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ABSTRACT

and unique electroactivity properties (e.g., sensor) may demand possessing high

thermal stability in solutions. So, thermal stability of electroactivity of polypyrrole
conducting electroactive polymers (CEP) is very important. In this research, in order to
investigate the thermal stability of the electroactivity in solutions, a series of polypyrrole
(PPy) films doped with different dopants coated on glassy carbon electrodes were pre-
pared electrochemically. Electroactivity stability of polymers in different solution tempera-
tures was then investigated using cyclic voltammetry(CV) technique. It was found that the
electroactivity of PPy is strongly dependent on the kind of counterion. PPy/PTS was
found to be more thermally stable in aqueous solution than PPy films doped with other
inorganic ions such as chlorides. Chemically, electrochemically stable as well as large
size counterions (dopants) show higher stability at elevated solution temperatures. The
nature of counterion, the preparation conditions (physical, chemical and electrochemical)
and the nature of supporting electrolytes in which the polymer is switched, not only affect
electroactivity of PPy films but also affect the thermal stability of these polymers in aque-
ous solutions.
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Among the conducting polymers
known to date, the ones based upon
polypyrrole have attracted special
interest because of their high con-
ductivity, their ease and high flexi-
bility in preparation, their stability
and good mechanical properties [1].

Many applications of conducting
polymers (e.g., batteries, elec-
trochromic devices and membranes
for controlled potential separation)
involve the redox properties of these
polymers [2-6]. In some of these
applications, the thermal stability of
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the polymer with regard to electroactivity or conductiv-
ity is very important.

Potential technological applications of PPy con-
ducting polymers based on the unique electrochemical
and electrical properties have attracted a great deal of
attention in recent years. Electroactive, conductive
polymer films can be generated on electrode surfaces
by the oxidation of aromatic compounds such as ben-
zene derivatives, and heterocycles. The oxidation
potential is lower for pyrrole (0.80V vs Ag/AgCl) than
other heterocyclic monomers such as furan (1.85V vs
Ag/AgCl) and thiophene (1.60V vs Ag/AgCl). In fact,
PPy is one of the few electronically conducting poly-
mers that can be prepared in neutral or dlightly acidic
aqueous solutions. Polypyrrole and a wide range of its
derivatives may be prepared by simple chemical or
electrochemical methods [7].

The electrochemical approach for making elec-
troactive/conductive films is very versatile and pro-
vides afacile way to vary the film properties by smply
varying the electrolysis conditions (e.g., electrode
potential, current density, solvent, and electrolyte) in a
controlled way, or the variations in the properties of
polymer can be made in the selection of the monomer
or the electrolyte. Furthermore, the electrosynthesis
allows an easy control of the thickness of polymers.
The yield and quality of the resulting polymer filmsis
affected by various factors. The nature and concentra-
tion of monomer/electrolyte, cell conditions, the sol-
vent, electrode, applied potential and temperature, pH
al have astrong effect on the electro-oxidation reaction
and the quality of the film [7].

Among these different parameters, the counter ion
applies the greatest effect. In the electrochemical
method the monomer isfirst dissolved in asalt solution
(where, the electrolyte is highly dissociated and which
are dlightly acidic) with low nucleophilicity and solu-
tion resistance. Application of a suitable potentia (E =
0.65 V vs. Ag/AgCI in aqueous solutions) initiates the
polymerization reaction. The overall electropolymer-
ization of polypyrrole can also smply be shown as:

N

Oxidation
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where, A~ is the counter ion incorporated during poly-
merization. The value of n has been determined to be
between 2.2 and 2.4[7]. The auxiliary electrode reac-
tions, during the redox reactions of polymer at the
working electrode, will be the reduction of water or dis-
solved oxygen (production of OH"), or oxidation of
water (production of H*) depending on the potential.
Recognizing that the polymerization reaction proceeds
viaradical cation intermediates, it is clear that the reac-
tion will be sensitive to the nucleophilicity of the envi-
ronment in the region near the electrode surface. The
radical cations formed during the electropolymeriza-
tion process would quickly react with strong nucle-
ophiles thereby preventing the growth of polymer. This
places some limitations on the choice of solvent and
electrolyte. Solvents like dimethyl sulphoxide
(DMSO), dimethyl formamide (DMF), and pyridine
prevent anodic electropolymerization of pyrrole
monomer unless the pH of solution is lowered [7].

PPy Films can be electropolymerized on a wide
range of metal electrodes. Glassy carbon, platinum and
gold, indium-tin oxide (ITO), tin-oxide and stainless
steel are mostly used. Metals such as silver or alumini-
um, which oxidize more readily than the pyrrole
monomer, is obviously not agood choice. In thisinves-
tigation we selected a number of commonly used con-
ducting polypyrrolesto investigate the effect of thermal
treatment at elevated temperatures on their redox activ-
ity. In this work the preparation of PPy samples was
performed on glassy carbon which was found to be the
substrate of choice in most cases, as it has the largest
electrochemical working range and produced more
adherent films. In addition, the high thermal, chemical
and electrochemical stability, hardness, non-porosity
and ability to be very well polished were advantageous
of the glassy carbon electrodes.

The switching property (oxidation/reduction) of
conducting polymers plays an important role in the
most proposed applications. Some of these applications
may demand high thermal stability of the material in
solution. Unfortunately very limited investigations
have been carried out about temperature effect on elec-
troactivity of PPy in solutions. Most of the previous
investigations have been carried out in dry states[8-10].
But this kind of stability seems to be a key factor for
successful application of conducting polymersin future
technology.
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EXPERIMENTAL

Reagents

All chemicals were of analytical reagent (AR) grade
purity unless stated otherwise. Pyrrole (Sigma) was dis-
tilled before use. All solutions were prepared in Milli-
Q water. Sodium dodecylsulphate (NaDS) and sodium
dodecylbenzene sulphonate (NaDBS) were obtained
from Sigma, NaCl, K,Fe(CN)g, NaNOs3, sodium p-
toluene sulphonate (NaPTS) and sodium polyvinyl
sulphonate(NaPVS) were obtained from Merck and
BDH Co.

Instruments

Cyclic voltammetry(CV) experiments were carried out
using either a Bio-Analytical Systems (BAS) 100A
Electrochemical Analyser, an Electrolab, or aBAS CV-
27 with the MacL ab and a computer (Macintosh) or X-
Y paper chart recorders were used for recording data.
The cell employed for CV analysiswas the same as that
was used for electropolymerization. A home-made gal-
vanostat was used for electropolymerization of PPy.

Preparation of Polymers

Electropolymerization was carried out galvanostatical-
ly (1-mA/cm?2) using 0.20 M pyrrole in an aqueous
solution of selected counterions (sodium salt). NaNOs,
NaCl (0.5M), K4F&(CN)g (0.1M), and DS, PTS, DBS
(0.05M), PVS (10 g/L) were used as counterions.
PPy/Fe(CN)g and PPy/PVS were deposited with con-
stant potential (Eappz 0.72 and 0.75 V vs. Ag/AgCl,
respectively). Before electropolymerization al solu-
tions were deoxygenated for 5-10 min using high puri-
ty nitrogen.

Polymer coated electrodes were prepared using a
single compartment cell equipped with aglassy carbon
(0.2 cm? surface ared) as working electrodes. A three-
electrode electrochemical cell was used to prepare the
PPy conducting polymers used in these studies. The
cells employed for electropolymerization, require pro-
vision for a working electrode (W.E), an auxiliary
electrode (A.E), a reference electrode (R.E) and an
inert gas line. Electropolymerization in this work has
been carried out using galvanostatic technique. Plat-
inum gauze or sheet was employed as the auxiliary
electrode and an Ag/AgCI (3M NaCl) as the reference
electrode.
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RESULTSAND DISCUSSION

Reduction-oxidation processes in PPy , involves mass
and resistance changes as well as electron transitions,
and this makes these materials very different from other
redox systems in electrochemistry in which only elec-
trons are involved during the reduction and oxidation

processes:
LN == L)) -

Oxidation of pyrrole yields a positive charged polymer
film, which is balanced by anions incorporated during
synthesis. During the following reduction, electroneu-
trality can be maintained either by expulsion of these
anions or by incorporation of cations. When a sufficient
negative potentia is applied to the polymer, the anions
are expelled (undoping), thus reducing it to the neutral
state. Conversely, when a positive potential is applied to
oxidize the neutral film (doping), the anions are taken up.
Therefore, the reduction/oxidation of PPy films involves
the transport of ionsin and out of the polymer in order to
compensate the cationic nature of oxidized polymer.

The dopant anions (small size) in the PPy film can
be exchanged relatively easily with electrolyte anions
in aqueous solutions during potential sweeping. The
anion exchange processes offer an alternative chemical
route for the preparation of some conductive and anion
specific PPy complexes. However, the anion exchange
processes do not result in any significant alteration of
the basic structure of the polymer.

Cyclic voltammetry (CV) is apopular and the most
versatile electroanalytical technique for the study of
electroactive species. This technique has been widely
used for measuring the electroactivity of conducting
polymers. The technique involves the measurement of
current at a working electrode as a function of the
applied potential. The potential applied to the working
electrode is controlled versus a reference electrode
such as a saturated calomel electrode (SCE) or a sil-
ver/silver chloride electrode. As atypical example, the
CV obtained for PPy/PTS is shown in Figure 1.

Cyclic voltammetry can also provide agreat deal of
useful information for the characterization of conduct-
ing polymers such as the determination of the potential
required for polymerization as well as the finding out
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Figure 1. CV of PPy/PTS. 0.2M KCI was used as supporting
electrolyte. Scan rate was 20 mV/s. Polymer was coated on
glassy carbon electrode from 0.2M pyrrole and 0.05M NaPTS
with applied current density of 2mA/cm?2.

the appropriate switching potentials. The clear and well
defined redox peaks of PPy/PTS corresponding to
anion and cation expulsion/incorporation have been
labelled by (A/A") and (B/B’) repectively. The auxiliary
electrode reactions, during the redox reactions of poly-
mer at the working electrode, will be the reduction of
water (or dissolved oxygen) and oxidation of water.

The redox reaction of PPy conducting polymers is
unique, becauseit involvesthe transport of ionsin and out
of the polymer aswell as electronsin order to compensate
the cationic nature of oxidized polymer. Asthe CV results
in Figure 1 show, the redox activity of the PPy conducting
polymers decreased when the anodic potential was
scanned to +1.0 V. But, it remained reversible when the
anodic potential was scanned to below +0.70 V. When
the polymer is scanned at potential more positive than
1.0V, due to overoxidation reaction, which is an irre-
versible intrinsic redox reaction, the conjugation is
interrupted, the conducting pathways and conductivity
break down; hence the doping/and, respective, dedop-
ing or rechargeability (electroactivity) of the polymer
are lost. On the whole PPy CEPs should not be
switched at potential more positive than 1.0 V or pro-
longed at E > 0.70 V vs. Ag/AgCI for unsubstituted
PPy. There is aso a strong dependence of overoxida-
tion potential on the pH of the supporting electrolyte,
with a decrease in stability at higher pHs [1].

Thermal Stability of Electroactivity of PPy Films
Doped with Different Anions

PPy/Cl

The electroactivity of PPy/Cl was substantially
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decreased irreversibly at solution temperatures > 50 C
(Figure 2). Some changes in redox peaks potentials
also occurred .

Chloride ion in polymer is a mobile anion, so it is
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Figure 2. CV’s of PPy/Cl electrodeposited onto glassy car-
bon. CVs recorded when exposed to different electrolyte tem-
peratures. (a) 0°C, (b) 30°C, (c) 50°C, and (d) 70°C. 0.5M
NaNO,; was used as supporting electrolyte solution. Scan
rate = 50 mV/s.



readily exchanged with nitrate ions of electrolyte dur-
ing switching. The redox behaviour of PPy/Cl can be
shown as the following:

PPy/CI(s) + e —> PPy (s) + Cl" (agq)  (Reduction)
PPy (s) + NaNOs (ag)) —> PPy/NO; (s) + Na* (ag)
+e (Re-oxidation)
PPy/Fe(CN)g '+

The electroactivity of PPy/Fe(CN)g was also not stable
at elevated temperatures (Figure 3). Large irreversible
changesin cyclic appeared at T = 50 C.

Electropolymerization of PPy in the presence of
K4Fe(CN)g as a supporting electrolyte (electroactive
counterion) clearly shows the incorporation of the
Fe(CN)g*. F(CN)g2 is a mild oxidant (E = 0.36V),
so it is not a suitable dopant for electropolymerization
of PPy. Fe(CN)g* is an electroactive anion (mild
reductant). It competes for oxidation with the monomer
during electropolymerization and reduces the current
efficiency.

Multi-charge anions are also not suitable dopants
for preparation of PPy, since they decrease doping per-
cent (lead to poor conductivity) and disturb the charge
balance of polymer. Non-uniform deposition of poly-
mer was observed when we used gal vanostatic method.
Then the polymer was prepared with constant potential
technique (Eapp|_ = 0.72V vs. Ag/AgCI ref. electrode).
As a result, the polymer was prepared with mixed
counterions (Fe(CN)63/4) The four redox pesks are
assumed to be attributed to the reduction-oxidation of
the polymer and counterion (Fe (CN)g3/ Fe (CN)g%).

[PPy3*]Fe(CN)g3 + 3e —> PPy + Fe (CN)g>
(Reduction)
PPy + NaNO;3-e—> PPy/NO3+ Na* (Re-oxidation)

During reoxidation of polymer, Fe(CN)g ions are easi-
ly exchanged with nitrate, so the redox peaks related to
the electroactive counterion (Fe(CN)g*) disappeared.
The electroactivity of PPy/Fe(CN)g was not stable at
elevated temperatures (Figure 3). Large irreversible
changes appeared at T = 50 C. The poor thermal stabil-
ity of this polymer may be partly due to the exchange
of ferrocyanide ions with anions of the supporting elec-
trolyte (NO3™) during the potential sweep (reduction-
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Figure 3. Cyclic voltammograms of PPy/Fe(CN)g. Polymer
prepared at constant potential (0.75 V vs. Ag/AgCI). Thermal
treatment and CV analysis were carried as for PPy/CI in
Figure 2.

oxidation). The oxidative nature of dopant or support-
ing electrolyte normaly accelerates thermal degradation
of conductivity or electroactivity. We have already
shown that both PPy/Fe(CN)g3 and PPy/NO5 poly-
mers have poor thermal stability in dry states [12].

PPy/PTS

The CV results obtained using PPy/PTS show (Figure
4) that this polymer is more thermally stable than
PPy/Cl and PPy/Fe(CN)g. The redox peak currents
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Figure 4. Cyclic voltammograms (CV) of PPy/PTS. Thermal
treatment was carried out under the same conditions used in
Figure 2.

decayed only dightly when the polymer (PPy/PTS)
was exposed to elevated solution temperature. With
increasing the solution temperature, the second reduc-
tion peak (related to cation insertion) is also shifted
dlightly to less negative potentials.

PTS Counterion is amedium size dopant. It ismore
mobile than bulky dopants such as polymeric or surfac-
tants and less mobile than small inorganic dopants such
as chlorides or nitrates. It is interesting to note that the
same thermal stability of electroactivity were found in
our previous investigations in dry state [12].

PPy/PTS (s) + NaNOj (ag) + e —» PPy /PTS- /Nat
(s) (Reduction)
PPy /PTS /Nat (s) —> PPy/PTS(s) + Na* (aqg) + e
(Re-oxidation)

PPy/PTS showed more thermal stability with
regard to electroactivity in dry state. We have aso
reported that dry state thermal stability of PPy with
regard to electrical conductivity is strongly dependent
on the nature of dopant and the environment of heat
treatment [13]. PPy CEP are generaly less thermally
stable under oxidative atmospheres (e.g., air). PPy/PTS
showed more thermal stability than other PPy films. In
our previous investigations we have reported that the
mass transport properties (ion-exchange) of PPy CERs
are strongly affected by solution temperature]14].

PPy/DS

In the case of PPy/DS with increasing temperature, as
the CV analysis shows (Figure 5) the electroactivity of
the polymer improved.

The immobilized nature of the DS anion (due to its
bulkiness) in the polymer could be areason for its high-
er chemical or electrochemical stability when exposed
to elevated solution temperatures. Higher electroactivi-
ty stability was observed for PPy/DS (Figure 5). Due
to the immobility of the DS anions within the polymer
matrix, the supporting electrolyte cations (in this exper-
iment Na* ions) is readily diffused in and out of the
polymer during redox process in order to balance the
immobilized charges of PPy/DS as shown schematical-
ly below:

Reduction
PPy*/DS + & —/———> PPy/DS /Na*
Oxidation

It may be concluded that PPy doped with large size (not
releasable) are more chemically stable than those
doped with easily rel easeable dopant anionsin aqueous
solutions. Therefore, anion exchange processes that
would change the nature of polymer are minimized.
Polymeric counterions entangle with polymer chain
and stay in the polymer matrix during redox reaction
(in contrast to small size mobile dopants).

Due to the immobility of the DS anions within the
polymer matrix, the supporting electrolyte cations are
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Figure 5. CV of PPy/DS: (a) CV at room temperature, (b) CV
at 80°C. Thermal treatment procedure and CV analyses con-
ditions were as used for PPy/Cl in Figure 2.

diffused in and out of the polymer during redox process
in order to maintain charges neutrality of the polymer.
PPy Doped with immobile counterions (e.g., surfac-
tants, polymeric) may indicate higher electroactivity
stability at elevated solution temperature, but because
of their inability for anion exchange reaction, their
electroactivity is greatly affected by the nature

@

ISOMA
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Figure 6. CV of PPy/DBS in the presence of: (a) KCI 0.2M,
(b) ZnCl, 0.2M, and (c) AICI; 0.2M. The preparation and
characterization conditions were the same as used for
PPy/DS at RT.
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(sizelcharge) of the cations in supporting electrolyte.
As our typical experiments in Figure 6 show, the elec-
troactivity of PPy/DBS deteriorated in the presence of
multi-charge cations. As our results show (Figure 6),
PPy/DBS becomes electro-inactive in the presence of
electrolytes with multicharge cations (Figure 6b,c).

CONCLUSION

Thermal treatment at elevated temperaturesin solutions
affects the electroactivity of PPy, and the changes are
mostly irreversible. The nature of the effect is greatly
dependent on the nature of the counter-ion incorporat-
ed during synthesis. However, the temperature, time of
exposure, the switching potential and the nature of
electrolyte in which the polymer is switched all have
important effects in determining thermal stability of
the polymers in solutions. Large surfactants and immo-
bilized polymeric dopants such as polyelectrolytes
counterions are not released during reduction process
and become trapped within the polymer matrix due to
their large size and entanglement with the PPy chain;
consequently increase their solution stability at elevat-
ed temperatures. Loss of electroactivity of PPy films
exposed to the elevated solution temperatures in aque-
ous media can be attributed to the loss of conjugation
in polymer due to the nucleophilic attack by water or
dissolved oxygen which occurs more rapidly at higher
temperatures.
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