


ADVANCES IN MATERIALS SCIENCE 

RESEARCH 

Additional books in this series can be found on Nova’s website under 
the Series tab. 

\dditional e-books in this series can be found on Nova’s websiti under 
the e-book tab. 



ADVANCES IN MATERIALS SCIENCE RESEARCH 

ADVANCES IN MATERIALS 

SCIENCE RESEARCH 

VOLUME 17 

MARYANN C. WYTHERS Editor 



Copyright О 2014 by Nova Science Publishers, Inc.  

All rights reserved. No part of this book may be reproduced, stored in a retrieval system or 
transmitted in any form or by an y means: electronic, electrostatic, magnetic, tape, mechanical 
photocopying, recording or otherwise without the written permission of the Publisher. 

For permission to use material from this book please contact us: 
Telephone 631 -231 -7269; Fax 631 -231 -8175 
Web Site: http://www.novapublishers.com  

NOTICE TO THE READER 
The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or 
implied warranty of any kind and assumes no responsibility for any errors or omissions. No liability 
is assumed for incidental or consequential damages in connection with or arisin g out of information 
contained in this book. The Publisher shall not be liable for any special, consequential, or exemplary 
damages resulting, in whole or in part, from the readers’ use of, or reliance upon, this material. Any 
parts of this book based on g overnment reports are so indicated and copyright is claimed for those 
parts to the extent applicable to compilations of such works. 

Independent verification should be sought for any data, advice or recommendations contained in this 
book. In addition, no re sponsibility is assumed by the publisher for any injury and/or damage to 
persons or property arising from any methods, products, instructions, ideas or otherwise contained in 
this publication. 

This publication is designed to provide accurate and authoritat ive information with regard to the 
subject matter covered herein. It is sold with the clear understanding that the Publisher is not engaged 
in rendering legal or any other professional services. If legal or any other expert assistance is 
required, the services of a competent person should be sought. FROM A DECLARATION OF 
PARTICIPANTS JOINTLY ADOPTED BY A COMMITTEE OF THE AMERICAN BAR 
ASSOCIATION AND A COMMITTEE OF PUBLISHERS. 

Additional color graphics may be available in the e-book version of this book. 

Library of Congress Cataloging-in-Publication Data 

ISSN: 2159-1997 ISBN: 978-

1-62948-734-2  
Published by Nova Science Publishers, Inc. f New York 

http://www.novapublishers.com


CONTENTS 

Preface        vii 

Chapter 1  Polymeric Micro and Nanoparticles as Drug Carriers and 
Controlled Release Devices: New Developments and Future 
Perspectives        1
М. T. Chevalier, J. S. Gonzalez and V. A. Alvarez 

Chapter 2  Chemical Modifications of Natural Clays: Strategies to 
Improve the Polymeric Matrix/Clay Compatibility         55  
Romina Oilier, Matias Lanfranconi and Vera Alvarez 

Chapter 3  High-Performance Ceramic Lubricating Materials        83  
Yongsheng Zhang, Yuan Fang, Hengzhong Fan, 

Junjie Song, Tianchang Ни and Litian Ни 

Chapter 4  Physical and Chemical Characteristics 
of Pincina Alginate          93 
Svetlana Motyleva, Jan Brindza, 
Radovan Ostrovsky and Maria Mertvicheva 

Chapter 5  Relaxation and Dynamics of Spin Charge  
Carriers in Polyaniline       109 
V. I. Krinichnyi 

Chapter 6  New Polyalkenyl-Poly (Maleic-Anhydride-Styrene) 
Based Coupling Agents for Enhancing the  
Fibre/Matrix Interaction       161 
Csilla Varga 

index       207 



In: Advances in Materials Science Research…                              ISBN: 978-1-62948-734-2 
Editor Maryann C. Wythers                                   © 2014 NOVA Sciense Publishers, Inc.  

 
 
 
 
 
 

Chapter 5 
 
 
 

RELAXATION AND DYNAMICS OF SPIN 
CHARGE CARRIERS IN POLYANILINE 

 
 

V.I. Krinichnyi* 
Institute of Problems of Chemical Physics, Russian Academy of Sciences, 

Moscow Region, Russian Federation 
 
 
 

The main results of the study of charge transfer in polyaniline modified 
with sulfuric, hydrochloric, camphorsulfonic, 2-acrylamido-2-methyl-1-
propanesulfonic and para-toluenesulfonic acids at various (9.7 – 140 GHz) 
wavebands EPR obtained in the Institute of Problems of Chemical Physics 
RAS are summarized. The methods of determining the composition of 
polarons with different mobility and their main magnetic, relaxation and 
dynamics parameters from effective EPR spectra are described. The 
dependences of the nature, electronic relaxation, dynamics of paramagnetic 
centers, and the charge transfer mechanism on the method of synthesis, the 
structure of the acid molecule, and the polyaniline oxidation level are shown.  
 

Keywords: polyaniline, conducting polymers, EPR, spin, polaron, conducting 
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Within the class of conducting polymers, polyaniline (PANI), see Fig.1, is of 

special interest because of its excellent stability under ambient conditions and 
well perspective of utilization in molecular electronics [1,2]. The PANI family is 
known for its remarkable insulator-to-conductor transition as a function of 
protonation or oxidation level [3]. Depending on the protonation or oxidation level 
it can be in leucoemeraldine (LE), pernigraniline (PN), emeraldine base (EB), or 
emeraldine salt (ES) forms (Fig.1). PANI-LE is fully reduced state. PANI-PN is 
fully oxidized state with imine links instead of amine links. These two forms are 
poor conductors, even when doped with an acid. PANI-EB is neutral form, whereas 
PANI-ES is a p-type semiconductor with hole charge carriers [4]. It is 
semicrystalline, heterogeneous system with a crystalline (ordered) region embedded 
into an amorphous (disordered) matrix [5]. When PANI is doped with an acid, 
intermediate bipolaron and more stable polaron structures form as shown in Fig. 1. 
Such charge carriers transfer elemental charges during their intrachain and interchain 
diffusion as well as hopping inside and between well-ordered crystallites [6]. In 
polaron structure, a cation radical of one nitrogen acts as a hole and such holes acts 
as positive charge carriers. The electron from the adjacent nitrogen (neutral) jumps 
to this hole and it becomes electrically neutral initiating motion of the holes (Fig. 1). 
However, in bipolaron structure, this type of movement is not possible since two 
holes are adjacently located (Fig. 1). This polymer differs from polyacetylene 
(PA), poly(para-phenylene) (PPP), other PPP-like organic conjugated polymers 
in several important aspects. In contrast with these polymer systems it has no 
charge conjugation symmetry. Besides, both carbon rings and nitrogen atoms are 
involved in the conjugation. The phenyl rings of PANI can rotate or flip, 
significantly altering the nature of electron-phonon interaction. So, an additional 
mobility of macromolecular units can modulate sufficient electron-phonon 
interactions and, therefore, lead to more complex mechanism of electron transfer 
in PANI [7]. This results in somewhat of a difference in magnetic and charge-
transport properties of PANI compared with other conducting polymers. 
Theoretically and experimentally was shown [8] that charges in PANI, as in case 
of other conducting polymers, are transferred by polarons moving along 
individual polymer chains. At low doping level a hopping charge transfer 
between polarons and bipolarons predominates in PANI. In modified polymer a 
number of such charge carriers increases and their energy levels merge and form 
metal-like band structure, so called polaron lattice [6,9]. Stronger spin-orbit and 
spin-lattice interactions of the polarons diffusing along the chains is also 
characteristic of PANI. Upon protonation of PANI-EB or oxidation of PANI-LE 
insulating forms of PANI their conductivity increases by more than 10 orders of 
magnitude whereas a number of electrons on the polymer chains remains constant 
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in the ES form of PANI [10]. Such a doping is accompanied by appearance of the 
Pauli susceptibility [11,12], characteristic for classic metals, due to formation of 
high-conductive completely protonated or oxidated clusters with the 
characteristic size about 5 nm in amorphous polymer. While doping of PANI-EB 
films with the sulfonated dendrimers gives direct current macroconductivity (σdc) 
up to ca. 10 S/cm, the hydrogensulfated fullerenol-doped materials show metallic 
characteristics with room temperature (RT) σdc as high as 100 S/cm [13] that is 
about 6 orders of magnitude higher than the typical value for fullerene-doped 
conducting polymers. In some cases diamagnetic bipolarons [6] and/or anti-
ferromagnetic interacting polaron pairs [14] each possessing two elemental 
charges can also be formed in heavily doped polymer. The effective crystallinity 
of polymer increases up to ~ 50 – 60 %. The lattice constants of the PANI-EB 
and PANI-ES forms [5,9,15-17] are presented in Table 1. 
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Figure 1. Chemical structures of emeraldine base (a) and its full (50%) protonation with 
formation of single bipolarons (b), polaron pairs (c) followed by their separation in more 
stable form (d). 
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Crystallinity and, therefore, conducting properties of PANI essentially 

depend on structure of a dopant introduced. The mechanism of charge transfer in 
heavily doped PANI is also dependent sufficiently on the nature of a dopant as 
well as on the method of the polymer synthesis. For instance, the Fermi level in 
PANI doped with sulphuric (PANI-SA) or hydrochloric (PANI-HCA) acid lies in 
the region of localized states, therefore is considered as a Fermi glass with 
localized electronic states [15], whereas the Fermi level energy εF of PANI highly 
doped with camphorsulphonic acid (PANI-CSA) lies in the region of extended 
states governing metal behavior of the latter near the metal-insulator boundary 
[18,19]. On the other hand, optical (0.06 – 6 eV) reflectance measurements of e.g. 
in PANI-CSA [15,20-22] suggest that this polymer is a disordered Drude-like 
metal near the metal-insulator boundary due to improved homogeneity and 
reduced degree of structural disorder. From optical measurements it was 
determined that the effective charge carrier mass m* ≈ 2me, the mean free path l* 
≈ 0.7 nm and the density of states at the Fermi level n(εF) ≈ 1 state per eV per two 
ring repeat units [15,20]. Studies of the effect of doping level on both the 
electronic transport and film morphology of PANI-CSA shown a direct 
correlation between the degree of crystallinity (induced by hydrogen bonding 
with the CSA counter ion) and the metallic electronic properties [23-25]. This 
leads to the improvement of crystallinity and metallic conductivity of the polymer in 
the series PANI-HCA → PANI-SA → PANI-CSA at comparable modification 
levels. However this deduction is not always conformed to results obtained at 
PANI study by other methods and other authors [26].  

 
 
Table 1. Lattice constants (in nm) determined for polyaniline (PANI).  
 

Polymer a B c Reference 
PANI (e.b.) 0.765 0.575 1.020 [5] 
PANI-HCA (e.s.) 0.705 0.860 0.950 [5] 
PANI-SA (e.s., p.o.r.) 0.430 0.590 0.960 [9] 
PANI-CSA 0.590 0.100 0.720 [15] 
PANI-DBSA (o.r) 1.178 1.791 0.716 [16] 
PANI-pTSA 0.440 0.600 1.100 [17] 
Abbreviations: e.b. – emeraldine base, e.s. – emeraldine salt, p.o.r. - pseudo-orthogonal 

cell, o.r. – orthrombic cell, HCA - hydrochloric acid, SA - sulphuric acid, CSA - 
camphorsulphonic acid, DBSA - dodecylbenzenesulphonic acid, pTSA - p-
toluenesulfonic acid.  
 



Relaxation and Dynamics of Spin Charge Carriers in Polyaniline 113 
Typical dc conductivity is frequently a result of various electronic transport 

processes and is ca. 10 – 102 S/cm for disoriented and oriented PANI-ES 
[3,10,18,27-34]. For example, this value has been determined for PANI-CSA to 
be in the range σdc ≈ 1.0⋅102 – 3.5⋅102 S/cm at room temperature [33,35]. The 
variety of conducting properties makes difficult to investigate completely and 
correctly by usual experimental methods true charge dynamics along a polymer 
chain, which can be masked by interchain, interglobular and other charge transfer 
processes. The inhomogeneity of distribution of the counterion molecules results 
in an additional complexity of experimental data interpretation.  

The electronic structure of PANI-ES has been described theoretically by the 
metallic polaron lattice model [6,36] with a finite n(εF) value [37]. An analysis of 
experimental data on the temperature dependencies of dc conductivity, 
thermoelectric power, and Pauli-like susceptibility allowed MacDiarmid, Epstein 
et al. [27,30,38-41] to declare that PANI-EB is completely amorphous insulator 
in which 3D granular metal-like domains of characteristic size of 5 nm are 
formed during its doping and transformation into PANI-ES. A more detailed 
study of the complex MW dielectric constant, EPR line width, and electric field 
dependence of conductivity of PANI-ES [5,9,27,28,30,42] allowed them to 
conclude that both chaotic and oriented PANI-ES consist of some parallel chains 
strongly coupled into "metallic bundles" between which ID VRH charge transfer 
occurs and in which 3D electron delocalization takes place. The intrinsic 3D 
conductivity of the domains was evaluated using Drude model [43] at alternating 
current as σac ≅ 107 S/cm at 6.5 GHz [44], which was very close to the value 
expected by Kivelson and Heeger for the metal-like clusters in highly doped 
Naarmann trans-PA [45]. However, ac conductivity of the sample does not 
exceeds σac ≅ 7⋅102 S/cm [44]. It means that other processes, which make difficult 
its determination, mask the true process of electron transfer by usual experimental 
methods.  

The polaronic charge carriers in PANI and other conducting polymers are 
characterizing by electron spin S = ½, so then the Electron Paramagnetic 
Resonance (EPR) method is widely used for the study of relaxation and dynamics 
properties of such paramagnetic centers (PC) in these systems [46-49]. The 
oxidation or protonation of PANI-EB leads to the monotonically increase in PC 
concentration accompanied with the 3-cm waveband EPR line narrowing from 2 
G down to 0.5 G [50,51]. Lapkowski et al. [51] and MacDiarmid and Epstein 
[52] showed the initial creation of Curie spins in EB, indicating a polaron 
formation, followed by a conversion into Pauli spins, which shows the formation 
of the polaron lattice in high conductive PANI-ES [53,54]. The method enables to 
determine both the spin-lattice and spin-spin relaxation occurring with the times 
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T1 and T2, respectively, as well as the diffusion of spin charge carriers along and 
between chains with appropriate coefficients D1D and D3D, respectively, even in 
PANI with chaotically oriented chains in scale from several macromolecular 
unites [46,47]. These parameters are important to understand how relaxation and 
transport properties of spin charge carriers depend on the structure and dynamics 
of their microenvironment (lattice, anion etc.). It should be noted that diffusion of 
electron spin effects nuclear relaxation of protons in PANI, so in principle the 
Nuclear Magnetic Resonance (NMR) spectroscopy can additionally be used for 
the study of electron spin dynamics in PANI [55]. Such investigations were 
mainly carried out for highly doped PANI-HCA [56-60]. It was noted, however, 
[47], that the data on PANI proton relaxation experimentally obtained by NMR 
method [56-58], reflect an electron spin dynamics indirectly and consequently 
cannot give a correct enough conception of charge transfer in polymer. On the 
other hand, EPR method registers just electron relaxation of spin charge carriers, 
that allows more precisely to determine relaxation and dynamic parameters of 
polarons in PANI and in others conducting polymers.  

Spin-spin relaxation of polarons governs their peak-to-peak EPR line width 
∆Bpp at electron spin precession frequency ωe. The dependencies T1 ∝ 1/2

pω  (here 

ωp is the angular frequency of nuclear spin precession) and ∆Bpp ∝ 1/2
eω  obtained 

respectively for nuclear and electron spins by comparatively low-frequency EPR 
and NMR methods for highly protonated PANI-ES were interpreted in terms of 
1D diffusion and 3D hopping of a polaron. D1D value was obtained to be 
respectively near to 1014 and 1012 rad/s and weekly depend on the doping level, 
while D3D value strongly depends on y and correlated with both dc and ac 
conductivities of PANI-HCA [56]. The anisotropy of this motion A = D1D/D3D 
varies at room temperature from 104 in PANI-EB down to 10 in PANI-ES. This 
fact was interpreted in favor of existence even in highly protonated PANI of 
single high-conductive chains, between which Q1D charge transfer is realized 
[61]. Such an interpretation differs from the alternate model of formation of Q3D 
metal-like clusters in amorphous phase of the polymer [38,39]. Besides, the 
diffusion constants were determined from EPR line width which may reflect 
different processes carrying out in PANI. Indeed, at registration frequencies less 
than 10 GHz the lines of multicomponent spectra or spectra of different radicals 
with close magnetic resonance parameters overlap due mainly to low spectral 
resolution. So, line width of PANI at these frequencies generally represents a 
superposition of various contributions of localized and delocalized PC.  

The presence in the PANI of oxygen molecules can also affect its magnetic 
resonance parameters. In this case the change in line width of organic systems is 
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normally explained by dipole-dipole interaction of polarons with spin S = ½ with 
the oxygen molecules possessing sum spin S = 1. It was found [62-66] that oxygen 
can reversibly broad EPR spectrum of PANI without remarkable change of its 
conductivity. Previous vacuumization of the sample leads to more promising 
effect that is characterized by relaxation time of spin-spin interaction [66-69]. 
However, Kang et al. have shown [70] that the contact of PANI-HCA with air 
leads to reversible decrease in the intensity and increase in the width of the EPR 
spectrum of PANI at simultaneous decrease in its conductivity. Such change in 
the polymer properties was explained by the decrease of the polaron mobility at 
its interaction with air. The opposite effect, however, was registered in the study 
of polypyrrole [71] and PANI-HCA [72]. In the latter case the diffusion of the 
oxygen into the polymer was proposed to lead to reversible increase in the 
polymer line width and conductivity due to acceleration of a polaron motion 
along the polymer chain.  

As in case of other conducting polymers, some highly doped PANI samples 
demonstrate EPR spectra with Dyson contribution [73] as result of interaction of 
MW field with spin or/and spineless charge carriers [74,75]. This additionally 
results in ambiguous interpretation of the data obtained on electron relaxation and 
dynamics, and also on mechanism of charge transport in conducting polymers. 

In the present Chapter are considered the results of multifrequency EPR 
study of magnetic and charge transport properties of PANI-EB and PANI-ES 
doped with different acids up to y ≤ 0.60 [48,76-91]. Powder-like PANI-SA was 
synthesized by polymerization via a modification of the general oxidation route 
with (NH4)2S2O8 in 1.0 M hyrochloric acid which was doped into aqueous 
solution of sulfuric acid with an appropriate pH value [92]. PANI-HCA was 
synthesized by the chemical oxidative polymerization of 1 M aqueous solution of 
polyaniline sulfate in the presence of 1.2 M ammonium persulfate at 278 K [93]. 
Film-like high-molecular-weight polyaniline synthesized in Durham at 248 K 
[94,95] was used as an initial material for PANI-ES doped with CSA and 2-
acrylamido-2-methyl-1-propanesulphonic (AMPSA) as films of ~50 µm thick 
which were cast from m-cresol or dichloroacetic acid solutions onto Si wafers and 
allowed to dry in air at 313 K [94,96]. It was studied also powder-like para-
toluenesulfonic-acid-doped PANI-ES (PANI-pTSA) with y = 0.5 doping level 
and 30% crystalline volume fraction [17]. 

Figure 2 shows 3-cm (νe = ωe/2π = 9.7 GHz) and 2-mm (νe = 140 GHz) waveband 
EPR spectra of an initial, PANI-EB sample, and PANI slightly doped with 
different numbers of sulfuric acid molecules. At the 3-cm waveband PANI-EB 
demonstrates a Lorentzian three-component EPR signal consisting of asymmetric 
(R1) and symmetric (R2) spectra of paramagnetic centers which should be attributed 
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respectively to localized and delocalized PC (Fig.2,a). R2 PC keep line symmetry at 
higher doping levels. At the 2-mm waveband the PANI EPR spectra became 
Gaussian and broader compared with 3-cm waveband ones (Fig.2,b), as is typical 
of PC in other conducting polymers [49,79]. At this waveband delocalized PC 
demonstrate an asymmetric EPR spectrum at all doping levels. The analysis of 
EPR spectra obtained at both wavebands EPR showed that the line asymmetry 
of R2 PC in undoped and slightly doped PANI samples can be attributed to 
anisotropy of the g-factor which becomes more evident at the 140 GHz waveband 
EPR. The line width of these PC weakly depends on the temperature.  
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Figure 2. Typical room temperature 3-cm (a) and 2-mm (b) waveband EPR absorption 
spectra of PANI-EB and this sample slightly doped by sulphuric acid. The absorption 
spectra calculated with gxx= 2.006032, gyy 2.003815, gzz = 2.002390, Axx = Ayy = 4.5 
Gauss, Azz = 0.2 Gauss (R1), and with g⊥ = 2.004394 and g|| = 2.003763 (R2) are shown by 
dashed lines.  

Therefore, the R1 with strongly asymmetric EPR spectrum can be attributed 

to a — (Ph-
+•

NH -Ph)— radical with gxx = 2.006032, gyy = 2.003815, gzz = 
2.002390, Axx=Ayy = 4.5 G, and Azz = 30.2 G, localized on a short polymer chain. 

The magnetic parameters of this radical differ weakly from those of the Ph-
•

NH -Ph 
radical [97], probably because of a smaller delocalization of an unpaired electron on 
the nitrogen atom ( π

Nρ  = 0.39) and of the more planar conformation of the latter. 
Assuming a McConnell proportionality constant for the hyperfine interaction of the 
spin with nitrogen nucleus Q = 23.7 G [97], a spin density on the heteroatom 
nucleus of ρN(0) = (Axx+Ayy+Azz)/(3Q) = 0.55 is estimated. At the same time 
another radical R2 is formed in the system with g⊥ = 2.004394 and g|| = 2.003763 
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which can be attributed to PC R1 delocalized on more polymer units of a longer 
chain. Indeed, the model spectra presented in Fig.2 well fit both the PC with 
different mobility. The lowest excited states of the localized PC were 
determined from equation [97,98]  
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where λ is the spin-orbit coupling constant, ρ(0) is the spin density, ∆Enπ* and 
∆Eσπ* are the energies of the unpaired electron n→π* and σ→π* transitions, 

respectively, to be ∆Enπ* = 2.9 eV and ∆Eσπ* = 7.1 eV at πρ N  = 0.56 [99]. In 

PANI-HCA the R1 also demonstrates the strongly anisotropic spectrum with the 
canonic components gxx= 2.00522, gyy= 2.00401, and gzz= 2.00228 of g tensor, and 
hyperfine coupling constant Azz = 22.7 G. Radicals R2 are registered at g⊥ 
=2.00463 and g|| = 2.00223.  

It was shown earlier [100,101] that gxx and Azz values of nitroxide radicals 
localized in a polymer are sensitive to changes in the radical microenvironmental 
properties, for example polarity and dynamics. The shift of the PC R2 spectral X 
component to higher fields with у and/or a temperature increase may be 
interpreted not only by the growth of the polarity of the radical 
microenvironment, but also by the acceleration of the radical dynamics near its 
main molecular X axis. The effective g-factors of both PC are near to one 
another, i.e. <g1> = 1/3(gxx + gyy + gzz) ≈ <g2> = 1/3(g||+2g⊥). This indicates 
that the mobility of a fraction of radicals R1 along the polymer chain increases 
with the polymer doping. Such a depinning of the mobility results in an 
exchange between the spectral components of the PC and, hence, to a decrease in 
the anisotropy of its EPR spectrum. In other words, radical R1 transforms into 
radical R2, which can be considered as a polaron diffusing along a polymer chain 
with a minimum diffusion rate [102] 
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giving 0
D1D  = 6.5⋅108 rad/s. 

As in case of other conducting polymers, at the 2-mm waveband in both in-
phase and π/2-out-of-phase components of the dispersion EPR signal of neutral 
and slightly doped PANI, the bell-like contribution with Gaussian spin packet 
distributions due to the adiabatically fast passage of the saturated spin packets by a 
modulating magnetic field is registered (insert of Fig.3,b). This effect was not 
observed earlier in studies of PANI at lower registration frequencies [103]. It can be 
used for determining of relaxation and dynamics parameters of these PC.  

 

100 150 200 250 300
10-7

10-6

10-5

10-4

10-3

10-2

    T1     T2

PANI-EB
PANI-SA0.01

PANI-SA0.03

          PANI-SA0.21

T 1,
2  (

se
c)

Temperature  (K)

(a)

100 150 200 250 300
10-7

10-6

10-5

10-4

10-3

10-2

(b) T
1,

2  (
se

c)

   T1     T2

PANI-HCA0.01

PANI-HCA0.03

Temperature  (K)

50 G

π/2-out-of-phase

in-phase

  

Figure 3. Temperature dependences of the effective spin-lattice and spin-spin relaxation 
times of polarons in undoped, PANI-EB, (a) as well as in PANI-SA and PANI-HCA (a,b) 
samples with different doping levels. In the insert (b) are shown typical 2-mm waveband 
EPR in-phase and π/2-out-of-phase dispersion spectra of PANI-EB registered at room 
temperature (solid line) and 200 K (dotted line). 

The relaxation times of adiabatically saturated PC in π-conducting polymers 
can be determined separately from the analysis of the u1-u3 components of its 
dispersion spectrum as [104,105]  
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m
2 ω

Ω
=T  (4) 

 
(here ωm is the ac modulation frequency, Ω = u3/u2, B10

is the MW polarizing 

field at which the condition u1 = –u2 is valid) at ωmT1 > 1 and  
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at ωmT1 < 1. The amplitudes of ui components are measured in the central point of 
the spectra, when ω = ωe.  

Relaxation times of an initial, PANI-EB, and slightly doped PANI-SA and 
PANI-HCA samples calculated from Eqs.(3) to (6) are shown in Fig.3 as 
functions of temperature. The Figure demonstrates that the increase in the doping 
level of the polymer leads to shortening of the effective relaxation times of PC, 
which can be due to an intensification of the spin exchange with the lattice and 
with other spins stabilized on neighboring polymer chains of highly conducting 
domains. It should be noted that spin relaxation in the polymer at high tempera-
tures are mainly determined by the Raman interaction of the charge carries with 
lattice optical phonons. The probability and rate of such a process are dependent 
on the concentration n of the PC localized, e.g., in ionic crystals (WR ∝ 1

1
−T  

∝ п2 T7) and in π-conjugated polymers (WR ∝ 1
1
−T  ∝ nT2) [106]. The available 

data suggest that the 1
1
−T  values of PC in slightly (up to у ≤ 0.03) doped PANI 

are described by a dependence of the type 1
1
−T ∝ nT-k, where k = 3 – 4. The k 

exponent decreases with the y increase. This indicates the appearance of an 
additional channel of the energy transfer from the spin ensemble to the lattice at 
the polymer doping, as is the case in classical metals. At a medium degree of 
oxidation у ≥ 0.21, the electronic relaxation times become comparable and only 
slightly temperature dependent because of an intense spin-spin exchange in metal-
like domains of higher effective dimensionalities. Providing that T1 = T2 for the 
PANI sample with у = 0.21, an effective rate of Q1D and Q2D spin motions in this 
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polymer can be evaluated as well. It seems that both the rates calculated in the 
frameworks of such spin diffusions should be near to one another.  

The shape of π/2-out-of-phase dispersion signal of PC localized in PANI-EB 
changes with the temperature (insert of Fig.3,b) indicating the defrosting of 
anisotropic macromolecular librations in this polymer. The correlation of such 
motions was determined as [46,49] 

 
 ( ) α−

= xy,
3

yx,
3

yx,
c0

yx,
c /ττ uu , (7) 

 
(here α is a constant determining by an anisotropy of g-factor) with x

c0τ  = 5.4⋅10-8 

sec and α = 4.8 to be x
cτ  =3.5⋅10-5exp(0.015 eV/kBT). Similar dependencies were 

also obtained for slightly doped samples. The activation energy of the polymer 
chains librations lies near to that determined for PANI-HCA [80]. Upper limit for 
correlation time was determined R1 to be equal to 1.3⋅10-4 sec and corresponds to 

y
3

x
3 / uu = 0.22 in Eq.(7) at 125 K.  

The relaxation times of electron and proton spins in PANI should vary 
depending on the spin precession frequency as T1,2 ∝ n-1 1/2

eω  [56]. This is a case 
for PANI-SA and PANI-HCA, therefore, the experimental data obtained for 
these polymers can be explained by a modulation of electronic relaxation by Q1D 
diffusion of R2 radicals along the polymer chain, and by Q3D hopping of these 
centers between chains with the diffusion coefficients D1D and D3D, respectively.  

Both the diffusion coefficients D1D and D3D can be calculated from relations 
[98,107]  

 
[ ])2(8)(2 ee

21
1 ω+ω〉ω∆〈=− JJT , (8) 

 
[ ])2(2)(5)0(3 ee

21
2 ω+ω+〉ω∆〈=− JJJT , (9) 

 

where ( )∑∑ −θ−+γ=〉ω∆〈 62224
e10

12 cos31)1( rnSSh  is the averaged 

constant of the spin dipole interaction in a powder-like sample, γe is the 

hyromagnetic ratio for electron, h = h/2π is the Planck constant, n = n1 + n2/ 2 , 
n1 and n2 are the concentration of mobile and localized spins, respectively, θ is 
the angle between the external magnetic field B0 and spin precession direction, r 
is a minimal distance between spins, J(ωe) = (2ωeD1D)-1/2 at D3D≤ωe≤D1D and 
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J(ωe) = (2ωeD1D)-1/2 at ωe≤D3D [108]. Assuming spin situation near the units of 
the cubic lattice with concentration of the monomer units Nc and constant r0 = 

(8/3Nc)-1/3, the above sum can be simplified as ( )∑∑ −− 622cos31 rθ = 6.8r0
6−  

[109]. 
The temperature dependences of the effective dynamic parameters D1D and 

D3D calculated for both types of PC in several PANI samples from the data presented 
in Fig.3 using Eqs.(8) and (9) are presented in Fig.4. It seems to be justified that the 
anisotropy of the spin dynamics is maximum in the initial PANI sample, and 
decreases as у increases.  
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Figure 4. Temperature dependences of effective coefficients of the intrachain and 
interchain polaron diffusion in undoped, PANI-EB as well as in PANI-SA ( a) and PANI-
HCA (b) samples with different doping levels. 

At ωe/2π ≤ 10 GHz was found [56], that the high anisotropy of the spin 
dynamics is retained in PANI-HCA with у = 0.6 even at room temperature. How-
ever, our experimental data indicate that the anisotropy of the motion of the charge 
carriers is high only in PANI-HCA and PANI-SA with у < 0.21. Such a discrepancy 
is likely due to the limitations appearing at the study of spin dynamics at low 
frequencies. At y ≥ 0.21 the system dimensionality seems to grow in PANI-ES, and 
at high temperatures the spin motion tends to become almost isotropic. The increase 
in the dimensionality at the polymer doping is accompanied by a decrease in the 
number of electron traps, which reduces the probability of electron scattering by 
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the lattice phonons and results in the virtually isotropic spin motion and 
relatively slight temperature dependences of both the electronic relaxation and 
diffusion rates of PC, as is the case for amorphous inorganic semiconductors 
[110,111].  

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

 

σ1,3D(T) = Ne2µ = 
Tk

dDNe

B

2
D3,1D3,1

2

, (10) 

 
where e is elemental charge, µ is the charge carrier mobility, d1,3D are the 
intrachain, c, and interchain, b, lattice constants summarized in Table 1, and kB is 
the Boltzmann constant.  

By assuming that the diffusion coefficients D of spin and diamagnetic charge 
carriers have the same values, one can obtain from Eq.(10) σ1D = 0.1 S/cm and σ3D = 
1⋅10-5 – 5⋅10-3 S/cm at room temperature for the PANI-HCA sample with 0 < y 
< 0.03. At D1D = D3D, these values were determined to be σ1D = 50 – 180 and σ3D 
= 30 – 100 S/cm. Thus, the conclusion can be drawn, that σ3D grows more strongly 
with y that is the evidence for the growth of a number and a size of 3D quasi-metal 
domains in PANI-ES. 

Let us consider the charge transfer mechanisms in the initial and slightly doped 
PANI samples. The fact that the spin-lattice relaxation time of РАNI is strongly 
dependent on the temperature (see Fig.3) means that, in accord with the energy 
conservation law, electron hops should be accompanied by the absorption or 
emission of a minimum number of lattice phonons. Multiphonon processes become 
predominant in neutral PANI because of a strong spin-lattice interaction. For this 
reason, an electronic dynamics process occurring in the polymer should be considered 
in the framework of Kivelson’s formalism [112-114] of isoenergetic electron transfer 
between the polymer chains involving optical phonons, because spin and spineless 
charge carriers probably exist even in an undoped polymer (see Fig.2). In the frames 
of this model charged spin charge carriers are coulombically bound to charged 
impurity sites. The excess charge on the carrier site makes a phonon-assisted 
transition to a neutral carrier moving along another chain. The temperature 
dependency of the conductivity is then defined by the probability of that the 
neutral charge carrier is located near the charged impurity and its initial and the 
final energies are within kBT, hence ac conductivity can be determined as [114]  
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where k1 = 0.45, k2 = 1.39 and k3 are constants, γ(T) = γ0(T/300 K)n+1 is the 
transition rate of a charge between neutral and charged carrier states, <y> = 
ynych(yn+ych)-2, yn, and ych are respectively the concentrations of neutral and 
charged carriers per monomer unit, R0 = (4πNi/3)-1/3 is the typical separation 
between impurities which concentration is Ni; ξ = (ξ||ξ

2
⊥ )1/3, ξ||, and ξ⊥ are 

dimensionally averaged, parallel and perpendicular decay lengths for a charge 
carrier, respectively; L is a 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.  

Figure 5 shows that the experimental data for σ1D of the initial РАNI sample is 
fitted well by Eq.(11) with σ0 = 2.7⋅10-10 S K s cm-1, k3 = 3.1⋅1012 s K9.5, and n = 
8.5. In contrast to undoped trans-PA, some quantity of charged carriers exist even 
in the initial, PANI-EB sample, so the above Kivelson mechanism can determine 
its conductivity. Such an approach is not evident for РАNI doped up to 0.01 ≤ y ≤ 
0.03 with less strong temperature dependence. The model of charge carrier scattering 
on optical phonons of the lattice of metal-like domains described above seems to 
be more convenient for the explanation of the behavior of their conductivity.  

The concentration of mobile spins in PANI-HCA0.01 sample is yp = 6.1⋅10-5 per 
one benzoid ring. Taking into account that each bipolaron possesses dual charge, ybp 

= 1.2⋅10-3 and <y> = 2.3⋅10-2 can be obtained. The concentration of impurity is Ni = 
2.0∙1019 cm-3, so then the separation between them R0 = (4πNi/3)-1/3 = 2.28 nm is 
obtained for this polymer. The prefactor γ0 in Eq.(11) was determined to be 3.5⋅1019 
Hz. Assuming spin delocalization over five polaron sites [115] along the polymer 
chain, ξ||| = 1.19 nm is obtained as well. The decay length of a carrier wave function 
perpendicular to the chain can be determined from the relation [112,113] 

 

( )⊥
⊥ ∆

=ζ
t

b
/ln 0

, (12) 

 
where 2∆0 is the band gap, b is the lattice constant, and t⊥ is the hopping matrix 
element estimated as [116] 
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where ωph = 2πνph is the phonon frequency and Ep is the polaron formation energy. 
Using 2∆0 = 3.8 eV [117] typical for π-conjugated polymers Ep ≈ 0.1 eV [116], D3D 
= 3.6⋅108 rad/s determined for PANI-HCA0.01, t⊥ = 7.1⋅10-3 eV, ξ⊥ = 0.079 nm and ξ 
= 0.20 nm are obtained for this sample. The similar procedure gives <y> = 7.9⋅10-2, 
γ0 = 2.1⋅1017 sec-1, ξ⊥ = 0.087 nm. and ξ = 0.21 nm for PANI-HCA0.03 sample with 
yp = 1.1⋅10-3 and ybp = 1.2⋅10-2.  

Temperature dependences of the PANI-SA0.01 and PANI-SA0.03 samples can be 
explained in terms of the Kivelson and Heeger model [45] of the charge carrier 
scattering on the lattice optical phonons in metal-like clusters embedded into 
polymer matrix. In the framework of this model the total conductivity of the 
polymers can be expressed in the form [45,118] 
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where M is the mass of the polymer unit, t0 is the transfer integral, for the π-
electron equal approximately to 2.5 – 3 eV, Eph is the energy of the optical 
phonons, and α is the constant of electron-phonon interaction. As can be seen in 
Fig.5, the σlD(T) dependence obtained for these samples is fairly well fitted using 
Eq.(14) with Eph = 0.12 and 0.11 eV, respectively. These values are near to energy 
(0.19 eV) of the polaron pinning in heavily doped PANI-ES [119].  

A comparatively strong temperature dependency obtained for σ3D of the initial 
sample can probably be described in the frames of the Elliot model of a thermal 
activation of charge carriers over energetic barrier Ea from widely separated 
localized states in the gap to close localized states in the valence and conducting 
bands tails [120]. In this case ac term of a total conductivity is defined mainly by 
a number of charge carriers excited to the band tails, therefore  
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where 0 ≤ γ ≤ 1 is a constant reflecting the dimensionality of a system under 
study and Ea 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 decreases. An approximately linear 
dependency of γ on Ea was registered [121] for some conjugated polymers. At the 
same time Parneix et a.l. [122] showed γ = 1 – αkBT/Ea (α = 6, Ea = 1.1 eV) 
dependency for, e.g., lightly doped poly(3-methylthiophene).  Therefore,  γ  value 
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Figure 5. Temperature dependency of the ac conductivity due to polaron motion along 
(σ1D, filled symbols) and between (σ3D, open symbols) polymer chains in the PANI-EB and 
slightly doped PANI-SA samples as well as an effective rate of spin diffusion in PANI-
SA0.21 calculated, respectively, in the framework of Q1D (closed symbols) and Q2D (semi-
filled symbols) spin transport. The lines show the dependence calculated from Eq.(11) 
with σ0 = 2.7⋅10-10 S K-1s cm-1, k3 = 3.1⋅1012 s K-9.5, and n = 8.5 (upper dashed line), those 
calculated from Eq.(14) with σ0 = 3.95⋅10-6 S cm-1 K-1 and Eph = 0.12 eV (upper dash-
dotted line), σ0 = 1.75⋅10-6 S cm-1 K-1 and Eph = 0.11 eV (upper dotted line), and those 
calculated from Eq.(15) with σ0 = 8.2⋅10-21 S K-1s0.8cm-1 and Ea = 0.033 eV (low 
temperature region) and σ0 = 3.9⋅10-12 S K-1s0.8cm-1 and Ea = 0.41 eV (high temperature 
region) (lower dashed line), σ0 = 4.5⋅10-14 S K-1s0.8cm-1 and Ea = 0.102 eV (lower dash-
dotted line), σ0 = 3.1⋅10-13 S K-1s0.8cm-1 and Ea = 0.103 eV (lower dotted line). 

can be varied in 0.3 – 0.8 range and it reflects the dimensionality of a system 
under study. As it is seen from Fig.5, Eq.(15) well fits σ3D(T) dependence with Ea 
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equal to 0.033 and 0.41 eV for low- and high-temperature regions, respectively. 
The activation energy of interchain charge transfer in slightly doped samples 
is Ea = 0.102 eV for PANI-SA0.01 and Ea = 0.103 eV for PANI-SA0.03 (Fig.5). 

Note that the spin diffusion coefficients and consequently the conductivities, 
calculated from the spin relaxation of PANI-ES with у = 0.21, in frameworks 
of one- and two-dimensional spin diffusion, are near to one another (see Fig. 4 
and Fig. 5). This fact can possibly be interpreted as the result of the increase of 
system dimensionality above the percolation threshold lying near у ≈ 0.1. 
However, this can be also due to the decrease in accuracy of the saturation method 
at high doping levels. In this case the dynamics parameters of both spin and 
spineless charge carriers can be evaluated from the Dyson-like EPR spectrum of 
PANI with у ≥ 0.21 using the method described below. 

Figure 6 shows the dependency of line width of the PANI-SA on the 
temperature and doping level. The predominance of extremal ∆Bpp(T) curves 
evidences for the dipole-dipole exchange interaction of mobile PC with other spins 
in Q1D polymer system resulting in its effective EPR spectrum broadening. The 
collision of these PC should to broad EPR spectrum as [72,123] 

 









α+

α
ω=ω=∆δ 2

2

ghopghoppp 1
 )( CkCpB , (16) 

 
where p is the flip-flip probability during a collision of both spins, ωhop is the 
frequency of the polaron hopping along a polymer chain, Cg is the number of 
guest PC per each aniline ring, k = 0.5 for S = 1/2, α = (3/2)2πJex/ h ωhop, and Jex 
is a constant of spin exchange interaction. If the ratio h/exJ  exceeds the 
frequency of collision of both types of spins, the condition of strong interaction is 
realized in the system leading to a direct relation of spin-spin interaction and 
polaron diffusion frequencies, so then lim(p) = 1/2. In the opposite case lim(p) = 

9/2 ( ) 2
hopex

2 )/(/ ωπ Jh . According to the spin exchange fundamental concepts 

[123] the extremal character of the δ(Δω)(T) dependency should evidence the 
realization of both types of spin-spin interaction respectively at Т ≤ Тс and Т ≥ Тс. 
An additional reason of the line broadening can be spin localization with the 
temperature decrease at Т≥Тс. The reason of such exchange can be an interaction 
of PC localized on neighboring polymer chains modulated by macromolecular 
librations. Assuming activation character of spin-spin interaction with activation 
energy Ea, when ωhop = 0

hopω exp(-Ea/kBT), one can write for effective line width 
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Table 2. The ∆B 0
pp (in G), ω 0

hop  (in 1016 rad/s), Ea (in eV), Jex(in eV) 

parameters calculated from Eq.(17), and the χP (in emu/mol one ring), n(εF) 
(in states/eV one ring), C (in emu K/mol one ring), k1 (in emu K/mol one 
ring), and Jaf (in eV) values determined from Eq.(18) for different PANI 

samples.  
 

Polymer 0
ppB∆  0

hopω  Ea Jex χP n(εF) C k1 Jaf 

PANI-SA0.21 
a 4.5 0.75 0.021 0.72      

PANI-SA0.21 
b 4.6 0.96 0.018 0.19 3.1⋅10-5 0.65 1.2⋅10-2 4.2 0.051 

PANI-SA0.42 
a 3.1 17 0.051 0.64      

PANI-SA0.42 
b 2.7 5.1 0.021 0.59  0.90    

PANI-SA0.53 
a 2.5 17 0.052 0.49      

PANI-SA0.53 
b 2.4 93 0.024 0.66 1.4⋅10-3 1.4 1.6⋅10-2 48.6 0.057 

PANI-HCA0.50      1.9    
PANI-AMPSA0.4 

a,c     9.8⋅10-7  4.5⋅10-4 1.5⋅10-2 0.001 
PANI-AMPSA0.4 

a,d     1.1⋅10-4 0.42 7.2⋅10-3 1.1⋅10-2 0.005 
PANI-AMPSA0.6 

a,c     2.2⋅10-5  1.7⋅10-2 1.7⋅10-2 0.004 
PANI-AMPSA0.6 

a,d     5.3⋅10-3 3.5 6.5⋅10-1 1.2⋅10-2 0.006 
PANI-CSA0.5 

a,c     5.2⋅10-7  2.3⋅10-4 9.1⋅10-3 0.005 
PANI-CSA0.5 

a,d     2.7⋅10-4 1.2 2.7⋅10-2 1.58 0.004 
PANI-CSA0.6 

a,c     8.5⋅10-7  4.2⋅10-4 6.6⋅10-3 0.014 
PANI-CSA0.6 

a,d     7.1⋅10-5 1.8 2.2⋅10-2 2.13 0.004 
PANI-pTSA0.5 

a,e     7.9⋅10-6 0.6 1.3⋅10-3 1.44 0.099 
PANI-pTSA0.5 

b,e     3.3⋅10-6 0.12 1.1⋅10-3 0.29 0.041 
PANI-pTSA0.5 

a,f 12.2 1.3⋅1019 0.102 0.36  9.1    
PANI-pTSA0.5 

b,f 1.7 9.6⋅1017 0.058 0.28 5.6⋅10-4 27 3.9⋅10-2   
Notes: a determined at 3-cm waveband EPR, b determined at 2-mm waveband EPR, c 

determined for PC R1, d determined for PC R2, e in nitrogen atmosphere, f in air 
atmosphere.  
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Figure 6. Temperature dependence of line width of PC in PANI-SA with different doping 
levels registered at 3-cm (open points) and 2-mm (filled points) wavebands. The 

dependences calculated from Eq.(17) with 0
hopω  = 5.1⋅1016 s-1, Ea = 0.021 eV, Jex = 0.59 

eV (1), 0
hopω  = 9.5⋅1015 s-1, Ea = 0.018 eV, Jex= 0.19 eV (2), 0

hopω  = 7.5⋅1015 s-1, Ea = 

0.021 eV, Jex= 0.72 eV (3), 0
hopω  = 9.3⋅1017 s-1, Ea = 0.024 eV, Jex= 0.66 eV (4), 0

hopω  = 

1.7⋅1017 s-1, Ea = 0.051 eV, Jex= 0.64 eV (5), and 0
hopω  = 1.9⋅1017 s-1, Ea = 0.052 eV, Jex= 

0.49 eV (6) are shown by dashed lines. Insert – RT 2-mm waveband absorption spectra of 
PC in PANI-SA with different doping levels. Top-down dotted lines present the spectra 
calculated from Eq.(19), Eq.(22), and (23) with respective D/A = 0.895, ∆Bpp = 1.48 G, 
D/A = 0.16, ∆Bpp = 7.10 G, and D/A =0.53, ∆Bpp = 5.86 G.  

Figure 6 indicates good applicability of this approach to the interpretation of 
the PANI-SA line width. The appropriate parameters calculated from Eq.(17) are 
summarized in Table 2. The activation energy of spin-spin interaction Ea 
decreases at the increase of polarizing magnetic field and lies near activation 
energy of the macromolecular librations (0.015 eV) determined above. This is an 
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evidence of the dependency of the spin-spin interaction on an external magnetic 
field and its correlation with macromolecular dynamics in the system. The 
∆Bpp(T) dependences presented evidence also of different charge transport 
mechanisms in this polymer with different doping levels. The mechanism 
affecting the line width, however, depends also on the electron precession 
frequency, so then the line width does not directly reflects the relaxation and 
dynamics parameters of PC in this polymer.  

The g-factor of PC R2 in PANI-SA with у ≥ 0.21 becomes isotropic and 
decreases from gR2 = 2.00418 down to giso = 2.00314. This is accompanied by a 
narrowing of the R2 line (Fig.6). Such effects can be explained by a further 
depinning of Q1D spin diffusion along the polymer chain, and therefore spin 
delocalization, and by the formation of areas with high spin density in which a 
strong exchange of spins on neighboring chains occurs. This is in agreement 
with the supposition [27,30,38-41] of formation in amorphous PANI-EB of high-
conductive massive domains with 3D delocalized electrons. 

The doping of the PANI with sulphuric acid leads to an inverted Λ-like 
temperature dependence of an effective paramagnetic susceptibility (see Fig.7), 
as occurs in the case of polyaniline perchlorate [75]. However, this does not 
lead to a strong narrowing of the PC line (Fig.6). As in the case of e.g. PANI 
treated with ammonia, this should indicate a strong antiferromagnetic spin 
interaction due to a singlet-triplet equilibrium in the PANI-SA between N spins 
with S = ½. This should lead to appearance in the total paramagnetic 
susceptibility χ except the Pauli susceptibility of the Fermi gas χP also of a 
temperature-dependent contributions of localized Curie PC χC and the term χST 
coming due to a possible singlet-triplet spin equilibrium in the system [124,125],  

 

χ = χP + χC + χST = NA
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where NA is the Avogadro’s number, µeff = µBg )1( +SS  is the effective 

magneton, μB is the Bohr magneton, N 2
effµ /3kB = C is the Curie constant per 

mole-C/mol-monomer, k1 is a constant, and Jaf is the antiferromagnetic exchange 
coupling constant. The contributions of the χc and χp terms to the total 
paramagnetic susceptibility depend on various factors, for example, on the nature 
and mobility of charge carriers can vary at the system modification.  
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Figure 7. Temperature dependence of inversed paramagnetic susceptibility and χT product 
(insert) of PANI-SA samples with different doping levels. Above and lower dashed lines 
show the dependences calculated from Eq.(18) with respective χP = 3.1⋅10-5 emu/mol, C = 
1.2⋅10-2 emu K/mol, k1 = 4.2 emu K/mol, Jaf = 0.051 eV, and χP = 1.4⋅10-3 emu/mol, C = 
1.6⋅10-2 emu K/mol, k1 = 48.6 emu K/mol, Jaf = 0.057 eV. 

Indeed, Fig.7 shows that the paramagnetic susceptibility experimentally 
determined for the PANI-SA samples is well reproduced by Eq.(18) with the 
parameters also presented in Table 2. The Jaf value is close to that (0.078 eV) 
obtained for the ammonia treated PANI [75]. Note that n(εF) determined for 
PANI-SA, consistent with those determined earlier for PANI heavily doped with 
other counterions [11,21,126]. With the assumption of a metallic behavior one 
can estimate that the energy of NP Pauli spins in e.g. PANI-ES, with 0.21 ≤ y ≤ 
0.53, εF = 3Np/2n(εF) [110] is to be 0.1 – 0.51 eV [86]. This value is near to 
that (0.4 eV) obtained, e.g., for PANI-CSA [20]. From this value the number of 
charge carriers with mass mc = me in heavily doped PANI-SA [110], Nc = 
(2mcεF/ 2h )3/2/3π2 ≈ 1.7⋅1021 cm-3 is evaluated. The Nc value is close to a total 
spin concentration in PANI-SA. This fact leads to the conclusion that all PC take 
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part in the polymer conductivity. For heavily doped PANI-SA samples, the 
concentration of spin charge carriers is less than that of spineless ones, due to the 
possible collapse of pairs of polarons into diamagnetic bipolarons. The velocity 
of the charge carrier near the Fermi level can be calculated [110], as vF = 
2d1D/π h n(εF) = (3.3 – 7.2)⋅107 cm/s typical for other conducting polymers 
[49,79]. 
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Figure 8. (a) 3-cm waveband EPR (left) and 400 MHz 1H NMR (right) spectra of PANI-
CSA0.5 sample registered at different temperatures. Top-down dashed lines show sum of 
two spectra each calculated from Eq.(19), Eq.(20), and (21) with respective D1/A1 = 0.041, 
∆Bpp1 = 19.9 G, D2/A2 = 0.034, ∆Bpp2 = 492 G; D1/A1 = 0.12, ∆Bpp1 = 18.1 G, D2/A2 = 
0.042, ∆Bpp2 = 173 G; D1/A1 = 0.31, ∆Bpp1 = 21.7 G, D2/A2 = 0.04, ∆Bpp2 = 172 G; D1/A1 = 
0.34, ∆Bpp1 = 24.1 G, D2/A2 = 0.03, ∆Bpp2 = 152 G; D1/A1 = 0.26, ∆Bpp1 = 28.4 G, D2/A2 = 
0.02, ∆Bpp2 = 111 G. (b) RT 8-mm and 2-mm waveband EPR spectra of PANI-CSA and 
PANI-AMPSA with different doping levels. The spectrum calculated with D/A = 1.30 and 
∆Bpp = 5.33 G is shown as well. 

The shape of EPR spectrum of PANI-ES depends on the nature of 
counterion. Figure 8 presents EPR spectra of highly doped film-like PANI-CSA 
and PANI-AMPSA samples registered at different polarizing frequencies. For the 
comparison, NMR spectra of PANI-CSA0.5 registered at different temperatures 
are presented as well. These spectra were analyzed to contain Dysonian 
contribution [73] due to interaction of the exciting MW field with charge carriers 
in the material bulk. This leads to the appearance of the skin-layer on the sample 
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surface. When the thickness of skin-layers δ becomes comparable or thinner than 
a characteristic size of a sample, e.g. due to the increase of intrinsic conductivity 
σac, the time of charge carrier diffusion through the skin-layer becomes 
essentially less than a spin relaxation time and the Dysonian line with 
characteristic asymmetry factor A/B (the ratio of intensities of the spectral 
positive peak to negative one) is registered as it is shown in the insert of the 
Fig.6. Such line shape distortion is registered in EPR spectra of highly-doped 
PANI and other conjugated polymers [47-49,103,127].  

Generally, first derivative of the Dysonian line consists of absorption and 
dispersion terms, 
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where x = 2(B-B0) /
L
pp3 B∆ . If a skin-layer is formed on a surface of polymer 

plate with a thickness of 2d the coefficients A and D can be determined from 
relations [128]  
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where p = 2d/δ, ace0/2 σωµ=δ , and µ0 is the magnetic permeability for 

vacuum. From the analysis it was determined that the line asymmetry parameter 
A/B is correlated with the coefficients A and D of Eq.(19) simply as A/B = 1 + 1.5 
D/A independently on the EPR signal line width. Thus, it appears to be possible 
to determine correctly line width, magnetic susceptibility, g-factor of PC with 
Dysonian EPR spectra shown above. Konkin et al. shown [85] that in case of 
PANI-CSA and PANI-AMPSA the Dysonian line asymmetry factor A/B and 
therefore the ratio D/A depend more complicated on the 2d/δ ratio in Eq.(20) and 
Eq.(21). The D/A(2d/δ) dependences calculated for these polymer presented in 
Fig.9. It was shown the applicability of these functions for the analysis of 
Dysonian EPR spectra of PC in an initial and also in two, three and four times 



Relaxation and Dynamics of Spin Charge Carriers in Polyaniline 133 
incrassate PANI films (Fig.9). Such procedure allows determining intrinsic 
conductivity σac of both the highly doped film-like PANI-CSA and PANI-
AMPSA samples directly from their Dysonian spectrum.  
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Figure 9. The theoretical D/A(2d/δ) dependencies calculated [85] and experimentally 
determined for the PAN-CSA and PAN-AMPSA films with different plate thickness (nd) 
at 3-cm waveband EPR and 300 K. 

EPR spectra of PANI-CSA and PANI-AMPSA were then analyzed as sum of 
two different spin ensembles coexisting in these polymers with different 
Dysonian shapes, namely narrow EPR spectrum of PC R1 with g = 2.0028 
localized in amorphous polymer matrix and broader EPR spectrum of PC R2 with 
g = 2.0020 and higher mobility in crystalline phase of the polymers. The cooling 
of the samples leads to the decrease in the relative concentration of PC R2 and to 
the monotonous increase in its line width, as it is seen in Fig.8 and Fig.10. In the 
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same time, the line width of PC R1 decreases monotonously and the sum spin 
concentration increases at the temperature decrease. Besides, NMR line width 
decreases at such a sample cooling (Fig.8) due possible to the decrease of 
interaction of electron and proton spins. The RT ∆Bpp value of PC R2 in e.g. 
PANI-AMPSA0.6 decreases from 54 down to 20 and then down to 5.3 G at the 
increase of registration frequency ωe/2π from 9.7 up to 36.7 and then up to 140 
GHz (Fig.8), so one can express this value as ∆Bpp(ωe) = 1.5 + 2.2⋅109ω -0.84

e  G. 
Such extrapolation reveals the dependence of spin-spin relaxation time on the 
registration frequency and allows estimating correct line width at ωe → 0 limit to 
be 1.5 G.  
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PANI-AMPSA samples with different doping levels determined from their 3-cm 
waveband EPR spectra taking into consideration the Dyson contribution. 
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Figure 11. Temperature dependence of inversed effective paramagnetic susceptibility χ 
and χT product (insert) of PANI-AMPSA and PANI-CSA samples with different doping 
levels. Top-down dashed lines show the dependences calculated from Eq.(18) with 
respective χP = 9.8⋅10-7 emu/mol, C = 4.5⋅10-4 emu K/mol, k1 = 1.5⋅10-2 emu K/mol, Jaf = 
0.001 eV, χP = 8.5⋅10-7 emu/mol, C = 4.2⋅10-4 emu K/mol, k1 = 6.6⋅10-3 emu K/mol, Jaf = 
0.014 eV, χP = 5.2⋅10-7 emu/mol, C = 2.3⋅10-4 emu K/mol, k1 = 9.1⋅10-3 emu K/mol, Jaf = 
0.005 eV, χP = 2.2⋅10-5 emu/mol, C = 1.7⋅10-2 emu K/mol, k1 = 1.7⋅10-2 emu K/mol, Jaf = 
0.004 eV, χP = 1.1⋅10-4 emu/mol, C = 7.2⋅10-3 emu K/mol, k1 = 1.1⋅10-2 emu K/mol, Jaf = 
0.005 eV, χP = 7.1⋅10-5 emu/mol, C = 2.2⋅10-3 emu K/mol, k1 = 2.13 emu K/mol, Jaf = 
0.004 eV, χP = 2.7⋅10-4 emu/mol, C = 2.7⋅10-2 emu K/mol, k1 = 1.58 emu K/mol, Jaf = 
0.004 eV, χP = 5.3⋅10-3 emu/mol, C = 6.5⋅10-1 emu K/mol, k1 = 1.2⋅10-2 emu K/mol, Jaf = 
0.006 eV.  

The narrowing of the line on raising the PANI temperature can be explained 
by averaging of the local magnetic field caused by HFI between the localized 
spins whose energy levels lie near the Fermi level. The EPR line of PANI⋅CSA 
and PANI-AMPSA may also be broadened to some extent by relaxation due to 
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the spin-orbital interaction responsible for linear dependence of T1
1−  on 

temperature [53]; however, this interaction seems to be rather weak in our case. It 
is significant that for both types of PC the line widths are appreciably larger than 
those obtained previously for the fully oxidized powder-like and film-like 
PANI⋅CSA (0.35 and 0.8 G, respectively) [53], which indicates a higher 
conductivity of the samples under study. Comparison of the ∆Bpp values obtained 
for different PANI⋅CSA samples [85] suggested that a crystalline phase is formed 
in the amorphous phase of the polymer, beginning with the oxidation level у = 
0.3, and that the paramagnetic centers of this newly formed phase exhibit a 
broader EPR spectrum. In the amorphous phase of the polymer, the paramagnetic 
centers of radicals of the R1 type are characterized by less temperature-dependent 
line width and are likely not involved in the charge transfer being, however, as 
probes for whole conductivity of the sample. At the same time, the magnetic 
resonance parameters of radicals of the R2 type should reflect the charge transport 
in the crystalline domains of PANI⋅CSA and PANI-AMPSA. The line width of 
PANI appreciably decreases on replacement of the CSA anion by the AMPSA 
anion (see Fig.10), which is likely due to the shortening of spin-spin relaxation 
time of both PC.  

Figure 11 depicts the effective paramagnetic susceptibility of both the R1 and 
R2 PC as function of temperature. The Jaf values obtained are much lower of the 
corresponding energy (0.078 eV) obtained for ammonia-doped PANI [75]. It is 
seen that at low temperatures when T ≤ Tc ≈ 100 K the Pauli and Curie terms 
prevail in the total paramagnetic susceptibility χ of both type PC in all PANI 
samples. At T ≥ Tc, when the energy of phonons becomes comparable with the 
value kBTc ≈ 0.01 eV, the spins start to interact that causes the appearance of the 
last term of Eq.(18) in sum susceptibility as result of the equilibrium between the 
spins with triplet and singlet states in the system. It is evident that the R1 signal 
susceptibility obeys mainly the Curie law typical for localized isolated PC, 
whereas the R2 susceptibility consists of the Curie-like and Pauli-like 
contributions.  

The n(εF) values obtained for the charge carriers in PANI-CSA and PANI-
AMPSA are also summarized in Table 2. This value increases in series PANI-
AMPSA0.4 → PANI-CSA0.5 → PANI-CSA0.6 → PANI-AMPSA0.6. This density 
of stated of polarons in PANI-CSA is in agreement with that obtained previously 
in the optical (0.06—6 eV) [15] and EPR [53] studies of this polymer. The Fermi 
energy of the Pauli-spins was calculated to be εF ≈ 0.2 eV. This value is lower 
than the Fermi energy obtained for highly CSA- (0.4 eV) [20] and sulfur- (0.5 
eV) [48,86] doped PANI. Assuming again that the charge carrier mass in heavily 
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doped polymer is equal to the mass of free electron (mc = me), the number of 
charge carriers in such a quasi-metal [110], Nc ≈ 4.1⋅1020 cm-3 was determined. 
This is close to the spin concentration in this polymer; therefore, one can 
conclude that all delocalized PC are involved in the charge transfer in PANI-
CSA0.6. The velocity of charge carriers near the Fermi vF level was calculated to 
be 3.8⋅107 cm/s for PANI-CSA that is close to those evaluated for this polymer 
from the EPR magnetic susceptibility data, (2.8 – 4.0)⋅107 cm/s [129,130], and 
6.2⋅107 cm/s for PANI-AMPSA. 
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Figure 12. Insert – 3-cm and 2-mm wavebands EPR spectra of the PANI-pTSA0.50 sample 
in nitrogen (solid lines) and air (dashed lines) atmosphere. Temperature dependence of 
line width of PC in the PANI-pTSA sample with the presence of nitrogen and oxygen 
molecules registered at 3-cm and 2-mm wavebands EPR. The lines show the dependences 

calculated from Eq.(17) with 0
hopω  = 9.6⋅1017 s-1, Ea = 0.058 eV, Jex= 0.28 eV (dash-

dotted line), 0
hopω  = 1.3⋅1019 s-1, Ea = 0.102 eV, Jex= 0.36 eV (dotted line).  

Thus, main PC in the highly doped PANI⋅CSA and PANI-AMPSA samples 
are localized at T ≤ Tc. This is the reason for the Curie type of susceptibility of 
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the sample and should lead to the VRH charge transfer between the polymer 
chains. The spin-spin exchange is stimulated at Т ≥ Тc due likely to the activation 
librations of the polymer chains. The activation energies of these librations lie 
within the energy range characteristic of PANI-CSA [131] and PANI-HCA 
[80,82]. The Ea value depends on the effective rigidity and planarity of the 
polymer chains that are eventually responsible for the electrodynamic properties 
of the polymer.  

PANI-pTSA0.50 in nitrogen atmosphere at 3-cm waveband EPR demonstrates 
Lorentzian exchange-narrowed line which an asymmetry factor A/B is 1.03 
(Fig.12). The exposure of the samples to air was observed to lead to reversible 
line broadening and an increase in the asymmetry factor up to 1.27. The 
asymmetry of the EPR line may be due to either unresolved anisotropy of the g-
factor or the presence in the spectrum of the Dyson term [73] as in case of other 
highly doped conducting polymers. To verify these assumptions, the 2-mm 
waveband EPR spectra of the sample were recorded. It is seen from Fig.12 that 
this polymer in this waveband EPR also exhibits a single asymmetric line, whose 
asymmetry factor varies at the exposition to air from 1.68 up to 1.95. This fact 
indicates substantial interaction of PC even in high fields, the line asymmetry of 
these PC indeed results from the interaction of a MW field with charge carriers in 
the skin layer. Dysonian EPR spectra of the samples were calculated from 
Eq.(19) with the following coefficients A and D for skin-layer on the surface of a 
spherical powder particle with radius R [128]:  
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(here p = 2R/δ) and the main magnetic parameters were obtained.  
As the operating frequency increases from 9.7 up to 140 GHz, the ∆Bpp value 

of PC in the PANI sample increases not more than by a factor of 2 (Fig.12). Such 
insignificant line broadening with the operating frequency increase was not 
observed in studies on other conducting polymers, including PANI. This may be 
evidence for stronger exchange interaction between PC in the polymers, which is 
not completely relieved in strong magnetic field. The temperature dependences of 
the effective absorption line width of this sample determined at both the 3-cm and 
2-mm wavebands EPR are presented in Fig.12. It is seen that ∆Bpp of PC in the 
sample containing nitrogen slightly depends on temperature. Air diffusion into 
the sample leads to the reversible extremal broadening of their EPR line (Fig.12). 
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At the increase of polarizing frequency from 9.7 GHz up to 140 GHz the 
characteristic temperature Tc of the ∆Bpp(T) dependences presented shifts from 
160 K to 130 K (Fig.12). Such effect was interpreted as result of activation 
dipole-dipole interaction of polarons with oxygen molecules possessing sum spin 
S = 1. The ∆Bpp(T) dependences were fitted by Eq.(17) with appropriate 
parameters listed in Table 2 (Fig.12). It is seen that the experimental data 
obtained can be rationalized well in terms of this theory. The obtained value of 
Jex sufficiently exceeds the corresponding spin-exchange constant for nitroxide 
radicals with paramagnetic ions, Jex≤ 0.01 eV [123]. 
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Figure 13. Temperature dependence of inversed effective paramagnetic susceptibility and 
χT product (insert) of PC in PANI-pTSA0.5 exposed to nitrogen (open symbols) and 
oxygen (filled symbols). By the “×” symbol is shown the appropriate data obtained for 
this system in [132] by using a “force” magnetometer in a dc external magnetic field of 
5⋅103 G. Dashed and dotted lines show the dependences calculated from Eq.(18) with 
respective χP = 3.3⋅10-6 emu/mol, C = 1.1⋅10-3 emu K/mol, k1 = 0.29 emu K/mol, Jaf = 
0.041 eV and χP = 7.9⋅10-6 emu/mol, C = 1.3⋅10-3 emu K/mol, k1 = 1.44 emu K/mol, Jaf = 
0.099 eV. 
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Figure 13 shows the temperature dependence for the paramagnetic 

susceptibility of PANI-pTSA0.50 sample in the absence and in the presence of 
oxygen in the polymer matrix. An analysis of the paramagnetic susceptibility of 
the nitrogen containing sample determined at 3-cm and 2-mm wavebands EPR 
showed that it can be described by Eq.(18) with the parameters summarized in 
Table 2. These data show that the transition of registration frequency from 9.7 
GHz to 140 GHz leads to decrease in Jaf of nitrogen containing PANI-pTSA0.5 

from 0.099 eV down to 0.041 eV due possible to the field effect. The Figure 
reveals that the effective susceptibility of the PANI-pTSA0.50 without oxygen, as 
determined from 3-cm waveband EPR spectra, slightly varies with temperature. 
However, this quantity determined from the 2-mm waveband EPR spectra 
noticeably decreases with a decrease in temperature. The exposure of the polymer 
to air increases proportionally all components of its magnetic susceptibility. This 
value of the sample exposed to air increases and exhibits non-monotonic 
temperature dependence in the 3-cm and 2-mm wavebands EPR with a 
characteristic temperature maximum at 160 and 150 К. This effect is discussed 
above and attributed to the spin exchange interaction. The Pauli susceptibility of 
the sample is close to that determined in [17] at n(εF) = 22.8 eV-1. Note, that the χ 
measured for this polymer by more direct method [132] exhibits smaller 
temperature dependency.  

The velocity of charge carriers and the Fermi energy were calculated as vF = 
2d1D/π h n(εF) and εF = 3Ne/2n(εF) to be 3.1⋅106 cm/s and 0.16 eV, respectively. 
The latter value is less of Fermi energy obtained earlier for PANI-SA, PANI-
CSA and PANI-AMPSA. 

Intrinsic conductivity and mechanism of charge transfer in PANI with doping 
level lying above the percolation threshold depend on the structure and number of 
counterion introduced into a polymer. At high doping level the saturation of spin-
packets decreases significantly due to the increase in direct and cross spin-spin 
and spin-lattice interactions. Besides, Dysonian term appears in EPR spectra of 
such polymers due to the formation of skin-layer on their surface. In contrast with 
the saturated dispersion EPR signal, the Dysonian line “feels” both types of 
charge carriers, spin polarons, and spineless bipolarons, as effective charge 
ensemble, diffusing through a skin layer. The number and dynamics of each 
type of charge carriers can differ; thus the electronic dynamics properties of the 
sample should depend on its doping level. In order to determine this correctly the 
analysis of both the dc and ac conductivities is required.  
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Figure 14. Temperature dependency of ac (filled symbols) and dc (open symbols) 
conductivity calculated from Dyson-like EPR line of the PANI-HCA and PANI-SA 
samples with different doping levels. Top-down dotted lines present the dependences 
calculated from Eq.(26) with respective with k1 = 9.2⋅103 S K0.5/cm, T0 = 2.8⋅103 K, k2 = 
0.53 S/K cm, Eph = 0.042 eV, k1 = 3.5⋅104 S K0.5/cm, T0 = 1.1⋅104 K, k2 = 1.3⋅10-2 S/K cm, 
Eph = 0.062 eV, k1 = 7.3⋅105 S K0.5/cm, T0 = 1.9⋅104 K, k2 = 9.2⋅10-3 S/K cm, Eph = 0.063 
eV, and d = 1. Dash-dotted line shows the dependence calculated from the same equation 
with k1 = 8.4⋅102 S K0.5/cm, T0 = 3.6⋅103 K, k2 = 0.51 S/K cm, Eph = 0.048 eV and d = 1. 
Top-down dashed lines show the dependences calculated from Eq.(28) with respective 

σ01
 = 1.47 S cm-1 K-1, σ02

= 2.1⋅10-2 S cm-1 K-1, and |
phE  = 0.12 eV, σ01

= 0.86 S cm-1 

K-1, σ02
= 4.3⋅10-2 S cm-1 K-1, and |
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3 S cm-1 K-1, and |
phE  = 0.049 eV and σ01

= 0.41 S cm-1 K-1, σ02
= 5.7⋅10-3 S cm-1 K-1, 

|
phE  = 0.052 eV, and κ = -1.  
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The analysis shown that the dc conductivity in PANI-HCA and PANI-SA 

samples presented in Fig.14 vs. temperature can be described in the framework of 
the models of Q1D Variable Range Hopping (VRH) of charge carriers between 
crystalline high-conducting regions through amorphous bridges [111] and their 
scattering on the lattice optical phonons in metal-like clusters.  

VRH mechanism of charge motion results in the following dependence of the 
dc and ac conductivity of a d-dimensional system on temperature [111,133]  
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where σ0 = 0.39ω0e2[n(εF)〈L〉/(kBT)]1/2 and T0 = 16/kBn(εF)z<L> at d = 1, σ0 = 
ω0e2[9/8πkBTn3/2(εF)/〈L〉]1/2 and T0 = 18.1/kBn(εF)<L>3 at d = 3 in equation for dc 
conductivity, ω0 is a hopping attempt frequency, z is the number of nearest-
neighbor chains, <L> is the averaged length of charge wave localization function, 
and T0 is the percolation constant or effective energy separation between 
localized states depending on disorder degree in amorphous regions. The 
conductivity is essentially determined by the phonon bath and by the 
distributional disorder of electron states in space and energy respectively above 
and below T0. The distance R and average energy W of the charge carriers hopping 
are R-4 = 8πkBTn(εF)/9<L> and W-1 = 4πR3n(εF)/3, respectively.  

DC conductivity of the samples is a combination of Eqs.(14) and (24): 
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The parameters of Eq.(26) determined from the fitting of experimental data are 

summarized in Table 3. It is seen from the Table that both the percolation constant 
and lattice phonon energy of PANI-ES decrease at the increase of polymer doping 
level. A transition from localization to delocalization of charge carriers occurs 
when π2t⊥/321/2T0 is equal to a unit [28]. This value was calculated for PANI-
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SA0.21, PANI-SA0.42, PANI-SA0.53, and PANI-HCA0.50 using t⊥ = 0.29 eV [86] 
and T0 determined to be 0.31, 0.53, 2.1, and 3.1 eV, respectively. An increase in 
this value with у means increasing the charge-carrier delocalization as a result of an 
increase in the interchain coherence. This value is higher than unity for heavily 
doped PANI-HCl [134], and decreases down to 0.1 – 0.4 for heavily doped 
derivatives of polyaniline, namely, poly(o-toluidine) and poly(o-ethylaniline) [135]. 
One can conclude that the insulator-to-metal transition in PANI-SA is of localization-
to-delocalization type, driven by the increased structural order between the chains and 
through an increased interchain coherence. PANI-SA0.53 and PANI-HCA0.50, possess a 
more metallic behavior, and the properties of PANI-SA у ≤ 0.42 demonstrate it to be 
near an insulator/metal boundary. The inherent disorder present in slightly doped 
PANI keeps the electron states localized on individual chains. At low у the structural 
disorder in polyaniline localizes the charge to single chains (Curie-like carriers), and 

 
Table 3. The k1 (in S K±0.5/cm), T0 (in K), k2 (in S/K cm), h ωph (in eV) values 

determined from the fitting of σdc by Eq.(26), and 
10σ (in S/K cm), 

20σ (in 

S/K cm), and |
phωh  (in eV) ones determined from the fitting of σac by 

Eq.(28) for different PANI samples.  
 

Polymer k1 T0 k2 Eph 
10σ  

20σ  |
phE  

PANI-SA0.21 7.3⋅105 1.9⋅104 9.2⋅10-3 0.063 0.41 5.7⋅10-3 0.052 
PANI-SA0.42 3.5⋅104 1.1⋅104 1.3⋅10-2 0.062 0.48 8.5⋅10-3 0.049 
PANI-SA0.53 9.2⋅103 2.8⋅103 0.53 0.042 0.86 4.3⋅10-2 0.087 
PANI-HCA0.50 8.4⋅102 3.6⋅103 0.51 0.048 1.5 2.1⋅10-2 0.12 
PANI-AMPSA0.4 1.2⋅103 209 0.31 0.022 1.68 1.57 0.037 
PANI-AMPSA0.6 1.1⋅103 277 0.18 0.020 1.62 0.76 0.039 
PANI-CSA0.5 5.6⋅103 521 1.7 0.028 1.99 0.68 0.039 
PANI-CSA0.6 5.5⋅103 753 0.29 0.024 2.27 0.64 0.036 
PANI-pTSA0.5 

a     13.3 0.25 0.027 
PANI-pTSA0.5 

b 26 4.6⋅104 0.19 0.027 24.9 10.8 0.022 
Notes: a determined at 3-cm waveband EPR, b determined at 2-mm waveband EPR. 

 
the higher doping leads to the appearance of delocalized electron states (Pauli-like 
carriers). This holds typically for the formation in PANI-ES with у ≥ 0.21 metal-like 
domains, according to the island model proposed by Wang and co-workers [27,30]. 
This is consistent with that drawn earlier on the basis of data obtained with ТЕМ 
and X-ray-diffraction methods [77]. 
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Activation energy of dipole-dipole interaction of a polaron with neighboring spins 

determined from Eq.(26) is near to that of superslow anisotropic librations obtained by 
the Saturation Transfer EPR (ST-EPR) method [48,49,136]. This means that 
macromolecular dynamics plays an important role in interacting processes taking place 
in spin reservoir. The lattice librations modulate the interacting spin exchange and 
consequently the charge transfer integral. Assuming that polaron is covered by 
both 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 seem to be more im-
portant for the doped polymers the high-coupled chains of which constitute 3D 
metal-like clusters. 

Aasmundtveit et al. [67] have shown that 3-cm waveband EPR line width 
and consequently the spin-spin relaxation rate of PC in PANI depend directly on 
its dc conductivity. The comparison of ∆Bpp(T) and σас(T) functions presented in 
Fig.6 and Fig.14 demonstrate the additivity of these values at least for the higher 
doped polymers. Besides, Khazanovich [137] have found that spin-spin 
relaxation depends on the number of spins on each polymer chain Ns and on the 
number of neighboring chains Nc with which these spins interact as follows: 
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Using T2 = 1.7⋅10-7 sec, Σij = 1.2⋅1045 cm-6, and ω0 = 6.1⋅1013 rad/s determined 

from experiment, a simple relation Nc ≈ 55exp(Ns) of these values is obtained 
from Eq.(27). This means that at least seven interacting spins exist on each chain 
as spin-packet and interact with Nc = 20 chains, i e. spin and charge 3D hopping 
does not exceeds distance more than 3c3D.  

Figure 14 exhibits the temperature dependence of the ac conductivity of 
highly doped PANI-SA and PANI-HCA samples determined from their Dysonian 
2-mm EPR spectra using Eq.(19), Eq.(22), and Eq.(23) as well. The shape of the 
temperature dependences presented demonstrates non-monotonous temperature 
dependence with a characteristic point Tc ≈ 200 K. Such a temperature 
dependency can be attributed to the above-mentioned interacting charge carriers 
with lattice phonons at high temperatures (the metallic regime) and by their Mott 
VRH at low temperatures (the semiconducting regime). In this case the charge 
transfer should consist of two successive processes, so then the ac conductivity 
should be expressed as a combination of Eq.(14) and Eq.(25) 
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Figure 14 shows that the experimental σac values obtained for PANI-SA 

and PANI-HCA are fitted well by Eq.(28) with the appropriate parameters 
listed in Table 3. The energy determined for phonons in PANI sample lies near to 
that (0.066 eV) evaluated from the data obtained by Wang et al. [27,30]. 

RT σac of heavily doped PANI-SA and PANI-HCA, estimated from the 
contribution of spin charge carriers, does not exceed 140 S/cm. This value is 
much smaller than σac(ωe→∞) ≅ 107 S/cm calculated theoretically [138]; 
however, it lies near that obtained for metal-like domains in PANI at 6.5 GHz 
[44]. The σac/σdc ratio for these domains can be evaluated to be 80 for PANI-
HSA0.50 and 18, 7, and 4 for PANI-SA with y = 0.21, 0.42, and 0.53, 
respectively. Taking into account that the σac = σdc condition should be fulfilled 
for classic metals [110], one can conclude a better structural ordering of these 
domains in PANI-SA. Charge carriers diffuse along these polymer chains with 
the constant D1D can be determined from relation σac = e2n(εF)D1D

2
1Dc  to 

vary within 5⋅1013 – 1.1⋅1014 rad/s at room temperature that exceeds at least 
by an order of magnitude D1D determined above for slightly doped samples. 
The RT mean free path [110] li = σacmcvF/(Ne2) calculated for the highly doped 
PANI-SA and PANI-HCA is near to 0.5 and 6.0 nm, respectively. These values 
are smaller than that estimated for oriented trans-PA [45], but also holds for 
extended electron states in these polymers as well. The energy of lattice phonons 
obtained from ac data lies near the energy Jaf of the interaction between spins 
(see Table 2), that shows the modulation of spin-spin interaction by 
macromolecular dynamics in the system.  

DC and ac conductivity of the highly doped PANI-CSA and PANI-AMPSA 
determined respectively by the dc conductometry method [85] and from the 
Dysonian spectra of the R2 PC are given in Fig.15 as function of temperature. 
Charge carrier hops through amorphous part of the sample and then diffuses 
through its crystalline domain, so then the dc term of the total conductivity of the 
samples should be determined by 1D VDH between metal-like domains 
accompanied by the charge carriers scattering on the lattice phonons in these 
domains described by Eq.(14) and Eq.(24). These processes occur parallel, so the 
effective conductivity can be expressed by Eq.(26).  
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Figure 15. Temperature dependence of dc (open symbols) conductivity measured 
conductometrically and ac (filled symbols) conductivity determined from 3-cm, 8-mm, 
and 2-mm wavebands EPR Dysonian spectra of the R2 paramagnetic centers stabilized in 
the PANI-AMPSAy and PANI-CSAy samples. Top-down dashed lines present the 
dependences calculated from Eq.(28) with κ = -1 and respective 

10σ = 2.27 S/K cm, 

20σ = 0.64 S/K cm, |
phE  = 0.036 eV, 

10σ = 1.99 S/K cm, 
20σ = 0.68 S/K cm, |

phE  = 

0.039 eV, 
10σ = 1.68 S/K cm, 

20σ = 1.57 S/K cm, |
phE  = 0.037 eV, 

10σ = 1.62 S/K cm, 

20σ = 0.76 S/K cm, |
phE  = 0.039 eV as well as from Eq.(26) with d = 1 and respective k1 

= 5.5⋅103 S K0.5/cm, T0 = 753 K, k2 = 0.29 S/K cm, Eph = 0.024 eV, k1 = 5.6⋅103 S K0.5/cm, 
T0 = 521 K, k2 = 1.7 S/K cm, Eph = 0.028 eV, k1 = 1.1⋅103 S K0.5/cm, T0 = 277 K, k2 = 0.18 
S/K cm, Eph = 0.020 eV, k1 = 1.2⋅103 S K0.5/cm, T0 = 209 K, k2 = 0.31 S/K cm, Eph = 0.022 
eV. 

Figure 15 shows that dc conductivity of the polymers experimentally 
obtained is fitted well by Eq.(26) whose fitting parameters are summarized in 
Table 3. The vF value was calculated for the PANI-CSA and PANI-AMPSA 
systems, to be 2.4⋅107 and 6.0⋅107 cm/s, respectively [85]. In contrast with other 
conducting polymers, lower T0 parameter is characteristic for these samples. This 
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is evidence of the longer averaged length of charge wave localization function in 
the samples. Indeed, <L> value was determined for PANI-CSA0.6, PANI-CSA0.5, 
PANI-AMPSA0.6, and PANI-AMPSA0.4, to be 17, 37, 264, and 239 nm, 
respectively. The n(εF) increases in series PANI-AMPSA0.4 → PANI-CSA0.5 → 
PANI-CSA0.6 → PANI-AMPSA0.6.  

AC conductivity of the polymers is also reflects the above mentioned 
successive mechanisms, so the experimental data can be circumscribed by 
Eq,(28). Indeed, it is seen from Fig.15 that the σac(T) dependences obtained 
experimentally for mobile R2 PC are fitted well by Eq.(28) with the parameters 
summarized in Table 3. The energy determined for phonons in these PANI 
samples lies near to that obtained for other polymers [48,49] and evaluated (0.066 
eV) from the data determined by Wang et al. for HCl-doped PANI [27,30]. It is 
evident that |

phE  and Ea obtained above for the PANI-CSA0.5 sample lie near. 

This means that protons situated in crystalline domains indeed sense electron spin 
dynamics. The data obtained can be evidence of the contribution of the R1 and R2 
PC in the charge transfer through respectively amorphous and crystalline parts of 
the polymers. RT σac values determined from Dysonian spectra of R2 PC lies near 
respective σdc values that is characteristic for classic metals. The <L> and Eph 
values determined above for mediatory doped samples correlate. This means that 
the higher the <L> value, the stronger interaction of PC with phonons in metal-
like crystallites. There is some tendency in the increase of RT σdc and σac 
conductivities in the series PANI-AMPSA0.6 → PANI-AMPSA0.4 → PANI-
CSA0.5 → PANI-CSA0.6 “feeling” by the R2 PC. The data obtained can be 
evidence of indirect contribution of the R1 PC and direct contribution of the R2 
PC in the charge transfer through respectively amorphous and crystalline parts of 
the polymers. RT σac values determined from Dysonian spectra of R2 PC lies near 
respective σdc values that is characteristic for classic metals.  

Thus, main PC are localized in the highly doped PANI-CSA and PANI-
AMPSA samples at low temperatures. This originates the Curie type of 
susceptibility of the samples and the VRH charge transfer between their polymer 
chains. The spin-spin exchange is stimulated at high temperature region due 
likely to the activation librations of the polymer chains [139,140]. Both pinned 
and delocalized PC are formed simultaneously in the regions with different 
crystallinity. An anti-ferromagnetic interaction in crystalline domains is stronger 
then that in amorphous regions of PANI-CSA and PANI-AMPSA. Charge 
transport between crystalline metal-like domains occurs through the disordered 
amorphous regions where the charge/spin carriers are more localized. The 
assumption that higher purity PANI coupled with homogeneous doping would 
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give rise to no EPR signal, characteristic of a purely bipolaronic matrix, is in 
contradiction with the increase of ac conductivity with spin concentration in 
polymer systems. Both PANI-CSA and PANI-AMPSA reveal better electronic 
properties over PANI-SA and PANI-HCA, as shown by their electrical 
conductivity which is both greater in magnitude and follows metallic temperature 
dependence. The change of conductivity with temperature is consistent with a 
disordered metal close to the critical regime of the metal-insulator transition with 
the Fermi energy close to the mobility edge [53,54].  

Figure 16 shows the temperature dependence of σdc determined by the dc 
conductometry method for the PANI-pTSA0.50. An analysis of these dependences 
leads to the conclusion that these polymers exhibit respectively 1D and 3D VRH 
at low temperature region, typical of a granular metal. As in case of other PANI, 
the σdc value is determined by strong spin-spin interaction at high temperatures. 
Experimental data is shown from Fig.16 to be well described by Eq.(26) with the 
parameters presented in Table 3.  

The averaged length of charge wave localization <L> lies in PANI-pTSA0.50 

near 11 nm and exceeds the effective radius of a quasi-metallic domain equal to 4 
nm [141]. It can be due to closely electronic properties of the metal-like domains 
embedded into the polymer matrix. It allows to evaluate charge transfer integral 
t⊥ in such domains from relation connecting T0 values at 1D and 3D VRH [134], 

(3D)
0T  = 256 (1D)

0T ln(2 (1D)
0T /πt⊥), to be 0.10 eV. The most probable carrier hop-

ping range R = (T0/T)1/2<L>/4 is 34 nm in PANI-pTSA0.50 at room temperature. 
The hopping energy W of a charge carrier in these polymers determined 
respectively in terms of the 3D VRH, W = kB(T0T3)1/4/2, and 1D VRH, W = 
kB(T0T)1/2/2, models is 0.045 eV that is of the order of kBT. The data make it 
possible to calculate the velocity of charge carriers vF = 4.0⋅106 cm/s moving near 
the Fermi energy with an energy of εF = 0.34 eV. The latter value lies near to that 
determined for PANI-CSA (0.4 eV) [20] and PANI-SA (0.5 eV) [83,86]. This is 
in agreement with the supposition earlier made by Pelster et al. [141] that the 
charge transport in PANI-pTSA takes place via two contributions: metallic 
conduction through a crystalline core of 8 nm, and thermally activated tunneling 
(hopping) through an amorphous barrier of 1-2 nm diameter. 
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Figure 16. Temperature dependence of dc and ac conductivity determined from 3-cm and 
2-mm waveband EPR Dysonian spectra of the PANI-pTSA0.5 sample obtained in nitrogen 
(open symbols) and air (filled symbols) atmosphere. Dash-dotted line shows the 
dependence calculated from Eq.(26) with k1 = 26 S K-0.5/cm, T0 = 4.6⋅104 K, d = 3, k2 = 
0.19 S/K cm, h ωph = 0.027 eV. Above and below dashed lines present the dependences 

calculated from Eq.(28) with 
10σ = 13.3 S/K cm, 

20σ = 0.25 S/K cm, |
phωh  = 0.027 eV 

and 
10σ = 24.9 S/K cm, 

20σ = 10.8 S/K cm, |
phωh  = 0.022 eV, respectively, and κ = 1. 

Spin-lattice and spin-spin relaxation times measured by the saturation 
method [142] at 3-cm waveband EPR for the PANI-pTSA0.50 are respectively 
1.2⋅10-7 and 3.1⋅10-8 sec (in the nitrogen atmosphere) and 1.1⋅10-7 and 1.6⋅10-8 sec 
(in the air) [88,89]. If one supposes that the polarons in this polymer possess 
mobility and diffuse along and between polymer chains with the diffusion 
coefficients D1D and D3D, respectively, D1D = 3.5⋅108 and D3D = 1.1⋅109 rad/s (in 
the nitrogen atmosphere) and D1D = 8.1⋅1011 and D3D = 2.3⋅108 rad/s (in the air) 
are evaluated from Eq.(8) and Eq.(9). A corresponding conductivities due to so 
possible polaron mobility calculated from Eq.(10) are respectively σ1D = 2.5⋅10-4 



V.I. Krinichnyi 150
S/cm, σ3D = 2.3⋅10-4 S/cm and σ1D = 29 S/cm, σ3D = 2.4⋅10-3 S/cm. This means 
that D1D < D3D in the sample without oxygen; however, the conductivity appears 
to be practically isotropic in character. The D1D/D3D ratio for the sample exposed 
to air increases to ~104, which substantially exceeds the value D1D/D3D ~ 50 
obtained for highly doped PANI-HCA [56]. The conductivity of this sample also 
becomes anisotropic, σ1D/σ3D ~104, and is also determined mainly by the 
diffusion of paramagnetic center along the polymer chain. The data obtained can 
be compared with those evaluated from the Dysonian EPR spectra.  

The σac values determined for the PANI-pTSA0.50 sample from its Dysonian 
3-cm and 2-mm waveband EPR spectra by using Eq.(19), Eq.(22), and Eq.(23) 
are also shown in Fig.16 vs. temperature. An intrinsic conductivity of both the 
samples visibly increases at their exposition on air (Fig.16). RT conductivity 
obtained for e.g. the former sample at 3-cm waveband EPR is a two orders of 
magnitude higher than σ1D and σ3D calculated above in terms of Q1D polaron 
diffusion along the “single conducting chain” [56]. Hence, it may be concluded 
that the conductivity in these polymers, as in other polyanilines, is mainly 
determined by the mobility of 3D-delocalized electrons in metal-like domains in 
which paramagnetic polarons are localized on parallel chains because of their 
strong exchange interaction. The temperature dependence of intrinsic 
conductivity can be interpreted in terms of the VRH mechanism of charge 
carriers and their scattering on the polymer lattice phonons respectively in 
amorphous and crystalline phases of the samples. Analogous to other PANI, the 
charge carrier crosses these phases one after another, so the resulting conductivity 
should be described by Eq.(28). As Fig.16 shows, Eq.(28) approximates well the 
σac(T) conductivity evaluated for all the PANI samples exposed on air with the 

parameters listed in Table 3. The |
phE  value obtained for both the samples 

correlate with Eph determined from the fitting of their σdc(T) dependences in 
terms of the same charge transport mechanism (Table 3). This fact confirms 
additionally supposition above made on the existing of strong spin dipole-dipole 
interaction in crystalline domains.  

A decrease in σac with an increase in the registration frequency may as result 
of e.g. of the influence of external magnetic field on the spin-exchange process in 
the polymer or deeper penetration of MW field into the polymer bulk at 2-mm 
waveband EPR. Indeed, the intrinsic conductivity should be higher if the skin-
layer is formed on metal-like domains with a smaller radius in PANI particles. 

Therefore two types of PC are formed in PANI, as in case of main 
conducting polymers, polarons localized on chains in amorphous polymer regions 
and polarons moving along and between polymer chains. During the polymer 
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doping the number of the mobile polarons increases and the conducting chains 
become crystallization centers for the formation of the massive metal-like domains 
of strongly coupled chains with 3D delocalized charge carriers. This process is 
accompanied by the increase of the electron-phonon interaction, crystalline order, 
and interchain coupling. The latter factor plays an important role in the stabilizing 
of the metallic state, when both 1D electron localization and “Peierls instability” 
are avoided. Above the percolation threshold the interaction between spin charge 
carriers becomes stronger and their mobility increases, so part of the mobile 
polarons collapses into diamagnetic bipolarons. Besides, the doping changes the 
interaction of the charge carriers with the lattice phonons, and therefore the 
mechanism of charge transfer. It also results in an increase of the number and size 
of highly conducting domains containing charge carriers of different nature and 
mobility, which lead to an increase in the conductivity and Pauli susceptibility. 
This process is modulated by macromolecular dynamics, and is accompanied by 
an increase in the crystalline order (or dimensionality) and planarity of the 
system. 

In the initial PANI the charges are transferred isoenergetically between 
solitary chains in the framework of the Kivelson formalism. The growth of the 
system dimensionality leads to the scattering of charge carriers on the lattice 
phonons. The charge 3D and 1D hops between these domains in the medium and 
heavily doped PANI, respectively. In heavily doped PANI the charge carriers 
are transferred according to the Mott VRH mechanism which is accompanied by 
their scattering on the lattice phonons. This is in agreement with the concept of the 
presence of 3D metal-like domains in PANI-ES rather than the supposition that 1D 
solitary conducting chains exist even in heavily doped PANI.  

In contrast with PANI-SA and PANI-HCA characterized as a Fermi glass 
with electronic states localizes at the Fermi energy due to disorder, PANI-CSA, 
PANI-AMPSA, and PANI-pTSA are disordered metals on the metal-insulator 
boundary. The metallic quality of ES form of PANI grows in the series PANI-
HCA → PANI-SA → PANI-pTSA → PANI-AMPSA → PANI-CSA.  

The data presented show the variety of electronic processes, realized in 
PANI, 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 general relationships, peculiar 
to these compounds are the following ones.  

Spin and spineless non-linear 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. The increase of doping 
level leads to the change of charge transfer mechanism. Conductivity in neutral or 
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weakly doped samples is defined mainly by interchain charge tunneling in the 
frames of the Kivelson formalisms, which is characterized by a high enough 
interaction of spins with several phonons of a lattice and leads to the correlation 
of Q1D spin motion and interchain charge transfer. These mechanisms 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 quasi-particles, namely the molecular-lattice polarons are formed in 
some polymers because of libron-phonon interactions analogously to that it is 
realized in organic conjugated macromolecules. It should be noted that as 
conducting polymers have a priori a lower dimensionality as compared with 
molecular crystals, their dynamics of charge carriers is more anisotropic. In 
heavily doped samples the dominating is the interchain Mott charge transport, 
characterized by strong interaction of charge carriers with lattice phonons.  

A higher spectral resolution at 2-mm waveband EPR provides a high 
accuracy of the measurement of magnetic resonance parameters and makes g-
factor of organic free radicals an important informative characteristic. This allows 
the establishment of the correlation between the structure of organic radicals and 
their g tensor canonic values, providing the ability of PC identification in 
conducting polymers. The multifrequency EPR study allows obtaining 
qualitatively new information on spin carrier and molecular dynamics as well as 
on the magnetic and relaxation properties of polymer systems. 
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