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Preparation of thin carbon nanotubes by catalytic pyrolysis

on a support

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

1. 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,''~!® 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-
earth metals, chlorination of metal 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
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the development of hydrogen energetics !7 and chemical synthe-
ses.!8

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 er al.'® (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 SWCNTSs 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.?> 26 Partic-
ularly, DWCNTs were shown to surpass SWCNTSs in mechanical
properties.?’ In addition, DWCNTSs exhibit the higher thermal
stability, thermal and electric conductivity as compared with
SWCNTs.28 SWCNTSs start coalescing at ~ 1200 °C, whereas
DWCNTs coalesce above 2000 °C. DWCNT-based nanopaper
exhibits higher characteristics than a paper made of SWCNTs.?®

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 ‘thin MWCNTS’ (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

T The first syntheses of MWCNTSs from hydrocarbons were carried out
several years earlier,2%-2! while their synthesis from CO was carried out
more than 100 years ago, in the end of the XIXth century.??
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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 33~42); a survey that summarises
studies on the plasma-enhanced pyrolysis has appeared.'® How-
ever, the majority of these reviews did not dwell into the synthesis
of thin CNTs (one exception is a paper?3’ 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.

I1. 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 °C, while the pressure may be both below
and above the atmospheric pressure. Solid (polyethylene, ezc.) 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 #3), 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.) and metal catalysts **4° into the system. The process is
carried out at 700—800 °C 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 °C
and a pressure of ~12.4 MPa (MWCNTs or CNFs were
obtained).*-47 Resistive heating of the Si substrate covered with
a thin Fe film up to 500—1000 °C in certain organic solvents
(methanol, ethanol) also yielded CNTs.*® Pyrolysis of organic
substances in a gel matrix can be carried out at surprisingly low
temperatures (300 °C).*’ 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 produce CNTs in 1999 as the pyrolysis of o-
dichlorobenzene in the presence of ZnCl,. Its new version was
described recently.>% 5!

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

— pyrolysis with a supported catalyst;

— 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.>? 53

I11. 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.>* Horizontal vibroreactors
used in the synthesis of carbon nanofibres pertain to the first-type
reactors.>> % Rotating tube reactors?3®37 and screw-conveyer
type reactors were also used. Suspended-bed reactors include
vertical reactors >® and reactors with fluidised beds.!! 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 4% % and also in the pyrolysis of CoH»,°!
C,H4— H» mixtures 62 and CH4.63

Long (several mm or cm) CNTs and their bundles were
prepared.®*~74 Such tubes can be used later in the CNT ‘cloning’
(the growth of SWCNTs with identical geometry and structure),”
for example, in a cycle shown in Fig. 1. For this purpose, an array
of open-end SWCNTSs 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 SWCNT's
in solution, which was followed by the deposition of tubes onto the
substrate. The process resembles the epitaxial growth of single
crystals.”>

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 1.34+0.4 nm

Hydrocarbon |Seeded growth Monotype oBlljtlku[
21500 < T < 700 °C SWCNT P

(~500 kgday—")

‘Inner loop’ processing

Seed preparation
(~0.5kg day—1):

cutting SWCNTs,
preparation of the
catalyst, functionalisa-
tion, attachment, docking

SWCNTs + catalyst

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.” 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.%3 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-MWCNTSs.8 When MWCNTs 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 NH; plasma.®> 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/Al,O3 catalyst.3¢

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) %879 and magnetic-field orientation
of catalyst particles,”” 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.!0!

The growth of oriented CNT was observed ? in electric fields
with the strength of ~1V pum~! Somewhat weaker fields
(0.4 V um~—") were used in the formation of SWCNT bridges as
long as 25 pm between the electrodes.”’ The induced dipole
moment was ~10°D for ~1 pum-long CNTs in a field of
1 Vum—

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.!92-104 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 Al,Oj islets, has been developed.®?- 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 SiO;
coating on the catalyst film allowed CNTs aligned along the
silicon substrate to be grown.!06

Orientation under the effect of the gas flow made it possible to
form networks of crossed SWCNTSs (in a two-step process) % as
well as more complex structures based on 1-cm long tubes.”® 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.”!

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. 17 (later, analogous
studies were performed with sapphire '93-112)_ It was shown that
when ferritin clusters were used as the catalyst and sapphire served
as the substrate, the formed SWCNT deposits 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 o-Al,O3.10%:113 The directed growth of

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

As compared with the CNT deposition on flat or powder
substrates, the method of growing of arrays of oriented CNTs in
Al>O3 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.!’3~ 118 Mesoporous silicates were used for the same
purposes.!!® 120 On the other hand, the use of AIPO4 single
crystals,!21 =126 molecular sieves MSM-41 (Refs 8082 and
127—-129) and ordered films of mesoporous SiO, (Ref. 130)
made it possible to prepare SWCNTs. Zeolites (see Section I11.5)
and porous silicon served as the matrices in the SWCNT growth.
In Al,O3; matrices with crossed pores, branched CNTs were
synthesised.!3!

The method of preparation of a CNT ‘forest’ described by
Dai? 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, 131135
methane,!3¢ ethylene 7 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 SiO; columns with CNT-connected vertices was a
remarkable achievement.? 12136141 T gsynthesise 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&Article]D = 2462] was documented.

The pyrolytic method of CNT preparation can be employed in
the formation of two- and three-dimensional structures.!43—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.!4°

i4

6m 5F\Iﬂlﬂlq
L/ /A ) .01

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#?> 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 O, plasma to remove the polymer.




E G Rakov

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.”?

Tube doping (with nitrogen, boron, etc.) was employed, as a
rule, only in the production of MWCNTs or carbon nano-
fibres,'>1-152  although  examples are known  where
SWCNTSs 32 153, 154 and even DWCNTSs 135 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.!3¢~ 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 Al,O3 or MgO with formulas
of Mg, _ MO (M = Co, Ni) or Mg, _ .M ALLO4 (M = Fe, Co,
Ni; x < 1) evolved Fe, Co or Ni nanoparticles which served as the
catalysts of the CNT growth. Mixtures of SWCNTs with
t-MWCNTs,167. 168 SWCNTs with DWCNTs,16%-170
DWCNTSs, 159160171 and  also DWCNTs with triple-walled
CNTs 72 were prepared from the CHs—H, gas mixture with
appropriately chosen concentrations of Fe, Co or Ni (x values).
Oxides CaO, Cr>03, Lay0s3, etc. can also serve as the matrices.

The catalytic pyrolysis of the CH4—H> mixture also allowed
the formation of a composite film containing MgO and
SWCNTs.!7* A composite containing long CNTs, Fe and ZrC
was prepared by the pyrolysis of hydrocarbons on a Zr—Fe
film.'* A composite of SWCNTs and nanocrystalline Al was
obtained.!”>

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 76177 and also heating of the substrate using
high-frequency current.!”8-17° To decrease the temperature of the
process 180 and the velocity of the gas flow,'8! reduced pressure
was used. Thus the pyrolysis of pure C,Hy at a pressure of 100 Pa
made it possible to build SWCNT and t-MWCNT bridges
between the electrodes of nitrided Ta.!82

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.*! 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.!83 The elimination of the direct action of microwave
plasma on the substrate favours the increase in the CNT growth
rate.!84

The plasma enhancement allows one to carry out syntheses at
low temperatures of the substrate. Thus MWCNTSs were prepared
from CHy4 with addition of small amounts of O, under the action

of high-frequency plasma at the substrate temperature of
350 °C 85 and also from a CH4—H> mixture under the action of
inductively coupled plasma at the substrate temperature of
200 °C.'8¢ This can be associated with 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. '8’

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
~102-10"3 cm—2 were formed from a C,H>— NHj3 mixture,!!
t-MWCNTs with diameters of 3—20 nm were prepared from a
CH,;— CO; mixture,'¥2 SWCNTs or t-MWCNTSs were obtained
from a CH4—H, mixture [http://www.nsti.org/Nanotech2005/
Showabstract.html?absno=273] and MWCNTs were formed
from a CHs—NH;3;—H> mixture.!®> 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.!8%-194-197 A method of prepa-
ration of a SWCNT ‘forest’” under the action of point-arc micro-
wave 198 or ‘diffusion’ 199201 plasmas was described.

An interesting feature of SWCNTs formed in the CHy
pyrolysis activated by high-frequency discharge is the domination
of tubes with semiconductor characteristics.!83-202

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

The hot-filament activated pyrolysis, i.e., activated by an
incandescent tungsten wire heated with Joule heat up to
~2000 °C, 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 tubes were deposited onto low-melting
substrates.”?- 204206
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Figure 3.
pyrolysis.
(1) Gas mixture inlet, (2) hot tungsten spiral wire, (3) catalyst, (4) cathode,
(5) substrate, (6) substrate heater.

Illustration of CNT preparation in hot-filament activated

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).?07-298 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.?%?
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A specific feature of pyrolytic processes is that the CNT
growth is accompanied by incorporation of only active metal
particles 2!% 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 SWCNT's
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 the main 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 [ the
plasma-enhanced CVD, the dilution with hydrogen is of vital
importance; here, mixtures containing as little as 2 vol.% —
6 vol.% CHy (e.g., see Ref. 197) are often used. Dilution with
inert gases also has a positive effect. The introduction of small
amounts of C;H4 into the CHs—H, mixture is a common
practice. 8- 94109

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,3 were pyrolysed to form SWCNTs, DWCNTSs and
t-MWCNTs. Mixtures of unsaturated hydrocarbons with meth-
ane 31> 643012304 and benzene 227-395 were also used.

As regards the CNT yield and purity, cyclic hydrocarbons,
particularly, cyclohexane, naphthalene and anthracene, do not
surpass methane.3%5 This is also true for benzene.

Mixtures CoH>— NH3 proved to be efficient in the synthesis of
CNFS,41’306 MWCNTS,‘“‘ 188,283,307,308 ( MWCNTs 195:196 and
SWCNTs ! in plasma. The role of NH; in the MWCNT
preparation consists of the maintenance of the active surface
state of catalytic particles due to the removal of amorphous
carbon,?%° which accounts for the appearance of HCN is the
gas 308310 or the increase in the concentration of hydrogen
atoms.!?? The synthesised CNTs contained up to 10 at.% of
nitrogen.!88

The difference between the pyrolysis of CoH» 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 CoH, molecular beams.?* In the initial stages, before
the thickness of the layer of products reached 50 pm, 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 yield much purer SWCNTSs as compared with cases where other
reagents were used. This line of research was actively explored by
Japanese scientists of the Maruyama group.!32 134,135, 177,311 -320
Analogous syntheses were carried out by other scientific
groups.©6.72.75,78, 178,179,321 =327 [ ow partial vapour pressures
(0.7—1.4 kPa or 5—10 Torr) and a temperature of 800 °C were
commonly used. Ethanol pyrolysis on a Fe—Co/SiO, catalyst
selectively produced DWCNTSs.326

The introduction of OH radicals into the gas phase can also be
accomplished by the addition of O, (Refs 185 and 187) or H,O
vapours.®” Presumably, the higher yields and formation rates of
MWCNTs in the CHy4 pyrolysis on the oxide catalysts that were
not subjected to preliminary reduction as compared with reduced
catalysts were also attributed to the effect of H,O vapours evolved
in the oxide reduction during the pyrolysis.?**

Single-walled CNTs were prepared from vapours of
methanol 323 and mixtures CH3;OH + H, and CH3;OH + Ar.”!

The rate of MWCNT formation from methanol was substantially
lower as compared with ethanol.3?® A synthesis of SWCNTs was
carried out from methanol and propan-2-ol in a set-up with a hot
filament.??° Low SWCNT yields were obtained from camphor 33°
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.33!

A matrix synthesis of SWCNTSs was carried out using tripro-
pylamine.!21-125.332° A mixture of SWCNTs and MWCNTs was
isolated after the acetonitrile pyrolysis.?33 The synthesis of CNTs
(with a fraction of t-MWCNTSs) from associated gas was
described.?36-334

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.'?® The addition of H, was observed to have a positive
effect on the rate of CNT formation %-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.?*? This method allowed
one to prepare both ordinary 33°~34! and long SWCNTs.344

A large-scale production of SWCNTSs 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 °C 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 CO» 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 °C,
1.0 nm at 850 °C and 1.2 nm at 950 °C. The catalyst selectivity
with respect to SWCNTSs (the SWCNT fraction in the total CNT
mass) was 80% —90%. The fraction of semiconductor CNTSs in
the total amount of tubes was 57%.

Figure 4. A principal scheme of the CoOMoCAT process.

(1) Catalyst load slot, (2) fresh CO feed line, (3) fluidised catalyst bed,
(4) outlet of reaction gases, (5) product output, (6) CO; trap, (7) inlet of
recycled CO; [http://www.ou.edu/engineering/nanotube/comocat.html].

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.
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In a review,*! 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.3>° 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).
Molybdenum as 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 CoMo00Q, and provide sites for the CNT growth.2%8

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.33° 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/)C p /atm

MgO (0-5):(5-0):95 CH4 (20%)—Ha 1000 1.0 t-MWCNTs, CNFs 34
MgO 5:1:94 CH4 (20%)—H> 1000 1.0 t-MWCNTs, CNFs 32
MgO 2.5:2.5:95.02 C>H» (10%)—H> 800 1.0 SWCNTs 288
MgO (1:4) CO (100%) 700 1.0 SWCNTs 351
MgO (1:(2-30)) CH4 (97%)—Ha> 1000 1.0 t-MWCNTs 352
MgO 1.0:0.1:20.0 CH4 (9%)—Ar 800850 1.0 DWCNTs 239
Si0; 0.5:1.5:98.02 CO (100%) 750 5.0 SWCNTs 60
Si0; 2:4:94 CO (100%) 700 1.0 SWCNTs 59, 337
SiO> (see ®) (1.0:3.5) CO (100%) 850 1.0 SWCNTs 343
SiO; 2:1)-(1:4) CO (20% or 50%)—He 700, 800 (1.0) SWCNTs 337
Si0» ~0.5:1.5:98.02 CO (100%) 700950 1-10 SWCNTs 43, 345
SBA-16 (1.0:(0.3-1.0)) C,HsOH — Ar (see©) 850 1.0 SWCNTs 66
Zeol or Al,O3 (0-5):(5-0):952 CoH> (9%)— N, 700 1.0 t-MWCNTs 353
ALO3 1:4:502 CH4 (50%)— Ar 550—-850 1.0 MWCNTs 244

aMass ratio. ® Catalysts with Na additives were also tested. © 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/°C

MgO 10.0:2.5:87.5 CH4—CoHs—Ho> 900 t-MWCNTs 31

MgO (1.0-2.0): (0.05-0.10) : 13.0 CH4 (20%)—H, (Ny) 1000 SWCNTs 241
MgO (0.5-2.0):(0.05-0.2): 11 CoH> (1% —13%)—Ar 850—-950 SWCNTs 296
MgO 1.0:0.1:11.02 CoH> (2%)—Ar 800—-950 SWCNTs 287
MgO 1.0:0.1:12.0® CeHis—Ar 900 DWCNTs 354
ALO3 9:1:90 C »,H4 (0.06%)—Ar—H> (0.03%) 850 SWCNTs + DWCNTs 263
AlLO3 1.00:0.16:10.00 CH4 900 t-MWCNTs 355
AlLO; 1.00:0.16:10.00 CH4 (50%)—H>» 950 SWCNTs® 355
AlLO3 1.00:0.17:10.00 CH4 (60%)—H> (see©) 700—900 SWCNTs 181
AlLO; 1.00:0.25:10.00 CH4 (20%)—H> 1000 SWCNTs 356
AlLO3 1.0:0.1:13.0 CH4 (17%)—Ar 950 SWCNTs + DWCNTs 232
ALO3 (5: 1) CH4 (10%)—Ar 630-900 SWCNTs 220
AlLO3 1.00:0.17:16.00 CH4 900 SWCNTs 213
AlLO; 1.00:0.16:16.00 CHg4 850—1000 SWCNTs 215
AlLO3 6:1) CHy (2.2% —35.2%) — Ar (see ) 680—850 SWCNTs 223
AlLO; 9:1:90 CO (1.18 atm) 700850 SWCNTs (+ DWCNTs) 263
Si0, + AlLO; 1.0:0.17:(16.00 + 16.00) CH.4 900 SWCNTs 213

aMass ratio. ® Depending on the catalyst synthesis conditions, MWCNTs and CNFs can be obtained. ¢ The total pressure was 0.13 atm. 4 The total

pressure was 0.79 atm.
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Table 3. Composition and application conditions of binary powder catalysts M —M'/A (M, M’ = Fe, Co or Ni; A is support).
M-M'/A M:M’: A /mol Process conditions Enhance- Products Ref.
M: M) ment
starting compounds T/°C p /atm method
Fe—Co/Zeol (0-5):(5-0):952 CyH> (9%)—N» 700 1.0 thermal t-MWCNTs, 353
(or Aleg) MWCNTs
Fe—Co/MgAl>O4 6.5:3.5:90.0° CH4 (18%)—H> 700-1070 1.0 " t-MWCNTs, CNFs 359
Fe—Co/MgAl,04 (0-0.1):(0.1-0):0.9 CH4 (18%)—H> 1070 1.0 " SWCNTs, DWCNTs 170
Fe—Co/MgAl>O4 80°¢ CH4—H> 1070 1.0 " SWCNTs, t-MWCNTs 167
Fe—Co/ALOs (seed) 2.5:2.5:95.02 CyH4 (27%)—N> 1080 1.0 " SWCNTs 264
Fe—Co/Zeol 2.5:2.5:95.02 C,HsOH —Ar 700-800 6.6x 103 " SWCNTs 311
Fe—Co/Zeol 2.5:2.5:95.02 C,HsOH 850 1.3x10—4 plasma SWCNTs 177
Fe—Co/Zeol 2.5:2.5:95.02 C,HsOH 800 0.013 thermal SWCNTs 313
Fe—Co/Zeol 2.5:2.5:95.0% C,HsOH—-Ar 800 6.6x 1073 " SWCNTs 316
Fe—Co/Zeol 2.5:2.5:95.02 C,HsOH—Ar-H, 800 6.6x1073 " SWCNTs 315
Fe—Co/Zeol 2.5:2.5:95.0® C,HsOH —Ar 900—-1000 1.0 " SWCNTs 178,179
Fe—Co/Zeol 2.5:2.5:95.02 C>HsOH 900 0.05-0.08 hot filament SWCNTs 360
Fe—Co/MgO (10-0):(0—10)¢ C,HsOH, CH3;0H 450-950 (6.6—13.1)x 10~3 thermal SWCNTs 323
Fe—Co/Zeol (1:1) CoH»(0.4% —1.6%)— Ar 900 1.0 " DWCNTs 280
Fe—Ni/MgAl>O4 6.5:3.5:90.0° CH4 (18%)—H> 700-1070 1.0 " t-MWCNTs, CNFs 359
Fe—Ni/MgAl,O4 80¢ CH4 (18%)—Ho> 1070 1.0 " SWCNTs, t-MWCNTs 167
Co—Ni/MgAl,O4 80°¢ CH4 (18%)—H> 1070 1.0 " SWCNTs, t-MWCNTs 167
Co—Ni/SiO> (ALO3) (1:1) CH4 1000 1.25 " SWCNTs 23

aMass ratio. ® Ratio Fe: Co : Mg or Fe : Ni: Mg. ¢ Content of MgA1,04 /mol. ¢ Good results were also obtained for the Fe — Co — Ni/Al,Oj3 catalyst. ¢ The

M¢gO content was about 97 mass %; Si and SiO, supports were also used.

sors. Moreover, after certain changes in the conditions, even
DWCNTs, t-MWCNTs and CNFs can be isolated. In the pyro-
lysis of CH4— H> mixtures, the highest yield was achieved for the
molecular ratio Co: Mo = 1:3.34357

In addition to studies cited in Table 2, the use of the Fe—Mo/
MgO catalyst in the synthesis of DWCNTs from CHs—H>
deserves mention.3>8

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

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

i Iron oxides are inactive under these conditions but can be activated by
pre-reduction with a He—H> (10%) mixture.

catalysts shown in Table 3, Fe—Co/MgO (preparation of
DWCNTs in the CHy pyrolysis),>*> Fe—Co/Zeol (SWCNTs,
CoHy)?7® and Fe—Co/SiO, (DWCNTs, C,HsOH)32¢ were
described. The use of the Ni—Mo composition was also men-
tioned.3¢!

Besides Mo, the additions of platinum metals, e.g., Ru,?!3
Pt71:317 and also compounds of tungsten,?%%345 vanadium,3%3
chromium 289 and manganese 2% 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 37 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,*>® namely, Fe— Cr/Al,O3, Fe—Ni/Al,O3, Fe—Ru/AlLO;,
Fe—Cr/Cr,03, Fe—Co—Ni/Cr,03, Fe—Co—Ni/MgO and
Fe—Co—Ni/MgAlOy4.

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

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-M'-M" Layer thickness for ~ Process conditions Products Ref.
orM-M’ M, M’ and M” /nm
substrate starting compounds T/°C p Jatm
Mo—Fe—Al 0.2, 1.0, 10 Si C>H» (0.3%)— 6001100 1.0 SWCNTs, DWCNTs 282
Ar (83.0%)—Ha (16.7%)
Mo—Fe—Al 0.2, 1.0, 10 Si CyH» 1000 (0.7-2.7)x10-3 SWCNTs 289
Mo-Fe—Al 0.2, 1.0, 10 Si CyH> 700-1000 2.5% 103 SWCNTs 290
Mo-Fe—-Al 0.2, 1.0, 10 Si C,H>—H>—Ar 535-900 1.0 t-MWCNTs 298
Mo -Fe—Al 2,1,20 see? CH4—Ar 950 1.0 SWCNTs, t-MWCNTs, 237
MWCNTs

Mo-Fe—Al (0-0.2),(0-0.2), 10> Si C,H» 730 1.0 t-MWCNTs 362
(Fe, Ni, Co)~ Al (1-10), (10— 1)¢ glass CO (6%)—Ha 550 1.0 -MWCNTSs 363, 364
Ni—-Al 1,(2-10) Si0»/Si CHy4 800 0.13 SWCNTs 365
Co-Pt 2,10 Si0,/Si C,HsOH (4.7%)— Ar not specified 2.6 x 1073 SWCNTs 321

a15 Substrates of different compositions were tested. ® The best properties were observed for Moo gsFeo.94 with the total layer thickness of 0.5—2.0 nm.
¢ Simultaneous sputtering was carried out. 4 The limits of layer thickness variation are shown.
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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-M Pyrolysis conditions Ref.
substrate starting compounds T/°C p Jatm

Co—Mo Si or SiO2 C,HsOH 600850 1.3x1072,2.6x 102 312,314, 320

Co—Mo? SiO; C,HsOH 800 0.9x10-2 132

Co-Mo S C,HsOH 800 1.3x 1072 134,135

Co—Mo? SiO; C,HsOH 800 not specified 317

Co-Mo Si0, C,HsOH 800 1.3%x10-2 133

Co—Mo SiO; C,HsOH 800 1.3x10-2 318

Fe—Mo—-AlLO3 Si0»/Si CH4 900, 1000 1.0 24,212,214,3694

Fe—Mo-ALLO3 Si0,/Si CHs—H>» 900 1.0 142

Fe-Mo¢ Si or SiO» CHg4 900 1.0 218

Fe—Mo Si0,/Si CO (80%)—Ha 900 1.0 98, 99

Fe—Mo AlL,O3/Si CH4 900 1.0 370

Fe—Mo AL O3/Si CHa 900 1.0 107

Fe—Mo-ALOs SiO,/Si CH4s—-H» 950 1.0 230

Fe—Mo Si0,/Si¢ CO—H; 950 1.0 339

Fe—Mo Si3Ny (seef) CH4 (50%)—H> 950 1.1 257

Fe—Mo-MgO SiO; CH4—Ha» 950 1.0 173

Fe—Mo-ALOs Cr/Au/SiO»/Si CHs—H> 900 1.0 65

aThickness of the layer on the substrate was 1 -2 nm. ® Particles measuring 10 4= 1 nm were deposited. ¢ A promoting catalyst deposited as a powder was
also used. 4 In this work,3% the deposition was carried out onto Si tips. ¢ Substrates of Al,O3 and MgO were also tested. f The substrate was hydrophilised

in the O, plasma.

used (Table 4). The synthesis of CNTs from CO on Co—Mo films
deposited on quartz 3** and also by plasma-enhanced pyrolysis on
the Al,Os5 (thickness 0.7 nm)—Fe (0.5 nm)—AlO3 (5.0 nm) film
sputtered on silicon '%.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 37! to explain the effect
of bimetallic catalysts in the formation of SWCNTSs. 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. 2829249, 372
It was found that the ‘pre-catalyst’ favours the formation of small
amounts of C¢He from CHa.

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 - MWCNTSs 374
and SWCNTs 375376 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.”®-277-322
For instance, it was assumed that the size of metal particles should
be limited to 3 nm.3!"® 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,’% 77 tubes with diameters

of 1.3£0.4nm grow on Fe particles with diameters of
1.740.6 nm 78377 and CNTs with diameters of 1 —2 nm grow of
Fe particles with diameters of ~5—14 nm.?*®° 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 the MWCNT
preparation (diameter 27—57 nm), a considerably smaller ratio of
diameters, namely, 1.2—1.4, was observed.3’8

Testing of various powder catalyst supports has shown that
MgO surpasses SiO,, ZrO,, Al,Os, CaO, etc. in the stability and
the SWCNT yields reached.??” 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 of G- and D-modes in the Raman spectra
of tubes (Fig. 5). At the same time, no unambiguous relationship
between S, of the support and CNT characteristics was revealed,
viz., on a SiOy support with the pore diameter of 7.2 nm, no

dpore /nm Is/Ip

14

10

12

|
50 Sgp/m?g~!

Figure 5.  Effect of the specific surface area of MgO powder prepared by
different methods on (/) 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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Table 6. Properties of catalyst supports and the pyrolysis products of the
CH4— Ar mixture at 850 °C (reproduced with permission of the Royal
Chemical Society).

Material Ssp /m? g=! dpore /nm RBM peak @ I6/Ip
SiO» 446 7.2 absent —
CaO 4.8 38 " —
71O, 102 22 " —
AlLO3 155 15 present 2.3

aRBM is the radial breathing mode that characterises the presence of
SWCNTs.

SWCNTs or t-MWCNTs were formed at all even if S, of the
support was as large as 446 m? g~ ! (Table 6).

The increase in the active metal content in the catalyst entailed
the increase in the deposit yield (Fig. 6) 3¢ but impaired the CNT
quality, as follows from the S, of the carbon product (Fig. 7).1¢

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.?%> A buffer layer (Al,Os, TiO, etc.)
between the substrate (Si) and the active metal (Fe) is not less
significant, because it can determine the chemical composition of
the catalyst.’7%-3% For example, under similar conditions, iron
deposited on an Al,Os layer exists as FeO and can catalyse the
formation of SWCNTs, DWCNTs and t-MWCNTs, whereas in
an iron layer deposited on TiN and TiO; layers, iron is present in
the metal form and causes the growth of thick MWCNTSs 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.38!

By changing the composition and thickness of sputtered
layers, one can regulate the CNT density on the substrate.3$? The
results of a systematic study 2*7 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 237-3%3 to the different roughness of their surfaces. The
surface roughness affects the Sy, 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

[C,] (mass %)

4 6 8 10 12
Metal content (mass %)

Figure 6. Effect of the content of transition metals in a powder catalyst
on the carbon yield in the deposit.!'3¢

(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).!>°

(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)—Fe(l nm)— Al(20 nm) catalyst (reproduced with permission of
the Elsevier Publishers).23’

Substrate Ig/1p Diameters Diameters of
of SWCNTs MWCNTs
/nm /nm
Deposited Al,O3 16.0 1.5-3.5 —
SiC 6.0 1.4-22 ~9
Si(001) 4.1 1.3-3.75 5.4-20
Quartz 4.1 1.5-24 5.0-13.6
Sapphire 3.2 1.7-2.7 9.0-24
Si/SiO» 1.7 1.2-43 7.5-18
MgO 1.4 2.3-43 11.0-27.7
Porous Si 1.4 <50 5.6-74
Aerogel (80%) 1.4 — 5.9-15.7
Aerogel (50%) 1.2 - 7.1-19.9
Aerogel (30%) 1.1 — 9.4-20.8
Fused SiO» 1.1 — 5.5-12.5
Etched Si(001) 1.0 — 6.3-10.4
Plasma SiO, 1.0 — 5.6-25.9
Si/Si 0.99 — 6.1-22.4

role was assigned 23® 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.*!

To obtain SWCNTs with small diameters (0.4—0.5 nm),
AIPQO,4-5 molecular sieves were used.?¥* The pore size in the Co-
substituted molecular sieves MSM-41 and, therefore, the SWCNT
diameter could be regulated by varying the composition of liquid
matrices in the sieve preparation.®!

An unordinary substrate, namely, uniform SiO, microspheres
with diameters from 300 to 700 nm was used in the synthesis of
SWCNTs. ! After the application of Fe particles on these spheres
(the spheres were impregnated with a FeCls solution), the CHy4
pyrolysis at 900 °C produced SWCNTSs that formed ‘nanoclaws’
patterns on the spheres.
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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 of metallates, the method 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 Al,03.334

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),>8 molecular sieve
MSM-41,80.127.128.387 MgO,227-228.231,256, 288,323, 354 silica
gel,>%-60.63.264,337.343 A[,O3 powder and foam (Refs 19, 23, 24,
30, 223, 232, 263, 264, 353), Mgy (OH),CO;3 (Ref. 333) and
powders of different compositions.??” Catalysts were prepared
by the hydrolysis of tetracthylorthosilicate in the presence of
Al,03 nanoparticles followed by impregnation.?!> An aerogel of
AlyO3 impregnated with Fe and Mo salts proved its worth in the
production of SWCNTS from carbon monoxide.?*° Impregnation
is conventionally carried out under conditions of ultrasonic
activation. Salt melts can also be used for the impregnation.®
The impregnation is carried out together with thermal decom-
position and reduction of metals.

The reduction of solid solutions M Mg; _ Al,O4 (M = Fe,
Fe—Co, Fe—Ni),!8.159,169.358 Fe Mg, _ O (Refs 159, 388, 389)
and Co,Mg;_,0,15%.168.216,390 Fe Al, O3 (Refs 159, 162,
255,391 and 392) and also solid solutions of Co in
MSM-41,80.81,127, 128,388,393 -395 compounds FeLaOs (Ref. 396)
and NiLa>O4 (Refs 397 and 398) was carried out. A linear
correlation between the diameter of Fe particles formed in the
reduction of Feg3Al; 703 and the specific surface of the catalyst
was revealed.?®! The reduction of solid solutions can also occur
immediately in the course of pyrolysis.??°

The method 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.*®® 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).3! The syntheses of a Co/
MgO catalyst that involved the use of urea?!® and citric
acid 342401 were described. This method was also used in the
synthesis of the following catalysts: Ni/MgO,402-404 Co—Mo/
M¢gO (with the use of citric acid),?>? Fe—Mo/Al,O3 [with the use
of poly(ethylene glycol) (PEG)],*° Fe— Mo/MgO ?*! and Fe - Co/
MgO (with the use of urea).!6% 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 and Mg nitrates with an organic reducing
agent resulted in the formation of a solid solution Co,.Mg; _ O,
which was difficult to reduce in the H, or CO medium (especially
for low Co contents) and which proved inefficient in the synthesis
of MWCNTs from CO.?*> A much more efficient catalyst was
synthesised in the preliminary reduction of the uncalcined primary
product in H,. However, it is Co.Mg;_ O from which Co
particles necessary for the SWCNT production were formed.?83

Active bimetallic catalysts based on alumogel were prepared
by the sol— gel method.?!3-233, 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,?*® 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 min—!) was also employed. This
method is also suitable for the deposition of catalysts on fibres or
wires.

The ‘drop’ method is very simple;’* 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 3% and in the growth of large CNT arrays.!4? Particles of
Al,O3 (Ref. 142) and polysiloxane solutions are sometimes added
to the composition to be deposited.?% This method allows one to
prepare size-uniform Fe,Os particles that are used in the synthesis
of SWCNTs with diameters around 1 nm.*%3

A unique version of the spinning method was used.??$
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 °C.

In the evaporation method, a block co-polymer is often added
to the starting solution.!” Dilute (0.01 mass %) ethanolic solu-
tions of metal nitrates are commonly used.!33 134 Thus a solution
of Fe(NO3);3°9 H,O in propan-2-ol was utilised.?°8 Immersion of
the substrate for a certain time into an aqueous FeCls solution
with preliminarily added NH,OH - HCI was described.?%3

Nanosize catalyst particles can be prepared by the thermal
decomposition of salts. Such particles are stored in organic
solvents and deposited by spin-coating.?%¢ 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.>’® Iron particles of
different diameters were synthesised by the thermal decomposi-
tion of Fe(CO)s solutions in dioctyl ether in the presence of oleic,
lauric or caprylic acids.?! Nickel formate, which forms uniform
nickel particles upon decomposition, is a good precursor of Ni
catalysts.??>406 A catalyst based on Fe particles was prepared by
the plasma treatment of Fe(C7H;5COQ)s deposited on the sub-
strate by spin-coating.*®’ The methods based on the thermal
decomposition of compounds containing metal clusters deserve
special mention, eg., [HxPMo01,040] C[HsM oyzl Feso.
.(CH3CO00);50254(H20)95] - 60 H,O (contains 84 Mo atoms and
30 Fe atoms), Nas[{MoY(MoV)s}-{Moy Fell)(CH3COO)-y.
.0253(H20)s84] - 150 HO (78 Mo + 24 Fe), [{(MoYH)Mod!.
.OQ](Hzo)e}]z{FCIIl(Hzo)2}30]'150 Hzo (72 Mo + 30 FC) 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.?3>

The inverse micelle method 304408410 g ysually 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 an( ferritin-like proteins 44 or dendrimers.392

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,!94- 193
by electron- or ion-beam evaporation >8? and the laser ablation of
the target.3!7 Usually, the thickness of the deposited film did not
exceed several atomic monolayers, for example, corresponded to
5x 1015 atoms per cm? (Ref. 92). According to a publication,!40
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 C,H; (Ref. 415) are quite demon-
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Figure 8. Dependence of (/) 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 (Dre) (according to
Wang et al.#'°

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.*!”
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.3%? Combinatory methods were proposed for the determi-
nation and optimisation of the deposition conditions.3!9-418.419
Thermodynamic conditions for the transition of films (5-, 10- and
20-nm thick) into particles were considered.'®® 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 SiO» microspheres can
serve as a sort of masks in the preparation of individual SWCNTs
or their bundles.?*! Polymeric spheres with diameters from 1 to
125 pm can also be used.*?!-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.8”-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 cm?) areas with the resolution varying from below 100 nm to
above 1 um. The catalyst deposition involves the use of ‘ink’, i.e.,
alcohol (ethanol, isopropyl alcohol) solutions of metal nitrates,
e.g., Fe(NOs3)3-9H,O containing Al,O3 or SiO» particles and
MoO,Cl, or MoOs(acac), 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.?’> A gel catalyst was used in the
synthesis of t-MWCNTs.42¢

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.?’” An organometallic com-
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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.

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

The positional packing of SWCNTSs on a substrate can some-
times be carried out by an unexpected method. For instance, it was
found that lithographically deposited islets of Pb(Zro sTio.5)O3
are capable of sorbing the Fe— Mo catalyst particles and initiating
the local growth of tubes.??’ 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).+7

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

MWCNTs can be used as the substrate.*!3

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 growth mechanisms and is typical of MWCNT growth.
In the first case, the catalyst particle is split to form a dendrite
structure;*?° in the second case, octopus-like structures are
formed. Sometimes, branched MWCNTs grow from a single
catalyst particle.#3* The base and tip growth scenarios can occur
simultaneously to form products with different morphology.2%-43!
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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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.*3?

The rate of this process depends on several factors (seven
factors have been proposed 2%°), 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 SWCNTSs.24° 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.?’? Thus, on a
Mo - Fe/Al,O3 sample with the film dimensions of 1 x 1 cm, no
CNTs were formed from CHg4, whereas the growth of a CNT
‘forest’ was observed on a sample of 1 x 15 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 Al,Os type. Thus on a
substrate, the secondary processes can be suppressed by building a
‘shelter” over the catalyst particles.?”°

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

Table 8. Linear growth rate of CNTs.

660 pm min—! [for the MWCNT growth, the rate was found to
vary in the ranges of 60—600 um min—! (Ref. 436) and
0.4—50 pm min~! (Ref. 298)]. This entailed no changes in the
kinetics of formation of SWCNTs and MWCNTs. It is note-
worthy that some studies ©”-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 H>O vapour that favour the prolongation of the
catalyst service life. Still higher growth rates of SWCNTSs with
diameters of 4—6 nm (480 um min—!) were observed in the
decomposition of CO at 880 °C.6%-3%° Ultralong SWCNTs were
grown at a rate of 660 pm min—'.7? Ultimately, at 700 °C the
record-breaking rate of the MWCNT growth from C>H», namely,
6000 pm min—! was reached (although in the 1st second).?%?

It should be noted that very high rates of MWCNT growth
(60—600 um min—!) were observed at rather low pressures.*3¢
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
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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.

Reagent Catalyst T/°C p Jatm Enhance- Morphology Diameter Growth rate Ref.
ment method /nm /um min~—!

CH4 NiO, 700 1.0 plasma MWCNTs 50-80 0.2 433
CH4+H, Fe-Ti 600 0.1 " t-MWCNTs ~5 ~10 197
CH4 Fe 700 2.6x10-2 " MWCNTs ~ 20 5.4-16.8 184
CyH, Fe 750-950 1.0 thermal MWCNTs 30-130 0.5-2.0 434
CyH>» Fe 750 (1.0) " MWCNTs 10-15 20 291
C,H, Fe—Mo 730 1.0 " SWCNTs+ MWCNTs 1-20 > 17 362
CyH,» Ni 430 (2.6-13.0)x 10— " MWCNTs not specified  2.1-2.4 293
CoH, Ni 480 <1.3x10-5 " SWCNTs 3.5 0.4-0.5 293
C,H>+Ar+H> Fe—Mo 535-600 (1.0) " t-MWCNTs not specified  12-30 298
C,H,+Ar+H, Fe—Mo 700 (1.0) " DWCNTs+SWCNTs not specified  13.2 298
CyH>» Co—Ni 800-900 1.0 " MWCNTs ~ 200 0.5 273
CyHy Ni(Fe; Ni—-Fe) 850-1000 3.2x 10— plasma MWCNTs 10-50 0.25 176
CyHy4 (see?) Fe 750 1.0 thermal SWCNTs 1-3 250 67
C,HsOH Co—Mo 800 1.3x10-2 " SWCNTs 1.0-2.0 0.3 134
C,HsOH Fe 900 (1.0) " SWCNTs 1.3-22 660 72
B,H¢+ CH4+ — 600-650  0.02 plasma nanofibres ® 50-400 0.17 435

a1 vol.% —13 vol.% C,Hy4 in a mixture Ar (He)—40 vol.% H, in the presence of additions of 0.0175 mass % H,O vapours. ® Nanofibres of boron

carbonitride.
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Figure 11. Effect of the gas mixture composition and the set-up geometry
on the CNF formation rate during the plasma pyrolysis.

Nozzle diameter: (/) 1 mm and (2) 5 nm. [Reproduced with permission of
the Elsevier Publishers according to V I Merkulov, A V Melechko,
M A Guillorn, D H Lowndes, M L Simpson Chem. Phys. Lett. 361 492
(2002).]

film.!5 In the C;H, — NH;3 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).4!

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 °C, whereas for the
5-nm particles, the tubes started to form at 780 °C.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 (E,) was assessed as
7173 kJ mol—! (Ref. 438) for the methane pyrolysis on a Ni/
La»Os5 catalyst to yield CNFs and as 95-98 kJ mol~! (Ref. 244)
for the same process on a Co—Mo/Al,O3 catalyst to form
MWCNTs with diameters of 10—30 nm. At the same time, F, of
the formation of a pyrolytic carbon deposit on a Fe catalyst at
500-600 °C was much higher being equal to 150 kJ mol—!
(Refs 439 and 440). It was noted that the latter value is close to
the E, of the Fe3C formation equal to 158 kJ mol—1!.

The formation of SWCNTs in the CHy4 pyrolysis on different
catalysts at 900 °C has two periods, namely, a short period of a
fast mass increase and a long period of a relatively slow mass
gain.’%! The catalyst Fe—Mo/Al,O;—-SiO,, which was prepared
by gelation of a SiO; sol in the presence of Al,O3 nanoparticles
followed by impregnation of the calcined gel with Fe and Mo 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 m? g—!) and the greatest pore
volume (0.79 ml g—1).

The results obtained by Choi et al.30? were processed by
Vinciguerra et al.**! 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 2% have
shown that the reaction order in CHy4 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 **® to depend on the temperature and to
increase from 1.05 at 600 °C to 1.3 at 700 °C. According to the
results of another study,** the order of this reaction is equal to 1.

A threshold value of CHy partial pressure (0.4 atm at 850 °C)
above which the rate of the catalytic pyrolysis to yield SWCNTs
becomes independent of the partial pressure was observed.?33

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 C,H, was also
discussed by Nagy et al. >

Pulsed hydrocarbon feeding is one of the ways for the
improvement of CNT purity and yield in the catalytic pyro-
lysis.?33 368 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 the MWCNT growth to be determined in the
pyrolysis of CoH» on Fe islets.?7 It was shown that after a short
interruption of the pyrolysis process due to the C,H, 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 4 5 kJ mol—!in
the temperature range of 873—953 K (the partial pressure used in
the calculation of the E, value was not shown 2°7) and the reaction
order in CoH» was unity for the CoH; partial pressure of 2— 10 kPa
and a temperature of 953 K. The linear rate of CNT growth
reached 20 um min—!. The E, value of the MWCNT growth from
C,H, on a Fe catalyst at 800—1100 °C was 125 kJ mol—1.442

The obtained E, values made it possible to abandon the earlier
assumptions that the process is limited by the carbon diffusionin a
liquid or quasiliquid catalyst particle (a solution of carbon in a
metal),**3 because E, 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. 444 443

Yet another, optical method was used for measuring the
growth rate of the MWCNT ‘forest” in the CoH, 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% C,H»,
16.62% H> and 83.13% Ar. It was shown that with the increase in
the temperature from 535 to 900 °C, thinner CNTs were formed,
viz., 6—10-walled CNTs were mainly formed at 575 °C, DWCNTs
predominated at 725 °C and the fraction of SWCNTs increased at
higher temperatures. The highest growth rate (~12 pm min—1)
was observed at 700—730 °C; the effective E, of this process in the
low-temperature region was ~2 eV (~190 kJ mol~!). Under
isothermal conditions, the pyrolysis occurred with deceleration.
With the increase in the CoH; 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 C,H, pyrolysis on a Fe catalyst
involves the CoH; 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 1000 K 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 *47 for
measuring the kinetic parameters of the CNT ‘forest’ growth. The
results obtained 47 point to the exponential increase in the CNT
length in time. According to the field emission characteristics,**®
the growth rate of MWCNTs in the electric field measured at a low
pressure (less than 10~2 mbar) was in the range of
60—600 pum min—!. With the increase in the CoH; partial pres-
sure, the MWCNT growth rate increased.*43
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The addition of H> reduced the amount of amorphous carbon,
favoured the decrease in the MWCNT diameter and increased the
linear growth rate 1.85-fold.?”¢

The growth rate of the CNT ‘forest’ from a mixture of Ca:H»
and NHj (the volume ratio 1:3, temperature 700 °C, 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 um min—') and began to decrease upon reaching the
CNT length of ~2 pm.**® 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 °C.283-450 The E, value at 120—527 °C turned out to be very
low (22 kJ mol—") as compared with the value typical of the heat-
activated process (116.4 kJ mol—").#5! 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 C,H», but also CHy4.#32 It should be noted
that a comparatively low E, value (37 kJ mol~!) was also found
for the SWCNT formation at 1050— 1200 °C under conditions of
the laser-oven sublimation, which was associated with the follow-
ing mechanism: vapour —liquid — solid.*33

The MWCNT formation was observed in situ using trans-
mission electron microscopy,?°% 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.%7-437 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 g~ !, 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 C,H4 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 4>*~47* 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

100
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Figure 12. Effect of the pyrolysis conditions on the morphology of CNTs
formed.!80

(1) A region in which no SWCNTs could be obtained, (/1) a region of
SWCNT formation. (Reproduced with permission of the American
Chemical Society.)
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Figure 13. Relative reaction rate of ethanol vapours with clusters of (/) Fe,
(2) Co and (3) Ni [http://www.photon.t.u-tokyo.ac.jp/ ~maruyama/
papers/04/Inoue_JCP.pdf].

laser radiation. Particularly, a process in which mobile Ni atoms
located on the tip of a growing CNT play the active role was
considered.*>* Later,*¢ 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.*>>463 The
processes of heat and mass transfer were considered as applied
to the tip mechanism of CNT growth.*6?

The theoretical analysis of the catalytic pyrolysis of CH4
mixed with H, arrived at the assumption that this method of
SWCNT synthesis is a very difficult task.#’* 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.#”> 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 C,H» pyrolysis (this reaction releases
a great amount of heat) assumes the presence of gradients of
temperature and carbon concentration on a catalyst particle.”0 It
was shown that the growth rate should be inversely proportional
to the CNT diameter (d). This corresponds to experimental
results,*** although it was shown earlier #’° that for CNFs the
rate is inversely proportional to d%-3.

The formation of a liquid external layer on a catalyst particle
and its effect on the SWCNT formation was discussed.*’” 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,*’® 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 g~ ') than a catalyst of the same composition
prepared by impregnation of Al,03.2!1° The efficiency of ordinary
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catalysts in the SWCNT formation was ~40 mass% (or
0.40 g g—1).213 The catalyst efficiency in the CoMoCAT process
was ~0.25 g g~ 1. The Fe—Mo/MgO catalyst exhibited the high-
est efficiency in the synthesis of t-MWCNTs (3000 mass %, or
30 gg~ l).28

It was noted #3* 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.4’® The length and the diameter of
growing SWCNTs can be controlled by changing the duration of
the process or by adding a promoter.33 The effect of the temper-
ature and the hydrocarbon partial pressure on the CNT morpho-
logy was also studied by the other researchers.*%? By the example
of the C,H,— NHj3 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,?*° and the product yield is proportional to #%>. The rate of
MWCNT formation from the CO—H, mixture and the tube
quality depended on the medium in which the catalyst based on
the sputtered Fe — Co —Ni alloy was pre-treated.%* Thus catalysts
pre-treated in vacuum demonstrated poorer properties than the
catalysts treated in Ar or Nj. After heating in these gases, the
linear rate of MWCNT growth at 580 °C was about
0.4 um min—!, whereas after heating in vacuum the growth rate
was ten times lower.

According to calculations,>*¢ 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. 340

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,**? two Russian books 483484
and a monograph #8 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 SiO, and
Al>Os3, while the starting compounds included C;HsOH, CHy4,
C,H4 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 in metal
(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, (¢) do we have a reliable E, 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 8ish layer multi-wall tube of
similar diameter?”’

Two Russian books are written from absolutely different
standpoints and contain complementary information, viz., the
monograph #83 is largely devoted to the quantum chemistry of
carbon nanotubes, a subject absent in the textbook.*%* At the same
time, the classification of nanotubes, their properties, synthesis
and applications are described more comprehensively in the text-
book 48 with substantial attention paid to pyrolytic methods.

The textbook #8% mentions the following most important
challenges (some of them are beyond the frames of the present
review):

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

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

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

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

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

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

According to the aforementioned book,*$* the most important
unsolved technological problems include the following directions:

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

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

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

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

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

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

The third book,*¥> 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 Tran Hung 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 on
the mechanisms and the role of hydride shifts in bioorganic
chemistry, enantioselective synthesis and supramolecular chem-
istry are generalised. The bibliography includes 218 references.

1. Introduction

Almost two hundred years ago, the German chemist Schorlemmer
defined organic chemistry as the chemistry of hydrocarbons and
their derivatives, from which it follows that the nature of C—H
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 C — H fragment. Radical reagents cause C(sp®) —H
bond homolysis, carbenes are inserted into C(sp® or sp?)—H
bonds, whereas the attack of electrophilic or nucleophilic species,
which generally occurs on the carbon atoms of C(sp?) —H, ends in
the transformation of the substrate molecule into ot adducts
containing the C(sp?) fragment (a geminal unit). It should be
noted that the hydrogen atom elimination is preceded by the
formation of o adducts and the latter process radically changes
the C—H 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.
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D is an electron-donating group and E is an electrophile.

Electrophilic aromatic substitution reactions are based on the
ease of C(sp?)—H bond cleavage in cationic arene onium c!
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 o™ 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 (SH). 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.!~20

W is an electron-withdrawing group and Nu is a nucleophile.

Since the publication of the first review on Sk reactions in
1976.° 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 oH adducts (as the first step of SX reac-
tions) =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.?°
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The mechanism of abstraction of ‘hydride-labile hydrogen’
(the second step of SX 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.?! 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 2 NAD, NADPH =2 NADP), which
are the main components of metabolism and cell energy
supply.21—23.28-32

NH>»
N 0
oy N
N OH oH NH;
—0— P o
OR HO ” —)w
[H]
R H (NADH); OH OH
N, = P(O)(OH), (NADPH)
N 0
<§1§ |
N— _ N NH
g on o D
— o=f—o=F=° o N
OR HO S -
H o H H H
R = H (NAD); OH OH

R = P(O)(OH), (NADP)

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 2! 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
oxidation mechanism 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 and N-methylacridane
(10-methyl-9,10-dihydroacridine, AcrHs, 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.

T The term ‘hydride-labile hydrogen’ is used to designate H~ 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.

HH(‘)
N
R 1

R = Alk, Ar.

H H H H
Me ]‘\I Me I‘\I
R 2 Me 3

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 by Kosower and Chipman in USA, Stradyn and Duburs 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, efc. 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.

I1. 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,3> 33 the progress in inves-
tigation of redox processes 3*~3¢ and the elaboration of the theory
of single-electron transfer ¥ (Marcus theory) 3039 gave impetus to
studies, in which experimental results were compared with the
calculated energies of hydride transfer reactions and steps of this
process. 4042

1 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, various methods are available for quantitative and
qualitative estimation of the ‘hydride activity’ of dihydropyridines
taking into account the energy, magnetic, chemical and structural
criteria.! %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.*3~4 It was noted that in the
single-electron transfer mechanism, 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.*’

The Gibbs free energy changes and the Bronsted and Hammet
coefficients were calculated for oxidation of 1-aryl-1,4-dihydroni-
cotinamides 1a—e by 5-nitroisoquinolinium (4), tropylium (5) and
xanthylium (6) cations.*® 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.

H Hﬁ
N
N
NO,

N =

NM N
X = Me 0
la—e 4 5 6

X = OMe (a), Me (b), H (c), Cl (d), Br (e).

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.*? 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.>®

Lu ef al.®! 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.’33 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 PyH»
(including 1-benzyl-1,4-dihydronicotinamide), the Gibbs free
energy changes (AG®) for different steps of the mobile hydrogen

Scheme 1

NH, + QH~

transfer (Scheme 1), such as the transfer of the first (et) and second
(et’) electrons and the proton, hydrogen and hydride abstraction,
were calculated 3* according to Eqns (1)—(5), respectively.

AGS . . °(0/0—"

7= E°(PyH ™ "/PyHa) — E°(Q/Q ), @
AG:t’ o + . ° ° —
—7 = E°(PyH" [PyH') — E°(QH'/QH "), @
AGyy. = 2.3 RT[pKu(PyH**/PyH’) — pK.(QH/Q )L,  (3)
AGS- = AGS + AGY. S
AGy = AGY + AGH. + AGY, %)

where Fis 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:

PyH, == PyH;" —— PyH" =— PyH"
—e —H* —e

The question about the possibility of homolytic and hetero-
lytic C—H bond cleavage in oxidation of the main NADH
models, viz., compounds la—g, 2a,b and 3, by perchlorate of the
N,N,N',N'-tetramethyl-p-phenylenediamine ~ radical  cation
(TMPA **) was considered by Chinese researchers > with the use
of thermodynamic calculations and data from cyclic voltammetry
and calorimetric measurements.>% 56

H H O H H

| EtO,C COEt
] N |
1‘\1 Me 1‘\1 Me
R R
la—g 2a,b

R = 4-XCgH4 [X = OMe (a), Me (b), R = H (a), Me (b)

H (c¢), Cl (d), Br (e), F5C (g)], PhCH: (f)

The heterolytic and homolytic C—H bond dissociation ener-
gies in an organic solvent (acetonitrile) are 64.2—81.1 and 67.9—
73.7 kcal mol—! (for neutral forms of NADH models) and
4.1-9.7 and 31.4—43.5 kcal mol—! (for radical cations), respec-
tively. The energy differences of the heterolytic C—H bond
cleavage for BNAH and AcrH, are respectively smaller (by
3.62 kcal mol—") and larger (by 7.4 kcal mol—!) than the corre-
sponding energy of the homolytic process, whereas the analogous
values for compound 2a are similar (69.3 and 69.4 kcal mol—1).
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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 C—H bond
dissociation energies are 23.3—-34.4 kcal mol—! 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:>®

"
O

AGe ‘ ‘ NH»

Scheme 2

AHpom(NADH )

N
R (NADH*)

—H* AHI,L. (NADH *7)

H HC‘) H ?
] NH7A4>Hh°m(NADH) ﬁj/\ NH, —> Ai @* NH,
) N
R (NADH) R (NAD™)
‘ AHye (NADH) T

—H-
R is adenosine diphosphoribosyl.

The following dissociation energies (kcal mol—!) were
obtained:

NADH** NADH
AHhe( 5.1 53.6
AI'Ihom 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.”-38 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.?® 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 transfer mechanism was 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.® 6!

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.?*%2-% 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
C—H bond cleavage and give evidence for the existence of
intermediates. The maximum primary kinetic isotope effect
Ku/Kp, which is associated with the concerted hydride transfer
and was calculated for the C—H bonds, is ~7. The usual
secondary kinetic isotope effects characterising the change in
hybridisation of the carbon atom (sp3—sp?) in the transition
state are Ky/Kp ~ 1.26:43,44,54

A detailed study of the hydride transfer mechanism was
carried out for deuterium- (D) and tritium- (T) labelled N-benzyl-
dihydronicotinamides and their quaternary salts.%” 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
sp? to sp? and from sp? to sp?, 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:

H D H D
X . X X
T =00 +0 1
T i T
‘CHZ T*‘CH (‘:Hz
Ph Ph Ph

X = C(O)NH..

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 er al.%® 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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A is benzoquinone, tetracyanoquinodimethane, chloranil
or tetracyanoethylene.

The authors %8 considered two reaction mechanisms: the one-
step hydride transfer and the electron and hydrogen transfer. No
explanation was 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 % 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 7
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.

HH O
I o
‘ ‘ NHZ " )‘\ 0.1 N Na,CO3
N Ph CF; pH99
|
P
Ph
e H H ‘O
HO ‘ NH»
i N
HO |
P 7
i
. ‘ S NH, OH
+ -
1‘\1 Ph CF3;
Prn

Unusual condensation of the reaction products of N-(a,0-
dichlorobenzyl)pyridinium chloride with the chloride ion or
pyridines was documented.”! 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.”?

|
CH,Ph
1f, 8a—c¢

X = C(O)NH, (1f), C(S)NH, (8a), CO,Me (8b), Ac (8c).

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 2° that oxidation of AcrH, 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 AcrHj; " radical cation
followed by ionisation to the neutral radical and, finally, the
electron transfer to form AcrH* (Scheme 3).

Scheme 3

H H H H T*'
= -
—_e .
N ) "
Me 3 Me
H T H
N
5 -
—e + =
N N
Me Me

Dihydropyridine —electron acceptor systems, in which the H—
transfer occurs in the presence of metal ions, were extensively
studied. These systems are more complex but they are most similar
to biochemical processes catalysed by pyridine-dependent de-
hydrogenases. It is known ° 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.”® The magnesium ion can either enhance the ability
of dihydropyridines to donate an electron to o-keto esters,
trifluoroacetophenone, diketones and other electron accep-
tors’+75 or decrease this ability, as was exemplified by the
reaction of BNAH with thiopivalophenone.”

An attempt was made to explain the role of the metalion in the
electron transfer.’® 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).
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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 '"H NMR spectrum], which is
favourable for the proton rather than hydride abstraction. This
assumption was confirmed in the study,* where the authors
observed that the single-electron oxidation potentials of dihydro-
pyridines are changed in the presence of Mg?* ions on the average
by 0.2 V, whereas the oxidation potential of N-methylacridane in
the presence of Mg?* remains unchanged because acridane does
not form complexes with metal.

A number of studies were concerned with oxidation of
dihydroacridines by metal ions or their complexes. High reactivity
of phenoxide radical complexes of alkali metals (Na and K) was
documented.”” 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.”® It
was demonstrated 7° that the hydride transfer from 10-methyl-
9,10-dihydroacridine (3) to 3,6-diphenyl-1,2,4,5-tetrazine (Ph,Tz)
occurs only in the presence of scandium(I1I) ions, which promote
the electron transfer due to the formation of the Ph,Tz—metal
complex.
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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.®? Acceleration of single-electron
oxidation of acridane and 1-benzyl-1,4-dihydronicotinamide (1f)
in the presence of ruthenium(Iv) complexes was documented.6!

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 the metal 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, efc.

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 various model compounds have attracted
attention of chemists and biologists.?!-22 2427 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.®! ~8¢ It is commonly accepted 3 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.®* Mediated
electrocatalysis and electrode modifications were found %8-8 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.®® The possibility of their use instead of natural NADP ™
was examined.”!

The influence of the structure of dihydropyridines (Hantzsch
esters) on their reactivity was studied.”? 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 to make an unambiguous choice
between the fundamentally different mechanisms of this process
involving the hydride and hydrogen transfer.®? 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.®*
However, the authors of the publication > 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 %° that 2 mol of Cu?* are consumed
per mole of acridane. It was also found that electrochemical
oxidation of acridanes, like other dihydroazines,®”-°¢ occurs by
the EPE mechanism analogous to that presented in Scheme 3.
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R = Me, Ph, NPhMe.

The results of the study®® were confirmed by more recent
investigations - 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’-bi(acridane) systems. 00

R! R! R! R! T+'
-
= o
) N
R2 10 R2

R! = Me: R2 = H, Me; R! = H, R2 = Ph.

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.'%2 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).
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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 (AcrHy). 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.>* 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.?¢ Electron-withdrawing
substituents in the C(sp?)—H fragment of dihydro compounds
substantially decrease their tendency to undergo hydride abstrac-
tion and increase the electron affinity of the conjugated azinium
cations.'®® 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.'%4 195 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).!0¢

H CN
Me 11

—

—H*

Electrochemical oxidation of unsubstituted N-methylacridane
(3) to the N-methylacridinium cation in the presence of pyridi-
nium bases also occurs by the single-electron transfer mechanism
(EPE).'%! The deprotonation rate constants of the AcrHj " radical
cation were determined depending on the strength of the base with
the use of spectorphotometric and electrochemical methods, and
the constants pK, 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 © complexes (n-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 19719 and with the use of radical
traps [diphenylpicrylhydrazyl, 2.,4,6-tri(zert-butyl)phenol, nitro-
xides, etc.].21>119 Direct reduction of stable radicals and radical
cations by 1,4-dihydropyridines made it possible to observe
radical derivatives of pyridines by ESR spectroscopy.*® 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.!!'! Radicals and rad-
ical cations were found also in the study of photoinduced
oxidation of 1,4- and 1,2-dihydropyrimidines with quinones.''?

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
ESR method by varying the reaction conditions and the structures
of dihydro adducts and using special techniques for observing fast
processes.!13-116 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.!!”
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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.''®
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 ferz-butoxide used as bases was
documented.!%* 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.!%® This radical can undergo reversible dimer-
isation in the temperature range from — 30 to 20 °C.!1°
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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,!2°
which confirms the possibility of the single-electron transfer from
these compounds.!?!- 122

The radical ionic and radical products generated in the photo-
initiated reaction of 10-methyl-9-phenyl-9,10-dihydroacridine
with p-xylene were directly detected by Ohkubo and Fukuzumi.!??
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Photoinduced alkylation of the acridinium cation with 1-ben-
zyl-4-tert-butyl-1,4-dihydronicotinamide was investigated.!?*
Not only the detection of radical species, but also elimination of
the tert-butyl radical from the radical cationic analogue of NADH
due to the influence of the steric factors on the properties of
dihydro compounds and intermediates of their oxidation are of
interest.
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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-substituted N-methylacridanes 9 were
observed with the use of the stopped-flow rapid-mixing ESR
technique.!0?

Direct evidence for the formation of the 1-benzyl-1,4-di-
hydronicotinamide radical cation in oxidation of this compound
with the iron(Ill) and rubidium(1ll) bipyridyl complexes was
obtained.>3- 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.!?8
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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

Tonisation 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.!2%-130

Stability of tetrahydropyrazines with annulated five- and six-
membered heterocycles was studied by mass spectrometry.!3!
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,!3? 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,?4~27,102-104

Table 1. Data from mass-spectrometric fragmentation of dihydro-
azines.'¥

Com- Characteristic peaks, m/z Fragment elimina-
pound (intensity, %) tion of which is the
most probable in
M+ [M—H]* [M—R]* aromatisation
11 220 (49) 219(77) 194 (31) W
13 163 (39) 162 (26) 137 (100) —CN’
14 170 (41) 169 (69) 144 (36) —-H
15 170 (99) 169 (99) 144 (100) —H', -CN’
16 220 (36) 219 (34) 194 (100) —CN’
17 293 (39) 292 (4) 194 (100) CH(COMe)>
18 278 (12) — 194 (100) —CsHgN’
19a 209 (43) 208 (6) 194 (100) —CH;
19b 223 (7) — 194 (100) —CyHs
19¢ 271(100) 270 (39) 194 (14) -H
H CN H CN ‘O H CN
D N D
M Me
11 13 14
O H CHAc
L O “
N
N\Me “Me
H CN H CN

15 16 17
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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- 135137

Japanese chemists 38 studied oxidation of NADH by 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.34 139140

A study of the structure—activity relationships for artificial
analogues of NADP* and examination of the possibility of
immobilising these derivatives °° revealed the conditions for the
use of these compounds instead of natural compounds.”! The
influence of DNA on oxidation of BNAH by photoinduced
oxygen 4! and acridinium cations and on reduction of the
quinolinium cation by a ruthenium bipyridyl complex was inves-
tigated.!*> The photoinduced electron transfer from the donor
[Ru(bipy)%*] 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 © — m 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.!43
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The isotope effects and their dependence on the temperature
for proton transfer reactions involving transhydrogenases were
described.!#* Various compact chemical coenzyme reactors were
designed based on nicotinamide compounds.'#%- 146 An enzyme
reactor for enantioselective reduction of pyruvate to L-lactate in
high yield can be mentioned as an example.'4”

Arguments in favour of the EPE mechanism of reduction of
lipophilic quinones with NADH models were presented by
Zlatovic et al.'*® 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.!#® The shift of the reduction potentials of cations
intercalated into DNA to more 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-electron mechanism of reduction of flavins
by NADH was not denied.! % In the study cited, the formation of a
charge-transfer complex was detected by stopped-flow electron
spectroscopy.

Presumably,!>! 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 !2 provided
evidence for the stepwise EPE mechanism of hydride-labile hydro-
gen abstraction.

Photobacterial catalysis of the single-electron transfer from
NADPH to ferredoxin or flavodoxin was examined.!>* 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,!>* 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.!3> However, intermediates of hydride
transfer were detected in the analogous NADH —cytochrome
system,!3¢ 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, efc.
(Refs 157-163).

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

I11. 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 sp?. 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.?? 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 sp>-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 N —C(4) axis (Fig. 1)'%* and a certain
degree of shielding of hydride-labile hydrogen in the geminal
Unit.165.166

Figure 1. Three-dimensional structure of 3,5-di(methoxycarbonyl)-1-
methyl-4-phenyl-1,4-dihydropyridine.'64

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.!¢7 It
would be interesting to estimate the C(sp?) —H 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.># 102132

For 9-substituted 10-methyl-9,10-dihydroacridines, the pyr-
idine ring is also strongly puckered along the N — C(9) axis, which
is characterised by the average dihedral angle of 150°.168-171 The
ease of dissociation of recombination products of acridinyl
radicals is attributed to the strained structures of heterocyclic
systems,'”> which was exemplified by acridine dimer 20
(Fig. 2).119-169

Me 20

The spatial structures of dihydroacridine radical cations
generated in oxidation of 9,10-dihydroacridines by an iron(III)
salt were discussed.!'9? 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 observed ESR spectra with 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-

@94
40

Three-dimensional structure of N-methylacridine dimer 20.

Figure 2.

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.'”?

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.3?-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.?°
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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 because NADH 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 !7° with
the use of specially prepared model compounds 21. The process is
characterised by high enantioselectivity.

? Me, H O gy
CF; |
X
HO M
o I | wMe
N
+ —
X N
Prl]

X = H, Me, OMe, Cl, Br.

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.®® The
structural effects of the substituents at position 4 are responsible
also for the reactivity of 1,4-dihydropyridines in reactions with
stable radicals.>®

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.!”7® 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.!”” 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.!”® A system consisting of dihydronicotinamide and a zinc
complex was used for reduction of flavin.!”?

Me 1(\(
" 531

X is a chiral linking group.

The involvement of bipyridyl complexes of ruthenium and
other metals in regioselective reduction of substrates by NADH
models was documented. 80181

Data on stereospecificity of the hydride transfer in NAD-
dependent synthases in the antibiotic synthesis were published in
the literature.'? The conformational exchange of the carbothio-
amide group in the hydride transfer between transhydrogenase
and the thionicotinamide analogue of NADH was docu-
mented.'®3 The factors influencing the stereoselectivity of the
hydride transfer between the NADH model and the NO-bound
cytochrome P450,'3 keto esters 3% and dehydrogenases were
reported.!$>

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.'8¢

OH

Ph

23 (R = H, Me) 24

New chiral NADH models were designed based on hydro-
genated quinoline.'®7 189 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.'87

CH,Ph
H HO
‘P‘\\\\\‘\N
Mg(ClOy4),
o~ 4 PhC(O)COMe  — ECI0:
MeCN, 20 °C,24 h
Me
CH:Ph
MeO [N P!
OH ¢
— I LT
+ +
phw CO:Me o N~ "Me

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 '7® and pyridinium salts 28.1%0
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N
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|
R o R (0]
MeO MeO
28 (45% —62%)

R = Me, Bu", Ph; (a) (1) RCuLi, (2) (CCCO),0, (3) MeONa.

The optically active model NAD compound based on quino-
line was reduced by chiral dihydropyridine °! to form a mixture 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%.

Me O‘ H Me ‘O Ph

Ny NZ Me  peeN

i + H H _—
20 °C, 36 h

1‘w Me 1‘\1 Me ’

Me

S configuration

R configuration
e

Me?
1)
N Me

M

(¢

Regioselective reduction of 1-benzylnicotinamide triflate in
the presence of a ruthenium bipyridyl complex was docu-
mented.'”> Many bridged NADH analogues 47 and 1-benzyl-3-
(p-toluenesulfonyl)-1,4-dihydropyridine derivatives '°3 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.'* 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,'®> 1°¢ 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.

(6]

Sy

©)
T
s
©)

o (0] + R Me + S\R7
o~ N N0
‘ +
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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.!®’

Me &O
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I H H
H H NI X
X |
| N
N H
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HN._0 O{\H 0/\/0
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~
HNT PO\ ~0
07~ “NH
N H
| N
X |
H H X
30 H H

X = C(O)NHBu".

Such first-order intracomplex reactions are inhibited by cations
capable of complex formation.'”* 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.!8
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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.!®°-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 m-electron acceptors (tetra-
cyanoquinodimethane, dicyanodichloro-p-benzoquinone, tetra-
cyanoethylene, etc.) were described.?%3

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 of molecular
switches, conductors, semiconductors, visible light converters into
the electric energy (solar elements) and, on the contrary, nonlinear
optical materials, etc.

Hydrogen bonding, n— n-stacking interactions or Coulombic
interactions can be employed for recognition of amino acids,
nucleotides and heterocycles through complementary binding. It
was mentioned '4? that such interactions have an effect on the
electron and hydride transfer involving DNA 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.?** Analogous structures were
described in the publications.?%3~207

\ ) \
N _
~ + ‘ =+ ‘
o HO OH [
X X
‘ + = NH2 ‘ +
N N
\ 7\ |
32

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

(H2C)s

o

N
H Me
33

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.!** A polysiloxane-immobilissd NADH
model compound was prepared.?!? 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.?!!

Scheme 4
9 H H
G}Si*(CHz);NH*C )
N
CH»Ph
NaHSO5 olefins
aqueous phase Separation organic phase
Na»S>04 products
i
G}Si*(CHz)gNH*C | N
+
D
CH,Ph

P is silicate.

Redox processes involved in NAD - NADH transformations
can be performed in molecular devices which convert molecular
recognition events into electronic signals. Quinones and the 1,1’-
dimethyl-4,4"-bipyridinium dication were examined as such com-
pounds.297

+// \ +
Me—N \ N—Me
2X~

Pyridinium cations 34 linked by a long chain of conjugated
C=C bonds are fragments of so-called molecular wires.!** 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.?!?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.?!4

Macrocyclic NADH models containing two or four nicotin-
amide fragments were prepared.?!s 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 2 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.

The Nobel laureate Albert Szent-Gyorgyi 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.?!$

In recent years, studies on the fine mechanism of the
C(sp?)—H 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, efc.) 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 various
compounds using iron carbonyl complexes is based on two types
of reactions [redox disproportionation of iron carbonyl induced
by Lewis bases and oxidative addition of Brensted and Lewis
acids to (hydrido)carbonylferrate anions] comprising single-elec-
tron initiation steps and subsequent radical chain reactions. The
role of iron carbonyl radical anions as catalysts for carbonylation
processes with controlled reduction potential of the medium is
noted. Characteristic features of the radical chemistry of iron and
other transition metal carbonyls is analysed. The bibliography
includes 262 references.

1. 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 ! and then iron pentacarbonyl.?3 The discovery of
the Fischer — Tropsch process for hydrocarbon synthesis from
synthesis gas (CO + H)*~7 and hydroformylation of organic
compounds made a major impact on the development of this field
of chemistry.® 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 + H,0)° may be regarded as the major achievements of
these studies. As far as carbon monoxide is a key component of the
CO + H; and CO + H>O 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
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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.> %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, in most 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 !3-14). They have shown that the two-
electron redox disproportionation is the predominant pathway of
these reactions. This process results in the formation of Fe?* salts
with carbonyl-ferrate dianions (CFA) and (or) with their proto-
nated analogues, hydridocarbonyl-ferrate monoanions (HCFA).

[FeLy]**[Fe)(CO)q— 11>~
CFA
Fe, (CO),, + kL
[FeLi]* *[HFe,(CO)g—1]y
HCFA
n=1lm=5%n=2,m=9%n=3, m=12;p=1,q=5p=2,4=09;
p=3,q=12; p=4, g=14; 2<k<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
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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.!> 1

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:Z’ 5,14—-16

Fe,(CO)m —> Fey(CO)y—1 + CO,
Fe, (CO)p—1 + L —> Fe,(CO)p—1L.

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

The catalytic scheme of water —gas shift reaction (Scheme 1)
suggested by Pettit and co-workers!”-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 by King e a/.'®-2° The nucleophilic addition of a base to
acarbonyl 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.

o HO- Scheme 1
7/ Fe(CO)s
Fe(CO)4 [Fe(CO)4(COOH)]~
H, CO,
HoFe(CO)4 [HFe(CO)4]~
HO—- HzO

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

Feu(CO) + MesN—>O —»> Fen(CO)_1C(O)---ONMes — >
e Fe(CO)_ 1 + COs + MesN,
Fen(CO)m—] +L — Fen(CO)m—]L-

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,?® which states that the predominant
pathway of these reactions consists of consecutive formation of
18-, 16- and 18-electron complexes (18¢ — 16e — 18e).

The formation of 16-electron coordinatively unsaturated
species, for example Fe(CO)s4, is postulated on the basis of their
detection by IR spectroscopy in the gas phase2%-27 and in noble
gas matrices at 4—20 K.28-3! 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 (6.6 x 1010 5).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.

I1. 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) [Fe,(CO),, ]~ n=1, m=5;
n=3,m=12)and [Fe,(CO),,_1] " (n=1,m=5n=2,m=09;
n=3,m=12;n=4,m = 14), which may 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 3439
and by cyclic voltammetry using platinum,3’-4! gold 4>43 and
glassy-carbon electrode.?®

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,**~4¢ or by oxidation of carbonylferrate anions by, for
example, ferrocenium or silver salts.*®-47 Iron carbonyl radical
anions are formed also during UV or ®°Co y-irradiation of the
corresponding iron carbonyls or CFA 43,45, 4852

The formation of [Fe(CO)4]~" 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.?'-33-54 In
order to suppress the formation of mono- and polynuclear iron
carbonyl radical anions, a stabilising agent, namely, 0.02% of
CCly, has been added to the system (the mechanism of stabilisa-
tion is discussed in Section VII).3! The [Fe(CO),]~* radical anion
in Ne or Ar matrices has Cs, symmetry and its IR spectrum
exhibits a CO absorption band at 1859.7 cm~! (in Ne) or at
1853.5 cm—! (in Ar).31,48, 53,54

Only the signals of terminal CO groups [vco = 2057 (vw),T
2017 (w), 1984 (vw), 1966 (m), 1933 (w), 1922 cm—! (w, sh)]3>-¢
are present in the IR spectra of [Fe3(CO);;]~" in THF, while in a
solution in aqueous THF in the presence of NaOH, the spectrum
changes [vco = 2057 (vw), 2019 (vw, sh), 1982 (vw), 1969 (m),
1960 (m, sh), 1933 (w), 1916 cm—! (w, sh)].”’

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 ICRA and
their hydrido analogues (g-factor and hyperfine splitting con-
stants @ on the 'H, 13C and 7Fe 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);] ",
has been isolated as bis(triphenylphosphine)iminium (PPN *) and
[PPhy] ™" salts and characterised by elemental and X-ray diffrac-
tion analysis. The X-ray study has shown that the anion consists of
a triangular core of iron atoms with one semibridging and ten
terminal CO ligands.> 3¢

c\(\)\\ /Fe(C(m B

\

(OC)sFe Fe(CO)s

The photoelectron spectra of the [Fe(CO)4]~* radical anion
have been reported,® % and its reactivity towards various com-
pounds in the gas phase was studied by mass spectroscopy and ion
cyclotrone resonance.®” 70 Besides, clusterisation of ICRA in the

T 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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Table 1. ESR data of some ICRA and its hydride analogues.
Species g a /mT (the number of nuclei) Temperature  Solvent Ref.
ke
qH 13C 57Fe

[Fe(CO)4]— (1) 2.0486 —80 THF, MeTHF 43,49
[Fea(CO)s]—* (2) 2.0385 3.7(2) —80 THF 46
[Fe3(CO)11]~ (3) 2.0497 5.2(1) —80 THF 46
[Fes(CO) 1]~ (4) 2.0016 3.55(12) 3.1(3) —80 THF 46
[Fes(CO)13]~" (5) 2.0134 16.2(3), 14.2(3),2.5(6), 7.9 (1) 1.27(3), 5.8 (1) —80 THF 46
[HFe(CO)4]" (6) 2.0545 22.60 (1) —110 n-CsHy, 49
[HFe>(CO)s]” (7) 2.0122 22.22(1) 12.37(2) —110 n-CsH» 49

2.0120 22.2(1) 12.3(2) 3.60 (2) —100 n-CsHya,

cyclo-C3Hg 58

[HFes(CO)11]" (8) 2.0641 18.95 (1) 10.0 3) —80 n-CsHys 49

2.0635 18.4 (1) —80 THF 58
[H3Fe(CO)s]’ 2.0459 24.9(2),2.9 (1) —80 n-CsHy» 49
H3Fex(CO)/] 2.0161 16.7 (1), 5.0 (2) —80 n-CsH» 49
[HyFe(CO)3]—* (9)  2.0529 222(2) —110 MeTHF 59
[H2Fex(CO)7]— (10)  2.0435 22.4(2) —80 MeTHF 59
[H2Fes(CO)1o]—* (11)  2.0489 24.2(2) —40 MeTHF 59
Note. MeTHF is 2-methyltetrahydrofuran.
reactions of [Fe(CO)4]~* with iron pentacarbonyl in the gas phase Scheme 3

were studied 7' ~73 and IR spectra of the clusters formed were
obtained.”

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.

II1. 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.” =7 Nevertheless, the concentrations of the ICRA
were relatively high (10=3-10—2 mol litre—1).

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 Cl1— and
HO™ in acetonitrile are equal to +2.24 and +0.92 V, respec-
tively 89). These processes have to be interpreted as anomalous
reactions proceeding ‘against the potential’, which are similar to
the reactions between p-quinones and bases studied by Pedersen.®!

The concept of the ‘activating complex formation’ was sug-
gested by Abakumov 3283 to explain the mechanisms of this type
of reactions. As applied to iron carbonyls, this concept may be
formulated as follows: if a donor L~ (a Lewis base in its anionic
form) is unable to reduce directly an acceptor C (an iron carbonyl)
but forms a complex CL—, 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 o-bonds without a m-electronic
conjugated system. Elimination of an electron from such a
compound results in a significant change in the atomic charge of

L=+C 2% L'+ C,
L-+C — CL-,
CL-+C — CL' + C—.

the ‘key’ atom. This process is energetically unfavourable. On the
contrary, the CL~complex 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.

_0
(CO)—1Fe,C .

The structure of such adducts is well known (see, for example,
the review3¥). The kinetics of formation of hydroxycarbonyl
(L = OH) and methoxycarbonyl (L = OMe) iron complexes in
solution has been studied.®>~37 The thermodynamic and kinetic
aspects of the formation of such derivatives in the gas phase are
described in papers.®7-88-92

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)s.
.C(O)OMe] has been isolated.’*23 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
below —80 °C. The type of ESR spectrum and the character of its
gradual change are similar to those for the reaction of Fe(CO)s
with sodium methoxide.”” Therefore, the reaction of iron carbonyl
with anionic Lewis bases may be represented as follows:

Fe,(CO),, + L= == [Fe, (CO),,—1C(O)L], (1)

[Fe, (CO),,—1C(O)L]~ + Fe,(CO),, —> 5

—> [Fe,(CO),,—1C(O)L]" + [Fe,(CO),] ", @

n=1m= 5n=2m=9,n=3, m=12.
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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, NR;,, CR,NO> (R = H, Alk, Ph)], alkali metal
and complex cation salts M+ L~ (M is an alkali metal, PPN, NRy;
L= H, F, Cl, BI', I, CN, SCN, N3, MCCOZ, CF3C02, MSSO3,
NO,) as well as sodium salts of dianions $2—, CO3~, SO3~ have
been studied in the reactions with Fe(CO)s, Fex(CO)y and
Fe3(CO);,.7°~7°  Tetrahydrofuran, 2-methyltetrahydrofuran,
diethyl ether, monoglyme, dioxane, methylene chloride, metha-
nol, ethanol and THF —water (10:1 by volume) were used as
solvents.”®

Redox disproportionation of iron carbonyls induced by
neutral Lewis bases is much more difficult. Particularly, the
interaction of Fe(CO)s with neutral bases (ROH, RSH, R,NH)
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.’’ 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)].

Fe,(CO)y + L === Fe,(CO),,_1C(O)L, (3)
Fen(CO)m_1C(O)L + Fe (CO),y —>

“4)
I [Fen(co)mf IC(O)L] 4+ [Fen(co)m]i-n

n=1lm=5n=2m=9,n=3m=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 7°
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)s, Fex(CO)o and Fes (CO)12 has shown that the rate is the
lowest for Fe(CO)s and the highest for Fe3(CO);2. The difference
is a result of the higher reduction potential (E1 2 req) for Fe3(CO)12
(which is in the range from —0.32 to —0.44 V) 38-3%in comparison
with that for Fe(CO)s (E1j2rea = —1.77 V).3° The electron trans-
fer step [reactions (2) and (4)] proceeds much easier for Fe3(CO);2
for this reason. Probably, the heterogeneity of the Fey(CO)y—L
(or L™) 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 substrate molecule may 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.8¢-%3

2. A scheme of transformations including (according to the
Tolman rule ) 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.?® 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-%7 and
final products are known.’® 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® 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 (—1),
respectively.¥ These complexes initiate two chains of transforma-
tions caused by substitution reactions in the coordination sphere
of the radicals. Whereas Fe(— 1) 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 Fe?*. This gives inorganic compounds of the Fel,
type (L is an anion) or salts of the [FeL,]* " cation (L is a neutral
base).!3 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.,
NO; into NO7%) or when the n-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.”6-%°

The radical complexes [Fe(CO)s_,L,]*" (n = 1, 2), in which
one or two CO groups are replaced by phosphine or phosphite
ligands are most stable.!0~103 The complex [Fe(CO)3(PPhs),].
[PF¢]-0.5CH,Cl, has been isolated ' and characterised by
X-ray crystallography.!04

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 [Fex(CO)s(SR)2]™" and
[Fe3(CO)o(SR)2] " types formed in the reaction with Fe(CO)s
may be detected.””-°7 The number of metal atoms may change as a
result of exchange of the CO ligands with the starting iron
carbonyl or the L~ 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)s Fe(CO)s
[Fe(CO)L]® =——= [Fex(CO)L]" =—— [Fe3(CO);oL]"
Cco Cco
CO“ L—- CO” L—- CO“ L— (6)
Fe(CO)s Fe(CO)s
[Fe(CO)sLo]—* = [Fex(CO)sL2] * = [Fe3(CO)oLo]~*
co co

1 Strictly speaking, the oxidation stages should be noted as +(1/n) and
—(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)s 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
L~ 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 [Fe,(CO),,] *. These
ICRA are formed during single-electron redox disproportiona-
tion [reactions (2), (4)]. The ICRA are transformed into more
stable electron-deficient species [Fe,(CO),,—1]~" 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]_' — > [FC,,(CO)W,,I]_' + CO (7)

Usually, the formation of ICRA 2-5 is observed in any
combination of the starting iron carbonyl and the base.”¢~7°
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)s 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)s with strong bases, such as NaOMe and NaOEt, in
2-methyltetrahydrofuran at —100 °C.7® In similar reactions of
Fe3(CO);2 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 Fe,(CO)y; radical anions
3—Semerge at later stages. Similar succession of ICRA generation
was observed during the reduction of iron carbonyls over a
sodium mirror.*¢ The equilibrium between ICRA 2—5 with the
trinuclear radical anion 3 as the major 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
[FesC(CO)14]~" and [FecC(CO)16] ~* radical anions in the temper-
ature range from — 30 °C to 50 °C.”’

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)s]—* + Fe(CO)s = [Fex(COY]—* + CO, (8)
1 2

[Fea(CO)s]—* + Fe(CO)s —=[Fe3(CO);2] " + CO, 9)
2 4

[Fe3(CO)1a] " —= [Fes(CO)u]—" + CO, (10)
4 3

[Fex(CO)]— + Fe(CO)s == [Fes(CO)s]—* + 3CO. (1
3 5

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

§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.

45
[Fes(CO)15]~" + Solv === [Fex(CO); Solv]~* + Fe(CO)s, (12)
[Fex(CO);-Solv]~" + CO == [Fe, (CO)s]~* + 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.”>~74 The reverse process, namely,
a catalytic conversion of Fe3(CO);» into Fe(CO)s by electron
transfer, has been described.!%8

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 [Fe,(CO),,_1]>~, 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.”’

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.!3- 14

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

The (hydrido)carbonylferrate anion—Brensted (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.!9:20-84.109.110 Begides, the interaction of CFA and HCFA
with Brensted and Lewis acids may take place in non-catalytic
processes as well, namely, in stoichiometric reactions giving
aldehydes, ketones, carboxylic acids, esters and amides,'!! o-di-
ketones,''? and in the reduction of o,B-unsaturated carbonyl
compounds.!3- 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. '3 115 For example, the
radicals are formed during the direct reduction of an alkyl halide
(Lewis acid) by HCFA 116,117

[HFe(CO),)~ + RHal —» [HFe(CO),]" + RHal—* — >
6

—> Fe(CO); + RH + Hal—.

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.!9% 118 Intensive generation of ICRA 2-5 in the reac-
tions of CFA and HCFA with Lewis and Brensted acids has been
observed by ESR spectroscopy.> 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 (B~), 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).

Scheme 4

B~ + At XX> B + A’
B~ + A* —» BA,
B~ +BA —> B + BA—".
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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

+ +

[HFen(CO)m— 1]7
—H* —H*

——— HZFen(CO)mf 15

[Fen(CO)m— 1]2 -

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

or the oxidative addition of alkyl and acyl halides to
them!5-93.109. 111, 113,119 124

[Fe(CO)P~ + RX —>» [RFe(CO)l~ + X—, (14)

[RFe(CO)s]~ + R'’X —> R'RFe(CO)s + X, (15)

R = H: R’ = Alk, AIKC(0); R = R’ = Alk, Ar, AIkC(0), ArC(O);
X = Cl, Br, 4-MeCsH4SO; (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 R'RFe(CO)4

[RFe(CO)s]~ + R'RFe(CO); —> 16
— > [RFe(CO)4]" + [R'REe(CO]—".

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

[HFe,(CO)n 1]~ + HaFe, (CO)p—1 —> a7
—> [HFe,(CO)pu—_1]" + [HoFe (CO)p—1]"".

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
H,Fe(CO)4 [R =R’ =H in reaction (16) or n=1, m=5 in
reaction (17)] directly into an ampoule located in the cavity of an
ESR spectrometer.® No ESR signals were observed in a solution
of H,Fe(CO)4 in 2-methyltetrahydrofuran at temperatures below
—60 °C. 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 HyFe(CO)s with (PPN)[HFe(CO)4] in this solvent
results in the appearance of ICRA signals at as low as — 100 °C. It
was shown,* that 17-electron radical [HFe(CO)4]" and 19-elec-
tron radical anion [HoFe(CO)4] —°, formed at the electron-transfer
stage of the reaction, are unstable under these conditions and are
quickly converted into [Fea(CO)g]~* by reactions (18) and (19),
(20), respectively.

[HFe(CO)i] + [HFe(CO)i]~ —> [Fex(CO)]~" + Ha,  (18)
6 2

[H2Fe(COY]— —> [Fe(CO)l—" + Ha, (19)

[Fe(CO)s]~* + HyFe(CO)s —> [Fex(CO)s]—* + Ha. (20)

1 2

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

94/ Tri- and tetranuclear CFA can be alkylated and acylated at the carbonyl
group resulting in the formation of the [Fe,(CO),,—2(COR)]~ (R = Me,
Ac; n=3, m=12; n=4, m = 14) complexes, which mainly tend to
undergo transformations of the carbonyl ligand.!>

[Fe3(CO)1o]~* + Ha
[Fex(CO)s]—* + H,Fe(CO)4 { 4 21
2 [H2Fe3(CO)10]— + CO

11

The transformations of RR'Fe(CO)s complexes (R = H,
R’ = Alk, Ac) should be particularly noted. These are the key
compounds in many processes involving [HFe(CO)4]~ (Ref. 106).
In this case, reaction (16) is as follows:
[HFe(CO)4]~ + R'HFe(CO); —»> @)
— > [HFe(CO)4]" + [R'HFe(CO)4]~".

The unstable 19-electron complex [R'HFe(CO)4]~" formed
initially is transformed into the more stable 17-electron species by
elimination of R'H or CO [reaction (23)]. In the latter case, the
[R'HFe(CO);]* radical anions are formed. They were detected in
the reactions of acyl halides R’X (R’ = Ac, Bz) with [HFe(CO)4]~
(Ref. 59).

[Fe(CO)]—* + R'H
[R'HFe(CO),] {
[R'HFe(CO)s]—* + CO

It is remarkable that the [R'Fe(CO)4]~ and [HFe(CO)4]~
anions do not react with each other. For instance, propionalde-
hyde is not formed in the reaction between [EtC(O)Fe(CO)4] ~ and
[HFe(CO)4]~; however it is formed in 57% yield when the acetic
acid, which partially protonates the [HFe(CO)4] —, is added to the
reaction mixture.!?> 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]~ and its consumption
according to reactions (16) (for R = R’ = 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 Brensted 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):

(23)

[Fe(CO)]~" + RX —> [RFe(CO)" + X—,
and then, similarly to reaction (18), species 2 are formed.

[RFe(CO)4]" + [HFe(CO)s]~ —> RH + [Fex(CO)s] .
2

(24)

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:

[Fex(CO)s]—" + RX ——> [RFez(CO)g]' + X,

[RFex(CO)s]” + [HFe(CO)]~ —> RH + [Fes (CO)1a] .
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 Brensted and Lewis acids.
The reduction potentials of these CFA make the processes
thermodynamically favourable.4? 126

(2%

[Fen(COm—1]~" + [Fep(CO)y 1P~ —>

3,5
’ (26)
> [Fe,(CO), 1P~ + [Fey(CO)y 1],
1,2
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[Fe(CO)m—1]~" + [HFe(CO)]~ —> Fe(CO)s:

3,5 27) Ewa= —1.77V
—> [Fe,(CO),,,— 1>~ + [HFe(CO)4],
6 1 2 3 4
n=3m= 12Q@;yn=4m=1405);p=1,q=51);p=2,¢=9(2). / / / /

The final products of the reaction are diamagnetic com- ‘ : : : >
pounds, mainly the modified organic ligands and polynuclear —1.95 —1.68 —1.55 =096 E/V
CFA and HCFA.

Thus, the reactions of (hydrido)carbonylferrate anions with Figure 1. The scale of the redox potentials of the following pairs:

the Bronsted 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)s with [Fe(CO)4]>~
yields [Fea(CO)g)>~ [reaction (28)]:4%43. 113, 127129

Fe(CO)s + [Fe(CO)y>~ —> [Fex(CO)sP~ + CO.

The [Fe3(CO);1]>~ anion is
[Fex(CO)2~ (Ref. 127)

Fe(CO)s + [Fex(CO)s]>~ —> [Fe3(CO)y 1>~ + 2CO,

while the reaction of [Fe3(CO);» with [Fe(CO)4]?>~ results in the
formation of [Fes(CO);3]*~ (Ref. 130):

(28)
formed from Fe(CO)s and

Fes(CO)1z + [Fe(CO)P~ —> [Fes(COY 132~ + 3CO.

It was shown 77 that the [Fe(CO)4)?>~ and [Fe(CO)s]>~ anions
easily react with Fe(CO)s and Fe3(CO);2, 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]*>~ or
[Fe4(CO)3]>—, with Fe3(CO);» give first mainly heavier radical
anions 3-5. It should be noted that the reaction of
(PPN),[Fe3(CO);;] with Fe3(CO), is the preparative method for
the synthesis of the stable radical anion salt, (PPN)[Fe3(CO);]~*
(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.

[Fe,(CO), 1>~ + Fe,(CO),, —»
—> [Fe)(CO)—1] ™" + [Fe,(CO)y 1]~ + CO,

forp=1,g=5Sandp=2,¢q=9n=1l,m=5n=2,m=9;n=3,
m=12;forp=3,q=12andp=4,g=14n=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).#?

The two-electron reduction potential (Ereq = —1.77 V)3 for
Fe(CO)sis 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)s]~* to the corresponding anion. In the electrochemical
terms, this corresponds to the two-electron reduction with an
intermediate chemical stage (ECE). The value Ejj2reqa = —2.67 V

T 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.

[Fe(CO)*~/[Fe(CO)] =" (1),  [FexCO)J*~/[Fex(CO)]~"  (2),
[Fe3(CO)11]*~/[Fe3(CO)ii]~" (3) and [Fes(CO)13)*~ /[Fea(CO)13] " (4) in
THF .42

has been reported 43 for the reduction potential of Fe(CO)s, which
is probably related to the supporting electrolyte used, BuyNBF4
(El/'Zred = —275 V 132).

Whereas the interaction of trinuclear [Fe3(CO)y >~ and
Fe3(CO)12 complexes (E12red from —0.32 to—0.44 V38:3%) 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
[Feo(CO)s]?~ when the concentrations of the starting compounds
are equimolar [see reaction (28)].

[Fe(CO)P~ + Fe(CO)s —»> 2[Fe(COYN]— + CO,
[Fe(CO)]—* + Fe(CO)s —»> [Fex(CO)]— + CO,
[Fex(CO)s]—* + [Fe(CO)P~ — > [Fex(CO)2~ + [Fe(CO)4]~".

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.

[Fea(CO)s]>~ + Fe(CO)s —> [Fex(CO)g]—* + [Fe(CO)q]—* + CO,
[Fex(CO)s]—* + Fe(CO)s === [Fe3(CO)12] " + CO,
[Fe3(CO)12]—* == [Fe3(CO)i]~* + CO,
[Fe3(CO)q1]~* + [Fe(CO) P~ —>

—> [Fe3(CO) 1>~ + [Fe(CO)q] ",
[Fes(CO)1i]™" + [Fex(CO)*~ —>

—> [Fe3(CO)PP~ + [Fex(CO)s] .

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
©)-(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 various metals 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.!?7-134.135.137  The charge transfer in the
A,[Fe,(CO)g] salts, where A are N-methylated pyridine deriva-
tives, PPN, Phy4P or the organometallic cation [CpFe(CsHg)]*
(Cp is cyclopentadienyl), has been described.'?® The electron
transfer in this system results in the formation of radical anion 2,
which undergoes subsequent conversions.

[Fes(CO)s>~ + AT —>[Fex(CO)g] " + A"
2

The structures of [Li2(THF)Fe2(CO)s) and
[Lio(THF)4Fes(CO)s], complexes in which the iron carbonyl
fragment contains two bridging CO ligands with coordinated
Li(THF); and Li(THF), groups have been determined by X-ray
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crystallography.'3® A similar structure of the Fex(CO)s fragment
was suggested for the [Fey(CO)g]—* radical anion.”-%3 On the
contrary, the structure of the corresponding carbonylferrate
anion [Fex(CO)s ]~ does not contain any bridging groups, two
Fe(CO)4 fragments being linked only by the Fe—Fe
bond.133-138. 140,141 Tt should be noted that the lithium salt with
the [Fe(CO)4*~ anion is unknown in a pure state. As the
reduction  potential of Li* (Eipra from —1.42
to—1.82 V) 142143 i |ess negative than the redox potential of the
[Fe(CO)4)?~ /[Fe(CO)4]~* pair (see Fig. 1), the reduction of Li™"
occurs. In the case of [Li2(THF)sFex(CO)s] and
[Lio(THF)4Fe2(CO)s), complexes, when the redox potential of
the [Fea(CO)s]*~ /[Fea(CO)s] —* pair (see Fig. 1) falls in the E}/2 rea
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.

V1. 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);» (Refs 60, 144 —146)
and complexes of the Fes(us-E)>L(CO)s type, where L = CO:
E = NAr, PPh, S, Se;!47-151 E, is 2,3-diazanorbornene;!%?
L = C3H,S,, E = S 153154 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. !> It appeared that these processes correspond to
the known substitution reactions or to the catalytic conversions
induced by electron transfer:136-158

-
MCO + ¢ —> MCO-,

29)

MCO— —> M~ + CO, (30)

M-+ L—> ML, (31)
E;

ML~ —> ML + e, (32)

ML~ + MCO —> ML + MCO—, (33)

MCO is iron carbonyl complex,
L = PR3, P(OR)3;, NCR (R = Alk, Ar).

If the standard elecrochemical potentials of reactions (29) and
(32) obey the inequality E5 > Ef, then the electron-induced
nucleophilic substitution, EINS, takes place.!#0-155 If E{ > E3,
then a catalysed reaction called electron-transfer chain catalysis
(ETC) takes place.!46-157-158 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 (MCO ~—*and ML ") and 17-
electron (M ~°) 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

Scheme 5
ML € »MCO
(18¢) (18¢) \
ML~ MCO—
(19e) (19e)
A CcoO
(17e)

example, reactions (6), (8)—(10) in Section III and also the
papers 108.159].

In spite of the fact that no data on the ETC processes 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.!® As applied to the iron carbon-
yls, these transformations may be described as follows
(Scheme 6):

Scheme 6

=
MCO —> MCO** + e,

MCO** + L —= MCOL*",
MCOL** —> ML** + CO,

ES
ML** + e —> ML,
ML** + MCO —> ML + MCO*",

MCO is iron carbonyl complex,
L = PR3, P(OR)3 (R = Alk, Ar).

If ES > E3, then electron-induced nucleophilic substitution
takes place. For instance, the nucleophilic substitution of the CO
group in the [Fe(CO)3(PPhs),]** radical cation yielding the
[Fe(CO),. .(PPh3)(L—L)]** complex, where L —L are 1,2-dike-
tones, o-chloranyl, 1,2-naphthoquinone, belongs to this type of
reaction.'9% 161 If ES > ES, the catalytic ETC process occurs.
Only one example of ETC process in which the addition of the
nucleophilic anion (EtS—) is followed by rearrangement of the
metal skeleton is known for 17-electron Fe(+ 1) carbonyl com-
plexes.?®

[Fex(CO)C(O)SE~ —2>  [Fes(CO)11C(O)SE]", (34)
[Fe3(CO);1C(0)SEt]" —> [Fex(CO);SEt]” + Fe(CO)s, (35)
[Fex(CO);SEt]" + [Fes(CO);,C(O)SEt]~ —> 6)

— > [Fex(CO);SEt]~ + [Fes(CO);;C(O)SE{]" .

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.

VILI. 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 (—1) [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.
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Fe(CO)s + L === Fe(CO);C(O)L, (37)

Fe(CO),C(O)L + Q == [Fe(CO),C(O)L]** + Q. (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 [Ej2reqa = —1.77 V in THF vs. the
saturated calomel electrode (SCE)],? as, for example in the case of
the nitroso compound Bu'NO [E|pnrea = —1.36 V. (MeCN,
SCE)};'92 haloalkanes, viz., CCly [Eij2rea = —0.78 V (dioxane,
SCE)] 193 and CHCl; [E1j2rea = —1.68 V (dioxane, SCE)],'%3 as
well as sulfur [Ei2rea = —1.077 Vin DMF vs. the Fc/Fc™ couple
(Fc is ferrocene) 104].

A study of the reaction of Fe(CO)s with 2-methyl-2-nitro-
sopropane (Bu'NO) in THF or toluene in the absence of electron
donors has shown that at 20 °C, the induction period of the
reaction is rather long (~20 min).”® The fast accumulation of the
Fe(CO)sNO’ [Fe(11)] and Bu'NO~", which are subsequently
converted into the stable radicals (OC)3;(NO)FeN'(O)But and
BuyNO', takes place after this period.

Fe(CO);NO" + Bu'NO —> (OC)3(NO)FeN'(O)But

Bu'NO~—" —> (Bu!)" + NO—,
(Bu) + BuNO —> BujNO".

(39)

The intermediate nitrosyl anion NO™ initiates the already
discussed scheme of redox disproportionation of Fe(CO)s under
the action of an anionic nucleophile.

Fe(CO)s + NO~ —> [Fe(CO)sC(O)NO]-,
[Fe(CO)C(O)NO]~ + BulNO —»

(40)
— > Fe(CO);NO" + 2CO + Bu'NO—",

After the end of the induction period, the process proceeds as a
chain reaction, which is provided by the formation of BuNO~"in
reaction (40) and its decomposition [reaction (39)]. In the case of
excess Fe(CO)s relative to Bu'NO, after complete decomposition
of nitroso compound, the resulting BuyNO" [E}j2req = —1.63 V
(MeCN, SCE)] %3 is reduced to the hydroxylamine anion accord-
ing to a scheme similar to reaction (38).

The Fe(CO)s—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.!®¢~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 RX " radical anion
decomposes to give the R’ radical, which subsequently partic-
ipates in the radical process, and a halide ion X ~. The latter reacts
with Fe(CO)s, 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 ClI(OC);FeN'(O)But, and alkyl
radicals, were identified by spin-trap methods.?®-1°-171 In the
presence of olefins, diamagnetic Fe?* 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)s with polyhalomethanes CCI;X (X = Cl, Br) in the
presence of DMF yields hexachloroethane, which is also evidence
for the radical Cl5C" generation.!”> 173 In the presence of hydro-
gen donors (alcohols, mercaptans, organosilicon hydrides), the
hydrogen atom adds to the RCCIl; radical formed upon decom-
position of RCCls. Thus, readily available compounds containing
a trichloromethyl group are reduced to dicloro derivatives.!¢”

A study '7# of the reaction of Fe(CO)s with sulfur (Sg) in THF
at 20 °C has demonstrated that after the induction period
(>10 min), the ESR spectra exhibit a broadened signal for S35~
with g = 2.031 (according to the literature, g = 2.032'7% and
2.033176). However, no ICRA are detected. The stable radical
anion S5 *, together with S2~ (n < 8), is formed from Sg * through a
relatively complicated disproportionation.'¢4177-178 The polysul-
fide dianions S?~, being Lewis bases, initiate the redox process
according to reactions (38) and (39), where Q = Sg. The identi-
fication of the Fe™ radical carbonyl complexes in this system is
difficult, because their signals overlap with the broad signal of S5
However, the formation of diamagnetic complexes of the
S>Fex(CO)s, SoFe3(CO)g and SFe; (CO)po type 172181 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 Sg, the S, " 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.!81-182 This process may be used for the low-temperature
vulcanisation of resins. It was also reported that Fe(CO)s in the
presence of sulfur is an effective catalyst of lignite and bituminous
coal liquefaction under hydrogen'83-184 or water gas
(CO + H,0) '35 gasifications.

Thus, in the reactions with Lewis bases in the presence of
compounds reduced more easily than iron pentacarbonyl,
Fe(CO)s 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 Fe?', or to
diamagnetic carbonyl complexes of the LoFex(CO)e, LoFes(CO)y
and LFe3;(CO)o type, where L is a nucleophilic ligand. Another
reaction pathway is determined by the Q ~* 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 (18¢ — 16e — 18¢). 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 Brensted and Lewis acids to the (hydrido)-
carbonylferrate anions (see Section 1V).19,20.84,109.110 [n both
cases, ICRA 2-5 are formed. These ICRA are fairly stable and
their steady-state concentrations during the reaction may be high
(10=>-10—2 mol litre—!). At the same time, ICRA 2, 3 and 5 are
coordinatively unsaturated electron-deficient systems with 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 ’® and was con-
firmed later 557 with [Fe3(CO);1]~* as a model compound.>¢->7
Radical anion nitrene complexes were found by ESR method in
the reactions of Bu'NO, and Bu'NO 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. This molecule 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
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oxidation state (— 1) 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.”®

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
carbon monoxide, the nitrogen-containing ligands in intermediate
complexes are reduced at the expense of oxidation of Fe(— 1) into
Fe(+ 1). Further on, the radical anions lose the unpaired electron
to be transformed into well known diamagnetic complexes with d”
electron configuration of the iron atom, for example, into
Fea(CO)6(NR)2, Fe3(CO)o(NR),, Fes(CO)1oNR, erc.'86-187 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.>® '8 The intermediate
radical anion nitrene complexes may be stabilised by being

Scheme 8
Fen(co)m [Fe,,(CO),,,, 1]2*
—e, +CO e
[Fen(co)m l]
RNCO RNO,
CO»
[Fen(co)m 1—K (NR)A
- e + e, —CO

+e —e, +CO

[Fen(co))n—Z—k(NR)/c]27
n=3m=12 k=1

Fe (CO)pm—1—x(NR)x

n=2m=9k=2;
n=3m=12k=1,2

reduced to diamagnetic anions, [Fe;(CO)yNR]?~ and
[HFe3(CO)oNR]~ (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 Fe—Fe or
Fe—N 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, CO—NR, 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. '8¢ 189

Thus, the catalytic cycle of reductive carbonylation of nitro
and nitroso compounds catalysed by ICRA includes transforma-
tions via complexes 17¢ — 19¢ — 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,®83 for example, the
reactions of ferrocenium salts with different nucleophilic
reagents.!%0

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),] * * contain-
ing iron atom in the formal oxidation state 1 + into the complexes

Fe(CO)3(PR3)> [Fe(0)] and Fe(CO)2(PR3).X> [Fe(1l)], where
X = Cl, Br, 1.,100.101.103
Scheme 9
L~ +C* x> L +C,
L-+C" — CL,
CL+C™ — CL*" +C.

The ‘activating complex formation’ produces at the first stage
the known 100101 radical [Fe(CO)3(PR3)>X] " [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)s]** + X~ —> [Fe(CO); (PR3):X]", )

[Fe(CO)3(PR3)2X]" + [Fe(CO)3(PR3)2] " —> 42
— > [Fe(CO)3(PR3),X]* + Fe(CO)3(PR3),,

[Fe(CO)3(PR3):X]* + X~ —> Fe(CO)(PR3):Xa + CO.  (43)

The mechanism of single-electron redox disproportionation of
iron carbonyls induced by Lewis bases, resulting in the formation
of ICRA, is quite common and may be applied to a wide variety of
bases (see Section I11). However, this mechanism has to be proved
in every particular case. For instance, some authors 2*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 7 that, in reality, such processes start with the formation
of ICRA according either to reactions (1) and (2) (L™ = OH ™), if
commercial Me3NO -2 H,O available as [MesNOH] " OH ~ - H,O
is applied, or to reactions (3) and (4) (L = MesNO), if the
preliminarily dehydrated amine oxide is used. This is followed by
nucleophilic displacement of CO in the formed ICRA according
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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)s under the action of salts (such as CoHal, and
NiHal,) '°! or transition metal complexes!°>!93 occurs in a
similar way. These compounds are able to dissociate yielding
negatively charged species, for example, halide ions X —, which act
as Lewis bases. They react with Fe(CO)s to form complexes
[Fe(CO)4C(O)X]~ [reaction (1)], which subsequently react with
the starting Fe(CO)s molecule according to equation (2), produc-
ing iron carbonyl radical anions.”® 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 '°4 and by the
complex hydride derivatives, RsBH~ (R = H, Alk, AlkO) and
AlH, (Refs 194 and 195), which produce the [Fe(CO)4C(O)H]~
formyl iron complex 2~ 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)s,” 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 — 19¢ — 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=CHR' + H* + [Fe,(CO),,_1]~" —>

, . (44

—> [RCH,—CHR'" —Fe,(CO),,—1]

R,R =Alk;n=2,m=9;n=3m=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 Fe — Alk bond.

[RCH,—CHR'—Fe,(CO),,_1]"
(17e)
—> [RCH,—CHR'—Fe,(CO),]” —>
(19e)
—> [RCH,—CHR'C(0)Fe,(CO),, 1]
12 (17e)

—

The subsequent reaction of radical 12 with [HFe(CO)4]™
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]~ is formed in this process as a result of
redox disproportionation of Fe(CO)s in the presence of a proton
donor.19-20-109 [ 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,?%°  1,3-dienes,?®! o,B-unsaturated carbonyl com-
pounds,'3- 114 enamines,?*> a number of nitrogen-containing
heterocycles and anthracene 2°3) 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.!!3

An alkyl-containing complex is formed at the first step of the
reduction.

RCH=CHR' + H* + [HFe,(CO),_1]- —>
— > RCH,—CHR'HFe,(CO),,_;
R R =Alkn=1,m=5n=2,m=09.

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 17¢ — 19¢ — 17¢ com-
plexes may be applied also to the explanation of other processes,
which involve the iron carbonyl—Lewis base and HCFA — Lewis
(or Brensted) 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 transition metals 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 the metal (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.?* For instance, the vanadium atom, which possesses
a d° electron configuration, forms a stable 17-electron radical,
[V(CO)¢]’, unable to dimerise. On treatment with a Lewis base (L),
this radical easily disproportionates yielding the salt
[VL,]J[V(CO)s)>» (n=3, 6), in which the mononuclear anion
[V(CO)g]~ obtains the closed 18-electron configuration.?0’

A stable mononuclear carbonyl Ni(CO)4 with a closed 18-
electron shell is known for nickel (electron configuration d'°).
During the redox disproportionation induced by Lewis bases (L),
it transforms into salts of polynuclear carbonyl-containing
Ni(—2) anions, [NiL,][Ni,(CO),] with p > 5 nickel atoms in the
anion cluster, for example [Nig(CO);;]>~, [Nig(CO)s]>~ or
[Nij2(CO)2i1*— (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),], instead.??” The same is
true for carbonylplatinates, for example for [Pt3(u-CO)3(CO)s]>~
(Ref. 210).

Group VI metals, Cr, Mo and W, form very stable hexacar-
bonyls M(CO)g, which disproportionate only under the action of
strong bases and under drastic conditions. For instance, the
reactions of M(CO)s with KOH produces [HM»(CO);o]~ bi-
nuclear anions,?'!-212 and the reactions of Cr(CO)¢ with KOH in
the presence of the cryptand 222 (4,7,13,16,21,24-hexaoxa-1,10-
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diazabicyclo[8.8.8]hexacosane) result in the formation of the
[HCr(CO)s]~  anion.?’>  Dianionic  carbonylmetallates,
[M2(CO)1o]>~ (M = Cr, Mo, W), are also known for these
metals.21%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)sC(O)L]- [M=Cr: L=N;, H, NEt, (Ref.214);
M =W, L = OMe (Ref. 217)]. The subsequent transformations
are accompanied by replacement of the carbonyl group and yield
either [M(CO)sL]~ anions (M = Cr, Mo, W; L = NCS, H, CN,
Cl, Br, I) or neutral compounds M(CO)sL (M = W: L = THF,
NAlks;, AIkCN).216.218

Group VII metals, Mn, Tc* and Re (with the electron
configuration d7), form stable binuclear carbonyls M,(CO);o
with a closed 18-electron shell. Their redox disproportionation
induced by Lewis bases (L) produces the [MLg] [M(CO)s], salts
(M = Mn, Re).?!~22! The oxidation state of the metal in the
pentacarbonylmetallate aniones is — 1. In the case of manganese,
the formation of complex salts [Mn(CO)¢—,L,]" [Mn(CO)s]~
[n = 3 or 6; L is pyridine (Py), amines, ezc.] is possible.???

Stable binuclear [Co(CO)s] and tetranuclear [Co4(CO)2]
carbonyl complexes with 18-electron closed shells are typical of
cobalt (the electron configuration d°).223-224 Their disproportio-
nation induced by Lewis acids (L) generates the mononuclear
[Co(CO)4]~ anion.

CO2(CO)3 L
:’—» [CoLe] [Co(CO)4)>
CO4(CO) 12 —-Co

The disproportionation of Cox(CO)s in the presence of
pyridine may give also the trinuclear [Co3(CO)jo]~ anion.
Depending on the conditions, the counter-ions are represented
by Co" and Co?" complexes, such as [Co(CO)4Py]",
[Co(CO)4Py3] ", [CoPy3]> " and [CoPys]>" (Ref. 224).

The cobalt group metals, Rh and Ir, also form dimeric
carbonyls M»(CO)g; however these carbonyls are unstable and
are converted into tetranuclear complexes, M4(CO);,.2%%-225 The
clusters Mg(CO)¢ are also known for rhodium and iridium.20%-225
The reduction of the carbonyls of these metals results in the
formation of the mononuclear anion [M(CO)4]~; however, the
anionic Rh and Ir carbonylmetallate complexes usually exist as
polynuclear clusters [M,(CO),]" ~ with the number of metal atoms
p =5 and the charge n ranging from —1 to —4, for example,
[M5(CO)16]~, [Ms(CO)16J*~, [Ir12(CO)26)*~, [Rh22(CO)37]*~ and
[Rha(CO)32)?~ (Refs 204, 209, 225 and 226).

Iron (the electron configuration d®) forms stable 18-electron
carbonyls, Fe(CO)s, Fea(CO)g and Fes(CO), 2, and also a carbi-
docarbonyl cluster FesC(CO);s. 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
[FesC(CO)14)*>~ and [FegC(CO);6)>~ are formed in the reactions
of iron carbonyls at temperatures around 150 °C.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.”®

The iron group metals, Ru and Os, have a larger atom size and
produce stable trinuclear carbonyls M3(CO);2, while mono-
nuclear pentacarbonyls of these atoms M(CO)s are unstable.
The redox disproportionation of Ru3(CO);» under the action of
KOH produces the [HRu3(CO);;]~ and [Rug(CO);g]>~ anionic
complexes,??® and its pyrolisys gives the RugC(CO),7 cluster.?%?
The thermal destruction of Os3(CO);» yields new polynuclear

i The chemistry of the carbonyl complexes of radioactive technecium is
barely known. Only the reduction of Tcy(CO)p to [Tc(CO)s]— is
described.?!?

carbonyls, Oss(CO);6, Oss(CO)1s, Os7(CO)z; and Osg(CO)p3.2%7
The polynuclear anionic clusters of Ru and Os, for instance
[RujoCa(CO)4?~ and [Os;oC(CO)4?—, 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.?* 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.2%4

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 of metal 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 .q). There are some difficulties in measur-
ing E .4, 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 19¢ — 17¢) 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 [Mny(CO);9] =" and [Cox(CO)g]~* decompose quickly
into 18-electron anions [Mn(CO)s]~ and [Co(CO)4]~ and
17-electron radicals [Mn(CO)s]* 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.>3? 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

an(CO)m +2e —> 2[]v[1’1(c())5]77
Cox(CO)s + 2¢ —» 2[Co(COY4]-.

The two-electron reduction in the ECE-reactions is also
typical of Fe(CO)s (see Section V, Fig. 1 and its caption) and for
Group VI metal carbonyls M(CO)s (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)s + ¢ === [M(CO)¢] ", (45)
[M(CO)¢] =" —> [M(CO)s]—" + CO, (46)
[M(CO)s] =" + M(CO)s —> [M2(CO)1o] " + CO, (47)
[M2(CO)1o] " + & === [M(CO)1o]*~. (48)
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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)s]—* to [M(CO)s]*~ and either the reaction of the latter
with the starting complex M(CO)¢ (M = Cr) %3 or its dimerisation,
resulting in the formation of [M2(CO);0]>~ (M = Cr, Mo, W).%0
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) 2], are formed, it is possible to determine two consec-
utive single-electron reduction potentials (Table 2).37 -39

Table 2. Reduction potentials of metal carbonyls.

Starting Product Potential /V Number of Ref.
complex (method)?® electrons ®
V(CO)s [V(CO)¢]~ —0.21(0) 1 40
Cr(CO)s [Cra(CO) o>~ —2.66 (C) 2 40
—2.7(P) 1-27? 34
Mo(CO)e [Mo2(CO)10>— —2.59 (C) 2 40
—2.7(P) 1? 34
W(CO)s [W2(CO) o)~ —2.63(C) 2 40
—29(P) 1? 34
Fe(CO)s [Fe2(CO)s]*— —2.38(C) 2 40
—1.67 (C) 2 37
—1.77 (P) 2 39
—2.4(P) 1? 34
Ni(CO)4 - —2.70 (C) 2 40
—2.80 (C) 2 235
—29(P) 1? 34
Mny(CO);o [Mn(CO)s]— —1.65(C) 2 40
—1.8(P) 2 34
Rex(CO)1o [Re(CO)s]— —2.36 (O) 2 40
—-2.3(P) 2 34
Co,(CO)s [Co(CO)4]~ —0.75(C) 2 235
FE3(CO)]2 [F€3(CO)12]7' —0.32 (P) 1 39
—0.26 (C) 1 37
—0.44 (O) 1 38
Ru3(CO);» [Ru3(CO)1>— —0.815(P) 1 37
—0.97 (P) 2 236
—1.00 (C) 2 236
—1.49 (P) 2 237
0Os3(CO) 12 [0s3(CO)12*~ —1.16 (P) 1 37
—1,31(P) 2 236
—1.54 (C) 2 236

aThe determination method is either the cyclic voltammetry (C) or
polarography (P). ®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 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)s (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.'©0~171-238 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)s.

M(CO)s + L —> M(CO)sC(O)L, (49)
M(CO)sC(O)L + RX —> [M(CO)sC(O)L]** + RX ", (50)
RX— —> R + X, (51)
X~ + M(CO)s == [M(CO)sC(0)X]~, (52)
[M(CO)sC(0)X]~ + RX —> [M(CO)sC(O)X]* + RX~*,  (53)
[M(CO)sC(0)X]* —»> [M(CO)sX]* + CO, (54)

M = Cr, Mo, W; X = Cl, Br, I; L is a Lewis base.

The radicals M(CO)sCl® (M = Cr, Mo, W), detected by the
spin trap method, may be regarded as a proof for the suggested
scheme.?9- 166,168,169, 171,238 Qther metal carbonyls possessing low
reduction potentials such as Re>(CO);9, Mn2(CO)jo, Ni(CO)4, are
also used as the initiators of similar reactions.!66~171.238,239 [p the
case of binuclear complexes Rex(CO)i9, Mny(CO);p and
Co,(CO)gs, the initiation may proceed as a result of photolytic
generation of monomeric radicals [M(CO)s]* (M = Re, Mn) and
[Co(CO)4]', respectively.

The metal carbonyls possessing high reduction potentials, e.g.,
V(CO)s, Cox(CO)s and Fes(CO),2, disproportionate easily. It is
reasonable to suggest that this process proceeds according to a
scheme similar to that proposed for iron carbonyls [see Section 111,
reactions (1)—(4)]:

M,(CO),, + LY~ —= [M, (CO),,—1C(O)L]"~, (55)

[M,,(CO)W,]C(O)L]O”* + M,(CO),;, —> 56
—> [M,(CO),,,—1C(O)L]**/* + [M,(CO),] . (56)

The formation of the adducts [M,,(CO),, _ C(O)L]” — (see %) in
the reactions of metal carbonyls with Lewis bases in the neutral
(L) or anionic (L ™) form [reaction (55)] is well known and has
been discussed in a review.®* 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), [Nix(CO);]=* (Ref. 241) and
[M(CO)s]—* (M = Cr,*3-241 Mo, W 2*2) radical anions and the
[M(CO)s]* (M = Mn, Re)?#372% and [Co(CO)4]" (Ref. 232)
radicals formed upon decomposition of the [M»(CO);o] " and
[Co2(CO)s] " radical anions respectively, have been studied.

The [Ru3(CO)2] ~* radical anion was detected in the reaction
of Ru3(CO);, with anionic forms of bases: HO—, MeO—, EtO—,
EtS—,EtoN—,H~ and Cl~ (Ref. 78). Taking into account the fact
that the first stage of this reaction yields the [Ru3(CO);;C(O)L]~
anion,?’ the scheme of single-electron redox disproportionation
may be represented by reactions (57) and (58).

RU3(CO)]2 + L = [RU3(CO)1|C(O)L]7,
[RLB(CO)]]C(O)L]f + Ru;(CO)lz —>
— [RU3(CO)11C(O)L]+ [Rll3(CO)12]7'.

(57)
(58)

The CO group of the [Ru3(CO);2]~* 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);, with PPh3.23¢ The only difference is in the method of
generation of the radical anion. This scheme describes well the

§ 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.?#-20  The catalytic activity of the
Ru3(CO)2— Et4NCI system in the reductive carbonylation of
nitro compounds 2°! may also be related to the generation of the
radical anion [Rus(CO);2]~, which is a total analogue of ICRA,
which are the catalysts of these processes (see Section VIII).

An important feature of the Ru3(CO);2 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);;C(O)L]" is
accompanied by ETC process and, similarly to Fe3(CO)» [see
reactions (34)—(36)], may be represented by the following equa-
tions:

[Ru3(CO),;C(O)L]" — [Ru3(CO);1)L]" + CO, (59)

[Ru3(CO); L] T+ [Ru3(CO)1C(O)L] —> (60)
—> [RU._}(CO)HL]* + [RU.3 (CO)]]C(O)L] "

Taking into account reaction (57), in the overal process, a
significant part of reactants is converted into the final product
[Ru3(CO); L] . The role of the single-electron transfer (58) in this
process is reduced to the initial generation of the
[Ru3(CO);1C(O)L] " radical. Reactions (59) and (60) describe the
formation of a possible product, [Rus3(CO);,L]~. Other products,
[Rus(u2-L)(CO)10]~ (L =Cl, Br, I) and [Rus(us-L)(CO)o]~
(L = 1),?*® are produced upon the subsequent transformation of
the ligand L in the coordination sphere of the radical
[Rus(CO);;L] " 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)s (M = Cr, Mo, W),214.217 the formation of the carbonyl
group adducts [M(CO)sC(O)L]~ and their transformation into
[M(CO)sL]~ 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 Coy(CO)g with ligands L (L = AsPhs, PBus, PPhs,
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)s] ~* radical anion [reactions (55) and (56)]; its further
transformations proceed as follows:?3!

[Cox(CO)s]~* —> [Co(CO)4]~ + [Co(CO)4]",

[Co(CO)]” + L —> [Co(CO)L]" + CO,

[Co(CO)L]" + Cox(COYs —> [Co(COY;L]* + [Cox(CO)s] ",
[Co(CO)L]* + L —» [Co(CO)sLa]*,

[Co(CO)]" + [Co(CO)L]" —»> Cox(CO)L,

[Co(CO)L]" + [Co(CO)L]" —»> Cox(CO)eLo.

Substituted cobalt carbonyls Cox(CO);L (L = AsPhs),
Co(CO)¢L> (L = AsPhs, PBus) and the ionic complex
[Co(CO);L,][Co(CO)4] (L = PBus, PPhs) are the final products
of the radical chain process. Similar radical chain substitution of
CO by various basic ligands during photochemical disproportio-
nation of Mn,(CO)o has been described.?3?

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 of metal 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
Bronsted or Lewis acids to carbonylferrate and hydridocarbonyl-
ferrate anions (see Section I'V). 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 (17¢ — 19¢ — 17¢),
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 [RhCI(PPhs)s] or the complex RhH(CO).
.(PPh3);. These platinum group metal-based catalysts may be
effectively applied in the small-scale organic synthesis of expensive
chemicals,>? 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 of Group VIII metals,
namely, Fe, Co and Ni, are the most promising as catalysts. The
cobalt carbonyl complexes are industrially important and used in
hydroformylation.® > 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 % !7 and in
the reductive carbonylation of nitro compounds.?3> 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 and Ni carbonyl complexes
from their inorganic salts. For instance, the following compounds
were obtained at room temperature and atmospheric CO pressure:
NayFe(CO)4 from FeCls and [Na™ (CioHg)~"];>>* [HFe(CO)4]~
from FeCl; and NaBHy4 upon acetic acid treatment;?3> Ni(CO)4
from Ni(acac), (acac is acetylacetonate) upon reduction with
Bu,AlH, Bu"Li or Pr*MgBr;23¢ Ni(CO),(bipy) (bipy is bipyridyl)
upon electrochemical reduction of [Ni(bipy)]?™ (Ref. 257). It
should also be noted that the catalytic synthesis of ammonia
from N; and H» (using the coal-supported K,Fe>(CO)g—metallic
sodium system 2°® 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 17¢ — 19¢ — 17¢ complexes.
Similar radical reaction schemes were discussed in the late
1970s,25:2¢0 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 and more often to the radical chain mechanism
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)s, have revealed that they
easily form radical cations (Ejpox = +0.035 V, Ref. 261, and
Eipox = —0.48 V, Ref. 262, respectively). This means that,
according to the Nernst 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 species must 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 the
free volume in polymers (positron annihilation lifetime spectro-
scopy, '**Xe NMR spectroscopy and inverse gas chromato-
graphy) and relevant theoretical approaches (computer
simulation) are considered. Various definitions of the free volume
and related terms are given. The physical principles that underlie
particular probe methods as well as the scope and limitations of
each method are discussed. A systematic comparison of the size of
free-volume elements in polymers determined by different
methods is carried out. The bibliography includes 175 references.

1. Introduction

The notion of the free volume is of paramount importance for
physical chemistry of polymers. Being initially formulated for
liquid state,! it was extended to amorphous polymers that are
either above or below the glass transition temperature (7,).>~>
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

Yu P Yampolskii A V Topchiev Institute of Petrochemical Synthesis,
Russian Academy of Sciences, Leninsky prosp. 29, 119991 Moscow,
Russian Federation. Fax (7-495) 230 22 24, tel. (7-495) 955 42 10,
e-mail: Yampol@ips.ac.ru

Received 7 February 2006
Uspekhi Khimii 76 (1) 66—87 (2007); translated by A M Raevskiy

59
60
64
65
67
68
72
73

above T,, 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 k7. At temperatures below T, yet another compo-
nent of the free volume appears corresponding to the nonequi-
librium thermodynamic state of glassy polymers.* >

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
der Waals 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.”
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.!% ! These methods
treat polymeric chains as consisting of rigid atomic spheres with
the corresponding van der Waals radii. The occupied volume (Vo)
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 der Waals atomic spheres
that form the polymer. Thus, the specific volume (V) 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’ (V,c) 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 '?Xe NMR spectroscopy the only probe ('>°Xe
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.

I1. 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.'?~ 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,'® 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.!”

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 e~e™). 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).!8-20 Due to overlap
between the wave functions of 0-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 1.5to 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 7; (ns) and corresponding statistical weights or inten-
sities I; (%). 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

2N,
Photomulti- v Y Photomulti-
plier C; 13 Mev %m plier C>
‘% MeV
Converter
At — AU
Figure 1. Scheme of a setup for measuring positron annihilation lifetime

spectra.

of primary y-quanta from the source and the appearance of
quanta that accompany positron annihilation. Once detected a
total of 10°—107 events by a photomultiplier, an experimental
positron lifetime distribution curve y(z) is plotted, which shows the
number of events y as function of the time elapsed ¢ (Fig. 2).
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Figure 2. Typical experimental positron annihilation lifetime distribu-

tions of various polyimides.?!

The primary experimental dependences y(#) can be interpreted
in the framework of analysis based on a discrete or continuous
model. In the former case, the y(7) curve is represented by the sum
of several exponents

I, 2iexp(— At), )]

where [; is the intensity (in %) and A; = 1/7; (in ns—') is the
annihilation rate. The number of exponents n is set in such a
manner that the deviation from the experimental y(f) 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 7; and 7, (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 z; (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 probe method. Discrete analysis of primary data is
performed using different programmes, e.g., PATFIT.?? Contin-
uous data analysis using the CONTIN 2324 or MELT % pro-
grammes gives the probability density function of positron
annihilation characterised by a given lifetime in the polymer.
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Figure 3. Correlation between positronium lifetime and average FVE
radius in polymers according to the Tao— Eldrup relationship.

Here, the number of components in the lifetime spectrum is chosen
by the programme automatically.

A semiempirical expression relating the lifetime of 0-Ps (z3) to
the average radius (R3) of a spherical FVE in a polymer (the
Tao — Eldrup relationship)'®- 2% has the form

1 Ry 1 . [2nR)\]"
o=zl () e (0] ©
where Ryp = R3 + AR (the fitting parameter AR = 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 73 increases (see Fig. 3).
A similar relationship is used in the case of several lifetimes of

0-Ps. Assuming spherical geometry and a known radius, the FVE
volume (vy) or the volume distribution are found

vp = 3 R% .

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 0-Ps
lifetimes are available in the literature.?°=2° 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 0-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 3¢ have a ‘shoulder’ or superposition of
two Gaussian peaks, whereas two o-Ps lifetimes appear, namely,
73 and 14 (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.3’=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

Table 1. Gas permeability coefficients (Pp,) and FVE size in glassy
polymers.

Polymer Po, R3 vf3 R4 g4 Ref.
/Barrer 2 /A /A3 /A /A3

Vectra copolyester 0.0005 2.1 39 — — 30
PMMA 0.09 2.6 74 - — 31
PS 29 29 102 - - 32
PC 1.6 2.94 106 - — 33

Polyimides
6FDA-ODA 2.4 3.19 136 - — 34
6FDA-BAAF 14.2 3.62 198 — — 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

a1 Barrer = 10~ ¢cm?® (normal conditions) cm cm~2 s~ ! (cm Hg)~';
this is the flow of gas taken by a volume of 1 ¢cm? under normal conditions
through a surface area of 1 cm? of a membrane 1 cm thick per s at a
pressure drop of 1 cm Hg.

Distribution
function (rel.u.)

1.2 - -

0.8 r =

1.2 - -

0.4 F o -

0.1 1.0 7 /ns 0.1 1.0 T /ns

Figure 4. CONTIN positron lifetime distributions obtained for glassy
polymers with the increasing free volume.?>
Polymer: PFPDMSS (@), PVTMS (b), PPrSiDPA (c), and PTMSP (d).

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.*3-4* 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 m? g—! (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.*¢ 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 vr. To relate these parameters to macro-



62

Yu P Yampolskii

scopic characteristics of polymers, one should know the average
FVE concentrations N (cm—3) and then estimate the fractional
free volume (FFV) as the product v¢N. This can be done using
various approaches.

According to the simplest early models,3>47-48 the intensity I3
was assumed to be proportional to N. Then, if we know the
coefficient of proportionality, 4, from independent data, the
concentration N is given by

N = AL,
and therefore one gets
FFV = A13Df.

However, a more correct treatment showed that the intensity /I3
also depends on the probability of 0-Ps formation, trapping rate of
0-Ps by FVE and on the ‘decay’ of positronium under the action of
polar groups (e.g., C=0 groups in imidazole rings of poly-
imides).3> 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 73 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 Ty (o, o) are of the
order of 10—* K—!, whereas the thermal expansion coefficients of
the free volume (othg, onr) are an order of magnitude larger. A
natural explanation for this fact is as follows: the oz and o, 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 V, and 73 (or vy)
one can choose N values suitable for both dependences, i.e., one
can determine the parameter N.4°~32 Recently, this approach was
systematically used for estimating the concentration N in various
amorphous polymers.*%- 3354 [t was shown that in most cases the
concentrations N depend only slightly on the chemical structure of
polymers and their values lie in the range (2—8) x 1020 cm—3 at
T = T, 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 73 is
shortened upon gas sorption. This can be interpreted as a result of
selective sorption by FVE of 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 3> postulated different types of FVE size distributions
and estimated the N values that are consistent with the depend-
ences 13(p) and I3(p), where p is the pressure. However, the N
values for polycarbonate and tetramethylpolycarbonate lie in the
range (2—4) x 102! cm—3 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 parameter N from the
results of sorption experiments gave a more realistic value of
4 x 10%° ¢cm—3 for three polycarbonates.>®

3. Yet another method of estimation of the N value is based on
detailed analysis of the kinetics of formation and annihilation of
0-Ps in polymers.>”-38 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 /3 and I
should depend not only on N, but also on the probability of
trapping of 0-Ps by FVE. The trapping rate is given by equation

vi = 4nDpRN; (i = 3, 4), A3)

where Dpsy is the diffusion coefficient of non-localised 0-Ps and N;
is the concentration of a particular type of traps (FVE) of radius
R;.

To determine N;, one should know the coefficient Dps from
independent data. The Dps estimates available in the literature 3!
lie in the range (0.5—15)x 10~> cm? s—!. Probably, the value
Dps = 1.3x 10~5 cm? s—! obtained for polyimides*® is the most
reliable, because it is consistent with the NV values determined from
the temperature dependence of 7; below and above T,. Of course,
one should also know how the coefficient Dp varies for different
polymers. Analysis of the D-vs.-d? 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.>® 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 /. Then N is given by

Nl 4)

Vh
where vy, 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.*3

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 cm?® g—!and Nis nearly ~10%° g—! (or ~10%° cm—3), one gets
the volume per FVE v = 104—103 A3. This corresponds to a cube
witha 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 &
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 > 10?' cm—3, 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.®° The values of N
obtained by different methods for different polymers are listed in
Table 2.

Table 2. FVE concentrations in different polymers according to PALS
data.

Polymer 10-20N /cm—3 Ref.
PE 6-8 59
Polyolefins 5 61
EVA 6,7 62
Rubbers 2-6 52
PVC (plasticised) 8 54
PC 40 55
611 50
4 56
PVTMS, PTMSP, AF2400, 6-15 35,49
AF1600, PTMSS, etc.
Poly(ether imides) 4-8 49

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 102 to 10?! cm 3.
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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 various materials, ezc.] for which the surface rather than
bulk properties of polymers are important. Glass transition
temperature,®>%* density,®> chain mobility and some other
characteristics ¢7 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 °® 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,®” 70 whereas investigations at the polymer —polymer
interface are less detailed.”! As the positron energy decreases, the
o0-Ps lifetimes (73) 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.%%- 7% 7273 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’! 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.”® An unexpected result was obtained for
polystyrene, namely, a bimodal positron lifetime distribution with
74 values lying in the interval from 8 to 14 ns was revealed,”!-7?
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
angstrom 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.®> % 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., a methyl group) into aromatic nuclei of the main
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).

63
Table 3. Effect of polymer structure on lifetimes 73 and FVE radii.
Polymer T3 /ns Rs /A Ref.
Poly(norbornene) 2.15 2.9 74
(CH3)3Si-Substituted poly(norbornene) 2.70 34 75
6FDA-Polyimides with different number 76
of methyl groups (1) in phenylenediamine
residue
n =0 (6FDA-PDA) 2.57 33 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 42 76
Polycarbonate 2.1 29 33
Tetramethylpolycarbonate 2.4 3.2 33

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 73 in the glassy-state region followed by
a kink near T, and subsequent linear increase in 73 (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 1x10—3 K—! below
the glass transition temperature and (2—10) x 10=3 K~ 'above T,
(see Refs 52, 53 and 77).

T3 /ns
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Figure 5. Temperature dependence of positronium lifetime 73 in poly-
carbonate.’®

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 73 and 74 are independent
of temperature.3® 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 73
in conventional glassy polymers) is less pronounced due to
abnormally large FVE size. Substantiation of this hypothesis
requires additional measurements of the 7;(7") 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
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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.” The effect of high pressure on the polymer also
manifests itself as an aftereffect, namely, the lifetimes 73 and
corresponding FVE size decrease after decompression.*3-80-81

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’®) at room temperature
causes no crystallisation at small relative elongations (less than
2%, i.e., in the region of quasielastic deformation), the time 73
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 T, causes only minor changes
in 73 and [; 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 A/ upon deformation of partially crystalline
polymers (taking polyethylene as an example).®? As Al increases,
the positron lifetime, 7, corresponding to the fractional free
volume in the amorphous phase initially decreases and then (at
large A/) 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.!?

One of the first PAL studies of the phenomena accompanying
deformation of polymers was reported by Askadskii er al.3*
Unfortunately, the authors studied a polyimide based on pyro-
mellitic dianhydride and 4,4'-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 /3 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., Do, =
0.29x 10—8 cm? s—! according to Ref. 87). Also note that the
absence of the 73 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).®8

II1. 12°Xe NMR spectroscopy

Chemical shifts in the 1?Xe 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 '>°Xe
chemical shift relative to the chemical shift characteristic of the
gas phase. In this respect, polymers differ insignificantly from
other condensed media, 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.8?

Note that the '?*Xe 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.®® 7

According to Fraissard and co-workers *%°° who studied the
sorption of xenon in various zeolites, the chemical shift in the
NMR spectrum of a 12?Xe 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:

Oz = do + 6 + Oxe/xe P> ©)

where d is a constant, ¢ 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 p is the density of the gas
phase. Therefore, after extrapolation to zero pressure of gaseous
xenon the difference

0 =0x—0o

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 %8

499.1

T 2.054+ 47 ©)
where /4 (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 4 value one
can estimate the diameter of either a spherical cavity (Dsp) or a
cylindrical FVE (D.) with a large length-to-diameter ratio,

Dy,
I==F-22, (7
)= D.—44. (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 '°° 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 °Xe
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. '>Xe 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 '2°Xe 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 (J) in the region
0 200—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 ¢ values are observed for high-
permeability perfluorinated polymers.'°! Because small § values
correspond to larger FVE radii, this was interpreted as substan-
tiation of the higher permeability of such polymers. However,
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Table 4. Radii of spherical (Rsp) and cylindrical (R.) FVE (A) determined by different methods.
Polymer 129Xe NMR spectroscopy PALS IGC
D) A /A Ryp R Ref. Ry R 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 6.66 443 101 4.89 5.43 36 5.8 103
AD 80X 83.6 3.92 6.12 4.16 101 - -
AD 60X 85.3 3.80 6.00 4.10 101 — —
PTFE 90 3.49 5.69 3.94 26 4.2 49 26
PTMSP 148 1.32 3.52 29 89 6.8 6.5 36 —
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 33 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

other factors affecting the chemical shift can exist. This is
indicated by the ¢ values measured for PTMSP (polymer with
the largest free volume and record high gas permeability).8%- 104
Typical of perfluorinated polymers are relatively low refractive
indices np equal to ~1.3, which corresponds to the molecular
refraction

=0.187,

whereas conventional polymers (e.g., PS, PC, PEMA) are charac-
terised by np value lying between 1.5 and 1.7 (molecular refraction
is ~0.3-0.4)."19 One can assume that the '*°Xe 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 '>Xe nuclei.®® 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.!!!

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 in Ref. 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 '°°). 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, agreement with the data obtained by other probe methods
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 12°Xe atoms in
Cego fullerene and measurement of '>Xe NMR spectrum '3
offered some prospects for refinement of the 12Xe NMR data
(see above). On the one hand, the synthesis of inclusion compound

Table 5. Atomic diameter of xenon and FVE radii obtained by different
methods.

B LA dJA Ry /A Ref.
129Xe NMR PALS MDS /A
spectroscopy (see?)

Polymer PTMSP

148 132 32 2.9 6.8 2-10 89

396 33
44 35
178 0.75 3.2 2.4 — — 104
396 2.7
44 3.0
Polymer AF2400
63.3 583 32 7.4 6.0 1.5-12 101
(powder) 396 7.8
44 8.0
64.7 5.63 32 7.2 — — 101
(film) 396 7.6
44 7.8

aMD simulation data were taken from Ref. 111.

Xe@Ceo is quite unexpected, because the diameter of xenon atom
(4.4 ;\) exceeds that of the fullerene cavity. This could be evidence
of smaller d(Xe) value. On the other hand, the measured '*°Xe
chemical shift in this compound is § 179.24, which gives an
estimate of 5 to 6 A for the inner diameter of the Ceo cavity.
Probably, in this case estimation from expressions (6)—(8) is not
substantiated, because we can assume that the xenon atom
encapsulated in Cgp 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.!!#
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.!'!>- 11 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
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conditions, by measuring the retention times #; one can calculate
various thermodynamic parameters of the polymer— gas system.

From the known ¢, values, it is possible to calculate the net
retention volume V;, of a sorbate

Va= (tr - la)JZIFc? > ©)
where #, is the retention time of the ‘non-sorbable’ component
(e.g., air), which takes into account the dead volume of the
chromatograph; J' is the correction for pressure drop in the
column; F; is the rate of the carrier gas; and 7 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 ¥, defined as follows:

Va

Ve=—, 10
= (10)
where @y is the mass of the polymer in the column. With this
parameter known, one can calculate ''7 the solubility factors (S)

at infinite dilution

S=Vgpﬁexp (2B, — v,)am Lo (11)
0

’lRTs

where p is the density of the polymer at temperature 77 po is the
standard pressure (1 atm); the exponential term, which includes
the second virial coefficient B;; and the molar volume of the
sorbate V, takes into account the non-ideal state of vapours; R is
the universal gas constant.

Yet another important thermodynamic characteristic deter-
mined using V, is the activity coefficient (ai/wi)e at infinite
dilution

273R 0
(%) =i( ;o) - 2 (a0
Wi/ VepiM, RT

where M is the molecular mass of the sorbate and p? is the vapour
pressure of the sorbate at temperature 7.

The partial molar enthalpy of mixing, AHy,, characterises the
sorbate—polymer interaction and can be calculated from the
temperature dependence of the activity coefficient.

_0In(ay/wy),
AHm_RW

(12)

(13)

It can also be estimated from the temperature dependence of
the solubility coefficient

AH,
S=35 exp(— RTS)’

because the enthalpy of sorption can be represented by the sum
AH, = AH, + AH, (15)

where AH. is the enthalpy of condensation, which is tabulated for
different sorbates.!!®

Studies of several glassy polymers [polysulfone,!!® poly(vinyl-
trimethylsilane),'?® poly(phenylene oxide) !5 and amorphous
Teflons AF '02.121] showed that the AH,, values strongly depend
on the size of the sorbate molecule. The AHy, values of n-alkanes

(14)

C3—C)2 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 !2? 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 AH,, 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 AH,, 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 ASy , which correlates with AHy,, also passes
through a minimum.!?? 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 V. used as a measure of the
molecular size of sorbates (n-alkanes) on the AHy, of particular
polymers is illustrated in Fig. 6 a. The AH,, values pass through
minima the coordinates of which (V. min) are in qualitative
correlation with the gas permeability and diffusion coefficient of
a given polymer, namely, polymers with larger V¢ 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

AHp, /kJ mol—! a
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Figure 6. FVE size distribution in glassy polymers.!?!

Partial molar enthalpies of mixing plotted vs. critical volumes of sorbates
(n-alkanes) according to IGC data («) and the probability density
functions f(R) for polymers with FVE of different size according to
PALS data (b).
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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 vy were found. For clear
visual comparison with the dependence on V. (Fig. 6a), it is
appropriate to recalculate the necessary parameters per mole of a
particular compound, i.e.

vf = vgNa (cm? mol—1),

where Na is the Avogadro constant. A comparison of the plots
shown in Fig. 6 « 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 « 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 AH (V)
curves for AF1600 and PVTMS correspond to alkanes Cg and Cs,
respectively, whereas for AF2400 the minima correspond to
bulkier sorbates Cjp and C;; (minima at V. and v/f equal to
~600 cm3 mol—1).

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 AH,, 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 Vy,'?* the molar
volume in the liquid phase V4 (at the corresponding boiling
temperature 7T3)'?>* and the critical volume V..!?5 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, '>Xe NMR spectroscopy) and with the
results of MD simulation ''! showed that the best agreement is
achieved using Vy or even V. 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 AHy, i.e., the IGC
method provides a temperature-averaged value. Though, with
allowance for the thermal expansion coefficient of FVE (about
10-3 K~! for glassy polymers according to PALS data) these

Table 6. Molecular volumes (A3 per molecule) and FVE radii (A)
corresponding to minima in AHp-vs.-vr plots.!26

Polymer? % % %
113 235 611
PVTMS (C¢) 30 38 3
130 269 708
AF1600 (C7) 31 70 33
147 316 807
PDSNb (Cg) 3 ) 153
198 436 1096
AF2400 (Cy) 3% a7 o4

Note. The molecular volumes are given in the numerator and the FVE
radii are given in the denominator.
an-Alkane corresponding to minimum AHy, value is given in parentheses.

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 AHp,
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 Pg, > 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,'?” 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 '?® studied the free volume in glassy poly-
styrene using various stilbene and azobenzene derivatives with the
van der Waals volumes in the range of 127571 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 FVE with size > 400 A3
are present, and the maximum 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.'?° 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.!3°

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 veor) Of sSpin 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.!3! The probe
rotational frequency veor can be estimated from EPR spectral
parameters. Depending on the v values, slow
(0.2x10° < veor <107 s~1)  and  fast  (Veor > 0.5x10% s 1)
motions of probes in polymers are distinguished. At room temper-
ature, the rotational frequencies of probes in rubbers decrease as
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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.!32 Thus, estimation of the FVE
size in PVTMS, which possesses rather high permeability, showed
that it exceeds the size of the TEMPO molecule (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.!33

However, it was shown 134135 that the model 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 veor 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.!3¢ 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 7702900 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.?3

Studies of glassy polymers (PS, PYTMS 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.®

The average FVE size in PS was found to be in good agreement
with that obtained by the photochromic probe technique.!'?$
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 ve = 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.'4~142 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/ Dirans 1s independent of temperature, then an inflection is
observed at certain Ty 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 Tr. As the probe size increases,
the Trincreases. This makes it possible to estimate the temperature
dependence of the limiting FVE size (V7) 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.!43

Table 7. Temperature dependence of FVE size in PMMA from the
conformation probe technique data.!43

Probe T: /K V7 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

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,
Tt = 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 (7t < 90 K).

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 experimental methods of investigation of the

free volume. Recently, methods of computer simulation of the
nanostructure of polymers aimed at predicting many properties of
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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,? 144-148 molecular mechanics,8 149150
theory of transition state and related approaches.® 131152 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 Section we will consider the results of MD 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 10000 atoms in the polymer chain.'>3 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., CH>, CH3) as individual
species in order to reduce the computing time. More reliable
results can be obtained using the ‘All-Atom Strategy’.!!

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) 34 force field (for details, see Ref. 8).

Theodorou and Suter 153156 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, efc. 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:

— visualisation of the free volume;

— analysis of connectivity of free-volume elements (cluster
size, closed or open porosity);

— construction of FVE size distribution;

— studies of mobility (dynamics) of the free volume elements
in polymers.

Consider as an example model nanostructures of the free
volume "' 157 in a polymer with moderate permeability, poly(p-
trimethylsilylstyrene) (Po, = 56 Barrer 1°°) and in two polymers
with high permeabilities and large FVE (according to PALS and
IGC data), namely, poly(trimethylsilylpropyne) and amorphous
Teflon AF2400 (P, = 7700 and 1140 Barrer, respectively 41-160),
The force field was calculated using the COMPASS pro-
gramme,'>* 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 frans 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 ¢4 is not seen in the neighbouring
slices ¢3 and d; . 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. 7b). Here, the characteristic size of FVE is much larger and
the same FVE can be seen in many 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.'®:162° A broad FVE size distribution was also
obtained in another study '*? 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 ! 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 their D 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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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: aj ...as, by...ba, ¢1...ca, d; ... d3(dy).

Table 8. Permeability and diffusion coefficients of hydrocarbons in
AF2400 and PTMSP.

Gas P /Barrer 107D Jem? s—!
AF24004! PTMSP 63 AF2400 4! PTMSP 163
CHy 435 15000 — 240
C,Hg 252 31000 3.6 110
C;3Hg 97 38000 0.42 98
C4H o — 780002 0.24 —

4 Data taken from Ref. 162.

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
CHy4 to C3Hg. Thus, the connectivity of the free volume elements
has a crucial effect on the selectivity of glassy membrane materials.

Using MD 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 ez al.''!- 157168 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.
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Figure 8. Schematic illustration of two approaches to visualisation of the

free volume in glassy polymers.'>’

The V_connect approximation characterises the ‘global’ FVE, while the
R_max approximation characterises the ‘fractional’ FVE more similar to
spherical.

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 J_con-
nectand R_max approximations were also established for PTMSP
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Figure 10. Size distribution of free volume elements in perfluorinated
polymer AF2400.!!!

Results obtained in the R_max (a) and V_connect (b) approximations.
Rectangles denote the corresponding theoretical results and the curves
correspond to averaged data.

and other polymers with high permeabilities.!'! 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).!68

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.!!!

By substantially reducing the probe size, one can plot the
‘total’ FVE size distribution '37-19% (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 44
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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Table 9. FFV estimates obtained from MD simulation with probes of
different sizes.!>’

Table 10. FVE radii (A) in polymers obtained from molecular dynamics
simulation and by PALS.

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

formed at a virtual (unnatural) probe radius of 0.9 A (¢f: 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 of M D 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. 10,148, 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 '>Xe 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) !72-174  and
poly(dimethylsilamethylene) 13%] 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) 7% 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. '8

Consider the dynamics of FVE redistribution in rub-
bers 133 158:172 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 (H,O). 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 CsH;7 for poly(dimethyl-
siloxane) and poly(methyloctylsiloxane),'>3 respectively).

Polymer MD simulation PALS
Rm R 1/2 Ref. R R 3 R4 Ref.
6FDA-poly-
imides
P13 3.0 1.3-45 168 4.2 76
P14 27 1.4-44 168 4.0 76
BAAF 2.7 13-40 168 3.6 76
27 1.3-37 170
PDA 26 13-40 168 3.4 76
ODA 26 1.3-38 168 32 76
PS 32 29-36 167 2.7; 33
2.9 171
PTMSS 19 13-28 157 26 38 159
PFPDMSS 1.8 13-26 157 3.6 157
PSP 1.2 0.8-22 170 2.8 34,172
PVTMS 26 13-44 111 3.4 111
PTMSP 45 1.7-8.0 111 33 63 111,157
5.6 47-74 169
PPrSiDPA 3.1 1.3-49 111 44 65 111
PPHSiDPA 2.7 1.0-47 111 26 4.1 111
AF2400 47 33-55 169 2.7 60 111
AF1600 3.1 1.6-52 111 25 49 111
4.8 40

Note. Ry, is the FVE radius at the distribution maximum; the width of the
FVE size distribution is represented by the range of R;, (radii at half-
height) values; PALS data are represented by either a unique radius of
spherical FVE (R) or two values (R3 and Ry) if the size distribution is
bimodal.

Similar conclusions were also drawn in studies of the dynamics
of fluctuating FVE in another organosilicon rubber, poly(dime-
thylsilamethylene).!>® 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 H, 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 10-3-10—% cm s—'. 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-
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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, MD methods 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

VIII. Appendix

List of polymers.

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 probe methods and by the results of MD
simulation of the free volume in polymers.

Notation Name Formula
7*CH2*(‘:H
PVA ly(vinyl acetate) (\)
oly(vinyl acetate
poly(viny C‘:O
Me N
77CH27C‘:H
PVTMS poly(vinyltrimethylsilane) Me—Si—Me
[
Me n
. . —+CH,—CH
PVC poly(vinyl chloride) 2 T
c o,
1\‘/Ie
PDMS poly(dimethylsiloxane) 77%1*0
Me n
PDSNb poly(disilylnorbornene) m/l\/[e
_Si Sil_
Me™ | I "Me
Me e ”
N i
PC bisphenol-A polycarbonate @C@OCO%
Me n
]\‘/le
PMMA ly(methyl methacrylate) TH¢
oly(me methacrylate
poly y y ‘(‘ZfofMe
O n
. . . C=C
PPrSiDPA poly{1-phenyl-2-[p-(triisopropylsilyl)phenyl]}acetylene
Me\ Me
CH—Si—CH
Me C‘H Me
Me \Me R
CH,—CH

PS polystyrene

n
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List of polymers (continued).

Notation Name Formula
e 1
1o to-040-
Me O R
l\‘/Ie
PTMSP Ty(trimethylsilyl ) T 7
oly(trimethylsilylpropyne
poly ylsilylpropy Me—si—Me
Me .
CH—CH>
PTMSS poly(p-trimethylsilylstyrene)
Mef§ifMe
Me ”
PTFE poly(tetrafluoroethylene) ‘ECFZ*CFZt
Me
PPO poly(1,3-dimethyl-2,5-phenylene oxide) (0}
Me |,
[ CH—CH, ]
PFPDMSS poly[p-(3,3,3-trifluoropropyl)dimethylsilyl]styrene
MC*?i*CHz*CHz*CF}
Me .,
C=C
PPHSIDPA poly{1-phenyl-2-[p-(triphenylsilyl)phenyl]}acetylene
PE polyethylene
PEMA poly(ethyl methacrylate)
LDPE low-density polyethylene {‘CHz*CHz%
—CH,—CH;, CHy—CH
EVA ethylene— vinyl acetate copolymer ?
0=C—Me ],
F F
AF-2400 random copolymer of 2,2-bis(trifluoromethyl)- fCF,—CFx}
4,5-difluoro-1,3-dioxole (87 mol.%) and o, 0 013
> 0,
tetrafluoroethylene (13 mol.%) FiC CF,
0.87
F F
AF-1600 random copolymer of 2,2-bis(trifluoromethyl)- { CF2—CF3%
4,5-difluoro-1,3-dioxole (65 mol.%) and O O 0.35
0,
tetrafluoroethylene (35 mol.%) FiC CFs

0.65
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List of polymers (continued).

Notation

Name

Formula

6FDA-ODA

6FDA-BAAF

6FDA-P13

6FDA-P14

6FDA-2

6FDA-1

6FDA-PDA

6FDA-T6

6FDA-B4

6FDA-MDX

DDS

KAP

polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-
dicarboxyphenyl)propane dianhydride and
4,4'-diaminodiphenyl ether

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

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

polyimide based on 1,1,1,3,3,3-hexafluoro-2,2-bis(3,4-
dicarboxyphenyl)propane dianhydride and
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dicarboxyphenyl)propane dianhydride and
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polyimide of pyromellitic dianhydride and
4,4'-diaminodiphenyl oxide
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Abstract. Chromatographic techniques for determination of bio-
logically active phenols and polyphenols are considered. Various
methods for sample preparation and detection are compared. The
advantages of high performance liquid chromatography with
spectrophotometric detection for determination of antioxidants
are demonstrated. Data on determination of biologically active
phenols and polyphenols published in the period from 1995 to
2005 are analysed. The bibliography includes 270 references.

1. Introduction

During the last decade, the number of publications devoted to
chromatographic studies of natural and synthetic biologically
active compounds has sharply increased.! =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, efc.). 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,’~!! antiinflammatory,!?
antitumour,'? capillary strengthening '4 % and hepatoprotector !¢
actions. They are able to form chelates with metals. These chelates
can exhibit both antioxidant and prooxidant T activities.!”~1° This
accounts for the use of biologically active compounds in medicine,
pharmacology, biochemistry and food industry. Despite the wide
use of polyphenols as antioxidants, the mechanisms 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
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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.

I1. 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.

Simple benzene derivatives

0 A, L,

Phenol Resorcinol Phloroglucinol
p—Hydroxy—
benzaldehyde
COH Phenolic acids
vanillic acid: R! = OMe, R2 = OH, R3 = H;
gallic acid: R!' = R? = R3 = OH;
syringic acid: R?> = R3 = OMe, R? = OH;
R3 R! protocatechuic acid: R! = R2 = OH, R3 = H.
R2
R3 CO-H Hydroxycinnamic acids
~ cinnamic acid: R' = R2= R3 =H,
p-coumaric acid: R! = OH, R? =
R? R3 = H; caffeic acid: R! = R? = OH,
R! R2 = H; ferulic acid: R! = OH, R2 = H,
= OMeg; sinapic acid: R!' = OH,

R2 = R? = OMe.

T Prooxidant activity of a compound usually implies an increase in the
yield of active oxygen-centred radicals in the presence of this compound.
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Aromatic compounds containing two or more

non-fused aromatic rings
(0] R!
" i ) O
Rl
/) fe} OH Stilbenes

stilbene: R!' = R? = H;

p-hydroxystilbene: R! = H,
Ellagic acid R2 = OH; 3,5,4'-trihydroxystilbene
(resveratrol): R! = R2 = OH.

Flavonoids (arylbenzo[b]pyrans) and coumarins

Gl - OH
e,

(+)-Catechin

Anthocyanidins
pelargonidin: R! = R? = H;
cyanidin: R! = OH, R? = H;
delphinidin: R! = R? = OH;
malvidin: R! = R2 = OMe;
petunidin: R = OMe, R?> = OH.

HO o O OH
E 7 O OH
OH O

Taxifolin (dihydroquercetin)

.

Flavones
chrysin: R! = R? = H;
apigenin: R! = H, R? = OH;
luteolin: R' = R2 = OH.

OH O
Flavonols
kaempferol: R! = R2 = R3 = R* = H;
morin: R' = OH, R2 = R3 = R% = H;

quercetin: R!' = R3 = R* = H, R2 = OH;

myricetin: R! = R* = H, R? = R3 = OH;
quercetrin (quercetin thamnoside): R' = R3 =
R* = a-L-Rhap; rutin (quercetin rutinoside):
R! =R} =

H, R? = OH,

H, R2 = OH, R*= B-D-Glcp-(6 1)-0-L-Rhap.

Coumarins
esculetin: R! = R2 = OH,
umbelliferone: R! = OH, R2 = H.

Furocoumarins
bergapten: R! = OMe, R? = H;
xanthotoxin: R! = H, R2 = OMe;

isopimpinellin: R! = R? = OMe.

Phenols are present almost in all plants either as glycosides or
in the free state in amounts from 0.1% to 7%.2!

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??
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, efc. Ferulic acid is a part of plant cell walls.?’
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 fruits2® (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?’ (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),?® and in cocoa beans.?? 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.3°

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.?!-32 Proanthocyanidins were found in most fruits 33
and vegetables 3* 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.3 Studies of the antitumour activities of anthocyanidins
are in progress.’® 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,? which are
distributed in plants most widely (almost universally).*® Com-
pounds of this group encountered most frequently include kaemp-
ferol, quercetin, myricetin and their numerous derivatives. 3,5,4'-
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 4!
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.**>~** They
are present in umbelliferous, leguminous and rue plants, being
mainly concentrated in roots and fruits.*> Owing to the avail-
ability and the ease of chemical modification, coumarins can be
used for the development of medicinal drugs.*® A meptazinol
derivative based on coumarin is more easily uptaken in the body
than the starting drug,*’ and the coumarin derivative with trans-
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resveratrol is a more efficient vasodilator than trans-resveratrol
itself.*® Coumarins are used as anticoagulants;*® they exhibit
bactericidal,* fungicidal 3! and antitumour >2 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.>3 This is done by modelling the retention in various versions
of chromatography >*~3% and by numerical methods.>” It has been
established °® that the antioxidant activity of polyphenols
increases in the following cases:

(1) 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;

(i1) 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 3%~ 63 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.®®~% 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.

II1. 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

Asarule, biologically active compounds come from plant sources.
Therefore, the primary task of a research is to extract the target
compounds from the raw material 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).”® In simple cases, one-
stage extraction with methanol7!-72 or dichloromethane is per-
formed.”? Pinelo et al.’* 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,’”> 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.’® 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.”” 7%

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.®” The highest antioxidant
activity was found for a 50% ethanolic extract (extraction for 3 h
at 75 °C). A mixture of water, acetonitrile and formic acid
(1:1:0.1)8" or trifluoroacetic acid (1:1:0.5)% was used to
extract anthocyanins from liliaceous plant petals. Extraction
with water® or methanol® 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.83-87 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.58

Rohr et al.®° 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.®®°!
Methanol was used to obtain extracts from olive tree, hawthorn
and oregano leaves.”> The extraction of procyanidins from the
cat’s claw (Uncaria tomentosa) bark by refluxing with water has
been reported.®® Flavonoid glycosides and anthocyanidins can be
destroyed by acid hydrolysis carried out at ~90 °C for several
hours. The effect of the addition of an acid during extraction on
the antioxidant activity of plant extracts has been studied.’* 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.?> identified 41 polyphenolsin
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 %6 and
other plants.”” By combined use of solid-phase extraction and
high performance liquid chromatography, an automated proce-
dure for determination of procyanidins in malt was developed.®®

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 COs 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.®” The efficiency of supercritical fluid extraction
of phenols from the olive tree leaves with supercritical CO; has
increased after the addition of methanol.'®® Thermodynamic
modelling of quercetin solubility in supercritical CO, in the
presence of ethanol has been carried out.'°! 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.!?? The use of supercritical
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CO;, for the fractionation of plant extracts has been reported.'%3
New extraction techniques such as supercritical fluid extraction
and automated tunnelling solid-phase microextraction has been
described.!%* The extent of extraction of polyphenols from grape
stones with liquid—liquid, solid-phase and supercritical fluid
extraction have been compared.!?® 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.!0

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 preparation method is a key issue in the qualitative and
quantitative analysis of complex multicomponent mixtures.!07- 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, %% 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.!!!~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.!?! 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.!??

Table 1. Eluents used for fractionation and separation of extracts.

Phenols Thin layer, preparative and column

chromatography

Procyanidins MeOH, acetone — water,

ethyl acetate— HOAc—H>O
Bu"OH-HOAc-H>0 (4:5:1);
Bu"OH-2N HCI(1:1),

1% HCI, HOAc-HCI-H»0 (15:3:82)
HOAc—-HCI-H,0 (30:3:10);
HCO,H-HCI-H>0 (5:2:3)
BuOH-HOAc-H>O (4:5:1);
EtAc-HOAc-H>O(3:1:1);
EtOH-H,O-NH4OH (16:3:1);
toluene— HOAc—H»0 (40:10:5)

Anthocyanins

Anthocyanidins

Phenolic acids

Note. The following mixture are used as eluents in high performance liquid
chromatography: organic solvent (methanol, acetonitrile, ethanol)—
water —acid (HCI, acetic, trifluoroacetic, formic, phosphoric) or organic
solvent—acid.

In the extraction of phenols from grapefruit and orange
juices 123 and dry leaves of green tea,'?* high yields were attained
by repeated liquid —liquid extraction with aqueous methanol and
acidified methanol. However, solid-phase extraction 23 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)'*® and beech extracts.'?’ Flavonoids were
detected by exposure to UV light,'?® while procyanidins and
anthocyanins were visualised by spraying with a 5% solution of
vanillin in an ethanol-HCI (4:1) mixture.'”® Aglycons and
glycosides were detected in the UV light and then visualised by
spraying with a solution of H>SO4 and heating.!?® Scanning
densitometry was used to analyse plant pigments.!3! Simultane-
ous separation and detection of compounds with antioxidant
properties was carried out on plates with 1,1-diphenylpicryl-
hydrazide '32 and silver nanoparticles 13 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,!’3* the main flavonoids and their
glycosides in the willow wood '3° and phenols in the wormwood
0il.13¢ Fiamegos et al.'3” 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 '3® 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.'4%-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!3! are only
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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 H>O/AcOH-MeOH UV-MS 139
acid hydrolysis
Passion flower 10 flavonoids ‘dry’ extract LiChrospher RP-18 H>,O-THF-MeCN - UV-MS 140
(Passiflora incarnata) PriOH
Cistus 8 flavonoids chloroform, LiChrosorb RP-18 0.1M NH4OAc in H,O - UV-MS 141
(Cistus ladanifer) methanol THF —MeCN - PriOH
Goatweed herb 16 phenolic methanol TP 544 RP-18 H>O/H3PO4—MeCN - UV-MS 142
(Hypericum per- compounds MeOH
foratum, St John’s
wort)
Oregano, caraway, flavonoids, methanol —water Phenomenex RP Cig H>O/HCO;H-MeOH UV, MS-MS 143
fennel methoxyflavonoids (62.5%)
Siberian larch and 21 flavonoids ethyl acetate TLC: silica gel, H>O/AcOH-MeCN UV, IR, 144
Gmelin larch bark HPLC: Separon Cig NMR
Gnidia (Gnidia flavone and coumarin ethanol, heptane, RP 18 MeOH; UV, UV-MS 145
socotrana) herb derivatives ethyl acetate, H>O/AcOH-MeCN
n-butanol
Cyclopia 8 flavonoids, two methanol Phenomenex H>O/AcOH-MeCN-THF  electrochemical 146
isomers separated Synergy MAX-RP Ci» detector
Veronica (Veronica  acylated flavonoids methanol, light polyamide column MeOH -CHCl;, fluorescence 147
thymoides) and glycosides petroleum for flash chromato- MeOH -H,0 detector
graphy,
TLC: silica gel
Brazilian pine tree 6 flavonoids methanol —water, Phenomenex MeOH - DAD, MS 148
hexane Synergy C18 CHCl3/HCO,H

Notes. The following designations are used: UV-MS a combination of UV and mass spectrometric detectors, MS-MS is tandem mass spectrometry, TLC

is thin layer chromatography, DAD is diode array detector.

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.'>2 153 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.!>* The plants species are differentiated based on the
variation of the composition and content of these compounds.!>>
A combination of the fingerprint method and chromatographic
analysis of biological fluids is used to identify fake drugs.!%°

A number of methods have been described for quantitative
and qualitative determination of proanthocyanidins and their
derivatives,'5” chromatography and spectrometry being used
most often.

The spectrometric methods are based on reactions giving
chromophores (the Folin—Ciocalteu reagent, the use of
HCI-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,”? however lately it has been replaced by mass
spectrometry. Gel chromatography,'® thin layer and column
chromatography are used to isolate anthocyanin and procyanidin
fractions and to separate them according to the degree of polymer-

isation.”?~ %% A mixture of individual procyanidins (from mono-
mers to trimers) can be separated by reversed phase high
performance liquid chromatography.®®- 15 The method proposed
by Svedstrom er al.®' 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.!00-162 trgpg-Resveratrol was determined using a borate
buffer (pH 8—11), as borates form complexes with the hydroxy
groups of flavonoids, thus facilitating the separation.!®® The
buckthorn flavonoids were separated in the presence of a modi-
fying agent, dimethyl-B-cyclodextrin.'®* Anthocyanins have been
separated by capillary electrophoresis in an acidic medium.'¢’

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,!%¢ butan-1-ol for flavonoids
and iridoids 167 and acetonitrile for coumarins.!®® 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, ezc. In some
studies dealing with particular groups of flavonoids, only one
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wavelength was used, namely 280 nm for catechins '9°~173 and
520 nm for anthocyanins.!7#~178 Other studies made use of wave-
lengths of 280, 306 and 360 nm for phenol detection.!”~ 184 Since
many phenols have several absorption maxima, they are often
determined using simultaneous scanning at several wavelengths
called diode array detection.!83- 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 ml—!' (with detection at 205 nm).!"!
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, simultancous 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, (—)-epicatechin, —
beans 3 catechin derivatives —
Grapefruit juice naringin DAD 280 nm 2.5 mg litre ! 193
Grape berries trans-resveratrol, DAD 306 nm 4.5-10.1 mg per 100 g 194
rutin, —
quercetin, 0.16—0.45 mg per 100 g
quercitrin —
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 litre !
Green and black tea 16 phenols including DAD 205 nm 2.84 mg g—! (black tea) 196—199
(—)-epigallocatechin (23.46—36.53) mg g~ ! (green tea)
Juices and beverages 21 phenols including: DAD 215 nm 200

quercetin
(—)-quininic acid

0.03 mglitre—!
12.5 mglitre !

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 /um  /mm
Juices (apple and Shim-Pack VP-ODS 5 250 x 4.6 80 min, gradient 31 phenols 201
multifruit)
Cranberry XDR Ci3 5 150 x 4.6 47 min, gradient 13 phenols 202
Apples, pears Nucleosil 120 C;g 5 250 x 4.6 25 min, gradient 5 phenols 203
Green and black tea, PartiSphere 5 Cig 3 110x 4.6 27 min, gradient 15 phenols 191
8 brands
Chocolate, 11 brands Hypersil ODS 5 250 x 4.6 30 min, isocratic 9 phenols 173
Grapefruit, orange pu-Bondapak Cig 5 250 x 4.6 20 min, isocratic 3 phenols 204
White wine, 11 brands Alltima 3 100 x 4.6 20 min, isocratic 4 phenols 205
Grape berries Hypersil ODS 5 150 x 4.6 25 min, gradient 4 phenols 206
Red and white wine, Nova-Pak Cig 4 150 x 3.9 34 min, gradient 17 phenols 207
S brands
Onion, soy Hypersil 120 3 125%x 4.6 30 min, gradient 5 phenols 208
Green tea YMC-Pack ODS-AQ 5 150 x 4.6 50 min, isocratic 6 phenols 209
Orange juice Luna 3 150 x 2.0 15 min, gradient 10 flavonoids 181
Lemon peel Nova Pak Cg 5 150 x 4.6 60 min, gradient 7 flavonoids 210
Wine? Spherisorb ODS 2 3 250 x 4.6 55 min, gradient 17 phenols 211
Orange and grapefruit Alltech Cig 5 250 x 4.6 30 min, isocratic 3 flavonoid 123
juice concentrates glycosides
French wine ® Nucleosil 100 Cg 5 250 x 4.0 75 min, gradient 1 phenol 212
Linseed Sperisorb S-ODS 5 250 x 4.0 50 min, isocratic 6 phenols 213
Lentil, beans Nucleosil 120 C;g 5 250 x 4.6 20 min, gradient 5 phenols 214

aThe wine brand was not specified. ® Red 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.'88 After optimisation of all individual parameters of the
analysis, the detection limit for trans-resveratrol using fluores-
cence detector was 0.003 mg litre=!, and using diode array
detector, this value was an order of magnitude higher,
0.02 mg litre—! (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.?'> 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.

Table 5. Detection limits and results of quantitative determination of
flavonoids in orange juice by high performance liquid chromatography
with different detectors.!8¢

Compound Detector
uv mass electro-

spectrometer chemical
Detection limits (pg 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 1.344+0.15 0.90+0.03 1.18+0.11
Narirutin 5.10+0.17 54402 5.0£0.6
Eriocitrin 1.0+0.2 0.9+0.3 —
Hesperidin 73+7 78.9+0.4 79.3£0.5
Naringin 2.6+0.3 0.144+0.0 —

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.'?> In some cases, virtually no sample
preparation was required. For analysis of zrans-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.?'® 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.!”5 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

1 The original procedure for the analysis of hydrophobic samples includ-
ing direct injection of plant or animal fats into a column has been
reported.?!” The procedure is applicable to determination of biologically
active compounds in plant oils.

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.?'® It has
been found?!'” 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.??® The phenol
derivatives determined by high performance liquid chromato-
graphy are identified by comparison of spectroscopic character-
istics (mass spectra)??! and retention indices?*>223 with the
respective characteristics of the standard compounds. In the
absence of standard compounds,??* 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.??3

In recent years, high performance liquid chromatography with
mass spectrometric detection 226-230 or combinations of diode
array and mass spectrometric detection with various ionisation
sources 231234 have been used most often to identify phenols
present in plant raw materials 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.?3> 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 !4 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.230-241 Advantages of this method include the possibility of
introducing the sample into a capillary in a dilute form under
pressure,®¥? i.e., the sample preparation stage is avoided, and
performing the experiments over a broader pH range 243244 than
in the case of high performance liquid chromatography.

A review 2% 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
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capillary electrophoresis, in particular, that with mass spectro-
metric detection, for analysis of antioxidants, metabolites and
toxins have been surveyed.>*> 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.?*® The addition
of anticoagulants does not influence noticeably the accuracy of
analysis, 1% ascorbic acid mixed with orthophosphoric acid
(10 pl ml— ") being the best stabiliser. The samples should be
stored at —20 °C.

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 ml—1) 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 1-2ngml—!
(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 mg—"! (Ref. 249).
A fast method for determination of isoflavone in urine by
immunofluorometric assay was proposed by Uehara et al.?>° The
method is sensitive (0.1 ng ml—") 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 its metabolites in biological
samples is determined using liquid chromatography with mass
spectrometric detection >>' =25 and some other methods, for
example, versions of high performance liquid chromatography
with mass spectrometric,>?2 UV,23%26 affinity chromato-
graphic,?37 fluorescence and electrochemical 258-25° 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 ml—! (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 @ Detection Ref.
compounds limit /ngml—!
Blood, human  (+)-catechin, ethyl acetate see® 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 - 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 Cyg column, extrac-  B-glucuronidase chemical detector
tion with a toluene —
CH,Cl, mixture
Rat urine flavonoids, water, methanol, HCI-methanol, 45 min RP HPLC-UV — 264
and blood phenylalkanoic acids  fractionation (SPE Cg) (Cs, Cig)
Human blood naringin, ethanol, fractionation — RP HPLC-UV 2 265
plasma naringenin (Sep-Pak, Cys, (Cis)
80% methanol)
Human blood catechin, epicatechin, ethyl acetate HCIl-methanol, 30 min RP HPLC-UV — 266
plasma 3 derivatives (Cig)
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
(Cs, Cis)
Human blood naringenin, SPE on a C;g cartridge B-glucuronidase + HPLC-UV, Cg 10 268
plasma hesperetin arylsulfatase, 18 h
Rat blood, a mixture of methanol—ethyl acetate—  B-glucuronidase + RP HPLC (Cys), 5 269
urine, tissues 8 catechins sodium dithionite arylsulfatase, 45 min electrochemical
(2:1:3) detector
Human blood 6 phenolic acids formic acid —acetone — — HPLC-MS (Cz) 8 270

serum

and aldehydes

water (4:140: 56)

Notes. The following designations are used: GC-MS is gas chromatography —mass spectrometry, RP HPLC-UYV is reversed phase high performance
liquid chromatography with UV detection, SPE is solid-phase extraction, HPLC-UYV is high performance liquid chromatography with UV detection,
HPLC-MS is high performance liquid chromatography with mass spectrometric detection.

aThe hydrocarbon sorbent is indicated in parentheses. P Prior to the analysis, the sample was modified with bis(trimethylsilyl)trifluoroacetamide.
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one of the most 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 the
electron-excited product in the chemiluminescent reaction that
underlies the bacterial luminescence is analysed. Various schemes
of chemical transformations capable of producing a bacterial
bioluminescence emitter are presented. The problem of excitation
of secondary emitters is considered; two possible mechanisms of
their excitation are analysed. The bibliography includes 76 refer-
ences.

1. 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.!>? 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.! 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.! However, the
signal function of bioluminescence may be secondary. Many
researchers suggest an important metabolic role of light-produc-
ing systems,? in particular, the relationship between the bio-
luminescent reactions and the antioxidant system of the
organisms is considered.*~¢ 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.” 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.*~¢ According to a hypothesis, the bioluminescent reac-
tion serves for hydrogen peroxide deactivation by the cells under
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conditions of intensive energy metabolism.® 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.!-?
The amino acid composition and structure of luciferases are also
different even for related species of luminescent bacteria.!? 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.!! The molecules of this group are char-
acterised by high quantum yields of n* 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.>°

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.!? 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.> 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!? that the chemical grounds of
bacterial luminescence include the enzymatic oxidation of the
reduced flavin mononucleotide [(FMN)H>, 1] to flavin mononu-
cleotide (FMN, 2) and oxidation of long-chain aldehyde 3 to
myristic acid (4) with atmospheric oxygen.

0 e
O:P"*O* O:I"*O*
0 0
il i
(CHOH)z (CHOH);
CHZ
N 104, N 40
N salla NH
H
1

H-C]3H27CHO —> n-C13H27C02H
3 4

The overall reaction can be written as follows:

luciferase

(FMN)H, + RCHO + 05

M
—> FMN + RCO,H + H0 + /v.

The bacterial luciferase is a heterodimer with a molecular mass
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.? From this
standpoint, bacterial luciferase is considered to be the most
catalytically active known enzyme.

The heat of this reaction is 110 kcal mol—!; this comprises the
heats of oxidation of (FMN)H; (40 kcal mol—!) and the aldehyde
(70 kcal mol—1').7 The overall heat of the reaction is greater
than the energy of the bioluminescence quantum equal to
~60 kcal mol—!. However, it can be seen that the oxidation
energy of only (FMN)H, 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)H> (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):

NADH : FMN-oxidoreductase

FMN + NADH + H*

—> NAD* + (FMN)H..

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 '* and the formation of a
strong complex between them.!>- 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.!-!3 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,!” because the enzymatic system that
reduces a carboxylic acid for the purpose of bioluminescence is
specific exactly toward myristic acid (4).%°

The general scheme of reactant transformation in the reaction
catalysed by bacterial luciferase was proposed more than forty
years ago 2! 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 1 contains reduced flavin,
(FMN)H», complex 11, 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.?? The
formation of intermediate ITA has not been proven experimentally
as yet, but is recognised as a necessary step of the reaction.” 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.?> 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.
We will call this complex intermediate I11. 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.!2-23

1. Formation of intermediates I, II and ITA [the energy range
of the possible excited states of intermediates is approximately
260390 kJ mol—! (21 700-32700 cm—1)].

2. Elementary excitation event in which the intermediate ITA
is converted into emitter P* (intermediate III).

3. Light emission step P* — P + hv.

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.? According to NMR studies,?? the reduced flavin,
(FMN)H; (1), is bound to luciferase as the (FMN)H ~ anion. The
absorption spectra of intermediates I, II, ITA and III differ little
from one another and have a peak at 380 nm characteristic of all
hydroflavins.>2! 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 group V of
the classification of molecules in terms of their spectral lumines-
cence properties.!! 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 and multiplicity,
can be represented as follows:

snn*
= Tun»
Snn* \
— Trn»
hy
So

These molecules have upper excited states of the nt* type and
undergo effective conversion of the excitation into the fluorescent
Syr+ state from the Ty and Spq+ states.?*

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.”

II1. Formation of the emitter in the bioluminescent
reaction

Kurfurst and Hastings 2° 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 °C) ant its fluorophore is
readily oxidised to FMN (2) by dissolved oxygen (the activation
energy for this process equals 83 kJ mol~!).2® 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 (10—4—
10-7).27:28 Only recently was a paper published describing a
model derivative of flavin with acceptable luminescent character-
istics.?® 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.
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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.?® Having postulated the key steps of reaction
(1), they suggested that flavin peroxyhemiacetal 6 incorporated in
intermediate ITA 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.’!

Subsequently, Kosower proposed another route to the bio-
luminescence emitter.3? 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(O,)O ~* formed after the super-
oxide attack abstracts a hydrogen atom from the luciferase SH
group; this is followed by cleavage of the C—H 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
itimplies the occurrence of free radical steps in this reaction, which
have not yet been detected by EPR.3? (However, this may be due
to limitations of the method.) Second, this mechanism implies
involvement of the enzyme mercapto group in the process. Indeed,
it has now been found?3* 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(O,)O~". 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.?> It was found that the SH group of the Cysl06
residue influences the aldehyde binding and the stability of
intermediate ITA.3¢ Third, an analogue of reduced flavin has
been synthesised that cannot form the N(1)-protonated form
[1-deaza-(FMN)H>] but is nevertheless involved in the bacterial
luciferase-catalysed reaction with emission of a light quantum.?’

The mechanism proposed by Kosower can be criticised
regarding several points; however, its main value is that the
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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 3® of chemically initiated electron exchange
luminescence (CIEEL) as a mechanism of chemiluminescent
reactions, Mager and Addink attempted 3° 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
and Addink concept,?® 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.
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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.*® 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 using modified flavins with different redox proper-
ties have been undertaken. Eckstein er al.*! 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 #? the study by Eckstein et a/.*! 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 CIEEL mechanism 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.*> They were the first to propose*? 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.
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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
analogy with 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.** This gave a
relatively low but reliable ky/kp 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.® First, no cases of dioxirane formation
from an aldehyde are known to date.*> Usually, the loss of a
proton by an aldehyde results directly in carboxylic acid. Second,
dioxiranes are highly reactive molecules,*> 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 er al.® 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.*®
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For flavins 5—7, the T,.+ 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, T+ —> Syr+, which is allowed as a
transition between the levels of different orbital nature and multi-
plicity (the El-Sayed rule*’). The prohibition as regards multi-
plicity is eliminated due to spin —orbit coupling. This fact has been
explained previously in a study by Plotnikov,?* who calculated the
rate constants for intramolecular transitions in this type of
molecules; the resulting values were high, being equal to
10'9-10'"" s—1. The importance of spin—orbit couplings in the
physicochemical processes has been emphasised by Minaev et
al #3350 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.>!

The above-described relaxation process of the excitation in the
bioluminescence emitter is associated with rearrangements of the
electronic structure of the emitter molecule. The excitation located
on the carbonyl group (nn* excitation) is delocalised throughout
the molecule (tn* excitation). The process ends by the radiative
transition Sy« — So. It was noted 2 that the upper triplet states
of these structures have too short lifetimes (10~ 1—10—! 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.?® 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.>> 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.>3~ 33 In particular,
the energy transfer to exogenous molecules introduced in the
bioluminescent reaction has been attempted.>>>* Fluorescent
aromatic molecules with energies of the first singlet excited state
in the range of 22000-32000 cm~—! (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 26000 cm !, this energy was taken as the characteristics of
the upper electron-excited state of the bacterial bioluminescence
emitter.>* 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, these molecules can approach the emitter to
distances appropriate for energy transfer by the exchange mech-
anism.>’

The last mechanism of bacterial bioluminescence to be men-
tioned was proposed by McCapra.® He considered the following
advantages of this mechanism over all other mechanisms: (i) this
mechanism is consistent with the isotope effect data** and with
experimental results obtained by variation of substituents;*!
(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.”
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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.’® The spontaneous formation of H,O,
adduct with two aldehyde molecules is also a proven fact.’® 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,!3 while the bioluminescence of the Y 1-strain of Vibrio
fischeri discovered in the mid-1970s has a maximum at 545 nm.>’
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).>® The yellow green
strain of V. fischeri was found to contain > the so-called yellow
fluorescent protein (YFP) with a similar mass and, as has been
found later,!- 62 with a primary structure also similar to that of
LumP. The YFP fluorophore is represented by FMN (2) or
riboflavin (12b).%3
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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 LumP4 and YFP4, respectively. The
proteins LumP, and YFP, are notable by the fact that, unlike
most other proteins, they do not quench the fluorescence of flavin
bound to them.®* On binding to LumP4 and YFP,, 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).? 4

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).? 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).®3-%¢ 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
7 x 10~7 mol litre=! (0 °C), which is comparable with the effec-
tive concentration at which the effect of this protein on the
bioluminescent reaction starts to be observed.%®

A study of the kinetics of bioluminescent reactions involving
LumP and YFP has shown that an important role in the formation
of protein complexes is played by aliphatic components (alde-
hydes, carboxylic acids, alcohols).®” In the absence of aliphatic
components, no reaction was detected between the proteins.

2. The mechanism 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 kgt is determined by the Forster equation:

kET = AQDk2171R76J,

Table 1. Comparative characteristics of fluorescent proteins of luminescent bacteria.

Characteristics Values for proteins

LumP YFP®b
Molecular mass /kDa 21 24
Fluorophore Lumazine derivative 12a FMN

Binding constant of the fluorophore with the protein /mol litre —!

Long-wavelength absorption maximum of the fluorophore
in the free/bound state /nm

Molar extinction coefficient of the fluorophore in the free/bound state
/litre mol—!cm~—!

Fluorescence spectral maximum of the fluorophore in
the free/bound state /nm

Fluorescence quantum yield of the fluorophore in the free/bound state

Lifetime of the fluorescent state of the fluorophore in
the free/bound state /ns

Rotational correlation time € of the fluorophore in the free/bound state
/ns

Overlap integral of the absorption spectrum of the fluorescent protein
with the bioluminescence spectrum /cm? litre mol—!

1.6 x 10~% (20 °C, pH 7)
406/417

1x10-8(4 °C,pH7)
445/470

10300 (406 nm)/10 300 (414 nm) 12500 (445 nm)/12 500 (460 nm)
490/475 (water) 525/538 (water)

0.45 (water, 22 °C)/0.58 (water, 20 °C)
8.9 (20 °C)/1.7 (2 °C)

0.26 (water, 22 °C)/—
4.7(20 °C)/5.5(2 °C)
0.15(2 °C)/20 (0 °C) 0.2(0 °C)/20 (0 °C)

2x 1013 1.54x 1014

2 The conditions of determination of the parameters are given in parentheses. ® Characteristics are given for the best studied YFP form with FMN (2) as
the fluorophore. ¢ 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, Qp is the quantum yield of the donor
fluorescence, k2 is the orientation factor, 7 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 I1I 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.? 7~ 7! Initially, Lee and co-workers attributed ® 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 ~25000 cm~—!. 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% 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 © %8 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 4 x 108 to 10° s—! (depending on the luciferase type
and LumP source).%> % Since the rate constant for the radiative
transition of the primary emitter containing fluorophore 7 is
108 s—1, 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 ¢ 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.®” The rate constant for
the IRET to the YFP (4 x 10° s—!) 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.® The overlap
integrals of the absorption spectrum with the bioluminescence
spectra of LumP and YFP differ by a factor of 7.7. The authors %7
consider this to confirm the assumption that the secondary
emitters are excited through weak dipole—dipole interaction
according to the Forster (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 ef al.”? 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 I11.

Intermerdiate IIA + YFP ——= Intermerdiate [IA —YFP

| !

[Intermerdiate ITI]* [YFP]*

| !

Intermerdiate IIT + /v (490 nm) YFP + /v (540 nm)

This mechanism 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.®’ 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?¢7) 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.®% % Unfortunately,
the spectroscopic properties of the intermediate I11—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 ¢7 high rate constant
for the energy transfer in the YFP system, no increase in the total



The mechanism of electronic excitation in the bacterial bioluminescent reaction 99

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 (Is40) to the intensity at 490 nm (/a90) is observed at 4 °C.
Some researchers argue 7? 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 YFP4 alone (for example, on heating of
the reaction mixture from 4 to 15 °C in the presence of
4 x 10=% mol litre=! of YFP, only 15% of YFP molecules
dissociate, while the Is40/1490 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.7* 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.”

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 °C).
It is also assumed that the high luminescence intensity of ‘yellow-
green’ bacteria at4 °C (i.e., at a temperature where their metabolic
processes are retarded) makes them attractive symbiotes for fishes
or other organisms.”?

If the hypothesis of ‘non-thermal energy discharge’ in a
bioluminescent process is taken as the basis,® 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.,* 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.? 7> 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.’® 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 nn*-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 of
mercury oxohalides, chalcohalides and related compounds are
surveyed. The structures of these compounds are described using
both the traditional way and a modern approach based on the
identification of stable building blocks coupled with the analysis
of their packing. The crystallographic and crystal chemical data
for the title compounds are given. The bibliography includes 123
references.

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 Hg? " 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 [Hgy]>* dumbbells or [Hg;]**
triangles (with the Hg— Hg 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, [AgsHg]* ™ or [AgoHgo]** tetrahedra,
etc. The mercury atoms in these cluster fragments occur in an
oxidation state lower than +2. It is interesting to note that the
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[Hgz]?> " dumbbells tend to linear coordination to Y atoms to yield
covalently bound Y —[Hgo]* ™ — Y moieties, which can further be
involved as building blocks in diverse assemblies (including
extended ones), in addition to the Y —Hg?>™ —Y group. A similar
behaviour is also typical of the [Hg;]** triangular clusters.

The results of structural investigations into inorganic com-
pounds containing mercury atoms either in the bivalent (Hg?") or
a ‘low-valence’ (i.e., [Hgo]* T, 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
[Hgo]?* or [Hgs]* ™ cluster fragments.

Several aspects of the crystal chemistry of mercuric inorganic
compounds with Y and X anions have been elucidated for the first
time by Karin Aurivillius.! The linear Y —Hg—Y fragment [with
a YHgY bond angle of ~180° and short Hg—Y bond lengths:
(Hg—O)ay 0f 2.04 A and (Hg—S),y 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 X —Hg— X molecules
in the crystal structures of mercuric halides or complex cation
[OHgsCl3]" in the structure of HgzOCly); or they can join into
infinite chains characterised by a certain sequence of the HgYHg
angles between the neighbouring Y —Hg—Y fragments. Aurivil-
lius introduced ! a classification of such chains including three
distinct types: helical chains that can be either right-handed (+) or
left-handed (—) (in particular, they occur in the hexagonal
modification of HgO), zigzag chains ‘+ —’ (occur in the ortho-
rhombic modification of HgO) and crankshaft chains ‘+ + — —’
(occur in HgsO4Br2). The exact geometry of a chain is determined
by the HgYHg angle, which in turn depends on the nature of the Y
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anion (for instance, different forms of crankshaft chains
‘+ + — —’ are realised in oxo- and sulfoxo compounds, such as
HgsO4Br; and Hg3S>Cl,). These chains can assemble into various
planar or puckered ribbons, layers or frameworks.

Bivalent, low-valence and mixed-valence mercury compounds
(nitrates, molybdates, tungstates, vanadates, arsenates and so on
containing the Hg? ™, [Hg,]*" or [Hgs]* " 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-state mercury
[including mixed-valence compounds, compounds with poly-
atomic groups [Hg,]** (n > 2), low-valence mercury compounds
with organic ligands and mercury-containing transition metal
clusters] have been surveyed in two reviews 23 and a monograph.*

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.> ® Such an approach has been extended to a wider
range of mercury compounds in a recent review by Borisov et al.®

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.

I1. 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.® Two stoichiometric
modifications, viz., low-temperature oo modification, cinnabarite,
and high-temperature 3 modification, metacinnabarite, are widely
known. The third phase that becomes stable at even higher
temperature mentioned for the first time in the mid 1960s '° as
non-stoichiometric y-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.” There has been some evidence ' of
natural occurrence of non-stoichiometric hypecinnabarite with
iron impurities as well. Mercury selenide and telluride occur as
rare minerals,'! viz., purple black tiemannite HgSe and dark grey
coloradoite HgTe.

Ternary mercury chalcohalides (with a 3:2:2 composition)
HgsY2Xs (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 HgsS>Cl, HgzSe,Cly,
HgsTe,>Cly and HgsTe>Br, belonging to one of 9 rare cubic space
symmetry groups, /213, which contain non-intersecting three-fold
symmetry axes, were reported.!> 3 Polymorphism is very typical
of these compounds. Puff et al.'* elucidated polymorphism in a
number of mercury sulfochlorides and sulfobromides. According
to their results, the low-temperature cubic a-HgsS,Cl, modifica-
tion can be crystallised from a stoichiometric mixture of HgS and
HgCl, at 300 °C. The high-temperature cubic B-HgsS,Cl, mod-
ification is formed at 400 °C. The low-temperature a-HgsS,Cl»
modification can reversibly transform into B-HgsS,Cl, under
hydrothermal conditions at 300+0.5 °C. The orthorhombic
v-Hg3S>Cl, phase can be produced at ~750 °C and is probably
metastable over the entire temperature range studied.

The orthorhombic low-temperature modification of mercury
sulfobromide, a-Hg3S,Br,, can be synthesised from HgS and
HgBr> at 200 °C, the high-temperature (also orthorhombic)
phase B-HgsS;Br, is formed from the same reactants at
~420 °C. The metastable y-Hg3S,Br, phase was prepared via
the interaction of a HgBr, solution with an excess of KBr and
sodium thiosulfate at 80 °C. 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
Hg3SZBI'0_5Io_5.14

Single crystals of mercury sulfofluoride HgsS,F> were grown
by heating of a mixture of HgS and dipyridinium tetrafluoromer-
curate up to 260 °C in vacuum according to the reaction

2HgS + (CsHsNH),HgF, —> HgsS:F> + 2CsHsN + 2HFT.

This compound was isomorphous to cubic a-HgsS>Cl,; isomor-
phous mercury selenofluoride HgsSe,F» can be prepared in a
similar way.!?

Earlier, an oxidative method for the synthesis of these com-
pounds has been suggested,'® which implied heating of the
respective reaction mixtures in sealed evacuated ampoules at a
temperature of the onest of exothermic effects:

3HgX, + 4Y —> 2Hg3YoXo + XoT-

Among all possible combinations, only HgsTe,F» could not
be prepared in pure form by this method, owing to the fact that
heating of mixtures of Hg,F» and Te in a temperature range of
180—350 °C always yielded liquid mercury. The oxidative syn-
thesis of mercury seleno- and tellurohalides was successfully
realised. The preparation of cubic mercury HgsS»I, sulfoiodide
was also reported.!”

Systematic investigations into the ternary mercury chalcoha-
lides are performed by a group of Ukranian researchers starting
from the early 1980s.'8~23 The preparation, physical and crystal-
lographic characterisation of cubic a-Hg;S>Cl,, HgsSe Cla,
Hg3Te,Clo, HgsTesBry and HgsSIo were reported.!® The phase
equilibria in the HgS—HgTe—HgCl, ternary system were eluci-
dated.?? The existence of a single ternary compound, HgzS>Cly, in
the HgS—HgCl, system was confirmed, which occurs as three
polymorph modifications, viz., low-temperature o modification
with a cubic structure, high-temperature cubic B modification
with the double lattice parameter and metastable y modification.
It turned out that the structure of the y phase belonged to the so-
called order —disorder type. In addition to the ternary compound
Hg3Te,Cl,, another compound with a composition HgzTeCly was
found in the HgTe—HgCl, system.

A study of the HgS — HgBr, system revealed 23 two modifica-
tions of mercury sulfobromide Hg3S>Br>, viz., low- () 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 y-HgzS>Br»
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was found. Two ternary mercury tellurobromides, viz., cubic
HgsTesBr and HgsTeBrg isomorphous to their chloro analogue,
Hg3;TeCly, were found in the HgTe—HgBr, system. Within the
HgTe—Hgl» system, only one ternary compound HgzTexl> was
identified.

Voroshilov and Slivka '® have observed for the first time the
formation of ternary compounds HgsS;l> (at 658 K) with an
orthorhombic lattice and HgzSe»l» (at 693 K), in the HgS—Hgl»
and HgSe—Hgl, systems, respectively. Syntheses of HgsS>1» and
HgsSesl> by heating stoichiometric mixtures of the respective
mercury chalcogenides and iodide in sealed evacuated ampoules
at 260 °C for 2—3 days were reported.>*

Based on the analysis of equilibrium diagrams for the
HgY —HgX; system, Voroshilov and Slivka !® 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-Hg3S,Cl»,?’ lavrentievite Hg3S»(Cl,Br), and arzakite
Hg3So(Br,Cl),,2%27 grechishchevite HgzSo>(Br,CLI),,%® radtkeite
Hg3S,CII ?° and kenshuaite y-Hg3S,Cl.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 Hg—S bond length is 2.54 A).3!

The more common trigonal modification, a-HgS (cinnabar),3!
possesses a unique structure with no close analogues among
monosulfides, since it involves chains combined into helices witBh
the mercury atoms surrounded by two closest S atoms at 2.368 A,
two more S atoms at 3.10 A and two even more distant S atoms at
3.30 A. The S—Hg—S and Hg— S —Hg bond angles are 173° and
105°, respectively (Fig. 1). Similar to B-HgS, HgSe (tiemannite)
and HgTe (coloradoite) crystallise in the sphalerite structural type
(Hg—Se 2.615, 2.634 A, Hg—Te 2.797 A, the YHgY angle of
109.47°). Upon compression to 1.5—2 GPa, the crystal structures
of HgSe and HgTe are transformed into that of o-HgS.3?

Figure 1. The crystal structure of a-HgS (cinnabarite).

a. 3:2:2 Mercury chalcohalides

The crystal structure of synthetic a-Hg3S>Cl, (natural mineral
corderoite 25) was determined by means of single-crystal X-ray
diffraction.*34 An analysis of the interatomic distances and
angles taking into account the tendency of mercury atoms towards

Figure 2.

The crystal structure of a-Hg3S>Cls (corderoite).

the formation of infinite chains' (—S—Hg—S—),, identified a
[Hg;S,]>"" framework in the structure, which can be described in
two ways. From the one side, the infinite nearly planar
(—=S—Hg—S—), chains of the ‘++ ——" 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
S—Hg—S bridges into a [Hg;Y,]*"" spatial framework with the
halogen atoms localised in its cavities.3> The cubic symmetry
(space group 72,3) provides the equivalency of all three chain
orientations.

The same authors 33 suggested an alternative method for the
description of the a-HgsS,>Cl, structure based on the identification
of the trigonal pyramidal SHgs 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 Hg—S bond lengths of
2.42 A.These three mercury 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 SHg;
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 Hg— CI bond lengths
(2.87 A) are indicative of the ionic character of bonding.

Frueh and Gray3* described this structure in a more tradi-
tional way: each Hg atom is octahedrally coordinated by two S
and four Cl atoms. Strongly distorted [HgY>X4] octahedra are
interlinked by face sharing.

Structural data on the isostructural compounds of the
a-Hg3Y,X, family (Y = S, Se and Te; X = F, Cl, Br and I)!?
that crystallise in the enantiomorphous space group 72,3 with four
formula units per unit cells are given in Table 1.

In order to rationalise the interatomic interactions in
Hg3SZC12, Hg3SQF2, Hgg,SCzClz, Hg3T€2C12 and Hg3TezBr2, a
crystal chemical analysis of their structures has been accom-
plished.'® The authors note that the interactions between the
mercury and chalcogen atoms are predominantly covalent. The
Hg—Y —Hg bond angles imply a significant contribution of the
chalcogen p electrons to the chemical bond (the coordination is
trigonal prismatic). Meanwhile, the Y —Hg—Y angles close to
180° are characteristic of six-coordinated mercury atoms in
distorted [HgY>X4] 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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Table 1. Crystallographic and crystal chemical parameters of ternary mercury chalcohalides.

Compound Space Unit cell parameters Z  dexp, Bond lengths® /A Bond angles  /deg. Ref.
group deale
(Ry) translations  ff angle Jgem—3 Hg—Y Hg—X YHgY HgYHg
/A /deg.

3:2:2 Chalcohalides

a-Hg3S>Cly 12,3 a = 8.940 4 6.74 2.42 2.86, 3.39 165.1 94.1 33
(0.065) 6.90
12,3 a = 8.949 4 6.895 2.45 2.87,3.38 166 92 34
(0.08) 6.827
B-HgsS,Cl, Pm3n a=17.925 32 — 2.36-2.40 2.70-3.64 166.9-176.5 94.8—-98.0 22
(0.035) 6.798
v-HgsS>Cly 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
v-HgzS>Cla 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
v-Hg3S>Cl, see b a=9332 8 6.83 — — - — 30
(kenshuaite) — b =16.820 6.87
c=9.108
a-Hg3S>Br> C2/m a=17.996 116.4 8 — 2.384-2.416 2.848-3.706 162.4-176.5 95.8-98.5 23
(0.0535) b =19.281 7.110
c=10.289
B-Hg3S2Br> C2/m a= 17273 89.78 8 — 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=9473
HgsSslh Imma a=9.799 8 — 2.399-2423 — 160.8-169.9  99.11-99.50 24
(0.0449) b =18.703 7.045
c=9.462
HgsSe>Cl, 12,3 a=9.06 4 — 2.51 2.90 167 92 12
Hg3Se>Br» C2/m a=17.529 89.51 8 — 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
HgsSesl» C2/m a=19.392 116.54 8 — 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=10918
Imma a=9.766 8 — 2.501-2.522  3.034-3.304 161.58-171.80 96.53-97.39 24
(0.0518) b =19.381 7.384
¢ =9.633
Hg3Te,Cl, 12,3 a=9.336 4 — 2.65 2.99 167 91 12
Hg3Te,Br, 12,3 a=9.54 4 — 2.64 3.08 167 91 12
HgsTesln C2/c a=14.22 79.9 8 — 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 — 2.57-2.77 2.99-3.97 180.0 88.3-100.0 38
(0.0483) b =19.722 7.508
c=14.382
Hg;Te,Brl C2 a=18.376 90.12 8 — 2.526-2.761 2.850-3.711 (Br) — 88.7-100.2 39
(0.1045) b =9.587 7.585 3.270-3.838 (I)
¢ =10.575
Hg3SZF2 1213 a=8.14 4 8.64 — — — — 15
— 8.68

HgsSesF» 12,3 a = 8.387 4 - — — - - 15
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Table 1 (continued).
Compound Space Unit cell parameters Z  dexp, Bond lengths® /A Bond angles  /deg. Ref.
group deale
(Ry) translations  ff angle Jgem—3 Hg—Y Hg—X YHgY HgYHg
/A /deg.
3:2:2 Chalcohalides
Hg3S:Br; oClo slo.s Pbnm a=13.249 8 — 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)
¢=38.710 3.259-3.304 (I)
Hg3S>Cly ol o0 C2/m a=16.827 130.17 8 — 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 ()
¢ =13.165
Hg3S>Cly 5Bros (I) C2/m a=16.841 90.08 8 — 2.372-2.484 2.703-2.801 (Cl) 158.42—-180.0 93.06—96.21 42
(0.0528) b =19.128 6.952 3.070-3.099
¢ =9.435 (CL, Br)¢©
Hg3S2Cly.s4Broae (II)  Pm3n a = 18.0409 32 — 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)¢
HgsSoBry sClos (L) C2/m a=17.824 115.69 8 — 2.366-2.430 2.826-2.854(Cl) 163.0-176.3  96.3-97.6 43
(0.0513) b5 =9.238 7.005 2.923-3.697 (Br)
¢ =10.269
HgsS»Bri 5sClos 1IV)  Pm3n a = 18.248 32 — 2.385-2.414 2.773-3.537 165.2-175.0  95.7-96.5 43
(0.0380) 7.026 (CL, Br)¢©
3.318-3.591 (Br)
3:1:4 Chalcohalides
HgsTeCly Pbca a=11.522 8 — 2.631-2.637 2.357-3.691 - 89.89-97.61 22
(0.0388) = 12.140 6.523
¢ =12.683
HgsTeBra Pbca a=12.360 8 — 2.62-2.71 2.64—3.49 - 81.85-99.07 23
(0.1181) b =12.523 7.00
c=12.868
HgsTely F43m a=6.244 — 7.03 — 2.704 — — 44
(0.1181) -

aY = §, Se, Te; X = Cl, Br, I; P the crystals are orthorhombic, the possible space groups are Ammm, A2mm, Am2m, Amm2 and A222; °the position is

statistically occupied by Cl and Br.

indicates that the structure is organised similar to a dense packing
typical of many chalcogenides and halides.

In the crystal structure of B-HgsS,Clp, virtually linear
—S—Hg—S— groups forming closed isolated [Hgi»Sg] cubes
with the S atoms in their vertices (Table 1, Fig. 3) can be
identified.??> 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-Hg3S,>Cl») by three mercury atoms to
form strong covalently bound trigonal pyramidal SHgs groups,
which can be considered as basic building blocks of the structure.
Closed isolated [Hg;2Ss] cubes are composed of eight SHgs
groups. It is interesting to note that in both of these cubic
structures (i.e., o- and B-Hg3S>Clb), 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 —S—Hg—S— groups. Such isolated cubes occur also in
other classes of compounds, in particular, they are similar to the
[SigO12] cubes found %’ in octasilsesquioxanes (and can be actually
regarded as their antitypes).

The crystal structure of the y modification of HgsS,Cl, was
solved 33 as belonging to the order—disorder type. It is composed
of different polytypes with the prevalence of blocks with the 42/m
or F2/m symmetries. The crystal structure includes layers built up
of the SHgs groups interlinked by sharing mercury vertices to

Figure 3.
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A fragment of the crystal structure of B-Hg3S>Cls.
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Figure 4. [Hg;SZ]ny » puckered layers with closed [S4Hgs] rings in the
crystal structure of y-Hg3S>Cls.

form [Hg3S§+]mm polycations. Within the layers, the Hg—S and
Hg—Cl bonds are covalent and ionic, respectively (Table 1,
Fig. 4). A comparison of the polycationic motifs in a-Hg3S>Cl»
and y-HgsS,Cly reveals that in the case of a-HgzS>Cla, these
groups are characterised by the 3m symmetry and the covalent
Hg— S bonds form a spatial framework. In the y modification, the
SHgs groups appear distorted and the network of the covalent
Hg—S bonds extends only in two dimensions. Each pair of
neighbouring layers is bridged by a system of the Hg—S bonds.
However, the whole structure is joined only by significantly
weaker Hg---Cl contacts. This explains the perfect cleavage of
the y-HgsS,Cl, crystals parallel to the (100) plane.

Two polymorph modifications of Hg;S,;Br», viz., o and B,
were prepared and characterised.?® In the case of the o phase,
nearly undistorted SHgs groups act as the basic structural unit.
Similar to the situation observed in f-Hg3S»Cl», eight such groups
linked by the mercury atoms compose isolated closed [Hg;2Ss]
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.

The monoclinic modification B-Hg3S,>Br> (Ref. 23)isisostruc-
tural to Hg3SeBr,.3¢ X-Ray diffraction patterns of Hg;Se;Bro,
v-Hg3S>Cl, and B-HgsS,Br; are very similar.?? The crystal struc-
ture of y-Hg3S,Br> remains unknown.

The crystal structures of isomorphous HgsS»1» and HgsSe»l»
have been reported.>* The mercury atoms therein are covalently
bound to two chalcogen atoms with the mean Hg—Y bond
lengths of 2.411 A and 2.512 A for Y = S and Se, respectively.
The Y —Hg—Y bond angles lie in the range of 160.8—163.9° and
161.48—171.78° for HgsS>l, and HgsSexls, respectively. The
mercury and chalcogen atoms form Hg—Y chains with the mean
Hg—Y —Hg angles of 99.3° and 96.9° for Hg3S>1> and HgsSexl»,
respectively. The Hg— Y chains go along the @ 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
YHgs groups are characterised by the oxidation state —2, these
one-dimensional polycations can be formulated as [Hg;Y,[% .
The Hg—1 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 Hg3S>1> and HgsSesl» reveal a new type of the
mutual disposition of the trigonal YHgs groups for compounds of
the Hg;Y>X; family (Y = S, Se or Te; X = ClI, Bror I).

Minets et al.3® reported on the synthesis and structural studies
of selenohalides Hg3Se>Br, and HgsSe»I». The former compound
is isostructural to B-HgsS,Br»>. Each mercury atom is covalently
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Figure 5. [Hg;Y,]% step-like polycationic ribbons composed of the
closed [S4Hga] rings going along the [100] direction in the crystal structure
of Hg38212.

bound to two selenium atoms, whereas each selenium atom is
connected with three mercury atoms to form the SeHgs; groups
(see Table 1). These groups are linked by sharing Hg vertices into
[Hgi2Seg]« o puckered layers. The majority of the Hg— Se bonds
(5/6) are involved into closed [HgsSes] rings oriented in two
different ways and the remaining bonds combine the rings into
layers via the Hg—Se — Hg bridges. The Br atoms are localised
inside the [Hgi2Seg]o o layers and between them. Similar puck-
ered layers are observed in the crystal structure of y-Hg3S,Cl,.3?

The authors 3% assign the structure of HgzSe,I, to the same
type as a-Hg3S>Bro, i.e., the structure containing isolated closed
[Hgi2Ses] cubes with the Se atoms in their vertices. The T 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.?*

The crystal structure of HgzTe»l» has been studied by several
authors.3¢-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 Hg—1I bonds
(3.425-3.499 A) and two short Hg—Te bonds (2.648 A, the
TeHgTe angle is 180°). Meanwhile, the Hg atoms residing on the
2-fold axes are surrounded by two Te atoms with the Hg—Te
bond lengths of 2.678 A and two I atoms at longer distances
[(Hg—1I)ay of 3.093 A, the TeHgTe and IHgI angles are 157.80°
and 100.99°, 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 Hg—Te bonds is realised in the
HgsTesls structure. It is built up of the [TegHg»] fragments,
which are in turn a combination of two [TesHg4] rings related to
each other by the two-fold symmetry axis parallel to the ring plane
linked by a Te—Hg—Te bond. These fragments are assembled
into a crankshaft ribbon, which differs from the [Y4Hgg]. 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 Hg—Te bonds form identically
oriented closed [TesHgs] rings, whereas 1/3 of the bonds link
these rings by the Hg—Te—Hg bridges (Fig. 6). The eight-
membered [TesHgs] rings in the crystal structure of HgszTexl,
have no shared edges with neighbouring rings, which is typical of
other ribbon and layered Hg—Y motifs; this constitutes the
principal distinction of this structural type from the structures of
other known chalcohalides. All four Te—Hg —Te bonds formed
by a ring are bridging, they link the ring with four neighbouring
ones at different levels.
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Figure 6. A complicated framework of the Hg— Te bonds in the crystal
structure of HgsTexls.

Voroshilov and Minets 3 described the crystal structure of
HgsTesBrl, which belongs to the structural type of B-HgsS,Bra
(HgsSe»Br»). Due to the presence of two different halogens, the
morphotropic transition HgzSe,Bro — HgsTe,Brl 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 Hgs;S>Cl,—Hg3S,Bro—HgsSolo 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 I1.2.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.*°
In agreement with the refined stoichiometry Hg3S>Br 0Clo sl s,
each mercury atom is connected with two sulfur atoms. As in other
structures of mercury chalcohalides with a common formula
Hg;Y>X5, covalently bound S—Hg—S and SHgs groups
assembled into a general motif can be readily identified in the
crystal structure. A significant deviation of some of the SHgS
angles (141.8° and 140.9°) from the linearity typical of bivalent
mercury compounds ! is of note. The halogen atoms are located
between the zigzag chains. The eight-membered [HgsS4] rings
composed of the SHgs groups are assembled into infinite crank-
shaft ribbons going along the [001] direction. As has been
mentioned above, similar polycationic motifs were found?* in
HgsS>1 and HgsSesls. In these structures, all ribbons are trans-
lationally equivalent, whereas they are related to each other by the
inversion centre and 2;-axis in HgzS»Br; ¢Clo slo 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 HgsS,CII was char-
acterised as a new mineral radtkeite in 1991.2° A few years later, its
synthetic analogue HgsS>Cl; ool1.00 was prepared and its crystal
structure was determined.*! As in the case of HgzS>Br; ¢Clo sy 5,%°
the SHgS groups deviate significantly from the linearity (see
Table 1). The SHgs groups form [Hg2Ss].co0 puckered layers
similar to those found in the crystal structures of y-HgszS,Clp,3>
B-HgsS,Br,2* and Hg;SesBr,.3® The orientation of the layers
strictly corresponds to the planes of perfect cleavage of the
crystals.

Figure 7.
along the [001] direction in the crystal structure of the synthetic analogue
of grechishchevite Hg3S>Bry.0Clo sl .

Crankshaft ribbons composed of closed [S4Hgs] rings going

A series of isostructural minerals HgzS>Cl,,Br, (m+n = 2;
m > n, lavrentievite and m < n, arzakite)2%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 Hg3S2C11A5BI'0‘5 (I), Hg;SQC11<54Br0A46 (II) 42 and
Hg3S,Br; 5Clo.s (11, 1V),** which have been successfully charac-
terised by single-crystal X-ray diffraction (see Table 1).

Compound 1 is isostructural to synthetic y-HgzS>Cls,
B-Hg3S>Bra, HgaSexBr, and HgsS>ClI (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-HgsS,Cl, 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-HgsS»Br2, and the cubic
modification IV is isostructural to B-HgszS>Clo. In the latter
structure, 64 Br atoms are located in the nodes of a sublattice
with a sublattice constant a/4, and eight [Hg;»Sg] 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 HgzTeCls and Hgs;TeBrs were
found in the HgTe—HgCl, (see Ref. 22) and HgTe—HgBr»
(Ref. 23) systems (see Table 1). Both Hg;TeXs4 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 TeHgs pseudotrigonal pyramids analogous to the SHg;
groups observed in the HgzY>X, chalcohalides described above.
The isolated TeHgs 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 TeHgs groups are slightly
more distorted than the YHgs groups in Hgz;Y2Xs (Y =S, Se or
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Figure 8. A projection of the crystal structure of HgzTeCl, onto the (100)
plane.

Te; X = Cl, Br or I); the spread in the HgYHg bond angles
increases from 3° (in HgzS>Cly) to 7° (in HgzTeCly).

In a study of the HgTe—Hgl, system, a new compound
HgsTels has been found and an attempt at determining its
structure from powder X-ray diffraction data has been under-
taken.** 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 HgzTel, in the ordered
form can contain fragments of the red modification of Hgl»
bridged by chains composed of the HgX4 tetrahedra (X = Te or
I) in a way similar to that observed in the crystal structure of SiS,.

3. Preparation and crystal structures of quaternary mercury
chalcohalides

a. Synthesis and crystal structures of MHgYX compounds

(M =CuorAg; Y =SorSe; X =Cl,Brorl)

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 components MX and HgY
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 MHgY X 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,*® both crystal structures include
planar crankshaft —S—Hg—S — chains assembled into a spatial
framework with pairs of strongly distorted [CuS:X5] tetrahedra
sharing an X —X edge (Fig. 9). The coordination polyhedron of
the mercury atoms is supplemented to a distorted octahedron with
the halogen atoms. The coordination polyhedron of the copper
atoms can be regarded as a strongly distorted [CuS,X5] 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

Figure 9. A projection of the crystal structure of CuHgSCl onto the (001)
plane.

(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“® and single-crystal X-ray
diffraction.*” As major structural units therein, the —I—Cu—I—
and —S—Hg—S— zigzag chains going along the ¢ 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 —S—Hg—S— 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 10. A projection of the crystal structure of CuHgSI onto the (100)
plane.




Table 2. Crystallographic and crystal chemical parameters of quaternary mercury chalcohalides.

Compound Space Unit cell Z  dealc Bond lengths # /A Bond angles? /deg. Ref.
group (Rf)  parameters /g em—3
/A Hg-Y M-Y Hg—X M-X YHgY HgYHg YMY XHgX XMX XMY
Chalcohalides with a 1 : 1 cation-to-anion ratio
CuHgSCl Pbam a=9.84 6.16 2.362— 2.258— 2.955— 2.273 - 172.4— 96.0— — 87.75 — 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 6.58 2.369— 2.266— 3.051— 2.412— 171.6— 97.4— - 85.06 - 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 (358 K) Pmam a =10.092 6.57 2.361— 2.284 3.061— 2.430- 171.4— 97.9 - 85.07 97.6 — 46
(0.068) b=09.184 2.367 3.265 2.931 180.0
c=4.138
CuHgSI Pna2, a=17.183 — 2.359- 2.311- 3.212- 2.633- 153.8 98.8 — — 106.5 103.8— 47
— b =8.343 2.369 2.322 3.999 2.743 116.0
¢ =6.989
Pna2, a="17.1748 — 2.373 2.324 3.213 2.649 153.45 - 114.70 78.78 108.70 - 48
(0.0416) b = 8.3356
¢ = 6.9855
CuHg»S,1 Cmc2, a=12.618 — 2.374 2.368— 3.214- 3.089° - — 113.4— — — 92.8— 47
- b=1.224 2.417b 4.034 125.8° 106.6°
¢ =6.937
CuHgSeCl (see ©) Pbam a = 6.9444 - 2477 2.379 3.105- 2.268— 171.31 89.14 126.74 - - 98.05— 49
(0.071) b =12.7561 2.486 3.270 2.882 114.82
¢ =4.2526
CuHgSeBr Pmma a=10.201 - 2.462— 2.392 3.073— 2.434- 173.02— - 128.7 - — 109.52 50
(0.0591) b=4312 2.475 3.358 2.787 180.0
¢ =9.256
AgHgSBr Pmma a=9.648 — 2.354— 2.498 3.092— 2.679— 171.4— — 137.80 — — 109.23 50
(0.0547) b =4.661 2.363 3.357 3.109 180.0
¢ =9.426
a-AgHgSI P2,2,2, a="1.075 - 2.351 2.561— 3.482— 2.748 172.5 98.1 - - 115.24 94.7— 51
— b=17.732 2.635 3.745 2.982 130.4
¢ = 8.475
B-AgHgSI Pmma a=10.159 — 2.376 2.535 3.268— 2.802— 171.4— — 132.9 — — 112.4 50
- b =4.648 3.453 3.209 180.0
¢ =9.849
Ag>HgSI» Cmc2, a = 13.834 6.35 2.38— 2.52 3.375— 2.778 - 175.5 93.1 — — 103.1-  100.0— 52
(0.0567) b="1.470 2.52 3.590 2.950 110.5 130.7

c=17.103



Table 2 (continued).

Compound Space Unit cell Z  dealc Bond lengths # /A Bond angles? /deg. Ref.
group (Rf)  parameters /g em—3
/A Hg-Y M-Y Hg—X M-X YHgY HgYHg YMY XHgX XMX XMY
Chalcohalides with a 3 : 4 cation-to-anion ratio
Hg>SnS>Br; (see ) P2y/n a=9.356 4 6352 2.345— 2.909— - 2.840— 171.5— 86.8— — — — 53
(0.0543) b =8.028 2.369 2.921 2.966 173.5 105.0
¢ =10.630
Hg,PbS>1, P 4/mbm a = 13.501 4 7.349 2.382— 2.989 3.301- 3.427- 171.06 98.84 73.71- — — — 54
(0.039) ¢ =4.593 2.386 3.441 4.385 100.4
Naturally occurring chalcohalides
Hga 6Ag4.4846° P21212, a=17.430 2 6.60 2.29- 2.46— 3.13- 2.74— 173.0— 96.0— 92.0 — — - 55
-(ClBrosli.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) P22,2 a=6.803 4 643 2.40— 2.44— 2.90— 2.71- - — — — — 56
(capgaronnite) (0.170) b =12.870 2.49 2.61 3.34 3.05
¢ =4528
HgAgS(Cl,Br) P6; a=8.234 12 6.59 - - - — — — — — — — 57
(iltisite) — ¢ =19.381

aM = Cu, Ag, Sn, Pb; Y = S, Se; X = Cl, Br, I; " the position is occupied by the Cu and Hg atoms in a 0.53 : 0.47 ratio; © the C1—Cl distance is 3.738 A; 9 § = 102.68°; the HgSSn angles are 95.7—113.9°.




Crystal chemistry and features of the structure formation of mercury oxo- and chalcohalides 111

ised.*? Its structure represents a framework assembled from the
—Se—Hg—Se— chains running along the [100] direction. Two
chains related to each other by a translation along ¢ are bridged by
distorted [CuSexCl,] 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 Cl—Cl edge assemble the
—Se—Hg—Se— chains lying in the xy plane into a framework.
The geometry of the —Se—Hg— Se — chains in CuHgSeCl differs
from that of the —S—Hg—S— chains in MHgSX (M = Cu or
Ag; X = Cl, Bror ). The —Se—Hg—Se — chains are similar to
the chains present in the structures of HgO, Hg(OHg)4Br and
Hg,O,Nal described as zigzag chains (the ‘+ — + —’ type) by
Aurivillius,! whereas the chains in CuHgSCl are of the ‘ + + — —’
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 er al.>® The structures are built up of
puckered layers composed of crankshaft chains with the covalent
Hg—Y bonds. These chains are assembled into a framework by
pairs of strongly distorted M[Y2X>] tetrahedra with shared X —X
edges (Table 2, Fig. 11).
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Figure 11. Puckered layers constituted by the Hg— S and Ag—S bonds in
the crystal structure of B-AgHgSI.

A new phase, a-AgHgSI, has been synthesised recently.! 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 —S—Hg—S— chains (of the ‘+ — + =’
type) oriented along the [100] direction are assembled into a
framework by pairs of distorted [AgS.I,] tetrahedra with shared
I—1Iedges (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 °C.

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 CuHg,S»I (Ref. 47) and AgoHgSI, (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
—S—Hg—S— chains go along the ¢ 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
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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 CuHg>S,I.

CuHg,S,I, 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)SsI]
tetrahedra assemble the —S—Hg—S — chains into a framework
by vertex-sharing. In the crystal structure of AgHg>S-I, the silver
atoms are surrounded by three I and one S atoms forming
distorted  tetrahedra. These tetrahedra assemble the
—S—Hg—S— chains into a framework by sharing their S
vertices.

b. Quaternary mercury chalcohalides with a cation-to-anion ratio of
3:4

Blachnik et al.>? reported on the synthesis of Hg,SnS,Br, by a
solid-state reaction of HgS and SnBr». In the crystal structure of
this compound, helical —S—Hg—S— 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
Sn,Br,4 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 — Pbl»
system involving elements of Groups 12, 14, 16 and 17,°* a new
sulfoiodide HgoPbS,1, has been synthesised (see Table 2). In its
crystal structure, the Hg atoms form two covalent bonds with the
S atoms, and four longer Hg—1 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 two Hg and two Pd atoms.
The 3D structure is built up of planar [HgsS4] rings stacked in
columns along the [001] direction. The columns are linked by the
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Figure 14. Helical axes —S—Hg—S— going along the [010] direction in
the crystal structure of HgoSnS,Br».

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 er al.,>* Hg,PbS,I, can be
considered as a cinnabarite (a-HgS) (see Fig. 1) derivative built up
of helical —S—Hg—S— chains.! The replacement of an S?>~ ion
in cinnabarite with two I~ ions gives rise to the HgsS,I» struc-
ture,* where the chains are joined by the Hg bridges. The
coordination number of the sulfur atoms increases to three. The
sulfoiodide HgoPbS,I, can be regarded as a HgsS»l» derivative
thatis obtained by the Pb? ™ substitution for one third of the Hg? "
ions, this modification is accompanied by a change of the sulfur
coordination to the tetrahedral one (2 Pb plus 2 Hg).

Figure 15. Columns of the [Hg4S4] rings linked by the Pb atoms in the
crystal structure of HgPbS,l,. The Pb—I bonds supplementing the
coordination environment of the lead atoms to a monocapped trigonal
prism are shown as dashed lines.

c. Naturally occurring quaternary mercury chalcohalides
Presently, there are only three known rare minerals falling into the
class of quaternary mercury chalcohalides, viz., perroudite, cap-
garonnite and iltisite. Perroudite and capgaronnite contain three
halogens (Cl, Brand I) at once; among naturally occurring ternary
mercury suflohalides, all three halogens are present simultane-
ously only in grechishchevite.?

In the structure of perroudite HgsAgsSs(Cl,Br,I)4, the mer-
cury atoms are covalently bound to two sulfur atoms to form
specific crankshaft chains parallel to 5.>> The coordination
environment of the mercury 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 (Ag—S2.46-2.78 A, Ag—X 2.99 A), whereas those of the
second type are tetrahedrally coordinated by three X and one S
atoms (Ag—S 2.66 A, Ag—X 2.59-3.03 A). The S—Hg—S—
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 Hgs 6Ag4.4S4.6Cl2.0Bro sl 6.
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Figure 16. A projection of the crystal structure of perroudite HgsAgaSsX4
(X = Cl, Br or I) onto the (001) plane.

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 —S—Hg—S— chains (of the ‘“+ — + —’ type) are
assembled into layers parallel to the (010) plane by pairs of edge-
sharing [AgS,X5] tetrahedra (Fig. 17).°° The mercury atoms
inside the chains are linearly coordinated by two S atoms, and
four X atoms supplement their coordination to the octahedral
one. The Ag atoms are tetrahedrally coordinated by two S and two
X atoms.
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Figure 17. A projection of the crystal structure of capgaronnite HgAgSX
(X = CI, Br or I) onto the (100) plane.

A hexagonal polymorph of the orthorhombic capgaronnite,
viz., iltisite HgAgS(CL,Br), has been reported by Sarp et al.,>’
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.

II1. 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,* a black polycrystalline powder with the
tetragonal symmetry (the Laue class is 4/mmm) is formed at
35 GPa. The authors assume that the —Hg—O—Hg—O-—
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.®® 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 —Hg—O—Hg—O— chains with the bond lengths and
angles typical of the HgO structures. Nevertheless, the Hg—Hg
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 n HgO-HgCl, (n = 0.5, 2, 3, 4) and an
oxobromide Hg(OHg)4Br» are known.

There are only a few quaternary mercury oxohalides. The
heating of a mixture of PbO, PbBr,, HgBr,and H,Oina3:1:2:1
ratio in a sealed evacuated ampoule at 280 °C yields®!
HgPb>,O(OH)Br3. Within the PbO—HgCl, system, single crystal
of HgPb>0,Cl, has been synthesised by heating a mixture of PbO
and HgCl, (in a 2:1 ratio) in a sealed evacuated ampoule at
275-300 °C.92 As a part of investigations into Hg-containing
high-temperature superconductors, the first barium mercury
oxochloride BaHg,O,Cl> has been synthesised by heating a
mixture of BaO; and Hg>Cl» in a sealed ampoule at 360 °C for
three days.®> The first strontium mercury oxochloride
SrHg»0,Cl, has been prepared as reddish brown powder by the
solid-state reaction of strontium peroxide SrO, with calomel
Hg2C12.64

The crystal structure of the orthorhombic HgO modification
reveals infinite planar zigzag —O —Hg— O — Hg— chains (of the

+ —+ — type)! lying in the ac plane parallel to a (Hg—O
2.039-2.067 A, the OHgO and HgOHg angles are 179.5° and
107.3°, 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 —O—Hg—O —Hg— chains in oxide corre-
spond to the infinite helical —S—Hg—S—Hg— chains oriented
parallel to ¢ in sulfide. In both cases, the X —Hg— X bond angles
do not deviate substantially from 180°. A decrease in the
Hg— X —Hg bond angle on going from oxygen (109°) to sulfur
(105°) fully reproduces the respective trend observed in other
structures.

The crystal structure of hexagonal red mercury oxide is built
up of infinite helical (—O—Hg—0 —),, chains going parallel to
the ¢ axis. The Hg—O bond lengths (2.03 A) and Hg—O—Hg
(108°) and O—Hg—0 (176°) bond angles inside the chains are
nearly the same as in the planar zizag chains of the orthorhombic
modification.® 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 Hg— O 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 HgzOCly (n = 0.5) includes the Cl— anions
and pyramidal [OHg3;Cl5]* 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 C1—Hg—O 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 [OHg3Cls]* pyramidal cation is surrounded by three Cl—
anions and vice versa each Cl~ anion is surrounded by three
[OHgs;Cl;3]" cations. The bonds inside the pyramidal cation are
covalent, as evidenced by the respective Hg— O and Hg— Cl bond
lengths (see Table 3). The Hg—O—Hg bond angle (118°) is also
indicative of the covalent bonding between the oxygen and
mercury atoms.

A similar nearly planar [O(Hgl)>(HgOH)] * cation occurs 7! in

two isostructural compounds [O(Hgl)>(HgOH)]CIO4 and
[O(Hgl)»(HgOH)|BF4 (Hg—O  1.99-2.12 A, HgOHg
115.4-128.1°; Hg—OH 198 A, Hg—-I1 2.57A, OHgl

175.0-177.2°, OHgOH 175.9°).

In the structure of a-Hg30,Cl, (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 (Hg—0O 2.07 A), whereas the second
type Hg atoms are coordinated by three O atoms (Hg—O 2.17,
2.32and 2.33 A).% Nearly planar HgOs 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
Hg? " cations, can be found elsewhere.?

There is another modification of this compound, -Hg30,Cl»,
which can be alternatively formulated as Hg¢O4Cl,.7 Its structure
is more complex than that of the o phase, which is evidenced by a
four times larger unit cell volume. A unit cell of the B-phase



Table 3. Crystallographic and crystal chemical parameters of mercury oxohalides.

Compound Space Unit cell parameters Z  dexp, Bond lengths? /A Bond angles * /deg. Ref.
group dcalc
(Ry) translations  ff angle /g cm—3
/A /deg. Hg—O Hg—X M-0 M-X OHgO HgOHg OHgX MOM HgOM
Ternary oxohalides
Hg;0Cly P23 a=9.236 4 6.43 2.062 2.302, — 118.0 175.7 65
(0.108) 6.45 2.987—
3.085
a-Hg30,Cly P2y/c a=6.3100 114.36 2 8.53 2.07- 2.706— 82, 123, 98.3— - 66
(0.059) b =06.8657 8.59 2.23 3.259 149, 180 114.3
¢ =6.8579
B-Hg30,Cl,=Hgs04Cls  P2y/c a=10.838  108.90 4 8.44 2.028— 2.364, 154.9- 104.9- 158.9 67
(0.059) b =9317 8.47 2.184, 2.753 - 175.1 120.7
¢ =11.564 2.436— 2.934
2.781
B-Hg30-Cl, P2y/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
¢=11.515
HgsO4Br> Ibam a=11.888 4 9.23 2.05- 2.958 86133, 113 - 69
(0.105) b =6.185 9.43 2.09 163,175
c=11.746
Hgs04Cl, Ibam a=11.619 4 - 2.04— 2916— 67.0— 113.2 — 70
(pinchite) (0.030) b =06.105 9.29 2.71 3.142 134.2
c=11.710
Quaternary oxohalides
HgPb,O(OH)Br3 Aba2 a = 14.652 8 — 2.07 2422 2.29- — — — — 103.27 - 114.61— 61
(0.0653) b = 14.6491 3.347 2.42 108.32 116.48
c=17.782
HgPb,0>Cl, C2/m a=11.788  122.64 2 - 2.054 2.981 2.340— 3.291- - - - 105.99-  108.26— 62
0.047) b =13910 2.388 3.402 109.87 113.10
c="17.749
BaHg,0-Cl, P4/mbm a=11.8442 4 - 2.03- 3.030- 2.72 3.119- 169 101 - - - 63
(0.0621) ¢ =4.2865 2.09,2.382  3.107 3.220
SrHg,0>Cl, P2y/n a=9.943 102.4 4 - 2.046— — 2.542— — — 108.42— - 107.24—  103.88— 64
(0.0598) b =7.023 2.491 2.684 108.56 113.16 119.13
¢ =8.288

aM = Ba, Pb, Sr; X = Cl, Br.
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Figure 18. A projection of the crystal structure of a-Hgz0,Cl, onto the
(010) plane.

contains six crystallographically independent mercury atoms. One
of them is linearly coordinated by two oxygen atoms (Hg—O
2.068 and 2.099 A, the OHgO angleis 175.1°), four types of the Hg
atoms are coordinated (similarly to the structure of a-Hg30,Cl»)
by three O atoms in the 2+ 1 manner (Hg—O 2.028-2.184 and
2.436-2.781 A, the OHgO angles are 154.9—171.4°). The last
type of the Hg atoms forms close contacts with two O atoms
(Hg—O 2.100 and 2.586 A) and binds covalently a Cl atom
(Hg—Cl 2.364 A, the OHgCl angle is 158.9°). The structure is
built up of infinite Hg— O chains (of the ‘+ + — —’ type).! Four
these symmetry-related chains cross a unit cell nearly parallel to
the [001] direction, a repeating unit of a chain forms two
O—Hg—O0 bonds with the nearest chain, i.e., individual chains
are assembled into pairs forming 12-membered (Hg—O)¢ 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 finite — Hg— Cl side chain. As a result, extended double ribbons
with the general formula [Hgx(OHg)4CI3*], 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 Hg— Cl 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 [Hg>(OHg)4Cl|Cls. It is of
note that the structure of this phase was determined independently
by another research group °® and they described its structure as
a motif of condensed cationic oxo-centred tetrahedra (see
Section IV.1).

The presence of extended virtually planar —O—Hg—0O—
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)4Br,
(n = 4).%° They can be classified as crankshaft chains of the
‘+ + — — type (Hg—O 2.05 and 2.09 A, the OHgO angles are
175° and 163°, whereas the HgOHg angles are 113°). 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 (Hg—O 2.24 A, the OHgO
angles are 86— 133°). Cavities of the framework accomodate the
Br atoms (Fig. 19). The crystal structure of naturally occurring
mercury oxochloride HgsO4Cl,, or Hg(OHg)4Cl, (pinchite), as
determined by Hawthorne et al.,’® appeared fully analogous to
that of Hg(OHg)4Br>.

@ Hg
o0
O Br

Figure 19. A projection of the crystal structure of Hg(OHg)4Br» onto the
(100) plane.

The Cl atoms play different roles in the structures of the
mercury oxochlorides. Above, in a-Hgz0>Cl, and HgsO4Cly, all
bonds between the Cl atoms and the respective frameworks
([Hg3O%+],7 and [HgSO?]”, respectively) are ionic. In
B-Hg30,Cl, and Hg3OCly, a fraction of the Cl atoms (25% and
75%, respectively) form covalent bonds with the mercury atoms
giving rise to the [HggO4CI’*], ribbons in the former case and
isolated [OHg;Cl3]" cations in the latter one. The
—O—Hg—0O-— fragments with terminal covalently bound Cl
atoms present in the structure of f-HgzO.Cl» loose them upon
heating and the compound converts into HgsO4Cl, with the
liberation of HgCl,. The similarity between the crystal structures
of B-Hg30,Cl, and a-Hg30,Cl, is not obvious. The presence of
planar HgOj3 groups is their common structural feature. The
B-Hg30,Cl, phase is more stable at 25 °C. Upon heating in air at
200 °C for 70 h, both modifications convert into HgsO4Cly; its
structure is similar to that of B-Hg3O,Cl,. The a-Hg30,Cl, phase
can be transformed into the B-modification by annealing in
vacuum at 200 °C for a week. A subsequent heating at 230 °C
for three days affords a mixture of HgsO4Cl, and HgCly, as
evidenced by powder X-ray diffraction data. Therefore,
B-Hg30,Cl, remains stable at about 200 °C, whereas HgsO4Cl,
becomes more stable at 230 °C. In overall, solid oxohalides
undergo the following reactions upon heating in vaccum in the
above temperature range:®’

2Hg302C12 S Hg604C14 S Hg504C12 + chlz,
Hgs04Cl, —> 4HgO + HeClo.

2. The crystal structures of quaternary mercuric oxohalides
In the crystal structure of HgPb,O(OH)Br;, it is a complex
fragment [HgoPbsO>(OH),]°" with the so-called heterocubane
skeleton that acts as the principal building block.¢! 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
166.7°). The coordination polyhedron of the mercury atoms is
supplemented to a distorted trigonal bipyramid with three Br
atoms at larger distances. The [Hg,PbsO,(OH),]®* moieties are
assembled into a framework by sharing Br vertices of the mercury
polyhedra (Fig. 20).

Mercury lead oxochloride HgPb,O>Cl; is characterised by a
significantly different structure.%? In this case, the [OHgPbs]
tetrahedra and the linear —O—Hg—O— groups can be consid-
ered as basic structural units. The [OHgPbs] tetrahedra are
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Figure 20. A projection of the crystal structure of HgPb,O(OH)Br3 onto
the (001) plane. The [HgaPbsO,(OH),]° ™ groups are localised in the nodes
of the unit cell and in the centres of its faces (the H atoms are omitted for
clarity).

assembled into puckered [HngZO§+]OOOO layers in the ab plane by
sharing vertices and edges. The Cl— anions are located between
the layers (Fig. 21).

The crystal structure of BaHg,O,Cl, has been solved from
powder X-ray diffraction data.®®> 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
(Ba—0 2.72 A) and three Cl atoms. The structure is built up of
planar Hg4O4 rings stacked into columns along the [001] direction.

@ Hg
@ Pb
o0
O a

Figure 21. The crystal structure of HgPb>O,Cls.

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 BaHg»>O,Cl; is isostructural to sulfo-
iodide HgoPbS»15 (see Fig. 195), its structure contains columns of
isolated Hg4S4 squares.

The crystal structure of SrHg>O,Cl, has been determined
using powder X-ray diffraction owing to the lack of suitable single
crystals.®* 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 (Hg—O,, 2.07 A), whereas the
second type Hg atoms have the so-called T-shaped HgO5 coordi-
nation.>* Two HgOj3 groups form four-membered rings, which
are further assembled into extended [Hg,0,]., puckered layers
oriented perpendicular to the [101] direction with the linear
—O—Hg—0O— bridges. The[Hg,0,] ,, layersare joined together
into a framework (Fig. 22) by the Sr?* cations, which are
characterised by irregular coordination polyhedra composed of
three oxygen and five chlorine atoms. Thus the structure of
SrHg,O,Cly can be classified as a new structural type. The
crystallographic and crystal chemical parameters of quaternary
mercuric oxohalides are summarised in Table 3.

® Hg
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00
o«a

Figure 22. A projection of the crystal structure of SrHg,O-Cl, onto the
(010) plane.

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, Pbor Ln; Y = O
or N) in the structures came in use starting from 1968.7> More
details on this concept can be found elsewhere.”3~77

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.”® The Hg—O 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 Hg—O bond lengths in
mercury oxo compounds is much larger than that in the M—O
bond lengths for the [M4O] tetrahedra (M = Cu, Pb or Ln).”® 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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shift of the O>~ anion from the centre of the Hg-tetrahedron to
one or two of its vertices.

As has been demonstrated by theoretical calculations, not
only Hg—O covalent bonds are of importance in the [Hg4O]
tetrahedra, but the interactions between the mercury atoms as
well, despite relatively large Hg—Hg interatomic distances
(~3.5 A).7 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 Hg—O bond lengths. Therefore, the interatomic
interactions in the [Hg4O] groups (or in the [HgsOs] groups
formed by the addition of external covalent Hg— O bonds to the
oxo-centred tetrahedron) cannot be represented as a mere sum of
the pairwise Hg— O contacts. It is a more complex system of
many-body interactions also involving the Hg---Hg bonding.”®

The oxo-centred [Hg4O] tetrahedra can form topologically
complicated assemblies by sharing vertices and edges. Their
examples can be found elsewhere.”® 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 CrOy4 acid anions, efc.) 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.3°
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®! Hg;OCI, or
[Hg»]30,Cls, is determined both by the covalent Hg—Hg bonds
in the binuclear Hg, fragments and the Hg— O bonds giving rise to
the bond angles of 87.9—121.6° at the central oxygen atom.”®
Taking into account the geometry of the covalent bonds, a
[HgeO2] 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., thombically distorted octahedron.?® It can
be considered as a fragment of a cubic close packing, which means
that its long edge and diagonal have lengths of ¢,v/2 and a,v/3,
respectively (where a, is the length of its short edge).

In order to confirm the reasonability of the consideration of
this moiety, quantum chemical calculations on [Hg4Os]>~ and
[HgsOs]*~ have been accomplished using the ZORA method 2 as
implemented in the software code ADF-2002.02.°! 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,”® the [Hg¢Og]* ~
fragment is substantially more preferable in terms of energy as
compared to the isolated oxo-centred tetrahedron [Hg4Os]>~.

[HgsOs)*~ [HgeOs]*~

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 of mercury oxohalides
support this concept.

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 Bond angles # /deg. Ref.
group /g em—3
(Ry) translations  ff angle Hg—Hg Hg—O Hg—X OHgO OHgHg
/A /deg.
Hg;0Cl C2Je a=19.009 p=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
¢ =16.848
HgqO-HCl3 1a3d a=16.036 16 — 2.516 2.165 3.010- 114.6 162.6 82
(eglestonite) (0.044) 3.095
Hg,OlI C2le a=17.603 p=101.61 8 8.96 2.534 2.128—  3.466— — 174.6 83, 84
(aurivilliusite) (0.036) b =6.981 2471 3.761
¢=6.701
Hg;05Cl Pmba a=11.796 4 9.51 2.536—  2.10— 2.992— - 1754-177.0 85
(hanawaltite) (0.049) b =13.890 2.544 2.65 3.340
c=6471
HgsO4Br3 P2y/n a = 6.8554 S =96.09 4 949 2.517-  2.10— >3.02 79.6-176.7 102.0-172.4 86
0.068 b =6.3033 2.557 2.57
¢ =31.093
Hgs0,Cl, C2le a=11.953 p=105.5 4 9.35¢ 2.703 2.234—  2.587 — - 87
(terlinguaite) ® - b =5.904 2.462
¢ = 9.466
Hg3AsO4Cl P23 a=8.3790 4 8.763 2.675 — 2.17- — — 88
(kuznetsovite) ® — 2.28
Vasilyevite ¢ P1 a=9.344 o=93262 2 9.7 2.533—  2.00— — - 157.1-176.0 89
— b =10.653 B =90.548 2.595 2.32
¢ = 18.265 y = 115422

aX = Cl, Br, I; » the HgHgHg angles are 60 °; © dmeas = 9.40 g cm—3; 4 HgpoOsl3Br2CI(CO3), i.c., [(Hg?)1006]I3Br2C1(C03).




Table 5. Building blocks in the structures of mercury oxohalides with tetrahedral anions.?

Compound, Geometry parameters of Structure-forming Ref. Compound, Geometry parameters of Structure-forming Ref.
Hg: O* ratio the [OMy] tetrahedron fragment Hg:O* ratio the [OMy] tetrahedron fragment
(M is a metal) (M is a metal)
Hgs04Cl> Hg—-O 2.045-2.707 A 70 Hgs;0Cl Hg—-O 1.949-2.601 A 81
(pinchite) Hg---Hg 3.416-3.945 A (poyarkovite) Hg---Hg 3.109-3.943 A
5:4 HgOHg 100.4-113.5° 3:1 HgOHg 87.9-121.6°
Hg40-Cly Hg—0O 2.016-2.486 A 87
(terlinguaite) Hg---Hg 3.408-3.963 A
4:2 HgOHg 91.6-123.3 P %
HggO4Br3 Hg—-O 2.041-2.571 A 86
2:1 Hg--Hg  3.225-3.948 A
HgOHg 88.1-118.3°
Hg,0;Cl, Hg—O 2.095-2.642 A 85
(hanawaltite) Hg---Hg  3.311-3.937 A
7:3 HgOHg 81.52-124.8°
o-Hgz0,CL Hg—O  2.063-2319 A 66 layer 1
3:2 Hg--Hg  3.511-3.766 A
HgOHg 98.3-112.5°
$-Hg;0-Cl> Hg—-O 1.891-2.588 A 67, 68
3:2 Hg---Hg  3.338-3.989 A laver 2
HgOHg  104.9-120.7° ayer
Hgs0,Cl3H Hg—O® 123-2179 A 82
layer 1 (eglestonite) Hg---Hg 3.654-3.994 A
; 3:1 HgOHg 105.0-113.6°
layer 2
Hg,0l Hg—O  2.128-2471 A 83,84  Hes020r04 Eg 7(})1 2'2?4’2'7(1)2 2 o4
2:1 Hg--Hg  3.590-3.775 A (“g?t;m“e) el 2'6 67‘1;'1890
HegOHg  101.3-111.0° : S Hmisl




Table 5 (continued).

Compound, Geometry parameters of Structure-forming Ref. Compound, Geometry parameters of Structure-forming Ref.
Hg: O* ratio the [OMy] tetrahedron fragment Hg:O* ratio the [OMy] tetrahedron fragment
(M is a metal) (M is a metal)
Hgs08,CrO,4 Hg—O 2.014-2.585 A 95 HgPb,0,Cl, Hg—0O 2.048 A 62
(deanesmithite) Hg---Hg  3.404-3.987 A 3:2 Pb—O 2.341-2.388 A
5:1 HgOHg  87.3-125.5° Pb---Pb  3.777-3.980 A
Hg---Pb  3.560-3.706 A
Hgi05Cr04 Hg—O  2.161-2.583 A 96 PbOPb —105.99-109.87
32 HgHg  3.552-3843 A HgOPb  108.26-113.10
HgOHg  100.65-112.69° .
HgPb,O(OH)Br3 Hg—O 2117 A 61
3:2 Pb—O 2.240-2.456 A
Pb--Pb  3.699-3.781 A
Hg---Pb  3.611-3.763 A
PbOPb 100.27-107.32°
) HgOPb 114.61-116.48°
HgPb,0,CrO, Hg—O 2.019 A 97
3.2 Pb—O 2375-2395 A BaHg,0,Cl, (see Table 3) 63
Pb--Pb  3.579-4.044 A 3:2
Hg---Pb  3.665-3.940 A
PbOPb 97.25-111.76°
HgOPb  110.28—116.20°
SrHg0,Cl, Hg—O  2.046-2.491 A 64 Hea0O6l3BroCl. Hg—O0  2.00-2.735 A 89
3:2 Hg---Hg  3.194-3.689 A (CO3)=[(Hgi")100¢]. Hg--Hg  3.041-3.497 A
HgOHg  108.42-108.56° I3Br,CI(CO3) HgOHg  92.9-121.1°
(vasilyevite)
5:3
layer 1
[Hgs],HgO2(PO4),  Hg—O 2.031-2.526 A 98
7:2 Hg---Hg  3.563-3.607 A
HgOHg  101.61-119.83°

layer 2

aSome 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);
©1.23 A is the O —H distance in the [OM3H] tetrahedron.
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Table 5 lists possible types of building blocks based on the
[OHgy] tetrahedra and [HgeOx1] 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 [Hg»]302Cl. 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
Hg —Hg bonds. If the [Hgz]?> " 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 Hg—Hg 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-Hg30,Cl, analysed earlier in Section II1.1
can be regarded as a result of the Hg?* ‘isomorphous’ substitution
for the [Hg,]?™ 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-Hg30,Cl,, 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 2,
screw axis or a ¢ gliding reflection plane. As a result, the unit cell
parameters b and ¢ are nearly identical being equal to the vector
sum of two short edges of the r-octahedra.

The structure of mixed-valence Hg,OI takes 83-3% a position
intermediate between those of poyarkovite and a-Hg3zO,Cl,. In
these structures, only two Hg-vertices of the r-octahedra are
replaced with the [Hg,]? " dumbbells. The layer of vertex-sharing
r-octahedra analogous to that in the structure of a-Hg30,Cl, is
located in the yz plane, which gives rise to nearly identical » and ¢
in these two structures. Two vertices of an r-octahedron (at the
ends of the long diagonal) are occupied by the [Hg,]** 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 I~ anions.

In the structure of a-Hg30,Cly, 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 Hg,OI can be represented as two herringbone layers
parallel to x, which are linked by the Hg — Hg dumbbells (~ 2.5 A)
also oriented along the x axis, rather than by shared Hg vertices.
Thus the a parameter of the Hg>OI structure corresponds to the
doubled a of the o-Hg3zO,Cl, structure (6.310 A) plus two
Hg—Hg bond lengths: 17.603 A ~ 2x 6.310 + 2x2.50 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-Hg3z0,Cl, structure, a [Hg;0O4] 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 HgzO,Cl 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 '/,'/,'/,
form a layer in the yz plane, the packing of the moieties in the layer
is determined by the symmetry (a ¢ plane and a 2; 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 00'/, and 0'/,/,. The condensation of the
two r-octahedra changes the Hg:O stoichiometry, a ratio of
Hg:0 = 5:4is 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 [Hg1004] fragment become terminal; this is accompanied by
the introduction of a Cl— anion at a distance of 2.36 A (the sum of
ionic radii of Hg and CI is 2.50 Al) 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 [Hg,]3HgO3Clyis 4: 3, i.e., it includes a larger amount
of cations than Hg30,Cl,. 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 '/,'/,',
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
Hg?* atom resides in an inversion centre and is characterised by
the strictly linear O —Hg — O coordination.

Despite a relatively small number of cations in the structure of
pinchite HgsO4Cl,, 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 1/41/ 41/ 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 HggsO4Br3 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 [Hg,] groups) is located at an
inversion centre (1/ ,00). 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 ¢/2
(layer 2). Pairs of overlapping r-octahedra are linked by sharing
Hg?* 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, ¢ parameter of hanawaltite and b parameter of
OL-Hg302C12).
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In the mineral terlinguaite [Hgz]HgO>Cly, the [Hgs]** trian-
gular clusters and [HgeO3] r-octahedra (taking into account the
covalent Hg— O interactions) act as basic structure-forming units.
The structure is built up by their packing together with the Cl—
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 stoichiometry Hg: O = 4:2. The first type of
the mercury atoms are characterised by the linear O—Hg—O
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
20 + 2Hg + Cl coordination. These structural peculiarities are
due to the presence of the [Hgs]*" cluster fragment, which
includes two mercury atoms of different types.

In Hg-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 (SrHg,O,Cl,, HgPb,O,Cly, see
Table 5). The approach based on the identification of ‘rigid’
atomic groups in crystal structures becomes increasingly more
popular.??~102 In particular, very similar atomic arrangements
were found in gold [AuecO2] (Ref. 103) and mixed gold —rhodium
[RhyAus05] (Ref. 104) clusters. These fragments manifest a high
stability due to the formation of Au— Au (3.008 A) and Au—Rh
(3.00 A) bonds.

In the structure of SrHg>O,Cl», a cationic r-octahedron with
an inversion centre and two strontium atoms occupying two its
vertices can be identified. The [SroHg4O,] r-octahedra are
assembled by isolated [SroHg,O] 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 ez al.%*

In the above compounds, the charge-compensating halogen
atoms play an insignificant structure-forming role, since rigid
polyatomic moieties ((Hg4O] tetrahedra and [HgeO-] 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.”%- 105

2. Stable structural units in mercury compounds with the AO4
tetrahedral anions (A = Cr, P, As or V)

A number of crystal structures of naturally occurring and syn-
thetic mercury sulfo- and oxochromates reveal even more complex
fragmentation patterns. The crystal structures of mercury com-
pounds with the AOy4 tetrahedral anions (A = Cr, P, As or V)
include, in addition to the Hg—S and Hg—O covalent bonds
formed by the mercury atoms, covalent A—O bonds within the
[AQO4] tetrahedral complexes, which are also incorporated into the
structure as ‘rigid’ moieties.'?® 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 becomes more important. The
[AOy] 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 Hg—Hg and Hg—S
covalent bonds constitutes the cationic part.

The crystal structures of mercury chromates (HgCrOsa,
Hg30,CrO4 and HgPb,0O»CrOy4) contain various configurations
of the [CrOy4] tetrahedra retaining the same type of contacts via the
octahedral cavity of oxygen atoms. Edge-sharing oxo-centred
tetrahedra, which can be identified as [HgeO2] and [HgoPb4O3]
r-octahedra and [HgPb,O] triangles (in HgPb,O>CrOy), act as the
cationic parts of these structures. Similar structural units occur in
the crystal structure of [Hgis]HgO2(POy4)> (see Table 5), where
centrosymmetrical [HgeO2] r-octahedra are assembled into a
framework by shared vertices and the [Hgs]** cluster cation; the
[PO43~ 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
[Hg3"1,Hg?" 0,CrO,, a more complex moiety acts as the basic
unit, which in the ideal shape is known as stella quadrangula.'!!
The central core of this unit comprises an empty [Hgs] tetrahedron
(Hg---Hg 3.30-3.72 A) capped with two [Hg4O] and two
[CrHg30] 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 Hg—Hg distance is
¢/2 = 3.30 A); in other directions, these groups are bridged by the
[Hgo]?+ dumbbells. Zigzag columns formed by the [CrOy] tetra-
hedra alternating with the centrosymmetrical empty oxygen
octahedra are strongly elongated (the Cr—Cr 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 [HgeO2] cationic group can be represented
in terms of both composition and geometry as a distorted
r-octahedron in which one of the long Hg— Hg 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 HgPb,O(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.®! The central empty tetrahedron is
formed by four Pb cations, four adjacent (face-sharing) tetrahedra
contain interstitial oxygen anions, two mercury and two hydrogen
atoms act as external vertices. This example as well as the structure
of HgPb,0,CrO4 described above demonstrate similar crystal
chemistry of Pb>* and Hg?"™ cations in compounds of the
approximate compositions.!'> Notwithstanding, there are sub-
stantial differences between them: the mercury atoms preferably
form linear O—Hg—O 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 HgCrOy4 structure
(see Tables 6, 7): these include two [CrHg,O] triangles sharing a
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Table 6. Crystallographic and crystal chemical parameters of mercury compounds with AO, tetrahedral anions (A = Cr, P, As or V).

Compound Space Unit cell parameters Z deale lnteratomiq Bond angles /deg. Ref.
group /g em—3 distances /A
(Ry) tranlsations angles
/A /deg.
Hg3S>CrOy4 P2y/c a=7528 p=11838 4 711 Hg—O  2.441-2.580 SHgS 163.70-173.93 107
(edoylerite) (0.079) b =14.832 Hg-S 2.365-2.415 HgSHg 93.52-125.42
¢ =7.463
HgsS>0CrOs= Pl a=28.129 «=100.4 2 8.14 Hg—Hg 2.536 HgHgS 167.6—171.3 95
[Hg3"(Hg*");S,0Cr0, 0.0292) H=9492 p=1102 Hg—0 2.11
(deanesmithite) c=6.89% =830 Hg-S 2.352-2.442
HgCrOy4 P2i/n a=7342 [ =940 4 647 Hg—O  2.000-2.047 - 108
(0.049) bh=18.522
¢ =5.202
Hg30,CrO4 P3521 a=7.137 3 845 Hg—O  2.161-2.170 OHgO 166.27 96
(0.0768) ¢ =10.017 HgOHg 102.83-122.47
HgPb,0,CrO4 P1 a=6.505 a=091.82 2 7.65 Hg—-O 1.993-2.019 OHgO 174.45 97
(0.049) b»=17201 p=092.17 Pb—O  2.236-2.448 HgOHg 112.65
c=7.605 y=111.33
[Hgs].HgO2(PO4), P2y/c a=62506 [f=95783 2 7.65 Hg—Hg 2.652-2.705 OHgO 180 98
(0.028) b =9.9366 Hg—O  2.031-2.600 HgHgHg  58.927-60.880
¢ =9.6663
Hgs0,CrO4= C2Jc a=11274 B =98.19 4 8.891 Hg—Hg 2.526 HgHgO 153.3-169.5 94
[Hg3",Hg?" 0,Cr0, 0.055) b =11.669 Hg—0O 2.06-2.16
(wattersite) ¢ = 6.603
AgHg-POy4 Pbam a=9.256 4 818 Hg—Hg 2.608 HgHgO 101.2 109
- b =28.614 Ag—Ag 2.824
¢=6.152 Hg—Ag 2.840,2.941
Hg—O  2.224-2.348
[AgsHg] [(V,As)O4] 14 a="1.727 2 7.733 Hg/Ag—Hg/Ag 2.752, - 110
(tillmannsite) (0.037) ¢ =4.648 2.738 (see?)
Hg/Ag—O 2.395-2.449
[AgsHg]VO4 14 a=17.7095 2 7.645 Hg/Ag—Hg/Ag 2.723, Hg/Ag—Hg/Ag—Hg/Ag 100
(0.0365) c¢=4.6714 2.739 59.60-60.198
Hg/Ag—O 2.373-2.444
[AgoHgo]3(VO4)a 1424 a = 12.6295 4 7.657 Hg/Ag—Hg/Ag 2.684—  Hg/Ag—Hg/Ag—Hg/Ag 100
(0.0508) ¢ = 12.566 2.739 59.31-60.77
AgHgVOy4 Cc2 a=9.9407 p =94.56 4 7151 Hg—O  2.084-2.699 — 100
(0.0358) b =5.5730 Ag—O  2.282-3.133
¢ =7.1210
[Ag2Hgo]o(HgO2)(AsO4)2 P3¢ a = 6.0261 2 8.537 Hg/Ag—Hg/Ag 2.710—- Hg/Ag—Hg/Ag—Hg/Ag 100
(0.0480) ¢ =21.577 2.774 59.56—62.38
Hg/Ag—O 2.214-2.597
Hg—O 2.00-2.24

aHg/Ag means that the respective sites are occupied statistically.

common Hg—Hg 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 AgHgoPO, (see Table 6).1%9 Its
cationic part is represented by an [AgoHga] r-octahedron com-
posed of two [AgoHgo] tetrahedra sharing an Ag— Ag 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’ = 'oa + /b

(632A); b' = —1ha+11b (632A); ¢/ =¢ (6.152 A); o =
B =y'=94.12°.

The recently solved tetragonal crystal structure of tillmannsite
[AgzHg][(V,As)O4] (see Tables 6, 7) 119 also includes an ‘empty’
[Ags;Hg] cationic tetrahedron with three Ag and one Hg atoms
statistically distributed over four vertices. The [(V,As)O4]*>~
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’, [AgsHg] tetrahedron sharing cation—
cation edges with the former one. The latter tetrahedron is
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Table 7. Anionic and cationic ‘rigid” atomic moieties in mercury compounds with AOj, tetrahedral anions (A = Cr, P, As or V).
Compound Types of anionic and cationic fragments Anionic and cationic fragments Ref.
HgCrOy4 isolated chains of the [CroHg,0-] rhombs 108

incorporating the [CrOy4] tetrahedra

Hg
Hg3S>CrOy4 (1) isolated pairs of the [CrO4], tetrahedra; o % % 107
(edoylerite) (2) zigzag ribbons of the [Hg4S4] rings S
I\ E E E
\
\\ \l I\ ~A\
N
Cr AV A
]
2 i
HgsS>0CrO4= isolated pairs of the [CrOg], tetrahedra inside 95
[Hg3*(Hg?*);$,0CrO,  a spatial framework of the S—Hg—Hg—O,
(deanesmithite) S—Hg—S and O—Hg—O bonds
. . . (0]

Hg30,CrOq4 (1) isolated helical chains of tetrahedra [CrO4]..; 96

(2) a spatial framework of the [HgeO>] r-octahedra

linked by vertex-sharing Cr @

Hg
! 2

HgPb,0,CrO4 ribbons of the [Hg>,Pb4O>] r-octahedra linked 97

by the [HgPb,O] triangles
Hgs0,CrO4= (1) a fragment of a chain composed of distorted 94
[Hg, 3 Hg? T 0,Cr0, [HgsO5] r-octahedra; (2) [CraHgeO4] stella
(wattersite) quadrangula, a fragment of the cationic

framework
[AgsHg] [(V,As5)04] alternating pairs of r-octahedra composed Ag/Hg 110
(tillmannsite) of [AgzHg] ‘empty’ cationic tetrahedra and

ribbons of the [(V,As)O4] anions sharing edges
with empty O-tetrahedra

As/V
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tetragonally distorted along the z axis [the Ag(Hg)—Ag(Hg) side
edges are 3.316 A]. As in the AgHg,POy4 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' =3/5a+1/5b=490 A; b’ = —1/5a+ 3/5b =490 A; ¢' =
c=4648 Ao’ = p' = 7' =90°.

A series of compounds with the [Ag,Hg]s clusters have been
synthesised within the Ag—Hg—E—O system (E = V3%, As° ™)
(see Table 6). In the tetragonal structure of [AgzHg]VO,, 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 [AgoHg>]
stoichiometry also with the statistical distribution of Ag and Hg
with a mean metal—metal distance of 2.72 A are present in
tetragonal [AgoHg>]3(VO4)s and trigonal [AgoHgr]oHgOs-
(AsOy)2 . Assuming the [Ag,Hg]s moieties and the VO4 or AsOy4
tetrahedra to be pseudospherical ‘building blocks’, the structures
of [AgzHg]VO4 and [Ag2Hgr]oHgO2(AsO4), 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 or AsO4, Band C
are the layers formed by the [AgoHgs] clusters. The crystal
structure of [AgaHg»]3(VO4)s cannot be described in a similar
way. It is interesting that another compound synthesised in this
system, AgHgVOu, 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.!%0

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. The modular principle in the structure formation
of mercury oxo- and chalcohalides

The presence of linear Y —Hg—Y groups (Y = O, S, Se or Te) is
commonly accepted as a specific structural feature of mercury
oxo- and chalcohalides. Additionally, trigonal pyramidal [YHgs]
groups, in which the Y atom is connected to three mercury atoms
forming variable Hg—Y — Hg bond angles in a range from 110° to
90° 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.! Typically, large mono-
valent halogens (X = ClI, 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 '3 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-PLATS7 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 dj; 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 Hg3Y>X> (Y = S, Se or Te; X = Cl,
Brorl)

In the crystal structure of a-Hg3S>Cl, (corderoite) (see Table 1), a
single basis Cl atom occupies a special position 8(a) on a three-fold
axis. These atoms form a primitive cubic sublattice with a trans-
lation vectora’ = 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 f-Hg3S,Cl»
(see Table 1); its unit cell comprises 64 cubic Cl sublattices (¢’ =
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-Hg3S2Br» (see Table 1), all Br
atoms are located on the mirror reflection planes, which determine
one of the lattice parameters of the Br sublattice as /2. Two other
lattice parameters are a/4 and ¢/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’ = 4.42, b’ = 4.69 and
¢’ =472 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 180°. 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-Hg3S>Br2) (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’ =
ald =dsor = 450, b' =b2=464 and ¢’ =dyo=4.62A
(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 HgzTezl» (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 90° (Fig. 23 b).

Therefore, the structures of HgzY>X> 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 the mercury 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 Y —Hg—Y bond by 90°. 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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Table 8. The Hg— Y motifs in the structures of 3:2: 2 ternary mercury chalcohalides.

Compound Hg—Y motif type Examples of isomorphous compounds Ref.
a-Hg3S>Cly a uniform framework of the —Hg—S—Hg— a-HgsSe,Clo, HgzTeoClao, HgsTesBra, Hg3S:F», HgszSesFa 12, 15,
(corderoite) bonds devoid of closed rings (see Fig. 2) 33,34
B-HgsS,Cly isolated [Hg;>Sg] groups (see Fig. 3) Hg3S>Cly 54Bro 46, a-Hg3S>Bra, HgsSexI» (monoclinic), 22,23, 36,
Hg3S»Br; sCly s (monoclinic), HgzS>Br; sCly s (cubic) 42,43
B-Hg3S»Br» the [Hg3S,]? ™ layers incorporating the [Hg4S4) v-Hg3S>Cl, Hg3Ses>Bra, Hg3S>Cly sBrg s (monoclinic), 23, 35, 36,
rings in two different orientations (see Fig. 4) Hg3S>CII (radtkeite), HgzTe,Brl 39,41, 42
HgsSslh [HgsS,]> ™ double crankshaft ribbons (see Fig. 5)  HgS4BroClI (grechishchevite), HgzSesl, (orthorhombic) 24, 40
HgsTesln a spatial framework with identically oriented - 37,38

closed [Hg4Tey4] rings (see Fig. 6)

Figure 23. Projections of the crystal structures of HgzY>Xo.

(a) A partial projection 0 < y < 1/2 of the crystal structure of a-Hg3S,Br»
onto the xz plane; the Br sublattice is formed by the (401), (020) and (002)
planes;

(b) a projection of the crystal structure of HgzTe,I» onto the xz plane; the I
sublattice is formed by the (202), (202) and (020) planes.

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.!13

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
HgsO4Cl; (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 (Hg4Cls) and (HgeOs) 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 O —Hg—O 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 [Hgs]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 180° for all planes), which cut a unit cell into eigth cubes with an
edge a’ = aj2 =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 [Hgs]**
triangles and [AsQ4]~ tetrahedra. In the crystal structure of cubic
eglestonite [Hg»]30.HCl; (see Table 4), which is characterised by
a lattice parameter nearly doubled as compared to that of
kuznetsovite, the cubic sublattice (a’ = 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 [Hg,]>* dumbbells
(again 48 centres out of 64 sublattices are occupied). Two latter
examples demonstrate that in the absence of large S?>~ anions,
space-filling structural units larger than the oxygen atoms, such as
[Hgs]* ", [AsO4)?~ or [Hgo]*" 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.!!3

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.> %1% Rigid multiatomic fragments, e.g., [M40],
[M6O2], [M1004], [AO4], etc., are most probably generated in a
reaction medium 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-
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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? 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.! !5 116 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.® 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 ¢ !14).

As has been shown by Borisov er al.,''® the relative space-
filling density for isolated Hg 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 '1° 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
[Hgs]* " and [Hgo]> " clusters) partly leave the structure. It has to
be noted that naturally occurring compounds with ‘cluster’
mercury, e.g., [Hg]?* or [Hgs]** 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 a mother 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 [Hg;]*" and
[Hgo]> " clusters and their stepwise oxidation as realised under
laboratory conditions. Typically, the synthesis is accomplished
starting from Hg?* oxides and other components in sealed
evacuated ampoules at a temperature >400 °C or under hydro-
thermal conditions at a sufficiently high temperature. It would be
reasonable to assume that minerals with the [Hgs]** and [Hgo]?>*
clusters are formed in nature under similar conditions. When the
minerals are transferred to the earth’s surface, the mercury
disproportionation processes are initiated:

[Hel**, [Hes]** —> Hg?* + Hg’.

In alaboratory, the disproportionation of ‘cluster’ mercury to
Hg?* and Hg? is typically carried out in an open system, since
mercury vapour is liberated. The process proceeds at a high rate at
200—-450 °C, 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]As>O¢
and HgAs>Oe, offer a very illustrative example of this process.!!”
These compounds include identical layers of interlinked AsOg
octahedra; layers formed by the Hg cations are also similar
provided that the centres of the [Hg,]** dumbbells are taken as
cations in the former case. Therefore, the reaction

[ng]A5206 R HgASzOg + Hg

can be interpreted as a progressive withdrawal of a half of the
mercury atoms from the cationic layers of the [Hg2]As>Og
structure, which gives rise to the replacement of the [Hgp]?>™
dumbbells with single Hg?* cations. This transformation is
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Figure 24. Projections of the crystal structures of HgAs»O¢ (a) and
[Hgz]As2O¢ (b) drawn to a common scale.

Plain octahedra denote HgOg, grey octahedra denote AsOg; the As atoms
are not shown for clarity, the Hg atoms are shown only in Fig. 5. Although
the projections onto the ab plane are identical, those onto the ac plane
differ by a length of the Hg— Hg dumbbell (2.5 A) along the ¢ axis.

accompanied only by a decrease in the ¢ 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 free mercury metal 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 !'®). This process can serve
as a source of mercury in natural waters and atmosphere.!1°

The segregation of different types of mercury over different
layers observed in the structures of some minerals ''® 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-
tion was suggested by Hawthorne ef al.’® 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.!!3

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.!?® 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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this approach, the effective size of an atom or atomic group rather
than only their chemical nature are of importance.®

Therefore, the crystal structure formation in mercury com-
pounds can be formally subdivided into two steps.® 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 djr;. 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 = Cuor Ag; Y = Sor Se; X = (Cl,
Brorl)

1. An analysis of the anion packing

According to several groups of authors,**~32 the two-layer
hexagonal close packing is realised in the crystal structures of
MHgYX (M = Cuor 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.!'!3

A comprehensive analysis of all closely packed anionic planes
for typical structures of MHgYX40-52 as well as of Ag,HgSI,
(Ref. 52) and CuHg,S,1,47 which are characterised by similar
stoichiometries, was performed using the software package
KAP-PLATS? to establish the character of their anionic pack-
ings. It was demonstrated that idealised hexagonal close packing
(hep) and body-centred cubic packing (bce) differ from each other
only in the stacking sequence of dense hexagonal layers 3¢ and
some distortions of the layers themselves, which complicates the
straightforward assignment of real structures to one of the two
packing types.>$

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 dj; 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,!!4 120 where cations are more ordered.

In the series of the compounds considered, the anion packing
varies from ideal hep (e.g., in CuHgSI)47-48 to ideal bee (e.g., in
Ag,HgS15).52 This result requires additional elucidation for the
cases of large differences in the sizes of the Y2~ and X~ anions
(r=1.84 A and 2.20 A for S~ and I, respectively). According
to an analysis of the arrangement of all atoms in these structures,*®
the relatively small radii of an S>— anion is compensated for by the
fact that all direct S—S contacts, which could have distorted the
packing (due to a large difference as compared to typical lengths
of the [ — I or I — S contacts) involve cations, which results in either
linear S—Hg—S or bent S—M—S fragments, and the S---S
contact appears comparable in length with the S—1I and 1—1
distances (in the former case, S---S ~4.7 A). Therefore, the
mercury atoms, due to the covalent Hg—S and, to a lesser extent,
M —S 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 S—S contact, which
apparently increases its length to that of the I—1I contact of the
anion packing. The resultant commensurability of the strongest
covalent S—Hg—S bond and the van der Waals contact between
the large I~ 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 1V.4, weak attractive Hg---Hg interactions
in the oxo-centred [Hg4O] tetrahedra exist at a Hg— Hg distance
of ~3.5 A.7 Thus it would be reasonable to consider the crystal
structures in more detail taking into account both well known
Hg—Y 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 AgoHgSI> and CuHg,S,l1, the S>~ 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 Hg,PbS,15 (Ref. 54),
perroudite Hga 6Ag4.4S46(CLBr,I)4s (Ref. 55) and capgaronnite
HgAgS(Cl,Br,I),%° where the [M>Hg,S] 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 sp*-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.>®

Experimental data summarised in Table 9 indicate that the
cationic tetrahedra surrounding the S~ anions (only one example
is available for Se?>~) are sufficiently stable in terms of the
geometry parameters.

Tetrahedron edge Length /A
Hg—Hg 3.56—-3.60
Cu—Cu 4.08-4.14
Hg—Cu 3.48-3.90
Hg—Ag 3.63-4.08
Ag—Ag 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 known Hg—S
and Hg—Hg covalent interactions and less elucidated M —S,
M —Hg and M —M bonding.

In the crystal structure of CuHgSI, a chain of the [Cu,Hg,S]
tetrahedra going along the 2; axis parallel to the z axis acts as the
‘load-bearing’ structural unit, which includes the strongest inter-
atomic interactions, i.e., Hg— S 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 (2 Hg + 2 Cu) fill the interchain cavities.

In the structure of CuHg»S»I, 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 CuHg,S>I and AgoHgSI,, 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 AgoHgSI, involves only iso-
lated chains composed of the [Ag,Hg»S] tetrahedra going along
the z axis together with a virtually linear rows of the Hg atoms
with Hg—Hg ~ ¢/2 = 3.55 A.na projection onto the xy plane,
the chains of the [AgoHgS] 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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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® [(M,Hg)4Y] tetrahedra und distance ® [(M,Hg)4Y] tetrahedra
/A /A
CuHgSI 3.589 (Hg—Hg) z Cu 47 CuHgSBr  3.568 (Hg—Hg)
3.617-3.970 (295K) 3.530-3.831
(Hg—Cu) Y Hg (see©) (Hg—Cu)
4.078 (Cu—Cu) 4.124 (Cu—Cu)
3.576 (Hg—Hg)
3.481-3.881
(Hg—Cu)
Cu/Hg 4.124 (Cu—Cu)
CuHg,Sol 3.775-4.152 z 47
(Hg—Hg/Cu)®
3.696-3.832 y ? E B-AgHgSI 3.598 (Hg—Hg)
§ 3.776 (Hg—Ag)
> ) 4.648 (Ag—Ag)
ﬁ/
Ag>HgSI, 3.559 (Hg—Hg) CuHgSeCl 3.483 (Hg—Hg)
3.629-4.112 3.592,4.121
(Hg—Ag) (Hg—Cu)

4.555 (Ag—Ag)

.

4.253 (Cu—Cu)

aFor the Hg—Y, Cu—Y and Ag—Y distances, see Table 2; ®» Hg/Cu means that the respective site is statistically occupied by Hg and Cu (see Fig. 13);

¢data for crystallographically independent [(M,Hg)4] tetrahedra are given.

In the crystal structures of CuHgSCl and CuHgSBr (295 K),*¢
the vertex-sharing [Cu,Hg,S] 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 Hg—Hg
columns that determine the respective unit cell parameters in the
above structures (the double Hg—Hg distance is ~7 A)] Two
Hg—Hg—Hg fragments intersect at an angle close to 90° and thus
a~7v2 =984 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 Se?>~ anions are also
characterised by the tetrahedral environment (2 Cu and 2 Hg, see
Table 9). The structure is based on chains of the [Cu,HgsSe]
tetrahedra formed around linear rows of the Hg? ™ cations with
the doubled Hg—Hg 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 ¢ (4.25 A), the Cl atoms lie in the same
plane as the Cu atoms, thus the layers formed by the [Cu,Hg,Se]
tetrahedra are separated from each other by layers of the Cl—
anions In the structure of a-AgHgSI,>' symmetry factors do not
prevent the formation of a framework of vertex-sharing
[AgoHgoS] 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 Hg—Y covalent interactions and Hg---Hg bonding contacts
that act as the prevailing structure-forming factors in the crystals
of quaternary mercury chalcohalides.®® Linear or zigzag
.-Hg---Hg---Hg--- chains (with Hg—Hg 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)+Y]
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 2 AgX over a wide concentration range
with the preservation of the crystal structure type (minerals
perroudite 33 and capgaronnite >°) has been reported. Structural
investigations into the synthetic analogues of minerals grechish-
chevite, lavrentievite, arzakite, radtkeite (corresponding to the
HgsY > X, stoichiometry) confirm the ability of the anion packings
to remain unchanged over significant variations in the halogen
composition within the Hgs;S>Cl,—Hg;S,Bro—HgsSolo  sys-
tem.40-43 The halogen atoms always occupy positions in the
nodes of a primitive cubic sublattice centred by the S~ anions.
The introduction of monovalent atoms, i.e., Cu and Ag, relieves
this limitation making the X and Y anions more equivalent.
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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’ (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).'?! 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 [SsHg] or, alterna-
tively, [Hg4S] tetrahedra. Meanwhile, the anion packing is signifi-
cantly different in the trigonal phase. The S>~ 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 cgr/ar = 2.45.'22 For the cinnabar structure, this ratio is 2.29,
which means that the rhombohedron of Hg atoms somewhat
deviates from cube: a’, = 5.74 A; o'y = 92.5° (Fig. 25).

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.

The stability of the cationic framework both in a- and B-HgS is
confirmed by its preservation upon the Al substitution for 1/4 of
the Hg cations, as evidenced by the crystal structure of
Hg3AIFsO2H (space group R3m, a = 7.262 A, ¢ = 10441 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'’r = 5.449 A, o'z = 83.57°. This pseudocubic cationic sublattice
corresponds to a hexagonal one with ag = a/2 = 3.631 and
cr=c=10.441 A. In this case, the cg/ag = 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 O — Hg — O 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 two Cu, Ag, Pb, ezc. 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.

O Hg
@ Al

Figure 26. The cationic F-centred sublattice in the crystal structure of
Hg;AlF(,OzH.

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.® '3 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],, 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 AsOy) 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 Hg—O, Hg—Y (Y =S, Se or Te) and A—O
(A = Cr, P or As) bonds are not substantially deformed in the
course of the crystallisation. These include oxo-centred [HgsO]
tetrahedra (which also involve weaker attractive Hg---Hg inter-
actions), S- and Se-centred [(M,Hg)4Y] tetrahedra, [HgsO3]
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 Hg—Y 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.
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Abstract. Methods of synthesis of highly dispersed inorganic
materials based on the use of ultrasonic treatment are considered.
Particular attention is paid to current trends in sonochemistry,
namely, ultrasonic hydrothermal treatment and high-temperature
ultrasonic processing of liquid- and solid-phase systems. The
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, -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 no means 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
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particles, breakdown of the contacts formed in the course of
mechanical mixing of reactants and demixing of reaction mixtures
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-
nismin a targeted manner and to additionally activate the reaction
mixtures.? Recently, synthetic methods based on utilisation of
microwave radiation have been progressed rapidly.*~¢ 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.” 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 even more 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.® 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. This made it possible to choose the strategies of the
synthesis of nanopowders with preset physicochemical properties,
however some problems are still to be solved.® 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
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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.!0- 1!

A promising method for solving a number of problems
mentioned above is sonication. Ultilisation 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.!?!3 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.'#~20 At
present, chemically- and materials-science-attractive features of
sonochemical synthesis have been well documented. The advent of
promising sonochemical research avenues, e.g., high-temperature
synthesis of complex oxides?! and synthesis of highly dispersed
oxide materials under concurrent hydrothermal and ultrasonic
treatment >? 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.

I1. 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.??* 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,?* pressing,? synthesis of various compounds
and materials,!> sample preparation in analytical chemistry,?°
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.?® 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).?7-2°

Generation of ultrasonic vibrations is based on transforma-
tion of electromagnetic oscillations to elastic mechanical vibra-

11n 1994, Elsevier B V (now a part of Reed — Elsevier Group) established a
scientific journal Ultrasonics Sonochemistry. This fact substantiates that
research in this field is in high demand.

tions using specific devices. Electrical energy is converted to
mechanical energy using the magnetostriction or piezoelectric
effect.3® 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 cm? (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 pm for ferrite transducers and more than 10 um
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 cm—2 and even reach the
values 200—500 W c¢cm—?2 at an efficiency of 60% —65% in, e.g.,
pulsed mode of operation.!3

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.3!
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 °C 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).

I11. 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 cm—2), the
behaviour of the system can be quite correctly described using the
classical wave equation. In this case no phenomena that could be

Acoustic Acoustic
flows pressure
Acoustic
energy
Sonolumi- Acqus}lc Cavitation
nescence radiation
pressure L—‘—l
Stationary Non-stationary
cavitation cavitation
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 cm—2
and more causes the onset of some non-linear phenomena in the
liquid. Among them, the most important is cavitation.!4 3234

The mechanism of the onset of cavitation can be described as
follows.!#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).

P /MPa

0.1 MPa
—P

Figure 2. The phase diagram of water.!4

Notations of points: AF is cavitation, K is critical point, BKH is binodal,
BK is onset of boiling, KH is condensation of vapour, CK is spinodal, P is
acoustic pressure, Ps is saturated vapour pressure, P. is ultimate tensile
stress.

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).3¢ 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.?” It
is accepted that collapse of a cavitation bubble leads to the
formation of a ‘hot spot” at the centre, characterised by a local
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Figure 3. Evolution of a cavitation bubble.?*

Generation (/), growth and oscillations (2), collapse (3).

temperature of about 5x 10°K [up to (2—3)x 10*K)]3® and a
pressure ranging from 500 to 1000 atm.3° The rate of cooling of the
‘hot spot’ can be as high as 10’ K s—! (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.*! ~4*

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.*?

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,*> 4630 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,*? including the
occurrence of sonochemical reactions at very low ultrasound
intensities (about 10—3 W cm—2) or at high ultrasound frequen-
cies (> 100 Hz) and an increase in the efficiency of suppression of
sonochemical reactions using high-boiling additives, ezc.

IV. Cavitation parameters

Cavitation can be characterised by three main parameters,
namely, intensity, cavitation threshold and stationarity.>!

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 / (energy transferred per unit time
through a unit surface area) can be estimated from the relation

T

s

P2 _52@2pc0
=3pes

2 s

where 7 is time, ( is the integration constant, P = wpcp is the
amplitude of acoustic pressure, p is the density of the medium, ¢ is
the velocity of sound, & is the amplitude of acoustic vibrations and
w = 2mnf’is the angular frequency of vibrations.

It should be noted that the specific power (intensity) of
acoustic vibrations is usually expressed in W cm—2 (power per
unit surface area of acoustic radiator) or in W cm—3 (power per
unit volume of irradiated sample).>2

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.>? >3 The most widely used method is a
calorimetric technique >* 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 C,ATv
TSt
where C, is the molar (mass) heat capacity of the medium, AT is
the experimentally determined change in the temperature during
the time interval 7, v 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 (1er) of a sonochemical process

_m
- Sk’

where m is the amount of the substance (in moles) involved in the
sonochemical reaction. The yield of a sonochemical process (1)
can be defined 33 using the transferred power of the source of
vibrations W instead of absorbed acoustic power
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However, the calorimetric technique described above has a
number of significant drawbacks.>¢ 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.>” This approach involves initial irradiation of the liquid with
ultrasound over a short period (r) and measurements of the
dependence of the temperature of the liquid on the duration of
the treatment stage (curve A4). 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

n

power of the heater the shape of curve B is changed in order to
match curve 4. 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 °C),
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 (yc)
defined by the relation

P()*Ps
P P,

where Py is the external pressure. Interestingly, the y. value
corresponding to the onset of cavitation usually differs from the
value corresponding to its disappearance, i.e., hysteresis occurs.
The y. 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,?? stationary and non-stationary cavita-
tion. Non-stationary cavitation bubbles are formed at an acoustic
energy density of the order of 10 W cm —2 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 cm—?2).

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.!

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 cm—2 for aqueous
solutions) and the optimum power (10—50 W c¢cm 2 for aqueous
solutions), because further increase in acoustic power makes the
process less efficient.?? 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.'*

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
23 MHz the cavitation threshold substantially increases '# and
the efficiency of the sonochemical processes decreases.

Physical properties of solvent. It is accepted 4 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 > for acoustic vibrations at 23 kHz, an
increase in the viscosity of the medium from 0.001 to 0.1 Pa sleads
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 7 and cohesion
pressure peo (characterises the hydraulic resistance of the liquid
to the formation of cavitation bubbles) was proposed >

log(i)z ~3.05p,, ,
Mo

where 7o = 0.13 MPa s and the empirical constant —3.05 is
expressed in atm 1.

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 %°

Pco = P0 — Pmin = Po — V 21minpvus s

where po is the hydrostatic pressure and v,s 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 ®' showed that a decrease in the surface
tension of the liquid from 0.072 to 0.040 N m~—! causes a more
than threefold acceleration of sonochemical reactions. The main
reason for this effect is the decrease in the cavitation threshold.6!

According to calculations,>® 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 m~! 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.®? 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.¢?

Temperature. Experiments ©> 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 * 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 °C and sonolysis of
water resulting in the formation of H,O5 is suppressed at 67 °C.%?
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 '# 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,®>~ %8 finely dispersed powders,%
emulsions ®%-70 and aerosols.”! =73 Additionally, sonication is
successfully utilised for etching of surfaces,”® regeneration of
catalysts,”* monitoring of precipitation,?? erc.

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).!5 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 7> 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 m? g—!) due to collisional disintegration
of particles. Chemical processes in the liquid —solid systems can
also occur at higher rates under these conditions;”¢ 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
7rS;, V505, TaS,, MoS,; and MoOj3 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).””

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

I

Figure 4. Collapse of a cavitation bubble near interface.'s
The direction of the liquid flow after collapse of the bubble is shown by
Arrows.
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Figure 5. Powder X-ray diffraction data of the samples obtained upon
irradiation of a suspension of Cu/Se mixture in methanol with ultrasound
for 30 (a), 120 (b), and 480 min (c).”’

The X-ray diffraction pattern in Fig. ¢ corresponds to single CusSe; phase;
the reflections were indexed according to [PDF 47-1745].

V. Sonochemical reactions in aqueous media

The chemistry of aqueous solutions under sonication has been
studied in considerable detail.® 1433.78 [n 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 7%-80

H-O &» H + HO',

HO + HO® —» H»0,,
H+0, — HO5,
HO} + HO; —> H>0s + Os.

The rate of formation of HO' radicals in solutions in the
absence of oxygen dissolved in water is ~25 pmol litre =! min—!
and the rate of formation of hydrogen peroxide in air-saturated
solutions is 0.6 mmol litre=! min—! (Ref. 81).

Sonication of water causes ionisation of water molecules at the
instant of collapse of the cavitation bubble and emergence of
hydrated electrons 82

e~ +zH,0O —> Caq -

The presence of solvated electrons in an aqueous solution
strongly depends on the acidity of the medium.®? For instance, in
an acidic medium the solvated electrons participate in the for-
mation of hydrogen atoms following the reaction

€q T HT —> H',

whereas another process occurs in a basic medium

H + OH- —> H;O +¢y.

Thus, sonication of aqueous solutions should initiate redox
and radical reactions in them. For instance, sonication of an
acidified aqueous solution of Mohr’s salt in air causes oxidation of
Fe(11) to Fe(II) as follows %4

Fe2* + H,0, + HY —> Fe3* + HO' + H,0. (1)

The oxidation of iodide ions in aqueous KI solution occurs
under similar conditions

- + HO' —> 0.5, + OH—, )

L+1I- —1I5. 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.>? 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) 83 (Fig. 6), are also used as reference reactions.
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Figure 6. Extent of decomposition of TPPS (/) and absorbances of Fe3 "
(2) and I~ (3) solutions plotted vs. duration of ultrasonic treatment.3
Rrpps = crpps/¢ E;‘pps is the ratio of the TPPS concentration after ultra-
sonic treatment to the initial TPPS concentration.

Reduction reactions, e.g., reduction of Fe(IlI) upon sonication
of weak acid or neutral aqueous solution of complex
K5[Fe(C204)3] in air 8¢ can also proceed in aqueous solutions

Fe3* + HO; —> Fe2* + O, + H™.

Reduction of Ce(1V) to Ce(1l) under ultrasonic treatment of
acidified aqueous cerium(IV) sulfate solution proceeds analo-
gously.’”

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.!4 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.®8-%0 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 pmol litre—! W—1).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, efc. 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®' 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 > in a study of the
influence of aliphatic alcohols on the rate of reduction of platinum
from H,PtCls. 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 litre—1).%3

The effect of the surfactant concentration on the micro
morphology of nanodisperse powders formed under sonochem-
ical reduction conditions was studied.®* 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 NaO3SCi:H23 have different morphologies including
spherical, needle-shaped, disk-like and triangular crystals (Fig. 7).
As the [HAuCly]: [NaO3SCj2Has] 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.

Figure 7. Micrographs of nanodisperse gold particles prepared by ultra-
sonic treatment for 1 h at a [HAuCl4]:[NaO3SCi2Hzs] ratio of 1 (a),
0.2 (), 0.1 (), 0.05 (d).*

A study ** 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 *> of nanodisperse
copper particles of size 50—70 nm from copper(Il) hydrazine
carboxylate can also be treated as indirect sonochemical reduc-
tion.

The results obtained in a study ¢ 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 C—O—C 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.
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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 HAuCly, AgNO; and PdCl, was successfully used *7- 191 for
preparation of nanocomposites based on SiO, xerogels and
containing 4—7-nm nanoparticles of corresponding metals. The
matrix (SiO») 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 HAuCly and H,PtClg was also
employed to prepare conducting composite materials based on
polypyrrole '93 and polyaniline.'%* 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 and manganese 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
Fe304 powder comprising needle-shaped particles (average size
14 x 48 nm) was obtained by ultrasonic treatment of Fe(OAc)»
solution under argon bubbling.'%> 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 Mn,O3; and Cr,O3
were synthesised from potassium permanganate and ammonium
bichromate, respectively.!’ The addition of ethanol to the reac-
tion mixture considerably increased the rate of sonochemical
synthesis due to the formation of secondary radicals (o-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, 108110

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 ''! in the course of preparation of nanodisperse
a-Ni(OH), 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.® In particular,
nanodisperse ceria was synthesised %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 CeO, powder
with a particle size of 3.3 nm.

Recently, extensive literature on the synthesis of titania
powders under sonication has been published.!'4~ 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 TiO, 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 °C). 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.!'”- 11 In some cases prep-
aration of spherical particles during the synthesis requires the
addition of high-molecular-mass compounds, e.g., polyethylene
glycol ' or octadecylamine.!'® It should be noted that synthesis
of titania from titanium tetrachloride results in monophase
rutile '1%- 121 with needle-shaped or dendritic morphologies.

Acoustic treatment of rutile suspensions in sodium hydroxide
solution '?? leads to formation of nanotubes and needle-shaped
particles of approximate composition H>TizO7- 0.5 H2O. No such
structures are formed without sonication. The authors assumed
that this is due to partial dissolution of TiO, 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 ''* 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,'?* 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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Figure 8. Absorption spectra of: aqueous KI solution irradiated with
UV light (/) and ultrasound (2), aqueous KI solution with TiO, additive
(3), pure aqueous KI solution (4) and aqueous KI solution with TiO»
additive simultaneously irradiated with UV light and ultrasound (5).!23
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Figure 9. Apparent rate constants (k) for photocatalytic degradation of
acetone plotted vs. solvent compositon and calcination temperature of
titania samples prepared by ultrasonic irradiation.!'#

T /°C:100(1),400 (2), 500 (3), 600 (4) and 700 (5); Degussa-P25 sample (6).

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,'?°-127 Sb,S;,128.129
HgSe,'30 HgS,13! SnS,,132 CdS, 133137 CdSe, 133 138 PbX (X = S,
Se, Te),!3- 141 CuS,%:-142 Cu,_,Se, CusSe;, CuSe,'43- 145
BirSe,Te; ., AgoSe, AgyTe, CusSes, PbSe, NizSes,'* Ag,Se,
Nislixseleztz. 147 MOSz,MS Ang,'49 Ruslj’lso Bi2S3,]5|
HgTe,!’2 MoTe,,'>? and Bi,Te; powders.!3*

Here, salts are most widely used as the source of metal. First of
all, these are acetates,!25-130:139 npitrates and chlorides.'?2 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.!38- 146

The most often used solvents are water or aqueous-alcohol
solutions;!?3- 134136 however, in some cases ethylenedi-
amine 145, 147. 149,152,155 o1 polyethylene glycol 139140 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+ HZN—CHZ—CHz—NHz&

—> —S,—NH—-CH;—CHz—NH-}— + HJS

resulting in liberation of hydrogen sulfide.!#® Nanodisperse sul-
fides are formed as a result of the interaction of hydrogen sulfide
with a metal salt or a metal complex.!3¢ 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.'? In some cases polyethylene glycol also
acts as a reducing agent.'3® 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 '3%) 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 95 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.!43-15! 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 Bi,S3,!!

PbS,'*! and CdS 3¢ 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 (Y#~) and Cd?* ion. Steric hindrances
allow the interaction between Cd?>* and S?>~ ions

CdY?~ + §?~ —>CdS + Y4~

to follow only one direction.'® Correspondingly, the chalcogenide
particles grow in this direction (Fig. 10).

Figure 10. Micrograph of rod-like CdS crystals (~80 nm in diameter,
~1.3 pm long) formed under ultrasonic treatment in the presence of
EDTA () and an electron diffraction pattern of an individual rod (b).'®

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—-11.13! 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 3! by the fact that this compound is an effective
ligand that forms stable complexes with Hg? ™. The synthesis of
nanodisperse f-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 Sb,S; gave both amor-
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phous nanospheres and needle-shaped nanoparticles.'?® Star-like
Sb,Ss particles were synthesised under somewhat different con-
ditions.'?®

The mechanism 13° 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 E>~ (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 HO;
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.!> 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)s,
Ni(CO)4, Co(CO);NO, Mnx(CO)ip, Rez(CO)ip, Cr(CO)s,
Mo(CO)¢] in high-boiling alkanes leads to formation of nanosized
clusters of amorphous metal particles.?®-137-161 In particular,
high-power ultrasonic treatment of a solution of iron pentacar-
bonyl in decane under argon bubbling at 0 °C led to weak
aggregation of amorphous particles of elemental iron of size at
most 5—6 nm.? Subsequent heat treatment of the powder thus
obtained in inert atmosphere at 350 °C 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).'? 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.!6% 163 Similar
results were obtained in the synthesis of Co—Ni and Fe—Ni
alloys. 164 165

Not only elemental iron, but also carbonyl complexes of more
complex structures are formed 3°

2Fe(CO)5ﬁ> Fe(CO); + Fe + 7CO,

Fe(CO); + Fe(CO)s M, Fex(CO)s,

Fes(CO)s + Fe(CO)s N, Fey(CO)y» + CO;

Fe(CO)s RN Fe(CO); + CO,

Fe(CO)4 + Fe(CO)4 N, Fex(CO)s.

It is impossible to obtain Fes3(CO);2 by thermolysis of photo-
lysis of Fe(CO)s as well as by other methods. Therefore, the
synthesis of compound Fes(CO);» 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.!6-198 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®!> or higher aliphatic
alcohols).17-168 Ag 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 Fe>Oj3 solution stabilised with oleic acid.®

Figure 11. Micrograph of colloidal iron sample obtained under sono-
chemical irradiation and stabilised by oleic acid.!>

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 at —40 °C.1%° 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 metal —oxygen and oxygen—carbon bond energies.
Therefore, sonolysis of solutions of transition metal B-diketonates
(even carried out in high-boiling alkanes Cj2— C,7) only results in
partial decomposition of these compounds and formation of
products with high content of organic residues.!7%- 17!

Catalysis is one of the largest fields of application of nano-
disperse metals.!7? 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 12. Micrograph of a sample prepared by sonolysis of iron penta-
carbonyl in decalin in the presence of silica microspheres followed by
hydrogen reduction.!7*

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.!73. 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.!”® 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 °C), whereas the activity of the latter
catalyst in this temperature range was very low (Fig. 13).
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Figure 13. Catalytic activity of Fe/SiO, plotted vs. hydrogenation temper-
ature of carbon monoxide.!'”>

N is the number of hydrogenated CO molecules per active site per second;
catalysts were prepared by ultrasonic treatment (/) and by soaking (2).

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.!’® 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—H> atmosphere resulted
in a nanosized Mo,C o> powder with particle size of 3—5 nm.!6?

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
MoS, (particle size ~15 nm) with unusual morphology (aggre-
gates of porous spherical particles).'*® Molybdenum telluride
MoTe, was synthesised '33 by sonicating tellurium and Mo(CO)g
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 °C 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 (CoFe,O4) powder was
obtained by sonochemical decomposition of iron carbonyl
Fe(CO)s and cobalt carbonyl-nitrosyl Co(CO)sNO in decalin at
0 °C under oxygen flow.!”7 Nanosized amorphous nickel ferrite
NiFe,04 was prepared under similar conditions.!”® Subsequent
annealing of the amorphous products at 450 °C 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 group were devoted to preparation
of reactive catalytic materials.® > In particular, a novel method of
fabrication of molybdenum oxide—silica and molybdenum car-
bide —silica composites was reported.!” 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 M0,0Os— SiO> composite,
whereas ultrasonic treatment in argon atmosphere resulted in
amorphous Mo,C —SiO, 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 '8 that similar compounds
can be synthesised only under sonochemical treatment, because
one should attain unusually high cooling rates (up to 10'0—
10" K s—1).

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, efc. under sonication. It was shown
that concurrent microwave and ultrasonic treatment is promising
for acceleration of hydrazinolysis of esters.'8! A scheme of a setup
for combined microwave—ultrasonic 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.!4.23,33. 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 14. Scheme of an apparatus for combined microwave — ultrasonic
treatment of solutions. '8!

Transducer housing (/), upper part of the waveguide (2), copper mesh
screen (3), rubber stopper (4), adapter (5), port (6), flask (7), detachable
horn (8), microwave oven (9).

M(CO)(NO),
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Figure 15. Sonochemical methods of synthesis of various nanodisperse
inorganic materials in non-aqueous media.'®

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.'83- 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.'#>

The promise for using concurrent hydrothermal and ultra-
sonic treatment for the synthesis of disperse powders has been
documented.?? 186188 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 °C
required experimental substantiation. This was done in analysis of
the level of acoustic noise in an aqueous medium measured by a
broadband hydrophone.!8¢ It was established that the cavitation
intensity at 250 °C 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 °C was not measured. Additionally, the influence of the
physicochemical properties of liquid media at temperatures
above 100 °C (viscosity, surface tension, saturated vapour pres-
sure, efc.) on the cavitation parameters was also not studied.

It was also shown '8¢ 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.!®® It was shown experimentally that the growth of
crystallites predominates under hydrothermal treatment of solu-
tions of cobalt(Il) 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.

Figure 16. Micrographs of Co304 samples synthesised by concurrent
hydrothermal and ultrasonic treatment («) and by conventional hydro-
thermal treatment (b).'86

A study ' 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.!”® At the same time the TiO, and ZrO,
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 °C 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 ZrO» - n H>,O
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 H,TiO(C204)2
solution.'”® A conventional hydrothermal treatment of the sol-
ution gave a mixture of thermodynamically stable (rutile) and
metastable (anatase) TiO, 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 ZrO, and TiO, from zirconyl nitrate and X-ray
amorphous TiO»-nH,O 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 '°! as well as for single crystals
of ionic compounds (alkali metal halides) and A"BY! and A'BY
semiconductor crystals.!> 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 (Enreshold). 2> 1°* 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 ym min—! (Ref. 192). The action of ultrasound on crystals
induces the appearance of stable dislocation patterns, thus having
much in common with thermal annealing.!%> 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 J?.
Sonicaton causes an increase in the concentration of dislocations
by several orders of magnitude to 108—10'° cm—2 (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.!97-198

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,'”! 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 30XT'CH2A steel was studied.!®?
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 (10® cm—2) than in the
samples exposed to ultrasonic irradiation (at least 10° cm—2). 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 1°° 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 °C was a
subject of yet another study.??° It was established that the process
slows down upon ultrasonic treatment. The authors 2% 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 Fe— C 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 29! and zirconia.22 For instance, it was shown 2°! 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 °C, 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
o-PbO to Pb3O4 at 425 °C showed that an increase in the duration
of ultrasonic treatment of B-PbO causes the overall extent of the
transformation B-PbO — a-PbO + Pb3Oy4 to increase. Then, the
rate of the phase transition decreases and the curve of the f-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 — o-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.?9? Under conventional heat treatment the tetra-
gonal polymorph of zirconia remains stable on heating up to
600 °C, whereas under concurrent high-temperature and ultra-
sonic treatment the monoclinic modification is formed at 500 °C
(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. 2* 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)>Cr,07 —> N, + Cr,0;3 + 4H>0;
(2) substitutions in metal —oxide systems (metallothermy)
3CuO + 2Al —> AlLO3 + 3Cu,
3CuO + 2Fe —> Fe;O3 + 3Cu,
Fe>O5; + 2Al —> Al,O3 + 2 Fe;
(3) exchange in the citric acid —iron oxide system
2HO,CCH,C(OH)(CO,H)CH>CO,H + Fe;03 —>
— > 2(0>,CCH,C(OH)(CO2)CH,CO2)Fe + 3 H,0;

(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 pm) initiated reactions that completed in 15-25s
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(Ill) 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 Fe,Os
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 pm.

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.?** 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 24 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 a mechanism 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 2% 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 TisSiz and TiSi» in the titanium —silicon system was
studied.?%% 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 the maximum 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?°® was a logical
continuation of an earlier investigation.?* The authors2%® 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(Il) and magnesium sulfate crystal
hydrates;

(3) decomposition of Mg(OH), and Fe(OH)-;

(4) synthesis of copper(I) phthalocyanine from o-phthalo-
nitrile

40-CgH4(CN), + 2CuCl —> Cu(CsNaHy)s + CuCl,.

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 um)
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), and
Fe(OH),, 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 pm, 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 of >10—11 um).
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According to a model proposed,?°° 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 2°7 2% on the kinetics and mechanism of ultra-
sonically treated high-temperature reaction

MgO + Fe;O3 —> MgFe204 .

At 800 °C, 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 °C under
ultrasonic activation decreased to some extent. At 900 °C, 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(11T) oxide samples, which is
formed upon ultrasonic treatment in the temperature range
700900 °C.299-210 The character of changes in the defectiveness
of a-Fe,Os directly affects the formation kinetics of MgFe>Oy,
namely, if the sonicated Fe>O3 samples have less defect structures
compared to the products of the blank reactions (700 °C), the
formation of MgFe>O4 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 °C, both the defectiveness of the
Fe,O3 samples and the rate of MgFe,O4 formation from the
ultrasonically treated samples are higher than those for the blank
reactions. At 900 °C, the ultrasonically processed samples and the
untreated ones are characterised by the same defectiveness and the
formation of MgFe,O4 occurs at nearly the same rates.

Additionally, alternating stresses at 700 —900 °C 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 o-Fe,O3
crystallites and in the rate of solid-phase reactions of a-Fe;O3
were explained 2°7-209 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 °C; 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 MgFe,O4 is a
diffusion-limited process. Analysis of the Arrhenius relation
Ink = f(T—") (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 mol—! for the samples formed in the blank
reactions. The relationship between Ink and 7! 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 °C and 800—-900 °C, which are characterised
by the apparent activation energies of 320 and 100 kJ mol~!,
respectively.

The efficiency of sonication performed to accelerate diffusion
was also demonstrated taking the solid-phase reaction of iron(1II)
oxide with lithium carbonate as an example.?!!

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 (HsO3) ™" 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 HCI. 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 (HsO,)* 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.?!3
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(HPO.), - H,O 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 °C) and ion exchange (T > 450 °C). As in the preceding
case, this is an indication of solid-phase ion exchange induced by
ultrasonic vibrations.

A series of recent studies?!-214-218 was devoted to detailed
investigations of the effect of ultrasonic activation on high-
temperature solid-phase synthesis of various ferrites including
LiFesOs, ZnFe,O4 and NiFe,O4 (Fig. 17). Kinetic studies of the
solid-phase reactions of iron(IlI) 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

b

5

i Y
b

2 4

L/ Té/
/9’
3 2
/
/
-/, e 52
/ —
y L2
0 1 Il Il Il Il Il Il
T30 60 90 tT/min 30 60 t/min
o C

Figure 17. Kinetic curves of the
reactions of formation of LiFesOg
(a), ZnFe)04 (b) and NiFe;O4 (L)
under ultrasonic treatment (filled
circles) and without sonication
(open circles) at different temper-
atures.?!
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activation of these reactions. With no sonication, the reaction
products (LiFesOs, ZnFe;O4, NiFe2Oy) are formed only on the
outer surface of iron(Ill) oxide particles representing dense
aggregates of primary Fe>Oj crystallites. The microstructure of
the starting Fe>O3 shows no significant changes [the size of the
coherent scattering domains (CSD) in iron(Ill) 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(I1I) 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 Fe,Os; aggregates with the
development of the reaction due to intensification of ion transfer
through diffusion along Fe>O3 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 treatment makes 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. Motions, generation and
multiplication of dislocations (nearly
1 000-fold increase in concentration).
2. Nearly tenfold increase in effective
diffusion coefficients.

3. Formation of interparticle
contacts through mutual

motions of particles.

1. Cavitation. Local heating
to ~5000 K, local

increase in pressure to

~ 1000 atm, microflows

of liquids with velocities
ofupto 100 ms—1!,

intense local electric
discharge.

2. Considerable intensification
of mass transfer.

Main physicochemical consequences of ultrasonic treatment

1. Acceleration of solid-
phase reactions.

2. Reduction of reaction
temperature

1. Decomposition of volatile
components of solutions.

2. Initiation and

acceleration of redox
reactions.

3. Disaggregation of particles.
4. Formation of stable
suspensions and emulsions.

S. Degassing of solution.

Main fields of application of high-power ultrasonic waves

1. Organic and inorganic
syntheses.

2. Preparation of nanodisperse
materials based on
amorphous and crystalline
metals, simple and complex
oxides, etc.

3. Design of materials with
preset morphologies of
aggregates.

1. Activation of solid-phase

reactions; synthesis at lower
temperatures.

2. Targeted formation of the
structure of solids.

Primary Fe,Os3
crystallite
(CSD)

Aggregate of
Fe,Os crystallites

Without sonication With sonication

Reaction
product

Figure 18. Mechanisms of reactions of ferrite formation under ultrasonic
treatment and without it.?!

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 of
organic compounds in the presence of molten transition metal
salts and oxides are surveyed. The attention is focused on
extensive oxidation of halogen-containing compounds. The bib-
liography includes 197 references.

1. 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,!-2 energy storage devices and heat carriers,! ~3 and as gas-
and dust-trapping liquids.®~® Molten electrolytes (metal oxides
and salts) are used in coating of metal surfaces *'° and in thermal
and electrochemical storage cells and fuel cells.!»>%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. !4~ 2° 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 °C.
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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.?8 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 p