
PHYSICAL REVIEW B 15 JUNE 1997-IIVOLUME 55, NUMBER 24
EPR and charge-transport studies of polyaniline
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The study of dc and microwave~140 GHz! electrical conductivities using multifrequency electron-spin
resonance in undoped and HCl-doped polyaniline is reported. The accidental quasi-three-dimensional~3D!
charge hopping between the pinned and mobile small polarons dominates the bulk conductivity of the emer-
aldine base form of polyaniline. The increase in mobility and the number of excitations upon light doping of
the polymer leads to the isoenergetic interpolaron charge hopping between the polaron and bipolaron states. 1D
variable-range hopping of a charge between conducting islands, which correlates with a superslow torsional
dynamics of the polymer chains, dominates bulk conductivity of heavily doped polyaniline at low tempera-
tures. Intrinsic microconductivity is determined by the interaction of the charge with the lattice phonons at high
temperatures. Following Epstein and MacDiarmid we propose that emeraldine salt of polyaniline represents a
1D disordered conducting compound consisting of metal-like islands of well coupled chains with 3D delocal-
ized charge carriers.@S0163-1829~97!00524-9#
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I. INTRODUCTION

The electronic and magnetic properties of disorde
quasi-one-dimensional~1D! semiconductors have been e
tensively investigated over the past decades.1–5 The organic
conducting polymers, the electrical conductivity of whic
can be varied up to the metallic state by doping in the ra
of more then ten orders of magnitude, is the most interes
class of 1D materials.2 In contrast to usual semiconductors,
charge is transferred by the nonlinear topological excitati
formed in the chains as a result of Peierls instabilit3

namely, solitons intrans-polyacetylene~trans-PA! and po-
larons or bipolarons in poly(p-phenylene! ~PPP! and other
PPP-like polymer semiconductors.4 The specific nature o
such carriers is the reason for unusual charge transpor
havior of these organic conducting polymers.

Polyacetylene, the simplest conducting polymer, w
studied thoroughly.5–7To explain the experimental results o
the temperature, pressure, and frequency dependencie
electrical conductivity of the lightly dopedtrans-PA, Kivel-
son proposed a model,8 which assumes interchain transpo
as charge hopping between neutral and charged soliton s
at isoenergetic levels. This model was then successfully u
by Epstein6 for the interpretation of charge transfer in light
doped trans-PA samples. As the doping level increase
isoenergetic charge hopping is replaced by tunneling or h
ping between neighboring highly conducting islands9 in the
framework of the Sheng’s10 and Mott’s variable-range
hopping11 ~VRH! models. The highest room-temperatu
~RT! conductivity of 105 S/cm was achieved for iodin
doped and stretch-orientedtrans-PA.12 However, this value
is by one to two orders of magnitude lower than that p
dicted by Kivelson and Heeger for a metal-like clusters in
polymer.13

The electrical and magnetic properties of doped PPP-
polymers are generally similar to those oftrans-PA.2,14,15In
550163-1829/97/55~24!/16233~12!/$10.00
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contrast with PA, these polymers do not possess a degen
ground state16 and, therefore, they are not expected to a
commodate single solitons. However, Bre´das et al.17 have
shown that soliton-antisoliton pairs in the form of polaro
and bipolarons could be stabilized in doped PPP. Moreo
Kivelson proposed18 that the isoenergetic charge transf
might be important not only for it trans-PA, but also fo
another conducting polymers possessing solitonlike exc
tions. Indeed, Kuivalainenet al.19 have shown that the abov
mechanism plays an important role in both dc and mic
wave ~25 GHz! conductivities of lightly doped PPP. As in
the case oftrans-PA, the VRH was shown experimentall
~see, e.g., Refs. 19–22! to be mainly applied also for an
interpretation of the conducting properties of different me
ally and highly doped PPP-like polymers.

In contrast withtrans-PA and PPP-like conducting poly
mers, the chains of polyaniline~PANI! contain nitrogen het-
eroatoms involved in a conjugation.15 Moreover, benzene
rings of PANI can rotate or flip, modulating strong electro
phonon interactions.23 This results in somewhat of a differ
ence in magnetic and charge-transport properties of PA
compared with other conducting polymers. An analysis
experimental data on the temperature dependencies o
conductivity, thermoelectric power, and Pauli-like suscep
bility allowed MacDiarmid, Epsteinet al.24 to show that the
emeraldine base form of PANI~PANI-EB! is a completely
amorphous insulator in which 3D granular metal-like clust
are formed in the course of its transformation into the em
aldine salt form of the polymer~PANI-ES!. A more detailed
study of the complex microwave dielectric constant, EP
linewidth, and electric field dependence of conductivity
PANI-ES Refs. 20, 22, and 25 allowed them to conclude t
both chaotic and oriented PANI-ES consist of some para
chains strongly coupled into ‘‘metallic bundles’’ betwee
which 1D VRH charge transfer occurs and in which 3D ele
tron delocalization takes place. The intrinsic conductivity
16 233 © 1997 The American Physical Society
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16 234 55V. I. KRINICHNYI, S. D. CHEMERISOV, AND YA. S. LEBEDEV
these clusters was evaluated using Drude model
sac.107 S/cm,26 which was very close to the value expecte
by Kivelson and Heeger for the metal-like clusters in high
doped Naarmanntrans-PA.13 However, ac conductivity of
the sample does not exceeds.700 S/cm at 6.5 GHz.26

The macroscopic conductivity of the polymers often ma
reflect a superposition of several charge-transport proces
Therefore, intrinsic charge transfer along a chain is the m
difficult to examine by the usual experimental methods as
can be masked by interchain, interglobular, and other p
cesses. Inhomogeneities in structure and doping can a
contribute to this complexity. As nonlinear excitations po
sess an unpaired electron with spinS51/2, the magnetic
resonance methods, EPR and NMR, allow us to study s
carrier motions on the scale of even of a few polymer uni
One of the advantages of the methods is the possibility
determine the coefficient of spin diffusion along (D1D) and
between (D3D) polymer chains and thus the anisotrop
A5D1D /D3D of such a motion, even for a polymer with
chaotically oriented chains.

NMR and EPR study of PANI were performed by Mi
zoguchiet al.27,28 They found from the proton and electron
relaxation data thatD1D value is 1012–1014 rad/sec and
weekly depends on the polymer doping.D3D value of
PANI-ES was shown to depend on the doping and correl
with corresponding dc and intrinsic conductivities. This fa
was attributed to the existence of the conducting clusters a
solitary single polymer chains even in heavily doped PAN
This supposition corresponds to the data,29 but contradicts
with the concept of metal-like islands diluted in an amo
phous phase of the polymer.20 Therefore, the discrepancy
exists in interpretation of different experimental data co
cerning electronic processes in PANI.

We have shown earlier7,30 that the increase of the opera
tion EPR frequency up to 140 GHz (D band! allows us to
obtain more important information about conducting pol
mers. In this paper we present the first detailed results on
charge transport and magnetic studies of the PANI-EB a
HCl-doped PANI-ES that seems to avoid the above me
tioned discrepancy in the study of electronic processes
PANI. We studied temperature dependencies of dc and
trinsic microwave~140 GHz! conductivities, temperature de
pendencies of the spin relaxation times, and mobilities of t
pinned and mobile polarons. Furthermore, we tested the
plicability of the isoenergetic and VRH approaches for th
charge transport in PANI. Finally, the correlation of the ma
romolecular dynamics registered by using the saturat
transfer method and charge transfer process is analyzed.

FIG. 1. Schematic structure of~a! the emeraldine base form of
polyaniline ~PANI-EB!, and ~b! the fully doped emeraldine salt
form of polyaniline in the polaron lattice state~PAN-ES!.
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show the existence in PANI of polarons with different rela
ation and mobility. The charge in undoped PANI is tran
ferred mainly by small mobile polarons. The conductivity
lightly doped PANI is determined by the isoenergetic cha
hopping between the polaron-bipolaron pairs. This transp
mechanism is replaced in heavily doped PANI-ES by the
variable-range hopping of the charges between the metal
clusters and their 3D VRH transfer in the clusters. So
results on undoped and sulfuric-acid31 and HCl32 doped
PANI have been briefly reported previously.

II. EXPERIMENTAL METHODS AND RESULTS

A. Preparation of the samples

PANI-EB @Fig. 1~a!# was synthesized by the chemic
oxidative polymerization of 1 M aqueous solution of poly-
aniline sulfate in the presence of a 1.2 M ammonium pers
fate at 278 K.33 In order to transform the PANI-EB form
~sample I! to PANI-ES with a different doping levely equal
to the number of the dopant molecules per polymer unit@Fig.
1~b!# the equal parts of the resulting sample were doped
equalibrating with a HCl solution of appropriatepH values
for two days and subsequently dried for one day in vacuu
The doping levels (y 5@Cl#/@N#5 .0.01,.0.03, 0.22, 0.41,
and 0.50 for the samples II-VI, respectively! were deter-
mined using the elemental analysis data.

B. dc conductivity

The dc conductivity of the pressed pellet as-prepa
samples were measured at a 77–340 K temperature re
using two- and four-points methods for high- and low
resistive materials, respectively. The macroconductivit
sdc of I-VI PANI samples are plotted in Fig. 2 as a functio
of temperature.

FIG. 2. Temperature dependence of the dc conductivity of
~1!, V ~2!, IV ~3!, III ~4!, II ~5! HCl-doped, and I~6! PANI powders
registered by four-~1-3! and two-probe~4-6! techniques. The
samples were pumped for ten hours before the experiment.
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55 16 235EPR AND CHARGE-TRANSPORT STUDIES OF POLYANILINE
C. Electron paramagnetic resonance

EPR measurements were performed usingD-band ~140
GHz! EPR5-01~Ref. 34! and X-band ~9.8 GHz! PS-100X
EPR spectrometers with a 100 kHz magnetic field modu
tion for a phase-lock detection. Total spin concentration
the samples was determined using an evacuated 1023 M
toluene solution of 2,2,6,6-tetramethylpiperidinyloxyl nitro
ide radical as a standard by double integration of th
X-band EPR spectra. Mn21 impurity in MgO powder with
geff52.001 02 anda587.4 G magnetic constants was used
theD band as a lateral standard for the determination of
g factor and the calibration of a magnetic field sweep sc
D-band EPR spectra were recorded for both imaginary
real terms of the total paramagnetic susceptibilityx in the
90–330 K temperature range. The error of the determina
of peak-to-peak linewidth,DBpp and g-factor values was
6231022 G and 6231024 at the X band, and
6531022 G and6331025 at theD-band EPR, respec
tively. The relaxation parameters of the paramagnetic cen
in the PANI samples were measured using the steady-s
saturation method described in detail earlier.7,30

Paramagnetic centers~PC’s! in PANI at theX-band dem-
onstrate a Lorentzian single symmetrical spectra theDBpp
value of which depends on both the doping level and te
perature@Fig. 3~a!#. The linewidth of PC in undoped an
lightly doped PANI is practically temperature independen
this wave band@Fig. 3~a!#, whereas this value of IV-VI PANI
samples demonstrates bell-type temperature dependence
some critical temperatureTc. 200 K. Such an extremality
becomes more evident at the growth ofy, especially for the
heavily doped PANI-ES. TheDBpp value was observed to
increase approximately linearly with temperature atT>Tc
and to decrease at lower temperatures.

In addition to the unresolved averaged hyperfine struct
the EPR spectrum of PANI indicates also a hyperfine in
action of a small part of the spins with both hydrogen a
nitrogen nuclei. As an example, the central regions of
second derivatives of theX-band absorption signals of IV
and VI PANI-ES samples are presented on Fig. 4. In the
sample an unpaired electron interacts with four nea
equivalent neighboring hydrogen atoms of the lateral b
zoid circles possessing nuclear spinI51/2 and with the cen-
tral nitrogen nucleus withI51 resulting for the appearanc
of the equidistant well resolved lines with the relative inte
sities of 1:5:11:14:11:5:1@Fig. 4~b!#. In addition to these
nuclei, an unpaired electron in sample VI interacts also w
the fifth nonequivalent hydrogen nucleus located atN atom.
This leads to the appearance of an additional splitting in
spectrum@Fig. 4~a!#. The measured constants of hyperfi
interaction of an unpaired electron withH andN atoms and
calculated spin densities on their nuclei are summarize
Table I.

The typicalD-band absorption and dispersion EPR sp
tra of PC in PANI-EB and PANI-ES samples are shown
Fig. 5. At this waveband the PANI EPR spectra beca
Gaussian with a higher linewidth compared with t
X-band spectra as it occurs in the case of other conduc
polymers.7,30 In the dispersion spectra of undoped and ligh
doped PANI the bell-like components are registered. T
appearance of such a components is attributed to the effe
-
n

ir

t
e
e.
d

n

rs
te

-

t

ith

e,
r-
d
e

st
y
-

-

h

e

in

-

e

g

e
of

adiabatically fast passage of the separated and saturated
packets by a modulating magnetic field discussed below

The plots ofDBpp versus temperature and doping lev
for PANI samples are shown in Fig. 3~b!. As in the case of
X band,DBpp depends on both temperature and conductiv
of the sample, however, with a higher susceptibility to bo
parameters.

III. DISCUSSION

A. Electron paramagnetic resonance results

The computer simulation showed thatD-band EPR spec-
tra of the undoped and lightly doped polymers presented
Fig. 5~a! consist of two spectra attributed to PCR1 andR2

FIG. 3. The plots of the peak-to-peak linewidth of theX-band
~a! andD-band~b! EPR in-phase absorption spectrum of param
netic centers in I~1!, II ~2!, III ~3!, IV ~4!, V ~5!, and VI ~6! PANI
samples versus temperature.
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likely stabilized in PANI-EB and PANI-ES traces in th
former, respectively. RadicalR1 demonstrates the strongl
anisotropic spectrum with the canonic compone
gxx52.005 22,gyy52.004 01, andgzz52.002 28 ofg tensor,
and hyperfine coupling constantAzz522.7 G. RadicalsR2
are registered atg'52.004 63 andgi 52.002 23. Assuming
Axx5Ayy512.5 G for PC in the pernigraniline base35 and the
McConnell proportionality constant for the hyperfine inte
action of the spin with a nitrogen nucleusQN523.7 G~Ref.
36! the spin density onN nucleus rN

p(0)5(Axx1Ayy

1Azz)/(3QN)50.62 can be estimated. Using the above m
tioned values of theg-tensor components,ge52.002 32 for a
free electron andlN equal for 14N to 9.4 meV~Ref. 37! the
energies of the lowest induced electron excitative transiti
have been calculated from the relation36

gxx,yy2ge5
gerN

plN

DEi j
~1!

FIG. 4. The center section of theX-band in-phase second ha
monic absorption spectra of VI (a) and V (b) HCl-doped PANI
powders registered at room temperature. The hyperfine struct
constants of the hyperfine interaction of an unpaired electron w
H (aH) andN (aN) nucleus, and the position ofg factor of free
electron (ge52.002 32! are shown.

TABLE I. The hyperfine interaction constantai ~in Gauss! and
spin densities onH and N nuclear r i ~in 1023) of the PANI
samples. Note that ther values were calculated using the McCo
nell relation a5Qr(0) andQ proportionality constant equal to
22.5 and 23.7 G~Refs. 36 and 37 forH andN atoms, respectively
The values calculated for the centralH atom are marked by the*
symbol.

Samples
Value I II III IV V VI

aH 4.1 3.1 2.8 0.24 0.14 0.053
aH* 0.0095
aN 1.4 1.0 0.92 0.076 0.046 0.018
rH 182 138 124 107 6.22 2.36
rH* 0.422
rN 59.1 42.2 38.8 3.21 1.94 0.760
s

-

s

to be DE153.77 eV andDE256.17 eV. The RT relative
concentration ratio of PCR1, n1 /(n11n2) is equal approxi-
mately to 0.3 and decreases with the temperature and do
level increase. RadicalR2 in the sample VI demonstrates th
axial-symmetric spectrum with g'52.003 38 and
gi52.003 61@Fig. 5~d!#. It is necessary to note that the re
placement ofg'.gi inequality by an opposite one at th
PANI doping increase fromy 50 up toy> 0.2 evidences for
the restructuring of the polymer lattice associated with
percolation process. As the averagedg factor, ^g&1
5 1

3(gxx1gyy1gzz) of R1 is approximately equal to that o
radicalR2, ^g&25

1
3(2g'1gi), one can conclude that radica

R1 is polaron pinned on the polymer chain, whereasR2 is the
same nonlinear excitation moving along the chain with
minimum rate38

n1D
0 >

~gxx2ge!mBB0

h
, ~2!

wheremB is the Bohr magneton,B0 is the strength of the
external magnetic field, andh is the Planck constant. So the
n1D
0 >5.53107 sec21 was obtained for the heavily dope
PANI-ES sample. The linewidth of the perpendicular co
ponent of RT bothX- and D band spectra for radicalR2
changes withy. This fact can be associated not only with th
increase in the charge carriers mobility but also with t
decrease of a spin density on the nitrogen atom and with
change of the polymer chains conformation. The transfer
tegral I C2N between nitrogenpz and carbonpz orbits at the
para-position of benzene rings of PANI has anI C2N}cosu
dependency from ring-N-ring dihedral angleu, typical for
other hydrocarbons.39 Takingu556° for PANI-EB,40 the ef-
fectiveu andrN

p~0! values were calculated from Eq.~1! to be
33° and 0.42, respectively. Such an angleu decrease leads to
the increase in the spin density on benzene rings due to

es,
th

FIG. 5. D-band in-phase absorption~a,d!, in-phase dispersion
~b!, andp/2-out-of-phase dispersion (c) spectra of I~a–c! and VI
~d! PANI samples registered at room temperature in an inert at
sphere. The simulated spectrum of the paramagnetic centersR1 ~a!
and the spectra registered at 200 K~c,d! are shown by dotted lines
The componentsu3

x andu3
y of thep/2-out-of-phase dispersion spec

trum ~c! and the componentsgi andg' of the paramagnetic center
R2 ~d! are shown as well.
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55 16 237EPR AND CHARGE-TRANSPORT STUDIES OF POLYANILINE
increase ofI C2N integral. Therefore, the above mention
change in magnetic parameters can signify the higher
delocalization along the polymer chains and a higher c
ductivity of PANI-ES due to a more planar conformation
its chains.

The increase in the operating magnetic field stren
should lead to the drastic decrease of exchange interac
between neighboring paramagnetic centers.41 Therefore, the
transition from theX-band toD-band should lead to the satu
ration of individual spin packets42,43 at sufficiently low ra-
diofrequency power. This effect was observed in our c
@Figs. 5~b,c!# and does not register earlier in a study of d
ferent conducting polymers at lower magnetic fields. In g
eral, the equation for the first derivative of dispersion sig
U can be written as43

U85u1~vmt !1u2sin~vmt2p!1u3sin~vmt2p/2!, ~3!

wherevm is the angular frequency of modulation magne
field. vmT1.1 inequality is realized for the initial and low
doped PANI samples, therefore their dispersion spectra
istered at an adiabatic fast passage of the saturated spin
ets are determined mainly by the two last terms of Eq.~3!
@Figs. 5~b! and 5~c!, respectively#. Figure 6 presents the tem
perature dependencies of the effective spin-latticeT1 and
spin-spinT2 relaxation times of these samples determin
separately from the analysis ofu2 andu3 components’ inten-
sities of their dispersion spectra according to the method
scribed earlier.7,30 These dependencies show that the rel
ation times are drawn together as the sample doping l
increase indicating the intensification of an interchain c
pling during this process.

Both the intensity and the shape of the dispersion sig
U depend not only on a spin exchange and on an elec
relaxation but also on a comparatively slow macromolecu
reorientation in the samples. In the framework of the satu

FIG. 6. Temperature dependence of the effective spin-lat
T1 ~open points! and spin-spinT2 ~shaded points! relaxation times
of the paramagnetic centers in the initial I~1! and in the II~2! and
III ~3! HCl-doped PANI samples.
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tion transfer~ST-EPR! method44 the correlation time of the
latter process,tc varies from approximately 1027 sec up to a
maximum value

tc
max5

2

3p2T1ge
2B1

4

sin2Qcos2Q~B'
22Bi

2!2

B'
2 sin2Q1Bi

2cos2Q
, ~4!

wherege is the hyromagnetic ratio for electron,B1 is the
amplitude of magnetic component of a polarizing radiof
quency field,Q is the angle between the directions of a
external magnetic fieldB0 and a molecularx axis of a radi-
cal, andB' andBi are the low- and high-field spectral com
ponent arrangements along the scanning field, respectiv

Earlier we have shown30 that the correlation time of the
spin and therefore the chain reorientations near the poly
x axis can be calculated in the framework of the ST-E
method analyzing the shape ofp/2-out-of-phase dispersion
signal, i.e., theu3

x/u3
y ratio @Fig. 5~c!# from the equation

tc
x5t0S u3xu3yD

2m

. ~5!

Figure 7 presents the Arrhenius dependence of the corr
tion time tc

x53.531025exp~0.015 eV/(kBT), sec of macro-
molecular librations in the initial PANI samples, determin
from its ST-EPR spectra by using Eq.~5! with
t055.431028 sec andm54.8. Similar dependencies wer
also obtained for II and III samples.tc

max, calculated using
Eq. ~4! with Q545°, B150.1 G,34 gxx andgzz values mea-
sured forR1 center, is equal to 1.331024 sec and corre-
sponds tou3

x/u3
y50.22 @see Eq.~5!# at 125 K.

In order to interpret electron spin relaxation in I-III PAN
samples we assumed that polarons diffuse along the poly

e

FIG. 7. Temperature dependence of the ratiou3
x/u3

y given from
the p/2-out-of-phase dispersion spectrum presented in Fig. 5~c!
~points!. The logarithmic dependence of this ratio on the correlat
time tc

x55.431028(u3
x/u3

y)24.8 sec ofX-anisotropic polymer chain
librations is shown by a solid line.
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chains and hop between them, respectively, with the
constants ofD1D8 andD3D . The spectral density function o
this motion is30

J~ve!5nf~ve!( i j , ~6!

wheren5n11n2 /A2 is the total concentration of the rad
calsR1 andR2 with, respectively,n1 andn2 spin concentra-
tions per one monomer unit, the Furier fluctuation pow
spectrum for 1D spin motionf(ve) is equal to45

(2D1D8 ve)
21/2 at D1D.ve.D3D and to (2D1D8 D3D)

21/2 at
ve→0, D1D8 54D1DNp

22 , Np is the length of a spin delocal
ization on the polaron repeating units,ve is the angular fre-
quency of the spin precession, and( i j is the powder aver-
aged lattice sum. Note, that the analogous power spec
was used also by Mizoguchiet al.27 in the investigation of
spin dynamics in PANI samples. The electron-spin rel
ation is determined mainly by a dipole-dipole interaction b
tween radicals of different mobility possessing spinS51/2,
therefore, we can write for the spin relaxation rates37,46

T1
215^v2&@2f~ve!18f~2ve!#, ~7!

T2
215^v2&@3f~0!15f~ve!12f~2ve!#, ~8!

where ^v2&50.1ge
4\2S(S11)n( i j is the averaged sum o

the spin dipolar interaction for powder.
Figure 8 shows the temperature dependencies ofD1D and

D3D calculated at averaged47 Np.5 from Eqs.~7! and ~8!
using the data for the samples I-III presented in Fig. 6. Th
constants were obtained to beD1D.1011 rad/sec and
D3D.108 rad/sec at room temperature. The first value
lower by approximately two orders of magnitude than th

FIG. 8. Temperature dependence of in-chain diffusionD1D

~open points! and interchain hoppingD3D ~shaded points! rates
of mobile paramagnetic centers in the initial I~1! and in the II~2!,
III ~3! HCl-doped powder PANI samples determined using E
~6!–~8!.
te

r

m

-
-

e
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t

earlier reported fory<0.05 PANI sample27 but considerably
higher thann1D

0 calculated above.

B. Conductivity and charge transport in undoped PANI

Instead of the dependencesdc(T)}T
13.5 typical for

trans-PA,6 PANI-EB demonstrates some stronger tempe
ture dependence,sdc(T)}T

22 at high temperatures~Fig. 2!.
The slope of this dependence is approximately the sa
evaluated from the high-temperature data for PANI-EB
ported earlier by Zuoet al.48 and seems to be too strong
describe the charge transfer in this sample as isoenerg
interpolaron hopping.8 Attempts to analyze quantitativel
conductivity data of the low-conductive PANI samples in t
framework of Mott’s VRH conventional model11 for disor-
dered semiconductors always resulted in quite unreason
values for Mott’s parameters, in contrast to the heav
doped case.49 So another conduction mechanism should
motivated.

The interchain ac conductivity of the initial PANI-EB
sample can be calculated from the data presented in Fig.
using the following well known equation:

sac~T!5
Ne2D3Db

2

kBT
, ~9!

whereN is the volume concentration of the mobile spin e
citations andb is the interchain distance in the sample. Fi
ure 9 shows the temperature dependence ofsac calculated
from Eq.~9! with N59.531017 cm23 andb54.39 A31 com-
pared with the experimentalsdc(T)51.4310264T22 one of
the sample. These dependencies are quite similar at lea
theT>Tc.200 K temperature region. It is evident that the
are two temperature regions divided by the critical tempe

.

FIG. 9. Temperature dependencies of the ac~1! conductivity of
I PANI-EB sample determined using Eq.~9! and data presented in
Fig. 8, and dc~2! one. ac conductivities calculated from Eq.~10!
with s051.331028 S/~cm eV!, hnph50.017 eV, andEH50.073
eV ~dashed line! and Eq.~11! with s0514.5 S eV/cm,EH50.073
eV andEa50.40 eV~solid line! are shown as well.
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ture Tc5hnph/kB ~herenph is the 2kF optical phonon fre-
quency! with different slopes of the functionssac(T). Such a
behavior can be explained by a pure distance depen
charge carriers hopping at temperaturesT<Tc and by both
their energy and distance dependent hopping atT>Tc in the
framework of the model of ‘‘small polaron’’ tunneling.50 For
ac conductivity this model yields

sac~T!5s0FkBT1
4EH

ln~2nph/ne!
lnS 12

kBT

EH
ln
2nph
ne

D G
~10!

at T<Tc and

sac~T!5
s0

kBT
expS 2

Ea1EH

kBT
D ~11!

at T>Tc , whereEH andEa are the hopping and activatio
energies. The temperature dependencies ofsac calculated us-
ing Eq. ~10! with s051.331028 S/~cm eV!, hnph50.017
eV, EH50.073 eV, and Eq.~11! with s0 514.5 S eV/cm,
EH50.073 eV, andEa50.40 eV are traced in Fig. 9. Th
figure evidences for well experimental and theoretical d
correlation, therefore one can conclude that the charges
transferred in the sample mainly by mobile small polaro
Note, that a similarsac(T) functions were obtained earlie
for undoped PANI~Ref. 48! at comparatively low registra
tion frequencies and for lightly doped poly~tetrathi-
afulvalenes!30,50 at different operating frequencies. To co
firm the above supposition the electric field dependence
the sample dc conductivity would be additionally analyze

C. Conductivity and charge transfer mechanism
in lightly doped PANI

In order to explain experimental data on conductivity
lightly doped PANI samples, the model of isoenerge
phonon-assisted charge hopping between soliton bo
states proposed by Kivelson for charge transfer intrans-PA
~Ref. 8! may be used. Later he pointed out18 that such a
process might also be relevant in the other 1D semicond
tors in which the charge is transferred by solitonlike exci
tions or even incis-PA with lightly nondegenerate groun
states. In this case the charge hopping would occur betw
bound soliton-antisoliton pairs such as polaron-bipola
ones.

It is well known that the behavior ofsdc(T) dependence
of PA results from the coupling of solitons to the optic
phonons which modulate the system dimerization. Since
quinoid-benzoid transition in organic conducting polymers
also strongly modulated by the optical phonons, the temp
ture dependence of charge transfer between the polaron
PANI is expected to be similar to that calculated f
trans-PA,8 sdc(T)}T

n, wheren is a constant equal approx
mately to 10. As in the case of intersoliton hopping proce
the activation energy for interpolaron charge transfer is sm
enough due to a permanent number of polarons and b
larons in the system. In contrast to the charge carriers
trans-PA, however, both polarons and bipolarons a
charged, so then one can write Kivelson’s equations for
and ac electrical conductivities as19
nt

a
re
.

of
.

f

nd

c-
-

en
n

e
s
a-
in

s,
ll
o-
in

c

sdc~T!5
k1e

2g~T!j^yi&
kBTR0

expS 2
2k2R0

j D , ~12!

sac~T!5sdc~T!1
e2Ni

2j i
3j'

2 ^y&ne
k3kBT

F ln 2ne
g~T!^y&G

4

, ~13!

where k150.45, k251.39, and k35384 are constants
g(T)5g0(T/300 K)n11 is the transition rate of a charg
between polaron and bipolaron states,^y&5ypybp(yp
1ybp)

22, yp andybp are the concentrations of polarons a
bipolarons, respectively,j5(j ij'

2 )1/3, j i , and j' are, re-
spectively, the average, parallel and perpendicular de
lengths of a polaron or bipolaron wave function, a
R05(4pNi /3)

21/3 is the typical separation between charg
impurities, dopants whose concentration isNi .

If the conductivity is dominated by interpolaron hoppin
sdc(T) should follow sdc(T)}T

n power law, according to
Eq. ~12!. Such a behavior is really observed for the light
doped PANI samples~Fig. 2!. Therefore, one may state tha
sdc(T) obtained for these samples better follows theTn law
predicted by Eq.~12! than Mott’sT21/2 one.

The concentration of mobile spins in II PANI sample
yp51.231024 per two benzoid rings. Therefore, taking in
account that each bipolaron possesses dual cha
ybp52.331023 and ^y&54.631022 can be obtained. The
concentration of impurity isNi52.031019 cm23, so then
R0522.8 A is obtained for this polymer as well. The prefa
tor g0 in Eq. ~12! is evaluated from thesdc(T) dependence
to be 3.531019 sec21. Assuming spin delocalization ove
five polaron sites47 along the polymer chain with a lattic
constantci59.50 A,25 j i511.9 A is obtained as well. The
decay length of a carrier wave function perpendicular to
chain can be determined from the relation8

j'5
b

ln~D0 /t'!
~14!

where 2D0 is the band gap andt' is the hopping matrix
element estimated as51

t'
25

\4vph
3 D3D

2pEp
expS 2Ep

\vph
D , ~15!

where Ep is the polaron formation energy andnph is the
phonon frequency. Using 2D053.8 eV,52 typical for
p-conjugated polymersEp.0.1 eV,51 D3D53.63108

rad/sec determined from experiment,nph54.231012 sec21

obtained below,t'57.131023 eV, j'50.79 A, andj52.0
A are obtained for II PANI sample. The similar procedu
gives ^y&57.931022, g052.131017 sec21, j'50.87 A,
and j52.1 A for the III PANI sample withyp51.131023

andybp51.231022.
The conductivities of II and III PANI samples were ca

culated from Eq.~12! to be sdc(T)52.3310244T15.2 and
sdc(T)51.2310234T12.1, respectively. Figure 10 show
these dependencies in comparison with an experimen
determined functions.sac(T) calculated using Eq.~9! with
N5Ni and data presented in Fig. 8 and those calculated
ing Eq. ~13! with n515.2 andn512.1 respectively, for II
and III samples are shown in this figure as well. As it can
seen from Fig. 10~a! there is insufficient coincidence of th
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theory and experiment in case of II PANI sample. Moreov
the prefactorg0 determined for this polymer is higher b
approximately two order of magnitude compared w
g051.231017 sec21 estimated by Kivelson fortrans-PA.8

The better fitting of an experimental data to the Kivelso
theory is realized in the case of III PANI sample@Fig. 10~b!#
for which the value of prefactorg0 is approximately the
same as that fortrans-PA. It can be explained by the increas
of number and mobility of the mobile charge carriers
higher doped polymer that leads to the increase of a p
ability of charge hopping between the chains. Therefo
charge transport in an initial polymer is determined by

FIG. 10. Temperature dependencies of ac~1! and dc~2! conduc-
tivities of II ~a! and III ~b! HCl-doped powder PANI-ES sample
determined using Eq.~9! and the data presented in Fig. 8. The so
lines show ac and dc conductivities calculated using Eqs.~12! and
~13! with n515.2, ^y&50.046,j'50.79 A, g053.531019 sec21

~a! n512.1, ^y&50.081, j'50.87 A, g052.131017 sec21 ~b!,
j i511.9 A, andne5140 GHz.
,

b-
,
e

mobility of small polarons. This process is replaced by
isoenergetic charge hopping between the polaron sites a
optimum polymer doping. At lower oxidation of the samp
charge transfer is probably realized in the framework of b
superposing mechanisms.

D. Conductivity and charge-transport mechanism
in heavily doped PANI

Studying dc conductivity and thermoelectric power Wa
et al.20,22have found that the charge-transport mechanism
PANI-ES samples of different doping levels seems to be
variable-range hopping at low temperatures. They have
sumed that crystalline fraction of the samples consists
‘‘bundles’’ of well-coupled chains with 3D extended ele
tron states. Since such domains may be considered
large-scale clusters of chains, 1D charge transfer betw
them seems to dominate in the macroscopic conductivity
the polymer. A similar charge transport is probably realiz
in the heavily doped PANI-ES samples under study.

Figure 11 shows that dc conductivity of IV-VI PANI-ES
samples follows well Mott’sT21/2 law for 1D VRH charge
transport,11,53

sdc~T!5k1n0e
2
n~«F!T0

^L&T
expF2S T0T D 1/2G , ~16!

where k151.8 is a constant,n0 is a jump rate prefactor
n(«F) is the density of states at the Fermi level«F ,
T0516/@kBn(«F)^L&3# is the percolation constant or effec
tive energy separation between localized states dep
ing on the degree of disorder in amorphous regio
^L&5(L iL'

2 )1/3, L i , and L' are the averaged length o
charge wave function localization and its projections in p
allel and perpendicular directions, respectively.T0 values
evaluated from the slopes of thesdc(T) dependencies~Fig.

FIG. 11. The dependence of thesdcT product versusT21/2 for
VI ~1!, V ~2!, and IV ~3! HCl-doped PANI-ES samples.
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11! and the averaged localization lengths^L& of a charge in
the samples determined fromn(«F) are presented in Tabl
II. Using the method proposed by Wanget al.,22 L i andL'

components of̂ L& value are obtained as well~Table II!.
Prefactor n0 is calculated using Eq.~16! to vary in
(3.424.8)31012 sec21 region that is near to
n051.631013 sec21 evaluated from the data obtained b
Wang et al.20 for PANI-ES. So then the phonon frequenc
can be obtained from the equationnph5kTc /h54.231012

sec21 to fall into the region forn0 determined above.
As dipole interaction between the spin packets stron

increases at polymer doping due to formation of the me
like clusters, therefore an effective relaxation time of P
becomes considerably smaller thenvm

21 , so that the sensi
tivity of the saturation methods to a spin relaxation and
namics decreases. In this case the charge mobility in h
conductive PANI-ES can be evaluated from the analysis
the polymer absorption line containing a Dyson54 contribu-
tion. As one can see from Fig. 5~d!, the asymmetry of an
absorption line of the heavily doped PANI-ES sample
changed with temperature demonstrating the Dyson be
ior. This fact indicates the decrease of a thickness of s
layer d on the polymer surface due to the growth of t
clusters’ intrinsic conductivity as it occurs in some inorgan
substances55 and organic single crystalline56 and
polymeric30,57,58conductors.

Figure 12 representssac(T) dependencies of the meta
like clusters in some PANI-ES samples determined acco
ing to the method proposed by Wilamowskiet al.55 for
amorphous semiconductors of lower dimensionality from
well known equation

d5
c

A2pvesac

. ~17!

The figure exhibits a maximum ofsac51.23104 S/cm lying
near the critical temperatureTc.200 K determined above
for the samples of lower doping levels. Maximumsac is
higher by approximately two orders of magnitude then t
determined by Jooet al.26 at 6.5 GHz for PANI-ES doped by
camphor sulfonic acid up toy 50.50. This evidences add
tionally for 1D electron localization~semiconductive behav
ior! atT<Tc and its 3D delocalization~metallic behavior! in
the clusters at higher temperatures. It is important to n

TABLE II. The percolation constantT0 ~in 103 K!, spin con-
centrationN ~in 1019 spin/cm3), the density of statesn(«F) at the
Fermi level «F ~in eV21mole21), the averaged̂L&, parallel L i ,
and perpendicularL' lengths~in A! of charge wave function local
ization in the PANI samples.

Samples
Value I II III IV V VI

T0 10.2 3.76 1.65
N 0.20 0.37 2.1 18 76 153
n(«F) 0.6 1.7 3.8
^L& 20.2 19.1 19.2
L i 71 69 70
L' 11 10 10
y
l-

-
h-
f

v-
-

d-

e

t

te

that the temperature dependencies of thermoelectric po
S, sac, and D3D of some conducting polymers reporte
earlier,20,28,59T2, andD3D for PANI-EB andDBpp(T), pre-
sented in Figs. 3 and 8, demonstrate a similar tempera
behavior at the same temperature region.

Figure 12 shows that at the low temperature region, wh
T<Tc , sac(T) dependence follows to Mott’s VRH law11,53

sac~T!5
2

3
p2e2n2~«F!^L&5kTneF ln vph

2pne
G4, ~18!

whereas atT>Tc the conductivity is determined by phono
scattering according to the undimerized SSH model propo
for intrinsic conductivity intrans-PA and other conducting
polymers,13,60

sac~T!5
e2vphMt0

2

2p\2ca2sinhS \vph

kT D , ~19!

whereM is the total mass ofCH group,c is the elemental
cell constant, anda is the electron-phonon coupling con
stant. As it is seen from Fig. 12, Eqs.~18! and ~19! well
approximate thesac(T) dependence experimentally obtaine
for VI PANI-ES at ^L&516.4 A, c59.50 A,25 and a54.1
eV/A.13 Therefore, we can conclude that in PANI-ES char
carriers variable-range hop at low temperatures and are s
tered on lattice optical phonons when the phonon ene
becomes comparable withkBT>kBTc .

Aasmundtveitet al.61 have shown thatX-band linewidth
and consequently the spin-spin relaxation rate of PC in PA
depend directly on its dc conductivity. The comparison
sac(T) andDBpp(T) functions presented in Fig. 12 demon
strate the additivity of these values at least at theT>Tc
region. Besides, Khazanovich62 have found that spin-spin re

FIG. 12. Temperature dependencies of the intrinsic conducti
sac of the VI ~1! and V ~2! HCl-doped powder PANI sample
determined from their EPR line asymmetry and Eq.~17! ~points!,
and those calculated from Eq.~18! with ^L&516.4 A ~dashed line!,
and from Eq.~19! with ci 59.50 A, anda54.1 eV/A. For the
comparison the temperature dependence ofDBpp value for the VI
PANI-ES polymer given from Fig. 3~a! is also shown by blacked
out points.
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laxation depends on the number of spins on each poly
chainNs and on the number of neighboring chainsNc with
which these spins interact as follows:

T2
215

4^v2&
5n0Ns

F21lnS n0
ne

D118lnNcG . ~20!

Using T251.731027 sec, ( i j51.231045 cm26, and
n054.231012 sec21 determined from experiment, a simp
relationNc.55exp(Ns) of these values is obtained from E
~20!. This means that atL i570 A at least seven interactin
spins exist on each chain as a spin packet and interact
Nc.20 chains, i.e., spin and charge 3D hopping does
exceed a distance of more than 3b,L' .

The spin motion and the intrinsic conductivity of th
sample depend also on the macromolecular dynamics,
cause the interaction of the spins and charge transfer inte
can be modulated by PANI lattice librations as it has h
pened in other organic crystalline semiconductors.63 One can
see from Figs. 7 and 12, that thesac(T) dependence for the
clusters follows@tc

x(T)#21 one for the polymer chain libra
tions at least atT<Tc .

64 This means that the lattice libra
tions indeed modulate the interacting spin exchange and
sequently the charge transfer integral. Assuming that pola
is covered by both electron and excited phonon clouds,
can propose that both spin relaxation and charge tran
should be accompanied with the phonon dispersion. S
cooperating charge-phonon processes seem to be more
portant for the doped polymers the high-coupled chains
which constitute 3D metal-like clusters.

The velocity of the charge carriers at the Fermi lev
vF52ci/@p\n(«F)# is equal to 2.53107 cm/sec for highly
doped PANI-ES, so that the rate of the interchain cha
hopping can be determined asD3D5vF /L'52.431014

rad/sec, which gives@see Eq.~9!# sac51.33104 S/cm at
L'510 A ~see Table II! andTc.200 K. The conductivity
obtained is close to the ac conductivity evaluated from E
spectra of the sample~Fig. 12!. This fact confirms addition-
ally the existence of metal-like clusters with three dime
sionally delocalized electrons in PANI-ES. Therefore,
can calculate the effective mass of charge carries from
relation65m*5(3p2N)1/3\vF

21 , equal approximately to two
free electron masses. The mean free pathl i of the carriers is
calculated for this sample65 l i5sacm* vF /(Ne

2) to be as ap-
e
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proximately long as 80 A atTc . This value is somewha
smaller than that estimated for orientedtrans-PA,13 but how-
ever evidences for extended electron states in this polyme
well.

Thus, the combination of EPR and transport studies c
firm the model of 3D electron delocalization in the metal-li
clusters and makes it possible to establish the relations
tween structural and electronic properties of the clusters
spite of the PANI-EB chain conformation differing from tha
of other polymers, PANI becomes more planar~see Sec.
III A ! and conductive during the doping and thus becom
better comparable to other polymers.

IV. CONCLUSION

The data obtained by both high-frequency EPR and e
tron transport methods show that in undoped PANI
charges are transferred mainly by small polarons, the h
ping probability of which strongly depends on the latti
phonon energy. In lightly doped PANI the distribution of si
energies is narrowed compared withkBT. This leads to a
domination of isoenergetic charge hopping in the polym
so that bothsdc(T) and sac(T) can be described by th
modified Kivelson’s model proposed for charge transfer
tween solitary chains in lightly doped conducting polyme

As the doping level increases and as the percolation t
sition takes place the conducting single chains become c
tallization centers for the formation of the massive metal-l
clusters. This process is accompanied by the increase o
electron-phonon interaction, crystalline order, and interch
coupling. The latter factor plays an important role in t
stabilizing of the metallic state, when both 1D electron
calization and ‘‘Peierls instability’’ are avoided. Beside
charge transfer is modulated by the macromolecular lib
tions in PANI-ES, the chains of which are strongly coupl
and form metal-like clusters with three dimensionally de
calized conducting electrons. This is in agreement with
metal-like ‘‘bundles’’ concept, but contradicts the existen
of solitary conducting chains in PANI-ES.
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