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Polypyrrole-polypropylene conducting polymer composite films with good mechanical properties and high 
electrical conductivity were prepared using a two-direction permeation/diffusion polymerization method. 
The oxidant used was iron(m) chloride. Polypropylene microporous films prepared by the biaxial stretching 
technique were used as the matrix material. The maximum conductivity of these composite films, 6.0 S cm- , 
is of the same order of magnitude as that of pure polypyrrole, 4.5 S cm-‘, which was synthesized by chemical 
oxidation of pyrrole monomer in aqueous solution. The composite films exhibit quite uniform mechanical 
properties in the film plane. Young’s modulus is in the range 0.4-0.8 GPa, tensile strength 40-85 MPa and 
elongation at break 90-200%, maintaining the mechanical properties of polypropylene in the composite. 
Polymerization conditions, including reaction time, reaction temperature and concentrations of the pyrrole 
and FeCl, solutions, have a great influence on the structure and properties of the composite films. The 
structure of the conducting polymer in the composite films was characterized by X-ray photoelectron 
spectroscopy and the surface morphology of the films was investigated using scanning electron microscopy. 
Two kinds of surface structure were observed, one is a loose particle structure and the other is a compacted 
surface structure. 
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INTRODUCTION 

Electrically conducting polymers have received a great 
deal of attention because of their potential applications, 
such as in rechargeable batteries, gas separation mem- 
branes, antistatic agents and electroluminescent 
diodesId. However, their poor mechanical properties 
and processability constitute major obstacles to their 
extensive applications5. To improve the mechanical 
properties and processability many kinds of method 
have been used, including the introduction of long alkyl 
groups into the main chain6’7, the synthesis of soluble 
precursors8”, the preparation of conducting polymer 
composites3, and so on610. Among these methods, the 
preparation of composites is the easier and more 
effective. 

In recent years many kinds of conducting polymer 
composites based on polypyrrole (PPy) have been 
prepared The matrix polymers that have been used include 
polyethylenelO~“, poly(viny1 chloride)12’13, poly(ethylene 
oxide)14,‘5, 
furan)“, 

poly(viny1 alcohol)l6-18, poly(tetrahydro- 
polystyrene (PPy-PSt)*’ and polyurethane*‘. 

In our laboratory a new kind of isotactic polypropylene 
(PP) microporous film, prtfared by the biaxial stretching 
technique, was developed . These PP microporous films 

*To whom correspondence should be addressed 

are characterized by good and uniform mechanical 
properties in the film plane, high porosity and high gas 
permeability. What is more, the pores in the films are 
connected with each other, resulting in the formation of a 
large pore network. This pore network is very useful for 
the formation of a continuous network of conducting 
polymer. In previous work the authors developed a 
method, using this PP microporous film as the matrix 
material, to prepare polyaniline-based conducting poly- 
mer composites with combined good mechanical proper- 
ties and high conductivity23’24. Our results indicated that 
the biaxially stretched PP microporous film is an 
excellent matrix material for this purpose. In the present 
paper, the preparation and characterization of PPyjPP 
composite films are described. 

EXPERIMENTAL 
Materials and measurements 

Pyrrole (Fluka), iron(m) chloride hexahydrate (AR 
grade) and dodecylbenzene sulfonic acid sodium salt 
(AR grade) used in this work were purchased from 
commercial sources and were used without further 
purification. PP microporous films were prepared by 
biaxial stretching in our laboratory. The average pore 
size in the obtained microporous films was N 0.05 pm, 
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and the porosity was around 35%22. The thickness of the 
PP microporous films used in this work was - 25 pm. 

X-ray photoelectron spectroscopy (X.p.s.) was 
performed using a PHI 53000 X-ray photoelectron 
spectrometer (Perkin-Elmer), with data acquisition 
and treatment being carried out by computer. Mechan- 
ical properties of the composite films were measured 
on an Instron 1122 testing machine. Morphological 
observation was carried out using a Hitachi S-540 
scanning electron microscope. Electrical conductivities 
were determined by the conventional four-probe 
method. Before the conductivity measurement the loose 
particle layer was stripped off from the surfaces of 
composite films. 

Preparation of composite films 
PPyjPP composite films were prepared by chemical 

oxidative polymerization of pyrrole, which is similar 
to the procedure described elsewhere23’24. A typical 
procedure is described below. The polymerization was 

carried out at 10°C in a U-type reactor which consisted 
of two L-shaped tubes and a piece of PP microporous 
film fixed between the two tubes. A 0.2M aqueous 
solution of pyrrole containing 3% (w/w) dodecylbenzene 
sulfonic acid sodium salt was poured into one of 
the L-shaped tubes and a 0.5M aqueous solution of 
FeCl, was into the other. After reaction for 60min, the 
film was removed from the reactor and imbibed in 
acetone for 8 h and then imbibed in distilled water for 
8 h. Finally the film was dried in vacuum at 50°C for 24 h. 
By controlling the reaction time, reaction temperature 
and concentration of the pyrrole and FeC13 solutions, 
conductive PPyjPP composite films with different 
structures and properties can be obtained. 

RESULTS AND DISCUSSION 
Characterization of the structure of PPyjPP 

Figures la and b show, respectively, the wide survey 
X.p.s. spectra of PPyjPP composite films on the FeC13 

a). FeCl, side 2 1s 

Cl 2p 
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Figure 1 Wide survey X.p.s. spectra of PPyjPP composites: (a) FeC13 solution side; (b) pyrrole solution side 
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Table 1 X.p.s. binding energies for Clzp and N,, 

Binding energy” Content 
Element (eV) (X) N+/(N+ + N) -Cl/(N+ + N) 

Monomer side 
N 399.1 

401.5 
-Cl 201.6 
Cl- 198.8 

Oxidant side 
N 399.6 

401.4 
-Cl 201.4 
cl- 198.5 

4.65 0.21 
1.21 
0.11 0.019 
0.2 

5.34 0.22 
1.54 
0.34 0.049 
0.47 

’ For chlorine, the binding energy is the value of C1zp,,: 

solution side and the pyrrole solution side. The peak 
position of different elements (i.e. the binding energies) 
obtained from Figure 1 are summarized in Table 1. The 
data in Figure 1 show that, besides carbon and nitrogen, 
chloride, iron and sulfur are also present in the surfaces of 
composite films, both on the FeCls solution side and on 
the pyrrole solution side of the film. 

Figure 2 shows the X.p.s. core-level spectra of C&r. 
The Cl*, peak can be decomposed into two spin-orbit 
split doublets (C12rjj2 and Clzp,,J, with binding energy for 
Cl 2p,,2 peaks located at 198.8 and 201.6 eV. This reason- 
ably indicates that the chlorine incorporated exists in two 
distinct states. The former corresponds to Cl bonding 
with iron and the latter correF?onds to Cl covalently 
bonding with the pyrrole rings . Therefore, in PPy, Cl 
has been introduced into some of the pyrrole rings. The 
amount of chloro-substituted rings can be calculated 
from the results of X.p.s. and is listed in the last column 
of Table I. The results indicate that the chloro- 
substitution on the surface is twice as high on the 
FeCls solution side than on the pyrrole solution side. It 
has been reported3325m27 that the conductivity of polyani- 
line or polypyrrole will decrease when substituents are 
introduced on phenyl or pyrrole rings. For example, the 
conductivities of polyaniline, polytoluidine and poly- 
chloroaniline are N loo, N 1O-2 and N 10e4 S cm-‘, 
respectively25-27. This can be explained by the torsional 
and electronic effects (electron-donating and electron- 
withdrawing) of the substituents27’28. This is the main 

203.5 201.7 199.9 198.1 196.3 194.5 

r 

Binding Energy (ev) 

b). Pyrrole side 

Binding Energy (ev) 

Figure 2 Clzp X.p.s. core-level spectra of PPYjPP composites: (a) FeC13 solution side; (b) pyrrole solution side 
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reason why the conductivity of the PPyjPP composite 
film on the FeCls solution side is lower than that on the 
pyrrole solution side as shown in Figures 5 and 6. 

The N,, peak can be decomposed into two peaks 
(Figure 3), indicating that there are two nitrogen species 
in the PPy. The peak located at 399.7 eV corresponds to 
the nitrogen in neutral pyrrole rings, and the peak 
located at 401SeV corresponds to the nitrogen in 
positively charged pyrrole rings. The doping extent, 
N+/(N + Nt), can be calculated according to the area of 
the two peaks. The results (Table 1) show that there is 
almost no difference in doping extent (21% and 22%) 
between the two sides of the film; the doping extent on 
the FeCls solution side is only 1% higher than that on the 
pyrrole solution side. During the polymerization process 
the monomer solution and the oxidant solution permeate 
into the host film along the tortuous pore network from 
two sides of the film. The mixing of monomer and 
oxidant in the boundary regions of the two solutions due 
to molecular diffusion may result in oxidation polymer- 
ization of the monomers. The concentrations of FeCls on 
the two sides of the PP film might therefore be greatly 

different during polymerization. However, the difference 
of oxidation state (i.e. doping extent) on the two sides of 
the film is very small. This means that in the preparation 
of PPy/PP using FeCls as oxidant, the concentration of 
the FeCls solution has very little influence on the doping 
extent under these conditions. This is different from the 
results of Martin and co-workers29. 

Figure 4 shows scanning electron micrographs of the 
composite films. Variant morphologies on the two sides 
of the films were observed. On the FeCls solution side the 
composites exhibited a compacted surface structure, 
whereas on the pyrrole solution side a loose particle 
structure was formed with many pores on each particle. 
The average diameters of the particles and pores are N 3 
and 0.1 pm, respectively. 

Influence of polymerization conditions on room 
temperature conductivities 

The polymerization process can be characterized by 
the time dependence of the electrical conductivity of the 
compositesT Figure 5 shows typical experimental data 
with FeCls as the oxidant. The conductivity of the 
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Figure 3 N,, core-level spectra of PPy/PP composites: (a) FeCl, solution side; (b) pyrrole solution side 
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Scanning electron microphotographs of PPyjPP composite films: (a) FeCls solution side; (b) pyrrole solution side 
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Figure 6 Influence of FeCls concentration on the conductivity of 
composite films 

composites increases rapidly with reaction time in the 
initial stage, and then exhibits a maximum at about 
50min. Measurements on both sides of the composites 
show the same tendency. However, the conductivity 
measured on the FeC13 solution side is lower than that on 
the pyrrole solution side and has a maximum at about 
30min. The time dependence of the weight increase 
during the polymerization process is given in Figure 5. 
The weight increase at 2.5min is only about - 4.0%, 
whereas at this stage the electrical conductivity of the 

composite has become quite high compared with that of 
the PP microporous film. This may imply that a 
continuous polypyrrole network is first formed on the 
surface of the PP microporous film, including the inner 
surface and the outer surface. At times of 20-60 min the 
weight increase is around 30-80%, the thickness increase 
is > 14% and the conductivity is of the same order of 
magnitude as that of pure PPy powder (4.5 Scm-’ 
synthesized by chemical oxidative polymerization of 
pyrrole. The density of PPy powder is N 1.4 gcmp3 
(ref. 29) and the porosity of the PP microporous film is 
N 35%. Therefore, at reaction times above 20 min, the 
surfaces of the microporous film are well coated by 
highly conductive PPy layers and a continuous PPy 
network is established within the microporous film. 

The concentration of FeC13 and pyrrole solutions has 
great influence on the conductivities of the composite 
films. Figure 6 shows the relationship between conduc- 
tivity on both sides of the composite film and concentra- 
tion of the FeC13 solution. The concentration of pyrrole 
solution used here was 0.2 M. The conductivity has a low 
value at low FeCls concentration and increases with 
increasing FeCl, concentration. When the concentration 
of the FeC13 solution is > 0.05 M the conductivity of the 
specimen is > 10 -’ S cm-‘, implying that the conductive 
network has formed in this case; when FeC13 concentra- 
tion > 0.5 M the conductivity of the specimen becomes 
> 2Scm-i and does not vary obviously with further 
increases of FeC13 concentration. 

Figure 7 shows the influence of PPy concentration on 
the conductivity of the composites. Here the concentra- 
tion of FeCls solution was 0.5 M. The maximum value of 
conductivity is 6.8 S cm-‘. 

The reaction temperature was also found to have an 
influence on the electrical properties of the composites. 
Table 2 gives the results obtained in the temperature 
range of 1.5-50°C; a 0.2 M pyrrole solution and a 0.5 M 
FeC13 solution were used in these experiments. 
The conductivity of the composites increased with 
decreasing temperature, which is in contrast with the 
results observed in the preparation of polyaniline/ 
polypropylene (PANI/PP)23. This difference in reaction 
temperature dependence of conductivity between PANI/ 
PP and PPy/PP composites corresponds to the difference 
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Figure 7 Pyrrole concentration dependence of the composite 
conductivity 

Table 2 Influence of polymerization temperature on conductivity of 
the composite films” 

Polymerization 
temperature (“C) 

Conductivity 
(S cm-‘) 

Weight 
increase (%) 

Thickness 
increase (%) 

1.5 6.1 54.3 44 
10 5.1 85.9 159 
30 3.8 86.7 63 
50 0.6 68.5 58 

’ Reaction time, 60min; concentration of pyrrole, 0.2 M; concentration 
of oxidant, 0.5 M 

Table 3 Mechanical properties of PPyjPP composite films 

PP PPYIPP 
microporous composite Pure PPy 
films filmsa films3’ 

Young’s modulus (GPa) 0.4-1.2 0.4-0.8 
Tensile strength (MPa) 60-120 40-85 23.6 
Elongation at break (%) 50-200 90-200 3 

a Reaction time, 5 min; concentration of pyrrole, 0.2 M; concentration 
of oxidant, 0.5 M; temperature, 10°C 

in particle structure between the two specimens. On the 
monomer solution side both PPyjPP and PANIjPP films 
exhibit particulate features (Figure 4 and ref. 23). The 
particles on PANI/PP composites are compact, whereas 
those on PPyjPP composites are loose with many pores 
on them. This pore structure ensures continuous 
polymerization even at lower temperature. 

The mechanical properties of these highly conductive 
composites are summarized in Table 3. Data for the PP 
host films and for PPy films synthesized by the 
electrochemical polymerization method are also listed 
for comparison. It is clear that the composites retain the 
good mechanical properties of the host PP films. The 
strength and elongation at break of the composite films 
are larger than the corresponding values for the electro- 
chemically polymerized PPy films. 

CONCLUSIONS 28 

A conducting polymer composite film, polypyrrole/ 
polypropylene, was synthesized by chemically oxidative 
polymerization. Some pyrrole rings in the PPy chains 

29 
30 

were substituted by Cl. The doping extent was N 21% on 
both sides of the film. The conductivities of the films were 
of the same order of magnitude as that of PPy powder 
synthesized by chemically oxidative polymerization in 
water. The polymerization conditions, i.e. reaction time, 
reaction temperature and concentrations of pyrrole and 
FeC13, influence on the conductivity of the composite 
films. The mechanical properties of the composite films 
were better than those of PPy films synthesized by 
electrochemical polymerization in aqueous solution. 
Two kinds of surface structure were observed: one is a 
loose particle structure and the other is a compact 
structure. 

REFERENCES 

1 

5 

6 

I 

8 

9 

10 

11 

12 
13 

14 

15 
16 
17 

18 

19 
20 
21 
22 

23 

24 
25 
26 
21 

MacInnes Jr, D., Druy, M. A., Nigrey, P. J., Naires, D. P., 
MacDiarmid, A. G. and Heeger, A. J. J. Chem. Sot., Chem. 
Commun. 1989,317 
Anderson, M. R., Mattes, B. R., Reiss, H. and Kaner, R. B. 
Synth Met. 1991,41-Q, 1151 
Skothdim, T. A. (Ed.) ‘Handbook of Conducting Polymers’, 
Marcel Dekker, New York, 1986, Vol. I 
Burroughes, J. H., Bradley, D. D. C., Brown, A. R., Marks, 
R. N., Mackay, K., Friend, R. H., Burns, P. L. and Holmes, 
A. B. Nature 1990,347(6293), 539 
Machado, J. M., Karasz, F. E. and Lenz, R. W. Polymer 1988, 
29, 1412 
Sato, M., Tanaka, S. and Kaeriyama, K. J. Chem. Sot., Chem. 
Commun. 1986,873 
Hotta, S., Rughooputh, S., Heeger, A. J. and Wudl, F. Macro- 
molecules 1987, 20, 212 
Murase, I., Chinishi, T., Naguchi, T. and Hirooka, M. Polym. 
Commun. 1984,25, 327 
Capistran, J. D., Gagnon, D. R., Antoun, S., Lenz, R. W. and 
Karasz, F. E., Polym. Prepr. 1984, Z?+(2), 282 
Dijk, H. V., Aagaard, 0. and Schellekens, R. Synth. Met. 1993, 
55(2-3), 1085 
Yoshino, K., Yin, X. H., Morita, S., Nakanishi, Y., Nakagawa, 
S., Yamamoto, H., Watanuki, T. and Isa, I. Jpn J. Appl. Phys., 
Part I 1993, 32(2), 979 
Nakata, M. and Kise, H. Polym. J. 1993, 25(l), 91 
Dubitsky, Y. A. and Zhubanov, B. A. Synth. Met. 1993, 53(3), 
303 
Rabek, J. F., Lucki, J., Kereszti, H., Krische, B., Qu, B. J. and 
Shi, W. F. Synth Met. 1991, 45, 335 
Radhakrishnan, S. and Saini, D. R. Synth. Met. 1993,58(2), 243 
Oho, T. and Miyata, S. Polym. J. 1986, 18, 95 
Pron, A., Zagorska, M., Fabianowski, W., Raynor, J. B. and 
Lefrant, S. Polym. Commun. 1987,28, 193 
Makhlouki, M., Bernede, J. C., Morsli, M., Bonnet, A., Conan, 
A. and Lefrant, S. Synth. Met. 1994, 62, 101 
Kana. Y.. Lee. M. H. and Rhee. S. B.. Svnth. Met. 1992.47. 157 
Rucl&stein, E. and Park, J. S. j. Appi. Polym. Sci. 1991; 421925 
Bi, X. T. and Pei, Q. B., Synth. Met. 1987, 22, 145 
Mao, X., Hu, S. R., Guan, J. Y., Sun, X. M., Wu, W., Zhu, W., 
Zhang, X., Ma, Z. M., Han, Q. and Liu, S. Q. US Pat. 5 134 173, 
1992 
Yang, J., Zhao, C., Cui, D., Hou, J., Wan, M. and Xu, M. 
J. Aipl. Polym. Sci. 1995, 56, 831 
Yang. J.. Cui. D.. Hou, J.. Wan. M. and Xu. M. in nrenaration 
Yang; J.MS bikrtion, The Chinese Academia of Science, 1992 
Wang, S. L., Wang, F. S. and Ge, X. H. Synth. Met. 1986,16,99 
Wei, Y., Focke, W. W., Wnek, G. E., Ray, A. and MacDiarmid, 
A. G. J. Phys. Chem. 1989,93,495 
Wang, Z. H., Javadi, H. H. S., Ray, A., MacDiarmid, A. G. and 
Epstein, A. J. Phys. Rev. B 1990,42, 5411 
Lei, J. T., Cai, Z. H. and Martin, C. R. Synth. Met. 1992,46, 53 
Zhang, G. P., Peng, G. R. and Bi, X. T. Synth Met. 1993,55-57, 
1123 

798 POLYMER Volume 37 Number 5 1996 


