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ABSTRACT: Electroconductive polychloroprene (CR)–polyaniline (Pani) composites
were prepared by swelling the vulcanized rubber material in aniline followed by
immersing the specimen in an aqueous solution of HCl containing ammonium persul-
fate as the oxidant. The results obtained from surface and volume conductivity, scan-
ning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) analysis
suggest that the Pani component is preferentially located in the surface layer. These
composites display better electrical and mechanical performance than those obtained
by mixing both polymer components in the bulk state. © 1999 John Wiley & Sons, Inc. J
Appl Polym Sci 71: 2329–2334, 1999
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INTRODUCTION

Polyaniline has been found to have several inter-
esting applications in electronic, optical, and bio-
logical areas because of its conducting and elec-
trochromic properties.1 Unfortunately, it is ex-
tremely difficult to process and normally displays
poor mechanical performance. One approach to
reaching good physical and electrical properties is
to develop composite systems by blending a com-
mon polymer with polyaniline either in solution2

or by a melt process.3,4 When the conventional
polymer is an elastomer, the corresponding com-
posite prepared by a melting process presents a
low electrical conductivity.5 This behavior may be
attributed to the presence of a vulcanizing sys-
tem, required to impart good mechanical proper-

ties to the rubber materials. Indeed, in the pre-
ceding article concerning the electrical conductiv-
ity of polychloroprene (CR)/polyaniline (Pani)
blends, we found an electrical conductivity as low
as 10-9 S cm-1, with the addition of Pani in a
concentration as high as 50 wt %, when the com-
posite was prepared by a bulk process.6

Several articles have dealt with the develop-
ment of conducting polymer blends by preparing
the intrinsically conducting polymer in the pres-
ence of an insulating polymer matrix.7–12 One
classical example consists of an vapor-phase poly-
merization of pyrrole on polymer films impreg-
nated with the oxidant.8–10 The same approach
was also applied for the development of Pani-
based electroconducting composites.11–13 For this
purpose, thermoplastic films were swollen in an
aniline monomer and then immersed in a cooled
solution of the oxidant. This procedure normally
results in better values of electrical conductivi-
ties.

Based on this idea, we decided to study a sim-
ilar polymerization system involving the in situ
polymerization of aniline swollen in vulcanized
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CR specimens. In this communication, we discuss
the electrical and mechanical properties of the
CR/Pani composites prepared by this method. The
surface composition by X-ray photoelectron spec-
troscopy (XPS) was also analyzed.

EXPERIMENTAL

Materials

Aniline (analytical-grade Merck, Darmstadt, Ger-
many) was distilled twice under reduced pres-
sure. CR [Neoprene W; density 5 0.87 g/cm3; Mw
5 460,000)] was kindly supplied by DuPont do
Brazil S.A. All reagents were of analytical grade
and used without purification.

Preparation of CR/Pani Composites

Vulcanized CR samples were obtained as de-
scribed in the previous report.6 The specimens
with a dimension of 40 3 40 3 1 mm were allowed
to swell in aniline for different times and then
wiped with a cloth. The content of the absorbed
aniline in the rubber samples was estimated by
comparing the weight of the initial specimens
with those of the swollen ones. The polymeriza-
tion was carried out by immersing the swollen CR
in the cooled aqueous solution of ammonium per-
sulfate (0.3M) in a 1M aqueous solution of HCl for
1 week at 210°C. After the polymerization, the
specimens were washed with a 1M solution of
HCl, then with water, and dried under a vacuum
at 50°C. The Pani content in the composites was
determined by submitting the samples to extrac-
tion with methanol in an Soxhlet apparatus for
24 h. This procedure is able to extract all nonre-
acted aniline inside the specimen.

Characterization

Surface electrical conductivity was measured
with the help of a Keithley 617 electrometer using
the conventional four-point probe method. Vol-
ume conductivity was obtained in the same elec-
trometer by using contacts in a sandwich config-
uration. The electrode area was 9 cm2. All mea-
surements were performed at room temperature
and at an air relative humidity of 70%.

Tensile properties were obtained on an Instron
4204 testing machine at room temperature with a
draw speed of 100 mm/min. For these measure-
ments, specimens of 2-mm thickness were pre-
pared according to ASTM D638.

Scanning electron micrographs were taken on
a JEOL Model JSM-5300. Both the sample sur-
face and the cryofracture surface were covered
with gold before the analysis.

XPS measurements were carried out on a Kra-
tos XSAM-800 dual-chamber spectrometer, under
conditions described elsewhere.6,14 Quantitative
analysis of the sample surface was made based on
the integral peak intensities. All spectra were
referenced to the C1s neutral carbon peak set at
284.6 eV as in the earlier work.1 The N1s and
Cl2p signals were decomposed into individual
components by a least-squares fitting procedure
using, respectively, a Gaussian line shape and a
natural Cl2p line profile as observed in CR. In
fitting the N1s line, the positions of the compo-
nents due to the amine and imine nitrogens were
kept fixed at their positions found in the emeral-
dine base (EB).

RESULTS AND DISCUSSION

Table I shows the electrical conductivity of CR/
Pani composites as a function of the swelling time
of the CR-vulcanized samples in the aniline me-
dium. As expected, the amount of absorbed
aniline in these CR specimens increased with
the time. These samples containing different
amounts of aniline were then treated with an
ammonium persulfate/ HCl aqueous solution for 1
week. The surface conductivity increased sub-
stantially (from 10212 to 1027 S cm21) when only
16 wt % of aniline was present inside the speci-
men (1 h swelling) and continuously increased
with the amount of the absorbed aniline until
about 25 wt %. After this point, the aniline con-
tent increased with the time, as expected, but the
conductivity was not affected.

This behavior is better illustrated in Figure 1.
The volume conductivity values were similar to
the pure CR sample whatever was the content of
the absorbed aniline or the Pani content formed
during the in situ polymerization. The conducting
CR/Pani composites were submitted to extraction
with methanol for 24 h in a Soxhlet apparatus.
After the extraction, the rubber surface retained
the characteristic green color of the protonated
Pani while the interior was completely decolored.
These results indicate that the in situ polymer-
ization takes place at the surface of the material.
Since aniline can diffuse inside the rubber speci-
men, the low volume conductivity can be attrib-
uted to the difficulty of diffusion of the oxidizing
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agent into the polymer bulk. The surface conduc-
tivities of these composites are lower than those
of pure Pani, which was found to be equal to 1022

S cm21.6

The formation of conductive Pani at the CR
surface can be observed by scanning electron mi-
croscopy (SEM). Figure 2 illustrates the SEM mi-
crographs of the CR/Pani composite taken from
the surface [Fig. 2(a)] and the cryofracture [Fig.
2(b)]. The surface of the compound presents a
homogeneous distribution of Pani with a granular
structure. The micrograph of the cryofracture
presents two distinct regions consisting of the
pure CR phase inside the sample and the surface
layer containing the Pani was well adhered to the
matrix.

XPS was employed to determine the surface
composition of these samples. Figure 3 illustrates
the N1s and Cl2p core-level spectra surfaces of

the CR-vulcanized sample and of the CR/Pani
composite. The spectrum of a vulcanized CR sam-
ple [Fig. 3(b)] displays the Cl2p line at 200.0 eV,

Figure 2 SEM of the CR/Pani composite prepared by
in situ polymerization of aniline in the presence of
vulcanized CR: (a) surface analysis; (b) cryofracture of
the sample.

Table I Electrical Conductivity of CR/Pani Composites as a Function of the Swelling Time
of the Vulcanized Rubber in Aniline

Swelling
Time (h)

Content of
Absorbed Aniline

(%)
Content of Pani

(%)
Surface Conductivity

(S cm21)
Volume Conductivity

(S cm21)

1 16 14 7 3 1027 2 3 10212

2 25 20 2 3 1025 7 3 10211

3 28 23 3 3 1025 7 3 10211

4 39 30 3 3 1025 8 3 10211

5 41 33 2 3 1025 8 3 10211

6 43 34 2 3 1025 8 3 10211

7 46 36 3 3 1025 6 3 10211

72 51 38 4 3 1025 7 3 10211

Figure 1 Surface conductivity of CR/Pani composites
prepared by the in situ polymerization of aniline.
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which is characteristic of the covalent Cl—C
bond. No traces of nitrogen were observed, as
expected [see Fig. 3(a)]. The N1s spectrum [Fig.
3(c)] of the CR/Pani composite shows the typical
signals due to the protonated Pani, that is, amine
groups (—NH—) at 399.4 eV, imine groups
(AN—) at 398.2 eV, and the positively charged
nitrogen groups at 400.7 and 402.2 eV (compo-
nents N1

1 and N2
1, respectively).15,16 The Cl2p

spectrum of the composite [Fig. 3(d)] presents a
signal at 196.8 eV, characteristic of chloride ions
in the protonated Pani. In addition to this peak,
another one with lower intensity can be observed
at 200.0 eV. This peak appears in the same region
as the Cl2p peak related to the CR sample.

The distribution of nitrogen and chloride atoms
with various chemical states can be found from
the quantitative analysis of the spectra (Table II).
The positively charged components N1

1 and N2
1

(32 and 5%, respectively) predominate over the
imine groups (8.8%) in the CR/Pani sample, as
expected. The quantitative analysis of the CR/
Pani surface also revealed a doping degree of Pani
corresponding to 0.37. This value was obtained by
relating the amount of positively charged nitro-
gen with the noncharged nitrogen groups (amine
and imine). It is curious to see in Table II that,
despite the higher doping degree of Pani in the
composite related to the pure Pani z HCl, the
surface conductivity of the composite is three or-

Figure 3 XPS core-level spectra of (a) N1s and (b) Cl2p of the CR-vulcanized sample
and (c) N1s and (d) Cl2p of the CR/Pani composite.

Table II XPS Characterization Data for the CR-Vulcanized Sample, Pure Pani z HCl,
and the CR/Pani Composite

Sample

Surface Composition (%)

Surface Conductivity
(S cm21)C O N Cl

Components of N1s
Components

of Cl2p

ANO ONHO N1
1 N2

1 Cl2 ClOC

CR 78 3.2 0 19.0 — — — — 0 100 —
CR/Pani z HCl 80 7.1 8.4 4.8 8.8 54 32 5 78 22 4 3 1025

Pani z HCla 82 6.4 8.4 3.6 13 64 18 5.6 98 — 2 3 1022

a Data taken from ref. 6.
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ders lower. Two factors may be responsible for
these results: The first concerns the possibility of
chlorine elimination under ultrahigh vacuum
conditions of the XPS experiments, as reported in
the literature.17 This elimination should be min-
imized when the rubber is present in the sample.
In addition, a small amount of CR was also de-
tected at the composite surface (about 5%), as
indicated by the Cl2p peak at 200.0 eV. The pres-
ence of the rubber at the surface may also be
contributing to the lower conductivity values.

The tensile properties of the CR/Pani compos-
ites prepared by in situ polymerization and a bulk
process are compared in Table III. CR/Pani pre-
pared by a bulk process was previously discussed
and involves the blending of both polymer compo-
nents together with the curative system followed
by vulcanization.6 Both ultimate tensile strength
and elongation at break decrease when Pani is
incorporated into the vulcanized rubber material.
Nevertheless, it is interesting to note the higher
mechanical performance associated to the higher
surface conductivity of the composite prepared by
in situ polymerization. When Pani was blended
with CR in the bulk process, a very high amount
of Pani (about 50%) was required to achieve bet-
ter conductivity. This so-high proportion of the
brittle Pani strongly affects the tensile properties.

CONCLUSIONS

From the results presented in this communica-
tion, we can conclude that electroconductive poly-
mer composites based on the CR vulcanized ma-
trix swollen in aniline can be prepared. In such
materials, Pani is preferentially located in the
surface layers. This behavior was suggested from
the differences found in the surface and volume
conductivity values and SEM analysis. In addi-
tion, XPS analysis also revealed that Pani z HCl is
the main constituent of the surface although some
amount of CR can be found. The Pani component

in the composite presented a higher doping de-
gree but lower surface conductivity when com-
pared with the pure Pani z HCl sample. This re-
sult may be associated to the presence of the
rubber component at the surface, as indicated by
the XPS analysis. In addition, the vulcanization
system may be affecting the conducting process.
The influence of the curing components on the
electrical conductivity of these materials will be
studied in forthcoming articles. Finally, the com-
posites prepared by the in situ polymerization
technique present better electrical and mechani-
cal performance than those obtained by mixing
Pani z HCl with CR in a bulk process.
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of Organo-Element Compounds, Russian Academy of
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