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AbstractÐConductive polyaniline composite ®lms formed by chemical oxidative polymerization of ani-
line inside carboxymethylcellulose matrix ®lms have been studied. The composite shows extremely low
percolation threshold ( fc11.12�10ÿ3). The UV-visible absorption spectra of the composite materials
are a�ected by acid/base treatment in the same manner as pure polyaniline. # 1998 Elsevier Science
Ltd. All rights reserved

INTRODUCTION

The principal problem encountered with the poten-
tial utilization of conducting polymers is their poor
processability and environmental stability.
Incorporating plastics or rubber with conducting
polymer is an attractive route for improving proces-
sability without losing mechanical properties. In the
literature, several works have been reported on the
preparation of interpenetrating composites of polya-
niline (PANI) with several matrix polymers e.g.
with poly(methyl methacrylate) [1], Na�on [2, 3],
Nylon6 [4±6], poly(ethylene imine) [7], poly(vinyl
alcohol) [8], nitrile rubber [9] etc. Both electroche-
mical and chemical methods of polymerization have
been used. The former uses a working electrode
coated with the matrix polymer. The conducting
polymer grows from the electrode surface, and
gradually pervades the coated ®lm, which gets
swollen by solvents containing dopant anions as
electrolytes. In the chemical method an oxidizing
agent is incorporated into a polymer ®lm. The ®lm
is then exposed either to the monomer vapor [5] or
to a solution of the monomer in the appropriate
liquid [8].
Interactions between the two blended polymers

can greatly in¯uence the conductivity and physical
properties of the ®lms. In terms of percolation the-
ory, at su�ciently low concentration where there is
no connected path, the conductivity is very small.
As the concentration of the conducting polymer
(CP) is increased, the conductivity shows a sharp
increase at a certain concentration of CP. This con-
centration is called the percolation threshold. At
further higher concentration, conductivity increases
slowly. Classical percolation theory for conducting
polymer globular aggregates in an insulating med-
ium predicts a percolation threshold at a volume
fraction of 0.16 [10]. For rod like structures the per-
colation threshold depends on the excluded volume

per ®bril and the former can be lower than the
value for globular morphologies [11, 12].
The present work reports the results of a study

on interpenetrating composites of PANI using car-
boxymethyl-cellulose (CMC) as the matrix polymer.
The composites were prepared by polymerizing ani-
line oxidatively inside the matrix polymer which
was embedded with K2Cr2O7 oxidant. The compo-
sites are found to have very low percolation
thresholds.

EXPERIMENTAL SECTION

Aniline (E. Merck, India) was distilled under vacuum
over zinc granules before use and stored under Argon at-
mosphere at ÿ108C. Water was distilled over alkaline
KMnO4. Potassium dichromate (E. Merck) and hydro-
chloric acid (E. Merck) and carboxymethylcellulose
(CMC) (BDH, England) were used as received.

Apparatus

Standard four-probe conductivity measurements were
done at room temperature using a Keithley (model 220)
constant d.c. source and a Keithley (model 181) nanovolt-
meter. UV-visible spectra of the ®lms were recorded using
a Shimadzu UV-2100 UV-visible spectrophotometer.
Conducting polymer in the matrix was determined from
the nitrogen content estimated by a semimicro Kjeldahl
technique [13]. The Cl content was estimated by burning
the samples in an oxygen ¯ask (Heraeus, Germany) fol-
lowed by absorption of gases and titration according to
the standard method [14].

Polymerization

In a typical reaction 5% aqueous solution of CMC was
mixed with varying amounts of potassium dichromate.
Films were cast from the admixture in polyethylene pet-
ridishes and allowed to dry for 3±4 days at room tempera-
ture. The resulting orange yellow transparent ®lms were
then dipped into an aqueous solution of 0.1 M aniline and
1.2 M HCl. Aniline that di�used into the ®lms was poly-
merized to PANI. Within a few minutes the color of the
®lms changed from blue to deep green which grew deeper
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as the reaction proceeded further for 4 h. The IPN compo-
site ®lms were then dipped into aqueous 1.2 M HCl sol-
ution for one day to remove excess oxidant and dried
under vacuum at room temperature for 48 h. The PANI
content was determined by nitrogen analysis.

RESULTS AND DISCUSSION

During the preparation of the composite ®lm the
concentration of aniline used was such that no pol-
ymerization occurred inside the solution. All polym-
erization occurs inside the matrix ®lms of aniline
monomer that di�used into the oxidant embedded
matrix. The as formed PANI contains Cl, signifying
the presence of Clÿ as dopant anions. The Cl/N
atom ratio is 10.5 in all cases which indicates that
the PANI is in the half-oxidized emeraldine salt
state.
The conductivity of the ®lms was measured on

both sides in all cases and the resulting conductivity
values were taken as average of the respective both
side values. For each ®lm the conductivity value of
both sides was of the same order of magnitude. The
composite ®lm thicknesses were in between 0.5 mm
to 1 mm. The same conductivity data on both sides

implies that the composition of each ®lm is the
same through out the ®lm.
Figure 1(a) shows the variation of conductivity

with PANI concentration. Figure 1(b) shows the ®t-
ting of the conductivity vs composition data to the
scaling law of percolation theory

s� f� � c� fÿ fc�t �1�

Fig. 1. (a) Plot of log electrical conductivity vs PANI con-
centration in PANI/CMC composite ®lms, (b) Plot of

log (conductivity) vs log ( fÿ fc).

Fig. 2. UV-vis spectra of (a) CMC ®lm, (b) K2Cr2O7

embedded CMC acid washed ®lm and (c) freshly made
PANI/CMC ®lm.

Fig. 3. UV-vis spectra of PANI/CMC ®lm at pH 1.5 (f),
pH 1.99 (c), pH 3.70 (a), pH 4.98 (e), pH 5.93 (b) and pH

6.5 (d).
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where s( f ) is the experimentally obtained conduc-
tivity measured at room temperature, c is a con-
stant, t is the critical exponent and f is the volume
fraction of ®ller particles. The method yields a
value of percolation threshold ( fc) which is excep-
tionally low 11.12� 10ÿ3 and t11.63. These values
are much lower than the theoretically predicted
value of fc10.16 for spherical conducting particles
dispersed in a nonconducting matrix in three dimen-
sions [10]. Earlier, Makhlouki et al. [15] reported
similar low percolation threshold (PVA/PPy molar
ratio of 5.3� 10ÿ3) for PPy±PVA composite Rubner
et al. [16] reported a low fc (=0.028) and t=3.2 for
semi-IPN composite of poly(3-octyl thiophene)±po-
lystyrene. For most of the composites a value of
t12 has been reported [17±26]. Also for polyaniline
blends, which have exhibited extremely low fc due
to self-assembly of PANI molecules or nanoparti-
cles, a value of t12 has also been reported
[17, 25, 26]. Fernandez et al. [27, 28] have attributed
low fc (10.1) to the better dispersion of PPy in the
matrix caused by hydrogen bonding. But no such
hydrogen bonding is present in the present system
although it shows a very low value of fc. The low fc
may be explained as follows. Bargon et al. [29]
explained that the polymer matrix swells under the
action of solvents resulting in the dendritic for-
mation of solvent channels into which monomer
di�uses. Polymer formed in these solvent channels
retains the tree-like structure of the solvent chan-
nels. This type of growth allows percolation
threshold to reach earlier than in the case of isotro-
pic growth.
The UV-visible absorption spectra of freshly

made ®lms of PANI/CMC, CMC and K2Cr2O7

embedded CMC acid washed ®lms are shown in
Fig. 2. CMC is an excellent matrix material for
optical studies as it does not absorb in the visible
region, but exhibits a sharp cut o� at 215 nm
(CMC ®lm) and 202 nm (K2Cr2O7 embedded CMC
acid washed ®lm). The spectra of the composite
®lms is qualitatively similar to the spectra of the
emeraldine salt form of PANI which have been
reported previously [30±32].

The change in the optical response of these ®lms
with pH is shown in Fig. 3. To obtain these spectra
PANI/CMC ®lms were treated as follows. First,
they were dipped into 0.1 mol dmÿ3 KOH solution.
The solution was stirred for about 10 min thereby
converting the emeraldine salt form to the emeral-
dine base form. The composite ®lms were then
soaked for 24 h in solutions of di�erent pH (over
the range of pH 1±7) which were prepared by
adjusting the pH (KCl + HCl), using dilute HCl,
thereby converting a fraction of the base form back
to the salt form. The ®lms were then removed from
solution, blotted dry and UV-vis spectra were
recorded using air as a reference.
It can be seen from examination of Fig. 3 that

the short wave length peak shifts about 20 nm and
the trough at 435 nm shifts about 40 nm over the
pH range whereas the more dramatic pH e�ect, i.e.
a shift of about 160 nm of the 784 nm peak (ap-
proximately 25 nm/pH) occurs over the pH range
1.5±8.5. The shift of this broad transition is primar-
ily responsible for the observed color change of the
®lm (blue to green) associated with changing pH.
The maximum absorption wavelength of this tran-
sition obeys a nearly linear relation with pH
(Fig. 4).
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