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Abstract The polymerization of aniline has been studied
employing in-situ electrochemical and Raman spectro-
scopical techniques. Aniline was polymerized by cyclic
voltammetry on a Pt surface in sulfuric acid solutions of
aniline. The Raman bands were assigned for degrada-
tion products of the overoxidized form of polyaniline.
A discussion of the degradation mechanism is given.
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Introduction

Conducting polymers, especially polyaniline (PANI),
were investigated as promising material for the devel-
opment of organic semiconductors, colour displays,
corrosion inhibitors, energy storage devices, recharge-
able polymer batteries and opto-electronic devices.
PANI can be prepared chemically or electrochemi-
cally by oxidative polymerization. The electrooxidative
polymerization method has been preferentially used for
the preparation of PANI films, because the deposition of
the films can easily be controlled by electrochemical
techniques. The morphology of electrochemically pre-
pared PANI depends strongly on the experimental
conditions: supporting electrolyte, solvent, current den-
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sity, potential, nature of electrodes, agitation, tempera-
ture etc. The growth rate of a PANI film is apparently
dependent on the type of supporting electrolyte in the
order: H,SO4 > HCl =~ HNOj3; > HCIOy [1]. This effect
is often referred to as “anion effects” [2]. The anion ef-
fects are also observed in the electrochemical degrada-
tion of PANI film [3]. The rate of polymer overoxidation
at relatively high electrode potentials is significantly
dependent upon the nature of the anions incorporated in
the positively charged polymer [4]. The aniline oxidation
reaction is pH dependent in solution of pH <2 in which
protonated aniline species react. The oxidation is ac-
companied by the loss of protons. At higher pH values,
non-protonated aniline species participate in the oxida-
tion reaction, which is not pH dependent [5]. The tem-
perature  dependence of the polyaniline film
voltammetric response in aqueous media has shown that
the peak position of the second redox process is affected
strongly by the temperature [6]. The film is more stable
at low temperatures, probably because of the decrease of
the rate of hydrolysis of the quinoid imine structures.

Previous electrochemical studies have shown that, of
the electrochemical techniques, cyclic voltammetry (CV)
is particularly useful for elucidating basic aspects of the
polymer growth and the redox mechanism [7, 8].

In spite of many investigations, there has been a
certain controversy regarding the degradation mecha-
nism of PANI [9-11]. So far, few papers have been
published dealing with the use of Raman spectroscopy
to investigate the dependence of the PANI degradation
mechanism on the applied potential [12, 13]. The lack of
investigations of the degradation mechanism by Raman
spectroscopy is explained by the strong absorption of
Raman scattered light from overoxidized PANI. In the
overoxidized form of the PANI film, degradation
products, which have a weak adhesion and begin to peel
off from the electrode surface, are precipitated.

In this paper we describe results of experiments of
PANI redox reactions and structure, especially for
higher anodic potentials (>0.26 V vs Hg/Hg,SOy -
0.5M H,SO,) (overoxidized PANI). In-situ measure-
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ments are obviously preferable because of questions
regarding the integrity of the film after removal from
solution; however, very few such studies have been made
[14, 15], and none of the overoxidized form and the
degradation products. After many (CV) cycles we have
succeeded in monitoring Raman bands of degradation
products mixed with the oxidized form.

Experimental
Electrodes

The working electrode was made from a 10-mm diameter Pt disc
sealed in glass and placed in the spectroelectrochemical cell with a
three-electrode configuration. Before each measurement the Pt
electrode was polished with different grades of diamond sprays (3, 1
and 0.5 um). Then, the Pt electrode was cleaned in an ultrasonic
bath and rinsed with ethanol. After each measurement the formed
film was chemically dissolved in concentrated HNO;. The counter
electrode was a Pt coil with a large surface housed in a separate
compartment of the spectroelectrochemical cell. The Hg/Hg,SO,
0.5M H,SO4 was used as a reference electrode. All potentials
presented in this work refer to this reference electrode.

Spectroelectrochemical cell

The spectroelectrochemical cell was a quartz tube built with three
compartments for electrochemical measurements and adopted for
simultaneous Raman spectroscopical measurements. The position
of the working electrode in a quartz tube could be moved until
maximum signal intensity was achieved. The solution in the cell was
purged with argon for 15 min prior to the experiments.

Solutions

Aniline (Merck p.a.) was distilled under reduced pressure and kept
refrigerated under argon. Sulfuric acid (Merck p.a. 96%) was used
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Fig. 1 Cyclic voltammograms on a Pt electrode in aqueous 1.0 M
H,SO4 + 0.1 M C¢HsNH,. The number 1 indicates the first cycle of
the recorded CV curves. The second, third and fourth curves
correspond to the 10th 20th and 30th CV cycle. The fifth sixth and
seventh curves correspond to the 35th 40th and 45th CV cycle. The
number 8 indicates the 50th CV cycle (v=20 mV/s); potential range
-0.65to +0.25V
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Fig. 2 Cyclic voltammograms on a Pt electrode in aqueous 1.0 M
H,SO, + 0.1 M CgHsNH,, beginning with the 7th cycle. The
numbers 1 and 9 indicate the 7th to the 15th cycle (v=20 mV/s);
potential range —0.65 to +0.55 V

as received. Aqueous solutions of 1.0 M H,SO4 and 0.1 M
C¢HsNH,; were prepared with deionized and triply distilled water.

The electrochemical equipment consisted of a Model 362 PAR
scanning potentiostat and a model 8272 Philips x-2y recorder. The
Raman spectra were recorded by a Spex 1877 spectrograph with a
silicon photodiode array detector (IRY 512). The measured spec-
tral range was from 580 to 1800 cm™' with a spectral resolution of
3 em™L. The spectra were excited by the 514.5-nm line of an Ar™
laser with a power of 100 mW measured on the spectroelectrolytic
cell. The measurements were performed in a dark room at an
ambient temperature of 20 £ 1 °C.

Results

In Fig. 1 are presented typical voltammograms recorded
on a Pt electrode over the potential range from —0.65 to
+0.25 V.

The increasing current indicates the growth of film
thickness, and a pair of well-defined redox peaks A/a
gradually form. The position of redox peaks does not
shift with increasing cycle number, even after 50 cycles,
which confirms that these are reversible redox reactions
independent of the thickness of the film. A number of
authors [16-18] agree that during cyclization transitions
between a fully reduced and a fully oxidized film occur

(Eq. 1).

H H —2H —2¢
KOO s 4O =
+2H"+2¢e
(1)

On continued polarization toward higher anodic
potential, up to +0.55 V, on the voltammograms, four
pairs of redox peaks are observed (Fig. 2).

The multiple redox peaks indicate the complexity of
the redox processes, involving coupled electron transfer
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Fig. 3 Cyclic voltammograms on a Pt electrode in aqueous 1.0 M
H>SO, + 0.1 M C4HsNH,. The numbers 1 and 4 indicate the 26th to
the 32nd cycle (v=20 mV/s); each second cycle is recorded potential
range is as in Fig. 2

reactions. Peaks D/d only appear after the first 5 cy-
cles. The peaks B/b and C/c gradually grow and become
more pronounced. These middle peaks (according to a
number of authors [8, 9, 19]) have been attributed to the
oxidation and reduction of degradation products. In the
earlier stage, polymer growth predominates (peaks A/a).

After the formation of PANI film by successive po-
tential cycling of Pt electrode between —0.65 V and
0.25 V (Fig. 1), the electrode was transferred to 1 M
H,SO,4 and the same procedure of potential cycling as in
Fig. 1 was repeated. The Pt electrode showed CV curves
similar to those in Fig. 1, but the current did not in-
crease in each succeeding cycle. There was no significant
shift in the shape of the recorded curves, even after 100
cycles. The film thickness did not grow because there
was no aniline monomer in the supporting electrolyte.
On continued polarization toward higher anodic po-
tentials, up to 0.55V, in the beginning of the volta-
mmograms, four pairs of redox peaks are observed,
similar to Fig. 2. Afterwards, the peaks gradually di-
minished as a result of gradual degradation of the PANI
film.

redox reactions increases. This is manifested by
shifting of peaks A/a anodically and peaks D/d ca-
thodically. As a result of thicker film formation, the
mass transfer (egress of hydronium ions and ingress of
anions) limits the electrochemical process. The CVs be-
gin to loose their initial shapes, and after 26 cycles the
overoxidized PANI state is obtained; the middle peaks
amalgamate with the peak D/d (Fig. 3).

We have performed simultaneously electrochemical
and in-situ Raman spectroscopic measurements. Po-
tentiostatically controlled Raman measurements have
been made for various fixed potentials from the fully
reduced form to the fully oxidized form. From the
observed differences in the spectra, we expect some
information about the change of the PANI structure.
The Raman spectra are shown in Fig. 4.

357

—1623

Intensity (a.u.)

1

L
1400 1800

wavenumber (cm'')

L
00 1000

Fig. 4 In-situ Raman spectra measured on a Pt electrode in 1 M
H,SO,;+0.1 M C¢HsNH, for various fixed potentials after 15 CV
cycles between —0.65 and 0.55V, @ —0.7 V, 30 min polarization,
b —0.35V, 30 min polarization, ¢ —0.15V, 30 min polarization,
d —0.02 V, 30 min polarization, and ¢ 0.2 V immediately after the last
cycle

After 15 CV cycles performed in the potential range
between —0.65 and +0.55 V (Hg/Hg,SO,4 0.5 M H,SOy)
the potential was stopped at —0.7 V (Hg/Hg,SO,4 0.5 M
H,SO,), characteristic of the fully reduced PANI form,
and after 30 min polarization the Raman spectrum was
measured (Fig. 4a). If polarization is shifted more and
more to anodic potentials, as can seen in Fig. 4, several
bands disappear and several new bands appear. In Ta-
ble 1 are also listed the Raman bands assigned to the
fully reduced PANI form. The most dominant bands are
at 1191 em™! and 1623 cm™', which are the key bands
for p-disubstituted benzene rings. This confirms that
the fully reduced PANI film is mostly composed of
p-disubstituted benzene rings.

For lower cathodic potentials at —0.35 V (just before
the CV peak A of Fig. 2), the Raman spectrum Fig. 4b
shows a similar spectral pattern. The lower intensity of
Raman bands at a potential of —0.7 V is probably
caused by hydrogen evolution. At potentials negative to
the CV peak A the PANI film has the spectra charac-
teristics of the fully reduced form. At —0.15 V (more
anodic than the CV peak A of Fig. 2) there is a sub-
stantial change (Fig. 4c), i.e. a decrease in intensity of
the 1191 cm™" band and the appearance of new bands
located at 1163, 1222, 1342, 1525 and 1584 cm™'. These
new bands characterize the formation of semiquinone
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radical cations, i.e. the p-disubstituted benzene rings
begin to transform into polarons.

The first redox wave A/a in the CV curves correspond
to the removal of electrons from the nitrogen atoms of
the amine between the benzene rings. This process leads
to a radical cation-like character of the nitrogen atoms

[20, 21].
<00 Ot o

These transitions occur favourably at higher anodic
potentials, (E > —0.02 V). Raman bands show that the
concentration of semiquinone radical cations in the film
has increased (Fig. 4d).

The waves D/d in the cyclic voltammogram (Fig. 2)
can be assigned to the oxidation/reduction of the pola-
ron state:
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oxidation step (formation of radical cations), fully oxi-
dized step and overoxidized step with formation of de-
gradation products.

The fully oxidized PANI form is characterized by
the transformation of the semiquinone radical cation
(polaron) to quinone imine (biradical bication or
bipolaron), verified by the Raman bands at 1261,
1478 and 1518 cm™'. The wave numbers of these
bands are characteristic of both semiquinone radical
cations and quinoid rings; however, in the case of
quinoneimine, they are shifted toward higher wave
numbers and gain in intensity. The small shift (1261
to 1265 and 1478 to 1484 cm™') is caused by the
low concentration of quinoid rings in the polymer
chain. This indicates that the yield of transition
radical cation to quinone imine (Eq. 3) is less than
100%.

For potentials more positive than the CV peak D,
PANI becomes overoxidized and degradation products
occur. The Raman spectrum in Fig. 4e also shows the
existence of C=0 bonds by the peak at 1678 cm™' and
shoulder at 1722 cm™'. We propose the following
mechanism:
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! sh, shoulder; the peaks located at 979, 1005 and 1048 cm™', which
appear in all Raman spectra, belong to the starting solution of 1 M

H,SO, + 0.1 M C¢HsNH,

Table 1 Raman frequencies in the 580-1800 cm™ range for var-
ious redox forms and degradation products of PANI. B, benzoid
ring; Q, quinoid or semiquinoid ring; s, strong; m, middle; w, weak;

Potential V/vs Hg/Hg,SO,4 0.5 M H,SOy4 Raman assignment Wilson
notation
-0.35 -0.15 —-0.02 0.2
/ / / 649 w dc—c in paradisubstituted B ring 6b
713 sh 713 sh 713 w 710 w Yc—c in paradisubstituted B ring 4
820 sh 820 sh 822 sh 815 sh dc—c in B ring 1
883 w 883 sh / / Yc—p in B and Q ring 10a
/ 1163 s 1161 s 1163 s dc—g in Q semiquinone ring 9a
1191 s 1191 w 1191 w 1191 w dc—p in B ring 9a
/ 1222 w 1224 w / ve—N in B ring
/ / 1261 m 1265 m ve—n in Q ring (semiquinoid end quinoid part)
1324 sh 1324 sh 1324 m 1325 m ve—N + Ve—c in B
/ 1342 sh 1342 m 1342 m (polaronic part)
1489 w 1489 w 1478 m 1484 m dc=n head to tail polymerization
/ 1525 sh 1518 sh 1514 w in Q (semiquinoid and quinoid part)
/ 1584 sh 1583 w 1578 m ve=c in B and Q ring 8b
(semiquinoid and quinoid part)
1623 s 1621 s 1621 m 1618 m ve=c in B ring 8a
/ / / 1678 m
/ / / 1722 sh ve=0 in Q ring
s il b2l 0.275 0.275
h i !
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Fig. 5 In-situ Raman spectra on a Pt electrode in aqueous 1.0 M
H,SO,4 + 0.1 M C4HsNH, during the I-E scan from —0.7 to 0.275 V
(v=>50 mV/min). Spectra are continuously recorded each 2 min. For
clarity only the spectra recorded after 2, 12, 14 and 16 min are
presented

The final degradation products consist of p-benzo-
quinone, hydroquinone, p-aminophenol, quinoneimine,
and still-oxidized PANI. As has been already pointed out
[9, 10], the p-benzoquinone, hydroquinone, p-amino-
phenol and quinoneimine form a dark green precipitate.

The redox waves B/b and C/c of the CV, after about 5
cycles (Fig. 2), come from the oxidation and reduction
of p-benzoquinone/hydroquinone and p-aminophenol/
quinoneimine. The products are soluble in aqueous so-
lutions and peel off the electrode surface.

It should be mentioned that with overoxidation the
polymer film is not completely destroyed. If the over-
oxidized film is polarized at a potential of —0.7 V (cor-
responding to the fully reduced form) and kept for some
time at this potential, in the following cycle, the CV
curves will have a similar shape to that shown in Fig. 2.

E/V (Hg/Hg,S0,0.5M H,S0,)

Fig. 6 Raman voltammogram recorded on a Pt electrode in aqueous
1.0 H,SO4 + 0.1 M C4HsNH, at a wave number of 1166 em™!
during the I-E scan. The curve is corrected by subtraction of the
background (v =50 mV/min)

This indicates that the redox reactions in the polymer
film, (Eqgs. 1-3) are independent of the existence of de-
gradation products. This assumption was corroborated
by stirring the solution before the cycling. With stirring,
the removal of the precipitate of degradation products
from the electrode surface is accelerated. After stirring,
the CV curves of Fig. 3 change shape, leading to shapes
similar to Fig. 2. If the stirring time is increased, the
redox peak D/d in the CV curve moves toward higher
anodic potentials.

Discussion

All spectroelectrochemical measurements, so far, explain
the fact that in acidic electrolyte the polymer can exist in
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various oxidation states characterized by the ratio of
imine to amine structure [14, 22-24]. Diphenyl-1,4-
phenylenediamine was chosen as a model compound for
the fully reduced leucoemeraldine base and diphenyl-1,4-
phenylenediimine for the fully oxidized pernigrinaline
base. The Raman measurements in this paper were
carried out with the green laser line because green exci-
tation gives strong bands for both the benzoid and
quinoid rings. The blue laser excitation gives strong
resonance bands only of the reduced and semioxidized
forms. The spectra are bleached by further oxidation.
With green laser excitation the bleaching is considerably
slower. It was possible to detect the Raman bands of
degradation products of overoxidized PANI containing
C=0 bonds. From electrochemical measurements,
Hand and Nelson have proposed the formation of
benzoquinone and hydroquinone as degradation prod-
ucts [10]. Later Kobayashi et al. have given a more de-
tailed mechanism of PANI degradation [9]. Recently
Yoon-Bo Shim et al. have also included p-aminophenol
as a degradation product [25]. The strongest Raman
band of pure benzoquinone at 1654 cm™!, reported by
Quillard et al. [26] and detected with red laser light, is
close to the band of this paper at 1678 cm™". The band is
attributed to the C=0 bond. The band shift is caused by
the mode of the excitation laser. The other band as-
signments of Quillard et al. [26] for the fully oxidized
and the fully reduced PANI form are based on valence-
force-field models. Vibrations between CC, CH and CN
are included. The bands of degradation products were
not taken into account. Bands at lower wave numbers
(829 and 649 cm™', characteristic of p-disubstituted
benzene rings) are not discussed.

By Raman spectroscopy, the fully oxidized PANI
form in the corresponding potential region before and
after peak D on the CV curves in Fig. 2 could not be
separately detected. Before the CV peak D it is possible
only to detect mixtures of emeraldine, pernigrinaline and
degradation products. Raman measurements at poten-
tials positive to CV peak D give a broad luminescence
background from nonadherent precipitates. At a po-
tential of 0.2 V (Hg/Hg,SO4 0.5 M H,SO,), cathodic to
the CV peak D, the Raman spectra show peaks char-
acteristic of fully oxidized, overoxidized, and degrada-
tion products.

CV peak D of the cyclic voltammogram has a strong
influence on the efficiency of redox processes. This effi-
ciency decreases with the number of cycles. For example,
the small shoulders at 1489 cm™" in Fig. 4a and b indi-
cate that, even in the reduced form of PANI, small
amounts of quinoid structure exist. With increasing
oxidation, these shoulders grow into separate lines, and
the characteristic bands of benzoid rings decrease in
intensity.

Figure 5 shows the sequence of change in intensity of
two dominant Raman bands during the cyclization from
-0.7 Vto 0.275 V.

During the successive potential scan from —0.7 V in
the anodic direction, the decreasing intensity of Raman

bands at 1191 cm™! and increasing intensity of the band
at 1166 cm™! are due to the transition of benzoid to
quinoid rings. The similar change of the intensity of
these two bands with pH was described by M. Bartonek
et al. [22]. Higher pH values correspond to more anodic
potentials.

Figure 6 shows the Raman cross section of the band
at 1166 cm™'.

It is evident that with each new cycle the Raman
voltammogram loses intensity. The reason is the degra-
dation of the polymer film.

Conclusion

Electrochemical and simultaneous Raman spectroscopic
measurements lead to the following conclusions.

Reversible redox reactions of reduced/semioxidized
PANI and the transition between insulator and con-
ducting state are only stable if the anodic potential is
limited to less than 0.25 V. For higher potentials, new
redox waves occur corresponding to full oxidation and
overoxidation of PANI (degradation).

Scanning the potential in the anodic direction, the
following transitions in the polymer film are observed:
imino-1,4-phenylene — radical cation of imino-1,4-
phenylene, (polaron, semiquinone) — nitrilo-2,5-cyclo-
hexadiene-1,4-diylidenenitrilo-1,4-phenylene, (biradical
bication or bipolaron). The yield of these transitions is
less than 100%. Fully oxidized or overoxidized PANI
gives rise to Raman spectra of C=0 bands and degra-
dation products: benzoquinone, aminophenol, hydro-
quinone and quinoneimine.
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