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ABSTRACT: Polypyrrole/crosslinked poly(styrene—butyl acrylate—hydroxyethyl acry-
late) (PSBH) conductive composite films were designed to obtain high conductivity
and good mechanical properties, and were prepared by vapor-phase polymerization of
pyrrole within the silicon-crosslinked PSBH network using anhydrous ferric chloride
as oxidant. The properties of the conducting composite film, such as conductivity, were
strongly dependent on their synthetic conditions, such as the amount of ferric chloride
and tetraethyl orthosilicate and the nature and weight ratio of the solvent in pyrrole
solution. Above all, the most interesting point was the effect that solvent in pyrrole
solution had on the conductivity. Using methanol as solvent, the conductivity was as
high as 15 S/cm, increased by two orders of magnitude as compared with that without
solvent. The conducting composite exhibited good mechanical properties (tensile
strength, 10.3 MPa; Young’s modulus, 178.9 MPa; elongation yield, 170%). © 1997 John

Wiley & Sons, Inc. J Appl Polym Sci 64: 2293-2298, 1997

Key words: polypyrrole; conducting composite; crosslinked PSBH

INTRODUCTION

Because polypyrrole (PPy) exhibits high conduc-
tivity and good environmental stability, it has
drawn considerable attention as a substitute for
metallic conductors or semiconductors in a wide
variety of electrical and electronic devices, such
as electrochromic displays, modified electrode ca-
talysis, and shielding material for electromag-
netic fields.'”® However, PPy is, like many other
conductive polymers, insoluble in ordinary sol-
vents and infusible because it decomposes before
melting. Currently, many investigations have fo-
cused on the preparation of conductive PPy com-
posites with the object of improving PPy process-
ability. Chemical oxidative polymerization and
electrochemical synthesis have been successfully
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developed to prepare conductive PPy composite
films, such as PPy—poly(vinyl chloride) (PVC),
PPy—poly(vinyl alcohol ) (PVA), PPy—poly(ethyl-
ene terephthalate), PPy-—cellulose, and PPy—
polyurethane, as well as PPy—poly (methyl meth-
acrylate).*® However, few conductive composites
based on rigid conductive polymers and cross-
linked flexible matrices have been reported in the
literature.'®*

In our laboratory, the conductive polymer com-
posites based on rigid conducting polymers and
crosslinked flexible matrices have been synthe-
sized.'*'® PPy—poly(methyl acrylate-co-acrylic
acid) (PMAA) and PPy—poly(methyl acrylate-co-
hydroxyethyl acrylate) (PMA-HEA) were pre-
pared by vapor-phase polymerization of pyrrole
on the crosslinked PMAA and crosslinked PMA-
HEA, respectively, which exhibited good conduc-
tivity and processability. In this study, we have
synthesized another new conductive polymer com-
posite using the silicon crosslinked poly (styrene—
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Table I Recipe for the Emulsion Copolymerization of S-BA-HEA

Ingredient S BA HEA

APS

SHS DBSA OP-10 H,0

Amount (g) 15 30 4

0.3

0.15 0.1 0.2 120

butyl acrylate—hydroxyethyl acrylate) (PSBH) as
a matrix for improvement of the mechanical prop-
erties of the conducting composite. In comparison
with the former research,® the PSBH—PPy com-
posite film exhibited not only higher conductivity
but also better mechanical properties. Here we
have investigated the details of the effects of reac-
tion conditions [such as the amount of ferric chlo-
ride and tetraethyl orthosilicate (TEOS), reaction
time, and the solvents in the pyrrole solution] on
the properties of the composite films.

EXPERIMENTAL

Materials

Pyrrole was purchased from Fluka Chemika, Ger-
many, distilled under vacuum, and stored in a
refrigerator before use. TEOS, anhydrous ferric
chloride and tetrahydrofuran (THF), styrene (S),
butyl acrylate (BA), HEA, ammonium persulfate
(APS), and sodium hydrogen sulfite (SHS), as
well as OP-10 (10 units of oxyethylene containing
alkyl phenol) were purchased from Beijing Chem-
ical (Beijing, China) and used without further pu-
rification. Dodecyl benzene sulfonic acid (DBSA)
was purified through a rotary evaporator. All
other solvents were used as received.

Synthesis of PSBH

S, BA, HEA, and mixed surfactant (OP-10 and
DBSA), as well as deionized water, were added
to a three-neck flask and emulsified prior to poly-
merization. The emulsion copolymerization was
carried out in a 250-mL three-neck flask equipped
with a reflux condenser, stirrer, and thermome-
ter. A typical recipe used to prepare the copolymer
latex is shown in Table I. The emulsified solution
containing APS and 20 g of SHS aqueous solution
were added dropwise at the same time for about
2 h. The reactor was maintained at 60°C in a ther-
mostated water bath and the polymerization was
carried out under an inert nitrogen atmosphere
for 6 h. To terminate the reaction, the copolymer
was precipitated in 5% NaCl solution at 50°C and

the precipitate was dried in an oven to constant
weight. The composition and hydroxyl group con-
tent of the copolymer were characterized with nu-
clear magnetic resonance. The molar ratio of S—
BA-HEA was 3:4:0.3.

Preparation of Conductive Composite Films

The well-defined amount of copolymer and TEOS,
0.01 g deionized water, and 0.01 g DBSA were
dissolved in 10 g THF. The mixture was refluxed
for 1 h and cooled. Then a certain amount of ferric
chloride was added to the solution with vigorous
stirring for more than 30 min until the ferric chlo-
ride was completely dissolved. The solution was
poured into a Teflon substrate plate, placed at
room temperature under air atmosphere for 48 h,
and cured at 100°C for 1 h. The final film was
peeled off, and the preparation of freestanding
conductive composite films was carried out at
—8°C by exposing crosslinked PSBH films con-
taining FeCl; to pyrrole vapor for a given time.
After the oxidative polymerization was completed,
the films were washed several times with meth-
anol until solvent remained colorless, pressed
with glass plates, and dried in vacuum 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 PPy content of the
composite films was measured using a standard
element-analysis instrument. The phase morpho-
logic characteristics of the samples were studied
by scanning electron microscopy (SEM). The
specimens for SEM were frozen in liquid nitrogen,
fractured, mounted, and coated with gold. They
were then observed with a Hitachi S-530. The ten-
sile testing was performed at room temperature
with an Instron Testing Instrument (model 3710-
016) with a crosshead speed of 40 mm/min.

RESULTS AND DISCUSSION

Most papers have reported the preparation of
rigid conducting polymer composites (involving
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Table II Effect of the Amount of TEOS on the Properties of the Films

Conductivity (S/cm)

TEOS/PSBH PPy
(wt/wt) (%) Air Surface Bottom Surface Remarks on the Films
0/100 1.4 1.1 x 107! 6.5 x 107! smooth, flexible, strong
10/90 3.0 5.6 x 1072 2.7 X 1072 smooth, flexible, strong
20/80 4.4 7.7%x 107! 6.9 x 107! smooth, little brittle, strong
40/60 6.1 5.6 x 1072 1.5 x 1072 smooth, brittle, less strong

The conductive composite films were prepared under the following conditions: 1.2 g ferric chloride; reaction time: 24 h. Other

conditions as described in the Experimental section.
# Calculated on the basis of the element analysis.

PPy ) using conventional linear polymers such as
PVA and PVC as matrix; the effect of the nature
of the matrix on the properties of the films has
also been reported.* However, the effect of the
structure of crosslinked matrix on the properties
of the films is still not clear. In this work, the
effect of the amount of crosslinker TEOS on the
properties was investigated and is shown in Table
II. Although the content of PPy increases with
increased amounts of TEOS, the conductivity does
not increase simply with increased TEOS. The
TEOS’ effect is more complex for a PSBH system
than that for PMA/HEA,"® suggesting that the
conductivity is affected not only by the crosslink
density but also by the flexible chain structure.
However, the conductivity of the film with the
crosslinked PSBH (20/80) matrix is the same or-
der of magnitude as that with a linear PSBH ma-
trix (10! S/cm), indicating that PPy with higher
conductivity can be obtained in the case with
larger steric hindrance in the crosslink structure
of the matrix. To circumvent the larger steric hin-
drance and form a consecutive conductive net-
work, PPy was forced to grow in interpenetration
with the crosslinked matrix. In addition, the film

becomes more brittle and less strong with in-
creased PPy content.

Table III lists the effect of the amount of ferric
chloride on the properties of the films. As ex-
pected, both the conductivity and physical proper-
ties of the composite films are strongly dependent
on the oxidant concentration. The conductivity de-
creases with increases in the amount of ferric
chloride used in this study. The tendency of con-
ductivity to increase with increased ferric chloride
is not observed because the onset amount of ferric
chloride is larger. Similar results have been re-
ported for other oxidative polymerization systems
of pyrrole.'* The decrease in conductivity at
higher oxidant concentrations may be explained
by the decrease in the content and the bulky den-
sity of PPy because the oxidative polymerization
of pyrrole occurs rapidly. Alternatively, excess
amounts of the oxidant led to the loss of regularity
in the PPy structure and the overoxidative reac-
tion of PPy, namely, the decrease in the length
of conjugation and the structural defects in the
composite film. The film becomes slightly brittle
at 2.0 g ferric chloride in spite of the decrease in
the content of PPy, indicating that PPy has low

Table III Effect of the Amount of Ferric Chloride on the Properties of the Films

Conductivity (S/cm)

Feeding Amount of PPy*®
FeCl; (g) (%) Air Surface Bottom Surface Remarks on the Films
0.8 5.5 1.2 2.6 smooth, flexible, most strong
1.2 4.4 0.97 0.87 smooth, slightly brittle, strong
1.6 2.3 1.3 1.0 smooth, flexible, strong
2.0 1.4 1.3 X 1072 1.4 X 1072 smooth, slightly brittle, strong

The conductive composite films were prepared under the following conditions: 0.8 g PSBH; 0.2 g TEOS; reaction time: 24 h.

Other conditions as described in the Experimental section.
# Calculated on the basis of the element analysis.
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Table IV Effect of Reaction Time on the Properties of the Films

Conductivity (S/cm)

Reaction Time (h) Air Surface

Bottom Surface Remarks on the Films

24 2.3 X 1072
48 5.6 x 107!
96 1.4 x 1071

6.5 x 107! smooth, flexible, strong
1.8 smooth, flexible, strong
2.1 smooth, flexible, strong

The conductive composite films were prepared under the following conditions: 0.8 g PSBH; 0.2 g TEOS; ferric chloride: 1.2 g.

Other conditions as described in the Experimental section.

bulky density, in agreement with the former re-
sult.

Table IV shows the effect of the oxidative reac-
tion time on the properties of the films. The elec-
trical conductivity increases and then remains al-
most unchanged with increasing reaction time.
The surface conductivity of the film increases by
an order of magnitude when the reaction time in-
creases from 24 to 48 h. When the reaction time
increases from 48 to 96 h, the surface conductivity
remains almost unchanged. This may be ex-
plained as follows: the oxidative polymerization
of pyrrole vapor process includes the diffusion
step and the oxidative polymerization step. If the
reaction time is long enough, the conductive PPy
network is generated in the neighborhood of the
surface of the matrix film. The network may form
a shield near the matrix surface, which prevents
the diffusion of pyrrole and thus prevents the ad-
ditional oxidative polymerization. Moreover, the
other properties of the composite films remain un-
altered with reaction time, suggesting that no sig-

nificant change takes place in the structures of
the films, in agreement with the above result.
Table V presents the effect of the solvent in
pyrrole solution on the properties of the films. It
can be found that the PPy content in the films
decreases with the addition of strong polar sol-
vents such as CH;0H and CHCI; with low boiling
points to pyrrole solution, and that the PPy con-
tent in the films increases with addition of weak
or nonpolar solvents such as THF and CsHg, com-
pared with that without solvent (4.4%, see Table
III). However, the conductivity does not increase
regularly with the content of PPy, especially when
the content of PPy is high enough to form a con-
ductive network. Using C,;H;OH and CHCI; as
solvent, the conductivity is as low as 10 2 S/cm
and 10 ? S/cm, respectively, since the PPy con-
tent was too low to form a consecutive conductive
network. Although when methanol was used as
solvent the content of PPy was much lower than
that when THF or C¢Hg was used as solvent, the
conductivity of the air surface is higher (15 S/

Table V Effect of the Solvent in Pyrrole Solution on the Properties of the Films

Conductivity (S/cm)

PPy*

Solvent (%) Air Surface Bottom Surface Remarks on the Films
CH;0OH 2.6 15 1.9 x 1071 most flexible, strong, smooth
C,H;0H < 0.8 3 x10°? 2.7 X 1072 flexible, most strong, smooth
CgH,,O0H 4.6 1.3 x 107! 6.9 x 107! most flexible, less strong, smooth
(CH,CH,),O 14.6 1.3 1.2 most flexible, strong, smooth
C;H:;N 5.2 1.9 x 107! 9.7 x 107! most flexible, strong, smooth
CsH,,NH, — 8.0 x 1072 5.3 X 1072 most flexible, less strong, smooth
C HyoNH, — 45 x 1078 6.5 x 107" most flexible, less strong, smooth
CgHg 14.8 4.4 x 1072 1.3 most flexible, most strong, smooth
CCl, — 1.4 x 102 1.6 x 1071 most flexible, less strong, smooth
CHCl, 0.9 6.5 x 1072 7.1 x 1072 most flexible, strong, smooth

The conductive composite films were prepared under the following conditions: 0.8 g PSBH; 0.2 g TEOS; ferric chloride: 1.2 g;
reaction time: 24 h; weight ratio of pyrrole/solvent, 1 : 1. Other conditions as described in the Experimental section.
# Calculated on the basis of the element analysis.



(a) THF

cm), showing that conductivity is strongly depen-
dent on the morphology and structure of PPy in
the film.

Figure 1 shows SEM of the films with different
solvents. There is an obvious characteristic of
“sandwich” structures in the films, namely, the
air and the bottom surface are conductive layers,
and the middle is the insulating layer of the ma-
trix.'® Using THF as solvent, the thickness of the
conductive layer is 50 to 70 um, which displays a
“relaxative snow” structure. Using methanol as
solvent, the thickness of the conductive layer is
15 to 20 um, which exhibits fine structure. This
suggests that the conductivity is dependent
mainly on the relatively fine structure of the con-
ductive layer rather than the thickness of the con-
ductive layer.
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(b) CH,OH

Figure 1 Effect of solvents on SEM of the films: (a) THF; (b) methanol.

We also found that some of the bottom surface
conductivity is different from the corresponding
air surface conductivity. For example, using
methanol as solvent, the air surface conductivity
is 15 S/cm and the bottom is 1.9 X 10! S/m. This
may be caused by the different diffusion rate of
the solvent in the two layers and the different
effect of the solvent on the morphology of the ma-
trix, which is caused by the different structure in
the two layers.'® The films become more flexible,
smoother, or even stronger with addition of sol-
vent to pyrrole solution, suggesting that homoge-
neous PPy in the matrix is helpful in improving
the properties.

Table VI lists the effect of the weight ratio of
methanol/pyrrole on the properties of the films.
The conductivity of the air surface and the bottom

Table VI Effect of the Weight Ratio of Methanol/Pyrrole on the Properties of the Films

Conductivity (S/cm)

Methanol/Pyrrole
(weight ratio) Air Surface Bottom Surface Remarks on the Film
0/1 7.7 %10t 6.9 x 10! flexible, strong, smooth
1/3 4.4 x 107t 1.2 flexible, strong, smooth
1/1 15 1.9 x 107! flexible, strong, smooth
3/1 3.1x10! 2.8 x 107! flexible, strong, smooth

The conductive composite films were prepared under the following conditions: 0.8 g PSBH; 0.2 g TEOS; ferric chloride: 1.2 g;
reaction time: 24 h; other conditions as described in the Experimental section.
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Table VII Mechanical Properties of Conductive Composite Films

Tensile Young’s Elongation at
Code FeCl; (g) Strength (MPa) Modulus (MPa) Break Point (%)
TyoF, 0.8 10.3 178.9 170
TyoFs 1.6 4.2 46.8 162.5

TyF; and Ty,F3 were prepared as described for 0.8 g and 1.6 g ferric chloride; respectively, in Table II.

surface changes with the weight ratio of metha-
nol/pyrrole with the same tendency that the con-
ductivity increases and then decreases with the
weight ratio of methanol/pyrrole, giving maxi-
mum conductivity of 15 S/cm and 1.2 S/cm at 1:1
and 1 : 3 methanol/pyrrole ratios, respectively.
The weight ratio of methanol/pyrrole for the air
surface conductivity to reach the maximum value
is larger than that for the bottom. This may be
explained as follows: the conductivity is depen-
dent mainly on the amount of ferric chloride in
the matrix and the pyrrole content in the vapor
phase. When the amount of ferric chloride and the
content of pyrrole in the vapor phase are high,
a film with low bulky density is obtained which
exhibits poor conductivity. During the process of
methanol evaporation, ferric chloride could segre-
gate in the air surface of the film; as a result, the
amount of ferric chloride in the air surface would
be higher than that in the bottom. Therefore, PPy
with good conductivity was generated only at
larger weight ratios of methanol/pyrrole, namely,
at low contents of pyrrole in the vapor phase.

The mechanical properties of the conductive
composite are listed in Table VII. When the
amount of ferric chloride is 0.8 g, the conductive
composite film exhibited better mechanical prop-
erties. The tensile strength, Young’s modulus, and
elongation at break point of the film are 10.3 MPa,
178.9 MPa, and 170%, respectively. When the
amount of ferric chloride is 1.6 g, the tensile
strength, Young’s modulus, and elongation at break
point are 4.2 MPa, 46.8 MPa, and 162.5%, respec-
tively. Although the PPy content is higher in the
composite film at 0.8 g ferric chloride (see Table
IIT), Young’s modulus and elongation at break point
increase, indicating that rigid PPy can reinforce the
flexible matrix. The structural defects caused by the
higher amount of oxidant (1.6 g) lead to a decrease
in the mechanical properties, further supporting the
results shown in Table III.

CONCLUSIONS

In summary, conductive composite films based on
crosslinked PSBH and PPy have been synthesized
which combine high conductivity and good me-
chanical properties. When the content of PPy was
sufficient, the films’ properties were strongly de-
pendent on the morphologies of PPy in the com-
posite films rather than on the content of PPy.
The addition of solvent to pyrrole solution affected
not the morphology but the content of PPy in the
composite. The structural defects in the composite
caused a decrease in mechanical properties.

REFERENCES

1. R. Bjorklund, S. Andersson, S. Allenmark, and I.
Lundstrom, Mol. Liq. Cryst., 121, 263 (1985).
2. A. Deronzier and J.-C. Moutet, Acc. Chem. Res., 22,
249 (1989).
3. K. Yoshino, M. Tabata, and T. Osawa, J. Jpn.
Chem. Soc., 342 (1986).
T. Ojio and S. Miyata, Polym. J., 18, 95 (1986).
5. S. E. Lindsey and G. B. Street, Synth. Met., 10, 67
(1984).
C. Li and Z. Song, Synth. Met., 40, 23 (1991).
7. R. B. Bjorklund and I. Lundstrom, J. Electron.
Mater., 13, 211 (1984).
M. Bi and Q. Bei, Synth. Met., 22, 145 (1987).
9. M. Moreta, I. Hashida, and M. Nishimura, J. Appl.
Polym. Sci., 36, 1639 (1988).
10. E. Ruckenstein and Y. Sun, Synth. Met., 75, 79
(1995).
11. E. Ruckenstein and J. S. Park, J. Appl. Polym. Sci.,
42, 925 (1991).
12. W. Yin, J. Li, J. Wu, and T. Gu, J. Appl. Polym.
Sci., 63, 13 (1997).
13. W. Yin, H. Liu, B. Yin, and T. Gu, Eur. Polym. dJ.,
in press.
14. M. Nakata, M. Taga, and H. Kise, Polym. ., 24,
437 (1992).
15. W. Yin, J. Li, J. Wu, and T. Gu, J. Appl. Polym.
Sci., in press.

~

o

o



