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ABSTRACT: We investigated the electrical-transport
properties of hydroiodic acid doped polyaniline in the
temperature range 77-300 K, applying magnetic field
strength to a maximum of 1 T in the frequency range 20
Hz-1 MHz. The direct-current conductivity was explained
by variable range hopping theory, and the direct-current
magnetoconductivity, which was positive, was interpreted
by orbital magnetoconductivity theory. The alternating-
current (ac) conductivity was found to follow the universal
dielectric response o'(f) oc f°, where &'(f) is the frequency-
dependent real part of the complex ac conductivity, f is the

frequency, and s is the frequency exponent. The trend in
the variation of s, the temperature dependence of the fre-
quency exponent, corroborated the fact that the correlated
barrier hopping was the dominating charge-transport
mechanism. The ac conductivity also showed a positive
variation with magnetic field, which could be interpreted
by this theory. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci
108: 2312-2320, 2008
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tric properties

INTRODUCTION

The growing applications for conducting polymers
in the form of batteries, electromagnetic interference
shielding, molecular sensors, nonlinear optical devi-
ces, and microelectronic devices'™® are the compel-
ling factors that have generated universal interest
among researchers for the in-depth study of con-
ducting polymers. Among the conducting polymers
that have been investigated, polyaniline (PANI) is re-
garded as a material having high potential commer-
cial applications because of its low production cost,
high environmental stability, and excellent electrical,
magnetic, and optical properties.”'* Pure polymers
can be classified as insulating or noncrystalline semi-
conducting materials with very low charge carrier
mobilities. Doping renders it a good conductor due
to the delocalization of charge and spin along the
backbone of the polymer.'”> The electrical conduc-
tivity of PANI is affected most by doping and me-
dium, and many investigations have been carried
out on doped PANI during the last few decades.
Kahol and coworkers®®* argued that quasi one-
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dimensional (1D) variable range hopping (VRH) was
responsible for conduction in doped PANI, whereas
Sanjai et al.?® observed three-dimensional (3D) VRH
conduction in unblended PANI but 1D VRH for
blended PANIL Ghosh et al.* claimed a transition
from 3D VRH Mott to Efros-Shoklovskii at low tem-
peratures. Wang and coworkers®?® were of the
opinion that 1D conduction is important for the sys-
tem with conducting chains totally isolated, but if
the bundles are coupled, the 1D VRH conduction is
not valid. They further established that for such a
system, the carriers undergo 3D delocalization. This
has given rise to a considerable controversy over the
applications of quasi 1D and 3D VRH models for
PANI samples. Only a more rigorous transport pro-
perty study on PANI with different dopants can do
away with such controversies over the electron-
transport mechanism in PANIL Although many
investigations on the structures and conduction
mechanisms have been done on HCI-, H,SO,-, and
HBF,;-doped PANI>™* very few works have been
done on hydroiodic acid (HI) doped PANI. Spectro-
scopic and electrical characterization on iodine-
doped PANI was investigated by Cao et al.*® They
studied the variation of direct-current (dc) conduc-
tivity with the amount of dopant. Park et al.*® also
reported the variation of room-temperature conduc-
tivity and thermoelectric power with iodine concen-
tration in PANIL Cruz et al.*’ synthesized iodine-
doped PANI by a plasma polymerization process
and studied the effect of relative humidity on the
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electrical conductivity. Zeng and Ko established
the relationship between the structure and conductiv-
ity. They also reported that iodine-doped PANI did
not absorb moisture readily in comparison with pro-
tonic acid doped PANL This property is favorable for
applications in microelectronic and nonlinear optical
devices. Therefore, a detailed electrical-transport
property study is essential on this system before we
can be sure about its applications. However, there
has been no such systematic study on the electrical
transport of iodine-doped PANI in the literature.

In this article, we present the detailed electrical-
transport properties, such as dc and alternating-
current (ac) conductivity, magnetoconductivity, and
dielectric response, of HI-doped PANI in the temper-
ature range 77-300 K.

EXPERIMENTAL
Sample preparation

The middle fraction of the pure distillate of aniline
(Merck, Mumbai/Kolkata, India) obtained by distil-
lation over zinc dust for the preparation of PANI
and distillate was collected and stored in a refrigera-
tor, whereas potassium iodate (Lab Chemicals Indus-
try, India), HI (55% Guaranteed Reagent; Merck,
Mumbai, India), and sodium thiosulfate (Qualigens,
India) were used as received.

The synthesis of the polymer was carried out in a
three-necked, round-bottom flask that was kept at a
constant temperature (0-30°C). Distilled water (22.5
mL), concentrated HCI (20 mL), and aniline (2.5 mL,
0.0275 mol) were put in the flask and stirred well;
purified N, gas was passed through the flask for
0.5 h. Potassium iodate solution (25 mL; 0.0055 mol
of KIO;) was added slowly with vigorous stirring by
a magnetic stirrer. The total volume of the reaction
mixtures was brought to 100 mL with distilled
water. Sodium thiosulfate (1 g) was added 0.5 h later
after volume make up. The precipitated PANI salt was
filtered after a specified time and then washed with
distilled water until a constant mass was reached.

The pristine PANI salt was converted into the
emeraldine base by treatment with 3% ammonium
hydroxide for 4 h. The base was then washed with
distilled water and dried at room temperature for
48 h under dynamic vacuum; it was then subjected
to doping with various concentrations of HI.

Techniques

Fourier transform infrared (FTIR) spectra were re-
corded on a Shimadzu (model 8400S) (Kyoto, Japan)
FTIR spectrometer in the range 450-4000 cm ™' with
KBr pellets. Thermal degradation studies were per-
formed under N, gas with a Shimadzu DT-30 instru-
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ment at heating rate of 10°C/min from room temper-
ature to 500°C. The electrical conductivity of the sam-
ples was measured by a standard four-probe method
after good electrical contact was ensured with a
highly conducting graphite adhesive (Electrodag
5513, Acheson, Williston, VT) and fine copper wires
as the connecting wires. The dc conductivity was
measured with an 8}-digit Agilent 3458A multimeter.
The temperature dependence of the conductivity was
studied with a liquid nitrogen cryostat. For the con-
trol and measurement of the temperature, we used a
ITC 502S Oxford temperature controller. The temper-
ature-dependent ac measurement was carried out
with a 4284A Agilent impedance analyzer with varia-
tion in frequency to a maximum of 1 MHz. To mea-
sure the dc and ac response, we prepared the sam-
ples as pellets 1 cm in diameter by pressing the pow-
der under a hydraulic pressure of 500 MPa. The
capacitance [C, (F)] and the dissipation factor (D)
were measured at various frequencies and tempera-
tures. The frequency-dependent real parts of the ac
conductivity [o'(f)] and dielectric constant [¢'(f)] were
calculated with the following relations: &'(f) =
2nfC,Dd/A and €'(f) = C,d/e,A, respectively, where
g, (dielectric permittvity in vacuum) is equal to 8.854
X 1072 F/ m; A and d are the area and thickness of
the sample, respectively; and f is the frequency (Hz).
The magnetoconductivity was measured in the same
manner by the variation of the transverse magnetic
field (magnetic field (B) < 1 T) with an electromagnet.

RESULTS AND DISCUSSION
Thermal properties

Thermogravimetric analyses (TGAs) of two represen-
tative samples, PANI and PANI-HI4, are given in
Figure 1. The mass loss of the PANI samples began
around 50°C and continued until around 175°C; this
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Figure 1 TGA curves of PANI and PANI-HI4.
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Figure 2 FTIR spectra of (a) PANI and (b) PANI-HI4.

was followed by a process of rapid mass loss up to
a temperature of 500°C. The initial mass loss was
due to the loss of water molecules, and the next
stage was due to the oxidative degradation of the
polymer in air. The sample PANI-HI4 showed a
similar type of thermal degradation. However, the
mass loss up to 205°C in this case was less than that
of PANI, which indicated a better stability for
PANI-HI4. The better thermal stability of PANI-HI4
could be explained by the dominancy of the benzi-
noid structure. Alternatively, the inferior thermal
stability of PANI was due to the presence of a qui-
noid ring in its structure.

FTIR spectral analysis

The FTIR spectrum of PANI (Emeraldine base) is
shown in Figure 2(a). The spectrum exhibited several
characteristics peaks at 3437, 2505, 1556, 1479, 1291,
1109, and 795 cm ™ '. These peaks were attributed to
the NH stretching of secondary amine,* NH*
stretching of amine,* quinoid ring stretching,***
benzenoid ring stretching,**> C—N stretching
band,* vibrations of the dopant anion,*"** and para-
disubstituted benzene,**® respectively. The peak
assignment revealed that the produced product was
PANI, and it had the following structure (B repre-
sents the benzinoid ring, and Q represents the qui-
noid ring):

— BN H—B—N"H—B—N=Q=N—

The FTIR spectrum of PANI-HI4 is shown in Figure
2(b). The increase in area under the peaks at 2505
and 1109 cm ™' and the decrease in peak area at 1556
cm ™! with respect to the spectrum of PANI indi-

cated the structural change in the polymer due to
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doping. The structure of HI-doped PANI may be
represented as follows:

—B—N"" H—B—N"H—B—N""H —B—N""H —

The TGA data (Fig. 1) showed a 2.5% weight loss
due to the removal of water from 50 to 175°C. Thus,
the water content of the sample PANI-HI4 was
2.5%. The FTIR spectra of the sample was taken with
KBr pellets. The KBr pellets were prepared by the
mixture of the sample with KBr (spectroscopic
grade) in a 1 : 100 weight ratio to get a clear spec-
trum. Thus, the water content in the KBr pellets was
less than 0.025%. The presence of a very small
amount of water in the KBr pellets was evident from
the small humps (weak peak) in the region 3650-
3750 and 1596 cm ™! in Figure 2. Because the water
content was very small, the area under the peaks
and the intensity of the peaks were low.

dc conductivity

The electrical dc conductivity [o(T)] for the different
HI-doped PANI samples was measured in the tem-
perature range 77-300 K. The room-temperature con-
ductivity (300 K) is listed in Table I, it varied
between 1.87 X 107> and 1.08 X 107° Q! ecm™".
Similar variations in conductivity with iodine con-
tent were observed by Zeng and Ko.*® They showed
that conductivity increased rapidly with iodine con-
tent and reached a maximum value of 1.83 X 107>
Q' cm™!. In our investigation, the rapid increase in
the conductivity of PANI-HI4 was due to the pres-
ence of more iodine in PANI when it was doped
with HI of higher concentration. Figure 3 shows the
temperature dependence of o(T) of different sam-
ples. The samples exhibited nonmetallic (semicon-
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TABLE I
Different Physical Parameters of the PANI Samples

Parameter PANI-HI1 PANI-HI2 PANI-HI3 PANI-HI4
x (N)? 0.5 1.0 2.0 2.5
6(300K) (Q 'em™) 1.87 X 107° 245 x 107° 2.87 X 107° 1.08 x 1073
P, 1.38 1.79 3.17 58.45
v 1/4 1/4 1/4 1/4
T, (K) 4.135 x 10° 2.997 x 10* 1.259 x 10° 3.479 x 10°
Lioe (A) 452.60 365.60 205.28 72.57
Ceat 249 x 1073 941 X 1072 2.14 x 107! 743 x 1071
N(Ep) (states/eV ™! cm™3) 4.839 x 10" 1.267 x 10" 1.703 x 10" 1.395 x 10"
T, (s) 7.01 X 1078 8.04 x 1078 9.42 x 1078 228 x 1077
W, (eV) 0.471 0.456 0.438 0.419
€or 124.69 95.86 48.42 35.10
€ 5071.65 1087.92 253.24 200.93
1 (s) 261 x107° 252 x10°° 1.46 X 1073 1.05 X 1072

2 Concentration of HI.

ducting) temperature dependence; that is, the con-
ductivity increased with increasing temperature. A
hopping-type temperature dependence for the con-
ductivity can be attributed to such a system. Accord-
ing to this model,**” the conductivity is given by

o(T) = GO(TO/T)l/Z exp[—(To/T)"] 1)

T, = 16/ [ksN(EF)Lioc) 2)
where v is the VRH exponent, which indicates the
dimensionality of the conducting medium; T, is the
Mott characteristic temperature; T is the temperature;
o, is the conductivity at an infinite temperature; kg is
the Boltzmann constant; N(Ef) is the density of states
at the Fermi level; and Lj,. is the localization length.
The possible values of y were 1/4, 1/3, and 1/2 for
the 3D, 2D, and 1D systems, respectively. We plotted
In[T"?6(T)] as a function of T~ /%, This plot exhib-

-3.04

ited a straight-line behavior for all of the samples, as
shown in Figure 3. From the slope of the straight
lines, the values of the parameter T, were evaluated
and are listed in Table I. The values of T, strongly
depended on the resistivity ratio [p, = (300 K)/
o(77 K), where (77 K) is the conductivity at 77 K],
and its value varied from 4.135 X 10° to 3.479 X 10°
K with the variation of p, from 1.38 to 58.45. There-
fore, it was concluded from the value of vy, which
turned out to be 1/4 for all of the samples, that
3D conduction hopping may have dominated for
these investigated samples in the temperature range
77-300 K.

Figure 4 shows the variation of magnetoconductiv-
ity with magnetic field of different samples at 200 K.
All of the samples showed positive magnetoconduc-
tivity, whereas the HCI- and H,SO,-doped PANI
showed negative magnetoconductivity.”® According
to VRH theory, conductivity in the presence of a
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Figure 3 Temperature dependence of the dc conductivity
of HI-doped PANI samples. The solid lines are fitted to

eq. (1).
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Figure 5 Frequency dependence of the ac conductivity of
PANI-HI3 at different temperatures.

magnetic field can be explained by two mechanisms,
such as the wave function shrinkage model’’™° and
orbital magnetoconductivity theory.*™® As per the
wave function shrinkage model, the application of the
magnetic field reduces the overlapping probability
between two sites, which results in negative magneto-
conductivity. However, orbital magnetoconductivity
theory takes into account the forward interference
among the random paths in the hopping process
between two sites spaced at a distance equal to the op-
timum hopping distance, and the theory predicts posi-
tive magnetoconductivity, which is expressed as™*®

o(B,T)/c(0,T) =1+ (CsatB/Bsat)/(1 + B/Bsat)  (3)

where o(B,T) is conductivity at magnetic field B,
c(0,T) is conductivity at zero magnetic field, By
(magnetic field at which the magnetoconductivity is
saturated) is equal to 0.7(h/e)(8/ 3)%/2(1/Lio2NT/T,)*
8 and C,, is a temperature-independent parameter.
Because the observed magnetoconductivities of the
investigated samples were positive, we analyzed the
measured data with the help of orbital magnetocon-
ductivity theory. The different points in Figure 4 are
the experimental data for different samples, whereas
the solid lines represent the best fits obtained from
eq. (3), with Cgy and Ly, taken as the fitting parame-
ters and with the value of T,, obtained from dc con-
ductivity data. As shown in Figure 4, it was evident
that the experimental data could well describe the
theory, as indicated in eq. (3). The best fitted values
of Lioc and Cgy are listed in Table I. Lj,. gradually
decreased with increasing p,. As the extent of disor-
der is generally characterized in terms of p,, the
higher value of p, implied the presence of more dis-
order in the samples, due to which the electronic
wave functions was localized within a small region,

Journal of Applied Polymer Science DOI 10.1002/app
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which led to the shortening of Lj,. with increasing
p,. With the values of T, and L, for different sam-
ples in eq. (2), the values of N(Er) were calculated
and are listed in Table L.

ac conductivity

The frequency-dependent conductivity of the investi-
gated samples were investigated in the frequency 20
Hz-1 MHz and in the temperature range 77-300 K.
It has been shown for many amorphous semiconduc-
tors or disordered systems that in addition to the dc
conductivity contribution (o), o'(f) follows so-called
universal dielectric response behavior, which can be
expressed as**”"%°

o'(f) = o4 + Oac(f) = 0ac + of° (4)

where o,(f) is ac conductivity, « is the temperature-
dependent constant, f is the measuring frequency,
and the frequency exponent s is less than or equal to
1. The measured data showed that at higher frequen-
cies, the conductivity followed the power law,
whereas at lower frequencies, the data bent away
from this dependence; this could be attributed to the
dc contribution. We calculated the frequency-depend-
ent part [c,(f)] by subtracting o, from o'(f). Figure 5
shows the variation of In[c,.(f)] with In(f) at different
temperatures for the sample PANI-HI3. Similar
behavior was observed for all other samples. The
value of s was calculated from the slope of In[c,(f)]
versus In(f) plot for different samples at each temper-
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Figure 6 Variation of frequency exponent s with tempera-
ture T of different HI-doped PANI samples.
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ature. The temperature dependences of s are shown
in Figure 6. As shown in Figure 6, it became evident
that the estimated values of s gradually decreased
with increasing temperature. Although the charge
transport of disordered systems is governed by two
physical processes, such as correlated barrier hop]ging
(CBH)®® and quantum mechanical tunnelling, 96l
this type of temperature dependency of the frequency
exponent s is only observed in the CBH model.”’
According to this model, s can be expressed as

s=1—6kT/[Wy — kTin(1/01,)] (5)

where W, is the effective barrier height at infinite
intersite separation, o is the ac frequency, and 1, is
the characteristic relaxation time. We are aware that
the model predicts both the temperature and fre-
quency dependence of s. For small values of W,,/ksT,
s increases with increasing frequency, but for large
values of W,,,/kgT, the variation of s is so small that it
is in effect independent of frequency.’" On the other
hand, we observed in our study that s was independ-
ent of frequency (Fig. 5). Therefore, the values of W,
and 1, were obtained by the best fitted parameters to
eq. (5) at a frequency of 1 kHz and are given in Table
L. Figure 6 shows that the experimental values of s
were in good agreement with the theoretical model.
Therefore, from the trend of variation of s with tem-
perature as presented in Figure 6, we concluded that
the ac conductivity in the investigated samples was
described by the CBH model.

Figure 7 shows the variation of ac conductivity
with temperature for the sample PANI-HI2 for dif-
ferent yet constant frequencies. The ac conductivity
increased monotonically with temperature and also
with increased frequency for all the investigated
samples. According to the CBH model,***¢" the
temperature dependence of o'(f) is expressed as o'(f)
oc T" where n = (1 — s) In(1/w1,) for the narrow
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band limit and n = 2 + (1 — s) In(1/w1,) for the
broad band limit. Figure 7 shows two types of slopes
throughout the investigated temperature range for
each frequency. We calculated the values of n from
the slope of the In[c’(f)] versus In T plot for each fre-
quency in the two temperature ranges. With increas-
ing frequency from 50 to 500 kHz, the values of n
varied from 0.56 to 0.1 in the temperature range 77—
150 K and from 5.03 to 2.78 in the temperature range
225-300 K. This indicated that n depended on fre-
quency as well as range of temperature. According
to the theory, the value of n also increases with tem-
perature (as s decreases with temperature) and
decreases with increasing frequency. We calculated
the values of n theoretically by taking t, = 8.04 X
107® s and the value of s of 0.39 for 300 K and 0.84
for 77 K for different frequencies. According to the
narrow band limit, the values of n varied from 2.25
to 0.84 for 300 K and 0.61 to 0.23 for 77 K with
increasing frequency from 50 to 500 kHz; on the
other hand, the values of n varied from 4.25 to 2.84
for 300 K and from 2.605 to 2.226 for 77 K with
increasing frequency from 50 to 500 kHz for the
broad band limit. We observed that the experimental
values were close to the values obtained from the
broad band limit in the temperature range 225-300
K, but at low temperatures (77-150 K), the values of
n were close to the values obtained from the narrow
band limit. Generally, the narrow band limit is ap-
plicable above room temperature; however, the
broad band limit was applicable below room tem-
perature. Hence below room temperature, the applic-
ability of narrow band limit led to the anomalous
behavior of n. Therefore, a more explicit study is
necessary to understand such anomalous behaviors
of n below room temperature for this system.

Figure 8 shows the variation in o'(f) with the
transverse magnetic field of the different HI-doped
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Figure 8 Magnetic field dependence of the ac conductiv-
ity of different samples at 200 K.
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PANI samples at 200 K. All of the investigated sam-
ples showed positive ac magnetoconductivity. There
is no theoretical model in the literature to explain
directly the behavior of ac conductivity in the pres-
ence of a magnetic field. Catalan®® pointed out that
magnetic field dependence dielectric response occurs
in materials in which a region exists with different
dc magnetoconductance responses. He explained the
magnetodielectric effects by using the Maxwell-
Wagner effect in combination with the dc magneto-
conductance for samples having a heterogeneous na-
ture, that is, a mixture of insulating and metallic
regions. The model consists of two leaky capacitors
in series with one of the leakage components being
magnetically tunable. If the conductance of any of
the layers is changed by a magnetic field, that will
affect the measured dielectric response. He also
pointed out that the sign of the magnetocapacitance
depends on the sign of the dc magnetoconductance
occurring at the interface or at the core. As o'(f) is
related to the dielectric response [c'(f) = 2nfC,Dd/
A], the application of a magnetic field also affects
the ac conductivity. As shown in Figure 4, the meas-
ured dc magnetoconductivity was positive, that is, of
same sign as that of the ac magnetoconductivity. On
the other hand, the 3D hopping of dc conductivity
suggested the presence of conducting islands
between the insulating matrix; that is, samples con-
tained regions of different magnetoconductance
responses, and the dielectric permittivity of the sam-
ples were also well explained by the Maxwell-Wag-
ner capacitor model (details later). Therefore, we
concluded that the observed influence of magnetic
field on the ac conductivity may have been due to
the combined effects of the dc magnetoconductance
and the Maxwell-Wagner effect.

Dielectric permittivity

The variation of €/(f) as a function of frequency is
given in Figure 9 for different samples at 200 K and
in the inset of Figure 9 for PANI-HI1 at different
constant temperatures. €'(f) approached a limiting
constant value at high frequencies; this arose from
rapid polarization processes occurring in the mate-
rial. The sudden increase in the value of €'(f) at low
frequency indicated the presence of a large degree of
dispersion due to charge transfer within the interfa-
cial diffusion layer present between the electro-
des.®*%* As shown in the inset of Figure 9, the rapid
increase in €'(f) occurred at high frequency with
increasing temperature. This was because the magni-
tude of the dielectric dispersion was temperature-de-
pendent. At lower temperatures, the freezing of the
electric dipoles through the relaxation process was
easier. So when dispersion was observed at lower
frequency but high temperature, the rate of polariza-
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tion was rapid, and this caused the relaxation at
high frequency. The effective dielectric permittivity
of inhomogeneous systems consisting of different
permittivities and conductivities is ;iven by the
Maxwell-Wagner capacitors model:*>~°

g(0) = ¢ (0) —ig" (o)
=ty + (& — &x)/(1 +iwT) —ic/® (6)

where ¢’(w) is the imaginary part of dielectric per-
mittivity, .. and &, are the dielectric permittivities at
infinite frequency and low frequency, respectively; 6
is the average relaxation time; and o is the dc con-
ductivity. In Figure 9, the points are the experimen-
tal data for the different samples, and the solid lines
are the theoretical values obtained from the real part
of eq. (6). As shown in Figure 9, the experimental
data were reasonably well fitted with the theory.
The best fitted parameters are shown in Table L
Generally, the resistance and capacitance of the
interfacial grain boundary (R, and C, respectively)
are larger than those of the grain (R, and C,, respec-
tively), that is, Ry > R, and Cg, > C,. Under these
conditions, the expressions for ¢.. and ¢, are reduced
to C;/Co and Cg/Co. Where Cy is the capacity in
free space. Therefore, we concluded that the permit-
tivity was dominated by grain boundary behavior at
low frequency and by the grain phase at high fre-
quency.

CONCLUSIONS

The dc conductivity and ac conductivity of HI-doped
PANI samples were examined at temperatures
between 77 and 300 K and in the presence of a mag-
netic field of a maximum of 1 T. The dc conductivity
of all of the samples increased with increasing tem-
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perature; that is, the temperature coefficient of resis-
tivity was negative. In this temperature range, the dc
conductivity followed the 3D Mott VRH conduction.
The dc magnetoconductivity of the samples was pos-
itive, which was explained by orbital magnetocon-
ductivity theory. o’(f) was found to follow the uni-
versal dielectric response o'(f) oc f°. A detailed anal-
ysis of the temperature dependence of the universal
dielectric response parameter s revealed that the cor-
related barrier hopping was the dominating charge-
transport mechanism. The temperature dependence
of the ac conductivity obeyed the power law &'(f) oc
T"; the magnitude of the temperature exponent n
strongly depended on the frequency and range of
temperature. The ac conductivity showed positive
variation in the presence of a magnetic field. This
behavior could be explained by the Maxwell-Wag-
ner effect combined with dc magnetoconductivity.
¢/(f) showed a large degree of dispersion at low fre-
quency but rapid polarization at high frequencies,
which was described by the Maxwell-Wagner capa-
citor model. Different physical parameters, such as
N(Er), Lioey W,,,, and 1, were determined from the ex-
perimental data with VRH theory.

The authors gratefully acknowledge the principal assis-
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ment, Government of India, during this work.
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