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ABSTRACT: Rod-type polypyrrole (PPY) doped with p-
toluenesulfonic acid (TSA) was synthesized by chemical oxi-
dative polymerization via a self-assembly process. The shape
of the PPY particles is mainly determined by the ratio of
TSA/pyrrole (PY) and feed rate of the oxidant. Particle of
different shapes (rod, grain, and partially rod) exhibit differ-
ences in morphology, electrical properties, dispersity, and
thermal properties. Wide-angle X-ray diffraction patterning
analysis was used to investigate the mechanism of rod for-
mation. The effect of the TSA concentration on the PPY
structure was investigated using Fourier transform infrared

spectroscopy. The PPY rods doped with TSA exhibited bet-
ter electrical conductivity than granular PPY doped with
TSA, and their dispersity and thermal stability were also
higher. Self-orientation of PPY in the micelles of TSA and
high crystallinity of the rod particles led to improved ther-
mal stability. Hence, the decomposition temperature of the
polymer chain was considerably increased. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 3925-3932, 2008
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conducting poly-

INTRODUCTION

Since polyacetylene was reported by Shirakawa et al.
in 1977, conducting polymers containing conjugated
structures have been studied because of their intrin-
sic electrical conductivity at room temperature and
potential use for electronic devices. Polypyrrole
(PPY) is a particularly promising material; it has rel-
atively high conductivity, good environmental stabil-
ity, and it is easy to polymerize.” Recently, conduct-
ing nano/micro materials based on PPY or polyani-
line have attracted interests of many researchers.’
Such nanomaterials are applicable in various elec-
tronic devices, such as conducting films, obtained by
solvent casting; polymer electrodes, obtained by
blending; and conducting fillers of electromagnetic
shielding materials.°!" In these applications, con-
ducting particles must exhibit dispersion stability
over long periods, and maintain their electrical con-
ductivity. The patterning of conducting polymer cir-
cuits by lithography or mold compressing methods
has been studied.'>'® For processes using heat, such
as mold compression patterning, thermal stability at
the processing temperature is required.
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DISCOVER SOMETHING GREAT

Two kinds of polymerization methods, electro-
chemical polymerization and chemical oxidative po-
lymerization, are generally used to synthesize con-
ducting polymers. The electrochemical method gen-
erally synthesizes conducting polymers in the form
of films. Sometimes template methods have been
used to prepare the conducting nanotubes or nano-
wires.'"'* However, these types of particles are not
suitable for conducting filler in polymer substrate.
Therefore, the preparation of self-assembled particles
of nano- or microsized conducting polymers by
emulsion polymerization using organic surfactants
has been investigated.'>'® Previously, various or-
ganic surfactants such as naphthalenesulfonic acid
(NSA), dodecylbenzenesulfonic acid (DBSA), and
camphorsulfonic acid (CSA) have been used.'” ™ Tt
was found that the morphology and size of the con-
ducting particles were affected by the types and con-
centrations of the surfactants used.”’* In the self-
assembly system described in this article, the acid
dopant acts also as the template, by micelle forma-
tion. Of the various available surfactants, p-toluene-
sulfonic acid (TSA) was selected because of its effi-
ciency. TSA is a highly water-soluble, commercial
surfactant, with a small hydrophobic group. These
properties are advantageous for micelle formation.
The solubility of other surfactants in water, such as
DBSA, NSA, is very low, requiring long periods of
magnetic stirring, or ultra-sonification. TSA dissolves
readily, requiring only magnetic stirring. Emulsions
formed from TSA exhibit highly dense structures
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Figure 1 The UV-vis absorbance (wavelength: 380 nm) of
aqueous TSA solutions of various concentrations at 0°C.

because the TSA occupies a relatively small space on
a micelle compared with other ionic surfactants.
Under high-voltage conditions, the decomposition of
conducting fillers by heat generation is a serious
problem. The property of high density, induced by
TSA should improve the thermal stability of PPY.

The purpose of this study is to synthesize con-
ducting particles that have excellent dispersity,
derived from the essential hydrophilic property of
—S0; in TSA, and thermal stability and chemical sta-
bility, emanating from the dense structure of
TSA.%?2* The synthesized rod-shaped PPY (PPY rod)
satisfied these requirements. In this article, the rela-
tionship between polymerization conditions and
other properties such as electrical conductivity, mor-
phology, dispersity, and thermal stability will be dis-
cussed and the optimum conditions for the forma-
tion of PPY rods will be proposed.

EXPERIMENTAL
Materials

Pyrrole monomer (PY), TSA as a surfactant, and
ammoniumpersulfate (APS) as an oxidant were pur-
chased from Aldrich, St. Louis, MO. PY monomer,
with a high degree of purity, was used as received.
The critical micelle concentration (cmc) of TSA was
measured by a light scattering method.** Absorption
intensity of each sample at wavelength 380 nm of
visible light region was measured using SCINCO S-
4100 UV-vis spectrometer. Figure 1 shows that the
curve of turbidity against TSA concentration exhibits
discontinuity near the cmc. A sudden increase in
turbidity means that the TSA molecules set, to form
micelles. The cmc of TSA was ~ 1.0M.
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Synthesis

The conducting PPY doped with TSA was synthe-
sized by chemical oxidative polymerization, via a
self-assembly process. TSA was added to 100 mL
deionized water, with magnetic stirring. After stir-
ring for 1 h, PY monomer was slowly added to the
TSA solution through a syringe. To determine the
effect of the TSA/PY monomer ratio, the concentra-
tion of added PY monomer was fixed at 0.7M, and
the ratios of TSA/PY monomer were varied as fol-
lows: 0.5, 1.0, 1.5, 2.0, and 2.5. After stirring for 3 h,
separate aqueous solution of APS (100 mL), with the
same as the monomer (0.7M), were added to each of
the surfactant/monomer solutions. To investigate the
effect of the feed rate of the oxidant on the morphol-
ogy, and the doping effect of the synthesized par-
ticles, the feed rate and time of the oxidant were var-
ied. The reaction temperature was fixed at 0°C. Oxi-
dant was fed at a rate of either 16.6 mL/h for 6 h or
at 6.25 mL/h for 16 h. After polymerization, excess
methanol was added to the PPY dispersion to pre-
cipitate PPY powder by disrupting the hydrophile-
lypophile balance of the system and terminating the
reaction. After filteration under reduced pressure,
the precipitated PPY particles were collected on a
glass filter. They were then washed with methanol
and deionized water three times to remove any
unreacted PY monomer and oxidant. The resultant
particles were dried in vacuo at 40°C for 48 h.

Characterization

Field-emission scanning electron microscopy (FE-
SEM; JEOL JSM-6330F, Tokyo, Japan) was used
to determine the morphology of the prepared PPY.
To confirm an increase in crystallinity and self-orien-
tation of the PPY chains, wide-angle X-ray diffrac-
tion (WAXD) data were collected with a Rigaku
Denki D-Max2000 instrument. The electrical conduc-
tivity of PPY doped with TSA was measured by
means of a four-probe method, using a Keithly 238
high-current-source measuring unit at room temper-
ature.”® The electrical conductivity was calculated
using eq. (1)

In2

o(S/cm) = X —==~022/t X é (1)

I
E
where, o is electrical conductivity; ¢t is the thickness
of sample; E is the voltage drop across the inner
probes; and I is the current passing through the
outer probes. The Fourier transform infrared (FTIR)
spectra of PPY doped with TSA were recorded with
a Nicolet 760 Magna IR spectrometer, using KBr
discs. Existence of TSA as dopant and the influence
of dedoping and redoping treatment were observed



SYNTHESIS AND CHARACTERIZATION OF ROD-TYPE POLYPYRROLE 3927
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Figure 2 Changes in morphology of PPY doped with TSA, according to the ratio of TSA/pyrrole at an oxidant feed rate
of 6.25 mL/h.

through UV-vis spectra using SCINCO S$-4100 UV~  compatibility of particles with Nafion™ was deter-
vis spectrometer.”® To investigate the dispersity of =~ mined by a solvent casting method. TGA /mass spec-
the particles, they were applied to m-cresol and the  troscopy (TG209 F1-FTIR-MS) was used to determine
dispersive stability was observed after 48 h. The the thermal stability of the PPY particles and ele-
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a: TSAIPY"*Z 0, monomer=0.7M b: TSA/PY=2.0, monomer=0.7M

Figure 3 Changes in morphology of PPY doped with TSA, according to oxidant feeding time: (a) 6 h (feed rate, 16.6
mL/h) and (b) 16 h (feed rate, 6.25 mL/h).
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Figure 4 X-ray scattering patterns of PPY doped with
TSA synthesized under the following conditions: (a) TSA/
PPY = 05, (b) TSA/PPY = 1.5, (c) TSA/PPY = 2.0, and
(d) dedoping rod-type with NH3-H,O (3 mol/L).

ments of the gas phase upon thermal decomposition.
For the thermal analysis, the temperature was
increased from room temperature to 1000°C at the
rate of 10°C/min.

RESULTS AND DISCUSSION
Morphology

Various morphologies of PPY doped with TSA were
observed, depending on the molar ratio of TSA/PY
and the oxidant feed rate. First, the effect of the
TSA/PY ratio on the morphological changes of PPY
doped with TSA was investigated. This was done
using an oxidant feed rate of 6.25 mL/h and an ini-
tial PY monomer concentration of 0.7M. Figure 2
shows that a granular morphology appeared when a
TSA/PY molar ratio of less than 1.0 was used. The
average diameter of granular PPY was estimated to
be ~ 700 nm. A partially rod-shaped PPY appeared
as the TSA/PY molar ratio was increased to 1.5M.
When the TSA/PY ratio was 2.0, the shape of the
particles of PPY doped with TSA was rod-like. The
width and length of PPY rods were estimated to be
0.5-2 pm and 10-80 um.

The oxidant feed rate also has an effect on the
morphology of PPY. Figure 3(b) shows that PPY
rods were formed at a slow feed rate. However,
phase separation between TSA crystals and PPY
occurred when the oxidant feed rate was high, as
shown in Figure 3(a). It is assumed that the rate of
initiation was increased at the faster feeding rate of
APS. A large number of radicals penetrated into
micelles for a short period of time, and hence parti-
cle growth in the longitudinal direction becomes dif-
ficult. It is expected that this fast feed of oxidant has
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Figure 5 Electrical conductivity at room temperature of
PPY doped with TSA, synthesized using various oxidant
feed rates and times.

a considerable influence on the large decrease in
electrical conductivity because of a low doping level
of TSA due to coagulation of the PPY chain. Conse-
quently, it is discussed as follows; longitudinal
micelles formed by TSA molecules at concentra-
tions over the cmc are maintained over all reaction
times at slow oxidant feeds (6.25 mL/h), whereas
with a fast oxidant feed (16.6 mL/h), the micelles
of TSA could not form rod structures of PPY.
Hence, the key factors that lead to the formation of
rod-type PPY doped with TSA are the oxidant
feed rate and the ratio of TSA/PY. However, the
PPY rod particle sizes exhibited some degree of
variation. Further research into control of the size
of the rods is required to increase the electrical
conductivity.
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Figure 6 FTIR spectra of PPY doped with TSA synthe-
sized at conditions of (a) TSA/PPY = 0.5, (b) TSA/PPY
= 1.5, and (c) TSA/PPY = 2.0.
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Figure 7 UV-vis spectra of (a) PPY doped with TSA syn-
thesized at conditions of TSA/PPY = 2.0. (PPY rod), (b)
PPY dedoped with NH3-H,O (3 mol/L), and (c) PPY
redoped with HCL (3 mol/L).

The XRD patterns shown in Figure 4 were identi-
fied using SEM images. In Figure 4(a), when the
molar ratio of TSA/PY was 0.5, there was only one
broad peak, centered at 22.5°, which means that
most regions of synthesized PPY doped with TSA
were amorphous. As the TSA/PY molar ratio
increased, broad peaks representing amorphous
regions disappeared. Further sharp peaks appeared
at 19.2, 20.1, 21.9, 22.9 and 24.8°, in patterns. Conse-
quently, this shows that an increase in the crystallin-
ity of rod-type PPY arises by self-orientation,
through TSA micelle formation.

Conductivity

Figure 5 shows that there is a significant relationship
between the electrical conductivity and the TSA/PY
molar ratio used in polymerization. The oxidant feed

rate also affected the electrical conductivity of the
product. The PPY synthesized via polymerization
without using a surfactant exhibited a very low electri-
cal conductivity of ~107* S/cm. As the TSA/PY
molar ratio increased up to 1.0, the electrical conduc-
tivity increased continuously, implying that TSA acts
as a dopant, delocalizing the charge density of the
PPY main chain. However, when the TSA/PY molar
ratio exceeded 1.5, the electrical conductivity tended to
gradually decrease under all polymerization conditions
used. When different oxidant feed rates were used,
vastly different electrical conductivities were recorded.
Fast feed of oxidant disturbed the stable micelle for-
mation causing the formation of PPY particles outside
of the micelles. For slow feed rates of oxidant, it is
proposed that TSA forms stable micelles containing
PY monomers, and encloses the PPY polymer matrix
after polymerization. This micelle formation mecha-
nism was introduced by Wan and coworkers.'® The
FTIR spectra of PPY doped with TSA, as illustrated in
Figure 6, show no significant differences from the
spectra of PPY doped with other ionic surfactants.”®
Grain-type, rod-type, and partially rod-type samples
were selected to compare the structures of the differ-
ent products exhibiting different morphologies. The
peaks related to the aromatic structure appeared in
the region 18501650 cm™'. The C=C stretching vibra-
tions at both 1540 and 1440 cm™ ' confirmed the exis-
tence of compounds containing aromatic rings. How-
ever, there are considerable differences in the absorp-
tion peaks in the region 3100-2850 cm ™ '. In Figure
6(c), peaks for the aromatic rings and the C—H
stretching vibrations band appeared at 3100 and
2930 cm ™!, but these decreased and disappeared in (a)
and (b). This means that the TSA with the toluene
group exists predominantly in rod-type PPY rather
than in the grain-type, and there is stronger interaction
between PPY and TSA. In an IR spectroscopy study

[ %
¥

After dedoping

Figure 8 SEM images of PPY rod before and after dedoping with 3 mol/L of NH;-H,O.
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Figure 9 Effect of oxidant feed rate and time and molar
ratio of TSA/pyrrole on the dispersibility of synthesized
PPY doped with TSA.

carried out by Uyar et al., similar changes in peak in-
tensity owing to the thermal degradation of TSA were
recorded.”’

Dedoping and redoping of PPY rod

To confirm the existence of TSA as dopant and the
effect of dopping, base treatment was carried out.
The PPY rod powder (0.5 g) was dedoped with
500 mL of NH3-H,O (3 mol/L). And then the powder
was redoped with 500 mL of HCl aqueous solution
(3 mol/L). Each powder was dried at room tempera-
ture, and then solubilized into m-cresol with ultraso-
nification treatment. Figure 7 shows UV-vis spectra
of each sample. By treatment with base, shift of the
polaron peak to low wave length was observed. This
could be evidence of dedoping PPY rod through neu-
tralization of acid with base. On the contrary, the UV
spectrum of the powder redoped with HCI exhibited
a peak of m-n* transition near 350 nm and polaron
peak over 800 nm. To support the effect of TSA, the
structure of dedoped PPY rod was investigated
through the WAXD.?® As shown in Figure 4(d), crys-
tallinity exhibited by PPY rod decreased after de-
doping with NH;-H,O. This phenomenon implies
destruction of the crystalline structure and disappear-
ance of high degree order and supports the premise
of self assembly of rod morphology in PPY through
TSA micelle formation. In addition, the changes of
morphologies after dedoping were observed on SEM
images in Figure 8. As a result, TSA in PPY have a
significant effect on dopping of PPY as well as self
crystallization of PPY rod.

Dispersity and miscibility with Nafion®™

As determined in previous studies,”?** PPY doped
with organic acid had high dispersity because of the
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hydrophilicity of the sulfonate group. As shown in
Figure 9, when the small granular and rod forms of
PPY doped with TSA were formed at a slow oxidant
feed rate, the dispersity of PPY doped with TSA
increased with an increase in TSA/PY molar ratio.

tonic Current (A)

It ‘ﬁ\‘ﬁ

W

Figure 10 TGA/mass spectra of (a) rod-type, (b) grain-
type, and (c) partially rod-type PPY doped with TSA.
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TABLE I
Decomposition Temperature Ranges of Different Types of PPY (TSA)

Atomic molecular weight

Type of PPY
(TSA) 28-29 48-49 31-32 43-44
Rod 530-870°C 240-460°C Decrease Increase
Partially rod 460-940°C 230-510°C continuously at continuously at
Grain 340-990°C 180-420°C whole region whole region
Elements NN, N, S0z, SO, SO3, SO,. OF, C3Hj, CxHy,
assumed OZS+, st, S+, SOz C2H30+, C2H5OH

The dispersity of granular PPY doped with TSA
increased from 0.83 g/100 mL to 1.04 g/100 mL in
m-cresol. It is especially rod-type PPY exhibits rela-
tively high dispersity in m-cresol, of ~ 1.2 g/100 mL.
To observe the dispersive stability, 1.2 g of PPY rod
was solubilized into 100 mL m-cresol. The solution
of PPY rod doped with TSA has dispersive stability
for 48 h after initial dispersing. On the contrary,
when a fast oxidant feed is used (16.6 mL/h), the
dispersity of the resultant PPY doped with TSA
decreased because of a low doping level of TSA due
to coagulation of the PPY particles, and the PPY pre-
cipitated after 24 h.

Additional blending experiments were conducted,
to determine miscibility with other commercial poly-
mers and the stability of PPY rods after sonification.
To investigate the miscibility of PPY rods and grains
with Nafion®, a film of Nafion™ /PPY was prepared
by solution blending. The PPY rods had higher mis-
cibility with Nafion™ compared with the granular
PPY.

Thermal stability

The thermal properties of each type of PPY doped
with TSA are shown in Figure 10 and decomposition
temperatures are given in Table I. The first weight
loss between 100 and 120°C is caused by evaporation
of water molecules of hydration of PPY. Consider-
able weight loss, as a result of the thermal decompo-
sition of TSA, was observed from 200 to 400°C.
Above 450°C the PY main chain decomposed and
the PY rings opened. It was not possible to deter-
mine here which type of PPY doped with TSA is
more stable thermally.

To determine the thermal decomposition mecha-
nism of each type of PPY doped with TSA, careful
analysis of the elements of gases arising from ther-
mal decomposition were determined by TGA/mass
analysis. On the TGA/mass spectra, the elements
whose atomic molecular weight (amu) values were
between 31 and 32 were assumed to represent SO,
or O, and the ionic current decreased continuously.
This means that TSA decomposes throughout the
thermal decomposition and that the quantity of gas
detected decreases gradually. On the other hand, the

ionic current of the alkyl groups from 43 to 44 amu
increased continuously. Detection of these alkyl
groups is possible because only TSA decomposes at
the initial temperature and the PY main chain
decomposes later. Molecular mass (amu) values
from 48 to 49 and those from 28 to 29 represent N,
and SO,, respectively. Gases from the different types
of PPY doped with TSA are detected in different
regions. When comparing rod-type to grain-type, N,
and SO, gases develop at higher temperature in the
rod-type than in grain-type. Thermal stability and
decomposition temperatures depend on the crystal-
linity of the samples. As shown in Figure 4, the high
crystallinity of the PPY rods delays decomposition of
the PPY chain. Further, the data indicate that possi-
bly both the PPY main chain decomposition and PY
ring opening were delayed due to the TSA around
the PPY matrix in rod-type PPY doped with TSA.
This logic is reasonable, assuming that heat transfer
proceeds from outside the TSA shell to the inner
PPY matrix. Once decomposition of TSA was com-
pleted, then decomposition of the PPY commenced.
Data obtained for N, gas for the partially rod-type
PPY doped with TSA showed a decomposition tem-
perature between the rod-type and grain-type. Con-
sequently, formation of rod-type PPY doped with
TSA arises from TSA emulsion formation, and the
outer shell of TSA contributes positively toward
delaying the thermal decomposition of the PPY con-
ducting matrix. These results support the assump-
tion that the PPY matrix is affected by a TSA layer,
which is formed by a micelle forming mechanism.
As a result, TSA accomplishes simultaneously the
functions of a dopant, a surfactant, an interrupter
that disturbs conductivity, and a barrier against out-
side heat.

CONCLUSION

In this study, to produce conducting fillers of good
performance, various types of PPY doped with TSA
were obtained by changing the conditions of poly-
merization. The shape of the PPY particles is mainly
determined by the TSA/PY ratio and the oxidant
feed rate. Particles of different shapes (rod, grain,

Journal of Applied Polymer Science DOI 10.1002/app
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and partially rod) exhibit differences in morphology,
electrical properties, dispersity, miscibility, and ther-
mal properties. The electrical conductivity of PPY
doped with TSA increased as the ratio of TSA/PY
increased up to 1.0 and decreased when the ratio of
TSA/PY exceed 1.0. However, if the oxidant feed
was too slow, then rod-type morphology developed,
and the decrease of electrical conductivity was
relieved. PPY rods were produced under the follow-
ing conditions: a slow feed rate (6.25 mL/h) and a
high TSA/PY ratio (2.0). When compared with the
grain-type, PPY rods exhibited high crystallinity, dis-
persity, miscibility and thermal stability.
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