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Abstract: We report the synthesis of polypyrrole composite films by chemical oxidation polymerization of pyrrole dif-

fused inside poly(vinylidene fluoride) matrix and temperature dependant dc conductivity study of these composite films. 

Ammonium persulfate is used as an oxidizing agent and HCl as the dopant in aqueous medium. This technique produces 

highly conductive, flexible and free standing polymer composite films in semi-interpenetrating architecture. It is observed 

that conductivity of the composite films can be controlled by varying the dopant concentration. The variation of conduc-

tivity with temperature indicates the semiconducting nature of these composite films. The temperature dependence of 

conductivity is explained in the light of two different models from which activation energy (Ea) and other hopping pa-

rameters are determined. Experimental data fits well with variable range hopping model and three dimensional charge 

transport mechanism is shown to occur in these films.  
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INTRODUCTION 

 Electronically conducting polymers have been the subject 
of great interest to chemists and physicists in recent years. 
Because of the large number of possible applications of these 
materials in various electronic devices such as electrochro-
mic displays (ECD), light emitting diodes (LEDs), field ef-
fect transistors (FETs), chemical sensors, etc. there has been 
considerable interest to replace conventional inorganic semi-
conductors by their organic counterparts. Organic semicon-
ductors have some unique properties and versatility like light 
weight, flexibility, corrosion resistivity and ease of process-
ing. After the discovery of highly conductive (10

3
Scm

-1
) 

iodine doped polyacetylene (PA) in 1977 [1], variety of new 
conducting polymers such as polypyrrole (PPy), polythio-
phene (PTh), polyaniline (PAni), polyfuran (PFu) etc. have 
been prepared and extensively studied for their chemical, 
morphological, optical and electronic properties [2-5].  

 The common feature in the structure of conducting 
polymers is poly-conjugation of the -system of their back-
bone [4]. Among these conducting polymers, PPy and its 
derivatives are of particular interest because of their high 
electrical conductivity and stability in the doped state. It is 
well known that PPy can be prepared by electrochemical and 
chemical oxidation methods [4,6]. Both the polymerization 
methods yield conducting PPy which exhibits good stability 
under ambient conditions. The chemical oxidative polymeri-
zation of pyrrole results in black powder and reaction 
mechanism has been known for many years [7-10]. During 
oxidative polymerization, pyrrole (Py) monomer looses a 
proton at  position and get linked with other monomer of  
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pyrrole to form the long chain of polymer PPy as shown in 
Scheme 1.  

 Several researchers have reported the electrical conduc-
tivity of chemically synthesized PPy with maximum conduc-
tivity upto 500 Scm-1

, which is an appreciable value for most 
of the applications [11-17]. The PPy prepared in these re-
ports is in bulk pellet form which exhibits poor mechanical 
properties, e.g., brittle in nature and low level of processabil-
ity which hinders its preparation in thin film form for its ap-
plications in solid state devices and electronics [18]. Studies 
have been done to increase the processability by chemically 
altering the monomer or dopants used [19, 20]. In addition to 
chemical modification, various attempts have been made in 
the past to improve the processability and hence application 
part by preparing blends and composites containing PPy [21-
23]. Improvements are expected from composites in which 
conducting polymers can be dispersed in the insulating 
polymer matrix which provides a flexible, large area sub-
strate for electronic properties. Composites of conducting 
PPy prepared by electrochemical and chemical methods with 
other insulating polymers like polydimethyl siloxane [24], 
polyindene [25], polyimide [26], polypropylene [27], poly-
vinylchloride [28], polyoxyphenylene [29], polymeth-
ylmethacrylate [30], polyvinylidene fluoride (PVDF) [31,32] 
are reported in the literature. These composite materials are 
characterized for their electrical, thermal, chemical and me-
chanical properties. PPy and PVDF composite are also re-
ported in various configurations for their applications as ac-
tuators [33], metal ion transport across composite mem-
branes [34] and hydrogen generating catalysts [35]. These 
composite polymer films are prepared by electrochemical 
method.  

 The goal of present work is to develop self supported 
flexible conducting polymer films with good electrical con-
ductivity. In this study we have prepared free standing con-
ducting composite films by chemical oxidative polymeriza-
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tion of pyrrole soaked in PVDF matrix which leads to a in-
terpenetrating network of conducting PPy and insulating 
PVDF polymer chains. In this way continuous channels of 
conducting polymer PPy were formed within PVDF matrix. 
The main advantage of this method is that it does not require 
additional conducting substrates as a support to hold PPy 
thin films. Needless, to say that the HCl doped PPy can’t be 
prepared in film form because of being insoluble in organic 
solvents. PVDF is used as an insulating polymer because of 
its good mechanical flexibility, high thermal and chemical 
stability. 

EXPERIMENTAL 

Materials 

 Pyrrole (Py) monomer (Spectrochem India), poly-
vinylidene fluoride (PVDF) and ammonium persulfate, 
(NH4)2S2O8 (APS) provided by Alfa aesar were used as the 
starting material for the preparation of composites in this 
study. Methanol, HCl and dimethyl formamide (DMF) of 
reagent grade were purchased from Merck.  

Preparation of Films 

 In this study oxidative polymerization of monomer pyr-
role is allowed inside the PVDF matrix. PVDF is mixed with 
dimethyl formamide (DMF) and kept under continuous stir-
ring until a homogeneous solution is formed. The solution 
was then cast in covered flat glass petri dish and dried in 
vacuum oven at 50 ˚C. After evaporation of solvent, free 
standing insulating films of PVDF were obtained. These 
films were cut into strips and immersed in pyrrole monomer 
to allow the monomer diffusion inside the PVDF matrix. The 
excessive monomer on the PVDF film surface was removed 
by blotting with filter paper to occur polymerization only 
inside the PVDF matrix. The pyrrole absorbed PVDF films 
were then immersed in aqueous solution of HCl (as dopant) 
and APS (0.5M) as an oxidizing agent at room temperature. 
Color of composite films found to change from light green to 
dark blue and finally black which shows progressive oxida-
tive polymerization of pyrrole monomers. Different molar 
concentrations of HCl were used to make polymer composite 
films of varying conductivity. After polymerization for about 
four hours films were taken out of aqueous solution and 
washed several times with de-ionized water (18.2M ) and 
methanol to remove un-reacted traces. Thereafter these films 
were dried under vacuum and then stored in vacuum desicca-
tors for later characterization. By this method PPy-PVDF 
composite films with different dopant concentration were 
obtained. The resulting polymer composite films are smooth, 
flexible and can be rolled like paper.  

Electrical Characterization 

 The electrical resistivity measurements of the polymer 
composite films were made using the standard four probe 
technique, where electrical contacts were established through 

four collinear and equally spaced pointed probes. The elec-
trical resistivity ( ) can be defined as 

=
I

V

FC

s

..

2
             (1) 

where I, V and s represents applied current through outer 
probes, voltage produced between inner probes and probe 
spacing, respectively. C.F. = 2log2(s/d) is correction factor 
which depends upon film thickness (d) and the probe spacing 
(s).  

 Film thickness was measured using digital micrometer 
and found to be ~40μm for all samples. The conductivity 
measurement of these films is also done with Van-Der Pauw 
method in square geometry in which film contacts were 
made at the corners of sample using conducting silver paste. 
The conductivity data measured using two methods were 
found to be in good agreement. The electrical measurements 
were performed using programmable current source 
(Keithley source meter 2400) and an electrometer (Keithley 
6514) for voltage measurement using a computer controlled 
GPIB data acquisition system. A computer programme in 
visual basic was developed to record automated I-V data on 
computer. The measurement were made in the temperature 
range of 298K - 373K. 

RESULTS AND DISCUSSION 

 Doped conjugated polymers are also termed as synthetic 
metals because of their high conductivity comparable to that 
of the metals. However, for most of the conducting polymers 
temperature coefficient of conductivity is opposite to that of 
metals i.e. conductivity of these polymers increases with 
increase in temperature, which is a characteristic of semi-
conductors. During the polymerization process dopant HCl 
breaks up into parts (H+

) and counter ions (Cl-
) which dif-

fuses in to the polymeric chain. Dopants in case of conduct-
ing polymers do not replace the monomer position but they 
are trapped in interstitial sites and stabilise charges along the 
backbone permitting higher conductivity.  

 When electric field is applied across the sample, local-
ized motion of the trapped charges acts as effective electric 
dipoles. Short range distortions due to these dipoles leads to 
the formation of polarons and bipolarons. When an electron 
is removed from a pyrrole ring in polymer chain, a free radi-
cal and positively charged ion is produced. The radical ion 
and cation are coupled to each other and complex is known 
as polaron. n order to maintain the charge neutrality of the 
polymer, anion must be present there to compensate the cati-
onic polaron. Upon further oxidation of polaron the free 
radical is removed and a species containing positive charge 
at both ends is formed which is known as bipolaron. Polar-
ons and bipolarons in PPy when doped with chloride ions are 
shown in Scheme 2. These polarons and bipolarons are the 

 

 

 

 

 
Scheme 1. Chemical Oxidative polymerization of Pyrrole.  
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main charge carriers in organic materials and are responsible 
for their electronic properties. 

Current-Voltage Characteristics 

 The I-V characteristics of PPy-PVDF composite films for 
all samples were measured at different temperature and 
found to be linear in all the cases as shown in Figs. (1 & 2). 
This linearity of I-V characteristics is an indication of Ohmic 
nature of composite films. In this study PPy-PVDF compos-
ite films were obtained with four different concentrations of 
HCl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). I-V Characteristics of PPy-PVDF composite film at differ-

ent temperatures for 0.1M HCl doped. 

 The conductivity (reciprocal of resistivity) of these com-
posite polymer films was estimated by four probe method 
using equation (1) and the values thus obtained are shown in 
Table 1 at various temperatures and doping concentrations. It 
is obvious from Table 1 that the conductivity increases with 
rise in temperature for all samples. The increase in conduc-
tivity is more for highly doped samples. This increase in 
conductivity with rising temperature rules out the possibility 
of considering these films to be synthetic metal and indicates 
their semiconducting nature. 

Fig. (2). I-V Characteristics of PPy-PVDF composite film at differ-

ent temperatures for 0.5M HCl doped. 

 

 

 

 

 

 

 

 

 

Scheme 2. Polaron and Bipolaron formation in Polypyrrole upon chloride doping. 

Table 1. Electrical Conductivity of PPy Composite Films at Different Temperatures 

Electrical conductivity of PPy composite films (Scm-1
) 

Temperature 

(0.1M) HCl (0.25M) HCl (0.5M) HCl (0.75M) HCl 

250C 1.96 10-2 2.4 10-2 8.0 10-2 1.33 10-1 

500C 2.03 10-2 2.55 10-2 9.23 10-2 1.41 10-1 

750C 2.22 10-2 2.79 10-2 1.0 10-1 1.5 10-1 

1000C 2.4 10-2 3.16 10-2 1.1 10-1 1.6 10-1 
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 This variation in conductivity with doping concentration 
is shown in Fig. (3). It is evident from Fig. (3) that with the 
increase in concentration of HCl, the conductivity of these 
composite films increases. This is due to the increase in the 
number of polarons created. Electrical conductivity values 
calculated for these four samples at four different tempera-
tures are given in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Variation of electrical conductivity of composite films 

with dopant concentration. 

 

Temperature Dependant Conductivity 

 In order to determine the current conduction mechanism 
in PPy-PVDF composite films, the temperature dependence 
of electrical conductivity was studied in the temperature 
range from 298K to 373K. The electrical conductivity behav-
ior can be explained using two different models.  

1. Arrhenius Model 

 Logarithmic plot of dc conductivity as a function of re-
ciprocal temperature is shown in Fig. (4). This type of elec-
trical conductivity behavior follows Arrhenius model [36] 
and according to this model conductivity temperature rela-
tion is  

=
kT

Eaexp0
            (2) 

 Where 0  is constant pre-exponential factor, k is the 

Boltzmann constant and Ea is the carrier activation energy. 

Solid black line represents the best linear fit of experimental 

data with equation (2), from this straight line fit of experi-

mental data we can infer that the conductivity exhibits a 

thermally activated process in the measured temperature 

range. 

 Carrier activation energy can be calculated from the 
slopes (equal to Ea/1000k) of these plots. The activation en-
ergies obtained for these films are 35.5meV for 0.1M and 
31.2meV for 0.5M. The activation energies of our samples 
differs slightly from the activation energies reported in case 
of pure PPy [37] and electrochemically synthesized PPy 

[38]. The difference in activation energies can be attributed 
to the different dopants used. However, in our studies the 
lower activation energy for higher dopant concentration 
sample may be due to creation of bipolaron bands within the 
HOMO (highest occupied molecular orbital)- LUMO (lowest 
unoccupied molecular orbital) bandgap [10].  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (4). Plot of Ln( ) Vs 1000/T for PPy composite films doped 

with HCl. Solid line represent linear fit to experimental data.  

 
2. Variable Range Hopping Model 

 Since disorder plays an important role in conducting 
polymers, Variable Range Hopping (VRH) is also considered 
as one of the major carrier transport mechanism, which is 
originally proposed for inorganic amorphous semiconduc-
tors. Hopping refers to tunneling transitions from occupied 
to unoccupied localized states and is based upon assumption 
that energy difference is maintained by emission or absorp-
tion of one or more phonons. The temperature dependence of 
conductivity in organic semiconductors is generally de-
scribed by Mott’s VRH mechanism which includes the pho-
non assisted quantum mechanical transport phenomenon for 
the movement of charge carriers. In this type of conduction 
hopping distance is not constant. According to this model the 
characteristic temperature dependence of conductivity is 
given by [39]  

=
T

T0
0 exp             (3) 

where 0 is high temperature limit of conductivity, T0 is 
Mott’s characteristic temperature associated with degree of 
localization of the electronic wave function and the exponent 
 = 1/(1+d) determines the hopping space dimensionality of 

the charge transport in conducting medium. Value of (d = 3, 
2, 1) for three, two and one dimensional hopping transport 
respectively.  

 In order to evaluate the possibility of VRH and dimen-
sionality of conduction process in polymeric films semi loga-
rithmic plot of conductivity as a function of (1/T)

1/4
 should 

follow a straight line according to equation (3). The experi-
mental values of PPy film conductivity have been plotted 
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against (1/T)
1/4

 in Fig. (5) which is found to fit in a straight 
line. It is evident from the Fig. (5) that Mott’s law is obeyed 
over entire temperature range and indicates 3d charge trans-
port in these samples.  

 For three dimensional transport hopping parameters to be 
given by[39] are 

=
)(

18
3

0

0

FEkNr
T            (4) 

where r0 is localization length, k is Boltzmann constant, 
N(EF) is density of states at Fermi level.  

 Hopping distance (R) and average hopping energy (W) 
were defined by Mott and Davis as 

4/1

0

)(8

9
=

kTEN

r
R

F

            (5) 

and 

=
)(4

3
3

FENR
W            (6) 

 Bredas et al. [40], have reported that for PPy hopping 
state is delocalized over four pyrrole rings, so it is assumed 

that localization length (r0) will be of the order of 10Å for the 
monomer dimension of ~3Å. The hopping parameters were 
determined from the experimental data plotted in Fig. (5) 
using equations (4-6) and are given in Table 2. Here average 
hopping distance (R) and average hopping energy (W) are 
calculated at room temperature.  

 The parameter T0, has larger value for lower doped sam-
ple and also its N(EF) value is less as compared to the highly 
doped sample. Also in the 0.5M doped sample R is decreased 
by nearly one monomer unit. It is required for VRH conduc-
tion process that R/r0  1 and W  kT. In these samples it 
is observed that both the conditions are satisfied in the stud-
ied temperature range. The values of R varies from 19.4Å to 
18.3Å for 0.1M doped sample and from 17.02Å to 16.09Å for 
0.5M doped sample in the measured temperature range, simi-
larly W varies from 31.5meV to 37.3meV for 0.1M doped 
sample and from 27.6meV to 32.7meV for 0.5M doped sam-
ple. This type of behavior may be due to increase in the dis-
order of system with increase in temperature, so that conduc-
tion takes place by hopping of carriers to states located close 
to initial state and results in decreased R value. Similarly W 
increases because with the increase in disorder more energy 
is required by carrier to make a transition between two states 
in the hopping process.  

CONCLUSION 

 In this work we have reported the synthesis and electrical 
properties of flexible and free standing PPy-PVDF compos-
ite films with room temperature conductivity ranging from 
1.96 10

-2 
to 1.33 10

-1Scm-1 
for different doping concentra-

tions of HCl. Increasing the dopant concentration give rise to 
increase in conductivity of these films. The dc electrical 
conductivity of the composite polymer films has been inves-
tigated in the temperature range from 298K to 373K and it 
was observed that films are semiconducting in nature. The 
conduction mechanism follows the Arrhenius model as well 
as Mott’s variable range hopping model in the studied tem-
perature range. Activation energy of the carriers obtained is 
found to be of the order of few milli electron volts. The den-
sity of states at Fermi level, average hopping distance and 
hopping energy have been calculated and various aspects 
related to these are discussed. Three dimensional charge 
transport mechanism as suggested by Mott’s VRH model is 
shown to be present in these polymer composite thin films. 
These flexible and free standing polymer films with semi-
conducting nature will be promising material for develop-
ment of foldable and large area displays and devices.  
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