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ABSTRACT: The mechanical properties of block copoly-
mers of polypyrrole and pyrrolyl-ended azobis-polytetrahy-
drofuran (TPPy) and graft copolymers of pyrrolyl-ended
H-type polydimethylsiloxane (SPPy) were investigated and
compared with those of polypyrrole (PPy). Conducting films
were prepared electrochemically at a constant potential and

doped with p-toluene sulfonate. © 2002 Wiley Periodicals, Inc.
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INTRODUCTION

Conducting polymers have attracted great deal of at-
tention because of their enormous potential applica-
tions, such as rechargeable batteries, nonlinear optics,
gas separation membranes, gas sensors, and enzyme
immobilization."™® Nevertheless, their applicability re-
mains fairly limited because of their poor mechanical
properties and lack of processability.

Polypyrrole (PPy) is a widely studied polymer be-
cause of its ease of synthesis. The main difficulty in the
investigation of mechanical properties of conducting
polymers arises from their irregular structure. The
polymeric film is usually not only brittle but also
fragile. The cauliflower-like appearance of PPy is the
result of dendritic growth of polymer chains during
electrochemical polymerization, which causes the
presence of weak points within the polymer matrix.
Noteworthy errors in most characterization studies
inevitably stem from ill-measured thickness, which
results in mechanical properties scattered in a rather
broad range of values. The result is the same when one
attempts to measure the electrical conductivity of the
product.

Recently, many researchers have concentrated on
the enhancement of the mechanical behavior of con-
ducting polymers. Blending conducting polymers
with thermoplastic polymers is one attempt to in-
crease their processability.'’'> On the other hand,
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synthesis of composite films through electrochemical
polymerization of the conducting component on the
electrode coated with insulating polymer yields rather
homogeneous products compared to blends prepared
as mechanical mixtures.'>'” Further, mechanical be-
havior can be improved by the synthesis of block or
graft copolymers containing conventional and con-
ducting sequences.'®?° This is achieved mostly by the
use of polymeric initiators with functional groups
within or at the end of the chain, which then is elec-
tropolymerized in the presence of the monomer of the
conducting polymer. All these efforts may be success-
ful to some extent, yet with some sacrifice of the
polymers’ conducting ability. Yin et al.*! proposed a
composite film based on PPy and crosslinked poly-
(styrene—butyl acrylate-hydroxyethyl acrylate). How-
ever, their finding on the tensile strength of the prod-
uct is at most 10.3 MPa. Zoppi and De Paoli** pre-
pared several types of blends of crosslinked
polypyrrole/ethylene propylene diene monomer rub-
ber, having tensile strength of about 50 MPa with very
low conductivity, about 1071 S/cm. Electrochemi-
cally prepared plasticized PPy films of BASF samples,
referred to as LUTAMER P160, gave quite a wide
range of tensile strength values between 26 and 42
MPa, with elongation percentage ranging from 3 to
8%.

In this study, the mechanical properties of the block
copolymer of polypyrrole and pyrrolyl-terminated
azobis-polytetrahydrofuran'® (TPPy) and the graft co-
polymer of pyrrolyl-ended H-type polydimethylsilox-
ane?’ (SPPy) were investigated and compared with
those of PPy. Also, the differences in cross-sectional
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Scheme 1 Pyrrolyl-ended azobis-polytetrahydrofuran (TPPy precursor).

views were investigated by scanning electron micros-
copy (SEM).

EXPERIMENTAL

Pyrrole (Merck, Darmstadt, Germany) was distilled
before use and stored at 4°C under nitrogen atmo-
sphere. Dichloromethane (CH,Cl,) (Merck) and p-tol-
uene sulfonic acid monohydrate (PTSA) (Aldrich,
Steinheim, Germany) were used without further puri-
fication.

The synthesis and characterization of the two pre-
polymers have been described previously.'”?° PPy
and its block copolymer films, TPPy and SPPy, were
prepared by potentiostatic electrochemical synthesis,
which provides a constant oxidative potential at the
anode. The chemical formulas of the two functional-
ized polymers, pyrrolyl-terminated azobis-polytetra-
hydrofuran (PTHF) and pyrrolyl-ended polydimeth-
ylsiloxane (PSi) are depicted in Scheme I and Scheme
I, respectively. TPPy bears insulating sequences with
a number-average molecular weight of 92,000; on the
other hand, polysiloxane units in SPPy have an M,, of
1500.

Platinum foils (6 cm?), used as the working elec-
trode, were coated with the given functionalized in-
sulating polymer by dipping the electrode in a solu-
tion of polymer dissolved in CH,Cl,. The electrochem-
ical polymerizations were done on a Wenking POS 73
(Gottingen, Germany) potentiostat, which was ad-
justed to supply a constant potential of 1.1 V versus
Ag’/Ag" reference electrode. Electrolyses were car-
ried out with 0.125M PTSA as the supporting electro-
lyte and water as the solvent in the presence of 0.03M
pyrrole for 60 min at room temperature under nitro-
gen atmosphere. From each type of copolymer, SPPy
and TPPy, both washed (SPPy-W and TPPy-W) and
unwashed (SPPy-U and TPPy-U) subtypes were pre-
pared. To determine the grafting percentage of func-
tionalized insulating polymers, series of simple gravi-
metric measurements were performed.

At least four samples were synthesized of a given
type of polymer and only films that faced to the

counter electrode were used for testing. Mechanical
tests were performed by a Lloyd LS 500 (Fareham
Lloyd, UK) computer-controlled tensile testing ma-
chine at room temperature with a draw rate 30 mm/
min. The gauge length (L) was fixed at 26 mm and 100
N load cell was used for each run.

Conductivities of the samples were measured by a
four-probe technique. SEM micrographs of the frac-
tured surfaces of the mechanically tested films were
taken by JEOL JSM-6400 (JEOL, Peabody, MA) SEM
scanning microscopy.

RESULTS AND DISCUSSION

Three conducting polymer matrices were synthesized
potentiostatically. Black, freestanding films, having a
thickness of about 75, 60, and 30 um, were obtained
for PPy, TPPy, and SPPy, respectively. To wash the
copolymers, the films were left in CH,Cl, to dissolve
and remove the ungrafted polymers. However, before
rinsing with dichloromethane, films were immersed
into acetonitrile to remove water. All washing pro-
cesses were carried out at room temperature. It was
determined gravimetrically that the grafting percent-
age for TPPy is 70%, whereas SPPy achieves 100%
grafting.

Figure 1 represents the bar graphs of ultimate me-
chanical properties of the polymers. Both copolymers
demonstrate higher tensile strength values [Fig. 1(a)]
with respect to PPy, reaching 59 MPa, and the data
were quite reproducible, with rather small standard
deviation limits, as shown in the figure. Because of
high grafting percentages, there was no appreciable
difference between the ultimate strength of washed
and unwashed samples of SPPy and TPPy. It was
observed that, during washing, films were swollen
and this was followed by shrinkage from the edges of
rectangular specimens. This deformation directly af-
fected the mechanical properties of the product. Both
copolymers showed ultimate tensile strength values of
more than 50 MPa, and upon washing they experi-
enced a slight reduction. This value is apparently very
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Scheme 2 Pyrrolyl-ended polydimethylsiloxane (SPPy precursor).
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Figure 1 Ultimate mechanical properties of PPy and its
copolymers TPPy and SPPy: (a) bar graphs of tensile
strength values; (b) bar graphs of percent elongation values;
(c) bar graphs of tensile moduli values.

promising when compared to that of the fragile and
weak PPy.

Comparatively high elongation observed in SPPy
samples is also noteworthy; they could be folded
many times without any fracture. Indeed, this attrac-
tive feature was also verified by the strain values
obtained [Fig. 1(b)]. No improvement in ultimate elon-
gation was seen in TPPy. There were not many differ-
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ences between PPy, TPPy-U, and TPPy-W having
elongation of about 4.5%. However, SPPy-U and
SPPy-W films surpassed them by reaching 9 and 7%
elongation at break, which were 7.8 and 6.5% on av-
erage, respectively.

The variation in elastic modulus reflects both the
rigidity and the flexibility of the samples. With the
exception of SPPy-W, the tensile moduli [Fig. 1(c)]
were found to be higher than that of pure PPy. How-
ever, these copolymers are not as brittle and fragile as
PPy and are flexible.

The SEM micrographs (Fig. 2) of the cross-sectional
view of the films give further information about the
observed behavior. The typical dendritic growth in
PPy was not observed for SPPy and TPPy. It can be
stated that the copolymer products of PPy are rather
homogeneous and the irregularity in the physical ap-
pearance has been overcome. In addition, it can be
said that polysiloxane-containing copolymers of poly-
pyrrole exhibit an interesting morphology [Fig. 2(d)].
The wormlike structure at the solution side of the
copolymer is a specific feature of siloxanes. A similar
appearance was observed previously in the copolymer
of PPy with a different pyrrole-ended polysiloxane.*
These wormlike projections most probably indicate
the polysiloxane units, whose existence destroys the
usual PPy morphology. If this is so, observation of the
visible insulating polymer strengthens the theory that
the pyrrole units added to the pyrrole moieties of the
conventional polymer are comparably short compared
with those of polypyrrole itself.

The uniform morphology of copolymers was also
verified when the conductivities of the polymers were
measured. There was no difference between the elec-
trode and solution side electrical conductivities for
washed SPPy (i.e., about 50 S/cm). The conductivity
for TPPy-W was measured to be 10 S/cm. The latter
copolymer has comparably low conductivity, which
must be attributable to the long insulating polymer
chains present in the matrix, although this deficiency
is less than one order of magnitude.

CONCLUSIONS

Regardless of the presence of insulating sequences,
there was no dramatic change in the conductivities of
the copolymers compared with that of PPy synthe-
sized at the same conditions. In addition, considerable
improvement in mechanical properties was obtained
for polypyrrole graft copolymers. The common diffi-
culty in handling PPy and its copolymers because of
their fragile nature does not exist in SPPy block co-
polymers. The tensile strength with a notable high
elongation at break and modulus is obviously very
surprising for low molecular weight silicon polymer;
furthermore, the reproducibility in measured mechan-
ical properties is axiomatically very good.
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Figure 2 SEM films: (a) cross section of PPy; (b) cross section of TPPy; (c) cross section of SPPy; (d) solution side of SPPy.
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