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. INTRODUCTION

The first accurately solvable theoretical models used to study the
electrical and magnetic properties of a solid were one-dimensional
chains (for example the familiar models of Peierls, Ising, and
Heisenberg). These one-dimensional models remained mathematical
abstractions until the nineteen-seventies, when Shchc:golev1 drew
attention to the possibility of obtaining real quasi-one-dimensional
systems by chemical methods. This was soon followed by the
description of the quasi-one-dimensional charge-transfer complex
(CTC) TTF—-TCNQ,t in which were detected not only metallic
conductivity but also superconducting fluctuations close to 60 K.
Although the latter were not confirmed, the sensational character of
the report led to a rapid increase in the number of published papers
on systems of small dimensions with unusual electrophysical prop-
erties.?

Polyconjugated organic polymers were the subject of detailed
studies even in the nineteen-sixties, and important contributions to
their study were made by Berlin, Cherkashin, Davydov, Liogon’kii,
and others.> Almost all polyconjugated systems were found to be
paramagnetics and semiconductors with interesting optical proper-
ties. Because of the low quality of the specimens, the impossibility
of obtaining single crystals, and the uniformity of the principal char-
acteristics, however, interest in the electrophysical properties of
conjugated organic polymers decreased sharply in recent years. The
renewal of interest in these materials is probably due to the dis-
covery of the interesting properties of the inorganic polymer poly-
thiazyl (SN),, whose single crystals show metallic conductivity under
ordinary conditions, and become superconducting at T, = 0.3 K.i
Thus it has been shown that among polyconjugated compounds
there are systems which do not contain a metal and which at the
same time show.metallic and even superconducting properties over a
wide temperature range.

+ Here and subsequently, TTF = tetrathiafulvalene, and
TCNQ = tetracyanoquinodimethane.

t See M.M.Labes, P.Love, and L.F.Nichols, Chem.Rev., 1979,
79, 1.
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This striking result led to the discovery® of the unusual properties
of the simplest polyconjugated organic polymer, polyacetylene
(CH),, doped with electron donors or acceptors. As a result of
doping, the specific conductance o changes by many orders of
magnitude, and, depending on the doping level, may take different
values, typical of dielectrics, semiconductors, and even metals® (Fig.1).
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Figure 1. The specific conductance of doped PA and typical solids.®
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The simplicity of the molecular structure of polyacetylene (PA), the
ease of obtaining high-quality films, and the possibility of varying
their properties in planned fashion drew particular attention to PA.
PA apparently provides an unprecedented example of a chemical
compound whose properties have been studied using almost the
entire range of physical methods. In theoretical chemistry and
physics, PA provides a unique testing ground for that most modern
(an popular) concept, the theory of solitons.

The main aim of the present review is to analyse the soliton con-
cept, which is exotic in chemistry, but extremely popular in present-
day physics. Since the soliton models of PA and analogous systems
claim to provide a unique and systematic description and explana-
tion of the principal physical properties, their examination is of
considerable interest for the experimental and theoretial chemistry of
conjugated polymers. The total number of published papers on PA
is very large; it reached a maximum in 1983 — 1984, but had
decreased considerably by 1987, while remaining high compared with
other conducting polymers. Since PA is the prototype of all poly-
conjugated organic systems, it is hoped that the present review will
lead to a better understanding of other polymers such as poly-p-
phenylene, polypyrrole, polythiophen, etc.

IIl. ELECTRONIC STRUCTURE

For many years the efforts of chemists have been concentrated on
the synthesis of polyconjugated compounds with the longest possible
chain. These studies have been based on both simple quantum-chem-
ical calculations by the Hiickel method and experimental data on the
optical and electrical properties of model low-molecular-weight sys-
tems, according to which the width of the energy gap E, (that is the
energy of the transfer of a n-electron from the ground state to the
lowest excited singlet state) and hence ¢ increase with increase in the
number of conjugated units Nc=c. Inthelimitingcaseas Nc-c — 0,
the electrons should be completely delocalised, the bonds beween the
C atoms should be completely equivalent, and the ground state of
the polymer should become metallic. Among the vast number of
compounds synthesised, however, it has not been possible to dis-
cover one whose electrophysical properties are not semiconducting.
This has led to a number of phenomenological explanations, details
of which can be found in familiar monogaphs.>* A significant fea-
ture is that all the explanations have taken into account not the
intrinsic electronic properties of the polyene chain but numerous
secondary factors, chiefly conjugation defects and disorder in the
supermolecular structure.

This situation apparently arose because of the sharp separation
between the chemistry of macromolecular compounds and solid-state
physics. At the same time, for physicists, this problem had been
settled long before: the impossibility of the metallic state in one-
dimensional systems follows from Peierls’ theorem, according to
which a regular one-dimensional chain of atoms is unstable with
respect to deformation leading to doubling of the lattice period a:
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The change from a structure with equalised bonds to a structure
with alternation of the bonds is called a Peierls transformation. In
the band theory of solids, in the Peierls phase, the conductivity band
is split exactly in the middle, as a result of which this phase is dielec-
tric. The Peierls transformation is energetically favourable as a
result of the lowering of the total energy of the lattice. This instabil-
ity is characteristic of any one-dimensional metal, and the nature of
the distortions is determined by the degree of filling of the conduc-
tivity band: if 1/n is the degree of filling of the band, then the
change to the dielectric state is associated with n-merisation of the
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lattice. Since for PA, n = 2, there should be alternation of the
double and single bonds in the chain. The alternation of the bonds
in PA can now be regarded as a factor established experimentally
from X-ray” and electron® diffraction data and from solid-state
NMR spectra;>!° the difference between the lengths of the double
and single bonds is 0.06—0.08 A.

Thus an ideal crystal of PA should be a dielectric. At the same
time, the experimental values of o show a wide scatter, 10~ — 10712
Q! em™.112 The comparatively high values of ¢ are due to defects
of different kinds in the molecular and crystal structure of real speci-
mens; the paramagnetic defects are of particular interest. Poly-
acetylene exists as cis- and frans-isomers; the former is thermo-
dynamically stable only at low temperatures, and is the main
product of the catalytic polymerisation of acetylene by the most
widely used method of Shirakawa.'> The paramagnetism of PA is
due entirely to the presence of the trans-isomer, and on thermal
isomerisation (which is irreversible, because of side reactions leading
to cross-linking of the chain and partial degradation of the polymer),
the increase in the proportion of the trans-segments is accompanied
by an increase in the concentration of spins and an increase in ¢.!?

For the subsequent discussion it is important to note that the
ground state of trans-PA is doubly degenerate: change in the
alternation sequence does not alter the energy. Thus the existence of
two resonance phases A and B of equal energy is possible:

VAV AVAV AV AN V4 Y YA V4 VAN
A B

There is no degeneracy in cis-PA: change in the alternation
sequence converts the cis-transoid phase C into the less stable trans-
cisoid phase D:

e —\._C/ TN\ _/'_\_6/_\,_/
It was the energetic equivalence of the phases A and B that provided
the basis of the solution model of trans-PA, better known as the
Su— Schrieffer — Heeger (SSH) model.'* Strictly speaking, a soliton
is an isolated wave, which retains its structure after collision with
any other isolated wave of the same type. In solid-state physics, the
term solitons is usually employed to describe non-linear excitations
leading from one potential energy minimum to another with the
same energy, and they are regarded as quasi-particles. In the case of
trans-PA, a soliton is a topological defect in the alternation, extend-
ing over several bonds, so that the phase A is gradually converted
into the phase B:

A 21 B
In the SSH model, the trans-PA chain is represented by a one-
dimensional lattice with an elastic constant K, at each site of which
there is one n-electron and phonon interactions are taken into
account by a Hamiltonian of the form:'*

N
H= "23 ﬁn.nn (d:.sanﬂ,s -+ a:n ,Sn,s) + % K ; (Ua — ”n+1)2

The first summation is the Hiickel Hamiltonian tor N electrons,
written in the representations of secondary quantisation, where
Bnn+1 is the resonance integral of the bond between the atoms with
numbers 7 and n + 1, and a, 5 and a, 5 the operators of the genera-
tion and annihilation of n-electrons in the states with number n and
spin S. The second summation represents the energy of the elastic
lattice with displacements u, of the lattice sites from their equilib-
rium positions. Thus B,,+1 = Bo — @(tr+1 — un), Where a is the
electron — phonon interaction constant. If only the electronic energy
is taken into account, the one-dimensional lattice will be unstable
with respect to Peierls doubling of the lattice period, and will be
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transformed into the state with alternation of the bonds. Doubling
corresponds to the condition u, = (-1)"up, where ug is the displace-
ment of the lattice sites in the defect-free chain of trans-PA. Thus a
gap E; = 2A = 8auy is produced between the valence band and the
conductivity band. The soliton excitations are introduced by means
of the function

A.=Ath(na/l) 6))

where / is the half-width of the soliton, whose wavefunction has the
form

@, =1"cos (an/2) sech (nafl) 7))

Thus in the SSH model, solitons appear not from the internal
structure of the solution, but as localised electronic states in the
centre of the gap with the given topology of the defect. In view of
the considerable computational difficulties, the SSH Hamiltonian
allows only a numerical solution. When the parameters E; + 1.4 €V,
band width 48, = 10 eV, and K = 21 eV A2 are used, the SSH
model gives the energy of the soliton E; = 2A/r =~ 0.42 eV and
I = 2Boa/A = Ta. The relatively large size of the soliton compared
with the lattice period shows that the discrete character of the lattice
plays practically no part, and that the energy of the capture of a
soliton by a lattice site does not exceed several meV. The effective
mass of the soliton is only a few times greater than the mass of the
electron, so that the soliton has a very high mobility.

In the continuum model'® [na = x; A, - A(x)], the function (1)
strictly describes the configuration of the ground state with the
boundary conditions A(x) = +A as x = +00. Unlike the discrete
SSH model, the continuum model makes it possible to obtain ana-
lytical solutions. In most cases the results of calculations using the
two models agree qualitatively, although the concrete definition of
the structure of the soliton in the discrete model makes it possible to
take account of various fine effects.

The solitons just examined have spin, but not charge, so that they
are responsible for the paramagnetism of PA, but are not current
carriers. The role of carriers is played by spin-free charged solitons,
which should be produced by the reaction of a donor or acceptor of
electrons with defect chains of rrans- PA:

) = AASAN
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From a chemical viewpoint, neutral solitons S' are radicals, positive
solitons S* are carbocations, and negative solitons S~ are carb-
anions, and in all cases the electron density is delocalised over a
certain section of the chain with length 2/. Fig.2 illustrates the
situation in the representations of the band structure of solids.

Thus PA becomes a conductor as a result of doping and the
associated rearrangement of the electronic structure, and not as a
result of a phase transformation of the chain into a metastable state,
which is not produced in compounds of this class. In other words,
the electron or hole formed as a result of doping and charge trans-
fer, after a certain characteristic time, are converted into a localised
state with the formation of a soliton. If the doping reaction involves
not only defect chains having spin but also defect-free chains, then
solitons should be generated in pairs.!* Numerical calculation’®
shows that with slight doping, the energetically preferred formation
is not a non-bonded soliton —soliton pair S* —S- but a polaron P**
(in other words a radical-ion), representing a bound state:
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The phases of the alternation on the two sides of the soliton are
opposed, whereas the formation of a polaron does not lead to
changes in the phases. Two symmetry levels now appear in the
energy gap (Fig.2), one of which is situated ~0.3 eV above the top
of the valence band, while the other is situated at the same distance
below the bottom of the conductivity band. On further doping, two
processes compete with one another; the polaron states begin to
form a band, and neighbouring polarons may recombine to give
spin-free bipolarons (carbodications):

INAINININS =2 INININININS = INPNNININS
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Figure 2. The band structure of states of the soliton type with
charge g and spin S: a) positive soliton S* (g = +e, § = 0);

b) neutral soliton S* (g = 0, S = 1/2; c) negative soliton S™ (g = —e
§ = 0); d) positive polaron P* (¢ = +e, S = 1/2); e) negative
polaron P~ (g = ~e, § = 1/2); f) soliton lattice S* (g = Nye,

S = 0); g) soliton lattice S~ (g + ~Nye, S = 0).

Because of the degeneracy of the ground state of trans-PA, the
bipolarons are unstable, and dissociate to give charged solitons
forming a conductivity band within the gap (Fig.2). The conductiv-
ity is now due not to jumps between localised soliton states but to
the soliton band. This band subsequently becomes broader, and
finally joins up with the top of the conductivity band and the
bottom of the valence band, the gap collapses, and the highly doped
PA becomes a quasi-metal with ordinary electronic conductivity.
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Thus for highly conducting complexes of PA, two fundamentally
different conductivity mechanisms are postulated. The first is due to
the movement of quasi-particles—spin-free charged solitons (or
bipolarons)}—which are combined with distortions of the lattice and
which form a band (either completely filled or unpopulated) within
the gap. The novel and unique character is revealed in highly doped
specimens and is associated with the ordinary movement of electrons
as a result of the overlap of the conductivity, valence, and soliton
bands.

The polaron model is more general than the soliton model, since
it does not require degeneracy of the ground state. This require-
ment, generally speaking, is extremely strict, and is not satisfied even
for cis-PA. Nevertheless, the electrophysical properties of the two
isomers are completely analogous; moreover, analogous properties
are shown by poly-p-phenylene, polypyrrole, and other polymers, for
which there is no degeneracy. Between the soliton and polaron
models of PA, however, there is a deep internal relationship, which
follows from relativistic ¢* field theory;17 a universal method for
obtaining soliton, polaron, and other quasi-particle solutions has
been proposed, for example, in Ref.18. The large number of
modifications of the SSH model will not be discussed (the interested
reader can find details in a published review'? and the references
therein), and attention will be concentrated on the cardinal question
of whether the soliton theory is in fact necessary and sufficient to
explain the properties of PA and, in the wider sense, all conducting
polymers.

. ELECTRICAL PROPERTIES

The general character of the changes in the static electrical con-
ductivity o when PA is doped with various typical acceptors to the
maximum levels attainable experimentally is shown in Fig.3,% where
y denotes the number of moles of dopant per mole of CH units.
Thorough studies®! showed that the detailed form of the o(y) rela-
tionship is determined by the previous history of the specimens: the
method used to synthesise the PA, the isomeric composition, the
type of dopant, and, to the greatest extent, by the method of doping.
In general, it is assumed?! that the slower the introduction of the
dopant, the narrower the range of values of y within which the main
increase in the electrical conductivity takes place. For example,
when trans-PA is doped with iodine vapour at p < 0.1 mmHg, o
increases by a factor of 10* in the range 10~ < y < 10-22! On the
other hand, the lg o —Igy graphs obtained by doping cis- and trans-
PA with AsFs vapour at different pressures®’ were practically linear
throughout the range of values of y, and the same results were
obtained when PA was doped rapidly (p = 0.3 mmHg) with iodine
vapour.2 The dependence of the thermo-EMF on the doping level
is also determined by the rate of doping;*'** the lower the rate of
doping of PA, the narrower the range of values of y within which
the thermo-EMF decreases from the values typical of semiconduc-
tors (~10% pV K™) to the values typical of metals (~10 pV K1),

The observed effects arg usually attributed to the more or less
uniform distribution of the dopant throughout the volume of the PA
specimens. It is assumed that the most uniform distribution is
achieved with so-called cyclic doping. In this method, the exposure
of the film of PA to the vapour of the dopant, for example AsFs (at
T = 143 K, p < 0.1 mmHp), is alternated either with evacuation or
with freezing-out the non-absorbed AsFs at 7 K,2?*?* and this
procedure is repeated until the required doping level is achieved.
Thus the experimental justification for the theory of uniform doping
is the exceptional sensitivity of various electrophysical characteristics
to the doping method: the more uniform the distribution of the
dopant, the sharper the semiconductor —metal transition.
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At the same time, it follows from even simple estimates of the
entropy effects and the energy of lattice deformation on doping®®
that aggregation of the dopant in stacks or layers is energetically
preferable to its random distribution (with the possible exception of
the small Li* ions). Direct measurements of the distribution
profiles by electron-probe X-ray microanalysis?® in all cases showed
an extremely non-uniform distribution of the dopants at low values
of y even in thin PA films (~ 10 um), and relatively uniform distri-
bution was achieved only by doping to ymax. The effect achieved by
cyclic doping is not clear; it is not fully understood how repeating
the low-temperature cycles is able to achieve the required uniformity.
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Figure 3. Dependence of the electrical conductivity of PA on the
doping level;? ) (CHBr,),, 2) (CHL),, 3) [CH(ASF5),],.

Thus diffusion is an activated process, and its rate decreases expo-
nentially with temperature. It is significant that the characteristic
distribution profiles of the dopant into the bulk of the specimens
remain completely unchanged even when the films are kept for one
week in a dynamic vacuum.?” This phenomenon is probably due to
fixation of the dopant as a result of chemical reactions, so that free
diffusion stops. For the same reason, deviation from Fick’s law is
observed, as shown in experimetxts28 on the kinetics of diffusion.

Unfortunately, there are extremely few published data on the
chemistry of the reactions of PA with dopants. Extensive photo-
electron, Mossbauer, and Raman spectroscopic data make it possible
to formulate the most extensively studied reactions as follows:

2(CH): + 3y AsFy — 2[(CH)i" (AsF;),] + y AsF,
(CH), + 2yFeCl, — [(CH)?* (FeCl3),] + y FeCl,
2(CH)« + 3y I, > 2 [(CH)Y" ()]

The actual situation, however, is much more complex than indi-
cated by these simple equations. After doping with AsFs, the
composition of the specimens usually corresponds to the formula
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[CH(ASF,),]., where 5 < n < 6,% depending on the doping condi-
tions. In addition to I; molecules, (CHIL,), contains the ions I5, I3,
and I~,%° and when bromine is used as dopant, most of it adds on
across the double bonds of PA, forming saturated segments
—CHBr—CHBr—.3! Some dopants undoubtedly form covalent
bonds with PA, as shown for bis(fluorosulphuryl)peroxyl 3 and
trimethyloxonium salts, which are effective CH3 cation donors.>?
Doping by protic acids which are not oxidising agents, for example,
HF, apparently takes place by the same mechanism:>*

In published discussions of the o(y) relationships, however, the
independent variable y taken is always the total analytical concentra-
tion of the dopant, which is found either gravimetrically or (for the
smallest values of y) using tracer atoms. It is assumed a priori that
all the absorbed dopant forms a highly conducting complex with PA.
This assumption is in general incorrect; spectrophotometric analysis
of the equilibria by the Benesi — Hildebrand method in PA—1I, ¥
and PA —Br, % systems showed that the composition of the con-
ducting complexes corresponds to the formula [(CN),(X>)], where
X = I or Br, and (CH), is a segment of the continuous conjugation
(n < x). Thus S3 ions may also be produced by side reactions
which are not related to the formation of conducting complexes.
Additional evidence in support of this conclusion is apparently pro-
vided by data on the thermal desorption of iodine from (CHI,),:>’
treatment of the specimens at 383 K for 105 min lowered the con-
ductivity by a factor of 10* with a decrease in y by a factor of 5, but
at the same time the intensity of the band at 107 cm™ in the Raman
spectrum due to I3 ions increased by a factor of 14.

The formation constants of [(CH),(I5)] and [(CH),(Br;)] are 64
mole™! and 8 mole™ respectively, and the concentrations of the
active states in PA accessible for complex formation at 0.4 mole dm™>
for I, and 0.9 mole dm™3 for Br2.35'36 Thus many of the properties
of doped PA are determined by the chemical character of the
dopant. Thus it has been shown® that for the overall formula
(CHIp,s),, the equilibrium composition which is entirely responsible
for the electrical conductivity corresponds to the formula (CHIp p0g)-

Thus for the vast majority of dopants, the true concentration
dependence a( ) must be regarded as unknown. The same is true of
the concentration dependence of the thermo-EMF. For its determin-
ation, it is necessary to take as independent variables not the total
but the equilibrium concentrations of the dopants. Thus use of the
equilibrium concentrations may lead to radical changes in the estab-
lished relationships between the composition and properties of PA.
From the classical relationship for semiconductors

o=cpe 3)
where ¢ is the concentration of the carriers, p their mobility, and e
the charge of the electron, it follows that o is linearly dependent on
the equilibrium concentration of the conducting complex. In fact,
the dependence is exponential,®>¢ as is characteristic of the Mott
mechanism of conductivity in disordered solids, which involves
jumps of variable length between localised states.’® Data obtained
at room temperature>>>¢ show very good agreement (correlation
coefficient 0.995) with the Mott law o ~ exp (-7~/4) throughout
the range studied, 0.007 < y < 0.25. Thus the use of the
equilibrium concentrations shows that there are no signs of a
semiconductor — metal transformation and hence of a change in the
mechanism of the conductivity, at least in this range of nominal
values of y.

Representation of the data®>* in the form of the usual o(y)
relationships gives typical S-shaped curves. On these graphs it is
possible to distinguish three regions. In the first (y < 107~107),
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the o(y) dependence is weak; in the second (107 < y < 1072, the
o(y) dependence is very strong, and this is interpreted as a semi-
conductor —metal transformation;?""* in the third, quasi-metallic,
region, the conductivity is saturated (the values of yna.x depend on
the nature of the dopant). According to the soliton model, the
change from one region to another should be accompanied by a
change in the conductivity mechanism. The chief test for identifying
the mechanisms is the temperature dependence of o. Considerable
efforts have been made to establish the o(T) relationships as accu-
rately as possible, but in spite of the large amount of experimental
data, no clear and systematic picture has yet been revealed. Typical
graphs®®* are shown in Fig.4, and lead to two conclusions. Firstly,
in all cases the temperature dependence is activational, but with
increase in y the o(T') dependence becomes weaker (for dopants such
as AsFs,*® FeCls,* and (FSO,0); 3 in the range 300—250 K, even
a slight increase in &, corresponding to the behaviour of metals, is
observed). Secondly, there is no clearly defined phase transforma-
tion, which would have been revealed by an abrupt change in the
o(T') relationship at a certain critical concentration of the dopant.
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Figure 4. Temgerature dependence of the electrical conductivity of
[CH(ASFs),), * for y = 0 (1), 0.0028 (2), 0.0059 (3), 0.010 (4),
0.050 (5), 0.10 (6), and 0.14 (7).

For the analytical description of the o(T) dependence, different
authors have used relationships of the form exp (-7!), exp (-T'/),
exp (~T '), or T*, where x > 10 (see the literature cited in Ref.11).
This variety suggests that in fact, none of the proposed relationships
is satisfied over a sufficiently wide range of temperatures. The same
conclusion was reached after detailed o(T") measurements for
(CHL,), specimens with different previous histories;'! any functional
relationship provided a satisfactory description of the experimental
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data only in a more or less limited temperature range. It should be
emphasised that, unlike the o(y) relationships, the o(T’) relation-
ships were found to be independent of the method used to dope
PA.*2 If however the published conclusions?»?* regarding the funda-
mental influence of non-uniform distribution of the dopant on the
electrical properties of PA are accepted, then it is impossible to
explain why these non-uniformities (or their absence) have no influ-
ence on the-nature of the fundamentally more important o(T') rela-
tionships.

Generally speaking, the lack of agreement and often the direct
contradiction between different experimental data on the electrical
properties of PA are to a large extent due to the extremely complex
morphology of the specimens, which makes correct measurements
extremely difficult. In most photomicrographs obtained using the
scanning electron microscope, PA films and powders appear as
accumulations of disordered intertwined fibrils with a thickness of
10—80 nm and a length of tens of nm.>?® In films obtained by the
standard method of Shirakawa, the volume fraction of the fibrils is
~40%. These fibrils in turn are made up of disordered, twisted,
and intertwined micro-fibrils with a thickness of 3—5 nm.** On the
other hand, transmission photographs show the presence of lamellae
with a diameter of several tens of nm and a thickness of several nm;
these lamellae combine in irregular stacks to form pseudo-fibrils.®
High-resolution electron microscope data® show, however, that the
morphological sub-units of both the original and the doped PA are
globules with a diameter of 20— 50 nm. These globules combine to
form clusters, monolayers, or fibril-like formations, that is secondary
structural elements. These elements then form tertiary structures:
lamellae (monolayers lying on top of one another), loose networks,
and their combinations with relative contributions determined
entirely by the synthesis conditions. In freshly prepared PA, the
globules are apparently joined to one another only by cohesive forces.
Thus the polymerisation of acetylene in the presence of surface-
active substances gives emulsions with spherical PA particles;** ultra-
sonic dispersal of the PA suspensions gives colloidal solutions.*

In one way or another, the basic structure of PA may become
similar to a highly porous sponge with a specific surface of 35—60
m? g~1.2%%7 The electrical resistance of these specimens is made up
of many terms which depend on temperature in different ways: the
resistance of the inter-crystallite contacts within each fibril or globule,
the resistance of the inter-fibril or inter-globule contacts, the resis-
tance of the amorphous phase, and also terms determined by the
high anisotropy of the three principal components of the specific
conductance tensor. The macroscopic conductivity should naturally
be determined by the largest of these resistance terms, but the real
picture is complicated considerably when account is taken of
geometric factors (the maximum specific resistance does not always
correspond to the maximum resistance) and the fact that the ratio of
the different components of the resistance may change with change
in temperature. As a result, the o(T') relationship for non-crystalline
specimens generally does not reflect the properties of the conducting
complexes, and the data leave wide scope for speculation.

At the same time, unambiguous information on the intrinsic o(T")
relationship can be obtained by the simple and elegant method of
short-circuited potential electrodes (SPE), which eliminates the influ-
ence of the resistance of the inter-crystallite contacts and the small
components of the specific conductance tensor.** The SPE method
is qualitative, but it makes it possible to deduce the true temperature
dependence of the largest of the components of the specific conduc-
tance tensor, by predicting the general course of the relationship for
single crystals. The data obtained* by the SPE method at T > 77 K
for highly conducting PA specimens (Fig.5) show that the true o(T)
relationship has the form typical of metals, and is independent of the
morphology of the PA. For [CH(FeCl3)o.06]x, the SPE method
established metallic behaviour as far as T = 1.9 K.
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IV. MAGNETIC PROPERTIES

The magnetic properties of PA have attracted particular attention
from the very beginning. The experiments have been designed to
answer the questions, of fundamental importance for the soliton
concept, of whether the unpaired electrons are in fact highly mobile,
whether their diffusion is chiefly one-dimensional, and whether at
medium doping levels the paramagnetism disappears and the charge
is carried by spin-free solitons.
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Figure 5. Temperature dependence of the reduced electrical
conductivity, obtained by the SPE method;*® 1) [CH(CISO3H),),,
2) [CH(NOCIOy),); (G = globular PA, F = fibrillar PA);

3) current-carrying silver paste.

An important factor for a theoretical description is how the spin
density is distributed along the PA chain. The first source from
which attempts were made to extract this information was EPR
data.>"? The spectrum of PA contains an intense singlet with a
width of several G, whose characteristics depend markedly on the
previous history of the specimen.!? The paramagnetic of PA is not
associated with the charge carriers; treatment with ammonia lowers
the conductivity by several orders of magnitude, but does not alter
the EPR spectrum.”? The experimental form of the EPR line is
effectively reproduced®! if the SSH spin wavefunction in form (2) is
adopted. These and other similar calculations (see for example Refs.
53 and 54), however, do not take account of all the parameters
determining the EPR spectra of n-electron radicals: the anisotropy
of the g-value and the hyperfine interactions (HFI), the relative
orientation of the tensor elements, and relaxation processes. Definite
conclusions about the HFI and the number of nuclei involved in the
interaction with the soliton can hardly be reached by modelling a
singlet EPR line with an unresolved hyperfine structure (HFS). It
has been correctly pointed out® that from the mathematical view-
point, thisis equivalent to solving one equation with many unknowns.
As a result, a large number of wavefunctions, completely dissimilar
to the function (2), are capable of reproducing the experimental EPR
spectra equally successfully.

More reliable information on the distribution of spin density can
be obtained by double electron —nuclear and triple electron —elec-
tron—nuclear resonance (ENDOR and EENTOR respectively): the
ENDOR spectra are characterised by two and only two individual
sets of HFI tensors for the C and H nuclei, and in the EENTOR
spectra the relative intensities of the signals reflect directly the pro-
portions of the nuclei involved in a given HFL%® It follows from
ENDOR that in trans-PA, neighbouring C atoms are magnetically
non-equivalent, and the spin densities on them are p; = |0.06] and
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p2 = 10.02|, and from EENTOR it follows that they have opposite
signs: p; = +0.06, p, = —0.02. Thus the unpaired electron must
be delocalised over approximately 50 C atoms. This estimate seems
too high. The accuracy of the determination of the absolute values
of p, which depends on the choice of model used to calculate the
components of the tensors, should not be overestimated; other
data®’ indicate the value p > 0.01. The ratio py/p; = -0.33, found
directly from the ENDOR line, is more correct.”® Since negative
values of p can appear only as a result of Coulombic interactions
(the potential of the single-site electron —electron repulsion, estimated
by the Hartree — Fock method, is ~3 eV ®), it is clearly necessary
to take account of electron correlations. The neglect of these cor-
relations is probably the most significant unsatisfactory feature of
the SSH model.

The main evidence of the unique character of the spins in trans-
PA is the difference in the behaviour of the PA isomers, established
in experiments53 on the dynamic polarisation of the nuclei (DPN).
These experiments involve the measurement of the dependence of the
amplitude of the 'H NMR signal at the nuclear Larmor frequency
®, on the frequency of the microwave pumping, close to the elec-
tronic Larmor frequency .. For mobile spins, the signal is amplified
on pumping at a frequency o, (the so-called Overhauser effect). If
however the spins are fixed (the frequency of their jumps is lower
than ®,), then the signal is amplified on pumping at a frequency
®, + ©, and is weakened in the case of the frequency ©, - o, (the
so-called solid-state effect). In fact, at room temperature, the Over-
hauser effect was observed in trans-PA, and the solid-state effect in
cis-PA. Quantitative estimates of the dynamics of the spins and the
dimensions of their diffusion® were obtained from the frequency
dependence of the proton spin—lattice relaxation time T'y. If the
diffusion is one-dimensional, and the protons relax on the diffusing
spins, then the relationship f(w) = (2Dy®)™'2 is fulfilled, where f(w)
is function of the spectral density, and D, the diffusion coefficient of
the spins, related to the coefficient of translational diffusion by the
relationship Dj, = &*D;. From the experiments it follows that
Dy = (3-6) x 10'% 571, and the anisotropy of the spin diffusion is
D”/D 1=~ 106

The Tk ~ o'/ relationship is not specific for one-dimensional
diffusion, however, and may also be determined by nuclear spin
diffusion (NSD) to fixed electronic spins, taking place by a reorien-
tation of the nuclear spins with their subsequent relaxation on para-
magnetic centres. Measurements of T, by the spin-echo method*®
show that the NSD model describes the experimental data no less
satisfactorily than the one-dimensional model,* although the anisot-
ropy and delocalisation of the solitons are completely neglected. The
adequacy of the NSD model is confirmed by a large amount of 'y,
2H, and '*C NMR data (3see for examples Refs.60 —62), and from
spin-echo measurements®>®* it follows that there are several types of
paramagnetic defect. The high-resolution DPN spectra’® reveal a
solid-state defect in trans-PA even at room temperature. The great
majority of continuous conjugation segments in trans-PA obviously
do not contain highly mobile spins; otherwise, the movement of the
solitons along the chains would have led to dynamic averaging of
the bond lengths, that is to the suppression of alternation, and this
does not agree with experiment. Although the discussion of the
paramagnetic defects in PA is not complete, it may be concluded
that the various magnetic resonance methods up to the present have
provided information on those properties of the topological defects
which are determined by their local structure, and not on their
kinematic properties.

In non-doped PA, the paramagnetism obeys the Curie law. It
would seem that proof of the inverse relationship between the charge
and spin of the current carriers, predicted by the soliton model,
should be easily obtained by measuring the dependence of the mag-
netic susceptibility on the doping level. Up to the present, however,
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irrefutable data have not been obtained. Measurements made by the
Faraday method®® and the Schumacher — Slichter method, based on
a combination of NMR and EPR,% show a regular decrease in the
temperature-independent Curie susceptibility 4c and the absence of
temperature-independent Pauli susceptibility xp when trans-PA is
doped with moderate amounts of AsFs. On the other hand, accord-
ing to EPR data,% doping cis-PA leads to the rapid appearance of
xp and its regular increase in proportion to y. A comparative EPR
study®” of the doping of cis- and frans-PA with AsFs only partly
resolved the contradictions, by confirming that doping cis-PA is
accompanied by an increase in xp, whereas in cyclically doped trans-
PA, yxp is negligibly small. These phenomena were again attributed
to the non-uniform doping of cis-PA.

The quantitative determination of the concentration of spins [S]
in highly conducting materials encounters fundamental difficulties;
increase in o is accompanied by a greater skin-effect, produced when
the thickness of the skin-layer and the characteristic dimensions of
the specimen are comparable. The EPR line becomes asymmetrical,
and no longer gives quantitative information on [S7]). Faraday’s
method,65 which does not have this disadvantage, measures the total
static magnetic susceptibility ¥ = %p + %c + ¥p, Where %p is the
diamagnetic component, which must be calculated from the Pascal
constants. The accuracy of these calculations is undoubtedly low,
because of the lack of accurate information on the state of the
dopant in PA and the uncontrolled defects in the molecular structure
of PA. Moreover, it is necessary to calculate the difference ¥ - %p;
these quantities are of the same order of magnitude, and are greater
than yc and yp by 1—2 orders of magnitude, so that the subtraction
unavoidably leads to a high loss of accuracy.

The adequacy of the Schumacher — Slichter method?* has not been
established. For example, measurements of y for (CHBr,), speci-
mens by the Faraday method give xp ~ 0 for 0 < y < 0.02, and
xp = 4 x 107 CGS units per mole of C for y > 0.02, whereas
according to the Schumacher — Slichter method, xp < 1078 CGS
units per mole of C, irrespective of . The most convincing data
are apparently EPR data®® obtained for [CH(ASsFs),), specimens
prepared as extremely thin needles, which prevented complications
resulting from the skin-effect. Irrespective of the isomeric composi-
tion of PA, at T < 50 K, superposition of two EPR lines with the
same g-value, one narrow and one broad, was observed. The char-
acteristics of the narrow line make it possible to assign it to con-
ductivity electrons, responsible for xp. A remarkable feature is that
Xp increases regularly with increase in y in the same sense as the
elecrical conductivity, from which it clearly follows that the current
carriers in [CH(AsFs),], are classical in character. At the same time,
the broad line is associated with localised electrons, responsible for
Yc; after the specimens have been treated with ammonia, only the
broad line remains in the spectra. The same behaviour is character-
istic of [CH(SbFs),],.

When PA is doped with iodine, the picture changes. EPR data?!"’
show a gradual decrease in the intensity of the signal and its com-
plete disappearance in highly doped specimens, but the Faraday
method”! detects quite significant Pauli paramagnetism (p < 2 x 10°
CGS units per mole C). Other Faraday measurements,’” however,
do not show any significant yp, and the same result was obtained b
EPR.”® In Ref.73, however, in contrast to Refs.21 and 70, it was
noted that with increase in the doping level, after the initial sharp
decrease, the value of yc at y > 0.1 becomes constant. A more
systematic picture was obtained when the EPR measurements were
extended into the range of helium temperatures.” It was found tha
not only the spin susceptibility, but also [S7], depend on temperatur
and at T < 10 K, the values of [S] are almost the same for the
doped and non-doped specimens. Thus the absence of the EPR
signal at high temperatures is directly related to the high conductiv-
ity; at ymax, the signal is not detected even at T = 4.2 K.
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The characteristic features of the EPR in (CHI,),, and also in
(CHBry),, can be explained using the ideas developed for disordered
semiconductors,’®”* in which the EPR signal is usually due to
defects in the crystal structure. This signal often disappears when
the semiconductor is doped. On the other hand, an EPR signal due
to lattice defects is not observed in any metal. This may be due
either to the shielding by the conductivity electrons of the Coulom-
bic repulsion between defect states having spins or to the hybridisa-
tion of the wavefunctions of localised electrons and conductivity
electrons. Similarly, the magnetic properties of (CHI,), may be due
to the interactions of localised and band states. Doping generates
Pauli spins, which do not give an EPR signal, because of strong
spin —orbit scattering on iodine, but which interact with Curie spins.
As a result, the paramagnetism is determined both by Coulombic
interactions between the localised states and by hybridisation of
localised and band states; the increase in the hybridisation with
increase in y may lead to the apparent disappearance of the local
magnetic moment. In highly doped (CHI,),, even at helium temper-
atures the conductivity is high, and no EPR signal is observed. This
mechanism should be ineffective in [CH(AsFs),],, because of the
much weaker spin—orbit interactions at the As atoms, which are
highly shielded by the F atoms coordinated to them. Thus published
data”™ demonstrate directly the importance of the effects of localisa-
tion in in (CHL), and (CHBr,),.

There are much fewer experimental data on the magnetic prop-
erties of PA doped with donors. The most important results are
those obtained’® by EPR in situ in the liquid-phase doping of thin
films of frans-PA using a solution of sodium-benzophenone in THF.
At low doping levels, the paramagnetic susceptibility of trans-
(N,CH), remained practically constant, and differed little from that
of non-doped trans-PA, but close to y =~ 0.05 it increased sharply,
accompanied by marked broadening of the EPR line and the
appearance of temperature-independent xp. These data were inter-
preted’® as proof of a first-order phase transformation at y = y,
from a soliton lattice with zero density of states at the Fermi level
N(EFp) to a new quasi-metallic lattice, a "polaron metal", with a
finite density N(Eg). Such far-reaching conclusions appear doubtful,
however, since there is insufficient information on the chemistry of
the reactions in the PA —reducing agent system. Thus it has been
established”” that the solvation of Na™ ions by THF has a marked
influence on the width of the EPR line and the conductivity of
specimens whose composition in the general case corresponds to the
formula [Na,(THF),(CH)),. At low values of y, solvation has a
marked influence of 6, so that 0,5 0/C,=0 =~ 10% and with increase
in y to 0.2, this ratio tends to 1; at low values of y for solvated
Na™* cations, AH < 1 G, whereas for the non-solvated cations,

AH ~ 6 G; at y ~ 0.01, these AH values becomes equal.

Comparison of published conductivity and EPR data”’ also shows
that there are strong interactions between the charge carriers and the
local magnetic moments, that is the situation is analogous to that
examined above for (CHI,),; fairly strong spin—orbit scattering on
the Na™ ions should be expected. As a result, the paramagnetism of
(Na,CH), should be determined by the simultaneous influence of
several physical and chemical factors, among which the non-unifor-
mity of the doping is of considerable importance. In Ref.76, the
distribution of Na™ was a priori regarded as uniform, but NMR
data”® show that even at ymax, the spectrum still contains a signal
characteristic of non-doped PA.

In conclusion it may be noted that the absence of an EPR signal
in the case of doped PA cannot be taken as evidence for the
existence of spin-free solitons; for example, the same property is
shown by chalcogenide and many other electrically conducting
glasses.?®”> In fact, the density N(EF) is most probably finite, but
the electrons form pairs with antiparallel spins, so that the one-elec-
tron density of states N(E) is equal to zero.
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The reader interested in the detailed characteristics of non-crystal-
line solids is referred to published monographs.*®”* It should be
noted that the automatic transfer to disordered systems of ideas
borrowed from classical band theory is not possible, and easily leads
to artefacts.

V. OPTICAL PROPERTIES

The electronic absorption spectra of PA are completely typical of
polyconjugated systems. The absorption bands of cis-PA has a
clearly defined vibrational structure with maxima at 2.1, 2.3, and
2.4 eV, whose positions and intensities depend slightly on the previ-
ous history of the specimen. cis— trans-Isomerisation displaces the
main maximum to 1.9 eV, and, as is often observed, to the dis-
appearance of the vibrational structure.”” By analogy with short
polyenes, the absorption maximum can be assigned to a ®—n*
transition; the absorptivities, @ ~ 1.5 x 10° cm™,” are character-
istic of inter-band transitions in typical semiconductors.

After doping, the absorption band characteristic of the original
PA becomes weaker, and is replaced by a new very broad structure-
less band at 0.5—0.9 eV. Typical results obtained by electrochemical
doping®® are shown in Fig.6. The absorption close to 0.7 eV is char-
acteristic of all doped forms of PA, and is therefore associated with
the electronic structure of the PA framework. Since the position of
the new band corresponds approximately to the half-width of the
band gap in the spectrum of the original PA, in the SSH model this
band is called the "absorption in the middle of the gap". In addi-
tion, doping leads to the appearance in the infrared range of three
strong bands at 0.17, 0.16, and 0.11 eV, whose positions are prac-
tically independent of the type of dopant, but are sensitive to the
isotopic composition of the PA %!

The optical characteristics of PA have been discussed in detail.'®
It may be noted that in the SSH theory and its modifications, the
spectrum of doped PA is determined by the characteristic vibrations
of the charged solitons; the interaction of the solitons with n-elec-
trons is accompanied by the appearance of new vibrational modes,
three of which should be active in the infrared (IR) range. The IR
absorption is described equally well by introducing topological
defects of not the soliton type (C, symmetry) but the polaron type
(Ca, symmetry). Particular attention has been paid to the absorp-
tion at about 0.7 eV, associated with the appearance of localised
soliton levels exactly in the middle of the gap. Calculations!® show
that the appearance of a soliton in the PA chain should lead to the
suppression of direct inter-band transitions, and the intensity of the
transitions between the soliton levels should increase with increase in
y as far as y,, after which saturation should take place as a result of
the overlap of these levels and the formation of a soliton band. The
last conclusion, however, does not agree with experimental data,>*3¢
according to which the optical density at 0.7 eV is proportional to
the equilibrium concentration of the PA —dopant complex. The IR
absorption data®? also show a regular decrease in the transmission
with increase in y as far as ypa;.

The view that doping produces conjugation defects of different
types is entirely reasonable. It is obvious, however, that the optical
absorption can hardly be determined by the mobility of these defects;
the broken bonds in three-dimensional inorganic amorphous semi-
conductors also give states situated "within the gap", but these states
are not soliton states.’® Thus the absorption spectra cannot serve as
a test for solitons. A clear example is provided by a paper® whose
authors reject completely the concept of conjugation defects, and
attribute the "absorption within the gap" to charge transfer; a donor
dopant adds an electron to the conductivity band, and an acceptor
dopant generates a hole in the valence band. The conclusion that
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there is alternation of the bonds in the PA chain is preserved com-
pletely, and the absorption is attributed to electromagnetic inter-
actions between neighbouring chains. If however account is taken of
the non-uniform distribution of the dopant, then the "absorption
within the gap" can be directly related to an optical dielectric
anomaly, characteristic of granulated metals. In this connection it
may be noted that the maximum close to 0.7 eV, which is clearly
defined in the reflectance spectra of (CHL,), films, disappears after
the films have been compressed (unlike the other maxima in the IR
range), and are replaced by a reflectance edge.®* This phenomenon
is readily explained in terms of the composite structure of doped PA
using the familiar Maxwell — Harnett theory,§ but cannot be under-
stood in terms of soliton models.

The charge-transfer model also provides an extremely effective
interpretation of the three IR bands of doped PA; they are attrib-
uted to the interaction of the stretching vibrations of the framework
with charge oscillations in a partly oxidised or reduced segment of
the polymer; this is analogous to the situation for charge-transfer
complexes based on TCNQ.** On the other hand, the IR spectra of
B-carotene, which is an appropriate model compound with eleven
conjugated bonds, are completely analogous to the spectrum of
PA B3¢ Thus published data®!*+-¢ indicate that the optical
absorption in PA is molecular in character. Quantum-chemical
calculations of the electronic and vibrational structure®”*® of model
oligomeric radical-cations C2,.H2J;,+2, cations Can+ Hay+3, and dica-
tions Cy,H3, 2 ¥7%8 show that species of all three types are capable
of contributing to the observed absorption. Moreover, the calcula-
tion®® predicts intensive absorption close to 0.7 eV for B-carotene or
PA doped with donors, with the formation of radical-anions
Cy.H3,+2; subsequent measurements®® showed complete agreement
with these predictions.
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VI. PROBABLE MECHANISMS OF CONDUCTIVITY

An understanding of the mechanisms of charge transfer is hardly
possible without taking account of the real structure of PA. The
very complex morphology of PA was discussed above. Although the
degree of crystallinity of the specimens reaches 80%, the average size
of the crystallites is small, and does not exceed several nm.’® The
disorientation of the crystallites and the scatter in their sizes and
shapes makes the direct determination of the crystal structure impos-
sible; the diffraction patterns of PA seldom contain more than ten
reflections, so that the crystallographic parameters have to be
selected by a combined analysis of the diffraction patterns and calcu-
lations of the crystal packing.®® The crystalline phase coexists with
an amorphous phase; measurements of the thermo-stimulated
creep’! show that PA contains both amorphous volumes and thin
inter-phase layers, separating the crystallites. It cannot be assumed
that the general nature of the packing of the macromolecules in the
amorphous phase differs significantly from that in the crystalline
phase; the maxima of the diffuse scattering on the diffraction
patterns coincide with the position of the principal reflection, but in
the amorphous phase the concentration of packing defects (folds and
twists in the chains, vacancies, etc.) is increased.

The diffraction patterns, however, are insensitive to local molecu-
lar defects, which to a large extent determine the charge transfer.
The defects due to the presence in PA of sp>-hybridised C atoms are
particularly important. Acording to NMR and DPN data,>%* their
concentration amounts to several percent. The presence of C(sp’)
atoms naturally breaks the conjugation chains. The Raman spectra,
which provide a unique source of information on the magnitude of
Nc-c,’* show that, usually, not more than 20% of the chains have
Nc-c = 20.
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Figure 6. Absorption spectra of [Ch(ClO,),]. at different levels of electrochemical doping® for y = 0.078 (1), 0.047 (2), 0.027 (3), 0.012 (4),

0.0065 (5), 0.003 (6), 0 (7).

§ See, for example, L.Genzel and U.Kreiberg, Z.Phys., 1980,
37, 93.
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The macroscopic resistance of PA is apparently determined by a
large number of factors (see section III). The indeterminacy associ-
ated with the disordered nature of the PA structure is so great that it
is possible to construct only phenomenological models of charge
transfer. When the real structure of PA is taken into account, it
immediately becomes obvious that charged solitons or polarons
cannot be responsible for the macroscopic conductivity; since they
are topological conjugation defects, they can move only within the
continuous conjugation segments. These segments are comparatively
small, however, and the value of o for doped PA is not related to
the value of Nc-c; the electrical and magnetic properties of doped
and non-doped PA are practically independent of the molecular
mass in the range 400 < M, < 920000.!" The results of studies of
copolymers of acetylene with carbon monoxide,®® where the mole
fraction of CO was varied in the range 5—13%, are even more con-
vincing. In these copolymers, the conjugation chain is frequently
interrupted by —C(=0)— units, so that 6 < Nc~c < 20, yet the
electrical properties of the doped and non-doped copolymers are the
same as the corresponding properties of PA. The expected results
were obtained from numerical calculations using the SSH model,*
according to which the —C(=0)— group in the trans-PA chain acts
as a trap for neutral or negative solitons, and as a repulsion barrier
for positive solitons.

For weakly doped (y < 0.005) trans-PA, Kivelson®’ proposed a
mechanism of charge transfer by inter-soliton jumps. Every time a
mobile soliton S passes close to a charged soliton S* which is
bound by Coulombic attraction to an ion of the dopant and is there-
fore immobile, isoelectronic hopping of an electron to a neighbour-
ing chain becomes possible:

PPAINANS B APNINININS BN

Measurements of macroscopic characteristics, namely the frequency —
temperature dependence of o 9 and the o(T) relationships at differ-
ent pressures,99 agree well with the predictions,” but more detailed
experiments on the influence of magnetic fields on the mobility of
the carriers'® gave results which contradicted the Kivelson model.
In fact, the Kivelson mechanism is realistic only when the following
requirements are satisfied simultaneously: 1) Nc.c should be very
large, so that the solitons S* can move along the chain without
hindrance; 2) most of the chains should contain S'; and 3) the
dopant should be distributed uniformly. From the previous sections
it is clear that none of these requirements is in fact satisfied.

The corner-stone of the soliton concept is the assumption that the
ground state of the chain is degenerate. The model of Ref.97 is
obviously inapplicable in principle to either cis-PA or other con-
ducting polymers. A different model'® claiming to explain the
mechanisms of conductivity in all doped polymers assumes inter-
chain charge transfer by the correlated jumps of bipolarons:

AANNANAAAN
( |
ANAAANAAAN

The model of Ref.101 is designed primarily to explain spin-free
charge transfer, and its experimental basis is the apparent absence of
paramagnetism in doped PA. A semiquantitative calculation using
this model reproduces only the general course of the o(y) relation-
ship; so many assumptions, simplifications, and fitting parameters
are used, however, that the agreement with experiment appears arti-
ficial. The greatest objections can be made to the actual idea of
high-temperature jumps of bipolarons between the chains; by defini-
tion, the bipolarons in PA are not simply charged quasi-particles but
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topological defects in intramolecular chemical bonds. For this
reason, the bipolaron model of Ref.101 can be regarded as an arte-
fact, and its indvidual aspects will not be examined in detail.

It has been pointed out many times that the general character of
the o(T') relationships for PA is similar to that of the typical rela-
tionships for doped inorganic amorphous semiconductors. This is
why efforts are made to explain the electrical properties of PA using
ideas based on jump mechanisms. For disordered systems, a unique
role is played by o(T’) measurements using alternating current. To
ensure macroscopic conductivity using direct current or at low fre-
quencies, the carriers must pass through the entire specimen; in a
disordered system, this is possible only when there is a percolation
network. At sufficiently high frequencies, percolation considerations
are directly inapplicable, and the movement of the carriers reduces
to jumps back and forward between two neighbouring localised
states. This situation can be described by the so-called pair approx-
imation.” A corresponding model for PA was proposed by Summer-
field,'%2, whose calculations adequately reproduce the static and
frequency o(T') relationships, including the imaginary part of the
complex conductivity, which is not consistent with the Kivelson
model, and provide a qualitative description of the evolution of the
density of states close to the Fermi level during doping. It should be
emphasised that the Summerfield model does not contain assump-
tions about the nature of the states between which the jumps take
place, in particular about their mobility, and at the same time repro-
duces the experimental data®® more effectively than the Kivelson
model.%’

The electrical properties of moderately and highly doped PA are
best described by the model of Sheng,'®® which was initially devel-
oped for granulated metals and which assumes the formation in PA
of quasi-metallic clusters separated by narrow potential barriers—the
non-doped PA regions. The movement of the carriers between the
clusters takes place by tunnelling at low temperatures, and by ther-
mally activated jumps at high temperatures. Thus detailed measure-
ments'® show a gradual decrease in the strength of the characteristic
Mott relationship ¢ ~ exp (-T~"/%) when PA, moderately doped
with AsFs, is cooled to a temperature below 16 K; in the range
0.03 K < T < 1K, the conductivity of highly doped [Ch(AsFs)o 1]«
becomes independent of temperature.!% This behaviour cannot be
explained without using tunnelling concepts.

Measurements of the temperature, field, and frequency depen-
dence of the conductivity, and thermo-EMF measurements,! 6
also show excellent agreement with Sheng’s theory. The most
convincing proof is apparently provided by the experiments of
Refs.49 and 50 (see Fig.5); highly doped PA is in fact a system of
non-combined quasi-metallic clusters. In this cluster model, the
superposition of two main transfer mechanisms can be proposed. In
one limiting case, the movement of the carriers is similar to the
movement of the electrons in a metal, that is the interaction with the
lattice is relatively weak, and the carriers have a high mobility and a
comparatively long mean free path. In the other limiting case, the
interaction with the lattice is strong, and the carriers have a very
short mean free path and a low mobility. Within the clusters, the
carriers probably move as a wave packet. Thus at a temperature
below the Debye temperature, they may move as non-localised
polarons of small radius in a narrow energy band, and at a tempera-
ture above the Debye temperature, the carriers move by jumps. This
model is attractive, particularly since in polymers the Debye temper-
ature is not strictly defined, and in fact there may be a distribution
of Debye temperatures. Estimation of the drift mobility of the
carriers p, which is defined as the average rate of movement of the
current carrier in the direction of the field and which is therefore a
macroscopic characteristic, using the simple equation (3), gives for
weakly doged PA the value p = 5 x 10~ em? V™! 713 As shown
by Ioffe,!%” the average mean free path L of a carrier with an
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effective mass m* at ordinary temperatures is given by the expression
L ~ 107® p(m*/mo)"/%, where my is the mass of the free carrier.
Assuming that the order of magnitude of the ratio m"/my is close to
1 gives for weakly doped PA the value L ~ 10> A. This is many
orders of magnitude smaller than the lattice constant a, so that the
concepts of mean free path or mobility lose their significance. For
highly doped PA, Eqn.(3) gives p = 1 em® V™! s71;% [offe’s
equation gives L ~ 1 A, which is also unlikely.

Dielectric measurements at high frequencies of 1.5—5 cm
revealed a high microscopic mobility (see Table), however, and it
was concluded that the frequency dependence of the conductivity can
be described by the superposition of two mechanisms. The first is
due to free carriers, the absorption on which is described by the
Drude relationship, and the second is associated with carrier jumps
with the participation of phonons between microscopic states. At
the microscopic level, these states are localised, so that the conduc-
tivity for direct and alternating current can be examined successfully
using jump models.

-1 108

Electrophysical characteristics of doped PA (accuracy of the deter-

mination +25%).1%®
Specimen n, em3 T,ps M, cm? vlgt o, @l em!
trans<(CHIp 011)x 1.1.10 2.7 3.7.108 0.5
trans-[CH(AsF5)0 0111 x 5.0-10% 10.0 15.0-103 4.5
I

Notation: » and t are the concentration and the mean free path of
the current carriers pu the mobility of the carriers, and o the specific
conductance.

Vil. THE STRUCTURE OF THE CONDUCTING PHASE

In a first approximation, doped PA can apparently be regarded as
a composite containing two phases: non-doped and doped to satu-
ration. In principle, depending on the previous history of the speci-
mens, the volume fraction of the conducting phase can vary in the
range 0 < f < 1. The limiting cases correspond to the hypothetical
single crystals, and in real specimens, some intermediate situation is
established. This interpretation can be justified by the following
experimental data.

1. In the absorption spectra there is an isosbestic poin
indicating the existence of only two states in PA —dopant systems,
irrespective of the doping level (Fig.6).

2. Periodic recording of the diffraction patterns during doping
always show a gradual decrease in the intensities of the reflections
from the original PA, and the appearance of a new set of reflections.
No signs of intermediate structures are detected,!®-11!

3. The reduced volume of the PA specimens is linearly dependent
on the concentration of the dopant.'!?

Analysis of the experimental data indicates that the electron-
conducting structures are formed first in the amorphous phase of
PA. In fact, the first signs of the doped phase on the diffraction
patterns appear only at y > 0.02; at 0 < y < 0.02, only an
increase in the intensity of the background scattering due to the
adsorption of iodine on the PA surface was observed.!'® The swell-
ing of the specimens during doping becomes appreciable only at
y > 0.05.!2 The main increase in o, however, takes place at y < 107
(Fig.3). On doping with iodine from the gas phase, o increases by

t,35’36'80

4N

five orders of magnitude in a time ¢ = 10° s, and is saturated after

t = 10*s, and both Opmayx and the value of ¢ at which it is reached
are completely independent of the thickness of the PA films, which
in the experiments of Ref.47 was varied from 5x 107 cm to 1072 cm.

At the same time it follows from kinetic data*’ that the diffusion
of iodine in PA is very slow, with a coefficient 107'*—107"* cm? s7*.
Even for the small non-solvated Li* ion, the diffusion coefficient in
PAis ~107'3 cm? s7! at 356 K.!'3 These values are typical of solid-
state diffusion. Thus the depth of the diffusion according to Fick’s
law Ip = (2Df)"?is ~0.1 ym at ¢ = 10% s, which appears unlikely.
It is known, however, that the diffusion coefficient along the grain
boundaries in polycrystalline specimens is many times greater, and
the activation energy of diffusion significantly lower, than in the
volume of the granule. Moreover, it has been found®>?’ that the
mass of the specimens in I, vapour increases rapidly at ¢ < 10 s, and
onlyat10s < t < 10* s, increases according to a t” law, where
1/3 < n < 1/2, indicating solid-state diffusion.

The combined data on the distribution profiles of the dopants and
the kinetics of doping lead to the following picture. In the rapid
first stage, the entire external surface of PA is covered with a mono-
layer of the dopant. In the slower second stage, the dopant diffuses
into the amorphous phase, occupying the spaces between the crystal-
lites. In the third stage, the dopant diffuses into the crystallites, and
a new crystalline phase is formed. This picture is consistent with the
morphology of PA and with the established o(y) relationships, with-
out introducing doubtful assumptions about the uniform distribution
of the dopant. The sharp increase in ¢ close to y. (Fig.4) is natu-
rally attributed to percolation, which takes place when the electric-
ally conducting structures are formed in the space between the
crystallites; the subsequent increase in f does not make a significant
contribution to the macroscopic conductivity. In fact, the high con-
ductivity is not determined by high crystallinity, since doping amor-
phous PA with iodine gives the same value of 6., as doping highly
crystalline specimens.’ ™

The question of how the conducting phase of PA is "constructed"
can be examined. The conductivity mechanisms which were
examined above and which provide an adequate description of the
electrical properties of PA are completely indifferent to the specific
structure of the localised states or quasi-metallic clusters. There is
apparently no particular need to assume that doped conjugated
polymers differ fundamentally from the familiar low-molecular-
weight charge-transfer complexes (CTC) of the TTF — TCNQ type.?
In the last case, before the formation of the CTC, the electron
clouds of the donor and the acceptor are closed, and when the
molecular crystal is formed, extensive charge transfer takes place,
converting the crystal to the quasi-metallic state; the initially com-
pletely full band becomes half-filled. It may be said that in this case,
TCNQ is "doped" by TTF or vice versa, so that the concepts of
"dopant" and "matrix" can be interchanged.

From this viewpoint, doped PA represents a particular case of
systems of the TTF —TCNQ type with a low and varying concentra-
tion of donor or acceptor molecules. The optimum magnitude of
the charge transfer is 0.5—0.8 e.!'® This is possible either with
partial charge transfer or when a CTC with stoichiometry different
from 1:1 is formed. In PA, both situations are probably realised;
the first may be characteristic of chemical doping, and the second of
electrochemical doping, when the dopant is only a source of counter-
ions preserving the electrical neutrality of PA. The role of donors or
acceptors in PA is played by conjugated segments of varying length,
bounded by defects in the molecular structure.

The basic principle of supermolecular organisation, ensuring high
conductivity, is well known; it is necessary to have a non-stratified
bifilar type of packing, where the donors and acceptors crystallise in
regular isolated stacks, within which mixed valence states are pro-
duced, and the movement of the carriers takes place by a so-called
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relay mechanism.? The individual details of this mechanism as
applied to conducting polymers have been discussed by Wegner.!!$
Two models of the packing in doped PA have now been developed
on the basis of the diffraction patterns and calculations. The first
model 2° assumes structural analogies with intercalated graphite; the
acceptor molecules are introduced between the close-packed planes
of PA. In the resulting layer structures, the transfer of the carriers
should take place chiefly within the partly oxidised planes of PA,
and should be quasi-two-dimensional in character. It is noteworthy
that this model is unsuitable for interpreting the diffraction patterns
of PA doped with alkali metals. For these complexes, a quasi-one-
dimensional structure is assumed, in which the metal ions occupy
channels in the tetragonal lattice formed by four parallel PA chains.?®
If the analogy with graphite is retained, however, there are no
grounds for expecting such significant differences between the
structures of the various complexes.

On the other hand, it follows even from a previous analysis''°
that the diffraction patterns for (CHI,), are consistent not only with
the intercalation model. In an alternative model, the dopant is
introduced between PA layers in which the planes of the macro-
molecules are arranged normal or almost normal to the plane of the
layer. The relationship between the two models is illustrated sche-
matically in Fig.7. The analogy between the second model'!*!1¢ and
the packing of low-molecular-weight CTC and radical-ion salts of
TCNQ is obvious. The most convincing evidence in support of this
type of packing was recently obtained in a diffraction analysis of
highly oriented films of trans-[CH(SbF¢5)y]x.116 The crystal structure
can be represented as the superposition of two incommensurable
sub-lattices: the first is formed by the PA chains, and the second by
the SbF ions. The second lattice is hexagonal and disordered along
the crystallographic direction coinciding with the axes of the PA
macromolecules. The distance between neighbouring PA segments
forming the stacks is 3.44 A, which ensures effective interaction
between the n-electrons. In this model, the PA segments reduced or
oxidised to radical-ions are stabilised by complex formation with
neighbouring neutral segments according to the scheme

|
) O

(CH)F + (CH). = [(CH), (CID,] =

_0O_ O
_O0_ <O
@)
O |0

o0

1010 > O O
|

1010
OO~

Figure 7. Probable crystal packing in doped PA (on the left—pro-
jection along the PA chain direction, on the right—=projection at
right angles to the PA chain direction): @) quasi-one-dimensional
model,''8 p) quasi-two-dimensional model;*> the arrows show the
preferred direction of charge transfer; the circles represent the
dopant, and the dashes the end faces of the planar PA chains.
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It follows directly from this scheme that the complex formation is
possible not only in the crystalline phase but in all cases where a
minimum of two PA segments are arranged relative to one another
in such a way that charge transfer is possible between them. These
complexes are apparently acceptable as the prototype of the localised
states; their concentration increases with increases in y, and they
merge at any y = y.. It is appropriate to recall that the packing of
the macromolecules in the amorphous phase differs little from that
in the crystallites. According to the appropriate comparison made in
Ref.117, the local structure of the rigid-chain polymers is more like
the packing of raw spaghetti in a partly filled box than the packing
of cooked spaghetti in a pan. This makes clear the importance in
amorphous polymers of the intermolecular interactions which stabil-
ise the quasi-metallic state and which make possible the existence of
conducting clusters of appreciable dimensions.

The "metallic character” of the clusters, revealed by the different
slopes of the curves in Fig.5, is variable, and depends on the dopant.
In "physical" soliton models, dopants of the same type (for example
acceptors) are not distinguished. For chemists, the different electro-
physical properties of PA —dopant complexes can be attributed to
the difference in the degree of charge transfer and the difference in
the stability constants of the CTC (see section III). The most stable
complexes are probably formed in the reaction of PA with AsFs,
which is a very strong Lewis acid. The correctness of these argu-
ments is apparently confirmed by the data of Ref.108, given in the
Tabie.

- - - 00o- - -

From the extensive range of fundamental problems relating to
PA, as before, the question of the nature of the conductivity is
attracting the greatest attention. There arises the question of
whether solitons (or polarons) are physically real, or merely an
elegant but artificial method of description. The answer to this
question is important not only for theoreticians. The development
of new materials of practical importance can hardly be achieved
without a detailed understanding of the electronic processes respon-
sible for their properties. A complete understanding has obviously
not yet been reached. The chemistry and physics of macromolecular
"synthetic metals", of which PA is the prototype, still appear as a
mosaic, and considerable efforts are required to establish a clear and
consistent picture.

Nevertheless, the information which has already accumulated up
to the present provides some possibilities for generalisation. Accord-
ing to the familiar Occam’s principle, entities are not to be mul-
tiplied beyond necessity. In accordance with this principle, the
present authors consider that the principal properties of PA and its
analogues can be examined using more traditional non-soliton
approaches. The soliton concept, however, has provided an excep-
tionally effective stimulus for theoretical and experimental studies
which might not have been carried out in a different situation. This
has led to a better understanding of the entire set of relationships
between the structure and properties of matter—one of the cardinal
problems of present-day chemistry.!!®
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