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ABSTRACT: Polypyrrole/crosslinked cellulose conductive composite films were prepared
by vapor-phase polymerization of pyrrole on the silicon crosslinked cellulose network
using anhydrous ferric chloride as oxidant. The properties of the composite film depend
on their synthetic conditions such as the amount of ferric chloride and tetraethyl
orthosilicate crosslinker, the reaction time, the solvent, etc. Interestingly, it was found
that the conductivity was strongly affected by the nature of the solvents and their
amount in pyrrole solution. When the weight ratio of methanol/pyrrole is 1 : 1, the
conductivity was as high as 1.1 S/cm, increased by two orders of magnitude compared
to that without solvent, and the mechanical properties was good. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 80: 1368–1373, 2001
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INTRODUCTION

Polypyrrole (PPy) exhibits high conductivity and
good environmental stability, so it has drawn con-
siderable attention as a substitute for metallic
conductors or semiconductors in a wide variety of
electrical and electronic devices.1,2 However,
polypyrrole is, like many other conductive poly-
mers, insoluble in ordinary solvents and infusible
because of decomposes before melting. For this
reason, the conventional methods for polymer
processing, such as melt processing and solution
casting, could not usually be applied to these ma-
terials. Extensive investigations have been car-
ried out to improve the processability of polypyr-
role. These include synthesizing soluble N- or
ring-substituted derivatives, i.e., introducing flex-

ible side substitutes to the main rigid chain.3 or
grafting conducting polymer chains to a noncon-
ducting polymer.4 PPy films have also been pre-
pared by electrochemical polymerization on the
surface of an electrode,5–7 or by the interfacial
oxidative polymerization method.8

Of all the methods, fabrication of polypyrrole-
based composites has been received a great deal
of attention.9–11 The method involves synthesis of
polypyrrole on a suitable insulating matrix. In
recent years, chemical oxidative polymerization
and electrochemical synthesis have been success-
fully developed to produce several interesting
conducting-polymer composite films, such as poly-
pyrrole-poly(vinyl chloride) (PPy-PVC), polypyr-
role-poly(vinyl alcohol) (PPy-PVA), polypyrrole-
poly(ethylene terephthalate) (PPy-PET), PPy-cel-
lulose, PPy-PU(polyurethane) as well as PPy-
PMMA(methyl methacrylate).12–17 However, few
conductive composites based on polypyrrole and a
crosslinked matrix have been reported.
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In our group, several conducting IPNs have been
synthesized.18,19 PPy/PMAA (Poly(methyl acrylate-
co-acrylic acid)) IPN was prepared by vapor-phase
polymerization of pyrrole on crosslinked PMAA,18

which exhibited good conductivity and processabil-
ity. The polyaniline(PANI)/crosslinked cellulose
IPN produced exhibited better conductivity than
that of the PANI/cellulose acetate despite the polya-
niline content of the IPN as low as 20%. In this
work, we have synthesized another conductive com-
posite film based on polypyrrole and crosslinked
cellulose, within which the crosslinked matrix not
only enhanced the physical properties and process-
ability of the rigid conducting polymer, but also
could keep the rigid conducting polymer in good
conductive state due to the weaker interaction be-
tween the crosslinked matrix and the conducting
polymer in comparison to the linear matrix. We
found the conductivity was enhanced by two orders
of magnitude in comparison to that with linear cel-
lulose matrix. The conductivity was greatly depen-
dent on the solvent in pyrrole solution. Therefore,
the detail of the effect of reaction conditions such as
the amount of ferric chloride and tetraethyl ortho-
silicate (TEOS), reaction time, as well as the sol-
vents on the properties of the films was investigated
in this work.

EXPERIMENTAL

Materials

Pyrrole was purchased from Aldrich Chemical
Corp., distilled under vacuum, and stored in a
refrigerator before use. Tetraethyl orthosilicate,
anhydrous ferric chloride, and anhydrous ethyl
alcohol were purchased from Beijing Chemical
Industry and used without further purification.
All solvents were used as received. Sodium car-
boxymethyl cellulose (Molecular weight: viscos-
ity, 500800cP; PH, 68) was purchased from Chi-
nese Medicine & Pharmaceutics Corp.

Preparation of Carboxymethyl Cellulose

Sodium carboxymethyl cellulose was dissolved in
alcohol/deionized water (35:65) and slightly
heated with vigorous stirring until sodium car-
boxymethyl cellulose was completely dissolved.
Then the solution was acidified with HCl to pH
, 2, precipitated with methanol, and finally fil-
tered to obtain carboxymethyl cellulose.

Preparation of Conductive Composite Film

The well-defined amount of freshly obtained car-
boxymethyl cellulose and TEOS were dissolved in
15g of 35% alcohol aqueous solution. The mixture
was refluxed for 1 h, cooled, then the ferric chlo-
ride was added with stirring for more than 30
min. The solution was poured into Teflon sub-
strate plate and placed at room temperature un-
der a moisture atmosphere for 48 h. The final film
was peeled off, and the preparation of free-stand-
ing conductive composite films was carried out at
28°C by exposing crosslinked cellulose films con-
taining FeCl3 to pyrrole vapor or the mixed vapor
of pyrrole/solvent solution for the given time. Af-
ter the oxidative polymerization was completed,
the films were washed several times with metha-
nol until the solvent remained colorless, and then
the film was pressed with glass plates and dried
in vacuo for more than 12 h.

Measurement

The electrical conductivity of the composite films
was measured at room temperature by the stan-
dard four-probe method. The content of polypyr-
role in the composite films was measured using
standard element analysis instrument. The phase
morphological characteristics of the samples were
studied by scanning electron microscopy (SEM).
The specimens for SEM were frozen in liquid ni-
trogen, fractured, mounted, and coated with gold.
They were then observed with HITACHI S-530.

RESULTS AND DISCUSSION

The vapor-phase polymerization of pyrrole has
been utilized for the preparation of composite of
PPy and other conventional polymers such as
poly(vinyl chloride),12 poly(vinyl alcohol),13 and
polyacrylonitrile.20 It was found that the rate of
polymerization and the conductivity of the result-
ant composite were strongly dependent on the
amount of FeCl3 in the polymer film. In this work,
the effect of the amount of FeCl3 on the properties
of the films is listed in Table I. It can be seen that
both the conductivity and the PPy content in the
conductive composite film increase with increase
in the oxidant content within the range of oxidant
content investigated. On the other hand, the
higher the content of PPy in the film, the more
brittle the film.
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Table II presents the effect of the amount of
TEOS on the properties of the films. In this work,
TEOS was not only used as crosslinker but also
self-condensed to form the SiOSi network. The
crosslink network includes two kinds of networks,
namely, the SiOSi network and the SiOC-(cellu-
lose) network. The content of PPy increases and
then decreases with the amount of TEOS used, as
is seen in Table II. It can be also found that 10/90
is the best ratio of TEOS/Na-CMC (sodium car-
boxymethyl cellulose), the conductivity is as high
as 101 S/cm, increased by two orders of magnitude
compared to that without TEOS. This is because
PPy is in a better conductive state due to its
interaction with the crosslinked matrix weakened
by the formation of the network at 10/90 TEOS/
Na-CMC compared to that without TEOS. The
crosslink density of the matrix is increased with
the increase in the ratio of TEOS/Na-CMC, and
this limits the formation of polypyrrole in good
conductive state at the high ratio of TEOS/Na-
CMC. On the other hand, the content of polypyr-
role is decreased at the higher ratio of TEOS/Na-
CMC (40/60). The above two effects cause the
decrease in the conductivity at the high ratio of

TEOS/Na-CMC. In addition, there is no obvious
difference between the conductivity of the air sur-
face and the bottom surface, although the struc-
ture of the air surface of the crosslinked matrix is
different from that of the bottom, as caused by the
migration of siloxane to the surface with lower
surface energy.21 In comparison to the linear
structure of the matrix, the crosslink structure of
the matrix can retard the volume shrinkage of the
composite film. The serious shrinkage of the com-
posite film appeared at 40% TEOS, which was
caused by the formation of the SiO2 gel via hydro-
lysis and condensation of TEOS.22

Many works have reported the effect of reac-
tion time of oxidative polymerization on the con-
ductivity. Generally, the conductivity increases
and then decreases or remains unchanged with
increase in the reaction time.10 Table III shows
that the conductivity decreases with increase in
the reaction time. The fact that the conductivity
first increases with increase in the reaction time
was not observed because the reaction time inves-
tigated in this work is much longer. During the
exposure of the crosslinked cellulose film contain-
ing FeCl3 to pyrrole vapor, at least two processes

Table I Effect of the Amount of Ferric Chloride on the Properties of the Filmsa

Feeding Amount of
Ferric Chloride (g)

PPyb

(%)

Conductivity (S/cm)

Remarks on the FilmsAir Surface Bottom Surface

1.5 1.9 1.0 3 1022 9.2 3 1023 smooth, strong, brittle
1.0 ,0.5 8.8 3 1023 5.4 3 1023 smooth, strong, less brittle
0.5 ,0.5 1.8 3 1023 2.3 3 1023 smooth, strong, less brittle
0.1 0 Under detected smooth, strong, tough

a The conductive composite films were prepared under the following conditions: 0.8 g sodium carboxymethyl cellulose, 0.2 g
TEOS, reaction time: 24 h.

b Calculated on the basis of the elemental analysis.

Table II Effect of the Amount of TEOS on the Properties of the Filmsa

Weight Ratio of
TEOS/Na-CMC

PPyb

(%)

Conductivity (S/cm)

Remarks on the FilmsAir Surface Bottom Surface

0/100 0.5 8.8 3 1023 5.4 3 1023 strong, brittle, shrinked
10/90 0.9 1.5 3 1021 1.9 3 1021 strong, less brittle, smooth
20/80 1.9 2.8 3 1023 8.3 3 1023 strong, brittle, smooth
40/60 ,0.5 1.8 3 1022 2.1 3 1022 strong, most brittle,

seriously shrinked

a The conductive composite films were prepared under the conditions: ferric chloride: 1.5 g reaction time: 24 h.
b Calculated on the basis of the elemental analysis.
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may take place: (1) the diffusion of pyrrole vapor
into the film; (2) the oxidative polymerization of
pyrrole by FeCl3. Generally speaking, the diffu-
sion-oxidative polymerization process may take
place. When the reaction time is long, the amount
of polypyrrole becomes high enough, a network
has been generated in the neighborhood of the
surface of the film. The network forms a shield
near the crosslinked cellulose film surface that
prevents the diffusion of pyrrole. However, for
very long reaction times, for example, 48 h, some
pyrrole still penetrates through the surface layer
and reacts with FeCl3 behind the layer, but pro-
duces some loose PPy with low bulk density ag-
gregated near the surface of the film.11 This not
only increases the thickness of the film but also
makes the conductive coarse, and the conductiv-
ity, thus, first decreases with the reaction time.
With a further increase in the reaction time, the
conductivity almost remains unchanged due to no

further oxidative polymerization of pyrrole. In ad-
dition, the polypyrrole with low bulk density also
results in the decrease in the strength of the film
for the longer reaction time.

Table IV lists the effect of solvent on the prop-
erties of the films, which were prepared by chang-
ing the solvent in the pyrrole solution. The value
of conductivity is affected by the nature of the
solvents used and changes from 10 to 1022 S/cm,
increased by one to two orders of magnitude in
comparison to that without solvent (1022 S/cm,
see Table I). The long-chain amine and octanol
are almost not volatile at 28°C, but lead to the
decrease in the vapor pressure of pyrrole in com-
parison to that without solvent. Therefore, the
ratio of oxidative polymerization of pyrrole is slow
so that the polypyrrole that has good conductivity
is easily produced. However, the conductivity is
increased by only a little compared to that with-
out solvent, indicating the conductivity is affected

Table III Effect of the Reaction Time on the Properties of the Filmsa

Reaction Time (h)

Conductivity (S/cm)

Remarks on the FilmsAir Surface Bottom Surface

24 1.0 3 1022 9.2 3 1023 brittle, most strong, smooth
48 7.8 3 1024 7.4 3 1024 brittle, strong, smooth
72 3.6 3 1024 1.5 3 1023 most brittle, less strong, coarse

120 3.5 3 1024 5.8 3 1024 most brittle, less strong, coarse

a The conductive composite films were prepared under the following conditions: 0.8 g sodium carboxymethyl cellulose, 0.2 g
TEOS, ferric chloride: 1.5 g.

Table IV Effect of the Solvent in Pyrrole Solution on the Properties of the Filmsa

Solvent
PPyb

(%)

Conductivity (S/cm)

Remarks on the FilmsAir Surface Bottom Surface

CH3OH 4.2 1.1 1.1 less tough, strong, coarse
C2H5OH 26.4 9.2 3 1021 6.3 3 1021 less tough, less strong, coarse
C8H17OH 4.6 1.1 3 1022 1.6 3 1022 tough, most strong, slightly coarse
(CH2CH2)2O — 8.5 3 1021 7.5 3 1023 tough, strong, slightly coarse
C5H5N 16.2 9.9 3 1021 6.4 3 1021 less tough, most strong, coarse
C8H17NH2 — 3.0 3 1022 4.5 3 1022 tough, most strong, slightly coarse
C14H29NH2 — 1.1 3 1022 2.1 3 1022 tough, most strong, slightly coarse
C6H6 5.4 6.9 3 1022 2.9 3 1022 most tough, most strong, slightly coarse
CCl4 — 1.9 3 1022 9.5 3 1022 tough, most strong, slightly coarse
CHCl3 22 1.3 3 1021 1.0 3 1021 less tough, most strong, slightly coarse

a The conductive composite films were prepared under the following conditions: 0.9 g sodium carboxymethyl cellulose, 0.1 g
TEOS, ferric chloride: 1.5 g reaction time: 24 h; weight ratio of pyrrole/solvent, 1:1.

b Calculated on the basis of the elemental analysis.
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very little with addition of long-chain solvent into
pyrrole solution at temperatures as low as 28°C.
By addition of the volatile solvents into pyrrole,
the properties of the films are not only affected by
the decrease pressure in the vapor of pyrrole, but
also mainly dependent on their interaction with
the crosslinked matrix. Using ethanol, pyridine,
and chloroform as solvents, the contents of PPy in
the mixture is much higher than that without
solvent (1.9%, see Table I) because these are sol-
vent for carboxymethyl cellulose and make the
crosslinked matrix swollen helping the diffusion
of pyrrole into the films. Methanol and benzene
are nonsolvents for carboxymethyl cellulose, so
the content of PPy is enhanced slightly compared
to that without solvent. The degree of increase in
the PPy content is much smaller while the degree
of increase in the conductivity is higher than that
for those good solvents for carboxymethyl cellu-
lose. For instance, using methanol as solvent, the
conductivity is as high as 1.1 S/cm, and enhanced
by two orders of magnitude compared to that
without solvent (1022 S/cm, see Table I), and also
larger than that for these good solvents for car-
boxymethyl cellulose, indicating the conductivity
strongly depends on the structure of PPy in the
film. Regarding the remarks on the film, these are
also changed correspondingly with the addition of
solvent into pyrrole.

Figure 1 shows the effect of the solvents on the
morphologies of the conductive films. It can easily
be found that the structures of the films strongly
depends on the solvent in pyrrole solution. With
tetrahydrofuran (THF) or without solvent, the ob-
tained conductive films were of “sandwich” struc-
ture, whose air and bottom surfaces are conduc-
tive, and whose middle layer is insulating.19 How-
ever, the two structures are completely different.
The former exhibited more complete conductive
layer than the latter. With methanol or trichlo-
romethane as solvent, the “sandwich” structure
disappeared, and the conductive network struc-
ture has been formed. The conductive network
has been generated more completely for methanol
than that for trichloromethane, strongly suggest-
ing the conductivity depends on the morphology
of the conductive film.

Table V presents the effect of the weight ratio
of methanol/pyrrole on the properties of the con-
ductive films. First, the conductivity increases
with increase in the weight ratio of methanol/
pyrrole (below 1 : 1), then decreases with increase
in the weight ratio of methanol/pyrrole. The con-
ductivity shows a maximum value (1.1 S/cm ) at

1 : 1(weight ratio) of methanol/pyrrole. During the
diffusion of the mixed vapor of methanol/pyrrole
into the free film containing oxidizing agent, sev-
eral processes may take place: (1) the swelling of
the free film by the vapor of pyrrole/methanol
solution; (2) the oxidative polymerization of pyr-
role by FeCl3. Methanol can function as solvent
during the oxidative polymerization and further
diffuse into the insider layer of the film; (3) the
further diffusion of pyrrole into the film and the
FeCl3/methanol solution from inside towards the
surface of the film. The conductivity strongly de-
pends on the diffusion rate of FeCl3 and pyrrole as
described in the other work.23 The fact that the
conductivity increases and then decreases with
the weight ratio of methanol/pyrrole may be ex-
plained by the too large diffusion rate of pyrrole
and FeCl3, which causes the formation of PPy
with low density.

In conclusion, the conducting composite film
based on polypyrrole and crosslinked cellulose
has been synthesized, which combined high con-
ductivity with good mechanical properties. The
conductivity increases with increase of the
amount of oxidant, decreases with increase of
the reaction time, also strongly depends on the

Figure 1 SEM of the composite films with different
solvents, the preparation of the films described as in
Table IV.
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amount of TEOS as well as changes with the
nature and the content of solvent in pyrrole solu-
tion. The structure of conductive film strongly
depends on the solvent in pyrrole solution.
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Table V Effect of the Weight Ratio of Methanol/Pyrrole on the Properties of the Films

Methanol/Pyrrole
(Weight Ratio)

Conductivity (S/cm)

Remarks on the FilmsAir Surface Bottom Surface

0/1 1.0 3 1022 9.2 3 1023 tough, strong, slightly coarse
1/3 3.8 3 1022 7.7 3 1022 tough, most strong, slightly coarse
1/1 1.1 1.1 less tough, strong, slightly coarse
3/1 2.5 3 1021 2.3 3 1021 tough, most strong, slightly coarse

a The conductive composite films were prepared under the following conditions: 0.9 g sodium carboxymethyl cellulose, 0.1 g
TEOS, ferric chloride: 1.5 g reaction time: 24 h.
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