloro(methyl)phenylsilane results in compound
24. In this case, the additional coordination of silicon is
accomplished through the formation of the donor ± acceptor
bond with the imine nitrogen.51

2-(Trimethylsiloxymethyl)pyridine reacts with trifluoro-
phenyl- and tetrafluorosilanes to give compounds 25 and 26,
which also contain intramolecular N?Si coordination
bonds.52

The reaction of lithium methyl(2-pyridylmethyl)amide
with SiF4 in ether gives intramolecular complex 27 with
pentacoordinate silicon in 20% yield.53

Note that compound 27 is also formed on treatment of
2-[methyl(trimethylsilyl)aminomethyl]pyridine with tetra-
fluorosilane in dichloromethane at725 8C (yield 62%).53

Lithium trimethylsilyl(6-methylpyridin-2-yl)amide reacts
with tetrachlorosilane in ether giving rise to intramolecular
complexes 28 or 29, depending on the reactantmolar ratio (1 : 1
or 2 : 1), in good yields.54

Compound 28 contains pentacoordinate silicon, while
dimer 29 contains a hexacoordinate silicon atom. Dimer 29 is
stable on heating to 100 8C, whereas compound 28 decom-
poses even at 50 8C.

It was found 55, 56 that reactions of chloromethylsilanes
Me47nSiCln (n=2, 3) or HSiCl3 with 2-[lithiobis(trimethyl-
silyl)]methylpyridine or its 6-methyl derivative afford com-
pounds 30 ± 35. These intramolecular complexes contain a
pentacoordinate silicon atom incorporated in a four-mem-
bered (!) coordination ring through the N?Si bond.

Y = O (19), S (20).

N
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+ PhSiF3

N
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F
F
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Y=O (21), S (22).
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R= Ph (25), F (26).
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(a) Et2O, X = Li; (b) CH2Cl2,725 8C, X =Me3Si.
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X=H, Y= Z= Cl: R = H (30), Me (31); X =Me, Y = Z= Cl:

R = H (32), Me (33); X = Y=Me, Z = Cl: R =H (34), Me (35).

N C(SiMe3)2
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Si
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It is noteworthy that no N?Si coordination bond was
found in related compounds 36 (X=Y=Z=Me, R=H)
and 37 (X=Y=Z=R=Me) obtained from chlorotri-
methylsilane.

However, when analogous lithio derivatives of picoline and
lutidine containing one trimethylsilyl group are made to react
with trichloro(methyl)- or dichloro(dimethyl)-silane, crystal-
line racemates with tetracoordinate silicon, compounds
38 ± 41, are formed.56

The metallation of 2-[(trimethylsilyl)phenyl]methylpyri-
dine with n-butyllithium in tetrahydrofuran gives a red-col-
oured solution of complex A. Its subsequent reaction with
SiX47nCln (X=H, n=3; X=Me, n=1±3) in THF at
778 8C leads to compounds 42 ± 45 containing pentacoordi-
nate silicon; the THF solutions of these products are dark-
red.56

Intramolecular organosilicon complexes 46 ± 48 were syn-
thesised by the reaction of bis(2-pyridyl)(trimethylsilyl)amine
with chloro(halomethyl)methylsilanes XCH2SiMe37nCln
(X=Cl, Br; n=1±3).57 For X=Cl, the reaction proceeds
as shown below

Evidently, the reaction starts with quaternisation and isome-
risation of the pyridine fragment accompanied by elimination
of chlorotrimethylsilane. Formally, the SiMe3 group is sub-
stituted by CH2SiMe2Cl (i.e., the reaction occurs as trans-
silylation 25) (Scheme 1).

Scheme 1

The compound B thus formed isomerises to give pyridinium
salt C. The silicon atom in intermediates B and C is tetracoor-
dinated. However, in product 46 containing anN?Si donor ± -
acceptor bond, the silicon atom is pentacoordinated.

As opposed to this mechanism, for X=Br, the pyridinium
nitrogen atombecomes the reaction site; therefore, the reaction
yields stable pyridinium bromide 49.57

Compound 50 was prepared in a similar way from N-tri-
methylsilyl-2-pyridylamine and chloro(chloromethyl)dime-
thylsilane.27

The reactions of chloro(chloromethyl)methylsilanes, tri-
chloro(1-chloroethyl)silane and trichloro(chloromethyl)silane
with 1-trimethylsilyl-2H-1,3,4,6,7,8-hexahydropyrimido[1,2-a]-
pyrimidine have been studied.58 These reactions give crystal-
line intramolecular complexes 51 ± 54 containing a pentacoor-
dinate silicon atom in nearly quantitative yields (88%±94%).

Compounds 51 ± 53were also obtained (yields 86%±92%)
from 1-methyl-2H-1,3,4,6,7,8-hexahydropyrimido[1,2-a]pyri-
midine and appropriate chloro(chloromethyl)silanes.58

X = Cl: R = H (38), Me (39); X =Me: R = H (40), Me (41).

NR

SiMe3

H

Si XMe

Me3Si

H

RN

38 ± 41

X=H, Y= Z= Cl (42); X =Me, Y = Z= Cl (43);

X = Y=Me, Z = Cl (44); X = Y = Z=Me (45).
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X = H: n= 1 (51), 2 (52), 3 (53); X =Me, n= 3 (54).
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The reactions of substituted 2,6-bis(2-hydroxyethyl)pyri-
dines with dimethyl-, diphenyl- and methylphenyl-dichloro-
silanes and with bis(dimethylamino)dimethylsilane yield
compounds 55 ± 64:59 ± 63

Compound 63was the first example of a 1,3-dioxa-7-aza-2-
silacyclodecane system incorporating a heterocycle (pyridine)
and containing a weak transannular N?Si coordination bond
(length 2.727 �A).59 The structure of this compound was con-
firmed by 29Si NMR spectroscopy [the silicon chemical shift
d(29Si) was741.9]. The silicon atom geometry inmolecule 63 is
much closer to tetrahedral than to trigonal-bipyramidal (see
Section II.2.a). The silicon atom in compound 55 also has a
geometry intermediate between a tetrahedron and a trigonal
bipyramid.60

The reaction of N-lithio-1,2,3,4-tetrahydro-1,10-phen-
anthroline with halo(methyl)silanes Me47nSiXn (X=F, Cl;
n=1±4) follows the route shown below:47, 64

According to X-ray diffraction data,64768 and 15N, 29Si
(Ref. 69) and 19F (Ref. 70) NMR spectroscopy, the silicon
atom in compounds 66 ± 69 is pentacoordinated due to the
formation of the intramolecular N?Si coordination bond.
The same is true for the isostructural compound containing an
SiF2Cl group.67 Meanwhile, intramolecular N?Si interaction
in 1-trimethylsilyl-1,2,3,4-tetrahydro-1,10-phenanthroline (65)
is absent or very weak.67

Organosilicon intramolecular complex derivatives of
phthalocyanine (Pc), naphthalocyanine (Nc), porphyrin, etc.
containing a hexacoordinate central silicon atom attracted
attention of researchers back in the beginning of the second
half of the 20th century.71, 72 These compounds can be
regarded as siliconium(VI) derivatives. Over the period from
1960 to 1965, a dozen of publications were devoted to these
compounds, the studies by Joyner et al.73, 74 being pioneering.
In this reviewwe dwell only on the compounds studied over the
last two decades.

A key method for the synthesis of phthalocyanino- or
naphthalocyanino-l6-siliconium dichlorides is the reaction of
silicon tetrachloride with 1,3-diiminoisoindoline.75

or 1,3-diiminobenzoisoindoline.76

N

N

N

Me

+ ClCH2SiMe37nCln

+

7MeCl

N

N

N

Me SiMe27nCln

CH2Cl

Cl7
51 ± 53

R1 = Ph: R2 = R3 =Me (55), Ph (56); R2 =Me, R3 = Ph (57);

R1 = C6H4F-4: R2 = R3 =Me (58), Ph (59); R2 =Me, R3 = Ph (60);

R1 = C6H4Br-4, R2 = R3 =Me (61);

R1 = C6H4But-4, R2 = R3 =Me (62);

R1
2COH is 2-hydroxyadamantan-2-yl: R2 = R3 =Me (63), Ph (64).
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X= Cl: n= 1 (65), 2 (66), 3 (67); n= 4: X= F (68), Cl (69).
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Organosilicon phthalocyanines have received much more
attention than phthalocyanino-l6-siliconium dichlorides.
Chloroorganylsilyl phthalocyanine derivatives 72 ± 74 were
obtained by the reaction of chloroorganylsilanes with 1,3-
diiminoisoindoline (yields up to 80%).77, 78

Phthalocyanino-l6-siliconium chlorides can also serve as
the starting compounds for the synthesis of organosilicon
phthalocyanines. For example, symmetric phthalocyanino-
l6-siliconiumderivatives 75 ± 84were prepared fromdichloride
70 by the reaction with Grignard reagents.78, 79

Similarly, chlorine-containing precursors PcSiR1Cl were
converted into unsymmetrical organosilicon phthalocyanine
derivatives 85 ± 91.78

Dichloride PcSiCl2 (70) is hydrolysed on treatment with an
aqueous solution of pyridine or NaOH to give silanediol

PcSi(OH)2 (92).80 The reaction of this product with tert-
butyl(chloro)dimethylsilane results in siloxy derivative 93.

The reaction of phthalocyanine 92 with an excess of
PcSiCl2 (70) followed by hydrolysis of product 94 (Scheme 2)

R=Me (72), Ph (73), n-C8H17 (74).

72 ± 74
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N
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n-C8H17 (80), R3C C [R3=H (81), Me (82), But (83), Ph (84)].

R1 = Ph: R2 = R3C6H4 [R3 = 4-Me (85), 4-MeO (86), 3-CF3 (87)],

R1 = n-C8H17: R2 = R4C6H4 [R4 = H (88), 4-Me (89), 4-MeO (90),

3-CF3 (91)].
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affords [HOPcSi]2O (95), which reacts with ButMe2SiCl in dry
pyridine giving rise to compound 96.80

The reaction of chlorotrihexylsilane with PcSi(OH)2 (92) in
the presence of tributylamine in dry g-picoline furnished
phthalocyanine PcSi[OSi(n-C6H13)3]2 (97). An analogous
transformation has also been described for naphthalocya-
nino-l6-siliconium derivative. For example, treatment of
dichloride 71 with concentrated H2SO4 yields diol NcSi(OH)2
(98), which reacts with (n-C6H13)3SiCl to be converted into
bis(trihexylsiloxynaphthalocyanino)-l6-siliconium NcSi[OSi.
.(n-C6H13)3]2 (99).76

Organosilicon phthalocyanino-l6-siliconium derivatives
100 ± 110 were formed upon reaction of dichloride 70 with
appropriate carboxylic acids.81

At R=4-ButC6H4, compound 100with a rigid orthogonal
arrangement of the aroyloxy groups is produced. Bis(3-thi-
enylcarboxylate) 101 is conformationally more flexible. The
change in the nature of the aromatic substituent in phthalo-
cyanino-l6-siliconium induces a change in its spectroscopic
properties, which are related to the energies of excited states,
while elongation of the aliphatic chain causes changes in the
luminescence time and the quantum yield.81

Dichlorosilylphthalocyanine (70) reacts with 4-hydroxy-40-
nitroazobenzene in the presence of sodium hydride to give
organosilicon bis(azobenzo)phthalocyanine 111 with a hexa-
coordinate central silicon atom. Compound 111 is the first
example of azobenzo conjugated phthalocyanino-l6-silico-
nium (Scheme 3).82 The electrochemical properties of this
compound indicate that it is promising for the use in devices
such as photoelectric relays.

The synthesis of Si-disubstituted phthalocyanino-l6-silico-
nium derivatives containing two 1,3-bis(dimethylamino)iso-
propoxy groups (compound 112) 83 or one (113) or two (114)
1,2;3,4-di-O-isopropylidene-a-D-galactopyranose fragments
at the central silicon atom was reported.84 Organosilicon
phthalocyanine derivatives, especially unsymmetrical ones,
proved to be highly efficient carcinostatics with respect to

human carcinoma cells HepG2 and were captured by the
mouse macrophage J774. The photodynamic activity of these
compounds is due to their absorption by cancer cells and
efficient generation of singlet oxygen.

The reaction of PcSi(OH)2 (92) with N,O-bis(trimethylsi-
lyl)acetamide in the presence of pyridine gives PcSi(OSiMe3)2
(115).85 Similarly, compounds Me3SiO(PcSiO)nSiMe3 (n=
2±5) were prepared from HO(PcSiO)nH.

More than 100 papers published during the last 30 years
were devoted to the methods of preparation, structure, and
properties (chemical, physical, optical and electronic) of orga-
nosilicon phthalocyanine polymers and the scope of their
applications in advanced fields of engineering and medi-
cine.86 ± 94

Axially disubstituted phthalocyanino-l6-siliconium deriv-
atives with ester groups at the silicon atoms and with phenyl,
terphenyl, thienyl, pyrenyl 95, 96 and fullerrene 97 substituents
have been synthesised. Electrochemical, absorption and film-
forming characteristics of these compounds and dependence of
properties on the nature of substituents at the hexacoordinate
silicon atom were studied.

Phthalocyanino-l6-siliconium oligomers R3SiO(SiPcO)n.
.SiR3 (n=2±4) comprising two, three or four monomers
cross-linked by siloxane bridges have also been described.
The spatial and electronic structures of these compounds
were investigated by NMR and UV/Vis absorption spectro-
scopy and by other physical, kinetic and computational
methods.98 ± 103

As a conclusion of this Section, consider examples of
silicon-containing derivatives of tetra(p-tolyl)porphyrin
(TTP). The reduction of Si(TTP)Cl2 (see Ref. 104) with the
Na/Hg ±THF system afforded tetratolylporphyrino-l6-silico-
nium Si(TTP)(THF)2.105 The reaction of the lithium derivative
of TTP with trichlorosilane in dichloromethane at 778 8C
gave compound 116.104 The reactions of compound 116 with
SbF3 (or AgBF4) and with Me3SiOSO2CF3 (or AgOSO2CF3)
in CH2Cl2 gave difluoride 117 and ditriflate 118 in quantitative
yields (Scheme 4).

R = 4-ButC6H4 (100), 3-CH CHSCH CCH2 (101), 2-MeOC6H4CH2

(102), 3-MeOC6H4CH2 (103), 4-MeOC6H4CH2 (104),

2,5-(MeO)2C6H3CH2 (105), 3,4-(MeO)2C6H3 (106), 3,4-(MeO)2C6H3CH2

(107), 3,4,5-(MeO)3C6H2CH2 (108), 3,4-(MeO)2C6H3(CH2)2 (109),

3,4-(MeO)2C6H3(CH2)3 (110).
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O
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O
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2. Studies of the molecular structure
a. X-Ray diffraction method
The pentacoordinate silicon atom present in organosilicon
intramolecular complex derivatives of nitrogen heterocycles
containing an endocyclic N? Si coordination bond exists in a
trigonal-bipyramidal environment. The lengths of the bonds
between silicon and two apical ligands for some of these
molecules are presented in Table 1.

The N?Si dative bond and the Si7X bond (X=F, Cl, O,
N) usually occupy axial positions. If two or three electro-
negative atoms are attached to silicon, then the apical position
is occupied by the atomwith a higher apical activity (the ability
to occupy this site and ensure trans-coordination of the
ligands), which decreases in the sequence Cl, OCOR>F&
SR>OR, NR2>Ar>Alk>H.108, 109 The position of an
atom or an atomic group in this sequence is correlated with
their electronegativity and the polarisability of their bonds
with silicon.

The displacement of the silicon atom (DSi) from the central
plane formed by three equatorial ligands toward the axial
vertex Z (see Table 1) varies from 0.01 to 0.380 �A.

The compounds of pentacoordinate silicon contain most
often a five-membered chelate ring. Compounds with four-
membered (28,54 30 ± 35,55, 56 42 ± 44 56) and six-membered
(55 ± 64) 59 ± 63 coordination rings are also known.

The variations of the N?Si and Si7Z interatomic dis-
tances are antiparallel. In molecules 46, 50, 51 and 66, short-
ening of the Si7Cl bond in theN?Si7Cl axial fragment from
3.908 to 2.269 �A is accompanied by elongation of the Si7N
bond from 1.766 to 2.028 �A. This is in good agreement with the

Me

X=H, Cl.

SbF3 or AgBF4 Me3SiOSO2CF3 or AgOSO2CF3

Si

F

N N

N N
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Me

Me
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N N

N N
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F3CO2SO

OSO2CF3

Me

Me

Me

Me
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[Li2(THF)2](TTP) + HSiXCl2
CH2Cl2

7LiH,7LiX
Si

Cl

N N

N N

Cl

Me

Me

Me

Me

116

Scheme 4

Table 1. Bond lengths N?Si and Si7Z in the fragment of
intramolecular silicon heterocyclic complexes.

Com- X Y Z N?Si Si7Z DSi /AÊ Ref.

pound /AÊ /AÊ

1 F F F 1.967 1.624 106

2 F F F 1.988 1.632 106

9 F F F 2.096 a 1.607 0.290 41

10 F F F 1.977 a, b 1.619 0.160 107

1.992 0.180

11 F F F 2.654 a 1.576 0.380 45

12 Me Me Cl 2.171 2.210 0.190 46

27 F F F 1.974 1.621 53

28 Cl Cl Cl 1.975 2.107 54

30 H Cl Cl 2.066 2.167 55

31 H Cl Cl 2.072 2.163 56

46 Me Me Cl 1.898 2.598 0.167 57

48 Cl Cl Cl 1.901 2.238 0.010 57

50 Me Me Cl 1.766 3.908 27

1.777 4.111

51 Me Me Cl 1.852 2.679 0.166 58

66 Me Me Cl 2.028 2.269 68

67 Me Cl Cl 2.027 2.207 68

68 F F F 1.969 1.621 0.195 64

69 Cl Cl Cl 1.984 2.150 65, 66, 68

a The O?Si bond length is given; b bond lengths for two conformers,

namely, with an envelope (a) and planar (b) geometries of the six-

membered heterocycle are given.

N Si Z

X Y
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hypervalence theory proposed by Musher 110 and developed
later by Pestunovich, Sidorkin, and Voronkov.14, 15, 111

According to this concept, the axial atoms are bound to the
silicon pz-orbital by a system of three-centre four-electron
(3c ± 4e) molecular orbitals.

The equatorial substituents interact with the axial frag-
ment, thus shortening the N? Si bond and lengthening the
Si7Cl bond.14 This effect is not very pronounced but evidently
significant. However, inmolecules 66, 67 and 69 differing in the
number of equatorial chlorine atoms (1, 2 and 3, respectively),
the N?Si bond length and the axial Si7Cl bond length
decrease as the number of chlorine atoms increases (see
Table 1).68 The equatorial bonds in an ideal trigonal bi-
pyramid (TBP) with the silicon atom in the equatorial plane
(DSi=0) are orthogonal to the three-centre MOs. Shortening
of the bonds is apparently caused by the electron-withdrawing
effect of silicon, which makes the silicon atom approach the
axial substituents.

In molecule 51, the silicon atom is located at the centre of a
disordered TBP the axial positions of which are occupied by
the heterocycle nitrogen atom and the chlorine atom (the
N7Si7Cl angle is 167.98).58 The length of the very short
N?Si bond (1.852 �A) is close to a covalent bond length
(1.796 �A), while the length of the very long Si7Cl bond
(2.679 �A) attests to a substantial polarisation.

The two interatomic distances N7Si in 2-[methyl(triflu-
orosilyl)aminomethyl]pyridine (27) 53 are non-equivalent, the
N? Si coordination bond being much longer than the cova-
lent bond. In the TBP of molecule 27, the pyridine nitrogen
atom and the fluorine atom are in the axial positions (the NSiF
angle is 178.08). The Si7Fax bond (1.621 �A) is longer than
Si7Feq (1.603 �A).

Attention is attracted by the considerable difference
between the O?Si bond lengths in the N-(trifluorosilylme-
thyl)succinimide (9) and -glutarimide (10) molecules and that
in the N-(trifluorosilylmethyl)phthalimide (11) molecule, indi-
cating much stronger bonds in the case of compounds 9 and 10
than in compound 11.41, 43 ± 45, 107 This is due to the fact that the
five-membered pyrroline-2,5-dione ring in the molecule of
organosilicon phthalimide derivative 11 is aromatic, as it has
a closed six-p-electron shell. Therefore, the nucleophilicity of
the carbonyl oxygen atoms in compound 11 is lower than that
in non-aromatic molecules 9 and 10.

The C=O bond incorporated in the five-membered coor-
dination ring ofmolecules 9 ± 11 (see Table 1) is 0.04, 0.038 and
0.02 �A longer than the exocyclic C=Obond (1.202, 1.202 and
1.210 �A, respectively) in which the oxygen atom is not coor-
dinated.43 Due to the donor ± acceptor bonding of the O and Si
atoms in molecules 9 ± 11, the lengths of the two endocyclic
N7Cbonds in the heterocycle are different. TheN7Cbond in
compounds 9 ± 11 incorporated in the coordination ring (1.323,
1.357 and 1.367 �A, respectively) ismuch shorter than theN7C
bond at the second carbonyl group (1.400, 1.409 and 1.393 �A,
respectively). These data suggest a higher degree of p,p-
conjugation of nitrogen with the carbonyl group incorporated
in the coordination heterocycle in molecules 9 ± 11.

The surrounding of the silicon atom in the 2-diphenyl(me-
thyldichlorosilyl)methylpyridine molecule is nearly tetrahe-
dral, whereas in the 2-[dichlorobis(trimethylsilyl)silylmethyl]-
pyridine molecule (30), the silicon atom of the dichlorosilyl
group is located at the centre of the TBP, the N?Si bond
length being 2.066 �A.55

According to X-ray diffraction 64 ± 66 and neutron diffrac-
tion 64 data, the lengths of the N?Si coordination bonds in
1-trifluoro- and 1-trichlorosilyl-1,2,3,4-tetrahydro-1,10-phe-
nanthroline (68) and (69) (see Table 1) are much longer than
the length of the Si7N valence bond (1.732 and 1.737 �A,
respectively). The replacement of one or two chlorine atoms in
molecule 69 bymethyl group(s) results in a slight increase in the

N?Si distance (see Table 1).68 However, when all three Cl
atoms are replaced by methyl groups (trimethylsilyl phen-
anthroline derivative 65), the N?Si donor ± acceptor bond is
substantially elongated (2.689 �A). The environment of the
silicon atom in molecule 65 can be defined as a highly
disordered tetrahedron, unlike that in analogous molecules 68
and 69 where the silicon atom is located at the center of a
TBP.67

The structures of 2-(trifluorosilylmethyl)thiobenzoxazole
(1) and -benzothiazole (2) resemble each other in many
respects. The silicon atom polyhedron is a TBP in both
molecules and the lengths of the N?Si donor ± acceptor
bonds are equal to 1.967 and 1.988 �A, respectively. The
Si7Fax bonds in compounds 1 and 2 (1.624 and 1.632 �A,
respectively) are longer than the equatorial Si7Feq bonds
(1.594 and 1.589 �A, respectively).106

In molecule 28, the silicon atom is pentacoordinated and
has a distorted trigonal-bipyramidal geometry.54 The axial
positions of the bipyramid are occupied by the N(Py) and Cl
atoms (the NSiCl angle is 167.98). The equatorial Neq7Si
valence bond (1.753 �A) is much shorter than the Nax7Si bond
(1.975 �A), which attests to the presence of N(Py)?Si dative
interaction.

In themolecule of compound 56, the axial N? Si7Cangle
is 1708, which implies a distorted TBP.61 The equatorial Si7C
bond is 0.1 �A shorter than chemically the same axial bond
(Table 2), which is a typical feature of this geometry. The
N? Si bond in 56 is somewhat longer than those in com-
pounds 55 and 63 (by 0.087 and 0.063 �A, respectively) (see
Table 2), which is attributable to a higher positive charge of the
silicon atom in the SiPh2 group compared with SiMe2.59 ± 61

In the molecule of compound 61, which is a bromophenyl
analogue of compound 56, the pentacoordinate silicon atom is
at the vertex of a square pyramid. This type of geometry is
seldom encountered in hypervalent silicon compounds.62 The
N?Si interatomic distance in molecule 61 (1.950 �A, see
Table 2) is shorter than this diastance in any of the studied
silatranes (see Section III.2).15

Unlike compound 56, the silicon polyhedron in molecules
58 and 60 is a distorted TBP in which the apical positions are
occupied by the nitrogen atom and the phenyl group.63 The
N?Si interatomic distance (see Table 2) is rather long but it is
still markedly shorter than the sum of the van der Waals radii
of these elements (3.65 �A). Structural studies of compound 58
have shown 59, 60 that the N?Si distance is somewhat shorter
than those found in compounds 55 and 63.

The silicon atom in molecule 17 has a distorted octahedral
geometry. The two bidentate ligands in chloro(methyl)bis-
(8-quinolyloxy)silane (17) are nearly mutually orthogonal
and occur in the cis-positions, hence, the silicon atom becomes
a chiral centre.48 The Si7O bonds form an angle of 168.78 and
the NSiN angle is close to right angle (85.38). The N?Si
coordination bonds (see Table 2) are much longer than the
N7Si covalent bond, i.e., they are the same as in many
compounds of penta- and hexacoordinate silicon.

The disordered structure of Si(TTP)(THF)2 has been
studied by X-ray diffraction.104 Four nitrogen atoms and one
silicon atom are coplanar, the Si atom being situated in a
slightly distorted octahedral environment, while the meso-
carbon atoms are located above or below the SiN4 plane. The
oxygen atoms of tetrahydrofuran are in axial positions and are
bound to silicon by a dative bond.

The silicon atom in themolecule (TTP)Si(OSO2CF3)2 (118)
has a slightly distorted octahedral geometry with triflate
groups in the trans-position. In this molecule, the porphyrin
rings have a corrugated geometry favourable for the incorpo-
ration of a small silicon atom. The O7Si7O angle (1788) is
nearly linear. The average Si7N distance in molecule 118 is
shorter than in molecules 17 48 or 115 85 (by 0.145 and 0.050 �A,
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respectively). The molecule [ButMe2SiO(Pc)Si]2O (96) repre-
sents a dimer with PcSi units linked by an oxygen atom.80 In the
molecule PcSi(OSiMe3)2 (115), the central silicon atom is
located in a distorted octahedral environment. Two symmetri-
cally independent Si(Pc)7O7Si(Me) bond angles are 157.8
and 156.68.85

b. 29Si NMR spectroscopy
In the 29Si NMR spectra of hypervalent silicon compounds,
typical upfield shifts of the 29Si signals compared to those of
tetracoordinate silicon are observed. The chemical shifts in the
29Si NMR spectra of heterocyclic derivatives of pentacoordi-
nate silicon are summarised in Table 3.

According to 29Si NMR data, the N?Si coordination
interaction in Si(V) or Si(VI) organosilicon compound consid-
ered here is either missing or very weak if the coordination-
induced change in the chemical shift (Dd) defined as

Dd= d[29Si(V or VI)]7 d[29Si(VI)]

is close to zero.
Yet another feature of the 29Si NMR spectra of hetero-

cyclic derivatives of hypervalent silicon is the clear-cut tempe-
rature dependence of the d(29Si) value. As temperature
decreases, the 29Si signal shifts upfield, indicating an increase
in the strength of the N?Si coordination bond. The low-
temperature change in d(29Si) may be caused by two processes
taking place on decreasing the temperature:

(1) shift of the equilibrium between the tetra- and penta-
coordinate states of silicon toward the latter;

(2) shortening of the N? Si coordination bond in the
coordination polyhedron of hypervalent silicon.112 ± 114

Nevertheless, in some cases, the 29Si chemical shift changes
in the opposite direction upon decrease in the temperature. For
example, in the 29Si NMR spectrum of compound 46, the
chemical shift is 76.2 ppm at 100 8C and 718.4 ppm at
780 8C.57 This is due to the equilibrium interconversion of
compounds B and C (see Scheme 1), which decreases the
silicon coordination number to 4 via the stable iminium
chloride C.

Attention is attracted by the fact that the pentacoordinate
state of Si in N-trifluorosilylmethylsuccinimide (9), -glutar-
imide (10) and -phthalimide (11) in solutions is much less
pronounced than in most dragonoids studied by 29Si
NMR.41 ± 45 The presence of intramolecular O?Si coordina-
tion bond in organosilicon derivatives of cyclic imides 9 ± 11 is
indicated by lower shielding constants of 19F nuclei
[d(19F)=7133.5 (for compound 9), 7134.19 (10), 7134.6
(11)] and the 1J (29Si719F) spin-spin coupling constants [248.8
(for compound 9), 224.5 (10) and 256.3 Hz (11)] compared to
those for tetracoordinate (chloromethyl)trifluorosilane
[d(19F)=7143.99, 1J (29Si719F)=267 Hz]. In the 29Si
NMR spectra, the silicon signal [775.7 (9), 794.2 (10),
772.0 ppm (11)] is shifted upfield relative to that for (chloro-

Table 2. Bond lengths N?Si and Si7X (or Si7Y) in the

fragment of intramolecular complex silicon heterocycles.

Com- X Y N?Si, Si7X or Ref.

pound /AÊ Si7Y /AÊ

17 Cl Me 2.014 1.94 (C) 48

2.016 2.199 (Cl)

23 Ph OC9H6N 2.034 50

1.966 1.754

55 Me Me 2.703 1.859 60

1.852

56 Ph Ph 2.790 1.970 61

1.871

58 Me Me 2.665 1.862 63

1.856

60 Ph Me 2.570 1.886 63

1.867

61 Me Me 1.950 1.896 62

1.868

63 Me Me 2.727 1.871 59

1.854

100 O2CC6H4But-4 O2CC6H4 But-4 1.914 1.754 81

1.909

101 CH2O2C. CH2O2C. 1.906 1.762 81

.C4H3S-3 .C4H3S-3 1.912

109 (CH2)2O2C. (CH2)2O2C. 1.904 1.756 81

.C6H3(OMe)2 .C6H3(OMe)2 1.913

1.924

115 OSiMe3 OSiMe3 1.922 1.678 85

1.918 1.680

1.915

1.873

118 OSO2CF3 OSO2CF3 1.848 1.842 105

1.887 1.821

1.874

N Si X

Y

Table 3. Chemical shifts (d) in the 29Si NMR spectra of heterocyclic
derivatives with pentacoordinate silicon Het7SiXYZ.

Com- X Y Z d(29Si) Ref.

pound

9 F F F 775.7 41, 43

10 F F F 794.2 43, 44

11 F F F 772.0 45

12 Me Me Cl 6.1 46

16 Cl Me Me 721.0 47

22 F F Ph 779.8 49

23 Ph OC9H6N OC9H6N 7149.8 50

30 H Cl Cl 718.0 55, 56

31 H Cl Cl 730.90 56

32 Me Cl Cl 764.82 56

33 Me Cl Cl 733.06 56

34 Me Me Cl 714.72 56

35 Me Me Cl 711.18 56

42 H Cl Cl 727.03 56

43 Me Cl Cl 5.32 56

44 Me Me Cl 15.59 56

46 Me Me Cl 6.4 57

51 Me Me Cl 17.1 58

52 Me Cl Cl 719.3 58

53 Cl Cl Cl 781.9 58

54 Cl Cl Cl 777.6 58

55 7 Me Me 732.4 60

56 7 Ph Ph 763.8 61

57 7 Ph Me 749.4 62

58 7 Me Me 731.7 63

59 7 Ph Ph 760.9 63

60 7 Ph Me 748.9 63

61 7 Me Me 756.5 62

62 7 Me Me 758.0 62

63 7 Me Me 741.6 59

64 7 Ph Ph 772.6 62

65 Me Me Me 71.5 69

66 Cl Me Me 753.6 69

67 Cl Cl Me 775.9 69

68 F F F 7125.2 69

70 7 Cl Cl 7217 71
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methyl)trifluorosilane (d=771.3) containing a tetracoordi-
nate silicon atom. This difference, which is most pronounced in
low-temperature spectra, allows one to detect the enhanced
shielding of 29Si nuclei typical of trigonal-bipyramidal silicon
derivatives. However, even at 7100 8C, the NMR spectra of
compound 11 attest to equivalence of the 13C nuclei of both
carbonyl groups [d(13C)=7168.4] and the axial and equato-
rial fluorine atoms. Altogether, this suggests substantial weak-
ening of the O?Si coordination bond in the organosilicon
phthalimide derivative 11 in low-polarity media and fast (on
the NMR time scale) transcoordination of silicon from one
oxygen atom to another (pendulum effect).45 A similar pendu-
lum effect was found in the molecules of N-trifluorosilyl-
methylsuccinimide (9), -glutarimide (10) and N-(dimethyl-
chlorosilylmethyl)glutarimide (12).41, 43, 44, 46 The substantial
difference Dd (relative to ClCH2SiF3) for compound 10
(723 ppm) compared to that for compound 9 (74 ppm)
attests to stronger O?Si interaction in the former.

According to 29Si NMR spectra, compound 30 contains
two magnetically non-equivalent trimethylsilyl groups at
ambient temperature, which is in line with the sterically more
rigid structure in the crystal.55 This confirms the assumption
that the nitrogen atom in a distorted TBP of molecule 30 is
apically bonded to the silicon atom by an intramolecular
coordination bond, which closes a four-membered ring. The
carbon atom of the 2-substituent in the pyridine ring bears two
SiMe3 groups located in the cis- and trans-positions with
respect to the equatorialH andCl atoms, respectively.55Unlike
this compound, derivative 31 exhibits temperature-dependent
29Si NMR chemical shifts. The lowest-frequency signal of the
central silicon atom is observed at 770 8C. An increase in
intensities of the two resonance signals due to the SiMe3
groups 55 attests to fast equilibrium between tetra- and penta-
coordinate states of the silicon atom at this temperature.

The 29Si chemical shifts of the central silicon atom in
compounds 30 ± 35 (see Table 3) with two trimethylsilyl groups
at the exocyclic carbon atom are negative.56 Meanwhile, in the
NMR spectra of isostructural derivatives 42 ± 44 in which one
SiMe3 group has been replaced by phenyl group, the 29Si
chemical shifts may be either negative or positive. In the former
case, they correspond to a pentacoordinate silicon atom and in
the latter case, to a tetracoordinate silicon atom.56 The
negative 29Si chemical shifts in the spectra of compound 42
indicate that silicon is pentacoordinate. However, in molecules
43 and 44, it is apparently tetracoordinate. Thus, NMR data
imply that the Si atom passes from the tetracoordinate into the

pentacoordinate state. The coordination environment of the
central silicon atom depends on the chemical nature and the
bulk of the substituents attached. In organosilicon pyridine
derivatives 42 ± 44, silicon is most often pentacoordinate;
however, an increase in the bulk of substituents at the central
silicon atom results in its tetracoordination.56

The presence of a highly basic ligand at the silicon atom in
molecules 51 and 52 changes considerably its coordination
with respect to that in compounds 46 and 47 containing weakly
basic ligands.58 Compounds 51 ± 54 contain pentacoordinate
silicon in the crystalline state (compounds 53 and 54, also in
solution). In the crystal structure of molecule 51, the TBP
coordination of silicon is highly distorted towards tetrahedral
with ionisation of the Si7Cl bond (2.679 �A) as compared with
compound 46. The ratio of structures containing tetra- or
pentacoordinate silicon atom in compounds 51 ± 54 in solu-
tions depends on temperature and the solvent nature. An
increase in temperature shifts the equilibrium to the penta-
coordinate structure and vise versa (the entropy effect). The
effect of the solvent nature on the ratio of penta- to tetracoor-
dinate Si atoms (Si7Cl bond ionsation) correlates with the
electron-withdrawing properties of the Si-substituents.58

The NMR spectra of organosilicon 1,2,3,4-tetrahydro-
1,10-phenanthroline derivatives 65 ± 68 with methyl groups at
the central Si atom being replaced by halogen atoms (see
Table 3) also show transition from the tetra- to pentacoordi-
nate state of silicon.69

The d(29Si) value (7217) in the 29Si NMR spectrum of
organosilicon tetrakis(4-tolyl)porphyrin derivative (116) is
indicative of a hexacoordinate state of silicon.104 The absence
of a low-field signal in the 1H NMR spectrum and the JSi7H

value in the 29Si NMR spectrum of compound 116 correspond
to a trans-SiCl2 group.

A study of the photophysical and voltammetric properties
of organosilicon phthalocyanines containing OSi(n-C6H13)3
and OSiBus2(n-C18H37) groups has shown 76 that they possess
themaximum first oxidation potentials due to the highest steric
hindrance in their molecules. Meanwhile, the first reduction
potential depends little on the spatial structure.

3. Chemical properties
Strange as it may seem, the chemical properties of organo-
silicon intramolecular complexes of nitrogen heterocycles
received relatively little interest from researchers, who paid
attention mainly to their synthesis and molecular and stereo-
electronic structures. The works devoted to the reactivity of
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these compounds were focussed on Si7C and Si7X bond
cleavage in organosilicon porphyrin and phthalocyanine com-
plexes (hydrolysis, alcoholysis and halogenolysis).

Organosilicon porphyrin complex 116 containing a central
SiCl2 group reacts with protic solvents.104 When this com-
pound is treated with methanol, only one chlorine atom is
replaced by a methoxy group to give (TTP)Si(OMe)Cl (119)
(Scheme 5). Hydrolysis of compound 116 results in the loss of
the central silicon atom.

When phthalocyanino-l6-siliconium 80 containing two
octyl groups reacts with an excess of N-bromosuccinimide in
benzene (20 8C), the colour of the reaction mixture gradually
changes from dark green to deep blue-violet.78 According to
GLC, the reaction is complete in 2 h giving rise to 1-bromo-
octane (yield 60%). As a result, both Si7C bonds are cleaved.
After being washed with water, methanol, and diethyl ether,
the blue-violet precipitate proved to be dihydroxy derivative
PcSi(OH)2 (92). Treatment of intermediate 120 with conc.
H2SO4, NH4OH and then Et3SiH in the presence of
H2PtCl6 . 6H2O resulted the phthalocyanine PcSi(OSiEt3)2
(121). This product results evidently from the reaction of
Et3SiH with diol 92.

The Si7C bonds in phthalocyanino-l6-siliconium deriva-
tives 76 ± 80 are cleaved by halogens or iodine monochloride
even at room temperature.78 The Si7C(Octyl) bond in com-
pound 80 cleaves more readily under the action of bromine
than under the action of chlorine or iodine. The reactivities of
the Si7Ar bonds in organosilicon phthalocyanine complexes
76 ± 80 depend on the nature of the aromatic substituent,
decreasing in the sequence 4-MeOC6H4>4-MeC6H4>
Ph� 3-CF3C6H4.

The cleavage of Si7C(Alk) and Si7C(Ar) bonds with
iodine chloride occurs in different ways. In the former case, a
mixture of chloroalkane and iodoalkane is formed, while in the
latter case, aryl iodide is produced.78 The Si7C(Alk) bond in
phthalocyanino-l6-siliconium derivatives cleaves with greater
difficulty than the Si7C(Ar) bond. Halogen induced cleavage
of the Si7C(Alk) bond affords alkyl radicals, whereas the
Si7C(Ar) bond is cleaved according to the common electro-
philic substitution mechanism.

The Si7C bonds in organosilicon Pc complexes 76 ± 80 are
cleaved in reactions with CuCl2 or CuBr2 (THF, 50 8C) to form
the Si7X bond (X=Cl, Br).78

Organosilicon phthalocyanine complexes 78 and 80 do not
react with peroxybenzoic acid.78 This fact was attributed to
high stability of these complexes with hexacoordinate silicon
atom caused by the macrocycle rigidity.

Particular attention is devoted to silicon phthalocyanine
polysiloxanes.l00, l15 ± 117 These polymers are regarded as pre-
cursors of conducting polymers. The possibility of the radia-
tion-induced synthesis,100 the ability to form liquid crystals,l16

dark electrical conductivity, electrochemical properties and
conduction of microwave radiation were studied in detail for
these compounds.

Studies on the chemical properties of hexacoordinate
silicon compounds provide valuable information on the mech-
anisms of Si7C and Si7X bond cleavage and formation. This
knowledge helps determining the routes of similar reactions
also for Si(VI)-organic complexes with simpler structure.

III. Silatranyl derivatives of nitrogen-containing
heterocycles

1. Methods of synthesis
The first representatives of silatranyl derivatives of nitrogen
heterocycles, 1-(heterylalkyl)silatranes with the general for-
mula

were synthesised in the 1970s.118 ± 124 Since 1993, we have
carried out systematic investigations into these com-
pounds.36 ± 40

1-(Heterylalkyl)silatranes are synthesised most often by
transetherification of (heterylalkyl)trialkoxysilanes on treat-
ment with tris(2-hydroxyethyl)amine (TEA):5, 8, 10, 13, 15

where Het is the heterocyclic fragment, Y is a hydrocarbon
bridge (CH2)n (n=0±3) or a heteratom (S, O, N) connecting
the heterocycle to the silicon atom of the silatranyl group (Sa)

The reaction is carried out in the presence of a basic catalyst
(AlkONa, KOH, etc.) or without a catalyst, usually with
distillation of ethanol.

This method was employed to carry out the first syntheses
of 1-[(N-azacycloalkyl)alkyl]silatranes 122 ± 130 (yields 70%±
79%) in which the Si atom and the heterocycle N atom are
linked through one, two or three methylene units. The
reactions were carried out in chloroform, benzene or
o-xylene 118 ± 121 without a catalyst.

Note that (pyrrolidinomethyl)- (123) and (piperidino-
methyl)silatranes (125) with m=1 have higher melting points
than the homologues with m=3 (compounds 124 and 126,
respectively). 120 However, low-melting (perhydroazepino-
alkyl)silatranes (127, 128) do not follow this regularity.

1-(Piperazinoalkyl)silatranes and their N 0-derivatives
(131 ± 135) were synthesised by the reaction of the corres-

PcSi(n-C8H17)2 + 2BrN

H2O

1) H2SO4 (conc.)

2) NH3 (conc.)

PcSi(OH)2
92

80

92
Et3SiH, H2PtCl6 . 6H2O

PcSi(OSiEt3)2

121

O

O

2n-C8H17Br + PcSi

N

N

OO

OO

120

X= Cl, Br.

PcSiR2 + 4CuX2

76 ± 80

PcSiX2

(n= 0±3)

Het(CH2)n

O

O

O

CH2 CH2

CH2

CH2

CH2

CH2

NSi

HetYSi(OR)3 + (HOCH2CH2)3N HetYSi(OCH2CH2)3N,

Si(OCH2CH2)3N.

X = (CH2)n [n= 2 (122), 4 (123, 124), 5 (125, 126), 6 (127, 128)],

(CH2)2O(CH2)2 (129, 130); m = 1 (123, 125, 127, 129), 2 (122),

3 (124, 126, 128, 130).

X N (CH2)mSi(OEt)3
TEA

N (CH2)mSaX

122 ± 130
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ponding (piperazinoalkyl)triethoxysilanes with tris(2-hydr-
oxyethyl)amine in boiling xylene in the presence of a catalytic
amount of metallic sodium.122

The same route was used to convert N,N 0-bis[3-(trieth-
oxysilyl)propyl]piperazine into 1,4-bis(3-silatranylpropyl)pi-
perazine (136) (yield 40%).122

Heating tetrahydroquinoline with (chloromethyl)trieth-
oxysilane in xylene followed by transetherification of the
resulting N-(triethoxysilylmethyl)tetrahydroquinoline with
tris(2-hydroxyethyl)amine affords 1-(tetrahydroquinolinome-
thyl)silatranes (137) in a moderate yield.123, 124

Transetherification of the corresponding (8-quinolylthio-
methyl)-, (2-heterylthiomethyl)- and (N-heterylalkyl)tri-
methoxysilanes with tris(2-hydroxyethyl)amine carried out
without a solvent or a catalyst resulted in 1-(8-quinolyl-
thiomethyl)- (138), 1-(2-heterylthiomethyl)- (139 ± 141) and
1-(N-heterylalkyl)silatranes (142 ± 158) (yields 73%±92%)
(Refs 37, 39, 40 and 125).

The reaction of 4-(3-triethoxysilylpropyl)thiomorpholine
1-oxide with tris(2-hydroxyethyl)amine in the presence of a
catalytic amount of a saturated methanolic sodium methoxide
gives 4-[3-(1-silatranyl)propyl]thiomorpholine 1-oxide (159) in
40% yield.126 1-(3-Aminopropyl)silatrane or its 3,7,10-tri-
methyl derivative reacts with divinyl sulfoxide in ethanol at
45 ± 65 8C to give N-[3-(1-silatranyl)propyl] derivatives of
thiomorpholine 1-oxide 159, 160.127

N-(Trialkoxysilylmethyl)lactams 161 react with tris(2-hy-
droxyethyl)- or tris(2-hydroxypropyl)amines in boiling xylene
in the presence of KOH giving rise to N-(silatranylmethyl)lac-
tams 162 ± 168.128

These silatranyllactams have also been prepared by a one-
pot procedure involving the reaction of N-(trimethylsilyl)-
lactams with (chloromethyl)trimethoxysilane and tris-
(2-hydroxyethyl)amine without intermediate isolation of
N-(trimethoxysilyl)methyl derivatives (yields 30%±63%).128

Transetherification of N-(triethoxysilylethyl)lactams with
tris(2-hydroxyethyl)amine in boiling xylene without a catalyst
afforded, 1-[1-(2-oxoperhydroazepino)ethyl]- (169) and 1-[1-
(2-oxopyrrolidino)ethyl]silatranes (170).129, 130

Transetherification of N-(trialkoxysilylpropylamino)-
methyl derivatives of imidazole, 3,5-dimethylpyrazole,
5-methyl-3-phenylpyrazole and benzotriazole with tris-
(2-hydroxyethyl)amine or tris(2-hydroxypropyl)amine fur-
nished silatrane derivatives 171 ± 179.131

n= 1: R=H (131), Me (132); n= 3: R =H (133), Me (134), Ph (135).

RN N(CH2)nSi(OEt)3 RN N(CH2)nSa

131 ± 135 (75%± 90%)

TEA

Na

NCH2Si(OEt)3
TEA

NCH2Sa

137 (16%)

n= 3: (156); (157); (158).

n= 1: Het = (138); (X = NH (139),

TEA

138 ± 158

Het(CH2)nSi(OMe)3 Het(CH2)nSa

O (140), S (141));

N

S

N

X
S

(145);

(142); (143); (144);
N

N

N N
N

Me

Me

N

N
N

N
R [R=H (146), Me (147)];

(148);

N

(149); (150);
N

N

N

N
N

[Y = (CH2)2 (153), (CH2)3 (154), o-phenylene (155)];

O

Y N

O

(151); (152);
N

N

N

Ph

N
N

OMe

N
N

Me

Me N
Me

N

N

O S

CH CH2

CH CH2

+H2N(CH2)3Si(OCHRCH2)3N

R=H (159), Me (160).

N(CH2)3Si(OCHRCH2)3NSO

159, 160 (92%)

( )n

NCH2Si(OR2)3 + (HOCHR3CH2)3N

O

R1
161

( )n

NCH2Si(OCHR3CH2)3N

O

R1
162 ± 168 (51%±96%)

R1 = R3 =H: n= 1 (162), 2 (163), 3 (164);

R1 = H, R3 =Me: n= 1 (165), 2 (166), 3 (167);

R1 = Ph, R3 = H, n= 1 (168); R2 =Me, Et.

n= 1 (169), 3 (170).

n
( )

N

O

CHSi(OEt)3

Me

TEA
CHSa

Me

169, 170

n
( )

N

O

HetCH2N(CH2)3Si(OR2)3 + (HOCHR3CH2)3N

R1
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Another synthetic route to compounds 171, 173 ± 179 is
based on anhydrocondensation of the corresponding 1-(3-
aminopropyl)silatranes with 1-hydroxymethylated 3,5-dime-
thylpyrazole, 5-methyl-3-phenylpyrazole, imidazole or benzo-
triazole in dichloroethane at room temperature.132

The condensation of (3-aminopropyl)triethoxysilane with
2-aminopyridine yielded 2-[3-(triethoxysilyl)propyl]amino-
pyridine, which was then converted into 2-[3-(1-silatranyl)pro-
pyl]aminopyridine (180) by transetherification.133

1-(Quinolylaminoalkyl)silatranes 181 ± 184 were synthe-
sised by two routes: transetherification of 4-[3-(triethoxysilyl)-
propyl]aminoquinolines on treatment with tris(2-hydr-
oxyethyl)amine or by heating of 4-chloroquinoline with 1-(3-
aminopropyl)silatrane in diglyme (yields 51%±65%).124

When [3-(N-heterylamino)propyl]triethoxysilanes are
heated with tris(2-hydroxyethyl)amine in benzene or xylene,
1-{3-[(6-chloropyridazin-3-yl)amino]propyl}- (185) and 1-{3-
[(phthalazin-1-yl)amino]propyl}silatranes (186) are formed.121

Low yields of the products (20%±30%) were attributed to the
fact that the triethoxy derivatives were not isolated from the
reaction mixture. No increase in the yields of compounds 185
and 186 was achieved by preparing them by the reaction of
1-(3-aminopropyl)silatrane with 3,6-dichloropyridazine or
1-chlorophthalazine in the presence of K2CO3:

Silatranes 187 ± 191 containing pyridyloxy or pyridyl-
methoxy group can be prepared by two methods.134, 135 De-
hydrocondensation of isomeric pyridylmethanols with
1-hydrosilatrane in xylene at 130 8C in the presence of
5 mol % ButOK yielded 1-(pyridylmethoxy)silatranes
187 ± 190 (yields 44%±56%). (Note that NaOH, KOH or
NaOEt do not catalyse this reaction.)

A more efficient method for the synthesis of 1-(6-methyl-
pyridin-2-ylmethoxy)- (190) and 1-(3-pyridyloxy)silatranes
(191) is based on the reaction of hydroxy(methyl)pyridines
with tetraethoxysilane and tris(2-hydroxyethyl)amine in xylene
in the presence of 3.5 mol% KOH with distillation of etha-
nol.135

Transetherification of 1-ethoxysilatrane under the action
of 2-hydroxypyridine follows an unusual route resulting in
1-silatranyl-2-pyridone (192).136 This compound is the first
silatrane that contains an axial N?Si7N fragment and the
mechanism of its formation is the first example of a silatrano-
tropic rearrangement.

The reactions of sodium hetarenethiolates with 1-(chloro-
methyl)silatrane in DMF furnished (4-hydroxypyrimidin-2-
yl)thiomethyl- (193), (6-amino-4-hydroxypyrimidin-2-yl)thio-
methyl- (194), (2-aminopurin-6-yl)thiomethylsilatranes (195)
and 2-(1-silatranylmethylthio)benzimidazole (139), -benzox-
azole (140) and -benzothiazole (141) in 60%±85% yields.137

HetCH2N(CH2)3Si(OCHR3CH2)3N

R1 171 ± 179 (80 ± 92%)

Het = : R1 = CH2Het, R3 = H (171), Me (172);N

NMe

Me

R1=Ph, R3=H (173); R3=H: Het = , R1=CH2Het (174),N
NPh

Me

Ph (175); Het = , R1 = CH2Het (176), Ph (177);
N

N

Het = , R1 = CH2Het (178), Ph (179); R2 =Me, Et.

N

N

N

Sa(CH2)3NHR+HOCH2Het HetCH2N(CH2)3Sa

R

171, 173 ± 179

Sa(CH2)3NH

N

180 (98%)

TEA
(EtO)3Si(CH2)3NH

N

R1 = R2 = R3 =H (181); R2 = R3 = H, R1 =Me (182);

R1 = R3 =H, R2 = Cl (183); R1 = H, R2 = Cl, R3 =Me (184).

N R3

R1

R2

NH(CH2)3Sa

181 ± 184

H2N(CH2)3Sa

NN
ClCl

NN

Sa(CH2)3HN

Cl

NN

NH(CH2)3SaCl

185

186

N

N

R=H: 2-pyridyl (187), 3-pyridyl (188), 4-pyridyl (189);

NR

CH2OH
H-Sa, ButOK

7H2
NR

CH2OSa

187 ± 190

R=Me, 2-pyridyl (190).

Het is 6-methylpyridin-2-ylmethyl (190), 3-pyridyl (191).

Het OH+ Si(OEt)4 + (HOCH2CH2)3N
KOH

HetOSa

190, 191

NH+ EtOSa

O

7EtOH
N

OSa

N

O

Sa

192

Het SNa + ClCH2Sa Het SCH2Sa + NaCl

139 ± 141, 193 ± 195

Het = [X= NH (139), O (140), S (141)];
N

X

(193); (194); (195).

N

NH

O

N

NH

O

H2N

N

N

N
N

H2N

H
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As regards the reactivity toward 1-(chloromethyl)silatrane,
sodium hetarenethiolates occupy an intermediate position
between EtSNa and Et2NCS2Na.

Refluxing of a mixture of 3-substituted 4(5)-(triethoxy-
silyl)-2-isoxazolines with tris(2-hydroxyethyl)amine in toluene
in the presence of NaOH as the catalyst results in silatranes
196 ± 199 in yields of *70%.138, 139 Compounds 196 and 197
can be isolated by recrystallisation from chloroform.

2. Studies of the molecular and electronic structures
a. X-Ray diffraction method
The molecular structures of silatranyl derivatives of nitrogen
heterocycles in which the Het and Sa groups are linked either
by a (CH2)n bridge (n=1, 3) or directly have been compre-
hensively studied by X-ray diffraction.11, 12, 15, 18, 22

Data from numerous X-ray diffraction studies of these
compounds indicate that the silatrane cage has a distorted
trigonal-bipyramidal structure with a nearly equatorial
arrangement of three oxygen atoms and with axial N and C
atoms of the (CH2)nHet substituent at silicon.

The N?Si7C angle amounts to 174 ± 1798, i.e., it is close
to the straight angle in an ideal TBP (1808). The O7Si7O and
O7Si7C bond angles are in the ranges of 119.0 ± 119.2 and
95.0 ± 95.88, respectively. The shift (DSi) of the silicon atom
from the equatorial plane through three oxygen atoms towards
the (CH2)nHet substituent is 0.11 ± 0.18 �A. The average length
of the Si7O equatorial bond (1.66 ± 1.67 �A) is greater than in
organyltrialkoxysilanes containing a tetrahedral silicon atom

[for example, in theMeSi(OMe)3molecule, this is 1.63 �A].140 In
the crystalline state, the length of the dative N?Si bond in
silatranes is usually in the range of 1.965 ± 2.24 �A, which is
much shorter than the sum of the van der Waals radii of the
silicon and nitrogen atoms (3.65 �A).

The N?Si interatomic distances in silatranes Het(CH2)nSa
fall into a rather narrow range (2.09 ± 2.15 �A), being a linear
function of the inductive constant s* of the substituent Het.29

The same range covers the N?Si bond length in the molecules
HetSa, which is 2.12 �A. The Si7C bond length in these
molecules (1.89 ± 1.94 �A) is much greater than in compounds
of tetracoordinate silicon or in silatranes containing a satu-
rated or unsaturated substituent comprising two carbon atoms
at the silicon atom (1.77 ± 1.78 �A).141 Since the lengths of the
transannular N?Si bond and the Si7C bond in the molecules
Het(CH2)nSa do not differ much, one should admit that
irrespective of the nature, the substituent Het affects the
structure of the axial N?Si7C fragment in the same way.

Selected geometric parameters of silatranyl derivatives of
nitrogen heterocycles are summarised in Table 4.

The length of the transannular N?Si bond in the N-(1-
silatranylalkyl)pyrazole molecules Het(CH2)nSa for n=1
(compound 144) is 0.036 �A shorter than that for n=3 (156).
Conversely, the Si7C bond is 0.026 �A longer for n=1
(compound 144) than for n=3 (156). This is caused by the
decrease in the inductive effect of the substituent Het on the Sa
group following an increase in the number ofmethylene groups
separating them.146

In the 8-(1-silatranylmethylthio)quinoline molecule (138),
the S7CH2 bond occurs in a nearly ideal crossed position with
respect to the silatrane fragment, the SCSiO torsion angle
being 1798 (Ref. 40). In addition, the trans-configuration of the
SiCSC bridge is nearly ideal (the torsion angle is 1788). The
bridge is approximately in the same plane as the quinoline ring
(the CSCC angle is 38).

In 1-(2-benzothiazolylthiomethyl)silatrane (141),142 the
bond lengths of the silatranyl group, except for the Si7C
bond length, are similar to the standard values for the XCH2Sa
molecule.153 As in other silatranes of this type, the exocyclic
Si7C bond is elongated (1.912 �A).141 The geometric parame-
ters of the trigonal-bipyramidal coordination of Si are similar
to those established for molecule 138.40 The orientation of the
planar benzothiazolylthiomethyl substituent in compound 141
is crossed with respect to the Si7O bonds and also resembles
that observed in molecule 138. The full difference Fourier
synthesis shows a clear-cut 0.25 e �A73-high electron density
peak in the line of the transannular N?Si bond at a 0.65 �A
distance from the N atom. In the crystals of 1-halosilatranes

R=Me (196, 198), Ph (197, 199).

N
OR

(EtO)3Si

N
OR

Si(OEt)3

+

N
OR

Sa

N
OR

Sa

+

196, 197 198, 199

TEA

NaOH

Si

(CH2)nHet

O

O

O

N

Table 4. Geometric parameters of the Het(CH2R)nSa molecules (n=0, 1, 3).

Compound Bond length /�A Bond angle /deg DSi/ AÊ Ref.

N?Si Si7C Si7O C7Si7N C7Si7O O7Si7O

138 2.111 1.893 1.667 175.0 95.8 119.0 0.169 40

141 2.100 1.912 1.663 176.7 95.2 119.2 7 142

142 2.089 1.902 1.665 177.9 95.4 119.1 0.16 143, 144

143 2.088 1.898 1.664 176.1 95.6 119.2 0.15 145

144 2.118 1.913 1.663 178.0 7 7 7 146

145 2.095 1.906 1.661 177.4 95.2 119.2 0.15 147

146 2.11 1.910 1.657 176.8 95.2 119.2 0.11 ± 0.12 144, 148

148 2.097 1.897 1.664 177.8 95.4 119.1 0.16 144, 149

149 2.088 1.909 1.667 177.2 95.2 119.2 7 150

151 2.089 1.908 1.658 176.2 95.0 119.2 0.14 151, 152

156 2.154 1.887 1.664 179.7 7 7 7 146

170 2.122 1.909 1.665 177.3 7 7 0.176 129

196 2.119 1.920 1.644 177.5 7 119.0 0.170 139

197 2.118 1.897 1.657 176.1 7 119.0 0.168 139
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XSa (X=F, Cl), this delocalised electron density peak, which
reflects the strength of theN?Si donor-acceptor interaction, is
located at approximately the same distance from the nitrogen
atom.154

It is worthy of note that all carbon7carbon bonds in the
pyrrole ring of the N-(1-silatranylmethyl)pyrrole molecule
(142) [especially the C(3)7C(4) bond] are equalised and are
shorter than those in unsubstituted pyrrole orN-methylpyrrole
and in the N-(1-silatranylmethyl)indole (146) or -carbazole
(148).143, 144, 148, 149 The N7C bond lengths (1.37 �A) are nearly
the same as those in pyrrole orN-methylpyrrole. The difference
between the C(3)7C(4) and C(2)=C(3), C(4)=C(5) bonds in
molecule 142 and in pyrrole or N-methylpyrrole can be
regarded as a measure of electron density delocalisation in the
pyrrole ring. The equalisation of all bonds in the pyrrole ring of
N-(1-silatranylmethyl)pyrrole (142) is also indicated by equal
bond angles in the pyrrole ring (*1088). These data imply that
the pyrrole ring in molecule 142 is more aromatic than in
pyrrole or N-methylpyrrole, which prompts a comparison of
compound 142 with the cyclopentadiene rather than 1-aza-
cyclopentadiene anion. This is also confirmed by quantum-
chemical calculations.155

On going from N-(1-silatranylmethyl)pyrrole (142) to
N-(1-silatranylmethyl)indole (146) and -carbazole (148),
equalisation of the bond lengths in the pyrrole heterocycle
disappears, indicating a lower aromaticity of the pyrrole frag-
ment in these molecules. Conversely, the average length of the
bonds between the benzene-ring carbon atoms in compounds
146 and 148 [1.390 (a), 1.386 (b) and 1.390, 1.393 �A, respec-
tively] { is smaller than in benzene. This means that the attach-
ment of an N-silatranylmethyl group to the indole and
carbazole nitrogen atom increases the aromaticity of the
benzene rings.148, 149

b. Miscellaneous physicochemical methods
The presence of an intramolecular N?Si bond in N-(1-
silatranylalkyl)azacycloalkanes 123 ± 128 is also supported by
1H NMR spectra.120 Specifically, the proton chemical shifts of
the SiCH2 group in compounds withm=1 (123, 125, 127) and
m=3 (124, 126, 128) are lower than those in the initial
trialkoxysilyl derivatives. The difference between the chemical
shifts of the NCH2- and CH2O-group protons in derivatives
123 ± 128 almost does not depend on the size of the heterocycle,
being nearly constant and equal, on average, to 0.97 ppm. This
implies transfer of the electronic effect of the substituent
(CH2)nN to the whole silatranyl group, i.e., the electronic
states of both Si and N atoms are changed. Relying on the
change in the chemical shift differences Dd(SiCH2) and
Dd(NCH2) in the spectra of (CH2)nNCH2Si(OCH2CH2)3N
(123, 125, 127) and (CH2)nNCH2Si(OR)3, the extent of the
(p ± d )s interaction in the N?Si7C fragment increases with
an increase in the negative inductive effect of the (CH2)nNCH2

group.
The change in the NMR chemical shifts of the exocyclic

NCH2 protons of the heterocyclic (CH2)nN fragments of
silatrane derivatives 123, 125 and 127 confirms that the basicity
of the endocyclic nitrogen atom increases with n in the
following sequence: 5<4<6. The basicity of the heterocycle
nitrogen atom increases on going from (CH2)nNCH2Si(OR)3
to (CH2)nNCH2Si(OCH2CH2)3N.120

The 1H NMR chemical shifts of solutions of 1-[(N-aza-
cycloalkyl)methyl]silatranes (CH2)nNCH2Sa (n=4±6) (123,
125, 127) depend on the nature of the solvent.120 On going from

CCl4 to DCCl3, hydrogen bonds of the ODCCl3 and NDCCl3
types are formed, the latter being stronger. This is confirmed by
the frequency shifts Dn(C7D_N) and Dn(C7D_O) of
DCCl3 in the IR spectra of solutions of compounds 123, 125
and 127 (*70 and 10 cm71, respectively). The assumption
about hydrogen bonding between chloroform and silatrane
molecules in which the oxygen atoms act as donor centres is
consistent with the increase in the dipole moments of alkyl-,
alkoxy- and aryloxy-silatranes in chloroform 156 compared
with those in ethyl acetate or benzene. 1-[(N-Azacycloalkyl)-
methyl]silatranes 123, 125 and 127 form strong hydrogen
bonds with proton donors through the heterocycle nitrogen
atom. Meanwhile, no hydrogen bond exists between the
deuteriochloroform D atom and silatrane nitrogen since the
electron pair of nitrogen is involved in the transannular
interaction with silicon and is hence inaccessible.

The 1H NMR spectra of N-(1-silatranylmethyl)lactams
contain, apart from the proton signals of the lactam rings and
the Si(OCH2CH2)3N group, singlets for the NCH2Si methyl-
ene protons at d=2.39 ± 2.98.128

In the 1H NMR spectra of unsubstituted (187 ± 189) and
6-methyl-substituted (190) pyridylmethoxysilatranes, the pro-
ton signals for the exocyclic CH2 group are shifted downfield
with respect to these signals in the spectra of initial pyridyl-
methanols. This is due to interaction of the oxygen atom with
silicon of the silatranyl group.134

In the 15N NMR spectra of N-(1-silatranylmethyl) deri-
vatives of imidazole (143), 3,5-dimethylpyrazole (144), 1,2,4-
triazole (145), 2-methylindole (147), benzimidazole (149) and
phthalimide (155), the CH2Sa group has little effect on the
chemical shifts of the heterocycle nitrogen with respect to the
corresponding N-methylazoles.157 Enhancement of the elec-
tron-withdrawing effect of the heterocycle (depending on the
number, positions and type of bonding of endocyclic nitrogen
atoms) increases the shielding of the 29Si nucleus and deshield-
ing of the 15N nucleus in the silatrane cage. These dependences
of d(15N) and d(29Si) are typical of Si-substituted silatranes
XCH2Sa.15

A comparison of the 1H, 13C and 15N NMR spectra of 1-
and 2-substituted (trimethoxysilylmethyl)benzotriazole and
1- (150) and 2-(1-silatranylmethyl)benzotriazole (151) indi-
cates that the nature of the organosilicon substituent affects
only slightly the electron density of the nitrogen atoms, but the
nitrogen electron density markedly depends on the substituent
position (1 or 2). The difference between the 15N chemical shifts
of 1- (150) and 2-isomers (151) is more than 100 ppm.152, 158

IR spectroscopy is often used to confirm the structures of
silatranyl derivatives of nitrogen heterocycles. The silatrane
cage is responsible for the following absorption bands in the IR
spectra of compounds Het(CH2)nSa (n): 340 ± 390 (N?Si
bond), 730 ± 790 cm71 (CH2 rocking vibrations), 2870 ±
3000 cm71 (CH2 stretching vibrations), 1020 ± 1250 cm71

(NC3 asymmetric stretching vibrations), 750 ± 820, 1040 ±
1180 and 1270 ± 1280 cm71 (Si7O7C skeletal vibrations
with predominance of the C7O and Si7C vibrations).159

The absorption of Si7C vibrations is typical of most sila-
tranes. These are shifted to lower frequencies relative to the
corresponding signals observed for tetracoordinate silicon
compounds. The bathochromic shift is indicative of a higher
positive charge on the silicon atom and polarisation of the
Si7C bond. The skeletal vibrations n(C7C) produce bands at
1020, 940, 1050 cm71. The two last-mentioned bands are
usually doublets.

The mutual influence of the organosilicon substituent and
heterocyclic fragment on the exocyclic sulfur atom in 1-sila-
tranylmethylthio derivatives of quinoline 138, benzoxazole 140
and benzothiazole 141 containing an SCH27Sa group in
heterocycle positions 8, 2 and 2, respectively, was studied by
UV and IR spectroscopy.160 In the IR spectra of these com-

{The unit cell of the N-(1-silatranylmethyl)indole (146) single crystal

contains 4 pairs of crystallographically independent molecules of a- and
b-modifications; in the case of N-(1-silatranylmethyl)carbazole (148), the

average bond length for each benzene ring of the carbazole ring is given.
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pounds, the absorption bands of the silatrane cage do not
depend on the nature of the heterocycle. The UV spectra of
compounds 138, 140 and 141 exhibit a considerable batho-
chromic shift of the bands corresponding to the heterocycle
(quinoline, benzoxazole and benzothiazole) with respect to the
absorption spectra of their analogues in which the substituent
contains a tetracoordinate silicon atom. This shift is due to
high positive inductive effect of the silatranylmethyl group
with a pentacoordinate silicon atom.

1- (150) and 2-(1-Silatranylmethyl)benzotriazoles (151)
differ in both the number and intensity of UV bands.152, 161

The UV spectra of a solution of 150 (benzenoid structure) in
MeCN show two absorption peaks at 270 ± 290 and
250 ± 270 nm. Their positions are the same as the positions of
peaks in the spectra of unsubstituted and 1-methyl-substituted
benzotriazoles. The UV spectrum of a solution of compound
151 (quinonoid structure) contains only one peak at
270 ± 285 nm, like the UV spectra of unsubstituted and
2-methyl and 2-sodium derivatives of benzotriazole.152, 161

The benzenoid and quinonoid structures of benzotriazoles
150, 151 are also manifested in their IR spectra. The spectra
of 1-substituted benzotriazole 150 display bands for ring
vibrations at 665 ± 670, 1565 ± 1590, 1614 ± 1616 cm71, while
in the case of 2-substituted benzotriazole 151, these bands
occur at 620 ± 630, 1567 ± 1569 cm71. The IR absorption
frequencies of the substituent CH2Si(OCH2CH2)3N in com-
pounds 150, 151 almost do not depend on its position (1 or 2).

In the IR spectra of compounds O=S(CH2CH2)2N.
.(CH2)3Si(OCHRCH2)3N (R=H, Me) (159 and 160), the
strong bands at 830 and 1035 ± 1130 cm71 refer to the
Si7O7C groups. This range (1040 ± 1060 cm71) contains
also strong bands for S=O. The medium bands at 489 cm71

are due to the S=O bending vibrations. The bands at
570 ± 580 cm71 represent the bending vibrations of the sila-
trane cage.127

In the IR spectra of N-(1-silatranylmethyl)lactams (162 ±
167),128 the carbonyl absorption is shifted to longer wave-
lengths by 20 ± 40 cm71 relative to that in the spectra of the
N-(trialkoxysilyl)- and N-(trimethylsilyl)methyl derivatives.
This effect is enhanced if the silatranyl group bears three
methyl groups in positions 3, 7 and 10. For example, in the
spectra of compounds 165 ± 167, n(C=O) is recorded at
1610 cm71, which is 25 ± 80 cm71 higher than that for unsub-
stituted analogues. The lack, in the IR spectra of N-(1-
silatranylmethyl)lactams, of a band at 1500 ± 1520 cm71, typ-
ical of Si-substituted N-(dimethylsilylmethyl)lactams with
intramolecular O?Si coordination confirms the absence of
this coordination bond.

High dipole moments (m) of silatranes (5 ± 7 D) indicate
that the charge transfer from nitrogen to silicon equals
0.1 ± 0.3 e.5, 8 In line with this, the dipole moments of
(CH2)nN(CH2)mSi.(OCH2CH2)3N (n=4±6; m=1, 3) (123 ±
128) are in the range of m=5.0 ± 5.6 D.120 These values are
3.2 ± 3.4 D higher than the dipole moments of the respective
(N-azacycloalkyl)triethoxysilanes (CH2)nN(CH2)mSi(OEt)3
(n = 4±6; m=1, 3).

The dipole moments of N-(1-silatranylmethyl) derivatives
of pyrrole (142), indole (146), 2-methylindole (147) and carb-
azole (148) depend on the structure of the heterocyclic sub-
stituent.144 The dipole moments of the silatranylmethyl
derivatives increase in the sequence 148< 146< 147< 142,
which is not the case forN-(trimethoxysilylmethyl) derivatives
of pyrrole, indole and 2-methylindole, the parent heterocycles
(pyrrole, indole, carbazole), 2-methylindole or their N-methyl
derivatives. This effect is due most likely to specific features of
the electronic interaction of the Het and Sa fragments in

compounds 142, 146 ± 148. The role of their specific spatial
structure in solution cannot be ruled out either.

3. Chemical properties
Specific reactivities of 1-(N-heterylmethyl)silatranes
Het(CH2)nSa with polarised Si7C bond are of particular
interest.

Indeed, the reaction of 1-(piperidinomethyl)silatrane (125)
with CCl4 in benzene gives the corresponding hydrochloride
even under daylight [(18 ± 20) 103 lux].162 The hydrogen atom
is readily split off from the methylene group attached to silicon
to give hydrogen chloride, which adds to anothermolecule 125.
The subsequent behaviour of the Cl3C

.
radicals and the

dehydrogenated initial silatrane as well as the composition
and structure of the resulting polymeric products or the exact
mechanism of this reaction are still obscure. The induction
period of this photochemical process is 0.2 h.

The induction period of a similar reaction with 5-methyl-
(N-piperidinomethyl)-1-methylquasisilatrane (200)

is 96 h at the same luminous intensity. The photochemical
reaction of CCl4 with (CH2)5NCH2Si(OEt)3 or Et3N at the
luminous intensity of (18 ± 20)6103 lux starts only after 120 or
144 h, respectively.

The basicity of nitrogen in 1-(N-heterylmethyl)silatranes
Het(CH2)nSa is much higher than in R2NCH2Si(OEt)3 or in
aliphatic amines. This is a result of strong electron-releasing
effect of the CH2Sa 29, 30 group and n,s-hyperconjugation in
the NCH2Si fragment.162 ± 167

In molecules such as NCH2Si(OR)3, the n,s-interaction
decreasing the nitrogen basicity exists in parallel with the
electron-releasing effect of the CH2Si(OR)3 group.168 ± 170 The
enhanced basicity of nitrogen in the NCH2Sa fragment is also
indicated by the ionisation potential (7.46 eV) of the nitrogen
lone pair in 1-piperidinomethyl-3,7,10-trimethylsilatrane
(201),

which is much lower than that in N-methylpiperidine
(8.30 eV).162, 168 The ionisation potentials of the molecules
(CH2)5NCH2Si(OEt)3 and (CH2)5NCH2SiMe(OCH2CH2)2.
.NMe (200) are also increased (7.95 and 8.15 eV, respecti-
vely). This is confirmed by equilibrium constants of the
phenol complexes with (CH2)5NCH2Si(OCHMeCH2)3N
(1100 litre mol71), (CH2)5NCH2Si(OEt)3 (110 litre mol71),
(CH2)5NCH2SiMe(OCH2CH2)2NMe (200) (150 litre mol71)
and Et3N (52 litre mol71).162, 171 Note that the basicity of the
N atom in methylbis(1-silatranylmethyl)amine is even higher.
(Pyrrolidinomethyl)- (123) and (piperidinoalkyl)silatranes
(125, 126) react with methyl iodide in ethanol or toluene to
give methiodides 202 ± 204 with melting points above
200 8C.118

NCH2Sa + CCl4

125

NH+CH2Sa Cl7 +
.
CCl3

NCH2Si
OCH2CH2

OCH2CH2
Me

NMe

200

NCH2Si

OCHMeCH2

OCHMeCH2

OCHMeCH2

201

N
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(Silatranylalkyl)tetrahydro-1,4-thiazine 1-oxides react
with MeI in a similar way to give quaternary ammonium
salts.126

The reaction of 1-(8-quinolylthiomethyl)silatrane (138)
with copper(II), zinc(II) and tin(IV) chlorides in chloroform
affords 1 : 1 complexes 205 ± 207.172, 173

The complex of silatrane 138 with SnCl4 (207) contains a
strongN?Sn donor ± acceptor bond. The complex with ZnCl2
(206) has a chelate structure (the zinc atom forms a donor ±
acceptor bond with nitrogen and sulfur atoms). The reaction
product of compound 138with CuCl2, viz., complex 205, exists
in solutions as two species: a complex with the N?Cu bond
and a chelate in which Cu is coordinated to N and S atoms.

1-(8-Quinolylthiomethyl)silatrane (138) reacts with an
equimolar amount of HCl in ether giving 1 : 1 hydrochloride
208. When an excess of hydrogen chloride is used, one
endocyclic Si7O bond is cleaved in the Sa fragment.172, 173

Note that in the silatrane derivatives of nitrogen hetero-
cycles Het(CH2)nSa, the negatively charged oxygen atoms of
the silatrane fragment are more prone to form hydrogen bonds
than the heterocycle nitrogen atom. In the crystal hydrate of
N-[1-(1-silatranyl)ethyl]pyrrolidone (169), water molecule is
connected by O_HO hydrogen bonds to the oxygen atom of
the silatranyl group.130Unfortunately, the formation of hydro-
gen bonds by silatrane nitrogen heterocycles has been scarcely
studied.

* * *

Silatranes as compounds possessing a cage structure and
containing a trace substance, silicon, exert a physiological
action on all living organisms, existing at different stages of
evolution (from microbes to humans).16 The biological action

of silatranyl nitrogen heterocycles is due to both the presence of
a heterocyclic system and the presence of hypervalent silicon
atom in appropriate environment. Unfortunately, the bio-
logical activity of 1-(N-heterylalkyl)silatranes has not been
adequately studied as yet. However, we are confident that in
the near future valuable pharmaceutical agents or protection
means for agricultural plants will be found among this class of
compounds.
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I. Introduction

Chemistry of metallasiloxanes (hereinafter, MS), viz., com-
pounds containing a fragment, where M is a metal
atom, initially emerged as a subfield within chemistry of
organosilicon compounds, but then gradually grew into an
independent scientific direction. The vast majority of trans-
formations of MS directly involves the SiOM fragment, and
the structure of MS is largely governed by the coordination
properties of the constituent metal.

Intensive investigations into individual metallasiloxanes
started in the 1950s. The major results of these studies are
summarised in a number of reviews and monographs.1 ± 8 In
parallel, oligomeric 9 ± 11 and polymeric MS containing metal-
lasiloxane fragments in the main organosiloxane chain became
a subject of numerous studies. Some of these compounds came
into industrial-scale production within literally years of their
first synthesis.12

The following directions in the chemistry of metallasilox-
anes have proven most fruitful over the last 15 years:

Ð the development of novel methods for the creation of
the metallasiloxane fragment, which has led to the discovery of
new structural types of MS and extended the range of metal
atoms that can be incorporated in the metallasiloxane frag-
ment;

Ð investigations into highly specific chemical transforma-
tions of MS;

Ð the development of general concepts that describe the
formation of the MS structure;

Ð the elaboration of concepts that rationalise the regu-
larities of rearrangements of metallasiloxane fragments in the
structure of MS;

Ð the application of MS as catalysts in various processes
of organic synthesis.

II. Synthetic methods in the chemistry
of metallasiloxanes

Methods used to create themetallasiloxane fragment are rather
diverse. Some early methods have been modified and are used
nowadays.

The reaction of organosilanols with reactive metals, such as
alkali metals,13 zinc 14 or aluminium,15 represents one of the
historically first methods.

Presently, this method retains its preparative importance
mainly for the synthesis of alkali metal organosilanolates.

The reaction of organosilanols with organometallic com-
pounds is a less common method.16 ± 18

Typically, this reaction is accompanied by the liberation of
the corresponding hydrocarbon. However, according to recent
studies,19 in some cases hydrocarbon ligands at the metal atom
undergo rearrangements (e.g., fulvene converts into cyclo-
pentadienyl giving rise to compound 1).
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The heterofunctional condensation is the most common
method for the synthesis of MS; this reaction can be accom-
plished in different ways to afford both individual and oligo-
meric MS (R, R0 and R00 are organic substituents) (Scheme 1).

Scheme 1

Below we consider only those versions of the heterofunc-
tional condensation that are widely applied in modern studies.
A combination X=R00 and Y=Hal (see Scheme 1) is espe-
cially suitable for the synthesis of polymeric MS, since the low-
molecular-mass condensation product (R00Hal) does not
destroy the main chain of the product.20

Organometallic derivatives with Y=OR0 should be uti-
lised provided the self-condensation of a silanol R3SiOH is
hindered, for instance:21

The heterofunctional condensation of silanols with metal
halides (X=H and Y=Hal in Scheme 1) is useful in those
cases where a silicon (or metal) atom bears a bulky branched
substituent (e.g., isopropyl or tert-butyl group).22

If the Sn atom bears isopropyl (but not tert-butyl) groups,
cyclic organostannasiloxanes can undergo polymerisation.

Often, the reaction of organosilanediols with metal halides
results in only partial substitution of organosiloxy groups for
the Cl7 ions.23

Derivatives with one or two Cp groups at the metal atom
can be obtained provided the Si atom in the starting organo-
silicon compound bears the But group; this reaction is impos-
sible with Et or Ph substituents at the silicon atom.24

The presence of a bulky branched group at the silicon atom
allows the use of organosilanetriols in addition to diorgano-
silanediols in these reactions, since their self-condensation is
hindered.25
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It must be noted that the synthesis of Nb- and Ta-contain-
ing MS (for instance, compounds 2a,b) is accompanied by the
formation of metal oxide fragments M7O7M,26 which
cannot be explained by the heterofunctional condensation
mechanism. This fact suggests a rearangement to occur during
the synthesis (this is described in more detail in Section IV).

In some cases, the reaction is additionally complicated by a
competing process, viz., organosiloxy group substitution for
the p-coordinated ligand.26 Sunthesis of compound 3 may
serve as an example.

The strongest shielding effect among organic substituents
studied is exerted by the fluorenyl group, which allows com-
plete suppression of the self-condensation of the organosilane-
triol upon its reaction with metal alkoxides. The
heterofunctional condensation of fluorenyl-substituted orga-
nosilanetriols 4a ± c

with titanium alkoxides Ti(OR)4 yields cage titanasiloxanes
5.27, 28

Another relatively rare method for the synthesis of MS,
viz., the reaction of organosilanols with metal amides or imides
can also be classified as the heterofunctional condensa-
tion.29 ± 31

Owing to the presence of bulky substituents at the silicon
atom in compound 6, a novel tricoordinate tungsten com-
pound 7 was synthesised.30

An analogous reaction of metal silylamides with organo-
silanols yields MS with the disilane bridges Si7Si; the tris-
(trimethylsilyl)silyl fragment (Me3Si)3Si acts as a bulky sub-
stituent in this case.32, 33

M n L

Co 2 THF, DME, MeCN, PhCN, 2,20-bipy,
4,40-bipy, Ph3P

Fe 2 2,20-bipy, 4,40-bipy
La 3 THF

Gd 3 THF, MeCN, 4,40-bipy

The Si7Si bonds in these compounds are highly reactive.
They are very sensitive to oxidation and are easily converted
into the siloxane fragments Si7O7Si under the action of O2

(Ref. 32); pyrolysis in the absence ofO2 results in themigration
of an O atom, which is accompanied by a rearrangement and
formation of the bond Si7M.34, 35

The reaction of alkali metal organosilanolates with poly-
valent metal halides (M0) is yet another popular version of the
heterofunctional condensation; it is commonly referred to as
the exchange reaction in the literature.

This reaction is most versatile. It was successfully used to
synthesise MS containing Mg, Zn, Al, Ga, Ti, Zr, Fe, Co, Ni,
Cu and some othermetals,8, 11 which substantially extended the
range of metal atoms incorporated in the metallasiloxane
fragment.36 ± 40 The use of bulky organic groups at the silicon
atom played the key role in the development of the synthetic
potential of this method.

R = 2,6-Pri2C6H3NSiMe3.
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The presence of bulky substituents at the silicon atoms not
only makes it possible to synthesise low-coordinate metal
complexes but also deliberately change the metal oxidation
state by varying the size of this group. In particular, the
reduction of (Pri3SiO)3TaCl2 yields a stable bridging complex
of Ta(IV); an analogous complex with But in place of Pri is
unstable and undergoes the disproportionation into Ta(V) (8a)
and Ta(III) (8b) compounds.37

The But groups are preserved upon subsequent transfor-
mations of the MS.37

Under reductive conditions (i.e., H2, 1 atm), siloxy tung-
sten derivatives are converted into unusual siloxyhidrides 9,
which represent a new class of compounds.38 They could be
isolated as individual compounds due to the stabilising effect of
the R3SiO groups.

Compounds (But3SiO)3M (M=V or W) undergo redox
reactions.31

In the above considered examples, the triorganosiloxy
groups at the metal atoms played the role of bulky substituents
that enabled various redox transformations, synthesis of low-
coordinate metal complexes and isolation of unstable com-
pounds, these groups being not directly involved in the
reactions. However, there are some examples of the direct
involvement of the siloxy group in reactions, for instance, in
the rearrangement of a heterocyclic fragment formed upon the
addition of 3,5-lutidine to a metal site.41

In some cases, exchange reactions occur in an unusual way.
In particular, the OAr group at the Ti atom can compete with
the Cl ions for the reaction with the group Si7OLi. The highly
strained three-membered ring is expected to form in the first
step according to the general reaction route undergoes a
rearrangement into a more stable four-membered ring (the
diatomic fragment Si7O or M7O is taken as a ring mem-
ber).42

A Co(I)-containing MS has been synthesised for the first
time using the exchange reaction.43

In addition, polyhedral MS based on trifunctional organo-
silicon fragments RSiO1.5 were synthesised using the exchange
reactions. This gave rise to a new class ofMSwith unusual cage
architectures.

The general reaction pathway includes hydrolysis of orga-
notrichlorosilanes, alkali-assisted cleavage of the polysiloxane
followed by the exchange reaction of the resultant organo-
silanolate with polyvalent metal halides. The polysiloxane
produced in the first step of the process contains the silanol
groups Si7OH, which are prone to self-condensation accom-
panied by liberation of water. This results in a partial removal
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of the metal from the reaction medium in the form of
hydroxide. Therefore, for alkali-assisted cleavage of the poly-
siloxane, definite amount of sodium (not shown in the reaction
scheme below), which reacts with the silanol groups, has been
added to the reaction medium in addition to alkali to max-
imally suppress the potential self-condensation of the silanol
groups.

Two versions of this reaction have been studied,44 ± 49 viz.,
partial (a) and complete (b) substitution of the polyvalent
metal atoms M0 for the silanolate groups SiOM.

The majority of compounds synthesised according to the
above scheme irrespective of partial or complete substitution
of the silanolate groups have prism-shaped structures (some-
times, skewed prisms) with the cyclosiloxane fragments at the
base (compounds 10 ± 14) (in the structure of compound 11, the
O0 atoms belong to coordinated water molecules).

The cyclic fragments at the base of the prism are expanded
from six- to eight-membered rings when lanthanides are
introduced into MS 50 ± 53 (compounds 15).

For a, b see text; n is the oxidation state of M0; Vin is vinyl.
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In some rather rare cases of Cu-containing MS 16a ± c also
incorporating alkali metal cations, the cage is characterised by
a globular shape.54, 55

Compound 16 M R n

a Na Et 4

b Na Ph 8

c K Vin 4

It waas possible to convert the prismatic structure into the
globular type cage upon prolonged heating of the compound in
an organic solvent (butanol or dioxane).56

In those case where MS simultaneously contain transition
(polyvalent) and alkali metals (in unsubstituted silanolate
groups), other transition metals can substitute the alkali
metal ions. Here, partial structural transformation of the
metal ± oxygen part of the cage occurs to yield bimetallic MS
17, which are also characterised by prismatic structures.57 ± 59

The reaction of Cu-, Co-, Ni- andMn-containing prismatic
MS with acetylacetone gives rise to a partial removal of the

metal ions from the cage in the form of the respective
acetylacetonates.60

Substitution of the copper ion for an alkali metal ion in the
outer sphere of the globular MS 16c results in the incorpora-
tion of an unusual cation MCl� (Ref. 61).

Spirocyclic fragments assembled from the unitsM7O7M
linked to siloxane rings are common to both types of structures
(i.e., prismatic and globular). The synthesis of this novel class
of the cage MS stimulated chemists to try to rationalise the
mechanism of their formation. A suggested general scheme of
the formation of such structures postulated the presence of
alkali metal silanolates in the form of associated silanone
derivatives in the reaction medium. These associates rearrange
to yield building blocks of the prismatic cages considered
above.62

The formation of MS containing unsubstituted organo-
silanolate groups can be described in a similar way.
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The above method for the synthesis of cage MS has several
disadvantages. Thus the yields of target products are low due
to the presence of free OH groups in the starting organo-
siloxane (despite the use of metallic sodium as described
above). In addition, no cage MS with small organic substitu-
ents at the silicon atoms (e.g., methyl) can be synthesised by
this method, since the respective starting siloxanes are insolu-
ble.

The idea of modification of the method for the synthesis of
polyhedral MS has been inspired by the above scheme of the
cage `assembly'. It was the first step of the process, viz., the
generation of silanolates that has been modified. It was
suggested to assemble a cage structure from monomeric units
rather than cleave the organosiloxane into separate fragments
under the action of a base. The polyvalent metal atoms were
thought to act as nuclei that would arrange components of the
future polyhedron. Trialkoxyorganosilanes were selected as a
source of the monomeric units.63 ± 67

The new version provided higher yields in the syntheses of
all the above cage structures, this also enabled the synthesis of
cage Na,Cu-vinyl-, K,Cu-phenyl- and Na,Cu-methylsiloxanes
inaccessible earlier.68, 69

The mechanism of the cage formation considered above
was somewhat changed, as applied to trialkoxyorganosilanes.
The modified mechanism assumed the generation of metalla-
siloxane associates A followed by the condensation of func-
tional groups at the silicon atom giving rise to spirocyclic
fragments around the metal atoms.67

It must be noted that such a mechanism is equally appli-
cable to the formation of cage MS according to the previous
method (i.e., without alkoxysilanes) and seems more prefer-
able, since it does not presume the formation of extremely
unstable silanones as intermediates.

The idea of exploiting different reactivities of the fragments
Si7O7Si and Si7O7M in polyhedral MS proved to be the
most fruitful: the fragment Si7O7Si is sensitive to the action
of nucleophilic agents, whereas the fragment Si7O7M is
rather susceptible to electrophiles. The reaction of cage MS
with Me3SiCl results in the cleavage of the fragments
Si7O7M to yield macrocyclic organosiloxanes, in which the
configuration of the starting MS is preserved.64, 70, 71 Globular
structures are transformed into 12-membered rings with the
cis ± trans configuration (e.g., compound 18; bonds forming a
closed macrocycle are shown as thick lines), whereas prismatic
structures are transformed into six-membered siloxane rings in
the cis configuration. The reaction with a mineral acid (H2S or
dilute HCl with cooling) instead ofMe3SiCl yields Si-function-
alised stereoregular hydroxycyclosiloxanes 19.66, 72

Metal sulfides, which are by-products of the reaction, form
nanocomposite aggregates dispersed in the siloxane matrix,
which is promising for the design of new materials. Further-
more, the highly reactive hydroxycyclosiloxanes can be
regarded as active precursors of structurally organised systems.

Stereoregular organosiloxane rings with smaller sizes, e.g.
[PhSi(OSiMe3)O]4, have been synthesised 65 in a similar way by
the reaction of cyclic organosilanolate [PhSi(ONa)O]4 with
Me3SiCl.

Presently, it is the only method that makes it possible to
synthesise stereoregular cyclosiloxanes with variable sizes.
Moreover, it provides wide capabilities for further syntheses.
In particular, if the organotrichlorosilane bears functional
groups in the organic substituents at the silicon atom, the
reaction yields stereoregular cyclosiloxanes, such as
(PhSiO)12[OSiMe2CH2OCH2O2CMe]12, which can be incor-
porated in polymeric siloxane chains.73, 74

In addition to the methods for the creation of fragments
Si7O7M considered above, yet another method is of parti-
cular interest. It is based on the cleavage of siloxane chains
under the action of metal compounds. For the first time, this
reaction has been carried out 75 with metal halides.
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Later, it has been shown 76 ± 80 that some metal halides as
well as alkyl derivatives are capable of cleaving the siloxane
bonds in organosiloxane rings.

The introduction of tin atoms into MS inverts the roles
played by the silicon and tin atoms, viz., the metallasiloxane
ring is opened under the action of silicon halides.22

In the modifications considered above, this reaction is of
limited use. However, it became widespread after the discovery
of the fact that organometallic compounds can cleave poly-
meric organosiloxanes. Now that this fact has been reliably
established it comes as no surprise. But for a long time, the very
idea of a reaction of an organometallic compound with a
polymeric organosiloxane seemed a nonsense. An occasional
observation gave an impetus to the reconsideration of this
issue: MS derivatives were detected upon storage of certain
organometallic compounds in a contact with an organosilicon
grease (which is often used for a ground joint sealing). In
particular, a mixture of Me2GaCl and ButAsLi2 in a contact
with polydimethylsiloxane (Me2SiO)n readily affords polynu-
clear lithium complex 20 containing neither Ga nor As in a
yield of 48%.81

Similarly, a prolonged storage of a solution of LiPEt2 in
diethyl ether at 20 8C in a contact with a silicone polymer gave
rise to the formation of Li-containing MS 21 with the hexag-
onal prismatic structure.82

In the modern version of this method, a diorganosiloxane
polymer rather than an individual compound [such asMe3SiO.
.SiMe3 or (Me2SiO)4] is used as the organosilicon component.
This allows the introduction (under mild conditions) of the
groups Me2SiO, which are involved in the construction of
metallasiloxane cages and can be incorporated as mono-, di- or
trisiloxane units. In addition to the metal halides,83 organic
derivatives of themain group 84, 85 and transition 86, 87metals as
well as lanthanides 88, 89 can be used as the metal-containing
component in this reaction. The structural features of the
resultant MS (e.g., 22 and 23) are considered in detail in the
next section.

We note that in some cases, the reactions of an organo-
metallic compound with a polyorganosiloxane and the respec-
tive individual cyclosiloxane yield identical products.90

R3SiOSiR3 + AlCl3 R3SiOAlCl2 + R3SiCl.
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This method is versatile and can be used for the synthesis of
alkali metal-contaning MS. For instance, the reactions of
disiloxanes with organometallic compounds (alkali metal
derivatives) (also in the presence of alkoxides) yield mixed
silanolates ± alkoxides with variable composition.91

Yet another method for the synthesis of MS consists of the
exchange of polyvalent metal ions. Typically, the reaction
results in a change in the molecular structure.21

This recently discovered transformation stimulated the
development of concepts underlying the structure formation
in MS (this subject is addressed in more detail in subsequent
sections).

Zavin and co-workers 92, 93 reported a non-traditional
method for the formation of metallasiloxane fragments based
on the reaction of organochlorosilanes with zinc oxide.

The resultant MS are intermediates in the synthesis of poly-
siloxanes. Two mechanisms of the transformation were con-
sidered.

1. The formation of polymeric zincasiloxane involving
bridging coordination bonds:

2. The formation of an intermediate zinc complex with the
organosilanone followed by its decomposition:

According to quantum chemical calculations, the former
mechanism is more probable from the thermodynamical point
of view. This reaction allows the formation of siloxane frag-
ments in a non-hydrolytic way. In particular, completely
soluble polymethylsilsesquioxane (MeSiO1.5)n with a molecu-
lar mass as large as *25 000 has been successfully obtained

from MeSiCl3 , which was nearly impossible with other
methods.

Concluding the section devoted to synthetic methods of
MS chemistry we note that the possibility of MS synthesis
under conditions of the mechanochemical activation has been
demonstrated quite recently; this makes it possible to accom-
plish a solvent-free process. The reaction of copper acetylacet-
onate with diphenylsilanediol can serve as an example.94

III. The structure of metallasiloxanes

The methods for the synthesis and transformations of MS
considered in the previous section are difficult to systematise.
On the contrary, the classification of structures of individual
MS is rather straightforward. Most conveniently, all the MS
synthesised can be divided into three large groups according to
the type of the constituent organosilicon fragment:

Similar structures within this classification would fall into the
same group. Meanwhile, the general principles of the forma-
tion of the coordination sphere of the metal atom remain
common for all these groups.

In the vast majority of cases, the coordination sphere of the
metal atom is filled by bridging oxygen atoms from the
neighbouring fragments Si7O7M. The formation of coordi-
nation dimers is typical of MS containing monofunctionalised
fragments R3SiO (compounds 24 ± 26). Similar structures
occur for a variety of main group and transition met-
als,21, 29, 95 ± 98 including Ru, Rh and Pd.99 ± 104

In a few cases, coordination tetramers (e.g., compound
27) 16, 105 or hexamers (compound 21) are formed.

In addition to the oxygen atoms from the Si7O7M
groups, highly basic O atoms from the M7O7M groups can
be involved in the coordination sphere of the metal atoms [as,
for instance, in Nb (23) and Pb organosiloxanes (28)] 106 as well
as anions, usually halides (as in compounds 2 and 3).
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InMS bearing flexible difunctionalised organosilicon frag-
ments SiR27O7SiR2, the filling of the metal coordination
sphere requires the respective change in the moleculular con-
formation. The major driving force of the change, viz., the
coordination unsaturation of the metal atom, sometimes
makesmolecules fold in intricate way. The coordination sphere
of the metal atoms involves O atoms of the Si7O7M groups.
This can be seen in metallasiloxanes containing aluminium or
gallium (compounds 29a ± c),76 ± 80 alkali-earth metals (com-
pounds 30a ± c) 107, 108 or silver (compound 31).87

Trifunctionalised fragments RSiO1.5 give rise to MS with
totally different structures, although the basic principle of the
metal coordination sphere formation, viz., the involvement of

the O atoms from the fragments Si7O7M and M7O7M
and sometimes stabilising Hal7 anions, is preserved. This can
be seen in cage structures 12 ± 14.

It is noteworthy that there are only a few types of the
coordination polyhedra of the metal atom; in the majority of
cases, the polyhedron is close to either tetrahedron [the
coordination number (CN) is 4] or tetragonal bipyramid
(CN=6).

Among ligands that fill the coordination sphere of the
metal atom in MS, one ligand takes a special place. This is the
silanolate anion, SiO7. This appears in the structures of MS
containing a polyvalent metal and the silanolate groups
Si7O7M, where M is an alkali metal. As a result, mixed-
metal MS involving metal atoms of different nature (i.e.,
polyvalent and alkali metals) are formed, the alkali metal
atoms being not incorporated in the cage. The existence of
anions in these systems was confirmed by electrochemical
techniques.109 The majority of individual crystalline MS
obtained so far fall into this type of compounds. They are
obtained in high yields (>90% in some cases) 63 and are rather
stable and do not change composition upon subsequent
recrystallisations. Different structures involving the silanolate
anion have been synthesised with a variety of metal atoms. For
instance, a series of compounds 32 with Mg,110 Cr,111 Co,112

Cu,113 Gd,114 V 115 and Sn,116 which are characterised by a
structure similar to the tetracyclic Al- and Ga-containing MS
(e.g., structures 29a ± c), have been synthesised.

Similarly, transition metals, such as Ti,117 Zr,118 Hf 119 and
Ta116 (compounds 33), have been successfully incorporated
into octahedral MS structures closely related to the Ca, Sr and
Ba organosiloxanes (compounds 30a ± c) owing to the silano-
late anions.

MS based on trifunctional fragments RSiO1.5 and contain-
ing the silanolate anions are equally numerous. Prismatic Cu,K
(8), Mn, Co and Cu organosiloxanes (12a ± c) as well as
cubane-like Al 120 and Ga(In) organosiloxanes 121 (compounds
34) can be given as examples.
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Some cage molecules with the silanolate anions specific to
this group of compounds have been synthesised, for instance,
basket-like Co organosiloxane 35 48 and globular structures
16a ± c.

The coordination ability of the silanolate anion is so high
that it can replace other ligands in the coordination sphere of
the metal atom, in particular, n-donor ligands 105 and the O
atoms of the fragments Si7O7M, which are typical ligands
for MS.97, 122

It is worth noting that the O atoms of the fragments
Si7O7M can replace n-donor ligands in the coordination
sphere of the metal atom both in individual 102 and oligomeric
MS.123

Therefore, the coordination environment of themetal atom
becomes most stable with the introduction of the silanolate
anions. For some transition metals (Cr, Co, Cu, V, Ti, Zr and
Hf), only MS containing the silanolate anions have been
synthesised so far.

Several general regularities not mentioned above that are
somewhat hidden by the multitude of structural types of
silanoxanes can be revealed. First, oxygen atoms located
between two silicon atoms, i.e., in the siloxane units
Si7O7Si, virtually never enter into the coordination sphere
of the metal atom. This can clearly be seen in the structures 20,
29 and 30. In sodium diphenylsilanolate 36, the O atoms of the
disiloxane fragments are also located outside the coordination
cluster.124

A similar situation is observed in the structure of tallasilox-
ane 22 where metal oxide cubic fragments are linked together
into a chain with disiloxane bridges.

This regularity is also strictly obeyed in prismatic structures
built up of trifunctionalised fragments RSiO1.5 (e.g., com-
pounds 12 ± 14). This behaviour of the siloxane fragments in
MS is due to the ultimately low basicity of the O atom in the
unit Si7O7Si. This fact is nearly completely ignored in the
literature devoted to MS but it is actually of no surprise.
Independently of MS studies, this property of the siloxane
bonds has been established for organosiloxanes.125 Diorgano-
cyclosiloxanes (Me2SiO)n (n=6±8) cannot be used as crown
ethers for the same reason.126

Nevertheless, there are examples of structures violating this
rule: in complex 37, the K+ cation is coordinated to a seven-
membered organosiloxane ring,127 in complexes 38 and 39, the
cations Li+ are coordinated to five- and six-membered organo-
siloxane rings, respectively.128

M= Al, Ga, In; M0 =Li, Na; R = 2,6-Pri2C6H3NSiMe3; R
0 =Me, Et.
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These results however should not be interpreted as a
manifestation of increased basicity of the O atoms of the
fragments Si7O7Si, especially taking into account that the
cations are located not exactly in the plane of the ring but
rather above it.

Another structural feature ofMS nearly completely missed
by researchers consists of the formation of metal oxide frag-
mentsM7O7M in some cases (e.g., compounds 2, 3, 4, 13, 23
and 28). This concerns units linked by s-bonds rather than
coordination interactions. The appearance of such fragments
cannot be explained by the schemes of synthesis of these MS
and is due to the secondary process, viz., the rearrangement of
metallasiloxane chains. It has to be emphasised that no
formation of the fragments M7O7M occurs in structures
containing the silanolate anions.

IV. Rearrangements of metallasiloxanes

The structural diversity of synthesised MS raised questions on
basic principles of their structure formation. The influence
exerted by the nature of organic and alkoxy groups at the
silicon atom in trialkoxysilanes RSi(OR0)3 as well as by
conditions of synthesis on the selective formation of a certain
type of cage (prismatic vs. globular) in the synthesis of
individual Na,Cu and K,Cu organosiloxanes has been thor-
oughly studied.57

Wide potential of the synthesis of some inaccessible MS
provided by the use of bulky R3SiO groups is now adopted as a
specific concept, which considers these groups as an alternative
to the cyclopentadienyl ligand due to their rather similar sizes
and electron donor properties.129

In the majority of studies, the emphasis is placed onto
regularities of the synthesis and structural features of the target
MS, whereas possible side reactions and post-synthetic trans-
formations of MS have eluded the appropriate consideration
for a long time. Nevertheless, from experimental evidence
gathered, it gradually became apparent that the as-synthesised
compounds partly or sometimes completely rearrange into
other compounds with increased or decreased metal content
(with respect to the parent compound). Some syntheses ulti-
mately afforded metal-free or silicon-free compounds. Such
rearrangements are often accomanied by the formation of
metal oxide M7O7M chains (in the reaction equations
below, reaction products enriched with silicon are indicated
first and those enriched with metal are indicated second).

As has been established upon the extension of the range of
compounds under study, similar transformations also occur
with oligomeric MS.139 ± 144

In the majority of cases considered in the previous section,
the rearrangements are suppressed (typically, due to the
presence of stabilising anions). In the absence of suppressing
factors, the rearrangments of oligomeric MS can be detected
using fractionation. The fractions isolated differ in the metal
content, i.e., the M : Si atomic ratio, which gradually decreases
from the first fractions to successive ones, rather than in the
molecular mass, which is typical of the majority of polymers
(Table 1).

In the case of individual MS, the influence of the metal
nature (transition vs. main group metal) is somewhat masked
except for the fact that the synthesis of MS with several
transition metals (viz., Cr, Co, Cu, V, Ti, Zr and Hf) was
possible only in the presence of the silanolate ions. Meanwhile,
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Table 1. Rearrangement products of oligomeric metallasiloxanes.

Monomeric unit Range of the Ref.

M : Si ratios

in fractions

0.5 ± 1 139

0.27 ± 0.32 a 139

0.05 ± 0.28 b

0.31 ± 2.0 140, 143

0.21 ± 2.5 140, 143

0.18 ± 1.6 142, 144

0.14 ± 0.9 142, 144

aAl : Si; bCu : Si.
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this is not required for main group metals. It can be assumed
that the syntheses ofMSwith the transitionmetals listed above
in the absence of the silanolate anions were accompanied by
rearrangements to yield products that were of low importance
for synthetic chemists. Thus, these results were not reported
and the rearrangements eluded the discussion.

In contrast, in the case of oligomeric MS, the influence of
the metal nature is more prominent: the rearrangements are
manifested more clearly with transition metals. According to
the current concepts,142, 143 the rearrangements are driven by
coordination unsaturation of the metal atoms in siloxane
structures. In oligomeric MS, there are three inequivalent
types of the oxygen atoms, viz., those present in siloxane,
metallasiloxane and metal oxide units:

As has been noted above, the oxygen atoms of the siloxane
fragments cannot be involved into the coordination sphere of
the metal atom due to their ultimately low basicity. On the
contrary, the O atoms of the metallasiloxane (Si7O7M) and
metal oxide (M7O7M) units are sufficiently basic and thus
readily occupy the coordination sphere of the metal atom.

Thus the driving force of rearrangements consists of the
formation of compounds with increased amount of such frag-
ments. They proceed via intermediate complexes and further
give rise to metal oxide fragments,142 which cannot be
explained by the mechanism of the MS synthesis.

Under certain conditions (primarily, with an appropriate
solvent), one of the rearrangement products (either the one
enriched with metal or that enriched with silicon) is eliminated
from the reaction medium due to its lower solubility. In such
cases, the rearrangement can be observed even without fractio-
nation. Two different processes are possible, depending on the
composition of the reaction medium, viz., precipitation of
poorly soluble crystalline metal-free organosilsesquioxanes
(RSiO1.5)n (e.g., compounds 40 and 41) 141, 145

or, alternatively, of poorly soluble fractions enriched with
metal. Sometimes, the process results in complete removal of
metal in the form of the respective oxide from siloxane
chains:146

In order to gain a deeper insight into the rearrangement of
MS, the kinetics of this process was studied using UV spectro-
scopy. Co-containing oligophenylsiloxanes were selected as the
subjects of this study.147 It was found that the rearrangement
obeys the first-order law with a mean apparent reaction rate
constant kapp= (4.5� 0.5)61076 s71. The first order of the
reaction implies that the total rate of the rearrangement is
limited by the decomposition of the intermediate complex to
yield compounds with increased metal content with respect to
the original MS.

According to studies of the MS rearrangement as a
function of the number of identical organic groups at the
silicon atom,148 branched structures containing fragments
RSiO1.5 suppress the rearrangement to a larger extent than
linear structures with the fragments R2SiO. This observation
pointed to a possible means to suppress the rearrangement,
viz., an increase in the steric hindrance of the molecule with the
introduction of sildioxane fragments SiO2 (Ref. 149).

It has been established 149 that the introduction of sildi-
oxane fragments into oligomeric MS impedes the formation of
an intermediate complex, which appears in the course of the
rearangement.

Alternatively, the rearrangement can be suppressed by
using bulky aliphatic groups at the silicon atom, which steri-
cally hinder the interchain coordination of MS.150

Conditions accelerating the rearrangement have also been
found. It has been established that the presence of a catalytic
amount of metal halides promotes rapid rearrangement
towards compounds enriched with metal.149 Presumably, the
rearrangement proceeds via a six-membered ring intermediate,
which is most typical of organosiloxane compounds.
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The reaction (1) discussed in Section II, in which the Ti
atom substitutes the Mg atom in the MS structure, indicates
that magnesium can act as an alkali metal as regards the
exchange reaction. The electronegativity of Mg (1.2) is close
to the respective values for alkali metals (0.91 ± 0.97), which
naturally leads to a conclusion that the Mg ion is capable of
generating the stabilising silanolate anions in theMS structure.
A bimetallic Cu,Ca organosiloxane 42 has been synthesised to
verify this suggestion.151 The choice of the alkaline-earth metal
was dictated by the fact that calcium, in terms of electro-
negativity (1.04), is rather more similar to alkali metals and
thus a prominent stabilising effect could be expected. Another
bimetallic Cu,Cd organosiloxane 43 has been synthesised for
comparison 151 (for both structures, coordinated solvent mol-
ecules are omitted for clarity).

A comparison of the two structures, 42 and 43, indicates
that the silanolate anions introduced into the structure
together with two calcium ions are accomodated in the
coordination spheres of four Cu ions. Meanwhile, the cad-
mium ions, which are characterised by a substantially higher

electronegativity (1.46) as compared to calcium, cannot bring
the silanolate ions into the structure. As a result, a stable
crystalline structure can be formed only with the assistance of
additional coordinated anions (Br7 in the present case).

V. Metallasiloxanes in catalysis

Alkali metal organosilanolates are traditional catalysts of the
anionic polymerisation of organocyclosiloxanes aimed at the
production of linear organosiloxane polymers.8More recently,
it was found that the use of mixed silanolates ± alkoxides
K4Li4(OSiMe3)6 ± 8(OBut)1 ± 2 allows the synthesis of high-
molecular-mass organosiloxanes with a low polydispersity.91

In the majority of cases, the catalytic properties of MS are
caused by the nature of the metal atom, which acts as the
catalitically active site. As a rule, the siloxy groups play only a
secondary role forming a specific environment of the catalytic
site. Nevertheless, the involvement of the siloxane matrix
becomes decisive in certain cases.

A series of studies have been devoted to the catalytic
activity of MS towards the alkene conversion. Catalysts
mimicking the Ziegler ±Natta catalysts have been developed.
In these systems, a transition metal complex is combined with
AlR3. In particular, it has been demonstrated 111, 115 that
spirocyclic V(IV) and Cr(II) organosiloxanes (compounds 44
and 45, respectively) combined with AlMe3 efficiently catalyse
the ethylene and propylene polymerisation.

According to an original idea,152 organosiloxane cage can
be used as a support for catalytic sites instead of traditional
inorganic silicate matrix. For instance, polyhedral Cr(VI)
organosiloxane 46 possesses 153 as high activity as the classical
Philips catalyst (Cr/SiO2).

Modern investigations into the MS-based catalysts of the
alkene conversion are dominantly focused on the utilisation of
low-coordinate complexes. Several metal triorganosiloxy
derivatives (in particular, a tricoordinate tungsten complex 7)
are promising catalysts for the alkene and alkyne activation:
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Diorganosiloxyhydridotitanium (promoted with trime-
thylphosphine) forms an intermediate with ethylene 154 and
thus catalyses its conversion into but-1-ene and higher ethylene
oligomers.

In specific cases, an alkene is generated upon the conver-
sion of a metal (alkyl)siloxy derivative: for instance, thermo-
lysis of tungsten compound 47 yields alkenes upon
b-elimination of the alkyl groups in parallel to alkene com-
plexes.40

The advantage of bulky triorganosiloxy substituents at the
metal atom is manifested most prominently in studies of
catalytic properties of Nb and Ta organosiloxanes. It has to
be emphasised that it is with these two metals that Richard
Shrock (the 2005 Nobel Prize winner in chemistry) started his
search for metathesis catalysts by introducing the tert-butoxy
groups into the coordination environment of the metal sites in
order to impart stability to metallacarbenes generated from
them. According to more recent studies,155 this purpose can
alternatively be achieved with tert-butylsiloxy groups and it is
even more efficient since a larger number of bulky organic
groups can be attached to the catalytic site in this case. It has
been established 155 that niobium and tantalum triorgano-
siloxy derivatives add alkenes with the generation of the
respective metallacarbenes that catalyse the metathesis reac-
tion.

Triorganosiloxy-substituted tantalum hydrides represent
another type of catalysts. They efficiently bind CO, which

makes them promising catalysts of the Fischer ±Tropsch
reaction.156 ± 159

Polyhedral TiIII and TiIV silsesquioxanes, which are cha-
racterised by closed (compound 48) or partly closed (com-
pound 1) structures,160, 161 are used as either homogeneous or
heterogeneous alkene epoxidation catalysts.

Triorganosiloxy derivatives of platinum metals tradition-
ally find wide applications determined by the nature of the
metal. The organosiloxy groups increase the stability of these
catalysts in the repeated use. Rhodium triorganosiloxy deriv-
ative [Ph3SiORh(CO)2]2 performs as a highly efficient hydro-
formylation catalyst.100

Complexes RMSiPh3 . 2L (M=Pt or Pd; R=Me, Et or
Ph; L is cycloocta-1,5-diene) provide a higher catalytic activity
towards the CO hydrogenation than compounds R2M . 2L or
supported catalysts H2PtCl6/SiO2 (Ref. 162).

The formation of fragments Si7O7Pd in intermediates is
postulated 163 for the Pd-catalysed cross-coupling processes
involving organosilicon reactants.

Oligomeric MS are also applicable in catalysis. It has to be
noted that their use as a binder for supported catalysts shows
little promise due to the fact that they form most often
polymeric systems with a relatively low molecular mass
(2000 ± 5000), which are characterised by a low mechanical
strength.Nevertheless, studies of their catalytic properties gave
rise to interesting and sometimes surprising results.

These compounds were primarily tested in processes of
petrochemical synthesis due to their close analogy to inorganic
silicates. It has been found that oligomeric MS gradually lose
organic substituents being converted into inorganic silicates
upon the high-temperature polycondensation, although struc-
tural features of the starting MS are preserved. These com-
pounds successfully compete with inorganic silicates with
similar compositions, but they possess higher catalytic acti-
vities and selectivities in a number of processes, including
cracking, halogenation, dehydration, alkylation, etc.11

More recently, oligomeric MS found application as cata-
lysts for other reactions where metal silicates were inactive.
These include, for instance, the stereoselective oxidation of
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hydrocarbons (e.g., 1,4-dimethylcyclohexane) in the presence
of oligophenylferrasiloxane.164, 165

Probably, the most important catalytic application of
oligomeric MS relates to the halohydrocarbon conversion. A
number of large-scale industrial processes are based on these
reactions (e.g., the production of polyvinyl chloride, dichloro-
ethane, chlorobenzene, chloroalkanes, etc.). Halo-
hydrocarbons are poor ligands for the majority of metal
complexes, which complicates the choice of a proper catalyst.
This selection was however made on the basis of the following
idea: the most efficient catalysis is expected in those cases
where the chain-radical mechanism involving a variable-
valence metal atom becomes possible. Transition metals incor-
porated in the structure of the organosiloxane matrix can
change their oxidation state (this is the key step for the catalysis
of this type of reactions) remaining within the siloxane cage. Of
other advantages of the utilisation of oligomeric MS, their
solubility in organic solvents enables their application as
homogeneous catalysts. In the case of heterogeneous catalysts,
they can be chemically grafted to widely adopted inorganic
supports (SiO2, Al2O3 and so on). Furthermore, diverse
systems incorporating nearly any transition metals and their
combinations in specified ratios are now available. Their
properties can be additionally adjusted by varying parameters
of the high-temperature condensation processes, which
strongly affect surface characteristics of the target catalysts.

Oligomeric Cu, Co and Fe organosiloxanes have been
tested 166 as catalysts of the isomerisation of non-symmetric
3,4-dichlorobut-1-ene into symmetric 1,4-dichlorobut-2-ene (it
is the key step in the industrial production of chloroprene
rubber). The Cu-containing MS manifested the highest activ-
ity, which confirmed the current concept assuming the partial
reduction of the metal ions in the course of the catalytic
reaction: the copper ions undergo the reduction most readily
among the compounds studied. Still, the Co- and Fe-contai-
ning MS are also of interest, since they provide higher
selectivity: no cis-1,4-dichlorobut-2-ene is formed in their
presence. The major difference of the oligomeric MS from
traditional catalysts (i.e., copper naphthenate or halides) con-
sists of their prominent stability: even repeated use (6 ± 10
cycles) does not lead to any significant decrease in activity,
whereas traditional catalysts are nearly completely deactivated
after the first cycle.

Oligomeric MS have been tested as catalysts in the
exchange halogenation processes, which enable the production
of halohydrocarbons avoiding the use of halogens as elemen-
tary substances.

In the case of chlorohydrocarbons, a more environmentally
friendly industrial process can be implemented using this
method. This is especially important for brominated deriva-
tives, since the direct bromination with molecular bromine
usually proceeds with difficulty and non-selectively; further-
more, syntheses of bromides are usually multi-step processes.

Detailed investigations 148, 167, 168 into the exchange halo-
genation of hydrocarbons, including n-C10H22, n-C12H26,
cyclo-C6H12, p-Me2C6H4 and C6H5Me, with CCl4 or CBr4 (in
the presence of a catalytic amount of oligomeric Cu phenyl-
siloxane) shed light on the mechanism of the procees. The
reaction follows the radical mechanism: the transfer of the

radical centre along the chain from the
.
CCl3 radical to the

hydrocarbon molecule is shown in the upper half of the
scheme, whereas transformations of the catalytic site are
shown in the lower half (according to classical view, the
catalyst returns to the initial state after the catalytic cycle,
which is indicated by the bent arrow). The activity of oligo-
meric Cu phenylsiloxane remains nearly constant over five
catalytic cycles, whereas the standard catalyst CuCl2 . (DMF)n
is deactivated within one cycle.

The above exchange halogenation reaction yields amixture
of monohalogenated derivatives with different locations of the
halogen atom. The addition of halohydrocarbons to alkenes
proceedsmore selectively, since the location of the double bond
determines the sites of attachement of the Cl atom and CCl3
fragment.

Oligomeric monophenyl and diphenyl Cu-containing orga-
nosiloxanes have been tested as catalysts in this reaction.169

The process follows the radical mechanism detailed above. The
only difference is that the formation of a radical site is
facilitated due to the involvement of the alkene double bond.
Structured monophenyl derivatives (i.e., molecules with cage
fragments) bearing trifunctional fragments RSiO1.5 are cha-
racterised 169 by a poorer accessibility of the active site and thus
lower catalytic activity with respect to diphenyl derivatives
built up of linear fragments.

As has been shown by kinetic studies of the two aforemen-
tioned types of halogenation, a substantial fraction of potential
catalytic sites is `switched off' the catalytic process since they
are involved into the formation of interchain coordination
clusters. The metal atoms tend to complete their coordination
spheres by coordinating oxygen atoms from the neighbouring
fragments Si7O7M (as has been discussed in previous
sections).

As a result, these metal atoms become coordinatively
saturated and structurally inaccessible for the interaction with
CCl4. Therefore, the main task is to prevent the formation of
the interchain metal oxide clusters. If a metal atom is screened
by a ligand, this effectively suppresses the interchain coordina-
tion, but does not solve the main problem, since the additional
ligand equally hinders the approach of the reactant. A rather
easily realisable solution of the problem consists of 150 the use
of nonyl instead of phenyl groups at the silicon atoms.
According to UV spectroscopy, the Cu ion in the oligononyl-
siloxane remains coordinatively unsaturated.

Thus, the bulky aliphatic group efficiently suppresses the
coordinative interactions between the copper atoms of neigh-
bouring chains by screening the metal sites. In solutions, it

H

Me

Me

H

O2, Cat H

Me

Me

OH

R=Alk, Ar; Hal = Cl, Br.

RH+ CHal4
Cat

RHal4 + CHHal3

[Cu(I)] + CHal4

.
CHal3

[Cu(II)Hal] [Cu(I)] + RHal

RH
R
. CHal4

RHal +
.
CHal3

CHHal3

CCl4 + n-C6H13CH CH2

Cat, 130 8C
n-C6H13CHClCH2CCl3.

M

O M

O SiO

O Si

Si

Si

R R

R R

862 MM Levitsky, B G Zavin, A N Bilyachenko



possesses the mobility of a polymer segment and does not
prevent the approach of the organic reactant (CCl4) to the
catalytic site (Fig. 1).

The implementation of this idea gives quite impressive
results:170 the activity of nonyl-containing polymeric Cu MS
with respect to the addition of CCl4 to oct-1-ene is twice larger
than that of phenylcuprasiloxanes.

VI. Conclusion

The experimental data considered above clearly demonstrate
that metallasiloxanes are very interesting from both theoretical
and practical points of view. This explains the multitude of
studies devoted to their synthesis and consequent diversity of
synthetic approaches to the formation of the fragment
Si7O7M. The method based on the cleavage of the siloxane
bonds with organometallic compounds has been developed to
the large extent. The utilisation of bulky aliphatic groups as
substituents at the silicon atom has proven its practical useful-
ness. Many niobium, tantalum, tungsten, etc. MS inaccessible
earlier have been successfully synthesised, including low-coor-
dinate complexes of these metals.

Metallasiloxanes themselves can be regarded as precursors
in the synthesis of siloxanes that cannot be obtained by other
methods. In particular, the cleavage of cage MS with electro-
philic reagents yields stereoregular organocyclosiloxanes.

From the theoretical point of view, problems related to the
structural features of MS are of particular importance, includ-
ing the factors governing the formation of specific structural
types of MS. As has been reliably established to date, the
products of many reactions are actually formed due to rear-
rangements of the initially generated MS. These rearrange-
ments give rise to compounds enriched with either metal or
silicon (ultimately, the metal can be completely excluded from
the siloxane matrix in the form of the respective oxide).
A number of efficient methods for the suppression or vice
versa facilitation of the rearrangements have been elaborated,
depending on the specific goal of the synthesis. Structures
stable against the rearrangements emerge in those cases where
anions and, primarily, silanolate anions, are involved into the
coordination sphere of the transition metal atom.

Spherical fullerene-like organosiloxane molecules can be
assembled from cage MS, which can hardly be synthesised by
other methods.171, 172 According to quantum chemical calcu-
lations,173, 174 nanotube-like assemblies are also possible for
certain combinations of structural parameters.

Catenane MS should be anticipated in the nearest future.
The first representative of this class has already been synthes-
ised:38 it is characterised by an unusual topology built up of
two interpenetrating bicyclic fragments (Fig. 2, methyl groups
at the Si atoms are omitted for clarity).

Practical applications of metallasiloxanes primarily relates
to catalysis. As a rule, the catalytic properties are determined
by the nature of the constituent transition metal. Low-coor-
dinate metal (in particular, tungsten) complexes bearing bulky
organic substituents at the silicon atom have been attracting
much attention from researchers over the recent years.

Oligomeric MS has a huge potential as catalytic systems.
Initially, they were considered exclusively as analogues of
inorganic silicates for the petrochemical synthesis. But their
prominent catalytic activities in other industrially important
reactions, in particular, halohydrocarbon conversion and
exchange halogenation, have been discovered recently. It has
to be emphasised that the type of the siloxane matrix plays
equally important role as the nature of the metal in the case of
oligomeric MS, since it determines the accessibility of the
catalytic site.

The present review is written with a partial financial
support from the Grant Council at the President of Russian
Federation (the Programme of Federal Support of Young
Scientists with the PhD degree, Grant MK-126.2007.3) and
Russian Foundation for Basic Research (Project Nos 06-03-
32347 and 08-03-00026).
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Abstract. Experimental and calculated data on the kinetics ofExperimental and calculated data on the kinetics of
`blue' flame observed in the gas-phase oxidation and combus-`blue' flame observed in the gas-phase oxidation and combus-
tion of hydrocarbons and their derivatives are considered. It istion of hydrocarbons and their derivatives are considered. It is
shown that blue flames arise due to the decomposition ofshown that blue flames arise due to the decomposition of
hydrogen peroxide that forms in the oxidation of hydrocar-hydrogen peroxide that forms in the oxidation of hydrocar-
bons. They manifest themselves by light emission, are identi-bons. They manifest themselves by light emission, are identi-
fied by partial heat release (the appearance of a step in the timefied by partial heat release (the appearance of a step in the time
dependences of temperature and pressure observed in closed-dependences of temperature and pressure observed in closed-
vessel experiments) and propagate as conventional hot flames.vessel experiments) and propagate as conventional hot flames.
The bibliography includes 43 referencesThe bibliography includes 43 references..

I. Introduction

Oxidation and combustion of hydrocarbons play an important
role in chemical engineering, power production in thermal
machines of various types and in environmental control. Being
started quite long ago, their studies achieved considerable
progress only in the second half of the 20th century. By that
time, it was reliably stated that slow gas-phase oxidation of
hydrocarbons represents a radical-chain reaction with degen-
erate branches. Kinetic studies of low-temperature oxidation
of hydrocarbons have demonstrated its multistage nature. It is
assumed that low-temperature oxidation and combustion of
hydrocarbons involves the stages of cool, blue and hot flames.
All these stages were observed experimentally. Thus cool
flames were observed back in 1882 for the hydrocarbon
oxidation in heated vessels.1 Further studies of low-tempe-
rature oxidation of hydrocarbons demonstrated that this
process represents partial oxidation to afford valuable oxy-
gen-containing products such as alcohols, aldehydes, acids and
peroxides. This explains the keen attention drawn to the cool-
flame oxidation of hydrocarbons (e.g., see monographs 2 ± 4

and references therein). However, whereas to date the mecha-
nism of the appearance of cool flame can be considered as
understood with a large degree of confidence, the mechanism
of the emergence of blue flames is still largely unknown.

Blue flames manifest themselves by light emission and can
be identified by a partial heat release (the appearance of a step
in curves that describe the time dependences of pressure and
temperature in closed-vessel experiments). They can propagate
like conventional hot flames. Blue flames were observed in the
gas-phase oxidation and combustion of methane, ethane,
n-heptane, isooctane and benzene as well as of acetaldehyde
and diethyl ether. Experimental and theoretical studies of blue
flames observed in the low-temperature oxidation of hydro-
carbons and their derivatives are closely associated with the
studies of cool flames; hence, the latter will also be briefly
considered in this review, especially as both cool and blue
flames pertain to low-temperature flames and their separation
is a difficult task.

II. Cool and blue flames

It is well known that low-temperature oxidation of hydro-
carbons follows the radical-chain mechanism with degenerate
branching, where the branching is due to either the decom-
position of hydroperoxides formed in the reaction or the
interaction of aldehydes formed with oxygen. The main steps
of this reaction are as follows:
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HCHO+
.
OH (HC

.
O)*+H2O,
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.
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O+ hn

and etc.,

HCHO+O2 final products,

R0CHO+O2 final products.

The appearance of cool flame in hydrocarbon oxidation is
due to the glow of excited formaldehyde. Blue flame arises as a
result of further conversion of hydrocarbons owing to the glow
of both excited formaldehyde and formyl radicals. Cool flames
are observed at both low and high pressures typical of internal
combustion engines (ICE).

The majority of scientists who studied the low-temperature
oxidation of hydrocarbons assumed that cool flame arises as a
result of explosive decomposition of organic hydroperoxides
after their concentration has exceeded a certain critical value
(e.g., see Ref. 5). (As a rule, the decomposition is caused by the
temperature increase in the course of the reaction). Due to the
degenerate branching of the reaction as a result of the hydro-
peroxide decomposition and also due to the appearance of
active species

.
OH, the process sharply accelerates, heat is

released, the temperature and the pressure increase, which
leads to the appearance of cool flame.

Figure 1 shows typical kinetic curves of pentane cool-flame
oxidation that represent the changes in the overall pressure
during the reaction as a result of branching.2 Cool flame is
identified as a small pressure peak in the DP(t) curve, parti-
cularly, at the lowest initial pressure P0=225 mm Hg, cool
flame appears with a delay ti=120 s. As the initial pressure
increases, the cool-flame delay shortens and the intensity (the
pressure peak height) increases. Ultimately, at a pressure
P0=340 mm Hg, the cool-flame step is followed by hot
autoignition, which is accompanied by a strong increase in
the pressure (marked by an arrow). This is the so-called two-
stage autoignition.

If the cool flame has failed to be transformed into the hot
flame so that the reaction mixture is cooled from the vessel
walls and also if the initial concentrations of fuel and oxidant
have changed insignificantly in the cool flame, the autoignition
can be repeated. This is the mechanism of origination of
multiple (periodic) cool flames.

Figure 2 shows kinetic curves of cool-flame oxidation of
ethyl methyl ketone.6 As is seen, cool flames appear twice
during the oxidation (1 cf and 2 cf). Figure 3 shows a cool
flame region confined by the first cool flame region (light
circles) on the one side and a region of hot autoignition (dark

circles) on the other side in the coordinates `initial temperature
vs. initial pressure'.6

As the temperature increases, the formation of peroxides is
hindered and, if the concentrations of initial hydrocarbon and
oxygen have decreased significantly during the reaction, the
oxidation process may be decelerated and even stop but may
also continue (depending on conditions) by other reaction
channels.
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Figure 1. Kinetic curves of cool-flame oxidation of pentane (mixture

composition: n-C5H12+4O2) for initial temperature T0=591 K.

Initial pressure P0 /mm Hg: (1) 225, (2) 250, (3) 280, (4) 320, (5) 330, (6)

340.
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Figure 2. Kinetic curves of cool-flame oxidation of ethyl methyl ketone

(mixture composition: CH3COC2H5+O2).6

(a) Increase in the overall pressure (DP ); (b) increase in partial pressures of

peroxides (curves 1 ± 3), formaldehyde (4) and higher alhedydes (5) in

periodic cool flames.

Initial conditions: (a) P0=32 kPa, T0=563 K (in the presence of

acetaldehyde PCH3
CHO=0.27 kPa); (b) P0=40 kPa, T0=556 K.
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Figure 3. Region of periodic cool flames in equimolar methyl ethyl

ketone mixtures with oxygen (numbers within the cool-flame region

designate the numder of flames).6
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Cold flames are associated with yet another peculiarity of
the oxidation kinetics of hydrocarbons and their derivatives,
viz., the presence of a region of the negative temperature
coefficient (NTC) in which the reaction rate decreases (or
remains unchanged) rather than increases with the increase in
temperature (Fig. 4).7 This phenomenon is associated with the
fact that with the increase in temperature in the course of the
reaction (or at an elevated initial temperature), the peroxide
formation is hindered and the earlier formed peroxides easily
decompose. In this case, the reaction branching that involves
peroxides ceases to be dominant and the oxidation continues
by other channels, which are not so efficient in theNTC region.
As a result, in this temperature range, the rate turns out to be

lower at higher temperatures than at lower temperatures.
Below, this phenomenon will be considered in more detail.

The first records of blue flames can be found in the studies
by Townend et al. (e.g., see Ref. 8 and a monograph 2 and
references therein). They studied cool flames that arise at the
ignition of fuel ± air mixtures with a heated spiral and observed
that the cool flame was followed by the appearance of a second
brighter flame that propagated through the vessel. They named
this phenomenon blue flame. Blue flames were accompanied
by a higher (50 ± 250 8C) warming up of the reaction mixture
and brighter glow of excited formaldehyde as compared with
cool flames.

Blue flames immediately precede the hot autoignition of
hydrocarbons. It is assumed that in blue flame hydrocarbons
undergo more extensive transformations as compared with
cool flame. In addition to the glow of excited formaldehyde,
which is inherent in cool flame, the glow at the wavelength of
the formyl radical HC

.
O is observed. Figure 5 shows exper-

imental data obtained in the studies of autoignition of iso-
octane-air mixtures in closed vessels.3 In Fig. 5 e, three
pressure waves are well distinguishable, namely, the first cool-
flame wave, the second blue-flame wave and the third wave of
the hot explosion. The blue flame period (second wave)
corresponds to the delay (induction period) of the hot explo-
sion. In Fig. 5 e, this delay is designated as t3.

One piece of evidence for the multistage mechanism of the
low-temperature autoignition of hydrocarbons is the appear-
ance of blue flame in the experiments on the autoignition of
`lean' methane ± air and isooctane ± air mixtures carried out in
ICE at temperatures and pressures near the autoignition point.
However, no blue flame was observed in the subsequent
experiments in a static bomb at the same temperatures and
pressures. The later experiments with ICE also demonstrated
the appearance of blue flames in the autoignition region of lean
methane ± air mixtures and benzene mixtures with oxygen.
Hence, it seems that the appearance of blue flames during the
autoignition processes in fuel ± air mixtures in ICE is reliably
ascertained (e.g., see Ref. 3 and references therein).

In contrast to multistage high-temperature autoignition of
hydrocarbons, the high-temperature autoignition develops
continuously without any intermediate stages and ends with
hot flame.
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Figure 4. Logarithms of maximum oxidation rate wmax (solid lines) and

delay period tp (dash lines) for different temperatures.7

Mixture C2H6+0.5O2; (1) E=30.0 ± 33.6 kcal mol71, P0=67 kPa;

(2) E=55.6 kcal mol71, P0=83 kPa.
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Figure 5. Pressure variation at autoignition of isooctane ± airmixtures (stoichiometric ratioj=1.25).3 The gain in pressure in the course of the reaction

was measured for T0=643 K and different initial pressures.

(a) P0=80 kPa, Pcf/P0=1.8; (b) P0=105 kPa, Pcf/P0=1.09; (c) P0=140 kPa, Pcf/P0=1.1; (d) P0=180 kPa, Pcf/P0=1.13; (e) P0=230 kPa,

Pcf/P0& 1.14; (f) P0=320 kPa, Pcf/P0& 1.2.
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Experimental results on the gas-phase oxidation of differ-
ent hydrocarbons obtained in the mid-20th century are thor-
oughly described in several monographs.2 ± 4

III. Modelling of gas-phase oxidation of
acetaldehyde and hydrocarbons C1 ±C7

For a long time, a concept on the multistage autoignition
mechanism of hydrocarbons was not discussed in the litera-
ture. The first publications 9, 10 on the oxidation of hydro-
carbons at elevated temperatures and pressures, which merely
mentioned cool and blue flames but did not established any
new facts, appeared only in the 1980s.

In the long period during which the hydrocarbon oxidation
and combustion were studied, numerous kinetic schemes were
proposed that described sufficiently comprehensively the oxi-
dation and combustion of particular hydrocarbons, for
instance, radical-chain schemes of oxidation and combustion
of methane,2, 4, 11, 12 ethane,13 propane,14 ± 16 n-butane,17, 18

n-pentane,19, 20 n-heptane,21 ± 23 n-octane and isooctane.24

These schemes adequately describe many aspects of hydro-
carbon oxidation and combustion, agree with experimental
data and allow one to model the corresponding processes.
However, if a process can be modelled, then it is sufficiently
understood and can be reproduced on the quantitative level.
The simultaneous consideration of the known kinetic schemes
of oxidation of hydrocarbons and their derivatives allowed the
general comprehensive kinetic mechanism of oxidation and
combustion of hydrocarbons to be proposed (Table 1 shows
such amechanism for hydrocarbons C1 ±C2; for simplicity, the
radical signs in this and the subsequent Table are omitted);
however, even incomplete knowledge of all reaction channels
and the use of very approximate reaction rate constants often
allows one to adequately describe the experimentally observed
kinetics of oxidation and combustion using appropriate calcu-
lations.

For oxidation of hydrocarbons with53 carbon atoms, the
cool flames were modelled and the calculations were carried

out that perfectly described the characteristics of these
flames.14 ± 24 However, none of these studies considered blue
flames and the mechanism of their origination. Papers on the
modelling of blue flames were absent in the literature, which
stimulation us to dwell into this issue.

As was mentioned above, blue flames are experimentally
identified by glow and a stepwise gain in pressure observed in
closed-vessel experiments. The detection of the blue-flame
glow apparently provides little information on the chemical
reactions responsible for its appearance; hence, the data on the
variations of pressure and, correspondingly, temperature in the
course of oxidation attract keen attention for the identification
of blue flames. This information can be retrieved from calcu-
lations on the simulation of oxidation and combustion pro-
cesses, which allows one to determine the temperature, the
pressure and the concentrations of all products.

Calculations based on kinetic schemes constructed for the
low-temperature oxidation of hydrocarbons involve an uncer-
tainty associated with the necessity of taking into account the
wall reactions, which are insufficiently studied. For long times
and low pressures, the wall reactions can be represented in
calculations as unimolecular reactions of the decay of species
[reactions (140) ± (143)].

1. Acetaldehyde
a. Two regions of the negative temperature coefficient
Acetaldehyde is a convenient subject for studying individual
stages of the oxidation processes because its oxidation involves
the appearance of intense cool and blue flames. Separate
propagation of the latter was even observed at the initial
room temperature.

Acetaldehyde oxidation was discussed in many studies
(e.g., see monographs 2 ± 4 and references therein and also a
recent paper 25); however, none of these publications described
blue flames and the more so considered the possibility of their
quantitative interpretation.

Kinetic schemes describing the oxidation of hydrocarbons
C1 ±C2 were used 26 in modelling blue flames at the multistage

Table 1. Kinetic mechanism of oxidation and combustion of acetadehyde and hydrocarbons C1 ±C2 .

Reaction Reaction H /kJ mol71 Forward reaction Reverse reaction

number

A a n E /kJ mol71 Aa n E /kJ mol71

1 OH+H2 H+H2O 62.80 2.26105 1.5 14.65 1.006106 1.5 77.87

2 OH+O H+O2 66.99 2.861012 70.8 70.42 1.9061011 0.0 68.66

3 OH+H O+H2 8.37 6.96109 0.0 29.31 1.5061010 0.0 37.26

4 OH+OH O+H2O 71.18 6.06105 1.3 0.00 6.306106 1.3 71.18

5 H+H+M H2+M 431.24 2.061010 70.3 0.00 1.0061017 71.3 438.78

6 O+O+M O2+M 494.04 3.66109 70.6 0.00 1.6061017 71.6 502.42

7 OH+H+M H2O+M 494.04 3.661013 71.0 0.00 8.7061017 72.0 502.42

8 O+H+M OH+M 422.87 4.76109 0.0 0.00 1.161013 0.0 435.43

9 H+HO2 H2+O2 234.46 6.06109 0.0 0.00 1.16109 0.0 234.46

10 H+O2+M HO2+M 196.78 4.16109 0.0 0.00 5.761012 0.0 204.32

11 H+HO2 OH+OH 154.91 2.061010 0.0 0.00 1.66109 0.0 157.42

12 O+HO2 O2+OH 226.09 6.061010 0.0 0.00 9.461010 0.0 226.09

13 OH+HO2 O2+H2O 297.26 6.06109 0.0 0.00 1.061011 0.0 298.10

14 H+HO2 H2O+O 226.09 6.06108 0.0 0.00 5.36108 0.0 227.76

15 OH+H2O2 HO2+H2O 129.79 1.86109 0.0 1.26 1.96109 0.0 130.63

16 H+H2O2 H2O+OH 276.13 7.16109 0.0 17.58 6.46108 0.0 303.96

17 OH+OH+M H2O2+M 209.34 1.66108 0.0 740.19 4.161013 0.0 175.85

18 O+H2O2 O2+H2O 355.88 2.861010 0.0 26.80 4.861010 0.0 382.67

19 H+H2O2 H2+HO2 66.99 7.006109 0.0 17.58 1.66109 0.0 83.74

20 HO2+HO2 H2O2+O2 167.47 2.461010 0.0 6.28 3.761011 0.0 175.01

21 O+H2O2 HO2+OH 58.62 2.861010 0.0 26.80 2.96109 0.0 85.41

22 CO+OH CO2+H 108.86 1.26104 1.4 71.67 4.66106 1.4 101.32

23 CO+HO2 CO2+OH 259.58 1.361011 0.0 96.30 4.361012 0.0 355.88

24 CO+O+M CO2+M 531.72 6.26108 0.0 12.56 4.761014 0.5 548.47
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Table 1 (continued).

Reaction Reaction H /kJ mol71 Forward reaction Reverse reaction

number

A a n E /kJ mol71 Aa n E /kJ mol71

25 CO+O2 CO2+O 37.68 2.56109 0.0 200.97 5.161010 0.0 234.46

26 HCHO+OH HCO+H2O 121.42 7.56109 0.0 0.84 2.26109 0.0 121.42

27 HCHO+H HCO+H2 58.62 6.061010 0.0 6.28 3.76109 0.0 64.90

28 HCHO+O HCO+OH 50.24 1.861010 0.0 12.98 5.06108 0.0 63.64

29 HO2+HCO HCHO+O2 171.66 3.56108 0.0 52.34 2.061010 0.0 222.32

30 H+CO+M HCO+M 62.80 1.26108 0.0 2.51 1.961014 71.0 71.18

31 H2O2+HCO HCHO+HO2 12.56 1.66108 0.0 20.93 6.06108 0.0 33.49

32 HCO+O2 HO2+CO 142.35 6.061010 0.0 30.14 5.561010 0.0 173.75

33 O+HCO H+CO2 468.92 1.26109 0.0 0.00 6.861011 0.0 468.92

34 HCO+H+M HCHO+M 376.81 3.86104 1.0 0.00 3.261012 0.0 314.01

35 OH+HCO CO+H2O 435.43 6.061010 0.0 0.00 8.961011 0.0 435.43

36 H+HCO H2+CO 372.63 6.061010 0.0 0.00 1.961011 0.0 372.63

37 O+HCO OH+CO 364.25 6.06108 0.0 0.00 8.56108 0.0 364.25

38 OH+CH4 CH3+H2O 71.18 1.66104 1.8 11.72 1.86103 1.8 79.13

39 CH3+H2 H+CH4 4.19 1.96109 0.0 46.05 7.661010 0.0 50.24

40 OH+CH3 O+CH4 8.37 7.66103 1.6 25.12 6.96105 1.6 35.59

41 HO2+CH3 O2+CH4 226.09 4.36108 0.0 71.67 6.061010 0.0 230.27

42 H+CH3+M CH4+M 422.87 2.36106 1.0 745.64 4.761014 0.0 391.88

43 CH3+H2O2 HO2+CH4 58.62 6.56107 0.0 18.00 6.06108 0.0 79.55

44 CH3+HCHO HCO+CH4 62.80 1.06109 0.0 18.84 2.56109 0.0 79.97

45 HCO+CH3 CO+CH4 376.81 6.061010 0.0 0.00 7.861012 0.0 374.72

46 O+CH3O CH3+O2 117.23 1.761011 0.0 12.14 2.361010 0.0 128.95

47 OH+CH3 CH2+H2O 37.68 6.06109 0.0 11.72 2.261010 0.0 50.24

48 O+CH2 H+HCO 376.81 6.06109 0.0 0.00 4.561010 0.0 376.81

49 CH2+H2O H2+HCHO 263.77 6.06109 0.0 10.47 3.561011 0.0 273.82

50 CH2+O2 OH+H+CO 247.02 6.06109 0.0 14.65 1.56103 1.0 256.23

51 CH2+O2 H+H+CO2 351.69 1.86108 0.0 0.00 1.86104 1.0 343.32

52 CH3+O2 OH+HCHO 213.53 4.06109 0.0 75.36 3.86109 0.0 288.89

53 O+CH3 H+HCHO 284.70 7.261010 0.0 0.00 1.561012 0.0 285.54

54 CH3+O2 CH3O2 117.23 6.06108 0.0 0.00 5.061013 0.0 131.47

55 OH+CH3O CH3O2H 180.03 6.061010 0.0 0.00 1.061015 0.0 180.03

56 HO2+CH3 H2O+HCHO 510.79 1.26109 0.0 0.00 1.26109 0.0 510.79

57 CH3O2H+CH3 CH3O2+CH4 62.80 6.06108 0.0 19.68 6.06108 0.0 83.74

58 OH+CH2 H2O+CH 75.33 6.06109 0.0 29.30 1.461010 0.0 104.63

59 H+CH2 H2+CH 12.56 6.06109 0.0 46.05 3.16109 0.0 56.52

60 O+CH2 OH+CH 4.19 6.06109 0.0 46.05 1.46109 0.0 50.24

61 OH+CH H2+CO 741.06 6.06109 0.0 0.00 6.261011 0.0 749.44

62 O+CH H+CO 732.69 6.06109 0.0 0.00 2.861011 0.0 741.06

63 OH+CH3 CH3OH 385.19 9.46106 1.0 79.21 9.461015 0.0 376.81

64 HO2+CH3O CH3OH+O2 226.09 2.66108 0.0 0.00 6.06109 0.0 217.71

65 CH3O+CH4 CH3OH+CH3 0.00 4.76108 0.0 37.26 1.46108 0.0 46.89

66 OH+CH3OH H2O+CH3O 71.18 6.06109 0.0 30.14 4.76109 0.0 96.30

67 H+CH3OH H2+CH3O 8.37 1.361010 0.0 22.19 2.26109 0.0 25.54

68 O+CH3OH OH+CH3O 0.00 4.36109 0.0 8.37 3.26108 0.0 4.19

69 CH3O+O2 HO2+H2CO 104.67 6.66107 0.0 10.89 2.86108 0.0 125.60

70 H+H2CO+M CH3O+M 92.11 1.26105 1.0 26.80 6.061011 0.0 92.11

71 OH+CH3O H2O+HCHO 401.93 6.06109 0.0 0.00 8.36109 0.0 401.93

72 H+CH3O H2+HCHO 339.13 6.061010 0.0 0.00 1.861010 0.0 339.13

73 O+CH3O OH+HCHO 330.76 6.06109 0.0 0.00 7.96108 0.0 332.43

74 O2+C2H2 HCO+HCO 138.16 1.961011 0.0 138.16 2.76109 0.0 276.33

75 C2H+H+M C2H2+M 523.35 6.86105 1.0 754.43 4.261013 0.0 447.99

76 C2H+H2 C2H2+H 92.11 3.56108 0.0 72.51 6.06109 0.0 83.74

77 C2H+O2 CO+HCO 665.70 6.06109 0.0 0.00 5.46109 0.0 665.70

78 OH+C2H2 CH3+CO 234.46 7.86109 0.0 19.26 5.96109 0.0 259.58

79 O+C2H2 CH2+CO 192.59 2.26101 2.8 20.93 5.8 2.8 334.94

80 H+C2H2 C2H3 167.47 5.56109 0.0 10.05 2.661016 71.0 194.27

81 H2+C2H2 C2H4 171.66 1.66103 1.0 46.05 3.161011 0.0 231.95

82 OH+CO+CH3 O2+C2H4 20.93 2.86101 1.0 133.98 6.061010 0.0 146.54

83 OH+C2H4 H2O+C2H3 62.80 6.06109 0.0 3.77 1.46109 0.0 72.85

84 H2+C2H3 H+C2H4 4.19 5.86108 0.0 53.59 6.06109 0.0 50.24

85 O+C2H4 HCO+CH3 113.04 6.06109 0.0 2.93 5.06107 0.0 113.04

86 O2+C2H3 HO2+C2H2 29.31 6.06109 0.0 41.87 1.86109 0.0 62.80
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Table 1 (continued).

Reaction Reaction H /kJ mol71 Forward reaction Reverse reaction

number

A a n E /kJ mol71 Aa n E /kJ mol71

87 OH+C2H3 HCO+CH3 138.16 6.06109 0.0 0.00 1.56109 0.0 150.72

88 OH+C2H3 H2O+C2H2 326.57 6.06109 0.0 0.00 2.361010 0.0 318.20

89 H+C2H3 H2+C2H2 263.77 6.06109 0.0 0.00 6.361010 0.0 259.58

90 O+C2H3 CH3+CO 489.86 6.06109 0.0 0.00 2.16109 0.0 485.67

91 O+C2H3 OH+C2H2 255.39 6.06109 0.0 0.00 2.86109 0.0 251.21

92 CH4+C2H3 CH3+C2H4 12.56 6.06108 0.0 46.05 2.06109 0.0 58.62

93 CH3+CH3 C2H4+H2 230.27 2.061013 0.0 159.94 3.061015 0.0 381.00

94 C2H4+H+H CH3+CH3 200.97 1.86106 1.0 741.87 6.061010 0.0 174.17

95 HCHO+C2H3 HCO+C2H4 75.36 6.061010 0.0 0.00 6.061010 0.0 75.36

96 HCO+CH3 CH3CHO 355.88 6.66108 1.0 0.00 1.261016 0.0 341.22

97 HO2+CH3CO CH3CHO+O2 154.91 5.36107 0.0 0.00 1.06109 0.0 163.29

98 OH+CH3CHO H2O+CH3CO 138.16 3.36109 0.0 6.70 2.96109 0.0 146.54

99 H+CH3CHO H2+CH3CO 75.36 1.461010 0.0 13.82 1.26109 0.0 89.18

100 O+CH3CHO OH+CH3CO 66.99 7.26109 0.0 8.37 6.06108 0.0 75.36

101 HO2+CH3CHO H2O2+CH3CO 4.19 6.06108 0.0 41.87 4.96108 0.0 46.05

102 CH3+CO+M CH3CO+M 58.62 1.16108 0.0 15.91 6.061012 0.0 59.45

103 H+CH3CO HCO+CH3 4.19 6.06109 0.0 20.10 6.66107 0.0 26.38

104 O+CH3CO CO+CH3O 322.38 6.06109 0.0 0.00 1.661010 0.0 322.38

105 C2H5+O2 OH+CH3CHO 255.39 4.06109 0.0 75.36 3.06109 0.0 330.76

106 HO2+C2H5 O2+C2H6 213.53 3.26108 0.0 75.02 6.06109 0.0 209.34

107 CH3+CH3 C2H6 376.81 8.46109 0.0 0.00 1.361016 0.0 364.25

108 OH+C2H6 H2O+C2H5 83.74 1.861011 0.0 16.75 1.661011 0.0 100.48

109 H+C2H6 H2+C2H5 20.93 7.461010 0.0 40.19 1.461010 0.0 59.45

110 O+C2H6 OH+C2H5 12.56 4.66109 0.0 16.75 3.86108 0.0 29.31

111 H2O2+C2H5 HO2+C2H6 46.05 4.96108 0.0 33.49 6.06108 0.0 79.55

112 H+C2H4 C2H5 138.16 8.861010 70.5 5.86 1.161014 70.6 160.35

113 C2H5+O2 HO2+C2H4 58.62 6.06108 0.0 33.49 4.56107 0.0 75.36

114 C2H5+O2 HCHO+CH3O 230.27 6.06108 0.0 41.87 1.76108 0.0 259.58

115 OH+C2H5 CH3+CH3O 16.75 3.061010 0.0 0.00 8.06109 0.0 5.86

116 OH+C2H5 H2O+C2H4 355.88 6.06109 0.0 0.00 7.26109 0.0 334.94

117 H+C2H5 CH3+CH3 62.80 4.861010 0.0 4.61 8.26107 0.0 53.59

118 H+C2H5 CH2+CH4 20.93 6.06109 0.0 25.12 7.16107 0.0 40.19

119 H+C2H5 C2H6 410.31 3.661010 0.0 0.00 1.061015 0.0 410.31

120 H+C2H5 H2+C2H4 293.08 6.06109 0.0 0.00 1.66109 0.0 276.33

121 O+C2H5 CH3+H2CO 347.50 6.061010 0.0 0.00 2.16108 0.0 334.94

122 O+C2H5 OH+C2H4 284.70 6.06109 0.0 0.00 6.96108 0.0 267.96

123 H2+C2H H+C2H2 117.23 3.56108 0.0 720.93 6.06109 0.0 83.74

124 CH3O2+CH3 CH3O+CH3O 142.35 1.36109 0.0 0.00 2.96109 0.0 142.35

125 CH3O2+HO2 CH3O2H+O2 167.47 5.06107 0.0 12.56 6.86108 0.0 180.03

126 CH3+HO2 CH3O+OH 108.86 2.06108 0.0 0.00 2.06109 0.0 117.23

127 C2H5+O2 C2H5O2 117.23 2.86107 0.0 74.19 2.061014 71.0 104.67

128 C2H5O2H+C2H5 C2H5O2+C2H6 20.93 1.86107 0.0 50.24 6.36108 0.0 71.18

129 C2H5O+OH C2H5O2H 180.03 5.56107 1.0 16.33 4.061015 0.0 180.03

130 C2H4+OH C2H5O 100.48 9.16106 1.0 8.37 1.361013 0.0 108.86

131 CH3+HCHO C2H5O 46.05 5.06107 1.0 41.87 1.061014 0.0 87.92

132 C2H5O2+C2H5 C2H5O+C2H5O 129.79 6.36108 0.0 0.00 1.16108 0.0 126.02

133 C2H5O2+HO2 C2H5O2H+O2 163.29 7.96107 0.0 8.37 3.76108 0.0 171.66

134 C2H5+HO2 C2H5O+OH 104.67 2.06108 0.0 0.00 1.26107 0.0 104.67

135 CH3CO+O2 CH3CO3 117.23 1.06109 0.0 0.00 1.061014 0.0 117.23

136 CH3CO3+CH3CHO 8.37 6.36108 0.0 35.59 1.86107 0.0 43.96

CH3CO+CH3CO3H

137 CH3+CO2+OH CH3CO3H 138.16 5.56104 2.0 0.00 6.061014 0.0 138.16

138 CH3CO3+HO2 CH3CO3H+O2 167.47 7.96107 0.0 0.00 3.76108 0.0 167.47

139 CH3O2+CH3CHO 12.56 6.06108 0.0 62.80 6.86108 0.0 75.36

CH3CO+CH3O2H

140 H2O2 H2O+0.5O2 0.00 3.0 0.0 0.00

141 CH3OOH H2+H2O+CO 0.00 6.0 0.0 0.00

142 CH3COOOH CO+O2+CH4 0.00 6.0 0.0 0.00

143 C2H5OOH H2O+O2+CH4 0.00 6.0 0.0 0.00

aA is the pre-exponential factor in equation describing the unimolecular (in s71), bimolecular (litre mol71 s71) and trimolecular (litre2 mol72 s71)

reactions.
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autoignition of acetaldehyde mixtures with oxygen. Townend
et al.8 have shown that in the induced ignition of `rich' mixtures
of diethyl ether and acetaldehyde with oxygen, one can observe
cool and blue flames at reduced (subatmospheric) pressures
and ambient or relatively low temperatures (Fig. 6), which
involves only insignificant heating in the flames (50 ± 2508)
(cited according toRef. 2). This is why before embarking on the
kinetic modelling of blue flame, it is necessary to elucidate
whether the region of acetaldehyde autoignition corresponds
to the region of propagation of cool and blue flames upon
ignition, how these flames are characterised and what are the
calculated conditions of their origination. For these purposes,
a kinetic scheme of the hydrocarbon C17C2 oxidation 27

supplemented by the data on acetaldehyde oxidation was
taken.28 Table 1 shows all the proposed elementary steps of
acetaldehyde oxidation.

A homogeneous reaction (i.e., a reaction that simultane-
ously proceeds in the whole reactor volume) in a closed vessel
was modelled. A system of equation describing the material
and heat balance in this reaction is as follows:

dnj
dt
�
X
j

wij , (1)

rcn
dT

dt
�
X
j

hijwij �
kS
V
�Tÿ Tw�, (2)

where nj is the concentration of species; t is the time; T is the
temperature; wij and hij are the rate and heat of the ith reaction
(elementary step) involving the jth species; r is the density; cv is
the heat capacity at a constant volume; k is the coefficient of
heat-transfer to the walls of the reaction vessel; S andV are the
surface and volume of the reaction vessel or a combustion
chamber; Tw is the vessel wall temperature. The first term in
Eqn (2) corresponds to the heat release due to the reaction, the
second term corresponds to the heat exchange with the wall.
The density was calculated using the equation of gas state. The

solution of this equation for the initial conditions t=0,
nj =[nj]0, T=T0 allows one to describe the kinetics of
homogeneous reactions, i.e. find the time dependences of the
temperature and concentrations of all substances involved in
this reaction.

Figure 7 shows the calculated kinetic dependences of
temperature (a) and concentrations of starting compounds
(b), most important intermediate compounds and radicals
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Figure 6. Regions of propagation of cool and blue flames (region I ),

only cool flame (II ) and normal hot flame (III ) in CH3CHO+O2

mixtures.8

Arabic numerals correspond to the conditions (pressure and mixture

composition) under which solutions of the problem of propagation of

normal hot flame (1, 2), cool flame (3) and combined propagation of cool

and blue flame (4) were found.
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Figure 7. Time profiles of relative temperature (T/Tm, a) and concen-

trations [nj]/[nj]m (subscript m corresponds to the maximum values) of

initial compounds (b), intermediate compounds and radicals (c) and also

final products (d ) at the autoignition of an acetaldehyde ± oxygen mix-

ture.28 Initial conditions: T0=537 K, P0=64.1 kPa, [CH3CHO]0=

75%, [O2]0=25%.

(a) T/Tm, Tm=1343 K;

(b) (1) [CH3CHO]/[CH3CHO]m, [CH3CHO]m=0.75 (here and further,

the maximum concentrations are given in volume fractions);

(2) [O2]/[O2]m, [O2]m=0.25;

(c) (1) [OH]/[OH]m, [OH]m=8.5561076, (2) [CH3CO3H]/[CH3CO3H]m,

[CH3CO3H]m=1.2761072; (3) [H2O2]/[H2O2]m, [H2O2]m=2.6161072;

(4) [H]/[H]m, [H]m=1.8861075;

(d) (1) [CO2]/[CO2]m, [CO2]m=3.6761072; (2) [H2O]/[H2O]m,

[H2O]m=1.6361071; (3) [CO]/[CO]m, [CO]m=4.0261071;

(4) [H2]/[H2]m, [H2]m=2.3361071; (5) [CH4]/[CH4]m, [CH4]m=

8.8361072.
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[CH3CO3H, H2O2 , H, OH (c)] and final products [CO2 , CO,
H2, H2O, CH4 (d )] on time in the blue flame region for the
autoignition of an acetaldehyde mixture ([CH3CHO]0=75%)
with oxygen ([O2]0=25%). The calculations were carried out
for the following initial conditions: T0=537 K and P0=
64.1 kPa. The temperature curve (Fig. 7 a) demonstrates
three steps, which correspond to the temperature rise in cool,
blue and conventional hot flames. The temperature rise in cool
flame (at t& 0.1 s) is explained by a sharp increase in the
reaction rate due to branching associated with the decompo-
sition of hydroperoxide H3CO3H (hereinafter, the reaction
number corresponds to that shown in Table 1).

CH3CO3H CH3+CO2+OH. (7137)

The same time corresponds to the appearance of amaximum in
the [OH]/[OH]m vs. t curve (curve 1 in Fig. 7 c).

In cool flame, a great deal of H2O2 is formed (curve 3 in
Fig. 7 c) the concentration of which first increases and then,
after a certain period, starts to sharply decrease due to the
H2O2 decomposition by the reaction

H2O2+M OH+OH+M. (717)

The second temperature jump due to the reaction acce-
leration as a result of the H2O2 decomposition is also accom-
panied by an increase in the concentration of OH radicals (the
second peak in curve 1 in Fig. 7 c). It is the chemical processes
accompanying this temperature jump that are identified as the
blue flame. The identification of blue flame and its mechanism
as a local maximum of the reaction rate that arises due to the
hydrogen peroxide decomposition was proposed in the study 29

dealing with analysis of the kinetics of ethane oxidation. The
decomposition reaction of hydrogen peroxide is present in
virtually all detailed kinetic schemes of hydrocarbon oxida-
tion. However, before the appearance of the above publica-
tion,29 the authors of these schemes never studied blue flames
nor analysed their mechanism and the role of hydrogen
peroxide decomposition in the appearance of blue flame.

Ultimately, as the reactionmixture is self-heated during the
reaction, the conditions arise for the intense reaction branching
typical of hot flames

H+O2 OH+O, (72)

which is accompanied by a new increase in the reaction rate and
in the temperature. The concentrations of OH radicals (the
third peak in curve 1, Fig. 7 c) and hydrogen atoms H (curve 4
in Fig. 7 c) increase again and the concentrations of acetalde-
hyde and oxygen decrease (curves 1 and 2 in Fig. 7 b).
Figure 7 d shows the concentration profiles of several products
of acetaldehyde oxidation and combustion, which are formed
in the highest yields.

Presumably, the above description of the chemical process
of acetaldehyde oxidation reflects the general phenomeno-
logical pattern and the essence of the three-stage autoignition
of a CH3CHO+O2 mixture with the formation of cool, blue
and hot flames.

Computations made it possible to follow the effect of the
initial conditions (CH3CHO+O2 mixture composition, pres-
sure and temperature) on the form of a T(t) function, which
describes most comprehensively the external aspects of a
chemical reaction, in the t range from 0 to 0.5 s.26 On the one
hand, as the acetaldehyde concentration increases from 75% to
85%, the reaction rate decreases and the T(t) function trans-
forms from three-stage into two-stage due to the disappearance
of the hot flame stage. On the other hand, the decrease in the
[CH3CHO]0 concentration to 65% increases the reaction rate,
and the three-step mechanism remains unchanged. With the

further decrease in the acetaldehyde concentration to 50%, the
T(t) function corresponds to a two-stage reaction that involves
cool and hot flames. Thus, the form of the T(t) function does
not always one to conclude on the presence or absence of
different stages during the acetaldehyde oxidation and also on
the mechanism of relevant elementary reactions.

As the initial pressure of the gas mixture decreases from
64.1 to 25 kPa and the overall reaction decelerates, the
function T(t) transforms from three-stage into two-stage due
to the disappearance of the hot-flame stage. At the pressure rise
from 64.1 to 100 and 200 kPa, the function T(t) still remains
three-stage; however, further increase in the pressure to 400
and then to 1000 kPa results in the reaction acceleration and
function T(t) is no step-wise any langer.

The theory of oxidation and combustion of hydrocarbons
uses the notion of induction period, which is the time during
which the reaction rate increases to explosive without any
visible indications. The description of a three-stage process 3

involves the concepts of induction periods of cool (t1), blue (t2)
and hot (t3) flames, where each period precedes a new increase
in the temperature, and also a concept of the overall induction
period tS= t1+ t2+ t3. The inflection points in the tempe-
rature curve T(t) can be assumed conditionally to correspond
to the end of period t1 and the beginning of period t2 and also
the end of period t2 and the beginning of t3. The values of t1, t2
and t3 are largely qualitative estimates. To qualitatively assess
the overall induction period tS, one may assume that it is equal
to the time from the beginning of the process to the attainment
of the maximum of function T(t).

Basevich et al.26 considered the dependence of calculated tS
values on the initial temperatureT0 (Fig. 8). This Figure shows
that in the range T0=500 ± 1000 K, the tS(T ) curve has two
maxima (atT0=650 and 900 K) and twominima (atT0=537
and 775 K), i.e., there are two NTC regions (T0=537 ± 650 K
and T0=775 ± 900 K) in which the reaction rate decreases
with an increase in the temperature.

Figure 9 shows functions T(t) obtained for different initial
temperatures corresponding to such extrema in the tS vs. T0

curve (see Fig. 8). It is evident that functions T(t) are three-
stage for T0=500, 537 and 650 K, i.e., in the vicinity of the
first minimum (curves 1 ± 3), two-stage without any apparent
cool-flame stage for T0=775 K (in the vicinity of the second
minimum) (curve 4) and monotonically increase without any
visible stages for T0=900 and 1000 K (curves 5 and 6).

Such a shape of curves is explained by the fact that in the
vicinity of the first minimum, three branching reactions occur,
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Figure 8. Dependences of the induction period on the initial temperature

for autoignition of acetaldehyde mixtures with air at different tempe-

ratures.26

Initial conditions: P0=64.1 kPa, [CH3CHO]0=75%.
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i.e., three-stage autoignition is observed. Hydroperoxide
CH3CO3H is formed in the reactions

CH3CO+O2 CH3CO3, (135,7135)

CH3CO3+CH3CHO CH3CO3H+CH3CO. (136)

As the temperature increases (in the temperature range
T0=537 ± 650 K), the equilibrium of reaction (135) shifts to
the left and active decomposition of CH3CO radicals by the
following reaction begins:

CH3CO+M CH3+CO+M. (7102)

As a result, the hydroperoxide concentration decreases, its
decomposition by reaction (7137) does not play a significant
role any longer, the rate of acetaldehyde oxidation decreases
and the first NTC region appears.

A similar situation takes place in the temperature range
T0=775 ± 900 K. At these initial temperatures, a large
amount of hydrogen peroxide is formed

H+O2+M HO2, (10,710)

HO2+CH3CHO H2O2+CH3CO. (101)

As the temperature increases, the equilibrium of reaction
(10) shits to the left. In this temperature range, reactions of
consumption of hydrogen atoms start to prevail, the H2O2

concentration decreases, the branching of the acetaldehyde
oxidation reaction due to the hydrogen peroxide decomposi-
tion [reaction (717)] becomes insignificant and the process
decelerates again, which is manifested by the appearance of the
second NTC region.

With the further increase in the initial temperature, only
one branching reaction remains, namely, the hydrogen atom
reaction with oxygen (72), which is typical of all high-tempe-
rature processes of hydrocarbon combustion. Now, function
T(t) increases monotonically.

Thus, the existence of two regions of the negative tempe-
rature coefficient of the reaction rate was theoretically proved
for the first time.26 Their existence was explained by the fact
that the temperature range of the formation and decomposi-
tion of acetyl hydroperoxide (cool fames) is located much
below the temperature range of hydrogen peroxide decompo-
sition (blue flames) so that the cool and blue flames are well
separated in time in the acetaldehyde autoignition.

b. Propagation of cool and blue flames
Data on the modelling of the propagation of cool flames
through fresh unheated acetaldehyde mixtures with oxygen
are available.28 The calculations involved the use of a computer
code 30 for solving the following system of equations that

describes the one-dimensional stationary propagation of the
oxidation and combustion wave to be solved:31

q
qx
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q�nj=r�
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�
ÿ r0un

q�nj=r�
qx

�
X
j

wij � 0, (3)

q
qx

�
l
qT
qx

�
ÿ cpr0un

qT
qx
�
X
ij

hijwij � 0, (4)

where x is the coordinate along which the oxidation and
combustion wave propagates; r, r0 are the currently observed
and initial densities, r= r0(T0/T )(P/P0); Dj is the diffusion
coefficient of the jth species of the chemical reaction,
Dj=D�j (T/T *)g

2

(P/P*) (the asterisk marks the parameters at
normal conditions, T *=293 K and P*=100 kPa); un is the
stationary velocity of wave propagation; l is the molecular
heat conductivity coefficient, l= l*(T/T *)g

1

; cp is the specific
heat, cp= c*+ c**T, where c*, c**, g1, g2 are constants.

The wave propagation velocity was determined based on
the condition that the system of equations (3) and (4) has a
solution at the following boundary conditions:

x?7?: T? T0 , nj? [nj]0 ;

x?+?:
dT

dx
? 0,

d�njr�
dx

? 0.

All the necessary coefficients were taken from reference edi-
tions.

The problemwas solved using the relaxationmethod where
the terms with derivative with respect to time (t) were added
artificially to equations (3) and (4). After setting certain initial
functions T(t=0, x) and nj (t=0, x), the calculations were
carried on up to a t value at which the temperature and
concentration profiles and the un value no longer depended
on time. As a result, a stationary solution to the non-stationary
problemwas found. This stationary solution is in fact quasista-
tionary, because the calculations were stopped when the
criteria of sufficiently small changes in temperature and con-
centration with time were fulfilled.

For a conventional `hot' laminar flame, the stationarity
means approaching the thermodynamic equilibrium. For cool
and blue flames, there is no thermodynamic equilibrium: there
is also no equilibrium in the initial fuel ± oxidant mixture, but
there exists a quasi-equilibrium that can be retained infinitely
long. Apparently, depending on the form of initial functions
[mainly depending on the function T(t=0, x) at the right
boundary], under conditions close to experimental,8 it is
possible to find solutions that well describe both cool flame
or cool and blue flames, on the one hand [if functionT(t=0, x)
corresponds to the temperature of cool flame or cool and blue
flames], and hot flame, on the other hand [if function
T(t=0, x) corresponds to the final equilibrium temperature
of combustion].

Calculations 28 were carried out for different fuel ± oxygen
mixtures, the initial temperature T0=293 K and several
pressures. Profiles of temperature and substance concentra-
tions in the propagating cool flame were reported 28 for an
equimolar CH3CHO+O2 mixture at a pressure of 40 kPa
(300 mm Hg). For this pressure, the flame propagation veloc-
ity was found to be equal to 2.4 cm s71. In cool flame, the
temperature increased from 293 to 772 K. There, nearly 23%
of starting reactants were consumed to afford a certain amount
of stable products such as H2 , H2O, CO, CH4, etc. The rapid
temperature increase in cool flame corresponds to a consid-
erable increase in the concentration of the OH radical, one of
the main active species in this reaction. This jump in the OH
concentration coincides with a sharp decrease in the concen-
tration of acetyl hydroperoxide CH3CO3H. The subsequent
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Figure 9. Time dependences of relative temperature for autoignition of

acetaldehyde ± oxygen mixtures at different initial temperatures.26

T0 /K: (1) 500, (2) 537, (3) 650, (4) 775, (5) 900, (6) 1000.

Initial conditions: P0=64.1 kPa and [CH3CHO]0=75%.
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deceleration of the reaction with the decrease in the [OH] was
associated with the decomposition of secondary peroxides
C2H5O2H and CH3O2H, which are more stable than
CH3CO3H.

The appearance and joint propagation of cool and blue
flames in a CH3CHO+O2 mixture was modelled.32 The first
attempts tomodel blue flames failed due to the instability of the
solution. However, this instability was overcome by refining
the computation procedure.

The calculations were carried out for CH3CHO+O2

mixtures with different composition, the initial temperature
T0=293 K and several pressures. In Fig. 6, the mixture
compositions and pressures used in calculations are marked
with asterisks. By selecting the initial functions for calcula-
tions, it was possible to simulate the flame types observed in
experiments.

Let us consider a solution that corresponds to the joint
propagation of cool and blue flames during the combustion of
the 85% CH3CHO+15% O2 mixture at a pressure of 67 kPa
(point 4 in Fig. 6). Figure 10 shows the profiles of the tempe-
rature wave (T/Tm , a) and the concentration waves ([nj]/[nj]m)
of initial compounds (b), most important intermediate pro-
ducts and radicals (c) and final products (d ), which contain
separate zones of cool and blue flames. Under these initial
conditions, the velocity of wave propagation was found to be
2.42 cm s71. Two temperature waves could be distinguished
(see Fig. 10 a). In cool flame, the temperature increased from
293 to 800 K, whereas in blue flame, it increased from 800 to
1267 K. The first temperature wave coincided with the decom-
position of acetyl hydroperoxide CH3CO3H to form OH
radical and demonstrated a local maximum in the decay
range. This maximum corresponds to the decomposition of
secondary peroxides C2H5O2H and CH3O2H, which are some-
what more stable. The second temperature wave is associated
with the decomposition of hydrogen peroxide H2O2 and HO2

radicals to form OH radicals [due to the relatively large step of
calculations over space, the resulting hydroxyl concentration
curve is lumped rather than smooth (curve 4 in Fig. 7 c)]. The
following stable compounds were observed among the com-
bustion products (in the order of decreasing concentration):
H2, CH4, CO, H2O, C2H4, C2H6 , CO2 , CH3OH, etc. and the
following radicals: CH3 , HO2 , CH3O, C2H5 , CHO, OH, etc.
Beyond the combustion zone, *10% of acetaldehyde and
more than 1% of oxygen remain non-consumed.

As was mentioned above, cool flame corresponds to the
glow of excited HCHO*. Apparently, this species is formed by
the reaction

CH3O+OH HCHO*+H2O.

As is seen from Fig. 10 c, the concentration profiles of
methoxyl radical CH3O and hydroxyl OH partly overlap,
which corresponds to a certain probability that this reaction
occurs in the cool flame zone. According to the same data, the
blue flame glow owes its existence to the (HCO)* radical.
Presumably, this radical is formed by the reaction

HCHO+OH (HCO)*+H2O.

Concentration profiles of HCHO and OH also overlap in the
blue flame reaction zone, which shows that such a reaction can
occur in this flame zone with a certain degree of probability.

The acetaldehyde oxidation mechanism assumed in a
study 28 mentioned above includes none of these reactions,
because the appearance of these species and their glow do not
affect the main chemical process of heat release. In principle,
the HCHO* glow may be masked by the more intense (HCO)*
glow. The foregoing is nothing but the possible external
manifestations of multistage mechanism of the acetaldehyde
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Figure 10. Profiles of relative temperature (T/Tm , a) and concentrations

[nj ]/[nj]m of initial compounds (b), most significant intermediate com-

pounds and radicals (c) and final products (d ) in the cool-flame reaction

zone.32

Initial conditions: [CH3CHO]0=85%, [O2]0=15%, T0=293 K,

P0=67 kPa (*500 Torr).
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(c) (1) [CH3CO3H]/[CH3CO3H]m, [CH3CO3H]m=1.761073;
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oxidation and joint propagation of cool and blue flames. The
presence of branching reactions in the decomposition of
CH3CO3H and H2O2 also points to the multistage nature of
the acetaldehyde oxidation.

It can be stated that when cool and blue flames propagate
in fresh unheated CH3CHO+O2mixtures, the cool-flame and
blue-flame reactions follow the same route as in the appearance
of conventional bulk homogeneous cool and blue flames, with
a difference that these reactions are initiated by the heat
transfer and diffusion and such a double flame propagates
over initially unheated mixtures.

The solutions corresponding to the propagating hot flame
were not analysed in the mentioned study.28

2. n-Heptane
Well-pronounced blue flame was observed in the combustion
of n-heptane. Sokolik and Yantovskii 3 experimentally (by
recording the pressure) proved the multistage mechanism of
the combustion of an n-heptane ± air mixture in a closed vessel.
The experiment was carried out at the relatively low initial
temperature T0=573 K and pressure P0=150 kPa. The
authors observed three pressure waves, namely, the first cool-
flame wave, the second blue-flame wave and the third wave
corresponding to the hot explosion (Fig. 11). In Fig. 11, the
waves of cool and blue flames are united in a single delay t2.
This is associated with the fact that the authors have not yet
brought forth a concept of multistage autoignition and

explained the observed pressure jumps based on another idea.
A semi-empirical mechanism of n-heptane oxidation and

combustion at the higher initial temperature (700 ± 1300 K)
and pressure (1200 ± 10 000 kPa) was proposed and checked in
a series of calculations that modelled the autoignition and
combustion of n-heptane in propagating flame.33 Figure 12
shows the autoignition delay times, both experimental and
calculated based on the kinetic mechanism of n-heptane auto-
ignition (for the experimental data on the overall autoignition
delays tS= t1+ t2+ t3, see Ref. 33). It is evident that the
results of calculations adequately agree with experimental
data. Modelling of n-heptane oxidation and combustion has
shown 34 that the proposed 33 kineticmechanism of this process
describes rather adequately the multistage autoignition of
n-heptane with the appearance of cool and blue flames. The
conditions taken in calculations corresponded to experimental
conditions (stoichiometric amounts of n-heptane and air,
P0=1500 kPa) and the temperature range embraced an
interval from 680 to 1000 K (the temperature corresponding
to the beginning of high-temperature oxidation). Figure 13
shows the results of calculations. The calculations demon-
strated the time dependences (in the range of the overall

autoignition delay) of the relative temperature (T/Tm) and
concentrations ([nj]/[nj]m) of key intermediates such as
C7H15O2H, H2O2 , OH and H, which were formed in the
autoignition of a stoichiometric n-heptane ± air mixture at
different initial temperatures. These results show that at
T0=680 K, the multistage autoignition occurs (curves 4 in
Fig. 13 a ± d ). In the temperature profile (Fig. 13 a), two waves
are present. The first wide wave (amplitude of 1508) corre-
sponds to the temperature rise due to the cool flame, the second
shorter wave appears at the end of the induction period. Its
amplitude is approximately 2508 and the temperature reaches
as high as *1350 K. This wave corresponds to blue flame.
Subsequently, the reaction transforms into hot explosion. The
first temperature wave is caused by the reaction acceleration
due to the stepwise increase in the concentration ofOH radicals
formed in the thermal decomposition of hydroperoxide
C7H15O2H, whereas the second wave is caused by the reaction
acceleration with the next sharp increase in the OH concen-
tration due to the thermal decomposition of more stable H2O2

molecules. The first slight increase in the concentration of H
atoms (curve 4 in Fig. 13 e) is observed at the end of cool flame
region, the second is observed in the blue flame region. After
the complete decomposition of hydrogen peroxide (the end of
the blue flame region), the concentrations of hydroxyl and
hydrogen atoms first decrease and then sharply increase due to
the branched chain reaction

H+O2 OH+O.

Due to the vigorous progress of the reaction, the temperature
begins to sharply increase and reaches its maximum, i.e., the
combustion temperature (is not shown in the Figure).

Figure 13 also shows the time dependences of the relative
temperatures and concentrations at higher initial temperatures
T0: 800 (curve 3), 900 (2) and 1000 K (1). These dependences
provide an insight into the dynamics of variations in the
temperature and concentrations of the main substances
involved in the autoignition on the transition from multistage
to single-stage oxidation. As the initial temperature increases
to T0=900 and 1000 K, the relative concentration of
C7H15O2H (Fig. 13 c) decreases by several orders ofmagnitude
and cannot be seen in the plot (shown by arrows), the H2O2

concentration decreases less sharply and the concentration of
hydrogen atoms is very low during the delay at high initial

P (rel.u.)

t1 t2

0 0.2 0.4 0.6 0.8 1.0 1.2 t /s

Figure 11. Pressure changes at autoignition of an n-heptane ± air mixture

with stoichiometric ratio j=1.25. Initial conditions: T0=573 K,

P0=150 kPa.3
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Figure 12. Comparison of calculated (line) and measured (points) delays

in the ignition of a stoichiometric n-heptane ± air mixture at

P0=1500 kPa.33
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temperatures but quickly increases at the hot explosion to a
quite considerable value for all temperatures.

Due to the fact that the temperature regions of the
formation and decomposition of n-heptyl hydroperoxide are
considerably lower than the regions of the formation and
decomposition of hydrogen peroxide, the cool and blue flames
observed at the n-heptane autoignition are well separated as in
the case of acetaldehyde.

3. Propane
No blue flame was observed in the propane combustion.
However, in view of similar mechanisms of oxidation and
combustion of paraffin hydrocarbons, it can be assumed that
propane combustion, like n-heptane combustion, may feature

the appearance of blue flame under appropriate conditions. As
follows from the abundant experimental data on the propane
oxidation and combustion that can be found in the literature
(e.g., see a monograph 2 and references therein), its oxidation
features cool flame, regions of the negative temperature
coefficient (NTC) and other phenomena typical of the oxida-
tion of higher hydrocarbons. This is why an attempt was
undertaken to theoretically determine the conditions for the
appearance of blue flame during low-temperature propane
oxidation by modelling. The kinetic mechanism of propane
oxidation and combustion was taken from Ref. 16.

Typical calculated temperature vs. time records for the
autoignition of a propane ± air mixture corresponds to two-
stage autoignition, namely, demonstrates delays in the appear-
ance of cool (t1) and hot (t2) flames (Fig. 14). For example, for
T0=650 K, the overall delay in the autoignition of a propane
(6.5%) ± air mixture was *2.48 s (varied from 2.1 to 3.5 s in
different experiments). Such a form of hydrocarbon auto-
ignition is typical of low temperatures. Cool flame appears at
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the decomposition of propyl hydroperoxide C3H7O2H as a
result of chain branching, which leads to a sharp increase in the
hydroperoxide concentration and accelerates C3H8 oxidation.
As all accumulated hydroperoxide is consumed, the reaction
decelerates and, in the next period (during the t2 delay) hydro-
gen peroxide H2O2 is accumulated. Its decomposition, i.e., the
second branching of the reaction, leads to an increase in the
reaction rate and, ultimately, to hot explosion (reaction of H
with O2). Immediately before the hot explosion, a local break is
observed in the smooth increase of the OH concentration,
which, however, does not cause any apparent changes in the
temperature growth rate. When richer propane ± air mixtures
are used, the irregular changes in the OH concentration
manifest themselves by the appearance of the secondmaximum
in the [OH] vs. T curve. As a result, the curve demonstrates a
break that corresponds to blue flame. Figures 14 a ± c show the
results of calculations of autoignition of a propane ± air mix-
ture with the 15.5% C3H8 ± 10.5% O2 ± 74% N2 ratio at
T0=625 K and P0=550 kPa. Three inflections in the T(t)
curve and three maxima in the [OH] vs. T curve correspond to
the multistage autoignition with the appearance of cool, blue
and hot flames.

4. Ethane
Until recently, no blue flame was observed in the ethane
oxidation and combustion and even cool flames were disco-
vered not long ago. The analysis of the staged mechanism of
the ethane autoignition 29 was based on the assumption that its
oxidation involves the same reactions as the oxidation of
higher hydrocarbons, i.e., the process includes three stages,
namely, cool flame, blue flame and hot autoignition. Cool-
flame phenomena may be associated with both the ethane
oxidation and the oxidation of stable products and radicals
that are formed in the later stages and are typical of methane
oxidation.

Let us dwell on calculations 29 performed using a kinetic
mechanism of oxidation of hydrocarbons C1 ±C2 , which was
proposed in Ref. 27 and extended by the introduction of
additional reactions necessary for modelling of the cool-flame
phenomena at the ethane oxidation (see Table 1). First of all, it
was selectively checked whether this model adequately
describes certain phenomenological characteristics of the
ethane oxidation and combustion in the low and high-tempe-
rature ranges. This was necessary because the multistage
ethane oxidation was never modelled earlier.

Calculations of the ethane oxidation at low temperatures
andmoderate pressures (i.e., when the reaction time is long and
the diffusion rate is sufficiently high) took into account the
following effective wall reactions of the decay of active species:

H2O2 H2O+0.5O2 ,

CH3O2H CO+H2O+H2 ,

C2H5O2H CO+H2O+CH4 .

In calculations, the rate constants kw used for these
reactions were the same and were close to their maximum
value in the diffusion approximation. The heat-transfer coef-
ficient was taken equal to 0.126 J litre71 s71 K71 in all cases.

The calculations of the low-temperature process were
accomplished for different conditions (different mixture com-
positions, initial temperatures and pressures) described in the
experimental study.35 The experiments carried out under these
conditions revealed the multiple appearance of one, two or
three cool flames, where the number of cool flames increased
with the diameter of the reaction vessel. On the qualitative
level, the calculations 29 adequately described the experimen-
tally observed cool-flame phenomena 35 as regards both the

time (minutes) and heating (tens of degrees). Thus at
kw=1 s71, no cool flame was observed at all (this rate
constant value corresponds to the highest possible diffusion
rate constant under these conditions). For a rate constant
kw=0.35 s71, a single cool flame was observed (manifested by
an NTC). Two and three cool flames were observed for
kw=0.25 s71 and kw = 0.12 s71, respectively. For kw=0
(in the absence of peroxide decay on the wall), the calculations
pointed to the autoignition process. The authors of experimen-
tal studies 35 did not observe the autoignition because they did
not deal with pressures above 118 kPa.

Insofar as the calculations described rather adequately the
experimental data on cool flames, the next step was the analysis
and modelling of the multistage mechanism of ethane combus-
tion under autoignition conditions. Based on the fact that
kw=0.353 s71 at a pressure of 100 kPa and a temperature of
600 K, the authors calculated kw for other pressures and
temperatures. According to calculations, the autoignition
begins as soon as a pressure of 150 kPa and a temperature of
560 K (kw=0.23 s71) are reached (at lower temperatures, no
autoignition was observed).

In view of the multistage autoignition mechanism, the
authors of calculations considered the combustion of an
ethane ± oxygen equimolar mixture at T0=560 K and
P0=150 kPa. Under these conditions, a two-stage process is
observed, namely, a cool-flame flash occurs with a delay
t1=390 s and is accompanied by a partial energy release and
a temperature rise by 1048; after a time t2=9 s, hot auto-
ignition occurs so that the overall delay turns out to be
tS= t1+ t2=399 s. As the temperature is increased from
560 to 600 K, the cool flame delay t1 becomes shorter and the
flame intensity expressed as a temperature rise (DT ) becomes
lower. Delay t2 and overall delay tS increase.

Note the specific features of the autoignition kinetics in the
cool-flame region. According to the analysis, during the
induction period that precedes the appearance of cool flame,
the accumulation of ethyl hydroperioxide C2H5O2H occurs
and the decomposition of the latter leads to the low-temper-
ature branching of the combustion reaction. The branching
causes a temperature jump, namely, the cool-flame flash.
Methyl hydroperoxide and hydrogen peroxide are also
involved in the later stages of ethane combustion. In cool
flame, as the temperature increases, the equilibrium in the
formation of peroxide radicals C2H5O2 shifts to the left (i.e.,
the formation of C2H5O2 radicals is hindered), the reaction is
slowed down and the temperature stops to increase. The
concentrations of CH3O and OH radicals in the reaction
mixture sharply increase 390 s after the beginning of the
reaction. The increase in [OH] reflects the increase in the
reaction rate in cool flame. Then, the OH concentration begins
to decrease, which entails a decrease in the overall reaction rate
after the cool flame.

Based on the shape of kinetic curves obtained with a low
resolution, one can infer on a typical two-stage mechanism of
autoignition (cool flame and hot autoignition). However, at a
higher time resolution, the multistage autoignition can be
deduced, i.e., the presence of an additional stage before the
hot flame. Thus immediately before the hot autoignition, one
can observe an increase in the H2O2 concentration and also an
increase in the concentrations of C2H5O, CH3O, HO2 and
HCO radicals. This violates the monotonic nature of the first
derivative of T(t). At the same time, a new considerable
increase in the OH concentration is observed, which points to
the acceleration of the ethane oxidation. Modelling makes it
possible to find the factor responsible for this acceleration.
Thus, if in the middle of the considered time interval, the rate
constants of each branching reaction, namely, the rate con-
stants for the decomposition of C2H5O2H, CH3O2H andH2O2

are in turn put to zero, this will not affect the increase in theOH
concentration for the case of alkyl peroxides, whereas for
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H2O2, this will lead to a decrease in the OH concentration and,
hence, to the increase in the reaction rate and the temperature.
Hence, one can unambiguously conclude that the reaction
branching due to the H2O2 decomposition is the main reason
for the reaction acceleration. This very increase in the ethane
oxidation rate prior to hot flame is defined as the blue flame
and allows one to assume the multistage mechanism of the
ethane autoignition.

In hot flame (the third stage of autoignition), the chief role
in the reaction branching is played by the process

H+O2 OH+O.

Within the framework of a concept of multistage auto-
ignition of paraffin hydrocarbons, a kinetic scheme of ethane
combustion was proposed,29 which contains the following
stages: (1) cool-flame stage (reaction branching occurs due to
the decomposition of hydroperoxides C2H5O2H, CH3O2H and
also of a part of H2O2), (2) blue-flame stage, which precedes
hot autoignition (reaction branching due to the decomposition
of hydrogen peroxide) and (3) hot-flame stage (reaction
branching due to the reaction of H radicals with oxygen).

In mixtures richer in ethane, the break of the smooth
increase in the concentration [OH] manifests itself by the
appearance of the second maximum in the [OH] vs. t curves
and a bend in the T vs. t curve, which correspond to blue flame
(later calculations 16). As the example, Fig. 15 a ± c shows the
results of calculations of the autoignition of an ethane ± air
mixture with the composition 16.5% C2H6 ± 9.5% O2 ±
74% N2 for T0=625 K at P0=550 kPa. Here, as for the
propane oxidation, three bends are present in the temperature
curve and three maxima appear in the [OH] vs. t curve, which
correspond to the multistage autoignition with generation of
cool, blue and hot flames.

In the case of ethane, ethyl hydroperoxide plays the chief
role in the appearance of cool flames. The closeness of the
temperature interval of its decomposition to the temperature
interval of hydrogen peroxide decomposition complicates the
separation of the cool-flame and blue-flame stages.

5. Methane
The first mention 36 of the multistage mechanism of low-
temperature oxidation of methane dates back to 1956. In this
study, two stages in this process, namely, cool-flame oxidation
and autoignition, were observed experimentally.

The first attempt to model the methane autoignition within
the framework of a relatively simple kinetic scheme was
undertaken in 1982 (Ref. 37) and, although the kinetic scheme
used in calculations was developed for modelling of the
combustion processes and was supplemented by merely few
reactions typical of the low-temperature range of methane
oxidation, the results obtained demonstrated the possibility of
describing the staged nature of the methane oxidation.

The later calculations employed a kinetic scheme specially
developed for the description of low-temperature oxidation of
rich methane mixtures.38 Figure 16 shows the results of such
calculations.39 As is seen, at the initial temperatures
T0<710 K, the staged nature of the reaction was not man-
ifested (curve 1). For T0>758 K (curves 5 ± 7), ignition
occurred (arrows at the ends of curves point to the further
increase in the temperature). In the temperature range
T0=728 ± 753 K, flashes with incomplete heat release were
observed which were followed by reaction inhibition accom-
panied by a temperature decrease due to the cooling of the
reaction mixture by the reactor walls. As a whole, the calcu-
lated data corresponded to experimental results described,36

which made it possible to use this kinetic scheme in predicting
the behaviour of this reaction under high-pressure conditions
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for which no experimental data could be obtained in static
setups.

Calculations were carried out for the mixture
67%CH4 ± 33%O2 at the initial temperature of 710 K and
different initial pressures (from 180 to 10 000 kPa). It was
found that as the pressure increases, the transition from
oxidation to autoignition occurs and the latter is reached in
shorter times. Even active heat transfer from the gas to the
reactor walls (within reasonable heat transfer coefficients) fails
to stop the ignition and reverse the temperature increase,
although the heat transfer increases the time the oxidation
reaction develops to the autoignition. Figure 17 a shows the

typical temperature dependence for the methane oxidation on
a time scale of seconds.39 With this resolution, the curve shows
no indications of the multistage mechanism. Based on the
shape of this curve, the methane oxidation can be assigned to
conventional single-stage autoignition processes. However,
curve T(t) recorded at a rapid temperature-vs.-time scanning
(on a microsecond time scale, Fig. 17 b) has a bend, which
suggests that the temperature rise toT=1400 K is followed by
the reaction retardation with the subsequent hot flash in
approximately 15 ms, i.e., the multistage nature of the reaction
is evident. In this case, the duration of the first combustion
stage was *4.6 s, and the duration of the second stage was
15 ms (it is very difficult to experimentally observe two stages
within such times). The staged nature is evident most clearly in
the concentration profiles of hydroperoxides CH3O2H and
H2O2 , and also of radicals HO2, CH3O2 and H shown on a
microsecond scale (see Fig. 17 c).

A similar situation was also observed at 750 K and higher,
at which the autoignition process that looks as a single-stage
process occurs. Calculations of the oxidation of methane ± air
mixtures were also carried out for the lower oxygen contents, a
pressure P0=10 000 kPa and temperatures T0=683 ± 750 K.
It was shown that with a decrease in the oxygen content, the
indications of the staged mechanism become less pronounced
and totally disappear at [O2]0=5%.

In the calculations of oxidation processes under high-
pressure conditions, the limiting values of reaction rate con-
stants for the infinitely high pressure were taken (the corre-
sponding data can be found in Table 2).

The detection of blue flames in experiments carried out in
ICE near the autoignition limits of lean methane ± air mixtures
served as evidence for the multistage mechanism of hydro-
carbon autoignition.40

An attempt 41 was made to model blue flames experimen-
tally observed in ICE 40 by using a kinetic scheme of the process
and a computer code that takes into account the pistonmotion.
The analysis of methane oxidation in ICE made it possible to
explain the illusory contradiction between the experimental
data obtained in ICE 40 and in a static setup.42 Methane
oxidation was frozen on the piston back stroke, which makes
it possible to establish the initial conditions corresponding to
the cessation of the relatively slow initial reaction. In a static
bomb, such conditions favourable for the reaction suppression
are absent.

For calculations, the same conditions as in the ICE experi-
ments 43 were taken (the compression ratio e=14.7 for a speed
n=1000 rpm) (the calculations were carried out according to
a kinetic scheme that can be found in Ref. 26 and Table 1).
According to calculations, as the compression temperature
changes, in the range of low methane concentration, there is a
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Initial conditions: [CH4]0=67%, [O2]0=33%, T0=710 K,

P0=7000 kPa.

(c) (1) [H2O2]/[H2O2]m, [H2O2]m=2.27961076; (2) [CH3O2H]/[CH3O2H]m,

[CH3O2H]m=1.41261078; (3) [HO2]/[HO2]m, [HO2]m=1.61961076;

(4) [CH3O2]/[CH3O2]m, [CH3O2]m=2.15661077; (5) [H]/[H]m,

[H]m=1.42061078.

Table 2. Kinetic parameters of high-pressure oxidation of C1 ±C2 hydrocarbons.

Reaction Reactions H /kJ mol71 Forward reaction Reverse reaction

number a

A b n E /kJ mol71 A b n E /kJ mol71

7 OH+H H2O 494.04 6.861010 0.1 0.00 1.661015 70.9 502.42

10 H+O2 HO2 196.78 1.26109 0.6 0.00 1.661012 70.4 204.32

17 OH+OH H2O2 209.34 3.46107 1.0 0.00 1.061016 0.0 209.34

24 CO+O CO2 531.72 1.06104 1.0 10.47 9.061012 0.0 544.28

34 HCO+H HCHO 305.64 7.16105 1.6 62.80 5.961013 0.6 376.81

42 H+CH3 CH4 422.87 8.46107 0.0 0.00 1.861016 0.0 439.61

71 H+HCHO CH3O 92.11 2.86107 1.0 10.05 3.061014 0.0 108.86

76 C2H+H C2H2 523.35 1.46105 1.0 754.43 8.561012 0.0 447.99

81 H+C2H2 C2H3 167.47 5.56109 0.0 10.05 2.661016 71.0 194.27

a The reaction number corresponds to that in Table 1. b The pre-exponential factorA is expressed in s71 for unimolecular reactions, in litre mol71 s71 for

bimolecular reactions and in litre2 mol72 s71 for trimolecular reactions.
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transition from the reaction absence to the complete combus-
tion through the region of incomplete heat release typical of
cool and blue flames. In Fig. 18, the dashed lines mark the
transition region of the methane incomplete oxidation and
combustion, which was experimentally obtained for
[CH4]0=3.7%. This region extends from 963 to 1053 K, i.e.,
approximately for 908. This region revealed experimentally in
Ref. 43 was assigned to blue flames. In the calculations (see
Fig. 18 b) with the same methane concentrations, the blue
flame region was merely 18. As the [CH4]0 decreased, the blue
flame region extended to 108. Thus Fig. 19 shows the changes
in pressure (curve 1), temperature (curve 2) and concentrations
of CH4 , OH, HCHO, CO and CO2 (curves 3 ± 7) in this
transition region. It is evident thatmethane is partially oxidised
to form a certain amount of CO and a very small amount of
CO2. The heat released in the process does not considerably
increase the pressure or the temperature.

The reason for the stagedmechanism ofmethane oxidation
and the incomplete heat release in the transition region is
sequence of poorly separated main branching processes that
arise in the decomposition of methyl hydroperoxide and
hydrogen peroxide. Thus the analysis of the oxidation kinetics
of a lean methane ± air mixture under the conditions described
in Ref. 43 showed that the branching of active sites takes place
mainly due to the reaction

H2O2 OH+OH.

In this case, the OH concentration first increases and then,
after the consumption of all accumulated H2O2 , starts to
decrease. This is why only a part of methane is consumed in
the reaction. A hypothetical mathematical experiment in which
the rate constant for the H2O2 decomposition is set equal to
zero in the very beginning shows that virtually no methane can
be oxidised under ICE conditions.43 Methyl hydroperoxide
CH3O2H is the main branching product in the cool-flame
oxidation of methane; its decomposition yields hydroxyl

CH3O2H CH3O+OH.

Under the chosen conditions, due to the relatively high initial
temperature, only a small amount of CH3O2H is formed.
Nonetheless, if we set the rate constant for the CH3O2H
decomposition equal to zero, the methane oxidation is slowed
and the yield of products becomes several times lower. Thus,
non-separatedmixed cool and blue flames were observed in the
methane oxidation under these conditions.

All studies devoted to the stepwise mechanism and the pre-
flame reactions in the methane oxidation described either cool
or blue flames; however, no publications reported on the
separate observation of these stages in one experiment. Appa-
rently, it can be concluded that these flames exist only as a
united `cool-blue flame' that features the peculiarities of both
stages.

Figure 20 shows calculated time dependences of the rela-
tive temperature (a) and relative concentrations of hydroxyl (b)
and hydroperoxides (c) in the oxidation of rich methane ± oxy-
gen mixtures. One can see the regions of the origination of the
pre-flame reaction (from 1 to 2.5 ± 3 s) and hot autoignition (at
*7.5 s). As seen, the ranges where the temperature rises and
the OH concentration increases are situated in the regions
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corresponding to the decomposition of CH3O2H (1.3 s) and
H2O2 (2.6 ± 3 s). Modelling of a process during which the rate
constants for the CH3O2H andH2O2 decomposition decreased
one after another has led to a dramatically different pattern of
the overall autoignition process, which reflects the effects of
both branching reactions on the pre-flame processes. This
substantiates a conclusion that the separation of cool and
blue flames in the methane oxidation reaction is a difficult and
even impossible task and these processes occur simultaneously
(with a very short time lag).

IV. Conclusion

Experimental and calculated data obtained based on the
detailed kinetic mechanisms of the oxidation of hydrocarbons
and their derivatives demonstrate that blue flame arises due to
the decomposition of hydrogen peroxide formed in the hydro-
carbon oxidation. This is typical of all reactions of oxidation
and combustion of hydrocarbons and their derivatives. Blue
flame was observed in the gas-phase oxidation and combustion
of methane, ethane, n-heptane, isooctane, benzene, acetalde-
hyde and diethyl ether. Blue flames were clearly observed in the
oxidation of acetaldehyde and n-heptane and less clearly in the
ethane oxidation. In the methane oxidation, mixed `cool-blue
flame' was observed.

The division of the oxidation process at autoignition into
stages is not always possible. Depending on the fuel type, the
mixture composition, temperature and pressure, the contribu-

tions of individual stages into the overall oxidation rate can
change. These contributions may overlap, whichmakes impos-
sible their separation. However, the essence of the stepwise
mechanism, i.e., the involvement of different reaction groups
that make their own contributions to the branching and
oxidation, remains unchanged. For example, in the ethane
oxidation, the stages corresponding to individual contribu-
tions of the C2H5O2H and CH3O2H decomposition reactions
could not be separated probably due to their very close kinetic
characteristics. In connection with this, it is interesting to
analyse the oxidation of heavy paraffin hydrocarbons with
the larger number of carbon atoms in molecules for which the
kinetic characteristics of the decomposition of the main
(CnH2n+1O2H) and secondary hydroperoxides are not so
similar. At present, when the scientists have at their disposal
such fast-response analytical instruments that allow them to
study the reactions of hydrocarbon oxidation, the implemen-
tation of such a study would be extremely desirable.
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Abstract. Methods for the replacement of chlorine atoms inMethods for the replacement of chlorine atoms in
polychloroarenes upon treatment with various reagents arepolychloroarenes upon treatment with various reagents are
surveyed. Considerable attention is given to catalytic methodssurveyed. Considerable attention is given to catalytic methods
and elucidation of the structure ± reactivity relationships forand elucidation of the structure ± reactivity relationships for
polychloroarenes. The bibliography includes 322 referencespolychloroarenes. The bibliography includes 322 references..

I. Introduction

According to the long-term environmental protection strategy
of the EU countries, the production and utilisation of environ-
mentally hazardous chemical compounds will be ceased by
2020. Polychlorinated aromatic compounds (polychloroar-
enes, PCA) are among such compounds. The disposal of toxic
PCA produced on the industrial scale, such as first-generation
insecticides polychlorobiphenyls and polychlorodioxins
formed as their biodegradation products, remains an unsolved
problem. Its solution requires information on the reactivity of
these compounds, which would suggest promising approaches
to their conversion into ecologically safe products or substan-
ces with useful properties. Catalytic hydrogenolysis of the
C7Cl bond in PCA has been studied in sufficient detail.1 ± 8

However, the resulting products are, as a rule, of little practical
significance because many hydrogenolysis products can be
prepared according to simpler and cheaper procedures. Other
reactions of PCA containing from two to six chlorine atoms in
the aromatic nuclei have been documented to a lesser extent. Of
these reactions, reduction-type processes, including metalla-
tion and electron-transfer reactions, as well as reactions with
nucleophilic reagents, deserve notice. In addition, the develop-
ment of procedures for the formation of new C7C and
C±heteroatom bonds instead of poorly reactive C7Cl bonds

is a good challenge for processing PCA into practically useful
compounds of the aromatic series.

The chemical properties of PCA often differ from those of
monochloro derivatives due to the mutual influence of the
chlorine atoms. Polychloroarenes are characterised by high
acidity of the aromatic protons and high electron affinity. The
shift of the first half-wave reduction potential (E1/2) to more
positive values, on the average, by 0.2 ± 0.3 V, upon the
introduction of every next chlorine atom into the aromatic
nucleus can serve as the criterion of the electron affinity.9, 10

For example, this parameter for hexachlorobenzene is
71.44 V (relative to a saturated calomel electrode), as opposed
to monochloroarenes, which are reduced at potentials equal or
close to the values of supporting electrolyte discharge. At the
same time, a negative charge on the chlorine atoms (for
example, in hexachlorobenzene), the small C7Cl bond length
(1.7 �A) and the rather large van der Waals radius of the
chlorine atoms (1.8 �A) hinder the attack of nucleophiles on
the electron-deficient carbon atoms in PCA.

The present review summarises the main reactions of PCA
(containing from two to six carbon atoms in the aromatic core)
resulting in the replacement of chlorine atoms by other
elements. These include:

(1) nucleophilic substitution reactions,
(2) reactions accompanied by the C7C bond formation

through metallation of PCA,
(3) transition metal-catalysed cross-coupling reactions.
The only monograph summarising the reactions of PCA

was published in 1974.11 The reactions of perchloroalkylarenes
that involve the side aliphatic chains with retention of chlorine
atoms in the aromatic moieties were considered in a more
recent review.12 In a chapter of a multivolume monograph 13

devoted to organic halogen-containing compounds, the prop-
erties of polyhaloarenes are not considered separately. In this
connection, in our opinion, it is reasonable to discuss not only
the results of studies published in the last decade, but also the
earlier data. The present review includes data on low-chlori-
nated arenes in particular, because dioxins containing two
chlorine atoms in the aromatic nuclei belong to environmen-
tally hazardous compounds. In addition, certain reactions,
which have been studied only for arenes containing two or
three chlorine atoms, would be useful also for chemical
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modifications of highly chlorinated PCA. Since the physico-
chemical properties and the structures of polychloroarenes
have been covered in detail in the earlier monograph,11 various
chemical transformations of these compounds are only con-
sidered below.

II. Reactions with S- and Se-nucleophiles

Aromatic thiols, sulfides and their derivatives have found wide
use as rubber vulcanisation promotors and modifiers of
polymeric compositions. They also serve as intermediates in
the synthesis of organic conductors, biologically active com-
pounds and other valuable compounds. The main procedure
for their synthesis is based on the nucleophilic substitution of
chlorine atoms in chloroaromatic compounds under the action
of sulfur-containing nucleophiles.

1. Characterisation of reactions of non-activated
polychloroarenes with S- and Se-nucleophiles
Reactions of polychlorobenzenes with sodium alkanethiolates
RSNa in hexamethylphosphoramide (HMPA) resulting in
high yields of poly(alkylthio)benzenes were documented.14 ± 16

The course of the reactions with sodium ethanethiolate and
with sodium methanethiolate especially should be thoroughly
controlled 16, 17 because alkylthiobenzenes formed in the first
step can undergo dealkylation induced by an excess of sodium
alkenetiolate to give alkali metal arenethiolates (see the
review 18).

It is more convenient to use PriSNa as the sulfur-containing
reagent. Under the reaction conditions, the resulting aryl
isopropyl sulfides are stable. After completion of the reaction,
these compounds can be transformed into benzenethiols and
then into other alkyl aryl sulfides. The latter can be prepared by
one-pot reactions with metallic sodium and then with alkylat-
ing agents (alkyl iodides or esters). The isopropyl groups can be
removed by the reaction with sodium in HMPA or pyridine at
*100 8C.19

Dichlorobenzenes 1a ± c { react with sodium alkanethio-
lates in HMPA to form bis(alkylthio)arenes and their trans-
formation products.17 For example, the reactions of
1,4-dichlorobenzene (1c) with EtSNa and MeSNa afford
1,4-bis(ethylthio)benzene (85%) and 4-(methylthio)benzene-

thiol (52%), respectively, as the major products. The reactions
with sodium propane-2-thiolate are not accompanied by
S-dealkylation. However, these reactions afford mixtures of
mono- and bis(isopropylthio)benzenes. The composition of
the products depends on the amount of the reagent. The
disubstitution products are the major products in the reactions
of PriSNa with 1,3- and 1,4-dichlorobenzenes (1b,c); for steric
reasons, the reaction with 1,2 isomer 1a gives 2-chloro(isopro-
pylthio)benzene as themajor product even in the presence of an
excess of thiolate (Table 1).15

Thiolate anions react also with highly chlorinated are-
nes.14, 17 For example, the reactions of isomeric tri- and
tetrachlorobenzenes with an excess of PriSNa in HMPA at
100 8C resulted in products of complete substitution of chlor-
ine atoms in yields of up to 95%.19 The degree of substitution in
the reaction with pentachlorobenzene (2) can be controlled by
varying the temperature. At 0 8C, three chlorine atoms are
replaced to give compound 3; at 100 8C, five chlorine atoms are
replaced to form compound 4. It should be noted that the
removal of the isopropyl groups in dichloroarene 3 with
metallic sodium is accompanied by reduction of the C7Cl
bonds.

The product of the complete replacement of chlorine atoms
in hexachlorobenzene (5) by PriS groups is formed at room
temperature.17, 20 The increase in the reaction temperature to
100 8C results in the elimination of one isopropyl group and
the formation of pentakis(isopropylthio)benzenethiol. The
reaction of C6(SPri)6 with metallic sodium is accompanied by
the replacement of one sulfur-containing group by hydrogen.14

n= 2± 6; R =Me, Et, Pri.

RSNa

HMPA, 80 ± 100 8C
Cln (SR)n

R=Me, Et.

ArSR + RSNa ArSNa + R2S,

n= 2± 6.

Cln
PriSNa

HMPA,
80 ± 100 8C

(SPri)n
Na

HMPA, 100 8C

(SNa)n

AlkI

AcOEt

(SAlk)n

(SEt)n

C6HCl5

2

PriSNa

HMPA

0 8C

100 8C

SPri

SPri

Cl

SPri

Cl

3 (85%)

1) Na

2) MeI

SMe

SMe

SMe

SPri

SPri

SPri

SPri

PriS

4 (90%)

C6Cl6

5

PriSNa

20 8C

2 ± 3.5 h

100 8C

C6(SPri)6

(95%)

1) Na

2) MeI
C6(SMe)6 + C6H(SMe)5

C6(SPri)5SH

(2 : 1)

{ Hereinafter, isomeric PCA have identical numbers but are denoted by

different letters.

Table 1. Reactions of isomeric dichlorobenzenes 1a ± c with PriSNa in
HMPA at 80 8C.15

Compound Number Reaction Products Yield

of equiv. time /h (%)

of PriSNa

1,2-Cl2C6H4 (1a) 1 0.5 2-ClC6H4SPri 92

3 36 2-ClC6H4SPri, 68

1,2-(PriS)2C6H4 11

1,3-Cl2C6H4 (1b) 1 0.5 3-ClC6H4SPri, 60

1,3-(PriS)2C6H4 5

3 36 1,3-(PriS)2C6H4 56

1,4-Cl2C6H4 (1c) 1 0.5 4-ClC6H4SPri, 72

1,4-(PriS)2C6H4 7

3 4 1,4-(PriS)2C6H4 96
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The reaction of hexachlorobenzene (5) with PhCH2SNa
produced hexakis(benzylthio)benzene, whose benzyl groups
can be removed under the action of sodium in liquid ammo-
nia.21

It should be noted that compoundsC6(SAlk)6 are produced
by nucleophilic substitution only in the case of hexachloroben-
zene (5). Attempts to obtain this type of compounds by the
reactions of copper mercaptides with tetra-, penta- or hexa-
bromobenzenes failed.17, 22

Polychloroarenes were used as the starting compounds for
the synthesis of fused heterocycles containing the 1,4-dithiane
(6, 7) or 1,3-dithiolane (8) fragments.20 Two approaches to the
synthesis of these products were developed. One approach is
based on the substitution of isopropylthio groups for chlorine
atoms in 1,2-dichlorobenzene (1a) and 1,3,5-trichlorobenzene
(9a) followed by the transformation of the resulting com-
pounds into the target heterocycles in six experimental steps.
Compounds 6 and 7 are formed in low yields (12% and 8%,
respectively, based on the starting chloroarenes).

Another, more efficient, approach is based on the treat-
ment of the in situ generated benzenehexathiolate with dibro-
moalkanes.20 Reaction products 7 and 8 were synthesised in
two steps in satisfactory yields.

The nucleophilic substitution of sulfur for the chlorine
atoms was carried out also in other solvents, for example, in
DMF,23 ± 26 methanol,27 etc. Not only alkali metal alkanethio-
lates, but less nucleophilic alkali metal arenethiolates were also
used as the reagents. The reactions of 1,3- and 1,4-dichloro-
benzenes (1b,c) with potassium benzenethiolate in DMF,
dimethylacetamide (DMA), N-methylpyrrolidone (NMP),
diglyme and ethylene glycol were investigated.28, 29 As a rule,
both chlorine atoms are replaced in these reactions. The best
results (high yields of products) were obtained in DMA and
NMP, whereas the reactions in diglyme and ethylene glycol did
not virtually take place. Such solvents as water and toluene
were used primarily in combination with phase-transfer cata-
lysts (see below).

The substitution of benzene-1,2-dithiolate for the chlorine
atoms in 1,2,3,4-tetrachloro- (10a) and hexachlorobenzene (5)
gave polycyclic dithianes 11 and 12, respectively; however,
their yields did not exceed 4%.24

The reaction of 1,2,4,5-tetrachlorobenzene (10b) with an
excess of 4-ClC6H4SNa in DMF at 120 8C affords only
monsubstitution product 13 due apparently to the insuffi-
ciently high nucleophilicity of the 4-chlorobenzenethiolate
anion.30

Sodium benzenethiolates (prepared from benzenethiols
and NaH) react with 1,2,4-trichlorobenzene (9b) in 1,2-di-
methoxyethane to give the complete substitution product in
94% yield.31 Under these conditions, hexachlorobenzene (5)
gave hexakis(phenylthio)benzene. 1,3-Dimethyimidazolidin-2-
one (14) is a solvent of choice for such reactions. In this solvent,
the reactions proceed even at room temperature to form
hexakis(arylthio)benzenes in high yields.32, 33

Cl

Cl
1a

a
SCH2CO2Et

SCH2CO2Et

b

S(CH2)2SSO2Me

S(CH2)2SSO2Me

c

S

S

S

S

6 (12%)

Cl

Cl

Cl
9a

a

SCH2CO2Et

SCH2CO2Et

EtO2CCH2S

b

7 (8%)

S(CH2)2SSO2Me

S(CH2)2SSO2Me

MeSO2S(CH2)2S

c

S

S

S

S

S

S

(a) (1) PriSNa, HMPA, 25 8C, 2 h; (2) Na, 100 8C, 2 h; (3) BrCH2CO2Et,

50 8C, 2 h; (b) (1) LiAlH4, THF; (2) SOCl2, PhH, 2 h; (3) MeSO2SK,

EtOH, 18 h; (c) AlCl3, MeNO2.

Cl

Cl

Cl

Cl

Cl

Cl

5

1) PriSNa, HMPA, 25 8C

2) Na, 100 8C

7
S

S7

S7

S7

S7

7
S

Br(CH2)2Br

CH2Br2

7 (32%)

S

S

S

S

S

S

8 (38%)

HS

HS

Na, DMF

100 8C

40 h

36 h

Cl

Cl

Cl

Cl

(10a)

Cl

Cl

Cl

ClCl

Cl (5)

S

S S

S

11 (1.4%)

S

S S

S

S

S

12 (4%)

Cl Cl

Cl Cl

10b

4-ClC6H4SNa

DMF, 120 8C

Cl Cl

Cl S

Cl

13 (80%)

Ar = Ph (96%), 4-MeC6H4 (91%), 4-ButC6H4 (76%),

4-BrC6H4 (48%), 2-naphthyl (72%).

Cl

Cl

Cl

Cl

Cl

Cl

5

ArSH, NaH

MeN NMe, 720 8C

O (14)

ArS

SAr

SAr

SAr

SAr

ArS
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Not only mononuclear PCA, but also compounds contain-
ing several aromatic rings, react with S-nucleophiles. In poly-
chlorobiphenyls 15, one chlorine atom at position 4 is generally
replaced.27

The substitution product of two chlorine atoms (at positions 4
and 40) was detected only in the case of symmetrical
2,20,4,40,5,50-hexachlorobiphenyl.

In octachloronaphthalene (16), all chlorine atoms can be
replaced by sulfur-containing groups in DMF at room temper-
ature.34

In addition to alkane- and arenethiolates, the reactions of
PCAwere carried out also with other sulfur-containing nucleo-
philes, including hydrogen sulfide, metal sulfides, isothiourea
derivatives, heterocyclic thiones, dimethyl sulfoxide, carbon
disulfide and dialkyl sulfides.30, 35 ± 39 For example, the reaction
of 1,3,5-trichlorobenzene (9a) with sodium hydrosulfide pro-
duced 3,5-dichlorobenzenethiol (17).30

The reaction of 1,4-dichlorobenzene (1c) with Na2S in
NMP is of industrial significance as a procedure for the
production of poly(1,4-phenylene sulfide). After the comple-
tion of the reaction in NMP, small amount of macrocyclic
hexamer 18 was isolated from low-molecular-mass fractions.39

The chlorine atoms at positions 1 and 8 in octachloro-
naphthalene (16) were replaced by the disulfide fragment upon
refluxingwithNa2S2 in ethanol.40 Fusion of compound 16with
elemental sulfur at 310 ± 320 8C under nitrogen allows the
introduction of two disulfide bridges into the molecule.

Carbon disulfide can be used as the S-nucleophile.41

Oxidation of the reaction product, viz., 2,4-dichlorobenzene-
thiol (17), afforded the corresponding disulfide 19. Analo-
gously, the reaction of hexachlorobenzene (5) with the CS2 ±
ButOK±DMSO system at 110 8C produced pentachloroben-
zenethiol in 72% yield.

The chlorine atom in chloroarenes is replaced by the sulfur
atom also in the gas-phase reaction with hydrogen sulfide in a
flow reactor at 500 ± 700 8C.35, 36 The reaction afforded a
complex mixture of products consisting mainly of benzene-
thiols and diaryl sulfides and was accompanied by the partial
dehalogenation of arenes. 1,4-Dichlorobenzene (1c) reacts
much more easily than chlorobenzene. The yields of 4-chloro-
benzenethiol and bis(4-chlorophenyl) sulfide (20) are 15% and
56%, respectively. Under these conditions, the reaction of 1,2-
dichlorobenzene (1a) gives 2-chlorobenzenethiol (30%) and
thianthrene 21 (61%); the reaction of 1,2,4-trichlorobenzene
(9b) produces dichlorobenzenethiol (15%±56%) and
2,7-dichlorothianthrene 22 (26%±45%).

Dialkyl sulfides and dialkyl disulfides can also serve as a
source of sulfur at high temperature. 1,4-Dichlorobenzene (1c)
reacts with diethyl disulfide to form a mixture of 4-chloroben-
zenethiol (55%), bis(4-chlorophenyl) sulfide (16%), benzene
(9%) and thiophene (14%).38 Presumably, the reaction
involves thermal decomposition of dialkyl disulfides accom-
panied by elimination of hydrogen sulfide, which reacts with
PCA. Dialkyl disulfides are reagents of choice for the synthesis
of benzenethiols, while hydrogen sulfide, for the synthesis of
diaryl sulfides.35, 36, 38

Cl

ClCl

Cln

15

MeSNa

MeOH, D

Cl

SMeCl

Cln

Cln = 4-ClC6H4, 3,4-Cl2C6H3, 2,5-Cl2C6H3,

2,4-Cl2C6H3, 2,4,5-Cl3C6H2.

R = Et (69%), Bun (74%), PhCH2 (Bn) (73%), cyclo-C6H11 (Cy) (48%);

Ph (66%), 4-ClC6H4 (83%), 4-BrC6H4 (46%), 2-MeSC6H4 (66%),

benzothiazol-2-yl (48%).

Cl

Cl Cl

Cl

Cl

ClCl

Cl

16

RS

SR SR

SR

SR

SRSR

RS

RSNa (8 equiv.), DMF

20 8C, 5 h

Cl

ClCl

9a

NaSH

DMF, 90 8C

SH

ClCl

17 (48%)

Na2S

HS C6H4S n H+

ClCl

1c

S

18 (3.3%)

6

Cl

Cl Cl

Cl

Cl

ClCl

Cl

16

Na2S2

EtOH, D

S

310 ± 320 8C, 15 min

Cl

S S

Cl

Cl

SS

Cl

(73%)

Cl

S S

Cl

Cl

ClCl

Cl

(56%)

Cl Cl

Cl

9a

CS2, EtOH

K2CO3, DMSO, 110 8C

Cl Cl

SH

17 (95%)

I2
S S

Cl

Cl

Cl

Cl
19 (74%)

S

Cl Cl

S

S

20 21

S

Cl ClS

22
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The replacement of chlorine atoms in PCA in the reaction
with thiourea under electroreduction conditions in liquid
ammonia (740 8C, with KBr or ButOK as the additives) was
documented.42 The reaction afforded a mixture of sulfur-
containing products, viz., ArSH, ArSSAr and ArSAr. The
ion-radical SRN1 mechanism was proposed for this reaction.

Selenation reactions of PCA were less studied. For exam-
ple, the reaction of PCA with lithium methaneselenolate
produces aryl methyl selenides,43 which readily undergo deme-
thylation with an excess of methaneselenolate (analogously to
methanethiolates). The resulting areneselenolates can be alky-
lated with alkyl iodides to give alkyl aryl selenides 23.44

Examples of such products are given in Table 2.

The reaction of hexachlorobenzene (5) with sodium benze-
neselenolate in HMPA proceeds at room temperature to give
hexakis(phenylseleno)benzene.32

The reaction of 1,2-dichlorobenzene (1a) with elemental
selenium affords 9,10-diselena-9,10-dihydroanthracene in
moderate yield.45

A heterocycle containing the diselenide bridge between
positions 1 and 8 of the naphthalene fragment was synthesised
by the fusion of perchloronaphthalene (16) with selenium at
335 ± 340 8C in an inert atmosphere.40

2. Reactions of activated polychloroarenes
with S-nucleophiles
The reactions of PCA containing electron-withdrawing groups
in the ortho or para positions with respect to chlorine atoms
generally proceed under milder conditions, in some cases, at
room or reduced temperatures. Data on the formation of the
reaction products of activated PCA, including compounds
24 ± 29, with S-nucleophiles are presented in Table 3.46 ± 64

3. Reactions of polychloroarenes with S-nucleophiles
under conditions of phase-transfer catalysis
The reactions of PCA with S-nucleophiles can be promoted, in
particular, by phase-transfer catalysts (PTC). Crown ethers,
ammonium salts and phosphonium salts were used as
PTC.65, 66 Under these conditions, it became possible to
perform the reaction of 1,2,4,5-tetrachlorobenzene (10b) with
an alkanethiol ±KOH system in toluene, which does not
proceed in the absence of catalysts (Table 4).67 The reaction
produces 1,4-dialkylthio-2,5-dichlorobenzenes (30a,b). The
highest yield of the products was achieved with the use of
dodecyltricyclohexylphosphonium bromide as the catalyst.
The reactions of 1,3,5- and 1,2,4-trichlorobenzenes (9a,b)
with alkanethiols in the presence of PTC proceed at higher
temperatures.

The reactions of dichlorobenzenes require even more
drastic conditions (110 8C).68 The reactivity of the compounds
decreases in the following sequence: 1,2 isomer (1a)>1,3
isomer (1b)>1,4 isomer (1c); the reactivity of nucleophiles
decreases in the following sequence: primary thiols> tertiary
thiols>benzenethiols (Table 5).

The reactions of sodium methanethiolate with dichloro-
and trichlorobenzenes in the presence of tetrabutylphospho-
nium bromide resulted in the replacement of one chlorine atom
to yield (methylthio)chlorobenzenes. The latter were trans-
formed into the corresponding disulfides by demethylation and
oxidation, for example, as shown below:65

3-Chloro-2-(isopropylthio)nitrobenzene was obtained in
quantitative yield by the reaction of 2,3-dichloronitrobenzene
(24a) with the PriSH±KOH system in water in the presence of
PTC (the quaternary ammonium salt Adogen 464).69

ArCl +MeSeLi
7LiCl

ArSeMe
MeSeLi (excess)

7Me2Se

ArSeLi
RI

ArSeR

23

Cl

Cl

Cl

Cl

Cl

Cl

5

PhSeNa, HMPA

20 8C

PhSe

SePh

SePh

SePh

SePh

PhSe

(51%)

Cl

Cl

1a

Se
Se

Se

(26%)

Cl

Cl Cl

Cl

Cl

ClCl

Cl

16

Se

335 ± 340 8C, 7 h

Cl

Se Se

Cl

Cl

ClCl

Cl

R = n-C7H15 (a), n-C12H25 (b).

Cl Cl

Cl Cl

10b

Cl SR

RS Cl

30a,b

RSH (n equiv.), KOH, PTC

PhMe

Cl Cl

Cl

9a

NaSMe, Bun4PBr

80 8C, 6 h

1) Cl2, 50 8C, 8 h

2) DMF, H2O, 100 8C
Cl Cl

SMe

(99%)

1) NaOH (aqueous)

2) HCl, H2O2

Cl Cl

SH

17 (83%)

S S

Cl

Cl

Cl

Cl19 (96%)

Cl

Cl

NO2

24a

PriSH, KOH

Adogen 464, H2O, D
Cl

SPri

NO2

Table 2. Reactions of isomeric dichlorobenzenes 1a ± c with lithium
methaneselenolate (4 equiv. MeSeLi, DMF, 120 8C) followed by alkyla-
tion with RI.43

Compound Time /h R Products 23 Yield (%)

1,2-C6H4Cl2 (1a) 16 Me 2-ClC6H4SeMe 87

1,3-C6H4Cl2 (1b) 8 Me 3-ClC6H4SeMe 86

1,4-C6H4Cl2 (1c) 8 Me 4-ClC6H4SeMe 72

8 Et 4-ClC6H4SeEt 81

8 Pri 4-ClC6H4SePri 76
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Table 3. Reactions of polychloroarenes bearing electron-withdrawing groups with S-nucleophiles.

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.

AcONa, EtOH, D 85 46

PriSH H2O± organic solvent 97 47

Bun4NBr, 65 8C

RSNa (R=Et, But) HMPA, 80 8C R=Et: A (65%); 48

R=But:

A (21%)+B (42%)

7 99 49

KOH, MeOH 67 50

MeSNa DMF, 0 8C 60 (X=Y=SMe) 51

24 (X=SMe, Y=Me)

7 (X=Me, Y=SMe)

HSCH2CO2Et Et3N, DMF, 0 8C 60 51

NO2

Cl

Cl
(24a)

HS
NH2

F

Me

NO2

S
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Table 3 (continued).

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.

2,5-, 2,4- and 7 91 ± 99 52

3,5-(MeO)2C6H3SH

2-HSC6H4C(O)NMe2 K2CO3, DMF, D 75 53

1,2,3-Cl3C6H2SH AcONa, EtOH, D 6 (see a) 54

HS(CH2)3CO2Et K2CO3, DMF, 20 8C 70 55

see b KF, DMSO, 71 56

sulfolane, 180 8C

2-HSC6H4CO2H K2CO3, PhCH2OH, 70 57

Cu, 110 8C

HS(CH2)2CO2H K2CO3, DMF, 60 58

120 ± 125 8C

Cl
NO2

Cl
(24c) Cl

S

NO2

(OMe)2

Cl

NH2

NO2

Cl

S

NH2

NO2

Cl

NMe2O

Cl

Cl

NO2

Cl
(25a)

S

Cl
Cl

Cl
NO2

Cl

Cl
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Cl

Cl
(26a)

CHO

Cl

S(CH2)3CO2Et

Cl

Cl
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(26b)

CHO

SMe

Cl

Cl

SMe
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+

Cl

Cl
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(27a)

S
CO2HCO2H

Cl

Cl

Me

Cl
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Me

Cl
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Table 3 (continued).

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.

4-MeOC6H4SH 1) ButOK, DMSO 9 59

2) MeCN, D

2-RNHC6H4NSH (R=Alk) K2CO3, THF 7 60

RSH (R=Prn, Ph) K2CO3, DMSO, 90 8C 51 (R=Prn), 61

55 (R=Ph)

2,5- and 3,4-Cl2C6H3SH K2CO3, Cu, 125 ± 155 8C 37 ± 77 62

MeSNa THF, 25 8C 82 ± 94 63

PrnSH NaH, DMSO, 120 8C 7 64

Note. The dashmeans that the reaction conditions or the yields were not reported. a The yield of the product of reduction to the corresponding amine is given. b TheMeS7 ions generated in situ fromDMSOwere used as the

reagent.
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S
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The Bun4NBr-catalysed reaction of 2,4-dichloro-5-methyl-
acetophenone with S-prenylisothiourea allowed the introduc-
tion of the prenylthio group into the aromatic nucleus.70

III. Reactions with N-nucleophiles

Since amines are much less reactive than S-nucleophiles, the
reactions of the former with PCA are performed under more
drastic conditions or in the presence of catalysts. In some cases,
metal amides are used as aminating agents.

1. Amination of non-activated polychloroarenes
The reaction of 1,4-dichlorobenzene (1c) with lithium diiso-
propylamide at 778 8C affords a mixture of isomeric amina-
tion products,71 with 3-chloro-N,N-diisopropylaniline
predominating. This can be attributed to the fact that the
reaction proceeds via 4-chlorobenzyne.

The reaction of an excess of 1,2-dichlorobenzene (1a) with
diphenylamine and KOH in the presence of polyethylene
glycol dimethyl ether at 160 ± 1658C produced N-(3-chloro-
phenyl)-N,N-diphenylamine in 53% yield,72 which is also
evidence for the intermediate formation of 3-chlorobenzyne.
The reaction of 1,3,5-trichlorobenzene (9a) with hydrazine
hydrate at 180 ± 200 8C in pyridine produced 3,5-dichlorophe-
nylhydrazine in 60%±82% yield.73

1,2,4,5-Tetrachlorobenzene (10b) reacts with a strong
reducing agent, Me2NCH2ONa, which is prepared from
NaBH4 and DMF in the presence of Cp2TiCl2
(Cp=Z-C5H5). The complete conversion of the starting
compound (GLC data) affords 2,4,5-trichloro-N,N-dimethyl-
aniline along with the reduction product.74

In the reaction of piperidine with decachlorobiphenyl (31),
one or two chlorine atoms are replaced.75 The degree of
conversion depends on the reaction conditions. Thus the
monosubstitution at position 4 is achieved upon refluxing in
DMF, whereas prolonged heating with an excess of piperidine
in an autoclave gives the 4,40-disubstituted product.

Cl

Cl

C(O)Me

Me

+
S

NHH2N
NaOH

Bun4NBr

S

Cl

C(O)Me

Me

+

Cl

S

C(O)Me

Me

(85 : 15)

Cl

Cl

1c

LiNPri2

THF,778 8C
Cl

NPri2Cl NPri2

+

(64 : 36)

Cl

ClCl

Cl
10b

Me2NCH2ONa

85 8C

Cl

Cl

Cl

Me2NCl

Cl Cl

+

(1 : 1.2)

Table 4. Reactions of polychloroarenes 9a,b and 10b with thiols (RSH) under phase-transfer catalysis.67

Compound R Equiv. of thiol, n PTC Time /h Temperature /8C Product Yield (%)

1,2,4,5-Cl4C6H2 (10b) n-C7H15 3 18-Crown-6 2 25 30a 70

PEG-300 a 2 25 30a 62

n-C12H25PCy3Br 2 25 30a 99

n-C12H25 3 7 24 50 7 7
Bu4NBr 24 25 7 7
Bu4PBr 2 25 30b 78

1,3,5-Cl3C6H3 (9a) Pri 0.3 Bu4NBr b 5.5 140 see c 85

n-C7H15 1.5 n-C12H25PCy3Br 3 50 see c 93

1,2,4-Cl3C6H3 (9b) n-C7H15 1.5 n-C12H25PCy3Br 3 50 see d 92

a PEG is poly(ethylene glycol); b aqueous NaOH was used;66 c 3,5-Cl2C6H3SR is formed; d 2,5-Cl2C6H3SR is formed.

Table 5. Reactions of isomeric dichlorobenzenes 1a ± c with thiols
under phase-transfer catalysis (110 8C, 60% KOH, dicyclohexano-
18-crown-6).68

ÊCompound Thiol Time /h Composition of Yield of the

substitution pro- isolated

ducts (GLC data) monosubsti-

(%) tution pro-

duct (%)

mono- di-

1,2-Cl2C6H4 (1a) PriSH 16 93 0 89

BunSH 14 92 5 88

ButSH 75 94 0 84

1,3-Cl2C6H4 (1b) PriSH 24 86 6 79

BunSH 24 87 6 81

ButSH 125 86 12 73

1,4-Cl2C6H4 (1c) PriSH 150 54 35 43

BunSH 90 76 14 65

ButSH 250 31 53 27
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2. Substituent effect on the reactivity and regioselectivity
of amination of polychloroarenes
The reactivity of PCA and the pathway of amination depend
on the nature and position of the substituent. For example, 2,6-
dichlorobenzonitrile (28a) reacts with ethylenediamine at
120 8C resulting in the replacement of one chlorine atom.76

The reaction was performed in the presence of catalytic
amounts of P2S5 to ensure the attack of ethylenediamine at
the nitrile group with the aim of providing the route to the
corresponding imidazolidine; however, the electrophilicity of
the aromatic C7Cl fragment proved to be higher.

The reaction of perchloroisophthalonitrile (32) with
ammonia proceeds under milder conditions 77 to give 3,5,6-
trichloro-2,4-dicyanoaniline. In the reaction of compound 32
with an oligopeptide, it is the amino group of the lysine
fragment that is involved in the replacement.78

In the reactions of dichlorobenzoic acid derivatives 33 and
34a with amines, one chlorine atom in the ortho position with
respect to the carboxy group is replaced.79 ± 82

The reactions of polychlorobenzoic esters or amides with
amines and hydrazines proceed analogously.82 For example,
methyl 2,6-dichloro-3-nitrobenzoate reacts with 1 equiv. of
alkylamine or hydrazine in aqueous ethanol resulting in the
replacement of the chlorine atom at position 2 (82%±97%
yields). In the presence of an excess of amine, both chlorine
atoms are replaced to give the corresponding products in
virtually quantitative yield. In the reactions of 3-aminosul-
fonyl-2,6-dichlorobenzamides 35with alkyl- and benzylamines
in EtOH, also one or two chlorine atoms are replaced depend-
ing on the conditions; in dioxane, the major products result
from the replacement of the chlorine atom at position 2.83

R1 R2 Yield (%)

H Bn 62

Bun 86

2-MeC6H4 Bn 67

Bun 82

Ph(CH2)2 EtO(CH2)2 88

The nitro group is a good activating substituent in the
nucleophilic substitution reactions involving PCA.84 ± 93 In
2,4-dichloronitrobenzene derivatives 24b, 25a and 36, the
chlorine atom in the ortho position with respect to the nitro
group is replaced.85, 86, 88
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CONHR1

Cl

H2NSO2
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Cl
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H2NSO2

Cl

NO2

Cl
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24b, 25a, 36

R2R3NH, D
NR2R3

NO2

Cl

R1

R1 = H (24b), Me (36), Cl (25a);

R2R3N = AlkNH, NH2, N(CH2)4, N O.
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In the reaction of 3,4,5-trichloronitrobenzene (25b) with a
heterocyclic amine, the replacement occurs primarily at the
chlorine atom in the para position with respect to the nitro
group.94

The reactions of PCA with amines proceed more rapidly at
high pressure (0.6 ± 1.0 GPa).95 For example, 2,3,5,6-tetra-
chloronitrobenzene reacts with primary amines under these
conditions to form the substitution product of the nitro group;
in the reactions with secondary amines, the chlorine atom in
the ortho position with respect to the nitro group is replaced. In
some cases, the reactions afford mixtures of isomeric mono-
and diamines. The reactions with diamines produce annelated
compounds.

Polychloroarenes containing two nitro groups react at
substantially lower temperatures. For example, ammonolysis
of 2,4,6-trichloro-1,3-dinitrobenzene (37) proceeds at 48 8C
and results in the replacement of two chlorine atoms.96

In the reactions of 1,2,3,4-tetrachlorodinitrobenzene (38)
with amines, not only chlorine atoms, but also nitro groups are
replaced.97 As a rule, primary amines replace one of the nitro
groups, whereas secondary amines replace the chlorine atom in
the ortho position with respect to the nitro group. High yields
of the substitution products were achieved in the reactions
performed in the two-phase toluene ±water system in the
presence of tetraalkylammonium salts (for example, Aliquat
336).

Trichlorotrinitrobenzene 39 reacts with hydrazine deriva-
tives at room temperature.98 The reaction with acetylhydrazine
affords a mixture of monosubstitution products. The reaction
with unsubstituted hydrazine is accompanied by dehalogena-
tion and denitration.

The trifluoromethyl group having a strong 7I effect also
facilitates the replacement of the chlorine atom in PCA.
However, its activating effect is weaker than the effect of 7M
groups. The reactions of trifluoromethyl derivatives of PCA
40a, 41 and 42a with amines proceed, as a rule, only at high
temperature.99 ± 104

Due to the simultaneous presence of the CF3 and NO2

groups in chloroarenes 42b and 43, the reactions can be
performed under milder conditions.105, 106

The relative reactivity of chlorine atoms in PCA depends
not only on the activating substituents, but also on the polar-
isability of the nucleophile.107 For example, 2,4,6-trichloro-
3,5-bis(trifluoromethylsulfonyl)nitrobenzene reacts with
sodium azide (a soft nucleophile) in methanol at 780 8C to
form a mixture of substitution products. However, harder
nucleophiles, such as piperidine and 4-acetylaminoaniline,
selectively replace one chlorine atom in the ortho position
with respect to the nitro group.
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3. Catalytic amination of polychloroarenes
Copper salts and oxides catalyse amination of non-activated
PCA. The reactions of 1,3-dichloro-substituted tetrafluoro-
and 2,4,6-trifluorobenzenes with aqueous ammonia in the
presence of CuCl in an autoclave at 140 8C were found to
proceed non-selectively to give mixtures of amination and
hydrodechlorination products.108 The reactions of 1,2- and
1,4-dichlorobenzenes (1a,c) with ammonia in the presence of
copper oxide at 180 ± 240 8C produce the corresponding phe-
nylenediamines.109

Ultradispersed (nanosized) copper, which is formed in situ
by the reaction of tris(3,6-dioxaheptyl)amine (TDA-1) with
copper salts, proved to be an efficient catalyst for the reaction
of N-(3-pyridyl)acetamide with dichlorobenzenes 1a,b.110 The
solvent-free reaction was carried out by refluxing the reactants
with azeotropic distillation of water.

In some cases, it is reasonable to perform the amination of
PCA bearing electron-withdrawing substituents in the pres-
ence of copper or its salts as the catalyst. For example,
2,4-dichlorobenzoic acid (27a) and its amide (44) react with
amines in the presence of copper or its salts resulting in the
replacement of the ortho-chlorine atom with respect to the
electron-withdrawing group.111 ± 119

In the reaction of valine methyl ester with 3,4-dichloro(tri-
fluoromethyl)benzene (40a) catalysed by Cu(I) salts using
sonication, the chlorine atom in the para position with respect
to the CF3 group is replaced to give the corresponding
substitution product in high yield.120 Without sonication, the
yield is as low as 10%.

4-Aminobenzoic acid in which the nucleophilicity of
the amino group is lower than that in aniline reacts with
2,4-dichloro-5-nitrobenzoic acid (34b) in boiling DMF in the
presence of copper powder to give 2-(4-carboxyanilino)-4-
chloro-5-nitrobenzoic acid.121

Nickel complexes with the 1,10-bis(diphenylphosphino)fer-
rocene (dppf), 1,10-phenanthroline (phen) and 2,20-bipyridyl
(bipy) ligands were examined as catalysts for amination of
PCA.122 Under these conditions, 1-methylpiperazine reacts
with 1,3- and 1,4-dichlorobenzenes (1b,c), resulting in the
replacement of only one chlorine atom.

Amination of PCA (for example, of compounds 9a and
45a) with benzophenone imine can be performed with the use
of the catalytic Pd2(dba)3 ± dppf system (dba is dibenzylide-
neacetone).123 After hydrolysis in the final step, the corre-
sponding aniline derivatives are obtained in good yields.

Cross-coupling of 1,2,4,5-tetrachlorobenzene (10b) with
primary and secondary amines in the presence of Pd(OAc)2
and ligand 46 according to a developed procedure 124 afford
compounds 47 as a result of the replacement of one chlorine
atom.125, 126 The reaction is accompanied by reductive dech-
lorination to dichloroaniline derivatives 48. Hexachloroben-
zene (5) does not react with amines under the above-mentioned
conditions.
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R1R2N Yield (%)

47 48

(CH2)4N 26 10

O(CH2CH2)2N 25 41

BunNH 72 4

Amination of chloroarenes with trans-di(m-acetato)bis{2-
[di(tert-butyl)phosphino]-2-methylpropyl-C,P}dipalladium
(which was prepared by heating Pd(OAc)2 with But3P in
toluene) was covered by the patent.127 This method was used
for the synthesis of N-(4-chlorophenyl)piperidine (59% yield)
and 1,4-bis(dibutylamino)benzene (77%yield) by the reactions
of 1,4-dichlorobenzene (1c) with piperidine or dibutylamine,
respectively.

Cross-coupling of 1-bromo-2,6-dichlorobenzene (49) with
polyamines 50 catalysed by the Pd(dba)2 ±BINAP system
[BINAP is 2,20-bis(diphenylphosphino)-1,10-binaphthyl] pro-
ceeds slowly.128 However, cyclisation products 51 were pre-
pared by refluxing the reactants in dioxane over a long period
of time (50 ± 70 h), the yields being dependent on the length
and conformational flexibility of the polyamine chain. The
structures of linear by-products 52 provide evidence that the
bromine atom is replaced in the first step of the reaction. No
cyclisation products are formed in the reaction with the
diamino ether H2N(CH2CH2O)2CH2CH2NH2.

k m n x Yield (%)

51 52

1 0 1 1 47 7
0 0 0 1 27 7
0 1 0 1 17 7
0 0 0 2 12 17

0 0 0 3 10 21

The results of studies on the reactions of mono- and
polynuclear chloroarenes in the presence of catalytic systems

containing a source of palladium combined with
BINAP,129 ± 131 1-diphenylphosphino-2-(1-methoxyethyl)fer-
rocene 132 or tri(tert-butyl)phosphine 133 may be useful for
performing the C7N cross-coupling reactions of PCA.

IV. Reactions with O-nucleophiles

Chlorine atoms in PCA can be replaced by O-nucleophiles to
form phenols or their ethers.

1. Reactivity of polychloroarenes towards
O-nucleophiles in the presence of bases
Isomeric dichlorobenzenes react with NaOMe in HMPA to
form the corresponding chloroanisoles.134 In the reactions of
2,6-dichlorotoluene (45a) with potassium or sodium meth-
oxides in aprotic solvents, one chlorine atom is replaced.135 ± 138

The reaction rate can be increased by addition of copper
compounds; however, the resulting aryl methyl ether under-
goes partial demethylation.

The reaction of 2,4-dichlorotoluene (45b) with KOH in
methanol at 200 8C and 30 atm produced 5-chloro-2-methyl-
phenol.139 At lower pressure (12 atm), the product was
obtained in substantially lower yield (12%).

3-Aminophenol reacts with 1,3,5-trichlorobenzene (9a) as
the O-nucleophile to give diether 53.140 In this reaction, K2CO3

or NaOMewas used as the base (B) andHMPAorNMP as the
solvent.

The reactions of 1,3,5- (9a) and 1,2,4-trichlorobenzenes
(9b) with ButOK in HMPA141 resulted in the replacement of
one chlorine atom to give the corresponding substitution
products in low yields. In the case of isomer 9b, the initially
formed ether undergoes dealkylation to give 2,5-dichloro-
phenol.
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Unlike compounds 9a,b, 1,2,3,5-tetrachlorobenzene (10c)
undergoes disproportionation under these conditions to form a
mixture of 1,2,4,5-tetrachlorobenzene (10b), pentachloroben-
zene (2) and isomeric trichlorobenzenes.141

Hexachlorobenzene (5) reacts with potassium tert-but-
oxide in THF 142 or with the PriOH±NaOH system 143 to give
the corresponding alkyl pentachlorophenyl ethers in 67% and
92% yields, respectively. The reaction of decachlorobiphenyl
(31) with KOH in aqueous methanol (autoclave, 180 8C) or in
boiling ethylene glycol produces 4,40-dihydroxyoctachlorobi-
phenyl in quantitative yield.144 In the reaction of decachloro-
biphenyl (31) with sodium methoxide in a MeOH±pyridine
mixture (PyH), one or two chlorine atoms at positions 4 and 40

are replaced depending on the amount of the nucleophile.75

The reactions of octachloronaphthalene (16) with alkali
metal hydroxides and alkoxides were investigated.142, 145

Although the reaction conditions are substantially different,
it should be noted that the attack of the alkoxide ion occurs
predominantly on position 1 of the naphthalene ring; the
attack of the hydroxide ion, on position 2. These reactions
produce compounds 54a and 54b, respectively (Table 6).

Polychlorinated o-hydroxylated diphenyl oxides were syn-
thesised by the reactions of polychlorobenzenes with
(poly)chloroguaiacols 55 in the K2CO3 ±DMF system fol-
lowed by demethylation of the substitution products with
boron tribromide.146

m=0±4; n=2±5.

As mentioned above, the presence of an electron-with-
drawing substituent in the aromatic ring increases the reac-
tivity of PCA, due to which the reactions with O-nucleophiles
can be performed undermilder conditions. In these reactions, it
is the chlorine atom in the ortho position with respect to the
electron-withdrawing group that, as a rule, undergoes replace-
ment. For example, the reaction of 2,4-dichlorobenzoic acid
(27a) with chlorophenols in pyridine in the presence of K2CO3

afforded ortho-substitution products (in approximately 70%
yields).147 In the reactions of 2,4- (24b) and 2,6-dichloronitro-
benzenes (24d) with hydroxythiophene derivatives inDMSOat
100 8C, the chlorine atom in the ortho position with respect to
the nitro group is replaced to give the products in 57% and
84% yields, respectively.148
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(8%±24%)

Table 6. Reactions of octachloronaphthalene (16) with alkali metal
derivatives.142, 145

R Reagent Solvent Tempera- Yield (%) 54a : 54b

ture /8C

Me MeONa pyridine 115 25 a 90 : 10

Me MeOH, *100 63 99 : 1

NaOH

But ButOK THF 20 82 85 : 15

H KOH DMSO 120 90 30 : 70

aDisubstituted (25% yield) and trisubstituted (20%) products were also

isolated.
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The reactions of 2,5-dichloronitrobenzene (24c) with
substituted phenols,149, 150 including the microwave (MW)-
promoted reactions, are characterised by analogous regiose-
lectivity.151

In the reactions of 3,4-dichloronitrobenzene (24e) 152, 153

and 3,4-dichloro-1-trifluoromethylbenzene (40a)154 containing
no chlorine atoms in the ortho position with respect to the
electron-withdrawing group, the attack of O-nucleophiles
occurs on the para position; for example:

The para position in the aromatic ring is more active in
hydrolysis of 1-substituted 3,4-dichlorobenzenes. For exam-
ple, hydrolysis of 3,4-dichloronitrobenzene (24e) (15% NaOH
in MeOH, 72 8C) affords 2-chloro-4-nitrophenol with the
regioselectivity of >99%.155 The reaction of 3,4-dichloro-
trifluoromethylbenzene (40a) with the ButOH±KOH system
inDMSO at 75 8Cproduces 2-chloro-4-trifluoromethylphenol
in 27% yield.156 Interestingly, the hydroxy group replaces the
Cl atom in the meta position with respect to the nitro group in
2,5-dichloronitrobenzene (24c) upon hydrolysis of the latter
with aqueous NaOH.157

The reactions of dichloronitrobenzenes 24 with sodium
2,2,2-trifluoroethoxide proceed under more drastic conditions
(in DMF or HMPA at 150 8C under N2).158 The reactivity of
the chlorine atoms increases in the following sequence: ortho
position> para position>meta position. For example, under
these reaction conditions, the chlorine atom in the ortho
position with respect to the nitro group is replaced in 2,3- and
2,5-dichloronitrobenzenes (24a,c), the reaction of 2,4 isomer
24b affords a mixture of the ortho- and para-substituted
products in a ratio of 3 : 1, and 3,4 isomer 24e gives the para-
substituted product.

The reactions of sodium 2,2,2-trifluoroethoxide with
dichlorobenzonitriles proceed analogously to form products
in higher yields.

The reactions of trichloroarenes containing electron-with-
drawing substituents proceed analogously. For example, the
replacement of the chlorine atom in sulfone 56 in the reaction
with sodium 2-methoxyethoxide also occurs at the ortho
position.159, 160

The reactions of dichlorobenzenes containing two or more
electron-withdrawing groups with O-nucleophiles were docu-
mented.161, 162 The product of the replacement at the para
position with respect to the trifluoromethyl group was pre-
pared in 75% yield by refluxing 3,4-dichloro-2-nitro-6-trifluo-
romethylbenzene (42c) with 3-hydroxybenzoate in acetone in
the presence of potassium carbonate. In the reaction of
2,4-dichloro-3,5-dinitrotrifluoromethylbenzene (43) with
ethyl 3-hydroxybenzoate in acetone at room temperature, the
chlorine atom at position 4 is also replaced,161 and the
subsequent nitration affords ethyl 5-(3-chloro-2,6-dinitro-4-
trifluoromethylphenoxy)-2-nitrobenzoate in a total yield of
83%. 2,6-Dichloro-4-trifluoromethylbenzonitrile (57) reacts
with HOCH2CH2CN and NaCN in acetonitrile at room
temperature. In this case, acrylonitrile is eliminated from the
initially formed b-cyanoethyl ether to give the corresponding
phenol.162

Three chlorine atoms are replaced in perchloroisophthalo-
nitrile (32) by refluxing it in alcoholic solutions of KOH.163

R=Me (79% yield), Et (58%).

Due to high electrophilicity, the chlorine atom at position 2
in 2,4,6-trichloro-1-nitro-3,5-bis(trifluoromethylsulfonyl)ben-
zene (58) is replaced by the hydroxy group upon refluxing in
methanol even in the absence of bases (apparently, due to the
presence of water inmethanol).107 In the reaction of compound
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58 with sodium phenoxide in acetonitrile, it is the chlorine
atom at position 4 that is replaced.

2. Reactions of polychloroarenes with O-nucleophiles
in the presence of catalysts
In some cases, the reactions of PCA with O-nucleophiles are
notably promoted by phase-transfer catalysts, metal complex
catalysts or enzymes. Let us consider several reactions per-
formed in the presence of phase-transfer catalysts. The reaction
of 1,2-dichlorobenzene (1a) with the KOH±MeOH system in
the presence of 18-crown-6 at 0 8C afforded 2-chloroanisole in
60% yield.164 2,4-Dichlorotoluene (45b) reacts with KOH in
ethylene glycol at 200 8C and 30 atm in the presence of
dibenzo-18-crown-6 to give 5-chloro-2-methylphenol in 78%
yield.139 The reaction of 1,2,3-trichlorobenzene (9c) with
methanolic KOH at 140 8C in the presence of TDA-1 as the
PTC affords a mixture of dichloroanisoles in a total yield of
97%;164 in the absence of PTC, the yields of the products
decrease to 8%.

Hydrolysis of 1,2,4-trichlorobenzene (9b) with methanolic
NaOH in the presence of poly(ethylene glycol) (PEG 600 ±
800) gives 2,5-dichlorophenol.165

The replacement of the chlorine atom mainly in the ortho
position with respect to an electron-withdrawing group is
observed also in catalytic reactions. 2,3,4-Tri-
chloronitrobenzene (25c) reacts with KOH in DMSO in the
presence of tetramethylammonium chloride at 150 8C in an
autoclave to form 2,3-dichloro-6-nitrophenol.166

In addition to PTC, the C7O bond formation in the
reactions of PCA is promoted by transition metal compounds.
For example, 2,6-dichlorotoluene (45a), which is poorly reac-
tive in the absence of catalysts, reacts with sodium tert-
butoxide in toluene in the presence of the Pd(OAc)2 ±Bu

t
3P

system 167 to form 2-(tert-butoxy)-6-chlorotoluene. In this
reaction, the homodimerisation product of PCA and

2,6-bis(tert-butoxy)toluene were isolated as the by-products.
The use of the PCy3 and dppf ligands combined with a
palladium salt proved to be less efficient.

Copper compounds are used as catalysts for the C7O
cross-coupling involving dichlorobenzenes with electron-with-
drawing groups. For example, the reaction of 2,5-dichloroace-
tophenone (29a) with 2,4-dichlorophenol in the presence of
CuO resulted in the replacement of the chlorine atom in the
ortho position of the benzene ring of ketone.168 In the absence
of catalysts (heating of compound 29a with KOH in xylene),
the yield of the product decreases to 82%.169

In the reactions of 2,5-dichlorobenzoic acid with 3- and
4-chlorophenols (Cu, CuI, NaOMe, MeOH, 200 8C), the
chlorine atom at position 2 was replaced to give the products
in 78%±82% yield.170

Enzymatic dimerisation of dichlorotyrosine (59) catalysed
by horseradish peroxidase (HRP) formally proceeds as the
nucleophilic substitution of one chlorine atom to yield an
isodityrosine derivative.171 ± 173

V. Reactions with F-nucleophiles

A convenient procedure for the synthesis of fluorine-contain-
ing aromatic compounds is based on the replacement of
chlorine atoms in PCA under the action of metal fluorides.
Considerable data on fluorodechlorination reactions of arenes
were covered by patents, which is evidence that this approach is
of practical importance. Data on this problem were summar-
ised in the review 174 and monographs.175, 176
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1. Reactivity of polychloroarenes in fluorodechlorination
The fact that it is possible, in principle, to transform PCA into
polyfluoroarenes was demonstrated for the first time in
1947.177 The reaction of hexachlorobenzene (5) with BrF3

followed by the successive treatment of the resulting mixture
of perhalocyclohexanes C6Br2Cl4F6 with SbF5 and zinc dust
produced a mixture of chlorofluorobenzenes C6ClnF67n

(n=0±6). Individual reaction products, including hexaflu-
orobenzene (60,*10% yield), were isolated by rectification.

Later, available alkali and alkaline-earth fluorides have
been used as fluorination agents. The reactions of non-acti-
vated PCA, for example, of 1,3,5-trichlorobenzene (9a), with
metal fluorides are performed in polar aprotic solvents (sulfo-
lane, DMF, etc.) under rather drastic conditions.178, 179 The
necessity of using high temperatures is determined by low
solubility of inorganic fluorides in organic solvents and their
ability to form stable weakly nucleophilic hydrates.

The reaction of hexachlorobenzene (5) with KF in an
autoclave at 460 ± 470 8C for 20 h and then at 490 ± 510 8C
for 10 h produced a mixture containing hexafluorobenzene
(60) and chloropentafluorobenzene (61).180, 181 At lower tem-
peratures (400 ± 480 8C, 19 ± 35 h), the yield of hexafluoroben-
zene (60) was at most 6%.182 In the presence of water
vapour,183 fluorodechlorination is accompanied by the
replacement of one chlorine atom with hydrogen to form a
large set of polyhalobenzenes, including compounds 60 ± 63
(Scheme 1).

Heating of octachloronaphthalene (16) with KF in an
autoclave (300 ± 330 8C, 25 h) gave a mixture of products,
from which octafluoronaphthalene (24%) was isolated by
rectification.184 According to the data of another study,185

this reaction at 400 8C, even in the presence of a tenfold excess
of KF, afforded heptachloro-1-fluoronaphthalene (64) as the
major product.

The increase in the temperature to 420 8C resulted in the
formation of a mixture of higher fluorodechlorinated products
from which 1- and 2-chloro-substituted heptafluoronaphtha-

lenes were isolated in 14.5% and 9.5% yields, respectively. The
reaction of octachloride 16 in sulfolane affords a mixture of
fluorodechlorination products containing from 1 to 4 fluorine
atoms.186 Individual 2,4,5,7-tetrachloro-1,3,6,8-tetrafluoro-
naphthalene (65) was isolated from the mixture by sublima-
tion.

Polychloroarenes containing additional electron-with-
drawing substituents in the aromatic nucleus are more reactive
in fluorodechlorination compared to polychlorobenzenes, the
reaction often being regioselective. For example, fluorodech-
lorination of o-dichlorobenzenes 24e and 40a containing
electron-withdrawing groups at position 1 gives 4-fluoro
derivatives.187 ± 189 The reactions with KF are carried out in
aprotic solvents (DMSO, DMF, NMP, sulfolane or DMAA)
at 190 ± 250 8C; the products are formed in yields of up to 90%.

The chlorine atom in the ortho position with respect to the
electron-withdrawing substituent is, as a rule, replaced in
1-nitro-substituted chlorobenzenes 24a 190 ± 192 and 25c.193

However, it has been possible to replace the chlorine atoms in
the ortho and para positions by refluxing compound 25c in
DMF in the presence of a mixture of KF and KCl.194

The cyano group serves as a good activating substituent in
polychloroarenes. For example, fluorodechlorination of pen-
tachlorobenzonitrile with KF at 350 8C in an autoclave results
in pentafluorobenzonitrile in 70% yield.195 An analogous
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reaction of tetrachlorophthalonitrile proceeds at 300 8C (the
yield of the tetrafluoro derivative is 74%).196 The reaction of
2,3,4,5-tetrachlorobenzonitrile with KF in sulfolane affords a
mixture of fluorodechlorination products, including 2,3,4,5-
tetrafluorobenzonitrile.197 The reaction of tetrachloroisoph-
thalonitrile (32) with KF in DMF resulted in the replacement
of three chlorine atoms in the ortho positions with respect to the
cyano groups.198 ± 201 All four chlorine atoms in compound 32
can be replaced by performing the reaction in sulfolane.202

It should be noted that the reaction of 2,4-dichloro-5-
fluorobenzoyl fluoride with KF in aprotic solvents gives
2,4,5-trifluorobenzoyl fluoride as the major product.203

In spite of drastic conditions, PCA containing the labile
aldehyde group undergo fluorodechlorination. For example,
the reaction of 2,6-dichlorobenzaldehyde (26c) with KF in
sulfolane at 180 8C affords 2,6-difluorobenzaldehyde in good
yield, while the monofluoro derivative is formed as a by-
product.179

2. The means for activation of fluorodechlorination
The use of PTC (quaternary ammonium or phosphonium
salts) facilitating the transfer of fluoride anions to an organic
phase is one of ways of promoting fluorodechlorination of
PCA.204 The use of salts ofHFwith organic bases, for example,
Ph4P+(HF3)7,205 or fluorides with organic cations, such as
Me4NF, as fluorination agents was documented.206

Fluorodechlorination of hexachlorobenzene (5) with KF
supported on CaF2 or BaF2 in the presence of (Et2N)4PBr as
the catalyst at 230 8C in an autoclave affords a mixture of
arenes C6ClF5 (61, 25% yield), C6Cl2F4 (45%) and C6Cl3F3

(62, 30%).207 Under the above-mentioned conditions, no
reaction proceeds in the absence of catalysts. Hexaethylguani-
dinium chloride in combination with crown ethers, diglyme or
tetraglyme can be used as PTCs.208 The reaction of hexachlor-
obenzene (5) in the presence of this catalytic system gave a
mixture of isomeric products, resulting from the substitution of
four chlorine atoms, 1,2,3,5-tetrafluoro derivative 66 being the
major product (>90%).

The inhibition of the subsequent fluorodechlorination of
compound 66 is, apparently, attributed to an increase in the
concentration of chloride ions with rather high nucleophilicity.
The suggestion that the fluorodechlorination is reversible was
confirmed in the study,209 where the possibility of transforming
C6Cl2F4 into trichlorotrifluorobenzene was demonstrated.

The 18-crown-6-catalysed fluorodechlorination of binul-
cear PCA 16 and 31 with CsF under mild conditions (MeCN,
80 8C) 210 allows the selective introduction of one fluorine
atom at positions 1 and 4, respectively.

Phase-transfer catalysts are successfully used for fluoro-
dechlorination of PCA containing additional electron-with-
drawing substituents. In these reactions, the chlorine atoms in
the ortho and para positions with respect to these substituents
are generally replaced. For example, the reaction of 2,3-
dichloronitrobenzene (24a) with KF in xylene in the presence
of trimethyl(ethoxypolyoxypropyl)ammonium chloride pro-
duced 3-chloro-2-fluoronitrobenzene in 72% yield.211 Under
these conditions, both chlorine atoms are replaced in 2,6-
dichlorobenzonitrile (28a) 212 and 2,4-dichloronitrobenzene
(24b).213 The fluorodechlorination of 2,5-dichloronitroben-
zene (24c) in the presence of trimethylcetylammonium bromide
at 140 ± 150 8C affords product 67.214, 215 The nitro group is
also replaced in the reaction with the use of Ph4PBr as the
PTC.216

The reaction of 2,4-dichloro-5-fluorobenzonitrile (68a)
with KF supported on CaF2 in the presence of BnEt3NCl
produces a mixture of 2,4,5-trifluoro- and 2-chloro-4,5-
difluorobenzonitriles in a total yield of 82 %.198, 217
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Fluorodechlorination of 3,4-dichlorobenzonitrile (28b)
with KF in DMSO in the presence of PTCs of the iminium
series, such as (R1

2N)2C=N+=C(NR2
2)2Hal7, (R1

2N)2C=
N+=P(NR2

2)3Hal7 or (R1
2N)3P=N+=P(NR2

2)3Hal7 (R1,
R2=Alk), occurs exclusively at position 4 (the yield of the
product is 81%±92%).218 Polychloroarenes containing chlor-
ine atoms in the meta position with respect to an electron-
withdrawing substituent are much less reactive. For example,
only one chlorine atom is replaced in 3,5-dichloro-4-fluoro-
benzonitrile (68b) or 3,5-dichloro-4-fluoro-1-trifluoromethyl-
benzene in the reaction with KF in sulfolane in the presence of
PTC.219

Fluorodechlorination of PCA is promoted by sonica-
tion.187, 220 For example, the reaction of 3,4-dichloronitroben-
zene (24e) with KF and N-(2-ethylhexyl)-4-(N,N-
dimethylamino)pyridinium bromide on polystyrene in
DMSO promoted by sonication produced 3-chloro-4-fluoro-
nitrobenzene in 95% yield.220

VI. Reactions with C-nucleophiles

1. Cyanation reactions
The reactions of PCA with copper cyanide produce the
corresponding chlorobenzonitriles generally in low yields.
For example, the yield of pentachlorobenzonitrile in the
reaction of hexachlorobenzene (5) with CuCN was only
4%.221 3,5-Dichloro-2,4,6-trifluorobenzamide and 3,5-dichlo-
ro-2,6-difluoro-4-dimethylaminobenzonitrile were synthesised
by the reaction of 2,4,6-trichloro-1,3,5-trifluorobenzene (62)
with CuCN in pyridine and DMF, respectively.222

In 5-aminosulfonyl-2,4-dichlorobenzoic acid (33), the
chlorine atom at position 2 is replaced upon heating with
CuCN in DMF to give the derivative of phthalic acid mono-
nitrile.223

2,3,4-Trichloronitrobenzene (25c) is transformed into
5,6-dichloro-2-nitrobenzonitrile in the reaction with CuCN in
the presence of 1 equiv. of DMF.224

The yield of the cyanation product can be increased in the
presence of transition metal complexes as catalysts. For
example, the reaction of 1,4-dichlorobenzene (1c) with KCN
catalysed by Pd or Ni complexes at 100 ± 250 8C produces
terephthalonitrile in 87% yield.225

2. Reactions of polychloroarenes with carbanions
Polychloroarenes activated by the nitro group readily react
with anions of CH acids (malonic and cyanoacetic esters, etc.)
on heating in aprotic solvents. As a rule, it is the halogen atom
in the ortho position with respect to an electron-withdrawing
substituent that is replaced.226 ± 228 The reaction with diethyl
malonate can serve as an example:

Methyl (3-chloro-2-nitrophenyl)cyanoacetate was pre-
pared by the reaction of 2,6-dichloronitrobenzene (24d) with
methyl cyanoacetate in DMF in the presence of K2CO3.229, 230

If a PCA contains no chlorine atoms in the ortho position
with respect to the activating group, the chlorine atom in the
para position is replaced. For example, para-substitution
products were obtained in 80%±85% yields from 3,4-dichlo-
ronitrobenzene (24e) and 3,4,5-trichloronitrobenzene (25b).228

The reaction of the 2-(cyanomethyl)pyridine anion with
hexachlorobenzene (5) affords the pyrido[1,2-a]indole deriva-
tive in nearly quantitative yield.231

The electrochemically generated 2,6-di(tert-butyl)-
phenolate anion reacts with 1,4-dichlorobenzene (1c) as the
C-nucleophile.232
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KF, CaF2, BnEt3NCl,

sulfolane, PhMe

180 8C, 2 h

F

F F

CN

+

F

F Cl

CN

Cl

F

Cl

F

Cl

F

62

CuCN

PyH

DMF

C(O)NH2

F

Cl

F

Cl

F

CN

F

Cl

NMe2

Cl

F

Cl Cl

SO2NH2HO2C

33

CuCN

DMF, D
NC Cl

SO2NH2HO2C

Cl

Cl

Cl

NO2

25c

Cl

Cl

CN

NO2

(68%)

CuCN

DMF (1 equiv.)

X = Cl, F; R1, R2 = Cl, H; R3 = Cl, H, ArC(O).

R3

R2

R1

X

NO2

CH2(CO2Et)2, NaH

DMSO, 100 8C

R3

R2

R1

NO2 CO2Et

CO2Et

(47%±100%)

Cl

NO2

Cl
NCCH2CO2Me

K2CO3, DMF

Cl

NO2

CN

CO2Me

(80%)24d

Cl

Cl

Cl

Cl

Cl

Cl

5

+
N

CN

K2CO3, DMF

Cl

Cl

Cl

Cl

N

CN

(97%)
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The reactions of methyl ketone enolates with 1,4-dichloro-
benzene (1c) in liquid ammonia were studied.233 Under photo-
chemical conditions, the ion-radical mechanism operates.

Irradiation of PCA with the light from a mercury lamp
(254- or 185-nm) in benzene for 40 h at 25 8C under nitrogen
resulted in the replacement of chlorine atoms by phenyl
groups, the solvent serving as the source of the latter
(Table 7).234 The reaction, which proceeds apparently by the
radical mechanism, is accompanied by partial hydrodechlori-
nation of both the starting arenes and products, particularly, of
highly chlorinated compounds.

3. Reactions with anions of heteroorganic compounds
In the reactions of 1,2-dichlorobenzene (1a) with lithium
diphenylphosphide and diphenylarsenide, one of the chlorine
atoms is replaced by a heteroorganic substituent and another
chlorine atom is replaced by hydrogen to give the correspond-
ing products in low yields.235 The hypothesis that this reaction
proceeds via benzyne was not confirmed, since experiments
with furan as a scavenger were unsuccessful.

UV irradiation (l=350 nm) of some PCA in the presence
of Me3SnNa 236, 237 or Ph3SnNa 238 in liquid ammonia affords
substitution products. The reaction proceeds by the anion-
radical mechanism and only under irradiation.

1,4-Bis(triphenylstannyl)benzene was obtained in 90%
yield by the reaction of 1,4-dichlorobenzene (1c) with SnPh4
in DMSO or acetonitrile under photochemical conditions.239

VII. Catalytic carbonylation and carboxylation

Catalytic carbonylation of polychloroarenes in the CO±
Co2(CO)8 ±NaOH±H2O system proceeds under UV irradia-
tion (Table 8).240 In some cases, the reaction is accompanied by
partial dechlorination (see, for example, the transformation of
compound 69). The selectivity of the reaction is determined by
the number and arrangement of substituents in the starting
arene.

Cl Cl +

1c

But

But

OH
1) e7, HO7

2) NH4Br

Cl

But

But

OH

(67%)

R=Me, But.

Cl

Cl
1c

+ Me

R

O
hn

ButOK, NH3 (liq.)

O

O

R

R

Cl

Cl
1a

Ph2PLi

Ph2AsLi

PPh2

AsPh2

(45%)

H2O2
PPh2

O

(17%)

n= 2, 3; R =Me, Ph.

Cln +R3SnNa
NH3 (liq.)

hn

(SnR3)n + (SnR3)n71

(51%±90%) (0%± 35%)

ArCl + CO
NaOH, Co2(CO)8, hn

ArCO2Na.

Table 7. Photochemical transformations of polychloroarenes in ben-
zene.234

Compounds Products (yield, %)

1,2-Cl2C6H4 (1a) 2-ClC6H4Ph (43)+Ph2 (14)+1,2-Ph2C6H4 (1)

1,3-Cl2C6H4 (1b) 3-ClC6H4Ph (41)+Ph2 (1)

1,4-Cl2C6H4 (1c) 4-ClC6H4Ph (26)+Ph2 (1)

1,3,5-Cl3C6H3 (9a) 3,5-Cl2C6H3Ph (31)+1,3-Cl2C6H4 (1)

1,2,3-Cl3C6H3 (9c) 2,5-Cl2C6H3Ph (22)+3-ClC6H4Ph (3)+

+4-ClC6H4Ph (1)+1,4-Cl2C6H4 (1)

1,2,3,4-Cl4C6H2 (10a) 2,3,6-Cl3C6H2Ph (21)+1,2,4-Cl3C6H3 (3)+

+4-Cl-1,2-Ph2C6H3 (2)+2,5-Cl2C6H3Ph (1)+

+ 3,6-Cl2-1,2-Ph2C6H2 (1)+ Ph2 (1)

1,2,4,5-Cl4C6H2 (10b) 2,4,5-Cl3C6H2Ph (9)+3,4-Cl2C6H3Ph (9)+

+1,2,4-Cl3C6H3 (2)

1,2,3,5-Cl4C6H2 (10c) 2,4,6-Cl3C6H2Ph (7)+2,3,5-Cl3C6H2Ph (5)+

+1,3,5-Cl3C6H3 (2)

Table 8. Carbonylation of PCA [conditions: 1) hn, CO, Co2(CO)8, NaOH,
H2O; 2) H+] with the 100% conversion of the substrate.240

Compound Time /h Products Yield

(%)

1,2-Cl2C6H4 (1a) 24 PhCO2H 24

2-ClC6H4CO2H 40

1,2-(HO2C)2C6H4 2

PhCl 7

1,3-Cl2C6H4 (1b) 20 1,3-(HO2C)2C6H4 92

1,4-Cl2C6H4 (1c) 20 1,4-(HO2C)2C6H4 88

1,3,5-Cl3C6H3 (9a) 20 1,3,5-(HO2C)3C6H3 86

3,5-Cl2C6H3CO2H (27b) 20 1,3,5-(HO2C)3C6H3 89

3,4-Cl2C6H3CO2H (27c) 6 4-ClC6H4CO2H 15

1,4-(HO2C)2C6H4 14

2-Cl-C6H3(CO2H)2-1,4 57

1,2,4-(HO2C)3C6H3 11

4,5-Cl2C6H2(CO2H)2-1,2 (69) 24 1,2,4-(HO2C)3C6H3 53

1,2,4,5-(HO2C)4C6H2 30
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Carbonylation of 1,2-dichlorobenzene (1a) affords, along
with benzoic and phthalic acids, 2-carboxyphenylglyoxalic
acid.241

The reaction of polychloroarenes with carbon monoxide in
methanol in the presence of MeONa produces methyl arene-
polycarboxylates.242 The reaction time varies from 36 to 95 h.
Compounds containing vicinal chlorine atoms react much
more slowly.

Carbonylation of 1,4-dichloro- (1c) and 1,3,5-trichloro-
benzenes (9a) in EtOH affords ethyl benzenedi- and tricarb-
oxylates.243

Palladium(0) complexes can be used as catalysts for these
reactions.244

The use of Pd catalysts in combination with PTC allowed
the carbonylation of dichloroarene 70 in the presence of
1-ethyl-5-hydroxypyrazole giving rise to aryl pyrazolyl ketone
derivative 71.160

dppb is 1,4-bis(diphenylphosphino)butane.

The reactions of PCA with CO2 proceed less selectively.
Electrochemical carboxylation of 3,4-dichloro-1-trifluorome-
thylbenzene (40a) in aprotic polar solvents (Bu4NBr as the
supporting electrolyte, 15 8C, the current density
j=5±50 mA cm72) affords 2-chloro-4-trifluoromethylben-

zoic acid as the major product.245 Electrochemical carboxyla-
tion of 1,2,4,5-tetrachlorobenzene (10b) and hexachloroben-
zene (5) is accompanied by reductive hydrodechlorination.246

VIII. Catalytic C7C cross-coupling

Aryl chlorides are, as a rule, less reactive than the correspond-
ing bromides and iodides in cross-coupling reactions catalysed
by Pd or Ni complexes. The following approaches are used to
accelerate these reactions: (1) the introduction of electron-
withdrawing groups into the aromatic nucleus, (2) an increase
in the nucleophilicity of the cross-counterpart or (3) the use of
efficient catalytic systems. In recent years, considerable
progress has been achieved in the design of new catalysts,
particularly, in combination with sterically hindered phos-
phine 247 ± 257 and N-heterocyclic 258 ± 266 ligands. Data on
some other types of ligands were reported elsewhere. 267 ± 272

1. Reactions of polychloroarenes with organometallic
compounds (M=Mg, Al or Zn)
Cross-coupling of PCA, unlike the analogous reactions with
monochloroarenes, have been little studied. Most attention
was focused on the transition metal complex-catalysed reac-
tions of dichlorobenzenes 1a ± c with the Grignard reagents
containing primary or secondary alkyl substituents (the
Kumada reaction).273 ± 277

The nickel complexes Ni(dppp)Cl2 [dppp is 1,3-bis(diphe-
nylphosphino)propane] and Ni(dppe)Cl2 [dppe is 1,2-bis(di-
phenylphosphino)ethane] are the catalysts of choice allowing
the replacement of both chlorine atoms.273 The high activity of
these complexes is attributed to the fact that, after the replace-
ment of the first chlorine atom, the catalyst tends to migrate
intramolecularly to the second chlorine atom rather than to
escape into solution. This reaction catalysed by the complex
Ni(PPh3)2Cl2 with the monodentate phosphine ligand affords
products in much lower yields.

The reaction can be terminated after the replacement of one
chlorine atom in the case of the complex Ni(triphos)ClPF6

[triphos is the tridentate ligand P,P-bis(2-diphenylphosphi-
noethyl)phenylphosphine].277 In the cross-coupling reactions
of 2,5-dichloro-1-trifluoromethylbenzene (40b) and 2,3-dichlo-
roanisole (72a) with EtMgBr, the chlorine atom in the meta
position with respect to the electron-withdrawing substituent is
predominantly replaced.277 The selectivity is particularly high
in the reaction with compound 72a (the yields of 2-chloro-3-
ethyl- and 3-chloro-2-ethylanisoles are 70% and 4%, respec-
tively).

The reaction can be terminated at the monoalkylation step
also in the presence of palladium catalysts [the complex
Pd(dppf)Cl2 is the catalyst of choice] in the dichloroben-
zene :Grignard reagent molar ratio of *2 : 1.276 In some
cases, it is advantageous to add 0.5 ± 1 equiv. (with respect to
the catalyst) of the corresponding free ligand. The reactions
efficiently proceed in THF at 85 ± 105 8C. The Pd(PPh3)4-
catalysed reaction of 1,4-dichlorobenzene (1c) with MeMgBr
affords 4-chlorotoluene as the major product (92%).278

Several cross-coupling reactions of higher chlorinated PCA
with the Grignard reagents were documented. The reactions of
1,3,5-trichlorobenzene (9a) and 1,2,4,5-tetrachlorobenzene
(10b) with isopropenylmagnesium bromide in THF in the
presence of Ni(dmpe)Cl2 [dmpe is bis(dimethylphosphino)-
ethane] resulted in the replacement of two chlorine atoms.273

Cl

Cl
1a

CO2H

(25%)

+

CO2H

CO2H

(23%)

+

CO2H

CO2H

O (13%)

+ CO
NaOH, H2O

Co2(CO)8, hn, D

n= 2± 4; m= 0, 1.

Cln

(CO2Me)m

+CO
NaOMe, MeOH, Co2(CO)8

hn, 20 ± 65 8C, 36 ± 96 h

(CO2Me)n+m

(*100%)

dippp is 1,3-bis(diisopropylphosphino)propane.

Cl

Cl

1c

MeO2C

CO2Me

(82%)

CO (5 atm), Pd(dippp)2

MeOH, AcONa, DMF, 150 8C

Cl

Cl

O(CH2)2OMe

SO2Me

70

+
NEt

N

HO
CO (12 atm), Pd(OAc)2, dppb

Na2CO3, Bu
n
4NBr

NEt

N

HO

O

Cl

O(CH2)2OMe

SO2Me

71 (59%)

R= Alk, Ph.

Cl

Cl

1a ± c

RMgHal

[Ni] or [Pd]

R

Cl

R

R

(10%±89%) (1%± 94%)
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The use of the complex Ni(dppe)Cl2 allowed the replace-
ment of all chlorine atoms in 1,3,5-trichlorobenzene (9a),279

1,3,5-trialkylbenzenes 73a being produced in yields of up to
93%.

Polychloroarenes containing vicinal chlorine atoms are less
reactive towords alkylmagnesium bromides. For example,
only `lateral' chlorine atoms are replaced in 1,2,3-trichloroben-
zene (9c) to give monochlorides 74. The reaction of 1,2,4-
trichlorobenzene (9b) affords a mixture of complete substitu-
tion products, viz., compounds 73b (44%), along with dialkyl-
chlorobenzene (22%), the positions of the substituents in the
latter remaining unknown.

The reaction of 1,2,4,5-tetrachlorobenzene (10b) with
n-hexylmagnesium bromide in the presence of Ni(dppe)Cl2
affords tetrahexylbenzene along with by-products, one of
which was identified as 1,2,4-tri(n-hexyl)benzene.279

The use of various catalysts allowed the synthesis of 1,3,5-
trialkylbenzenes containing different alkyl substituents start-
ing from 1,3,5-trichlorobenzene (9a).279 The reaction in THF
at720 8C in the presence of Ni(acac)2 as the catalyst afforded
compounds 75 as a result of the replacement of the first

chlorine atom by the group R1. The latter compounds were
used in the Ni(dppe)Cl2-catalysed reaction with an excess of
another alkylmagnesium bromide R2MgBr. The preparative
yields of trialkylbenzenes 76 were achieved only after refluxing
in diethyl ether for 7 ± 10 days.

The reactions of di- (1a,b) and trichlorobenzenes (9a) with
the tricyclic Grignard reagent, viz., tricyclo[4.1.0.0.2, 7]hept-
1-ylmagnesium bromide (TCH-MgBr), in the presence of
Ni(dppe)Cl2 were documented.280 The satisfactory yield of
the substitution product (53%) was achieved only in the
reaction with 1,3-dichlorobenzene (1b).

Cross-coupling of tri- and tetrachloroarenes with aromatic
Grignard reagents (Table 9) were performedwith the use of the
catalytic system Ni(acac)2 ± diphenyl[2-(1-hydroxyethyl)phe-
nyl]phosphine (L).281 Under these conditions, complete sub-
stitution of trichlorobenzenes 9a,b,d and 77 occured to give the
corresponding products in high yields. In the case of 1,2,4,5-
tetrachlorobenzene (10b), incomplete conversion is accompa-
nied by partial dechlorination.

Ni(dmpe)Cl2

THF, 40 ± 50 8C
MgBr

H2C

Me

Cl

ClCl

ClCl

Cl Cl
(10b)

(9a)
Cl

CH2

Me

CH2

Me

(25%)

Cl

Cl

CH2

MeH2C

Me

(70%)

Alk = n-CnH2n+1 (n= 6± 10).

Cl

ClCl

9a

AlkMgBr

Ni(dppe)Cl2, Et2O

Alk

AlkAlk

73a (82%± 93%)

Alk

Cl

Alk

74 (71%)

Alk

Alk

Alk

73b (44%)

Cl Cl

ClCl

10b

n-C6H13MgBr

Ni(dppe)Cl2, Et2O, D, 48 h

n-C6H13 C6H13-n

C6H13-nn-C6H13

(55%)

+

n-C6H13 C6H13-n

n-C6H13

(5%)

+ ...

R1, R2 = Alk.

Cl

Cl

Cl
9a

R1MgBr

Ni(acac)2, THF,720 8C

R1

Cl

Cl

75 (40%± 50%)

R2MgBr (2 equiv.)

Ni(dppe)Cl2, Et2O, D
R1

R2

R2

76 (44%±73%)

Cl

Cl

1b

TCH-MgBr, Ni(dppe)Cl2

TCH

TCH

(53%)

TCHÐ .

X=H, Cl, OMe; Y =H, Ar, OMe; Ar = Ph, 4-MeC6H4 (Tol);

Cl3 X
ArMgBr

Ni(acac)2, L, Et2O, D

L= .
HO

Me

Ph2P

Ar3 Y

Table 9. Cross-coupling of tri- and tetrachlorobenzenes with ArMgBr.281

Compound Ar Time /h Product Yield

(%)

1,3,5-Cl3C6H3 (9a) Tol 2 1,3,5- Tol3C6H3 91

1,2,4-Cl3C6H3 (9b) Ph 48 1,2,4-Ph3C6H3 89

1,2,3-Cl3C6H3 (9d) Tol 24 2,6-Tol2C6H4 85

1,2,4,5-Cl4C6H2 (10b) Ph 96 1,2,4,5-Ph4C6H2 58 a

2,4,6-Cl3C6H2OMe (77) Tol 20 2,4,6-Tol3C6H2OMe 80

aBy-products: 1-Cl-2,4,5-Ph3C6H2 and 1,2,4-Ph3C6H3 (2 : 3).
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Reactions of PCA with complex organoaluminium com-
pounds were documented.282 For example, compound 24e
containing the nitro group reacts with derivative 78 in the
presence of Pd(PPh3)4. The reaction with non-reactive
1,4-dichlorobenzene (1c) required the use of a Pd complex
with electron-rich phosphine ligands; however, the yield of
p-xylene was at most 14%.

In the Pd(PPh3)4-catalysed reactions of 1,2,4,5-tetrachloro-
benzene (10b) and hexachlorobenzene (5) with organozinc
compounds (1.6 mol per mole of arene) in boiling THF, one
chlorine atom is replaced to give the corresponding products in
moderate yields.283 The conversion of PCA varies from 58% to
89% and is accompanied by side processes, such as homocou-
pling of the nucleophilic and electrophilic components and
reductive dechlorination.

2. Reactions of polychloroarenes with arylboronic acids
Transition metal-catalysed cross-coupling reaction of PCA
with arylboronic acids (the Suzuki reaction) can serve as a
convenient one-pot procedure for the synthesis of polyaryl-
benzenes. However, this reaction is far from being always
selective. For example, the reaction of 1,2-dichlorobenzene
(1a) with 4.4 equiv. of PhB(OH)2 in the presence of the nickel
complexes Ni(dppf)Cl2 or Ni(PPh3)2Cl2 affords a mixture of
2-chlorobiphenyl (79) and o-terphenyl (80).284

[Ni] Yield (%)

79 80

Ni(dppf)Cl2 4 69

Ni(PPh3)2Cl2 34 28

Cross-coupling of 2,4-dichlorobenzaldehyde (26b) with
p-tolylboronic acid with a nickel catalyst also affords amixture
of compounds, with the para-substitution product predomi-
nating (the para isomer : ortho isomer ratio*2 : 1).285 On the
contrary, the ortho isomer is formed in higher yield with the
palladium catalyst Pd(dba)2 ±L (L=PPh3, PCy3, dppb or
dppf).

The reaction of 1,2-dichlorobenzene (1a) with PhB(OH)2
on a heterogeneous nanocluster catalyst with the composition
Cu/Pd/Ru in DMF at 110 8C in the presence of K2CO3 as a
base affords the monoarylated product in 25% yield.286 In the
reaction of 1,4-dichlorobenzene (1c) with 4-tolylboronic acid
in the presence of the catalytic system PdCl2 ± PCy3 ±Na2CO3

in NMP at 150 8C, also only one chlorine atom is replaced.287

We demonstrated 283 that highly chlorinated PCA, such as
C6Cl6 (5) andC6Cl5Ac, do not react with phenylboronic acid in
the presence of Pd(PPh3)4 under the conditions typical of the
reaction of aryl bromides. Unexpectedly, pentachloroiodoben-
zene also appeared to be inert under these conditions due
apparently to steric hindrance of the reactive C7I bond by the
adjacent chlorine atoms. The target products were synthesised
with the use of modern catalytic systems designed in recent
years for the cross-coupling of monochloroarenes, including
deactivated compounds. For example, the cross-coupling of
PhB(OH)2 with equimolar amounts of 1,2,4,5-tetrachloroben-
zene (10b) and hexachlorobenzene (5) in the presence of the
system Pd(dba)2 ±Bu

t
3P ±K3PO4 ±PhMe (Ref. 248) gave the

MeO

Al

O

Me Me
OMe
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O

MeMe
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PhH, 90 8C

Cl

Cl

NO2 (24e)

Cl Cl (1c)
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[PdPri2P(CH2)nPPr
i
2]2

(n= 2, 4)
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NO2

(58%)

Me Me

(10%± 14%)

X
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X
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5: X = Cl;
10b: X = H
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PhC CZnCl

PhZnCl

X
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X = H (52%), Cl (67%)

X

Cl

Cl

X

C
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C

X=H (21%), Cl (45%)
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[Ni], K3PO4

dioxane, 95 8C, 16 h
Ph

Cl
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+

Ph

Ph

80

CHO
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+TolB(OH)2
Ni(PPh3)2Cl2, K3PO4

.H2O

PhMe, 80 8C, 2 h

CHO
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(60%)

CHO
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Cl

(27%)
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(11%)
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Cln
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(46)
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Cln71 Cln72
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products in 82% and 37% yields, respectively.283 The Buch-
wald ligands containing the 2-phosphinobiphenyl fragment,
particularly, 2-dicyclohexylphosphino-20-dimethylaminobi-
phenyl (46),125, 126 proved to be very efficient in these reac-
tions.247, 252, 253

The cross-coupling of tri- and tetrachlorobenzenes with
arylboronic acids ArB(OH)2 (Ar=Ph, 4-MeOC6H4 or
4-FC6H4) under Buchwald conditions resulted in the complete
replacement of the chlorine atoms to give compounds 81 ± 84 in
high yields.

Attempts to use this procedure for the synthesis of penta-
phenylbenzene from C6HCl5 (2) and for the synthesis of
hexaphenylbenzene from C6Cl6 (5) failed although the target
products were detected byGLC-mass spectrometry in amounts
up to 10%. After the introduction of four phenyl groups, the
replacement of the chlorine atoms by hydrogen in the inter-
mediates Ph4C6HCl and Ph4C6Cl2 became the major reaction.

Polychloroarenes containing both electron-donating and
electron-withdrawing substituents in the aromatic ring react
with phenylboronic acid in the presence of the catalytic system
Pd(OAc)2 ± ligand 46. Under these conditions, all chlorine
atoms were replaced in 3,4-dichloroanisole (72b) and isomeric
dichloroacetophenones 29.125

The use of palladium N-heterocyclic carbene complexes
[prepared in situ from Pd(OAc)2 and imidazolium salts] 283, 288

and the ligand-freemethod 289 for the cross-coupling of 1,2,4,5-
tetrachlorobenzene (10b) and hexachlorobenzene (5) proved to
be less efficient.

3. Reactions of polychloroarenes with terminal acetylenes
The reactions of di- and trichlorobenzenes with terminal
acetylenes were carried out.290 ± 293 The cross-coupling reaction
of 1,4-dichlorobenzene (1c) with hept-1-yne in the presence of

Pd(PCy3)2Cl2 affords the monosubstitution product in high
yield.290

The reaction of isomeric dichlorobenzenes 1a ± c with
phenylacetylene in the presence of a pincer palladium complex
with additives of ZnCl2 also gives monosubstitution prod-
ucts.291 Their yields depend on the mutual arrangement of the
chlorine atoms.

Unexpected results were obtained in the reactions of
alkynes with symmetrical tribromotrichloro- (85) and trichlo-
rotriiodobenzenes (86).292, 293 For example, only bromine
atoms are replaced in the Sonogashira reaction (75 8C, 30 h)
of 1,3,5-tribromo-2,4,6-trichlorobenzene (85) with trimethylsi-
lylacetylene. It has become possible to introduce six acetylene
groups into the aromatic core only with the use of more
reactive alkyne zinc derivatives.

2,4,6-Trichloro-1,3,5-triiodobenzene (86) reacts with phe-
nylacetylene to form 4,6-dichloro-1,2,3,5-tetrakis(phenylethy-
nyl)benzene. To replace the remaining chlorine atoms, the

Isomers: 1,2,3 (81a, 94%); 1,2,4 (81b, * 100%); 1,3,5 (81c, * 100%);

1,2,3,4 (82a, 88%); 1,2,4,5 (82b, 94%).

Ph3
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Isomers: 1,2 (36%), 1,3 (19%), 1,4 (80%).

O

Pd

O PPri2

PPri2

Cl

Hal

Cl

Hal

Cl

Hal

Cl

85, 86

R1C CH

Pd(PPh3)4, CuI, Pr
i
2NH, THF

C

Cl

C

X

C

Cl

CR1

CR1R1C

R2C CZnCl

Pd(PPh3)4, THF

C

C

C

Y

C

C

CR1

CR1R1C

CR2R2C

Hal = Br (85): R1 =Me3Si, X=Cl (62%); R2 = Ph, Y=C:CR2

(69%); Hal = I (86): R1 = Ph (33%), R2 =Me3Si (51%),

X=Y=C:CR1.
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reaction with trimethylsilylethynylzinc was carried out at high
temperature (90 8C) .

IX. Metallation

1. Grignard reagents based on polychloroarenes:
synthesis and reactions with electrophiles
Polychloroarenes react with magnesium to form organomag-
nesium derivatives. The nature of the solvent is of considerable
importance in the synthesis of polychloroarylmagnesium
halides. Tetrahydrofuran and other cyclic ethers, such as
tetrahydropyran, ethyl tetrahydrofurfuryl ether, 2-ethoxy-
tetrahydropyran and dihydropyran are convenient solvents
for this purpose. In these solvents, isomeric 1,3- and
1,4-dichlorobenzenes (1b,c) form the Grignard reagents in
good yields.294, 295 The reaction of 1,2-dichlorobenzene (1a)
and highly chlorinated PCA give the target products in low
yields because of oligomerisation as the side process. An
exception is hexachlorobenzene (5), which gives C6Cl5MgCl
in THF in 77% yield.294 In diethyl ether, C6Cl5MgCl was
prepared by slow (over 2 days) addition of 1,2-dibromoethane
to a suspension of an excess of magnesium and hexachloro-
benzene (5) in diethyl ether (the latter compound is very poorly
soluble in diethyl ether).296, 297

The reactions of these organomagnesium derivatives with a
series of electrophiles were studied. For example, the reaction
of the Grignard reagent prepared from C6Cl6 (5) with gaseous
CO2 affords pentachlorobenzoic acid in 77% yield,296 whereas
the treatment of this Grignard reagent with acetic anhydride
affords pentachloroacetophenone in 31% yield. These results
are in contradiction with the data of the study,294 where it was
noted that C6Cl5MgCl does not react with carbon dioxide in
THF but reacts with more reactive SiCl4 under analogous
conditions.

An a-hydroxy ester was synthesised by the reaction of
C6Cl5MgCl (87) with diisopropyl oxalate in THF (the yield was
not reported).298

Decachlorobiphenyl (31), like hexachlorobenzene (5),
forms the Grignard reagents in the reactions carried out in
the presence of 1,2-dibromoethane.75 The chlorine atoms at
positions 4 and 40 are only involved in the reaction giving rise to
mono- and dimetallated derivatives, and the latter can be
transformed into nona- and octachlorobiphenyls by quenching
with water (Scheme 2).

The one-pot synthesis of 3-benzyloxy-5-chlorobenzoic acid
from 5-benzyloxy-1,3-dichlorobenzene (88) via the Grignard
reagent was documented (the conditions and yields were not
reported in detail).299

Slow (over 50 h) addition of 1,2-dichlorobenzene (1a) to a
mixture of metallic magnesium and Me3SiCl in HMPA at
80 ± 100 8C resulted in 1,2-bis(trimethylsilyl)benzene as the
major product.300 The reactions of other PCA containing
from two to four chlorine atoms proceed analogously.
2,3,5,6-Tetrakis(trimethylsilyl)cyclohexa-1,3-diene was pre-
pared from compound 1a in high yield with the use of an excess
of reagents at higher temperatures (140 ± 150 8C).301

Transmetallation of compound 87 with CuI in THF
produces organocopper compound 89.302 The corresponding
biaryls were obtained in moderate yields (*25%) by the cross-
coupling of compound 89 with tetra- and pentamethylphenyl
iodides.

Organometallic reagents 90 analogous to the Grignard
reagents were prepared by the reaction of 1,4-dichlorobenzene
(1c) with ytterbium and samarium.303 Their subsequent treat-
ment with triphenyltin chloride and water in an acidic medium
afforded tetraphenyltin in high yield.

C6Cl5MgCl

87

PriO2CCO2Pri

THF
PriO2C OH

C6Cl5

C6Cl5

Cl Cl

OBn

88

1) Mg, Et2O

2) CO2

Cl CO2H

OBn

Cl

Cl

1a

1) Mg (2.5 mol)

2) Me3SiCl (2.5 mol)

HMPA, 80 ± 100 8C

1) Mg (3.2 mol)

2) Me3SiCl (7.3 mol)

HMPA, 140 ± 150 8C

SiMe3

SiMe3

(73%)

SiMe3

SiMe3Me3Si

Me3Si
(90%)

R=H, Me.

87
CuI

THF
C6Cl5Cu

89

Me

Me

Me

I

RMe

Me

Me

Me

R MeClCl

Cl

Cl Cl

ClCl

Cl

Cl

Cl Cl

Cl

ClClCl

31

Mg, THF, D

Br(CH2)2Br

ClCl

Cl

Cl

Cl Cl

MgCl + ClMg

ClClCl

Cl Cl

Cl Cl Cl Cl

MgCl

Cl Cl

ClCl

Cl

Cl

Cl Cl

ClClCl

Cl Cl

Cl Cl Cl Cl

Cl Cl

(39%) (31%)

H2O H2O

Scheme 2
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Organozinc derivatives of PCA were synthesised by elec-
trolysis of 1,4-dichlorobenzene (1c) and 2,5-dichloro-1-tri-
fluoromethylbenzenes (40b). The reactions were carried out in
an undivided cell with a sacrificial zinc anode in a MeCN±
pyridine mixture (9 : 1) in the presence of CoCl2 and ZnBr2 as
the catalysts.304 The resulting organometallic compounds were
transformed into the corresponding iodobenzenes or cross-
coupling products with PhI in the presence of Pd(PPh3)2Cl2
(Scheme 3).

2. Synthesis and reactions of organolithium derivatives
of polychloroarenes
Unlike aryl bromides and iodides, monochloroarenes do not,
as a rule, react with alkyllithium reagents. However, the
mutual activation of chlorine atoms in PCA favours the
reactions with these organometallic compounds. For example,
hexachlorobenzene (5) reacts with BunLi in a THF±hexane
mixture at 778 8C to form pentachlorophenyllithium (91).305

In diethyl ether, this reaction proceeds at710 8C.306

The reaction of hexachlorobenzene (5) with an excess of
BunLi gives a product, in which two Cl atoms in the para
positions are replaced.307 Lithiation with tert-butyllithium at
7125 8C allows the replacement of all six Cl atoms. Upon
treatment with D2O, the resulting hexalithium derivative 92
gives benzene-d6 in quantitative yield.308

In polychloroarenes containing aromatic C7H bonds, the
hydrogen atom can selectively be replaced by lithium. For
example, the reaction of 1,3,5-trichlorobenzene (9a) with
BunLi produces symmetrical trilithiotrichlorobenzene,307

whereas the reaction of 1,2,4,5-tetrachlorobenzene (10b)
results in the replacement of one or two hydrogen atoms
depending on the amount of the lithiating reagent.309 The
reaction of pentachlorobenzene (2) with BunLi also results in
the replacement of the H atom by Li.307, 309

Under the lithiation conditions, 1,2,3-trichloro- (9c) and
1,2,3,4-tetrachlorobenzenes (10a) give mixtures of dechlorina-
tion and deprotonation products.307 High chemoselectivity
was observed in the reaction with ButLi. Thus treatment of
the lithiation products with chlorotrimethylsilane affords the
corresponding trimethylsilylarenes containing one less chlor-
ine atom.

The lithiation of decachlorobiphenyl (31), like the reaction
with Mg, proceeds regioselectively at positions 4 and 40.75
Quenching of the lithiation products with water affords nona-
and octachlorobiphenyls, and their reactions with dimethyl
sulfate produce the corresponding 4-methyl- and 4,40-dime-
thylperchlorobiphenyls.

Lithium derivatives of PCA are valuable intermediates in
the synthesis of various heteroorganic and functionalised arene
derivatives.125, 306, 310 ± 313 Selected reactions of pentachloro-
phenyllithium (91) with electrophiles with references to the
original papers are given below.

Ln = Yb, Sm.

Cl

Cl

1c

Ln

THF

LnCl

LnCl

90

Ph3SnCl

SnPh3

LnCl

H3O+

SnPh3

(78%±95%)

Cl

Cl

Cl

Cl

Cl

Cl

5

BunLi, 778 8C

Cl

Li

Cl

Cl

Cl

Cl

91

5
ButLi, n-C5H12

dioxane, 7125 8C, 24 h

Li

Li

Li

Li

Li

Li

92 (53%)

D2O
C6D6

(* 100%)

X=H (9c), Cl (10a).

Cl

Cl

Cl

X

9c, 10a (85%± 90%)

1) ButLi, THF,778 8C

2) Me3SiCl

Cl

SiMe3

Cl

X

C6Cl5Li

91

(46%±60%) 125, 313

Ph2PCl
C6Cl5PPh2
(69%) 306

Me3SiCl
C6Cl5SiMe3
(48%) 306

HgCl2
(C6Cl5)2Hg

(84%) 306

GeCl4

CO2

C6Cl5CO2H

(56%±65%) 306

(C6Cl5)2GeCl2
(69%) 311

H2O
C6Cl5H

(56%) 306

DMF
C6Cl5CHO

(55%) 310

RCHO
C6Cl5CH(OH)R

(52%± 81%) 306, 313
(R = Alk)

(R = Alk)

Ph2CO
C6Cl5C(OH)Ph2

(74%) 306

O
R

C6Cl5CH2CH(OH)R

(a) e7(2 F mol71); CoCl2 (cat), ZnBr2 (cat), Zn anode,

MeCN±PyH (9 : 1); (b) PhI, Pd(PPh3)4Cl2; (c) I2 .

Cl Cl

R

1c: R = H;
40b: R = CF3

a

Cl ZnCl

R

ClZn ZnCl

R

b c

b c

Ph Ph

R

I I

R

R=H (8%), CF3 (14%)

Cl Ph

R

Cl I

R

R=H (27%), CF3 (69%)

Scheme 3

910 A A Vasil'ev, A S Burukin, S G Zlotin



Although polychlorophenyllithium derivatives are rather
stable (compound 91 is stable in diethyl ether at 710 8C), in
some cases these compounds eliminate LiCl to form the
corresponding dehydrobenzenes.314 For example, the reaction
of compound 91 with 1,3,5-tri(tert-butyl)benzene affords the
cycloaddition product 93.305 The reactions of C6Cl5Li (91)
with N-methylpyrrole 315 and substituted anthracene pro-
ceed 316 analogously.

2,3,5,6-Tetrachlorophenyllithium (94) derived from
1,2,4,5-tetrachlorobenzene (10b) can be transformed into
3,4,6-trichlorobenzyne, which was detected judging from the
formation of the cycloaddition product withN-methylpyrrole,
viz., compound 95.315

The reactions of 1,3-dichlorobenzene (1b) with an excess of
ArLi were found 317 to proceed via 3-chlorobenzyne, 1,3-
dichloro-2-lithiobenzene (96) being a precursor of the latter.
These reactions afford ultimately m-terphenyls 97. The reac-
tion of compound 1b with phenyllithium followed by quench-
ing of the reaction mixture with molecular iodine affords the
iodo derivative of m-terphenyl 98.

Compounds 99 and 82b were prepared analogously from
1,3,5-trichloro- (9a) and 1,2,4,5-tetrachlorobenzenes (10b),
respectively, by the reactions with PhLi.317

An efficient procedure for the synthesis of m-terphenyls is
based on the lithiation of polychlorobenzenes 1b or 9a with
n-butyllithium followed by treatment with ArMgBr. The
mechanism of these transformations is analogous to that of
the above-described reactions.317

1,3-Dichloro-2-lithiobenzene (96) gives biphenyl and
m-terphenyl derivatives as a result of the reaction with
3-chlorobenzyne generated in situ.318 The yield of 2,20,6,60-
tetrachloro-m-terphenyl (100) was increased to 44% by trans-
forming the lithium derivative into organomagnesium com-
pound 101, which reacts more smoothly (Scheme 4).317

91
7LiCl

Cl

Cl

Cl

Cl

1,3,5-But3C6H3

25 8C

NMe

Et2O,730 20 8C

Et2O,730 20 8C

Cl

Cl

Cl

Cl

But

But
But

93 (97%)

Cl

Cl

Cl

Cl

N

Me

(29%)

Cl

Cl

Cl

Cl

(20%)

Cl

Cl

Cl

Cl

10b 94

BunLi

Cl

Cl

Cl

Cl

Li

Cl

Cl

Cl

NMe

Cl

Cl

Cl

N

Me

95

Ar=Ph (73%), 4-PhC6H4 (65%), 2-MeOC6H4 (93%), 4-MeOC6H4 (80%).

Cl Cl

1b

ArLi, Et2O

7ArH

Ar Cl

Li

7LiCl

Ar
ArLi

Ar Ar

Li

7LiCl

ArLi
Cl Cl

Li

96

Cl

Ar Ar

97

H3O+

I2

(Ar = Ph)

Ph Ph

I

98 (55%)

PhPh

Cl

99 (78%)

PhPh

Ph Ph

82b (22%)

1b
BunLi, THF

770 8C
96

ArMgBr (2 equiv.)

20 65 8C

Ar

MgBr

Ar

H3O+

I2

(Ar = Ph)

97 (73 ± 93%)

98 (57%)

Cl Cl

Cl

9a

BunLi, THF

770 8C

Cl Cl

Cl

Li

1) PhMgBr

2) H3O+
99 (54%)

Chemical functionalisation of polychloroarenes 911



The reactions of 1,2,4,5-tertrabromodichloro- (102) and
1,4-dibromotetrachlorobenzenes (103) with an excess of
PhMgBr also proceed via the dihydrobenzene derivative to
give 1,2,4,5-tetraphenylbenzene (82b).319

* * *

As can be seen from the above data, polychloroarenes can serve
as multifunctional synthons for the preparation of various
classes of organic and heteroorganic compounds. Nucleophilic
aromatic substitution and metallation reactions of PCA have
been studied in sufficient detail, whereas transition metal-
catalysed cross-coupling reactions have received less attention.
A serious progress in the metal complex catalysis achieved in
the past years allows the expectation of the development of new
efficient methods for transformations of PCA into valuable
aromatic compounds. Some of new catalytic systems have been
successfully tested in the cross-coupling reactions of dichlor-
obenzenes and highly chlorinated arenes.

Investigations of the reactivity of PCA are of applied
importance. The results of these investigations can substan-
tially contribute to the solution of the problem of chemical
utilisation of toxic organochlorine compounds, such as pesti-
cides, waste transformer oil (see, for example, Refs 320 ± 322),
dioxins, etc., including the processing of these compounds into
new products and materials with practically useful properties.

This review has been written with the financial support of
the INTAS (Grant No. 04-82-7271).
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Abstract. The regular features of the formation of outer-sphereThe regular features of the formation of outer-sphere
associates of water-soluble calixarenes withmetal complexes inassociates of water-soluble calixarenes withmetal complexes in
solutions and their structure in the solid state are analysed. Asolutions and their structure in the solid state are analysed. A
comparisonwith analogous data for other outer-spheremacro-comparisonwith analogous data for other outer-spheremacro-
cyclic ligands is carried out. Some physicochemical propertiescyclic ligands is carried out. Some physicochemical properties
of the outer-sphere associates are considered in regards to theirof the outer-sphere associates are considered in regards to their
potential use for the development of new processes andpotential use for the development of new processes and
materials. The bibliography includes 150 referencesmaterials. The bibliography includes 150 references..

I. Introduction

Recent rise of the chemists' interest in transition metal com-
plexes is caused, inter alia, by the important role of these
complexes in biological processes and their possible applica-
tion in the design of molecular and nano-devices (conductors,1

switches,2 sensors 3 and molecular machines 4). The transition
metal ions are extremely important for living organisms.5, 6 It is
essential that most of `metals of life' are present in an organism
as complexes, that can be divided according to their biological
functions into transporters (ionophores), accumulators, acti-
vators of inert molecules and bio-catalysts.7 The biochemical
functioning ofmetal ions is relatedmainly to their outer-sphere
coordination, which is also important in the design of switch-
ing systems based on transitionmetal complexes.1, 4Weak non-
covalent interactions are the driving forces of the formation of
outer-sphere complexes 7 and therefore this is most efficient
when a cooperative effect takes place. Such effect is especially
pronounced in the case of many natural products (DNA
molecules, natural ionophores, cyclodextrins) as well as artifi-
cial macrocycles. Calixarenes and their derivatives, which are
receptors of various ions and molecules, belong to the latter

class of compounds.8, 9 Calixarene complexes of ions and
organic substrates are well documented. However, so far
there are no reviews on calixarenes as outer-sphere ligands for
metal complexes. The discussion of the chemistry of outer-
sphere association of metal complexes with calixarene deriva-
tives and comparison of these compounds with other similar
natural and synthetic outer-sphere ligands, including macro-
cyclic ones, are the main objectives of the present review. The
physicochemical properties of the resulting outer-sphere asso-
ciates (super-complexes) and their potential application in
advanced technological processes and design of new materials
are also discussed.

II. The driving forces of outer-sphere association
of transition metal complexes with various
macrocycles, DNA and antibiotics

Many natural receptors, for example, DNA and antibiotics,
are not macrocycles. However, their outer-sphere association
with transition metal complexes follows the cooperative mech-
anism of `host ± guest' interactions. Numerous papers are
devoted to complexation of DNA with transition metal com-
plexes, many of them were discussed in a review.10 The interest
is caused by the use of coordinatively saturated transition
metal complexes for studying the DNA structure. Coordina-
tively saturated CoIII and RuII octahedral complexes (mainly,
polypyridyl complexes) are used for cleavage of DNA mole-
cules and for their direct molecular and/or enantiomeric
recognition.10 ± 12 It is known that charged phosphate frag-
ments and hydrophobic grooves, formed by nitrogen-contain-
ing heterocycles, take part in binding of metal complex to the
DNAmolecule. Thus, in this case the electrostatic interactions,
intermolecular hydrogen bonding and p ± p-interactions
between heterocycles representing the ligands of metal ion
and DNA heterocycles are the main driving forces of outer-
sphere complex formation.

Some natural antibiotics are also devoid of macrocyclic
cavities, but, nevertheless, they possess receptor properties
towards transition metal complexes due to the cooperative
effect of intermolecular hydrogen bonds and electrostatic
interactions in the crown ether-like conformation of their
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molecules. Among the natural ionophores, lasalocid A is the
most popular receptor of transition metal complexes.13, 14

It is known that lasalocid A is an anionic ionophore
capable of effective (outer-sphere) binding of positively
charged ammine and amine complexes of transition metals
[Ctn+] ([Co(NH3)6]3+, [Cr(NH3)6]3+, [Co(NH3)5Cl]2+,D- and
L-[Co(en)3]3+, [Pt(NH3)6]4+) to the complexes
[Ctn+][LAS7]n . The lasalocid anion [LAS7] in the latter
surrounds the metal complex and adopts a cyclic pseudo-
crown-ether conformation.15 ± 18

Crown ethers represent a class of synthetic macrocyclic
receptors modelling some intermolecular interactions iono-
phore ± substrate.19 ± 22 The same forces are responsible for
binding of metal complexes to crown ethers and ionophores,
because the spatially pre-arranged ether oxygen atoms can be
involved in both hydrogen bonding and electrostatic interac-
tions. The efficiency of electrostatic interactions of metal
complexes with crown ethers is lower than that with iono-
phores, which results in the increase in the contribution of
hydrogen bonding to the total bonding energy. Therefore, the
presence of acidic hydrogens in ligands that surround themetal
complex is prerequisite for the efficient outer-sphere coordina-
tion of metal complexes by crown ethers. Particularly, in the
process of formation of outer-sphere complexes ofmetal amine
and ammine complexes with 18-crown-6 the hydrogen atoms
of NH3 or NH2 ligands form hydrogen bonds with the oxygen
atoms of the crown ether. Complex 1 is an example of such
compounds.23, 24

A great number of complexes of crown ethers with tran-
sition metal aqua complexes and with metal complexes con-
taining acetonitrile ligands are known. Acetonitrile CH-
protons are sufficiently acidic to form hydrogen bonds with
the ether oxygen atoms of the macrocycle.24

The structure modifications (i.e. introduction of various
substituents) and enlargement of the crown-ether ring make
possible p ± p-interactions with ligands of metal complexes
containing aromatic fragments.25, 26 Thus both NH3 ligands
take part in hydrogen bonding in the complex of dibenzo-18-
crown-6 with [Pt(bipy)(NH3)2]2+ (bipy is 2,20-bipyridyl). The
large and flexible crown-ether ring adopts a conformation
favourable for the interactions of benzo-substituents with the
bipy ligands in the inner coordination sphere of this platinum
complex. The existence of these interactions was confirmed by

X-ray crystallography andUV-spectroscopy (judging from the
presence of charge transfer bands). The recognition of natural
siderophore ferrioxamine B (FeHDFB+) by dicyclohexano-
18-crown-6 is based upon the ability of the crown-ether ring to
bind a primary ammonium group.20, 27, 28 However, lasalo-
cid A binds FeHDFB+ in a basic media more efficiently than
benzo-18-crown-6 due to the possibility of ionisation andmore
flexible structure adjustable the structure of the `guest' mole-
cule. The charge neutralisation occuring simultaneously with
hydrogen bonding with the deprotonated hydroxyl group and
two ether oxygen atoms of the chain results in more efficient
binding than that with the crown-ether oxygen atoms.27, 28

In contrast to crown ethers possessing affinity to positively
charged metal complexes, the polyaza-macrocycles in their
protonated forms bind anionic complexes. For example, the
macrocycles 2a,b form outer-sphere associates (in the ratio
1 : 1) in water with transition metal anionic complexes
M(CN)4ÿ6 , where M=Fe, Ru, Co.29, 30 In this case, the
electrostatic interactions and hydrogen bonding are also the
driving forces of formation of outer-sphere complex. The
stability of such outer-sphere complexes being determined
mainly by the number of protonated nitrogen atoms of the
macrocyclic ligand rather than by the type of the metal in the
complex anion.

Thus, crown ethers and polyazamacrocycles may be
regarded as macrocycles that efficiently bind the charged
metal complexes due to electrostatic interactions and hydrogen
bonds while hydrophobic interactions in this case aremuch less
important.

Cyclodextrins (CD) is a class of natural macrocycles with a
hydrophobic cavity owing to which they form inclusion com-
pounds with metal complexes,31, 32 while the presence of
hydrophilic outer surface provides good solubility in water.

Cyclodextrins bind neutral and negatively charged species
most efficiently, although many examples of the formation of
inclusion complexes with positively charged metal complexes
are documented.32 ± 36 For instance, b-CD binds the oxidised
and reduced forms of ferrocenes as well as ferrocenecarbox-
ylate with approximately the same stability constants
(103 ± 104) (Ref. 35). Stability of inclusion complexes is deter-
mined mainly by the match between the cavity diameter and
the hydrophobic fragment size of a `guest' molecule,36 ± 41

although intermolecular hydrogen bonds between a metal
complex and hydroxyl groups of cyclodextrinmay additionally
stabilise the inclusion complexes.42 The 1 : 1 adducts of b- and
g-cyclodextrins with ferrocene are described in Ref. 36, the
orientation of ferrocene molecule in b-CD adduct is axial and
in g-CD adduct is equatorial.

Cucurbit[n]urils and calix[n]arenes are the most intensively
studied compounds among the syntheticmacrocycles. They are
widely used as molecular containers for metal complexes and
the interest in these compounds increased significantly during
the last decade.
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The size of internal cavities of cucurbit[n]urils with
n=6±8 is close to the size of cavities of the molecules of a-,
b and g-CD, respectively.43 However, in contrast to the cyclo-
dextrins, the oxygen atoms of carbonyl groups in cucurbituril
portals are more polarised. As a result, the contribution of
electrostatic interactions to the total binding energy of the
`host ± guest' system is higher than that of CDs and the adducts
with positively charged ions are more stable.44 The adducts
with metal aqua complexes are the most thoroughly studied.
They are efficiently bound to carbonyl portals of cucurbiturils
and do not form inclusion complexes.45 ± 47 However, the
inclusion complexes of cucurbiturils are also known. Partic-
ularly, such complexes are formed with a number of solvents
and indicators.48 ± 50 The cucurbit[8]uril is more suitable for the
formation of inclusion complexes with positively charged
metal complexes than cucurbit[6]- and cucurbit[7]urils due to
the larger size of the molecular cavity. It was shown 51 ± 54 that
outer-sphere association of cobalt, copper and nickel com-
plexes with ethylenediamine and cyclam results in the forma-
tion of inclusion complexes of cucurbit[8]uril.

Calixarenes represent an important class of synthetic
receptors, which may exhibit all above-mentioned types of
intermolecular interactions.8, 9 Their spatial structure consists
of clearly separated hydrophilic (rim) and hydrophobic (cav-
ity) areas. Besides, the potential of rim modifications and
cavity size variations for these molecules is higher than that
for cyclodextrins and cucurbiturils.8, 9 The present review
mainly discusses the water-soluble receptors obtained by the
introduction of ionised groups into the calixarene matrix,
because compounds of this particular class are most compre-
hensively studied as outer-sphere ligands for charged metal
complexes.55 ± 59

For the first time, the possibility of outer-sphere coordina-
tion of nickel and copper complexes [Ni(H2O)5py]2+ and
[Cu(H2O)4py2]2+ with p-sulfonatocalix[4]arene was shown by
X-ray analysis.55 The pyridinemoiety of themetal complexes is
located inside the cavity (structures 3a,b).

Later similar studies were performed for outer-sphere
complexes of p-sulfonatocalix[4]arene with [Ni(phen)3]2+

(phen is 1,10-phenanthroline) and [Co(diHOsar)]3+ [sar
is 3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane, diHOsar=
1,8-(OH)2sar], and also its thia-analogue with [Co(bipy)3]3+

(Refs 56 ± 59). The structure of the outer-sphere associate
depends on the composition of the solution when the outer-
sphere coordination of a labile complex takes place or when
freemetal ions and ligands are present in the solution alongside
with the complex. For example, the above-discussed outer-
sphere complexes are not formed in slightly acidic aqueous
solutions containing cobalt(II) or nickel(II) salts, pyridine
N-oxide and p-sulfonatocalix[5]arene. Aqua-ions [Co(H2O)4]

2+

or [Ni(H2O)4]
2+ coordinate sulfo groups of two different

calixarene units forming a bridge between them.60 The cavities
contain pyridine N-oxide molecule (L) non-coordinated to the
metal.

Depending on the type of the metal, the system sulfonato-
calix[5]arene ± lanthanide ion ± pyridine N-oxide yields, along-
side with the complexes of the described type, complexes in
which themolecules of pyridineN-oxide are coordinated by the
metal atoms and complexes of the type 3 where the ligand is
located inside the cavity.61 Thus, gadolinium forms complexes
of the first type, while in EuIII, TbIII and YbIII complexes,
mixed inner- and outer-sphere coordination was observed.
Hence, the presence of several binding centres (the cavity,
substituents of the upper and lower rims) allows wide modifi-
cation of a supra-molecular structure upon variation of the
composition of a multi-component solution.62 Cucurbiturils
also form such ternary complexes in which an organicmolecule
is incorporated into a macrocyclic cavity and a metal ion is
linked to the donor groups of the rim. Particularly, such
complexes with sodium ions and some solvents were described
for cucurbit[6]uril.47

It should be noted that the efficiency of the discussed
classes of compounds including the macrocycles as the outer-
sphere ligands is determined by cooperative effect of electro-
static and hydrophobic interactions as well as by hydrogen
bonding, while the relative contribution of interactions of each
type depends on the structure of the outer-sphere ligand. The
presence of hydrophobic cavities and hydrophilic rims is a
common feature of cyclodextrins, cucurbiturils and calixar-
enes. For this reason, we will restrict our discussion to the
comparative analysis of these macrocycles. However, along-
side with the common features, there is also a number of
important differences between these compounds. Thus, in
contrast to cyclodextrins, cucurbiturils, due to the presence of
polar portals, are able to form non-inclusion outer-sphere
associates with metal aqua complexes and ternary complexes
where the solvent molecules are located inside the cavity and
the metal ions are bound by the carbonyl groups of portals. Of
numerous calix[n]arenes, the water-soluble derivatives, partic-
ularly p-sulfonatocalix[n]arenes, are of special interest as outer-
sphere ligands for metal complexes. Such macrocycles can
form outer-sphere associates with the chargedmetal complexes
as well as bind metal ions (through inter-sphere coordination
by donor groups of upper and lower rims) and, simultaneously
ligands (through inclusion to the calixarene cavity). Yet
another characteristic of calixarene molecules is their confor-
mational flexibility, which distinguishes them from rigid mol-
ecules of cyclodextrins and cucurbiturils. The mobility of
aromatic rings of even the most conformationally restricted
p-sulfonatocalix[4]arenes allows the adjustment of the `host'
cavity to the `guest' structure. The results of quantum chemical
calculations 63 show that the inclusion of hydrophobic `guest'
fragment into the cavity of p-sulfonatocalix[4]arene decreases
the conformational mobility of the cavity-forming rings; the
inclusion of aliphatic fragments stabilises the C4v conforma-
tion of the complex, the inclusion of aromatic fragments results
in the C2v conformation.63 In all the known cases, inclusion of
ligand fragments of CuII, CoII, CoIII and NiII complexes into
the cavity of p-sulfonatocalix[4]arene and its thia-analogue
stabilises the flattened cone conformation (C2v).56 ± 59, 64 X-Ray
structural analysis of the crystals obtained from the solution
of p-sulfonatothiacalix[4]arene and tris(bipyridyl) nickel
revealed 64 a conformational transition of the `host' molecule

M=Ni, X=Na, Y=H2O (a);

M=Cu, X=H, Y=py (b).
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from the cone conformation into the so-called partial cone
conformation due to the inclusion complex formation. How-
ever, it should be noted that the crystal was grown in an
autoclave under high temperature and pressure.

III. The thermodynamics of outer-sphere
association of water-soluble calixarenes with
charged complexes and organic ions in comparison
with that of cyclodextrins and cucurbiturils

The data discussed in the previous Section provide a basis for
the analysis of similarities and differences in the driving forces
of the outer-sphere association of charged complex species
with various macrocycles. As the number of papers on the
thermodynamics of outer-sphere association of metal com-
plexes withmentionedmacrocycles in aqueous solutions is very
limited, we compare the formation of complexes of calixarenes,
cyclodextrins and cucurbiturils not only with metal complexes,
but also with organic cations and neutral molecules. The main
difference between cyclodextrins and water-soluble calixarenes
is that the formation of cyclodextrin complexes with organic
substrates is the entropy-favourable process, while the forma-
tion of complexes of water-soluble calix[4]resorcinarenes is
entropy-unfavourable process.65 In the case of cyclodextrins,
the hydrophobic effect caused by water destructurisation due
to the decrease in hydrophobic surface, is dominant and results
in the entropy increase.66 Meanwhile the multi-centred inter-
actions of a guest molecule with the cyclodextrin cavity are
usually not sufficiently effective to be a driving force of the
formation of cyclodextrin complexes in aqueous solutions.67

As it has already been mentioned, the presence of the polar
portals in the cucurbituril molecules significantly increases the
contribution of electrostatic interactions in comparison with
that in the case of formation of cyclodextrin complexes. For
instance, cucurbit[7]uril binds the methylviologen cation
(MV2+) more efficiently than b-CD of similar size due to the
enthalpy contribution.68 Cucurbit[7]uril is also more efficient
in binding ferrocene and its alkylammonium derivatives: the
corresponding binding constants of b-CD are in the range of
103 ± 104 litre mol71, while for cucurbit[n]urils (n=7, 8) the
range is 109 ± 1010 litre mol71. The value of the constant
significantly increases (up to 1012 ± 1013 litre mol71) for
ammonium derivatives of ferrocene.69 However, the entropy
contribution in the binding of cucurbit[7]uril with MV2+

cation is positive, while the entropy changes in the interactions
with ferrocene and its ammonium derivative are negative.35

Thus, the presence of polar portals in the cucurbit[7]uril
molecules makes the enthalpy contribution in the interactions
with positively charged metal complexes favourable. At the
same time, the entropy changes depend on a number of factors,
the most important being desolvation of the guest species,
which in turn is determined by its structure.

The presence of the ionised groups at the rims of water-
soluble calix[n]arenes and calix[4]resorcinarenes significantly
increases the contribution of electrostatic interactions to the
total energy of formation of a `host ± guest' complex.66 Such

conclusion, for example, was made on the basis of a study of
complexation properties of calixarenes 4a ± c and calixarene
4d, which adopts a partial cone conformation.70 ± 72

In particular, it was found that the efficiency of binding of
tetramethylammonium cations by calixarene 4b is an order of
magnitude higher than that by calixarene 4c. A comparison of
the complexation ability of calixarenes with amino acids leads
to the conclusion that the presence of sulfonate groups in the
upper rim of calixarene is necessary for the binding of amino
acids.70 It should be noted that the binding constant of organic
ions also depends on the conformational rigidity of sulfonate
groups at the rim of the cyclophane receptor. For example, the
binding constant of tetramethylammonium decreases by two
orders of magnitude upon transition from calix[4]arene 4a
(Ref. 71) with fixed sulfonate groups in the upper rim of the
molecule to sulfonatomethylcalix[4]resorcinarene (5) 73 with
conformationally mobile sulfonate groups.70 ± 73

However, the contribution of the electrostatic interactions
to the total energy of formation of inclusion complexes of
water-soluble calixarenes and resorcinarenes is considerable,
but not decisive. In particular, the analysis of 1H NMR spectra
and thermodynamic characteristics of inclusion complexes of
water-soluble sulfonatocalix[4]resorcinarene with a number of
organic molecules and ions 66 reveals that the complexation
constant of a non-charged substrate with calixarene is deter-
minedmainly by the efficiency of interactions of CH-fragments
of the guest molecule with the p-donor cavity of the host
molecule. It was shown that the formation of inclusion com-
plexes of water-soluble calix[4]resorcinarenes is an enthalpy-
favourable process because CH± p-interactions make a signifi-
cant contribution to the formation energy. As a result, the
higher the CH-acidity of the substrate molecule and the higher
the p-donor character of the calixarene cavity, the more
efficient the binding.66 Later 74 it was shown that benzene
derivatives with electron-withdrawing substituents form more
stable inclusion complexes with water-soluble calixarenes than
their analogues with electron-donating substituents. This fact
also indicates the importance of CH-acidity of the `guest'
molecule in the formation of `host ± guest' complexes. The
process of binding of calix[4]arenes 4a and 4bwith tetramethy-
lammonium and tetramethylanilinium is also enthalpy favour-
able, while the change in entropy upon complexation is
negative.71 However, when non-inclusion outer-sphere asso-
ciates are formed, e.g., the associate 6 with a zinc porphyrin
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complex, the multi-centred interactions between charged rim
and the guest molecule require their substantial desolvation.
Probably, this is the reason for the positive entropy change in
this process.75

p-Sulfonatothiacalix[4]arene (7) is an analogue of p-sulfo-
natocalix[4]arene in which the methylene bridges are replaced
by sulfur atoms.76

It was suggested 77 that thiacalix[4]arene exceeds classical
calixarene in its ability to form inclusion complexes due to the
larger size of the cavity. However, the later results 78 ± 80 do not
support this suggestion. In particular, a comparison of the
values of DG, DH and DS of formation of pyridinium com-
plexes with both receptors revealed that the binding with
thiacalix[4]arene is less efficient due to smaller enthalpy con-
tribution.79 This was accounted for by the lesser p-donor
character of thiacalixarene hydrophobic cavity in comparison
with that of classic calixarene, which results in less efficient
CH± p-interactions. Hence, thiacalixarene is more selective
towards the aromatic fragment of toluene, while calixarene
itself binds the methyl group and the aromatic ring with the
same probability.74

As already mentioned before, the thermodynamic charac-
teristics of inclusion complexes of water-soluble calixarenes
with metal complexes are little studied. However, it is natural
to assume that the driving forces of the formation of such
outer-sphere associates are also electrostatic interactions with
the rim and CH± p-interactions with the hydrophobic cavity.
The stability and the structure of outer-sphere associates of
complexes [Co(en)3]3+(8), [Co(en)2ox]+(9), [Co(L-His)2]+

(10), [Co(bipy)3]3+(11) (en is ethylenediamine, ox is oxalate,
L-His is L-histidine) with p-sulfonatothiacalix[4]arene and
sulfonatomethylcalix[4]resorcinarene (for example, associ-
ate 12) were studied.81 It was shown that, similarly to the
binding of organic cations, the larger the charge of the complex
and the more compact its ligands, the higher the stability of
outer-sphere associates. For both receptors, the association
constant of compound 8 is the highest and the values of the
constants decrease in the series 8> 11> 10> 9. Thus, the
substitution of the oxalate anion for one of the en ligands as
well as enlargement of the chelate ring on going from en to bipy
results in the decrease in the calixarene complexation constant.
Moreover, it was shown that the outer-sphere associate 13
containing cation 10 is not an inclusion complex and is formed
as a result of multi-centred electrostatic interactions with the
rim of the calixarene molecule.

Thus, the following conclusions may be drawn from the
analysis of thermodynamic parameters of complexes of cyclo-
dextrins, cucurbiturils and calixarenes with organic and metal-
containing substrates:

1. Binding of substrates to cyclodextrins is usually the
entropy-favourable process due to a hydrophobic effect,
while the `host ± guest' interactions are not efficient enough
for a favourable enthalpy contribution. The presence of polar
portals in cucurbiturils and charge of rims in calixarenes
increases their affinity towards positively charged metal com-
plexes due to more favourable (in comparison with cyclo-
dextrins) enthalpy contribution in the total interaction energy.
The enthalpy contribution increases on going from cucurbitur-
ils to water-soluble calixarenes. However, the favourable
enthalpy contribution in the formation of `host ± guest' com-
plexes of water-soluble calixarenes is the result of not only
significant contribution of electrostatic interactions with
charged groups of the rim but also of CH± p interactions
with the calixarene cavity.

2. The hydrophobic effect is mainly responsible for the
entropy change in the formation of `host ± guest' complexes of
cyclodextrins. The entropy change in the cases of cucurbiturils
and calixarenes is caused primarily by the guest molecule
desolvation and therefore depends on the structure of the
molecule as well as on the structure of the `host ± guest'
complex.

3. In contrast to cyclodextrins and cucurbiturils, water-
soluble calix[4]arenes form outer-sphere associates, where the
charged metal complex only covers the charged rim and its
ligands are not inserted into the macrocyclic cavity. Obviously,
the efficiency of multi-centred electrostatic interactions with
the ionised groups of the calixarene rim is responsible for the
formation of such complexes of water-soluble calixarenes.

IV. Design of switchable systems on the basis
of outer-sphere coordination of charged metal
complexes and macrocycles

There is a growing interest in recent years in supramolecular
systems in which an external action causes re-orientation of
their fragments (components) and/or changes in their phys-
icochemical properties as potential building blocks in the
design of the so-called molecular devices and machines.82 ± 84

In the present chapter, we discuss the possibility of changing
the structure of outer-sphere associates of charged metal
complexes and water-soluble macrocycles by varying pH and
the electrochemical potential.

1. pH-Switchable systems
Obviously, the presence of ionisable groups in the macrocycle
and/or in the guest molecule is a prerequisite for pH-switchable
outer-sphere coordination of a metal complex to a macrocycle.
Cucurbiturils are devoid of such groups and deprotonation of
the hydroxyl groups of cyclodextrins is observed only under
strongly basic conditions.44 For that reason, the design of pH-
switchable systems with these macrocycles is based on the
processes of protonation ± deprotonation of the guest species.
For instance, it was shown 85 that the binding constants of
novocaine with b-cyclodextrin in acidic and neutral media are
almost identical in spite of the different degrees of protonation
of novocaine (singly and doubly-charged cation, respectively).
Only in the basic media, when a neutral form of novocaine is
formed, was the fivefold increase in the binding constant was
observed. Obviously, cucurbiturils with their additional sour-
ces of electrostatic interactions `host ± guest' (the polar portals)
are more promising as potential pH-switchable systems than
cyclodextrins. The system polyamine ± cucurbit[6]uril is one of
the first examples of pH-controllable translocation.86 pH-In-
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duced translocation in this system is caused by different
basicity of the nitrogen containing fragments at the opposite
ends of the guest molecule.

The protonation of amino groups also drives the polyrotaxane-
based molecular machines.87, 88

The carbonyl portals of cucurbiturils may be protonated in
highly acidic media;44 however, low basicity of the carbonyl
groups seriously hinders the application of this process as the
source of pH-induced translocation. As it has been mentioned
above, the presence of ionised groups at the rim of water-
soluble calixarenes results in much stronger dependence of the
formation constant of a host ± guest complex on the charge of
the guest molecule, than in the case of cucurbiturils. However,
there were no observations of threading of oxyethyl or poly-
rotaxane chains through the cavity in the case of water-soluble
calix[4]arenes. It was shown 89 by 1H NMR study in benzene
that triphenylureidocalix[6]arene may form pseudorotaxanes
due to the large size and conformational lability of the cavity.
However, cyclodextrins and cucurbiturils are more widely used
in the design of such molecular machines.

Yet another interesting feature of p-sulfonatocalix[4]arenes
and their thia-analogues, namely the high acidity of their
hydroxyl groups,90 should be noted. It is caused by the
presence of strong circular intramolecular hydrogen bonds
between the phenolic OH-groups at the lower rim of the
calixarene cavity. This in turn makes it possible to control the
p-donor character of the cavity 91 or the charge at the upper
rim 73 of calixarenes by pH-induced deprotonation of hydroxyl
groups. Alteration of the orientation of non-symmetrical
organic cations inside calixarene cavity is one of interesting
consequences of the pH dependence of water-soluble calixar-
ene complexation. One of the first examples of pH-regulated
relative orientation of a nonsymmetrical `guest' (trimethylani-
linium cation, TMA) and `host' (p-sulfonatocalix[4]arene) was
described.91, 92 The formation of inclusion complex in a wide
range of pH values was proved on the basis of 1H and 13C
NMR spectroscopic data. The calixarene cavity contains
mainly the aromatic fragment of TMA at high acidity
(pD 0.4), while under neutral conditions (pD 7.3) trimethyl-
ammonium group and aromatic moiety are non-specifically
bound by the `host' molecule.

The differences in the binding modes may be caused,91 by
changes in the electron-donating properties of an aromatic
p-system due to dissociation of hydroxyl groups in the neutral
media. The available data 71 show that ditopic TMA is bound
selectively through its aromatic fragment to all host molecules
having fixed cone conformation and sulfonate groups at the
upper rim (compounds 4a,b,d). At the same time, calixarene 4c
recognises only polar alkylammonium group of TMA. Calix-
arene 4d, which adopts a partial cone conformation binds
TMA non-selectively like conformationally much more flexi-
ble receptor 4a. Thus, the selectivity of inclusion of more
hydrophobic (aromatic) or of more charged (trimethylammo-
nium) fragments is determined by the efficiency of both
electrostatic interactions at the rim and CH± p interactions
with the calixarene cavity.

In the study of complexation of ditopic N-methylpyridi-
nium cation with sulfonatomethylcalix[4]resorcinarene it was
found 73 that in neutral and slightly acidic media the aromatic
fragment is included into the resorcinarene cavity, while
deprotonation of calix[4]resorcinarene hydroxyl groups pre-
dominantly results in inclusion of the N-methyl group into the
cavity.

The use of a ditopic guest becomes even more interesting
when there is a possibility of comparing the complexation that
proceeds under kinetic or thermodynamic control (Fig. 1).
Under kinetic conditions, in a multicomponent supramolecu-
lar system containing cucurbit[6]uril (CB[6]U), cucurbit[7]uril
(CB[7]U), symmetrical cyclohexane-1,4-diammonium cation
(14) and ditopic adamantyl(alkyl)ammonium ion (Alk=Bun,
n-C6H13 , n-C8H17) (15), cation 14 is included into the cavity of
cucurbit[7]uril and the alkyl chain of cation 15, into the cavity
of cucurbit[6]uril.93 In equilibrium, the symmetrical cation 14
is included predominantly into the cavity of cucurbit[6]uril and
the adamantyl fragment of ditopic cation 15, into the cavity of
cucurbit[7]uril.

It is natural to suggest that the switchable complex for-
mation may be based upon ditopic metal complexes, for
instance, alkyldimethyl(ferrocenylmethyl)ammonium. It was
shown 94 that the ferrocene fragment of this complex, in
accordance with its size, is bound most efficiently to the cavity
of b-CD, while the alkyl fragment, of a-CD. Thus, this ditopic
`guest' and a- and b-cyclodextrins are the basis for the
construction of a multicomponent supramolecular system.

Ð cucurbit[6]uril.
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Themutual arrangement of guest and host molecules in the
supramolecular complex formed can be changed by varying
pH and hence, the charges on various parts of ametal complex.
Adeninato-chloro-bis(ethylenediamine)cobalt(III) (16) has
been chosen as a non-symmetrical guest. This complex under-
goes two-stage protonation at the basic nitrogen atoms of
adenine heterocycle in neutral and slightly acidic media.

Data from 1H NMR spectroscopy show that the protona-
tion of the adenine moiety of complex 16 upon decrease in pH
from 9 to 6 results in structural changes of outer-sphere
associate between p-sulfonatothiacalix[4]arene (ST[4]A) and
cobalt complex (the structures 17a ± c) (Fig. 2) and in signifi-
cant increase in its stability constant.95 The decrease in pH
brings about protonation of both the metal complex and the
phenolate rim of p-sulfonatothiacalix[4]arene from hexa- to
penta-anion. As mentioned above, the increase in p-donor
character of the calixarene cavity induced by deprotonation of
the phenolic groups results in more efficient CH±p interac-
tions. Therefore, in this case the neutralisation of the adenine
fragment due to its protonation rather than the decrease in the
p-donor character of the receptor cavity due to the protonation
of the phenolate groups is the decisive factor that determines

the `host ± guest' binding constant and the orientation of metal
complex relative the macrocycle cavity.

Thus, the presence of ionised and/or ionisable groups at
both rims of calix[n]arenes is responsible for more efficient pH
control of the complexation than in the case of cucurbiturils
and cyclodextrins. However, the ability of the calixarene cavity
to be `threaded' by aliphatic and oxyethylene chains is much
poorer than that of cyclodextrins and calixarenes, therefore the
water-soluble calixarene-based molecular devices and
machines should be designed differently.

2. Redox-switchable systems
The electrochemical properties of the inclusion complexes are
crucial for the construction of redox-switchable systems. It is
known that the redox potential of a redox-active species
depends on the character of the solvent and the counter-ions.
Naturally the outer-sphere association with macrocycles also
should result in the modification of electrochemical properties.
In other words, if the outer-sphere environment of a redox-
active complex stabilises its reduced or oxidised form, the shift
in the electrochemical potential of the pair is observed. There-
fore, the larger the difference between the constants of outer-
sphere association of macrocycle with reduced and oxidised
forms of a metal complex, the larger the shift of the potential.
As mentioned above, b-cyclodextrin binds the reduced form of
ferrocene more efficiently, which results in a significant shift of
potential of the pair FeIII/FeII into the anode region.33

The opposite shift should be expected for macrocycles that
contain polar or ionised groups and therefore formmore stable
outer-sphere associates with charged metal complexes. Indeed,
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the outer-sphere association with p-sulfonatocalix[6]arene
results in the cathodic shift of the redox potentials of FeII

(ferrocene) and CoIII (cobaltocene) complexes due to stabilisa-
tion of oxidised forms with highest positive charge.96, 97 Outer-
sphere interaction of cobalt tris(bipyridyl) with sulfonate
derivatives of thiacalix[4]arene and calix[4]resorcinarene 57

brings about analogous stabilisation of the oxidised form of
the complex.

It is natural to expect that cucurbiturils should exhibit
properties intermediate between these two extreme cases (sul-
focalixarenes and cyclodextrins). Indeed, the inclusion ofmetal
complexes and organic cations into the cavities of cucurbiturils
may result in both the anodic and cathodic shifts of the
reductive potential of a guest depending on the structure of
the latter. Particularly, significant negative (cathodic) shift of
the reductive potential of methylviologen (MV2+/MV+ and
MV+/MV0) inserted into the cavity of cucurbit[8]uril indicates
that the inclusion complex of the oxidised (charged) form of
methylviologen is more stable than that of the reduced form.68

However, the inclusion of copper cyclamate 54 and ferrocene 69

into the cucurbituril cavity causes a positive (anodic) shift of
the potential of the pairs Cu2+/Cu+ and Fe3+/Fe2+. Prob-
ably, relative stabilisation of the reduced form in this case
indicates a dominant hydrophobic contribution to the energy
of host ± guest binding. Thus, the cucurbiturils can stabilise
preferably both oxidised and reduced forms of a guest mole-
cule. Large cavity of cucurbit[8]uril may include twomolecules
of a partially reduced form MV+, which results in a redox-
controlled stoichiometry of the complexation, because the
oxidised form MV2+ produces a 1 : 1 complex.98 Yet another
very important difference between the electrochemical proper-
ties of inclusion complexes of cyclodextrins and cucurbiturils
should be emphasised, namely, the different mechanism of
redox processes. In the case of cucurbit[n]urils (n=7, 8), the
direct electron transfer to methylviologen or from cucur-
bit[n]uril-bound ferrocene takes place, which follows from the
fact that the voltammograms recorded at the various scan rates
are identical and that the difference in the reduction and
oxidation potentials remains the same within the limits of

reversibility.68, 69 At the same time the oxidation or reduction
of cyclodextrin inclusion complexes takes place only upon their
dissociation. This results in different cyclic voltammograms
recorded at the different scan rates 93, 99 as well as in the
increase in the difference of the reduction and oxidation
potentials up to 70 ± 80 mV, which is beyond the reversibility
limits.

The combination of a redox-active metal complex and
various macrocycles is of interest for the design of switchable
systems. For example, the design of a molecular machine was
based on the predominant inclusion of the oxidised form of
cobaltocene into the cavity of sulfocalix[6]arene and of the
reduced form, into the cyclodextrin cavity (Fig. 3).97

V. Outer-sphere association of metal complexes
with macrocycles as a method of modifying
physicochemical properties of a supramolecular
system

It was shown in the previous Section that it is possible to
control the process of inclusion of a metal complex into the
cavity of the macrocycles under consideration by an external
action (variation of pH or electrochemical potential). The
dependence of thermodynamic parameters of the complex-
ation on the charge and structure of the metal complex is the
basis for such control. Inclusion of metal complexes into
macrocycles also results in changes of their electrochemical
properties, which depend on the character of the macrocycle.
Therefore, these macrocycles can be regarded as molecular
containers, immersion of metal complexes into these contain-
ers modifies the physicochemical properties of the complexes.
The modification of physicochemical properties of metal
complexes induced by their outer-sphere association with
macrocycles is discussed in the present Section.

1. Solubility modification
There are hydrophilic and lipophilic areas in molecules of all
macrocycles under consideration, which enables modifying the
solubility of metal complexes by formation of the correspond-
ing outer-sphere associates. For instance, cyclodextrins and
water-soluble calixarenes increase the solubility of water-
insoluble species due to their inclusion into the hydrophobic
cavity, while the hydrophilic outer surface of the molecule or
the hydrophilic rim make the associate formed water-soluble.
For this reason the cyclodextrins are used successfully for the
transportation of lipophilic metal-containing catalysts into the
aqueous phase.41 In the case of calixarenes, the outer-sphere
association with charged metal complexes results in significant
decrease in solubility mainly due to neutralisation of the
macrocycle rim charge. On the contrary the formation of
inclusion complexes of cucurbiturils with charged bis-chelate
complexes of transition metals causes the increase in water
solubility, while the macrocycle itself is soluble only in highly
acidic aqueous media. Binding of charged metal complexes to
the macrocycles possessing lipophilic outer surface and hydro-
philic inner cavity (antibiotics,14 crown ethers,100 calixarenes
with hydrophobic substituents 101), makes them lipophilic. It
should be noted that the selectivity of metal ion ± calixarene
binding at the chloroform ±water interface differs significantly
from that in a one-phase system.102 It is caused by the increase
in the contribution of solvation and dissolvation energy to free
energy of extraction. Similar effect is observed in the extraction
of a series of charged copper and cobalt complexes by
calix[4]resorcinarene derivatives from aqueous solutions into
the chloroform layer.101 Identically measured degrees of
extraction of various metal complexes by calix[4]resorcinarene
derivatives do not correlate with the corresponding binding
constants measured in water ± alcohol media. The presence of
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Figure 3. A scheme of the complexation of oxidised and reduced forms

of cobaltocene with sulfonatocalix[6]arene (SC[6]A) and b-cyclodextrin,
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ionisable groups, for example, hydroxyl groups in calix[4]re-
sorcinarenes and lasalocid, determines the pH-dependence of
extraction and transport of the correspondingmetal complexes
through the chloroform membrane.20, 101 We are not going to
discuss this area in the present review as there is a number of
other reviews on this subject (see, for example, Refs 102 and
103).

The case of calixarene functionalisation is a clear advant-
age over othermacrocycles as it makes possible introduction of
substituents required for the efficient binding of the ion to be
extracted and the corresponding counter-ion as well as of
groups ensuring the required lipophilicity of the extractant or
the carrier.103 For example, the effective transfer of charged
metal complexes was achieved by the introduction of amino-
methyl and alkyl (particularly, n-C11H23) groups in to the
calix[4]resorcinarene matrix.101 Macrocycle 18 exists in a zwit-
ter-ionic form due to intramolecular proton transfer from
hydroxyl to aminomethyl group and its transportability
depends on the presence of both anionic (phenolate) and
cationic (ammonium) groups.

At the same time, the cyclodextrins increase the water
solubility of lipophilic metal complexes more effectively than
calixarenes and cucurbiturils.41 Probably, the reason is that
cucurbiturils are less water-soluble than cyclodextrins while the
cavity of calixarenes, in contrast to that of cyclodextrins, is not
proper for deep embedding of a guest molecule.

2. Modification of spectral properties of metal complexes
a. NMR spectroscopy
It is known that the inclusion of a fragment of a guest molecule
into the receptor cavity results in changes in chemical shifts of
its protons in the 1H NMR spectra.104 These changes depend
on the mutual arrangement of the guest protons in the host
cavity and on the structure of the macrocycle. Taking into
account the p-donor properties of the calixarene cavity, it is
natural to assume that inclusion of a fragment of the inner
sphere of the metal complex into the cavity will result in more
substantial upfield shift of proton signals than in the case of
cyclodextrins or cucurbiturils. From a comparison of single-
crystal X-ray data for inclusion complexes of various macro-
cycles it is possible to conclude that metal complexes are
embedded deeper in the cavities of cucurbiturils 51 ± 53 and
cyclodextrins 39 than in the cavities of water-soluble calixar-
enes.55 ± 59 However, the changes in the chemical shifts in
1H NMR spectra are comparable with, or even less than,
those in the case of calixarenes.35, 41, 51, 57 It should be noted
that the calixarene cavity shielding effect provides additional
possibilities for studying the structure of host ± guest com-
plexes due to more pronounced dependence of the chemical
shifts of the guest protons on the position of themolecule in the
cavity of the host.104 ± 106

The rate of exchange between free and macrocycle-bound
guests is yet another important characteristic of the complex-
ation process. The rate of such exchange for cucurbiturils and
cyclodextrins depends on the nature of the guest. Particularly,
the slow exchange rate was found for the complex of cucur-
bit[7]uril with methylviologen (*102 s71),68 while the rate of
exchange in the complexes of b-CDwith ferrocenecarboxylate,
cobaltocene and reduced forms of methylviologen is equal to

*104 s71. Fast (on the NMR time scale) exchange is typical of
inclusion complexes of water-soluble calixarenes with organic
cations and charged metal complexes.66, 71, 81 However, the
exchange slows down significantly upon encapsulation of a
guest molecule between two calixarene molecules.107 ± 109

Thus, the NMR spectra of the `guest' and the `host' change
upon complexation with all three macrocycles. The shielding
effect, which causes the upfield shift of signals of protons of the
guest molecule is most pronounced for cucurbiturils (due to the
presence of polar portals) and calix[4]arenes (due to the
presence of ionised groups at the rim of the molecule and of
the p-donating cavity).

b. Electronic absorption spectroscopy
Analysis of the changes in the spectra of metal complexes
induced by interactions with macrocycles should be preceded
by the analysis of similar changes in indicators because the
spectral properties of molecules and ions of the indicators are
extremely sensitive to the changes in the micro-environment
polarity due to the presence of chromophore groups and an
extended p-system. It is for this reason thatmany indicators are
successfully used as probes in the studies of structural and
thermodynamic parameters of micellar pseudophases in aque-
ous solutions.110 Thus themost long-wave absorption bands of
some indicators (acridine red, acridine orange, pyronin) exhibit
red shift in the formation of inclusion complexes with cyclo-
dextrins and blue shift when placed into the cavity of sulfo-
nated calix[6]arenes in aqueous solutions.111 Using the known
dependence of the shift of absorption bands of the indicator on
the polarity of the solvent,110 one can conclude that the
polarity of micro-environment decreases upon inclusion into
the cyclodextrin cavity and increases in the cavities of water-
soluble calixarenes.111 This difference reveals significant dis-
similarity between the cavities of these macrocycles. Unfortu-
nately, the low solubility of cucurbiturils in neutral aqueous
solutions prevents their comparison with their associates under
analogous conditions. A comparison of the inclusion complex
formation of b-CD and cucurbituril with a series of indicators
in water ± formic acid media 48 showed that the presence of
carbonyl portals affects the `host ± guest' binding constant, but
the changes in spectral characteristics of the indicator mole-
cules upon inclusion into the cucurbituril cavity is analogous to
those in the case of cyclodextrin.

The spectral properties of the transition metal complexes
also may change as a result of outer-sphere association with
macrocycles. It is known that outer-sphere coordination with
crown ethers does not alter significantly the spectra of ruthe-
nium amino and diimino complexes,112, 113 while the formation
of intermolecular hydrogen bonds between hexacyano com-
plexes of the transition metals and protonated polyazamacro-
cycles results in the shift of the charge transfer band metal ±
ligand or ligand ±metal.114 Similar spectral changes were
observed for ruthenium(II) and cobalt(III) tris(bipyridyl) com-
plexes and were caused by intermolecular p ± p-interactions
with DNA.11, 12 Obviously, not merely the presence, but also
some preorganisation of the aromatic fragments is required for
the stacking interactions in the outer-sphere binding of metal
tris(bipyridyl) complexes to macrocycles. For example, the
inclusion of a bipyridyl fragment of tris(bipyridyl)cobalt(III)
into the cavities of water-soluble calixarenes (sulfonatomethyl-
calix[4]resorcinarene and p-sulfonatothiacalix[4]arene) virtu-
ally does not affect the charge-transfer ligand ±metal bands.57

It should be noted that the contribution of stacking interac-
tions increases as the conformation mobility of calixarenes
increases with the enlargement of macrocycles on going from
sulfonatocalix[4]arene to sulfonatocalix[n]arenes (n=6, 8).115

The hypsochromic shift of the metall ± ligand charge-transfer
band observed upon inclusion of tris(bipyridyl)ruthenium(II)

O7HO

NH3

C11H23-n

+

18
4
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into the cavity of p-sulfonatocalix[8]arene may also be
explained by the contribution of stacking-interactions.116

The inclusion complex of cucurbit[8]uril with trans-
dichlorobis(ethylendiamine)cobalt(III) is an example of a com-
plex in which both chelate rings are significantly distorted upon
inclusion in the cavity of cucurbit[8]uril.51 Particularly, one of
the chelate rings contracts with the 0.06 �A shortening of the
Co7N bonds while the second one expands and the corre-
sponding bonds became 0.05 �A longer. Naturally, such a
change in the geometry of the coordination polyhedron results
in the variation of the ligand field and is confirmed by the
corresponding spectral changes (by shifts and differences in the
intensities of the bands of d ± d-transitions).

It should be emphasised that the inclusion of CoIII bis- and
tris(diethyldiamine) complexes into the cavity of water-soluble
calixarenes does not affect the spectra in the region of d ± d-
transitions. This fact is in agreement with the abovementioned
conformationalmobility of the calixarene cavity, which adjusts
itself to the guest molecule during inclusion complex forma-
tion.

Octahedral metal trischelates may exist as two chiral
isomers (D and L),117 and spectropolarimetric properties of
metal tris(ethylenediamine) complexes are a sensitive instru-
ment for studying conformation of their flexible chelate rings.
The conformation of chelate rings in [Co(en)3]3+ in aqueous
solution is a superposition of two limiting conformations: lel
and ob. The C7C bond in the former is almost parallel and in
the latter, orthogonal to the tris-chelate three-fold axis 81

(Fig. 4). It is known that electrostatic interaction and two- or
three-centred intermolecular hydrogen bond are the driving
forces of outer-sphere coordination of [Co(en)3]3+ to cyclic
and acyclic polyanions.118, 119 As a result, the ethylenediamine
chelate ring is distorted towards lel-conformation in which the
NH-protons are the most accessible for the formation of
intermolecular hydrogen bond. This, in turn, causes some
changes in the CD spectrum of the complex corresponding to
the increasing contribution of the lel-conformation (Fig. 5).120

Interestingly, the outer-sphere association of [Co(en)3]3+ com-
plex with DNA results in changes in the CD spectrum similar
to those in the case of association with such simple polyanions
as tartrates, in spite of a much more complicated type of
interactions.10, 121 Outer-sphere interaction with sulfonate
derivatives of thiacalixarene and calix[4]resorcinarene results
in the opposite effect, i.e. in the increase in the main rotational
component and in the decrease in the additional component in
the CD spectra. This suggests the lel ? ob inversion of the
chelate ring. As mentioned above, the CH± p interactions are
the main driving force of interactions of hydrocarbon frag-
ments with the hydrophobic cavity of cyclophanes.65 There-
fore, it is logical to assume that these interactions with the
cavities of water-soluble receptors are responsible for the

lel ? ob inversion of the chelate ring as the ob conformation
provides the best accessibility of CH-protons for the interac-
tions with hydrophobic cavity.

Thus, the chiroptical properties of metal complexes are
important for structural as well as chiral recognition and
separation of macrocycles. Taking into account successful
application of optical and chiroptical properties of cobalt and
ruthenium trischelates for DNA recognition, application of
chiral trischelates might be potentially useful for the synthesis
of enanthiomerically pure chiral synthetic macrocycles, such as
oxazine derivatives of calix[4]resorcinearenes.122

In conclusion of this Section, it should be noted that the
spectral changes of the complexes reflect the types of inter-
actions that emerge during the outer-sphere coordination of
the complexes with various macrocycles. Particularly, the
inclusion of complexes into rigid cavities of cyclodextrin and
cucurbituril results in considerable distortion of the ligand
environment of metal ion which, in turn, leads to more
significant change in the spectral properties than in the case
of non-rigid calixarenes. At the same time, the inclusion of a
guest molecule into the calixarene cavity changes its spectral
properties in a completely different way. CH± p interactions
are typical of the most conformationally rigid p-sulfonatoca-
lix[4]arene and its thia-analogue. These interactions cause
distortion of the conformation of ethylendiamine chelate ring
inside the cavity. The molecule of p-sulfonatocalix[8]arene
better adjusts itself to the structure of included fragment due
to higher conformational mobility. This makes possible, for
example, the intermolecular p ± p interactions between aro-
matic fragments of the ligand and one of the aromatic frag-
ments of the `host'molecule. These interactions cause the shift
of metal ± ligand or ligand ±metal charge-transfer bands.119

c. Luminescent properties
Yet another practically important consequence of the inclusion
of a complex into macrocyclic cavity is the change in its
luminescent properties. Particularly, a significant increase in
the quantum yield of luminescence and the change in the
lifetime of the excited state of a lanthanide ion was observed
upon inclusion of one of the ligands of the complexes
Ln(NTA)3 .H2O [Ln=Eu, Gd; NTA is 1-(2-naphthoyl)-
3,3,3-trifluoroacetone] into the cyclodextrin cavity.123, 124 The
alteration of photophysical properties of RuII polypyridyls
upon their inclusion into the cavities of cyclodextrins 125, 126

and into DNA grooves 127, 128 is thoroughly studied. The
increase in luminescence due to restricted deactivation of the
emitting transition of RuII complex by water and oxygen

a b
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N

H

C

Figure 4. Limiting lel- (a) and ob-conformations (b) of ethylenediamine

chelate rings in the complex [Co(en)3]3+.

72

0

2

4

6

8

430 490 l /nm

De /litre mol71 cm71

3

1

2

Figure 5. CD spectra of the complex [Co(en)3]3+ without (1) and with

outer-sphere coordination with tartrate ions (2) and p-sulfonatothia-

calix[4]arene (3).
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molecules was observed in both cases. The increase in intensity
of luminescence was observed also upon addition of equimolar
amount of p-sulfonatocalix[8]arene to the solution of tris(bi-
pyridyl) ruthenium(II) in water.116 At the same time, the
intensity of fluorescence of an outer-sphere associate of tris(bi-
pyridyl) ruthenium(II) with p-sulfonatocalix[4]arene in meth-
anol is considerably lower than that of the free complex. Slight
(5 nm) batochromic shift of the band in the emission spectrum
of this associate was also observed.129 These effects are
presumably caused by interaction of p-sulfonatocalix[4]arene
(counter-ion) with the dipole of tris(bipyridyl) ruthenium(II) in
the excited state and possibly by photoinduced electron trans-
fer as well. However, the possible influence of sulfonatoca-
lix[4]arene on the photoinduced de-chelation caused by
thermal transition from the emitting triplet level of bipyridyl
to excited d-sublevels 130, 131 was not taken into account. In
turn, the photophysical properties of tris(bipyridyl) rutheni-
um(II) in aqueous solution are determined to a large extent by
the efficiency of photoinduced de-chelation.131 Unfortunately,
so far the number of similar papers on the changes in
luminescent properties upon inclusion of complexes into the
cucurbituril cavity is small.

3. Modification of reactivity and magnetic properties
of metal complexes, stabilisation of unstable forms
of complexes
It was alreadymentioned in Section II that the equilibrium of a
complexation of a metal ion with ligands can be shifted upon
formation of an outer-sphere associate with a macrocycle. It is
very difficult to prove the existence of such stabilisation in
solutions, which explains the scarcity of such studies. However,
the X-ray studies of associates obtained from aqueous solu-
tions of labile complexes under conditions of equilibrium
between the metal ions, ligands and their complexes, show
that the stabilisation of such complexes is possible by virtue of
outer-sphere association with water-soluble derivatives of
calix[n]arenes and calix[4]resorcinarenes.55, 59, 132 The structure
of the complex in a crystal grown from a multicomponent
solution is determined by stabilisation effects at both the
molecular level (the host ± guest interaction with the macro-
cycle) and the supramolecular level (the crystal packing
effects). The selectivity of formation of inclusion complexes
of cucurbit[8]uril with respect to the trans-isomer of bis(ethy-
lenediamine)cobalt(III) in comparison with the cis-isomer is a
striking example of the first type of stabilisation effects.51

Interestingly, the inclusion of the trans-isomer into the cavity
of a macrocycle increases its thermal stability and inhibits its
isomerisation into more thermodynamically stable cis-isomer
in solutions..

As it has beenmentioned in SectionV.2.b, the inclusion of a
molecule into the cavity of a macrocycle may result in changes
in its spectra due to conformational and structural distortions
of the chelate rings. The reactivity of the species inside the
macrocycle cavity is also changed as a result of the change in
the transition state energy upon inclusion complex formation.
For example, the formation of a complex of the indicator
Phenol Blue with sulfonatocalix[n]arenes (n=4, 6, 8) inhibits
its deamination in alkaline solutions.133 Similarly, the inclu-
sion of this indicator into the cavity of cucurbituril substan-
tially inhibits its decomposition to p-benzoquinone and dia-
mine in acidic media.50

The kinetic parameters of redox reactions and the reactions
of ligand exchange are the quantitative characteristics of the
reactivity of transition metal complexes. There is a number of
papers on the catalysis and inhibition of redox reactions,
particularly on the changes in the rate of outer-sphere metal-
to-metal electron transfer upon outer-sphere binding of one of
the transition metal complexes to cyclodextrins, micellar
pseudophase, polyazamacrocycles, DNA and polypepti-

des.134 ± 141 The analysis of literature shows that there are two
main factors determining the effect of outer-sphere association
on the redox properties of a complex. The first one is a change
in the interaction constant between metal complexes acting as
reducing and oxidising agents. If a macrocycle is a counter-ion
for one of these complexes, the outer-sphere association
decreases the charge of the metal complex. If the oxidising
and reducing agents bear opposite charges, inhibition of the
redox process upon outer-sphere association of one of the
reagents with amacrocyclemay be related to the decrease in the
constant of ion pair formation between the reactants. On the
contrary, if the oxidising and reducing agents bear the same
charge, the outer-sphere binding of one of the complexes with
the macrocycle may result in more efficient interaction. For
instance, it is possible to accelerate the reactions of hexacya-
nocobaltate and hexacyanoferrate with iodide ion upon outer-
sphere association with a protonated polyazamacrocyle. 114

Neutralisation of negative charges of the complexes
[Co(CN)6]37 and [Fe(CN)6]37 results in more efficient reac-
tion with iodide ion.

The second factor is the change in electrochemical potential
or re-organisation energy. According to the Marcus ±Hush
theory, this may result in the change in a metal-to-metal
electron transfer rate constant. The effect of p-sulfonatothio-
calix[4]arene on the rate of outer-sphere electron transfer in the
system FeII7CoIII where the positively charged CoIII complex
is included in the cavity of p-sulfonatothiocalix[4]arene and
negatively charged FeII complex is not, was studied 142 for the
complexes [Co(en)3]3+, [Co(en)2ox]+, [Co(bipy)3]3+,
[Co(L-His)2]+ and [Fe(CN)6]47. Kinetic data for the systems
of p-sulfonatothiacalix[4]arene ±FeII ±CoIII and for the cor-
responding binary systems indicate that the outer-sphere
association with p-sulfonatothiacalix[4]arene results in the
decrease in the formation constant of ion pair FeII ±CoIII.
This effect is particularly pronounced for the complex
[Co(en)2ox]+ because the inclusion of ethylenediamine chelate
ring into the cavity leads to the conformation in which
negatively charged oxalate ring is located outside the cavity.
This ring prevents the formation of the ion pair with hexacya-
noferrate, while the outer-sphere association of p-sulfonato-
thiacalix[4]arene with [Co(bipy)3]3+ slightly decreases the
association constant with hexacyanoferrate. It was noted in
Chapter IV that outer-sphere association of tris(bipyridyl)
cobalt(II) with p-sulfonatothiacalix[4]arene causes the shift of
the reduction potential of the CoIII/CoII pair due to stabilisa-
tion of the oxidised form.57 Irreversible decomposition of other
CoIII complexes studied upon their reduction prevents obtain-
ing similar data for them. However, it is likely that this effect
should be observed for all CoIII complexes. According to the
Marcus ±Hush theory143, 144 the cathode shift of potential for
the pair CoIII/CoII should cause the decrease in the FeII ±CoIII

electron transfer constant on going from the binary system
FeII ±CoIII to the ternary system FeII ±CoIII ± p-sulfonatothia-
calix[4]arene. However, the values of the electron transfer
constants in ternary systems calculated on the basis of exper-
imental data are either close to, or even higher than, those in
the binary systems. Therefore, other factors, for instance, the
re-organisation energy, affect the value of the electron transfer
constant on going from the binary to the ternary system.
Interestingly, the increase in the rate constant is observed
only in those complexes ([Co(en)3]3+, [Co(en)2ox]+) where
the inclusion of a complex into p-sulfonatothiacalix[4]arene
cavity results in the distortion of the chelate ring conformation.
In conclusion, it should be emphasised that the mechanism of
this unusual effect of calixarene on the electron transfer rate is
unclear and requires further investigation.

The transition metal complexes are very interesting also
due to their magnetic properties. It is known that the spin state
of the transition metal complexes and accordingly their mag-
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netic properties are determined mainly by the character of
ligands in the first coordination sphere. However, there are
several interesting examples of the influence of crystal lat-
tice 144 and phase transition 145, 146 on the spin state of CoII and
FeII complexes, respectively. One can assume that the distor-
tions of the ligand environment due to inclusion of a metal
complex into the macrocycle cavity may also cause admixture
of the excited spin state of the complex to the ground state. This
should result in a change in the spin state and accordingly of
the spin transition temperature (high-spin ± low-spin or vice
versa). It is known, for example, that the increase in pressure
destabilises the high-spin state and relatively stabilises the low-
spin state of tris(ethylenediamine) cobalt(II), because the
Co7N bond is longer in the high-spin state of CoII than in
the low-spin state.147 It is of note that the internal pressure in a
zeolite cavity exerts a similar effect of destabilisation of the
high-spin state of tris(bipyridyl)cobalt(II).148 ± 150 One can
expect that similar effects will also be observed upon inclusion
of metal complexes into cavities of macrocycles, but so far
there are no such reports in literature.

VI. Conclusion

The formation of outer-sphere associates of the transition
metal complexes with cyclodextrins, cucurbiturils and water-
soluble calixarenes has much in common with the formation of
the inclusion complexes with organic substrates, which serves
as the basis for the development of new recognition methods.
At the same time, the inclusion of transition metal complexes
into the cavities of macrocycles is most perspective for the
modification of their physicochemical properties and for the
design of switchable systems as fragments of molecular devices
and machines. The analysis of structural and thermodynamic
parameters of outer-sphere associates of transition metal
complexes with abovementioned macrocycles points to the
following properties of water-soluble calix[n]arenes that make
them unique as molecular containers for metal complexes.

1. p-Donor character of the calix[n]arene cavity determines
both the type of `host ± guest' interactions (CH± p, p ± p) and
the polarity of microenvironment of a species included into the
cavity or its fragment.

2. Due to conformational mobility of the cavity, calix[n]ar-
enes adjust themselves to the structure of the guest molecule so
that the type of the host ± guest interactions depends on the
value of n.

3. Polyfunctionality of calixarenes, in particular, the pres-
ence of substituents at the upper and lower rims and of the
hydrophobic cavity as an additional binding centre, provides a
great variety of complexes that are formed in a multicompo-
nent system `metal ion ± ligand ± calixarene'.

4. The predominant contribution of electrostatic interac-
tions into the total Gibbs energy of the complexation of water-
soluble calixarenes results in more pronounced dependence of
the complexation on pH and on the electrochemical potential.

Thus, the accumulated data show that outer-sphere asso-
ciates of water-soluble calixarenes with complexes of transition
metals are a promising basis for the construction of supra-
molecular systems the properties of which can be switched by
external action.
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Abstract. The state of the art in the spectroscopic identificationThe state of the art in the spectroscopic identification
and kinetic analysis of condensed-phase reactions of bivalentand kinetic analysis of condensed-phase reactions of bivalent
germanium derivatives and their dimers is considered.germanium derivatives and their dimers is considered.
Considerable attention is drawn to the comparison of resultsConsiderable attention is drawn to the comparison of results
obtained by laser flash photolysis and spin chemistry methods.obtained by laser flash photolysis and spin chemistry methods.
The bibliography includes 95 referencesThe bibliography includes 95 references..

I. Introduction

At present, the most important direction in chemistry and
photochemistry of organometallic derivatives is devoted to the
establishment of their reaction mechanisms. The wide use of
modern physical research methods [optical, EPR and NMR
spectroscopies, Chemically Induced Dynamic Nuclear Polar-
isation (CIDNP), flash photolysis, time-resolved lumines-
cence, photolysis in cryogenic matrices] made it possible to
identify short-lived species in many reactions of organosilicon
and organogermanium derivatives. Keen attention of chemists
to organometallic compounds containing the 14th Group
elements is largely explained by their use in high technologies,
first of all, in integrated microelectronics.

Laser flash photolysis and the methods of spin chemistry,
namely, photochemically induced dynamic nuclear polarisa-
tion and the magnetic effect, play the decisive role in studying
reactions that involve short-lived intermediates. The use of
photogeneration makes it possible to produce transient species

in high concentrations, record their optical spectra and study
the kinetics of their growth and decay.

The literature contains numerous publications devoted to
the identification of transient species formed in the condensed-
phase photolysis of different silicon and germanium com-
pounds. Among these species, mention should be made of
carbene anologues, namely, organylsilylenes and -germylenes,
silyl and germyl free radicals and short-lived derivatives of
tricoordinate silicon and germanium, namely, substituted
silenes and germenes. Thus information on heavy analogues
of carbenes can be found in a monograph 1 devoted to the
carbene chemistry; results on the synthesis, structure, spectro-
scopy and reactivity of germylenes and stannylenes are sum-
marised in several reviews 2 ± 8 and recently published
collections 9, 10 of reviews. However, despite the abundance of
reference literature on this issue, no comparative analysis of the
kinetic data obtained by different spectroscopic techniques and
by different authors was carried out.

From our viewpoint, a real assessment of the further
development in this field of chemistry requires comparison of
the results obtained by laser flash photolysis and CIDNP.
Thus, to date, based on the results of spin chemistry methods,
the detailed schemes of processes that occur in solutions,
involving germylenes and digermenes and including their
interconversions, were constructed and the mechanisms for
the formation of germanium-containing biradicals were pro-
posed. Note that, although the involvement of the latter in
elementary steps was often postulated based on the analysis of
reaction products, their presence has never been proved by
physical methods with the exception of CIDNP. This is why it
seems useful to compare the CIDNP data that contain infor-
mation on the structure of paramagnetic intermediates (free
radicals, carbene analogues, biradicals) as the precursors of
products formed, on the one hand, with the kinetic data on the
fomation and decay of short-lived germanium derivatives
obtained in laser flash photolysis techniques, on the other
hand.
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II. Germylene precursors

In this Section, we describe the organogermanium derivatives
that generate diorganylgermylenes under radiation. Cyclic
germanium compounds such as (R1R2Ge)n are the efficient
sources of germylenes.1, 11 ± 20 In 1982, the first cyclotriger-
mane, hexakis(2,6-dimethylphenyl)cyclotrigermane (1a) was
isolated and described.16 To date, other cyclic tri- and poly-
germanes were synthesised.

The ring may also include atoms of other elements, e.g., silicon
or carbon.21

Linear germanes with alkyl and aryl substituents, the
analogues of linear hydrocarbons, can also serve as germylene
precursors.22, 23 The largest group of precursors is formed by
germanes of the R1R2GeX2 type, where R1, R2 are alkyl or aryl
groups and X is a weakly bound heteroatomic substitu-
ent.3, 24 ± 28

The possibility of generation of germylenes from such com-
pounds is often determined by the fact that a heteronuclear
bond Ge7E (E=Si, Se, N) is less stable than a homonuclear
bond E7E.

Stable digermenes with bulky substituents can serve as
efficient sources of germylenes. Digermenes with small sub-
stituents are short-lived species and are usually cyclised into
cyclotetragermanes.

The formation of a germylene from tetraaryldigermene
preliminarily synthesised by the photodecomposition of the
corresponding trigermane was described.17

Aryl-substituted digermanes and silylgermanes
R1R2

2Ge7GeR2
3, R1R2

2Ge7GeR1R2
2 and R1R2

2Ge7SiR2
3

(R1, R2=Ar) were synthesised and studied by laser flash
photolysis and matrix-isolation methods. 29 ± 32 It was demon-
strated that this kind of compounds are germylene precursors.
Germanium-containing naphthalenes were distinguished as a
separate class of precursors with properties similar to those of
phenyl-substituted digermanes. Thus for photochemical reac-
tions of 1-(pentamethyldigermanyl)naphthalene (PMDGN)
(2), the transient species were identified and the composition
of final products was determined using the methods of flash
and steady-state photolyses.33

Among themost convenient and frequently used germylene
sources, a special place belongs to bicyclic compounds that
contain germanium atom(s) in their bridges, namely, 7,7-

dialkyl(diaryl or alkylaryl)-7-germanorbornadienes 3a ± e (see
Refs 24, 25 and 34) and 7,8-digermabicyclo[2.2.2]octadienes
4a,b. The latter serve as precursors of both germylenes and
digermenes.

Photolysis of 7,7,8,8-tetramethyl-1,4-diphenyl-1,3-benzo-
7,8-digermabicyclo[2.2.2]octa-2,5-diene (4a) was described for
the first time by the authors ofRef. 35. Light-initiated reactions
of these compounds were explored 36, 37 by flash photolysis,
matrix isolation and CIDNP methods.

The literature also contains a description of the photo-
decomposition of thiagermiranes, for example, compound 5,
to afford the corresponding germylene and digermene.38

Thus, the precursors of reactive transient species of biva-
lent germanium are rather diverse. The wide choice of mole-
cules with the desired and convenient spectroscopic and
photochemical parameters makes it possible to carry out
different pulse and steady-state experiments on the determi-
nation of properties of primary short-lived products.

III. Generation of transient species
in the photolysis of germanium-containing
compounds in low-temperature matrices

In chemistry and photochemistry of germanium-containing
compounds, the identification of optical spectral bands of
germylenes and other transient species faces an essential
problem associated with the strong dependence of the absorp-
tion band peak position (lmax) on the experimental conditions.
Moreover, both the method of species generation and the
precursor type, on the one hand, and the solvent nature and
temperature, on the other hand, are significant. According to
modern concepts,4 one of the main reasons for this effect could
be a trend of germylenes towards complexation with Lewis
acids and bases. The detection of active species involves either
their stabilisation in low-temperature matrices or the use of
methods with short detection times (time-resolved methods).
Below, we consider the results of studies of short-lived germa-
nium-containing intermediates that appear in the photolysis of
different precursors in low-temperature matrices.

The first matrix-frozen germanium-containing compound
subjected to the photolysis was (2,6-Et2C6H3)2Ge(SiMe3)2.17

The germylene formation was deduced solely from the analysis
of final products obtained after the matrix was annealed.

Upon the photolysis (the excitation wavelength
l=254 nm) of 7,7-dimethyl-1,4,5,6-tetraphenyl-2,3-benzo-7-
germanorborna-2,5-diene (Me2GNB) (3a) in 3-methylpentane
(3-MP) glasses at 77 K, the optical spectra displayed absorp-

Ar = 2,6-Me2C6H3.

Ge Ge

Ge

Ar Ar

Ar

ArAr

Ar

1a

R1, R2 = Alk, Ar; X = SiMe3, SePh, N3, etc.

R1R2GeX2

hn
R1R2Ge + X X,

(2,6-Et2C6H3)2Ge Ge(C6H3Et2-2,6)2
hn

2 (2,6-Et2C6H3)2Ge.

GeMe2GeMe3

2

Ge

R1 R2

3a ± e

R1 = R2 =Me (a), Et (b), Bun (c),
Ph (d); R1 =Me, R2 = Ph (e).

Ge
Ge

R RR
R

4a,b

R=Me (a), Et (b).

Mes = 2,4,6-Me3C6H2.
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S

Ge
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tion bands with maxima at 420 and 317 nm.24, 25 The first
band, which decayed above the matrix melting point, was
assigned to dimethylgermylene (Me2Ge). The second band,
which remained in the spectrum after the sample was annealed,
was attributed to 1,2,3,4-tetraphenylnaphthalene (TPN) (6).

Photolysis of bis(trimethylsilyl)germane R2Ge(SiMe3)2
derivatives (R=2,6-Me2C6H3, 2,6-Et2C6H3, 2,4,6-Me3C6H2)
in 3-MP glasses made it possible to record optical spectra for a
series of substituted germylenes.25 Table 1 shows spectral
characteristics of germylenes formed fromdifferent precursors.
It is evident that the absorption maxima of observed bands fall
in a range of 400 ± 570 nm. (The nature of an electronic
transition corresponding to germylene absorption bands is
discussed below). It is noteworthy that the extinction coeffi-
cients of bands in low-temperature matrix spectra were not
determined due to the absence of internal standards; the
quantum yields of germylenes described in the cited studies
were also absent.

In `soft' matrices,{ germylene molecules even those con-
taining substituents move and gradually undergo dimerisation
to digermenes. At liquid nitrogen temperature, this proceeds
over tens and hundreds of minutes. Dimerised products exhibit
absorption bands at shorter wavelengths. Thus digermene
(Mes2Ge)2 has an absorption band with the maximum at
406 nm, whereas the corresponding germylene (Mes2Ge)
absorbs at 550 nm (see Table 1). In `soft' 3-MP ± IP matrices,
several germylene complexes with organic molecules were
synthesised.25 As a rule, complexation substantially shifts the
optical absorption bands to shorter wavelengths.

Photolysis of Me2GNB (3a) in a low-temperature tolu-
ene-d8 matrix was observed 39 to give rise to an optical

absorption band with the maximum at 420 nm, the same as
for many other germanium-containing compounds (see
Table 1). However, the authors of this study assigned this
band not to a germylene but rather to a biradical
TPN

.
7
.
GeMe2 that appears on the cleavage of merely one

Ge7C bond. This assumption was based on the absence of
noticeable decomposition of germanorbornadiene upon the
annealing of the irradiated matrix. According to the authors,
on heating of the matrix, the homolysis of the second Ge7C
bond proceeds much slower than the recombination of the first
one. At higher temperatures, the rate constant for the second-
bond homolysis may increase to the greater extent than the
recombination rate constant. For this reason, in contrast to
photolysis in matrices, photolysis in solutions leads to the
decomposition of germanorbornadiene 3a.

The data in Table 1 demonstrate that the position of the
absorption band maximum (405 ± 506 nm) in spectra of
Me2Ge formed in low-temperature matrices from different
precursors varies over a wide range. One of the reasons for the
band shift could be the different geometry of matrix-isolated
germylenes. As is seen from Table 1, the absorption band
maxima of germylenes with bulk substituents are shifted up to
*560 nm. As shown below, in such germylenes, the
C7Ge7C angle is substantially larger due to the repulsion
of substituents, which results in the longwavelength shift of the
band. Apparently, in low-temperature matrices, too, Me2Ge
species generated from different precursors also have different
C7Ge7C angles.

IV. Laser flash photolysis of germanium-
containing compounds in solutions. Optical
spectra of germylenes

Matrix isolation allows one to determine the spectroscopic
parameters of reactive species but does not provide any kinetic
information on their formation. The time resolution of an
order of magnitude of 10 ns, which is typical of laser flash
photolysis, offers a possibility for measuring rate constants for
the fastest bimolecular reactions. At present, this method is
widely used in photochemistry of germanium-containing com-
pounds for studying transient species; this allowed optical
spectra to be recorded and different reaction channels to be
studied for many germylenes.

One of the earliest studies 39 was devoted to the lamp flash
photolysis of Me2GNB (3a) solutions with 5 ms time resolu-
tion. Two absorption bands of transient species with maxima
at 380 and 460 nm were observed. Experiments with the
addition of dimethylgermylene acceptors into the solution
have shown that this species is responsible for the first band.
A comparison of absorbances at 380 nm (recorded immedi-
ately after the flash) and 320 nm (in 50 ms), i.e., corresponding
to the absorption range of TPN (6), the second stable product
of norbornadiene decomposition, made it possible to deter-
mine the extinction coefficient of the dimethylgermylene band
(e380=1300 litre mol71 cm71). The second band with the
maximum at 460 nm in the original spectrum was assigned to
germabenzonorcaradiene 7, the product of the subsequent
recovery of the broken Ge7C bond.

A later publication 34 described the results of laser flash
photolysis (248 nm) of compound 3a in methylcyclohexane

Ph

Ph

Ph

PhMe2Ge

7

Table 1. Positions of absorption maxima for diorganylgermylenes in
a 3-methylpentane matrix (T=77 K).

Germylene Precursor lmax /nm Ref.

Me2Ge Me2Ge(N3)2 405 28

PhMe2GeSiMe3 418 29

3a 420 24, 25

Me2Ge(SePh)2 420 27

Me2Ge(GePhMe2)2 422 12, 22, 23

430 21

cyclo-Ge6Me12 430 11, 12

Me(Me2Ge)5Me 436 12

cyclo-Ge5Me10 506 19

Et2Ge 3b 440 25

Bun2Ge 3c 440 25

PhMeGe 3e 440 25

PhMeGe(GeMe3)2 456 22

Ph2Ge 3d 466 25

Ph2Ge(SiMe3)2 466 25

Ph2Ge(GeMe3)2 462 22

(4-MeC6H4)2Ge (4-MeC6H4)2Ge(SiMe3)2 471 25

MesButGe MesButGe(SiMe3)2 508 25

(2,6-Me2C6H3)2Ge (2,6-Me2C6H3)2Ge(SiMe3)2 543 25

(2,6-Et2C6H3)2Ge (2,6-Et2C6H3)2Ge(SiMe3)2 544 25

Mes2Ge Mes2Ge(SiMe3)2 550 25

(2,4,6-Pri3C6H2)2Ge (2,4,6-Pri3C6H2)2Ge(SiMe3)2 558 25

Me2Ge GeMe2

Ge
Me2

{ At 77 K, the viscosity of 3-MP mixtures with isopentane (IP) is in the

range of 1012 ± 107 Ps (g s71 cm71),25 which allows one to call them `soft'.
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with 10 ns time resolution. It was found that upon a laser pulse,
two wide bands with maxima at 330 and 490 nm appeared,
which were assigned to the triplet ± triplet (T ±T) absorption of
a TPN (6) molecule. The same bands appeared when the
solutions of tetraphenylnaphthalene itself were subjected to
flash photolysis. In both cases, the spectral bands decayed
upon the addition of oxygen into the reaction mixture; more-
over, these reactions were characterised by similarly high rate
constants (1.56109 litre mol71 s71). Note that such rate con-
stants are typical of quenching of triplet states of molecules.
Thus, no absorption that could have been assigned to dime-
thylgermylene was observed. This contradicts both the results
of flash photolysis 39 and the data on the photolysis of
Me2GNB (3a) in low-temperature matrices 26 (see Table 1).

It was assumed 34 that, upon the germylene elimination, an
excited 3a molecule transforms into an excited TPN (6)
molecule as a result of dissociation. The transient Me2Ge was
not detected because its lifetime is shorter than several hun-
dreds of nanoseconds. The high quantum yield (j* 0.4) of the
conversion

points to the fast (on the picosecond time scale) homolytic
cleavage of two Ge7C bonds. In this case, the luminescence
with a lifetime of 3 ns observed on the excitation of Me2GNB
(3a) can only be attributed to singlet-state 1(TPN)* lumines-
cence. It should be noted that this explanation is inconsistent
with the CIDNP effects observed on the photolysis of com-
pound 3a, which will be discussed in Section XIII.

An attempt to obtain a spectrum of Ph2Ge germylene on
the flash photolysis (248 nm) of 7,7-diphenyl-7-germanorbor-
nadiene 3d in hexane was unsuccessful.40 Strong T ±T absorp-
tion of tetraphenylnaphthalene 6, which was present in the
reaction mixture as an impurity (5%), prevented the detection
of the weak germylene signal.

Photodissociation of many other compounds to generate
germylenes occurred without any complications associated
with the formation of excited triplet molecules, in contrast to
the case of compounds 3a,e. Thus laser flash photolysis of aryl-
substituted linear trigermanes R1

3Ge7GeR2R37GeR1
3

(R1 ±R3=Me, Ph) led to the appearance of two absorption
bands withmaxima in the ranges of 320 ± 330 and 420 ± 450 nm
in the spectra recorded after the pulse.22, 23 Both bands decayed
with second-order kinetics. The use of double-pulse excitation
made it possible to prove that germylene forms upon extrusion
from an excited molecule

The analysis of kinetic data has shown that germylenes
possess long-wavelength absorption bands in the range of
420 ± 450 nm. Short-wavelength bands (320 ± 330 nm) might
be associated with digermanes (R1

3Ge)2; however, these species
have absorption bands in the range of 370 ± 380 nm (see
Section XI). Presumably,22, 23 the homolytic cleavage of the
Ge7Ge bond to form digermyl radicals that absorb in the
range of 320 ± 330 nm (see Section X) can occur simultane-
ously with the germylene extrusion. According to the results of
laser flash photolysis, the positions of germylene absorption
bands (420 ± 450 nm) are well consistent with the results on the
trigermane photolysis in low-temperature matrices,21, 22 which
demonstrated similar bands (see Table 1).

Laser flash photolysis (266 nm) of dodecamethyl-
cyclohexagermane (8) in cyclohexane 11 led to the appearance
of an absorption band with the maximum at 450 nm in the
optical spectrum.

The decay of this band according to the second-order
kinetics (the effective rate constant k/e=2.76107 cm s71,
where k is the reaction rate constant and e is the extinction
coefficient of the band) was accompanied by the appearance of
a new band at 370 nm. The first band belongs to dimethylger-
mylene and the second one belongs to its dimerisation product,
namely, digermene (Me2Ge)2. Photolysis of compound 8 in a
low-temperature 3-MP matrix also resulted in the appearance
of a germylene (identified by a band at 430 nm, see Table 1).
Apparently, the shift of the band maximum to shorter wave-
lengths by 20 nm is explained by the changes in the reaction
temperature and the solvent nature. Presumably,11 dimethyl-
germylene is generated from the excited state of the parent
molecule without the formation of transient germyl radicals.

On excitation (266 nm) of decamethylcyclopentagermane
(9) in cyclohexane, 19 an absorption band with themaximum at
490 nm appeared in the spectrum immediately after the laser
pulse and then decayed at a rate corresponding to the second-
order kinetics (k/e=3.56107 cm s71). As it decayed, a new
band with themaximum at 370 nm grew and then also decayed
by the second-order kinetics (k/e=4.8 106 cm s71). The for-
mer band belonged to dimethylgermylene and the latter
corresponded to its dimerisation product (Me2Ge)2. Photolysis
of compound 9 in a 3-MP matrix led to the appearance of a
band with the maximum at 506 nm, which was also assigned to
germylene. Thus, for unknown reasons, spectra of germylenes
formed from cyclopolygermanes 8 (Ref. 11) and 9 (Ref. 19) in
cyclohexane solutions demonstrated absorption bands shifted
with respect to one another by 40 nm. Moreover, for the
germylene formed from compound 9, the absorption band
maximum in the low-temperature matrix shifted to long wave-
lengths.

Of considerable interest are experiments 33 on subjecting a
solution of 1-(pentamethyldigermanyl)naphthalene (2) in
cyclohexane to laser flash photolysis (308 and 337 nm). Two
absorption bands with maxima at 440 and 400 nm appeared in
the spectrum immediately after the flash, and a new band at
460 nm appeared in 10 ms. The band at 440 nm assigned to
dimethylgermylene decayed with second-order kinetics
(k/e=2.56107 cm s71), which suggests the formation of a
digermene (Me2Ge)2. The latter is presumably responsible for
the band with the maximum at 400 nm. A comparison of the
time of germylene appearance with the compound 2 fluores-
cence lifetime made it possible to conclude that dimethylger-
mylene forms from the parent molecule in the excited singlet
state. The subsequent appearance of an additional band at
460 nm was explained by the T ±T absorption of the parent
molecule 2. However, the 10 ms delay in the appearance of the
triplet state T(PMDGN), which forms from the same excited
singlet state S(PMDGN) as dimethylgermylene, still remains
unexplained.

1(Me2GNB)* 1(TPN)*

R1
3Ge GeR2R3 GeR1

3

hn
(R1

3Ge)2 + R2R3Ge.

Ge

Ge
Ge

Ge

Ge
Ge

Me Me

Me

Me

Me

Me
Me Me

Me

Me

Me

Me

8

GeGe
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Me
MeMe

Me
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Me
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8
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9

934 V F Plyusnin, M V Kaletina, T V Leshina



A spectrum recorded on the laser flash photolysis (248 and
266 nm) of a solution of dimethylphenyl(trimethylsilyl)ger-
mane (PhMe2Ge7SiMe3) in cyclohexane demonstrated a
broad absorption band with the maximum at 425 nm, which
was explained by the appearance of dimethylgermylene.29

A similar intense absorption band with the maximum at
420 nm (together with two weaker bands at 330 and 490 nm
and an additional shoulder in the vicinity of 380 nm) was
observed upon a laser flash impact (308 nm) on a solution of
dimethylbis(phenylseleno)germane [Me2Ge(SePh)2] in cyclo-
hexane.27 To identify the absorption bands, Me2Ge(SePh)2
was photolysed in 3-MP (77 K) and Ar (21 K) matrices. Upon
irradiation (254 nm) of these matrices, similar spectra that
contained the same bands as in flash photolysis experiments
were observed. A band at 330 nm was assigned to a diphenyl
diselenide molecule and the absorption at 490 nm was attrib-
uted to the radical PhSe

.
formed from this molecule.

Thus, the remaining band (420 nm) might belong to
dimethylgermylene. EPR spectra of irradiated matrices
showed that the shoulder at 380 nm is related to the appear-
ance of the radical PhSe

.
.

Germylene Mes2Ge represents a transient species that
formed on the laser flash photolysis (248 nm) of dimesityl-
bis(trimethylsilyl)germane [Mes2Ge(SiMe3)2] in hexane.13

After a flash, absorption bands at 550 and 320 nm were
observed. A band at 550 nm decayed according to the sec-
ond-order kinetics over ca. 10 ms with the simultaneous for-
mation of a new band with the maximum at 405 nm. These
spectral and kinetic transformations were explained by the
following reaction sequence:

According to the data on the photolysis of organylger-
manes in low-temperature matrices (see Table 1), the band at
550 nm was assigned to germylene Mes2Ge and the band at
405 nmwas assigned to digermeneMes2Ge=GeMes2. A band
similar to the former was observed on the photolysis of
hexamesitylcyclotrigermane (cyclo-Ge3Mes6, 1b).13 The
absorbance in a band at 405 nm that appeared immediately
after the pulse increased in the process. These data are well
described by the following reaction scheme:

Flash photolysis (266 nm) of phenyl-substituted diger-
manes (PhnMe37nGe)2, where n=1±3, in tetrahydrofuran 30

also led to the appearance of two absorption bands in the
optical spectrum, namely, in ranges of 440 ± 470 and
315 ± 330 nm. The long-wavelength absorption bands of ger-
mylenes decayedwith quasi-first-order kinetics, presumably, in
their reaction with THF (for n=2 and 3, the rate constants
were 1.16105 and 2.06105 s71, respectively). The short-

wavelength band assigned to germyl radicals PhnMe37nGe
.

decayed with second-order kinetics with the observed rate
constants (kobs) in the range of (1.9 ± 4.3)6105 s71.

The absorption band of germylene Ph2Ge with the maxi-
mum at 445 nm was observed on the flash photolysis (266 nm)
of a bis(trimethylsilyl)diphenylgermane [Ph2Ge(SiMe3)2] sol-
ution in cyclohexane.41 The absorption decayed with second-
order kinetics (kobs=3.76105 s71) and was accompanied by
growth of a new band at 320 nm. The latter corresponds to
diphenyldigermene (Ph2Ge=GePh2) and also decayed with
second-order kinetics (kobs=1.56105 s71).

Studies of solutions of digermane PhMe2GeGeMe3 in
cyclohexane revealed the appearance of two absorption
bands with maxima at 430 and 320 nm 200 ns after a flash
(266 nm).31 Presumably, the long wavelength band belongs to
a dimethylgermylene formed in the following reactions:

This dimethylgermylene decayed with second order
kinetics (k/e=3.26107 cm s71). The short-wavelength band
at 320 nm corresponds to the germyl radical PhMe2Ge

.
, which

also dimerises (k/e = 7.06107 cm s71).
Table 2 shows the positions of absorption band maxima

for diorganylgermylenes revealed by the laser flash photolysis.
The large number of molecular precursors used and the regular
appearance of transient absorption bands in the range of
420 ± 550 nm, and also the detection of similar bands on the
photolysis of the same precursors in low-temperature matrices
(see Table 1) allows one to conclude that these bands indeed
belong to germylenes. However, it should be noted that even in
the same solvent, the position of a band maximum might
considerably shift when a germylene was generated from
different precursors. In matrices, the absorption band maxima
for Me2Ge were located in a narrower interval, 420 ± 440 nm
(see Table 1); the exception is the data of a study 19 in which a
band with the maximum at 506 nm was assigned to dimethyl-
germylene.

The position of absorption bands in solutions of germylene
Me2Ge (see Table 2) formed fromdifferent precursors varies in
the interval of 420 ± 470 nm. In this case, too, the position of
the dimethylgermylene absorption band maximum (490 nm)
given in Ref. 19 does not fit into this interval. Insofar as the
majority of studies used cyclohexane as the solvent (see
Table 2), the shift of the absorption band of germylenes
generated from different precursors cannot be explained by
the solvent effect.

A recently published comprehensive review 44 on gas-phase
reactions of germylenes and dimethylstannylene points to a
wide scatter of absorption band maxima assigned to dimethyl-
germylene. Presumably, this suggests that intermediates may
have different structures including donor ± acceptor complexes
of this species.

It should be noted that in recent experiments on the flash
photolysis with the better time resolution and the higher
sensitivity (experiments with digital signal build-up), the
absorption band maxima of germylenes were shifted in the
long-wavelength direction. It cannot be ruled out that in earlier

PhMe2GeSiMe3
hn

Me2Ge + PhSiMe3.

hn
Me2Ge(SePh)2 Me2Ge + PhSeSePh,

PhSeSePh 2 PhSe
.
.

hn

2Mes2Ge Mes2Ge GeMes2.

hn
Mes2Ge(SiMe3)2 Mes2Ge +Me3SiSiMe3,
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Ge Ge

Ge

Mes Mes
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hn
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studies, the shorter wavelength bands that belonged to diger-
menes were assigned to germylenes due to insufficient resolu-
tion times and high recombination rates of intermediates. In
the gas phase, the kinetics of reactions of dimethylgermylene
formed from different precursors was studied by the absorp-
tion in a range of 450 ± 510 nm.44 The spectra represented a
broad band with the maximum at 476.5 nm, which corre-
sponds to the longest-wavelength absorption band observed
for germylene in the liquid phase (see Table 2).

In solutions, germylenes are almost always formed in a cage
that contains the solvent and the residual precursor. Hence, the
formation of germylene complexes with such residues may be
assumed as the additional reason for the absorption band shift
for germylenes generated from different precursors.

In most cases, germylenes are dimerised to form diger-
menes. The value k/e* (1 ± 5)6107 cm s71 shows that the
recombination occurs with a high rate constant. The rate
constant for bimolecular recombination (k) is unknown
because the extinction coefficient of the germylene band was
determined in none of the cited studies. As was mentioned
above, the value e380=1300 litre mol71 cm71 shown in
Ref. 39 corresponds to a band with the maximum at 380 nm,
which was revealed by the lamp flash photolysis method (time
resolution>5 ms). The position of this band strongly differs
from those for germylenes synthesised in later studies by laser
flash photolysis. It is only in the past three years that the
attempts were undertaken to determine the extinction
coefficients of Me2Ge and Ph2Ge species. For dimethygermy-
lene, lmax=470 nm, e=730 litre mol71 cm71 (Ref. 40)
and for diphenylgermylene, lmax=500 nm, e=1850 litre
mol71 cm71 (Ref. 43). Therefore, assuming the extinction

coefficient equal to 103 litre mol71 cm71, the dimerisation of
germylenes proceeds with a rate constant in a range of
(1 ± 5)61010 litre mol71 cm71. This range virtually coincides
with the diffusion rate constant of a bimolecular reaction in
hexane [2.16010 litre mol71 cm71 (Ref. 40)].

V. Fluorescence of germylenes

Photolysis of germanium-containing compounds in low-tem-
perature matrices allows one to obtain not only optical
absorption spectra, but also luminescence spectra of transient
species. Luminescence of dimethylgermylene was first
observed upon photolysis of dodecamethylcyclohexagermane
(8) in a 3-MPmatrix.11 The spectrum represented a broad band
with the maximum at 650 nm and was the mirror image of the
dimethylgermylene absorption band with the Stokes shift of
7870 cm71. The fluorescence lifetime was 1 ± 2 ns. Assuming
that both the absorption and the fluorescence were due to the
transitions between the ground (S0) and the first excited (S1)
singlet states, the positions of band maxima allow one to
determine the energy of the 0 ± 0 transition (2.4 eV). The large
Stokes shift was attributed to a considerable increase in the
C7Ge7C angle in the first excited singlet state as compared
with the ground state.

Fluorescence spectra of certain germylenes synthesised
from different molecular precursors can be found in Ref. 12.
All germylenes demonstrated an emission band with the
maximum in the range of 620 ± 650 nm (Table 3) and a
considerable Stokes shift. Fluorescence excitation spectra
coincided with the absorption spectra of these species. The
energy of the 0 ± 0 transition of germylenes was 2.04 ± 2.43 eV.

Table 2. Positions of absorption maxima for diorganylgermylenes in solutions observed on laser flash photolysis.

Germylene Precursor Solvent lex /nm a lmax /nm Ref.

Me2Ge 3a hexane UV b 380 4, 39

3a methylcyclohexane 248 7 34

Me2Ge(SePh)2 cyclohexane 308 420 27

PhMe2GeGeMe2GeMe2Ph " 266 420 22, 23

PhMe2GeSiMe3 " 248 425 29

PhMe2GeGeMe3 " 266 430 31

(PhMe2Ge)2 THF 266 440 30

2 cyclohexane 308 440 33

8 " 266 450 11

9 " 266 490 19

10a c hexane 248 470 40

Et2Ge (Et2Ge)n (see d) cyclohexane 266 430 14

Bun2Ge (Bun2Ge)n " 266 450 14

PhMeGe (PhMeGe)n " 266 440 14

Me3GeGePhMeGeMe3 " 266 440 22, 23

10b c hexane 248 490 42

(Ph2MeGe)2 THF 266 450 31

Ph2Ge Ph2Ge(SiMe3)2 cyclohexane 266 445 41

Me3GeGePh2GeMe3 " 266 450 22, 23

(Ph2Ge)2 THF 266 470 30

10c c hexane 248 500 43

(n-C6H13)2Ge [(n-C6H13)2Ge]n cyclohexane 266 460 14

Mes2Ge Mes2Ge(SiMe3)2 hexane 248 550 13

cyclo-Ge3Mes6 " 248 550 13

cyclo-Ge3Mes6 " 248 560 43

a lex is the radiation wavelength used for the precursor excitation; bmeasurements by lamp flash photolysis with time resolution of 5 ms; c compounds 10:

[R3=R4=Me: R1=Ph, R2=H (a); R1=R2=Me: R3=Ph, R4=Me (b); R3=R4=Ph (c)]; d from hereon, the formula (R2Ge)n

designates germanium-containing polymers (M
7

w* 103).

Ge
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R2
R4

R3
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VI. Electronic structure of germylenes
and the nature of their optical absorption band

Whereas carbenes are characterised by the triplet ground
state,45, 46 the calculations by different quantum chemical
methods have shown that the germylene ground state is singlet
(Table 4). This was also confirmed by the absence of signals in
the EPR spectra of matrices frozen at 77 and 10 K and
containing a germylene accumulated on irradiation.11 The
singlet ± triplet splitting in germylenes X2Ge substantially
depends on the nature of substituent X (X=H, Me, F, Cl,
Br) and lies in the range of 84 ± 355 kJ mol71 (*1 ± 4 eV).45 As
regards energy, the excited singlet state is higher than the
ground state by>188 ± 209 kJ mol71.46 On germylene excita-
tion, the Ge7X bond distance changes insignificantly; how-
ever, the X7Ge7X angle between the bonds substantially
increases. The results of quantum chemical calculations of the
structure and electronic state energies for carbene heavy
analogues including germylenes were comprehensively sur-
veyed in several studies.8, 9 The calculations showed a slight
decrease in the E7X bond distance (E=C, Si, Ge) and a
substantial increase in the X7E7X angle upon the transition
of all carbenes and their analogues into the excited states.

The optical absorption bands of germylenes shown in
Tables 1 and 2 are attributed to the electronic transition from
the binding 2a1 orbital of a germylene X2Ge (a linear combi-
nation of the 4s and 4pz orbitals of the germanium atom with
the s orbitals of the substituent X) to the non-bonding 1b1
orbital, which is the 4py orbital of the Ge atom. Presumably,
germylenes are characterised by the C2v symmetry group. In
this group, the 1A1? 1B1 transition between the terms is
permitted as regards the symmetry; however, the orbitals lie
in different planes, which decreases their overlap and reduces
the transition intensity. Apparently, for this reason the molar
extinction coefficient of the germylene band does not substan-
tially exceed 103 litre mol71 cm71.

VII. Spectroscopy of germylene complexes

The presence of a vacant antibonding 4py orbital of the
germanium atom in germylenes makes possible the formation
of donor ± acceptor complexes of these species with different
molecules. Spectroscopic studies of such complexes are often
carried out in low-temperaturematrices. TheUV irradiation of
a matrix containing a germanium precursor and a potential
complexing agent leads to the accumulation of a germylene.
Subsequent annealing and refreezing of the matrix makes it
possible to obtain a germylene complex and record its spec-
trum. This procedure allowed the optical absorption bands of
germylene complexes with organic molecules including those
containing heteroatoms to be observed.26

For instance, in the spectrum of a 3-MP± IP matrix in the
presence of triethylamine, the absorption band of dimesityl-
germylene (Mes2Ge) with the maximum at 550 nm decayed
upon annealing and a new band at 414 nm was formed.

Table 5 shows the positions of maxima of new bands that
appeared upon the matrix refreezing and belong to germylene
complexes. As is seen, the binding of a germylene into a
complex shifts the absorption band to shorter wavelengths.
Absorption bands of germylene complexes with molecules
containing P, N, S and O atoms lie in the range of
306 ± 376 nm. Apparently, this is explained by the interaction
of the vacant 4py orbital of the germylene atomwith orbitals of
heteroatoms of organic molecules, which changes the energy of
the corresponding n ± p transition.3, 25

The studied germylene ± heteroatomic compound com-
plexes were unstable and dissociated as the matrix temperature
increased so that germylenes either dimerised to digermenes
with the absorption bands in approximately the same spectrum
range or were inserted into different bonds. Thus for a
3-MP± IP matrix, a band of the Bun3P

.Ge(C6H2Pr
i
3-2,4,6)2

complex at 334 nm was preserved at 153 K25 but gradually
decayed at 173 K with the appearance of the corresponding
digermene signal. At 194 K, the lifetime of such a complex was
48 s. The germylene complex with dimethyl sulfide was stable
only at 133 K. Certain complexes of this kind decomposed as
the matrix melted. As was first observed in Ref. 12, a slight
short-wavelength shift (*10 nm) of the germylene absorption
band accompanies the formation of a germylene complex with
aromatic molecules containing p-systems, namely, benzene
and naphthalene (see Table 5).

At 77 K, the 3-MP± IP matrix is so `soft' that germylenes
can diffuse in it. Upon the addition of ethanol into this matrix,
the storage of an irradiated sample in it is accompanied by the
decay of the germylene absorption band even at 77 K and the
growth of a new absorption band with the maximum at
320 ± 367 nm, which belongs to a germylene complex with
ethanol (see Table 5).

An argon matrix containing germane (GeH4) and ozone
was studied at 14 ± 18 K.58 The analysis of numerous bands in
the IR spectrum that appeared on irradiation in different
spectral ranges allowed the identification of certain species
including germylene complexes with a water molecule. Pre-
sumably, the complex was formed in the reaction

The IR spectrum of the complex H2Ge .OH2 demonstrated
absorption bands with frequencies of 1586, 3597, 3687 cm71,
which are close to the vibrational frequencies of a free water
molecule in an argon matrix (the matrix contained no water
before excitation). Moreover, the H2Ge fragment of this
complex exhibited a triplet signal (1777, 1794, 1814 cm71)
and a low-frequency line (898 cm71) that corresponded to
vibrations of H7Ge7H bonds. A frequency of 1794 cm71 is
close to the double frequency of 898 cm71 being its overtone.

GeH4 + O3

hn
H2Ge .OH2 + O2.

Table 3. Fluorescence maxima and the Stokes shift for diorganylgermyle-
nes in 3-MP matrices (T=77 K).

Germylene Precursor lmax /nm Stokes Ref.

shift /cm71

Me2Ge 8 650 7870 11

Me(Me2Ge)5Me 628 7012 12

Me2Ge(GePhMe2)2 623 7645 12

3a 620 7909 12

PhMeGe PhMeGe(GeMe3)2 645 6426 12

Ph2Ge Ph2Ge(GeMe3)2 651 6285 12

Table 4. Calculated energies (E /kJ mol71), bond lengths (re /�A) and
angles between X7Ge7X bonds (qe /deg) for the ground (1A1) and
electronically excited (3B1, 1B1) electronic states of germylenes.

Germy- Para- Electronic state Ref.

lene meter
1A1

3B1
1B1

H2Ge E 0 43.5 ± 123.1 182.9 ± 199.3 47 ± 55

re 1.595� 0.018 1.543� 0.018 1.548� 0.005

qe 92.3� 1.0 119.1� 0.5 122.7� 0.6

Me2Ge E 0 57.3 ± 128.3 213.1 45, 47,

re 2.022� 0.005 2.004� 0.004 2.021 53, 56

qe 97.1� 1.6 118.0� 0.5 122.0

Ph2Ge E 0 7 7 57

re 2.006 7 7
qe 101.6 7 7
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Moreover, the flash photolysis method allows one to detect
germylene complexes with different molecules also in solu-
tions. An optical spectrum of a dimethylgermylene complex
with triphenylphosphine represented a broad band with the
maximum at 370 nm and the extinction coefficient of
7.56103 litre mol71 cm71. 4, 59

The use of a competitive reaction of dimethylgermylene
with CCl4 made it possible to determine the rate constant of
reaction (1), k=6.56108 litre mol71 s71. The Me2Ge .PPh3
complex disappeared with the second-order kinetics presum-
ably to form digermene (or a digermene complex with triphe-
nylphosphine) with the rate constant 2 k=1.56109

litre mol71 s71. However, from our viewpoint, these results
should be checked, because the earlier studies on the lamp flash
photolysis of germanorbornadiene with the same time resolu-
tion (5 ms) 39 failed to correctly identify the transient absorp-
tion band at 380 nm.

An absorption band with the maximum at 325 nm was
assigned to complexes R2Ge .NBunH2 (R=Me, Ph).43 Com-
plexes PhMeGe .NR1

2R
2 (NR1

2R
2 =NH2Bun and NEt3) were

characterised by bands at 330 nm.42 The absorption of germy-
lene (PhMeGe) complexes with molecules that contain double
bonds [isoprene, 2,3-dimethylbuta-1,3-diene (DMB), 4,4-
dimethylpent-1-ene] was shifted to shorter wavelengths
(lmax* 275 nm).42 A comparison of these data with the
position of absorption bands of complexes in low-temperature
matrices (see Table 5) shows that in solutions, the spectrum
substantially (by *100 nm) shifts to shorter wavelengths.
Provided the interpretation of the absorption band is correct,
this shift may be associated with the different geometries of
complexes in solutions and low-temperature matrices.

Thus, germylenes efficiently form complexes with organic
molecules. In spectra of these complexes, the light absorption
bands are substantially shifted as compared with germylene
signals. For this reason, in the studies of optical spectra and
kinetics of germylene reactions, the potent complexing agents
should be removed from the solution. Data on germylene
complexes are shown in a review.9

VIII. Vibrational spectra of germylenes

On irradiation of germane (GeH4) isolated in an argon matrix
at 4 Kwith visible andUV light the IR spectrum demonstrated
lines that belonged to different photolysis products.60 Among
numerous signals, the lines of germylenesH2Ge andD2Gewith
frequencies of 1887, 1864, 920 cm71 and 1329, 1325,
662 cm71, respectively, were identified. These frequencies
correspond to two stretching and one vibrations of
Ge7H(D) bonds.

An IR spectrum of dimethylgermylene was recorded in a
cryogenic (12 K) argon matrix under UV irradiation (254 or
248 nm) of diazidodimethylgermane [Me2Ge(N3)2].28 The pre-
liminary irradiation of Me2Ge(N3)2 in hydrocarbon matrices
at 77 K in the presence of molecules-scavengers of germylenes
and the analysis of trapping products showed that diazide is the
source of Me2Ge. In an argon matrix, the majority of bands
observed in the IR range belonged to methyl group vibrations;
however, in the 600 ± 500 cm71 range, bands corresponding to
vibrations of Ge7C bonds were observed (Table 6).

Quantum chemical calculations of vibrational frequencies
ofGe7Cbonds were carried out 47, 50, 62 ± 64 for the ground and
excited states of two germylenes, namely, H2Ge and Me2Ge
(Table 7). It was shown 28, 60 that all frequencies calculated for
the ground states of these species are well consistent with those
measured in an argon matrix. Modern laser spectroscopic

Me2Ge + PPh3 Me2Ge .PPh3. (1)

Table 5. Absorption maxima for germylene complexes with complexing molecules in low-temperature (T=77 K) matrices.

Complexing agent lmax /nm Ref.

Me2Ge Ph2Ge Mes2Ge (2,6-Et2C6H3)2Ge (2,4,6-Pri3C6H2)2Ge

3-MPMatrix

3-MP 420 466 550 544 558 25, 26

Bun3P 7 7 306 314 334 25, 26

1-Azabicyclo[2.2.2]octane 7 334 349 356 363 25, 26

Me2S 7 326 348 357 357 25, 26

Thiophene 7 332 352 359 366 25, 26

2-Methyltetrahydrofuran 7 325 360 369 376 25, 26

cyclo-C6H11Cl 341 374 495 508 544 25, 26

PhCl 392 403 538 532 553 25, 26

Et3N 7 7 414 7 445 25, 26

EtOH 7 320 333 332 7 25, 26

ButOH 7 332 363 367 7 25, 26

CH2=CHCH2Cl 7 7 530 7 7 25, 26

(CH2=CHCH2)2S 7 7 380 7 7 25, 26

Matrix 3-MP± IP (4 : 1)

3-MP± IP 436 7 7 7 7 12

PhH 422 7 7 7 7 12

Haphthalene 422.5 7 7 7 7 12

Note. Precursors: for Me2Ge, Me2GeNB (3a) 25, 26 and Me(GeMe2)5Me;12 for Ph2Ge, Ph2GeNB (3d); for the rest germylenes, R2Ge(SiMe3)2 .

Table 6. Vibrational frequencies (n /cm71) of argon matrix-isolated
Me2Ge at 12 K and stable [(Me3Si)2CH]2Ge germylene in crystalline state.

Germylene Vibration Experiment Calculation

n Ref. n Ref.

Me2Ge n(Ge7C) 541 28 560 47

n(Ge7C) 527 28 497 47

d(C7Ge7C) 288 47

[(Me3Si)2CH]2Ge n(Ge7C) 643 61 7 7
n(Ge7C) 613 61 7 7
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techniques, namely, Jet-cooled Laser Induced Fluorescence
(Jet-cooled LIF) 64 and Laser Optogalvanic Spectroscopy
(LOS),65 made it possible to experimentally determine the
vibrational frequencies of H2Ge in the ground 65 and singlet
excited 64 states (see Table 7). These results well agree with
those obtained by the theoretical CFCI (Corrected Full Con-
figuration Interaction) 50 andCI (Configuration Interaction) 47

methods and also with the recent quantum-chemical calcula-
tions using the CASSCF (Complete Active Space Self-Consis-
tent Field) method.64 The bending vibrational frequency of the

C7Ge7C fragment was twice lower than the stretching
vibrational frequency of the Ge7C bond (see Table 7), which
is often observed in vibrational spectroscopy. Detailed infor-
mation on vibrational frequencies of germylenes and their
complexes can be found in a review.9

IX. Germylene reactions

As was noted above, in the absence of scavenging molecules,
germylenes disappear in a second-order reaction, i.e., dimerise
to form digermenes. A parameter krec/e, where krec is the rate
constant for bimolecular recombination, usually lies in the
range of (1 ± 3)6107 cm s71 (Table 8). Although the exact
extinction coefficient of the germylene band was not measured
experimentally, it, as noted above, cannot substantially exceed
103 litre mol71 cm71, because the recombination constant
would otherwise exceed the diffusion rate constant.

Germylenes that contain bulky groups as substituents
recombinate with substantially lower rate constants as com-
pared with dimethylgermylene. For example, krec/e decreases
by more than an order of magnitude (see Table 8) when the
methyl group is replaced by an ethyl group and by two orders
of magnitude for the butyl group substitution. Thus, the steric
factor substantially affects the recombination rate.

Sometimes, germylenes disappear in a first-order reaction.
Thus the absorption band of diisopropylgermylene (Pri2Ge)
with the maximum at 560 nm decays with first-order kinetics
over 56 ns.15 Presumably, Pri2Ge isomerises to 2-germapro-
pene H2C=CMeGeH2Pri so quickly that the dimerisation has
no time to compete with this reaction. It was found 31, 33 that
germylenes PhMeGe (the absorption band maximum at
450 nm) and Ph2Ge (470 nm) disappear over ca. 5 ± 10 ms in a
first-order reaction (see Table 8) presumably with the solvent,
namely, tetrahydrofuran. However, the same germylenes were
dimerised in cyclohexane.22, 23

Laser flash photolysis studies have demonstrated that
germylenes quickly react with oxygen. For Me2Ge, the rate
constant for this reaction in cyclohexane lies in the range of

Table 7. Calculated and experimental vibrational frequencies (n /cm71)
for ground and electronically excited states of germylene and dimethyl-
germylene.

Species Method Term n1 n2 n3 Ref.

Calculation

H2Ge CF-CI 1A1 1857 923 1866 50

CI 1A1 1887 958 2036 47
3B1 1855 924 2063
1B1 1864 860 2011

CASSCF 1A1 1840 913 1840 64
3B1 1998 801 2054
1B1 1809 783 1909

Me2Ge SCF 1A1 560 288 497 47
3B1 576 203 611
1B1 554 194 607

Experiment

H2Ge VUV photo- 1A1 1887 920 1864 60

lysis in

Ar matrix a

LOS 1A1 1856 916 7 65

Jet-cooled 1B1 1798 783 7 64

LIF

a VUV is Vacuum Ultra Violet.

Table 8. Observed rate constants (krec/e) for the germylene loss in recombination reactions (T=293 K).

Germylene Precursor Solvent lmax /nm krec/e /cm s71 Ref.

Me2Ge (PhMe2Ge)2GeMe2 cyclohexane 420 2.56107 22, 23

8 " 450 2.76107 11

9 " 490 3.56107 19

2 " 440 2.56107 33

PhMe2GeSiMe3 " 430 1.06107 31

PhMe2GeGeMe3 " 430 3.26107 31

(PhMe2Ge)2 THF 440 7 30, 32

10a hexane 470 5.06107 40

10d a " 480 7.56107 43

Et2Ge (Et2Ge)n cyclohexane 430 1.16106 (460 nm) b 14

Pri2Ge cyclo-Ge4Pr
i
8 hexane 560 1.86107 (see c) 15

Bun2Ge (Bun2Ge)n cyclohexane 450 2.46105 14

(n-C6H13)2Ge [(n-C6H13)2Ge]n " 460 1.56105 (450 nm) b 14

PhMeGe PhMeGe(GeMe3)2 " 440 2.26107 22, 23

(PhMeGe)n " 440 4.16105 (450 nm) b 14

(Ph2MeGe)2 THF 450 1.16105 (see c) 30, 32

Ph2Ge Ph2Ge(GeMe3)2 cyclohexane 450 3.06106 22, 23

(Ph3Ge)2 THF 470 2.06105 (see c) 30, 32

Ph2Ge(SiMe3)2 cyclohexane 445 *270 d 41

10c hexane 500 6.06106 66

Mes2Ge cyclo-Ge3Mes6 " 550 1.16105 (see c) 13

a Compound 10d is ; b wavelength of kinetic measurements is shown; in the other cases, lmax; c the first-order reaction rate constant is

shown, in s71; d the half-time of transformation (loss) is shown (t1/2), in ms.

Ge

Me

Me

Me

Me
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(1 ± 2)6109 litre mol71 s71 for different precursors (Table 9).
These values are 10 ± 20 times lower than the diffusion rate
constant of the bimolecular reaction in cyclohexane, which is
due to the steric effect and the spin prohibitions for the singlet
germylene reaction with a triplet oxygen molecule. The steric
effect is pronounced for germylenes with bulky substituents,

e.g., Ph2Ge andMes2Ge, which react with oxygen, correspond-
ingly, one- and two-orders-of-magnitude more slowly than
dimethylgermylene. Note that the one-order-of-magnitude
smaller rate constant obtained for Me2Ge 4, 39 most probably
belongs to the digermene reaction (see Section X).

In a solvent more polar than cyclohexane, namely, tetra-
hydrofuran, the rate constant decreased by an order of
magnitude which was apparently associated with the forma-
tion of a Me2Ge .THF complex that reacted with the oxygen
molecule. In the gas phase, the rate constant for the dimethyl-
germylene reaction with oxygen (4.561014 cm3 mol71 s71=
2.76107 litre mol71 s71) 44 was two-orders-of-magnitude
lower than the constants measured earlier in cyclohexane (see
Table 9).

In recently published studies 40, 42, 66 on the laser flash
photolysis of solutions of germanium-containing compounds,
the rate constants for reactions of germylenes Me2Ge,
PhMeGe and Ph2Ge with oxygen were determined. These
constants turned out to be one-order-of-magnitude smaller
(see Table 9) than those measured earlier (e.g., see Refs 11, 19,
30 ± 33, 41). These data additionally demonstrated the effect of
complexation on the germylene reactivity. The structure of
these complexes can be different in each particular case. It is
noteworthy that high rate constants were obtained for reac-
tions in cyclohexane, whereas lower rate constants were found
in hexane. Probably, in hexane, oxygen forms complexes with
solvent molecules, which lessens its diffusion mobility and,
correspondingly, reactivity. Moreover, the presence of uncon-

Table 9. Rate constants for germylene reactions with oxygen (T=293 K).

Germy- Precursor Solvent k / Ref.

lene litre mol71 s71

Me2Ge Me2HGeGeMe3 see a 2.76107 44

3a hexane 2.06107 4, 39

8 cyclohexane 9.76108 11

PhMe2GeSiMe3 " 2.06109 29

PhMe2GeSiMe3 " 2.16109 31

PhMe2GeSiMe3 " 1.76109 31

9 " 1.66109 19

(PhMe2Ge)2 THF 7 30, 32

10a hexane 96107 40

PhMeGe (Ph2MeGe)2 THF 2.36108 30, 32

10b hexane 66107 42

Ph2Ge Ph2Ge(SiMe3)2 cyclohexane 1.06108 41

(Ph3Ge)2 THF 1.86108 30, 32

10c hexane 2.76107 66

Mes2Ge cyclo-Ge3Mes6 " 7.36106 13

a In the gas phase.

Table 10. Rate constants for germylene reactions with unsaturated compounds (T=293 K).

Germylene Precursor Solvent Reactant k /litre mol71 s71 Ref.

Me2Ge Me2HGeGeMe3 see a buta-1,3-diene 6.66109 44

Me2HGeGeMe3 see a 3,3-dimethylbut-1-ene 5.96109 44

Me2Ge(GePhMe2)2 cyclohexane DMB 2.46107 22, 23

9 " DMB 2.26107 11

PhMe2GeSiMe3 " DMB 1.76107 29

PhMe2GeSiMe3 " DMB 4.16107 31

PhMe2GeSiMe3 " buta-1,3-diene 1.246107 29

PhMe2GeSiMe3 " but-1-ene <105 29

PhMe2GeSiMe3 " isoprene 1.636107 29

PhMe2GeSiMe3 " cis-piperylene 9.26106 29

PhMe2GeSiMe3 " trans-piperylene 2.96106 29

PhMe2GeSiMe3 " cis,cis-hexa-2,4-diene 1.26106 29

PhMe2GeSiMe3 " cis,trans-hexa-2,4-diene 3.56106 29

PhMe2GeSiMe3 " trans,trans-hexa-2,4-diene <56105 29

PhMe2GeSiMe3 " hex-1-ene <104 29

PhMe2GeSiMe3 " hex-1-ine 3.06104 29

PhMe2GeSiMe3 " prop-1-ine <105 29

PhMe2GeGeMe3 cyclohexane DMB 2.16107 31

(PhMe2Ge)2 THF DMB 7 30, 32

10d hexane DMB 12.56109 40

3a " 11 b 5.06108 4, 39

3a " styrene 76107 4, 39

Et2Ge (Et2Ge)n cyclohexane DMB 8.46107 14

Bun2Ge (Bun2Ge)n " DMB 3.16107 14

(n-C6H13)2Ge [(n-C6H13)2Ge]n " DMB 4.06107 14

PhMeGe (PhMeGe)n " DMB 22.06107 14

(Ph2MeGe)2 THF DMB 4.56106 30, 32

PhMeGe(GeMe3)2 cyclohexane DMB 2.26106 22, 23

10b hexane DMB 46109 42

Ph2Ge (Ph3Ge)2 THF DMB 1.06106 30, 32

Ph2Ge(GeMe3)2 cyclohexane DMB 0.72606 22, 23

Ph2Ge(SiMe3)2 " DMB 2.756104 41

10c hexane isoprene 5.56109 64

a In the gas phase. b 3,3,6,6-Tetramethyl-1-thiacyclohept-4-yne (11).

940 V F Plyusnin, M V Kaletina, T V Leshina



trolled impurities in cyclohexane, which bind germylenes and
accelerate their loss, is also possible.

One of the tests for the presence of a germylene in photo-
chemical processes included its addition to the double bond of
2,3-dimethylbuta-1,3-diene to form the corresponding germa-
cyclopentene. The rate constants for this reaction with Me2Ge
measured on flash photolysis of different molecular precursors
lie in a range of (1.7 ± 4.1)6107 litre mol71 s71 (Table 10).

Due to the fast reaction ofMe2Ge with the solvent, the rate
constant of its reaction with DMB in tetrahydrofuran was not
measured. In cyclohexane, the rate constant of the reaction of
germylenes Et2Ge and PhMeGe with DMB increased 2- and

5-fold, respectively, as compared with rate constants for
Me2Ge (see Table 10). It should be noted that the rate
constants for the reaction of PhMeGe with DMB measured
in Refs 22 and 23 were exactly one-order-of-magnitude smaller
than that found in Ref. 14 (both experiments were carried out
in cyclohexane but used different precursors). For the reaction
of Ph2Ge with DMB in cyclohexane, the data on the rate
constant considerably differed from one another, for instance,
by a factor of 26 (see Refs 22, 23 and 41). Gas-phase measure-
ments have shown44 that in the limit (at high pressures),
the rate constant for the addition of Me2Ge to the
doubl bonds of buta-1,3-diene and 3,3-dimethylbut-1-ene
approaches the diffusion limit (1.161011 cm3 mol71 s71=
6.66109 cm3 mol71 s71) and exceeds the rate constant typical
of this reaction in cyclohexane by two orders of magnitude (see
Table 10). The rate constants for the germylene addition to
unsaturated compounds found in recent studies 40, 42, 66 exceed
the earlier data by two orders of magnitude (see Table 10).
Probably, the authors of earlier works observed reactions of
digermenes rather than germylenes. Thus, the development of
instrumentation and methods for the detection of reactions in
the liquid phase and also the use of new precursors bring the
germylene rate constants measured in solutions closer to those
measured in the gas phase.

Carbon tetrachloride is an efficient germylene scavenger.
The rate constants for the germylene reaction with CCl4 are
(1 ± 10)6108 litre mol71 s71 (Table 11). Studies of 1H and
13C NMR spectra of the reaction products have shown 27 that
germylene inserts into a CCl4 molecule at a C7Cl bond.

For this reaction, the data on rate constants also vary
depending on the precursor nature. However, the scatter (for
the same germylene) is substantially weaker as compared with

Me2Ge + CCl4 Cl3CGeMe2Cl.

Table 11. Rate constants of germylene reactions with carbon tetrachloride
in cyclohexane (T=293 K).

Germylene Precursor Solvent k / Ref.

litre mol71 s71

Me2Ge 3a hexane 0.126108 4, 39

Me2Ge(GePhMe2)2 cyclo- no reaction 22, 23

hexane

8 " 4.96108 11

PhMe2GeSiMe3 " 3.26108 29

10d hexane 86107 40

Et2Ge (Et2Ge)n cyclo- 106108 14

hexane

Bun2Ge (Bun2Ge)n " 9.26108 14

(n-C6H13)2Ge [(n-C6H13)2Ge]n " 136108 14

PhMeGe (PhMeGe)n " 1.66108 14

Me2Ge(GePhMe2)2 " 0.656108 22, 23

10b hexane 1.76107 42

Ph2Ge Ph2Ge(GeMe3)2 cyclo- 1.56108 22, 23

hexane

10c hexane 4.86106 66

Table 12. Rate constants for germylene reactions with some organic molecules (T=293 K).

Germylene Precursor Solvent Reagent k /litre mol71 s71 Ref.

Me2Ge PhMe2GeSiMe3 cyclohexane DMSO <107 29

PhMe2GeSiMe3 " THF <104 29

PhMe2GeSiMe3 " Et3SiH <104 29

PhMe2GeSiMe3 " EtOH 1.866104 29

PhMe2GeSiMe3 " EtOH no reaction 31

PhMe2GeGeMe3 " EtOH the same 31

Me2Ge(GePhMe2)2 " Et3SiH 4.26106 22, 23

Me2Ge(GePhMe2)2 " EtOH no reaction 22, 23

(PhMe2Ge)2 THF EtOH the same 32

3a hexane Me3SnCl 3.56108 4, 39

3a " 3a 1.26107 4, 39

3a " MeOH 36107 4, 39

PhMeGe PhMeGe(GeMe3)2 cyclohexane Et3SiH 4.16106 22

PhMeGe(GeMe3)2 " Et3SiH 6.56107 23

PhMeGe(GeMe3)2 " EtOH no reaction 22, 23

Ph2Ge Ph2Ge(SiMe3)2 " EtMe2SiH 1.06104 41

Ph2Ge(SiMe3)2 " MeOH no reaction 41

Ph2Ge(SiMe3)2 " Me2EtBr 1.06104 41

Ph2Ge(SiMe3)2 " ButBr 6.46105 41

Ph2Ge(SiMe3)2 " MeSSMe 5.06106 41

Ph2Ge(SiMe3)2 " Me2EtBr 1.06104 41

Ph2Ge(GeMe3)2 " Et3SiH 6.66105 22, 23

Ph2Ge(GeMe3)2 " EtOH no reaction 22, 23

10c hexane MeOH 6.16109 66

10c " ButOH 4.86109 66

(Ph3Ge)2 cyclohexane EtOH no reaction 32

Mes2Ge cyclo-Ge3Mes6 hexane Et3SiH 1.16105 13

cyclo-Ge3Mes6 " EtOH no reaction 13

cyclo-Ge3Mes6 " 1-bromohexane 5.46105 13
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germylene reactions with DMB (see Tables 10 and 11). In the
gas phase, the rate constant of the reaction ofMe2GewithCCl4
was notmeasured,44 because the radiation (193 nm) used in the
majority of studies was absorbed by carbon tetrachloride.

Reactions of insertion into H7X bonds (X=C, N, O, F,
Si, P, S, Cl) are typical of carbenes, silylenes and germylenes.
According to quantum chemical calculations,45, 56, 67 ± 69 the
activation energies of such reactions are substantially higher
for dimethylgermylene as compared with carbenes and sily-
lenes. Nonetheless, such processes involving germylenes often
proceed with high rate constants (Table 12).

X. Optical spectra, vibrational frequencies and
kinetics of digermene decay

As was noted above, the annealing of low-temperature matri-
ces containing an accumulated germylene and the flash photo-
generation of germylenes in solutions lead in many cases to
dimerisation of these species to form digermenes. Table 13
shows the position of absorption bands for certain digermenes
formed from different precursors. The data obtained at 293 K
pertain to laser flash photolysis experiments. A temperature of
77 K corresponds to experiments that involved annealing and
refreezing of irradiated matrices. It is evident that digermene
absorption bands are shifted to shorter wavelengths as com-
pared with germylene bands (see Tables 1 and 2). Note that the
extinction coefficients of digermene bands also remained
unknown. The only extinction coefficient value was deter-
mined 43 for the Ph2Ge=GePh2 band with the maximum at
440 nm to be 5970 litre mol71 cm71.

On the photolysis (254 nm) of dimethyldiazidogermane
[Me2Ge(N3)2] in an argonmatrix at 12 ± 18 K, the IR spectrum
of dimethylgermylene was recorded 29 (see Table 6). Matrix
heating to 36 K led to changes in the spectrum, namely, the
disappearance of Me2Ge lines and the appearance of new
signals assigned by the authors to tetramethyldigermene
(Table 14). Similar results were obtained on the thermolysis
of compound 3a in the crystalline state with the isolation of
gaseous products in argon or nitrogen matrices at 5 K.70

In certain cases, the digermene absorption decayed with
second-order kinetics, which implies the formation of cyclo-

tetragermanes.11 For this process, only the effective rate
constant k/ewas determined (Table 15). Insofar as the changes
in the absorbances at 450 (germylene) and 370 nm (digermene)
were comparable,11 the extinction coeffcients of these species
are close to one another and apparently equal to
*103 litre mol71 cm71. Then, the rate constant for diger-
mene dimerisation is approximately k * 3.96106e*
46109 litre mol71 cm71, i.e., fairly close to the diffusion
limit. A constant that was found 37 for the Me2Ge=GeMe2
dimerisation in cyclohexane with compound 4a used as the
precursor turned out to be nearly six times smaller. Lower
recombination rate constants were also found for digermenes
containing more bulky substituents (Et and Ph groups) (see
Table 15). Note that a digermene with mesityl groups 13

disappeared with quasi-first-order kinetics (t* 300 ms) by a
yet unclear mechanism.

Thus, the performed analysis shows that the dimerisation
of, first, germylenes and, then, digermenes may lead to the
formation of cyclic germanes. On steady-state photolysis of
germanium organic derivatives, the formed germylenes and
digermanes may react with cyclic products as the latter are
accumulated, which ultimately leads to the appearance of
germanium-containing polymers in solutions.

Table 13. Spectroscopic characetristics of digermenes in solutions (T=293 K) and low-temperature 3-MP matrices (T=77 K).

Digermene Precursor Solvent lmax /nm Ref.

Solutions

Me2Ge=GeMe2 8 cyclohexane 370 11

4a " 380 37

Et2Ge=GeEt2 4b " 380 37

Pri2Ge=GePri2 cyclo-Ge4Pr
i
8 " 390 15

Ph2Ge=GePh2 Ph2Ge(SiMe3)2 " 320 41

10c hexane 440 43

Mes2Ge=GeMes2 cyclo-Ge3Mes6 " 405 13

Mes2Ge(SiMe3)2 " 405 13

(2,6-Me2C6H3)2Ge=Ge(C6H3Me2-2,6)2 cyclo-Ge3(C6H3Me2-2,6)6 cyclohexane a * 410 16

Matrices

Me2Ge=GeMe2 4a 7 370 37

Et2Ge=GeEt2 4b 7 380 37

Pri2Ge=GePri2 cyclo-Ge4Pr
i
8 7 390 15

MesButGe=GeMesBut MesButGe(SiMe3)2 7 378 25

(2,6-Me2C6H3)2Ge=Ge(C6H3Me2-2,6)2 (2,6-Me2C6H3)2Ge(SiMe3)2 7 406 25

(2,6-Et2C6H3)2Ge=Ge(C6H3Et2-2,6)2 (2,6-Et2C6H3)2Ge(SiMe3)2 7 400 25

Mes2Ge=GeMes2 Mes2Ge(SiMe3)2 7 406 25

Mes2Ge=GeMes2 15 7 406 38

(2,4,6-Pri3C6H2)2Ge=Ge(C6H2Pr
i
3-2,4,6)2 (2,4,6-Pri3C6H2)2Ge(SiMe3)2 7 416 25

a Deuterated cyclohexane was used.

Table 14. Calculated and experimental vibrational frequencies (cm71) of
Ge7C and Ge7Ge bonds of tetramethyldigermene 70 recorded in argon
(Ar) and nitrogen (N2) matrices at 5 K.

Vibration Raman spectra IR Spectra

experiment calculation experiment calculation

Ar N2 Ar Ar a

n(Ge7C) 591 589 588 598 594 593

580 580 576 568 569 564

n(Ge7Ge) 404 405 401 7 7 7
d(C7Ge7C) 235 234 232 7 7 7

200 198 206

a According to data of Ref. 28.
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In addition to their loss in polymerisation, digermenes may
disappear in competitive reactions with other molecules.
Table 16 shows the rate constants for some of these processes.
As seen, oxygen molecules are efficient scavengers of diger-
menes. However, literature provides the rate constant values
for this reaction that differ by three orders of magnitude (see
Table 16). Note that germylenes react with oxygen and carbon
tetrachloride at the rates nearly one-order-of-magnitude
higher than digermenes. The reaction of a digermene with
2,3-dimethylbuta-1,3-diene is two-orders-of-magnitude slower
than a similar reaction involving a germylene (compare the
data in Tables 12 and 16). The rate constant for a digermene
reaction with triethylsilane is also substantially lower as
compared with a germylene. At the same time, the reactions
of methyl-substituted digermenes with alcohols feature the
opposite trend. Whereas germylenes do not virtually react
with alcohols, the rate constants for digermenes approach
*56107 mo litre71 s71. Nonetheless, it can be concluded
that by and large, digermenes exhibit considerably lower
reactivity as compared with germylenes.

XI. Optical spectra of germyl radicals

In addition to the heterolytic cleavage of the Ge7C bond on
the photolysis and thermolysis of germanium-containing com-
pounds, the homolytic processes to form germyl radicals may
also occur. It was shown 22 that the photolysis of tetrametyl-
phenyldigermane PhMe2GeGeHMe2 in a low-temperature
3-MP matrix leads to the appearance of an absorption band
with the maximum at 320 nm, which was assigned to a
digermyl radical. The band decayed with the matrix melting.

Laser flash photolysis of solutions of peraryltrigermanes
R1

3Ge7GeR2R37GeR1
3 (R1 ±R3=Ar) also demon-

strated 22, 23 absorption bands with maxima in the range of
320 ± 330 nm, which were attributed to the formation of aryl-
substituted digermyl radicals. Extinction coefficients of these
bands were not determined. It was shown that the species
responsible for this absorption did not react with 2,3-dimethy-
buta-1,3-diene but reacted with carbon tetrachloride with high
rate constants [k=(1.3 ± 7.2)6108 litre mol71 cm71].

Solutions of polygermanes (R2Ge)n in cyclohexane were
subjected to laser flash photolysis.14 In addition to germylene
absorption (430 ± 460 nm), the spectrum showed bands in the

Table 15. Effective rate constants for second-order reactions (k/e) of digermene loss (T=293 K).

Digermene Precursor lmax /nm Solvent k/e /cm s71 Ref.

Me2Ge=GeMe2 8 370 cyclohexane 3.96106 11

9 370 " 4.86106 19

4a 380 " 6.56105 37

Et2Ge=GeEt2 4b 380 " 4.26105 37

Ph2Ge=GePh2 Ph2Ge(SiMe3)2 320 " *8.06104 41

10c 440 hexane *2.56104 (see a) 43

Mes2Ge=GeMes2 cyclo-Ge3Mes6 405 cyclohexane 3.46103 (see b) 13

a Reaction of the first and second orders, keff is shown in s71; b first-order reaction, k is shown in s71.

Table 16. Rate constants for digermene reactions (T=293 K) in solutions.

Digermene Precursor Solvent Reagent k /litre mol71 s71 Ref.

Me2Ge=GeMe2 cyclo-Ge4Me8 cyclohexane O2 2.36105 13

8 " O2 2.86108 11

4a " O2 4.06108 37

10e hexane O2 5.06107 40

8 cyclohexane CCl4 <107 11

4a " CCl4 1.26107 37

10c hexane CCl4 2.36107 40

4a cyclohexane DMB 5.36105 37

4a " EtOH 4.96107 37

4a " EtOD 4.86107 37

4a " PriOH 2.06107 37

4a " ButOH 2.06107 37

10e hexane MeOH 2.76106 71

10e cyclohexane ButOH 5.26105 71

Et2Ge=GeEt2 4b " O2 3.36108 37

4b " CCl4 3.76107 37

4b " DMB 1.76105 37

4b " EtOH 9.46107 37

Ph2Ge=GePh2 10c hexane O2 4.86106 40

10c " CCl4 2.06106 40

Ph2Ge(SiMe3)2 cyclohexane MeOH 7.16103 41

10c hexane MeOH 1.96107 71

10c " ButOH 2.16106 71

Mes2Ge=GeMes2 cyclo-Ge3Mes6 cyclohexane O2 2.36105 13

a Compound 10e is .Ge

Ph

Me

Ph

Ph
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vicinity of 350 ± 370 nm, which were assigned to polygermyl
radicals (R2Ge)m

.
. The latter decayed as a result of recombina-

tion with effective rate constants in a range
k/e=2.36104 ± 5.16105 litre mol71 cm71. It should be
noted that the identification of bands assigned to germyl
radicals was complicated by the fact that digermenes exhibit
absorption bands in the same spectral range (see Table 13) and
disappear in a second-order reaction with very close k/e
parameters (see Table 15).

Laser flash photolysis of aryl-substituted digermanes
(PhnMe37nGe)2 (n=1, 2) led to the formation of germylenes
(absorption band maxima in the range of 440 ± 470 nm) and
germyl radicals PhnMe37nGe

.
(315 ± 330 nm).30 The radicals

disappeared through recombination with observed rate con-
stants kobs= (1.9 ± 4.3)6105 s71. The flash photolysis of a
PhMe2GeGeMe3 solution made it possible to record 31 the
optical spectrum of a germyl radical PhMe2Ge

.
, which repre-

sented a band with the maximum at 320 nm. The radical
dimerised with k/e=7.06107 cm s71.

Thus, the available data on the laser flash photolysis of
germanium-containing compounds show that germyl and
digermyl radicals absorb in a range of 315 ± 330 nm and
disappear in recombination reactions with effective rate con-
stants of the order of magnitude of 104 ± 108 litre mol71 s71.

XII. Stable germylenes

Diorganylgermylenes R2Ge are usually short-lived reactive
species; however, the introduction, into the precursor mole-
cules, of bulky groups R (see Ref. 57) or ligands that are n or p
donors able to transfer the electron density to the vacant
orbital of the central germanium atom allows one to synthesise
long-lived carbene analogues. At present, nearly 30 stable
germylenes are known.72 A comprehensive review 73 devoted
to stable germanium analogues of carbenes, imines and thiones
was published.

In certain cases, it is possible to isolate germylenes in the
crystalline form and study their structure. Crystals of stable
germylene [(Me3Si)2CH]2Ge were isolated and its solution in
hexane was prepared.61 A spectrum of this solution demon-
strated three light absorption bands with maxima at 414, 302
and 227 nm and extinction coefficients of 970, 1450 and
19 600 litre mol71 cm71, respectively. The position of the
long-wavelength band (414 nm) well agrees with the absorp-
tion maxima of unstable germylenes synthesised using laser
flash photolysis (see Table 2). The extinction coefficient
(e* 103 litre mol71 cm71) assessed based on the recombina-
tion parameter for unstable germylenes 2 krec/e was also close
to the analogous characteristic of the long-wavelength band
for [(Me3Si)2CH]2Ge.

A sterically hindered stable digermene 12 was synthes-
ised.74, 75

Repulsion of bulky groups led to a substantial increase in
the Ge7Ge distance (2.416 �A) in this compound. In solution,
as the temperature increased, digermene 12 reversibly dis-
sociated to form two molecules of stable germylene
{2,4,6-[(Me3Si)2CH]3C6H2}MesGe. Compound 12 exhibited

an absorption band with the maximum at 439 nm
(e=26104 litre mol71 cm71), while germylene {2,4,6-
[(Me3Si)2CH]3C6H2}MesGe had a band at 575 nm
(e=1.66103 litre mol71 cm71). Thermodynamic parame-
ters of the reversible dissociation were DH=61.5 kJ mol71

and DS=177.5 J mol71 K71. The energy of the Ge7Ge
bond (61.5 kJ mol71) was considerably lower { due to the
bond stretching as a result of repulsion of bulky substituents.

The extinction coefficient of the long-wavelength band of
MesButGe germylene was also consistent with the estimates for
unstable germylenes. The band itself was shifted to longer
wavelengths similarly to the absorption bands of unstable
germylenes containing bulky subtituents.

A stable germylene (2,4,6-But3C6H2)2Ge could be stored at
730 8C for several months.77 At room temperature, it decom-
posed in several weeks to evolve 1,3,5-tri(tert-butyl)benzene.
X-Ray diffraction analysis has shown that the spatial positions
of two aryl groups were different and the Ge7C bond distance
was 2.053 �A. The C7Ge7C angle was close to 1088, which
substantially exceeded the estimates of 91 ± 938 calculated for
Me2Ge (see Table 4). Despite its distorted geometry, germy-
lene (2,4,6-But3C6H2)2Ge in solution exhibited an absorption
band with the maximum at 430 nm, the position of which
virtually coincided with that of the Me2Ge band (see Tables 1,
2). A still wider C7Ge7C angle (111.38) was observed for
stable germylene (Me3Si)3CGeCH(SiMe3)2 (Ref. 78) with
Ge7C bond lengths equal to 2.012 and 2.067 �A. Unfortu-
nately, the optical spectrum of this germylene was not pre-
sented in the study.78 Note that in germylene
(2,6-Mes2C6H3)2Ge the C7Ge7C angle was equal to 114.48
and the Ge7C bond distance was 2.033 �A.79

A stable cyclic dialkylgermylene, namely, 2,2,5,5-tetrakis-
(trimethylsilyl)-1-germacyclopentane-1,1-diyl (13), which is a
monomer in the solid state with the averaged Ge7C bond
length of 2.015 �A and the C7Ge7C angle of 918, was
described.80

The absorption spectrum revealed a long-wavelength band
of germylene 13 at 450 nm with a small extinction coefficient.
Its unstable analogue, 1-germacyclopent-3-ene-1,1-diyl in an
argon matrix at 12 K demonstrated a broad absorption band
with the maximum in the range of 400 ± 410 nm; the Ge7C
bond length was 2.017 �A and the C7Ge7C angle was 88.18
(Ref. 81). Table 17 shows the optical spectral parameters for
certain stable germylenes. It is noteworthy that a stable
germylene (But2N)2Ge exhibits a long-wavelength absorption
band with the maximum at 445 nm, the Ge7N bond length of
1.88 �A and the N7Ge7N angle of 111.48 (Ref. 80).

In a recent study,43 the extinction coefficients of long
wavelength spectral bands of different short-lived germylenes
were determined (see Table 17). As seen, the coefficients
e* 1000 ± 2000 litre mol71 cm71 fall in the same range as
those of stable germylenes.

Ge Ge

CH(SiMe3)2(Me3Si)2HC

CH(SiMe3)2

(Me3Si)2HC

CH(SiMe3)2(Me3Si)2HC

Mes

Mes

12

Ge

SiMe3Me3Si

Me3Si SiMe3

13

{ According to quantum chemical calculations,76 for an unsubstituted

digermene (H2Ge=GeH2) the Ge7Ge bond energy is substantially

higher (125.6 ± 188.4 kJ mol71).
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XIII. Comparison of the data obtained by
chemically induced dynamic nuclear polarisation
and laser flash photolysis methods

The analysis of chemically induced dynamic nuclear polar-
isation effects in thermal and photochemical reactions pro-
vides valuable information on the processes involving short-
lived (with lifetimes varying from nano- to microsecond scales)
radicals and biradicals. CIDNP measurements allow one to
find the multiplicities of radical pairs, their precursors and also
the reactive states of carbenes and their analogues, viz.,
silylenes and germylenes.85 Note that the nanosecond laser
photolysis with the time resolusion of an order of magnitude of
10 ns provides no way for the observation of intermediates
with lifetimes of several nanoseconds.

Unfortunately, the literature contains no results of photo-
chemical studies of germanium-containing compounds carried
out in the pico- and nanosecond time resolution ranges.
Apparently, this is associated with the low extinction coeffi-
cients of spectral bands of both the parent compounds and the
transient species. Moreover, the studies on the photodissocia-
tion of germanium derivatives never used the time-resolved IR
spectroscopy in the picosecond range. Hence, at present,
CIDNP is the only method that allows one to acquire infor-
mation on the processes involving species with lifetimes of
nanoseconds. To date, the literature contains only one
review 86 devoted to the application of spin chemistry methods
to studies of short-lived intermediates of photochemical reac-
tions of germanorbornadienes and digermabicyclooctadienes.

CIDNP effects were observed 87, 88 on the thermal decom-
position of Me2GeNB (3a). After heating (85 8C) of a chlor-
obenzene solution of this compound in the presence of benzyl
bromide, two germanium-containing products were isolated.

It was assumed that the reaction produces a primary radical
pair {PhCH2

.
_
.
GeMe2Br} the recombination ofwhich affords

a polarised molecule PhCH2GeMe2Br. Elimination of the
bromine atom from PhCH2Br by the radical

.
GeMe2Br results

in the extrusion of a second germanium-containing product,
Me2GeBr2, to the solution bulk. The analysis of CIDNP signs
points to the singlet state of the radical pair and, hence, the

singlet ground state of the germylene, which is well consistent
with quantum chemical calculations (see Table 4). Note that
no CIDNP effects were observed for parent compound 3a that
could be associated with the synchronous cleavage of both
Ge7C bonds during the thermal decomposition.

The NMR method was used 89, 90 to study the thermolysis
of germanorbornadienes containing different substituents at
the germanium atom and in the organic fragment. The authors
of a study 89 assumed that the thermolysis includes two steps
with the initial formation of a transient TPN

.
_
.
GeR2 birad-

ical. Insofar as the authors 89, 90 did not study CIDNP effects,
their conclusion on the involvement of a biradical in the
reaction stemmed from enhanced thermal stability of germa-
norbornadienes with methyl substituents in the naphthalene
fragment.

CIDNP effects were also observed 91 in the photochemical
decomposition of compound 3a. The presence of CIDNP
signals for methyl protons of the parent norbornadiene
allowed the authors to assume the step-wise cleavage of
Ge7C bands to form a transient biradical. According to the
proposed scheme, a singlet biradical produces the parent
norborndiene, whereas the triplet state serves as the source of
the other products, namely, 1,2,3,4-tetraphenylnaphthalene (6)
and dimetylgermylene. 3,3,6,6-Tetramethyl-1-thiacyclohept-4-
yne (11) served as the dimethylgermylene scavenger. Based on
the analysis of CIDNP signs for the dimethylgermylene adduct
to the C:C triple bond in compound 11, it was concluded that
germylene reacts in the triplet state. This was the first study
that demonstrated the involvement of triplet dimethylgermy-
lene in a chemical reaction.

Similar results were obtained with CCl4 molecules used as
the dimethylgermylene scavengers.86 Photolysis of compound
3a in a solution containing CCl4 and C6D6 (in a ratio of 1 : 1 or
1 : 3) generated signals from polarised Me2GeCl2 and Me2Cl-
GeCCl3 molecules that were formed from the primary radical
pair ClMe2Ge

.
_
.
CCl3, as follows from NMR spectra

recorded during the irradiation. The analysis of CIDNP signs
showed that the radical pair was formed in the triplet dime-
thylgermylene reaction with carbon tetrachloride.

However, a later study 34 revealed no CIDNP effects for
Me2GNB (3a) and TPN (6), which allowed its authors to
assume a single-step mechanism for the dimethylgermylene
generation. In the latter study, an attempt was undertaken to
detect transient species in the decomposition of compound 3a
in experiments with laser flash photolysis. It was shown that
the excitation of a 3a molecule leads to the formation of TPN
(6) in the triplet excited state. Presumably, singlet germanor-
bornadiene 3a undergoes one-step dissociation, which is
accompanied by the cleavage of both Ge7C bonds over a
picosecond time interval. A single TPN (6) molecule is formed
and quickly converted into the triplet state (S1?T1). Unfortu-
nately, in the latter study,34 no attempt was undertaken to
measure the extinction coefficient for triplet ± triplet transition
band; hence, the relative yield of triplet TPN (6) was not
determined. Therefore, there is a probability that the forma-
tion of TPN in the S1 state followed by its transition into the

Ge

Me Me

3a

+PhCH2Br
PhCl

85 8C

PhCH2GeMe2Br +Me2GeBr2 + ...

Table 17. Positions of maxima and extinction coefficients of bands in
germylene spectra (T=293 K).

Germylene Solvent lmax / e / Ref.

nm mol litre71 cm71

Stable germylenes

[2,4,6-(CF3)3C6H2]2Ge hexane 374 1300 72

MesButGe " 575 1600 74, 75

[(Me3Si)2CH]2Ge " 414 970 61, 82

" 312 1450 61, 82

" 227 19600 61, 82

(2,4,6-But3C6H2)2Ge hexane, 430 520 77

THF

(2,6-Mes2C6H3)2Ge Et2O 578 79

(2,4,6-Pri3C6H2)ButGe hexane, 580 83

THF

13 " 450 320 80

" 280 1300 80

(But2N)2Ge cyclo- 445 420 84

hexane 310 shoulder 84

" 227 7000 84

Unstable germylenes

Ph2Ge hexane 500 1650 43

Mes2Ge " 550 1440 43
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triplet state is not the main channel in the dissociation of
Me2GNB (3a).

A thorough analysis of the kinetics of transient absorption
changes on the laser flash photolysis of compound 3a in hexane
was accomplished.92 A laser flash generated two transient
species, which disappeared with substantially different rates.
An absorption band in the range of 400 ± 550 nm
(lmax=480 nm), which decayed over 300 ns, was assigned to
germylene Me2Ge. Another wide band, which decayed much
more slowly (over several microseconds), was assigned to the
triplet ± triplet absorption of TPN (6). This conclusion was
substantiated by the measurements of the T ±T absorption at
the laser flash photolysis of a TPN solution in hexane.

Photodecomposition of germanorbornadiene 3a may pro-
duce TPN (6) molecules in the ground (S0), and excited triplet
(T1) and singlet (S1) states. The determination of relative yields
(g) of these states requires the knowledge of the extinction
coefficient for T ±T absorption and the quantum yield of
intersystem crossing (jT for the S1?T1 process). To deter-
mine the extinction coefficient, the T ±T energy transfer from
a tetraphenylnaphthalene molecule to anthracene was
considered and e421TPN =12 700 litre mol71 cm71 was
obtained.92 Measurements of the laser flash intensity on the
photolysis of TPN solutions (excitation to the S1 state) and the
found eTPN value made it possible to determine the quantum
yield of intersystem crossing jT=0.13. Note that the S1? S0
fluorescence quantum yield (jF) for TPN was found to be
0.09.34 The use of these parameters and the kinetic curves
measured on the flash photolysis of compound 3a allowed the
following yields of S0 and T1 states of TPN to be estimated:
gS0=0.66 and gT1=0.34.92

The value gS0=0.66 can be governed by both the TPN
formation immediately in the ground state and the relaxation
of the excited S1 state (S1? S0). A parameter gT1=0.34 may
also be due to both the direct formation of the triplet state and
the intersystem crossing (S1?T1). According to the analysis,
the direct triplet TNP yield on the photodissociation of
compound 3a falls in the range of 0.24 ± 0.34. Thus, the
formation of solely S1 state as was proposed in Ref. 34 cannot
provide the appearance of a considerable amount of triplet
TNPmolecules due to the low quantum yield of the intersystem
crossing. A triplet TPN molecule cannot be formed in the
photodissociation of a triplet molecule Me2GNB (3a). It was
shown 34 that the latter mechanism is unlikely because the
sensitised photolysis (benzophenone and 9H-xanthen-2-one as
triplet sensitisers) generated no transient absorption attribut-
able to the triplet state of germanorbornadiene 3a.

In the photodissociation of compound 3a from the S1 state,
the appearance of a triplet TPNmolecule can only be explained
by the formation of a S(TPN

.
_

.
GeMe2) biradical with one

Ge7C bond cleaved, which can transform from the initial
singlet state to the triplet state T(TPN

.
_

.
GeMe2). In this case,

upon the biradical decomposition (the cleavage of the second
Ge7C bond), one of components (Me2Ge or TPN) may find
itself in the triplet state. The formation of triplet germylene was
confirmed by the analysis of signs of 1H CIDNP effects on the
photolysis of compound 3a in the presence of electron accep-
tors.90, 91, 93 Unfortunately, the CIDNP method gives no way
for making quantitative estimates; hence, the relative yield of
T(Me2Ge) species remains uncertain, although it is known to
vary from 0% to 66%. The lower limit (0%) is reached in the
dissociation of the triplet state T(TPN

.
_

.
GeMe2) to form the

triplet state for only TPN. This is much unlikely because
CIDNP confirms the existence of dimethylgermylene in the
triplet state.86, 91, 93 The upper limit of the tripletMe2Ge yield is
restricted by gMe2Ge=17gT1=0.66.

Thus, in aggregate, the results of laser flash photolysis and
CIDNP studies show that the photodissociation of dimethyl-

germanorborbadiene 3a and the formation of dimethylgermy-
lene may involve several competitive reactions. The primary
process is the excitation of the molecule Me2GNB (3a) into the
first singlet excited state.

Insofar as the quantum yield of the photodissociation of
compound 3a is substantially lower than unity (j* 0.4 34) and
fluorescence is virtually absent, the non-radiative relaxation
into the ground state plays a considerable role for this
molecule. From the excited state, S1(Me2GNB) can dissociate
with the cleavage of two Ge7C bonds to form TPN and
dimethylgermylene. In turn, TPN can be in either ground or
excited singlet states.

The long-wavelength absorption band of compound 3a lies
in the vicinity of*275 nm, which corresponds to the absorbed
quantum energy of *4.5 eV. The efficient thermal decompo-
sition of Me2GNB at approximately 100 8C showed 87, 88 that
the energy of the first Ge7C bond cleavage is 1.0 ± 1.2 eV 94

(after this process, the break of the second bond consumes far
less energy). Hence, the balance energy of *3.3 ± 3.5 eV is
indeed insufficient for the formation of an excited S1(TPN)
molecule, because the maximum of the long-wavelength
absorption band of TPN is located at 300 nm [therefore, the
energy of S1(TPN)5 4.1 eV].

In the singlet-state dissociation, the appearance of one
component (TPN or Me2Ge) in the triplet state is forbidden
in accordancewith the total spin conservation law. Though this
law does not forbid the simultaneous formation of two species
in the triplet state

the probability of such a process is far lower (1 : 9) as compared
with the appearance of singlet species. Moreover, in the former
case, a problem of energy deficiency also exists, because the
stored energy of 3.2 ± 3.5 eV is obviously insufficient for the
appearance of T1(TPN) (with the energy of 2.8 ± 3.0 eV) and
T(GeMe2) (1.2 eV 45, 53).

Above, we considered processes in which the photodisso-
ciation of Me2GNB (3a) occurred in a single elementary event
that included the cleavage of both Ge7C bonds. A reaction
with products in singlet states would be more probable. The
assumption on the elementary event means that the time lag
between the cleavages of the first and second Ge7C bond is
much shorter than the time resolution of the experimental
method so that the short lifetime of the biradical (the cleavage
of the first bond)

does not induce any substantial changes in the yields and
electronic states of final products. However, measurements of
CIDNP effects 86, 91, 93 suggest that the biradical lifetime is
sufficient for the transition into the triplet state

From this state, the biradical can dissociate to produce one
component in the triplet state.

S0(Me2GNB)
hn

S1(Me2GNB). (2)

S1(Me2GNB)

S0(TPN) + S(GeMe2), (3)

S1(TPN) + S(GeMe2).

S1(Me2GNB) T1(TPN) + T(GeMe2), (4)

S1(Me2GNB) S(TPN
.
_
.
GeMe2) (5)

S(TPN
.
_
.
GeMe2) T(TPN

.
_
.
GeMe2). (6)
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The S ±T transition time of a biradical is determined by the
intensity of hyperfine interaction (HFI) in radical centres, the
difference of g-factors and the magnetic field intensity. For
parameters characteristic of many radical pairs, the time of
transition into the triplet state usually lies in a range of
1 ± 10 ns. The nanosecond laser flash photolysis has the
resolution time of 5 ± 10 ns; hence, the optical spectrum of a
biradical in both triplet and singlet states is yet unavailable.

The final product, TPN (6) in different electronic states,
can appear in at least five of reactions shown above [see
reactions (3), (4) and (7)]. The relative share of each channel
remains unknown and only the value gT1

=0.34 shows that the
triplet biradical dissociation can contribute about 1/3 of the
overall photoreaction yield. The use of the CIDNPmethod for
the detection of reactions (4) and (7) provided evidence for the
presence of T(GeMe2) species; however, the individual contri-
bution of each product can be determined only after the
determination of its relative yield. Disagreement on the photo-
dissociation mechanism of Me2GNB that exists in the liter-
ature 34, 91, 93 can be due to the fact that each channel makes a
substantial contribution into the overall yield of photoreaction
products. The absence of quantitative measurements of yields
led to different conclusions on the mechanism of phototrans-
formations of dimethylgermanorbornadiene 3a. The compre-
hensive quantitative characterisation of all processes will be
possible only after the determination of the relative yield of
dimethylgermylene in the triplet state.

Similar problems arise in the studies on the photochemistry
of 7,7,8,8-tetramethyl-1,4-diphenyl-1,3-benzo-7,8-digemabi-
cyclo[2.2.2]octa-1,5-diene (4a). This compound was studied
by laser flash photolysis 37 and CIDNP 36 methods. After a
laser pulse (in 300 ns), two absorption bands with maxima at
380 and 430 nm were observed in spectra of a cyclohexane
solution of compound 4a. The band at 430 nm, which decayed
over 3 ms, was assigned 37 to the T ±T absorption of diphenyl-
naphthalene [T(DPN), e430=3.26104 litre mol71 cm71

(Ref. 95)]. The band at 380 nm, which was assigned to a
digermene Me2Ge=GeMe2 (see Table 13), decayed with
second-order kinetics (k/e=6.56105 cm s71).

Studying the CIDNP effects for methyl-group protons of
the parent molecule 4a and protons of the final product (DPN)
made it possible to assume 36 that the cleavage of one Ge7C
bond to form a singlet biradical DPN'7Me2Ge

.
_

.
GeMe2 is

the primary process. The biradical reversible transition into the
triplet state and the recovery of the broken bond led to the
appearance of CIDNP for protons in parent compound 4a.
Two possible channels were discussed 36 for the triplet radical
transformation. The first channel was the dissociation of the
remaining Ge7C bond to form a digermene and a triplet DPN
molecule. The second channel was the dissociation of the
Ge7Ge bond to form dimethylgermylene and a triplet birad-
ical (DPN

.
_
.
GeMe2). The latter could either pass into the

singlet state and form a Ge7C bond with the remaining
germanium atom (to afford germanorbornadiene) or dissoci-
ate to yield the triplet DPN and the second dimethylgermylene
species. The analysis of CIDNP effects and the kinetic behav-
iour of the transient absorption gave no way for making the
ultimate choice between these two mechanisms of the triplet
1,6-biradical transformation; however, its involvement in the
formation of CIDNP signals is beyond any doubt.

Thus, to be completed, the description of photodissocia-
tion of compound 4a 36, 37 requires the quantitative analysis of
the relative yield of diphenylnaphthalene in the triplet and
singlet states to be carried out. This information would be
helpful in the determination of contributions of different

photodissociation channels for molecule 4a (biradical dissoci-
ation from singlet and triplet states, dissociation without
transient biradical formation with simultaneous cleavage of
both Ge7C bonds to form a digermene). Insofar as the laser
radiation used in Refs 36 and 37 was of different wavelengths
(266 and 308 nm, respectively), it cannot be ruled out that the
photolysis mechanisms were different. For example, on the
excitation of compound 4a with light with a wavelength of
266 nm, a single photoreaction channel was realised (the
digermeneMe2Ge=GeMe2 formation that involved no birad-
ical),37 whereas on the photolysis at longer wavelengths, only
one Ge7C bond was cleaved to generate a biradical.36

XIV. Conclusion

The analysis of literature data shows that the light absorption
spectrum of dimethylgermylene has a band in the range of
420 ± 490 nm. For this species in the gas phase, the band
maximum lied at 480 nm.Apparently, the absorption observed
at shorter wavelengths (405 ± 420 nm) belongs to the donor ±
acceptor germylene complexes. Bands in the range of
370 ± 380 nm are caused by the fast formation of digermenes
due to the germylene dimerisation. The absorption of germy-
lenes containing bulky substituents or groups with p-systems is
shifted to longer wavelengths (450 ± 550 nm), which is most
probably due to widening of the C7Ge7C angle. The shift of
germylene absorption bands in the spectra of low-temperature
matrices as compared with the solution spectra can be
explained by the effects of temperature, the solvent nature
and the germylene geometry.

Germylenes usually disappear in dimerisation reactions to
form digermenes. Determination of the recombination rate
constants requires the knowledge of extinction coefficients of
bands in spectra of unstable germylenes. To date, these
parameters were measured only for two germylenes, namely,
Ph2Ge and Mes2Ge. The determination of the mentioned
values for other germylenes is the burning problem of photo-
chemistry of germanium-containing compounds. Digermenes
also disappear in second-order reactions to form cyclic and
eventually polymeric structures. Absorption bands of diger-
menes are shifted to shorter wavelengths by 40 ± 50 nm as
compared with germylene bands. For digermenes, the data on
the extinction coefficients of bands are also absent. The wide
scatter (sometimes up to 2 ± 3 orders ofmagnitude) of literature
data on the reaction rate constants for germylenes synthesised
from different precursors presents an important problem.
Most probably, the scatter is due to the incorrect assignment
of transient absorption bands. Thus the bands earlier assigned
to germylenes actually belong to digermenes or germanium-
containing radicals. Moreover, this might also be due to the
formation of germylene transition complexes with the decom-
position products of germanium-containing compounds that
appear simultaneously with germylenes.

The majority of studies on the photochemistry of germa-
nium organic derivatives assumed that in the excited states of
these molecules, the heterolytic break of Ge7C bonds occurs
to form germylenes. However, presumably, in some cases, the
competitive homolytic cleavage of a Ge7Ge bond takes place
to form germyl radicals. The relative probability of these
channels in photoreactions of germanium-containing com-
pounds remains unknown, because for radicals with absorp-
tion bands located at still shorter wavelengths, the extinction
coefficients are also unknown. The quantum yields of different
transient species cannot be determined for the same reason.

The use of the CIDNP method that provides information
on the short-lived species unobservable by even the laser flash
photolysis method with the nanosecond time resolution is a
very interesting trend in photochemistry. A more detailed
photolysis mechanism with the formation of transient birad-

T(TPN
.
_
.
GeMe2)

T1(TPN) + S(GeMe2), (7)

S0(TPN) + T(GeMe2).
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icals was first proposed in CIDNP studies of germanium-
containing compounds. However, no studies were published
to date that contain information on the quantitative relation-
ship between the CIDNP data and the results of laser flash
photolysis of germanium derivatives. For this purpose, the
resolution time of the laser flash photolysis must be shifted in
the pico- and femtosecond ranges. To detect short-lived
transient biradicals, it seems promising to use nanosecond
photolysis of cooled solutions and low-temperature matrices.
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Abstract. Characteristic features of the analysis of plantCharacteristic features of the analysis of plant
volatiles by enantioselective gas (gas-liquid) chromatographyvolatiles by enantioselective gas (gas-liquid) chromatography
and gas chromatography/mass spectrometry are discussed.and gas chromatography/mass spectrometry are discussed.
The most recent advances in the design of enantioselectiveThe most recent advances in the design of enantioselective
stationary phases are surveyed. Examples of the preparation ofstationary phases are surveyed. Examples of the preparation of
the most efficient phases based on modified cyclodextrins arethe most efficient phases based on modified cyclodextrins are
given. Current knowledge on the successful analytical resolu-given. Current knowledge on the successful analytical resolu-
tion of different types of plant volatiles (aliphatic and aromatiction of different types of plant volatiles (aliphatic and aromatic
compounds and mono-, sesqui- and diterpene derivatives) intocompounds and mono-, sesqui- and diterpene derivatives) into
optical antipodes is systematically described. Chiral stationaryoptical antipodes is systematically described. Chiral stationary
phases used for these purposes, temperature conditions andphases used for these purposes, temperature conditions and
enantiomer separation factors are summarised. Examples ofenantiomer separation factors are summarised. Examples of
the enantiomeric resolution of fragrance compounds andthe enantiomeric resolution of fragrance compounds and
components of plant extracts, wines and essential oils arecomponents of plant extracts, wines and essential oils are
given. The bibliography includes 157 referencesgiven. The bibliography includes 157 references..

I. Introduction

The enantiodifferentiation, viz., the recognition of enantiomers
(optical isomers), plays an important role in the functioning of
living systems and the appearance of biological activity.
Numerous examples concerning differences in biological activ-
ity of optical antipodes have been documented. An analysis of
the optical purity is of great importance in chemistry of natural
compounds, fine organic synthesis, pharmacognosy, drug
technology, analytical chemistry and environmental analytical
chemistry. Enantioselective gas (gas-liquid) chromatography
and GLC-mass spectrometry are the main tools of investiga-
tion of enantiomeric composition of natural volatile com-
pounds.

The differences in properties of optical isomers result in the
difference in recognition at the molecular level. Many remark-
able examples of the recognition of plant volatiles responsible
for the characteristic aroma of plants and products of their
processing can be given taking into account that the ability to
perceive odours is also associated with the molecular recog-

nition of enantiomers as a result of their interaction with
olfactory chemoreceptors. For example, the sesquiterpenoid
(+)-nootkatone (1), which has the bitter taste of grapefruit,
has the characteristic grapefruit flavour, which is 2200 times
more intense than that of its (7) enantiomer.1 (7)-Geosmin
(2) isolated from grape wines has a much stronger flavour (at
least ten times stronger) than (+)-geosmin. Grape wines
produced from Cabernet Sauvignon grapes contain only
(7)-geosmin.2 Of four isomeric rose oxides, only (2S,4R)-
rose oxide (3) has a pleasant strong rose aroma, whereas other
stereoisomers have no flavour. Natural (3S,3aS,7aR)-lactone 4
has a sweat flavour with a coconut undertone, which is
25 million (!) times more intense than that of its (3R,3aR,7aS)
isomer.3, 4 Oct-1-en-3-ol is one of the major components
responsible for the mushroom flavour, but only (R)-(7)
enantiomer 5 has the intense mushroom aroma.5 (R)-3-Meth-
ylthiobutanal (6) has the characteristic aroma of potato
products, whereas the (S) enantiomer has no flavour at all.6

The above-considered examples are not arbitrary because
the development of methods of enantioselective analysis is to a
large extent associated with investigations of fragrant substan-
ces; their enantiomeric composition often determines a partic-
ular characteristic flavour.

Different plants produce terpenes of different optical
purity, whose enantiomeric composition depends on numerous
factors. For example, studies on the essential oil of the dill herb
Anethum graveolens L. showed that the enantiomeric ratio of
the major components (dill ether,{ limonene, a- and b-phellan-
drenes and carvone) changes with the age of plants and is
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different in different parts of the plants.7 The enantiomeric
purity of camphor in essential oils from different plants of the
Lamiaceae and Compositae families varies from 0% to 100%,
with either the (+) or (7) enantiomer predominating in
different plants.8, 9 As was demonstrated with extracts from
roots and seeds of angelica (Angelica archangelica L.), the
enantiomeric excess of monoterpenes can vary depending on
the place of vegetation.10 An analysis of the enantiomeric
composition of the essential oil components allows the deter-
mination of the authenticity of essential oils available in the
market, for example, of melissa (Melissa officinalis L.).11, 12

As a rule, sesquiterpene hydrocarbons are present in plant
extracts in the optically active form, with a particular enan-
tiomer predominating, whereas derivatives, which are artefacts
and are produced in non-enzymatic secondary processes in the
course of processing of plant materials, are detected in the
optically inactive form (as racemates).13

The chirospecific analysis (analysis of the enantiomeric
composition of the components) is of great importance in
studies of foodstuff, as well as of flavour and fragrance
compounds. For example, the quality of grape wines can be
determined from the enantiomeric ratio of ethyl lactates.14

Only one of the enantiomers of octane-1,3-diol and some its
derivatives were found in different varieties of apples.15 With a
knowledge of the enantiomeric composition of the strawberry
flavour components, it is possible to distinguish between
products prepared from strawberry and those flavoured with
synthetic strawberry flavourants.16 (R)-3-Mercapto-2-methyl-
propanol makes a major contribution to the flavour of red
grape wines produced from Cabernet Sauvignon and Merlot
grapes.17 Particular enantiomers of branched carboxylic acids
are important contributors to the flavour of Parmesan cheese
and the characteristic flavour of lamb meat.18, 19

Modern methods of chirospecific analysis allowed studies
of racemic forms of compounds, which have long been used as
fragrance compounds. For example, the characteristic lilial
flavour was demonstrated to be mainly due to the presence of
the (R) isomer, which is hundred times more flavouring than
the (S) isomer.20 Numerous synthetic derivatives of campho-
lenic and fencholenic aldehydes were investigated, which is
associated with their unusual wood or sandal flavour.21, 22 The
enantioselective separation of enantiomers of a-ionone, which
is an important fragrance compound, by gas chromatography
was documented.23

The analysis of the enantiomeric composition of plant
metabolites has numerous applications. This method plays an
important role in the determination of the origin of plant
extracts and the authenticity of essential oils and flavour and
taste components, as well as in the elucidation of the biosyn-
thesis pathways of particular compounds.

Enantiomers of various chemical compounds can be sepa-
rated by such methods as gas chromatography, high-perform-
ance liquid chromatography, capillary electrophoresis,
supercritical fluid chromatography, capillary electrochroma-
tography, thin-layer chromatography, etc.24 Gas-liquid chro-
matography (GLC) is most often used for the analysis of the
enantiomeric composition of plant volatiles and fragrance
compounds.

Enantiomers can be resolved by GLC either directly or
indirectly. The indirect approach is based on the preparation of
derivatives of the analyte with an enantiomerically pure
reagent 25, 26 to transform the enantiomeric pair into the
diastereomeric pair and the subsequent separation of the
diastereomers by GLC on a usual, i.e., achiral, stationary
phase. As an example, let us mention the enantiomeric reso-
lution of (7)-menthol esters and hydroxy acids in the form of
O-trifluoroacetyl derivatives.27 As a rule, thismethod is used to
analyse polar compounds (alcohols, amines, acids, amino

alcohols, etc.), because it is difficult, if at all possible, to study
these compounds directly by gas chromatography.

The direct enantiomeric resolution on enantioselective sta-
tionary phase columns (chiral GLC) is a much more appealing
method. In this case, there is no need to transform analytes into
derivatives, and the separation is achieved due to the formation
of diastereomeric associates between enantiomers of the ana-
lyte and a chiral selector { of the stationary phase.

The history, advances and trends in the development of
chiral GLC were covered in the reviews.28, 29

II. Chiral gas-liquid chromatography

1. Types of chiral stationary phases
In spite of a large variety of stationary phases used in gas
chromatography, there are no universal phases for the separa-
tion of all types of compounds. The selectivity of each phase is
limited to particular groups of compounds. However, though
certain usual achiral stationary phases are suitable for the
separation of several groups of organic compounds, no more
or less universal chiral stationary phases are presently known.

Enantioselective stationary phases used in chiral GLC can
be divided into three groups depending on the character of
interactions between the analyte (selectand) and the chiral
selector:

Ð derivatives of optically active amino acids (analytes
form hydrogen bonds with the stationary phase);

Ð optically active metal complexes (analytes form coordi-
nation compounds with components of the stationary phase);

Ð natural and modified cyclodextrins, optically active
crown ethers and calixarenes (analytes form inclusion com-
pounds with components of the stationary phase 30).

The general methodology, the mechanism of separation,
the scope and examples of the use of chiral GLC were
considered in detail in the reviews.31 ± 34 In the present review,
only chiral selectors and stationary phases belonging to the
third group, to be more precise, stationary phases based on
modified cyclodextrins, will be considered. These stationary
phases are most widely used in the analysis of natural volatile
compounds, flavour and fragrance compounds, and they are
employed in about 90% of examples of the successful enantio-
meric resolution.35 In particular, there are reviews on the use of
such chiral stationary phases for the analysis of the enantio-
meric composition of the components of essential oils and
fragrance compounds,36 ± 40 fragrant monocyclic monoter-
penes 41 and flavour components of cheeses.42

Derivatives of natural amino acids suitable for the appli-
cation in specific cases 43 and polysiloxane-based stationary
phases containing optically active metal complexes } {for
example, 3-(perfluoroacyl)camphorate complexes of metals
[Ni(II), Co(II), Mn(II), Rh(I) and Eu(III)], which were used for
the enantiomeric resolution of various compounds, including
some terpenes 34} as chiral selectors are beyond the scope of the
present review.

a. Cyclodextrins in enantioselective analysis
Cyclodextrins are cyclic oligomers consisting of a-D-gluco-
pyranosyl residues, which are linked to each other by a-(1? 4)
glycosidic bonds. Nowadays, a-, b- and g-cyclodextrins con-
taining 6, 7 and 8 a-D-glucopyranosyl residues, respectively,

{ The chiral selector is an enantiomerically pure component of the

stationary phase responsible for the recognition of optical isomers.

} According to the data presented in the review,43 phases containing chiral

metal complexes are losing in popularity because of the universal use of

cyclodextrin derivatives, as evidenced by a dramatic decrease (almost to

zero in 2001 ± 2004) in the number of publications on the use of phases

based on chiral metal complexes.
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are commercially available. Cyclodextrin molecules have a
truncated cone shape. The outer surface of the molecules is
hydrophilic, while the inner surface is hydrophobic. Due to this
structural feature, cyclodextrins readily form inclusion com-
plexes with organic molecules belonging to different classes of
compounds.44 It is the ability of cyclodextrins to form inclusion
complexes that makes them attractive as agents in various
applications } associated with the molecular recognition.46

The formation of host ± guest complexes is believed to play
a major role in the mechanism of recognition of enantiomeric
molecules by cyclodextrins and their derivatives.47 Complexes
of hydrophobic molecules with cyclodextrins are formed
through interactions between the substrate (selectand) and
the hydrophobic cyclodextrin cavity; the complexation can
lead to a change in the conformation of the guest molecule.48

As a rule, less polar molecules form more stable complexes
than higher-polarity molecules. Since the cavity volumes in a-,
b- and g-cyclodextrins are different, stability of complexes of
hydrophobic molecules with a particular cyclodextrin depends
on the matching of the size of the guest molecule to the
cyclodextrin cavity size.45 The formation of such complexes
was detected by GLC analysis.49

Themechanism of enantiomeric recognition with the use of
cyclodextrin stationary phases remains unclear. An analysis of
a wide range of model racemic mixtures revealed no relation-
ship between the retention and the thermodynamic character-
istics of interactions between selectands and chiral selectors.50

However, in spite of the absence of detailed data on the
recognition mechanism, cyclodextrin-based stationary phases
are used with advantage for the enantiomeric resolution of
various compounds. Enantioselective chromatography on
cyclodextrin stationary phases plays an important role in the
analysis of essential oils for the determination of their quality
and authenticity,51 in the stereochemical analysis of terpe-
noids, in the determination of the absolute configurations and
enantiomeric purity of components of complex natural mix-
tures,52 etc.

b. Chiral stationary phases based on modified cyclodextrins
Cyclodextrins and their simple derivatives have high melting
points. Since cyclodextrins used as stationary phases in GLC
should exist in the liquid (non-crystalline) state, the analysis
should be performed at high temperatures. However, the
enantioselectivity of chiral stationary phases, as a rule, sharply
decreases with temperature. Hence, cyclodextrins and their
simple derivatives are of little use in chiral capillary GLC
because these compounds cannot serve as efficient chiral
selectors at temperatures at which they are converted into the
liquid state.

One way of solving this problem is to dilute high-melting-
point cyclodextrin derivatives with polysiloxanes, with the
result that the enantioselectivity of resolution is achieved at
temperatures lower than the melting points of pure cyclo-
dextrins,53 the nature of polysiloxane having an effect on both
the efficiency of the column and its enantioselectivity.54 ± 56

However, the use of low-melting-point cyclodextrin derivatives
is presently the approach of choice. This field of investigation

originated in 1988 in the research by KoÈ nig and co-work-
ers,57 ± 60 who synthesised liquid or wax-like (at room temper-
ature) cyclodextrin derivatives, which had high thermal
stability, were well soluble in low-polarity organic solvents
and polysiloxanes and exhibited high enantioselectivity in the
separation of a wide range of low-molecular-weight com-
pounds. More recently, numerous such derivatives have been
synthesised and many of these compounds proved to be very
efficient in the enantioselective analysis of volatile plant sub-
stances.29, 61 ± 66

Of all available cyclodextrin derivatives, heptakis(2,6-di-O-
methyl-3-O-n-pentyl)- (7) and heptakis(2,3-di-O-methyl-6-O-
tert-butyl-dimethylsilyl)-b-cyclodextrins (8) are the most pop-
ular chiral selectors, which were employed inmost of successful
experiments on the separations of terpene compounds and
essential oil components.

Cyclodextrin derivatives containing the tert-butyldime-
thylsilyl group are of particular interest because these com-
pounds are more easily mixed with various polysiloxanes (the
latter are used as diluting agents and have gained wide accept-
ance in capillary gas chromatography), which facilitates the
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} Due to the ability of cyclodextrins to distinguish positional isomers,

functional groups, homologues and enantiomers, these compounds are

widely used for the separation of various compounds by different

physicochemical methods. In particular, the review 45 presented data on

new applications of cyclodextrins in gel electrophoresis, isotachophoresis,

isoelectric focusing, preparative scale electrophoretic techniques, thin-

layer chromatography, electrochemically modulated liquid chromatogra-

phy, microdialysis, the separation on hollow fiber, liquid and composite

membranes, foam floatation enrichment, solid- and liquid-phase extrac-

tion and counter-current chromatography.
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preparation of chiral stationary phases. Although the poly-
siloxane component in these phases is called a diluting agent, it
is not absolutely inert in chromatographic experiments. Thus,
stationary phases prepared based on the same chiral selector
but with the use of various polysiloxane diluting agents show
somewhat different enantioselectivity (see, for example, the
studies 55, 56, 67 ± 69). The temperature of the analysis can be
lowered and, as a consequence, the enantioselectivity of
separation can be increased with the use of non-polar and
low-polarity polysiloxanes as diluting agents for cyclodextrin
derivatives.70 The enantioselectivity of columns packed with
chiral stationary phases depends also on the ratio of the
cyclodextrin selector to the diluting agent. For example, for
the phases containing 20%, 40%or 60%of octakis(2,6-di-O-n-
pentyl-3-O-butanoyl)-g-cyclodextrin, the maximum selectivity
factor (Ra , a){ for different enantiomers is achieved with the
use ofmixtures containing either 60%or 40%of the selector.71

The enantioselectivity of cyclodextrin phases depends on
both the cyclodextrin cavity size and the nature and number of
substituents at positions 2, 3 and 6 of a-D-glucopyranosyl
residues in the cyclodextrin molecule.31, 33 The elution order of
enantiomers can change depending on the size of the cyclo-
dextrin molecule.38 For example, the relative retention times of
oxygen-containing essential oil components on a-cyclodextrin-
based phases are shorter than those on chiral stationary phases
based on b-cyclodextrin derivatives.72 An investigation of
22 compounds showed that the retention times of analytes
measured relative to n-undecane depend on their structures.
This fact can be used in the preliminary analysis of unknown
compounds to assign them to a particular structural group.

The type and position of substituents in cyclodextrin
derivatives are apparently of equal importance.73, 74 Even
small changes in the molecular structure of cyclodextrin
derivatives can substantially influence the enantioselectivity
of the phase. Consequently, all steps of the synthesis must be
carefully controlled to obtain unambiguous results, because
the substitution reactions, which are not brought to comple-
tion, often produce mixtures of cyclodextrin derivatives.75 In
addition, to achieve the reproducibility of the results of the
subsequent enantioselective analysis, it is necessary to charac-
terise the resulting products in detail.76

In spite of the fact that capillary columns for chiral GLC
are available in catalogues of many manufacturers and suppli-
ers of gas-chromatographic systems, researchers prepare sta-
tionary phases and columns by themselves primarily with the
aim of obtaining new, more selective and efficient, columns.
Examples of the synthesis of cyclodextrin chiral selectors for
chiral GLC are given below.

Mono-2-O-alkyl-substituted cyclodextrin derivatives can
be synthesised by the treatment of cyclodextrins with dimethyl
sulfate, diethyl sulfate or allyl bromide in a 0.37M aqueous
solution of sodium hydroxide.77 The products are purified by
fractional crystallisation from a water ± toluene system fol-
lowed by column chromatography. In the last step, the
products are crystallised from water. 2-O-Propylcyclodextrins
can be prepared by reduction of the corresponding allyl
derivatives.77 O-Pentyl derivatives of cyclodextrins have
gained the widest acceptance.

It should be noted that the influence of the chain length of
the alkyl substituent on the enantioselectivity of stationary
phases is still debated. For example, the size of the alkyl
substituent in 2,3-di-O-alkyl-6-O-tert-butyldimethylsilyl deriv-
atives of cyclodextrins was found to have a substantial effect on
the chromatographic characteristics of chiral phases. Accord-

ing to the data published in the study,70 heptakis(2,3-di-O-
ethyl-6-O-tert-butyldimethylsilyl)-b-cyclodextrin and octa-
kis(2,3-di-O-ethyl-6-O-tert-butyldimethylsilyl)-g-cyclodextrin
are equally efficient in the separation of racemic mixtures of
volatile compounds, whereas columns with the corresponding
2,3-di-O-methyl derivatives are less suitable for these purposes.
The synthesis of cyclodextrin long-chain derivatives has been
documented.78

c. Optimisation of the selectivity of cyclodextrin chiral selectors
When analysing complex mixtures consisting of chiral com-
pounds of different polarity with different functional groups, it
is necessary to use simultaneously several chiral stationary
phases with different enantioselectivity to separate all enantio-
meric pairs. Several procedures for the preparation of mixed
chiral stationary phases have been developed in recent
years.73, 79 ± 81 The simplest approach is based on the use of a
mixture of cyclodextrin derivatives having mutually comple-
menting enantioselectivities. This approach was used with
advantage for the simultaneous (in one analysis) enantiomeric
resolution of different classes of compounds (monoterpene
hydrocarbons, alcohols, ketones and lactones).80

Another procedure for optimisation of the properties of
chiral cyclodextrin selectors is based on the selective replace-
ment of some functional groups in D-glucopyranose rings. For
example, the resolving properties of two cyclodextrins, viz.,
compound 8 and its 2,3-di-O-acetyl analog, were combined in
one compound by replacing the 3-O-methyl group with the
acetyl group in one of the glucopyranosyl groups in compound
8. The resulting b-cyclodextrin has the resolving properties of
individual 2,3-di-O-methyl and 2,3-di-O-acetyl derivatives.73

Analogously, the useful properties of octakis(2,3-di-O-methyl-
6-O-tert-butyldimethylsilyl)- and octakis(2,3-di-O-acetyl-6-O-
tert-butyldimethylsilyl)-g-cyclodextrins were combined in
octakis(3-O-acetyl-2-O-methyl-6-O-tert-butyldimethylsilyl)-
and octakis(2-O-acetyl-3-O-methyl-6-O-tert-butyldimethyl-
silyl)-g-cyclodextrins.79

The enantioselectivity can be increased and more universal
columns can be prepared also by mixing two chiral selectors of
different nature. The addition of the chiral non-polymeric
selector Lipodex E [octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-
g-cyclodextrin] to an L-valine-based polymer was demon-
strated 82 to give a mixed stationary phase showing good
enantioselectivity for a wider range of enantiomeric pairs
compared to phases containing these individual chiral selec-
tors, the selectivity factors for all the compounds under study
in the enantiomeric resolution on the mixed phase having
values averaged over these two phases. For examples, enan-
tiomers of linalool cannot be resolved on a column with an
L-valine-base stationary phase (a=1.00), but they can be
resolved on a column with the Lipodex E phase (a=1.05).
Enantiomers of linalool can also be resolved on the mixed
stationary phase. In the latter case, the selectivity factor
(a=1.02) is smaller than that on Lipodex E but is larger than
that on the L-valine-based phase.

To improve cyclodextrin phases, they are chemically
grafted to the polysiloxane backbone, which is, in turn, chemi-
cally attached to the inner surface of the column.83 Due to
strong retention of the chiral stationary phase, such columns
are more durable and are characterised by high stability. In
addition, these columns can easily be regenerated by washing
with solvents.29 The Chirasil-Dex phase consisting of a cyclo-
dextrin-type selector based on mono-6-O-octamethyleneper-
methyl-b-cyclodextrin, which is chemically grafted to
polymethylpolysiloxane, is an example of such stationary
phases.84 This convenient and rather stable phase is widely
used for the enantioselective analysis of various compounds.{ The selectivity factor is defined as the ratio of the retention times of

enantiomers (as a rule, in isothermal conditions).
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The Chirasil-g-Dex phase is constructed analogously and
consists of octakis(2,6-di-O-n-pentyl-3-O-butanoyl)-g-cyclo-
dextrin grafted to polymethylpolysiloxane through the octa-
methylene spacer.71

In recent years, efforts have been made to design universal
phases for chiralGLC. In particular, combined (hybrid) phases
(for example, the Chirasil-Calixval-Dex phase) belong to such
phases. The Chirasil-Calixval-Dex phase consists of two chiral
selectors, viz., calixarene with pendant L-valine-based diamide
groups and polymethylated b-cyclodextrin, chemically grafted
to poly(hydromethyl)dimethylpolysiloxane. This combined
phase retains the enantioselectivity of each chiral selector and
combines their resolving properties. The selectand is bound to
this phase both through hydrogen bonds with the calixarene
fragments and due to the inclusion into the cyclodextrin cavity.
These combined phases provide the separation of both non-
polar compounds (hydrocarbons) and polar amino acid deriv-
atives.81

2. Chromatography conditions
a. Temperature of the analysis
Modern commercially available capillary columns with chiral
stationary phases based on substituted cyclodextrins allow
operations in the temperature range from 10 to 250 8C, which
is sufficient for the analysis of volatile aliphatic, alicyclic and
aromatic compounds, mono- and sesquiterpenoids, diterpenes
and somemost volatile aldehydes, alcohols, ethers and esters of
the diterpene series. Thermally labile compounds, for example,
furan derivatives, can be separated on cyclodextrin phases by
supercritical fluid chromatography at 45 8C and at a carbon
dioxide pressure of 200 kg cm72.85

As shown by numerous examples, the enantioselectivity of
cyclodextrin selectors generally increases with decreasing tem-
perature used for the gas chromatographic separation. Hence,
to achieve better results, shorter chromatographic columns
should be used. In this case, not only the temperature of the
analysis can be lowered, thus improving the enantioselectivity
of separation, but also the time of the analysis can be
reduced.68 Examples of the super-fast enantiomeric resolution
were documented. For instance, less than 10 s were required to
resolve enantiomers of bromochlorofluoromethane on a 50-cm
column at ambient temperature (26 8C).86

The enantiomeric resolution of the sesquiterpene erythro-
diene can be offered as an example of the temperature depend-

ence of enantioselectivity. At 120 8C, the resolution was not
achieved, whereas the a factor at 100 8C was 1.027.87

b. Detection
Both conventional detection methods developed for achiral
chromatography (for example, flame ionisation or chemilumi-
nescence detectors for the determination of small amounts of
sulfur-containing compounds 88) and specific methods based
on special properties of optical isomers are used in the gas
chromatographic resolution of enantiomeric mixtures. In spite
of the fact that the measurement of the angle of rotation of the
plane of polarised light is the simplest way of recognising
enantiomers, polarimetric detectors have found no use in chiral
gas chromatography. This is because the widely accepted
separation on capillary columns requires high-sensitivity
detectors, while polarimetric detectors are not sufficiently
sensitive.

The olfactometric detection is used in studies of fragrance
components. After the separation on a column with a chiral
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Figure 1. Chromatograms ofmonoterpene hydrocarbons fromoleoresin

of the Siberian stone pine (Pinus sibiricaDuTour.) (a), the Siberian spruce

(Picea obovata Ledeb.) (b) and the Scots pine (Pinus sylvestris L.) (c)

obtained by chiral gas chromatography/mass spectrometry on a

30 m60.25 mm CycloSil-B column (0.25 mm) at temperatures from 50

to 180 8C (the heating rate was 2 deg min71).

The peaks of compounds are identified by Arabic numerals: (1) a-pinene,
(2) b-myrcene, (3) camphene, (4) b-pinene, (5) 3-carene.
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stationary phase, the eluate is divided into two portions. One
portion is delivered to a `usual' (flame ionisation, mass
selective, etc.) detector, and the odour of another portion of
the eluate is evaluated by a human nose via a sniffing port.19

Studies of flavours characteristic of branched carboxylic acids
that are present in Parmesan cheese and lamb meat can be
referred to as examples.18, 19

The olfactometric detection plays an important role in
studies of flavour components of foodstuff because compo-
nents present in large amounts not nearly always make a
decisive contribution to a particular flavour. The analysis of
the flavour of freshly squeezed orange juice showed that
components that are hardly possible to identify reliably by
conventional analysis because of their small amounts, play a
great role in the flavour formation, and their true role can be
revealed only by the olfactometric detection.89

The enantioselective analysis of individual components in
mixtures of compounds without their preliminary preparative
separation can be performed with the use of mass-spectromet-
ric detectors. However, due to some characteristic features of

mass-spectrometric detectors and the related substantial differ-
ences in the detector sensitivity to different groups of com-
pounds, the quantitative analysis by gas chromatography/
mass spectrometry presents difficulties. At the same time, the
quantitative analysis of the enantiomeric composition of
mixtures is very easy to perform by chiral gas chromatogra-
phy/mass spectrometry, i.e., by the direct method without the
use of correction or the sensitivity factors, because enantiomers
behave identically in mass spectrometric detectors. The chro-
matographic peak area ratio of enantiomers is equal to the
enantiomeric ratio in the analyte.

Figure 1 shows chromatograms for the separation of
mixtures of monoterpene hydrocarbons. It can be seen that
pairs of overlapping peaks are absent in the chromatograms,
i.e., the separation was successful. The results of the more
complex enantiomeric resolution by chromatography in the
analysis of multicomponent mixtures containing limonene and
b-phellandrene are presented in Fig. 2. These monoterpene
hydrocarbons, which are present in many plants, are often
found simultaneously and exist as pairs of compounds, which
cause complications, because the peaks of these components
are unseparable on many columns with widely used nonpolar
polysiloxane phases. This pair of monoterpene hydrocarbons
was successfully separated on the DB-1701 phase (Fig. 2 a).
However, researchers run into difficulty when attempting to
resolve each compound into individual enantiomers on Cyclo-
Sil-B columns (Fig. 2 b) because the peak of (7)-limonene
coincided with that of (+)-b-phellandrene.

In some cases, when the target components cannot be
detected directly (for example in the analysis of labile com-
pounds), their derivatives are synthesised. For instance, to
detect (R)-3-mercapto-2-methylpropanol in red grape wines,
compounds, which are present in the low-temperature vacuum
distillation fraction, are subjected to acetylation, and the target
compounds are determined as O,S-diacetyl derivatives.17

Enantiomers of some terpene alcohols are resolved as O-tri-
fluoroacetyl derivatives.62

III. Two-dimensional gas-liquid chromatography

In the analysis of plant volatiles and food extracts, researchers
have, as a rule, to deal with very complex mixtures, which are
impossible to separate on modern columns. Considerable
progress in studies of such mixtures has been made only with
the use of two-dimensional GLC.90 This method is based on
the successive separation of samples on two different columns.
The analyte is delivered to column 1 (the so-called precolumn),
where the preliminary separation of components is performed.
Then the required fraction of the eluate is taken and divided
into two portions. One portion is delivered to detector 1, and
another portion is passed to column 2 (the so-called main
column), in which the second separation is performed followed
by the detection with detector 2. The precolumn is a usual
10 ± 30 m capillary column with a low-polarity polysiloxane
phase. This column is used to perform the rough separation of
the starting complex mixture and isolate the required (narrow)
fraction for the subsequent precision analysis on the main
column. The main column is filled with a stationary phase
containing a chiral selector, which offers considerable scope
for the direct enantioselective analysis of components of
complex mixtures of natural compounds.87

The direct enantioselective analysis cannot be applied to
most of mixtures of sesquiterpene compounds, unlike mixtures
of monoterpenoids, because of a high `density' of components
in chromatograms and a large number of overlapping peaks.
Only the use of the two-dimensional chromatographic techni-
ques allows the direct analysis of such mixtures. Figure 3
presents the results of analysis of a mixture of sesquiterpene
hydrocarbons isolated from oleoresin of the Abies nephrolepis
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(a) 30 m60.25 mm DB-1701 column (0.25 mm), temperature 50 ± 220 8C
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followed by the determination of the optical purity of b-bisa-
bolene (9) in a complex isomeric mixture.

The first chromatographic separation of a mixture of
sesquiterpene hydrocarbons was performed on a column with
a polysiloxane phase to isolate a fraction containing b-bisabo-
lene (the retention time varies from 26.60 to 26.70 min). The
resolution of this fraction into individual enantiomers was
carried out on a column with a b-cyclodextrin-based phase. It
should be noted that the direct analysis (using the one-dimen-
sional technique) of the fraction of sesquiterpene hydrocar-
bons is of no use because the mixture contains, along with
b-bisabolene, all other isomeric (Z)-a-, (E )-a-, (Z)-g- and
(E )-g-bisabolenes, which hinder the analysis of enantiomers
of b-bisabolene.

There are two radically different arrangements of the
precolumn and the main column in two-dimensional chiral
GLC (in one or two different thermostats). Manufacturers of
gas-chromatographic systems suggest simple solutions for two-
dimensional chromatography as instruments in which both
columns are placed in a single thermostat. However, this
instrumental simplicity, despite a price benefit, offers less
possibilities for tuning. In the overwhelming majority of
cases, to achieve the most efficient resolution by two-dimen-
sional chiral GLC, the precolumn and the main column with a
chiral stationary phase should operate under different temper-
ature conditions, which cannot be provided in instruments, in
which both columns are placed in a single thermostat.

A quick technique was developed for the analysis of the
enantiomeric composition of mixtures by two-dimensional
chiral GLC with the use of a short (1 m) column packed with
a cyclodextrin phase. The satisfactory enantiomeric resolution
of limonene according to this procedure took only 8 s (!), and
the enantiomeric composition of all monoterpene compounds
isolated from bergamot oil was determined within 8 ± 9 min.91

A combination of liquid and gas chromatography (LC-
GC) is another efficient combined method for the determina-
tion of the enantiomeric composition of mixtures. However,
only a few examples of the successful application of this
method were documented.40

IV. Preparative enantiomeric resolution

The preparative enantiomeric resolution of volatile natural
compounds by chiral GLC with the use of cyclodextrin sta-
tionary phases is performed on packed columns filled with a
solid support coated with modified cyclodextrin as the sta-
tionary phase. This method allows the isolation of milligram
amounts of individual enantiomers.92

The characteristic feature of preparative chiral GLC is that
the best enantiomeric resolution is, as a rule, achieved at the
minimum temperatures of the analysis because a lowering of
the temperature leads to an increase in the retention times of
the components. To decrease the temperature of the analysis,
rather short columns and a packing material with a small
(compared to usual preparative columns) amount of a sta-
tionary phase are used. In addition, the separation is per-
formed at carrier gas flow rates 3 ± 4 times higher than the
optimal rates. An increase in the carrier gas flow rate leads to a
slight decrease in the efficiency of the column. However, this
drawback is compensated, on the whole, by the gain in
enantioselectivity of resolution due to lowering of the temper-
ature.

Preparative chiral GLC is generally carried out on a
1.8 ± 2.0-m steel column with a diameter of 4 ± 5 mm filled
with a solid support (for example, with theChromosorb W/HP
sorbent with a grain size of 100 ± 120 mesh) coated with a
20%±50% solution of modified cyclodextrin [heptakis(2,6-di-
O-methyl-3-O-n-pentyl)-b-cyclodextrin,93 heptakis(2,3-di-O-me-
thyl-6-O-n-hexyl)-b-cyclodextrin,94 octakis(2,3-di-O-n-pentyl-
6-O-methyl)-g-cyclodextrin,95 octakis(2,6-di-O-methyl-3-O-n-
pentyl)-g-cyclodextrin 96 or heptakis(2,3-di-O-methyl-6-O-
tert-butyldimethylsilyl)-b-cyclodextrin 96] in polysiloxane
[OV-1701,97 PS-086 95 or SE-52 (Ref. 96)] as the stationary
phase (2%± 6%). The carrier gas flow rate is
200 ± 400 ml min71; the temperature is chosen depending on
the nature of the compounds and is varied from 35 ± 45 8C (for
monoterpene hydrocarbons) to 100 ± 120 8C (for sesquiter-
penes). The temperature of the chromatographic analysis
should be chosen so as to achieve the selectivity factor of
51.1. In this case, enantiomers of an optical purity of no less
than 90% can be obtained.

Under these conditions, 1 ± 2 mg of racemic compounds
can be separated in a single chromatographic run. Milligram
amounts of pure enantiomers (up to 97% ee) can be obtained
by repeated chromatographic steps, these amounts being
sufficient for the determination of the sign of optical rotation
and, consequently, for the determination of the elution order of
enantiomers, as well as for biological assays and pharmaco-
kinetic studies.92

The preparative enantiomeric resolution with the use of
capillary columns with a large inner diameter (0.53 mm) and a
larger layer thickness of the stationary phase was docu-
mented.98, 99 Such columns provide better resolution compared
to packed columns. However, this approach has found little
application apparently because of rather complex technical
equipment and labour-consuming experiments associated with
a low capacity of capillary columns compared to packed
columns.

Some plant volatiles exist in the gaseous state. However, no
examples of the enantioselective analysis of gaseous plant
metabolites have yet been reported, although a procedure for
the preparative resolution of chiral gaseous compounds on
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cyclodextrin phases at room temperature was elaborated for
bromochlorofluoromethane.100

V. Identification of enantiomers

The reliable assignment of peaks of optical isomers plays a
decisive role in chiral chromatography. Since themechanism of
enantiodifferentiation based on interactions of a chiral selector
with an enantiomeric pair remains to be elucidated, it is
impossible to predict the elution order of enantiomers. Taking
into account the fact that the selectivity of columns depends,
among other factors, on the chromatographic conditions, it
can be concluded that the identification of enantiomers is a
complex problem. Generally, at least two model samples are
required for the reliable assignment of peaks. One sample
should contain both enantiomers (the presence of a racemic
mixture is preferable). This sample is used for choosing the
optimal chromatographic conditions. Another sample should
be enriched in a particular enantiomer with the aim that the
elution order of optical isomers can be determined under the
optimised conditions.

Many of the most widespread monoterpene compounds
are commercially available both as racemic mixtures and
individual enantiomers. The situation is more difficult with
less widespread compounds. Researchers often have to synthe-
sise such compounds or isolate them from natural mixtures.
This is particularly true for sesquiterpene compounds because
only a few of them are present in catalogues of manufacturers
of chemicals.Moreover, natural sources, fromwhich the target
compound can easily be isolated in required amounts, are
unknown for many sesquiterpenoids. In this connection,
studies aimed at preparing individual sesquiterpenoids or
their mixtures of known composition for the use as reference
samples in chiral GLC deserve particular notice. For example,
the easily available natural sesquiterpene hydrocarbon ger-
macrene D was transformed 101 into mixtures of sesquiterpe-
noids of known composition containing selinane-, cadalene-,
eudesmane- and oppositane-type sesquiterpenoids and other

related compounds belonging to the biogenetic tree of germa-
crane by acid-catalysed, photoinduced or thermally induced
rearrangements. However, far not all important sesquiterpenes
required as reference compounds can be synthesised from
known precursors by rearrangements. Extracts of some lower
plants and fungi can be mentioned as sources of `unusual'
enantiomers of plant sesquiterpenoids.95

Extensive experimental data on the enantiomeric
resolution of plant volatiles, fragrance and flavour compounds
by chiral GLC on capillary columns with stationary phases
based on chiral selectors are available. Data on the separation
factors of enantiomers of various compounds, including plant
compounds, were published. In particular, enantiomers
were analysed on capillary columns with phases based on
octakis(6-O-methyl-2,3-di-O-n-pentyl)-g-cyclodextrin,102 hep-
takis(2,6-di-O-methyl-3-O-n-pentyl)-b-cyclodextrin (Ref. 103)
and octakis(3-O-butyryl-2,6-di-O-n-pentyl)-g-cyclo-dextrin.104

The enantiomeric separation of octane-1,3-diol, (5Z)-octene-
1,3-diol, ethyl 3-hydroxyoctanoate and ethyl (5Z)-3-hydroxy-
octenoate on a column with heptakis(2,3-O-acetyl-6-O-tert-
butyldimethylsilyl)-b-cyclodextrin was documented.15, 105

However, the published data summaries are not always useful
in practice because they contain no information on the elution
order of enantiomers. Data on the resolution of 260 enantio-
meric pairs of cyclopropane derivatives were presented in the
review,106 where the selectivity factors were reported without
mentioning the conditions of resolution. The successful enan-
tiomeric resolution of g- and d-thiolactones of the fatty acid
series (C6 , C8 , C10 , C12),107 optical isomers of various natural
and synthetic compounds,108 trifluoroacetates of terpene and
nonterpene alcohols 62 and b- and g-lactones of the fatty acid
series was documented.62 However, the elution orders of these
enantiomers were also not reported, although the selectivity
factors were published.

The aim of the present review was to provide the most
detailed information on the chirospecific analysis of plant
volatiles. Tables 1 ± 4 summarise data on the enantiomeric
resolution of natural plant compounds and selected important

Table 1. Enantiomeric resolution of mono- and sesquiterpenoids and related compounds by chiral GLC on stationary phases containing cyclodextrin
derivatives as chiral selectors.

Selectand Chiral selector a Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

(see comments in the text)

Borneol b-(2,3-Ac-6-TBS) 808 1.032 108

Borneol b g-(2,6-Pe-3-But) 908 (+) 62

Isoborneol b (7) 109

b-(2,3-Ac-6-TBS) 908 1.038 108

Isoborneol b g-(2,6-Pe-3-But) 908 (7) 62

Verbenone g-(2,6-Pe-3-But) 608(2) ± 2008(48) (+) 110

Vitispirane I b-(2,6-Me-3-Pe) 608(25) ± 2408(1.58) (2R,5R) 111

Vitispirane II b-(2,6-Me-3-Pe) 608(25) ± 2408(1.58) (2R,5S) 111

Dill ether g-(2,3-But-6-TBS) 608 ± 2008(2.58) 1.014 (3R,3aR,7aS ) 112

Dill ether (cis isomer) g-(2,3-But-6-TBS) 608 ± 2008(2.58) 1.018 (3S,3aR,7aS ) 112

Camphene b-(2,3-Pe-6-Me) 358 1.074 (7) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.04 (7) 10

b-(2,6-Pe-3-Me) 608 (7) 114

g-(2,3-Pe-6-Me) 358 1.000 c 113

g-(2,3-Pe-6-Me) 458 1.000 c 113

a (see d) 708 2.31 (7) 49

a-Campholenal b-(2,3,6-Me) 1108 (R) 21

Camphor g-(2,6-Pe-3-But) 1008 ± 1608(28) (+) 62

b-(2,3-Ac-6-TBS) 1008 1.054 (S) 108

g-(2,6-Pe-3-But) (+) 114

g-(2,6-Pe-3-But) 508(2) ± 1008(18) (1R)-(+) 8

b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (1S) 115

b-(2,3-Et-6-TBS) 608(10) ± 1208(38) (7) 9
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Table 1 (continued).

Selectand Chiral selector a Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

(see comments in the text)

trans-Carveol g-(2,3-Pe-6-Me) 508(1.5) ± 1108(28)(8) ± 2008(208)(6) 1.014 (+) 116

cis-Carveol g-(2,3-Pe-6-Me) 508(1.5) ± 1108(28)(8) ± 2008(208)(6) 1.022 (7) 116

Carvone a (see d) 708 1.11 (+) 49

b-(2,3-Ac-6-TBS) 1108 1.05 (R)-(7) 108

a-(2,3,6-Pe) 1008 (7) 114

b-(2,3-Me-6-TBS) 1008 1.018 (+) 73

b-(2,3-Ac-6-TBS) 1008 1.065 (7) 73

g-(2,3-Pe-6-Me) 508(1.5) ± 1108(28)(8) ± 2008(208)(6) 1.015 (+) 116

3-Carene b-(2,3-Pe-6-Me) 358 1.040 (+) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.03 (+) 10

g-(2,3-Pe-6-Me) 358 1.000 c 113

g-(2,3-Pe-6-Me) 458 1.388 (+) 113

b-(2,6-Pe-3-AcF) (7) 37

Lavandulol b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (R) 115

b-(2,3-Ac-6-TBS) 808 1.022 (R) 108

Limonene b-(2,3-Pe-6-Me) 358 1.026 (7) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.01 (7) 10

b-(2,6-Pe-3-Me) 608 (7) 114

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (7) 117

g-(2,3-Pe-6-Me) 358 1.261 (+) 113

g-(2,3-Pe-6-Me) 458 1.180 (+) 113

g-(2,3-Pe-6-Me) 558 (+) 118

b (see e) 408(8) ± 2008(28) (7) 119

b-(2,3,6-Me) (7) 37

g-(2,3,6-Me) 508 1.03 (+) 120

a (see d) 708 1.11 (+) 49

g-(2,3-Pe-6-Me) 508(1.5) ± 1108(28)(8) ± 2008(208)(6) 1.044 (+) 116

trans-Limonene 1,2-epoxide g-(2,3,6-Me) 508 1.01 (+) 120

cis-Limonene 1,2-epoxide g-(2,3,6-Me) 508 1.04 (7) 120

Linalyl acetate b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (R) 115

b-(2,3-Ac-6-TBS) 808 1.021 (R) 108

Linalool b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (R) 115

b-(2,3-Ac-6-TBS) 808 1.08 (R)-(7) 108

b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (R)-(7) 11

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (7) 117

b-(2,3,6-Pe) 808 (7) 114

a (see d) 708 1.000 c 49

b-(2,3,6-Me) (7) 37

(E )-3,7-Dimethylocta-1,5-diene-3,7-diol b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) 1.000 c 121

3,7-Dimethylocta-1,7-diene-3,6-diol (I) b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R,6S) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) (3R,6S) 121

3,7-Dimethylocta-1,7-diene-3,6-diol (II) b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R,6R) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) (3S,6S) 121

(E )-3,7-Dimethylocta-1,6-diene-3,8-diol b-(2,3-Me-6-TBS) 608(25) ± 2008(28) 1.000 c 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) (6S) 121

(Z)-3,7-Dimethylocta-2,7-diene-1,6-diol b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) 1.000 c 121

(E )-3,7-Dimethylocta-2,7-diene-1,6-diol b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) 1.000 c 121

trans-Linalool oxide (pyranoid) b-(2,3,6-Me) (2S) 41

b-(2,3,6-Et) (2S) 41

b-(2,3-Ac-6-TBS) (2R) 41

b-(2,3-Me-6-TBS) (2S) 41

cis-Linalool oxide (pyranoid) b-(2,3,6-Me) (2S) 41

b-(2,3,6-Et) (2S) 41

b-(2,3-Ac-6-TBS) (2S) 41

b-(2,3-Me-6-TBS) (2S) 41
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Table 1 (continued).

Selectand Chiral selector a Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

(see comments in the text)

trans-Linalool oxide (furanoid) b-(2,3,6-Me) (2R) 41

b-(2,3,6-Et) (2R) 41

b-(2,3-Pe-6-Me) (2R) 41

b-(2,3-Ac-6-TBS) (2S) 41

b-(2,3-Me-6-TBS) (2R) 41

cis-Linalool oxide (furanoid) b-(2,3,6-Me) (2R) 41

b-(2,3,6-Et) (2R) 41

b-(2,3-Pe-6-Me) (2R) 41

b-(2,3-Ac-6-TBS) (2R) 41

b-(2,3-Me-6-TBS) (2R) 41

p-Menth-1-ene-8-thiol b-(2,3-Me-6-TBS) (S) 38

trans-8-Mercapto-p-menth-3-one b-(2,3,6-Me) 1108 (1R,4R) 122

trans-8-Mercapto-p-menth-3-one g-(2,3-Ac-6-TBS) 808 ± 1258(1.58)(40) ± 1908(38) (1R,4R) 123

cis-8-Mercapto-p-menth-3-one b-(2,3,6-Me) 1108 (1R,4S) 122

cis-8-Mercapto-p-menth-3-one g-(2,3-Ac-6-TBS) 808 ± 1258(1.58)(40) ± 1908(38) (1S,4R) 123

trans-8-Acetylmercapto-p-menth-3-one g-(2,3-Ac-6-TBS) 808 ± 1258(1.58)(40) ± 1908(38) (1R,4R) 123

cis-8-Acetylmercapto-p-menth-3-one g-(2,3-Ac-6-TBS) 808 ± 1258(1.58)(40) ± 1908(38) (1S,4R) 123

Menthyl acetate g-(2,3-Pe-6-Me) 858 (7) 118

b-(2,3-Ac-6-TBS) 908 1.035 108

b-(2,3,6-Me) (7) 37

b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (7) 124

Menthol g-(2,3-Pe-6-Me) 758(15) ± 1508(28) (+) 118

b-(2,3-Ac-6-TBS) 908 1.048 108

a (see d) 708 1.000 c 49

b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (+) 124

Isomenthol b-(2,3-Ac-6-TBS) 1008 1.043 108

Neomenthol b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (+) 124

b-(2,3-Ac-6-TBS) 1008 1.039 108

a (see d) 708 1.000 c 49

Neoisomenthol b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (7) 124

Menthone g-(2,3-Pe-6-Me) 758(15) ± 1508(28) (+) 118

b-(2,3-Ac-6-TBS) 758 1.073 108

a (see d) 708 1.10 (+) 49

b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (7) 124

g-(2,6-Pe-3-But)f 808 1.088 ± 1.164 (2R,5S)-(+) 71

g-(2,6-Pe-3-But) 1008 ± 1608(28) (+) 62

g-(2,6-Pe-3-AcF) (+) 37

b-(2,3,6-Me) 1.000 c 37

Isomenthone g-(2,3-Pe-6-Me) 758(15) ± 1508(28) (+) 118

b-(2,3-Ac-6-TBS) 758 1.059 108

a (see d) 708 1.21 (7) 49

g-(2,6-Pe-3-But) (+) 31

g-(2,6-Pe-3-But) 1008 ± 1608(28) (+) 62

g-(2,6-Pe-3-AcF) 1.000 c 37

b-(2,3,6-Me) (+) 37

b-(2,3-Me-6-TBS) 478(19) ± 708(208)(15) ± 2108(1.58) (+) 124

Menthofuran b-(2,3,6-Me) (R) 37

Methyl citronellate b-(2,3-Ac-6-TBS) 608(13) ± 858(0.48) (R)-(+) 11

Mintlactone b-(2,6-Pe-3-AcF) (6R,7aR)-(7) 37

Mintlactone, dehydromyrtenal b-(2,6-Pe-3-AcF) (S)-(7) 37

g-(2,6-Pe-3-But) 1208 (+) 114

Myrtenol b b-(2,6-Pe-3-Me) 1008 (7) 114

Nerol oxide g-(2,3-But-6-TBS) (R)-(+) 41

cis-Pinane b (see e) 408(8) ± 2008(28) (7) 119

trans-Pinane g-(2,6-Pe-3-But)f 268 1.018 ± 1.044 (1R)-(+) 71

a-Pinene b-(2,3-Pe-6-Me) 358 1.054 (7) 113

g-(2,6-Pe-3-But)f 268 1.032 ± 1.068 (1R)-(+) 71

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.04 (7) 10

g-(2,3-Pe-6-Me) 358 1.053 (+) 113

g-(2,3-Pe-6-Me) 458 1.000 c 113

b (see e) 408(8) ± 2008(28) (7) 119

g-(2,3-Pe-6-Me) 558 (+) 118
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Table 1 (continued).

Selectand Chiral selector a Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

(see comments in the text)

a-Pinene a (see d) 708 2.22 (7) 49

g-(2,6-Pe-3-But)f 268 1.03 ± 1.07 (+) 71

b-(2,3,6-Me) (7) 37

b-(2,6-Pe-3-Me) 608 (7) 114

b-Pinene b-(2,3-Pe-6-Me) 358 1.034 (7) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.008 (7) 10

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (+) 117

g-(2,3-Pe-6-Me) 358 1.060 (+) 113

g-(2,3-Pe-6-Me) 458 1.043 (+) 113

g-(2,3-Pe-6-Me) 558 (+) 118

a (see d) 708 1.86 (7) 49

b-(2,3,6-Me) (+) 37

a-Pinene epoxide b-(2,3,6-Me) 1008 (7) 21

Isopinocampheol a (see d) 708 1.15 (7) 49

trans-Pinocarveol b b-(2,6-Pe-3-Me) 1008 (7) 114

Piperitone g-(2,3-Pe-6-Me) 758(15) ± 1508(28) (7) 118

b-(2,3-Ac-6-TBS) 908 1.037 108

g-(2,6-Pe-3-But) 1008 ± 1608(28) (7) 114

Pulegone a (see d) 708 1.000 c 49

b-(2,3,6-Me) 1308 (R) 122

trans-Rose oxide g-(2,6-Me-3-Pe) (2S) 41

b-(2,3-Ac-6-TBS) 708 1.040 (2R,4R) 108

g-(2,6-Pe-3-AcF) (2S) 41

g-(2,6-Pe-3-AcF) (+) 37

b-(2,3-Ac-6-TBS) (2R) 41

b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (2R,4R)-(7) 11

g-(2,3-Ac-6-TBS) (2R) 41

a-(2,3,6-Me) 1.000 c 37

g-(2,3,6-Me) 1.000 c 37

g-(2,6-Pe-3-But) (+) 37

cis-Rose oxide g-(2,6-Me-3-Pe) (2S) 41

b-(2,3-Ac-6-TBS) 708 1.039 (2R,4S) 108

g-(2,6-Pe-3-AcF) (2S) 41

b-(2,3-Ac-6-TBS) (2R) 41

b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (2R,4S)-(+) 11

g-(2,3-Ac-6-TBS) (2R) 35

a-(2,3,6-Me) (7) 37

g-(2,3,6-Me) (7) 37

g-(2,6-Pe-3-But) 1.000 c 37

g-(2,6-Pe-3-AcF) (7) 37

trans-Rose oxide ketone b-(2,3-Ac-6-TBS) (2S) 41

cis-Rose oxide ketone b-(2,3-Ac-6-TBS) (2R) 41

Sabinene b-(2,3-Pe-6-Me) 358 1.063 (+) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.02 (+) 10

g-(2,3-Pe-6-Me) 358 1.124 (7) 113

g-(2,3-Pe-6-Me) 458 1.093 (7) 113

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (+) 117

Terpinen-4-ol b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (R) 115

b-(2,3-Ac-6-TBS) 1108 1.042 (R) 108

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (+) 117

a (see d) 708 1.000 c 49

b-(2,3,6-Me) (+) 37

a-Terpineol a (see d) 708 1.000 c 49

b-(2,3-Ac-6-TBS) 808 1.059 108

b-(2,3,6-Me) (7) 37

b-(2,3-Et-6-TBS) 458(6) ± 1808(28) (7) 117

a-Tujene b-(2,3-Pe-6-Me) 358 1.045 (+) 113

g-(2,3-Pe-6-Me) 358 1.040 (7) 113

g-(2,3-Pe-6-Me) 458 1.000 c 113

Fencholenal b-(2,3,6-Me) 1158 (R) 21

Chirospecific analysis of plant volatiles 961



Table 1 (continued).

Selectand Chiral selector a Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

(see comments in the text)

Fenchone a (see d) 708 2.01 (7) 49

g-(2,6-Pe-3-But) 1008 ± 1608(28) (7) 62

g-(2,6-Pe-3-But)f 708 1.083 ± 1.131 (1R)-(7) 71

a-Phellandrene b-(2,3-Pe-6-Me) 358 1.020 (7) 113

g-(2,3-Pe-6-Me) 358 1.248 (+) 113

g-(2,3-Pe-6-Me) 458 1.202 (+) 113

g-(2,3,6-Pe) 808 (+) 114

a (see d) 708 1.24 (7) 49

b-Phellandrene b-(2,3-Pe-6-Me) 358 1.030 (7) 113

b-(2,3-Pe-6-Me) 708 ± 2208(68) 1.000 c 10

g-(2,3-Pe-6-Me) 358 1.000 c 113

g-(2,3-Pe-6-Me) 458 1.000 c 113

Ho-trienol b-(2,3-Me-6-TBS) 608(25) ± 2008(28) (3R) 121

b-(2,3-Ac-6-TBS) 608(30) ± 2008(28) (3R) 121

Citronellal b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (S)-(7) 11

b-(2,3-Ac-6-TBS) 908 1.036 108

b-(2,6-Pe-3-Ac) (7) 37

a (see d) 708 1.000 c 49

Citron a (see d) 708 1.000 c 49

Citronellol b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (S)-(7) 11

b-(2,3-Ac-6-TBS) 808 1.022 (S)-(7) 108

Citronellol b g-(2,6-Pe-3-But) 1108 (+) 62

a-Ionone b-(2,3,6-Me) 1208 (7) 23

b-(2,3-Ac-6-TBS) 1358 1.029 108

g-(2,6-Pe-3-AcF) 1208 (7) 23

g-(2,6-Pe-3-But) 758 (7) 23

b-(2,3-Me-6-TBS) 60 ± 2008 (S) 16

b-(2,3,6-Me) (7) 37

a-Irone (I) b-(2,3-Ac-6-TBS) 1258 1.049 108

a-Irone (II) b-(2,3-Ac-6-TBS) 1258 1.238 108

2,3-Dehydro-a-ionol I [(2,6,6-trimethyl- b-(2,6-Me-3-Pe) 1008(60) ± 2008(28) 1.003 (2R,10S) 125

cyclohexa-2,4-dienyl)but-3-ene-2-ol]

3,4-Dehydro-g-ionol I b-(2,6-Me-3-Pe) 1008(60) ± 2008(28) 1.004 (2S,10S) 125

3,4-Dehydro-g-ionol I b-(2,6-Me-3-Pe) 1008(95) ± 2008(18) 1.003 (2R,10R) 125

3,4-Dehydro-g-ionol II b-(2,6-Me-3-Pe) 1008(60) ± 2008(28) 1.002 (2S,10R) 125

Riesling acetal b-(2,3,6-Me) 608(15) ± 2208(28) (5R,6S,9S) 126

Theaspirane A b-(2,3,6-Me) (2R,5R)-(7) 37

b-(2,3,6-Me) 808(20) ± 2208(28) 1.016 (2R,5R) 127

Theaspirane B b-(2,3,6-Me) (2S,5R)-(+) 37

b-(2,3,6-Me) 808(20) ± 2208(28) 1.010 (2S,5R) 127

Theaspirone A b-(2,3,6-Me) 808(20) ± 2208(28) 1.007 (2R,5R) 127

b-(2,3,6-Me) (2R,5R)-(+) 37

b-(2,6-Me-3-Pe) 608(25) ± 2408(1.58) (2R,5R) 111

Theaspirone B b-(2,3,6-Me) 808(20) ± 2208(28) 1.006 (2S,5R) 127

b-(2,3,6-Me) (2S,5R)-(+) 37

b-(2,6-Me-3-Pe) 608(25) ± 2408(1.58) (2S,5R) 111

trans-Edulan I b-(2,6-Me-3-Pe) 608(20) ± 2008(28) (2S,8aR) 128

cis-Edulan II b-(2,6-Me-3-Pe) 608(20) ± 2008(28) (2R,8aR) 128

trans-3,4-Dihydro-3-oxoedulan b-(2,6-Me-3-Pe) 608(20) ± 2008(28) 1.003 (2S,8aR) 129

cis-3,4-Dihydro-3-oxoedulan b-(2,6-Me-3-Pe) 608(20) ± 2008(28) 1.016 (2S,8aS) 129

(E )-2,3-Dihydrofarnesal b-(2,3-Ac-6-TBS) 1108(40) ± 1608(18) (3S) 130

(Z)-2,3-Dihydrofarnesal b-(2,3-Ac-6-TBS) 1108(40) ± 1608(18) (3S) 130

(E)-2,3-Dihydrofarnesoic acid b-(2,3-Me-6-TBS) 1308(5) ± 1558(1.58)(5) ± 1628(0.58) ± 2008(28)(20) 1.000 c 130

(Z)-2,3-Dihydrofarnesoic acid b-(2,3-Me-6-TBS) 1308(5) ± 1558(1.58)(5) ± 1628(0.58) ± 2008(28)(20) (3S) 130

a The following abbreviations are used: AcF is trifluoroacetyl, Bu is n-butyl, But is butyryl (butanoyl), Pe is n-pentyl and TBS is tert-butyldimethylsilyl;
b determined as trifluoroacetate; c enantiomers are not resolved; dA 0.162 M solution of a-cyclodextrin in glycerol; e 10% b-cyclodextrin in polysiloxane

SPB-35; f Chirasil-g-Dex phase: the chiral selector g-(2,6-Pe-3-But) is grafted to polymethylpolysiloxane through the octamethylene spacer.
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Table 2. Enantiomeric resolution of sesquiterpene hydrocarbons by chiral GLC under isothermal conditions on stationary phases containing
cyclodextrin derivatives as chiral selectors.

Selectand Column 1 a Column 2 b Ref.

a column tem- first-eluted a column tem- first-eluted

perature /8C enantiomer perature /8C enantiomer

a-Amorphene 1.385 120 (7) 1.193 120 (7) 87

g-Amorphene 1.895 115 (+) 1.218 115 (+) 87

d-Amorphene 1.394 120 (+) 131

e-Amorphene 1.093 115 (+) 87

Aristolene 1.078 90 c (7) 87

Aristolochene 1.120 110 (+) 132

Aromadendrene 1.170 120 (7) 1.437 120 (7) 87

Alloaromadendrene 1.233 110 (7) 1.379 110 (7) 87

a-Barbatene 1.025 90 (7) 97

b-Barbatene 1.057 90 (7) 97

cis-a-Bergamotene 1.070 100 (7) 132

trans-a-Bisabolene 1.036 85 c (7) 93

b-Bisabolene 1.018 85 c (7) 1.050 115 (7) 93

Bicyclogermacrene 1.000 d 1.078 100 (+) 93

Bicycloelemene 1.100 80 c (+) 1.143 110 87

a-Bourbonene 1.152 105 (+) 87

b-Bourbonene 1.068 105 c (+) 1.081 105 (7) 87

Valencene 1.120 110 c (7) 1.075 125 (7) 87

Geijerene 1.071 115 87

Germacrene D 1.11 110 c (+) 1.074 115 (+) 133

a-Gurjunene 1.000 d 1.344 110 (7) 87

g-Gurjunene 1.000 d 1.150 100 (+) 134

Zonarene 1.170 120 (7) 87

Epizonarene 1.437 120 (7) 87

Isobarbatene 1.032 90 c (+) 97

Isobicyclogermacrene 1.037 105 c (+) 87

Isolongifolene 1.120 85 c (+) 87

Isosativene 1.049 105 c (+) 87

a-Ylangene 1.220 90 (+) 87

b-Ylangene 1.088 120 (+) 1.064 115 (7) 87

Cadina-l,4-diene 1.038 115 (7) 1.249 120 (+) 87

a-Cadinene 1.140 120 (7) 87

b-Cadinene 1.145 120 (7) 87

g-Cadinene 1.257 115 (7) 1.249 115 (7) 87

d-Cadinene 1.680 115 c (7) 1.260 115 (7) 93

e-Cadinene 1.230 120 (+) 87

a-Calocorene 1.084 120 c (+) 13

trans-Calamenene 1.257 120 (7) 93

cis-Calamenene 1.272 120 (7) 93

Calarene 1.045 90 c (+) 1.026 100 (+) 135

Caryophyllene 1.131 95 c (+) 1.065 100 (+) 95

Clovene 1.039 80 c (7) 87

a-Copaene 1.084 90 c (+) 1.015 90 c 93

b-Copaene 1.052 115 (7) 87

a-Cubebene 1.173 90 c (+) 1.030 100 (+) 135

b-Cubebene 1.000 d 1.028 90 c (7) 135

Cuparene 1.027 105 c (7) 1.048 120 (7) 135

a-Cuprenene 1.029 95 c (7) 87

Iso-ar-curcumene 1.031 110 1.041 110 87

ar-Curcumene 1.030 85 (+) 1.030 115 (+) 93

Ledene 1.05 105 c (7) 135

Longifolene 1.048 80 c (7) 87

a-Longipinene 1.030 80 c (+) 1.028 105 (7) 87

a-Microbiotene 1.020 110 (7) 136

b-Microbiotene 1.022 110 (+) 136

cis-Muurol-4-ene 110 c (1R) 137

cis-Muurol-4-ene 110 c (1R) 137

a-Muurolene 1.206 105 c (7) 1.056 125 (7) 87
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Table 2 (continued).

Selectand Column 1 a Column 2 b Ref.

a column tem- first-eluted a column tem- first-eluted

perature /8C enantiomer perature /8C enantiomer

g-Muurolene 1.146 115 c (7) 1.163 115 (+) 87

e-Muurolene 1.124 115 (7) 87

a-Neocallitropsene 1.066 110 (7) 87

a-Selinene 1.110 110 c (7) 87

a-7-epi-Selinene 1.060 105 (+) 1.085 105 (7) 132

d-Selinene 1.148 110 c (+) 1.136 115 (+) 135

d-Selinene 1.133 120 (+) 1.073 120 (+) 138

Thujopsene 1.048 110 (+) 135

a-Cedrene 1.079 110 c (+) 1.076 110 (+) 135

b-Elemene 1.000 d 1.024 90 (+) 95

g-Elemene 1.023 110 (+) 135

d-Elemene 1.026 80 c 1.063 90 c 93

Eremophyllene 1.063 100 c (7) 1.024 100 c (7) 87

Erythrodiene 1.027 100 87

a 50% b-(2,6-Me-3-Pe) in polysiloxane OV-1701; b 50% b-(2,3-Me-6-TBS) in polysiloxane OV-1701; c the corresponding cyclodextrin was taken in an

amount of 20%; d enantiomers are not resolved.

Table 3. Enantiomeric resolution of diterpenoids by chiral GLC under isothermal conditions on stationary phases containing cyclodextrin derivatives as
chiral selectors.

Selectand Chiral selector Column temperature /8C a First-eluted enantiomer Ref.

Abieta-7,13-diene b-(2,3-Me-6-TNS) 150 1.02 (+) 139

15-Beyerene b-(2,6-Me-3-Pe) 145 1.03 (+) 139

Dolabradiene g-(2,6-Me-3-Pe) 120 (7) 140

15-Kaurene b-(2,6-Me-3-Pe) 145 1.04 (7) 139

16-Kaurene b-(2,6-Me-3-Pe) 145 1.08 (7) 139

Isopimara-8,15-diene b-(2,3-Me-6-TBS) 150 (7) 141

13-epi-Manoyl oxide b-(2,3-Me-6-TBS) 140 (+) 140

Pimara-8,15-diene b-(2,3-Me-6-TBS) 150 (+) 141

Pimara-8(14),15-diene g-(2,6-Me-3-Pe) 120 (+) 140

Rosa-5,15-diene g-(2,6-Me-3-Pe) 120 (+) 140

Sclarene g-(2,6-Me-3-Pe) 150 (7) 140

Sclareol b-(2,3-Me-6-TBS) 175 (7) 140

Table 4. Enantiomeric resolution of non-terpene flavour and fragrance compounds by chiral GLC on stationary phases containing cyclodextrin
derivatives as chiral selectors.

Selectand Chiral selector Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

2-Methylbutanal b-(2,3-Ac-6-TBS) 408(5) ± 2208(1.58) (R) 142

Filbertone b-(2,3-Ac-6-TBS) 808 1.108 108

Alk-1-en-3-ols (C5 ±C9) g-(2,3-Bu-6-TBS) 408(5) ± 2208(18) (R) 142

Alkan-3-ols (C6 ±C8) g-(2,3-Bu-6-TBS) 408(5) ± 2208(18) (R) 142

Alkan-2-ols (C5 ±C10) g-(2,3-Bu-6-TBS) 408(5) ± 2208(18) (S) 142

Oct-1-en-3-ol b-(2,3-Ac-6-TBS) 808 1.044 (S) 108

b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (S) 115

b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (S)-(+) 11

Octan-3-ol b-(2,3-Ac-6-TBS) 608(18) ± 1208(18) ± 2008(108) (R) 115

b-(2,3-Ac-6-TBS) 608(20) ± 1208(1.38) (R)-(7) 11

b-(2,3-Ac-6-TBS) 808 1.013 (R) 108

Octane-1,3-diol b-(2,3-Ac-6-TBS) 105

1,3-Dioxanes b-(2,3-Ac-6-TBS) 143

2-Methylbutan-1-ol b-(2,3-Me-6-TBS) 708(5) ± 2008(1.58) (R) 38

b-(2,3-Ac-6-TBS) 508 1.064 (R) 108

2-Methylpentan-1-ol b-(2,3-Ac-6-TBS) 708 1.065 (R) 108

2-Methylhexan-1-ol b-(2,3-Ac-6-TBS) 708 1.071 (R) 108

2-Ethylhexan-1-ol b-(2,3-Ac-6-TBS) 708 1.075 (R) 108

2-Methylbutyl acetate b-(2,3-Me-6-TBS) 708(5) ± 2008(1.58) (S ) 32

3-Butyl-4-vinylcyclopentene CP-Cyclodex 236 M 308(4) ± 2158(18) 1.009 (3S,4S )-(+) 144
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Table 4 (continued).

Selectand Chiral selector Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

Ethyl 2-methylbutanoate b-(2,3-Me-6-TBS) 708(5) ± 2008(1.58) (R) 38

b-(2,3,6-Me) (R)-(7) 37

Propyl 2-methylbutanoate b-(2,3-Ac-6-TBS) 558 1.033 (S ) 108

Methyl 2-methylbutanoate b-(2,3-Me-6-TBS) 608(13) ± 1088(1.58) ± 2008(2.58) (R) 16

Methyl jasmonate b-(2,3,6-Me) (1R,2R)-(7) 31

b-(2,6-Me-3-Pe) 1208 (7) 92

Methyl epi-jasmonate b-(2,6-Pe-3-AcF) (1R,2S )-(+) 37

Methyl 2-hydroxypropanoate g-(2,6-Pe-3-But)a 808 1.198 ± (S )-(7) 71

(methyl lactate) 1.236

Ethyl 2-hydroxypropanoate (ethyl lactate) b-(2,3-Me-6-TBS) 808(7) ± 2008(28) (R) 14

Ethyl 4-hydroxy-5-oxohexanoate b-(2,6-Me-3-Pe) 1008(20) ± 2008(28) (R) 145

Methyl lipoate b-(2,6-Pe-3-Ac) 1808 (R) 118

a-Hydroxy acid methyl esters b-(2,3-Me-6-TBS) 1108 ± 1758(1.58) ± 1908(0.58) (R) 123

(C10 ±C22)

Methyl 2-methylcarboxylates (C4 ±C7) b-(2,3-Me-6-TBS) 408 ± 2308(1.58) (R) 123

Methyl 2-ethylhexanoate b-(2,3-Me-6-TBS) 408 ± 2308(1.58) (R) 123

Methyl 4-methylcarboxylates (C6 ±C9) b-(2,3-Me-6-TBS) 408 ± 2308(1.58) (S) 123

2-Methylbutyric acid b-(2,3-Me-6-TBS) 708(5) ± 2008(1.58) (S ) 38

b-(2,3,6-Me) (S )-(+) 37

2-Methylcarboxylic acids (C4 ±C7) b-(2,3-Me-6-TBS) 908(5) ± 2308(1.58) (S ) 123

g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) (S ) 123

2-Methylbutanoic acid b-(2,3-Me-6-TBS) 408(5) ± 858(58) ± 1408(1.58) ± 2308(48) (2S ) 18

2-Methylpentanoic acid g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (2S ) 19

b-(2,3-Me-6-TBS) 408(5) ± 858(58) ± 1408(1.58) ± 2308(48) (2S ) 18

2-Methylhexanoic acid g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (2S ) 19

b-(2,3-Me-6-TBS) 408(5) ± 858(58) ± 1408(1.58) ± 2308(48) (2S ) 18

2-Methylheptanoic acid g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (2S ) 19

b-(2,3-Me-6-TBS) 408(5) ± 858(58) ± 1408(1.58) ± 2308(48) (2S ) 18

2-Methyloctanoic acid g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (2R) 19

2-Ethylhexanoic acid b-(2,3-Me-6-TBS) 908(5) ± 2308(1.58) (S ) 123

g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (2S ) 19

g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) (S ) 123

3-Methylcarboxylic acids (C5 ±C7) b-(2,3-Me-6-TBS) 908(5) ± 2308(1.58) (S ) 123

3-Methylcarboxylic acids (C5, C8 ±C10) g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) 1.000 d 123

3-Methylenanthic acid g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) (S ) 123

4-Methylcarboxylic acids (C6 ±C9) b-(2,3-Me-6-TBS) 908(5) ± 2308(1.58) (R) 123

4-Methylhexanoic acid g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) 1.000 d 123

b-(2,3-Me-6-TBS) 908(5) ± 1908(1.58)(20) (4R) 130

4-Methylcarboxylic acids (C8 , C9) g-(2,3-Me-6-TBS) 808(5) ± 2308(1.58) (R) 123

4-Ethyloctanoic acid b-(2,3-Me-6-TBS) 908(5) ± 2308(1.58) (4R) 18, 19

g-(2,3-Me-6-TBS) 408(5) ± 1008(108) ± 1308(18) ± 2358(38) (4R) 19

4-Pentanolide b-(2,3-Ac-6-TBS) 1408 1.422 108

4-Hexanolide b-(2,3-Ac-6-TBS) 1408 1.221 (R) 108

4-Heptanolide b-(2,3-Ac-6-TBS) 1408 1.061 (R) 108

4-Octanolide b-(2,3-Ac-6-TBS) 1558 1.056 (R) 108

b-(2,3-Me-6-TBS) 608(13) ± 1088(1.58) ± 2008(2.58) (R) 16

4-Nonanolide b-(2,3-Ac-6-TBS) 1608 1.047 (R) 108

4-Decanolide b-(2,3-Me-6-TBS) 608(13) ± 1088(1.58) ± 2008(2.58) (R) 16

b-(2,3-Ac-6-TBS) 1658 1.043 (R) 108

4-Undecanolide b-(2,3-Ac-6-TBS) 1708 1.042 (R) 108

4-Dodecanolide b-(2,3-Ac-6-TBS) 1758 1.038 (R) 108

b-(2,3-Me-6-TBS) 608(13) ± 1088(1.58) ± 2008(2.58) (R) 16

g-Lactones (C7 ±C12) b-(2,6-Pe-3-Ac) (R)-(+) 37

5-Hexanolide b-(2,3-Ac-6-TBS) 1408 1.121 (R) 108

5-Octanolide b-(2,3-Ac-6-TBS) 1458 1.070 (S ) 108

5-Nonanolide b-(2,3-Ac-6-TBS) 1408 1.039 (S ) 108

5-Decanolide b-(2,3-Ac-6-TBS) 1558 1.030 (S ) 108

5-Undecanolide b-(2,3-Ac-6-TBS) 1708 1.023 (S ) 108

5-Dodecanolide b-(2,3-Ac-6-TBS) 1758 1.022 (S ) 108

d-Lactones (C8 ±C12) b-(2,3-Ac-6-TBS) 458(2) ± 1208(208)(15) ± 1258(38) ± 1758(1.58) (S ) 146

d-Lactones (C8 ±C14) g-(2,6-Pe-3-AcF) (S )-(7) 37

d-Lactones (C13 ±C18) b-(2,3-Ac-6-TBS) 458(2) ± 1208(208)(35) ± 1608(28) ± 2008(18) (S ) 146

b-(2,3-Ac-6-TBS) 1208(15) ± 2208(1.58) (S ) 123
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flavour compounds, such as mono- and sesquiterpenoids and
related compounds (Table 1), sesquiterpene hydrocarbons
(Table 2), diterpenoids (Table 3) and various aliphatic and
alicyclic compounds (Table 4). These data include the types of
chiral selectors (modified cyclodextrin), the temperature con-

ditions of chromatography, the selectivity factors and the
elution orders of enantiomers.

The following abbreviations are used in the tables to denote
chiral cyclodextrin selectors involved in stationary phases: the
nature of the starting cyclodextrin (a, b or g) followed

Table 4 (continued).

Selectand Chiral selector Column temperature (8C) or a First-eluted Ref.

the temperature conditions enantiomer

Dec-2-en-5-olide (massoilactone) a-(2,6-Pe-3-Ac) 808 ± 1608(18) (S )-(+) 147

4-Methyl-5-decanolide b-(2,3-Me-6-TBS) 608(13) ± 1088(1.58) ± 2008(2.58) (R) 148

g-Jasmine lactone b-(2,6-Pe-3-Ac) (+) 37

d-Jasmine lactone b-(2,6-Pe-3-Ac) (R)-(7) 37

Sherry lactone g-(2,6-Pe-3-Bu) 149

Furaneol b-(2,3-Me-6-TBS) 358(2) ± 808(208)(5) ± 2308(18) (7) 150

2-Methyl-4-pentyl-1,3-dioxane b-(2,3-Ac-6-TBS) 508(30) ± 2208(18) (2S,4R) 143

3-Mercapto-2-methylpropan-1-ol b-(2,3-Me-6-TBS) 508 ± 2108(18) (7) 17

diacetate

trans-2-Methyl-4-propyl-1,3-oxathiane b-(2,3,6-Me) (2R,4R)-(+) 37

b-(2,3-Ac-6-TBS) 1008 1.100 (2R,4S ) 108

g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (2R,4R) 151

cis-2-Methyl-4-propyl-1,3-oxathiane b-(2,3,6-Me) (2R,4S )-(7) 37

b-(2,3-Ac-6-TBS) 1008 1.227 (2R,4R) 108

g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (2R,4S ) 151

2,2-Dimethyl-4-propyl-1,3-oxathiane g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (4S) 151

b-(2,3-Ac-6-TBS) 808 1.043 108

3-(Methylthio)hexan-1-ol b-(2,3,6-Me) (R)-(7) 37

b-(2,3-Ac-6-TBS) 958 1.035 (S ) 108

2-Mercapto-3-pentanone b-(2,3,6-Me) (+) 37

3-(Methylthio)butanal g-(2,3-But-6-TBS) 508(5) ± 2208(1.58)(30) (S ) 6

3-(Methylthio)butan-1-ol g-(2,3-But-6-TBS) 508(5) ± 2208(1.58)(30) (S ) 6

3-Mercaptobutan-1-ol g-(2,3-But-6-TBS) 508(5) ± 2208(1.58)(30) (S ) 6

3-Mercaptohexan-1-ol b-(2,3-Ac-6-TBS) 958 1.164 (S ) 108

3-Mercaptohexyl acetate g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (R) 151

3-Mercaptohexyl propanoate g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (R) 151

3-Mercaptohexyl butanoate g-(2,3-But-6-TBS) 408(5) ± 1058(58)(22) ± 1508(1.58) ± 2208(1.58)(30) (R) 151

3-Butylhexahydrophthalide I b-(2,3-Ac-6-TBS) 1108(120) ± 1208(1.58)(5) ± 1808(18) 1.037 (3S,3aS,7aR) 152

b-(2,3-Ac-6-TBS) 408(5) ± 1408(608)(25) ± 1808(1.58) 1.032 (3S,3aS,7aR) 152

3-Butylhexahydrophthalide II b-(2,3-Ac-6-TBS) 1108(120) ± 1208(1.58)(5) ± 1808(18) 1.014 (3S,3aR,7aS) 152

b-(2,3-Ac-6-TBS) 408(5) ± 1208(608)(70) ± 1808(18) 1.018 (3S,3aR,7aS) 152

3-Butylhexahydrophthalide III b-(2,3-Ac-6-TBS) 1108(120) ± 1208(1.58)(5) ± 1808(18) 1.010 (3S,3aR,7aR) 152

b-(2,3-Ac-6-TBS) 408(5) ± 1058(608)(120) ± 1258(1.58)(30) 1.009 (3S,3aR,7aS ) 152

3-Butylhexahydrophthalide IV b-(2,3-Ac-6-TBS) 1108(120) ± 1208(1.58)(5) ± 1808(18) 1.023 (3S,3aS,7aS ) 152

b-(2,3-Ac-6-TBS) 408(5) ± 1408(608)(25) ± 1808(1.58) 1.031 (3S,3aS,7aS ) 152

3-Butylphthalide g-(2,3-TBS) 1408(5) ± 1808(28) (3S ) 153

b-(2,3-Ac-6-TBS) 958(25) ± 1098(2.58)8(160) ± 1508(1.28)(30) (3S ) 154

3a,7a-trans-3-Butylhexahydrophthalide b-(2,3-Ac-6-TBS) 958(25) ± 1098(2.58)(160) ± 1508(1.28)(30) (3S,3aR,7aR) 154

(3S,3aS,7aS ) 154

3a,7a-cis-3-Butylhexahydrophthalide b-TBS b 1408(1) ± 1608(18)(1) ± 2008(208)(10) 155

b-(2,3-Ac-6-TBS) 958(25) ± 1098(2.58)(160) ± 1508(1.28)(30) (3S,3aS,7aR) 154

3-Methylalkane-1-thiols b-(2,3-Me-6-TBS) 6

Pentane-2-thiol b-(2,3-Et-6-TBS) 408 1.04 (S ) 88

Solerole I b-(2,3-Ac-6-TBS) 1008(20) ± 2008(28) (4S,5S ) 156

g-(2,6-Me-3-Pe) 1108(30) ± 2008(18) (4S,5S ) 156

Solerole II b-(2,6-Me-3-Pe) 1008(20) ± 2008(28) (4R,5S ) 156

g-(2,6-Me-3-Pe) 1108(30) ± 2008(18) (4S,5R) 156

Solerone b-(2,3-Ac-6-TBS) 1008(20) ± 2008(38) (R) 145

Lilial aldehyde b-(2,3-Ac-6-TBS) 408(5) ± 1108(608)(35) ± 1408(1.58) (S ) 20

2-Phenylpropanal b-(2,3-Ac-6-TBS) 408(5) ± 1008(608)(30) (R) 157

2-Phenylpropanol b-(2,3-Ac-6-TBS) 408(5) ± 1008(608)(30) (R) 157

2-Phenylpropanal dimethylacetal b-(2,3-Ac-6-TBS) 408(4) ± 1008(608)(10) ± 1408(1.58) (R) 157

Arabinitol c a-(2,3,6-Pe) 1108 (D) 118

Geosmin b-(2,3-Me-6-TBS) 608(35) ± 2008(1.58) (+) 2

aThe Chirasil-g-Dex phase: the chiral selector g-(2,6-Pe-3-But) is grafted to polymethylpolysiloxane through the octamethylene spacer; b 6-tert-

butyldimethylsilyl-b-cyclodextrin in polysiloxane; c as pentakis(trifluoroacetyl) derivatives; d enantiomers are not resolved.
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(in parentheses) by the position and the nature of substituents
in modified cyclodextrin molecules. For example, the notation
b-(2,6-Me-3-Pe) means that the stationary phase for
chiral GLC was prepared based on heptakis(2,6-di-O-methyl-
3-O-n-pentyl)-b-cyclodextrin. For the temperature
conditions, the following abbreviations are used:
608(18) ± 1208(18)(10) ± 2008(108)(5). This means that heating
is performed for 18 min at 60 8C followed by the rise of the
temperature to 120 8C at a rate of 1 deg min71, storage at
120 8C for 10 min, the rise of the temperature to 200 8C at a
rate of 10 deg min71 and storage at 200 8C for 5 min. For
many enantiomeric pairs, the selectivity factors (a) and first-
eluted enantiomer are given.
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Abstract. Physicochemical methods for enhancing oil recoveryPhysicochemical methods for enhancing oil recovery
from oil fields that are developed using water flooding andfrom oil fields that are developed using water flooding and
thermal steam treatment are considered. The results of pilotthermal steam treatment are considered. The results of pilot
testing of processes based on these methods carried out atWesttesting of processes based on these methods carried out atWest
Siberian and Chinese oil fields are analysed. The attention isSiberian and Chinese oil fields are analysed. The attention is
focused on the processes that make use of surfactant blendsfocused on the processes that make use of surfactant blends
and alkaline buffer solutions and thermotropic gel-formingand alkaline buffer solutions and thermotropic gel-forming
systems. The bibliography includes 123 referencessystems. The bibliography includes 123 references..

I. Introduction

Currently, Russia is a prominent supplier of hydrocarbon raw
materials to the worldmarket. Russia fully satisfies the internal
requirements in crude oil and remains simultaneously among
the main exporting countries. During the period from 2000 to
2006, crude oil production has steadily increased from 323 to
480 mln t.1 These are the highest values over the last 20 years.
According to data of oil companies, the increase in oil
production in Russia due to implementation of enhanced oil
recovery (EOR) techniques was *43 ± 45 mln t per year in
2002 ± 2006.1

The keymethod for oil field development in Russia is water
flooding used to produce*95% of crude oil. Most of large oil
fields are now at a late stage of development, the current water
cut being more than 80%. The flooded reservoir rocks contain
residual oil reserves. The newly developed oil fields are
characterised, most often, by low rock permeability, high oil
viscosity and complex geological structures; therefore, these
reserves are difficult to recover. In Russia, the fraction of this
type of oil reserves constantly increases. Calculations have
shown that an increase in final oil recovery by only 1% would
increase the annual production by 20 ± 30 mln t. Therefore, the
possibility of increasing oil reserves by enhancing the oil
recovery of water-flooded reservoirs appears significant.
According to expert estimates, the oil reserves difficult to
recover exceed 1012 tons all over the world, and in mature

economies, these are regarded not only as an inventory for
crude oil production, but also as a main source for its
intensification in the near future. Effective development of
difficult-to-recover oil reserves and further buildup of produc-
tion requires the design and wide-scale application of new
integrated EOR techniques.2, 3

II. Trends in the development of enhanced oil
recovery methods

In oil field development by water flooding, water is injected
into an oil deposit through a network of injection wells. The
injection of water makes up for the decrease in the formation
pressure caused by oil withdrawal through producing wells.
Water flooding is interpreted as displacement of oil from the
fractured-porous medium by water with the formation pres-
sure remaining the same and with full compensation of the
produced oil volume by the injected water volume. In the initial
stage of development, producing wells give anhydrous crude
oil and later, a fluid comprising an oil ±water mixture. The
ratio of the amount of the produced water to the amount of the
produced fluid is called water cut.

The oil recovery factor (ORF) is the ratio of the produced
oil volume to the initial oil reserves. The development target is
one or several oil formations developed together. The ORF
value can be represented as the product of oil displacement
efficiency (Kd) by the sweep efficiency (Kc) of the target by the
given treatment method

ORF=KdKc .

Even in the favourable case where water has penetrated
through 70% of the formation volume (Kc=0.7) and has
displaced 70% of oil from the penetrated areas (Kd=0.7), the
final ORF would not exceed 50%:

ORF=KdKc=0.760.7=0.49.

Computer simulation of oil field development does not
imply explicit use of the coefficients Kd and Kc in design
documents. Nevertheless, these values are useful as they allow
one to distinguish contributions of Kd and Kc to the ORF.

There are several reasons for incomplete oil recovery on
water flooding.4 ± 10 They can be divided into three groups. The
first group is related to the capillary-porous structure of the
reservoir rock and to the enormous overall oil ± rock contact
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area. The rock surface is always coated with an oil film that is
not displaced bywater. The film oil can account for 10%±20%
of the total oil volume in the reservoir rock. In addition,*10%
of oil remains in the formation as drops entrapped in narrow
sections of capillary pores and rock cracks. The displacement
of drops is hampered by the capillary pressure gradient, which
may be hundreds (or even thousands) times higher than
practicable pressure gradients of oil displacement with water.
Therefore, the highest Kd value usually does not exceed 0.7.
Thus, the first group of reasons is associated with adverse
influence of the ion-molecular surface forces at interfaces in the
oil ±water ± rock system.

The second group is related to the difference between oil
and water parameters, viz., density and viscosity, resulting in
uneven migration of the displacement front of oil by water.

The third group is related to geological and physical
heterogeneity of the reservoir (mainly, heterogeneous structure
and properties of the reservoir rock atmacro- andmicro-levels)
and is manifested as incomplete sweep of the rock by water
flooding, i.e., Kc is <1. Finally, this enhances the variance of
hydrodynamic and energy and mass exchange processes in the
formation.

Enhanced oil recovery can be attained by using physico-
chemical methods of productive formation treatment, in
particular, by introducing chemical reagents, which (e.g.,
surfactants, solvents, carbon dioxide) eliminate partially or
fully the adverse influence of capillary forces. Other materials
(polymer solutions, gels, emulsions and foams) change the
rheological properties and structure of the filtration flows of
the formation fluids (oil, water or emulsions with dissolved
gases) and decrease the hydrodynamic anisotropy of the oil
formation.

The long experience of using diversified methods for
enhancing oil recovery at West Siberia oil fields has shown
that methods that increase the sweep efficiency of the injected
water are most promising. This is due to the fact that in many
deposits progressive increase in the water content in the
produced oil (water cut >70%) is observed even at early
stage of development due to the low sweep efficiency
(Kc^ 0.1 ± 0.2). Meanwhile, the Kd value for high-permeabil-
ity, flooded-out formation zones is close to the maximum
attainable value, oil displacement by water is close to the
frontal drive and Kc^ 0.6 ± 0.7.

The EOR methods that increase Kd (for example, injection
of dilute surfactant and polymer solutions) proved to be of low
efficiency under field conditions. Meanwhile, the methods that
increase Kc (or both coefficients) provided engineering and
economic benefits irrespective of the particular impact mech-
anism.11 ± 18 These methods include the following:

Ð hydrodynamic methods changing the direction of filtra-
tion flows (various versions of non-stationary cyclic water
flooding);19

Ð physicochemical methods for the control of filtration
flows: injection of concentrated solutions of surfactants, oil-
displacement compositions, cross-linked polymeric and poly-
mer-dispersion systems, viscoelastic and gel-forming systems,
gas, emulsions and foam and generation of such systems in situ,
directly within the oil formation, by using thermotropic gel-
forming compositions, organosilicate systems, etc.5, 8, 9, 20

From the standpoint of subsurface gas- and hydrodynam-
ics, the problem of coverage of an oil-bearing formation with
water flooding is reduced to the control of the filtration flows
of formation fluids.21 Currently, the predominant view con-
siders EOR methods as efficient means for the control of
filtration flows, increase in the sweep efficiency of water-
flooding or another active treatment. The same goal is pursued
in using hydraulic fracturing of the formation, horizontal
drilling and branch wellbore drilling.22 ± 24 These methods
give rise to a fracture crack network and enhance oil produc-

tion. However, after that, the water cut of producing well fluid
rapidly increases. This also suggests using physicochemical
methods to control the sweep efficiency and intensify the
capillary counter-current impregnation of low-permeability
blocks of the fractured reservoir matrix. Physicochemical
methods for the control of filtration flows by creating gel
barriers in the formation are promising.

The oil remaining in the reservoir after water flooding is
called residual. On the basis of expert estimates, the residual oil
reserves are classified in the following way:4

Ð oil remaining in low-permeability interlayers and sec-
tions not swept by water, 27%;

Ð oil in stagnant pockets of uniform formations, 19%;
Ð oil remaining in lenses and at impermeable barriers not

exposed by wells, 24%;
Ð oil retained in capillaries and films, 30%.
Thus, the oil not swept by water flooding due to reservoir

heterogeneity accounts for 70% of all residual reserves and
represents the main source for enhancing oil recovery. For the
production of residual oil, it is important to systematically
select the EOR method and to schedule various types of
stimulation of producing and injection wells in a definite
order with time matching.25, 26

In recent years, the fraction of high-viscosity oils in the
total amount of crude oil produced in the world has increased.
The reserves of high-viscosity oils exceed *5 times the recov-
erable reserves of low- and medium-viscosity oils (according to
estimates, 810 and 162 bln t, respectively).27 Large reserves of
high-viscosity oils are found in Canada, Venezuela, Mexico,
USA, Russia, Kuwait and China.

Of the modern methods for production of high-viscosity
oils, thermal steam treatment of formation by stationary or
cyclic (huff-and-puff) steam injection is most efficient.28 ± 30

Most often, the injected steam has a temperature of 310 to
320 8C at the wellhead and dryness of 70%±80%. The
injection pressure usually does not exceed 15 ± 18 MPa. Com-
bustion of 1 t of oil in a steam generation plant gives from 10 to
15 t of steam. The treatment is considered efficient if this gives
1 t of additional produced oil per 3 ± 4 t of steam. The sta-
tionary steam injection is accomplished continuously though a
network of steam injection wells, while oil is produced through
a network of producing wells. The cyclic (huff-and-puff)
stimulation consists of three stages: first, steam is injected
into producing well, then the well is closed and kept for some
period for formation warming up, and after that, oil produc-
tion is resumed. When oil no longer enters the well, the huff-
and-puff cycle is repeated. In this case, the first cycle is most
effective, the efficiency of subsequent cycles being lower.

The efficiency of thermal steam treatment can be increased
by combining it with physicochemical methods that use gel-
forming and oil-displacing compositions. The use of gels
increases the sweep efficiency of steam injection, while the use
of oil-displacing compositions ensures additional oil recovery.
Integrated methods that combine thermal steam and physico-
chemical treatment of formation are at an early stage of
development (the number of these projects is small but they
arouse considerable interest).

In 1981, works on enhancing oil recovery by using phys-
icochemical methods were started at the Institute of Petroleum
Chemistry of the Siberian Branch of the RAS (IPC SB RAS).
A new approach to the development of efficient oil-displacing
compositions based on surfactants and alkaline buffer systems
has been proposed. A set of original devices and methods for
investigation of the physicochemical and rheological proper-
ties of the surface and bulk phases in the oil ± rock ± surfactant
solution system have been developed. A promising concept of
using the reservoir or injected heat carrier energy for in situ
generation of oil-displacing fluids, gels and sols directly in the
reservoir has been proposed. The physicochemical grounds for
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EOR methods making use of gel-forming systems and surfac-
tant compositions were proposed. The principles of selection of
oil recovery-enhancing compositions were implemented within
the concept considering oil-displacing liquids as physicochem-
ical systems with negative feedback, which maintain self-
adjusting properties optimal for oil recovery in the producing
formation for a long period of time. In recent years, develop-
ment of new techniques using inorganic and polymeric gel-
forming systems capable of generating gels directly in the
formation has been in progress. By using these techniques, it
is possible to create diverting barriers and control filtration
flows, which would increase oil production and decrease water
cut in the producing well product.

The chemical reagents used in industrial oil production
should be relatively cheap, environmentally safe and commer-
cially available on a large scale. Their application should not
induce irreversible changes in the environmental situation in oil
producing regions. The search for new cheap raw material
sources for the use in EOR techniques is of special value. In this
respect, good promise is given by the joint work of the Institute
of Petroleum Chemistry and the Institute of Solid State
Chemistry and Mechanochemistry of the Siberian Branch of
the RAS dealing with the preparation of soluble compounds
from plant stock (cellulose, rice hulls and so on) using
mechanochemical treatment and coordinating solvents 31 and
with the use of large-scale industrial products manufactured in
Russia, wastes from chemical and petrochemical plants and
Kuznetsk Basin coal industry and so on.32

The specialists of the IPC have developed eight EOR
techniques, which are used at West Siberian and other oil
deposits. Annually, 150 ± 200 wells are treated according to
these techniques. The additional oil production is on average
1 ± 3 th t per treated well and the payback period is 5 ± 10
months. Due to the use of the developed technologies at the
West Siberia oil fields, >1.5 mln t of oil were additionally
produced during the last 5 years alone. These technologies are
cost effective and environmentally safe; theymake use of large-
scale products available as wastes of various industrial proc-
esses in Russia. The pilot tests of gel technologies were
successfully carried out in the White Tiger offshore field in
South China Sea (Vietnam).

Currently, new technologies for enhancing oil recovery, in
particular, for high-viscosity oil fields, are developed. For
increasing the efficiency of cyclic steam treatment of high-
viscosity oil reservoirs, it was proposed to combine this method
with physicochemical methods, in particular, those using
polymeric and inorganic gels (for water shutoff) and surfactant
compositions and generating, on thermal treatment, carbon
dioxide and alkaline buffer system (for decreasing oil viscosity
and for additional oil displacement). A set of laboratory
studies has been performed. The first field tests of thermotropic
gel-forming compositions for water shutoff and surfactant-
based oil-displacing compositions were carried out between
2003 and 2006 as applied to cyclic steam treatment of high-
viscosity oil reservoirs of the Usinskoye oil field (Komi
Republic) and Liaohe and Gaosheng oil fields in China.

III. Compositions of surfactants and alkaline
buffer systems used for enhancing oil recovery of
low-permeability reservoirs

1. Effect of pH on oil displacement by water
A key factor hampering oil displacement by water is structur-
ing of the adsorption layers in the oil ± rock ± formation water
system. These layers contain tars, asphaltenes, heteroatomic
compounds, high-molecular-mass paraffins, mineral colloidal
particles.33 ± 42 As a result, gel-like layers (films), possibly
microemulsions, having high viscosity are formed at the inter-

face. These layers (films) create a structure-mechanical barrier,
which accounts for the kinetic stability of the disperse system
and prevents thermodynamically favourable processes.43

Therefore, of interest are investigations of boundary layers in
the oil ±water ± surfactant system, especially those carried out
by low-frequency vibration methods.44 ± 46 These methods
allow one to measure rheological parameters of contacting
bulky and surface phases under conditions of continuous
deformation with small amplitude (this type of deformation
occurs in an oil drop or film on filtration through a water-
saturated capillary-porous formation material).

For enhancing oil recovery, it is insufficient to ensure low
oil ±water interfacial tension. The interfacial tension is a
thermodynamic value equal to the free energy of the interface;
the lower the interfacial tension, the thermodynamically more
favourable the oil displacement process.47, 48 However, ther-
modynamically favourable process often cannot be accom-
plished due to its too long duration. In the case we consider,
adsorption layers rearrange slowly upon mechanical impact
due to the sharp increase in the structural viscosity or, what is
the same, due to the appearance of relaxing shear elasticity
following a decrease in the layer thickness. Consequently,
during water flooding at the formation pressure gradients, the
structured adsorption layers behave as non-thixotropic
mechanically strong films, which deteriorate filtration of for-
mation fluids and reduce oil recovery.33 ± 42, 49, 50 Thus, to
enhance the oil recovery, it is necessary to find practicable
ways for destructuring of the adsorption layers and decreasing
the interfacial tension.

When aqueous solutions inmiscible with oil are used for oil
displacement, the interfacial films can be destructured by
chemical reagents, namely, by surfactants and/or low-molec-
ular-mass inorganic compounds dissolved in the injected water
that are able to destroy hydrogen bonds and weaken hydro-
phobic interactions between the oil components constituting
these films.51 ± 55 The surface activity of surfactants should be
higher than that of oil components to provide the possibility of
displacing them from the adsorption layers. However, surfac-
tants should not form structured interfacial films. None of the
commercially manufactured surfactants fully meets these
requirements. The properties of the colloidal surfactants used
can be improved by adding low-molecular-weight organic co-
surfactants and by forming surfactant compositions with low-
molecular-mass inorganic chemicals that ensure destructuring
(fluidisation) of adsorption layers.

In the oil ±water ± rock system, the key role in structuring
(strengthening) of interfacial layers belongs to hydrogen
bonds, although hydrophobic interaction also plays a role at
high formation temperatures. The interfacial layers can be
destructured most readily and efficiently using alkaline chem-
icals as parts of oil-displacing compositions to destroy hydro-
gen bonds and weaken hydrophobic interactions between the
oil components of these layers.56, 57

The destructuring of interfacial layers by solutions of
alkaline reagents is caused by various chemical reactions
involving hydroxyl ions, specifically, neutralisation of acid
groups (carboxy, phenolic and thiol); saponification of ester
bonds; deprotonation of donor heteroatoms (nitrogen, sulfur);
association of hydroxyl ions with aromatic fragments of the oil
components; and influence on the structure of water and thus
on hydrophobic bonding, the conformational mobility of
hydrophobic parts of surfactants, etc. These reactions involv-
ing hydroxyl ions reduce the oil ±water interfacial tension
(Fig. 1),58 ± 60 change the electric double layer,61 ± 63 decrease
the viscosity of interfacial layers 58, 64 and increase the wett-
ability of the reservoir rock and oil phase by water.65 ± 69

Among all anions, the hydroxyl ion has the highest
adsorption potential with respect to the rock oxide minerals
in an aqueous medium and the highest mobility and exerts the
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most pronounced ordering effect on water. In an alkaline
solution, the initially hydrophobic sections of the rock become
hydrophilic and the thickness of the stable aqueous interlayer
between the rock and oil increases. The adsorption of hydroxyl
ions increases the surface density of the negative charge of the
rock and decreases the number of adsorption sites able to form
hydrogen bonds.65, 70 This is favourable for improving rock
wetting by water and for decreasing adsorption of both anionic
and non-ionic surfactants.71 ± 75 When surfactants are
adsorbed from alkaline solutions onto a negatively charged
rock surface, the orientation of surfactant molecules in the
adsorption layer is such that the hydrophilic character of the
rock does not change. For alkaline solutions of non-ionic and
anionic surfactants, a low interfacial tension and neutral
wetting in the rock ± oil ± aqueous phase system can be imple-
mented simultaneously, which is confirmed by the results of
testing of selective wetting in a model system with controlled
properties of interfaces.76 ± 78 This results in high capillary
numbers so that the oil-displacing ability of surfactant solu-
tions increases.5, 79, 80

In view of the foregoing, it appears promising to develop
compositions containing surfactants and alkaline chemicals
and combining the useful features of alkaline water flooding
and water flooding using surfactant solutions.4, 47, 48, 81, 82

Analysis of the features of oil displacement process by alkaline
solutions of surfactants 5 attests to the presence of an optimal
alkalinity range (pH 9.0 ± 10.5) in which the surfactants are
chemically stable and have the highest oil-sweeping ability.79 In
addition, it is in the range of pH 9.0 ± 10.5 that suspensions of
clay minerals have the lowest viscosity and adhesion to the
reservoir rock,83 which is important for water flooding of low-
permeability reservoirs. In this pH range, no noticeable dis-
solution of rock minerals and precipitation of alkaline-earth
metal hydroxides from formation or injected water are
observed, whereas at pH>10.5, calcium and magnesium
hydroxides can precipitate and rock minerals dissolve. In
highly alkaline media, non-ionic surfactants like hydoxyethy-
lated phenols undergo denaturation resulting in a sharp
increase in the critical micelle concentration.71

Thus, selection of an appropriate alkaline reagent is crucial
for the development of effective oil-displacing compositions

based on surfactants. A self-maintained, self-adjusted pH
value in the range from 9.0 to 10.5 can be ensured by using
buffer systems with maximum buffer capacity in this pH range.
In terms of more general views on an oil-displacing composi-
tion as a physicochemical system, the presence of an alkaline
buffer solution generates a negative feedback and thus imparts
the composition with self-adjustment property, i.e., mainte-
nance of its functions in the formation for a long period of time.
In physicochemical systems, self-adjustment is necessarily
accompanied by a change in the component concentrations
and has natural concentration limits within which the param-
eter characterising the self-adjustment efficiency reaches a
maximum. For buffer solutions, the buffer capacity is such a
parameter. The condition for maximum capacity is met if the
concentrations of the acid (base) and salt composing the buffer
system are equal. The thermodynamics of buffer solutions was
considered previously.84, 85 The effects of dilution, neutral
electrolyte and non-electrolyte additives, temperature and
pressure on the buffer capacity have been described in detail
in a monograph.86

Despite the enormous number of substances capable of
forming buffer solutions, only some organic and only four
inorganic buffer systems are suitable for the required pH range
(9 to 10.5): phosphate (tripolyphosphate), silicate, ammonia
and borate systems. The tripolyphosphate system can be used
to enhance oil recovery of high-permeability reservoirs with
low temperature. In the case of low-permeability reservoirs of
the West Siberia oil fields, its use is problematic, because
sodium tripolyphosphate rapidly hydrolyses above 323K
being converted into trisodium phosphate, which forms insolu-
ble salts with calcium, magnesium and iron ions present in
injected and formation waters. The use of silicate systems
(specifically, their field preparation) is faced with technical
difficulties caused by the tendency of sodium silicate to hydro-
lytic polycondensation and poor compatibility with oil field
brine. It is noteworthy that phosphate and silicate systems are
used in the techniques implementing the precipitation and
gelation effects for selective isolation of highly permeable
zones of the reservoir.

Ammonia, borate and mixed ammonia ± borate systems
are the systems of choice. They are prepared from ammonia,
ammonium nitrate, sodium tetraborate and boric acid. These
compounds are rather cheap commercial chemicals manufac-
tured on a large scale.

The use of compositions of non-ionic surfactants with an
alkaline reagent at high formation temperatures requires that
they contain anionic components, which increase the cloud
point of the non-ionic surfactant.87 Additionally, in order to
enhance the oil-sweeping ability and improve the compatibility
with oil field brine and injected water, it is desirable to
introduce low-molecular-mass organic compounds that com-
bine the functions of a non-colloidal co-surfactant and a
precipitation inhibitor for hydroxides and hardness calcium
or magnesium salts. Taking into account the above require-
ments, a number of compositions based on ionic and non-ionic
surfactants (oxyethylated alkylphenols: OP-10, Neonol
AF 9-12 and its analogues) were developed and laboratory
tested.5

2. IPC compositions based on surfactants and alkaline buffer
systems
Analysis of the development of physicochemical methods for
enhancing oil recovery reveals a clear tendency to impart self-
adjustment feature to the oil-displacing fluid, which allow the
fluid to maintain its functions in the reservoir rock for a long
period of time.88 The development of physicochemical princi-
ples for selection of surfactant compositions taking into
account the thermodynamic and kinetic parameters of the
oil ± rock ± aqueous phase system, which affect the oil displace-
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Figure 1. Oil interfacial tension for the AV1 formation of the Sovetskoye
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compositions.5
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ment from the porous rock, carried out at the IPC SB RAS is
based on the concept of an oil-displacing fluid as an above-
mentioned physicochemical system with negative feedback. It
was proposed that alkaline buffer systems with a highest buffer
capacity in the pH range of 9.0 ± 10.5 would be used in the oil-
displacing compositions of the IPC series.

Systematic studies of the effect of pH and the ionic strength
of aqueous electrolyte solutions on the interfacial tension of
oils showed that the pH dependence of the interfacial tension
(see Fig. 1) has extreme points: a maximum in the pH range
from 4.5 to 5.5 and a minimum at pH 9 ± 10. The maximum is
due to the presence of natural surfactants in oil.5 These are
heteroatomic compounds present as parts of tars and asphal-
tenes, the most high-molecular-mass oil components. The
functional groups of the cationic surfactants present in oil
include pyridine, quinoline and other, mainly heterocyclic,
basic groups and also tetrapyrrole fragments of oil metal
porphyrins. The anionic surfactants present in oil typically
contain carboxy, phenolic and thiol functional groups. The
decrease in the interfacial tension upon the shift of the aqueous
phase pH to the acidic region with respect to the maximum is
due to protonation of functional groups of cationic surfactants
in the interfacial layer, while that upon the shift of pH to the
alkaline region from the maximum is due to neutralisation of
the carboxy, phenolic and thiol groups of anionic surfactants.
The pH dependences of the interfacial tension for crude oils of
West Siberia and the Ural ±Volga region are different. In the
alkaline region, the interfacial tension decreases substantially
for West Siberian crudes, whereas for the sour crudes of the
Ural-Volga region, this decrease is slight, which may be
attributed to the presence of saturated sulfides having weakly
basic properties. For all crudes studied, the interfacial tension
varied inversely to the ionic strength of the aqueous phase.

At the oil ± aqueous phase interface, the natural surfactants
of oil form an amphoteric adsorption layer. The ionisation of
the polar ionic groups in the oil natural surfactants in acidic or
alkaline medium gives rise to an electric double layer at the
interface. The maximum in the dependence of the interfacial
tension of oil at the interface with the aqueous phase vs. pH of
the aqueous phase corresponds to the isoionic state of the
adsorption layer. The maximum pH value corresponds to the
isoionic point of the layer (pHi); it can be calculated as the half-
sum of the acid constant indexes (pKa) of the strongest acidic
and basic functional groups in the adsorbed molecules. The
strongest acidic groups present in oil surfactants are carboxy
groups (pKa=5.6), while the strongest basic groups are
pyridine (pKa=4.6) or quinoline groups (pKa=4.9). The
calculated pHi value equal to 5.3 virtually coincides with the
experimental pHi 5.2.

Taking into account the experimental dependences of the
interfacial tension on pH and the ionic strength of the aqueous
phase, an electrocapillary model of the interfacial layer has
been developed.5, 89 According to this model, the interfacial
layer (amphoteric adsorption layer of the natural surfactants
present in oil) has the properties of ion exchange membrane.
The extremal pattern of dependence of the interfacial tension
of oils on pH of the aqueous phase is caused by the presence of
an electric double layer arising due to ionisation of the
ionisable groups in natural surfactants of oil. The model
establishes relationship between the oil composition and the
physicochemical parameters of the interfacial layer, which
dictates the mechanism of oil displacement by aqueous sol-
utions (due to the change in the interfacial tension, adsorption
of the natural surfactants of oil, the composition and concen-
tration of electrolytes in the aqueous phase). In terms of this
model, the dependence of the interfacial tension of oil (s) on
the aqueous phase pH is given by the equation

s= si7bW2[7log(aH� +KI )7pHi]2+

+ cW4[7log(aH� +KI )7pHi]472.303G0RT log(1+KaI ),

where si is the interfacial tension in the isoionic point; b is the
integral capacity of the electric double layer; W=2.303RT/F,R
is the universal gas constant,T is temperature, F is the Faraday
number; aH� is the proton activity in the aqueous phase; K is
the ion exchange constant for the interfacial membrane; I is the
ionic strength of the aqueous phase; c is a parameter character-
ising the dependence of the integral capacity of the electric
double layer on its potential; G0 is the limiting adsorption of
electrolyte ions in the interfacial layer; Ka is the adsorption
constant for electrolyte ions in the interfacial layer.

As an example, Fig. 2 shows the dependences of the
interfacial tension on pH, one calculated using the above
equation (line) and one experimental (dots) for the crude of
the Sovetskoye oil field (AV1± 2 formation) at the interface with
an aqueous electrolyte solution with a constant ionic strength.

On the basis of investigation of the thermodynamic and
kinetic parameters of the oil ± rock ±water ± surfactant sys-
tems, the most promising IPC compositions involving surfac-
tants and ammonia buffer based on ammonia and ammonium
nitrate (cheap commercial products) were proposed for the
industrial use at the oil fields of West Siberia. These composi-
tions combine the advantages of alkaline water flooding and
water flooding with surfactant solutions.

A distinctive feature of IPC compositions is the fact that
they contain constituents of the geochemical nitrogen, carbon
or oxygen cycles. This accounts for their environmental accept-
ability and multifunctionality: the components serve as the
nutrition sources for the reservoir microflora, natural indica-
tors (tracer agents) of the filtration flows in the oil accumu-
lation, etc.

Waxy IPC compositions IHN-60 and IHN-100, low-vis-
cosity non-combustible liquids with freezing points ranging
from 733 to 755 8C were proposed for winter injection in
Northern regions. The use of IPC compositions increases the
oil displacement efficiency by 10%±20%. They can be
employed over broad ranges of formation temperatures and
compositions of formation water and for the development of
low-permeability and heterogeneous reservoirs. Upon oil dis-
placement by IPC compositions, the mobility of filtered fluid
increases 3 ± 7-fold, which attests to the possibility of appreci-
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able increase in the injectivity of injection wells on treatment of
the bottomhole formation zone.90 The specific loss of the
surfactant caused mainly by adsorption on the core material
during oil displacement equals 0.2 ± 0.6 mg g71.

3. Pilot testing of EOR processes using IPC compositions
Two processes making use of IPC compositions have been
developed: treatment of the bottomhole zones with small
volumes of the compositions; injection of large-volume slugs
(portions) of compositions in order to affect the interwell space
of the formation.

From 1984 to 2006, treatment of the bottomhole zones of
more than 150 injection wells was carried out under different
geological conditions in the oil fields of the Tomsk and Tyu-
men Regions. This process increases the well injectivity
1.5 ± 2.5-fold, decreases the injection pressure by 30%±40%,
increases the efficiency of the producing wells that are hydro-
dynamically connected to injection wells. The duration of the
effect is 6 to 16 months. The additional oil production is
20 ± 30 t per t of the injected composition. The technology is
cost effective, the payback time being 4 ± 9 months; it is
applicable to formations with temperatures of 10 ± 130 8C
and permeability of 0.005 ± 0.500 mm2, the effect being most
pronounced for low-permeable heterogeneous reservoirs of
Jurassic and Cretaceous deposits typical of West Siberia.5

The pilot testing of technology with injection of large-
volume slugs of IPC compositions with controlled alkalinity
was carried out from 1985 to 1989 under different geological
conditions in the pilot sites of oil fields of West Siberia: AV1

formation of the Sovetskoye field, YuV1 formation of the
Vakhskoye field, AV1± 3 , AV2± 3 , and BV10 formations of the
Samotlorskoye field, BV10 formation of the Lor-Yeganskoye
field, Yu1 formation of the Malo-Chernogorskoye field, and
AS4 formation of the Mamontovskoye field (Table 1), and in
pilot sites of the V3 formation of the Severo-Savinoborskoye
field (Komi Republic). Altogether >30 th t of IPC composi-
tions was injected. The slug volumewas 0.2%± 0.4%of the oil-
saturated pore volume of the pilot site formation.5, 18

Analysis of the state of the art of development of the pilot
sites resorting to the results of geophysical, hydrodynamic and
physicochemical studies showed that IPC compositions
improve the water flooding process: the water cut of producing
wells decreases, remains constant or increases at a lower rate;
the parameters of the bottomhole zone of injection wells and
the reservoir (productivity, hydroconductivity, piezoconduc-
tivity and permeability) are improved; the dynamic liquid
levels in producing wells increase; the residual oil saturation
decreases; oil displacement parameters are improved; and the
effective formation thickness either increases or remains the
same. The injectivity of the injection wells increases, resulting
in more intense development. The IPC compositions move

along the formation as a whole entity, being gradually diluted
with the formation water. The migration of the composition
front is accompanied by a decrease in the water cut of oil, to the
utmost, by 30%±40% and a pH increase from 6 ± 7 to 8 ± 10.
Some components of the IPC composition can be found in
reliably determinable concentrations (0.001%±0.1%) in the
producing well product for long periods of time, up to 2 ± 3
years, the highest surfactant and ammonium nitrate concen-
trations being 0.2%± 1.0%. The production of the compo-
nents from different wells occurs in comparable amounts,
which indicates that the formation has been swept throughout
the whole pilot site. The diagrams of the space distribution of
surfactant and the oil production according to wells are
similar, i.e., an increase in the surfactant production is accom-
panied by an increase in the specific oil production.5, 18

The produced water is less corrosive in the presence of IPC
compositions than the injected water. Thus the rate of corro-
sion of the test samples mounted in the oil-gathering systems in
the pilot sites of the Lor-Yeganskoye field was 0.1 mm per
year. The IPC compositions present in produced water in
concentrations of 0.5% enhance oil dehydration processes.

The engineering and cost efficiency of using IPC composi-
tions at the West Siberia oil fields was evaluated (see Table 1).
The increase in the oil recovery was from 2.8% to 27.5% (on
average, 8.2%). This technology provides from 9.8 to 68 t (on
average, 26.2 t) of oil produced additionally per t of the
composition or 183 t of oil per t of the surfactant. A computer
model of the process was designed.5 The industrial production
of the IPC compositions IHN-60 and IHN-100 was organised
in Russia (at the CJSC KHIMEKO-GANG and CJSC Polyex
plants).

The field tests revealed the stimulating effect of IPC
compositions on the development of the reservoir micro-
flora.91 ± 93 The components of the ammonia buffer system are
involved in the geochemical nitrogen cycle and serve as addi-
tional nitrogen nutrition for anaerobic and aerobic bacteria in
trophic chains of the microbial biocenosis of the oil-bearing
formation. Microbiological studies carried out in injection
areas of IPC compositions IHN-60 and IHN-100 into the
AV1 formation of the Sovetskoye oil field, AV1 , AV2± 3 and
BV10 formations of the Samotlorskoye oil field, YuV1 forma-
tion of the Vakhskoye and BV10 formation of the Lor-
Yeganskoye oil fields have shown that the amount of denitrify-
ing and heterotrophic bacteria, including Pseudomonas and
Actinomices, is much higher than in reference sites. The count
of sulfate-reducing bacteria in the produced water in the pilot
sites was much lower than that in the injected water or in the
produced water in the reference sites. The geochemical activity
of the denitrifying bacteria is directed at the oxidation of
organic compounds present in oil to give carbon dioxide, bio-
surfactants and other substances enhancing the oil recovery.

Table 1. Oil production with the use of IPC compositions on the pilot sites of West Siberia oil fields.18

Oil field Oil in place Amount Gain in Additional oil production

reserves /th t of the injected ORF (%)

name formation number of the injection well IPC compo- th t t per t of the IPC

sition /th t composition

Samotlorskoye AV1± 3 4110 1576.0 5.0 12.8 201.7 40.3

BV10 12168 369.0 2.3 27.5 101.5 44.1

BV10 12162 403.9 1.6 3.9 15.8 9.9

AV1�2
1 15 930 582.9 1.7 5.3 30.9 18.2

AV3
1 15 618 589.0 1.5 2.8 16.5 11.0

Lor Yeganskoye BV10 site 1 (wells 129, 132 133, 134) 706.9 2.1 2.9 20.5 9.8

BV10 site 3 (wells 85, 86 87, 88) 901.2 4.2 8.3 74.8 17.8

Malo-Chernogorskoye Yu11 239 551.6 1.8 3.7 20.4 11.3

Sovetskoye AV1 644 2458.0 5.8 7.5 184.4 31.8

Mamontovskoye AC4 2054 768.0 0.8 7.1 54.5 68.1
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IV. Surfactant compositions generating carbon
dioxide and an alkaline buffer system in the
reservoir
It was noted above that development of high-viscosity oil fields
involves thermal treatment techniques. Steam is used most
often as the heat carrier. Many researchers have attempted to
find chemicals for the addition to steam to improve its
action.28, 30, 94 Theoretically, the use of such additives may
decrease the temperature of steam condensation, for example,
by formation of an azeotropic mixture or water solubility in
compressed gases, increase the reservoir permeability for a
steam 7 gasmixture and so on. Carbon dioxide is the additive
of choice. The grounds for the beneficial effect of CO2 are well-
known; they include the increase in the reservoir rock perme-
ability for oil, the decrease in the oil viscosity, i.e., a favourable
change in the mobility ratio of oil and the aqueous phase, and
so on.48

For a number of years, the concept of high-viscosity oil
formation stimulation by a surfactant-based compositions,
which form CO2 and an ammonia buffer system under the
action of formation temperature, has been developed at the
IPC SB RAS.5, 95 Prior to steam injection, a slug of a compo-
sition representing an aqueous solution of a blend of non-ionic
and anionic surfactants, carbamide and ammonium salts, are
introduced into the well. In the oil-bearing formation, carba-
mide is hydrolysed under the action of high steam temperature
to give carbon dioxide and ammonia. Unlike ammonia, carbon
dioxide is soluble in oil much better than in water. The
partition coefficient for carbon dioxide in the oil ±water system
in the temperature range of 35 ± 100 8C and the pressure range
of 10 ± 40 MPa is between 4 and 10, whereas this value for
ammonia does not exceed 66 1074. Therefore, in the oil ±
water system, the oil phase is enriched in carbon dioxide and
the aqueous phase in enriched in ammonia, which forms,
together with the ammonium salt, an alkaline system with the
maximum buffer capacity at pH 9.0 ± 10.5, as in IPC compo-
sitions. This gives rise to several useful effects. The dissolution
of carbon dioxide in oil decreases oil viscosity. In the vapour
phase, carbon dioxide and ammonia help to maintain vapor ±
gas mixture at a temperature below the vapour condensation
point; therefore, the efficiency of transfer of oil components by
the distillation mechanism increases. Carbon dioxide and
ammonia reduce swelling of clay minerals of the reservoir
rock and thus help maintaining the initial reservoir perme-
ability. The same role is played by the ammonia buffer system,
which is formed upon dissolution of ammonia in an aqueous
solution of ammonium salts. In addition, owing to its alkalinity
(pH 9 ± 10) and the presence of surfactants, it promotes
intensification of the counter-current impregnation of the
formation and oil displacement.

1. Kinetics of carbamide hydrolysis in water and surfactant-
based compositions
The physicochemical mechanism of action of oil-displacing
compositions comprising surfactants and alkaline buffer sol-
utions producing CO2 in situ is based on the kinetics of
carbamide (urea) hydrolysis in water and compositions at
80 ± 250 8C.

Carbamide dissolved in water is rather stable up to 80 8C.
Above this temperature, it is hydrolysed to give ammonia and
carbon dioxide according to the overall reaction

CO(NH2)2+H2O CO2+2NH3 . (1)

Detailed information about the physicochemical properties
of components, phase equilibria and reaction kinetics in the
carbamide ±water ± ammonia ± carbon dioxide system have
been reported;96, 97 the kinetics of carbamide hydrolysis has

been described.96 The hydrolysis takes place in two steps. The
first step is isomerisation of carbamide to ammonium isocya-
nate

CO(NH2)2 NH4OCN. (2)

The second step is hydrolysis of ammonium isocyanate to
give ammonium carbonate

NH4OCN+2H2O (NH4)2CO3 . (3)

A kinetic study of carbamide hydrolysis in water and in
compositions has shown that the reaction follows the first
order kinetics with respect to carbamide in the carbamide
concentration range from 0.5% to 20% at 80 ± 100 8C. The
average temperature coefficient was 2.4, i.e., the Van't Hoff
rule was fulfilled.

For the temperature range of 100 ± 250 8C, the following
kinetic parameters were found: the activation energy and
the pre-exponential factor for the Arrhenius equation for
carbamide hydrolysis in water are 44.6 kJ mol71

and 4.016104 h71; for hydrolysis in compositions,
50.8� 1.5 kJ mol71 and 10.96104 h71, respectively.98 The
increase in the activation energy in the latter case is due to the
effect of the ammonium salt.

The activation energy for carbamide hydrolysis in the
temperature range of 80 ± 100 8C is twice as high as that in
the 100 ± 250 8C range. In the 80 ± 250 8C range, the rate-
limiting step of the reaction changes, as indicated by a change
in the slope of the temperature dependence of the reaction rate
constant (Fig. 3). At 80 ± 100 8C, the rate-limiting step is
carbamide isomerisation (2), which has a higher activation
energy than reaction (3). At 150 ± 250 8C, the rate of carba-
mide decomposition increases and the solution pH reaches
9 ± 10.5 where reaction (3) becomes the rate-limiting step.

As a result of carbamide hydrolysis at 80 ± 250 8C, solu-
tions of carbamide and oil-displacing compositions acquire
high buffer capacity with a maximum at pH 9.0 ± 10.5
(Fig. 4).98 In water, the rate of carbamide hydrolysis is higher
and the time it takes to attain the maximum pH is shorter than
in solutions containing ammonium salt; however, the highest
buffer capacity is observed only in the presence of the ammo-
nium salt. Indeed, at 100 8C, the highest buffer capacity of the
composition is 14.4 g-equiv. litre71 (pH unit)71, while that of
a carbamide solution is 5.3 g-equiv. litre71 (pH unit)71. At
250 8C, the buffer capacities of the composition and carbamide
solutions are 22.3 and 7.22 g-equiv. litre71 (pH unit)71,
respectively. The buffer capacity of compositions is 2 ± 4

1
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0 0.0022 0.0025 0.0028 1/T

71

72

73

logk

Figure 3. Temperature dependence of the rate constant for hydrolysis of

carbamide in a surfactant-based composition at 80 ± 250 8C.95

Temperature range /8C: (1) 100 ± 250, (2) 80 ± 100.
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times higher than that of carbamide solutions in water under
the same conditions. Due to the high buffer capacity, 10 ± 100-
fold dilution of the hydrolysed composition with water results
in only a slight change in pH (0.2 ± 0.5 pH units).

2. Rheological and filtration properties of high-viscosity oil
systems with various surfactant compositions generating
carbon dioxide and an alkaline buffer system in the oil
formation
The alternating thermal steam treatment and physicochemical
treatment with surfactant compositions of a high-viscosity oil
formation is based on the changes in the rheological properties
and a decrease in the viscosity of oil.28 ± 30, 48 The features of
such alternating treatment were revealed by rheokinetic studies
of high-viscosity oils of the Usinskoye and Yaregskoye oil
fields in Russia and the Liaohe and Fluarti oil fields in China.
The effects of time and temperature of oil autoclaving with
compositions on the temperature dependence of oil viscosity
during the consecutive heating and cooling were investigated
by vibrational and rotational viscometry 44, 45 in the temper-
ature range of 150 ± 250 8C. For oil : composition ratios vary-
ing from 4 : 1 to 1 : 1, heating at 150 ± 250 8C for 4 ± 24 h results
in a 3 ± 6-fold decrease in oil viscosity in the temperature range
of 20 ± 50 8C (Fig. 5). Moreover, the higher the autoclaving
temperature the lower the oil viscosity and the broader the
composition concentration range in which the viscosity drop
takes place. For autoclaving temperature of >200 8C, the
viscosity almost does not decrease. The most pronounced
decrease in the viscosity of the oils from the Usinskoye and

Yaregskoye fields occurs at the oil to composition ratio of 2 : 1
and 4 : 1, respectively (Fig. 6). As the fraction of the composi-
tion heated with oil increases further, the oil viscosity increases
due to the formation of high-viscosity emulsions, which was
confirmed by 1H NMR.95 These regularities hold most clearly
for small shearing stresses corresponding to the filtration
conditions of the formation fluids in the reservoir rock and
are retained under thermobaric conditions similar to those in
the formation, which was confirmed by studies of these systems
with a high-pressure viscometer.95

Laboratory studies on a high-pressure filtration setup have
shown that alternation of steam and composition slugs allows
one to enhance oil displacement efficiency compared to ther-
mal steam treatment. The major contribution to the gain in oil
displacement efficiency comes from the injection of the first
composition slug. A computer model for such process was
designed.99

3. Pilot-plant testing of the technology using the NINKA
compositions
The pilot tests of the technology using surfactant compositions
generating in situCO2 and alkaline buffer system (the NINKA
compositions) were carried out in the Permo-Carboniferous
high-viscosity oil formation region of the Usinskoye field
occurring at a late stage of development. The process was
designed to increase the efficiency of thermal steam treat-
ment.100, 101 In 2002, injection of 264 m3 of the NINKA
composition into three steam injection wells was carried out.
The use of this process in long-term steam injection decreases
the water cut of the product by 10%±20%and increases the oil
production rate by 40% on average with increasing the liquid
production rate by 5%±10% on average. The total additional
oil production from October 2002 to February 2004 in three
pilot sites was 44.3 th t (Table 2) or 14.7 th t of additional oil
production per treated well. The process was recommended for
use in high-viscosity oil deposits developed using thermal
steam treatment.

A promising way is the integrated use of gel-forming and
oil-displacing compositions in the high-viscosity oil pool
development bymeans of thermal steam treatment. As a result,
it is possible to increase both the sweep efficiency and the oil
displacement efficiency with simultaneous intensification of
the development.

In 2003, pilot tests of the process involving alternating
physicochemical treatment and cyclic steam treatment of the
high-viscosity oil pool of the Liaohe field (China) using the
NINKA composition were successfully carried out.100 Thirty
and forty tons of the composition and 2.5 th t of steam were
injected into each of two wells as several slugs. This provided a
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1.8 ± 2.3-fold increase in oil production with respect to steam
injection alone, the oil production time increased by
3 ± 5 months; oil viscosity decreased three-fold and the oil
pour point decreased from (6 ± 10) to7(4 ± 16) 8C. For exam-
ple, oil production from well 3-2 was 874 t between October
2003 and March 2005, while in the previous cycle with steam
injection alone, this was 375 t (Fig. 7). In 2005, the works on
using the NINKA composition were continued; injection into
five cyclic steam wells was carried out, and monitoring of their
operation was completed in 2006. Note that in 2005, repeated
injection of the NINKA composition into well 3-2 was carried
out (see Fig. 7). Oil production in this cycle was nearly the
same as in previous cycle. The alternating injection of steam
and the composition is more efficient than steam injection
alone.

The pilot tests of using the NINKA composition with
thermal steam and cyclic steam treatment of high-viscosity oil
pools of Russian and Chinese fields demonstrated the engi-
neering efficiency and environmental safety of the composi-
tion.

In China, industrial manufacture of the solid commercial
form of the NINKA-1 oil-displacing composition was organ-
ised.

V. Thermotropic gel-forming systems for
increasing sweep efficiency in water flooding and
thermal steam treatment

The increase in the formation sweep efficiency in water flood-
ing is especially topical for oil pools consisting of formations
not connected hydrodynamically. In this case, the mechanism
of alignment of the displacement front due to capillary and

hydrodynamic cross-flows is not effective. The producing wells
are water-flooded even at an early stage of development; it is
desirable that the EOR methods that increase the sweep
efficiency be used prior to the methods that increase the oil
displacement efficiency.

A promising way of solving the problem is gel generation in
situ. A number of methods for gel generation differing in the
type of gel-formation reaction are known. The most widely
used reactions are hydrolytic polycondensation ending in the
formation of inorganic gels (for example, metal hydroxide and
silicic acid gels),4, 8 the formation of three-dimensional poly-
meric structures through cross-linking of the macromolecules
of natural and synthetic polymers in solutions (polyacrylamide
cross-linked by chromium salts, etc.),8, 9, 12, 13 and solution ± gel
phase transitions in systems involving polymers with either
upper or lower critical solution temperature and water (ethers,
cellulose, polyvinyl alcohol, etc.).102, 103

In the IPC SB RAS, new methods were developed for
enhancing oil recovery using thermotropic inorganic and
polymeric gel-forming systems that generate gels in situ and
are designed for increasing sweep efficiency of water flooding
or thermal steam treatment.95, 102 ± 106

Each oil deposit has its geological and physical character-
istics. The composition of oil and the reservoir rock, the oil
viscosity, water salinity and the formation temperature and
pressure vary over broad ranges. Thus the formation temper-
ature is 8 ± 12 8C in Yakutia oil fields, 20 ± 40 8C in Tatarstan
fields, 50 ± 100 8C in West Siberia and 110 ± 170 8C in the
South China sea offshore deposits in Vietnam. Water salinity
can vary from 0 to 300 ± 400 g litre71. Therefore, gel-forming
systems with controllable properties should be used for
enhancing oil recovery.

A study of the physicochemistry and hydrodynamics of the
in situ gel generation has shown that gel-forming systems are
low-viscosity aqueous solutions under surface conditions,
while under reservoir conditions, they are converted into gels.
Gelation is induced by the thermal energy of the formation or
an injected heat carrier, or by the interaction of the injected
system with the formation fluids and reservoir rock. The gel
formation kinetics and the rheological and filtration character-
istics of various types of gels for heterogeneous formations
with permeability ranging from 0.01 to 10 mm2 were studied.
Gel-forming systems with different gel-generation times (rang-
ing from several minutes to several days) in the temperature
range of 30 ± 320 8C were proposed. Using these systems, five
gel processes for enhancing oil recovery of highly heteroge-
neous formations were developed at the IPC SB RAS; these
processes are used at oil fields of West Siberia and the Komi
Repiblic.95, 102 ± 107 The environmental safety of reagents
accounts for the extensive use of gel processes at oil fields in
Russia and abroad.

1. Thermally reversible polymeric gels
A new method for enhancing oil recovery from highly hetero-
geneous formations based on control of filtration flows and
increase in the sweep efficiency by thermally reversible poly-
meric gels during water flooding has been developed. The gels
are formed from polymer solutions with a lower critical
solution temperature (LCST).103, 108, 109 The gelation is
induced by the thermal energy of the formation or injected
heat carrier. Solutions of LCST polymers can form gel in situ:
at low temperatures, the solutions have low viscosity, while at
high temperatures they are converted into gels. The process is
reversible: on cooling, the gel is liquefied and becomes again a
low-viscosity solution and on repeated heating, the gel is
restored. The gelation temperature in the range from 30 to
120 8C and the gelation time can be controlled by inorganic
and organic additives, thus adjusting the systems to particular
formation conditions, viz., temperature and water salinity. The

Table 2. Additional oil production from October 2002 to February 2004
for injection of the NINKA composition in the pilot sites of the Usinskoye
field.100

Number of Target Additional Gain in the month

the injection oil produc- average oil produc-

well tion /th t tion rate for

producing wells (%)

4029 lower 11.2 31

4040 lower 14.0 41

4596 upper 19.1 49

Total 44.3 on average, by 40%
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gels can be used as effective means for controlling the water
influx, preventing gas breakthrough, elimination of gas cones,
etc.

At temperatures below LCST, an aqueous solution of the
polymer represents a homogeneous system, which splits into
two phases aboveLCST:103 ± 109 one phase is a highly dilute and
the other phase is a concentrated polymer solution.Due to high
viscosity of the latter, decomposition is hindered and non-
equilibrium. This gives rise to amicroheterogeneous kinetically
stable structure, viz., a thermally reversible polymeric gel. In
the concentrated phase, a three-dimensional framework is
formed, the dilute polymer phase being situated in its cells.

The ability of LCST polymer ±water systems to form gels
with an increase in temperature allows one to use them in EOR
processes aimed at increasing the formation sweep efficiency in
water flooding by selective isolation of the swept highly
permeable areas of the formation. Cellulose ethers (CE) are
the LCST polymers of choice.

The gelation kinetics and rheological characteristics in the
CE± aqueous phase system have been studied 102, 106 in order to
establish the possibility of using CE gels under various geo-
logical deposit conditions. A typical example of LCST CE is
methylcellulose (MC). The properties and structure of MC
solutions and gels have been considered in the literature.110 ± 114

The temperature dependence of the viscosity of MC solutions
passes through a minimum: on heating, the viscosity first
gradually decreases from 40 ± 70 to 5 ± 20 MPa s, i.e., 2 ± 14-
fold and, after the gelation point has been reached, sharply
increases to 100 ± 2000 MPa s (20 ± 100-fold), which is due to a
phase transition (Fig. 8). The process is reversible: on cooling,
the gel is converted again into a liquid. The temperature where
the viscosity is minimum corresponds to the LCST. In cycling
(alternation of heating and cooling processes), the rheological
parameters of the gel are reproduced.

The effect of electrolytes and non-electrolytes that change
the hydrophobic interactions in the system on phase equilibria
and gelation kinetics in MC solutions has been studied
experimentally (Fig. 9 and 10). The change in the gelation
point of CE solutions is affected most appreciably by anions,
the effect being correlated with positions of the anions in the
lyotropic series.95 The greatest decrease in the LCST is induced
by chlorides. The opposite effect, i.e., an increase in the LCST,
is exerted by salts with the CNS7 anion, and the effect of salts
with NOÿ3 is intermediate: the LCST somewhat increases on a
decrease in the gelation point depending on the cation nature.
The effect of cations is much less pronounced. For salts with

Cl7 or CNS7 anions, cations play a noticeable role but are
unable to change the pattern of anion effect. The most
pronounced decrease in the gelation point is induced by 1 : 1
electrolytes, while the action of 2 : 1 or 3 : 1 electrolytes is
weaker and almost equivalent. An exception is provided by
zinc chloride [a ZnCl2 concentration above 0.4 mol per kg of
water changes the character of effect on the gelation point,
which increases (see Fig. 9)] and aluminium chloride (when
present in a concentration of >0.8 mol per kg of water). At
these concentration, solutions of these chlorides are coordinat-
ing solvents. Thiourea, ethyl alcohol and isopropyl alcohol
also substantially increase the LCST. The action of electrolyte
and non-electrolyte agents is additive.

In view of geological parameters of oil fields, in particular,
the formation temperature, salinity of the formation and
injected water, it is possible to select gel-forming compositions
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optimal for particular conditions to control the filtration flows
and increase the sweep efficiency during water flooding.

The rheological measurements carried out using a Haake
RheoStress 600 rotational viscometer at temperatures from 20
to 150 8C and pressures of up to 50 atm have shown that joint
addition of carbamide and ammonium thiocyanate into CE
solutions may give solutions with gelation points of >100 8C
(Fig. 11).100 The gels retain their rheological characteristics at
high temperatures, up to 150 ± 220 8C. In the range of shear
rates of 0.5 ± 5 s71, the gel is a solid-like body exhibiting
(judging by the rheological curves) viscoelastic properties.
Therefore, gel-forming compositions can be used to control
the steam injection profile in cyclic steam wells.

The LCST polymer ±water systems typically exhibit a
temperature hysteresis for the solution ± gel phase transition.
The hysteresis in the MC± aqueous phase system was studied
by determining the gelation point during heating and the
liquefaction point during cooling.100 The effect of additives
increasing the gelation point (ethanol, ammonium thiocya-
nate, thiourea and carbamide) on the hysteresis was studied.
The gelation points in these systems were found to almost
coincide with the LCST values of polymers found by vibra-
tional viscometry.95 The liquefaction point was 30 ± 508 below
the gelation point (Fig. 12). The gelation and liquefaction
points increase almost linearly with the reagent concentrations,
these dependences being parallel for all reagents studied except
for carbamide.

The reversibility of the solution ± gel phase transition was
established experimentally in a study of water filtration
through a heterogeneous reservoir model under simulated
formation conditions. The studies were carried out in a setup
for filtration measurements at a constant water flow rate
through the model, which consisted of two parallel columns
with different permeabilities to simulate a heterogeneous
reservoir. Reservoir rock cores from oil field, various crude
oils and formation waters were used in the experiments. After
injection of the gel-forming solution into the reservoir model
and heating to 60 8C, redistribution of the filtration flows took
place and was retained on temperature increase up to 220 8C.
As the temperature was decreased from 220 to 20 8C and
during the subsequent water filtration, the initial flow distri-
bution was restored.

The gel formation in the reservoir rock results in a selective
decrease in the phase permeability of the rock with respect to
water (Fig. 13): the pressure gradient for water filtration
through the gel is 2 ± 3 times higher than that for oil filtra-
tion.100

The filtration characteristics and the oil-displacing proper-
ties of gel-forming compositions based on MC were studied
experimentally as applied to heterogeneous reservoirs of West
Siberia oil fields.115, 116 It was found that injection of a slug of
the gel-forming solution into a heterogeneous reservoir model
results in redistribution of the filtration flows where the liquid
mobility in the highly permeable part sharply decreases, while
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that in the low- permeability part most often remains the same.
The redistribution of filtration flows is accompanied by after-
sweeping of the residual oil, which is especially pronounced in
the case of low-permeability model. Gel-forming compositions
have shown high efficiency in increasing the sweep efficiency
on heterogeneous reservoir models with interlayer permeabil-
ity differing by factors of 3 ± 20. Therefore, these compositions
were recommended for the control of filtration flows of
formation fluids and water shutoff in highly heterogeneous
reservoirs. Ammonium thiocyanate and carbamide present in
gel-forming compositions are simultaneously trace indicators.

At a temperature of 200 8C under simulated formation
conditions, the filtration characteristics and oil displacement
efficiency upon physicochemical action of a gel-forming com-
position on the high-viscosity oil pool were studied. The use of
gel-forming composition ensured equalisation of filtration
flows due to a decrease in the liquid phase mobility in high-
permeability interlayers, which is accompanied by oil after-
sweeping from both low- and high-permeability zones of the
reservoir model. For example, after injection of the composi-
tion into the heterogeneous reservoirmodel with permeabilities
of the columns differing by a factor of 5.4 (0.397 and
2.123 mm2), redistribution of the filtration flows took place
and the ratio of liquid mobilities in the reservoir model
changed from 1 : 4.3 to 50 : 1. When water was pumped in the
opposite direction (simulation of the operation conditions of a
cyclic steam well), the filtration pattern was retained. The oil
displacement efficiency increased by 12%±13% compared to
that observed with steam injection.115

The investigations resulted in the selection of the optimal
gel-forming blends for enhancing oil recovery by water influx
control during water flooding or thermal treatment of the
formation. In particular, gel-forming METKA compositions
were developed. A low-viscosity aqueous solution capable of
forming gels under formation conditions is injected into the
formation at 30 ± 120 8C. A gel screen is formed in the high-
permeability formation part into which the main bulk of the
composition gets; this results in redistribution of filtration
flows. Upon pumping of the METKA composition into
injection wells, their input profiles are equalised, water pro-
duction decreases and the oil production rates of the producing

wells that are hydrodynamically connected to injection wells
increase. The METKA compositions are easy to handle; the
best water solubility of the polymer is attained in the temper-
ature range of 0 ± 10 8C. The processes are cost effective and
environmentally safe and are implemented by means of stand-
ard oil field equipment.

Successive large-scale pilot tests of EORprocesses based on
the use of thermally reversible gels in theWest Siberia oil fields
were carried out from 1996 to 1997. In 1996, the METKA
composition was injected into 11 wells and in 1997, into 47
injection wells (50 ± 100 m3 per well). In 2 ± 3 months after
injection, the producing wells hydrodynamically connected to
injection wells showed lower water production and higher oil
production rates. This process has been used on an industrial
scale at theWest Siberia oil fields since 1998 (Lukoil company).
An industrial mobile unit for the preparation and injection of
the composition was designed (designer the OJSC OTO).
Between 1998 and 2003, the METKA composition was
injected into 382 wells. The additional oil production
amounted to 480 th t; the payback period was 5 ± 9 months;
the process efficiency was on average 1300 t of additionally
produced oil per treated well. All reagents are large-scale
commercial chemicals.

On combined treatment of both hydrodynamically con-
nected injection wells and producing wells, the process effi-
ciency increases. In 2001, pilot testing of the water shutoff
process by simultaneous treatment of the bottomhole zones of
the injection and producing wells with gel-forming composi-
tions was carried out in two pilot sites of the AB1 formation of
the Urievskoye oil field.107, 117 The injected volume of the
composition per well was from 50 to 200 m3; altogether
620 m3 were injected. This resulted in redistribution of the
filtration flows and decrease in water influx, which was
manifested in lower water production and higher oil produc-
tion rates of the producing wells (Fig. 14). The additional oil
production was 6542 t over 7 months.

Thermally reversible polymer gels are used in a number of
technologies.

A technology for elimination of the behind-the-casing
water flow was tested in gas wells of the Myldzhinskoye gas
condensate field.118 For example, well No. 133 produced gas
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containing formation water; at a gas production rate of
300 thm3 per day, water content was 30 t, which is much
higher than the allowable value. After injection of theMETKA
gel-forming composition together with the installation of a
cement bridging, the gas production rate was 430 thm3 per day
with only traces of water; the well has operated at such
production rate for three years.

In 2002 ± 2003, the Institute of Petroleum Chemistry of the
Siberian Branch of the RAS, together with the Institute of
Mining of the Siberian Branch of the RAS carried out
successful pilot testing of integrated vibroseismic and phys-
icochemical treatment of the BV8 formation of the Pokachev-
skoye oil field using the METKA composition.107

In 2005 ± 2006, processes of increasing the efficiency of
cyclic steam treatment of a high-viscosity oil pool using the
METKA composition for water shutoff were successfully
tested at two wells of the Liaohe deposit (China).100 After
injection of the gel-forming composition, the oil water cut in
producing wells decreased and oil production rate increased.

2. Methods for enhancing oil recovery using inorganic gel-
forming systems
The ability of the aluminium salt ± carbamide ±water ± surfac-
tant system to generate inorganic gel and CO2 in situ at
temperatures 40 ± 320 8C underlies the technology where inor-
ganic gel-forming compositions are used to increase the sweep
efficiency of water or steam injection.105, 107, 119 ± 121

The free or bound disperse systems (sols and gels) may be
generated in the oil formation by the condensationmechanism,
in particular, based on the `arising reactants' (homogeneous
precipitation) principle known in analytical chemistry.5Within
the framework of this principle, a new physicochemical
method for enhancing oil recovery was proposed. A homoge-
neous aqueous solution containing a gel-forming system is
injected into the oil formation.Due to the thermal energy of the
formation or an injected heat carrier, one component of the
system is gradually hydrolysed, the hydrolysis products induc-
ing a shift of the protolytic equilibrium of another component.
This triggers hydrolytic polycondensation of monomer units,
and, after a definite period of time, a gel is formed almost
instantaneously throughout the whole solution volume. The
`arising reactants' principle was implemented in the develop-
ment of the reported physicochemical EOR method.122, 123

Liquid aluminium salt ± carbamide ±water ± surfactant gel-
forming systems are low-viscosity solutions with pH 2.5 ± 3.5.
They are able to dissolve carbonate minerals in the reservoir
rock and decrease (suppress) clay swelling. The solutions can
be prepared using water with any salinity. They are injected
into the oil-bearing formation through injection wells using
standard equipment.

Carbamide is hydrolysed in the formation to give ammonia
and carbon dioxide, which leads to gradual increase in the
solution pH. When pH becomes 3.8 ± 4.2, hydrolysis of alumi-
nium ions takes place, and, as a consequence, after some period
of time, aluminium hydroxide gel is formed almost instanta-
neously throughout the whole solution bulk (Figs 15, 16). The
time required for gelation depends on the formation temper-
ature and the component ratio in the gel-forming system. After
gel generation, the reservoir rock permeability for water
decreases 4 ± 35-fold. The greater the initial water saturation
and permeability of the reservoir rock the higher the degree of
permeability decrease. The static shear stress of the gel is within
3 ± 40 Pa. In the presence of surfactants, wetting of the oil
reservoir rock by the gel-forming solution is enhanced and the
penetrating and oil-displacing ability of the solution increases.
In addition, the surfactant exerts a plasticising action on the
aluminium hydroxide gel and can form a foam with carbon
dioxide and ammonia evolved upon carbamide hydrolysis.5

The rheological properties of the gel correspond to the
properties of a thixotropic pseudoplastic body with the coag-
ulation structure. A distinctive feature of the gel is the perme-
ability for the aqueous phase at shear stresses lower than the
static shear stress of the gel itself. Gelation results in redistrib-
ution of filtration flows, equalisation of input profiles of
injection wells, and a decrease in water cut of the oil from
producing wells. Gel-forming systems are designed for the
development of oil pools with high formation temperature and
heterogeneity, which is typical of West Siberia oil fields and
high-viscosity oil pools developed by thermal methods.

In the temperature range of 70 ± 100 8C, the gelation
kinetics is determined by the hydrolysis of carbamide, which
is much slower than the formation of aluminium hydroxide gel
by the coagulation mechanism representing is a cooperative
process. The pre-exponential factor (1.161012 s71) in the
Arrhenius equation and the activation energy (115 kJ mol71)
for carbamide hydrolysis in the gel-forming solution were
estimated. The results are consistent with published values.96

However, the activation energy found is lower than the
activation energy for carbamide hydrolysis in the absence of
aluminium salt (134 kJ mol71), which is indicative of catalysis
by the acid resulting fromhydrolysis of the aluminium salt. The
effect of temperature on the gelation time (tg) obeys the Van't
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Hoff rule: upon temperature increase by each 108, the gelation
time increases 3.5-fold.

In the temperature range of 100 ± 250 8C the Arrhenius
dependence for the solution ± gel transition is described ana-
lytically by the following regression:

log
1

tg
=0.8322 ± 3999.9

1

T
.

The activation energy and the pre-exponential factor in the
Arrhenius equation for the solution ± gel transition are equal to
33.3 kJ mol71 and 2.3 s71, respectively, which is much lower
than for the temperature below 100 8C. In addition, in the
100 ± 250 8C range, the effect of temperature on the gelation
time does not obey the Van't Hoff rule: an increase in temper-
ature by each 108 results in a 1.2-fold increase in the gelation
time. These results provide the conclusion that in the temper-
ature range of 100 ± 250 8C the gelation kinetics in the alumi-
nium salt ± carbamide ±water system is determined by the
coagulation type formation of the aluminium hydroxide gel.
The S-shape of the curves shown in Fig. 16 and the low
activation energy attest to a cooperative mechanism of the
coagulation process similar to the mechanism of phase tran-
sition or branching chain reaction.

At 70 ± 100 8C, the gelation time depends on the concen-
trations and the concentration ratio of aluminium chloride and
carbamide in solution; at a temperature above 150 8C this
dependence is smoothened down. The lower the carbamide
concentration the longer the gel formation. By varying the
ratio of the aluminium salt and carbamide, one can control the
gelation time, thus adjusting it to a particular formation
temperature.119, 120

In the range of 100 ± 250 8C, the gel viscosity depends most
appreciably on the aluminium chloride concentration. The
effect of the component ratio and temperature is insignificant.
The viscosity of solutions with aluminium chloride concen-
tration of 4.0 mass% and 8.0 mass% increases during gel
formation by the coagulation mechanism from 1.2 ± 1.6 to
300 ± 3500 MPa s and from 1.8 ± 2.5 to 1800 ± 7500 MPa s,
respectively.

On the basis of the results of studies on the gelation kinetics
and the rheological characteristics of the aluminium salt ±
carbamide ±water ± surfactant systems, gel-forming GALKA
compositions and GALKA± surfactant systems were
designed. During the period from 1989 to 1995, pilot testing
of the EOR technology using inorganic gel-forming GALKA
compositions was successfully carried out at West Siberia oil
fields; since 1996, this method has been industrially used. This
results in redistribution of filtration flows, an increase in the
sweep efficiency of water flooding, and, hence, an increase in
the ultimate oil recovery by 5%±8%. The additional oil
production was 400 to 3000 t per treated well. The pilot testing
of gel-processes was successfully carried out at theWhite Tiger
oil field (Vietnam).

In 1996, the IPC SB RAS organised, in cooperation with
the OJSC Nefteotdacha, the manufacture of the GALKA
composition as a liquid commercial product using alumi-
nium-containing industrial wastes. In 2000, the IPC SB RAS
organised, in cooperation with the OJSC AURAT, the manu-
facture of solid commercial products including the GALKA
composition, viz., GALKA± thermogel-S for formation tem-
peratures of 70 ± 320 8C, GALKA± thermogel-U for temper-
atures of 40 ± 70 8C, GALKA± thermogel-NT for tempera-
tures of 20 ± 40 8C. The advantages of the GALKA± thermo-
gel systems include: controlled gelation temperature, homoge-
neity and low viscosity of aqueous solutions, low pour points of
solutions, and availability of a solid commercial product. This
allows them to be used over a broad temperature range (from
20 to 320 8C); they are applicable to low-permeability reser-
voirs; the composition can be injected into a well by batching
directly into the water pipe without preliminary dissolution
(this process can be used in the winter season).

The inorganic gels GALKA withstand the temperatures of
300 ± 320 8C; hence, they can be used to increase the sweep
efficiency in the thermal steam treatment for the development
of high-viscosity oil pools.107 In 2002, pilot testing of the
process using the composition as the commercial solid product
was carried out on the thermal steam treatment site PTV-3 of
the Permo-Carboniferous pool of the Usinskoye field; 600 m3

of the GALKA± thermogel-S composition were injected into
four steam injection wells. The composition showed good field
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handling properties and environmental safety. The 29 produc-
ing wells of the pilot site produced additionally 33 th t of oil
from October 2002 to February 2004. The engineering effi-
ciency amounts to 275 t of additional oil production per t of
the solid commercial GALKA± thermogel-S composition. The
water production of the producing wells decreased by
3%±45% and the oil production rate increased by 23% on
average (Fig. 17); the decrease of the monthly liquid produc-
tion rate was 19.8% on average.

3. Integrated EOR process using gel-forming and oil-
displacing compositions
For enhancing the oil recovery of fields with highly heteroge-
neous reservoirs at a later stage of development, the isolation of
high-permeability watered formations by their blocking should
be followed by intensification of liquid filtration in low-
permeability formations. This requires an integrated technol-
ogy: first, a gel-forming composition is used to increase the
sweep efficiency of water flooding and then an oil-displacing
composition is employed to intensify the development of a low-
permeability formation. This combined action on the oil pool
allows one to efficiently redistribute the filtration flows of
formation fluids and to develop the formations not swept
previously by water flooding; this method is efficient for
enhancing the oil recovery of low-permeability highly hetero-
geneous oil pools at both early and late stages of field develop-
ment.

For the development of oil reserves difficult to recover of
the Jurassic deposits ofWest Siberia, an integrated process was
proposed wherein GALKA± thermogel was used as the gel-
forming composition and IHN-100 was used as the oil-displac-
ing composition. Unlike the known compositions, these gel-
forming and oil-displacing compositions possess complemen-
tary physicochemical properties, resulting in synergistic action.

In 2001, pilot testing of the integrated process was carried
out in the Las-Yeganskoye field (YuV1 formation). The
GALKA± thermogel-U composition (6, 10 and 18 t) and
IHN-100 composition (30, 50 and 48 t) were pumped into
injection wells. Analysis of the field data showed that the
combined action of these compositions resulted in redistrib-
ution of the filtration flows in the formation, involvement of
low-permeability interlayers and intensification of their devel-
opment, which is manifested in lower water cut of the products

and higher oil and liquid production rates from the producing
wells hydrodynamically connected to the injection wells
(Fig. 18). The additional oil production over the site from
January 2001 to October 2002 was 4.4 th t.107 The process was
recommended for industrial use in West Siberia fields.

Currently, development of other integrated methods is in
progress, for example, the pulse explosive stimulation of the
formation combined with using oil-displacing and gel-forming
compositions, physicochemical and microbiological EOR
methods.

The development of the physicochemical methods for
enhancing oil recovery and increase in the extent of their
application may provide, even in the near future, a significant
gain in the recoverable reserves and current oil production
both on operating and newly explored oil fields in Russia.
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Abstract. Theoretical views on the mechanisms of overcomingTheoretical views on the mechanisms of overcoming
spin prohibitions in photoprocesses and in enzymatic activa-spin prohibitions in photoprocesses and in enzymatic activa-
tion of the Otion of the O22 molecule are considered. The electronic struc-molecule are considered. The electronic struc-
tures of various quantum states of this molecule and collisiontures of various quantum states of this molecule and collision
complexes of oxygen with other molecules are given. Thecomplexes of oxygen with other molecules are given. The
patterns of biochemical activation of Opatterns of biochemical activation of O22 through Tthrough T77S tran-S tran-
sitions in enzymatic complexes are proposed. It is noted thatsitions in enzymatic complexes are proposed. It is noted that
the enhancement mechanisms for specific exchange interac-the enhancement mechanisms for specific exchange interac-
tions in enzymatic complexes have common features withtions in enzymatic complexes have common features with
mechanisms of physical photoactivation of oxygen. The bib-mechanisms of physical photoactivation of oxygen. The bib-
liography includes 164 referencesliography includes 164 references..

I. Introduction

Specific physicochemical properties of the diatomic oxygen
molecule are due to incompleteness of the outer pg-electron
shell.1 ± 9 Oxygen is paramagnetic 4 and can both quench and
sensitise luminescence of organic compounds,1, 2 acts as a
catalyst of some chemical transformations 6 and as an oxidant
in many processes, in particular, breath, combustion and
putrefaction, which occur at different rates and by different
mechanisms.5 ± 7 Molecular oxygen is basic to life on Earth.6

Indeed, it protects living organisms from hard solar radiation,
absorbs the most part of UV radiation in upper atmosphere,
generates the ozone layer that absorbs softer UV radiation in
the stratosphere and, finally, provides the aerobic life with the
energy of breath.However, since Lavoisier, who discovered the
ability of the oxygen molecule to maintain breath and combus-
tion, there is no clear understanding of the mechanisms of
enzymatic activation of O2 , their relation to the electronic
structure and spin of the molecule, to the fine structure of spin
multiplet states of oxygen and to other physical (optical and
magnetic) properties of this molecule.3 ± 21

The present review is concerned with many aspects of
photophysical and biochemical activation of O2 associated
with overcoming spin prohibitions. Photochemistry of singlet

oxygen is only briefly outlined, because it was considered in
recent reviews.17 ± 21

Almost all reactions of oxygen molecule with chemically
stable diamagnetic compounds are exothermic and require
specific activation.5 ± 8 Combustion requires initial high-tem-
perature activation of O2 in the form of ignition (generation of
primary radicals),8 breath requires biochemical enzymatic
activation;5 in the case of autooxidation the activation is
inefficient and slow.6 Exothermicity of the oxidation reactions
of organic substances is usually explained by high electro-
negativity of oxygen and by additional stabilisation of C7O
and O7H bonds due to their higher polarity 6 compared to
C7C and C7H bonds. It is believed 5, 6 that, owing to high
strength of the O7O bond in the O2 molecule, the activation
energies for reactions involving oxygen are too high for them to
proceed at sufficiently high rates under normal conditions.
However, the chemical inertness of the oxygen molecule is not
due only to high bond energy, but also to spin restric-
tions.3 ± 5, 12

Clearly, aerobic life has appeared and exists due to specific
kinetic prohibitions to reactions of paramagnetic oxygen with
diamagnetic organic substances.3, 12 The main source of slow-
ing down of the O2 reactions is the spin prohibition, namely,
the reactants have two unpaired spins (from O2 molecule;
electrons in substrate are paired), while in diamagnetic oxida-
tion products all spins are always paired. The overcoming of
this prohibition by introducing (generating) radicals to react
with oxygen (burn) is inadmissible to livingmatter. Enzymes of
a living cell find another way to overcome the spin prohibition
to reactions of oxygen `insertion' into diamagnetic organic
substances. Therefore, establishment of the mechanisms of
enzymatic bio-activation of oxygen requires investigations of
spin effects.3, 12

Nearly three decades ago the author of this review first
explained intensity borrowing mechanism of magnetic dipole
transitions 22 ± 24 responsible for the known atmospheric
absorption bands of oxygen.11 Calculations of the structure
of collision complexes of O2 with diamagnetic substances 25 ± 28

and their chemical reactions with account of spin ± orbit
coupling 29 ± 33 underlie the theory that made it possible to
find the ways of overcoming spin prohibitions in the case of
weak intermolecular interactions and in the course of chemical
reactions.12, 29, 34 ± 38 Recently, this theory has found numerous
supports.1, 3, 35 ± 37, 39 ± 43
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This review conciders the electronic mechanisms of over-
coming spin prohibitions to the reactions of O2 and oxygen
complexes with other molecules including solvent molecules
and active sites of enzymes. Processes leading to acceleration of
radiative and non-radiative triplet7singlet (T7S) transitions
in O2 molecule induced by collisions in the gas phase and in
solution including sensitisation of singlet oxygen are generally
termed `photophysical activation'. We will also consider mech-
anisms of singlet oxygen luminescence and quenching,
although these processes are in essence deactivation. The
possibility of removal of spin prohibition in photophysical
processes is treated as the first step towards understanding of
biochemical enzymatic reactions of oxygen.3, 24 ± 37 In the
review we also analyse the physical (mainly spectral) and
chemical properties of O2 molecule and the properties of
other active forms of oxygen in relation to photoshemistry of
atmosphere, combustion, catalysis and bio-oxidation.

II. Mechanisms of triplet7singlet transitions
in the oxygen molecule

1. Energy characteristics of pure spin states of the oxygen
molecule
Let us consider the ground- and excited-state electronic struc-
ture of O2 molecule and factors determining the probability of
T7S-transitions in free the oxygen molecule.

Back in 1848, Faraday weighed various gases with a
magnetic balance and established that, unlike many other
elements, molecular oxygen is paramagnetic.6 An explanation
for this amazing fact was reported much later.4 Mulliken
explained paramagnetism of molecular oxygen by considering
the ground-state configuration in which the highest occupied
molecular orbital (MO) is a doubly degenerate pg orbital
occupied by two electrons.4 In this case the inclusion of a
`molecular' analogue of Hund's rule leads to parallel electron
spin orientations in the lowest-energy state. Thus, atmospheric
oxygen contains O2 molecules in the triplet ground state
corresponding to the following electronic configuration 4, 22

C=(1sg)2(1su)2(2sg)2(2su)2(3sg)2(1pu)4(1pg)2. (1)

There are four possible quantum states of the molecule with
particular values of the spin (S ) and orbital (Lz) angular
momenta 4 depending on arrangement of two outer electrons
in two degenerate 1pg-MOs. Using complex wave functions of
MO in the form 15

p�g =c(r,y)e� if, (1a)

where y is the angle between the z axis and the radius vector r,f
is the angle of rotation of the radius vector r about the
molecular axis z, these states can be represented by the
following qualitative models:

[ : ][ : ] [ : ; ][ ] [ ][ : ; ] [ : ][ ; ] (2)

j3Sÿg i j1Dgi j1Dgi j1S�g i

Here the quantum cells [ ][ ] denote degenerate p�g -orbitals. The
respective complex determinant wave functions for the open
shells of the states (2) have the form 4, 10

3Sÿg �
1���
2
p
�
p��pÿ
�� ��ÿ pÿ �p�

�� ���, (2a)

1Dg � p��p�
�� ��,

1Dg � pÿ�pÿj j,

1S�g �
1���
2
p
�
p��pÿ
�� ��� pÿ�p�

�� ���.
Here j j is the conventional notation of the determinant wave
functions,10 p� denotes the a-spin MO (spin-up MO) and �p�

denotes the b-spin p�g -MO (spin-down MO). The functions
(2a) are eigenfunctions of the operator of the orbital angular
momentum projection (Lz) with the quantum number L=0
(for the states S�g ) and 2 (for the states 1Dg)4, 10 ± 16 in �h= h/2p
units (h is the Planck constant). With allowance for exchange
interaction between two pg-electrons, the triplet state 3Sÿg has
the lowest energy, thus being the ground state; the next is the
doubly degenerate singlet state 1Dg , while the singlet state 1S�g
has the highest energy.4, 9

The total spin quantum number (S) in the expression for
the eigenfunctions of the operator S 2

S 2C=S(S+1)�h2C (3)

is equal to zero for singlets and to unity, for triplets.15

Functions (2a) obey relation (3), their multiplicity (left super-
script) is 2S+1. Qualitative description of energy character-
istics of O2 can be obtained 22 using simple semiempirical
quantum chemical methods, e.g., INDO.15 The inclusion of
configuration interaction (CI) with the basis set (2) leads to the
same splitting between the three states j3Sÿg i, j1Dg i, j1S�g i,
equal to the atomic exchange integral:13 (pxpyjpxpy)=0.8 eV.
The energies of the singlet states j1Dg i and j1S�g i calculated
relative to the triplet ground-state energy are 0.8 and 1.6 eV,
respectively,22 which agrees with experimental data (0.98 and
1.63 eV, respectively).9 The agreement is improved by inclu-
sion of configuration interaction and the ... (1pu)2(1pg)4 con-
figuration, however the pattern of the wave functions remains
essentially the same.12 The following is quite important.
Computational quantum chemistry methods usually employ
real wave functions for the atomic basis set px , py and pz.15 The
singlet states are described by the following combinations of
the wave functions:10, 22

j1Dgi=1F1 �
1���
2
p
�
px�pxj j ÿ py�py

�� ���, (4)

j1Dgi=1F2 �
1���
2
p
�
px�py
�� ��� py�px

�� ���, (4a)

j1S�g i=1F3 �
1���
2
p
�
px�pxj j � py�py

�� ���, (5)

j3Sÿg i=3F0 �
1���
2
p
�
px�py
�� ��ÿ py�px

�� ���,
where px denotes the spin-up (a-spin) 1pgx-MO and �px denotes
the spin-down (b-spin) 1pgx-MO. The real pg-MO functions in
the INDO approximation have a simple form 22

px �
1���
2
p
�
pAx ÿ pBx

�
, (6)

py �
1���
2
p
�
pAy ÿ pBy

�
,

where pAx denotes the real 2p-AO of the atomA, oriented along
the x axis and the symbols `A' and `B' denote the two oxygen
atoms. Electrons of the closed shell in Eqns (4) and (5) are
omitted because they do not affect the matrix elements of the
one-electron operators [dipole moment, angular momentum,
spin ± orbit coupling (SOC)]. For the triplet ground state j3Sÿg i,
the form of the determinant functions (2) and (5) remains
unchanged, whereas the functions for the singlet states (2) in
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the real basis set (6) have another form. This feature should be
taken into account 12 in calculations of (i) collision complexes
of oxygen molecule with other molecules and (ii) chemical
reactions involving this molecule.

The complex functions (1a) and (2) are only convenient in
the case of isolated O2 molecule. By expanding determinants in
relationships (5), one can separate the orbital and spin con-
tributions; then the singlet and triplet S-states have the form

j1S�g i �1F3 �

� 1���
2
p
h
px�1�px�2� � py�2�py�1�

i 1���
2
p
h
a�1�b�2� ÿ a�2�b�1�

i
, (5a)

j3Sÿg i �3F0 �

� 1���
2
p
h
px�1�py�2� ÿ px�2�py�1�

i 1���
2
p
h
a�1�b�2� � a�2�b�1�

i
. (5b)

The `+' and `7' signs at the term `S' denote mirror symmetry
relative to any plane containing the molecular axis, e.g., the yz
plane. Reflection in this plane causes the px-MO to change its
sign while the sign of the py-MO remains unchanged. Because
of this, both components in the orbital part of the wave
function (5b) change their signs; i.e., this function is antisym-
metrical with respect to reflection in plane, while the wave
function (5a) is symmetrical. The same conclusions can be
drawn by considering the xz plane. As to the complex functions
(1a) and (2a), these conclusions are valid for any plane
containing the molecular axis,15 because reflection in plane
causes replacement of f by7f and, hence, replacement of p+

by p7 in relation (1a).

Thus, for planar collision complexes of O2 the real wave
functions (5) characterise the key symmetry properties of the
low-lying electronic states of this molecule. Selection rules for
functions (1) and (2) are also valid for functions (4)7(6).
Collision complexes have no inversion point. This formally
breaks quantisation of the projection of the orbital angular
momentum and in polyatomic molecules the quantum number
of the operator Lz is no longer a `good quantum number'.13

However, calculations 27 ± 31 revealed onlyminor changes in the
structure of the wave functions (4) and (5) and in the energies of
corresponding states of collision complexes. Therefore, the
collision complexes can be treated using the same notations of
terms (4) and (5) as those of free O2 molecule.

Specific behaviour of O2 molecule in animated nature is
mainly due to the presence of low-energy excited singlet states
and the intrinsic magnetic moment (spin) in the ground state
(paramagnetism of O2).12, 27 Figure 1 presents the potential
curves for certain states of the O2 molecule, obtained from
multiconfiguration self-consistent field (MC SCF) calculations
with subsequent inclusion of configuration interaction.30, 40

High-energy excited states 3,1Sÿu and 3Du , 3S�u responsible for
UV emission of oxygen (Herzberg bands) are of great interest
for atmosphere photochemistry and gas discharge spectro-
scopy.9, 39 ± 42 When discussing the photochemistry of singlet
oxygen (1Dg), these states are usually left out of consideration,
although from the standpoint of spin catalysis theory 32 ± 34

they should also be taken into account. The triplet state B3Sÿu
gives an allowed electric dipole transition B3Sÿu /X 3Sÿg
(Ref. 9) responsible for the Schumann ±Runge absorption
band. Due to this intense absorption in upper atmosphere,
hard solar UV radiation (135 ± 190 nm) does not arrive to the
Earth's surface. Since minima on the potential curves for the
B- and X-states are strongly shifted relative to one another
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Figure 1. Potential curves for certain quantum states of O2 molecule obtained from ab initio calculations.30, 31

Literal notations of terms used here and in Fig. 2 are common to molecular spectroscopy. Main multiplet states: singlet (a, b, c) and triplet (A, B).
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(see Fig. 1), the vertical transition B3Sÿu /X 3Sÿg leads to disso-
ciation of O2 molecule. In addition, pre-dissociation of bound
vibrational states of the upper term is also possible due to
crossing with the potential curves of thePu-states.9

Various glow phenomena in the night sky including auroral
ones are due to decomposition of oxygen molecule to atoms
and subsequent recombination of oxygen atoms with the
formation of excited O2 molecules.9 In this review, we will
leave these interesting phenomena out of consideration. Men-
tion may only be made that theory of forbidden transitions
from the c1Sÿu , A

0 3Du and A3S�u excited states provides a great
body of valuable information on the SOC mechanisms12 that
are important for understanding of the enzymatic activation of
oxygen. In addition to the Herzberg bands, red atmospheric
bands of oxygen [transition b1S�g ? X 3Sgÿ (762 nm)] and IR
radiation (transition a1Dg ? X 3Sÿg at 1270 nm) were
detected.9 Long optical path in the atmosphere also allows
these bands to be clearly defined in absorption (the red band
represents a combination of certain Fraunhofer lines) in spite
of the forbiddenness and low probability of these transitions.

Until recently, the singlet state of oxygen was of interest
only for researchers working in atmosphere optics.10, 11 In
1976, Krasnovsky 14 first detected luminescence of singlet oxy-
gen (a1Dg) in solution. At present, singlet oxygen is used in
technics,1, 17, 18 chemistry 17 ± 21 and medicine.1, 19, 43 Singlet
oxygen molecule O2(a1Dg) is known as oxidant in chemical
and biological processes, because the spin prohibition is
removed and the species is more reactive than the triplet
atmospheric oxygen molecule O2(X 3Sÿg ).1 ± 7, 19 ± 21 Taking
into account four quantum states (2) of oxygen molecule is
required for not only understanding of oxygen photochemis-
try, but also development of theory of the dark chemical
reactions,12, 29, 32 in particular, for studies of enzymatic oxida-
tion proceeses.37

2. Intensities of singlet ± triplet transitions in optical spectra
of the oxygen molecule
To understand the mechanism of removal of spin prohibitions
in chemical reactions involving oxygen, one should consider a
theory of intensity of singlet ± triplet transitions in isolated O2

molecule and the effect of solvent on these transitions.22 ± 96

Radiative transitions between all states (2) are strictly forbid-
den in the electric dipole approximation,11, 43 because all of
them have the same parity (gerade symmetry relative to
inversion point), whereas the selection rules require a change
in parity upon transitions. For electric dipole transitions the
projection of the orbital angular momentum on the molecular
axis (L) should vary by DL=�1, 0. The 1D71S+ transition is
also forbidden due to the selection rule for the projection of the
orbital angular momentum (DL=2). In free O2 molecule, this
transition is detected as a weak quadrupole transition because
in the quadrupole approximation the prohibition forDL=2 is
removed.12, 26 Singlet ± triplet transitions between terms (2) are
additionally forbidden by the spin selection rule, DS=1.
Transition between states (5) is also forbidden by the
S77S+ rule, i.e., we deal with the triple prohibition.

All the prohibitionsmentioned above are strict.49 Themore
long-wavelength singlet ± triplet transition 1Dg73Sÿg is addi-
tionally forbidden by the selection rule for the orbital angular
momentum (DL=2) and thus characterised by triple prohib-
ition [with respect to spin, parity (gerade ± gerade) and orbital
angular momentum, that is, DL=2] in the electric dipole
approximation. A diagram of different quantum states (4), (5)
and transitions between them for the collision complex of O2

molecule and a dye is shown in Fig. 2. Both singlet ± triplet
transitions, a7X and b7X, should be very weak due to the
triple prohibition on emission in the dipole approximation.

The potential curves (see Fig. 1) for all the three states (X, a
and b) are only slightly shifted relative to one another, the

equilibrium internuclear distances (r) being respectively equal
to 1.207, 1.216 and 1.227 �A (see Ref. 9). Therefore, only the
0 ± 0 bands corresponding to electronic vibrational transitions
between these states are intense in optical spectra.9, 42, 46 The
rate constant (k) for spontaneous emission a?X obtained by
interpolation to zero oxygen pressure (no collisions; intermo-
lecularly unperturbedO2molecule) was found to be record-low
(ka?X=2.661074 s71).17 The b?X transition is much
more intense (kb?X= 8.961072 s71). The radiative life-
times 17 of the a and b states are 4600 and 12 s, respectively.
The a ? X and b ? X transition intensities were first calcu-
lated in Ref. 22. In spite of semiempirical character of the wave
functions used in the INDO method, the results of calcula-
tions 22 correctly describe the mechanisms of overcoming spin
prohibitions, as was confirmed later by the results of ab initio
calculations.42, 50, 57 To understand the spin mechanisms of
photo- and bio-activation of oxygen, we will consider the key
points of the semiempirical theory.22

Symmetry analysis of the wave functions revealed the
possibility of mixing of the singlet and triplet states (5) due to
the SOC operator.49 For simplicity, we will write this operator
in the effective one-electron form 12, 23

Hso=
X
A

zA
X
i

~li;A~si �
X
i

~Bi~si � (7)

�
X
i

�Bi; xsi;x � Bi; ysi; y � Bi; zsi; z�,

where zA is the SOC constant for the atomA (zO=153 cm71),
~li;A and~si are respectively the operators of the orbital angular
momentum and spin angular momentum of the ith electron.12

The one-electron SOC operator (7) with inclusion of the
constants zA determined from atomic spectra gives quite
reliable results suitable for explanation of numerous SOC
effects in molecules.12, 13, 49 The spin ± orbit coupling between
the singlet and triplet (b1S�g 7X 3Sÿg; 0) states [see relations (5)]
is given by 22

3Sÿg

 ��Hso

1S�g i � 3F0 HZ
so

�� ��1F3i �

�� (8)

� hpx Bzj jpyi � ÿizO � ÿ153i cm71.

Equation (5) was written for the triplet state with the zero
projection of the total spin on the molecular axis (z axis).22 In
the text below this spin sublevel with the quantum number
MS=0will be designated by j3Sÿg; 0i (for the frame of reference
associated with the O2 molecule) and tz (if the z axis of the
frame of reference in the collision complexes of O2 with organic
reactant molecules matches the line of the O7O bond). The

5
7

6

3

4

1, 2

0 X 3Sÿg S0 X 3Sÿg S0

c1Sÿu S0

1(X 3Sÿg T1) 3(X 3Sÿg T1)

3(X 3Sÿg S1)

b1S�g S0

a1Dg S0

Figure 2. Scheme of quantum states in a collision complex of O2 with a

dye.
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other two spin sublevels of the triplet state with the quantum
numbers MS=�1 in the oxygen molecule are degenerate; we
will denote them j3Sÿg; 1i. The separation between them and the
MS=0 level equals the zero-field splitting (ZFS) energy,9, 22

which for the oxygen molecule is rather high (3.97 cm71; cf. a
conventional value of 0.1 cm71 for the triplet-excited states of
aromatic molecules 13). The ZFS is due to the dipole ± dipole
magnetic interaction between two unpaired spins.49 In the case
of O2 molecule the SOC also contributes largely to the ZFS at
the second-order level of perturbation theory.48 Recently,
correct ab initio calculations of the ZFS energy for oxygen
molecule have been reported.46 Among previous calculations
presented in Refs 47 ± 49, a number of errors are found,
whereas semiempirical estimates 22, 59 appeared to be more
reliable.13, 46 Seemingly, the results of ab initio calculations 47

are in good agreement with the observed ZFS; however, this is
a random coincidence. Indeed, the SOC contribution to ZFS is
overestimated (doubled) owing to incorrect value of a factor.
Correct calculation of magnetic perturbations in the ZFS is
important for understanding of the mechanism of removal of
spin prohibition for the singlet ± triplet transitions in oxygen.

The matrix element of the operator of the SOC between the
S77S+ triplet and singlet states differs from zero only for the
states (5) characterised by the quantum number MS=0. At
the first-order level of perturbation theory, the wave functions
of these states are mixed due to SOC 22

Cb= jb1S�g i+ cjX 3Sÿg; 0i, (9)

CX, 0= jX;3 Sÿg; 0i7c*jb1S�g i, (10)

where the mixing coefficient

c � X 3Sÿg; 0 Hsoj jb1S�g

 �

E�b1S�g � ÿ E�X 3Sÿg; 0�
(11)

is small (E is the energy of the corresponding state). With
allowance for the semiempirical estimate of the SOC using
Eqn (8) and energy difference 9 in the denominator of Eqn (11)
(13 195 cm71), one gets 22 c=70.0116 i. The small value of
the coefficient c provides an excellent substantiation of the
applicability of perturbation theory and the wave functions (9)
and (10) are characterised by rather high accuracy and correct
normalisation. According to ab initio calculations,42, 50 the
SOC matrix element [numerator in Eqn (11)] equals
7178 i cm71, the absolute value of coefficient c being some-
what increased: jc j=0.0135. This coefficient plays a key role
in the theory of singlet ± triplet transitions of oxygen molecule
in the gas phase at low and high pressures and inO2 solutions in
organic compounds and biopolymers.22 ± 31

Let us consider a magnetic dipole transition from the state
(9) to the state j3Sÿg; 1i with the quantum number MS=�1.
Unlike the spin sublevel j3Sÿg; 0i, the j3Sÿg; 1i state is almost
`pure', i.e., it contains minor contributions of singlet states.
(Actually, it has a small contribution of the 1Pg state, but this is
of no concern for the simplified treatment 22 of the b7X
transition.) The magnetic dipole moment operator

M= mB(L+2S ),

where mB is the Bohr magneton, contains the orbital (L) and
spin (S ) contributions. According to calculations,22, 42, 50 the
orbital contribution to the moment of the b1S�g 7X 3Sÿg; 1
transition is negligible. The major contribution to the b7X
transition intensity comes from the spin component 22 with the
magnetic moment polarisation vector directed perpendicular
to the molecular axis. Taking into account expression (9), one
has 22

Mb7X, 1= mB hCbj2S jCX; 1i = (12)

� mB
���
2
p

c X 3Sÿg; 0

 ��Sx � iSy X 3Sÿg; 1

�� �
=72mBc.

Thus, the b1S�g 7X 3Sÿg; 1 transition in the visible region (red
atmospheric band of oxygen at 760 nm) in fact `borrows' its
intensity from the microwave transition between the spin
sublevels 3Sÿg; 073Sÿg; 1 (magnetic dipole EPR transition
induced by the spin operator). The calculated transition
moment Mb7X, 1=70.027 mB is almost equal to the value
obtained from intensity measurements.9 This is a unique
example in molecular spectroscopy; here the intensity of an
optical electronic transition is determined by the EPR spin
current intensity. This provides an explanation for a higher
probability of the b7X transition compared to that of the
a7X transition. In the latter case there is only a small orbital
contribution to the magnetic dipole moment of the transition,
due to the SOC-induced mixing of the a, X and 3,1Pg states.22

Owing to large energy differences between these states

E(1Pg)7EX=78000 cm71,

E(3Pg)7Ea=48000 cm71,

mixing of the singlets and triplets is negligible and the spin
prohibition to the a7X transition remains strict.

One should also consider the probability of the b7a
transition, which plays an important role in analysis of the
solvent effect on the oxygen spectra. The b7a transition of a
free O2 molecule is responsible for the appearance of a weak
Noxon band, which is a quadrupole 26, 89 with the maximum
possible quadrupole moment.26 However, the rate constant for
spontaneous emission b? a obtained by interpolation to zero
pressure is very small (kb? a=1.761073 s71).9 Theoretical
studies 25 ± 28 revealed that this transition should be dramati-
cally enhanced upon collision of O2 molecule with any dia-
magnetic molecule. Later on, this conclusion was confirmed
experimentally for the gas,39 solid 51, 52 and liquid
phases.1, 17, 43, 56

With allowance for the SOC in the framework of perturba-
tion theory one can explain the intensities of many UV bands
of oxygen molecule.30, 31, 59, 65, 67, 91 ± 96 In addition to calcula-
tions of well-known Herzberg bands,9, 30, 49, 65, 67 a reliable
explanation was obtained for the intensities of some new
bands originated from recently detected new electronic tran-
sitions from themetastable state (9), namely, b1S�g 7B3Sÿu and
b1S�g 7c1Sÿu (Refs 31, 91 ± 95). The b1S�g 7B3Sÿu transition
proceeds by the mechanism of intensity `stealing' from the
Schumann ±Runge band (X7B) due to the SOC (9); the
coefficient c [see Eqn (11)] gives a correct order of magni-
tude 31, 92 for the electric dipole moment of this transition. The
b1S�g 7c1Sÿu transition is also electric dipole in nature; removal
of the S77S+-type prohibition for the singlet ± singlet tran-
sition is due to electronic-rotational coupling 95�

~c1Sÿu
���X

i

eri

���~b1S�g ��
�
X
n

n1Pg BL�j jb1S�g

 �
E�b1S�g � ÿ E�n1Pg�

�
c1Sÿu

���X
i

eri

���n1Pg

�
�

�
X
k

k1Pu BL�j jc1Su


 ��
E c1Sÿu� � ÿ E k1Pu� �

�
k1Pu

���X
i

eri

���b1S�g �.
Here eri is the dipole moment of the ith electron and B is the
rotational constant.
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Detection 94 and theoretical identification 95 of the
b1S�g 7c1Sÿu transition bands opens new prospects for atmos-
phere photochemistry studies. However, no A3S�u7c1Sÿu elec-
tronic transition in the IR region (2400 cm71) was detected so
far, although the corresponding intensity stealing mechanism
was developed two decades ago.12 The magnetic dipole
moment of this transition (MA7c=0.12 mB) is about five
times larger than that of the b7X transition [see Eqn (12)].
The intensity stealing and the spin-prohibition removal mech-
anisms are very similar to those described by relations
(9)7(12); however, this only concerns the A3S�u and c1Sÿu
states. The SOCmatrix element between these states is equal to
the integral (8) while the energy difference in the denominator
is very small (2400 cm71); this is the reason for high extent of
intensity stealing from the transitions between spin sublevels of
theA3S�u state (see Refs 12 and 91). The aforesaid is valid for a
free O2 molecule in a highly rarefied gas (upper atmosphere),
when collisions can be ignored. Under normal pressure at
Earth's surface, collisions with other molecules (O2 , N2 , water
vapour) significantly affect the intensities of certain absorption
bands of oxygen.25 ± 43, 51 ± 56

III. Influence of collisions of oxygen molecule
on intensities of forbidden transitions

1. The Noxon transition
Let us consider simple models for collision complexes of O2

with diamagnetic molecules.1, 28, 39, 51, 58, 89, 97 ± 109 Changes in
the orbitals of the open pg-shell of oxygen molecule upon its
collision with the nitrogen molecule are shown in Fig. 3. For
simplicity, we assume that the collision complex has a planar
geometry and lies in the xz plane. All subsequent conclusions
are also valid for arbitrary geometry of the complex. The
moment of the Noxon transition a1Dg7b1S�g of the collision
complex radically changes its nature, following the changes in
the nature of orbitals of the open pg-shell. In addition to the
pure quadrupole component h1DgjQj1S�g i, which is the same
for both terms (4) and (4a), the electric dipole component
h1DgjDj1S�g i appears, which can differ for the two quasi-
degenerate components of the singlet state a. The matrix
elements of the dipole moment operator

D � e
X
i

ri �
X
i

di

for the singlet ± singlet (a1Dg7b1S�g ) transition [see Eqns (4)
and (5)] are equal to the dipole moment difference between two
pg-MOs (see Ref. 28)

1F1


 ��D 1F3

�� � � pxh jd pxj i ÿ py

 ��d py

�� �
. (13)

For the second component of the a1Dg state [see Eqn. (4a)] the
dipole moment of the a7b transition is

1F2


 ��D 1F3

�� � � py

 ��d pxj i � pxh jd py

�� �
. (14)

For the planar collision complex O2+N2 (see Fig. 3), the
dipole moment difference between two oxygen pg-MOs differs
from zero. Spin-restricted Hartree ±Fock 87 calculations of the
triplet ground state of the complex O2+N2 (see Fig. 2)
revealed significant deformation of the pg, x-orbital of the O2

molecule due to mixing with orbitals of the nitrogen molecule
(see Fig. 3 b), whereas the pg, x-MO remains almost unchanged
(see Fig. 3 a).12, 27 The overlap of the px-orbitals of the two
molecules (s-type overlap, see Fig. 3 b) is much larger than
that of the py orbitals (p-type overlap).

The structures of the states (4) and (5) determined with
allowance for configuration interaction remain almost
unchanged.12 The dipole moment of the pg, x-orbital differs
from zero, because it includes quite large contributions of
nitrogen atoms; despite small coefficients in the LCAO expan-
sions for these atoms, the dipole moment hpxjd jpxi of the
pg, x-orbital is of great importance because of the long inter-
molecular distance (R=2.8 �A). The moment of the transition
(13) reaches a value of 0.1 D, the transition intensity being four
orders of magnitude higher than the intensity of the pure
quadrupole transition a1Dg7b1S�g of free O2 molecule.12 This
example (see Fig. 3) provides the simplest illustration of the
Noxon band (transition a1Dg7b1S�g ) enhancement mecha-
nism in the collision complex due to the appearance of the
electric dipole moment of the transition. At arbitrary collision
geometry, both terms on the right side of Eqns (13) and (14)
differ from zero, but the total intensity of the Noxon band
mainly depends on R. The off-diagonal matrix elements of the
one-electron operator of the dipole moment between the
pg-orbitals of the open shell of oxygen [see Eqn (14)] depend
on the extent of deviation of the collision complex geometry
from planar one (see Fig. 3). This is also characteristic of most
molecules having more complex structures compared to N2 .
For instance, an oxygen ± butadiene collision complex cannot
have planes among symmetry elements (only the most prob-
able non-planar p-complex is considered here); in this case the
integrals (13) and (14) are commensurable.87

The extent of theNoxon band enhancement depends on the
polarisability (acp) of the partner in collision.1, 17, 87, 98 This was
revealed by the first MINDO/3 calculations with inclusion of
configuration interaction for singly and doubly excited config-
urations.28 Qualitative correlation between the Noxon band
enhancement and an increase in the ionisation potential of the
partner in collision (molecular polarisability increases as the
ionisation potential decreases) was pointed out.13 The dipole
moment hpxjd jpxi of the oxygen pg, x-orbital in the complex
with nitrogen (see Fig. 3) depends on the contribution of the
vacant nitrogen pg-MO, which is in turn determined by the
polarisability of this molecule.87, 98 Enhancement of theNoxon
band with an increase in the collision-partner polarisabil-
ity 28, 87, 98 ± 101 was even better demonstrated in analysis of the
results of CI calculations 12, 97, 98 in the oxygen complexes with
helium and hydrogen.

a b

N NN N

Figure 3. Molecular orbitals, pg, y (a) and pg,x (b), of O2 in collision

complex of oxygen and nitrogen molecules.

The z axis matches the N2 molecular axis; the y axis is normal to the xz

plane of the complex. White and dark background corresponds to the

positive and negative signs of the wave functions.
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2. Effect of collisions on intensities of singlet ± triplet
transitions of oxygen in the visible and near IR optical spectra
Singlet molecular oxygen in the a1Dg state is produced by
photosensitisation of dye solutions.1, 28 This species plays a key
role in some photochemical and photobiological proc-
esses.53 ± 56 Such diseases as skin cancer and cataract as well as
ageing are associated with reactions involving O2(a1Dg).17 ± 21

Recently, this form of oxygen has been used in organic syn-
thesis, in bleaching, in medicine for treatment of malignant
tissues (photodynamic therapy),1, 18, 19 as an air pressure gauge
in aerodynamics,17, 105 as fixing agent in high-spatial and high-
temporal resolution microscopes 56, 82, 83 and as a microscopic
luminescing detector.1, 17

Wide use of singlet oxygen is due to unique properties of the
singlet ± triplet transition a1Dg?X 3Sÿg . As mentioned above,
this transition of free O2 molecule (at zero pressure) is
characterised by very low emission (rate constant for sponta-
neous emission is 2.661074 s71).9 In compressed gas and in
solution the transition probability increases by 3 ± 4 orders of
magnitude; luminescence is detected using sensitive photo-
multipliers.14, 17, 53, 56 Such a luminescence was first detected
in solutions of biological pigments (photosensitisers of 1O2)
using an improved phosphoroscope under steady-state excita-
tion.14, 60 Later on, the characteristic narrow band at 1270 nm
corresponding to the a1Dg?X 3Sÿg transition of oxygen mol-
ecule in solution was observed in numerous studies using
pulsed excitations of photosensitisers.1, 17, 58, 61 ± 64, 73 ± 77 Good
temporal resolution obtained with a germanium detector was
reported.61 ± 63, 75 The quantum yield (Qa) of luminescence
(a?X transition) and the lifetime of singlet oxygen (tD) in
some solutions of saturated hydrocarbons and their halo
derivatives were measured.63 Measurements of Qa in the near
IR region are complicated by the lack of appropriate refer-
ences, because the quantum yield of singlet oxygen (QD) should
be measured for each solution with a given sensitiser. The
radiative rate constant for the a1Dg?X 3Sÿg transition 63

kaÿX �
Qa

tDQD
, (15)

determined for a series of saturated solvents falls in the range
*0.1 ± 0.2 s71. The conclusion about independence of ka7X

on the solvent is only valid for this series of solutions.63

The author of this review developed 12, 27, 28 a simple
scheme of stealing the emission intensity of the a?X tran-
sition of collision complexes of O2 with diamagnetic molecules
starting from calculations of a model complex O2+H2 . Using
a program of configurational interaction calculations 12, 97 for
single and double excitations debugged for the modified 12

MINDO/3 method,15 qualitatively correct description of the
spectrum of the complex was obtained and the collision-
induced electric dipole moments of transitions were calcu-
lated.27, 28 It was established that the b7a transition of the
collision complex acquires a relatively large dipolemoment [see
Eqn (13)]. As mentioned above, this is characteristic of all
collisions of the O2 molecule with diamagnetic molecules; this
also follows from Eqns (13) and (14). In the case of a planar
symmetric complex similar to that shown in Fig. 3, rela-
tion (13) predicts that the intensity of the b7a transition of
the O2 molecule in the collision complex should dramatically
increase due to deformation of the pg, x-orbital electron cloud.
Even small contributions of the collision-partner (H2 , N2 ,
C2H4 , C6H6) orbitals induce a large dipole moment of the b7a
transition. With allowance for the abnormally strong spin ±
orbit coupling of the b1S�g and X 3Sÿg; 0 states [see Eqn (8)] and
for the contribution of the jb1S�g i state to the wave function
CX, 0 of the ground-state term [see Eqn (10)] one gets that the
a1Dg?X 3Sÿg; 0 transition `steals' the intensity 12 from the a7b
transition

a1DgjD CX; 0

�� � � ÿc a1DgjD b1S�g
�� �



. (16)

Since the spin ± orbit coupling (8) in the oxygen molecule is
still the strongest and the coefficient c only depends on the
properties of the O2 molecule, the jcj value in the collision
complex remains almost unchanged.27, 98 The electric dipole
moment of the a1Dg7b1S�g transition of the collision
complex O2+H2 at R=2.4 �A is 28

a1DgjD b1S�g
�� �


=0.0113 e �A.

The moment of the O2+H2-collision induced transition
a1Dg?X 3Sg,0 determined using relation (16) is

a1DgjD CX; 0

�� � �

1.561074 e �A,

which corresponds to an absorption oscillator strength f of
261079 and a radiative rate constant of ka7X=0.08 s71.
This coincides in order of magnitude with the results obtained
by Krasnovsky 63 (ka7X& 0.1 s71). The electron shell of the
H2 molecule provides a simple example of the closed electron
shell of the molecule of a saturated compound; therefore, the
model for the O2+H2 complex chosen here is quite reli-
able.12, 28 This was confirmed in calculations of O2 complexes
with other molecules.43, 53, 54, 71, 84 ± 88, 109

As mentioned above, the Noxon band enhancement
depends on the polarisability of the collision partner, which
leads to the same dependence for the luminescence band
a1Dg?X 3Sÿg . The dependence of the radiative rate constant
ka7X on solvent properties has been a subject of discussion
initiated by the contradictory results of measurements
using different luminescent standards for calibra-
tion.1, 17, 35, 36, 60 ± 64, 73 ± 77, 101 ± 106 Ogilby et al. 17, 77, 104 showed
that the relative rate constant ka7X changes by an order of
magnitude on going from trifluoroethanol to carbon disulfide.
These discussions outcompeted a problem of paramount
importance, namely, why the intensity of the spin-forbidden
transition a1Dg?X 3Sÿg increases by 3 ± 4 orders of magnitude
upon collisions in solutions, gases and solidmatrices compared
to the intensities of the transitions of free oxygen molecule.27

The mechanism of stealing the intensity of this transition
from the a1Dg ± b 1S�g transition of collision complexes was
proposed more than two decades ago;12, 28 however, until
recently 1, 17, 43, 56 it attracted no attention of specialists in
singlet oxygen photophysics. From relation (16) it follows 12, 28

that the ratio of the rate constants for oxygen ± solvent
collision induced transitions,

kaÿX
kbÿa

� o3
aÿXD

2
aÿX gX gb

obÿaD2
bÿa g

2
a

� 3o3
aÿX cj j2
4o3

bÿa
� (17)

� 3�7882 cmÿ1�3 0:0134ij j2
4�5239 cmÿ1�3 � 0:00045

(o is the transition frequency) should be constant for any
solvent, because collisions do not affect mixing of the states
(10) and (11) due to SOC. Here, we accounted for equality

a1DgjD b1S�g
�� �


=Da7b=Db7a

and used the statistical weights (gX=3, ga=2, gb=1). The
matrix element of SOC (11) in oxygen molecule reaches the
maximum possible value; its magnitude is large per se and does
not need an increase through symmetry reduction upon
collision. The latter is necessary for the singlet7singlet tran-
sition a1Dg7b1S�g , which is symmetry-forbidden for isolated
O2 molecule in the dipole approximation; this prohibition is
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effectively removed in collision complexes. Thus, the spin
prohibition to the a7X transition is removed due to the SOC
in the O2 molecule itself. This provides an explanation for an
increase in the a7X transition probability by three and more
orders of magnitude in almost any solvent (in proportion to an
increase in the b7a transition probability).12

Pioneering studies 12, 28 in this field were devoted to explan-
ation of the results obtained by Krasnovsky,63 who investi-
gated the luminescence of singlet oxygen in solutions. These
studies attracted the attention of researchers who studied the
spectra of O2 in crystals of noble gases 51, 52 and in buffer gas
mixtures.39 Considerable enhancement of the b? a and a?X
transitions was found for oxygen present in Ne, Ar, Kr and Xe
matrices. The intensity increased with an increase in the atomic
number of the noble gas.51, 52 Gas-phase experiments gave the
following values of the ratio (17): 0.00032 (Ne), 0.00037 (Ar),
0.00042 (Kr) and 0.00083 (Xe).39 (The last value for Xe can be
easily explained by additional enhancement of the singlet ±
triplet transition a?X due to the effect of the external heavy
atom.25, 98) Similar values of the ratio (17) confirmed predic-
tions of theoretical studies 12, 27, 28, 98 while a slight increase in
this ratio with the noble gas atomic number was explained by
the strengthening of the SOC and by the effect of the external
heavy atom.24, 25

The ratio of the statistical weights of all states (17) was
taken to be unity,88 because the collision model chosen
assumed only one sublevel of the a and X states is active in
transitions. Indeed, only the sublevel (10) of the X 3Sÿg state
with the quantum numberMS=0 is involved in the formation
of the intensity of collision-induced transition a?X through
`mixing' with the b1S�g state and stealing of the dipole moment
of the Noxon transition [see Eqn (16)]. Both components of the
degenerate state a1Dg can participate in the Noxon band
enhancement [see Eqns (13) and (14)]; however, the total
intensity corresponds to involvement of only one component
(at least for most calculated models for complexes).12, 27, 87, 88

Therefore, for the b? a transition the statistical weights of the
states participating in the transition are equal to unity. Irre-
spective of the type of the system (gas or solution) andO2(a1Dg)
generation procedure (gas discharge or sensitisation) both
components of theDg state are populated before light emission.
Therefore, the statistical weight ratio of the lower-to-upper
term for the a?X collision-induced transition is 1 : 2. Thus,
the actual ratio of these quantities in relation (17) is 1/2 rather
than 3/4 and theory predicts 88 that

kaÿX
kbÿa

� o3
aÿXD

2
aÿX

obÿaD2
bÿaga

� o3
aÿX cj j2
2o3

bÿa
� 0:0003, (17a)

which corresponds to the results of measurements in gases,39

solutions 1, 17, 64, 106 and cryogenic matrices.51

Analysis of the electronic emission spectrum of NCl
molecule in Ar matrix68 gave a clear substantiation of the
theoretical model (9)7(14), (16). This molecule is a valence-
isoelectronic analogue of oxygen molecule; it has a triplet
ground state X 3S7 and the same set of excited singlet states,
a1D and b1S+, as the O2molecule.9 Nitrogen chloridemolecule
only possesses no inversion symmetry; therefore, electric dipole
transitions b?X and a?X with inclusion of the SOC are
allowed.12, 42 In particular, the a?X,1 transition is allowed for
the sublevels with MS=�1, while transition to the MS=0
sublevel is forbidden, as well as the corresponding magnetic
dipole transitions of free oxygen molecule.12 The scheme of the
b? a and a?X transition enhancement for the complex with
Ar atom in an inert matrix is the same as that proposed for the
O2 collision complexes considered above [see Eqns (9)7(14)].
Only transition to the sublevel with MS=0 is enhanced, as

follows from relation (16). The NCl molecule is convenient in
that the zero-field splitting for sublevels of the X 3S7 state is
clearly seen 68 in the a?X emission spectrum. In addition to
the allowed transition a?X,1 the spectrum of NCl in Ar
matrix (1091.2 nm) exhibits a weak band of the a?X,0
transition (1090.7 nm), which is strictly forbidden for free
molecule.68 The change in the intensity of this band obeys
relation (16) with the coefficient c=0.026 for the NCl mole-
cule (obtained by the author of this review from configura-
tional interaction calculations with inclusion of SOC and with
allowance for the measured probability of the b? a transition
in the Ar matrix).68

The intensities of the a?X,0 transitions of isovalent
molecules NBr and NI in solid argon are also in agreement
with the model (16). Analysis of the relative intensities in the
fine structure of the a1D?X 3SÿO bands of the isoelectronic
molecules NCl, NBr and NI in solid argon 68 confirmed the
validity of the intensity borrowing theory for this band [see
Eqns (8)7(13)], considered taking oxygen as an example.
These data, which were obtained long before the results of
direct intensity measurements for the b? a and a?X tran-
sitions of oxygen in solutions,17, 64 provided strong arguments
in favour of correctness of themodel (8) ± (13), (17a). However,
for a decade did these data remain uncalled by researchers who
studied photophysics of the singlet state of oxygen in organic
and biological systems.43, 61 ± 64

In the late 1990s Schmidt et al.1, 64 andOgilby 17 carried out
direct experimental evaluation of theoretical predictions made
using relation (17) for certain solutions. For liquid CCl4 at
room temperature the ratio of the rate constants
ka7X=1.1 s71 and kb7a=3400 s71 is 0.000325, which is
similar to the value 0.00317 obtained in the argon matrix
(ka7X=0.013 s71 and kb7a=41 s71 at 5K).1, 51, 64, 106 In
spite of large differences between the rate constants, the ratio
(17a) also remains constant for some other solutions.17, 64 This
ratio was measured 82 for the absorption of singlet and triplet
oxygen molecules in deuterated water, where O2(a1Dg) has a
relatively long lifetime. In all cases including homogeneous
mixtures of solvents the a7X and b7a transition probabilities
changed in parallel, as predicted by theory.12, 27

Knowledge of the enhancement mechanism of the radiat-
ing capacity of singlet oxygen is crucially important for
progress in photobiology and medicine. Detection of
O2(a1Dg) in various biological media is difficult owing to
weak intensity and low temporal resolution of the a?X
phosphorescence signals [this is determined by the radiative
rate constant that strongly depends on the structure of (i)
biopolymers in the oxygen environment and (ii) entire solu-
tion]. Singlet oxygen plays an important role in photobiolog-
ical processes and photodynamic therapy;1, 17, 18 therefore, one
can expect that in vivo detection of O2(a1Dg) will become a tool
of medical practice in the near future. The widely used
procedure for O2(a1Dg) detection with cryogenic germanium
diodes is still far from meeting these requirements. The use of
modern photomultipliers for the near IR region (sensitivity of
these devices at 1270 nm is ten times higher than that of
germanium diodes) allowed the lifetime of O2(a1Dg) to be
measured (tD=40 ns,QD=0.005) in vivo in rat liver studies.1

Biological media are highly inhomogeneous and the observed
lifetime of singlet oxygen is the average result of various
quenching processes. Note that the tD values are many orders
ofmagnitude smaller than the radiative lifetimes trD determined
from the rate constants ka7X=1/trD. However, understanding
of the mechanisms of intermolecular interactions responsible
for the trD values is at least equally important for progress in
theory and strategy of O2(a1Dg) detection compared to the
understanding of quenching mechanisms.

As mentioned above, the rate constant ka7X increases in
proportion to the increase in the rate constant kb7a upon
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collision of O2 with the solvent molecule M.{ The latter
constant depends on the difference between the induced dipole
moments of two degenerate MOs, pg, x and pg, y [see Eqn (13)]
and, hence, on the polarisability of the solvent molecule as .
Such an asymmetry of charge transfer to these orbitals of
oxygen molecule appears in the case of a `planar' collision,
where the O2 and M molecules lie in the same plane or where
the atomic orbitals of the nearest atoms in the O2 and M
molecules overlap to the greatest extent and share the nodal
plane. Deviation from this `planar' structure causes mutual
cancellation of both terms in relationship (13), but this is
accompanied by an increase in the summands in expression
(14). All summands in Eqns (13) and (14) depend on the
overlap of the O2 and M molecular orbitals and on the orbital
mixing. Intermolecular interaction responsible for an increase
in the rate constant ka7X is essentially dispersion interac-
tion,12, 88 and depends onR76. The polarisability of the solvent
molecule can be expressed through molar refraction:64

Rm=
4p
3
NAas ,

where NA is the Avogadro constant.
If the interaction responsible for acceleration of the a ? X

transition is bimolecular in character, the second-order rate
constant

kcaÿX �
kaÿX
�S � (18)

should be related to the molar refraction ([S] is the molar
concentration of solvent). Actually, linear correlations
between logkcaÿX and logRm were observed for a large number
of solutions.64 The radiative rate constants for a?X phos-
phorescence corresponding to neat liquids are listed in Table 1.
The ka7X vary over a wide range from 0.209 s71 for water to
3.14 s71 for CS2 .

The first-order rate constants kaÿX were calculated assum-
ing 12, 27 that the whole solvent is represented by the nearest
collision-partner and the lifetime of such a complex in the
solvation shell is sufficiently long to determine the rate
constant.

The effect of solvent was also included in other mod-
els.12, 27, 54, 71, 85, 86, 99 For instance, a loosely bound collision
complexO2+Mwas placed in a solvent cavity; the solvent was
treated as dielectric continuum (semi-continuum model).71

Short-range interactions in the O2+Mpair are fundamentally
important for the description of quantum exchange and
dispersion interactions responsible for the enhancement of
quantum transitions and shifts of energy levels. The semi-
continuum model allows for small additional corrections to
transition energies, which leads to better agreement between
experimental data and results of bathochromic shift calcula-
tions { for the a?X transition band in solutions; however, the
effect of continuum on the emission intensity is negligible.54, 71

The 0 ± 0 transition band in the gas phase (7882 cm71, see
Ref. 9) is slightly shifted in trifluoroacetic acid (7873 cm71),
the shift being more pronounced in other solvents (e.g., CH2I2:
7824 cm71).1 A bathochromic shift of the a?X transition
band within 100 cm71 was predicted in the first calculations of
O2+M complexes with M=H2 , C2H4 , C6H6 , C10H8 .12, 103

Ab initio calculations 71 gave a 45 cm71 shift (see Table 3 in
Ref. 71) for the 0 ± 0 band of the a1Dg?X 3Sÿg transition of
oxygen in benzene, which is in ageement with experimental

data.1, 54 The calculated dependence of the bathochromic shift
of the a?X transition band in the collision complex O2+Ar
on the interparticle distance was reported;98 the shift is very
small (Dn=2.1 cm71) near the potential curve minimum
(R=3.6 �A) and rapidly increases as R decreases. At R=3.25
and 3 �A, where the repulsive potential considerably increases,
one gets Dn=13.2 and 39 cm71, respectively. The continuum
model of self-consistent reactive field of the solvent gives
poorer results.71 This model ignores the overlap and orbital
mixing between the collision partners, which precludes correct
calculations of not only enhancement of the radiating capacity
of the a?X transition, but also the solvatochromic shift.

Knowledge of the enhancement mechanism of singlet oxy-
gen radiating capacity is also basic to understanding of the
nature of solvatochromic shift of the a7X band. In all
solutions studied the maximum of the 0 ± 0 phosphorescence
band of O2 (7882.4 cm71) is shifted by 20 ± 50 cm71 towards
the long-wavelength region, the shift increasing with the
solvent polarisability.

Taking into account the fact that the major contribution to
the shift of energy levels comes from dispersion interaction,
Schmidt 1, 35 proposed a theory of solvatochromic shift of the
a7X band. The theory assumes that the shift of the maximum
of the 0 ± 0-band (Dn) depends on the polarisability difference
between the a1Dg and X 3Sÿg states (i.e., on aD and aS)

Dn � ÿ 3as
2d 6

c

�
aDIDIs
ID � Is

ÿ aSISIs
IS � Is

�
,

where IS; ID and Is are the ionisation potentials of the O2 and
solvent molecules, dc � �dS � ds�=2 is the distance between
spherical molecules, ds is determined from the molar volume of

{Notations: M is the solvent molecule involved in the collision complexes

and S are other solvent molecules.

{ Shift towards long-wavelength region.

Table 1. Radiative rate constants for singlet ± triplet transition
a1Dg?X 3Sÿg of oxygen molecule in different solvents.17, 64, 76, 74, 104

Solvent ka7X/ s71 kcaÿX/ litre mol71 s71

Water 0.209 0.0038

Methanol 0.390 0.0159

Acetonitrile 0.45 0.0234

Acetone 0.543 0.040

Ethanol 0.55 0.032

Cyclohexane 0.66 0.071

Chloroform 0.962 0.077

Tetrachloromethane 1.17,a 0.8,b 0.25 c 0.113

Toluene 1.44 0.153

Benzene 1.50 a 0.133

Chlorobenzene 1.68 0.171

Tetrachloroethylene 1.89 0.193

Iodobenzene 2.61 0.291

Diphenyl sulfide 2.66 0.442

1,3-Dibromobenzene 2.72 0.328

1-Methylnaphthalene 2.96 0.420

1-Bromobenzene 3.11 0.432

Carbon disulfide 3.14 0.189

Note. ka7X and kcaÿX are the mono- and bimolecular rate constants,

respectively. For free O2 molecule (in vacuo),1, 9 ka7X=0.00023 s71. For

a homogeneous mixture of solvents kaÿX �
X
i

kcaÿX; i i� �, where [i ] is the

molar concentration of the ith component of the system and kcaÿX; i is the
corresponding second-order rate constant.
aMeasured using three different sensitisers with their fluorescence as

luminescence standards.64

bWith Li7Nd phosphate glass as luminescence standard.101

cWith fluorescence of tetraphenylporphine as luminescence standard.63
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the solvent and dS is determined from the van der Waals
volume of the O2 molecule. The solvent polarisability

as �
3Rm

4pNA

was determined through the refraction

Rm � VmPn ,

where Vm is the molar volume of the solvent,

Pn �
n2 ÿ 1

n2 � 2
,

(n is the refractive index). To explain the bathochromic shift of
the a7X band, Schmidt assumed 35 that aD> aS , as is the case
for the excited-state and ground-state polarisabilities. How-
ever, the characteristics of the open-shell oxygen molecule [see
Eqns (1)7(3)] and the paramagnetic ground state are basically
different from those of conventional diamagnetic molecules
with closed shells in the ground state. This also concerns the
polarisability tensor. For instance, the diagonal elements of
this tensor for the x axis are defined as follows:

axx �
X
n

0 exj jnh i n exj j0h i
En ÿ E0

, (18a)

where ex is the projection of the dipole moment on the x axis;
jni and En are respectively the wave function and energy of the
nth excited state; the case jni=0 (not included in the sum)
corresponds to the ground state for which the tensor is
calculated.13 Expressions for other components of the tensor
are similar. The excited-state polarisability of a conventional
organic molecule should be higher than that of the singlet
ground-state, because the energies of transitions between
excited states are always lower than the energy of excitation
from the closed shell at a sufficiently large number of intense
transitions in both cases.

Schmidt's assumption 35 aD> aS was rejected based on the
results of ab initio calculations of O2 molecule (see Refs 40, 53
and 93), which also cast some doubt 53 on his theory of red
solvatochromic shift of the a7X band. At all values of the
internuclear distance in the O2 molecule, the polarisability in
the a1Dg state is lower than in the X 3Sÿg state,98 which contra-
dicts the Schmidt hypothesis. Thus, even averaging over vibra-
tional states does not change the conclusion, namely, aD< aS .
This result can be explained as follows. The polarisability aS of
the triplet ground state is mainly determined by the electric
dipole moment of the Schumann ±Runge transition (D2

SR ,
divided by the transition energy), whereas that of the singlet
state a1Dg is determined by the electric dipole moment of the
a1Dg71Du transition, which is much smaller than DSR (Schu-
mann ±Runge transition energy is also lower, especially at
r>1.23 �A).30, 66 Here the case in point are the components of
the tensor azz , since these transitions are polarised along the
molecular axis. It is these transitions that make the major
contributions to the average polarisability

acp=
2axx � azz

3
.

The perpendicular component is determined by the dipole
moments of transitions to the 1,3Pu states, which are nearly
equal for the triplet and singlet transitions. The axx and azz
values we have obtained are respectively 8.16 and 15.48 a30 for
the X 3Sÿg state and 8.15 and 14.12 a30, respectively, for the
singlet state a1Dg. Here acp=10.6 a30 for X 3Sÿg and
acp=10.14 a30 for a

1Dg , aD7aS=70.46 a30 .

The relation aD< aS is valid for free O2 molecule in
vacuum,53 but will it hold for oxygen in solution? To clarify
the issue, we carried out polarisability calculations for collision
complexes of O2 with diamagnetic molecules.98 As an example
we will consider a collision complex O2+He, where the He
atom serves amodel for a simplest closed-shell species.98 In this
case the average polarisabilities of the triplet and singlet states
somewhat increase to acp=11.72 a30 for X

3Sÿg , acp=12.69 a30
for a1Dg , i.e., aD> aS . The reason consists in the appearance
of additional contribution to polarisability due to the induced
a7b-transition [see Eqns (13) and (14)] and the contributions
of charge transfer transitions for the a1Dg state. The charge
transfer transitions are more intense for the a1Dg state rather
than X 3Sÿg ground state.12, 27 70 The singlet and triplet charge
transfer states are almost degenerate;27 therefore, the energies
of the charge transfer transitions from the singlet state a1Dg are
nearly 1 eV lower than those of similar transitions from the
triplet ground stateX 3Sÿg . Themixing coefficients of the triplet
and singlet ground-state wave function (2) with the wave
functions of the charge transfer states due to configurational
interaction are noticeably larger for the a1Dg state than for the
X 3Sÿg state,12, 27 which predetermines higher intensities of
dipole transitions and their greater contribution to polar-
isability.98 The calculated polarisability difference

aD7aS=0.97 a30

is in qualitative agreementwith the predicted value.35Using the
results of such calculations, one can explain the red solvato-
chromic shift of the a7X transition band in the framework of
the Schmidt theory.

Thermal motion of molecules in solutions is reduced to
random jumpwise translational motions from one metastable
position to another. O2-Type gas molecules are known to exist
in solutions in cavities, with rather long lifetimes that are much
longer than the jump time. An important contribution to
stimulation of the radiative transition a1Dg?X 3Sÿg of oxygen
molecule comes from asymmetrical intermolecular vibrations
in those cavities that are included in modelling as the effect of
nearest neighbours only. The inclusion of a few solvent
molecules in the nearest solvation shell leads to non-additive
enhancement of the a?X transition.98 Model ternary com-
plexes O2+C2H4+H2 were calculated100 at different colli-
sion geometries and co-operative effects of a complex solvation
shell on the intensities of the b? a and a?X transition bands
were studied in detail. It was shown that both an increase and a
decrease in the probability of the radiative transition a?X are
possible depending on the mutual position of the collision
partners. By and large, calculations 98, 100 revealed the possi-
bility of co-operative effect of a few solvent molecules on the
moment of the a?X transition, which explains a large
enhancement of singlet oxygen emission in solution compared
to that observed in the gas phase.

Fink et al.39 studied the intensity of the Noxon band in the
microwave discharge spectra of O2 mixtures with noble and
other gases at a reduced pressure. Using a FT IR spectrometer,
they obtained a high resolution for the b? a transition band at
1.91 mm and found that raising the pressure causes the appear-
ance of a continuum against the background of discrete lines of
rotational branches of the b1S�g ? a1Dg quadrupole transition.
The discrete spectrumwas assigned39 to unperturbed O2(b1S�g )
molecule, while the continuum was attributed to collision-
induced emission.Metastable molecules O2(b1S�g ) generated in
discharge also give rise to an emission band b1S�g ?X 3Sÿg the
intensity of which depends only slightly on collisions.39 This
follows from the old semiempirical theory 12, 25 and is con-
firmed by ab initio calculations,87 namely, with allowance for
the SOC [see Eqns (9) and (10)] the electric dipole moment of
the b?X transition is proportional to the dipole moment
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difference between the b1S�g and X 3Sÿg states. For some
calculated collision complexes this difference is negligible and
no b?X transition enhancement is observed.

Once measured the intensity ratios of the b?X and b? a
transition bands as functions of pressure of various gases, the
second-order rate constants for collision-induced singlet ±
singlet transition b? a (Table 2) were determined.39 For
neon, one has kcbÿa =0.9610721 cm3 s71, whereas for PCl3
this rate constant increases by a factor of 467
(kcbÿa =42610720 cm3 s71).39 In Table 2 the rate constants
taken fromRef. 39 are given per mole in order to compare with
the results of measurements in solutions.1 The rate constants
for quenching of excited O2(b1S�g ) molecules are 2 ± 3 orders of
magnitude higher than the radiative rate constants in the gas
phase.1, 39 In the condensed phase quenching is even more
efficient; therefore, luminescence measurements for the b? a
transition in solutions are difficult.1, 17, 58, 64 Chou and Frei 58

first discovered this emission in CCl4 solution using triplet
benzophenone as sensitiser of the O2(b1S�g ) state. This result
could not be reproduced for long.106 Taking into account the
low rate constant for the Noxon band in free O2 molecule
(kbÿa =1.461073 s71), the observation of a narrow band at
1.92 mm indicated 58 a giant enhancement of the b? a tran-
sition in solution. According to Schmidt et al.,1, 106 the quan-
tum yield of luminescence for the b? a transition in CCl4
solution is 0.00045. Using the observed lifetime of O2(b1S�g )
molecules, he determined the radiative rate constant for the
Noxon band in CCl4 solution (kbÿa =3.456103 s71); this is
six orders of magnitude higher than the rate constant for free
O2 molecule. The calculated moment of the b? a transition in
the collision complex O2+CCl4 depends strongly on the
intermolecular distance, being almost independent of collision
angles.12 The average value of R is governed by the molecular
velocity in the vicinity of the nearest solvation shell. Assuming
that Rav=2.87�A at room temperature, one can obtain the
observed enhancement of the b? a transition. Tetrachloro-
methane is not a `champion' with respect to enhancement of
the a?X and b? a transitions in solutions, as follows from
calculations 12, 24 ± 28, 85 ± 88, 98 ± 100 and from the data listed in
Table 1.

3. Inclusion of vibrations and vibronic interactions
Enhancement of forbidden transitions in oxygen molecule
trapped in a low-temperature inert gas matrix is much less
pronounced.98 ± 123 Taking into account the symmetry of the
nearest environment of an impurity O2-centre in the crystal

lattice, one can conclude that the b? a transition remains
forbidden ignoring lattice vibrations.113, 123 Transitions
become allowed only when assisted by electron ± phonon
interactions.123 In argon matrix at 5K, the b? a transition is
characterised by a radiative lifetime of 24.5 ms, or a rate
constant kb7a=41 s71 (Refs 51 and 52), which is nearly two
orders of magnitude lower than in CCl4 solution. In this matrix
the electric dipole moment of the b? a transition is induced by
each neighbouring argon atom, in the direction from O2

towards Ar, so the resultant moment of the transition is zero.
Thus, enhancement of the b? a transition can be due to
asymmetrical lattice vibrations. With allowance for nuclear
displacements

q=R7R0

from the equilibrium positionR0 (change in the intermolecular
distance) in the adiabatic approximation, the dipolemoment of
a vibronic transition a?X can be written in the form 113

a1Dgw0

 ��D CX; 0wn

�� � � ÿc�qDbÿa
qq

�
R0

w0h jq wvj i, (19)

where w0 and wn are the vibrational functions with quantum
numbers 0 and n, respectively; for the coefficient c, see
Eqn (11). By analogy, for the b? a transition one gets

b1S�g w0

 ��D a1Dgwn

�� � � �qDbÿa
qq

�
R0

w0h jq wnj i.

The equilibrium positions and vibrational functions for the
states b, a and X are thought to be the same, which is quite
realistic.9, 98 For many models the calculated moment of the
Dbÿa transition depends strongly on q near the equilibrium
complex O2+M.12, 98, 99, 113 The radiative rate constants for
the a?X and b? a transitions determined with allowance for
asymmetrical vibrations in the octahedral model of impurity
centre O2

.Ar6 are similar to the observed ones.12, 51, 98

The 0 ± 0-bands of the a?X, b? a and b?X transitions
are the most intense because the potential curves for these
states are characterised by nearly equal equilibrium distances
(see Fig. 1). The Franck ±Condon (FC) factors for these bands
approach unity, whereas for vibronic overtones they are
negligible. For O2 in the gas phase, even the 0 ± 1 bands have
low intensities. In addition to the FC factors, here the depend-
ence of the transition moment on the interatomic distance r
should also be taken into account. Themagneticmoment of the
transition [see expression (12)] rapidly increases with the
distance r, because the energy difference in the denominator
of Eqn (11) decreases to zero in the limit r??. The Einstein
coefficients for spontaneous emission of this transition deter-
mined by integration over r for the magnetic moment of the
b?X transition ofO2molecule are equal to 0.0047, 0.0064 and
0.0003 s71 for the 0 ± 1, 1 ± 0 and 2 ± 0 bands, respectively.50

These values are similar to measured ones 9 and their ratios
differ from the FC factor ratios.

Deviations from the FC effects were also obtained for the
a?X transition.12, 86 In addition to the 0 ± 0-band of the a?X
transition (1.27 mm), Chou and Khan 114 found a new, very
weak emission band near 1.4 mm in spectra of chlorine-
containing organic solvents (C2H4Cl2 , C3H5Cl3, etc.). The
band is red-shifted relative to the 0 ± 0-band, the shift being
equal to the C7Cl vibrational frequency. Similar weak bands
were also detected for other halogen-containing solutions.114

They correspond to the a?X transition of O2 and simulta-
neous vibrational excitation of the solvent molecule.

Understanding of the nature of these co-operative vibronic
transitions is of fundamental importance for theory of singlet
state (a1Dg) of oxygen in solutions. Having included these
transitions, one can obtain direct substantiation of relations

Table 2. Radiative rate constants for singlet ± singlet transition
b1S�g ? a1Dg of O2 molecule induced by collisions with various buffer
gas molecules.39

Buffer gas kcbÿa/ litre mol71 s71 Rm/ml mol71

He 40.6 7
Ne *0.6 1.00

N2 7.8 4.34

O2 9.0 4.00

Ar 10.2 4.13

Kr 21.6 6.22

Xe 46.8 10.10

SF6 26.4 11.34

SO2 31.8 9.71

PCl3 252.0 25.0

Note. Bimolecular constants kcaÿX were determined from the integral

intensity ratio of discrete lines and broad bands corresponding to

collision-induced transitions. The rate constant for the b1S�g ? a1Dg

transition of free O2 molecule was taken to be kb7a=0.0014 s71

(Ref. 39).
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(11) and (16) and the bimolecular model for oxygen complex
with solvent as the primary source of stimulation of emission of
the forbidden transition a1Dg?X 3Sÿg (Ref. 113).

A model for the complex of O2 with CH3Cl used in
calculations 113 of the transition moment Db7a and its deriva-
tive [see Eqn (19)] is shown in Fig. 4. The dipole moment of co-
operative vibronic transition a?X with simultaneous vibra-
tional excitation of the C7Cl bond in CH3Cl molecule can be
calculated using expression (19) and the standard integral



w0jq jwn� 1

� � ���������
�h

2mo

s
,

where m is the reduced mass and o is the vibration frequency.

Vibrations of the C7Cl bond in the equilibrium complex
modulate the intermolecular distance, which in turn strongly
affects the moment of the a?X electronic transition, induced
by intermolecular interactions. The dipole moment of co-
operative vibronic transition [see Eqn (19)] was estimated to
be equal to 1.4261075 e �A.113 This leads to a radiative rate
constant of 0.0056 s71, which is nearly 100 times lower than
typical rate constants for the a ±X transition of theO2molecule
in related solvents (see Table 1). This estimate is in good
agreement with the results reported by Chou and Khan:114

the new emission band is about 100 times less intense than the
0 ± 0-band of the a?X transition.

Absorption of thermal IR radiation by homonuclear
molecules O2 and N2 is strictly forbidden by selection rules.
However, weak absorption of IR radiation by air at 6.4 mm is
known. Theory of intensity of vibrational transitions is inti-
mately connected with the theory of enhancement of absorp-
tion bands of oxygen in electronic spectra. Geometry
optimisation of O2+Ar complexes allowed the shifts of the
IR bands in different excited states of the O2 molecule and the
corresponding band intensities to be calculated. Of particular
importance is the theoretical prediction, 98 according to which
intermolecular interaction affects the O2(5Pg) metastable state
and its IR absorption spectrum. This state is formed upon
recombination of O(3P) atoms in atmosphere and corresponds
to a loosely bound complex or a biradical pair O(3P)_O(3P)
with a long internuclear distance (2.2 �A). The bond energy
(0.12 eV) and vibrational frequency (113 cm71) of this species
are unexpectedly low for diatomic molecule.98 Recently,94 this
associate was detected by the quintet ± quintet transition to the
ion-pair state. According to calculations of the complex
O2+Ar, it is the 5Pg state that is characterised by the greatest
enhancement of IR absorption.98 Loosely bound molecules O�2
can `stick' to inert gases or aerosol particles, which should
manifest itself in the IR spectra. Recombination of O(3P)
atoms also leads to formation of more stable states 1Sÿu , 3Du ,
3S�u of O�2 molecules; this is accompanied by release of energy
and subsequent decomposition of the complex of oxygen with
aerosol. Onlymetastable quintets can readily relax, being at the

same time bound to the third particle (aerosol). Check-up of
these predictions seems to be important for remote control in
atmospheric photochemistry.

4. Optical effects stimulated by collisions of oxygen and
organic dye molecules
Among numerous optical effects,1, 2 we will consider the
enhancement of absorption intensity upon S0?T1 transition
of dye, quenching of dye luminescence and a number of co-
operative transitions.27, 69 ± 71, 73 ± 88, 98 ± 122 Organic dye mole-
cules typically contain an extended p-conjugation chain and
readily excitable p-electrons and have low triplet-state energies
and high polarisabilities.2, 7 Therefore, the effects of intermo-
lecular interaction manifest themselves most pronouncedly
when they influence the optical properties of both oxygen and
dye molecules. A collision between excited dye molecule and
O2(3Sÿg ) produces a short-lived collision complex with a nearly
zero equilibrium constant.7, 13 Mixing of excited states of the
complex and electronic-vibrational relaxation can lead to
quenching of fluorescence of the S1? S0 transition of the dye
molecule 2, 7, 13

S1+ 3O2 T1+3O2 , (20)

S1+ 3O2 T1+1O2 (a1Dg or b1Sg), (21)

S1+ 3O2 S0+ 1O2 (a1Dg or b1Sg). (22)

Here S0 and S1 are the ground and excited singlet state of the
dye molecule, respectively.

Measurements of the yield of T1 triplet states of pyrene and
anthracene molecules and its perfluoro analogues showed 2

that quenching of fluorescence proceeds by reaction (20); no
energy-transfer products [see Eqn (21)] were detected. It has
long been known 2 that the rate of fluorescence quenching by
oxygen varies insignificantly on going from organic molecules
[in this case the S17T1 splitting is such that reaction (21) is
exothermic] to molecules for which reaction (21) is highly
endothermic. Reaction (22) is spin forbidden. Immediate
quenching

S1+ 3O2 S0+ 3O2

is independent of specific features of intermolecular interaction
associated with paramagnetism of the oxygen, because there is
no need of spin changes in individual molecules; this process
should not differ from the quenching by conventional diamag-
netic molecules and is therefore of low efficiency. At present, it
is commonly accepted that quenching of dye fluorescence by
oxygen is mainly due to stimulation of intersystem crossing
(ISC) with the transition from the S1 to the T1 state.1, 2, 13

Theoretical explanation for the high efficiency of ISC (20) is
based on quantum chemical calculations of collision com-
plexes.27, 70, 71, 103, 109 Now we will give some examples includ-
ing the results of recent calculations.107

First, wewill consider a collision complexwith ethylene as a
simplified model. This unsaturated hydrocarbon is not a dye,
but has the S1- andT1-states of the pp*-type; calculations of the
collision complex of ethylene with oxygen simulate the char-
acteristic features of the intermolecular interaction of O2 with
the p-system. In this model the O2 molecule is above the
ethylene plane at the distance R between the centres of the
molecules; the oxygen and carbon atoms form an equilateral
trapezoid O7O7C7C similar to that formed by the oxygen
and nitrogen atoms in the collision complex O2+N2 (see
Fig. 3). The complex was calculated 107 using the spin-
restricted Hartree ±Fock method for open-shell systems with
inclusion of configuration interaction in the 6-311G** basis
set. The active space of configuration interaction included the
most important orbitals of oxygen (from 3sg-MO to vacant

O

Cl

C

H

Figure 4. Structure of a collision complex O2+CH3Cl.

C7Cl vibration modulates the intermolecular distance in the equilibrium

complex.
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3su-MO). Six ethylene orbitals were also included in the CI
calculations.107 The use of extended AO andCI basis sets made
it possible to reach 107 a better accuracy compared to that
reported earlier,109 although the models of the complexes were
identical.

Comparison of the results obtained by this method (Fig. 5)
with the results of calculations of the moments of singlet ±
singlet transitions 109 showed that extension of the CI basis set
leads to enhancement of certain collision-induced transitions.
This first of all concerns the 1 ± 4 transition (see Fig. 2), i.e., the
co-operative singlet7triplet transition of ethylene with simul-
taneous excitation of the oxygen a1Dg state. This transition
could be observed in emission as dye phosphorescence whose
band is shifted towards the red spectral region by the energy of
the a1Dg7X 3Sÿg transition.109 Simultaneously, collisions
between oxygen and dye molecules cause quenching of dye
phosphorescence; therefore, observation of this co-operative
emission is difficult. In principle, it cannot be ruled out that
appropriate choice of the dye and the solution concentration
will allow one to detect this co-operative emission.

The dipole moment of the 1 ± 4 transition rapidly decreases
as R increases (see Fig. 5) and becomes the smallest among all
dipole moments of the collision induced transitions at
R=4.2 �A. It is interesting to compare it with the dipole
moment of the 1 ± 5 transition (a1Dg7c1Sÿu transition of oxy-
genmolecule, the frequency of which is similar to the frequency
of the Chamberlain band a1Dg7A0 3Du).94 The a1Dg7c1Sÿu
transition with intensity strongly enhanced compared to those
of the transitions of free oxygen molecule has been revealed in
argon matrix;108 this was explained by strong effect of inter-
molecular interaction on the electric dipole moment of this
transition.98, 107, 109 Figure 5 shows that the dipole moment of
the 1 ± 5 transition is large even at long intermolecular dis-
tances, being the largest among all calculated dipole moments
at R=4.2 �A. Enhancement of transitions for oxygen in inert

gas matrix is determined by asymmetrical lattice vibrations
relative to O2; it depends on the difference between the
distances to nearest neighbours rather than R. Therefore,
enhancement of the a1Dg7c1Sÿu transition intensity at long
intermolecular distances is of particular importance for
explanation of the matrix effect on this transition.109

Comparison of two transitions, 1 ± 5 and 1 ± 4, shows that
the latter becomesmore intense atR<3.2�A (see Fig. 5). It was
reported 109 that the dipole moments of the transitions
increased not so rapidly, as shown in Fig. 5, as the molecules
approached each other. This can be explained by lesser
`flexibility' of the 6-31G basis set (see Ref. 97) and poorer
inclusion of electron correlation in the configuration interac-
tion method compared to more recent calculations that pro-
vide (see Fig. 5) better agreement with experimental data on
the radiative lifetimes of emission c1Sÿu ? a1Dg; they also
predict a higher probability of the co-operative transition
1 ± 4. This gives grounds to hope that at a sufficiently high
concentration ofO2(a1Dg) in solution this transition can also be
detected in absorption.

For the transition b1S�g 7a1Dg the component (4) is more
active (transition 3 ± 2) than the other quasi-degenerate com-
ponent (4a) of the a1Dg state (transition 3 ± 1). This agrees with
the results of the simplified analysis of relations (13) and (14)
and with Fig. 3. The b1S�g 7a1Dg (3 ± 2) transition is relatively
intense at long R (3.8 ± 4.2�A), while at smaller R values the
other, shorter-wavelength transitions are enhanced to a much
greater extent (see Fig. 5). This is due to an increase in the
contributions of charge transfer states to higher-energy
terms.109

Curve 5 in Fig. 5 shows a rapid increase in the probability
of the 4 ± 5 transition as the molecules approach each other.
This is a co-operative transition from the triplet state to the
ground singlet state of ethylene with simultaneous excitation of
the oxygen c1Sÿu state. At R=3�A, the dipole moment of this
transition is 0.2 D, being commeasurable with the dipole
moments of the allowed optical transitions.13 For many dyes
the wavelength of this co-operative transition falls in the visible
region; observation of this transition in electric discharge may
appear to be useful in studies of the concentration of the c1Sÿu
states of the oxygenmolecule and in the design of new chemical
lasers.

The S07T1 transition of ethylene becomes an allowed
triplet ± triplet transition of the collision complex with oxygen
(transition 0 ± 6 in Fig. 2).2, 12, 27, 70, 110 Formally, the dipole
moment of the transition between the pure configurations,
X 3Sÿg 6S07X 3Sÿg 6T1 , equals to zero; however as configura-
tional interaction causes the triplet states to mix and thus the
contributions of charge transfer states and triplet states of the
type X 3Sÿg 6S1 appear, the 0 ± 6 transition is collision
induced.70, 109 The S07T1 transitions of ethylene were
observed upon adding oxygen at high pressure 111 and in
many dye solutions.2 The theoretical intensity 109 of the 0 ± 6
transition matches experimental data;111 this gives grounds to
believe that calculations 109 are suitable for comparative pre-
dictions of the probabilities of some other triplet ± triplet
transitions including co-operative excitations. New intense
transitions induced by oxygen ± dye collisions were pre-
dicted.12, 27, 109

Of particular interest is the singlet ± triplet transition 6 ± 7
between two excited states, S1 and T1, of the dye. As the dye
molecule contacts the triplet oxygen (X 3Sÿg ), this transition not
only becomes a dipole-allowed triplet ± triplet transition, but
also acquires the maximum intensity, which is due to com-
paratively large contribution of charge transfer
states.12, 70, 86, 99, 109 Indeed, the S1 state of the dye has a
relatively high energy (1.5 ± 2 eV higher than that of the T1

state) and stronger mixes with the charge transfer states. In the
complex of O2 with ethylene the dipole moment of the
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Figure 5. Dipole moments of singlet ± singlet transitions (D) induced by

collisions between oxygen and ethylene molecules plotted vs. intermolec-

ular distance (R).

Calculations of configuration interaction with the 6-311G** basis set and

molecular orbitals using the spin-restricted Hartree ±Fock method. Tran-

sition (see Fig. 2): 3 ± 1 (1), 1 ± 4 (2), 1 ± 5 (3), 3 ± 2 (4) and 4 ± 5 (5).
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X 3Sÿg 6S17X 3Sÿg 6T1 transition is 0.38 D at an intermolec-
ular distance R of 3.6�A which is similar to equilibrium one.99

Commensurable, although smaller, values were obtained for
the O2 complexes with naphthalene and conventional dyes.103

This `colossal' enhancement of the S17T1 radiative transition,
which is forbidden for free dye molecule, provides an explan-
ation for the high rate of quenching of dye fluorescence.27

Analysis of calculations 99, 109 also made it possible to
explain the known enhancement of the Herzberg(III) band
(X 3Sÿg 7A0 3Du) at high pressure of oxygen or buffer gas and in
inert gas matrices.9, 93, 103 High intensity of the Herzberg(III)
band and the c1Sÿu7a1Dg transition, as well as co-operative
transitions involving theHerzberg state 104 is due tomuchmore
efficientmixing of pu-MOswith the solvent orbitals rather than
pg-orbitals.12 All features of the interaction between oxygen
open shells and solvent molecules are clearly related to
enhancement of radiative transitions. Taking account of this
fact makes understandable numerous optical effects due to
collisions between oxygen and organic dye molecules.12, 86

5. Relation between enhancement of radiative transitions and
quenching of dye fluorescence
The mechanism of enhancement of collision-induced radiative
singlet ± triplet transitions of oxygen is intimately related to the
acceleration mechanism of non-radiative deactivation of
O2(a1Dg) (Refs 26, 27, 81) and other quenching processes in
the contact complex O2+M.2, 13, 112 ± 137 Within the frame-
work of the model for dispersion forces the collision induced
electric dipole moment of transition of the oxygen molecule
can interact with the moments of transitions in solvent. Recall
that the dipole ± dipole interaction between all virtual transi-
tions in two closely spaced molecules determines the attractive
forces acting between them; this interaction is responsible for
the dipole ± dipole non-radiative energy transfer and (partially)
for quenching of singlet oxygen.1, 2, 27, 71, 115

An explanation for various types of generation of singlet
oxygen due to dipole-dipole energy transfer and CI-calculated
transition moments in collision complexes is available.27 Colli-
sion-induced dipole moments of S7T-transitions (forbidden
in isolated molecules) are mainly due to exchange interaction;
therefore, this type of energy transfer can be treated as
exchange-resonant one.107 However, in this case 27 its rate
should be calculated using the expression for the dipole ± di-
pole interaction between the moments of induced transitions.
For instance, quenching of dye fluorescence can be explained
by enhancement of non-radiative collision-induced S17T1-
transition with O2(X 3Sÿg ). Namely, a relatively large dipole
moment of the S17T1-transition (DS7T) induced by collisions
between dye and oxygen molecules strongly interacts, by the
dipole-dipole mechanism, with the moments of T1, 07T1, v

resonant transitions between vibrational sublevels of high-
frequency C7H (O7H) vibrations and their overtones of the
dye molecule.2, 27 This also makes understandable the contri-
bution of charge transfer states to the quenching mechanism,
because the DS7T strongly depends on them.27 Quenching of
T1 states through energy transfer to singlet oxygen depends on
the intensity enhancement of the 0 ± 6 and 1 ± 3 (2 ± 3) tran-
sitions and the a7X transition; all of them become dipole-
allowed transitions upon collision.27 The applicability of the
dipole ± dipole mechanism is substantiated by the fact that the
distance between the `emitting' oscillator (induced dipole
moment of the S17T1-transition) and `absorbing' oscillators
(overtones) is noticeably longer than the oscillator size,
namely,2 both `dipoles' are at most 0.1 �A long.

The dipole moments of the S17T1-transitions in the O2

complexes with ethylene 27 and naphthalene,103 obtained from
MINDO calculations with inclusion of configurational inter-
action are equal to 0.02 and 0.01 D, respectively, at an

intermolecular distance of 3.2 �A. The DS7T value rapidly
increases as the molecules approach each other;27, 87 however,
this is hard to reach in the gas phase under normal pressure.
The vector of the dipole DS7T connects the centres of the
molecules, being distant from the C7H oscillators. The size
and orientations of these oscillators are comparable with
analogous parameters of H atom displacements.2, 86 Theory
of non-radiative transitions in the case of non-adiabatic
perturbation was considered in Ref. 2. Calculations of the
rate of quenching of dye fluorescence by oxygen due to
enhancement of non-radiative S17T1-transition give the rate
constants of the order of 1013 litre mol71 s71, which is much
higher than the duffusion constants.27

6. Sensitisation of O2(a1DDg) molecule
Singlet oxygen is most often generated using photosensitisa-
tion, i.e., energy transfer from excited state of sensitiser to
O2(3Sÿg ) state. Possible sensitisers includemany dyes absorbing
visible light, in particular, widely abundant natural com-
pounds, such as chlorophyll, haem, protoporphyrin and other
porphin derivatives. Therefore, singlet oxygen plays an impor-
tant role in many photobiological processes.

Excited singlet state of a dye sensitiser (S1) formed upon
absorption of a light quantum is efficiently quenched through
oxygen-induced ISC [see Eqn (20)] or due to fast monomolec-
ular transition to the T1 state. Upon collision with O2(3Sÿg ), the
long-lived state T1 generates the quintet, triplet and singlet
states of the collision complex. Decomposion of the singlet
state into products is spin allowed

T1+3O2
1, 3, 5(T1+ 3O2) (23)

S0+ 1O2 (a1Dg or b1Sg).

Quenching of phosphorescence of tripaflavin adsorbed on
silica gel [reaction (23)], was proposed by Kautsky in 1931.2, 7

Experiments were carried out in a sealed vessel at low concen-
tration of the oxygen added. Quenching was explained by the
formation of active oxygen in the singlet state. According to
Kautsky's hypothesis, 1O2 reaches the oppositely lying surface
of a silica gel bead containing adsorbed dye and transforms it
to the coloured form. This hypothesis was soon forgotten and
quenching of the T1 states of organic molecules was explained
by formation of unstable peroxide intermediates (moleox-
ides).7 Only three decades agoKautsky's ideas were completely
substantiated.1, 2, 7 Oxygen efficiently quenches the T1 states of
all organic molecules studied in vapours, liquid solutions,
adsorbates and polymers (where diffusion of O2 is possible).1, 2

The rate constant for quenching of triplets with oxygen (kO2

T ) is
about an order of magnitude lower than the rate constant for
diffusion (kd).

Since the quintet, triplet and singlet states of the collision
complex are equiprobable, nine collisions on the average
produce five quintets, three triplets and one singlet; only in
the last-mentioned case reaction (23) is spin-allowed and only
in this case singlet oxygen can be generated. Then one has
kO2

T 4 (1/9)kd , which is in agreement with many (not all)
experimental data.1, 2 Complete quenching

T1+3O2 S0+ 3O2

can start from the triplet state of the complex;27 it also
contributes to kO2

T . Quantum yield measurements confirmed
the importance of this quenching channel.131 Rate constant
measurements for quenching of T1 states of carotenoids gave
kO2

T & 109 litre mol71 s71. In this case the formation of
O2(a1Dg) is impossible, because its energy exceeds that of the
T1-state,1, 131 which also points to important role of this
channel of complete quenching.
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IV. Quenching of the O2(a1DDg) molecule

The main mechanism of quenching of singlet oxygen in the gas
and liquid phases involves transfer of electronic excitation
energy of the O2(a1Dg) to the vibrational degree of freedom of
the collision partner.2, 12, 26, 78, 116 ± 122 In its pure form this
mechanism occurs for quenchers with molecules having high
oxidation potentials or high energies of triplet-excited states:
here the mechanism of charge transfer 119 or quenching by
transfer of electronic energy to triplet state is impossible.1 The
electronic excitation energy of the O2(a1Dg) is transformed to
vibrational, rotational or kinetic energy of quencher. Noble
gases are the poorest quenchers of singlet oxygen 1 (for argon,
the second-order rate constant for quenching is kDQ =5 litre
mol71 s71) because in the gas phase their atoms have no
vibrational degrees of freedom and cannot efficiently trans-
form the electronic excitation energy of O2(a1Dg) to heat.
However such gases as H2 (k

D
Q =2800 litre mol71 s71), NH3

(kDQ =2600 litre mol71 s71), C6H6 vapour (kDQ =3200 litre
mol71 s71) and water vapour (kDQ =4900 litre mol71 s71)
are the most efficient scavengers.1, 118 All hydrides have high-
frequency X7H bond vibrations (e.g., osym=2916 cm71 for
CH4 molecule, oasym=3939 cm71 for H2O molecule,
oe=4401 cm71 for H2 molecule);2, 9 here two or three vibra-
tional quanta are sufficient to absorb the energy of singlet
oxygen (7918 cm71). Molecules containing no C7H or O7H
bonds (e.g., CS2 , CCl4) are much poorer quenchers of singlet
oxygen.1, 78

Initially, lifetime measurements of singlet oxygen in sol-
utions were carried out by indirect chemical methods.78, 120 ± 122

By conducting steady-state photo-oxidation of benzofuran in
solution with variable concentration of b-carotene, which
physically quenches O2(a1Dg),122 one can determine the prod-
uct tDkDQ . Assuming that the rate constant kDQ for b-carotene is
diffusion controlled,120 Young et al.122 determined tD=5.5 ms
in methanol.122 Later on,77, 78, 121 direct lifetime measurements
of singlet oxygen in solutions were carried out using pulsed
lasers (a greater value was obtained in methanol,
tD=9.5 ms).1, 106 Merkel and Kearns 78 were the first who
noticed significant changes in tD for different solutions and
applied the theory of transfer of the energy of oxygen a1Dg

electronic excitation to solvent vibrations. Later on, these
results were repeatedly refined.1, 73 ± 77, 101 ± 106, 116 ± 118 Accord-
ing to recent data,1, 102 the time tD varies from 3.1 ms (H2O) to
128 ms (CCl4) and 309 ms (C10F18), i.e., within five orders of
magnitude.

A number of quantitative theories of O2(a1Dg) quenching
through transfer of electronic excitation energy to solvent
vibrations were put forward.1, 26, 78, 116, 118 (This energy transfer
is called e7v-deactivation.1, 76) Merkel and Kearns 78 used the
theory of dipole ± dipole energy transfer and related tD to the
optical density (OD) of IR absorption of the solvent at the 0 ± 0
and 0 ± 1 vibronic band wavelengths of the a1Dg?X 3Sÿg
transition (1270 and 1592 nm, respectively)

1

tD
=0.5(OD1270)+0.05(OD1592)+ (24)

+ higher-order corrections.

Rodgers 117 measured tD for a number of solvents and deter-
mined the second-order rate constants for quenching of
O2(a1Dg) by the solvent molecules A (1=tD � kDQ;A�A�); then
he measured the tD values in binary mixtures of solvents A and
B and showed the validity of the following equation:

1

tD
� kDQ;A�A� � kDQ;B B�� . (25)

The study 117 not only appeared to be useful for practical
purposes, but also confirmed that quenching of singlet oxygen
in the liquid phase is also bimolecular in character. An
important contribution of Hurst and Schuster 116 consists in
thorough choice of solvents. A linear correlation between 1/tD
and concentration of hydrogen per mole found for a series of
aromatic compounds C6HnF67n (n=1±5) made it possible to
introduce the second-order rate constants for quenching kDCH
per C7Hbond (irrespective of the number of fluorine atoms in
the molecule). It follows that the quenching ability of the
solvent is governed by a certain specific feature of C7H-bonds
and that donor ± acceptor interactions in these solutions are of
no concern (since the fluorobenzenes studied possess the
properties of donors). However, this does not mean that the
interactions in question are insignificant for quenching of
O2(a1Dg) in other media (e.g., porphyrin solutions).

The dependences of 1/tD on the concentration of C7H
bonds and on the OD-containing terms in expression (24) were
compared.116 It was found that the dependence on [CH]
accounts more correctly for the solvent effect on the quenching
rate and that the results of calculations using relation (24) are
in poor agreement with experimental values of 1/tD. Both
parameters are interrelated (the higher [CH] the higher OD);
however, the optical density of IR absorption explicitly
depends on the dipole moment of the transition, so the
results 116 cast some doubt on the dipole ± dipole mechanism
of energy transfer. Apparently, the exchange mechanism as
well as the dipole ± quadrupole one 26 also contribute to the
quenching through e7v-deactivation.

Hurst and Schuster 116 proposed an expression for the
second-order rate constant for quenching (kDXY) involving the
X7Y bond in the solvent molecule

kDXY � CD

X
mn

FmF
0
nRmn . (26)

Here CD is the matrix element of electronic interaction, which
includes the type-(11) term and is independent of the solvent;
Fm and F 0n are the Franck ±Condon factors for the (07m)
vibronic band of the a?X transition and for the (07n)
vibrational transition of the X7Y bond, respectively; and the
factor Rmn characterises the resonance detuning between these
two transitions. Table 3 lists a number of rate constants for
quenching of singlet oxygen kDXY reported by Hurst and
Schuster;116 the data exhibit a large scatter.

Schmidt and Brauer 118 studied solvents possessing poor
quenching ability, the isotopomer 18O2, and improved the
Hurst and Schuster theory. For a large number of solvents
the measured rate constants for quenching of singlet oxygen
are reasonably well described by the relation 1, 116, 118

kDQ �
X
XY

NXYk
D
XY , (26a)

whereNXY is the number of X7Y bonds in peripheric regions
of the solvent molecule that are accessible to the interaction
with molecular oxygen.

Table 3. Second-order rate constants kDXY for quenching of O2(a1Dg)
involving stretching vibrations of X7Y bonds in the solvent molecule.116

X7Y bond Wave number /cm71 kDXY /litremol71 s71

O7H 3500 2000

O7D 2550 150

C7H 3050 420

C7D 2240 17
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Quenching of singlet oxygen can be due to not only the
dipole-dipole interaction, but also dipole ± quadrupole inter-
actions.2, 26 The first estimation of the quadrupole moment of
the a7X transition showed 26 that it is stolen from the quadru-
pole moment of the spin-allowed b1S�g 7a1Dg transition. The
stealing mechanism is identical to that described by rela-
tion (16) and is due to SOC-induced mixing of the X- and
b-states (9) and (10). In addition, the dipole moment operator
(D) in relation (16) should be replaced by the quadrupole
moment operator (Q). The quadrupole moment of the a7X
transition is

Qa7X=7cQa7b=0.0038 e �A2.

It contributes negligibly to the radiating capacity12 but largely
to quenching of theO2(a1Dg) state through the dipole ± quadru-
pole interaction.26

Collision-induced dipole moment of the a7X transition of
oxygen also interacts with the moments of weak overtone IR
transitions of solvent and quenches the phosphorescence of
O2 .27 In both cases the rate constant for quenching should
depend on the overlap of the emission spectra of singlet oxygen
and IR absorption overtones of the solvent. Both predictions
are in semiquantitative agreement with the results of indirect
measurements tD .2, 26, 78 However, direct (more accurate)
measurements of O2(a1Dg) lifetime 116 ± 118 did not confirm
this correlation, probably, due to additional (undiscussed)
contributions to the quenching mechanism.

As mentioned above, a unique spectral phenomenon,
namely, observation of co-operative vibronic emission of
singlet oxygen in solutions of halogenated hydrocarbons was
explained.28, 113 The a7X wavelength experienced a bath-
ochromic shift by the energy of the vibrational quantum of
the solvent.114 The dipole moment of the a7X-transition of
oxygen in solution is induced by the collision of O2 with the
solvent molecule (M) and strongly depends on the intermolec-
ular distance (R). Vibrations of the C7Cl bond in themolecule
M upon collision of O2 with the solvent molecule (see Fig. 4)
strongly affect the R magnitude and give rise to the derivative
of the dipole moment of the a7X transition with respect to R.
It is this derivative that determines the probability of co-
operative vibronic emission of singlet oxygen accompanied by
the bathochromic shift on the C7Cl vibrational fre-
quency.28, 113 The a ? X transition of oxygen is accompanied
by simultaneous excitation of C7Cl vibrations in the solvent
molecule. Calculations of the derivative in Eqn (19) give a
correct estimate of the intensity of this synchronised transition
in the two molecules.28, 113 The transition is two orders of
magnitude less intense than the a7X transition,28 which agrees
with experimental data.114

The theory 113 is important for not only understanding of
weak co-operative emission,114 but also explanation of devia-
tions in the rate of O2(a1Dg) quenching from the values
calculated using the simple theory of inductive-resonant energy
transfer to solvent vibrations.1, 2, 26, 60, 78 The rate of quenching
of singlet oxygen is not always related to the overlap integral
between the a ? X emission spectrum and IR absorption
spectrum of solvent overtones.1, 60, 78 The frequency of the co-
operative vibronic transition differs from the eigenfrequencies
of oxygen appearing in Eqn (24), and the moment of this
transition efficiently interacts with molecular vibrations of the
solvent. In essence, the driving force of energy transfer is
reduced to the coupling of the molecular vibrations of the
solvent and the motion of electrons in the O2 molecule with
allowance for SOC [see Eqn (11)]. Electronic-vibrational
interaction in the contact complex O2+M directly relates the
electronic wave function of the O2(a1Dg) state to the intermo-
lecular and internal vibrations in the molecule M. The inter-
molecular distance q in expression (19) determines not only the
electronic-vibrational contribution to the dipole moment of

the co-operative transition, but also the mixing with the
molecular vibrations of the solvent. The intensity of the co-
operative transition is very low; however, owing to direct
character of energy exchange with the solvent vibrations it
can contribute largely to quenching of singlet oxygen. Note
that the results obtained using the simple theory of inductive-
resonant energy transfer to solvent vibrations show the largest
deviation from the experimental data for halogen-containing
solvents.26

Yet another important mechanism of quenching of
O2(a1Dg) is the inclusion of configuration interaction and
SOC in the mixing with charge transfer states.115 Unlike the
universal mechanism of e7v-deactivation, the charge transfer
mechanism manifests itself only for molecules with low oxida-
tion potential (41.9 V vs. s.c.e.).1 It is important to distinguish
between this mechanism and actual charge transfer that occurs
as the kinetic stage of quenching.1, 115 We believe that this
confusion 119, 121 often occurs in discussing the mechanism of
quenching ofO2(a1Dg). The dependence of the rate constant for
quenching (kDQ � 1=tD) on the ionisation potential (IP) of the
quencher was found long ago.119 ± 122 Aliphatic amines do not
react with O2(a1Dg), but efficiently inhibit the oxidation of
other compounds possessing high reactivity towards singlet
oxygen.2, 119 Taking into account the increase in log kDQ with a
decrease in the amine IP, one can assume 119 that the charge
transfer configurations (CTC) are mixed with the a1Dg and 3Sÿg
states and somehow enhance the SOC between them. Explan-
ation for this mechanism (also important for understanding of
biochemical activation of oxygen) was reported.115

Now we will write the wave functions of the a1Dg and 3Sÿg
states in a collision complex with amine molecule in the
form 12, 115

3C0 � S0
3Sÿg;;0

�� � � 1���
2
p � a�apx�py

�� ��ÿ a�apy�px
�� ���, (27)

1C1 � S10Dg

�� � � 1���
2
p � a�apx�pxj j ÿ a�apy�py

�� ���. (28)

Here a denotes the highest occupied molecular orbital
(HOMO) of the aliphatic amine in the singlet ground state
S0 , i.e., the lone pair orbital of the nitrogen atom. Electrons of
inner shells are left out of consideration. Note that the wave
function (27) differs from that reported in Ref. 115 in permu-
tation of two MOs and, hence, the sign of the determinant.
Charge transfer from amine to the degenerate orbitals, pg, x and
pg, y, of the oxygen molecule gives four CTC, namely, two
degenerate singlet and two triplet states in the radical pair
{D+.Oÿ2 } produced upon charge transfer (D denotes the
electron donor).115 We will consider only those configurations
that are important for the explanation of the quenching
mechanism,

3Ccty � D� Oÿ2
�� � � 1���

2
p � py�apx�py

�� ��ÿ a�pypy�px
�� ���, (29)

1Cctx � D� Oÿ2
�� � � 1���

2
p � a�pxpx�py

�� ��� px �apy�px
�� ���. (30)

Analysis of intermolecular interaction using the CI method
revealed an effective mixing of the triplet configurations (27)
and (29) in the collision complex. The singlet states (28) and
(30) possess different symmetry with respect to reflection in the
O7O7N plane, also being effectively mixed with each other
due to CI. Mixing of the second singlet component (4a) with
the CTC (30) is impossible. The inclusion of intermolecular
interaction in the framework of the CI method gives the
3C0 � e3Ccty and 1C1 � d1Cctx states which strongly interact
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with each other due to SOC.115 The matrix element of the SOC
operator between these states includes the integral

ed� 3Ccty

D ���Hso
1Cctx

�� � � ed�

2
py

 ��Bz pxj i �

ed�i
2

zO , (31)

where e and d are the admixture coefficients to the a1Dg and
X 3Sÿg states, respectively.

Relations (27), (29) and (31) include the wave functions of
the triplet states with the zero projection of the total spin on the
z axis. Comparison with expression (8) shows that the SOC
between the CTC (29) and (30) is reduced to the same integral
between the degenerate orbitals, pg, x and pg, y , of the oxygen
molecule, as that appearing in the matrix element of the SOC
between the states (5). Thus, the presence of CTC admixtures
always gives rise to the SOC between the a1Dg andX 3Sÿg states,
which accelerates the non-radiative transition and quenching
of singlet oxygen.115 The admixture coefficients e and d to the
states become significant only for the quencher molecules
having low oxidation potentials (41.9 V vs. s.c.e.). Otherwise,
the CTC energy is too high while the CTC admixture coef-
ficients in Eqn (31) are negligible. According to calcula-
tions,12, 27, 34, 70, 99, 103 for molecules with ionisation potentials
higher than 10.5 eV the e and d values are at most 0.01, the
integrals (31) being negligible.

Charge transfer configurations (29) and (30) differ in spin
and population of the pg, x and pg, y orbitals. The matrix
element of the SOC operator between them can be treated as
an electron `jump' from the pg, y-MO to the pg, x-orbital with a
spin flip. This `jump' is identical to rotation of the orbital, i.e.,
the appearance of an orbital angular momentum or ring
current, which induces the magnetic moment interacting with
the spin. Since the case in point is the quantum singlet ± triplet
transition, visual interpretation of this effect is, strictly speak-
ing, inadmissible.15 However, the simplified ideas of an elec-
tron `jump' and orbital rotation are useful in revealing the
essence of the mechanism of quenching of singlet oxygen by
amines due to admixtures of charge transfer states.

Strengthening of the SOC (to some extent) between the
a1Dg and 3Sÿg states of the O2 molecule due to CTC contribu-
tions always occurs in collision complexes. It is determined by
the weight factors of the admixtures e and d, which are large
only for donor lone electron pairs with low ionisation potential
provided a local character of donor ± acceptor interaction.115

At present, exact determination of the contributions of differ-
ent mechanisms to the rate constant for quenching kDQ is
impossible owing to the difficulties in the inclusion of vibra-
tional modes of the solvent molecules in the nearest environ-
ment of the O2(a1Dg) molecule. The concept of admixtures of
the charge transfer states [see Eqns (29) ± (31)] is fundamentally
important for analysis of the mechanisms of biochemical
activation of oxygen by oxidases.

V. Biochemical activation of the molecular oxygen

Nearly 100 years ago Academician A N Bach first studied
breath from the standpoint of oxygen activation.137 ± 139 Based
on the concepts of classical chemistry, he assumed the necessity
of cleaving a bond in divalent oxygen and release of a chemical
valence for addition of other compounds. According to Bach,
the corresponding activation energy should be supplied from
readily oxidisable unsaturated compounds; O2 adds to them to
give peroxides that degrade under the action of enzymes, and
oxygen is transferred to other substrates that are incapable of
immediately adding to atmospheric oxygen.137 Clearly, at that
time it was impossible to allow for specific quantum features of
microparticles constituting the molecule, in particular, the
spin. The energy of spin-related magnetic interactions is low,
however it should be taken into account when studing not only

line splitting in atomic optical spectra and in EPR spectra of
radicals,13, 38, 46 ± 49, 84, 138, 139 but also the mechanisms of cer-
tain chemical reactions.12, 37, 140 ± 149 In spite of rapid progress
in biochemistry and detailed knowledge of molecular mecha-
nisms of the action of many enzymes, the nature of bio-
activation of oxygen is still unclear.5, 6, 150, 151 Below we will
show that it is the magnetic and exchange spin effects that are
often responsible for activation of molecular oxygen by oxi-
dase co-enzymes. The nature of these effects has much in
common with the mechanisms considered above when we
analysed the photophysical properties of oxygen.

1. Role of spin in chemical reactions involving oxygen
Two unpaired electrons in antibonding pg-MOs are respons-
ible for specific character of the interaction of molecular
oxygen with radicals (combustion) and chemically stable
diamagnetic compounds (slow oxidation). Two antibonding
pg-vacancies make it possible to transform O2 to Oÿ2 and O2ÿ

2

anions, the formation of the latter being strongly dependent on
the presence of electron donors (enzymes) and magnetic
perturbations that affect the spin prohibitions.

In 1937, Pauling established that the magnetic moments of
hemoproteins decrease as the pH values of solutions increase.
The effect was explained by the iron ion spin flip owing to small
changes in the coordination of ligands.5 The total spin of the
Fe3+ ion is determined by the number of unpaired electrons in
the 3d-shell of the metal. The low-spin state (S=3/2) becomes
more stable than the state with S=5/2 as the pH value
increases; the transition between these states is induced by the
spin ± orbit coupling in the 3d-shell of themetal. In weak ligand
field the unfilled 3d-shell has degenerate orbitals and the states
with different spins have similar energies. Recall that the spin
quantum number of one electron (S=1/2) determines the
absolute value of the momentum vector

������
~S 2

p
=

������������������
S�S� 1�

p
�h �

���
3
p

2
�h.

The summation of electron spins obeys the quantum addition
rules,15 so the total spin of the molecule is zero at `antiparallel
spins (all spins are paired); such state is called a singlet state.
Most chemically stable organic compounds and corresponding
oxidation products are diamagnetic, i.e., they have no intrinsic
magnetic moment (all spins are paired due to saturation of
valences; the total spin of the molecule S=0). Spins can
undergo `depairing' when exposed to light; here an electron
goes to a vacant MO; according to the Pauli principle, both
spins can be parallel (total spin S=1). This excited state is
called a triplet state because of three possible orientations of
the total spin vectorMS � � �h; 0.

Singlet ± triplet transitions are spin-forbidden;15 this is a
strict prohibition, because it can be removed only in the
presence of magnetic interactions that are much weaker than
electric ones.13 The latter determine the energies of chemical
bonds and excited states and the pathways of chemical reac-
tions. The spin affects the energy through exchange interac-
tion.15 A weak SOC slightly mixes the singlet and triplet states
of molecules, which gives a nonzero rate of S7T transitions
that are observed in the form of phosphorescence and are well
known in photochemistry.2, 7, 13 Non-radiative S7T transi-
tions also play an important role in the dark reactions, in
particular, in catalysis.12, 32Weak SOC acts as a `key' needed to
open a `heavy door', that is, the system chooses a pathway of
chemical reaction with low activation barrier in the triplet state
instead of overcoming a high activation barrier in the singlet
state. Recall that the exchange integral appears with different
signs in the energies of the S and T states, namely, two radicals
form a chemical bond in the S state and repel in the T-state.15
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Unlike most chemically stable organic compounds the O2

molecule has the triplet ground state. According to Hund's
rule, two unpaired electrons in two degenerate pg, x and pg, y
orbitals (configurations p2g) have a lower repulsive energy in the
triplet state [see Eqn (5b)] compared to the singlet state [see Eqn
(5a)]. Because of this oxygen is paramagnetic (it has intrinsic
magnetic moment due to spins of two unpaired electrons) and
its addition to organic compounds is spin forbidden: starting
reactants have the total spin S=1, whereas the oxidation
products are diamagnetic (S=0).6 Because of spin prohibi-
tion, combustion of organic fuels requires activation in the
form of high-temperature ignition stage, i.e., generation of
primary radicals.6 ± 8 Reaction of R

.
radical (one unpaired

electron, S=1/2, doublet state) with O2 molecule is spin-
allowed, because the starting reactants (O2+R

.
) and product

(RO2) have doublet states, which provides the chain character
of radical reactions

:� � :� �� � � ;� � ) : ;� � :� �� �, (32)

O2 + R
.

RO2

Here the quantum cell denotes the MO (see above).
Radical RO2 can decompose into radicals RO

.
and

.
O
.
,

thus making chain branching possible. In radical chain oxida-
tion (combustion) processes the energy is released uncontrol-
lably in the form of heat and light.8 Clearly, this mechanism of
oxidation with molecular oxygen cannot take place in living
cells. However, cells meet their energy needs in the course of
metabolic processes using the energy of oxidation of organic
compounds under the action of oxygen.5 Since cells cannot
resist large temperature gradients, they should transform the
energy released through oxidation to some kind of chemical
energy prior to dissipation in the form of heat. This occurs by
combining oxidation with the synthesis of adenosine triphos-
phate (ATP).5, 139 In turn, the cell uses the ATP energy to carry
out all endogenic processes, such as chemical syntheses of
DNA and proteins, ion transport and mechanical work.139 All
versatile energy-supplying metabolic processes and reactions
occur under subtle enzymatic regulation.5 Is it spin-dependent?
Despite the fact that to date many reactions of enzymes and
metabolic pathways have been studied in detail,143 ± 147 the role
of spin in biological oxidation of molecular oxygen is still
unclear.148 ± 158

2. Cytochrome oxidase
The simplest type of oxygen activation by enzymes containing
metal cations involves the formation of intermediate peroxide
ions O2ÿ

2 . Reduction of O2 by direct insertion of an electron
pair into the filled pg-orbitals requires spin changes, because
the p4g configuration can only be a singlet. Intermediates
containing O2ÿ

2 are formed in, e.g., cytochromes.5, 139 The
Fe3+7O77O77Cu2+ structure, where the peroxide group
is formed from the triplet oxygen and stabilised at its position
until introduction of the second electron pair, is quite possible
intermediate.143 Apparently, electron transfer and formation
of O2ÿ

2 involves a triplet ± singlet quantum transition called
spin inversion.145, 148 Cytochrome oxidase catalyses four-elec-
tron reduction of oxygen molecule to water. No intermediates
were detected in the reaction

O2+4 e+4H+=2H2O.

However, experimental measurements 5, 158 proved the forma-
tion of O2ÿ

2 . The reaction centre of cytochrome oxidase
includes one haem iron atomand one copper atom. The oxygen
molecule binds to the haem Fe2+ cation and to Cu+ ion that
donate one electron each to form anO2ÿ

2 anion. This provides a
way to overcome the major obstacle to oxygen activation, that
is, spin inversion (T7S transition).145 Since the O2ÿ

2 dianion
has a filled electron shell, the ground state of this species is

totally symmetrical and characterised by the term j1S�g i.
Transfer of two electrons causes the ground-state term,
jX 3Sÿg i, of the O2 molecule to smoothly transform to the
term j1S�g i of the dianion. The spin ± orbit coupling between
the states j3Sÿg i and j1S�g i is symmetry-allowed [see Eqn (8)];
therefore, the reduction

O2(X 3Sÿg ) O2ÿ
2 (1S�g )

is also symmetry allowed with inclusion of the SOC. Since the
SOC integral [see Eqns (8) and (11)] reaches its maximum value
owing to symmetry of the oxygen MOs, one can expect that
reduction of the oxygen molecule to the dianion should be
accelerated due to effective removal of spin prohibition. These
qualitative considerations should be complemented by analysis
of the structure of the 3d-shells of the metal ions.148

Transition of the active site of cytochrome oxidase to the
singlet state removes spin prohibition to subsequent fast
chemical reactions up to formation of stable diamagnetic
products.5 According to calculations, the spin ± orbit coupling
that induces the T7S transition involves not only oxygen
pg-MOs, but also electronic changes in the 3d-shell of the iron
ion.133, 148

The SOC mechanism can be represented as follows.145, 148

Activation upon electron transfer toO2 first involves excitation
of Fe2+ ion (3d ? 4s) to form the 1,3D terms. Combination of
two triplet states (iron and oxygen) gives the singlet, triplet and
quintet states similarly to the case for collision of triplet oxygen
and ethylene molecules (states 4 and 6, see Fig. 2). A singlet
combination of two triplet states in the initial structure of
cytochrome-c oxidase is shown in Scheme 1. The T7S tran-
sition in this quasi-degenerate pair is formed in the electron
shell of the iron ion. The SOC is relatively weak and spin
inversion is a relatively slow process. This is the reason for
much lower (compared to the expected 5) reactivity of O2

towards certain ligands present in cytochromes. The singlet
state formed upon T7S transition is shown on the left side of
Scheme 1. Transition from this state to the peroxide form O2ÿ

2

owing to transfer of two electrons from the metal ions is now
spin allowed. This and subsequent processes occur in the
singlet states.

Scheme 1

:� � :� �::::: ;� � ;� �::::: : ;� � :� �� �::::: : ;� � ; :� �::::: ;� �
3d 4s pg, x pg, y 3d 3d 4s pg, x pg, y 3d

Fe(II)........O2..........Cu(I) Fe(III)........ O2ÿ
2 ........ Cu(II)

This mechanism of spin inversion occurs in hemerythrin
and hemocyanin.144 Cytochromes containing different protein
residues coordinated to the iron ion can include Fe(II) ions in
different spin states. Particular cytochromes have iron ions in
the triplet ground spin state.144 In this case reduction of the
oxygen molecule to the dianion should occur in accordance
with Scheme 1 (see above) with a very high probability without
involving SOC.

3. Flavoproteins
Usually,5, 139, 148 ± 153 it is assumed that one can overcome the
spin prohibition to oxidation of organic substrates with
atmospheric oxygen by successive addition of single electrons
in the reduction of O2

O2+e Oÿ2 , (33)

Oÿ2 +H+ HO2 , (34)

HO2+H++e H2O2 . (35)

Further reactions of diamagnetic hydrogen peroxide are
spin allowed. It is assumed 5 that removal of spin prohibition in
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reactions (33)7(35) proceeds as in the case of radical-chain
oxidation where the spin prohibition can be removed upon
formation of primary radicals. The author of this review found
no clear discussion of the issie in biochemical literature (see,
e.g., Refs 5, 6, 152 and 153). A fundamental difference between
the enzymatic reactions (33)7(35) involving radicals and the
radical reactions of the type (32) in chain oxidation processes
should be emphasised. In the latter case radicals go to the bulk
of gas plasma flame (or in the solution bulk) and do not longer
retain the `spin memory' about precursors. All participants of
biochemical oxidation reactions (33) and (35), i.e., oxygen and
electron transfer agents, are confined within the same active
site of enzyme. If an electron is transferred to the oxygen
molecule from diamagnetic enzyme, reaction (33) produces a
radical ion pair [see Eqn (29)], all spins remain correlated, the
`spin memory' is retained and the spin prohibition to subse-
quent reactions (34) and (35) of a radical ion pair (triplet
precursor) thus generated remains valid.

Many researchers believe that the oxygen molecule is very
stable and can hardly add one more electron to give a radical
anion Oÿ2 ; as a consequence, they emphasise that stage (33) is
the limiting one.5, 139 Further addition of electrons is facilitated
and subsequent reduction occurs readily.5, 139 The bottleneck
of this commonly accepted scheme is that the difficulty of
electron addition to O2 contradicts experimental data, namely,
the process is exothermic and occurs with energy release
(42 kJ mol71, see Refs 9 and 55). Enzyme molecules are
designed in such a fashion that electron transfer in the
respiratory chain be easy.5 Indeed, reduced flavoproteins
have very low ionisation potentials and are readily oxidis-
able.139 If an O2 molecule is delivered to the active site of an
oxidase and interacts with flavoprotein, there are no physical
prerequisites to assume that electron transfer to the oxygen
molecule should proceed with difficulty.149 The obstacle con-
sists in the need of spin flip in the electron transfer stage (33)
and formation of a triplet radical ion pair rather than addition
of an electron to O2 .

To clarify the situation, we will consider glucose oxidase as
an example.3, 37, 148 Reaction (33) in glucose oxidase involves
flavine adenine dinucleotide (FAD). Such compounds (flavo-
proteins) are typical of many co-enzymes; they were discovered
in 1932 (`yellow enzyme' capable of catalysing the oxidation of
nicotinamide nucleotides was isolated from yeasts).5 Flavo-
proteins transfer electrons, as constituents of hydrogen atoms,
from organic substrate to the riboflavin component of the
enzyme using nicotinamide adenine dinucleotide (NAD+) and
its reduced form (NADH).5, 139 The structures of these mole-
cules were undoubtedly `selected' by Nature to impart corre-
sponding redox potentials to the co-enzymes.150 NAD+ exists
in individual form and diffusionally moves from one enzyme to
another, whereas FAD is tightly bound to protein. Flavopro-
teides tend to attach H atoms from one substrate and then
transfer them to the other (O2), being added to the same
enzyme.5 A covalent or hydrogen bond connects FAD to the
residue of the polypeptide protein chain; therefore, FAD
remains bound to a particular amino acid after proteolysis.

The action of glucose oxidase involves two stages,
namely,5, 155 glucose oxidation to gluconolactone with reduc-
tion of FAD to FADH2 and the reverse cycle, FADH2?
FAD, with reduction of O2 to H2O2 . From the standpoint of
oxygen activation it is of interest to consider the second stage.

The active site of glucose oxidase from Aspergillus Niger
has a histidine residue (His516) near the flavin ring of FAD; the
distance between the protonated nitrogen atom Ne of histidine
and the N(1) atom of FADH2 is about 4 �A (see Ref. 152).
Scheme 2 presents a model for the active site of glucose
oxidase. The first phase of the catalytic cycle involves reduction
of FAD to FADH2 . The initial model A illustrates the O2

insertion into the active site between the histidine residue of the

protein chain and theN(1) atom;modelB illustrates transfer of
an electron from FADH2 and formation of a radical pair; and
C is the second to the last phase of the catalytic cycle
accompanied by the formation of hydrogen peroxide. The
last-mentioned stage involves abstraction of a proton from
the N(5) atom and its transfer to histidine across the system of
H-bonds in the protein and aqueous environments.

Scheme 2

When entering the active site, the O2 molecule occupies the
cavity between these atoms and then transfer of an electron
from FADH2 to the oxygen molecule occurs.148

FADH2+O2 FADH�2 +Oÿ2 . (36)

This results in the formation of a triplet radical pair
{FADH�2 _Oÿ2 } in the active site of glucose oxidase, because
the precursor of O2 is in the triplet state, whereas that of
FADH2 is in the singlet state. According to density functional
calculations (B3LYP/6-31G*),3 electron transfer is almost
thermally neutral (thermal effect of reaction is 0.6 kJ mol71).

In glucose oxidase, the O2 molecule is transformed to
superoxide ion Oÿ2 upon addition of an electron, thus being
activated.3, 148 This slow stage is followed by fast proton
transfer from the protonated histidine residue and simulta-
neous transfer of hydrogen atom from semi-oxidised radical
FADH�2 , which results in the formation of hydrogen per-
oxide.148, 150

4. Electron transfer in glucose oxidase and the spin flip
Now we will return to the key issue, namely, why the electron
transfer stage (36) is slow (k<1073 s71). According to
calculations, electron transfer to the active site of glucose
oxidase should occur spontaneously and rapidly
(k=1079 s71), just as O2 will enter the active site. The O2

molecule is characterised by a positive electron affinity
(0.45 eV), i.e., the addition of an electron is energetically
favourable.9, 44, 55, 154 Reduced FAD readily donates an elec-
tron; indeed, FADH2 has a relatively low ionisation potential.3

The reason is clear. The lowest occupied MO (LUMO) of the
FAD molecule is the p*-orbital of the isoalloxazine ring. In
spite of the non-planar structure of this nucleus in FADH2 , its
highest occupied molecular orbital is similar to the LUMO of
the FAD molecule. Both orbitals are mainly localised on the
central ring of the flavin nucleus.150 This confirms a simpleMO
pattern obtained in the HuÈ ckel calculations, namely, the FAD
LUMO is identical to the FADH2 HOMO. Namely, the
addition of two hydrogen atoms to the N(1) and N(5) atoms
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is similar to attachment of two p-electrons to the ring p-system.
From this a considerable decrease in the ionisation potential on
going from FAD to FADH2 becomes clear. The electron
affinity of the O2 molecule is much lower than the ionisation
potential of FADH2 ; however, when O2 contacts protonated
histidine, electron transfer becomes energetically favourable.
Electrostatic attraction between the histidine cation and newly
formed superoxide Oÿ2 is the primary driving force of electron
transfer and reduction of corresponding activation energy. It
also facilitates strengthening of the SOC.

Thus, the active site of glucose oxidase is `tuned for oxygen
activation through electron transfer followed by spin flip
according to Scheme 3.

Scheme 3

Simultaneous occurrence of reactions (34) and (35) result-
ing in diamagnetic products requires flip of one spin in the
radical pair stage, i.e., a triplet ± singlet quantum transition.
Such a transition is induced by the spin ± orbit coupling, i.e.,
magnetic interactions due to the orbital and spin motions of
electrons (see Scheme 3).3

Spin flip is actually due to relatively strong SOC character-
istic of radical pairs including superoxide ions.3 In Scheme 3
the quantum cells denote the HOMOs of both molecules, that
is, FADH2 and O2 . As in the case of quenching of singlet
oxygen by amines, where the role of CTC was shown [see Eqns
(29), (30)], Scheme 3 presents different orbital structures of the
triplet and singlet CTC. The starting triplet radical pair
corresponds to a CTC described by Eqn (29), that is, transfer
of an electron to the pg, y-MO of O2 molecule, whereas the
singlet radical pair corresponds to a CTC described by
Eqn (30), namely, transfer of an electron to another degenerate
orbital of oxygen, pg, x . The SOC arises between these CTC
and is maximum possible for a system comprised of light
(oxygen, nitrogen and carbon) atoms.

Actually, the formation of superoxide is not difficult.
Indeed, a triplet radical pair is easily formed just after transfer
of H atoms and reduction of FAD to FADH2 . The problem is
to carry out a triplet ± singlet transition in the radical pair
{FADH�2 _Oÿ2 } generated in reaction (36), because only the
singlet pair can produce peroxide: reactions (34) and (35)
involving protonated histidine and radical FADH�2 proceed
concertedly.3, 148 Reaction (34) has no effect on electron spins
and in reaction (35) the spins remain correlated as in the initial
state. Therefore, the initial steps of chemical reactions (34) and
(35) should involve a spin flip (T7S transition from the triplet
radical pair created upon electron transfer). In accordancewith
Scheme 3 the SOC integral includes the same components as
the integrals (8) and (31)3, 37, 148

h3Ccty jHZ
soj1Cctxi � hpyjBzjpxi �

i

2
zO =76.5 i cm71. (37)

The absolute value of this integral equals half the splitting
between the ground-state terms O=1/2 and O=3/2 of the
superoxide ion X 2Pg (cf. experimental value of 160 cm71

(Ref. 9), which is in good agreement with our estimate 154). The
rate constant for the triplet ± singlet transition can be estimated
using the Fermi golden rule 13

kT7S=
2pr

�h
jh3Ccty H

Z
soj1Cctxij

��� 2FC, (38)

where FC is the Franck ±Condon factor and r is the density of
final states.

The SOC integral (37) is relatively large; usually,12, 13 the
matrix elements of the SOC operator for the molecules
comprised of the first or second row elements are of the order
of 1 ± 10 cm71. These SOC integrals provide the rate constants
for triplet ± singlet transitions that are 106 ± 104 times lower
than the rate constants for spin-allowed transitions.13 The SOC
integral (37) provides the rate constant kT7S that can be
compared with the rates of other chemical reactions that are,
in principle, possible during existence of the triplet radical pair
{FADH�2 _Oÿ2 } (back electron transfer, decomposition to
new radicals). Despite the fact that the T ? S transition in the
{FADH�2 _Oÿ2 } pair is relatively slow, it is much more
efficient than typical T ? S transitions in organic molecules
and undoubtedly occurs in the active site of glucose oxidase.
Subsequent reactions (34) and (35) in the singlet state of the
entire flavoprotein system have low activation energies 3 and
proceed rapidly. Transfer of a proton from the Ne atom of the
histidine fragment [see reaction (34)] is accompanied by proton
transfer from the N(1) atom of FADH2 to give hydrogen
peroxide [see reaction (35)] with an the activation energy of
only 29 kJ mol71 (see Ref. 3).

Since the SOC integral (37) is only determined by the
specific character of Oÿ2 anion and does not depend on the
co-enzyme cation (K), effective T7S transitions in radical
pairs {K� _Oÿ2 } should occur in the activation of oxygen by
flavoproteins and other oxidases following reactions
(33)7(35). This mechanism of the T7S-transition in the
radical pair is similar to spin relaxation in the superoxide
ion.145, 148

5. Other examples of biochemical activation of oxygen
An important mechanism of enzymatic spin catalysis is char-
acteristic of oxidases containing paramagnetic metal
ions.37, 145, 149, 156 ± 158 Let us consider the exchange mechanism
of acceleration of T ? S transitions in radical pairs
(K� _Oÿ2 } taking copper amine oxidase as an example. This
enzyme contains a bound quinonoid cofactor (topaquinone)
near the Cu(II) ion coordinated to the ligands.149 Consider the
limiting stage of the operation of this enzyme, which can also
be represented by the common processes (33)7(35). A radical
pair {K� _Oÿ2 } in the T-state is formed in the reaction of the
type (36). The T ? S transition is activated by exchange
interactions with the copper ion following the scheme

K+(:)+Oÿ2 (:)+Cu(II)(;) K+(:)+Oÿ2 (;)+Cu(II)(:). (39)

Exchange interaction with copper ion for the superoxide
ion is much stronger than for the co-enzyme (K+) radical
cation; therefore, the T ? S transition of the radical pair is
rather fast.37 Measurements of kinetic isotope effects showed
that replacement of the 16O isotope by 18O significantly slows
down the limiting stage of oxygen reduction to peroxide for all
enzymes studied.152 In this case the Franck ±Condon factor
decreases; therefore, the proposed scheme of enzymatic spin-
catalysis 3, 37, 148 ± 150 provides a complete explanation for all
results obtained in the kinetic studies on molecular oxygen
activation by the enzymes mentioned above.3, 152

We will complete our comparative analysis of oxygen
activationmechanisms taking cytochrome oxidase as an exam-
ple; this compound catalyses four-electron reduction of O2 to
water in the final reactions of aerobic metabolism.5 This is a
very important process in the chain of continuous redox
reactions involving proton transfer across membranes and
creation of chemiosmotic gradient for ATP synthesis.139, 157

Cleavage of the O7O bond in cytochrome oxidase is a
related to transfer of electrons and protons across mytochon-
drial membranes and to the formation of Fe(IV)=Ogroups in

: ;� �::::: :� � :� � :� �::::: ; :� � :� � :� �::::: ; � : ;� ��ET SOC

FADH2_O2 FADH�2 _Oÿ2 FADH�2 _Oÿ2
Triplet Triplet Singlet

TE is transfer of an electron.145
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a complex manner.158 Note that the O7O bond dissociation,
which continuously occurs in upper atmosphere, produces two
highly reactive biradicals O(3P)+O(3P) having four unpaired
electron spins. (The process is spin allowed and can occur in the
dark.) These species possess extremely high reactivity, but at
low gas concentration the reactivity `dissipates' into recombi-
nation, atmospheric emission and particularly, ozone syn-
thesis. The O7O bond dissociation in cytochrome oxidase
also causes `depairing' of four spins and could produce two
biradicals.Would these biradicals escape from the active site of
enzyme to the bulk of proteins, they would `burn out' myto-
chondria and cytoplasm. It is of great importance to cleave the
O7O bond in cytochrome oxidase using the concerted mech-
anism consistent with other reactions, and thus chemically
bind oxygen atoms and simultaneously `quench' the spin. As
shown above, in such enzymes chemical reactions are governed
by the SOC and weak exchange interactions involving spins of
paramagnetic iron and copper ions.5 Spin catalysis favours fast
and efficient (with small energy expenditure) dissociation of
the O7O bond in the oxygen molecule.

Quantum chemistry is a unique tool for understanding of
vitally important processes.156 ± 160 Similarly to quantum
mechanics, which provides explanation for very subtle effects
of spin interaction in solids,161 ± 164 quantum chemistry makes
it possible to study electron-spin dependent properties of living
matter.

VI. Conclusion

Removal of spin prohibition on singlet ± triplet transitions in
oxygen molecule interacting with buffer gas, solvent or co-
enzyme molecules in complex biopolymers is in some cases
determined by certain commonmechanisms. Physical substan-
tiation of the mechanisms of bio-activation of oxygen is
impossible if simpler mechanisms of O2 photo-activation in
solutions of organic dyes or upon collisions with other mole-
cules in the gas phase remain unclear. In this review the term
`photo-activation' means acceleration of radiative and non-
radiative triplet ± singlet transitions in oxygen molecule
induced by collisions with the solvent molecule, including
sensitisation of singlet oxygen.

Analysis of the mechanisms of O2(a1Dg) quenching is
closely related to these problems, being very important for
understanding of the mechanism of bio-activation of oxygen.
We considered the electronic structures and energies of various
low-lying states of the O2 molecule and the collision complexes
of oxygen with simple (H2 , N2 , CH3Cl, C2H4) and more
complex molecules (benzene, naphthalene, dyes). The inclu-
sion of specific spin ± orbit coupling in the open pg-shell of
oxygen makes it possible to explain the intensities of the T7S
transitions of the O2 molecule and collision complexes. Selec-
tive enhancement of the intensity of the a1Dg?X 3Sÿg radiative
transition upon collisions and its quenching in various solvents
(M) was explained. The contribution of M+7Oÿ2 charge
transfer causes the SOC between the T7S states of oxygen to
strengthen, which enhances the quenching of O2(a1Dg). Enzy-
matic activation of oxygen by, e.g., glucose oxidase proceeds
by a similar mechanism of T7S-transitions.

The mechanisms of activation and quenching of singlet
oxygen involve energy transfer, which depends on exchange
interactions, SOC, charge transfer, intra- and intermolecular
vibrations. Based on analysis of the physical mechanisms of
photo-activation, three types of oxygen activation by oxidase
enzymes were proposed. They involve intermediate formation
of the superoxide ion, Oÿ2 , and peroxide ion, O2ÿ

2 . Elucidation
of O2 activation mechanisms due to T7S transitions in oxy-
gen-binding enzymatic complexes opens new fields of inves-
tigations in biotechnology, namely, research on magnetic
biopolymers and the effect of magnetic and microwave fields

on the rate of spin inversion in these complexes,13, 142 on the
yield of Oÿ2 and OOH radicals and on other important
biochemical processes.160
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Abstract. Publications of the past five years dealing withPublications of the past five years dealing with
nanomaterials used as sensors for determination of gases arenanomaterials used as sensors for determination of gases are
analysed. Peculiarities of the production of chemoresistiveanalysed. Peculiarities of the production of chemoresistive
nanosensors based on semiconducting oxides, carbon nano-nanosensors based on semiconducting oxides, carbon nano-
tubes and polyaniline are outlined. The main application fieldstubes and polyaniline are outlined. The main application fields
of gas sensors are considered. Prospects for the use of quasi-of gas sensors are considered. Prospects for the use of quasi-
one-dimensional nanomaterials such as nanorods, nanotubesone-dimensional nanomaterials such as nanorods, nanotubes
and nanobelts as the materials in sensor units are discussed.and nanobelts as the materials in sensor units are discussed.
The bibliography includes 114 referencesThe bibliography includes 114 references..

I. Introduction

Nanoscience deals with fundamental problems of natural
science on the nanoscale; its results are implemented in nano-
technologies as nanodevices, nanosystems, new substances and
nanomaterials.1, 2

Nanoparticles are highly reactive; this is why, in the
absence of stabilising media, they are studied in high vacuum
or at low temperatures. Under conditions of ultralow temper-
atures, unusual chemical reactions were carried out and differ-
ent reactivity of metal atoms, clusters and nanoparticles of
different sizes was demonstrated.3 The use of low temperatures
and the joint condensation of vapours of different compounds
led to the development of methods for the cryogenic formation
of nanosystems with the gas-sensitive and sensor properties.4

Studies in the field of cryochemistry play the important role in
the development of nanochemistry.5 Nanotechnologies are
also beginning to use cryogenic freeze-drying.6

Preparation of materials with sensor properties and the
development of the corresponding instruments based on these
materials is an important problem. After the terrorist act of
September 11, 2001, the USA sharply raised financing of the
field of nanoscience devoted to sensors and correspondingly
reoriented their research policy. New sensor materials are of
great social and economic importance. According to the Busi-
ness Corporation Company, the total sum obtained by the

USA from nanosensors sold in 2004 was *$ 190 million. The
annual increase in the sale volume of nanomaterial-based
sensors is 26% and the total sum from their sale will reach
592 million to 2010. The annual gain in the sale volume was
53% for gas sensors and 32% for biosensors. According to the
`Nanomaterials Research' Journal, the total sale of all types of
sensors will reach $ 2.5 billion in 2010.

The diversity of sensors developed for different fields of
science, technology, and industry as well as their properties,
preparation techniques and application areas were surveyed in
the monograph 7 and the following review papers:

Ð control over volatile combustion products in industry,8

Ð analysis of exhaust gases of cars,9

Ð quality inspection of foodstuffs,10

Ð peculiarities of using the polyaniline gas sensors,11

Ð using the plasmon resonance in biosensorics,12

Ð sensors for ammonia detection,13

Ð preparation and chemoresistive properties of nano-
structured materials,4

Ð materials for environmental monitoring.14

In this study, attention is focused on the materials and
sensors used in the determination of combustible and toxic
gases, volatile organic compounds and in the diagnostics of
certain diseases. In our opinion, at present the demand for such
sensors is the highest. They are required for the prevention of
technological disasters and terrorist attacks, in the environ-
mental protection and the human health care. All these
problems are currently central in Russia.

This review considers the problems associated with the use
of low temperatures in the synthesis of new gas-sensitive
nanomaterials for sensors. Physical and chemical methods of
the formation of sensor systems and certain general properties
of gas-sensitive materials are discussed. For the most part,
chemoresistive sensor materials that change their properties
upon adsorption of a particular substance are considered. In
contrast to other reviews on the related subjects (e.g., see
Refs 4, 15), in the analysis of properties of nanomaterials for
sensors special attention is paid to the peculiarities of their
synthetic methods of their synthesis, and certain general
problems of nanosensors are discussed in relation to the
detection of ammonia.

II. Physicochemical properties of nanomaterials
for sensors

Nowadays, nanoparticles and nanomaterials are coming into
extensive use in the development of sensors.4, 8 ± 14 However,
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recently published monographs on sensors 16, 17 described the
use of nanomaterials only briefly and fragmentarily.

Nanomaterials to be used as sensors should exhibit sensi-
tivity, selectivity and stability. The size dependence of nano-
particle properties forms the basis for the development of
highly sensitive sensor devices. Certain problems associated
with the dependence of the sensitivity of sensors on the size and
shape of nanosystems, the ligand type and the response
mechanism were considered in several reviews.4, 15

In this review, the methods of preparation of gas-sensitive
nanomaterials are conditionally divided into physical and
chemical. A method used for the formation of nanoheteroge-
neities in materials at low temperatures, i.e., cryosynthesis, is
considered separately.

1. Physical and chemical methods of synthesis of sensor
nanomaterials
Physical methods of preparation of gas-sensitive nanomateri-
als include, inter alia, different versions of vacuum deposition
that employ the resistive, laser and electron-beam evaporation
andmagnetron sputtering. As a rule, these methods are used in
the preparation of metal-oxide semiconducting nanosystems
and metal nanoparticles deposited on different substrates.

Operation of gas sensors is based on the variations in the
resistance (conductivity) of chemoresistive materials under the
effect of the analysed gas. At present, the majority of sensors
for the gas analysis employ semiconducting materials. As a
rule, the operation of these materials requires elevated temper-
atures.

Metal-oxide semiconducting nanomaterials are the most
thoroughly studied sensor materials Ð they were the subject of
a considerable number of publications devoted to methods of
synthesis 18 ± 20 andmechanisms of sensor response.18, 21, 22 This
is why we do not consider in detail metal-oxide nanomaterials
(with the exception of new types of sensors based on nanowires,
nanobelts and nanotubes).

Chemical methods of synthesis of sensor nanosystems
include their conventional synthesis in solutions and the
chemical synthesis in the gas phase. The former is used in the
production of materials based on self-assembled nanoparticles
of noblemetals coated with alkanethiols and in the preparation
of gas-sensitive polymeric films. The latter method is actively
employed in the synthesis of materials based of carbon nano-
tubes.

Metal nanoparticles stabilised with organic molecules and
the materials based on them are interesting due to their unique
properties and the possibility of their application as gas
sensors. Metal nanoparticles are stabilised by monolayers of
alkanethiol derivatives.23, 24 The organic coating prevents
aggregation of particles and affects their physicochemical
properties.25

One of the first studies that employed gold nanoparticles
coated with a thin octanethiol film as the sensor { units
considered the effect of vapours of volatile organic substances
on the film conductivity. It was found that the film conductiv-
ity remained virtually unchanged under the action of propanol
and water vapours and decreased when subjected to action of
toluene and trichloroethylene vapours.26 For toluene, the
detection limit was several molecules per million. Later,
materials sensitive with respect to vapours of polar solvents
were synthesised.27 The conductivity in such systems was
discussed in terms of two possible mechanisms, namely, the
electron tunnelling between metal nuclei and the hopping
mechanism of conduction via thiol molecules. Changes in the
charge distribution in a system with the adsorption of vapours

of volatile substances give rise to the sensor response. More-
over, it was assumed that the swelling of organic matrices upon
adsorption of a solvent vapour may influence the film con-
ductivity that is related to the variations in the distance
between metal particles.28

When manufacturing chemoresitive thin films based on
metal nanoparticles coated with thiol derivatives, it is neces-
sary to know the dependences of the material conductivity on
the particle radius, the distance between particles and the
dielectric permittivity of the medium. The effect of the distance
between nanoparticles of gold and a gold ± silver alloy on the
conductivity and sensitivity of films was studied.29 For the first
time, certain a,o-dithiols and dicarboxylic acids with different
numbers of CH2 units (n=3±18) were used in addition to
decanethiol for the fixation of interparticle distances. It was
shown that the sensitivity of samples with respect to vapours of
hexane, toluene and benzene depends on the number n of CH2

units in the spacer chain. This dependence has a sigmoid form,
where the largest changes in the sensitivity fall to the n range
from 9 to 13.

Conducting polymeric films 30 synthesised by chemical
methods display the following advantages over metal-oxide
sensors: the possibility of operation at room temperature, high
sensitivity and short response times. Conducting polymers can
be synthesised by chemical and electrochemical reactions, their
molecular structure is changed by co-polymerisation or mod-
ification of functional groups.30

Attention of scientists was always attracted to the develop-
ment of the so-called synthetic metals, i.e., conducting materi-
als based on organic compounds. The interest in such
compounds increased with the discovery of conduction in
polymers.{ Different modifications of polyaniline were used
most extensively as the sensor materials.

Polyaniline samples can have different shapes and acquire
different colours depending on the y value. This makes it
difficult to carry out their reproducible synthesis and measure
their conductivity. Protonated forms (or salts) of polyaniline
have the highest conductivity that reaches 15 O71 cm71

(Ref. 31), which is much lower than the metal conductivity
(103 O71 cm71).

The methods of preparation of polyaniline films, the
mechanism and features of their modification with different
inorganic and organic compounds were analysed.11 Their
modification involved the use of acids (HA), where A=Cl,
HSO4 , ClO4 . The sensitivity of modified polyaniline films
placed, e.g., in the ammonia atmosphere changed as a result of
protonation and deprotonation.32, 33
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{ Nowadays, solutions containing alkanethiol-stabilised gold and silver

nanoparticles can be purchased from suppliers of chemicals.

{ For this discovery, A J Heeger, A D MacDiarmid and H Shirakawa

were awarded the Nobel Prize-2000 in chemistry.
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Table 1 shows the sensitivity of non-modified polyaniline
films synthesised by different methods with respect to different
gases.

It was noted 34 that polyaniline is insensitive with respect to
carbon dioxide or methane; the same paper reports the results
of studies of the polyaniline film conductivity (in nitrogen
atmosphere, at room temperature) as a function of its thickness
and the method of preparation. The conductivity of polyani-
line synthesised by thermal evaporation was 10710O71 cm71.
This was higher as compared with samples synthesised by the
spin-coating method. The higher conductivity of films
obtained by the thermal deposition was associated with the
predominant presence of N-phenyl-p-phenylenediamine
blocks in the sample. The other method produced a mixture
of N-phenyl-p-phenylidenediamine and quinonediimine
blocks, which interrupted the sequence of conjugated double
bonds. It was demonstrated 35 that polyaniline films containing
polyvinyl alcohol may be used in the analysis for carbon
dioxide. Composites based on polyaniline and copper particles
were used in the analysis for chloroform.36

Incorporation of palladium particles into polyaniline was
accomplished.37 Examination of the ability of different surfa-
ces to change the conductivity of deposited polyaniline films
has shown that the deposition rate of polyaniline on a hydro-
phobic surface was higher as compared with hydrophilic films.
Similar dependences were obtained 38, 39 for thiol-modified
silicon and gold surfaces, respectively. The conductivity of
films on hydrophobic surface was higher; however, the adhe-
sion of films to hydrophilic surfaces was stronger. The use of
polyaniline as the material chemoresistive towards different
gases faces the problems associated with stability, selectivity
and response times that are typical of all gas sensors.

Carbon nanotubes are the promising material for gas
sensors. They are synthesised by several methods, which can
be classified into two groups associated with the use of either
high or moderate temperatures. The former group includes the
methods that employ arc discharge, the second group com-
prises the catalytic chemical vapour deposition.40

One of the first gas sensors based on carbon nanotubes
could detect low concentrations of NO2 and NH3 at room
temperature.41 This result served as an impetus for the further
experimental 42, 43 and theoretical 43, 44 studies of the sensitivity
of carbon nanotubes with respect to gases. Particularly, it was
shown 45 that materials synthesised upon the deposition of
carbon nanotubes on tin(IV) oxide substrates were chemo-
resistive with respect to NO2 . For multi-walled carbon nano-
tubes with external diameters of*30 nm, a linear dependence
of their response on the ammonia concentration in the range of
5 ± 200 ppm at 25 8C was revealed.42 The response time was
3 min; however, to recover its performance, a sensor should be
annealed at 250 8C for 6 h.

To enhance the sensitivity of carbon nanotubes, their
surface was modified with metal particles,46, 47 covalently
bound functional groups, polymers and even DNA mole-

cules.48 This provided an increase in the selective adsorption
of particles of a certain kind due to their interaction with
functional groups or as a result of acceleration of catalytic
processes on the surface of metal nanoparticles. Carbon nano-
tubes modified with palladium nanoparticles exhibited sensi-
tivity with respect to hydrogen for its content in the range from
50 to 10 000 ppm at room temperature.49

Single-walled nanotubes functionalised with poly(m-ami-
nobenzenesulfonic acid) demonstrated the detection limit at a
level of 5 ppm (Ref. 50). The use of a polyaniline coating
allowed the record-breaking detection limit for ammonia of
50 ppb to be reached.51

In the gas detection, it was proposed 52, 53 to use carbon
nanotubes as the anode in ionisation detectors. Due to the high
field intensity, vertically aligned carbon nanotubes allowed the
breakdown potential to be substantially reduced. This made it
possible to use such detectors in portable gas analysers and gas
chromatographs. The advance in the synthesis of vertical
carbon nanotube forests promotes the development in this
field.54

2. Cryosynthesis
The use of low temperatures in the production of nanostruc-
tured materials is first of all associated with the possibility of
limiting the diffusion mobility of particles and, as a conse-
quence, decreasing the sizes of growing aggregates.

Cryochemical technologies were successfully employed in
the preparation of small-size particles 6 that can be used in the
production of gas-sensitive materials. Thus samples of nano-
grain tin(IV) oxide synthesised by chemical deposition followed
by cryogenic freeze-drying were chemoresistive with respect to
carbon monoxide.55

Based on fundamental studies in the field of low-temper-
ature chemistry,56 a new approach to the synthesis of nano-
structuried gas-sensitive materials has been developed, namely,
the low temperature deposition of metal vapour in vacuum
followed by oxidation.57

Figure 1 illustrates the essence of this method, which
consists of the vacuum condensation of metal vapour on a
substrate kept at a temperature from 80 to 300 K. Cooling of
the substrate considerably decreases the diffusion mobility in
the deposition. As a result, columnar structures can be formed
in the moment of condensation as a result of the attraction of
the approaching atoms to the already deposited clusters. The
subsequent controlled annealing destroys the structure to
afford spherical particles on the oxide substrate non-wettable
by the metal.

The introduction of oxygen makes it possible to form
materials with certain nanostructures and chemical composi-
tions, particularly, with nanograins of the core ± shell structure
that are connected with bridges. The control over the deposi-
tion parameters such as the rate and the temperatures of the
substrate and the evaporator allows one to govern the structure
of synthesised condensates and chemically modify the surface
of grains. Low-temperature deposition made it possible to
synthesise lead nanoparticles sensitive with respect to ammo-
nia andwater vapours.58, 59 From our viewpoint, the sensitivity
of such systems is due to the formation of a percolation
structure of lead nanoparticles with the size of*50 nm coated
with semiconducting oxides. Oxide bridges between the metal
particles are responsible for the overall conductivity of the
material and the manifestation of the chemoresistive effect.

The chemoresistive properties of materials also depend on
the changes in their microstructure and porosity. This was
taken into account in a method of low-temperature co-con-
densation with an additional component (e.g., an inert gas),
which is removed from the system on annealing. Thus the
structure of thin lead films was affected by its co-condensation
with carbon dioxide.60 It was shown that the roughness of the

Table 1. Sensitivity of polyaniline films with respect to different gases
depending on the preparation method.

NO2 H2S SO2

Spin-coating

++ (4 ppm) +++ (4 ppm) ++ (2 ppm)

Thermal deposition

++ (2 ppm) + (10 ppm) + (10 ppm)

irreversible

Note. In parentheses, the gas concentration is shown. Symbols +, ++

and +++ designate the relative value of response.
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resulting films was higher as compared with lead films
untreated with carbon dioxide. The noted fact allows one to
consider the co-condensation ± annealing method as promising
for the preparation of materials with well-developed surface
areas.

3. Sensitivity and selectivity
The sensitivity of semiconducting nanomaterials is determined
by two basic factors, namely, the ratio of the surface area (S ) to
the volume (V ) and the ratio of the Debye screening length
(LD) to the effective radius of conducting channels (R). All
other conditions being the same, the larger the S/V and LD/R
ratios the higher the material sensitivity.

Numerous studies of thin nanostructured SnO2 films
showed that the sensitivity of samples with respect to detected
gases dramatically increased as the grain size decreased to
several nanometers.61 ± 64 A systematic analysis of the size
dependence of the sensitivity of SnO2 samples can be found in
Ref. 65. Problems of the selectivity of nanostructurised gas-
sensitivematerials and the possibility of their use in the analysis
of multicomponent gas mixtures.66

A conventional method aimed at the enhancement of
sensitivity and selectivity of semiconducting metal-oxide nano-
materials consists of doping samples with metal nanoparticles,
e.g., palladium,67 platinum,68 gold,69, 70 silver.65, 71 Thus the
deposition of palladium nanoparticles on the surface of tin
dioxide nanowires led to the increase in the sensitivity of such a
system with respect to oxygen and hydrogen. This is explained
by the increase in the concentration of O7 anions due to the
acceleration of dissociation of oxygen molecules on palladium
particles.72 In turn, the size of dopant nanoparticles also affects
the sensitivity of nanomaterials with respect to gases. It was

shown that with a decrease in the size of silver particles
deposited on tin dioxide particles, the sensitivity of this system
with respect to ethanol vapours increased.73

Recently, to enhance the sensitivity of chemoresistive
materials, quasi-one-dimensional nanomaterials such as nano-
wires, nanorods and nanobelts came into use in addition to
films.15, 74 ± 77 To a certain degree, this was associated with the
development and investigation of such structures.78, 79 Their
use allows one to substantially lower the detection limits,
because as compared with films, the conductivity of a one-
dimensional nanosample responds to a smaller amount of the
adsorbate.

As an example, we consider the mechanism of the sensor
response of silver oxide nanowires to ammonia and hydrogen
chloride vapours (Fig. 2).

The proposed mechanism takes into account that, at room
temperature, the oxide surface is coated by hydroxyl groups.80

With the adsorption of ammonia and amines, these groups are
deprotonated to form a negatively charged surface layer, which
prevents the transport of electrons and favours an increase in
the wire resistance. The effect of acid vapour leads to proto-
nation of surface hydroxyl groups and, as a consequence,
reduces the resistance.

A comparison of properties of nanowires and thin granu-
lated films formed by silver particles connected with oxide
bridges has evidenced the higher sensitivity of nanowires.81

A qualitative model explaining this effect is shown in Fig. 3.
The adsorption of ammonia molecules increases the resist-

ance of contacts between silver nanoparticles. For films, a
change in the resistance of several contacts merely changes the
route of electron transport (Fig. 3 a). For nanowires, `block-
ing' of a single contact can substantially decrease the conduc-
tivity of the whole wire (Fig. 3 b). Thus, the adsorption of the
same amount of substance will induce a greater change in the
nanowire conductivity as compared with a thin film, which is
the case in practice. It was shown 82 ± 84 that tin dioxide nano-
wires exhibit sensitivity with respect to low concentrations of
CO.

New types of nanomaterials for sensors were discussed in a
review. 85

Sensitivity of sensors can additionally be increased by
designing one-dimensional objects connected with bridges
that control the conductivity of the whole nanosystem.
A comparative study of how straight SnO2 nanowires
*100 nm thick and segmented nanowires with a diameter of
*500 nm formed by segments *80 nm long and 10 nm thick
respond to the addition of 0.4 ppm hydrogen have shown that
the signal was higher for segmented wires although their
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average radius several times exceeded that of straight nano-
wires.86

Highly ordered arrays of core ± shell nanoparticles with
metal cores and semiconductor shells was proposed as a new
type of sensor materials.87

The increase in the sensitivity and selectivity of sensor
nanosystems is the prime objective of scientists. The applica-
tion field of sensors (especially oxide-based) can be extended by
lowering the working temperature of gas-sensitive materials to
room temperature. One of the ways to solve this problem may
be the use ofmetal oxides in the form of quasi-one-dimensional
materials. From our viewpoint, the development of systems
with the higher selectivity should be based on the targeted
synthesis of ligands capable of the selective interaction with the
determined gases.

III. Certain application fields of sensors based
on nanomaterials

Chemoresistive sensors are used in different fields of science
and technology and in industry for the control over techno-
logical processes and the contents of toxic substances in air,
water and soil. Below, certain fields of practical application of
sensors are considered by the example of ammonia and several
other gases and volatile organic substances. Attention is
focused on the use of sensors in medicine.

1. Environmental monitoring
The environmental air and water contain large (and perma-
nently growing) amounts of different impurities with wide
concentration ranges. This stimulates the search for new
versions of the use of metal oxides, which form the basis of
conventional sensor materials. For example, a system compris-
ing SnO2 , ZnO,WO3 , CuO and In2O3 was proposed for flow-
through determinations of CH4 , CO, NO, NO2 , NH3 , SO2

and H2S at temperatures in the range of 200 ± 400 8C.88

The environmental monitoring requires the knowledge of
temperature dependence of the sensitivity with respect to the
determined gas. The effect of temperature on the sensitivity of
thin tin dioxide films manufactured by electron beam evapo-
ration was explored for the determination of different concen-
trations of hydrogen, carbon oxide and ethylene, and the
kinetics of their response was simulated.89 It was shown that
the minimum sensitivity and temperature are related to the
energies of adsorption (Eads) and activation (Ea). Being
dependent on the nature of a gas, the adsorption energy
determines the strength of its bonding with the oxide surface,
whereas the activation energy determines a barrier that should
be overcome to induce the surface oxidation. In turn, the
quantities Eads and Ea depend on the concentration of the
analysed gas.

A cheap and relatively sensitive sensor for hydrogen was
developed based on palladium nanowires deposited on the
surface of highly oriented pyrolytic graphite.90 The sensor
operates at room temperature; its conductivity is two orders
of magnitude higher in the presence of hydrogen than in its
absence.

New sensors for ammonia and amines were developed.
A new sensor based on V2O5 nanowires with extremely high
sensitivity with respect to amines was described.91 The high
conductivity of wires makes it possible to use this sensor at
room temperature. The limiting sensitivity, which was defined
as a concentration at which the signal exceeds the noise by a
factor of three, was <30 ppb for tert-butylamine. Sensitivity
with respect to amines increased linearly as the humidity of the
carrier gas increased to 60%. The conductivity depended on
the position of the amine contact with vanadium wires. The
selectivity of the sensor was determined by comparing its
response to amine, ammonia, propanol and toluene following
5-min contacts. The highest sensitivity was exhibited towards
ammonia and amine.

In air, sulfuric and nitric acids react with ammonia to form
particles of ammonium sulfate and nitrate. These particles
serve as nuclei for the formation of aerosols and smog in air
over large cities. With the appearance of smog, the air temper-
ature decreases due to the sunlight screening.

The ammonia content in air is usually 10 ± 100 ppb and
falls to several molecules per billion over the ocean. In the
vicinity of livestock farms, the ammonia concentration can
reach 10 ppm (Ref. 92). To determine ammonia in the atmos-
phere, response times of about a minute are sufficient; air is
delivered to the sensitive material by jet systems.

A different situation is observed in the determination of
ammonia in exhaust gases of vehicles or in air-conditioned
passenger compartments. The ammonia content in exhaust
gases should be determined at a level of* 8 ppm (Ref. 93). To
prevent the appearance of odour in the passenger compart-
ment, the ammonia concentration should be detectable at a
level of no higher than 50 ppmwith the sensor response time of
several seconds.

Exhaust gases of engines operating on diesel oil contain
high concentrations of NO and NO2 (NOx).94, 95 The amount
of toxic nitrogen oxides can be reduced by their selective
catalytic reduction 96

4NO+4NH3+O2=4N2+6H2O.

The reaction is carried out by the injection of a controlled
amount of ammonia into the exhaust system. In this process,
the ammonia sensor should measure its concentrations of an
order of magnitude of several molecules per million, have the
response time within 1 minute and operate at elevated temper-
atures.94

Sensors based on zinc oxide nanorods with palladium
particles deposited on the surface have demonstrated high
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Figure 3. Model illustrating the changes in conductivity upon adsorp-

tion of ammonia on oxidised surface of silver particles (a) thin films and (b)

nanowires.81
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sensitivity with respect to hydrogen.97 In a nitrogen flow with
the hydrogen concentration varied from 10 to 500 ppm, the
sensor determined concentrations <10 ppm, was easily recov-
erable and did not respond to the presence of oxygen.

Nanorods of molybdenum oxide with the diameter from 50
to 300 nm and the length of 2 ± 4 mm were used in sensors for
the detection of carbon monoxide and ethanol at 200 8C.
Carbon oxide was determined in amounts <30 ppm (Ref. 98).

2. Sensors in chemical industry
The use of sensors in chemical industry is discussed by the
example of ammonia. Ammonia is synthesised frommolecular
nitrogen and hydrogen at high temperatures and pressures in

the presence of catalysts. For the most part, it is used in the
production of fertilisers and in certain chemical processes;
large amounts of ammonia are still used in refrigerating units
for foodstuff storage at temperatures below 0 8C.99, 100 At
ammonia utilising plants, its leakage is possible; this is why
such plants should be equipped with appropriate detection
systems that allow one to prevent environmental contamina-
tion with ammonia. The maximum allowable amount of
ammonia in the surrounding air should not exceed 20 ppm.
Such a concentration is allowed to hold for a long time; for its
detection, sensors with the response times of an order of
magnitude of one minute may be used. The ammonia produc-
tion is a high-temperature process; hence, sensors should
withhold temperatures of up to 500 8C.

In recent years, keen attention has been paid to the
development of new sensors for ammonia. Sensors based on
silver oxide microwires were developed.80 Nanowires of zinc
oxide were prepared and their sensitivity with respect to
ammonia at room temperature was studied (using quartz
crystal microbalance).101 The nanowires were synthesised by
evaporation of zinc granules at 900 8C in air and then
deposited onto the quartz crystal surface. It was found that
with the increase in the thickness of layers, the absolute
magnitude of response towards ammonia linearly increased.
Samples were sensitive to ammonia in the concentration range
from 40 to 1000 ppm. The response time was *5 s. Sensors
based on ZnO nanowires were stable and provided reprodu-
cible results.

Semiconducting oxides underlie the majority of sensors for
ammonia used in the chemical industry. In such sensors, the
signal is determined by the conductivity variations caused by
the reaction of negatively charged oxygen species (O7, O27)
with the reducing gas on the sensor surface. To enhance the
selectivity of oxide sensors, different doping additives were
used, particularly, transition metals.

Figure 4 illustrates the dependence of the sensitivity of
tungsten oxide with respect to NH3 and NO on the addition of
different metals.102 These data were obtained at 350 8C in the
analysis of exhaust gases of vehicles. The sensor systems, which
in addition to SnO2, employed WO3 doped with gold and
MoO3 , were capable of detecting ammonia in the concentra-
tion range from 1 to 1000 ppm.103 Such sensors were used in
the detection of ammonia losses in refrigerating units 104 and in
the combustion of gases.88

Sensors for the determination of hydrogen, methane,
carbon monoxide and hydrogen sulfide were developed by
the deposition ofmetal particles with different catalytic activity
on the surface of carbon nanotubes. The selective determina-
tion of these gases involved the use of a pattern-recognition
method.47

3. Sensors in biology and medicine
Nowadays, active studies are carried out aimed at the use of
nanoparticles in biology and medicine. The problems to be
solved in these fields of knowledge are closely interrelated; this
is why they are often considered together. For biological and
medicinal applications, nanoparticles that as a rule have
hydrophobic stabilising shells should be transferred to aqueous
solutions where the hydrophobic ligands are replaced by
hydrophilic. For this purpose, it is necessary to use molecules
that contain several functional groups of which some groups
can be used for stabilisation of nanoparticles and the other
should promote their modification and functionalisation.

As such molecules, amphiphilic polymeric molecules that
are capable of transferring virtually any particle into aqueous
media are used.105 Their relative drawback is associated with
the increase in the nanoparticle volume due to the formation of
several stabilising layers. At the same time, the diversity of
amphiphilic polymers makes it possible to introduce different
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functional groups into shells of nanoparticles, bind the latter
with bioactive molecules and use them as sensors.

When using nanoparticles, attention should be paid to the
toxicity of nanosystems. Substances utilised in biology and
medicine even if safe on the microlevel can become toxic on the
nanoscale. Bearing this in mind, it is important to study the
particle ± cell interactions.2 The adverse effect of nanoparticles
on a cell can manifest itself as follows:

Ð a nanoparticle may oxidise the cell membrane; finding
itself in the cell environment, a nanoparticle can behave as a
toxic chemical that causes apoptosis,} i.e., the cell death;

Ð a nanoparticle captured by the cell membrane or
adsorbed on its surface can become the reason for the impaired
cell functions;

Ð a toxic effect can appear in the interaction of nano-
particles of different shapes (e.g., spherical and fibre) in a cell.

Studies of the properties of CdSe nanoparticles and the
CdSe/ZnS nanosystem have shown that the toxicity depends
on the nanoparticle size, its surface coverage and the nature of
functional groups bound with its surface.106 Toxicity of CdSe
particles was found in yet another study.107

Studies on the use of different types of quantum dots } as
the markers for cells, tissues, bacteria and viruses are actively
progressing. As compared with organic dyes, quantum dots
exhibit the higher photostability and sensitivity.

The ambiguity of views of scientists on the toxicity of
nanoparticles does not reduce the number of publications on
the use of these materials as the sensitive tags for sensors.
Nanocrystals and especially quantum dots are the convenient
markers that are unsusceptible to light bleaching and suffi-
ciently biocompatible. Moreover, in cell fission, nanoparticles
get to both new cells preventing the loss of the label. Particles
CdS that exhibit fluorescence properties were grown on
magnetic FePt nanoparticles. Such nanoformations can be
delivered to any internal organ to follow the state of the latter.

For the same purpose, hybride nanoparticles and quantum
dots covered with phospholipid biolayers (phospholipids are
also parts of the membrane) were used.108 Such nanosystems
exhibit good luminescence properties, biocompatibility and
can be used in the monitoring of cell transformations. For
example, similar particles were introduced into frog's embry-
onal cells, which allowed scientists to follow the foetus devel-
opment.{

Metal nanoparticles can be used in enhancing the sensitiv-
ity of a sensor for the determination ofDNA. Thus detection of
5 ± 10 DNA chains 109 involved the use of magnetic iron oxide
nanoparticles and citrate-stabilised gold nanoparticles, which
allowed the DNA detection with sufficiently high sensitivity.
Figure 5 illustrates this process. In addition to using two
metals, silver-coated electrodes were employed for the ampli-
fication of the signal from gold-modified DNA. Such a trick
increased the light scattering (outlet signal), which allowed 10
chains or 500 zeptomoles (1 zmol litre71= 10721 mol -
litre71) to be detected. This method requires neither the use
of enzymes nor great times and is relatively cheap. It also
allows one to distinguish DNA molecules containing individ-
ual bases with the sensitivity of up to 10718 mol litre71. The
elaborated method was used in the detection of anthrax DNA.

The development of the similarly fast and high-sensitive
sensors is the burning problem for the prevention of terrorist
attacks.

The requirements imposed upon the selectivity, precision
and reliability of methods for the determination of clinically
important metabolites as the indicators of the state of human
health are gradually becomingmore stringent. New versions of
the detection of compounds associated with different diseases
are being actively developed. One of such methods was used in
the creatinine determination.110 Creatinine, a common urine
component, is also present in blood and muscles. Blood of a
healthy person contains creatinine at a level of 35 ± 140 mmol
litre71. In kidney diseases or their transplantation, the crea-
tinine concentration in blood serum and plasma may reach
1 mmol litre71.

Figure 6 illustrates the operation of a sensor by the
example of creatinine determination. The main components
of this system include the enzyme creatinite deaminase and a
polyacrylamide hydrogel that contains spheres of polystyrene
latex with diameter of 120 nm.

Under the action of the enzyme, creatinine is quickly
hydrolysed to form hydroxide ion OH7. In the second stage,
2-nitrophenol is added to the system by titration, which
changes pH of the medium. Phenol deprotonation leads to
hydrogel swelling due to an increase in the phenol solubility. As

}Apoptosis is a phenomenon of programmed cell death accompanied by

the appearance of typical cytological evidence (apoptosis markers) and

molecular processes.

}Quantum dots are crystals of, as a rule, nanosize inorganic semiconduc-

tors that exhibit unique physical and chemical properties untypical of the

same substances on the macroscale. Quantum dots may be bound to

biological molecules by chemical bonds.

{ In contrast to other studies, no mention was made on the toxicity of

CdSe.108

Nanopar-
ticle (NP)
of gold

NP-probe
with bar-code
DNA

hybridisation
with bar-code
DNA

100X
bar-code DNA

1X

functionalisation
with DNA

Amine-functio-
nalised magnetic
macroparticle (MMP)

amplified
bar-code DNA

MMP-probe

M

functionalisation
with DNA

a

b

M

M

step 1

target
DNA

+
M

step 2

step 3
Au

Ag

Figure 5. Scheme of operation of metal nanoparticles used in DNA

detection.109

(a) Scheme of synthesis of probes based on nanoparticles and magnetic

microparticles; (b) DNA amplification scheme: step 1 is the binding of the

target DNA to functionalised DNA-NP and MMP probes, step 2 is the

magnetic separation and decomposition of duplexes of bar-code DNA;

step 3 is the determination and analysis of bar-code DNA. Target DNA

(anthrax): 50GGATTATTGTTAAATATTGATAAGGAT30, bar code

DNA: 50AGCTACGAGTTGAGAATCCTGAATGAATGCGACG30.
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a result, with the increase in the creatinine concentration, the
luminescence lines shift to lower energies, i.e., the bathochro-
mic shift is observed.

The spectral sensitivity of a sensor allows one to reliably
determine creatinite concentrations in the range of
0.1 ± 1 mmol litre71.With the aim of simplifying the creatinine
determination, coloured calibration charts were proposed.110

Such charts will allow patients to obtain information without
using special instruments, which is of vital importance for
those suffering kidney diseases.

The approach developed for the creatinine determination
was used in designing a sensor for glucose.111 Clinical tests
have shown that such a sensor makes in possible to determine
up to 0.15 mmol litre71 glucose in solutions at 37 8C. The
elaboration of such sensors is of great importance for diabetic
patients.

Inhalation of air containing high ammonia concentrations
can lead to pulmonary edema; once the ammonia concentra-
tion reaches 5000 ± 10 000 ppm, death occurs in 5 ± 10 min.
Prolonged exposure in an atmosphere containing small ammo-
nia concentration does not harm the health. This is due to the
fact that ammonia is not accumulated in organisms. It is the
metabolite of proteins and nucleic acids. Ammonia is removed
from organisms with urine in the form of urea and ammonium
salts. A small amount of ammonia is secreted by sweat glands.

In certain diseases, the organism contains an enhanced
amount of ammonia, which can be found by the analysis of the
exhaled air.112 Such a test makes it possible to quickly diagnose
stomach ulcer induced by the presence of bacteriaHelicobacter
pylori 113 or the urea imbalance inherent of kidney diseases. As
little as several cubic centimetres of exhaled air are sufficient
for the analysis with gas-sensitive sensors.114

Diagnosing of Helicobacter pylori is based on the urea
conversion to ammonia and bicarbonate. Laying aside the
complex processes that involve bacteria and lead to the
ammonia synthesis, it should be noted that such analyses
require sensors capable of the detection of <50 ppb ammonia
in the exhaled air in the presence of carbon dioxide in concen-
trations up to 3%.112 The response time of such sensors should
not exceed several minutes. To date, this problem is still
unsolved. This example of the ammonia determination for
the identification of Helicobacter pilori demonstrates all the
complexity of problems faced by a designer of sensors for
diagnosing diseases.

IV. Conclusion

The analysis of studies published in the recent years allows one
to draw several general conclusions on the synthesis and
application of nanomaterials in the development of new gas
sensors. Two trends are clear, viz., the development of sensors
to be employed at room temperature and the use of new quasi-
one-dimensional nanostructures (such as nanotubes, nano-
rods, nanobelts, nanowires, etc.) as the sensors.

Studies of size effects typical of substances in the nanostate
should stimulate the further investigations of the sensor
activity that depends on the surface-to-volume ratio, porosity,
sample size and possible reactions with different oxygen forms
on the sensor surface.

The use of quasi-one-dimensional materials and the pro-
duction of hybrid systems require the refinement of mecha-
nisms of the sensor sensitivity. Understanding of these
mechanisms determines the successful use of new sensor
materials. The following general requirements can be imposed
upon virtually all sensor materials: the high sensitivity, selec-
tivity, stability and safety. The other requirements to sensors
differ depending on application fields and conditions. The
development of nanoscience opens up new directions in the use
of sensors, particularly, in the analysis of operation, identi-
fication, and safe performance of instruments and materials
produced by nanotechnologies.

This review was written at partial financial support of the
Russian Foundation for Basic Research (Project
No 05-03-32 293) and the Grant of President of the Russian
Federation for young Russian scientists, namely, candidates of
sciences and their supervisors, (No.MK-4996.2006.3).
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Abstract. The state of the art of studies on combustion ofThe state of the art of studies on combustion of
organophosphorus compounds (OPC) is presented. The chem-organophosphorus compounds (OPC) is presented. The chem-
ical processes occurring in flames upon introduction of OPCical processes occurring in flames upon introduction of OPC
additives, the mechanisms of OPC transformations and effectadditives, the mechanisms of OPC transformations and effect
on the combustion rate and the structure and propagationon the combustion rate and the structure and propagation
limits of hydrogen and hydrocarbon flames are considered.limits of hydrogen and hydrocarbon flames are considered.
The key results of experimental and theoretical studies andThe key results of experimental and theoretical studies and
simulation of the combustion chemistry of hydrogen andsimulation of the combustion chemistry of hydrogen and
hydrocarbon mixed and diffusion flames with and withouthydrocarbon mixed and diffusion flames with and without
OPC are described. The mechanism of flame promotion andOPC are described. The mechanism of flame promotion and
inhibition by OPC is analysed. The prospects of practicalinhibition by OPC is analysed. The prospects of practical
applications of phosphorus compounds as flame promotorsapplications of phosphorus compounds as flame promotors
and suppressants are evaluated. The toxicity and environ-and suppressants are evaluated. The toxicity and environ-
mental impact of OPC are discussed. The bibliographymental impact of OPC are discussed. The bibliography
includes 124 referencesincludes 124 references..

I. Introduction

The chemistry of phosphorus compounds is very extensive and
diversified. Phosphorus and its compounds are common in
nature ranging from Earth crust minerals to living organisms
where phosphorus is vitally important.

The first mention on the investigation into combustion of
phosphorus dates back to the 17th century. In 1680, R Boyle 1

burned phosphorus in air and obtained white vapour, which
turned into a white powder on cooling. On treating this powder
with water, he obtained a liquid with acid properties. Later in
has been found that during combustion of phosphorus and its
compounds, a large number of phosphorus-containing species
are present in the flame. The mechanism of phosphine com-
bustion proposed in 1993 included about 20 phosphorus
oxides and phosphorus-containing acids.2 The existence of
numerous phosphorus derivatives in the flames attest to a

complex chemical mechanism of transformations of phospho-
rus and its compounds.

The interest in the combustion chemistry of organophos-
phorus compounds (OPC) first arose in relation to the problem
of destruction of chemical weapons (first of all, nerve agents),
which present a serious hazard for both the environment and
human life. The combustion of war gases in furnaces formed
the basis of an advanced process for the destruction of chemical
agent stockpiles. This process was implemented in the USA in
the Johnston atoll.3, 4 At that stage, researchers were mainly
interested in the mechanism of destruction of complex organo-
phosphorus molecules that simulate chemical agents in a
flame.

The term `destruction' is used to mean the transformation
of a compound upon reactions with other flame components or
upon pyrolysis rather than its thermal decomposition. The
intermediate and final products of OPC destruction in the
flame were identified using dimethyl methylphosphonate
[DMMP, CH3PO(OCH3)2], trimethyl phosphate [TMP,
(CH3O)3PO] and diisopropyl methylphosphonate [DIMP,
CH3PO(iso-OC3H7)2] as models. On the basis of obtained
results, reactions of H and OH radicals with OPC molecules
were proposed, their rate constants were estimated and a
number of kinetic mechanisms of OPC combustion were
developed. Subsequently, OPC aroused interest as compounds
able to retard (inhibit) combustion.

For many years, halo-substituted, mainly bromo-substi-
tuted hydrocarbons (halons) such as CF3Br have been
employed as flame suppressants. However, after these com-
pounds were found to deplete the Earth ozone screen, the
production of environmentally hazardous halons ceased in
industrially developed countries in conformity with the Mon-
treal convention (1990).5 Environmentally safe halons like
CF3H and C2F5H had low flame suppression efficiency com-
pared to bromine-containing halons; therefore, search for a
substitute for halons among other classes of compounds was
started. The search led to the OPC family having good
prospects as combustion inhibitors.6 ± 8

It is noteworthy that OPC do not merely dilute flames
(thermophysical flame suppression effect), but rather change
the concentration of themost reactive atoms and radicals in the
flame, first of all, H, O and OH (chemical suppression of flame
by additives), thus having considerable effect on combustion
parameters even at low additive concentration (0.03 vol.%).
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The purpose of this review is to generalise the data on the
chemistry and mechanism of OPC transformations in the
flames and non-thermal plasma published in the last decades.
The review considers in detail the mechanisms of flame
promotion, inhibition and suppression by OPC additives. The
specific features of inhibition processes for different types of
flames are analysed and the dependences of the efficiency of
these processes on their conditions (pressure, fuel type, and fuel
excess or deficiency) were found. The unique properties of
OPC (in particular, physicochemical and toxicological) that
distinguish them from other inhibitors were revealed, the effect
of OPC on the Earth ozone layer was estimated. On the basis of
all the available published data, the prospects for practical
applications of phosphorus-containing inhibitors were eval-
uated.

II. Methods and approaches to investigation of the
combustion mechanism of organophosphorus
compounds

The chemistry of combustion of organophosphorus com-
pounds has been studied using special experimental and
computational methods. Since these processes occur under
extreme conditions, many of these methods are actually unique
and often poorly known; therefore, below they are described in
brief.

1. Experimental methods for investigation of combustion
mechanism of organophosphorus compounds
a. Study of the chemical structure of flames by molecular-beam
mass spectrometry
The understanding of the essence of chemical kinetic processes
taking place in the flames requires knowledge of gas composi-
tion in the flames and distribution of combustion product
concentrations over the combustion zone. The identification of
compounds in the flames and measurement of their concen-
trations and concentration profiles are usually performed by
probe sampling followed by mass spectrometric 9, 10 or optical
spectroscopic analysis. Each of the procedures has its advan-
tages; they have repeatedly been used in the research of flames.

Some species found in the flames (atoms, free radicals and
ions) are too reactive and unstable to be sampled and analysed
by conventional methods; therefore, the sample was intro-
duced into the ionisation chamber of a mass spectrometer as a
molecular beam in which molecules did not collide with either
one another or the vacuum chamber walls. The profiled probe
nozzle and a large pressure differential promote efficient
freezing of reactions that occur in the flame, so that quite a
robust sample enters the analyser.

Probe molecular beam mass spectrometry (MBMS) is now
the only method to detect all species present in the flame
(including reactive species), measure their concentrations and
spatial distribution, i.e., determine the chemical structure of
the flame.11 However, this method requires additional meas-
ures for the separation of substances having similar mass
spectra. One of such measures is selective (or so-called soft)
ionisation of species in the sample by photoionisation 12, 13 or
electron impact.14, 15 For this purpose, a setup with an
advanced ion source with a small energy scatter of electrons
(�0.25 eV) corresponding to thermal scatter was designed at
the Institute of Chemical Kinetic and Combustion of the
Siberian Branch of the RAS.

Owing to soft ionisation, analysis can be carried out at low
ionisation energies close to the ionisation potentials of atoms,
radicals and molecules and thus it serves for mitigation (or
elimination) of molecular ion fragmentation upon electron
impact and, hence, facilitates identification of compounds
based on their mass spectra.14, 15 Table 1 presents ionisation

potentials and ionisation voltages (ionisation energies, IE)
used to measure the major components of flames with OPC
additives: atoms, free radicals and key phosphorus-containing
compounds. The ionisation potentials of compounds such as
PO, PO2 , HOPO, HOPO2 and (HO)3PO were determined by
measuring the ionisation efficiency curves upon direct sam-
pling of flames with OPC additives. The relative error of
measurement of the concentrations of stable compounds in
the flame by this method is <10%, that for radicals is
<30%±50%. The perturbing effect of the sampler during
flame probing is an important aspect influencing correct
interpretation of the experimental results. In recent years, a
number of experimental and computational studies dealing
with the flame perturbation by the probe were published (see,
for example, Refs 16, 17). The results obtained in these studies
substantiate the efficiency of using the experimental temper-
ature profile for simulation of the concentration profiles of
compounds in the flame.

b. Measurement of flame temperature using thermocouples
The temperature distribution across the combustion zone is
usually measured by microthermocouples [Pt/(Pt+10% Rh)
and so on] with different diameters. For preventing catalytic
processes, the thermocouple surface is coated by SiO2 or
ceramics.18 The emission corrections were estimated by the
Kaskan formula 19 or excluded by using compensation meas-
urements.20 The agreement between the temperature and
concentration profiles across the zone was attained by shifting
the concentration profiles with respect to the temperature
profile.21 The error of temperature measurement usually did
not exceed �30 K.

c. Methods of measurement of normal flame propagation speed
Severalmethods exist formeasuring of the normal propagation
speed of the flame front in laminar pre-mixed gas mixtures.
Onemethod is based on the use of theMache ±Hebra burner,22

which provides the contour of the visible image of the flame as
a regular cone. The accuracy of measurement of the flame
speed by this method is � 5%. This method for flame prop-
agation speed measurement is very convenient due to its
simplicity and availability but is considered to be least accu-
rate.

The technique of zero heat flux to the burner, which has
found wide use in recent years, is more accurate.23, 24 This
method makes use of a flat burner consisting of a copper disc
with evenly distributed holes and the side surface cooled by tap
water. The radial temperature distribution over the burner
surface is measured by insertion of thermocouples into its holes
at different distances from the burner centre. When temper-
ature is evenly distributed over the burner disc surface, a heat
flux from the flame to the burner is absent, the flame existing

Table 1. Ionisation potentials and ionisation electron energies for major
components of the flame with OPC additives.

Compound m/z Ionisation Ionisation electron

or species potential /eV energy in the

experiment /eV

PO 47 8.3� 0.3 12.8

PO2 63 11.0� 0.5 12.8

HOPO 64 10.7� 0.3 12.8

HOPO2 80 12.4� 0.2 14.5

(HO)3PO 98 11.5� 0.5 17.5

(CH3O)2(CH3)PO 124 9.9� 0.5 20.0

(CH3O)3PO 140 9.9� 0.5 20.0

H 1 13.3� 0.5 16.2

O 16 13.6� 0.2 16.2

OH 17 13.2� 0.2 16.2
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under nearly adiabatic conditions. This means that the flow
rate of the combustible mixture is equal to the free distribution
speed of the flame.

The method of measurement of the normal speed of flame
propagation using a constant volume bomb also deserves
attention.25 This measurement requires a special high-pressure
chamber, as ignition of the combustible mixture results in
substantial pressure rise in a closed vessel.

d. Methods of determination of the minimum quenching
concentrations of flame suppressants
The minimum quenching concentration (MQC) is a concen-
tration of a substance in the flame such that the flame is
quenched when this concentration has been attained. This is an
important characteristics for evaluating the prospects of using
a particular compound as a flame suppressant. A standard
method for determining the MQCs of flame suppressants 26, 27

is the cup burner method. It consists of suppression of the
diffusion methane ± air or n-heptane ± air flame by introducing
flame suppressant vapour into the air stream.27 Poorly volatile
(liquid) compounds are injected into the air stream bymeans of
a nebulizer. Air is heated to enhance evaporation rate of the
aerosol of the liquid compound. Yet another, alternative
method for determination of MQC is the `cylinder' method
described by Baratov et al.28, 29 Whereas the cup burner
method implements a scenario of extinguishing a local ignition
source by an air stream with admixed flame suppressants, the
`cylinder' method is based on a fire extinguishing scenario in an
indoor area.

One more method, the fire chamber method, is used to
determine the MQC of flame suppressants under nearly
natural conditions. These measurements require a large
amount of flame suppressant; therefore, this method cannot
be used for screening.

A special setup was designed to study the quenching
efficiency of a turbulent { flame upon short-term supply of a
flame suppressant.30 Using this setup, the dependence ofMQC
on the supply time of the flame suppressant and the fuel
volumetric flow rate was studied. For the study of turbulent
flame quenching by poorly volatile liquid OPC, a setup similar
to that described previously 30 was manufactured.31 Both
simulate aircraft engine fire extinguishing. Liquid flame sup-
pressants were supplied by a highly dispersed aerosol generator
(particle size <1 mm) of an original design.31

2. Numerical simulation and quantum chemical calculations
a. Simulation software
The chemistry of OPC combustion is often studied by numer-
ical simulation, which allows one to calculate the propagation
speed and the chemical and thermal structures of multicompo-
nent laminar and diffusion flames. Model calculations use
thermochemical and transport characteristics of flame compo-
nents, detailed chemical mechanism of the combustion process
as a set of elementary steps with indicated rate constants for
each step. These calculations were carried out using PREMIX
and CHEMKIN softwares.32, 33 The PREMIX programme
calculates (for a unidimensional case) the flame propagation
speed and the temperature and component concentration
profiles in a freely propagating flame or a flame stabilised on
a flat burner. The CHEMKIN-II programme and later ver-
sions CHEMKIN-III and CHEMKIN-IV softwares choose
the required thermochemical, kinetic and transport character-
istics of flame components from the databases included in the
program package. All calculations are based on solution of the
energy conservation equation with allowance for diffusion.

One can also use the HCT programme (Hydrodynamics,
Chemistry and Transport) 34 developed at the Lawrence Liver-
more National Laboratory (USA) and the OPPDIF pro-
gramme,35 which is a part of the CHEMKIN package. The
latter programme was used to calculate the temperature and
component concentration profiles, the radial and axial con-
stituents of the flow velocities along the burner axis in the
diffusion flame stabilised at the counterflow of the fuel and the
oxidant (the Potter burner 36, 37).

b. Kinetic mechanisms
Although the kinetic models of hydrogen and hydrocarbon
combustion bear only an indirect relation to the OPC combus-
tion chemistry, the results of simulation of the structure or
propagation speed of OPC-doped flames still depend appreci-
ably on the selected mechanism for hydrogen and hydro-
carbons. In this connection, we considered it necessary to
present brief information on the most often encountered
mechanisms of combustion of these compounds.

The rate constants for reactions that describe the hydrogen
combustion process have been reported.38 ± 40. The H2 com-
bustion was studied in detail by Dixon-Lewis et al.,41 Tsang
and Hampson 42 and Yetter et al.43 A kinetic scheme of
hydrogen combustion that includes 40 most important ele-
mentary steps involving 8 species has been described.44

Although this process has been well studied, a large number
of models that differ from one another in both the set of
reactions and the rate constants for these reactions can be
found in the literature. The latest model of hydrogen oxidation
under atmospheric pressure was developed in 2004.45

Hydrocarbon flames can be simulated using theGRI-Mech
mechanism 46 describing the combustion of natural gas in the
presence of nitrogen. A version of this mechanism, namely,
GRI-Mech 3.0 comprises 325 reactions involving 53 compo-
nents (including argon). One more, Konnov's mechanism 47

includes 1207 reactions involving 127 components. This is
used to describe the combustion of hydrocarbons (4C3) and
their derivatives. The last-mentioned mechanism was success-
fully used to calculate the speed of free propagation of
propane ± air flames.47 The results are in good agreement with
experimental results.48, 49 The kinetic mechanism of propane
combustion proposed by Conaire et al.50 and upgraded by
Curran et al.51 was used to describe the structure of propane ±
oxygen flames with OPC additives stabilised on a flat burner 52

and to calculate the propagation speed of propane ± air
flames.53 The mechanism includes 469 steps which involve
77 components.

c. Quantum chemical calculations
The thermochemistry of phosphorus-containing compounds
has little been studied until recently. Only recently, was this
field of OPC chemistry developed owing to quantum chemical
calculations,54 ± 56 which became much more precise. This is
especially important, as phosphorus oxides are unavailable as
commercial chemicals due to their low stability. Table 2
presents the formation enthaplies of PO, PO2 , PO3 , HOPO,
HOPO2 , (HO)2PO, HPO, HPO2 , P2O3 , P2O4 and P2O5(gas).
Not only thermochemical parameters of OPC (enthalpy,
entropy), but also the rate constants for some key reactions of
phosphorus-containing species with atoms (H, O, C, N) and
radicals were calculated.52, 53

As shown below, these calculations identify more precisely
the previously developed kinetic mechanisms and provide
better agreement between the experimental data and the results
of simulation of the flame propagation speed and chemical
structure.

A considerable contribution to the development of OPC
combustion mechanism and the kinetic model of the process
was made by theoretical works carried out at the Lawrence

{ A turbulent flame site above a tank with liquid fuel is most difficult for

extinguishing, expecially if the tank is located behind a wedge-like barrier.
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LivermoreNational Laboratory (USA) . TheOPC combustion
model proposed at this laboratory was based on quantum
chemical calculations of the thermochemical properties of
phosphorus-containing molecules and transition states and
reaction rate constants. This approach is more substantiated
from the kinetic standpoint as comparedwithmere variation of
the rate constants, as was done in the early investigations. The
thermochemical data (enthalpy, entropy and heat capacity)
were calculated for 25 compounds of pentavalent phosphorus
in which the phosphorus atom is bound to hydrogen, carbon,
nitrogen or sulfur atoms.

3. Integrated approach to elucidation of the combustion
mechanism of organophosphorus compounds
An efficient approach to investigation of the OPC combustion
chemistry is a comparison of experimental and simulated data.
The larger the number of combustion characteristics being
compared (propagation speed and chemical structure of the
flame, propagation limits, minimum quenching concentrations
and so on) the more thorough the verification of the proposed
kinetic model and the more reliable the model. A problem of
many (almost all) kinetic mechanisms is that they have been
validated against a limited number of data.

It is noteworthy that the combustion mechanism depends
on the stoichiometric composition of the fuel mixture. In the
fuel-rich flames, the processes are complicated due to the
formation of heavy hydrocarbons, soot precursors. These
flames are most often difficult to study, and general hydro-
carbon combustion models often poorly predict the character-
istics of these flames.

The most thorough verification for any mechanism is a
comparison of the calculated and measured flame structures,
first of all, a comparison of the concentration profiles of atoms,
radicals and other unstable species. This approach was used to
study the chemistry ofOPC combustion and especially to study
the mechanism of inhibition of hydrocarbon flames by TMP.

III. The mechanism of destruction of
organophosphorus compounds in the flame

The first soft ionisation MBMS study 57 devoted to the OPC
transformations in the flames (1994) reported the mass spectra
of samples taken from the flame and the intensity profiles for
ion peaks withm/z corresponding to the initial compounds and
intermediate and final products of TMP and tributyl phos-
phate (TBP) combustion in a hydrogen ± oxygen flame at a
pressure of 80 Torr. When measuring the TMP and TBP
concentration in the flame, it was shown that OPC in a low-
pressure hydrogen ± oxygen flame are consumed faster than the
major flame components (H2 andO2). Systematic research into
the mechanism of destruction of DMMP, TMP, DIMP, and
some other OPC was carried out in the subsequent studies.

1. Mechanism of destruction of dimethyl methylphosphonate
In a study of the structure of a hydrogen ± oxygen flame doped
with DMMP at 47 and 76 Torr, key intermediates of DMMP
destruction with masses of 110 and 94 were detected and
identified as methyl methylphosphonate and methylphos-
phonic acid, respectively. The final phosphorus-containing
products of DMMP combustion with m/z 47, 63, 64 and 80
were identified as (PO), (PO2), (HOPO) and (HOPO2).14, 58, 59

a. Intensity profiles of the mass peaks of the starting dimethyl
methylphosphonate and the intermediate and final products of its
destruction
In order to analyse the possible intermediates of DMMP
destruction, mass spectra of samples taken from the H2/O2/
Ar flame (P=47 Torr) doped with 0.2 vol.% DMMP were
recorded. The flame samples were taken at distances of
44 mm from the burner (within the DMMP destruction
zone in the flame).14 The ion peaks with m/z 79, 80, 81, 93, 94,
95, 96, 98, 109, 110 were found in the mass spectra of the
samples. The contributions of the fragment ions resulting from
ionisation of the DMMP molecule to these peaks were elimi-
nated using a mass spectrum of DMMP recorded in an argon
flow. Note that the mass spectrum of DMMP recorded in this
way does not contain ion peaks with m/z 110 or 80.

Figure 1 shows the intensity profiles of the peaks of
DMMP with m/z 124 and ions with m/z 110, 94 and 80 (with
subtracting the contributions of fragment ion peaks) depend-
ing on the distance (l ) from the burner surface to the probe at
P=43 Torr and IE=12.1 eV. The intensity profiles of ion
peaks with m/z 110, 94 and 80 pass through maxima; the
intensity maxima of the peaks with m/z 110 and 80 are located
at a 1.5 mm distance from the burner, while that for the peak
with m/z 94 is at a 2.5 mm distance from the burner. Figure 2
shows the intensity profiles of the peaks of DMMP and ions
with m/z 95, 96, 98 and 110 (with subtracting the small
contributions of fragment ion peaks) depending on the dis-
tance l for P=47 Torr and IE=20 eV. The presence of
maxima in the intensity curves for ion peaks with m/z 80, 94,
95, 96, 98 and 110 indicates that these peaksmay correspond to
intermediates.

There are two intermediates with the mass 110: dimethyl
phosphonate [HPO(OCH3)2] and methyl methylphosphonate
[HOPO(OCH3)(CH3)]. Under electron impact, both com-

Table 2. Formation enthalpies (DH �f /kJmol71) of phosphorus-contain-
ing compounds calculated by various methods.

Compound BAC-MP4 CBS BAC-G2 G3X2

(Ref. 54) (Ref. 56) (Ref. 52) (Ref. 55)

PO 712.6 733 737 738

PO2 7283 7294.9 7298 7291

PO3 7430 7450 7450

HOPO 7452 7470 7468 7470

HOPO2 7690 7717 7719 7713

(HO)2PO 7647 7661 7664

HPO 775 795 796

HPO2 7406 7425

P2O3 7616 7658

P2O4 7855 7908

P2O5 71072 71135
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Figure 1. Intensity profiles of ion peaks withm/z 80 (curve 1), 94 (2), 110

(3) and 124 (4) in the H2/O2/Ar flame with 0.2 vol.% DMMP at

P=43 Torr and IE=12.1 eV.14
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pounds give species with masses of 95 and 80;60 therefore, ion
peaks withm/z 95 and 80 correspond to intermediate fragment
compounds (presumably, decomposition products of methyl
methylphosphonate 14). The peak with m/z 96 corresponds to
methylphosphonic acid [(HO)2PO(CH3)]. The intensity of the
ion peak with m/z 81 is approximately twice as high as the
intensity of them/z 98 peak, and the behaviour of the intensity
curve of the m/z 81 peak fully reproduces that for the ion peak
with m/z 98. The ion with mass 81 may thus be a fragment ion
of a compound with mass 98 (this compound was identified as
orthophosphoric acid). The ion with mass 94 was identified as
the PO2(OCH3) molecular ion. The ion peaks with m/z 79, 93
and 109 correspond to the fragment ions formed upon bom-
bardment of DMMP with electrons. The mass spectra of
samples taken from flames were also found to contain peaks
corresponding to species with m/z 28 (CO), 44 (CO2), 47 (PO),
63 (PO2) and 64 (HOPO).

The intensity profiles of ion peaks with m/z 47, 63, 64, 80
and 98 recorded for flames doped by 0.2 vol.% DMMP at
P=47 Torr are presented in Fig. 3. The ion peak withmass 80
has a maximum at a*1 mm distance from the burner surface.
It was found that different substances are responsible for
contributions to the ion peak withm/z 80 at different distances
from the burner surface. Thus analysis of the curve of DMMP
ionisation efficiency has shown that the peak with m/z 80
recorded in the flame at a 1 mm distance from the burner
surface has the appearance potential AP=11.5� 0.3 eV,
while the ion peak with the same mass detected at a distance
of 7 ± 10 mm has AP=13.5� 0.5 eV. Analysis of the mass
spectra 60 of the presumed intermediate product, viz., methyl
methylphosphonate (mass 110), indicates that it is fragmented
upon electron impact to give an ion with mass 80. Thus, at
distances of up to 3 mm (where the ion with m/z 110 was
detected as an intermediate), the major contribution to the
intensity of the peak with m/z 80 is due to the methyl
methylphosphonate fragment ion. At distances l>3±4 mm
from the burner surface (i.e., in the final products of DMMP
destruction), the molecular ion of HOPO2 with the same mass
appears in the flame.

Analysis of the concentration profiles of intermediates
recorded in the H2/O2/Ar flame doped with 0.2 vol.% DMMP
suggests the following sequence of DMMP transformations in
the flames (possible compounds corresponding to these masses
are given in brackets):

124 (DMMP) 110, 95, 80 [HOPO(CH3)(OCH3)]

96 [(HO)2PO(CH3)], 94 [PO2(OCH3)]

98 [(HO)3PO] 80 (HOPO2), 64 (HOPO), 63 (PO2), 47 (PO).

For interpreting the obtained experimental results, the
possible fragmentation routes of DMMP (subsequently, also
TMP) in the H2/O2/Ar flame were analysed. The following
types of reactions were considered:

(i) unimolecular decomposition and four-centre reactions;
(ii) bimolecular elimination of H, CH3 and OCH3 from the

DMMP molecule by H, O and OH radicals and the substitu-
tion of alkyl and alkoxyl groups;

(iii) bi- and trimolecular recombination reactions.
The enthalpies of the reactions were calculated using the

enthalpies of formation of someOPC estimated byMelius.{On
the basis of these data, a detailed kinetic mechanism ofDMMP
destruction in the flame was proposed.58 Subsequently, this
mechanism was upgraded (reactions from the mechanism
proposed by Twarowski 61 ± 63 were also included).

b. The Twarowski mechanism
An important step towards the understanding of the mecha-
nism of OPC effect on flames was made after they were found
to be applicable for increasing the efficiency of a ramjet fueled
by hydrogen. It was found that combustion of hydrogen at
high altitudes and, hence, at low pressures gives H and OH
radicals in super equilibrium concentrations in the combustion
chamber. These radicals have no time to recombine in the
combustion chamber and are carried away to atmosphere,
resulting in a loss in the engine power. For increasing the
completeness of combustion, it was proposed to add phosphine
to the fuel; this additive ensured an additional kinetic channel
of recombination of H and OH radicals to give water.
Twarowski 2, 61 ± 63 carried out a series of studies dealing with
the effect of phosphine additive on the H and OH radical
recombination rate in the flame. Onmeasuring the variation of
the concentrations of OH radicals formed upon combustion of
a diffusion hydrogen ± oxygen flame in the presence of phos-
phine vapour by laser-induced fluorescence, Twarowski 2
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Figure 2. Intensity profiles of the peaks of initial DMMP (curve 1) and

ions withm/z 110 (curve 2), 98 (3), 96 (4) and 95 (5) in the H2/O2/Ar flame

with 0.2 vol.% DMMP at P=47 Torr and IE=20 eV.14
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Figure 3. Intensity profiles of ion peaks with m/z 47 (PO, curve 1), 63

(PO2 , curve 2), 64 (HOPO, curve 3), 80 (curve 4), 98 [(HO)3PO, curve 5]

and 124 (DMMP, curve 6) in the H2/O2/Ar flame with 0.2 vol.% DMMP

at P=47 Torr and IE=13.4 eV.14

{ Private communication (1996, the Lawrence Livermore National Labo-

ratory, USA).
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assumed that recombination of OH radicals is catalysed by
phosphorus oxides and phosphorus-containing acids: PO,
PO2 , HOPO and HOPO2 . He proposed a mechanism for
catalytic recombination of H and OH radicals with participa-
tion of these phosphorus compounds; in more recent
works,61 ± 63 he supplemented this mechanism by new reactions
with modified rate constants.

c. Analysis of the destruction mechanism
In a study 14 devoted to determination of the general mecha-
nism of OPC transformations in the flame, it was shown that
destruction of OPC takes place through replacement of CH3

and CH3O groups by H and OH radicals. The full spectrum of
the final phosphorus-containing products of OPC combustion
was also identified. The obtained results served as the prereq-
uisite for the design of other models for OPC destruction in
flames on the basis of detailed kinetics and calculations of
structures and propagation velocities of OPC-doped flames.

An essential contribution to the study of chemistry and
mechanism of OPC destruction in flames was made byWerner
and Cool,13 who investigated the chemical structure of rich
hydrogen ± oxygen flames doped with 0.1 vol.% DMMP.} On
the basis of the obtained results, they developed a kineticmodel
for DMMPdestruction in the flames. Using soft UV ionisation
MBMS, they identified a number of intermediates of DMMP
destruction in the flame such as (CH3)PO2 (78), (CH3O)PO
(78), (CH3)(CH3O)(OCH2)PO (123), (HO)2PO(CH3) (94) and
HOPO(CH3)(OCH3) (110) (the values in parentheses are the
molecular masses of the products). It was shown experimen-
tally 13 that the destruction occurs upon the reaction ofDMMP
molecule with H and OH radicals (mainly, with replacement of
alkyl and alkoxyl substituents by OH groups).

Werner andCool 13 also calculated the rate constant for the
thermal decomposition of DMMP. According to their data,
the activation energy of the reaction ofDMMPwithOHequals
365 kJ mol71, indicating a negligibly low contribution of
DMMP pyrolysis during combustion. On the basis of their
own experimental results 13 and earlier data 14 and resorting to
quantum chemical calculation data obtained by Melius,
Werner and Cool 13 proposed the first detailed mechanism of
DMMP destruction in the flame. Using this mechanism, the
flame structure was simulated and the results were compared
with the experiment. Unfortunately, the researchers did not
measure the concentrations of final and intermediate phos-
phorus-containing combustion products (including stable
ones); therefore, the concentration intensity profiles across
the combustion zone were equated (in the maximum) to the
maximum concentrations of these compounds found by simu-
lation. This somewhat decreases the significance of the work,13

as the lack of quantitative experimental results did not allow
them to verify whether the model can correctly predict the
distribution of combustion product concentrations across the
flame zone.

The knowledge of the presence of the above-listed com-
pounds in DMMP-doped flames was used by some researchers
to design their own models for DMMP destruction in the
flames and to calculate the chemical structure and the free
propagation speed of a flame with DMMP additive (see, for
example, Refs 64 and 65).

Quantitative measurement of the concentrations of com-
bustion products was the next step towards the understanding
of the OPC combustion chemistry.66 Thus the proposed
mechanisms of OPC destruction were verified by comparing
the simulation data with experimental results on the flame
structure, and this allowed the researchers to perfect the
mechanisms. Since direct calibration of a MBMS unit used to

study theOPC transformations in the flamewith respect to PO,
PO2 , HOPO or HOPO2 is impossible due to their instability
and, hence, the lack of these compounds, their calibration
coefficients were determined from the phosphorus material
balance in the flame. Metaphosphoric acid HOPO2 , which
exists as the crystals (P2O5)x(H2O)y , where x : y& 1 : 1, can be
considered an exception. However, the extremely low satu-
rated vapour pressure of this acid precludes direct calibration
of the unit with respect to this compound.

The calibration factors of phosphorus oxides and phos-
phorus-containing acids were determined by measuring the
intensities of peaks of ions withm/z 40 (Ar), 47 (PO), 63 (PO2),
64 (HOPO) and 80 (HOPO2), i.e., the final products of DMMP
and TMP combustion in hydrogen ± oxygen flames with differ-
ent composition. The introduction of knowingly larger number
of equations than variables into the set of phosphorus balance
equations (the set of equations was overdetermined) owing to
the large number of peak intensity measurements in the flames
with different composition increased the calculation accuracy.
The calculated calibration coefficients were used to determine
the concentration profiles for PO, PO2 , HOPO and HOPO2 in
a hydrogen ± oxygen flame with OPC additive.

The structure simulation of burner-stabilised flames used,
as the input data, the temperature profiles measured by a
thermocouple with a junction located near the probe orifice.
Simulation of the structure of the H2/O2/Ar flames in the
presence of DMMP 58 in terms of the Twarowski mechanism 2

demonstrated that with reaction rate constants proposed by
Twarowski, the model predicts incorrectly the concentrations
of these components. Analysis of the sensitivity of the rate
constants of reactions comprised in the Twarowski kinetic
mechanism (Table 3) to the concentrations of phosphorus
oxides and phosphorus-containing acids showed that agree-
ment between the simulation and measurement results can be
attained by increasing the rate constants for trimolecular
reactions 3, 5, 10 and 13 and simultaneously decreasing the
rate constants for bimolecular reactions 2, 4, 7, 8, 9, 11, 12 and
14. Such changes in the rate constants resulted in an increase in
the calculated HOPO2 concentration and a decrease in the PO
concentration. As a result, the concentration ratio
[HOPO]/[PO2] approached the experimental value.

Previously, incorporation of a number of primary steps
giving rise to HOPO(CH3)(OCH3) (m/z 110), HOPO(OCH3)2
(126), HOP(CH3)(OCH3)2 (125) and PO(CH3)(OCH3)(OCH2)
(123) into the DMMP destruction mechanism has been pro-
posed.13, 14 In the study considered,58 reactions involving
HOP(CH3)(OCH3)2 (m/z 125) were not included in the final
DMMP destruction model, as sensitivity analysis of the con-
sumption rate of DMMP revealed a negligibly low influence of
these steps on the kinetics of DMMP consumption. The
measurements also showed that only HOPO(CH3)(OCH3)
was present in the flame in considerable amounts, while
HOPO(OCH3)2 and PO(CH3)(OCH3)(OCH2) were not
detected at all. Thus, the following route of DMMP destruc-
tion in the flame was proposed:58

PO(CH3)(OCH3)2+H (or OH)

HOPO(CH3)(OCH3)+CH3 (or OCH3),

HOPO(CH3)(OCH3)+H (or OH)

(HO)2PO(CH3)+CH3 (or OCH3),

(HO)2PO(CH3)+OH (HO)3PO+CH3 ,

(HO)3PO final products.

The assumption that the reactions of DMMP with
hydroxyl yield preferably methyl methylphosphonate rather
than dimethyl phosphate is supported by the fact that the
C7O bond energy is lower than the C7P bond energy.
The mechanism of DMMP destruction proposed by

} The same authors published a special study dealing with determination

of the ionisation potentials of compounds (CH3)PO2 and (CH3O)PO2 .12
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Korobeinichev et al.58 is presented in Scheme 1 (the corre-
sponding reaction enthalpies are given in brackets).

The proposed mechanism of DMMP destruction in the
flame was used to calculate the structure of a flame doped with
0.2 vol.% DMMP and the results of calculations were com-

Table 3. Reactions included in the Twarowski mechanism 2 and measured 58 parameters A, n and E of the equation k=AT nexp(7E/RT ).

Number of the reaction Reaction A (from data of Ref. 2) a A (from data of Ref. 58) a n E /kJ mol71

1 OH+PO+M=HOPO+M 1.19661020 1.1961020 71.8 5.81

2 H+HOPO=H2O+PO 3.1661013 6.3261011 0 49.87

3 OH+PO2+M=HOPO2+M 1.6061024 1.6061025 72.3 1.19

4 H+HOPO2=H2O+PO2 3.1661013 6.3261011 0 49.87

5 H+PO2+M=HOPO+M 9.7361023 9.7361024 72.0 2.7

6 OH+HOPO=H2O+PO2 3.1661011 3.1661011 0 0

7 H+HOPO=H2+PO2 3.1661013 7.9061011 0 0.18

8 O+HOPO=OH+PO2 3.1661013 1.5861012 0 0

9 OH+PO=H+PO2 3.1661011 6.3261010 0 2.49

10 O+PO+M=PO2+M 2.3661023 2.3661024 72.1 1.62

11 O2+PO=O+PO2 3.1661011 3.1661010 0 23.91

12 OH+HOPO=H+HOPO2 3.1661011 6.3261010 0 40.63

13 O+HOPO+M=HOPO2+M 1.5961024 7.9561024 72.1 4.16

14 O+HOPO2=O2+HOPO 3.1661013 6.2361011 0 34.43

15 PO+HOPO2=PO2+HOPO 3.1661011 3.1661011 0 40.71

a The dimensionality of the pre-exponential factor A in the equation for the rate constant is s71 for a unimolecular reaction, cm3 mol71 s71 for a

bimolecular reaction and cm6 mol72 s71 for a trimolecular reaction.
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pared with the results of measurements. The agreement was
satisfactory for almost all flame components. The concentra-
tion profiles of the following intermediates of DMMP destruc-
tion in the flame were reported:58 methyl metaphosphate
(CH3O)PO2, methyl methylphosphonate, methylphosphonic
acid and orthophosphoric acid.

No direct calibration of an MBMS unit with respect to
intermediate organophosphorus products of DMMP destruc-
tion was carried out, as these compounds are lacking, unstable
or non-volatile (as, for example, methylphosphonic acid), and
calibration with respect to orthophosphoric acid proved to be
impossible, because this acid decomposed above 100 8C to give
water and pyrophosphoric acid. Therefore, the calibration
coefficients of the intermediate organophosphorus compounds
in the flame were found using the procedure of equating the
maximummeasured and calculated concentrations, as this was
done before (see Ref. 13).

It should be borne in mind that PO, PO2 , HOPO and
HOPO2 are formed in the flame at high temperature, while
after cooling, the composition of combustion products may
change appreciably (apparently, various phosphorus-contain-
ing acids may form).

2. Mechanism of trimethyl phosphate destruction
Themechanism of destruction of TMP in the flame, unlike that
of DMMP, has been studied in detail.15, 58, 64, 67 ± 69 Mass
spectra of the samples taken from the H2/O2/Ar flame doped
with TMP exhibited peaks for the intermediate and final
products of TMP destruction with m/z 80, 95, 96, 109, 110,
111, 112 and 126. The intensity profiles of some of these peaks
and the TMPpeakwithm/z 140, recordedwith IE=21 eV, are
presented in Fig. 4. Since the ion peak with m/z 126 is missing
from the mass spectrum of TMP and its intensity profile passes
through a maximum, this peak may be related to an inter-
mediate of TMP destruction identified as dimethyl phosphate
HOPO(OCH3)2 (DMP).

The mass spectra of tri- and dimethyl phosphates exhibit
ion peaks with m/z 80, 95, 96, 109, 110, 111 and 112. Figures 5
and 6 present the intensity profiles of these peaks in the flame
with subtracting the contributions of TMP andDMP. It can be
seen from Fig. 6 that the profile of the ion peak with m/z 110
has three maxima, the third one being feebly pronounced and
may be the result of overlap of two curves with maxima at

l=1.1 and 1.9 mm. The ion with m/z 110 can be identified
either as the molecular ion of dimethyl phosphonate
HPO(OCH3)2 or dimethyl phosphite HOP(OCH3)2 or as the
fragment ion formed from monomethyl phosphate
(HO)2PO(OCH3) (molecular mass 112). It can be seen from
Figs 5 and 6 that the maximum of the ion peak with m/z 112
coincides with the third maximum of the m/z 110 peak. This
prompted the conclusion that the third maximum of the m/z
110 peak corresponds to monomethyl phosphate, while the
first one is due to dimethyl phosphite. The second maximum
has not yet been interpreted. The peaks with m/z 80 and 109
were attributed to fragment ions formed from monomethyl
phosphate and dimethyl phosphite. The ion peak with m/z 96
belongs apparently to monomethyl phosphite (them/z 95 peak
is due to a product of its fragmentation). The intensity profiles
of ion peaks with m/z 47 (PO), 63 (PO2), 64 (HOPO) and 80
(HOPO2) in the flames with TMP andDMMPadditives follow
the same pattern.

On the basis of these data, possible reactions for TMP
destruction in the flame were proposed. The kinetic model of
TMPdestruction based on these studies was verified in relation
to different flames. The concentration profiles of the organo-
phosphorus products of TMP destruction were constructed by
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Figure 4. Intensity profiles of peaks of initial TMP (m/z 140) (curve 1)
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with 0.2 vol.% TMP at P=47 Torr, IE=21 eV.14
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carrying out direct calibrations of an MBMS unit with respect
to TMP, DMP and dimethyl phosphite.64 Pure monomethyl
phosphate was not obtained; therefore, its concentration was
estimated from the phosphorus material balance for the
flames. Apart from the transformation steps of TMP and the
intermediate products of its combustion, which logically follow
from analysis of the composition of the combustion products,
the reactions of TMP with the OH radical were also consid-
ered. It was found that this reaction does not give dimethyl
phosphate and methyl alcohol, as was considered previously,
but gives water and organophosphorus radical resulting from
elimination of the H atom from a TMP molecule.70

(CH3O)3PO+OH=(
.
CH2O) (CH3O)2PO+H2O

(DH �298 =779.09 kJ mol71).

The rate constant for this reaction was measured at a
temperature of 300 K, and no activation energy was deter-
mined.70 This was taken to be equal to the activation energy of
a similar reaction of DMMP with OH,13 i.e., 16.7 kJ mol71.
The pre-exponential factor in the Arrhenius equation was
calculated proceeding from the accepted activation energy
and the measured rate constant.70 Thus, this reaction was
included in the mechanism as a possible primary step of TMP
destruction in the flame.

The mechanism of TMP destruction is presented in
Scheme 2.58, 64 It is of interest to carry out the integral analysis
of the transformation routes of TMP and some products of its
incomplete destruction to elucidate the role of each step.
Analysis showed that the (

.
CH2O)(CH3O)2PO radical forma-

tion is a key step (consuming more than 70% of TMP), the

main bulk of products being formed via this step. The proposed
mechanism of TMP destruction was used to model the struc-
ture of the H2/O2/Ar flame with a TMP additive.

Figure 7 presents the measured and calculated concentra-
tion profiles for TMP and intermediate organophosphorus
products of its decomposition in the H2/O2/Ar flame at low
temperature. It can be seen from comparison of the calculated
and experimental data that, despite certain discrepancies, the
proposed 58 model predicts with a satisfactory accuracy the
concentration profiles of intermediate organophosphorus
products of the destruction of the starting compound. Figure 8
shows the calculated and measured concentration profiles of
the final phosphorus-containing products of TMP combus-
tion, namely, PO, PO2 , HOPO, HOPO2 and (HO)3PO.
Satisfactory agreement between the simulated and experimen-
tal results was obtained. [The experimental and simulated
results for stable substances (H2 , O2 , H2O) are compared in
Section IV.]

It follows from the series of studies devoted to the OPC
combustion chemistry that predicting the concentration pro-
files of the combustion products PO, PO2 , HOPO andHOPO2

using the kinetic model is the most complicated task, but these
concentration profiles, in addition to the concentration pro-
files of the H and O atoms and OH radicals, allow one to find
whether the mechanism correctly describes the OPC combus-
tion, which is especially important for the description of OPC
as combustion inhibitors (or promoters).

Original mechanisms for DMMP and TMP destruction in
the flames based on quantum chemical calculations of thermo-
chemical data and on the estimation of rate constants for
separate steps were proposed almost simultaneously by two
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research groups.52, 54 (Glaude et al.54 took into account all the
possible intermediates of destruction of these OPC.) The
developed mechanisms were used to simulate the structure of
the low-pressure hydrogen ± oxygen flame doped with
0.2 vol.% DMMP or TMP. A comparison of the calculation
results 54 with earlier experimental results 64, 69 demonstrated

good agreement between them as regards both the concen-
trations of stable components in the flame (H2 , O2 and H2O)
and the concentrations of PO, PO2 , HOPO, HOPO2 and
(HO)3PO, which is the most difficult-to-attain fitting criterion.
At that time, the developed mechanism was the most complete
(it included 202 reactions involving 41 phosphorus com-
pounds). This mechanism served as the basis for the develop-
ment of the mechanism of inhibition of methane and propane
flames by OPC additives under atmospheric pressure (see
below).

3. Mechanism of destruction of diisopropyl
methylphosphonate and sarin
The chemistry of DIMP combustion in the H2/O2 flame at low
pressure has been studied.71 Diisopropyl methylphosphonate
decomposes rather readily, unlike TMP or DMMP, when
heated in an inert gas flow; therefore the thermal decomposi-
tion reactions were included in the mechanism of DIMP
destruction in the flame. The kinetics and the products of
DIMP pyrolysis in a flow type reactor were studied by Zegers
and Fisher;72 the results are presented below.

(iso-C3H7O)2(CH3)PO+M

(iso-C3H7O)(CH3)PO(OH)+C3H6 ,

k=1012 exp

�ÿ153:4� 20

RT

�
cm3 mol71 s71.

While estimating the contribution of thermal decomposi-
tion of DIMP to the overall destruction rate of the substance in
the flame, it was concluded 72 that thermal decomposition
plays a minor role in the total mechanism of DIMP destruc-
tion. As in the case of other OPC, the major steps of DIMP
destruction include the reactions of the OPCmolecule with the
H atom and OH radical, resulting in replacement or elimina-
tion of the CH3 and C3H7O groups, respectively.

By analogy with the DIMP destruction steps, Korobeini-
chev et al.71 proposed also the possible steps of sarin destruc-
tion. They carried out altogether 10 reactions and calculated
the heats of reactions based on the Melius thermochemical
data (the Lawrence Livermore National Laboratory).

The rate constants for unimolecular decomposition of
dimethyl ethylphosphonate, triethyl phosphate and DIMP
were calculated.54 The correctness of calculations was verified
by comparing the simulation data with the experimental results
on the pyrolysis of the above-mentioned OPC in a flow type
reactor.

As a continuation of their research, the same group 73

developed the destruction mechanisms for a number of fluori-
nated OPC and TMP, DMMP, DIMP and sarin. The hier-
archical schemes of reactions were based on previously
proposed mechanisms of OPC destruction using the principle
of chemical bond additivity. The kinetic models of combustion
of the above-listed OPC and sarin were used in the calculations
predicting their consumption rates during the combustion of
natural gas (94% of methane and 6% of ethane) with air in a
perfect-mixing reactor.} A comparison of the dependences of
concentrations of various OPC in the combustion on temper-
ature and residence time has shown that TMP and DMMP
consumption follow identical kinetics; the same is true for
DIMP and sarin. The researchers concluded that onlyDIMP is
a true mimic of sarin.

Scheme 3 shows simplified patterns of the thermal destruc-
tion ofDIMP and sarin at high temperature in a perfect-mixing
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reactor. It is noteworthy that bothDIMP and sarin destruction
mechanisms include not only thermal decomposition steps. A
full mechanism of sarin combustion that includes 24 stepsmost
of which are reactions of sarinwithH andOH radicals has been
reported.73

Comparative analysis of the mechanisms of destruction of
various OPC carried out by the researchers cited has shown
that the six-centred elimination of C3H6 present in the destruc-
tion mechanisms of DIMP and sarin is responsible for their
higher reactivity compared to that of TMP or DMMP. This
means that C7C bonds are most susceptible to cleavage in the
OPC molecule.

It is noteworthy that the conclusions drawn 73 are at
variance with the conclusions of an earlier publication.71 As
noted above, experimental study and numerical simulation of
the DIMP destruction mechanism in the low-pressure hydro-
gen ± oxygen flame 71 led to the conclusion that the thermal
decomposition of DIMP gives a minor contribution to the
overall destruction rate. Apparently, these discrepancies can be
interpreted in the following way. The concentrations of H, O
and OH atoms and radicals in the hydrogen ± oxygen flame at
low pressure are very high (according to a publication,74 the
H+O+OH molar concentration is about 10%). This sug-
gests that the role of thermal decomposition of even thermally
unstable compounds is negligibly low against the high rate of
DIMP consumption in reactions with the H, O and OH
radicals. In hydrocarbon flames, the total molar concentration
of active species was reported 75 to be two orders of magnitude
lower. In this case, the role of thermal decompositionmarkedly
increases.

4. Mechanism of destruction of organophosphorus
compounds in a non-thermal plasma
The mechanisms of OPC destruction in the flame and non-
thermal plasma have much in common. Therefore, it is
pertinent to consider briefly the works devoted to the chemistry
of OPC destruction in corona discharge plasma. From the
practical standpoint, the non-thermal plasma attracts atten-
tion of researchers as a medium for effective destruction of
toxic or hazardous compounds in low concentrations.

The identification of the OPC destruction products in a
non-thermal plasma 76 ± 78 made it possible to propose the
mechanismof their destruction. Among the stable intermediate
products of DMMP destruction in the corona discharge
plasma, methyl methylphosphonate and monomethyl phos-
phate were detected; methylphosphonic and orthophosphoric

acids were formed as the final products of DMMP destruction.
The same species are also the final products of DIMP destruc-
tion, whereas isopropyl methylphosphonate is an intermediate
product. The destruction of TMP yields dimethyl and mono-
methyl phosphates (intermediates) and orthophosphoric acid
(final product).

Thus, in a non-thermal plasma, DMMP, DIMP and TMP
undergo the following transformations:

DMMP: (CH3O)2(CH3)PO (CH3O)(HO)(CH3)PO

(CH3O)(HO)2PO (HO)2(CH3)PO (HO)3PO;

DIMP: (iso-C3H7O)2(CH3)PO

(iso-C3H7O)(HO)(CH3)PO

(HO)2(CH3)PO (HO)3PO;

TMP: (CH3O)3PO (CH3O)2(HO)PO

(HO)2(CH3O)PO (HO)3PO.

The identification of the OPC decomposition products in a
non-thermal plasma showed that they are the same as many
OPC destruction products in the flame. Apparently, in a
corona discharge, as in the flame, the alkoxyl and alkyl groups
are replaced successively by H or OH. Two possible mecha-
nisms of OPC destruction in the nonthermal plasma, radical
and ionic ones, have been described. According to the radical
mechanism, OPC destruction occurs upon the reaction of the
atoms and radicals formed in the discharge withOPC, similarly
to the situation in the flame. The discussion of the ionic
mechanism in the OPC destruction in the nonthermal plasma
is beyond the scope of this review. It should be noted that no
unambiguous evidence supporting either of these two mecha-
nism is currently available.

IV. Mechanism of promotion and inhibition of the
H2/O2 flames by addition of organophosphorus
compounds

Korobeinichev et al.14, 57, 64 first demonstrated experimentally
that the addition of 0.2 vol.% OPC to the H2/O2/Ar flames at
low pressure results in an increase in the final temperature of
the flame and the degree of combustion and in a decrease in the
combustion zone width. Figure 9 shows the measured and
calculated (at a 15 mm distance from the burner) final temper-
atures of the H2/O2/Ar flame stabilised on a flat burner at
47 Torr, depending on the initial concentration of the TMP
additive.79 Under these conditions, the increase in temperature
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of the stabilised flame is not related to lower heat loss in the
burner, as is usually the case upon the addition of inhibitors;
conversely, on the addition of TMP, the flame temperature
increases simultaneously with the increase in the temperature
gradient at the burner surface, i.e., with an increase in the heat
loss. Thus, the increase in the flame temperature with an
increase in the TMP concentration is due not to the introduc-
tion of additional fuel into the flame but to more complete
combustion of the fuel already present as a result of the ability
of OPC combustion products to catalyse recombination of the
H and OH radicals to give water, i.e., to promote combustion.

The experimental and simulation results are in satisfactory
agreement, which confirms the consistency of the kinetic
model. For comparison, Fig. 9 shows also the equilibrium
temperatures of the adiabatic flames with the same composi-
tion. The difference between the adiabatic flames and flames
stabilised on a flat burner (cooled) is that in the latter case, a
large portion of heat is absorbed by the burner.

Figure 10 shows the concentration profiles of the stable
components H2, O2 and H2O in the H2/O2/Ar flame stabilised
on a flat burner at a reduced pressure of 47 Torr without
additives or with 0.2 vol.% TMP.66 The narrowing of the
combustion zone (the final composition of the combustion
products is attained at a shorter distance from the burner
surface) and fuller combustion of the H2 and O2 components
attest to a promoting effect of TMP on the flame.

The observed promoting effect was confirmed by compar-
ing experimental data with simulation results obtained using
the mechanism proposed by Glaude et al.54 The promoting
effect of OPC increases with an increase in the concentration
and reaches a maximum at an OPC concentration of
*0.6 vol.%. This can be seen from the computational data
presented in Fig. 11, which shows the dependence of the free
propagation speed of the hydrogen ± oxygen flame on the
additive concentration at a reduced pressure (47 Torr). In the

TMP concentration range from 0 vol.% to 0.6 vol.%, this
additive acts as a promoter. On further increase in the TMP
concentration, the flame propagation speed decreases. At a
pressure of 760 Torr (1 atm), OPC acts only as an inhibitor.

The effect of OPC on the concentration of theH,O andOH
radicals in the flame is shown in Fig. 12, which gives
the calculated and measured concentrations of these
radicals in the H2/O2/Ar flame without additives and with
0.2 vol.% TMP.66 The introduction of OPC results in a
decrease in the concentration of hydrogen and oxygen atoms
and an increase in the hydroxyl concentration. It can be seen
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from comparison of the concentration profiles that the com-
putation and experimental results are in satisfactory agree-
ment. The effect of OPC on the concentrations of H, O, and
OH radicals is an important feature of these compounds, which
accounts for their possible practical application as combustion
inhibitors and flame suppressants.

It was shown 69 that the addition of OPC to a metha-
ne ± oxygen flame at a pressure of 0.1 bar decreases the flame
propagation speed. Thus, OPC are combustion promoters only
for low-pressure hydrogen flames. Note that an increase in the
propagation speed of flames with an increase in the concen-
tration of the inhibitor (bromoethane, dibromotetrafluoro-
ethane, bromine, diethylamine, methane, and methanol) in
lean and rich hydrogen ± air flames at high pressures was
described previously.80 However, the mechanism of this effect
is different and is related, in the authors' opinion, to the fact
that active additives can function as additional fuel or oxidant.

The additional heat release caused by combustion of the
additive (at a definite concentration) can counterbalance its
inhibiting action. However, the action of OPC is due to a
kinetic rather than thermophysical effect. The H and OH
radical recombination in the flame catalysed by OPC destruc-
tion products is yet another channel for water formation

HO+PO2+M=HOPO2+M,

H+HOPO2=H2O+PO2 ,

which provides heat release. The evolved heat increases the
temperature and accelerates recombination of active species,
despite the decrease in their concentration in the flame.

A detailed interpretation of the promoting effect of OPC
based on the analysis of the kinetic model of OPC destruction
(see Ref. 58) has been proposed.79, 81 The calculations of the
quadratic branching rate

H+O2=OH+O (Eact=61.8 kJ mol71) (1)

for the combustion zone of a hydrogen ± oxygen flame at low
pressure showed that the rate of this reaction considerably
increases with an increase in the TMP concentration and
reaches a maximum at cTMP=0.5 vol.%. ± 0.6 vol.%. This
increase in the reaction rate is mainly due to an increase in the
flame temperature { as a result of increase in the recombination
rate of H, O and OH atoms and radicals. The quadratic
branching rate stops to grow following an increase in the
TMP concentration where the flame temperature reaches an
equilibrium.

A comparison of contributions of various reactions to the
flame propagation speed demonstrated that with an increase in
the TMP concentration, the contribution of branching exceeds
considerably the contributions of reactions (2) ± (5) contained
in the hydrogen oxidation mechanism (Fig. 13).

OH+H2=H2O+H, (2)

O+H2=OH+H, (3)

H+O2+M=HO2+M, (4)

H+HO2=2OH. (5)

The increase in the branching rate with an increase in the
TMP concentration and saturation of this effect as the flame
temperature approaches the equilibrium value is shown in
Fig. 14. Among reactions involving phosphorus-containing

compounds to which the flame propagation speed is most
sensitive (according to Ref. 81), the following reactions should
first be noted:

OH+PO2+M=HOPO2+M, (6)

H+PO2+M=HOPO+M, (7)

O+HOPO=OH+PO2, (8)

H+HOPO2=H2O+PO2, (9)

H+HOPO=H2+PO2 . (10)

These reactions result in chain termination and play an
important role in the catalytic radical recombination cycle. The
calculation of the sensitivity coefficients of the flame propaga-
tion speed to the reaction rate constants for flames with
different OPC concentrations has shown that in the additive
concentration range from 0 vol.% to 0.5 vol.%, these coef-
ficients are positive, i.e., recombination reactions increase the
flame propagation speed. When the TMP concentration is
>0.5 vol.%, the coefficients are negative and decrease with an
increase in the OPC concentration in the flame, i.e., the

{ The rate of branching reaction, which is proportional to the product of

H atom concentration by the rate constant for the reaction, increases with

an increase in the TMP concentration owing to the fact that the reaction

rate constant grows (with an increase in temperature) faster than the H

concentration drops.
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Figure 13. Sensitivity coefficients [u(k)/u(k/5)] of reactions (1) ± (5) taking

place in the flame comprising 26% H2+13% O2+ 61% Ar at

P=47.5 Torr and T0=370 K for different TMP concentrations;81

u(k) is the flame propagation speed calculated with the standard rate

constant for the reaction; u(k/5) is the rate calculated with the rate

constant decreased fivefold.
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Figure 14. Rate constant for quadratic branching H+O2=OH+O as a

function of temperature of the flame comprising 26% H2+

13% O2+61% Ar without additives (curve 1) and with TMP (curves

2 ± 5) added in different concentrations at P=47.5 Torr and

T0=370 K.81

cTMP (%): 0.1 (2), 0.4 (3), 0.8 (4), 1.0 (5).
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hydrogen combustion is retarded. Thus, transition from pro-
motion to inhibition with the same reactions being responsible
for this attests to unique properties of phosphorus compounds.
Figure 15 presents the sensitivity coefficients (x) for the key
reactions that take place in the flame and involve phosphorus-
containing compounds at different TMP concentrations. The
sensitivity coefficients were determined from the relation

x=
u�k� ÿ u�k=5�

u�k� 100%,

where u(k) is the free propagation speed of the H2/O2/Ar flame
with a TMP additive at a pressure of 47.5 Torr; u(k/5) is the
free propagation speed of the flame calculated using the
reaction rate constant reduced fivefold.

Under atmospheric pressure, the concentration of active
species in the flame is two orders of magnitude lower than
under reduced pressure, and the temperature of the adiabatic
flame is close to thermodynamic equilibrium; therefore, even a
minor additive of phosphorus compounds results only in flame
inhibition.

The chemistry of combustion of sulfur and nitrogen com-
pounds is similar to the phosphorus combustion chemistry.
The inhibiting action of SO2 on the hydrogen ± oxygen flame
stabilised on a flat burner has been studied.82 The reactions

H+SO2+M=HOSO+M,

H+HOSO=H2+ SO2 ,

which play the key role in the inhibition mechanism and form
the inhibition cycle, are similar to the reactions of phosphorus
oxides and phosphorus-containing acids. However, the inhib-
iting efficiency of sulfur compounds is much lower compared
to phosphorus. This can be attributed to the lower rates of
catalytic reactions.

A computational theoretic analysis of the effect of nitrogen
oxide admixture on the ignition delay in a hydrogen ± air
mixture has been carried out.83 The calculations showed that
at temperatures above 1200 K, the addition of NO to a hydro-
gen ± air mixture somewhat decreases the ignition delay, i.e.,
NO functions as a promoter. However, at lower temperature,
the ignition delay increases, i.e., theNO admixture functions as
an inhibitor. The researchers believe that the effect of nitrogen
oxide on the hydrogen oxidation kinetics is due to its ability to
catalyse radical recombination

H+NO+M HNO+M,

HNO+H H2+NO,

HNO+OH H2O+NO.

These reactions are analogous to those presented for OPC.

V. Studies of the mechanism of inhibition and
quenching of hydrocarbon flames by
organophosphorus additives

1. Premixed laminar flames
a. The structure of flames with organophosphorus additives
The work of Hastie and Bonnell,6 who studied the effect of the
classical inhibitor CF3Br and of TMP on themethane ± oxygen
and hydrogen ± oxygen flames of various types and composi-
tions by molecular-beam mass spectrometry and optical meth-
ods, should be considered the pioneering study dealing with the
effect of OPC on the combustion processes under atmospheric
pressure. The visual monitoring of the height of the flame cone
stabilised on the Bunsen burner allowed them to draw the first
conclusion that the introduction of a TMP additive resulted in
a decrease in the normal free propagation speed of the
methane ± oxygen flame, i.e., they demonstrated that TMP is
a combustion inhibitor. Hastie and Bonnell 6 were the first to
propose a series of reactions involving phosphorus compounds
(phosphorus oxides and phosphorus-containing acids), which
described recombination of H and OH radicals. This was
actually the first interpretation of the mechanism of flame
inhibition by OPC.

Numerous experimental data collected by these researchers
are unique and highly important. The key result of their studies
is the discovery of the change in the concentrations of H, O and
OH radicals upon the introduction of TMP into the flame.
Hastie and Bonnell 6 obtained the first experimental proof for
the existence of a relationship between the addition of TMP
and the decrease in the concentration of active species in the
flame. They measured the intensity profiles for ion peaks of
PO, PO2 and HPO2 in the mass spectra. Noteworthy also is
Hastie's contribution to the molecular-beam mass spectrome-
try studies of the behaviour of PO, PO2 and HOPO2 in the
flames.84 However, his paper 84 presents no consistent quanti-
tative experimental data that could be compared with simu-
lation results to verifiy the proposed inhibition mechanism.
This study seems not to be completed as yet, because the results
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Figure 15. Sensitivity coefficients of key reactions (6) ± (10) taking place in the H2/O2/Ar flame with participation of OPC for different TMP

concentrations.81
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were presented only in a report 6 and were not published in
refereed editions.

Korobeinichev et al.85 measured experimentally the con-
centration profiles of phosphorus oxides and phosphorus-
containing acids in the methane ± oxygen flames with TMP
additive at a pressure of 1 atm and determined the dependences
of the flame propagation speed on the additive concentration.
A comparison of the results thus obtained with the data of
simulation of the flame structure and propagation speed in
terms of the mechanism proposed for the low-pressure flame 58

showed a discrepancy between the simulation and experimen-
tal results. Analysis of the sensitivity of flame propagation
speeds to the change in the rate constants for PO-, PO2-,
HOPO- andHOPO2-involving reactions and the effect of these
reactions on the concentrations of phosphorus-containing
products in the flame prompted the necessity of changing the
pre-exponential factor in the expression for the rate constants
for some key steps in the mechanism proposed by Korobeini-
chev et al.58

Considerable progress in the understanding of processes
that take place in the flames with OPC additives was attained
owing to quantum chemical calculations,55 which resulted in
upgrading of the Twarowski mechanism of flame inhibition by
organophosphorus compounds. By computation of the poten-
tial energy surfaces for the transformations

HOPO+H=PO+H2O,

HOPO2+H=PO2+H2O,

which were earlier regarded as elementary steps,54 Mackie et
al.55 demonstrated that actually these reactions occur in two
steps:

HOPO+H (HO)2P PO+H2O,

HOPO2+H (HO)2PO PO2+H2O.

The subsequent calculation of the potential energy surfaces
using more advanced methods 52, 53 demonstrated that these
reactions may include even more steps:

HOPO+H HOP(H)O (HO)2P PO+H2O,

HOPO2+H HOP(O)(H)O (HO)2PO PO2+H2O.

According to the calculation,53 the rate constant for the latter
reaction at a temperature of 1500 K was 10 times higher than
the value proposed previously.54 Figure 16 shows the potential
energy surfaces for the possible paths of the HOPO2+H
reaction. On the basis of quantum chemical calculations of
the rate constants for some reactions and calculation of the
thermochemical properties of phosphorus-containing mole-
cules and transition states, the most complete and currently
substantiated mechanism of flame inhibition by OPC additives
under atmospheric pressure was developed at the Lawrence
Livermore National Laboratory.86 This mechanism includes

210 steps involving 43 compounds. Apart from the above-
considered steps, the steps involving compounds like P2On and
reactions of phosphorus oxides with alkyl radicals such as CH3

and C2H5 were also included. The subsequent analysis showed
that these steps do not have a significant effect on the results of
flame simulation over a wide range of equivalence ratio. Thus,
this mechanism can be considered even somewhat excessive.

The mechanism of flame inhibition by OPC additives can
conventionally be divided into two parts. The first part
includes destruction of OPC (TMP and DMMP) to `light'
phosphorus-containing compounds like HxPyOz ; the second
one includes reactions of HxPyOz with the H, O and OH
radicals, which ensure their removal from the flame through
their catalytic recombination. This part of the mechanism is
crucial in the description of flame inhibition phenomena by
OPC additives. Table 4 presents the reactions from the second
part of the mechanism and the corresponding rate constants.
The notes to the Table outline themethods used to estimate the
rate constants.

Note that Jayaweera et al.53 made considerable advances
not only in the development of the propermechanism but in the
in-depth understanding of processes taking place in the flames
with OPC additives. They estimated the efficiency of action of
inhibitors on the premixed flames using two parameters: the
change in the concentrations of the H and OH radicals and the
flame propagation speed. Both parameters were discussed for
lean and rich flames with equivalence ratio f=0.8 and 1.3,
respectively.

It was mentioned above that the addition of OPC inhibits
flame propagation by accelerating the recombination of H and
OH radicals; therefore, the distribution of concentrations of
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Figure 16. Potential surfaces of the possible transformation paths of the

system HOPO2+H (paths a ± d ) and the reaction products of HOPO2

with H.53

The enthalpies of formation (in kcal mol71) for compounds and tran-

sition states are given.

Table 4. Reactions of the key components in the flame with `light' phosphorus-containing compounds HxPyOz and their rate constants [the rate constant
is presented as AT n exp(7Ea/RT ), the pre-exponential factor A is expressed in s71, litremol71 s71 or litre2mol72 s71].

Number of the reaction Reaction A n Ea /Jmol71 Notes

1 PO2+PO+M=P2O3+M calculation data

high pressure 4.0061014 71.00 0

low pressure 1.0061020 72 0

2 PO2+PO2+M=P2O4+M the same

high pressure 6.0061014 71 0

low pressure 2.0061020 72 0

3 PO2+PO3+M=P2O5+M "

high pressure 6.0061014 71 0

low pressure 5.0061020 72 0
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Table 4 (continued).

Number of the reaction Reaction A n Ea /Jmol71 Notes

4 PO2+OH+M=HOPO2+M 1.6061024 72.28 1193.8 see a

(low pressure) b

5 PO3+H+M=HOPO2+M 4.8061024 72.37 5977.4 "

(high pressure) b

6 HOPO+O+M=HOPO2+M 1.2061027 72.99 8527.2 see a

(high pressure) b

7 PO3+H2=HOPO2+H 2.0061012 0 0 see c

8 HOPO+OH=PO2+H2O 3.7261013 70.22 13401.08 see d (date from

Ref. 55)

9 HOPO2+H=PO(OH)2 1.2761032 76.10 36391.08 see e

10 HOPO2+H=PO2+H2O 5.1661019 71.83 44726 "

11 PO(OH)2=PO2+H2O 1.4561028 74.97 186678.8 "

12 HPO2+OH=PO(OH)2O 1.0061019 72 0 calculation data

13 PO(OH)2O+H=HOPO2+H2O 2.0061013 0 0 the same

14 PO(OH)2+H=HPO2+H2O 4.0061019 72 0 estimated by

Glaude et al.54

15 PO(OH)2+OH=HOPO2+H2O 2.0061013 0 0 calculation data

16 PO(OH)2+H=HOPO2+H2 5.0061012 0 0 the same

17 PO(OH)2+OH=PO(OH)3 1.0061013 0 0 estimated by

Glaude et al.54

18 PO(OH)2+O=HOPO2+OH 5.0061013 0 0 the same

19 P2O4+H2O=HOPO+HOPO2 1.0061011 0 0 calculation data

20 P2O5+H2O=HOPO2+HOPO2 1.0061011 0 0 the same

21 HOPO2+O=OH+PO3 1.0061013 0 51664.8 see f

22 HOPO2+OH=H2O+PO3 1.206106 2 8360 see g

23 HOPO+HO2=HOPO2+OH 1.5061014 0 98648 see h

24 HOPO2+HO2=H2O2+PO3 2.5061012 0 103078.8 see i

25 HOPO2+O2=HO2+PO3 7.0061012 0 276130.8 see j

26 HOPO2+CH3=CH4+PO3 1.5061012 0 54758 see k

27 PO+OH+M=HOPO+M 1.0061021 72.09 6646.2 see a

(low pressure) b

28 PO2+H+M=HOPO+M 4.8761024 72.04 2698.6 see a, d, l

(low pressure) b

29 HOPO+H=H2+PO2 1.0061013 0 45980 calculation data

30 HOPO+O=OH+PO2 1.0061013 0 0 estimated by

Glaude et al.54

31 HOPO+O=H+PO3 1.0061012 0 62700 the same

32 HOPO+HO=PO2+H2O 1.206106 2 76270 see d,m

33 HOPO+HO2=H2O2+PO2 2.5061012 0 97394 estimated by

Glaude et al.54

34 HOPO+O2=HO2+PO2 7.0061012 0 189354 see j

35 HOPO+CH3=CH4+PO2 1.5061012 0 54758 estimated by

Glaude et al.54

36 PO+O+M=PO2+M 1.6061025 72.63 7189.6 see a

(low pressure) b

37 PO+OH=H+PO2 1.0061013 0 0 see n

38 PO+HO2=PO2+OH 2.1061012 0 72090 see o

39 PO+O2=PO2+O 1.0061012 0 0 see p

40 PO+CH3=CH3PO 1.0061013 0 0 estimated by

Glaude et al.54

41 PO2+O+M=PO3+M 1.3061027 73.15 7858.4 see a

(low pressure) b

42 PO3+H=PO2+OH 3.1661013 0 167.2 date from Ref. 62

43 PO2+HO2=OH+PO3 5.0061011 0 0 estimated by

Glaude et al.54

44 PO2+O2=O+PO3 1.0061012 0 125400 the same

45 PO2+CH3=CH3PO2 6.3061014 70.60 0 the same q

46 PO2+CH3=CH3OPO 2.1061012 70.60 0 the same r

47 PO2+CH3=CH3O+PO 5.0061011 0 180994 the same

48 PO2+CH3O=CH2O+HOPO 1.0061013 0 0 "

49 HOPO+PO3=PO2+HOPO2 5.0061011 0 0 "

50 PO3+PO=PO2+PO2 5.0061011 0 0 "

51 PO3+CH3=CH3OPO2 5.0061011 0 0 "

52 PO3+CH3=PO2+CH3O 5.0061011 0 63954 "

PO2+CH3O=PO3+CH3 5.0061011 0 45980 "
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Table 4 (continued).

Number of the reaction Reaction A n Ea /Jmol71 Notes

53 PO3+CH3O=CH2O+HOPO2 1.0061013 0 0 estimated by

Glaude et al.54

54 CH3+H=CH3+HPO 1.0061013 0 25080 the same

55 CH3PO+O=CH3+PO2 l.0061013 0 0 "

56 CH3PO2=CH3PO+O 1.0061014 0 555940 "

57 PO+H+M=HPO+M 1.8061022 71.95 5559.4 see a

(low pressure) b

58 HPO+H=H2+PO 2.406108 1.50 0 estimated by

Glaude et al.54

59 HPO+O=OH+PO 1.706108 1.50 0 the same

60 HPO+O=PO2+H 1.0061013 0.00 12540 "

61 HPO+O2=PO+HO2 7.0061012 0.00 83600 "

62 HPO+OH=PO+H2O 1.206106 2.00 78360 "

63 HPO+OH=PO(H)(OH) 1.4061012 0 0 estimated by

Glaude et al.54

64 HOPO+H=H2O+PO 3.0061012 0 34694 see s

65 PO(H)(OH)+H=HOPO+H2 5.0061013 0 0 estimated by

Glaude et al.54

66 PO(H)(OH)+OH=HOPO+H2O l.0061013 0 0 the same

67 PO(H)(OH)+O=HOPO+OH 5.0061013 0 0 "

68 HPO+HO2=PO+H2O2 2.0061011 0 20900 "

69 HPO+PO2=PO+HOPO 2.00 . 1011 0 0 "

70 HPO+PO3=PO+HOPO2 2.0061011 0 0 "

71 HPO+CH3=PO+CH4 8.106105 1.87 0 "

72 PO2+H+M=HPO2+M 4.8761021 72.04 2696.1 see d, t

(low pressure) b

73 PO2+H+M=HOPO+M 4.8761023 72.04 2696.1 see d, u

(low pressure) b

74 HPO2=HOPO 2.3561014 0 193952 see v

75 HPO2+H=H2+PO2 2.406108 1.50 20900 estimated by

Glaude et al.54

76 HPO2+H=PO(H)(OH) 5.0061012 0 20900 the same

77 HPO2+O=OH+PO2 1.706108 1.50 10450 "

78 HPO2+O2=PO2+HO2 7.0061012 0 143792 "

79 HPO2+OH=H2O+PO2 l.206106 2 78360 "

80 HPO2+OH=H+HOPO2 l.0061012 0 8360 "

81 HPO2+HO2=H2O2+PO2 2.0061011 0 41800 "

82 HPO2+CH3=CH4+PO2 8.106105 1.87 29260 "

83 HPO+PO2=HPO2+PO l.0061011 6.00 0 "

84 HPO2+PO2=HOPO+PO2 5.0061011 0 0 "

85 HPO2+PO3=HOPO2+PO2 5.0061011 0 0 "

a The rate constant was taken fromRef. 62 (the expression for the rate constant was converted into the Arrhenius form). b The efficiency coefficients for a

third bodyM (H2O or H2) are referred to N2 (the efficiency factor of H2O is 16, that of H2 is 2.5). c The pre-exponential factor present in the equation for

the rate constant for forward reaction was calculated using the pre-exponential factor from the equation for the rate constant for the reverse reaction

taking into account partial equilibrium. The activation energy of the forward reaction CH3OH+H=CH3O+H2 (elimination of the hydrogen atom)

was equal to zero according to calculations. Estimated by Glaude et al.54 d The proposed mechanism includes several reactions with identical initial

compounds and products but following different channels (for example, elimination and addition reactions). e The rate constant was adjusted to the

temperature range of 300 ± 2400 K and P=1 atm (see the text). f Estimated by Glaude et al.54 The pre-exponential factor of the forward reaction was

taken from reaction CH3OH+O=CH3O+OH.87 The activation energy of the forward reaction was calculated from the activation energy of reverse

reaction taking into account the partial equilibrium. The activation energy of reverse reaction is equal to zero (from the Evans ± Polanyi

diagramme 88). gAccording to calculation, the rate constant for reaction (22) is the same as that for H2O+OH=H2O+OH, estimated by Glaude

et al.54 h Calculated by analogy with the reaction CO+HO2=CO2+OH (Ref. 42). Estimated by Glaude et al.54 i Calculated by analogy with the

reaction C2H5OH+HO2=C2H5O+H2O2 (Ref. 89). Estimated by Glaude et al.54 j Based on Walker's recommendation for the reactions

RH+O2=R+HO2 (Ref. 90). Estimated by Glaude et al.54 k Calculated by analogy with the reaction CH3OH+CH3=CH3O+CH4 (Ref. 91).

Estimated by Glaude et al.54 l Addition of the H atoms to the O atom in PO2 . Rate constant calculated by Twarowski and increased threefold.65

mBy analogy with the reaction ROH+OH=RO+H2O (Ref. 92). The activation energy was taken to be equal to the bond energy H7C (tertiary

carbon atom), which corresponds approximately to theH7Obond energy inHOPO. nCalculated on the basis of the radical recombination rate. o Based

on the reaction NO+HO2=NO2+OH (Ref. 93). Estimated by Glaude et al.54 pCalculated on the basis of compact transition state with a zero

activation barrier. q By analogy with the reaction CH3+NO2=CH3NO2 (Ref. 94). r By analogy with the reaction CH3+NO2=CH3ONO (Ref. 95).
s The Mackie addition reaction,55 the pre-exponential factor was decreased. t Addition of an H atom to the P atom in PO2 . It is assumed that 1% of all

reaction products is HPO2 . uAddition of theH atoms to the P atom in PO2 . It is assumed that virtually the whole reaction givesHOPO. The rate constant

was taken from Ref. 65. v The rate constant was calculated from the BACMP4 data. The cis transition state was used.96, 97
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these two radicals over the flame zone with and without OPC is
an important characteristics. As follows from computation
results,53 DMMP decreases considerably the concentrations of
these radicals in both types of flame; the concentration of theH
radical decreases faster in the rich flame than in the lean flame.
On the basis of foregoing, the authors concluded that there is a
difference between the inhibition efficiency of lean and rich
flames by OPC [the inhibition efficiency is the difference
between the flame propagation speed without an additive (u0)
and with DMMP additive (u) normalised to the flame prop-
agation speed without DMMP: (u07u)/u0]. The experimental
and computation results were used to plot the dependence of
the inhibition efficiency on the equivalence ratio (f). This value
proved to be very sensitive to the accuracy of measurement of
the combustion rate.{ The mechanism of flame inhibition by
OPC additives developed at the Livermore National Labora-
tory describes well the dependence of the inhibition efficiency
on the equivalence ratio.

According to simulation data,98 the efficiency of flame
propagation inhibition by the addition of DMMP increases
monotonically with an increase in the equivalence ratio from
0.8 to 1.3. However, when experimenting with rich and lean
flames, Jayaweera et al.53 did not find any significant difference
between the DMMP action on these flames, and only calcu-
lations did show a slight difference in the inhibition efficiency.
To gain an understanding of how OPC inhibit lean and rich
flames, the inhibition cycles of these flames were studied in
detail.53 Using PREMIX software,99 the authors simulated the
concentration profiles of OPC involved in the recombination
of H andOH radicals in freely propagating propane ± air flame
with DMMP additive at P=1 atm and calculated the profiles
for the formation rates of PO2 in lean and rich flames
(Fig. 17 a and b, respectively). It follows from the obtained
data that the major reaction of PO2 formation in both types of
flames is as follows:

HOPO+OH=PO2+H2O. (11)

This path to PO2 is reasonable for a lean flame characterised by
high concentrations of OH radicals but for a rich flame
characterised by high concentrations of H radicals, it was
more reasonable to assume that reaction (10) would be the
major path to PO2.

However, it was found that reaction (10) makes a minor
contribution to the formation of PO2 due to its high activation
energy (11 kcal mol71) [for comparison, the activation energy
of reaction (11) equals 1.5 kcal mol71]. The major path of PO2

consumption in both flames is reaction (7). Reactions (7) and
(11) form together the catalytic cycle HOPO,PO2 in which
the H and OH radicals recombine to give H2O.

The sensitivity coefficients (x) of reactions (6) ± (11) to the
concentrations of H atoms were analysed 53 to determine those
having the most pronounced effect on the concentration of
hydrogen atoms and to identify the key inhibitor. The sensi-
tivity coefficients of particular reactions to the concentrations
of H atoms were determined as derivatives of the mass
fractions of H atoms with respect to the pre-exponential factor
present in the equation for the rate constant (Fig. 18). A
negative sensitivity coefficient means that an increase in the
reaction rate results in a decrease in the H atom concentration,
i.e., inhibition, while a positive coefficient means that an
increase in the reaction rate results in an increase in the H
atom concentration. Only reactions involving compounds like
HxPOy were taken into account. It was noted 53 that the
sensitivity coefficient of key reaction (1) to the H atom

concentration markedly exceeds in magnitude the sensitivity
coefficients of other reactions.

It was found 53 that the highest sensitivity of reactions
involving HxPOy to the H atom concentration in the flame is
observed in the post-flame zone. Reaction (7) and, for lean
flames, also reaction (9) are most sensitive to the H atom
concentration (the rate constant for the latter reaction
increases owing to the appearance of a new reaction channel,
which was described above).

A curious fact is the increase in the rate of reaction (6) in
the lean flame upon an increase in the concentration of H
atoms (in the rich flame, the sensitivity of this reaction to the
concentration of H atoms is insignificant). The authors
believe 53 that the sign of the sensitivity coefficient of reac-
tion (6) to the concentration of H atoms changes owing to the
fact that the concentrations of H and OH radicals in the cycle
HOPO,PO2 decrease faster than in the cycleHOPO2,PO2 .
The formation of HOPO2 by reaction (6) results in a decrease
in the PO2 concentration and a decrease in the rate of reaction
(7); as a consequence, smaller amounts of H and OH radicals
recombine. This suggests that HOPO is a better catalyst than
HOPO2. In a lean flame where the HOPO2 concentration is
higher than in a rich flame, a lower inhibition efficiency should
be expected. The data of calculation of the relative change in
the flame propagation speed (see below) also demonstrate that
phosphorus inhibits flame less efficiently in lean mixtures than
in rich mixtures.

{ Note that the accuracy of measurements of propagation speeds of rich

flames is relatively low. This hampers comparison of the experimental and

calculation data.
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Figure 17. Rates of PO2 formation and consumption (vPO2
) along reac-
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formation by reactions (11), (8) and (9), respectively (3, through H

elimination, 30, through adduct formation).
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The sensitivity of other reactions was interpreted 53 pro-
ceeding from the fact that recombination of the H and OH
atoms ismore efficient in the catalytic cycleHOPO,PO2 than
in the cycle HOPO2,PO2 . The increase in the rate constants
of reactions that direct the reaction stream along the more
efficient cycle HOPO,PO2 leads to a decrease in the concen-
trations of the H and OH radicals (flame inhibition), while the
increase in the rate constants for reactions that direct the
reaction stream through the cycle HOPO2,PO2 decreases
the overall recombination rate of the H and OH radicals and,
hence, increases their concentration in the flame.

The reaction

HOPO+O=HOPO2 (12)

that directs the reaction stream along the less efficient cycle
accelerates the formation of the H and OH radicals. The same
is true for reaction (6). Both reactions have positive sensitivity
coefficients to the concentrations of H atoms. Meanwhile, an
increase in the rate constant for reaction (9) returns the
reaction stream to the more efficient cycle HOPO,PO2 and
inhibits the formation of the H and OH radicals. The trans-
formation paths of the initial components and final and
intermediate products in lean and rich flames are sketched in
Figs 19 a,b, respectively [only reactions with the rates of
>261076 mol cm73 s71, which make the greatest contribu-
tions to the formation and consumption of the H and OH
radicals (given in brackets }), are given].

It can be seen from Fig. 19 that HOPO,PO2 (cycle A)
and HOPO2,PO2 (cycle B ) are the key inhibition cycles. In
both cycles, phosphorus compounds act as catalysts of recom-
bination of H and OH radicals to give H2O. Reaction (12) also
takes place being a part of a large cycle. MacDonald et al.100

observed also the recombination of two H atoms with partici-
pation of PO2 and HOPO in diffusion flames. Analysis has
shown that recombinations H+OH and H+O predominate
over the reaction H+H.

To understand how the two inhibition cycles change with
the variation of the equivalence ratio, the extent of oxidation of
key phosphorus-containing compounds in lean and rich flames
were studied. It could be expected (as was actually shown 52)
that in a lean flame, compounds with a higher oxidation state
(for example, HOPO2) would be present in higher concentra-
tions than compounds with lower oxidation state (for example,
HOPO). The opposite is true for a rich flame: the HOPO
concentration is higher than the HOPO2 concentration. The
concentration of HPO is insignificant in both types of flame
and has no influence on the reaction rates. As a result of the
difference between theHOPO andHOPO2 concentrations, i.e.,
depending on the equivalence ratio, the directions of the
reaction streams change. In both types of flame, the cycle
HOPO,PO2 is more efficient but in the rich flame where the
HOPO concentration is higher than in the lean flame, it is 30%
more efficient than the cycle HOPO2,PO2 . In a rich flame,
the species PO plays a significant role in the inhibition, while in
lean flame, PO3 is such a species. In the lean flame, the cycle
HOPO2,PO2 is approximately 5 times as significant as in the
rich flame owing to the much higher concentration of HOPO2 .
For this reason, the inhibition path involving (HO)2PO
becomes important.
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It should be noted that, although the inhibition efficiencies
of the flame involving the catalytic cycles HOPO2,PO2 and
HOPO,PO2 are different in lean and rich flames, their total
efficiency is comparable in these two cases, i.e., phosphorus
`finds' the most efficient route for flame inhibition. Thus, the
ability of phosphorus compound to inhibit flame is unique.

Yet another interesting issue is that the reactions of flame
inhibition by phosphorus-containing compounds are most
efficient in rather high-temperature regions of the flame at
T>1600 K (this corresponds to a distance of 0.9 mm from the
burner surface). This is due to the fact that at T<1300 K, the
concentrations of all key phosphorus-containing radicals are
low (the temperature of 1300 K, which was taken as the
reference point, corresponds to consumption of a half of
DMMP). The compound (HO)2PO formed in the beginning
of the combustion zone, which is also an inhibitor, is consumed
at higher temperature.

The authors 53 pointed to a certain similarity between OPC
and the `ideal' inhibitor described by Rumminger et al.,101 who
showed, using a stoichiometric methane ± air flame as an
example, that at 1 atm an efficient inhibitor starts to operate
at T>1700 K and does not lose activity at least up to 2150 K.
In the opinion of the researchers cited,101 the inhibitor that is
active at low temperatures is inefficient. This conclusion is
based on numerical calculations of the flame propagation
speed and structure and on the calculation of the rate of
formation and consumption of radicals over the flame zone.
Calculations 101 showed that inhibition is most efficient in the
case where the maximum chain termination rate in catalytic
recombination of H and OH radicals involving the inhibitor
coincides with the maximum concentrations of these radicals.
Analysis of themodel has shown that spatial coincidence of the
maximum rates of formation of H atoms according to the
quadratic chain branching reaction (1) with the maximum rate
of consumption of H atoms in catalytic recombination is the
actual criterion.

The studies,75, 102 which partly confirm the conclusions
drawn by Jayaweera et al.,53 are devoted to the structure of
methane ± oxygen flames with TMP additives stabilised on a
flat burner under atmospheric pressure. Figures 20 a ± d show
the concentration profiles of the H and OH radicals in lean

(f=0.8, Fig. 20 a,b) and rich (f=1.2, Fig. 20 c,d ) flames
without an additive andwith 0.22 vol.%TMP.Note that in the
study cited,102 the concentration profiles of the hydrogen atom
in the flame under atmospheric pressure were measured for the
first time. It was found that the introduction of the inhibitor
results in a sharper decrease in the concentrations of H andOH
radicals in a rich flame compared to the lean flame; the most
pronounced decrease in the concentrations of H and OH
radicals occurs in the zone of chemical reactions rather than
in the zone of formation of the final combustion products
(which is consistent with the simulation results 53).

It was found 75, 102 that the concentrations of radicals and
key phosphorus-containing compounds in the zone of com-
bustion products in inhibited flames under atmospheric pres-
sure are close to equilibrium values. A comparison of exper-
imental data with the results of calculation of the flame
structure using the inhibition mechanism 53 shows that in the
case of lean flames they are in satisfactory agreement. For rich
hydrocarbon flames, the agreement is less satisfactory, which is
apparently due to the fact that the inhibitionmechanism of rich
flames needs to be further developed. This is also indicated by
the results of another work 103 dealing with the structure of rich
and stoichiometric methane ± oxygen flames without additives
andwith*0.05 vol.%DMMPat a pressure of 660 ± 670 Torr.
The experimental procedure used in the study cited 103 included
microprobe sampling of the flame followed by analysis of
gaseous products by FT IR spectroscopy. Although the sam-
pling procedure used precluded measurement of the concen-
trations of labile components, the researchers measured the
concentration profiles for formaldehyde, methanol, all C2

hydrocarbons and the oxides CO and CO2 in the flame.
It was found that the addition of DMMP into rich flame

results in an almost sevenfold increase in the concentration of
methanol and a twofold increase in the concentration of
acetylene, the ethylene concentration being somewhat
decreased. Since the transformation of the CH3 radical into
CH3OH requires an oxygen atom, while the transformation of
CH3 into C2 hydrocarbons requires only CH3 , the increase in
the CH3OH concentration may be indicative of the change in
the concentration of oxygen atoms in the flame upon the
introduction of an inhibitor.

The simulation of the flame structure 103 using two differ-
ent inhibition mechanisms by OPC additives proposed by
Glaude et al.54, 65 showed that neither of these mechanisms
predicts correctly the variation of the concentrations of CH2O,
CH3OH and C2 hydrocarbons caused by introduction of the
inhibitor. The disagreement between the experimental and
simulation results indicates that none of the models used in
calculations takes into account the most important processes
of the chemistry of inhibition of rich flames by OPC. Thus, a
mechanism of inhibition of rich flames by OPC additives that
would take into account the reactions of phosphorus-contain-
ing products with carbon-containing flame components has
not been developed so far, which is due to some extent to the
lack of understanding of the chemistry of hydrocarbon com-
bustion under conditions of excess fuel and to the lack of the
model describing the combustion of rich flames.

b. Propagation speed of flames with organophosphorus additives
The dependence of the speed of free propagation of a 4 : 96
propane ± air flame on the concentration of the OPC additive
at an initial temperature of 95 8C has been studied.104 The
results of measurements of flame burning velocities with
addition of nineteen OPC, including fluorinated OPC, are
summarised in Fig. 21. The calculation results for TMP are
also presented. The compounds demonstrated similar efficien-
cies (to within the error of measurements).104 The OPC used
and their boiling points are summarised in Table 5.
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The decrease in the normal propagation speed of the flame
upon injection of an inhibitor is due to two factors: chemical
(radical decay) and thermal (dilution of the flame with the
inhibitor and introduction of additional fuel). The contribu-
tions of each factor were identified by analysing the curve for
the flame propagation speed vs. the limiting concentration of
the inhibitor.105 (This method has been already successfully
used to compare the chemical efficiencies of the additives.106)
After introduction of OPC in low concentrations
(<0.3%±0.4%) into the flame, the decay of radicals in
recombination reactions involving these OPC becomes the
major factor responsible for the decrease in the combustion
rate. Therefore, all compounds show similar efficiencies (see
Fig. 21), which almost do not depend on their chemical
structure and are determined by the presence of a phosphorus
atom in their molecules.

The effect of TMP (0.06 vol.%) on the propagation speed
of methane ± air flames at a mixture temperature of 35 8C has
been studied as a function of the composition of the mixture
(thef value varied from 0.75 to 1.45).75 The flame propagation
speed was measured by measuring the heat flux to the
burner 23, 24 and calculated in terms of the mechanism of
flame inhibition by phosphorus compounds described by
Jayaweera et al.53, 86 and two mechanisms of methane oxida-
tion, namely, the GRI 46 and the Curran 50, 51 mechanisms
(Fig. 22).

The calculated flame propagation speeds depended on the
selected mechanism of methane oxidation; none of the mech-
anisms used provided a satisfactory description for the meas-
ured dependence of the combustion rate on the equivalence
ratio over the whole range (this is one more piece of evidence
pointing to imperfection of the proposed multistage kinetic
models for hydrocarbon combustion).

Figure 23 shows the efficiency of flame inhibition (Ef) vs.f.
The value

Ef �
u0 ÿ u

u0

was determined from the experimental and simulated data. All
curves (both those calculated from experimental data and
those obtained by simulation) had a maximum at
f=1.1 ± 1.3. The calculation data predict an increase in the
inhibition efficiency in the range f=0.7 ± 1.2, which is attrib-
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The inhibitors were a number of OPC (presented in Table 5) and CF3Br.

The dots show experimental values and the lines correspond to simulation

results with addition of TMP.

Table 5. Flame suppressants and their boiling points.

Number of OPC Boiling Pressure /

the compound point /8C Torr

1 (CH3O)3PO (TMP) 180 760

2 (C2H5O)3PO 215 760

3 (CF3CH2O)3PO 187 760

4 (HCF2CF2CH2O)3PO 90 0.5

5 (C3F7CH2O)3PO 97 2.5

6 (CH3O)2P(O)CH3 (DMMP) 181 760

7 (C2H5O)2P(O)CH3 194 760

8 (CF3CH2O)2P(O)CH3 193 760

9 (C3F7CH2O)2P(O)CH3 92 9

10 (C3F7)3PO 144 760

11 (CH3O)3P 111 760

12 (C2H5O)2P(O)H 204 760

13 (CF3CH2O)2P(O)H 194 760

14 (C2H5O)3P 158 760

15 (CF3CH2O)3P 131 760

16 (HCF2CF2CH2O)3P 95 3

17 (CF3CH2O)2P(O)CF3 147 760

18 (CF3CH2O)2PO(OCH(CF3)2) 83 10

19 POCl3 105 760

20 H3PO4 (60% aq. solution) 7 7
21 (HCF2CF2CH2O)2P(O)CH3 115 6
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simulation results in terms of the GRI mechanism,46 and the dashed line
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utable to higher efficiency of the cycle PO2,HOPO compared
to PO2,HOPO2 . The inhibition efficiency calculated from
experimental data is almost invariable over this range off. The
decrease in the inhibition efficiency in rich flames was attrib-
uted 74 to incomplete destruction of phosphorus-containing
products of TMP destruction into active inhibitors, viz.,
phosphorus oxides and phosphorus-containing acids. The
results indicate that further studies of the OPC combustion
chemistry are required in order to elucidate the inhibition
mechanism of flames with a large excess of fuel.

2. Diffusion flames formed at the counterflows of the fuel and
the oxidant
Diffusion flames have aroused enhanced interest in recent
years. The diffusion flame formed at the counterflows of the
fuel and the oxidant is a convenient investigation object for the
following reasons. This flame is stabilised in space between the
nozzles at a certain distance from them under nearly adiabatic
conditions. Although the diffusion flame is two-dimensional,
the simulation of its structure can be reduced to a one-dimen-
sional problem, which is implemented in the readily available
OPDIFF programme.35 This allows one to compare exper-
imental data on the flame structure with simulation results and
make counterflow flames a convenient investigation object in
the OPC combustion chemistry.

Consider the series of papers 36, 37, 107 devoted to the effect
of OPC on diffusion flames stabilised on the Potter burner with
fuel and oxidant counterflows. Diffusion flames are
`stretched'. An important parameter of such flames is the
stretch ratio (a, s71), which is calculated from the relation

a � 2V

L
1� Vf

Vox

�������
rf
rox

r� �
,

where V is the gas linear velocity, L is the distance between the
nozzles, r is the density (the subscripts f and ox refer to the fuel
and the oxidant, respectively). The stretch ratio is actually
inversely proportional to the residence time of the reaction
mixture in the flame. This value is also called the velocity
gradient (the change in the gas flow velocity in the space
between two nozzles).

Typical stretch ratio values for counterflow flames are 100
to 800 s71. The higher the fuel and oxidant feed rates, the
greater the flame stretch ratio. Finally, at a certain stretch ratio
(quenching stretch ratio), the flame is quenched. The inhibitor
(flame suppressant) decreases the stretch ratio needed to
quench the flame; therefore, the efficiency of flame suppres-
sants can be conveniently determined from the dependence of
the quenching stretch ratio of a flame on the flame suppressant
concentration.

The parameter Eq calculated from the formula

Eq=
aq0 ÿ aq

aq0
,

where aq0 is the quenching stretch ratio for a pure flame, aq in
the quenching stretch ratio for an inhibited flame, has been
proposed 100 for comparison of the efficiency of counterflow
flame quenching by various inhibitors. The subscript q
(quenching) implies that all parameters correspond to the
instant of quenching. It was found that DMMP and TMP are
2 ± 4 times more efficient suppressants than CF3Br.7, 63, 108, 109

The introduction of a phosphorus-containing compound
(1500 ppm) decreases the quenching stretch ratio of the flame
by 35%. The injection of the additive into the oxidant flow in a
diffusion methane 7 air flame was found to be 2 ± 4 times
more efficient than injection into the fuel flow (in this case, a
region with excess fuel is formed on the fuel injection side in the

diffusion flames).109 This is attributable to low inhibition
efficiency of rich flames (f>1.2) by phosphorus compounds.75

The efficiency of quenching of the counterflow
CH4/O27O2/N2 flame (0.2/0.8 ± 0.4/0.6) by fourteen OPC
and CF3Br was studied (Fig. 24, the OPC numbering is the
same as in Table 5).104 The additives were injected into the
oxidant flow whose temperature was 100 8C. The plots for the
quenching stretch ratio vs. the inhibitor concentration were
compared with the quenching stretch ratios obtained with one
of the most effective inhibitors, viz., iron pentacarbonyl
Fe(CO)5 (curve 2 in Fig. 24).110

According to the measurement results, at cIn<0.1 vol.%,
all of the OPC had equal efficiency, which was 7 times higher
than that of CF3Br but 3 times lower than that of iron
pentacarbonyl. These results indicate that the efficiency of
OPC depends on the concentrations of phosphorus oxides and
phosphorus acids and hardly depends on the structure of the
initial molecule. The quenching stretch ratios (curve 3 in
Fig. 24) for the flames with 0.12 vol.% and 0.25 vol.% TMP
(designated by in Fig. 24) calculated in terms of the mech-
anism of inhibition by OPC proposed by Korobeinichev et
al 58, 85 were compared with the experimental data. It was
found experimentally that the quenching stretch ratio
decreases by 10% and 20% in the presence of 0.12 vol.% and
0.25 vol.%TMP, respectively. The values predicted by numer-
ical simulation are 9.4% and 18.8%. Thus, the results of
measurements are in good agreement with the computation
data.

The chemical structure of counterflow flames (diffusion or
premixed) was studied by laser-induced fluorescence 7, 8, 111, 112

and probe mass spectrometry techniques.113 ± 115 The molec-
ular-beam mass spectrometry was first applied to probing of a
counterflow diffusion flame by Marinov et al.116 The concen-
tration profiles of stable components and phosphorus com-
pounds were obtained and the concentration profile of the OH
radical in the flame without additives and with 0.12 vol.%
TMP was measured.113 ± 118

Analysis of the concentration profiles of phosphorus
oxides and phosphorus acids shows that the composition of
these compounds in the `lean' region of the diffusion flame
(where excess oxygen is present) is the same as their composi-
tion in a lean premixed flame in which HOPO2 predomi-
nates.75, 102 In the `rich' region of the diffusion flame, the
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HOPO is the main phosphorus-containing component, which
is typical of rich premixed flames.75, 102 The numerical calcu-
lation of the flame temperature and comparison of the
obtained data with the results of measurements have shown
that the temperature measurement by a thermocouple
arranged on the burner axis gives results that best coincide
with the computation results.

The flame structure was also calculated upon simulation in
terms of the mechanism of inhibition by OPC.53, 85 The
calculated concentration profiles describe experimental data
with a satisfactory accuracy; however, the experimental con-
centration profiles of compounds in the flame are somewhat
broadened compared to calculated profiles, which is due to
imperfection of the model used in the OPPDIF programme
(the model neglects the edge effects).

3. Air co-flow diffusion flames
The studies of air co-flow diffusion flames were aimed first of
all at determining the minimum quenching concentrations of
flame suppressants by the cup burner method. Studies of OPC
containing no fluorine atoms showed that they are combustible
and useless as flame suppressant; therefore, fluorine-substi-
tuted OPC were chosen. The MQC values for fluorine-con-
taining organophosphorus inhibitors were measured by the
cup burner method independently by Russian 31 and Ameri-
can 119 research groups. In both cases, almost identical cup
burners were used, the flame suppressant was supplied through
a nebulizer, and the only difference was in the air flow temper-
ature: in one study,119 the measurements were carried out at
55 8C and in the other study,31 at 75 8C. In the latter work,31

five fluorine-containing OPC and CF3Br were additionally
studied (note that organofluorine compounds proved to be less
effective than OPC). The measured MQC values are summar-
ised in Table 6. The minimum quenching concentrations are
usually expressed as volume fractions or percent, but for
practical purposes it is required to know the mass MQC.
Analysis of the data presented in Table 6 shows that many
fluorine-containing OPC are capable of flame quenching when
present in low volume concentrations; however, owing to high
molecular masses, their weight consumption exceeds that of

less effective CF3Br. Unfortunately, it was impossible to
extinguish the flame with (CF3)3PO, which has low molecular
mass,119 apparently due to its combustibility.

The results of cup burner experiments give not only the
MQC values, but also the dependence of the quenching
concentration of one flame suppressant (often an inert diluent,
for example, CO2) on the quenching concentration of the other
one, often an active agent. Figure 25 shows the dependences of
the quenching concentration of CO2 on the quenching concen-
tration of fluorine-containing OPC, organofluorine com-
pounds and CF3Br. It can be seen from the presented data
that despite the different MQC values, all phosphorus-con-
taining flame suppressants have similar efficiencies (when
present in concentration of *0.5%). Note that the quenching
concentration of CO2 ceases to decrease with an increase in the
quenching concentration of some OPC [for example,
(CF3CH2O)2(C2H5)PO], which is indicative of combustibility
of these compounds under these conditions (the heat evolved
upon their combustion counterbalances the inhibitory effect).

British researchers 120, 121 used an advanced flame ionisa-
tion detector (FID) of a chromatograph to study quenching of
air co-flow diffusion flames (hydrogen ± air and methane ± air)
by flame suppressants. They tested a large number of OPC.
When methane ± air flame was used, the MQC values of flame
suppressants determined by this and by the cup burner
techniques coincided with satisfactory accuracy. The advant-
age of the FID method 120, 121 is the possibility of using a small
amount of a flame suppressant for determining its MQC.
Despite the encouraging results and the simple design, the
FID method has not yet found extensive use.

4. Turbulent flames
The efficiency of quenching turbulent flames by short-term
injection of (CF3CH2O)3P and CF3Br into the air stream was
determined 31 on a test bench analogous to that described in

Table 6. Minimum quenching concentrations of fluorine-substituted OPC
and CF3Br.31

Compound Minimum quenching concentration

vol.% g m73

[(CF3)2CHO]2PO(C2H5) 2.0� 0.2 366

[(CF3)2CHO]3P 2.2� 0.2 523

(CF3CH2O)2PO(CF3) 2.3� 0.2 322

(CF3CH2O)3P 2.6� 0.2 (3.1) a 381

(CF3CH2O)2PO[OCH(CF3)2] no quenching 7
at 3% concentration

(CF3CH2O)PO[OCH(CF3)2]2 burns 7
(CF3CH2O)2PO(C2H5) " 7
[(CF3)2CHO]2PO(CH3) 3.0� 0.2 530

[(CF3)2CHO]2PO(CF3) 2.0� 0.2 400

(CF3)3PO no quenching 7
at 5% concentration (see a)

(CF3)2(CH3O)P ignites in air a 7
(CF3CH2O)2P(CF3) 3.0 a 400

(CH3O)PO(CF3)2 4.6 a 443

(CF3CH2O)P(CF3)2 1.8 a 215

(CF3CH2O)PO(CF3)2 no quenching 7
at 5% concentration (see a)

CF3Br 4.6 306

aData from Ref. 119.
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Figure 25. Quenching concentration of CO2 vs. quenching concentration

(cfs) of fluorine-substituted OPC (curves 1 ± 9), organofluorine com-

pounds (curves 10 ± 13) and CF3Br (curve 14).31

Compounds: (1) (CF3CH2O)2PO(C2H5), (2) [(CF3)2CHO]2PO(C2H5),

(3) (CF3CH2O)2PO[OCH(CF3)2] , (4) (CF3CH2O)PO[OCH(CF3)2]2 ,

(5) [(CF3)2CHO]2PO(CH3), (6) [(CF3)2CHO]2PO(CF3),

(7) (CF3CH2O)3P, (8) (CF3CH2O)2PO(CF3), (9) [(CF3)2CHO]3P,

(10) HCF2CF2CH2OCF2CHFCF3 , (11) CF3CF2CF2OCHFCF3 ,

(12) (CF3)2C=CFCF2CF3 , (13) (CF3)2CFCF=CFCF3 , (14) CF3Br.
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Ref. 30. A study of the temperature dependence of theMQC of
the phosphite (CF3CH2O)3P in the air temperature range of 35
to 86 8C showed 31 that at T<60 8C some of the flame
suppressant occurs as an aerosol and some as vapour; therefore
MQC is the sum of concentrations. When T>60 8C, MQC
corresponds only to the concentration of flame suppressant
vapour.

ForT=75 8C, theMQCmeasured for the turbulent flame
equals 4 vol.%, which is approximately 1.5 times higher than
the concentration measured for the diffusion flame by the cup
burner technique. The difference may be related to either the
loss of (CF3CH2O)3P during its supply to the flame or to the
fact that quenching of the turbulent flame differs appreciably
from quenching of the laminar flame. No such difference was
observed in determination of the MQC of CF3Br;31 however,
the coincidence of its MQC values may be accidental.

It was impossible to determine the MQC of trimethyl
phosphate,31 because after the flame quenching, the mixture of
TMP vapour with air and combustion products self-ignited.} It
was found that at an air temperature of 90 8C and a TMP
concentration of 8.5 vol.%, no repeated ignition of TMP
vapour takes place; however, this quenching concentration
can hardly be considered minimum.

VI. Toxicity and environmental impact of
organophosphorus compounds

1. Determination of toxicity
In order to evaluate the prospects of using OPC as flame
suppressants, the toxicity of a number of OPCwas studied. For
example, the toxicities of TMP, DMMP, DEMP, tris(2,2,2-
trifluoroethyl) phosphate, trimethyl phosphite and tris(2,2,2-
trifluoroethyl) phosphite were assessed.123 The toxicological
parameters were measured for laboratory mice upon intra-
gastric administration of the tested compounds in various
doses. Dimethyl and diethyl methylphosphonates were dis-
solved in water prior to the measurements and
(CF3CH2O)3PO, which is almost insoluble in water, was used
as an emulsion in olive oil. Each test series was carried out for
4 ± 8 mice.

The toxicity (LD50) of the OPC upon intragastric admin-
istration was relatively low ranging from 0.27 to 10.5� 0.09 ml
per kg of live weight.123 DMMP was least toxic, while
tris(2,2,2-trifluoroethyl) phosphite was the most toxic. No
action of these compounds to skin or mucous membranes was
observed.

The toxicity of tris(2,2,2-trifluoroethyl) phosphite vapour
upon inhalation was also assessed. The concentration of
tris(2,2,2-trifluoroethyl) phosphite vapour at 25 8C is
0.4 vol.% (59 mg litre71). This concentration was not lethal
for mice, which have spent 15 min in a chamber with atmos-
phere saturated with the phosphite vapour. They all survived
for 5 weeks. However, when the temperature in the chamber
was raised to 30 ± 35 8C and the OPC concentration increased
to 0.68 vol.% (100 mg litre71), one mice died within 15 min

after inhalation of (CF3CH2O)3P vapour and the other four
mice died after 2 days. The animal death was due to lung
damage. Although the toxicological parameters (LC50) of the
tris(2,2,2-trifluoroethyl) phosphite vapour could not be deter-
mined, it is obvious that the vapour toxicity is much higher
than that of intragastrically administered liquid compound.

2. Environmental impact of organophosphorus compounds
When assessing the impact of various compounds on the
environment, two key factors are considered first of all: their
impact on the Earth ozone layer and the contribution to the
global warming. The impact on the ozone layer is determined
by the dimensionless parameter ODP (ozone depletion poten-
tial). Trichlorofluoromethane was used as the reference, its
ODP being taken to be unity. The efficient flame suppressant
CF3Br (halon 13B1) the production of which was forbidden by
the Montreal Convention efficiently depletes the ozone layer,
its ODP being 10.

The effect of (CF3CH2O)3P as a representative of OPC on
the environment was studied at the laboratory of the Chemical
Physics of Atmosphere of the Institute of Energy Problems of
Chemical Physics of the RAS.124 The calculations showed that
ODP of this OPC can be considered to be zero. The presence of
(CF3CH2O)3P in the atmosphere in a practically infinite
amount does not deplete the ozone layer. According to
calculation data, the existence time of (CF3CH2O)3P in the
atmosphere is 0.019 years.

The contributions of compounds to the global warming
(enhancement of the greenhouse effect) are characterised by
two dimensionless parameters, the main parameter GWP
(Global Warming Potential) and additional parameter
HGWP (Halocarbon Global Warming Potential), which is
calculated with respect to theGWPof trichlorofluoromethane.
TheGWP andHGWPparameters are calculated for particular
time intervals. The GWP of carbon dioxide for the interval
t=? is taken to be unity. The GWP and HGWP values for
two OPC, viz., phosphazene P3N3F6 and tris(2,2,2-trifluor-
oethyl) phosphite, were calculated.124 The calculation results
are presented in Table 7. The data indicate that these OPC do
not possess properties of greenhouse gases and have almost no
impact on the Earth climate warming.

* * *

The information summarised in this review shows that consid-
erable progress in the understanding of OPC combustion
chemistry has been achieved in the last decade. However, a
number of problems still remain unsolved. First of all, this
refers to the chemistry of combustion of rich hydrocarbon
flames. No data on the combustion chemistry and the mecha-
nism of inhibition of atmospheric hydrogen ± oxygen flames,
especially rich ones, by organophosphorus compounds are
available either, although they are much simpler as regards
possible combustion intermediates and final products than
hydrocarbon flames.

This review was written with the financial support of the
Russian Foundation for Basic Research (Project No. 07-03-
11 005-ano).} Previously, it has been shown 122 that TMP vapour burns at elevated

temperature.

Table 7. Parameters GWP and HGWP calculated for different time ranges characterising the effect of OPC on climatic changes.

Compound HGWP GWP

20 years 100 years 500 years ? 20 years 100 years 500 years ?

P3N3F6 0.1 43.5 12.9 4.0 6.961073 2.861073 2.561073 0

(CF3CH2O)3P 7.5661074 3.161074 2.7461074 2.7161074 4.8 0.43 0.426 0.426
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Abstract. The review summarises advances in the post-metal-The review summarises advances in the post-metal-
locene chemistry of rare-earth organometallic compounds.locene chemistry of rare-earth organometallic compounds.
The synthesis, structures and reactivities of complexes con-The synthesis, structures and reactivities of complexes con-
taining metal ± carbon and metal ± hydrogen bonds and stabi-taining metal ± carbon and metal ± hydrogen bonds and stabi-
lised byN-, P- orO-donor ligands are considered. The catalyticlised byN-, P- or O-donor ligands are considered. The catalytic
activities of these compounds in alkene polymerisation, hydro-activities of these compounds in alkene polymerisation, hydro-
amination, hydrosilylation and hydroboration are discussed.amination, hydrosilylation and hydroboration are discussed.
The bibliography includes 139 referencesThe bibliography includes 139 references..

I. Introduction

Organic derivatives of rare-earth metals (rare-earth elements,
REE) have a unique combination of properties and are of
considerable interest as catalysts for different reactions. Due to
large ionic radii of rare-earth elements 1, 2 combined with Lewis
acidity and the presence of unoccupied 5d and 6s orbitals (for
Ln3+ ions), these compounds have a pronounced tendency to
form complexes and exhibit high coordination numbers.3 An
insignificant contribution of the covalent component to rare-
earth metal ± ligand interactions removes restrictions associ-
ated with the compatibility of the orbitals in symmetry. This
can give rise to radically new types of compounds the reactivity
of which differs from that of d element derivatives. Due to the
similarity of the redox and chemical properties of rare-earth
elements combined with a substantial variation in the ionic
radii in the series of these compounds (from 0.885 �A for Sc to
1.172 �A for La),2 there is a unique possibility for optimising the
reactivity of metal complexes by constructing the metal coor-
dination sphere and choosing the appropriate radius of the
central atom in accordance with specific features of the
catalysed reaction. The fact that metallocene-type rare-earth
metal alkyl and hydride complexes are efficient catalysts (or
their precursors) for hydrogenation,4 ± 7 polymerisation,8 ± 10

hydrosilylation,11 hydroboration,12, 13 hydroamination 14 ± 16

and hydrophosphination 17 ± 19 of alkenes clearly demonstrates
that these compounds have a high catalytic potential.

Since rare-earth metals are electropositive and the metal ±
ligand interactions in their organic derivatives are predomi-
nantly ionic in character, ligands capable of forming stable
anions were traditionally used in this field of chemistry. This is
why cyclopentadienyl complexes have prevailed among known
organic derivatives of REE until recent years.20 The stability
and reactivity of rare-earth organometallic compounds are
largely determined by the degree of steric saturation of their
coordination spheres with the result that certain requirement
are imposed on the ligands. The latter should be rather bulky
and fill the metal coordination sphere at low coordination
numbers of metal atoms, resulting in the kinetic stability of
metal complexes. The synthesis of complexes soluble in non-
polar non-coordinating solvents is an important problem, the
solution of which would allow the synthesis of derivatives
containing no coordinated Lewis bases and bearing the central
atoms with low coordination numbers. This would lead to an
increase in the catalytic activity of complexes as a result of the
exclusion of the competition between the Lewis base and the
substrate for a site in the metal coordination sphere.

In recent years, the trend has been toward the design of new
non-cyclopentadienyl ligand systems allowing for stabilisation
of rare-earth metal alkyl { and hydride complexes.21 ± 23 The
aims of the replacement of ligands are to enhance stability of
REE derivatives with retention of high catalytic activity, to
increase the catalyst tolerance to functional groups of mono-
mers, to extend the scope of the design and control of the
geometry of the metal coordination sphere in complexes and to
control the catalytic activity of metal complexes and the
selectivity of the reactions. At the same time, studies of the
influence of the coordination environment of rare-earth metal
atoms on the reactivities of M7C and M7H bonds and the
catalytic activity of compounds are of considerable interest.
A comparison of the catalytic activities of rare-earth metal
complexes containing anionic non-carbocyclic-type ligands
with those of metallocene-type analogues would allow the
determination of the relationship between the properties of
metal complexes (structure, effective positive charges on metal
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atoms and Lewis acidity) and their activity in the catalysis of
transformations of alkenes.

The present review summarises methods for the synthesis,
structures, reactivities and catalytic activities of rare-earth
metal complexes (alkyl, cationic alkyl, hydride, etc.) stabilised
by N-, O- or P-donor ligands.

II. Neutral alkyl and aryl complexes

1. Monoalkyl and -aryl complexes
a. Complexes with monoanionic N-containing ligands
The bidentate amidinate anions [R1C(NR2)2]7 are among the
first non-cyclopentadienyl ligands, which have been success-
fully used for stabilisation of rare-earth metal alkyl complexes.
The monomeric yttrium derivatives L2YR(THF) [L=
PhC(NSiMe3)2, R=CH2Ph (1)] and L2YR [L=PhC.
.(NSiMe3)2, R=CH(SiMe3)2 (2), L= p-MeOC6H4C.
.(NSiMe3)2; R=CH(SiMe3)2 (3)] were synthesised.24

Complexes 1 ± 3 are thermally stable in deuteriocyclohex-
ane or deuteriobenzene. No evidence of the H/D exchange,
metallation of the solvent or thermal decomposition of the
complexes was observed upon heating of these solutions at
100 8C for several hours. The X-ray diffraction study of
complex 3 showed that this complex is monomeric. The steric
parameters of the amidinate fragments are similar to those of
the pentamethylcyclopentadienyl ligands, whereas their elec-
tronic properties are substantially different. Based on semi-
empirical INDO/1 calculations for the model
[HC(NH)2]2YMe and (Z5-Cp)2YMe complexes, it was con-
cluded that the higher electron-withdrawing ability of amidi-
nate ligands results in an increase in the positive charge on the

yttrium atom in bis(amidinate) derivatives compared to metal-
locene-type analogues. The charge separation for the Y7C
bond in the [HC(NH)2]2YMe and (Z5-Cp)2YMe complexes is
1.06 and 0.75 e, respectively, i.e., the bond in the former
compound is much more polar. In the authors' opinion, the
larger positive charge on the yttrium atom in [HC(NH)2]2YMe
leads to a larger orbital contraction, thus hindering interac-
tions between the metal and the substrate (for example, H2)
and resulting in the absence of the H/D exchange and in lower
hydrogenolysis rates compared to cyclopentadienyl deriva-
tives.24

Compound 2 reacts with terminal alkynes to form dimeric
acetylenide complexes 4 and activates C7H bonds in aceto-
nitrile to give dimeric complex 5 (Scheme 1). The reaction of
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complex 1 affords, in addition to C7H bond activation
product 5, compounds 6 and 7 as a result of the insertion at
the nitrogen ± carbon double bond. The reaction of compound
2 with pyridine involves the metallation of the pyridine ring at
the a positionwith respect to the nitrogen atom to give complex
8. The reaction of compound 1 affords the addition product at
the double bond of the heterocycle (compound 9). The hydro-
genolysis of compounds 1 and 2 gives rise to dimeric hydride 10
(see Scheme 1).25, 26

Alkyl and aryl derivatives of scandium stabilised by ami-
dinate ions {[PhC(NSiMe3)2]2ScR, R=CH2SiMe3 (11), Mes;
[PhC(NSiMe3)2]2ScMe(THF)} were synthesised by the
exchange reaction of the chloride complex [PhC(NSiMe3)2]2.
.ScCl(THF) with the corresponding alkyllithium reagents.27

The reactions of complex 11 with Me3SiC:CH and H2

produce monomeric acetylenide [PhC(NSiMe3)2]2Sc(C:CSi.
.Me3) and dimeric hydride [{PhC(NSiMe3)2}2Sc(m-H)]2 (11a),
respectively.

The tetrasubstituted guanidinate ligands [R2NC(NR0)2]7,
like the amidinate anions, are N,N-chelating singly charged
ligands and are of interest because of the simplicity of their
synthesis, the diversity of coordination abilities and the ease of
modifications of their electronic and steric characteristics.28

Monomeric alkyl derivatives of yttrium with diisopropyl-
substituted guanidinate ligands [(Me3Si)2NC(NPri)2]2YR
[R=But or CH(SiMe3)2] were synthesised and structurally
characterised.29 These compounds contain no coordinated
Lewis bases, resulting in low coordination numbers of the
central atom. Bulkier dicyclohexyl-substituted guanidinate
ligands were also successfully used for the synthesis of alkyl
and aryl derivatives of yttrium and samarium, viz., L2YBut

(12), L2YPh(THF) 30 and L2SmCH(SiMe3)2 31 [L=
(Me3Si)2NC(NCy)2, Cy is cyclohexyl]. It should be noted that
the yttrium atom in complex 12 is coordinatively saturated,
resulting in the agostic interaction between the metal atom and
two methyl groups of the tert-butyl substituent, which is
responsible for short Y7C contacts and substantial deviations
of the bond angles at the central carbon atom of the But group
from the tetrahedral value.30 X-Ray diffraction and 13C NMR
spectroscopic studies showed that agostic interactions exist not
only in the crystalline state, but also in deuterobenzene.

Monoanionic bidentate pyrrolecarbaldiminate ligands (L)
were successfully used in the synthesis of yttrium (13) and
samarium (14a,b) complexes by the reactions of chlorides
L2LnCl(THF) (Ln=Y or Sm) with the corresponding alkyl-
lithium reagents in toluene.32 Attempts to synthesise the
methyl derivative of yttrium according to an analogous pro-
cedure failed. Themonomeric structure of complex 14a and the
bidentate coordination of the ligands L were confirmed by
X-ray diffraction.

A tridentate amidinate ligand containing an additional
donor group in the side chain was used for the synthesis of
the corresponding benzyl derivatives of yttrium 15.33 The
X-ray diffraction study showed that in the crystalline state,
only one of the amino groups of the amidinate ligands is
coordinated to the metal atom.

The monoanionic tridentate hydridotris(3-tert-butyl-5-
methylpyrazolyl)borate ligand (TPB-Me,But) belongs to a
few ligand systems allowing the synthesis of organometallic
derivatives of divalent ytterbium (16a,b).

Complex 16b was studied by X-ray diffraction, which con-
firmed its monomeric structure. This compound readily reacts
with phenylacetylene to form the corresponding acetylenide
LYb(C:CPh).34

Complexes with dianionic N-containing ligands
Diamide ligands, which differ in the number of donor groups,
as well as in the nature and length of the bridge between the
functional groups, are among the most widely used ligands in
chemistry of rare-earth non-cyclopentadienyl ligands.
The sterically rigid dianionic ligand 2,20-bis(tert-butyldi-
methylsilylamido)-6,60-dimethylbiphenyl (DADMB) was
used for the synthesis of alkyl derivatives of yttrium. The
coordination of this ligand to the metal atom gives rise to the
seven-membered metallacycle. Compounds 17a,b were syn-
thesised by the exchange reactions of the starting chloride
(DADMB)YCl(THF)2 with MeLi and (Me3Si)2CHLi, respec-
tively (Scheme 2). Analogous ethyl and n-hexyl complexes
17c,dwere prepared by the addition of hydride 18 at the double
bonds of ethylene and hex-1-ene, respectively, in THF.35 The
structure of compound 17c was established by X-ray diffrac-

Ar=2,6-Pri2C6H3; R = CH2SiMe3 (a), Me (b).
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tion. This study demonstrated that complex 17c is monomeric,
and the yttrium atom is additionally coordinated by two THF
molecules.

The use of a sterically less rigid ligand (L), in which two
amide groups are linked by the propylene bridge, allowed the
synthesis of more strained six-membered metallacyclic deriva-
tives of yttrium. The reactions of iodo derivative 19 with
PhCH2K and (Me3Si)2CHK afforded complexes 20a,b; their
structures were established by X-ray diffraction.36, 37 Both
complexes proved to be rather stable in deuterobenzene at
room temperature and are inert to hex-1-ene and ethylene.

Diamino-substituted pyridines and benzenes (LH2), which
can act as bi- and tridentante ligands, were used for the
synthesis of scandium, yttrium and lutetium derivatives by
the elimination of tetramethylsilane from the tris(trimethyl-
silylmethyl) derivatives Ln(CH2SiMe3)3(THF)2 (Ln=Sc,Yor
Lu) in the reactions with LH2.

The monomeric complexes (BDPPpyr)LnCH2SiMe3.
.(THF)n (n=1, Ln=Sc or Lu; n=2, Ln=Y) proved to be

rather stable at room temperature in hexane; their stability was
found to decrease with increasing ionic radius of the metal
atom. Derivatives of the sterically less hindered pyridine-
containing analogue BMespyr, for example, (BMespyr).
.LnCH2SiMe3(THF)n (n=1, Ln=Sc; n=2, Ln=Lu),
appeared to be less stable under analogous conditions (hexane,
20 8C), the yttrium compound being unstable to an extent that
attempts to isolate this compound at room temperature failed.
Alkyl derivatives (BDPPoxyl)LnCH2SiMe3(THF) (Ln=Sc,
Lu or Y) were synthesised in good yields with the use of
diamino-substituted benzene BDPPoxyl, which, unlike pyri-
dine-containing ligands, cannot be intramolecularly stabilised
by the coordination of the nitrogen atom to metal but which
contains the bulky isopropyl substituents in the aniline frag-
ments.38

An unusual approach to the synthesis of trimethylsilyl-
methyl derivative of neodymium 21 containing the tridentate
2,6-diiminopyridine ligand was proposed.39 The partial alkyl-
ation of the starting NdCl3(THF)3 with RLi (R=CH2SiMe3)
is followed by the reaction with diimine 22 or lithium salt 23
depending on the Nd :R ratio (1 : 4 or 1 : 2, respectively). The
dianion is formed as a result of C7H bond activation in the
methyl groups at the imine carbon atoms of the 2,6-diimino-
pyridine fragment of 2,6-(2,6-Pri2C6H3N=CMe)2C5H3N. The
structure of complex 21 was established by X-ray diffraction.

Ar=2,6-Pri2C6H3.

Ar=2,6-Pri2C6H3.

Diamido-pyridine- and diamido-amine-type tridentate di-
anionic ligands (LH2) have also found use in recent years. For
example, five-coordinate scandium alkyl and aryl complexes
24a ± d, 25a,b, 26 (Scheme 3) and 27 were synthesised starting
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from anhydrous chloride ScCl3 by two successive exchange
reactions or by the protolysis of the corresponding
R3Sc(THF)2 derivatives (R=CH2SiMe3 or Ph) with an equi-
molar amount of a neutral ligand.40 ± 42.

The X-ray diffraction study showed that five-coordinate
compounds 24c and 27 are monomeric, whereas the four-
coordinate complex [{(MeC(2-C5H4N)(CH2NC6H4Me-4)2}.
.ScCH2SiMe3]2, which contains no coordinated THF mole-
cules, has (in the crystalline state) the dimeric structure due to
the presence of two bridging amide groups.

Yttrium complexes 28a ± c with s-bonded aryl ligands
containing an additional donor group were synthesised 43 by
the elimination of arene in the reactions of the corresponding
amines with the triaryl derivative. Compound 28a decomposes
at 25 8C, whereas complexes 28b,c are much more stable.

Alkyl complexes with tetradentate dianionic ligands are
represented by bis(amidinate) (29) 44 and aminotropone imi-
nate (30) 45 derivatives.

c. Complexes with dianionic N-containing macrocyclic ligands
Rare-earth metal complexes with macrocyclic ligands have
attracted attention due mainly to their luminescence and
magnetic properties.46 However, examples of the use of N-con-
taining macrocyclic ligands as the stabilising coordination
environment for alkyl derivatives of rare-earth elements are
scarce. The doubly deprotonated octaethylporphyrin (OEP)
macrocycle was successfully used for the synthesis of alkyl
derivatives of yttrium (31a), lutetium (31b) 47 and scandium
(31c ± e).48 Complexes 31a,b were synthesised in 70%±80%

yields by the reactions of octaethylporphyrin (OEP)H2with the
Ln[CH(SiMe3)2]3 derivatives (Ln=Y or Lu) involving elimi-
nation of alkane and by the exchange reactions of the corre-
sponding phenoxides (OEP)Ln(OC6H3Bu

t
2-2,6) (Ln=Y or

Lu) with (Me3Si)2CHLi. The resulting compounds proved to
be thermally rather stable and withstand heating in toluene at
60 8C for 6 h. The structure of complex 31bwas established by
X-ray diffraction. The coordination sphere of the lutetium
atom can be described as a square pyramid formed by the
coordinated slightly curved OEP ligand and the CH(SiMe3)2
group. Scandium compounds 31c ± e were prepared by the
reactions of chloride (OEP)ScCl with the corresponding alkyl-
lithium reagents. According to the X-ray diffraction study,
complexes 31c,d are structurally similar to lutetium complex
31b.

Derivatives 31a,b readily react with HOC6H3Bu
t
2-2,6,

ButC:CH and H2O to give monomeric phenoxide
(OEP)Ln(OC6H3Bu

t
2-2,6), dimeric acetylenide [(OEP)Ln.

.(m-C:CBut)]2 and dimeric hydroxide [(OEP)Ln(m-OH)]2,
respectively. Unlike compounds 2 and 17a,b, complexes 31a,b
do not react with hydrogen even under a pressure of 25 atm
(25 8C).47 Scandium derivatives 31c ± e readily bind at the
C=O double bond of carbon monoxide and at the C=N
double bond of xylyl isocyanate; however, the reactions afford
inseparable mixtures of products. The reactions of methyl
derivative 31c with CO2 and acetone also readily proceed at
room temperature to give, respectively, the acetate and tert-
butoxide complexes.48

trans-N,N-Dimethylated porphyrinogen (PORF) was used
as a convenient polydentate ligand, which allowed the syn-
thesis of monomeric alkyl complexes of trivalent samarium
32a,b containing no coordinated solvent molecules, halide ions
or alkali metals.49

The divalent samarium derivative (PORF)Sm(THF)2 was
used as the starting compound. The oxidation of this com-
pound with tert-butyl chloride followed by the treatment with
the corresponding derivative RLi afforded complexes 32a,b,
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their structures were confirmed by X-ray diffraction (the ethyl
groups are omitted for simplicity).

Unlike metallocene-type samarium methyl complexes,
complex 32a appeared to be rather inert. This compound
does not activate C7H bonds in benzene, alkenes or diethyl
ether.

d. Complexes with monoanionic N,O-containing amide ligands
Bidentate monoanionic amide ligands containing an addi-
tional donor group, [Me2Si(NBut)(OBut)]7 (L), have been
proposed for the first time as an alternative to cyclopentadienyl
ligands.50, 51 The monomeric five-coordinate yttrium complex
L2YCH(SiMe3)2 (33) was synthesised by the exchange reaction
of chloride L2Y(m-Cl)2Li(THF)2 with (Me3Si)2CHLi. Com-
pound 33 reacts with hydrogen in THF to give unstable
hydride [L2Y(m-H)]2, which was characterised in solution by
1H and 13C NMR spectroscopy. The reactions of complex 33
with alkynes RC:CH (R=Me3Si or But) are accompanied
by the Y7C and Y7N bond cleavage to form acetylenides
(RC:C)3Y; however, PhC:CH undergoes polymerisation in
this reaction. The reaction of derivative 33 with excess of
MeC:N is accompanied by the C7H bond activation and
elimination of bis(trimethylsilyl)methane. The subsequent
insertion of one equivalent of MeC:N at the Y7C bond
and the 1,3-proton shift give rise to complex 34 (Scheme 4).
The C7H bond activation was observed also in the reactions
of complex 33 with pyridine, methylpyridine and ethylpyr-
idine. The X-ray diffraction study of complexes 33 and 34
showed that this ligand system is bulkier than the Z5-C5Me5
ligand.

e. Complexes with dianionic N,O-containing diamide ligands
The tridentate dianionic ligand containing two oxygen-bridged
amido-containing fragments, [2-ButNC6H4)2O]27, was used 52

for the synthesis of five-coordinate yttrium complex 35. The
structure of the latter was determined by X-ray diffraction.

Doubly deprotonated 4,13-diaza-18-crown-6 (DAC)
proved to be suitable coordination environment for the syn-
thesis of the yttrium derivative (DAC)YCH2SiMe3 (36).53, 54

The reaction of complex 36 with phenylacetylene produces
an equilibrium mixture of butatrienediyl {[(DAC)Y]2Y.
.(m-PhC=C=C=CPh)} and dimeric acetylenide
([(DAC)Y(m-C:CPh)]2) complexes.

f. Complexes with monoanionic N,P-containing amide ligands
Being soft Lewis bases, neutral phosphines are considered as
unsuitable ligands for coordination to hard rare-earth metal
ions.55 The coordination of the phosphine groups to rare-earth
metal atoms was achieved with the use of the monoanionic
amide ligand [N(SiMe2CH2PMe2)2]7 containing two PMe2
fragments in the side chains (Scheme 5).

The exchange reaction involving yttriumor lutetium chloro
complexes (37) and phenyllithium or benzylpotassium pro-
duced 56, 57 the corresponding derivatives 38a ± c. An attempt
to synthesise 58 allyl derivatives of yttrium by the reaction of
complex 37awith AllMgCl led to the replacement of one of the
amide ligands to form compound 39, rather than to the
expected substitution of the chlorine atom. Complexes 38a ± c
are thermally unstable and are involved in cyclometallation at
the methylene group to give metallacyclic derivative 40.59
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Scheme 5

g. Complexes with dianionic N,P-containing amide ligands
The macrocyclic dianionic bis(amidophosphine) ligand
[PhP(CH2SiMe2NSiMe2CH2)2PPh]27 (P2N2) was used for
the synthesis of rare-earth metal alkyl and aryl complexes.
The reactions of [(P2N2)Ln(m-Cl)]2 (Ln=Y (41), Ho, Yb or
Lu) with (Me3Si)2CHLi and Me3SiCH2Li in toluene produce
the corresponding derivatives (P2N2)LnR [Ln=Y,
R=CH(SiMe3)2, CH2SiMe3 (42); Ln=Ho, R=CH2SiMe3;
Ln=Yb, R=CH2SiMe3; Ln=Lu, R=CH2SiMe3],
whereas the arylation of these complexes strongly depends on
the ionic radius of the metal atom.60, 61 For example, the
reactions of Y and Ho complexes with phenyllithium and
biphenylyllithium are accompanied by the dimerisation of
aryl radicals to form the dinuclear complexes [(P2N2)2Ln]2.
.(m-Z6:Z6-Ph2) [Ln=Y (43) or Ho] and [(P2N2)2Y]2[m-Z6:Z6-
(C6H4-Ph-p)2] containing the biphenyl or quaterphenyl di-
anion, respectively (Scheme 6).

Scheme 6

The slow transformation of complex 42 into dimer 43 in
benzene at room temperature accompanied by elimination of
tetramethylsilane was observed. For ytterbium having a

smaller ionic radius, the phenyl derivative (P2N2)2YbPh was
isolated and characterised by X-ray diffraction. The presence
of THF appeared to be the decisive factor for the suppression
of the dimerisation of the aryl radicals. For example, the
yttrium aryl complex was isolated as the adduct with THF,
(P2N2)Y(C6H4Me-4)(THF), in the reaction of [(P2N2)Y.
.(m-Cl)]2 with p-tolyllithium in a toluene ±THF mixture.61

h. Complexes with monoanionic alkoxide ligands
The five-coordinate neodymium alkyl complex L2Nd.
.(CH2SiMe3)(THF)2 (44) containing two sterically hindered
phenoxide ligands L was obtained in a mixture with the
derivative LNd(CH2SiMe3)2 by the reaction of neodymium
tris(phenoxide) with the corresponding magnesium derivative
in a toluene ±THFmixture.62 The structure of complex 44 was
confirmed by X-ray diffraction.

Yttrium compound 45a and ytterbium compound 45bwith
the Danip ligand containing two o-anisole fragments were
synthesised by the successive exchange reactions of LnCl3
with one equivalent of (Danip)Li and two equivalents of
KOC6H3Pr

i
2-2,6 in THF.63 In complex 45b, the ytterbium

coordination sphere involves one carbon atom and two oxygen
atoms of the 2,6-di(o-anisolyl)phenyl fragment and two oxygen
atoms of the 2,6-diisopropylphenoxide ligands, i.e., the coor-
dination number is 5. The compound of yttrium having a larger
ionic radius 64 was isolated as the adduct with THF (45a); the
coordination number of the metal atom in this adduct is 6.

i. Complexes with dianionic alkoxide ligands
Derivatives containing biphenyl-2,20-diolate and 1,10-bi-
naphthyl-2,20-diolate anions represent complexes with dian-
ionic alkoxide ligands. Compounds 46 and 47were synthesised
for the first time 65 by the reaction of substituted biphenyldiol
or binaphthyldiol with the La[CH(SiMe3)2]3 complex
(Scheme 7).

The reaction of complex 47with CO is accompanied by the
insertion of the latter at the La7C bond followed by the 1,2-
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migration of the SiMe3 group to form enolate [1,10-(2-OC10H5.
.SiPh3-3)2]La[OC(SiMe3)=CHSiMe3].65

An analogous approach was used for the preparation of
rare-earth metal alkyl and aryl complexes containing the
enantiomerically pure (R)-Biphen 66 and (R)-Binol-SiAr3
ligands.67, 68

Complex 48 was isolated 66 as the dimer formed by two
bridging aryloxide groups. The treatment of this complex with
excess THF leads to dissociation of the dimer and the for-
mation of adduct 49.66

The Binol-SiAr3 derivatives are monomeric.67, 68 Com-
pounds 50 and 51 can be given as examples.

j. Complexes with monoanionic N,O-alkoxide ligands
Among bidentate N,O-alkoxide ligands, salicylaldiminate
ligands are most widely used in the synthesis of alkyl deriva-
tives. The elimination of substituted alkane in the reactions of
2-iminomethylphenols with trialkyl derivatives was demon-
strated 69 ± 71 to be a convenient procedure for the preparation
of such complexes, whereas the exchange reactions do not
produce the target compounds in good yield. The reactions of
the Ln(CH2SiMe2R)3(THF)n compounds (Ln=Sc or Y;
R=Me or Ph; n=1 or 2) with two equivalents of 2-iminome-
thylphenol LH afford complexes 52a ± k in high yields.69 ± 71

Compound 52 Ln Ar R n

a Sc Ph Ph 1

b Y Ph Ph 2

c Sc 2-PriC6H4 Ph 1

d Y 2-PriC6H4 Ph 1

e Sc Mes Me 0

f Y Mes Ph 1

g Y Mes Me 0

h Sc 2,6-Pri2C6H3 Me 0

i Sc 2,6-Pri2C6H3 Ph 0

j Y 2,6-Pri2C6H3 Ph 0

k Y 2,6-Pri2C6H3 Me 0

Thermal stability of the reaction products substantially
depends on the bulkiness of the substituent at the nitrogen
atom. The complexes with the substituentsAr=Ph, 2-PriC6H4

or Mes are unstable and slowly decompose in the temperature
range from 720 to +20 8C, in the case of Ar=Ph or
2-PriC6H4 the decomposition being accompanied by the
migration of the CH2SiMe2R group to the aldimine carbon
atom (structure A), whereas the ortho-methyl substituents of
the aryl group are metallated in the case of Ar=Mes (struc-
ture B).70

Me But

Me O7

O7

But

Me

Me

Biphen

SiAr3

O7

O7

SiAr3

Binol-SiAr3

48 Me

Me

But

MeBut

Me
O

La

O

R

La
O

Me

ButMe

But

Me

Me

O

R

49

O

Me

ButMe

But

Me

Me

O
La CH(SiMe3)2

THF

Ar = Ph, 3,5-Me2C6H3.

Ln = Sc, Y, Lu; Ar = Ph, 3,5-Me2C6H3 .

O
La

O

SiAr3

SiAr3

CH(SiMe3)2

THF

THF

51

O
Ln

O

SiAr3

SiAr3
Me2N

NMe2

CH2Ph

50

Ln

O

O

N

N (THF)n

CH2SiMe2R
Ln(CH2SiMe2R)3(THF)n

2 LH

7SiMe3R

52a ± k

L = = .But

O7 N
Ar

O

N

La[CH(SiMe3)2]3

OH

OH

But

ButBut

But

SiPh3

OH

OH

SiPh3

O

O

But

ButBut

But

La

(THF)n

SiPh3

O

O

SiPh3

La

OEt2

46a,b
n= 1 (a), 3 (b)

47

CH(SiMe3)2

CH(SiMe3)2

Scheme 7

1056 A A Trifonov



On the contrary, five-coordinate derivatives of the bulkiest
ligand with Ar=2,6-Pri2C6H3 (compounds 52h ± k) are char-
acterised by high thermal stability and decompose in the
toluene solvent only upon prolonged heating at 140 8C. This
reaction is accompanied by metallation of one methyl group of
the isopropyl substituent.71

The reaction of the trialkyl complex Y(CH2SiMe3)3(THF)
with iminomethylphenol 2-(CyN=CH)-6-ButC6H3OH (LH)
produced the monoalkyl yttrium derivative L2Y(CH2SiMe3).
.(THF) even when the starting compounds were taken in
equimolar amounts.72

k. Complexes with dianionic N,O-alkoxide ligands
In recent years, sterically hindered polydentate bis(phenoxide)
ligands containing additional donor groups capable of coordi-
nating to metal atoms have found wide use in the chemistry of
rare-earth organometallic compounds. The reaction of
Y(CH2SiMe3)3(THF)2 with bis(phenol) 53 was demon-
strated 73 to proceed selectively to give six-coordinate yttrium
complex 54 in good yield.

The X-ray diffraction and NMR spectroscopic data pro-
vide evidence that the methoxy group is coordinated to the
metal atom in complex 54 both in the crystalline state and in
nonpolar solvents. It should be noted that complex 54 is
inactive in the ethylene polymerisation.

An analogous approach was used 74 for the synthesis of
scandium complex 55 with the bis(phenoxide) ligand contain-
ing the tertiary amine and pyridine groups.

Erbium and ytterbium complexes (56a,b) with the related
bis(phenoxide) ligand containing two amino groups were
synthesised from metal trichlorides by the successive exchange
reactions. The structure of compound 56b was established by
X-ray diffraction.75

Yttrium alkyl complex 57 stabilised by the substituted
tetradentate N,N 0-ethylenebis(salicylaldiminate) ligand was
also prepared by the exchange reaction; however, the bis(di-
methylsilyl)amide fragment was used in the latter case as the
leaving group.76

2. Heterobimetallic alkyl complexes
a. Complexes with monoanionic N-containing ligands
Monoanionic monodentate amide ligands have found little use
in the synthesis of alkyl derivatives of rare-earth elements. The
sterically hindered N-(2,6-diisopropylphenyl)trimethylsilyl-
amide ligand was used 77 for the first time for the preparation
of the bis(arylamido) chloride complexes [N(C6H3Pr

i
2-2,6).

.(SiMe3)]2LnCl(THF) (Ln=Nd or Yb). The reactions of
these compounds with methyllithium (in a molar ratio of 1 : 2)
in a toluene ± diethyl ether mixture produce ate complexes
58a,b.78 The X-ray diffraction study showed that only one of
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two methyl groups serves as a bridge between the lanthanide
and lithium atoms.

Ate complexes containing monoanionic bidentate ami-
dinate and guanidinate ligands, L2Ln(m-Me)2Li(TMEDA)
[L=PhC(NSiMe3)2, Ln=Y (59a);26 L=(Me3Si)2NC(NPri)2,
Ln=Y,29 Nd (59b), Yb (59c);79, 80 L= (Me3Si)2NC(NCy)2,
Ln=Y;30 TMEDA is N,N,N 0,N 0-tetramethylethylene-
diamine], were synthesised by the reactions of the correspond-
ing chlorides [L2Ln(m-Cl)]2 or L2Ln(m-Cl)2Li(B)n (B=THF,
DME or Et2O) with two equivalents ofMeLi in the presence of
excess TMEDA. The reaction of complex 59a with ButC:CH
afforded the corresponding heterobimetallic acetylenide
L2Y(m-C:CBut)2Li(TMEDA).

b. Complexes with dianionic amide ligands and N-containing
macrocycles
The synthesis of derivatives of the dianionic tridentate 2,6-
diiminopyridine ligand, in which the neodymium and lithium
atoms are linked by two bridging methyl ligands or one methyl
ligand and one chloride ligand, respectively, [2,6-{2,6-
Pri2C6H3NC(=CH2)}2C5H3N]Nd(m-Me)(m-X)[Li(THF)2] (X=
Me or Cl), was documented.39

The octaethylporphyrin derivative of yttrium (OEP)Y.
.(m-Me)2Li(OEt2), which was synthesised 47, 81 by the reaction
of phenoxide (OEP)Y(OC6H3Bu

t
2-2,6) withMeLi (in a ratio of

1 : 2), belongs to heterobimetallic alkyl complexes with di-
anionic N-containing ligands.

Trivalent samariummethyl and vinyl complexes 60a,bwith
the octaethylcalix-tetrapyrrole ligand (Et8-calix-pyrrole) were
synthesied 82 by the reactions of chloride (Et8-calix-pyrrole).
.SmCl[Li2(THF)3] with the corresponding lithium reagents
RLi (R=Me, CH2=CH). The alkylation of the dinuclear
complex (Et8-calix-pyrrole)Sm2{(m-Cl)2[Li(THF)2]}2 affords
tetramethyl complex 61.83 (The ethyl groups in structures 60
and 61 are omitted for clarity.)

c. Complexes with dianionic N,O-containing diamide ligands
The tetradentate ligand, in which two 2-amino-4-methyl-
pyridine (Ap) fragments are linked by the siloxane bridge
O(SiMe2)2, was used 84 for the synthesis of heterobimetallic
yttrium complex 62.

In the study of the reaction of the SmIII bis(trimethylsilyl)-
amide complex ontaining the trans-dioxaporphyrinogen ligand
(PORFO) with amide NaN(SiMe3)2,85 the process was found
to be accompanied by activation of one C7H bond of the
trimethylsilylamide group and produces metallacyclic g-alkyl-
amide complex 63 (the ethyl groups are omitted).

d. Complexes with alkyl- and aryloxide ligands
The reaction of Sm(OC6H3Pr

i
2-2,6)3 with three equivalents of

Me3SiCH2Li in toluene produced heterobimetallic trinuclear
samarium complex 64,86 in which the metal atom is coordi-
nated by one terminal CH2SiMe3 group, one bridging
CH2SiMe3 group and three bridging aryloxide ligands (coor-
dination number of Sm is 5).
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Bimetallic four-coordinate yttrium complex 65 was syn-
thesised 87 by two successive exchange reactions of YCl3 with
two equivalents of (Me3Si)2CHLi and two equivalents of
LiOBut. The structures of complexes 64 and 65 were estab-
lished by X-ray diffraction. The coordination environment of
the yttrium atom can be described as a distorted tetrahedron
formed by two terminal CH(SiMe3)2 groups and two bridging
tert-butoxide groups. The formation of yttrium ate complex
66, which is a separated ion pair, was observed 88 in the reaction
of YCl3 with Me3SiCH2Li and LiOC6H3Pr

i
2-2,6 (in a ratio of

1 : 2 : 2). The analogous reaction of the lutetium complex also
produced ionic complex 67 consisting of the discrete cation and
anion; however, this complex does not contain LiCl. It should
be noted that complex 66 contains the unusual
[{Li(THF)3}2Cl]+ cation.

The formation of the heterodinuclear complex
Li[Y(OSiButAr2)(OC6H3Bu

t
2-2,6)(CH2SiMe3)2] (Ar=C6H4.

.CH2NMe2-2) by the reaction of the derivative
Y(OSiButAr2)(OC6H3Bu

t
2-2,6)2 with two equivalents of

Me3SiCH2Li was documented.89

e. Adducts of rare-earth metal complexes with trialkylaluminium
Due to the catalytic activity of the Ziegler ±Natta systems
based on rare-earth metal complexes in the alkene and diene
polymerisation, considerable attention has been given to the
reactions of their tris(amides) and tris(alkoxides) with various
trialkyl derivatives of aluminium. These reactions produce
heterobimetallic complexes containing the Ln7C bond. The
reaction of Nd(NPri2)3(THF) with 3 equivalents of AlMe3 was
found 90 to be accompanied by the Nd7C bond formation to
give the heterobimetallic trinuclear complex with three bridg-
ing methyl groups, Nd(NPri2)[(m-Me)AlMe2][(m-Me)2AlMe2].
The seven-coordinate neodymium complex [{Me2Al(m-Me2)}2.
.Nd(m3-NPh)(m-Me)AlMe]2 containing the m3-imide ligandwas
synthesised 91 by the reaction of [Nd(NHPh)3(KCl)3] with
Al2Me6. Four sites in the neodymium coordination sphere are
occupied by two chelating anions [(m-Me)AlMe2]7, and three
sites are occupied by the tridentate group (m3-NPh)(m-Me).
.AlMe. The yttrium octaethylporphyrin complex (OEP)Y.

.(m-Me)2AlMe2 was synthesised 47, 81 by the reaction of 2 equi-
valents of AlMe3 with (OEP)Y(m-Me)2Li(OEt2).

Studies of the reactions of lanthanide aryloxides with AlR3

showed that they can produce adducts of different composition
depending on the bulkiness of the ArO group and the ionic
radius of the lanthanide atom. For example, the reaction of
Ln(OC6H3Pr

i
2-2,6)3 with AlR3 (in a ratio of 1 : 4) produced the

trinuclear complexes Ln(OC6H3Pr
i
2-2,6)[(m-OC6H3Pr

i
2-2,6).

.(m-R)AlR2]2 [Ln=La or Sm; R=Me or Et;92, 93 Ln=Y,
R=Me (Ref. 94)]. Lanthanum aryloxide containing the
bulkier 2,6-di-(tert-butyl)phenoxide groups OAr (Ar=C6H3.
.But2-2,6 or C6H2Bu

t
2-2,6-Me-4) reacts with AlMe3 to form the

dinuclear complex La(OAr)3(AlMe3).94 The reactions of aryl-
oxides of rare-earth metals having a smaller ionic radius
produce the monotetramethylaluminate complexes Ln(OAr)2.
.[(m-Me)2AlMe2] (Ln=Y or Lu; Ar=C6H3Bu

t
2-2,6,

C6H2Bu
t
2-2,6-Me-4 or C6H2Bu

t
3-2,4,6).

94 The reaction of the
trinuclear complexY3(OBut)7Cl2(THF)2 withAlMe3 in hexane
afforded 95 bimetallic complexes, in which the yttrium and
aluminium atoms are linked by the bridging methyl ligands
Y[(m-OBut)(m-Me)AlMe2]3 or (ButO)(THF)Y[(m-OBut)(m-Me).
.AlMe2]2. The mono- and bis(tetraalkylaluminate) complexes
[Me2Al(O2CC6H2Pr

i
3-2,4,6)2]2Ln[(m-Me)2AlMe2] and

{Ln(O2CC6H2Bu
t
3-2,4,6)[(m-Me)2AlMe2]2}2 were synthes-

ised 96, 97 by the alkylation of rare-earth carboxylates
[Ln(O2CC6H2R3-2,4,6)3]n (R=Me, Pri or But; Ln=Y, La
or Nd) with trialkylaluminium AlR3 (R=Me or Et).

3. Dialkyl and diaryl complexes
Rare-earth metal dialkyl complexes have attracted increasing
attention as the starting compounds for the synthesis of
cationic alkyl derivatives serving as active alkene polymer-
isation and co-polymerisation catalysts.98, 99 Half-sandwich
dialkyl complexes were considered in special sections of recent
reviews.100, 101

a. Complexes with monoanionic N-containing ligands
The synthesis, structures and reactivities of yttrium, scandium
and lanthanide dialkyl complexes (68a ± f) stabilised by bulky
benzamidinate ligandswere documented.102, 103 The complexes
were synthesised by elimination of tetramethylsilane in the
reactions of amidine with the trialkyl compounds Ln(CH2Si.
.Me3)3(THF)2. Derivatives of metals having a smaller ionic
radius contain one coordinated THF molecule (compounds
68b,f), whereas the coordination number of the central atom in
complexes of metals with larger ionic radii (68a,c ± e) increases
to 6 as a result of coordination of an additional THFmolecule.

Yttrium dialkyl complex 69 can also be prepared by the
exchange reaction with a less bulky tridentate amidinate ligand
containing an additional amino group in the substituent.33 An
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attempt to apply this procedure to the synthesis of the dibenzyl
derivative led to the formation of ate complex 70, in which the
Y and Li atoms have the coordination numbers 6 and 4,
respectively. Therefore, a decrease in the volume of the s-
bonded ligand (CH2Ph instead of CH(SiMe3)2) leads to sub-
stantial changes in the coordination environment of the Y
atom. Thus, the amidinate ligands are coordinated only by two
N atoms, whereas the nitrogen atom of the amino group is
coordinated to the lithium ion.

A bidentate anilido-imine ligand was used 104 for the syn-
thesis of yttrium dialkyl complexes 71a,b.

A series of lanthanide dialkyl complexes 72 containing the
chiral bidentate bis(oxazoline) ligands (Box) were synthesised
in situ by elimination of alkane from the corresponding
derivatives Ln[CH(SiMe3)2]3 in the reactions with BoxH. The
lutetium complex was isolated from the reaction mixture and
its structure was established by X-ray diffraction.105

b-Diketiminate ligands have found wide use in the syn-
thesis of four-coordinate scandium dialkyl complexes. The
[ArNC(R1)CHC(R1)NAr]ScR2

2(THF)n complexes (73a ± i)
(Ar=2,6-Pri2C6H3) were synthesised 106, 107 by the alkylation
of the corresponding dichlorides [ArNC(R1)CHC(R1).
.NAr]ScCl2(THF)n (n = 0 or 1).

It should be noted that only derivative 73a
(R1=R2=Me) contains one coordinated THF molecule.
For derivatives bearing larger substituents R1 and R2, n=0.
This synthetic approach allows the preparation of the mixed
alkyl derivatives [ArNC(But)CHC(But)NAr]ScMe(CH2.
.SiMe3) and dialkyl derivatives containing no coordinated
Lewis bases. The high potential of these ligands in stabilisation
of rare-earth organometallic compounds is demonstrated by
the fact that even diethyl derivatives, which are generally very
unstable because of the tendency to undergo b-hydride elimi-
nation, can be isolated in the presence of b-diketiminate
ligands. The structures of complexes 73a,c,e,h,i were estab-
lished by X-ray diffraction. The dimeric dimethyl complex
[{ArNC(Me)CHC(Me)NAr}ScMe2]2 is involved in the dispro-
portionation with dichloride [{ArNC(Me)CHC(Me).
.NAr}ScCl2]2 to give the alkyl chloride derivative [{ArNC.
.(Me)CHC(Me)NAr}ScClMe]2.108 The reactions of complexes
73h,i with BunP=Te are accompanied by the insertion of the
tellurium atom at the Ln7C bond to form the corresponding
tellurolates [ArNC(Me)CHC(Me)NAr]Sc(TeCH2SiMe3)2.109

The synthesis and structure of lutetium complex 74 con-
taining the tridentate anilido-pyridine-imine ligand were docu-
mented.110

Recently, monoanionic tetradentate amide ligands have
been designed 111, 112 and used in the synthesis of yttrium
(75a,b) and lanthanum (75c) dialkyl complexes. It should be
noted that the use of a ligand in which the 1,4,7-triazacyclo-
nonane and amide fragments are dimethylene-bridged allows
the isolation of the lanthanum dialkyl complex. In the case of
the ligand containing the shorter silylene (SiMe2) bridge, the
reaction is accompanied by the metallation of one methyl
group resulting in the formation of dimer 76.
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The monoanionic tetradentate ligands
[(Me2NCH2CH2)2N7X7NBut]7 [X= (CH2)2 (L1) or
SiMe2 (L2)], in which three neutral amine fragments are not
linked together to form a rigid ring, were used 113 for the
synthesis of yttrium derivatives. The reaction of L1H with
Y(CH2SiMe3)3(THF)2 produces complex 77, whereas the
reaction of this starting compound with L2H is accompanied
by the rapid metallation of one methyl group to form metal-
lacyclic product 78. The C7H bond activation was observed
also upon storage of compound 77 in deuterobenzene at room
temperature for 8 h resulting in the formation of com-
pound 79.

The synthesis of yttrium dialkyl and diphenyl complexes
containing the dimethyl tris(pyrazolyl)borate ligands
TPB-Me2 and (TPB-Me2)YR2(THF) (R=Me, But,
CH2SiMe3 or Ph) was documented.114 Unfortunately, these
compounds were characterised only by spectroscopic methods
and elemental analysis.

The deprotonation of aza-18-crown-6 (MAC) with the
yttrium derivative Y(CH2SiMe3)3(THF)2 affords complex 80
in which the metal atom is located in the centre of the cavity of
the hexadentate macrocyclic ligand, and the CH2SiMe3 groups
are in axial positions.115

b. Complexes with monoanionic O-containing ligands
The only dialkyl derivative containing an aryloxide ligand is
known. An X-ray diffraction study showed 87 that compound
81 exists as a monomer in the crystalline state.

c. Complexes with monoanionic N,O-containing aryloxide ligands
Salicylaldiminate ligands containing substituents of different
bulkiness in the aromatic rings of the phenol and imine frag-
ments were used for the synthesis of scandium and yttrium
dialkyl complexes. The reactions of equimolar amounts of the
Ln(CH2SiMe3)3(THF)2 compounds (Ln=Sc or Y) with the
2-(MesN=CH)-6-ButC6H3OH (L1H) ligand produce trigo-
nal-bipyramidal five-coordinate complexes 82a,b. Scandium
compound 82a is stable in a toluene solution at room temper-
ature, whereas yttrium analogue 82b undergoes disproportio-
nation to form the homoligand complex L1

3Y. The scandium
derivative L2Sc(CH2SiMe3)2(THF) was isolated also in the
reaction with the iminomethylphenol 2-(CyN=CH)-6-
ButC6H3OH (L2H).72 The reaction of L2H with the yttrium
compound produces the six-coordinate complex
L2
2Y(CH2SiMe3)(THF) containing two phenoxy-imine ligands

and one CH2SiMe3 group regardless of the reactant molar
ratio.
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The related ligand with the bulkier diisopropylphenyl
substituent at the nitrogen atom, 2-(2,6-Pri2C6H3N=CH)-6-
ButC6H3OH (L3H), was used in the study.71 An analogous
synthetic approach allowed the synthesis of the yttrium alkyl
complexes L3Y(CH2SiMe2R)2(THF)n (R=Me or Ph; n=1
or 2); however, a mixture of products was obtained in the case
of the scandium complex.

Phenols containing the 1,3,5-triazacyclononane fragment
as the substituent were used 116 as polydentate ligands in the
synthesis of scandium derivatives 83.

d. Complexes with monoanionic N,P-containing amide ligands
A series of scandium dialkyl complexes 84a ± c containing the
amidodiphosphine ligand were synthesised 117 by the exchange
reaction of the dichloride [N(SiMe2CH2PPr

i
2)2]ScCl2(THF)

with 2 equivalents of the corresponding alkyllithium reagents.
An X-ray diffraction study of compounds 84b,c showed that
the complexes aremonomeric in the crystalline state and have a
distorted trigonal-bipyramidal structure. In the cited study, the
reactions of complexes 84 with CO, H2, CH3I, nitriles, iso-
cyanides and silanes were investigated; however, all these
reactions are accompanied by decomposition of the starting
compound and give complex mixtures of products.

III. Cationic alkyl complexes

The first cationic rare-earth metal complex containing the
substituted alkyl group, [La(Z5-C5Me5){CH(SiMe3)2}.
.(THF)n]+[BPh4]7 , was synthesised in 1992.118 This class of

compounds has attracted considerable interest after the dis-
covery 119 of the catalytic activity of cationic scandium com-
plexes in the ethylene polymerisation.

Cationic complexes 85a ± f with bulky benzamidinate
ligands were synthesised 102, 103 by the reactions of the corre-
sponding dialkyl derivatives with the Brùnsted acid
[PhNMe2H]+[BPh4]7 in THF. The structures of compounds
85a ± e were established by X-ray diffraction.

Cationic derivatives can also be prepared by the transfer of
one organic ligand, which is coordinated to the metal atom
through the M7C s-bond, to a strong electrophile. For
example, the reaction of the scandium dibenzyl complex
containing the b-diketiminate ligand with the Lewis acid
B(C6F5)3 produces cationic compound 86.106 Unlike com-
plexes 85a ± f, compound 86 exists as a contact ion pair, in
which the aromatic ring of the benzyl group is Z6-coordinated
to the metal atom.

The reactions of rare-earth metal dialkyl complexes with
Lewis acids can produce different cationic complexes depend-
ing on the reactant ratio (Scheme 8), as was exemplified 120 by
scandium dimethyl complex 73c containing the b-diketiminate
ligand with the bulkier tert-butyl substituents at the imine
carbon atoms.

For example, the reaction of 73c with B(C6F5)3 in a molar
ratio of 1 : 0.5 affords dinuclear cationic complex 87, in which
two metal atoms are linked by the bridging methyl group. This
complex is unstable and decomposes with the evolution of
methane. If the reactants are used in a ratio of 1 : 1, the reaction
produces monomeric compound 88 existing as an ion pair in
which the counterions are linked together by the bridging
methyl ligand and by a weak interaction between the scandium
atom and the fluorine atom in the ortho position of one of the
C6F5 rings. This compound is stable in the solid state at
730 8C; however, in solution it undergoes decomposition
accompanied by the evolution of methane and the metallation
of the isopropyl group. 1HNMR spectroscopic studies showed
that the ion pair is not dissociated in solution. The treatment of
complex 73c with two equivalents of B(C6F5)3 affords doubly
charged cationic derivative 89.
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Cationic scandium alkyl complex 90, which exists as a
solvent-separated ion pair and contains the bromobenzene
molecule Z6-coordinated to the metal atom in the cationic
moiety, was synthesised 121 by the reaction of [ArNC(Me).
.CHC(Me)NAr]ScMe2 with [Ph3C][B(C6F5)4] in bromoben-
zene. In the reactions of complex 90 with arenes having a
higher basicity (C6H6, C6H5Me or C6H3Me3) compared to
bromobenzene, the arenes replace the PhBr molecule in the
metal coordination sphere.

The reactions of the scandium dialkyl complexes
[ArNC(R1)CHC(R1)NAr]ScR2

2 (R1=Me or But; R2=Me,
CH2SiMe3 or CH2But) with B(C6F5)3 and B(C6F5)(BPF) (BPF
is perfluorinated biphenyl-2,20-diyl, C12F8), the properties of
the resulting cationic complexes and the dynamics of the
constituent contact ion pairs were described.122 It was found
that cationic derivatives of less bulky b-diketiminate ligands
containing methyl substituents at the imine carbon atoms are
less stable, and the migration of one C6F5 group from the
boron atom to the metal atom is observed in a toluene solution
(Scheme 9). For complexes containing But-substituted b-dike-
timinate ligands, this migration is not typical. At room tem-
perature, these compounds are rather stable. However, the
metallation of the methyl group of the isopropyl fragment
occurs at high temperatures (308 ± 323 K).

Scheme 9

Ar=2,6-Pri2C6H3; R=Me, CH2SiMe2CH2SiMe3, CH2SiMe2CH2-

But.

Cationic yttrium organometallic derivatives 91 containing
the anilido-imine ligand were synthesised as a result of the
migration of one CH2SiMe2R group (R=Me or Ph) in
complexes 92 to B(C6F5)3.104

It was demonstrated 110 that the reactions of compounds
containing twoM7C bonds with Lewis acids can have a more
complex mechanism. For example, the reaction of lutetium
complex 74 with B(C6F5)3 in THF is accompanied by elimi-
nation of one methyl group from the SiMe3 fragment to form a
new Si7C bond, resulting in the formation of the fragment
CH2SiMe2CH2SiMe3 in complex 93.110

The fact that the reaction of B(C6F5)3 with complex 80 in
THF produces the cationic derivative [(MAC)YCH2SiMe3].
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.[B(C6F5)3CH2SiMe3] was confirmed by multinuclear NMR
spectroscopy. This compound is very unstable at room temper-
ature and decomposes within a few minutes to give tetrame-
thylsilane.115

It was found 113 that the protonation in the reactions of the
Brùnsted acid [PhNMe2H][B(C6F5)4] with complexes 77 and 79
proceeds differently (at the Y7CH2SiMe3 or Y7CH2N bond
for compounds 77 and 79, respectively) but gives the same
cationic derivative 94.

IV. Hydride complexes

Metallocene-type rare-earth metal hydride complexes exhibit
unique reactivity 123 and still remain among the most pro-
mising catalysts. Most of the known rare-earth metal hydride
complexes are dimeric.3, 123 The only reliably characterised
monomeric hydride [1,3,4-But3C5H2]2CeH containing the
bulky cyclopentadienyl ligands was described as late as in
2005.124 Hydride complexes are most often synthesised by the
Ln7C s-bond cleavage with molecular hydrogen 125, 126 or
phenylsilane.127

The development of post-metallocene chemistry of rare-
earth metal hydride complexes has started in recent years.
Benzamidinate complex 10, which was prepared by the hydro-
genolysis of compound 2 at 3 atm and 40 8C in benzene (see
Scheme 1), was the first and, for many years, the only hydride
complex containing no cyclopentadienyl ligands.

Complex 10 is rather stable in hydrocarbon solvents up to
100 8C; however, it reacts with the C7O bond of THF and
also binds to the C7N bonds of acetonitrile and pyridine to
form the [{PhC(NSiMe3)2}2Y(m-N=C(H)Me)]2 and
[PhC(NSiMe3)2]2Y(py) compounds, respectively. The reaction
of compound 10 with a-picoline is accompanied by the C7H
bond activation to give the [PhC(NSiMe3)2]2Y(Z2-(C,N)-2-
CH2NC5H4) complex.26 The reaction of complex 10 with
acetylene is accompanied by hydrogen elimination to form
dimeric acetylenide [{PhC(NSiMe3)2}2Y(m-C:CH)]2 . The
scandium analogue [{PhC(NSiMe3)2}2Sc(m-H)]2 (11a) was
synthesised 27 by the reaction of the corresponding alkyl
complex 11 with H2 (benzene or hexane, 1 atm, 20 8C). The
[PhC(NSiMe3)2]2ScMe(THF) and [PhC(NSiMe3)2]2ScMes
compounds react with H2 to give hydride 11a only at high
temperature (70 8C). Complex 11a is stable in deuterioben-
zene; no evidence of decomposition was observed even upon
heating at 60 8C overnight. Compound 11a is not involved in
the exchange reaction with D2. The dimeric structure of this

complex is rather stable, and dissociation was not observed
even after the treatment with THF. The addition of complex
11a at the triple bond of tolane affords the [PhC(NSi.
.Me3)2]2ScC(Ph)=CHPh compound.

Lutetium hydride [{(Me3Si)2NC(NPri)2}2Lu(m-H)]2 (95)
stabilised by the guanidinate ligands and containing no coor-
dinated Lewis bases was synthesised 128 by the reaction of the
[(Me3Si)2NC(NPri)2]2LuCH2SiMe3 complex with PhSiH3 (in a
ratio of 1 : 1) in hexane. This compound differs from other
bis(guanidinate)-type derivatives by the asymmetric coordina-
tion of the guanidinate ligands in two [(Me3Si)2NC(NPri)2]2Lu
fragments.

Yttrium alkyl complexes 17a,b readily react with phenyl-
silane in benzene at room temperature to form hydride 18. This
hydride can also be prepared by the hydrogenolysis of com-
pounds 17a,b under high pressure at room temperature in
deuterobenzene. The exchange of the hydride ligands for
deuterium from the solvent was observed upon storage of
hydride 18 in THF-d8. In THF, complex 18 binds to the C=C
bonds of ethylene and hex-1-ene to give the corresponding
alkyl complexes (see Scheme 2).

It was reported 37 that the hydrogenolysis of the [2,6-
Pri2C6H3N(CH2)2NC6H3Pr

i
2-2,6]YCH(SiMe3)2(THF) comp-

lex in toluene under an H2 pressure of 1.5 atm proceeds very
slowly. The hydrogenation of the Y7C bonds was accompa-
nied by the insertion of H2 at one of the two Y7N bonds of
two diamide ligands to form the trinuclear [Y3{2,6-
Pri2C6H3NH(CH2)2NC6H3Pr

i
2-2,6}2{2,6-Pr

i
2C6H3N(CH2)2N.

.C6H3Pr
i
2-2,6}(m-H)3(m3-H)2(THF)] complex.

The m3-bridging coordination of the hydride ligand linking
together the samarium atom and two lithium atoms was
observed 82 also in hydride complex 96 containing the calix-
pyrrole ligand. Complex 96 can be synthesised from methyl
derivative 60a by either the hydrogenolysis in THF at room
temperature or the treatment with phenylsilane.

The Sm7H distance in complex 96 is 2.25(7) �A, which is
substantially larger than the bond lengths in known dimeric
metallocene-type samarium hydrides (2.05 �A).129 Complex 96
is stable in THF at room temperature for several weeks or at
60 8C for several hours. Compound 96 rapidly reacts with
ethylene at room temperature and under atmospheric pressure
to form the vinyl derivative accompanied by hydrogen elimi-
nation.

Heterobimetallic five-coordinate hydride complex 97 was
prepared in 10% yield by the treatment of samarium methyl
complex 61 with phenylsilane in THF at room temperature.
The structure of complex 97 was established by X-ray diffrac-
tion. The complex contains two LiOCH=CH2 fragments,
which are formed, apparently, as a result of the cleavage of
the THF molecule under the action of two MeLi molecules.83

The second hydride-containing product, (Et8-calix-pyrrole).
.Sm(H)Li2(THF)6, was also isolated from the reactionmixture;
however, the latter product was not reliably characterised.
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The only hydride complex of lanthanides in the oxidation
state +2 (compound 98) was described. This complex was
synthesised 130 with the use of the tris(pyrazolyl)borate ligands
(TPB-Me,But) as the stabilising coordination environment.

The hydrogenolysis of alkyl complexes 52h ± k stabilised by
the salicylaldiminate ligands L was found 69, 71 to proceed
differently depending on the nature of the metal. For example,
the hydride compound that is formed in the case of scandium
immediately binds to the C=N bond of one of the ligands L,
whereas dimeric hydride 99 was isolated in the case of yttrium.
The latter complex is inert to ethylene.

The reaction of complex 34 with hydrogen was demon-
strated to produce centrosymmetric dimeric hydride
[{Me2Si(NBut)(OBut)}2Y(m-H)]2 , which was detected 50 in the

reaction mixture by 1H NMR spectroscopy. However,
attempts to isolate the hydride complex failed because this
complex undergoes disproportionation in solution to give the
[Me2Si(NBut)(OBut)]3Y compound.

The reactions of complexes 84b,c with hydrogen are
accompanied by elimination of the corresponding alkanes;
however, hydrides were not detected in the reaction mixtures,
and the 31PNMR spectra provided evidence for the presence of
a complex mixture of products.117

An attempt to synthesise the yttrium dihydride complex by
the reaction of the dimethyl derivative (TPB-Me2)YMe2(THF)
with H2 under a pressure of 8 atm at 0 8C led to the formation
of a thermally unstable complex, which was characterised by
IR spectroscopy.114

V. Non-metallocene rare-earth organometallic
derivatives in catalysis of transformations of
unsaturated substrates

1. Catalysis of alkene and diene polymerisation
Yttrium dihydride complex 10 catalyses the ethylene poly-
merisation under a pressure of 4 atm at 65 8C in deuterioben-
zene.25, 26 An increase in the monomer pressure to 70 atm
improves of the efficiency of the reaction, but the activity, on
the whole, remains low [4 (g PE) (mmol catalyst)71 h71]. The
resulting polyethylene has amolecular massMw=2.3996105,
Mn=4.636104 and a high polydispersity (Mw/Mn=5.2). It
should be noted that no yttrium organometallic derivatives,
except for complex 10, were detected in the reaction mixture by
1H NMR spectroscopy. Yttrium benzyl complex 1 also ini-
tiates the ethylene polymerisation, but the activity of this
complex is even lower than that of hydride 10. Both complexes
do not catalyse the propylene and hex-1-ene polymerisation.
No traces of oligomerisation products or allyl complexes were
found even at 80 8C. Scandium analogue 11a proved to be 27

virtually inactive in the ethylene and propylene polymerisa-
tion.

Yttrium dialkyl complex 68a with the bulky amidinate
ligand initiates the ethylene polymerisation in the presence of
the activator [PhNMe2H][B(C6F5)4] at 50 8C and a monomer
pressure of 5 atm at a high rate.102 After a polymerisation time
of 5 min, the molecular massMw of the polymer was 4.36105;
after 30 min,Mw was 1.2116106, the polydispersity being very
low (Mw/Mn=1.2). Calculations demonstrated that there is
one yttrium centre per 1.1 polymer chain in the course of
polymerisation, which is indicative of the living polymerisation
and a low probability of the chain transfer through b-elimi-
nation. It was noted that the efficiency of the catalyst decreases
with time. The catalyst efficiency was 1037 (kg PE) mol71

h71 atm71 at a reaction time of 5 min, and it was only
400 (kg PE) mol71 h71 atm71 after 30 min. It should be
noted that the six-coordinate analogue of compound 68a
containing an additional THFmolecule in the metal coordina-
tion sphere is absolutely inactive in the ethylene polymerisation
under analogous conditions. However, the addition of parti-
ally hydrogenated AlBui3 (TIBAO) to a mixture of compound
68a and [PhNMe2H][B(C6F5)4] resuts in the formation of
catalytic systems active in the ethylene polymerisation [the
efficiency is 2670 (kg PE) mol71 h71 atm71, Mw/Mn=2.1].
In the presence of TIBAO, Mw of the polymer is somewhat
lower and the polydispersity is higher (*2) than the corre-
sponding characteristics in the absence of this additive.

The catalytic activity of dialkyl amidinate complexes 68b ± f
in the ethylene polymerisation in the presence of
[PhNMe2H][B(C6F5)4] and TIBAO at 30 8C and a monomer
pressure of 5 atm was investigated.103 It was found that the
catalytic activity of the systems substantially depends on the
ionic radius of the metal atom. Scandium having the smallest
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ionic radius among the rare-earth elements, as does lanthanum
having the largest ionic radius, show low activities. The
activities of about 3000 (kg PE) mol71 h71 atm71 were
observed for metals having intermediate ionic radii (Y and
Gd). The polyethylene prepared in the presence of these
catalysts is characterised by a high molecular mass
(Mw=1.56106) and the polydispersity Mw/Mn& 2. The
conclusion was drawn that the main mechanism of the chain
transfer in this system involves the transfer of the alkyl radical
to the Al atom. It should be noted that the lutetium complex
having a small ionic radius showed a moderate activity
[342 (kg PE) mol71 h71 atm71] and gave rise to the product
with a lowpolydispersity (Mw/Mn=1.4), which is indicative of
the absence of the chain transfer, as opposed to systems with
complexes of metals with larger ionic radii.

Lutetium hydride 95 stabilised by guanidinate ligands
catalyses 128 the ethylene polymerisation; however, its effi-
ciency is low. Complex 95 belongs to a few rare-earth metal
derivatives initiating the propylene polymerisation [the activity
was 3.9 (kg PE) mol71 h71 atm71]. Compound 95 is also
efficient in the styrene polymerisation at room temperature
and allows the preparation of polymers with a high molecular
mass Mw=1.256106 and a rather low polydispersity
Mw/Mn=1.54.

Heterobimetallic bis(guanidinato)alkyl complexes 59b,c
initiate the styrene polymerisation 79 in the temperature range
of 70 ± 100 8C. It should be noted that the reaction does not
proceed at 55 8C; at 100 8C, the yield of the polymer is
substantially lower, which was accounted for by the deactiva-
tion of the catalysts at high temperatures. The polystyrene
samples have molecular masses in a range of (1.72 ± 5.89)6104

and rather low polydispersities (*2), which increase with
temperature. Studies of the microstructures of the resulting
polymer samples showed that they are predominantly atactic.
However, the macromolecules contain from 53% (70 8C) to
28% (85 8C) of syndiotactic fragments depending on the
polymerisation temperature.

In spite of numerous investigations on the synthesis of rare-
earth metal complexes with b-diketiminate ligands, data on
their catalytic activity are scarce. Scandium dimethyl complex
73c showed high catalytic activity in the ethylene polymer-
isation [300 ± 1200 (kg PE) mol71 h71 atm71] in the presence
of B(C6F5)3 or [Ph3C][B(C6F5)4] as the activator and
poly-(methylalumoxane) (MAO) as the cocatalyst at
50 8C.120 This complex allows the preparation of polyethylene
with a high molecular mass [(0.851 ± 1.866)6106] and a rather
narrow molecular mass distribution (MMD) (Mw/Mn=
1.7 ± 2.2). The use of an analogous complex containing
Cl ligands instead of Me groups in the presence of MAO
leads to a decrease in the catalytic activity of the system
to 9.96104 (kg PE) mol71 h71 atm71 (polyethylene has
Mw=1.3576106,Mw/Mn= 2.2).

Yttrium alkyl and hydride complexes 17a,b and 18 con-
taining the dianionic ligand DADMB proved to be poorly
active in the ethylene polymerisation.35

A study of yttrium dialkyl complexes stabilised by the
monoanionic tetradentate N-donor ligands (L) in the ethylene
polymerisation showed 111 that the nature of the ligand has a
decisive effect on the catalytic activity of the complexes
generated in the LY(CH2SiMe3)2 ± [PhNMe2H][B(C6F5)4] sys-
tems. For example, complexes 75a,b containing the 1,4,7-
triazacyclononane ligand proved 111 to be active catalysts for
the ethylene polymerisation in the presence of
[PhNMe2H][B(C6F5)4] (toluene, 30 ± 80 8C, 5 atm). Their effi-
ciency was (0.70 ± 1.79)6103 (kg PE) mol71 h71 atm71. The
polyethylene samples had a high polydispersity (Mw/Mn=
4.0 ± 6.0). In addition, catalysts lost 5%± 30% of the initial
activity during a rather short period of time (10 ± 15 min).
Unlike complexes 75a,b, compound 77, in which the yttrium

atom is in an analogous coordination environment but which
contains the structurally different N,N-donor ligand, is inert to
ethylene in the presence of [PhNMe2H][B(C6F5)4] as the
activator. In the presence of [Ph3C][B(C6F5)4] as the activator,
which does not form the free Lewis base PhNMe2 in the
reactions with dialkyl complexes, complex 77 catalyses the
ethylene polymerisation (toluene, 50 8C, 5 atm) but it loses
catalytic activity during 4 min.113

Yttrium dialkyl and diaryl complexes containing the
dimethyl tris(pyrazolyl)borate ligands (TPB-Me2) or
(TPB-Me2)YR2(THF) (R=Me, But, CH2SiMe3 or Ph) cata-
lyse the ethylene polymerisation giving a linear polymer with a
high molecular mass (up to 26106) and a high polydispersity
(2.50 ± 4.14).114 The complex with R=But proved to be more
active (the total turnover number was 1932).

Yttrium dialkyl complex 81 initiates the ethylene poly-
merisation but it is inert to propylene and butadiene.87

The treatment of neodymium alkoxide Nd3(m3-OBut)2.
.(m2-OBut)3(OBut)4(THF)2 (Refs 62 and 131) with dialkylmag-
nesium compounds affords systems, which can catalyse the
ethylene polymerisation. The polymerisation at 0 8C and a
monomer pressure of 1 atm in the presence of these catalysts
and phenylsilane or H2 gives low-molecular-mass polyolefins
[the activity is 5 ± 20 (kg PE) mol71 h71 atm71].131

Complexes 32a,b,49 35 (Ref. 52) and 54 (Ref. 73) proved to
be inactive as initiators for the ethylene polymerisation.

The heterobimetallic diiminopyridine complex [2,6-{2,6-
Pri2C6H3NC(=CH2)}2C5H3N]Nd(m-Me)(m-Cl)[Li(THF)2]
containing the bridging methyl and chloride ligands, which
link together the neodymium and lithium atoms, proved to be a
highly efficient catalyst for the synthesis of cis-polybutadiene,
whereas the activity of the fully methylated analogue (contain-
ing the Me group instead of the Cl atom) was unexpectedly
much lower.39

The catalytic system, which was prepared by the treatment
of neodymium alkoxide Nd3(OBut)9(THF)2 with dialkylmag-
nesium reagents, proved to be inefficient in the butadiene
polymerisation, whereas systems based on tris(phenoxides)
Nd(OC6H2Bu

t
2-2,6-Me-4)3(THF)n (n=0 or 1) are suitable

for the living polymerisation of butadiene and the preparation
of polymers with a low polydispersity (Mw/Mn=1.3) contain-
ing up to 95% of trans units.132 These systems allow also the
synthesis of butadiene ± styrene copolymers with a molecular
massMn up to 56104 and a styrene content of 3%±15%.

2. Catalysis of polymerisation of polar monomers
a. Acrylic monomers
Yttrium and samarium alkyl complexes 13 and 14a,b were
studied 32 as initiators for the methyl methacrylate (MMA)
polymerisation. Compounds 13 and 14a exhibit high catalytic
activity and isospecificity in both the block and solution
polymerisation of MMA. Compound 14a showed good results
as regards the stereoregularity of polymer products in a wide
temperature range (from 740 to +65 8C); however, the
isotacticity of poly(methyl methacrylate) (PMMA) samples
somewhat decreases with temperature. The block copolymer-
isation initiated by complex 14a affords a isotactic polymer
with a very high molecular mass (Mn=1.416106) and a low
polydispersity (Mw/Mn=1.31). Yttrium complex 13 provided
much lower selectivity but the molecular mass distribution
remained rather narrow (1.24 ± 1.98). It should be noted that
methyl complex 14b appeared to be absolutely inactive in the
MMA polymerisation.

The scandium complex (BDPPpyr)ScCH2SiMe3(THF)
with the tridentate diamino-substituted pyridine ligand (see
Section II.1.b) catalyses 38 the MMA polymerisation at 40 8C
in toluene at a high rate to give PMMAwith molecular masses
Mw=1.296105 Mn=8.16104 and a low polydispersity
(Mw/Mn=1.6). Analogous yttrium and lutetium complexes

1066 A A Trifonov



with large ionic radii exhibited very low activity, whereas
derivatives of other ligands examined in the study 38 proved
to be inactive.

Heterobimetallic neodymium and ytterbium complexes
58a,b initiate the MMA polymerisation 78 at good rates even
at 778 8C. The PMMA samples have predominantly syndio-
tactic structures, high molecular masses (>104) and polydis-
persities varying from 1.61 to 1.93.

Neodymium bis(guanidinate) complex 59b proved to be an
efficient catalyst for the MMA polymerisation at 40 8C. The
resulting polymer 80 had a molecular mass of 10.86104 and a
polydispersity of 2.16.

The use of the Nd3(m3-OBut)(m2-OBut)3(OBut)4.
.(THF)2 ± (n-C6H13)2Mg systems allows the synthesis of poly-
ethylene ± PMMA block-copolymers.131 The Nd(OC6H2.
.But2-2,6-Me-4)3(THF) and Nd(OC6H2Bu

t
2-2,6-Me-4)3 ±

(n-C6H13)2Mg systems 132 catalyse copolymerisation of buta-
diene with glycidyl methacrylate, resulting in the formation of
block polymers.

b. ee-Caprolactone and lactides
Bis(guanidinate) complexes 59b,c are efficient catalysts for the
e-caprolactone polymerisation.80 In the case of neodymium
complex 59b, the conversion achieved 100% at 20 8C during
15 min even at the monomer : initiator ratio of 1000 : 1;
ytterbium derivative 59c proved to be somewhat less active.
The resulting polymer has a high molecular mass
[Mn= (7.44 ± 11.03)6104] but a rather wide MMD
(Mw/Mn=1.92 ± 2.96).

Yttrium alkyl complexes 66 and 81 and lutetium alkyl
complex 67 containing the phenoxide ligands were demon-
strated 87 to initiate e-caprolactone polymerisation. However,
data on the activity of the catalysts and the properties of the
polymers were not reported.

The use of scandium complex 82a with the phenoxy-imine
ligand allows the polymerisation of e-caprolactone with a
quantitative conversion at 08C during 1 min. The molecular
mass of the polymer was 7.16104, and the polydispersity was
2.9.72 Complex 56b exhibited somewhat lower activity;75

however, the resulting polyester had a much lower poly-
dispersity (Mw/Mn=1.49) and a lower molecular mass
(Mn=5.056104). Related bis(phenoxide) complex 54 initiates
the living polymerisation of racemic lactide at a high rate,
which gives predominantly a heterotactic polymer.133

3. Catalytic C7C bond formation (dimerisation of alkynes)
An investigation of the catalytic activity of yttrium complexes
1, 2 and 10 in the dimerisation of terminal alkynes showed 26

that, as opposed to systems with metallocene-type cata-
lysts, 134, 135 the reaction pathway in the presence of these
complexes substantially depends on the size of the substituent
at the triple bond of the substrate. For example, dimerisation
of alkynes RC:CH with small substituents (R=H, Me or
Pri) was not observed even upon prolonged heating (80 8C),
whereas alkynes with bulky substituents (R=Ph, SiMe3 or
But) do undergo dimerisation under analogous conditions. It
should be noted that the rate of alkyne dimerisation catalysed
by amidinate complexes 1, 2 and 10 is much lower than that in
the presence of bis(cyclopentadienyl)-type complexes.134 The
regioselectivity of the reaction depends also on the nature of
alkyne. Thus, the PhC:CH and ButC:CH compounds
undergo the selective head-to-tail dimerisation to form 2,4-
disubstituted but-1-en-3-ynes 100, whereas the reverse selec-
tivity is observed for Me3SiC:CH, and the reaction affords
exclusively the 1,4-substituted head-to-head addition product,
viz., trans-Me3SiC(H)=C(H)C:CSiMe3 (101).

The cationic complex [LLa(CH2SiMe3)]+[B(C6F5)4]7,
which was prepared by the reaction of [PhNMe2H][B(C6F5)4]
with the LLa(CH2SiMe3)2 complex (75c), was used in situ in the
catalysis of the phenylacetylene dimerisation. At 50 8C, the
reaction proceeds at a high rate and a very high selectivity to
give cis-1,4-diphenylbut-1-en-3-yne in 99% yield.112

4. Catalytic C7N bond formation (hydroamination
of alkenes)
The catalytic hydroamination of alkenes and alkynes resulting
in the addition of amines at multiple bonds of unsaturated
substrates is a very convenient, efficient and environmentally
safe procedure for the synthesis of nitrogen-containing com-
pounds.14, 136, 137 Organic rare-earth metal derivatives are
among the most promising catalysts for the hydroamina-
tion ± cyclisation of unsaturated compounds with unactivated
double bonds proceeding under mild conditions at a high rate
and a high enantioselectivity, which allows the synthesis of
nitrogen-containing heterocyclic, including biologically active,
compounds.15, 16

Lanthanum alkyl complexes 48 and 49 containing the
chiral Biphen ligand proved to be efficient catalysts for the
hydroamination ± cyclisation of 2,20-dimethylpent-4-enyl-
amine and hex-5-enylamine at room temperature, the activity
of monomeric complex 49 being almost twice as high as that of
dimer 48.66

Unfortunately, the enantioselectivity of complexes 48 and
49 is low, and the reactions produce racemic mixtures of
heterocycles. The use of the Binol-SiAr3 ligands with the
bulky Ar3Si substituents at positions 3 and 30 (complexes 50
and 51) allows not only the retention of high activity in the
hydroamination, but also a substantial enhancement of the
enantioselectivity of the reaction (to 95%).67, 68 In the presence
of these complexes, the cyclisation of aminopentenes proceeds
at a high rate even at room temperature, whereas the reaction
of aminohexenes requires high temperature (60 ± 100 8C). The
catalytic activity of these complexes increases with increasing
ionic radius of metal. Compound 51 catalyses the hydroami-
nation of styrene with propylamine at 60 8C, the addition
being anti-Markovnikov.68

Yttrium complexes 28a ± c also exhibited high activity in
the catalysis of the hydroamination ± cyclisation of various
aminoalkenes and aminoalkynes.43 The electron-withdrawing
effect of the dichlorophenyl substituents (compound 28c)
enhances the stability of the catalyst to degradation as a result
of protonolysis, which is manifested in its high activity in the
cyclisation of pent-4-enylamine and 5-phenylpent-4-ynyl-
amine. The double cyclisation of 2-allyl-2-methylpent-4-enyl-
amine can be performed at 60 8Cwith the use of complexes 28a
and 28c; this reaction affords 2,4,6-trimethyl-1-azabicy-
clo[2.2.1]heptane as a mixture of endo,endo and exo,exo
isomers.
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The use of scandium organometallic complexes with sali-
cylaldiminate and b-ketiminate ligands for the initiation of the
hydroamination ± cyclisation of aminoalkynes and aminoal-
kenes was documented.138 In the cited study, the first cationic
system (compound 88) initiating the intramolecular hydro-
amination was described.

Complexes 52i, 73c and 52l (L=Sn, Ar=Mes, R=Ph)
catalyse the hydroamination ± cyclisation of 5-phenylpent-4-
ynylamine (25 8C for complexes 52i,l and 65 8C for complex
73c) giving substituted pyrroline in quantitative yield. How-
ever, these complexes are inactive in the catalysis of the
intermolecular hydroamination of hex-1-yne with aliphatic
amines. Complex 52i containing ligands with the bulky diiso-
propylphenyl substituent at the imine nitrogen atom is inactive
in the hydroamination of 2,2-diphenylpent-4-enylamine. How-
ever, the use of a less bulky ligand containing the mesityl
substituent (complex 52l) results in the appearance of the
catalytic activity; the complete conversion is achieved at
65 8C for 2 h. b-Diketiminate complex 73c catalyses the
hydroamination of 2,2-diphenylpent-4-enylamine at room
temperature but at a low rate. The activity of the catalyst was
increased by a factor of *60 and the amount of the catalyst
charge was halved with the use of cationic derivative 88. The
use of this cationic complex makes it also possible to perform
the cyclisation of aminohexenes, which is, as a rule, a more
complex process compared to aminopentenes.

5. Catalytic C7Si bond formation (hydrosilylation of
alkenes)
Yttriummethyl and hydride complexes 17a and 18 can catalyse
the formation of ethylphenylsilane from ethylene and PhSiH3

at room temperature and an ethylene pressure of 0.35 atm.139

The hydrosilylation of hex-1-ene, styrene and norbornene with
PhSiH3 proceeds in the presence of complex 17a, whereas
cyclohexene, a-methylstyrene and trans-stilbene are not
involved in this reaction. In the presence of this complex,
secondary silane PhMeSiH2 is involved in the addition reaction
only with hex-1-ene and styrene. It should be noted that
aliphatic alkenes give predominantly anti-Markovnikov addi-
tion products, whereas the hydrosilylation of styrene affords
benzylsilane derivatives as the major products. Complex 17a
containing the enantiomerically pure (S)-biphenyl ligand
showed a high enantioselectivity in the catalysis of the hydro-
silylation of norbornene with phenylsilane (ee 90.4%).

Lanthanum complexes 48 and 49 (Ref. 66) catalyse the
hydrosilylation of hex-1-ene, styrene and norbornene with
ethylphenylsilane at 60 8C, the catalytic activity of monomeric
complex 49 is, as a rule, lower than the activity of dimeric
complex 48 containing no coordinated THF molecules. The
hydrosilylation of styrene proceeds at a high rate and a high
selectivity to give predominantly the Markovnikov addition
product. Unexpectedly, the rates of hydrosilylation of hex-1-
ene and norbornene appeared to be substantially lower than
that of styrene. Both reactions are stereoselective and give
exclusively the 1,2-addition product and the exo adduct for
hex-1-ene and norbornene, respectively.

6. Catalytic C7B bond formation (hydroboration of
alkenes)
Yttrium bis(amidinate) complexes 1, 2 and 10 (Refs 12 and 26)
catalyse the hydroboration of hex-1-ene with catecholborane.
However, the activity of these complexes is substantially lower
than that of the (Z5-C5Me5)2LaCH(SiMe3)2 complex.13 In all
reactions, the catalyst deactivation was observed, which is
apparently due to the reaction of catecholborane with the
benzamidinate ligands. The catalytic activity of complexes 1, 2
and 10 is substantially higher than that of metallocene-type
yttrium catalysts.

* * *

The data summarised in the present review clearly show that
the last decade witnessed considerable advances in the search
for new ligand systems alternative to the cyclopentadienyl
ligand and capable of stabilising highly reactive rare-earth
organometallic derivatives. The progress achieved in this field
confirms great possibilities for manipulatiing the reactivity of
rare-earth metal complexes containing M7C and M7H
bonds by the design of ligand systems and the coordination
sphere of the central atom and a considerable potential of these
compounds in the catalysis of various transformations of
unsaturated substrates. The further progress in the catalytic
applications of rare-earth organometallic compounds would
be expected to be determined by advances in the chemistry of
their hydride and cationic complexes.

This review has been written with the financial support of
the Russian Foundation for Basic Research (Project No. 05-
03-32390), the Russian Science Support Foundation and the
Federal Agency for Science and Innovations of the Russian
Federation (Contract No. 02.513.11.3029).
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Abstract. The progress in the synthesis of polymers containingThe progress in the synthesis of polymers containing
sulfonic and phosphonic acid groups by polymer-analogoussulfonic and phosphonic acid groups by polymer-analogous
transformations is analysed. Two key methods for the intro-transformations is analysed. Two key methods for the intro-
duction of these groups are considered, namely, metallation ofduction of these groups are considered, namely, metallation of
the original polymers followed by functionalisation and modi-the original polymers followed by functionalisation and modi-
fication of reactive fragments of macromolecular chains.fication of reactive fragments of macromolecular chains.
Special concern is focused on the properties of polymericSpecial concern is focused on the properties of polymeric
materials obtained. The bibliography includes 71 referencesmaterials obtained. The bibliography includes 71 references..

I. Introduction

Permanently growing interest in fuel cells and their key
components, proton-conducting membranes,1 ± 10 is the chal-
lenge for the search for new methods of the synthesis of
polymeric electrolytes containing protogenic (sulfonic and
phosphonic acid) groups. Despite significant progress in the
creation of proton-conducting membranes based on basic
polymer ± acid complexes,11 the membranes based on solid
polymeric electrolytes in which the protogenic groups are
linked to macromolecules by covalent bonds are the most
interesting. These systems are usually prepared by functional-
isation (for example, sulfonation or phosphorylation) of poly-
meric compounds or by polymerisation of monomers
containing sulfonic and phosphonic acid groups.1 ± 10

Each approach has its advantages and drawbacks. Thus,
many aromatic polymers can readily be sulfonated at frag-
ments with the highest electron density. However, sulfonic
groups located at these positions can be substituted under the
action of H+, which decreases hydrolytic stability of sulfo-
nated polymers in highly acidic media. The synthesis of
polymers from monomers containing protogenic groups is
complicated due to reduced reactivity and labourious proce-
dure for purification of the starting compounds.

Currently, an alternative approach to the synthesis of
polymers containing sulfonic and phosphonic acid groups is
being developed, namely, polymer-analogous transformations
of compounds containing protogenic groups in an explicit or
latent form. In the present review, progress in development of
this promising field of polymer chemistry is analysed.

II. Transformations of metallated polymers

Introduction of sulfonic acid groups into macromolecules
usually includes preliminary metallation of polymers followed
by the treatment of polyanions with compounds containing
sulfonic acid groups in an explicit or latent form. Most
researchers apply this method for the preparation of sulfony-
lated polyamides and polybenzimidazoles.

1. Polyamides and polybenzimidazoles containing sulfonic
and phosphoric acid groups
Metallation of aromatic polyamides, primarily poly(p-phenyl-
eneterephthalamide) (PPPTA), is discussed by Takayanagi et.
al.12 ± 22 and by other researchers.23 ± 27 Treatment of PPPTA
with sodium hydride in DMSO results in deprotonation of the
amide groups of PPPTA to yield polyanion 1.

Subsequent reaction of polyanion 1 with propane 1,3-sul-
tone gives a copolymer of p-phenyleneterephthalamide and 3-
(p-phenyleneterephthalamido)propanesulfonic acid
(Scheme 1).28

Transformation of poly(2,20-m-phenylene-5,50-dibenzimi-
dazole) 2 was carried out in a similar way.29 ± 36 The corre-
sponding polyanion 3 was prepared by the reaction of the
initial polymer with lithium hydride in dimethylacetamide
(DMA) (Scheme 2). The final reaction product is polybenz-
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imidazole (PBI) containing propanesulfonic acid residues
(PBI-PS).

Polymers with butanesulfonic acid (PBI-BS) and methyl-
propanesulfonic acid (PBI-MPS) residues were synthesised
from polybenzimidazole and butane 1,4-sultone and butane
2,4-sultone, respectively, using the same procedure.

The degree of substitution (a) of sulfoalkyl groups for the
hydrogen atoms at the nitrogen atom in polybenzamide was
estimated from the 1H NMR and elemental analysis data; a
appeared to depend on the reactant ratio. For instance, a
reaches 60% at a propane-1,3-sultone : PBI ratio equal to 5.
PBI modified with these groups are better soluble in polar
organic solvents (for example, in DMA or DMSO) than the
initial polymers, solubility also depending on the a value.

Introduction of sulfoalkyl substituents into aromatic mac-
romolecules gives heat-resistant proton conducting polymeric
electrolytes having electrochemical characteristics that can be
controlled by changing the amount of protogenic groups and
the length of alkyl chains. These polymers exhibit good
moisture absorption and proton conductivity, close to those
observed for sulfonic groups, but they retain such important
characteristics as heat resistance, chemical stability, and
mechanical strength.

Heat resintance of PPPTA and PBI, as well as of their
sulfoalkyl derivatives have been compared in a number of
publications (see, for example, Ref. 32). It was found that no
destruction of PPPTA occurs in a nitrogen atmosphere up to
550 8C, whereas fast mass loss (up to 50% of the initial mass)
starts at 600 8C. Polymers modified with sulfopropyl side
groups (a=66%) are stable to 400 8C; at 800 8C 40% of the
initial mass is retained.

Heat resistance of anhydrous copolymer PBI-PS was
studied by thermogravimetric analysis (TGA) in a nitrogen
atmosphere.5 Destruction of PBI-PS occured in the temper-
ature range of 400 ± 450 8C, that is, at significantly lower
temperatures than that of the initial PBI.

In spite of the fact that for copolymer PBI-PS, destruction
temperature decreases to 400 8C with increasing a, it is never-
theless higher than destruction temperature for perfluorinated
polymeric electrolytes (280 8C).

Elemental analysis and FTIR studies of destruction of
copolymer PBI-PS showed that the sulfur content and the

intensity of the S7O absorption band decrease following
heating of the samples at the temperature above 400 8C for
1 h. This result is similar to that obtained by Gieselman and
Reynolds,32 who have found that destruction of PBI-PS was
connected with desulfonation processes. Destruction temper-
atures for sulfonated aromatic polymeric electrolytes lie within
the range of 200 ± 350 8C. Thus, polybenzimidazoles contain-
ing sulfoalkyl groups are more heat resistant. Heat resistance
of sulfoalkyl polymers is the result of strong chemical bond
between alkyl and sulfonic acid groups. Introduction of
sulfoalkyl groups into the polymer with the use of alkane
sultones is one of the most common methods for the synthesis
of heat-resistant proton-conducting polymeric electrolytes.

Arenesulfonic acid fragments can also be introduced into
aromatic condensation polymers. Thus polyanions 1 and 3
prepared from PPPTA and poly(2,20-m-phenylene-5,50-diben-
zimidazole), respectively, readily react with p-bromomethyl-
benzenesulfonic acid (Scheme 3).28 ± 36

The peripheral sulfobenzyl substituent is detached from the
polymeric chain under more drastic conditions than the
sulfopropyl group, this being independent of the polymer type.

The above-considered polymers were studied by TGA in
inert and oxidative (in the presence of oxygen) environments.33

The initial PBI is a heat-resistant polymer: in an inert atmos-
phere, the mass loss begins at 650 8C, 5%mass loss is observed
at 700 8C and at 800 8C, >80% of the initial mass is retained.
Mass loss for substituted polymers in an inert environment
starts at lower temperatures, as could be expected upon
introduction of substituents non-conjugated with the polymer
backbones. Destruction of poly (2,20-m-phenylene-1,10-(4-sul-
fobenzyl)-5,50-dibenzimidazole) with a=22% starts at
480 8C, while that with a=54% starts at 450 8C. After
elimination of all substituents from the polymer, the process
slows down; at 800 8C, 50%±60% of the initial mass is
retained.

In dry air, the mass loss of polybenzimidazole starts at
520 8C, whereas its destruction in an inert environment starts
at a temperature about 100 8C lower. Substituted PBI demon-
strate insignificant difference in destruction temperatures in
oxidative environments. The main difference in the behaviour
of polymers in air and in a nitrogen atmosphere is that in air the
mass losses aremarkedly higher, but the amount of the residual

77

n

O

N N

O
SO2

O

1
x

O

N N

O O O

N N
H H

y

SO3H SO3H

Scheme 1

7 7

SO2

O

N

N N

N
HH n

LiH

DMA N

N N

N
n

32

N

N N

N

SO3H HO3S

N

NN

N

x

y
H H

Scheme 2

1072 A L Rusanov, E A Solodova, E G Bulycheva, M Abadie, V Voitekunas



coke at high temperatures is much less. This effect originates
first from the lower stability of PBI in dry air and only then
from the influence of substituents.

Introduction of sulfoaryl and sulfoalkyl groups into aro-
matic polymers increases moisture absorption, in other words,
polymers become more hygroscopic. Moisture absorption of
polymers is defined as a change in the polymer mass prior and
after hydration and depends on the relative humidity of the
medium. Equilibrium moisture absorption for the copolymer
PBI-PS increases with an increase in relative air humidity and
degree of sulfoalkylation. For example, moisture absorption of
PBI-PS with a=73.1% is 11.3 mol H2O (g-mol SO3H)71

(see {) at a relative humidity of 90% and room temperature,
whereas polymeric membrane Nafion 117 (perfluorinated pol-
ymer containing a small amount of sulfonate groups) has a
moisture absorption of 11.0 mol H2O (g-mol SO3H)71 under
the same conditions. Moisture absorption values for copoly-
mers PBI-BS and PBI-MPS at a relative air humidity of 90%
are 19.5 and 27.5 mol H2O (g-mol SO3H)71, respectively.
These high dehumidification values for sulfoalkylated PBI
result from a larger length and branching of alkyl chains.
This seems to be associated with larger flexibility of long alkyl
chains and larger water amount capable of being absorbed in
cavities formed by branched substituents.

Studies of proton conductivity of polymers under consi-
deration show that hydrated copolymers PBI-PS demonstrate
high proton conductivity at room temperature. Conductivity
of PBI-PS containing 3.1 mol H2O (g-mol SO3H)71 reaches
1075 S cm71 at 80 8C and somewhat decreases at higher
temperatures due to moderate (about 10 mass%) loss of
water. Conductivity of the PBI-PS film containing >5.2 mol
H2O (g-mol SO3H)71 increases with increase in temperature
and reaches a value of 1073 S cm71 at temperatures above
100 8C. The PBI-PS film containing more water [moisture
absorption 11.3 mol H2O (g-mol SO3H)71] also demonstrates
high proton conductivity (*1073 S cm71).

Moisture absorption values for membranes prepared from
copolymers PBI-PS at a relative air humidity of 90% are
comparable with that for Nafion.

Proton conductivity of the membrane Nafion reaches
1073 S cm71 at room temperature, but it decreases at temper-

atures >100 8C due to a loss of absorbed moisture.37 In
contrast, high proton conductivity of hydrated PBI-PS is
retained at temperatures above 100 8C. High values of mois-
ture absorption and proton conductivity for copolymers PBI-
PS at elevated temperatures are associated with peculiar
behaviour and physical state of absorbed water.

The above results give reasons to conclude that sulfoalkyl
aromatic polymeric electrolytes possess sufficient heat resist-
ance to be used in fuel elements at 80 8C, that is, at the
temperature that is optimal for the work of membranes based
on perfluorinated polymeric electrolytes.

Study of proton conductivity of sulfobenzylated PBI at
various relative humidity values showed 38 that conductivity
increases with an increase in degree of substitution. Sulfoben-
zylated polybenzimidazole with a=75% demonstrates high
conductivity (about 1072 S cm71) at 40 8C and 100% relative
humidity.

Phosphoalkylated polymer was obtained by metallation of
PBI 2 followed by introduction of the phosphoethyl groups.5

N-Substitution of the benzimidazole ring occurs readily.
However, the polymer formed is insoluble in organic solvents,
probably, due to self-aggregation of the phosphonate groups in
the course of substitution. Phosphoethylated PBI demon-
strates high proton conductivity (1073 S cm71) even in the
form of a pellet. Thus, it can be stated that introduction of
polar phosphonic acid groups is an efficient method for the
preparation of novel proton-conducting polymeric electro-
lytes.
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{Hereinafter moisture absorption is expressed as moles of H2O per

1 g-mol of SO3H.
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2. Poly(ether sulfones) containing sulfonic and phosphoric
acid groups
Metallation of polymers was also used for the introduction of
protogenic groups into poly(ether sulfone)s (PES).39 ± 41 Syn-
thesis of sulfonated PES based on commercially produced
poly(ether sulfone) Udel (4) was reported.39 The process
includes lithiation of the polymer, treatment of the product
with sulfur dioxide, oxidation of lithium sulfinate formed to
lithium sulfonate, and transformation of the latter into corre-
sponding polysulfonic acid under the action of HCl.

This approach allows the introduction of sulfonic acid
groups into positions that determine high hydrolytic stability
of the target polymers.39

Sulfonated PES prepared in this way exhibit ion exchange
capacity of (0.5 ± 3.2)61073 g-mol SO3H per 1 g of polymer.
Membranes based on these polymers are characterised by high
conductivity and hydrolytic stability in 1NHCl and in water at
temperatures up to 80 8C.

In continuation of this study, partial oxidation of lithium
sulfinate groups of PES formed to lithium sulfonate groups
was carried out,40 and the residual lithium sulfinate groups
were alkylated with a,o-diiodoalkanes. This alkylation gave
cross-linked polymers, which were transformed into the acidic
form by the action of 1N HCl.

Membranes from polymers obtained in this way with
optimum degree of cross-linking and the length of alkylene
cross-linking bridges demonstrate low ionic resistance and
high heat resistance.

Lithiation of PES is also used for the preparation of
sulfophenylated systems.41 In this case, a metallated polymer

reacts with cyclic anhydride of 2-sulfobenzoic acid, which
followed by ion exchange under the action of 0.5 N HCl.

The values of proton conductivity for these polymeric
membranes determined by impedance spectroscopy at 60 8C
are (14 ± 32)61073 S cm71, which, in principle, demonstrates
a possibility to use them as promising proton-conducting
materials. For a detailed description of electrochemical char-
acteristics of membranes obtained, see Ref. 42.

PES with short alkyl chains in sulfoalkyl substituents have
been synthesised.43 In this case, the polymers containing
lithium sulfinate groups reacted with sodium o-bromoalkane-
sulfonates and butane-1,4-sultone (Scheme 4).

Thermogravimetric analysis of PES-based membranes
containing sulfoethyl, -propyl, and -butyl groups showed that
these materials are stable up to 300 8C in a nitrogen atmos-
phere. Calorimetry studies show that these modified polymers
absorb more moisture [moisture absorption values are from 11
to 14 mol H2O (g-mol SO3H)71]. The proton conductivity
value for membranes containing 0.9 sulfopropyl substituents
per elementary unit of poly(ether sulfone) is 77 mS cm71 at
70 8C.

Lithiated PES were used for the preparation of phosphory-
lated polymers. In particular, the synthesis of poly(ether
sulfones) containing phosphonate groups in the ortho-posi-
tions relative to sulfo groups of the macromolecular backbone
is reported 44 which is based on SnP(V) nucleophilic subsitu-
tion 45 The reaction of metallated PES 4with dialkyl and diaryl
phosphochloridates occurs without catalysts.

According to Guiver et al.,46 lithiation and subsequent
reaction of polyanions with electrophiles do not lead to
destruction of macromolecules of poly(ether sulfones).

Polymer containing P(O)(OH) groups bound to the ben-
zene ring through a difluoromethylene bridge was prepared by
the following route: lithiation of PES 4, its transformation into
iodobenzoyl derivative, phosphorylation of the intermediate

O C

Me

Me

O S

O

O
n

BunLi,

THF

765 8C

4

O C

Me

Me

O S

O

O
Li

n

SO2

765 8C

O C

Me

Me

O S

O

O
S O

LiO

n

1) H2O2,

HO7

2) H+,
H2O

O C

Me

Me

O S

O

O
SO3H

n

O

S

O OLiO2S SO3Li

+

O

S

O OLiO2S SO3Li

O

S

O OS SO3Li
O O

S
OO

O

SO3LiO O

S

I(CH2)4I

4
1) BunLi

2) O
S

O

O O

O C

Me

Me

O S

O

O
O

SO3Li
n

R= Et, Ph.

4
1) BunLi

2) (RO)2P(O)Cl, THF,778 8C

O C

Me

Me

O S

O

O
P(OR)2

O n

1) 1M NaOH

2) 0.1M HCl

O C

Me

Me

O S

O

O
P(OH)2

O n

1074 A L Rusanov, E A Solodova, E G Bulycheva, M Abadie, V Voitekunas



under the action of diethyl (bromodifluoromethyl)phospho-
nate in the presence of zinc and dealkylation of the polymer
formed with bromotrimethylsilane.47 This polymer exhibits
enhanced acidity.

Proton conductivity of membranes based on this polysul-
fone reached 5 mS cm71 at 100 8C; according to TGA,
destruction started at *230 8C and was accompanied by the
cleavage of the C7P bond.47

A more convenient approach to phosphorylated PES is
based on lithiation of the brominated polymer 5,48 because
substitution of lithium for the halogen atom occurs easier than
for the hydrogen atom. The synthesis of phosphorylated PES

after the stages of bromination and lithiation of the initial
polymer 4 includes the reaction of the intermediate with
diphenyl phosphochloridate followed by hydrolysis of the
phenoxy groups.

In this case, the degree of phosphorylation reached 50%.

3. Poly(aryloxyphosphazenes) with phosphonic acid groups
Cyclic (6) and polymeric phosphazenes (7) containing p-bro-
mophenoxy side groups are used for the synthesis of phos-
phorylated poly(aryloxyphosphazenes). Compounds 6 and 7
were treated with butyllithium and then with diethyl phospho-
chloridate.49, 50

(a) Zn, BrCF2P(O)(OEt)2, CuBr, DMF, sonication, 25 8C;

(b) 1) BrSiMe3, CHCl3, 40 8C; 2) 5% 1M HCl in MeOH.
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Poly(aryloxyphosphazenes) functionalised by phenylphos-
phonic acid are formed 51 from the polymers 7 in accordance

with Scheme 5. tert-Butyllithium is added to a solution of
poly(aryloxyphosphazenes) 7 with different numbers of bro-
minated benzene rings in THF at 775 8C, lithium phenoxide
intermediates obtained are treated with diphenyl phospho-
chloridate. Subsequent alkaline hydrolysis and treatment with
an acid give polymers with phenylphosphonate groups.

Attempts to phosphorylate lithiated polymers by gradual
addition of diphenyl phosphochloridate to the reaction mix-
ture resulted in precipitation of the polymer and formation of
an insoluble product. If the reagent was added quickly, a
soluble polymer was obtained. 31P NMR studies showed that
in the latter case, intramolecular reaction of diphenyl phos-
phonate groups with the lithium phenoxide fragments of the
same polymeric chains takes place, thus promoting the for-
mation of the phosphorus-containing `bridge' between two
aryloxide side groups.
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Phosphorylation of polymers via lithium phenoxide inter-
mediates usually occurs with 50% conversion of bromophe-
noxy substituents into diphenyl phosphonates. The overall
amount of lithium phenoxide intermediates that react with
diphenyl phosphochloridate is about 70%; however, only half
of the metallated groups is converted into the diphenyl
phosphonate groups. According to elemental analysis, more
than 90% of the bromine atoms of the initial polymer were
lithiated. Thus, it is side reactions of reactive lithiumphenoxide
intermediates formed upon reaction with diphenyl phospho-
chloridate that is the limiting factor of the overall trans-
formation rather than incomplete lithiation. These results are
in accord with the data obtained for diethyl chlorophos-
phate.50

Hydrolysis of phenyl esters was performed by treatment of
a polymer solution in THF with 1.0N NaOH for 24 h. In the
course of the reaction, the polymer precipitates from the
solution, after that hydrolysis continues, but to an insignificant
extent. No changes in the molecular mass of the polymer were
observed, thus proving the known fact that polyphosphazene
macromolecules are stable against basic hydrolysis.

The advantadge of this method for the synthesis consists of
the possibility of varying the polymer composition by changing
the ratio of the initial side aryloxide groups, degree of lithiation
and the degree of hydrolysis of the ester groups.

The polymers obtained were tested as membranes for fuel
elements.52, 53 These membranes are characterised by a low

coefficient of methanol diffusion. This coefficient for mem-
branes based on phosphorylated polymers appeared to be 12
times smaller than that for membrane Nafion 117 and 6 times
smaller than that for membrane made of cross-linked sulfo-
nated polyphosphazenes.52, 53 Ion-exchange capacity values
for membranes from phosphorylated polymers are in the
range of (1.17 ± 1.47)61073 equiv g71, proton conductivity
values lie in the range of 1072 ± 1071 S cm71. Thus, mem-
branes under consideration exceed in some characteristics the
analogues based on sulfonated polyphospazenes.52, 53

III. Transformations of polymers without
preliminary metallation

Along with the introduction of protogenic groups into metal-
lated polymers, the method based on transformations of
reactive groups of macromolecular chains without preliminary
metallation is also widespread.54 ± 64 Bromine and fluorine
atoms, NH fragment of the benzimidazole ring, and carboxy
groups could be distinguished as reactive groups in polymers.

Bromination 54 of aromatic polyethers 8 obtained from
bis(propylcarbamate) derivatives of mono- and dibromotetra-
phenylhydroquinone (Scheme 6) was among the first attempts
to use substitution of bromine atoms in polymers for the
introduction of phosphonic acid groups.

Treatment of polymers 8 with diethyl phosphite in the
presence of triethylamine and tetrakis(triphenylphosphine)-
palladium as a catalyst results in polymers containing diethyl
phosphonate groups. Dealkylation of the latter is performed
with an excess of bromotrimethylsilane in CCl4. Bis(trimethyl-
silylated) intermediate is hydrolysed with HCl in methanol.
The target polymers are well soluble in DMSO; flexible and
strong films were cast from these solutions. Thermal, chemical
and hydrophilic properties of the films suggest that they can be
used as polymeric electrolyte membranes for fuel elements.54

Brominated poly(ether sulfones) can be transformed into
phosphorylated polymeric systems using Pd-catalysed forma-
tion of the P7C bond. Bromination of PES 9 followed by
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phosphorylation of the bromine-containing product is
described.55

Complexes of Pd(0) with triphenylphosphine and dibenzy-
lideneacetone (dba) were used as catalysts for phosphoryla-
tion. Triethylamine was added to the reaction mixture to bind
the evolving the HBr. It is known 56, 57 that the molar ratio of
the components and the reaction temperature markedly influ-
ence the yield, therefore, the effect of all these parameters on
phosphorylation of polymers was comprehensively studied.

In particular, it was shown that an increase in temperature
from 90 to 120 8C results in an increase in degree of phosphor-
ylation, whereas further temperature increase to 140 8C causes
destruction of the polymer. The Pd catalyst was found to be
more active in the absence of triphenylphosphine ligands. The
highest degree of phosphorylation (a=88%) was achieved
with diphenyl oxide as a solvent. The optimum aryl bromide :
diethyl phosphite : triethylamine ratio was found to be 1 : 22 : 4,
which is close to the values reported.58

Transformation of brominated PES into phosphorylated
PES also occurs in the presence of nickel catalysts. The reaction
of brominated PES 10 with tris(trimethylsilyl) phosphite
(TMSP) catalysed by NiCl2 is reported.59 Subsequent meth-
anolysis results in removal of the trimethylsilyl groups to give
phosphorylated product.

The polymers obtained are soluble inN-methylpyrrolidone
as such or in the presence of 2 vol.%± 5 vol.% concentrated
HCl. According to TGA, destruction of polymers with aryl-
phosphonic groups starts at temperatures >325 8C, whereas
similar polymer with sulfonic acid groups decomposes at
temperatures >200 8C. Depending on the degree of acidic
group substitution, proton conductivity values for PES with
arylphosphonate groups at 25 8C are 1.2 ± 8.7 mS cm71,
which is less than proton conductivity of the polymer with
sulfonic acid groups (20 mS cm71).

Polyaryloxyphosphazenes 11 containing bromomethyl
groups are phosphorylated under the action of sodium organo-
phosphites, in particular, sodium dibutyl phosphite.50 The
reaction proceeds in THF at 25 8C and results in the product
in a quantitative yield. Studies of the routes for transformation
of the ester fragments into phosphonic acid fragments are in
progress.

N-Substututed polybenzimidazoles containing the
P(O)(OH) groups bound to the benzimidazole rings through
the ethylene bridge were prepared by the reaction of polyben-
zimidazoles 12 with diethyl vinylphosphonate.60

Currently, hetero- and carbocyclic polymers with activated
fluorine atoms in aromatic rings have attracted significant
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attention. These polymers can undergo aromatic nucleophilic
substitution with various nucleophiles, for example, with
phenols containing acidic groups.59 ± 62 In particular, p-fluoro-
phenyl-substituted polyquinoxalines 13 were involved into the
reactions with phenol- and naphtholsulfonic acids.61 ± 64 The
reaction was carried out in NMP in the presence of potassium
carbonate (Scheme 7). The polymers obtained in this way are
well soluble in m-cresol, NMP, and possess film-forming
properties.

Similar approach was used by Ghassemi and McGrath,64

who performed the reaction of fluorinated polybenzophenone
14 with sodium p-phenolsulfonate. According to the 19F and
13C NMR data, about 50% of all fluorine atoms are substi-
tuted under these conditions. The authors believe that a
relatively low degree of substitution is associated with deacti-
vating effect of the sulfonate group on the phenoxide fragment.
Another factor affecting the degree of transformation is partial
precipitation of the sulfonated polymer.

Poly[(4-carboxy)phenoxy]phenylquinoxalines 15were syn-
thesised by the treatment of p-fluorophenyl-substituted poly-

quinoxalines 13 by p-hydroxybenzoic acid under the
conditions of aromatic nucleophilic substitution (NMP,
K2CO3).63

Then poly[(4-carboxy)phenoxy]phenylquinoxalines 15
were involved into the reactions with 8-aminonaphth-1-ol-
3,6-disulfonic acid and 1,8-diaminonaphthalene-3,6-disulfonic
acid (Scheme 8) 62 in polyphosphoric acid. High-molecular-
mass polymers containing naphthoxazine- and pyrimidinedi-
sulfonic acid substituents were formed as products.
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This approach to the creation of polymers with sulfonic
acid groups has a general character. Any polymers containing
carboxy groups or their derivatives can be involved in the
reaction. Moreover, introduction of two sulfonic acid groups
into the same aromatic ring of the substituent leads not only to
increasing proton conductivity of themembrane, but also to an
increase in its heat resistance, because in this case sulfonic acid
groups stabilise one another.

* * *

The method for the synthesis of polymers by polymer-analo-
gous transformations, which has been recently developed, is a
promising approach to polymers with protogenic, sulfonic and
phosphonic acid groups. It is remarkable that this method is
especially efficient for the preparation of polymers with
phosphonic acid groups, because the latter show higher heat
resistance and hydrolytic stability than sulfonic acid groups.65

This method allows preparation of polymers containing pro-
togenic groups not only in backbones the of macromolecules,
but also in peripheral fragments, which, according to
Refs 66 ± 71, favours the increase in the resistance of these
polymers against high temperatures, oxidation, and hydroly-
sis. Stability of polymers is a factor determining potentialities
of this method for creation of novel proton-conducting mem-
branes with valuable properties.

The review was written with a financial support of the
Russian Foundation for Basic Research (Project No. 05-03-
33-181).
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Abstract. The results of experimental and theoreticalThe results of experimental and theoretical
approaches to the study of some stable and unstable chemicalapproaches to the study of some stable and unstable chemical
species in low-temperature noble gas matrices are considered.species in low-temperature noble gas matrices are considered.
The characteristic features of matrix effects manifested in theThe characteristic features of matrix effects manifested in the
spectra of the SH radicals in krypton matrices are discussed.spectra of the SH radicals in krypton matrices are discussed.
The structure and the spectra of HArF in argon matrices andThe structure and the spectra of HArF in argon matrices and
the structure and dynamics of the intermolecular complexesthe structure and dynamics of the intermolecular complexes
HXeOHwith water are analysed. The bibliography includes 55HXeOHwith water are analysed. The bibliography includes 55
referencesreferences..

I. Introduction

Cryochemistry is concerned with the structure and properties
of substances at low temperatures.1 Using methods of cryo-
chemistry, it is possible to obtain and stabilise chemically
unstable species and compounds; to this end, the species are
isolated from one another in inert matrices (most often, in solid
noble gases) at temperatures that preclude thermal diffusion.
Matrix-isolated chemical species are traditionally studied using
various spectroscopic methods.2 (The term `chemical species'
usually refers to any molecular system: atoms, molecules, ions,
radicals or intermolecular complexes.)

In recent years, studies dealing with matrix-isolated species
have been carried out in a number of laboratories all over the
world. One trend of such studies is the synthesis of chemical
compounds of noble gases.3 ± 5 Onemore important trend is the
study of photodissociation of small molecules in solid noble
gas matrices.6 These two trends are closely interrelated,

because, on the one hand, the synthesis of inert gas compounds
always includes the step of photolysis and, on the other hand,
studies of compounds formed upon insertion of chemical
species into a noble gas matrix provide important information
concerning the dynamics of a photochemical process.7, 8

Identification ofmatrix-isolated species based on their low-
temperature vibrational and/or electronic spectra is a chal-
lenge. The solution of this problem requires advanced expe-
rimental equipment, reliable procedures, experienced resear-
chers and often good fortune. Molecular modelling techniques
based on quantum theory form an essential part of these
studies.

This review presents several examples of experimental and
theoretical studies of stable and unstable chemical species
isolated in low-temperature noble gas matrices: SH radicals in
krypton matrices, HArF species in argon matrices and inter-
molecular complexes HXeOH in water clusters. These studies
have recently been carried out at the Departments of Chem-
istry of theM V LomonosovMoscow StateUniversity and the
University of Helsinki.

II. Matrix effects in the spectroscopy of SH
radicals in krypton matrices

The interest in the photochemistry of SH radicals, close
analogues of OH radicals, is due first of all to the topicality of
studies of photochemical processes taking place in the atmos-
phere.9 Free OH and SH radicals are investigated most often
by spectroscopic methods. The spectra of the SH radical in the
gas phase and in the van der Waals clusters SH .Rg (Rg is a
noble gas: Ne, Ar, Kr) have been reported.10 However,
spectroscopic studies in condensed media, in particular, in
low-temperature noble gas matrices, are required to obtain a
more comprehensive picture of the properties of this species.
Yet another reason for the interest in matrix-isolated SH
radicals is related to noble gas chemistry. For example, upon
annealing of a xenon matrix containing SH and H species, the
formation of the HXeSH molecule was detected.11

The luminescence spectra of SH corresponding to the
transition between the ground (X2P) and the first excited
(A2S+) states

A2S+/X2P,

were recorded in various low-temperature matrices.12 (In the
interpretation of these spectra, differences betweenOHand SH
radicals were taken into account.) However, the spectra
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recorded in a krypton matrix differed from the spectra
recorded in other matrices.13 Detailed investigation of the
luminescence spectra of SH in krypton led to a conclusion
that the specific behaviour of the species isolated in a solid
matrix is a result of a change in the electronically excited state
of the species caused by the interaction with the matrix Kr
atoms.14, 15 Thus, in this case, we are dealing with the so-called
`matrix effect'.

Figure 1 shows the characteristic luminescence spectrum of
SH radicals in solid krypton at 7.5 K.13 The SH species were
generated by photolysis of H2S induced by an excimer laser
(l=193 nm) mainly according to the reaction

H2S SH+H.

After electronic excitation of the photolysis products, the
luminescence spectra were recorded on a Spec 270M spectro-
photometer with a resolution of 0.3 nm. A specific feature of
the spectra is the presence of two peaks, at 375 (hereinafter
referred to as peak I) and 413 nm (peak II) corresponding to
excited states of the molecule with different lifetimes. It was
found experimentally that peaks I and II refer to the transition
between the first excited A2S+ (n 0=0) and the ground X2P
(n 00) electronic states of the SH radical. By processing the
kinetic data, the lifetimes of the states for both peaks were
estimated as 350 (peak I) and 750 ns (peak II).

On the basis of the results of spectroscopic studies, it was
suggested that the presence of two peaks in the SH lumines-
cence spectra in a krypton matrix is due to different trapping
sites of this radical by the matrix.13 Molecular modelling of the
dynamics of the SH radical in solid krypton made it possible to
substantiate this statement and identify the trapping sites.

The general strategy of modelling of matrix effects is as
follows. A heterogeneous cluster of a specified size representing

a fragment of the inert gas crystal lattice (face-centred cubic,
fcc) with a cavity accommodating the SH species is used as the
model. Construction of the potential energy surface (PES) of
such heterocluster is a challenge. Combination of ab initio and
semiempirical quantum chemistry methods is most reasonable.
The former are used to describe the structure and dynamics of
the embedded molecule, while the latter are used to calculate
the interactions of the embedded molecule with the matrix
atoms. On the basis of the chosen interaction potentials,
characteristics of this heterocluster system are calculated, and
the results of calculations serve as the basis for interpretation of
experimental data.

The behaviour of the SH radical in krypton matrices has
been simulated.14 The potential energy surfaces of the hetero-
clusters SH@Krn (n4 56) correlated with either ground
[SH(X2P)+ n Kr] or excited [SH(A2S+)+ n Kr] states of
the system were constructed by combining an ab initio quan-
tum chemical method to describe the SH species and the
semiempirical method using diatomic fragments in molecules
(diatomics-in-molecules, DIM) for SH interaction potentials
(X2P or A2S+) with the Kr atoms 16 and Kr_Kr pair
interaction potentials. The DIM method (see, for example,
Ref. 17) is, on the one hand, an extension of the pair inter-
action potentials algorithm and, on the other hand, this is a
semiempirical version of the valence bond theory, which allows
effective inclusion of energy contributions of diatomic frag-
ments in various electronic states to the total energy of a
polyatomic molecular system.

The reliability of the potential energy surfaces of the
triatomic complex SH_Kr in the ground and electronically
excited states calculated by the DIM method was verified by
thorough comparison of these surfaces with empirical approxi-
mations 10 of the SH(X2P)_Kr and SH(A2S+)_Kr surfaces
derived from high-resolution spectroscopy data of the van der
Waals clusters. According to these results,10 in the ground
electronic state the triatomic complex is weakly bound, the
energy of its dissociation into SH in the ground stateX2P and a
Kr atom in the 1S state is about 100 cm71. The equilibrium
geometry structure of the complex is linear with a distance (Re)
from the SH centre of mass to the Kr atom equal to 4.28 �A and
an S7H bond length of 1.35 �A. The PES of the
SH(A2S+)+ Kr(1S) system in the electronically excited state
has two minima separated by a saddle point. The deepest
minimum with the energy of 1706 cm71 corresponds to linear
SH_KrwithRe=3.26 �Aand y=08 (y is the angle formed by
the S7H bond and the straight line from the centre of mass of
the SH radical to the Kr atom), while the other minimum (with
the energy of*1400 cm71) corresponds to the position of the
krypton atom near the SH radical on the side of the sulfur atom
(Kr_SH) with Re=2.6 �A and y=1808. The saddle point is
characterised by Re=4.02 �A and y = 648. Substantial differ-
ences in the interaction energies of the krypton atom with the
SH radical occurring in the electronically excited state in
different parts of the krypton matrix are responsible for the
features of low-temperature spectra of SH, namely, the pres-
ence of two peaks in the luminescence spectrum (see Fig. 1).
Figure 2 shows the plots for the DIM-calculated potentials of
the ground (a) and excited (b) states of the triatomic complex.

It is noteworthy that representing the interaction potentials
of species in the SH@Krn clusters in terms of the DIM
approximation calculated for each group of three atoms
SHKri (i = 1, ..., n) and the Kri7 Krj pair potentials allows
one to estimate the energies and forces acting on atoms and use
them for calculating the molecular dynamic (MD) trajectories
of species.

Firsov et al.15 simulated the spectrum of the SH radical in
the krypton matrix corresponding to the electronic transition
A2S+ (n 0=0)?X2P (n 00) using a version of mixed quantum
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Figure 1. Experimental luminescence spectra of the SH radical in a

krypton matrix at short (30 ns, curve 1) and long (1300 ns, 2) delay times

and their difference (3). [Curve 3 shows the dependence of the short-lived

component I on the wavelength; two bands can clearly be seen, which

correspond to 0 ± 0 and 0 ± 1 transitions separated by a distance

(*2500 cm71) comparable with the SH vibration frequency in the ground

electronic state.]

1086 A V Nemukhin, L Yu Khriachtchev, B L Grigorenko, A V Bochenkova, M RaÈ saÈ nen



and classical molecular dynamics.{ In this approximation, the
SH radical with a random orientation of the S7H bond was
placed on a random site in the central part of the fcc lattice
composed of 256 Kr atoms (the lattice parameter was 5.67 �A).
Then the Kr atoms located closely to S or H atom were
removed; as the closeness criterion, distances of 2.9 �A on the
side of sulfur and of 2.5 �A on the side of hydrogen were used.
ThenMD trajectories were calculated in two stages. In the first
stage, which was 1 ps long, the system temperature was
maintained at 7 K by correcting (scaling) the species velocities
on the PES of the ground state of the SH(X2@)Krn cluster. In
the second stage, the calculation was carried out for the PES of
the excited state of the SH(A2S+)@Krn cluster with the system
energy being maintained constant. The second stage of about
10 ps long was split into 20 000 steps. Every 10 steps (2000
times over the trajectory), the electron transition wavelengths
and intensities (the Franck ±Condon factors), radial distribu-
tion functions and particle lifetimes (t) were found by the
numerical solution of the one-dimensional SchroÈ dinger equa-

tion along the variable corresponding to the S7H distance,
and the positions of the Kr atoms located most closely to the S
and H atoms were recorded for subsequent averaging. After
the calculation, the average spectrum over the trajectory, the
average lifetime and the average radial distribution function
were estimated and the probability map for the Kr atoms to
occur in various positions near the H atom was constructed.
The lifetimewas estimated from the formula 19 for each discrete
vibrational state of the electronically excited state:

tÿ1u 00 �
4

3c2
hu 0jDU3D2ju 0i, (1)

where c is the velocity of light, u 0 is the wave function of the
lower vibrational level of the electronically excited state, DU is
the energy difference between the ground and electronically
excited states, D is the transition dipole moment of the SH
radical from the ground to excited state. For calculation of the
corresponding matrix elements, it was necessary to calculate
the dependence of the transition dipole moment between the
electronic states on the internuclear distance in SH.

Analysis of the calculated trajectories and spectra led to the
conclusion that both peaks observed in the experiments (I and
II, see Fig. 1) refer to two different trapping sites of the SH
radical by the krypton cluster. The peak with a lower wave-
length (peak I) corresponds to the trajectories along which the
SH radical freely moves within the krypton cluster. The peak at
greater wavelength (peak II) refers to the trajectories charac-
terised by the formation of the triatomic complex SH_Kr, i.e.,
the radical is bound to one atom of the Kr lattice. The
calculated lifetimes of SH excited states for both types of
trajectories also correlate with experimental characteristics of
the luminescence spectra (Table 1).

Amore comprehensive picture of the spatial distribution of
Kr atoms around the SH radical is provided by Fig. 3. Differ-
ent colour intensity shows the configuration space areas
corresponding to different positions of the inert gas atom
located most closely (this is determined in every integration
step) to the hydrogen atom. The maps are constructed in a
relative coordinate system in which the H atom is always
located in the origin of coordinates and the x-axis is directed
along the S?H bond. The results validate the assumption
concerning the presence of different trapping sites of the SH
molecule by the krypton matrix, which is reflected in the
observed experimental spectra.

In addition to providing new information on the spectro-
scopy of SH radicals, Refs 14 and 15 considerably contributed
to the investigations into structure and dynamics of solids
doped with small molecules. These studies demonstrate the
possibility of observing and interpreting the trapping sites of a
molecule occurring in the electronically excited state in a low-
temperature krypton matrix. Previously, such effects in cryo-
chemistry have not been reported.{ This method was first applied to describe the spectra of the Cl2 molecule

in solid neon.18
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Figure 2. Potential energy surfaces of the ground (a) and electronically

excited (b) states of the triatomic complex SH_Kr. The contour lines for

the ground state are drawn every 10 cm71, those for the excited state are

drawn every 100 cm71.

Table 1. Experimental and theoretical characteristics of peaks in the

luminescence spectra of the SH radical in the Kr matrix.

Characteristics Peak I Peak II

experi- calcula- experi- calcula-

ment tion ment tion

Peak position /nm 375 340 ± 350 413 390 ± 400

Lifetime /ns 350 550 ± 600 750 800 ± 840

Features of MD 7 free rotation 7 complex

trajectories of SH in Kr SH_Kr
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III. Structure and spectra of the HArF molecule in
argon matrices

As a continuation ofmolecular dynamics studies for interstitial
compounds in low-temperature noble gas matrices, the trap-
ping sites of the exotic HArFmolecule in the ground electronic
state by an argon matrix were determined. The HArF species
discovered in 2000 is the first electrically neutral chemical
compound of argon.3 ± 5 It is formed upon photodissociation
of HF in solid argon at 7 K followed by matrix annealing at
temperatures up to*20 K:

H+Ar+F HArF.

Initially, the formation of this compound was established
by IR spectroscopy.3 ± 5 Subsequently, it has been shown 14 that
IR spectroscopy provides knowledge also on the molecular
structure and dynamics in a doped matrix.

Figure 4 shows the spectra of HArF in solid argon in the
region of H7Ar stretching vibrations. Curves 1 and 2 were
recorded at different matrix annealing temperatures, 20 and
33 K. The characteristic triplet of the spectral lines (1965.7,
1969.4 and 1972.3 cm71) is observed only for low annealing
temperature and completely disappears at higher temperature.
The doublet shifted towards larger wavenumbers (2016.3 and
2020.8 cm71) predominates, conversely, at higher annealing
temperatures up to matrix destruction at 40 K. On the basis of
the obtained experimental results, it was hypothesised that the
triplet of the spectral lines corresponds to a thermally unstable
trapping site of HArF in the argon matrix, while the doublet
shifted to the blue spectral region is due to another, more stable
(or thermally relaxed) trapping site of the HArF molecule in
the solid argon matrix.20 ± 22 The use of molecular modelling

confirmed this assumption and identified the trapping sites of
the guest species.23 ± 25

An original hybrid procedure for calculation of the PES of
HArF@Arn heteroclusters (n=363 or 364) has been
reported.23 The energy of the embedded molecule (HArF)
and its first and second derivatives with respect to nuclear
coordinates were calculated by the high-precision ab initio
method MP2/6-311++G(2d,2p) using PC GAMESS soft-
ware.26 The interactions of argon atoms with one another
were described by pair potentials well parametrised to many
properties of this gas.27 The interaction of HArF with each
atom of the matrix was calculated in the DIM approximation
taking into account contributions of ionic and neutral pair
potentials. This calculation algorithm proved to be useful for
modelling the properties of the HF@Arn clusters.28 This
combined procedure, that is, quantum mechanics with diato-
mics-in-molecules approximation (QM/DIM), was also suc-
cessfully tested in the simulation of the spectra of gas-phase
mixed Arn(HCl)m and Arn(HF)m clusters.29

The calculated PES for the HArF@Arn system was used to
find the stationary points on the surface and calculate the
harmonic vibration frequencies. The atom sites in the fcc lattice
of the argon matrix served as the initial coordinates. Figure 5
shows two optimised structures corresponding to the trapping
sites of the HArF molecule by solid argon. According to the
calculation results, the structure presented in Fig. 5 a refers to a
thermally unstable trapping site; it is responsible for character-
istic spectral bands at 1970 cm71 (see Fig. 4). The structure
shown in Fig. 5 b was assigned to the stable trapping site
characterised by bands at 2120 cm71.

This assignment was based on the following computation
data. First, the H7Ar vibrations in the unstable structure (see
Fig. 5 a) are responsible for a triplet of harmonic frequencies of
2203, 2204 and 2207 cm71 (depending on the vacancy position
in the lattice), and the harmonic frequency of 2246 cm71

assigned to the stable structure (see Fig. 5 b) is shifted to the
blue region by almost the same distance as in the experimental
spectrum. Second, the energy of the unstable structure is
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atoms around the SH radical in the SH@Krn clusters;
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4 ± 5 kJ mol71 higher than that of the stable structure andwith
the possibility ofmatrix relaxation (i.e., at higher temperature),
the structure with lower energy should predominate, whichwas
actually observed in experiments. Thus, the trapping sites of
the HArF molecule by solid argon can be considered to be
established.However, the thermal relaxationmechanism of the
unstable configuration still remains unknown, which requires
further theoretical analysis.

IV. Structure and dynamics of HXeOH in water
clusters

Matrix cryochemistry methods are widely used at the Univer-
sity of Helsinki to study the properties of chemical compounds
containing noble gas atoms.3 ± 5 In particular, the HXeOH
species formed upon laser irradiation of a low-temperature
water ± xenon mixture followed by matrix annealing was
detected experimentally.30 ± 32 The metastable species HXeOH
is responsible for a local minimum in the PES of the Xe+H2O
system, whereas the complex Xe .H2O is the major compound
(having the lowest energy). It was suggested that complexes of
HXeOH with water molecules may exist. This was of interest,
in particular, in relation to the geochemical problem of xenon
deficiency.33, 34

Figure 6 a,b shows the IR spectra of a water molecule in
solid xenon near the bending mode of the H2Omolecule. It can
be seen that the spectra of the Xe+H2O system with a low
water content (see Fig. 6 a) vary with an increase in the H2O
concentration (see Fig. 6 b). After photolysis at 193 nm, which
results in decomposition of the water molecule in the xenon
matrix, and matrix annealing, which increases the mobility of
the active species, the spectra exhibit the bands for HXeOH (at
1578 cm71) and two additional peaks designated in curve 3 by
C1 and C2 (see Fig. 6 b). It was suggested that these peaks
correspond to H7Xe vibrations in the complexes
HXeOH .H2O and HXeOH . (H2O)2, respectively. Later this
hypothesis was confirmed in a theoretical study 35 dealing with
molecular modelling of the intermolecular complexes of
HXeOH with water. Previously, similar complexes of noble
gas hydrides with nitrogen have been observed experimentally
(for example, HArF .N2 in Ref. 36) and studied by computa-
tional chemistry.37

The first stage of modelling included the use 35 of the
combined quantum and molecular mechanics (QM/MM)
method, specifically, the embedded species (HXeOH) was
described by quantum chemistry methods and the surrounding
water molecules were described by molecular mechanics in the
effective fragment (EF) potential approximation.38 The calcu-
lations were carried out using PC GAMESS software.26 The
computation showed that water molecules of a specified

geometry configuration (i.e., effective fragments) can form
cages that completely trap HXeOH. However, these local
minima in the PES proved to be artifacts of this computational
procedure; on passing to a higher modelling level (by quantum
chemistry techniques), the clusters containing >3 water mole-
cules were destroyed. In particular, the use of MP2 method
with aug-cc-pVTZ basis functions on the oxygen and hydrogen
atoms, Stuttgart pseudopotential 39 and the appropriate basis
set (6s6p1d)/[4s4p1d] on xenon resulted in configurations of
the local and global minima in the PES of the HXeOH
complexes containing from one to three water molecules.
Thus, it was established that the PES local minima correspond
to the bound states of the HXeOH . (H2O)n systems (n=0±3).
Figure 7 shows the calculated equilibrium structures for the
complexes HXeOH . (H2O)n. These complexes may decompose
through potential barriers ranging from 0.4 (for n=3) to
39.6 kcal mol71 (n=0) to give xenon complexes with water
clusters: Xe . (H2O)n+1 , which account for the PES global
minima.

Table 2 summarises the computation results for the param-
eters of the HXeOH . (H2O)n complexes.
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trapping of the HArF molecule by solid argon.
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The use of a conventional scaling procedure for the
vibration frequencies calculated in the harmonic approxima-
tion permits direct comparison of the theoretically calculated
frequencies and experimental positions of bands in the vibra-
tional spectrum. If a scaling factor has been selected (e.g., 0.88
based on the H7Xe stretching band in the HXeOHmolecule),
the theoretical estimates of the bands for the complexes
HXeOH .H2O and HXeOH . (H2O)2 (1669 and 1735 cm71,
respectively) are in good agreement with experimental data
(1681 and 1742 cm71). Thus, peaksC1 andC2 in the spectra of
matrix isolated species (see Fig. 6 b) are due to the HXeOH
complexes with one and two water molecules. In the spectra of
systems containing hydrogen bonds, the signals are shifted to
the blue (short-wavelength) region with respect to the initial
spectrum. Currently, such systems are under vigorous
research.40 In the case of HXeOH, the blue shift of the
H7Xe frequency is attributable to additional charge transfer
between the HXe and OH fragments induced by complexation
with a water molecule.

Interesting results were obtained in the modelling of
decomposition pathways of the HXeOH . (H2O)n complexes,
i.e., upon system transition from local to global minima along
the reaction coordinate. To this end, configurations of the
transition states as saddle points with the only vibration
frequency were found. On both sides from these points,
minimum energy paths to the reactant and product valleys
were constructed. Figure 8 shows the calculated energy profile
corresponding to decomposition of the HXeOH . (H2O)2 com-
plex. The local minimum in the beginning of the reaction path

corresponds to the metastable state of the HXeOH . (H2O)2
complex (A), transition state B is shown on the top of the
barrier and the decomposition product Xe . (H2O)3 (E) occurs
at the end of the path. Intermediate structures C and D
illustrate the proton migration along the hydrogen bond
system. As the system moves from left to right, immediately
after transition state B has been reached, the proton from the
XeH+ fragment migrates to the nearest water molecule (struc-
ture C). The proton from the resulting H3O+ species migrates
to the next water molecule from which one more proton moves
to the hydroxyl ion OH7 (structure D).

This mechanism of proton transfer along the oriented
chains of water molecules illustrates the molecular scheme
usually referred to as water (or proton) conductor.

V. Conclusion

Despite the obvious priority of experimental works in modern
chemistry and physics, the contribution of computer molecular
modelling of the physicochemical properties of compounds has
become rather weighty in recent years. This is due to fast
progress in the computer technology, development of new
effective theoretical approaches to this problem and the
accumulated experience in the study of particular systems.
The examples of solution of complicated problems dealing
with structure determination of unstable chemical species,
HArF and HXeOH, isolated in low-temperature inert gas
matrices demonstrate the advantages of combined effort of
experimentalists and theorists. We focused on the theoretical
aspect of the studies dealing with the structures, spectra and
transformation dynamics of noble gas compounds, because the
experimental studies of these compounds have been the subject
of recent comprehensive reviews.4, 5

The examples we considered are fairly typical, although
they represent only a minor portion of the studies of matrix-
isolated species by combinations of spectroscopic and molec-
ular modelling methods. Consider briefly other achievements
in this field of chemistry. Thus Frenking and co-workers 41, 42

predicted the structure of the stable neutral noble gas com-
poundHeBeO using quantum chemical calculations before the
experimental proof for the existence of HArF molecule was
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Table 2. Calculated parameters of the HXeOH . (H2O)n complexes.

Parameter n = 0 n = 1 n = 2 n = 3

Harmonic frequencies 1790 1897 1972 2066

of Xe7H vibrations /cm71 (1.00) (0.77) (0.58) (0.15)
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the IR bands)
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product (E) and two intermediate structures along the proton transfer

path (C and D).
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obtained.3 Significant for further development of this field of
science are also studies by Feldman et al.43 ± 46 andMisochko et
al.,47 ± 49 who analysed active species in noble gas matrices
using both experimental and theoretical approaches. Chaban
and co-workers 50 ± 52 performed a number of important theo-
retical investigations of noble gas compounds, and the review
by Gerber 53 presents a detailed discussion of the works on the
structure and dynamics of these compounds. The review by
McDowell 37 covers both published and author's results of
quantum chemical calculations of molecules containing noble
gas atoms. Finally, special mention should be made of two
theoretical works 54, 55 predicting the possibility of existence of
biomolecules with an inserted xenon atom on the basis of
quantum chemical calculations.

Low-temperature matrix isolation has been developed as
an experimental technique that allowed investigation of the
properties of stable and unstable molecules isolated as fully as
possible from the influence of other species. However, the
progress in the instrumental equipment enabled detection of
the interaction of matrix isolated compounds with the matrix
material. The obtained experimental data are of interest for the
development of the theory of intermolecular interactions;
however, interpretation of the experimental results requires
much effort.

Modern ab initio quantum chemistry methods provide
virtually exact description of the structures and spectra of
small (comprising up to 10 atoms) molecules in vacuum, i.e.,
under conditions where they are separated from other species.
Accurate calculations for intermolecular complexes, especially
weakly bound complexes with noble gas atoms, are very
difficult. The studies discussed in this review used the approach
in which the theoretical problem was split into two levels: a
matrix-isolated species was modelled by ab initio quantum
chemistrymethods, while its interactionwith thematrix species
was described by well parametrised semiempirical potentials,
in particular, by diatomics-in-molecules potentials. Direct
comparison of the calculation results obtained by this com-
bined approach with experimental results often demonstrates
the success of this strategy.

Apparently, the future development of the modelling
techniques for matrix-isolated species would be related to
more active use of molecular dynamics combined with ab initio
quantum chemical calculations. This would allow direct calcu-
lation of the temperature dependences of spectra of matrix
isolated species.

The authors are grateful to co-authors of their publications
A A Granovskii, D A Firsov, M Pettersson, E Isoniemi,
H Tanskanen and A Lignell for fruitful discussion during the
research and to Professor G B Sergeev for steady interest and
attention to our work. This review was written with partial
financial support of the Federal Target Science and Technol-
ogy Programme of the RF (Project No. 2006-RI-112.0/001/
052) and of the Academy of Sciences of Finland (Project CoE
CMS).

References

1. G B Sergeev, V A Batyuk Kriokhimiya (Cryochemistry)

(Moscow: Khimiya, 1978)

2. Chemistry and Physics of Matrix-Isolated Species

(Eds L Andrews, M Moskovits) (Amsterdam: North Holland,

1989)

3. L Khriachtchev, M Pettersson, N Runeberg, J Lundell,

M RaÈ saÈ nen Nature (London) 406 874 (2000)

4. J Lundell, L Khriachtchev, M Pettersson, M RaÈ saÈ nen Low

Temp. Phys. 26 680 (2000)

5. M Pettersson, L Khriachtchev, J Lundell, M RaÈ saÈ nen Inorganic

Chemistry in Focus II (EdsG Meyer,D Naumann, L Wesemann)

(Weinheim: Wiley-VCH, 2005) p. 15

6. V A Apkarian, N Schwentner Chem. Rev. 99 1481 (1999)

7. L Khriachtchev, M Pettersson, M RaÈ saÈ nen Chem. Phys. Lett.

288 727 (1998)

8. L Khriachtchev, M Pettersson, J Lundell, M RaÈ saÈ nen J. Chem.

Phys. 114 7727 (2001)

9. R P Wayne Chemistry of Atmospheres (2nd Ed.) (Oxford:

Clarendon Press, 1991)

10. P P Korambath, X T Wu, E F Hayes, C C Carter, T A Miller

J. Chem. Phys. 107 3460 (1997)

11. M Pettersson, J Lundell, L Khriachtchev, E Isoniemi,

M RaÈ saÈ nen J. Am. Chem. Soc. 120 7979 (1998)

12. J Zoval, D Imre, P Ashjian, V A Apkarian Chem. Phys. Lett.

197 549 (1992)

13. L Khriachtchev, M Pettersson, E Isoniemi, M RaÈ saÈ nen

J. Chem. Phys. 108 5747 (1998)

14. B L Grigorenko, L Khriachtchev, A V Nemukhin,

M Pettersson, E Isoniemi, M RaÈ saÈ nen J. Chem. Phys. 110 5836

(1999)

15. D A Firsov, B L Grigorenko, A V Nemukhin,

L Y Khriachtchev, M RaÈ saÈ nenChem. Phys. Lett. 338 317 (2001)

16. A V Nemukhin, B L Grigorenko, A A Granovsky Chem. Phys.

Lett. 301 287 (1999)

17. B L Grigorenko, A V Nemukhin, V A Apkarian J. Chem. Phys.

108 4413 (1998)

18. B L Grigorenko, A V Nemukhin, N V Ozhegova Chem. Phys.

Lett. 296 84 (1998)

19. V I Pupyshev Opt. Spektrosk. 63 570 (1987) a

20. L Khriachtchev, M Pettersson, A Lignell, M RaÈ saÈ nen J. Am.

Chem. Soc. 123 8610 (2001)

21. L Khriachtchev, A Lignell, M RaÈ saÈ nen J. Chem. Phys. 120 3353

(2004)

22. L Khriachtchev, A Lignell, M RaÈ saÈ nen J. Chem. Phys. 123

64507 (2005)

23. A V Bochenkova, D A Firsov, A V Nemukhin Chem. Phys.

Lett. 405 165 (2005)

24. Z Bihary, G M Chaban, R B Gerber J. Chem. Phys. 116 5521

(2002)

25. S Jolkkonen, M Pettersson, J Lundell J. Chem. Phys. 119 7356

(2003)

26. A V Nemukhin, B L Grigorenko, A A Granovsky Vest. Mosk.

Univ., Ser. 2, Khim. 45 75 (2004) b

27. R A Aziz, H H Chen J. Chem. Phys. 67 5719 (1977)

28. B L Grigorenko, A V Nemukhin, V A Apkarian J. Chem. Phys.

104 5510 (1996)

29. A V Bochenkova, M A Suhm, A A Granovsky,

A V Nemukhin J. Chem. Phys. 120 3732 (2004)

30. L Khriachtchev, H Tanskanen, M Pettersson, M RaÈ saÈ nen,

J Ahokas, H Kunttu, V Feldman J. Chem. Phys. 116 5649 (2002)

31. L Khriachtchev, J Lundell, M Pettersson, H Tanskanen,

M RaÈ saÈ nen J. Chem. Phys. 116 4758 (2002)

32. M Pettersson, L Khriachtchev, J Lundell, M RaÈ saÈ nen J. Am.

Chem. Soc. 121 11904 (1999)

33. W A Caldwell, J H Nguyen, B G Pfrommer, F Mauri,

S G Louie, R Jeanloz Science 277 930 (1997)

34. C Sanloup, B C Schmidt, E M C Perez, A Jambon,

E Gregoryanz, M Mezouar Science 310 1174 (2005)

35. A V Nemukhin, B L Grigorenko, L Khriachtchev,

H Tanskanen, M Pettersson, M RaÈ saÈ nen J. Am. Chem. Soc. 124

10706 (2002)

36. A Lignell, L Khriachtchev, M Pettersson, M RaÈ saÈ nen J. Chem.

Phys. 118 11120 (2003)

37. S A C McDowell Cur. Org. Chem. 10 791 (2006)

38. J Joseph, E D Jemmis J. Am. Chem. Soc. 129 4620 (2007)

39. M S Gordon, M A Freitag, P Bandyopadhyay, J H Jensen,

V Kairys, W Stevens J. Phys. Chem. A 105 293(2001)

40. A Nicklass, M Dolg, H Stoll, H Preuss J. Chem. Phys. 102 8942

(1995)

41. G Frenking, D Cremer Struct. Bonding 73 17 (1990)

42. M Lein, J Frunzke, G Frenking Struct. Bonding 106 181 (2004)

43. V I Feldman, F F Sukhov Chem. Phys. Lett. 255 425 (1996)

44. V I Feldman, F F Sukhov,A Y OrlovChem. Phys. Lett. 280 507

(1997)

Investigation of matrix-isolated species: spectroscopy and molecular modelling 1091



45. V I Feldman, F F Sukhov, A Y Orlov, I V Tyulpina J. Am.

Chem. Soc. 125 4698 (2003)

46. V I Fel'dman, F F Sukhov, A Yu Orlov, I V Tyul'pina,

E A Logacheva, D A Tyurin Izv. Akad. Nauk, Ser. Khim. 1415

(2005) c

47. E Y Misochko, I U Goldschleger, A V Akimov, C A Wight

J. Am. Chem. Soc. 123 5156 (2001)

48. A V Akimov, I U Goldschleger, E Y Misochko, C A Wight

J. Phys. Chem. A 106 9756 (2002)

49. E Y Misochko, A V Akimov, I U Goldschleger, D A Tyurin,

D N Laikov J. Chem. Phys. 122 034503 (2005)

50. G M Chaban, J Lundell, R B Gerber J. Chem. Phys. 115 7341

(2001)

51. Z Bihary, G M Chaban, R B Gerber J. Chem. Phys. 119 11278

(2003)

52. G M Chaban Chem. Phys. Lett. 395 182 (2004)

53. R B Gerber Annu. Rev. Phys. Chem. 55 55 (2004)

54. J Lundell,M Pettersson,M RaÈ saÈ nenComput. Chem. 24 325 (2000)

55. G M Chaban Chem. Phys. Lett. 401 318 (2005)

a Ð Opt. Spectrosc. (Engl. Transl.)
b ÐMoscow Univ. Chem. Bull. (Engl. Transl.)
c Ð Russ. Chem. Bull, Int. Ed. (Engl. Transl.)

1092 A V Nemukhin, L Yu Khriachtchev, B L Grigorenko, A V Bochenkova, M RaÈ saÈ nen



Abstract. The review describes briefly the chemistry of inter-The review describes briefly the chemistry of inter-
stellar clouds and focusses on how bimolecular neutral ±stellar clouds and focusses on how bimolecular neutral ±
neutral reactions may influence its evolution. Experimentalneutral reactions may influence its evolution. Experimental
techniques that give information on the reactivity and thetechniques that give information on the reactivity and the
dynamics of these processes are presented with a specialdynamics of these processes are presented with a special
attention to the CRESU (Cineattention to the CRESU (Cine''tique de Retique de Re''action en Ecoule-action en Ecoule-
ment SupersoniqueUniforme) technique, which is the only onement SupersoniqueUniforme) technique, which is the only one
able to deliver rate coefficients at very low temperatures forable to deliver rate coefficients at very low temperatures for
reactions between two neutral partners. Recent advancesreactions between two neutral partners. Recent advances
concerning the reactivity of carbon-bearing molecules areconcerning the reactivity of carbon-bearing molecules are
described in more detail with a special attention to the reactiondescribed in more detail with a special attention to the reaction
kinetics of Ckinetics of C22 and Cand C44H with small stable hydrocarbons. TheH with small stable hydrocarbons. The
bibliography includes 161 referencesbibliography includes 161 references..

I. Introduction

For many years, the field of gas phase reaction kinetics
involving neutral partners has been restricted to experimental
studies which were carried out essentially at temperatures
greater or equal to room temperature. The interest in the
chemistry of the Earth stratosphere that arose in the early
1970s stimulated the adaptation of experimental equipment to
extend the study of kinetics down to 200 K. This led to a
significant increase, although still limited, in the number of
available rate coefficients at sub-ambient temperatures.1 ± 3 For
reasons that will be explained further, only in some very
specific cases experimental data had been obtained down to
77 K.4 ± 7 In the last twenty years, however, the development
and adjustment of new technologies opened the possibility of
exploring much colder temperature areas leading to a signifi-
cant amount of reaction rate constant measurements down to
13 K.8, 9 Although some experiments were also carried out at
7 K,8 these dealt with inelastic collisions and focussed on
energy transfer processes only. In the solid state, it is worth
mentioning however that this record was beaten and an

abundant research field on autowave chemical transforma-
tions near 4 Khas been developedwithin the last 20 years.10 ± 13

From the fundamental point of view, the new obtained
data in the gas phasewere like a revolution for chemical physics
science as they revealed that the Arrhenius equation does not
hold for a large number of neutral ± neutral reactions including
those for which a saturated molecule was involved. Barrierless
reactions, indeed, were found to be much more frequent than
suspected. Furthermore, these new experiments stimulated the
development of new theories of reactive collisions.14 ± 31

A comparison between experiment and theory at such low
energies (let us remember that 13 K corresponds to about
1 meV) was actually a decisive test of the quality of potential
energy surfaces required for a correct description of chemical
processes. A large number of theoretical studies was then
undertaken in order to reproduce the experiments but till
now, most of these works were carried out on a case-by-case
basis (see for example 14, 18, 24, 26) and no general trends are
presently known to quantify the effectiveness of a chemical
process at very low temperature although some very recent
attempts are shedding interesting light in this difficult
task.9, 21, 30 ± 32

Beside these fundamental considerations, studying reactiv-
ity at temperatures as low as 10 K is of major importance for
the understanding of a large number of (very) cold natural
environments in which a rich chemistry is taking place.
Whereas themean surface temperature of the Earth is presently
about 288 K, much lower temperatures can be found as, for
example, in the area of Verkhoiansk in Siberia (Russia) where
the thermometer can go down to 200 K. In our own atmos-
phere, recent observations indicate that the temperature at the
mesopause can be lower than 150 K at high latitudes.33 Thanks
to the development of space missions, ground telescopes and
satellites, new horizons were revealed to our knowledge and
demonstrated the existence of even colder extraterrestrial
environments. The atmosphere of Giant Planets or their
satellites is only several tens of a Kelvin: 70 K at the tropo-
pause of the now well known Saturn's satellite Titan,34 50 K in
the atmosphere of Neptune 35 or Pluto.36 In the coma of
comets, temperatures ranging from 10 K to 200 K 37 have
been determined according to the distance to the Sun and the
position with respect to the nucleus. Beyond the solar system,
we penetrate in the so-called interstellar medium, an appa-
rently empty space which separates stars from each other. This
very tenuous environment (mean density *1 atom cm73) is
actually quite heterogeneous containing for example very
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Table 1. List of interstellar molecules ordered by their number of atoms.39, 40

Number of atoms (N )

N=2 N=3 N=4 N=5 N=6 N=7 N=8 N=9

CH (1937) CN (1940) H2O (1969) HCO+ (1970) NH3 (1968) HCO2H (1971) CH3OH (1970) CH3CHO (1973) HCO2CH3 (1975) CH3OCH3 (1974)

CH+ (1941) OH (1963) OCS (1971) HCN (1971) H2CO (1969) HC3N (1971) CH3CN (1971) CH3CCH (1973) CH3C3N (1984) CH3CH2OH (1975)

H2 (1970) CO (1970) H2S (1972) HNC (1973) HNCO (1972) CH2NH (1973) NH2CHO (1971) CH3NH2 (1974) CH3CO2H (1997) CH3CH2CN (1977)

CS (1971) SiO (1971) C2H (1974) N2H+ (1974) H2CS (1973) NH2CN (1975) CH3SH (1979) CH2CHCN (1975) C7H (1997) HC7N (1978)

SO (1973) NS (1975) HDO (1975) SO2 (1975) C3N (1977) H2CCO (1977) C2H4 (1983) HC5N (1978) HOCH2CHO (2000) HC9N (1978)

SiS (1975) C2 (1977) HCO (1976) HNO (1977) HNCS (1979) C4H (1978) C5H (1986) C6H (1986) C6H2 (2001) CH3C4H (1984)

NO (1978) HCl (1985) HCS+ (1981) HOC+ (1983) HOCO+ (1981) SiH4 (1984) CH3NC (1988) c-C2H4O (1997) CH2CHCHO (2004) (CH3)2CO (1987)

AlCl (1987) AlF (1987) c-SiC2 (1984) MgNC (1986) C3H (1985) c-C3H2 (1985) HC2CHO (1988) CH2CHOH (2001) CH2CCHCN (2006) C8H (1996)

KCl (1987) NaCl (1987) C2S (1987) C3 (1988) C3O (1985) CH2CN (1988) HC3NH+ (1994) C6H7 (2006) HC11N (1997)

PN (1987) SiC (1989) CO2 (1989) CH2 (1989) H3O+ (1986) C5 (1989) C5N (1998) C6H6 (2001)

CP (1990) NH (1991) C2O (1991) NH2 (1993) HCNH+ (1986) SiC4 (1989) C4H2 (2001) (CH2OH)2 (2002)

SiN (1992) SO+ (1992) N2O (1994) NaCN (1994) c-C3H (1987) CH4 (1991) HC4N (2004) NH2CH2CO2H (2003) a

CO+ (1993) HF (1997) MgCN (1995) H�3 (1996) C3S (1987) C3H2 (1991) CH2CNH (2006) CH3CH2CHO (2004)

LiH (1998)a SH (2000) SiCN (2000) AlNC (2002) C2H2 (1989) HCCNC (1992) c-H2C3O (2006) CO(CH2OH)2 (2005) a

FeO (2002) N2 (2004) SiNC (2004) HC2N (1991) HNCCC (1992) CH3C5N (2006)

CF+ (2006) O2 (2007) H2CN (1994) H2COH+ (1996) CH3C6H (2006)

PO (2007) SiC3 (1999) C4H7 (2007) CH3CONH2 (2006)

CH3 (2000) C8H7 (2007)

CH2CHCH3 (2007)

Note. The year of their discovery is also included in parentheses; `c' stands for cyclic species. a Tentative or still controversial detections.



diluted (<0.01 atom cm73) and hot (*106K) areas, remnants
of super novae explosions where atoms have lost several of
their electrons and much colder (10 K) and denser (104 mole-
cules cm73) zones where an amazingly rich chemistry is now
identified. The latter are called molecular clouds (or dark
clouds) because most of the molecules identified in the inter-
stellar mediumwere discovered in these dense enoughmedia so
that the UV light coming from neighbouring stars cannot
penetrate deep inside.38 To date, thanks to radioastronomy
and satellites such as ISO (Infrared Space Observatory) or
orbiting telescopes such as HST (Hubble Space Telescope),
about 150 different molecules have been identified in the
interstellar medium (230 including isotopomers).39, 40 This
number is permanently growing and the development of the
ALMA interferometer in Chile and the future space telescope
Herschel (launching July 31st, 2008) will certainly considerably
enrich the list. A compilation of the presently knownmolecules
in the interstellar and circumstellar media is presented in
Table 1 which also includes the year of the first detection of
each molecule. More details, and particularly the references
announcing the first discovery of each species, can be found at
the website held by Woon.39 How such a variety of molecules,
among which a large number are organic, can be produced and
survive in such harsh environments is a fundamental question
that gave birth to a new field in astronomy about 40 years ago:
astrochemistry.

In the present review, I will essentially focus the discussion
on interstellar molecular clouds and experimental techniques
that could be employed for the study of gas phase neutral ±
neutral reaction kinetics at very low temperature.

II. Neutral ± neutral reactions in interstellar
chemistry

Understanding how stars and their associated planetary system
form is one of the major challenges of modern astrophysics. It
is now largely accepted that molecular clouds are the cradle of
stars which are generated by local gravitational collapses inside
the cloud leading to a strong pressure increase which eventually
will start thermonuclear reactions. In this frame, molecules
play a critical role in the dynamical stability of the cloud and
act as a cooling reservoir.41 Inelastic collisions with other
species, and more particularly H2, which is by far the more
abundant molecule, enable conversion of kinetic energy into
radio or mm radiations which eventually can escape from the
cloud which is optically thin in this wavelength range. As a
consequence of molecular cooling, the thermal pressure inside
the cloud is reduced and eventually will not be able to counter-
balance gravitation any more leading to the collapse of the
cloud.42

It is then essential to clearly understand the fate of
interstellar molecules. With this objective in mind, astrono-
mers started to develop gas phase photochemical models of
interstellar clouds in the mid-seventies.43 ± 48 Their aim was to
reproduce the observed abundances of these molecules taking
into account all chemical and physical processes that were
expected to play a role in their formation and destruction.
Knowledge of a large number of parameters was required
including the photon and cosmic ray fluxes coming from
outside the cloud, the rate constants for reactive and inelastic
collisions and the branching ratios of reactions. The most
elaborated interstellar models are presently taking into
account about 400 species (neutral and charged) and 4000
processes.49, 50 It is worth mentioning here that the most recent
models are now starting to include gas surface processes, as the
presence of important molecules such as H2 cannot be
explained by chemical schemes simply based on gas phase
chemistry. The physical conditions reigning in molecular
clouds (low temperatures, low pressures) restrict however the

chemistry to two-body, exothermic and barrierless processes.
The different families of reactions that are considered in
interstellar models are listed in Table 2.

Chemistry is initiated by ionisation of molecular and
atomic hydrogen, helium and carbon atoms by the VUV
radiation of stars in the outer part of the cloud and cosmic
rays in its inner part, which is opaque toVUVphotons. A series
of ion ± atom (H) and ion ±molecule (H2) reactions lead to the
production of bigger polyatomic ion molecules, which even-
tually will recombine dissociatively thus producing neutral
molecules. These can also be generated by radiative association
processes and neutral ± neutral reactions, which is the scope of
this paper. Then, although detected cations in the interstellar
medium represent only about 10% of the presently known
species, they play a central role in the increase of chemical
complexity. Very recently, it is worth stressing that the first
negative ion molecules C8H7 (Refs 51, 52), C6H7 (Ref. 53)
and C4H7 (Ref. 54) have been discovered in the molecular
envelope of IRC +10 216 and in the dense molecular cloud
TMC-1, which will certainly focus the interest of modellers on
the anion chemistry in a very close future.

For about twenty years and up to the early nineties,
interstellar cloud chemistry was thought to be essentially
driven by ion ±molecule reactions because, due to the strong
attractive forces between an ion and the permanent or induced
dipole on the neutral reagent, these processes were generally
barrierless and very fast (>1079 cm3 s71 molecules71). On
the other hand, formany years, neutral ± neutral reactions were
expected to be inefficient at the very low temperature of
molecular clouds as they were thought to proceed with positive
activation energy barrier (Ea). The temperature dependence of
the rate coefficient k was then usually described by the
Arrhenius equation k= k0exp(7Ea/kBT ) which leads to insig-
nificantly small rate coefficients at temperature of ca 10 K.
Only a few radical ± radical reactions such as O+OH?
O2+H were considered in models because this class of
processes could be expected to have no barrier.47 Furthermore,
at that time very few data were available at temperatures below
200 K because experimental techniques were not suited for this
kind of measurements (see below). In the early nineties, as

Table 2. Classes of chemical reactions that are included in chemical
models of interstellar clouds.

Reaction Reaction scheme

Ion ±molecule reactions

Charge transfer A++B ? B++A

Radiative association A++B ? AB++ hn
Atomic transfer AB++C ? A++BC

Electronic recombination reactions

Radiative A++e7 ? A+ hn
Dissociative AB++e7 ? A+B

Photochemical processes

Photodissociation AB+ hn ? A+B

Photoionisation AB+ hn ? AB++e7

Neutral neutral reactions

Atomic transfer A+BC ? AB+C

Radiative association A+B ? AB+ hn

Other reactions

Ion ± ion neutralisation A++B7 ? AB

Neutral ± negative ion reactions A7+B ? AB+e7

A7+BC ? AB7+C

Electron attachment A+e7 ? A7 or

AB+e7 ? A7+B
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explained further, the adaptation of the CRESU technique to
the study of radical ± neutral reactions shed a new light on the
field and demonstrated that a large number of these processes,
and more particularly those involving a saturated molecular
partner, can be very efficient at temperatures as low as 13 K.
This discovery was carefully considered by interstellar cloud
modellers who then published dedicated articles analysing the
impact of these new views.49, 55, 56 The number of neutral ±
neutral processes included in models was significantly
increased and rate coefficients were re-evaluated on the bases
of the new experimental data (initially concerning the reactivity
of the CN and CH radicals). The main consequence of this
upgrading was to reduce the rate of formation of complex
species because of a prompter destruction of small radicals
which initiate the chemical scheme leading to complex mole-
cules.55

Although a significant number of binary neutral ± neutral
reactions have been studied at very low temperatures now,
muchmore data are still required. In the following section I will
discuss the main difficulties faced by this kind of studies and I
will show how theCRESU technique can resolve a large part of
them.

III. Obtaining rate coefficients at very low
temperatures

As mentioned previously, for a long time low temperature
experimental rate coefficients were not available. Modellers
had then to estimate or evaluate these parameters and therefore
the results of simulations of the interstellar cloud chemistry
were subject to very large uncertainties although they were able
to reproduce some general aspects. To obtain low temperature
data, one common practice (still in use nowadays) was to
extrapolate the temperature dependence of a reaction for
which rate coefficients were measured at room temperature
and higher. As illustrated in Figure 1a and 1b, this can lead to
dramatic errors at temperatures as low as 20 K. In this
example, the reaction CN+C2H6 was initially studied by
Herbert et al.57 in the temperature range 297 ± 694 K. Data
are shown in Fig. 1a on an Arrhenius plot and seem to fit an
Arrhenius dependence with modest activation energy. Figure
1b shows the attempt to extrapolate these measurements down
to interstellar temperatures. As it can be seen, the extrapolated
rate coefficient decreases impressively by almost 7 orders of
magnitude from room temperature down to 20K. However,
experimental results obtained by Sims et al.58 one year after the
study byHerbert et al. show that the rate coefficient behaviour
changes completely since a minimum was reached at about
200 K and then the rate starts again to increase leading to a
difference of 6 orders of magnitude at 25 K between experi-
ment and extrapolation. Fortunately, all situations are not as
critical as this one, but this example clearly indicates that
experimental data are definitely required to strongly and
correctly constrain interstellar cloud models.

It is then necessary to generate a cool environment in which
reaction kinetics could be studied. The simplest idea is to
cryogenically cool down a slow-flow reactor cell. In that case,
however, one is immediately faced with the decay of the
saturated vapour pressure of gases when the temperature is
reduced and, as a consequence, condensation to the refriger-
ated walls of the cooled vessel. The solution to prevent
condensation is to limit the total concentration of the reagents
in the cell to keep them at partial pressures that are below their
vapour pressure at the wall temperature. However, the con-
centration must be high enough to perform kinetic experi-
ments, and only gases with a significant vapour pressure at the
wall temperature are then suitable. This method therefore
becomes more and more limited at temperatures lower than
200 K and was never applied below the liquid nitrogen temper-

ature of 77 K. At this temperature, only a few experiments
have been conducted for a limited number of reactions involv-
ing gases such as CO (Refs 6, 7) and H2 (Refs 4, 5) which have
high enough vapour pressures at such temperatures. More
details and references in relation to these techniques can be
found in Ref. 3.

Generating low temperatures can also be achieved using
supersonic expansions. The fundamentals of the technique
here is to convert part of the internal energy of a quasi static
flow into kinetic energy. There are several kinds of supersonic
expansions.

The simplest is the so-called free jet, which is formed by
expanding a gas from a high-pressure reservoir (typically
*1 bar) into a high-vacuum chamber through a small orifice
or a nozzle. The temperatures obtainedwith thismethod can be
extremely low down to 0.1 K but cannot generally exceed
20 K. The density is typically less than 1015 cm73 in most of
the useable areas of the jet.59, 60 However, the expansion is
inhomogeneous, with strong spatial density and temperature
gradients.61, 62 As the expansion evolves the collision frequency
decreases and therefore the different temperature moments
(translation, rotation and vibration) cannot reach equili-
brium.63 The gradients of temperature and density, the low
frequency of collisions and the short useable area of the jet
make it difficult to perform kinetic experiments in these free-jet
expansions although some ion ±molecule reactions have been
studied 60 because for this class of processes the long-range
electrostatic forces are strong enough to attract together
reagents travelling with virtually no translational velocity.
Nevertheless, free jet expansions are widely employed in
spectroscopy 64 for which problems of disequilibrium in the
flow are not important.

A molecular beam is an extension of the free jet technique
as it is obtained by extracting the centreline beam of the free jet
by skimming and pumping away the excess gas. The skimming
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Figure 1. Arrhenius plot of the rate constant for the reaction

CN+C2H6 in the temperature range 297 ± 694 K (a) 57 and Arrhenius

plot of the rate constant for the reaction CN+C2H6 in the temperature

range 25 ± 694 K (b) (1),57 (2).58

The straight line is an Arrhenius extrapolation to low temperature of the

data obtained by Herbert et al. at temperature greater than 297 K.
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action prevents supersonic waves from spreading back into the
gas and increasing the translational temperature, and at the
same time, enables one to obtain a well-collimated flow with a
narrow velocity distribution. Molecular beams are very useful
in studies of collisional dynamics.65, 66 As the frequency of
collisions is very small in a molecular beam, data are obtained
from experiments in which two collimated reagent beams
intersect at fixed angle in a scattering region where single
reactive or inelastic collisions occur between the components of
the beams.65 ± 72 The species of each beam are characterised by
a well-defined velocity and usually also internal quantum
states. By varying the velocity of the molecular beams and
their intersection angle, differential cross sections (product
angular and velocity distributions) can be measured at differ-
ent collisional energies. The technique provides valuable infor-
mation on the nature of the products of the reaction and its
mechanism.72 Most of these so-called crossed molecular beam
machines, however, work with beams at right angle and there-
fore the usual collisional energies are rather high with respect
to those encountered in the molecular rich interstellar medium.
Some devices are designed to vary the beam intersection angle
which enables some reduction in the relative collision
energy.73 ± 77 The lowest collision energy presently available
was obtained by Naulin and Costes 76 who can make experi-
ments using an apparatus for which the intersection angle can
be varied from 908 down to 228, the latter corresponding to a
collision energy of 0.35 kJ mol71 (i.e. *30 K). In this experi-
ment, relative total cross sections (also referred as excitation
function in the literature) can be integrated assuming a
Maxwell distribution of relative velocities at temperature T
and a Boltzmann distribution of reactant internal energies to
extract a thermal rate coefficient, k(T ). This, however, is a
relative value and has to be normalised using data obtained
from other techniques. More interestingly, the technique
provides the temperature dependence of the calculated rate
coefficient which can be directly compared with other expe-
rimental methods.76, 78

Absolute rate coefficients can be obtained as a function of
temperature using `collimated' supersonic flows generated by
the isentropic expansion of a buffer gas through an axi-
symetric convergent ± divergent Laval nozzle.79 At the exit of
the nozzle, the supersonic flow, typically 10 to 20 mm in
diameter, moves with a bulk velocity which is parallel to the
axis of the nozzle and uniform for several tens of centimetres
which is also the case for temperature, pressure and hence
density. The diffusion velocity is always negligible with respect
to the bulk velocity, thus avoiding the major problem of
condensation associated with the use of cryogenically cooled
cells. As a consequence, in such expansions, heavily super-
satured conditions prevail and as a matter of example conden-
sable species such as water, ammonia 80 or even polycyclic
aromatic hydrocarbons 81, 82 can be maintained in the gas
phase at very low temperatures. In contrast to free jet expan-
sions andmolecular beams where the concept of temperature is
not really valid, the relatively high gas density (1016 ±
1017 molecule cm73) in the uniform supersonic flow ensures
that frequent collisions take place during the expansion and
subsequent flow, maintaining thermal equilibrium. It is worth
stressing here that the temperature of the supersonic flow is not
a tuneable parameter as it is constrained by the divergent
profile of the Laval nozzle which is specifically designed to
obtain a given temperature and pressure in the supersonic
flow.{ Hence, a series of Laval nozzles are required to match

the range of temperature that needs to be explored. Clearly,
uniform supersonic flows are ideal chemical reactors.8, 79, 83

Uniform supersonic flows were initially developed in a
continuous flow version for the study of ion ±molecule reac-
tions by Rowe and co-workers 79 in the early eighties in the
laboratoire d'AeÂ rothermique inMeudon (France). The techni-
que was christened as CRESU, a French acronym meaning
CineÂ tique de ReÂ action en Ecoulement Supersonique Uniforme
which can be translated in English by Reaction Kinetics in a
Uniform Supersonic Flow. About ten years later, the method-
ology was adapted to the study of neutral ± neutral reactions 83

at the UniversiteÂ de Rennes 1 (France) and in the mid-nineties
mimicked at the University of Birmingham (United King-
dom).84

The typical temperatures than can be achieved are usually
in the range 15 ± 300 K.8, 9 However, the reservoir of the nozzle
and the nozzle itself can be pre-cooled using for example liquid
nitrogen. In these conditions, supersonic flows with a temper-
ature as low as 7 K (see Refs 85, 86) can be achieved. The
choice of the reactant, however, is then limited to those having
a vapour pressure high enough to avoid condensation on the
walls of the reservoir of the nozzle in which the flow is almost
stagnant.

With respect to the determination of rate coefficients, a
limitation of the CRESU technique lies in the supersonic
nature of the flow which restricts the available hydrodynamic
time to a few hundreds of microseconds. As a consequence,
only rate coefficients greater than 5610713 cm3 s71 mole-
cule71 can usually be measured. Another aspect that is worth
mentioning concerns the size of the apparatus. The supersonic
flow is made of an inner isentropic core embedded into a
boundary layer resulting from the viscosity of the gas. Mini-
mising this boundary layer (and hence optimising the length of
the supersonic flow) requires introducing large gas flow rates
into the reservoir (typically 50 standard litres per minute).
Since Laval nozzles are usually designed to obtain a low
pressure into the supersonic flow (typically a fraction of a
mbar) in order to avoid possible clustering, large pumping
capacities are necessary for the apparatus (typically
25 000 m3 h71). The size of pumps directly determines the
size of the chamber which is 3 m long and 50 cm in diameter.

If pressures of about 1 mbar are however acceptable in the
supersonic flow for the study of a given process, then a
significant reduction in pumping capacities can be accepted as
it is the case for the mini-CRESU that has been constructed in
theUniversite' de Bordeaux 1 byCostes and co-workers.87 This
apparatus however cannot reproduce temperatures lower than
50 K in the supersonic flow because of its limited pumping
capacities. In order to reduce the cost required for the develop-
ment of a CRESU continuous supersonic flow, another alter-
native can be to pulse the supersonic flow so that large flow
rates are only introduced during a few milliseconds and there-
fore pumping capacities are significantly diminished. The
pulsed CRESU technique was first developed at the University
of Arizona (USA) by Smith and co-workers 88 and it is now
also in use at the University of Berkeley (USA) in Leone's
group 89 and at the University of Goettingen (Germany) in
Troe's team.90 ± 92 Another apparatus is under development at
the University of Leeds (United Kingdom) in Pilling's group.
Due to their small pumping capacities, the pulsed CRESU
supersonic flows are limited to temperatures greater than 50 K.

Table 3 lists the two-body neutral ± neutral reactions that
were experimentally studied using the continuous or pulsed
version of the CRESU method.

IV. Recent results on the carbon chemistry at very
low temperatures

In this section, I will discuss recent results that were obtained
concerning the reactivity of neutral carbon-bearing radicals,

{ It is worthmentioning here that originally, Laval nozzles were developed

in the aeronautics area for their ability in maintaining a collimated gas at

their exit. They are used as exhausts for the burnt gases of rockets because

their design optimises the thrust when the spacecraft takes off.
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and more particularly C2 and C4H, in the presence of hydro-
carbon reactants. One of themainmotivations for these studies
lay in the involvement of these species in the photochemical
cycle of diacetylene C4H2 in the atmosphere of Titan, a
molecule considered to be an important step through the
production of polyacetylene polymers and eventually the
observed hazes.122 Furthermore, both radicals have been
identified in the interstellar medium 123 ± 129 as well and can
contribute to the production of more complex molecules by
reacting with other hydrocarbons.

Rate coefficients were measured using the continuous
CRESU apparatus available in Rennes in the temperature

range 24 ± 300 K for reactions involving C2 (Refs 111, 113)
and 39 ± 300 K for those concerning C4H.112 The CRESU
supersonic flow was associated to laser techniques to produce
and detect the radicals in situ using the time resolved Pulsed
Laser Photolysis ± Laser Induced Fluorescence (PLP-LIF)
technique. The fundamentals of the method have been
described in detail elsewhere 83 and therefore a brief summary
will be presented here focussing only on the specificities
connected to the present studies. The PLP-LIF technique uses
two pulsed lasers which are combined and co-propagate along
the axis of the supersonic flow as it can be shown in Fig. 2. The
first laser produces a homogeneous concentration of the

Table 3. Bimolecular reactions studied using the continuous and pulsed versions of the CRESU apparatus.

Reactant Radical Tmin /K a Ref. Reactant Radical Tmin /K a Ref.

O(3PJ) OH 39 93

O2 CN 13 83, 94

CH (v=0) 13 95

C2H 15 96

C2(1S�g � 145 97

C(3PJ) 15 18, 98, 99

Al(2PJ) 23 24, 100

Si(3PJ) 15 101, 102

B(2PJ) 24 103

D2 CH (v=0) 13 104

NO CH (v=0) 13 95

NH 53 105

C2(1S�g � 24 97

C2(3Pu) 24 97

C(3PJ) 15 18, 99

Si(3PJ) 15 101

H2O2 OH 96 106

HBr OH 23 107, 108

NH3 CN 25 83

CH (v=0) 23 95

C2H 104 109

CH4 CH (v=0) 23 110

NH 53 105

C2 (1S�g � 24 111

C4H 200 112

C2H2 CN 25 58

CH (v=0) 23 110

NHb 53 105

C2H 15 96

C2(1S�g � 24 111

C2(3Pu) 24 113

C4H 39 112

C(3PJ) 15 14, 98

Si(3PJ) 15 114

B(2PJ) 23 78

C2H4 CN 25 58

CH (v=0) 23 110

NHb 53 105

C2H 15 96

C2(1S�g � 24 111

C2(3Pu) 24 113

C4H 39 112

C(3PJ) 15 98

Si(3PJ) 15 114

B(2PJ) 23 115

O(3PJ) 39 31

C2H6 CN 25 58

CH (v=0) 23 110

NH 53 105

C2H 96 116

C2(1S�g � 24 111

C2(3Pu) 200 113

C4H 39 112

MeC:CH CN 15 117

CH (v=0) 77 87

C2H 63 117

C4H 39 112

C(3PJ) 15 118

CH2=C=CH2 CN 15 117

CH (v=0) 77 87

C2H 63 117

C4H 39 see c

C(3PJ) 15 118

MeCH=CH2 CH (v=0) 77 87

NHb 53 105

C2H 15 96

C4H 39 see c

C(3PJ) 15 98

O(3PJ) 23 31

C3H8 C2H 96 116

C2(1S�g ) 24 111

C2(3Pu) 36 113

C4H 39 112

C4H2 NHb 53 105

but-1-yne C4H 39 see c

buta-1,3-diene C2H 104 119

C4H 39 see c

cis-but-2-ene O(3PJ) 23 31

but-1-ene CH (v=0) 23 110

C2H 103 119, 120

C4H 39 see c

O(3PJ) 23 31

Me2C=CH2 C2H 104 119

O(3PJ) 23 31

trans-But-2-ene O(3PJ) 23 31

n-Butane C2H 96 116

C4H 39 see c

O(3PJ) 23 31

isobutane C2H 104 119

benzene C2H 105 121

anthracene CH (v=0) 58 82

MeCN C2H 165 119

EtCN C2H 104 119

PrnCN C2H 104 119

aTmin is the minimum temperature at which the experiment has been carried out. b For these reactions, the binary nature is not firmly

established. c Personal unpublished data.

1098 A Canosa



desired radical by photolysis of a suitable precursor. Then,
after a variable and controlled time delay, the radical is excited
to an upper electronic state by a tuneable laser acting as a probe
and its fluorescence is collected by means of an optically fast
telescope ±mirror combination mounted within the main vac-
uum chamber in which it is set at right angle of the supersonic
flow. Photons are then directed onto a fixed photomultiplier
tube through an interference filter. Production and detection
conditions for C2(X 1S�g ), C2(a3Pu) and C4H(Be2Pi) are speci-
fied in Table 4.

For a given concentration of the reactant, the rate of loss of
the radical along the flow axis is observed by scanning the delay
time between the pulses from the photolysis and probe lasers
using a delay generator. As the time delay between lasers
increases the fluorescence signal decreases because radicals
have been consumed in the reaction during their transit along
the flow. A typical trace of the LIF decay can be seen in Fig 3 as
well as the exponential fit which allows one to determine a first-
order rate coefficient. Plotting this rate as a function of the
reactant concentration, which can be varied by means of flow
controllers, leads to a straight line whose slope gives the
requested second-order rate coefficient. A typical second-
order plot is shown in Fig. 4 as an illustration. It is worth

stressing that this kind of study only scans the destruction of
the reagent radical, hence no information can be extracted
about the nature of the products and the branching ratios when
several exit channels are open.

The C2 radical is a peculiar molecule in the sense that its
first excited electronic state a3Pu (v=0) is only separated from
the ground state X 1S�g (v=0) by 610 cm71 (*880 K).130 In
our experimental protocol,97 photolysis of the precursor tetra-
chloroethylene at 193 nm produces mainly the triplet state
which then can relax to the ground state when suitable
conditions exist in the flow. Using He, Ar or N2 as the buffer
gas of the supersonic flow results in the presence of both states
out of Boltzmann equilibrium in the flow. This is an uncom-
fortable situation for the study of the reactivity of the singlet
state because introducing a reagent may result in a partial
relaxation of the triplet state to the ground state in character-
istic times of the same order of magnitude than the reaction of
the ground state with that reagent. The LIF signal of the
ground state will then be sustained by this source involving the
measurement of an underestimated rate coefficient. To get rid
of this complex situation, molecular oxygen was introduced in
the reservoir of the nozzle at a fixed flow rate in addition to the
studied reagent. We have demonstrated in a previous work 97
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Figure 2. Sketch of the CRESU apparatus.

(1) Nd: YAG 266 nm or excimer 193 or 248 nm; (2) MOPO 730 or dye laser; (3) Nd: YAG 355 nm; (4) delay-generator; (5) computer interface; (6) laser

beams; (7) combining optics; (8) precursor; (9) carrier/reagent gas main flow; (10) diffuser; (11) Laval nozzle; (12) moveable reservoir; (13) supersonic

flow; (14) to pumps; (15) mirror; (16) telescope; (17) photomultiplier; (18) high voltage;(19) signal; (20) computer.

Table 4. Production and detection conditions for the study of C2 and C4H radicals.

Radical Precursor Production laser Excitation radiation,a dye Collection radiation a Interference filter

C2(X 1S�g ) C2Cl4 excimer laser 231 nm 231 nm 228 nm

Lambda Physik (D1S�u /X 1S�g )(0,0) (D1S�u /X 1S�g )(0,0) 11 nm fwhm

LPX 210i coumarin 460

193 nm

C2(a3Pu) C2Cl4 excimer laser 516 nm 563 nm 561.4 nm

Lambda Physik (d 3Pg/ a3Pu)(0,0) (d 3Pg/ a3Pu)(0,1) 9 nm fwhm

LPX 210i coumarin 307

193 nm

C4H C4H2 excimer laser 408 nm >430 nm low pass band

Lambda Physik Be2Pi7Xe2S+ Be2Pi7Xe2S+ filter GG435

LPX 210i 2S+72S+ 2S+72S+

248 nm styryl 9M (frequency doubling)

aWavelengths and the corresponding transitions (see text for details).
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that O2 was an efficient scavenger for the triplet state in the
temperature range 50 ± 200 K and therefore in this range,
experiments were carried out with the singlet ground state
only present in the reactor. At temperatures below 50 K, a
mixture of both states was, however, present and consequences
will be discussed in a further paragraph. At room temperature,
oxygen was also introduced to generate an equilibrated pop-
ulation of triplet and singlet states before reaction with the
reagent took place. The study of the removal of the triplet state
was obviously made without introducing oxygen.

As mentioned in Table 4, the ground state was detected
using theMulliken bands at ca. 231 nmwhereas the triplet state
was identified through the Swan bands at about 516 nm. Five
hydrocarbons were studied: CH4 , C2H2 , C2H4 , C2H6 and
C3H8 . The whole results are presented in Figs 5 to 9 where data
are gathered by reactant for both singlet and triplet states. In
the case of CH4 , the triplet state however is non reactive and
therefore Fig. 5 contains data for the singlet state only.

As it can be observed, the reactivity of the triplet state is
always lower than that of the ground state. The former is
poorly removed by saturated hydrocarbons. For C2H6 meas-
urements were only carried out at 200 K and 300 K because
the process was not efficient enough at lower temperatures to
be measurable by the CRESU apparatus. It seems however
that destruction of C2(a3Pu) increases with the complexity of
the hydrocarbon because measurement for propane showed a

rate coefficient that is one order of magnitude greater than for
C2H6 . At the lowest temperature of the experiment however
the rate coefficient was also unquantifiable. Although meas-
urable, the removal of the triplet state with propane was still an
order ofmagnitude lower than the reactivity of the singlet state.
For unsaturated hydrocarbons, the triplet state is significantly
more destroyed, but still in a less efficient way than the singlet
state (about a factor of 2 to 3). Finally, it is important to stress
that it is not possible in this experiment to discriminate between
the pure reactivity and the possible relaxation of the triplet
state to the ground state. It is then more appropriate to talk
about the total removal of the triplet state rather than about
the reactivity with reactants. More details can be found in
Ref. 113.

With respect to the singlet ground state, the determined
rate coefficients were always found to be very fast over the
whole temperature range (greater than 10710 cm3 s71 mole-
cule71) except for methane for which the rate coefficient was
measured to be about constant and at least one order of
magnitude lower than for C2- and C3-based hydrocarbons.
The temperature dependence is usually rather weak although a
shallow maximum can be identified at about 50 ± 70 K. Values
are very close to the collisional limit and this is more partic-
ularly true for C2H2 and C2H4 .
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Concerning data obtained for the singlet state at temper-
atures below 50 K the analysis shows that the removal of the
singlet state by the three saturated hydrocarbons only results
from pure reactivity with these species because the removal of
the triplet state is very small or immeasurable below 50 K. For
unsaturated hydrocarbons the situation is more complex
because the removal of the triplet and the singlet states are
found to be very fast. Then the observed decay of the rate
coefficient below 50 K could come fromunderestimated values
of the rate coefficient due to relaxation of the triplet state. Since
this latter process cannot be clearly evaluated, we prefer to
maintain a cautious analysis and claim that these results are
lower-limit rate coefficients for the reactivity of C2(X 1S�g ) with
C2H2 and C2H4 . It is worth stressing however that this
behaviour was already observed at low temperature for several
reactions as for example those involving boron 78 or sili-
con 101, 114 atoms with hydrocarbons. As for the reaction
B+C2H2 ,78 a very small activation barrier can also be
responsible for the observed decay.

More details concerning these studies can be found else-
where 111 and more particularly a discussion concerning the
possible consequences of these high rate coefficients for the
photochemistry of Titan and Giant Planets. Briefly, these
results show that reactions of C2 with C2H2 , C2H4 and C2H6

are significant destruction routes of the dicarbon radical which
are presently not taken into account in the photochemical
models of the atmospheres of these bodies. Moreover, in the

chemistry of circumstellar envelopes,131 the reactivity of C2

with C2H2 , which is a potential source of C4H, has been
recently updated using our new measurements because the
rate coefficient which was in use was underestimated by at least
a factor of four 50 (and associated website http://www.udfa.
net/). Reactions with C2H4 and CH4 which were absent in the
chemical scheme have also been added.

Finally, it is interesting to note that the kinetic behaviour of
C2(X 1S�g ) with C2H2 , C2H4 , C2H6 andC3H8 is quite similar to
that observed for CH with the same reactants 110 indicating
that the reactive mechanisms might be similar i.e., insertion or
addition of the radical followed by a hydrogen elimination.
Regarding to the products, little information can be found in
the literature. The reaction of the ground state of C2 with CH4

is expected to proceed via insertion of C2 in the C7H
bond.132, 133 Kaiser et al. 134, 135 performed crossed molecular
beam experiments to study the dynamics of C2(X 1S�g ) and
C2(a3Pu) with C2H2 (see Ref. 135) and C2H4 (see Ref. 134) at
collision energies in the range 14.7 ± 28.9 kJ mol71 (i.e.
*1100 ± 2300 K) and combined them with ab initio electronic
structure calculations. They concluded that one exit channel
was available and leads to 1 hydrogen atom elimination.

The C4H radical is produced in the laboratory by photo-
dissociation of diacetylene, C4H2 , usingUVorVUV light. One
of the major difficulties concerning the study of the reactivity
of this radical with hydrocarbons lies in the synthesis of
diacetylene which cannot be bought from private companies.
This very unstable molecule was made in our laboratory from
the dehydrochloration of 1,4-dichloro-2-butyne (C4H4Cl2). It
was then stored into a 20-litre glass vessel buffered with helium
under a total pressure of 1.2 bar. This mixture was then
introduced in the reservoir of the Laval nozzle using a micro-
metric valve. The C4H radical was produced by photolysis of
C4H2 using an excimer laser working at 248 nm. The pencil of
radicals generated all along the flow axis was detected by LIF
exciting a 2S+72S+ vibronic band of the Be2Pi7Xe2S+

electronic system at a wavelength of ca. 408 nm. Fluorescence
was collected with a photomultiplier tube through a low-pass
glass filter (see Table 4).

Twelve hydrocarbons were studied including CH4 , C2H2 ,
C2H4 , C2H6 , C3H4 (propyne and propadiene), C3H6 , C3H8 ,
C4H6 (butyne and butadiene), C4H8 andC4H10 . This workwas
limited to temperatures greater than 39 K because below that
value rotational relaxation of C4H was not fast enough to be
completed within the available hydrodynamic time of the
experiment. A sample of our results limited to CH4 , C2H2 ,
C2H4 , C2H6 , C3H4 (propyne) andC3H8 is presented in Figures
10 and 11. In all cases, reactivity increases when the temper-
ature is lowered and, as for C2 , the rate coefficient reaches a
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Figure 7. Second-order rate coefficients k for the removal of C2(X 1S�g )
(1) and C2(a3Pu) (2) by C2H4 measured as a function of the temperature.
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Figure 8. Second-order rate coefficients k for the removal of C2(X 1S�g )
(1) and C2(a3Pu) (2) by C2H6 measured as a function of the temperature.
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Figure 9. Second-order rate coefficients k for the removal of C2(X 1S�g )
(1) and C2(a3Pu) (2) by C3H8 measured as a function of the temperature.
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shallow maximum before starting to slightly decrease in some
cases. It is worth noting that the rate coefficient increases with
the number of carbon atoms in the molecule when considering
the reagents by family (alkanes, alkenes, alkynes and dienes).
As for C2(X 1S�g ), the rate coefficients are very fast and close to
the collision limit indicating that these processes are certainly
barrierless. More details concerning these measurements can
be found elsewhere.112

Among the studied hydrocarbons, six have been detected in
the atmosphere of Titan (CH4 , C2H2 , C2H4 , C2H6 C3H4:
propyne and C3H8). In photochemical models of this Saturn's
moon, only reactions of C4H with the first four reagents are
taken into account probably because the abundance of pro-
pyne and propane are too small. We have compared our
measurements with the values of the rate coefficients included
in these models 136 ± 140 and realised that the chosen rates were
always underestimated, sometimes by more than one order of
magnitude. The closest estimations were proposed in a recent
model by Wilson and Atreya 140 who used rate coefficients
comparable with those measured recently for reactions of C2H
with CH4 , C2H2 , C2H4 and C2H6 (see references in Table 3).
These aspects clearly show that the photochemical models
should be revised. In particular, these new experimental data
may affect the formation of polyaromatic polymers which are

one possible route for the production of the thick haze that is
present in the upper atmosphere of Titan.122, 141

At this stage of our knowledge, it is rather interesting to
start comparisons of the known rate coefficients that were
measured within the last 15 years at very low temperature.
More particularly, some stable reagents have now been studied
in the presence of a large number of differing radicals.
Concerning carbon-based species the reactivity of acetylene
has been studied in flow gases containing radicals such as
C(3P), CH, C2 , C2H and C4H (see references in Table 3). The
temperature evolution of the rate coefficients for these five
reactions is presented in Fig. 12a and 12b. As it can be seen,
rates are all fast and present temperature dependences that are
rather similar. These observations may help in the estimation
of rate coefficients for which the measurement is not exper-
imentally possible and may suggest new theoretical routes to
explore.

V. Perspectives

Although a lot of studies have been carried out on the
experimental determination of rate coefficients at very low
temperature within the last 15 years, there is still a considerable
amount of work to be achieved. Beside carbon chemistry, there
are several directions that are of particular interest.

Most of the present available studies concern small systems
i.e., atomic radicals or simple molecular radicals and reagents
(see Table 3). There are still several aspects that remain unex-
plored however. As a matter of example, the chemistry of
sulfur is completely unknown at very low temperature
although molecules such as SO or SO2 are routinely used to
trace shock areas in the interstellar medium.142, 143 The reac-
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Figure 10. Second-order rate coefficients k for the reaction of C4H with

alkanes [C3H8 (1), C2H6 (2), CH4 (3)] measured as a function of the

temperature.
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Figure 11. Second-order rate coefficients k for the reaction of C4H with

C3H4 (propyne) (1), C2H4 (2), and C2H2 (3) measured as a function of the

temperature.
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Figure 12. Second-order rate coefficients k for the reaction of C2H2 with

CH (1),110 C2H (2)96 and C4H (3)112 measured as a function of the

temperature (a). Second-order rate coefficients k for the reaction of

C2H2 with C(3P) (1) 98 and C2(X 1S�g ) (2)111 measured as a function of the

temperature (b).
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tivity of sulfur atoms is certainly of interest in the production of
more complex sulfur-bearing molecules. The chemistry of
metastable atoms is also important in our atmosphere and in
planetary atmospheres as well. Only a few data concerning the
reactivity of O(1D) are available at temperatures close to
200K.144 ± 146 Extension to the lower temperatures of Titan
should be valuable as well as determining rate coefficients for
other atoms such as N(2D), C(1D) or S(1D). A much more
difficult task resides on the experimental study of radical ±
radical reactions because in that case one of the partners must
be produced in a large and well-defined quantity (typically
1013 molecules cm73) so that the characteristic time of the
reaction is small enough to bemeasured by experimental setups
such as supersonic flows. It is worth mentioning here the very
recent study concerning O+OH which was conducted at
temperatures as low as 39 K.93 Future work may focus on
reactions such as N+OH, O+CN, O+CH or a simpler one
N+NO which are all of particular interest in interstellar
chemistry.

Another important aspect that modern astrophysics
revealed is the complexity of the existing interstellar molecules
as illustrated byTable 1. It is important to understand how this
complexity may be generated and to which level it can be
brought. Although polycyclic aromatic hydrocarbons have not
yet been directly observed in the interstellar medium, it is now
largely accepted that they are mostly present. Their reactivity
with other molecules is then of particular interest because
insertion mechanisms could contribute to the building up of
new species containing an increasing number of aromatic
cycles. The study of dimerisation and eventually nucleation of
PAHs can also give new insights in the generation of nano-
particles by extension of interstellar dust. Finally, reactions of
simple stable C2 , C3 and C4-based hydrocarbons with radicals
should also be completed although it is rather well documented
now.

Measuring rate coefficients, although being of crucial
importance, is only a partial answer to the understanding of a
chemical process. Obviously, the identification of the products
and the quantification of the branching ratios are vital as well.
This aspect is much more difficult with the available exper-
imental techniques dedicated worldwide to the investigation of
gas phase kinetics. Although products can be identified by
several methods such as LIF or mass spectrometry, the
determination of their concentration is usually not possible.
Some recent works are noteworthy however. Reactions for
which only one exit channel is open can be used as references to
determine the quantity of products of another process. This
ideawas used by the group of Seakins in Leeds (UK) 147, 148 and
Loison in Bordeaux (France) 149 ± 153 to obtain the branching
ratio of channels containing hydrogen atoms. Calibration
reactions such as

CN+H2 HCN+H,

CH+CH4 C2H4+H or

C+C2H4 C3H3+H

can be used whereas H atoms are detected by VUV-LIF. These
studies however are only available at room temperature and it
would be worth to extend them at interstellar temperatures.
The development of infrared lasers opens new possibilities for
the determination of branching ratios. Multipass cells can be
coupled to infrared light to detect molecular radicals by
absorption techniques and quantify their concentration.
Using this method, Hershberger and co-workers 154 ± 159

obtained a significant amount of results at room temperature
and above. One of the major problems here lies in the vibra-
tional population of the produced molecules which may not be
in equilibrium and therefore relaxation processes could inter-

fere in the measurements. This was solved by the authors using
SF6 as a buffer gas,160 a technique which is inapplicable to
CRESU supersonic flows because of potential polymerisation
of large concentrations of SF6 during the expansion. A more
promising technique lies on the photoionisation of products at
threshold using VUV light and collection of the ions by a time-
of-flight mass spectrometer. VUV can be generated by wave
mixing laser techniques. This however is rather limited because
of the restricted accordability of the generated light. Further-
more, the quantity of photons is generally rather small. Amore
appropriate tool for this kind of study is light produced from a
synchrotron. Recent works have been undertaken at room
temperature coupling a slow flow cell reactor to the ALS
synchrotron in Berkeley.161 By scanning the VUV light it is
possible to detect products according to their ionisation
potential which allows one to separate isomers. Provided that
ionisation cross sections are known, the concentration of the
products can be extracted from the experiment. Using a
reduced version of the CRESU apparatus, it could be possible
to couple it to a synchrotron (SOLEIL in France) and then
make this kind of experiments at low temperatures.

Another challenge of experimental gas kinetics would be to
be able to study the reactivity of molecules at even colder
temperatures. The CRESU technique is well designed for this
kind of task although the continuous version will request
considerable pumping capacities to reach temperatures as low
as a few Kelvin. Let's remind that the technique is presently
limited to temperatures greater than 15 K for a reservoir kept
at room temperature. Using a pulsed version of the CRESU
apparatus coupled to the pumping capacities which are avail-
able in Rennes will make it possible however to obtain temper-
atures lower than 5 K reducing by a factor of 3 the present
limit. This idea is in development in our lab and would open
new horizons.More particularly it would allow one to compare
theory and experiments in these extreme conditions. Indeed,
theoretical predictions indicate that peculiar behaviours of the
rate coefficients below 10 K should occur. As a matter of
example, capture theories are expecting a maximum of the rate
coefficient close to that temperature and then a significant
decrease for colder conditions.

As it can be seen through these pages, the field of gas
kinetics at low temperature is very active and has still unex-
plored areas. The development of new technologies however
should allow experimentalists to push the limits even further
and exciting results are expected in the future.

The present work was made possible thanks to the very
efficient collaboration of my colleagues in Rennes:
C Berteloite, P Birza, S Le Picard, A Pa'ramo, B R Rowe,
I R Sims and D Travers. I am particularly grateful to
B R Rowe and I W M Smith, whose association made possi-
ble the development and success of the studies of neutral ±
neutral reactions at very low temperatures. The work is funded
through two French national programmes: Physique et Chimie
du Milieu Interstellaire (PCMI) et Plane'tologie (PNP); the
European commission through the `Molecular Universe'
network; the Region of Brittany and Rennes Metropole to
which I express my deep thanks.
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Abstract. The kinetics of tunnelling reactions of hydrogenThe kinetics of tunnelling reactions of hydrogen
isotopes in solid molecular nanoclusters immersed in super-isotopes in solid molecular nanoclusters immersed in super-
fluid helium and the changes in the environment of the atomsfluid helium and the changes in the environment of the atoms
during the course of these reactions are reviewed. Results ofduring the course of these reactions are reviewed. Results of
pulsed electron spin resonance show that a very large fractionpulsed electron spin resonance show that a very large fraction
(50%±60%) of the stabilised atoms reside on the surfaces of(50%±60%) of the stabilised atoms reside on the surfaces of
the nanoclusters. The results of studies of the recombinationthe nanoclusters. The results of studies of the recombination
and the exotic behaviour of hydrogen atoms in a solidand the exotic behaviour of hydrogen atoms in a solid
molecular hydrogen matrix at ultralow temperaturesmolecular hydrogen matrix at ultralow temperatures
(0.15 ± 0.9 K) are also discussed. The bibliography includes 68(0.15 ± 0.9 K) are also discussed. The bibliography includes 68
referencesreferences..

I. Introduction

In this paper we review recent experimental and, briefly,
theoretical studies of quantum chemical reactions of atomic
hydrogen isotopes in solid molecular matrices at low and
ultralow temperatures. We put our main emphasis on the
experimental work utilising the magnetic resonance methods
of electron spin resonance (ESR), nuclear magnetic resonance
(NMR) and electron ± nuclear double resonance (ENDOR).

We begin in Section II with a brief historical background of
the research on the physical processes and chemical reactions
which occur with atomic hydrogen isotopes trapped inside
solid hydrogen and/or deuterium molecular matrices. In Sec-
tion III, we present in more detail a description of the
experimental procedure for the preparation of the nanoclusters
in superfluid helium and the ESRmethods (9 GHz continuous

wave and pulsed spectrometers) used for these studies. We also
discuss the studies of the kinetics of exchange tunnelling
reactions of hydrogen isotopes at T* 1.35 K in nanoclusters
of impurity ± helium (Im ±He) solids. The changes of the
environment of the atoms during the course of these reactions
and the trapping sites of atoms in nanoclusters are also
reviewed. In Section IV we discuss the experimental techniques
for studies of H atoms in solid H2 films at ultralow
(0.1570.9 K) temperatures. We present the results of studies
of the recombination and the exotic behaviour of H atoms in
thin (*50 nm) H2 films in this temperature range. Section V
contains a summary, some conclusions and future prospects
for investigations of tunnelling reactions of hydrogen isotopes.

II. Historical background

Studies of hydrogen atoms trapped in solid molecular matrices
have a long history, starting in themid-1950s. Jen et al.,1, 2Wall
et al.,3 and Pietter et al.4 performed the first investigations of H
atoms in solid H2. The main motivation for these studies was
the achievement of high concentrations of stabilised H atoms
for possible application as a rocket fuel. An advantage as
compared to existing chemical fuels would be realised only if
concentrations of H atoms in solid H2 of order 7.5% could be
achieved.5 Various methods were employed for producing H
atoms, such as electron and g-ray bombardment of solid H2,
deposition of the products of electrical discharges in gaseous
H2 on cold surfaces, and the addition of low concentrations of
radioactive T2 to solid H2. Electron spin resonance (ESR) was
used to measure the H atom concentrations. It was found that
the average concentrations of H atoms were very small (less
than 0.01%). This fact made impossible any practical applica-
tions of H7H2 solid mixtures. Moreover, the amounts of H
atoms were found to decrease gradually due to their recombi-
nation:

H+H H2 .

A revival of interest in this system occurred only after three
decades because it provided a unique opportunity to study the
processes of quantum physical diffusion and quantum tunnel-
ling reactions. The influence of isotopic effects on these
processes could also be studied. According to the idea of
Andreev and Lifshits,6 at low enough temperatures, any
impurity inside a crystal becomes delocalised and may freely
move within certain energy bands in a fashion similar to the
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conduction of electrons in metals. This proposal was followed
by detailed theoretical studies by Kagan et al.7 They suggested
a phonon assisted mechanism for the physical diffusion of H
atoms through the potential barriers in H2 crystal lattices. The
dependence of the recombination rate of H atoms in solid H2

on temperature according to this mechanism was determined
to be linear, as given by

kH(T )=AT.

At the same time Ivliev et al.8 experimentally studied the
diffusion ofH atoms in solidH2. Themainmethod for studying
the process of quantum diffusion was to measure the rate of
recombination of the atoms.However, before recombining, the
atoms need to approach each other within a lattice constant. At
close enough spacing between the atoms, they distort the lattice
potential, and their motion may become severely impeded by
the energy level mismatch between the neighbouring sites.
Therefore, such `recombinational' diffusion appears to be
much slower than the actual spatial diffusion in an ideal
crystal. The studies of the latter still remain an important and
challenging task in this research field. It was found that at
temperatures above 4.3 K the recombination rate of H atoms
follows the Arrhenius law,

kH(T )* exp

�
ÿ Ea

kT

�
,

where Ea* 103 K and k is the Boltzmann constant. However,
in the temperature range 1.374.2 K a linear dependence of kH
on temperature was observed. The latter result was explained
by the quantum diffusion mechanism discussed by Kagan
et al.7 From the measurements of the concentration of H
atoms in these experiments it was possible to calculate the
absolute rate constants and the value of the coefficientA in the
formula kH(T )=AT, which was found to be equal to
(2� 1)610724 cm3 s71 K71. These results suggested that the
physical quantum diffusion of H atoms in solid H2 was an
important process leading to recombination. In contrast, the
Nagoya group led by Miyazaki 9 and the Chernogolovka
group led by Gordon 10 suggested that the dominant process
for the migration of H atoms in solid H2 is the tunnelling
exchange chemical reaction:

H+H2 H2+H, (1)

which provides a chemical diffusion mechanism for the motion
of the H atoms from one trapping site to another. Matrix
isolated H atoms are confined to potential wells in a molecular
H2 matrix. These wells are not infinitely deep so it is possible
for the H atom to tunnel via chemical reactions (1) through the
matrix. For substitutional sites, tunnelling would correspond
to a change in position of the atomby one lattice spacing, so the
position of the atom and the neighbouring molecule are
interchanged. This process could be repeated many times,
thus providing a mechanism for an atom to move through the
matrix. The barrier for this reaction is known 11 to be 4600 K,
which is significantly larger than that for the physical diffusion
of H atoms in solid H2 (*100 K). On the other hand the
potential barrier for exchange tunnelling is significantly nar-
rower. Takayanagi et al.12 performed theoretical calculations
of rate constants for exchange tunnelling reactions of hydrogen
isotopes. The theoretical prediction gives a very fast rate
constant for reaction (1). Additionally, recent measurements
of the recombination rates at different pressures up to 13 MPa
show the independence of kH on pressure.13 This important
finding could not be explained by physical diffusion, which
should be suppressed with increasing pressure, thus supporting
the hypothesis of chemical exchange tunnelling of H atoms.

The exchange chemical reaction:

D+D2 D2+D (2)

is expected to be much slower because of the larger mass. The
experimental results obtained by studying D atom recombina-
tion decay are in good qualitative agreement with theoretical
predictions by Takayanagi et al.12 Experimental studies of D
atoms in bulk D2 solids were performed by Sharnoff and
Pound,14 Iskovskikh et al.15 and Miyazaki et al.16 ± 18 Deute-
rium atoms in D2 nanoclusters were studied by Gordon
et al.10, 19 and Bernard et al.20, 21 Iskovskikh et al. found that
thermally activated diffusion is responsible for recombination
of atoms at temperatures higher than 7 K, but at lower
temperatures the two-phonon quantum physical diffusion of
D atoms was suggested.15 The latter mechanism explained the
temperature dependence obtained for the rate constant,
kD*T 9. In contrast, Miyazaki et al.16, 17 and Gordon et al.10

considered that the migration of D atoms through D2 crystals
occurred due to the tunnelling exchange chemical reactions
similar to the case of H atoms in solid H2.

Two important tunnelling exchange reactions that have
also been studied experimentally are:

D+H2 HD+H, (3)

D+HD D2+H. (4)

Exchange tunnelling reactions between atoms and mole-
cules of hydrogen isotopes in solidmixtures were discovered by
Gordon et al.10 during studies of the stabilisation of nano-
clusters containing H and D atoms produced by injection of a
gaseous mixture into superfluid 4He (at T* 1.8 K) after it had
passed through a radiofrequency (RF) discharge. They found a
large enhancement of the concentration of hydrogen atoms in
hydrogen ± deuterium solid samples so obtained, as compared
with the content of hydrogen atoms in the initial gas jets. For
example, for a gas content ratio [H2]/[D2 ] equal to unity, they
observed only ESR signals from hydrogen atoms, indicating an
absence of D atoms. Considering all possible exchange chem-
ical reactions between atoms and molecules of hydrogen
isotopes, they concluded that due to differences in the zero-
point energies of H2, HD and D2 molecules, only reactions
(1)7(4) and reactions

H+HD HD+H, (5)

D+HD HD+D (6)

can occur, leading to a depletion of D atoms and a growth in
the H atom population. Reactions:

H+D2 HD+D, (7)

H+HD H2+D (8)

are endothermic and cannot proceed at the temperature of
experiment. As a result of reactions (1)7(6), which occur at
these temperatures mainly by tunnelling, H atoms tend to
migrate through thematrix until they are surrounded by a shell
of deuteriummolecules or they recombine with other H atoms.

A few month later, Ivliev et al.22 in Moscow and Tsuruta
et al.9 in Nagoya, Japan, using different experimental
approaches, studied the evolution of concentrations of hydro-
gen and deuterium atoms in solid molecular hydrogen ± deute-
rium mixtures, providing direct confirmation of exchange
tunnelling reactions at low temperatures. The Nagoya group
performed comprehensive quantitative studies of atoms in
solid molecular matrices of hydrogen isotopes. They studied
the rates of different tunnelling reactions,9, 16 ± 18, 23 the influ-
ence of o-H2 in solid H2 on the rate constant for reactions of H
atoms,24 ± 26 the temperature effect on the reaction of atoms 27

and the trapping sites of the atoms in molecular matrices.28 ± 32
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These results were summarised in the monograph edited by
Miyazaki.33

Ivanov et al.34 have modeled the temperature dependence
of the rate constant for tunnelling reaction (4) in the solid
phase. Their model describes the rate constant K at lowest
temperatures by the formula

ln k=ln k0+C4T 4+C5T 5+C6T 6+C8T 8.

The coefficients in this formula were obtained from com-
parison with the experimental measurements of rate constants
in the temperature range 2.6 ± 6.5 K by Miyazaki et al.27 The
formula predicted that at the lowest temperatures ln kwould be
almost independent of temperature. Further studies of this
reaction in the solid phase at lower temperatures would be
desirable.

The exchange reactions between atoms and molecules of
hydrogen isotopes have also been studied in cross beam
experiments in gas phase at room temperature. Zhang and
Miller 35 performed theoretical calculations of the rate con-
stants for these reactions and obtained very good agreement
with the experimental results.

During the past five years, the kinetics of exchange tunnel-
ling reactions have been studied at Cornell in samples created
by the method that originated in Chernogolovka.36, 37 The gel-
like solids created in superfluid helium are now known as
impurity ± helium solids or alternatively as impurity ± helium
condensates.38,39 Impurity ± helium solids are highly porous
gel-like nanomaterials consisting of interconnecting clusters of
impurities with a characteristic size 579 nm and an average
density over the entire sample volume as low as
1020 atoms (molecules) cm73. Each cluster contains approx-
imately 104 atoms and molecules. This means that the concen-
tration of the clusters in the impurity ± helium solids is of order
1016 cm73. Tunnelling exchange reactions between atoms and
molecules of hydrogen isotopes could then be investigated in
the collection of nanoclusters and the results could be com-
pared with those obtained earlier in bulk solids. Reactions
among chemically active atoms and molecules within nano-
clusters are predicted to be more efficient and selective than
analogous reactions in bulk material.40

Although most studies of H atoms in solid H2 were
performed at temperatures above 1 K, Webeler 41 studied the
recombination heating in solid H2 containing 0.03% radio-
active T2 in the temperature range 0.16 K4T4 0.8 K. The
b-decay led to the dissociation of H2 molecules, thus providing
a population of H atoms. Results show an increase of H atom
concentration with time, followed by spontaneous decay.
Lowering the temperature led to an increase in the energy
release from the recombination of H atoms during sponta-
neous decay. The first studies of recombination rates of H
atoms in solid H2 in the temperature range 0.15 ± 0.9 K were
performed very recently by Ahokas et al.42 A high-field ESR
spectrometer,43 in combination with a 3He ± 4He dilution
refrigerator cryostat, was employed in these investigations.

III. Studies of exchange tunnelling reactions
of hydrogen isotopes in clusters forming
impurity ± helium solids

1. A setup for studies of tunnelling reactions in nanoclusters
The experimental setup for investigating exchange tunnelling
chemical reactions in nanoclusters at low temperatures at
Cornell University is described in more detail elsewhere.44

The experiments were performed in a specially designed Janis
cryostat with a variable temperature insert (VTI), which is a
thermally insulated chamber, separated from the main 4 K
helium bath. A needle valve connects the main helium bath of

the cryostat to the VTI. Continuously pumping the VTI while
supplying helium from the main bath permits long-term
investigations of impurity ± helium solids well below the
lambda temperature (2.17 K) of liquid helium. The lower
part of the cryostat was placed between the pole pieces of a
homogeneous Varian electromagnet for CW and pulsed ESR
investigations. Impurity ± helium solids with stabilised H and
D atoms for ESR investigations were prepared in situ in the
Janis cryostat. The homemade insert for formation and inves-
tigation of atoms contained in Im±He solids is shown in
Fig. 1. For sample preparation, a gas mixture of H2 and/or
D2 and He was transported from a room temperature gas
handling system to the cryogenic region. To provide H and D
atoms via dissociation of the gas molecules, high-power radio-
frequency ( f* 50 MHz, P* 70 W) was applied to electrodes
around the quartz capillary carrying the mixed gases. The
resulting jet of helium gas with a small fraction (1%±4%) of
impurity atoms and molecules emerging from the quartz
capillary was directed onto the surface of superfluid 4He

Electrical connectors

Source of atoms
and molecules

Teflon blades

Quartz beaker

Liquid helium
level

Capacitive
level meter

Beaker holder

Impurity ±Helium
sample

Coaxial lines

Fountain pump
line

ESR cell

Coupling loop

Ruby

Fountain pump
Modulation
coils

ESR cavity

Quartz
insert

Electrodes for
RF discharge

Figure 1. Low temperature insert used in the ESR investigation of

Im ±He solids.44 The quartz beaker is lowered into ESR resonant cavity

for measurements after sample preparation.
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contained in a small beaker suspended above the VTI helium
bath. The addition of helium gas increased the efficiency of
dissociations of impurity molecules in the discharge due to
interactions between the impurity and metastable He atoms
and also retarded agglomeration of impurity atoms and
molecules in the gas jet. The jet penetrated the surface of the
liquid helium and a macroscopic snow-like translucent mate-
rial was created. This material fell down through the liquid 4He
to form a porous solid at the bottom of the beaker. A fountain
pump connected to the bottom of the helium bath in the VTI
maintained a constant liquid helium level in the beaker. The
temperature during sample preparation was 1.5 K. At the top
of the beaker was a funnel that caught the sample as it
condensed below the helium surface, which was 2 cm below
the end of the quartz capillary. A set of teflon blades scraped
the sample from the funnel while the beaker was rotated so that
the sample could fall to the bottom of the cylindrical part of the
beaker. A jet with a flux of*561019 atoms and molecules per
second yielded* 0.3 ± 0.4 cm3 of sample in 10 minutes.

In independent X-ray scattering studies of the D27He and
D27Ne7He samples, it was shown that these samples con-
sisted of nanoclusters of D2 molecules, each surrounded by
thin layers of solid helium.20, 21 The typical deuterium cluster
size is estimated to be*579 nm. These nanoclusters assemble
into a porous gel-like structure. From the comparison of the
intensity of the D2 cluster peak with the intensity of the
scattering from liquid helium, the molecular deuterium den-
sities in these samples were found to be of order 1020 cm73. It
was difficult to carry out structural studies of H27He solids
because solid hydrogen tends to float to the surface of the
collection beaker filled with superfluid helium. Actual studies
of hydrogen clusters in this research were performed with
H27Ne7He solids prepared with a mixture of hydrogen and
neon make-up gas. The heavier neon clusters allowed the
mixture to accumulate in the sample cell. An X-ray investiga-
tion of similar D27Ne7He solids provided evidence that
neon and deuterium existed in separate clusters in the sample.
The result justifies the assumption that H2 and Ne mainly
occurred in separate nanoclusters in these experiments.

After sample preparation, the beaker containing the sam-
ple was lowered into the ESR cavity, which was situated at the
bottom of the cryostat in the homogeneous field region of the
Varian 7800 electromagnet. The volume occupied by the
sample inside the cavity was 0.35 cm3. The homemade cylin-
drical cavity was operated in the TE011mode. The cavity has an
axial hole to provide access for the sample to be introduced.
Two different inserts were used in the experiments, one for
detection of CW ESR signals by an X-band homodyne
spectrometer and the other for detection of electron spin echo
signals by a pulsed X-band homodyne spectrometer. Only the
microwave cavities were different in these inserts. A high
quality factor cavity (Q* 3000) was used in the CW ESR
experiments, while in the pulsed ESR experiments a low quality
factor cavity (Q* 700) was employed to avoid a long cavity
ring-down time. CW and pulsed ESR signals were obtained for
samples immersed in liquid helium at temperatures * 1.35 K.
CW ESR signals were recorded by using a continuous wave
reflection homodyne spectrometer (Varian E-4) operating near
9.1 GHz. Derivatives of the ESR absorption lines were
detected at *0.32 T by lock-in amplification using an addi-
tional small amplitudemodulation field oscillating at 100 kHz.
Atomic concentrations were measured by comparing the
intensity of the atomic signals with the intensity of a signal
from a small ruby crystal that was used as a secondary stand-
ard. The ruby crystal was attached permanently to the bottom
of the microwave cavity. The calibration of the absolute value
of the number of spins in the ruby crystal was made by using a
standard organic diphenyl-picrylhydrazyl (DPPH) sample
with a known number*2.461017 of spins. The measurements

were carried out at T=1.35 K. A nuclear magnetic resonance
(NMR) magnetometer was used for precise measurements of
the applied magnetic field.

For pulsed ESR studies of atoms in Im±He solids, a special
homodyne detection spectrometer was designed.45 The spec-
trometer operates in the X-band region with a microwave
frequency of 8930 MHz. Figure 2 shows a simplified block
scheme of the pulsed ESR spectrometer. A 12-channel pro-
grammable pulse generator, operating at a 125-MHz clock
frequency, provides logic signals to the P ± I ±N diode switch,
bi-phase modulator, oscilloscope trigger and traveling wave
tube (TWT) grid modulator. Microwaves from the tunable
oscillator are amplified and split into pulse and reference paths.
The pulses are amplified by a 1 kW, 50 dB TWT amplifier
operating in the saturated regime. The amplified pulses pass
through a circulator before transitioning to a 20 cm length of
stainless steel coax at the entrance to the cryostat. (A similar
arrangement was used in the CW spectrometer). This prevents
excessive heat conduction into the cryostat. A low loss coax
traverses the remaining 107 cm to the resonant cavity at the
bottom of the cryostat, which is situated between the poles of
the Varian electromagnet. Echo signals return through the
same cabling to the circulator, which routes them to a low noise
amplifier (LNA) that is protected by a diode limiter from the
powerful microwave pulses. After amplification, a quadrature
mixer provides homodyne detection by referencing the echo
signals to the microwave oscillator. The resulting in-phase and
quadrature signals are sampled by a digital oscilloscope and
transferred via GPIB to a computer. The spectrometer design
differs from other machines used to acquire electron spin echo
data at cryogenic temperatures in three significant ways.46

First, space constraints in our cryostat require the use of a coax
rather than a waveguide connection to our cavity-type reso-
nator. Second, our resonant cavity is a modified CW ESR
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Circulator
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Figure 2. Block diagram of pulsed ESR spectrometer.
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quartz-filled cavity designed to admit a funnel containing
Im ±He solid samples. To facilitate broadband excitation by
short pulses, a chromium coated quartz ring is bonded with
epoxy to thin fingers protruding from a brass pedestal. Adjust-
ing the pedestal position then adjusts theQ factor of the cavity;
we have found a Q of *700 to be effective for detecting
electron spin echo envelope modulation (ESEEM) due to
deuterium nuclei. Further details of this method will be
provided in a later section. For this apparatus, a 908 pulse has
duration 40 ns. Finally, the spectrometer output is sampled by
a sampling oscilloscope, not a boxcar integrator. Integrating a
narrow section of the echo peak recovers standard boxcar
ESEEM data. Alternatively, for two-pulse ESEEM experi-
ments the echo can be sectioned in time and the phase
correction algorithm of Astashkin et al. applied.47 This cor-
rects for the fact that the phase of the modulation harmonics
varies within each echo, and therefore allows the entire echo to
contribute to the signal, thus improving the signal/noise ratio.

2. CW ESR studies of tunnelling exchange reactions of
hydrogen isotopes in clusters forming impurity ± helium solids
The Im±He solids formed by injection of hydrogen isotopes
into He II are of special interest due to their potential to
manifest various quantum phenomena. The observation of
tunnelling exchange chemical reactions between atoms and
molecules of hydrogen isotopes at low temperatures in Im ±He
solids represents an important example of such a quantum
phenomenon. Investigations of tunnelling reactions in Im ±He
solids were first performed by the Chernogolovka group.10, 19

By using the CW ESR method, they studied the efficiency of
the stabilisation of hydrogen and deuterium atoms in Im ±He
solids using hydrogen ± neon ± helium, deuterium ±helium, or
hydrogen ± deuterium ±helium gas mixtures. In contrast with
earlier work, it was found that maximum local concentrations
of H and D atoms as high as 1% could be easily achieved in
Im ±He solids. However, they were not able to study the time
evolution of the concentration of stabilised atoms.

Recently, studies of the kinetics of tunnelling exchange
reactions between atoms and molecules of hydrogen isotopes
in nanoclusters have been performed by the Cornell
group.44, 48 ± 51 The X-band CW ESR method was used in
these studies. This method allows a determination of the time
dependence of the hydrogen and deuterium atom concentra-
tions during the tunnelling exchange reaction and it also
provides information concerning changes in the environment
of these atoms as the reactions proceed.

Initially the kinetics of tunnelling reactions were studied in
each of the two pure hydrogen isotopes. The main features of
the atomic hydrogen and atomic deuterium spectra recorded
from a sample with initial gas mixtures in the ratios
H2 :Ne :He=1 : 4 : 100 and D2 :He=1 : 20 are shown in
Fig. 3. The hydrogen ESR lines are accompanied by two
satellite lines, one on either side of the main line. The satellite
lines are assigned to forbidden transitions involving an electron
spin flip and a simultaneous spin flip of a proton on a
neighbouring ortho-hydrogen molecule. Each of the ESR
signals of H atoms was fitted with a sum of three Gaussians
(one central line plus two symmetric satellites). From these fits
the ratio of the intensities of the satellite andmain lines is found
to be 0.2. The splittings observed between themain and satellite
lines (4.5� 0.1 G) are consistent with a proton spin flip in the
3 kG field. Because of the small nuclear magnetic moment of
the deuteron, the corresponding splitting for electron spin7
deuteron spin interactions is only 0.7 G. This is unobservable
in these experiments because the ESR linewidths of the main
lines are about 2 G and thus the small satellite lines are hidden
by the broad main lines.

In the mixed samples, which contain both H and D atoms,
the observation of satellite lines provides strong evidence that a

large fraction of the hydrogen and deuterium atoms are found
in clusters of molecular hydrogen and/or molecular HD. In
other words, they are not isolated as individual atoms sepa-
rated by layers of solid helium. Therefore the solid samples
provide a unique opportunity to carry out quantitative studies
of the kinetics of tunnelling reactions of hydrogen isotopes in
nanoclusters. The results of such experiments can then be
compared with analogous studies performed in bulk solid
mixtures of hydrogen isotopes. Different behaviour can be
expected as a result of the large surface areas of the clusters.

According to Trammel et al.52 the intensity ratio between
the satellite lines and their respective main lines is proportional
to the number of protons surrounding a stabilised atom and is
strongly dependent on their positions:

Isat
Imain

� 3

20

�
ge

be
H0

�2
hrÿ6 iN. (9)

In the above equation ge is the electron g factor, be is the
Bohr magneton, H0 is the applied magnetic field, r is the
distance from an atom to a proton belonging to a neighbouring
molecule, andN is the number of these protons. If a reasonable
assumption can be made for the number of protons in
molecules surrounding the atom, then the average distance
between the atom andmolecules can be found.Moreover, from
the time dependence of this ratio during the course of the
chemical reactions, it is possible to obtain the changes in the
number of ortho-hydrogen molecules surrounding the atoms.

The time dependence at T=1.35 K of the average concen-
tration of H atoms in a H7H27Ne7He sample and that of
D atoms in a D7D27He sample are displayed in Fig. 4. The
addition of neon was required in the former sample because,
unlike the D27He sample, the H27He solid does not sink to
the bottom of the cell, due to its small density. As mentioned
earlier, the tunnelling exchange reactions drive the migration
of isolated atoms. The relatively fast migration of a hydrogen
atom due to the tunnelling reaction (1) leads to recombination
with another H atom (H+H?H2), and thus explains the
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Figure 3. CW ESR derivative signals of atomic hydrogen in Im±He

solid prepared fromH2 :Ne :He=1 : 4 : 100 gas mixture (a) and of atomic

deuterium in Im ±He solid prepared from a D2 :He=1 : 20 gas mixture

(b). ESR spectra were obtained at T=1.35 K.
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rapid decay of the number of hydrogen atoms in the sample at
T=1.35 K.

The equation

dn

dt
=72 kH(T )n2. (10)

describes the decrease of the concentration of H atoms (n) with
time (t) when the temperature of the sample is kept constant.15

The experimental dependence of the variable 1/n on t should
thus be linear, with the slope equal to 2 kH(T). The character-
istic time (the half life) for the concentration to drop by 50% is

t1/2=
h
2 kH(T )nH, loc

iÿ1
, (11)

where nH, loc is the initial local concentration of H atoms. The
average concentration of H atoms at the beginning of the
measurements is nH, av=1015 cm73 according to Fig. 4. As
indicated earlier the H2 clusters and Ne clusters form sepa-
rately. We shall make the reasonable assumption that the
density of H2 molecules in the H7H27Ne7He samples is
roughly similar to the density of D2 in D27He samples,21

which is equal to*1020 cm73. This is more than two orders of
magnitude lower than the density of the solid molecular
hydrogen, which is equal to 2.461022 cm73. This means that
the local concentration of H atoms in the clusters constituting
the sample is two orders magnitude larger than the average
concentration, giving nH, loc=1017 cm73. The decay time of H
atoms, t1/2 , shown in Fig. 4 is 150� 20 min. From Eqn (11),
the rate constant for recombination of H atoms in solid H2 was
found to be kH(1.35)=5.5610722 cm3 s71. This value is
much larger than those obtained in bulk H2 solids by the
Nagoya group,18 kH(1.9 ± 4.2)= (4.4 ± 5.9)610723 cm3 s71,
and the Moscow group,8, 15 kH(1.35)=2.7610724 cm3 s71.
This result may be due to a higher mobility of H atoms on the
surfaces of the clusters or due to an inhomogeneous distribu-
tion of H atoms within the clusters.

The significantly slower decay of D atoms is attributed to
the much slower migration of deuterium atoms through
molecular deuterium due to the reaction (2). The same Eqn
(10) describes the decrease of the concentration of D atoms
with time. The initial local concentration of D atoms, nD, loc, is
equal to 6.2561019 cm73 and the characteristic decay time of
D atoms is 2500� 500 min. From the relation

kD=
1

2
t1/2 nD, loc ,

it is found that

kD(1.35K)=5610726 cm3 s71.

This value is in qualitative agreement with value
kD(4.2)=4610726 cm3 s71, obtained by Iskovskikh et al.15

in solid D2 at T=4.2 K, but significantly larger than value
kD=3.3610727 cm3 s71 obtained by Miyazaki et al.17

A completely different behaviour of hydrogen and deute-
rium atoms was observed in impurity ± helium solids contain-
ing hydrogen and deuterium atoms along with hydrogen and
deuterium molecules.49 The main features of atomic hydrogen
and deuterium spectra recorded from a sample with an initial
gas mixture in the ratio H2 :D2 :He=1 : 4 : 100 are shown in
Fig. 5. Both the deuterium and the hydrogen ESR lines are
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Figure 4. Time dependence of concentrations of atomic deuterium

prepared from a D2 :He=1 : 20 gas mixture (1 ) and atomic hydrogen

prepared from H2 :Ne :He=1 : 4 : 100 gas mixture (2) in Im±He solids

stored at T=1.35 K.49
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Figure 5. CWESR derivative signal from Im±He sample prepared from

gas mixture H2 : D2 : He = 1 : 4 : 100 (a). `H' marks the allowed ESR

transitions between the hyperfine levels of atomic H; `D' indicates the

hyperfine transitions of atomic D, and `F' indicates the forbidden ESR

transition of H atoms. Typical derivative signals for low field hyperfine

line of hydrogen atoms (b) and deuterium atoms (c) show, at an expanded

scale, both the allowed and the accompanying satellite lines. The lines in

figures (b and c) represent simulations of the signals as the sum of three

Gaussians.49
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accompanied by two satellite lines symmetrically positioned
about the main line. The satellite lines are assigned to for-
bidden transitions involving an electron spin flip and a
simultaneous spin flip of a proton on a neighbouring HD or
on an ortho-hydrogen molecule. The forbidden transition
associated with the hyperfine levels of H atoms is also shown.

A large number of different initial gas mixtures were used
for preparation of H27D27He solids.44, 49 Immediately after
preparation of all Im±He solids, a large enhancement of the H
atom concentration relative to that of D atoms was observed,
as compared to the ratio of H2 to D2 in the original gas
mixtures. The fraction of H and D atoms as a function of the
relative H2 concentration in the condensed H27D2 gas mix-
tures is shown in Fig. 6. The enhancement of the H atom
concentrations at the earliest stage of sample preparation is
attributed to the fast exchange tunnelling reaction (3), which
leads to a large reduction in the number of D atoms and a
corresponding increase in the number of H atoms with a time
constant of order 1 min. During this reaction, most of the H2

molecules that have neighbouring D atoms in the sample are
converted into HD molecules. The rate constant for this
reaction is calculated theoretically to be 3.56610725 cm3 s71

(Ref. 12). Recently, this tunnelling reaction was studied exper-
imentally by Kumada 53 in bulk HD7D2 and D27H2 solid
mixtures in the temperature range between 4 and 8 K. The
reactions were initiated by UV photolysis of DI molecules
doped in these solids for 30 s, followed by measuring the time
variation of the ESR intensities of H and D atoms. The ESR
intensity of D atoms produced by photolysis decreases but that
of H atoms increases with time. The variation of the concen-
trations of the D and H atoms with time can be described in
terms of a fast and a slow processes. The fast process, which
was essentially complete within 300 s after photolysis, is
assigned to the reaction (3). The rate constant for this reaction
was determined to be (2.9� 0.3)610725 cm3 s71 in solid
HD7H2 and (5.0� 1.1)610725 cm3 s71 in solid D27H2

mixtures at T=4.1 K, which is very close to the theoretical
calculations by Takayanagi et al.12 These results provide very
strong evidence favouring the role of tunnelling exchange
reactions in the solid hydrogen isotopes.

For the case of Im ±He solids, the time dependence of the
concentration of H and D atoms on a longer time scale (2 ±
40 h) showed a further increase in the concentration of H

atoms. The simultaneous presence of deuterium and hydrogen
molecules in themake up gas allows us to form impurity helium
solids containing hydrogen atoms and deuterium atoms as well
as hydrogen, deuterium, and hydrogen deuteride molecules. In
Fig. 7 a ± c we show the results obtained at Cornell, which
dramatically illustrate the time dependence of the hydrogen
and deuterium atom concentrations for different initial make-
up gas mixtures.49 In spite of the higher concentration of D2

compared with that of H2 in the sample produced from the
initial gaseous mixture H2 :D2 :He=1 : 2 : 60, the concentra-
tion of deuterium atoms is about two orders of magnitude
smaller than the hydrogen atom concentration and it decays
more rapidly (Fig. 7 a). These results are in sharp contrast to
the Cornell studies of H27Ne7He impurity solids, with no
deuterium present, in which the decay of hydrogen atoms due
to recombination was much more rapid. This can be explained
by the presence of many D2 and HD molecules in the sample,
which lead to anomalously slow diffusion of the H atoms
through the clusters, and by the partial replenishment of
hydrogen atoms through the chemical reactions (3) and (4).

Furthermore, these reactions also explain the faster
decrease of the deuterium atom concentration as compared
with that in the D7D27He sample (see Fig. 4). In Fig. 7 b the
population of hydrogen atoms remains almost constant, mean-
ing that the production is almost in balance with recombina-
tional decay in the sample produced from an H2 :D2 :He=
1 : 4 : 100 mixture. In Fig. 7 c the population of hydrogen
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atoms actually shows an increase that is driven by the chemical
reactions as time evolves. The large initial supply of deuterium
molecules in the gas mixture H2 :D2 : He=1 : 8 : 180 means
that a copious supply of deuterium atoms is available in the
sample, leading to a higher production of hydrogen atoms.

The exchange tunnelling reactions can be used to produce
very large concentrations of atomic hydrogen in these mixed
solids. In the Cornell studies samples obtained from a variety
of initial gas mixtures have been investigated in order to
determine the one which yields the highest hydrogen atom
concentration.44 The experimental plot shown in Fig. 8 gives
the H and D average concentrations after a storage time
* 500 min following initial sample preparation. The largest
concentration, of order (7.5� 3.0)61017 cm73, was obtained
by using the gas mixture H2 :D2 :He=1 : 4 : 100.

The very long term stability of the sample obtained from
this gas mixture at a temperature of T=1.35 K has also been
studied in these investigations.51 The time dependence of the
logarithm of the average concentrations of H and D atoms in
the sample produced from an initial gas mixture
H2 :D2 :He=1 : 4 : 100 is displayed in Fig. 9. The concentra-
tion of H atoms remained constant throughout the 40-h
experiment. During the same period of time, the concentration
of D atoms decreased from its initial value of 1017 cm73 by 2.5
orders of magnitude. The reaction (4) continued to eliminate D
atoms and generate H atoms in the HD7D27He solid during
the long-term experiment. From the decay rate of the D atoms,
one can estimate a rate constant, kD±HD, for this reaction from
the equation

d�D�
dt

=7kD7HD[HD][D].

The decay time of D atoms was determined from the slope
of the line presented in Fig. 9; kD±HD=2.96104 s. Assuming
the impurity cluster density is close to that of solid D2, one
finds an initial HD concentration equal to 9.361021 cm73 and
a rate constant kD±HD=3.6610727 cm3 s71, which agrees
with the value found by Kumada et al.27 in bulk samples.

The time dependence of the ratio of the satellite line to the
main line for hydrogen and deuterium atoms was studied for a
HD7D27He sample, while the tunnelling reaction (4) was
occurring. The time dependence of these ratios for H and D

atoms is shown in Fig. 10. It was found that for H atoms, the
ratio is equal to 0.11 and this value remains essentially constant
during the course of the reaction. Thus, by Eqn (9), the average
number of HD molecules surrounding H atoms in the sample
does not change during the experiment. Due to the tunnelling
reaction (5), a hydrogen atom might migrate to the next site in
the solid matrix and possibly meet another hydrogen atom,
which could lead to recombination and decay of the hydrogen
atom concentration. However, this process is predicted to be
* 200 times slower than the diffusion of H through H2 by
tunnelling.12 The observed stability of hydrogen atoms in the
sample being discussed is not yet completely understood.
Additional studies of the immediate environment of the
stabilised atoms are needed for further elucidation of the
nature of the tunnelling reactions.

In contrast, for D atoms the ratio was reduced from 0.2 to
0.14 in 14 h, showing that the number of HD molecules
surrounding D atoms is decreased by 30%. The D atoms
consume HD and release H atoms. The rate process is
complicated by the fact that the D atoms exist in a variety of
sites having between zero and twelve neighbouring HD mole-
cules. The population of these sites initially follows a binomial
distribution, with 40% of the neighbours of the D atoms being
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HD and the remainder being D2. The lifetime of a D atom in a
given site is inversely proportional to the number of HD
neighbours, so that over time the distribution of sites becomes
skewed towardD atoms occupying sites with fewerHDnearest
neighbours that show smaller satellite line ratios.

3. Pulsed ESR studies of H and D atoms in clusters forming
Im ±He solids
The CWmethod suffers from a high degree of inhomogeneous
line broadening due to the neighbouring nuclei and atomic
radicals. As wementioned earlier, this broadening obscures the
observation of satellite lines associated with transitions involv-
ing the spin flip of an electron and a simultaneous spin flip of a
deuteron on a neighbouring HD or D2 molecule. The standard
pulsed ESR method of echo refocusing provides a means to
study these weak couplings within inhomogeneously broad-
ened systems. As discussed earlier, a homemade pulsed homo-
dyne X-band spectrometer, designed for the study of atoms in
Im ±He solids, was used in the experiments at Cornell.45 A
primary echo sequence of 90 8 ± t ± 180 8 ± t ± echo with a 90 8
pulse length of 40 ns was used. To obtain the dependence of the
amplitude of spin echo signals on the time between subsequent
pulse pairs, t was varied from 460 ns to 12 ms, while the
recovery time t between successive pulse sequences was held
constant at 400 ms. The method of ESEEM proved to be a
powerful technique for observing spin flips on neighbouring
deuterons. The first experiments were performed on
D7D27He samples prepared from a gas mixture with a
ratio D2 :He=1 : 20. Figure 11 displays the experimental
electron spin echo amplitude vs. t, giving the ESEEM trace
along with the simulated one for the low field hyperfine line of

the D atom. The echo signal intensity decreased monotonically
and was strongly modulated by the first and second harmonics
of the Larmor frequency of deuterons in the molecules near the
D atoms. The applied magnetic field couples to the deuterons
much more strongly than the field due to the electron spins, so
the applied magnetic field determines the *2 MHz Larmor
frequency of the deuterons. The amplitude of the modulation
depends on the number of deuterons surrounding the D atoms
and their proximity to those atoms. The amplitude of modu-
lation is also proportional to I(I+1), where I is the nuclear spin
quantum number of the molecule interacting with the D atom.
Therefore the amplitude of modulation of ESEEM signals for
atoms surrounded byD2molecules with I=2and I=1 should
be much larger than for the case of atoms surrounded by
protons (as a constituent of HD) with I=1/2. This difference
is especially pronounced at low temperatures because the
ground state of D2 is predominantly of the I=2 form and
conversion to the ground state occurs rapidly in the vicinity of
the unpaired electron spins of the hydrogen and deuterium
atoms. The ESEEM signal associated with the proton moment
has not been observed in our experiments.

For analysis of the experimental ESEEM data the model
used initially was that developed byKumada et al.31 to studyD
atoms in bulk D2. They simulated their ESEEM signals with
the standard theoretical results for orientationally disordered
crystalline systems.55 This model assumes that all possible
orientations of the face centred cubic (fcc) deuterium crystal
axis with respect to the applied magnetic field are equally
represented within the sample. The Hamiltonian includes
terms representing electron ± nuclear interactions through
dipolar magnetic coupling and an isotropic superhyperfine
coupling due to the contact interaction of the electronic wave
function with the nuclear wave function of the nearest neigh-
bouring molecules. No internuclear couplings are included; as
a result, the echo modulation due to the presence of several
nuclei surrounding the electron spin is simply the product of
the modulation due to each individual nucleus.

The echo signal as a function of the interpulse time t was
modeled as:

E�t� � Edec�t�Eb�t�,

Eb�t� �
Y5
i� 1

hEi�t�iNi

y ,

Edec�t� � Aeÿt=T2 ,

where Edec(t) contains the characteristic exponential decay
time T2 of the electron spin echo and Eb(t) represents the
modulation of the echo due to theNi molecules populating the
closest five coordination shells i=1±5 around the electron
spin. The modulation functions Ei (t) due to each individual
molecule are averaged over all orientations before they are
multiplied. This unphysical feature of the model is computa-
tionally expedient and causes only slight changes in the
predicted echo signals for systems with weak electron ± nuclear
couplings such as hydrogen or deuterium atoms substitution-
ally positioned within a deuterium matrix.56

At liquid helium temperatures D2 can exist in ortho- and
para-states corresponding respectively to the J=0 and J=1
rotational states of the molecule. The para state is 85 K more
energetic than the ortho-state but its conversion to the ortho-
state is highly forbidden. Deuterons are bosons, so the product
of the spatial and spin wave functions of the deuterons must be
symmetric under particle exchange. The allowed molecular
spin states are then I=0 and I=2 for ortho-deuterium and
I=1 for para-deuterium. The energy difference between the
I=0 and I=2 states is extremely small compared to the
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Figure 11. Two-pulse ESEEM trace of the low field hyperfine line of D in

D2 ±He sample.54 (a) The circles show every fourth data point. The line

shows the best fit of the bulk population model. (b) The circles show every

fourth data point. The line shows the best fit of the two population (bulk

and surface) model E (t).
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thermal energy, so the populations of the states are determined
by their degeneracy. As there are five orientations of the I=2
state and one orientation of the I=0 state, 5/6 of the ortho-
deuteriummolecules are in the I=2 spin state, while 1/6 of the
ortho-deuteriummolecules are in I=0 spin state. The para-to-
ortho relaxation of deuterium is catalysed by themagnetic field
gradients produced by paramagnetic species, so that all of the
deuterium molecules in the nearby coordination shells around
a D atom can be assumed to be of the ortho-form. As the I=0
molecules are notmagnetically active, the number ofmolecules
in each coordination shell must be adjusted accordingly. For
example, for an atom substitutionally positioned in D2 fcc, the
first shell of twelve nearest neighbours is modelled with ten
spin-2 particles, each possessing the Larmor frequency of the
deuteron.

Ponti 57 has shown that Chebyshev polynomials of the
second kind relate the ESEEM modulation function due to a
particle of any spin to the modulation function that would
result if that particle were spin 1/2. Specifically,

Ei�t� �
1

2I� 1
U2I�Vi�t��,

where Un is the nth Chebyshev polynomial of the second kind
and Vi (t) is the spin 1/2 modulation function. Finally, the
explicit form of Vi (t) is

Vi�t� �
K

2

h
1ÿ cos�oat�

ih
1ÿ cos�obt�

i
,

K � BoL

oaob

� �2

,

B � 3gnbngebe
cos y sin y

�h�ri�3
,

oL � gnbnH0 ,

oa �
A

2
� oL

� �2

� B

2

� �2
" #1=2

,

ob �
A

2
ÿ oL

� �2

� B

2

� �2
" #1=2

,

A � gnbngebe
3 cos2 yÿ 1

�h�ri�3
� 2pasup ,

where ri is the distance from the electron to coordination shell i,
y is the angle between the applied field H0 and the vector
pointing from the radical to the molecule, ge and gn are the
g-factors of the electron and nuclear spins, be and bn are the
Bohr and nuclear magnetons, and asup is the isotropic super-
hyperfine coupling.

Kumada et al.31 fitted asup and r1 to their data obtained
from pure irradiated solid deuterium for two sets of Ni and ri .
One set corresponded to the environment around substitu-
tional sites in the D2 fcc lattice and the other set corresponded
to the environment around interstitial sites. The predicted
modulation functions were radically different (the interstitial
sites have much deeper modulation due to the smaller nearest
neighbour distances) and it was immediately clear that the D
atoms reside in the substitutional sites. Numerical fitting gave
ri=3.6 �A, corresponding to the nearest neighbour spacing of
the unstrained molecular lattice, and asup=70 kHz.

Applying the above model to our Im ±He solid gave poor
agreement with the data obtained for the D7D27He sample

as presented in Fig. 11 a. For Im ±He solids it is reasonable to
suggest that atoms are stabilised not only inside molecular
clusters, but also on the surfaces of these clusters. Following
this suggestion, the experimental ESEEMdata were fitted with
two decaying exponentials multiplied with two oscillatory
modulation terms:

E�t� � A
h
Qeÿt=T2Q � �1ÿQ�eÿt=T2L

ih
bEb�t� � �1ÿ b�Es�t�

i
,

where A, Q, T2Q and T2L parameterise the echo decay and b
weights themodulation functionsEb andEs .54 The functionEb

simulates the ESEEM signal of D atoms within the solid
clusters by assuming they are substituted into an fcc lattice
composed of D2 molecules. The modulation signal Eb pro-
duced by atoms positioned within deuterium nanoclusters was
identical to that described above for atoms substituted in bulk
deuterium. The functionEs is produced by the samemodel, but
with the population of each coordination shell around the
atom reduced by one-half. This simulates D atoms at the
surfaces of the clusters in contact with the helium. We fixed ri
and asup to the values found to describe bulk deuterium so that
our modulation function contained only one free parameter,
the ratio of atoms within the deuterium nanoclusters to atoms
at the cluster ± helium interface. The functional form of the
echo decay was found empirically to fit the data well with a
small number of parameters. Notably, modelling the data with
separate decay functions for the bulk and surface terms results
does not improve the fits.

As a result of applying the modified model, the two-pulse
ESEEM measurements presented in Fig. 11 b were well
described by fits that placed 50%760% of the deuterium
atoms at the interface between the molecular deuterium nano-
clusters and the superfluid liquid helium.54 The rest of the
atoms occupy substitutional sites within the nanoclusters.
These pulsed ESR measurements provide the first direct
indication that a large fraction of the atomic radicals within
impurity ± helium solids reside on the cluster ± helium interfa-
ces, as first suggested by Gordon.58 This result implies that
some mechanism causes the deuterium atoms to preferentially
occupy the nanocluster surfaces, whereas a random substitu-
tion of the deuterium molecules of the clusters would only
place 10%720% of the atoms at the cluster ± helium interface,
depending on the cluster size.

The measurements of ESEEM signals by pulsed ESR
provide complementary information about deuterons sur-
rounding H and D atoms in solid mixtures of hydrogen
isotopes that cannot be provided by CW ESR due to the
small deuteron magnetic moment. The ESEEM signal associ-
ated with ESR studies of H atoms in a HD7D27He solid
produced from an initial gaseous mixture H2 :D2 :He=
1 : 4 : 100 is shown in Fig. 12 a. For the analysis of the
ESEEM data, the model applied for D7D27He solid was
modified to account for the presence of D2 and HD molecules
surrounding the atoms, with the ratio of HD andD2 molecules
allowed to vary as a fitting parameter. The fraction of atoms at
the surface was assumed to be 55%, the same as was found in
the D27He solid.54 The best fit in a model calculation of the
ESEEM signal of the H atoms, which is represented as a solid
line in Fig. 12 a, was obtained for a configuration in which ten
deuterium and two HD molecules surrounded the H atoms.59

The ESEEM signals for H atoms recorded at the beginning of
the experiment and 6 hours later were identical, showing that
the number of D2 and HDmolecules surrounding the H atoms
did not change as the reaction proceeded. This result was in
agreement with previously described CW experiments in which
the satellite amplitudes remained unchanged throughout the
experiment.51
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The ESEEM data for D atoms show that their number
decreases over the course of the tunnelling reaction (see Figs
12 b and 12 c). Modelling of the ESEEM signals for D atoms in
the HD7D27He solid obtained at the beginning of the
experiment (solid line in Fig. 12 b) shows that nine D2 and
three HD molecules surrounded a typical D atom within the
bulk of the cluster. The same model shows that six hours later
(see Fig. 12 c) ten D2 and two HD molecules surrounded a
typical D atom. This result is also in good agreement with the
results obtained from CW ESR measurements discussed ear-
lier, which suggested that the number of protons (and thus the
number of HD molecules) surrounding the D atoms decreases
by about 30% in the first six hours following the formation of
the sample obtained from the H2 :D2 :He=1 : 4 : 100 gas
mixture.

In conclusion, the CW and pulsed ESR methods provide
complementary information about the trapping sites and the
changing environment of atoms participating in low temper-
ature tunnelling reactions. This information is particularly
important for elucidation of the mechanisms of tunnelling
reactions of hydrogen atoms.

IV. Studies of H atoms in solid H2 films at ultralow
temperatures

The methods for creating systems of matrix isolated hydrogen
atoms mentioned above led to the formation of highly inho-
mogeneous solids with many defects. In all of these methods
one gets quite irregular solids, where the diffusion of the atoms
is mediated by inhomogeneities of the crystalline field.

A novel method of ultra-slow deposition of films of solid
H2 with embedded hydrogen atoms has been recently discov-
ered in experiments with spin polarised atomic hydrogen gas.42

It is well known that spin-polarised atomic hydrogen gas can be
stabilised at temperatures approaching absolute zero (see
Ref. 60 and references therein). Atoms are stabilised by apply-
ing a strong magnetic field and lining the walls of the
experimental cell with a superfluid helium film, thus preventing
adsorption of the atoms. The schematic of a typical exper-
imental setup for studies of spin-polarised H gas (H;) is
presented in Fig. 13. Atomic hydrogen gas is produced in a
cryogenic radiofrequency dissociator, and the high field-seek-
ing fraction (H;) is pulled into the sample cell located in a 4.6 T
magnetic field. The typical flux of atoms entering the sample
chamber (SC) (see also Fig. 14 a) is *261013 s71. With the
continuously operating dissociator, bulk gas densities up to
261015 cm73 can be accumulated in the SC at a temperature of
* 350 mK. H; atoms of both lowest hyperfine states a and b
(Fig. 14 b) are accumulated in equal amounts. The H; samples
were not perfectly stable against recombination of the atoms
into H2 even in very strong (>10 T) magnetic fields due to the
unavoidable three-body recombination channel. The mole-
cules resulting from recombination stick to the walls of the
experimental chamber and slowly form a layer of solidH2. This
layer in the experiments with H; helps to reduce the decay rate
of the sample due to one-body nuclear relaxation. A typical
rate for solid H2 film growth is very slow, 0.5 ± 1 molecular
layer per hour, which is mainly limited by the efficiency of the
radiofrequency dissociator.
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Figure 12. Two pulse ESEEM signals (circles) for the H and D atoms in

HD±D2 ±He solid at 1.35 K taken at 8.93 GHz: (a) low field hyperfine

component of H atoms at 2910.1 G; (b, c) low field hyperfine components

for D atoms at 3105.5 G at the beginning of the experiment and six hours

later, respectively.

Solid lines are the best fits of model calculations to the experimental data

(see text).59

MC

Sample cell

Dissociator ESR 128 GHz

Figure 13. Block diagram of the setup for investigations of H atoms in

solid H2 at ultralow temperatures.

The label MC denotes the mixing chamber of the 3He74He dilution

refrigerator.
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It has been found thatH atoms are captured inside the solid
H2 films covering the SC walls.42 The mechanism of this
process is not known. One of the possibilities is that the
molecules appear in the gas phase in one of the highest ro-
vibrational states 61 and may transfer their energy to the atoms
in binary collisions. The energy acquired by the atom in such an
event can exceed the potential barrier for the atoms to
penetrate into the helium film (*40 K), and therefore the
atom can punch through the film and stick to the solid H2. It
has been verified that the atoms do not appear in the sample
cell as a result of diffusion from the dissociator along the solid
H2 film covering the surface of the fill line. Closing the
hydraulic valve at the cell bottom stopped the growth of the
atomic ESR signal. Although very slow, this method of
deposition of films of H2 with embedded H atoms has a
number of advantages in comparison with the traditional
methods of creating such systems employed earlier. The system
is absolutely free of any possible impurities, since no other gas,
except H; can exist at temperatures below 1 K. Although some
small admixtures (<1074) of spin-polarised deuterium can be
generated in the dissociator, they cannot reach the sample cell
passing through the 0.5 m long filling line, since the recombi-
nation rates for D are >103 times larger than for H. Another
advantage of this method is that the deposition rate and

average energy flux into the system is so slow that one may
expect to obtain solid crystals with the least amount of internal
crystalline defects, thus making this system very close to ideal
for studies of quantum diffusion and tunnelling chemical
reactions.

Due to the strong magnetic fields needed for the stabilisa-
tion of H;, high frequency (128 GHz) ESR and 910 MHz
NMR and ENDOR methods were used to characterise the
samples. The H2 films containing H atoms were situated on the
surface of theMylar foil and on the lower spherical mirror (see
Fig. 14 a), both located at antinodes of the Fabry ± Perot
resonator (FPR) operating in the TEM005 mode (see Refs 43
and 60 for more details of the experimental setup).

The ESR spectrum of H atoms in solid H2 in the applied
magnetic field of 4.6 T basically consists of two lines separated
by 507 G due to the hyperfine interaction. In Fig. 15 (upper
trace) the ESR spectra of the lower field line ofH atoms in solid
H2 are presented together with the corresponding line originat-
ing from the atoms of the gas phase above the film obtained at
T* 350 mK. Special shim coils were used to minimise the
magnetic field inhomogeneity, or vice versa, to increase the
gradient and resolve the absorption lines originating from the
atoms located on theMylar foil and the lower mirror. Integrals
of these lines were equal to each other, which indicates a
homogeneous film coating over the sample cell walls. Having
the possibility to resolve the lines from the free atoms in the gas
phase and the matrix isolated ones, one can obtain useful
information about the influence of the crystal environment on
the g-factor and the hyperfine constants. The ESR lines of H
atoms in solidH2were found to be shifted by*0.28 G towards
the centre of the spectrum compared with those of free atoms
(see Fig. 15) with the magnitude of the shift being the same for
both ESR lines. Therefore, the atoms in the solid have the same
value of the g-factor and a somewhat reduced hyperfine
interaction.

To manipulate the populations of the states a and b,
nuclear spin transitions were induced by applying resonant
excitation to the helical 910 MHz resonator (HR) located on
the side of the FPR (see Fig. 14 a). Due to the small number of
atoms in the sample and the poor sensitivity of NMR, it is not
possible to detect the NMR absorption directly. However, one
can detect it through the change of the ESR signal associated
with the change of the populations of hyperfine states. For
observation of such double resonance spectra, the allowed
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�� �

7sin y
�� �
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�� �
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�� �

c=cos y
�� �

+sin y
�� �b

a

1

2
4

Hydraulic valve

3

H from
dissociator

ESR excitation in

NMR excitation in

Figure 14. Schematic drawing of the sample cell (a); hyperfine level

diagram for hydrogen atom in a strong magnetic field (b).42

(a) Fabry ± Perot ESR resonator (1), helical NMR resonator (2), Mylar

foil (3), quartz microbalance crystal (4). (b) Arrows denote electron and

nuclear spin projections. The values of the angles y are determined from

the equation tan 2y=a/[h(ge+gp)H], where a is the hyperfine constant,H

is the magnetic field and ge, gp are the electron and proton gyromagnetic

ratios, respectively.

74 72 0 2 74 72 0 2

ESR b ± c transitionESR a ± d
transition

free H; H in H2

H in H2

Magnetic field sweep /G Magnetic field sweep /G

0.28 G

Figure 15. ESR spectra of the H; gas and of H atoms in the solid H2

matrix observed in the measurements: upper left trace is small H; density
*261013 cm73 (left peak) together with the H in solid H2 line (right

peak); bottom traces are H in solid H2 spectrum.42

Note that the a ± d transition signal is larger than the b ± c transition signal.
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electron b ± c transition was saturated with high excitation
power while the ESR sweep was stopped in the middle of the H
in H2 line. Then a radiofrequency signal was applied to the
helical NMR resonator (HR) with its frequency swept through
the position of the nuclear a ± b transition (near 909 MHz). The
power absorbed by the ESR is increased once the nuclear
resonance condition is reached, since the atoms are transferred
from the a to the b state (Fig. 16). The position of the ENDOR
line relative to that of the free atoms gives the value of the
hyperfine constant change 71320(10) kHz. This reduction of
the hyperfine constant with respect to the free atoms implies
that the atoms are situated in substitutional sites. In this case
the effects of van-der-Waals attraction to the neighbouring
molecules dominate over the Pauli repulsion.62 A similar
conclusion has been made in the ENDOR studies of Nagoya
group 30 for the H in H2 samples obtained by a different
method. A remarkable feature of the ENDOR spectra
observed in the films of H in H2 created by the slow deposition
method 42 is the unusually small width of the NMR transition
(*15 kHz). This provides good evidence of the high quality of
the H2 crystals obtained by this method.

Another interesting feature found in the experiments with
the H in H2 films 42 was the very high stability of the atoms to
recombination (Fig. 17) at temperatures below 150 mK. For
this temperature range no decay of H atoms was detected over
a period of at least two weeks. A slow decrease of H atom
concentration has been observed at 300 mK and 480 mK.
Figure 18 shows the values of the recombination rate constants
obtained in these experiments compared with the previous
higher temperature results and with the theoretical
predictions. It has been found that for temperatures below
0.9 K the recombination rate constants, kH(300 mK)=
1.5610725 cm73 s71 and kH(480 mK)=3610725 cm73 s71

are much smaller than predicted theoretically 7, 63 and found in
previous experiments 8 at 1.35<T<4.2 K. However, at the
highest temperatures (900 mK) used in the studies of the H in
H2 films 42 the rate constant increased substantially and came
into close agreement with extrapolation of the previous results.
The vanishingly small recombination at the lowest temper-
atures makes it promising to achieve extremely low temper-
atures for this metastable system in future experiments, since
recombination heating would not be a factor.

Populations of the lower hyperfine states can be manipu-
lated by saturation of the ESR orNMR transitions. Saturating
the b ± c transition leads to the pumping of the atoms from the
state b to a (via the Overhauser effect) through the relaxation of

the partially forbidden a ± c transition. The relaxation time of
the a ± c transition of H atoms inside H2 films is about 3 s.
Using the Overhauser effect, one can transfer the entire
population to the a state within several seconds. Then the a
and b populations can again be equalised by applying reso-
nance power to the a ± b transition. Recovery of the population
ratio na/nb or the polarisation

p � na ÿ nb
na � nb

to the equilibrium value is controlled by the nuclear relaxation
process which turns out to be very slow, tb ± a* 60 ± 80 h at
150 mK (Fig. 19). Amost intriguing observation in the experi-
ment of Ref. 42 was the non-Boltzmann population of the
hyperfine states b and a in the steady state. The populations
ratio is typically characterised by the value of nuclear polar-
isation. The value of p(t??)=0.5(1) observed at
T=150 mK was much larger than p& 0.14 dictated by the
Boltzmann statistics with na/nb= exp(Ea± b/T), withEa± b& 43
mK being the energy difference between the a and b states. The
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Figure 17. Decay of H in H2 sample at different temperatures.42
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for recombination of H atoms in solid H2: our experimental results at

T<1 K (1), experimental results 8 for the temperature range

1.3<T<4.2 K (2) and theoretical prediction for T<1 K (3).7
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non-equilibrium population ratio observed in these experi-
ments can be explained by the possible formation of a
Bose7Einstein condensate (BEC) in the ensemble of atoms.
This cannot occur if the atoms are evenly distributed over the
crystal because the average density is not high enough to reach
quantum degeneracy. If however, there are regions in the
crystal with much higher local concentrations, the condensa-
tion may happen there and the system should then consist of
two kinds of atoms, those in the high concentration regions and
those in the rest of the crystal.

A powerful concentrating mechanism such as the phase
separation seen in solid 3He74He mixtures 64, 65 and poten-
tially in ortho-para solidH2mixtures 66, 67 is required to reach a
concentration of*561020 cm73, which corresponds to a BEC
onset temperature of 0.2 K for H atoms with effective mass
3.5 mH as calculated from the experimental na/nb population
ratio. Diffusion of the H atoms via exchange tunnelling can be
considered as a motion of `quasivacancies', leading to a broad
energy band and low effective mass.68 One might imagine that
the H atom rich phase exists in small bubbles or layers
surrounded by the H atom starved phase.

V. Conclusions and future work

Impurity ± helium solids are highly porous gel-like nanomate-
rials consisting of interconnecting clusters of impurities with a
characteristic size 579 nm and an average density over the
entire sample volume as low as 1020 atoms (molecules) cm73.
In fact, Im ±He solids are a collection of nanoclusters. One
cubic centimeter of a typical Im ±He sample contains a large
number (*1016) of clusters, each consisting of* 104molecules
and 10 ± 100 or more stabilised atoms. Therefore, it is possible
to study simultaneously a large collection of nanoreactors, in
which low temperature chemical reactions can be investigated.

The kinetics of exchange tunnelling reactions of hydrogen
isotopes were studied in nanoclusters immersed in superfluid
helium at T=1.35 K. The rate constants for different reac-
tions have been determined and the changes of the environ-
ments of hydrogen and deuterium atoms in the course of these
reactions have been studied. The rate constants for reactions
(2) and (4) in nanoclusters were found to be similar to those
obtained in bulk solids. In contrast, the rate constant for the
reaction (1) in nanoclusters is an order of magnitude higher as
compared to that obtained in bulk solid hydrogen. Possibly the
recombination of H atoms occurs primarily on the surfaces of

the nanoclusters. The analysis of the pulsed ESR data shows
that 50%±60%of all stabilised atoms reside on the surfaces of
the nanoclusters.

Reactions between hydrogen atom isotopes might be
studied at even lower temperatures. This would shed more
light on the details of tunnelling processes in chemical reactions
occurring in the solid phase. The study of Im ±He solids at
ultralow (10 ± 20 mK) temperatures should be pursued. Obvi-
ously, such a program will encounter major technological
challenges to adapt methods of preparation of Im ±He solids
with high concentrations of stabilised atoms to the restrictions
existing in a dilution refrigerator cryostat. Nevertheless, such
investigations could show great promise. Cooling down the
H7H27He samples with high concentrations of stabilised H
atoms to the temperature region of 10 ± 20 mK could lead to
the observation of Bose7Einstein condensation of H atoms.

Another approach to studies of the kinetics of recombina-
tion of H atoms in H2 solids at ultralow temperatures was
demonstrated. The technique usually used for studies of spin-
polarised hydrogen gas also provided the opportunity to
prepare and investigate H atoms in thin molecular films of
solidH2 . For the first time, the recombination rates ofH atoms
in solid H2 were studied in the temperature range 0.1570.9 K.
It was found that recombination rate constants are signifi-
cantly smaller at these temperatures than was predicted theo-
retically. Moreover, at T=0.15 K, H atoms were very stable
during two weeks of observations. At this temperature the
population of the lowest hyperfine state of atomic hydrogen
was found to be much larger that that expected from the
Boltzmann distribution. A possible explanation for this obser-
vation is achievement of the Bose7Einstein condensation of H
atoms in solidH2. Thismight be possible if regions of high local
concentration of H atoms can be created in solid H2. Addi-
tional studies of the temperature dependence of the popula-
tions of the lowest energy levels of H atoms are necessary to
confirm whether BEC is actually occurring in this system.
Alternative explanations should also be explored in future
experiments and theoretical work.
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Abstract. Specific features of cryochemical reactions of tran-Specific features of cryochemical reactions of tran-
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I. Introduction

Recent progress in cryochemistry was largely associated with
the development of methods for synthesis and stabilisation of
atoms, small clusters and nanoparticles incorporating from
just a few metal atoms to hundreds and thousands.1 ± 5 At
present, studies of these systems form the basis of a new
direction of chemistry, namely, cryonanochemistry. In cryo-
nanochemistry, attention is focused on the size effects associ-
ated with the dependence of the reactivity of clusters and
nanoparticles on the number of constituting atoms.1 Atoms
and clusters that emerge in the thermal evaporation of metals
in vacuum are much more reactive than bulk metals.5 At low

temperatures, these high-energy and extremely reactive par-
ticles undergo consecutive and competitive chemical reactions
with different organic and inorganic molecules. Low-temper-
ature covalent and non-covalent interactions lead to the
formation of new chemical compounds of metals in the zero
or lower oxidation states and to the stabilisation of unstable
structures and labile coordinatively unsaturated complexes,
radicals and unusualmolecules. Such systems are of interest for
coordination chemistry, chemistry of clusters and organo-
metallic compounds, atmosphere and space chemistry. They
may also be used in the development of new metal-containing
nanomaterials and in the elaboration of new nanotechnologies.

This review analyses the experimental and theoretical data
on competitive cryochemical reactions of metal atoms and
small clusters in condensed media, namely, in solid matrices of
inert gases (in the presence of one or two active reagents) and in
low-temperature co-condensates containing reactive compo-
nents, for the metals of the first, second and third transition
rows. Special sections are devoted to thermal transformations
of metastable mono- and polynuclear lanthanide complexes
and to chemical reactions of silver and gold atoms, clusters and
nanoparticles as the systems most promising for nanochemical
and nanocatalytic applications. Attention is focused on the
kinetic analysis of competitive chemical reactions that involve
metal particles of different sizes and shapes with different
ligands. Processes of formation and stabilisation of nano-
particles in low-temperature matrices and co-condensates are
considered; mechanisms of their reactions with certain organic
and inorganic reagents are discussed andmanifestations of size
effects typical of reactions of these small-scale chemical entities
are analysed. In this review, almost no attention is paid to the
problems associated with the development of a new promising
research direction, viz., spectroscopic studies of metal clusters
and their reactions in solid hydrogen matrices and liquid
helium nanodroplets as condensed quantum systems. This is
explained by the fact that these problems are of their own,
independent importance.

The authors of this review are united by long-term collab-
oration within the framework of INTAS projects. Thematerial
of this reviewwas partly presented as the plenary lectures at the
VIth International Conference on Low Temperature Chemis-
try (Chernogolovka, 2006).
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II. Size effects in reactions of atoms
and small clusters of transition metals
(Sc, Ti, Cr, Fe, Co, Ni, Cu) with organic
and inorganic molecules in inert matrices at low
temperatures

Reactions of transition metal atoms and clusters with organic
and inorganic molecules attract keen attention. Indeed, such
processes model the reactions of molecules of various reagents
with the active sites on the metal catalyst surface, which allows
study of unusual chemical processes including the activation of
small molecules such as carbon dioxide and nitrogen.6 ± 8

Coordination of CO2 to metal sites is the key stage of its
catalytic and electrochemical reduction.9 ± 11 The method of
matrix spectroscopy makes it possible to identify intermediate
products of various reactions and elucidate the mechanism of
metal coordination with ligand molecules.

The reactions of atoms of the 1st transition series elements
(Sc, Ti, Cr, Fe, Co, Ni, Cu) with carbon dioxide were studied
systematically by matrix Fourier transform IR spectroscopy
(FT IR) using isotopically labelled molecules 13CO2 and
C18O2 .12 ± 15 The obtained results together with density func-
tional theory calculations made it possible to determine the
equilibrium parameters of formed complexes and elucidate the
coordination type of a metal. It was shown that in a carbon
dioxide matrix at 10 K, metal atoms of the first transition rows
(Fe, Co, Ni and Cu) form 1 : 1 complexes with CO2 molecules.
In these complexes, the coordination of these molecules to
metal atoms was of the `side-on' (Z2

O;O) type for nickel, the
`end-on' (Z2

C;O) type for copper and the C type (Z1
C) for iron

(Fig. 1). The energy of a bond formed by a nickel atom with
CO2 was 17.5 kcal mol71, which is comparable with the bind-
ing energies of this atom in its complexes with similar mole-
cules, namely Ni(C2H4), Ni(C2H4)2 and NiCO.16 ± 20 On the
other hand, atoms of elements situated in the beginning of this
period (Ti, V and Cr) effectively inserted into C7O bonds of
CO2 molecules to form oxocarbonyl derivatives
(O)M(CO)(CO2). According to calculations, the insertion of a
titanium atom into a C7O bond of the CO2 molecule
proceeded virtually without activation and the thermodynamic
stability of a (O)Ti(CO) molecule substantially exceeded the
stability of possible complexes Ti(CO2) (Fig. 2). The interac-
tion of a titanium atom with the second CO2 molecule resulted
in the formation of an even more stable (O)Ti(CO)(CO2)
complex [De(CO2)=28 kcal mol71,De is the energy of ligand
bonding] in which the CO2 molecule turned out to be in the
`side-on' coordination with respect to the titanium atom and
the fragments (O)Ti(CO) and Ti(CO2) were located in perpen-
dicular planes.

It was found 21 that excited titanium atoms insert into
C7H bonds of ethylene molecules in argon matrices at 10 K
upon irradiation of samples with light with a wavelength
>400 nm. The TT IRmethod using isotopically labelled ethyl-
ene molecules 12C2H4 , 13C2H4 , C2D4 , CH2CD2 and natural
titanium isotopes revealed the formation of compounds con-
taining Ti7C bonds, namely, titanacyclopropene H2Ti(C2H2)
and vinyltitanium monohydride. The appearance of monoli-
gand titanium p-complexes Ti(C2H4) was not confirmed
experimentally, althoughmodel calculations carried out within
the framework of the density functional theory (DFT) pre-
dicted the presence of strong bonding in this case. Titanium
hydrides and carbonyls were obtained in the co-condensation
ofmetal atoms with ligandmolecules at superlow temperatures
in inert matrices.22 ± 25

In argon-diluted systems at low temperatures (10 ± 30 K),
virtually no interaction of atoms of the metal group under
consideration with CO2 was observed. The competitive inter-
action of nickel simultaneously with two ligands (N2 and CO2)
in dilute argon matrices led to an unexpected result, the
cooperative effect of co-ligands.12 The binding of CO2 mole-
cules into a complex was substantially intensified when N2

molecules were added to the argon matrix. The preliminary
coordination of a nitrogen molecule into transient Ni(N2)
species induced the hybridisation of 4s and 3d orbitals of the
nickel atom, which intensified the Ni?CO2 charge transfer in
a mixed-ligand complex Ni(CO2)(N2) as compared with a
monoligand Ni(CO2) complex. The obtained data are well
described by amodel `electron donation L?M/back donation
M?L' (the Chatt ±Dewar ±Duncanson model), which was
used for the description of these systems.26 ± 28 A comparison of
potential energy curves of these interactions have shown that
the binding energy of a nickel atom with the CO2 molecule is
17.5 kcal mol71, whereas the binding energy of a Ni(N2)
complexwith theCO2molecule is almost twice as high, namely,
32 kcal mol71.

A reaction of copper with molecular nitrogen was studied
in nitrogen and argon matrices by the FT IR and UV-Vis
spectroscopic techniques. 29 In argon matrices with a constant
ratio metal :matrix=1 : 1000, the aggregation of metal atoms
was determined by the nitrogen content. The Cu2 : Cu ratio in a
nitrogen matrix was larger than in an argon matrix and
decreased upon dilution with argon. The co-condensation led
to the formation of two complexes of copper dimers with the
`end-on' coordination of ligands, namely, mono- [Cu2(N2)]

a b c

d M

C

O

Figure 1. Types of complexes formed in the reaction of transition metals

with CO2 .
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and bisligand [Cu2(N2)2] complexes with binding energies of
7.9 and 12.8 kcal mol71, respectively.

No complexes were formed in argon-diluted systems with a
ratio N2 :Ar<0.5 that contained infinitesimal amounts of
copper aggregates.29 The interaction of copper atoms with
nitrogenmolecules startedwith the addition of a second ligand,
CO, into the system. This was manifested by the formation of
mixed complexes of copper atoms Cu(N2)CO for which the
energies of ligand bonding [De(Cu7CO)=17.2 and
De(Cu7N2)=7.5 kcal mol71] were substantially higher as
compared with the corresponding monoligand complexes,
namely, 9.5 kcal mol71 for Cu7CO and 70.1 kcal mol71

for Cu7N2 . The strong polarisation of 4s orbitals in a dimer
Cu2 substantially weakened the s-repulsion between the lone
electron pair of a ligand and the 4s13d10 electron shells of a
copper atom in Cu2L complexes. Thus, in the systems under
consideration, dimeric nitrogen complexes Cu2(N2) were
preferentially formed.

Co-condensation of thermally evaporated copper atoms
with carbon dioxide and an excess of argon afforded no
reaction products. Co-condensation of copper vapour with
an excess of carbon dioxide in the absence of matrix compo-
nents led to the formation of `end-on' monoligand com-
plexes.12 Density functional theory calculations using the
`Gaussian 03' computational package and the B3LYP func-
tional were aimed at the comparison of reactivities of Cu atoms
and Cu2 dimers with respect to carbon dioxide and carbon
disulfide.30 ± 32 The potential energy surface of the Cu7CO2

system demonstrated a single minimum, which corresponded
to the OCuCO insertion product with a potential barrier of
63 kcal mol71 (Fig. 3). At the same time, a copper dimer Cu2
in the singlet state underwent an activationless transformation
into an `end-on' complex Cu2(OCO) with the energy
2.1 kcal mol71 lower than that of the starting reactants Cu2
and CO2 . Based on the performed calculations, several inser-
tion products into the C7O bond of carbon dioxide were
proposed as other putative intermediate products (Fig. 4). As
in the case of copper reaction with nitrogen molecules, the
reactivity of a copper dimer turned out to be higher than that of
a copper atom.

A series of Fex(N2)y complexes were obtained in the
reaction of mass-selected iron clusters with an excess of
molecular nitrogen.33 An IR spectroscopic study coupled
with the Fourier analysis using isotopically labelled ligand
molecules and the results of DFT simulations have shown
`end-on' Fe(N2)5 complexes to be the main reaction products
of iron atoms with nitrogen molecules. Furthermore, cluster
complexes Fe2(N2)x and Fe3(N2)x were observed. The early
formation of Fe2(N2)x complexes (x=1±5) in argon matrices
was revealed by UV-Vis and IR spectroscopic techniques.34 As
in the case of copper, the ratio between the matrix-stabilised
metal atoms and clusters Fe : Fex was determined by the
content of additionally introduced nitrogen. The maximum
content of Fe2 dimers was observed for the 0.05% nitrogen
concentration in the argon matrix. For the higher nitrogen
concentrations, iron dimers efficiently reacted with nitrogen
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Figure 3. Potential energy variations in the Cu+CO2 reaction and the

structure of an intermediate product corresponding to the energy mini-

mum (bond distances are shown in AÊ ).31
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molecules to form diverse complexes with different coordina-
tion types (Fig. 5).

Co-condensation of nitrogen with certain metallocenes
M(Cp)2 (Cp=Z5-C5H5; M=Fe, Co, Ni, Mn, V) at
12 ± 20 Kaffordedmixed-ligand complexes inwhich a nitrogen
molecule was coordinated to a metal atom.35 ± 37 The reaction
of iron porphyrin complexes with NO produced nitrosyl
adducts of porphyrins that may be considered as a heme
model.38

Co-condensates of transition metal vapours and aromatic
hydrocarbons represent very reactive systems that produced
mono- and bisarene complexes of transition metals and clus-
ters and their more intricate complexes.39 The reactions of
chromium atoms and small clusters with benzene in argon
matrices at 12 K were studied by FT IR, UV-Vis and reso-
nance Raman spectroscopic methods.39 The following chro-
mium compounds were identified: Cr(C6H6), Cr(C6H6)2 , Cr2 ,
Cr2(C6H6), Cr2(C6H6)2 and Cr3(C6H6). The use of selective
photoexcitation of certain species allowed the authors to carry
out a series of competitive chemical reactions of chromium
atoms and dimers and their complexes

Cr+C6H6 Cr(C6H6),

Cr+2C6H6 Cr(C6H6)2 ,

2 Cr Cr2 ,

Cr2+C6H6 Cr2(C6H6),

Cr2+2C6H6 Cr2(C6H6)2 ,

Cr2+Cr(C6H6) Cr3(C6H6),

Cr2(C6H6)+C6H6 2Cr(C6H6),

Cr2(C6H6)2 2Cr(C6H6),

Cr2(C6H6)2+2C6H6 2Cr(C6H6)2 ,

Cr3(C6H6)+ (57x) C6H6 xCr(C6H6)+ (37x) Cr(C6H6)2 .

Exothermic reactions at low and ultralow temperatures
(1.3 ± 30 K) can also occur in the space on cosmic dust particles
under the action of radiation.40 ± 47 The reactions of transition
metals with polycyclic aromatic hydrocarbons are of undeni-
able interest for astrochemistry and astrophysics. It was
assumed that such reaction products might be a source of

certain unidentified radiation types observed in the interplan-
etary space.48

The possibility of these reactions was demonstrated by the
FT IR spectroscopy in reactions of iron with pyrene and
coronene in argon matrices at 4 ± 10 K as an example.49 It
was found that pyrene forms unstable complexes with iron
atoms, whereas coronene preferentially reacts with Fe2 dimers
to form mono- and bisligand complexes Fe2(C24H12)n , where
n=1 or 2. These complexes were thermally stable up to 40 K
and resistant to irradiation in the near UV and visible ranges
(200 ± 700 nm). Iron aggregates were easily formed in argon
matrices with an increase in the metal concentration and
exhibited the higher electron affinity (0.9 eV for Fe2) as
compared with an iron atom (0.15 eV); this explains the higher
stability of their complexes. It is interesting that Fe2 and Fe3
clusters readily formed complexes with nitrogen molecules in
binary Fe ±N2 systems, whereas no coronene complexes were
detected in ternary Fe ± coronene ±N2 co-condensates. This
can serve as an indirect confirmation of the fact that coronene
preferentially reacts with iron dimers. It is noteworthy that no
coronene complexes were observed for nickel and titanium that
do not form any aggregates under similar conditions.

III. Formation of metal nanoparticles
in active matrices

The interaction of metal atoms with active ligand molecules in
low-temperature co-condensates can be described as a
sequence of competitive processes of aggregation of metal
atoms and reactions of metal aggregates containing different
numbers of nuclei with ligand molecules (Scheme 1).

Scheme 1

The active-matrix molecules can play the role of ligands
and form donor ± acceptor or charge-transfer complexes with
atoms and clusters. Depending on the temperature of the
system and the concentrations of metal atoms and clusters,
this may lead to the formation of mono- or polynuclear
complexes and of nano- or subnanosized metal particles
solvated with matrix molecules. Silver and copper feature the
formation of different-sized clusters and nanoparticles in
which a metal formally exists in the zero-valent state. Studying
particles of different sizes makes it possible to follow the
formation of the electronic and crystal structures of metals.

Silver and copper clusters and nanoparticles are easily
formed at low temperature by the condensation of their
vapours with the excess of an inert component,50 thermo- and
photo-aggregation of atoms 51 and by mass-spectral selection
of clusters followed by their condensation in inert matrices.2

Nanoparticles can be stabilised at room temperature provided
the metal vapour is co-condensed with certain organic sub-
stances that are capable of specific non-covalent interactions
and can form donor ± acceptor complexes with transitionmetal
atoms, clusters and nanoparticles.52

Metal particles measuring up to 10 nmwere synthesised by
low-temperature co-condensation of vapour of silver, copper,
gold and other transition metals with acetone, ethanol, tol-
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Figure 5. IR spectra of co-condensates of vapour of heat-evaporated

iron and molecular nitrogen (T=12 K, Fe :N2=1 : 1000).34

Complex Fe2(N2)2 exists in two forms, namely, `end-on' and `side-on'.
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uene, trimethylamine, dimethylformamide, dimethyl sulfoxide
and other compounds.5 Heating of the co-condensate to room
temperature afforded colloid solutions of nanoparticles with
different stability that could be sputtered on different surfaces
to form film coatings of various thickness.52, 53

Acrylic acid (AA), methyl acrylate (MA) and dimethyl-
aminomethyl acrylate were also used for the stabilisation of
silver nanoparticles.54, 55 Low-temperature co-condensation of
themetal vapour withMA followed by heating of the system to
room temperature afforded stable silver organosols with
15 nm particles. Co-condensation with lead vapour produced
bimetallic particles measuring <5 nm. The transition from
binary Ag/MA and Pb/MA systems to the ternary Ag/Pb/MA
system was accompanied by non-additive changes in the
properties. Polymerisation of MA was inhibited by lead and
initiated by silver and the competition of these processes led to
the formation of smaller bimetallic particles.54 Co-condensa-
tion of silver vapour with 2-methylaminoethyl methacrylate
afforded silver particles with diameters of 15 ± 20 nm and their
aggregates. Such cryochemical methods made it possible to
synthesise silver particles dispersed in water, acetone and
toluene, which were stabilised in the presence of poly(2-me-
thylaminoethyl methacrylate).55

A method of stabilisation of copper nanoparticles in poly-
ethylene was developed.56 According to EXAFS and electron
microscope studies, the average size of stabilised particles
(copper nanocrystals) was 17 nm. A highly dispersed phase
was formed upon decomposition of copper diacetate.

Low-temperature co-condensation of vapour of silver and
copper and of Cd, Pb, Sn, Mn, Sm, Zn with the p-xylylene
monomer, which undergoes easy polymerisation even at
100 ± 120 K, was used in the synthesis of nanosized metal
particles encapsulated in polymeric films.57 ± 59 The particle
size determined by the transmission electron microscopy was
3 ± 8 nm. The resulting films exhibited sensor and chemo-
resistive properties with respect to water and ammonia
vapour.60, 61

Copper nanoparticles incorporated into poly(p-xylylene) in
the course of low-temperature co-condensation of components
were observed to exhibit high catalytic activity with respect to
isomerisation of chlorine-containing compounds.62, 63 The
activity of these particles was two orders of magnitude higher
than that of highly dispersed copper supported on silica gel.

Cryoformation of nanosized silver and copper particles in
mesogenic alkylcyanobiphenyl matrices was studied in
detail.64 ± 68 In co-condensates of silver and copper vapour
with alkylcyanobiphenyl molecules at 80 ± 90 K, low-temper-
ature complexes of metal atoms were revealed.69, 70 IR spectra
of co-condensates demonstrated two new bands in the range of
stretching vibrations. The characteristic bands of the CN
group were shifted by 7150 and 7200 cm71, which pointed
to the formation of silver and copper p-complexes with the
cyanobiphenyl fragments of the matrix molecules. Indeed, the
electron density shift from the binding orbital and the partial
population of the antibonding orbital of the ligand should lead
to loosening of the multiple bond in the complex, i.e., to a
decrease in the vibration frequency of the corresponding bond
in the p-complex. Spectra of Ag/5CB and Ag/5CB/C10H22

(5CB is 4-n-pentyl-40-cyanobiphenyl) co-condensates also
exhibited new bands in the range of 650 ± 660 cm71, which
were attributed to themetal ± ligand vibrations in p-complexes.
The formation of p-complexes was confirmed by quantum
chemical calculations performed for 4-n-pentyl-40-cyanobi-
phenyl and its central cyanobiphenyl fragment.71, 72 The struc-
ture of this complex includes two cyanobiphenyl fragments
antiparallel to one another and a silver atom sandwiched
between the CN fragment of ligand 1 and the centre of a
benzene ring of ligand 2 (Fig. 6). In the ground state, the
complex may acquire two electronic configurations, namely, a

neutral complex Ag(5CB)2 and a charge-transfer complex
Ag+(5CB)ÿ2 . For an interligand distance of 4.4 �A (the charge-
transfer complex configuration), the calculated vibration fre-
quency shifts of the C:N bond in this complex as compared
with this bond in the ligand molecule were 7150 and
7175 cm71, which were consistent with the experimentally
observed values of7150 and7200 cm71 for Ag/5CB films at
90 K.

EPR spectra of Ag/5CB samples contained a doublet of
doublets (A and B, low-field and high-field spectrum compo-
nents) with g-factors of 2.001, 2.003 and hyperfine coupling
(HFC) constants of 48.5 and 55.7 mT, respectively (Fig. 7).70

The analysis of literature data 73, 74 suggests that the appear-
ance of components A and B in the EPR spectrum is the result
of the formation of p-complexes of silver atoms (107Ag and
109Ag) with cyanobiphenyl molecules. A comparison of HFC
constants of silver atoms in the obtained samples with those of
atoms stabilised in an inert hydrocarbon matrix (63.22 and
72.75 mT for 107Ag and 109Ag, respectively) allowed assess-
ment of the spin density on the Ag atom as 0.89. This value is
typical of p-complexes with metal atoms and points to the
partial donation of the electron density from occupied orbitals
of a metal atom to the antibonding p*-molecular orbital of a
ligand.

In EPR spectra of Cu/5CB co-condensates, an anisotropic
quartet signal of a cyanobiphenyl complex of a copper atom
was detected (J=3/2).66, 75 Spin-resonance parameters of
complexes were as follows: gxx= gyy=2.007, gzz=1.981,
Aiso=19 mT; HFC on 63Cu and 65Cu isotopes were unre-
solved due to the close g-factors of their nuclei. The relatively
low HFC constants for copper together with the highly
anisotropic signal suggested that the highest occupied molec-
ular orbital in a complex that contained a lone localised
electron was of the hybrid nature and that the electron density

Ag
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1

Figure 6. The structure of a bisligand silver complex with alkylcyanobi-

phenyl ligands Ag(5CB)2 ;

(1, 2) see text.
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Figure 7. EPR spectrum of an Ag/5CB co-condensate at 80 K.68
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was shifted from a metal atom to ligand molecules. The spin
density on the metal atom did not exceed 0.1.

The EPR spectra of co-condensates also revealed a central
signal C (see Fig. 7) with a g-factor close to that of a free
electron (2.003). The signal could be caused by the conducting
electrons spin resonance (CESR) from a set of nanosized metal
clusters and their complexes stabilised in the 5CB matrix.
Similar signals were also observed for sufficiently concentrated
silver and copper co-condensates with saturated hydrocarbons
and inert gases.76, 77 This signal represented a superposition of
several isotropic lines of Lorentzian shape. The g-factor and
the widths of signal line depended on the size of metal particles
due to the difference in the spin ± lattice relaxation times (T1).
Taking into account the presence of experimental g-factor
shifts, the average size of metal particles stabilised in cyanobi-
phenyl matrices at 90 ± 120 K was assumed to be 1 ± 2 nm. An
increase in the Ag to 5CB ratio led to the domination of
processes of silver aggregation in the system, which substan-
tially decreased the yield of this complex. On heating of co-
condensates from 90 to 150 K, the relative intensity of doublet
lines of silver complexes (quartet lines for copper complexes)
decreased and the relative intensity of the central component
increased, which pointed to the thermal decomposition of
metastable complexes and the increase in the concentration of
nanosizedmetal clusters due to the spontaneous aggregation of
metal atoms that emerge in the system.

Studies of electron absorption spectra for the Ag/5CB and
Ag/5CB/decane systems confirmed the results obtained by IR
and EPR spectroscopic techniques. UV-Vis spectra of Ag/5CB
co-condensates at 80 K (Fig. 8, curve 1) revealed a structured
absorption band of a silver complex with a peak at 360 nm,
which corresponded to light-yellow co-condensate films.
Quantum chemical simulation of excited states of this complex
pointed to the presence of several intense charge-transfer
transitions metal ± ligand and ligand ± ligand in the range of
360 ± 400 nm.78 The absorption at 360 nm disappeared as the
co-condensate filmwas annealed to 200 ± 300 K.A broad band
with the peak at 420 nm that appeared at these temperatures
(see Fig. 8, curves 2, 3) was probably due to the absorption of
surface plasmons of nanosized silver particles 79 formed as a
result of aggregation of silver atoms and small clusters during
the thermal decomposition of the complex. According to the
data of transmission electron spectroscopy, depending on the
phase state of the Ag/5CB system, two types of particles were
formed, namely, globular with the average diameter of 15 nm
and anisotropic rod-like particles*200 nm long. The increase
in the metal concentration and aggregation in an orientation-

ordered mesophase favoured the formation of rod-like metal
particles.80, 81

Thus, metal complexes appear in the course of low-temper-
ature co-condensation of metal vapour and reactive organic
components containing functional complexing groups.
Annealing of this system leads to the thermally induced
decomposition of unstable complexes and the matrix-con-
trolled aggregation of metal atoms and small clusters of
different sizes and shapes. The chemical nature and properties
of the resulting reaction products are determined by the
competition between self-assembling processes and the reac-
tions of different-sized metal aggregates with molecules of
reagents added to the system.

IV. Thermal transformations of metastable
complexes of lanthanide atoms and clusters

As was shown above, cryochemical synthesis allows one to
obtain new compounds and complexes for a series of d-metals
in unusual oxidation states and with unusual coordination of
ligand molecules. Competitive cryochemical reactions of lan-
thanide atoms with certain organic and inorganic ligands also
lead to unusual products, where both the changes in the
oxidation state and the formation of complexes between zero-
valent lanthanides and CO, ethylene, tri(tert-butyl)benzene
and its derivatives can be expected.81 ± 84

The majority of reactions of lanthanide atoms lead to the
changes in the metal oxidation state. Their reactions with
oxygen were studied by the example of cerium, praseodymium,
terbium and europium. Europium formed several oxides and
peroxides with different compositions, namely, EuO2 , Eu2O4 ,
Eu2O3 , EuO2

.Eu2O2 .85 Cerium, praseodymium and terbium
produced mixtures of oxides LnO and peroxides LnO2 .86 The
reaction of gadolinium with chlorine in argon matrices
afforded GdCl3 . In the case of holmium, this reaction pro-
duced a mixture of comparable amounts of metal dichloride
and trichloride and the monochloride HoCl; for ytterbium, a
mixture of dichloride and trichloride was formed. Europium
formed a mixture of dichloride and trichloride, where the
former prevailed. No formation of europium monochloride
was detected. All the products were identified by IR spectro-
scopy.87 Under similar conditions, reactions of holmium and
europium with bromine and iodine were carried out. It was
shown that with bromine, both lanthanides produce di- and
tribromides in comparable amounts. Their reactionwith iodine
also afforded di- and triiodides, where diiodide dominated for
europium and triiodide prevailed for holmium. IR spectra of
iodine co-condensates with holmium and europium also con-
tained bands that could be assigned to polymeric iodides.88

The reaction of samarium with alkyl halides was studied
under conditions of matrix isolation in the temperature range
of 12 ± 30 K.89 IR spectroscopic data revealed the formation of
methane in this reaction. Under conditions of matrix isolation,
a reaction of samarium with CO2 was studied.89, 90 Based on
the IR and UV spectroscopic data, the reaction sequence
shown in Scheme 2 was proposed.

Scheme 2

Sm+ CO2
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Sm+COÿ2
Sm+COÿ2
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Figure 8. Optical spectra of silver co-condensates with 4-n-pentyl-40-cya-
nobiphenyl at different temperatures.69

T /K: (1) 80, (2) 200, (3) 300.
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Straight lines mean that the corresponding reaction occurs
at the condensation temperature (12 K); curved lines corre-
spond to the reaction on heating (30 K)

The reactions of samarium with alcohols (ROH)
were studied. 91 ± 94 These reactions afforded the corres-
ponding hydrocarbons RH and samarium alkoxides
Sm(OR)x(OH)37x . The reaction products contained insignifi-
cant amounts of doubled alkanes R7R, which pointed to the
radical mechanism of this process. In the first stage, samarium
atom was inserted into the C7O bond of an alcohol molecule
to form RSmOH and trivalent samarium alkoxide Sm(OR)3 .
For isopropyl alcohol, a cluster compound Sm5O(OR)13 could
also be formed.94 The composition of this compound was
revealed by elemental analysis and NMR spectroscopy.

Cryocondensation of samarium with acetone followed
by annealing of the co-condensate and hydrolysis led to a set
of saturated and unsaturated hydrocarbons and alcohols,
namely, CH3CH=CH2 , C3H8 , (CH3)2CHCH(CH3)2 ,
(CH3)2C=C(CH3)2 , (CH3)2CHOH and samarium hydrox-
ide.95 A samarium cryocolloid produced in the co-condensa-
tion of samarium atoms with an unsaturated hydrocarbon
reacted with acetone and the co-condensate was heated to its
melting point. Co-condensation of metals with acetylacetone
also produced samarium, holmium, erbium and disprosium
acetylacetonates.96 Furthermore, the co-condensation of
samarium, acetylacetone and dimethyl sulfoxide afforded a
samarium acetylacetonate adduct to dimethyl sulfoxide.96

Co-condensation of lanthanide atoms with substituted
diazabutadiene ButN=CHCH=NBut (ButDAB) led to the
formation of a chelate complex containing three ligand mole-
cules (Scheme 3).97, 98

Scheme 3

The structure of the samarium complex was studied by
X-ray diffraction analysis. It was shown that five-membered
rings Sm7N7C7C7N7Sm are virtually planar, deviating
by 0.051 �A from the plane. The C=N bond distance was
1.35(3) �A, which is much longer as compared with the free
ligand [1.283(6) �A]. This may be due to the electron density
transfer from ametal atom to the lowest unoccupiedmolecular
orbitals (LUMO) of the ligand to form Ln2+ and Ln3+ ions.
This is why it is more correct to represent the samarium
complex and analogous compounds of the lanthanides as the
complexes formed by trivalent metals with radical anions, i.e.,
[Ln3+(ButDAB7.)3]. The analogous ytterbium compound
[Yb3+(ButDAB7.)3] had a magnetic moment of 5.9 mB in the
solid state at room temperature and 2.4 mB at T<100 K.
A model was proposed according to which this compound
exists in two forms, namely, as [Yb3+(ButDAB7.)3] at temper-
atures above 100 K and [Yb2+(ButDAB7.)2(ButDAB)] at
lower temperatures. The calculated magnetic moments of
these species were 5.5 and 2.45 mB , respectively, which was
consistent with the experimental data. Erbium, neodymium
and samarium co-condensation with buta-1,3-diene produced
analogues products, namely, Ln(C4H6)3 .99 The introduction of
dimethylbutadiene into this reaction resulted in the formation
of complexes with the composition Ln[(CH3)2C4H4]2 .
The magnetic susceptibility measurements have shown that

in all the cases, the degree of oxidation of lanthanide atomswas
3+.

Co-condensation of samarium, erbium and ytterbium
vapours with hydrocarbons containing double bonds, namely,
ethylene, propylene and allene, led to the formation of prod-
ucts that afforded a mixture of saturated and unsaturated
hydrocarbons from C1 to C6 upon hydrolysis. This suggests
that the reactionmechanism is rather complex and involves the
insertion of lanthanide atoms into the C7C bond to form a
ring

or a chain Ln7C7C7Ln.100

Low-temperature reactions of ytterbium, erbium and
samarium with terminal alkynes afforded products with
absorptions in the range of 2020 ± 2060 cm71 (triple
bond vibrations), namely, (YbC9H14)n , (ErC12H19)n and
(SmC12H19)n .101 Co-condensation of samarium atoms with
hexane gave rise to the evolution of hydrogen; hydrolysis of the
co-condensate produced hex-1-yne and insignificant amounts
of destruction products.102 Experimental data suggest the
following reaction sequence:

Sm+ nR7CH27CH3 [R7C:C7Sm7H . 2H2]

R7C:C7Sm7H+2H2 .

R= n-C4H9 .

Co-condensation of samarium vapour with 1-bromopen-
tane at 80 K afforded green films. On heating, a mixture of
saturated and unsaturated hydrocarbons, namely, pentane,
decane and pentene, was obtained. Results of EPR studies gave
grounds for assuming the radicalmechanism of this process.103

At present, several reactions of lanthanide atoms and
clusters are known to involve no changes in oxidation state. It
was assumed that for efficient complexation a lanthanide atom
should acquire the 4f n715d16s2 configuration as a result of the
transition of one f electron to the d shell.102 The energy of
excitation of an f electron to the d sublevel is of crucial
importance for this process. Figure 9 illustrates the depend-
ence of this energy on the degree of population of the f shell.
The interaction of lanthanide atoms with CO molecules was
studied for a series of metals, namely, Pr, Nd, Sm, Eu, Gd, Ho
and Yb, in an argon matrix at 10 ± 40 K using the electronic
and IR spectroscopic methods.104 ± 106 In the majority of cases,
carbonyls Ln(CO)x were formed (x=1±6). Heating of the
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Figure 9. Calculated excitation energy [f ns2]? [f n71d1s2] as a function

of the degree of population of the f orbital of a non-excited lanthanide

atom.82
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system to 15 ± 40 K transformed the lower carbonyls to the
higher, Ln(CO)6 . In a range >40 K, carbonyls of all metals
underwent destruction, where the destruction temperature
corresponded to the matrix melting point. The distinguishing
feature of samarium and europium is that they did not form
carbonyls at x=1±3 for Sm and x=1, 3 for Eu. It should be
mentioned that the decomposition temperature of the higher
samarium carbonyl (30 K) was lower as compared with the
higher europium carbonyl (40 K), which is in conflict with
their excitation energies (see Fig. 9). Gadolinium carbonyl that
has a d electron in the ground state also proved to be unstable.
The most stable carbonyls were formed by metals with the
larger number of d-electrons, e.g., by Cr, Mn, Fe, Co, Ni.

Reactions with ethylene were studied in detail for europium
and samarium atoms and clusters in argon matrices and also
for samarium co-condensates with ethylene.89, 107 It was found
that two complexes, Ln(C2H4) and Ln(C2H4)2 , are formed. On
gentle heating, the monoligand complex was transformed to
the biligand complex. Taking into account the presence of free
samarium atoms even in non-dilute ethylene, it can be assumed
that the formation of a Ln .L complex and its subsequent
transformation to Ln . 2L are limited by the rotational diffu-
sion. The decomposition temperature of the higher europium
complex (*60 K) exceeded that of the higher samarium
complex (*40 K). The structure of the monoligand samarium
complex with ethylene was studied.107 It was assumed that this
complex is stabilised due to weak direct interaction of half-
occupied metal f orbitals with s and p orbitals of their ligand.

Reactions of lanthanides with aromatic ligands, namely,
1,3,5-tri(tert-butyl)benzene (TTB), 2,4,6-tri(tert-butyl)pyri-
dine (TTPy) and 2,4,6-tri(tert-butyl)phosphorine (TTP), were
studied in their co-condensates in the temperature range of
80 ± 373 K.82, 83, 108, 109 The structure of a single crystal of the
gadolinium TTB complex was determined by X-ray diffraction
analysis. The molecules of the complex had a sandwich
structure with a metal atom located between two benzene
rings in the staggered conformation. The LUMO energy of
heteroaromatic ligands is lower than the LUMO energy of
benzene, which leads to the stronger interaction of ligands with
the metal d orbitals. As a result, on going to analogous
heteroaromatic complexes of lanthanides, the bond becomes
stronger and the decomposition temperature increases
(Table 1). The bond strength in lanthanide complexes with
aromatic ligands increased with the decrease in the metal atom
radius, the reduction of the energy of f electron excitation and
the lowering of the LUMO energy of the ligand.82, 109

Samarium complexes with 4-n-pentyl-40-cyanobiphenyl
were detected in an argon matrix at 6 ± 10 K and in Sm co-
condensates with 5CB at 80 ± 240 K.110, 111 The formation of

such complexes was revealed by the appearance of new
absorption bands in the IR spectra, namely, a triplet band at
2170 cm71 (complex I ) and 2060 cm71 (complex II ) (Fig. 10).
The bands were shifted to lower frequencies as compared with
vibrations of the CN group of the ligand (2230 cm71). This
made it possible to assign new bands to CN vibrations in
p-complexes. Splitting of a band at 2170 cm71 to three
components can be associated with the stabilisation of
different complex configurations in a low-temperature argon
matrix and also with different local environment.
The activation energy of the formation of complexes was
close to zero, which confirmed their formation at 6 ± 10 K.
The first complex was formed at 6 ± 10 K in a molar ratio
Sm : 5CB :Ar=1 : 33 : 10 000. At such dilution, the aggrega-
tion of metal atoms was absent, and the complex was formed
from samarium atoms. The composition was determined by a
modified method of multiple ratios in a series of experiments
on the joint condensation of samarium and 5CB with a
100 ± 1000-fold excess of decane. The stoichiometric composi-
tion was M . 2L for complex I and M .L for complex II.
Bearing in mind the tendency of lanthanide atoms for the
formation of bisligand sandwich complexes and the suscepti-
bility of cyanobiphenyl molecules to dimerisation at low
temperatures,112 the second complex was also considered as a
bisligand binuclear 2M . 2L complex.

In the temperature range of 80 ± 95 K, samarium co-con-
densates with 4-n-pentyl-40-cyanobiphenyl in a molar ratio
M :L=1 : 10 contained only the complexM . 2L.113, 114 As the
sample was heated to 210 K, the absorption band of the
complex M . 2L disappeared and a band of the complex
2M . 2L emerged. Heating above 210 K led to the decomposi-
tion of both complexes. The complex M . 2L absorbed in the
visible range at 400 nm,while the complex 2M . 2L absorbed at
420 nm. The UV spectrum of the Sm/5CB co-condensate
contained an absorption band of the complex M . 2L at
400 nm at 95 K. As the temperature increased, a shoulder at
420 nm appeared, which corresponded to the complex
2M . 2L. Electronic spectra of co-condensates demonstrated
a broad long-wavelength absorption band with a peak at

Table 1. Decomposition temperatures (K) of lanthanide complexes with
different ligands.

Ln Ground state TTB TTPy TTP

La d1s2 263 7 283

Ce f 1d1s2 7 7 7
Pr f 3s2 318 7 7
Nd f 4s2 >373 7 7
Sm f 6s2 213 223 223

Eu f 7s2 190 225 7
Gd f 7s2d1s2 >373 7 7
Tb f 9s2 >373 7 7
Dy f 10s2 >373 7 7
Ho f 11s2 >373 7 >443

Er f 12s2 >373 7 7
Tm f 13s2 7 7 7
Yb f 14s2 7 7 7
Lu f 14d1s2 >373 7 7
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Figure 10. IR spectra of complexes Sm . 5CB isolated in an argon

matrix.110

(1) Molar ratio Sm : 5CB :Ar=1 : 10 : 400, T=6.5 K; (2) 1 : 24 : 5000,

T=10.5 K; (3) 1 : 33 : 10 000, T=10.5 K.
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*600 nm, which can be assigned to the absorption of metal
nanoparticles. An increase in the length of the hydrocarbon
substituent chain in the ligand molecule had no effect on the
stability of complexes. On going from 5CB to its heteroaro-
matic analogue, 4-n-pentyl-40-cyanophenylpyridine (5Py), the
stability of complexes increased.114 The IR spectrum of the co-
condensate at liquid nitrogen temperature contained a single
band at 2150 cm71, which corresponded to the complex
Sm . 2 (5Py). As the temperature increased to 230 K, a new
band at 2100 cm71 appeared (Sm . 5Py). The thermal decom-
position of complexes occurred above 230 K, i.e., 20 K higher
as compared with the Sm/5CB system. This can be associated
with the stronger metal ± ligand bonding in complexes
Sm . 5 Py. On going from samarium to europium, the thermal
stability of the complex Ln(5CB)2 also increased.

Model calculations of structures of complexes were carried
out in terms of the density functional theory with the B3LYP
exchange-correlation potential using the NWCHEM pro-
gramme.115, 116 Only the ligand part involved in the complex-
ation was considered. The optimised structures had the form of
sandwiches (Fig. 11). The most stable state was reached at
multiplicity 10 for complex I and multiplicity 15 for com-
plex II; the binding energies were 10.6 and 31.3 kcal mol71,
respectively. Multiplicity substantially affected the values of a
torsion angle between the benzene ring planes of one ligand
(j1), an angle between benzene ring planes of two ligands (j2)
and an angle formed by axes of ligands (j3). In the complex-
ation, the stretching frequency of the cyanobiphenyl CN group
in both complexes shifted to lower values, which was consistent
with the experimental data.

The equilibrium structures and complexes formed by euro-
pium atoms and their dimers with non-substituted cyanophe-
nylpyridyl ligands were simulated using quantum chemical
methods.117 For mononuclear complexes, the competition
between two mechanisms of metal atom coordination was
observed, namely, between the formation of sandwich p-com-
plexes, which is caused by the interaction with p orbitals of the
ligand, and the s-coordination to the nitrogen atom of the
pyridine ring. Sandwich structures of alkylcyanophenylpyridyl
ligands were stabilised as a result of intermolecular N_H
contacts between the nitrogen atom of the cyano group and the
terminal hydrogen atom of the ethyl group. The higher thermal
stability of the binuclear complex was demonstrated.

As the temperature of Sm/5CB and Sm/5Py co-conden-
sates increased from 183 to 223 K, simultaneous decay of
SmL2 signals and growth of Sm2L2 signals were observed in
the IR spectra (Fig. 12). This pointed to the transformation of
mononuclear complexes ML2 to binuclear complexes
M2L2.118, 119 The following kinetic scheme, which includes the
competition between processes of metal atom aggregation and
their interaction with ligand molecules, was proposed:

Sm+L2 SmL2 (during condensation), (1)

SmL2 Sm+L2 , (2)

Sm+Sm Sm2 , (3)

Sm2+L2 Sm2L2 , (4)

Sm2L2 Sm2+L2 , (5)

Sm+Smx Smx+1 (x5 1). (6)

The consumption of a complexML2 at this temperature did
not reach zero but stopped at a certain degree of transforma-
tion, which is typical of multistep chemical reactions in the
solid phase.120 As the temperature increased, the degree of
transformation increased. The effective activation energies
were 17.5 and 18.5 kJ mol71 for 5CB and 5Py, respectively.
The results of experimental and theoretical studies 113 ± 119 have
demonstrated the importance of taking into account the
competitive reactions of metal atoms and aggregates when
analysing the thermal transformations of complexes in low-
temperature co-condensates.

V. Competitive reactions of silver and gold
particles of different sizes and shapes
with model reagents

Studies of competitive chemical reactions of metal particles in
different degrees of aggregation with model chemical reagents
attracted special attention.121, 122

Competitive reactions of silver and copper atoms and
clusters, which were stabilised in a nanostructurised 4-n-
pentyl-40-cyanobiphenyl matrix, with carbon tetrachloride as
a model reagent, were studied by EPR and UV-Vis spectro-
scopic techniques.122 ± 125 EPR spectra of ternary co-conden-
sates of silver with carbon tetrachloride and 4-n-pentyl-40-
cyanobiphenyl, which contained CCl4 in a concentration
varying from 0 mol% to 10 mol% with respect to cyanobi-
phenyl, were studied at 80 ± 300 K. For systems with
[CCl4] : [5CB]4 0.03, only doublet signals of p-complexes
formed by silver atoms with cyanobiphenyl ligands Ag(5CB)2

I II
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Figure 11. Optimised structures of complexes M(CB)2 (I ) and

M2(CB)2 (II ).115
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were observed. The addition of carbon tetrachloride to the
system led to the formation of several paramagnetic products
of competitive reactions of silver atoms and clusters with 5CB
matrix molecules and addedCCl4 . Heating ± cooling cycling of
samples and computer simulations of spectra corresponding to
different temperatures and different component concentra-
tions made it possible to reveal several paramagnetic species,
namely, nanosized metal particles, a s-complex of a silver
atom with two ligands (5CB and CCl4) and an adduct of
trichloromethyl radical to silver chloride AgCl7CCl3
(Ref. 125).

Annealing of co-condensates at 90 ± 200 K changed rela-
tive intensities of signals under consideration. Figure 13 shows
the temperature dependences of yields of paramagnetic prod-
ucts formed in the reactions of silver atoms and nanosized
clusters with carbon tetrachloride and matrix (5CB) molecules
for co-condensates with different ratios of reagents (Ag, CCl4
and 5CB). In the temperature range of 90 ± 120 K, the doublet
signals of a p-complex formed by silver atoms with 5CBmatrix
molecules, which could be detected in systems with low CCl4
concentrations, were observed to decay. This was caused by the
thermal decomposition of the p-complex. Simultaneously, for
samples with low carbon tetrachloride concentrations, an
increase in the intensity of signals of silver nanoclusters was
observed (see Fig. 13 a). At the same time, samples with higher
CCl4 concentrations demonstrated no increase in intensity of
signals of silver nanoclusters (see Fig. 13 b).

These changes were attributed to the reactions of silver
atoms, which emerge in the decomposition of p-complexes,
with carbon tetrachloride and metal clusters formed in the
system. At substantially lower CCl4 concentrations, the

decomposition of p-complexes was accompanied by the pref-
erential aggregation of atoms to form nanosized silver clusters,
which were stabilised in the matrix up to a temperature
corresponding to the system restructuring, i.e., 210 ± 230 K. It
is noteworthy that the CESR signals of nanosized silver
clusters were more symmetric for ternary co-condensates
Ag/5CB/CCl4 as compared with the binary Ag/5CB system.
This may serve as evidence for the narrowing of the size
distribution of metal clusters. Apparently, the observed effect
was caused by the fact that the least stable and most reactive
clusters were the first to react; the most stable and highly
symmetrical icosahedral clusters (Ag13 , Ag55 , etc.) were stabi-
lised in the 5CB matrix and accumulated at this temperature.
Thus, at low temperatures, the role of active species in the
reaction with CCl4 was played by silver atoms; on heating of
the co-condensate, the nanosized clusters, which were formed
in the aggregation of the silver atoms emerged in the thermal
decomposition of complexes, also became reactive.

Gold is conventionally classified with the most stable and
least reactive metals the surface of which is inert with respect to
chemisorption of molecules of most gases.126 Gold is the only
transition metal that does not have a stable oxide (its most
stable oxide, Au2O3, is actually metastable). Gold exhibits the
maximum electronegativity among all metals, being only
slightly more positive as compared with typical non-metals
such as sulfur or iodine; gold has the record-breaking electron
affinity (2.31 eV) and ionisation potential (9.22 eV).127

In the past decade, gold particles measuring <5 nm
attracted attention due to their unique catalytic proper-
ties.128 ± 133 It was shown that gold clusters and nanoparticles
are efficient catalysts in low-temperature CO oxidation,131, 132

selective propene oxidation to propene oxide,134 NO reduc-
tion,135 selective hydrogenation of acetylene and butadiene,136

reduction of nitrogen oxides,137 hydrochlorination of acetylene
to vinyl chloride,138, 139 vinyl acetate synthesis 140 and some
other reactions.141, 142

Low-temperature (10 K) co-condensation of gold atoms
with a CO and O2 mixture (1 : 1) was found to produce gold(II)
carbonyl peroxyformate. The latter underwent decomposition
to two CO2 molecules when heated to 30 ± 40 K.143 Thus, it
can be concluded that the carbon monoxide oxidation to
dioxide CO2 is catalysed by individual gold atoms.

It was stated that Au2 dimers react with CO, NH3 and
ethylene.144 In contrast to silver and copper dimers, gold
dimers reacted with molecular hydrogen, which may be asso-
ciated with the relativistic nature of gold. This determines the
contraction of s orbitals to make the resulting Au7H bond
more stable.

Using a mass-selection technique and jet reactors, the
molecular adsorption of different molecules on neutral and
charged gold clusters Aux , Auÿx , Au�x (x=2±20) was
studied.145 ± 147 For anionic clusters involving up to 20 atoms,
a `saw-tooth' size dependence of oxygen adsorption with a
clearly pronounced even-odd alternation was observed.147, 148

Clusters containing even numbers of atoms readily adsorbed
oxygen, whereas those with odd number of atoms were inert.
This effect was due to the strong alternation of the electron
affinity with the varied cluster size. The higher electron affinity
for clusters with odd numbers of atoms 146 prevented the
adsorption of oxygen molecules that occurs due to the electron
density transfer from a gold cluster to the antibonding p*
orbital of the oxygen molecule.148 Gold species with the
number of atoms >20 were far less reactive.

The chemisorption of carbon monoxide on anionic gold
clusters led to preferential formation of mono- and dicarbonyl
clusters with odd numbers of gold atoms, namely, Au5CO,
Au11CO, Au15CO, Au15(CO)2 .149, 150 Even the long-term
exposure of this system at high CO concentrations did not
lead to the formation of higher carbonyls. This agrees with the
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Figure 13. Temperature dependences of relative intensities of paramag-

netic signals of the reaction products of silver atoms and clusters with

carbon tetrachloride and matrix (5CB) molecules for co-condensates with

reactant ratios (a) Ag : CCl4 : 5CB=1 : 3 : 100 and (b) 1 : 10 : 100.125
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earlier data on the CO adsorption on the surface of gold single
crystals for which the adsorption curves reached saturation at
small surface coverages. It is interesting that a single-atom gold
anion did not virtually react with CO, whereas one or two CO
molecules reacted with dimeric (Auÿ2 ) and trimeric (Auÿ3 ) gold
anions to preferentially afford Au3(CO)2 dicarbonyl in a stable
8-electron configuration.151 This also involved a shift of s and d
orbitals of a gold atom as a manifestation of the relativistic
effects.

Studies of oxygen and CO chemisorption play an impor-
tant role for efficient CO oxidation to CO2 . Co-chemisorption
of oxygen and CO was successfully performed on anions of
gold dimers (Auÿ2 ) and trimers (Auÿ3 ); no adsorption was
observed on monomeric anions Au7 (see Ref. 152). No
formation of gold carbonyls was detected in the reaction with
oxygen that proceeded an order of magnitude faster than the
CO adsorption. Among intermediate products, Au3(CO)O2

and Au3(CO)(O2) were detected, which confirmed the co-
adsorption. The initial CO adsorption on Auÿ6 clusters led to
the formation of several carbonyls Au6(CO)n . Subsequent
treatment of these clusters with oxygen resulted in the ligand
substitution to form Au6(CO)n71O

ÿ
2 , where one CO molecule

underwent oxidation to CO2 . For gold clusters, the reaction
rate exceeded that observed on common gold catalysts by at
least two orders of magnitude. The disadvantage of using such
small particles concerns the impossibility of recycling this
catalytic system.153

The reaction of gold dimer anion Auÿ2 with CO and O2 led
to the formation of Au2O

ÿ
2 and Au2(CO)Oÿ2 ; the final system

contained also Auÿ2 species.154 The following scheme of
oxidation was assumed:

Auÿ2 +O2 Au2O
ÿ
2 ,

Au2O
ÿ
2 +CO Au2(CO)Oÿ2 ,

Au2(CO)Oÿ2 +CO Auÿ2 +2CO2 .

Density functional theory calculations pointed to a possi-
bility of the existence of an intermediate species Au2(CO)Oÿ2
both as the product of CO insertion into the O7O bond
(Fig. 14 a) and in the form of gold dimer peroxyformate
(Fig. 14 b), which opens up a virtually activationless route of
Au2O

ÿ
2 reaction with CO.153, 154

Fourier-transform mass spectrometry and ion-cyclotron
resonance studies of the O2 and CO co-chemisorption on gold
nanoclusters have unambiguously demonstrated that the pre-
liminary treatment with CO considerably accelerated the
reaction of the cluster with O2 . This pointed to the cooperative

effect of two ligands on the CO oxidation.155 In this process,
both the reaction with Auÿn gold anions and the oxidation of
preliminarily formed carbonyl complexes Aun(CO)m were size-
sensitive. Carbon dioxide was the product of both reactions.

The presence of water vapour had a considerable effect on
the reactivity of gold clusters Aun . As compared with the
original clusters, the hydroxylated AunOH7 clusters formed
upon oxidation exhibited the inverse reactivity, namely, clus-
ters with an even number n were inert and those with an odd
numbers easily chemisorbed oxygen.156

The reactivity of Au�n (n=1±12) clusters in their reactions
with H2S was studied.157 Cations Au+ and Au�2 were virtually
inert; among larger species, clusters with even n were more
reactive. The reaction led to the liberation of hydrogen and
formation of sulfur-containing products. Cationic clusters
with the number of gold atoms up to 10 efficiently chemisorbed
hydrogen.

The reactivity of large gold clusters (n5 10) depended on
their structure and shape.158, 159 Modelling of structures of
nanosized gold clusters both anionic and neutral has
shown 160 ± 162 that due to the contribution of relativistic
factors, gold species (containing up to 13 atoms) had the
shape of a plane or a plate. Moreover, the ionisation potential,
the electron affinity, the difference in energies of the highest
occupied and the lowest unoccupied molecular orbitals, and
the ability to selectively chemisorb molecules of O2 , CO, etc.
are all the size-dependent quantities that exhibit the typical
alternation for clusters containing even and odd numbers of
metal atoms.163, 164 For planar gold species, substantial aniso-
tropy of polarisability was observed.165 In the lateral direction,
the polarisability was high (close to that of metals), whereas in
the normal direction, the polarisability value approached that
of semiconducting silicon. The theoretical prediction of struc-
tures for species with n=30± 10 000 has demonstrated the
possibility of formation of different types of disordered,166

edged cuboctahedral and icosahendal clusters 167 ± 169 that
could be transformed to one another 170 due to small difference
in stabilisation energies.166

In catalysis, nanosized gold clusters and particles deposited
onmetal-oxide supports were used.171 ± 174 Several studies were
devoted to the formation of gold nanoparticles in the vapour
deposition from the gas phase to afford two- and three-dimen-
sional aggregates.175 ± 177 It was shown that the activity of
deposited nanodispersed gold particles is largely determined
by the interaction of metal particles with the substrate, the
presence of adsorbed and covalently bound functional groups,
the electron-donating or -withdrawing properties of the sur-
face, the size of deposited particles and the presence of low-
coordinated gold atoms in their structure as well as by the
degree of charge transfer in the chemisorption of a reagent
molecule.178 ± 180 A strong size effect was observed in the CO
oxidation to CO2 on the exposure of a CO :O2=1 : 5 mixture
over deposited Au/TiO2 clusters at room temperature. The
maximum activity was observed for gold particles measuring
2.8 ± 3.2 nm (Fig. 15). This was associated with the trans-
formation of particles that exhibit non-metal properties into
particles with metallic properties.181 A detailed analysis of the
effect of the size and the shape of gold particles deposited on
different substrates was performed.182 The properties of depos-
ited gold nanoparticles were observed to widely deviate from
those of bulk gold samples, e.g., the activity deviated by more
than an order of magnitude.183, 184 Highly symmetric (with a
fifth-order symmetry axis) gold clusters with `magic' numbers
of atoms, namely, 13, 55, 147, etc., proved to be more stable
and less reactive. Thus an Au55 cluster (d=1.4 nm) was
unsusceptible to oxidation under the action of oxygen plasma,
whereas smaller clusters (<1 nm) underwent oxidation under
these conditions.185
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Figure 14. Reaction products of CO and O2 with gold clusters (bond

distances are shown in AÊ );

(a, b) see text.154
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VI. Conclusion

This survey of the literature data and of the results obtained by
the authors of this review shows that the methods of cryo-
chemistry and nanochemistry make it possible to carry out and
control self-assembling processes ofmetal atoms to form nano-
and subnanosized aggregates, perform competitive chemical
reactions of atoms, small clusters and nanosized particles of
transition metals with different organic and inorganic sub-
stances, study the kinetics of cryochemical process and simu-
late their individual stages, and acquire information on the
mechanisms of uncommon chemical reactions in low-temper-
ature co-condensates.

At present, effective low-temperature methods are being
developed aimed at the stabilisation of small clusters and
nanosized metal particles in the matrices formed by inert
gases and certain organic and inorganic substances and on
the surfaces of different substrates and at carrying out selective
chemical reactions of particles of different sizes and shapes
with reagents added to the systems. The accumulation of data
on the reactions of nanosized particles of different metals for a
wide range of temperatures in the gas phase and in condensed
systems, namely, liquid and solid co-condensates, as well as
their kinetic analysis will allow one to reveal the fundamental
trends in the manifestation of size effects in nanochemistry of
metals and the periodicity in the variation of reactivity of these
particles. This information together with the comparative
analysis of characteristics of ligand-free and ligand-stabilised
clustersmakes it possible to separate the effect of themetal core
size and the stabilising effect of the ligand shell and the effects
of the phase state of the system and its temperature. This
approach coupled with the quantum chemical modelling of the
studied systems will allow one to pass from documentation of
separate cases of the dependence of the particle reactivity on
the number of the constituent atoms to the development of the
general kinetic theory that would relate the particle size in the
studied substances to their chemical properties. Cryonano-
chemistry is used in the elaboration of new methods for the
synthesis of nanostructurised materials with unique optical,
magnetic, electrophysical and mechanical characteristics.

It is also necessary to mention certain general problems
that challenge modern cryonanochemistry. First of all, this is
the development ofmethods of synthesis ofmetal particles with

controlled sizes and narrow size distributions in the range of
1 ± 5 nm. The synthesis of highly reactive nanoparticles
requires the elaboration of special effective methods for their
stabilisation.

Second, it is necessary to develop methods for carrying out
highly selective catalytic, photochemical and thermal processes
based on competitive reactions of small metal particles to be
used as the basis in the production of nanodevices and nano-
materials. The quest for promising applications is associated
with the development of methods for the formation of ordered
ensembles of metal particles of definite sizes and shapes
incorporated into the structurised matrices based on polymers,
liquid crystals, carbonaceous and biological systems. The use
of low temperatures offers a possibility of the direct introduc-
tion of metal atoms and clusters into organic and inorganic
matrices without using additional chemical reagents and
solvents. This can result in the development of environmentally
clean and safe methods for the synthesis of nanostructurised
materials.

Third, the carrying out of cryonanochemical processes and
the synthesis of nanoparticles and nanostructurised materials
to be used in practice should be accompanied by scaling of
synthetic methods to obtain the required macroamounts of
target products and by the development of procedures for
maintaining long-term stability of their physical and chemical
properties.

Wide prospects are opened up for the use of cryochemical
methods in the production of metal-containing nanostructures
on cooled surfaces of organic, inorganic and polymeric sub-
stances. The use of low temperatures and the controlled
condensation of reagent vapour allow one to synthesise and
stabilise particles measuring 1 nm and smaller. Such hybrid
materials may find their application in catalysis and as chem-
ical sensors.

Of undeniable interest is the development of multifunc-
tional hybrid nanosystems based on chemically modified metal
particles and biologically active substances, which includes the
development of new systems for medicinal diagnostics and the
target delivery of medicinal drugs.

This review was financially supported by the Russian
Foundation of Basic Research (Project Nos 04-03-32 748 and
05-03-32 293) and the INTAS programme (Grant No.
2000-00 911).

References

1. G B Sergeev Nanochemistry (Amsterdam, Boston, Heidelberg,

London, New York, Oxford, Paris, San Diego, San Francisko,

Singapore, Sydney, Tokyo: Elsevier, 2006)

2. G B Sergeev J. Nanopart. Res. 5 529 (2003)

3. T I Shabatina, G B Sergeev Usp. Khim. 72 643 (2003)

[Russ. Chem. Rev. 72 571 (2003)]

4. G B Sergeev, T I Shabatina Surf. Sci. 500 628 (2002)

5. K J Klabunde Free Atoms, Clusters and Nanoscale Particles

(San Diego, New York, Boston, London, Sydney, Tokyo:

Academic Press, 1994)

6. G B Sergeev Usp. Khim. 70 915 (2001) [Russ. Chem. Rev. 70 809

(2001)]

7. W Leitner Coord. Chem. Rev. 153 257 (1996)

8. D H Gibson Chem. Rev. 96 2063 (1996)

9. A Behr Carbon Dioxide Activation by Metal Complexes

(Weinheim: VCH, 1988)

10. M Aresta, E Quaranta, I Tomassi New J. Chem. 18 133 (1994)

11. P Brounstein, D Matt, D Nobel Chem. Rev. 88 747 (1988)

12. J Mascetti, F Galan, I Papai Coord. Chem. Rev. 190 ± 192 557

(1999)

13. F Galan, M Fouassier, M Tranquille, J Mascetti, I Papai

J. Phys. Chem. A 101 2626 (1997)

14. J Mascetti, R Fournier, I Papai J. Phys. Chem. A 101 4465 (1997)

1

2

0

0.10

0.20

0.30 3.5

2.5

1.5

0.5

Specific yield of CO2 Specific yield of CO2

2.0 4.0 6.0 8.0

Particle size /nm

Figure 15. Activity of gold particles deposited on TiO2 by (1) vacuum

condensation and (2) chemical deposition as a function of their size.129

1134 T I Shabatina, J Mascetti, J S Ogden, G B Sergeev



15. C Jegat, J Mascetti New J. Chem. 15 17 (1991)

16. Y K Lee, Y Hannachi, C Xu, L Andrews, L Manceron J. Phys.

Chem. 100 11228 (1996)

17. F Bernardi, A Bottoni, M Calcinari, I Rossi, M A Robb J. Phys.

Chem. 101 6316 (1997)

18. K Pierloot, B J Persson, B O Roos J. Phys. Chem. 99 3465 (1995)

19. T H Upton, W A Goodbart J. Am. Chem. Soc. 100 321 (1978)

20. T Merle-Mejean, C Cosse-Merteas, S Bouchareb, F Galan,

J Mascetti, M Tranquille J. Phys. Chem. 96 9148 (1992)

21. Yu K Lee, L Manceron, I Papai J. Phys. Chem. A 101 9650 (1997)

22. G V Chertihin, L Andrews J. Am. Chem. Soc. 116 8322 (1994)

23. Z Xiao, R H Hauge, J L Margrave J. Phys. Chem. 95 2696 (1991)

24. J Mascetti, M Tranquille J. Phys. Chem. 92 2177 (1988)

25. G V Chertihin, L Andrews J. Am. Chem. Soc. 117 1595 (1995)

26. C Jegat, M Fouassier, M Tranquille, J Mascetti Inorg. Chem. 30

1529 (1991)

27. C Jegat, M Fouassier, J Mascetti, M Tranquille, I Tomassi,

M Aresta, F Ingold, A Dendieu Inorg. Chem. 35 4254 (1996)

28. Y Hannachi, J Mascetti, A Stirling, I Papai J. Phys. Chem. A 107

6708 (2003)

29. F Elustondo, J Mascetti, I Papai J. Phys. Chem. A 104 3572 (2000)

30. Y Dobrogorskaya, J Mascetti, I Papai, A Nemukhin,

Y Hannachi J. Phys. Chem. A 107 2711 (2003)

31. Y Dobrogorskaya, J Mascetti, A Nemukhin, I Papai, Y Hannachi

J. Phys. Chem. A 109 7932 (2005)

32. Y Dobrogorskaya, J Mascetti, Y Hannachi J. Phys. Chem. A 111

(2008) (in the press)

33. T L Haslett, S Fedrigo, K Bosnick, M Moskovits, H A Duarte,

D Salahub J. Am. Chem. Soc. 122 6039 (2000)

34. F Elustondo, Ph.D. Thesis UniversiteÂ Bordeaux 1, Bordeaux, 1997

35. V T Aleksanyan, B V Lokshin Stroenie Molekul i Khimicheskaya

Svyaz' (Itogi Nauki i Tekhniki) [Structure of Molecules and

Chemical Bond (Advances in Sciences and Engineering)] (Moscow:

Izd. VINITI, 1976) Vol. 5, p. 178

36. B V Lokshin Proceedings of the 6th International Conference on

Low Temperature Chemistry, Chernogolovka, 2006 p. 45

37. B V Lokshin, I I Greenwald J. Mol. Struct. 220 11 (1990)

38. T S Kurtikyan, G M Gulyan, A A Hovhannisyan,

N A Gabrielyan Proceedings of the 6th International Conference on

Low Temperature Chemistry, Chernogolovka, 2006 p. 44

39. M Dalibart, J Derouault J. Mol. Struct. 218 1 (1990)

40. T R Gebale, T Oka Nature (London) 384 334 (1996)

41. T R Geballe, B J Mc Call, K H Hinkle, T Oka Astrophys. J. 510

251 (1999)

42. M Cordonier, D Uy, R M Dickson, K E Kerr, Y Zang, T Oka

J. Chem. Phys. 113 318 (2000)

43. S Tam, M E Fajardo, H Katsuki, H Hoshina, T Wakabayashi,

T Momose J. Chem. Phys. 111 4191 (1999)

44. T Momose, M Miki, T Wakabayashi, T Shida, M C Chan,

S S Lee, T Oka J. Chem. Phys. 107 7707 (1997)

45. R J Hinde, D T Anderson, S Tam, M E Fajardo Chem. Phys.

Lett. 356 355 (2002)

46. S I Kiselev, V V Khmelenko, D M Lee, V Kiryuhin, R E Boltnev,

E B Gordon, B Keimer Phys. Rev., B 65 024517 (2002)

47. S I Kiselev, V V Khmelenko, C Y Lee, D M Lee J. Low Temp.

Phys. 128 (2002)

48. E G Kisvarsanyi, N S Sullivan Phys. Rev. B 48 16577 (1993)

49. F Elustondo, M Dalibart, J Derouault, J Mascetti Phys. Chem.

Earth 24 583 (1999)

50. M Moskovits, G Ozin Cryochemistry (New York: Wiley, 1976)

51. W Harbig, S Fedrigo, S Buttet, D Lindsay J. Chem. Phys. 96 8104

(1992)

52. G A Ozin, A C ArsenaultNanochemistry.AChemical Approach to

Nanochemistry (Cambridge: RSC, 2005)

53. Nanoparticles from Theory to Applications (Ed. G Schmid)

(Weinheim: VCH, Wiley, 2005)

54. B M Sergeev, G B Sergeev, A N PrusovMendeleev Commun. 68

(2001)

55. B M Sergeev, G B Sergeev, V A Kasaikin, E A Litmanovich,

A N PrusovMol. Cryst. Liq. Cryst. 356 121 (2001)

56. G Yu Yurkov, A V Kozinkin, T I Nedoseikina, A T Shuvaev,

V G Vlasenko, S P Gubin, I D Kosobudskii Neorg. Mater. 37

1175 (2001) a

57. G B Sergeev, V V Zagorskii, M A Petrukhina J.Mater. Chem. 5

31 (1995)

58. G B Sergeev, M A Petrukhina Prog. Solid State Chem. 24 183

(1996)

59. L I Trahtenberg, G N GerasimovMetal-Polymer

Nanocomposites (Eds L Nicolais, G Carotenuto) (New York:

Wiley, 2005) p. 37

60. G B Sergeev, V V Zagorskii, M A Petrukhina, S Zaviyalov,

E Grigoriev, L Trachtenberg Anal. Commun. 34 113 (1997)

61. V E Bochenkov, N Stephan, L Brehmer, V V Zagorskii,

G B Sergeev Colloids Surf. A 198 ± 200 911 (2002)

62. V M Kozhevin, D A Yavsin, S A Gurevich, T N Rostovshikova,

V V Smirnov Ros. Nanotekhnol. 2 47 (2007) b

63. P S Vorontsov, E I Grigor'ev, S A Zav'yalov, L M Zav'yalova,

T N Rostovshchikova,O V ZagorskayaKhim.Fiz.21 45 (2002) c

64. T I Shabatina Vestn. Mosk. Univ., Ser. 2, Khim. 43 273 (2002) d

65. T I Shabatina, E V Vovk, V A Timoshenko, Yu N Morosov,

G B Sergeev Colloids Surf. A 198 ± 200 255 (2002)

66. T I Shabatina, V A Timoshenko, A A Belyaev, Yu NMorozov,

G B Sergeev Dokl. Akad. Nauk 387 219 (2002) e

67. T I Shabatina Struct. Chem. 18 511 (2007)

68. T I Shabatina, V A Timoshenko, Yu N Morosov, G B Sergeev

Mater. Sci. Eng., C 22 193 (2002)

69. T I Shabatina, E V Vovk, Yu N Morosov, V A Timoshenko,

G B SergeevMol. Cryst. Liq. Cryst. 356 143 (2001)

70. T I Shabatina, V A Timoshenko, Yu N Morosov, G B Sergeev

Mol. Cryst. Liq. Cryst. 390 43 (2003)

71. N V Ozhegova, T I Shabatina, A V Nemukhin, G B Sergeev

Mendeleev Commun. 218 (1998)

72. T I Shabatina, E V Vovk, N V Ozhegova, Yu N Morosov,

A V Nemukhin, G B SergeevMater. Sci. Eng. 8 ± 9 53 (1999)

73. J A Howard, H A Joly, D Mile J. Phys. Chem. 94 1275 (1990)

74. A J Buck, B Mile, J A Howard J. Am. Chem. Soc. 105 3381

(1983)

75. V A Timoshenko, A A Belyaev, Yu NMorosov, T I Shabatina,

G B SergeevMol. Cryst. Liq. Cryst. 440 79 (2005)

76. J H Michalik, D Yamada, R Brown, L Kevan J. Phys. Chem.

100 4213 (1996)

77. GMitrikas, YDeligiannakis, C C Trapalis, N Boukos, GKordas

J. Sol-Gel Sci. Technol. 13 503 (1998)

78. E V Polikarpov, T I Shabatina, G B Sergeev, A V Nemukhin

Vestn. Mosk. Univ., Ser. 2, Khim. 41 283 (2000) d

79. U Kreibig, M Volmer Optical Properties of Metal Clusters

(Berlin: Springer, 1995) p. 532

80. T I Shabatina Zhidkie Kristally i Ikh Prakticheskoe Ispol'zovanie

(Liquid Crystals and Their Practical Use) (Ivanovo: Ivanovo

State University, 2002) Vol. 1, p. 58

81. T I Shabatina, G B Sergeev Fizikokhimiya Ul'tradispersnykh

Nanosistem (Physical Chemistry of Ultradisperse Nanosystems)

(Moscow: Moscow Engineering Physical Institute, 2005) p. 108

82. F G N Cloke Chem. Soc. Rev. 17 (1993)

83. P L Arnold, M A Petrukhina, V E Bochenkov, T I Shabatina,

V V Zagorskii, G B Sergeev, F G N Cloke J. Organomet. Chem.

688 49 (2003)

84. L Maron, O Eisenstein J. Phys. Chem. A 104 7140 (2000)

85. S A Konnov, L V Serebrennikov, A A Mal'tsev Zh. Neorg.

Khim. 27 654 (1982) f

86. R L DeKock, W Weltner Jr J. Phys. Chem. 75 514 (1971)

87. N S Loktyushina, S B Osin, A A Mal'tsev Zh. Neorg. Khim. 29

1718 (1984) f

88. N S Loktyushina, S B Osin Zh. Neorg. Khim. 32 2918 (1987) f

89. V N Solov'ev, Candidate Thesis in Chemical Sciences, Moscow

State University, Moscow, 1998

90. G B Sergeev, T I Shabatina, V N Solov'ev, A V Nemukhin

Spectrochim. Acta, A 56 2527 (2000)

91. G B Sergeev, V V Zagorskii, M V Grishechkina Vestn. Mosk.

Univ., Ser. 2, Khim. 29 583 (1988) d

92. G B Sergeev, V V Zagorskii, M V GrishechkinaMetalloorg.

Khim. 1 820 (1988) g

93. V V Zagorsky, G B SergeevMol. Cryst. Liq. Cryst. 186 81 (1990)

94. J M Carretas, A Pires de MatosMater. Chem. Phys. 31 123

(1992)

Competitive cryochemical reactions of transition metal atoms, clusters and nanosized particles 1135



95. V V Zagorskii, S E Kondakov, A M Kosolapov, G B Sergeev,

V N Solov'evMetalloorg. Khim. 5 533 (1992) g

96. G B Sergeev, V V Zagorskii, A M Kosolapov, S E Kondakov

Metalloorg. Khim. 8 3212 (1995) g

97. F G N Cloke, H C de Lemos, A A Sameh J. Chem. Soc., Chem.

Commun. 1344 (1986)

98. W J Evans, S C Engerer, A C Neville J. Am. Chem. Soc. 331

(1978)

99. W J Evans, K M Coleson, S C Engerer Inorg. Chem. 20 4320

(1981)

100. W J Evans, S C Engerer, K M Coleson J. Am. Chem. Soc. 103

6672 (1981)

101. W J Evans Polyhedron 6 803 (1987)

102. I G Tarkhanova, Candidate Thesis in Chemical Sciences,

Moscow State University, Moscow, 1990

103. V V Zagorskii, S E Kondakov, A M Kosolapov Vestn. Mosk.

Univ., Ser. 2, Khim. 33 249 (1992) d

104. J L Slater, T C De Vore, V Calder Inorg. Chem. 13 1808 (1974)

105. J L Slater, T C De Vore, V Calder Inorg. Chem. 12 1918 (1973)

106. W E Klotzbucher, M A Petrukhina, G B SergeevMendeleev

Commun. 5 (1994)

107. M P Andrews, A L Wayda Organometallics 7 743 (1988)

108. V E Bochenkov, V V Zagorskii, G B Sergeev Vestn. Mosk.

Univ., Ser. 2, Khim. 41 327 (2000) d

109. W A King, T J Marks, D M Anderson, D J Duncalf,

F G N Cloke J. Am. Chem. Soc. 114 9221 (1992)

110. A V Vlasov, T I Shabatina, A Yu Ivanov, G G Sheina,

A V Nemukhin, G B SergeevMendeleev Commun. 10 (2005)

111. T I Shabatina, A V Vlasov, G B SergeevMol. Cryst. Liq. Cryst.

356 149 (2001)

112. T I Shabatina, A V Vlasov, E V Vovk, D J Stufkens, G B Sergeev

Spectrochim. Acta, A 56 2539 (2000)

113. T I Shabatina, A V Vlasov, G B SergeevMater. Sci. Eng., C 22

373 (2002)

114. A V Vlasov, I N Zelikov, T I Shabatina, G B SergeevMol.

Cryst. Liq. Cryst. 390 35 (2003)

115. A V Vlasov, T I Shabatina, S V Konyukhov, A Yu Ermilov,

A V Nemukhin, G B Sergeev Zh. Strukt. Khim. 45 406 (2004) h

116. T I Shabatina, A V Vlasov, S V Konyuhov, A Yu Ermilov,

A V Nemukhin, G B SergeevMol. Cryst. Liq. Cryst. 440 317

(2005)

117. T I Shabatina, A V Vlasov, A Yu Ermilov, S V Konyukhov,

A V Nemukhin, G B Sergeev Zh. Strukt. Khim. 48 814 (2007) h

118. A V Vlasov, T I Shabatina, G B Sergeev Zh. Fiz. Khim. 76 1965

(2002) i

119. A V Vlasov, Candidate Thesis in Chemical Sciences, Moscow

State University, Moscow, 2006

120. N M Emanuel', A L Buchachenko Khimicheskaya Fizika

Razrusheniya i Stabilizatsii Polimerov (Chemical Physics of

Destruction and Stabilisation of Polymers) (Moscow: Nauka,

1988) p. 368

121. G B SergeevMol. Cryst. Liq. Cryst. 440 85 (2005)

122. G B Sergeev, T I Shabatina Colloids Surf. A (2008) (in the press)

123. V A Timoshenko, T I Shabatina, Yu N Morosov, G B Sergeev

Appl. Surf. Sci. 246 420 (2005)

124. T I Shabatina, Yu N Morosov, V A Timoshenko, G B Sergeev

Mol. Cryst. Liq. Cryst. 440 325 (2005)

125. V A Timoshenko, T I Shabatina, Yu NMorozova, G B Sergeev

Zh. Strukt. Khim. 47 146 (2006) h

126. M Haruta Catal. Today 36 153 (1997)

127. D F Shriver, P A Atkins Inorganic Chemistry (Oxford: Oxford

University Press, 1999)

128. M-C Daniel, D Astruc Chem. Rev. 104 293 (2004)

129. R Meyer, C Lemire, Sh K Shaikhutdinov, H-J Freund Gold

Bull. 37 72 (2004)

130. S Schimpf, M Lucas, C Mohr, U Rodemerk, A Brukner,

J Radnik, H Hofmeister, P Claus Catal. Today 72 63 (2002)

131. D T Thompson Appl. Catal., A 243 201 (2003)

132. M M Schubert, S Hacjenberg, A C Van Vee, M Muhler,

V Plzak, R Behm J. Catal. 197 113 (2001)

133. L Fan, N Ichikuni, S Shimadzu, T Uematsu Appl. Catal. 246 87

(2003)

134. T Hayashi, K Tanaka, M Haruta J. Catal. 178 566 (1998)

135. M A Banares Catal. Today 100 71 (2005)

136. A Ueda, M Haruta Gold Bull. 32 3 (1999)

137. H Sakuri, M Haruta Catal. Today 29 361 (1996)

138. A Ueda, T Oshima, M Haruta Appl. Catal., B 12 81 (1997)

139. G Hutchings Catal. Today 72 11 (2002)

140. T V Choudhary, D W Goodman Catal. Today 77 65 (2002)

141. A S K Hashimi Gold Bull. 36 3 (2003)

142. V V Smirnov, S N Lanin, A Yu Vasil'kov, S A Nikolaev,

G P Murav'eva, L A Tyurina, E V Vlasenko Izv. Akad. Nauk,

Ser. Khim. 2215 (2005) j

143. L Lian, P A Hackett, D M Rayner J. Phys. Chem. 99 2583

(1993)

144. J Li, X Li, H J Zhai, L S Wang Science 299 864 (2003)

145. B E Salisbury, W T Wallance, R L Whetten Chem. Phys. 262

131 (2000)

146. D Stolcic, M Fisher, G Gantefor, Y D Kim, Q Sun, P Jena

J. Am. Chem. Soc. 125 2848 (2003)

147. Y D Kim, M Fisher, G Gantefor Chem. Phys. Lett. 377 170

(2003).

148. S A C Carabineiro, D T Tompson Nanocatalysis (Eds U Heinz,

U Landman) (Berlin: Springer, 2007) p. 37

149. W T Wallace, R L Whetten J. Phys. Chem. B 104 10964 (2000)

150. W T Wallace, R L Whetten Eur. Phys. J. D 16 123 (2001)

151. J Hagen, L D Socaciu, U Heiz, T M Bemhardt, L Woste Eur.

Phys. J. D 24 327 (2003)

152. J Hagen, L D Socaciu, M Elijazyfer, U Heiz, T M Bemhardt,

L Woste Phys. Chem. Chem. Phys. 4 1707 (2002)

153. W T Wallace, R L Whetten J. Am. Chem. Soc. 124 7499 (2002)

154. L D Socaciu, J Hagen, T M Bemhardt, L Woste, U Heiz,

H Hakkinen, U Landman J. Am. Chem. Soc. 125 10437 (2003)

155. I Balteanu, O P Balaj, B S Fox, M K Beyer, Z Bastl,

V E Bondybey Phys. Chem. Chem. Phys. 5 1213 (2003)

156. W T Wallace, R B Wrywas, R L Whetten, R Mitric, V Bonacic

J. Am. Chem. Soc. 125 8408 (2003)

157. K Sugawa, F Sobbot, A V Vakhtin J. Chem. Phys. 118 7808

(2003)

158. B Hammer, J Norskov Nature (London) 376 238 (1995)

159. M Mavrikakis, P Stoltze, J Norskov Catal. Lett. 64 101 (2001)

160. H Hakkinen, B Yoon, U Landman, X Li, H J Zhai, L S Wang

J. Phys. Chem. A 107 6168 (2003)

161. J Wang, G Wang, J Zhao Phys. Rev., B 66 035418 (2002)

162. N Lopez, J K Norskov J. Am. Chem. Soc. 124 11262 (2002)

163. B Yoon, H Hakkinen, U Landman J. Phys. Chem. A 107 4066

(2003)

164. H Gronbek, W Andreoni Chem. Phys. 262 1 (2000)

165. I L Garzon, KMichaelian, M R Beltranm, A Posada-Amarillias,

P Ordejon, E Artacho, D Sanchez-Portal, J M Soler

Eur. Phys. J. D 9 211 (1999).

166. C L Cleveland, U Landman, M N Shafigullin, P W Stephens,

R L Whetten Z. Phys. D: At., Mol. Clusters 40 503 (1997)

167. C L Cleveland, U Landman, T G Schaff, M N Shafigullin,

P W Stephens, R L Whetten Phys. Rev. Lett. 79 1873 (1997)

168. G Mills, M S Gordon, H Metiu Chem. Phys. Lett. 359 493

(2002)

169. S A Varganov, R M Olson, M S Gordon, H Metiu J. Chem.

Phys. 119 2531 (2003)

170. P Gunter, J W Niemantsverdriet, F Ribiero, G Somorjai Catal.

Rev. Sci. Eng. 38 77 (1997)

171. H J Freund, M Baumer, H Kuhlenbeck Adv. Catal. 45 333

(2000)

172. H J Freund Surface Sci. 500 271 (2002)

173. U Diebold Surface Sci. Rep. 48 53 (2003)

174. L Zhang, R Persaud, T E Madey Phys. Rev. B 56 10549 (1997)

175. T Bredow, G Pacchioni Chem. Phys. Lett. 355 417 (2002)

176. X Lai, T P S Lclair, M Valden, D W Goodman Prog. Surf. Sci.

59 25 (1998)

177. N Lopez, T V W Janssens, B S Clausen, Y Xu, M Mavrikakis,

T Bligaard, J K Norskov J. Catal. 223 232 (2004)

178. J A Rodriguez, M Perez, T G Jirsak, J Evans J. Chem. Phys.

Lett. 378 526 (2003)

179. C L Bianchi, S Biella, A Gervasini, L Prati, M Rossi Catal.

Lett. 85 91 (2003)

1136 T I Shabatina, J Mascetti, J S Ogden, G B Sergeev



180. A K Santra, D W Goodman J. Phys.: Condens. Matter 14 R31

(2002)

181. T V W Janssens, A Carlsson, A Puig-Molina, B S Clausen

J. Catal. 240 108 (2006)

182. B Hvolback, T V W Janssens, B S Clausen, C H Christensen,

J K Norskov Nano Today 2 14 (2007)

183. Y J Zhu, A Schnieders, J D Alexander, T P Beebe Langmuir 18

5728 (2002).

184. H G Boyen, G Kastle, F Wiegl, B Kozlowski, C Dietrich,

P Ziemann, J P Spatz, S Riethmuller, C Hartmann, M Moeller,

G Schmid, M C Garnier, P Oelhafen Science 297 1533 (2002)

185. H Zhang, G Schmid, U Hartmann Nano Lett. 3 305 (2003)

a Ð Inorg. Mater. (Engl. Transl.)
b Ð Nanotechnol. Russ. (Engl. Transl.)
c Ð Chem. Phys. Rep. (Engl. Transl.)
d Ð Bull. Moscow Univ., Chem. (Engl. Transl.)
e Ð Dokl. Phys. Chem. (Engl. Transl.)
f Ð Russ. J. Inorg. Chem. (Engl. Transl.)
g Ð Russ. J. Organomet. (Engl. Transl.)
h Ð J. Struct. Chem. (Engl. Transl.)
i Ð Russ. J. Phys. Chem. (Engl. Transl.)
j Ð Russ. Chem. Bull., Int. Ed. (Engl. Transl.)

Competitive cryochemical reactions of transition metal atoms, clusters and nanosized particles 1137



Abstract. Results of investigations of organic azide photo-Results of investigations of organic azide photo-
chemistry in inert gas matrices and the most importantchemistry in inert gas matrices and the most important
spectroscopic studies of the last decade, which formed thespectroscopic studies of the last decade, which formed the
basis for themodern views on the photochemistry of azides, arebasis for themodern views on the photochemistry of azides, are
analysed. The unique potential of the matrix isolation techni-analysed. The unique potential of the matrix isolation techni-
que for the reliable identification of reaction intermediates isque for the reliable identification of reaction intermediates is
demonstrated. The bibliography includes 226 referencesdemonstrated. The bibliography includes 226 references..

I. Introduction

The term `matrix isolation' was introduced by Pimentel 1, 2 and
Porter 3 in 1954 to describe the technique in which the substrate
in a mixture with an inert gas is deposited onto a rather cold
surface providing rapid freezing of the mixture. This gives rise
to solid samples in which (in the ideal case) each substrate
molecule is surrounded by one or several layers of the inert gas
and is thus isolated from other substrate molecules. Argon,
neon, nitrogen, their mixtures and xenon are most commonly
used as inert gases. The technical details of the method and its
numerous applications have been considered in a series of
monographs and reviews.4 ± 10

In the course of time, the term `matrix isolation' came to be
applied in a more general sense, encompassing a range of
techniques where substrate (guest) molecules are trapped in a
solid inert material (host). Crystals, zeolites, polymers, etc. can
serve as such materials. Numerous studies of reaction inter-
mediates were carried out in frozen glassy organic solvents.
This method of investigation is also sometimes referred to as
the matrix isolation. However, in the present review the term
matrix isolation will be used only in its original sense.

Two presently available methods for the detection and
investigation of reaction intermediates are based on either
time-resolved spectroscopic techniques or the stabilisation of
intermediates in different matrices at low temperatures and

their studies by conventional spectroscopic methods. In the
former case, not only spectroscopic but also kinetic data can be
obtained. In the latter case, the structures of possible inter-
mediates can be more reliably predicted due to more detailed
spectroscopic information. The use of the matrix isolation
techniques is particularly promising in combination with IR
spectroscopy of intermediates, because well-resolved IR spec-
tra with a linewidth of *1 ± 3 cm71 can be recorded in inert
gas matrices at very low temperatures even for rather complex
species in a very wide spectral range.

In early studies on the matrix isolation, the assignment of
bands in IR spectra of intermediates was based primarily on
the record of the characteristic absorption bands with a wide
use of the isotopic substitution, reactions of primary inter-
mediates, etc. The interpretation of experimental IR and
electronic absorption spectra was greatly simplified due to the
development of accurate theoretical methods for their calcu-
lation. For example, good agreement between calculated and
experimental IR spectra can be achieved with the use of the
density functional theory (DFT). The hybrid B3LYP
method 11, 12 with the 6-31G* basis set is most widely used for
this purpose. In these calculations, the vibrational frequencies
are somewhat overestimated, which is accounted for by intro-
ducing the correction coefficient of 0.9614.13

The positions of maxima in electronic absorption spectra
and the oscillator strengths for transitions can also be calcu-
lated by quantum chemical methods with good accuracy. The
CASSCF/CASPT2 approach,14, 15 which is implemented, for
example, in theMOLCAS programme package,16 provides the
most accurate results. The time-dependent DFT method 17, 18

also gives reliable results, particularly, for systems with closed-
shell electronic configurations.

The aim of the present review is to analyse the role of the
matrix isolation technique in revealing the mechanisms of
photolysis of certain classes of organic azides. Organic azides
have found use as photoresists in lithography,19 in the design of
conducting polymers,20 organic synthesis,21 photoaffinity
labelling of biopolymers 22 and covalent labelling of the poly-
mer surface.23 ± 25 Numerous spectroscopic studies of the
intermediates of the organic azides photolysis were performed
in the gas phase, in low-temperature glasses and inert gas
matrices, and in solutions using time-resolved methods. The
results of early studies were summarised in reviews (see, for
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example, Refs 26 ± 31). The data obtained by the matrix
isolation technique were considered in reviews.32, 33

In the last decade, there has been dramatic progress in the
understanding of the mechanisms of photochemical trans-
formations of alkyl, acyl and aryl azides. The successful use
of time-resolved spectroscopic methods for the detection of
singlet arylnitrenes (primary photolysis products of aryl
azides) and high-level quantum chemical calculations for the
analysis of the spectra and reactivity of these compounds
provided a detailed understanding of the complex mechanism
of the phototransformations of aryl azides.34 ± 37 A consider-
able progress in the elucidation of the unusual nature of singlet
acylnitrenes was achieved due to the use of the matrix isolation
technique combined with high-level quantum chemical calcu-
lations.38 ± 40

In the present review, the results of studies on photo-
chemistry of alkyl, aryl and acyl azides in inert gas matrices
are analysed. The most interesting recent data obtained with
the use of time-resolved methods and the most important
spectroscopic and theoretical results underlying the modern
views on the photochemistry of azides are considered.

II. Detection and properties of the simplest
nitrene NH

Singlet nitrenes are the primary photolysis products of most of
azides.36, 37 Almost all nitrenes exist in the triplet ground
state.29 ± 31, 35 ± 37 (Acylnitrenes considered in Section IV are
exceptions.)

The imino radical NH generated in the photolysis,41 ± 46

thermolysis 47 or the multiphoton dissociation 48, 49 of hydra-
zoic acid is the simplest nitrene.

Pimentel and co-workers 50 were the first to study the
photolysis of HN3 by the matrix isolation technique. The IR
spectrum of the photolysis products was recorded in an argon
and nitrogenmatrices, and a series of lines in the spectrumwere
assigned to nitrene NH and the radical NH2. This publication
was followed by a number of investigations of matrix-isolated
nitrene NH and its deuterium-substituted analogue (ND) both
in the triplet ground state 3S7 and the excited metastable state
1D by UV and luminescence spectroscopy.51 ± 55 The spectro-
scopic characteristics and the relaxation of the lowest excited
singlet state of nitrene NH (or ND) (1D) in Ne, Ar, Kr and Xe
matrices were studied in detail.54, 55 The diagram of the lowest
energy levels of the NH radical (Fig. 1) can be constructed
based on the results of spectroscopic investigations in matri-
ces 54, 55 and in the gas phase.41 ± 46

A knowledge of the electronic structure and the spectra of
the simplest nitrene is very useful in the analysis of more
complex nitrenes formed by the photolysis of alkyl, acyl and
aryl azides. In the NH species, the molecular orbital (MO)
corresponding to the N7H bond (2s) and the MO of the
nitrogen lone pair (3s) are occupied by electron pairs (Fig. 2).
Two valence electrons should be distributed between two
degenerate antibonding MO, px and py. This electronic con-
figuration gives rise to three lowest electronic states (terms) of
NH, 3S7, 1D and 1S+; the triplet state 3S7 is the ground state
(Fig. 3). This figure gives also components of the doubly
degenerate lowest singlet state 1D with the closed- and open-
shell electronic configurations and the electronic state 1S+.
Two configurations, which are mixed in the lowest singlet state
1D with a minus sign, are mixed with a plus sign in the state
1S+. It can easily be demonstrated that in this state the
probability of finding two non-bonding electrons at a single
point in the space is much higher compared to the state 1D and
consequently the energy of the state 1S+ is substantially
higher.

The electronic absorption spectra of NH both in the triplet
ground state (3S7) and the lowest singlet state (1D) show
intense lines in the near-UV region with maxima at 336 and
324 nm, respectively.41, 46 Both transitions are associated with
the electron excitation from the lone pair (3s) to the p orbital
occupied by one electron (px or py in Fig. 2). This transition is

A3P 3.716

Erel /eV

a1D 1.561

X3S7 0

b1S+ 2.633

c1P 5.374

0

Figure 1. Energy level diagram for nitrene NH based on experimental

data.41 ± 46, 54, 55

N HN7H

N7H

2px 2py 2pz
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2s

px py

x

z

y

Figure 2. Molecular orbitals of nitrene NH.

(The 1s orbital, the 1s atomic orbital of the nitrogen atom, is omitted.)
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H
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Figure 3. Schematic representation of the electronic states of nitrene

NH: one of three spin components of the lowest triplet state 3S7, two

components of the lowest singlet state 1D (having the closed- and open-

shell electronic configurations) and the second singlet state 1S+.
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observed also in the electronic absorption spectra of other
organic nitrenes (see Sections III and V).

III. Photochemical transformations of alkyl azides

Photolysis of alkyl azides, including those in which the azido
group is bound to the tertinary carbon atom, in solution at
room temperature affords the corresponding imines or their
further transformations products in quantitative yields.56, 57

No reaction products of alkylnitrenes with solvents or active
additives could be detected.57

The photochemistry of the simplest alkyl azide, viz., methyl
azide, was studied in sufficient detail,57 ± 60 including the use of
the matrix isolation technique.61, 62 According to the IR
spectroscopic data, the photolysis of methyl azide and its
different isotopically substituted analogues in Ar, N2 and
CO2 matrices at 4 and 14 K gives methyleneimine as the only
product.61, 62 It cannot be ruled out that singlet methylnitrene
is the primary species formed in the photolysis of methyl azide;
however, this species readily undergoes isomerisation to
methanimine even at cryogenic temperatures and has no time
to relax to the triplet ground state.

In subsequent studies, emphasis was given to the matrix
photochemistry of alkyl azides in which the azide group is
bound to the tertiary carbon atom. The absence of the a-H
atom gave promise that the rate of isomerisation of singlet
alkylnitrene to imine would be lower, thus making possible the
relaxation of singlet alkylnitrene to the triplet ground state.
The photolysis of tert-butyl azide in a nitrogen matrix was
performed at 12 K.63 Imine 1 was detected by IR spectroscopy
as the only reaction product.

The formation of strained bridgehead imines was observed
in the photolysis of matrix-isolated bridgehead azides, for
example, of adamantyl, bicyclo[2.2.2]octyl, bicyclo[3.2.1]hep-
tyl and norbornyl azides.64 ± 68 The matrix photochemistry of
1-azidoadamantane (2) 67 and 1-azidonorbornane (3) 68 was
studied in most detail.

The low-temperature photolysis of azide 2 in argon and
nitrogen matrices, 3-methylpentane glasses, a polyethylene
matrix and the solid state afforded strained imine 4, which
was characterised by IR, electronic absorption, Raman and
circular dichroism spectra, along with trace amounts of triplet
1-adamantylnitrene 3(5), which was identified from the ESR
spectrum at 8210 G (E=0, |D/hc|=1.69 cm71) and based on
the reaction with CO.67 Heating of the matrices (for example,
to 36 K in the case of an argon matrix) led to dimerisation of
imine 4.

1-Azidonorbornane (3) was irradiated in an argon or poly-
ethylene matrix at 12 K using monochromatic radiation with
different wavelengths, and the reaction products were identi-
fied by IR, UV and ESR spectroscopymethod, as well as based
on the reaction with methanol or CO.68 The photolysis of azide
3 is a more complex process compared to the photolysis of

azide 2. Three types of imines (6a,b and 7) and trace amounts of
triplet nitrene 8 were detected.68 Imines 6 and 7 are light-
sensitive, undergo interconversions and are decomposed to
unidentified products.

Triplet nitrene 8 was identified based on the ESR signal at
8124 G (E=0, |D/hc|=1.65 cm71), the narrow band in the
electronic absorption spectrum at 298 nm and its reaction with
CO in an argon matrix at 36 K.68

Since the photolysis of alkyl azides in solution, low-temper-
ature glasses and inert gas matrices affords the corresponding
imines as the major primary products, it was hypothesised 57

that the elimination of molecular nitrogen from alkyl azides in
the excited singlet state and the formation of imine are
concerted processes and occur without the involvement of
singlet alkylnitrene as an intermediate. This hypothesis has
been neither confirmed nor denied experimentally.

Since the irradiation of alkyl azides in inert gas matrices
and low-temperature glasses affords triplet alkylnitrenes only
in trace amounts, the sensitised photolysis was proposed as a
method for the detection of these species.58, 69, 70More recently,
a series of alkylnitrenes have been generated by intramolecular
sensitisation,71 ± 73 including that in an argon matrix.73 For
example, the irradiation of a-azidoacetophenone (9) and its
derivatives gives benzoyl radical (10) (through the a-C7C
bond cleavage) and triplet nitrene 11. In solution at room
temperature, the main reaction involves the C7C bond
cleavage.73 In an argon matrix, only nitrene 11 was detected
at 12 K based on the absorption band in the near-UV region
with a maximum at 280 nm.73

As mentioned above, the photochemistry of methyl azide
was studied in most detail. Triplet methylnitrene was detected
in numerous studies both in the condensed phase by the triplet
sensitisation 58, 60 and in the gas phase in the corona dis-
charge.74 ± 77 The zero-field splitting parameters
(|D/hc|=1.595 cm71), which have been initially deter-
mined 58, 60 based on the results of experiments in low-temper-
ature glasses, were doubted.75 The commonly accepted value
|D/hc|=1.720 cm71 was determined by gas-phase spectro-
scopy.78

The electronic absorption spectrum 79 ± 82 and the lumines-
cence spectrum 74 ± 77, 78 ± 82 of triplet methylnitrene were
recorded many times. The 0 ± 0 transition in its electronic
absorption spectrum is observed at 316.9 nm in a nitrogen
matrix 80 and at 314.3 nm in the gas phase,81 which is close to
the maximum observed in the electronic absorption spect-
rum of the NH radical (336 nm).41, 42 The singlet ± triplet
splitting in methylnitrene (DEST=1.352� 0.011 eV or
130.7� 1.3 kJ mol71) was determined from the photoelectron
spectrum of the CH3N7 anion.83 This parameter appeared to
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be somewhat smaller than that for the NH radical (1.561 eV,
see Fig. 1).

Therefore, it is impossible to decide between two probable
mechanisms of photolysis of methyl azide based on the
published data. According to one mechanism, singlet methyl-
nitrene is formed as the primary intermediate, but its lifetime,
even in cryogenic matrices, is too short (due to the isomer-
isation to methyleneimine) for the relaxation of this species to
the triplet ground state. According to another mechanism, the
elimination of molecular nitrogen from methyl azide in the
excited singlet state and the formation of imine are concerted
and proceed without the involvement of singlet nitrene as an
intermediate. To understand whether 1[CH3N] is the real
intermediate, i.e., whether it is characterised by a minimum
on the potential energy surface (PES), the properties of this
species were calculated by quantum chemical methods.84 ± 93

Based on the results of earlier studies,84 ± 88 it was con-
cluded that no minima on the PES correspond to singlet
methylnitrene. However, these calculations were carried out
at a low level of theory with the use of small basis sets. Because
of this, quantum chemical calculations were repeated in
1990s.89 ± 93

As in the case of the NH radical, the components of the
lowest singlet state with the closed- and open-shell electronic
configurations in singlet methylnitrene having the C3v sym-
metry form the doubly degenerate state 1E. The latter under-
goes a Jahn ±Teller distortion to give the states 1A0 and 1A00 (Cs

symmetry) with the energy difference smaller than
0.04 kJ mol71.86, 93 The isomerisation of 1[CH3N] in the state
1A0 was studied 89 at the TC-CISD+Q level of theory (the
configuration interaction with single and double excitations
based on two-configuration wavefunctions) with a rather large
basis set (TZ2P+f), The maximum with a barrier height of
*4 kJ mol71 was found on the PES.Nevertheless, the authors
of this study suggested that lowering of the symmetry of the
system and a more accurate account of the electronic correla-
tion would lead to the disappearance of the barrier in accord-
ance with the results of earlier calculations.85, 86

In 2000, a new attempt was made 93 to establish the
presence of a barrier between the positions 1[CH3N] and
H2C=NH on the PES. The calculations were carried out by
the CASSCF(12/11) and CASPT2 methods with the cc-pVDZ
and cc-pVTZ basis sets. As in the earlier study,89 the maximum
on the PES was found, and its energy appeared to be higher
than that of the reagent by *2 kJ mol71 (CASSCF calcula-
tions) and 16 kJ mol71 (CASPT2 calculations). An analysis of
vibrations calculated by the CASSCF(12/11) method showed
that the maximum with the Cs symmetry corresponds to the
true transitions state. Since the electronic correlation is gen-
erally overestimated by the CASPT2 method, it was suggested
that the barrier height for the isomerisation of 1[CH3N] to
H2C=NH is in the range of 11� 4 kJ mol71.93 Since the
reaction is highly exothermic (DH= 7348 kJ mol71, the
CASPT2 method), the transition state is early, the C7H
bond in this state is elongated by only 0.01 �A, and the C7N
bond is shortened by 0.016 �A.93 Therefore, according to the
results of calculations at the highest levels of theory, singlet
methylnitrene does correspond to a minimum on the PES, but
its formation was not detected even by femtosecond spectro-
scopy.59

Recently, the photolysis of trifluoromethyl azide (12) has
been studied 94 by IR and UV spectroscopy in an argon matrix
at 12 K and by the ESR method in polycrystalline pentane.
After irradiation of a solution of azide 12 in polycrystalline
pentane at 6 ± 10 Kwith light with a wavelength of 254 nm, the
ESR signal centered at 8620 G was observed. This signal was
assigned to triplet trifluoromethylnitrene (13). The parameters

of this spectrum (|D/hc|=1.736 cm71) are similar to those for
nitrenes 3(NH) (|D/hc|=1.863 cm71) 95 and 3(CH3N)
(|D/hc|=1.720 cm71).78

Upon irradiation of azide 12 in an argon matrix at 12 K
with a wavelength of 254 nm, its absorption (lmax=257 nm)
decreased and an intense absorption band with a pronounced
vibrational structure (lmax=342, 347.5 and 354 nm) appeared
(Fig. 4).94 The latter band was assigned to triplet nitrene 13
based on the similarity to the spectrum of 3(CH3N) and
agreement with the results of calculations. The IR spectrum
showed new bands, one of which (1185 cm71) was assigned to
nitrene 3(13); a series of bands (929, 1015, 1379 and
1735 cm71) were assigned to perfluoromethyleneimine (14)
(Fig. 5). A comparison of the experimental and calculated IR
spectra shows that nitrene 3(13) and imine 14 are produced in
comparable amounts. The formation of 3(NCF3) upon irradi-
ation of azide 12 is indicative of the formation of singlet nitrene
1(13) as an intermediate, and a minimum on the PES corre-
sponds to this species.

According to the results of CASSCF (8,8)/6-31G* calcu-
lations, the isomerisation of 1[NCF3] to imine 14 is exothermic
(DH=7193 kJ mol71).94 However, it is substantially less
exothermic than the presumed isomerisation of singlet meth-
ylnitrene (DH=7348 kJ mol71),93 which is indicative of the
presence of a much higher barrier to the isomerisation of
nitrene 1(13) compared to methylnitrene.
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Figure 4. Difference electronic absorption spectra recorded after irradi-

ation of trifluoromethyl azide in an argon matrix at 12K for 5 (1), 25 (2)

and 45 min (3).94

The positions and relative intensities of the absorption bands in the spectra

of triplet nitrene 13 (positive peak) and azide 12 (negative peak) calculated

at the TD-B3LYP/6-31G* level of theory are indicated by vertical bars.
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IV. Photochemical transformations of acyl azides

The thermal rearrangement of acyl azides RC(O)N3 (the
Curtius rearrangement) giving isocyanates in quantitative
yields at 60 ± 80 8C has been known over the years and has
been studied in detail.39, 96 ± 99

The photolysis of acyl azides in solution affords two types
of products, viz., isocyanates (the photo-Curtius rearrange-
ment) and products derived from capture of the carbonyl
nitrenes [RC(O)N] by solvent molecules.98 For example, the
thermolysis of pivaloyl azide [ButC(O)N3] in cyclohexane
produces the corresponding isocyanate in 99.4% yield.100, 101

The photolysis of ButC(O)N3 gives isocyanate in a yield of only
40% both in inert solvents and alkenes, which react with
acylnitrenes to form the corresponding aziridines.100, 101 The
photolysis of benzoyl azide and a series of its derivatives in
both inert solvents and solvents giving adducts with acylni-
trenes affords isocyanates in similar yields (40%±50%).102, 103

Based on these facts, it was concluded that isocyanates and
acylnitrenes are independently formed in the photolysis of acyl
azides and that acylnitrenes do not undergo isomerisation to
isocyanates.98, 100 ± 103

The photolysis and thermolysis of alkoxycarbonyl and
aryloxycarbonyl azides [ROC(O)N3] afford mainly products
derived from the corresponding nitrenes [ROC(O)N] as pre-
cursors.98 The yields of isocyanates and their transformation
products are generally low.

Ethoxycarbonyl azide 15 has received the most attention in
the literature. The analysis of the reaction products led to the
conclusion that the thermolysis of azide 15 affords ethoxycar-
bonylnitrene (16) in the singlet state, which stereospecifically
reacts with alkenes to give the corresponding aziridines
(Scheme 1) and undergoes the relaxation to the triplet ground
state 3(16).98, 104, 105 Triplet nitrene 3(16) also reacts with
alkenes, but this reaction is not stereospecific (apparently, the
reaction proceeds via the intermediate biradical) (see
Scheme 1).98

Scheme 1

In the photolysis of azide 15, the yield of the products
generated in the reaction of nitrenes was *70%.104, 105 The
analysis of aziridines showed that singlet 1(16) and triplet 3(16)
nitrenes are simultaneously formed in the primary process in a
ratio of 2 : 1.98, 105 Singlet nitrene 1(16) is also inserted into the
C7H bonds of alkanes and O7H bonds of alcohols and is
captured by alkynes and benzene to form azepine.98

The triplet nature of the ground state of nitrene 16 was
confirmed by the observation of the ESR spectrum in low-
temperature glasses (|D/hc|=1.603 cm71, |E/hc|=
0.0215 cm71).60 A similar spectrum (|D/hc|=1.65 cm71,
|E/hc|= 0.024 cm71) was recorded for triplet (4-acetylphen-
oxy)carbonylnitrene.106, 107

Recently, the photochemistry of azide 15 has been
studied 108 by laser flash photolysis (lex=266 nm) in Freon
(CF2ClCFCl2) at room temperature. The formation of at least
two intermediates, viz., triplet nitrene 16 (lmax=400 nm, the
lifetime was t=1.5 ms) and ethoxycarbonyl radical 17 (lmax=
333 nm, t=0.4 ms), was observed. Triplet nitrene 16 reacted
with tetramethylethylene (k=36108 litre mol71 s71) and
triethylsilane (k= 16106 litre mol71 s71).108

The photolysis of (4-acetylphenoxy)carbonyl azide was
also studied.106, 107 Only the reaction products of the corre-

R = Alk, Ar.

R

O

N3

D
R N C O+N2,

R = Alk, Ar.

R

O

N3

hn
R

O *

N3

R N C O+N2

N2 + R

O

N

N

O

R

R=Alk, Ar.

EtO

O

N

1(16)

+

H

R2H

R1

cis-Alkene

EtO

O

N

H

H

R1

R2

cis-Aziridine

3(16) +

H

R2H

R1

cis-Alkene

EtO

O

N

H

H

R1

R2
EtO

O

N

H

H

R1

R2

cis-Aziridine

3(16) +

H

HR2

R1

trans-Alkene trans-Aziridine

EtO

O

N

H

R2

R1

H
EtO

O

N

H

R2

R1

H

1,3-Biradical
(cisoid)

1,3-Biradical
(transoid)

N3

O

EtO

15

lex=266 nm
N

O

EtO

+

O

EtO

3(16) 17

1.2

0.8

0.4

0.0

1000 1200 1400 1600 n /cm71

DA

1

2

3

Figure 5. IR difference spectrum recorded after irradiation of azide 12 in

an argonmatrix at 12K for 25 min (1). The IR spectra of triplet nitrene 13
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sponding nitrene were found, whereas isocyanate and its
transformation products were not detected.107

The photochemistry of methoxycarbonyl azide (18) and its
deuterium derivative was studied in inert gas matrices at 4 and
10 K.109, 110 The IR spectrum of the reaction products shows
characteristic lines assigned to methoxy isocyanate (19) and its
further transformations products, viz., formaldehyde and iso-
cyanic acid.

Triplet methoxycarbonylnitrene was not detected.110 This
is apparently due to the photochemical transformation of the
latter into isocyanate.

Thus, the photochemical reactions of azides ROC(O)N3

(R=Alk or Ar) have not been adequately studied, and it is
necessary to study these reactions in more detail by the matrix
isolation technique. However, the analysis of the reaction
products showed that the photolysis and thermolysis of these
azides produce the corresponding nitrenes having the triplet
ground state 60, 106 ± 108 in high yields.98, 101, 102, 104 ± 108

As was mentioned in the beginning of this Section, the
photolysis of acyl azides RC(O)N3 (R=Alk or Ar) affords
isocyanates in rather high yields.98 The ESR spectra of
acylnitrenes in the triplet state were not observed after the
photolysis of azides RC(O)N3, as opposed to the photolysis of
azides ROC(O)N3. The characteristic features of the photolysis
of carbonyl azides were revealed and the unusual properties of
the corresponding nitrenes were explained with the use of the
matrix isolation techniques 38, 40 combined with the results of
quantum chemical calculations.38 ± 40, 99, 111, 112

Among acyl azides, benzoyl azide (20) has received most
attention.38 ± 40, 102, 103, 113 ± 116 In early studies,102, 103, 113 ± 116

the photolysis of this compound was demonstrated to give the
photo-Curtius rearrangement product (phenyl isocyanate 21,
*40% yield) along with the reaction products of singlet
benzoylnitrene (22) with alkenes, sulfides, etc. The direct and
triplet-sensitised photolysis of benzoyl azide in alkenes affords
the same products characteristic of the reactions of nitrene
1(22).115, 116 No ESR spectra of triplet benzoylnitrene were
observed upon the photolysis of benzoyl azide in glassy
solvents.60, 70

To reveal the multiplicity of the ground state of aroyl-
nitrenes, the photochemistry of 2-naphthoyl azide (23) and a
series of acetyl and nitro derivatives of benzoyl azide was
studied in detail,106, 107, 117, 118 including investigations by the
laser flash photolysis technique. As in the case of benzoyl azide,
the corresponding isocyanate (*50%) and the reaction pro-
ducts of singlet 2-naphthoylnitrene (24) with alkenes and
cyclohexane (*45%) were detected upon irradiation of azide
23. The triplet sensitisation also affords products typical of the
reactions of nitrene 1(24).106 The ESR spectrum of triplet
nitrene 24 was not observed. Analogous results were obtained
in studies of the photolysis of acetyl and nitro derivatives of
benzoyl azide. Although the authors failed to detect singlet
aroylnitrenes by spectroscopic methods, their data leave little
doubt that the ground state of aroylnitrenes is sin-
glet.106, 107, 117, 118 However, this unusual fact remained un-
explained.

To understand why aroylnitrenes can have the singlet
ground state, we calculated the singlet ± triplet splitting
(DEST ) for nitrenes 22 and 24 by the B3LYP method.111 The
calculated DEST is small (*21 kJ mol71); however, according
to the calculations, the triplet state is the ground state. Recall

that DEST=150.6 kJ mol71 for the simplest nitrene NH and
130.7 kJ mol71 for CH3N. The significant stabilisation of the
singlet state compared to the triplet state in aroylnitrenes is
attributed to the special bonding between the nitrogen and
oxygen atoms, due to which the structure of the singlet
nitrenoid species is intermediate between the nitrene and
oxazirine structures.111

Having understood the nature of the singlet nitrenoid
species, we studied the photolysis of benzoyl azide by the
matrix isolation technique with the aim of detecting this species
by spectroscopic methods.38 After irradiation for 2 min in an
argon matrix with light with the wavelength of 254 nm, the
electronic absorption spectrum of azide 20 disappeared and a
new band with a maximum at 300 nm appeared (Fig. 6,
spectrum 1). Simultaneously, absorption bands of azide 20
virtually completely disappeared in the IR spectrum, and new
bands appeared, among which the intense absorption at
*2270 cm71 was assigned to phenyl isocyanate.38 The sub-
sequent irradiation with light with the wavelength of 313 nm
led to the disappearance of the absorption band in the UV
spectrum (see Fig. 6, spectrum 2). At the same time, the
intensity of some bands in the IR spectrum substantially
decreased, whereas the intensity of other bands increased
(Fig. 7, spectrum 1).

Thus, the photolysis of benzoyl azide affords at least two
products. One of these products is characterised by absorption
with a maximum at *300 nm and it is transformed into
another product upon irradiation with light with the wave-
length of 313 nm. Most of the lines in the experimental IR
spectrum recorded 8 min after irradiation are in good agree-
ment with the calculated spectrum of isocyanate (see Fig. 7,
spectrum 2), except for one rather intense band at 1193 cm71,
which is absent in the calculated spectrum.38 The results of our
investigations 38, 40 were reproduced in the study,119 and the
previously unidentified band was assigned to phenyl cyanate
(25) produced in a small amount. Therefore, isocyanate 21 and
trace amounts of cyanate 25 are the final products.40, 119
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Figure 6. Diffrence electronic absorption spectra recorded upon irradi-

ation of compound 20 at 254 nm for 2 min in an argon matrix at 12 K (1)

and of the same sample irradiated at 313 nm for 8 min (2).38

The positions and relative intensities of the absorption bands of nitrene
1(22) calculated at the CASSCF/CASPT2 level of theory are indicated by

vertical bars.
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The band in the electronic absorption spectrum at 300 nm
(see Fig. 6, spectrum 1) belongs to the singlet nitrenoid species
1(22), which has the structure intermediate between the nitrene
and oxazirine structures. According to CASSCF/CASPT2
calculations, two most intense transitions in the optical
absorption spectrum of the species 1(22) have maxima at 306
and 290 nm (see Fig. 6). In addition, the calculated spectrum
shows a band corresponding to the transition to the first
excited state with a maximum at 513 nm and a very low
intensity. This band is associated with the electron excitation
from the allyl-type p orbital to the s* orbital of a very weak
N7O bond.

The calculated IR spectrum of the species 1(22) is also in
excellent agreement with the experimental IR spectrum of an
intermediate species having an absorption maximum at
300 nm (see Fig. 7, spectrum 1, negative peaks).

The ratio of the yields of 21 and 1(22) in the primary process
is estimated as 64 : 36 from the initial slope of the kinetic curves
of the formation of these products upon irradiation
(l=254 nm).38

Thus, the use of the matrix isolation techniques combined
with quantum chemical calculations provided an insight into
the unusual nature of singlet aroylnitrenes.

It should be noted that the calculations of the properties of
the simplest acylnitrenes HC(O)N and HOC(O)N were carried
out in numerous studies.38 ± 40, 99, 111, 112, 120 ± 127 In early stu-
dies,120 ± 124 quantum chemical calculations were performed at
a rather low level of theory, and, as a consequence, the results
of these calculations are inconsistent with the modern views of
the electronic and geometric structures of acylnitrenes. In 1999,

the potential energy surfaces for the model systems CHNO 125

and CH2NO 126 were studied in detail by the high-level G2,
CASSCF, CASPT2 and QCISD(T) methods. Numerous local
minima and transition states between these minima were
found, and structures of triplet formylnitrene and singlet cyclic
oxazirine with a very long N7O bond (1.73 �A) were located.
According to calculations by the G2 method, the energy of the
singlet species is lower than that of the triplet species by
12 kJ mol71.126 In turn, according to CASPT2/cc-pVTZ and
QCISD(T)/cc-pVTZ calculations (with the CASSCF/cc-pVTZ
geometry), the energy of the triplet state is lower than that of
the singlet state by 16 and 3 kJ mol71, respectively.126 It is
known 127 ± 129 that the CASPT2 method underestimates the
energy of systems with open-shell electronic configurations (in
the case under consideration, of the triplet state) compared to
those with closed-shell electronic configurations (the singlet
species) by 13 ± 17 kJ mol71. Our calculations by the
CCSD(T) method with an extrapolation to the infinite basis-
set limit 38 predicted that the singlet state lies 3 kJ mol71 lower
in energy than the triplet state. For acetylnitrene [MeC(O)N],
according to the recent calculations by the high-level CBS-QB3
method, the singlet state is lower in energy than the triplet state
by*17 kJ mol71 (Ref. 39).

In addition, the energy of the singlet species calculated by
the B3LYPmethod was demonstrated 38 ± 40 to be substantially
overestimated (by *38 kJ mol71) compared to the energy of
the triplet nitrene. Hence, the energy of the singlet nitrenoid
species 1(22) should be *17 kJ mol71 lower than that of the
triplet species 3(22), which is consistent with its detection in an
argon matrix.

The CCSD(T) calculations with an extrapolation to the
infinite basis-set limit for the simplest nitrene HOC(O)N 40

showed that the triplet state for both the syn and anti rotamers
is the ground state, and the singlet nitrenoid species lies higher
in energy by 26 and 16 kJ mol71, respectively. For
methoxycarbonylnitrene, the ground state is also the triplet.
According to CBS-QB3 calculations, the singlet state is higher
in energy by 23.8 kJ mol71 (Ref. 39).

The singlet ± triplet splittings for nitrenes ROC(O)N and
RC(O)N are different due to the weaker bonding between the
nitrogen and oxygen atoms in the 1A0 state of the former, which
manifests itself in lengthening of the N7O bond. It is unlikely
that the oxygen atomof the alkoxy or aryloxy group can hinder
the s bonding between the nitrogen and oxygen atoms in the
CON fragment. Presumably, the p bonding between these
atoms is weaker due to an extension of the p system in the
presence of the OR group.

The commonly accepted view (presented in many hand-
books and reviews 21, 22, 26 ± 33) is that the addition at double
bonds and the insertion into the C7H, O7H and N7H
bonds are typical of singlet nitrenes. However, these reaction
products were detected only for acylnitrenes and, as will be
demonstrated in the next section, for perfluoro-substituted
phenylnitrenes. However, these singlet nitrenes do not belong
to `usual' nitrenes. The electronic and geometric structures of
these nitrenoid species are characteristic of oxazirines,
although the N7O bond in these species (1.7 ± 1.8 �A) is
substantially longer than the typical single bond (*1.5 �A).

The calculations demonstrated 39, 40 that the above-consid-
ered reactions (the addition at double bonds and the insertion
into the bonds) of nitrenoid species with an unusual structure
proceed with a low or even zero activation energy. Recently,
the temperature dependence of the rate constant for the
reaction of nitrene 1(22) with hex-1-ene in Freon has been
experimentally studied.39 It appeared that the rate of this
reaction is virtually temperature independent, and even a
small negative activation energy (Ea=70.25 kJ mol71) was
measured.
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Figure 7. IR difference spectrum of the photolysis products of benzoyl
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spectrum of isocyanate 21 (2) and nitrene 1(22) (3) calculated at the

B3LYP/6-31G(d) level (the correction factor is 0.97).38, 40
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V. Photochemical transformations of aryl azides

As mentioned in the Introduction, considerable progress in
understanding the photochemical transformations of aryl
azides was achieved in the last decade. This is mainly due to
the fact that the primary products of their photolysis, viz.,
singlet arylnitrenes, were detected and their reactivity was
studied.34 ± 37 The spectroscopic and kinetic data were analysed
using high-level quantum chemical calculations (CASSCF/
CASPT2).34 ± 37 Combined theoretical and experimental stu-
dies of the properties of phenylnitrene and its simple deriva-
tives were covered in reviews.34, 36 The kinetic and
spectroscopic properties of short-lived (*100 ps ± 100 ns) sin-
glet arylnitrenes were examined in detail.35, 37 However, inves-
tigations by the matrix isolation techniques have received little
attention. In addition, a series of very recent studies 130 ± 133

dealt with the photolysis of aryl and heteroaryl azides by the
matrix isolation techniques, which provided deeper insight into
the characteristic features of these processes.

1. Photochemistry of phenyl azide
The photochemistry of the simplest aryl azide, viz., phenyl
azide, has attracted most attention. For many years, only
polymeric tars have been detected upon the photolysis and
thermolysis of this compound.21, 27 However, the ther-
molysis 134 and photolysis 135 of phenyl azide in the presence
of aniline or diethylamine (DEA) afforded the corresponding
azepines 26 in high yield (no lower than 70%). It was
postulated that the thermolysis and photolysis of phenyl
azide lead to the elimination of molecular nitrogen and the
formation of the [C6H5N] intermediate.134, 135

It was hypothesised that either benzoazirine (27) or cyclic
ketene imine (1-azacyclohepta-1,2,4,6-tetraene or 1,2-didehy-
droazepine, 28) is a species reacting with amines.134, 135 It was
not ruled out that singlet phenylnitrene (29) can be the
precursor of these compounds.

An analysis of the photolysis products of phenyl azide
under different conditions is indicative of the formation of all
the above-mentioned intermediates. At lower concentrations
of solutions of phenyl azide, tarring decreases and the reaction
produces azobenzene.136, 137 This indicates that singlet inter-
mediates [compounds 27 and(or) 28] serve as a reservoir for
triplet nitrenes 3(29), which either undergo dimerisation or
react with the starting azide to give azobenzene as the final
product. Unfortunately, the formation of azobenzene was not
studied by direct methods, for example, by the laser flash
photolysis.

In 1962, the ESR spectrum of triplet nitrene 3(29) was
recorded in a glassymatrix at 77 K (|D/hc|=0.998 cm71), and
the triplet state of this nitrene was demonstrated to be the
ground state.69 Shortly thereafter, the low-temperature elec-
tronic absorption spectrum of nitrene 3(29) was recorded in a
glassy matrix.138 More recent studies 139 showed that this

nitrene readily undergoes isomerisation to ketene imine 28
upon irradiation.

It was hypothesised that the nucleophilic addition of
amines to benzoazirine 27 affords substituted 3H-azepines 26
as the major products.134, 140 ± 142 The transient absorption
spectrum observed in experiments on the laser flash photolysis
was also assigned to compound 27.140 ± 142

The situation changed when ketene imine 28 was detected
upon the photolysis of phenyl azide in an argon matrix.143 The
irradiation of phenyl azide in an argonmatrix at 8 Kwith light
at l>360 nm (or l>216 nm) led to the formation of a
product giving an intense band in the IR spectrum at
1895 cm71 characteristic of heterocumulene structures
(7N=C=C7).

It appeared that ketene imine 28 is unstable upon further
irradiation (l>360 nm); however, the formation of benzo-
azirine 27 was not observed.143 In a more thorough investiga-
tion 144 of the photolysis of phenyl azide and its 15N-labelled
analogue in argon and neon matrices at 12 K, at least 40 new
bands were found in the IR spectrum, and 11 bands were
assigned to compound 28.144 The assignment of the other
bands was not made; however, the authors hypothesised that
these bands belong to photolysis products of ketene imine. In
addition, the ESR spectrum characteristic of nitrene 3(29)
(|D/hc|=1.027 cm71, E=0 cm71) was observed upon irra-
diation (l>216 nm) of phenyl azide in an argon matrix at
12 K.145

Detailed study of the photolysis products of phenyl azide in
organic solvents in a wide temperature range (77 ± 293 K)
combinedwith themeasurements of their electronic absorption
and luminescence spectra led to the conclusion 139 that triplet
nitrene 29 is the major product at 77 K.

Studies by time-resolved IR spectroscopy and the laser
flash photolysis convincingly demonstrated 146, 147 that ketene
imine 28 (lmax& 350 nm, nmax=1889 cm71) is the intermedi-
ate detected in time-resolved experiments at room temperature.
This ketene imine reacts with DEA to give intermediate
1H-azepine, which is transformed into 3H-azepine (26) as the
final product.146, 147

Thus, the results obtained in solutions and inert gas
matrices differ substantially from those obtained in low-
temperature glasses. In glasses, triplet nitrene 29 is formed as
the major product, whereas ketene imine 28 is the major
reaction product in solution at room temperature and in inert
gas matrices at *10 K. Two hypotheses were put forward to
explain this contradiction.139 According to one hypothesis, the
secondary photolysis of nitrene 3(29) proceeds in inert gas
matrices to give ketene imine 28. According to another
hypothesis, the primary intermediate, viz., vibrationally
excited singlet nitrene 1(29), has no time to relax to the ground
vibrational state and undergoes rapid isomerisation to ketene
imine.

To find an explanation for this contradiction, new inves-
tigations of the photolysis of phenyl azide in the inert gas
matrices and low-temperature glasses were carried out.148, 149

The irradiation in nitrogen or argonmatrices at 12 Kwith light
with the wavelength of 334 nm afforded compound 28 in a
small amount, whereas another species was generated as the
major product. The IR spectrum of the latter was assigned to
nitrene 3(29).148 The irradiation of nitrene 3(29) with long-
wavelength light (485 nm or>450 nm) caused its transforma-
tion into ketene imine 28, which, in turn, could be transformed
into nitrene 3(29) under irradiation with light with l=334 nm.
The ratio between the concentrations of the nitrene and the
ketene imine in the initial steps of irradiation (l=334 nm)was
found 148 to be *4 : 1 in all matrices (nitrogen, argon and
glassy 2-methylbutane). It was hypothesised 148 that ketene
imine 28 is generated from the vibrationally or electronically
excited state of singlet nitrene 1(29).
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The influence of the nature of the matrix (Ar, CH4 or
3-methylpentane) on the photolysis of phenyl azide was
studied 149 but the irradiation was performed with shorter-
wavelength light (l= 280� 5 nm). A conclusion was reached
that the formation of nitrene 3(29) is more preferable in CH4

and 3-methylpentane matrices than in an argon matrix. This
effect was attributed to the faster relaxation of vibrationally
excited singlet nitrene 1(29) in polyatomic solvents compared
to that in a one-atom argon matrix.

The spectra, which we recorded upon irradiation of phenyl
azide in an argonmatrix, are given as examples in Figs 8 and 9.
The short-wavelength irradiation (l=254 nm) affords a mix-
ture of nitrene 3(29), which gives a well-resolved spectrum at
290 ± 320 and 430 ± 480 nm, and ketene imine 28 with a
characteristic broad band at lmax=340 nm (Fig. 8, spec-
trum 2). The further irradiation with visible light (l>
455 nm, 15 min) leads to the virtually complete disappearance
of the absorption of nitrene 3(29) and an increase in the
intensity of the absorption of ketene imine 28 (Fig. 8, spectrum
3). The subsequent irradiation with light with l=334 nm
leads to an increase in the intensity of the absorption of nitrene
3(29) (Fig. 8, spectrum 4).

As can be seen from Fig. 9, all lines in the experimental IR
spectra of the photolysis products can be assigned to nitrene
3(29) and ketene imine 28, and there is a good agreement
between the calculated and experimental IR spectra of both
intermediates. It can also be seen from this Figure that nitrene
3(29) is transformed into ketene imine upon irradiation with
visible light (spectrum 1), whereas the irradiation withUV light
causes the transformation of ketene imine 28 into nitrene 3(29).

Assuming that the photolysis affords only products 27 and
3(29), which is consistent with the observed IR spectrum, the
individual electronic absorption spectra of these compounds
can be obtained (Fig. 10). The calculated electronic absorption
spectra of these intermediates are in good agreement with
experimental data. It should be noted that transitions of an
electron of the lone pair to the p-type singly occupied molec-
ular orbital (SOMO) (lcalc=289 nm) and the px-type SOMO
lying in the plane of the ring (lcalc=287 nm) make a consid-
erable contribution to the absorption band of triplet phenyl-
nitrene at 270 ± 320 nm. The spectra of the simplest nitrenes
3(NH) (lmax= 336 nm) 41, 42 and 3(CH3N) (316.9 nm) are also
associated with analogous transitions.80

As opposed to the results of the study,148 according to
which irradiation of phenyl azide at 334 nm affords com-
pounds 3(29) and 28 as the primary products in a ratio of 4 : 1,
our investigation showed that the irradiation with shorter-
wavelength light (l=254 nm) gives primary products in a
yield of*0.5 : 1, i.e., the formation of ketene imine 28 is more
preferable. This fact indicates that the latter is actually formed
in the course of isomerisation of vibrationally excited singlet
nitrene 29 and is consistent with the results of the recent studies
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on the photolysis of phenyl azide and a series of its derivatives
in solution at room temperature by femtosecond electronic
absorption spectroscopy 151 ± 154 and femtosecond IR spectro-
scopy.155 It was found that the N7N bond dissociation in aryl
azides under study proceeds on the femtosecond time scale (ca.
100 ± 500 fs).151 ± 154 For example, the time of formation of
singlet biphenyl-4-ylnitrene in the photodissociation of
biphenyl-4-yl azide (lex=266 nm) in acetonitrile is *100 fs,
and the time of formation of the corresponding nitrene from
biphenyl-2-yl azide is 280� 150 fs.152, 153 The resulting singlet
arylnitrenes [including nitrene 1(29)] are vibrationally excited,
and the shorter the wavelength of the photoexcitation the
larger the excess of vibrational energy. The vibrational relax-
ation in acetonitrile proceeds within 10 ps (for singlet
biphenyl-4-ylnitrene 152, 153 and 3,5-dichlorobiphenyl-2-ylnit-
rene in cyclohexane,151 the relaxation time is 11 ps).

The theoretical analysis 153 of the PES section along the
reaction coordinate corresponding to the elimination of molec-
ular nitrogen for the ground (S0) and two excited singlet states
(S1 and S2) of aryl azides suggests that the first excited state (S1)
is apparently dissociative. The second excited state (S2) is the
bound state, and its geometry is similar to that of the state S0 .
Upon absorption of UV irradiation, the excitation to the state
S2 takes place. The time of formation of vibrationally excited
singlet arylnitrene (<500 fs) corresponds to the time of inter-
nal conversion into the dissociative state S1 . It was also
found 153 that the surfaces for S1 and S0 intersect each other.
Consequently, the S1 state of arylnitrenes can be deactivated to
the ground state. This explains why, in spite of a high rate of
formation of arylnitrenes, the quantum yield of photodissoci-
ation can be substantially smaller than unity; for example, the
quantum yield for phenylnitrene is close to 0.5 and is temper-
ature independent (300 and 77 K).31

Singlet arylnitrene [for example, 1(29)], which is formed
upon dissociation of aryl azide, has a considerable exess of
vibrational energy and can easily overcome the potential
barrier. Actually, studies by femtosecond time-resolved IR
spectroscopy showed that a part of ketene imine 28 is very
rapidly formed in acetonitrile at room temperature (also in the
vibrationally excited state).155 The formation of ketene imine
and its vibrational relaxation proceed on the time scale of
10 ± 50 ps. Unfortunately, attempts to separate these two
processes and determine the time of formation of ketene
imine failed.155

Although the hypothesis about the possible involvement of
vibrationally excited singlet phenylnitrene 1(29)# in the iso-
merisation was made 139, 148 many years ago, it was confirmed
only very recently.155 However, the isomerisation of nitrene
1(29)# to ketene imine 28 competes with its vibrational relax-
ation to the ground vibrational state 1(29), in which this species
also undergoes the thermally activated isomerisation to form
ketene imine 28.34 ± 37

In 1997, the spectrum of singlet nitrene 1(29)
(lmax=350 nm, Fig. 11) with a lifetime of *1 ns at room
temperature was recorded for the first time.156, 157 The kinetics
of transformations of this species was studied in detail in a wide
temperature range (170 ± 270 K), which allowed the simulta-
neous determination of the rate constant of its intersystem
crossing to the triplet ground state and the activation param-
eters of the isomerisation (A and Ea).150 The observed rate
constant (kobs) decreases as the temperature is lowered to
*170 K, and then reaches the constant value of
*3.26106 s71, which was assigned 150 to the rate constant of
the intersystem crossing (kisc) of singlet nitrene 29 to the triplet
ground state. The temperature dependence of the rate constant
of isomerisation kR= kobs7 kisc obeys the Arrhenius law
(Fig. 12). The activation energies (Ea=23.4� 1.3 kJ mol71)
and the preexponential factors (A=1013.1� 0.3 s71) were
determined.150

The rate constants of the intersystem crossing estimated
from the data obtained in solution [(3.2� 0.3)6106 s71] 150

and in glassy methylcyclohexane at 77 K
[(3.8� 0.3)6106 s71] 158 have similar values, thus confirming
the hypothesis that the constant kisc is temperature independ-
ent.150
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It has long been commonly accepted that singlet phenyl-
nitrene, like other singlet arylnitrenes, has a closed-shell
electronic configuration (1A1).21, 26 ± 30 However, relatively
recently it has been shown that the lowest singlet state of
nitrene 29 (1A2) has an open-shell electronic configuration, i.e.,
two electrons with opposite spins occupy two different orbitals,
viz., the p-type orbital and the px orbital located on the
nitrogen atom and lying in the ring plane.159 ± 161 The excited
singlet state 1A1 lies higher in energy by *60 kJ mol71

(Ref. 162). The orbital populations and the bond lengths for
three lowest spin states of nitrene 29 are shown in Fig. 13.

The singlet ± triplet splittings (DEST=73 ± 76 kJ mol71)
calculated at high levels of theory 129, 160, 161, 163 are in good
agreement with the experimental values estimated by photo-
electron spectroscopy (75� 8 kJ mol71) 162 and photoionisa-
tion spectroscopy (77� 3 kJ mol71).164

In 1997, quantum chemical calculations at the CASSCF/
CASPT2 level of theory showed that the isomerisation of
nitrene 1(29) to ketene imine 28 proceeds in two steps.129 In
the first rate-limiting step, the nitrene undergoes isomerisation
to azirine 27. The second step involves the three-membered
ring opening to form compound 28.

The barrier for the cyclisation reaction evaluated at the
CASPT2 level is 39 kJ mol71 (Ref. 129). However, this
method generally overestimates the stabilisation of systems
having an open-shell electronic configuration compared to
species containing paired electrons 127 [for an analogous sys-
tem, the error was 14 kJ mol71 (Ref. 129)]. Taking into
account this error, the barrier for the cyclisation of nitrene
1(29) is 25 kJ mol71, which is in excellent agreement with the
measured activation energy of isomerisation (23.4�
1.4 kJ mol71).150

According to calculations,129 the barrier for the second step
(27? 28) is as low as 13 kJ mol71 (Fig. 14). This result is
consistent with the fact that azirine 27was not detected in time-
resolved experiments.139, 146, 147, 150, 156, 157 Although the life-
time of this intermediate is very short, the formation of the
reaction product of this species with ethanethiol, viz., the

corresponding ortho-substituted aniline (in 39% yield), in the
photolysis of phenyl azide in ethanethiol was documented.165

The mechanism of photolysis of phenyl azide taking into
account the results of the very recent studies 150, 155 ± 158 is
presented in Scheme 2.

The above-considered data can be briefly summarised as
follows. The photodissociation of phenyl azide proceeds on the
femtosecond time scale (<500 fs) to form singlet phenylni-
trene in the vibrationally excited state 1(29)#. The vibrational
relaxation of the latter competes with the isomerisation to
azepine, which is also formed in the vibrationally excited state.
Singlet phenylnitrene in the ground vibrational state 1(29) can
undergo relaxation to the triplet ground state 3(29) (the
intersystem crossing, ISC) or, by overcoming the barrier,
transformed into benzoazirine 27, which, in turn, is trans-
formed into azepine 28. At room temperature, the isomer-
isation is the major process. The contribution of the
intersystem crossing increases as the temperature is lowered;
it becomes the major process at temperatures below 170 K.

2. Photochemistry of phenyl azide derivatives
The photochemistry of simple derivatives of phenyl azide has
been studied in sufficient detail, including investigations by the
matrix isolation technique.144, 166 ± 170 The spectroscopy and
kinetics of the reactions of substituted singlet phenylnitrenes in
solution in a wide temperature range (150 ± 300 K) have been
investigated recently.151, 158, 171 ± 178 The influence of substitu-
ents was considered in detail in the reviews.35, 37 It should be
noted that the influence of substituents on the rate constant for
the cyclisation of phenylnitrene to azirine is not very signifi-
cant. For example, the presence of two methyl substituents in
the ortho position with respect to the nitrogen atom leads to an
increase in the reaction barrier due to the steric effect and an
increase in the lifetime of nitrene at room temperature by
approximately an order of magnitude.173 Such substituents as
the cyano and phenyl groups in the para position also increase
the lifetime by approximately an order of magnitude.176, 178

The introduction of two fluorine atoms at the ortho
position with respect to the nitrogen atom has the maximum
effect on the rate constant for the cyclisation.175, 177 For
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example, the lifetime of singlet 2,6-difluorophenylnitrene at
room temperature increases by two orders of magnitude. This
is due to the high electronegativity of the fluorine atom.37, 177

Due to rather long lifetimes, polyfluorinated singlet arylni-
trenes can be involved in bimolecular reactions, including the
insertion into C7H bonds and the addition at double
bonds.179 ± 185 Hence, polyfluorinated aryl azides are the most
promising reagents for photoaffinity labelling of biopoly-
mers 186 ± 192 and covalent modification of the surface of
polymer coatings.23 ± 25

The introduction of substituents can lead also to changes in
the relative reaction rates of the two-step isomerisation of
singlet nitrene to the corresponding ketene imine. For example,
the second step (the ring opening) is the rate-limiting step for
biphenyl-2-ylnitrene and 2,4,6-tri-(tert-butyl)phenylnitrene,
and it is possible to detect the derivative of azirine 27.158, 178

All these effects have been analysed in detail earlier 37 and are
beyond the scope of the present review.

In the study,144 the photolysis of phenyl azide was inves-
tigated (along with the photolysis of ten its para and meta
derivatives containing F, Cl, CN, Me or MeO substituents) in
nitrogen and argon matrices. In all cases, the IR spectra of the
photolysis products in the matrices at 12 K show the most
intense band (or a series of bands) at 1890 ± 1906 cm71.
Consequently, it was concluded that the corresponding ketene
imine derivatives 28 are the major products in all reactions.

Unlike the photolysis of para- andmeta-methyl derivatives
of phenyl azide,144 the photolysis of 2,6-dimethylphenyl azide
(30) in a nitrogen matrix at 12 K affords the corresponding
triplet nitrene 3(31) as the major product. In the presence of
CO, the latter gives 2,6-dimethylphenyl isocyanate (32).167

Insignificant amounts of the corresponding ketene imine 33
were found upon UV irradiation of triplet nitrene.

Analogous results were obtained 166 in the study of the
photolysis of perfluorophenyl azide (34a) in a nitrogen matrix.
The major primary product, viz., perfluorophenylnitrene (35a)
in the triplet state, was involved in the photochemical reaction
with CO to give the corresponding isocyanate. Azirine and
ketene imine were not found.166

More recently, it was confirmed 168 that the photolysis of
perfluorophenyl azide (34a) and 2,6-difluorophenyl azide (34b)
in an argon matrix affords the corresponding triplet nitrenes
35a,b as the major products. However, as opposed to the
previous study,166 the irradiation of nitrenes 3(35a,b) with
visible light (l=444 nm) was found to give the corresponding
azirines 36a,b. This process is reversible, and the irradiation of
azirines 36 with light with l=366 nm leads to their trans-
formation into the corresponding triplet nitrenes 35.168

In the very recent past, the photolysis of azide 34b in an
argon matrix at 12 K has been more thoroughly studied by IR
and electronic absorption spectroscopy combined with quan-
tum chemical calculations.169 As opposed to the earlier stud-
ies,166, 168 the interconversions of benzazirine 36b and ketene
imine 37b were also observed. The complete scheme of the
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phototransformations of azide 34b can be represented as
follows.

The formation not only of the corresponding triplet nitrene
and ketene imine but also of azirine was observed 170 in the
photolysis of p-azidoaniline (38) in an argon matrix at 12 K.
The irradiation of triplet nitrene 39 was found to give not only
ketene imine 40 but also azirine 41, which, in turn, disappears
upon irradiation at 313 nm.

Therefore, the photolysis of phenyl azide and a series of its
meta and para derivatives in nitrogen and argon matrices at
*10 K affords the corresponding ketene imines in high yield.
The latter are, most likely, generated from vibrationally excited
singlet nitrene, as well as in the course of the secondary
photolysis of the corresponding triplet nitrenes.

The photolysis of phenyl azide derivatives containing two
substituents in the ortho position (azides 30 and 34a,b) or a
strong electron-donating substituent in the para position (azide
38) gives the corresponding triplet nitrene, 3(31), 3(35) or 3(39),
as the only primary photolysis product.166 ± 170, 193 This result
correlates with a substantial increase in the barrier for the
cyclisation of the corresponding singlet nitrenes [1(31), 1(35) or
1(39)] to azirines.37, 194 In some cases, azirines (36a,b and 41)
were detected. According to calculations,37, 177, 194 the barriers
for the isomerisation of the latter azirines to the corresponding
ketene imines (37a,b and 40) are rather high.

3. Photochemistry of polycyclic aryl azides
As in the case of phenyl azide and its derivatives, the formation
of polycyclic arylnitrenes in the triplet ground state giving
characteristic ESR spectra was observed upon irradiation of
polycyclic aryl azides in glassy matrices at 77 K.60, 195 ± 198 The
photochemistry of 1- and 2-naphthyl azides was studied in
most detail, including investigations by the matrix isolation
technique.131, 198, 199

The photolysis of 2-naphthyl azide (42) in solution in the
presence of diethylamine affords the corresponding diamino
derivative 43 in high yield.200

However, the photolysis of 1-naphthyl azide (44) in the
presence of DEA gives mainly azanaphthalene 200 along with
small amounts of 1-aminonaphthalene 200 and diamino deri-
vative 45.201 The yield of compound 45 increases as the
temperature decreases.201

The formation of products 43 and 45 suggests that the
corresponding tricyclic azirines are involved as intermediates
of the photolysis of azides 42 and 44. The spectrum of the
products recorded in the photolysis (l>330 nm) of these
azides in nitrogen and argon matrices at 12 K showed charac-
teristic bands, which can be assigned to the corresponding
azirines and ketene imines.199 In the case of azide 44, the band
that appeared at 1730 cm71 was assigned to tricyclic azirines
46 and(or) 47. Upon prolonged photolysis, the spectrum
showed bands at 1926 and 1912 cm71 assigned to the corre-
sponding didehydroazepines 48 and(or) 49. Analogously,
bands with maxima at 1708, 1723 and 1736 cm71 were initially
observed in the IR spectrum recorded in the photolysis of azide
42; these bands can be assigned to azirines 50 and(or) 51. The
secondary photolysis was accompanied by the appearance of
bands at 1911 and 1923 cm71 assigned to didehydroazepines
52 and(or) 53 (Scheme 3). Unfortunately, it was impossible to
make a more precise assignment at that time.
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As mentioned above, the development of more precise
methods for calculations of IR and electronic absorption
spectra of possible products allowed a more reliable and
comprehensive analysis of the results obtained by the matrix
isolation technique. Recently, the photolysis of azides 42 and
44 in an argon matrix has been reinvestigated,132 and the new
assignment of the bands in experimental electronic absorption
and IR spectra was carried out based on detailed theoretical
calculations. In the experimental IR and electronic absorption
spectra, bands of triplet nitrenes 54 and 55, azirines 46 and 50,
ketene imines 49 and 53 (Figs 15 and 16) and cyclic ylides 56
and 57 were identified.

Detailed calculations of PES, on which interconversions of
the species under consideration proceed (see Figs 15 and 16),
were performed in the study.132 According to the calculations,
singlet nitrene 1(55) undergoes cyclisation to form exclusively
azirine 46, whereas nitrene 1(54) gives azirine 50. Azirines 47
and 51, being highly energetic, are not formed.

The photolysis of 1- and 2-naphthyl azides with light with
l=313 nm initially affords singlet nitrenes 1(55) and 1(54),
whose relaxation to the triplet ground state competes with the
cyclisation to azirines 46 and 50. The latter are generated also
in the secondary photolysis of triplet nitrenes 3(55) and
3(54).134 The prolonged irradiation of the triplet nitrenes can
lead to their transformations into cyclic ketene imines 49 and
53, respectively, which have been observed earlier.199

The photolysis of azirines 46 and 50 affords new previously
unknown isomers 56 and 57 instead of the expected ketene
imines 48 and 52. These compounds can formally be assigned
to cyclic nitrile ylides the existence of which has been pre-
dicted.202

Recently, the photolysis of naphthyl azides has been
studied in solution at room temperature by IR spectroscopy
with a time resolution of *200 ns and by the laser flash
photolysis technique in glassy 3-methylpentane at 77 K.203

Upon the lader excitation of azide 44 at 77 K, singlet nitrene
1(55) was found, and this compound relaxed to the triplet
ground state 3(55) with a rate constant of kisc=
(1.1� 0.1)6107 s71. In turn, azirine 46 having a lifetime of
3.2� 0.6 ms in acetonitrile at room temperature was detected
by time-resolved IR spectroscopy.203 The rate constant of the
reaction of 46 with DEA was estimated at *1.46105 litre
mol71 s71. The low rate constant is consistent with low yields
of diamine 45 in steady-state experiments.

As opposed to the photolysis of azide 44, no intermediates
having absorption at >320 nm were observed upon the laser
excitation of azide 42 in glasses at 77 K. Under steady-state
conditions, the formation of triplet nitrene 54 was also not
observed. These data are in contradiction with the fact that
triplet nitrene 54was obtained as the major primary photolysis
product of azide 42 in an argon matrix.132 Two explanations
were given for this contradiction.203 First, nitrene 3(54) could
be the product of the secondary photolysis of azirine 50 in an
argon matrix. According to an alternative hypothesis,
kR� kisc for singlet nitrene 1(54) at 77 K, but kisc� kR at
12 K (kR is the rate constant for the cyclisation of singlet
nitrene, and kisc is the rate constant for the intersystem crossing
to the triplet ground state). For the fulfillment of these
conditions, the barrier for the cyclisation of nitrene 1(54) (Ea)
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should be in the range of 1.26<Ea<8.80 kJ mol71, which is
consistent with the calculated data (see Fig. 16).132

Azirine 50 was also detected as the photolysis product of
2-naphthyl azide in acetonitrile at room temperature by time-
resolved IR spectroscopy. The lifetime of this compound
appeared to be substantially longer (150� 10 ms) than that of
azirine 46, which is consistent with the theoretical calculations
(see Figs 15 and 16).203 The rate constant of the reaction of
azirine 50 with DEA (*2.56105 litre mol71 s71) is almost
twice as high as that for azirine 46 (*1.46105 litre
mol71 s71). The substantially higher yield of diamine 43 is
attributed to the longer lifetime of azirine 50 compared to
azirine 46.

The photolysis (l=308 and 313 nm) of phenanthren-9-yl
azide in an argon matrix has been studied recently,198 and the
corresponding azirine was detected. Under irradiation, the
latter (like 1- and 2-naphthyl azides, see Figs 15 and 16) was
transformed into the corresponding cyclic ylide. The ESR
spectrum of triplet phenanthren-9-ylnitrene was also observed.
The following scheme of the phototransformations of this
azide was proposed.

Therefore, the difference in the photochemistry of phenyl
azide (and its simple derivatives) and polycyclic aryl azides (1-
and 2-naphthyl azides, phenanthren-9-yl azide, etc.) is associ-
ated mainly with the differences in the thermodynamics of the
isomerisation of the corresponding singlet arylnitrenes. As can
be seen from the PES for the transformations of singlet
phenylnitrene 1(29) (and a series of its derivatives),35, 37 ketene
imine is thermodynamically more favourable than azirine (see
Fig. 14, DH=710.5 kJ mol71). This is why ketene imine is
involved in the reactions with nucleophiles. The introduction
of one more phenyl ring into the molecule substantially
stabilises one of isomeric azirines and destabilises another
isomer (see Figs 15 and 16). For energy reasons, only one
azirine can be formed, the isomerisation of which to the
corresponding ketene imine is thermodynamically impossible.
As a result, the photolysis of naphthyl azides and some other
polycyclic azides in the presence of amines affords the corre-
sponding diamines.200, 201

VI. Reactions of triplet nitrenes with oxygen

Asmentioned in Section V.2, triplet arylnitrenes can react with
a CO molecule either upon slight heating of a matrix or under
the photochemical conditions.166, 167 The present Section deals
with reactions of nitrenes in the triplet ground state with
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Figure 16. Relative energies of isomers of 2-naphthylnitrene and the transition states of their transformations.132

The CASPT2//CASSCF(12,12)/6-31G* calculations relative to the energy of 1(54) (italic) and the B3LYP/6-311+G(2d,p)//B3LYP/6-31G* calculations

relative to the energy of 3(54) and taking into account the singlet ± triplet splitting for nitrene 54 calculated at the CASPT2 level (normal font). In all cases,

the zero-point energy was taken into account.
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molecular oxygen. For arylnitrenes, this reaction was studied
primarily in glasses at 77 K (Refs 159 and 204 ± 207) and in
solutions at room temperature by the flash photolysis techni-
que.159, 206 ± 212 The reactions of triplet p-aminophenylnitrene
3(39) with oxygen was studied by the matrix isolation techni-
que.170 This reaction was studied also for the simplest triplet
nitrene 3(NH) in the gas phase 213, 214 and in xenon and argon
matrices.215

The NO
.
and HO

.
radicals are generated as the major

reaction products of the 3(NH) species with molecular oxygen
in the gas phase.213, 214 Based on the results of quantum
chemical calculations,214, 216 it was hypothesised that the
primary event affords imine peroxide HNOO; the isomer-
isation of the latter (the 1,3-hydrogen shift) gives rise to
hydroperoxynitrene HOON, which is rapidly decomposes to
radicals.

3(NH) + 3(O2) HNOO [HOON] NO
.
+HO

.

The IR spectrum of imine peroxide and its 18O-isotopically
substituted analogue was recorded in the course of the photo-
lysis of HN3 followed by heating of an oxygen-containing
xenonmatrix.215 After irradiation of anHN3 ±O2 ±Xemixture
(in a ratio of 1 : 5 : 550), cis- and trans-HONO, NH2OH, N2H2

and 3(NH) were obtained. After heating of the preirradiated
sample to 50 K followed by cooling to 12 K, a group of lines in
the IR spectrum (3132.2, 3120.5 and 3109.8 cm71) assigned to
nitrene 3(NH) completely disappeared and five new intense
lines assigned to imine peroxide HNOO appeared.

Analogous results were obtained upon irradiation of HN3

in an O2-containing argon matrix. However, in this case,
HNOO is formed without heating upon storage of a sample
at 12 K for several hours. Based on a comparison of the
calculated and experimental IR spectra, it was concluded that
only one isomer (most likely, trans-HNOO) is formed.215

Unfortunately, the electronic absorption spectra were not
measured in the study.215 However, it is evident that HNOO
has absorption in the visible spectral region, because the
irradiation with light with 400 ± 600 nm led to the disappear-
ance of peroxide and the appearance of an additional amount
of nitrous acid (HONO).

The reaction of triplet arylnitrenes with oxygen has
received much more attention. It has long been believed that
the corresponding nitro compounds (ArNO2) are the major
oxygen-containing photolysis products of aryl azides (ArN3) in
the presence of oxygen.193, 204, 217 ± 219 Later, the formation of
small amounts of nitroso compounds (ArNO) 220, 221 and
azoxy compounds that are formed apparently, by the reaction
of triplet arylnitrenes with ArNO has been documented.137, 218

It was stated 222 that PhNO is the primary photolysis
product of phenyl azide in acetonitrile in the presence of
oxygen, and only this compound is formed at a low concen-
tration (1074 mol litre71) of the irradiated solution. Nitro-
benzene becomes the major reaction product upon irradiation
of a concentrated (*1072 mol litre71) solution of phenyl
azide.222

More recently, it has been shown 159, 206, 207 that the corre-
sponding nitro and nitroso compounds are the primary pho-
tolysis products of p-amino-, p-nitro- and p-methylphenyl
azides. It should be noted that in these studies, small volumes
of solutions containing azides at low concentrations
(*1074 mol litre71) were irradiated, thus excluding the sec-
ondary phototransformations of the initially formed products.
The photolysis of all azides under study in alkanes affords nitro
compounds in higher yields.

In the case of p-azidoaniline, the influence of the medium
on the ratio of the yields of p-nitro- to p-nitrosoanilines was
investigated, and this ratio was demonstrated to decrease on
going from hexane (2.4) to acetonitrile (0.53).205, 206 Recently,
the kinetics of the consumption of phenyl azide and the
accumulation of the photolysis products in acetonitrile
(2.561074 mol litre71) has been studied.210 It was demon-
strated that during irradiation of phenyl azide, the concen-
tration of PhNO2 monotonically increased, and the
concentration of PhNO first increased and then decreased
virtually to zero, the yield of PhNO being substantially higher
than that of PhNO2 in the initial step of irradiation, as in the
irradiation of p-azidoaniline.206, 207

Heating of glassy matrices containing triplet arylnitrenes
and dissolved O2 to temperatures, at which the mobility of the
latter substantially increases (90 ± 110 K), affords diamagnetic
adducts giving an intense absorption band in the near-UV or
visible spectral region.159, 204 ± 207 The structures of arylnitroso
oxides were assigned to these adducts.

In the pioneering study,204 emphasis was given to diazide
58, photolysis of which can afford triplet nitrene 3(59) and
dinitrene 3(60). Upon prolonged storage of the irradiated
sample, both diamagnetic and paramagnetic products were
obtained, and both these products were assigned to adducts of
mononitrene 3(59) with oxygen. In the study,204 based on the
fact that the intensity of the ESR spectrum assigned to
dinitrene 60 remains unchanged, it was stated that dinitrene
does not react with O2. However, the accuracy of the ESR
method is low. Hence, these results cannot completely exclude
the formation of adducts 61 and 62, among which para-
magnetic compounds can be present (Scheme 4).

Although the assignment of the paramagnetic species to the
adduct of mononitrene 59with oxygen was erroneous,204 it has
long been commonly accepted that the reaction of triplet
arylnitrenes produces both diamagnetic arylnitroso oxides
and paramagnetic aryliminodioxy biradicals.

Recently, the reaction of triplet p-aminophenylnitrene
3(39) with oxygen in a matrix consisting of 86% argon, 10%
N2 and 4% O2 has been studied.170 The irradiation of azide 38
in this matrix with light with l=254 nm, as well as in the
absence of O2, gave triplet nitrene 39 (Fig. 17, spectrum 1).
After slow heating of the matrix to 30 K followed by the
storage at this temperature for 5 min and the subsequent
cooling to 12 K, the intensity of the bands of nitrene 3(39) in
the electronic absorption spectrum slightly decreased, a band
characteristic of arylnitroso oxides appeaeds in the visible
spectral region at lmax=445 nm (Fig. 17, spectrum 2), and

+
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the IR spectrum showed a series of new bands (Fig. 18,
spectrum 1). It should be noted that the reaction of nitrene
3(39) with oxygen has been studied earlier in a glassymixture of
tetrahydrofuran and toluene (1 : 1) at 95 K; the formation of
the adduct giving a band at lmax=495 nm was obser-
ved.207, 208

The irradiation of a sample with visible light (l>515 nm)
leads to the disappearance of the absorption band of nitroso
oxide 63 and the appearance of a new band in the near-UV
region at lmax=326 nm (Fig. 17, spectrum 3) and a series of
bands in the IR spectrum (Fig. 18, spectrum 2), which are
identical to the bands in the IR spectrum of p-nitroaniline (64)
(marked with asterisks in Fig. 18).

It appeared 170 that two isomers of nitroso oxide (cis- and
trans-63) are formed. One of them disappears after irradiation
for 30 s (l>515 nm) being transformed into p-nitroaniline.
This isomer is characterised by a long-wavelength band at
lmax=460 nm (Fig. 19, spectrum 1) and a series of bands in
the IR spectrum (Fig. 20, spectrum 1, the negative differential

absorption). Another isomer, the absorption spectrum of
which is shifted to shorter wavelengths (lmax=425 nm), is
also transformed into p-nitroaniline upon further irradiation
(see Figs 19 and 20, difference spectra 2).170

The validity of the assignment of the adducts of nitrene
3(39) with oxygen to the cis and trans isomers of nitroso oxide
63 was confirmed by a good agreement between the experi-
mental and calculated electronic absorption spectra (see
Fig. 19) and IR spectra (see Fig. 20). The agreement between
the calculated and experimental electronic absorption spectra
is much poorer when the geometry calculated by the density
functional theory is used.170 The agreement between the IR
spectra calculated by the DFT method and the experimental
spectra of the cis and trans isomers of nitroso oxide 63 is
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Figure 17. Difference electronic absorption spectra recorded in an argon

matrix containing 4% O2 at 12K after irradiation of azide 38 with light at

l=254 nm (1), after annealing of a sample at 30K (2) and after

irradiation with light at l>515 nm for 5 min (3).170
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Figure 18. IR difference spectra recorded after annealing of a preirradi-

ated sample of azide 38 at 30K (1) and after irradiation with light at

l>515 nm for 5 min (2).170

The signals of p-nitroaniline are marked with asterisks.
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Figure 19. Difference electronic absorption spectra recorded in an argon

matrix at 12K after irradiation of the adduct of triplet nitrene 39 with O2

with light at l>515 nm for 30 s (1) and after additional irradiation for

5 min (2).

The positions and relative intensities of electron transitions in the

spectrum of the trans isomer of nitroso oxide 63 (black bars) and its cis

isomer (gray bars) calculated at the CASSCF/CASPT2 level with the

geometry optimised at the CASSCF level 170 are indicated by vertical bars.
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Figure 20. IR difference spectra recorded in an argon matrix at 12K after

irradiation of the adduct of triplet nitrene 39 with O2 with light at

l>515 nm for 30 s (1) and after additional irradiation for 5 min (2). IR

spectra of the cis isomer of nitroso oxide 63 (3) and its trans isomer (4)

calculated at the B3LYP/6-31G* level (the correction factor is 0.9614).170
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satisfactory (see Fig. 20) but it is noticeably poorer than that
for triplet nitrene 39. Hence, it is incorrect to describe nitroso
oxides by single-determinant wavefunctions. For example, the
contribution of the ground state configuration to the wave
function of the cis and trans isomers of nitroso oxide 63
estimated at the CASSCF level of theory is *82%, and the
contribution of the doubly excited configurations is*18%.170

However, the population numbers of the CASSCF natural
orbitals only slightly differ from 0 and 2 (the largest deviation is
0.13 for HOMO and LUMO), and this fact contradicts the
statement 220, 221, 223 that arylnitroso oxides are essentially
biradical in character.

The use of low-intensity monochromatic radiation allows
the observation of interconversions of the cis and trans isomers
of compound 63 along with their transformation into p-nitro-
aniline (Scheme 5).

Scheme 5

It is commonly accepted 2204, 210, 212, 220, 221, 224, 225 that the
photolysis of arylnitroso oxides (ArNOO) affords cyclic diox-
aziridines 65, which are transformed into nitro compounds
through the ring opening. Actually, intermediate species were
observed 224 in the photolysis of a series of nitroso oxides of
stilbene and p-biphenyl in glassy tetrahydrofuran at 77 K.
These species were transformed into the corresponding nitro
derivatives in the dark at a rate constant of 361073 s71. It was
hypothesised that these species can be assigned to the corre-
sponding dioxaziridines 65. Unfortunately, we failed to detect
intermediate species in the photolysis of nitroso oxide 63.170

The formation of nitroso oxides in cryogenic matrices is
evidence for a low activation energy of the reaction of triplet
nitrenes with molecular oxygen. The rate constants for this
reaction were measured for triplet phenylnitrene,210 a series of
its derivatives 159, 206, 207 and pyren-1-ylnitrene.193 It appeared
that the rate constant is substantially lower than the diffusion
limit and is in a range of (0.8 ± 8)6106 litre mol71 s71 for all
arylnitrenes under study. For phenylnitrene, the temperature
dependence of the rate constant was studied and the activation
parameters were estimated (A=109.6� 0.4 litre mol71 s71 and
Ea=18� 2 kJ mol71).210

Numerous attempts were made to calculate the thermody-
namics of the reaction of triplet nitrenes with oxy-
gen.170, 207, 216, 224 ± 226 The results obtained 170, 226 with the use
of the CBS-QB3 approach, which is one of the most accurate
multi-level techniques, are presented in Fig. 21. According to

the Wigner rule, the reaction of triplet nitrene with a triplet
oxygen molecule can, in principle, produce nitroso oxide both
in the singlet and triplet states. The reaction giving nitroso
oxides in the triplet state is virtually thermoneutral and,
according to calculations,226 its activation energy is rather
high (45 ± 55 kJ mol71). The reaction producing arylnitroso
oxides in the singlet ground state is exothermic
(DH&780 kJ mol71). However, the transition state on the
singlet PES was not located.226

Themechanism of the transformation of arylnitroso oxides
into the final nitroso and nitro compounds remains obscure.
Only in the case of arylnitroso oxide 63, the flash photolysis
study showed that the decay kinetics of this compound is
described by the second-order reaction with a rate constant
close to the diffusion limit.206, 208 The electronic absorption
spectrum of the intermediate, the precursor of the final
products (ArNO and ArNO2), was recorded, and the structure
of dimeric peroxide 66 was assigned to this intermediate. The
formation of the final nitro and nitroso compounds from this
intermediate can easily be conceived.

The decay kinetics of all other nitroso oxides under study
(PhNOO and its p-Me, p-NO2, p-Br, p-OMe and p-NMe2
derivatives) is not described by the second-order reaction and
is either exponential or biexponential.159, 207, 209 ± 212 The biex-
ponential character of the decay kinetic curves is associated
with the formation of the cis and trans isomers of arylnitroso
oxides having different reactivities.211, 212

It was hypothesised that thermal transformations of aryl-
nitroso oxides (like photochemical transformations) proceed
through the formation of intermediate dioxaziridine
65.209 ± 214, 225 However, this reaction cannot explain the for-
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mation of ArNO. The assumption of the possible formation of
ArNO in the reaction of aryl azide in the triplet excited state
3(ArN3)* with oxygen is invalid because the dissociation of the
azido group in the singlet excited state of aryl azides proceeds
on a hundred femtosecond time scale.152 ± 155 The intersystem
crossing to the triplet state cannot proceed on such a short time
scale.

The possibility of the formation of ArNO in the reaction
with solvents cannot be ruled out. For example, the irradiation
of phenyl azide in the presence of O2 in acetonitrile with 10%
benzene additive was found 220, 221 to give phenol in 15% yield.
The irradiation of phenyl azide in acetonitrile in the presence of
10% toluene afforded kresol (in 12% yield) and benzaldehyde
(in 5% yield). The addition of cyclohexane to the solution
resulted in the isolation of cyclohexanone (5%) and cyclo-
hexanol (17%).

Thus, both the simplest triplet nitrene 3(NH) and triplet
arylnitrenes react with molecular oxygen in cryogenic matrices
to form the corresponding nitroso oxides. In the case of imino
peroxide HNOO, only the trans isomer was detected, whereas
the formation of both the cis and trans isomers was observed
for arylnitroso oxides. Nitrous acid (HONO) is formed in the
course of photolysis of imino peroxide HNOO. Upon irradi-
ation of arylnitroso oxides (ArNOO), the reversible cis ± trans
isomerisation and the irreversible transformation into the nitro
compounds (ArNO2) were observed. The formation of inter-
mediates, viz., dioxaziridines, in the course of photolysis was
not reliably confirmed. The mechanism of dark transforma-
tions of arylnitroso oxides into the final nitro and nitroso
compounds was not ultimately established as well.

VII. Conclusion

Before the modern physicochemical methods were developed,
knowledge about intermediate species could be obtained solely
based on the analysis of the reaction products. Only in themid-
20th century, when two powerful tools of investigation (the
flash photolysis and matrix isolation techniques) were devised,
the direct observation and studies of the properties of the
reaction intermediates became possible. Considerable progress
has been achieved in the development of the flash photolysis
techniques allowing experiments to be performed with femto-
second and even attosecond time resolution. Although the
progress in the matrix isolation techniques is less impressive, it
remains one of the main methods of obtaining the most
complete spectroscopic information on the reaction intermedi-
ates, which allows their reliable identification. The matrix
isolation technique is particularly promising in combination
with IR spectroscopy of intermediates, because well-resolved
IR spectra with a linewidth of *1 cm71 can be recorded in a
very wide spectral range in inert gas matrices at very low
temperatures (*10 K). In the last decade, the procedure of the
assignment of bands in the experimental electronic absorption
and IR spectra of intermediates has been substantially simpli-
fied and it has become more reliable due to the development of
rather precise theoretical calculation methods.

Investigations of the photolysis of azides by the matrix
isolation technique made a considerable contribution to the
elucidation of the rather complex mechanism of this important
photochemical reaction. For example, the detection of ketene
imine in the course of photolysis of phenyl azide in an argon
matrix had a considerable effect on the interpretation of the
results obtained by alternative methods, including the flash
photolysis technique. The hypothesis about the possibility of
the formation and isomerisation of singlet arylnitrenes in the
vibrationally excited state, which has been made for the first
time to interpret the results obtained in cryogenic matrices, has
been confirmed very recently in femtosecond studies.151 ± 155 In
very recent years, the use of the matrix isolation technique

combined with high-level quantum chemical calculations
allowed the elucidation of the unusual nature of singlet
acylnitrenes,38 ± 40 which are promising for the photoaffinity
labelling of biopolymers, and provided an insight into the
detailed mechanism of photolysis of polycyclic aryl azides.132
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