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ABSTRACT: The incorporation of SO;  groups into a
polypyrrole backbone was successfully carried out using
FSO;H/acetonitrile medium. The degree of sulfonation (sul-
fonation or sulfur-to-nitrogen ratio) of polymer was con-
trolled by varying FSO;H concentration while the film was
being electrodeposited. The cyclic voltammograms of the
electrodeposited films were taken between —1.00 and +2.00
V (versus Ag/AgCl) in blank solution. A substantial effect
on the electrical conductivity was observed upon the incor-
poration of SO;~ groups in the polypyrrole polymeric chain.

The elemental analysis results of the freshly prepared and
reduced films give independent evidence that the SO;~
groups are covalently bound to the structure. FTIR, UV-Vis,
spectroscopy and SEM techniques were used to characterize
the electrosynthesized polypyrrole films. © 2004 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 93: 526-533, 2004
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INTRODUCTION

In recent years, intrinsic conducting polymers with
conjugated double bonds have attracted much atten-
tion as advanced materials. Among those conducting
polymers, polypyrrole (PPy) is especially promising
for commercial applications because of its good envi-
ronmental stability, facile synthesis, and higher con-
ductivity. PPy can be used as biosensor,'” gas sen-
sor,>* wire,® microactuator,® antielectrostatic coating,7
solid electrolytic Capaci’c01‘,8’9 electrochromic window
and display, polymeric battery, electronic device, and
functional membrane.'** PPy coatings have excel-
lent thermal stability and are good candidates for use
in carbon composites.’* New application possibilities
have also been explored during the past several years.
For example, PPy-based polymers can be used to load
and release drugs and biomolecules.'* PPy-based
polymer blends were also found to protect some met-
als from corrosion."

PPy can easily be prepared from aqueous and or-
ganic solvents by either chemical or electrochemical
oxidative polymerization of pyrrole. The electrochem-
ical polymerization is simple and rapid. PPy obtained
electrochemically has high conductivity and a control-
lable film thickness."®
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PPy is insoluble and infusible, which restricts its
processibility and therefore applications in other
fields. Several strategies have been developed to
increase its solubility. Soluble PPys could be pre-
pared via electrochemical polymerization of alkyl
substituted pyrroles.'”'® The substituted polypyr-
roles were found to be soluble in chloroform or
o-dichlorobenzene and the dry conductivity values
measured were 1072 to 10 S/cm.'” Counter ion in-
duced processibility of Ppy was investigated by us-
ing dodecylbenzene sulfonic acid (DBSA), methyl
benzene sulfonic acid (MBSA), and camphor sul-
fonic acid (CSA).' Shen and Wan?° studied the
solubility in m-cresol, room-temperature conductiv-
ity, morphology, and thermal stability of PPy syn-
thesized by polymerization and in situ doping in the
presence of sulfonic acids. It was noted that good
solvating ability of sulfonic acid, such as DBSA,
renders PPy soluble, while sulfonic acids having
large molecular size, such as CSA and MBSA, fail to
make PPy soluble. The nature of sulfonic acid used
also has an influence on the morphology of the
resulting Ppy films. The images of Ppy films doped
with CSA, DBSA, and MBSA have typical granular
morphology while PPy doped with B-napthalene
sulfonic acid (NSA) is fibrillar.?!

Pfluger and coworkers® reported the existence of
33% of the pyrrole rings that are linked through 2,3
positions based upon the X-ray photoelectron spec-
troscopy study of electrochemically synthesized
PPy-PF, samples, while most of the pyrrole units are
linked at the 2,5 positions to form straight chains.
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Figure 1 Cyclic voltammograms of the acetonitrile solution containing 0.1M pyrrole and (a) 0.1M FSO;H; (b) 0.1M LiClO,;
(c) behavior of the polymer film, obtained from b, in blank solution (0.1M LiClO,/acetonitrile); scan rate: 100 mV/s.

The interchains or side chains through the 2,3 cou-
pling modes induce the decreased solubility of PPy
in organic solvents and the variation in the conju-
gation length.*®

In situ controlled sulfonation of polyaniline
(PANI) by use of fluorosulfonic acid (FSO;H) was
first reported by Sahin et al.*** Sulfonated PANI
films were obtained in acetonitrile and water-aceto-
nitrile mixture containing different ratios of aniline
and FSO;H. Sulfonation ratio was thus controlled by
changing the aniline/FSO;H ratio during electropo-
lymerization.

In this study, a novel approach was attempted to
synthesize sulfonated (self-doped) PPy. Sulfonated
PPy films that have different sulfonation ratios were
prepared by using FSO;H as a sulfonated reagent as
well as supporting electrolyte in acetonitrile. This way

it was possible to control the sulfonation ratio of the
PPy films obtained. The effects of FSO;H concentra-
tion and another electrolyte, LiCIO,, on the structure
and the conductivity of the products were investi-
gated. Structural properties of the films were charac-
terized by elemental analysis and IR, UV-Vis, and
SEM techniques.

EXPERIMENTAL

Pyrrole (99% Aldrich) was distilled and preserved
under nitrogen atmosphere (99.99% BOS, Birlesik Ok-
sijen Sanayii). All other chemicals were of special re-
agent grade and used without further purification.
Anhydrous fluorosulfonic acid (FSO3;H, triple-dis-
tilled, Aldrich) was used as both sulfonation reagent
and supporting electrolyte in the same solution. Pyr-
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TABLE 1
Results of Elemental Analysis and Dry Conductivity of PPy Films®
FSO;H LiClO, S/N ratio S/N ratio Conductivity
concentration (M) concentration (M) (freshly prepared film) (reduced film) o (S/cm)

0.010 — 0.29 0.39 65
0.025 — 0.39 0.42 52
0.050 — 0.51 0.46 27
0.075 — 0.54 0.54 22
0.100 — 0.53 0.56 6.5

— 0.100 — — 26

@ Prepared from acetonitrile solutions of 0.1M pyrrole with different concentrations of FSO;H and 0.1M LiCIO, at a constant

potential of +1.00 V (versus Ag/AgCl).

role concentration was held constant in 0.1M and in-
creasing amounts of FSO;H were added to 0.1M in
acetonitrile solution of pyrrole. In addition, 0.1M Li-
ClO, was used as a supporting electrolyte. Elec-
trodeposition was performed by constant potential
electrolysis at the applied potential of +1.00 V (versus
Ag/AgCl). While the film obtained from acetonitrile
solutions of LiClO, was black, globular, and brittle,
the film obtained from FSO;H/acetonitrile solution
was dark blue, fibrillar, and highly elastic. The films
were reduced in LiClO, (0.1M)/acetonitrile solution
for 2 h.

Electrochemical measurements were carried out un-
der nitrogen (BOS) atmosphere in a three-electrode
type cell with separate compartments for the reference
electrode (Ag/AgCl) and the counter electrode (Pt
spiral). The working electrode was a Pt disc (area,
0.0132 cm?) and cleaned by polishing with ALO;,
slurry for the cyclic voltammetric studies. The macro-
samples of the polymer films were prepared on a Pt
macro electrode (area, 1.0 cm?), which was precleaned
by holding it in a flame for a few minutes. The micro-
electrodes and macroelectrodes were rinsed with ace-
tonitrile and dried before use. The films prepared
electrochemically were immersed in acetonitrile to re-
move excess FSO;H and pyrrole and then vacuum
dried.

The electrochemical instrumentation consisted of a
Bank Wenking POS 88 model Potentiostat and a Bank
175 model integrator. The current-voltage curves
were recorded a universal software program.

The dry conductivity values were measured using a
four-probe technique at room temperature. Gold-
plated probes were used to avoid any errors that
might arise from ohmic contacts. At least 10 different
current values were used in the measurement of the
potential drop.

Infrared (IR) spectra of KBr discs were taken on a
Jasco FT/IR 420 Fourier transform infrared spectrom-
eter.

In situ spectroelectrochemical studies (in situ UV-
Vis) were made using by combination of a Wenking
POS 88 model potentiostat with a Shimadzu UV-2101
PC spectrophotometer.

Scanning electron microscopy (SEM) photographs
of the films were taken by a Cam Scan Scanning
Electron Microscope.

RESULTS AND DISCUSSION

Cyclic voltammetric behavior of FSO;H/acetonitrile so-
lution was investigated in our previous study.**** The
anodic limit of that solution was found to be +2.50 V
versus Ag/AgCl. This limit is quite suitable for the elec-
trooxidation of the pyrrole in this medium. A distin-
guishable oxidation peak of pyrrole was not seen in the
acetonitrile/FSO;H medium in the cyclic voltammo-
gram because of the high resistance of the medium [Fig.
1(a)]. Figure 1(b) shows a cyclic voltammogram of pyr-
role (0.1M) in 0.1M acetonitrile solution of LiClO,. An
anodic peak of pyrrole was observed at a peak potential
of +1.30 V (versus Ag/AgCl). This oxidation corre-
sponds to the formation of pyrrole radical cations. These
radical cations couple, giving oligomers, which eventu-
ally precipitate on the electrode surface, forming nucle-
ation sites for further polymer growth. Continued poly-
merization takes place at these nucleation sites, away
from the electrode surface and eventually a black poly-
meric film is deposited on the electrode surface. There is
no reduction peak of pyrrole on the cyclic voltammo-
gram. The electroactivity of the electrodeposited film
was studied by potential cycling between —1.00 V and
+2.00 V (versus Ag/AgCl) in 0.1M acetonitrile solution
of LiClO, (blank solution). A broad oxidation peak was
observed at the peak potential of +0.75 V (versus Ag/
AgCl) and a reverse cathodic peak was seen at a peak
potential of —0.15 V (versus Ag/AgCl) [Fig. 1(c)].

In pyrrole, the nitrogen atom feeds electrons into
the ring, increasing its reactivity toward electrophiles.
Pyrrole undergoes electrophilic substitution readily,
usually at the 2- and 5-positions. The electrophilic
substitution reaction (sulfonation) can proceed by two
different routes. Pyrrole can polymerize first at the 2-
and 5- positions and then the sulfonation reaction can
take place at the 3- or 4-position of pyrrole rings
(Route 1).
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As another possibility, pyrrole can undergo electro-
philic substitution with SO;~ groups at 2- and/or
5-positions before the polymerization process takes
place. After the electrophilic substitution reaction,
sulfonated pyrrole reacts with another substituted
or unsubstituted pyrrole at the 3- or 4- position

to form a dimer. The sulfonated dimer may then
react with a pyrrole or sulfonated pyrrole to form
sulfonated polypyrrole (Route 2). Interchain links or
side chains thus formed may be the reason of the
observed insolubility of the films in organic
solvents.?>*

To investigate the sulfonation ratio (S/N) and the
composition of the PPy films, elemental analysis of the
PPy films obtained from 0.1M acetonitrile solutions of
pyrrole containing different concentrations of FSO;H
(0.010-0.100M) and from 0.1M acetonitrile solutions
of pyrrole containing 0.10M LiClO, M was carried out.
The results of the elemental analysis are listed in Table
I. As seen from the table, the sulfonation ratio (5/N) of
the freshly prepared PPy film from 0.01M FSO;H so-
lution is 0.29. This value increases as the FSO;H con-
centration reaches 0.075M and remains almost con-
stant thereafter. To elucidate whether the -S5O, group
is covalently bound to the oxidized form of the poly-
mer backbone (self-doped) or present as counter ion
(doped) the elemental analysis of the reduced polymer

was also carried out. S/N ratios calculated from the
elemental analysis results of the reduced film indicate
clearly that the -SO; group is only covalently bound in
the structure (Table I). The comparison of the S/N
ratios of the oxidized and reduced films indicate that
-50; groups are mainly covalently bound to structure
in both forms of the polymer. If -SO; groups were
present only as counter ions, the measured S/N ratio
should have been 0.0 for the reduced form of polypyr-
role.

The dry conductivity values are also given in the
same table. It can easily be seen that the conductivity
of PPy films decreases substantially with increasing
FSO;H to pyrrole molar ratio. The conductivity of the
film obtained from 0.1M acetonitrile solution of Li-
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Figure 2 Baseline corrected IR spectra of the polymer ob-
tained from the solution containing (a) 0.1M pyrrole
+ 0.056M FSO;H and (b) 0.1M pyrrole + 0.1M LiClO,, in
acetonitrile showing the 2,000-400 cm™' region.

ClO, is about four times that of the film obtained from
0.1M acetonitrile solution of FSO;H.

It is known from the previous results that sulfon-
ation of the polyaniline backbone causes a decrease in
dry conductivity values and an increase in the solu-
bilities in organic solvents.*** It is interesting that the
sulfonated PPy films obtained in this study are found
to be insoluble in organic solvents such as dimethyl
sulfoxide, ethyl alcohol, tetrahydrofuran, aceton, etc.
despite the decrease in dry conductivity values.

FT-IR spectroscopy was used to determine the pres-
ence of -SO;~ groups attached to the aromatic rings to
prove whether the sulfonated polypyrrole was ob-
tained during electropolymerization. The IR spectra in
KBr discs of electrochemically prepared polypyrrole
films with FSO;H and LiClO, are shown in Figure 2(a)
and (b). The peaks at 1,542 cm ™" are attributed to C=C
stretching vibration of pyrrole.”” The peaks at 1,690
and 1,360 cm™' indicate the presence of C=N and
C-N vibrations in PPy.?® The peak at 1,040 cm™' can
be assigned to the symmetric O=5=O0 stretching vi-
brations [Fig. 2(a)]. This peak confirms the presence of
sulfonate groups in the polymer.”” The S-O stretching
band is seen at 700 cm ™' and the peak at 630 cm ™" is
responsible for the C-S stretching vibrational mode
[Fig. 2(a)].***° There is no peak at 1,040 cm ™" in the IR
spectrum of the film obtained from LiClO,/acetoni-
trile solution [Fig. 2(b)]. However, the characteristic
C-H out-of-plane bending vibration is seen at about
640 cm ™' and this band may also overlap with that of
the CIO,~ ion.*"

Figure 3 illustrates in situ UV-Vis spectra of the
sulfonated PPy film taken with an indium tin oxide
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(ITO) glass electrode during the oxidation and reduc-
tion of the polymer at different applied potentials. The
polymer film was first coated on the ITO electrode at
an applied potential of +1.00 V (versus Ag/AgCl)
from 0.1M pyrrole solution of acetonitrile containing
0.05M FSO;H. About 1 min was found to be sufficient
to obtain the film of desired thickness. Polymer films
exhibit a bipolaron absorption at 475 nm;*' the broad
near IR absorption band around 800 nm is assigned to
the electronic transition from the valence band to the
bipolaron band (a free-carrier tailing) of the conju-
gated chains of PPy.*” The latter is related to the
doping state of the conducting PPy and to the conju-
gation length of the PPy chain. When the film loses its
electrical conductivity the free-carrier absorption dis-
appears’' at the cathodic potentials.

The films were immersed in 0.1M LiClO, solution in
acetonitrile and different electrode potentials were ap-
plied under nitrogen atmosphere. First, the potentials
were held at -1.00, —0.50, 0.00, +0.50, +1.00, +1.50,
and + 2.00 V (versus Ag/AgCl) and in situ UV-Vis
spectra were taken at each potential [Fig. 3(a)]. The
applied potential was then changed in a reverse order
and the spectra were taken to show whether a degra-
dation in the polymer occurred in a previous oxida-
tion [Fig. 3(b)]. When the potentials were changed
from —1.0 to +2.0 V, the color of the film changed from
yellow to dark blue. A color change from dark blue of
the doped state to yellow of the undoped state was
reobtained upon the reverse reduction. The spectra
also show that the PPy film did not change its struc-
ture during the previous oxidation since the same
initial spectrum is obtain upon undoping. Complete
reduction of the oxidized (doped) film occurs upon
undoping, indicating that there was no degradation in
the structure of the film during previous electrooxida-
tion even at potentials as high as +2.0 V (versus
Ag/AgCl) in acetonitrile medium.

SEM results shows that structural properties of the
PPy films are changed by the incorporation of SO;~
groups into the polymeric chain [Fig. 4(a) and (b)]. The
sulfonated films are fibrillar and highly elastic
whereas the films obtained with LiClO, medium with-
out the presence of sulfonation reagent are globular
and brittle.

CONCLUSION

It can be concluded that controlled incorporation of
SO;™ groups into polypyrrole backbone has been suc-
cessfully carried out, using FSO;H as a supporting
electrolyte and a sulfonation reagent in the electropo-
lymerization solution. The elemental analysis results
of the freshly prepared and reduced films give inde-
pendent evidence that the SO;~ groups are covalently
bound to the structure. FTIR and UV-Vis results con-
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Figure 3 In situ UV-Vis spectra of the polymer coated from 0.1M pyrrole + 0.05M FSO;H on ITO glass in 0.1M LiClO,
acetonitrile solution at various applied potentials from (a) —1.00 to +2.00 V and (b) +2.00 to —1.00 V (versus Ag/AgCl).

firm the excistence of SO;™ groups in the synthesized
polymer films.

The effect of the substitution of SO;~ groups in the
PPy polymeric chains is clearly seen in electrical con-
ductivity values. When the FSO;H concentration is
increased, the degree of sulfonation increases, but the
measured dry conductivity value decreases. The de-
gree of sulfonation is known to be inversely related to
the conductivity values.*** Furthermore it is clear
that the electrolyte composition (FSO;H/pyrrole ratio)
allows control of the degree of sulfonation during
electropolymerization. The lowered conductivity is
caused by the decreased interchain diffusion of the
charge carriers. This is induced by increased separa-
tion of the polymer chains due to the presence of SO;™
groups, which force the chains out of planarity and
lower the overlap of orbitals along the conjugated
system by twisting the rings relative to one another.”
Conductivity values of the PPy films were affected

negatively by the increase of FSO;H concentration in
the polymerization solutions. It should be noticed that
the conductivity of the PPy film here is much higher
than those in the literature for sulfonated PPy. The
conductivity of the sulfonated PPy film produced by
Shen and Wan?° is only 2-18 S/cm.

Sulfonated polypyrrole is apparently resistant
against electrooxidative degradation as evidenced
from in situ UV-Vis data.

The drastic change in morphology of PPy films most
probably arises from the existence of the SO;™ groups
in the polymeric backbone. The change from the glob-
ular structure to fibrillar structure upon sulfonation
also causes an increase in the dry conductivity value
substantially.

Yiicel Sahin thanks Prof. Giileren O. Alsancak for recording
of elemental analysis of the films. Y. Sahin. also thanks
Mutlu Sahin for her valuable help and encouragement
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(b)

Figure 4 SEM pictures of the polymer obtained from the solution containing (a) 0.1M pyrrole + 0.05M FSO;H and (b) 0.1M
pyrrole + 0.1M LiCIO,, in acetonitrile.
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