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An experimental study of the temperature- (T-) dependent dc and audio-frequency conductivity
(o) as a function of protonation level (0.0 ~ x —= [H+]/[N] ~ 0.08) of emeraldine polymer is present-
ed. The dc conductivity varies from 10 ' S/cm for x =0 to 10 S/cm for x =0.08 and is propor-
tional to exp[ —(Tv/T)'~ ] with Tv decreasing with increasing x. The temperature-dependent au-
diofrequency f (10' —10' Hz) conductivity varies as f' with s-0.9 for x =0, decreasing with in-
creasing x. For frequencies greater than 10' Hz the dielectric constant agrees with the T-
independent dielectric constant measured by microwave techniques. At lower frequencies and high
temperatures the dielectric constant increases. A Cole-Cole analysis shows the presence of primari-
ly a single thermally activated relaxation process in these materials with a dispersion in relaxation
rates. These results are discussed in the context of models for dc and ac transport in polymers, with
results supporting hopping of charge among positively charged polaron and bipolaron or neutral de-
fect {polaron) states in the emeraldine polymer. A simple analysis yields estimates of 3.7 X 10 ' bi-
polarons per polaron in the x =0 system, increasing with protonation to 7 ~ 9X10 for x =0.08.

I. INTRODUCTION

Mechanisms of charge conduction in conducting poly-
- mers have been of interest since the report of p and n

doping of polyacetylene to the metallic state. ' The
presence of localized electronic states of energies less
than the band gap arising from changes in local bond or-
der, including the formation of solitons, polarons, and bi-
polarons have lead to the possibility of new types of
charge conduction present in these polymer systems.
As a function of degree of p- or n-type doping the room-
temperature conductivity of polyacetylene can be varied
from 10 ' S/cm to 10 S/cm. ' For lightly doped
trans-polyacetylene a novel electron hopping conduction
model involving hopping among soliton states' was in-
voked to account for some of the unusual ac-conductivity
results' for this polymer. This model required the pres-
ence of mobile neutral solitons. More usual variable-
range-type hopping models' ' were applied to more in-
sulating and disordered forms of polyacetylene as well as
to the trans-polyacetylene itself. ' ' Doping polyace-
tylene to a level of 0.01—0.04 dopant ions per carbon
atom lead to conductivities in the range of 10 ' —10+
S/cm. Models that have been applied include variable-
range hopping among states near the Fermi energy, '

thermal activation of charge carriers to band-edge
states, ' diffusion of charged solitons, ' and the in-
terchain hopping of correlated soliton pairs. At yet
higher doping concentrations (y )0.05) where the densi-
ty of states becomes metal-like and the conductivity be-

comes much more metallic, ' ' ' ' ' models of a gap-
less incommensurate Peierls semiconductor and a tran-
sition to a polaronic metal have been suggested. Most
recently, use of a catalyst with additional reducing agents
has led to a form of polyacetylene that, when doped with
iodine, has conductivities up to 10 S/cm at room temper-
ature. ' '" The origin of this high conductivity may lie in
quasi-one-dimensional nature of the polymer electronic
structure. '

The polyaniline family of polymers has recently
been the subject of intensive study. The emeraldine-base
(EB) form of the polymer, illustrated in Fig. 1(a), differs
substantially from earlier studied polymers in several im-
portant aspects. First, it is not charge-conjugation sym-
metric; that is, the Fermi level and band gap are not
formed in the center of the ~ band so that the valence
and conduction bands are very asymmetric. Conse-
quently, the energy-level positions of doping-induced
and photoinduced absorptions differ substantially
from those in charge-conjugation-symmetric polymers
such as polyacetylene, polypyrrole, and polythiophene. '

Second, both carbon rings and nitrogen atoms are within
the conjugation path, forming a generalized "A-8" poly-
mer. " Thus, the emeraldine polymer differs substantially
from polypyrrole and polythiophene, whose heteroatoms
do not contribute significantly to the ~-band formation.
Third, the emeraldine base form of polyaniline can be
converted from an insulating (conductivity cr —10
S/cm) to a "metallic" state [cr(295 K) —5 S/cm] if pro-
tons are added to the —N= sites while the number of
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FIG. 1. Schematic illustration of (a) erneraldine base polymer

(unprotonated); (b) polaron lattice on emeraldine salts polymer
(fully protonated, x =0.5).

electrons in the chain is held constant. ' ' ' For ex-
ample, exposure of the emeraldine base polymer to a pro-
tonic acid such as HC1 causes a transformation to the em-
eraldine salt (ES) form of polyaniline, Fig. 1(b). The salt
polymer exhibits metallic properties including Pauli sus-
ceptibility, a metallic thermopower, and a free-carrier
absorption typical of a metal. ' ' It was proposed
that the transformation to the metallic state was due to
formation of a polaron lattice in the material in subse-
quent agreement with band-structure calculations.
Partial protonation leads to phase segregation between
protonated and unprotonated regions, ' especially
for x )0.1.

There has been increasing interest in the temperature
and composition behavior of the conductivity of polyani-
line and in the mechanisms of this conduction. Most
studies have focused on the transport properties of the
heavily protonated emeraldine salt materials. ' A
recent detailed study of Zuo et al. " of the T dependence
of ad„ the electric field dependence of o., and the T
dependence of the thermopower as a function of protona-
tion level (0.13~x ~0.5) of emeraldine polymer estab-
lished the first systematic evidence for the formation of a
granular polymeric metal. That is, within this protona-
tion regime the charge conduction is dominated by the
phase segregation into primarily protonated and unpro-
tonated regions leading to the importance of mechanisms
such as charging-energy-limited tunneling. The con-
ductivity of the metallic emeraldine salt polymer is sensi-
tive to the environmental humidity. Frequency-
dependent conductivity studies in the frequency range
10' —10' Hz (Refs. 59 and 60) demonstrated that the pri-
mary effect of moisture is on the barriers between the
small metallic polymeric polymer grains. There are fewer
studies of ' of charge conduction in the more insulating
forms of polyaniline. Frequency-dependent conductivity
measurements of partly protonated emeraldine were
proposed to support the presence of an interpolaron hop-
ping mechanism similar to the intersoliton hopping
mechanism proposed earlier by Kivelson. ' However,
the limited composition range studied did not allow an
adequate test for the model.

In view of the varying crystallinity and long-range or-

der, the physics of disordered materials is likely impor-
tant for interpretation of transport data. Given the limits

of applicability of the numerous idealized models pro-
posed for electronic states and transport in materials with

disorder, the phrase "textured metallic islands" was in-

troduced to describe results of microwave-frequency
(6.5 X 10 Hz) studies of the more highly conducting em-
eraldine compositions. This phase reflects qualitatively
the delicate interplay between order, delocalization,
Coulomb interaction, and temperature.

We report here the results of an extensive study of the
temperature dependence of the dc and ac (10'—10 Hz)
conductivity of the emeraldine polymer protonated in the
range 0 x 0.08. Our results are inconsistent with a
Kivelson-type interpolaron hopping between polaron and
bipolaron sites. It is proposed that the dominant mecha-
nism involves pairwise hopping of charges among pola-
ron and bipolaron sites in the primarily "unprotonated"
regions of the emeraldine base polymer.

In Sec. II we present a su~mary of the experimental
techniques used as well as sample preparation methods.
Section III is a presentation of our experimental results
which are discussed in Sec. IV. A summary of our results
are presented in Sec. V.

II. EXPERIMENTAI. TECHNIQUES

The ac- and dc-conductivity studies were carried out
on both powders and films of emeraldine protonated to
the appropriate level with nearly identical results. The
emeraldine films were prepared from chemically syn-
thesized emeraldine base in aqueous acetic acid solution
and subsequently treated with HC1 of appropriate pH to
achieve the protonation level desired. ' ' The powders
were synthesized by previously described chemical tech-
nique. The pressed pellet samples were compressed us-
ing a pressure of 15 Kpsi to obtain a sample of typical
thickness of 0.5 mm. In the typical experimental
configuration 1-cm-diam circular gold coatings were eva-
porated on opposite sides of the sample to act as elec-
trodes. A gold-coated guard ring was also used to elimi-
nate possible fringe effects. Conductivity data were ac-
quired using a General Radio capacitance conduction
bridge Model H21 in its three-terminal configuration.
The dc conductivity was measured using a high-input-
impedance Keithly model 617 electrometer on the same
sample. For all data presented here, the samples were
pumped for a minimum of several hours to eliminate the
effects of any absorbed moisture. Temperature control in
the range 78 & T & 375 K was provided by a Delta
"oven" model 5900.

III. EXPERIMENTAL RESULTS

We present here the temperature dependence of the dc
conductivity, audio-frequency conductivity, and audio-
frequency dielectric constant for samples of composition
x =0.0 (EB), 0.017, and 0.08. Experimental results for
different samples of the same nominal composition. were
very similar. The dc conductivity is strongly T depen-
dent and varies in both magnitude and temperature
dependence with composition. In order to enable com-
parison to the numerous models for transport in materi-
als with disorder, the dc and ac data are presented in
several formats. The Arrhenius plot, Fig. 2(a), is a mod-
estly good fit to the data for the emeraldine base sample,
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especially at the higher temperatures. With increasing
protonation the degree of curvature at low temperatures
increases. For the x =0.0 and 0.017 protonated samples,
the high-temperature slope of log&oo. d, versus T ' are
large with an activation energy E, -0.5 eV (Table I) and

—Ea0 dc 0 OCXp
B

A better overall At to the dc conductivity is obtained
using the variable-range-hopping formalism

9eNQ
0 dc 2

8 I,T

1/2

U „exp[ —(To/T)'~ ],
where

TQ— 16

kB XO(Z

Here Xo is the density of states at the Fermi level, U h is aph
(phonon) attempt frequency, and a is a three-
dimensionally averaged characteristic decay length for
the localized sites involved in the variable-range hopping.
To facilitate comparison, the dc-conductivity data are re-
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TABLE I. Protonation dependence of conduction for emeraldine polymer.

Protonation
level

0.0
0.017
0.08

o. ,(300 K)
(S/cm)

9.5 X 10
1.6X10-'
2.0X 10

e(300 K)
{10 Hz)

10.2
42
370

(eV)

0.56
0.38
0.13

El
(eV)

0.46
0.35

Tp
(K)

1.87X10"
6.15 X10'
4.20 X 10

22
17
9.6

0.96
0.87
0.70

a
np

per ring

2.0X10-'
3.3 X10-'
6.7X10-'

11bp /np

3.7X 10
1.1X10-'
7.9X10 '

'References 43 and 45.
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plotted in Fig. 2(b) as T'~ ad, versus T '~ . The nearly
linear curves indicate a good fit to the data with a
composition-dependent To, Table I.

It is well known that analysis of dc conductivity is
often not unique. For example, we show in Fig. 2(c) a
plot of log&OO d versus 1og,oT. The results indicate that a
power-law behavior, o.d, = AT", also provides a reason-
ably good fit to the data with n varying with sample corn
position as sumxnarized in Table I.

Experimental ac conductivity for the emeraldine base
sample is given in Fig. 3, together with the corresponding
imaginary part of the conductivity measurements

displayed as the dielectric constant derived from the ac-
tual measured capacitance of the sample. At lowest tem-
peratures, the conductivity varies as o„=Bf', with
s -0.98 and temperature independent. At lower frequen-
cies, an additiona1 contribution to the conductivity can
be seen to become increasingly important as the tempera-
ture is increased. The 10-Hz conductivity is in good
agreement with the measured dc conductivity. At low
temperatures the dielectric constant is frequency in-
dependent. At the higher temperatures studied, the
dielectric constant for highest frequency approaches the
low-temperature dielectric constant while at lower fre-
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FIG. 5. (a) log, pa vs log, pf at constant temperature for em-
eraldine polymer protonated x =0.08; (b) real part of the dielec-
tric constant, e vs log&cf at constant temperature for emeraldine
polymer protonated to x =0.08.
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quencies there is an increasing contribution to the dielec-
tric constant. For all temperatures and compositions
studied, the 10 -Hz dielectric constant approaches that
measured at 6X10 Hz. A Cple-Cole analysis6s, 66 of
the real and imaginary parts of the impedance can be
done, Fig. 3(c). The nearly complete semicircle demon-
strates an absence of contact effects and is reminescent of
a simple Debye model for noninteracting dipoles, al-
though the incomplete nature of the semicircle indicates
a dispersion in the relaxation rates, with an o. similar to
the a noted in the log, oo.„-versus-log, + plot. The
characteristic relaxation time ~ obtained from the Cole-
Cole plot is temperature dependent. Assuming a simple
Arrhenius expression for w [Fig. 3(c) inset],

~1
7 =1"oexp (4)

b

we find that for emeraldine base ~o=1.6X10 ' s and
E,'-0. 5 eV.

Similar experiments have been performed for samples
of composition x =0.017 (Fig. 4) and 0.08 (Fig. 5), with
fitting parameters obtained summarized in Table I.

IV. Dj:SCUSSION

The origins of the conductivity and dielectric response
in undoped and lightly doped emeraldine are of interest,
especially in the context of the role of polaron and bipola-
ron defect states in this system. Although qualitatively
o.d, and o.„appear similar to those of other insulating
materials, quantitatively the data are quite different from
those reported for trans-polyacetylene, ' cis-
polyacetylene, NH&-compensated polyacetylene, and
amprphpus silicon &s, &6 It had been suggested that the
conductivity of lightly protonated emeraldine could be
described by a slightly modified Kivelson model; that is,
the interpolaron hopping between polarons and bipola-
rons. An important aspect of the original intersoliton
hopping model' is the isoenergetic nature of the hop.
The temperature dependence of the hopping conductivity
is controlled only by a phonon distribution whose tem-
perature dependence is the transition rate y(T) indepen-
dent of soliton concentration. According to Kivelson,
y(T) 0: T". This temperature dependence is independent
of dopant concentration in the relevant regime for trans-
polyacetylene. ' In Fig. 2(c) od, of the emeraldine sam-
ples studied is plotted on a log-log plot. While the con-
ductivity of each of the samples can be fitted to a power
law, T", it is clear that n decreases rapidly with protona-
tion. Hence, the proposed generalization of the Kivelson
intersoliton hopping model to form an interpolaron hop-
ping model is not appropriate for the unprotonated and
lightly protonated emeraldine samples. Similarily, the
change in temperature dependence of the dc conductivity
with protonation argues against the applicability of a
model in which individual polarons hop independently of
each other.

Qualitatively dc conductivity rellects behavior often at-
tributed to variable-range hopping. Earlier studies of the
magnetic susceptibility of emeraldine with protonation

4~ nJ e
E

3g P g 2
0 rplp coo

(5)

where n =x is the number of polarons per ring, V the
volume per ring, m* the polaron effective mass, and coo

the polaron pinning frequency. For x =0.08 using
V=125 A and e =be=(10.4 —5.3)=5.1, and m&*-, 50
m„we obtain coo/2vr=7. 7X 10' Hz or a pinning ener-

gy of 0.3 eV, in reasonable agreement with a pinning en-
ergy of 0.35 eV obtained from analysis of the
microwave-frequency dielectric-constant results and in
accord with the amplitude-mode —formalism ' analysis of
the photoinduced and dopant-induced infrared activity in
emeraldine. Thus the polarons in emeraldine are sub-
stantially more pinned than the solitons in polyace-
tylene.

The increase in dielectric constant at low frequencies
and high temperatures show the presence of a second in-
dependent relaxation process. For emeraldine base, the
characteristic frequency of this process is thermally ac-
tivated with a thermal activation energy nearly the same
as the thermal activation energy obtained from parame-
trization of o.„,is an Arrhenius expression. Also, the ~o
obtained is a reasonable attempt frequency that might be
expected in a solid with Aipping rings. ' These results
suggest that this low-frequency dielectric process is, in
fact, the charge hopping between allowed sites in the po-
lymer.

The dielectric constant data can be used to estimate the

showed that the number of Cure-like spins (presumably
positively charged polarons, see below) increases with
protonation from —1 per 500 rings to —1 per 150 rings
as the protonation level was increased from emeraldine
base to x =0.02 —0. 1. Assuming the density of spins is
the density of states available, together with Eqs. (2) and
(3), a variation of localization length a with x can be es-
timated. Use of this a(x) together with the experimental
To(x) yields estimates of absolute conductivity incon-
sistent with the measured values. It is suggested, there-
fore, that a modification of variable-range hopping, for
example, extended pairwise hopping' may be more im-
portant in this system where they may be several different
kinds of distinct energy levels within the energy gap (see
below).

The Cole-Cole analysis of the ac conductivity shows
the presence of a Debye-like relaxation with a modest
dispersion in relaxation times. With increasing protona-
tion, the dispersion increases. The high-frequency and
low-temperature dielectric constants measured are in
agreement with results of microwave-frequency studies of
conductivity and dielectric constant in emeraldine.
The increase in magnitude of the frequency- and
temperature-independent component of the dielectric
constant with increasing x supports that it is the sum of
the dielectric response of the backbone emeraldine base
polymer plus a term related to the contribution of isolat-
ed polarons and bipolarons formed at these doping levels
oscillating about their pinning center. Assuming a pin-
ning model ' and averaging the dielectric constant over
three directions,
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distribution and types of sites in the system. From the
magnetic-susceptibility data ' the density of spins,
presumably positively charged polarons, in the polymer
varies from 1 per 500 rings for x =0.0 to 1 per -300
rings for x -0.02 to 1 per —150 rings for x -0.10. The
number of localized spins (polarons) created is much less
than the number of charges added through protonation
due to phase segregation into primarily protonated and
unprotonated regimes. ' It is expected in the actual
polymer, especially at low protonation levels when the
volume fraction of protonated phase is small, that some
isolated polarons would also form in the insulating phase
and that there is a disproportionation of some of the po-
larons to form bipolarons or other spinless charged de-
fects (such as —NH2+ —).

The presence of a few doubly charged bipolarons [or
even neutral defects (polarons) formed, for example,
through the destabilization of some quinoid groups to
form —N = based radicals ] among an array of singly
charged polarons provides a charge-transport mechanism
for the excess holes (e.g. , second positive charge of a bi-
polaron) hopping among the polaron sites. With each
hop a positive polaron P+ is converted to a doubly posi-
tive bipolaron BP +, while a BP + is transformed into a
P+. A classical dipole model may be used to estimate
the contribution to the dielectric constant of this polaron
hopping

4~ nz &b1 e L
eo A n~+nb~ kit T 1+co v

Here n is the number of polarons per ring of the poly-
mer, nb the number of bipolarons per unit length of the
polymer, 3 the cross-sectional area of bipolaron chain,
L the mean-square average hopping distance between
polarons. Assuming a density of one polaron per 500
rings (or an average 50 A apart) this equation can be
solved in the co ~ limit to give the fraction of bipolarons
in the polymer. The experimental low-frequency value of
e= 12 implies a concentration of approximately
3.7X 10 bipolarons per polaron for x =0 increasing to
approximately 1. 1 X 10 for the x =0.017 sample with
average separation between polarons of 42 A. These low

concentrations of bipolarons are reasonable in the con-
text of available data on the polymer. For x =0.08, use
of Eq. (6) (with an average separation between polarons
of 33 A) assuming negligible contribution from the isolat-
ed metallic islands being formed, gives a concentration
of 7.9 X 10 bipolarons per polaron. Thus, the dielectric
constant can be understood within a picture of three-
dimensional charge hopping among polaron sites. It is
noted that the near-identical value of e6'ective activation
energy obtained for ~ from dielectric constant and crd,
supports this picture.

With increasing protonation much beyond the x =0. 1

level, it is expected that the charge conduction becomes
dominated by interaction among the granular metal is-
lands formed. The bipolaron-polaron hopping conduc-
tion mechanism is quite general and may be appropriate
for other lightly doped nondegenerate conjugated poly-
mers, for example, polypyrrole and polythiophene.

V. SUMMARY

The experimental study of the O.d„o.„,and e„ for em-
eraldine base and lightly protonated emeraldine polymer
shows that the charge transport does not occur via the
usual mechanisms attributed to insulating materials. De-
tailed analysis of these data in the context of other data
for the polyaniline polymers supports the possibility of a
new mechanism for charge conduction, charge hopping
among fixed polaron states. This mechanism accounts
for the magnitude and temperature dependence of the dc
conductivity, frequency-dependent conductivity, and
frequency-dependent dielectric constant. The charac-
teristics of the model are such that it is likely applicable
to other nondegenerate polymer states, including po-
lypyrrole and polythiophene.
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