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ABSTRACT: Electrically conductive nanocomposites of
HCl-doped polyaniline (PANI-HCI) nanocolloid particles
with water-soluble and film-forming polymers such as
poly(vinyl alcohol) (PVA) and methylcellulose (MC) were
prepared by the redispersion of preformed MC-coated
submicrometric PANI-HCI particles in PVA and MC solu-
tions under sonication for 1 h and the casting of the films
from the dispersions followed by drying. The submicro-
metric polyaniline (PANI) particles were prepared by the
oxidative dispersion polymerization of aniline in an acidic
(1.25M HCl) aqueous ethanol (30 : 70) medium with MC
as a steric stabilizer. The particles contained 4.7 wt % MC
and had a conductivity of 7.4 S/cm. They had an oblong

shape of 203 nm (length) and 137 nm (breadth). Sonication
broke the oblong-shaped particles to sizes of ~10 nm in
the PVA matrix and ~60 nm in the MC matrix. The elec-
trical conductivity of these films was measured, and the
percolation threshold was determined. The composites
had the characteristics of a low percolation threshold at a
volume fraction of PANI of 2.5 x 1072 in the PVA matrix
and at a volume fraction of 3.7 x 1072 in the MC matrix.
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INTRODUCTION

Intrinsically conductive polymers, particularly polya-
niline (PANI), have potential use in a large number
of applications such as transparent conductive coat-
ings, electromagnetic shielding, antistatic formula-
tions, light-emitting diodes, and corrosion-resistant
paints. However, most conducting polymers suffer
from processing difficulties because of their inherent
insolubility and infusibility. Among conductive
polymers, PANI has received great attention because
of its environmental stability and low cost. PANI
doped with hydrochloric acid prepared chemically
by oxidative polymerization cannot be processed by
conventional plastic processing techniques such as
extrusion molding and injection molding because
the polymer is insoluble and infusible. Wessling and
coworkers,' however, reported the preparation of
HCl-doped polyaniline (PANI-HCI) in a more uni-
form and pure state that flows at 100-250°C; this
makes it possible to blend it with conventional poly-
mers. The reported percolation threshold (f,) occurred
at a 0.035 volume fraction of PANI, which was much
lower than the theoretical f, value of 0.16 predicted by
percolation theory for statistical blends.*
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Several other methods used to make PANI proc-
essable include N substitution®® or ring substitu-
tion”” of aniline, doping the PANI base with
functionalized protonic acid,'”"" and making colloi-
dal particles of PANI by dispersion polymeriza-
tion."*” PANI dispersions can be used for the
processing of PANI, including the preparation of
microstructured electrically conducting composite
films composed of PANI. Thus, the synthesis of col-
loidal particles of PANI and their application to
making conducting composites with film-forming
polymers have attracted great interest.”** Gospodi-
nova et al.”* used colloidal PANI-dodecylbenzene-
sulfonic acid (DBSA) dispersions for the preparation
of blends with water-soluble poly(vinyl alcohol)
(PVA) and water-insoluble ethylene/vinyl acetate
host polymers. The blends thus obtained exhibited
an f, value lower than 0.5 wt % in both cases. Bane-
rjee and Mandal***' reported blends of PANI-HCI
colloid particles with a number of common vinyl
polymers with f, in the range of 2.5 x 107* to 4
x 107* These extremely low values of f, have been
attributed to the formation of unstable nanoparticles
of PANI-HCl from the breakdown of colloidal
PANI-HCI particles with the application of ultra-
sound and subsequent fractal assembly of the nano-
particles. Heeger and coworkers® > reported a
blend of camphor sulfonic acid doped PANI with
poly(methyl methacrylate) with an f, value as low as
1072 According to them, the low value of f, was
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due to the self-assembly of PANI/camphor sulfonic
acid molecules during liquid-liquid phase
separation.

Narkis et al.*® reported blends of PANI-DBSA
aqueous dispersions with aqueous emulsions of
matrix polymers, such as polystyrene, poly(methyl
methacrylate), and polyacrylate. These blends exhib-
ited electrical conductivity at a very low PANI-
DBSA content (0.5 wt %). According to them, the
conductivity level of the various blends depended
on the PANI content and on the surfactant present
in the polymer matrix emulsion, and it was practi-
cally independent of the nature of the polymeric
matrix.

Zhang et al.”” reported the synthesis of composite
films of nanostructured PANI (nanotubes or nano-
rods 60-80 nm in diameter) with water-soluble PVA.
Recently, Hino et al.*® synthesized novel conducting
composites of PANI prepared in the presence of so-
dium dodecyl sulfonate and several water-soluble
polymers. According to them, the corresponding
composites had good film-forming properties and
showed good conductivity close to 32 S/cm.

Yang et al.* synthesized blends of oligomeric
PANI with an epoxy resin to form an interpenetrat-
ing network. The cured film was doped by being
dipped into an acetic acid solution of p-toluene sul-
fonic acid. According to them, the PANI/epoxy
resin composites showed a very low threshold con-
centration of 0-PANI (lower than 1 part of 0-PANI
per 100 parts of resin) for electrical conduction.

In this work, the electrical conductivity of compo-
sites of submicrometric colloidal PANI particles pre-
pared with methylcellulose (MC) as a steric
stabilizer in a 70 : 30 alcohol/water medium with
PVA and MC is reported. Of the two matrices that
we have chosen, PVA is partially compatible with
the steric stabilizer MC, and the other matrix is the
same as the steric stabilizer. The composites have
the characteristics of low f, values at a volume frac-
tion of 2.5 x 1072 in the PVA matrix and at a vol-
ume fraction of 3.7 x 107? in the MC matrix. A
study of the morphology of the nanocomposites is
also included.

EXPERIMENTAL
Purification of the reagents and chemicals

Aniline (E. Merck, Mumbai, India) was vacuum-dis-
tilled over zinc metal; the middle fraction was col-
lected and stored under argon at —10°C. MC was a
product of British Drug Laboratories and was used
as received. We determined a degree of substitution
of 1.7 and a viscosity-average molecular weight of
43x 10° for it. PVA was purchased from LOBA
Cheme Pvt.,, Ltd. (Mumbai, India). Commercial
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distilled water was redistilled over alkaline perman-
ganate. Ethyl alcohol (Bengal Chemical and Pharma-
ceutical Works, India) was purified with the method
of Danner and Hildebrand.” It was then fractionally
distilled with a 1-m fractionating column packed
with 3-mm porcelain beads. Ammonium persulfate
(E. Merck, Germany) was used as received.

Polymer synthesis and preparation of the
composites

The PANI colloid particles were prepared by the
oxidative dispersion polymerization of aniline in an
aqueous ethanol (70%) medium containing 1.25M
HCl with ammonium persulfate as the initiator and
MC as the steric stabilizer at 2°C. The molar ratio of
aniline to persulfate was kept at 1. The aniline/stabi-
lizer ratio was 1.5 : 1, and the stabilizer concentra-
tion was maintained at 0.5%. PANI colloid particles
were separated by ultracentrifugation. Composites
were prepared by the redispersion of PANI colloid
particles in PVA and MC solutions in a conical flask
with an ultrasonic cleaning bath (model AU 10C,
Eyela, Japan) with a power of 60 W that was oper-
ated at 28 kHz.

Polymer and composite characterization

Dried particles of PANI were pelletized, and the
conductivity was measured with the standard four-
probe method with a constant direct-current source
(model 224, Keithley) and a nanovoltmeter (model
181, Keithley, Germany). Transmission electron mi-
croscopy (TEM) studies were performed on diluted
dispersions dried on carbon-coated copper grids
with a JEOL JEM 100CP electron microscope. The N
content of PANI was estimated with a semimicro
Kjeldahl technique.*

RESULTS AND DISCUSSION

The successful dispersion polymerization of aniline
with MC as a steric stabilizer cannot be performed
in water.”>*® Our research results have shown that
MC can be effectively used as a steric stabilizer for
the dispersion polymerization of aniline if the me-
dium is changed from water to aqueous ethanol.'?

A stable PANI dispersion was obtained when the
polymerization was carried out in a 70 : 30 alco-
hol/water medium with MC as a stabilizer. The
morphology of the particles is shown in Figure 1.
The morphology was determined with TEM. The
particles were oval-shaped and had dimensions of
203 + 26 nm (length) and 137 + 24 nm (breadth)
(Fig. 1).

The stability of a dispersion depends on the rate
of stabilizer adsorption and the rate of particle
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Figure 1 TEM image of PANI-MC colloid particles pre-
pared in 70% ethanol (magnification = 30,000x).

growth (the rate of polymerization).'*** A spherical
shape is produced when the balance is in the favor
of the former.*> The change from a spherical shape
to an oblong shape arises as the balance increasingly
tilts in favor of the latter. In an aqueous ethanol me-
dium, the rate of aniline polymerization decreases.'”
Therefore, the rate of adsorption of the MC stabilizer
exceeded the rate of polymerization in an aqueous
ethanol medium, and the result was oblong-shaped
colloid particles of PANI PANI colloid particles
were separated by ultracentrifugation and used for
composite preparation with PVA and MC via
ultrasound.

The changes in the room-temperature conductivity
of composite films of PVA and MC are shown in
Figures 2 and 3, respectively. As Figures 2 and 3 do
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Figure 2 Variation in the electrical conductivity (log o)
against the PANI-HCI concentration in the PANI-HCI/
PVA composites.
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Figure 3 Variation in the electrical conductivity (log o)
against the PANI-HCI concentration in the PANI-HCl/
MC composites.

not show any well-defined f, value, the data were
fitted to the following scaling law of percolation
theory*** in Figures 4 and 5:

o(f) =c(f —f)'

where c is a constant, ¢ is the critical exponent, and
fp is the volume fraction of the filler particles. By fit-
ting our experimental data to this scaling law, as
shown in Figures 4 and 5, we estimated the critical
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Figure 4 Variation in log ¢ against log(f — f,) in the PANI-
HCI/PVA composites.
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Figure 5 Variation in log o against log(f — f,) in the
PANI-HClI/MC composites.

fp values of a 0.023 volume fraction for the PANI-
HCl/PVA composite and a 0.033 volume fraction for
the PANI-HCI/MC composite. These values were
much lower than the theoretical predicted value of f,
= 0.16 for spherical conducting particles dispersed
in a nonconducting matrix in three dimensions.!
From the slopes of the straight lines shown in Fig-
ures 4 and 5, the values of f were determined to be
2.01 for the PANI-HCI/PVA composite and 3.13 for
PANI-HCI/MC. Earlier, Yang and Rubner” re-
ported a low f, value (f, = 0.028) and a value of
t = 3.2 for a semi-interpenetrating network of poly
(3-octylthiopene) and divinylbenzene-crosslinked
polystyrene.

The morphology of the PANI colloid particles and
composites was established with TEM. The PANI
particles were originally oval-shaped and had
dimensions of 203 + 26 nm (length) and 137 + 24
nm (breadth) (Fig. 1). Figures 6 and 7 present the
morphology of the blends of PANI-HCl with PVA
and MC just above f,, that is, 3.73 wt % for PVA and
6.06 wt % for MC.

The low value of f, compared to the theoretical
value of f, = 0.16 (for spherical particles) in both
cases was due to the breakdown of MC-stabilized
PANI colloid particles to nanoparticles under sonica-
tion during the preparation of the composites and
subsequent formation of the network structure. The
MC-PANI colloid particles had dimensions of 203 x
137 nm? (Fig. 5), whereas the particles forming the
network structures (Figs. 6 and 7) were a few nano-
meters in size (10-60 nm). Thus, it is clear that
under the application of ultrasound, the oblong MC—
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Figure 6 TEM image of the PANI-HCI/PVA composite
films containing 3.73 wt % PANI-HCl (magnification =
60,000x).

PANI particles broke into nanoparticles and formed
a network structure at a low volume percentage of
PANL The values of f, observed in the PVA and MC
matrices were almost the same. This observation is
similar to the earlier observation made by Narkis
et al.”® that f, is independent of the polymer matrix.
We observed that although the f, values were the
same in both matrices, a 0.069 volume fraction of the
PANI-HCI particles was required to reach a conduc-
tivity level of the order of 107> S/cm in the PVA
matrix, whereas a 0.3 volume fraction of the PANI-
HCl particles was required in the case of the MC
matrix. The reason for this observation may be that
the steric stabilizer MC, which adsorbed onto the
PANI-HCI particles, was partially compatible with
the PVA matrix but completely miscible with the
MC matrix. Thus, the formation of a network struc-
ture due to aggregation was more effective when the
matrix polymer was not completely miscible with
the steric stabilizer, and the effect was more

Figure 7 TEM image of the PANI-HCI/MC composite
films containing 6.06 wt % PANI-HC] (magnification =
25,000x).
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pronounced at a higher loading of PANI particles
covered with the MC steric stabilizer. Thus, a lower
volume fraction of PANI particles coated with the
MC stabilizer was required to reach a conductivity
level of 1072 S/cm in the case of the PVA matrix
versus the MC matrix.

CONCLUSIONS

Several nanocomposites of PANI-HCL colloid par-
ticles with water-soluble film-forming polymers such
as PVA and MC were prepared by the redispersion
of MC-coated PANI-HCI nanoparticles in PVA and
MC solutions with ultrasound for 1 h in a sonicator
bath and the casting of the films from dispersions.
The submicrometric colloid particles were synthe-
sized by the oxidative dispersion polymerization of
aniline in an aqueous ethanol (30 : 70) medium with
MC as a steric stabilizer. The composites showed
low f, values at a volume fraction of PANI of 2.5
x 1072 in the PVA matrix and at a volume fraction
of 3.7 x 10~? in the MC matrix. Finally, although the
volume fraction of PANI needed to reach f, was
nearly the same for both types of matrices, the vol-
ume fraction required to reach a high conductivity
(102 S/cm) for the PVA matrix was significantly
lower than that required for the MC matrix.
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