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The review summarizes the results of the study of emeraldine forms of polyaniline by

multifrequency (9.7–140 GHz, 3-cm and 2-mm) wavebands Electron Paramagnetic Resonance

(EPR) spectroscopy combined with the spin label and probe, steady-state saturation of

spin-packets, and saturation transfer methods. Spin excitations formed in emeraldine form of

polyaniline govern structure, magnetic resonance, and electronic properties of the polymer.

Conductivity in neutral or weakly doped samples is defined mainly by interchain charge tunneling

in the frames of the Kivelson theory. As the doping level increases, this process is replaced by a

charge thermal activation transport by molecular-lattice polarons. In heavily doped polyaniline,

the dominating is the Mott charge hopping between well-conducting crystalline ravels embedded

into amorphous polymer matrix. The main properties of polyaniline are described in the first part.

The theoretical background of the magnetic, relaxation, and dynamics study of nonlinear spin

carriers transferring a charge in polyaniline is briefly explicated in the second part. An original

data obtained in the EPR study of the nature, relaxation, and dynamics of polarons as well as the

mechanism of their transfer in polyaniline chemically modified by sulfuric, hydrochloric,

camphorsulfonic, 2-acrylamido-2-methyl-1-propanesulfonic, and para-toluenesulfonic acids up to

different doping levels are analyzed in the third part. Some examples of utilization of polyaniline

in molecular electronics and spintronics are described. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4873329]
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I. INTRODUCTION

Various low-dimensional compounds can be attributed

to organic conductors, such as molecular crystals based on

charge transfer complexes and ion-radial salts,1–5 modified

fullerenes,6–8 phthalocyanine metal complexes,9 dyes,10

metal-filled polymers,11,12 etc. These compounds are inter-

esting from the scientific standpoint, concerning the funda-

mentals of charge transfer processes. Polymers13 and their

composites with carbon nano-materials14–18 can also be

classified to organic conductors. Of a particular interest are

organic conducting polymers as a new class of electronic

materials.3,19–31 The interest to such systems was initiated

at 1964 by the Little hypothesis32 on the possibility of

synthesis of high-temperature superconductors based on

conducting polymers. They has also attracted considerable

attention, since the investigation of these systems has gen-

erated entirely new scientific conceptions and a potential

for their perspective application as active material for

creation of components of organic molecular

electronics.23–26,33 Another main scientific goal is to rein-

force human brain with computer ability. However, a

convenient modern computer technology is based on three-

dimensional silicon crystals, whereas human organism

consists of low-dimensional biological systems. So, the

combination of a future computer based on organic con-

ducting polymers of lowed dimensionality with biopoly-

mers is expected to increase considerably a power of

human apprehension.

A. Electronic properties of polyaniline (PANI)

Within the class of conducting polymers, PANI (Fig. 1)

is of particular interest because of its excellent stability

under ambient conditions and well perspective of utilization

in molecular electronics.34,35 The PANI family is known for

its remarkable insulator-to-conductor transition as a function

of doping (protonation or oxidation) level y (y implies a

number of dopant molecules per a repeating polymer unit,

monomer).36 Depending on the doping level y 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 neu-

tral form, whereas PANI-ES is a p-type semiconductor with

hole charge carriers.37 It is semicrystalline, heterogeneous

system with a crystalline (ordered) region embedded into an

amorphous (disordered) matrix.38 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 inter-

chain diffusion as well as hopping inside and between well-

ordered crystallites.39 In polaron structure, a cation radical of

one nitrogen acts as a hole which can transfer an elemental

positive charge. The electron from the adjacent nitrogen

(neutral) jumps to this hole and it becomes electrically neu-

tral initiating motion of the holes (Fig. 1). However, in bipo-

laron structure, this type of movement is not possible since

two holes are adjacently located (Fig. 1). This polymer dif-

fers from polyacetylene (PA), poly(para-phenylene) (PPP),

other PPP-like organic conjugated polymers in several

important aspects. In contrast with these polymers, it has no

charge conjugation symmetry. Besides, both carbon rings

and nitrogen atoms are involved in the conjugation. The phe-

nyl rings of PANI can rotate or flip, significantly altering the

nature of electron-phonon interaction. So, an additional

FIG. 1. Chemical structures of emeral-

dine base form of polyaniline (PANI-

EB) (a) and its full (50%) protonation

with formation of single bipolarons

þ¼Ph¼þ (b), polaron pairs

þ•�Ph�•þ (c) followed by their sepa-

ration in more stable emeraldine salt

form (PANI-ES) with maximum dop-

ing level y¼ 0.5 (d). Anion radicals

A� are shown.
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mobility of macromolecular units can modulate sufficient

electron-phonon interactions and, therefore, lead to more

complex mechanism of electron transfer in PANI.40,41

These results are somewhat different in magnetic and

charge-transport properties of PANI compared with other

conducting polymers. It was shown theoretically and experi-

mentally42 that charges in PANI, as in case of other conduct-

ing polymers, are transferred by polarons moving along

individual polymer chains. At low y a hopping charge trans-

fer 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.39,43 Stronger spin-

orbit and spin-lattice interactions of the polarons diffusing

along the chains is also characteristic of PANI. Upon proto-

nation of PANI-EB or oxidation of PANI-LE, insulating

forms of PANI their conductivity increase by more than 10

orders of magnitude whereas a number of electrons on the

polymer chains remain constant in the ES form of PANI.44

Such a doping is accompanied by appearance of the Pauli

susceptibility,45,46 characteristic for classic metals, due to

formation of high-conductive completely protonated or oxi-

dated clusters with the characteristic size about 5 nm in

amorphous polymer. While doping of PANI-EB films with

the sulfonated dendrimers gives direct current (dc) macro-

conductivity (rdc) up to ca. 10 S/cm, the hydrogensulfated

fullerenol-doped materials show metallic characteristics with

room temperature (RT) rdc as high as47 100 S/cm that is

about 6 orders of magnitude higher than the typical value for

fullerene-doped conducting polymers. In some cases dia-

magnetic bipolarons39 and/or anti-ferromagnetic interacting

polaron pairs48 each possessing two elemental charges can

also be formed in heavily doped polymer. The effective crys-

tallinity of polymer increases up to �50%–60%. The lattice

constants of the PANI-EB and PANI-ES forms are presented

in Table I.

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 sulfuric (PANI-SA) or

hydrochloric (PANI-HCA) acid lies in the region of local-

ized states, therefore, is considered as a Fermi glass with

localized electronic states,49 whereas the Fermi level energy

eF 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 bound-

ary.52,53 On the other hand, optical (0.06 – 6 eV) reflectance

measurements of e.g., in PANI-CSA49,54–56 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 measure-

ments, 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(eF) � 1 state per eV per

two ring repeat units.49,54 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.57–59 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.3

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 (see Fig. 1).36,44,52,60–67

For example, this value has been determined for PANI-CSA

to vary in the range rdc � 1.0� 102–3.5� 102 S/cm at room

temperature.66,68 The variety of conducting properties makes

difficult to investigate completely and correctly by usual ex-

perimental methods true charge dynamics along a polymer

chain, which can be masked by interchain, interglobular, and

other charge transfer processes. The inhomogeneity of distri-

bution of the counter-ion 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 model39,69 with a

finite n(eF) value.70 An analysis of experimental data on the

temperature dependencies of dc conductivity, thermoelectric

power, and Pauli-like susceptibility allowed MacDiarmid,

Epstein et al.60,63,71–74 to declare that PANI-EB is

completely amorphous insulator in which quasi-three-dimen-

sional (Q3D) 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 micro-

wave (MW) dielectric constant, paramagnetic resonance

linewidth, and electric field dependence of conductivity of

PANI-ES38,43,60,61,63,75 allowed them to conclude that both

chaotic and oriented PANI-ES consist of some parallel

chains strongly coupled into “metallic bundles” between

which quasi-one-dimensional (Q1D) Variable Range

Hopping (VRH) charge transfer occurs and in which Q3D

electron delocalization takes place. The intrinsic Q3D alter-

nating current (ac) conductivity of the domains was eval-

uated using Drude model76 as racffi 107 S/cm at 6.5 GHz,77

which was very close to the value expected by Kivelson and

Heeger for the metal-like clusters in highly doped Naarmann

trans-PA.78 However, this value of the sample does not

exceed racffi 7� 102 S/cm.77 It means that other processes,

which make difficult its determination, mask the true process

of electron transfer by usual experimental methods.

TABLE I. Lattice constants (in nm) determined for PANI. Abbreviations:

e.b. — emeraldine base; e.s. — emeraldine salt; p.o.r. — pseudo-orthogonal

cell; o.r. — orthrombic cell; HCA — hydrochloric acid; SA — sulfuric acid;

CSA — camphorsulphonic acid; DBSA — dodecylbenzenesulphonic acid;

PTSA — p-toluenesulfonic acid.

Polymer a b c References

PANI (e.b.) 0.765 0.575 1.020 38

PANI-HCA (e.s.) 0.705 0.860 0.950 38

PANI-SA (e.s., p.o.r.) 0.430 0.590 0.960 43

PANI-CSA 0.590 0.100 0.720 49

PANI-DBSA (o.r) 1.178 1.791 0.716 50

PANI-PTSA 0.440 0.600 1.100 51
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B. Magnetic properties of polyaniline

The polaronic charge carriers in PANI and other con-

ducting polymers are characterizing by electron spin S¼ 1=2,

so then the direct Electron Paramagnetic Resonance (EPR)

spectroscopy79–84 is widely used for the study of relaxation

and dynamics properties of such paramagnetic centers (PC)

in these systems.85–88 The oxidation or protonation of PANI-

EB leads to the monotonically increase in PC concentration

accompanied with strong line narrowing.89,90 Lapkowski and

Genies90 and MacDiarmid and Epstein91 showed the initial

creation of Curie spins in EB, indicating a polaron formation,

followed by a conversion into Pauli spins, which indicates

the formation of the polaron lattice in high conductive

PANI-ES.92,93 The method enables to determine electron

relaxation and diffusion of spin charge carriers even in PANI

with chaotically oriented chains in scale from several macro-

molecular unites.85,86 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.94 Such investi-

gations were mainly carried out for highly doped PANI-

HCA.95–99 It was noted,86 however, that the data on PANI

proton relaxation experimentally obtained by NMR

method,95–97 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 electron relaxation of spin charge carriers, which

allows more precisely to determine relaxation and dynamic

parameters of polarons in PANI and in other conducting

polymers.

The method takes a possibility to determine both the

longitudinal (spin-lattice) and the transverse (spin-spin)

relaxation occurring with characteristic times 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 uni-

tes.85,86 Both relaxation times of polarons govern their

peak-to-peak EPR linewidth DBpp, whereas the dependencies

T1 / x1=2
p and DBpp / x1=2

e (here xp and xe are the angular

frequency of nuclear and electron spin precession, respec-

tively) obtained by comparatively low-frequency magnetic

resonance methods for highly protonated PANI-ES were

interpreted in terms of their Q1D diffusion and Q3D hopping

in polymer backbone. D1D value was obtained to be, respec-

tively, near to 1014 and 1012 rad/s and weekly depends on the

doping level, while D3D value strongly depends on y and cor-

related with both dc and ac conductivities of PANI-HCA.95

The anisotropy of such motion A¼D1D/D3D varies at room

temperature from 104 in PANI-EB down to 10 in PANI-ES.

This fact was interpreted in favor of existence of single

high-conductive chains even in highly protonated PANI,

between which Q1D charge transfer is realized.100 Such an

interpretation differs from the alternate model of formation

of Q3D metal-like clusters in amorphous phase of the poly-

mer.71,72 Besides, the diffusion constants were determined

from EPR linewidth 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 parame-

ters 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 delo-

calized PC.

The presence in the PANI of oxygen molecules can also

affect its magnetic resonance parameters. In this case, the

change in linewidth of organic systems is normally explained

by dipole-dipole interaction of polarons with spin S¼ 1=2

with the oxygen molecules possessing sum spin S¼ 1. It was

found101–105 that oxygen can reversibly broad EPR spectrum

of PANI without remarkable change of its conductivity.

Initial pumping of the sample leads to more promising effect

of spin-spin interaction on spin relaxation.105–108 However,

Kang et al. have shown109 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 simul-

taneous 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 polypyrrole110

and PANI-HCA.111 In the latter case, the diffusion of the

oxygen into the polymer bulk was proposed to lead to revers-

ible increase in the polymer linewidth and conductivity due

to acceleration of a polaron motion along the polymer chain.

As in case of convenient conductors and conducting

polymers, some highly doped PANI samples demonstrate

EPR spectra with Dyson contribution112 as a result of inter-

action of MW field with both the spin and spineless charge

carriers.113,114 This additionally results in ambiguous inter-

pretation of the data obtained on electron relaxation and

dynamics, and also on mechanism of charge transport in con-

ducting polymers.

In the present review described the data of multifre-

quency (9.7 – 140 GHz), EPR study of magnetic and charge

transport properties of PANI-EB and PANI-ES doped with

SA, HCA, CSA as well as 2-acrylamido-2-methyl-1-pro-

panesulfonic (AMPSA) and para-toluenesulfonic (PTSA)

acids up to y� 0.60 carried out in the Russian Institute of

Problems of Chemical Physics in collaboration with UK and

German labs.87,115–131 High-Frequency EPR spectroscopy of

other systems is excluded from consideration and is

described in various reviews.132–137 It starts with brief

theoretical background necessary for the interpretation of

magnetic, relaxation, and dynamics parameters of nonlinear

spin carriers transferring a charge in polyaniline backbone.

The main results obtained by the EPR spectroscopy in com-

bination with the steady-state saturation of spin-packets, spin

label, and probe, and saturation transfer methods in the study

of the nature, relaxation, and dynamics of polarons as well as

the mechanism of their transfer in polyaniline chemically

modified by different dopants are summarized and analyzed

in Sec. III. Some examples of utilization of polyaniline in

molecular electronics finalized the review.
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II. THEORETICAL BACKGROUNDS OF SPIN
RESONANCE AND SPIN TRANSFER IN CONDUCTING
POLYANILINE

A. Magnetic parameters of polarons stabilized in PANI
directly obtained by EPR spectroscopy

Spin Hamiltonian of PANI can be written as

H ¼ ce�hmB0 � ce�hS
X
i¼1

aIi

� cecp�h
2SIi

ð
w � ðxÞ 1 � 3 cos2 h

r3
wðxÞds; (1)

where ce and cp are the hyromagnetic ratio for electron and

proton, respectively, �h¼ h/2p is the Planck constant, S is the

electron spin operator, Ii is i-th term of nuclear spin oper-

ator,¼ 1/3 (AxxþAyyþAzz) is an isotropic hyperfine interac-

tion (HFI) constant, Aij is an anisotropic HFI constants, h is

the angle between the external magnetic field B0 vector and

r vector, which is the vector between dipole moments of

electron spin and the i-th nucleus, x is the electron spin coor-

dinate, w(0) is a wave function proportional to a probability

of the localization (or the density) of an unpaired electron

near the interacting nucleus. The a value is not equal to zero

only for the electrons, possessing a nonzero spin density

q(0)¼ [w(0)],2 that is, for s-electrons.

1. Lande factor

The first term of Eq. (1) characterizes the Zeeman inter-

action of an unpaired electron characterizing by the splitting

factor g with external magnetic field. If the resonance

condition,

�hxe ¼ ce�hB0 ¼ glBB0 (2)

is fulfilled (here lB is the Bohr magneton), an unpaired elec-

tron absorbs an energy quantum and is transferred to a higher

excited state. It can be seen that the higher B0 (or xe) value,

the higher excited state an electron can reach and the higher

spectral resolution can therefore be realized. The second

term of Eq. (1) defines the nuclear interaction and the third

one is the contribution of nuclear Zeeman interaction.

One of the most significant characteristics of a polaron

is its g-factor (Lande-factor), which is the ratio of electron

mechanic momentum to a magnetic moment. It is stipulated

by the distribution of spin density in PANI unit, the energy

of exited configurations and its interaction with N and C nu-

clear. If polaron weakly interacts with own environments, its

Lande-factor lies near g-factor of free electron, ge¼ 2.00232.

The nuclei of C and N atoms in PANI induce an additional

magnetic field resulting tensoric character of its Lande-factor

as81,138–140

g¼
gxx

gyy

gzz

�������
�������¼

2 1þkqð0Þ
DEnp�

� �

2 1þ kqð0Þ
DErp�

� �
2

�����������

�����������
; (3)

where k is the spin-orbit coupling constant, q(0) is the spin

density, DEnp* and DErp* are the energies of the unpaired

electron n!p* and r!p* transitions, respectively. Polaron

in PANI with nitrogen atom requires a small energy of

n!p* transition. This leads to deviation of its gxx and gyy

values from ge. The inequality gxx > gyy > gzz � ge always

holds for such PC in PANI and other organic conducting

polymers. Thus, the g-factor anisotropy is a result of inho-

mogeneous distribution of additional fields along the x and y
directions within the plane of the polymer r-skeleton rather

than along its perpendicular z direction. Multifrequency

EPR spectroscopy allows to resolve some PC with near

g-factors or spectral components of a PC with anisotropic

g-factor.81

2. Spin susceptibility

The temperature dependence of spin susceptibility v is

also important to reveal mobile or localized character of

spins and their possible interaction. For non-interacting and

localized (or slightly delocalized) electrons in disordered

phase, susceptibility follows the Curie law vC/ 1/T, whereas

polarons delocalized in the conduction band of ordered crys-

tallites cause temperature-independent Pauli behavior, vP.

However, such simple picture can be questioned for PANI

and some other disordered conducting polymers because

most of the spins are expected to be localized.86,141 Disorder

localizes electron spins and conducting polymer systems ex-

hibit significant disorder. In this case, the additional term vST

follows due to a possible singlet-triplet spin equilibrium in

the system appears142–144

v Tð Þ ¼ vP þ vC þ vST ¼ NAl
2
effnðeFÞ þ

Nl2
eff

3kBT

þ k1

T

exp �Jaf=kBT
� �

1 þ 3 exp �Jaf=kBTð Þ

" #2

; (4)

where NA is the Avogadro’s number, leff¼ lBg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p
is

the effective magneton, kB is the Boltzmann constant, n(eF) is

the density of states per unit energy for both spin orientations

per PANI monomer unit at the Fermi level eF, Nl2
eff /3kB¼C

is the Curie constant per mole-C/mol-monomer, k1 is a con-

stant, and Jaf is the antiferromagnetic exchange coupling con-

stant. The contributions of the vc and vp 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. In some cases the

Kahol-Clark model145,146 can be more suitable for interpreta-

tion of magnetic susceptibility of PANI with couple

exchanged spin pairs. According to this approach, Ns/2 spin

pairs randomly distributed in a polymer matrix can interact

with the exchange coupling coefficient J. A small value of J
corresponds to spin localization in a strongly disordered ma-

trix. Higher value of J arises at overlapping of wave functions

of spin pairs in more ordered regions. In this case effective

spin susceptibility of such interacting spins should depend on

temperature as145
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vðTÞ ¼ Cad

3kBT
3 þ exp � 2J

kBT

� �� ��1

þ Cð1 � adÞ
3

� J

3kBT
þ ln 3 þ exp � 2J

kBT

� �� �	 

; (5)

where ad is a fraction of spin pairs interacting in disordered

polymer regions.

3. Line shape and width

In contrast with a solitary and isolated spin characterized

by d-function absorption spectrum, the spin interaction with

own environment in a real system leads typically to the

change in line shape and increase of linewidth. By analyzing

the shape and intensity of experimental spectral line, it is

possible to get direct information about electronic processes

taking part in the system under study. It is known that an

electron spin is affected by local magnetic fields, induced by

another nuclear and electron n rij-distanced spins147

B2
loc ¼

1

4n
c2

e�h
2SðSþ 1Þ

X
i;j

1 � 3 cos2 hij
� �

r6
ij

¼ M2

3c2
e

; (6)

where M2 is the second moment of a spectral line. If a line

broadening is stipulated by local magnetic field fluctuating

faster than the rate of interaction of a spin with nearest envi-

ronment, the Lorentzian line with a width between positive

and negative peaks DBL
pp and maximum intensity between

these peaks I
ð0Þ
L is registered at resonance frequency xð0Þ

e
148,149

IL ¼ 16

9
I
ð0Þ
L

B� B0ð Þ
DBL

pp

1 þ 4

3

B� B0ð Þ2

DBL
pp

� �2

" #�2

: (7)

At slower fluctuation of an additional local magnetic field,

the line is defined by Gaussian function of distribution of

spin packets148,149

IG ¼
ffiffiffi
e

p
I
ð0Þ
G

B� B0ð Þ
DBG

pp

exp � 2 B� B0ð Þ2

DBG
pp

� �2

" #
: (8)

The EPR line shape due to dipole or hyperfine broaden-

ing is normally Gaussian. An exchange interaction between

the spins, realized in some real paramagnetic system, may

result in the appearance of more complicated line shape,

described by a convolution of Lorentzian and Gaussian dis-

tribution function. This takes a possibility from the analysis

of such a line shape to define the distribution, composition,

and local concentrations of spins in the system. For example,

if equivalent paramagnetic centers with concentration n are

arranged chaotically or regularly in the system, their line

shape is described by the Lorentzian and Gaussian distribu-

tion functions, respectively, with the width DBL
pp ¼DBG

pp

¼ 4ce�hn.150 In the mixed cases, the line shape transforms to

Lorentzian at a distance from the center dB� 4ce�h/r3 (here r
is a distance between magnetic dipoles) and with the width

DBL
pp ¼ 4ce�hn in the center and it becomes a Gaussian

type on the tails at dB� ce�h/r3 and with the width of

DBG
pp ¼ ce�h

ffiffiffiffiffiffiffiffiffi
n=r3

p
. An exchange between spin-packets sepa-

rated by Dxij distance with frequency xex should lead to an

additional line broadening as138

DBpp ¼ DB0
pp þ

Dx2
ij

8cexex

; (9)

where DB0
pp is the linewidth at the absence of an interaction

between PC. EPR line can additionally be broadened due to

Q1D diffusion of one of the exchange interacting spins. The

collision of these PC should to broad EPR spectrum by111,151

dðDBppÞ ¼ pxhopCg ¼ kxhopCg

a2

1 þ a2

� �
; (10)

where p is the flip-flip probability during a collision of both

spins, xhop is the angular frequency of the polaron Q1D hop-

ping along a polymer chain, Cg is the number of guest PC

per each aniline ring, k is constant equal to 1=2 and 16/27 for

S¼ 1=2 and S¼ 1, respectively, a¼ (3/2)2pJex/�hxhop, and Jex

is a constant of spin exchange interaction. In this case, the

guest spin acts as a nanoscopic probe of the polaron dynam-

ics. If the ratio Jex=�h 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 lim(p)

¼ 1/2. In the opposite case lim(p)¼ 9/2 p=�hð Þ2 ðJex=xhopÞ2
.

According to the spin exchange fundamental concepts151 if

exchange interaction changes between these limits, an appro-

priate d(Dx)(T) dependency may demonstrate extremal

dependence with characteristic temperature Tc. This should

evidence the realization of high and low of spin-spin interac-

tion at T� Tc and T� Tc, respectively, as it realized in the

PANI-PTSA sample (see below). An additional reason of the

line broadening can be spin localization with the temperature

decrease at T� Tc. Supposing activation character of

spin-spin interaction with activation energy Ea, when xhop

¼x0
hop exp(�Ea/kBT), effective linewidth can be written as

DBppðTÞ ¼ DB0
pp þ

kCx0
hop expð�Ea=kBTÞ

ce 1 þ
�hx0

hop expð�Ea=kBTÞ
3pJex

 !2
2
4

3
5
:

(11)

Except fast electron spin diffusion, EPR line can also be

broadened by the acceleration of molecular dynamics proc-

esses, for example, oscillations or slow torsion librations of

the polymer macromolecules. The approach of random walk

treatment provides152 that such Q1D, Q2D, and Q3D spin

diffusion with respective diffusion coefficients D1D, D2D,

and D3D in the motionally narrowed regime changes the re-

spective linewidth of a spin-packet as153

DBpp �
c1=3

e ðDB0
ppÞ

4=3

D
1=3
1D

; (12)

DBpp �
ceðDB0

ppÞ
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D1DD3D

p ; (13)
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DBpp �
ceðDB0

ppÞ
2

D3D

; (14)

where DB0
pp is an initial linewidth when the spin mobility is

frozen. In accordance with this theory, at the transition from

Q1D to Q2D and then to Q3D spin motion the shape of the

EPR line should transform from Gaussian to Lorentzian.

This approach takes a possibility to evaluate a dimension of

the system under study, say from an analysis of temperature

dependence of its EPR spectrum linewidth. For spin Q3D

motion or exchange, the line shape becomes close to

Lorentzian shape, corresponding to an exponential decay of

transverse magnetization with time t, proportional to

exp(�gt); for a Q1D spin motion, this value is proportional

to exp[(�qt3/2)] (here g and q are constants.154 So, in order

to determine the type of spin dynamics in Q1D system the

anamorphosis154 I
j
0 /I(B) vs. [(B – B0)/DB1/2]2 (here DB1/2 is

the half-width of an integral line) is usually analyzed.61,63,155

It, however, requires integrating of first derivative of signal

absorption that leads to an additional error. Besides, at milli-

meter waveband, EPR charge carriers frequently show EPR

spectrum with integral-like and derivative lines due to the

anisotropy of g-factor. So, in order to analyze what line of

such spectra reflects the spin motion both the anamorphoses

I
j
0 /I(B) vs. [(B � B0)/DB1/2]2 and I

j
0 /I(B) vs. [(B � B0)/

DBpp]2 is appeared to be more suitable. Figure 2 demon-

strates how the shape of a single line changes at the defrost-

ing of spin Q1D and Q3D mobility.

EPR line of PC in conducting solids is complicated by

the fact that the magnetic term B1 of MW field used to excite

resonance sets up eddy currents in the material bulk. These

currents effectively confine the magnetic flux to a surface

layer of thickness of order of the “skin depth.” This phenom-

enon affects the absorption of MW energy incident upon a

sample and results in the less intensity of electron absorption

per unit volume of material for large particles than for small

ones. This leads also to the appearance of asymmetric EPR

spectra, so-called Dyson-like line112 in some high-conducting

inorganic substances,156 organic conducting ion-radical

salts,1 highly doped PANI,87,88,113,114,119,121,122,124,125,129 and

other organic conducting polymers.85,86,88,118,157

Such effect appears when the skin-layer thickness d
becomes comparable or thinner than a characteristic size of a

sample, e.g., due to the increase of conductivity. In this case

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 inset of Fig. 3. Such

line shape distortion is accompanied by the line shift into

higher magnetic fields and the drop of sensitivity of EPR

technique.

Generally, the Dysonian line consists of dispersion v|

and absorption v|| terms; therefore, one can write for its first

derivative the following equation:

dv
dB

¼ A
2x

ð1 þ x2Þ2
þ D

1 � x2

ð1 þ x2Þ2
; (15)

where x¼ 2(B-B0)/
ffiffiffi
3

p
DBL

pp. Organic polymers are usually

studied as powder and film. Appropriate coefficients of

absorption A and dispersion D in Eq. (15) for skin-layer on

the surface of a spherical powder particle with radius R and

intrinsic conductivity rac can be calculated from the below

equations,158

4A

9
¼ 8

p4
� 8ðsinh pþ sin pÞ
p3ðcosh p� cos pÞ þ

8 sinh p sin p

p2ðcosh p� cos pÞ2

þ ðsinh p� sin pÞ
pðcosh p� cos pÞ �

ðsinh2 p� sin2 pÞ
ðcosh p� cos pÞ2

þ 1; (16)

FIG. 2. The I
j
0/I(B) vs. [(B�B0)/DB1/2]2 and I

j
0/I(B) vs. [(B�B0)/DBpp]2

anamorphoses for EPR liner in case of spin localization and Q1D and Q3D

diffusion. The Q3D spin diffusion gives Lorentzian line shape and localized

spin gives Gaussian line shape. Localized spins is characterized by Gaussian

line shape, Q3D spin dynamics originates EPR spectrum with Lorentzian

line shape, whereas the convolution of these spectra happens at the Q1D

spin diffusion. EPR spectra are shown at appropriate curves.

FIG. 3. The dependence of the spectrum asymmetry factor A/B on the thick-

ness of skin-layer formed on the conducting plate (1), shank with square (2)

and circular (3) section, and sphere (4). In the inset is shown a sample with

characteristic size of 2R and skin-layer with the thickness d covering its sur-

face. EPR spectra of PC in insulating (dashed line, D/A¼ 0, A/B¼ 1) and

conducting (solid line, D/A¼ 0.8, A/B¼ 2.2) materials are shown as well.

021305-7 V. I. Krinichnyi Appl. Phys. Rev. 1, 021305 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

77.236.43.46 On: Mon, 12 May 2014 07:01:41



4D

9
¼ 8ðsinh p� sin pÞ

p3ðcosh p� cos pÞ �
4ðsinh2 p� sin2 pÞ
p2ðcosh p� cos pÞ2

þ ðsinh pþ sin pÞ
pðcosh p� cos pÞ �

2 sinh p sin p

ðcosh p� cos pÞ2
; (17)

where p¼ 2R/d, d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=l0xerac

p
, and l0 is the magnetic

permeability for vacuum. In case of the formation of

skin-layer on the flat plate with a thickness of 2d the above

coefficients can be determined from relations,158

A ¼ sinh pþ sin p

2pðcosh pþ cos pÞ þ
1 þ cosh p cos p

ðcosh pþ cos pÞ2
; (18)

D ¼ sinh p� sin p

2pðcosh pþ cos pÞ þ
sinh p sin p

ðcosh pþ cos pÞ2
; (19)

where p¼ 2d/d.

From the analysis, it was determined that the line asym-

metry parameter A/B is correlated with the coefficients A and

D of Eq. (13) simply as A/B¼ 1þ 1.5 D/A independently on

the linewidth. Figure 3 shows dependence of the A/B ratio on

the thickness of skin-layer formed on surface of different

shape. This allows to determine directly ac conductivity of a

conducting solid from its Dysonian spectrum.

4. Electron spin-spin and spin-lattice relaxation of
spin-packets

According to the Boltzmann’s law, electron spins being

in the thermal equilibrium in an external magnetic field are

distributed between ground and excited states. If this equilib-

rium is somehow disturbed for a certain time, e.g., by the

increase of MW field, the magnetic moments of the spins

relax with appropriate relaxation times T1 and T2. These val-

ues are described by well-known Bloch’s equations for a slow

resonance passage and absence of MW saturation.138,150,159

A spin-packet shape is assigned by the following set of

time characteristics: T1, T2, (ceDB1/2)�1, x�1
m , (ceBm)�1,

(ceB1)�1, and B1/(dB/dt), where xm and Bm are the angular

frequency and intensity of a modulation field. The first three

of them are stipulated by the origin of the substance and the

remaining ones are the instrumental parameters. If the

parameters of a spectrum registration satisfy certain inequal-

ities, it becomes possible to analyze the behavior of a mag-

netization vector M qualitatively. If the saturation factor

s¼ ceB1

ffiffiffiffiffiffiffiffiffiffi
T1T2

p
¼ ceB1s 	 1 (here s is the effective relaxa-

tion time), s does not exceed precession time (ceB1)�1 of M

vector near B1 one, so then the line of spin-packet can be

described by the classic analytical expressions (7) and (8).

For this case, the analysis of the possible line shape distor-

tion is sufficiently elucidated in literature (see, e.g., Refs.

160 and 161).

The saturation of spin-packets is realized as the opposite

condition s� 1 holds. In this case the intensity I(0) and line-

width DBð0Þ
pp of their non-saturated spectrum increase

non-linearly with the increase of B1 value as160

I ¼ Ið0ÞB1 1 þ c2
eB

2
1T1T2

� ��3=2
; (20)

DBpp ¼ DBð0Þ
pp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ c2

eB
2
1T1T2

q
; (21)

and the qualitative characteristics of passage effects are

defined by the time of resonance passage B1/(dB/dt) to the

effective relaxation time s ratio. If B1/(dB/dt)> s, the spin

system comes to equilibrium when the sinusoidal modulation

field is at one end of its excursion with a sweep rate going to

zero. M and B0 vectors are parallel and remain unchanged

during a sweep, assuming that adiabatic condition cexmBm

	 c2
eB

2
1 holds. In this case the spectrum exhibiting the inte-

gral function of spin-packets distribution is observed at

modulation method of spectra registration instead of the tra-

ditional first derivative of absorption signals or dispersion.

This phenomenon was called as passage effect and is widely

considered in literature162–167 in terms of fast passage of

saturated spin-packets. In real solids the interaction between

spin-packets can be realized. The probability Pcr of

cross-relaxation decreases strongly with the increase of a

polarizing MW frequency xe / B0 according to168

Pcr ¼ 2p
ffiffiffiffiffiffi
M2

p
exp � x2

e

8p2M2

� �
: (22)

This value decreases strongly with the xe increase, so then

the spin-packets become non-interacting and therefore can

be saturated at lower B1 values. Besides, the electron relaxa-

tion time of PC in some solids can increase with the increase

in xe. This is the other reason for an appearance of fast

passage effects at 2-mm waveband,169–171 than at lower

operation frequency wavebands EPR, on registering PC in

different solids of lowed dimensionality.

The dispersion or absorption signal is detected as the

projection of M on þx-axis. If the system comes to equilib-

rium again at the other end of the sweep, then M is initially

oriented along þz-axis, M and Beff become antiparallel dur-

ing the passage, and the signal appears as the projection of

M on -x-axis. Thus, the signal from a single spin-packet is

registered with p/2-out-of-phase shift with respect to the

field modulation. Between two extremes, xmT1 	 1 and

xmT1 
 1, the first derivative of, e.g., dispersion signal U is

followed from Eqs. (35) and (36) of Ref. 172 to be generally

written as

UðxetÞ ¼ u1g
jðxeÞsinðxetÞ þ u2gðxeÞsinðxet� pÞ

þ u2gðxeÞsinðxet6 p=2Þ; (23)

where u1, u2, and u3 are, respectively, the in-phase and quad-

rature dispersion terms.

It is obvious that u2¼ u3¼ 0 without MW saturation of

a spin-packets. The saturation being realized, the relative in-

tensity of u1 and u3 components is defined by the relationship

between the relaxation time of a spin-packet and the rate of

its resonance field passage. If the rate of resonance passage

is high and the modulation frequency is comparable or

higher than effective relaxation rare s�1, the magnetic field

change is too fast and the magnetization vector of spin sys-

tem does not in time for reorientation of the B1 vector. At

adiabatic condition, xmBm 	 ceB
2
1 such delay leads to that
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spin can “see” only an average applied magnetic field, and

the first derivative of a dispersion signal is mainly defined by

the integral u2g(xe) and u3g(xe) terms of Eq. (23) with

u2¼M0pc2
eB1BmT2/2 and u2¼M0pc2

eB1BmT2/ (4xmT1).

When the effective relaxation time is less than the mod-

ulation period, s<xm, but exceeds the passage rate,

s>B1/(dB/dt), the magnetization vector have time to relax

to equilibrium state during one modulation period; therefore,

the dispersion signal of a spin-packet is independent on the

relationship of its resonant field and an external field B0. The

sign of a signal is defined by which side the resonance is

achieved. In this case the p/2-out-of-phase term of a disper-

sion signal is also registered as integral function of

spin-packets distribution, and the first derivative of a disper-

sion signal is mainly defined by u1g
0(xe) and u3g(xe)

terms of Eq. (23), with u1¼M0pc2
eB1Bm and

u3¼M0pc2
eB1BmT1T2/2. Thus, the times of electron relaxa-

tion of a spin system can be estimated by registering the

components of a dispersion spectrum of saturated

spin-packets at appropriate phase tuning at a phase detecting.

EPR spectra of saturated PC appear as an integral

(almost always Gaussian) distribution function of spin-

packets. Figure 4 shows the change of the shape of the in-

phase and quadrature components of the 2-mm waveband

dispersion signal obtained for anisotropic PC at the B1

increase. The relaxation times of adiabatically saturated PC

in p-conducting polymers can be determined separately from

the analysis of the u1-u3 components of its dispersion spec-

trum as173,174

T1 ¼ 3xmð1 þ 6XÞ
c2

eB
2
10
Xð1 þ XÞ ; (24)

T2 ¼ X
xm

(25)

(here X¼ u3/u2, B10
is the polarizing field at which the con-

dition u1¼�u2 is valid, in-phase dispersion spectrum 2 at

Fig. 4) at xmT1> 1 and

T1 ¼ pu3

2xmu1

; (26)

T2 ¼ pu3

2xmðu1 þ 11u2Þ
(27)

at xmT1< 1. The amplitudes of ui components are measured

in the central point of the spectra, when x¼xe. It derives

from the formulas, that the determination of B1 value in the

cavity center is not required for the evaluation of relatively

short relaxation times.

5. Saturation transfer EPR (ST-EPR) of paramagnetic
centers in polymer semiconductors

For the study of structurization, destruction, orientation,

interdiffusion, crystallization as well as dynamics of PC and

their nearest microenvironment in convenient79,175,176 and

conducting177 polymers are widely used methods of spin

label and probe based on the introduction to the polymer of

reporter various radical groups, e.g., nitroxide radicals, nitro-

gen oxide, paramagnetic ions of transition metals, lantha-

noide ions, and peroxide radicals with anisotropic magnetic

resonance parameters. If, e.g., PC motion is stipulated by a

thermal activation with the energy Ea, the temperature

dependence of correlation time of a paramagnetic probe rota-

tion is well described by the Arrhenius equation,

sc ¼ sð0Þc exp
Ea

kBT

� �
: (28)

In high-viscous systems, PC moves with Ea� 0.08

–0.16 eV with preexponential factor sð0Þc varying within

10�12–10�13 s region that is close to the times of orientation

swings of molecules in condensed phase.81,139,140,175 These

parameters obtained for polymer systems vary in 0.19–0.76 eV

and 10�13– 0�20 s ranges, respectively.81,139,140,147 A linear

dependency of lnðsð0Þc Þ vs. Ea can hold for polymers, indicat-

ing the possible compensation effect and a cooperative charac-

ter of molecular motion in these systems.

The method of spin label and probe enabled the study of

molecular dynamics in condensed media, occurring with

10�7> sc> 10�11 s. However, as in high-viscous com-

pounds, in most low-dimensional polymer systems the mo-

lecular processes often take place with characteristic

FIG. 4. In-Phase absorption (a) and

in-phase (b) and p/2-out-of-phase (c)

dispersion spectra of paramagnetic cen-

ters with gxx¼ 2.00401, gyy¼ 2.003126,

gzz¼ 2.002322, DBx¼DBy¼DBz

¼ 6.2 G obtained for B1¼ 0.005 G (1),

B1¼B10
(2), and B1¼ 0.1 G (3) at

2-mm waveband EPR. The positions of

magnetic resonance parameters are

shown.
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correlation time sc� 10�7 s. Such dynamics is studied by the

ST-EPR method,162 which is based on the fast passage of

saturated spin-packets and broadens the correlation time

range up to 10�3 s. The literature concerning the effect of the

motion of p-conjugated chains onto interchain charge trans-

fer is sparse.

Both of these methods are frequently used for the study

at xe/2p� 10 GHz,81,139,140,175 which limits the method in

the study of PC moving and localized on polymer chains.

Robinson and Dalton showed178 that the sensitivity of

ST-EPR spectra to the anisotropic molecular rotations can be

increased at 8-mm waveband EPR. However, the anisotropy

of a resonance field stipulated by g tensor is comparable to

that of HFI at this waveband; therefore, the overlapping of

lines attributed to different main radical orientations remains

almost unchanged and, consequently, the difficulties of a

registration of anisotropic superslow molecular processes

and the separation of dynamic and relaxation processes are

not eliminated in condensed media.

Earlier, it was demonstrated170,171,179 that all terms of

anisotropic g and A tensors of nitroxide radicals can be regis-

tered separately at 2-mm waveband EPR. This allowed to

determine subtle features of structure, conformation, dynam-

ics, etc., parameters of PC in different biological,169–171

model132 systems as well as macromolecular mobility in dif-

ferent conducting polymers.85,88,118,180

The introduction of such groups is respect not to disturb

a radical microenvironment in the object under study. In the

practice, however, PC usually used as labels and probes can

misrepresent data obtained at xe/2p� 10 GHz. In contrast

with nitroxide radical, the polaron with weak anisotropic

magnetic parameters being native and localized on the chains

of conjugated polymers becomes themselves as stable spin

label. Therefore, the closest environment of such PC remains

undisturbed and the results obtained on structure or spin and

molecular motion become more accurate and complete. As a

spectral resolution at 2-mm waveband EPR is enhanced, the

opportunities of this method in more detailed study of super-

slow molecular motion was proved to be widened. The

method allows to determine anisotropic molecular motions

of the polymer macromolecules near its main axes and then

to find possible correlations (modulation) involving the ani-

sotropic spin-charge carrier’s transfer and macromolecular

dynamics in the system under study.

Let us introduce three critical frequencies, Dx, s�1
c ,

and T�1
1 (here Dx is the magnitude of the anisotropy of the

magnetic interaction), then the region of the superslow

tumbling domain is characterized by the inequalities Dxsc


 1 and 100T1 > sc > 0.01T1. The first inequality shows

that the EPR absorption spectrum is the same as that

obtained by using a rigid powder. The second inequality

determines a condition for a diffusion of saturation across

the spectrum, since rotational diffusion is comparable to

spin-lattice relaxation rate. For nitroxide radicals, this

inequality is valid in the range of 10�3 > sc > 10�7 s.

The most sensitive to such molecular motions are the

p/2-out-of-phase first harmonic dispersion and second

harmonic absorption spectra. According to the ST-EPR

method,162 if the inequality,

sc �
2

3p2T1c2
eB

4
1

sin2# cos2 #ðB2
? � B2

jjÞ
2

B2
? sin2 #þ B2

jj cos2 #
; (29)

holds for a correlation time of radical rotation near, e.g., x-axis,

the adiabatic condition dB/dt 	 ceB
2
1 can be realized for the

radicals oriented by x-axis along B0 and cannot be realized for

the radicals with other orientations. This results in the elimina-

tion of the saturation of the spectra of radicals, whose y and z
axes are oriented parallel to the field B0 and consequently to

the decrease of their contribution to the total ST-EPR spectrum.

Therefore, slow spin motion should lead to an exchange of y
and z spectral components and to the diffusion of saturation

across the spectrum with the average transfer rate162

dðdBÞ
dt

� �
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3p2T1sc

r
sin# cos#ðB2

? � B2
jjÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðB2
? sin2 #þ B2

jj cos2 #Þ
q ; (30)

where dB the average spectral diffusion distance, B? and B||

are the anisotropic EPR spectrum components arrangement

along the field, # is the angle between B0 and a radical axis.

One can expect to obtain more detailed information on

motion when T1/sc� 1. Fast motion causes rapid averaging

over all angles, and the details of individual random walk

process are lost, whereas the motion near the rigid lattice

limit the particle does not walk far enough to give much

insight into the random walk process. It already has been

argued162 that anisotropic motions are better studied from the

analysis of second-harmonic absorption p/2-out-of-phase

spectra at T1/sc� 1. However, as we have showed,85,181 at

millimeter wavebands EPR, the first-harmonic dispersion

p/2-out-of-phase spectra seem also to be informative for

the registration of anisotropic superslow radical and

spin-modified macromolecule fragments rotations, provided

that a separate registration of all components of their ST-EPR

spectra is carried out.136 Figure 5 demonstrates how changes

the ratio of an appropriate term amplitudes of p/2-out-

of-phase dispersion signal (see Eq. (23)) with the correlation

time sx;y
c of superslow anisotropic motion near x- and y-axis

at different spin-lattice relaxation time.85,181 This means that

registering at 2-mm waveband EPR, both terms of adiabati-

cally saturated dispersion signal of PC with anisotropic mag-

netic parameters, one can determine separately first both the

relaxation times and then all the parameters of superslow

macromolecular dynamics. The correlation time of such ani-

sotropic motion can be calculated from simple equation85,88

sx;y
c ¼ sx;y

c0 ux;y
3 =uy;x

3

� ��a
; (31)

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

As in the case of other conjugated polymers with heteroatoms,

this method can also be used for the study of relaxation and

dynamics of polarons stabilized on chains of the PANI-EB

and slightly doped PANI-ES.

B. Spin diffusion in conducting polymers

Spin relaxation can be accelerated by molecular and spin

dynamics taking part in the system. Indeed, the diffusion of
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electron spin S1 shown in the inset of Fig. 6(a) along and

between polymer chains induces a local magnetic field

Bloc(t), fluctuating rapidly with time in the situation of

another electron, e.g., spin S2 (or/and nuclear) due to their

dipole (and/or hyperfine) interaction. According to the theory

of magnetic resonance, such spin diffusion is characterized

by a translating motion propagator P(r, r0, t). Its Ptr(r, r0, t)dr
value characterizes the probability of that if the j-th particle is

located in r0 point with respect to the i-th particle at the initial

moment t¼ 0, then it is located in rþ dr range with respect

to a new location of the i-th particle at t¼ s moment.

An analytical form of the motion propagator depends on

the diffusion dynamics model, applied to condensed sys-

tems.182 This parameter is a solution of a well known

Brownian diffusion equation,

dPðr; r0; sÞ
dt

¼ DDPðr; r0; sÞ; (32)

with the initial condition P(r, r0, t)¼ d(r� r0), where

D¼ [Di], Di ¼ �ici is the diffusion coefficient, �i is a

diffusion rate, and ci is a proportionality constant, consid-

ering the discreteness of a real polymer system, i is unit

vector of molecular coordinate system. The solution of

Eq. (32) for the case of Q1D spin diffusion is the

following:

Pðr; r0; sÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

4D1Ds
p exp � ðr � r0Þ2

4D1Dc2
1Ds

" #
exp �D3Dsð Þ; (33)

where D1D and D3D are, respectively, the coefficients of spin

diffusion along and between polymer chains and c1D is the

appropriate lattice constant. The latter exponent multiplier of

Eq. (33) is introduced because of spin interaction hopping

probability.

The diffusion motion has an ordered character in sol-

ids and is realized over crystal lattice centers. For this

case, the motion propagator is estimated with lattice sums

and depends on the symmetry and parameters of a lattice.

The relationship between electron relaxation times and

parameters of molecular mobility is defined by the

Hamiltonian of interaction and the accepted model of mo-

lecular mobility. This relationship can be generally writ-

ten as T1,2 ¼ f[J(x)], where J(x) is a function of spectral

density, which is of significance in EPR relaxation

theory.

Let the general relationships for relaxation times be

written assuming dipole-dipole interaction between equal

unpaired electrons and neglecting HFI in polymer system.

This yields for electron relaxation rates in polycrystalline

system,138,182

T�1
1 ¼ hDx2i 2JðxeÞ þ 8Jð2xeÞ½ �; (34)

T�1
2 ¼ hDx2i 3Jð0Þ þ 5JðxeÞ þ 2Jð2xeÞ½ �; (35)

where hDx2i ¼ 1
10
c4

e�h
2SðSþ 1Þn

PP
1 � 3 cos2 hð Þ2

r�3
1 r�3

2

is the averaged constant of the spin dipole interaction in

a powder-like sample, n¼ n1 þ n2/
ffiffiffi
2

p
, n1 and n2 are the

concentration of mobile and localized spins,

respectively,

FIG. 5. Logarithmic plots of ui3=u
j
3 ratio calculated from the p/2-out-of-

phase first harmonic dispersion spectrum of paramagnetic centers shown in

the inset with gxx¼ 2.00401, gyy¼ 2.003126, gzz¼ 2.002322, Axx¼Ayy

¼Azz¼ 6.2 G rotating near x- and y-axis versus an appropriate correlation

time sx;y
c at different spin-lattice relaxation time. In the inset are also shown

respective amplitudes ui3 of components of the dispersion spectrum.

FIG. 6. Schematic explanation of the

fluctuating local field Bloc (a) and the

spectral density function J(x) (b) pro-

ducing by spin S2 stabilizing on the

PANI-ES chain and diffusing near spin

S1 localized on neighboring chain of

the same polymer or, e.g., P3AT and

separated by the distance r (inset in a).
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J1DðxÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4D
j
1DD3D

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ x=2D3Dð Þ2

q
1 þ x=2D3Dð Þ2

vuut

¼
ð2Dj

1DxÞ
�1=2; at D

j
1D 
 x 
 D3D

ð2Dj
1DD3DÞ�1=2; at x 	 D3D;

8><
>: (36)

D
j
1D ¼ 4D1D/L2, and L is the number of monomer units along

which a spin is delocalized. The latter value obtained for

polarons and bipolarons in conjugated polymers is 4–5 and

5–5.5 monomer units, respectively.183–185 In real polymer

systems with “random” population of sites, one can expect

distribution of interspin distances. If one propose for the sim-

plicity that the spins are situated near the units of the cubic

lattice with concentration of the monomer units Nc and con-

stant r0¼ (8/3Nc)
�1/3, then

PP
1 � 3 cos2hð Þ2

r�3
1 r�3

2

¼ 6.8r�6
0 .150 Note that for 2D spin motion J2D(x)¼ ln(4p2

D2/x)/2p
ffiffiffiffiffiffiffiffiffiffiffi
D1D2

p
.94 If solid matrix contains spin

nano-adducts pseudorotating due to interconversion between

Jahn-Teller states near own main axis with correlation time

sc,
186–191 dynamics parameters of such PC can be determined

by using appropriate spin density function Jr(xe)¼ 2sc/

(1þ s2
cx

2
e).

C. Mechanisms of charge carrier transfer in
conjugated polymers

A superposition of different charge transfer mechanism

can be realized in conducting polymers whose conductivity

varies by 12–15 orders of magnitude upon doping,192 e.g.,

Q1D diffusion and Q3D hopping of charge carriers along

and between polymer chains through amorphous phase, and

tunneling between high-conductive crystallites embedded

into amorphous matrix. It is quite obvious, that the contribu-

tions of these processes to the total conductivity depend on

the structure, the method of synthesis, and doping level of a

polymer.193 As polarons and bipolarons can have a major

effect on the electronic states accessible for electrons,

traversing a polymer, they can dramatically affect transport

properties.

Despite the numerous reports on transport properties of

electrically conducting polymers, no general agreement on

the charge transport mechanism prevails. This is largely due

to the complex structural and morphological forms that con-

ducting polymers are characterized. Generally there are dis-

ordered systems, whose charge transport can usually be

considered by a percolation phenomenon. The specific nature

of (bi)polaronic charge carriers in these systems reflects the

importance of electron-phonon interaction; however, their

Coulomb interaction may additionally play significant role.

A conjugated carbon chain is a Q1D conductor; therefore,

the dimensionality is an important factor effecting an elec-

tronic properties of conducting polymers. Dimensionality

plays a role when the film thickness becomes comparable to

the charge carrier hopping length. Another factor strongly

influencing the structure and electronic properties of the

polymer characteristics is the doping. Intrinsic conductivity

and mechanism of charge transfer in PANI with doping level

lying above the percolation threshold depend on the structure

and number of counter-ion 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 dis-

persion EPR signal, the Dyson-like line shape “feels” both

types of charge carriers, spin polarons, and spinless bipolar-

ons, 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.

The temperature dependence of conductivity gives

important information about the electrical conduction mech-

anism. In both insulators and semiconductors, there is an

energy gap between a low-lying completely filled valence

band (VB) formed by r-bonds and a partially filled conduct-

ing band (CB) formed by p bonds. In the absence of thermal

energy, no electrons are excited to the CB and these systems

become insulators. Undoped or slightly doped polymers

show strong temperature dependence of the conductivity.

Charge transport in such insulators and semiconductors is

described as occurring via hopping between the states of the

localized charge carriers. The electronic properties of moder-

ately dopes polymers are typically more difficult to interpret,

because there may be several transport processes acting in

parallel. In disordered systems, there are tunneling and hop-

ping charge transfer characterizing by an appropriate temper-

ature dependences of the conductivity. In a metal, the VB

and CB overlap, so neglible thermal energy is needed for an

electron to move into a vacant state. Highly doped polymer

systems also demonstrate complex mixture of the charge

transfer mechanisms, which contribution depends on the sys-

tem doping level and homogeneity. Besides, metallic behav-

ior of the conductivity can be realized for the highly doped

polymers as well.

The conductivity of a conducting polymer due to

dynamics of N spin charge carriers can be calculated from

the modified Einstein relation,

r1;3D Tð Þ ¼ Ne2l ¼
Ne2D1;3Dc

2
1;3D

kBT
; (37)

where l is the charge carrier mobility and c1,3D is the respec-

tive lattice constant.

Several models have been proposed to describe a tem-

perature dependence of experimentally obtained conducting

polymer conductivity.

Kivelson proposed194 a phenomenological model for

phonon-assisted hopping of electrons between soliton sites in

undoped and slightly doped PA. In the frames of this model,

charged solitons are coulombically bound to charged impu-

rity sites. The excess charge on the soliton site makes a

phonon-assisted transition to a neutral soliton moving along

another chain. If this neutral soliton is located near charged

impurity at the moment of charge carrier transfer, the energy
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of the charge carrier remains unchanged before and after the

hop. The temperature dependency of the conductivity is then

defined by the probability of that the neutral soliton is

located near the charged impurity and the initial and the final

energies are within kBT, hence both the dc and ac conductiv-

ities can be determined as194

rdcðTÞ ¼
k1e

2cðTÞnhyi
kBTNiR2

0

exp
2k2R0

n

� �
¼ r0T

n; (38)

racðTÞ ¼
N2
i e

2hyin3
jjn

2
?xe

384kBT
ln

2xeL

hyicðTÞ

� �4

¼ r0xe

T
ln
k3xe

Tnþ1

� �4

;

(39)

where k1¼ 0.45, k2¼ 1.39, and k3 are constants, c(T)

¼ c0(T/300 K)nþ1 is the transition rate of a charge between

neutral and charged soliton states, hyi¼ ynych(ynþ ych)�2, yn,

and ych are, respectively, the concentrations of neutral and

charged carriers per monomer unit, R0¼ (4pNi/3)�1/3 is the

typical separation between impurities which concentration is

Ni; n¼ (n||n2
?)1/3, n||, and n? are dimensionally averaged, par-

allel, 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. Note that this mechanism of charge

transfer can be realized not only in conducting polymers but

also in modified convenient polymers, e.g., in MnCl2-filled

polyvinyl alcohol films.195

If the coupling of the charge with the lattice is stronger,

multiphonon processes dominate. The mobility ultimately

becomes simply activated when the temperature exceeds the

phonon temperature characteristic of the highest energy pho-

nons with which electron states interact appreciably. In this

case the strong temperature dependency of the hopping con-

ductivity is more evidently displayed in ac conductivity.

A comparatively strong temperature dependency for

polymer conductivity can 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 VB and CB tails.196

Both rdc and rac terms of a total conductivity are defined

mainly by a number of charge carriers excited to the band

tails; therefore,

rdcðTÞ ¼ r0 exp � Ea

kBT

� �
; (40)

racðTÞ ¼ r0T�
c
e exp � Ea

kBT

� �
; (41)

where 0� c� 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 c on Ea was regis-

tered197 for some conjugated polymers. At the same time

Parneix and El Kadiri198 showed c¼ 1� akBT/Ea (a¼ 6,

Ea¼ 1.1 eV) dependency for, e.g., lightly doped poly(3-me-

thylthiophene). Therefore, c value can be varied in 0.3–0.8

range and it reflects the dimensionality of a system under

study.

Ea value can depend on the conjugation length and con-

formation of the polymer chains. For example, Ea / nd and

Ea /n
1=2
d dependencies were obtained199,200 for trans-PA

with different doping levels (here nd is the concentration of

sp3-defects in a sample) whereas Ea / (npþ 1)/n2
p depend-

ency was estimated201 for relatively short p-conducting sys-

tems having np delocalized electrons. In order to reduce the

band gap, the planarity of the chains in polymer matrix can

be increased,38,202 for example, by introducing an additional

hexamerous ring to a monomer unit.203

Mott204 developed the VRH model to describe electron

conduction in amorphous metals. Mott balances the likeli-

hood of tunneling between random energy electron potential

wells with the likelihood of gaining enough thermal energy

to move to a nearby site. In this hopping conduction process,

each state can have only one electron of one spin direction.

If the carrier localization is very strong, the charge will hop

to the nearest state with the probability proportional to

exp(�E12/kBT), where E12 is the difference between the

energies of the two states. At smaller localization of charge

carriers in conducting polymer, this model seems to be more

suitable. As the temperature decreased, fewer states fall

within the allowed energy range and the average hopping

distance increases. This results in the dependence of the dc
and ac conductivities of a d-dimensional system on tempera-

ture as205,206

rdcðTÞ ¼ r0 exp � T0

T

� � 1
dþ1

" #
; (42)

racðTÞ ¼
1

3
pe2kBTn

2 eFð ÞhLi5xe ln
x0

xe

� �4

¼ r0T; (43)

where r0¼ 0.39x0e
2[n(eF)hLi/(kBT)]1/2 and T0¼ 16/

kBn(eF)zhLi at d¼ 1, r0¼x0e
2[9/8pkBTn

3/2(eF)/hLi]1/2 and

T0¼ 18.1/kBn(eF)hLi3 at d¼ 3 in equation for dc conductiv-

ity, x0 is a hopping attempt frequency, z is the number of

nearest-neighbor chains, hLi¼ (L||L
2
?)1/3, L||, and L? are the

averaged length of charge wave localization function and its

projection in parallel and perpendicular directions, respec-

tively, 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 dis-

order 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�4¼ 8pkBTn(eF)/9hLi
and W�1¼ 4pR3n(eF)/3, respectively. In Mott’s model, as the

temperature falls to zero, the conductivity rises also to zero.

It is important to note that VRH theory was originally

developed for amorphous semiconductors and does not con-

sider specific nature of non-linear charge carriers in conduct-

ing polymers. For homogeneous systems, the localization

length hLi is greater than the disordered length scale, e.g.,
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greater than the structural coherence length f in a polymer

which has both crystalline and amorphous regions. Since

Mott’s power T�1/(dþ1) law is usually observed in a homoge-

neously disordered insulating systems, the observation of a

similar temperature dependence of conductivity at low tem-

peratures in conducting polymers can evidence for presence

of homogeneous disordering. For inhomogeneous systems

with inhomogeneous doping, phase segregation of doped and

undoped regions, partial dedoping and large-scale morpho-

logical disorder, etc., should also be taken into consideration.

Kivelson and Heeger have proposed78 the model of the

charge carrier scattering on the lattice optical phonons in

metal-like clusters embedded into conjugated polymer ma-

trix. In the framework of this model, the total conductivity of

the polymers can be expressed in the form78,207

racðTÞ ¼
Ne2c2

1DMt20kBT

8p�h3a2
sinh

Eph

kBT

� �
� 1

� �

¼ r0T sinh
Eph

kBT

� �
� 1

� �
; (44)

where M is the mass of the polymer unit, t0 is the transfer in-

tegral, for the p-electron equal approximately to 2.5–3 eV,

Eph is the energy of the optical phonons, and a is the constant

of electron-phonon interaction, for trans-PA equal to

a¼ 4.1� 108 eV cm�1.78

So, two main conception of charge transfer in highly

doped PANI and other conducting polymers are now actual.

The first of them considers an elemental charge transfer by

polaron along and between individual polymer chains even

in heavily doped polymers.86,94,208 According to the other

approach, the doping leads to the increase of number and

size of metal-like domains embedded into amorphous a poly-

mer backbone in which the polarons are considered to be

localized and the charge is transferred by 3D delocalized

electrons.71,72,209 The formation of such Q3D crystal

domains in the polymer is confirmed by the increase of its

Pauli susceptibility during the polymer doping. In the frame-

work of the latter approach the electronic and dynamics

properties of the polymer are determined mainly by Q3D

intradomain and Q1D interdomain charge transfer. As in

case of other conducting polymers, the energy levels of

polarons in crystal phase of polymer are merged into metal-

like band leading to formation of polaron lattice.43,56 If dia-

magnetic bipolarons and/or anti-ferromagnetic interacting

polaron pairs each possessing two elemental charges are

formed in heavily doped polymer, it can be considered as

disordered system on the metal-insulator boundary in which

the charge is transferred according to the modified Drude

model.56 Such a system is characterized as a Fermi glass, in

which the electronic states at the Fermi energy eF are local-

ized due to disorder and the charge is transferred by the

phonon-assisted Mott VRH between exponentially localized

states near the Fermi level eF.210

Thus, the numerous transport mechanisms with different

temperature dependencies can be realized in conducting

polymers. These mechanisms are directly associated with the

evolution of both crystalline and electron structures of the

systems. The formation of the polaron- and bipolaron-type

charge carrier states in conducting polymers leads to a vari-

ety in transport phenomena, including the contribution of

such mobile non-linear excitations to the conductivity.

III. MAGNETIC, RELAXATION, AND DYNAMICS
PARAMETERS OF CHARGE CARRIERS IN
POLYANILINE AS FUNCTION OF STRUCTURE AND
CONCENTRATION OF DOPAND

Figure 7 shows 3-cm and 2-mm 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, respectively, to localized and delocal-

ized PC. 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. 7), as is typical of PC in other conducting poly-

mers.88,118 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 linewidth of these PC weakly depends on the

temperature.

Therefore, the R1 with strongly asymmetric EPR spec-

trum can be attributed to a -(Ph-NH
•þ

-Ph)- radical with

gxx¼ 2.006032, gyy¼ 2.003815, gzz¼ 2.002390, Axx¼Ayy

¼ 4.5 G, and Azz¼ 30.2 G, localized on a short polymer

chain. The magnetic parameters of this radical differ weakly

FIG. 7. Typical room temperature

3-cm (a) and 2-mm (b) waveband EPR

absorption spectra of PANI-EB and

this sample slightly doped by sulfuric

acid. The absorption spectra calculated

with gxx¼ 2.006032, gyy 2.003815,

gzz ¼ 2.002390, Axx¼Ayy¼ 4.5 G, Azz

¼ 30.2 G (R1), and with g?¼ 2.004394

and g||¼ 2.003763 (R2) are shown by

dashed lines.
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from those of the Ph-NH
•þ

-Ph radical,139,140 probably because

of a smaller delocalization of an unpaired electron on the

nitrogen atom (qpN ¼ 0.39) and of the more planar conforma-

tion of the latter. Assuming a McConnell proportionality

constant for the hyperfine interaction of the spin with nitro-

gen nucleus Q¼ 23.7 G,139,140 a spin density on the heteroa-

tom nucleus of qN(0) ¼ (AxxþAyyþAzz)/(3Q)¼ 0.55 is

estimated. At the same time another radical R2 is formed in

the system with g¼ 2.004394 and g||¼ 2.003763 which can

be attributed to PC R1 delocalized on more polymer units of

a longer chain. Indeed, the model spectra presented in Fig. 7

well fit both the PC with different mobility. The lowest

excited states of the localized PC were determined from

Eq. (3) at211 qp
N ¼ 0.56 to be DEnp*¼ 2.9 eV and

DErp*¼ 7.1 eV.

A. Polyaniline chemically modified by sulfuric and
hydrochloric acids

In PANI-HCA, the R1 also demonstrates the strongly

anisotropic spectrum with the canonic components

gxx¼ 2.00522, gyy¼ 2.00401, and gzz¼ 2.00228 of g tensor,

and hyperfine coupling constant Azz¼ 22.7 G (Fig. 7).

Radicals R2 are registered at g¼ 2.00463 and g||¼ 2.00223.

It was shown earlier170,171 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 spec-

tral X component to higher fields with e and/or a temperature

increase may be interpreted not only by the growth of the po-

larity of the radical microenvironment but also by the acceler-

ation of the radical dynamics near its main molecular X axis.

The effective g-factors of both PC are near to one another,

i.e., hg1i¼ 1/3(gxxþ gyyþ gzz) � hg2i¼ 1/3(2 gþ g||). 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 dif-

fusion rate,212,213

D0
1D � ðg? � geÞlBB0

�h
; (45)

equal to 6.5� 108 rad/s.

As in case of other conducting polymers, at the 2-mm

waveband in both in-phase and p/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 satu-

rated spin packets by a modulating magnetic field is regis-

tered (Fig. 7). This effect was not observed earlier in studies

of PANI at lower registration frequencies.86,157 It can be

used for determining of relaxation and dynamics parameters

of these PC.

Relaxation times of an initial and slightly doped PANI-

SA and PANI-HCA samples calculated from Eqs. (24) to

(27) are shown in Fig. 8 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 poly-

mer at high temperatures 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 / T�1
1 / g2 T7) and in p-conjugated poly-

mers (WR / T�1
1 / nT2).214 The available data suggest that

the T�1
1 values of PC in slightly (up to e � 0.03) doped

PANI are described by a dependence of the type T�1
1 /

nT�k, where k¼ 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 met-

als. At a medium degree of oxidation e � 0.21, the electronic

relaxation times become comparable and only slightly tem-

perature dependent because of an intense spin-spin exchange

FIG. 8. Temperature dependences of

spin-lattice and spin-spin relaxation

times of polarons in emeraldine base

form of PANI, PANI-EB, as well as in

emeraldine base form of PANI, doped

with sulfuric (PANI-SA (a)) and hy-

drochloric (PANI-HCA (b)) acids with

different doping levels y calculated

using Eqs. (24)–(27). In the inset, solid

and dashed lines show 2-mm wave-

band EPR in-phase and p/2-out-of-

phase dispersion spectra of PANI-EB

registered at 300 and 200 K,

respectively.
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in metal-like domains of higher effective dimensionalities.

Providing that T1¼ T2 for the PANI sample with e¼ 0.21, an

effective rate of Q1D and Q2D spin motions in this polymer

can be evaluated as well. It seems that both the rates calcu-

lated in the frameworks of such spin diffusions should be

near to one another.

The shape of p/2-out-of-phase dispersion signal of PC

localized in PANI-EB changes with the temperature (Fig. 8)

indicating the defrosting of anisotropic macromolecular

librations in this polymer. The correlation of such motions

was determined from Eq. (31) with sx
c0 ¼ 5.4� 10�8 s and

a¼ 4.8 to be sx
c ¼ 3.5� 10�5 exp(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.119 Upper limit for

correlation time, calculated using Eq. (29) with #¼ 45�,
B1¼ 0.1 G, gxx and gzz values measured for R1 PC, is equal

to 1.3
10�4 s and corresponds to ux
3=u

y
3 ¼ 0.22 [see Eq. (29)]

at 125 K.

The relaxation times of electron and proton spins in

PANI should vary depending on the spin precession fre-

quency as T1,2 / n�1x1=2
e .95 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 elec-

tronic 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.

Figure 9 shows the temperature dependences of dynamic

parameters D1D and D3D calculated for both types of PC in

several PANI samples from the data presented in Fig. 8 using

Eqs. (34)–(36) at L ffi 5.184 It seems to be justified that the

anisotropy of the spin dynamics is maximum in the initial

PANI sample, and decreases as e increases.

It was found at xe/2 p �10 GHz95 that the high anisot-

ropy of the spin dynamics is retained in PANI-HCA with

e¼ 0.6 even at room temperature. However, our experimen-

tal data indicate that the anisotropy of the motion of the

charge carriers is high only in PANI-HCA and PANI-SA

with e< 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 the lattice phonons and

results in the virtually isotropic spin motion and relatively

slight temperature dependences of both the electronic relaxa-

tion and diffusion rates of PC, as is the case for amorphous

inorganic semiconductors.205,215

By assuming that the diffusion coefficients D of spin

and diamagnetic charge carriers have the same values, one

can obtain from Eq. (37) r1D¼ 0.1 S/cm and

r3D¼ 1� 10�5–5� 10�3 S/cm at room temperature for the

PANI-HCA sample with 0< y< 0.03. At D1D¼D3D, these

values were determined to be r1D¼ 50–180 and

r3D¼ 30–100 S/cm. Thus, the conclusion can be drawn that

r3D 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 PANI is strongly dependent on

the temperature (see Fig. 8) means that, in accordance with

the energy conservation law, electron hops should be accom-

panied by the absorption or emission of a minimum number

of lattice phonons. Multiphonon processes become predomi-

nant in neutral PANI because of a strong spin-lattice interac-

tion. For this reason, an electronic dynamics process

occurring in the polymer should be considered in the frame-

work of Kivelson’s formalism194,216,217 of isoenergetic elec-

tron transfer between the polymer chains involving optical

phonons, because spin and spinless charge carriers probably

exist even in an undoped polymer (see Fig. 7). Figure 10

shows that the experimental data for r1D of the initial PANI

sample is fitted well by Eq. (39) with r0¼ 2.7� 10�10 S K s

cm�1, k3¼ 3.1� 1012 s K9.5, and n¼ 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

FIG. 9. Temperature dependences of

coefficients of the intrachain and inter-

chain polaron diffusion in undoped,

PANI-EB as well as in PANI-SA (a)

and PANI-HCA (b) samples with dif-

ferent doping levels calculated using

Eqs. (34)–(36). Counter-ions SA and

HCA are shown schematically.
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mechanism can determine its conductivity. Such an approach

is not evident for PANI 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 sam-

ple is yp¼ 6.1� 10�5 per one benzoid ring. Taking into

account that each bipolaron possesses dual charge,

ybp¼ 1.2� 10�3 and hyi¼ 2.3� 10�2 can be obtained. The

concentration of impurity is Ni¼ 2.0� 1019 cm�3, so then the

separation between them R0¼ (4pNi/3)�1/3¼ 2.28 nm is

obtained for this polymer. The prefactor c0 in Eqs. (38) and

(39) is evaluated from the rdc(T) dependence to be

3.5� 1019 s�1. Assuming spin delocalization over five polaron

sites along the polymer chain,184 n|||¼ 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,216,217

f? ¼ b

ln D0=t?ð Þ ; (46)

where 2D0 is the band gap and t is the hopping matrix ele-

ment estimated as218

t2? ¼
�h4x3

phD3D

2pEp

exp
2Ep

�hxph

� �
; (47)

where Ep is the polaron formation energy. Using 2D0

¼ 3.8 eV,219 typical for p-conjugated polymers Ep � 0.1 eV,218

D3D¼ 3.6� 108 rad/s determined for PANI-HCA0.01,

t¼ 7.1� 10�3 eV, n¼ 0.079 nm, and n¼ 0.20 nm are obtained

for this sample. The similar procedure gives hyi¼ 7.9� 10�2,

c0¼ 2.1� 1017 s�1, n¼ 0.087 nm, and n¼ 0.21 nm for

PANI-HCA0.03 sample with yp¼ 1.1� 10�3 and ybp

¼ 1.2� 10�2.

As can be seen in Fig. 10, the rlD(T) dependence for the

PANI-SA0.01 and PANI-SA0.03 samples is fairly well fitted

using Eq. (44) with Eph¼ 0.12 and 0.11 eV, respectively.

These values are near to energy (0.19 eV) of the polaron pin-

ning in heavily doped PANI-ES.220 The strong temperature

dependence r3D of the initial sample can probably be inter-

preted in the framework of the model for the activation

charge transfer between the polymer chains described by

Eq. (41) with Ea equal to 0.033 and 0.41 eV for low- and

high-temperature regions, respectively (Fig. 10). The activa-

tion energy of interchain charge transfer in slightly doped

samples is Ea¼ 0.102 eV for PANI-SA0.01 and Ea¼ 0.103 eV

for PANI-SA0.03 (Fig. 10).

Note that the spin diffusion coefficients and conse-

quently the conductivities, calculated from the spin relaxa-

tion of PANI-ES with e¼ 0.21, in frameworks of one- and

two-dimensional spin diffusion are near to one another

(Figs. 9 and 10). This fact can possibly be interpreted as the

result of the increase of system dimensionality above the per-

colation threshold lying around e � 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 spinless charge carriers can be

evaluated from the Dyson-like EPR spectrum of PANI with

e � 0.21 using the method described above.

The g-factor of PC R2 in PANI-SA with e � 0.21

becomes isotropic and decreases from gR2¼ 2.00418 down

to giso¼ 2.00314. This is accompanied by a narrowing of the

R2 line (Fig. 11). 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 supposition60,63,71–74 of formation in amorphous

PANI-EB of high-conductive massive domains with 3D

delocalized electrons.

Figure 11 shows the dependency of linewidth of the

PANI-SA on the temperature and doping level. The predomi-

nance of extremal DBpp(T) curves evidences for the

dipole-dipole exchange of PC in the system described by Eq.

(10). The reason of such exchange can be an interaction of

PC localized on neighboring polymer chains modulated by

macromolecular librations. Assuming activation character of

this chain motion, the dependences presented in Fig. 11 were

fitted by Eq. (11) with the parameters summarized in

Table II. 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 evidence of the

dependency of the spin-spin interaction on an external mag-

netic field and its correlation with macromolecular dynamics

in the system. The DBpp(T) dependences presented evidence

also of different charge transport mechanisms in this

FIG. 10. Temperature dependency of the ac conductivity due to polaron

motion along (r1D, filled symbols) and between (r3D, open symbols) poly-

mer 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. (39) with

r0¼ 2.7� 10�10 S K�1 s cm�1, k3¼ 3.1� 1012 s K�9.5, and n¼ 8.5 (upper

dashed line), those calculated from Eq. (44) with r0¼ 3.95� 10�6 S cm�1

K�1 and Eph¼ 0.12 eV (upper dashed-dotted line), r0¼ 1.75� 10�6 S cm�1

K�1 and Eph¼ 0.11 eV (upper dotted line), and those calculated from Eq.

(41) with r0¼ 8.2� 10�21 S K�1 s0.8 cm�1 and Ea¼ 0.033 eV (low tempera-

ture region) and r0¼ 3.9� 10�12 S K�1 s0.8 cm�1 and Ea¼ 0.41 eV (high

temperature region) (lower dashed line), r0¼ 4.5� 10�14 S K�1 s0.8 cm�1

and Ea¼ 0.102 eV (lower dashed-dotted line), r0¼ 3.1� 10�13 S K�1

s0.8 cm�1 and Ea¼ 0.103 eV (lower dotted line).
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polymer with different doping levels. The mechanism affect-

ing the linewidth, however, depends also on the electron pre-

cession frequency, so then the linewidth does not directly

reflects the relaxation and dynamics parameters of PC in this

polymer.

The doping of the PANI with sulfuric acid leads to an

inverted K-like temperature dependence of an effective para-

magnetic susceptibility (see Fig. 12), as occurs in the case of

polyaniline perchlorate.114 However, this does not lead to a

strong narrowing of the PC line (Fig. 11). 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 which total paramagnetic

susceptibility can be described by Eq. (4). Indeed, Fig. 12

shows that the paramagnetic susceptibility experimentally

determined for the PANI-SA samples is well reproduced by

Eq. (4) with the parameters also presented in Table II. The

Jaf value is close to that (0.078 eV) obtained for the ammonia

treated PANI.114 Note that n(eF) determined for PANI-SA,

consistent with those determined earlier for PANI heavily

doped with other counter-ions.45,55,221 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 at the

Fermi level215 eF¼ 3Np/2n(eF) is to be 0.1–0.51 eV.125 This

value lies near to that (0.4 eV) obtained, e.g., for

PANI-CSA.54 From this value, the number of charge carriers

with mass mc¼me in heavily doped PANI-SA,215

Nc¼ (2mceF/�h2)3/2/3p2 � 1.7� 1021 cm�3 is evaluated. The

Nc value is close to a total spin concentration in PANI-SA.

FIG. 11. Temperature dependence of linewidth of PC in PANI-SA with differ-

ent doping levels registered at 3-cm and 2-mm wavebands. The dependences

calculated from Eq. (11) with x0
hop ¼ 5.1� 1016 s�1, Ea¼ 0.021 eV,

Jex¼ 0.59 eV (1), x0
hop ¼ 9.5� 1015 s�1, Ea¼ 0.018 eV, Jex¼ 0.19 eV (2),

x0
hop ¼ 7.5� 1015 s�1, Ea¼ 0.021 eV, Jex¼ 0.72 eV (3), x0

hop ¼ 9.3� 1017 s�1,

Ea¼ 0.024 eV, Jex¼ 0.66 eV (4), x0
hop ¼ 1.7� 1017 s�1, Ea¼ 0.051 eV,

Jex¼ 0.64 eV (5), and x0
hop ¼ 1.9� 1017 s�1, Ea¼ 0.052 eV, Jex¼ 0.49 eV (6)

are shown by dashed lines. Inset—RT 2-mm waveband absorption spectra of

PC in PANI-SA with different doping levels y. Top-down dotted lines present

the spectra calculated from Eqs. (15) to (17) with respective D/A¼ 0.895,

DBpp¼ 1.48 G, D/A¼ 0.16, DBpp¼ 7.10 G, and D/A¼ 0.53, DBpp¼ 5.86 G.

The position of isotropic g-factor, giso, is shown.

TABLE II. The DB0
pp(in G), x0

hop (in 1016 rad/s), Ea (in eV), Jex (in eV) parameters calculated from Eq. (11), and the vP (in emu/mol one ring), n(eF) (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. (4) for different PANI samples.

Polymer DB0
pp x0

hop Ea Jex vP n(eF) 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

aDetermined at 3-cm waveband EPR.
bDetermined at 2-mm waveband EPR.
cDetermined for PC R1.
dDetermined for PC R2.
eIn nitrogen atmosphere.
fIn air atmosphere.
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This fact leads to the conclusion that all PC take part in the

polymer conductivity. For heavily doped PANI-SA samples,

the concentration of spin charge carriers is less than that of

spinless ones, due to the possible collapse of pairs of polar-

ons into diamagnetic bipolarons. The velocity of the charge

carrier near the Fermi level can be calculated,215 as

vF¼ 2c1D/p�hn(eF)¼ (3.3–7.2)� 107 cm/s that is typical for

other conducting polymers.88,118

Both the dc and ac conductivities of the PANI-SA and

PANI-HCA samples are presented in Fig. 13 as function of

temperature. The analysis shown that the dc conductivity in

PANI-HCA and PANI-SA samples can be described in the

framework of the models of Q1D VRH of charge carriers

between crystalline high-conducting regions through amor-

phous bridges205 and their scattering on the lattice optical

phonons in metal-like clusters. (dc conductivities at T �
90 K are shown in the figure). DC conductivity of the sam-

ples is a combination of Eqs. (42) and (44)

r�1
dc ðTÞ ¼ k�1

1 T60:5 exp
T0

T

� � 1
dþ1

" #

þ k�1
2 T�1 sinh

Eph

kBT

� �
� 1

� ��1

: (48)

The parameters of Eq. (48) determined from the fitting

of experimental data are summarized in Table III. It is seen

from the table that both the percolation constant and lattice

phonon energy of PANI-ES decrease at the increase of poly-

mer doping level. A transition from localization to delocali-

zation of charge carriers occurs when p2t /321/2T0 is equal to

a unit.61 This value was calculated for PANI-SA0.21,

PANI-SA0.42, PANI-SA0.53, and PANI-HCA0.50 using125

t¼ 0.29 eV and T0 determined to be 0.31, 0.53, 2.1, and

3.1 eV, respectively. An increase in this value with e 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,222 and decreases

down to 0.1–0.4 for heavily doped derivatives of polyaniline,

namely, poly(o-toluidine) and poly(o-ethylaniline).223 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 e � 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 e, the structural disorder in polya-

niline localizes the charge to single chains (Curie-like car-

riers) and the higher doping leads to the appearance of

delocalized electron states (Pauli-like carriers). This holds

typically for the formation in PANI-ES with e � 0.21

metal-like domains, according to the island model proposed

by Wang and co-workers.60,63 This is consistent with that

drawn earlier on the basis of data obtained with TEM and

X-ray-diffraction methods.116

The energy of phonons interacting with a polaron deter-

mined from Eq. (48) is near to that of superslow anisotropic

librations obtained above from ST-EPR. This means that

macromolecular dynamics plays an important role in inter-

acting processes taking place in spin reservoir. The lattice

librations modulate the interacting spin exchange and conse-

quently the charge transfer integral. Assuming that polaron

FIG. 12. Temperature dependence of inversed paramagnetic susceptibility

and vT product (inset) of PANI-SA samples with different doping levels.

Upper and lower dashed lines show the dependences calculated from Eq. (4)

with respective vP¼ 3.1� 10�5 emu/mol, C¼ 1.2� 10�2 emu K/mol,

k1¼ 4.2 emu K/mol, Jaf¼ 0.051 eV, and vP¼ 1.4� 10�3 emu/mol,

C¼ 1.6� 10�2 emu K/mol, k1¼ 48.6 emu K/mol, Jaf¼ 0.057 eV.

FIG. 13. Temperature dependency of ac (filled symbols) and dc (open sym-

bols) conductivity calculated from Dyson-like EPR spectra of the PANI-

HCA and PANI-SA samples with different doping levels y. Top-down dot-

ted lines present the dependences calculated from Eq. (48) with respective

k1¼ 9.2� 103 S K0.5/cm, T0¼ 2.8� 103 K, k2¼ 0.53 S/K cm, Eph

¼ 0.042 eV, k1¼ 3.5� 104 S K0.5/cm, T0¼ 1.1� 104 K, k2¼ 1.3� 10 � 2

S/K cm, Eph¼ 0.062 eV, k1¼ 7.3� 105 S K0.5/cm, T0¼ 1.9� 104 K,

k2¼ 9.2� 10�3 S/K cm, Eph¼ 0.063 eV, and d¼ 1. Dashed-dotted line

shows the dependence calculated from the same equation with k1¼ 8.4

� 102 S K0.5/cm, T0¼ 3.6� 103 K, k2¼ 0.51 S/K cm, Eph¼ 0.048 eV and

d¼ 1. Top-down dashed lines show the dependences calculated from Eq.

(50) with respective r01
¼ 1.47 S cm�1 K�1, r02

¼ 2.1� 10�2 S cm�1 K�1,

and E
j
ph ¼ 0.12 eV, r01

¼ 0.86 S cm�1 K�1, r02
¼ 4.3� 10�2 S cm�1 K�1,

and E
j
ph ¼ 0.087 eV, r01

¼ 0.48 S cm�1 K�1, r02
¼ 8.5� 10�3 S cm�1 K�1,

and E
j
ph ¼ 0.049 eV and r01

¼ 0.41 S cm�1 K�1, r02
¼ 5.7� 10�3 S cm�1

K�1, E
j
ph ¼ 0.052 eV, and j¼�1.
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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.106 have shown that 3-cm waveband

linewidth and consequently the spin-spin relaxation rate of

PC in PANI depend directly on its dc conductivity. The com-

parison of DBpp(T) and rac(T) functions presented in Figs. 11

and 13 demonstrates the additivity of these values at least for

the higher doped polymers. Besides, Khazanovich224 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:

T�1
2 ¼ 4hDx2i

5x0Ns

21 ln
x0

xe

þ 18 lnNc

� �
: (49)

Using T2¼ 1.7� 10�7 s, Rij¼ 1.2� 1045 cm�6, and x0¼ 6.1

� 1013 s�1 determined from experiment, a simple relation

Nc� 55 exp(Ns) of these values is obtained from Eq. (49).

This means that at L||¼ 7.0 nm at least seven interacting

spins exist on each chain as spin-packet and interact with

Nc¼ 20 chains, i e., spin and charge 3D hopping does not

exceeds distance more than 3c3D<L .

Figure 13 also 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 Eqs. (15)–(17). 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 lat-

tice phonons at high temperatures (the metallic regime)

and by their Mott VRH at low temperatures (the semicon-

ducting regime). In this case the charge transfer should

consist of two successive processes, so then the ac conduc-

tivity should be expressed as a combination of Eqs. (42)

and (44)

rjacðTÞ ¼ r01
Tð Þj þ r02

T sinh
E
j
ph

kBT

 !
� 1

" #( )j

: (50)

Figure 13 shows that the experimental rac values obtained

for PANI-SA and PANI-HCA are fitted well by Eq. (50)

with the appropriate parameters listed in Table III. The

energy determined for phonons in PANI sample lies near to

that (0.066 eV) evaluated from the data obtained by Wang

et al.60,63

RT rac of heavily doped PANI-SA and PANI-HCA, esti-

mated from the contribution of spin charge carriers, does not

exceed 140 S/cm. This value is much smaller than

rac(xe
!1) ffi 107 S/cm calculated theoretically;225 however,

it lies near that obtained for metal-like domains in PANI at

6.5 GHz.77 The rac/rdc ratio for these domains can be eval-

uated to be 80 for PANI-HCA0.50 and 18, 7, and 4 for

PANI-SA with y¼ 0.21, 0.42, and 0.53, respectively. Taking

into account that the rac¼rdc condition should be fulfilled

for classic metals,215 one can conclude a better structural

ordering of these domains in PANI-SA. Charge carriers dif-

fuse along these polymer chains with the constant D1D can

be determined from relation rac¼ e2n(eF)D1Dc
2
1D 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 path215

li¼racmcvF/(Ne2) calculated for the highly doped PANI-SA

and PANI-HCA lies near to 0.5 and 6.0 nm, respectively.

These values are smaller than that estimated for oriented

trans-PA,78 but holds for extended electron states in these

polymers. The energy of lattice phonons �hxj
ph obtained from

ac data lies near the energy Jaf of the interaction between

spins (see Table II) that shows the modulation of spin-spin

interaction by macromolecular dynamics in the system.

B. Polyaniline chemically modified by
camphorsulfonic and 2-acrylamido-2-methyl-1-
propanesulfonic acids

The shape of EPR spectrum of PANI-ES depends on the

nature of counter-ion. Figure 14 presents EPR spectra of

highly doped film-like PANI-CSA and PANI-AMPSA

TABLE III. The k1 (in S K60.5/cm), T0 (in K), k2 (in S/K cm), �hxph (in eV) values determined from the fitting of rdc by Eq. (48), and r01
(in S/K cm), r02

(in

S/K cm), and �hxj
ph (in eV) ones determined from the fitting of rac by Eq. (50) for different PANI samples.

Polymer k1 T0 k2 Eph r01
r02

E
j
ph

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

aDetermined at 3-cm waveband EPR.
bDetermined at 2-mm waveband EPR.
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samples registered at different polarizing frequencies. For

the comparison, NMR spectra of PANI-CSA0.5 registered at

different temperatures are presented as well. In order to

determine correctly all main magnetic resonance parameters,

linewidth, paramagnetic susceptibility, g-factor, of PC with

Dysonian contribution, all double spectra presented should

be calculated using the above mentioned method. Kon’kin

et al. pointed124 that in case of PANI-CSA and

PANI-AMPSA the Dysonian line asymmetry factor A/B and

therefore the ratio D/A depends more on the 2d/d ratio in

Eqs. (18) and (19). The D/A(2d/d) dependences calculated

for these polymer presented in Fig. 15. 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 incrassate PANI films (Fig. 15).

EPR spectra of PANI-CSA and PANI-AMPSA were

then analyzed as sum of two different PC coexisting in these

polymers with Dysonian shape, namely, narrow EPR spec-

trum of PC R1 with g¼ 2.0028 localized in amorphous poly-

mer matrix and broader EPR spectrum of PC R2 with

g¼ 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 linewidth, as it is seen in Figs. 14 and 16. In

the same time, the linewidth of PC R1 decreases monoto-

nously and the sum spin concentration increases at the tem-

perature decrease. Besides, NMR linewidth decreases at

such a sample cooling (Fig. 14) due possible to the decrease

of interaction of electron and proton spins. The RT DBpp

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 regis-

tration frequency xe/2p from 9.7 up to 36.7 and then up to

140 GHz (Fig. 14), so one can express this value as

DBpp(xe)¼ 1.5þ 2.2� 109x�0:84
e G. Such extrapolation

FIG. 14. (a) 3-cm waveband EPR (left)

and 300 MHz 1H NMR (right) spectra of

PANI-CSA0.5 sample registered at dif-

ferent temperatures. Top-down dashed

lines show the sum spectra of two lines

calculated from Eqs. (15) and (18) and

(19) with respective D1/A1¼ 0.041,

DBpp1¼ 19.9 G, D2/A2 ¼ 0.034,

DBpp2¼ 492 G; D1/A1¼ 0.12, DBpp1

¼ 18.1 G, D2/A2¼ 0.042, DBpp2

¼ 173 G; D1/A1¼ 0.31, DBpp1 ¼ 21.7 G,

D2/A2¼ 0.04, DBpp2¼ 172 G; D1/A1

¼ 0.34, DBpp1¼ 24.1 G, D2/A2 ¼ 0.03,

DBpp2¼ 152 G; D1/A1¼ 0.26, DBpp1

¼ 28.4 G, D2/A2¼ 0.02, DBpp2¼ 111 G.

(b) RT 8-mm and 2-mm waveband EPR

spectra of PANI-CSA and PANI-

AMPSA samples with different doping

levels y. The spectrum calculated with

D/A¼ 1.30 and DBpp ¼ 5.33 G is shown

by dashed line as well (it is slightly

shifted down only for the visibility).

Counter-ions CSA and AMPSA are also

shown schematically.

FIG. 15. The theoretical D/A(2d/d) dependencies calculated124 and experi-

mentally determined for the PANI-CSA and PANI-AMPSA films with dif-

ferent plate thickness (nd) at 3-cm waveband EPR and 300 K. The structures

of CSA and AMPSA are shown schematically.

FIG. 16. Temperature dependence of linewidth of the R1 (open points) and

R2 (filled points) PC stabilized in the PANI-CSA and PANI-AMPSA sam-

ples with different doping levels y determined from their 3-cm waveband

EPR spectra with the Dysonian contribution.
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reveals the dependence of spin-spin relaxation time on the

registration frequency and allows estimating correct line-

width at xe ! 0 limit to be 1.5 G.

The narrowing of the line on raising the PANI tempera-

ture 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 the spin-orbital interaction

responsible for linear dependence of T�1
1 on temperature;92

however, this interaction seems to be rather weak in our

case. It is significant that for both types of PC the linewidths

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),92 which indicates a higher conduc-

tivity of the samples under study. Comparison of the DBpp

values obtained for different PANI-CSA samples and pre-

sented in Fig. 16 suggested that a crystalline phase is formed

in the amorphous phase of the polymer, beginning with the

oxidation level e¼ 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 PC R1 are charac-

terized by less temperature-dependent linewidth 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 linewidth of

PANI appreciably decreases on replacement of the CSA

anion by the AMPSA anion (see Fig. 16), which is likely due

to the shortening of spin-spin relaxation time of both PC.

Figure 17 depicts the effective paramagnetic susceptibil-

ity of both the R1 and R2 PC as a function of temperature.

The Jaf values obtained are much lower of the corresponding

energy (0.078 eV) obtained for ammonia-doped PANI.114 It

is seen that at low temperatures when T � Tc � 100 K the

Pauli and Curie terms prevail in the total paramagnetic sus-

ceptibility v 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 interact leading to the last

term of Eq. (4) in sum susceptibility as a result of the equi-

librium 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(eF) values obtained for the charge carriers in

PANI-CSA and PANI-AMPSA are also summarized in

Table II. This value increases in series PANI-AMPSA0.4

! PANI-CSA0.5 ! PANI-CSA0.6 ! PANI-AMPSA0.6. This

density of stated polarons in PANI-CSA is in agreement with

that obtained previously in the optical49 (0.06–6 eV) and

EPR92 studies of this polymer. The Fermi energy of the

Pauli-spins was calculated to be eF � 0.2 eV. This value is

lower than the Fermi energy obtained for highly CSA-

(0.4 eV)54 and sulfur- (0.5 eV)87,125 doped PANI. Assuming

again that the charge carrier mass in heavily doped polymer is

equal to the mass of free electron (mc¼me), the number of

charge carriers in such a quasi-metal,215 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 calcu-

lated to be 3.8� 107 cm/s for PANI-CSA that is close to those

evaluated for this polymer from the EPR magnetic suscepti-

bility data (2.8–4.0)� 107 cm/s,226,227 and 6.2� 107 cm/s for

PANI-AMPSA.

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 the sample and

should lead to the VRH charge transfer between the polymer

chains. The spin-spin exchange is stimulated at T � Tc 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,228 PANI-HCA,119,121 and

poly(tetrathiafulvalenes).118,229 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.

DC and ac conductivities of the highly doped PANI-

CSA and PANI-AMPSA determined, respectively, by the dc
conductometry method124 and from the Dysonian spectra of

the R2 PC are given in Fig. 18 as a function of temperature.

Charge carrier hops through amorphous part of the sample

and then diffuses through its crystalline domain, so then the

FIG. 17. Temperature dependence of inversed effective paramagnetic sus-

ceptibility v and vT product (inset) of the R1 (open points) and R2 (filled

points) PC stabilized in the PANI-CSA and PANI-AMPSA samples with

different doping levels y. Top-down dashed lines show the dependences cal-

culated from Eq. (4) with respective vP¼ 9.8� 10�7 emu/mol, C¼ 4.5

� 10�4 emu K/mol, k1¼ 1.5� 10�2 emu K/mol, Jaf¼ 0.001 eV, vP

¼ 8.5� 10�7 emu/mol, C¼ 4.2� 10�4 emu K/mol, k1¼ 6.6� 10�3 emu

K/mol, Jaf¼ 0.014 eV, vP¼ 5.2� 10�7 emu/mol, C¼ 2.3� 10�4 emu

K/mol, k1¼ 9.1� 10�3 emu K/mol, Jaf¼ 0.005 eV, vP¼ 2.2

� 10�5 emu/mol, C¼ 1.7� 10�2 emu K/mol, k1¼ 1.7� 10�2 emu K/mol,

Jaf¼ 0.004 eV, vP¼ 1.1� 10�4 emu/mol, C¼ 7.2� 10�3 emu K/mol,

k1¼ 1.1� 10�2 emu K/mol, Jaf¼ 0.005 eV, vP¼ 7.1� 10�5 emu/mol,

C¼ 2.2� 10�3 emu K/mol, k1¼ 2.13 emu K/mol, Jaf¼ 0.004 eV,

vP¼ 2.7� 10�4 emu/mol, C¼ 2.7� 10�2 emu K/mol, k1¼ 1.58 emu K/mol,

Jaf¼ 0.004 eV, vP¼ 5.3� 10�3 emu/mol, C¼ 6.5� 10�1 emu K/mol,

k1¼ 1.2� 10�2 emu K/mol, Jaf¼ 0.006 eV.
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dc term of the total conductivity of the samples should be

determined by 1D VDH between metal-like domains accom-

panied by the charge carriers scattering on the lattice pho-

nons in these domains described by Eqs. (42) and (44).

These processes occur parallel, so the effective conductivity

can be expressed by Eq. (48). Indeed, Fig. 18 shows that dc
conductivity of the polymers experimentally obtained is fit-

ted well by Eq. (48) whose fitting parameters are also sum-

marized in Table III. 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.124 In contrast with other con-

ducting polymers, lower T0 parameter is characteristic for

these samples. (Note that the 3D VRH model gives abnormal

low T0 value for all the samples.) This is evidence of the longer

averaged length of charge wave localization function in the

samples. Indeed, hLi 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(eF) 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 experimen-

tal data can be circumscribed by Eq. (50). Indeed, it is seen

from Fig. 18 that the rac(T) dependences obtained experi-

mentally for mobile R2 PC are fitted well by Eq. (50) with

the parameters summarized in Table III. The energy

determined for phonons in these PANI samples lies near to

that obtained for other polymers87,88 and evaluated (66 meV)

from the data determined by Wang et al. for HCl-doped

PANI.60,63 It is evident that E
j
ph and Ea obtained above for

the PANI-CSA0.5 sample lie near. This means that protons

situated in crystalline domains indeed sense electron spin dy-

namics. The data obtained can be evidence of the contribu-

tion of the R1 and R2 PC in the charge transfer through,

respectively, amorphous and crystalline parts of the poly-

mers. RT rac values determined from Dysonian spectra of R2

PC lies near respective rdc values, which is characteristic for

classic metals. The hLi and Eph values determined above for

mediatory doped samples correlate. This means that the

higher the hLi value, the stronger interaction of PC with

phonons in metal-like crystallites. There is some tendency

in the increase of RT rdc and rac 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 rac values determined from Dysonian spectra

of R2 PC lies near respective rdc values that is characteristic

for classic metals.

Thus, main PC in the highly doped PANI-CSA and

PANI-AMPSA samples are localized at low temperatures.

FIG. 18. Temperature dependence of dc (marked by the� symbol) and ac conductivity determined from Dysonian spectra of the R1 (open circles) and R2

(filled circles) PC stabilized in the PANI-CSA0.5 (a), PANI-CSA0.6 (b), PANI-AMPSA0.4 (c), and PANI-AMPSA0.6 (d) films. Dotted lines show the dependen-

ces calculated from Eq. (48) with d¼ 1 and k1¼ 5.6� 103 S K0.5/cm, T0¼ 521 K, k2¼ 1.7 S/K cm, �hxph¼ 0.028 eV (a), k1¼ 5.5� 103 S K0.5/cm, T0¼ 753 K,

k2¼ 0.29 S/K cm, �hxph¼ 0.024 eV (b), k1¼ 1.2� 103 S K0.5/cm, T0¼ 209 K, k2¼ 0.31 S/K cm, �hxph¼ 0.022 eV (c), k1¼ 1.1� 103 S K0.5/cm, T0¼ 277 K,

k2¼ 0.18 S/K cm, �hxph¼ 0.020 eV (d). Dashed-dotted and dashed lines show the dependences calculated from Eq. (50) with, respectively, r01
¼ 3.8 S/K cm,

r02
¼ 9.1� 10�2 S/K cm, �hxj

ph ¼ 0.12 eV and r01
¼ 8.5� 10�4 S/K cm, r02

¼ 0.75 S/K cm, �hxj
ph ¼ 0.14 eV (a), r01

¼ 1.1 S/K cm, r02
¼ 1.5 S/K cm,

�hxj
ph ¼ 0.045 eV and r01

¼ 0.78 S/K cm, r02
¼ 0.11 S/K cm, �hxj

ph ¼ 0.042 eV (b), r01
¼ 0.79 S/K cm, r02

¼ 0.22 S/K cm, �hxj
ph ¼ 0.009 eV and r01

¼ 0.32 S/K

cm, r02
¼ 0.11 S/K cm, �hxj

ph ¼ 0.027 eV (c), r01
¼ 0.22 S/K cm, r02

¼ 1.1� 10�4 S/K cm, �hxj
ph ¼ 0.14 eV and r01

¼ 0.32 S/K cm, r02
¼ 4.4� 10�4 S/K cm,

�hxj
ph ¼ 0.15 eV (d), and j¼�1.
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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.230,231 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 homo-

geneous doping would give rise to no EPR signal, character-

istic 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 de-

pendence. 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.92,93

C. Polyaniline chemically modified by
para-toluenesulfonic acid

PANI-PTSA0.50 sample in nitrogen atmosphere at 3-cm

waveband EPR demonstrates Lorentzian exchange-narrowed

lines which an asymmetry factor A/B is 1.03 (Fig. 19). The

exposure of the samples to air was observed to lead to revers-

ible 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 Dysonian term112 as in case of other

highly doped conducting polymers. To verify these assump-

tions, the 2-mm waveband EPR spectra of the sample were

recorded. It is seen from Fig. 19 that the polymer in this

waveband EPR also exhibits a single asymmetric line, where

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 Eqs. (15) to (17) and the main magnetic parameters

were obtained.

As the operating frequency increases from 9.7 up to

140 GHz, the DBpp value of PC in the PANI sample increases

not more than by a factor of 2 (Fig. 19). 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 polymer, which is not com-

pletely relieved in strong magnetic field. The temperature

dependence of the effective absorption linewidth of the sam-

ple determined at both the 3-cm and 2-mm wavebands EPR

is presented in Fig. 19. It is seen that DBpp of PC in the

PANI-PTSA0.50 sample containing nitrogen slightly depends

on temperature. Air diffusion into the samples leads to the

reversible extremal broadening of its EPR line.

As Fig. 19 evidences, the Tc value described above char-

acteristic for the DBpp(T) dependences presented shifts

nearly from 160 K to 130 K at the increase of polarizing fre-

quency from 9.7 GHz up to 140 GHz. Such effect was inter-

preted as result of exchange interaction of polarons with

oxygen molecules possessing sum spin S¼ 1. The DBpp(T)

dependences were fitted by Eq. (11) with appropriate param-

eters listed in Table II (Fig. 19). It is seen that the experimen-

tal data obtained can be rationalized well in terms of this

theory. This result reveals that the oxygen biradical act as a

nanoscopic probe of the polaron dynamics. The obtained

value of Jex sufficiently exceeds the corresponding

spin-exchange constant for nitroxide radicals with paramag-

netic ions, Jex � 0.01 eV.151

Figure 20 shows the temperature dependence for the

paramagnetic susceptibility of the PANI-PTSA0.50 sample in

the absence and in the presence of oxygen in the polymer.

An analysis of the paramagnetic susceptibility of the nitro-

gen containing sample determined at 3-cm and 2-mm wave-

bands EPR showed that it can be described by Eq. (4) with

the parameters presented in Table II. These data show that

the transition of registration frequency from 9.7 GHz to

140 GHz leads to decrease in Jaf determined for nitrogen

filled PANI-PTSA0.5 sample from 0.099 down to 0.041 eV

due possible to the field effect. The figure reveals that the

effective susceptibility of the PANI-PTSA0.50 without oxy-

gen, as determined from 3-cm waveband EPR spectra,

slightly varies with temperature. However, this value deter-

mined 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 substantially and exhibits non-monotonic

FIG. 19. Inset—3-cm and 2-mm wavebands EPR spectra of the PANI-

PTSA0.50 sample in nitrogen (solid lines) and air (dashed lines) atmospheres.

Structure of the PTSA counter-ion is also shown schematically.

Temperature dependence of linewidth of PC in the PANI-PTSA0.50 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. (11) with x0
hop ¼ 9.6� 1017 s�1, Ea¼ 0.058 eV, Jex¼ 0.28 eV (dashed-

dotted line), x0
hop ¼ 1.3� 1019 s�1, Ea¼ 0.102 eV, Jex¼ 0.36 eV (dotted line).
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temperature dependence in the 3-cm and 2-mm wavebands

EPR with a characteristic temperature maximum at 160 and

150 K, respectively. The nature of this effect is discussed

above. The Pauli susceptibility of the sample is close to

that51 determined at n(eF)¼ 22.8 eV�1. Note that the v meas-

ured for PANI-PTSA0.5 by more direct method141 exhibits

smaller temperature dependency.

The velocity of charge carriers and the Fermi energy

was calculated as vF¼ 2c1D/p�hn(eF) and eF¼ 3Ne/2n(eF) 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.

Figure 21 shows the temperature dependence of rdc

determined for the PANI-PTSA0.50 sample by the dc conduc-

tometry method. An analysis of these dependences leads to

the conclusion that this polymer exhibits 1D VRH at low

temperature region, typical of a granular metal. As in case of

other PANI, the rdc value is governed by strong spin-spin

interaction at high temperatures. Experimental data is shown

from Fig. 21 to be well described by Eq. (48) with the

parameters presented in Table III.

The averaged length of charge wave localization

hLi¼ 11 nm exceeds the effective radius of a quasi-metallic

domains equal to 4 nm.232 It can be due to closely electronic

properties of the metal-like domains in the polymer. It allows

to evaluate charge transfer integral t in such domains from

relation connecting T0 values at 1D VRH,222 T
ð3DÞ
0

¼ 256T
ð1DÞ
0 ln(2T

ð1DÞ
0 /pt ), to be 0.10 eV. The most probable

carrier hopping range R¼ (T0/T)1/2hLi/4 was determined at

room temperature to be 34 nm. The hopping energy W of a

charge carrier in the polymer was determined in terms of the

VRH theory, W¼ kB(T0T
3)1/4/2, to be 0.034 eV, that is of

the order of kBT. The data make it possible to calculate the

velocity of charge carriers vF¼ 4.0� 106 cm/s moving near

the Fermi energy with an energy of eF¼ 0.34 eV. The latter

value lies near to that determined for PANI-CSA (0.4 eV)54

and PANI-SA (0.5 eV).122,125 This is in agreement with the

supposition earlier made by Pelster et al.232 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 amor-

phous barrier of 1–2 nm diameter.

Spin-lattice and spin-spin relaxation times measured by

the saturation method at 3-cm waveband EPR for the PANI-

PTSA0.50 by using Eqs. (20) and (21) are, respectively,

1.2� 10�7 and 3.1� 10�8 s (in the nitrogen atmosphere) and

1.1� 10�7 and 1.6� 10�8 s (in the air).127,128 If one sup-

poses that the polarons in this polymer possess mobility and

diffuse along and between polymer chains with the diffusion

coefficients D1D and D3D, respectively, D1D¼ 3.5� 108 and

D3D¼ 1.1� 109 rad/s (in the nitrogen atmosphere) and

D1D¼ 8.1� 1011 and D3D¼ 2.3� 108 rad/s (in the air) are

evaluated from Eqs. (34) to (36). A corresponding conductiv-

ities due to so possible polaron mobility calculated from Eq.

(37) are, respectively, r1D¼ 2.5� 10�4 S/cm, r3D¼ 2.3

� 10�4 S/cm and r1D¼ 29 S/cm, r3D¼ 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.95 The

conductivity of this sample also becomes anisotropic,

r1D/r3D� 104, and is also determined mainly by the diffu-

sion of paramagnetic center along the polymer chain. The

data obtained can be compared with those evaluated from

the Dysonian EPR spectra.

FIG. 20. Temperature dependence of inversed effective paramagnetic sus-

ceptibility and vT product (inset) of PC stabilized in PANI-PTSA0.5 sample

exposed to nitrogen (open symbols) and oxygen (filled symbols) determined

at different spin precession frequencies. By the� symbol is shown the

appropriate data141 obtained for PANI-PTSA0.5 by using a “force” magne-

tometer in a dc external magnetic field of 5� 103 Gauss. Dashed and dotted

lines show the dependences calculated from Eq. (4) with respective

vP¼ 3.3� 10�6 emu/mol, C¼ 1.1� 10�3 emu K/mol, k1¼ 0.29 emu K/mol,

Jaf¼ 0.041 eV and vP¼ 7.9� 10�6 emu/mol, C¼ 1.3� 10�3 emu K/mol,

k1¼ 1.44 emu K/mol, Jaf¼ 0.099 eV.

FIG. 21. Temperature dependence of dc and ac conductivity determined

from 3-cm and 2-mm waveband EPR Dysonian spectra of the PANI-

PTSA0.5 sample in nitrogen (open symbols) and air (filled symbols) atmos-

pheres. Top-down dashed lines present the dependences calculated from

Eq. (50) with respective r01
¼ 13.3 S/K cm, r02

¼ 0.25 S/K cm, E
j
ph

¼ 0.027 eV, r01
¼ 24.9 S/K cm, r02

¼ 10.8 S/K cm, E
j
ph ¼ 0.022 eV,

r01
¼ 0.21 S/K cm, r02

¼ 4.1� 10�2 S/K cm, E
j
ph ¼ 0.032 eV, r01

¼ 0.25 S/K

cm, r02
¼ 1.9 � 10�2 S/K cm, E

j
ph ¼ 0.031 eV, and j¼ 1. Dotted line shows

the dependences calculated from Eq. (48) with k1¼ 26 S K�0.5/cm,

T0¼ 4.6� 104 K, d¼ 3, k2¼ 0.19 S/K cm, Eph¼ 0.027 eV.
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The rac values determined for the PANI-PTSA0.50 sam-

ple from its Dysonian 3-cm and 2-mm waveband EPR spec-

tra by using Eqs. (15)–(17) are shown in Fig. 21 vs.

temperature. An intrinsic conductivity of the sample visibly

increases at its exposition to air (Fig. 21). RT conductivity

obtained for the sample at 3-cm waveband EPR is two orders

of magnitude higher than r1D and r3D calculated above in

terms of Q1D polaron diffusion along the “single conducting

chain.”95 Hence, it may be concluded that the conductivity

in this polymer, as in polyaniline with other counter-ions, is

mainly governed by the mobility of 3D-delocalized electrons

in metal-like domains in which paramagnetic polarons are

localized on parallel chains due of their strong exchange

interaction. The temperature dependence of intrinsic conduc-

tivity 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 con-

ductivity should be described by Eq. (50). Figure 21 eviden-

ces that the rac(T) dependence evaluated for the PANI

sample exposed to air follows well to Eq. (50) with the

parameters listed in Table III. The E
j
ph value obtained for the

sample correlates with Eph determined from the fitting of its

rdc(T) dependence in terms of the same charge transport

mechanism (Table III). This fact confirms additionally

supposition above made on the existing of strong spin

dipole-dipole interaction in crystalline domains.

A decrease in rac with an increase in the registration fre-

quency may be as result of, e.g., 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.

In general, as in case of main conducting polymers, two

types of PC are formed in PANI, polarons localized on chains

in amorphous polymer regions and polarons moving along

and between polymer chains. During the polymer 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 im-

portant 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 types and mobilities, 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 isoener-

getically between solitary chains in the framework of the

Kivelson formalism. The growth of the system dimensional-

ity leads to the scattering of charge carriers on the lattice pho-

nons. The charges 3D and 1D hop 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 con-

ducting 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.

IV. UTILIZATION OF POLYANILINE IN MOLECULAR
ELECTRONICS

A. Polyaniline-based sensors for solution
components

Conjugated polymers are widely used as chemical sen-

sors for different gases and liquids,26,233 PANI among them.

PANI-ES has been shown234 to be sensitive to vapors of etha-

nol or acetone, however, such sensor was appered to be insta-

ble due to polymer partial dedoping. We have showed115 that

the ambient humidity can change magnetic resonance, elec-

tronic, and crystalline properties of PANI-ES. This effect can

be attributed to formation in polymer matrix water chains

with hydrogen binding. Davydov’s solitons235 formed on

such chains can transfer a charge which, therefore, should

change polymer magnetic and electronic properties.

Transistor structures can also be used as chemical sensors236

since the potential barrier of the transistor base, and hence the

resistance, can alter upon interaction with a medium. We

have assumed237,238 that in this case a PANI-EB layer on the

transistor structure could act as mediator changing its

response on the sensing components due to existence in this

polymer of electron donor (amino-) and acceptor (quinone

diimino-) sites. Such methodic approach was used in the

study of various organic substances, e.g., ethanol, citric acid,

solution of nitroxide stable radical 4-acetylamina-2,2,6,6-

pyperidine-l-axyl (ATPO), and some others.

1. Ethanol in hexane

Figure 22(a) shows that the “passive” transistor (with or

without PANI-EB layer) and the PANI-EB resistive struc-

tures are practically insensitive to the change in ethanol

concentration in hexane; their characteristics are almost hori-

zontal and non-monotonous. This implies that no appreciable

charge transfer between the ethanol and the above structures

occurs.

The “active” transistor structure has a noticeable sensi-

tivity but the response is non-linear, with a slope of
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590 V
l/mol in the initial region and a tendency to saturation

at concentrations higher than 0.4 mM. PANI-EB casting

changes the sign of the response, i.e., the polymer does not

act synergetically with the transistor structure. The steepness

decreases down to 230 V
l/mol but the characteristic has a

lower curvature. The latter sensor possesses 820 V
l/mol

response to acetone. This indicates that the PANI-EB film

may specifically associate the base of a transistor with polar

substances such as ethanol in solution to give changes of the

response.

2. Citric acid in ethanol

Figure 22(b) evidences that the sensitivity of all the

sensors to citric acid is higher than that to ethanol that and is

characterized by lower curvature. PANI-EB slightly

increases the sensitivity of the “passive” transistor sensor

thus acting synergeticalle with the transistor structure, but

both response values are relatively low, no more than

200 V
l/mol.

It is noteworthy that rather a steep (535 V
l/mol) and

perfectly linear (for the range of concentrations used)

response is attained for a simple resistive PANI-EB sensor.

This should be due to the protonic acid doping of the PANI-

EB forming PANI-ES coils in polymer matrix and, therefore,

increases sum conductivity of the system. This supposition is

confirmed by the narrowing of the PANI EPR spectrum

under its modification by different dopants (see above).

3. Nitroxide radical ATPO in ethanol

As in the case of ethanol in hexane, “passive” transistors

with or without PANI-EB are practically insensitive to the

presence of nitroxide radical ATPO in ethanol (Fig. 22(c)).

The characteristic of the “active” transistor (without PANI-

EB), being rather steep initially (1200 V
l/mol), becomes

horizontal at concentrations higher than 0.06 mM. PANI-EB

acts synergetically increasing the steepness of the response

up to 1830 V
l/mol in the initial concentration range and

keeps the characteristic increasing to at least 0.15 M. The

response of the resistive PANI sensor is less steep

(800 V
l/mol) but has a lower curvature over the whole range

of concentrations studied. Comparing the results obtained for

ATPO and ethanol one can conclude another type of interac-

tion of the N-O• active radical group with the sensoric matrix

due, probably, to interaction this radical with polarons stabi-

lized in the PANI-EB matrix.

B. Spin-assisted charge transfer in polyaniline
composites

Conjugated polymers gain an additional particular inter-

est because the existence of a spin charge carriers in such or-

ganic semiconductors allows one to construct more efficient

molecular electronic devices then using spineless ones.239

For instance, a unique capability of spin orientation in exter-

nal magnetic field and its very weak interaction with own

environment in semiconductors open an undoubted impera-

tive to developing new spin electronic (magneto-electronic,

spintronic) devices simultaneously exploiting both charge

and spin of electrons in the same device and appropriate

cutting-edge spectroscopic methods suitable for registration

of spin polarization and its controlled manipulation.240

Electron spin plays a crucial role in organic semiconductor

devices in which a charge is transferred by polarons with spin

S¼ 1/2. Injection of charge carriers into, e.g., organic light-

emitting diodes or light illumination of polymer/fullerene solar

cells leads to the formation of excitons in these organic semi-

conductors. Excitons can be transformed into polaron pairs or

donor-acceptor complexes which then can collapse into radical

pairs, positively charged polarons on polymer chains and nega-

tively charged fullerene anion radicals. Moreover, the triplet

state of fullerene characterized by high electron spin polariza-

tion can also be easily photoexcited in bulk heterojunction

which it forms with a polymer backbone. However, these proc-

esses themselves are not trivial phenomena whose microscopic

details still remain unknown. For example, one would not nec-

essarily expect the recombination of a charge carrier with the

first opposite charged carrier. Because both the charge carriers

exchangeable spin-flip, their further recombination becomes

dependent on their dynamics, number, polarization, and mutual

separation. For large separations, when thermal energy exceeds

FIG. 22. Concentration dependences of the response of the sensors based on “passive” transistor scheme without (1) and with (2) PANI-EB layer, “active”

transistor scheme without (3) and with (4) PANI-EB layer, and PANI-EB deposited onto ceramic plate to ethanol in hexane (a), citric acid in ethanol (b), and

nitroxide stable radical ATPO in ethanol (c). Dashed lines connecting the experimental points are painted arbitrarily.
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the interaction potential, the charges can be considered as non-

interacting. Once the carriers become nearer than the inverted

Coulombic interaction potential, their wave functions overlap

and exchange interactions become non-negligible. This can

lead to the formation of singlet or triplet excitons in organic

semiconductors. Introduction of galvinoxyl radical into poly-

mer/fullerene bulk heterojunctions allowed one to suppress

recombination of photoinduced charge carriers and thereby to

improve of light conversion efficiency of such solar cells.241,242

Such effect was explained by resonant exchange interaction of

charged acceptors with spin adducts, which converts the bipo-

laronic spin state from singlet to triplet.

These excited states can be detected in organic systems

using optical (fluorescence and phosphorescence) and/or

magnetic resonance.243 However, other absorbing species

are generally present in such systems, namely, polaronic

charge carriers, which themselves introduce efficient subgap

optical transitions. Thus, a clear assignment to triplet excita-

tions is not always possible. EPR was proved243 to be the

most effective direct tool able to reveal the underlying nature

of spin carriers excited in such systems. This method allows

one to study various materials with weak spin-orbit coupling,

where the differences in lifetime between the three excited-

state triplet sublevels give rise to a spin-dependent buildup

of macroscopic polarization,244 including spin charge

carriers stabilized in conjugated polymers86,88 and photoin-

duced in their fullerene-based compositions for photovoltaic

applications.245,246

So, to handle charge transfer by spin carriers, another

spin reservoir should be introduced into organic polymer sys-

tem. In this case the interaction between spin charge carriers

one can expect to affect electronic properties of this system

as it is shown schematically in the inset of Fig. 6(a). PANI-

PTSA seems to be the most suitable systems for the study of

spin-assisted charge transfer in organic semiconductors.130

Polarons diffusing along its chains appeared to be accessible

for triplet excitations injected into its bulk. It was shown

above that the collision of diffusing domestic and guest spins

dramatically changing magnetic, relaxation, and electron dy-

namics parameters of this polymer. Such effect was not reg-

istered in PANI-ES highly doped by other counter-

ions.87,88,119,124,129 Such principal difference can probably

be explained by the increase in a PANI-PTSA matrix order-

ing. Indeed, this polymer, similarly to PANI-CSA,56 can also

be considered as disordered metal on the boundary of the

metal-insulator transition, whereas, e.g., PANI-SA is Fermi

glass in which the electronic wave functions are localized.

So-called Anderson localization arises from the severe disor-

der observed in the latter initiating in such a system electron

VRH between exponentially localized states with energies

near eF. However, PANI-PTSA demonstrates better material

quality and therefore more metallic behavior with extended

states near eF. Thus, PANI-PTSA is disordered metal on me-

tallic side of the metal-insulator boundary in contrast to

PANI-SA with localized electronic states at eF due to disor-

der. This predestined the use of both these PANI-ES as reser-

voirs of stabilized spins in our comparative experiments.

Poly(3-alkylthiophene) (P3AT) can be used as another

spin ensemble. Illumination of bulk heterojunction formed

by P3AT with fullerene derivative, e.g., [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM) provokes the turnover

exciton to the donor-acceptor complex which collapses into

positively charged polaron and a methanofullerene radical

anion.247 Since the former shows high mobility along a poly-

mer backbone, the radicals are scattered in this radical pair

in such a way that two respective non-interacting spins are

stabilized in bulk heterojunction. A long spatial distance

lowers the probability of their collision and recombination

that provides longer lifetime. Earlier we showed246 that the

rate, anisotropy, and mechanism of charge transfer photoini-

tiated in different polymer/fullerene composites are gov-

erned by structure, nanomorphology, and concentration of

their ingredients. Therefore, we selected poly(3-dodecylthio-

phene) (P3DDT) previously used as an effective polymer

matrix of organic solar cells248–252 as a second spin

reservoir.

1. EPR and light-induced EPR (LEPR) spectra of
PANI-ES/P3DDT/PCBM composite

To analyze the nature of all paramagnetic centers in

both the PANI-SA/P3DDT/PCBM and PANI-PTSA/

P3DDT/PCBM composites, first related study of spin proper-

ties of their ingredients should be done.

Initial PANI-SA and PANI-PTSA samples exhibit single

3-cm waveband EPR spectra presented in Figs. 23(a) and

23(b), respectively attributed to polarons P•þ
1 stabilized in

their backbones. Their g-factors remain almost unchanged

within all temperature range used that is characteristic of par-

amagnetic centers in crystalline high-conductive solids87,88,118

As-prepared P3DDT/PCBM sample does not demonstrate any

EPR spectrum without light irradiation (Fig. 23(c)). When

illuminated by visible light, positively charged polaron is

formed on a polymer backbone due to electron transfer to

methanofullerene (see Fig. 23(c)). Various experimental

methods have shown the reversibility of this process and its

stability over time.245,246 As in our previous studies,251,252

two partly overlapping LEPR lines are observed at low tem-

peratures (Fig. 23(c)). Such doublet was attributed to radical

pairs of positively charged diffusing polarons P•þ
2 with iso-

tropic (effective) giso¼ 2.0018 and negatively charged radical

anions C�•
61 with effective giso¼ 1.9997 pseudorotating near

the main axis. These values are close to those obtained for

spin charge carriers photoinduced in other polymer/fullerene

bulk heterojunctions.246,253,254 The EPR line shape due to

dipole or hyperfine broadening is normally Gaussian. For spin

3D motion in metal-like crystallites of PANI-ES or exchange

of different spin packets, the line shape becomes close to

Lorentzian shape, corresponding to an exponential decay of

transverse magnetization. The effective LEPR doublet pre-

sented in Fig. 23(c) is characterized by a Lorentzian distribu-

tion of mobile radical pairs P•þ
2 �mC•�

61 (Fig. 23(d)) of mobile

polarons P•þ
2 and fullerene methanofullerene radical anions

mC�•
61 as well as a Gaussian contribution of polarons pinned

by deep traps appeared in a polymer matrix under its illumina-

tion (shown in Fig. 23(e)). Both mobile charge carriers recom-

bine with the probability increasing with temperature, and

their effective spectrum shown in Fig. 23(d) becomes too
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weak to be registered at T� 200 K at a reasonable signal/

noise ratio. Captured polarons P•þ
2 are characterized by higher

stability, and their spectrum can be observed for several hours

even at high temperatures. Nevertheless, these carriers indi-

rectly participate in collective charge transfer through bulk

heterojunctions.

It is evident that LEPR spectra of both PANI-

SA/P3DDT/PCBM and PANI-PTSA/P3DDT/PCBM compo-

sites presented in Figs. 23(f) and 23(g), respectively, can be

considered as a sum of P3DDT/PCBM and appropriate

PANI-ES contributions. As an illumination is turned off, the

spectra originated from the polarons P•þ
1 stabilized in PANI-

ES (shown in Figs. 23(a) and 23(b)) and polarons P•þ
2 pinned

in P3DDT/PCBM (shown in Fig. 23(e)) can only be regis-

tered (see Figs. 23(f) and 23(g)). In order to study charge-

separated states and spin-spin interactions in these systems

more precisely, their spectra were tentatively deconvoluted,

as it was successfully done for analogous spin-modified

systems.252,255–259 This allowed to obtain separately mag-

netic resonance parameters of all paramagnetic centers stabi-

lizing in initial polymers and appropriate composites and

analyze their interaction in bulk heterojunctions.

2. EPR linewidth of charge carriers in
PANI-ES/P3DDT/PCBM composites

Figure 24(a) shows temperature dependences of effective

absorption peak-to-peak linewidth DBpp of polarons P•þ
1

stabilized in the PANI-SA, P•þ
2 photoinitiated in

P3DDT/PCBM bulk heterojunctions, and these values

obtained for darkened and illuminated PANI-SA/P3DDT/

PCBM composite. It is seen that the EPR linewidth for both

polarons stabilized in these systems depends on structure of a

polymer matrix. Indeed, the heating of the initial PANI-SA

samples is accompanied by a monotonic decrease in DBpp of

polarons P•þ
1 stabilized on their chains. However, this param-

eter for polarons P•þ
2 photoinitiated in the P3DDT/PCBM

bulk heterojunctions evidences an opposite temperature de-

pendence as compared with that for polarons P•þ
1 (Fig. 24).

This effect can be explained by different interaction of these

polarons with appropriate polymer lattice. The formation of

the PANI-SA/P3DDT/PCBM composite does not noticeably

changes the linewidth for paramagnetic centers P•þ
1 .

However, this originates the change in the temperature de-

pendence of P•þ
2 charge carriers photoinitiated in the P3DDT

matrix (see Fig. 24(a)).

Spin properties of both polaronic reservoirs in the

PANI-ES/P3DDT/PCBM composites are strongly governed

by the conformation of PANI-ES chains which determines

its main electronic properties.260 As the PANI-SA matrix is

replaced by the PANI-PTSA one, both polarons P•þ
1 and P•þ

2

start to demonstrate above mentioned extreme temperature

dependent linewidths characterized by appropriate critical

point Tex� 150 K. A similar effect was observed in the EPR

study of exchange interaction of polarons with guest oxygen

biradicals •O � O• in PANI-ES highly doped with

FIG. 23. EPR spectra of polarons P•þ
1 in the polyaniline emeraldine salts PANI-SA (a) and PANI-PTSA (b), P3DDT/PCBM bulk heterojunctions illuminated

by white light (c) with contributions due to mobile polaron-methanofullerene radical pairs P•þ
2 — mC•�

61 (d) and localized polarons P•þ
2 pinned by deep traps (e)

as well as PANI-SA/P3DDT/PCBM (f) and PANI-PTSA/P3DDT/PCBM (g) composites illuminated by white light in MW cavity at 77 K. Dashed line in (c)

and deconvoluted lines (d) and (e) show EPR spectra calculated using DBP
pp ¼ 2.67 G, DBF

pp ¼ 1.17 G, and [P•þ
2 ]/[mC•�

61 ]¼ 2.0. In (c), (f), and (g), dotted lines

exhibit “dark” EPR spectra of paramagnetic centers stabilized in appropriate composites, whereas the spectra calculated at their illumination by white light at

77 K are shown by dashed lines. The positions of all paramagnetic charge carriers are also shown. Schematic structures of the PANI-ES with appropriate SA

and PTSA counter-ions as well as P3DDT with PCBM cage are shown as well. The appearance of positive charged polaron in the P3DDT backbone due to the

photoinitiated charge separation and transfer to the fullerene cage is also shown.
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hydrochloric acid111 and PTSA261,262 (see above) and was

attributed to exchange interaction in quasi-pairs formed by

guest spins with domestic mobile polarons hopping between

sites of polymer chain with rate xhop across activation

energy barrier Ea. So, the data presented in Fig. 24(b) can

also be described in terms of the spin-spin exchange interac-

tion of polarons P•þ
1 and P•þ

2 hopping in the nearly located

solitary polymer chains. The collision of both type spins

should additionally broaden the absorption term of EPR line

by the value described by Eq. (10).

Assuming activation character of polaron motion in both

polymer matrices and Cg¼ 1.2� 10�4 obtained for

P3DDT/PCBM bulk heterojunctions,252 the linewidth of the

polarons P•þ
1 and P•þ

2 can be fitted by Eq. (11) with

Ea¼ 0.006 and 0.012 eV, respectively, at Jex¼ 0.110 eV (see

Fig. 24(b)). Jex is less than that determined above for

air-filled PANI-PTSA261,262 due probably to less number of

guest radical and higher interpolaron distance.

3. Spin susceptibility of charge carriers in
PANI-ES/P3DDT/PCBM composites

Figs. 25(a) and 25(b) show the temperature dependence

of spin susceptibility v with contributions due to polarons

P•þ
1 , P•þ

2 and methanofullerene radical anions mC•�
61 forming

spin pairs in the P3DDT/PCBM bulk heterojunctions stabi-

lized in the darkened and background illuminated

PANI-SA/P3DDT/PCBM and PANI-PTSA/P3DDT/PCBM

composites. The analysis of the above data was performed

using an ensemble of Ns/2 spin pairs with an uniform distri-

bution of intrapair exchange characterized by coefficient J.

In PANI-ES, as in other conducting polymers, most spins are

expected to be localized.86,141 Disorder localizes electron

spins and conducting polymer systems exhibit significant

disorder. Therefore, for explanation of the data presented in

Fig. 25 we used an exchange coupled pairs (ECPs)

model.145,146 This model predicts spin susceptibility change

with the temperature described by Eq. (5). It is seen from the

figure that the model calculations provide excellent fits to all

the experimental data sets within all temperature range used.

The C, ad, and J values determined for polarons carrying a

charge in the initial PANI-ES and respective

PANI-ES/P3DDT/PCBM composites are summarized in

Table IV.

Spin susceptibility obtained for P•þ
1 is close to that

obtained for PANI highly doped by sulfuric263 and hydro-

chloric61 acids. The latter parameter is normally a function of

distance. When polymer chains vibrate, J for polarons diffus-

ing along neighboring chains would oscillate and should be

described by a stochastic process.264 However, such effect

appears at low temperatures, when kBT 	 J. Thus, it can be

neglected within all temperature range used. Nevertheless,

this constant increases as polarons P•þ
1 start to interact with

polarons P•þ
2 and, on the side, SA counter ions are replaced

by PTSA ones (see Table IV). This is additional evidence of

strong interaction of polarons stabilized in both PANI-ES and

P3DDT matrices. When the Fermi energy eF is close to the

mobility edge, the temperature dependence of spin suscepti-

bility gradually changes from Curie-law behavior vC/ 1/T to

temperature-independent Pauli-type behavior with increasing

temperature. Corresponding density of states n(eF) for both

spin directions per monomer unit at eF can be determined

from the analysis of the v(T)T dependence for all polarons

stabilized in both polymers (see insets in Fig. 25). It is seen

that the PTSA-treated system is characterized by higher n(eF)

as compared with PANI-SA. This can be explained by the

difference in their above mentioned metallic properties and

also by on-site electron-electron interaction.45

Spin susceptibility obtained for methanofullerene radi-

cal anions mC•�
61 in both composites demonstrates sharper

temperature dependence (Fig. 4). This can be explained by

fast recombination of the polaron-methanofullerene radical

pairs P•þ
2 — mC•�

61 whose spectrum is shown in Fig. 23(d).

During background illumination of the P3DDT/PCBM bulk

FIG. 24. Temperature dependence of

the peak-to-peak linewidth DBð0Þ
pp

determined for domestic polarons P•þ
1

stabilized in initial PANI-ES back-

bones (1), PANI-ES/P3DDT/PCBM

composites (2), polarons P•þ
2 back-

ground photoinitiated by white light in

the P3DDT/PCBM composite (3) as

well as polarons P•þ
2 stabilized in the

darkened (4) and irradiated by white

light (5) PANI-ES/P3DDT/PCBM

composites with SA (a) and PTSA (b)

counter-ions shown in the insets. The

upper (0) symbol in DBð0Þ
pp means that

this parameter is measured far from the

spectrum MW saturation. Dashed lines

show the dependences calculated from

Eq. (11) with x0
hop ¼ 1.2� 109 s�1,

Ea¼ 0.006 eV (above line), x0
hop ¼ 1.3

� 109 s�1, Ea¼ 0.012 eV (below line),

and Jex¼ 0.110 eV.
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heterojunctions, two processes are realized simultaneously,

namely, photoinitiation and recombination of spin pairs. As

a result, we detected only net (effective) spin concentration.

Therefore, effective paramagnetic susceptibility of both

charge carriers photoinitiated in P3DDT/PCBM bulk hetero-

junction should inversely depend on the probability of their

recombination. Such process is also governed by multi-stage

activation one-dimensional (1D) polaron hopping between

polymer units.265

Positive charge on a polaron is not required to be recom-

bined with the first negatively charged methanofullerene rad-

ical anion. Activation traveling of a polaron near such a

center localized near a polymer chain should interact with its

unpaired electron with the above probability p in Eq. (10). In

this case, effective spin susceptibility of such interacting

spin sub-pairs can finally be written as246,252,258,259,266

v ¼ v0

2ð1 þ a2Þ
a2

exp
Eb

kBT

� �
: (51)

The dependences calculated from Eq. (51) with

Eb¼ 0.024 and 0.050 eV are also presented in Fig. 25. The

latter value is higher than Ea¼ 0.012 eV obtained from

Eq. (11) for polaron diffusion in the respective system. It can

probably be explained by more complex exchange interac-

tion of methanofullerene radical anion with polarons in both

the PANI-PTSA and P3DDT backbones. Equation (51) fits

well the experimental data presented in Fig. 25. Therefore,

the decay of long-lived charge carriers originated from initial

spin pairs photoinitiated in the PANI-ES/P3DDT/PCBM

composites can successfully be described in terms of the

above model in which the low-temperature recombination

rate is strongly governed by temperature and the width of

energy distribution of trap sites. This process is also deter-

mined by structure and morphology of radical anion and its

environment in a polymer backbone.267

It is seen from Fig. 25 that spin susceptibility of polar-

ons P•þ
1 stabilized in both initial PANI-ES samples is charac-

terized by weak temperature dependence without any

FIG. 25. Temperature dependences of

spin susceptibility v and vT product

(insets) obtained for domestic polarons

P•þ
1 stabilized in the initial PANI-ES

networks (1) and respective PANI-

ES/P3DDT/PCBM composites (2),

polarons P•þ
2 stabilized in the darkened

(3) and illuminated by white light (4)

PANI-ES/P3DDT/PCBM composites,

as well as methanofullerene anion radi-

cals mC•�
61 (5) photoinitiated in these

composites with the SA (a) and PTSA

(b) counter-ions shown in the insets.

Dashed lines show the dependences

calculated from Eq. (51) with C, ad,

and J presented in Table IV. The dot-

ted lines show the dependences calcu-

lated from Eq. (51) with Eb¼ 0.024 eV

(a) and 0.050 eV (b).

TABLE IV. The values of C, ad, and J determined for effective paramagnetic susceptibility v of polarons P�þ
1 stabilized in the initial PANI-SA and

PANI-PTSA matrices and polarons P�þ
2 photoinduced in the P3HT network of respective PANI-ES/P3DDT/PCBM composites fitted using Eq. (5) and the data

of Fig. 25.

Parameter P•þ
1

a,b P•þ
1

b,c P•þ
2

b,d P•þ
2

d,e

PANI-SA C, emu/mol 2Ph 2.3� 10�6 2.2� 10�6 1.1� 10�9 1.5� 10�9

ad 0.041 0.039 0.965 0.966

J, meV 3.8 5.6 11 6.4

PANI-PTSA C, emu/mol 2Ph 5.8� 10�6 9.8� 10�7 1.1� 10�8 1.0� 10�8

ad 0.88 0.98 0.92 0.98

J, meV 3.4 9.8 20 15

aPolarons in initial PANI-ES.
bIn the darkened samples.
cPolarons in PANI-ES embedded into the PANI-ES/P3DDT/PCBM composite.
dPolarons initiated in P3DDT network of the PANI-ES/P3DDT/PCBM composite.
eBackground illuminated by white light.
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anomaly. This also holds for polarons P•þ
2 photoinitiated in

the PANI-SA/P3DDT/PCBM composite. The shape of v(T)

changes dramatically as SA counter ions are replaced by

PTSA ones. Such a replacement provokes extremal v vs. T
dependence obtained for polarons P•þ

1 and P•þ
2 (see Fig.

25(b)). This is evidence of the above mentioned exchange

interaction between these polarons formed on neighboring

PANI and P3DDT chains. Such interaction increases the

overlapping of their wave functions (which, however,

slightly decreases at further light flashing) and the energy

barrier which overcomes the polaron crossing a bulk hetero-

junction. This affects the polaron intrachain mobility and,

therefore, probability of its recombination with fullerene

anion. However, the character of the mC•�
61 pseudorotation

changes weakly under such a replacement (see Fig. 25).

4. Electron relaxation of polarons in
PANI-ES/P3DDT/PCBM composites

Electron relaxationalso get important information about

spin localization, matrix dimensionality, and spin-assisted

electronic processes carrying out in the system under study.

There are several relaxation and dynamic processes in the

composites, for example, dipole-dipole, hyperfine, exchange

interactions between paramagnetic centers of different spin-

packets, etc., which cause the shortening of spin relaxation

times and hence the change of the shape of an EPR line.

Above, it was demonstrated with the EPR linewidth term

d(Dx) which is opposite proportional to the spin-spin relaxa-

tion time. Spin-lattice relaxation shortens the lifetime of a

spin state and broadens the line as well. Earlier, we have

showed that spin relaxation of spin charge carriers stabilized

in, e.g., PANI-SA,87,125 PANI-PTSA,128,261,262 and

P3DDT248–252 is strongly defined by structural, conforma-

tional, and electronic properties of their microenvironment.

So, it is important to analyze also how spin exchange affect

spin-lattice relaxation. The interaction of polarons P•þ
1 stabi-

lized in the PANI-SA matrix was appeared to be depending

weakly on the presence of guest spins. Their dominantly con-

tribute in an effective spin susceptibility of the composites

under study. So, a spin-lattice relaxation of these charge car-

riers in the PANI-PTSA and PANI-PTSA/P3DDT/PCBM

bulk heterojunctions can be analyzed with more degree of

certainty.

Figure 26 exhibits temperature dependencies of T1 and

T2 values for polarons P•þ
1 stabilized in shadowed

PANI-PTSA and PANI-PTSA/P3DDT/PCBM samples.

Spin-spin relaxation was shown to be governed by the

spin-spin exchange interaction. Spin-lattice relaxation time

of the samples was measured at room temperature to be

0.45� 10�7 and 0.33� 10�7 s, respectively. These values

are in good agreement with T1¼ 0.98� 10�7 s obtained by

Wang et al.63 for polyaniline highly doped by hydrochloric

acid. It is seen that spin-lattice relaxation of P•þ
1 stabilized in

the initial polymer changes weakly as the temperature

increases up to �180 K that is typical for organic ordered

systems. This process accelerating suddenly near T� 210 K

possibly to a phase transition and then plateaus at higher

temperatures. The latter value differs from Tc introduced

above because they characterize different processes. As P•þ
1

start to interact with other paramagnetic centers in the

PANI-PTSA/P3DDT/PCBM composite, their spin-lattice

relaxation strongly accelerates and becomes more

temperature-dependent (Fig. 26). It is once more evidence of

the exchange between polarons stabilized in neighboring

polymer chains. Figure 26 demonstrates then T1 tends to T2

at high temperatures. This is typical for organic systems of

lowed dimensionality and can be explained by the defrosting

of macromolecular dynamics.

So, light excitation of P3DDT/PCBM bulk heterojunc-

tions in the PANI-ES/P3DDT/PCBM composites leads to

charge separation and transfer from a P3DDT chain to a

methanofullerene molecule. This is accompanied by the

excitation of two paramagnetic centers with clearly resolved

LEPR spectra, namely, the positively charged polaron P•þ
2 on

the polymer backbone and the negatively charged radical

anion mC•�
61 located between polymer chains. Both radicals

are spatially separated due to fast 1D diffusion of the former,

so that they become non-interacting. Polarons P•þ
2 moving in

P3DDT solitary chains interact with P•þ
1 ones stabilized on

neighboring PANI-ES chains due to overlapping of their

wave functions. Such interaction is governed mainly by

nanomorphology of PANI-ES subdomains and defines insu-

lating and conducting forms of PANI-SA and PANI-PTSA,

respectively. Spin exchange and transverse relaxation of

polarons is governed by 1D activation hopping P•þ
2 along

P3DDT chains and strongly increase as PANI-SA polymer is

replaced by PANI-PTSA one in the triple composite. Spin-

lattice relaxation of polarons stabilized in PANI-PTSA is

also accelerated by their exchange interaction with guest

spin ensemble. Paramagnetic susceptibility of these polarons

is realized according the model of exchange coupled spin

pairs differently distributed in appropriate polymer matrices.

This deepens overlapping of wave functions of these charge

carriers and leads to the increase in the energy barrier which

overcomes the polaron under its crossing through a bulk

FIG. 26. Temperature dependence of spin-lattice, T1, and spin-spin, T2,

relaxation times determined for polarons P•þ
1 stabilized in the PANI-PTSA

backbone and respective PANI-PTSA/P3DDT/PCBM composite. Dashed

lines connecting the experimental points are painted arbitrarily.
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heterojunction. It is evident that separate EPR investigation

of spin properties of domestic and photoexcited paramag-

netic centers in the polymer/polymer/fullerene composite

and its ingredients may give a possibility to control its tex-

ture and other structural properties over the entire range of

temperatures studied. This means that spin charge carriers

photoinitiated in the P3DDT-PCBM system act as a nano-

scopic probes of the polaron dynamics in the PANI matrix.

The data obtained for such model system can contribute to

open new horizon in creation of flexible and scalable organic

molecular devices with spin-assisted electronic properties.

Our results suggest an important role played by interchain

coupling of different spin charge carriers on a handling of

charge transfer in bulk heterojunction, PANI-ES/P3DDT/

PCBM. There seems to be several ways for the charge dy-

namics operation in this composite. The main way is the

interaction of different spin reservoirs above mentioned.

Photoinitiation of additional spins seems to handle charge

transport more delicate that is a critical strategy in creating

systems with spin-assisted charge transfer.

V. CONCLUDING REMARKS

The data presented show the variety of electronic proc-

esses, realized in polyanilines, 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 spinless non-linear excitations may exist as

charge carriers in PANI-ES. The ratio of these carriers

depends on various properties of the polymer and dopant

introduced into it. With the increase of doping level the tend-

ency of collapse of polaron pairs into diamagnetic bipolaron

is observed. Doping process leads to the change of charge

transfer mechanism. Conductivity in neutral or weakly doped

samples is defined mainly by interchain charge tunneling in

the frames of the Kivelson formalisms, which is character-

ized by a high enough interaction of spins with several pho-

nons 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 VB and CB. Therefore, complex

quasi-particles, namely, the molecular-lattice polarons can

be formed in some matrices because of libron-phonon inter-

actions analogously to that it is realized in organic molecular

crystals. It should be noted that because polyaniline, as other

conducting polymers, have a priori a lower dimensionality

as compared with molecular crystals, dynamics of its charge

carriers is appeared to be more anisotropic. In heavily doped

samples the dominating is the interchain Mott charge trans-

port, 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 to obtain qualitatively new

information on spin carrier and molecular dynamics as well

as on the magnetic and relaxation properties of polymer sys-

tems. The data obtained under study of organic conducting

polymers allow us to establish the correlations between dy-

namics, electronic and structural parameters of these systems

which can be used for controllable synthesis of various or-

ganic novel devices with optimal properties. Since coherent

spin dynamics in organic semiconductors is anisotropic, our

strategy seems to make it possible obtaining complex corre-

lations of anisotropic electron transport and spin dynamics

for the further design of progressive molecular electronics

and spintronics.
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APPENDIX: EXPERIMENTAL

1. Sample preparation

Powder-like PANI-SA was synthesized by polymeriza-

tion via a modification of the general oxidation route with

(NH4)2S2O8 in 1.0 M hydrochloric acid which was doped

into aqueous solution of sulfuric acid with an appropriate

pH value.268 The doping level y¼ [S]/[N] was determined

on the base of elemental analysis. PANI-HCA was synthe-

sized by the chemical oxidative polymerization of 1 M aque-

ous solution of polyaniline sulfate in the presence of 1.2 M

ammonium persulfate at 278 K.269 Film-like high-molecu-

lar-weight polyaniline270,271 synthesized in Durham at

248 K was used as an initial material for PANI-ES doped

with CSA and AMPSA as films of �50 lm thick which

were cast from m-cresol or dichloroacetic acid solutions

onto Si wafers and allowed to dry in air at 313 K.270,272 The

doping levels y¼ [A]/[N]; A � acid, N � nitrogen site,

ranging between 0.4 and 0.6 were achieved by the stoichio-

metric addition of acid to polymer. As this process occurs in

solution, the doping achieved is both homogeneous and

reproducibly stoichiometric. It was studied also powder-like

initial Ormecon PANI-PTSA with y¼ 0.5 doping level, 30%

crystalline volume fraction and RT dc conductivity of

7.5 S/cm.51 In the study of spin-assisted charge transfer in

organic two-spin-system this powder-like polymer was

mixed in chlorobenzene with heterojunctions formed by

soluble regioregular P3DDT and PCBM taken at a 1:1 wt.

ratio with concentration ca. 1 wt. %.
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2. Sample characterization

a. EPR spectroscopy

The growth of sensitivity and resolution of EPR method

should, in principle, be realized at transition to stronger mag-

netic fields and higher registration frequencies.,81,212 Indeed,

the minimal number of registered spins Nmin, i.e., the sensi-

tivity of the method depends on operating frequency xe as

Nmin /x�a
e , where a¼ 11/4, assuming constant both a B1

value and a sample size, taking into account the fact that the

resonator size is inversely proportional to xe, and consider-

ing only resistive losses in the cavity.81 In practice, however,

this relation is not fulfilled for high-field/high-frequency

EPR spectrometers, depending on their modification, experi-

mental conditions, and properties of a sample, e.g., size, con-

ductivity, and polarity.81 The spectral resolution of EPR

method is characterized by dB/B0 ratio, where dB is the mini-

mal splitting between two lines registered. This expression is

conveniently written as dB/B0ffiDg/ge where Dg is the dif-

ference in g-factors of different paramagnetic centers with

equal linewidth. The magnetic resonance condition (2)

implies that these values depend linearly on registration fre-

quency xe. It should, however, be emphasized that such sim-

ple relation cannot be realized in practice for some radicals

whom magnetic resonance and relaxation parameters contain

field-dependent terms, variously called g-strain and

A-strain,273 limiting increase in resolution at higher registra-

tion frequency. EPR measurements were mainly performed

using X-band (3-cm, 9.7 GHz) PS-100X, Q-band (8-mm,

36.7 GHz), and D-band (2-mm, 140 GHz) EPR5-01 (Ref.

274) spectrometers with maximal MW power of 150, 50, and

20 mW, respectively, and 100 kHz field ac modulation for

phase-lock detection. Quartz tube with a sample placed in

the center of the MW cavity was blown with dry nitrogen

gas which temperature was controlled within the 90–340 K

region using calibrated Cu/Cu:Fe thermocouple with high

sensitivity (15 mkV/K at 20 K) and stability (0.5 K) situated

near the sample. The signal-to-noise ratio of EPR spectra

was improved by signal averaging at several (typical 4 – 6)

acquisitions. The total spin concentration in the samples was

determined using Cu2S04.5H2O single crystal standard,

whereas Mn2þ with geff¼ 2.00102 and a¼ 87.4 G was used

for the determination of g-factors as well as for the magnetic

field sweep scale calibration at D-band EPR. Another single

microcrystal standard, diphenylpicrylhydrazyl (DPPH), with

giso¼ 2.00360 was used for estimation of g-factors at

X-band EPR. Absorption EPR spectra were doubly inte-

grated far from MW saturation conditions when the magnetic

term B1 of the MW field and amplitude Bm of ac modulation

in the cavity center did not exceed 5 lT and 0.1 mT, respec-

tively. All relaxation parameters of PC stabilized in the sam-

ples were determined separately using the steady-state

saturation methods.160,173

b. DC conductometry

The dc conductivity of the pellet-like low- or high-

conductive samples was measured at 6–300 K temperature

region in an inert atmosphere using the two- or forth-probe

methods, respectively.124 In order to increase the sensitivity

of the method, differential “active” scheme was appeared to

be more suitable. Such scheme used for the study of PANI-

based sensors for solution components is shown in Fig.

27.238 PANI-EB was besieged from appropriate solution

onto two identical silicon transistor structures KT827 (analog

of 2N6057) with “active” and “passive” connection and an

insulating plate with two copper electrodes spaced by a

1 mm-wide gap. Both so prepared sensors were connected by

a differentiating circuit with a multystage amplifier.

Relatival sensor was placed into a pure solvent, whereas

metrical one—into a solution of the sample under study. The

resulting signal was measured as difference between

responses of these sensors.
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FIG. 27. “Passive” (a) and “active” (b)

differential schemes used for the

response of PANI-EB-based sensors on

Si-transistors for solution components.
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