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A novel process for the preparation of the polypyrrolelpoly(viny! chloride) (PPy/PVC) conductive composites is
reported. The procedure involves chemically polymerizing pyrrole in the presence of a PVC powder dispersed in
an aqueous solution of FeCl;. The PPy-encapsulated PVC particles were compressed-molded into conductive
composite materials. The PPy contents in the pre-localized PPy/PVC composites were determined by elemental
analyses. The effect of PPy content and processing conditions on the electrical conductivity were studied and the
thermal decay of the electrical conductivity and environmental stability were also investigated. A very low
percolation threshold value (0.3 wt%) has been obtained with these composite materials. The electrical
conductivity of the PPy/PVC composite samples with only 1.6 wt% of PPy can be at least 10 orders of magnitude
greater than that of the pure PVC sample. The surface morphology of the pre-localized PPy/PVC composites was
characterized by means of a dynamic contact angle (DCA) analyser, a scanning electron microscope (SEM) and an
optical microscope. The results of the dynamic angle analyses agree qualitatively with the results predicted for a
heterogeneous surface. In addition, the sharp transition in the plot of the receding angle as a function of the PPy
content which occurs at about 2 wt% of PPy may be related to the sharp increase in the conductivity at

approximately the same PPy content. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Polypyrrole (PPy) is regarded as one of the most promising
intrinsically conductive polymers for practical applications
due to its relatively high electncal conductivity, environ-
mental stability and low toxicity' ™. The typical PPy, which
is insoluble and infusible, exhibits poor processability and
lacks essential mechanical properties, as with conventional
polymers. Efforts to overcome these drawbacks have led to
numerous research reports of the improved methods for both
electrochemical and chemical synthesis of PPy>°. Among
them, a significant strategy to approach both high electrxcal
conductivity and desirable mechanical properties is
through the use of preparing the composites based on
PPy and conventional polymers by different processes,
such as inducing oxidative polymerization of a liquid
or gaseous pyrrole on conventional polymer films or
fibres’~'°, and mechanically blending of a PPy powder as a
conducuve ﬁller with a conventional polymer in the melt or
solution''~'*. Nevertheless, the former route is not applic-
able to producmg polymer articles with high electrical
conductivity. The latter route, the mechanical blending,
does not appear desirable because the conductivity of the
blends decreases substantially owing to the thermal aging
during processing at elevated temperatures. Furthermore, a
rather high percentage (usually above 40 wt%) of PPy in the
blends is required to produce composites with high
conductivity. In order to take advantage of the desired
mechanical properties, processability and cost of conven-

*To whom correspondence should be addressed

tional polymers, it is necessary to keep the PPy concentra-
tion in the composites at a minimum.

PPy/polymer composites have been prepared by chemical
polymerization of ZPyrrole on various golymer particles such
as polyprogylene , polg'ethylene pol?'(methyl metha-
crylate)'’ polystyrene'®, polyurethane and alkyd'®.
Poly(vinyl Cl’llOI‘ldC) (PVC) is one of the important
commercial polymers and available in powder form.
Recently we have developed a novel process for the
preparation of PPy/PVC conductive composites by chemi-
cally polymenzmg pyrrole in the presence of a PVC powder
dispersed in an aqueous solution of FeCl;*". The PVC
particles encapsulated with a thin layer of PPy can be
transformed into useful conductive products by compres-
sion molding (see Figure I). The conductive PPy was
localized at the interfacial regions of the PVC particles. We
refer to these composite as the pre-localized PPy/PVC
composites.

EXPERIMENTAL SECTION

Pyrrole (Riedel-de Haen, 98%) was purified by distillation
under reduced pressure. PVC (5G4, Guangzhou Chemi-
cals), which was produced by suspension polymerization,
was used as received in powder form without further
pur1ﬁcatlon The apparent dens1ty of the PVC powder is
0.42gml™" and the particle size varies from 0.063 to
025 mm (the average particle size is approximately
0.10 mm). FeCl; used as an oxidant was dissolved in
distilled water (0.2 M aqueous FeCl; solution. A PVC
powder (approximately 50 g) was added into the stirred
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Figure 1 Schematic diagram showing the formation of the pre-localized PPy/PVC composites.

solution (approximately 200 ml) at 20°C, and then the
pyrrole was gradually added to the reaction system which
was continually stirred during the reaction process. It was
observed that the colour of the PVC powder changed
gradually from light yellow to dark brown within a few
minutes. The reaction time was about 1 h. The resulting
powder was filtered, washed with distilled water and then
dried under vacuum at 40°C.

This PPy-encapsulated PVC powder was compression-
molded at different temperatures and different pressures to
obtain bulk samples, or pressed between two pieces of steel
plate in a hot press set at an elevated temperature to obtain
film samples.

The nitrogen and chlorine concentrations in the PPy-
encapsulated PVC powder were determined using an
clemental analyser (CHN-Rapid, Heraeus, Germany). The
electrical conductivity of the PPy/PVC composites (cylind-
rical sample dimensions: diameter 12 mm, thickness 5 mm)
was measured using a Hewlett Packard 34401 A multimeter
at room temperature. The sample contact surfaces were
coated with silver ink to minimize the contact resistance.
The thermal aging of the samples was performed in an oven
at 90°C. The surface morphology of the PPy/PVC
composites was studied by means of a dynamic contact
angle analyser (DCA-322, Cahn Instruments, Inc., USA).
Deionized water was used as a probe liquid. The platform
speed was 149 mms~'. The contact angle values were
obtained from the first cycle. The typical dimensions of the
bulk and film samples for the DCA measurements were 20
X 5 X 1and 20 X 10 X 0.1 mm, respectively. The surface
morphology of the PPy/PVC composites was also observed
with a JEOL JSM-6300F scanning electron microscope.
The PPy coatings of the PVC powders were studied using an
optical microscope (Olympus BH2-UMA).

RESULTS AND DISCUSSION

PPy contents in the composites

Based on the ratios of the nitrogen in PPy to the chlorine
in PVC, the PPy contents in the pre-localized PPy/PVC
composites were calculated. The results and the original
ratios of pyrrole to the PVC powder in the reaction system

Table 1 PPy contents in the pre-localized PPy/PVC composites

are presented in Table 1. The calculated values of the PPy
content are much lower than the original ratios of pyrrole to
the PVC powder. There are at least three factors that cause
this difference: (1) the incomplete conversion of the pyrrole
monomer into PPy in the oxidative polymerization; (2) the
loss of PPy due to its deposition on the reactor wall; and (3)
an overestimate of the chlorine concentration due to the
residual FeCl; absorbed on PVC particles.

Figure 2 shows the observation of the PPy-encapsulated
PVC powders with different PPy contents by means of an
optical microscope in the reflection mode. It can be seen that
the typical dimension of the PVC particles is about 100 pm
and their colour is silvery white {see Figure 2(a)]. It is
evident that deposition of PPy on the PVC particles
blackens the PVC particles [see Figure 2(b)~(f)]. The
intensity of the colour of these PPy-encapsulated PVC
powders increases with the PPy content, indicating an
increase in the PPy layer thickness.

Electrical conductivity

The electrical conductivity of the pre-localized PPy/PVC
composite samples, prepared by compression molding
under different conditions as a function of the PPy content.
is illustrated in Figure 3. For the samples compression-
molded at 20°C and 1000 MPa, the electrical conductivity
increases significantly when only 0.3 wt% of PPy is
incorporated. The percolation threshold value for the pre-
localized PPy/PVC composites is much lower than those for
the conventional composites with a random distribution of
the PPy fillers. The electrical conductivity increases sharply
as the PPy content increases until the PPy content is above
1.6 wt%, then the conductivity increases very slowly with
an increase in the PPy content. It should be noted that the
electrical conductivity of the composite samples with only
1.6 wt% of PPy is approximately 10 orders of magnitude
greater than that of the pure PVC sample, whereas the
incorporation of 40 wt% or more of the PPy powder is
required to achieve the same conductivity for the com-
posites with a random distribution of the PPy filler'>"?.
These results confirm that chemical polymerization of
pyrrole in the presence of a PVC powder, dispersed in an
aqueous solution of FeCl;, leads to the deposition of PPy on
the surface of the PVC particles as the PPy precipitates. The

Sample number Nitrogen Chlorine (wt%) PPy content (wt%) Pyrrole (wt%)
1 0.048 55.48 0.3 0.5

2 0.150 57.34 0.8 1.0

3 0.32 56.82 1.6 2.0

4 0.68 55.06 33 5.0

5 1.06 53.95 52 10.0
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Figure 2 Optical micrographs (magnification X 100, reflection mode) of the PPy-encapsulated PVC powders with different PPy contents: (a) pure PVC
powder; (b) 0.3 wt% PPy; (c) 0.8 wt% PPy; (d) 1.6 wt% PPy; (e) 3.3 wt% PPy; (f) 5.2 wt% PPy.
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Figure 3 Electrical conductivity of the pre-localized PPy/PVC composite
samples, prepared by compression molding under different conditions, as a
function of PPy content.

Conductivity ( Scm™)

e 20°C, 1000 MPa
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deposited PPy forms a thin conductive sheath encapsulating
the PVC particles. When this PPy-encapsulated PVC
powder is compression-molded into bulk samples without
excessive destruction of the PPy sheaths, a conductive PPy
network is expected to be localized at the interface of the
PVC particles. It is interesting to observe that the shape of
the plot of the conductivity as a function of the PPy content
is very similar to the loading curve of a conductive polymer
composite, consisting of a random distribution of a
conductive filler in a polymer matrix*'. However, in this

new system, the percolation threshold is very small because
the conductive phase is segregated at the interfacial regions
of the PVC particles. Conceptually, this system is very
similar to that reported by Gubberls er al.*>* Although the
dependency of the electrical conductivity on the thickness
of the PPy sheath has not been established, 1.6 wt% of the
PPy appears to be the concentration at which the percolation
region ends.

Samples obtained by compression molding of the PPy-
encapsulated PVC powder at 150°C and 30 MPa show a
decrease in electrical conductivity by 1-2 orders of
magnitude when compared to samples obtained at 20°C
and 1000 MPa. Two factors may be responsible for this
result. One is the thermal decay of electrical conductivity
during compression molding at elevated temperatures
because of degradation of the PPy. Another is the partial
destruction of the PPy sheaths due to the flow of molten
PVC during the molding process.

Thermal stability

In order to observe the stability of the pre-localized PPy/
PVC composites under the ambient conditions, the con-
ductivity of the samples compression-molded at 20°C and
1000 MPa was measured as a function of storage time. The
results are shown in Figure 4. Although the electrical
conductivity decreases gradually with time, it is reasonable
to state that at the ambient conditions the pre-localized PPy/
PVC composites are as stable as the pure PPy synthesized
chemically®*.

Figure 5 shows the thermal decay of electrical con-
ductivity of the prelocalized PPy/PVC composites, prepared
by compression molding at 20°C and 1000 MPa, after
thermal aging in an oven at 90°C. A dramatic decrease in
electrical conductivity (0.5-1 order of magnitude) occurs at
the early stage of thermal aging of the samples. This
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Figure 4 The conductivity of the PPy/PVC composites, prepared by

compression molding at 20°C and 1000 MPa, as a function of time under
ambient conditions.
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Figure 5 The conductivity of the pre-localized PPy/PVC composites,

prepared by compression molding at 20°C and 1000 MPa, as a function of
time at 90°C.

situation can be explained by partial interruption of the
conductive network due to the differences in the thermal
expansion between the PVC particles and PPy sheaths at
elevated temperatures'?. It is also possible that this decrease
is caused by the degradation of the surface region of the PPy
layer, for it is known that intrinsically conductive polymers
are not stable at elevated temperatures in the presence of
oxygen. The largest initial decay appears to be associated
with the sample with the smallest amount of PPy—the
thinnest PPy coating. This result is consistent with the fact
that the surface region of the PPy coating will represent a
larger volume fraction at small coating thicknesses. Further
oxidation requires the diffusion of oxygen into the PPy
layer; hence, after the initial sharp decay, the electrical
conductivity then decreases much more gradually.
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DCA study

Since a liquid makes contact with the outermost
molecular layer of a surface, contact angles are sensitive
to chemical and structural changes which occur at the
surface. Assuming that the surface of the PVC particles is
modified by the deposited PPy, contact angle measurements
are therefore useful for analysing the surface changes of the
pre-localized PPy/PVC composites. The dynamic contact
angles are known to be sensitive to surface roughness and
surface heterogeneity®>. The polymer surface may comprise
several components. For example, a plasma-treatment on
semicrystalline polymer surfaces may produce both high-
and low-energy surface regions’®?’. Figure 6 shows an
example of a surface consisting of both high- and low-
energy-surface regions. As the liquid drop periphery
advances over such a surface, the liquid front tends to
stop at the region boundaries where a barrier exists. Johnson
and Dettre®® performed a theoretical analysis of a two-
region surface consisting of concentric circles of alternative
low- and high-energy surface regions with the intrinsic
contact angles for the low- and high-energy surface regions
equal to 120 and 0°, respectively. Figure 7 presents a family
of curves showing the changes of the advancing and
receding angles with fraction coverage of the high-energy
surface area. For the advancing angle, 5 and 90% coverages
give about the same contact angles. For the receding angle,
it decreases very rapidly with the increase of the high-
energy surface area and reaches a steady-state value when

L

High-surface-energy region
|| Low-~surface-energy reglon

I Region wetted by liquid

Figure 6 A liquid spreading on a heterogeneous surface 2
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Figure 7 Contact angle hysteresis on a model hetergeneous surface:
curves 1-4 were generated with different energy barrier values *°.
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Figure 8 Dynamic water contact angle on the samples of the pre-
localized PPY/PVC composites, prepared by compression molding at
150°C and 30 MPa, as a function of PPy content.

the high-energy surface region reaches a certain coverage,
depending on the activation energy barrier. Johnson and
Dettre also proposed that an advancing angle is a good
measure of the wettability of the low-energy surface part of
the surface, and a receding angle is more characteristic of
the high-energy surface part28.

Figure 8 shows the dynamic contact angles of water on
the PPy/PVC composite bulk samples, prepared by
compression molding at 150°C and 30 MPa, as a function
of the PPy content. The difference in the advancing and
receding angles for the pure PVC sample is a reflection of
the surface roughness of the sample. The deposition of PPy
on the surface of the PVC particles leads to an increase in
the surface energy of the samples—a decrease in the
receding angle. The receding angle increases slowly with
the PPy content and then drops sharply at the PPy content of
about 2 wt%. Finally, its value stays approximately constant
even with further increases in the PPy content. This
behaviour is similar to the plot of the receding angle as a
function of the percentage of the high surface-energy area,
as shown in Figure 7. It is interesting that this transition
which occurs at about 2 wt% of PPy may be related to the
sharp increase in the conductivity at approximately the same
PPy content.

The advancing angle, which is a measure of the
wettability of the low surface-energy part of the hetero-
geneous surface, does not change significantly with the PPy
content in the composites. If we assume that the advancing
angle is a measure of the wettability of the PVC regions of
the surface, then it is reasonable that its value does not
change with the PPy content until the surface is more or less
totally covered with PPy (cf. Figure 7). Both the receding
and advancing angles qualitatively agree with the theo-
retical analyses of Johnson and Dettre.

Figure 9 shows the dynamic contact angles of water on
the film samples of the pre-localized PPy/PVC composites,
prepared by pressing the materials between two pieces of
steel plate in a hot-press at 150°C and 90-120 MPa, as a
function of the PPy content. The receding angle decreases
linearly with the PPy content. This behaviour is different
from that of the bulk samples prepared by compression
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Figure 9 Dynamic water contact angle on the film samples of the pre-
localized PPy/PVC composites, prepared using a hot-press at 150°C, as a
function of the PPy content.

molding. It is believed that the excessive shear deformation
of the PVC particles during the preparation of the film
samples at 150°C and a high pressure results in the
destruction of the PPy sheaths. Consequently, it is logical
to assume that the surfaces of these composite materials are
rougher than those of the bulk samples prepared at a lower
pressure. As pointed out in the earlier discussion the
dynamic contact angle is strongly affected by the surface
heterogeneity and surface roughness of the sample; hence, it
is possible that changes in the shape of the plot of the
receding angle as a function of the PPy content are due to
the additional surface roughness of these samples. This
difference is also reflected in the conductivity of the
composite films being very similar to that of pure PVC.

SEM study

It is well known that any high resolution study of
insulating polymer samples by means of SEM is often
limited by significant charging effects. One common
solution involves the deposition of a metal or carbon
coating (about 200 A thick) as a discharge layer. To test the
effectiveness of the PPy layer as a discharge layer, the pre-
localized PPy/PVC composite samples are directly exam-
ined using SEM without depositing a metal or carbon
coating. The surface morphology of the PPy-encapsulated
PVC powders with different PPy contents, prepared by
compression molding at 20°C and 1000 MPa, is shown in a
series of SEM micrographs [see Figure 10(a)—(f)]. For the
pure PVC sample, the picture is too blurry to reveal
anything clearly. This demonstrates that the charging effect
is so pronounced that observation of detail morphological
structures is almost impossible. It is interesting that the
picture for the PPy/PVC composite sample even with only
0.3 wt% of PPy is an striking contrast to that for the pure
PVC sample. The high quality SEM pictures of the pre-
localized PPy/PVC composites can be obtained with an
increase in the PPy content. The aggregate of the ball-like,
submicron diameter grains, one of typical morphologies of
PVC powders, can be observed distinctly. This indicates
that the electrically conductive PPy deposited on the surface
of the PVC particles acts as a discharge layer similar to the

POLYMER Volume 39 Number 10 1998 1861



Conductive polymer composites: M. Quyang and Chi Ming Chan

————Uum

Figure 10 SEM micrographs of the pre-localized PPy/PVC composite samples with different PPy contents, prepared by compression molding at 20°C and

1000 MPa: (a) pure PVC; (b) 0.3 wt% PPy; (c) 0.8 wt% PPy; (d) 1.6 wt% PPY.

deposited metal or carbon coating. From this fact, it is
reasonable to deduce that the PVC particles are satis-
factorily encapsulated by the PPy during the oxidative
polymerization of pyrrole.

CONCLUSIONS

A novel process for the preparation of pre-localized PPy/
PVC composites has been developed. The procedure
involves chemically polymerizing pyrrole in the presence
of a PVC powder dispersed in an aqueous solution of FeCl;.
This process leads to the deposition of PPy on the surface of
solid PVC particles as the PPy precipitates. The PPy-
encapsulated PVC particles can subsequently be com-
pression-molded into conductive composite materials. A
conductive PPy network is found to be localized in the
interfacial regions of the PVC particles. This process can
produce conductive polymer composite materials with a
very low percolation threshold value (approximately
0.3 wt%). The electrical conductivity of the PPy/PVC
composites with only 1.6 wt% of PPy can be at least 10
orders of magnitude greater than that of the pure PVC
sample. In addition, the electrical properties are reasonably
stable at ambient conditions. The dynamic contact angles
prove to a very useful parameter for the study of the surface
morphology of the composite materials. It is interesting that
the sharp transition in the plot of receding angle as a
function of PPy content which occurs at about 2 wt% of PPy
may be related to the sharp increase in conductivity at
approximately the same PPy content.
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