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Abstract

The review summarizes the aspects of utilization of a high-resolution 2-mm waveband electron paramagnetic resonance (EPR)
spectroscopy combined with the modified methods of spin label and probe, steady-state saturation of spin-packets and saturation transfer
in the study of conducting polymers. The theoretical background of the magnetic parameters, saturation, relaxation and dynamics study of
nonlinear charge carriers in conducting polymers is briefly described in the first part. The second part deals with the peculiarities of EPR
experiments at 2-mm waveband. The final part is devoted to an origina data obtained in 2-mm waveband EPR study of the nature,
relaxation, and dynamics of paramagnetic centers delocalized on nonlinear charge carriers as well as the mechanisms of charge transfer in
polyacetylene, polythiophene, poly( p-phenylene), polypyrrole, poly(bis-alkylthioacetylene), polyaniline, and poly(tetrathiofulvalene) with

different doping levels. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Various compounds can be attributed to organic con-
ductors, such as molecular crystals based on charge trans-
fer complexes and ion-radial salts, fullerenes, platinum
complexes with cyanide ligands, phtalocyanines, dyes,
metal-containing polymers [1-4], etc. These compounds
are interesting from the scientific standpoint, concerning
the study of fundamental problems of charge transfer. Of a
special interest are organic conducting polymers as a new
class of electronic materials [5—-13]. They have attracted
considerable attention, since the investigation of these
systems has generated entirely new scientific conceptions
and a potential for its perspective application in molecular
electronics [14-21].

These materials have a highly anisotropic quasi-one-di-
mensional (Q1D) w-conducting structure with a delocal-
ized charge carrier which makes such systems fundamen-
tally different from traditional inorganic semiconductors
(for example, silicon and selenium) and from common
insulating polymers (for example, polyethylene). Their
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chain structure leads to a strong coupling of electron states
to conformational excitations, solitons and polarons, pecu-
liar to Q1D system. Electric conductivity of conducting
polymers as films or powders can be varied under control
by more then 12 orders of magnitude with chemica or
electrochemical introduction of various counterions (oxida-
tion or reduction of polymer chains); therefore, their prop-
erties range from insulator (o ~ 1071°-10"8 S/m) to
semiconductor and then to metal (opc ~ 10°-10° S/m)
[12,13]. The metallic properties of conducting polymers
strongly depend on their structure, morphology, and qual-
ity [22,23]. The introduction of anions BF,, CIO,, Ask;,
', FeCl,, MnQ,, etc., into a polymer induces a positive
charge on a polymer chain and thus leads to p-type con-
ductivity of the polymer. N-type conductivity is realized
under polymer doping Li*, K*, Na*, and other ions of
alkali metals. Thus, the type of conductivity of such
compounds is defined by the nature of the introduced
counterion.

In traditional 3D inorganic semiconductors, fourfold (or
sixfold, etc.) coordination of each atom to its neighbor
through covalent bonds leads to a rigid structure. There-
fore, electron excitations may be usually considered in the
context of this rigid structure, leading to the conventional
conception of electrons and holes as dominant excitations.
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The situation with conducting polymer semiconductors is
quite different: 1D structure makes these systems generally
more susceptible to structural distortion. Therefore, elec-
tronic-physical properties of conducting polymers may be
conventionally considered in the frames of bands theory
[24] as well as of soliton and polaron theory [25,26], based
on Peierls instability [27], characteristic of Q1D systems.

As the original properties of conducting polymers are
related to the existence of paramagnetic centers (PC) local-
ized or /and delocalized along the polymer chains, a great
number of electron paramagnetic resonance (EPR) studies
have been performed during the last decades [28,29]. Or-
ganic conducting polymers are characterized by a carbon
w-electron system and have a partialy filled energy band
structure, which is responsible for important electron prop-
erties of these systems. Therefore, EPR spectroscopy is
one of the most widely used and productive physica
methods in structural and dynamic studies of polymer
systems, which contain free radicals, ion-radicals,
molecules in triplet states, transition metal complexes and
other PCs. Let the perspectives of EPR method in the
investigation of conducting polymers be considered.

At solving these problems at traditional, 3-cm wave-
band, the restrictions of EPR method emerged clearly,
being associated in particular with that the signals of
organic free radicals were registered in a narrow magnetic
field range and it resulted in the overlapping of the lines of
complex spectra or spectra of different radicals with close
g-factor values. Thus, new experimental techniques which
improve the efficiency of EPR spectroscopy in the study of
solid-state systems were recently developed. They are:
electron spin echo spectroscopy [30,31], method based on
the effect of spin polarization, in which EPR signd is
registered optically [32], methods of double electron-
nuclear resonance [33,34], microwave frequency saturation
transfer EPR (ST-EPR) method [35], EPR in nonuniform
fields [36] and some others.

However, most of these methods may be applied only
to solve specific problems and investigate special objects.
The transition to higher magnetic fields and registration
frequencies should be the most common method to in-
crease the precision and informativity of the method. Ear-
lier it was shown [37,38], that 2-mm waveband EPR
spectroscopy enables the profound investigation of the
structure, dynamics, other specific characteristics of radical
centers and their local environment, and elementary charge
transfer processes in different solid-state systems.

This review reports the possibilities of 2-mm waveband
EPR spectroscopy of high spectral resolution over g-factor
and summarizes the original principle results, obtained in
the investigation of various conducting polymers at this
waveband during the last years in the Institute of Problems
of Chemical Physics in Chernogolovka, Russia.

Section 1 of the review presents a concise summary of
theoretical fundamentals of EPR spectroscopy and spin
transfer mechanisms in the systems of lower dimensional-

ity necessary for the interpretation of experimenta results.
The peculiarities of 2-mm EPR technique and experimen-
tal methods are briefly considered in Section 2. Finaly, the
advantages of 2-mm waveband EPR spectroscopy are de-
scribed in the study of some known conducting polymers
using the steady-state saturation of spin-packets, spin label
and probe, and saturation transfer methods, applied to this
registration band.

2. Theoretical backgrounds of spin resonance and
transfer in conducting polymers

2.1. The magnetic parameters of organic radicals obtained
by EPR spectroscopy

All paramagnetic compounds possess an unpaired elec-
tron, which interaction with external magnetic field and
with electron and nuclear spins are generally described by
the following Hamiltonian

H = y.AimB, — yehsz al; — 'Yeyphzsi
i=1

. 1—3cos? 6
X [0 (0 p(X)ds (1)

where v, and v, are the hydromagnetic ratio for electron
and proton, respectively, . = h /27 isthe Planck constant,
S is the electron spin operator, |, is z-components of
nuclear spin operator, (a) =1/3(A,,+ A, +A,,) isan
isotropic hyperfine interaction (HFI) constant, A;; is an
anisotropic hyperfine constant, 6 is the angle between the
magnetic field B, vector and r vector, which is the vector
between dipole moments of electron spin and the i-th
nucleus, x is the electron spin coordinate, (0) is a wave
function proportional to a probability of the localization or
the density of an unpaired electron near the interacting
nucleus. The isotropic HFI constant a is not equal to zero
only for the electrons, possessing a nonzero spin density
p(0) = [(0)]?, that is, for s-electrons.

The first term of the Hamiltonian characterizes the
electron Zeeman interaction. If at the registration fre-
quency w, = 27y, the resonance condition

hw, = v,iB, (2)

is fulfilled, an unpaired electron absorbs an energy quan-
tum and is transferred to a higher excited site. The second
term of Eq. (1) defines the nuclear interaction and the third
one is the contribution of nuclear Zeeman interaction.
One of the most significant characteristics of a param-
agnetic compound is its g-factor, which is the ratio of
electron mechanic momentum to a magnetic moment. It is
stipulated by the distribution of spin density in a radical
fragment, the energy of excited configurations and spin-
orbit interaction. For afree s-electron(S=J=1/2, L =0)
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possesses g-factor equal to 2. Relativity correction yields
g = 2.00232. However, the splitting factor of p- and d-
electrons which possesses an orbital moment not equal to
zero differs commonly from g, and varies in awide range.

If an atomic nucleus is located in the origin, the inten-
sity of magnetic field, induced by electron orbital motion
is equal to zero on for s-electrons and the intensity differs
from zero in the case of p- and d-electrons (for whom
L # 0). Thus, the nuclei of atoms, having p- or d-electrons
are affected by a strong magnetic field, induced by an
electron orbital magnetic moment.

As g-factor depends on a paramagnetic molecule orien-
tation in an external magnetic field, it is defined by g
tensor of the second order [39]

w) |V

ok

This was a more simple case of the complete spin
localization on a single nucleus, that is, p(0) = 1. In most
cases, p(0) < 1; therefore, the correction must be done,
that is, the numerator of both parts of Eq. (3) should be
multiplied in addition by a coefficient p(0). It is reason-
able that the sign of Ag=2A/AE; is generaly defined
by that of AE;. If the depinning of orbital moment is
stipulated by the excitation of the filled electron shells
(n—>a* and o —«* transitions), then AE; <0 and
A g> 0. The orbital motion being due to the initiation of
interenergetic transitions of unfilled electron shells (7w —
o* transitions), the values are AE;;>0 and Ag<0. In
the latter case, AEwo™ is large; therefore, g,, of most
radicalsis close to g.. The radicals, including heteroatoms
(O, N, F, S, Cl, etc.) have a small energy of n— «*
transition. Besides, the constants of electron orbital interac-
tion with these nuclel are greater than that with carbon
nucleus. This results in a substantial deviation in g,, and
g,, from g.. The inequdity g,,>9,,>9,,= g, dways
holds for radicals of this type.

In some cases, an unpaired electron cloud is partially or
completely localized near a nucleus, which has the nonzero
spin value. Then the interactions of magnetic moments of
electron spins with that of radical nucleus result in the
observation of a multiple hyperfine structure (HFS) rather
than a single signal in a spectrum. The type of splitting,
spectrum multiplexity and the relative intensity of its
components give the evidence for an electron cloud config-
uration in a radical. A constant of superfine interaction is
another important parameter of PC.

Magnetic moments w, of a paramagnetic molecule
nuclear spins induce an additional magnetic field in an
unpaired electron location region, that can enhance or
attenuate the external magnetic field B, depending on the

distribution of nuclear spins. Such additional intramolec-
ular fields cause a splitting of energy levels o and B into
sublevels; therefore, the resonance condition (2) is realized
with different B, values. According to selection principles
Am, =1 for electron and Am, = 0 for nuclear spin transi-
tions, the additiona intramolecular fields result in the
increase of a number of possible resonance transitions with
a number of interacting nuclear spins.

It should be emphasized that these speculations are
correct in the case of a complete unpaired electron local-
ization on a nucleus, that is, when p(0) = 1. If the electron
is delocalized over several nuclei, its constant of isotropic
HFI with each of them is defined by spin density on the
i-th nucleus, which is described by the McConnell relation-
ship

3= Qp;(0) (4)

where Q is the proportionality factor equal to 2.2—-3.5 mT
for different radicals, and X, p,(0) = 1.

Thus, the magnetic parameters of PCs depend on the
configuration of an unpaired electron molecular orbital,
which is defined by the strong Coulombic and exchange
interactions, and on the molecular structure. In most cases,
such an interaction is more complicated and therefore,
additional molecular quantum-chemical calculations must
be used. In general, the static electron susceptibility x, of
N spins is the sum of a temperature-dependent paramag-
netic response of localized Curie PC y. and the Pauli
susceptibility of the Fermi gas xp [40],

Ng7us

AT +2uin(sg) (5)

Xo=Xct Xp=
where g is the Bohr magneton, kg is the Boltzmann
constant, and n(eg) is the density of states at the Fermi
level ¢¢. The contributions of y. and xp terms to the
total magnetic susceptibility can vary at the system modifi-
cation and depend on various factors, for example, on the
nature and mobility of charge carriers.

2.2. Spin relaxation and dynamics of nonlinear charge
carriers in conducting polymers

Electron spins being in the thermal equilibrium are
distributed to energy levels according to the Boltzmann's
law. If this equilibrium is somehow disturbed, it relaxes
with the longitudinal (spin-lattice) T, and the transverse
(spin—spin) T, relaxation times. An electron spin is aways
affected in areal system by local magnetic fields, induced
by another nuclear and electron n spins [41]:

B2 —[£e L 2525(S+ 1
= +

loc (477) an Ye S( )
(1-3cos”6;;) M,

XY =
i r 3y

(6)
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where 6 is the angle between r;; and B, vectors and M,
is the second moment of a spectral line. The probability of
Raman relaxation of PC localized on the chains in m-con-
ducting Q1D polymers is determined as following [42]

P=Pp + Pg =k nBy T+ k,nBy 2T? (7)

The spin interaction with the environment leads to that
a line of a finite width and a shape, depending on an
interaction rate, is registered rather than é-function, char-
acteristic of an isolated spin. The line with Lorentzian
shape and maximum intensity between extrema 1%, is
registered when a line broadening is stipulated by fast
fluctuating local magnetic fields as compared with the time
of spin-lattice transitions [43]

-2
16 B-B 4 (B-B,)°
= 2B Bo) |y 2B o) (8)
oA T3 ()

where A B, is the line width between the extrema. In the
opposite case, the line is defined by Gaussian distribution
function [43]
2
o= veip= (BB | 2B-B)
AB, (A BpGp)
Spin—spin exchange interactions, realized in a paramag-
netic system, may result in some cases in the appearance
of more complicated line shapes, described by a convolu-
tion of Lorentzian with Gaussian. The line shape analysis
of spin-modified systems enables the definition of radical
distribution peculiarities and their local concentrations. For
example, when the equivalent PCs with concentration n
are arranged chaotically, the line shape is attributed to
Lorentzian distribution function with the width [44] A By,
= 4A fin and with PC, arranged regularly, it is the case of
Gaussian with the width ABj = 2y,%n. In the mixed
cases, the line shape transforms to Lorentzian one at a
distance from the center 8B < 4y,4/r3 (here r is a dis-
tance between magnetic dipoles) and with the width A B,ﬁp
= 4v,Ain in the center and it becomes of Gaussian type on
the tails at 6By > v./i/r® and with the width of ABS =
Yofiyn/r2. Finaly, in a real spin system, an exchange
with v, frequency, which can provide an additional accel-
eration to relaxation processes is always realized between
spin-packets separated by A w;; distance. In this case, the
spin—spin relaxation rate is derived from the formula [45]

(9

2
ij
10
o (10)
where TZ‘Ol is the line width at the absence of an interac-
tion between PC.

Spin relaxation is essentially accelerated when different
channels of energy exchange between spin reservoir and a
lattice appear, for example, owing to the defrosting of spin
mobility and/or other molecular processes. For an exam-
ple, the relaxation in solids is affected by lattice oscilla-

Aw

T, =T+

tions, slow rotation, and torsion (libration) molecule mo-
tions.

Another channel for an electron relaxation is the fast
electron spin diffusion. The approach of random walk
treatment [46] provides, that the depinning of 1D and 3D
spin diffusion with », | frequency changes the time of
spin—spin relaxation of a spin-packet in solids in the
motionally narrowed regime according to [47]
=Ty, (12)
T,=TZv, (12)
where T,  is spin—spin relaxation time without spin mobil-
ity.

An asymmetry of EPR spectrum (so-called Dyson-like
line [48]) is often observed on investigating the compounds
exhibiting a sufficient conductivity. This effect is at-
tributed to a skin-layer formation on a sample surface,
which is caused by the interaction of charge carriers with
an electromagnetic polarizing field. The thickness of skin-
layer & is

1
6= —— (13)
YT Ve Opc

where u, is the permesbility of the vacuum and o, isa
specific conductivity of a sample. The depth of an electro-
magnetic field penetration into a sample is limited by 6
value and depends on a sample paramagnetic susceptibil-
ity, which varies in a resonance region. This phenomenon
affects the absorption of electromagnetic energy, incident
on a sample. When the skin-layer thickness is less than a
characteristic size of a sample, the time of charge carrier
diffusion through the skin-layer becomes essentially less
than a spin relaxation time. Therefore, when the size of a
sample is comparable with the skin-layer thickness, a line
shape distortion characterized by an asymmetry factor
A/B (the ratio of intensities of the spectral positive peak
to negative one), arises together with its shift into lower
fields and the drop of technique sensitivity.

Spin motion induces a local magnetic field B, (1),
fluctuating rapidly with time in the point of another (elec-
tron or nuclear) spin arrangement due to dipole and hyper-
fine spin—spin interactions. Diffusion dynamics of particles
is the most appropriately characterized with a motion
propagator P(r,rg,t) in EPR theory. P,(r,rq,t)dr vaue
for translating propagator of motion characterizes the prob-
ability of that, if the j-th particle is located in r, point
with respect to the i-th particle at the initial moment, then
it is located in (r +dr) range with respect to a new
location of the i-th particle a t = 7 moment.

An analytical form of motion propagator depends on the
diffusion dynamics model, applied to condensed systems
[49]. This propagator is a solution of a well-known Brown-
ian diffusion equation
dP(r,ry7)

at =DAP(r,rq,7) (14)
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with the initial condition P(r,ry,t) =6(r —ry), where
D=[D;], D, = v,c, is the diffusion coefficient, », is a
diffusion rate and c,; is a proportionality constant, consid-
ering the discreteness of areal system, i is unit vector of
molecular coordinate system. The solution of Eq. (14) is
the following for the case of 1D spin diffusion

}exp( —v,7)

1 (r— ro)2
AmyT &P~

4VHCH2’T
where v, and v, are intrachain and interchain spin
diffusion rates, respectively. The latter exponent multiplier
of Eq. (15) is introduced because of spin interaction hop-
ping probability.

The diffusion motion has an ordered character in solids
and is realized over crystal lattice centers. For this case,
the motion propagator is estimated with lattice sums and
depends on the symmetry and parameters of a lattice.
Some lattice sums have been calculated earlier [49,50].

The experimental electron relaxation time values enable
the establishment of molecular dynamics in condensed
media in terms of the models described above. The rela-
tionship between electron relaxation times and parameters
of molecular mobility is defined by the Hamiltonian of
interaction and the accepted model of molecular mobility.
Thisrelationship can be generally writtenas T, , = f[ J(w)],
where J(w) is a function of spectral density, which is of
significance in EPR relaxation theory. Fourier transforma-
tion of auto-correlation function G(7) = B, (t) B,(t + 7)
of a fluctuating field performs as J(w) spectral compo-
nents (harmonics) summation within @ variation range of
O<w<»

P(r,rg,7) =

I w) =[x+°°@exp(—im)d7 (16)

A vinculum in Eg. (16) indicates G(7) vaue averaging
over spin ensemble. Therefore, if G(7) function varies for
each molecule and every t moment, the average function
value is, however, equal for al molecules and does not
depend on t. Oscillations, coming into a resonance at a
frequency multiple of v, = w,/27, induce the transitions
between ground and excited spin states and result in the
acceleration of spin-lattice relaxation. The spin system
having given an energy quantum to a lattice reservoir
comes back to equilibrium with a lattice after T, period of
time. Therefore, the measured T, value is to be propor-
tional to a power J(w) or spectral density of G(t) time
correlation function of a fluctuating local field. Thus, a
frequency dependence of J(w) spectral density can be
obtained on measuring spin-lattice relaxation time as a
function of frequency.

Time correlation function may be conventionally ex-
pressed with a motion propagator [49]

G(1) = [ [A(ro ) P(r.10,7) F(ro) F*(r)drdr, (17)

for a homogeneous system and with

G(r) = cizn: Zn:A(ro,t) P(r,ro,7)F(ro) F*(r)drdr,

(18)

for a discrete system. Here F(t) is arandom time function;
F(r) is afunction of probability of two spins location at r
distance at t moment; A(r,t) is a probability of spin
location at r distance at t moment, which is equal to spin
concentration n. The proportional coefficient ¢; in Eq.
(18) is equal to the lattice constant of the discrete system.
F(ry)F*(r) product depends on a dipole and a scalar spin
interaction. The motion propagator P(r,r,,t) is mainly
defined by spin dynamics dimension; therefore, the spin
motion dimension is aso reflected in J(w) spectral den-
sity, which appears as Fourier-image of G(r,r,,t) (see Eq.
(16)).

The function of spectral density is more complex for 1D
translation diffusion. Fourier-image of G(r,rg,t) is[51]

Jip(r.rg,w) =Jdip(@) fip(r —rg,0) (19)

where

1+/1+ (w/2v,)?

1+((u/2vl)2

1
Jip(w) = /—477_1/”1}L \/

-1/2
(4mv, o) 2 a V> 0>,

= B . (20)
(47TVHVL) 1/2, o<y,

v
fip(r—rg,w) = exp(—xu)(cos Xu— Gsin Xuf,
x=clr—=rol2v, /v,

\/l—l-(cu/ZVH)2
u= 1+ f y

1— 1+ (w/2p)

Eg. (19) is used for analyzing the short-range scalar
coupling at the low-frequency range w << »¢?/(r, —r)>.
fio(r—rg, ) =1 at this frequency range; therefore, Eq.
(19) can be also used for dipole coupling analysis. At
w < v c?/(r,—r)? frequencies, the spectral density of
auto-correlation function appears as follows:

J(w) =nJp(w) Xn: Xn: F(ro) F*(r) fip(Ir —rol)

o

n n (1-3cos? )’
=np(@) X X 55— (21)
rorg 1f2
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where n is in the present case the probability of spin
location at r, at initial time moment and ¥ is the angle
between r, and r, vectors.

Let the general relationships for relaxation times be
written. An assumption must be done, that dipole and
scdar HFIs are realized between electron and nuclear
spins. A dipole interaction is more strong and anisotropic,
while a scalar HFI is isotropic and significantly weaker.
Other interactions do not depend on spin dynamics and
yield a small contribution to T, and T,; therefore, they
may be neglected.

For the case of dipole—dipole interaction between un-
paired electrons, the expressions for electron relaxation
rates are [49]

T, = §a28(8+ 1[I @) +I(2w,)] (22a)

T,1= gaZS( S+ 1)n[ 3(0) + 10J(w,) + I(2w,)]
(22b)

where a = pyy.%,h/2, or in case of polycrystaline sam-
ples after the averaging over spin ensemble

Tt = QD[ I(w) +43(20,)] (239)
T,1= %(Aw2>[33(0) +5J(w,) +23(20w,)]  (23b)

where (Aw?) = 1/5( uo/4m)*y 2SS+ DEY(1 — 3
cos® 60)%r;3r; 3 Note, that in the case of preferable
dipole—dipole interaction of PC, the equations for relax-
ation rates of PC in partially oriented system with polymer
chains orientation degree A consist of two terms

T ' =AA0?)[PI(w,) +4P,3(2w,)]

+(1-A)(A )| PLI(w,) +4PsI(2w,)]
(24a)

A
T, ' = 5 (80?)[3Py3(0) + 5Py I(w,) + 2P, I(2w,)]

+ T<Aw2>[3F>g)J(0) + 5P J( w,)

+2P,J(2w,)] (24b)
where P, and P/ are attributed to oriented and chaotically
situated chains, respectively.

The equations, presented above revea that spin transi-
tions are induced by dipole—dipole interaction on the first
and the second harmonics of the polarizing field. The

equations for contributions into relaxation rates under a
common w, > w, condition are

1
o= §a2|( | +1)nZX I( @)

S(S+ 1) (K12 — o)
[T+ DS - %)

(25a)

o= 3_10a2|(| +1)nZX[43(0) +3J(w;)

+133( w,)] (25b)

The isotropic HFl contribution to electron relaxation
rates yields

1
1= §a2|(|+ 1)n,I(we— @;),)

(ST o)
I+ D((S) - )

(26a)

T{l=%a2|(l+1)np[\](0)+J(we—w,)] (26b)
where n, is nuclear spin concentration. The averaged
lattice sum X, is estimated for each interaction type. The
relationships, presented above, are correct either for rota-
tion or trandlation diffusion at corresponding functions
J(w) of spectral density.

The contribution of spin-lattice relaxation, including
{1,)-19)/((S,)-S) multiplier, corrects for cross-relaxa
tion between electron and nuclear spins, stipulated by
Overhauser effect [49]. This contribution may be ignored
in strong magnetic fields, because the probability P, of
cross-relaxation processes decreases with the growth of an
external magnetic field intensity B, according to [52]

h*y’Bg
KoT

Pe = klexp

(27)

where k; is constant. It derives from the equations, that
T,>T,a w,—>>2andT,=T, a& w,—0.If T, isaways
a function of the first and the second harmonics of reso-
nance frequency, the expression for T, includes the fre-
quency-independent term J(0), called as a secular broad-
ening (T, *). Frequency-dependent terms of the equations
for T;* define the so-called spin life time or nonsecular
broadening (T; ). T,/T/ ratio is equal to 10/7, 10/8,
and 10/5 for dipole, anisotropic, and isotropic HFIs,
respectively, and enables the identification of relaxation
mechanism in each specific case by measuring relaxation
times at several resonance frequencies [51].

2.3. Spin-packets saturation and saturation transfer effects

The relaxation of a magnetization vector of a single
spin-packet to the equilibrium state is mainly described by
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the Bloch's equations for a slow resonance passage and
saturation absence, when the saturation factor s= v, B,
< 1 (here 7= |[T,T, is the effective relaxation time). In
some cases, the lines exhibiting the integral function of
spin-packets distribution are observed a modulation
method of spectra registration instead of the traditional
first derivative of absorption signals or dispersion. This
phenomenon was called as passage effect and are widely
considered in literature [35,53-57] in terms of fast passage
of saturated spin-packets.

The spin-packet shape is assigned by the following set
of time characteristicss T,, T,, (%ABy,,))™% o,
(%.B,,) "%, (v,B)D™ %, and B,/(dB/dt). The first three of
them are stipulated by the origin of the substance and the
remaining ones are the instrumental parameters. If the
parameters of a spectrum registration satisfy certain in-
equalities, it becomes possible to analyze the behavior of a
magnetization vector M qualitatively.

If the inequality s< 1 is valid, r does not exceed
(,B,)"* precession time of vector M about B, so the
saturation of spin-packets is not realized. The passage
effects are not registered in this case, and analytical ex-
pressions (8) and (9) for a spin-packet line shape are
successfully found. For this case, the analysis of the
possible line shape distortion is sufficiently elucidated in
literature (see, e.g., Refs. [58,59)).

The saturation of spin-packets is realized, provided that
the opposite condition s> 1 holds.

The qualitative characteristics of passage effects are
defined by the time of resonance passage B, /(dB/dt) to
the effective relaxation time 7 ratio. If B,/(dB/dt) > 7,
the spin system comes to equilibrium when the sinusoidal
modulation field is at one end of its excursion with a
sweep rate going to zero. M and B, vectors are parallel
and remain unchanged during a sweep, assuming that
adiabatic condition y,w,, B, < ¥2B? holds.

The dispersion or absorption signal is detected as the
projection of M on +x-axis. If the system now comes to
equilibrium again at the other end of the sweep, then M
will initially be along +z-axis, M and By will be
antiparallel during the passage, and the signal will be the
projection of M on —x-axis. Thus, the signa from a
single spin-packet is 7 /2-out-of-phase with respect to the
field modulation. The first derivative of the dispersion
signal U is generally written as [60]

U=u,0(w.)sin( w,t) + U, g( w,)sin( w,t — )

+ u3g(we)sin(wmti 7—27) (28)

It is obvious, that u, = u; =0 without microwave fre-
quency (MWF) saturation. The saturation being realized,
the relative intensity of u, and u, components is defined
by the relationship between the relaxation time of a spin-
packet and the rate of its resonance field passage. If the
rate of resonance passage is high and the modulation

frequency is comparable or higher than 7! value, the

magnetic field variation is too fast and the spin system
does not follow these variations. At adiabatic condition,
B, < 7.B? such delay leads to that spin can ‘‘see”’
only an applied average magnetic field, and the first
derivative of a dispersion signal is mainly defined by
the u, g(w,) and u,;g(w,) terms of an integral form of
Eq. (28), where u, = Mymy?B,;B,T,/2 and u; =
Mmy2B, B, T,/ (4w, T,).

When the relaxation time does not exceed the modula-
tion period, 7 < w,,, and 7> B, /(dB/dt), the magnetiza-
tion vector manages to relax to equilibrium state during
one modulation period; therefore, the dispersion signal of a
spin-packet is independent on the relationship of its reso-
nance field and an external field B,. The sign of a signal
is defined by that from what side the resonance is achieved.
In this case, the shape of m/2-out-of-phase component of
a dispersion signal aso reproduces the shape of the func-
tion of spin-packets distribution, and the first derivative of
a dispersion signal is mainly defined by u,g'(w,) and
u;g(w,) terms of Eq. (28), where u, = Mymy2B,B,, and
Uy = Mymy.2B, B, T,T,/2. Thus, the times of electron re-
laxation of a spin system can be estimated by registering
the components of a dispersion spectrum of saturated
spin-packets at appropriate phase tuning of a phase dis-
criminator.

The molecular processes in polymer systems are often
redized with characteristic correlation time 7.> 107" s.
Such a dynamics is studied by the saturation transfer EPR
method [35], which based on the fast passage of saturated
spin-packets and broadens the correlation time range up to
1073 s. The most sensitive to such molecular motions are
ar/2-out-of-phase first harmonic dispersion and second
harmonic absorption spectra. According to the method, the
adiabatic condition can be realized for the radicals oriented
by, for example, x-axisaong B, and it cannot be realized
for the radicals of other orientations. This results in the
elimination of the saturation of the spin-packets, whose y-
and z-axes are oriented paralel to the field B, and
consequently to the decrease of their contribution to the
total ST-EPR spectrum. Therefore, slow spin motion should
lead to an exchange of y and z spectral components and
to the diffusion of saturation across the spectrum with the
average transfer rate [35]

<d(55)>= 2 singcosd (B —Bf)
dt 3m? Ty, \/( B? sin® ¥ + Bfcos® )
(29)

where 8B is the average spectral diffusion distance, B
and B, are the anisotropic EPR spectrum components
arrangement along the field, 9 is the angle between B,
and a radical axis.

This method seems to be useful for the registration of
anisotropic superslow radical and spin-modified macro-
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molecule fragments rotations, provided that a separate
registration of al components of their ST-EPR spectra is
carried out.

2.4. Spin transfer mechanisms in low-dimensional systems

Electrodynamic properties of conducting polymers
whose conductivity can vary by 12—15 orders of magni-
tude, are defined by various parameters. In a macroscopic
conductivity measurement, a superposition of different
processes is obviously observed:

(i) 1D conduction along the polymer chains;

(ii) Hopping between the chains;

(i) Tunneling between conducting regions separated by

less conducting parts of fibrils;

(iv) Fluctuation-induced tunneling between fibrils.

It is quite obvious, that the contributions of these
processes to the total conductivity depend on the polymer
structure, the method of synthesis, and doping level. Asthe
nonlinear excitations, namely solitons, polarons, and bipo-
larons can have a mgor effect on the electronic states
accessible for electrons, traversing a polymer, they can
dramatically affect transport properties.

There are some possible mechanisms of charge transfer
in conducting polymers. Kivelson [61] proposed a phe-
nomenological model for phonon-assisted hopping of elec-
trons between soliton sites in undoped and slightly doped
polyacetylene (PA). In the frames of this model, charged
solitons are coulombically bound to charged impurity sites.
The excess charge on the soliton site makes a phonon-as-
sisted transition to a neutral soliton moving along another
chain. If this neutral soliton is located near charged impu-
rity at the moment of charge carrier transfer, the energy of
the charge carrier remains unchanged before and after the
hop. The temperature dependency of the conductivity is
then defined by the probability of that the neutral soliton is
located near the charged impurity and the initial and the
final energies are within kg T, hence conductivities can be
determined at direct current (DC) and at alternating current
(AC) measurements [61]

ki ey(T)ECy) 2k,Ro\ |
opc(T) = kTN RE ex ( : ) =0o,T" (30a)
_ NZEXY)EET 2yl 1*
(T = 3T [n<y>7(T) }

k 4
Oole [l 3l } (30b)

T Mot

where k; = 0.45, k, = 1.39, and k; are congtants, y(T) =
vo(T/300 K)"** is the transition rate of a charge between
neutral and charged soliton states, {y) =Y, YV, +
Ya) 2, ¥, and 'y, are, respectively, the concentrations of
neutral and charged carriers per monomer unit, R, =
(47N /3)~1/3 is the typica separation between impurities

which concentrationis N;; é=(£,£2)"% ¢, and &, are
dimensionally averaged, parallel, and perpendicular decay
lengths for a charge carrier, respectively; L is the number
of monomer units per a polymer chain. In this case, a weak
coupling of the charge with the polymer lattice is realized
when hops between the states of a large radius take place.

In some low-conducting polymers, the charge can be
transferred by small polarons. In this case, the relations for
AC conductivity depending on the polymer structure can
be the following [62]

Y keT 2w,
Ope(T) = 0| kKgT+ —=——In|1— —In
N2,/ 7e) E, Vo
(31)
or
o 4 E.+ Ey
Oac(T) = = (Eu/keT) exp(— (32)
A keT* "/ °° ke T

where E,, and E, are the hopping and activation energies,
respectively, and ,, = w,,/27 is the 2k lattice optical
phonon frequency.

If the coupling of the charge with the lattice is more
strong, multiphonon processes dominate. The mobility ulti-
mately becomes simply activated when the temperature
exceeds the phonon temperature characteristic of the high-
est energy phonons with which electron states interact
appreciably. In this case, the strong temperature depen-
dency of the hopping conductivity is more evidently dis-
played in AC conductivity.

A strong temperature dependency for g, can be stipu-
lated by a thermal activation of charge carriers from
widely separated localized states in the gap to close local-
ized states in the tails of the valence and conducting bands.
Both opc and o, are defined mainly by a number of
charge carriers excited to the band tails, therefore [63]
opc(T) = erxD( - E)

33
KT (333)

kBT) (33b)

Here 0< y<1is aconstant and E, is the energy for
activation of charge carrier to extended states. As the
doping level increases, the dimensionality of the polymer
system rises and activation energy of charge transfer de-
creases. Parneix et a. [64] showed that y=1—kT/E,
(E,=0.18 eV) dependency for poly(3-methylthiophene).
At the same time, an approximately linear dependency of -y
on E, was registered [65] for other polymers. Therefore, y
value can be varied in 0.3-0.8 range and it reflects the
dimensionality of a system under study.

E, value can depend on the conjugation length and
conformation of the polymer chains. Indeed, E, o ny and
E, o n}/? dependencies were obtained for trans-PA with

oac(T) = (rOTve’/exp( -



V1. Krinichnyi / Synthetic Metals 108 (2000) 173-222 181

different doping level [66,67] (here n, is the concentration
of sp3-defects in a sample). E,a(n_+1)/n? depen-
dency was estimated [68] for relatively short mr-conducting
systems having n_ delocalized electrons. In order to re-
duce the band gap, the planarity of the polymer chains may
be increased [69,70], for example, by introducing an addi-
tional six-membered ring to a monomer unit [71].

For comparatively high polymer doping levels, the Mott
variable range hopping (VRH) model [72] is more appro-
priate. This model of charge carriers hopping in d dimen-
sions yields

1

opc(T) = opexp _(%)m (34a)

27y,

e

2 252 2 5 vy |
opc(T) = 37 e’kgTn*(ep)(L) Ve[m ] (34b)

where o, =0.39,€’[n(e )L /(kgTI¥? & d=1, o,
=1.8v,€°n(e)T,/(T(L)) & d=3, v, is a hopping
attempt frequency, T, = 0.62kyn(ep){L)3 is the perco-
lation constant or effective energy separation between
localized states depending on disorder degree in amor-
phous regions, (L) =(L,?)*° L, and L, are the
averaged length of charge wave localization function and
its projection in parallel and perpendicular directions, re-
spectively.

Thus, numerous transport mechanisms with different
opc(v,, T) dependencies are realized in conducting poly-
mers. These mechanisms can be directly associated with
the evolution of both crystalline and electron structures of
the systems. The possibility of soliton-, polaron- and bipo-
laron-type charge carriers states formation in conducting
polymers leads to a variety in transport phenomena, includ-
ing the contribution of mobile nonlinear excitations to the
conductivity.

3. Experimental

The sensitivity of EPR method (i.e., minimum number
of the registering spins N,,,) depends on the registration
frequency v, as following [33]

k,V -
Nrin = ok 12P 2 (35)
where k, is constant, V is sample volume, Q, is an
unloaded quality factor of a cavity, k; is cavity filling
coefficient, and P is MWF power applied to a cavity
input. With k; and P being constants, N, o (Q,u2)~*
and Q, o v/?, that is, N,;,, & v, *, where @ = 1.5[33]. In
practice, a can be varied from 0.5 to 4.5 [33] depending
on spectrometer characteristics, registration conditions, and
sample size.

By the present moment, a wide range of frequencies of
electromagnetic radiation from several megahertz [73,74]
up to few terahertz [75] is successfully used in EPR
spectroscopy, that corresponds to 10°-10"% m wave-
lengths. However, EPR spectroscopy of 2-mm range re-
quired v, =140 GHz and B, = 5T for g, = 2 provides the
highest potential possibilities of the method [37,38]. This
waveband EPR technique enables a more complete study
of such new effects, attributed to most semiconductor
systems, as the dependency of electron spin relaxation on
magnetic field strength, specific features of spin resonance
excitation at the close values of Zeeman quantum energy
and the transitions between the states of localized charge
carriers, field dependency of effective mass of charge
carriers and many other.

The basic block-scheme of this device is given in Fig.
1

The spectrometer is assembled as a direct amplification
circuit with Hgy,, type reflecting cavity, a double SHF
T-bridge and a low-temperature n-Sbhin ballometer. The
main part of the spectrometer includes the microwave
solid-state avalanche transit time diode oscillator (11) with
some elements of the waveguide section and a cryostat (1)
with a superconducting solenoid (2), in whose warm chan-
nel the tunable cavity (5) with a sample (6), temperature-
sensitive (3) and modulating (4) coils are inserted. A
sample in a thin (0.5 mm) quartz capillary (7 mm long) is
put into the center of the cavity with the mobile plunger.
The microwave cavity with the sample inside is tempera-
ture-controlled (6—380 K).

The quality factor Q of the cavity (inside diameter is
3.5 mm, operation height is 1.5 mm) is equal to 2000. The
value of microwave field magnetic component B, is equal
to 20 pT in the center of the cavity. The magnetic field
inhomogeneity in the point of sample arrangement does
not exceed 10 T /mm. The absolute point-sample sensi-
tivity of the spectrometer is 5% 108 spin/mT at room
temperature and is unique for EPR spectroscopy (the higher
sensitivity is attained only in the specific ‘*nonsteady
state’’ experiments with an optical or ‘‘chemical’’ signal
registration [32,76]). The latter value is two orders of
magnitude lower than N,;, obtained at 3-cm waveband.
The concentration sensitivity for agueous samples is 6 X
10" spin/(mT cm?®). All experiments are carried out at
high (100 kHz) AC modulation frequency.

A quite important problem is to choose the appropriate
standards for a precise device tuning, a magnetic field
scanning and g-factor scale calibration. The standard must
be arranged close to a sample inside a small cavity;
therefore, it must produce a sufficiently intensive narrow
signal, being of a small size. For example, Mn?* in MgO
standard with 1 =5/2, a=8.74 mT, and gy = 2.00102
satisfies these conditions most of al. The second-order
correction to the effective resonance field [77] 6B = a2[ I (|
+ 1) — m?]/2B, =65 mT for this standard and does not
contribute an essential error to the magnetic parameters
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Fig. 1. The sketch of 2-mm waveband EPR spectrometer: 1 — helium cryostat, 2 — superconducting solenoid, 3 — temperature-sensitive coil, 4 — AC
modulation coil, 5 — microwave cavity, 6 — sample, 7 — solenoid supply, 8 and 21 — phase shifter, 9 — AC modulator amplifier, 10 — AC oscillator,
11 — diod Hanna solid state oscillator, 12 and 15 — directional MWF couplers, 13 and 20 — MWF attenuators, 14 — MWEF circulator, 16 — superlow
temperature (4.2 K) barretter, 17 — AC preamplifier, 18 — phase detector and EPR amplifier, 19 — section of auto-adjustment of the MWF clystron

oscillator.

measurement. Commonly, MgO powder is attached by a
toluene solution of polystyrene to one of the cavity
plungers. The signa intensity of this standard is conve-
niently regulated by plunger rotation about its axis, that is,
due to the change of the angle between the B, and B,
directions in the place of its location.

A single crystal of dibenzotetrathiofulvalene platinum
hexabromide ((DBTTF);PtBry) with AB,, = 0.48 mT and
g = 2.00552 was found to be suitable for the precise tuning
of modulation frequency and MWF phases. This or a
similar crystal with a typical size of about 0.1 mm, is
attached to a middle of a quartz capillary with a sample.
The precise device adjustment in the registration of a real
x' or an imaginary x” components of paramagnetic sus-
ceptibility y is obtained by an attainment of the symmetric
first and second derivatives of dispersion and absorption
standard signals, respectively, in the device output. Modu-
lation frequency phase is most fine adjusted by a minimum
7/ 2-out-of -phase unsaturated signal of a standard with the

following phase change by /2. In this case, the 7 /2-out-
of-phase signal attenuation is not less than 23 dB.

B, value is important in the experiments with the
application of passage effects and saturation transfer. This
value was estimated [38] by the following methods. The
first one consisted in the registration of EPR spectrum of
(fluoranthene); PR, cation-radical salt single crystal de-
pending on MWF power. At 3-cm waveband EPR, this
single crystal demonstrates a single narrow (3 wT) signal.
Its spectrum becomes multicomponent with A B, = 55 pT
individual components width and the splitting between
them of 60 uT at 2-mm waveband because of the mosaic
structure of the standard. At the maximum MWF power
level in the cavity, the components are broadened up to
AB,, = 61 mT. By assuming AB), = (7,T,) *and T, =T,
typical for these salt, the expression AB,, = ABJ(1+
s?)'/2 is correct for a broadened line, from whence B, = 25
pT. The independent B evaluation, made according to
formula 2B, = «(QP)Y2, where a=0.2 is calculating
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coefficient and P = 0.4 mW is MWF power, drawing by a
cavity, yielded B, = 19 uT.

The accuracy of the measurement of g-factor is not
higher than 3 X 107> and is attributed in particular to the
effects, emerging at a sample freezing, to paramagnetic
shielding, etc.

The resolution of EPR method is commonly character-
ized by 6B/B, ratio, where 6B is the minimal splitting
between two lines registered. This expression is conve-
niently written as 6B/B, o« 6§9/0,, where &g is the dif-
ference of g-factors of different PCs with equal line width.
The magnetic resonance condition (2) and the equality
hy, = ng g, imply, that these values depend linearly on
registration frequency v,.

As the probability of energy transfer between individual
spin-packets decreases significantly in high fields (see Eq.
(27)), the conditions of spin-packets saturation can be
realized at quite smaller values of polarizing field B,.
Besides, the electron relaxation time of certain paramag-
netic systems can increase with the growth of registration
frequency. This is the reason for a more frequent appear-
ance of fast passage effects [53-56] at 2-mm waveband,
than at lower frequency EPR bands, on registering PC in
polyconjugated systems and other solid state substances. In
this case, EPR spectra appear as an integra (almost always
Gaussian) distribution function of spin-packets.

The passage effects can be used for simple evaluations
of relaxation properties of PC in polymer systems. Be-
sides, the investigation of the passage effects enables the
development of 2-mm waveband EPR spectroscopy with
saturation transfer. As a spectral resolution at 2-mm band
is enhanced, the opportunities of this method in more
detail study of superslow molecular motion are expected to
be widened. The results of the investigation of different
condensed systems using these effects were described in
detail in Refs. [38,78—80].

Earlier it was shown [81] that the relaxation times of
saturated PC in wr-conducting polymers can be determined
separately from the analysis of u,—u, components of its
dispersion spectrum so then (see Fig. 6)

T 3w, (1+6£0) (36)
! % B2 Q(1+ 02)
0
T,=— (36b)
w

(here 2=uy/u,, B, is the polarizing field a which the
condition u; = —u, isvalid) a& w,T, > 1 and

T Uy

1 (37a)

2w,U,
U,

T,=r———— 37b
2 2w,(u; + 11u,) (37b)

a w,T, <1 The amplitudes of u; components are mea-
sured in the central point of the spectra, when o = w,. It

derives from the formulas, that the determination of B,
value in the cavity center is not required for the evaluation
of relatively short relaxation times.

The shape of 7/ 2-out-of-phase component of the first
harmonic of dispersion signal possesses a complex depen-
dency on PC relaxation and anisotropic superslow dynam-
ics. The parameters of the dynamics cannot be determined
in general, from the analysis of a line shape of ST-EPR
spectra at 3-cm EPR waveband [82,83] because of a low
spectral resolution, and the effect of relaxation processes
on asignal shape. Therefore, the main problems of ST-EPR
method are the separation of the motion and magnetic
relaxation effects, and the development of the methods of
the determination of the anisotropic molecular motion
parameters.

It is important, that the rotation effect on ST-EPR
spectra shape is not equivalent to T, decrease [38]. Indeed,
the spectra diffusion, stipulated by spin reorientation with
correlation time 7., is proportional to the steepness of
magnetic field change d B(1) /d¥, that is, even in the case
of isotropic rotation, it is not the same in distinct spectrum
ranges, while spin-lattice relaxation, provided that it does
not depend on orientation, is the same for al regions of the
spectrum. It seems obvious, that the differences indicated
are displayed significantly more clearly at 2-mm waveband
as compared with 3-cm waveband EPR.

It was shown [38], that the transition to 2-mm wave-
band enables the estimation separately of characteristic
times 7., T;, and T, for the radicas, involved in the
superslow motion about the different molecular axes, by
using their ST-EPR spectra. If PC with anisotropic mag-
netic parameters moves, say, near molecular x-axis, 7.© of
such a motion can be calculated from the relative intensi-
ties of dispersion u, term as following [38]

X 0 U; h
Te =T U_L (38)
3

where « is a constant determining by an anisotropy of
g-factor.

Thus, the EPR spectra of organic radicals become more
informative at 2-mm waveband, their interpretation is sim-
plified and the possibility of a more accurate determination
of their magnetic resonance parameters (MRPs) change
under the effect of different factors, including the change
of aradical structure and/or its microenvironment arises.
Besides, an independent analysis of relaxation changes in
each spectral component and the anisotropic slow molecu-
lar rotations study become possible. The configuration of
the spin distribution in organic radicals and the registration
of several radicals with similar magnetic parameters can be
more successfully estimated at this waveband.

As the spectral resolution is enhanced at 2-mm wave-
band EPR, that makes it possible to obtain more complete
and correct information on the structure, conformation,
relaxation properties of PC, stabilized in the matrix under
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Fig. 2. Schematic representation of cis-PA (a), trans-PA (R=H), PATAC (R=SC,H5) (b), PPP (c), PT (R=S) and PP (R=NH) (d), PANI base (e), PANI
st (f), PTTF-1 (R=CHj), PTTF-2 (R=C,H;) (g), PTTF-3 (h), which were studied by EPR spectroscopy. Spin charge carriers in the polymers are

shown.

study, their interactions with own environment. These
possibilities of the method are of a especia importance in
the identification of the structure and dynamics of such
complicated objects, as natural and synthetic polymers,
whose properties depend on many factors and are defined
by a greater number of parameters.

Section 4 of the present review considers the nature and
dynamics of charge carriers and the possible charge trans-
fer mechanisms determined by 2-mm waveband EPR spec-
troscopy for well-known and new powder- or film-like
conducting polymers, namely PA, poly( p-phenylene)
(PPP), polythiophene (PT), polypyrrole (PP), polyaniline
(PANI), poly(bis-alkylthioacetylene) (PATAC), and
poly(tetrathiofulvalene) (PTTF) (Fig. 2) chemically or
electrochemically synthesized from the corresponding
monomers.

4. Magnetic, relaxation and dynamic parameters of
charge carriers in conducting polymers

Asin the case of other m-systems, conducting polymers
usually demonstrate a single symmetric line with g = g,
and a line width 0.02-1.7 mT in low magnetic fields
(1, <10 GHz) [28,29]. Deviations from free electron g-
factor are mainly due to a weak coupling of the electron
spin with the orbital angular momentum and are observed
when an unpaired electron interacts with heteroatoms, ions
of transition or rare-earth metals [52,84—88]. The line

width depends on an unresolved hyperfine splitting on the
n-th monomer site with a; constant combined with the
exchange and motional narrowing which is derived from
Egs. (10)—(12), respectively. The double-integrated inten-
sity of V,(w) signal can be used for the determination of
the concentration n of PC, varying within n = 10%2-10%
spins/m? for conducting polymers [28,29]. The static elec-
tron susceptibility of conducting polymers y, is generally
described by Eq. (5).

Another information concerning spin properties of poly-
mer systems comes from the analysis of the line asymme-
try factor A/B. Such a Dyson-like line shape is commonly
observed in some inorganic substances [89], organic con-
ducting ion-radical salts [90], trans-PA [91-94], polythio-
phene [95], PPP [96], and other conducting polymers [28],
but only a few experiments were performed in order to
study systematically the evolution of asymmetry factor
with various parameters, for example, o. This is the
reason for the lack of the universal behavior for all doped
systems, and every case must be analyzed in detail.

4.1. Polyacetylene

In the last years, PA has attracted considerable attention
of the investigators due to its own unique electrodynamic
properties, which can be a perspective in molecular elec-
tronics. So, at introduction donor or acceptor dopants into
PA its electroconductivity measured at constant current is
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changed by 10-14 orders of magnitude and reaches o
=10°-10" S/m [5-13]. PA is the simplest conducting
polymer in the great family of PPP-like organic conducting
compounds of close magnetic and electrodynamic proper-
ties, that caused most extensively investigation of its prop-
erties using just this compound as an example. It can exist
in cis- and trans-forms (isomers) (Fig. 2a,b), and the latter
is thermodynamically more stable [97,98]. The morphol-
ogy of this polymer mainly depends on the synthesis,
structure of the initial monomer, the nature of the intro-
duced dopant and the film thickness. PA is characterized
by the chain location parallel to one another, forming a
fibril with the thickness of few decades of nanometers and
a length of few hundred nanometers. The longitudinal axes
of such fibrils are arranged chaotically and can be partially
oriented at sample stretching. Each fibril contains close-
packed polymer chains, which exhibit crystalline structure.
Thus, PA appears as a kind of polycrystal, consisting of
““crystalling’’ fibrils. The crystal lattice have the following
constants; a=0.745, b= 0.440, ¢=0.430 nm (cisPA)
and a=0.39, b=0.729, c=0.251 nm (trans-PA)
[99,100].

In PA, three of four carbon valence electrons occupy
sp? hybridized orbitals; two of o-type bonds constitute 1D
lattice, while the third one forms a bond with hydrogen
atom. In any isomer, the last valence electron has the
symmetry of 2p, orbital, with its charge density oriented
perpendicular to the plane defined by the other three
electrons. Therefore, s bonds form a low-lying completely
filled valence band (VB), while = bonds form a partialy
filled conducting band (CB). If al bond lengths were
equal, pure trans-PA would be Q1D metal with ahalf-filled
band. Such a system is unstable with respect to a dimeriza-
tion distortion, in which adjacent CH groups move towards
one another, forming alternating double and longer single
bonds. The transition between C—C and C=C bonds does
not require energy changing. This Peierls distortion opens
up a substantial gap in the Fermi level, so that PA is
expected to be a relatively large band gap semiconductor.
This twofold degeneration leads to the formation of nonlin-
ear topological excitations, namely solitons on trans-PA
chains [25], whose energy level is localized at mid-gap
thus determining the fundamental properties of PA. The
energy required for the soliton formation is equal to 0.42
eV [25].

Su, Schrieffer, and Heeger (SSH) theory [25] predicts
that the spin density distribution on the soliton in trans-PA,
associated with the domain wall in the absence of correla-
tions, is p(n) = A;N~* sech?(n/N)cos*(7rn/2), where n
is the index of nucleus site away from the domain wall,
N = 14 monomer units is the soliton width, and A is a
scale constant. According to this theory, a neutral soliton
has an effective mass mi = 6m, and activation energy of
its 1D motion E,= 0.002 eV. Note, however, that the
magnetoreflection measurements [101,102] and ENDOR
studies [103] gave N = 50 and mif = (0.15-0.4)m..

A single soliton in trans-PA has peculiar charge-spin
relationship, since a neutral soliton corresponds to aradical
with S=1/2, while a negatively or a positively charged
soliton loses the spin and becomes diamagnetic. This band
becomes completely filled (n-type doping) or empty (p-type
doping). At a low doping level y (y implies a number of
dopant molecules per monomer), only a part of neutral
solitons becomes charged. As the doping increases, al the
solitons become spinless and their states start forming a
band at mid-gap. The soliton band is suggested to be
responsible for the spinless conduction mechanism, which
is realized after semiconductor—metal transition. Such con-
duction mechanism, involving the motion of charged soli-
tons within a filled or empty band, differs significantly
from the conduction mechanism in traditional semiconduc-
tors. At approximately 10% doping level, the soliton band
is found to merge with VB and CB.

In contrast to traditional semiconductors, in PA, except
the activation electron transport [63], the phonon-coupled
charge tunneling between solitons energetic levels [61] and
VRH [72] conductivity, characterizing of different fre-
quency and temperature dependencies g, (1,,T) are also
possible. Such a variety of electron transport in this poly-
mer is associated with a formation of the nonlinear
soliton-like excitations and can be directly connected with
the evolution of both crystalline and electron structures of
the system.

In order to obtain information on interactions of an
electron with other electrons or the lattice of trans-PA, the
electron spin echo or magnetic field modulation technique
can be used as well. Since the neutral soliton and polaron
have an unpaired electron, which interacts with a hydrogen
nuclel, the spin dynamics associated with it can be studied
by NMR and EPR methods.

For description of soliton mobility in trans-PA, some
theoretical conceptions based on either the Brownian 1D-
diffusion of solitons interacting with lattice phonons [104]
and solitons scattering on optical and acoustic phonons of
trans-PA [105] have been proposed. One of them predicts
square temperature dependence of the 1D-diffusion fre-
quency, v, = DypC}, where Dy is the 1D-diffusion coef-
ficient and ¢, is the intrachain hopping length of soliton.
In the second case, »(T) « T™*/? and »(T)  T? de-
pendencies are predicted for optical and acoustic phonons,
respectively. As caculations have shown [106], the ex-
treme velocity of the soliton 1D-diffusion should not ex-
ceed v7 = 3.8 X 10" s7! near the Fermi level.

To redlize 1D moation, the spin diffusion should be
extremely anisotropic in trans-PA, because the soliton
cannot hop directly from one chain to another. Neverthe-
less, in real systems, the soliton can hop between the
chains with » | frequency. The spin diffusion anisotropy
in transPA, v /v, varies approximately in 10°-10°
range [74,107].

T, of proton nuclei of trans-PA was measured by
Nechtschein et a. [108] as a function of , for pristine and
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AsF, doped trans-PA. T, o 1,7 dependency was found
for both trans-PA samples, which coincides with a charac-
teristic motion spectrum of 1D spin diffusion, and 1D
diffusion rate of the neutral soliton was found to be
v, =6x10" s~ (at room temperature) in neutral trans-
PA and have square temperature dependence. As the valua
tions shown [108], the diffusion rate can increase by more
then three orders of magnitude at introduction of different
dopants into the polymer. It should be stressed, however,
that the soliton motion influences indirectly the relaxation
time of a nuclear spin. As the interaction of a diffusing
proton with a immobilized electron spin is also character-
ized by frequency dependence T, o »,7 [109], it can lead
to an incorrect interpretation of the results obtained by
NMR spectroscopy. So, Masin et a. [110] showed on the
base of kinetics of *C NMR signal fading that trans-PA
have not a mobile unpaired electrons at all. Ziliox et al.
showed [111], however, that such a conclusion can be true
only for the specific samples investigated by Masin et al.
[110].

Many fundamental properties of PA are determined by
the existence of PC localized or /and delocalized along the
polymer chains, therefore, most studies of these com-
pounds have been performed by EPR method [28,29,112].
In the study of conducting polymers, the NMR [113] and
EPR methods are complementary to one another; however,
the latter one allows the direct registration of the pure spin
motion [51].

It was shown earlier, that pure cis-PA demonstrates no
EPR signal according to the SSH model, which does not
predict a soliton-like PC in this isomer. However, cis-PA
samples really contain short trans-PA segments (5—10%)
on the chains' ends [97] where solitons can be pinned [100]
explaining weak and broad (0.7-0.9 mT) line generally
observed in EPR spectrum. PCs in cis-PA are character-
ized by g=2.00263 [91] and by A tensor with A, =
—116 mT, A, = —346 mT, and A,,=—232 mT
components [114] (x-, y-, and z-axes are directed along a,
¢, and b crystallographic axes, respectively).

Thermodynamically more stable trans-conformation is
obtained by thermal, chemical or electrochemical treatment
of cisform [97]. EPR spectrum of trans-PA may be
considered as superposition of contributions of pinned and
highly mobile solitons with concentration, respectively, n,
and n,, whose ratio changes with temperature, and a
contribution of other fixed centers which appearance is
connected with the presence of traces of catalyst molecules
or/and oxygen molecules. At n- and p-type doping, the
concentration of PC in trans-PA is monotonic changed at
invariable g-factor [112], showing the invariable nature of
PCs, responsible to the EPR signal. In the case of thermal
isomerization, the concentration of unpaired electrons
largely increases from ~ 10 spins/m? (or one spin per
~ 44.000 CH-units) in cis-PA up to ~ 10% spins/m? (or
one spin per 3.000-7.000 CH-units) in trans-PA during
the process [112]. This is accompanied by the line width

decrease down to 0.03—-0.2 mT [28,29]. The latter value
depends on the average length of trans-chains and demon-
strates a linear dependency on concentration of sp3-de-
fects, ny [115]. Besides, AB,,, o z** dependency was ob-
tained [116] for PA doped by ions of metals with the
atomic number z. The line width of partially stretch-ori-
ented trans-PA was registered to be sensitive to the direc-
tion of the external magnetic field B,: This value is equa
to 0.48 mT at Byllc orientation (here c is the direction of
the stretching) and reduces down to 0.33 mT as B,
direction turns by 90° with respect to c direction [117].
Such a tendency was reproduced also by Bartl et al. [115]
and by Mizoguchi et a. [118-120]. EPR spectrum of
trans-PA may be generaly considered as the sum of
contributions due to highly mobile solitons, to pinned
ones, whose number increases with the temperature de-
creases, and fixed impurities probably related to the pres-
ence of traces of catalyst molecules or oxygen after the
polymerization process. For most cases, no significant
change in g-factor of doped (p- or n-type) trans-PA was
found [28,112]. Being combined with the monotonic varia-
tion of a number of PC upon doping, this result suggests
that there is no drastic change in the nature of unpaired
electrons, affecting EPR signal.

Numerous investigations of the paramagnetic suscepti-
bility of neutral PA showed [112], that both its conformers
demonstrate Curie paramagnetism (when inverted tempera-
ture dependence, y o T~! is realized for paramagnetic
susceptibility y at T<300 K). In the same time,
Tomkiewicz et al. [121] have shown that the magnetic
susceptibility of cissPA does not follow Curie law at
temperature region of 4-300 K. The reasons of such
disagreement of the results was unclear just so far.

The spin dynamics was studied in trans-PA by steady-
state [74,118—120] and spin echo [122-124] EPR methods.
The analysis of T,,a »”? and v (T) « T~? dependen-
cies obtained by the first method at v, = 5-450 MHz
frequency region evidence on diffusive spin 1D-motion in
trans-PA with » <10% s™* and anisotropy v /v, =
10°-107 at room temperature. The analogous temperature
dependence for diffusion rate was found also at higher
operation frequencies, v, = 9-14 GHz [123,125]. These
dependencies were similar to those deduced from *H NMR
T, analyses [113]. However, the detailed spin echo and
steady-state EPR measurements of both trans-PA and its
deuterated analog trans-(DH), carried out by Shiren et al.
[122], showed a relatively low 1D spin diffusion with
v, = 10" s7*. This result is in disagreement with SSH
theory, which predicted a higher v value [108,126] and
with v, > 10" s™* experimentally obtained from photo-
conductometry of pristine trans-PA [127]. Some data con-
cerning spin dynamics determined by NMR and EPR and
by steady-state and spin echo EPR methods are not com-
patible [122]. In order to explain the discrepancy between
the results obtained with complementary magnetic reso-
nance methods, Holczer et a. [128] suggested the exis-
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Fig. 3. 3-cm (a,d), 2-mm (b,e), and 0.6-mm (c,f) waveband EPR spectra of cis- (a,b,c) and trans- (d,e,f) PA registered at room temperature. The position

gs of single line attributed to a neutral soliton in trans-PA is shown.

tence of two kinds (diffusive and locdized) of PC in
trans-PA. The dependencies T, , o 1,/ and v (T) & T~2
obtained by the first method at », = 5-450 MHz frequency
region [29,51] evidence on diffusive spin 1D-motion in
trans-PA with v, > 10" s™* and anisotropy v /v, > 10°
at room temperature. The analogous temperature depen-
dence for diffusion rate was found also at higher operation
frequencies, v, = 9—14 GHz [123,125]. However, the rate
of the spin diffusion was determined by spin echo EPR
method was to be v < 10" s™* at room temperature with
a more complete temperature dependence [122].

Therefore, the data concerning the soliton dynamics in
trans-PA obtained by same authors and by different meth-
ods are very contradictable and sometimes has no simple
interpretation. More promising for investigation of the
composition and dynamics of the PC seems EPR method,
which, however, is limited due to low spectral resolution
and high spin—spin exchange at v, < 40 GHz. This compli-
cates the separate registration of localized and mobile
w-radicals with close magnetic parameters in trans-PA
[128].

In order to study the nature of PC in PA, aseries of cis-
and trans-PA samples was investigated at wide frequency
(10430 GHz) EPR bands [129].

Cis- and trans-PA samples are characterized by a single
symmetric line at 3-cm waveband EPR (Fig. 3a,d), with
g=20026 and AB,, equa to 0.7 and 0.22 mT, respec-
tively (Table 1). Trans-PA sample shows AB,, values
dightly greater than those reported [28,29]. This can be
due to a higher content of oxygen molecules in the sample
or shorter m-conjugation length. A small EPR line width
broadening (0.05-0.17 mT) is observed at 77 K. This is
probably due to a smaller libration motion of different

parts of the polymer chains. A line width is observed to
increase of about of 0.1 mT when the sample is exposed to
oxygen.

At 8-mm waveband EPR, an insignificant increase of
the line width of PA samples is observed.

At 3-mm waveband, cis-PA shows A B, increase up to
0.84 mT with a small broadening of the highfield peak,
which is attributed to anisotropy of g-factor. Trans-PA
spectrum shows a line with g=2.00270, AB,, =0.37
mT, and with A/B ratio equa to 1.1.

The decrease of EPR wavelength down to 2-mm leads
to the further broadening in AB,,, of cis- and trans-PA up
to 1.1 and 0.5 mT, respectively. Moreover, the anisotropy
of g-factor of PC in cissPA and the line asymmetry
(A/B=1.3) for trans-PA increase (Fig. 3b,e).

Table 1

The linewidth A By, (in mT) and the distance between spin-packets A w;;
(in 1078 s71) of PCsin neutral PA at different operating frequencies 1,
(in GH2) at 300 K

| — Solitonslocalized in cis-PA, Il — solitons localized in trans-PA, 111
— solitons delocalized in trans-PA.
Vo AB,, A wjj

| 1 11 | I 11
9.82 0.70 0.25 0.06% 17 1.0 0.82

375 0.75 0.30 0.11# 18 12 1.3

94.3 0.85 0.45 0.18 19 14 17
139 0.95 0.61 0.30 2.3 22 2.2
250 1.82 1.60 0.50 2.8 2.8 2.9
349 242 2.52 0.62 3.2 35 32
428 2.53 191 0.81 33 31 3.7

#Determined by extrapolation.
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Fig. 4a shows the temperature dependencies of normal-
ized spin susceptibility y of some cis-PA samples, which
can be approximated by the following function

+bT " (39)

u(m) - ae| -

where a and b are constants, and E, is the activation
energy. First term of Eq. (39) is determined by librations

of polymer chains with activation energy of E,= 0.035—
0.055 eV for different samples. The analogous conse-
guence of electron—phonon interaction mainly as energy
fluctuation of electron polarization of few millielectron-
volts is observed in organic crystal semiconductors [130].
Asit is seen from the figure, the activation ordering of the
Spin magnetic momenta dominates in paramagnetic suscep-
tibility at high temperatures only. At temperature region
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Fig. 4. Temperature dependencies of spin susceptibility y+ of cis- () and trans-PA (b) numbers 2 (1), 4 (2), 6 (3), and 5 (4) (see Table 2) with respect to
that measured at room temperature.
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lower then some critical T, = 150 K, this process competes
with other ones, following Curie law (n = 1) among them.
The contributions of these processes of unpaired electrons
magnetic momenta orientation are different for cis-PA
samples investigated.

The susceptibility of PC in trans-PA samples is also
characterized by an anomalous temperature dependence
(Fig. 4b). Asin the case of cis-PA, the main contribution
to y of trans-PA at high temperature region gives first
term of Eq. (39). Higher E, = 0.06—0.19 eV vaue can be
explained by the increase of both rigidity of polymer
chains and by its packing density during cis—trans-iso-
merization. It probably is a reason for critical temperature
shift to T, = 250 K region.

Trans-PA, in contrast to cis-PA, is characterized by
more sharp primary section of x(T) curveat T < T, (the n
value in Eq. (39) is changed from 1 up to 4 for the studied
trans-PA samples) and flats at T < 140 K. The latter fact is
analogous to manifestation of so-called magnetic satura-
tion effect. However, such a magnetic saturation can ap-
pear if the condition gugSB, > kgT is valid for a given
temperature region, for example, at B, > 100 T that ex-
ceeds significantly the strength of magnetic field B, <5T
used in our experiments. This effect most probably can be
caused by the significant concentration increase of neutral
solitons with A amplitude, following the decrease of inter-
radical distance R and a growth of these charge carriers
interaction with the probability W; or Aexp(—2 AR) [131].
Besides, the defrosting of 1D-diffusion of part of solitons
with v rate leads to an additional increase of intersoliton
interaction probability, W o v,T~2 (see below). The dis-
crete levels of neighboring solitons localized at mid-gap
are narrowed due to overlapping of unpaired electrons
wave functions and are transformed to soliton band of
limited weight. As in the case of cisPA, a, b, and n
constants are determined by different properties of trans-
isomer.

At higher frequencies, the anisotropy of g-factor of PC
becomes more evident in cis-PA (Fig. 3c). This line shape
must be attributed to the localized PC with g tensor
components: g, = 2.00283, g,=2.00236 (£5X 107%)
and {g) =2.00267. g, vauediffersfrom g, by Ag=5
X 107*. In a perturbation theory, such a difference corre-
sponds to an unpaired electron transfer from o,_. orbital
to a antibinding w* orbital with AE,__. =14 eV. As a
matter of fact, AE,__+ value calculated for w-conducting
systems, is equal to 14.5 eV in the case of norma C-C
bond [132]. The other electron transitions with a greater
AE;; do not influence A g. Thus, the spectrum line shape
and the agreement between the calculated and measured
AE,__- values support the existence of localized PC in
PA.

The line shape of trans-PA spectra remains amost
unchanged with increasing operation frequency. One only
notices the further increase in both line width and asymme-
try (Fig. 3f).

To elucidate the dynamic processes in PA more com-
pletely, partialy stretch-oriented samples were studied
[133].

The signals from PC, namely sp® and immobile soli-
tons, exhibit weakly axial-symmetric spectra with the
abovementioned g-factors and line width ABj) = 1.23 mT
for the initial and A By = 1.45 mT for the stretch-oriented
cis-PA samples at room temperature. For the latter one,
AB;{; value and the other magnetic parameters remain
invariable under sample rotation with respect to the direc-
tion of an externa magnetic field. This value varies non-
monotonically from 0.60 to 0.68 mT for the stretch-ori-
ented trans-PA under rotation at room temperature.

The transformation of PA line shape at cis—trans-iso-
merization apparently indicates the rise of mobile PC in
PA during this process. The proximity of the isotropic
g-vaue of the localized PC and g-value of the delocalized
PC shows the averaging of g tensor components of delo-
calized PC due to their mobility with the rate of [33]

VﬁJZ (gL ghe)/-LB By (40)

Thus, two types of PC exist in trans-PA, that is, there
are neutral solitons moving along the long polymer axis
with »? > 2% 10% s™* rate and neutral solitons pinned on
short polymer chains with the relative contribution of 18:1
or 1.1 X 103 (1100 ppm) and 6 X 10~° (60 ppm) spin per
carbon atom, respectively. The latter value is two orders of
magnitude smaller than that reported by Goldberg et a.
[91].

The analysis of cis- and trans-PA line shape shows,
that at v, > 140 GHz, their lowfield part can be described
by a Lorentzian function in the center and by a Gaussian
one on the wing. At the same time, the highfield part is
Lorentzian. The spin exchange frequency obtained from
the analysis is equal to 3 x 107 and to 1.2 X 10% s~ for
the localized PC in cis- and trans-PA, respectively. These
values are in agreement with v, > 10" s™* egtimated for
trans-PA by Holczer et al. [128]. Thus, for the frequencies
higher than 16 GHz, the condition »,, < A w;; holds, hence
spin-packets become noninteracting, and AB'°° vaue
varies according to Eq. (10).

A w;; value obtained for PC in both cis- and trans-PA
samples by using Eq. (10) are also presented in Table 1.
The dependencies of line width broadening for both local-
ized and delocalized PC versus », are shownin Fig. 5. It is
seen in the figure, that the line width of PC localized in
cis and trans-PA, changes quadratically with registration
frequency, and hence it can be described by the relation-
ship (10). This is an additional evidence for a weak
interaction of spin-packets in these samples. At the same
time, the line of mobile PC broadens with frequency as
A Bg'°. For both types of PC in trans-PA, the dependency
ABE o (ABRY)®, where o =1.3-14, is valid. It im-

plies, that ABS"'* value reflects 1D spin diffusion in the
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Fig. 5. Logarithmic dependencies of EPR line broadening 6(AB,,) for
localized PC in trans- (1) and cis- (2) PA samples (with respect to A By,
value defined at 9.8 GHz) and for delocalized PC in trans-PA (3) (with
respect to A B,,, value measured at 93.8 GHz) versus operating frequency
at room temperature.

sample in the full frequency range and changes according
to Eq. (11).

Considering that A BS'®® = 1/(y,T5%%) at 1, — 0 limit,
and T,(y, = »)/T,(y, = 0) = 3.3 (see Eq. (23b)) and by
using spin—spin relaxation time for the delocalized PC
Tdeloc = 0,1 ws at room temperature [134], it is easy to
calculate their zero field line width to be equal to 18 mT.
Such a value corresponds to the neutral soliton line width
(12-38 mT) proposed by Holczer et al. [128].

Cis—trans-isomerization leads to the increase of both
PC concentration in trans-PA samples and their spin-lattice
relaxation rate. For thick cissPA samples with a smaller
packing density, the isomerization takes a course more
easily and yields a greater amount of trans-PA with more
long and rigid m-conducting chains. This is confirmed by
the increase in activation energy of chain libration together
with the increase of energy transfer from spin system to
the lattice [134]. It is interesting to note that this isomeriza-
tion induces only a smal change in E, This can be
possibly explained by the fact that cis-trans-isomerization
corresponds not to the noticeable structural changes, but
only to the increase of mw-conjugation and spin-phonon
interaction.

The investigation of trans-PA samples, doped by iodine
vapor up to opc ~ 10 S/m shows [134] the spectra shape
and mobile to localized PC concentration ratio to be
nonvarying with doping in trans-PA. This fact confirms
the assumption proposed by Nechtschein et al. [126] on the
existence of both mobile and fixed solitons on a short
conducting chain, which become charged and diamagnetic
under doping. Thus, during cis-trans-isomerization in pris-
tine PA, the concentration of pinned solitons increases
remarkably and maobile PC appears. This process leads to
the increase in DC conductivity by the same orders of

magnitude, probably via motion of the delocalized PC. The
difference in Aw;; and v, values for the centers of both
type leads to a sharp narrowing in its low-frequency EPR
spectrum (e.g., by 4-5 times at », = 10 s™*) under the
isomerization. This differs from the opinion existing so far,
that such a transformation in spectrum line width is only
due to highly mobile neutral solitons [28,29,104,108].

The decrease of the rate of spin—spin exchange in high
fields was the cause for the manifestation of the effect of
fast passage in cis- and trans-PA samples (Fig. 6). For
these polymers, w,,, T, product becomes greater and smaller
than unity, respectively, and U(y,) vaue is therefore de-
fined mainly by u,, u; and u,, u; pairs of terms of Eq.
(28), respectively [81,134]. This enables one to calculate
independently T, and T, values for various PA samples of
different thicknesses by using Egs. (36a), (36b), (37a) and
(37b) [81,134].

The temperature dependencies of T, and T, values for
some cis-PA and trans-PA, isomerized from the initial
cis-PA sample, are presented in Table 2 in the genera
form T,, =AT“. One can see that spin-lattice relaxation
time of both PA isomers is a function decreasing monoton-
ically with temperature, thereby T, value demonstrates the
different temperature dependencies in these samples. Note,
that T, and T, presented in Table 2 for trans-PA samples
are effective values of localized and mobile PC. So then
one can estimate the relaxation parameters for both types
of PC in trans-PA from T,, T,, n values and n,/n, réatio
determined experimentally.

The spin-lattice relaxation rate may be written as T, =
An~ L oT# where A is a constant, « is equal to 3 and
— 0.5 for cis-PA and trans-PA, respectively, and B varies
from —1.5 to —3.5 as a function of sample thickness
[81,134]. This relation indicates mainly the two-phonon
Raman relaxation process in cis-PA and the more compli-
cated spin-lattice interaction in trans-PA. The dependency
mentioned above for the latter sample is probably due to
the mixture of 1D Raman modulation and 3D spin-lattice
interaction of the immobilized spins with total probability
[42] Wy o v, 2T? + 32T, and aso to the diffusive modula-
tion of spin-lattice interaction by 1D motion of delocalized
centers with the probability [46] Wy o v2/2,

It should be noted, that T, and T, vaues are the
important parameters of PA, characterizing its structural
and conductive properties. Thus, a haf-year storage of
as-prepared cis-PA under inert atmosphere results in the
sufficient increase in its T, (Fig. 7). The analogous change
in T, istypica for cis-PA irradiated by the electron beam
with 1 MGy dose. However, T, vaue for this sample
irradiated by the electron beam with 0.50-0.75 MGy dose
is practically constant during the same period (Fig. 7).
After alonger storage of theinitial and 1 MGy e-irradiated
samples, T, decreases to a some extent, that can be
attributed to a partial degradation and cis—trans-isomeriza-
tion of cis-PA. This effect shows the possibility of stabi-
lization and even the improvement of electrodynamic char-
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Fig. 6. In-phase (a,b) and 7/2-out-of-phase (c,d) components of the first derivative of dispersion signal of cis- (a,c) and trans- (b,d) PA registered at
2-mm waveband EPR at B, = 0.2 pT (1), B; > 0.2 pT (2), and B, = 20 pnT (3).

acteristics of cis-PA irradiated with the optimum dose Awg a NV%(n) dependency for the Gaussian part of
[81,134]. soliton line width [44], one can evauate the relative width

On moving, a mobile neutral soliton participates in HFI of an unpaired electron delocalization in trans-PA, pro-
with N protons of a polymer chain. Therefore, by using vided that p(n) =1 and p(n) = N~1. The analysis of line

Table 2
The relaxation times (T, , = AT, in s) of different cis- and trans-PA samples
The samples of different thicknesses were synthesized by different methods.

No. T, T, T, T,
A a A a A a A a
CisPA Trans-PA
1 0.04 -16 1.8x107° 12 2.7 -26 1.0x 1077 0.5
12 0.37 -20 7.7x10°° 1.0 - - - -
2 0.006 -14 15x 1077 0.5 0.1 -22 72%x10°8 0.3
22 0.77 -23 1.0x 107 0.5 - - - -
3 14 -23 9.5x 1078 0.5 20x 1078 -17 13x10°° -09
32 290 -33 1.7x10°8 0.8 - - - -
3P 52 —27 12x10°8 0.8 - - - -
3ab 6.5 -36 42x107° 1.0 - - - -
3¢ - - - - 62 -35 2.1 -30
4 0.65 -21 9.6x107° 0.9 41x%x1073 -15 29x10°8 -1.0
42 10 -26 28x%x107° 11 - - - -
5 27 -25 24x1077 0.3 40x%x 104 -12 9.1x10°8 -07
5d - - - - 83x 10~ -13 50x% 10°6 -06
6 3125 -35 34x10°8 0.7 17x10°* -11 1.0x 1078 -08
7 1587 -27 42x107° 1.0 11x 1072 -19 9.1x 1075 -12
8 833 —26 9.1x107° 0.9 28x10°*4 -10 22x10°° -07
8¢ 83 -27 36x10°° 11 - - - -

4The measurement was carried out at the presence of air.

PThe measurement was carried out after a half year storage in an inert atmosphere.
“The measurement was carried out after doping by J; vapor.

9The measurement was carried out after an annealing in an inert atmosphere.
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Fig. 7. Dependencies of spin-lattice relaxation time T, (T =120 K) on
e-irradiation dose for the initial cis-PA sample number 3 (see Table 2)
and that stored during 6 months (1) and 12 months (2).

shape of mobile solitons also yields the frequency and
activation energy of small-scale librations of polymer
chains [134].

It should be noted that a dight (up to 10 S/m) doping
of trans-PA sample by iodine vapor leads to a fourfold
reduction in total spin concentration and approximately a
tenfold decrease of spin-lattice relaxation time (see Table
2). A smaller change (by afactor of two) in the latter value
occurs in the presence of oxygen in PA matrix [81]. Taking
also into consideration T, ocn™® concentration depen-
dency, where « varies from 0.7 to 1.0 in 330-90 K
temperature range, one can postulate both J; and O,
molecules to be the traps for the delocalized PC, and that
the introduction of these molecules leads to the decrease of
the density of polymer chains packing in PA.

The temperature dependencies of T, and T, values for
the initial and stretch-oriented cis- and trans-PA samples
are shown in Fig. 8 as functions on the angle ¢ between
the external magnetic field and the stretching directions.
These data clearly show that T(T) and T,(T) dependen-
cies of chaotic cis- and trans-PA and of oriented cis-PA
samples have a weak sensitivity to angle . Indeed in the
case of oriented trans-PA, these values are functions
changing with . This can be explained by the motion
depinning for a part of neutral solitonsin trans-PA film.

The electron spin relaxation rates, T, * and T,?, are
defined mainly by dipole interaction, and to a certain
extent by HFIs between delocalized and fixed spins though
1D diffusion along molecular chains. Therefore, these
values can be expressed by Egs. (24a), (24b), (25a), (25b),
(26a) and (26b). The value of n isequa to n, + n,/y2 in
Eg. (21), where n, and n, are the spin concentration of
localized and mobile PCs per carbon, respectively. The
coefficient 1//n in n is used because two solitons diffuse
independently with respect to one another. In order to
compare these data with the soliton theory and with the
results already reported [51,125,135], 1D intrachain diffu-
sion of delocalized PC in trans-PA with v rate and its
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cutoff by 3D interchain Lorentzian hopping between chains
with v, frequency is assumed. Since the localized PC
predominate in trans-PA, the contribution of libration of
their chain segments to relaxation mechanism should be
also taken into account. The parameters of librations of the
chain segments remain almost unchanged at cis—trans-iso-
merization of PA [134]. In order to neglect these librations,
the corresponding relaxation rate of cis-PA must be there-
fore subtracted from that of trans-PA.

Fig. 9 displays the temperature dependencies of », (a)
and v, (b) rates for the chaotic (A= 0) and stretch-ori-
ented (A =0.07) trans-PA samples calculated from Egs.
(24a), (24b), (25a), (25b), (26a) and (26b) with P, = 4.3
X 10%® sin ¢, P, =4.8 X 10°" (1 — cos* #), P,=4.8X
105 (1+6 cos® ¢+ cos* ), Pgt=16x10%, P! =
27x10%, P}=11x10% m% and Q=234 mT,
«1,) —19)/(S,) — ) =0.078 [74]. Indeed, the figure
shows that both 1D diffusion and 3D hopping rates of the
soliton are sensitive to the orientation of the latter sample
in an external magnetic field due to 1D soliton motion. It
is seen from the figure that the phase of » () function for
an oriented sample is opposite to that of », (i) one. Since
c-axis orientation remains arbitrary in chaotic trans-PA,
these values are averaged over angle . Moreover, the
averaged v, value is well described by the equation
(v =v cos? i + v| sin? r, where v~ and | arethe
extremes of »(¢) function. Note that a similar function
describes an effective spin diffusion in low-dimensional
systems [136,137]. Thus, »;* > »| inequality displays
spin delocalization over a soliton. By taking into account
that the soliton is limited in its hopping by the interchain
lattice constant and that the value of the average square of
its diffusive hopping step along c-axis is (N?c?), the
soliton width is easily expressed as

1
g

N2 = (41)

i

Thus, the data obtained [133] confirm the redization of
1D diffusion motion of solitons in trans-PA with the rate
significantly exceeding v’ value defined above. Besides,
it derives from the analysis of the data, given in Table 1,
that relationship (10) holds for the line width in the whole
frequency range. This relationship characterizes the nar-
rowing of EPR line of a semiconductor, when 1D spin
diffusion motion arises, being the cause of the averaging of
g tensor components of mobile soliton.

However, the principle evidence for the realization of
1D motion of spinsin trans-PA is the sensitivity of », and
v, valuesto the orientation of a part of polymer chainsin
an external magnetic field (Fig. 9).

The analysis of the data presented in Fig. 9 gives
N(T) o« T! temperature dependence for the soliton width
and 2N = 14.8 cell units at room temperature. This value
isin a good agreement with that theoretically predicted by
Su et d. [25] and that derived from magnetic resonance
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experiments [126]. Extrapolation to the low temperature
range allows one to determine the temperature (T = 60 K),
where the soliton width starts to increase.

It is important to stress that at such temperatures, the
bend in the experimental » (T) function together with the
difference between the experimental and theoretical results
occur [122,126].

The spin dynamics anisotropy, »,/v , was determined
to be amost temperature-independent and equal to 30 for
chaotic (initial) and to 45 for stretch-oriented trans-PA
samples [133]. Note, that if the intra- and interchain spin
hopping rates may be written for the chaotic trans-PA
presented in Table 2 as v, = AT and v, =BT”, the
decrease of « values from —2 to —5 is accompanied by
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the increase of B vaue from 0.4 to 7 and by the decrease
of anisotropy from 10 to 10* at room temperature.

Thus, the experimental data evidence for soliton 1D-dif-
fusion in trans-PA with the rate, which exceeds signifi-
cantly minimum rate v‘? calculated above using Eq. (40).
This conclusion is also confirmed by the averaging of g

tensor components of mobile PC at fulfillment of condition
(40) and by the trans-PA EPR spectrd line narrowing
according to Eq. (10) at a wide frequency range. However,
the more evident evidence for the soliton 1D-diffusion is
the sensitivity of v, and v, valuesto the orientation of a
polymer in an external magnetic field.
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The modified well-known Burgers—K orteweg—de Vries
equation describing 1D-motion of solitary waves in nonlin-
ear medium is[131]

ou o ou 92u o%u
a—t‘f'(li”"f'sl.l)&—Ka—xz‘FBa—Xa:O (42)
where ¢, k, and B are, respectively, the parameters of the
medium nonlinearity, dissipation, and ‘‘reactive’’ disper-
sion. In a dissipative system with a small nonlinearity
(B =0), the formation of a mobile front (kink) with
u, — u, bounce is possible. The stationary solution of Eq.
(42) for such a quasi-particle is the following

Ae( X — VHt)

1
u(x,t)=§(u1+u2)—Atanh p

} (43)

where A=1/2u,—uy), v,=v+e(u +uy)/2 and
N = k/(2A¢e) are the amplitude, velocity, and width of
the kink, respectively. If the dissipation of the system is
neglected (« = 0), the other quasi-particles, solitons can be
stabilized in such a system, and for a soliton multitude, Eqg.
(42) has another integrated solution

u( x,t) = Asec hz[w} (44)

where v = v and As/3 and N?=3B/(As)=B/(v
vﬁ’). It is necessary to note that the dependencies analo-
gously to Egs. (43) and (44) were used for description of
nonlinear both lattice deformations and electronic states of
trans-PA [25].

The functional dependencies v\ (T) o T™" and N(T) o
T"/2 (n = 2) experimentally obtained [133] give N? o v} *
one for trans-PA. It means that if the condition », < »f
= 3.8 X 10" s7! holds, the soliton motion in the present
sample can be described by Eg. (42) with a stationary

solution Eq. (44) which is universal for nonlinear systems.
It is obvious, that different trans-PA samples can be
characterized by different sets of ¢, k, and 8 constants in
Eq. (42), such that the character of a quasi-particle motion
in these polymers can deviate from the above described
one.

According to the Einstein relation

2 2
Ne VLG

o 5(T) = Nefu = KT
B

(45)

AC conductivity of the doped trans-PA should be approxi-
mately near to 0.1-1 S/m at room temperature, even if al
solitons were participating in charge transfer, in spite of
increasing disorder and Coulombic pinning. This value is
the same order of magnitude smaller than that usualy
achieved for highly doped trans-PA. Moreover, the dight
doping of trans-PA causes a decrease of 1D spin diffusion
and the increase of 3D hopping rates [138]. Hence, high
conductivity of trans-PA cannot be achieved with soliton
on-chain motion only.

The spin dynamics in dightly doped trans-PA sample
should be described in terms of the Kivelson theory [61].
The temperature dependencies of AC (y, = 1.4 X 10" s~ 1)
conductivities, o, and o, calculated from Eq. (45) for
sightly doped 3 trans-PA (Table 2) are presented in Fig.
10. For the comparison, the theoretica function g,c(T)
caculated by using Eq. (30b) with 0,=28x 10" S's
K,/m, k; = 9.3 X 10%® sK*-2 and n = 13.2 and the method
described in Ref. [61] is presented in the figure by solid
line as well. In fact, the o,p(T) and o,,(T) dependencies
seem to be comparable for this sample; however, at vy,
less then theoretical one. This confirms the applicability of
the Kivelson theory for 1D charge transport in trans-PA.
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Hence, the charge transport process in pristine trans-PA
can be described in the following manner. In cis-PA, the
solitons trapped in short chains are the dominated spins.
The possibility of electron intersoliton hopping is very
small being defined only by librations of polymer chains,
hence opc ~ 107 S/m. The length of w-conducting
chains increases in PA during its cis—trans-isomerization,
and the mobility of about 5% solitons is depinned. This
spin mohility causes the drastic increasing in probability of
the tunneling electron hopping between the solitons in
trans-PA and thus in its conductivity up to opc ~ 1073
S/m. It should be stressed that because the solitons play
an auxiliary role, the described charge transport mecha
nism may be correct, however, only for pristine and dlightly
doped trans-PA. At higher doping levels, the electron
intersoliton hopping is unlikely to be the dominant charge
transport mechanism and the conductivity is determined
mainly by other parallel processes. Thus, charge transfer
mechanism and dynamic processes in PA strongly depend
on the structure, conformation, packing density, and the
length of conducting chains of this polymer.

4.2. Polythiophene

Polythiophene is another known conjugation polymer
having crystalline lattice with a= 0.950 and ¢ = 1.22 nm
unit constants [139].

Pristine PT demonstrates a single symmetric line with
g=2.0026 and AB,, = 0.8 mT at 3-cm waveband, show-
ing that the spins do not belong to a sulfur-containing
moiety and are localized on the polymer chains [28,29].
The low concentration of PC (n= 66 ppm or 6.6 X 10°
spin per monomer unit) is consistent with a relatively high
purity of material, containing few chain defects. EPR
signal of a dlightly doped poly(3-methyDthiophene was
found to be a superposition of Gaussian line with g, =
2.0035 and AB,, = 0.7 mT attributed to the presence of
localized PC and a Lorentzian one with g, = 2.0029 and
AB,, =015 mT due to delocalized PC [140]. In this
sample, the total concentration of PC amounts to about
3 X 10% spins/m?, that is, about one spin per 300 thio-
phene rings. After doping, only one symmetric Lorentzian
component of the former spectrum is observed. Thislineis
symmetric at y < 0.25 and demonstrates a Dyson-like line
at higher y [141]. This process is accompanied by a
sufficient decrease of electron both spin-lattice and spin—
spin relaxation times [140], which may indicate the growth
of system dimensionality upon doping process. The analy-
sis of y(y) dependency shows that polarons are formed
predominantly at low doping level and then start to com-
bine into bipolarons at higher y.

Powder-like PT samples synthesized electrochemically
from monothiophene and dithiophene and containing dif-
ferent counterions were studied at 2-mm waveband EPR
[95,142].

EPR spectra of PT, synthesized from monothiophene
with BF,", CIQ,, and J; anions demonstrate a symmetric
single line with g = g, and the width, slightly changing in
a wide temperature range at 3-cm waveband (Table 3).
However, the line width of PT(J), synthesized from
dithiophene, is broadened significantly with the tempera-
ture increase.

2-mm EPR spectra of PT demonstrate a greater variety
of line shape. Fig. 11 displays 2-mm EPR spectra of
powder-like PT samples containing different counterions
as a dopant. The figure shows that PC stabilized in
PT(BF, ) and PT(CIO;) samples demonstrate an axially
symmetric spectrum typical for PC localized on polymer
chains. The analogous situation seems to be realized also
for PT(J;), for which the broadening and overlapping of
canonic components of EPR spectrum can take place
because of a higher spin-orbit interaction of PC with
counterions.

Magnetic parameters, calculated from 2-mm EPR spec-
tra together with an electroconductivity of the abovemen-
tioned samples measured at both direct and alternating
currents, opc and o,c, and the energies of electron
excitation on nearest level, AE, _- are aso presented in
Table 3. It derives from the analysis of the data, that the
energy of an excited configuration AE, .o Ag™t, in-
creases more than four times within with J; — BF, —
CIO, series. Such a transition also leads to the growth of
film conductivity and a sufficient PC concentration change.
This may be the evidence for the realization of charge
transfer in PT both by polarons and bipolarons, whose
concentration ratio depends on the origin of anion, intro-
duced into a polymer. The width of EPR spectral compo-
nents of PT is more susceptible to the registration fre-
guency change than in the case of PA and some other
conducting polymers, indicating a more strong spin—spin
exchange in PT.

With the temperature decrease, a Dyson-like line is
displayed in the region of a perpendicular component of

Table 3

The concentration of PCs N (in 10 spin/cm?®), electric conductivity
opc (in 10° S/m), linewidth AB,, (in mT), g tensor components, g,
and g, , and the energy of electron excitation state AE,, _« (in eV) of PT
samples at T =300 K

The linewidths measured at T = 77 K are presented within parentheses.

Parameter  PT (%) PT(BF, ) PT(ClO;) PT(CIO; )?
N 2 8 5 10

Tbe 05 12 16 1

ABp, 0.75(0.80) 0.23(0.34) 0.46(052)  0.70(0.25)
ABS, 6.52 152 2.63 0.51

g, 2.00679¢ 2.00412 2.00230 2.00232¢
g, 2.00232¢ 2.00266 2.00239 2.00364¢
AE, « 16 40 7.1 45

asynthesized from dithiophene.
®Measured at 3-cm waveband.
“Measured at 2-mm waveband.
9The values are calculated from the equation {g) =1,/3(g L +24g).
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g"l 1 E,

10 mT

Fig. 11. 2-mm EPR absorption spectra of PT electrochemically synthe-
sized from thiophene and doped by J; (&), BF, (b) and CIO, (c) anions
registered at T = 300 (solid line) and 200 K (dashed line). The compo-
nents of g tensor are shown.

PT(BF, ) EPR spectrum without a noticeable change of
signal intensity (Fig. 11b). The further temperature de-
crease results in the increase of the factor of line asymme-
try A/B without reaching the extreme in 100-300 K
temperature range, thus being the evidence for the growth
of AC conductivity as for the other semiconductors of
lower dimensionality. Therefore, AC microconductivity of
a sample can be determined knowing the characteristic size
of sample particles and using A/B(8) dependency, pre-
sented in Ref. [89]. Then applying relationship (41), one
can determine the mobility w, and the rate of 1D diffusion
v, of charge cariers in PT. o,c, w, and v, values
calculated for PT(BF, ) amount to 3.6 X 10> S/m, 1.1 X
10°° m? V71 s71 and 3.2 x 102 s71, respectively, at
room temperature [95].

3-cm EPR spectrum of PT(CIO; ), synthesized from
dithiophene, appears as a single symmetric line, whose
width decreases smoothly monotonically from 0.7 down to
0.25 mT with the temperature decrease from 300 down to
77 K [142]. At 2-mm waveband EPR, this sample also
demonstrates a single EPR line in a wide temperature
range, thus indicating the domination of delocalized PC in
this polymer. With the temperature rise, a paramagnetic
susceptibility of a sample decreases sufficiently down to
T. = 200 K and then sharply rises with the further tempera-
ture growth (Fig. 12). This is accompanied by the change
of line width AB,,, the functions AB,(T) and x(T)
being in out-of-phase (Fig. 12). This effect can be ex-
plained by polaron pairs annihilation into bipolarons at
temperature rise from 100 K up to T, with the following
bipolarons break-up to polarons at the further temperature
growth probably because of the intensification of polymer
chain librations. Assuming a linear dependency for both
bipolaron breakup rate and the frequency of polymer chain
librations, one can evaluate the activation energy of the
latter process to be equal to E,=0.16 eV a T> T, by

using x(T) dependency. Such a complex character of
polaron—bipolaron transformation seems to explain the
abovementioned unusual broadening of 3-cm EPR spec-
trum of this sample with the temperature increase.

Asin the case of PT(BF,; ), 2-mm EPR spectrum of this
sample demonstrates Dyson-like line at low temperatures,
being also the reflection of the change of its electroconduc-
tivity. Using the procedure mentioned above in the sugges-
tion that the total concentration of charge carriers of both
types is constant, one can establish the temperature depen-
dency of 1D diffusion rate of charge carriers in this
sample. It is obvious (Fig. 12) that v, =3x 10® s™* at
room temperature and is close on the order of value to that
determined earlier for polarons in doped PANI, in which
interchain charge transfer dominates. A weak temperature
dependency of v, determined for PT(CIO,) is aso the
evidence for the domination of interchain charge transfer
and the growth of dimensionality in this polymer.

4.3. Poly(p-phenylene)

A number of unpaired electrons observed in PPP,
strongly depends on the technique used for the polymeriza-
tion and is varied within 102-10% spins/m? [28]. As in
the case of trans-PA, the room temperature line width of
PPP increases at doping with the increase of atomic num-
ber of an akali metal dopant, a strong interaction between
molecule of a dopant and an unpaired electron. The con-
duction process occurs predominantly via polarons at low
doping level and bipolarons at metallic state, similar to
that, observed in other highly conducting polymers
[143,144]. The lattice constants are a= 0.779, b = 0.562,
and ¢ = 0.426 for monoclinic unit [145], and a= 0.781,
b=0.553, and c¢c=0.420 for orthorhombic unit [146] of
PPP.

Some samples of PPP films obtained by el ectrochemical
oxidation of benzene in BuPyCI-AICl; melt were studied

42
44 o 1.0

Fay
ao | o

v

32

28

24

>

o
ar

L

(1013 Sl)
g
a
 farbu)

Jo4

-0z

1
1an

I
150

.
200 250
Temperature (K)

.
300

350

400

.
B! (mTh

o

Fig. 12. The plot of intrachain diffusion rate v, of charge carriers (1),
relative paramagnetic susceptibility x (2), and inverted linewidth A B,
(3) versus temperature for PT electrochemically synthesized from dithio-
phene and doped by CIO, counterion.



198 V1. Krinichnyi / Synthetic Metals 108 (2000) 173-222

a 3-cm and 2-mm wavebands. a freshly prepared and
evacuated PPP(CI3) film (PPP-1); the same film after a
4-day storage (PPP-2); that exposed for a few seconds to
ar oxygen (PPP-3); after Cl, dopant remova from the
PPP-1 sample (PPP-4); and after BF, redoping of the
PPP-1 film (PPP-5) [96,147].

At 3-cm waveband, PPP-1-PPP-3 samples demonstrate
an asymmetric single spectrum with g=2.0029 and a
well-pronounced Dyson-like shape (Fig. 13a). The line
asymmetry factor A/B (aratio of amplitude of the posi-
tive peak to that of the negative one) is changed depending
on the sample conductivity. As dopant Cl; is removed,
that is, at the transition from PPP-1 film to PPP-4 one, the
above spectrum transforms to a two-component one with
g, = 20034 and g, = 2.0020 (Fig. 13b). Such a transition
is accompanied by a line broadening and by a drastic
decrease in the concentration of spins and charge carriers
(Table 4). It is worth noting that in earlier studies of PPP,
none of the axially symmetric EPR spectra for mr-conduct-
ing polymers [28], was registered at 3-cm waveband. With
PPP doped by BF, anions (PPP-5), the spectrum shape
retains, however, a sight decrease in the concentration of
PC, and a change in the sign of its dependency on tempera
ture are observed (Table 4). Using the dispersion g, —g,
= 1.4 X 103, the minimum excitation energy of unpaired
electron AE, - is calculated from Eqg. (3) to be equa to
5.2 eV. This energy is close to the first ionization potential
of polycyclic aromatic hydrocarbons [132]. Consequently,
PC can be localized in PPP-4 and PPP-5 samples near
cross-linkages which appear as polycyclic hydrocarbons as
it was predicted earlier [148].

At 2-mm waveband, the bell-like component u,
cos(w,,t — 7r) attributed to the manifestation of the fast
passage of inhomogeneously broadened line is registered
in EPR spectrum of the two latter films (Fig. 13c). Thus,
T,=10"* sis correct for dedoped and redoped samples.

Fig. 13. Typical 3-cm EPR in-phase modulation absorption spectrum of
PPP-1-PPP-3 (a) and PPP-4, PPP-5 (b) samples; (c) typical 2-mm EPR
in-phase modulation dispersion spectrum of PPP-4 and PPP-5 films (see
the text) registered at room temperature. In the latter spectrum, a narrow
line of the lateral standard, single crystal (DBTTF);PtBrg with g =
2.00411 is shown.

Table 4

The concentration of PCs N (in 10% spin/cm®), electric conductivity at
constant o and aternating (v, = 140 GHz) o, current (respectively,
in S/m and 10° S/m), the line asymmetry parameter (A /B), linewidth
AB,, (inmT), and spin-lattice relaxation time T, (in ws) of PPP samples
a T=300K

Parameter  PPP-1 PPP-2 PPP-3  PPP-4 PPP-5
N 120 320 210 4.1 0.62
Ope 10°-10* - - 10°° 1.0
Oac 3 4 14 - -
A/B 23 25 14 - -
AB,, 0.09 012 022 0.372 0.472
T 0.4 05 02 =100 ~100

#The width of high-field spectral component.

From the analysis of aline shape of spectraregistered at
3-cm and 2-mm wavebands, the rate of spin-packets ex-
change in neutra and redoped films, », =4Xx 10" s !
was estimated [147]. This value increases up to 1.8 X 108
s ! for doped film due to the PC concentration and
mobility increase. Isotropic g-factor, (g)=1/3(g,+
2g,) of aneutral sampleisequal to g-factor of Cl3-doped
one. This fact shows that g tensor components of PC are
averaged due to their 1D spin diffusion with the rate (see
Eq. (40) v >6.8x 10° s™* in doped PPP(Cl;) sample.
Indeed, the rate of 1D spin diffusion calculated by using
Eqg. (11) yields » =9x 10 s™* at room temperature.
The temperature dependency of electroconductivity for
PPP-1 film is determined at alternating current from
A/B(T) oneto be g, o T~1/3. Such a dependency seems
to indicate the existence of some conductivity mechanisms
in doped PPP sample, namely VRH [72] and isoenergetic
tunneling of charge carriers. A sharp decrease of PC
concentration, the rates of spin exchange and relaxation
processes at sample dedoping (at transition from PPP-1 to
PPP-4), is the evidence for the annihilation of most po-
larons, whose 1D diffusion causes electron relaxation of
the whole spin system.

Thus, EPR data allow the conclusion that in highly
doped PPP-1, the charge is transferred by maobile polarons,
whereas in PPP-5, the charge transfer is realized preferably
by spinless bipolarons.

At electrochemical substitution of Cl; anion for BF,”
one, the location of the latter may differ from that of the
dopant in the initial PPP sample; the morphology of
BF, -redoped PPP may be close to that of a neutral film
(PPP-4).

As it was established by Goldenberg et al. [96,147], the
PPP film synthesized in the BuPyCI—AICl; melt is charac-
terized by less number of benzoid monomers and by more
number of quinoid units. It leads to a more ordered
structure and planar conformation of the polymer that in
turn prevents the collapse of the spin charge carriers to
bipolaron in highly doped polymer. The anions are re-
moved at dedoping, so then the packing density of the
polymer chains grows. It can prevent an intrafibrillous



V1. Krinichnyi / Synthetic Metals 108 (2000) 173-222 199

introduction of BF,  anions and lead to the localization of
dopant molecules in the intrafibrillous free volume of the
polymer matrix. The change of charge transfer mechanism
at PPP redoping process is probably a result of such a
conformational transition.

4.4. Polypyrrole

The crystal lattice is characterized by a= 0.820, b=
0.735, and ¢ = 0.682 nm unit constants [149].

Neutral PP also exhibits a complex 3-cm EPR spectrum
with a superposition of a narrow (0.04 mT) and a wide
(0.28 mT) lines with g = 2.0026 [28], typical for radicals
in polyene and aromatic m-systems. The intensities of both
lines correspond to one spin per a few hundred monomer
units. These features, together with the temperature depen-
dencies of the line width and intensity (the narrow line is
thermally activated, while the broad one has a Curie
behavior), were interpreted in terms of coexistence of two
types of PC with different relaxation parameters in neutral
PP. Doped PP sample exhibits only a strong and narrow
(~ 0.03 mT) 3-cm EPR spectrum with g = 2.0028, which
follows Curie law from 300 to 30 K [28]. Most of the
preceding results imply that EPR signal does not arise
from the same species, which carries the charges, because
of the absence of correlations of the susceptibility with
concentration of charge carriers and the line width with the
carrier mobility. This was interpreted in favor of the
spinless bipolaron formation upon PP doping. Thus, EPR
signal of doped PP are attributed mainly to neutral radicals
and therefore tell little about the intrinsic conducting pro-
Cesses.

The method of spin probe [150] based on the introduc-
tion of stable nitroxide radical (NR) into the system under
investigation seems to be more effective for these pur-
poses. Only a few papers reported the study of conducting
polymers by using spin label and probe at 3-cm waveband
[151,152]. However, a low spectral resolution at this band
did not alow the registration of al components of g and A
tensors and therefore the separate determination of the
magnetic susceptibility of both NR and PC localized on
the polymer chain, and the measurement of the dipole—di-
pole interaction between different PCs. Popypirrole modi-
fied during electrochemical synthesis by nitroxide doping
anion, as alabel covalently joined to the pyrrole cycle, was
studied by Winter et al. [151]. However, in spite of alarge
number of NRs introduced into PP, its 3-cm waveband
EPR spectrum did not contain NR lines.

The method of spin probe was found to be more
effective at investigation of doped PP at 2-mm waveband
EPR [153].

3-cm and 2-mm absorption EPR spectra of 4-carboxy-
2,2,6,6-tetramethyl-1-piperidyloxyl NR, introduced as a
probe and a counterion into PP and as a probe into a
frozen nonpolar model system are shown in Fig. 14. One
can see that in spin modified PP 3-cm EPR spectrum, the

Fig. 14. 3-cm (@ and 2-mm (b) waveband EPR absorption spectra of
4-carboxy-2,2,6,6-tetramethyl-1-oxypiperidiloxyl nitroxide radical intro-
duced into frozen (120 K) toluene (dotted line) and conductive PP (solid
line) as a spin probe. The anisotropic spectrum of localized PCs marked
by the symbol R and taken at a smaller amplification is also shown in the
lower figure. The measured magnetic parameters of the probe and radical
R are shown.

lines of NR with rotating correlation time 7,> 107" s
overlap with the single line of PC (R) stabilized in PP
(Fig. 14a@). Such an overlapping stipulated by a low spec-
tral resolution, hinders the separate determination of MRPs
of the probe and radical R in PP together with the
dipole—dipole broadening of its spectral components.

Indeed, the spectra of both model and modified polymer
systems are expected to be more informative at 2-mm
waveband EPR (Fig. 14b). At this band, al canonic com-
ponents of EPR spectra of the probe are completely re-
solved in PP and toluene, and consequently all the values
of g and A tensors can be measured directly. Nevertheless,
the asymmetric spectrum of radicals R with magnetic
parameters g”R =2.00380, gf >=200235 and AB,, =
0.57 mT is registered in z-component region of the probe
spectrum in PP. In nonpolar toluene, the probe is charac-
terized by the following MRP: g,, =2.00987, g,, =
2.00637, g,,=200233; A,,=A,, =06 mT and A,,=
331 mT. The difference Ag=gf—-gf=145x10"°
corresponds to an excited electron configuration in R with
AE, »=05.1 eV lying near an energy of electron excita-
tion in neutral PPP. In conducting PP, g,, vaue of the
probe decreases down to 2.00906 and the broadening of its
x- and y-components, 8(AB,,) is 4 mT (Fig. 14b). In
addition, the shape of the probe spectrum shows the local-
ization of PC R on the polymer pocket of 1 nm size, that
is, change is transferred by spinless bipolarons in PP, as it
was proposed in the case of PPP(BF,) and PT(BF,).

The fragments with a considerable dipole moment are a
priori absent in neutral PP. Besides, the dipole—dipole
interactions between the radicals can be neglected due to
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low concentration of the probe and PC localized on the
chain. Therefore, the above change in the probe MRP
taking place at transition from model nonpolar system to
the conducting polymer matrix may be caused by Coulom-
bic interaction of the probe active fragment with the
spinless charge carriers, bipolarons. The effective electric
dipole moment of bipolarons nearest to the probe was
determined from the shift of g,, component to be equa to
wn, = 2.3 D. The shift of g tensor component g,, of the
probe may be calculated within the frames of the electro-
static interaction of the probe and bipolaron dipoles by
using the following approach.

The potential of electric field induced by bipolaron in
the place of the probe localization is determined as [154]

kgT(xcoth x—1)
My

(46)

where x=2u, p (meekgTr3) ™1, wu, is the dipole mo-
ment of the probe, £ and ¢, are the dielectric constants
for PP and vacuum, respectively, and r is the distance
between an active fragment of the radical and bipolaron.
By using the dependence of the growth of an isotropic
hyperfine constant of the probe under microenvironment
electrostatic field, Aa=7.3eryo | ~* (here ry, is the dis-
tance between N and O atoms of the probe active frag-
ment, | is the resonant overlapping integral of C=C bond)
and the relaion dg,,/dA,,=23Xx10"® for six-
membered NR [155], one can write Ag,, = 6 X
10 3er o kg T(x coth x — 1) /(1w,). By using u,= 27D
[156], u, =2.3 D and ryo=0.13 nm [39], the value of
r =0.92 nm is obtained.

The spin—spin relaxation rate which stipulates the radi-
cal spectral linewidth can bewrittenas T, * = T, 5, + Ty,
where T, g, isthe relaxation rate of the radical noninteract-
ing with the environment and T, = %, 8(AB, ) is the
growth in the relaxation rate due to dipole—dipole interac-
tions. The characteristic time 7, of such an interaction can
be calculated from the broadening of the spectral lines
using Eq. (23b) with J(w,) = 27./(1 + w?r?). The in-
equality w,r, > 1 is valid for most condensed systems of
high viscosity, so then averaging over angles, Y Y.(1-3 cos®
9)?r;%r;3=6.8r"° [44] and using r =0.92 nm calcu-
lated above and ,8(AB,,,) = 7 X 10° s *, one can deter-
mine T,5, = 3(w?)7, or 7,=81x10"'" s Taking into
account, that the average time between the trandating
jumps of charge carriers is defined by the diffusion coeffi-
cient D and by the average jump distance equal to a
product of lattice constant ¢, on half-width of charge
carrier N,/2, 7.= 1.5(c¢’N/»D"*, and by using then D
=5x10"" m?/s typical for conducting polymers, one
can determine (¢, N,» = 3 nm equal approximately to four
pyrrole rings. This value lies near to a width of the polaron
in both PP and PANI, but, however, is smaller consider-
able then N, obtained for polydithiophene [157].

Thus, the shape of the probe spectrum displays a very
slow motion of the probe due, probably, to a enough high
pack density of polymer chains in PP. The interaction
between spinless charge carriers with an active fragment of
the probe results in the redistribution of the spin density
between N and O nuclei in the probe and therefore in the
change of its MRP. This makes it possible to determine the
distance between the radical and the chain along which the
charge is transferred together with a typical bipolaron
length in doped conducting polymers.

4.5. Poly(tetrathiofulvalene)

3-cm EPR spectra of powder-like PTTF samples in
which TTF units are linked via phenyl (PTTF-1,2) or
tetrahydroanthracene (PTTF-3) bridges (Fig. 2) are a su-
perposition of a strongly asymmetric spectrum of immobi-
lized PC with g,, = 20147, g,, = 2.0067, g,,=2.0028
and a symmetric spectrum caused by mobile polarons with
g=2.0071 [86,87]. A relatively high value of g tensor
evidences for the interaction of an unpaired electron with
sulfur atom having large spin-orbit coupling constant. The
temperature dependency of T, of an undoped PTTF-2
sample was determined by Roth et a. [86,87] to be T, o
T % where a=2 a 100<T<150 K and a=1 in
150 < T < 300 K range. The addition of a dopant causes
the change of a line shape of PTTF-2 referring to the
appearance of a greater number of mobile PC. Such a
change in the magnetic and relaxation parameters was
attributed to the conversion of the bipolarons into the
paramagnetic polarons induced by the doping process
or /and temperature increase. In neutral and dlightly doped
polymers, the charge is transferred by small polarons [62].
However, it was found impossible to carry out the detailed
investigation of doped PTTF samples, having low concen-
tration of the immobilized PC and to analyze the contribu-
tions of PC of both types to electrodynamic and relaxation
parameters at 3-cm waveband EPR.

The nature, composition, and dynamics of PC in initia
and iodine-doped PTTF samples were studied at 2-mm
waveband EPR more completely [88,158—160].

Typical 2-mm waveband EPR absorption spectra of
the samples are shown in Fig. 15. They alow one to
determine more correctly al canonic components of the
anisotropic g tensor and to separate the lines attributed to
different PCs. Computer simulation shows that the sig-
nals are a superposition of a strongly asymmetric spectrum
with temperature-independent magnetic parameters. The
anisotropic EPR spectrum of PTTF-1 consists of two lines
of PC, namely R, with g,,=2.01189, g,, = 2.00544,
0,,= 2.00185, and more mobile R, one with g,, =
2.00928, g,, = 2.00632, g,,=2.00210. The spectrum of
PTTF-2 is characterized by the magnetic parameters g,
= 201424, g,, = 200651, g,,=2.00235, whereas PCs
with nearly symmetric spectrum are registered at g° =
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Fig. 15. Typica 2-mm EPR in-phase absorption spectra (a,c) and in-phase
(b) and 7 /2-out-of phase (d) components of dispersion signal of the
initial (@) and doped (b—d) PTTFs registered at room temperature. The
dispersion spectra of the polymers registered at T <150 K (2) and
B, =20 wT are shown.

2.00706. The canonic components of g tensor of PC
localized in PTTF-3 are g,, = 2.01292, g,, = 2.00620,
g,, = 2.00251, whereas PCs with weakly asymmetric spec-
trum are characterized by the following parameters g =
2.00961 and g" = 2.00585. PCs of different types are
present in the sample with the concentration ratio of 20:1
in neutral PTTF-1, 1:1.8 in PTTF-2, and 3:1 in neutra
PTTF-3.

As gP vaueis close to the average g-factor of immo-
bile PC, PC of two types with approximately equal mag-
netic parameters exist in PTTF, namely polarons moving
along the polymer long axis with the rate (see Eq. (40)) of
v >5x10° s™* and polarons pinned on traps or /and on
short polymer chains. The comparatively large ions of
iodine soften the polymer matrix at doping, so the mobility
of its polymer chains increases. It is just a reason for the
growth of a number of delocaized polarons (Fig. 15). The
components of g tensor of part of PC are averaged com-
pletely due to its mobility in PTTF-2, whereas such an
averaging takes place only partially in the case of PTTF-3.
This fact can be explained by a different structure and
conformation of the polymers' chains.

The line width AB[™™ of EPR spectral components of
immobile polarons in, for example, PTTF-2 is weakly
temperature-dependent; however, increases from 0.28 to
0.38 mT and then to 3.9 mT, while the operation mi-
crowave frequency v, increases from 9.5 to 37 and then to
140 GHz, respectively. At the same time, the line width
A B[?;Od of mobile polarons increases from 1.0 to 1.12 and
then to 17.5 mT, respectively, at such a transition. The
fact, that the mobile PCs have a broader line than the
pinned ones, can be explained by their stronger interaction
with a dopant. This is typical for conducting polymers
[38,95]; however, it disagrees with the data obtained for
PTTF-2 at 3-cm waveband EPR [86,87].

The decrease of the spectrum line width of the mobile
polarons in PTTF samples with the temperature decrease

indicates the mobility of polarons to become more inten-
sive. Such a change in AB{,‘;"“ is analogous to the line
narrowing of spin charge carriers in classic metals.

Since the line widths of PC increases according to Eq.
(10) with the increase of v, in 37 < v, < 140 GHz range,
this evidences for a weak interaction between spin-packets
in this polymer. Thisis areason for the saturation of PC in
PTTF at comparatively small B, values at 2-mm wave-
band EPR and therefore for the manifestation of the effects
of fast passage in both in-phase and /2-out-of-phase
components of its dispersion signa (Fig. 15). o, T, <1
inequality is realized for doped PTTF samples, so that the
first derivative of its dispersion signal is determined mainly
by u, and u; terms of Eg. (28). On the other hand,
o, T, > 1 condition is actual for the undoped PTTF-3
sample; therefore, its dispersion signa is determined by u,
and u, terms of the above equation.

The simulation of the dispersion spectra showed them
to be a superposition of a predominant asymmetric spec-
trum with g,, =201189, g,, =2.00564, g,,=2.00185
(undoped PTTF-1); g,, = 2.01356, g,, = 200603, g,, =
2.00215 (PTTF-2); g,, = 2.01188, g,, =2.00571, g,,=
2.00231 (undoped PTTF-3) of immobile polarons and a
spectrum, attributed to mobile polarons (Fig. 15). The
components u, u’, and u? of the dispersion signa U
corresponding to the parts of a strong asymmetric spec-
trum are caused by the g-factor anisotropy.

The effective relaxation times of PC in PTTF samples
determined from their 2-mm EPR spectra using Egs. (36a),
(36b), (37a) and (37b) are summarized in Table 5. T,
value was shown to change with temperature like T~ ¢,
where « > 3 for pinned and mobile polarons. The expo-
nent « determined from 2-mm waveband EPR is larger
than that measured for immobile radicals by using 3-cm
spin echo technique [86]. A small difference between T,™°
and T/™ can be caused, for example, by a strong interac-
tion between different PCs.

Table 5

The relaxation times (T, , = AT, in s) of PCsin PTTFs as a function of
the doping level y and temperature

T, values of PTTF-1 samples are presented for 100 < T <180 K temper-
ature range.

Sample vy T, T,
A a A a
PTTF-1  0.00 8.9%x 10 -66 16x10°*% 2.8
0.02 8.8 10° —47 25x107° 13
0.04 205 -33 21x10°8 0.8
0.08 49 —-27 73x1078 0.7
PTTF2 012 24 —-25  69x1074 -13
PTTF-3  0.00 17.8 —27 84x107% 0.6
0.10* 36x10°® —-03 91x10°® 0.2
010°> 11x10"%® —-14 91x10°% 0.2

#Measured at 100 < T < 160 K temperature range.
PMeasured at 160 < T < 300 K temperature range.
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Fig. 16. The Arrhenius dependencies of correlation time 7.* of x-aniso-
tropic libration of polymer chainsin PTTF-1 with y = 0.00 (1), 0.02 (2),
0.05 (3), and 0.08 (4) evaluated from their ST-EPR spectra.

Let us consider the possibility of application of 2-mm
waveband EPR spectroscopy for an investigation of molec-
ular mobility in PTTF and other conducting polymers, in
which PCs have a significant anisotropy of magnetic pa-
rameters. The macromolecular maotion in PTTF, similarly
to ordinary ones, is a priori strongly anisotropic with the
correlation time 7, > 10" s~ * [138]. A widely used, ‘‘lin-
ear’’ EPR method in which the in-phase absorption signal
is registered is not sensitive to such molecular processes.
Therefore, ST-EPR method [35] based on the abovemen-
tioned saturation effect can be used.

The ST-EPR method is based on the introduction of
nitroxide label or probe into the system under investigation
and on the registration of this radical spectrum in a condi-
tion of fast passage of a saturated signal. Earlier, it was
shown [38] that the components ratio of /2-out-of-phase

term of the dispersion signal U, K., = uj/uj isthe more
sensitive parameter to the anisotropic molecular dynamics.
The sensitivity of the method depends also on an anisotro-
py of magnetic parameters of PC and on an operation
frequency (see Eqg. (29)). Taking into account that PC,
localized on a polymer chain, are themselves paramagnetic
labels and are characterized by a considerable magnetic
parameters anisotropy, one could hope that this method
would be efficient in the investigation of conducting com-
pounds at 2-mm waveband EPR.

Asit is seen from Fig. 15, the heating of PTTF leads to
the growth of its K,,, =u3/uj parameter. It can be a
result of an anisotropic librational reorientations of the
pinned polarons near main x-axis of the polymer chains.
The Arrhenius dependencies of correlation times of such
molecular motions in PTTF-1 samples calculated from Eq.
(38) by using the method described in Ref. [38] are shown
in Fig. 16. The maximum value of 7, is approximately
107* sat T= 75K when K., = 0.07. This value follows
7.,=9.8X 10" ° exp(0.02 eV /k,T) law for PTTF-2, 7, =
5.2 % 107® exp(0.02 eV /kgT) for undoped PTTF-3, and
7.=24x10"° exp(0.04 eV /kgT) for doped PTTF-3
samples. The activation energy of librational motion is
comparable with that of interchain charge transfer in doped
PTTF samples [86,87], which indicates the interaction of
pinned and mobile polarons in this polymer matrix.

In order to compare experimental results with the po-
laron theory, 1D diffusion motion of mobile PC in PTTF
with the rate of v, and their 3D hopping between the
chains with the frequency of v, was assumed.

The temperature dependencies of » and v, calculated
for PC in PTTF samples by using Egs. (23a) and (23b) and
the data presented in Table 5 are shown in Figs. 17-19.
Assuming that the spin delocalization over the polaron in
PTTF occupies approximately five monomer units [157],
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Fig. 17. Temperature dependencies of spin intrachain diffusion v, and interchain hopping v rates determined for PTTF-1 with y = 0.02 (1), 0.05 (2),

and 0.08 (3) from Egs. (23a) and (23b) and the data presented in Table 5.
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Fig. 18. Temperature dependencies of spin intrachain diffusion v, and interchain hopping vy, rates determined for PTTF-2 sample doped up to y = 0.12
from Egs. (23a) and (23b) and the data presented in Table 5, and AC conductivity g, calculated from Eg. (30b) (solid line) and Eq. (33b) (dotted line),

respectively.

the maximum value of », does not exceed 1 x 10" s™*
for PTTF-1, 2x 10 s7! for PTTF-2, and 2 x 10%? s7!
for undoped PTTF-3 samples at room temperature. This
value is at least two orders of magnitude lower than that
determined earlier by low-frequency magnetic resonance
methods for polarons in polypyrrole [161] and polyaniline
[157] but higher then » above calculated. The anisotropy
of spin dynamicsin PTTF is v /v, > 10 a room temper-
ature.

It is obvious, that the spin dynamic plays a sufficient
role in the charge transfer process. Assuming the equal

diffusion coefficients for both spin and charge carriers and
n, = 6.9 X 107>, the components of PTTF-2 conductivity
were calculated by using Eq. (45) to be o,y = 0.1 and
oy =~4%x107% S/m a room temperature. The former
value is at least two orders of magnitude larger than
opc =107 S/m for PTTF-2 [86]. In fact, the electrical
conductivity, which is a macroscopic value, is limited by
hopping processes between segments, while the micro-
scopic conductivity which is probed by EPR method is
higher because v > > v, . Taking into account the differ-
ence in temperature behavior of o, and oy, for PTTF-2
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Fig. 19. Temperature dependencies of spin intrachain diffusion v, and interchain hopping v, rates determined for undoped (1) and doped upto y = 0.1
(2) PTTF-3 samples from Egs. (23a) and (23b) and temperature dependencies of AC conductivity o, caculated for these samples from Eq. (30b) (solid

line) and Egs. (33b) and (34b) (dotted line).



204 V1. Krinichnyi / Synthetic Metals 108 (2000) 173-222

and that the charges are transferred by polarons of small
radius in PTTF [62], one can suggest the isoenergetic
mechanism of charge transport in PTTF.

The »(T) dependency for PTTF-2 was shown (Fig. 18)
to be good correlated with o, (T) = 24T (25.6-4.3 In
T)* one, calculated by using Eqg. (30b) in terms of the
Kivelson's isoenergetic interchain electron hopping for-
malism [107]. According to Eq. (30a), isoenergetic charge
transport should lead to a temperature dependence o (T)
a T12°; however, o4, (T) experimentally obtained follows
Eq. (33b) [86]. Therefore, the most acceptable spin dy-
namic process can be suggested within the thermally acti-
vated polaron hopping in conduction band tails.

Indeed, the temperature dependence of o, of PTTF-2
is good approximated by function (33b) a o,= 8.3 X
100 Ssmt K™t p=14x10" st y=08 and
E,=0.04 eV (Fig. 18). The activation energy obtained
corresponds to that of interchain charge transfer at low
temperatures, E, = 0.03 eV [86,87]. Besides, this value is
approximately egual to the above determined activation
energy for PTTF chains libration, E,= 0.02 eV. These
facts lead to the conclusion that the conductivity of PTTF
is determined mainly by interchain phonon-assisted hop-
ping of polarons.

The probability of charge transfer depends upon the
strength of the interaction of a lattice with an electron,
which interchain transfer is accompanied with the absorp-
tion of minimum number m of lattice phonons. Fig. 18
demonstrates, that interchain hopping rate increases in
PTTF-2 with temperature and can be approximated by the
power law v, o T*’. On the other hand, the spin-lattice
relaxation rate of PC in the polymer has T%° dependency
(Table 5) and reflects a multiphonon process. Thus, by
using the averaged {m) = 3.6 and E; = mhy,, relation,
the frequency v, = 2.5 X 10** s™* for phonons in PTTF-2
can be determined. Thus, the polymer conductivity is
initiated by the librations of a polymer chain and is defined
by the multiphonon processes due to the strong electron—
lattice coupling.

Figs. 17-19 show, that v, value increases a room
temperature by at least one to two orders of magnitude at
transition from PTTF-1,2 to PTTF-3 samples due probably
to more planar chains conformation of monomer units of
PTTF-3 sample. Indeed, the variation of g,, value is
Ag,,=132x 1072 at such a transition. Assuming, that
the overlapping integra of macromolecule depends on
dihedral angle 6 (i.e, the angle between p-orbits of
neighboring C-atoms) as | o cos 6, and that spin density
on sulfur atom p, depends as p,a sin 6 [132], one can
calculate from Eq. (3) the difference A9 at such a transi-
tion to be Af=22°. Note, that analogous change in 6
takes place at transition from benzoid to quinoid form of
PPP [162] and at transition from emeraldine base to salt
form of PANI [163].

Assuming, that somewhat number of bipolarons with 2e
charge exists in PTTF, one can describe the conductive

properties of PTTF-3 in the frames of the phenomenologi-
cal approach of isoenergetic phonon-assisted charge hop-
ping between soliton states proposed by Kivelson [61,107]
for charge transfer in trans-PA. Later, he pointed out [164]
that such a process might also be relevant in the other 1D
semiconductors in which charge is transferred by soliton-
like excitations or even in cis-PA with lightly nondegener-
ate ground states. In this case, the charge hopping would
occur between bound soliton—antisoliton pairs such as
polarons and bipolarons.

So that n=122 and y, =Y,,=75%x10"° in Eq.
(30b) can be determined from the slope of » (T) depen-
dency shown in Fig. 19. By using N=2Xx10%® m~3,
¢,=1.2 nm and the data presented in Fig. 18, o, = 1.8
S/m at room temperature is obtained from Eq. (45). Then
using §{,=6nm, £, =0.6nm, y,=y,=6.7x10"*, and
Opc =2X107°% S/m [86], one can obtain R, = 4.1 nm,
y(T)=4.0x10"%T%2 and N =3.3x10* m~3 from
Egs. (30a) and (30b). g,.(T) function calculated for the
initial PTTF-3 sample by using Eq. (30b) is presented in
Fig. 19. The figure shows a good correlation of both »(T)
and o,-(T) dependencies.

It is seen in Fig. 19, that the rate of polaron diffusion
increases linearly with temperature up to T =160 K and
then changes more strongly at higher temperatures. Such a
peculiarity can be explained in terms of the model of VRH
small polarons at low temperatures with a contribution of
an activation charge transfer at high temperatures. By
using the equality £= (L) and v, = y,,=25x 10" s7*
for PTTF determined above, n(eg) = 2.6 X 1073
states/eV and T, = 7.8 X 10’ K are evaluated from Egs.
(34a) and (34b).

The high-temperature part of v, (T) dependency is
well described by Eg. (33b) with y= 0.8 and E, = 0.035
eV (Fig. 19). This value is close to those of supersiow
PTTF chain librations and of interchain charge transfer in
PTTF-2. This evidences for the interaction of molecular
and charge dynamics in PTTF. It confirms aso the suppo-
sition given earlier [165], that the fluctuations of lattice
oscillations, librations among them, can modulate the elec-
tron interchain transfer integral in conducting compounds.
PTTF-2 has more soft chains as compared with PTTF-3;
therefore, such a modulation is realized at sufficiently
lower temperatures in this polymer (Figs. 17 and 18).

The rise of libron—exciton interactions evidences for the
formation of a complex quasi-particle, namely molecular-
lattice polaron [130] in doped PTTF. According to this
phenomenological model, molecular polaron, which is
characterized by the mobility of w,, o T type, is addition-
ally covered by lattice polarization. As the lattice polaron
mobility w, is temperature-activated, the resulting mobility
of such a quasi-particle becomes the sum of mobilities of
molecular and lattice polarons

w(T) = pe(T) + (T) =aT + bexp( - %) (47)
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where a and b are constants. Assuming the formation
energy of molecular polaron in PTTF to be close to that in
polyacene crystals, namely E,,, = 0.15 eV [166], one can
determine the same value for molecular-lattice polaron in
PTTF as E,, = E,, + E, = 0.19 eV. Therefore, the relax-
ation time, necessary for polarization of both atomic and
molecular orbits of polymer, is equal to 7, = 2mwhE,, =
35X 1071 s a room temperature. This value is more
than two orders of magnitude smaler than intra- and
interchain hopping times for charge carriersin PTTF (Figs.
17-19). This leads to the conclusion, that the hopping time
for the charge carriers in PTTF sufficiently exceeds the
polarization time for charge carriers microenvironment in
the polymer, that is, 7, > 7,. This inequdity is a neces-
sary and sufficient condition for electronic polarization of
polymer chains by a charge carrier.

The Fermi velocity v was determined for PTTF sam-
ples to be near to 1.9 X 10° m/s [159]. So the mean free
path |; of a charge was determined to be |; = v cfvs* =
1072-10"* nm for different PTTF samples. This value is
too small to consider this polymer as Q1D metal.

Thus, 1D and 3D spin dynamics is redlized in PTTF
affecting the processes of charge transfer. The results show
that both the diffusive on-chain and hopping interchain
spin dynamics processes occur in PTTF. The conductivity
of the polymer is shown to be dominated by interchain
electron transfer. However, the anaysis of the transport
properties of PTTF should include also 1D diffusion of
spin and spinless charge carriers.

4.6. Poly(bis-alkylthioacetylene)

The analogue of trans-PA, PATAC (Fig. 2b), is also an
insulator in neutral form. From *C NMR study [167], the
conclusion was made that PATAC has sp?/sp*-hybridized
carbon atom ratio typical for PA; however, in contrast with
the latter, pristine polymer has a more twisted backbone.
The DC conductivity of PATAC at chemical doping in-
creases from opc =107 S/m up to opc = 10781072
S/m depending on the structure of an anion introduced
into the polymer in liquid or gas phase. Roth et al. [168]
have shown that at irradiation of PATAC by argon ion
laser with A = 488 nm, the conductivity increases up to
opc = 1078-10"% S/m depending on the absorbed dose.
Hall coefficient measurements [168] have shown that the
charge carriers are from p-type and the maobility depends
on the condition of the sample preparation. In highly
laser-modified PATAC, the hall mobility w is a function
of the temperature as u = u,T* with 0.25 < <0.33 at
80 < T <300 K and lies within 107°-8 X 10™* m?/Vs
interval at room temperature. The unexpected high latter
value is near to u=2x 10~* m?/Vs obtained for trans-
PA [169].

It is proposed [168] that in laser-modified PATAC, the
electronic p-type conductivity is realized by polarons and
bipolarons. In conducting PATAC, the temperature in-

crease leads to the decrease of the bipolaron mobility and
to the increase of its concentration. The product of both
processes lead to extremal low temperature coefficient of
PATAC conductivity, opc = oo(1+ aT) with 3x 10~*
Kl<a<2x1073 K™%

2-mm waveband EPR study of pristine (sample
PATAC-1) and that treated by means of a medium power
argon ion laser at A =488 nm up to 5, 20, and 80 J/cm?
doses (respectively, samples PATAC-2, PATAC-3, and
PATAC-4) has shown [170,171] that two types of PC exist
in PATAC, namely a polaron localized on short 1r-con-
ducting polymer chain (R;) with g,,=204331, g, =
2.00902, g,,=2.00243, and line width AB,, = 6.1 mT,
and polaron moving along longer -conducting polymer
chain (R,) with g,,=200551, g, =2.00380, g,,=
2.00232 (29, =04x *+ 9y,, 9, =9,,) ad AB,; =26 mT
(Fig. 20). Since g-factor of the PATAC samples is higher
considerably than that of most PPP-like conducting poly-
mers [28,29,112], one can conclude that unpaired electron
in the polymer interacts with a sulfur atom that is typical
for PTTF [158-160] and benzo-trithioles [172,173] in
which sulfur atoms are involved into the conjugation. In
this case, the shift of g-factor from g, is expressed by
modified Eq. (3)

_ _geAsps(O) (1_COS@)
Gi~ G AE, (1+k,cos®)

(48)

where pJ0) is the spin density on the sulfur nuclei,
A= 0.0474 eV [45] is the constant of spin-orhit interaction
of the electron spin with sulfur nuclei, and k; is a con-
stant. In sulfur containing solids, PCs in which electrons
are localized directly on the sulfur atom, their isotropic
g-factor will lie in the region of 2.014 < g, < 2.020
[38,79,172,173]. In tetrathiofulvalene (TTF) derivatives, an
unpaired electron is localized in a monomer unit with 12
or more carbon atoms and four sulfur atoms that leads to
the decrease of p(0) and g, values [79]. Because addi-
tional fast spin motion takes place in the PTTF [38,79],
this leads to a further decrease in spin density p(0), and to
the decrease of the isotropic g-factor down to 2.007 < g,
< 2.014 depending on the structure and effective polarity
in PTTF samples. Due to the smaller g-factor in PATAC,
one can expect a higher spin delocalization in pristine and
laser-modified PATAC as compared with the abovemen-
tioned organic semiconducting solids involving sulfur
atoms into conjugation.

Assuming AE, =26 eV as typica for benzo-tri-
thioles and PTTF [38,174], then the g-factor components
of the initial PATAC yields by Eq. (3) to p{0) = 1.1 and
AE,, - =15.6 eV for the PC in unmodified PATAC. This
means that in the initial polymer, the spin is localized
within one monomer unit.

If one supposes that the doping of PATAC leads to the
polaron formation and spin delocalization onto approxi-
mately five polymer units [157], so then p(0) value deter-
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Fig. 20. 2-mm waveband EPR absorption spectra of the PATAC-2 (1), PATAC-3 (2), and PATAC-4 (3) samples registered at 100 K. The calculated
spectra of radical R, with g, = 2.0433, g,, = 2.00902, g,,=2.00243, and R, with g,, = 2.00551, g,, = 2.00380, g,, = 2.00232 are shown as well.

mined above should decrease down to 0.22. This fits very
well with the measured g-factor for the PATAC-2 sample.
Further spin delocalization during polymer laser modifica
tion can be accompanied by the decrease of the ® value
and consequently by an additional acceleration of spin
diffusion along polymer chain. The decrease in p(0) and
® values calculated from Eg. (48) for PC on polaron in
PATAC-4 are approximately equal to 0.032° and 21.3°,
respectively. The latter value is close to AG® = 22-23°,
realised, for example, at transition from benzoid to quinoid
form in PPP [175], at transition from PTTF with phenyl
bridges to PTTF with tetrahydroanthracene ones (see
above), and at transition from emeradine base to emeral-
dine salt form of PANI (see below). That is, the evaluation
of the changes in the g-factor support the assumption from
Roth et al. [168] that laser irradiation leads to a more
planar structure of the polymer chains. Such an effect leads
to higher spin delocalization and therefore to higher con-
ductivity of PATAC.

The concentration ratio [ R,]1/[ R;], being equal near to
1:2 for the insulating PATAC-1, increases during the laser
modification up to 2:1, 4:1, and 10:1, respectively, for the
PATAC-2—PATAC-4. This means that the laser treatment
leads to the formation of mobile polarons in conductive
PATAC. The total spin concentration increases strongly at
the polymer treatment from about 2.7 X 10%° spins/m?
(PATAC-1) [168] up to 5.2 X 10%* spins/m* (PATAC-2);
however, decreases during further laser modification down
to 3.2 X 10%* spins/m® (PATAC-3) and down to 3.4 X
102 spins/m* (PATAC-4). On the other hand, the con-
centration of charge carriers was determined from Hall and
DC conductivity studies to change by more than 15 orders
of magnitude reaching N ~ 10% m~2 at relatively strong

laser irradiation of the polymer [168]. This means that,
analogously to some other conducting polymers, the
charges are predominantly paramagnetic polarons in an
initial and dightly modified PATAC and the polarons are
mainly transferred to diamagnetic bipolarons in highly
irradiated polymer. As the number and mobility of spin
charge carriers increases and the chains become more
planar under the polymer modification, most polarons
collapse into diamagnetic bipolarons. The latter seems to
be the dominant charge carriersin highly modified PATAC.

Spin susceptibility in PATAC depends not only on laser
irradiation, but aso on the temperature. Fig. 21 presents
the temperature dependencies of effective spin susceptibil-
ity for the PATAC-2—PATAC-4 samples. The figure shows
that the spin susceptibility decreases with the temperature
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Fig. 21. The temperature dependencies of inverted and normalized to a
maximum value paramagnetic susceptibility of PATAC-2 (1), PATAC-3
(2), and PATAC-4 (3) samples.
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decrease in the temperature region from room temperature
down to about 250 K and then increases as temperature
becomes lower than some critical temperature T, = 220—
250 K. The decrease in the magnetic susceptibility with
temperature lowering in high temperature region can be a
result of the conversion of some paramagnetic polarons
into bipolarons or of the formation of antiferromagnetic
microphases in the polymer solid. Assuming an activation
character for the process which reduces the spin suscepti-
bility at T > T, one can evaluate from Fig. 21 the energies
E,=0.04, 0.06, and 0.07 eV for activation of such a
process in the PATAC-2-PATAC-4, respectively. The
observed increase of the magnetic susceptibility at temper-
atures lower than T. can be due the formation of spin glass
phases with ferri- or ferromagnetic behaviors. Another
interpretation possibility is that as an effect of a structural
phase transition, a partly separation of bipolarons into
polarons takes places.

As in the case of PA, 2-mm waveband dispersion EPR
spectra of PATAC contain bell-like contribution (Fig. 22).
For the modified PATAC samples, inequality w,, T, > 1is
realized; therefore, their dispersion spectra are determined
mainly by the two last terms of Eq. (28).

It is seen from Fig. 22 that the heating of modified
PATAC sample leads to the growth of its u}/uj parame-
ter. As in the case of other conducting polymers, the
comparatively slow macromolecular reorientation in the
PATAC samples can be determined by means of the EPR
signal of the localized polaron R; by the ST-EPR method
[35] analyzing the u}/uj ratio (Fig. 22) from Eg. (38).
The temperature dependence for the correlation time of
macromolecular librations in PATAC-2 was determined

[171] from its ST-EPR spectra to be 7*=6.3x 10 °
exp(0.04 eV /kgT). The dynamics of the pinned spins and
with it the polymer segments dynamics depends also on
the level of the polymer treatment. At laser irradiation, the
polymer matrix becomes more rigid, resulting in a stronger
temperature dependence of the correlation time, with 7. =
31x10°% exp(0.06 eV /kgT) of these librations in
PATAC-3.

The decrease in an isotropic g-factor at PATAC by
laser modification apparently indicates the rise of polarons
moving along the polymer chains. This value was deter-
mined from 2-mm waveband EPR spectra using Eq. (40)
to be v > 32X 10° s™* at room temperature for mobile
polarons in PATAC-2 sample.

1D spin diffusion along the polymer chain and its 3D
hopping between the chains with rates » and v, , respec-
tively, accelerate spin relaxation. It should lead to AB,;p1
o T, o v/? dependence [46] which is realized for con-
ducting polymers with heteroatoms [38,79]. Multifre-
guency EPR studies have shown approximately twofold
increase in PATAC line width at transition from 3-cm to
8-mm and from 8-mm to 2-mm waveband EPR [171]. This
means that just above relations are valid also for PATAC.

Therates v and v, of spin motion in PATAC-2 were
determined separately from Egs. (23a) and (23b) using
spin relaxation data [171] (Fig. 23). The figure shows also
the contribution of the polarons to AC conductivity (at 140
GHz) of PATAC-2 determined from Eq. (45) with d =
0.25 nm and d, = 0.36 nm. It is seen, that the interchain
spin diffusion can be interpreted in the framework of
activation of spin charge carrier to extended states accord-
ing Eq. (33b) with y= 0.8 and E, = 0.035 eV. The break

4850 4900

4950 5000

Field {mT)

Fig. 22. 2-mm waveband in-phase () and 7/ 2-out-of-phase (b) dispersion spectra of the PATAC-2 sample registered at 280 K (solid lines) and 143 K

(dashed line).
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Fig. 23. Temperature dependencies of intrachain diffusion v, (open circles) and interchain hopping v, (open triangles) rates of mobile PCs in
PATAC-2 sample determined using Egs. (23a) and (23b) and of AC (140 GHz) conductivities o, (filled circles) and o (filled triangles) calculated
from Eq. (45) with N = 3.5 x 10 spin/m?®, d,, = 0.246 nm and d, = 0.359 nm. By solid line is shown the dependence calculated from Eq. (33b) with
o =10x 1071 Ss/mK (low temperatures), o, = 2.2 X 10~12 Ss/mK (high temperatures), », = 1.4 x 101 s™%, and E,=0.035 eV.

in o4(T) function should be attributed to a change in
conformation or to the polaron/bipolaron transition in the
system at T, = 230 K. The latter value is near to that of the
analogous structural transitions in other conducting poly-
mers [38,78,79].

The activation energy necessary for the charge carriers
hopping between polymer chains is near to those obtained
above from the PATAC paramagnetic susceptibility data
and polymer chains' librations. Therefore, one can con-
clude that at low temperatures in modified PATAC sam-
ples, spin charge carriers thermal-activated hop and their
interaction with lattice optical phonons increase sharply
when the phonon energy becomes comparable with kgT,
= 0.02 eV. The spin motion between chain segments and
the intrinsic conductivity of the sample depend aso on the
macromolecular dynamics, because the interaction of the
spins and charge transfer integral can be modulated by
PATAC lattice librations as we detected it also in other
organic semiconductors [38]. o, (T) function follows
1/7.(T) [171]; therefore, one can conclude that the poly-
mer chain librations indeed modulate spin exchange and
consequently the charge transfer integral. Assuming that
polaron is covered by electron and excited phonon clouds,
we can propose that both spin relaxation and charge
transfer should be accompanied by the phonon dispersion.

DC conductivity and Hall study of PATAC [168] has
given opc =2x 10° S/m and charge carriers mobility
w=4x10"* m?/Vs for highly irradiated polymer at
room temperature. So then the values n, =3 x 10~? and
/v v, =10% s * can be evaluated from these data. These
values are higher by approximately two orders of magni-
tude than v, caculated above and n, obtained for
PATAC-2 and PATAC-3 samples. This means that con-

ductivity in highly conducting PATAC is determined
mainly by dynamics of spinless bipolarons which concen-
tration exceeds the number of mobile polarons by approxi-
mately two orders of magnitude.

4.7. Polyaniline

The PANI family is known for its remarkable insul ator-
to-conductor transition as a function of protonation or
oxidation level [176]. This polymer differs from other
conducting ones in several important aspects. It has no
charge conjugation symmetry in contrast with PA and
other PPP-like polymers. Besides, both carbon rings and
nitrogen atoms are involved in the conjugation. The ben-
zenoid rings of PANI can rotate or flip, significantly
altering the nature of electron—phonon interaction. This
results in difference in its electrical and magnetic proper-
ties compared with other PPP-like polymers. Stronger
spin-orbit and spin-lattice interactions of the polarons dif-
fusing along the chains is also characteristic of PANI.
Finally, upon protonation or oxidation of the insulating
emeradine base form of PANI (PANI-EB) (Fig. 2), its
conductivity increases by 10 orders of magnitude, while a
number of electrons on the polymer chains remains con-
stant in the emeraldine salt form of PANI (PANI-ES) (Fig.
2) [177]. The lattice constants are a= 0.765, b = 0.575,
¢=1.020 nm for PANI-EB [178] and a=0.705, b=
0.860, and ¢ =0.950 nm for HCl-doped PANI-ES [179]
units. An analysis of experimental data on the temperature
dependencies of DC conductivity, thermoelectric power,
and Pauli-like susceptibility allowed Zuo et al. [180] and
Epstein and MacDiarmid [181] to show that PANI-EB is
completely amorphous insulator in which 3D granular



V1. Krinichnyi / Synthetic Metals 108 (2000) 173-222 209

metal-like domains of characteristic size of 5 nm are
formed in the course of its transformation into PANI-ES.
A more detailed study of the complex microwave dielec-
tric constant, EPR line width, and electric field dependence
of conductivity of PANI-ES [179,182-185] alowed them
to conclude that both chaotic and oriented PANI-ES con-
sist of some parallel chains strongly coupled into ‘* metallic
bundles’ between which 1D VRH charge transfer occurs
and in which 3D electron delocalization takes place. The
intrinsic conductivity of these domains was evaluated us-
ing Drude model [186] as o,. = 10° S/m [187] which
was very close to value expected by Kivelson and Heeger
for the metal-like domains in highly doped Naarmann
trans-PA [188]. However, an experimentally obtained AC
conductivity of the sample does not exceed 7 X 10* S/m
at 6.5 GHz [187].

It was mentioned above that the metallic properties of
conducting polymers strongly depend on their structure,
morphology, and quality [22,23]. Indeed, from an optical
(0.06-6 V) reflectance study and from the analysis of the
band structure of HCl~, H,SO,, and camphor-sulfonic-
acid-(CSA) doped PANI-EB, Lee et al. [189] have shown
that the quality and therefore metallic properties of the
polymer increases in PANI-HCI — PANI-H,SO, —
PANI-CSA series.

The oxidation or protonation of PANI-EB leads to the
approximately linear increase of PC concentration accom-
panied with the line narrowing from 0.2 to 0.05 mT at
3-cm waveband [190,191]. Lapkowski and Genies [191]
and MacDiarmid and Epstein [192] showed the initial
creation of Curie spins in EB, indicating a polaron forma-
tion, followed by a conversion into Pauli spins, which
shows the formation of the polaron lattice in high conduc-
tive PANI-ES [163,193]. As for PANI-CSA, Sariciftci et
al. [194,195] have reported that in EPR susceptibility, the
Curie law was predominant in PANI-CSA powder; on the
other hand, in the PANI-CSA film cast from m-cresol
solution with the same powder, they observed the Pauli-like
behavior down to 50 K and then a change to a Curie-like
behavior below 50 K. The temperature-independent sus-
ceptibility is observed in less qualitative PANI-HCI
[69,157] as well.

EPR and NMR studies of spin dynamicsin PANI-HCI
were performed by Mizoguchi et a. [135,196,197]. The
dependencies T, o w;/? and AB,, @ w/? obtained, re-
spectively, for nuclear and electron spins were interpreted
in terms of 1D polaron diffusion with the rate of » =
10210 s in separated chains of PANI-ES. The ani-
sotropy of this motion, v /v, varies from 10* in PANI-
EB down to 10 in PANI-ES at room temperature. If the
rate of on-chain spin motion is characterized by weak
dependency on y value, v, vaue of PANI-ES depends
on y and correlates with corresponding DC and intrinsic
conductivities. This fact was attributed to the existence of
the conducting clusters as a solitary single polymer chains
even in heavily doped PANI, which corresponds to the

data [198,199], but contradicts with the concept of metal-
like idlands diluted in an amorphous phase of the polymer
[182,183]. Therefore, the discrepancy exists in interpreta
tion of different experimental data on electronic processes
taking in PANI.

The more detailed results of investigation of magnetic,
electrodynamics properties of PANI-EB (sample 1) and
PANI-ES with y=0.01, 0.03, 0.22, 0.41, and 0.50 (re-
spectively, samples 11-VI) [163,200—204] are summarized
below.

PCs in PANI a 3-cm waveband demonstrate a
Lorentzian single symmetrical spectra which AB,,, value
depends on both doping level and temperature (Fig. 24a).
The line width of PC in undoped and lightly doped PANI
is practically temperature-independent at this waveband
(Fig. 24a), wheress this value of IV-VI PANI-ES samples
demonstrates bell-type temperature dependence with criti-
cal temperature T, = 200 K. Such an extremality becomes
more evident at the growth of y, especially for the heavily
doped PANI-ES. AB,,, value was observed to increase
approximately linearly with temperature at T < T, and to
decrease at lower temperatures.

In addition to unresolved averaged HFS, EPR spectrum
of PANI indicates also a HFI of a small part of the spins
with both hydrogen and nitrogen nuclei. As an example,
the central regions of the second derivatives of 3-cm
waveband absorption signals of 1V and VI PANI-ES sam-
ples are shown in Fig. 25. In the first sample, an unpaired
electron interacts with four nearly equivalent neighboring
hydrogen atoms of the lateral benzoid circles possessing
nuclear spin | = 1/2 and with the central nitrogen nucleus
with | =1 resulting for the appearance of the equidistant
well-resolved lines with the relative intensities of
1:5:11:14:11:5:1 (Fig. 20b). In addition to these nuclei, an
unpaired electron in sample VI interacts also with the fifth
nonequivalent hydrogen nucleus located at N atom. This
leads to the appearance of an additional splitting in the
spectrum (Fig. 20a). The measured constants of HFI of an
unpaired electron with H and N atoms and calculated spin
densities on their nuclei are summarized in Table 6.

The typical 2-mm waveband absorption and dispersion
EPR spectra of PC in PANI-EB and PANI-ES samples are
shown in Fig. 26. At this waveband, the PANI EPR spectra
became Gaussian with higher line width compared with
3-cm waveband spectra as it occurs in case of other
conducting polymers [78,79]. In the dispersion spectra of
undoped and lightly doped PANI, the bell-like components
are registered. As in the case of other conducting poly-
mers, the appearance of such a component is attributed to
the effect of adiabatically fast passage of the separated and
saturated spin-packets by a modulating magnetic field.

The plots of AB,, versus temperature and doping level
for PANI samples are shown in Fig. 24b. As in the case of
3-cm waveband, AB,, depends on both temperature and
conductivity of the sample, however, with a higher suscep-
tibility to both parameters.
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Fig. 24. The plots of peak-to-peak linewidth of 3-cm waveband EPR in-phase absorption spectrum of PCsin | (1), 11 (2), 111 (3), IV (4), V (5), and VI (6)

PANI samples versus temperature.

The analysis shows that at least two types of PC are
stabilized in PANI-EB, namely PC R, (Fig. 26a) with
Oxx = 2.00535, g,, = 2.00415, g,,=2.00238, A,,=A,,
=033 mT, A,,=23 mT and R, with g, =2.00351,
g, = 2.00212. The relative concentration ratio of PC Ry,
n,/(n, +n,) is equal approximately to 0.3 and decreases
with the temperature and doping level increase. This can
be explained by the increase of a number of spin mobile
charge carriers and by the creation of polaron lattice in
PANI at high polymer doping.

PC R,, which exhibits strongly asymmetric EPR spec-
trum, is attributed to —(Ph—N " *—Ph)— radical, localized on
a polymer chain. The magnetic parameters of this radica
differ weakly from those of Ph—N —Ph one [39] probably
because of a smaller delocalization of an unpaired electron
on nitrogen atom ( pf = 0.39) and of more planar confor-
mation of the latter. The contribution of CH-groups of
such radicals to g,, value is sufficiently small, that is,
Ag,, = 1.7x107° [39], and thus may be neglected. As-
suming A,, =A,, =125 mT [205] for PC in pernigrani-

s
F_!____. _____ g [ —————— 4=
saniiaanniaEi

Fig. 25. The center section of 3-cm waveband in-phase second harmonic absorption spectra of VI (&) and V (b) PANI powders registered at room
temperature. The hyperfine structures, constants of the hyperfine interaction of an unpaired electron with H (a) and N (ay) nucleus, and the position of

g-factor of free electron (g, = 2.00232) are shown.
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Table 6

The values calculated for central H atom are marked by the * symbol.
The p; values were calculated using the McConnell relation (4) with Q
proportionality constant equal to 2.25 and 2.37 mT [39,45] for H and N
atoms, respectively.

Parameter | I I v v VI
ay 041 031 028 0024 0.014 53x1073
al - - - - - 9.5x104
ay 014 010 0.092 7.6x107 % 46x10% 1.8x10°°
Py 182 138 124 107 6.22 2.36

o - - - - - 0.422

N 501 422 388 321 1.94 0.760

line base and McConnell proportionality constant for HFI
of the spin with nitrogen nucleus Q = 2.37 mT [39], the
spin density on heteroatomic nucleus py(0) = (A,, + A,
+A,,)/(3Q) = 0.62 can be estimated. Using the above-
mentioned values of the g tensor components, the constant
of spin-orhit coupling of electron with **N nucleus and A,
equal to 9.4 meV [45], the energies of the lowest induced
electron excited transitionsin R, were calculated from Eq.
(3 tobe AE, - =38¢eV and AE,_. =63 ¢eV.

The averaged g-factors of the radicals R, and R, are
almost similar. Hence, the spectrum of radical R, can be
attributed to polaron diffusing along the polymer chain
with the effective rate (see Eq. (40)) »% > 10° s,

The decrease of line width and the decrease of g-factor
of radical R; with the y growth can be associated with the
decrease of spin density on nitrogen atom and with the
change in polymer chains conformation. The angle be-
tween the rings, Ph-N-Ph, may increase by 22° at transition
from PANI-EB to PANI-ES [69]. However, the calculation
evidences that this increase results in the change of g,,
value only by several percentages. Moreover, the decrease
of dihedral angle 6 between the planes of a benzene rings
seems to take place as y increases. Transfer integral 1._y
between nitrogen and carbon p, orbits at para-position of
benzene rings of PANI has |._y o cos 6 dependency
[206], typical for other aromatic hydrocarbons [132]. By
taking 6= 56° for undoped EB [206], the effective dihe-
dral angle and the spin density on nitrogen atom were
calculated for ES with y = 0.2 from Eq. (3) to be 6= 33°
and p{ = 0.42. This 6 angle decrease causes the increase
of spin density on benzene rings due to I._, integra
increase. Thus, the change in magnetic parameters can
evidence for a higher degree of spin delocalization along
the polymer chain and for a more planar conformation of
the chains at PANI oxidation.

It is important to note, that drastic temperature depen-
dency of line shape of radical R, in IV isregistered at 300
K. If the inequality g, > g, holds for the smaller y and
T <300 K, the opposite inequality g, <g, holds at y=
0.22 and T > 300 K (Fig. 26). The latter condition remains
invariable for samples IV-VI at 90 < T< 330 K. The
analogous effect was observed by Lubentsov et al. [202]

upon the treatment of PANI sample with water vapor. It
was interpreted with essential conformational distortion of
radical R, due to H,O-bridges formation between the
polymer chains. The above change of line shape can be
probably explained by a structural transformation of poly-
mer chains as well.

The investigation of PANI samples at 2-mm waveband
EPR shows that as conditions v, B,, < 2B and s=
Ye Bl\/T_l T, <1 are valid, their spectra demonstrate the
effects of fast adiabatic passage of resonance conditions
(Fig. 26¢,d). Fig. 27 presents the temperature dependencies
of effective relaxation parameters of I—I1l PANI samples.
The figure demonstrates that the increase of doping level
of EB causes the simultaneous decrease of T, value, so
that T, anT' (I=3-4a y<0.03and | =03 a 0.03<y
< 0.22). This fact can be associated with the increase of
spin—spin exchange between PC on the neighboring poly-
mer chains due to the grow of the number and size of
metal —like domains in PANI-ES. Moreover, this indicates
the sharp change of energy transfer from spin ensemble to
polymer lattice and the change of charge transport mecha-
nism during the PANI oxidation process.

As in case of PTTF, both the intensity and the shape of
the dispersion signal U of PANI depend not only on a spin
exchange and on an electron relaxation, but also on a
comparatively slow macromolecular reorientation in the
samples. Such molecular processes can be studied by using
the ST—EPR method [35].

The K. =Uj/uy parameter of PANI changes with
the temperature (Fig. 26¢). As in the case of PANI, this
evidences for anisotropic librational reorientations of the
pinned polarons near x-axis of the polymer chains. So then
the correlation time, 7*=35Xx10"° exp(0.015 eV/
(kgT)) of macromolecular librations in | sample was
determined from its ST-EPR spectra by using Eg. (38)

Fig. 26. 2-mm waveband in-phase absorption (a,d), in-phase dispersion
(b), and 7 /2-out-of-phase dispersion (c) spectra of | (ab,c) and VI (d)
PANI samples registered at room temperature in an inert atmosphere. The
simulated spectrum of the PCs R, (&) and the spectra registered at 200 K
(c,d) are shown by dotted lines. The components u} and uj of the
 /2-out-of-phase dispersion spectrum (c) and the components g, and
g, of the PCs R, (d) are shown as well.
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111 (3) PANI samples.

with 7, =5.4 X 108 sand m= 4.8. Similar dependencies
were also obtained for Il and 11l samples. 7", calculated
using Eq. (29), 6 = 45°, B, = 0.01 mT [207], g,, and g,,
values messured for R, center, is equal to 7™ = 1.3 X
10~* s and corresponds to K, = uj/uj = 0.22 (see Eq.
(38)) at 125 K.

As PANI is characterized by T, , o hwl/? dependency
[135,196], the experimental results shown in Fig. 27 can
also be interpreted in the terms of modulation of spin
relaxation by both intrachain 1D diffusion of polaron and
its interchain 3D hopping transfer with the rates v, and
v, , respectively.

Fig. 28 shows the temperature dependencies of v and
v, values of PC in I-Ill samples at spin delocalization
over five repeating units of polaron. These constants were
obtained to be » ~10" s and » ~10° s at room
temperature. The first value is lower by approximately two
orders of magnitude then that earlier reported for y = 0.05
PANI sample [135,196], but considerably higher then »°
calculated above. At comparatively high doping level (y >
0.2), T, is approximately equal to T, and they have a weak
temperature dependency because of a strong spin—spin
exchange in metal-like domains and the growth of the
system dimensionality. The accuracy of the estimation of
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Fig. 28. Temperature dependence of in-chain diffusion v, (open points) and interchain hopping v, (shaded points) rates of mobile PCsin | (1), Il (2),

and 111 (3) PANI samples determined by using Egs. (23a) and (23b).
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spin diffusion frequencies decreases at y > 0.1; however,
the rate of spin motion can be evaluated from Egs. (23a)
and (23b) assuming 2T; * =T, * to be v, = 1.6 X 10* s.
This value is considerably smaller then that obtained for
PANI by the magnetic resonance methods at low operation
fields [135].

Mizoguchi et al. [135] showed, that anisotropy of spin
diffusion in PANI is high enough up to y= 0.6 at room
temperature. However, Fig. 28 demonstrates, that v /v |
ratio is high only for I-Ill samples. It was shown
[201,203,204], that the dimensionality of PANI grows at
y> 0.2 and spin motion becomes almost isotropic as it
occurs in 3D-semiconductors. This fact indicates clearly
the formation of massive metal-like domains accompanied
with the growth of crystallinity of PANI-ES samples with
doping. This must result in the decrease of the concentra-
tion of traps for electrons and thus in the decrease of the
relativity of electron scattering on the phonons of the
lattice. This must also result in the decrease of temperature
dependency for both relaxation and electrodynamic pro-
cesses during PANI doping (Figs. 27 and 28) as it occurs
in classic amorphous semiconductors [24].

By assuming that the diffusion coefficients D of spin
and diamagnetic charge carriers have the same values, one
can obtain from Eq. (45) o5 =10 S/m and o,p =1 X
1073-0.5 S/m at room temperature for a sample with
0<y<0.03. At v,= v, these values were determined
to be o,p = (5-18) X 10° and o,y = (3-10) X 10°* S/m.
Thus, the conclusion can be drawn, that o5, grows more
strongly with vy, that is, the evidence for the growth of a
number and a size of 3D quasi-metal domains in PANI.

Let us consider the charge transfer mechanisms in the
PANI samples. Instead of the dependence opc(T) o T2

typical for trans-PA [63], PANI-EB have some stronger
temperature dependence, opc(T) o T# at high tempera
tures (Fig. 29). The slope of this dependence is approxi-
mately the same evaluated from the high-temperature data
for PANI-EB reported earlier by Zuo et al. [208] and
seems to be too strong to describe the charge transport in
this sample as isoenergetic interpolaron hopping [61,107].
Attempts to analyze quantitatively conductivity data of the
low conductive PANI samples in the framework of Mott’s
VRH conventional model for disordered semiconductors
[72] adways resulted in quite unreasonable values for Mott's
parameters, in contrast to the heavily doped case [208]. So
another conduction mechanism should be motivated.

The interchain AC conductivity of the initial PANI-EB
sample can be caculated from Eq. (45) and the data
presented in Fig. 28. Fig. 29 shows the temperature depen-
dence of 0,(T) calculated from Eq. (45) with N = 9.5 X
10 m~® and ¢, = 0.439 nm [202] compared with experi-
mental o5 (T) = 1.4 X 10~ %2T % one of the sample. These
dependencies are quite similar at least at T > T, = 200 K
temperature region. It is evident that there are two temper-
ature regions divided by the critical temperature T, =
hu,,/kg (here v, is the 2kg optical phonon frequency)
with different slopes of the functions ¢,.(T). Such a
behavior can be explained by pure distance-dependent
charge carriers hopping at temperatures T<T. and by
their both energy- and distance-dependent hopping at T >
T. in the framework of the model of ‘‘small polaron’’
tunneling [62].

The temperature dependencies of o, calculated using
Eq. (31) with o,=13x10"% S/(m eV), hy,, = 0.017
eV, E, =0.073 eV and Eq. (32) with o, = 1450 SeV /m,
E, =0.073 eV, and E, = 0.40 eV are presented in Fig. 29.
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Fig. 29. Temperature dependencies of AC (1) conductivity of | PANI-EB sample determined using Eq. (45) and data presented in Fig. 23, and DC (2) one.
AC conductivities calculated from Eq. (31) with o5 =1.3x10"° S/(m eV), hy,, =0.017 eV, and E,, = 0.073 eV (dotted line) and Eqg. (32) with
0o = 1450 SeV/m, E,, = 0.073 eV, and E, = 0.40 eV (solid line) are shown as well.
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The figure evidences for well experimental and theoretical
data correlation; therefore, one can conclude that the
charges are transferred mainly by mobile small polaronsin
this sample. Note that similar ,(T) functions were ob-
tained earlier for undoped PANI [208] at comparatively
low registration frequencies and for lightly doped PTTFs
[62,159] at different frequencies.

As in the case of PTTF, in order to explain experimen-
tal data on lightly doped samples, the model of isoener-
getic phonon-assisted charge hopping between soliton-
bound states proposed by Kivelson for charge transfer in
trans-PA [61,107] may also be used.

If the conductivity is dominated by interpolaron hop-
ping, opc(T) should follow op(T) x T" power law,
according to Eq. (30a). Such a behavior is really observed
for the lightly doped PANI samples (Fig. 30). Therefore,
one may state that the measured o (T) in these samples
better follows T" law predicted by Eg. (30a) than Mott's
T2 one.

The concentration of mobile spinsin Il PANI sampleis
y,=12x10"* per two benzoid rings. Therefore, taking
into account that each bipolaron possesses dual charge,
Yop = 23X 107° and (y) =4.6 X 10"? can be obtained.
The concentration of impurity is N = 2.0 X 10® m~3, so
then R, =2.28 nm is obtained for this polymer as well.
The prefactor vy, in Egs. (30a) and (30b) is evaluated from
the opc(T) dependence to be 3.5x 10* s~ *. Assuming
spin delocalization over five polaron sites [157] along the
polymer chain with a lattice constant ¢, = 0.95 nm [179],
&=1.19 nmis obtained as well. The perpendicular compo-
nent ¢, of & vaue can be determined from the relation
[61]

CJ_
In(4o/t,)

where 24, is the band gap and t , is the hopping matrix
element estimated as [209]

&, = (49)

h* o 13 2E
t, = — | — (50)
2mE, hyy,

where E, isthe polaron formation energy. Using 24, = 3.8
eV [210], typical for m-conducting polymers E, = 0.1 eV
[209], v, =3.6 X 10® s~! determined from experiment,
vy, = 42X 10" s~ obtained below, t, =7.1x 107% eV,
&, =0.079 nm, and £= 0.2 nm are obtained for 1| PANI
sample. The similar procedure gives (y) =7.9 X 10~ 2,
Yo=2.1x10Y st ¢ =0.087 nm, and ¢=0.21 nm for
Il FZ’ANI sample with y, = 11X 1072 and Ypp = 1.2 X
107-.

The conductivities of Il and 11l PANI samples were
calculated from Eg. (30a) to be opo(T) = 2.3 X 10427152
and opc(T) =1.2x10732T*21) respectively. Fig. 30
shows these dependencies in comparison with an experi-
mentally determined function. o,.(T) calculated using Eq.
(45) with N=N and data presented in Fig. 28 and those

calculated using Eqg. (30b) with n=15.2 and n=12.1,
respectively, for Il and 111 samples are shown in this figure
as well. As it can be seen from Fig. 30a, there is insuffi-
cient coincidence of the theory and experiment in case of
Il PANI sample. Moreover, the prefactor y, determined
for this polymer is higher by approximately two orders of
magnitude compared with y, = 1.2 x 10" s™* egtimated
by Kivelson for trans-PA [61]. The better fitting of an
experimental data to the Kivelson's theory is realized in
the case of 111 PANI sample (Fig. 30b) for which the value
of prefactor vy, is approximately the same as that for
trans-PA. It can be explained by the increase of number
and mobility of the mobile charge carriers in higher doped
polymer that leads to the increase of a probability of
charge hopping between the chains. Therefore, charge
transport in an initial polymer is determined by the mobil-
ity of small polarons. This process is replaced by an
isoenergetic charge hopping between the polaron sites at
an optimum polymer doping. At lower oxidation of the
sample, charge transfer is realized in the framework of
both superposing mechanisms.

Studying DC conductivity and thermoelectric power
Wang et al. [183,184] have found that the charge transport
mechanism in PANI-ES samples of different doping levels
seems to be 1D VRH at low temperatures. They have
assumed that crystalline fraction of the samples consists of
““bundles” of well-coupled chains with 3D extended elec-
tron states. Since such domains may be considered as a
large-scale cluster of chains, 1D charge transfer between
them seems to dominate in the macroscopic conductivity
of the polymer. A similar charge transfer is probably
realized in the heavily doped PANI-ES samples under
study.

Fig. 31 shows that DC conductivity of IV-VI PANI-ES
samples follows well Mott's T-1/2 |aw for 1D VRH
charge transport (see Egs. (34a) and (34b)). T, values
evaluated from the slopes of the op(T) dependencies
(Fig. 31) and the averaged localization lengths (L) of a
charge in the samples determined from n(eg) are pre-
sented in Table 7. Using the method proposed by Wang et
a. [184], L, and L, components of (L) value are
obtained as well (Table 7). Prefactor v, is calculated using
Egs. (34a) and (34b) to vary in (3.4-4.8) X 102 s7!
region that is near to v, = 1.6 X 10" s™* evaluated from
the data obtained by Wang et al. [182,183] for PANI-ES.
So then, the phonon frequency can be obtained from the
equation v, = kgT,/h=4.2x 10" s7* to fall into region
for v, determined above.

As dipole interaction between the spin-packets strongly
increases a polymer doping due to formation of the
metal-like domains, therefore, an effective relaxation time
of PC becomes considerably smaller then w,,, so that
sensitivity of the saturation methods to a spin relaxation
and dynamics decreases. In this case, the charge mobility
in high-conductive PANI-ES can be evaluated from the
analysis of the polymer absorption line containing Dyson
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Fig. 30. Temperature dependencies of AC (1) and DC (2) conductivities of Il (a) and Il (b) PANI-ES samples determined using Eq. (45) and data
presented in Egs. (23a) and (23b). The solid and dotted lines show, respectively, AC and DC conductivities calculated using Egs. (30a) and (30b) with
n=152, {y)=0.046, {, =0.079 nm, y,=35x10" s (@) n=121, (y) =0.081, £, =0.087 nm, y,=21x10" s7* (b), ¢, =1.19 nm, and
v, = 140 GHz.

contribution. As one can see from Fig. 26d, the asymmetry sample is changed with temperature demonstrating the
of an absorption line of the heavily doped PANI-ES Dyson behavior [48]. This fact indicates the decrease of a
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Fig. 31. The dependencies of o T product versus TY/2 for VI (1), V (2), and IV (3) PANI-ES samples.

thickness of skin-layer 6 on the polymer surface due to the
growth of the domains' intrinsic conductivity. Therefore,
the intrinsic 3D conductivity o, of metal-like domainsin
PANI-ES can be determined according to the method
proposed by Wilamovski et al. [89] for the amorphous
semiconductors of lower dimensionality from Eq. (13).
The temperature dependencies of the intrinsic conduc-
tivity of some PANI-ES samples are shown in Fig. 32. The
figure exhibits a maximum of o, = 1.2 X 10° S/m lying
near the critical temperature T = 200 K determined above
for the samples of lower doping levels. Maximum o, is
higher by approximately two orders of magnitude then that
determined by Joo et al. [187] at 6.5 GHz for y=0.50
PANI-ES. This evidences additionally for 1D electron
localization (semiconductive behavior) at T<T, and its
3D delocalization (metallic behavior) in the domains at
higher temperatures. It is important to note, that the tem-
perature dependencies of thermoelectric power S, 0,¢, and
v, of some conducting polymers reported earlier
[183,197,211-215], T(T), and VH(T) for PANI-EB and

Table 7

The percolation constant T, (in 10° K), spin concentration N (in 10%
spin/m?®), the density of states n(ep) at the Fermi level e (in ev ™!
mol ~1), the averaged { L), parallel L, and perpendicular L , lengths (in
nm) of charge wave function localization in the PANI samples

Parameter | I nwv v VI
N 020 037 21 18 76 153
T - - - 102 3.76 165
n(ep) - - - 06 17 38
(L) - - - 202 191 192
L - - - 71 6.9 7.0
L, - - - 11 10 10

AB,,(T), presented, respectively, in Figs. 28 and 19,
demonstrate similar temperature behavior at the same tem-
perature region.

At low temperature region, when T<T,, 0,.(T) de-
pendence follows to Mott's VRH Eq. (34b) [72,216] (Fig.
32). At T> T, the conductivity is determined by phonon
scattering according to undimerized SSH model proposed
for intrinsic conductivity in trans-PA and other conducting

polymers [188,217]
NechZMtngT i h 2why,, L -
T gmha? | kel =D

where M is the total mass of CH group, t, = 2-3 eV isthe
w-electron hopping matrix element, and « is the
electron—phonon coupling constant. Asit is seen from Fig.
32, Egs. (34b) and (50) well approximate the og,c(T)
dependence experimentally obtained for VI PANI-ES at
(L) =1.64 nm, ¢, =0.95 nm [179], and « =41 eV /nm
[188]. Room temperature intrinsic conductivity of heavily
doped trans-PA and PANI-ES was calculated in the frame-
work of the undimerized SSH model and the Drude model,
respectively, to be approximately equal to 108 S/m [188]
and 10° S/m [187], respectively. The analysis of our data,
however, showsthat such a conductivity should be achieved
at sufficiently massive (some hundreds of M) polymer
units. Therefore, we can conclude that in highly doped
PANI-ES sample, charge carriers variable-range hop at
low temperatures and are scattered on lattice optica
phonons when the phonon energy becomes comparable
with kg T, = kg T.

Aasmundtveit et al. [218] have shown that 3-cm wave-
band line width and consequently spin—spin relaxation rate
of PC in PANI depend directly on its DC conductivity.
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Fig. 32. Temperature dependencies of the intrinsic conductivity o, of the VI (1) and V (2) PANI samples (filled points) determined from their EPR line
asymmetry and Eq. (13), and those calculated from Eq. (34b) with (L) = 1.64 nm (dotted line), and from Eq. (51) with ¢ = 0.950 nm, and « = 41 eV /nm
(solid line). For the comparison, the temperature dependence of the polymer chains libration frequency (open triangles) and that of A By, vaue for VI

PANI-ES polymer given from Fig. 24 (open circles) are also shown.

The comparison of ,c(T) and AB,(T) functions pre-
sented in Fig. 32 demonstrate the additivity of these values
at least at T > T, region. Besides, Khazanovich [219] have
found that spin—spin relaxation depends on the number of
spins on each polymer chain N, and on the number of
neighboring chains N, with which these spins interact as
following

A Aw?
Tz—l=ﬁ[21|nﬂ+18|n Nc} (52)

Using T,=17X10""s X;;=12x 10" m™° and v, =
4.2x 10 s ! determined from experiment, a simple
relation N, = 55 exp(N,) of these values is obtained from
Eq. (52). This means that a L, =7.0 nm a least seven
interacting spins exist on each chain as spin-packet and
interact with N, = 20 chains, that is, spin and charge 3D
hopping does not exceed distance more than 3¢, <L | .
The spin motion and the intrinsic conductivity of the
sample depend also on the macromolecular dynamics,
because the interaction of the spins and charge transfer
integral can be modulated by PANI lattice librations as it
happened in other organic crystalline semiconductors[130].
One can see from Fig. 32, that 0,(T) dependence for the
domains follows 1/7.*(T) one for the polymer chain libra-
tions determined above at least at T < T,. This means that
the lattice librations indeed modulate the interacting spin
exchange and consequently the charge transfer integral.
Assuming that polaron is covered by electron and excited
phonon clouds, we can propose that both spin relaxation
and charge transfer should be accompanied with the phonon
dispersion. Such cooperating charge-phonon processes

seems to be more important for the doped polymers whom
high-coupled chains constitute 3D metal-like domains.

The velocity of the charge carriers at the Fermi level,
ve = 4c,/[hn(sp)] is equal to 2.5 x 10° m/s for highly
doped PANI-ES, so that the rate of the interchain charge
hopping can be determined as v, = vp/L , = 2.4 X 10%
s ! that gives (see Eq. (45)) o4 =13%X10° S/m at
L, =1.0nm(see Table 7) and T, = 200 K. The conductiv-
ity obtained is close to AC conductivity evaluated from
EPR spectra of the sample (Fig. 32). This fact confirms
additionally the existence of metal-like domains with three
dimensionally delocalized electrons in PANI-ES polymer.
Therefore, as in the case of the usua metas, we can
calculate the effective mass m* of charge carries from the
relation [24] m* = (3w 2N)*3#hv;?, equal approximately
to two free electron masses. The mean free path |, of the
carriers is calculated for this samples [24] |, =
oxe M* v /(Ne?) to be as approximately long as 8.0 nm at
T.. This value is somewhat smaller than that estimated for
oriented trans-PA [188,220,221], but however, evidences
for extended electron states in this polymer as well.

Thus, in undoped PANI, the charge carriers are trans-
ferred mainly by small polarons, which hopping probabil-
ity strongly depends on the lattice phonon energy. In
lightly doped PANI, the distribution of site energies is
narrow compared with kg T and isoenergetic hopping dom-
inates. Both opc(T) and o,c(T) can be described by
modified Kivelson's model for polarons and bipolarons
bound to charged impurities. Thisis in agreement with the
intersoliton charge hopping in lightly doped PA and with
the VRH among pinned solitons in moderately doped PA.
A similar change probably occurs upon doping of the
PANI samples. The polaron states are broadened at the
PANI doping, so in this case, the distribution of the site
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energies is much broader then kgT and the VRH charge
transport dominates.

As the doping level increases and as the percolation
transition takes place the conducting single chains become
crystallization centers for the formation of the massive
metal-like domains. This process is accompanied with the
increase of the electron—phonon interaction, crystalline
order and interchain coupling. The latter factor plays an
important role in stabilization of the metallic state, when
both 1D electron localization and *‘ Peierls instability’’ are
avoided. Besides, charge transfer is modulated by the
macromolecular librations in PANI-ES, which chains are
strongly coupled and form metal-like domains. These do-
mains consist of the packed polymer chains with the joint
conducting electrons, which are three dimensionally delo-
calized between and along them. Thisis in agreement with
the metal-like ‘* bundles’” concept, but contradicts with the
existence of many solitary conducting chains in PANI-ES.

5. Conclusions

The data presented show the variety of electronic pro-
cesses, realized in the organic conducting polymers, which
are stipulated by the structure, conformation, packing, and
the degree of ordering of polymer chains, and also by a
number and the origin of dopants, introduced into the
polymer. Among the genera relationships, peculiar to
these compounds are the following ones.

Spin and spinless nonlinear excitations may exist as
charge carriers in organic conducting polymers. The ratio
of these carriers depends on various properties of the
polymer and dopant introduced into it. With the increase of
doping level, the tendency of molecular polaron collapse
with bipolaron formation is observed. However, such a
process can be embarrassed in some polymers due to the
structural—conformational peculiarities of the polymer.
Doping process leads to the change of charge transfer
mechanism. Conductivity in neutral or weakly doped sam-
ples is defined mainly by interchain charge tunneling in
the frames of the ‘‘small polarons’ or Kivelson for-
malisms, which is characterized by a high enough interac-
tion of spins with several phonons of a lattice and by the
relation between 1D spin motion and interchain charge
transfer. These mechanisms cease to dominate with the
increase of doping level and the charge can be transferred
due to thermal activation of the carriers. Therefore, com-
plex quasi-particles, namely the molecular-lattice polarons
are formed in some polymers due to the libron—phonon
interactions analogously to that it is realized in organic
molecular crystals. It should be noted that as conducting
polymers have a priori alower dimensionality as compared
with molecular crystals, their dynamics of charge carriers
is more anisotropic. In heavily doped samples, the domi-
nating is the interchain Mott charge transport, character-

ized by complete interaction of electrons with lattice
phonons.

The spectral resolution, achieved at 2-mm waveband
EPR, is quite enough for a separate registration of individ-
ual spectral lines of most organic free radicals with differ-
ent radical structure or orientation in a magnetic field. This
is realized not only for PCs with comparatively strong
spin—orbit coupling (e.g., nitroxide or sulfuric radicals),
but also for localized w-radicals. In high fields, the interac-
tion between spin-packets decreases significantly in param-
agnetic systems, and they may be considered as noninter-
acting. Therefore, 2-mm waveband EPR enables one to
obtain more correct and complete information on molecu-
lar and electronic processes, realized in polymer and other
condensed systems.

2-mm waveband EPR reveals the anisotropic character
of superslow molecular motions and the mobility of charge
carriers in low-dimensional organic semiconductors; it
broadens the range of measurements of characteristic times
of molecular and electronic processes. High spectral reso-
lution at 2-mm waveband provides the unique possibility
of the registration of fine structural and conformational
transitions and electronic processes in various systems
with their following interpretation in the frames of the
present theories.
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