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PREFACE

In May 1994, I visited Professor Bengt Ranby at the Royal Institute of Technology in
Stockholm, Sweden. Professor Réanby, at that time Emeritus, was enthusiastic about his
numerous projects, including collaborations with Chinese scientists. On that occasion, I
mentioned to him how useful his 1977 book entitled ESR Spectroscopy in Polymer
Research, which he wrote together with J.F. Rabek, had been to me and many of my col-
leagues over the years. Professor Ranby confided that he planned a sequel, which “would
be published sometime soon.” I was hopeful, and expectant, but this was not to be.

So, what to do with all the excitement in the electron spin resonance (ESR) com-
munity over the extraordinary advances in ESR techniques in the last 20 years, tech-
niques that have been used in Polymer Science? The pulsed, high field, double
resonance, and DEER experiments, ESR imaging, simulations? Someone must tell
the story, and I took the challenge.

In the winter of 2004, I was on sabbatical at the Max Planck Institute for Polymer
Research in Mainz, Germany, shared an office with Gunnar Jeschke, and worked
with him on the ESR chapter for the Encyclopedia of Polymer Science and
Technology (EPST).* Jacqueline 1. Kroschwitz, the editor of EPST, encouraged me
to enlarge the chapter into a full volume. In all planning and writing stages, I bene-
fited greatly from numerous discussions with Gunnar, who has enriched the book by
the three chapters that he contributed.

The final content of this book evolved during many talks with students and co-
workers at UDM and colleagues at other institutions, and during long walks in my
neighborhood. It took the talent, dedication, and patience of the contributors to travel

* Schlick, S.; Jeschke, G. Electron Spin Resonance, In Encyclopedia of Polymer Science and Engineering,
Kroschwitz, J.I., Ed.; Wiley-Interscience: New York, NY, 2004; Chap. 9, pp. 614-651 (web and hardcopy
editions).

ix



X PREFACE

through the seemingly endless revisions and to arrive at the published volume. I am
grateful to Arza Seidel and her team at Wiley for guidance during all stages of this
project.

Part I of the present volume includes the fundamentals and developments of the
ESR experimental and simulations techniques. This part could be a valuable intro-
duction to students interested in ESR, or in the ESR of polymers. Part I describes the
wide range of applications to polymeric systems, from living radical polymerization
to block copolymers, polymer solutions, ion-containing polymers, polymer lattices,
membranes in fuel cells, degradation, polymer coatings, dendrimers, and conductive
polymers: a world of ESR cum polymers. It is my hope that the wide range of ESR
techniques and applications will be of interest to students and mature polymer scien-
tists and will encourage them to apply ESR methods more widely to polymeric mate-
rials. And I extend an invitation to ESR specialists, to apply their talents to polymers.

SHULAMITH SCHLICK

February 2006
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1. INTRODUCTION

Various low-dimensional compounds can be considered as organic conductors; organic
conductive polymers are of special interest,” due to their potential applications
in molecular electronics. A major scientific goal is to reinforce the human brain with
the ability of a computer. However, a convenient computer is based on three-dimensional
(3D) silicon technology, whereas human organisms consist of low-dimensional biological

* This chapter is dedicated to my wife, Tatiana Krinichnaya.

Advanced ESR Methods in Polymer Research, edited by Shulamith Schlick.
Copyright © 2006 John Wiley & Sons, Inc.
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308 HIGH-FIELD ESR SPECTROSCOPY OF CONDUCTIVE POLYMERS

systems. So, the future computer based on organic conductive polymers, combined with
biosystems, is expected to increase considerably the power of human comprehension.

Initially, m-conjugated polymers are insulators. Their conductivity can be con-
trolled by the chemical-electrochemical introduction of dopants, for example, acids
or metal ions, which accept from a chain or inject to a chain an elemental charge.
Consequently, the conductivity of a polymer increases up to = 107°=1 S cm ™! (semi-
conductor) or even up to = 10>~10% S cm ™! (metal).!

Polyacetylene (PA) is the simplest conjugated polymer. It can exist in cis- and trans-
forms (cis- and trans-PA isomers). The latter is thermodynamically more stable. The
transition between C—C and C = C bonds in trans-PA does not require energy change,
so the Peierls distortion® opens up a substantial gap in the Fermi level. This twofold
degeneration leads to the formation of mobile solitons with a length of = 15 C~C units
and spin § = 7 on trans-PA chains. These correspond to a break in the pattern of bond
alternation,* and thus determine the fundamental properties of the polymer.

Poly(p-phenylene) (PPP), polythiophene (PT), polypyrrole (PP), polyaniline
(PANI), and poly(tetrathiafulvalene) (PTTF) are other conductive polymers with pen-
tameric and hexameric unit rings in which two neighboring units are tilted with respect
to one another by a torsion angle, for example, equal in PPP to = 23"> This angle is a
compromise between the effect of conjugation and crystal-packing energy, which
would lead to a planar conformation, and the steric repulsing between ortho-hydrogen
atoms, which would lead to a non-planar conformation. For these polymers a resonance
form can also be derived, which corresponds to a quinoid structure; however, in con-
trast to trans-PA, benzenoid and quinoid forms are not energetically equivalent, with
the quinoid structure being substantially higher in energy. As a result, the solitons are
trapped in the slightly doped PPP by the charges in polymer structure and the other
mobile nonlinear excitations, namely polarons, are formed.® These quasiparticles, with
the size of about five polymer units,” possess an elemental charge e and spin S = 3
With increase of the doping level y (the number of the dopant molecules per polymer
unit), the polaron pairs can combine to form spinless bipolarons with charge 2e.

Some of the most studied conductive polymers, as well as nonlinear quasiparticles
formed in their chains, are schematically shown in Fig. 1.

A highly anisotropic quasi-one-dimensional (Q1D) m-conjugated structure with
the above topological distortions as charge carriers makes such systems fundamen-
tally different from traditional inorganic semiconductors, for example, silicon and
selenium, and insulating polymers, for example, polyethylene. Their direct current
(dc) conductivity 6,4, can be controlled by chemical or electrochemical oxidation or
reduction from the insulator to the semiconductor and then to the metal.!

The electronic properties of conductive polymers correlate with their structure,
morphology, and quality, as well as with the nature and number of the dopant mole-
cules introduced into the polymer matrix.

Different methods were widely used for the study of fundamental structure and
dynamics properties of conductive polymers: optical and X-ray photoelectron spec-
troscopy, scanning electron microscopy (SEM), chromatography, dc and alternating
current (ac) conductometry, microwave dielectrometry, Faraday balance and alternat-
ing force magnetometry, and thermoelectric power."> As the electronic properties of
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310 HIGH-FIELD ESR SPECTROSCOPY OF CONDUCTIVE POLYMERS

conductive polymers are related to the existence of nonlinear excitations possessing
electron and nuclear spins, various magnetic resonance methods, such as nuclear
magnetic resonance (NMR), electron—nuclear double resonance (ENDOR), electron
spin—echo envelope modulation (ESEEM), and ESR were also used for the study of
these systems.®° Electron spin resonance spectroscopy has the ability to analyze
directly the nature and dynamics of nonlinear charge carriers stabilized in conductive
polymers.

The ESR investigations are usually carried out at a frequency of ®./2n = v, < 10
GHz and a field B, < 3.4 kG. However, these conditions result in single-line spectra
with information limited to the concentration and line width of the paramagnetic cen-
ters (PC). In addition, strong cross-relaxation of PC exists at low magnetic fields.'”
Thus, the ESR study of organic conductive systems at v, < 10 GHz faces consider-
able limitations.

It was shown that the measurement of organic radicals in different solids,
especially in conductive polymers at D-band ESR (®./2n = 140 GHz and Bj = 50 kG)
enables the absolute sensitivity, precision, and informativity of the method to
increase considerably. At high frequencies, the main advantage of the method is the
higher spectral resolution of the g-factor due to the basic relation g;—g. o ®, (here,
8. = 2.00232 is the g-factor for a free electron). The transition to D-band widens the
range of molecular motions in condensed systems by more than an order of magni-
tude. This sensitivity of the ESR method, that is, the minimum number of spins
detected, increases with the increase of ®, as Ny, = 0, % where o= 0.5-4.5.13
Finally, the probability P, of cross-relaxation (cr) of PC decreases strongly with the
increase of a polarizing microwave quantum energy ha, o< By as P, o< exp(—B?),'"*
so the spin packets become noninteracting at D-band ESR, and therefore can be sat-
urated at lower values of the magnetic term B; of polarizing microwave radiation.
The electron relaxation time of PC stabilized in some solids can increase with an
increase in ®,, which is another reason for the appearance of fast passage effects that
make an efficient study of their relaxation and dynamics properties possible.

In our laboratory, ESR studies at D-band have investigated the structure, dynam-
ics, and other specific characteristics of PC and their local environment in various
biological'! and conductive!>! polymers. The main results for conductive polymers
are summarized in this chapter.

11,12

2. MAGNETIC PARAMETERS OF CHARGE CARRIERS IN
CONDUCTIVE POLYMERS

Trans-PA can be obtained by thermal, chemical, or electrochemical treatment of cis-
PA.'® Such a treatment leads to the increase of the polymer dc conductivity 64 from
~10"2upto 107> S cm ™! and is accompanied by the increase in spin concentration
from = 10'8 up to 10" spin g~! and by strong line narrowing.®

Numerous ESR studies of the nature, composition, relaxation, and dynamics of PC
in cis- and trans-PA were carried out at convenient 0,/2r < 10 GHz.® Figure 1 exhibits
the X-band (®./2n=9.7 GHz) ESR spectra of trans-PA as an example: a
single symmetric line with effective g=2.0026 and line width AB,, = 2.2 G. A small
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ESR line width broadening (0.5 G) was observed on cooling to 77 K, probably due to
a smaller libration motion of different parts of the polymer chains. The data obtained
have no simple interpretation because at this frequency it is impossible to discern the
difference between localized and mobile 7 -radicals with close magnetic parameters.

The increase of the frequency ®, leads to a change in the line shape, as shown in
Fig. 1a."""° Analysis of the spectra shows'? that two PCs are stabilized in trans-PA,
namely, neutral solitons pinned on short polymer chains with g, = 2.00283 and
g1 = 2.00236, and those moving along the long polymer axis with g = 2.00269 and
relative contributions of 1.1 x 10736 x 107> spins per carbon atom, respectively.
The latter value is two orders of magnitude smaller than that reported by Goldberg®.
By replacing hydrogen atoms with SR-groups (R is alkyl substitute), that is, the tran-
sition from trans-PA to poly(bis-alkylthioacetylene) (PATAC), causes a drastic
increase in the anisotropy of magnetic parameters of the polymer.>!

The g, value of trans-PA differs from g. by g — g. = 5% 10~*. According to a
perturbation theory,?” the shift of the g-factor is

_ g:P(OA

8y " 8= Mmoot (1)
where p(0) is the spin density at the nucleus position, A is the spin—orbit coupling
constant, AE, .+ and AE;_- are the energies of the unpaired electron n — * and
G — T* transitions, respectively. Therefore, the difference obtained corresponds to
an unpaired electron excitation from the G._ orbital to an antibonding t* orbital with
AEs_p« = 14 eV, which is near AE,_;« = 14.5 eV calculated for a normal C—C bond in
n-conducting systems.?? The isotropic g-factors of delocalized PC lies near to that of
the pinned one. This is evident from the averaging of the g tensor components of
delocalized solitons due to their mobility with the rate!

— B
D?DZ (g1 f;)HB 0 2)

that exceeds 10° rad s™! in trans-PA.

Figure 1b also exhibits a typical D-band ESR spectra of both neat and iodine-
doped PTTF sample with more pronounced anisotropic magnetic parameters.>*2
This polymer with methyl (Me) and ethyl (Et) substituents in which TTF units
with R = H, Me, or Et are linked via phenyl (PTTF-R-Ph) or tetrahydroan-
thracene (PTTF-THA) bridges is a p-semiconductor with dc conductivity G4, =
1074-107% S cm™.?6 The anisotropic ESR spectrum of localized PC R, in, for
example, PTTF-Me-Ph, is characterized by g-factors presented in Table 1. In addi-
tion, more mobile polarons R, with g, = 2.00928, g, = 2.00632, g, = 2.00210 also
appear upon polymer doping. The spectrum of PTTF-Et-Ph was analyzed in terms
of two contributions, of localized PC R; with magnetic parameters presented in
Table 1, and PC R, with a nearly symmetric spectrum and g.¢; = 2.00706 diffusing
along the polymer long axis with the rate (see Eq. 2) of D% =3 X 10'°rad s™'. The
main components of the g-tensor of PC R; localized in PTTF-THA are summarized
in Table 1 as well. The spectrum of delocalized PC R, have glﬁ = 2.00961 and
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gll = 2.00585 (R,). The concentration ratio [R;]/[R;] is 20:1 in PTTF-Me-Ph, 3:1 in
PTTF-THA, and 1:1.8 in iodine-doped PTTF—Et-Ph.

Polaron motion along the polymer chain induces interactions between electron
spins and between electron and proton spins, which depend on the frequency.?” The
line width of the ESR spectral components of polarons immobilized and delocalized in,
for example, PTTF-Et-Ph, increases from 2.8 to 3.8 G and then to 39 G, and from 10.2
to 11.5 and then to 175 G, when the microwave frequency increases from 9.5 to 37, and
then to 140 GHz, respectively, at room temperature.”* It is then possible to determine a
real line width of these PCs at the @, — 0 limit, 2.4 and 8.3 G, respectively.

Polythiophene and its derivatives, poly(3-alkylthiophenes) (P3AT), with sulfur in
the backbone are a suitable system for understanding the electronic and optical prop-
erties of Q1D systems with nondegenerate ground states.”® Normally, these com-
pounds are semiconductors, whose mid-gap is determined by the presence of the
m-orbital conjugation along the main polymer axis. The presence of polarons in poly-
thiophene and its derivatives was revealed by optical absorption measurements and
ESR spectroscopy.® At X-band ESR pristine PT and P3AT have a single symmetric
line with g = 2.0026 and AB,,, ~ 4-8 G, evidencing that the spins do not belong to a
sulfur-containing moiety and are localized on the polymer chains.?

The D-band ESR spectra of PT and P30T are more informative.?*** The D-band
ESR spectrum of P30T is a superposition of Gaussian and Lorentzian lines with the
anisotropic g-factor typical for PC in some other conductive polymers with het-
eroatoms.'> The main components of the g-tensor of PC in P3OT are presented in
Table 1. The structure of a polymer should affect the distribution of an unpaired
electron in polaron, changing the principal values of the PC g-tensor and hyperfine
structure. The lower limit of the polaron motion in P30T can be determined from the
shift of the g, and g, values compared to g,, by using Eq. 1 with A, = 0.047 eV to be
DY, >3.4x10°rads™".

In contrast to X-band ESR, the high spectral resolution achieved at D-band ESR
allows us to register the structure and/or dynamic changes in all spectral components
separately. Fig. 2 shows that the g, and g, values clearly reflect the properties of the
radical microenvironment. These values of the initial P30T decrease with the

Table 1. Principal g-Tensor Components g; and Averaged g-Factors of PC in
Conductive Polymers Determined from D-Band ESR at Room Temperature

Sample 8y 8y 8. <g>

PTTF-Me-Ph 2.01189 2.00544 2.00185 2.00639
PTTF-Et-Ph 2.01424 2.00651 2.00235 2.00770
PTTF-THA 2.01292 2.00620 2.00251 2.00721
P30T 2.00409 2.00332 2.00235 2.00325
PANI-SA 2.00603 2.00382 2.00239 2.00408

PANI-HSA 2.00522 2.00401 2.00228 2.00384




MAGNETIC PARAMETERS OF CHARGE CARRIERS IN CONDUCTIVE POLYMERS 313

T T T T T T T T T T
11 - m]
JUUEEEE T P30T 419
L )3/ ‘\\
// \\\
10 - e AN
D// o \\\ ® -8
- / - N
--&~""==<__ O
= 9r o .9 @ AN o'e >
£ |77 e & T L
N
< /, o® O/’A// \\.\\A R «é
sIHe@ o,A / A\ é\ g
L7 4 A }Q\ N
L O A A ABpp [o]; XN -6
- / N\
o & o ® X AR
T A // A A Y A\\\C\)
A/ a
- A’A o z Y45
6L 1 . 1 . 1 . 1 . 1 .
100 150 200 250 300

Temperature / K

Fig. 2. Temperature dependence of the line width of the main spectral components, and of the
squared shifts of g, and g, from g, = 2.00232 for P30T at D-band. From the top down, the
dashed lines show the dependences calculated from Eq. 3 with ABY, = 7.3 G, 0,, = 8.7 X
10Ms™1 E, = 0.014 eV, Jg = 0.30eV,ABY, = 123G, ), = 1.8 x 10Ms™ 1 E, = 0.022 eV,
Ji=029eV, and ABY, = 8.7 G, 0},,= 8.5 X 10"*s™ !, E, = 0.020 eV, J; = 0.27 eV. [From
Ref. 30(b) with permission.]

temperature decrease from 333 down to 280 K, possibly due to the transition to a
more planar conformation of the polymer chains. Below 280 K, these values increase
at the sample freezing down to 160-220 K, and then decrease with a further temper-
ature decrease. The decrease of g, and g, values at low temperatures can be explained
by a harmonic vibration of macromolecules that reflects the crystal-field modulation
and is characterized by the g(T) =< T dependence.?' At the same time, the line width
of the P30T spectral components increases with a temperature increase from 90 K up
to the phase transition characteristic temperature 7, = 200 K, and then decreases as
the temperature increases. This effect of the line width decrease below T, can be due
to molecular motion of alkyl groups and/or acceleration of relaxation processes. If
one assumes that molecular dynamics and/or electron relaxation lead to broadening
of the X, Y, and Z spectral components, the respective activation energies 3.6, 4.9,
and 4.3 meV are determined from the slopes of these dependences at 7> T..

The extremal variation of the line width can be interpreted in the framework of the
Houzé—Nechtschein model®? of dipole—dipole interaction between different PC.
According to this model, the collision of mobile PC with other spins should broaden
ESR lines as

_ 0 _
ABPP - ABpp + S(ABPP) -

16 Ko,
(DhopC (1 (Dhop ) (3)

27,
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where Ang is the line width of noninteracting polarons, Wy, is the frequency of the
polaron hopping along a polymer chain, C is the number of guest PC per aniline ring,
and J, is the constant of the spin dipole—dipole interaction in the system. If the ratio
Jy/h exceeds the frequency of collision of both PC types, the condition of strong inter-
action is realized in the system that leads to a direct relation of the spin-spin interaction
and polaron diffusion frequencies, so that lim[8(AB,,;,)] = 57 COhop. In an opposite
case, if the condition of weak interaction prevails, the result is an inverse dependence
of these frequencies, lim[8(AB, p) = % (C/(ohop)(Jd/b)z. According to the spin
exchange fundamental concepts,3* the extreme S(ABpp)(T) dependence should reflect
both types of spin—spin interaction, at T < T.and T = T respectively. An additional
plausible reason for line broadening can be higher spin localization with a temperature
decrease at T = T..

Assuming an activation character of the spin—spin interaction with activation
energy E,, when 0., = exp(-E,/kgT), the temperature dependence of the line widths
for the X, Y, and Z spectral components can be calculated from Eq. 3 with E, =
0.022, 0.020, and 0.014 eV, respectively (Fig. 2). The J4= 0.3 eV value obtained
exceeds the corresponding spin-exchange constant for nitroxide radicals with para-
magnetic ions, Jy = 0.01 eV.**

The data presented in Fig. 2.3 evidence that the correlation of line width with the
spin—orbit coupling according to the Elliot mechanism is %

T
oUg—ge)’
where G is the conductivity, o is the constant, g—g. & MAE; _p is the shift of the
g-factor, and T, is the electron scattering time. Such a mechanism plays an important
role in the charge transfer in organic ion-radical salts*® and conductive polymers
with pentameric rings.® Indeed, ABg,, Ag2 and AB,, Ag%, dependences are valid
for P30T at least at T = T,.. This means that different mechanisms affect the individ-
ual components of the P3OT spectrum, and that the scattering of charge carriers (see
below) should be governed by the potential of the polymer backbone.

PANI differs from other conducting polymers in several important aspects. In con-
trast to PA- and PPP-like polymers, it has no charge conjugation symmetry. Besides,
both phenyl rings and nitrogen atoms are involved in polymer conjugation. The rings
of PANI can rotate or flip, significantly altering the nature of electron—phonon inter-
action in this polymer. During doping of PANI or transition from its emeraldine base
form (PANI-EB) to emeraldine salt (PANI-ES), its conductivity increases by > 10
orders of magnitude, whereas the number of electrons on the polymer chains remains
constant in the PANI-ES.>”*! Such doping is accompanied by appearance of the
Pauli susceptibility,*®3? characteristic for classic metals, due to formation of high-
conductive completely protonated or oxidated clusters with a characteristic size of
~ 5 nm in amorphous polymer.*’ In some cases, diamagnetic bipolarons*' and/or
antiferromagnetic interacting polaron pairs,*> each possessing two elemental
charges, can also be formed in heavily doped polymer.

PANI-EB and PANI-ES doped with surfuric (PANI-SA), hydrochloric (PANI-
HCA), camphorsulfonic (PANI-CSA), 2-acrylamido-2-methyl-1-propanesulfonic

-1 _—
GOCABPP—

“
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(PANI-AMPSA), and p-toluenesulfonic (PANI-PTSA) acids up to y = 0.60 were
also studied in detail by multifrequency ESR.2>43-48

Figure 1 shows typical D-band ESR spectra of PANI-EB and PANI-ES samples.
The analysis of the data obtained showed that two types of PC are stabilized in PANI-
SA: polarons R, localized on short polymer chains, —(Ph-HN""—Ph)—, with
A=Ay = 4.5 G, A, =30.2 G, and g-factors presented in Table 1; and polarons R,
with g, = 2.00439 and g; = 2.00376 moving along the polymer chains with a rate
(see Eq. 2) D(I)D = 6.5 X 108 rad s~!. Assuming a McConnell proportionality con-
stant for the hyperfine interaction of the spin with nitrogen nucleus Q = 23.7 G,* a
spin density is estimated on the heteroatom nucleus of pn(0) = (A, + A, + A)/(30)
= 0.55. The lowest excited states of the localized PC were determined from Eq. 1 to
be AE,+ =29 eV and AEg = 7.1 eV at p%, = 0.56.° In PANI-HCA, R, also
demonstrates the strongly anisotropic spectrum with the principal components of the
g-tensor summarized in Table 1, and hyperfine coupling constant A, = 22.7 G. For
radicals R, g, = 2.00463 and g; = 2.00223.

Highly doped PANI,*4347:48 PT 29 PPP3! and other conductive polymers demon-
strate a Dyson-like®? spectra with the line asymmetry factor A/B (Fig. 1) due to the
formation of a skin layer on the polymer surface at D-band ESR. This effect was also
detected at /21 = 10 GHz.® The above line shape distortion is accompanied by its
shift to higher magnetic fields; therefore, in order to determine correctly all the mag-
netic parameters, both the A and D terms should be considered.

Generally, the first derivative of the Lorentzian line can be calculated as

dy 4 2x D 1—x2
aB 7 (1+x%)? (1+x%)?

®)

where x = 2(B-By) / \EAka. The line asymmetry A/B (see Fig. 1) correlates with A
and D coefficients of Eq. 5 as A/B = 1 + 1.45 D/A.

The PC stabilized in PT-BF has an axially symmetric D-band ESR spectrum with
g1 = 2.00412, g, = 2.00266, AB,,, = 15.2 G, AE r« = 4.0 eV, typical for a radical
localized on a polymer backbone (Fig. 1). The Cl1O} doped PT is characterized by g
= 2.00230, g, = 2.00239, AB,, = 26.3 G, and AEg p« = 7.1 eV.”

As the doping level y of PANI-SA exceeds 0.21, the g-factor of PC R, becomes
isotropic and decreases from gz, = 2.00418 down to g;,, = 2.00314. This effect is
accompanied by a narrowing of the R, ESR spectrum, and was explained by a depin-
ning of Q1D spin diffusion along the polymer chain and formation of the areas with
high spin density in which a strong exchange of spins on neighboring chains occurs.
This is in agreement with the assumption*’ of formation in amorphous PANI-EB of
metal-like domains with Q3D delocalized electrons.

Doping of conducting polymers leads to the increase of the paramagnetic susceptibil-
ity, . This parameter consists of the temperature-independent Pauli susceptibility of the
Fermi gas Yp, a temperature-dependent contribution of localized Curie PC Y, and the
term g1 “becoming” due to a possible singlet—triplet spin equilibrium in the system,

N2 —Jlk :
sueff kl |: eXP( BT) ] (6)

X =Xp+ Xc + XsT = NAM%ﬁn(S}:) + SkBT + ? 1+ SGXp (_J/kBD
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where N, is the Avogadro’s number, Ny is a number of spins with S= %, Uetr=Hpg
\S(S+1) is the effective magneton, kg is the Boltzmann constant, n(eg) is the density
of states per unit energy (eV) for both spin directions per monomer unit at the Fermi
level &g, N, /3kgy=C is the Curie constant per mol-C(mol-monomer) ', k; is a con-
stant, and J is the antiferromagnetic exchange coupling constant.

For example, PC in PANI-SA demonstrates the extreme temperature dependence
of the effective paramagnetic susceptibility (Fig. 3). As in the case of polyaniline
perchlorate,> this indicates a strong antiferromagnetic spin interaction due to a
singlet—triplet equilibrium included in the total paramagnetic susceptibility. Indeed,
Fig. 3 shows that the paramagnetic susceptibility experimentally determined for the
PANI-SA samples is well reproduced by Eq. 6 with /= 0.051 eV. The J value is
close to that obtained for the ammonia treated PANL>* Note that n(gg) = 0.9-1.4
states per electroviolet per one ring determined for PANI-SA, is consistent with the
value determined earlier for PANI heavily treated with other dopants.’>® With
assumption of a metallic behavior, one can estimate that the energy of Np Pauli
spins,”® ep = 3Ny/2n(gg), for example in PANI-ES with 0.21 =y = 0.53, will be
0.1-0.51 eV.** This value is close to that (0.4 eV) obtained, for example, for PANI-
CSA .37 From this value, the number of charge carriers with mass m, = m, in heavily
doped PANI-SA, N, = (2m ex/B*)*?/37>° is evaluated to be 1.7 X 10>' cm 3. The
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Fig. 3. Temperature dependence of inverse paramagnetic susceptibility and 7 product (inset)
of PANI-SA samples with different doping levels. Upper and lower dashed lines show
the dependences calculated from Eq. 6 with, respectively, xp = 3.1 x 103 emumol !, C= 1.2
x 1072 emu K mol ™!, k; =4.2 emu K mol™!, J=0.051 eV, and yp = 1.4 x 1073 emu mol ',
C=1.6x10"2emu K mol ™!, k; =48.6 emu K mol™!, J = 0.057 eV. [From Refs. 12(b) and
45(a) with permission.]
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value obtained is close to a total volume spin concentration in PANI-SA. This fact
leads to the conclusion that all PC take part in polymer conductivity. For heavily
doped PANI-SA samples, the concentration of spin charge carriers is less than that of
spinless ones, due to the possible collapse of pairs of polarons into diamagnetic bipo-
larons. The velocity of the charge carrier near the Fermi level, ve=2c,p/mn(gg),>® can
then be calculated, vi = (3.3-7.2) x 10’ cm s~ !. Note that the paramagnetic suscep-
tibility depends weekly on the measuring frequency; therefore this parameter for
other conductive polymers is discussed only in general terms.

3. RELAXATION AND DYNAMICS OF CHARGE CARRIERS IN
SLIGHTLY DOPED CONDUCTIVE POLYMERS

The line width of mobile PC in PANI-AMPSA, ¢ depends on ®.: AB,,(®,) = 1.5 +
6.5 x 10w %84 G at room temperature. As in the case of other polymers, it is possi-
ble to estimate a correct line width at the @, — 0 limit and to reveal the dependence
of spin—spin relaxation time on the microwave frequency. As emphasized above, the
cross-relaxation between spin packets decreases drastically at high magnetic fields
and causes saturation at lower values of B;. This effect can be used for the study of
relaxation and dynamics parameters of PC in different solids,'' conducting polymers
among them.'?
Generally, the first derivative of a dispersion signal U is>®

U(wt) = ulg'(me)sin(met) + urg(®,)sin(w.t — ) + urg(wy)sin(w.t £ mw/2) (7)

where u,, u,, and usy are, respectively, the in-phase and quadrature dispersion terms
with g(®,) shape.

Figure 4 shows changes of in-phase and quadrature terms of the dispersion signal
of PC in cis-PA at different B; values and in P30T at different temperatures. The
relaxation times of adiabatically saturated PC in these and other m-conductive poly-
mers can be determined separately from the analysis of the u; terms of Eq. 7 as'®

3m,(1 + 6Q)
1T Q0 + Q) (8a)
Q
L= om (8b)
(here Q = us/uy, By, is the polarizing field at which the condition u; = —u, is valid)
at 0,77 > 1 and
Ty
T\ = Somi (%)
Tty
T; = 20mu;, + 1uy) (%9b)

at o, 7) < 1.
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Fig. 4. The D-band in-phase and m/2-out-of-phase dispersion ESR spectra of cis-PA regis-
tered at different B; values and room temperature, and for P3OT registered at different tem-
peratures and By = 0.2 G (6). [From Refs. 12(b) and 30(b) with permission.

The inequalities w,,T; > 1 and ,, 7} < 1 hold for cis- and trans-PA, respectively,>
therefore their 7 and T, values can be calculated by using Eq. 8 and 9, respectively.
Fig. 5 exhibits these parameters for solitons in frans-PA with randomly oriented and
with partly stretch-oriented polymer chains as a function of temperature and the
angle y between the external magnetic field B, and the stretching directions. Figure
5 shows the field sensitivity of the relaxation parameters of solitons that can be
explained by the depinning of their motion in trans-PA film.

Such spin diffusion along and between polymer chains, respectively, with coeffi-
cients Djp and D;p (where 1D =one dimensional and 3D =three dimensional)
induces an additional magnetic field onto other electron and nuclear spins and, there-
fore, should accelerate both the relaxation times of the whole spin reservoir.
Dipole—dipole interaction between equal spins prevails in conductive polymers, so
the relaxation rates can be calculated as?*%°

T = (Aw?) [2J(w,) + 8J(20,)] (10a)
T; ' = (Aw?) [3J(0) + 5J2w,)] (10b)

where <Aw?> is the averaged constant of dipole—dipole spin interaction in a powder-
like sample and J(®,) = (2D;p0,) "% at D3p = w, = D;p or J(®,) = (2 D;pD3p) 7
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Fig. 5. Temperature dependence of effective spin—lattice 7} and spin—spin 7, relaxation times
calculated from Eqgs. 8 as well as of intrachain D and interchain Djp, diffusion rates calcu-
lated from Eq. 10 for neutral solitons diffusing in trans-PA along and between randomly ori-
ented chains and chains oriented with their c-axis with respect to an external magnetic field by
v =900, 60° 30°, and 0°. [From Refs. 12(b) and 61 with permission.]

at 0, = Dj;p is the spectral density function for a spin motion in a Q1D system. These
equations become more complex in the case of an oriented polymer system.

Fig. 5 displays the temperature dependencies of the D and D;p coefficients
calculated for the soliton diffusion in trans-PA with randomly oriented and partly
stretch-oriented chains. This figure shows that, as in the case of relaxation parame-
ters, both the 1D and 3D diffusion rates are sensitive to the orientation of the polymer
chains in an external magnetic field due to soliton diffusion in this Q1D system. The
D p(v) function for an oriented sample is opposite to the D3p(\) one. Since the main
c-axes are arbitrarily oriented in an initial frans-PA, these values are averaged over
angle . Moreover, the averaged D;p, value is well described by the equation <D;p>
= Dj;,cos®y + DI sin®y, where D;y and DY, are the extremes of the Dp() func-
tion. Thus, Dy, >> D! inequality displays spin delocalization over N; soliton sites
equal to v’m_“ The analysis of the data presented in Fig. 5 gives Ny(T) o< T'0
temperature dependence for the soliton width and 2N, = 14.8 cell units at room tem-
perature. This value is in good agreement with that theoretically predicted* and
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experimentally obtained.®? Extrapolation to the low temperature range allows us to
suppose the lowest T, = 60 K, where the soliton width starts to increase. Krinichnyi
et al.%! have shown that a soliton in trans-PA is transferred according to the Burgers—
Korteweg—de-Vries theory, which described a dynamics of solitary wave in solids.

The ac conductivity of a conductive polymer due to dynamics of N, spin charge
carriers can be calculated from the modified Einstein relation

2 2
Ne“D) 3p¢1 3D

o13p(T) = kT

1D
where ¢, is the appropriate lattice constant.

Figure 6 exhibits the conductivity due to intra- and interchain soliton diffusion in
slightly iodine-doped trans-PA. The intrachain charge transfer was analyzed®® in
terms of phonon-assisted spin hopping between soliton sites, in the framework of the
Kivelson phenomenological model,%* with predicted conductivity

—1 klwe *
Gue(T) = oo T In ToFT (12)

where k; is constant. The fitting of experimental data by Eq. 12 confirms the applicabil-
ity of the Kivelson theory for the explanation of charge transfer by soliton in trans-PA.
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Fig. 6. Temperature dependence of conductivity 6,p and G3p due to soliton motion in slightly
doped trans-PA and polaron motion in laser-modified PATAC. The dependences calculated
from Eq. 12 with 65=2.8x 10713 S s K cm™!, k; =6.6 x 10'* s K42, and n = 13.2 (upper
dashed line), Eq. 15 with 65 =2.9x 107 S K cm™! and Tm)ph = 0.18 eV (lower dashed line),
Eq. 14 with 6, = 6.5 x 1072 S s (K cm)~! (dash—dotted line), and Eq. 13 with 6, = 3.3 x 10713
S's (em K)!' (T<230 K), 6, =5.2x 10717 S s (cm K)™! (T > 230 K) and E, = 0.055 eV
(dotted line) are shown as well. [From Refs. 12(b) and 21(b) with permission.]
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One can expect that the interchain charge transfer be caused by thermal activation
of a soliton to the band tails; therefore®

0,(T) = 6oTo! ex ( Ea ) (13)
ac 0 eCXp | — kBT

Here, 71is a constant that lies normally near 0.3-0.8 for solids and E, is the energy
for activation of charge carrier to extended states. It was deduced®® that these two val-
ues of, for example, poly(3-methylthiophene), correlate as y = 1 — okgT/E, with o0 =
land E, = 0.18 eV.

Analysis of data obtained for trans-PA has shown, however, that its conductivity
follows Eq. 13 at a too small value of E,. For a better explanation of experimental
data, the pair approximation®” for Q3D charge hopping appeared more suitable.
According to this approach, the charge tunneling between random energy electron
potential wells governs the ac conductivity,

1 \ @
0u(T) = 5 ne’kgTn*kg(ep) (L o, In* (E) =o,T (14)
where <L> is the averaged length of charge wave localization function and ®y is a
hopping frequency.

The comparison of the dependences experimentally obtained and calculated by
using Eq. 14 provide evidence for charge tunneling transfer in trans-PA (Fig. 6).

The relaxation and electron dynamics properties of this polymer are changed suf-
ficiently as a hydrogen atom is replaced by a sulfur-based alkyl group. Such substi-
tution leads to the stronger temperature dependence of relaxation times in
laser-modified PATAC as compared with trans-PA.?!

Figure 6 also shows the contribution of both 1D and 3D polaron motions to the ac
conductivity of the laser-modified PATAC. Its intrachain conductivity 6;p was inter-
preted in terms of the model of the charge-carrier scattering on the lattice optical phonons
proposed by Kivelson and Heeger for metal-like clusters in conjugated polymers,®

{2 |

Gao(T) = 0oT | sinh| —— |—1 (15)
kgT

where ®,, is the angular frequency of the optical phonon.

The 6,p(7T) and 63p(7) dependences obtained for PATAC are fairly well fitted by
equation 15 with hwy, = 0.18 eV and Eq. 14 with E, = 0.061 eV, respectively
(Fig. 6). The break in the o3p(7) curve can be attributed to a change in the confor-
mation of the system. The energy necessary for the charge-carrier activation hopping
between polymer chains is close to the energy of activation of the polymer chain
librations (see below). This fact is evidence of the interference of charge transfer and
macromolecular dynamics processes in the polymer.

Figure 7 shows the temperature dependence of the relaxation times of polarons in
P30T determined from its dispersion spectrum terms presented in Fig. 4; of the spin
diffusion constants Dp and Dsp; and of the conductivity due to polaron mobility
along 6, and between o, polymer chains.>°
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Fig. 7. Temperature dependence of the spin—lattice T}, spin—spin 7, relaxation times, intra-
chain D, and interchain D5y, diffusion rates (inset) of polarons in P30T and appropriate terms
of its ac conductivity. The dashed line shows the dependences calculated from Eq. 15 with &,
=55X108Scecm™ 'K !and hay, = 0.13 eV. The dotted line shows the dependence calcu-
lated from Eq. 13 with oy = 9.1 X 107" Ss¥em™ ' K™!, oo = 2.1, E, = 0.18 V. [From Ref.
30(b) with permission.]

The D,p value exceeds the lower limit of the spin motion D?D by more than one to
two orders of magnitude; however, the D;p value obtained lies near D = 2.1 X
10'% s7! evaluated from the charge-carrier mobility in slightly doped P30OT.”® The
anisotropy of spin dynamics Dp/Dsp increases from 6 at 300 K up to 2500 at 200 K
and up to 3.8 x 10® at 100 K. This leads to the respective increase in the anisotropy
of conductivity 6,p/G3p from 15 up to 6.8 x 10%, and then up to 1.0 x 10°.

As for the PATAC sample, the charge transfer along the chains in P30T is charac-
terized by the strong temperature dependence, especially in the low-temperature
region (Fig. 7). Such behavior is usually associated with the scattering of charge car-
riers on the optical lattice phonons. Indeed, the intramolecular ac conductivity is in
good agreement and follows Eq. 15 with hwy, = 0.13 eV. This value is close to that
obtained for laser-modified PATAC and also for PANI-ES (see below). On the other
hand, the interchain conductivity o3 increases with the temperature increase at
T = 200 K, and then slightly decreases at higher temperatures. This is typical for the
systems with a strong coupling of the charge with the lattice phonons. The 7y value in
Eq. 13 was shown® to depend on the activation energy, E,, of polaron transfer
between P3AT chains, so one can use this approach for the explanation of the 3D
conductivity in the P30T sample as well.

Figure 7 shows that the 63 term of conductivity of P30T is well fitted by Eq. 13
with oo = 2.1 and E, = 0.18 eV. The latter value is close to that determined for poly
(3-methylthiophene)® and also to the energy of lattice phonons in P30T determined
above.
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Relaxation and dynamics properties of charge carriers depend not only on the
polymer structure, but also on its doping level. The temperature dependence of effec-
tive Dp and D;p calculated from Egs. 10 for PC in PTTF samples with different
structure and iodine content are shown in Fig. 8.'2?%2 The D, parameter increases
by two orders of magnitude at the transition from PTTF-Et-Ph to PTTF-THA and to
PTTF-Me-Ph samples, due probably to a more planar conformation in the chain
monomer units or crystallinity in this series.

The 6;p and 65 conductivity terms of these PTTF samples are presented in Fig. 9
as a function of temperature. It is seen that the most acceptable intrachain charge
transfer can be suggested in terms of the Kivelson—Heeger theory of spin—phonon
interaction. Figure 9 shows that ac conductivity of the PTTF-Et-Ph and both of the
PTTF-THA samples are really fitted by Eq. 15. The 65p value of the PTTF-Me-Ph,
sample monotonically decreases with a temperature decrease. On the other hand, this
value of PTTF-Me-Ph with y = 0.05, somewhat increases at the sample cooling from
room temperature down to 7, = 180 K and then decreases on further cooling of the
sample (Fig. 9). Such dependence can be explained by the thermally activated inter-
chain polaron hopping in conduction band tails with activation energy E,.
Temperature dependences of conductivity due to such spin motion calculated from
Eq. 13 are shown by dotted lines in Fig. 9. The 63 value increases in PTTF when the
Ph group is replaced by THA where THA =tetrahydroanthracene (i.e., PTTF-THA
is PTTF in which THF units are linked via tetrahydroanthracene bridges). This fact
allows us to conclude that the structure of a polymer governs the polaron mobility
and anisotropy of its transfer in PTTF.
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Fig. 8. Temperature dependence of the effective intrachain D;p and interchain D;p polaron
diffusion rates in iodine-doped PTTF samples with different doping levels, determined from
Eqgs. 10. [From Refs. 12(b) and 24 with permission.]
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Fig. 9. Temperature dependence of ac conductivity of iodine-doped PTTF due to intrachain
and interchain spin motion, calculated from Eq. 11 using data presented in Fig. 8. From the
top down, dashed lines show o,(7) calculated from Eq. 15 with 6, = 42x 1077 S cm™!
and hoy, = 0.11 eV, 65 = 2.0x 107> S cm ™! and hoy, = 0.025 eV, and 6, = 4.1 X 107 S

m~! and ho,, = 0.024 V. Top to down dotted lines show 63p(7) calculated from Eq. 13 with

6o =27 X10"7SK lem™!s, 00 = 0, E —0052eV 6o =19x107YSK lem™!s, 00 = 0,
E, —0007 eV; 6, =1.6x107" S Klem™'s, o =0, E, = 0.09 eV; 6, = 1.1 X 1071* S
Klem™'s,=32,E,=0.14eV;6,=54 X107 SK 'em™'s, 0. = 2.1, E, = 0.12 eV;
6o=16XxX10"S K 'em™'s, o = 1.1, E, = 0.16 eV as well. [From Refs. 12(b) and 24
with permission.]

The Fermi velocity vg in PTTF samples is near 2 X 107 cm s~ !. The mean free
path /; of a charge was determined for the PTTF samples to be [; = v,pcipVE! =
1072-10~* nm at room temperature, and J; is less than the lattice constant a; therefore
the charge transfer is incoherent in such a Q1D metal-like polymer.

The temperature dependences of effective Dp and Dsp calculated from Eqgs. 10
for both types of PC in the PANI-EB and some slightly doped PANI were also
determined (Fig. 10).23#4548 It seems reasonable that the anisotropy of the spin
dynamics, being maximal in PANI-EB, decreases as y increases. For y = 0.21 the
dimensionality of PANI-ES grows and the spin motion tends to become almost
isotropic. This result disagrees with the results’! obtained at lower ®,, which con-
cluded that there was high anisotropy of the spin dynamics in highly HCA-doped
PANI even at room temperature.

The strong temperature dependence of the D;p of PC in PANI-EB is a result of
multiphonon charge hopping processes due to strong spin—lattice interaction. In con-
trast to undoped trans-PA, a small number of charge carriers exists even in the
emeraldine base form of PANI. For this reason, a charge dynamics in the polymer can
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Fig. 10. Temperature dependence of effective coefficients for intrachain D;p and interchain
Dj;p polaron diffusion in the PANI-EB and slightly SA- and HCA-doped PANI samples. [From
Refs. 12(b), 44(b), and 45(a) with permission.]

also be considered in terms of the Kivelson formalism® of isoenergetic interchain
charge transfer. Figure 11 shows that the experimental data for 6, of the initial PANI
sample is well fitted by Eq. 12 with n = 8.5. This approach is not evident for PANI
doped up to 0.01 =y = 0.03, with a flatter temperature dependence. The model of
charge-carrier scattering on optical phonons in metal-like domains seems to be more
convenient for explaining the conductivity behavior.

As seen in Fig. 11, the 6)p(7) dependence, for example, the slightly doped PANI-
SA, is also fairly well fitted by Eq. 15 with hw,, = 0.1 eV. This value lies near the
energy (0.19 eV) of the polaron pinning in heavily doped PANI-ES.”?> The strong
temperature dependence O3p of the initial sample can then be interpreted in the
framework of the model of the activation charge transfer between the polymer chains
described by Eq. 13, with E, different for low- and high-temperature regions (Fig. 11).
The respective interchain charge transfer in these polymers occurs with E,=0.1 eV
(Fig. 11).

Spin—lattice and spin—spin relaxation times measured by the saturation method at X-
band ESR for the PANI-PTSA withy = 0.5are T; = 1.1 x 10 "sand 7, = 1.6 x 108
s.%® For polarons, diffusion along and between polymer chains in this highly doped
polymer, D;p = 8.1 x 10" rad s™! and D5, = 2.3 x 10% rad s/, should be evaluated
from Egs. 10. The value D,p/Dsp, =~ 10* substantially exceeds the value Dp/Dsp = 50
obtained for highly doped PANI-HCA.”! The corresponding terms of conductivity due
to possible polaron mobility calculated from Eq. 12 are 6;p =29 S cm™! and
O3p =24x103Sem™ L.
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Fig. 11. Temperature dependence of the ac conductivity due to polaron motion along 6 and
between G3p polymer chains in PANI-EB and slightly SA-doped PANI samples. The lines
show the dependence calculated from Eq. 12 withoy = 4.5 X 107" SK 'sem ™, &y = 3.1 X
1025 K23, and n = 8.5 (upper dashed line), from Eq. 15 with oy = 3.95 X 107°Scm ™! K™!
and hoy, = 0.12 eV (upper dash—dotted line), 65 = 1.75 X 107® S cm™! K™! and hu)ph =
0.11 eV (upper dotted line), and from Eq. 13 with 6, = 8.2 X 1072 § K™ 's%¢cm™! and
E, = 0.033 eV (low-temperature region) and 6, = 3.9 X 1072 S K™ 's"%cm™! and E, = 0.41
eV (high-temperature region) (lower dashed line), o, = 4.5 X 107'* S K~ 's"%cm™! and
E, = 0.10 eV (lower dash—dotted line), 6, = 3.1 X 10713 S K™ 's*%cm™! and E, = 0.10 eV
(lower dotted line). [From Ref. 44(b) with permission.]

Note, however, that the steady-state saturation method used to obtain relaxation
parameters of PC in lightly doped polymers reveals serious limitations for the study
of spin dynamics in highly doped polymers, as seen below.

4. CHARGE TRANSFER IN HIGHLY DOPED CONDUCTIVE POLYMERS

The saturation of spin packets in highly doped polymers decreases significantly due
to the increase in spin—spin and spin—lattice interactions. In the ESR spectra of such
samples, the Dysonian term normally appears due to the formation of a skin layer
with thickness 8. In contrast with the classic ESR signal, the Dyson-like spectrum
shape “feels” both the spin polarons and the spinless bipolarons diffusing through a
skin layer. It is possible to determine the intrinsic conductivity G,. of the sample
directly from its Dysonian ESR spectrum. If the skin—layer is formed on the surface
of a spherical powder particle with radius R, the coefficients A and D in Eq. 5 can be
determined from Egs. 16,73
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where p = 2R/8, 6 = V2/u,®.0,.» and W is the magnetic permeability for vacuum.
Figure 12 exhibits the temperature dependence of the ac conductivity of some doped
PANI samples determined from their Dysonian D-band ESR spectra using Eqs. 5 and
16. The shape of the temperature dependence demonstrates nonmonotonous tempera-
ture dependence with a characteristic point 7, = 170-200 K. Such a temperature depend-
ence can be a result of two parallel processes: the above-mentioned tunneling of charge
carriers at T = T, (the semiconducting regime), and their interaction with lattice

phonons at T = T, (the metallic regime), as described by Eqs. 14 and 15, respectively.
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Fig. 12. Temperature dependence of ac conductivity determined from Dysonian ESR spectra
of doped PANI-ES. Top to down dashed lines show the dependence calculated from Eq. 14
with 65 =24.9 S (K cm)~! and from a combination of Eqs. 14 and 15 with, respectively,
op, =147Sem ' K™, 65, =2.1x1072Secm ! K™/, and hwy, = 0.12 eV; 65, = 0.86 S
em™ K™, 00, =43%x1072S em™!' K™!, hoy, = 0.087 eV; 65, = 0.48 S em™! K7,
Gp,= 85X 1073 Scm ™' K™!, haoy, = 0.049 eV; 65, = 0.41 Scm™' K™, 69, = 5.7 X 1072
Sem 'K, hay, = 0.052 V. [From Refs. 12(b), 44(b), and 45(a) with permission. ]
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Figure 12 shows that the experimental G,. values obtained for PANI are well fit-
ted by a combination of Egs. 14 and 15. The energy of lattice phonons hwy, deter-
mined for highly doped PANI-ES lies near (0.066 eV) evaluated from data obtained
by Wang et al.”* The constant of charge carrier diffusion along the chains of PANI-
SA and PANI-HCA, D\, = o,/e’n(ep)ciy, = (0.5-1.1) X 10" rad s™!, exceeds at
least by an order of magnitude the D;p determined above for slightly doped samples
at room temperature. The mean free path was calculated for the highly doped PANI-
ES to be 0.5-6 nm. This value is smaller than that estimated for oriented trans-PA,%
but holds, however, for extended electron states in these polymers as well.

An intrinsic conductivity determined for the highly doped PANI-PTSA sample at
T = 170 K is described by Eq. 15 with hw,, = 0.022 eV (Fig. 12). The value cal-
culated at 300 K, 1.3 X 103 S cm™!, exceeds the 6, and o5, values assessed above,
and indicates that the saturation method cannot be applied for the study of spin
dynamics in highly doped polymers.

The conductivity of heavily doped PANI-SA, PANI-HCA, and PANI-PTSA esti-
mated from their Dysonian ESR spectra is much smaller than that of =107 S cm™!
calculated theoretically;75’76 however, it is near that obtained for metal-like domains
in PANI-ES at 6.5 GHz.”®

The data obtained allows us to conclude that highly doped PANI-SA and PANI-
HCA are Fermi glasses with electronic states localizes at the Fermi energy due to dis-
order, whereas PANI-TPSA and PANI-CSA are disordered metals on the
metal-insulator boundary, so that the metallic quality of the emeraldine form of
PANI grows in the series PANI-HCA — PANI-SA — PANI-PTSA — PANI-CSA.

5. HIGH-FIELD SATURATION TRANSFER ESR METHOD IN THE
STUDY OF CONDUCTIVE POLYMERS

An additional advantage of D-band ESR is that it offers the opportunity to investigate
the macromolecular mobility in conductive polymers with PC interacting with
heteroatoms and, therefore, possessing anisotropic magnetic parameters. Such
motion is a priori realized with correlation times in the range of 1073 > 1, > 1077
s.”7 The most sensitive to such molecular motions are the 7t/2-out-of-phase first term
of the first harmonic of dispersion and second harmonic of absorption spectra.
According to the saturation-transfer ESR (ST-ESR) method,” if all radicals rotate
about their own x-axis, the conditions of adiabatic saturation are fulfilled for some of
the radicals oriented by the x-axis along the external magnetic field B, and cannot be
realized for radicals with other orientations. This results in the elimination of the sat-
uration for radicals whose y and z axes are oriented parallel to the field B and in the
decrease of their contribution to the total ST-ESR spectrum.

It was demonstrated' 1278 that all terms of anisotropic magnetic parameters of sta-
ble organic radicals are registered separately at D-band ESR. In contrast with the
nitroxide radical usually used as a spin probe or label in condensed systems, the native
polaron with anisotropic magnetic parameters becomes itself a stable spin label.
Therefore, the nearest environment of such PC remains undisturbed and the results
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obtained on structure or spin and molecular motion become more accurate and com-
plete. Besides, the sensitivity of the method increases with m,,”*% so it can be used
more efficiently in the study of macromolecular dynamics in conductive polymers at
D-band ESR. By measuring ESR at this frequency, where both dispersion terms of PC
are localized on the polymer chain, it is possible to determine separately the relaxation
times (see above) and the correlation time of anisotropic activation motion with a chain
near, for example, the main molecular x-axis from the following simple equation,'?

E
v=1, <u§/u§)a = 7, exp (ﬁ) (17

where o is a constant determined by an anisotropy of the g-factor and E, is an
activation energy of the radical motion near a specific molecular axis. The preexpo-
nential factor TJ, is the lowest limit for the correlation times in a respective polymer
matrix.

From Fig. 4, it is seen how the relative intensity of the m/2-out-of-phase term of
D-band ESR dispersion spectra of P3OT changes with temperature. The increase of the
spectral X-component u with increasing temperature shows the appearance of such
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Fig. 13. Arrhenius dependence of correlation times for superslow librations near the polymer
main x-axis of polarons R localized on polymer chain segments in some conductive polymers
evaluated from their ST-ESR spectra (inset). In the inset, the typical n/2-out-of-phase disper-
sion spectra registered at 100 K (solid line) and 200 K (dashed line) are shown. The depend-
ence calculated from Eq. 17 is shown by a dotted line. [From Refs. 12(b), 21(b), 24, 30(b), and
45(a) with permission.]
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saturation transfer over the spectrum due to superslow macromolecular libration dy-
namics. The Arrhenius dependence of 1} determined from Eq. 17 for such motion in
different conductive polymers is presented in Fig.13.

The value deduced for P30T decreases with a temperature increase up to 7, = 150
K and then increases above this critical temperature. Note that Masubuchi et al.®!
observed the proton nuclear magnetic resonance ('H NMR) T temperature depend-
ence with the same critical temperature. This result was attributed to the motion of the
alkyl chain end groups. The dependences obtained can be interpreted in the frame of
the superslow 1D libration of the polymer chains together with polarons near their
main x-axis at low temperatures for T = T, whereas their high-temperature part can
be explained by the collective 2D motion at T = T, with E, = 0.069 eV. Treatment of
this polymer by annealing and by both recrystallization and annealing leads to lower
(0.054 eV) and higher (0.073 eV) E, values, respectively.*°

The energy of activation also depends on the structure and the doping level of a poly-
mer. For example, the values obtained for PANI-EB, laser-modified PATAC, iodine
doped PTTF-Me-Ph, PTTF-Et-Ph, and PTTF-THA from the data summarized in Fig.
13 and Eq. 17 are 0.015, 0.043, 0.036, 0.021, and 0.041 eV, respectively. Slight doping
of an initial PTTF sample doubles the activation energy of macromolecular librations.
The E, values obtained at D-band ESR are comparable with those determined for inter-
chain charge transfer in doped PTTF at a lower measuring frequency,” indicating the
interaction of pinned and mobile polarons in this polymer matrix. The upper limit for the
correlation time registered by the ST-ESR method is 4 X 10™*s at 66 K for P30T and
1 X 10~*s for PTTF-Me-Ph and PANI-EB at 75 and 125 K, respectively.

6. HIGH-FIELD SPIN PROBE METHOD IN THE STUDY OF
CONDUCTIVE POLYMERS

In some conductive polymers, pairs of polarons can merge into spinless bipolarons.®
In this case, the method of spin—label and probe,3>83 especially at D-band ESR,'!
seems to be more effective for the study of their structure and dynamics.

The X- and D-band absorption ESR spectra of a nitroxide radical, 2,2,6,6-tetram-
ethyl-1-oxypiperid-4-yl acetic acid, introduced as both a probe and dopant in PP and
as a probe in a frozen nonpolar model system, are shown in Fig. 14.3* The X-band
ESR single line of PC (R) stabilized in PP overlaps the lines of nitroxide radical rotat-
ing with correlation time T, > 1077 s~ !,

The D-band ESR spectra of these model and modified polymer systems are more
informative (Fig. 14). At this waveband, all terms of g- and A-tensors of the probe are
completely resolved. Nevertheless, the asymmetric spectrum of radicals R stabilized
in PP with magnetic parameters gﬁ = 2.00380, gli = 2.00235, and ABpp =57Gis
registered near the z component of the probe spectrum. In nonpolar toluene, the
probe is characterized by g, = 2.00987, g, = 2.00637, g,=2.00233, A, = A, = 6.0
G, and A, = 33.1 G. The difference AgR = 1.45 x 10~ corresponds to an excited
electron configuration in R with AE;« = 5.1 eV. In conducting PP, the g, value of the
probe decreases to 2.00906 and its x- and y-components become broadened by 40 G
(Fig. 14). In addition, the shape of the probe spectrum shows the localization of PC
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2A,
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140 GHz

Fig. 14. Both X- and D-band ESR absorption spectra of a nitroxide radical in frozen (120 K)
toluene as a spin probe (dotted line) and in conductive PP (solid line) as a dopant and spin
probe. The anisotropic spectrum of localized PC marked by the symbol R and measured at a
smaller amplification is also shown in the lower spectrum. The bipolaron spreads out over a
larger number of units than shown schematically in this figure. [From Refs. 12(b) and 84 with
permission.]

R in the polymer pocket of 1 nm-size, that is, the charge in this polymer is really
transferred by spinless bipolarons.

The fragments with a considerable dipole moment are a priori absent in an initial
PP. Besides, the dipole—dipole interactions between the radicals can be neglected due
to a low concentration of the probe and PC localized on the chain. Therefore, the
change in the probe’s magnetic resonance parameters may be caused by a Coulombic
interaction of the probe active fragment with mobile spinless bipolarons. The effec-
tive electric dipole moment of bipolarons diffusing near the probe was determined
from the shift of the g, component to be [1,=2.3 D. The shift of g, may be calculated
based on the electrostatic interaction of the probe and bipolaron dipole by using the
potential of the electric field induced by the bipolaron near the probe site, 38

_ 6.10_3erN0kBT

Ag, = i (x coth x—1) (18)
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where ryg is the distance between N and O atoms in the probe active fragment, I is the
resonant overlapping integral of the C=C bond, L, is the dipole moment of the probe,
x = 2u,l,(meeoks 7)1, € and g, are the dielectric constants for PP and vacuum,
respectively, 7 is the distance between the nitroxide radical and the bipolaron. The value
of ¥ = 0.92 nm is obtained by using p, = 2.7 D,¥ p, = 2.3 D, and ryo = 0.13 nm.*

The effective spin—spin relaxation rate T ' = T + T, is defined by relaxation
of radicals not interacting with the environment, Tg(})), and the increment due to
dipole—dipole interactions, TQ&)) = Y.0(AB}3). The characteristic time 7. of such an
interaction was calculated from the broadening of the spectral lines using Eq. 10b with
J(®,) = 21/(1 + w312) to be T, = 8.1 x 10! 5. The value is close to the time of
polaron hopping between chains, Ty, = 1.1 x 1071° s estimated for slightly doped PP.3
Taking into account that the average time between the translating jumps of charge car-
riers is defined by the diffusion coefficient D and by the average jump distance equal to
a product of lattice constant c¢;p on the half-width of the bipolaron N/2, 1. = 1.5
(cTpNg,/D, and by using D = 5x 10~* cm*s ™" typical for conductive polymers, it is
possible to determine (c;pNyp) = 3 nm, equal approximately to four pyrrole rings.

By measuring at D-band, all anisotropic magnetic parameters of organic PC allows
us to determine the subtle features of structure, conformation, dynamics, and polarity
of the PC microenvironment in different condensed systems.'!"'>78 At this waveband,
the correlation times of radical rotation near the main axis can be defined separately
from the broadening of corresponding spectral components 8(AB;). Krinichnyi et al.38
showed that the method of spin macroprobe can be used for more detailed investiga-
tions of the polymer systems in solution. The method is based on the analysis of
simultaneous rotation in the system under study of both the nitroxide radical as a spin
microprobe and a single microcrystal of a suitable ion-radical salt as a spin macro-
probe. The macroprobe tends to orient the main crystal axis along the direction B to
attain the minimum energy of spin interaction with the magnetic field. Such a reori-
entation process is easily registered by its ESR line shift to lower magnetic fields.

The inset in Fig. 15 shows a D-band ESR spectrum of a frozen nujol/ferz-butyl-
benzene mixture in whom a nitroxide radical is solved as a spin microprobe and a
dibenzotetrathiafulvalene;PtBrg, (DBTTF;PtBre) single microcrystal with the char-
acteristic size of = 10~* mm? is introduced as a spin macroprobe. The change in the
nitroxide radical spectrum shape below the 7|, of the matrix glass transition is caused
by its Brownian diffusion rotation. The correlation time T, = 1/Y,8(AB;) of the spin
microprobe reorientation was determined 78 to be 4.7x10~2%exp(0.57 eV/kgT) s. The
spin macroprobe was preliminary oriented by its d crystallographic axis along the
magnetic field at a temperature significantly exceeding T,. Then, the spin-modified
sample is frozen down to T = T, turned by 90° (upper spectrum in the inset), and
slowly warmed to 7= T,. The ESR line of the spin macroprobe is shifted from an ini-
tial position B(z = 0) at r = 0 to a lower magnetic field B(z), as shown on the lower
spectrum in the inset. This line shift follows an exponential law, and attains the max-
imal value, 8B = 200 G for this sample at ¢ — o (Fig. 15).

The dynamics of the spin macroprobe depends on many parameters of the matrix
and can be described by the differential equation for a one-point-fixed oscillator

¢+ tTHe=0 (19)



CONCLUDING REMARKS 333

T T T T T
10" |
o
w
S0 | DBTTF:PIBr;
= i °
= Q.
s S [ ]
I )\j 8
L] , , , { , ,
107 F @ 49050 49100 49150 49200 49250 49300
[ o Magnetic Field / G E
1 " 1 " " 1 " 1
3.8 3.9 4.0 4.1 42
10%/T/ K1

Fig. 15. The Arrhenius dependence of the dynamic viscosity 1 in the mixture obtained by
both spin microprobe (open symbols) and spin macroprobe (filled symbols) methods. Inset:
D-band ESR spectra of nitroxide radical (solid line) and single-crystal DBTTF;PtBrq (dashed
lines) introduced into a frozen and heat softened nujol/tert-butylbenzene mixture (1:10) at 7 =
0 (upper spectrum) and arbitrary tat T < T, (lower spectrum) time period. (From Ref. 89 with
permission.]

where @(f) = arccos[8B(1)/8B(t— )] = Quexp(-t/Ty), Tm = 6TINF/(NViUoUpB,) is
the mechanical relaxation time, 1 is the coefficient of dynamic viscosity of the
matrix, » and V are the characteristic size and volume of the crystal, respectively, and
N is the PC bulk concentration. This allows us to determine the dynamic viscosity of
the system under consideration, by using the Stokes equation:

1) = Sl 20
M =735 % (20)

Figure 15 depicts the temperature dependence of the viscosity of the model
system, defined by the spin micro- and macroprobe methods. As expected, M(7) o<
Texp(E/kgT) at T, =256 K. At these temperatures, a spin probe reflects the motion
of the radical glass-like microenvironment. The change in viscosity seems to have an
activation character at T = T,.

7. CONCLUDING REMARKS

The data presented in this chapter show the variety of electronic processes that take
place in the low-dimensional organic conductive polymers, caused by the structure,
conformation, packing, and degree of ordering of polymer chains, and also by the
amount and type of the dopant introduced into the polymer matrix. The most impor-
tant deductions are the following.
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Spin and spinless nonlinear excitations exist as charge carriers in organic conduc-
tive polymers. The number of these carriers depends on the various properties of the
polymer and the dopant introduced. With increasing doping level some polaron pairs
merge into diamagnetic bipolarons. However, such a process can be restricted in
some polymers due to their structural-conformational peculiarities. The doping of a
polymer initiates changes in the charge-transfer mechanism. Conductivity in neutral
or weakly doped samples is defined mainly by isoenergetic charge tunneling, which
is characterized by a high interaction of spins with several phonons of a lattice and
leads to the correlation of Q1D spin motion and interchain charge transfer. This
mechanism ceases to dominate with the increase of doping level, and the charge can
be transferred by its thermal activation from widely separated localized states in the
gap to close localized states in the tails of the valence and conducting bands.
Therefore, complex quasiparticles, namely, the molecular-lattice polarons, are
formed in some polymers due to libron—phonon interactions analogous to that in
organic molecular crystals. Note that as conductive polymers have a priori a lower
dimensionality compared to molecular crystals, the dynamics of charge carriers is
more anisotropic. In heavily doped samples, the dominant mechanism is the inter-
chain charge transport, characterized by a strong interaction of charge carriers with
lattice phonons.

The higher spectral resolution at D-band provides a higher accuracy of all mag-
netic measured magnetic parameters, with the g-factor of organic free radicals an
important informative characteristic. As in the case of other organic solids, this
allows us to establish the correlation between the structure of organic radicals and
their g-tensor principal values, and to identify the PC in conductive polymers. High-
field ESR allows us to obtain qualitatively new information on the spin carrier and on
molecular dynamics, as well as on the magnetic and relaxation properties of polymer
systems. Further progress in the study of conductive polymers is the use of different
pulse methods at D-band ESR, for example, light-induced ESR (LESR) and
spin—echo. Such studies are currently in progress in our laboratory.
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