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Temperature and frequency dependent AC conductivity behavior has been studied for the chemically synthesized 
polyaniline-polymannuronate (PANI-PM) composites. The temperature (300 - 500 K) and frequency (100 - 106 Hz) 
dependent AC conductivity suggests evidence for the transport mechanism in PANI-PM composites. The frequency 
dependence of AC conductivity has been investigated by the power law. The frequency exponent (s) is determined, 
and the data suggest that s decreases with temperature. The variation of s with temperature suggests that AC 
conduction is due to the correlated barrier hopping.
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Introduction

Intrinsically conducting polymers (ICP), commonly termed 
as synthetic metals, have been the subject of extensive the
oretical and experimental studies. Among ICPs, polyaniline 
(PANI) has become the subject of special interest due to its 
relatively low cost. In the last century, PANI has been described 
in various forms such as aniline black, emeraldine, and nigrani- 
line, which have been prepared either chemically or electro
chemically by aniline oxidation. The most common green pro
tonated emeraldine has conductivity on a semiconductor level 
of the order of 100 S cm-1, many orders of magnitude higher 
than that of common polymers (10-9 S cm-1) but lower than 
that of typical metal( > 104 S cm-1). The changes in the physico
chemical properties of PANI occurring in response to various 
external stimuli are used in various applications,1,2 such as 
organic electrodes, sensors, and actuators.3-5 Other uses of 
them are based on the combination of electrical properties of 
a semiconductor with material characteristics of polymer for 
the development of “plastic” microelectronics,1,6 electro-chro
mic devices,7 tailor-made composite system,8,9 and “smart” 
fabrics.10 The establishment of the physical properties of PANI 
reflecting the condition of preparation is thus of fundamental 
importance. The important property of PANI is that it is 
soluble directly in organic solvent from the oxidized state. 
The synthetic method using a dopant with a relatively large 
molecular weight such as dodecylbenzene sulphonic acid 
(DBSA), camphor sulphonic acid (CSA), and naphthalene 
sulphonic acid (NSA) reduces the interchain interaction of 
PANI chains.

The chemical modification of conducting polymers with 
carbohydrate polymers could be promising in the preparation 
of multifunctional conducting materials through oxidative
radical polymerization. The resulting materials will also be 
interesting in terms of compatibility with environmental and 
biological systems. In general, incorporation of conducting 
polymers such as polyaniline (PANI) into a flexible biopolymer 
matrix could result in good process ability, with the electrical 

conduction having the requisite properties like chemical sta
bility toward dopants and solubility under readily accessible 
conditions.11,12 Moreover, materials may show available elec
trical conductivity and may have good compatibility for 
hybrid formation with PANI.

In our earlier reports,13,14 we have studied the synthesis, 
characterization, and conductivity of PANI-PM composites in 
detail. The composites were synthesized using different 
weight percentages of PM (5%, 10%, 15%, and 25%). It has 
also been suggested that the presence of PM with PANI tends 
to provide significant interaction that is either direct or indirect 
through a mechanical association process. The conductivity 
measurement is an important experimental technique to probe 
the microscopic picture of a highly disordered system. The 
study of the electrical properties of PANI-PM composites 
becomes necessary both from a fundamental as well as from a 
technological point of view. Complete information on elec
trical conduction mechanisms of such polymeric materials 
should be provided in order to understand the electrical phe
nomena. In this manuscript, we discuss the electrical properties 
of PANI-PM composites, presenting AC conductivity in the 
temperature range of 300 - 500 K and in the frequency range 
of 10 - 106 Hz.

Experiment시

The procedure for obtaining PM, the synthesis, the prepara
tion of thin films from the synthesized composites, and the 
characterization of the powder samples PANI-PM has been 
described previously.13,14 The target mass loading of PM in the 
composites varies from 5 to 25 wt%. PANI homo polymer was 
synthesized under the same conditions for comparison with 
the composites. The composites are abbreviated as PANI-y, 
where y refers to the wt% of PM powder used in the poly
merization reaction. The AC measurement was carried out 
with a Hewlett Packard 4284A Impedance Analyzer within 
the temperature range of 300 - 500 K and frequency range of 
100 - 106 Hz.
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Results and Discussion

We have studied the frequency-dependent AC conductivity 
of PANI-PM composites in the frequency range of 100 - 106 
Hz and in the temperature range of 300 - 500 K. Fig. 1 shows 
the AC conductivity of PANI, PANI-15, and PANI-25 compo
sites at different frequencies. The samples demonstrate fre
quency-independent behavior in the limit of lower frequencies 
and a sublinear response at higher frequencies. Dielectric 
constant and dielectric loss calculated from the AC conduc
tivity of the composite samples, and the variation in dielectric 
constant and dielectric loss for the composites with an increase 
in temperature at different frequencies are shown in Fig. 2 and 
3, respectively. As shown in Fig. 2, there is a variation in 
dielectric constant of the PANI-PM composites with an in
creasing temperature at different frequencies. The dielectric 
constant decreases monotonically with an increasing fre
quency. The temperature dependence of the dielectric constant 
in these composites is more pronounced at lower frequen-

- 15cies.
As shown in Fig. 3, the PANI-PM composites show high 

dielectric loss at a lower frequency. This may be due to the 
large effective size of the metallic islands in these compounds 
and the easy charge transfer through well-ordered chains in 
disordered regions. The dielectric loss with an increase in 
temperature at different frequency curves for the composites 
shows that the loss factor increases with an increase in tem
perature as the frequency is increased. This result is usually 
associated with ion drift, dipole polarization, or interfacial 
polarization.16 The increase in dielectric loss with an increasing 
temperature at a frequency becomes gradually rapid at low 
temperatures for PANI-5 and forms three different regions for 
PANI-15. These can be seen between the temperature regions 
300 - 375, 375 - 425, and 425 - 500 K. The dielectric loss factor 
for PANI-25 is a mixed type of PANI-5 and PANI-15, which 
shows a steady increase from 300 - 375 K and later forms 
another steady region from 375 - 500 K. The frequency
dependent electrical conductivity for a particular temperature 

and frequency for a disordered semiconductor can be expressed 
17-19as

OAC (w) = A ws (1)

where 刃 is the frequency, A is a constant that depends on T,
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Figure 1. Frequency-dependent AC conductivity of the PANI and 
PANI-PM composites.
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Figure 2. Temperature-dependent dielectric constant for (a) PANI-5, 
(b) PANI-15, and (c) PANI-25 composites at different frequencies.
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Figune 3. Temperature-dependent Dielectric Loss for (a) PANI-5, (b) 
PANI-15, and (c) PANI-25 composites at different frequencies.

Figure 4. Plot of log (o ac ①)vs. log (①)curves for (a) PANI-5, (b) 
PANI-15, and (c) PANI-25 composites at different temperatures.

and the exponent s < 1. By hopping backward and forward at 
places with jump probability, a charge carrier may contribute 
significantly to AC conductivity. A higher ① denotes a larger 
AC conductivity because better use is made by the place with 
very large jump probability.20 The value of s for different tem
peratures has been determined from the linear slope of log (oac oj) 

vs. log (o) curves for PANI-5, PANI-15, and PANI-25 com
posites as shown in Fig. 4. The temperature dependence of s is 
very complex. Various theoretical models for AC conductivity 
have been predicted to explain the temperature dependence of s.

In this regard, various theoretical models for ac conductivity 
have been predicted to explain the temperature dependence of
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Figure 5. Variation of s with temperature for the composites.

s. The electron tunneling model suggests that s is independent 
of temperature but dependent on frequency.20 In the case of 
small polaron tunneling, s increases,21 whereas for the large 
polaran tunneling process, s decreases up to a certain tempera
ture and then increases with a further increase in tem- 
perature.22 However the value of s of our investigated samples 
decreases with an increase in temperature. Thus, these models 
contradict our results. However it is very difficult to explain 
these facts at this point and requires more data to give a 
comparative analysis. In the correlated barrier-hopping model 
(CBH),23 the charge carrier hops between the sites over the 
potential barrier separating them. The frequency exponent s 
for such model is

s = 1- 6kT/(W- kTln(1/1(ay©) (2)

where W is the effective barrier height and to is the relaxation 
time. According to Eq. (2), for the large value of W/kT, the 
variation of s with frequency is so small that it is effectively 
independent of frequency.24 The variation of s with temperature 
for the PANI-PM composites is shown in Fig. 5. It has been 
observed in our study that s appears to be independent of 
frequency [log (oac ")) vs. log (“))curves in Fig. 4]. Therefore, 
we fitted our experimental data with Eq. (2) as the function of 
temperature alone with W and g)to (at a fixed frequency 106 
Hz) lies between 0.015 - 0.02 and 3.25x10- 4 - 2.465x10-3 S 
respectively for different samples. Therefore, from the trend 
of variation of s with temperature, it may be concluded that 
Ac conductivity in the PANI-PM samples can be described 
by the CBH model. Furthermore, the introduction of PM into 
the PANI matrix will be very useful. Although several PANI 
composites exist in the literature, the composite PANI-PM 
will be very useful in the development of biosensors based on 
a living system. From our observations and the comparison of 
PANI-PM with available data on conducting polymer compo

sites, we suggest that both PM and PANI contribute to the 
conduction process depending on the volume fraction.

Conclusion

The chemically synthesized PANI-PM composites were 
studied for both temperature and frequency dependent AC 
conductivity. It has been observed that the frequency exponent 
s decreases with the increases in temperature. The dielectric 
constant decreases monotonically with an increase in fre
quency. The temperature dependence of the dielectric constant 
in these composites is more pronounced at lower frequencies. 
This is because interfacial polarization plays an important role 
in these composites at lower frequencies. The polarization 
will arise only when the phases with different conductivities 
are present.15,24 In addition, the property of these composites 
may be due to the large effective size of the metallic islands in 
these compounds and the easy charge transfer through well- 
ordered chains in disordered regions.
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