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Polymerization Method

successfully by this novel method.

Introduction

Electrically conducting polymers (CP) have
rapidly become a subject of considerable
interest among academic and industrial
researchers due to their curious electronic,
magnetic, and optical properties.[l"‘q Poly-
thiophene (PTh) is one of the most studied
electrically conducting conjugated poly-
mers due to its flexibility, ease of doping,
and good thermal and electrical stability.
PTh has been often considered as a role
model for the study of charge transport in
CP with a nondegenerate ground state; on
the other hand, the high environmental
stability of both its doped and undoped
states together with its structural versatility
have led to multiple developments aimed at
applications in plastic photovoltaic, OLED,
electrochromic or smart windows, antistatic
coatings, sensors, batteries, nanoelectronic,
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Summary: We report on a fascinating morphology; giant spherical conducting
polythiophene by the in-situ gamma radiation-induced chemical polymerization
method. The resultant micron-size buckyball-shaped polymer structures were ident-
ified by high resolution transmission electron microscopy and scanning electron
microscopy. Different characterizations e.g. elemental analysis, Fourier transform
infrared, x-ray diffraction, and x-ray photoelectron spectroscopy were utilized to
prove that the new morphological conducting polythiophene was synthesized
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and optical devices.*~’! Polythiophene and
its derivatives have worked very well in
some of the above applications and less
impressively in other devices. Creative designs
and development strategies of new poly-
thiophene have led to interesting new
materials and enhanced performances in
certain devices. In general, conducting
polythiophenes are prepared by two main
routes, i.e., chemical and electro-chemical
syntheses. One of the first chemical synth-
eses of polythiophene was reported by two
research groups Yamamoto et al. and
Dudek et al. in 1980.%%1 Both groups
synthesized polythiophene by the metal-
catalyzed polycondensation polymerization
of 2, 5-dibromothiophene. After that, a great
deal of research has been done concerning
the polymerization of 2,5-dihalothiophene
by varying the monomer concentrations,
reaction conditions, types of metal, halogen
on the monomer, and catalysts.[10"13] Sugi-
moto et al. has designed a very simple
method for the polymerization of polythio-
phene and its derivatives.l'*!% This method
is now well-established as one of the most
widely used and straightforward methods in
the preparation of PTh and its deriva-
tives.'*2% Wan et al. recently developed a
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simple method of in-siru doping polymer-
ization in the presence of B-naphthalene
sulfonic acid as the dopant.[m This in-situ
doping polymerization is much easier and
more popular in comparison with the other
synthesis methods. More recently, gamma-
irradiation has been used extensively to
generate novel nano/micro particles of
polymeric materials with unusual proper-
ties, since it can help prepare particles at
room temperature and under the ambient
pressure. It can be easily controlled and it is
adaptable, nor does it induce impurities
into the materials.*>">*) Here, we present a
novel synthesis route and unique physical
properties for a new constitutional view of
spherical conducting polythiophene by the
in-situ gamma radiation-induced oxidative
polymerization method, and describe the
characterizations in detail.

Experimental Part

Thiophene monomer (99%, Aldrich) was
distilled under a reduced pressure and kept
below 0°C prior to use. Chloroform
(CHCL), anhydrous iron (III) chloride
(FeCly), and other organic solvents were
bought from Aldrich as reagent grade
and used without further purification.
In a typical synthesis, anhydrous FeCl;
(0.0129 M) (in a 100 ml CHCl; solution)
was added to a 250 ml capacity high-density
polyethylene bottle and sonicated for 10
minutes at room temperature. Thiophene
monomer (0.0125 M) (with a 50 ml CHCI;
solution) was added gradually (drop wise)
to the above solution with constant stirring.
The resultant solution was deaerated by
bubbling with argon in order to remove the
dissolved oxygen before irradiation. Then,
it was sealed and radiated by a ®°Co y-ray
source at a rate of ca. 20 kGy for one hr,
under atmospheric pressure at ambient
temperatures. After irradiation, the sam-
ples were washed carefully with an excess of
distilled water, methanol, hydrochloric
acid (0.1 M), and acetone, respectively, to
remove the unused initiator, and other
impurities. The obtained black powder was
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dried under a vacuum dryer for 24 hr at
room temperature.

The instruments used in this work
included an elemental analysis (CE Instru-
ments model FISON EA-1110); a field-
emission scanning electron microscope
(FE-SEM) (Hitachi model S-4300); a high
resolution transmission electron micro-
scope (HR-TEM) (Philips model CM
200) with an Acc. Voltage of 200kv;
a Fourier transform infrared (FT-IR)
(Bruker IFS 120HR); an x-ray diffraction
(XRD) (Philips model X’Pert APD) with a
Cu Ko source; a thermal gravimetric
analysis (TGA) (Dupont model 9900/
2100) in a nitrogen atmosphere, at a heating
rate of 10 °C/min in the temperature range
between 0-800°C; and an x-ray photo-
electron spectroscopy (XPS) (VG Clam2
system). The room-temperature conductiv-
ity of the pressed pellets was measured by
the standard four-point probe method,
using a Jandel engineering instrument,
model CMT-SR1060N.

Results and Discussion

Typical morphology of spherical PTh was
investigated using a field-emission scanning
electron microscopy and a high-resolution
transmission electron microscopy. As
shown in Figure 1, the FE-SEM images
show a uniform view of individual
(Figure 1a) and group (Figure 1b) spherical
conducting polythiophene, with particles in
micrometer scale (e.g. 0.5-10 wm), as well
as larger giant particles. A similar morpho-
logical structure of sphere-shaped virgin
polythiophene was also imaged by
HR-TEM, as shown in Figure lc. From
electron microscope images, it identified
clearly that the conducting polythiophene
formed new morphology as like buckyball
structure and some of their inside were
hollowed. These structures were found
from the parent solutions with typical
concentrations of 0.0125 M of thiophene
and 0.0129 M of anhydrous ferric chloride,
in chloroform solutions as described in
detail in the experimental section. To
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Figure 1.

FE-SEM images of (a) single, (b) groups, and (c) HR-TEM image of giant spherical conducting polythiophene
synthesized by the in-situ gamma radiation-induced chemical polymerization method.

observe the effects of the monomer and
oxidant concentrations, we used different
amounts of monomer and oxidant as shown
in Figure 2. We found the best yield of
spherical polythiophene components with
0.0125 M of thiophene and 0.0129 M of
anhydrous ferric chloride in the chloroform
solution (Figure 2a). In the following
discussion, we will give only the explana-
tion for this sample. Moreover, we used two
gamma radiation doses (5 and 20 kGy for

2R.AkY XIA.AK 1.8

Figure 2.

one hr) for all samples, but the same results
were observed in both cases. The chemical
composition of the resultant sphere-shaped
conducting PTh was also calculated by an
elemental analysis method. The data show
that the composition is approximately: C
54.03, H 2.81, N 0.11, and S 26.77 for this
pristine spherical PTh.

Proof of the polythiophene component
was provided by FT-IR and XRD data, as
shown in Figure 3. In FT-IR spectrum

FE-SEM images showing the effect of monomer (thiophene) and oxidant (anhyd. FeCl;) concentrations of
(a) 0.0125 M: 0.0129 M (scale bar: 6 um), (b) 0.0125 M: 0.0065 M (scale bar: 1 um), (c) 0.0063 M: 0.0065 M (scale
bar: 1 wm), and (d) 0.0063 M: 0.0129 M (scale bar: 1 um), respectively for the spherical conducting polythiophene
synthesized by the in-situ gamma radiation-induced chemical polymerization method.
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Figure 3.

(a) FT-IR and (b) XRD analysis data of spherical conducting polythiophene synthesized by the in-situ gamma

radiation-induced chemical polymerization method.

(Figure 3a), there are several low intensity
peaks present in the range between
2800-3100 cm ™!, which can be attributed
to aromatic C—H stretching vibrations.[2*27]
The absorption in this region is obscured
by the bipolaron absorption of the doped
PTh. The range of 600-1500 cm™' is the
fingerprint region of PTh. The peak at
approximately 798 cm ™! is usually ascribed
to the aromatic C—H out-of-plane deforma-
tion mode as reported by other groups,?’!
while other peaks in this region can be
attributed to the ring stretching modes.
The C-S bending mode was identified at
approximately 702 cm™!, which indicates
the presence of a thiophene monomer."”!

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The 1665 cm™' peak could be due to

conjugated carbonyl species within the

polymer backbone as suggested by other

groups.[30’33] It assumes that most of the
excess oxygen is present as a dopant,
probably in the form of O*". Will and
McKeel**! showed that undoped polyace-
tylene absorbs in excess of 40% by weight
of oxygen at room temperature. Beck et al.
found that the excess oxygen was the result
of over oxidation of polymer with water
as a nucleophile.” Yang and Chien®®
proposed several reactions relating auto-
oxidation of a conjugated polymer re-
presented by polyacetylene where the
oxidative degradation primarily proceeds
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with peroxy radicals formed in the polymer
backbones. In Figure 3b, the XRD pattern
exhibits a broad amorphous diffraction
peak at approximately 20 =14 ~ 19° ranges.
This broad peak centered at around 17°
corresponding to intermolecular -7 stack-
ing emerges for polythiophene.ml

To further clarify the chemical situation
of the elements, we measured the XPS of
the samples. The S-2p core-level spectrum
of the PTh (Figure 4a) can be deconvoluted
into at least two spin-orbit-split doublet
(S-2ps, and S-2p;,) peaks at approxi-
mately 164.2 and 164.9 eV, which are
attributed to the neutral sulphur atoms,
respectively.®®! This indicates that the
chemical environment of the S element,
in pure PTh is almost identical.

Thermal stability testing was conducted
using the thermal gravimetric analysis.
Figure 4b shows the weight loss of poly-
thiophene powders upon heating in a
nitrogen atmosphere. PTh was initially
rather stable up to the temperature of
150°C. From 150°C on a continuous
degradation was found up to the highest
temperature. The total mass loss in the
region between 0°C and 800 °C for sphe-
rical conducting polythiophene was esti-
mated to be about 34.5% by this novel
synthesis.

In general, electrical conductivity may
be taken as a function of the conjugation
length of the polymer and of the amount of
active dopant present in the polymer, as the
number of charge carriers depends upon
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Figure 4.

(a) XPS and (b) TGA data of spherical conducting polythiophene synthesized by the in-situ gamma radiation-

induced chemical polymerization method.
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the extent of the dopant concentration,
providing that other factors remain
unchanged. The conductivity has been
calculated for this sphere-shaped conduct-
ing polythiophene by the in-situ gamma
radiation-induced oxidative polymerization
method about 2.4 x10~* S/cm. For the
conductivity reported here, the result was
an average of five measurements.

The mechanism of giant spherical con-
ducting polythiophene formation by the
in-situ gamma radiolysis chemical polymer-
ization method is still somewhat compli-
cated. However, it is important to discuss
some relevant issues which were observed
in this work. In our approach, gamma
radiation induced the thiophene monomers
to be polymerized in very large quantities;
buckyball-shaped structures were solidified
at room temperature under the ambient
conditions. Ionizing radiation affected only
polymer morphology, but it did not have a
affect in the polymerization reaction. In
addition, we didn’t observe any spherical
morphology for conducting polythiophene
by similar procedures, such as in-situ
oxidative polymerization method without
gamma irradiation.®”! Thus, it can be
assume that buckyball-shaped conducting
polythiophene self-assembles by the in-situ
gamma radiolysis chemical polymerization
method. The detailed formation mechan-
ism of the spherical conducting polythio-
phene needs to be investigated further.
Experiments are in progress and we hope to
report on the results in near future.

Conclusions

We have demonstrated a new morphology,
micrometer particle sizes of buckyball-
shaped giant spherical conducting poly-
thiophene synthesized by the in-siru gamma
radiolysis chemical oxidative polymeriza-
tion method. Different structural charac-
terizations including electron microscope
images and spectroscopy analysis data
clearly indicated that the spherical con-
ducting polythiophene were synthesized
successfully by this novel route. Electrical

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and thermal analysis data also showed the
moderately good values for these pristine
sphere-shaped conducting polythiophene.
It is hypothesized that, because of the
simplicity and robustness of this procedure,
these giant morphology of virgin spherical
polythiophene could initiate new research
among academic and industrial researchers.
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