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Abstract. The results of studies on various properties of
polyacetylene by the high-resolution EPR method in the
2 mm wavelength range are surveyed and treated systematically.
The structures and dynamic properties of the paramagnetic
centres as well as the mechanism of charge transfer in the neutral
polyacetylene are discussed. The bibliography includes 76
references.

L. Introduction

During recent years, polyacetylene (PA) has attracted consider-
able attention by investigators because of the uniqueness of its
electrodynamic properties, which may prove promising in
molecular electronics. Thus when donor or acceptor dopants
are introduced, its d.¢. conductivity changes by 10~ 14 orders of
magnitude and reaches gac = 10°-107 § m—1!—3 PA is the
simplest conducting polymer in a large class of organic
conducting compounds (polyphenylene, polypyrrole, polythio-
phene, polyaniline, etc) with similar magnetic and electro-
dynamic properties; this led to the most vigorous study of these
properties in relation to this particular compound.

The cis- and frans-conformations of PA are distinguished, the
latter being thermodynamically more stable.®? The morphology
of this polymer depends on the method of synthesis, the structure
of the initial monomer, and also on the nature and amount of the
dopant introduced. The polymer chains of PA are arranged
parallel to one another, forming a fibril several tens of
nanometres in diameter and several hundreds of nanometres
long. The longitudinal axes of the fibrils are usually randomly
oriented in space, but they can be partly or fully oriented during
synthesis or by stretching the resulting polymer. The polymer
chains in such fibrils are close-packed. The PA crystal lattice has
the following parameters; a =0.761 nm, b =0439 nm, and
¢=0.447 nm (cis-PA) and a = 0.424 nm, &= 0.732 nm, and
¢ =0.246 nm (trans-PA)*3

In each monomer unit of PA, three out of four valence
electrons are in the hybridised sp® orbitals: two electrons
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participate in the formation of two o-bonds responsible for
the formation of the quasi-one-dimensional (1D) lattice, while the
third is involved in the formation of a bond with a hydrogen
atom. The last valence electron is in the 2p; orbital oriented at
right angles to the plane in which the remaining three electrons
are located. Thus the o-bonds form a low-lying completely filled
valence band, while the n-bonds of the monomer units form a
partly filled conduction band. If the lengths of all the C - C bonds
were equal, then undoped frans-PA could be regarded as a
1D-metal with a half-filled conduction band. In reality, the
system represents a set of monomeric CH groups linked by
alternating double and longer single bonds, which execute
longitudinal vibrations. Such a system is unstable (Peierls
instability) and the alternation in it takes place almost without
gnergy expenditure. Calculation has shown® that the degeneracy
of the system leads to the generation on the frans-PA chains (with
an energy expenditure of 042 eV} of nonlinear topological
excitations — solitons — with a spin s = {, an effective number of
C-C bonds N = 15, an effective mass »7; equal to six times the
free electron masses m, , and a high 1D-mobility. The energy level
of the solitons is located at the centre of the energy gap of the
polymer. This phenomenon determines to a large extent the
fundamental properties of rrans-PA, including the relatively large
width of the energy gap, which is ~ 1.4 €V. Some experiments (see,
for example, Refs 7 -9) vield the effective number of C-C bonds
N =50 and m7 = (0.15 — 0.40)m, .

The spin—charge conversion is characteristic of a single
soliton in trans-PA: the neutral soliton corresponds to a radical
with a spin s = 3, whereas a negatively or positively charged
soliton lacks spin and becomes diamagnetic. Therefore, in n-type
doping, the energy level of the soliton becomes fully occupied,
whilst in p-type doping it becomes entirely unoccupied. For a low
level of doping, only some of the neutral solitons become charged.
With increase in the level of doping, all the solitons become
diamagnetic and their individual energy levels merge into the
soliton band located in the middle of the energy gap of the
polymer, The formation of the soliton band leads to charge
transfer by the spin-free carriers after the semiconductor - metal
transition. This conduction mechanism, which includes the
motion of charged solitons in an occupied or unoccupied
band, differs significantty from the charge transfer process in
classical semiconductors.

In PA, there is the possibility of the occurrence of various
charge transfer processes, which may be arranged in the foliowing
sequence in order of their decreasing probability: 1D-conduction
along polymer chains; charge transfer in hops between polymer
chains; tunnelling of the charge between highly conducting
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domains of fibrils separated by regions with a lower conductivity;
or fluctuation-induced tunnelling of the charge between fibrils,

It is entirely evident that the contribution of each of these
processes depends on the properties of the initial polymer and
may change during its doping.

Conjugated polymers are characterised by the presence of a
n-electron system and a partly filled band siructure, which
determines important electronic properties of these systems. In
contrast to the classical semiconductors, apart from the activated
electron transport,'® in PA there is also the possibility of phonon-
assisted charge tunnelling between the energy levels of solitons!!
and of variable range hopping conductivity (VRH)? charact-
erised by different frequency and temperature dependences
(v, T). Such diversity of electron transport is associated
with the generation of nonlinear soliton-type excitations and
may be associated directly with the evolution of both the
crystalline and the electronic structures of the system.

Several theoretical approaches have been put forward for the
description of the mobility of the soliton in frans-PA. They were
developed in terms of the concept of the Brownian 1D-diffusion
of solitons interacting with the lattice phonons!® and of the
scattering of solitons by optical and acoustic phonons in trans-
PA.* One of them predicts a quadratic dependence of the
frequency of the 1D-diffusion v|p =D1Dcﬁ2 (Dyp, is the 1D-
diffusion coefficient and ¢ is the length of the soliton jump along
the polymer chain) on temperature. In the second case, the
dependences have the form v;p(7) ~ T~"? and v;p(T) ~ T for
the optical and acoustic phonons respectively. Calculations
showed '* that the frequency of the ID-diffusion of the soliton
should not exceed the limiting value v, = 3.8 x 10'* Hz near the
Fermi level.

Many fundamental properties of PA and other conjugated
polymers are determined by the existence in them of the localised
paramagnetic centres (PC) and/or such centres delocalised along
the polymer chains, so that the majority of the investigations of
these compounds have been carried out by the EPR method. .17
We shall consider certain possibilities for the study of PA by this
method.

At relatively low measuring frequencies (v, < 10 GHz), PA
gives rise, like the classical 7 electron systems, to a single
symmetrical EPR line with g = 2.002634 & 0000015 ~ g, .!8 The
g-factor deviates from g, mainly owing to some contribution by
the orbital angular momentum of the unpaired electron to its
overall magnetic moment. The EPR line consists of a super-
position of individual weakly resolved lines corresponding to the
hyperfine interaction of the spin with the carbon nuclei on which
the soliton is localised,

According to the model proposed by Su et al..% the defect-free
undoped cis-PA contains no paramagnetic centres and should
therefore be diamagnetic. In reality, cis-PA contains 5% - 10% of
short segments of trans-PA, mainly at the ends of the chains>!6
where the trapping of solitons is most likely.”® Such an isomer
therefore gives rise to a relatively weak broad EPR line, in
which the distance between the peaks is ABpp = 0.6 — 1.0 mT
{g = 2.002634) and the hyperfine interaction tensor constants
are A, =—1.16 mT, 4,, = —3.46 mT, and 4., = 232 mT 2
(the x, y, and z axes are directed along the crystallographic 4, c,
and b axes respectively). On thermal c¢is—trans isomerisation,
the concentration of paramagnetic centres increases from
N~ 10" spins g' (this is equivalent to one spin per
~ 44000 CH groups) in cis-PA to N ~ 10" spins g~! (or one
spin per 3000-7000 CH groups) in frans-PA.2! This is
accompanied by a sharp narrowing of the line of 0.03-
0.50 mT.!5:22 The latter quantity depends on the average length
of the trans-sections and represents a linear function of the
concentration of the sp’-defects.”® A dependence of the type
ABpp ~ Z* has been obtained for PA doped with metal ions
having an atomic number Z.2% The line width of frans-PA
partially ordered by stretching proved sensitive to the direction of
stretching ¢ of the specimen in a magnetic field with a strength

B,.225-2% Thus, in the case of the paralle] direction of the
external magnetic field strength vector relative to the ¢ axis, the
line width is 0.48 mT, whilst in the case of the perpendicular
direction it is 0.33 mT. 2}

The EPR spectrum of #rans-PA may be represented by a
superposition of the contributions of the trapped and highly
mobile solitons with concentrations »; and »» respectively, the
ratio of which varies with temperature, and also of the
contributions due to other fixed centres, the appearance of
which is associated with the presence of traces of catalyst and/or
oxygen molecules. In n- and p-doping, the concentration of
paramagnetic centres in frens-PA changes monotonically for a
virtually constant g-factor,'s-1? which indicates the retention of
the nature of the paramagnetic centres responsible for the EPR
signal.

Numerous studies on the paramagnetic susceptibility y of
neutral PA have shown!” that both its conformers exhibit Curie
paramagnetism (x ~ T~') at T < 300 K, whereas, according to
the data of Tomkiewicz et al,? the magnetic susceptibility of
cis-PA does not obey the Curie law in the temperature range
4-300 K. The reasons for this discrepancy are so far obscure.

High-frequency magnetic field modulation as well as electron
spin-ccho have been used to investigate the interaction of the
unpaired electron with other electrons or with the trans-PA
lattice. Since a neutral soliton has an electron spin interacting
with the spins of the hydrogen nuclei, its dynamics may be
investigated by complementary NMR and EPR methods.

The quasi-one-dimensional mobility of the soliton has been
investigated by NMR within the framework of the Brownian
1D-diffusion of the soliton.”®3 The dependence of the nuclear
spin - lattice relaxation time t; on the precession frequency of the
nuclear spin 1, ~ v,',/ ?, obtained for undoped and doped trans-PA
specimens, corresponded to the characteristic spectrum of the
spin 1D-diffusion. The frequency of the ID-diffusion of the
soliton in undoped trans-PA proved to be 6 x 10'* Hz (at room
temperature) and showed a quadratic temperature dependence.
Estimates showed *® that the rate of diffusion may increase by
more than three orders of magnitude following the introduction
of various dopants into the polymer.

However, it must be emphasised that the motion of the soliton
influences only indirectly the nuclear spin relaxation time. Since
the interaction of the diffusing proton with a fixed electron spin
is also characterised by the frequency dependence 1, ~ vy',* this
can lead to an incorrect interpretation of the results obtained by
NMR spectroscopy. Thus, on the basis of the kinetics of the decay
of the 1*C NMR signal, it has been concluded 3 that there are no
mobile unpaired electrons at all in trans-PA. However, according
to Ziliox et al.,* this conclusion may be valid only for the specific
specimens investigated by Masin et al.3?

The EPR spectroscopic method is a priori more effective in
the study of the dynamics of the soliton in trans-PA, since the
electronic relaxation times are unambiguously related to the
diffusion of the soliton.

The spin dynamics in #rans-PA has been investigated with
the aid of low-frequency steady-state EPR 26—28.35.3¢ apd the
spin-echo method.?” 3 The relations 7, , ~ v}/? and v, (T) ~ T2
(r) and 1, are the spin-lattice and spin—spin relaxation times)
were obtained by the first method in the frequency range
Ve = 5 — 450 MHz. They indicate the 1D-diffusional spin motion
in frens-PA with v = 10° Hz and the anisotropy
¥ip/vap = 10% = 107 (at room temperature). A similar frequency
dependence of the rate of diffusion has been observed aiso at
higher recording frequencies v, = 9 — 14 GHz38% However,
the spin diffusion frequency determined by the spin-echo method
is vjp < 10" Hz (at room temperature) and exhibits a more
complex temperature dependence.’’ .

Thus the data obtained by different methods and by different
investigators concerning the dynamics of solitons in trans-PA are
extremely contradictory and do not always find an unambiguous
interpretation, EPR spectroscopy is the most promising method
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for the investigation of the composition and dynamics of the
paramagnetic centres. However, it suffers from considerable
limitations owing to the low spectral resolution and the high
spin—spin exchange at v, < 40 GHz. This prevents the separate
recording in trans-PA of localised and mobile m-radicals with
similar magnetic parameters.?2

It had been shown earlier in relation to certain organic
radicals*1#2 that in the 2 mm wavelength range there is a
significant increase in the accuracy and the information content
of the EPR method in the study of the structure and molecular
dynamics of radicals with g = g, in model systems and biological
polymers. The high resolving power of the method, attained in
this frequency range, converts the g-factor of organic free radicals
into an important information parameter. This makes it possible
to discover the anisotropic character of the slow molecular
motions, to extend the range of the measured correlation times
for the rotation of the radical, and also to identify the structure of
the radical and of its microenvironment.

The high spectral resolution of the EPR method in the 2 mm
range yields important information about the spin and melecular
dynamics in organic conducting compounds.*® The present
review is devoted to the consideration of the experimental
data obtained in the study of the structure and electrodynamic
properties of PA by two-millimetre EPR spectroscopy. The
theoretical foundations of the method have been described in fair
detail in a number of monographst and will not therefore be
considered here.

I1. Magnetic parameters of the charge carriers
in trans-polyacetylene

For a more correct determination of the magnetic resonance
parameters of the paramagnetic centres in PA, various films of
cis- and frans-PA were investigated over a wide EPR frequency
range.#

In the 3 cm EPR range (v, = 9.8 GHz), the cis- and frans-PA
specimens are characterised by a single symmetrical line with
g =2.0026 and the width between the peaks ABpp = 0.67 mT
(cis-PA) and 0.22 mT (rrans-PA) (Fig. 1). The latter quantity
exceeds the minimum width of the rrans-PA spectral line,' and is
apparently associated with the presence in the specimen of
oxygen molecules or shorter n-conjugated chains, but is within
the limits of the variation of the ABpp obtained for different rrans-
PA specimens.? This line is broadened by 0.05-0. 17mTat 77K,
probably as a consequence of the decrease in the frequency of the
librations of the polymer chains and is additionally broadened by
0.1 mT when the polymer comes into contact with atmospheric
oxygen, apparently owing to the strengthening of the trapping of
the mobile solitons in frans-PA.%

An increase in the recording frequency to 37.5 GHz results in
a slight increase in the width of the lines in the PA spectrum
(Table 1) with retention of the symmetry.

In the 3 mm EPR range, the line width of the cis-PA spectrum
increases to 0.84 mT. This is accompanied by an additional
broadening of the high-field spectral peak owing to the
manifestation of the anisotropy of the g-factor. trans-PA is
characterised by a line with g = 2.00270, ABg = 0.37 mT, and
the asymmetry factor A:8 = 1.1 {the ratio of the amplitudes of
the high-field and low-field spectral peaks).

+] D Memory Quantum Theory of Magnetic Resonance Parameters
(McGraw-Hill, New York, 1968}

B Ranby, J F Rabek EPR Spectroscopy in Polymer Research (Springer,
Berlin, 1977)

C P Slichter Principles of Magnetic Resonance 2nd Ed. (Springer, Berlin,
1978)

Theoretical Foundations of Electron Spin Resonance Ed. J E Harriman
{Academic Press, New York, 1978)
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Figure 1. EPR spectra of cis-(I) and trans-polyacetylene (II) recorded in the
3cm{a), 2 mmd{#), and 0.6 mm (¢) ranges at room temperature under an
inert atmosphere. The positions of the components of the g-tensor of the
localised solitons (g, and g.) and the gs-factor of the delocalised solitons
are indicated.

Table 1. The line widths (in mT} and the distances between the spin packets
{in Hz) for the paramagnetic centres in neutral polyacetylene at different
recording frequencies at 300 K.

v/GHz  ABk ABpp  Awyx 108
I jii m I il I
98 070 025 0.06° 1.7 10 0.8°
375 075 030 0.11° 18 12 1.3
943 085 045 018 19 14 1.7
139 095 0.6l 030 23 22 22
250 1.82 1.60 0.50 2.8 2.8 29
349 242 252 062 32 3.5 32
42 253 191 081 33 3.1 37

Remarks. [ —solitons localised in cis-PA; Il — solitons localised in frans-
PA; III—solitons delocalised in trans-PA.
aValues obtained by extrapolation.

In the 2 mm range for the recording of the EPR spectrum,
there is a further increase in ABpp to 1.1 mT (in cis-PA) and 0.5 mT
(in frans-PA) accompanied by a more marked manifestation of
the anisotropy of the g-factor in cis-PA and a greater asymmetry
of the spectral line (4: B8 = 1.3) in #ans-PA (Fig. 1).

In order to elucidate the possible dependence of the PA
spectral line width on the orientation of the magnetic field, a
study has been made* of partly oriented cis- and rrans-PA
specimens. The investigation showed that the line width in the
spectrum of the initial cis-PA specimen increases after slight
stretching of the film from 1.23 to 145 mT (T= 300 K).
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The magnetic parameters of the partly oriented cis-PA did not
change significantly on varying the angle between the directions
of stretching and the external magnetic field, whereas the line
width in trans-PA changed nonmonotonically from 0.60 to
(.68 mT at room temperature.

With increase in the recording frequency, a further broad-
ening and a further increase in the asymmetry of the EPR spectral
lines of both conformers were observed (Fig. 1), Analysis carried
out by the method described by Lebedev and Muromtsev<’
showed that the spectrum of cis-PA, presented in Fig. 1, may be
assigned to paramagnetic centres with the g-tensor components
g = 2.00283(5) and g, = 2.00236(5) (g and g, correspond to
the parallel and perpendicular directions of the external
magnetic field relative to the crystallographic ¢ axis of the
polymer chain), The values of the g-tensor quoted exceed
somewhat the values of g and g, determined experimentally 42
but are clese to gy =2.0034 and g, = 2.0028 calculated in
the same study for localised paramagnetic centres. The quantity
g differs from g_ by Ag = 5 x 107% This deviation corresponds
to the excitation of the electron from the bonding o¢_c orbital to
the antibonding =" orbital with AE,,. =2l Ag ' =144 eV
(here 4, = 3.6 meV is the constant for the spin- orbital inter-
action of the unpaired electron with the nucleus of the carbon
atomy), which is close to the corresponding value calculated for the
C-C bond in n-conjugated systems.®® Other electronic transi-
tions with a greater AE; do not contribute significantly to Ag.
Thus the line form in the cis-PA spectrum as well as the
agreement between the experimental and theoretical values of
AE,,. indicate the existence of localised paramagnetic centres in
this isomer.

The transformation of the line shape on cis — frans isomerisa-
tion of PA evidently indicates the appearance in the PA of
mobile paramagnetic centres with g, = 2.00268 (Fig. 1) during
the occurrence of this process. The similarity of the isotropic
gfactor of the localised paramagnetic centres [< g>=
$(g. +28))=2.00267] and the g-factor of the delocalised
paramagnetic centres indicates the virtually complete averaging
of the components of the g-tensor of the mobile paramagnetic
centres owing to their 1D-diffusion at a minimal rate.°

1
vip 2 E(g" - &1 )ueBo (1)

Computer simulation ** confirmed this hypothesis. A similar
averaging of the components of the anisotropic g-factor was
recorded by ourselves also on ‘unfreezing’ the 1D-diffusion of
polarons in other organic conducting polymers.** Thus two types
of paramagnetic centres exist in undoped rrans-PA, namely the
neutral soliton trapped at the ends and/or on short segments of
the m-conjugated chain'? and the soliton moving along the
polymer chain with a frequency v > 2 x 10° Hz. The value of
v};, obtained is significantly less than the lower limit of the rate of
diffusion of solitons previously predicted.?® The concentrations
of the corresponding paramagnetic centres are 1, = 1.1 x 107°
and #, = 6 x 107 spins per carbon atom. It is necessary to note
that the latter quantity is almost two orders of magnitude smaller
than the value predicted previously.!s->!

Anaiysis of the form of the spectra of cis- and frans-PA
specimens by the method of Tikhomirova and by Voevodskii 32
showed that, for v, > 140 GHz, the distribution of the individual
spin packets in their low-field sections is described by Lorentzian
(at the centre) and Gaussian (on the wings) functions. On the
other hand, the high-field parts of the spectra are characterised
by a Lorentzian distribution of the spin packets. This made it
possible to calculate the frequencies of the spin—spin exchange
v, between the localised paramagnetic centres in cis- and
trans-PA, which are 3x 107 and 1.2x 10° Hz respectively.
These quantities are consistent with v,, > 10’ Hz obtained for
trans-PA.22 Thus, at a recording frequency v, > 16 GGHz, the
distance between the spin packets Aw, exceeds v, so that the
spin packets may be regarded as virtually noninteracting and the

width of the lines of the localised paramagnetic cenires is
described by the equation?

2
ABpp = ABRp + 3“""

@

Vex

where ABRy is the line width in the absence of interaction between
the paramagnetic centres. Assuming that the relaxation time t3***
of the delocalised paramagnetic centres is 1.8 x 10~ s for
trans-PA at room temperature® and taking into account the
strong interaction between solitons with different mobilities, it is
possible to calculate the line width in the spectrum of the mobile
soliton ABpp, which proved to be 32 pT. This quantity agrees well
with the line width in the spectrum of the mobile soliton
(12-38 uT) predicted by Holczer et al. 2

The values of Awj; calculated for the paramagnetic centres in
cis- and trans-PA by Eqn (2) are presented in Table 1. The table
shows that the isomerisation of PA is accompanied by a decrease
in Awy, for the paramagnetic centres in both conformers. Taking
into account the increase in v,, indicated above, one may
conclude that the change of precisely these quantities is the
cause of the sharp narrowing of the EPR spectra (for
v. £ 10'"° Hz) during the cis—rtrans isomerisation of PA. This
conflicts with the view current up to the present time that the line
narrowing indicated above is possible orly by virtue of the
‘unfreezing’ of the 1D-diffusion of most of the solitons in frans-
PA.13.16,30

The dependences of the broadening of the lines of the
localised and mobile paramagnetic centres on the measuring
{requency are illustrated in Fig. 2. The latter shows that the line
width in the spectrum of the paramagnetic centres localised in
both conformers varies almost quadratically with v, in con-
formity with Eqn (2), which constitutes additional evidence for
the weak interaction of the spin packets in PA. On the other hand,
the line width in the spectrum of the delocalised paramagnetic
centres increases in accordance with the law ABS® ~ 32 which
is a consequence of the stronger spin—phonon interaction in
trans-PA owing to the 1D-motion of the solitons,

lg (3A3pp;(mT)

00L

—-2.0 L
10.4 10.4

lg (VE/S-I)

Figure 2. Logarithmic dependences of the broadening (3A8pp) of the EPR
lines of the paramagnetic centres localised in frans-polyacetylene (line 1)
and cis-polyacetylene (line 2) {relative to the quantity AB%, measured at
9.8 GHz), as well as the paramagnetic centres delocalised in rranms-
polyacetylene (line 3) (relative to the quantity A Bjp measured at 94.3 GHz)
on the recording frequency at room iemperature.

It is seen from the analysis of Table 1 that, at least for
ve & 140 GHz, the following familiar relation holds:*
o 1 (AR !
(aggy < 1EED) @)

ViD
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where 7. is the gyromagnetic ratio for the electron. This follows
from the theory of random motion and characterises the line
narrowing in the EPR spectrum of a semiconductor when spin
ID-diffusion arises in the latter with an effective rate
vip & 2 x 10" Hz.* We may note that another relation is valid
for spin 3D-motion:

ABlor.:Z
ABI};);bﬁve(vl L ) .
1D

This constitutes additional evidence for the 1D-diffusion of
solitons in trans-PA. For v, > 140 GHz, Eqn (3) does not hold,
apparently owing to the similarity of the quantities v, and Vip-
Fig. 3a presents the temperature dependences of the reduced
concentrations of the paramagnetic centres (N) of certain cis-PA
specimens, which can be fitted by the following function:

N(T)= Aexp (— f—a) +BT™ (1€n<2), (4)

T

where A and B are constants and E, is the activation energy. The
first term of Eqn (4) is determined by the librations of the
polymer chains, the activation energies of which for different
specimens are 0.035-0.055 eV. A similar manifestation of the
electron - phonon interaction (mainly in the form of fluctuations
of the electronic polarisation energy of the order of several
milliclectron volts) has been observed in orgamic crystailine
semiconductors.S” As can be seen from the figure, the activated
ordering of the magnetic moments of the spins makes the main
contribution to the paramagnetic susceptibility only at high
temperatures. In the range of temperatures below a critical
tempetature T, = 150 K, this process competes with others, in
particular with the process described by the Curie equation
{(n=1). The contributions of the processes involving the
orientation of the magnetic moments of the unpaired electrons
are different for different cis-PA specimens.

The concentration of the paramagnetic centres in the rrans-
PA specimens is also characterised by an anomalous temperature
dependence (Fig. 35). As in the case of cis-PA, the main
contribution to the paramagnetic susceptibility of frans-PA in
the high-temperature region comes from the first term of Eqn (4).
The increased value of E, (E, = 0.06 — 0.19 V) may be explained
by the increase in the rigidity of the polymer chains and in their
packing density on cis- trans isomerisation. This is apparently

also the cause of the shift of the critical temperature into the
region T, = 250 K.

In contrast to cis-PA, trans-PA is characterised by a steeper
initial section of the N(T) curve at T < T. [The quantity » in Eqn
(4) varies from 1 to 4 for the trans-PA specimens obtained] and
reaches a plateau at T < 140 K. The latter fact is analogous to the
manifestation of the so called magnetic saturation. However, for
the given temperature range, magnetic saturation may occur
when the condition guySB, > k7 is fulfilled, i.e. for By > 100 T,
which greatly exceeds the magnetic field strength 8 < 5T used
in our experiments, Most probably, this effect may be induced by
the significant increase in the concentration of neutral solitons
with an amplitude 4 and hence by the shortening of the
inter-radical distance R and the intensification of the inter-
action between these charge carriers with the probability
Wy ~ Adexp{~2AR).*® Furthermore, the ‘unfreezing’ of the
1D-diffusion of a proportion of solitons at a rate vp leads to
an additional increase in the probability of the intersoliton
interaction Weg ~ tip ~ ¥ip T-? (see below). As a consequence
of the overlap of the wave functions of the unpaired electrons of
neighbouring solitons, their discrete levels, located in the energy
gap, are broadened and transformed into a soliton band of finite
width. As in the case of cis-PA, the constants A, B, and » are
determined by the different properties of the frans-isomer.

The study of trans-PA specimens lightly doped with iodine
vapour has shown® that the form of the spectra and the ratio of
the concentrations of the mobile and localised paramagnetic
centres do not vary. This finding agrees with the earlier
hypothesis %* of the existence in trans-PA of both mobile solitons
and solitons trapped in short conjugated sections of the chain.
Although the paramagnetic centres indicated do in fact have
different mobilities, in the course of the doping process they
acquire a charge with equal probabilities and become diamag-
netic.

The magnetic properties of PA thus depend significantly
both on the conformation of the polymer chains and on the
concentration and mobility of the neutral solitons, In the
cis—trans isomerisation of the initial PA specimen, the concen-
tration of the trapped solitons increases appreciably and mobile
charge carriers appear. The ‘unfreezing’ of the mobility of a smalt
proportion of the solitons does in fact increase the conductivity of
the film by several orders of magnitude. The transition to high
fields for the recording of the EPR spectra increases significantly
the resolution of the method and diminishes the probability of the

NriNawox
- b ‘
1o
0.1}
= . . 0'- i 1
2 6 10 1P/(T/K) 2 6 10 10 /(T/K)

Figure 3. Temperature dependences of the concentrations of the paramagnetic centres in specimens 2{1),4(2),6 (3), and 5 (4) (Table 2) of () cis- and
{ b) trans-polyacerylenes relative to values measured at room temperature.
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interaction between paramagnetic centres having different
mobilities, which makes it possible to analyse more correctly
and accurately the magnetic properties of the localised and
delocalised solitons in PA.

I11. Passage effects and the electronic relaxation
of the charge carriers in polyacetylene

With increase of the amplitude of the magnetic component of the
UHF field B;, dome-shaped components with a Gaussian
distribution of the spin packets were recorded in the 2 mm
EPR spectra of cis- and trans-PA (Fig. 4).%3% The intensity and
form of these components depend on the amplitude B, and the
frequency oy, of the HF modulation, the quantity B,, and the
relaxation times of the paramagnetic centres. The appearance of
these signals is associated with the manifestation of the effects of
the rapid adiabatic passage of a nenuniformly ordered line.%®
Such passage effects had not been recorded previously in the
study of PA in the frequency range v, < 37 GHz.! The following
explanation of this finding can be put forward. The form of an
individual spin packet in PA is determined by a set of
time characteristics: 1, 72, (y.ABpp)”, w,;', ('y,Bm)",
(3B, and By{dBo/dH)~".

b
1
3
d
3
1
0.5 mT
e

Figure 4. In-phase (a, b) and quadrature (¢, d) components of the first
derivatives of the dispersion signals of specimens of cis-(a, ¢) and trans-PA
(b, &) recorded in the two-millimetre EPR range for different values of
By (mTy: (1) 0.2; (2) 02-20; (3) 20.

On transition to high magnetic fields, the probability of the
cross-relaxation of the paramagnetic centres with s = Jand g ~ 2,
localised at a distance r,;, diminishes in accordance with the
law®!

Wy ~ i3 exp(—0.25835 15" ),

as a consequence of which the interaction between the spin
packets diminishes and they may be saturated under the usual
experimental conditions, When the conditions for the saturation
of the signal [s = y,B8,(1,7,)""* = 1] and for the adiabatic nature
of the passage of its envelope (7,wyBn <€ y2B?}) are fulfilled
and also when the signal passage time exceeds the effective
relaxation time © = (¢,7,)'"%, i.e. B (dB,/df)™ » «, there is insuf-
ficient time for the relaxation processes to influence significantly
the nature of the motion of the magnetisation vector M of the
paramagnetic centres during the period of its precession around
the direction By, . The repeated passage through resonance leads
to the establishment of a stationary trajectory of the vector M and
to the appearance of three components (i), ¥, ;) of the
dispersion signal I/ with the shape function g(v,).5?

U= ulg’(ve)Sin(mmI) + uzg(vc)Sin(mmt - 'l't)

+ usg{v, )sin(wp, ¢ £ ml), G
along the z, —z, and —x axes respectively. These components can
be recorded separately with the appropriate tuning of the phase
detector of the instrument. The contribution of each ¢omponent
u; depends on the ratio of t to the rate of passage through
resonance B,(dB,/d?y'. Evidently w, =u; =0 when s< 1.
In this case, the classical #; dispersion signal is recorded.
When the inequality B,(dBy/d#y" = 7 holds, the vector M has
sufficient time to relax to the equilibrium state during each
modulation period and the U dispersion signal is determined
mainly by the compenents u;g'(w,) and wyg(ew,) with the
intensities at the centre of the spectrum (for v =v,)

w = M[)Tt?zBle and 3= %Mou}’iB|Bm‘t]Tz.

At a low rate of relaxation, the spin ‘sees’ only an average
applied field and the signal is described by the integral terms of
Egn (5) with the central intensities

uy = \MomyeB\Bnt:  and w3 = Moy, BiBrta(domn .

The case wy,1; > 1 occurs for cis-PA, so that the dispersion
signal is determined mainly by the last two terms of Eqn (5).
Calculations have shown % that in this case the relaxation times
may be calculated from the ratio of the central amplitudes of
these components by means of the following formulae;

3wy (1+69)

= Sl +068) 6

TR 1 Q) (52)

n=2 (6b)
wm

where Q=uw;", and B is the value of the component B, for
which the condition #, = —u, holds.

In the EPR spectra of trans-PA, the passage effects are
manifested to a much lesser extent (Fig. 4). The condition
wn?) < 1 holds for this substance, so that the relaxation times
can be calculated by the formulaes4.5

ity (7a)

Ty =
! 2mmu1 ’

Ty

B (e + 1)

(")

The temperature dependences of the quantities 7, and t,,
determined from the 2 mm EPR spectra of the specimens of cis-
and trans-PA of different thickness and obtained under different
conditions of synthesis, are presented in Table 2 in the functional
form 1, = AT®. Fig. 5 presents the functions 1,{T} and ©,{T) for
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Table 2. Temperature dependences of the relaxation times [, ; = AT*(s)] for different cis- and zrans-polyacetylene specimens.

Specimen 1, T2 3l T2

A 1 A o A o A o

cis-PA trans-PA
i 0.04 -1.6 1.8x10~° 1.2 2.7 =26 1.6x 107 0.5
n 0.37 =20 7. 7% 10-? 1.0 - - - -
2 0.006 —1.4 1.5x 107 0.5 0.1 =22 7.2% 108 0.3
pad 0.77 =23 1.0 x 107 0.5 - — - —
3 i4 —23 9.5x10-8 0.5 20x10-3 -1.7 1.3 10-3 —-0.9
3 290 -33 1.7x 108 0.8 - - - -
3t 52 -27 1.2x10-% 0.8 - - - -
380 6.5 =36 42x%10-? 1.0 - - - -
Exd - - - - 62 —35 2.1 -3.0
4 0.65 =21 9.6 x 10—* 0.9 40 %103 —t.5 29x10-6 -1.0
42 10 —-26 28x10-% 1.1 - — - —
5 27 =25 24x10°7 K] 4.0x 104 —12 9.1x 108 —-0.7
5¢ - - —- — 8.3x 104 —-1.3 5.0x10-¢ -0.6
[\) 3125 -35 34x10-8 0.7 1.7 x 104 —11 1.0x10-% —0.8
7 i587 =27 42x107° 1.0 1.1x10-2 —19 91x10-% -1.2
& 833 —26 9.1 x10-? 0.9 28x10—* —1.0 22x 1073 -0.7
8 83 -2.7 36x10-° 1.1 — - - -

Remarks. The measurements were performed
Ain the presence of atmospheric oxygen,
bafter storage for 6 months under an inert atmosphere,

cafter doping with iodine vapour up to g, ~ 16 Sm™,
9 after annealing under an inert atmosphere. Specimens / -8 investigated
were obtained under different conditions and had different thicknesses.

lg(12/s)
!
5%
3
—6F
2
-7r
—— 4
—8 i L 1
100 200 300 T/K

Figure 5. Temperature dependences of the spin - lattice (z,) (Jines  and 3}
and spin —spin (r,) (lines 2 and 4) relaxation times of cis-(lines 7 and 2 ) and
trans-polyacetylenes (lines 3 and 4).

the cis- and frans-isomers of PA (No. 4 in Table 2). It is seen from
the data presented that the spin—lattice relaxation times of the
paramagnetic centres in both isomers diminish monotonically
with increase in temperature, whereas the spin—spin relaxation
times exhibit different temperature dependences in the case of ¢is-
and mrans-PA.

It is necessary to note that the PA relaxation times are
effective relaxation times of the localised and mobile para-
magnetic centres. Therefore, under the conditions where the
dipole —dipole interactions of the paramagnetic centres in PA
predominate, one can write

(=)

tl,z cis T1,2 loc

n n n
)™ Gt (e
Ty,2/ trans T),2/ loc T),2/ mob

(8a)

(8b)

where # = m, + n; . This makes it possible to dstermine separately
the relaxation times of paramagnetic centres with different
mobilities in 7rans-PA, using the experimental quantities tj,
73, n, and n/n,.

If the spin-lattice relaxation time is formulated as
7, = AnET™ (4 is a constant), then & varies from 0.7 to
1.0 in the temperature range from 330 to 90 K, f is 3 for cis-PA
and —0.5 for rrans-PA, and y varies from 1.4 to 3.5 for cis-PA and
from 1.0 to 2.6 for trans-PA depending on the thickness of the
specimen (Table 2). This shows that mainly Raman two-phonon
relaxation processes occur in ¢is-PAS whereas more complex
spin —lattice interactions take place in trans-PA. The latter factor
may be accounted for by the fact that a joint Raman spin - lattice
1D- and 3D-interaction of the immobilised spins with an overall
probability 3

Wgr ~ k]H]V:ITZ + kznlvng,

(k; and k; are constants) and diffusional modulation of the
spin—lattice interaction by the ID-motion of some of the neutral
solitons with a probability Wp ~ v1? take place in trans-PA 5

Table 3 presents the temperature dependences of the
relaxation times of cis- and frans-PA specimens (No. 8,
Table 2) partly oriented by stretching. The data presented
demonstrate convincingly that the relaxation times ,(7) and
7,(T) of the oriented cis-PA vary only slightly with the angle ¥
between the direction of the external magnetic field and the
direction of stretching of the specimen, whereas for the oriented
trans-PA film the relaxation times are functions of the angle ¥ as
a result of the ID-diffusion of a paramagnetic centre of finite
extent within the film.

It is essential to note that the relaxation times are important
parameters of PA, characterising its structural and conducting
properties. Thus it has been shown®® that an increass in
molecular mass diminishes the electronic spin—lattice relaxation
time of the paramagnetic centres in PA. This parameter should
therefore be sensitive to the degradation of the pelymer. Indeed,
the storage of the initial cis-PA specimen for six months under an
inert atmosphere leads to a significant increase in t; owing to its
partial degradation (Fig. 6).5%%°

A similar change in 1, is observed on irradiation of this
specimen with a beam of fast electrons at a dose of 1 MGy.
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Table 3. Ternperature dependences of the relaxation times [1, > = AT%(s)] of specimens & (Table 2) of cis- and trans-PA, partly oriented by stretching,
as a function of the direction of stretching in the external magnetic field.

¥/deg il 2 7 2
A -] A .1 A ] A ]
cis-PA frans-PA
0 0.04 —-1.2 4.0 x 10-¢ 0.6 21x10-2 =20 24x10-3 =17
30 - - - - SOox10=¢ -—1.2 1.0x10-3 05
60 - - - - 28x10-% 14 1.5x10-5 =05
90 0.16 -15 2.1 x10~8 0.7 35x10-% =05 52x10-% 08
1g(n1/5) lg(r1/s)
> 40+ Ea/MeV
-34} .
ow® |}
4 A 2 430
3 ocm 3
oe 4
o 4 g
> ~ - -
~ »
—44 ~ -
‘ ~50} ~ 420
a S
- LY
7 P S
- .
- ~.
—54 i 1 . . —H 10
0.0 04 0.8 dose/MGy —60 , . L, 0
10 30 50 70 N (arbitrary
units)

Figure 6. Dependence of the spin - Iattice relaxation timet, (T = 120K)for
the initial cis-PA specimen (specimen 3 in Table 2, curve /) and after its
storage under an inert atmosphere for 6 months (line 2) and 12 months
(line 3) as a function of the dose of irradiation by a beam of fast electrons,

However, on irradiation of the specimen with an electron beam at
a dose of 0.50-0.75 MGy, the time 7, remains virtually constant
during the above period of storage (Fig. 6). After more prolonged
storage of the initial specimen and the specimen irradiated with a
dose of 1 MGy, 7, diminishes somewhat, which may be attributed
1o some increase in the length of the chains and to the cis— trans
isomerisation of PA. This phenomenon demonstrates the
possibility of the effective stabilisation and even an improvement
of the electrodynamic characteristics of cis-PA when the latter is
irradiated with the optimum dose.

The increase in the concentration of paramagnetic centres on
cis—trans isomerisation of PA accelerates the spin-lattice
relaxation. Since in massive PA films with a low-density of
the polymer chains such isomerisation proceeds most readily,
longer trams-sections with an increased rigidity are formed in
them, and is accompanied by an increase in the activation energy
for the libration of the chains (E,). The latter quantity may be
determined by analysing the temperature dependence of the
width of the spectral line of a trapped soliton.™ Since the
unpaired electron, delocalised within the limits of a neutral
mobile soliton, has a finite density p(n) on N hydrogen nuclei,
there is a possibility of their hyperfine interaction. In this case the
effective width of the delocalisation of the unpaired electron
N =p(n)~! in trans-PA can be found from the equation for the
Gaussian component of the line width® ABS, ~ N '/?p(n) subject
to the condition ) p(n) = 1.

Figure 7 presents the 7, — N — E, correlations for trans-PA
specimens of different thicknesses. It is seen from the figure that,
as the specimen becomes more massive, a tendency is observed
towards the acceleration of the spin--lattice relaxation processes
and towards an increase in the activation energy for the libration
of the polymer chains. This constitutes additional evidence for the
increase in rigidity, packing density, and length of the trans
chains with increase in the thickness of the frans-PA specimen.

Figure 7. Dependence of the spin - lattice relaxation time ¢, (T = 80 K)and
the activation energy for the librations of the chains E, on the effective spin
delocalisation length & in trans-PA specimens with different thicknesses
(nm): (1) 90; (2) 110; (3) 350; (4) 180.

The correlations presented are useful for the standardisation of
trans-PA films.

It is essential to note that a lith doping of trans-PA with
iodine vapour (up to a4, =~ 10 S m™') leads to a fourfoid decr=ase
in the overall spin concentration and to a decrease in 7,
approximately by an order of magnitude (Table 2). Some change
in 7, occurs on diffusion of atmospheric oxygen into the rrans-PA
matrix. Taking into account the concentration dependence of this
quantity, one may conclude that the introduction of I, and O,
melecules reduces the packing density of the PA chains and
increases the number of traps for mobile solitons,

IV, Dynamics of the soliton and the mechanism
of charge transfer in frans-polyacetylene

The diffusion of the soliton along the polymer chain is charac-
terised by the translational propagator of motion P,(r, ry, 7). If in
the initial instant the jth particle is located at a point r, relative to
the 7th particle, then the propagator defines the probability that at
the instant ¢ = 7 the ith particle is located in the region 7 + dr
relative to the new position of the jth particle.

For the Brownian model of diffusional motion, the propa-
gator Pylr, ry, ) constitutes the solution of the familiar equation

OP,(r 1y, 1)
o1

subject to the initial condition Pidr,re,2)=38(r—r;), where
Dy =[D;], Di=v;c; is the diffusion coefficient, v; is the rate
of diffusion, ¢, is a constant introduced owing to the discrete
nature of the system, and i is a unit vector of the molecular
coordinate system. In an explicit form, the above propagator for a
ID-system is given by the following relation:$?

=.D|_|-AP(", To, t)) (9)
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- r—ro)?

P70, ¥)ip = (o) exp - (TI%] exp(~v,c) , (10)
where vy and v, are the rates of spin diffusion along the polymer
chain and between the chains respectively.

The diffusing soliton induces a local magnetic field B} at
the sites of other electron or nuclear spins, thereby influencing the
electronic relaxation times of neighbouring spins. The following
general expression may be written for the relaxation time:

112 = fH (@)},
where J(ew) is a function of the spectral density given by

()

The autocorrelation function of the oscillating local field By..{}
for a discrete system is

G(r)=c;3_ 3 Alro,)P(r, 70, D) F(ro) F* (r)dredr,

where ¢, is the lattice constant for the discrete system, A(r, £} the
probability of finding the spin at a distance r at time £, equal to the
spin concentration per monomer unit », and Fy) is the
probability of finding two spins at a distance » at time ¢.

For frequencies o < v¢j(r—ro)™, the spectral density
function can assume the following form:

Jw) = nhip(@) Y > Fro)F () finklr—rol), (13)

where n=m, + \/2n; is the probability of finding the spin in
the initial instant in the position rj, Jip(w)= @avp)?
for v, <€ve € vy, and Jin(w) = Quvyv)™* for v, > v.. The
expression unider the summation sign} can be written in the form

J(w) = Em G(1) exp({—iwt)dr.

(12)

(3cos’ 9 — 1)}
rir

Fr)F* (nfipllr—r )=

where 4 is the angle between the vectors r; and ry.

Since PA is characterised mainly by an anisotropic dipolar
(and to a lesser extent by an isotropic scalar) hyperfine interaction
of the electron (S) and nuclear (J) spins, in the case of the dipolar
interaction between equivalent spins (S = 7), the equations for
the rates of electronic relaxation in a polycrystalline specimen can
be written in the form$’

1 = (Aw?)[H(we) + 4/ (2we)] (14a)

17" = HAw)BAO0) + SH(ewe) + 2J20.)] (14t)

where

(Ao?) = % (%)z}r:th(S + Y

(here o, is the frequency of the precession of the electron spin and
my is the magnetic permeability in vacuo).

The anisotropic hyperfine interaction accelerates the electro-
nic relaxation by the amounts

= 5@+ Dn Y Y Mo, — o) + 3w
+ 65w+ on)] + @SS+ 1n Y > [ - )

(Iz) - 10

Sy 5 (133)

+ 6J{w, + m,)]

1 Henceforth double summation will be designated for simplicity by

I

' = §a LI+ Y 3 [40(0) + S - )

+30(04) + 63(@) + 6@ + )], {150)
(e is the frequency of the precession of the muclear spin and
a = poyeyh/8r is the hyperfine interaction constant), whereas the
isotropic interactions of the electron and nuclear spins make an
additional contribution to the rate of electronic relaxation:

" = bnga@ I+ 1) - o) [1 - ___-z(ls++1;2§§’3): ;z;]

(16a)

7! = 1n,d [T+ 1)[J(0) + J{w, — o)) (16b)

By setting the expression under the summation sum in Eqn
(14) equal to 2 x 10%¥ m™® and that in Eqn (15) to 2.8 x 10 m™*
and also assuming that ({1} - L)}((S.) — Sp)~' = 0.078,* one
can formulate simpler expressions for the rate of relaxation of
trans-PA with randomly oriented polymer chains:*

17! = 1.3x108(vev {p) =122 Tx10% 8 +11) | (17a)
5! = 6.3x10V% 32 [(7.6x10° n + 3.4x 105
+(43x10%n+ 1w (17b)

In the case of the predominantly dipole —dipole interaction of
the paramagnetic centres, the equations for the rates of relaxation
of the partly oriented trans-PA with a degree of orientation of the
polymer chains 4 consist of two components:

17! = A{A0”) (@) Py + 47(20,) Py]

(18a)
+(1 — AAG) [H(we) P + 4J(2w,) P7],
o' = % (A 3HO) Py + S0, )P, + 2H20)Pi]
+ (L;—A;)(sz)[y(om (18b)

+ 5K w )Py + 2J{20,)P5),

where the constants P; and P; correspond to the oriented and
randomly disposed polymer chains respectively.

If we put P = 4.3 x 10 sin*y, P; = 4.8 x 10°(1 — cos*y),
P, =48 x 107(1 + 6 cos’y + cosy), Po=16x10% P/=
2.7 %107, and P; = 1.1 x 10°® m~5,7 Eqns (18) can be written
in a simpler form:

17! = 5.0 x 10"n(vevip) =12

% [6.8—A4(1.1—14.0cos?y + cosy)], (19a)
5! = 2.8 x 100y {(1— 4 + Asin Y)vis”
+ [2.1+ A(L1+ L3coshy —29cos*y)|v: 2} (19b)

Figure 8 presents the temperature variations of the rates of
diffusion v,p and v;p calculated for the initial trans-PA specimen
(A4 = 0) (specimen & in Table 2) and for the same specimen with
polymer chains partly oriented by stretching {4 = 0.07).

When the unpaired electron is delocalised over 15 carbon
nuclei, the rate of iD-diffusion of the soliton in the initial frans-
PA specimen is v,p = 0.25v)pN < 5.6x 10" Hz at room
temperature. The latter quantity is approximately two orders
of mag-nitude smaller than that obtained earlier by magnetic
resonance methods.2235 Furthermore, the relation vjp(T) ~ T2
does not agree with the existing theoretical ideas.'’'* The
anisotropy of the spin dynamics depends only slightly on
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Figure 8. Logarithmic temperature dependences of the quantities v, ()
and vyp(4) for a neutral soliton in the initial (line /) and partly oriented
(4 = 0.07) trans-PA with the crystallographic ¢ axes oriented at the angles
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¥ = 90° (line 2}, 60° (line 3), 30° (line 4), and 0° (line 5) relative to the
external magnetic field. The temperature dependence of the quantity a,,
calculated by Eqn (20b) for v, = 1.4 x 10" Hz, is shown by a dashed line.

temperature and amounts to v{pvip = 30 in this specimen and to
10— 10 in other trans-PA specimens,’® which is significantly less
than the values obtained previously.22-33

If the rates of spin diffusion are expressed in the form
vip = AT and v;p = BT?, then the increase in the anisotropy
of the spin diffusion by three orders of magnitude in different
specimens is accompanied by the simultaneous increase in the
quantities « (from 2 to 5) and § {from 04 to 7} at room
temperature. When frans-PA is doped, it becomes disordered and
the Coulombic and confinemental trapping of the charge
carriers increase.’” However, if these factors are neglected
and it is supposed that al! the mobile carriers with the mobility
p participate in the charge transfer process, then the conductivity
of trans-PA, calculated from the equation o= Neu=
Netvipetk™'T~'(e is the electronic charge), does not exceed
0.02 § m—! at room temperature, which is several orders of
magnitude less than the value usually attainable for heavily doped
trans-PA.! =3 Furthermore, even light doping leads to a sig-
nificant alteration of the frequencies of spin diffusion in trans-PA
(Fig. 9). Hence it follows that, in order to attain a high
conductivity of the polymer, the condition of the multiple charge
transfer by each soliton within a limited section of the polymer
chain must be fulfilled.

The dynamic properties of solitons can be described more
correctly within the framework of the formal treatment
involving the isoenergetic intersoliton charge transfer proposed
by Kivelson.!' The essential feature of the method consists of the
phonon-assisted interchain tunnelling of the charge between the
energy levels of the solitons, based on the Coulombic interaction
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Figure 9. Temperature dependences of the ratios of the quantities v,p,
(line 1) and vsp (line 2) for a neutral soliten in the initial trans-PA to
the corresponding values for a soliton in rrans-PA doped with iodine up
to o4~ 108 m™,

of the solitons having a charge g, with ions having the opposite
charge ¢, present in the undoped and lightly doped trans-PA, The
excess charge Ag =g, —¢; may undergo a phonon-assisted
transfer, with a finite probability, to a neutral soliton moving
along a neighbouring polymer chain. If at the instant of such
transfer the neutral soliton is also located close to a charged ion,
the energy of the charge carrier before and after charge transfer
remains unaltered. In this case, the conductivity of the polymer
(the d.c. conductivity ¢, and the a.c. conductivity ,.) is deter-
mined by the probability that the neutral soliton is located near an
ion and also by the probability of finding its initial and final
energies within the limits of k7, 1!

YTy ¢ 2k Ry
KTNRYn, + 1y ) .,xp( 4

04 = kyé* ) =goT" , (20a)

o = 92"?"0(] - "e)ﬁﬁfi"e [
e 384kT

4
kv, :|
Tn+l :
Here y(T) is the hopping frequency of the charge carriers, ki, &;,
and k; are constants (k; = 0.45, k; = 1.39), £ = (§;&3)'7, ¢ and
) are the average parallel and perpendicular lengths of the
soliton respectively, n, and ny are the numbers of neutral
and charged solitons per monomer unit, #, is the relative con-
tent of the charged solitons, Ry = {j‘nni)‘u * is the average
distance between inhomogeneities with a concentration n;, and
L, is the degree of polymerisation or the number of monomer
units in the polymer chain. A weak bond between the charge
carriers and the polymer lattice is characteristic of the case under
consideration, which results in the occurrence of hopping charge
transfer between relatively remote states of the soliton. The
temperature dependences presented above were obtained
experimentally in a study of lightly doped rrans-PA 199 and other
conducting polvmers.”™ 7 Fig. 8 presents the temperature dePend-
ence of @, calculated by Eqn (20b) with v, = 1.4 x 10! Hz,
n=80, ky=29x10" sK’, and oy = 93x 10°° §s K m™
(=10, & =025 mm, nm= 13x10*m™ and
L. =2000)19.11.72.73 for the initial frans-PA specimen. As can be
seen from the figure, the v\p(T) and a,.(T) relations are quite
satisfactorily correlated. Adopting o4, ~ 107 Sm™' (see, for
example, Epstein') and 7, ~ 3 Sm~! at T = 300 K (Fig. 8), we
obtain 64/, &3 x 10%, which agrees well with the value
calculated ' within the framework of Kivelson's theory 11

4nv L, 4
“mu—mmn]

(20b)

aac(ve _‘00) o~ 4
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This confirms the applicability of the approach used to the
interpretation of the transport properties of the soliton in trans-
PA.
In the initial frans-PA specimen, the crystallographic ¢ axes of
the polymer chains are randomly oriented in space. It follows
from Fig. 8 that, under the conditions of the orientational
ordering of some of the polymer chains, the rates of the spin 1D-
and 3D-diffusion are sensitive to the rotation of the specimen by
an angle ¥ in the external magnetic field, apparently owing to the
finite length of the quasi-particles. The function vip(), ie.

(o) = Vi siny + vip(costy, (1)

where v}, (%) and vip(y) are extrema in the function Vip(y), is
in the antiphase relative to vi(i¥). We may note that the cffective
spin diffusion can be described with the aid of a similar relation
also in other low-dimensional systems.”® 7 Thus the inequality
v IIID(l}t) < vip(y) is evidence for the delocalisation of the
unpaired electron along the ¢ axis within the limits of the
soliton. Bearing in mind the fact that the soliton hops are limited
by the interchain lattice constant and that the square of the length
of the average diffusional hop along the c axis is 0.25(N°¢*}, the
width of the soliton N can be calculated with the aid of the
following simple equation:*

M= 4"1LD(V") )
Vl}p('ﬁ’)

Figure 10 presents the temperature dependence of the width
of the soliton calculated by Eqn (22) using the quantities "Illn and
vip, found graphically with the aid of Fig. 8. The value N = 14.8
found for room temperature agrees well with the theoretical © and
the earlier experimental 4% values of N, Extrapolation of the N(T)
relation to lower temperatures makes it possible to determine the
temperature (7, = 60 K) at which the width of the soliton begins
to increase. It is important to note that an anomaly in the
function v|p(T) for trans-PA,¥ accounted for by a change in the
mechanism of the electronic relaxation, has been recorded in
preciscly this temperature range.

22
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0 1 1
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Figure 10. Temperature variation of the effective width & of the soliton in
trans-PA.

Thus the experimental data indicate the 1D-diffusion of
solitons into frans-PA at a rate appreciably exceeding the
minimum rate v calculated above by Eqn (1). This conclusion
is confirmed also by the averaging of the components of the
g-tensor of the mobile paramagnetic centres when condition (1) is
fulfilled and by the narrowing of the line in the EPR spectrum of
trans-PA over a wide frequency range in conformity with Eqn (3).

However, the most obvious evidence in support of the
1D-diffusion of the soliton is the sensitivity of the quantities
wp and vsp to the orientation of the polymer in the magnetic
field.

The familiar Burgers — Korteweg —de Vries equation, describ-
ing the 1D-motion of unified waves in a nonlinear medium,
assumes the form7¢

Cu Ou ou Su
a+(v?p+su)a—xﬁ+ﬁﬁ=0, @3
where & «, and § are the parameters of the nonlinearity,
dissipation, and ‘reactive’ dispersion of the medium respectively.
In a dissipative system with a low nonlinearity (f =~ 0), there is a
possibility of the formation of a mobile front (kink) with the
difference 4, — ;. For such a quasi-particle, the stationary
solution of Eqn (23) assumes the following form:

x — vipt
u(x, ) = 0.5(u; +uy) — A4 tanh(T'D-), 24
where
Ad=Yw—m), vip= vip+ie(u+tu), and N= %‘;

are the amplitude, velocity, and width of the kink respectively. If
the dissipation of the system is neglected (x = 0), then other
quasi-particles — solitons — are stabilised in the system. For a
family of such solitons, Eqn (23) has another integrable solution:

u(x, 1) = Asech® (x—_;‘—D’) : (25)

where
3B B

and M =—— = —
As V|D-V1D .

0
vip = vip + 3 4¢,

It is essential to note that relations similar to Eqns (24) and (25)
have been used ¢ to describe nonlinear deformations of the lattice
and electronic states of rrans-PA.

The experimental® functional relations vp(T)~ 77"
and N(T)~T"? (nx2) yield for frans-PA a relation of
the type N° ~ v;5. This means that the motion of solitons in
the given specimen, subject to the condition vip € o =
3.8 x 10"° Hz, can also be described by Eqn (23), which is
universal for nonlinear systems, with the stationary solution (25).
Evidently, different specimens of trans-PA may be characterised
by different sets of the constants ¢, x, and § in Eqn (23), so that the
nature of the motion of the quasi-particles in these polymers may
differ somewhat from that described above,

V. Conclusion

It was shown above that the mechanism and rate of charge
transfer in PA depend on the conformation, packing density,
intramolecular dynamics, and lengths of the polymer chains in
the undoped sample. In cis-PA, the neutral solitons are trapped in
short sections of the rrans-conformer. As a consequence of this,
the probability of the intersoliton charge jump is exceptionally
low and a4~ 107" Sm™. In the course of the cis—trans
jsomerisation, the length of the rrans-chains increases, which
leads to the ‘unfreezing’ of the mobility of some of the solitons.
These quasi-particles acquire a charge and transport it along the
chain up to the section where its tunnelling transfer to another
soliton, moving along a neighbouring polymer chain, is most
probable. As a result of this process, characterised by a fairly
strong Raman interaction of the electron spins with the lattice
phonons, a sharp increase in the electrical conductivity of the
undoped PA actually occurs (up to g, ~ 1078 m™"). It must be
emphasised that the mobile solitons play an indirect role in the
charge transfer in PA, so that the electron transport considered
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may operate only in undoped and lightly doped trans-PA. On
doping, the number of mobile and pinned paramagnetic centres
diminishes and the dimensionality of the system increases, which
alters the mechanism of the charge transfer.

The data obtained demonstrate the evident advantages of the

two-millimetre EPR spectroscopy in the study of different cis-
and trans-PA specimens, which make it possible to analyse more
fully and correctly the magnetic and relaxation parameters of
paramagnetic centres with different mobilities and to obtain
information about the detailed characteristics of the molecular
and spin dynamics in PA. Evidently this method can be used
successfully also in the study of other organic polymeric
semiconductors.
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