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Abstract

The aim of this study was to investigate the new method of polythiophene polymer-
ization. It was made an attempt of the chemical oxidation of thiophene in aqueous

medium without the addition of any surfactant. The oxidative compound applied in
the synthesis was gaseous ozone. Resulting polymer was obtained in the form of nano-
spheres dispersed in water. The method developed in this study allow to obtain the
polythiophene nanoparticles. Further study is required to fully identify the resulting
product properties in comparison with polymer obtained in other methods.
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INTRODUCTION

Polythiophene and its derivatives are among
the most important intrinsically conducting poly-
mers. Polythiophene (PTh) has been widely stud-
ied since the first reports of their synthesis in sci-
entific literature [1, 2]. Both environmental and
thermal stability of this class of polymers granted
in high potential application in different techni-
cal processes and products. These polymers have
found to be useful in manufacturing of electroop-
tical devices [3], anticorrosive layers [4], electro-
chemical sensors and electroactive membranes.
Unsubstituted PTh is a hard to process material,
due to strong intermolecular interactions, it cannot
be melted or dissolved in common solvents. The
solution for such drawback was found in incor-
porating variety of substituents on the polythio-
phene backbone such as alkyl, alkoxyl, perfluo-
roalkyl, amine, and carbonyl. Soluble derivatives
of PTh can be easily used in different devices via
spin-coating or dip-coating. However, recently
some effort have been made to synthesize unsub-
stituted PTh in a form allowing its processability.

In general, three approaches to polymerization
of PTh can be distinguished, i.e.: 1) electropoly-
merization, 2) metal catalyzed coupling reac-
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tions, and 3) chemical oxidative polymerization.
In the case of unsubstituted PTh the first method,
reported initially by Diaz et. al. [5], is most often
utilized for in-situ polymerization of controlled
thickness PTh layers in microelectronic devices.
The second method is commonly used in polym-
erization of substituted polythiophene derivatives
with highly regular chain structure, while the last
method is used to quickly and easily synthetize
PTh and its derivatives having disordered chain
structure. Initially this method was reported by
Sugimoto [6] and the oxidizing agent was FeCl..
The reaction was carried over in organic solvents
most often in dichloromethane. At the beginning
of XXI century Fall et. al. [7] have undertaken an
attempt to prepare PTh derivatives by chemical
oxidative polymerization in aqueous media. First
successful attempt of similar synthesis the group
have reported in 1998 year and it concerned elec-
tropolymerization of poly(3-metylthiophene) in
aqueous micellar media [8]. However chemical
oxidative polymerization of thiophene and its de-
rivatives in aqueous medium has not been exten-
sively till the presence.

The synthesis of conducting polymer colloid
is an attractive both from economic and environ-
mental point of view. First of all, due to rejection
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of expensive and toxic organic solvent and utili-
zation of water. Moreover, the end product is in a
form of water based colloid, which can easily be
transformed into a respective paint. This way the
processability difficulties of polythiophene van-
ishes. The only weakness of this method is the
presence of surfactants which are impossible to
get rid of.

Typically, in chemical oxidative polymeriza-
tion as oxidizing agents iron(IIl) copper(Il), hy-
droxylperoxide and peroxidisulfate ions are used.
The colloid is established and stabilized using ad-
equate surfactant-stabilizer couple.

In this work we make an attempt to synthesize
PTh in water based colloid without surfactants
and stabilizers. The only factor that keeps the
monomer dispersed in water is intensive physi-
cally mixed continuous phase. As the oxidizing
agent ozone was used, however, the main oxidiz-
ing agents were active products of water oxida-
tion. Ozone has one of the highest oxidation po-
tentials i.e.: 2.07V. Depending on the pH, it reacts
with water according to following half-reactions:

O, +2H" +2¢ — O, +HO (1)
O,+H,0+e — O, +20H 2)
the presence of elevated concentration of hy-
droxyl anion triggers the reaction of ozone de-
composition which yield active species such as
hydrogen peroxide and free radicals, especially
hydroxyl radicals. The reaction of ozone with hy-
droxyl anion
O, + OH' — HO,* +20* 3)
is considered to be the initiation reaction in the
ozone decomposition chain reaction in pure wa-
ter postulated by Staehelin, Hoigné, and Biihler
[9]. Since the lifespan of the radicals is extremely
short and reactivity very high they are assumed to
be the initiators of the polymerization. However,
the question arises if these radicals can survive in
water long enough to diffuse through the water
monomer interface and react in organic interior
of micelle.

Ultimately, the approach appears to be strong-
ly directed toward “green chemistry”, both due to
water as the synthesis medium and ozone as the
main reagent.

Recently similar syntheses were proposed for
polyaniline and polypyrrole [10—-13]. The second
advantage of this method is a product in form of
nano-spheres, that remains dispersed in colloidal
phase. In this form polymer can be easily used to
form the paint or printer ink.

The main objective of the work was to syn-
thesize polythiophene nanoparticles dispersed in
water without the help of any surfactants and us-
ing ozone as the initial oxidizing reagent.

MATERIALS AND METHODS

Thiophene monomer was obtained from Sig-
ma Aldrich and used as provided. Deionized dou-
ble distilled water was used as the solvent. Ozone
was obtained by the flowing pure dried oxygen
through Corona discharge ozone generator ELTO
giving output ozone concentration of about 3x10
mol-dm™ O, in O,. Microscope images were re-
corded using the scanning electron microscope/
focused ion beam Quanta 3D FEG.

The monomer (thiophene, 35 mmol) was in-
troduced slowly to quickfit glass reactor of 250
ml total volume, containing 170 ml of vigorous-
ly stirred water. White emulsion of monomer in
water has formed instantly. Then, a pH-sensor,
and thermometer were introduced to the reactor
and ozone flow has been started. Oxygen was
provided to the ozone generator at constant flow
rate of 2 liters/minute. The oxygen/ozone mix-
ture was bubbled through the reactor for 30 min.
After that the remaining ozone was removed by
gently blowing a stream of air for 2 min. The re-
action was performed in room temperature and
the changes of temperature and pH in reaction
mixture was recorded. After the reaction resulting
mixture was studied under microscope.

RESULTS AND DISCUSSION

Monomer was dispersed in water to form
small micelles stabilized by continuous stirring of
the mixture. Ozone bubbled through the mixture
was partially dissolved in water and reacting with
the solvent decomposed following the mechanism
derived by Staehelin, Hoigné, and Biihler [9].

Taking in to account the rate of ozone decom-
position in water it is likely that the ozone mol-
ecules diffuse through the water monomer inter-
face and initiate the polymerization of thiophene
according to scheme:

O, + OH — HO,* +20* @)
Th+HO,* — Th** + O* + OH (5)

Th denotes thiophene ring which is the mono-
mer in this process. The reaction (4) mentioned
earlier was recalled to give the insight in to the
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process complexity. Products of the reaction (5)
are thiophene radical cation, atomic oxygen and
hydroxyl anion which cannot be solvated in or-
ganic phase and escapes to aqueous continuous
phase, where can react with fresh ozone molecule
according to reaction (4). Thiophene radical cat-
ions fuse together giving rise to the chain growth
reaction. In the first act the dimer is formed.
Th** + Th*" — (Th), + 2H" (6)
Later dimers, having oxidation potential
lower than the monomer undergoes further oxi-
dations yielding dimer radical cations. Further
conjugation of radical cations produce respective
oligomers of thiophene.
(Th), + O, — (Th)," + O* + OH (7)
(Th),* +(Th)," — (Th),- + 2H" ®)
The alternative mechanism assume that ozone
molecules diffuse into micelle and react with
monomer via electrophile addition to thiophene
double bonds. The exact mechanism is yet to be
recognized, however, oxidizing agent resulting
from dissolution of ozone in continuous medium
is capable to cross the micelle interface and initi-
ate the oxidative polymerization.
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During the ozone bubbling both the temperature
and pH of the mixture was monitored (see Fig. 1).
During the course of the reaction pH was gradually
decreasing and the temperature was rising.

As it is seen from equation (8) binding of two
thiophene rings results in a release of two protons.
Consequently, the pH of the mixture decrease,
which is observed in the investigated mixture.
Calculating the changes in the hydrogen cation
concentration it is possible to obtain the relation
shown in the Figure 2. The kinetic analysis of the
relation is not straightforward since the reaction
is a multistage complex process. And the experi-
mental data support this hypothesis because the
changes of hydrogen cation concentration does
not follow the characteristic kinetic relationships
known for the kinetics of first order or second or-
der reactions.

In this experiment ozone was bubbled through
the reaction mixture for 30 min. As a result the
process milky-like monomer in water emulsion
turned to transparent brownish liquid. In the Fig-
ure 3 the optical micrographs in polarized light
are shown, revealing that in the aqueous continu-
ous phase are dispersed particles of solids.

280+
®)

2754 um

N
N
o
)

[ ]

26.5 [}

Temperature [°C]

26.0 [ ]

255

— T v T T T 1 T T T T v T T 1T T 1T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (sec)

Fig. 1. Recoded changes of pH (A) and temperature (B) during ozone induced polymerization of thiophene
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Fig. 2. The change of H" concentration in the reaction mixture during polymerization
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Fig. 3. The microscopy image in polarized light of
the liquid phase from reactor after 30 min of ozone
bubbling

The size of polymer particles recorded on the
microscopy image ranges from 2 to 8§ um with
significant excess of small particles having di-
ameter below 5 um. After synthesis the mixture
was transferred to separatory funnel, and left. The
polymers did not settle after one week, what sug-
gests high stability of the resulting dispersion. In
the next step the mixture was saturated with NaCl.
Salting out did not help to precipitate the polymer.
However, this allowed to prepare a specimen for
electron microscopy. A droplet of the mixture was
placed on a glass plate and evaporated carefully
yielding fine microcrystals of NaCl with enclosed
polymer particles (see Fig. 4).

The SEM image presented in Fig. 4. reveals that
particles observed in polarized light dispersed in wa-
ter are actually agglomerated assemblage of small
spheroidal grains of polymer of nanometric size.
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Fig. 4. SEM image of NaCl crystal with embed poly-
thiophene granules

CONCLUSIONS

In the present work it was shown that it is pos-
sible to obtain polythiophene in the direct chemi-
cal oxidation of thiophene by ozone. The reaction
conducted in aqueous dispersion results in a stable
colloid mixture. The results are promising, how-
ever, it is important to undertake further study to
optimize the process in the way that allows sepa-
ration of the polymer and spectroscopic analysis,
to find out whether the polymer is not ozone de-
graded. Also the investigation of synthesis kinet-
ics is interesting from theoretical point of view.
The results of the study have shown the new way
of the polythiophene synthesis which appears to
be interesting and attractive from economic and
ecologic point of view.
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