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Electrochemical synthesis of polypyrrole films containing vinyl sulphonate and styrene sulphonate dopants 
were carried out in a three-electrode one-compartment cell employing galvanostatic conditions at constant 
charge density. Various parameters like current density, dopant concentration, pH and temperature during 
synthesis were varied for both the dopant anions. Room temperature conductivity for each sample was 
measured and their surface morphologies were analysed from the scanning electron microscope pictures. 
Dependence of conductivity and surface morphology on different synthetic conditions were discussed and 
probable reasons for the dependence were indicated. For each of the dopant anions, resistivities were 
measured down to 25 K for samples synthesized at 0°C and room temperature. From the resistivity data, 
charge transport behaviour in these films were analysed in the light of Mott’s variable range hopping model. 
Ageing effects of conductivity for films containing both the dopant anions were studied by storing them in 
ambient atmosphere and measuring their conductivities from time to time. Copyright 8 1996 Elsevier 
Science Ltd. 
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INTRODUCTION 

Electrically conducting films of polypyrrole (PPy) can be 
easily prepared electrochemically. Electrochemical polym- 
erization is generally achieved both in organic and in 
aqueous solutions. Owing to its low cost, nowadays 
aqueous solution is most often employed by many 
workers to synthesize polypyrrole films. The variety of 
processing parameters, e.g. type of counter ion and 
solvent type, their concentration, synthesis temperature, 
electrochemical voltage and current density, have a great 
impact on the properties of the resulting film&T. A 
number of techniques for laboratory scale synthesis 
of PPy film have been employed, of which the most 
important are the potentiostatic and galvanostatic 
methods. In the potentiostatic method a predetermined 
optimum voltage is applied during synthesis, whereas in 
the latter a fixed oxidation current is supplied with no 
control over the resulting potential of the system. Both 
the methods have certain advantages and disadvantages. 
In our present investigation we employed the galvano- 
static method for the synthesis of PPy films. 

Conducting films of PPy can be modified by introduc- 
ing substituents into the cationic PPy or by varying the 
accompanying anion. The electrochemical route for the 
preparation of these films is particularly convenient for 
making these modifications, since the variations are 
made in the selection of the monomer or the electrolyte. 
This eliminates the need for subsequent chemical treat- 
ment of the films. As expected, the electrochemical and 
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conducting properties of the films are changed by these 
chemical modifications. 

Extensive reports on the electrochemical synthesis of 
PPy films using various types of dopant anions, including 
inorganic and organic counter ions, have been found in 
the literatures13. Among the organic dopants, aliphatic 
and aromatic sulfonates in particular are of special 
interest to researchers because they confer upon the 
polymer a good mixture of electrical and mechanical 
properties and also stability. 

In the present contribution we have prepared PPy films 
using unsaturated organic sulfonate dopant anions, i.e. 
vinyl sulfonate doped PPy (PPy-v) and styrene sulfonate 
doped PPy (PPy-st), with variation of the different 
parameters mentioned earlier and have compared their 
conductivities, surface morphologies and stability in 
ambient conditions. We have also studied the behaviour 
of conductivity of these films at low temperatures and 
shown how their charge transport behaviour varies with 
the dopant anions by fitting conductivity data in the 
standard Mott’s model. 

EXPERIMENTAL 
Materials 

The monomer pyrrole was procured from SRL 
(India), distilled prior to use and stored in a sealed tube 
in an argon atmosphere. The supporting electrolytes, 
sodium vinyl sulfonate and sodium styrene sulfonate 
were obtained from Fluka and Aldrich Chemicals, 
respectively. All the chemicals used were of AR grade. 
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The PPy films for our studies were prepared by 
electrodeposition of monomer pyrrole taken in aqueous 
solution. using vinyl and styrene sulfonate as dopant 
anions. A three-electrode one-compartment cell was used 
for the preparation of the films, comprising a specially 
designed platinum working electrode (1 x 1 cm?, fitted 
on a glass substrate such that only one surface of it is 
exposed in the electrolyte solution where film deposition 
occurs), a platinum counter electrode and a reference 
calomel electrode. PPy was synthesized using galvano- 
static conditions (at a constant current density). A large 
number of samples of PPy film were prepared by 
variation of different parameters during synthesis, viz. 
pH of the solution, current density, dopant concen- 
tration and temperature of the solution (at least four 
samples were prepared with each identical experimental 
condition). The pH of the solution adjusted by dilute 
HCl and dilute NH40H solution (in both cases intro- 
duced anion or cation concentration can be neglected in 
comparison with the electrolyte concentration). The 
pyrrole concentration was always kept at 0.2 M and the 
total charge density also remained constant (10.8 C cm. ‘). 
The polymerization time was adjusted according to the 
current density used. After the electrolysis was over 
the platinum electrode containing the film was removed 
from the cell compartment, washed with water and dried 
under vacuum overnight. Dried films were removed from 
the electrode surface by scratching. Thickness of the films 
(measured using a Dial gauge) was found to be in the 
range 50-60pm when styrene sulfonate was used as 
dopant anion and 30-40 ,um for vinyl sulfonate dopants. 

Conductivity measurements 

Room temperature conductivity of the PPy film was 
measured using a standard four-probe technique, elec- 
trical contacts being made by conducting silver paints. 
The conductivity data presented here are the average 
values of the measured conductivity for four samples 
prepared in identical experimental conditions; the value 
which deviated more than 5% from the average was 
rejected. Resistivity measurements of the films in the 
temperature range 255300K were performed using an 
Oxford model 22 closed cycle helium refrigerator 
attached to a Lakeshore cryotonics (model DTC 500 
A) temperature controller. Details of low temperature 
measurements were described in our earlier report 14. 

Other measurements 

The X-ray diffraction (XRD) pattern and Fourier 
transform i.r. (FTi.r.) spectra of the films were taken 
from a Philips X-ray diffractometer and Nicolet I;Ti.r. 
spectrometer, respectively. Surface morphologies of the 
prepared films were studied by taking scanning electron 
microscope @EM) photographs of different samples 
from a Hitachi Model S415A SEM. 

Variation of conductivity in air with time was examined 
for both PPy-st and PPy-v samples by keeping them in 
air and measuring the conductivity time to time. 

RESULTS AND DISCUSSION 

E#ect oj’structure of dopants 

Electrical properties like conductivity in these poly- 
mers depends on factors like charge transfer between 
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chains. between different conjugated segments on the 
same chain and in doped materials between the dopanr 
anion and the polymer segment”. In addition to these 
effects, which tnay act at a molecular level, the actual 
values measured are likely to be dominated by grain 
boundaries and other morphological effects. From the 
results it is observed that, in general, the conductivity 
values for PPy-st are much higher than those for PPy-v. 
Reasons for such differences in conductivity values can 
be explained as follows. 

The counter ion is indispensable for charge compensa- 
tion of conducting PPys; at the same time the size, shape 
and structure of the counter ion are expected to influence 
the electrical conductivity”. Recently, Yamashiro et ~1.‘~ 
have shown from detailed calculations that interchain 
charge transfer occurs via dopants in the case of K-doped 
polyacetylene. They indicated that direct interchain 
transfers are possible if C 7r atomic orbitals in different 
chains have an overlap without penetration into dopant 
cores. We have prepared the PPy samples using vinyl 
sulfonate and styrene sulfonate as dopant ions. Similar 
interchain charge transfer is possible in our system, 
evidently owing to the presence of the benzene ring 
(Figure I ) in styrene sulfonate ions better overlap of 
molecular orbitals (MOs) of the dopant ion with pi 
atomic orbitals (AOs) of the C atom of the polymer chain 
are possible compared to the vinyl sulfonate dopant 
ions. In other words, presence of the benzene ring will 
facilitate interchain tunnelling or hopping in PPy-st 
samples, which would result in a higher conductivity in 
PPy-st samples compared to that in PPy-v samples. 
Already there exist a large number of reports in the 
literature comparing conductivity values of PPy con- 
taining aromatic sulfonate anion such as p-toluene 
sulfonates, aromatic carboxylates, etc., and inorganic 
anions such as Cl-. ClO,, SO:-, etc., and it was found 
that conductivity was always higher in the case of 
aromatic dopants”. 

If the surface morphologies of the films containing 
styrene and vinyl sulfonate as dopants are compared 
from the SEM pictures, it is observed that the growth 

CH2 = CH-SO;Na+ 

Na-Vinyl Sulphonate 

CH = CH, 
I 

0 0 

&O;Na+ 

Na- Styrene Sulphonate 
Figure 1 Structure of dopant anions 



tlectrochemical preparation and transport properties of doped polypyrrole: A. Bhattacharya et al. 

Table 1 Variation of conductivity with pH 

PPy-styrene sulfonate PPy-vinyl sulfonate 

PH Conductivity (Scm-‘) pH Conductivity (Scm-‘) 

4.08 69.4 3.10 12.5 
6.61 71.1 4.12 13.0 
9.1 69.1 7.53 1.8 

10.48 65.2 10.2 1.6 
10.63 6.2 

Estimated error range 7- 5% 

patterns in the two samples are different. In some cases of 
PPy-st a nodular-like structure was observed. No such 
growth was visible in the case of PPy-v, instead a 
compact cauliflower-like structure was found. 

Eflect of pH 
PPy films were prepared with both the dopant anions 

at different solution pH; all other parameters remained 
fixed (dopant concentration 0.2 M, current density 
3 mA cm-z). Conductivity data are listed in Table 1. 

From the above results it follows that, in the case of 
PPy-st films, conductivity values are more or less 
independent of solution pH, whereas in the case of 
PPy-v the samples synthesized at lower pH have 
considerably higher conductivity than those synthesized 
at neutral or alkaline pH. This observation was also 
reported by Murthy et af.18 using tetraethylammonium 

fluoroborate as the dopant anion. Decrease in conduc- 
tivity at higher electrolyte pH for PPy-v may be 
attributed to the existence of hydroxyl groups, which 
reduces polymer conjugation length by reacting with 
the generated oligomer radical during electropolym- 
erization”, and possibly due to dopant displacement 
from within the polymer in favour of the OH- ions. In 
the case of PPy-st, increasing concentrations of OH- 
ions at higher pH are insufficient to change the 
conductivity values, which are much higher than those 
of PPy-v. 

The SEM picture for PPy-v film (Figure 2a) shows 
that, at pH 10, synthesized film has a coarse globular 
surface containing small spherical bubbles, whereas the 
picture at lower pH (Figure 2b) indicates a similar, but 
more regular, surface. In the case of PPy-st a typical 
SEM picture taken of a sample synthesized at pH > 10 
(Figure 2c) shows a similar globular growth pattern as in 
Figure 2a, but for samples synthesized at pH - 4, a 
characteristic nodular shaped growth is observed (Figure 
2d). SEM pictures taken for samples synthesized at 
different pH suggest that the surface morphology of the 
synthesized PPy films are strongly dependent on solution 
pH for both the dopant anions. 

Dependence of conductivity on current density 
In Figure 3 the normalized conductivity (normalized 

against the conductivity of the sample synthesized at 
1 mA cm-*) of PPy films prepared using both the dopant 

Figure 2 SEM pictures of PPy-v at (a) pH 10.2 and (b) pH 3.1 and PPy-st at (c) pH 10.48 and (d) pH 4.08 (synthesis paramerers: dopant concentration 
0.2 M; current density 3 mAcm_‘; temperature 22°C) 
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0.2 +rrm I / , I I I I I I I I I , I I / / r-r-rrr/ 
0.0 4.0 8.0 12.0 

Current Density (mA/sq.cm) 

Figure 3 Variation of normalized conductivity with current density 
for PPy films (synthesis parameters: pH 6.6 for PPy-st and pH 7.5 for 
PPy-v; dopant concentration 0.2 M) 

Figure 4 SEM picture of PPy-st at (a) 1 mA cmm2 and (b) 10 mA cm-’ 
(synthesis parameters: pH 6.6; dopant concentration 0.2 M; tempera- 
ture: 22°C) 

anions are plotted against current density during 
synthesis. It is evident from the figure that for both the 
dopant anions there is an initial decrease in conductivity 
when the current density is increased from 1 to 
3 mAcm-*. For PPy-v samples the effect is more 
pronounced. The conductivity remained practically 
independent of current density at higher values for 
both the dopant anions. 

Our results on the dependence of conductivity of 
samples on current density during synthesis is consistent 
with the data obtained by West et al2 on the influence of 
current density on the structure of PPy. According to 

A. 

Figure 5 Variation of normalized conductivity with dopant concen- 
tration for PPy films (synthesis parameters: pH 6.6 for PPy-st; 7.5 for 
PPy-v; temperature 22°C; current density 3 mA cm-*) 

them PPys synthesized at lower current density can 
accommodate more dopant anion per polymer unit, 
which results in higher conductivity. 

For the PPy-st films a predominant growth of nodular 
structure is observed at the lowest current density 
(1 mA cmm2), as shown in Figure 4a, and this growth 
diminishes with increasing current density. At 10 mA cmm2 
this nodular structure appears to be totally absent and a 
more regular growth pattern is observed (Figure 4b). The 
occurrence of similar growth patterns during PPy 
synthesis at low growth rate were observed by Hahn 
et aL2’. 

Eflect of dopant concentration 
In Figure 5 the normalized conductivity (normalized 

against the conductivity of the sample synthesized at 
0.05 M) for both the films are plotted against the dopant 
concentration and we observe an increase in conductivity 
of the PPy films with increase in dopant anion concen- 
tration from 0.05 to 0.3 M, in the case of both PPy-v and 
PPy-st. For vinyl sulfonate the effect is more pro- 
nounced. Our observation on the dependence of con- 
ductivity on anion concentrations is consistent with the 
findings of the Lei et a1.5. 

We have taken XRD patterns of PPy films synthesized 
at various dopant concentrations for both the dopant 
anions. We observed that all the films were amor- 
phous in nature. The width of the half height of the peak 
found in the range 15-35” changed with dopant anion 
concentration for both the dopant anions shown in 
Figure 6. It showed narrowing of peak width with 
increase in dopant concentration. The results are con- 
sistent with those obtained by Tsutsumi et al. for poly(N- 
vinyl pyrrolidone)21. 

SEM pictures of the films for both the dopant anions 
for various dopant concentrations showed no significant 
change. 

EfSect of synthesis temperature 
We have synthesized PPy films at three different 

temperatures (40, 22 and O’C), using both the dopant 
anions. The conductivity of the samples synthesized at 
various temperatures are listed in Table 2, keeping all 
other parameters constant. It is evident from the values 
that, for both the dopant anions, samples synthesized at 
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Figure 6 Variation of peak width with dopant concentration for PPy 
films (synthesis parameters same as in Figure 5) 

Table 2 Variation of conductivity with temperature 

PPy-styrene sulfonate PPy-vinyl sulfonate 
Temperature (“C) conductivity (S cm-‘) conductivity (S cm-‘) 

0 125.1 25.3 
22 71.1 7.8 
40 44.4 1.4 

Estimated error range 225% 

(cl) 

88 

84 

80 

76 
96 

t 
(b) 

92 

88 

8l 

80 

761 
1720 1700 1680 1660 1640 

Wovonumbers (cm’) 

7 FTi.r. spectra of PPy-v at (a) room temperature and at (b) 
0°C (synthesis parameters: pH 7.5; current density 3 rn4 cm-‘, dopant 
concentration 0.2 M) 

0°C have the highest conductivity and this decreases as 
the synthesis temperature increases. Similar results were 
obtained in the case of PPy synthesized chemically3 and 
electrochemically22>23. Reasons for the higher conductiv- 
ity at low synthesis temperature were explained by earlier 
workers as due to fewer structural defects, which leads to 
a longer conjugation length in the polymers prepared 
at lower temperature. These defects may result from 
unwanted side reactions which occur in competition with 

the desired reaction, o-o coupling of oxidized monomer 
units to produce a defect-free polymer chain. The 
conductivity order of the samples prepared at different 
temperatures is 0°C > 22°C > 40°C. 

To confirm the existence of carbonyl defects arising 
due to over-oxidation of PPy or as the product of the 
chain termination by nucleophilic attack by water on 
the pyrrole rings we have studied the FTi.r. spectra for 
PPy-v synthesized at room temperature and at 0°C. 
Figure 7a shows weak absorption in the region 17055 
1710cm-’ at room temperature, and this band is 
completely absent in the spectra of samples synthesized 
at 0°C (Figure 7b). Similar behaviour was also observed 
in the case of PPy-st. The results suggest that carbonyl 
defects are incorporated into the polymer for both the 
dopant anions at room temperature, as shown by Liang 
et a1.j in chemically prepared ClO, doped PPy samples. 

SEM pictures for PPy-st film prepared at 0°C and 
room temperature show that samples synthesized at 0°C 
(Figure 8~) have uniform fine globular surface morphol- 
ogy whereas samples synthesized at room temperature 
have rough, nodule shaped growth (Figure 8b). The SEM 
picture for PPy-v film also shows uniform growth for 
0°C synthesized samples, but, in the case of a sample 
prepared at room temperature, clustering on the surface 
is observed (Figures 8c and d). However, unlike the 
PPy-st films, nodular growth is totally absent here. 

Ageing efect in ambient conditions 
In order to observe how the conductivity of the PPy 

samples change with time we kept samples of PPy films 
containing both the dopant ions in ambient conditions 
(in normal atmosphere) for several days and measured 
their conductivity after certain time intervals. In Figure 9 
the percentage of initial conductivity is plotted against 
time for both the PPy samples. In the case of PPy-v, 
conductivity decreased steadily with time and after 35 
days only 52% of the initial conductivity was retained; 
on the other hand, for PPy-st, conductivity was fairly 
stable, changed very slowly and after 35 days about 88% 
of the initial conductivity was retained. 

,!Zffkct of dopant ions and synthesis temperature on the 
transport properties of PPyJilms 

During doping with different ions, electrons are either 
removed from the chain or donated to the chain. 
Electrons interact very strongly with the dopant ions in 
the polymer crystal through an electrostatic interaction. 
Due to the two-fold coordination of the polymer chain, 
the polymer lattice itself gets distorted around the injected 
charge, giving rise to the formation of polarons in the 
bound localized states. The in situ optical absorption 
and spin concentration measurement+?7 show that the 
ground state excitations in doped polypyrrole are caused 
by polarons and bipolarons. The e.s.r. and magnetic 
susceptibility measurements25-27 show an increase in the 
spin concentration during the initial stages of doping, 
while at the higher doping levels there is a decrease in 
spin concentration. These results indicate the formation 
of polarons and bipolarons. The concentration of polarons 
and bipolarons increase in highly doped PPy. The 
activation energy required for hopping of the bipolaron 
is greater than that for polarons, but the bipolarons get 
split into single polarons by the thermal energy at higher 
temperatures, resulting in bipolaron hopping28-30. The 
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Figure 8 SEM picture of PPy-st synthesised at (a) 0-C and (b) 22 C and PPy-v at (c) 0 (‘ and at (d) 22 C (synthesis parameters: pH 6.h and 7.5 for 
PPy-st and PPy-v, respectively; other parameters same as in Figurc~ 7) 

A . . 
A 

A . . 
. 

0 
0 

i A PPy-st 0 PPy-v 

0 

30.0 LIiII.ilLlI J 
0 16 24 32 40 8 

days 

Figure 9 Variation of percentage conductivity with time for PPy films 
(synthesis parameters: pH6.6 and 7.5 for PPy-st and PPy-v, respec- 
tively; temperature 22°C; dopant concentration 0.2 M; current density 
3 mA cm-2) 

dimensionality of the system, electron-phonon coupling 
strength and the extent of the disorder in the system help 
to reduce the size of the oolaron. Thus. in conducting 
PPy the size of the polkons is assuked to be 
intermediate ones and their behaviour follows 
physics of small polarons. 

the 
the 
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The temperature dependence of conductivity due to 
polaron hopping in such a system can be described by 
Mott’s variable range hopping (VRH) mode131-34 where 
the conductivity g can be expressed as 

(T = goexp[-(To/T)‘/“] (1) 

where the exponent IZ is 4 for three-dimensional trans- 
port, and r0 is the characteristic temperature. 

and 

T” = Xa3/kN(rF) (2) 

go = e2R2VoN(cF) (3) 

where u. is the phonon frequency, k is the Boltzmann 
constant, cr is the decay length of localized states and 
N(Q) is the density of states at the Fermi leve135.36. Here, 
X is a dimensionless constant (- 18.1)35337m3y. The 
hopping distance R may be represented as 

R = [9/87rcwkTN(~~)] 114 (4) 
As discussed earlier, owing to the presence of the 

benzene ring in styrene sulfonate better overlap between 
the polymer and dopant MOs is possible, which leads to 
better conductivity in PPy-st samples compared to PPy-v 
samples, which is evident from our conductivity data. 
For both the dopant ions the PPy films synthesized at 
0°C exhibit higher conductivity than does the sample 
prepared at higher temperature due to structural defects 
in samples synthesized at 0°C (see i.r. spectra in Figure 
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Table 3 Variable range hopping parameters in PPy-v and PPy-st films 

Synthesis temperature 
go (S cm-‘) 

Characteristic temperature Density of states N(q) 
Sample (“C) To (W (a-’ = 10 A) (eV-’ cm’) 

PPy-v 0 909 17217 
22 694 32 566 

PPy-st 0 1575 10492 
22 629 6831 

1.22 x 1022 
6.45 x 102’ 

2.002 x lo** 
3.075 x lo** 

Hopping distance R300 
(a-’ = 10 A) (A) 

18.36 
21.53 

16.22 
14.6 

b 

-5.5 A , I i 7- 
0 .I2 0.16 0.20 0.2L 0.28 0.32 0.36 

T-1J3 

Figure 10 Plot of Inca as a function of Tm’j3. Dotted lines are 
theoretically fitted curves: (a) PPy-v at 0°C and (b) PPy-v at 22°C 
(synthesis parameters for PPy-v samples same as in Figure 7) 

7). During fitting the conductivity data for PPy-v 
(prepared both at 0°C and at room temperature) it was 
found that the data were better fitted by the T -II3 than 
T-1’4 form. A typical plot of the conductivity of PPy-v 
as a function of temperature is shown in Figure IO. 
During doping, the dopant ions reside adjacent to the 
chains, and the potential of the dopant ions pins or traps 
the charge carriers. The deep trapped states are bound 
localized ones. For the participation in the conduction 
process the deep trapped states have to be ionized first 
before hopping among localized states. The ionization 
energy is dependent on the conjugation length and the 
pinning potential of the dopant ions. The ionization 
energy of the carrier decreases as the conjugation length 
increases because the increase in conjugation length 
enhances the screening of the counter ion potential. If in 
the ionization process the trapped sites are large in 
number the theory predicts that T-“2 will be the 
dominating factor which here is identified as T-‘13 
because of the comparability of T-Ii2 and T-‘14 
factors28*4034’. Such behaviour was also observed by 
others42. For conducting polymers having short con- 
jugation lengths, Baughman and Shacklette4’ predicted 
theoretically that the conductivity should be propor- 
tional to exp[-( To/T)“3] where To is inversely propor- 
tional to the conjugation length. They derived the 
expression for nearest neighbour hopping with a dis- 
tribution of activation energies arising from a distribu- 
tion of conjugation lengths. 

Table 3 represents the different parameters obtained 
by fitting our conductivity data with Mott’s VRH theory. 
Here, we have calculated the parameters assuming that 
the localization length 0-l of localized electrons is about 
four pyrrole rings, i.e. 0-l = 10 A43 From Table 3 it is 
found that a PPy-v sample prepared at 0°C has higher 
density of states, smaller hopping distance and charac- 
teristic temperature To and larger go value than those 
parameters of the sample synthesized at room tempera- 

4 I I 
0.23 0.25 0.27 0.29 0.31 

T-lli 

Figure 11 Variation in lna as a function of T -‘I4 for PPy-st 
synthesized at (a) 0°C and (b) 22°C. The dotted lines are theoretically 
fitted curves (synthesis parameters for PPy-st same as in Figure 8) 

ture. The significance of the lower To value for the 
sample prepared at lower temperature is that the sample 
has a higher density of states N(+) and a larger 
conjugation length (a-‘). Table 3 shows that PPy film 
prepared at 0°C possesses a larger r. value than that 
prepared at room temperature, suggesting a higher 
hopping attempt frequency in the case of PPy film 
prepared at 0°C. The temperature dependence of 
conductivity of the samples synthesized under the same 
conditions may vary according to the nature of the 
dopant ions and doping levels, due to the variation in 
ionization energy. The conductivity data for the PPy-st 
can be better fitted by the T -Ii4 form than the Tp113 one 
because, in this case, hopping between localized states 
becomes predominant. In Figure 11 we plotted lna vs. 
T-1’4 curves together with the theoretical curves. From 
Table 3 it is observed that the a0 value is larger for PPy-st 
prepared at 0°C than that of PPy-st prepared at room 
temperature. The density of states of the two PPy-st 
samples are nearly equal. This may be due to0 the 
arbitrary choice of the localization length (Y-’ = 10 A for 
the samples. The value of To depends largely on the 
localization length and the density of states at the Fermi 
level. The variation in these two parameters may induce 
change in the value of To. The hopping frequency v. is 
found to be w lOi s-’ . 

CONCLUSIONS 

We have studied the influence of various parameters 
during electrochemical synthesis of PPy doped with vinyl 
sulfonate and styrene sulfonate anions. It was found that 
room temperature conductivity for PPy-st was always 
much higher compared to PPy-v. This is due to the 
presence of the benzene ring, which facilitates interchain 
tunnelling or hopping in PPy-st samples. The pH of the 
solution during synthesis had practically no influence on 
the conductivity of PPy-st; in the case of PPy-v, samples 
synthesized at higher pH had lower conductivity. For 
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both PPy-v and PPy-st, conductivity decreased with 
increasing current density and decreasing dopant con- 
centration. In general, samples synthesized at 0°C have 
much higher conductivity than those synthesized at 
higher temperature; the highest conductivity of 
125 Scm--’ was recorded in PPy-st synthesized at 0°C. 
Surface morphologies of PPy-v and PPy-st, as revealed 
from SEM pictures, are dependent on synthetic condi- 
tions. PPy-st has better stability in ambient conditions as 
reflected from its conductivity value after 35 days. Low 
temperature resistivity measurements on PPy-v and PPy- 
st synthesized at different temperature, and subsequent 
fitting of the data in Mott’s VRH model, revealed that in 
both cases the hopping conduction mechanism operates. 
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