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Physicochemical Problems in the Preparation of Defect-free Monocrystals

of Lanthanum Hexaboride

M.M.Korsukova and V.N.Gurin

The physicochemical basis of the preparation of single crystals of stoichiometric lanthanum hexaboride (a promising new
material for emission electronics) is discussed. It is shown that stoichiometric defect-free monocrystals can be prepared only

by allowing for the form of the homogeneity region in the phase diagram of the crystalline compound. Studies of defects in the
crystal structure are reviewed, and their results are shown to be related to the form of the homogeneity of lanthanum
hexaboride. Some physicochemical properties and some possible applications of lanthanum hexaboride monocrystals are

examined.
The bibliography includes 150 references.
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I. INTRODUCTION

Lanthanum hexaboride is used in several new instruments
(electron microscopes, microanalysers, Auger spectrometers)
to study the surface and other properties of materials of vari-
ous types. However, the preparation of perfect and very
pure single crystals of lanthanum hexaboride for use in the
cathodes of these instruments still presents some unsolved
problems. This is because of the difficulty in controlling the
chemical composition and in achieving a high level of struc-
tural perfection, and also in establishing adequate quality
control.

Many papers have been published on lanthanum hexaboride,
dealing mainly with the preparation of LaB; monocrystals, with
studies of their composition, structure, and properties, and
with their emission properties and practical applications. We

have recently published a comprehensive review® of work on
the preparation of LaBg monocrystals and on their properties
and potential applications, but little emphasis was placed on
the physicochemical conditions needed to prepare very perfect
LaBg monocrystals.

The aim of the present review is to highlight the physico-
chemical problems underlying the preparation of stoichiometric
and defect-free monocrystals of LaBy.

Il. HOMOGENEITY REGION OF LANTHANUM HEXABORIDE
AND PREPARATION OF MONOCRYSTALS OF STOICHIOMET-
RIC COMPOSITION

Though lanthanum hexaboride has been known for along
time,? we have little reliable information on the phase diagram
of the La~B system and especially on the homogeneity region
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of LaB;. The phase diagram of the La—B system was first
described by Johnson and Daane,® and a modified diagram was
subsequently published to include new data.” In the most
recent publications®® the part of the phase diagram of the
La—B system containing the compound LaBg is examined. At
present two compounds have been reliably identified in the
La—B system: 1) LaB,, which melts incongruently at 2073 K
with formation of LaB; and of a liquid phase containing 66.7
at.$ of B,® and 2) LaB,, which melts congruently at 2988 K.%5

The compound LaB, has a tetragonal crystal lattice (UB,
structure type) with lattice constants a = 7.324 * 0.001 3 and
¢ = 4.181 + 0.001 X;? its homogeneity region is very narrow.

The compound LaBg has a cubic lattice (CaBg structure
type).® Its crystal structure can be treated as body-centred
cubic, with La atoms and octahedra of B atoms occupying
positions analogous to those of the Cs* and Cl~ ions in the
CsCl structure.® Each lanthanum atom is surrounded by 24
boron atoms, and each boron atom forms five B—B bonds: four
with boron atoms in the same octahedron and the fifth with a
boron atom from a neighbouring octahedron.

Published information on the homogeneity region of LaB, is
inconsistent, and describes the region as broad®!’ or as rela-
tively narrow.>%11-16 However, in either case the defect
structure of the LaBg crystal is attributed to defects in the
metal (La) sublattice (assumed to be few in the case of a nar-
row region). The lattice constant of the LaBg crystal is
found (experimentally) to be unaffected by the defect den-
sity.>11:171%  [astly, some workers have detected a LaB,

phase with the same structure, and lattice constant, as the
5,19

LaB, phase.
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Figure 1. Part of the La-B phase diagram:* @) is the homo-
geneity region of LaBg b) is an enlarged presentation of the
high-temperature part of LaBg homogeneity region, showing
the supercooling ATg.

Existing data on the La—B system suggest a number of con-
clusions of direct relevance to the preparation of stoichiomet-
ric single crystals of LaB,. Fig.l shows a part of the phase
diagram of the La—B system including the existence region of
lanthanum hexaboride.® We note that the homogeneity region

- phase, liquid-phase, and solution methods.
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of LaB,, which begins at ~2073 K, broadens rapidly as far as
2325 K (the temperature of the LaB¢—B eutectic) and remains
fairly wide up to Ty (the melting point of LaBy) (the "upper"
part of the homogeneity region has been described® as "nar-
row" because it is slightly shifted from the stoichiometric com-
position B/La = 6, and the same description is used in Ref.5).
The deviation of the singularity for lanthanum hexaboride from
the stoichiometric proportion B/La = 6 is, in fact, substantial:
approximately 0.2 atom fraction of B, i.e. to LaBg,,. The
homogeneity region of the hexaboride is widest (from LaBg,;
to LaBg.;) at Teyt = 2325 K. Inspection of this region near
the singularity, i.e. at T of lanthanum hexaboride (see Fig.1b),
leads to important conclusions regarding the actual composi-
tion of the monocrystals obtained from melts at these tempera-
tures (for example, by zone melting).

Thus, if the supercooling of a melt of stoichiometric compo-
sition in the crystallisation volume reaches the value ATg the
composition of the resulting hexaboride monocrystals is
described by the point b (for example, LaBg,). Since ATg
can vary from a fraction of a degree to hundreds of degrees,
and is not easy to control, especially at high temperatures,
the composition of the grown crystals can also be uncontrolled.
If the composition of the melt at the beginning of the crystal-
lisation corresponds to the point a (i.e. to LaBg,;) the resul-
ting monocrystals will also have this composition. On the other
hand if the initial composition deviates on either side of the
point a the composition of the resulting crystals will corre-
spond to points on the ab or ac boundaries of the homogeneity
region. This provides our first important conclusion: if the
published data® for the La~B phase diagram are correct, the
preparation of lanthanum hexaboride monocrystals of stoichio-
metric composition by a liquid-phase method, i.e. from the
corresponding melt, is impossible.

Another important aspect of this problem is that the com-
pound LaB, dissociates fairly strongly at T = T;;. Hence in
order to prepare monocrystals from the melt we need to apply
an overpressure of a few tens of atmospheres. We also know
that at T, of lanthanum hexaboride the La partial vapour
pressure is much higher than the pressure of B.2° Therefore
in order to prepare a melt of the required initial composition
(for example, LaBg ,) we must introduce the correct B/La
component ratio into the initial charge. This means that
LaB, monocrystals prepared from the stoichiometric melt will
always contain an excess of B and consist of a two-phase
system or of a solid solution of B in LaB;. These solid solu-
tions can decompose into LaBg and B at low temperatures due
to the narrowing of the homogeneity region. This assumption
is confirmed to some extent by the presence of B inclusions in
LaB; monocrystals.?!

The strong narrowing of the LaB; homogeneity region below
2280 K, accompanied by a shift of the left-hand boundary
which brings it almost exactly to the stoichiometric LaBg com-
position at 1673—1773 K, suggests another conclusion: LaBg
monocrystals of stoichiometric composition can be prepared
only by methods which are applicable at temperatures not
higher than 1673 K.

111. METHODS OF PREPARING LANTHANUM HEXABORIDE
CRYSTALS

Only three of the four methods of preparing monocrystals of
refractory compounds (according to our classification??) have
so far been applied to the growth of LaB; monocrystals: gas-
We shall consider
the special features of each of these methods separately, and
compare their technological advantages and their potential
suitabilities for the production of stoichiometric monocrystals.
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1. The Gas-Phase Method

This method consists in the transport of the substance to be
crystallised through the gas phase to the substrate by gener-
ating a temperature or concentration gradient between the
source and the substrate or by chemical gas-transport reac-
tions. Depending on the chosen method of transport, the
monocrystals are grown in a vacuum or in the presence of a
carrier. Halogens or halogen—hydrogen mixtures are often
used in the preparation of LaBg (see Table 1). In any par-
ticular method the following crystal growing procedures can
be used: a) sublimation, or AT transport (when the sub-
stance to be crystallised has a high vapour pressure and a
congruent evaporation); b) chemical, or Ac transport (when
the vapour pressure is low); c¢) transport of the substance
to be crystallised in an electric arc (for a low vapour pressure
and a high melting point); d) chemical reaction in the gas
phase (in which the synthesis precedes the crystallisation of
the substance). Only Ac transport®®?* and chemical reac-
tions?®2® have been used so far, from the above list, to pre-
pare LaBg monocrystals:

La,0, + H, + BCl, — LaB, 4 HCl
LaCly(g) + 6BCly(g) + (21/2)H(g) = LaB(s) + 21HCI

Table 1. Preparation of LaB; monocrystals by the gas-phase
method.
Preparative conditions Chﬂm&‘l‘?mﬁcs oflthe
Method of resulting crystals N
preparation time. h i other Rets.
T.K h ' other conditions shape and SIze, | paracter-
mm et
stics
Ac transport Bryp  1423-1173) ~ |initial charge LaBg needles; 0.50 x | colour 123§
carrier powder, Ar inert 0.15 x 2.00 violet
gas
Ac transport 1273-1573] ~ initial charge LaBg. <100) whiskers, - [24]
carriers (Hy + substrate sintered pyramidal
BBr3) or Hy + LaBg crystals
Bry)
Chemical reactions jzone 4 3 initial charge {lOO}cubes, colour [25]
1273 pressed Lag03: {1 L1} cubo- purple
zone B substrate graphite octahedra;
1623 - Ixlxl
1723
Chemical reactions 1373-1623| 0.5-2 [substratc graphite, (100> whiskers; [colour [26]
BCl3/LaCl3 = 10:1.] 7= 2-$, thick- |purple
atmospheric pressure] ness 0.001- (lattice con-|
0.020; <100 Jstanta =
pyramids 4.151 A);
colour blue
(lattice con
stanta =
4.155 &)

The control of crystal growth processes is complicated by
the need to monitor and control several factors within closely
specified limits: the rates of evaporation, the concentrations
of the initial components in the carrier gas, the temperature
gradient, etc. Data on the preparation of LaBg monocrystals
by the gas-phase method are shown in Table 1.

The possibility of growing oriented and regular whisker
structures of various elements and compounds by a gas-phase
method, using Ac transport, is of great practical interest.2"

The results in Table 1 show that LaBg monocrystals produced
by the gas-phase method are usually facetted, and grow pref-
erentially in a <100> direction. However, they tend to be
small, and difficult to use as single-crystal samples in phys-
ical experiments. Furthermore, their precise chemical com-
position has never been reported, except for alist of impuri-
ties.?® The same paper?® gives the lattice constants of the
LaBg. Most other reports merely describe the colour of the
crystals, which varies from purple to blue, the latter being
ascribed to an excess of boron in the sample. However, this
interpretation cannot be tested unambiguously because of the
lack of chemical analyses. In view of the relatively low tem-
peratures and other conditions used in the gas-phase method,
and noting the data on the homogeneity region in Fig.1, it
would appear that stoichiometric LaB, crystals can be pro-
duced, in principle, by this method. The main difficulty here
is the need for exact control over the initial concentrations,
which determine the La:B ratio in the monocrystal, and also
the need for fine adjustment of many other factors (mentioned
above) known to affect the stoichiometry of the growing LaB,
crystals.

Another shortcoming of the gas-phase method (especially
for the growth of crystals by using chemical reactions) is the
possibility of co-depositing impurity phases such as boron
with the LaBg. As reported,?® this danger can be avoided by
using a BCIl; concentration much lower than the value corre-
sponding to the stoichiometric ratio BCl;/LaCl, = 6. The
coprecipitation of boron is entirely suppressed at BCl;/LaCl; < 2.

The gas-phase method has not so far produced monocrystals
of adequate quality and size. However, further developments
(including the use of seed crystals) may result in the produc-
tion of large and perfect LaB, crystals. Another promising
line of research is aimed at the production of regular whisker
structures of LaB¢, which may find practical application. 2"

2. The Liquid-phase Method

The liquid-phase method consists in passing the substance
to be crystallised through a heated zone in which a tempera-
ture gradient is maintained, or in moving the zone relative to
the sample. The compound, which can enter the zone either
in the liquid or in the solid state, is first melted and then
crystallised. The wide variety of possible technological vari-
ants of this method has led to the development of a large num-
ber of different techniques for growing single crystals.??

Only the zone melting method has been used for growing
monocrystals of LaBg, in the crucible-free form which avoids
contact between the hexaboride melt and any container mate-
rial. Data on the preparative conditions and characteristics
of LaB; monocrystals prepared by zone melting are summarised
in Table 2. The ingot for zone melting is previously pre-
pared as a rod of the required diameter: the quality of the
final product is largely determined by the composition and
purity of these ingots. Various heating methods are used to
generate the molten zone in the sample. Thus, relatively
large (4—7 mm in diameter) monocrystals (or polycrystalline
ingots) have been obtained with high-frequency?”"3! or elec-
tron-beam heating.?! Thinner monocrystals (~1 mm diameter
or less) have been prepared successfully by electric arc or
laser methods of heating.?® Dissociation and evaporation of
the LaB¢ are avoided by carrying out the zone melting opera-
tion in an atmosphere of purified gas (usually argon) .2’ %°
Nitrogen, hydrogen, and helium have also been used.?’ The
concentration of impurities can be lowered to the 1073-10~*
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wt.% level by repeated zone passes (see Table 2)., It is
reported?® that a single zone pass can lower the impurity
concentration (transition metals of Groups IV-VIII, Cu, Al,
Ca, etc.) by a factor of 13—69, i.e. almost to the 1072—1073
wt.$% level, increasing to a factor of 315 (1072 wt.$%) after
three passes.

Table 2. Preparation of LaB; monocrystals by the liquid
phase (zone melting) method.

Preparative conditions Characteristics of the monocrystals
composition of initial | 2tMosphere: . . - growth - Refs.
billet cB.. wt.' pressure, formula impurities, wt.% direction:
PN mmHg crystal size, mm
LaBg: 99.9 Ar; L1104 | LaBg non detected not determined; | (27]
{3 zone passes) 1=60,d=17
LaBg > 99.0: Nou 20 LayBg. where c‘\l < 0.1 (micro- |not determined: | [21)
LaBg + (1.6-2) 0.85 <x < probe) (1 zone ! =25d=
1.0 pass) 36
LaBg: c§ = 0485 | Ar: 760 - R =0043 <100% I =60, | (28]
12 zone passes) d=11
LaBg.00+0.03: Ar; 52 LaBg 00:0.154 c& = 0.0045 <100 1=123- {29,
LaBs5 99 and LaBjs g} LaBs g¢. (%Zone passes) 26.d =025~ | 30]
LaBs 72 1.50
= 1125 inert gas LaBg & =0015 not determined: | [31]
- I'=120.
d=1
La+B: R =16 Ar. 760 LaBs 9, LaBg cPE = 0.01 deviation from [32.
- (3 zone passes) <111 5% 33)
=120,
d=10

Notes: cfz’ is the total impurity concentration; [ is the length

and d is the diameter of the crystal.

In most of this work the initial LaB, had a stoichiometric
composition. However, some workers used specially pre-
pared initial samples which were deficient in lanthanum (i.e.
contained added boron). In this way it was shown?! that in
order to produce good-quality billets boron powder must be
added to the LaB, powder (2 mole boron to 1 mole LaBg). The
resulting monocrystals were of good quality, but they con-
tained an excess of boron as well as the LaB, phase. The
presence of LaB, can be attributed to the high rate of crys-
tallisation used in those experiments,21 which was an order of
magnitude greater than normal values.

The LaB, had an oriented distribution, and its presence had
almost no effect on the sharpness of the Laue diagrams of the
LaB, monocrystals. A seed crystal containing an excess of
boron (86.9% B) was used?® in addition to seeds of stoichiomet-
ric composition. By studying the melting points of the sam-
ples it was concluded that the composition of the crystals cor-
responding to the highest melting point is shifted from the
stoichiometric value towards the boron-rich side. This obser-
vation anticipated the publication® of the phase diagram of the
La—B system. In addition, the LaB, phase was detected in
samples prepared from billets of stoichiometric composition.

Its presence was attributed to incongruent melting of the LaB,.

As was stated above, according to data® obtained by the
liquid-phase method (see Fig.1), the preparation of stoichio-
metric LaB, by this method (including zone melting) is impos-
sible even when non-stoichiometric initial ratios of La to B are
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used to allow for differences in evaporation rate at the growth
temperature. However, some workers®”*":33 have assigned
the formula LaBg to their lanthanum hexaboride crystals on
the basis of chemical analysis (and within the precision of that
method, see Table 2). We should stress that, unfortunately,
the exact quantities of B and La in the resulting LaB, mono-
crystals are not stated in those papers, and no indication is
given of the precision of the chemical analysis. Therefore it
is difficult to establish the exact ratio of B to La in those
samples and the exact formula of the hexaboride.

This shortcoming is not found in an analytical investigation®
specially aimed at determining the stoichiometry of the grown
LaBg crystals (see Table 2) and at identifying the impurities
in the samples. All the monocrystals were found to be defi-
cient in boron both in respect of their stoichiometric composi-
tion and in respect of the composition of the initial ingot, but
they were free from inclusions of the LaB, phase. Relatively
large amounts of carbon were detected in the crystals. The
low boron content was attributed?®® to the formation of a com-
pound between boron and carbon by the reaction of carbon
with the LaB; melt (but no experimental evidence for this
suggestion is given). On the evidence of chemical analysis
and density data these workers concluded that the boron sub-
lattice contained defects and that La atoms could be accommo-
dated in the sites of the missing octahedra of boron atoms.

Thus the liquid-phase method can be used to prepare rea-
sonably large monocrystals of high purity, but it has serious
disadvantages such as a variable and non-stoichiometric com-
position of the resulting LaB® crystals and the presence (in
some cases) of LaB, and B inclusions.

3. Crystallisation from Solutions

The solution method consists in the mass (or seeded) crys-
tallisation of refractory compounds from metallic, salt, or
hydrothermal solutions. The crystallisation takes place at a
fixed (or variable) solution supersaturation, produced by
evaporating the solvent or by lowering the temperature and
by the corresponding decrease in solubility of the substance
to be crystallised. The crystallisation is controlled by using
a seed crystal immersed in the solution, and by establishing
special regimes of solvent evaporation and cooling the system
or adding feed material to it.??

The variants of this method differ in the nature of the sol-
vent (elements, compounds, metals, salts) and in its relation-
ship to the solute (i.e. in its ability to form compounds with
it).?? One of the main attractions of the solution method is
the possibility of obtaining different morphological modifica-
tions of the monocrystals (needles, plates, isometric crystals),
and also the relatively low temperatures of the growth pro-
cesses and their technological simplicity. So far, only crys-
tallisation from solutions in metallic melt and electrocrystallisa-
tion have been used to prepare monocrystals by the solution
method. Information on the crystals prepared by these
methods is given in Table 3.

Let us examine in greater detail the solution method, which
appears to offer the most promising possibilities for the prod-
uction of stoichiometric LaBg crystals. To control the crys-
tallisation of LaBg from solution in Al we need information on
the phase equilibria in the ternary La—B—Al system at differ-
ent temperatures, and also data on the polythermal section of
the LaB¢—Al phase diagram. If these data are available we
can establish the following:

1) the temperature dependence of the solubility of LaBg in
an Al melt;

2) the phase relationships and interconversion during crys-
tallisation.
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However, the phase diagram of the La—~B—Al system has not
so far been determined. The reported"“® isothermal section of
the phase diagram at 873 K shows that ternary compounds are
not formed on this section and that the LaBg is in equilibrium
with the Al, indicating the possibility of preparing LaB, crys-
tals from the Al melt. Since the LaB,—Al equilibrium does not
appear on the isothermal section, the LaB, phase cannot crys-
tallise and contaminate the LaB crystals. There is no infor-
mation on the temperature dependence of the solubility of LaB,
in an aluminium melt: the composition of the initial charge is
usually calculated approximately by equating the solubility of
LaBg to that of boron in aluminium at the given temperature.
This estimate is only a rough approximation, and apparently
too high, but at present we have no better way of defining
the crystallisation regime of the LaBg.

An overall representation of the crystallisation regimes can
be based on the data in Fig.2, which shows a polythermal sec-
tion with a metastable region in the phase diagram of refrac-
tory compound (MN)—solvent metal (R) systems, together with
possible variants of the mass crystallisation regime.

The metastable region, defined by the full curves, is divided
into two parts by the dot-and-dash curves, corresponding to
the spontaneous formation of singlet nuclei (part I, tempera-
ture range T,—-T,) and to massive nucleation (part II, range
T,~T,), but not so massive as in the labile region below T ;.
After being heated to the required temperature and held at
that temperature for the time needed for the synthesis and
homogenisation of the molten solution the system can be cooled
according to several regimes, of which the most effective is
A,B,C,D,. After a hold at the temperature A, the system is
rapidly cooled to the temperature B, to form a relatively small
number of nuclei, then the temperature is raised to C, to
redissolve the more unstable nuclei (in order to decrease the
number of nuclei and thus obtain larger crystals), and lastly
the system is cooled along the line C,D;, which is parallel to

the solubility curve of the crystallising compound. Other
regimes (see Fig.2) yield smaller and less perfect monocrys-
tals, and are only used for special reasons."’

MN R

Figure 2. Metastable region (diagrammatic) in a polythermal
section of the MN-R phase diagram and mass crystallisation
regimes (from Ref.47).

LaBg monocrystals of stoichiometric (or near-stoichiometric)
composition are obtained by crystallising the system by the
solution method according to the LaBg—Al polythermal section
(Fig.3), starting from the temperature 2073 K at which the
left-hand edge of the homogeneity region begins to follow the
stoichiometric composition towards lower temperatures. This

Table 3. Preparation of LaB, monocrystals by the solution method.
Initial components Preparative conditions Characteristics of monocrystals
Composition purity of B and Refs.
(wt.%); weight] La(wt.9%). oW T.K . h » K ht shape and size of crystals, mm method of analysis; formula | ¢p R win
of solvent (g) B/La ratio =
AL (99.9999) |B (99.99), 13.35 1773 0.16 25 needles 5.0-7.0 x 0.1 x 0.1; — 0.0¢ [34.35.36.37]
— 1.2(99.9); 6:4 plates 2.00 x 3.00 x 0.05;
cubes
Al(99.9); B (99.99), 2.4=-3.6 1473 5+10 6.2+75 ncedles 5.0 x 0.5 x 0.5; — 0.045 [38]
M —140 La (99.9); plates; cubes
4.98:1
AL(99.8); 58 (B (99.8), 3.06 1773 8 30 needles; plates; cubes — 1.005—0.01 39
La99.5)
5.8:1
A1(99.99); — [B(>99), 5+10 | 1573—1673 | 2+10 — needles 10.0 x 0.5 x 0.4; chemical analysis**: 0.056 (AD [40—43)
La(=99); 6:1 plates 6.00 x 7.00 x 0.15: LaBs gg (31.0 wt.% B):
orl12:1 cubes 1.90 x 0.85 x 0.85 LaBg 04 (32.0 wt.% B)
Al 41 B (99,9), La,0y; 10 1773 120 5-+20 needles S x 1 x 1; plates microprobe: (30.00 £ 0.08 — [44]
(4+-8):1 2.0 x 2.0 x 0.1; cubes wt.% B)
Ix1x1
*— — - 1073 200-+300 | no cool- cubes 6 x 6 x 5 microprobe; — [45]
ing Lay,67Bs-+Lag g7Bs
Symbols: c¢ is the concentration of LaB, in solution, t is the hold time, v is the cooling rate.

* Crystals prepared by electrocrystallisation from molten salts (melt composition, mole %: La,0, 0.1-4,

B,0, 33.5, Li,0 31.2, LiF 33.1.

**The calculated boron content of LaBg is 31.8 wt.$%.
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property of the system imparts some substantial advantages
to the solution method as compared with other methods of
producing LaBg crystals of stoichiometric composition.

»
AR
_ Lo 4
N
B Al

Figure 3. Polythermal section (diagrammatic) of the LaB¢ Al
phase diagram (from Ref.47).

The LaB, crystals are usually prepared as follows. Known
weights of boron and lanthanum (in stoichiometric proportions)
are placed in an alundum crucible or boat together with the
aluminium, heated in an argon atmosphere to the required
temperature, held at this temperature for several hours in
order to homogenise the melt, and after rapidly lowering and
again raising the temperature the system is brought to 873 K
by forced cooling (see Fig.2).*” The fundamental condition
for successful crystallisation is that the point B,(,;) must
always lie within the metastability region (preferably, in its
upper part). The following mass crystallisation regimes can
be defined (Fig.2): A,B,C,D, (the optimum); A.B,C,D, (a
possible regime for a broad homogeneity region of the crystal-
lising substance); A.D, (an "incorrect" regime, leading to
the deposition of very small erystals); A,D;D, (a possible
regime for a low synthesis temperature).

After being cooled the aluminium ingots are dissolved in
dilute HC1, NaOH, or KOH to isolate the LaB; crystals. La,O,
can be used as one of the initial components instead of metallic
La: in this case the reaction La,O; + B + Al -~ LaB, + Al,0; +
other products takes place in the aluminium melt.***®

In the temperature range 1473-1773 K (see Table 3) the
LaB, crystallises from solution in an Al melt in three morpho-
Iogical modifications: needles, plates, or isometric cubic crys-
tals (Fig.4a and 4b), the needles and plates being much larger
than the cubic crystals. It was reported38 that under stated
experimental conditions (see Table 3) the needle-like crystals
greatly outnumber those of other morphologies. For example,
at a cooling rate of 75 K h~* the numerical ratio of the crys-
tals of different habit (needles: plates: cubes) was 76:23:1.
It is also reported“’® that this ratio depends on the concentra-
tion of LaB, in the Al: increasing the concentration increases
the proportion of platelets in the crystals.

From the Laue patterns of the crystals it was concluded*?
that the plates and needles have {100} cube faces, i.e. the
plates have a large (100) face (several mm? in area) and the
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needles are elongated in the <100> direction. This is con-
firmed by data on the etching behaviour of the monoerystals ¥°42
Some crystals have smooth faces, others show conical projec-
tions and growths steps, and skeletal growth forms are also
found (in the shape of hollow cubes and needles), denoting a
high degree of supersaturation during the growth (Fig.4b).

It was shown"® that many monocrystals have a block structure,
with a maximum mis-orientation of 2° in platelets and much
smaller (~10') in needles (the mis-orientation of the blocks was
calculated from photographic enlargements of the Laue spots).

?‘.-“"’ et pes R Bt £ o Satls SURAIIRD

f

x5k i i o e S it s i
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Figure 4. General shape of monocrystals of lanthanum hexa-
boride and of solid solutions of the La,-xMxB, type crystal-
lised from aluminium: @) needles and plates of LaBg; b) cubic
LaBg crystals; c) La,_,CexBg solid solution; d) La,_,ThyB
solid solution; magnification x6 (a, ¢, d) and x500 (b).

The composition of the LaB, monocrystals was determined
quantitatively only in two investigations,“?"** aiming to estab-
lish the effect of the B/La ratio in the initial ingot on the com-
position of the resulting crystals. In one of these studies™?
chemical analysis showed that the composition of the crystals
obtained for a stoichiometric initial ratio of the components
generally corresponds to the formula LaBg ,. An initial ratio
of 12:1 yields crystals deficient in boron (LaBj_g). Other
workers"** varied the B/La ratio between 4:1 and 8:1 but
could not detect any difference between the compositions of
the resulting crystals. The reported composition in this case
corresponded to a deficit of boron in the lanthanum hexabo-
ride crystals. We should stress that in spite of the use of an
excess of boron in the initial charge there has not been a
single report of the deposition of a LaBy phase by crystallisa-
tion from an Al melt.

Aluminium inclusions have been detected in some LaBg crys-
tals.3®*? This type of solvent entrainment is observed at
high rates of growth of the crystals from solution.*’ The
crystallisation regime should be defined so as to avoid the
formation of extraneous inclusions.
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The crystallisation from Al solutions yields lanthanum hexa-
boride crystals of various colours: from a bright purple to
violet and blue. There have been attempts to associate the
blue colour with the presence of finely divided inclusions of
free boron?!® or with a small lanthanum defect®®° (for exam-
ple, the La content was found® to be 66 wt.%). However an
X-ray microprobe analysis of crystals of different colour pre-
pared by the solution method detected identical boron concen-
trations in all the crystals.** 1t was reported“® that after
brief etching in dilute HNO, all the crystals display a bright
purple colour gradually turning to blue on long exposure to
air. The conclusion**"® was that the differences in colour
between the crystals are due to differences in the state of the
surface (mainly, the presence of an oxide film).

The total impurity content of these LaBy monocrystals
according to spectrographic analysis is 0.005-0.05 wt.% (see
Table 3), i.e. fully comparable with the purity of the crystals
prepared by zone melting (Table 2). Obviously, even purer
crystals can be prepared from purer starting materials by
exploiting the distribution coefficients of the various impuri-
ties.

LaB, monocrystals containing the '°B and !'B isotopes,
needed in various investigations,“® have also been prepared
by crystallisation from a solution in molten Al.

In an attempt to improve the emission properties of LaB,
cathodes, monocrystals of solid solutions of the type La,_,..
.M,.B, have been prepared, *%**"*831:52 ywhere M is a rare-
earth (Ce, Gd. Tb, Pr, Nd, Sm, Dy, Y) or an alkaline earth
metal (Ba), and x varies between 0.02 and 0.70 atom fraction.
These are similar in size to the pure LaB, crystals (needles
and platelets, see Figs.d4c and 4d). It was reported"" that
the composition of the solid solution crystals is not exactly
correlated with the initial component ratio. The discrepancy
between the initial LaB,/MB, ratio and the composition of the
crystals can be as high as *15 mole % in some crystals. Other
workers®? find this scatter to be less than 8 at.$%.

Another method (electrocrystallisation from molten salt solu-
tions) has been used to prepare fairly large cubic monocrys-
tals of LaB, (see Table 3). The most significant feature of
this method is that electrolysis of the molten salts (or oxides)
is carried out at constant temperature. The driving force of
the crystallisation process is the applied potential gradient.
Electrolysis has been carried out at a constant voltage between
1.85 and 2.1 V, which gives the cathodic current density
(20—40 mA em~?) needed for crystal growth. Unfortunately,
the composition and impurity content of the LaB; crystals
(grown on a seed) is not quoted,*® and these results cannot
be compared with those obtained by other methods.

A comparison of all the methods of preparing lanthanum
hexaboride crystals (Table 4) shows that the highest tempera-
tures are used in the liquid-phase methods; in the gas-phase
and the solution methods the maximum temperatures are simi-
lar, and lower than T, for lanthanum hexaboride by almost a
factor of two; the liquid-phase method offers the highest rate
of growth of monocrystals. Though each of these methods
(in principle) can be used, with appropriate seeds, to grow
single crystals oriented in any required crystallographic
direction, this has been achieved, in practice, only in the
liquid-phase method. Different morphological modifications of
idiomorphic monocrystals can be obtained only by the solution
method. The limiting impurity concentrations in monocrystals
prepared by the different methods are approximately equal.
Allowing for the shape of the LaB, homogeneity region (espe-
cially in crystallisation by the solution method) leads to the
production of stoichiometric or very nearly stoichiometric
monocrystals. The liquidphase method often produces inclu-
sions of LaB, and B, while inclusions of Al are obtained when
the solution method is used.

The most perfect monocrystals are grown by the solution
method, with the smallest block misalignment end the lowest
dislocation density. Single crystals of a prescribed shape
can be prepared only by solution and by liquid-phase methods
(in the latter case, by using Stepanov's profiling method®®).
These aspects should not be forgotten when comparing the
future prospects of the various methods. On the whole it is
difficult to identify any one method as superior to all others.
Each method has its advantages and disadvantages, and each
can yield monocrystals of adequate quality. In view of the
practical requirement for monocrystals in needle or platelet
form for the preparation of hot or cold emission cathodes, and
of the difficulty of growing those crystals by the liquid-phase
method, the solution method of growing LaB, crystals of stoi-
chiometric composition offers some advantage over the other
methods.

Table 4. Comparison of methods of preparing LaB; monocrys-
tals.
Methods
Parameters
ras phase liquid phase solution
Preparative conditions
above 2988
Temperature range. K 1273-1723 2 {Zcirec of 1073-1773
superheating
not quoted)
Growth time or rate 0.5-3h 18-420 mm h'l| 575 K b’!
of pulling (or cooling)
Other teatures and preparation of growth on seeds growth of crystals in a

prospects ot the method oriented regular

structures

prescribed orientation:
electrocrystallisation

Characteristics of resulting monocrystals

Maximum size. mm { =5 (needles), 1 < 120 (rods), needles 10.0 x 0.5 x 0.4:
d=2x103 d=1-10 platelets 6.00 x 7.00 x
0.15: cubic crystal
6x6x5
Impurity content, wt.7 at the limit of 1o t-104 Alupto2x 107 -
sensitivity of the (5-10) x 10°3
microprobe
Structural pertection no data between 207 and | plateicts up to 27, needles
(misorientation of the a tew degrees up to 10°
blocks)
Dislocation density. 104-105; (100) 109-107: crom | 103-10%: (om
¢m2, and face
Possibility of preparing yes no ves
monocrystals of
stoichiometric compo-

sition

These conclusions are confirmed by X-ray structural
studies!””>*%® of three LaB, monocrystals prepared by the
solution method with different B/La ratios in an Al melt and at
different temperatures (B/La = 9:1 and 5:1 at 1673 K; B/La =
9:1 at 2073 K). The results on the crystal structure of
LaBg, shown in Table 5, were unexpected. Instead of defects
in the lanthanum sublattice, which could have been expected
in boron-rich compositions, ***° full occupancy of the lanthanun
positions and a small defect density in the boron sublattice
were observed in all three crystals, irrespective of their com-
position. It follows that the data on the homogeneity region
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of LaB, (see Fig.3), at least those at 2073 K and below, need
to be re-examined: it appears that the boundary coinciding
with the line of stoichiometric composition should be the right
(rather than the left) solidus line. With this exception the
shape of the homogeneity region should be as outlined in
Ref.6.

Table 5. Data on the structure of LaB; (from Refs.54 and
55).
Structure parameters Crystal No.1 Crystal No.2 Crystal No.3
Position of 01909 (16) 0.19957 (15) 0.10948 (14)
boron atom.
xB
Occupancy and 06.4 (T 97.2(5) 8.2 (9)
position factor of
the boron.
Isotropic temperature 0.00520 (3) 0.00551 (2) 0.00525 ()
tactor of the lang
thanum Ujgo. A~
Anisotropic tempera-
ture tactor of the
boron. A< U 0.0031 (2) 0.0032 (2) 0.0031 (2)
Usy =U133 0. 0044 (2) 0.0046 (1) 0.0046 (1)
Divergence factor 1.36 (935 retlections) 1.10 (1224 retlections [ 1.15 (1190 retlections)
R."
B/La atomic
ratios:
from X-ray analysis 5.76 5.80 5.86
data
trom chemical 5.7 — 6.8
analysis data

Notes. The standard errors are shown in brackets. The

following initial ratios in the melt and temperatures were used:

crystal No.1, B/La = 9:1, T = 1673 K; crystal No.2, B/La =
5:1, T = 1673 K; crystal No.3, B/La = 9:1, T = 2073 K.

Figure 5. Crystal structure of LaBg; the thermal vibration
ellipsoids of the atoms are taken from Refs.54 and 55.

Another important result of these studies®®® is the recog-

nition of a large anisotropy in the thermal vibrations of the
boron atoms (see Fig.5 and Table 5). It is clear that the
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thermal vibrations of the boron atoms are weaker in the direc-
tion of the bond between octahedra than in the direction of
the bonds within the octahedron. This conclusion is consis-
tent with the results of studies of LaB¢ monocrystals by Ramar
spectroscopy, °®°7 according to which the force constants of
the B—B bonds between octahedra and within the octahedra
are 2.18 and 1.28 mdyn & ! respectively. We should also
stress that the amplitude of the thermal vibrations of the La
atoms is greater than that of the B atoms (see Table 5). This
suggests a rigid boron sublattice with lanthanum atoms vibrat-
ing relatively freely in its interstitial sites. These aspects
of the crystal structure of lanthanum hexaboride are respon-
sible for many of its properties, discussed in the next section.

1V. SOME PROPERTIES OF LANTHANUM HEXABORIDE MONO-
CRYSTALS

In this section we shall aim as far as possible to discover
the relationship between the properties and the composition of
LaB, monocrystals.

1. Electrophysical Properties

The electrophysical properties of LaBy monocrystals have
been studied mainly on samples prepared by zone melting?’»%®%
The results confirm the metallic nature of LaBg, previously
established for polycrystalline samples.?® Hall effect mea-
surements on samples of two types (prepared with 1 pass and
3 passes of the molten zone respectively) gave the same value
of the Hall constant (Ry) in both cases: in other words, this
constant is independent of the purity of the crystals.?” The
carrier concentration calculated from Ry is ~1 electron per La
atom, which agrees with the band structure of the hexaborides
of tervalent rare-earth metals suggested in the early publica-
tions.®”®  An important characteristic of LaBy monocrystals
is the ratio of the electrical conductivities at 300 and 4.2 K
(p300/04.2). We know that the electrical conductivity of
metals at room temperature is determined mainly by the scat-
tering of the conduction electrons on acoustic phonons,
whereas at liquid-helium temperatures it is determined by
scattering at impurity atoms and lattice defects.®? Therefore
this ratio is very sensitive to the quality of the crystals: the
fewer impurities and defects are present in the crystal, the
lower will be the residual electrical resistance p,.,, and the
higher the ratio p;00/0y 2. Thus, for melted polycrystalline
samples (1 zone pass) containing 107'-107? wt.% of impurities
the ratio was 20—45,27%° whereas for the purer monocrystals
(3 zone passes) containing ~1073-107"* wt.% of impurities the
ratio was 200—450,27°5® and even as high as 740.%° In mono-
crystals prepared by the solution method the ratio ps¢/0y.2 =
200 3 corresponds tothe lower limit for the zone-melted crys-
tals. However, we should remember that the error in mea-
suring this quantity may be large in the case of small crystals.

A study®® of the temperature dependence of the electrical
resistance of a zone-melted monocrystal (pige/py., = 450) in
the range 360-4.2 K has shown the need to allow for the con-
tribution from the scattering of electrons on optical phonons,
which becomes appreciable at ~100 K. At 300 K this contri-
bution accounts for ~30% of the total resistivity of the LaB,.
The scattering of electrons on optical phonons is an important
difference between LaB, and metallic elements, which confirms
the ionic nature of the interactions between the boron and
lanthanum sublattices.®® A study of the dynamic resistance
of a LaBg monocrystal at 1.7 K by the point contact spectros-
copy method confirmed the predominance of electron—phonon
interaction processes in the scattering of electrons.®*
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Experimental studies of magnetoresistance and of the
de Haas—van Alphen effect have been made on monocrystals
prepared by solution and liquid-phase methods, ®%*%5 using
models of the Fermi surface for LaB, which were consistent
both internally and with calculations of the band structure of
LaB,.%®*® According to those measurements®®°*%5 the con-
duction band of LaBg is very wide, and the conduction elec-
trons have a negligibly small s character owing to the hybrid-
isation of the 5d orbitals of the lanthanum atoms with the 2s-2p
orbitals of the boron atoms. A study of the energy struc-
ture of the valence band by determining the angular depen-
dence of the photo-emission from the (100) faces of a LaB,
single crystal prepared by zone melting®® revealed the pres-
ence of several sub-bands in positions agreeing to within
~0.5 eV with calculated resuits.®’

Information on the band structure can also be obtained from
the reflectance spectra, which have been studied on poly-
crystalline samples prepared by zone melting and on films of
LaB, in the energy range 0.05—6 eV ,2%70=7%

2. Optical Properties

The optical properties of LaB¢ monocrystals were first
studied over a wide range of energies (0.05-40 eV) on lami-
nated crystals (mosaics of platelets) prepared by the solution
method.”®’® The reflectance spectrum of LaBg (curve 1 of
Fig.6a) shows a deep minimum at an energy of 2.1 eV, due to
the interaction of light with the conduction electrons. It
corresponds to a sharp maximum in the loss function (~Im¢?,
curve 3 of Fig.6b). At energies greater than 2.1 eV we
observe a steep increase in the imaginary part of the dielec-
tric constant ¢, (curve 2 of Fig.6b), indicating band-to-band
transitions (direct band gap) of the electrons from the valence
band to the conduction band, whose lowest levels are filled
with electrons. Hence the spectra of the optical constants
in present energy range are determined both by the conduc-
tion electrons and by the inter-band transitions, and there-
fore the frequency wpj, corresponding to Ryjn is not equal to
the plasma frequency wp . By separating the contribution
from the conduction electrons (c€) (curve 4 of Fig.6b) to the
real part of the dielectric constant ¢, (curve I of Fig.6b) we
can determine the true value of the plasma frequency wp.
Inspection of the characteristic loss function (-Ime~?, curve 3
of Fig.6b) establishes the presence of a broad maximum at
energies of 27-30 eV, due to the onset of plasma vibrations of
the valence electrons. The calculated energy of these vibra-
tions is 20 eV, i.e. we find (as in the case of the conduction
electrons) a shift in the energy of the plasma vibrations as a
result of band-to-band transitions. The similarity between
the spectral dependence of the characteristic loss functions
for LaBy and for the betarhombohedral modification of elemen-
tal boron suggests that the role of the boron atom in the for-
mation of the spectrum of the hexaboride is dominant in the
high-energy region.’®

The boron sublattice of LaB, also determines the form of the
Raman spectrum, which was studied on monocrystals prepared
by zone melting.*®’” The spectra were measured on polished
(100) and (111) surfaces of monocrystals. Several peaks
were observed, and assigned to three modes of lattice vibra-
tion active in the Raman region:

From Ref.56 From Ref.77
Ag 1258 cm™! 1262 cm™ B-B bond
E, 1120 cm™! 1138 cm™! B-B bond
Fig 682 cm™! 688 cm™! distortion of the boron sublattice

A peak at 214 em”™!, attributed to scattering on defects of the
crystal structure, was also observed.’’ A similar peak at
208 cm~! was observed®® in La,_,Ba,B; monocrystals (where

9

x = 0.02—0.046) and attributed to the local perturbation of the
symmetry produced by the replacement of La by Ba.
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Figure 6. Dependence of the optical constants of LaB; on the
energy E of the incident radiation;”>’® a) reflectance R (1),
refractive index n (2), and extinction coefficient k (3); b)
real (g,, 1) and imaginary (e,, 2) parts of the dielectric per-
meability function and of the loss function (-lm 7!, 3).

3. Mechanical Properties

The elastic properties of LaB, are also determined mainly by
the boron sublattice, as shown by measurements of the elastic
constants of LaB¢ on samples cut in the <001>, <110>, and
<111> directions from single crystals prepared by zone melt-
ing:®’

C;; =45.33x 10'9Pa
C),=1.82 x 10'°Pa
Cas=9.01 x 101°Pa

The anisotropy factor is A = 2C,,/(C,; — C1,) = 0.41.
Young's modulus, calculated for the <100> direction, is 45.18 x
10%° Pa, while the value calculated from the force constants of
the bonds in the boron sublattice between octahedra and
within the octahedra® is 40 x 10*° Pa. This good agreement
is interpreted®’ as evidence that the elastic constants of LaBy
are determined by the rigid boron sublattice. The large ionic
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contribution to the bond between the boron and the metal sub-
lattice accounts for the anisotropy factor A < 1 in LaBg (a
value usually found in ionic crystals).

Young's modulus for polycrystalline LaBg prepared by zone
melting is 39.24 x 10*° Pa,’® i.e. it is slightly lower than for
the monocrystals. It is interesting to note that a theoretical
calculation of Young's modulus for LaB; '° gave a value of
47.09 x 10*° Pa, i.e. in these monocrystals the measured
Young's modulus is very close to the theroretical value.

Data on the micro-hardness of LaB¢ monocrystals prepared
by various methods are shown in Table 6. They cover a wide
range, but since the measurements were carried out with dif-
ferent loads it is difficult to compare the results. There is
an obvious tendency for the micro-hardness to decrease with
increasing load on the indentor. Furthermore, the micro-
hardness measured with a Vickers pyramid (Hy) is different
from that measured with a Knoop pyramid (HK), which is a
characteristic of brittle materials.?® The brittleness of LaBg
is found to be similar to that of silicon.®®

Table 6. Micro-hardness of LaB; monocrystals measured by
different methods. 4
. . Micro-hardness, kg mm2
Method ot preparation: crystal form; Load on Refs
face Hy Hg indentor, g .
Gas phasc: ncedies: (100} 34003700 —_ 50 {26]
Solution: platelets. ncedles: (100) 2620480 - 100 142}
Liquid phase 2020 — 300 [21]
Liquid phase:  (100) — 18504-90 {80]
110y — 1550_4_—60} 510 {80]
(i — I 1490470 (80]
Solution: (100} — | 2450 50 181
ditto — i 19804130 200 |81
- — , 1720 400 [81]

The anisotropy of the micro-hardness has been studied on
monocrystals prepared by zone melting®® and by the solution
method.® In a study®! of the anisotropy of the hardness
(polar anisotropy) on the (100) face the maximum hardness
was found with the longer diagonal of the indentor oriented in
the <010> direction, and the minimum in the <011> direction
(the difference between the two measurements was 300 kgf
mm~2). Ref.80 describes a study of the reticular anisotropy
of the micro-hardness, showing that the maximum value of HK
occurs in the (100) plane, where the density of La atoms is a
maximum, and the minimum occurs in the (111) plane.

4. Emission Properties

Because of the extensive use of LaB, cathodes in various
types of electronic device, data on the thermo-electronic work
function ¢ of the material are of interest. The cathode cur-
rent density Ic during thermo-electronic emission is described
by the Richardson—Dushman equation

I, A cm™2=AT*exp (—eq/kT) (1)

where T is the temperature of the cathode (K), e is the charge
on the electron, and A is the Richardson constant. The work
function ¢ can be determined by two methods: 1) graphically,
from the slope of the linear plot of 1lg (I/T?) against e/kT (we
shall call this value of the work function ¢g), and 2) by cal-
culation from formula (1), assuming a value of the Richardson
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constant of A = 120 em™? K~? (we shall call this value def).
Both ¢R and def values are used in published work, though
according to some workers®® the use of ¢gf is preferable.

The results of various workers on the work function of
polycrystalline LaBg and of LaBg monocrystals have recently
been critically examined in Refs.83 and 84 respectively.

Storms and Mueller®® examine in detail the various factors
responsible for the large scatter of the measurements of work
function on polycrystalline LaB,: deviations from stoichiom-
etry in the bulk of the sample, differences in composition of
the surface whose emission is measured, the temperature of
the experiment, and the hold time of the sample at this tem-
perature, the presence of impurities in the sample and in the
residual atmosphere, and many other factors. For polycrys-
talline samples of composition in the range LaBjs gs—LaBg, 50 the
surface composition at 1500 K varied between LaBg, g3, and
LaBg, 047, the work function ¢ef was 2.91-2.93 eV, and ¢R was
3.15—3.12 eV. Surprisingly, a further increase in the overall
boron content produces an increase in def and a decrease in
9R (a sample of composition LaBg ¢, with a surface composi-
tion LaBg,;, gave ¢gf = 3.17 and ¢g = 2.21 eV).

Evidently, these factors must affect the measured work
function also in the case of monocrystals. Furthermore, the
work function of the LaBg sample depends on the crystallo-
graphic direction, as in metals with body-centred cubic, face-
centred cubic, or close-packed hexagonal crystal lattice. Data
on the emission properties of monocrystals prepared by liquid-
phase and by solution methods are shown in Table 7. We note
that the scatter in the ¢ values is large also in monocrystals.
Nevertheless the anisotropy in the work function with respect
to the crystal orientation is clearly observable: ¢(iq0) <

d(110) £ 9(111)

Table 7. Work functions of different faces of LaBg; monocrys-
tals prepared by liquid-phase and solution methods,
11001 [ERTE)] (1
Refs,
vR. eV Yef. ¢V wR, eV Yef- eV ¢R.cV vef: eV
Liquid-phase method
2.440.2 — — — — - 85
2781 2,70 3.00 2.98 2.85 3.35 21
2.864-0.03 — 2.68+0.03 - 3.440.2 — 86
2.5240.05 = 2.64+0.05 - 2.904-0.05 | [84
— 2.74 = 2.0 = 87
— 2.75 - 2.88 - 2.98 31
Solutjon method
2.474-0.06 — —_ — — — 36
= 2.38 — 2.07 - — 37
3 —_ — — — — 88
— 2.704-0.05 - — — — 89
— 2.86+0.0 - - _ — 52
2.34-0.1 = - - - -~ 90

It would be interesting to compare the work functions of
monocrystals differing in purity and in composition. Unfortu-
nately, this comparison is possible only in a few cases because
of the inadequate specification of the experimental materials in
much of the published work. Thus, boron-rich crystals pre-
pared by zone melting (La,-xBg) and having a high impurity
concentration?! have a higher work function (on all faces)
than crystals with a boron deficit (LaBg,4¢) containing very
few impurities.®”®* The work function of the (100) face of
LaB, monocrystals®®® prepared by a solution method® ™% and
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containing ~107% wt.$% of impurity is close to that of crystals
prepared by zone melting and having a similar impurity con-
centration,?!+%

By using modern methods of studying solid surfaces such as
Auger electron spectroscopy (AES) and low-energy electron dif-
fraction (LEED) the effect of impurities on the work function
of LaB¢ monocrystals has been demonstrated more clearly. In
particular, it has been shown® that the carbon present in the
sample prepared by zone melting with one zone pass diffuses
to the surface on heating the sample and forms a monolayer of
graphite which is stable for a long time even at 1500 K. This
effect increases the work function of LaBg.

It has been shown®*°%%? that carbon and oxygen are the
main impurities on the (100), (110), and (111) surfaces of
LaB¢ monocrystals. Their bond to the surfaces is fairly
strong, and they are completely removed only by heating the
sample to ~1700 K in a vacuum of 107%-10"!° mmHg. Studies
of the oxidation kinetics at room temperature of clean (100),
(110), and (111) surfaces of LaB, monocrystals showed that at
oxygen pressures of 1077-10-° mmHg O, adsorption raises the
work function of these faces by 1.6, 1.3, and 1.1 eV respec-
tively. %27 Raising the temperature to 1700 K strengthens
the oxidation, and produces an increase of 2.4 eV in the work
function of the (100) face®? and a decrease in the emission
current.®”%? A large decrease in emission current is pro-
duced also by hydrogen, methane, and water vapour.®® It
has been established that rearrangement of the (110) mono-
crystal surface with formation of (111) facets takes place in
an oxygen atmosphere at ~10"® mmHg and 1700 K, leading to
an increase in the work function of the (110) face and a
decrease in emission current,®®°®

Table 8. Atomic ratio B/La on the surface of different faces
of LaB¢ monocrystals prepared by solution and by liquid-
phase methods. i '

Measure- | Measure-
Face B/La ment Rets. l Face B/La ment Rets.
method method

Solution method Liquid-phase method

ﬂ
100) 2.3—2.6 | AES 136) (o) 44401 | ALS (84]
100y 2.33—2.60 ALS 192 o 1ou) 4.0 urs {101)
1100) 2.0 ALS 1y | o 5.4+01 | AES |84]
VYL 5.970.2 | AES [84]
Il

The nature of the work function anisotropy in different
faces of the LaB; monocrystals is also of interest. Studies of
these faces by AES, LEED, UPS (ultraviolet photoelectron
spectroscopy). and XPS (X-ray photoelectron spectroscopy)
have shown 38487:92:93,99=101 tn5¢ the Ba/La ratio on the mono-
crystal surface increases in the sequence (100) < (110) < (111)
(see Table 8). The work function decreases in the same
order, i.e. the greater the density of La atoms on the sur-
face, the lower is the work function. This observation is
unexpected, since the opposite effect is found on elemental
metals: ¢ increases with the density of metal atoms on the
surface. The explanation of this anomaly probably resides in
the atomic structure of the surface in the different faces of
the LaBg crystals.19210%:106:112  According to current views,
the (100) surface consists of a plane of La ions, whereas in
the (110) and (111) faces the La ions are displaced from their
equilibrium positions by ~1.66 and 1.2 ?\respectively (Fig.7),
i.e. the greater the displacement of the La jons "from within"

N

towards the surface, the lower is the work function. Accord-
ing to some workers!?°"193 the difference in work function of
the LaBg faces is explained by differences in the electrical
dipole moments created by the positively charged La®* ions
and the octahedra of B atoms in the surface layer: the work
function of the (100) and (110) faces is lower than that of the
(111) face because their dipole moment is higher.

Figure 7. Surface structure of different faces of the LaB,
crystal (from Ref.103).

Recent studies'®“~1% of the energy structure of the LaB,

surface have identified several peaks in the region of 1.5 to

3 eV below the Fermi level from the UPS spectra of the (100),
(110), and (111) faces. These peaks are attributed to the
so-called "dangling" bonds, i.e. to uncompensated bonds of
the surface boron atoms.'°” The peaks disappear when oxy-
gen is adsorbed on the LaB; surface, indicating an interaction
between the oxygen atoms and the uncompensated boron bonds?®
Adsorbed oxygen (or other gases) can form a dipolar surface
layer which alters the surface potential and therefore also the
work function, ®*~%¢

However, residual gases, including oxygen, can increase
the emission rather than impair the emission properties.91°°
Thus, it was found!’® that at an oxygen partial pressure of
1071~ (1-3) x 10~° mmHg the work function of the (210) face
is ~0.2 eV lower than for the clean surface, and the emission
is correspondingly higher. No explanation has yet been
suggested.

Problems of adsorption on the surface of LaB,; monocrystals
are of practical as well as of theoretical interest in relation to
the controlled modification of the emission characteristics by
the simultaneous adsorption of several elements. For example,
it has been shown®!? that the adsorption of Cs on the clean
(100) and (110) faces of a LaB; crystal lowers the work func-
tion from 2.78 to 1.97 and 1.88 eV respectively. However, if
the Cs is adsorbed on the same surfaces previously covered
with oxygen the work function falls to 1.35 and 1.47 eV respec-
tively. These surface coatings were found to have a reason-
able thermal stability: thus, the Cs is desorbed from a clean
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(100) surface of the LaB; crystal at ~900 K, whereas on a
surface previously coated with oxygen desorption takes place
at ~1150 K.!'! The work function of the clean (100) face may
not be the lowest, of course. Higher-index faces have also
given low values of the work function: ¢ = 2.3 eV for the
(321) face,®® ¢pr = 2.41 eV for (364),%* ¢ = 2.2 eV 1?12 and
R = 2.48 eV for (210).1%2

Another method of improving the emission properties of
LaBg monocrystals relies on doping the material. We know
that the work function is given by the expression

P==x—H (2)

where x is the difference between the electrical potentials in
the bulk of the metal and in the vacuum near the surface, and
u is the chemical potential of the electron gas in the metal

(n = EF, where Ef is the Fermi energy).® By varying x or
u (for example, by doping) we can vary the work function of
the LaBg in the required direction. In this respect the most
promising materials are solid solutions based on LaBg in which
some of the La atoms are replaced by other materials, espe-
cially rare-earth and alkaline-earth metals.

The emission properties of some solid solutions have been
measured both on monocrystals and on polycrystalline sam-
ples. 315288 1t was found that the work function of the (100)
face of the solid solution is higher than that of the LaBg crys-
tals, and relatively insensitive to the nature of the added
metal. It was also shown®? that the surface of crystals of the
L.aB, solid solutions gradually become enriched in La (with
respect to the bulk) at high temperatures as a result of the
preferential evaporation of the second metallic component.
These materials show a characteristic instability of the emis-
sion current.® Similar phenomena have been observed in
polyerystalline solid solutions of the MB; type, where M = La,
Y, Sc.*'* Nevertheless further work on these materials
should be of interest.

Studies of field emission from LaB; monocrystals are also of
great theoretical and practical interest in connection with the
development of new materials for auto-emission cathodes.®™1Y

The first studies of field emission in an ion beam were car-
ried out with monocrystals prepared by liquid-phase!?®!!® and
by solution methods.''® It was shown that the image of a
LaBg point in He ions at 78 K has an irregular structure. The
quality of the image was worse than for metal points. How-
ever, later workers obtained images of LaB, points with a
regular structure.

Studies of the effect of various gases (hydrogen,'?’ neon,
oxygen, and hydrogen!?') on the image from a LaB; point
revealed a rearrangement in a hydrogen atmosphere from low-
index faces into faces with higher indices of the type of {012},
{013}, {112}, etc., whereas in the presence of oxygen the
surface becomes strongly disordered, with cluster formation.
The hydrogen reacts primarily with the surface B atoms,*2°
and the oxygen with both the La and the B atoms.'?!

A study'?? of the mechanism of formation of images from
points of LaB, and La, ssSm, ,,Bs monocrystals in helium, neon,
and hydrogen ions showed that only the metal ions (La or La
and Sm) contribute to the formation of the image. However,
others'?! assume that the main coritribution to the formation of
images of the points in He and Ne is from the uncompensated
bonds of the boron atoms in the octahedra. This point of
view is confirmed to some extent by studies of LaBg by the
atomic probe method, with mass spectrometric analysis of the
ions produced by field evaporation.?®'?*

Swanson®* measured the work function and the field emission
current of monocrystal points, and he concluded that LaBg
has no real advantage as a field emitter over other refractory
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compounds. However, by generating microscopic projections
on a point from a <100> LaB; monocrystal an emission current
of ~107% A was obtained from the projection,'?® corresponding
to a source brightness of ~10* A cm~2 steradian™?.

Nevertheless further studies of LaBg in an ion beam are of
interest both from the standpoint of a more detailed under-
standing of the surface structure at the atomic level and to
explain the mechanism of image formation from points of com-
pounds. Furthermore it has been shown!%? that the evapora-
tion under the influence of a field and the reconstruction of a
surface can affect the concentration of La atoms, and there-
fore also the work function of the various faces. This work
is extremely relevant, because using a thermo-emission cath-
ode made of monocrystalline LaBg in an electron gun produces
a spotty emission, '2%°127 which can be eliminated (while at the
same time increasing the brightness of the image) by operating
the cathode in the thermal-field emission mode,!®

5. Some Practical Applications

Because of the unique combination of physicochemical prop-
erties offered by LaBg its practical applications are extremely
varied, and we shall only dwell on the most interesting and
important results (in our opinion). The use of LaB; as a
thermo-electronic emitter in the cathodes assemblies of various
types of device should be mentioned first. The advantages
of cathodes made of sintered LaB¢ over tungsten cathodes for
use in scanning electron microscopes have long been recog-
nised . 128-130

The preparation of LaB¢ monocrystals stimulated the pro-
duction of monocrystalline thermo-emission cathodes, the study
of their characteristics, and the search for possible alterna-
tives to oxide and tungsten cathodes,8%106:118:126:131=143 pp o
operating characteristics of a monocrystalline LaB; cathode
used in commercial equipment (microanalysers and Auger
spectrometers) in place of a tungsten cathode have been mea-
sured.?®13%13% The LaB, cathode is shown to be brighter
than the tungstem cathode (2 x 10° A em™? steradian™! and
1.5 x 10" A em™2 steradian™! respectively), and to have a more
stable emission current (better than 1 x 10°% A h™!). It was
also shown!?" that a cathode consisting of a LaB; point with a
<100> orientation can produce a cathode current density of
~50 A cm~?, combined with an operating life of more than
300 h. An electron gun with a cathode made from a zone
melted LaBj single crystal cut in the <100> direction has been
developed,!?® giving an optimum brightness of 2.5 x 10> A em”
steradian~! at a cathodic current density of 50 A em~2. A
cathode with a monocrystal oriented in the <100> direction was
reported® to give a current density of ~10 A em ™2 at 1600 to
1700 K; under these conditions the rate of evaporation of the
cathode was ~1 um year~!.

The successful replacement of a rhenium cathode by a mono-
crystalline LaBg cathode in a commercial mass spectrometer
has been claimed.'’® The life of the LaB; cathode is 10 times
greater than that of the rhenium cathode, and its working
temperature is lower (1750 K instead of 2500 K), which allows
thermally unstable compounds to be analysed. The replace-
ment*3? of a tungsten cathode in a micro-focus X-ray source
by a LaBg monocrystal has given a 20 times higher current
density at the targetwith an operational life of ~800 h.

A monocrystalline LaB cathode has been fitted!*? to an
electron microscope, giving a brightness of 2 x 10° A cm™
steradian™! and a stable operation time of over 100 h; the
resolution of the microscope was 0.14 nm.

Another promising application of monocrystalline LaB, catho-
odes is in the production of integrated circuits by electron-
beam lithography.'®*® A very precise and fast lithographic

2

2
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system has been based!*! on a monocrystalline LaB; cathode

consisting of a flattened point, giving an electron beam 6.4 x
6.4 pm in cross-section and a current density of 10A cm™2,

Work is also in progress on improved designs of cathode
assemblies!*? and on optimised conditions for using the mono-
crystallineLaBg cathodes.'*®* Thus a new method of attaching
the monocrystal of lanthanum hexaboride to the cathode assem-
bly gives a working life of 1000 h at a cathode working tem-
perature of 1800 K, 1“2

Considerable effort is devoted also to the use of polycrys-
talline LaB;. For example, it has been shown that cathodes
made from hot-pressed or sintered polycrystalline LaB, are
potentially useful for high-current ion sources in atomic tech-
nology,'**71*7 especially for the production of a high-density
plasma in apparatus of the "Tokamak" type."®’!*® gintered
LaBg—ZrB, compositions have also been studied with the aim
of improving the mechanical and emission properties of LaBg
cathodes.*®

Powdered LaBg has been used in the isotopic analysis of
iodine,"*? and found to give a relative sensitivity better than
materials like the W—Th alloy, ZrC, Hf, and Re.

A study of the catalytic activity of the clean surface of
LaB¢ powders towards the hydrogen—deuterium isotope
exchange has been reported.’®® At 159 K the specific activ~
ity of LaBg is two orders of magnitude greater than the activ-
ity of y-Al,O;, and only slightly lower than the activity of Pt
or Ni.

——-000---

Thus the preparation of perfect monocrystals of LaB; by any
of the methods examined requires accurate information on the
La-B phase diagram, and in particular on the homogeneity
region of LaB,. Another important requirement is a very
accurate characterisation of the resulting LaBg crystals in
both composition and structure, to allow these data to be
related to the other properties of the material. Only by
establishing these relationships can the controlled production
of perfect and defect-free LaB; monocrystals, by any method,
be achieved.
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Electrochemical Behaviour of Phenols

T.A.Kharlamova and G.A.Tedoradze

The literature data on the electrochemical behaviour of phenol and its adsorption on various anodic materials {platinum,
graphite, gold, and lead dioxide) are surveyed and the influence of the rate of application of the potential, temperature, pH, the
rate of rotation of the electrode (stirring) on the maximum oxidation current of phenol and its half-wave potential is examined.
The present concept concerning the mechanism of the primary electrode reaction is analysed and the possibility of the extensive
oxidation of phenol is considered. The influence of a series of substituents [OH, CH;, NO,, Cl, C¢H4, COOH, C;Hs, and
C{CHs)3] on the principal characteristics of the potentiodynamic relations is examined and the possibility of a correlation
between the half-wave potentials £/, of substituted phenols and the Hammett constants is analysed.
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I. INTRODUCTION

In connection with wide scale industrial use of phenols,
two problems have arisen: the development of convenient and
selective methods for their analysis and the removal of
phenols from the waste water in industrial undertakings.
The latter is related to the high toxicity of phenols and the
difficulty of decomposing them by the usual chemical means.
Electrochemical methods, especially anodic oxidation, proved
to be sufficiently effective for the solution of both problems,
which is the reason for the increased interest of investi-
gators in the electrochemistry of phenols.

The aim of the present review is to survey the factual
data which have accumulated concerning the oxidation of
phenols on anodes.

Il. THE PLATINUM ELECTRODE

1. Potentiodynamic Measurements

There is a distinct oxidation wave on the voltage—current
curve obtained in the oxidation of phenol on stationary and
rotating platinum anodes. A typical form of such curves is
illustrated in Fig.1. At a phenol concentration ¢, <1 x
10™* M under both stationary and dynamic conditions, a single
wave is observed with a distinct limiting current and there
is a linear relation between the limiting current and cph.

At cpn > 1 % 10~* M, a decrease of the current is observed
on the voltage—current curves, which is due to the inhibition
of the electrochemical oxidation process and the linear rela-
tion between the maximum current and Cph breaks down—the
current increases more slowly than the concentration.'™?

It has been noted that during the measurement of the
potentiodynamic relation, a readily visible yellow-brown
polymeric product is formed on the anode. In order to
investigate the kinetics of the growth of this polymer film,
ellipsometric measurements have been made in the electro-
chemical oxidation of phenol in 0.5 M H,SO, solution.*

Optical studies have shown that, at low potentials (~1 V

relative to the reversible hydrogen electrode in the same
solution), the rate of growth of the film is low and its thick-
ness is proportional to the square root of the electrochemical
oxidation time. The rate of formation of the film increases
sharply as the potential shifts towards high positive values
(22 V) (Fig.2); wunder these conditions, its thickness reaches
on average 1000—10000 R.

10%, A cm™

7.5

J.0t

2.5

-

e
1 L Il

a 0.4 0.8 E.V

Figure 1. Potentiodynamic curve for phenol (¢cpp = 1% 1073 M)
in a saturated borax solution at a platinum anode (i = current
density; rate of application of potential v = 40x10"° V s™};
pH 9.5; 20°C): 1) supporting electrolyte plus phenol;

2) supporting electrolyte.’

The observed decrease of the current on the potentiometric
curve is in fact explained by the strong adsorption of the
reaction products and the blocking by the latter of the anode
surface.’™® Levina et al.®, who investigated the electro-~
chemical oxidation of phenol in 1 N H,SO, solution, assumed
that the decrease of the current is caused by the adsorption
of oxygen, which cannot occupy the anode surface at low
anodic potentials owing to the adsorption of phenol. Such
competition for sites on the surface does indeed occur in the
case of organic substances and must be taken into account.®
However, in the study of the electrochemicsl oxidation of
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phenol ir aqueous 1 N H,SO, and NaOH solutions, the
possibility of the formation on the anode surface of a film
consisting not only of polymer molecules strongly bound to
the surface but also of soluble products has been con-
sidered.”® It has been suggested that, at low (<0.2 M)
and higher concentrations, products of the second and
first types predominate respectively.

7.h

Figure 2. The rate of growth of the polymer film on the
platinum electrode (d = thickness of film, T = time) at
three different potentials in a 0.5 M H,S0, + 0.1 M C;H;OH
solution; potential (V): 1) 2.08; 2) 2.15; 3) 2.28.%

Judging from the shapes of the potentiodynamic curves,
which have a deep minimum, the process should have ceased
in the passivation region as the polymer film grew. Further-
more, it is well known that benzoquinone can be obtained in
a satisfactory yield by the preparative oxidation of phenol.

It has been suggested® that the oxidation of phenol in the
passivation region requires that a barrier be overcome, the
barrier consisting of the adsorbed polymer film. This
phenomenon, involving charged transfer to the adsorbed
film, is well known in polarography (the Loshkarev effectt)
and involves the electrochemical reaction of a substance
which has diffused towards the anode through the adsorbed
layer which inhibits the process. In the case of phenol yet
another explanation of the process under the conditions of
the complete surfave coverage of the polymer film is possible:
benzoquinone is formed on oxidation of the polymeric sub-
stance and phenol molecules are used to renew this polymer
film.

The observed oxidation current depends to a large extent
on the state of the surface of the anode, so that identical
preliminary treatment of the electrode surface is necessary in
order to obtain reproducible results. A positive effect of
heat treatment? and of electrochemical treatment®’® on the
surface has been noted. There is no unanimous view con-
cerning the problem of the ratio of the maximum currents on
the oxidised and reduced platinum surfaces.b»”»!!

+M.A.Loshkarev and Yu.M.Loshkarev, in "Vol'tampero-
metriya Organicheskikh i Neorganicheskikh Soedinenii"
(Voltage—Current Measurements for Organic and Inorganic
Compounds), Izd.Nauka, Moscow, 1985, p.35.
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With increase of pH to 9.0, the oxidation half-wave poten-
tial E; /2 shifts towards less positive values and, on further
increase of pH, remains almost constant.” Although the Ey)
for irreversible processes lacks the thermodynamic signifi-
cance of the half-wave potential for reversible processes, its
variation nevertheless provides an idea about the range of
potentials in which the electrochemical process takes place.
The observed shift of the phenol oxidation potential when the
pH changes by unity is ~60 mv.?

It has been stated that the maximum phenol oxidation
current depends on the pH of the medium.? %52 However,
the published data are exceptionally contradictory. Thus
an appreciable change in the maximum oxidation current at
pH from 5.0 to 11.0 has not been noted by Hedenburg and
Freiser,” or Kharlamova et al.® and Levina et al.® observed in a
neutral medium a decrease of the maximum phenol oxidation
current compared with the currents in acid and alkaline
media, while Zeigerson and Gileadil? altogether failed to
observe the phenol oxidation current in acid and neutral
solutions. They explained? the lack of the current by
the fact that two reactions take place on the clean electrode
surface—the oxidation of phenol and the formation of a layer
of adsorbed phenoxy-radicals, and, as soon as the degree of
surface coverage approaches unity, the rates of both reac-
tions fall to zero, i.e. complete passivation of the process
takes place. Passivation is observed at a fully determined
potential, which depends on the concentration of the sub-
stance and the pH. In this connection, we may recall that
phenol may be oxidised also in the passive region (see
above). Evidently the authors’? did not note the small
difference between the supporting electrolyte current and
the current in the presence of phenol.

The maximum current is influenced by the rate of applica-
tion of the potential v: with its increase, the maximum
current rises and the rate of increase depends on the initial
phenol concentration. An increase in the rate of application
of the potential hardly affects the E,j, for the oxidation of
phenol.’

An increase in the solution temperature (from 20° to 60 °C)
entails a rise in the maximum phenol oxidation current. The
temperature coefficient in an aqueous buffer solution is 2.5 to
2.9% per degree,’»?® which may indicate a non-diffusional
nature of the maximum current.

The results examined show that, for a correct interpreta-
tion of the anodic process, it is essential to possess quantita-
tive data for the adsorption of phenol on the electrode at
different potentials.

2. Adsorption

The dependence of the degree of electrode surface
coverage by phenol in 0.1 N H,SO, solution on the potential
(in the range from -0.3 to +1.0 V) has been determined by
the potentiodynamic pulse method (Fig.3).!* In an analogous
solution and in the same range of potentials an extremely
weak dependence of the degree of adsorption on the poten-
tial in the range from -0.1 to +0.4 V [relative to the normal
hydrogen electrode (n.h.e.)] has been found, in agreement
with Levina et al.?®, and is described by the Temkin iso-
therm.!* According to Levina et al.'® and Kazarinov et a
the adsorption kinetics obey the Roginskii—Zel'dovich equa-
tion.

The dependence of the degree of adsorption of phenol on
the potential at different pH has been determined with the
aid of rapid galvanostatic pulses taking into account the
surface roughness factor and the amount of adsorbed oxygen.}
It follows from Fig.4 that the degree of adsorption of phenol

1t
1.4,
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on the anode is almost independent of pH. If it is supposed
that phenol is oxidised to CO, and H,0, i.e. that the number
of electrons involved in the reaction is n = 28, then the
degree of adsorption per unit true surface is 4 x 107*° mol
cm™?, which agrees with the data of Kazarinov et al.'*

0 0.4

0.8 E.V

Figure 3. Dependence of the standard surface coverage
of the platinum electrode 6 in a 1 x 10”* M solution of
phenol on the electrode potential in 0.1 N H,SO, solution
(the potentials were measured relative to the reversible
hydrogen electrode in the same solution).?

n.I" x 10°. mol cm™2

X=X !
8 Ao zﬁ"’&x
y
0 !
~0.§ -04% 0 0% EV

Figure 4. Dependence of the adsorption of phenol (from a

1 x 10”% M solution) on the platinum anode on the potential

at pH 1.6 (curve 1), 7.5 (curve 2), and 9.5 (curve 3) taking
into account the roughness factor and the amount of adsorbed
oxygen (the potentials were measured relative to the 0.1 N
calomel electrode) (ne is the number of electrons involved

in the process).’

Chronopotentiometric measurements in 0.1 N NaOH solution
in the presence of 0.05, 0.1, and 0.4 M phenol® have shown
that the amount of electricity corresponding to the transition
time (i.e. the time during which a stationary current is
established) falls with increase of the current and reaches
a limiting value of 27.2 x 107° C em™? at the high polarising
current density of 6 x 1072 A em™?, In this case diffusion
does not affect the transition time. During this period, the
charging process takes place, the amount of charge generated
exceeding by a factor of ~60 that necessary for the mono-
layer coverage of the platinum surface with oxygen. Hence
it is concluded that the current is consumed in the formation
of polymolecular phenol adsorption layers.

There exist data concerning the adsorption of a substituted
phenol (p-nitrophenol) on the platinum anode at high anodic
potentials (>1.0 V).»* The dependence of the degree of
adsorption of p-nitrophenol on the potential, obtained on
platinised platinum in 0.1 N HCIO, solution by the radio-
active tracer method, shows that, starting from 1.3 V, the
degree of adsorption rises sharply. This has been explained
by the formation of a monolayer in the potential range 0.1 to
0.2 V and the fact that a polymolecular adsorbate layer is
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produced at E > 1.0 V. In determining the intensity of the
UV spectra of p-nitrophenol and the adsorbed species, the
authors'® calculated the degree of adsorption of p-nitrophenol
at high anodic potentials taking into account the areas of the
electrodes. It was found that it corresponds to the forma-
tion of more than 10 adsorbate monolayers. However,
judging from the potentiodynamic curve, the inhibition of
the phenol oxidation process in acid aqueous solutions begins
at a potential of ~1.0 V. For this reason, one cannot rule
out the possibility that the observed multilayer adsorption
refers not to phenol but to its oxidation product (see above).
Data concerning the influence of chloride ions on the
adsorption of phenol are contradictory. It has been stated®
that phenol is adsorbed more effectively than chloride ions
at a concentration of the latter of 0.1 V, but the phenol con-
centration has not been reported. It follows from the results
of an investigation!” that in 0.1 N H,SO, solution the adsorp-
tion of phenol (1 x 10™* M) and the chloride ions (0.1 M) is
competitive. The decrease of the degree of adsorption of
phenol (1 x 107 M) in the presence of chlorides (0.1 M),
observed by Kharlamova et al.?, can also be accounted for
by competitive adsorption. Since all the experimental data
presented have been determined under different conditions,
one cannot obtain a clear idea about the influence of the
concentration of chloride ions on the adsorption of phenol.

111, THE GRAPHITE ELECTRODE

1. Potentiodynamic Measurements

On the graphite anode (under stationary and dynamic
conditions) in the concentration range 107°-107° M, phenol
gives rise to a single wave on the voltage—current curve,
as on the platinum anode. The phenol oxidation current is
greatly influenced by the type of impregnation mass, which,
by filling the graphite pores, ensured a constant current
density throughout the anode surface.®>'® A mixture of
paraffin with polyethylene is usually employed for impregna-
tion.

The published data make it possible to establish charac-
teristics of the influence of individual factors (the concen-
tration of the substance, the pH of the medium, the rate of
rotation of the electrode, etc.) and the appearance of a
maximum on the voltage—current phenol oxidation curve.

By analogy with the platinum anode, one may expect that the
maximum (decrease of the current) will be shown at a specific
concentration of the test substance and it does indeed follow
from a series of publications?®~22 that, at ¢ g = 107* M under
stationary conditions, a distinet limiting current is observed,
while at Cph = 107° M there is a maximum. However, the
opposite behaviour has also been noted:**** at cph =

10"* M a maximum was observed, while on raising the con-
centration to 1072 M and above there was a distinct limiting
current. Kharlamova et al.? observed a maximum only in

0.1 N H,S0, solution at ¢ = 107° M, while in neutral and
weakly alkaline medium a distinet limiting current was noted.
The appearance of a maximum was probably due to an addi-
tional factor which had not been taken into account.

At cph £ 10~* M a linear dependence of the maximum
current on the phenol concentration is observed, but at
cph > 107* M the linearity breaks down and the limiting
current increases more slowly than the concentration,?%:2%:2°

The state of the graphite surface, like that of the platinum
anode, influences significantly the phenol oxidation current
and a preliminary treatment of the electrode surface is there-
fore also necessary in this instance. In almost all the
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published studies the working electrode surface was treated
mechanically (with emery paper, an aqueous suspension of
alumina, etc.) before recording each potentiodynamic curve.
The favourable influence of a two-stage electrode treatment
has been noted: brief boiling in ethanol (0.5 min) followed
by anodic treatment at the hydrogen evolution potential in
0.1 N H,SO, solution for 2—3 min.? If the electrode is not
treated again after recording one voltage—current curve,
then in the repeated experiment two waves appear on the
curve.?!

The phenol oxidation current depends markedly on the pH
of the medium, but, as for the platinum anode, the available
data differ greatly. Thus the dependence of the maximum
current on the pH was found to have a minimum in a neutral
medium,2® which can be explained by a decrease of the con-
centration of the unionised form of phenol. However, in
another study'® a maximum current was observed at pH 1.2,
the current diminishing with increase of pH to 3.2, while on
a further increase of the pH it remains almost unchanged.
Another investigation established®?’ that the current in an
acid medium is higher than in an alkaline medium, on average
by ~40%, while in the study of Korshunov et al.?® the incre-
ment in the same pH range was found to be only ~3%.

The rate of application of the potential influences the
maximum current. With increase of v by a factor of 2 (from
0.62 to 1.24 mV s™1), the current rises, according to Gaylor
and co-workers,2%?! by a factor of 1.5—1.7, which is much
greater than could be expected if the current were controlled
by diffusion (it would then have increased by a factor of
21/2),  In our view, this can most probably be accounted
for by the diminution of the role of passivating factors with
increase of v, i.e. with decrease of the surface coverage by
the polymeric substances.

An increase of temperature (from 20° to 60 °C) entails an
increase of the oxidation current. The temperature coeffi-
cient in aqueous buffer solution is 0.4% according to
Gaylor et al.?’, while according to other data®?’ it amounts
to 1.5—2.0% per degree.

Table 1. The influence of the pH on the half-wave potential
for the oxidation of phenol (E,;;, V) (relative to the saturated
calomel eiectrode).

pH 1.2 pH 5.6 pH 7.0 pH 85 pH 9.0 Refs.
0.93 0.66 0.56 0.55 0.45 [20]

— 0.63 — - — f22]
0.92 —_ 0.60 — 0.45 {23]
1.05 0.70 0.60 0.60 0.46 [26]

The half-wave potential decreases linearly with increasing
pH until the latter reaches the pK of phenol, i.e. 9.89. A
further increase of the pH does not induce a significant
alteration of the half-wave potential.®?%2%29731  gince E;j,
for the oxidation of phenol is independent of the composition
of the impregnation mass,'® it is possible to compare its values
at different pH obtained by different workers. Table 1
shows that the data agree well with one another.

An increase in the rate of application of the potential leads
to a shift of Ej, towards positive potentials.?’
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There are data showing that E,;, is influenced by the
phenol concentration. For example, a change in the phenol
concentration by a factor of 10 results in a shift of E,;; by
22 mV at pH 5.2.72¢

2. Adsorption

The characteristics of the adsorption of phenol on the
graphite anode per unit apparent surface at pH from 1.6 to
9.5 have been determined and its degree calculated.’® Fig.5
shows that the degree of adsorption changes only slightly as
the pH is altered.

nel" x 107, mol cm™

x}.}x\fx
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Figure 5. Dependence of the adsorption of phenol (from a
1 x 107 M solution) on the graphite anode on the potential
at pH 1.6 (curve 1), 7.5 (curve 2), and 9.5 (curve 3) (the
potentials were measured relative to the 0.1 N calomel elec-
trode).’

Comparison of the adsorption and potentiodynamic relations
obtained on anodes of the same material has shown that the
degree of adsorption of phenol begins to fall at the potential
corresponding to the onset of its oxidation and almost ceases
when the potential reaches the value corresponding to the
maximum rate of oxidation. This is valid for both graphite
and platinum anodes.?

IV. THE LEAD DIOXIDE AND GOLD ANODES

The electrochemical oxidation of phenol has also been
investigated on lead dioxide®?:*® and gold*® anodes.

On the stationary and rotating lead dioxide anodes in the
presence of 0.5 M phenol in sulphuric acid solutions, a
distinct anodic wave with a maximum is observed. The
inhibition of the anodic process can be explained both by
the blocking of the surface by the polymer film*? and by
the adsorption of oxygen.®® It has been noted that at high
positive potentials the film dissolves with the simultaneous
evolution of oxygen. This phenomenon, which has not been
observed on the platinum electrode (see above), can be
evidence in support of the hypothesis that the mechanisms
of the oxidation of phenol on platinum and lead dioxide are
different.

In order to obtain reproducible results, before recording
each anodic curve, the electrode surface was subjected to a
preliminary treatment-—anodic polarisation at E = +0.8 V
[relative to the saturated calomel electrode (s.c.e.)] for
2—10 min.*® The pH dependence of the oxidation current
was investigated for a 0.5 M phenol solution in sulphuric acid
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at different concentrations (0.5~5 M H,S80,).32 A shift of the
current—potential curves of ~250 mV when the pH was altered
by unity was then observed. This exceeds by a factor of

~4 the analogous value for the platinum and graphite anodes,
which confirms the hypothesis that the phenol oxidation
mechanism is different on lead dioxide.

On the gold anode in a solution having the composition
mNa,SO, + nH,S0,, phenol gives rise to a distinct oxidation
wave with a maximum. In the pH range 1—-14, the depen-
dence of the change in the phenol oxidation half-wave poten-
tial on the pH is identical with the dependence obtained for
the graphite anode.?’

V. THE MECHANISM OF THE ANODIC PROCESS

A considerable number of studies devoted to the phenol
oxidation mechanism have been published. There exist two
sets of views at the present time concerning the mechanism
of the primary electrode reaction.!}

The supporters of the first view believe that the initial
stage involves the loss of one electron and the formation of
the phenoxy-radical. Calculation based on the dependence
of 1g [I/(I4 — I)] on the potential, where I is the instanta-
neous current and I the diffusion current, has shown that
the anodic wave corresponds to the transport of one elec-
tron.?2 This result apparently refers to a phenol concen-
tration <1 x 10°* M. However, it is not clear from the
above study? for which pH the calculation has been carried
out. Other evidence in support of the hypothesis that the
current is diffusion controlled, apart from the proportionality
of the current to the phenol concentration, is not presented
in the above publication. However, such a dependence can
be observed also for first-order reactions occurring in the
kinetic region.

The number of electrons transferred has also been calcu-
lated! from potentiodynamic curves using the equation
relating the electrode potential to the diffusion current.
The calculation was performed for a solution with a phenol
concentration of 1 x 10°* M at pH 10.

The supporters of the second view believe that two elec-
trons are transferred in the first oxidation stage and that
an intermediate is formed.?! On the basis of the propor-
tionality of the current to the phenol concentration, it has
been concluded that the current is diffusional. These data®!
refer solely to pH 5.2; the range of phenol concentrations
employed is not indicated.

It has been shown!! that the stoichiometry of the phenol
oxidation process depends on the pH of the solution. The
reaction mechanism has been studied in detail in acetonitrile
solution and the results and conclusions have been tested in
aqueous buffer solutions. The behaviour of phenol in solu-
tion in acetonitrile and water proved to be identical. Thus
the oxidation of phenol in an alkaline medium is lower by a
factor of ~2 than in an acid medium, which suggests that,
in the systems where phenol exists in an unionised state, a
two-electron process takes place:

- /
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If phenol is fully ionised, a one-electron transition occurs:
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Later publications confirmed the existence of different
views on the primary electrode process. In one of them it
has been suggested that one hydrogen ion and one electron
are involved in the electrode reaction.?® In another com-
munication?® it is shown with the aid of the equation for the
rotating disc electrode and potentiodynamic relations obtained
on the graphite anode in buffer solutions (pH 1—12) that one
electron is involved in the phenol oxidation reaction.

However, one should note that the diffusion coefficient was
calculated?® from the Stokes—Einstein equation. The quantity
n = 1 was obtained for the phenol diffusion coefficient
D = 0,23 x 107% ecm? 7. Since the approximate character
of the Stokes—Einstein equation is well known, the value of n
calculated in the above study?® must be treated with caution.
Other factors giving rise to doubts about the validity of the
calculations in the above investigation should also be noted.
Firstly, it is known that the calculations of n and D from the
equation for the rotating disc electrode can be performed
only in the diffusion region. Furthermore, the above
measurements?® were performed at a single rate of rotation
of the disc electrode, which makes it impossible to check in
which region the study had been carried out. The conclu-
sion that the measured current is determined by the rate of
diffusion was reached solely on the basis of the satisfactory
reproducibility of the product i+1}/2 obtained from chrono-
potentiometric data for the stationary electrode. Secondly,
it has been shown? that the electrochemical oxidation of
phenol at a concentration of 1 x 10" M in acid solutions is
partly limited by diffusion, while in an alkaline solution the
current is determined by the process kinetics alone. Natu-
rally, in both cases the rotating disc electrode equation is
unsuitable for the calculation of n.

The authors?® were able to observe directly the EPR spec-
tra characteristic of the phenoxy-radicals formed in the first
phenol oxidation stage in acid, alkaline, and neutral media.

The mechanism proposed by Gaylor et al.?! involves the
transfer of one electron and one proton in the potential-
determining stage and the formation of the PhO * radical.

On the other hand, other investigators’>®?° confirmed the
dependence of the stoichiometry of the oxidation reaction on
the pH of the solution observed by Vermillion and Pearl.!!

It has been shown® ™% that the first phenol oxidation stage
is followed by the formation of unstable products, which enter
into subsequent chemical reactions. The nature of these
intermediates has not been discussed, but it can be inferred
by analysing the final electrolysis products. It has been
established that the electrochemical oxidation of phenol is a
multistage process, which can be represented by the following
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The formation of hydroquinone and pp'-biphenol has been
demonstrated by cyclic voltage—current measurements in 25%
acetone solution in a Britton—Robinson buffer at a rate of
application of the potential of 8.33 V min *.*® In the oxida-
tion of phenol in 0.05 M HCI solution (at pH 1.3, v =0.1V s !,
Cph =1 x 1073 M) the formation of five reaction products was
observed by the same method: op- and pp'-biphenols,
hydroquinone, catechol, and hydroxyhydroquinone.?® It
was shown that all the products are formed as a result of the
dimerisation of phenoxy-radicals obtained in the primary one-
electron step.

The following mechanism of the total oxidation of phenol on
the platinum anode in acid and alkaline media has been
proposed:®?®

In an acid medium
PhOH 2 PhO" - H* - e
PhO"-- PhOH — P, —~ H* -+ &
P, -~ PhOH - P,
PhO’" + PtOH + H* = hydroquinonc
hydroquinone = benzoquinone + 2H + Je

In an alkaline medium
PhOH -+ OH~ = PhO~ - H,0
PhO~ - PhO" -+ &

PhO’ + PhO”" > [P +¢
IP = products + ne

Here P, and P, are dimers and trimers respectively and IP
are intermediate products.

Determinations of the total number of electrons participating
in the extensive oxidation of phenol under different condi-
tions have been carried out in a series of studies. The study
of the adsorption of phenol on the platinum anode (see Sec-
tion II) at potentials below that corresponding to the onset
of oxidation has shown?® that phenol hinders the adsorption
of oxygen when an anodic pulse is applied and the adsorption
of hydrogen when a cathodic pulse is applied. From these
data and also taking into account the fact that phenol gives
rise to a distinct oxidation wave at positive potentials, the
authors postulated the presence on the electrode surface of
chemisorbed species of one type whose oxidation requires
4 + 0.5 electrons. This number of electrons is determined
by the fact that phenol is oxidised to CO; and in this case
4.6 electrons correspond to each adsorption centre. Since
the adsorption of phenol is accompanied neither by dehydro-
genation nor electron transfer, the authors suggested that it
occurs as a result of the dissociation of the double bonds in
the benzene ring and the formation of six Pt—C bonds. In
this case the plane of the aromatic ring should apparently be
arranged parallel to the electrode surface. At the same time,
Izumi et al.® and Bjerano et al.*’, who support the radical
mechanism, suggest that the phenoxy-radical is adsorbed
via the oxygen atom, so that the plane of the aromatic ring
is more likely to be arranged at an angle with respect to the
surface than parallel to it.

It has been suggested that the total number of electrons
participating in the oxidation of one phenol molecule varies
as a function of the rate of application of the potential
from 3 (for v < 1V s™%) to 1.5 (for v > 5 V s71),2° It has
been found,?® by means of calculation with the aid of the
theoretical equation for the limiting diffusion current, that
n = 3. The phenol concentration was then 1071077 M and
the dependence of the limiting current on the phenol concen-
tration was linear at a flow rate of the solution relative to the
electrode of 1 x 107" litre s™*.

The influence of the rate of rotation of the electrode (or
of the flow rate of the solution) on the maximum phenol
oxidation current have been investigated in a number of
studies and it has been shown that in an alkaline medium an
increase of the rate of rotation of the platinum wire to
1000 rev ! entails a steady increase of the maximum current.’
However, it is known that the most reliable principal kinetic
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characteristics can be obtained with the aid of the rotating
disc electrode. For this reason, a detailed study has been
made® of the influence of the rate of rotation of the electrode
on the phenol oxidation current on platinum and graphite disc
anodes at different pH of the solution. The graphical method
was used to calculate the order of the reaction.?® Using the
true kinetic current and the dependence of the oxidation
current on the rate of rotation of the electrode, the authors?®
found that in acid and neutral media the oxidation of phenol
(at cpp = 1 x 107> M) formally obeys a first-order equation.
In an alkaline medium (saturated borate buffer solution,

pH 9.5) the maximum phenol oxidation current remains
constant when the rate of rotation of the platinum anode is
raised from 160 to 4000 rev min™ !, which formally indicates a
zero reaction order. The authors attribute this factor® to
the formation of a strongly adsorbed polymer film on the
electrode.

A dependence of the reaction order P on the initial phenol
concentration in the solution has been observed.® The
values of P = (3 1igi/3 lgcph)e were found experimentally
at different concentrations in aqueous alkaline solutions
(1 N NaOH solution) of phenol. It was shown that the
order of the reaction is two at cpp = 0.1-0.5 M, while at
lower concentrations it approaches unity, which is incon-
sistent with the data of Kharlamova et al.®

High reaction orders have been obtained by Levina et al.®
Calculation of the order of the reaction on a smooth platinum
electrode by the equation i = kcgh, where P = 2.8-3.0
showed that P is almost independent of the potential. The
authors® attribute the anomalously high reaction orders to
the anomalous adsorption properties of phenol at fairly high
concentrations in solution (from 0.4 to 2 M). Furthermore,
it has been noted that, in contrast to the isotherms obtained
at potentials such that the oxidation of phenol does not yet
occur, the adsorption isotherms in the range of oxidation
potentials have a complex character. The degree of surface
coverage initially increases slowly with increase of the phenol
concentration, in conformity with the Temkin isotherm. How-
ever, after the attainment of the critical phenol concentra-
tion (~0.4 M), the surface is rapidly filled by chemisorbed
species and the slope of the isotherm changes sharply. It
has been suggested that this effect is caused by the surface
condensation or heterogeneous polymerisation of phenol
molecules.

From our point of view, this explanation conflicts with the
known electrochemical properties of phenol. In particular,
in the range of concentrations employed by Levina et al.®,
polymer layers on the anode surface can be observed even
visually. For this reason, the isotherm apparently actually
corresponds to the adsorption of not phenol molecules or
their fragments but of the polymeric product. The break
point then corresponds to the concentration at which poly-
merisation is particularly vigorous.

The discrepancies between the calculated reaction orders
are probably associated with the fact that the authors
measured not the true phenol oxidation current but the
current distorted by the adsorption of the incomplete oxida-
tion product. For this reason, the reaction orders indicated
above are more likely to be purely formal quantities and
therefore do not necessarily reflect the real process mecha-
nism.

The maximum phenol oxidation current on the graphite
anode in a buffer solution at pH 4.0 and cpp =5 x 107/ M is
proportional to the rate of movement of the solution u raised
to the power 3/4 [u = (2.1-10.5) x 107° litre s™%]1.%° With
increase of phenol concentration, a deviation from this rela-
tion is observed, which can also be accounted for by the
coverage of the surface of the anode by the reaction product.



22

Levina et al.’® examined the question of the possible slow
stage in the phenol oxidation process. Direct measurement
of the rate of adsorption of phenol showed that it exceeds
greatly the rate of the electrochemical oxidation and hence
cannot be the slow stage.

As shown above (Section II), the half-wave potential for
the oxidation of phenol shifts towards more negative values
by ~60 mV per pH unit as the pH increases to 9.0. This
suggests that the slow stage in the oxidation of phenol in
0.1 N H,S0, solution on platinum is the interaction of OH;ds
with the chemisorbed organic species.®

The mechanism of the oxidation of phenol on the lead
dioxide anode is different from that on platinum and graphite.
It has been noted that the phenol oxidation potential is close
to the lead dioxide formation potential in these solutions.®?
This observation served as a basis for a new phenol oxidation
mechanism on the lead dioxide electrode, according to which
the potential-determining stage is the chemical oxidation of
phenol by lead dioxide. The latter is regenerated in the
electrochemical process, which requires the transfer of four
electrons.?®®

VI. THE INFLUENCE OF SUBSTITUENTS ON THE ELECTRO-
CHEMICAL ACTIVITY

We shall consider the influence of the OH, CHj;, NO,, NH,,
Cl, C¢H,, COOH, C,Hs, and C(CH;); groups substituting
hydrogen atoms in the benzene ring on the principal voltage—
current characteristics of the oxidation of phenol.

1. The Platinum Anode

The influence of the hydroxy-group in the m-, o-, and
p-positions in the benzene ring of phenol on the oxidation
current in acid and alkaline aqueous media has been investi-
gated!? and, as noted previously (Section II), appreciable
oxidation of phenol in an acid medium (1 M HCIO, solution)
was not observed in this investigation. Resorcinol (1,3~
dihydroxybenzene) behaves analogously. However, the
introduction of the hydroxy-group in the o- and p-posi-
tions renders the corresponding phenols (catechol and
hydroquinone) readily oxidisable. The reversible oxidation
of hydroquinone, which proceeds at an extremely high rate,
is well known.*? Catechol is apparently also oxidised
reversibly. In an alkaline medium (1 M KOH solution), all
three substituted phenols are oxidised, giving rise to maxima
on the voltage—current relation. The maximum oxidation
currents diminish in the sequence hydroquinone > catechol >
resorcinol.

As stated above (see Section II), the appearance of a
maximum on the voltage—current curve depends not only on
the initial concentration of the corresponding phenol but also
on the pH of the medium. This is illustrated by the oxida-
tion of hydrogquinone in a strongly acid medium (1 M HC1O,):
the anodic wave with a maximum appears only at a phenol
concentration 20.2 M and, when the pH is raised to 3.0,
the above concentration falls to 0.1 M. It is also note-
worthy that the electrochemical oxidation of resorcinol on the
anode surface results in the formation of an insoluble poly-
meric product, as in the case of phenol.*?

The maximum resorcinol oxidation current increases with
increasing pH, but to a much lesser extent than in the oxida-
tion of phenol. When the pH is raised from 12.0 to 13.7,
the increase in the maximum resorcinol oxidation current is
~100 times smaller than for phenol.'?
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The introduction of two hydroxy-groups into the phenol
molecule in the 2,3- and 2,4-positions permits the oxidation
of the resulting compounds in an acid medium and the maxi-
mum 2, 4-trihydroxybenzene oxidation current is lower by
~30% than for the 2,3-analogue. In contrast to these com-
pounds, 3,5-dihydroxybenzene is not appreciably oxidised
in an acid medium, like the initial phenol. However, it is
readily oxidised in an alkaline medium and the maximum
current for this process is lower than in the oxidation of
phenol by ~70%.'> The substituent C(CH;); reduces some-
what the maximum substituted phenol oxidation current, the
decrease of the current being observed in the following
sequence as the position of the substituent is altered:
meta > ortho > para.? It is believed? that, when the con-
centration of the corresponding phenol is 1 x 107° M, the
current is limited by diffusion, which does not conflict with
the experimentally observed independence of the current
of the pH. However, a curve with a maximum, typical for
diffusion currents at a stationary electrode, was not
obtained.?

2. The Graphite Anode

Judging from the published data, all substituted phenols,
which will be considered below, are oxidised at the anode
and give rise to a single wave on the voltage—current curve.
2,6-t-Butylphenol and 6-t-butyl-2,4-dimethylphenol, which
give rise to multiwave curves, are exceptions. The appear-
ance of a maximum on the anodic curves for substituted
phenols has been related®? to E,f,: if this potential is less
than 0.48 V, a maximum may appear. The character of the
current was not considered in the above investigation.
However, it follows from the analysis of the literature data
that a maximum is observed?%?%27 on the potentiodynamic
curves for the oxidation of many substituted phenols having
E;;; < 0.48 V (relative to the s.c.e.) at a pH other than in
the study discussed above.??

The influence of substituents in the m~, o-, and p-posi-
tions on the oxidation current of phenols on the graphite
anode in an aqueous medium has been examined in a number
of studies??:21:23:28:27:41 gng it has been shown that resorcinol,
catechol, and hydroquinone are readily oxidised over a wide
pH range (1-9). At a catechol concentration of 1 x 1073 M,
a distinct limiting current is observed on the potentiodynamic
curve but, with increase of concentration to 1.5 x 1073 M,

a maximum appears.,*!

The data concerning the appearance of a maximum on the
voltage—current relations for resorcinol and hydroquinone
are contradictory. Results showing the presence of a
distinct limiting resorcinol oxidation current at a resorcinol
concentration of 1 x 10™* M 2! and the appearance of a
maximum at a concentration of 4 x 10™* M 2® are available.
On the other hand, the presence of a distinct limiting
current at a resorcinol concentration of 1 x 10”° M has
been reported.*’ Similar contradictions exist also for
hydroquinone. Under identical conditions, and at equal
hydroquinone concentrations [(1.5—0.3) x 1073 M] a maximum
has been observed in some studies?%27*!, while in another?®
it was absent either owing to poor adsorbability or the
dissolution of the oxidation product.

Table 2 shows the maximum oxidation current densities
for substituted phenols and the initial phenol indicated in
different sources differ appreciably from one another.

In the pH range 4~8 the maximum hydroquinone oxidation
current hardly changes. The dependence of the resorcinol
oxidation current on the pH has been investigated in only
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one study?? and for this reason it is impossible to compare
these data with other results.

In a number of investigations?’:2»2% the authors assumed
without proof that the oxidation currents of aromatic dihydro-
compounds (¢ £ 2.5 x 107* M) are diffusional in nature. The
fact that an increase of the rate of polymerisation increases
the maximum current?’ cannot be regarded as unambiguous
proof of the diffusional nature of the current, since this can
be associated with a decrease of the adsorption of the reac-
tion product. The oxidation currents of catechol and
resorcinol in a weakly acid medium are higher approximately
by a factor of 2 than the corresponding phenol current.?*
Hence, it was concluded that their oxidation requires twice
as many electrons as the oxidation of phenol. However,
when the solution is made alkaline up to pH 8.5, the maximum
phenol, hydroquinone, resorcinol, and catechol oxidation
currents become virtually identical (to within +3%),%® which
may indicate the same process mechanism.

Table 2. The influence of the hydroxy-group on the maximum
density of the oxidation currents of phenols (pH 5.0).
103 max. .

Compound max | Conditions vyl Refs
A cm2mol”
Phenol 53 SLE — 120}
> 114 dyn. ** 1.24 [21]
Hydroquinone 89 st — [20]
» 114 dyn. 1.24 (21}
» 75 L. 8.3 [27]
» 81 st 3.3 J30]
Resorcinol 207 dyn. 1.24 121]
» 100 st 8.3 127]
» 64 st 3.3 130]
Catechol 168 dyn. 1.24 [21]
» 7 st 8.3 [27]
> 58 st 3.3 130}

*Stationary conditions.
**Dynamic conditions.

An approximate calculation of the number of electrons
participating in the primary hydroquinone oxidation electrode
process has been carried out?® from the corresponding
potenticdynamic curves from the formula E;, - Eyjp = 0.55n.
It has been noted that the rate of application of the potential
influences n; for example, an increase of v by a factor of 2
induces a decrease of n by unity.

The behaviour of trihydroxybenzenes will be examined in
relation to pyrogallol. At a concentration of this compound
of 2.5 x 10°* M in a neutral medium, an oxidation wave with
a distinct maximum is observed: the maximum current is
lower by ~30% than in the case of phenol.??

Several studies have been devoted to the influence exerted
by the introduction of one methyl group in the o-, m-, and
p-positions in the benzene ring of phenol on the oxidation
current.?'"2%2% In aqueous buffer solutions at concentra-
tions of cresols of 2.5 x 10™* M and at pH from 4 to 11, an
oxidation wave with a maximum has been observed. Table 3
presents the maximum oxidation currents for the above com-
pounds. Evidently the data from different sources differ
markedly.

A fairly complete idea about the dependence of the maximum
oxidation currents of o- and p-cresols on pH can be obtained
from Fig.6 (curves I and 2).%®
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The dimethyl derivatives, namely 2,4-, 2,6-, and 3,4-
dimethylphenols, are readily oxidised and distinct anodic
waves with maxima are observed.??*® The introduction of
two methyl groups diminishes the maximum oxidation current
compared with phenol on average by 20—30%.2%2* 3,5-Di-
methylphenol, whose oxidation wave has no maximum and
the height of the wave does not greatly exceed (by ~5%) the
phenol oxidation current, is an exception.?® The dependence
of the maximum oxidation current for 2,6-dimethylphenol on
the pH is illustrated in Figure 6 (curve 3).%°

Table 3. The influence of the position of the CH; substituent
on the maximum density of the oxidation currents of phenols
(pH 5.6).

. 108y . 108

Compound |Conditions* Max: [ Refs. Compound |Conditions* mf,"“" Refs.

A cm < Acm <
Phenot st 19.0 [21] 0-Cresol st 10.7 (22}
» st 11.0 [22] > st 38.0 [23]
» st 45.8 23] » dyn. 16.0 [26]
» dyn. 14.0 [26] pCresol st 9.8 121}
m-Cresol st 13.6 [22] » st. 9.6 [22]
» st 37.0 23] » st 32.4 [23]
o-Cresol “ 1450 | [21] » dyn. 9.0 | [26]

*For the significance of the abbreviations, see the
references to Table 2.
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Figure 6. Dependence of the maximum oxidation currents for
4 x 107" M solutions of o-cresol (curve 1), p-cresol (curve 2).
2, 6-dimethylphenol (curve 3), and 2,4, 6-trimethylphenol
(curve 4) on the pH.?%®

The behaviour of phenol after the introduction of three
methyl groups into the benzene ring has been investigated
in relation to 2,4,6-trimethylphenol. The absence of a
maximum on its oxidation wave in phosphate (pH 7.0),
acetate (pH 4.6), and aqueous alcoholic buffer solutions have
been noted. The 2,4, 6-trimethylphenol oxidation current
in the pH range 4-12 exceeds by a factor of almost 2 the
maximum phenol oxidation current (Fig.6, curve 4).%°
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The introduction of one nitro-group into the benzene ring
of phenol reduces the maximum phenol oxidation current at
pH 8.5.2%2¢  However, the data for the extent of this
decrease are extremely contradictory. According to some
data,?’ the decrease is on average ~90% at pH 8.5, while
according to others?® it is only ~13%. Similar differences in
data persist also at other pH values. For example, it has
been stated®? that the maximum p-nitrophenol oxidation
current at pH 5.6 is greater than that of phenol, while in
another study?® the opposite relation was observed at the
same pH.

The oxidation of m- and o-aminophenols has been observed
to generate a one-electron wave with a maximum, while the
oxidation of p-aminophenol gives rise to a two-electron wave
with a maximum.2%27:31  The introduction of the amino-group
into the m-position increases the oxidation current on average
by 6%, while the ortho-substituent reduces the oxidation
current by ~19%.2%

The question of the mechanism of the electrochemical
oxidation of aminophenol has been examined.’* The charac-
ter of the dependence of E; /2 on pH and the analysis of the
maximum current and the parameters E,/,/ApH and AE/A.

.1g [i/(i}im — 1 )] justified the hypothesis that the observed
oxidation waves on the graphite anode characterise the oxida-
tion of the phenolic OH group, while the NH, group plays the
role of an electrochemically inert substituent.

According to the data of Vodzinskii and Semchikova,?® there
is an oxidation wave with a maximum (pH 5.6) on the potentio-
dynamic curves for the oxidation of monochlorophenol, while
other data?? indicate waves without a maximum (pH 8.5).

The difference is probably associated with the difference in
the pH of the solution. At pH 5.6 the maximum oxidation
currents of p- and o-chlorophenols are smaller than that of
the initial phenol approximately by 15 and 13% respectively,
while for m-chlorophenol it is greater by ~4%.2> At pH 8.5
the p-chlorophenol oxidation current is lower by ~2% than
that of phenol.??

A single oxidation wave without a maximum is observed on
the potentiodynamic curve for the oxidation of 2,5-dichloro-
phenol at pH 5.6 and a concentration of 2.5 x 107* M, while
the maximum oxidation current is lower by approximately 30%
compared with phenol.??

The maximum oxidation currents for p- and o-phenyl-
phenols oscillate markedly as the pH is altered: in borate
buffer solution (pH 8.5), the current is higher by 6—8%,
while in a weakly acid medium (pH 5.6) it is lower by 30-34%
than for unsubstituted phenol.?? The introduction of two
phenyl substituents in the 2- and 4-positions lowers the maxi-
mum phenol oxidation current by ~31% (pH 5.6).%

Phenol with the COOH group in the o-position (salicylic
acid) has a maximum oxidation current in an alkaline medium
(pH 8.5), which is lower by ~31% than that of unsubstituted
phenol, while in a weakly acid medium their maximum currents
are virtually identical.??23> At pH 5.6 0- and p-ethylphenols
have maximum oxidation currents lower by 20—24% than that of
unsubstituted phenol, while the maximum oxidation current of
m-ethylphenol is lower by only ~1.2%.2%22

All the monosubstituted methoxyphenols have oxidation
currents in a weakly acid medium higher by 8% on average
than the maximum oxidation current of the initial phenol.??
The electrochemical behaviour of o-methoxyphenol has been
investigated in an acid medium (0.1 M HCIO, solution).*?

Two successive pairs of waves corresponding to the oxida-
tion intermediates 3, 3'-dimethoxydiphenoquinone and 3,3'-
dimethoxy-4,4'-biphenol, o-quinone, and catechol have been
observed on the cyclic voltage—current plot. The voltage—
current plot for p-methoxyphenol (1.13 x 107° M) in 2.037 M
H,S0, solution shows an oxidation wave with a maximum,

Russian Chemical Reviews, 56 (1), 1987

which corresponds to a two-electron process:*?

(I)CH, ?CH,
+
AN N
k“ — ] | +H+2.
R
OH o)

The introduction of two OCH; groups in the 2- and 6-posi-
tions in the benzene ring leads to a decrease (at pH 5.6) of
the maximum current (by 27%). If the OCH; group is
introduced in the 2-position in p-cresol, the oxidation
current increases by ~10%.2 The influence of the ethoxy-
substituents on the oxidation currents of the corresponding
phenols was also investigated in the above study;** it was
found that the o-substituent increases the maximum oxidation
current of the substituted phenol by ~7%, while the p- and
m-substituents respectively reduce the current by ~2% (this
is within the limits of the accuracy of the measurement) and
~19%.

A distinct anodic wave has been observed in the electro-
chemical oxidation of p- and o-t-butylphenols in the pH
range 5.6-8.5 at a low concentration (~10"* M). The rates
of oxidation of these compounds are lower than that of phenol
by ~35 and ~55% respectively.??»?*

The introduction of two and more C(CHj); groups into
phenol leads to the appearance on the voltage—current curve
of a maximum in aqueous buffer solutions, an example of such
behaviour being provided by the oxidation of 2,6-di- and
2,4,6-tri-t-butylphenols.?® The oxidation current falls in
this case (by ~60%). However, it has been reported that
2,4, 6-tri-t-butylphenol gives rise to an anodic curve with a
distinet limiting current, which is independent of the pH,**
in conflict with the data of Vodzinskii and Semchikova.??

The oxidation of 2,4,6-tri-t-butylphenol at a concentration
of 1,11 x 10~* M in an aqueous ethanol solution (at pH ranging
from 0 to 10) at a vitreous carbon anode has been investi-
gated by the cyclic voltamperometric method.*> A wave with
a maximum was observed in an acid medium, while in an
alkaline medium two waves with maxima were noted.

After the additional introduction of the t-butyl group into
the benzene ring of o- and p-cresols, the maximum oxidation
current in aqueous buffer solutions falls by a factor of ~2, 22

The appearance of three waves at once without maxima in
the oxidation of 6-t-butyl-2,4-dimethylphenol at a concentra-
tion of 1 x 1073 M in an aqueous buffer solution at pH 5.6 has
been reported.?’ When the supporting electrolyte is acidified
(to pH 1.2), the second wave disappears, while an increase in
the alkalinity of the solution (to pH 10) leads to the disappear-
ance also of the third wave. Following an increase of the
rate of application of the potential by a factor of 2 (from 0.62
to 1.24 mV s71), the limiting oxidation current at pH 10
increases by 40—50%, as for unsubstituted phenol. When
the temperature is raised by one degree in the range from
20° to 30 °C (at pH 5.6), the maximum currents on all three
observed waves increase by 0.8, 2.7, and 5.2%. The tem-
perature coefficients of the maximum currents on the first
two waves correspond to the possibility of diffusional control
of the oxidation process.

VIl. PRACTICAL APPLICATIONS OF THE ELECTROCHEMI-
CAL OXIDATION OF PHENOL AND ITS DERIVATIVES

As shown above, the anodic oxidation of phenol proceeds
fairly readily. An important practical application of this
process in the purification of phenol-containing waste water
arose in this connection. In the solution of this problem, the
advantages of the electrochemical method such as efficiency,
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reliability, low cost, and also the compactness of the elec-
trolysers and the ease of automating the process have been
noted.*’s*®  Preliminary calculations have shown that, in the
successful solution of this problem, the cost of the removal
of phenol from 1 m® of water by electrochemical oxidation is
lower by a factor of ~2 than the cost of the purification of
water by ozonization and by a factor of ~5 than the cost of
purification by adsorption on activated charcoal.*® The
above advantages of the electrochemical method have attracted
the attention of many investigators, as shown by the numer-
ous publications in this field.

The main bulk of studies have been carried out with
graphite anodes. According to a review,*’ most of the
studies on the electrochemical purification of waste water
containing phenol have been devoted to the study of the
oxidation of phenol in solutions containing chloride ions.

The optimum oxidation conditions are as follows: alkaline
medium (pH 9-11), i = (4-8) x 10”2 A em™2, and ccp = 10%
for an initial phenol content in the waste water not exceeding
0.5 g litre™!. The consumption of electrical energy on the
oxidation of 1 g phenol using the electrochemically generated
hypochlorite of the corresponding metal is 0.03—0.09 kWh.

The design of the electrolyser is important for the effective
electrochemical oxidation of phenol. Electrolysers of the box
or filter press types without a diaphragm are normally
employed. The latter are preferable, since they make it
possible to increase the electrode surface area to the maximum
extent in a given volume by reducing the interelectrode gap
and the dead space.

A report has been published®! on the purification of factory
waste water containing 2.5 g litre™ of phenol, 201 g litre™! of
sodium chloride, and 4.6 g litre™! of sodium hydroxide on
apparatus consisting of six BGK-12 baths connected in series.
However, according to Sakharnov,*® the purification was not
carried out under optimum conditions.

There are also data indicating the employment of elec-
trolysers with a powdered anode, made up of carbon-graphite
materials, for the electrochemical purification of phenol-con-
taining water.’? The waste water was passed through the
pre-polarised powdered anode, which made it possible to
prevent the blocking of the pores by phenol and the oxida-
tion products.

Industrial waste water contains as a rule several com-
pounds of organic and inorganic origin; for this reason,
an individual approach to the purification of each waste is
necessary. Furthermore, the purification conditions
developed on artificial solutions are not always suitable for
the purification of real waste water. A comparison has been
made®? of the rates of oxidation of phenol in an artificially
prepared solution and in industrial tar water. It was shown
that the rate of oxidation of phenol in the tar water is close
to the rate of its oxidation in the artificial solution, but,
when identical amounts of chloride ions are added to the two
solutions, the rate of oxidation of phenol in the industrial
water increases more slowly than in the artificial solution.

We shall consider examples of the purification of industrial
phenol containing waste water in electrolysers with insoluble
anodes. In a study>* of the electrolysis of the waste from
the chemical coke industry, the simultaneous removal of oil
(to the extent of 96%) by electroflotation and of phenol (to
the extent of 30—40%) and cyanides (to the extent of 100%)
by electrochemical oxidation was observed. The water was
treated on a laboratory electrolyser with a horizontal cathode
under which vertically arranged graphite anodes were placed.
The electrolyser operating conditions were as follows:

i =0.01Acm 2 1T =40min, and t = 60—70°C. According
to preliminary calculations, the cost of the purification of
1 m? of the waste water was 10—12 kopecks.** The low
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degree of removal of phenol from water, probably as a result
of constructional deficiencies of the electrolyser, is note-
worthy.

In the waste water from the Kherson petroleum processing
works, it has been possible to reduce simultaneously by
electrolysis the concentration of petroleum hydrocarbons
from 0.29 to 0.016 g litre™, of phenols from 2 x 10" ° to
6.5 x 10™* g litre™?, of surfactants from 1.8 x 1072 to 6.1 x
1073 g litre™?, and of inorganic substances from 5.5 to
3.8 g litre™*.*> The experiments were performed in a
laboratory electrolyser with a vertical graphite anode and a
zine cathode under static conditions: i = 8.5 x 1072 A em™?,
T= 40 min, and t = 40°C. The salt composition of the
purified waste in the area of the anode and its design were
not indicated in the relevant study,55 but, judging from the
figure quoted, the anode consisted of a rod placed in a
spherical flask at a comparatively large distance from the
analogous rod cathode. In our view, such design of the
electrolyser is unsuitable for the practical electrochemical
purification of waste water.

The purification of tar waters in an electrolyser with a
cylindrical graphite anode has been reported;>* at
i =0.2Acm™ % ¢ = 40 g litre™, and t = 60°C, the
phenol concentration was reduced from 5.2 to 0.75 g litre™?,
i.e. by 85%, after the operation of the electrolyser for 1 h.
However, at such high phenol concentrations it is more
useful to employ the regenerative purification procedures.

The electrochemical oxidation of phenols, cyanide, and thio-
cyanates in the waste water from the enrichment works of the
Zyryanovsk Lead—Zinc Combine has been investigated.®®
The experiments were performed in an electrolytic bath
without a diaphragm containing graphitised carbon anodes.
Before electrolysis, sodium chloride was introduced into the
water to be purified; the purification was carried out at
i =0.35x 1072-0.80 x 1072 A ecm™? and 20°C. The waste
water investigated®® was characterised by a very low initial
concentration of phenols, which diminished by only about 30%
during the purification process.

It has been suggested®® that waste water containing
phenols, thiosulphates, thiocyanates, and chlorides be
purified by being passed downwards from above through a
vertical cylindrical electrolyser with a platinum plate anode
and an iron grid cathode. The electrolysis was carried out
at i = 0.8-0.12 A cm™? and the duration of the treatment
ranged from 5 to 8 h. Under these conditions, the biological
consumption of oxygen (BCO) in the waste water was reduced
by 95%. However, the necessity to employ platinum as the
anode material makes the process significantly more expensive.

The detoxication of the waste water from the coke chemical
works by electrolysis at i = 0.7-1.0 A ecm 2 has been investi-
gated;*® after electrical treatment for 5 h, the phenol con-
centration fell from 1.25 g litre™ (1.3 x 1072 M) to
0.07 g litre™® (7.4 x 107* M). The consumption of electrical
energy was 165 kWh m~3. It is noteworthy that the process
was performed at pH < 7.0, i.e. the conditions were not
optimal for the oxidation of phenol by a hypochlorite.

An electrochemical method for the degradation of phenol
by electrolysis at anodes with an active magnetite coating has
been described.®’” Waste water containing 0.5 g litre™ of
phenol and exhibiting a chemical consumption of oxygen
(CCO) of 0.229 g litre ! was electrolysed at pH 7 and
i=1.5x1072-3.0 x 1072 A ecm~2,  After electrical treat-
ment for 2—5 min, the degree of elimination of phenols
reached 95% and that with respect to the CCO was 77.8%;
the consumption of electrical energy was 37 kWh m~3, It is
noteworthy that the use of the magnetite anode is techno-
logically disadvantageous—it is brittle and has a relatively
high electrical resistance.
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In view of the requirement for large amounts of hydro-
quinone and alkylhydroquinones, especially in the photo- and
cine-industry, the method of their synthesis by oxidising the
corresponding phenols is of great practical interest. Such
attempts have already been made for a long time,**~%2 but the
required substance was obtained in a low yield and was
impure. The oxidation process and the composition of the
reaction products depend to a large extent on the phenol con-
centration, the electrolyte temperature, the pH of the solu-
tion, and other parameters. Depending on the electrolysis
conditions, many compounds are formed, some of which may
prove useful.

Under ideal conditions, quinone is formed on the anode
and, after reduction at the cathode, is fully converted into
hydroquinone. In reality ring-opening products (oxalic and
maleic acids) as well as compounds obtained as a result of
the total degradation of phenol (carbon dioxide and monoxide)
are formed together with the required substance. Tarry
substances are also formed in a considerable amount,
apparently as a result of secondary reactions,®®®* which
may involve the interaction of p-benzoquinone with phenol.
In the presence of hydrogen ions, this leads to the formation
of phenoxyhydroquinone; under analogous conditions, the
interaction of p-benzoquinone with hydroquinone affords
hydroxyphenoxyhydroquinone. The interaction of p-benzo-
quinone with water in an acid medium leads to the formation
of hydroxyhydroquinone:

OH
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Ht N N .
phenol /\\ V4 —O—l/ﬂ )
\
|
OH
o
I HO
N IS W
—_— 7N .
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The above side reactions not only reduce the current and
material yield of phenol but also hinder the isolation and
purification of the required substance.

An appreciable reduction of the amount of side products
formed can be achieved by carrying out the electrolysis of
aqueous sulphuric acid solutions (acid concentration 1 to
5 wt.$) in a diaphragm electrolyser with added phenol at a
concentration of 0.5—4.0 wt.$%.5%®® During electrolysis, the
pH was maintained at <4.0, the anodic potential was 0.9 V
(relative to the s.c.e.), the cathodic potential was <-0.4 V,
i =0.2-0.4Acm 2 and t = 50-60°C. Under these condi-
tions, the material yield of hydroquinone was ~50% and the
current yield was ~85%.5* An apparatus which makes it
possible to isolate fairly pure p-benzoquinone from the reac-
tion mixture has also been described in detail. If condi-
tions optimal for the preparation of p-benzoquinone are
used, the material yield of alkylquinones is only 20%.

It has been shown®® that, in acetonitrile solutions, dimeth-
ylphenol is oxidised to dimethylquinone. However the
attempts to reduce this substance to the corresponding
hydroquinone were unsuccessful. Alkylhydroquinones
having the general formula Ce¢H(g — x)RxO> (where R is an
alkyl group containing up to four carbon atoms and x ranges
from 1 to 3) can be obtained in satisfactory yields by oxidis-
ing the corresponding phenols.®®
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The electrochemical oxidation of 2-methyl-, 2,6-dimethyl-,
2, 3,6-trimethyl-, and 2,3,5-trimethyl-phenols has been
carried out®® in an electrolyser with a cation-exchange
diaphragm. The anode was made from lead dioxide and
the anolyte employed consisted of a 1: 1 water—acetone mix-
ture containing 0.5 M sulphuric acid; the cathode was made
of lead, the catholyte consisted of a 0.5 M aqueous sulphuric
acid solution, and i = 0.12—0.15 A cm 2, Under these condi-
tions, the material yield of 2,6-dimethyl-p-benzoquinone was
86% and the current yield was 55%. At the end of the reac-
tion, the anolyte was transferred to the cathodic compartment
and the quinone was reduced to hydroquinone; the yield of
2, 6-dimethylhydroquinone (purity 90%) with respect to the
phenol which had reacted was 65%. Other alkylhydro-
quinones were obtained in similar yields.®® Thus the process
leads to the possibility of obtaining hydroquinone also from
waste water containing phenol at a fairly high concentration.

---000---

Thus the kinetics of electrode processes in the electro-
chemical oxidation of phenol have been investigated in detail
on the basis of extensive experimental data on this subject.
It has been shown that phenol-containing waste water can be
purified electrochemically and alkylhydroquinones can be
obtained; however, some of the problems arising in the
practical application of this procedure have not as yet been
satisfactorily solved.

In the first place, in the majority of applied studies there
has been no scientifically based approach to the selection of
optimum process conditions, in particular the current den-
sity; for this reason, as regards experimental data, many
parameters are selected at random. There is a clear gap
between theoretical studies on the kinetics of the oxidation
of phenol and practical electrolysis. There is insufficient
information about the adsorption of phenol on platinum and
graphite anodes and contradictory data have been obtained
for the influence of chloride ions on the rate of oxidation of
phenol. The cause of the inhibition of the oxidation of
phenol observed in kinetic studies has not yet been estab-
lished. If this could be done, the problem of the activation
of the electrode under continuous conditions could be solved.

In the study of the waste water purification processes,
little attention has been devoted to the analysis of the elec-
trolysis products; the necessary conditions guaranteeing the
complete oxidation of phenol to carbon dioxide and water have
not been established. Relatively unproductive and difficult
to service electrolysers of the box type are as a rule
recommended for the purification of waste water. The
question of the application of highly effective electrolysers
with bulk electrodes in the purification process has so far
been little studied.
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The results of numerous experimental studies of the composition of the products fromed on interaction of hydrocarbons with
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I. INTRODUCTION

The modern ideas about the mechanisms of the elementary
steps in the reactions of hydrocarbons under the influence
of transition metals in heterogeneous catalysis presuppose
the preliminary dissociative adsorption of the hydrocarbons
on the catalyst surface with formation of radical-like frag-
ments, which consist of hydrocarbon groups or hydrogen
atoms, and are in some way linked to the heteroatoms, and
are capable of migrating from one active centre of another.
As a rule catalytic reactions proceed with participation of a
large number of active centres; this applies particularly to
the hydrogenolysis and skeletal isomerisation reactions of
hydrocarbons under the influence of transition metals. In
view of the lack of direct experimental approaches to the
study of the chemistry of the elementary steps in hetero-
geneous catalysis, the idea that different active centres and
intermediate hydrocarbon species, whose chemical nature is
obscure, participate in different reaction stages is frequently
resorted to. In earlier publications, we examined the
chemistry of the elementary steps in hydrogenation, dehydro-
genation, hydrogenolysis, and deuterium exchange processes
on the basis of the idea that the primary reaction involves
the oxidative addition of hydrocarbons to a transition metal
atom on the surface with subsequent decomposition of the
resulting organometallic compound.’™  Thus it has been
suggested that hydrogenation in heterogeneous systems
proceeds via stages in which the olefin adds to the H-N
hydride bond and that a hydrogen molecule adds to the
C—M bond with regeneration of the initial hydride derivative,
while the dehydrogenation reaction includes a stage in which
the hydrocarbon undergoes oxidative addition to the reduced
metal with subsequent B-decomposition of the organometallic
intermediate. This made it possible to explain the primary
formation of but-l-ene observed in the heterogeneous catalytic
dehydrogenation of butane. The specific deuterium-exchange
reactions involving various hydrocarbons in the initial stages
and the mechanism of the autohydrogenation of unsaturated
hydrocarbons have also been examined on the basis of these
ideas. The pathways leading to the decomposition of organo-
metallic compounds of transition metals frequently used in
heterogeneous catalysis (Ni, Co, Pt, Pd, W, Mo, Rh, Cr,
etc.) have been recently studied in detail in relation to

various alkyl and aryl derivatives. They decompose mainly
via B-elimination, which leads to the formation of equimolar
amounts of alkenes and alkanes, and o-decomposition accom-
panied by the formation of extremely reactive carbene and
carbyne species and recombination products produced from
the hydrocarbon groups linked to the metal. The chain
metathetical reactions of olefinic hydrocarbons under the
influence of W, Mo, Re, and Ta compounds are known to be
initiated by the carbene complexes formed on a-decomposition
of organometallic compounds. The mechanisms of all these
reactions have been described in detail in a series of
reviews. *® Naturally, the metal atoms which retain the
greatest number of free coordination sites and whose reac-
tivity approaches that of isolated atoms are the most reactive
in the oxidative addition reactions of hydrocarbons. The
metal atoms on the crystal faces, in dislocations, and, as will
be shown below, in the gas phase and in the hydrocarbon
matrix may play a similar role.

Not only zerovalent metals but also metals in low oxidation
states are sometimes fairly active in similar reactions, as
shown for the addition of toluene to biscyclopentadienyl-
tungsten® and of triphenylphosphine to a series of Group VIII
metals.”” The contribution of the homolytic decomposition
of the organometallic compounds, accompanied by the forma-
tion of free radicals is small and thus should apparently
increase with increase of reaction temperature. However,

a high selectivity of the action of catalysts at elevated tem-
perature is incompatible with the occurrence of free-radical
stages in the process, which indicates the need to take
account of other pathways which have been investigated for
the reactions of organometallic intermediates.

Numerous publications devoted to the study of the reactions
of hydrocarbons with metal atoms in hydrocarbon matrices at
reduced temperatures or with metal ions in the gas phase at
room temperature have appeared recently. The composition
of the products of these reactions shows that the latter take
place via stages in which the metal adds to the C—H or C—C
bond with subsequent reaction of the organometallic inter-
mediate. These investigations are of great interest for the
understanding of the chemical nature of the elementary steps
in heterogeneous-catalytic reactions of hydrocarbons and can
serve as an experimental basis for the examination of the
reaction mechanisms. This review presents a survey of the
results of the published studies in this field.
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1. THE REACTIONS OF HYDROCARBONS WITH METAL
ATOMS

The possibility of the chemical interaction of metal atoms
with alkanes was established for the first time in 1979.* The
authors showed that the reaction of zirconium atoms, obtained
by evaporation in a high vacuum, with isobutane or neopen-
tane in a matrix begins already at -196 °C. Heating of the
hydrocarbon matrix to room temperature is accompanied by
the evolution of a certain amount of hydrogen and of traces
of methane. Subsequent hydrolysis of the matrix leads to
the formation of considerable amounts of hydrogen and C,—C,
hydrocarbons in the case of isobutane and C,—Cs hydro-
carbons in the case of neopentane. The main products of
the first reaction were isobutene and methane and those of the
second were methane, isobutane, and isobutene. The results
enabled the authors to conclude that the zirconium undergoes
oxidative addition to the C—H or C~C bonds of isobutane and
neopentane with subsequent decomposition of the organo-
metallic compounds formed:

o
—+ CHy—CH—Z1—CH, 22~ CHy—CH,—CH, +- CH,

CHs
CHS(IZHCH, -+ Zro—

CHj,

ﬁ-decomposi(iol CH:;-‘(]:=CH, + H, .
CHs 1
— CH3—CH—CH,—Zr—H—
|
CH, H,0

CH;;-—-(I-H—CHx +H, .,

CHy
The following reaction mechanism has been proposed for neo-
pentane:

‘l:Hs > H—Zr—CH,—C(CHy)s
HgC—C—CHj + Zro—| . .
? T T CHy—Zr—C(CHy)s 222+ CH, + CHy~CH—CHy ;
CH, i CHj
CH, (2)
/N
CH3Zr—C(CHs); |— CH, + CHz':C“'CHJ .

H CH;,

() -
The presence of isobutane in the products of the reaction of
zerovalent zirconium with neopentane is apparently associated
with the hydrolysis of the organometallic compounds formed
as a result of the insertion of the metal in the C—~C bond.
Although the hypothesis of the formation of the intermediate
state (A) is controversial, it is difficult to imagine other
pathways leading to the formation of isobutene and methane—
products which are characteristic of the reaction of neo-
pentane under the conditions of heterogeneous catalysis at
high temperatures.

It has been shown!* that many other transition metals (Ti,
Vv, Cr, Mn, Fe, Ni, Co, Mo, and W) can undergo oxidative
addition to isobutane under the same conditions with formation
of the decomposition products of the organometallic inter-
mediates.

The decomposition products of organometallic intermediates
have been detected in studies'’*® of the condensation of zero-
valent nickel vapour on pentane, 2,3-dimethylbutane, methyl-
cyclopentane, and cyclopentane at -196 °C.

The interaction of the vapours of metallic ytterbium,
samarium, and erbium, with ethylene, propene, and allene
and also the reaction of erbium with cyclopropane at —196 °C
have been investigated.?* Organolanthanide compounds
stable at room temperature were obtained. The product of
the reaction of erbium with propene, apparently a m-allyl
complex, proved to be soluble in tetrahydrofuran (THF).

A small amount of hydrogen was found among the products
of the hydrolysis of the organometallic compounds obtained in
all the systems. The composition of the main hydrolysis
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products depended on the nature of the metal and the hydro-
carbon. Thus the hydrolysis of the ethylene matrix with
ytterbium and samarium led to the formation of C,—Cg hydro-
carbons, which indicates the oligomerisation of ethylene under
the influence of organometallic lanthanide compounds. The
main hydrolysis product in the erbium—ethylene system was
methane (90%):

CH,=CH, 4 M* > H—M—CH=CH,
— CHy—CHy+CH=CH ;
| cn,=ch,

=T, cH,_CH,—M—CH=CH, —

(3)
~» CHy—CH,—CH,—CH,M—CH:=CH, etc.

The methane formed is apparently the product of the hydrol-
ysis of the carbide produced as a result of the interaction

of the zerovalent metal with acetylene. An analogous
explanation was put forward by ourselves® in a study of the
mechanism of the autohydrogenation of olefins.

Propyne, propane, propene, and the initial allene were
found among the principle hydrolysis products in the reac-
tion involving allene or in this reaction the products were
propane, propyne, and the initial propene. On the basis
of the considerations concerning the role of the organometallic
intermediates and their decomposition pathways put forward
in our earlier studies,'™ the reactions of propene can be
accounted for in terms of the mechanisms

Er® + CHyCH=CH, - n1-CgH;—Er—H —
0, CyH, + H, (4

S, CHYCH,CH—Er—CH,CH=CH, 22— CH, 1 CH,.

The hydrolysis of the erbium—cyclopropane matrix led to

the formation of mainly the propane—propene fraction,
propyne, and the initial cyclopropane. The data obtained
led to the conclusion that the reactions in the systems investi-
gated have a complex mechanism and that oxidative addition
of the metal to the C—H bond takes place in all cases.

The oxidative addition of lanthanides to the C—H bond has
been observed for hydrocarbons containing weakly acidic
hydrogen. Thus the interaction of ytterbium, samarium, and
erbium with hex-l-yne at —196 °C leads to the formation of
lanthanide hydride compounds.' The formation of neo-
dymium hydride in the decomposition of its butyl derivatives,
obtained by the exchange reaction of (CsHs)3;Nd with n-BulLi,
has been observed.®

An infrared spectroscopic study of the photoinitiated reac-
tion of copper atoms in a methane matrix at —261 °C demon-
strated'” the formation of organometallic compounds of the
type CH;MH. The formation of analogous compounds on
photoinitiation had been observed earlier'®'® in the reactions
of iron, cobalt, copper, manganese, and lanthanide atoms
with methane at —253 °C.

The infrared spectroscopic method made it possible to
establish the insertion of a photoexcited iron atom in the
C—H bond of ethane and propane at -263 °C.” The forma-
tion of a metallocyclobutane derivative, the product of the
insertion in the C—C bond, was observed for cyclopropane.

The reaction of ethylene with cobalt, rhodium, nickel, and
palladium atoms at -261 °C was investigated by infrared
spectroscopy under conditions involving matrix isolation.®
The formation of only the mcomplex with ethylene was
observed in all cases; this may be regarded as the primary
reaction stage leading to the insertion of the metal in the
C—H bond at higher temperature.

111. THE REACTIONS OF CARBONYL COMPOUNDS WITH
METALS IN LOW OXIDATION STATES

Not only the atoms of transition metals but also their other
forms corresponding to low oxidation states can enter into
the oxidative addition reactions. This has been established
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for the interaction of aldehydes and ketones with tungsten
and titanium compounds in which the metal is in a reduced
state. Thus it has been shown that the addition of benz-
aldehyde to the WCl¢—2RLi system in THF at room temperature
induces the rapid formation of stilbene.”? According to the
data of Fujiwara et al.,? the WCl—LiAlH, system is just as
active in this reaction, while tungsten and molybdenum
carbonyls have somewhat lower activities. The formation of
olefins from carbonyl compounds in the electrochemical reduc-
tion of WCle has been observed.? The formation of stilbene
as a result of the oxidative addition of benzaldehyde to
reduced metals can be represented schematically as follows:

H
wcl, + C,HBC/\ - [0=WCl, — CoHyCH=CHCgH ,
CHCH,

(5)
H
W(CO)s+ CGH5C<O — [0=W(CO,) ] = CH,CH=CHC.H; -
[ CHCeHb:I
Ledon et a investigated the reductive dimerisation of
aldehydes and ketones under the influence of a zerovalent
titanium complex—bisbenzenetitanium. The reactions of
benzophenone and acetone with bisbenzene-titanium at 75—
80 °C in THF led to the formation of tetraphenylethylene and
tetramethylethylene respectively in quantitative yields.
Presumably the reaction proceeds via the mechanism

1.2

CoHe
|
Ti 4 R,CO— [IiOJ - RC=CR, . (6)

CoHe CR,

1V. OXIDATIVE ADDITION OF HYDROCARBONS TO
TRANSITION METAL IONS

Numerous studies devoted to the gas-phase reactions of
hydrocarbons at room temperature and in a high vacuum with
the univalent ions of a whole series of transition metals (Rh*,
Fe', Co’, Ni*, Cr*, and Sc*) have been published recently.
The reactions of alkanes,?® % alkenes, " cyclic hydro-
carbons, %,%7,%,"1,% and their derivatives, namely alkyl
halides, " alcohols,*:* aldehydes and ketones, ®~*
ethers,"®* amines®»® and nitro-compounds,* have been
investigated. Transition metal ions have been obtained with
the aid of laser radiation,?7%,%,*.* by thermal ionisation,* *,
%0,52,50,% op under the influence of the electron impact.?™*%
%,43,45,6749,51,%2  The gas-phase reactions of the ions were
investigated mass-spectrometrically. Naturally, the energy
levels of the metal ions transferred to the gas phase differ
significantly depending on the nature of the metal and the
conditions of their formation which indicates influence on
the character of the product formed, in particular on the
relative contributions of the reactions involving insertion in
the C—H and C—C bonds. In this connection, the high
reactivity of the isolated metal atoms and ions in the gas
phase means that their interaction with hydrocarbons at room
temperature leads to the formation of the same products as in
heterogeneous catalysis at high temperatures.

The composition of the primary products of the interaction
of hydrocarbons with Rh*, obtained by irradiating rhodium
foil with a laser beam in the presence of the reacting hydro-
carbon, has been investigated mass—spectrometrically.25 The
contribution by secondary reactions does not exceed 10%. The
results of this study, presented in Table 1, are of signiticant
interest for the understanding of the chemical nature of the
elementary steps in the catalytic reactions of hydrocarbons
under the influence of individual metal atoms or ions.
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In the reactions of ethane and propane, olefins bound in
complexes are formed quantitatively (or almost quantitatively),
while the reactions of n-butane, n-pentane, and 2,3-dimethyl-
butane give rise to dienes with evolution of the corresponding
amount of H,, Trienes bound in complexes are formed from
n-heptane and n-octane with evolution of three H, molecules.

Table 1.
reactions of Rh* with alkanes at room temperature.

The composition of the primary products of the
%

GeH, RhC,HT 100 H,
CaH, RhCsH; % Hy
n-C4Hyp RhCHF 100 2H,
iso-C4Hyo RhC,H 43 H,
RhCH 48 2H,
0CsH2 RhCHF 88 2H,
iso-CsHy RhCHF 97 2H,
neo-CsH 2 RhGHE 15 H,
RhCHZ 29 2H,
RhCHF 13 CH,
RhCH;F 34 H,. CH,
nCgHig RhCH 49 2H,
RhCHF 33 3H,
RhCHF 18 4H,
CH;—CH—CH-—CH, RhCH 100 2H,
o dn
nC7H16 RhC7H;};’ 94 3H,
nCgHig RhCH, 91 3H,
Cyclopropane RhQHT 76 H,
RhCH 11 CH,
Cyclopentane RthH:' 100 2H,
Cyclohexane RhC;H;" 65 2H,
RhCH} 35 3H,

*Relative to theoretical yield.

The principle products of the reaction of n-hexane are com-
plexes of a diene and triene as well as benzene, which is
apparently formed from the linear triene via the intermediate
cyclohexadiene. It has been shown®:* that the dehydro-
cyclisation of hexane to benzene in heterogeneous catalysis
at high temperatures proceeds via consecutive stages involv-
ing the formation of an olefin, a diene, a triene, and cyclo-
hexadiene. Complexes of isobutene and butadiene are
formed in approximately equal amounts from isobutane. The
formation of butadiene indicates the occurrence of skeletal
isomerisation together with dehydrogenation. The neopentane
reaction products are of special interest. Apart from the
isopentene and isoprene complexes, arising as a result of
consecutive steps involving the isomerisation of neopentane
and its dehydrogenation, complexes of butene and butadiene
with the metal, formed as a result of the decomposition of
the hydrocarbon skeleton with the simultaneous evolution of
CH, and H,, were also detected. As expected, a complex of
cyclopentadiene is formed in a quantitative yield from cyclo-
pentane, while the complexes of cyclohexadiene and benzene
are formed from cyclohexane. It is of interest to note that
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a complex of methylene carbene was formed in a yield of
approximately 11% from cyclopropane. All these reactions
are characteristic of heterogeneous catalysis by transition
metals at high temperatures.

It has been concluded® that the primary step is the oxi-
dative addition of the hydrocarbon with formation of the
organometallic derivative and the decomposition of the latter
leads to the final reaction products. Thus the following
mechanisms have been proposed for propane and neopentane:

CH - I /CH

TN N
Rh* + CHyCH,CHs — CH,L CHy |—| CHy| CH, |~ CHCH=CH,+ H,. N
Rh Rh-/ ki
| /7 N\
_ u  _| [.H W _
Hs Hy R P
RE" + Ho—G—ch; —> | H—RE™CH,—C—CH, | —> | ,c% I "c\ —
Cl
H, 11, T"+ H,
i ®
CH, /O
> | H,c=C —> H,C==C, + CH,
¥ Non, v o Non,
Rut vt
CHa H

It is noteworthy that the insertion of the metal in a C—H bond
in the methyl group, and not in the methylene group as in
Eqn.(7), appears to us preferable, since this involves the

formation of a more stable primary organometallic intermediate.

The decomposition of the latter via the B-elimination pathway
leads to the formation of the same reaction products.

The reactions of normal and branched alkanes as well as
cycloalkanes with Ti* ions obtained by the action of laser
radiation on titanium foil were investigated in a subsequent
study.? The Ti* ions are inserted mainly in the C—H bonds
of hydrocarbons, leading to the formation of products similar
to those obtained in the presence of Rh* ions.

The reactions of Fe*, Co*, and Ni* ions with a series of
normal alkanes ranging from propane to heptane have been
investigated.?® The Fe*, Co*, and Ni* ions were obtained
by the same method as the Rh* and Tit* ions. It was found
that the Ni* and Co* ions are mainly inserted in a C—C bond
with formation of unsaturated products of the decomposition
of the carbon skeleton:

. -+ '+ (;HZ
CH,—CH, CHy—M=——CH, CHy—Me—]| *° —>
+ . 7 AN / CH
M+ 1,6 CHy; —> H4C CHy —> H;C ?
CH,
+ 2 -
M - + C;H;
t[!u2 (9
Pt
H } .
*H, CH. CHy
b N t z ” '2—>M+<—-” + Hy
CHy |

ALV
&,

If the metal is inserted in the CH,—CH; bond in n-butane,
then the same reaction leads to the formation of propene and
methane. Diethylcobalt, obtained by the reaction of ethyl-
lithium with CoCl;, is known to decompose only via pathway
(9a), leading to the formation of equimolar amounts of ethane
and ethylene.® Such products can arise not only via each
stage involving the formation of a hydride derivative, as in
reaction (9a), but also as a result of the disproportionation
of two ethyl groups bound to the metal. Reaction (9),
which leads only to ethylene, does not occur in this case.

It may be that this reaction is specific to metal ions. In the
case of Fe*, the insertion in a C—H bond with subsequent
formation of an olefin is observed together with the above
reaction.
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The study of the reactions of a series of olefins, ranging
from ethylene to hexene isomers, in the presence of Fe* ions
obtained with the aid of laser radiation has shown that the
composition of the primary reaction products depends on the
nature of the olefin.¥ Ethylene, propene, and isobutene
did not react with Fe* ions under these conditions. n-Butenes
give rise to quantitative yields of products of the insertion
in a C—H bond. In contrast to n-butenes, methylbutenes
produce considerable amounts of products of the insertion in
a C—C bond. In the reactions of n-pentenes and hexenes,
the last of the reactions indicated becomes the main one.

The reactions of Fe*, Co*, and Ni* ions with cyclic hydro-
carbons, namely cycloalkanes and cycloalkenes, have also
been investigated.** In this case the reaction involving
the insertion of the metal ion in a C—C bond is the main one,
which is the reason for the formation of products of the
dehydrogenation and rupture of the carbon skeleton, as has
been noted for the reactions of Co* and Ni* with n-alkanes.

It has been established that the presence of the hydride
ligand® influences significantly the reactivity of the metal
ions. This conclusion was reached on the basis of the
study of the reactions of FeD*, CoD*, and NiD* with a series
of alkanes (C,—-Cs) and alkenes (C; and C;) in the gas
phase. The FeD*, CoD*, and NiD* ions were generated by
the reaction of the Fe*, Co*, and Ni* ions, obtained by laser
radiation, with deuteriated nitromethane or methyl nitrite:

M* 4 CD;NO, ——xg~ MOCD} —gp55~ MD*

’

(10)

M* + CDONO ——x5~ MOCD; “—g5557 MD* .

It was found that the FeD*, CoD*, and NiD" ions are inserted
mainly in C—H bonds of the alkanes, in contrast to the Co*
and Ni' ions, which, as shown above, give rise mainly to
products of the insertion in a C—C bond. NiD* and CoD*
are then capable of reacting with ethane, while NiD* is capable
of oxidative addition even to methane.

It was noted above that the Fe* ion does not react with
ethylene and propene. On the other hand, FeD* and CoD*
can undergo oxidative addition to the C=C bond of propene
and NiD* also to the C=C bond of ethylene.

According to the data of Jacobson and Freiser,* CoCH?Y
as well as MH" ions are inserted solely in a C—H bond of
aliphatic alkanes, starting with propane. This fact has been
established in a study of gas-phase reactions of CoCH? with
a series of alkanes ranging from methane to hexane isomers.
The CoCH?Y ions were obtained by the reaction of Co*,
generated by laser radiation, with methyl iodide:

Co* + CHyl — CoCHZ +1 . (11)

The authors showed that methane and ethane do not react
with CoCH*%. The evolution of mainly methane and the
formation of dehydrogenation products were observed in
the reactions with participation of C;—C¢ alkanes. In the
reactions of 2,2-dimethylpropane and 2,2-dimethylbutane,
methane is the main neutral reaction product (insertion in
a C—C bond).

The FeCH§ ions, obtained by the same method as the CoCH?
ions, do not react with aliphatic alkanes.*® The reactions
of the NiCH? ions have not been investigated, since they could
not be obtained by the above method. The formation of NiI*
and not NiCH} was observed in the reaction of Ni* with methyl
iodide.

The gas-phase reactions of the CoCH?% and FeCH? ions with
a series of cyclic hydrocarbons—cycloalkanes ranging from
C; to Cs as well as cyclopentene and cyclohexane—were sub-
sequently investigated. % These ions are inserted mainly in
C~C bonds of cyclopropane and cyclobutane, forming alkyl
(ethyl or propyl) complexes and ethylene. It had been
shown earlier that the Fe* and Co* ions, obtained by means
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of laser radiation, do not react with cyclopropane.* In the
reactions of cyclopentane, cyclohexane, cyclopentene and
cyclohexene with CoCH?, the formation of only the dehydro-
genation products (the complexes of cycloalkenes or cyclo-
alkadienes) and the corresponding neutral products (methane
and hydrogen) was observed. The FeC 1% ions do not enter
into this reaction. In the case of cyclopentene and cyclo-
hexene the oxidative addition to a C—H bond is the only
reaction for both CoCH? and FeCH?.

In one of the most recent studies,® the gas-phase reactions
of the FeCH? and CoCH? ions with aliphatic alkanes are
investigated. The method of preparation of the MCH?% ions
was based on the reactions of the Fe* and Co* ions,
generated by laser radiation, with epoxyethane or cyclo-
heptatriene:

M* 4 CH,0 - MCH} 4 CH,0
(12)
M’ + cyclo-C:Hs — MCHY + C¢Hg

The study of the reactions of the CoCH?% and FeCH} ions with
alkanes, ranging from methane to hexane isomers, led to the
conclusion that the oxidation addition of the hydrocarbon to
the metal ion proceeds predominantly via the insertion into the
C—H bonds of the alkanes and to a lesser extent the C—C
bonds. The CoCHZ ion reacted with all the alkanes investi-
gated except methane, while the FeCH? ions reacted with
alkanes starting from propane.

The gas-phase reactions of the FeCH} and CoCH} ions with
olefins, ranging from ethylene to hexene, and also with
butadiene, acetylene, and propyne have also been studied.
The reactions of FeCH} and CoCH? with ethylene lead to the
formation of only the M* ion and the corresponding neutral
product C3H;. The authors suggest that the interaction
of CoCH% with ethylene may entail its insertion both in a C~H
bond with formation of propene and in the C=C bond with
formation of cyclopropane. The reaction of the FeCH} ion
may result in the formation of propene alone. The study
of the interaction of ethylene with MCD3 ions established
the occurrence of a metathetical reaction, which was inferred

from the presence of the products MCH? and C,H,D,. Thus
two processes take place:
MCD} + CH,=CH, —» MCH} + CD,=CH, ; (13a)
MCH} - CH,=CH, - M*+4 X,/ or propene . (13b)

In the case of ethylene the contribution by reaction (13a) is
small, amounting to 20% for the FeCH} ions and only 2% for the
CoCH? ions. However, the contribution of the metathetical
reaction increases significantly in the case of propene and
isobutene. Thus the main product of the reaction of MCH}
with propene is the ion of ethylene bound in a complex,

while isobutene gives rise mainly to the ions of ethylene and
propene bound in complexes:

11,
CH

Ml Ce
+ CH,
14CH; + (CH,),C=CH,
(Hy .
M| "t g
CH,

9,

(14)

Apart from the ions indicated, the M* ions were found in the
products of the reactions of MCH} with propene and isobutene,
as well as the compounds C.H; in the former case and CsHjy, in
the latter. The authors® believe that the CoCH} ions can be
inserted both in a C—H bond of propene to form but-l-ene,
and in the C—C bond to form methylcyclopropane:

— Co* + CHyCH,CH=CH; ;

CoCH} + CHyCH=CH,—
— Co* + /CH;

(15)
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In the reaction of FeCH}, only the insertion in a C—H bond
is possible. In contrast to propene, isobutene gives rise

to an appreciable amount of MC,H{ ions. n-Butenes give
rise to the same main reaction product as isobutene. A
complex set of products has been obtained in the reactions
of pentenes and hex-1-ene. The main products of the
reaction of the MCH} ions with butadiene were the M* ion and
the corresponding neutral compound CsHg, which is cyclo-
pentene according to the authors. In the case of acetylene
and propyne, a single reaction leading to the formation of M*
was observed in each case together with the products C;H,
(from acetylene) or C4Hg (from propyne). The authors®
suggest that only the insertion of the carbene in a C—H
bond with formation of an allene or propyne is possible in
the first of the above reactions.

The reactions of alkanes with the Fe*, Co*, and Ni' ions
and of alkenes and cycloalkanes with Co**»* have been
investigated by the method of ion beams. The ions were
obtained by the thermal ionisation of metals formed on decom-
position of the corresponding chlorides. The composition of
the products of the reactions of alkanes ranging from butane
to octane with the Fe*, Co*, and Ni* jons having a kinetic
energy of approximately 0.5 eV permitted the same conclusion
as that reached by Jacobson and Freiser,? namely that the
Ni* and Co* ions are inserted preferentially in a C—C bond
and that this is accompanied by insertion in a C—H bond in
the case of Fe'.

The study of the interaction of Co*, having a kinetic
energy of approximately 1 eV, with alkenes ranging from
ethylene to hexenes"’ showed that ethylene and propene do
not react with the metal ions under these conditions. In the
case of isobutene the products of the insertion of Co* in a
C—C bond was found. The reactions of n-butenes with Co*
led to the formation of mainly a diene bound in a complex and
of the corresponding neutral product (H;). In the reactions
of pentenes and hexenes, the insertion in both C—H and C-C
bonds was observed.

The results obtained in a study* of the gas-phase reactions
of Co* ions, having a kinetic energy of approximately 1 eV,
with cycloatkanes ranging from cyclopropane to cyclohexane
diverge somewhat from the data of Jacobson and Freiser."
Under these conditions, the Co* ions react with cyclopropane
with formation of CoCH? and ethylene:

Cot + X7 = CoCHY + C.Hy . (16)

The absence of the reactions of cyclopropane with Fe*, Co*,
and Ni*, generated by the influence of laser radiation, is
apparently associated with the fact that these ions exist
mainly in the ground and insufficiently excited electronic
states and do not have a high kinetic energy compared with
the ions used in the ion beam method.

The reactions of Co* with cyclobutane, cyclopentane, and
cyclohexane lead to the formation of dehydrogenation products
and the products of the dissociation of the ring C—C bond
according to Armentrout and Beauchamp.*” For example,
the reaction of Co* with cyclobutane proceeds as follows:

CoCH} + CH,
Co* + l:l—r
.

CoCH; +H, .
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The gas-phase reactions of the FeH" ions, obtained by
electron impact from 1,1-dimethylferrocene, with methane,
ethane, and butane have been investigated for low kinetic
energies of the ions.® It has been shown that methane and
ethane do not react with FeH*. The reaction of n-butane
leads to the formation of the products of the insertion of FeH®*
in a C—H bond of the alkane, which agrees with data® for the
analogous reactions of the FeD*, CoD*, and NiD* ion obtained
by the reaction of metal ions with nitromethane or metal nitrite.
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The reactions of Sc* ions having a kinetic energy of
approximately 0.5 eV with alkanes ranging from propane to
hexane in the gas phase have been recently investigated. %
The Sc* ions were obtained by the thermal emission method
at 2500 K. It was found that the reaction of propane with
Sc* proceeds similarly to the reactions of alkanes with the Fe®,
Co*, and Ni* ions. The main products are complexes of Sc*
with propene (68%) and ethylene (27%). The reaction of
n-butane leads to the formation of large amounts of the com-
plex Sc(C,H¢)* and ethylene respectively. Analysis of the
thermochemical data led the authors® to the conclusion that
the complex Sc(C,Hg)* had the dimethylscandium structure.
Sc(CH,;)}% may be formed on insertion of Sc* to the terminal
C~—C bond of n-butane:

-+

CHyp—CH, Se—CH,—CH,,
+ /
S¢” 4+ HC Ci; — HyC Cll; —=
CH, CH. +/cn3 (18
_— Sc+-(—-" —> Sc + CyH,
CHy CH, Clly

or to a C—H bond in the CH, group, which also leads to the
formation of the dimethylethylene intermediate. The inser-
tion of Se* in a C—H bond leads to the formation of dehydrog-
enation products, which are, according to the authors’
hypothesis, metallocyclobutane derivatives and not olefins
and dienes bound in complexes as for other ions.

The gas-phase reactions of the Fe*, Co*, Ni*, Cr*, and Ti*
ions with alkanes have also been investigated in other
studies.?*® The metal ions were obtained by electron
impact on the corresponding carbonyls (the Fe*, Co*, Ni*,
and Cr* ions) or the chloride (the Ti* ionsj. In their
studies of the reactions of the Fe*, Co*, Ni*, and Cr" ions
with perdeuteriobutanes having the normal or isostructure,
the authors concluded that the composition of the reaction
products depends on the nature of the metal and the alkane.
Table 2 presents the relative rate constants for the reactions
of M* with butanes in the initial stage and shows that, in the
presence of the Cr* ions, approximately 60% of the reaction
steps involve the insertion of the metal in a C—D bond with
subsequent formation of an olefin and a diene bound in com-
plexes with Cr*, while about 40% involve the insertion in the
C,—C; bond of butane with subsequent formation of ethylene.
The insertion in the C,—~C; and C;—C,4 bonds is not observed.
The contribution by the reaction involving the insertion in the
C,—C; >ond of n-butane increases sharply for Fe* and Co*
with the corresponding fall of the rate of insertion in the
C—H bonds. The formation of small amounts of complexes of
propene with Fe* and Co® indicates the partial occurrence of
the reaction also involving the C;—C, (C3—C,) bonds. The
reaction in which Fe*, Co*, and Ni* are inserted in a C—C
bond is decisive for isobutane; the decomposition of the
organometallic intermediate leads to the formation of a propene
complex. The contribution by reactions involving the inser-
tion in a C—H bond, which lead to an isobutene complex, is
comparatively small.

In reactions of the Ni* ions with n-butane® and also with
the C,—C; alkenes, only insertion in a C—H bond takes place
with subsequent B-decomposition of the organometallic com-
pound and the formation of an olefin and hydrogen.

V. OXIDATIVE ADDITION OF OTHER ORGANIC COMPOUNDS
TO TRANSITION METAL IONS

In conclusion we shall consider briefly the reactions of
metal jons with derivatives of hydrocarbons containing
various functional groups.
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The gas-phase reactions of transition metal ions with aryl
halides have been studied in relation to the interaction of
the Fe* and Co* ions with CH;I, " CH;Br, " C,Hsl, ™ and
iso-C3H,Cl1,"® of the Ni* ions with CH;I *»** and C,HI, ***
of the Cr* ions with C,HI, ™ and of the Fe* ions with
Ce¢HsCl.* The above ions were obtained by electron impact
on the corresponding metal carbonyls. The gas-phase
reactions of Ti*, obtained by laser radiation, with CH;X
(X =Cl, Br, or I), C,H;Cl, C¢HsCl, and (CH;),CHCI have
been investigated.* The formation of the products of the
oxidative addition to the C—Hal bond were observed in all
cases. It is well known that RHal add analogously to active
zerovalent metals in solution. The addition of alkenyl halides
to Ni(CO),, leading to the formation of m-allyl derivatives, %
and the addition of alkyl halides to zerovalent cobalt and
other zerovalent metals®:®® may serve as examples.

Table 2. The relative rate constants for the formation
of the products of the reactions of M* with butanes.®

nC4Djo is0-C4D 1o
M+
Mo | meoF | meof | medf | medf | mepd
Crt 0.22 0 0.16 0.16 0 0.09
Fe* 0.53 0.07 (.04 0.04 0.46 0.09
Co* 0.53 0.00 0 0.13 0.82 0.15
Ni+ 0.14 0.02 0 0.07 0.29 04

The gas-phase reactions of the Fe*, Co*, and Ni* ions,
arising as a result of the electron impact on the correspond-
ing metal carbonyls, with methyl, ethyl, and isopropyl
alcohols have been studied.*’** The above ions induce the
formation of mainly the products of oxidative addition to the
C—OH bond with subsequent dehydration of the alcohols.
MC,H? ions were the main products of the reactions of the
Fe*, Co*, and Ni* ions with ethyl alcohol, while approximately
equal amounts of the MC;Ht and MH,0" ions were found in
the products of the reaction with isopropyl alcohol:

— MGHY - H,0 ;

CHyCH—CH, + M* — (19)
OlH —> MH,0" - GHs -

In the given instance the reaction proceeds via the classical

pathway involving the 8-decomposition of the organometallic

compounds. It is noteworthy that the analogous decomposi-

tion products can arise also when M* is inserted in a C—H

bond, for example:

—~ MGH! + H,0 ;
CH;.ClHCH:, + M* - HM*CH,CHCH;—
!
OH OH

> MH,0*+ CiH, - (20)

The gas-phase reactions of Fe* and Co" ions with acetalde-
hyde, acetone, ethyl methyl ketone, and isopropyl methyl
ketone have been studied”>* as well as the reactions of Fe*
ions with a series of other ketones—simple, mixed, unsatur-
ated, and cyclic, also propionaldehyde and butyraldehyde. "
The reaction of Co* ions with formaldehyde has been investi-
gated.® Fe" ions have been obtained by the action of laser
radiation,* while Co* ions have been generated by thermal
ionisation.® The reactions involving Co* ions have been
studied using a low kinetic energy of the ions. The com-
position of the products of the reactions with aldehydes and
ketones depends on the nature of the carbonyl compound.
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Thus acetone, formaldehyde and acetaldehyde give rise to
only the M(CO)* ions—the products of oxidative addition to
the C~C=0 or H-C=0 bonds. In the reactions with par-
ticipation of ketones and aldehydes, there is a longer alkyl
chain and the fraction of the products of oxidative addition
to a C—H bond increases, while in the reactions with ketones
having substituents at the o-carbon atoms and cyclic ketones
there is an increase in the fraction of the products of oxi-
dative addition to a C—C bond.

The gas-phase reactions of Fe* ions, obtained by the
action of laser radiation, with ethers (dimethyl, diethyl,
and di-isopropyl ethers, two mixed ethers—butyl methyl and
isopropyl methyl ethers, and a cyclic ether—tetrahydrofuran)
have been investigated.* The composition of reaction
products depends on the nature of the ether. Thus
dimethyl ether gives rise to only FeCH,0* ions and corre-
spondingly CH, (insertion in the C—~O bond). The oxidative
addition to the C—0O bond predominates also for diethyl,
di-iso-propyl, and isobutyl methyl ethers. For butyl methyl
ether, the dehydrogenation reaction leading to the formation
of FeCsH;00* and correspondingly H, is the dominant process.

It was already noted above that metal ions entering the gas
phase under the influence of laser and especially electron
irradiation are much more reactive than the ions of the same
metals on the surfaces of catalysts and that even at room
temperature hydrocarbons undergo more extensive reactions
in the presence of such ions even at room temperature than
in heterogeneous catalysis at not unduly high temperatures.
It is noteworthy that metal subhalides, obtained on heating
salts at 200—300 °C in a high vacuum and remaining in the
matrix comprising halides, are to some extent analogous of
metal ions. They are known to function as catalysts with
selective activity in reactions with olefins at the usual tem-
peratures. It has been shown®:® that small amounts of the
*NiCl species, detected by EPR in an NiCl, matrix, exhibit
catalytic activity in diene polymerisation and ethylene
dimerisation reactions at low temperatures.

(CgHg)5C°

Cqllg);CCl
dT( " S!J diene

. R diene . .
polymerisation<—— r—>polymerisation

[e<~ *NiCIJNiCl; T HNiCI[NiCl; —

olefin

. . . olefin
dimerisation<—

° > dimerisation

(21)

[¢]

'O—_—<}ONiCIINiCIz

The reactions via pathways a and c lead to the polymerisation
of dienes and the oligomerisation of olefins, while along
pathways d and b the system loses activity and triphenyl-
methy! and semiquinonoid radicals appear respectively.
Analogous subhalides with catalytic activity in the above
reactions arise when other metal halides are used.® One can
also note that certain metal oxides, heated in a high vacuum
at 400—500 °C for a long time, acquire the ability to catalyse
deuterium exchange in hydrocarbons at low temperatures. %
It may be that under the given conditions defects due to the
formation of a small number of metal atoms in a more reduced
state can arise in the catalyst matrix and are able to par-
ticipate in the oxidative addition of hydrocarbons and deu-
terium.

The metal atoms formed on vaporisation in a high vacuum
with their subsequent condensation in the hydrocarbon
matrix'! approach heterogeneous metallic catalysts as regards
the character of their action on hydrocarbons although in
this instance too isolated atoms are naturally more reactive
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than the atoms on the surface. It is well known that in the
latter case the active centres are distributed on the crystal
faces or in dislocation, where the metal atom retains a fairly
large number of coordination vacancies and is able to pass
to the oxidised state after combining with the hydrocarbon
to form an organometallic intermediate.

---000---

It follows from the data presented that, on coming into
contact with an isolated metal atom at low temperatures,
hydrocarbons undergo reactions analogous to their reactions
in heterogeneous catalysis at higher temperatures. The
reaction intermediates are in all cases organometallic com-
pounds of transition metals, whose decomposition pathways
have been thoroughly investigated in the temperature range
20—100 °C. Complex reactions of hydrocarbons (hydrogena-
tion, dehydrogenation, skeletal isomerisation, hydrogenolysis,
and deuterium exchange) can take place not only on an
ensemble of metal atoms but also at an individual atom via
stages involving the formation of organometallic intermediates
arising as a result of the addition of the metal atom to C—H,
C-C, and C—-O bonds. The experimental data presented in
this review are therefore of special interest for the under-
standing of the chemical nature of the elementary steps in
heterogeneous catalysis.
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Norbornadienes in the Synthesis of Polycyclic Strained Hydrocarbons
with Participation of Metal Complex Catalysts

U.M.Dzhemilev, R.l.Khusnutdinov, and G.A.Tolstikov

The advances achieved in recent years in the synthesis of polycyclic hydrocarbons, including those containing functional
substituents, from norbornadiene and its derivatives using metal complex catalysts are surveyed. The homo- and codimerisation
reactions of norbornadienes with olefins, dienes, and acetylenes, involving the [2, + 2,.1-, (2, + 2, + 2,] -, and

[4, + 4,] -addition under the influence of transition metal complexes are examined. Data on the synthesis of norbornadiene
trimers as well as the physicochemical and spectroscopic characteristics of a whole series of unique hydrocarbons are presented.

The mechanisms of the reactions indicated are discussed.
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INTRODUCTION

Since the publication of Schauzer' review,® devoted to the
problems of the synthesis of strained skeletal hydrocarbons
from bicyclo[2.2.1]hepta-2,5-diene [norbornandiene (NBD)]
(I) by methods involving metal complex catalysis more than
ten years have elapsed. During this period, particularly
in recent years, this field of chemistry has continued to
develop vigorously. As a result, extensive theoretical and
experimental data have accumulated, being concentrated
mainly in publications and patents which are not readily
accessible to many chemists. Even superficial analysis of
the latest data on the synthesis of skeletal compounds indi-
cates increasing importance of NBD as the key and funda-
mental monomer for the synthesis in a single stage of unique
polycyeclic strained hydrocarbons, among which NBD homo-
dimers, trimers, and codimers are of greatest interest and
practical value. The hydrogenated NBD dimers are widely
used in the USA for the synthesis of high-density and
high-energy multipurpose hydrocarbon rocket fuels. 2

The transformations of norbornadienes into the correspond-
ing cyclic dimers and trimers proceed as a rule under the
influence of low-charge nickel, cobalt, iron, and rhodium
complexes; manganese, chromium, titanium, palladium, and
iridium compounds are used to a lesser extent. Active cata-
lysts are obtained by reducing complexes of the above
metals, soluble in organic solvents, with AIR;, MgRR', and
their derivatives. Transition metal complexes containing
electron-donating or electron-accepting ligands in their
coordination spheres are used in many instances.

The literature data are described systematically in the
present review on the basis of the nature of the central
metal atom, since in the majority of cases the direction and
structural selectivity of cyclo-oligomerisation of norborna-
dienes are determined by precisely this factor.

1. THE HOMODIMERISATION OF NORBORNADIENE UNDER
THE INFLUENCE OF METAL COMPLEX CATALYSTS

1. Catalytic Systems Based on Nickel Compounds

The cyclodimerisation of NBD via the [2, + 2;]addition
mechanism was achieved for the first time by Bird et al.®
using nickel tetracarbonyl as the catalyst. It was estab-
lished subsequently *~® that Ni(CO), promotes the formation
of a mixture of isomers consisting of endo, trans,endo-penta-
cyclo[8.2.1.1%7.0%°,0%%Jtetradeca-5, 11-diene (II) and the
endo, trans, exo-isomer (III) whose overall yield and com-
posit on depend significantly on the dimerisation conditions.

A
Ni(Co),
—

[4y] () (111)

For example, when a mixture of NBD and Ni(CO), with the
ratio Ni(CO), : NBD = 1: 100 is refluxed for 6.5 h, a mixture
of the isomers (II) and (III) is obtained in a quantitative
yield in proportions of 1:3.° When the reaction is carried
out in benzene, the content of the dimer (III) increases
markedly to give (II): (III) =1:5.°

Complexes of unknown composition and structure, obtained
when one of the three NBD [2; + 2;]dimers, namely
exo, trans, exo-pentacyclo[8.2.1%'7,0%°%,0%® [tetradeca-5, 11-
diene (IV) or NBD itself is treated with nickel tetracarbonyl,
drive the NBD cyclodimerisation reaction exclusively towards
the formation of the isomer (III).° The yield of compound
(IIT) varies from 69 to 91% depending on the conditions used
in preparation of the complexes indicated.
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The direction of the {2, + 2y]reaction changes when the
NBD cyclodimerisation is carried out in the presence of
catalytic amounts of Ni(CO), with simultaneous UV irradia-
tion. The (24 + 2 + 24)dimers (V) and (VI) are formed
exclusively in these experiments in an overall yield of ~11%: 5

~i(co),
W= + / -
~
(V)

(V1)

Unfortunately, the authors® hardly discussed the mech-
anism of this interesting reaction. Under the conditions of
UV irradiation, quadricyclane (QC) is probably formed initially
and readily dimerises to the cyclic dimers (V) and (VI) under
the influence of low-charge nickel carbonyl complexes con-
taining in the coordination sphere NBD molecules together
with carbon monoxide:

This mechanisms has been confirmed by the results of stud-
ies 7~? according to which quadricyclane is converted into
[2¢ + 2 + 2¢)dimers and codimers in fairly high yields in

the presence of complex catalysts based on nickel, palladium,
and rhodium compounds.

The replacement of Ni(CO), by Ni(CO),(PPhj;), in the
photoinitiated NBD cyclodimerisation reaction leads to the
formation of the exo, trans,exo-isomer (IV) with a high
selectivity . 1°

Cyclisation of the [2; + 2] type remains the principal
pathways in the NBD dimerisation reaction using as catalysts
zerovalent nickel complexes containing olefin, diene, and
organophosphorus ligands in the coordination sphere. For
example, Ni(COD), (where COD = cyclo-octa-1, 5-diene)
converts NBD into the exo, trans, exo-dimer (IV) with a
selectivity of 96.5%.2' When triphenylphosphine is introduced
into the composition of Ni(COD),, the selectivity in the
formation of the dimer (1V) falls to 66.1% owing to the
increase of the fraction of the endo, trans, exo-isomer (III

The dimerisation of NBD proceeds quite differently in the
presence of the Ni(COD),~PBuj; catalytic system promoted
by CF;CO,H;? the only reaction product is then 5-exo-
(o-tolyl)norborn-2-ene (VII), whose yield is 30%:

)'12

W Ni(COD)3—PBii—CF;CO0,M ‘. O

Me
(vin)

Without the addition of trifluoroacetic acid, a mixture of
NBD [2 + 2y]dimers (II)—(IV) was obtained in a yield of 60%,
but the isomeric composition was not investigated. !?

An analogous conversion of NBD into compound (VII) takes
place in the presence of complexes of the type NiX,.PBu; in
solution in isopropylamine.!® The introduction of NaBH, into
the nickel—phosphine complex makes it possible to increase
the yield of the product (VII) to 81.5%.'® According to the
authors, 13 the reaction proceeds via a mechanism whose first
stage involves the activation of NBD via coordination with
the central metal atom in the formation of the metallocyclic
compound (VIII). In the presence of CF;COOH, the latter
undergoes a series of consecutive reactions leading to the
formation of the dimer (VII):
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H,C—Ni

CoO=C0-0O-00~
i Ni

(v

Acrylonitrile complexes, which have been studied in detail
by Schrauzer and Eichler!* and which catalyse the dimerisa-
tion of NBD predominantly to the endo, trans, exo-isomer (III),
play an important role in the series of nickel-containing
catalysts of the dimerisation of NBD via the (24 + 2] addition
mechanism.

The introduction of phosphines into acrylonitrile complexes
of nickel increases the overall yield of dimers, which consist
as a rule of the isomers (1II) and (IV), to 80%, the selectivity
in the formation of the isomer (III) being 98%.*'!% It has
been established that the ratio of the concentrations of the
dimers (III) and (IV) is correlated with the electron density
at the nickel atom: with increase of the effective charge on
the central metal atom, the fraction of the isomer (III) also
rises. Unfortunately, these data are insufficient to establish
the detailed mechanism of the NBD cyclodimerisation reaction.

Thus the cyclodimerisation of NBD under the influence of
nitrile complexes of nickel proceeds with the preferential
formation of the endo, trans, exo-isomer (III) regardless of
the nature and structure of the organophosphorus activator-
ligands. With increase of reaction temperature, the fraction
of this product in the reaction mixture increases.

Catalytic systems based on Ni(CN), and phosphinites,
phosphonites or phosphites are active in the cyclodimerisa-
tion of NBD also in the absence of a reducing agent. 5!’ For
example, the catalyst prepared from Ni(CN), and PPh,(OBu)
converts NBD into a mixture of three possible [2; + 24]
isomers (II)—(IV) in proportions of 62 : 5: 33 and an overall
yield of ~90%.

Under the reaction conditions, catalytically active nickel
complexes are apparently formed on reduction of Ni?* ions
by the initial diene or the dimerisation products to Ni* or Ni’.
For example, in the presence of the complex [Ni(acac),.(IV)],
NBD is converted into the dimer (IV) in an overall yield of
53%."

It is noteworthy that two- and three-component catalytic
systems prepared from Ni(acac),, AlEt;, and PPh;, are much
more productive than other known nickel-containing catalysts
whose efficiency does not exceed 50—-100 moles of the required
product per gramme-atom of nickel.**%*®72® pFyrthermore,
the catalysts indicated are active in the dimerisation of NBD
over a wide temperature range (20-200 °C) and effect the
reaction both in the presence of solvents and in their absence.
The yield of the mixture of dimers (II)—(IV) then varies from
40 to 87%. There is no doubt that these catalysts are
extremely promising for the industrial application of the
process.

The foregoing permits the conclusion that nickel-containing
complex catalysts catalyse the cyclodimerisation of NBD via
the [2 + 24] mechanism with formation of pentacyclic hydro-
carbons regardless of the nature of the anion attached to the
metal atom and also of the structure of the ligands and the
reaction conditions.

2. Iron-containing Catalysts in Norbornadiene Dimerisation
Processes

Iron-containing catalysts, which are frequently used in
NBD dimerisation processes, are characterised, in contrast
to the nickel catalyst, by a wider spectrum of their activity.
Depending on the nature of the selective complex (ligand
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environment, oxidation state of iron) and the reaction condi-
tions, they successfully effect all three variants of the NBD
cyclodimerisation via the [2 + 2¢]-, [2 + 214 + 24]-, and
[4; + 4;]-addition mechanisms.

The formation of the NBD dimer in the presence of Fe(CO);g
was first observed as early as 1959, 2* but the product
obtained could not be ideuntified. The above report?* stimu-
lated studies on the cyclodimerisation of NBD with participa-
tion of iron complexes. The complexes Fe(CO)s, Fe,(CO)q,
and Fe;(CO),, were tested as catalysts of the dimerisation of
NBD. 2527 [t was found that all the iron carbonyls exhibit
catalytic activity in the NBD cyclo-oligodimerisation and
lead to the formation of a complex mixture of hydrocarbons
and carbonyl compounds. The dimers (IV), (IX), and (X)
and the polycyclic ketones (XI), whose overall yields do
not exceed 20%, were detected in the products.

(X) :

"
|

() —> (1v) +

Z o

(XD

(x)

The dimers (IV)and (IX ) were identified as exo, trans, exo-
pentacyclo[8.2.1.1%7.0%°,0%%]tetradeca-5, 11-diene and
heptacyclo[6.6.0.02°22,0%7, 0% 059, 01" |tetradecane, but
final evidence for the correctness of these structures was
obtained somewhat later.2®2° The authors were unable to
establish the structure of the hexacyclic dimers (X).

Iron nitrosyl complexes, distinguished by a high activity,
productivity, and selectivity of their action, have been used®’
for the cyclodimerisation of NBD. The [2; + 2,]dimers (III)
and (IV) were obtained exclusively in ~98% yield when
Fe(CQ),(NO), was used. >

The study of Jolly et al. *® initiated the systematic search
for and development of highly active catalysts for the selec-
tive cyclo-oligomerisation of NBD. A whole series of iron
nitrosyl complexes were obtained and investigated in the
course of several years and certain characteristics of their
action in NBD reactions were discovered.3?™*3

In particular, it was established that the catalytically active
species responsible for the formation of the NBD dimer mole-
cules was the coordination-unsaturated complex Fe(NO):, 30,31,
39,40,42 which is probably formed under the reaction conditions
when nitrosyl ferrates interact with NBD or its dimers.

Similar results were obtained in the electrochemical and
chemical reduction of [Fe(NO),Cl], in the presence of PPh,.
3%,40,42 The complex [Fe(NO),Cl], is converted quantitatively
into Fe(NO)j and the compounds Na[Fe(CO);NO] and Hg[Fe.
.(CO);NO], are converted into Fe(CO),(NO),, which the
authors believe readily dissociates into CO and Fe(NO); . **
Regardless of the structure and nature of the initial complex,
only the [2; + 2, ]dimers (III) and (IV) are formed in the
presence of the systems indicated.

These results show that the mechanism of the cyclodimer-
isation of NBD under the influence of different iron nitrosyl
complexes remains unchanged. The nature of the reductant
hardly affects the yield of the dimers (III) and (IV) and the
reaction selectivity. When powdered zinc is used as the
reducing agent, the degree of conversion of NBD depends
markedly on the nature of the solvent. Thus high yields of
dimers (93%) have been obtained in acetone and tetrahydro-
furan (THF). When the reaction is carried out in toluene,
methanol, and acetonitrile, the yield of dimers falls.*® In
the presence of the [Fe(NO),Cl1],/AgBF, catalytic system,
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best results are obtained in the dimerisation of NBD in pure
methylene chloride. The selectivity in the formation of the
dimer (IV) then amounts to 94% for a degree of conversion
of NBD of 76%. It is noteworthy that AgBF, is the most
effective promoting agent among the cocatalysts tested.

A high catalytic activity and selectivity in the reaction of
the cluster compound (XII), which belongs to be class of
iron carbonyl nitrosyl complexes considered, has been
observed recently. At 60 °C in benzene, it converts NBD
quantitatively into the exo, trans, exo-dimer (IV)."5*¢

Me Me
As ’
7N
(COY)y Fe——Fe (CO), (NO)
(X1n)

A unique instance of a change in the selectivity in the
dimerisation of NBD has been observed when an equimolar
amount of BF;.0Et, was added to compound (XII)."*S The
only reaction product is the dimer (XIII), namely endo,endo-
heptacyclo[8.4.0,02°12,0%8 0%5, 0%° 0213 ]tetradecane
("Binor-S"), formed via [4; + 4;]lcycloaddition:

(X11). BF, - Et,0, CH,Ci,
nH———>s

(XTI, (100%)

An author of several patents, ***"*7 who used the
Fe(acac);—AlEt; and Et,Al(OEt) catalytic systems for the
dimerisation of NBD, achieved major successes in the syn-
thesis of pentacyclic and hexacyclic NBD dimers. Iron
acetylacetonate, reduced with triethylaluminium, catalyses
the dimerisation of NBD with formation of a mixture of four
hydrocarbons (III), (IV), (V), and (XIV):

[§H) u— (D + (v 4 (V) +

(X1V)

The hexacyclic isomers (V) and (XIV) have been identified
by Scharf et al.*® The ratio of the isomers formed and the
overall yield depend on the reaction conditions and the
method of preparation of the catalyst. The addition of the
olefin to the catalyst prepared at 0 °C and heating at 40 °C
for 20 h result in the formation of a mixture of dimers of
the following composition in a yield up to 97%: 63.6% (III),
24.3% (IV), and 12.1% [(V) + (XIV)].* The simultaneous
addition of NBD solutions of Fe(acac); and AlEt; to the
reactor heated to 140—200 °C makes it possible to obtain mix-
tures of the isomers (III)—(V) and (XIV) containing 64—72%
of hexacyclic hydrocarbons. ** 51

The use of 1,2-bis(diphenylphosphino)ethane (BPE) and
replacement of triethylaluminium by diethylaluminium chloride
in the Fe(acac);—AlR; catalytic system make it possible to
increase the selectivity in the formation of the exo, exo-dimer
(VI) to 80—90%, °*°® while the addition of triphenylphosphine
alters the direction of the reaction towards the preferential
formation of the endo, endo-isomer (XIV).5*

Biscyclo-octatetraeneiron and the catalytic system obtained
by reducing FeCl,; with isopropylmagnesium chloride catalyse
the dimerisation of NBD to the isomers (IV) and (VI) with
the preferential formation of the latter.®® When FeCl, is
reduced with triethylaluminium or sodium, a catalyst active
in the [27 + 24 + 2;]eycloaddition is also obtained. %
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Thus, among the iron-containing NBD dimerisation cata-
lysts investigated, the highest activity and productivity (up
to 1000 moles of NBD converted per gramme-atom of iron) is
shown by catalytic systems of the Ziegler—Natta type:
Fe(acac);—AlR;(AlEt;) or Et,Al(OEt). They are superior
to the analogous nickel catalysts because of the consistently
high yield of the dimers (70~90%) and the better reproducibil-
ity of the results.

3. Dimerisation of Norbornadiene in the Presence of Cobalt
Catalysts

Cobalt compounds exhibit an exceptionally high catalytic
activity in the cyclo-oligomerisation reactions of NBD. The
first report of their use for the dimerisation of NBD dates
back to 1961;2® however, the above communication does not
contain experimental details. In a classical study 2® devoted
to the determination of the stereochemistry of the NBD [2y +
2] dimers, it was later shown that Co,(CO), combined with
PPhj; converts NBD into a mixture of two [2; + 2] isomers:
the endo, trans, exo-isomer (III) and the exo, trans, exo-isomer
(IV) with a (III) : (IV) ratio of 1: 10.

Interesting results have been obtained in the dimerisation
of NBD in the presence of the Co(CO);(NO) catalyst isoelec-
tronic with the complex Fe(CO),(NO),.%° It was found that
the former effects [2 + 2glcycloaddition. In these experi-
ments {2, + 2, + 2;]dimers were formed together with com-
pound (IV). The quantitative composition of the hexacyclic
hy drocarbons (V) and (XIV) is not stated in the above
communication. Furthermore, the dimer (IV) can be obtained
with a selectivity up to 98% when the complex [Co(NQ),Cl] or
[Co(NQ),Br], promoted with AgPF, or NaBPh,, is used as the
catalyst, 3234736

In studies:*”**® of the catalytic properties of cobalt com-
pounds in the cyclo-oligomerisation reactions of cyclic olefins
and dienes, it has been observed that complexes of the type
M[Co(CO),]n (where M = Zn, Cd, or Hg) effect the stereo-
specific dimerisation of NBD via the {4, + 4y]lmechanism with
formation of "Binor-S" (XIII) (in 95% yield). The structure
of compound (XII) could not be demonstrated for a long time.
However, the specific synthesis by the Wolff-Kishner reduc-
tion of the diketone (XV) *%°° made it possible to establish
finally that the dimer (XIII) has, as already suggested, 37>5¢
the structure of endo,cis, endo-heptacyclo[8.4.0.0%12,0%%,
.0%6,0%°, 0123 tetradecane.

0 ()
7 —> (X1}

(XV)

In order to carry out the cyclodimerisation of NBD to com-
pound (XIII) under the influence of the catalysts investigated,
it is essential to have cocatalysts of the type BF;, SbFj,
AlBr;, and BF;.0R,, whose greatest efficiency is achieved
when the ratio of M[Co(CO),]ln and the Lewis acid is 1: 8.
The introduction of Lewis bases (pyridine and triethylamine)
into the catalysts promotes the preferential formation of
pentacyclic and hexacyclic dimers. 5761

Dinuclear and polynuclear cobalt catalysts of the eyclo-
dimerisation of NBD to the penta-, hexa-, and hepta-cyclic
dimers (III), (IV), (V), (XIII), (XIV) were subsequently
obtained and investigated. The activity and selectivity of
the action of these catalysts depend greatly on the nature
of the anion in the coordination sphere of the central metal
atom and also on the structure of the cocatalyst (Lewis acid),
the nature of the solvent, and the reaction conditions, 62769
For example, the trinuclear complex (XVI) converts NBD into
a 1:1 mixture of the dimers (XIV) and (XIII). When the
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Lewis acid BF;.0Et, is introduced into the catalyst, the pro-
cess can be directed towards the formation of compound (XIII)
(in ~100% yield): *>"¢
av) «E g
Me Me
N/

(X Vl)+BFs-OEh_,

(X1

/."\S\
(C0), Fe—Co (CO)y
(XV])

The study of the kinetics of the cyclodimerisation of NBD
to "Binor-S" (XIII) in the presence of the dinuclear catalyst
(Ph,C,)Co(CO); established that the reaction is first order
with respect to the catalyst and that the activation energy
is ~38.58 keal mol*.%°

Systems obtained by reducing Co(acac), with organo-
aluminium compounds have a high catalytic activity in the
NBD dimerisation reactions. The dimers (III) (29%) and (IV)
(62%) and the [2; + 24 + 2g]dimers (X) (yield 9%) of unknown
composition are formed in the presence of the Co(acac),—AlEt,
system: *

(1) ——— () - (V) + (X)
29%  62% 9% °

The authors note 3° that the direction of the NBD cyclo-
dimerisation can be completely altered by employing the three-
component Co(acac),-1,2-bis(diphenylphosphino)ethane—
Et,AIC] system as the catalyst. In this case the dimer (VI)
is formed quantitatively. The replacement of the bisphos-
phine by PPh;, leads to the formation of the isomer (XIII).S!

Thus the cobalt-containing catalysts are extremely effective
in the synthesis of the heptacyclic NBD dimer "Binor-S",
which has found extensive applications in the synthesis of
diamond-like structures.

4. Complexes Based on Rhodium in the Norbornadiene
Dimerisation Processes

It is noteworthy that rhodium catalysts are distinguished by
a low selectivity in the NBD dimerisation processes and as a
rule lead to the formation of a complex mixture of polycyclic
hydrocarbons. The fundamental studies on the application of
rhodium-containing catalysts in the NBD dimerisation reac-
tions have been carried out by Katz and co-workers
(Columbia University). These investigators were able to
isolate and identify a whole series of NBD dimers and trimers
with the aid of modern physicochemical methods. Unfor-
tunately, they investigated and tested only a limited number
of rhodium complexes capable of effecting the dimerisation or
trimerisation of NBD.

For example, the dimerisation of NBD in the presence of
the 5% Rh/C catalyst takes place relatively selectively; NBD
is then converted into a mixture of the isomers (IV), (V),
and (XIV) in 53% yield: 7*

M = vy () - (XIV
FTA YU PO

In the presence of Wilkinson's complex [Rh(PPh;,),Cl],
the dimerisation of NBD is accompanied by the skeletal
isomerisation of the exo,endo-hexacyclo[9.2.1.0%10 0%8 ¢**¢,
.0%°]tetradec-12-ene (V) to the hydrocarbons (XVII),
(XVIII), and (XIX):2>"?

A
l
\ \
- A\

NV NV (\IN)
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The introduction of an additional amount of PPh; into the
complex [Rh(PPh,),Cl] hardly affects the direction of the
dimerisation reaction, ?° but the composition of the ¢yclo-
dimerisation products changes appreciably under these con-
ditions.
The rhodium catalysts obtained by reducing [Rh(PPh;),Cl]
with Et,AICl] or EtAICl, convert NBD into "Binor-S" (XIII)
in an almost quantitative yield.’® Analogous results have
been obtained using catalytic systems with a fairly complex
structure: Rh(NBD),PF¢—PPh;, P(OPh);] or [Rh,(CO),,—
BF;.0Et,]. 7! The dimerisation of NBD under the influence
of complexes of the type of Rh(NBD),BF, results in the for—
mation of mainly the hexacyclic dimers (V), (VI), and
(X1V): 7%
W =B vy 4 (V1) + (x1v)
Te0% 10%

A selective method of synthesis of the dimer (V) using
rhodium catalysts has been proposed by Japanese workers. !*
The authors used the catalytic system Rh(CgzH,,)Cl-CF,CO,H
(CgH,, = cyclo-octene; Rh: CF,COOH = 1:4).

It is noteworthy that, in contrast to other catalysts, the
rhodium complexes are capable of converting quadricyclane
(QC) into the corresponding NBD dimers. For example, when
quadricyclane is treated with the carboxylate complex
[Rh(NBD)AcO]; in methylene chloride at room temperature,
NBD is mainly formed together with a small amount of the
hexacyclic dimers (XIV) and (XX). The endo,exo-isomer
(XX) has been obtained by a catalytic process only under
the conditions indicated: ’

QC'E;(I) + (xivy + \

5% >

2%

(XX) 23%
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It is believed’® that the initial NBD plays the role of a
reductant in relation to the rhodium(II) carboxylate com-
plexes. According to these workers,’® the NBD dimerisation
process begins only after the conversion of rhodium(II) into
rhodium(I) under the influence of NBD. The rhodium(I)
complex formed under these conditions is an effective catalyst
of the [21 + 24 + 2"]cyclo~dimerisation of NBD. It has been
noted’ that the activity of the rhodium trifluoroacetate com-
plexes is higher by an order of magnitude than that of the
acetate complexes. Fairly active catalysts of the dimerisation
of NBD to a mixture of compounds(V) and (XIV) have been
obtained by reducing Rh(acac), with the organoaluminium
compounds Et,AlCI and EtAICl,. 77

The above studies exhaust the available literature data on
the use of rhodium complexes in the cyclodimerisation reactions
of NBD. It follows from the results presented above that
catalysts based on rhodium salts and modified by Lewis bases
or acids have universal properties and make it possible to
obtain seven of the nine of the known NBD dimers. However,
only a limited number of rhodium complexes have so far been
investigated and tested as catalysts of the cyclo-oligomerisa-
tion of NBD and its derivatives can lead to the creation of new
highly effective catalytic systems for the selective synthesis
of polycyclic hydrocarbons with the unique structure from
NBD and its derivatives.

5. Dimerisation of Norbornadiene in the Presence of Other
Catalysts

Apart from the nickel-, iron-, cobalt-, and rhodium-con-
taining catalysts, systems based on chromium, manganese,
palladium, and iridium compounds as well as phenyl-lithium
are used for the cyclodimerisation of NBD. % 79,809,184

In particular, the photolysis of chromium hexacarbonyl in
solution in NBD leads to the formation of a mixture of penta-
cyclic hydrocarbons consisting of the endo, trans, endo-(11),
endo, trans, exo-(111), and exo, trans, exo-(IV) isomers in

The physicochemical properties of the norbornadiene dimers.

Compound B‘:n',:‘(;i[/: M.p., °C ng rl‘i" (M.p.)h,°C (d,%o)h Refs.
an 75/0.2 9293 1.516* - 99—102 - 128, 84)
i 75/0.2 —25 - - 3839 - (28, 84)
vy 237/760 67—68 1.518% — 63.80.6 0.983%%+ [28, 84, 85
W) 117—119/10 1416 1.5457 1.092 21,140.7 1.068%e* (48, 85]
v - — - - 12.340.2 1.077 {85]

(1X) — 165—165.5 — — — - 125]
(X111 312 65—65.5 — — - - 157
(XIV) 122/10 —234+—21 1.5521 1.105 8.040.2 1.089 148, 85
(XX) 121—122/10 — 1.5446 1.09 - - (48]
Notation: B.p.= boiling point; p = pressure, M.p. = melting point, d?° = density, n’ = refractive index, and

(M.p.)h and (d2°)b are the values for the hydrogenated dimer.

*At 94 °C;

**at 79 °C;

***xat 70 °C;

*¥*kat 30 °C.

Note. Numbers in square brackets denote references (Ed. of Translation).
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proportions of 1.4:1.0: 1.8 respectively.’® According to
Carbonaro et al., ’® manganese catalysts are active in the
NBD cyclodimerisation reaction, but the authors do not
present detailed data on the yield and composition of the
dimers formed.

The possibility of using palladium complexes for the selected
conversion of quadricyclane (QC) into a mixture of the dimers
(V) and (VI) in a high yield have been demonstrated in a
recent communication: °

d,(DBA)3(CHCl3)
QC M_:’_, (V)= (VD) ;

DBA =PhCH=CH—CO—CH=CHPh .

Phenyl-lithium reacts with bicyclo[2.2.1]hepta-Z, 5-diene in
ether and gives rise to a mixture of two NBD dimers whose
yield depends on the ratio of the initial reactants. °

The NBD dimer (XX), which is difficult to synthesis, can
be obtained in ~77% yield from deltacyclene (XXI) and cyclo-
pentadiene by the Diels—Alder reaction: “%:8!

VA </\/\) EARLL R

(XXT1)

6. The Physicochemical Properties of Norbornadiene Dimers

Out of the fourteen theoretically possible NBD dimers,
capable of being formed only as a result of bond cyclisation
via reactions of the [2, + 2,], [211 + 2y + 24], and [4g + 44]
types, nine have been actually synthesised. The physico-
chemical characteristics of these compounds as well as their
hydrogenated derivatives are presented in the Table. The
formation of other NBD dimers, namely (XVIII) and (XIX),
which are the products of further reactions (skeletal rear-
rangement) of the hexacyclic isomers, has been noted in a
series of studies. %72

The theoretically possible NBD dimers are presented below.+t

(1) Pentacyclic hydrocarbons: pentacyclof8.2.1.1%7.0%9,
.0%®1deca-5, 11-dienes—the products of the NBD [2 +

2r]dimerisation :
A 4

(1 av)
endo, trans, exo exo, trans, exo

5

(XX111)
endo, cis, endo
(not obtained)

endo, trans, endo

Mﬁ’

(XX1D
exo, Cis, exo
(not obtained)

(XX1V)
exo, cis, endo
(not obtained)

+ The names of compounds (ID—(VI), (IX), (XIII), (XIV),
(XX), and (XXII)—(XXVI) have been revised in accordance
with new recommendations. 82,43

4

(2) Hexacyclic hydrocarbons: hexacyclo{9.2.1.0%2°,0%8,
.0%°.0%°]tetradec-12-enes—the products of the NBD [2, +

2 + 2;]dimerisation:

(X1v) (XX}

) (v
exo, endo exo, €xo
endo, endo  endo, exo
(3) Heptacyclic hydrocarbons-—the products of the NBD
[47 + 4p]ldimerisation.
(a) Heptacyclo[8.4.0.0%2,0%8, 0%%,0%°, 0!1,2%tetradecanes:

O =0

(XLID (XXV)

endo, cis, endo endo, trans, endo
(**Binor-S”) (Binor-A obtained by the isomerisation of Binor-S)

(b) Heptacyclo[6.6.0.0%2,0%7, 0%, 0%2, 0*%1"]tetradecane:

ax)

(¢) Heptacyclo[9.3.0.0%%,0%13,0%®,0%10,0%2]tetradecane:

(XXVD
(not obtained)

Owing to the complexity of their structures, the determina-
tion of the stereochemistry of the NBD dimers required much
effort by investigators. In analysing the available data, one
must note that the most convincing and unambiguous conclu-
sions concerning the structure of polycyclic hydrocarbons can
be obtained using the entire range of modern spectroscopic
methods. 2%*2® Studies of the *C NMR spectra of all the
known NBD dimers and their hydrogenated derivatives are
therefore of undoubted interest and practical value. 8’

11, THE HOMO- AND CO-DIMERISATION OF SUBSTITUTED
NORBORNADIENES

The early studies on the catalytic reactions of substituted
NBD includes those on the homocyclodimerisation of 1-, 2-,
and 7-methylbicyclo[2.2.1]hepta-2, 5-dienes under the influ-
ence of the complexes Ni[P(OPh),], and Fe(acac);—AlEt,.2%2%
“»S1 The authors believe that mainly [2, + 2.]- and [2; +
24 + 2g)-dimers are formed in these experiments, but the
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individual products were not isolated and identified. Unfor-
tunately, the above communications do not contain data on
the basis of which one could estimate and compare the activ-
ities of the substituted NBD in reactions catalysed by transi-
tion metal complexes.

Regardless of the nature of the catalyst [5% Rh/C or
Fe(CO),(NO;)], benzonorbornadiene is converted exclusively
into compound (XXVII): 8,92

1 .
Fe(00),(NO), ‘

(XXVID), exo, trans, exo

According to Ennis et al., ®® 7, 14-dimethylheptacyclo-
[8.4.0.0%12,0%8 0%, 0%°, 0213 Jtetradecane is formed on
dimerisation of 7-methylnorbornadiene under the influence
of the catalyst (NBD),Co,(CO),—BF;.0Et,. %% It was estab-
lished that the introduction of the fairly bulky t-butoxy-
group in the 7-position, which is most remote from the double
bond, does not have an appreciable influence on the stereo-
specificity of the dimerisation reaction. Depending on the
nature of the catalyst, either 6,13-di-t-butoxyheptacyclo-
(6.6.0%12.0%7 "1l %% 0'12%]tetradecane (XXVIII) or the
disubstituted "Binor-S" (XXIS) is formed: 5%88-90

O-t-Bu
O-t-Bu
Fe(CD); nalcolcu),) C
e ————> Bu-t-O O-t-Bu
(XXIX)
O-t-Bu

The reactions of 7,7-disubstituted NBD, namely spiro-
{bicyclo[2.2.1]hepta-2, 5~diene-T7, 1'~cyclopropane } (XXX),
were investigated for the first time in fair detail in a number
of studies. *»%%% The [4, + 4ylcyclodimerisation of compound
(XXX), achieved recently with formation in a single stage of
the nonacyclic compound (XXXI), is evidence for the excep-
tional effectiveness of the method involving metal complex
catalysis in the synthesis of strained skeletal hydrocarbons.”

[Rh(NBD)PPh3]Cl-Et AICt
—_ >
70° ‘
(XXX) -

(XXX1), 95%

It has been established 2*~?5 that the reactivity of compound
(XXX) in cyclodimerisation reactions is not inferior to that of
NBD, for which it has been possible to obtain the [2, + 27]-
and [2; + 24 + 2."]dimers:

Y e {XXX111) .
% . V
(XXX % o
y (XXX
(XXX1V)
G

s

(XXX1)
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The results of the study of the catalytic homo- and co-
dimerisation of 2- and 7-substituted NBD (XXVI, a—g),
(XXX), and (XXXVII) in the presence of the complexes
Fe(CO),(NO,) and Na[Fe(CO)3(NO)] were published for the
first time by Dzemilev and co-workers: *%%°

dr dir

(XXXVI) (XXXVII)
R=Ma(s), CH,0H(b), CH,0Me(c) , CO,Me(d) , C1(e) , clO(F) , CH,0Ac(8)

It was found that only the dienes (XXXVI, a—d) and (XXX)
are involved in the homodimerisation reaction and in codimer-
isation with NBD, the products being the 5(6),11-disubsti-
tuted and 5-monosubstituted exo, trans, exo-pentacyclo-
[8.2.1.1%7.0%%,0%%]tetradeca-5, 1-dienes (XXXIX) and

(XI):

ooocvr,a-gy Pl © R,
- (XXXIX)

R
(XL)

The selectivity in the formation of the exo, trans, exo-dimers
is fairly high (291%).

The substituted NBD (XXXVI, e—g) do not form homo-
dimers. The reduced reactivity of the dienes (XXXVI, e—g)
may be caused by the change in the energy of the 7 orbitals
as a function of the nature of the substituent. However,
the results obtained in a study®® of 2- and 7-substituted
NBD by photoelectron spectroscopy permitted a quantitative
demonstration that the energy of the m orbitals of the
1,4-diene system in substituted NBD varies only slightly.
The authors®® therefore assume that the low reactivity of
compounds (XXXVI, e~g) can be accounted for by their
involvement in the formation of coordination-saturated com-
plexes with the central metal atoms, which are relatively
inactive in homo- and co-dimerisation processes. This con-
clusion was confirmed by the fact that even smaller amounts
of the above monomers added to the reaction medium
deactivate the catalyst and suppress the dimerisation of both
NBD and of the substituted NBD (XXXVI, a—d).

IV. THE SYNTHESIS OF NORBORNADIENE TRIMERS

Up to 1983, only two norbornadiene trimers had been
obtained and isolated in low yields from a mixture of poly-
cyclic products of the reaction of NBD under the influence
of metal complex catalysts based on nickel and rhodium com-
pounds. **11,18:29,71,72,75,76 pop oxample, in the presence
of Ni(PPh,),, Ni(CO),, (PPh,),, or Ni"-PPh;, NBD is con-
verted into exo, trans, exo, trans, exo-octacyclo[8.8.1.1%7,
L11316 92,9 38 glL18 12,17 1haneicosa-5, 14-diene (XLI) in
~5% yield: 4,10,11,18

m B, » + (D +am + av)

(XLI)
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According to Ref.4, the yield of compound (XLI) increases to
40% when the cyclotrimerisation of NBD is carried out in
dioxan in the presence of catalytic amounts of Ni(COD),.
Unfortunately, subsequently none of the investigators,
including the authors of the present review, were unable to
reproduce these results.

A more reliable method of synthesis of compound (XLI)
consists apparently in the cyclocodimerisation of NBD with
the exo, trans, exo-dimer (IV) in the presence of the Ni(CO),.
.(PPh;), catalyst.®

The saturated trimer (XLII) with two eyclopropane frag-
ments has been obtained by the cyclotrimerisation of NBD
with participation of the rhodium catalysts 5% Rh/C,
Rh(NBD),BF,, and [Rh(CF;C0;),],: 727576

L + W+

(XLI)

The synthesis of compound (XLII) under the influence of
the dibenzylideneacetone (DBA) complex of palladium
activated by triphenylphosphine has been reported
recently:®

Pd3(DBA)j3- CHCl;—2PPh,
—_—

QC +V) 4+,

{XLiD)

In a later publication®® it was shown that Itoh's results
required significant revision. It was found that the three
isomeric cyclic trimers (XLII)—(XLIV) are formed together
with the dimers (V) and (VI):

?Flz(DBA)a' (‘.HCI,—)‘P!\;X’ +

Qc -

(NLH)

V) (v

(NLIID (XLIV)

In addition, the trimer (XLII) was synthesised (in a low
yield) by heating NBD with Wilkinson's complex Rh(PPh;);C1.2%:72
However, the preparative value of these studies is low,
since the isolation of compound (XLII) in a pure form is
very difficult owing to the presence in the reaction mass of
the skeletal isomerisation products (XLV) and (XLVI):

(XLV) (XLvn

Effective methods have been developed®’ for the synthesis
of the trimers (XLIII), (XLIV), (XLVII), and (XLVIII),
which had not been described before, by the cyclodimer-
isation of NBD with the known dimers (III)—(VI) in the
presence of the three-component catalytic systems Fe(acac);—
(Ph,P—CH;),—Et,AlCl and Co(acac),—(Ph,P—CH,),—Et,AICl.
Three of the seven unsaturated NBD dimers, namely com-
pounds (II) (X), and (XIV), whose molecules contain the
norbornene fragment with endo-substituents, do not enter
into the cyclodimerisation reaction with NBD. ®7

These results and also the regioselectivity of the addition
of NBD to the "mixed" dimer (III), in which only the exo-
disubstituted section of the molecule is involved, enabled the
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authors®’ to explain convincingly the inertness of the
dimers (II), (X), and (XIV) by steric factors. It is note-
worthy that the catalysts proposed in the above study make
it possible to obtain one of the trimers (XLIII) by the direct
cyclotrimerisation of NBD: °7:%®

(v)

(XLVID)

trel | (111)

(XLVIID}
s (xLm

LW xw)

Compounds (XLIII), (XLIV), (XLVII), and (XLVIII) have
been formed as a result of the [2; + 2, + 2,]-exo, exo-cyclo-
addition of the NBD molecule to the norbornene double bond
of the corresponding dimer.

An interesting procedure for the synthesis of the NBD
trimers by [24 + 2;]-exo,endo-cycloaddition has been pro-
posed. ®® This reaction, which is accelerated by various
rhodium complexes, namely RhCl;.4H,0, Rh(acac),,
[Rh(AcO),],, etc., can serve as a convenient and promising
method for the preparation of two previously unknown NBD
trimers [(XLIX) and (L)] and two which were described
previously *® [(XLII) and (XLIV)].

(XLIX)

PRI

w)- (XL1V) 5

Wy xLrn

V. THE CO-OLIGOMERISATION OF NORBORNADIENE WITH
UNSATURATED COMPOUNDS

1. The Co-oligomerisation of Norbornadiene with Olefins

Olefins without electron-accepting substituents at the
double bond are relatively inactive in cyclocodimerisation
reactions with NBD. In particular, when ethylene reacts
with NBD in the presence of zerovalent nickel complexes
or the three-component cobalt catalyst Co(acac),—BPE—
Et,AICl, the yields of 5-vinylnorbornene (LI) '°° and vinyl-
nortricyclane (LII) 1°~1% 3o not exceed 70%.

° X
Ly (L .
There are literature data indicating the possibility of
the involvement of propene in the reaction with NBD, 1°% put
there are no experimental details in the above communication
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nor the physicochemical characteristics of the cyclic oligomers
obtained.

In contrast to the simplest olefins, methylenecyclopropane
readily reacts with NBD to form [2; + 2q4]-, [24 + 2¢ + 24]-,
and [2; + 25]-codimers. The mode of cyclocodimerisation is
determined mainly by the nature of the catalyst. For
example, the complex Ni(COD), promotes the formation of
the [24 + 2y)codimers (LIII) and (LIV), the [2; + 25]lcodimer
(LVI), and the [2; + 24 + 2q]codimer (LV),°* ‘While palladium
catalyst afford the [2y + 2 ]co-oligomers (LVII) and (LVIII).
106,107 The selectivity in the formation of the codimer (LIII)
can be raised to 100% by introducing into the catalyst an
equimolar amount of PPh,.1%%

o Jaalianel

(Lun (LIV) (LV) (LV1)
(Lvi) (LVILD

It was established subsequently9%10%:106:208 that cyclic
olefins can also be involved in the reaction with NBD. A
mixture of polycyclic hydrocarbons (yield ~22%) with a
content of compound (Vla) of ~42%, was obtained from NBD
and norbornene under the influence of the Co(acac);—BPE—
Et,AICI catalyst. 101,103,106,108

The codimerisation of NBD with norbornene, 5-methylene-
norbornene and tricyclo[3.2.1.0%"Jocta~-6-ene (LIX) has
been achieved using the Fe(acac);—BPE—Et,AICl catalytic

system. 1%

— 5 (23%) ;

(L Xa)

W [re) ﬁ:& e % (15%)

(LXIa)

gh(nx) M (Ba%y .

(LX1)

It is essential to note the high stereoselectivity in the
activity of the catalytic system indicated. Only the exo,exo-
codimers (LXa), (LXIla), and (LXI) were obtained in all the
experiments.

An alternative pathway to the synthesis of the hydrocar-
bons (LXa), (LXIIa), and (LXI) has been described. % A
distinct characteristics of this method involves the use as the
initial monomer not of BD but of its valence isomer—quadri-
cyclane. The reaction is catalysed by the palladium com-
plexes Pd,(DBA);—CHCI; and Pd(acac),—PPh;—AlEt;.
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ol

——— 3 (LXa) + (LXb) (47%) ;

m (24%) ;
QCL‘U———’ (LX) +

(LXILD)

L~ = axp + @

(LXun

The scheme presented shows that the codimerisation of
quadricyclane with cyclic olefins proceeds less selectively.
Together with compounds (LXa), (LXIIa), and (LXI), the
exo,endo-addition products (LXb), (LXIIb), and (LXIII)
are present in the mixture. The ratio of the exo, exo- and
exo,endo-isomers is approximately 2: 3 and depends little
on the structure of the cyclic olefins.

The cyclodimerisation of NBD with tetracyclo[4.3.0.0%".
.0**"Inon-8-ene has been achieved recently in the presence
of the catalytic system Co(acac),—BPE—Et,AICl.'® Under
optimum conditions, the yield of the octacyclic compound
(LXIV) is 53% relative to the NBD which has reacted:

(xxn + (H -[‘l]»-

{LXIV)

The introduction of electron-accepting substituents tends
to increase the reactivity of olefins in relation to codimer-
isation with NBD, the reaction proceeding strictly stereo-
selectively in accordance with the [2_ + 2; + 2;]addition
mechanism with formation of substituted tetracyclo[4.3.0.
.0%* 0%7]Jnonanes (LXV): &111-114

(n + /{ .[N_i]>
: ! R (XV) ;
R2 R

R=CN, COAlk, COMe; R' =H, Me; R*=CO,Mo .

According to the literature, !*111211% guch cyclodimerisation

is catalysed by nickel complexes of different structure:
Ni(CO),, Ni(C0O);(PPh;), Ni(CO),[P(OPh;)],, Ni[P(OR);ly
(R = alkyl or aryl), Ni(COD),, Ni(CH,=CH—CN),, Ni(CN),.
.(PPh;),, and Ni(acac), -PPh;—Et,AICl. The systems based
on bis(acrylonitrile)nickel and Ni(CN),(PPh;), are the most
active: the codimerisation of acrylonitrile with NBD take
place at 60—80 °C with yields up to 95%.1*!'2 Analogous
results have been obtained using the Co,(CO)y—PPh;
system. 12

In terms of their reactivity in codimerisation with NBD,
olefins with electron-accepting substituents can be arranged
in the sequence acrylonitrile > crotononitrile > methacrylo-
nitrile > dimethyl maleate. *!!2 The ratio of the exo-isomer
(LXIIIa) and the endo-isomer (LXIIIb) in these experiments
is determined by the nature of the solvent and the structure
of the organophosphorus activators—ligands, **° and is
almost independent of the size of the ester substituent in
acrylates.® The use of quadricyclane in this reaction
instead of NBD increases the yield of the codimer but does
not affect the ratio of the exo- and endo-isomers. ®
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Under mild conditions, quadricyclanes react with maleic
anhydride to form the codimer (LXVII) in the presence of
the catalytic system (DBA),Pd,.CHC1,—PPh,.?

@ ({)\

[rd]
. wr (5
g &

OC\O/O

(LXVII)

(i.XVla) (LXVIb)

An unusual reaction pathway is observed in the co-oligom-
erisation of norbornadienes with allyl ethers under the influ-
ence of the three-component catalytic system Ni(acac),~
P(OR);—AlEt;: 120,121

(LXVIID) (L \1\) (LXX)
X S
P RS 2 .
(LYXD (LXXID (1L.XKIT)

1t follows from the above scheme that the reaction formally
involves the addition to NBD of one or two allene molecules,
but the process proceeds in a complex manner as can be
seen from the structure of the products (LXX), (LXXI),
and (LXXII).

The isomeric composition of the co-oligomers depends on
temprature and the nature and structure of the organo-
phosphorus ligand. At room temperature the main reaction
products are the cyclic compounds (LXXVIII) and (LXIX).
The most active catalysts have been obtained using alkyl
phosphates as the promoting agents.

The co-oligomerisation catalysts are relatively insensitive
to the structure of the substituents in the NBD molecule.
For example, 7-spiro-cyclopropanenorbornadiene (XXX)
reacts with alkyl acetate to form six isomers in an overall
yield of ~80%. 14%121

xxx) + 2 N0ne 25 & é &\

(LXXIV) (LXXV) (LXXV])
=
= A X
(LXXVI1I) (LXXVII) (LXXIX)
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The composition of the reaction product simplifies when 2-
and 2, 3-substituted NBD are used.

(LXXX) (LXXXI)
MeO,C MeO,C
(Xxxvin + A —oac LIRS
Me0,C MeO, .
(LXXXIT) (LXXXID)

The reaction indicated is general and can serve as a
promising method for the synthesis of polycyclic hydrocar-
bons containing the methylenecyclobutane group, which
are otherwise difficult to obtain. 22

2. The Co-oligomerisation of Norbornadiene with Dienes

The addition of dienes to NBD in the presence of metal
complex catalysts based on nickel, iron, cobalt, and man-
ganese compounds has been investigated in detail by Italian
workers. Thus the codimerisation of butadiene and NBD
results in the formation of a mixture of the polycyeclic hydro-
carbons (LXXXIV) and (LXXXV) in a high yield. 5%7%101,123,124

w+/\/*wé

(LEXXTV) (L.XXXV)

* +@ MJ\/

(LXXXVI) (LXXXVII) (LXXXVHI)

The codimer of 5-butadienylnorborn-2-ene (LXXXVIII) is
obtained in a high yield and a selectivity up to 94% in the
presence of the Co(acac),-1,2-bis(diphenylphosphino)ethane—
AlEt, catalytic system.’®225-127 The use of Et,AICI as the
reductant tends to alter the direction of the reaction towards
the formation of the codimer (LXXXVI).%12% The same
three-component catalytic system has been used in the
codimerisation of NBD with isoprene, piperylene, and cyclo-
hexa-1, 3-diene in order to obtain compounds (LXXXIX)-
(XCI) respectively. 1%%,129-132

(LXXXI1X) (xX0) {XC1)

According to Ref.133, tetracyclo[5.4.0.0%° 0% Jundec-3-
ene (LXXXVI) can be obtained with a high selectivity from
NBD in budadiene in the presence of iron complexes.

The best method of synthesis of compound (LXXXIV) (in a
yield of 90%) consists in the [24 + 2)cycloaddition of butadiene
to NBD in the presence of the complex (CsH;)Ti(CH,Ph); at
135—-155 oC, 134136
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The mixed cyclo-oligomerisation of NBD and butadiene
taken in molar proportions of 1: 6 in the presence of the
three-component system Ni(acac),—AlEt,(OEt)—tris(o-
biphenylyl) phosphite as the catalyst, results in the forma-
tion of compounds (XCII) and (XC:III), which isomerise at
150 °C to compounds (xcw) and (XCV):1%7

o] N,d

(XCil), 30% (XCIII), 29%
la

LA
X z A
¥z N =z .
(XC1v) (XCV)

The reaction of 1,2-dienes with NBD and its derivatives is
extremely interesting. In the presence of zerovalent palla-
dium complexes, *%'1° the unsubstituted allene reacts with
NBD to form exclusively the [2; + 2;]cycloaddition product

(XCVI):
cH=C==tul, + (1)&%&

(XCVD)

Under the influence of the three-component catalyst
Co(acac),—PPh;—Et;A1Cl, NBD and compound (XXX) react

with allene via both [2; + 2;] and [24 + 2, + 24} mech-
anisms:
() 4 CHy=C=CH, —<2L» (LXIX) + (LXXID) ;
85% 15%
(XXX) + CH,=C=CH, —%L_, (LXXV) + (LXXIX) .
85% 19%

The main reaction product is a hydrocarbon with the delta-
cyclane structure, (LXIX) or (LXXV). The co-oligomers
(LXXIII) and (LXXIX) are apparently formed in steps but
the intermediate [2; + 2;]codimers were not detected in the
reaction mixture.

A very complex composition of the products (up to 10
isomers) has been obtained in the co-oligomerisation of NBD
with 1,1-dimethyl-, l-cyclopropyl-, and 1-phenyl-allenes
with cyclonona-1,2-diene. Their reactivity is inferior to
that of allene, which is indicated by the high yield of the
co-oligomers (~80%).**°

The catalyst obtained by reducing Fe(acac); with diethyl-
aluminium chloride directs the reaction of NBD with 1,1-
dimethylallene towards the selective formation of the [2;

25 + 2. ]codimer (XCVII);: 3512

1
Me,C==C=CH, + (1) red,

Me (XCVID

3. The Co-oligomerisation of Norbornadiene with Acetylenes

According to Schrauzer and Glockner, '*? the nickel com-
plexes Ni(CO),(PPh;),; and Ni(CN),(PPh;), catalyse the
cycloaddition of acetylene, diphenylacetylene, and dimethyl
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acetylenedicarboxylate to NBD at 120 °C with formation of
compounds (XCVIII), (XCIX), and (C):

n

34
d
=—Ph

Ph—

(XC l\)
(XCViT) Me0,C7 oy OsMe '
The use of tetrakis[tri(2-ethylhexyl) phosphite ]nickel
increases the yield of compound (XCIX) to 74%.*** In the
presence of the same catalyst, but-2-yne reacts vigorously
with NBD via the [2; + 2;] mechanism, affording the tri-
and tetra-cyclic hydrocarbons (CI) and (CII):

cn i

NBD and dimethyl acetylenedicarboxylate interact via an
analogous mechanism in the presence of the ruthenium com-
plex [H,Ru(PPh,),], forming the exo-co-oligomers (CIII)
and (CIV):1*?

COxMe
[Ru]
:0,C— = —CO0
(1) + Me0,C —C0pMe o +
CO,Me
(CHI)
MeQ,0 )
N CO,Me
4+
MeO,C CO,Me
{CIV)

Cobalt-containing systems, obtained by reducing Co(acac),
with Et,AICl in the presence of biphosphine, exhibit excep-
tionally high catalytic activity in the {2, + 2; + 27]cyclo-
addition of NBD to acetylene, 1°3:343-145 "The highest yields
of deltacyclene derivatives were obtained in experiments
with acetylene and phenylacetylene.

(1) + R—=—n' ﬂ;—
35-60

cv)

A novel pathway leading to the bisdeltacyclene structures
(CVII), which are otherwise difficult to obtain, arises from
the co-oligomerisation of NBD and compound (XXX) with
diacetylenes (DA) under the influence of the Co(acac),—
PPh ;—Et,AICl catalytic system: *°

[(NBD]:[DA] =1
—

CHy),—C=0—~R
{I) or (XXX) + R—Cs=C-—(CHp),—C=C~—n Ll | B (cvy

X X

[NRD]:[DA] =2
e

R=H, Me, Ph: n=0-5
==/ (CH,),

wvir
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The yields of compounds (CVI) and (CVII) depend signifi-
cantly on the distance between the acetylene fragments in
DA and on the nature of the substituent, reaching 80% for
n 23 and R = H or Me. By altering the molar ratio of the
monomers, the process can be directed towards the forma-
tion of the monoadduct (CVI) or the diadduct (CVII). In
the reaction involving diphenyldiacetylene, the yield of
compound (CVII) does not reach 10%, while 1, 3-diacetylene
fully polymerises under the reaction conditions. !*°

In the presence of the complexes Co,(CO), or Fe(CO)s,
the main products of the codimerisation of NBD with acetylenes
are the cyclopentenone derivatives (CVIII), %6147

(CVIID)

The use of zerovalent iron and palladium complexes as cata-
lysts of the cyclocodimerisation of NBD with acetylenes leads
to the formation of 1, 3-di- and 1,2, 3,4-tetra-substituted
benzenes (CX): 148148

R R
' i
1 / \
(1) + R—=—R' —> — + P
R R
R i

(CIX) (€X)

1 148 1 149

Carbonaro et a and Suzuki et a postulated the inter-
mediate formation of the thermodynamically unstable inter-
mediate (CIX), which decomposes into cyclopentadiene and
compound (CX).

Thus the co-oligomerisation of NBD with olefins, 1,2- and
1,3-dienes, and acetylenic hydrocarbons under the influence
of nickel, palladium, cobalt, and iron complexes can serve
as an effective method of the single-state synthesis of mono-
and bis-tetracyclo[4.3.0.0%".0%7 Inonane (deltacyclane),
tricyclo[4.2.1.0%%]nonane, and tetracyclo[5.4.0.0%1%.0%1]-
undecane hydrocarbons.

V1. THE MECHANISM OF THE DIMERISATION AND CODIMER-
ISATION OF NORBORNADIENE

The cyclodimerisation and cyclocodimerisation of NBD and
its derivatives belong to the so-called pericyclic reactions
prohibited by symmetry rules. However, they are cata-
lytically allowed although the causes of this fact have not so
far been elucidated.!3%-157

In 1967 Mango and Schachtschneider!*° proposed a theory
according to which the interaction of a transition metal atom
with olefins entails a change in the symmetry of the highest
occupied orbitals and the cyclisation reaction becomes
allowed. There exists also another view on the role of the
metal in catalysis according to which the role of the neutral
catalyst atom consists in reducing the activation energy for
the prohibited reaction and not in changing the symmetry of
the orbitals in the reactants.!%®

The experimental data accumulated permit the conclusion
that the reactions indicated have a multistage mechanism.
These include all the principal reactions of metal complex
catalysis: coordination, oxidative addition, insertion, and
reductive elimination. 5"

The key stage in the multistage mechanism of the cyclo-
oligomerisation of olefins and dienes is the formation of
metallocyclic compounds, which have been isolated and
identified with the aid of modern physicochemical methods.

47

23,158-167 por example, the hydrogenation of a mixture of
NBD and (NBD),RhPF; results in the formation of the
hydrocarbon (CXII), for which one can postulate only one
possible formation pathway—via the rhodacyclohexane
organometallic compound (CXI): %2

(cX1) [(%.444]

The most reliable evidence for the multistage mechanism has
been obtained in a study’ of the isomerisation dimerisation
of quadricyclane in the presence of rhodium catalysts.
Organorhodium intermediate compounds (CXIII) and (CXIV),
responsible for the formation of the molecules of NBD homo-
and co-oligomers, have been observed and identified.

(CX1ID) (CX1V)

Similar complexes were obtained in the reaction of hexa-
fluorobutyne with NBD coordinated to rhodium via [2; + 2 +
2, ]eycloaddition. The structure of the rhodacyclobutane
complex was determined by X-ray diffraction.'%® Analogous

complexes are known for nickel, ruthenium, and iridium. 5%»
1645165

Experimental results’®®® show that the stereospecific

[4; + 47)dimerisation of NBD proceeds at a single centre,
whose role is fulfilled by a singly-charged rhodium or cobalt
complex.

At the present time there is no single view concerning the
individual stages of the mechanism of the dimerisation,
trimerisation, and codimerisation of NBD, which can be
accounted for by the lack of direct and complete experimental
evidence for the validity of a particular mechanism. Despite
this, when account is taken of the literature data, 19,168,169
it is possible to postulate what is to some extent a general
and universal mechanism of the cycloaddition of NBD involv-
ing [2; + 241, [2 + 27 + 24], and [4g *+ 4] steps on the
basis of key catalytic reactions: oxidative addition, inser-
tion, and reductive elimination.

According to this possible mechanism (see Figure), NBD is
initially coordinated to the metal with formation of complexes
of three types: (CXI)—(CXVII). The equilibrium position
in this system is determined by the number of free coor-
dination sites at the metal atom, the nature of the ligand
environment, and the charge on the transition metal. It is
known that NBD interacts with electrophilic species, forming
preferentially compounds containing the nortricyclane system.
Consequently, the equilibrium for complexes whose central
metal atom has a positive charge is displaced towards the
formation of compound (CXVII) and, the greater the
charge on the atom, the greater the shift of the equilibrium
to the right. Successive coordination of the olefin leads to
the intermediates (CXVIII)—(CXX), whose intramolecular
reactions proceed either via the synchronous formation of
metal—carbon and carbon—carbon o-bonds or via the inser-
tion of the olefin into the metal—carbon bond with formation
of the metallocyclic compounds (CXXI) and (CXXII). The
subsequent key stage in the NBD dimerisation and codimer-
isation reactions is the reductive elimination of the transition
metal atom, which can again initiate a new catalytic cycle.
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$
M M
\’
(CXXI) (CXXI1I)

The possible mechanism of the dimerisation and codimerisation of norbornadiene.

The stereochemistry of the isomers formed should be fully
determined by the charge on the central metal atom, its
coordination number, and its ligand environment.

For the final elucidation of the mechanism of the NBD
cycloaddition reaction, it is essential to carry out kinetic
studies, to isolate the intermediates, and to investigate
their properties in the greatest possible detail.

.___000_.__

During the preparation of the manusecript for the press,
new communications and studies on the homo- and co-dimer-
isation of NBD and its derivatives in the presence of transi-
tion metal complexes were published.*’°~1’®* The results of
investigations of the codimerisation of NBD with cyclohepta-
triene under the influence of titanium-containing catalysts,
with formation of new types of penta- and hexa-cyclic
polycyclic compounds, 7° are of greatest interest. Several
studies nave been devoted to the cyclodimerisation of NBD
and of its 7-substituted derivatives via the [4; + 4;]cyclo-
addition mechanism. 7?7173
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Pseudoazulenes as 7-Isoelectronic Analogues of Azulene

Yu.N.Porshnev, V.A.Churkina, and M.l.Cherkashin

The principal methods of synthesis and the chemical and physicochemical properties of pseudoazulene are described. Attention
is concentrated on the latest studies which have not been taken into account in the published reviews. Certain aspects of the

uses of pseudoazulene compounds are examined.
The bibliography includes 185 references.
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I. INTRODUCTION

Only individual terpenoid representatives of hydrogenated
pseudoazulenes of the ecyclopentapyran series, such as 1-meth-
oxymyodesert-3-ene (I) which forms part of the structure of
Myoporum deserti (Myoporaceae) as the iridoid constituent
and has been found in plants growing in the moist regions of
Australia, have been discovered in nature.! The iridoid—
the glycoside (II)—present in Lanthana camara (Verbenaceae)
and detected in 150 plant species in Africa and tropical
America, has been identified:

H ; Yo—p—glucose

() (1)

Individual pseudoazulene systems are components in the
structures of alkaloids. Thus the alkaloids sempervirine and
alstonine contain the 2H-pyrido[3,4-blindole (III) system,"'7
while the alkaloid cryptolepine has the structure (IV).® The
hydrogenated indolizine system (V) is present in the mole-
cules of strychnine, securinine, and the Veratrum alkaloids
germine, cevine, and protoverine. The 1- and 3-alkylpu-
rines (VI) and (VII) are used as model substances which
participate in glycosylation reactions and whose reactivity is
equal to that of antibiotics and nucleic acids. >1°

2 NN AN\ NN\
ST RN INEY
N A AV VEN
{
CH,
U))) vy V)
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The advances in quantum chemistry regarding the creation
of the theory of aromaticity have promoted an intense dewelop-
ment during the last three decades of the chemistry of het-
erocarbonium aromatic systems, among which analogues of the

non-benzenoid aromatic azulene system, namely pseudoazu-
lenes, are of special interest. Formally, they can be obtained
by replacing a two-electron carbon—carbon double bond in
the aromatic system by the unshared electron pair of the het-
eroatom, whereupon the aromatic character of the system is
usually retained.!!”!*® This principle of structural analogy,
which has been known for a long time in the benzene—thio-
phen—furan—pyrrole series, was first applied in 1957 by
Boyd!* and Mayer?® and later also by other workers®!” to a
large group of heterocyclic compounds—pseudoazulenes, which
are 7-isoelectronic analogues of azulene. The chemistry of
these systems has only just begun to develop despite the fact
that the fundamental studies by Robinson and co-workers!!™1?
were published in the first quarter of this century.
According to the above principle, numerous representatives
of pseudoazulene systems in which one, two, or three double
bonds have been replaced by heteroatoms can be formally

obtained from azulene:
Z X
Z

C)
=0 NPUIACC

=0
\Y

\/
Yy—7F X=T= ;
ngy =

Y
Z = -0-, -S—, —NR—, —Se—, —Te—.

For the azazulenes (VIII) and (IX), polyazazulenes, and
heteroniaazulenes, the analogous "reactions" are also pos-
sible.181°

The number of possible systems increases greatly when
different heteroatoms are used simultaneously. Dinuclear
condensed heterocyclic systems with a nitrogen atom common
to both rings, namely quinolizines, are also regarded as the
pseudoazulenes (V) and (X).

(VI (1X) (X)
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Table 1. Pseudoazulenes with one heteroatom in the six-membered ring.
Name
Azulene Pseudoazulene Code X Refs.
in IUPAC nomenclature I trivial
10 n-Electron systems
? . (X0 NR 1H-pyrindine azalene [}2,7%5;, 54,
L3 »
smz (XI1) (o] cyclopenta(b] pyran oxalene [{')4, 51, 53,
102)
.3
1 3 (X111) S cyclopenta{b] thiapyran thialene (15, 18, 34,
35, 106]
7 ]
azulene v a (XIV) NR 2H-pyrindine isoazalene (36, 37, 62,
2 (XV) o cyclopenta|c] pyran iso-oxalene 72, 110])
X A 162)
‘ 3 (XVI) S cyclopenta[c] thiapyran isothialene 13437,
61—64]
14 n-Electron systems
y 2
9 " (Xvi) NR 6H-indeno|2,1-b] pyridine 1,2-benzoazalene (101}
3‘ A (Xvin (o] indeno(2,1-b] pyran 1,2-benzoxalene [104]
7 " ¢ (XIX) S indeno[2,1-b] thiapyran 1,2-benzothijalene (34)
s H
Y 9
77N X
d | \ (XX) NR SH-indeno| 1,2-b] pyridine 2,3-benzoazalene (59]
SN X 2 xxn | s indeno|1,2-b] thiapyran 2,3-benzothialene (551
1,2-Benzoazulene 4
4 3
9 1
i UO (XX11) NR TH-indeno[ 2,1-] pyridine 1,2-benzoisoazalene [66—68, 116
X 3
L3 s 4
] a . N ' ool -
S (XXIII NR 4H-cyclopenta[b ] quinoline §,6-benzoazalene (16, 19
N NN ) 43-46)’
Q ! 6 2 (XXIV) (o] cyclopenta(b] chromene 5,6-benzoxalene !5174. 16, 25,
7oA X
§,6-Benzoazulene : ! : (XXV) S cyclopenta| b] thiachromene §,6-benzothialene 125, 28, 38]
3 2
12
N |
(XXVI) NR SH-cyclopenta|c]quinoline 7-benzoisoazalene (29}
A s
6 7
4,5-Benzoazulene
18 m-Electron systems
4 3 2
S
OOQO (XXVID) NR SH-indeno[1,2-b] quinoline 2,3; §5.6-dibenzoazalene (12, 13,27}
b
N=¢
1,2; 5,6-Dibenzoazulene*
[
7 i 10 1 ' (XXVIII) NR 6H-indeno[2,1-b] quinoline 1,2; $§,6-dibenzoazalene [2%6352. 74,
9 N 2
OO ,3 (XXIX) [o] indeno{2,1-b] chromenc 1,2; 5,6-dibenzoxalene [5‘74,725'738.
5 a ) . -
? . 80, 103—105]
1,2; 6,7-Dibenzoazulene (XXX) S indeno(2,1-b] thiachromene 1,2; 5,6-dibenzothialenc (34, 49, 111)

Phenanthro[9,10¢]-6,7-benzoazulene*

(XXXI)

NR

*Azulene systems having this structure are unknown.

They constitute a large independent group of pseudoazu-
lenes, whose chemistry has been described in a monograph.?’
A review has been devoted to the chemistry of the indolizines

(V).Zl

Almost all the pseudoazulene systems known at the

present time are represented in the review of Timpe and

El'cov.??

Systems containing more than 18 n-electrons

10H-dibenzo[4,5; 6,7]-indeno-
[2,1-b] quinoline

phenanthro[9,10¢]-5,6-
benzoazalene

(24)

The number of existing nitrogen-containing pseudoazulenes
is much greater than that of the sulphur- and oxygen-con-

taining compounds;

only one pseudoazulene system contain-

ing selenium as the heteroatom is known.?® Systems containing
tellurium as well as systems with a four-membered ring are so
far unknown, which can be explained by the instability of
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these products in the former case or the considerable angular
ring strain in the latter. The influence of the heteroatom on
the electronic structure, the electronic spectra, the stability,
and the reactivity has been most fully investigated for pseu-
doazulene systems in which the unshared electron pair of the
heteroatom replaces one double bond in the seven-membered
ring of azulene or benzoazulenes. For this reason, we shall
confine ourselves to the consideration of the systems pre-
sented in Table 1.

The [b]-series pseudoazulenes (XI1)—(XIII) and the [c]-
series pseudoazulenes (XIV) and (XVI) are non-alternant
10m-isoelectronic analogues of azulene. Compounds (XVII) to
(XXVI) are isoanalogues of the 14n-electron systems of 1,2-,
5,6-, and 4,5-benzoazulenes. For the 18m-electron systems
(XXVII) and (XXX), azulenes with an analogous structure are
so far unknown and this is also true of the new pseudoazulene
system (XXXI) obtained in 1975.%* It was initially suggested
that pseudoazulenes containing a sulphur atom, an oxygen
atom, or an NR group be designated as thialenes,'’ oxalenes?®
and azalenes'” respectively. This nomenclature, based on
the type of heteroatom, is not always used although it effec-
tively explains the genetic relation with azulene. Specific
compounds are usually named in accordance with IUPAC rules,
the pyrindines (XI) and (XIV) constituting an exception. The
compounds listed in Table 1 are arranged in such a way that
the cyclopentane ring is placed on the right-hand side of the
main pseudoazulene system, while the heteroatom on the left-
hand side is placed in the lower half of the heterocycle. The
first carbon atom is located in the upper angle of the cyclo-
pentane component of the main system. The remaining atoms
are numbered clockwise, the heteroatom being numbered in
accordance with the general sequence. The above nomencla-
ture is most widely used and has already been adopted in a
series of well known publications,1*:26=2°

1. METHODS OF SYNTHESIS OF PSEUDOAZULENES

The methods of synthesis of pseudoazulenes differ signifi-
cantly from those for azulenes, since its molecular skeleton is
obtained in different ways, depending on the required pseu-
doazulene system. The methods of synthesis can be com-
bined, for example, in accordance with the type of the last
stage leading to pseudoazulenes. A common stage of this
kind in the syntheses of both pseudoazulenes and azulenes is
the dehydration of saturated compounds.

1. Dehydrogenation of Saturated Precursors of Pseudo-
azulenes

Historically the first and for a long time the only method of
synthesis of azulene hydrocarbons was dehydrogenation of
bicyeclie precursors with the bicyclo[5.3,0]decane structure
or the corresponding partly saturated compounds.?*~%® The
dehydrogenation of more or less hydrogenated compounds,
already having the heterocyclic skeleton of pseudoazulenes,
is used only for sufficiently stable compounds. Numerous
thialenes, of both [b]- and [c]-series, namely compounds
(XIII), (XVI), and (XIX), have been obtained in this way.

)= —<Y)

Q —

N\ \N\s/
(XXX11) (Xlll) (XXXI11I)

1

\I/\
I

(XXX1V)
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A4 ¥
(XXXV) (XIV): X=NR
(XVI): X=S
\/\/ )
oo, — ()
(XXXV]) (XIX)

Hydrogenated sulphur-containing heterocycles, for example,
compounds (XXXII), (XXXIII), and (XXXV), or the open-
chain mercaptans (XXXIV) and (XXXVI),%* are dehydroge-
nated in the gas phase over Pd/C at 300—350 °C.3°-%® The
overall yield depends on the dehydrogenation stage, which
frequently proceeds with a high (~30%) yield; it can also
amount to only a few per cent owing to the low activity of the
catalyst.??” However, this method is still the best procedure
for the synthesis of not only thialenes but also 2-phenylpy-
rindine (XIV).3® Other pseudoazulene systems, for example,
substituted 4H-cyclopenta[b]quinoline (XXIIla), can also be
conveniently obtained in this way,!” but the dehydrogenation
is carried out in boiling xylene for 10 h in an atmosphere of
nitrogen with the same catalyst and the yield is 53%.

o
/\ /w/\ /\ /\1/\
\/\N/\’/ \N/\l/
&h, P Ly, P .
(XXIIIa)

On dehydrogenation over Pd/C and also when the Cu,Cl,/C
catalysts are used at 300 °C or sulphide is used at 300 °C,
oxygen-containing precursors [for example, compound (XXXIII,
X = 0)] give rise to only tarry products. 37

Azulene precursors are dehydrogenated under very mild
conditions by chloranil and for this reason, the latter is
widely used in the synthesis of azulenes containing substit-
uents unstable at high temperatures.’®*™*2 For effective dehy-
drogenation, it is essential that the precursor should already
possess a high degree of unsaturation. Chloranil has been

used extremely rarely for the synthesis of pseudoazulenes?®35
The synthesis of the unsubstituted pseudoazulenes (XXIV)
and (XXV) from chromone and thiachromone respectively
using the dehydrogenation of compound (XXXVII, X = O or
S) by chloranil has been described, 2’ but the author did not
indicate the dehydrogenation conditions and the reaction
products were not isolated in a pure form:

0
\/ N C ﬂ\ I/\ﬂ./\lx\
E/l\x/\/ o L \/\x/\//
(X}\XVII) (XXIV):X=0
(XXV): X=S

A number of workers observed the interaction of chloranil
with pseudoazulenes, for example, with 4H-cyclopenta[blquin-
oline (XXIII) and 5H-cyclopenta{c]lquinoline (XXVI), the
latter being substituted by the chloranil residue in the 1-
and 3-positions, 294344

Dehydro-compounds of the type of (XXXVIII) can be con-
verted into fully aromatic systems by the'multistage elimina-
tion of hydrogen atoms in the saturated cyclopentane or
cyclopentene rings, or by the dehydrohalogenation of qua-
ternary salts, or by some other elimination reaction:
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The acid-catalysed elimination of water from the hydroxy-
derivative (XL, R! = OH) proceeds especially effectively.*3"®
It is then essential to maintain appropriate conditions exactly,
since pseudoazulenes can be decomposed by acid. An instance
of photochemical dehydrogenation is known.2*

2. Condensation of Aromatic Aldehydes and Ketones

The method considered above is a general procedure for the
conversion of compounds already containing the pseudoazu-
lene skeleton into pseudoazulenes proper. Since new C—-C
and C—X bonds can arise in condensation reactions, it is
always possible to select suitable initial compounds which give
rise to the pseudoazulene system; dehydrogenation is then
altogether unnecessary. The form of the initial compounds
can be specified by the required structure of the final prod-
uct. For example, the condensation of salicylaldehyde or
o-mercaptobenzaldehyde with aryl-substituted AZ-cyclopen-
tenones in the presence of piperidinium acetate in benzene
yielded the arylsubstituted benzo[b]eyclopenta[e]lpyrans {or
cyclopenta[b]chromenes} (XXIVa—c)*:2%*” and the corre-
sponding thiapyrans {or cyclopenta[b]thiachromenes} (XXVa):2®

Rl

i
VANV W
(1S
VAN avs

)

(XXIV a-¢): X=0
(XXVa):X=5

a:RI=R3=H; R*=Ph (14, 47}
b: R'=R?=Ph; R3=H [27]
C:'R'=H; R*=R*=Ph [28]

This method is particularly convenient for the synthesis of
tetracyclic pseudoazulenes which are sometimes formed in a
yield up to 80%. Indeno[2,1-b]chromene (XXIXa) and
indeno[ 2,1-b] thiachromenes (XXX, R = H) have been obtained
by condensing 2-indanone with salicylaldehyde and o-mercap-
tobenzaldehyde respectively.2®*®*® The condensation of
substituted 2-indanones or 2-indanoneimines with salicylalde-
hyde leads to 5-substituted derivatives of indeno[2,1-b]Jchro-
mene

: R=H (Refs.14,48)
(XXIX a-e):X=0 & BT ;
(XXX):X=S [28.49) b: R = CH; (Ref.50)
¢: R = 2-indanyl (Ref.50)
d: R = COOC,Hs (Ref.50)
e: R=CN (Ref.28) ,

SONe

However, nitrogen-containing pseudoazulenes cannot be
obtained in this way; the attempts to carry out the conden-
sation in a neutral or alkaline medium (alkali in alcohol or
piperidine in benzene) do not yield the final products directly.
The reaction of the ethylene acetal of o-aminobenzaldehyde
with phenyl-A2-cyclopentenones does not afford pseudoazu-
lenes under these conditions and it does not even give rise to
Claisen condensation products.® The condensation of 2-ind-
anone with o-aminobenzaldehyde, o-aminoacetophenone, or
o-aminobenzophenone in an acid medium results in the forma-
tion of compounds (XLla—c), dehydrogenated to the optimum
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extent, which are converted by quaternisation and subse-
quent alkaline cleavage of the quaternary salts into nitrogen-
containing pseudoazulenes (XXVIIla—c) in approximately 25%

yield: 52
+HX
/ /

(XLla c)

R

94

cn3 CH,
a:R=H (XXVIIla-c)
b: R=CH;
¢c:R=ru

Since o-aminobenzaldehyde is unstable, it is possible to use
its ethylene acetal, whose condensation with 3-phenyl- and
3, 4-diphenyl- A %cyclopentenones in alcoholic solution of hydro-
chloric acid leads to the pseudoazulenes (XXIIIb, ¢) in good
yield (up to 80%): 5153

(e} R R
N /| NSNS
SOE fﬁwuw\““
'/\NH, o/\/ SN /
DCHMSO, 2N\ / AN /
_hAOma | \*Ph
/ \N/ \/
CH.'I
(XXIIIb, ¢)

3. Deprotonation of Pyridinium, Quinolinium, Pyrylium, and
Thiapyrylium Salts

The deprotonation of heteronium salts as a method of syn-
thesis of pseudoazulene systems is logically a continuation of
the previous subsection and is closely related to it in the syn-
thetic sense, because the majority of the intermediates and
salts based on them are obtained in this instance by condens-
ing aldehydes and aromatic (and also &, 8-unsaturated) ketones.
The deprotonation of heteronium salts actually constitutes the
dehydrogenation stage, which completes the synthesis of the
pseudoazulene, but, since the number of final systems obtained
in this way is fairly large and the reaction itself does not pro-
ceed smoothly with all salts, we shall consider this stage in a
separate Section.

Salicylaldehyde undergoes the Claisen condensation with
phenyl-substituted A2-cyclopentenones of 1-indanone in alka-
line media with formation of the corresponding hydroxychal-
cones (XLII) or (XLIII),®*5% which afford the benzopyrylium
salts (XLIVa—c) and (XLV) in a mixture of acetic and hydro-
chloric acids. However, whereas a solution of the salts
(XLIVa—c) gives rise to the pseudoazulenes (XXIVa-c) on
dilution with water, compound (XLV) decomposes on hydro-
lysis in the presence of sodium acetate: 55757

R
@CH\
V
0H ©
.Rl
. R(IXL:} (XXIVa-~c)
a: R=R'=

b: R=Ph:R'=H
c: R=H;R'=Ph

(XLIvVa-¢)
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(XLun

Chalcones and derivatives of phenyl-substituted A2-cyclo-
pentenones condense on treatment with FeCl; in acetic anhy-
dride into the chloroferrates (XLVIa—d) in 35% yield. On
treatment with sodium acetate, both the chloroferrates and
perchlorates (XLIVa—d) give rise to cyclopenta[b]pyrans
(XXIla—d) in high yields (up to 90%):"7-5%5°

(NLVIs-r)
aIR=H. Ar=Ar'=Ph:b: R=Ar=Ar'=Pb: CIR=Ph. Ar=rn-CH,0CgH,. Ar'=Ph:
d:R=Ph. Ar=Ph, Ar'= P- CHA0CH,: X7 = FeCl], CIOJ .

The tetrachloroferrate (XLVI) has been obtained analogously
by the reaction of benzylidenacetophenone with 3-phenyl-
1-indanone (XLVII) (yield 48%) and was converted into the
perchlorate (XLVIII) by treatment with 70% perchloric acid.
The condensation of equimolar amounts of acetophenone with
2-benzylidene-3-phenyl-1-indanone gives rise to the chloro-
ferrate (XLVII) in only 20% yield: *°

Ph Ph Ph Ph

(XLVID: X =0, Y =FeCly
(XLVHD): X=0, Y =CI0,
(XLIX): X=8,Y =q0,

On treatment with a 10% aqueous solution of Na,S and sub-
sequent addition of 20% perchloric acid, the perchlorate
(XLVIII) gives rise to the thiapyrylium salt (XLIX) (yield
93%), which is deprotonated with an aqueous alcoholic solution
of alkali and sodium acetate to form 2, 4,5-triphenylindeno(1,
2-b]thiapyran (XXIa). Hot water also hydrolyses the salt
(XLIX) but more slowly.

On interaction with aniline, the perchlorate (XLVIII) is
converted into the N-phenylpyridinium salt (La) in 59% yield.
The deprotonation of the salt with aqueous-alcoholic alkali
affords 1,2, 4,5-tetraphenyl-1H-indeno[1, 2-b]pyridine (XXa).
Treatment of the same perchlorate (XLVIII) with 30% aqueous
methylamine leads to a 55% yield of 1-methyl-2,4,5-triphenyl-
1H-indeno[1,2-b]pyridine (XXb), which can be converted
into the substituted N-methylpyridinium perchlorate (Lb):

(XLvun

30*
ll"hNH2 0'{,,‘,”
"""u,
Ph Ph J» Ph Ph

Z NaOll \
\e ! HCIO, I O .
Pb i Ph l
R oy R
(La): R=rhb (XXa, b)

(Lb): R=CH;
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Whereas the heteronium salts of phenyl-substituted deriva-
tives of cyclopenta[b]chromene (XLIV), cyclopenta[b]pyran
(XLVI), indeno[1,2-b]thiapyran (XLIX), and indeno[1,2-b]-
pyridine (L) produce the corresponding pseudoazulenes on
hydrolysis with aqueous-alcoholic solutions of alkali or sodium
acetate, indeno [1,2-b]lchromylium perchlorate (XLV) and
indeno([1,2-b]pyrylium perchlorate (XLVIII) only regenerate
the initial compounds under the same conditions, i.e. 3-phenyl-
2-salicylidene-1-indanone (XLIII) and 2-(3-oxo-1,3-diphenyl-
propylidene)-3-phenyl-1-indanone (LI) respectively.

Ph Th

Ly

The quaternary salts of nitrogen-containing pseudoazulenes
are obtained by the quaternisation of the corresponding het-
erocyclic bases with alkyl halides or tosylates in aprotic sol-
vents, 2%455175%60  pegpite the tautomerism of the base (LII)
[the isomers (LIla—c) are possible}, alkylation results in a
good yield of the quaternary salts (LIII) (the C-alkylation
products were detected only in trace amounts). Alkaline
deprotonation of the quaternary salts (LIII) leads to the
pseudoazulenes (LIV):

N
® ;
N
H
«_ (LIa) (LIIb) (LIlc) ,
)t \
N RS
| ® = | ;
P “
111 X
R H x° l!( x®
 (Lla) (Lllb)

(LIV)

Thus the majority of the pseudoazulene systems investigated
can be obtained by the deprotonation of the corresponding
heteronium salts, with the exception of systems of the [c]-
series. The deprotonation of certain salts takes place even
in the presence of water, while for others solutions of sodium
acetate or alkali are employed, depending on the basicity and
stability of the final products. The yields of the nitrogen-
containing pseudoazulenes are 60—80% and those of the oxy-
gen-analogues are about 90%.

The reactions involving the direct substitution of the het-
eroatoms in the pseudoazulene systems must also be considered,
since they permit the direct transition from, for example,
oxalenes to pyrindines: 51,5%35,61,62

P‘h R ll’h R
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N Y Do
P N0 N P NN .
(X1 }{’ (X1)
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After brief heating of compound (XII) with an excess of
aniline, benzylamine, or butylamine in dimethylformamide
(DMF), l-substituted-1H-pyrindines (XI) were obtained in
good yields.®'"3% If pyrylium perchlorates corresponding to
the pyrans (XII) are introduced into the reaction, then the
pyrans (XII) are formed as intermediates under the reaction
conditions. A decisive factor for the successful occurrence
of the reaction is evidently the high boiling point of DMF
since, on heating to the boiling point in 10% alcoholic solution
of ammonia,*”’%® and also on heating in ethanol with amines,
compounds (XIl) remain unchanged. Oxalenes, having an
oxygen atom linked directly to the aromatic ring, cannot be
converted in this way into nitrogen-containing pseudoazu-
lenes. The attempts to convert 5, 6-benzoxalene (XXIV) into
4H-cyclopenta[b ]quinoline (XXIII) were unsuccessful (only
polymeric products of the condensation of the initial compound
were obtained’%*%%),

4, Other Methods of Synthesis

Apart from those described above, there exist several more
methods of synthesis of pseudoazulenes. Although these are
not quite so common, they can be used successfully in certain
cases.

Analogously to the synthesis of the azulene by the Hafner
method, the cyclopentadienyl anion can be used to obtain

cyclopenta[clthiapyran:83-6*
s ¢ I AN
““e @ o <>9I\le W@Q
N N 3 S
| CH,
(xvn

r'HS —_
The yield of compound (XVI) is only 10%, but this method
actually consists of only a single stage. So far, it has been
the only procedure for the synthesis of 2H-cyclopenta[d]-
pyridazine: ®°
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The photochemical oxidative cyclisation of 1,2-diphenyl-
3H-cyclopentalblquinoline (LV) leads to the formation of a
new hexacyclic structure (LVI).?* Subsequent quaternisa-
tion with dimethyl sulphate and treatment with sodium acetate
afford the fully conjugated polyeyclic system (LVIII)—10-
methyldibenzo[4,5, 6, 7]lindeno[2,1-b]quinoline in 54% yield:
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The synthesis of the 2H-indeno[2, 1-c]pyridine derivative
(XXIIla) has been described: %768
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(50%)
(XX1la)

PPA = polyphosphoric acid.

On treatment with HCl, oxepinopyridazine and oxepinopyr-
idine derivatives are capable of rearranging to the correspond-
ing pseudoazulenes—5H-cyclopenta(d]pyridazine and 5H-cy-
clopenta[c]pyridine: %

COOCH;  CHy

COOCH;  CHj
COOCH,  CHy

Cl,0cQ

111. CHEMICAL PROPERTIES

The reactivity of pseudoazulenes has so far been inade-
quately investigated and information concerning the behaviour
of many systems in chemical reactions is totally lacking. Data
conerning the preferred reaction centres, obtained as a result
of quantum-chemical calculations, are examined below. The
examples of reactivity known at present are in the main con-
sistent with these theoretical data and indicate a rigorous
analogy with the properties of azulene. The enhanced elec-
tron density in the five-membered ring and the electron defi-
ciency of the atoms of the heterocycle are responsible for the
high reactivity of the former and the passivity of the latter
with respect to electrophiles. Like azulene, pseudoazulenes
readily form m-complexes with various n-acids: trinitroben-
zene, picric acid, ete.

The trinitrobenzene complexes are frequently used for the
purification, identification, and isolation of unstable pseudo-
azulenes, since such complexes readily decompose into their
components during chromatography on alumina. Trinitro-
benzenates are sometimes introduced into electrophilic sub-
stitution reactions,’° the insoluble trinitrobenzene being sub-
sequently readily removed.

1. Basicity

The high basicity of azulene is responsible for the formation
of the azulenium salt (LIX) on treatment with concentrated
inorganic acids: 323371
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(LIX)

Pseudoazulenes give rise to analogous cations, but there is
in this instance a possibility of the formation of two tautomeric
forms (LXa, b), because the presence of the heteroatoms dis-
turbs the molecular symmetry. The choice between these
cations is of fundamental importance for the establishment of
the structure of the salts formed and their derivatives and
for the elucidation of the influence of the heteroatom on the
electron density of the atoms in the five-membered ring:

A
émz (LX-)3 (Lxm]
H < N 1
.
Q9
X
(LXb)

According to Anderson and Harrison,’? the [c]-series com-
pounds (X = S) can be protonated in both 1- and 3-positions,
but the latter pathway is preferred and for this reason the
cation (LXAa, X = 8) is usually formed. In the [b]-series
compounds (X = O or NR) protonation takes place exclusively
in the 1-position, 51,57,%8,73

IH NMR data for the pyrylium salts (LXII) have been com-
pared®” with the corresponding data for the salts (LXIII) and
(LXIV) and it was concluded, on the basis of the study of the
chemical shifts of the methylene protons (in solution in CF,.
.COOH) in these compounds, that the protonation of 2-phenyl-
cyclopenta[b]chromene (XXIVa) proceeds exclusively in the
1-position with formation of the cation (LXIIa):

- 3
X (LXIIb)

&

The majority of pseudoazulenes are stronger bases than
azulenes. The pKq of the individual pseudoazulenes has
been reported in a review?? (the pK, of unsubstituted azulene
is 1.7). Phenyl-substituted 1H-pyrindines (XI) and N-methyl-
cyclopenta[b lquinolines (XXIII) are protonated even by acetic
acid, i.e. their pKq exceeds 4.5.%*

The basicities of azulenes and pseudoazulenes are usually
characterised by the partition coefficient K,,:%

oo e C

(LXII) (LXIV)

pseudoazulene concentration in an inert solvent
v~ " pseudoazulene concentration in aqueous acid °

The partition coefficient K, has been measured as a function
of the Hammett acidity function H, of the aqueous layer. In
order to determine the basicity, it is necessary to select the
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value of H, for which the coefficient K,, becomes unity. The
Hammett acidity function H, (K, = 1) has been measured
spectrophotometrically for certain pseudoazulenes containing
various heteroatoms.?® Nevertheless, we assume (in con-
formity with the data of Weiss and Schoenfeld’*) that the
basicities of these compounds can be determined from the
value of H, only approximately owing to the different solu-
bilities in the organic solvents of the compounds being com-
pared. For this reason, the H, (Ky = 1) values can be used
only to demonstrate approximately that nitrogen-containing
pseudoazulenes are much more basic than oxygen- or sulphur-
containing analogues and that the basicity of pseudoazulenes
is higher than that of azulenes.

Quantitative data for the reactivities of azulenes and pseu-
doazulenes in relation to electrophiles have been obtained by
measuring the rate of exchange of active hydrogen atoms (in
the 1- and 3-positions in both azulene and pseudoazulenes)
for deuterium in an acid medium.’* The rate constant for
the exchange in azulenes is lower than in 2, 3; 5,6-dibenz-
oxalene and N-methyl-2,3; 5, 6-dibenzopyrindine. The authors
note that the rates of H~D substitution, measured in a dilute
solution of CH,COOD in CH3OD for these pseudoazulenes as
well as certain azulenes, correspond to the reactivities of
these compounds predicted by Borsdorf on the basis of the
m-electron densities calculated by the MO-LCAO method (see
Section 1V).

2. Electrophilic Substitution Reactions

Electrophilic substitution in pseudoazulenes takes place
exclusively in the 1- and (or) 3-positions (in the five-mem-
bered ring), i.e. is completely analogous to the substitution
in azulenes. If both these positions in the five-membered
ring are free, then in the majority of cases mixtures of mono-
and di-substituted products are obtained and can be separa-
ted only by prolonged operations; the predicted preferred
sites to which the reactions are directed have not been dem-
onstrated in practice. In the majority of instances, the
reactions were carried out using compounds having individ-
ually only the 1- or 3-position free. Disubstituted products
have been mainly obtained for other compounds.

(a) Azo-coupling. Among inactivated aromatic benzenoid
compounds, there are only a few substances capable of enter-
ing into the azo-coupling reaction with diazonium salts, whereas
for azulenes this reaction is facilitated by the low localisation
energy for electrophilic attack in the 1(3)-position. All the
azulenes investigated hitherto readily give rise to azo-dyes.’®

The pseudoazulenes (XIa), (XIIa), (XVI), and (XXIIIb, c)
are smoothly coupled to benzene- and p-nitrobenzene-diazo-
nium fluoroborates in acetonitrile®* or in a dioxan—ethanol
mixture.®® Quaternary salts, for example (LXVIII), are
formed in the first stage and on treatment with a base (sodium
acetate) are converted into azo—compounds in 70-90% yield:

N==N—Ph N=N—FPh

(LXV) from (XIa) (LXVI) from (XIIa) (LXVID) from (XVI)

N=NPh N=NPh

r113

(XXIlIc) (Lxlx)

(LXV lll)
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Azo-dyes of the type (LXIX) have the azo-group in the
3-position, while in 2-phenyleyclopenta[b]quinoline (XXIIIb)
the azo-group can enter the 1- or 3-position. Indeed, two
structurally isomeric azo-dyes have been obtained on azo-
coupling, which has been demonstrated by thin-layer-chro-
matography (TLC); but the isomers could not be separated
by crystallisation, 5!

(b) Nitration. As a result of the sensitivity of pseudo-
azulenes to strong acids and oxidants, they cannot be nitra-
ted by the nitrating mixture, but nitration can be readily
achieved by treatment with Cu(NO;), in acetic anhydride or
with tetranitromethane in pyridine.2%:33%3%50,61,72,75 gy
mononitro-derivatives of pseudoazulenes are known; the
attempts to obtain dinitro-derivatives by treatment with an
excess of tetranitromethane in pyridine and also with copper
or silver nitrate in acetic anhydride were unsuccessful.” The
synthesis of nitropseuduazulenes has been described: 3-nitro-
1,2,5,7-tetraphenyleyclopenta[b]pyran and 3-nitro-1,2;5,6-
dibenzoxalene as well as 1(3)-nitrocyclopenta[c]thiapyran
(LXX).%172 It has been noted that the properties of the
product (LXX) preclude a choice between the structures of
the 1- and 3-substituted derivatives:

I\"O, I\"O,
aYas a4 VAV V4 WEN
\ or | AN i N\
g\/l\/ S I / ” s/!\‘// [j\s/i\\»
NO,
(LXX) (LXX]) (LXXII)

On nitration with an excess of tetranitromethane in pyri-
dine, cyclopental[b Jthiapyran (XIII) affords two isomeric
products (LXXI) and (LXXII), whose structures have not
been determined unambiguously. However, it has been
established that the reaction of 2-phenylcyclopentachromene
(XXIVa) with C(NO,), in pyridine leads exclusively to the
1-nitro-derivative (LXXIII), while the 1,2-diphenylcyclo-

pentachromene is nitrated, as expected, in the 3-position:”™

(LXX111)

The 3-trans-styryl derivative of 1,2-diphenylcyclopenta-
chromene is capable of being nitrated at the a-carbon atom
of the styryl residue, i.e. in the position most remote from
the cyclopentachromene ring and at the same time conjugated
with it (the vinylogy principle),™ forming the nitrostyryl
derivative (LXXIV):

00
B
(LXXIV)

(c) Halogenation. The best halogenating agents for
azulenes® and pseudoazulenes are N-halogenosuccinimides,
whose use makes it possible to obtain mono- and di-halogeno-
derivatives in high yields (up to 82%), %% %,%,6,7
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The halogenation of pseudoazulenes without substituents
in the 1- and 3-positions yielded the disubstituted products
(LXXV),* (LXXVIa,b), ™™ and (LXXVII).® The mono-
substituted pseudoazulenes (LXXVIIIa, b),*® (LXXIX),* and
(LXXX) %% have also been obtained with the aid of N-halo-
genosuccinimides. The attempt to obtain the trichloro-
derivatives from cyclopentalc]Jthiapyran (LXXVIa) leads
only to a polymeric material, ? while 1,3-dichloroazulene is
capable of being chlorinated by N-chlorosuccinimide with
formation of 1,3, 5-trichloroazulene in 17% yield.”

(d) Acylation and formylation, It is known that azulenes
are acylated by carboxylic acid chlorides in the presence of
aluminium chloride, perchloric acid, or tin tetrachloride with
formation of 1-mono- and 1, 3-di-acyl derivatives. The
reaction with (CF3;C0O),0 takes place almost quantitatively
without a catalyst.® Azulene has been acylated with the
chlorides or bromides of oxalic, malonic, and phenylacetic
acids.

However, none of these methods are very applicable to
pseudoazulenes owing to their greater basicity and lower
chemical stability. 1,3-Diacetylcyclopenta(c]thiapyran
(LXXVIc) has been obtained in only 9% yield by the acylation
of compound (XVI) with acetic anhydride in the presence of
SnCl,: &7

(UCH, Ph Th

Z X
| Th
Z
rp” 0

" L4 .

coci CH, cCocH, X
(LXXVIc) (XXVIId) (LXXX1): X=cHO

5-Acetyl-N-methyl-1, 2;5,6-dibenzoazalene (XXVIIId) has
been obtained by reaction with acetic anhydride without a
catalyst.® The Vilsmeier—Hack reaction is most often
employed to synthesise formyl derivatives.? %% Both
mono- and di-formylazulenes have been obtained from azu-
lenes by this method.® The aldehyde (LXXVI) has been
obtained by formylating compound (XIIb) by the complex
POC1;.DMF with isolation of the intermediate phosphoro-
dichloridate [X = CH = N*(CH;),;.PO,CI3] in a high yield.
The 1, 3-dialdehyde has been obtained in 70% yield by heating
2-phenyleyclopentachromene with an excess of the Vilsmeier
reagent.” The thermal acylation of compound (XXIVa)
with malonic acid in the absence of solvents leads to the
1-acetyl derivative.” Under mild conditions (treatment with
oxalyl bromide in CCl, for many days at 20 °C), the pseudo-
azulenes (XIII), (XXVIII), and (XXIX) form substituted
glyoxylic acids, which are decarbonylated to the corre-
sponding carboxylic acids on heating to 70 °C.™® It has
been shown ®*that a high basicity and ready hydrolytic
elimination of the formyl group on heating in the presence of
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inorganic acids are characteristic of pseudoazulene alde-
hydes.®:®  3-Formyldibenzoxalene in alcoholic solutions
splits off the formyl group in the presence of POCl; and
affords the intensely green dioxalenylmethane derivative
(LXXXII) (Apax = 722 nm, lg € = 4.42 in methanol).

2%

(LXXXII)

The same compound can be obtained from dibenzoxalene
and 3-formyldibenzoxalene, analogously to the synthesis of
the diazulenylmethane dye obtained by condensing azulene
with 1,4-formylazulene.® Pseudoazulene aldehydes can be
used for the synthesis of other derivatives, for example,
polyene derivatives. Thus a series of styrylpseudoazulenes
have been obtained by the Wittig reaction® from mono- and
di-formylcyclopentachromenes. The virtually pure trans,
trans-isomer (LXXXIII) has been obtained by reaction with
cinnamylidenephosphorane, while the reaction with ben-
zylidenephosphorane produced the cis- and trans-isomers
(LXXXIVa,b) in proportions of approximately 1:2. The
cis-isomer (LXXXIVa) is converted quantitatively into the
trans-isomer on treatment with catalytic amounts of I, by
analogy with the isomerisation of cis-1-styrylazulene:®,%
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Compound (LXXIVb) can undergo the electrophilic sub-
stitution reaction in the CH=CH-Ph side group (in the
a-position in the styryl residue). The increased electron
density at the C(1) atom of the 2-phenyleyclo pentachromene
system affects the structural selectivity of the Wittig reaction
for the 1, 3-dialdehyde, which reacts with one equivalent of
Ph;P=CHPh to produce the cis- and trans-3-styrylaldehydes
(LXXVa) and (LXXXVb):

C}HO CHO CIHO
NN N/ INS
I/ i} '/ >..ph _Php=chph_ I “ \_ph + I {’ l \>_ph
N \o/\§l \/\0/\ \/\0/\

CHO /Ph k

h
(LXXXVa) (LXXXVb)

(e) Reactions with organic m-acids. The reaction of
7,7,8,8-tetracyanoquinodimethane (TCQD) with azulenes
leads to the formation of products of the 1,6-addition to the
quinonoid bond system of TCQD as a result of the mltml
one-electron oxidation of the donor by the acceptor,®
exactly as in the reaction of azulenes with tetracyano-
ethylene. %%

Pseudoazulenes also readily form m-complexes with various
acids: trinitrobenzene, picric acid, etc.”*2%3  The
complexes with trinitrobenzene are frequently used to purify,
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identify, and isolate unstable pseudoazulenes; these com-
plexes readily decompose into their components in chromatog-
raphy.

The formation of 1-(3,5,6-trichloro-1, 4-benzoquinon-
2-yl)-3-benzoyl-4-methyl-4H-[b lquinindine in 64% yield
using chloranil as the dehydrogenating agent for quaternary

salts has been reported: "

N chloranil
nn ®/ -
N
H3 COR l‘.H3 COR CH, COR
R=Ph .

The following disubstituted derivatives were later obtained
on dehydrogenation of the quaternary salts of hydrogenated

pseudoazulenes : 2"%%
(o] [e]
il ]
/\/\/\ T > Cl\[/\ﬂ/cl NC\ﬂ/\"/CN
R R= |
L k/\N/\ /\“/\c] /\"/\CN
I CH, 0 o .

CH,

The high reactivity of the 1-position in compound (XXIVa)
enables it to participate in reactions involving addition to
organic m-acids, for example, to benzoquinone, chloranil,
and TCQD, with the ultimate formation of products resulting
from the substitution of hydrogen, chlorine, or a CN group.

However, the products (A) and (B) proved to be unstable
%

and could not be isolated in a pure state:

O
(XX1Va)

3. Homolytic Substitution

The majority of radical substitution reactions have been
thoroughly investigated for azulene derivatives.® 3%
Pseudoazulenes, which are no less reactive than azulenes,
should also enter into similar reactions, but the literature
data on this topic are extremely limited.? It is known only
that radical species such as 2-benzothiazolylsulphenyl,
2-(o-chlorophenyl)-4, 5-diphenylimidazolyl, and 2,6-diphenyl-
4H-4-pyranyl, formed at elevated temperatures, react with
compound (XXIVa).® When the latter is fused with 2,2-
dibenzothiazolyl disulphide (at 200 ¢C), 1, 3-di(benzothiazolyl-
thio)cyclopenta[b Jchromene is formed in 12% yield; the for-
mation of the mono-substituted benzothiazolylthio-derivative
was not then observed, while in the reactions with azulene
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and 4,6, 8-trimethylazulene, only the 1-substituted deriva-
tives were obtained:®

The thermal reaction of 1, 2-bis[2-(o-chlorophenyl)-4,5-
diphenylimidazolyl] with 2-phenylcyclopenta[b ]Jchromene
leads to the formation of the 1-substituted derivative, as
in the reaction with azulene:¥
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The reaction of compound (XXIVb) with 2,6-diphenyl-
pyrylium perchlorate in boiling acetic anhydride leads to the
formation of 2,6-diphenyl-4-{1,2-diphenylcyclopenta[b]-3-
chromylia }Jpyrylium diperchlorate in 75% yield.® It has
been suggested that the primary step in this reaction is the
one-electron oxidation of the substrate by the 2,6-diphenyl-
pyrylium cation, which leads to the formation of the extremely
reactive 1, 2-diphenylcyclopental[b Jchromenylium radical-
cation and the 2,6-diphenyl-4H-4-pyranyl radical, which
recombine to a doubly charged primary cation:

Ph H
X RS o
OO0+ B, % 0L,
\ )z Ac,0
P O Ph Ph Ph
(XXIVb) co®

An analogous reaction has been carried between 2,6-
diphenylpyrylium perchlorate and 6-heterylazulenes. 2
Other organic compounds with an enhanced electron dens1ty
at, at least, one of the carbon atoms (NN-dimethylaniline®:
and 1-methyl and 2-methyl-indoles®:%®) or substances capable
of being readily oxidised to readily stable radical-cations
(ferrocene *’) can also serve as substrates in this reaction.
An example of the transmission of the influence of the elec-
tron density to the non-benzenoid aromatic ring on the
reactivity of the conjugated side chain (vinylogy) is provided
by the reaction of 2-phenyl-1,3-distyrylcyclopentachromene
with sulphur, which leads to a new heterocyclic system:
6-phenyl-14-styrylbenzo[ 2’ ,3' ]thiepino[4',5' ;2,1]cyclopenta-
[blchromene (LXXXVI) in 40% yield:™
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S, 260°
quinoline ]

(LXXXVI) Ph

4. Nucleophilic Substitution

The effect of alkyl- and aryl-lithium has been investi-
gated on the pseudoazulene systems (XVIII), (XXIV) and
(XXIX).!%"%:% The hydrocarbon residue then attacks the
carbon atom located opposite to the heteroatom. Dihydro-
compounds, which can be again dehydrogenated to pseudo-
azulenes, are obtained by hydrolysing the intermediates.
Such reactions are characteristic of m-deficient heterocycles.
The system (XXIX), which is isoelectronic with azulene, can
be described as a hybrid of resonance structures—those of
the pyrylium cation (B) and the anion (A):

PL-O0- @Oﬁ QO

{XXIX) Ph

The limiting form (A) is responsible for the sensitivity of
dibenzoxalene (XXIX) to nucleophiles, which has been con-
formed by its reaction with phenyl-lithium, leading to 11-
phenyl-5,11-dihydrodibenzoxalene. Dibenzoxalene (XXIX)
is resistant to lithium malonate and maleic anhydride; the
attempts to replace the oxygen heteroatom by sulphur and
nitrogen proved unsuccessful.?® It is also known that only
one chlorine atom, located at the C(3) atom, in 1, 3-dichloro-
cyclopenta[c]thiapyran is substituted by silver nitrite: ?
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5. Other Reactions of Pseudoazulenes

Apart from the reaction described above, isothialene (XVI)
has been substituted by thiocyano-groups using thiocyanogen,
which led to 1,3-dithiocyanocyclopenta[c]thiapyran.®>? The
reaction with Cu(SCN), in acetomtrlle yielded 1, 2-diphenyl-
3-thiocyanocyclopenta[b Jchromene,*while that with Cu(SO;Ph),
afforded benzenesulphonyl derivatives of 1,2-diphenyl- and
2-phenyleyclopenta[b Jchromene . ”

The alkylation of 1,2, 5, 7-tetraphenylcyclopentalb ]Jpyran
with t-butyl chloride in the presence of aluminium chloride
has been carried out successfully.® Inorganic acids and
phosphoryl chloride induced the dimerisation of dibenzoxa-
lene (XXIX) with formation of a dimer having the following
structure: ®
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An instance of allylic rearrangement has been described in
relation to 4-phenyl-4H-cyclopenta[clcinnoline.® On being
refluxed in xylene, 3-bromo-4-phenyl-4H-cyclopenta[c]-
cinnoline-1-carboxylic acid (LXXXVIII) is decarboxylated
with a simultaneous rearrangement, leading to the formation
of the bromo-derivative (LXXXVIII):

N\

CIOOH H Br
N/ N\ \ / \/ \ /
?1} l xylene?—w. >
\N/\l/ V N X N/\
Py B Pn Pn
LXXXVII) (LXXXVII) (LA\)\]X)

In contrast to the bromoacid (LXXXVII), the corre-
sponding chloroacid is decarboxylated under the same condi-
tions without a rearrangement, forming the chloro-derivative
(LXXXIX). It is noteworthy that the decarboxylation of
the bromoacid (LXXXVII) leads only to the bromo-derivative
which can be obtained by brominating 4-phenyl-4H-cyclo-
penta[c]cinnoline by N-bromosuccinamide.

The photosensitised pseudoazulene oxidation processes
have been examined.!® Polyaryleyclopentalb lquinolines,
for example, compound (XXIIIc), l-pyrindines (XI), and
cyclopenta[b ]Jchromenes sensitise the formation of singlet
oxygen on irradiation in air in various solvents and are
oxidised by it to dioxetans, which readily decompose with
chemiluminescence. Dioxetans also generate 10,, as a
result of which the oxidation reactions undergo self-accelera-
tion :

Ph Ph

\\

AN\ N O

U smee—[ I | X

NN AN b
éH, éH,
(XXI1Is) (XC)

The formation of the dioxetan having the structure (XC)
has been suggested. The thermal decomposition of the
dioxetan (XCI) leads to dihydroxy-compound (XCII):

LSS N Ph OH
N N
X 0 AN OH
J —
. Fh Ph
Ph T Y N N
b )

(xcIn (XCIn (xcun
16%

The photodecolorisation is retarded in the presence of a
typical 0, quenching agent—diazabicyclo-octane (XCIII),
or a chemical quenching agent—2, 5~dimethylfuran, which
forms a peroxide. The quantum yields in the decompos1t10n
of pseudoazulenes are approximately 2 x 1073
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IV. QUANTUM-CHEMICAL CALCULATIONS

The aromaticity of pseudoazulenes is determined by the
sextet of melectrons in the heterocyclic ring, made up of
the single unshared electron pair of the heteroatom, located
in the p orbital axial in relation to the plane of the ring,
and four m-electrons of the double bonds. The aromatic
sextet of electrons in the five-membered ring is obtained as
a result of the possibility of polarisation in the direction
from the six-membered ring to the five-membered ring, the
conditions in both rings approaching those of an aromatic
sextet. For this reason the dipolar structure makes a
significant contribution to the electronic structure of pseudo-
azulenes. The azulene® and pseudoazulene®* systems can
be represented by resonance hybrid structures, inter-
mediate between the Kekulé form (A) and the dipolar form (B).

00 G0 oL
D @ EeD

The data for electron distribution obtained for pseudo-
azulenes by the LCAO-MO method in terms of the Hiickel
approximation 1™~ and by the Pariser—Parr—Pople (PPP)
method, %" the reactivity data, and the electronic absorp-
tion spectra indicate an azulene-like behaviour of representa-
tives of this class of non-benzenoid non-alternant aromatic
compounds. Despite the difficulties associated with the
allowance for the contribution by polar structures, the
electron deficiency in the six-membered ring and the excess
electron density in the five-membered ring have been cal-
culated for all the pseudoazulenes. It follows from the
molecular diagram for indolizine that a considerable positive
charge is localised on the nitrogen atom and that there is a
negative charge on all the carbon atoms except the C(8)
atom (six-membered ring)."® Since different workers have
used different sets of parameters, the calculated electron
density distributions on the carbon atoms could not be com-
pared directly. The results yielded by the same set of
parameters for different systems lead to the following con-
clusions: the electron density on the carbon atoms decreases
from the nitrogen-containing pseudoazulenes to the oxygen-
containing compounds as a consequence of the greater
electronegativity of oxygen. In the [b]-series of pseudo-
azulenes the carbon atoms of the five-membered ring have a
higher electron density than for the [c]-series. The pres-
ence of a condensed aromatic ring in the 1, 2-positions
increases the electron density in the five-membered ring,
while condensation in the 5,6-positions reduces it. The
distribution of electron density on the individual atoms of
the five-membered ring is as follows: the 1- and 3-positions
have an increased electron density compared with that in the
2-position. In the [b]-series the C(1) atom is more electron-
deficient than the C(3) atom,?>* while in the [c]-series the
situation changes. In azulene, the 1- and 3-positions are
equivalent as a consequence of the symmetry of the molecule,
while the 2-position is much more electron-deficient as in
pseudoazulenes.® The self-consistent field calculations for
the azulene molecule»* yielded a somewhat different
picture. On average, the five-membered ring carries an
excess negative charge, as before, but, in contrast to the
result yielded by the simpler Hiickel MO method, the atom
in the 2-position carries a positive charge.



Russian Chemical Reviews, 56 (1), 1987

Electrophilic substitution of non-condensed representatives
of pseudoazulenes (XI)—(XVI) is directed preferentially to
the 1- or 3-position. If both these positions are free, then
they can be attacked simultaneously. Attack by nucleophiles
should take place in the 7-position for representatives of the
[b]-series and in the 4-positions for the [c]-series. Radical
reactions are directed to the 5-position for the [b]-series,
while representatives of the [c]-series react in the 4-posi-
tion.*® Various preferred positions for electrophilic,
nucleophilic, and radical substitution reactions follow from
the localisation energies A,., the m-electron densities q,., or
the free valence indices Fy. for the individual C atoms. The
reactivities of the C atoms of cyclopenta[b lpyran (XII) are
presented in Table 2.'%

Table 2. Preferred mode of substitution in the oxalene
(XII)*,
Electrophilic Nucleophilic Radical sub- Electrophilic | Nucleophilic Radical sub-
substitution substitution stitution substitution | substitution stitution
/1:? ar A,e 9 A(,a F, A? r A,e U A9 Fr

1 3 S5 5 5 5 5 6 1 2 3 3

3 1 7 7 1 7 b 7 3 1 2 2

2 2 2 6 7 1 7 5 6 3 6 6

*The reactivity diminishes on moving towards lower rows.
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It follows from the calculations of the electronic absorption
spectra by the Hiickel MO method™ %1% 27 gand the PPP
method ®,' that, analogously to azulenes, the long-wave-
length band in the range 500—700 nm corresponds to the
S° + S! transition, while the band in the range 360—390 nm
corresponds to the S = S? transition. The absorption in
the short-wavelength part of the spectrum is determined by
complex transitions. The long-wavelength transition is
accompanied by charge transfer preferentially from the five-
membered ring to the six-membered heterocycle. Thus the
overall negative charge on the atoms of the five-membered
ring in 2-phenylcyclopentachromene is reversed on transition
to the first excited state (+0.096 against —0.374 in the ground
state), while that in the heterocycle diminishes appreciably
(to +0.008 against +0.315). The bonds in the rings become
to a large extent equalised. The comparatively low intensity
of the band can be accounted for by the small change in the
dipole moment of the transition (Au =0.40 D). Theoretical
analysis of the long-wavelength electronic transition has
shown that it is determined mainly by the fulvene group,
which is a constituent fragment of the pseudoazulene mole-
cule.®

It has been demonstrated theoretically % that the influence
of the heteroatom on the absorption spectra of heterocyclic
pseudoazulenes is very insignificant. According to a
guantum-chemical calculation, the influence of substituents
on the energy of the long-wavelength transition is the same
as that for azulenes.!® A bathochromic or hypsochromic
shift of the long-wavelength band, induced by the intro-
duction of alkyl groups in different positions in the azulene
ring (the Plattner rule), is especially typical for azulenes.™®
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The influence of the methyl group in different positions in
cyclopenta[c]pyran has been calculated'® and it has been
shown that the Plattner rule should hold also for pseudo-
azulene systems. Inadequate experimental data make it
impossible to confirm this postulate.

V. PHYSICOCHEMICAL PROPERTIES
1. Stability

Pseudoazulenes are in most cases deeply coloured, crys-
talline, weakly basic compounds, which dissolve in aqueous
solutions of strong acids with loss of the characteristic
colour and are reprecipitated unchanged on dilution with
water or aqueous bases and can thus be extracted from
organic solvents. In terms of their colour, basicity, and
resistance to alkalis, they resemble azulene. In contrast to
the majority of azulenes, numerous pseudoazulenes are
unstable. Simple unsubstituted representatives of certain
systems cannot be isolated in a pure form at all. Phenyl
substituents stabilise the system and polyaryl-substituted
compounds can be stored for a long time at room temperature
without appreciable decomposition. Thus N-methyl deriva-
tives of unsubstituted 1-pyrindine,® cyclopenta[b lquino-
line, »* and indeno[1,2-b1-pyridine? are unstable, while
1-phenyl and 1,2-diphenyl-cyclopenta[b Jquinolines as well
as the tri- and tetra-phenyl derivatives of 1-pyrindine are
comparatively stable.® Substitution by even one strong
electron-accepting substituent is sufficient to achieve the
complete stabilisation of the unstable systems. "Picrylation"
has an especially powerful stabilising effect.’® The stability
decreases very markedly on passing from sulphur- and
nitrogen-containing systems to the oxygen analogues; thus
cyclopentathiapyran and 2H-pyrindine were synthesised a
long time ago,*>¥ while cyclopentapyran is still unknown.
The [c]-series pseudoazulene systems are more stable than
compounds of the [b]-series. Cyclopenta[b]thiapyran has
been isolated in the form of an extremely unstable blue oil;'*®
in contrast to this, cyclopenta[c]thiapyran"3 is a fairly stable
crystalline substance. Under the influence of atmospheric
oxygen and light, many pseudoazulenes decompose very
rapidly. Solutions in non-polar solvents are preserved for
a long time, while in polar solvents, especially in methanol,
decomposition is observed over a period of 4—5 h. % The
stability of pseudoazulenes in relation to bases makes it pos-
sible to chromatograph them on alumina.

2. Electronic Absorption Spectra

There is no doubt that the long~wavelength absorption,
observed for azulene in the region of approximately 600 nm,
is most characteristic for the identification of the compounds
considered. Only an indirect comparison of the spectra
of pseudoazulenes with those of carbocyclic analogues is
possible, since the corresponding polyphenylazulenes and
certain polycyclic condensed systems are so far unknown,
while many pseudoazulene systems without substituents are
unstable. The electronic spectra of 1,2-, 4,5-, and
5,6-benzoazulenes have been compared with those of unsub-
stituted azulenes.”'® Since azulenes phenyl-substituted
in the seven-membered ring have the same absorption spec-
trum as unsubstituted azulenes,®'¥’ El'tsov et al. ® com-
pared the spectra of pyrindines with those of 2-phenyl-
azulene.'® The comparison showed that the long-wavelength
band in the spectra of non-condensed l-pyrindines has
undergone a hypsochromic shift by 60—70 nm compared with
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the spectra of azulene. Substituents at the nitrogen atom
have little influence on the long-wavelength transition and
hardly affect the short-wavelength transitions. Pyrindines
absorb in approximately the same part of the spectrum as
the corresponding oxygen analogues. The influence of
phenyl substituents on the direction and magnitude of the
shifts of the absorption maxima®?"%,%,% js approximately
the same as for azulene. The phenyl group in the 1- or
3-position in cyclopental[b ]lquinoline induces a 22 nm batho-
chromic shift (there is a 26 nm shift in the spectrum of
azulene'?®). In the oxygen analogue—2-phenyleyclopenta-
[b]chromene—the successive introduction of phenyl sub-
stituents into the five-membered ring leads to a bathochromic
shift of the long-wavelength band by 42 nm for one phenyl
group (the calculated shift is thus 28.2 nm) and by 60 nm for
two such groups. The trans-styryl group in the 1-position
induces a +80 nm shift, while that in the 3-position induces
a 60 nm shift. Two trans-styryl groups cause a "red" shift
by 140 nm without an appreciable change in the oscillator
strength.® Electron-accepting substituents in the five-
membered ring of 4H-indeno[ 2, 1-b Jquinoline cause a
hypsochromic shift of the absorption by 30-35 nm, while
in the spectrum of the oxygen analogue the shift is by only
5-10 nm.%2 The introduction of electron-accepting sub-
stituents in the 3-position in 1,2-diphenylcyclopentalb]-
chromene results in a hypsochromic shift of the long-
wavelength band by approximately 30 nm with an increase
of the oscillator strength by a factor of 1.5. The same
substituents in the 1-position induce a 10—30 nm bathochromic
shift and an increase of the oscillator strength of the band
by a factor of 4-5,% in contrast to azulene, where a hypso-
chromic shift is observed exclusively.®

The emission spectra of azulene are known to be unusua
the fluorescence of azulene and its derivatives corresponds
to a very rare S? » S° type of transition. Such anomalous
luminescence is probably a consequence of the marked splitt-
ing of the S? and S! levels and a greater mutual approach
of the S* and $° levels than for other aromatic systems. It
has been found ®>% that the luminescence of pseudoazulenes
is just as anomalous as for azulenes. The quantum yields
are 107—10"° against 102 for azulene.*® As for azulene,
the authors did not observe phosphorescence in pseudo-
azulenes. The structure of the electronic spectra and the
luminescence properties of 1,2-benzoxalene derivatives have
been examined.®

1 :12‘3—-132

3. Infrared, 'H NMR, and Mass Spectra

Virtually no systematic studies of the IR, H NMR, and
mass spectra of pseudoazulenes are described in the litera-
ture. These data are usually given in the experimental
parts of synthetic studies.

The IR spectra of substituted pseudoazulenes contain only
insignificant characteristic bands corresponding to the normal
absorption of aromatic rings. For example, the spectra of
indeno[ 2, 1-b ]benzopyrans in the range 1560—1660 em™! have
four bands due to the vibrations of the aromatic ring and the
C=C stretching vibrations and the moderately intense band
at 1230 cm™! has been attributed to the v(C=0) deformation
vibrations of the —C=C—0 group.”® The vibration frequen-
cies of the substituents in the five-membered ring in both
azulene and pseudoazulenes are appreciably reduced.®»®,%,13
If the system contains the CN, CHO, or COCH; groups in
the five-membered ring, then the latter, being substituents
of the second kind, promote the polarisation of the system
with formation of the structure (B). The v(C=0) vibration
frequencies in the aldehydes (1611 em™!) and ketones
(1598 em™?) derived from indeno[2,1,b ]quinoline (XXVIII)
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are reduced compared with the frequencies in the similar
derivatives of indeno[2,1-b ]benzopyran (XXIX) (1631 ecm™
in the aldehydes and 1625 cm™! in the ketones),'® which can
be explained by the smaller electronegativity of the nitrogen
atom compared with the oxygen atom, which promotes the
formation of a polar structure. In the IR spectrum of

1, 3-diacetylcyclopenta[c ]Jthiapyran the stretching vibrations
at the carbonyl group appear at 1629 cm™!, i.e. at longer
wavelengths than the corresponding vibrations of the car-
bonyl group in 1,2-diacetylazulene, observed at 1638 em™!, ™
The dependence of the v(C=0) vibration frequency on the
position of the CO group in azulene has been indicated.'®
The authors note that the spectra of 1-phenylacetyl- and
2-phenylacetyl-azulenes contain the absorption bands due

to the carbonyl group at 1640 and 1675 cm™! respectively.

In the spectra of 1-carbonyl-containing pseudoazulenes of
the cyclopenta[b]lchromene series there is a possibility of
the overlap of the frequencies of the aromatic C=C and

C=0 bonds. The possibility of using the integral intensities
of the vibration bands of the bonds and *C NMR to demon-
strate the presence of carbonyl groups has been examined .’
¥C NMR spectrum of 1,3-diformyl-2-phenyleyclopental[b ]-
chromene in CDCl; shows two signals with chemical shifts §
of 186.61 and 183.77 p.p.m., corresponding to the carbon
atoms of the two formyl groups, and also the signals of the
phenyl substituent in the region of 77.25 p.p.m. and the
remaining carbon atoms at 118.27—-138.86 p.p.m. A con-
siderable upfield shift of the *C resonance signal of the
C=0 group compared with acetophenone (196.9), benz-
aldehyde (190.7), and acetone (204.1) has been noted.*®

It follows from the comparative analysis of the shifts § of
the CHO groups in the *C NMR spectra, the v(C=0) fre-
quencies, and the integral intensities of the absorption
bands due to the stretching vibrations of the C=0 groups
in the IR spectra that the CHO groups in the 1- and 3-posi-
tions in azulene and cyclopenta[b]chromene are strongly
polarised, which is comparable to the polarisation of the
C=0 group in benzotropones.'® The *C NMR spectra of
unsubstituted azulene and mono- and poly-methylazulenes
have been published. The chemical shifts of the methyl
groups in different positions in the azulene ring are in the
range § = 12.6-28.5 p.p.m., while the shifts for the C,—Cy,
atoms are in the range § = 116—146.9 p.p.m.

The 'H NMR spectrum of azulenel®,? agrees well with its
structure. The H NMR spectrum of cyclopentalc Jthiapyran
has been interpreted.® The spectra of its methyl deriva-
tives were examined by Radeglia and Wagner® and those of
the 1-pyrindine system were considered by Anastassion and
Reichmanis.® The protons in the 1-, 2-, and 3-positions
in azulene are not shielded to the same extent as the corre-
sponding protons in cyclopenta[c ]Jthiapyran. It follows from
this that the polar structure of pseudoazulenes has a stronger
influence on the distribution of electron density in the ground
state.® The different degrees of shielding of the individual
protons in the pseudoazulene nuclei, which should be
expected on the basis of calculated data as a consequence
of the differences in electron density, do indeed follow from
the 'H NMR spectra of these compounds, for example, cyclo-
penta[b]quinoline.”"*™* In the 'H NMR spectra of cyclo-
penta[b ]pyrylium salts obtained by protonating cyclopenta-
[blpyran (XII), cyclopenta[b]chromene (XXIV), and
indeno[2,1-b]chromene (XXIX) by HC1O,4, the signal of
the methylene group appearsin the range § = 4.48—4.77 p.p.m.
(in CF3COOH). % In the spectrum of the protonated form
of 4,6, 8-trimethylazulene (in 96% H,SO,), the signal of the
C(1)H; methylene group is observed at 3.56 p.p.m. The
strong deshielding influence of the electron-accepting groups
PhSO,, CH;CO, and CF;CO in the 1-position [the substituted
C(1) atom of the trimethylazulene system is protonated]

1



Russian Chemical Reviews, 56 (1), 1987

causes a downfield shift of the C(1)—H signal (5.85, 5.40,
and 4.80 p.p.m. respectively).*1¥1%  2_Alkyl derivatives
of 6-, and 7-, and 8-ethoxycarbonylindolizines are protonated
at the C(3) atom, the protons of the methylene group formed
in this process being manifested by a signal at 5.28 p.p.m.
with an inteusity equivalent to two proton units. The
presence of the CHO, NO,, and COCH; substituents in the
3-position (in contrast to the 4,6,8-trimethylazulene mole-
cule) alters the centre subjected to protonation, which is
directed in this instance to the oxygen atom of the sub-
stituent . 1%-1%

There are no literature data on the mass spectra of
pseudoazulenes containing one heteroatom, although the
mass spectra of compounds with several heteroatoms confirm
the aromatic character of pseudoazulenes.? 7,15 As for
other aromatic compounds, the principal peak is identical
with that of the molecular ions; the spectra contain numerous
doubly charged ions; there is a small number of low-intensity
fragment peaks.

4. The Dipole Moment

Since the five-membered ring is enriched in electrons,
the azulene molecule has a dipole moment, the five-membered
ring being the negative end of the dipole. The dipole
moment of azulene (6.9 D) has been calculated from the
electron densities and C—C bond orders; direct measurement
yielded 1.04 + 0.05 D.'® The theoretical value calculated
in terms of the simple MO-LCAO approximation differs very
markedly from the above value. However, improved cal-
culations have shown that the charge distribution in azulene
is more uniform and the dipole moment is therefore appre-
ciably smaller than the value predicted by the simple MO
theory. For example, application of the MO method with
allowance for configuration interaction led to 1.88 D. The
value closest to the experimental dipole moment (1.33 D)%
has been obtained by the self-consistent field calculation
using variable electronegativities. Improved methods of
calculation have shown that the m-electron density at the
2-atom is less than unity, while at the 5- and 7-atoms the
densities are more than unity, as a result of which the dipole
moment is appreciably reduced.

Pseudoazulenes should possess a dipole moment greater
than that of azulene. The measured dipole moment of
5-methyl-5H-indeno[ 2, 1-b ]quinoline is 2.35 D and that of
1,2;5,6-dibenzoxalene is 2.02 D. The substituents in
pseudoazulenes have a striking influence, which exceeds the
normal values. When electron-accepting substituents (CN,
CHO, and COOC,H;) are introduced into the five-membered
ring of 1,2;5,6-dibenzoxalene, the dipole moment increases
much more than might have been expected on the basis of the
group moments of the substituents.!® This can be explained
by the considerable contribution of the polar structure (B).
This contribution is greater the more electronegative the
substituent and the greater the polarisability of the pseudo-
azulene. The dipole moment and the polarisability of azulene
in the ground state as well as in the first and second excited
states have been examined.®

VI. BIOLOGICAL ACTIVITY AND PRACTICAL APPLICATIONS
OF PSEUDOAZULENES

Like azulene derivatives, pseudoazulenes have a distinct
biological activity. Certain alkylindolizines have a phys-
iological activity analogous to convulsing poisons and induce
the paralysis of the muscular and respiratory activity.®

.R,=H, Hal, Alk, AlkO, NO,, COOAIk, or AIkS;
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The Mannich bases obtained from 2-phenyl and 1, 2~diphenyl-
indolizines have a depressing influence on the central
nervous system.®"1% Derivatives of indolizine-1-acetic

acid have been patented as analgesic and anti-inflammatory
agents.'%1%  2-Furylindolizines exhibit an antimicrobial
activity,'® while 6-methyl-7-(2, 4, 5-trimethylbenzyl)-2-
phenylindolizine shows growth regulating activity.'™” The
influence of 6H-pyrrolo[3,2-flindolizines'™'™ on the cardio-
vascular system, arterial pressure, and pulse has been
investigated; the application of the hydrochloride of
2-ethoxycarbonyl-4-isobutyl-3,6, 7, 8-tetramethyl-6H-pyrrolo-
[3,2-flindolizine as an antiarrhythmic agent,'”™ whose effect
is several times greater than that of other antiarrhythmic
agents such as quinidine and novocainamide, has been
patented. Certain pseudoazulenes exhibit an antitumour
activity .!®1® The carcinogenic activity of condensed poly-
cyclic pseudoazulenes containing the nitrogen and sulphur
heteroatoms has been studied. Dibenzo[3,4,5,6]thiapyrano~
[4, 3-b Jindolenine (XCIV) exhibited the maximum carcino-
genic activity:®

(XCIV)

It has been established that 2-arylindolizines possess no
carcinogenic activity.'® Liquid crystal derivatives of
azulene have been obtained recently.® 2,6-Diphenyl-4H-4-
{3H-1, 2-diphenylbenzo[b Jcyclopenta[e]-3-pyrania Jpyrylium
perchlorate (XCV) has been proposed as a sensitiser of
photoconductivity in order to extend the range of the spectral

sensitivity of electrophotographic materials to 800 nm:®

Sulphonamide derivatives of hydrogenated pseudoazulenes
of the (XCVI) and (XCVII) types with the following sub-~
stituents have been patented as herbicidal preparations:®
R =H,Me, MeO, Hal, NO,, CF;, COOAlk, SO,Alk, OSO.R,
CF;CH,0;S, or MeN(OMe)SO,; R!=H,Hal, Alk, or MeO;
R*=H,
Me, MeO, Cl, or EtO; n=1or 2;: X=(CH,), or O; X'=
NHC(Z)NH; Z=Oor S.

R R3 R}
— N N N
N 72\
~ R A Ny

N
(XCVD) (XCVID)
Polymers containing the 1,2, 4-triazolo[1, 3-a]lpyrimidinyl
group have been patented as stabilisers of photographic
silver halide materials:®
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The most promising trend in this field comprises studies
on the biological activity and photochemical properties of
compounds of the class considered.
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Studies of Polyacetylene by Magnetic Resonance Methods

T.S.Zhuravleva

Results obtained in studies of polyacetylene (PA) by magnetic resonance methods are discussed. The structure and properties
of the paramagnetic centres in PA are examined, and compared with the structure and the chemical composition of pure and of
doped PA (i.e. PA with added electron donors and acceptors).
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I. INTRODUCTION

In recent years polyacetylene (PA) has attracted much

scientific interest because of its unusual electrical properties.

An increase in electrical conductivity by 10—12 orders of
magnitude has been obtained by adding donor or acceptor
impurities (see Ref.1), equivalent to the transition from
a dielectric to an "organic metal" with a conductivity
o=10°Q 'em . In chemical composition polyacetylene
(CH), is the simplest of all the polymers with conjugated
double bonds, whose conductivity is determined by the
presence of impurities; therefore PA has been repeatedly
chosen as a model system for studies of this unusual
phenomenon. The properties observed in these studies
appear to be general, and present in many other conjugated
systems. Therefore the conclusions and hypotheses formu-
lated from studies of the properties of PA may be equally
applicable to other polymers with conjugated bonds. How-
ever, though PA is still the subject of most of the publica-
tions on polymers with conjugated bonds, papers on other
similar systems have recently started to appear (poly-
phenylene and its derivatives, polypyrrole, etc.). These
studies lack both the generality and the fullness of the work
on PA, and in particular they do not provide a complete
picture of the physical, chemical, and physicochemical
changes resulting from the addition of impurities. Addi-
tional interest in the study of polymers with conjugated
bonds has recently been stimulated by the development of
effective methods of synthesis which allow the production
of polymers with reproducible physicochemical properties.
We know?™ that the structure of PA consists of polymer
chains in the cis or the trans form,

H H
C/H H\C ,-/H | |
= =C c._C
Neemc? Nc= L
H”  MHH/ I | |
H H H
cis form trans form

arranged in parallel bundles to form a fibre (or fibril) a few
hundreds of &ngstroms thick and several thousands long.
The long axes of these fibrils are randomly arranged, but
they can be partially oriented by stretching the sample.

Within each fibril the polymer chains are close-packed, and
form a crystalline structure.®?® Thus PA is an unusual
type of polycrystalline material, consisting of "crystalline
fibrils".

This review discusses the properties of PA prepared by
Shirakawa's method," in which a stream of gaseous acetylene
is directed at a thin layer of solution containing a Ziegler—
Natta catalyst at 195 K. This produces a thin layer of
polymeric material with a fibrillar structure. There are
alternative methods of preparing PA, for example by first
preparing an easily soluble polymer precursor and then
heating it to give insoluble PA.%® This material contains
few defects, and is largely amorphous. However, most of
the published work was done with PA prepared by Shira-
kawa's method."

The fibrillar structure of PA facilitates its "doping",
carried out as follows. The chemical additives ("dopants"),
for example the electron-acceptor impurities I, or AsFs,
penetrate into the PA fibrils through their surface and inter-
act with the polymer chains or among themselves. The
result is the formation of the I3 or AsFg anions, while part
of the PA chain acquires a positive charge. Thus the
addition of chemical impurities is only the first step in the
doping of PA: the process includes several chemical changes
and is completed by the partial conversion of the PA into
an ion-radical salt containing charge transfer complexes.

Both doped and undoped PA have been extensively
studied by magnetic resonance methods: ESR, NMR,
electron—nucleus double resonance (ENDOR), dynamic
nuclear polarisation (DNP), nuclear quadrupole resonance
(NQR), and their time-resolved modifications. These
methods offer varied and unique information on the structure
of the polymer (bond length, size of conjugation regions,
etc.), on the nature and properties of the paramagnetic
centres, on the extent and nature of the doping, and on
the distribution of charge and spin density in the polymer
chains of undoped and of doped PA. This paper reviews
the experimental studies of the structure and properties of
PA by magnetic resonance methods. The theoretical founda-
tions of the magnetic resonance methods and the apparatus
used in this work are discussed in several monographs,’’
and will not be the object of this review. A generally
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accepted model of the paramagnetic centre in PA has not

yet been proposed, and as a result we still lack a unique
terminology. In the present review we shall use general
terms such as "paramagnetic defect"”, "unpaired electron”,
etc., avoiding as far as possible the term "soliton" applied by
some workers to a particular model of defects in PA.

1. PARAMAGNETIC SUSCEPTIBILITY OF PURE PA

Like most conjugated systems, polyacetylene shows
paramagnetism. This has been reliably established by
studies of its static magnetic susceptibility (Faraday's
method)™ and by ESR measurements.®?% The para-
magnetic susceptibility of trans-PA at room temperature is
an order of magnitude greater than that of the cis isomer,
and is equivalent on average to one paramagnetic centre
per ~3000 CH units. »***% The molecular weight of the
polymer is ~7000, i.e. the chains consist of approximately
400—500 CH units.® Obviously, this number depends on
the method of synthesis of the PA. However, on average
one paramagnetic centre is shared by 6—7 polymer chains.

In the ESR spectra of the cis and trans PA isomers we
find a singlet line®® with a g factor of 2.003, but in the
cis isomer synthesised at 195 K the ESR signal with g =
2.003 is absent.?,%%%?%®  The signal appears only on raising
the temperature, and at 300 K the concentration of para-
magnetic centres reaches 10*® spins g™* (i.e. one spin per
44000 CH units). If the cis isomer at 77 K is irradiated
with u.v. light® or treated with oxygen® ¥ it develops the
same ESR signal as if the temperature is increased. On the
other hand if a sample heated to room temperature is exposed
to oxygen the amplitude of the ESR signal increases by almost
an order of magnitude, and the width of the line (~8 Oe)
stays almost unchanged.? %% The effect of u.v. irradia-
tion and of oxygen on the trans isomer differs slightly from
their effect on the cis isomer. The ESR signal is not
increased by u.v. irradiation of the trans isomer. On
exposure of this isomer to oxygen the signal initially
increases, and then decreases,??°* while the width of
the ESR line increases.?»®

Heating PA to 423 K produces a large increase in the
number of paramagnetic centres according to the ESR
results.???®  We know® that at 418 K an exothermic peak
(attributed to cis—trans isomerisation) appears in the
thermogram of polyacetylene. Heating of cis-PA produces
two effects:
It was reported® that the optimum region for the preparation
of trans-PA is 413—423 K, because at these temperatures the
rate of isomerisation is a maximum while the rate of degrada-
tion is still acceptably low.

It has been suggested” that the paramagnetism of PA is
caused by the presence of defects: cis-PA has a more
perfect structure, and it contains fewer defects than
trans-PA. Cis—trans isomerisation results in an increase
in the defect density of the polymer, accompanied by a
corresponding increase in the absolute value of the para-
magnetic susceptibility. Similar views are expressed in more
recent papers (see, for example, Refs.21 and 27).
signal observed in cis-PA at room temperature has been
attributed®? to the presence of ~5% of trans-PA in the
sample. It was suggested that fragments of the trans isomer
are localised at the ends of the polymer chain, where cis—
trans isomerisation occurs most readily. Noting the simi-
larity (Fig.1) between the temperature dependences of the
concentration of trans isomers (obtained from the i.r.
spectra) and of free radicals Zanobi and D'llario® suggested
that isomerisation causes breaking of the double bonds with
formation of regions containing an odd number of w electrons.

cis—-trans isomerisation and polymer degradation.

The ESR
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A simple model of a defect in trans-PA is the formation of
a cross-link between chains.® Cross-linking produces a
fragment with an odd number of carbon atoms, which con-
tains an unpaired electron. The model in which defects
are identified with cross-links is discussed in Ref.34. After
the cross-link is established one radical appears in each
chain: the energy of this biradical state was calculated by
the quantum-chemical INDO method. Other workers? 2
have expressed similar views on the causes of the effect of
oxygen on the ESR signal in PA. Oxygen catalyses the
cis—trans isomerisation process in PA and initiates the
chemical oxidation of PA, i.e. it acts as a dopant of the
acceptor type. At the same time the oxygen takes part in
chemical reactions with the PA which result in degradation
of the latter.

% a J, arbitrary units b
wo - & 1 25
¥4
77
50 7
q

Figure 1. Kinetics of the change in the concentration of
the trans isomer of PA (from i.r. data) (a) and in the con-
centration J of free radicals in PA (from ESR data) (b) as
a function of the hold time t of the sample at 383 K (1) and
493 K (2) (from Ref.28).

No detailed studies of the effect of oxygen on the structure
and properties of PA have yet been reported. Most workers
give only a qualitative estimate of the effect of oxygen on
their measurements (for example, they quote the dependence
of a measured parameter on the time of exposure of the
sample to air or to an oxygen atmosphere). However,
oxygen has a marked effect on the paramagnetism of PA,
as was clearly shown by Bernier and co-workers:? in the
absence of oxygen these workers observed in cis-PA a
broad signal from a catalyst present at a concentration of
0.2% of the number of CH groups, but after contact with
oxygen this signal was completely suppressed, and was
replaced by a narrow ESR signal of increasing intensity
which was attributed to trans-PA.

Studies of the paramagnetic susceptibility x of the trans
isomer at 0.03—-300 K have revealed the presence of Curie
paramagnetism: the magnetic susceptibility Xe is propor-
tional to 1/T. *»*%718,%5 " Cyrie paramagnetism has also been
observed"?® in cis-PA at 2-295 K. However, according
to Tomkiewicz and co-workers’® the magnetic susceptibility
of the cis isomer is not described by Curie's law at 4—300 K.
The reason for these discrepancies is not clear.

I1. TYPES OF PARAMAGNETIC DEFECT IN PURE PA

All the experimental results obtained by ESR, ENDOR,
and NMR methods indicate the presence of an unpaired
electron in the 7 system. Careful measurements of the
g-factor in undoped PA, and also in the cis and trans
isomers doped with AsFs, showed!® that in every case



Russian Chemical Reviews, 56 (1), 1987

g = 2.002634 + 0.000015, which is much higher than the
g-factor for the free electron (2.0023). These high values
of the g-factor are characteristic of an unpaired electron in
a 7 system.1®%

z

Figure 2. Orientation of the polymer axis with respect
to the 2p 7 orbital of the paramagnetic defect in trans-PA.

In an ideal stretched film of (CH), all the fibril axes (y)
and therefore also the axes of the polymer molecules are
oriented in the stretching direction. Partial orientation
of the fibrils can be obtained by stretching the sample (film)
in a particular direction.” The appearance of g-factor
anisotropy in such a film can be explained in terms of the
nature of the 2p T orbital of the paramagnetic defect (see
Fig.2): the unpaired m electrons occupy atomic orbitals
perpendicular to the y axis (the fibril axis). ESR mea-
surements® in the millimetric region gave very precise values
of the g-tensor for the cis and trans isomers in oriented and
in non-oriented samples at temperatures in the range 4.2—
300 K. For cis-PA they found g, = 2.004 and g{ = 2.003
{where g I and g , are for magnetic fields parallel and per-
pendicular (respéctively) to the axis of the polymer chain }.
These values of the g-tensor components agree with pub-
lished data.™

The components of the g-tensor have also been calculated *®
by a special variant of the molecular orbital method® for
cis and trans (CH), fragments where n is an odd number
between 5 and 15. In chains with n 2 9 the g-factor has
become independent of n, and can therefore be interpreted
as the g-factor for a long fragment. The calculations were
made for structures with C—C bonds of equal length and for
structures with alternating double and single bonds. The
g-tensors calculated for these two types of structure (with
n > 9) were equal to the experimental values: according to
the calculation g | = 2.0034 and g, = 2.0028. The g-factor

anisotropy (|Ag| = |g 9. ) for the 2p T electron in small
molecules with conjugated bonds is usually 0.001—0,002.%
The smaller value of this difference observed experi-
mentally*»* can be attributed to a lower level of orientation
of the polymer chains.

The components of the hyperfine interaction (HFI) tensor
of the electron with the protons and the B¢ nuclei for
cis-PA (with a 99% enrichment in °C) have been deter-
mined *>* ™ by the ENDOR method (see Section IV). The
symmetry of the tensors and the relative values of the iso-
tropic and the anisotropic components suggest that the
unpaired electron occupies a m orbital. This conclusion is
confirmed by an ENDOR study® at 77 K of cis-PA films in
which the polymer chains had been oriented by stretching
the sample.

7

The presence of an unpaired electron in the m system is
observed also in the NMR spectra, because local electronic
configurations produce local anisotropic fields which inter-
act with the magnetic nuclei. The high-resolution NMR
technique has been used® to determine the diagonal ele-
ments of the chemical shift tensor (on, O, O) on °C for
the cis and trans isomers. Both isomers gave values of the
tensor components typical of conjugated systems.

A study®® of a mixture of PA isomers and of the pure
trans-PA isomer by the electron spin echo (ESE) method
showed that localised defects (possibly consisting of ¢
radicals) are present in PA in addition to the delocalised
T defects. The concentration of localised defects is
approximately 100 times lower than the concentration of
delocalised defects, and therefore the magnetic behaviour
of the system as a whole is determined mainly by the =
defects.

1V. DELOCALISATION REGION OF THE UNPAIRED
ELECTRON AND SPIN DENSITIES IN PURE PA

Table 1. Components of the HFI tensor (in MHz) for 'H
and ¥C (99% enrichment) in cis-PA, calculated from mea-
surements at 136 K (Ref.47).

1H e}
Index
Ay ] A, | Az Ax l A, A,
1 —0.5 —-2.1 —1.1 —1.3 —1.3 —2.1
2 —1.8 —7.0 —3.9 —3.1 —31 7.0

Detailed studies of spin densities in solids are usually made
by the ENDOR method. Table 1 shows the components of
the HFI tensors obtained"®“” ™% from the characteristic
ENDOR frequencies of cis-PA 99% enriched in ®C. The
experimental ENDOR spectrum for 'H and °C is described
by two pairs of tensors (of index 1 and 2) corresponding
to the two types of carbon and hydrogen atom. The HFI
tensor components given in Table 1 were obtained by
numerical modelling of the experimental spectrum allowing
for all the interactions of the electronic and nuclear spins
in all the magnetic fields present in the system and using
the appropriate relaxation times. As Table 1 shows, the
HFI tensor for *C is characterised by an axial symmetry and
small values of the isotropic HFI constants, typical of defects
in the m system. The symmetry and the relative values of
the diagonal elements of the tensor for the HFI with the 'H
nuclei are the same as for the o protons.?® Thus both the
symmetry and the value of the tensor elements for 3¢ and
for 'H unambiguously indicate the presence of a paramagnetic
defect (unpaired spin) on a 7 orbital and the existence of
two types of carbon atom with an unpaired electron.

The following spin densities of the unpaired electron on
carbon were calculated from the HFI tensors for °C
(Table 1): |p(Cy)| = 0.06 and |p(C,)| = 0.02. Y Studies
by triple electron—electron resonance”’ showed that the spin
densities on these two types of carbon atoms have different
signs: p(C,) is positive and p(C,) is negative, and these
densities are alternating along the polymer chain. The
signs and amplitudes of the spin densities suggest a sub-
stantial delocalisation of the T orbital on a region of the
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chain approximateiy 47 CH units long (i.e. ~100 2. An
estimate of the total number of atoms (2n + 1 = 47) in the
paramagnetic fragment is obtained from the condition
np(C,) + (n + 1)p(Cy) = 1." The interaction of the para-
magnetic defect with the protons in 70% cis-PA is also
thought® to be characterised by two sets of HFI parameters,
corresponding to two values of the spin density on the
carbon atoms differing in magnitude and in sign. In 70%
cis~PA the delocalisation region of the unpaired electron
was calculated® to be 93 CH units, i.e. double the value
given in Refs.43 and 47.

The spin density has been calculated® by the methods
of Hiickel and McLachlan (of which the latter gives a nega-
tive spin density in 7 radicals) for (CH),, fragments with
odd values of n between 3 and 99. Two types of structure
were considered: with bonds of equal length and with
alternating bond lengths.  The latter model of the (CH)p
fragments gave a qualitative agreement with experiment: an
alternation of the signs along the chain, but the absolute
density values show a large scatter which should prevent
the formation of a resolved ENDOR spectrum (though such
a spectrum is observed experimentally). The hypothesis
of uniform bond lengths in (CH), fragments with odd values
of n has not so far been tested by any other method. Since
the total number of carbon atoms associated with one spin in
trans-PA is ~3000, 2 the 47 carbon atoms in the fragment
with an unpaired electron and equal bond lengths accounts
for only 1.6% of the total number of carbon atoms in the
sample.® A calculation ® of the frequencies of the ENDOR
spectrum using the spin densities specified by the soliton
theory ¥:5 gave the best agreement with experiment when
the corrections for negative spin densities were used.
However, no definite conclusion as to the distribution of
spin densities could be reached® from the ENDOR spectra
obtained in this work.

The ENDOR spectrum of trans-PA is reported®™ ®to be
singlet. The delocalisation of the paramagnetic defect in
trans-PA is thought™ to be very extensive, i.e. each carbon
atom in the delocalisation region carries only a small fraction
of the spin density. Therefore the hyperfine structure
(HFS) is unresolved even when the ENDOR method is used.

V. VIEWS ON THE MOTION OF A PARAMAGNETIC DEFECT
IN PA

The DNP method*? has been widely used in studies of the
static and dynamic characteristics of unpaired electrons in
solids. It was first applied to the study of paramagnetic
defects in PA by observing the NMR proton signal®®in a
saturated u.h.f. transition at a frequency close to the ESR
resonance frequency (v, = 8190 MHz). Two extreme cases
are possible, depending on whether the electron—nucleus
interaction is static or dynamic.9 For a static interaction
the unpaired electrons are "fixed" in space (at least, their
jumping frequency is smaller than the NMR frequency, v,),
and forbidden transitions at the frequency ve t v, are
induced by the electromagnetic field. This is the so-called
solid effect. On the other hand if the unpaired electrons
are mobile (on the time scale of the frequency v,) the
intensity of the NMR signal may be increased at the fre-
quency v, (the Overhauser effect). In pure trans-PA
at 300 K a single Overhauser effect was observed,® whereas
a mixture of the cis and trans isomers gave a superposition
of the Overhauser effect and of the solid effect. In the
mixed samples the proportion of the Overhauser effect
increases with the content of the trans isomer (see Fig.3).
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In Ref.62 the same signal is obtained as in Ref.61 for the
mixture of isomers, but a weak solid effect is reported, in
addition to the Overhauser effect, for the pure trans-PA.
This discrepancy may be due to an impurity of the cis isomer
in the latter case.®® The following conclusions were formu-
lated from the results of Ref.61: 1) in the trans isomer the
unpaired electrons are mobile, and the lower limit of their
diffusion rate is ~5 x 10%° rad s~ (determined from the ESR
working frequency ve); 2) in cis-PA the unpaired electrons
are fixed; 3) during the cis—trans isomerisation some pre-
viously fixed unpaired electrons become mobile.

] 1
4160 8180 8200 v., MHz
Figure 3. Increase in the amplitude of the 'H NMR signal
at different frequencies v, of the saturating field for con-
centrations of the trans phase in undoped PA of 50 (1),
65 (2), and 100% (3); T = 300 K (P, and P are the NMR
signals without microwave saturation and with saturation
respectively).

On cooling trans-PA we produce a change in the DNP
signal: the characteristic signal of the pure Oberhauser
effect (observed at room temperature) is replaced at 5.5 K
by a signal corresponding to the solid effect.%:% The
electrons which are mobile at high temperatures are slowed
down, and their characteristic frequency, inversely propor-
tional to the time of residence of the unpaired electron near
the nucleus (i.e. the characteristic velocity of the electron),
becomes smaller than the NMR frequency (107 s™!). A
smooth change from the Oberhauser effect to the solid effect
has been observed® during temperature changes from 300
to 4 K (the two effects being comparable at 40—50 K). The
exposure of trans-PA to oxygen produces the same effect
as cooling the sample:® the presence of O, "freezes" the
motion of the unpaired electron. The superposition of the
signals corresponding to the Oberhauser effect and to the
salt effect in the presence of air has been observed pre-
viously in other conjugated polymers.%

The study of the components of the g-tensor (ESR in
the millimetre band) and of the HFI tensors (ENDOR spectra)
for PA at 4-300 K led to the conclusion*»*” that the para-
magnetic centres are mobile in the trans isomer and fixed in
the cis isomer. The presence of mobile paramagnetic centres
in trans-PA is indicated also by ESE measurements on pro-
tonated and deuteriated samples at 4—300 K .58 Magin
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and co-workers® concluded from the kinetics of the damping
of the NMR signal of **C that unpaired electrons are not
generally found in PA. However, it has been pointed out™
that this conclusion may be valid only for the particular
samples studied in that work.®

VI. QUANTITATIVE CHARACTERISTICS OF A MOBILE
PARAMAGNETIC DEFECT

The motion of the paramagnetic centre in PA is usually
described in terms of the measured nuclear (T,,) and elec-
tronic (T,e¢) relaxation times by using formulae for two
models of the motion: one-dimensional diffusion of the para-
magnetic centre along the polymer chain and three-dimen-
sional diffusion of the nuclear spin polarisation towards a
fixed paramagnetic centre. For the first model of the
motion a theoretical expression which had been previously
applied in studies of the conducting tetracyanoquinodi-
methane (TCNQM)® has been proposed:”*~"

TT () — kT, %d*i((-),.,)—{— (a2+-7§d2)f(m,)] (1)

Here y is the normalised spin susceptibility (x = xmollv(guB)",
where v is the concentration of paramagnetic centres); a and
d are the constants for the isotropic and the dipolar electron—
proton interaction respectively; f(w) is the spectral density
function; wp,and w, are the Larmor frequencies of the
nuclear and the electron spin respectively; upg is the Bohr
magneton.

Eqn. (1) is valid when the electronic and the nuclear
Zeeman energies are much less than kT, i.e. at relatively
high temperatures (T > 4 K). For the one-dimensional
diffusion of the paramagnetic centre, allowing for the HFI,
the function f(w) takes the form™
f(m)=a“7:m7—CL; cL:o,37ﬁ (2
where W J is the diffusion rate of the electron along the
chain, and L is the size of the delocalisation region.

The quantity W I is related to the diffusion constant D”
by the expression

W,=D, b

where b is the distance between the CH fragments along the
chain of trans-PA (b = 2.46 K). At low frequencies the
one-dimensional diffusion can be perturbed by inter-chain
jumps, so that the system behaves as two- or three-dimen-
sional. The transition from one-dimensional to two- or
three-dimensional motion occurs at the frequency w, =W,
where W, is the rate of inter-chain diffusion.

In the model which assumes diffusion of the polarisation
of the nuclear spin towards a fixed paramagnetic centre the
expression for T1'(n) is®

~ 4 - =
Ty ()= E“PT./‘ (up/vn) "D e" 3)

where D is the diffusion constant of the polarisation of
nuclear spins and p is the electronic spin density.

It follows from the usual model® of the diffusion of nuclear
spin polarisation that T7!(n) is independent of the magnetic
field strength at a frequency below the value for which
Te < wp', where 1, is the characteristic damping time of the
z-component of the magnetisation of the unpaired electron
(assuming an exponential decay), located in the vicinity of
a relaxing nucleus. The quantity 1, is determined by the
electronic relaxation time T,e or by the electronic "flip—flop"
transition time (more accurately, by the shorter of these
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two times). Under these conditions T7'(n) should be inde-
pendent of temperature in the region of weak magnetic fields.
Since all the quantities which appear in formulae (1) and
(3) are experimentally known we can determing D or W“ by
measuring T1*(n). This determination of the diffusion
coefficients of the electronic or the nuclear polarisation
becomes incorrect if the system of nuclear spins cannot be
characterised by a single spin temperature. Experimental
dependences of T7'(H) on w, at different temperatures have
been obtained®:%:%,%,® for the protons of trans-PA. As
Fig.4 shows, the dependence of T71*(H) on w,'? is linear
in the experimental temperature range 0.45—295 K, and the
straight line for room temperature passes through the origin
whereas the lines for lower temperatures give a finite inter-
cept (~Cp) on the horizontal axis.™ Various workers®& £,
7,75,7,® have explained the experimentally observed depen-
dences of T71(H) on T and wp by postulating one-dimen-
sional diffusion of the unpaired electron. Some believe ?»™
that even at 4 K 1.5% of the paramagnetic centres are mobile.
Values of W|| = 4 x 10*® rad s™' and D | =4 x 107 % em? s71
were calculated™ for 300 K. This value of the D diffusion
coefficient is too high for a dielectric such as polyacetylene,
and comparable with the D value for the metallic TCNQM
salts.™
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Figure 4. Rate of proton relaxation T~(H) in trans-PA
against m,‘lllzat 295 (1), 77 (2), 30 (3), 4.2 (9, 1 (),
and 0.45 K (6) (Ref.75).

The W || value obtained from the ESE spectra® ® ™ was
three orders of magnitude lower than the above. The
reason for this discrepancy is not clear, but a likely explana-
tion is inadequacy of the chosen diffusion model. The
W||(T) dependence has been determined™” from experimental
data on the dependence of T7(H) on wp at different tempera-
tures and on the dependence of the width of the ESR line
(AH) on T. A similar W| (T) dependence, i.e. an increase
in W) with T, was obtained from an analysis of the ESE
speclra 67,68, 7

The results of a study of the effect on T37(n) of the iso-
topic replacement of hydrogen by deuterium® at 4.2 K were
interpreted® by the model of the diffusion of nuclear spin
polarisation towards a fixed unpaired electron. The cal-

culated ® threshold value of the magnetic field for which the

T} (n) = /2 dependence (characteristic of one-dimensional
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diffusion) ceases to apply and the T7'(n) dependence
becomes independent of the magnetic field is ~3 Oe, which

is acceptably close to the experimental value (20 Oe). More
recent results obtained® with trans-PA films (deuteriated,
and enriched in '3C) at room temperature are shown in

Table 2. The T7!(n) values were measured on three
samples containing different amounts of *H and C. We

can see from the Table that in the sample with a high con-
centration of magnetic nuclei T7*(H) exceeds T7(*C) by
more than an order of magnitude. A similar result is
reported in Ref.81, with T1}(H) « w-'/2, whereas T7}(*C)
is independent of frequency. The *C nuclei (in contrast to
the 'H and 2H nuclei) show a non-exponential decay: the
extent of damping varies with t approximately by a tY/2 law.
It was found” that the !*C nucleus relaxes with two charac-
teristic times (0.3 and 1.5 s), so that we should consider
two different velocities: T31(**C) = 3 87! and T7}(*C) =
0.7 s, Therefore the T7'(**C) values given in Table 2
should be interpreted at best as the average of two velocities.

Table 2. Values of T7l(n) for three samples of trans-PA
of different isotopic composition.
Isotope concentrations
Sample v, MHz riw. st | 130,51
{'H1, % L3¢y, %
1 100 98 90 18+1 —
1 100 08 23 37.342 1.940.1
1 100 a8 11.5 4513 1.970.1
2 2 20 23 = 2.630.2
2 2 90 12 — 2.6¥0.1
3 2 20 12 — 0.9F0.2
3 2 20 23 — 0.970.2

In planning the experiment with samples enriched in *C it
was assumed® that T1'(H) and T7X(**C) would have the
same frequency dependence and absolute value, since the
HFI constants of the unpaired electron in 'H and ’C are
similar.1%*,*,#® The assumption is valid if all the nuclear
relaxation processes are determined exclusively by inter-
actions with a mobile unpaired electron. From the lack of
frequency dependence of T7(!*C) (see Table 2) it follows
that the results of the 3C are not correctly described by
the models which assume diffusion of the polarisation of
electrons or nuclei. The following qualitative model of the
relaxation for isotopic nuclei in the polymer chain was
proposed.® In the case of nuclei in a polymer fragment
containing a mobile paramagnetic defect the main relaxation
channel is the HFI. Equilibrium between these nuclei and
the others is reached as a result of the diffusion of nuclear
spin polarisation: in other words, according to this model
the system of nuclear spins cannot be characterised by a
single spin temperature. Obviously, for a quantitative
description of the experiments with *C further theoretical
development of the unpaired electron diffusion model is
required.t+ It has been suggested *® that the views expressed
in Ref.80 are the most likely to lead to a convincing explana-
tion of the increasing volume of experimental T1Y(n) data.

+A further theoretical development of this model has
appeared in a paper by P.K.Kahol, M.Mehring, and X.Wu
(J.Phys. (Paris), 1985, v.46, p.1683).
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The rate of electronic spin—lattice relaxation T1% has been
studied® in trans-PA in the frequency range 5—450 MHz at
room temperature. For protonated and deuteriated samples
the T;é values at frequencies 2 20 MHz are accurately
described by the T} « w~/? relationship, previously estab-
lished for the rates of proton relaxation, ®:%:72.%% The
same relationship was obtained by other workers ®,%% at
higher frequencies (9—17 GHz). At a frequency of ~20 MHz
(with a field of ~6 Oe) a deviation from this relationship was
observed, ® and at frequencies < 10 MHz TI; was indepen-
dent of frequency. The T7s values for deuteriated PA
samples are somewhat lower (by ~50%) than the values for
the protonated samples. The observed T{é(w) frequency
dependence was ascribed ® to the one-dimensional diffusion
of the unpaired electron along the polymer chain, and the
frequency 10 MHz (3 Oe) was assigned to the inter-chain
jumps.

As was stated above, the measurement of T7'(H) suggested
that the diffusion ceases to be one-dimensional at a field
strength of ~20 Oe, which is close to the value inferred from
T}é data. A study® of the dependence of TI‘I2 on the con-
centration of paramagnetic centres in PA showed that the
T1% value is determined by the dipole and hyperfine inter-
actions of the unpaired electron with the protons. The
coefficients and rate constants for diffusion of the unpaired
electron were also determined,a" and found to be close to the
values determined ®>®>? from measurements of T1'(H). We
should stress that the interpretation of the T7} data is more
unambiguous than the interpretation of the T1'(n) data,
since the relaxation rate T1l is associated only with the
diffusion of the unpaired electron.

The addition of dopants (Br,, I,, AsFs) to PA has no
effect® 7™ on the frequency dependence of the rate of
proton relaxation T3 (H) = w,'/?, but it makes the relaxation
rates T1'(H) and T3(*3C) lower than in the pure PA. 7%
7,%,8  The most marked decrease in these quantities is
found by using AsFs; I, and Br, have similar effects,
almost an order of magnitude lower than that of AsFs. The
value W] = 1.7 x 10" rad s™! has been calculated ® for PA
doped with AsFs: this is 10° times higher than the analogous
value for undoped PA. The anisotropy (W ||/W. ) is also not
very different from that of the undoped polymer, i.e. ~105,

VIlI. PROPERTIES OF THE PARAMAGNETIC CENTRES IN
PURE PA INFERRED FROM THE SHAPE OF THE ESR LINE

The shape of the ESR line depends on the properties of
the paramagnetic centres in PA, but its analysis yields little
quantitative information.# Early studies of the application
of ESR to PA are mainly of historical interest, due to the
fact that they stimulated the application of more advanced
methods to the study of PA (ESE, ENDOR, and DNP).

The ESR signal in cis and trans PA is a singlet with
g = 2.0036 (the measurements of the g-factor and g-tensor
are discussed in Section III). Large differences are
found between the determinations of the line width (AH) by
various workers: from 7 to 9.5 Oe for the cis isomer 23,25
and from 0.28 to 5 Oe for the trans isomer,® i.e. the largest
scatter occurs in the AH values for trans-PA. This is

#The same view is expressed in the theoretical paper by
P.K.Kahol and M.Mehring (J.Phys.C, Solid State Phys.,
1986, v.19, p.1045), whose aim was to demonstrate the
unsuitability of the ESR method for determining spin
densities and the delocalisation region of the unpaired
electron from an analysis of the shape of the ESR line.
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apparently due to differences in the preparative techniques
used by different workers, since the parameter AH depends
on the duration and temperature of the cis—trans isomerisa-
tion process, on the presence of oxygen, etc.

A special study® of the scatter in the measured values of
AH suggested that the presence of uncontrolled amounts of
oxygen is the main reason for the disagreement between the
results of different workers. The smallest width of the
ESR line obtained® by the meticulous application of all pos-
sible measures to prevent the access of oxygen to the system
during all stages of the sample preparation and of the mea-
surements was 0.44 Oe. This value is slightly higher than
the value AH = 0.28 Oe given in Ref.86. The line width
AH = 1 Oe in the spectrum of trans-PA is attributed® to
the presence of 50 p.p.m. of oxygen. Special protective
measures are needed to eliminate these very small contamina-
tions.

The change from protonated to deuteriated PA produced
a substantial narrowing of the ESR signal,?>2" but a
broadening of the ESR line was also reported® following the
enrichment of cis and trans isomer samples with *C. The
inconsistent changes in AH caused by isotopic replacement
are due to differences in the magnetic moments of the nuclei
'H, 2H, and *C, and suggest the presence of an unresolved
HFS. The absence of a resolved HFS in PA was initially
attributed to exchange narrowing of the signal (see, for
example, Refs.18, 19, 29, and 40). However, this work
revealed a strong dependence of AH on T, which would not
be expected for line narrowing by the exchange mecha-
nism.?2?* 8%  Fast one-dimensional motion of the para-
magnetic centres has been suggested®:%:%,6,8 a5 the
reason for the narrowing of the ESR line.

The ESR line for cis-PA is Gaussian.® For the trans
isomer in the temperature range 0—296 K a Lorentzian line,
characteristic of exchange interaction, has been observed.®
A Lorentzian line was reported® even when the temperature
was lowered to 2 K, but deviations from this form were later
observed. There have been attempts® % %:% to model the
experimental spectrum by allowing for dipole—dipole and
hyperfine interactions, repulsion between the electrons,
and the one-dimensional diffusion of the unpaired electron
along the chain. The model proposed in Ref.60 gives the
best description of the experimental results. An analysis
of the experimental line by this model showed®:® that the
shape of the ESR line is different in different samples, and
that it depends on temperature and on the presence of oxy-
gen. In other words, it was made clear that the shape of
the ESR line is not a fundamental property of PA itself. The
width of the ESR line was not calculated exactly,w but the
broadening due to the motion of the unpaired electron (AH =
0.15 Oe) was estimated, and used to calculate the rate of
diffusion along the chain W || = 8 x 10"*-8 x 10" rad s™*.
This value of W || agrees well with the value deduced from
measurements of T7*(H) (6 x 10" rad s~%). %

This work® is the only reported instance of consistent
diffusion rates W | obtained from ESR and NMR measurements.
The W || values obtained by the two methods usually differ
by a factor of 10-10°, ®:%® According to calculations® based
on an analysis of the ESR line shape (AH = 4 Oe) the
delocalisation region of the paramagnetic centre in cis-PA
is ~14 CH units. For trans-PA a calculation of the second
component My of the ESR line” gives a delocalisation region
of ~10 CH units for the soliton model of the distribution of
spin density ®:* or ~7 CH units if the spin density is assumed
to be constant within the delocalisation region. However,
by using the ENDOR values® of the spin density (see
Section IV), which correspond to a delocalisation length of
~50 CH units, we again obtain good agreement between
experiment and calculation for M,, in protonated and in fully
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deuteriated PA.
the formula?®

The calculation of the difference AM,, by

AM,e = M, — M;, = 1403p? 4

where Moe and M3, are the second components of the ESR
line for protonated and for deuteriated PA respectively,
gives similar values for substantially different distributions
of the spin density. Thus, AM,, = 20 Oe? for a constant
p; over a fragment 7 CH units long and AMye = 14 Oe? for
the model in which p; is distributed (with a sign alternation)
over 47 CH units.”® The experimental value of AMye is

20 + 4 0e®.®

VIll. CHARACTERISTICS OF DOPED PA FROM THE
CHANGES IN PARAMAGNETIC SUSCEPTIBILITY AND FROM
THE ESR SPECTRA

4
)

Figure 5. ESR spectra of cis—[CH(Ast)y ]x at room tem-
perature and different dopant concentrations: (a) pure PA,
(b)y =5x 107" (c) 8x107% <y £2x 1072, (d)y = 0.08
(Ref.95).

The addition of the dopant Z (at concentration§ y) to PA
produces a doped PA of composition (CHZ, ), which has
some of the properties of a metal, including electrical con-
ductivity. According to Dyson's general theoretical con~
siderations® on paramagnetic additives in metals an increase
in y for (CHZy )y can result in asymmetry of the ESR line.
In a large enough sample of doped PA, for which the sample
thickness is greater than the depth of the skin effect at the
ESR frequency, a typical Dyson (asymmetric) ESR line is
observed (see Fig.5).%% %% If the PA sample is thinner
than the skin layer the line stays symmetrical even at high
values of y.%¥ %  Some workers®*:¥ observed only one
ESR line in PA doped with Li, Na, or Br,, others®%,%,%,%
found two lines for p- and n-type dopants at low y, with
different widths and a g-factor equal to that of the free
electron, but at high doping levels (y 2 0.03) only one line
was observed (Fig.5). The combination of a broad and a
narrow line is characteristic of different dependences of the
intensity and shape of the line on the temperature, u.h.f,

§ The concentration y is defined as the number of molecules
of dopant per CH unit.
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power, and on the presence of NH; impurities. The broad
line has been assigned® ®:°% {0 a trans fragment in cis-PA,
and the narrow line to trans-PA. According to some
workers®:%,9%,% the change in shape of the ESR line of
cis-PA as a function of y suggests a large non-uniformity
in the distribution of the dopant in the polymer, uniform
doping in cis-PA being effectively impossible because of the
presence of segments of the trans isomer. In this sense
trans-PA is more easy to dope uniformly, but even for this
isomer we can only expect a moderate degree of uniformity
in the distribution of dopants in the sample.

According to Shirakawa" the Curie paramagnetic sus-
ceptibility x¢ is very sensitive to the degree of doping non-
uniformity: the more uniform the dopant distribution, the
lower is x¢, Various methods of doping have been sug-
gested to improve the uniformity: slow doping at low
pressure, ®>¥ cylic doping,* modified doping,® electro-
chemical doping,® etc. The structure of the dopant and
its physicochemical properties® can also affect the doping
uniformity.T The I3 ion is a linear cylindrical molecule with
a diameter of 3.37 A, and behaves as a weak electron
acceptor; AsFgsand SbF; are octahedral [owing to fluorine
sharing (Editor of Translation)], with a maximum diameter
of 6.24 K, and have high oxidising power. These properties
of AsFs and SbFs hinder their penetration into the fibrils,
and therefore doping with iodine is more uniform than doping
with AsFs or SbFs. The formation of a concentration gradi-
ent of dopant within the fibril has been suggested® as part
of a simple model of the dopant distribution which gives a
good agreement between calculated and experimental values
of the magnetic susceptibility.

Studies® % of the ESR spectral changes of cis-PA
caused by doping showed that doping can initiate cis—trans
isomerisation, and that this effect is a characteristic of PA.
Electrochemical doping of cis-PA with lithium did not produce
significant changes in the intensity of the ESR signal.®»%
Doping (like isomerisation) takes place at the surface of the
sample in the initial stages). This accounts for the appear-
ance of a compensation effectt in the ESR signal in the
initial stages, resulting in slight swelling of the polymer and
a small change (by ~15%) in the cis/trans isomer ratio.%®>%
Lengthy exposure to the dopant results in diffusion along
the fibrils,®>® which is a slow process, and the cis-trans
isomerisation now takes place in the bulk of the sample. At
this stage of doping the concentration of defects can no
longer be significantly decreased by compensation effects.®

A threshold concentration of dopant is needed to initiate
the isomerisation;®:* its value is largely determined by
the chosen doping technique.

It has been reported® that high rates of introduction of
the additive yield smaller y values than lower rates. This
is because at high rates the concentration of dopant on the
fibril surface can rapidly reach the value which initiates iso-
merisation. At low doping rates there is time for the dopant
to diffuse into the fibril and reach a trans segment. Since
in trans-PA the oxidation potential (ionisation potential) is
slightly lower® than in cis-PA we may expect preferential

9 See also J.C.W.Chien, J.M.Warakomski, and F.E.Karasz,
J.Chem.Phys., 1985, v.82, p.2118.

+The compensation effect can be described as follows: at
low doping levels the effects of donor (or acceptor) additives
are suppressed by the subsequent addition of impurities of
the "opposite"” type i.e. acceptor (or donor) additives
respectively.
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doping of the trans segment. In PA samples containing a
large proportion of the cis isomer the addition of impurities
at first initiates cis—trans isomerisation, followed by doping
of the trans segments. The slight inconsistencies between
the threshold values (y) of the dopant concentration reported
by different workers can be attributed to differences in the
isomer composition of the initial sample or to differences in
the doping techniques.®

The isomerisation process is followed by charge transfer
to the paramagnetic defect, which converts it into the
diamagnetic state. This mechanism was established® from
the time-changes of the ESR spectrum after doping. If the
doping process is stopped at the instant when two super-
imposed singlets appear, after some time (~1 h) the narrow
singlet from trans-PA disappears, leaving only the signal
from cis-PA.

Ne, p.p.m.
I/Mi
J00+

200~

100 |- I I

a | 1 1
2 q &

103y, molecule per CH unit

Figure 6. Change in the concentration of Curie spins N
with the concentration of AsFs(y) in trans-PA (Ref.36).

By combining the ESR method with the Faraday compensa-
tion method it was shown that the addition of dopants to the
cis and the trans isomers affects the nature and magnitude
of the paramagnetism.®2:%573%8,% Thy,5 adding AsFs to
trans-PA was found® to lower X, more than 400-fold for
an increase in dopant concentration from 0.001 to 0.05. The
change in spin concentration N¢ corresponding to the para-
megnetic Curie susceptibility for low concentrations of AsF;s
is shown in Fig.6. For cis-PA lightly doped with lithium
(y <0.003) the parameter X decreases as y increases.®
Under these conditions the temperature-independent Pauli
paramagnetism is still insignificant (Pauli paramagnetic sus-
ceptibility xp <5 x 107® em® mole™?). In PA samples with a
high concentration of AsFs only Pauli paramagnetism was
observed872:2,%,%737,8,% (., = 107® ¢m® mole™). Doping
with iodine did not produce Pauli paramagnetism even at
high dopant concentrations. ®*:*%*  Using AsFs, 2% 1,,¥
and Na¥ as dopants produced a discontinuous increase in
Xp at concentrations in the region of 0.04—0.07. Fig.7
shows the dependence of xp on y'® for samples doped with
I, and AsFs, and also the dependence of the conductivity
con y. Clearly, we have a concentration range (y < 0.05)
in which xp is still small but o is already approaching the
value corresponding to the metallic state. In contrast to
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this report, Pauli paramagnetism was observed * at very low
concentrations of AsFs (y 2 0.005), coupled with a smooth
increase in xp with increasing y. Later work!® showed the

reason for this discrepancy between the experimental results.

In Ref.35 the concentration of paramagnetic centres was
determined by the ESR method, which gives a large error in
the double integration due to the large asymmetry of the line.
In Refs.36 and 100 the Schumacher—Slichter method!-1%

was used, which allows the absolute value of the paramag-
netism to be calculated more precisely than the ESR method.

Xp> ¢m? mole™? 0, Q7 'cm™!
-.f— —
Vi w’
A
o 10°
A
/e al Lt
o2
AJd
-7
Q O AAj |
405 a1

y, molecule per CH unit

Figure 7. Dependence of the Pauli magnetic susceptibility
Xp and of the conductivity ¢ on the concentration of AsFj
and I; dopants.'® The Xp value for AsFs was obtained by
the Faraday method (1) and from ESR data (2); the value
for I3 by the Faraday method (3).

It has been suggested” that the carriers of charge and
of paramagnetism are different species in PA, since the
conductivity and the magnetic susceptibility have different
temperature dependences: o«exp(-AT™!) and Xc T
Other workers'® came to the same conclusion. No correlation
was observed® between the increase in magnetic spin sus-
ceptibility and the increase in ¢ when small amounts of AsF;
were added to trans-PA (see also Fig.7). Different views
are held at present on this behaviour of the electrical and
magnetic characteristics of doped polyacetylene.

Some workers'®»®:%:%¥ interpret their experimental results
on the changes in magnetic susceptibility of lightly doped
PA in terms of the neutral soliton model. *:*® However, a
detailed examination of the experimental data from this
standpoint reveals a number of inconsistencies (see, for
example, Refs,20 and 54). Furthermore, neither the results
of experiments with strongly doped PA nor the existence of
a transition region in the xp(y) relationship are explicable
in terms of the soliton model.

An alternative model'®»* assumes the formation of metal-
like regions, analogous to metal granules embedded in a
dielectric. However, the application of this model also
encounters serious difficulties.

IX. STRUCTURAL CHARACTERISTICS OF PURE AND OF
DOPED PA FROM *C NMR DATA

The NMR signal from **C nuclei (at their natural enrich-
ment level of 6%) for pure PA, obtained by rotation through
the "magic angle", is a narrow line located at 127 p.p.m.
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for cis-PA and 137.4 p.p.m. for trans-PA (relative to the
Me,Si signal). &% n samples of trans-PA with a 30%
enrichment in *C a weak additional peak is observed at

47 p.p.m. (its intensity is 3.4% of that of the main peak).
This peak has been attributed'™ to carbon atoms in a state
of sp® hybridisation, i.e. the carbon atoms of the methylene
groups. These groups interrupt the continuous conjuga-
tion of the polymer chain, giving an average length of the
conjugated regions in trans-PA of about 30 CH groups. A
content of methylene groups of 3.4% is confirmed by the
element analysis, according to which the formula of PA is
more accurately written as (C; oHi.03)x than as (CH)y.

The changes in intensity, shape, and position of the two
13C NMR peaks (127 and 137 p.p.m.) produced as a result
of cis—trans isomerisation by heating pure cis-PA have been
studied.!®™ The cis-PA line is lowered by heating, but its
width and position are unaffected. The trans-PA line
undergoes changes in width and position (by ~1 p.p.m.) as
the amount of trans isomer increases. This has been inter-
preted ™ as evidence that 1) the structure of partially iso-
merised trans-PA is different from that of pure trans-PA,
and very inhomogeneous, and 2) the cis isomer has an
ordered structure.

Nutation NMR® on pure PA prepared from acetylene
enriched in *C (initially containing 6% of H**C= *CH mole-
cules) showed that two types of bond are present in trans-PA,
of length# 1.37 and 1.43 X. The splitting in the nutation
NMR spectrum of the two peaks corresponding to these bond
lengths is ~300 Hz. If fast interconversion of the two types
of bond were possible (as the soliton model stipulates) the
two peaks would be replaced by a single peak. Hence we
conclude that the interconversion does not take place, or
that it takes place slowly (with a frequency much lower than
300 Hz).

Measurements of the second component of the 'H NMR
proton line led to the conclusion’® that even a small con-
centration of I, (y 2 0.05) causes almost complete cis—trans
isomerisation, whereas according to 3C NMR data the iso-
merisation is not complete even at higher doping levels.!? "
This discrepancy may be attributed to differences in doping
method (see Section VIII).

Studies of the *C NMR spectra of samples of composition
trans-[CH(AsFs)o.0% ], and trans-[CHKg.5l,, showed'® that
the line shifts produced by doping towards lower fields
(+9 p.p.m.) for AsF; and towards higher fields (-12 p.p.m.)
for K (relative to the line for pure trans-PA) are chemical
shifts (as also stated in Ref.109). In some earlier work'®®?
a different interpretation of these shifts had been proposed:
the Knight shift. However, the Knight shift calculated®
for these concentrations is only +2 p.p.m. Thus doping
produces a change in the w electron density on the carbon
atoms. As the 7 electron density is decreased (or increased)
by one electron in the calculation the shift of the *C NMR
line towards lower (or higher) fields is ~160 p.p.m. The
reported ’® chemical shifts are satisfactorily consistent with
the theoretical estimates (+12 and ~14 p.p.m.) for the con-
centrations of AsFs and K used in those experiments.

The analysis of the *C NMR spectrum of the trans-
(CHIg,0), sample'® showed (allowing for the fact that the
true dopant was the I3 ion) that practically all the iodine
atoms are converted into the I3 state and contribute to the
charge transfer, and also that the peak at 47 p.p.m. for
sp? hybridised carbon atoms is significantly stronger than
in pure PA. This suggests a very slight degree of chemical
compound formation between the iodine and the polymer,

#Similar values for the length of the C—C bonds were

obtained by M.J.Duijvestijn, A.Manenchijn, J.Smidt, and
R.A.Wind, J.Magnetic Resonance, 1985, v.64, p.461.
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giving the fragment —CHI—. The volume of the undoped
region was estimated'® as 50%, since in the doped region the
concentration of dopant was about double the average.

The **C NMR spectra for trans-(CHBr,, ), with y = 0.661
and y = 0.103 contain strong peaks intge 50 p.p.m. region.
This indicates not only a high level of chemical compound
formation between the bromine and the polymer (formation
of the —CHBr— fragment) but also the formation of cross-
links between neighbouring polyacetylene chains (the C
atoms in the region of the cross-links are also in the sp?
hybridisation state).%®

---000---

The results of magnetic resonance studies have given
valuable information on the structure and properties of
pure and of doped PA. The average length of the con-
tinuous conjugation regions in the polymer chains has been
determined (about 30 CH units), and the alternation of bond
length in the chain has been confirmed. It was shown that
the paramagnetic centre or defect mainly responsible for
all the magnetic properties of PA is the 7 electron. The
delocalisation region of the paramagnetic 7 defect is found
to vary between 7 and 93 CH units. In the cis isomer the
paramagnetic defects are immobile, but in the trans isomer
they are mobile at T » 50 K and immobile at T < 50 K.
Doping produces various structural and chemical changes in
PA (cis—trans isomerisation, chemical changes of the dopant
additives, reaction of the additives with the polymer, etc.).
None of the models so far proposed can explain all the
results obtained by magnetic resonance methods for PA:
there is no generally accepted account of the mechanism of
electronic and nuclear relaxation, various estimates of the
size of the delocalisation region of the unpaired 7 electron
are inconsistent, and existing models of the paramagnetic
defect cannot explain the extensive group of reported
magnetic measurements in a manner consistent with the
results of electrical measurements. The **C high-resolution
NMR method (and some of its modifications) appear to be
the most promising approach to the structural study of PA.

While this review was being prepared the proceedings of
two international conferences and of an international school
on organic conductors, including PA, were published, 1?71
Most of the recent publications are new developments of
previously formulated ideas, and they do not affect the
main conclusions of the present review on the structure of
PA. However, two recent papers deserve special mention
for suggesting new ideas as well as improved experimental
approaches. ns,16

Holczer and co-workers™® suggested that many of the
effects observed in trans-PA could be attributed to surface
phenomena, determined by specific aspects of the morphology
of the polymer. Calculation shows that in PA synthesised
by Shirakawa's method, with a specific surface of 10—100 m? gL,
~20% of all the chains (1/5 of the total volume) are in contact
with the surface, whereas in a normal solid the proportion
of the atoms located in the first surface layer is ~107°.

Chien and Schen® studied by ESR the effect of the
molecular weight (MW) of PA on the magnetic properties.
They found that many of the characteristics of PA (con-
centration of paramagnetic centres in undoped and in doped
PA, relaxation times T;, and Ty in the doped isomers) are
insensitive to changes in MW between 500 and 870 000.
However, in undoped PA the time T,e decreases as the MW
increases.
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The present state of the study of the processes involved in the polymerisation, initiated by radiation, of monomers adsorbed on
solid surfaces has been examined. Particular attention has been paid to the results of work on the quantitative description of
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I. INTRODUCTION

The processes involved in the polymerisation of monomers
adsorbed on solid surfaces have attracted considerable and
increasing attention from research workers in the last
20 years. Interest in these reactions is due chiefly to
their possible use for the solution of a number of practical
problems. These processes are potentially convenient for
modifying the surface properties of various solids (in
particular mineral fillers, pigments, and chromatographic
sorbents) and obtaining new materials (graft polymer
fibres, films, and membranes, organic and mineral—organic
ion-exchange materials, textile materials of various kinds,
etc.).!™ In recent years there has been considerable
interest in these reactions in connection with the problems
of obtaining composite materials by polymerisation filling®~’
and encapsulation.®”® The investigation of the charac-
teristic features of the elementary stages of the polymerisa-
tion of monomers on a surface, and their relationship to the
nature of the adsorption interaction of the monomers and
polymers and the nature and actual structure of the solid
support, is undoubtedly of independent scientific importance.

These reactions are initiated using special initiators,!0~1*
ultraviolet radiation,*®:*® the mechanochemical method,!’ or
an electric discharge.!® Forms of ionising radiation, namely
gamma-rays, X-rays, and fast electrons, are extremely
convenient and are widely used in research practice. The
processes of radiation-initiated polymerisation on a surface
have now probably been most extensively studied. The
examination of these processes is the main subject of the
present review, which deals chiefly with the reactions
involved in the radiation polymerisation of monomers on the
surface of inorganic solids in adsorption systems of the
"open" type. Polymerisation in clathrate complexes and
inclusion compounds, which may be called adsorption systems
of the "closed" type, was examined in Refs.19-22,

The topics examined in the present review have been dealt
with to some extent in a number of review papers.l»®?232"
They have been examined most systematically (from data
published up to 1972) in Ref.1; a fairly extensive bibliog-
raphy is given in Ref.23. All these papers analyse chiefly

the overall kinetic relationships for the processes involved in
polymerisation on a surface. This is mainly due to the fact
that studies of the mechanism and characteristics of the
elementary stages in these reactions have been carried out
only in recent years. In the present review, particular
attention is paid to the results of studies of the elementary
stages of the polymerisation. It may be noted that many of
the conclusions about the characteristics of the elementary
stages of radiation polymerisation on a surface, in particular
the reactions of chain growth, transfer, and termination,
also apply when other methods of initiation are used.

The reactions examined in the present review are described
in the literature in different ways: polymerisation at a
"gaseous monomer—solid" interface, grafting from the vapour
phase or gas-phase graft polymerisation, polymerisation in
adsorption layers, thin-layer polymerisation, etc. All these
terms essentially refer to systems consisting of a solid, a
monomer adsorbed on its surface (at different degrees of
surface coverage, from fractions of a monolayer to tens and
hundreds of monolayers), and the vapour of the monomer,
present in equilibrium. The present review deals chiefly
with systems in which a strong specific interaction between
the polymerising group (the C=C bond) of the monomer and
the solid (characteristic, in particular, of heterogeneous-
catalytic polymerisation) does not take place. In most
systems the main contribution to the adsorption interaction
with the surface is made by the substituent at the double
bond.

I1. GENERAL REGULAR FEATURES OF POLYMERISATION ON
A SURFACE

1. The Nature of the Active Centres of Polymerisation

The processes involved in radiation polymerisation on a
surface have been studied chiefly in the temperature range
from —50°C to +100°C. Under these conditions, both ionic
and radical polymerisation chains may develop.
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a) lonic polymerisation

The irradiation of solids may lead to the production on
their surface of various ionic active centres, whose lifetime
is usually much greater than that of the ionic active centres
in liquid monomers. This fact increases the probability of
the development of ionic polymerisation chains on the surface.
Unfortunately, there have been comparatively few studies of
the processes involved in ionic radiation polymerisation on a
surface.

It has been established?*~2° that in the polymerisation of
styrene (ST) on various silicon dioxide specimens, the
process takes place by cationic and radical mechanisms
simultaneously. The polymerisation was carried out at
temperatures close to room temperature, in comparatively
thick adsorption layers (5—7 monolayers). The proportion
of polymer formed by the cationic mechanism increases with
increase in the quantity of aluminium impurity in the SiO,.
In specimens containing 1072~10"%$% aluminium, this propor-
tion is 60—80%; at an aluminium concentration of ~1%,
practically all the polymer is formed by the cationic mecha-
nism, and, other conditions being equal, the rate of the
process is several times that in the absence of impurity.2®
The mechanism of polymerisation in these systems was
established by analysing the molecular mass distribution
(MMD) of polystyrene (PST) formed under different condi-
tions, including the use of inhibitors of different kinds.
The molecular masses (MM) of the PST obtained by the
radical mechanism are 10°-10%, and those for the cationic
mechanism 10°-10%., In agreement with this, the gel-
chromatograms of the PST show clearly defined bimodal
character. The formation of low-molecular-weight PST is
inhibited by ammonia, and that of high-molecular-weight PST
is inhibited by benzoquinone.?® The total activation energy
of the cationic polymerisation of ST on silica gel is close to
zero, and the kinetic order of the reaction with respect to
the dose rate is ~0.7 (in the range 0.03—3 Gy s ).’ Most
of the cationic PST (~90%) is not grafted to the silicon
dioxide surface. The radiation-chemical yield of the cationic
polymerisation is ~10".

Similar results on the polymerisation of ST on SiO, were
obtained in Refs.30—32. In an earlier paper,’® however, a
radical mechanism was proposed for the radiation polymerisa-
tion of ST on Degussa aerosil.

The low molecular masses of the cationic PST quoted in
Refs.25—29 are attributed chiefly to non-degenerate chain
transfer to the silicon dioxide surface, and in Refs.30—32
chiefly to effective chain transfer to the monomer. The
two factors can apparently play a definitive role. It should
be borne in mind, however, that the relative constant for
chain transfer to the monomer in the cationic polymerisation
of ST in the liquid phase is extremely high (Cp =2 x 1072 3);
thus in polymerisation on a surface, chain transfer to the
monomer alone may lower the MM of the cationic PST to the
values observed experimentally.

In the analysis of the probability of the development of
ionic chains in the polymerisation of a given monomer on a
surface, it is necessary to take into account, in addition to
other factors, the possible drying action of the solid on the
system, due to the strong adsorption bonding of water.

The low-temperature radiation polymerisation of isobutene
(IB) on silica gel (SG) has been studied.’*” %’ The EPR
spectrum of the IB—SG system, irradiated at —196 °C and
-78°C, indicates the presence of terminal polymer radicals
~-CH2—6(CH 3)2, showing that polymerisation takes place
directly at the temperature of irradiation. The inhibiting
influence of added methylamine on the yield of the terminal

Russian Chemical Reviews, 56 (1), 1987

polymer radicals and the polymer indicates a cationic poly-
merisation mechanism. It is suggested that the terminal
polymer radicals are formed as a result of the recombination
of the growing cationic polymer chains with an electron
liberated from a trap. The yield of these radicals depends
on the IB concentration on the SG surface, and this depen-
dence correlates with the concentration dependence of the
yield of the polymer, determined gravimetrically after the
temperature of the irradiated specimens had risen. In the
region of the maxima on the two curves, corresponding to
monolayer covering of the surface, the radiation-chemical
yield of terminal polymer radicals at —196 °C is 1.5; the
radiation-chemical yield of the inhibition of the polymerisa-
tion Gin was estimated by assuming that the number of these
radicals is equal to the number of initiated polymerisation
chains. It is important to note that the average number of
polyisobutene macromolecules formed, determined from the
values of the viscosity-average molecular masses (My, = 5000),
was found to be appreciably greater than the number of
polymer radicals (by a factor of ~30), from which the authors
correctly conclude that chain transfer reactions take place
effectively during the polymerisation.

The following views were put forward**~%” regarding the
mechanism of chain initiation and transfer in the polymerisa-
tion of isobutene on silica gel. It is assumed that both
processes are associated with the existence on the SG surface
of Bronsted acidic centres, localised close to impurity
aluminium atoms in tetrahedral configuration

ol [ o
1 ol ,
—-§im—Q——AIF—0—§i—

l
(n

The protons of these centres cannot initiate polymerisation
in the absence of irradiation, since they compensate the
negative charge of the aluminium atoms. On y-irradiation,
paramagnetic centres are formed in SG,*® of the type

OH OH OH

Ll s
-—Sx——O——Al—O—S]i-—
|

in which the hole is localised on an oxygen atom adjoining

an aluminium atom. The proton of this centre is liberated,
and can either capture an electron and be stabilised as a
hydrogen atom, or add on to an IB molecule and form the
carbonium ion (CH,);C*, which brings about polymerisation.
The probable participation of the acidic surface centres of SG
in the initiation of polymerisation is indicated by the fact
that decrease in the acidity of the SG by preliminary treat-
ment with alkali leads to a marked decrease in the yield of
polyisobutene.

It is suggested that the main contribution to the mecha-
nism of chain transfer is made by the reaction of the growing
macro-cations with the acidic centres of the SG surface of
type (1), as a result of which the macro-cation neutralises
the charge on the aluminium, and the liberated proton, by
reacting with a monomer molecule, starts a new polymer
chain. In the opinion of the authors,’*™37 the polyisobutene
macromolecules are also formed as a result of the mutual
recombination of terminal polymer radicals.

The results of studies of the radiation polymerisation of
liquid monomers in the presence of various solid oxides,®~*
examined in detail in Ref.39, are relevant to the subject of
the present review. These studies were generally carried
out under conditions in which the liquid monomer was poured
over a layer of solid oxide powder; the concentration of the
monomer was 40—80 mass %. In these studies, chiefly in
work carried out in the Karpov Physicochemical Scientific
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Research Institute,®®~*! the idea of a correlation between

the semiconducting character of the oxides and the mechanism
of polymerisation was put forward. It was shown that the
n-type (electronic) semiconductors ZnO, TiO;, and Cr,0;
facilitate the development of cationic chains, and the p-type
(hole) semiconductors MgO, Cu,0, and NiO the develpment of
anionic polymerisation chains.

b) Radical polymerisation

Most studies carried out up to the present have dealt with
monomer—support systems in which radiation polymerisation
on the surface develops chiefly by a radical mechanism.!s%"5"*®
A radical mechanism of polymerisation is proved using data
on the influence on the process of typical radical inhibitors
(diphenylpicrylhydrazyl, O, benzoquinone) 3%“%t+ and data
on the compositions of the copolymers and the kinetics of
copolymerisation on a surface,*”*® and on the micro-structure
of the polymer chains formed.*’ Thus the processes
involved in radical polymerisation on a surface have been
studied in most detail. Subsequently, unless otherwise
stated, radiation polymerisation by a radical mechanism is
discussed.

2. The Adsorption Mechanism of Polymerisation

One of the first questions arising in the analysis of the
mechanism of polymerisation on a surface, as in the analysis
of other surface reactions, is the question of whether this
reaction takes place by an "adsorption" mechanism or by a
"collision" mechanism. In the first mechanism, the monomer
molecules are adsorbed, migrate over the surface, and finally
are added on to the active centre situated on the surface (the
active terminal unit of the growing chain); the "working"
concentration of the monomer is its concentration in the
adsorption layer. In the second mechanism, the acts of
chain growth take place when monomer molecules from the
vapour phase collide directly with the active centre; here,
the "working" concentration is the monomer concentration
in the vapour phase.

The mechanism of polymerisation was a subject of discus-
sion in the mid-sixties. In Refs.33, 45, and 46 it was
concluded from overall kinetic data that polymerisation on
a surface takes place by an adsorption mechanism. The
main evidence was the decrease in the rate of polymerisa-
tion with increase in temperature at a constant monomer
vapour pressure. The collision mechanism of polymerisa-
tion was developed in Refs.16, 50, and 51. In the opinion
of these authors, this temperature dependence of the rate of
polymerisation may be due to the destruction of active
centres with increase in temperature, and a corresponding
decrease in the rate of initiation of polymerisation.>®

The results in Refs. 9, 47, and 53-55 apparently prove
that polymerisation takes place by an adsorption mechanism
in the systems studied. The dependence of the rate con-
stants of chain growth kg on the mechanism of adsorption and
on the nature of the adsorption bonding between the monomer
and the support, observed in these studies, can be under-
stood only by assuming an adsorption mechanism of poly-
merisation. For example, as established in Refs.47 and 54,
the change in the heat of adsorption of vinyl acetate (VA)

t+Because of the decrease in the "activity" of most
inhibitors on a surface,*® the quantities of inhibitor which
are effective are much greater than the stoichiometric
quantities.
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on AS/400# in the range of coverage of about half a mono-
layer is accompanied by a fairly sharp (several-fold) change
in k,. An important feature is that this change in kg at
different temperatures (20 °C and 50 °C) takes place in
approximately the same range of coverage, whereas the
pressures in the vapour phase, corresponding to this range
of coverage, differ by a factor of more than 20.

If the calculations are carried out using as working con-
centration the surface concentration of adsorbed monomer o,
the temperature dependence of the value of kg for radical
polymerisation is described by the Arrhenius equation with
"normal" values of the activation energy of growth E_.§
Similar calculations using the concentration of the monomer
in the vapour phase give negative or anomalously low values
of Eg.

In later papers on polymerisation on a surface from the
vapour phase,®:%%5! the authors conclude that polymerisation
takes place by an adsorption mechanism.%?

3. Thermal and Diffusion Processes Accompanying Poly-
merisation on a Support

For a correct analysis of the kinetics of polymerisation on
a surface, it is necessary to estimate correctly the role of
macrokinetic factors, such as, in particular, the possible
non-isothermal nature of the process and the diffusion
retardation in the transport of the monomers in real
adsorbent specimens (porous granules, tablets, layers of
powder, etc.). Unfortunately, in many papers these factors
are not properly analysed.

When the dose rate is not too high, the heating of the
specimens in the radiation field, not associated with poly-
merisation, is usually insignificant. At dose rates of
1-10 Gy s !, it generally does not exceed fractions of a
degree. In the analysis of the possible non-isothermal
nature of the system resulting from the heat liberated on
polymerisation, it must be borne in mind that although the
reaction zone usually makes up only a small fraction of the
total volume of the specimen, a significant increase in tem-
perature is possible, because of the low thermal conductivity
of the specimens. For specimens of silicon dioxide in the
form of tablets or powder with a specific surface of ~200 m? g™},
a layer porosity of 80—90%, and characteristic layer dimen-
sions of 0.5—1 cm, the increase in temperature as a result of
the polymerisation of MMA and VA for monolayer coverage of
the surface and dose rates of the order of 1 Gy s~ is 1-10 K.%®
The increase in temperature increases considerably with
increase in the degree of coverage of the surface by the
monomer.

The correction to the stationary rate of polymerisation vy,
taking account of the increase in temperature, in the case of
experiments in a closed system with a small vapour phase
volume ("without maintenance") can be calculated from the
expression®’

E 1 1 E
Vge/Vst,0==€Xp [_F(T‘,+»—\T —Tf:”:l-i- R?AT“,
pu /] 0

#Here and subsequently, AS/200, AS/400, etc. denote
aerosils treated in a vacuum at 200°C, 400°C, etc.

§Thus for example the values of Eg for the polymerisation
of VA and methyl methacrylate (MMA) on an aerosil at a
monolayer coverage of the surface by monomers are
17 kJ mole™* and 32 kJ mole™! respectively.>®
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where T, is the temperature of the thermostat, AT, the
stationary increase in temperature, E the total activation
energy of the process, and vgi ,o the stationary rate under
isothermal conditions. The quantity AT, is related to the
effective heat of polymerisation —~AHg¢r by the expression

AT, = —AH¢ st

c a

where c¢ is the heat capacity of the system, and a an experi-
mentally determined parameter characterising the rate of
removal of heat from the specimen.

It is more difficult to take account of possible non-iso-
thermal character in experiments in an open system "with
maintenance", when an increase in the temperature of the
specimen leads to a decrease in the equilibrium concentration
of the monomer on the adsorbent; it is then necessary to
solve simultaneously the equations for the kinetics of poly-
merisation, adsorption, diffusion, and thermal conductivity.

The influence of diffusion retardation in the layer of
adsorbent on the stationary kinetics of polymerisation can be
examined further. When the polymerisation is carried out
under conditions in which the formation of the polymer
produces a diffusion flux of the monomer in the specimen,
the influence of diffusion retardation on the observed
stationary rate of polymerisation (vst) is revealed by a
deviation of the distribution of the monomer concentration
o(x) along the cross-section of the specimen from the
equilibrium distribution, leading to a decrease in the
observed rate of polymerisation, which starts to depend on
the specimen thickness L. In those cases where the
average decrease in the monomer concentration Ac in the
specimen is small compared with the equilibrium adsorption
o*, the rate of polymerisation can be taken as approximately
constant over the cross-section of the specimen. o(x) is
then described by a simple parabolic law, and Ac is given®®
by the expression:

A0 = vy L2/ 12Dege

where Dg¢¢ is the effective diffusion coefficient of the
monomer in the specimen. The coordinate x is measured
from the centre of the specimen. The magnitude of the
deviation has been analysed,®® and it was shown, in
particular, that in the polymerisation of VA, MMA, and ST
on aerosil tablets with a thickness of ~2 mm, compressed at
a pressure of 300 kg cm™?, for degrees of coverage by the
monomer of about one monolayer, a temperature of 50 °C,
and a radiation dose rate of 0.35 Gy s !, the value of A0
does not exceed 10% of o*.

In the case of polymerisation at low concentrations of
adsorbed monomer, however, when it is necessary to carry
out the reaction to degrees of conversion close to or greater
than o*, the influence of diffusion retardation on the
observed rate of polymerisation may be considerable.
Decrease in the monomer concentration leads to a marked
decrease in the value of D ¢e, and this in turn also increases
the influence of diffusion on the rate of polymerisation at
low concentrations. Under these conditions, the dependence
of the rate on the coordinate x cannot be neglected, and the
distribution of the monomer concentration over the cross-
section of the specimen for linear termination of the kinetic
chains is described by the expression:*®

ch{{ (kg/k )i/ Dee)"x}
o(x)=o* ;
ch{[(kg/k)@i/Dee) AL/ 2)}

where v; is the rate of initiation, kg the chain growth rate
constant, and Kk, the rate constant for linear termination.
The observed rate of polymerisation is proportional to 1/L.
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4, Overall Kinetics of Polymerisation

The influence of the support on the rate of polymerisation
of monomers on a surface can be examined first. Table 1
gives the values of the radiation-chemical yields for poly-
merisation in various systems, calculated from published
data.3%%%%% A noteworthy feature is the high values of the
polymerisation yields calculated per unit of energy absorbed
by the adsorbed monomer, G *01; they are much greater than
the values for the polymerisation of the same monomers in the
bulk.f Similar results were obtained in other studies (see
Ref.1). Thus for a number of systems, the supports have
an appreciable accelerating action on polymerisation. The
mechanism of this action will be examined below.

Table 1. Some overall kinetic characteristics of the

.radiation polymerisation of monomers on a surface (coverage

of the surface by monomers about one monolayer, tempera-
ture 50°C, dose rate 0.35 Gy s~1).3%4%56

Monomer Adsorbent ng 104 Gpop | 104Gy 104 68,
VA AS/400 1 0.7 12 3.5%*
VA AS/700 1 0.6 10 3.5%*
VA AS/900 0.8 — — 3.5%*
VA MAS*** 0.5 2.0 120 3.5+
MMA AS/400 1 0.6 10 0.9
MMA AS/200 4 1.0 15 0.9
MA AS/400 1 2.6 43 T
BMA*"* AS/400 0.8 0.3 H 0.6
ST AS/400 0.7 0.3 10 0.04**

Notes. The specific surface of the adsorbents is

~200 m? g~!. The polymerisation of all the monomers
except ST takes place by a radical mechanism; the poly-
merisation of ST takes place by caticnic and radical mecha-
nisms simultaneously on an aerosil surface, and by a radical
mechanism in the bulk. Notation: G0 and G;ol are the
radiation-chemical yields of polymerisation on a surface,
calculated per 100 eV of energy adsorbed by the entire
system and by the monomer respectively; Gbol the radia-
tion-chemical yield of polymerisation in the bulk ("in the
mass") in the initial stages; MA = methyl acrylate; BMA =
butyl methacrylate.

*Dose rate range studied 0.05-5 Gy s™!.

**Calculated from published data.®®
**#Methylated aerosil; specific surface ~60 m? g™,
****Temperature 25°C.

Analysis of the available data shows (see for example
Table 1) that in polymerisation on a surface, in contrast to
processes in the liquid phase, linear termination of the kinetic
chains is observed extremely frequently (the order for the
dependence of the reaction rate on the irradiation dose
rate, n = 1); the reasons for this will be examined below.

1 The values of G *ol are proportional to the relative or
reduced rate of polymerisation v/o, expressed as fractions of
the original quantity of the monomer on the surface in unit
time (for example in s71).
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The specific mechanisms of linear termination may be
different in different systems. For the polymerisation on
an aerosil of vinyl acetate and various other monomers with
highly active growing radicals, the mechanism apparently
involves degenerate chain transfer to the hydroxide groups
of the surface and the formation of radicals whose activity
is much lower than that of the growing macro-radicals;
kinetically, this appears as chain termination.*’,5® This
mechanism is confirmed, in particular, by the fact that with
decrease in the concentration of hydroxide groups on the
aerosil surface, for example as a result of an increase in
the temperature of treatment to 900 °C, the rate of termina-
tion in the polymerisation of VA decreases, and n;j deviates
from 1 towards lower values.*® On a methylated aerosil not
containing hydroxide groups, nj = 0.5, that is quadratic
termination of the kinetic chains takes place."’ A similar
mechanism of termination has been assumed®® for the poly-
merisation of MMA on an aerosil; with increase in the
quantity of polymer formed on the surface, n; decreased
from 1 to 0.5.

Chain termination associated with the occlusion of the
growing macro-radicals is apparently fairly common.
Complete "burial" of the growing active centre is not
essential. A sufficiently marked decrease in the specific
growth rate, due to a decrease in the local concentration
of the monomer close to the active centre, will appear
kinetically as chain termination. As an experimental indica-
tion of the role of occlusion phenomena in chain termination,
data®® on the radiation polymerisation of acrylonitrile (AN)
on alumina fibres can be considered. n; changes from 0.5
to 1 on going from the non-porous to the fine-porous fibre.
An occlusion mechanism has been proposed for the deactiva-
tion of the growing macro-radicals in the polymerisation of
acrylic acid on kaolin.®! An occlusion mechanism of chain
termination in the polymerisation of AN on KSK-2 silica gel
was established by EPR.®? Post-polymerisation and EPR
methods have shown that in the polymerisation of MMA on
an aerosil at a temperature of 25°C, kinetic termination of
all the growing radical chains is not accompanied by chemical
destruction of the macro-radicals; for reasons which are not
yet completely clear, the growing macro-radicals at a definite
moment undergo occlusion immobilisation, as a result of which
the specific growth rate decreases by a factor of ~300; with
increase in the temperature of the system (for example to
70 °C), "reanimation" of the kinetic chains is observed.t

There are probably several forms of occlusion, for example:
1) self-occlusion of the chains in the fine pores as a result of
the covering of the transport "windows" of the pores as chain
growth proceeds; 2) occlusion in pores with small windows
(particularly in dead-end pores), taking place as a result of
the growth of other chains, which prevent the transport of
the monomer into the pore; in this case, as noted by
Kabanov (see Ref.1), n; may be less than 1. It is more
difficult to picture the occlusion immobilisation of a macro-
radical growing on an open surface. In some systems with
extremely weak adsorption interaction of the units of the
macromolecule with the surface, deactivation of the macro-
radical may take place as a result of a conformational change
("collapse") from an unfolded chain to a compact globule with
localisation of the active centre inside the globule. The
actual mechanism of the occlusion termination of the growing
chains in polymerisation on the surface of solids has not
been established for any system.

+See E.Ya.Yunitskaya, Candidate's Thesis, Karpov
Physicochemical Scientific Research Institute, Moscow, 1986.
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Linear termination of the growing radical chains on
impurities, for example iron ions, is also possible. As
far as the mechanism of the quadratic termination of poly-
merisation chains on a surface is concerned, it is possible
that, because of the obvious retardation of the thermal
diffusion of the macro-radicals on the surface (see also
section V), in some systems a "reactive" or "chemical"
mechanism of diffusion will predominate, where the meeting
of the growing active centres and their disappearance take
place as a result of their movement over the surface during
the actual growth reaction.

Study of the temperature dependence of the rate of poly-
merisation has shown that the corresponding activation
energy E; 4 in different systems varies from 0 to 40 kJ mole™}
and usually decreases with increase in the degree of covering
of the surface by the monomer.%%:**® The latter is related®®
to the corresponding decrease in the activation energy of
polymerisation chain growth Eg (see section V and Table 3).

High kinetic orders of the polymerisation with respect to
the concentration of the adsorbed monomer have been
noted.’»®* The authors cited relate these results to the
formation of associates of the monomers on the surface of
the support. These results, however, are fully covered
by the general concept based on the dependence of the chain
propagation rate constant on the nature of the adsorption
bonding and also on the degree of covering of the surface
by the monomer and the thickness of the adsorption layer;
this concept is developed below (see sections V and VI).

111. MOLECULAR AND STRUCTURAL CHARACTERISTICS OF
THE POLYMERS FORMED

1. Structural and Conformational Characteristics of the
Macromolecules and Their Distribution on the Surface

The structure of the macromolecules formed and their
distribution on the support in relation to the processes of
radiation polymerisation on a surface has been the subject
of special study only in recent years. The molecular mass
distribution of the polymers formed in the polymerisation of
ST and MMA on silica gels has been studied?°”2%%%% by gel-
permeation chromatography (GPC). The polymerisation was
carried out at extremely high monomer concentrations and
degrees of conversion. The results were used chiefly for
the separate determination of the yields of radical and ionic,
grafted and non-grafted polymers. The fraction of grafted
PST is very low (15—20%), whereas for polymethyl methacry-
late (PMMA) this fraction is 70—80%. Under the conditions
studied, ST was polymerised chiefly by a cationic mechanism,
and MMA by a radical mechanism. The proportion of grafted
PST is higher if the polymerisation is carried out as a result
of the post-effect after preliminary irradiation of the silica
gel in a vacuum.?® The influence of the monomer concentra-
tion on the MMD of polystyrene obtained by the radiation
polymerisation of ST on silica gel has been examined.’! GPC
has been used®’ to study the molecular characteristics of PST
formed by the radiation polymerisation of ST in the porous
structure of wood.

In the initial stage of the polymerisation of vinyl acetate
on aerosil (at degrees of conversion up to one third of an
effective monolayer), linear macromolecules are formed, and
M,,/Mp = 2.%® On further polymerisation, effective branching
of the macromolecules and marked broadening of the MMD take
place. In the range of degrees of conversion from one third



86

to two thirds of a monolayer (irradiation dose 0.3—0.6 kGy),
the width of the MMD increases by a factor of ~3, and the
degree of branching by a factor of 2.5. It is suggested that
these changes are related to radiolysis of the polymer and
chain transfer to the polymer.

Infrared spectroscopy has been used to study the con-
formational characteristics of the polymers formed in the
polymerisation of VA and MMA on aerosil (AS/400 and
AS/200), before their separation from the surface."”%® It
was shown that a fairly high proportion of the units of the
PVA and PMMA formed are joined to the aerosil surface by
hydrogen bonds (between the CO groups of the polymers and
the OH groups of the surface). The proportion of units
bonded to the surface increases, in particular, with decrease
in the monomer concentration o at which the synthesis is
carried out, and is 70—-80% at a concentration lower than one
quarter of a monolayer. This indicates that the macro-
molecules formed under the given conditions have unfolded
conformations. If the polymerisation is carried out at high
concentrations of the adsorbed monomer (several monolayers
or more), the PMMA molecules on the surface apparently have
the form of a non-planar coil.

The micro-structure of the macromolecules formed by
polymerisation on a surface has been studied by high-resolu-
tion 'H and !3C NMR spectroscopy.*’s>® It was established,
in particular, that PVA and PMMA synthesised on an aerosil
have an atactic structure, similar to that of the polymers
obtained by radical polymerisation in the liquid phase.

At the same time, the PMMA obtained at low degrees of
covering of the surface by the monomer (approximately one
quarter of a monolayer) contains a higher proportion of
isotactic triads.’® This is apparently due to the stronger
adsorption bonding of both the monomer and the polymer to
the surface, and to the more rigid stereochemical control of
the acts of chain growth at low values of g. Poly-n-butyl
methacrylate synthesised on an aerosil also contains a higher
proportion of the isotactic structure than the liquid-phase
radical polymer.®

The nature of the distribution of the resulting polymer on
the surface is of considerable interest, particularly from
the practical viewpoint. A number of authors report that
this distribution is markedly non-uniform. In a study of
the polymerisation of MMA and ST on MgO and an aerosil,
it was concluded from kinetic data that more or less complete
"overgrowth" of the surface of the support by the polymers
takes place on the formation of 3—6 effective monolayers of
the polymers on the aerosil, and 10~20 on Mg0."»%?

The nature of the distribution of the macromolecules of
PST, PMMA, and polyacrylonitrile (PAN) grafted to an MgO
surface as a result of radiation polymerisation of the
monomers from the vapour phase has been studied.®®7°
The size distribution of the MgO particles was studied by
sedimentation in a hydrocarbon medium; the adsorption
on the magnesium oxide powders of stearic acid, which can
undergo irreversible adsorption on the non-modified regions
of the MgO surface, and other characteristics, were also
studied. The measurements showed that with increase in the
quantity of grafted PST (from 1 to 25 effective monolayers),
the aggregates of MgO particles in toluene gradually break
down, since the surface of individual MgO particles becomes
organophilic. The characteristic size of the aggregates
changes from 20 ym to 0.5 pym; the size of an individual MgO
particle is 0.01—-0.1 ym, that is breakdown of the aggregates
is still not complete. Even for the maximum quantity of
grafted PST, approximately one third of the MgO surface is
not covered by the polymer and retains its ability to absorb
stearic acid. A similar picture is observed in the grafting
of PMMA and PAN.
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It was concluded®®’° that the radiation grafting of the
macromolecules on the surface of mineral carriers is "mosaic"
in character. This was attributed to non-uniformity of the
original surface; it was assumed that on the surface there
are regions on which adsorption and hence polymerisation of
the monomers does not take place. In Ref.1, the non-
uniformity of the distribution of a grafted copolymer is
related to the higher rate of initiation of grafting to the
polymer already formed on the surface, compared with the
original support. Further studies are required to obtain
a more definite answer to the question of the reasons for the
non-uniform distribution of polymers on a surface. In all
cases, however, in the analysis of this question it is
necessary, in particular, to take account of the actual con-
formation of the macromolecules on the surface.

2. The Efficiency of the Grafting of Macromolecules to a
Surface

Even in the earliest papers on the "approach" radiation
grafting of polymers from the vapour phase (see Ref.1),
attention was drawn to the fact that this method, unlike
grafting from the liquid phase, usually gives a very small
quantity of homopolymer, indicating that the grafting of the
macromolecules has a high efficiency. According to these
data, the quantity of non-grafted polymer usually did not
exceed 5% of the total concentration of polymer. These
results were related to the fact that under the experimental
conditions used in these studies (at a fairly low concentra-
tion of monomer on the surface), most of the active centres
initiating polymerisation are produced from the material of
the support, and this may lead to the production of a
covalent bond between the macromolecules formed and the
support at the initiation stage. It has also been suggested"**
that the low-molecular-weight radicals formed in the system
on irradiation are unable to initiate polymerisation before
their transfer to the vapour phase and disappearance, since
the time for which they are present in the adsorbed state Ty
is small compared with the characteristic time of the act of
polymerisation chain growth Tg

T, €7, (1)

It was subsequently established,?®:*5"! however, that the
quantity of non-grafted polymer is usually much greater than
indicated in the early studies, although it is sufficiently less
than that for grafting from the liquid phase. In the poly-
merisation of VA, AN, and MMA on an aerosil it amounts to
10—50% of the total quantity.’” In the analysis of these
results it must be borne in mind that in most experiments,
relationship (1) apparently is not fulfilled. Because of the
porosity of real adsorbent specimens (layer of powder,
porous tablet, etc.), the total time for which the low-molec-
ular-weight radical is present in the adsorbed state during
its diffusion over_the specimen to the point of possible
disappearance (T_'), because of repeated re-adsorption on the
pore walls, is usually greater than 1g- Thus most of the
low-molecular-weight radicals are able to take part in the
polymerisation on the surface.”

The total time for which the diffusion species is present
in a real specimen can be described by the relationship:’?

Tp = I?/3Degs

where 1 is half the thickness of the specimen. In typical
systems with weak bonding, Dg¢r for the monomer molecules
is 107°~10"5 em? s™1.7®  For low-molecular-weight radicals
such as the radicals of chain transfer to the monomer and
similar radicals, Dgg¢ is usually of the same order of
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magnitude. In most experiments on polymerisation, the
fraction of the surface diffusion flux of the monomer in_the
specimen is fairly high relative to the total,”® so that T is
close to 1. Estimation of 7% for the low-molecular-weight
radicals which chain transfer to the monomer in the poly-
merisation of vinyl acetate on an aerosil (specimen in the
form of a tablet with thickness 2 mm and porosity ~80%)
gives the value ~10 s (for T4 = 10™* ), whereas T, = 107% to
107% 5.5%7%  Naturally, the situation must be evaluated
separately in each specific case with allowance for the above
considerations.

In the analysis of experimental results from the viewpoint
of the efficiency of grafting, account must be taken of a
number of additional features. Thus the efficiency of
grafting is determined by treating the specimens, after
polymerisation, with solvents to extract the non-grafted
polymer from the surface. To obtain correct results it is
necessary to make the correct choice of solvent. On the
one hand, it is necessary to take account of the fact that
the compound used should not only be a good solvent for
the polymer but also displaces it effectively from the
adsorbent surface.”* On the other hand, it is necessary
to bear in mind the possibility of the hydrolysis, under
the influence of the solvent, of the covalent bond between
the macromolecule and the support, or hydrolytic rupture
of the main chain of the macromolecule.®®7%7* The

hydrolytic instability of the =Si—0—C bond and the stability
of the }Si-—C bond have been noted.”*

3. Secondary Reactions in the Polymer Chains Formed. The
Radiolysis of Polymers on a Surface

An important characteristic feature of the processes
involved in radiation polymerisation is that the macromole-
cules are subjected to the action of radiation for some time
after their formation. Attention has been drawn®%°%7:%% to
the fact that in polymerisation on a surface, various
manifestations of the radiolysis of the polymers are observed
for very small radiation doses (less than 1 kGy). In poly-
merisation in the bulk, secondary radiation reactions in the
polymers are usually not observed at such low doses. It
has been established®® that there is effective branching of
PVA macromolecules on an aerosil, and marked broadening
of the MMD in the dose range ~0.5 kGy. A decrease in the
number-average values of the molecular mass was observed
for PVA with increase in the polymerisation time at doses of
~1 kGy; it was suggested that this effect is due to the
sensitising influence of the support on the radiolysis of the
macromolecules. Attention has been drawn®® to the radia-
tion degradation of PMMA on silica gel at doses of 1.2—5 kGy;
it was also concluded that this process is accelerated by the
support, although the experimental data obtained by com-
paring the results of the irradiation of PMMA on a silica gel
surface and in a "block", on the basis of which this conclu-
sion was reached, are not completely correct, because of
the marked differences in the molecular masses of the PMMA
specimens compared. The accelerating action of the support
on the radiation degradation of PST in the grafting of ST on
wood has been reported.®’

The special study of the radiolysis of polymers on solid
surfaces, including the study of model systems in the absence
of monomer, is of considerable interest. The action of radia-
tion on PST deposited and grafted on silica gel has been
studied.”® It was shown, in particular, that radiation
degradation of the grafted polymer takes place; the radia-
tion-chemical yield of the ruptures is 2. The presence of

87

the homopolymer suppresses the degradation. When PST is
irradiated in a "block", cross-linking of the polymer takes
place; Go-p = 0.17.

Various characteristic features of the radiolysis of polymers
deposited on an aerosil and undergoing degradation (PMMA)
or mainly cross-linking (polymethyl acrylate, PMA), have
been studied.’?# The polymers were deposited on the aerosil
by polymerising the monomers on the surface. The radia-
tion-chemical yield of the ruptures of the main chains of
PMMA, G;j, determined by measuring the molecular mass of
the polymers viscosimetrically and recalculating to unit
energy absorbed by the polymer, was much greater for
irradiation on the aerosil, compared with the yield of
ruptures for the irradiation of PMMA in a "block". When
the quantity of polymer deposited on the aerosil is close to
an effective monolayer, the value of G;j is 5—10 (depending
on the conditions of synthesis and hence on the conformation
of the macromolecules), whereas for the irradiation of PMMA
in a "block", this yield is close to 1. G; decreases
regularly with increase in the quantity of polymer on the
surface.

The radiation-chemical yield of polymer radicals G’;{ is
also much higher for the irradiation of PMMA on a surface.
At concentrations of PMMA on the aerosil of ~0.05 and
~0.5 effective monolayer, the initial yield of terminal
radicals G, determined by EPR, has the values ~350 and
~70 respectively, whereas for irradiation of the specimen in
a "block", this yield is 3—4. This is due chiefly to the
effective transfer of the energy of the radiation, absorbed
by the silicon dioxide particles, to their surface and to the
polymer adsorbed on it. Similar effects were previously
noted in a study of the radiolysis of adsorbed low-molec—
ular-weight hydrocarbons.”¢~7®

Another noteworthy feature is that under comparable
conditions, G;{ is much greater than 2G}. An appreciable
proportion of the ruptures of the main chains is apparently
localised close to the ends of the macromolecules, and are
not detected by measuring the average molecular mass
viscosimetrically.

The radiolysis of PMA on an aerosil surface has been
studied for specimens containing ~2 and ~4 effective mono-
layers of the polymer.** The original molecular mass of the
polymers (Myp) was ~107. Irradiation of the specimen in a
block leads to effective cross-linking of the PMA; for a dose
of 1-1.5 kGy, the concentration of the gel fraction was ~50%.
On irradiation on a surface with doses up to 10 kGy, gel
formation is not observed, but effective degradation of the
macromolecules takes place, and the initial yield is G; = 5—-10.
On subsequent irradiation, a gel fraction gradually appears.
The dose required for the formation of 50% gel fraction in
the polymer on the support is 20—50 times that for the
"block". It is suggested that this marked suppression of
gel formation when PMA is irradiated on a surface is due to
a change in the ratio of the yields of ruptures and cross-
linkages in favour of the first process, and also to the
characteristic topological features of the specimen (the small
thickness of the polymer layer, and its distribution in
"islets").

Thus the results indicate that there is a marked increase
in the rate of radiation degradation and a change in the
direction of the processes involved in the radiolysis of the
polymers on the surface of silicon dioxide particles. These

#See also M.A .Bruk, G.G.Isaeva, E.Ya.Yunitskaya,
S.A.Pavlov, and A.D.Abkin, Radiat.Phys.Chem., 1986,
27, 79.
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results are extremely important, not only for the investiga-
tion of the details of polymerisation on a surface but also
for the study of the radiation stability of filled polymer
materials and their modification by radiation.

IV. THE ADSORPTION AND MOLECULAR TRANSPORT OF
MONOMERS ON A SURFACE. SYSTEMS WITH STRONG AND
WEAK ADSORPTION BONDING

As noted in section II, radiation polymerisation on a surface
usually takes place by an adsorption mechanism. The rela-
tion of the characteristic features of the elementary stages
of the polymerisation, in particular the reactions of chain
growth, to the nature of the adsorption and the surface
mobility of the monomers and polymers is therefore a
central question in the area being discussed. The analysis
of adsorption equilibria and the molecular transport of the
monomers in the specimens is also necessary to determine
the true concentration of the monomers in the reaction zone.

The equilibrium adsorption of MMA and ST on an aerosil
and on magnesium oxide has been studied on a McBain
balance.’ The published conclusion that the adsorption
is monomolecular in these systems does not appear fully
justified. The heats of adsorption of various monomers on
KSK-2 silica gel have been determined calorimetrically.®%»%
The heats of adsorption decrease considerably with increase
in the degree of covering of the surface (at degrees of
covering less than a monolayer). The equilibrium adsorption
of acrylic and methacrylic acids on kaolin has been studied.®!

The adsorption equilibria, mechanism, and dynamics of the
adsorption of a wide range of monomers on silicon dioxide
specimens (chiefly aerosil and its modified forms) have been
studied in detail.*”*®%7%82  QOn the basis of the results
obtained, the authors cited divide the systems studied into
two main groups. In the systems of the first group, the
values of the heats of adsorption —-AH, are 30—90 kJ mole™?,
and the adsorption is non-localised, reversible, and charac-
terised by a high surface mobility of the monomers. This
type of adsorption on SiO, is shown by most of the vinyl
monomers studied (VA, AN, ST, MMA, tetrafluoroethylene,
etc.). These systems were called systems "with weak
bonding".

The main adsorption centres on the silicon dioxide surface
in these systems are surface hydroxide groups, which form
hydrogen bonds with the polar functional groups of the
monomer molecules (MMA, AN, VA, etc.) or weak m-complexes
with a system of conjugated double bonds (ST). The
strength of these adsorption bonds can be characterised to
some extent by the magnitude of the displacement of the
absorption band of the hydroxide groups of the surface in
the region of 3750 cm™' (Avgy) on adsorption.

In some systems (for example in the adsorption of VA and
AN on AS/400), there is a change in the nature of the
adsorption of the monomers at a coverage of about half an
effective monolayer. In particular, at this degree of
coverage there is a decrease in the heat of adsorption,
the decrease being particularly marked for VA (~17 kJ mole™),
a marked decrease in the width of the absorption bands in
the 'H NMR spectra of the adsorbates, and a displacement of
the absorption band of the carbonyl groups of VA in the
infrared spectra.®?

The systems of the second group are characterised by
localised activated adsorption, irreversible at room tem-
perature.’®’®  In these systems the strength of the bonds
between the monomer molecules and the surface is close to
that of chemical bonds. These systems have been called
systems "with strong bonding". Of the systems studied by
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the authors cited above, the following, in particular, are
of this type: acrylic acid on an aminated aerosil, 4-vinyl-
pyridine (4-VP) on a carboxylated aerosil, and 4-VP on an
aerosil in the presence of water (in these, ionic bonds are
formed). When 4-VP and N-vinylpyrrolidone (N-VP) are
adsorbed on an aerosil, ionic bonds are not formed, but
the stability of the adsorption complexes and the nature of
the adsorption differ considerably from those for systems
with weak bonding. Systems with strong bonding are
characterised by values of the heats of adsorption of 100 to
200 kJ mole™! and an extremely low surface mobility of the
monomers.

The above separation of systems with strong and weak
adsorption bonding is to some extent arbitrary. A particular
system may "move" from one group to the other, for example
when there is a marked change in the surface coverage or
the temperature. The characteristics of a number of sys-
tems have intermediate values. Nevertheless, the proposed
classification is useful, chiefly because of the marked
differences in the nature of the processes of monomer poly-
merisation in the systems of the two groups.

The study of the processes involved in the surface molec-
ular transport of monomers is of considerable interest. Here,
the analysis of the possible influence of the surface diffusion
of the monomers on the observed rate constant for the growth
of the polymerisation chains is of fundamental importance.
The coefficients of surface diffusion of the monomers Dy have
been determined®®’® for a number of systems with weak
bonding (VA-AS/400, MMA—AS /200, MMA—AS /400,
ST—AS/200, and VA-MAS). In these systems at tempera-
tures of about 50 °C and degrees of covering of about one
monolayer, Dg = 107°-10"% em? s7*.  The values of Dg
increase rapidly with increase in temperature (the activa-
tion energy of surface diffusion decreases with increase in
the concentration of adsorbed monomer o). Within the
monolayer, the values of Dg increase significantly with
increase in 0, and in some systems (for example VA—MAS)
they pass through a maximum.

Thus systems with weak bonding are characterised by
high values of Dg for the monomers, close to the diffusion
coefficients in non-viscous liquids. In systems with
strong bonding, the values of Dg are much lower; for
example, for 4-VP on an aerosil, Dg = 10 °-10"° em? s™*.

V. THE QUANTITATIVE STUDY OF THE ELEMENTARY
STAGES OF RADICAL POLYMERISATION IN SYSTEMS WITH
WEAK BONDING

An extremely important step in the determination of the
characteristic features of polymerisation reactions on solid
surfaces is the measurement of the rate constants for the
elementary stages of these reactions. Considerable progress
has been made in this field in the last few years. It has
been possible to determine the rates of initiation v;, the
lifetimes of the kinetic chains 1, the growth rate constants
kg, and various other kinetic parameters of the radical
polymerisation of a number of monomers on a silicon dioxide
surface, initiated by radiation.*8,337%.73

Isolated attempts to estimate the growth rate constants for
radiation polymerisation on a surface had been made earlier.
The values of kg had been calculated®®*" for the grafted
polymerisation of acrylonitrile on nylon fibre from the
vapour phase using the post-effect. In these calculations
the authors assume a "collision" mechanism of polymerisation,
although in fact the mechanism is one of adsorption. More-
over, the estimation of the concentration of initiating radicals
in the surface layer of the fibre was extremely arbitrary.
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The authors cited concluded that the values of kg on the
surface are close to those observed in the radical polymerisa-
tion of AN in the liquid phase, and at the same time obtained
for the activation energy of chain growth Eg a value of zero,
which is unlikely for this reaction and which differs con-
siderably from the values established for the radical poly-
merisation of AN and other monomers in the liquid phase.

An attempt was made® to estimate the growth rate constant
kg for the radiation polymerisation of MMA on KSK-2 silica
gel. The lifetimes of the kinetic chains were determined
calorimetrically. In Ref.81, the rate of initiation of the
polymerisation was not determined experimentally;®® it was
assumed, somewhat arbitrarily, to be equal to the yield of
paramagnetic centres stabilised in irradiated silica gel at

77 K, determined in Ref.43. Moreover, it should be borne
in mind that the yields of radicals in silica gels irradiated

in the presence and absence of adsorbates usually differ
considerably. They also depend on the concentration of
impurities in the specimens. It was concluded®® that kg

for MMA for monolayer coverage of the surface by the
monomer is close to that for the liquid phase. For the above
reasons, this conclusion does not appear completely reliable.
The idea that kg depends on the heat of adsorption and the
degree of covering of the surface by the monomer was
developed in Ref.81.

The principal results of the determination of the
rate constants and other parameters of the elementary stages
of the radiation polymerisation of VA and MMA on an aerosil
and a methylated aerosil in the initial stage of the reaction
can be considered.§ The kinetic parameters were deter-
mined using the usual equations of the theory of radical
polymerisation which describe the stationary stage of the
process:

48,53—56,73

v = ik [MIT
Vrgp = VT vy =k IMITs ke =1/1i72 (2)

Here, vgt is the stationary rate of polymerisation, vt,sp the
specific (calculated for one growing chain) rate of termina-
tion, vp the length of the polymerisation kinetic chains, and
kt the rate constant for quadratic chain termination. The
growth rate constants k5, were determined from Egn.(2);
here, the main difficulties are associated with the reliable
measurement of the rates of polymerisation initiation vj and
the lifetimes of the polymerisation kinetic chains 1.

1. Determination of the Rate of the Radiation Initiation of
Polymerisation

As shown below, the initiation of radiation polymerisation
on a surface when the concentrations of adsorbed monomers
are not too high (up to 1-2 monolayers) is due chiefly to the
active centres produced as a result of the absorption of the
energy of the radiation by the solid. It should be noted that
a sufficiently complete mechanism has not yet been reliably
established for the radiolysis processes leading to the initia-
tion of radical polymerisation on a surface, even for the most
widely studied adsorbent silicon dioxide. It has been
shown *57%8,8%,8% v yarious methods (EPR, ultraviolet
spectroscopy, etc.) that the y-irradiation of finely dispersed
silicon dioxide may lead to the production of hole, electronic,

§See also M.A.Bruk, S.A.Pavlov, G.G.Isaeva, and
E.Ya.Yunitskaya, Europ.Polym.J., 1986, 22, 169.
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and radical centres on its surface. The hole centres may
be localised on an oxygen atom of a hydroxide group or on an
oxygen atom situated next to an impurity aluminium or boron
atom.®® Impurity atoms usually play an extremely important
role in the localisation of electron or hole active centres and
to a large extent determine the EPR and ultraviolet spectra
of these centres. When an adsorbate is present on the
surface of the irradiated specimens, transformation of these
centres to radical-ions of the adsorbed molecules, or the
formation of their donor—acceptor complexes with the
adsorbate, is observed, depending on the relationship
between the ionisation potential (or electron affinity) of the
adsorbed molecules and the "depth" of the hole or electron
traps. The radical-ions formed may take part in the initia-
tion of surface ionic and radical reactions.

The initiation of radical reactions can also take place as a
result of the transfer to the adsorbate molecules of the
energy of recombination of the electron—hole pair, which is
often sufficient for bond rupture in the adsorbed molecule.
The energy of recombination of the ion pair may also bring
about bond rupture in the surface silanol groups and the

formation of }SiO * and =Si* radicals, and also the low-

molecular-weight radicals H® and HO*, which can also
initiate radical reactions involving the adsorbate. It has
been suggested®®®’ that an appreciable proportion of radical
centres are formed by a homolytic mechanism.

The reliable determination of the rate of initiation of poly-
merisation vi on a surface is fairly complicated. The use of
the usual methods for determining vj in the liquid phase,
involving the measurement of the induction periods of
inhibited polymerisation or the rate of consumption of radical
acceptors,®® in the case of polymerisation on a surface is
complicated by the lowered diffusion mobility of the inhibitors
and acceptors usually employed. As a result, their reac-
tions with the active centres of the polymerisation are
diffusion-controlled, and the efficiency of these reactions
is lowered, making quantitative analysis of the results
difficult.

Three different methods for determining vi, whose results
show fairly good agreement with one another, have been
developed and used: 1) the determination of the duration
of the induction period of the polymerisation when an effec-
tive non-adsorbed inhibitor, namely gaseous oxygen, is
used; 2) a kinetic method, based on the use of expressions,
familiar from the theory of radical polymerisation, relating the
average degree of polymerisation to the kinetic parameters of
the process; and 3) a method based on the determination of
the number of polymeric molecules formed in systems with a
low effective constant for non-degenerate chain transfer.
The characteristic features and limits of applicability of each
method were discussed."®

Table 2 gives the values found by averaging the results
obtained by different methods for v; and the radiation-chemi-
cal yields of the initiation calculated per unit of energy
absorbed by the entire system G; and by the adsorbed
monomer G;‘ for the radiation polymerisation of MMA and
VA on an aerosil. It is significant that the values of v;
were found to be practically the same for the two monomers.
Table 2 shows, in particular, that the values of G¥ are
anomalously high. This indicates directly that there is
effective migration of the energy absorbed in the bulk of the
aerosil particles to their surface. Table 2 also shows that
the values of Vvj in the range of degrees of coverage from
0.4 to 1.5 monolayer depend little on the degree of coverage.
In the temperature range studied, from —20°C to +50 °C, the
values of v; are practically independent of temperature.*®
The values of vi may differ significantly for a given monomer
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on different adsorbents. For example, the values of vj for
VA on AS/400 and on MAS are ~10” molecule cm™? s™! and

~6 x 107 molecule em~2 s~! respectively.

Table 2. Average values of v;, G;, and Gi" for the radiation

polymerisation of MMA and VA (dose rate 0.35 Gy s™1).*®
7. &
. 107y, Gi, G 107 v, G, 6}
" molecule | 1/100 ev 1/180 ev me molecule | 1/100ev | 1/100 eV
cm <y’ cm-es”
Adsorbent AS/400 Adsorbent AS/200
0.4 1.1 1.0 a0 0.4 1.3 1.2 47
1,0 1.2 1.1 17 1.0 1.4 1.3 20
15 1.3 1.2 12 1.5 1. 1.5 15

*The number of effective monolayers of monomer on the
surface in the polymerisation.

2. Determination of the Lifetimes and Rate Constants for the
Growth of the Kinetic Chains

The lifetimes of the polymerisation kinetic chains T have
been determined from the measured durations of the initial
non-stationary period of the polymerisation. Analysis of
the relationship between T and the extrapolated non-station-
ary time t,, showed that for systems with linear termination
of the kinetic chains t,g = 1,°%% and for systems with
mixed termination t,,o = zT, where z lies in the range
0.7—1, depending on the ratio of the rates of linear and
quadratic termination.®® For systems with quadratic
termination, tyg = Tln 2.2 Thus in all cases, it is possible
with sufficient accuracy to use the relationship T = tpg.

The initial non-stationary stage of the polymerisation has
been studied by two methods: vacuum gravimetry (VG) and
adiabatic increase in temperature (AIT). The determination
of ths by VG under real experimental conditions requires
the introduction of a correction, associated chiefly with
retardation in the diffusion transfer of the monomer in
the specimen, and has a low accuracy.’®>’*  The conclu-
sion®? that there is no diffusion retardation is apparently
erroneous. The fact that the observed values of t, - are
independent of the thickness of the aerosil tablets on which
the polymerisation was carried out, which provided the
experimental basis for this conclusion, is probably related
to the influence of the non-isothermal character of the
specimen on the dynamics of the adsorption of the mono-
mer.*»’* Thus the values of kg obtained in Ref.83 are
several times too low.

The AIT method is more convenient for determining
ths: The method involves essentially the measurement of
the increase in the temperature of the specimen as a result
of the heat liberated on polymerisation under pseudo-adia-
batic conditions, when heat exchange between the specimen
and the surrounding medium can be neglected. The
measurements were made in a cell with an adiabaticity time
from 5 min to 9 min; particular attention was paid to the
analysis of the possible errors of the method.*® The method
used makes it possible to determine t _ in the range 5 to
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100 s with a relative error $30%. In Refs.53—56 the rate
constants were calculated using the values of tpg obtained
by the AIT method.

1/1“,,5 ! a

10%v/a,s™!

05 10 15 0.5 1.0

0, mmole g”! o, mmole g™!

10'2 k,, cm®molecule™s™

d

1 | !

g as 10 L5

o, mmole g™!

Figure 1. Dependence of 1/thg (@), the reduced stationary
rate of polymerisation (b), and the chain growth rate con-
stant (c¢) on the concentration of adsorbed monomer o:

1) VA on AS/400; 2) MMA on AS/400; 3) MMA on AS/200.
Temperature 50°C, dose rate 0.35 Gy s ! (points 4 were
obtained at 1.7 Gy s71).%»%

Fig.la gives the results of the experimental determination
of the values of vt sp = 1/tpg for various systems studied.
The values of vt,gp are much lower than those for poly-
merisation in the liquid phase in the initial stages; these
values increase with increase in the monomer concentration ¢.
These data, the values of vij given above, the values of vgt
given in Fig.1b, and Eqn.(2) were used to calculate the
growth rate constants kg for different values of o. Fig.lc
shows that the values of k are of the order of 107*? cm®
molecule™! s~!, and that they increase with increase in o.

A significant feature is that ko increases abruptly in the
range of degrees of coverage corresponding to approximately
half a monolayer (0.3—0.4 mmole g™ '), where an abrupt
decrease in the heat of adsorption takes place (see sec-

tion IV). Calculation shows that for VA molecules, which
are adsorbed "more weakly" (filling the second half of an
effective monolayer), the values of kg on the average are

~4 times those for the monomer adsorbed "more strongly"

(at degrees of covering of 0.2—0.3 monolayer).
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Interesting results have been obtained in experiments on
polymerisation in adsorbed solutions.®%*** If two thirds of a
monolayer of ethyl acetate (EA) are added to one third of a
monolayer of VA, there is a sharp increase in the effective
value of kg (by a factor of ~4). It is suggested that this
effect is related to the fact that in the presence of VA,
whose adsorption properties on the aerosil are practically
completely analogous to those of VA, an appreciable propor-
tion of the VA molecules are displaced from strong to weak
adsorption centres. When additives such as chloroform,
which are adsorbed on the aerosil much more weakly than VA
and EA, and which cannot displace the monomer from the
strong centres, are introduced into the adsorption layer
instead of EA, kg remains practically unchanged.5"

The question of whether the values of Eg are different
for the monomer adsorbed on strong and weak centres are
different is extremely important. Table 3 gives the results
of a study of the temperature dependence of the rates of the
overall process (Etpt), the termination reactions (E¢), and
the growth (Eg) of the polymerisation chains of various mono-
mers on AS/400 for different values of 0. As already noted,
Ej = 0. It can be seen that Eg is much higher at low than at
high degrees of covering. This difference corresponds
approximately to the differences in kg..

Table 3. Activation energies of the overall process (E¢ot)
and the reactions of chain growth (E,) and termination (E¢)
in the polymerisation of monomers on AS/400 (dose rate
0.35 Gy s™1).5%%%

Activation encrgies, kJ mole!
Monomer o. mmole g'l
Eot Ey Ey
VA 0.25 8.4 14.2 22.6
VA 0.7 6.3 10.9 17.2
MMA 0.25 28.5 9.7 38.2
MMA 0.65 21.8 9.7 3t.5
MA 0.25 23.4 — —
MA 0.7 10.5 —_ —_
Table 4. Kinetic parameters of the polymerisation of VA

and MMA on an aerosil and on MAS (monolayer coverage,
temperature 50°C, dose rate 0.35 Gy s™*).%55

Parameter VA-AS/400 VA-MAS MMA-AS/400 | MMA-~AS/200

kg, emZmolecule}s! 3.6-10712 741071 1.0-10712 0.67-10712
ky, emZmoleculels ! — 2.4-107% — —

km- cm2molecule-1y’! 1.8:10715 -_ 1.6.10-17 1.1-10717
108 ng. em2 0.72 4.9 3 8.4

103 B, 1.3 0.45 4 4.4
104wy 0.44 1.2 0.5 0.8

s 6 8.5 25 60

Notation: ng is the stationary concentration of growing
radicals; P, the number-average degree of polymerisation;
and kg, the rate constant for chain transfer to the monomer.

Table 4 gives the values of the principal kinetic parameters
of polymerisation for some systems with weak bonding.
Table 4 shows, in particular, that kg for VA on MAS is
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~2 times that on AS/400. This is apparently due to the
weaker adsorption bonding of VA on the MAS surface.

3. Comparison of the Kinetic Parameters of Polymerisation on
a Surface and in the Liquid Phase?5®

It is of considerable interest to compare the rate constants
for the growth and termination of the chains in the poly-
merisation of monomers in the adsorbed state and in the
liquid phase in the initial stages of the reaction (Table 5).
The values of the surface constants were recalculated to the
bulk values using a model in which the adsorbed monolayer
is regarded as a reaction volume of thickness 4 A, which is
approximately equal to the gas-kinetic diameter of the
monomer molecules. Table 5 shows, in particular, that the
values of kg, recalculated to bulk values, correlate well with
the values of the specific rates of chain growth Vg,sp» which
are independent of the concentration dimensions and are not
related to the model adopted.f This indicates that the model
adopted for the recalculation is correct.

Table 5. Kinetic parameters of the polymerisation of VA
and MMA on the surface of AS/400 and MAS (monolayer
coverage)®°® and in the liquid phase (in the bulk)®%*°
(temperature 50°C).

Vinyl acetate Methyl methacrylate
Parameter in the liquid in the liquid

on AS/400f on MAS phase on AS/400jon AS/200) phase
Ky litre moic™ls'1 84 160 1500—2600 | 22 15.4 | 350—410
1019 ky, em3molecule Y| 1.4 2.7 25—43 0.39 | 0.26 |5.6-6.8
ky. litre mole-1s°! —  |5.4-10° 2,5-107 - - 2.107
1017 k¢, em3molecutels | — 0.9 4.2-10° — — 3.3-408
vyt 51 [0.73-10% |1.4-10% | (1.6—2.8)-10¢ | 0.2-10° [0.15-10% | 3.5-103
Pt S 016 | 0.12 - 0.04 0.017 | 1%

*For the radiation polymerisation of MMA in the bulk in
the initial stage; dose rate 0.35 Gy s 1.%2

Table 5 shows that the rate constant of the quadratic
termination kt for the polymerisation of VA on MAS is lower
by ~3.5 orders of magnitude than that in the liquid phase.
This result is due to the diffusion character of kt and the
fact that the translational mobility of the macro-radicals on
the surface is much lower than that in the liquid phase. The
suppression of the quadratic termination of the chains on the
surface is responsible for the low rates of termination and

TThus Table 5 shows that the ratio of the bulk and
surface specific growth rates for each of the systems
studied is close to the ratio of the bulk and surface growth
rate constants.
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for the fact that the lifetimes of the polymerisation kinetic
chains are much longer than those in the liquid phase. The
same factor increases the role of linear chain termination in
polymerisation on a surface and the occurrence of systems
with linear and mixed termination. An analysis of the initial
non-stationary stage in systems with mixed termination kinetics
has been carried out.®’

The data in Table 5 also show that for the systems studied,
the values of kg in an adsorbed monolayer are 15—20 times
lower than those in the liquid phase.

The possible influence of processes of molecular transport
of the monomers on the surface on the observed values of
kg has been analysed.’? The analysis was carried out using
the concepts of the theory of diffusion processes in an
adsorbed layer, and also the experimentally determined
values of Dg and data on the equilibrium adsorption of
monomers. The authors obtained mathematical expressions
which give the conditions for replacement of the limiting
stage of the chain growth process (and also any other
bimolecular reaction) on a surface, that is the conditions
corresponding to the change from kinetic to diffusion condi-
tions, and which make it possible to calculate the values of
the effective rate constants of polymerisation under purely
diffusion conditions and under intermediate conditions. The
analysis showed that for values Dg = 107° em? s™?, appreciable
deviations of the concentration of the reagent close to the
reaction centre from the equilibrium concentration for a
bimolecular reaction on a surface are possible only for values
of the chemical rate constant of this reaction greater than
10 % cm? molecule™! s™!. This value corresponds to a bulk
rate constant of ~107'® cm?® molecule™* s~* or 10° litre mole™!
s”!; it is greater by -5 orders of magnitude than the
experimental values of kg for the radical polymerisation of
monomers in the liquid phase. Such high values of kg
obviously cannot be realised for non-catalytic reactions of
radical polymerisation on a surface. Thus in the systems
with weak bonding studied, as in the polymerisation of
monomers in the liquid phase in the initial stages, kinetic
conditions of chain growth are established.

With allowance for this, it is possible to examine the nature
of the observed differences in the values of ks on a surface
(kﬁ.urf) and in the bulk (k':éulk ). When examining the reac-
tions of the chain growth of VA or MMA in an adsorbed mono-
layer on an aerosil, it is necessary to bear in mind that,
according to adsorption measurements,®? the monolayer can
be regarded as a "compact" monolayer, in which the average
area corresponding to one monomer molecule is close to the
corresponding value for the liquid monomer. On the other
hand, it is necessary to take account of the probable dif-
ference in the number of monomer molecules close to the
reaction centre, in the reaction "cage" (nc). The value of
ne is apparently 2—3 times lower for polymerisation in an
adsorption monolayer than for polymerisation in the bulk of
the liquid monomer. With allowance for this essentially
concentration factor, however, the values of kS9! for the
systems studied are appreciably lower than those for poly-
merisation in the bulk, by a factor of 6—8 for monolayer
coverage, and by a factor of ~20 for a coverage corre-
sponding to one third of a monolayer. These differences
are due to corresponding differences in the nature of the
elementary act of chain growth, related to the characteristic
features of the structure of the intermediate complex and
the form of the potential surface. A definite role may be
played by both the energy and the entropy factors.?3%:%3
In the polymerisation of MMA, the energy factor, associated
with the need for a decrease in the strength of the adsorp-
tion bond of the monomer, predominates; in the polymerisa-
tion of VA, a greater role is played by the entropy factor.

Russian Chemical Reviews, 56 (1), 1987

4, Various Thermodynamic Characteristics of Polymerisation
on a Surface

The enthalpy and entropy of adsorbed monomers and
polymers formed on a surface usually differ considerably
from the corresponding parameters in the liquid and gas
phases. Thus polymerisation on a surface should show
definite thermodynamic characteristics. A general analysis
of this question®? leads to the conclusion that in polymerisa-
tion on a surface at degrees of covering up to one mono-
layer, the heat of polymerisation onl may be appreciably
lower (by ~10—50 kJ mole™!) than that for the polymerisation
of the corresponding monomers in the liquid phase. The
examination of this question in Ref.1l, where the opposite
conclusion was reached, is apparently not completely correct
(see Ref.32).

Various problems of the thermodynamics of polymerisation
on a surface have been studied experimentally.®%®!
According to the results of a calorimetric study of the
polymerisation of a number of monomers (AN, MMA, tetra-
fluoroethylene) adsorbed on KSK-2 silica gel, the effective
heats of polymerisation QSUr! at low degrees of covering of
the surface by the monomer differ considerably from the
values of @) for the polymerisation of the same monomers
in the liquid phase. In some systems (for example for MMA
and AN) at coverages of a quarter of a monolayer, the values
of ngff are only 5—10 kJ mole™!. With increase in the
degree of covering of the surface, Q39" increases
(extremely sharply in the systems indicated), and in the
range near one monolayer it reaches values characteristic
of the liquid phase.

Some approximate thermodynamic estimates have also been
made’? using the results of a study of the polymerisation of
VA and MMA on an AS/400 surface by the adiabatic increase
in temperature method. These estimates showed that for
both monomers, @3Ur! increase considerably with increase

po.
in the degree of coverage of the surface by the monomers up
to a monolayer, but at a coverage corresponding to a mono-
layer they still remain slightly lower than the values for the
liquid phase; in the range of degrees of coverage studied,
Qggff for MMA is appreciably lower than that for VA.

VI. POLYMERISATION IN ADSORPTION POLY-LAYERS

The main regular features of polymerisation on a surface at
comparatively low concentrations of the adsorbed monomers
(up to 1-2 monolayers) were examined above. From the
practical viewpoint, the examination of the characteristic
features of polymerisation at higher monomer concentra-
tons is also of considerable interest. These characteristics
have been examined®® for the radiation polymerisation of MMA
and VA on AS/400. Specimens containing 50 mass % monomer
relative to the aerosil were taken as model specimens with a
"thick" adsorption layer. The layer thickness was ~10 to
15 effective monolayers. In the thick layer the order of the
polymerisation reaction with respect to the dose rate is
0.8—0.85, whereas it is 1 in a monolayer, and 0.5 in the
liquid phase. Thus in a thick adsorption layer, a mixed
mechanism of chain termination, with linear termination
predominating, is observed. The predominantly linear
termination of the chains is confirmed by the weak depen-
dence of the molecular mass of the PMMA, formed in the
"thick" layer, on the radiation dose rate.

The dependence of the reduced rate of polymerisation
(v/0) on o has been studied.’® For both monomers
(VA and MMA) this dependence shows extremal character
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with a maximum in the range of coverage corresponding to
3—4 monolayers (Fig.2). The dependence of the molecular
mass of PMMA on o is similar. This is probably due to a
corresponding change in the effective rate constants of
growth (kSff) and termination (k®ff); Kk&If increases more
rapidly at coverages up to 3—4 monolayers, and Keeft
increases more rapidly at higher concentrations. ~More-
over, the reduced rate of initiation v;/0 decreases with
increase in 0. For polymerisation in a model "thick" layer,
the value of E%ff is close to Eg for the liquid phase. It is
suggested that the constant k€ff for the "thick" layer is
close to k_ for the liquid phase. The reaction of chain
termination is specific, however; quadratic termination is
suppressed to a considerable extent, and linear termination
predominates. In the initial stages the value of vt gp is
appreciably lower than in the liquid phase. This is con-
firmed, in particular, by the fact that the molecular mass
of PMMA formed by polymerisation in a "thick" layer is

6 times that for polymerisation in the bulk under comparable
conditions.®

gy u/6,u"
a7z
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Figure 2. Dependence of the reduced rate of polymerisation
v/o for VA (1) and MMA (2) on AS/400 on the concentration
of adsorbed monomer ¢. Temperature 50 °C, irradiation
dose rate 0.1 Gy s~* (1) and 0.35 Gy s™* (2).%}

The ratio of the rates of radiation polymerisation on a
surface at different values of o and in the bulk is illustrated
by the data in Table 6 for MMA and n-butyl methacrylate
(BMA) on an aerosil. Table 6 shows, in particular, that in
the region of the maximum (at a coverage of ~4 monolayers),
the reduced rate of polymerisation on the surface is 30 to
50 times that in the bulk under comparable conditions. An
important feature is that this difference should increase
with increase in the dose rate, because of the difference in
the dependence of the reaction rate on the dose rate. These
results are apparently typical of a fairly wide range of mono-
mer—support systems. The main channels of this acceler-
ating influence of the support on the polymerisation are:

1) increase in the rate of initiation of polymerisation, firstly
because of the "maintenance" of the adsorption layer by the
active centres formed by the energy of the radiation
absorbed by the solid particles (this "maintenance" is
particularly significant in those systems in which there is
effective transfer of energy from the bulk to the surface

of the particles), and secondly as a result of the increase
in the radiation dose rate for the layer of monomer situated
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at the interface with the solid with a high electron density®®
(this effect is not very great for an aerosil, but it should
be considerable for heavy metal oxides); 2) decrease in
the probability of termination and increase in the lifetime

of the polymerisation kinetic chains.

Table 6. Rates and radiation-chemical yields of the poly-
merisation and the molecular masses of the polymers of

MMA and BMA, formed on an AS/400 surface and in the

bulk (in the volume) [temperature 50° (MMA) and 25° (BMA),
dose rate 0.35 Gy s™1]1.%3%9%3

Adsorbed state*
Parameter Monomer 1' mono- 4 mono- “thick™ :-I:?:‘}:g gﬁfﬁ:
ayer layers layer

104 /g ¥ MMA 4 12.5 6 0.4
BMA 2.5 16 7 0.31
104 Gpoy, 1/100 eV MMA 0.61 6.5 6.0 0.94
BMA 0.31 6.75 4.6 0.63
104 6% 1/100 eV MMA 10 31.2 18 0.94
. P BMA 5 3206 14 0.6

1070 M, MMA 0.6 4.8 2.9 .5

n BMA 0.4 6.8 8.5 0.9

*Concentrations of adsorbed monomer for 1 monolayer,
4 monolayers, and the "thick" layer were 5 (? Ed. of trans.),
26, and 50 mass % respectively.

Various characteristics of radiation polymerisation in
micron layers of monomers on solid surfacest have been
examined in general terms.’* Attention is drawn to a
possible change in the mechanism and rate of radiation-
chemical transformations on a surface compared with poly-
merisation in the bulk. The "structure" of the monomer
layer is examined with allowance for various characteristic
features of the action of radiation on a heterogeneous system.
In particular, a "range of molecular contact", which adjoins
the support and in which higher rates of radiation poly-
merisation can be expected, is distinguished. The main
factors responsible for this increase in the rate are con-
sidered®* to be: 1) the increase in the dose rate in this
range, due to the effect of radiation "reflected" from the
solid; 2) the increased viscosity of the system, which
hinders the termination of the growing radical chains;

3) the increase in the rate of chain growth, due to the
ordered arrangement of the molecules relative to the sub-
strate and one another. The effect of the first two factors
appears indisputable. In the case of the last factor,
however, the formation in the boundary layer on a solid
surface of "prepared" monomer molecules whose relative
arrangement would lead to an increase in the rate of poly-
merisation appears to be the exception rather than the rule.
The formation of these "prepared" molecules requires at
least strict complementarity between the support and the
layer of adsorbed monomer.

+That is in extremely thick (thousands of monolayers)
adsorption layers or thin liquid films of the monomers.
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Vil. POLYMERISATION IN SYSTEMS WITH STRONG BONDING

For a number of reasons, the study of polymerisation in
systems with strong bonding is usually associated with con-
siderable experimental difficulties. There are very few
published papers on these systems.

Acrylic acid chemisorbed on an aminated aerosil undergoes
practically no polymerisation. The monomer adsorbed
physically above the chemisorbed layer is polymerised at
an extremely high rate,’%7?

The polymerisation of N-vinylpyrrolidone on Silochrome® ¢
takes place practically only at temperatures above 70°C.
The rate of polymerisation and the molecular mass of the
polymer formed are low. The total activation energy of
the process is 60—70 kJ mole”>. The order for the depen-
dence of the rate of polymerisation on the dose rate is
n; = 1. A study of the combined polymerisation on Silo-
chrome of N-VP and the weakly-bonded monomer methacrylic
acid gave an interesting result. At all compositions of the
original mixtures studied, including mixtures containing
95 mole § N-VP, only pure polymethacrylic acid is formed,
although the constants for the copolymerisation of these
monomers in the liquid phase are similar. This shows that
increase in the strength of the adsorption bonding decreases
the effective reactivity of the monomer on the surface.

4-Vinylpyridine on AS/400 at 20—50°C is polymerised at a
rete which is 5—10 times lower than that for, for example,
MMA under comparable experimental conditions. The molec-
ular masses of the poly-4-VP formed are much lower.%’?

Thus the rates of polymerisation and the molecular masses
of the polymers formed in typical systems with strong bonding
are much lower than those in systems with weak bonding.
These characteristic features are probably due chiefly to
the much lower values of the effective growth rate constants.
The values of k., in systems with strong bonding are appar-
ently 2—-3 or more orders of magnitude lower than those for
the polymerisation of the corresponding monomers in the
liquid phase.

The polymerisation of 2-methyl-5-vinylpyridine on silica
gel at high temperatures (90—150°C) has been studied.®’
Under these conditions the rate of the process is fairly high.
Judging from the kinetic data,®’ Gy = 10* at 100°C. At
high temperatures this system apparently behaves like a
typical system with weak bonding (see section IV).

——-000~--

Thus in recent years considerable progress has been made
in the study of the mechanism and characteristic features of
the elementary stages of radiation polymerisation on a sur-
face, providing a basis for the development of the theory of
"these reactions. Nevertheless, many unresolved problems
remain in this field, primarily those related to the mechanism
of the elementary stages of these processes. In the case of
the initiation stage, it is necessary to study the influence of
the electronic character, the actual structure, and the
particle size of the solid on the rate of initiation and to
determine the mechanism of the basic radiation reactions
leading to the formation of the initiating centres. The more
accurate determination of the conditions under which the
surface exerts stereochemical control over the acts of chain
growth is of particular interest; in this connection it is
appropriate to study the characteristic features of the
micro-structure of the polymer chains obtained in systems
with strong adsorption bonding. Finally, it is necessary to
carry out additional studies of the detailed mechanisms of
linear and quadratic chain termination in real systems,
including adsorption layers of different thickness. The
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study of this question should give new results of funda-
mental importance, related to the properties of the macro-
molecules and their solutions on solid surfaces. It is also
extremely important to extend the range of systems in which
the kinetic parameters of polymerisation are determined, to
make detailed studies of the processes of ionic radiation
polymerisation on a surface, and to study the characteristic
features of polymerisation on regular supports and of
oriented and matrix polymerisation on a surface.
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Halogenodeoxy-derivatives of Cellulose

R.G.Krylova

Halogenodeoxy-derivatives of cellulose are examined for the first time in terms of a wide range of their characteristics:
synthesis, methods for the determination of structure, reactions, and properties. The replacement of some of the
hydroxy-groups of cellulose by halogen atoms imparts to it a number of practically important properties, for example
resistance to combustion and acid or enzyme hydrolysis. The reactive halogenodeoxy-derivatives of cellulose are used for the
synthesis of a wide variety of cellulose derivatives with functional groups, frequently with properties of practical interest.

The bibliography includes 70 references.
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I. INTRODUCTICN

Cellulose is a unique organic compound: it is available in
large amounts and it is being continuously renewed. The
introduction of a halogen into the glucopyranose unit of
cellulose as well as the reactions of halogenodeoxycelluloses
can be used to synthesise new materials with properties
specified beforehand.

Halogenodeoxy-derivatives of cellulose have not been con-
sidered in the reviews devoted to the chemistry of halogeno-
deoxy-derivatives of monosaccharides.»? In the mono-
graphs on cellulose chemistry, the derivatives of this class
are either not considered®* or their treatment is incomplete.®®

Since the earlier review by the present author and Golova,’
devoted to the synthesis and properties of various deoxy-
celluloses, including halogenodeoxy-derivatives, was written,
methods of their synthesis known previously have been
significantly developed, new methods have appeared, new
procedures for the determination of their structure have
been developed, and some of their properties have been
investigated in greater depth.

I1. METHODS OF SYNTHESIS

The studies in the synthesis of halogenodeoxycelluloses
have developed in several directions, including procedures
for the most complete substitution of all the hydroxy-groups
of cellulose by halogen atoms, 8 the utilisation of the possibi-
lities for the selective introduction of a halogen at specific
carbon atoms of the glucopyranose unit of cellulose, 9713 the
development of methods for the introduction of a halogen
into the cellulose macromolecule which are already known,
and the search for new cellulose halogenating agents, for
example N-halogenosuccinimides, >!° $0,Cl,,'"*? SF,,*718
etc. Methods for the substitution of the relatively unreac-
tive secondary hydroxy-groups of cellulose by a halogen are
being developed!!:*!% and a search is being prosecuted for
reagents which would make it possible to introduce various
halogens into the cellulose macromolecule under comparable
conditions; the latter is associated with the fact that
various halogenodeoxycelluloses, obtained under identical
conditions, should have more similar physicochemical proper-
ties than the analogous derivatives obtained by different
methods, which is extremely important for the subsequent
comparative study of their properties. ! The behaviour of

9,14, 15

a number of partly substituted cellulose derivatives under
conditions where the free hydroxy-groups are substituted

by a halogen is also being investigated; **:2%3% in particular,
the stability of various blocking groups, the removal of
blocking groups in the presence of a halogen, and problems
associated with the preparation (activation) of cellulose before
halogenation reactions are being studied.'®?! These and
other problems have been solved to a greater or lesser extent
in recent years. The principal reactions and reagents
employed for the synthesis of halogenodeoxycelluloses are
listed in Table 1.

Table 1. The reactions and reagents used to synthesise
halogenodeoxycellulose.

Reaction, initial cellulose derivative, type of Reagent Refs.
reagent
Nucleophilic substitution ot a SO,Cl, 1, 12)
cellulose OH group on treatment SOCl, 18.14, 19—25]
with acid chlorides POCl, 26
RSO,Cl {13,27,28)
Nucleophilic substitution by means MX(X=Cl, Br, 1, F) (14,15,20,
of metal halides of active 29—34]
functional groups introduced into
cellulose beforehand
alkane- and arene-sulphonate - [34]
sulphate — [34—37)
nitrate g
phosphinite with alkyl halide RCl [38]
Nucleophilic substitution of a o
cellulose OH group by reaction with C/
halogen-containing phosphorus compounds J/ \
L ONKHPEN, | 19,10]
AN
X=Cl, Br, 1
CHjl - P(OCgH;)s {19,39,40]
Cl; or Br,+P {41]
Nucleophilic substitution of cellulose SF, [16—18])
OH groups by reaction with halogen-
containing sulphur compounds
Addition of hydrogen halide to 2,3-epoxy- HCI1 (42]
derivative of cellulose
Addition of a halogen to Cl,, Bry {43]

5,6-cellulosene

A new convenient method of synthesis of 6-chloro-,
6-bromo-, and 6-iodo-6-deoxycelluloses under comparable
conditions involves the reaction of partly substituted
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2,3-di-O-acetylcellulose with the N-halogenosuccinimide and
triphenylphosphine with subsequent deacetylation. *°
2,3-Di~O-acetylcellulose is initially dissolved in dimethyl-
formamide (DMF) and is then treated with the reagent for 5 h
at 50 °C with a glucopyranose unit : N-halogenosuccinimide:tri-
phenylphosphine ratio of 1:2:2 in order to obtain the

chloro- and bromo-derivatives and 1: 6: 6 in order to obtain
iododeoxycellulose. Under identical conditions, N-iodosuc-
cinimide proved to be the least reactive. There are virtually
no side reactions in the case of N-chloro- and N-bromo-suc-
cinimides. After the first hour, the reaction slows down
sharply and the degree of substitution (D.S.) reaches a

limit corresponding to the substitution by the halogen of

one (or approximately one) hydroxy-group in the glucopy-
ranose unit. Under the reaction conditions, the acetyl
groups are retained but can be fully removed from halogeno-
deoxycelluloses by treatment with a 0.25 N NaOH solution

for 1 h. This results in the formation of 6-chloro- and
6-iodo-6-deoxycelluloses in 83—95% yield under mild condi-
tions with D.S. = 1.0, 0.8, and 0.7 respectively.

&~
C
Ez;\ + P(CeHg);

¢

(‘/0
( \\‘
p,
CIT.0H (I'/ CH,0P (CgH ), X~
0 rH(celiy), x| 0 Q
-0 O—T" (Calig)y X |-~ + \NH
RO. R c/
OR OR Xn

GH.X GHoX

—0 oz —* \
—  Ro + (CellghPO =5 Hf)\/g/ ;
R OH

R=H.Ac; X=CI,Br, 1.

The mildest and most effective reagent for the substitution
of the hydroxy-groups of cellulose by chlorine is sulphuryl
chloride. *»'2 A suspension of cellulose in chloroform is
treated with sulphuryl chloride in the presence of pyridine
using the molar ratios OH: 8SO,Cl,: Py = 1:1.7-5:1-8 during
a period ranging from 20 min to 3 h. The reaction takes
place at room temperature and does not require the pre-
liminary dissolution of cellulose. A chlorosulphate deriva-
tive of cellulose is apparently formed as an intermediate.
The reaction product contains, together with the chloro-
deoxy-groups, also the chlorosulphate groups, which are
resistant to substitution by halogen and sulphate groups.
The chlorosulphate groups can be removed quantitatively
by treating the polymer with sodium iodide in aqueous
methanol and the sulphate groups can be eliminated by suc-
cessive treatment with a base and an acid. This results
in the formation of chlorodeoxycellulose containing 12.4 to
30.4% of chlorine (D.S. up to 1.7) and 1.2—0.9% of sulphur.
The primary hydroxy-groups are exchanged for chlorine in
the first place and then the secondary hydroxy-groups are
exchanged. The substitution of a secondary hydroxy-
group by chlorine atoms is accompanied by the inversion of
the configuration. A distinctive feature of the reagent is
its high selectivity: among the secondary hydroxy-groups,
only the hydroxy-group in the C(3)-position is substituted
by chlorine. The hydroxy-group at C(2) remains unsub-
stituted.
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H,0H CHZ050,C1
. —
150,
50,C)
CH,Cl CH,CI
O
—_—
Qaso,
)S0,C1 \ S0,Q1
lm LN-I
GH,CI GH,CI
HO )
H H

Highly chlorinated cellulose with D.S. = 2.8 has been
obtained by treating cellulose with thionyl chloride in solu-
tion. ® Cellulose is dissolved in 50~100 parts of DMF in
the presence of 10 parts of chloral at 40 °C for 15 h and is
treated with 15—30 parts of thionyl chloride at 20 °C for
15 h or at 40° and 80 °C for 1 h. The product contains
46—47.3% of chlorine and 2% of sulphur.

CClsCHO SOCl,

C4H,0, (OH); —» C4H,0, [OCH (OH) CCly} = GH:0, (OH), ,Cl

2,8 *
The reaction of cellulose with thionyl chloride is one of

the principal reactions used for the synthesis of chloro-

deoxycellulose. It has frequently attracted the attention

of investigators 2*12~25 and its conditions have been most

thoroughly investigated compared with other reactions.

The principal results are compiled in Table 2.

Table 2. Reactions of cellulose and its derivatives with
thionyl chloride.

Reaction conditions

solvent ‘empfcr,a""e’ time, h DS. Refs.
Pyridine 110 — 1 [21)
Pyridine 26—69 1.5 1 [22]
DMK 6098 1—1.5 1.09 {23]
DMF 20 4 0.3 [24]
CHCl3, CCly B.p. 1—210 0.9 [25]
DMF + CCI3CHO 20—-80 1—15 2.8 IBLO
DMF 70 0.4* 1 [19.201
DMF 70 1.5—6** 0.47 Pv]
HMP*** 70 3* 0.75 [14.20]

*On a cellulose derivative with a free primary OH group.
**¥On cellulose derivatives with free secondary OH groups.
*¥**HMP = hexamethylphosphoramide.

In order to introduce chlorine in a specific position in the
glucopyranose cellulose unit, thionyl chloride in DMF is
allowed to react with partly substituted cellulose derivatives:
2,3-di-0-phenylcarbamoylcellulose, 6-O-trityl-2(3)-tosylcel-
lulose, 2(3),6-di-O-tosylcellulose, and 6-O-phenylcarbamoyl-
2(3)-tosylcellulose. %2 It has been shown that the primary
hydroxy-group in 2,3-di-O-phenylcarbamoylcellulose is fully
substituted by chlorine already in the course of the first
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15 min of the reaction (70 °C, tenfold excess of the reagent).19
The phenylcarbamate groups can be removed by treatment
with lithium tetrahydroaluminate in tetrahydrofuran (THF)

for 1 h at 70 °C with the preferential retention of chlorine. 2°

CH,0H

SOCI;
CgHsNHCO > CeHgNHCO

OCONHCgH;

GH,Q1
——p

OCONHCgHg

CH,CI
LiAlH;
————

OH

The free secondary hydroxy-groups in the partly substituted
6(2,3)-0-phenylcarbamoyl-2(3)-O-tosylcellulose are much
less reactive. Under the same conditions, they are sub-
stituted to the extent of only 20% after 1.5 h of the reaction
and, when the reaction time is raised from 1.5 to 6 h, the
degree of substitution is 50%. The nitrogen and sulphur
contents in the products indicate the retention of the block-
ing phenylcarbamate and tosylate groups under the reaction
conditions. On increasing the reaction time to 12 h, partial
removal of the phenylcarbamate groups is observed. °

The free hydroxy-groups in the tosylated cellulose
6(2,3)-phenylcarbamate can be fully substituted by chlorine
on treatment with thionyl chloride using hexamethylphosphor-
amide (HMP) as the solvent.'*2° After 1.5 h of the reaction
in HMP, the hydroxy-groups are replaced by chlorine to the
extent of 70% and after 3 h their substitution is complete.
The contents of sulphur and nitrogen in the final product
indicate the retention of the tosylate and phenylcarbamate
groups under the reaction conditions: the degree of sub-
stitution is 1.55 for the OCONHC¢H; groups, 0.7 for the OTs
groups, and 0.75 for Cl atoms. The use of HMP as the
solvent increases the rate of reaction of the hydroxy-groups
of cellulose with thionyl chloride and also the degree of their
substitution by chlorine. '*

The reaction involving the substitution of active functional
groups (alkane- and arene-sulphonate groups, nitro-groups,
etc.), introduced into cellulose beforehand, by a halogen
atom by treatment with alkali metal halides constitutes a

widely used method for the halogenation of cellulose: 1520
29-37

CeH0, (OH);_y (OR)y —Z— CeH,40, (OH)y_ (OR)y_ X,

R=S0.,R’, SO,0H, NO,;
R’=CH,, C;H,, C.H;, C,H,, C,H\NO,, C,H,Br;
X=Cl, Br, I, F .

The principal results of the use of this reaction for the
halogenation of cellulose and its derivatives are presented in
Table 3.

The possibility of substituting the secondary hydroxy-
groups in cellulose by halogen atoms via the reactions of
cellulose alkane- and arene-sulphonates with alkali metal
halides has been investigated. The trityl ether of cellulose
is esterified by the chlorides of methane-~, ethane-, benzene-,
toluene-, p-bromobenzene~, and p-nitrobenzene-sulphonic
acids and is then treated with Nal at 100 °C for 10—100 h. 5
Tritylcellulose p-nitrobenzenesulphonate is the most reactive.
When this ester, having D.S. = 0.91 with respect to the
0S0,C¢H,NO, groups, isiodinated for 100 h at 120 °C, aprod-
uct with D.S. = 0.52 with respect to I is obtained, while the
remaining esters give rise to products with D.S. = 0.25 with
respect to I.

99

The use of HMP as the solvent makes it possible to substi-
tute 60—80% of the secondary tosyloxy-groups in tritylcellu-
lose tosylate on treatment with LiCl. The chlorine content

in the final product corresonds to D.S. = 0.65—0.72.%2°
Table 3. The reactions of cel