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Abstract

In this paper, we have investigated the electrochemical behavior of a soluble copolymer of poly(aniline) (PANI) and poly(phenylene
sulfide) in organic media. By using ‘in situ’ UV—vis and Raman spectroscopies, it was proved that during the oxidation of the first cycle,
polarons and bipolarons are formed consecutively, due to the loss of electrons from the nitrogen and sulfur, respectively. In addition, it was
verified that the formation of polarons is reversible while the formation of bipolarons is irreversible. In the second and subsequent cycles,
only one reversible redox process is observed. This process corresponds to the transformation of polarons to bipolarons and vice versa. The
‘in situ’ resistance measurements have indicated that bipolarons are the charge carriers for doped PPSA, distinctly than it was observed for

PANI.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The main structural characteristics in conductive polymers
are the linearity and rigidity of the molecule, that make these
materials insoluble and infusible and, therefore, of difficult
processability. Poly(aniline) (PANI) has been defined as a
insoluble and infusible material under usual conditions.
Therefore, several strategies to induce more solubility and
processability have been investigated (substituted PANI,
copolymers and blends) [1-5].

Poly(phenylene sulfide) (PPS) belongs to the same class of
PANI, in the sense that both polymers have certain mobility in
the main chain due to the addition of a heteroatom [6]. This
polymer presents high crystallinity, good thermal stability and
mechanical resistance. These favorable features allow its
application in the industry as a high performance engineering
plastic [7-9].

The preparation of a new copolymer containing phenylene
sulfide (the monomer of PPS) and phenylene amine units
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(the monomer of PANI) distributed alternately could result in a
material with lower crystallinity than its respective homo-
polymers and thereby more soluble and processable.

This new copolymer, denominate poly(phenylenesulfide
phenyleamine) (PPSA) (Fig. 1), was synthesized for the first
time in 1996 [10] and ever since it has been studied due to its
interesting properties, such as mechanical stability and
electrical conductivity. The polymer is an amorphous material
with excellent thermal stability and good solubility in several
organic solvents (THF, DMSO, DMF and NMP). In addition,
when PPSA is chemically doped with SbCls and FeCl;, the
resulting films show conductivity values of 0.2 and
148 cm_l, respectively [10,11].

Electrochemical studies carried out in organic media have
shown that PPSA is oxidized in two stages and the insertion
and expulsion of anions is the main process occurring during
the electrochemical doping [11,12].

Due to its low oxidation potential, amorphous structure,
high thermal stability and easy processability, PPSA have
become a promising candidate for use in LEDs [13].

In this paper, we have investigated the electrochemical
doping of PSSA in organic media, aiming to elucidate the
redox mechanism and free carrier (polaron or bipolaron)
occurring during the doping process by spectroscopic
techniques coupled to cyclic voltammetry.
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Fig. 1. Structure of poly(phenylenesulfide phenyleneamine) (PPSA).

2. Experimental part
2.1. Chemical and substrates

The copolymer PPSA was prepared following the procedure
have already described in the literature [10,11].

Acetanilide (Aldrich, 97%) was recrystallized from a
water/ethanol mixture. Thioanisole (Aldrich, 99%) was
distilled under reduced pressure. Methanesulfonic acid
(Aldrich, 99%) was heated with P,Os at 100 °C for 30 min
and distilled under reduced pressure before use. Pyridine
(Aldrich, 99%) was refluxed with potassium hydroxide,
followed by distillation at room pressure. Commercial bromine
(Aldrich, 99%) was dried with sulfuric acid before the use.

All supporting electrolytes were dried at 80 °C under
reduced pressure. The other chemicals were used as received.
The solvents used in the reactions and electrochemical
experiments were dried by conventional methods and freshly
distilled under argon.

2.2. Electrodes

The surface of the Au and Pt electrodes were polished with
Al,O3 powder and then washed with deionized water and
acetone.

ITO substrates with resistivity of 20 Q/sq from Delta
Technologies Company were used. The ITO substrates were
cleaned using acetone in an ultrasonic cleaner for 10 min
before the use.

2.3. Dynamic light scattering

The light scattering measurements were performed using a
Malvern 4700 MW equipment, equipped with a 25 mW He/Ne
laser (Spectra-Physics Model 127), operating at 632.8 nm.
The dn/dc values were determined in an Abbé-type refractomer
(Bellingham and Stanley, model 60/ED), using a He/Ne laser
(Spectra-Physics Model 127) as light source. The dn/dc
obtained for the polymer in THF was 0.426 mL g~ .

The polymeric solutions in THF were filtered by using
millipore 0.22 pm membrane before the use.

The weight average molar mass (M) was determined by
measuring the intensity of the scattered light in several angles
and in different concentrations (2-10 g L™ ") and analyzing the
data by Zimm methodology [14].

2.4. Raman spectroscopy

Raman spectra were recorded on a Renishaw Raman
Imaging Microscope (System 3000), connected to a CCD
detector (Wright, 600X400 pixels), using the 632.8 nm
excitation radiation (He—Ne laser-spectra physics, model 127).

All baseline corrections were made manually and all spectra
were normalized, using the solvent band as internal reference.
In the experiments carry out in acetonitrile, it was utilized the
band at 2253 cm ™! as reference, which corresponds to the C-N
triple bond stretching. In propylene carbonate, the band at
2938 cm ™!, attributed to C—H aliphatic bond stretching was
considered as internal standard.

Three aliquots of 2.0 pL of the polymeric solution of PPSA
in THF (5.0 mg of polymer in 1.0 mL of solvent) were
deposited on the Pt electrode by casting.

2.5. ‘In situ’ resistance

In situ resistance measurements were made using locally
designed circuitry and a photolithographically prepared set of
adjacent electrode pairs of gold (10 pum gap between two
adjacent electrodes) [15].

For these measurements, the PPSA film was formed on a
gold electrode by casting, using three aliquots (2.0 pL ea.) of a
polymeric solution of PPSA in THF (5.0 mg mL ™ ").

2.6. UV—vis spectroscopy

The UV-vis spectra were recorded in a HEWLETT
PACKARD spectrophotometer model 8453, using quartz cell
(I cm path length). For the ‘in situ’ measurements the
spectrophotometer was coupled to an EG&G potentiostat
(model 362). A glass cuvette (1 cm path length) was utilized as
spectroelectrochemical cell. The ITO electrode covered with a
PPSA film was placed in the optical path of the
spectrophotometer.

The spectra were registered from 350 to 900 nm. The PPSA
film deposited on ITO was prepared by depositing five
successive aliquots of 10 uL of the PPSA solution (5.0 mg of
polymer in 1.0 mL de THF).

2.7. Cyclic voltammetry

Cyclic voltammetric measurements were performed with an
Autolab/PGSTAT-30 (Eco Chemie) potentiostat/galvanostat
connected to a microcomputer. The experiments were carried
out in a single compartment electrochemical cell, using Pt as
counter electrode. In all experiments a silver wire was used
as quasi-reference electrode but all potentials are normalized to
the ferrocene/ferrocinium (Fc/Fe ) redox couple in the same
electrolytic solution.

The polymeric film was deposited on the electrode (Au, Pt
and ITO) by casting, using a PPSA solution (2.5 mg in 5.0 mL
de THF). It was deposited three aliquots of 2.0 uL
consecutively.



F.F.C. Bazito, S.1. Cordoba de Torresi / Polymer 47 (2006) 1259-1266 1261

3. Results and discussion
3.1. Preparation and characterization

The PPSA was synthesized in five consecutive steps,
following the procedure described in the literature (Scheme 1)
[10,11,16].

PPSA was spectroscopically characterized by 'H and '°C
NMR, FTIR and UV-vis spectroscopy. These spectroscopic
data have shown that this material is structurally well-defined
and only 1,4-linkages of the phenylene units are present.
The copolymer presents good thermal stability with a glass
transition temperature (7,) of 145°C and decomposition
temperature above 360 °C (see Supporting Information).
The absence of melting point is coherent with its amorphous
character. The molar mass was estimated by static light
scattering to be M,,= 167,000 g mol ~'. This value was also
determined by size-exclusion chromatography in THF (M, =
109,000 and M,,=260,000) and membrane-osmometric
measurements in DMF (M,,=110,000) [11]. To date, this
copolymer presents much higher molar mass than PANI.
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Scheme 1. Synthetic route for preparation of PPSA.

By gel permeation chromatography, the molar masses of PANI
are reported to be M, = 80,000 for electrochemically produced
[17] and M,=25,000 for chemically synthesized PANI [18].

3.2. Espectroelectrochemical characterization

The cyclic voltammograms of a PPSA film deposited on a Pt
electrode measured using two different scan rates in the
potential window from —0.2 to 2.0 V are shown in Fig. 2.

In the first scan (Fig. 2(A)), only a wide anodic wave
centered at 1.0 V and a cathodic wave at 0.2 V were observed.
The charge associated with the reduction process is smaller
than that obtained for the oxidation, indicating that the
oxidation of PPSA is only partially reversible. In the subsquent
scans, the redox processes become more reversible, consider-
ing the higher simetry between the cathodic and anodic peaks
and the charges envolved in both processes. The current
decreases gradually and after ten cycles the film losses its
electroactivity. By using slower scan rate (Fig. 2(B)), the cyclic
voltammogram is more defined and two anodic peaks were
recorded during the first cycle, indicating that this redox
process occur in two steps. In analogy to PANI, probably the
oxidation of PPSA is accompained by insetion of anions to
maintain the electroneutrality, instead of the expulsion of
cations. In turn, when this polymer is reduced, these dopant
anions leave the film. It is worthy to note that due to the partial
reversibility observed during the first cycle, a large amount of
perclorate ions remains inside the film. A complete investi-
gation by electrochemical quartz crystal microbalance
(EQCM) about the redox process of PPSA using diferent
solvent/electrolyte mixtures were performed and these results
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Fig. 2. Cyclic voltammograms of a PPSA film deposited on Pt electrode in
0.2 M LiCIO4/ACN (A) v=0.01 Vs~ (B) v=0.001 Vs~ .
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Fig. 3. Cyclic voltammogram of a PPSA film deposited on Pt electrode from
—0.20t0 1.00 V (v=0.01 Vs ").

agree with the above statement. The complete EQCM study
will be discussed in another publication.

An additional cyclic voltammetry experiment of a PPSA
film deposited on Pt, using a restricted potential range from
—0.2 to 1.00 V (Fig. 3) has shown only one reversible redox
process, similar to PANI [19-22]. This indicates that the
presence of sulfur atom could be the main reason for the
irreversibility of the PPSA during the electrochemical process
and the nitrogen atom should be the first site to be oxidized in a
reversible process.

3.3. In situ UV-vis spectroscopy

Fig. 4 shows the UV—-vis spectra of a PPSA film recorded at
selected potentials during the corresponding first cycle in
0.2 M LiClO,/acetonitrile. The attributions of the bands in the
spectra are based on previous papers about spectroeletrochem-
ical studies of PANI [23,24] and other conductive polymers
[25].

The first spectrum registered at —0.2 V (Fig. 4(a)) exhibits
only one absorption peak below 350 nm. This band
corresponds to the electronic transition between the conduction
band (CB) and the valence band (VB) (Fig. 5(A)—transition 1).
When the potential reaches 0.60 V, three new bands at 410,
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Fig. 4. Absorption spectra of PPSA film recorded during the first scan potential
range: —0.2-2.0V (v=0.01 Vs~ ') (a) —0.20V (b) 0.60 V (c) 0.80 V (d)
1.20V (e) 1.60 V (f) 0.50 V (g) —0.20 V.
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Fig. 5. Electronic transitions of different oxidized species of the PPSA based on
the band model.

540 nm and higher than 900 nm emerge (Fig. 4(b)). The spectra
collected from 0.60 to 1.20 V (Fig. 4(b)—(d)) present similar
shapes, showing continuous increase in the intensity of these
bands as the oxidation proceeds. These transitions are due to
the appearance of intermediate electronic levels between the
bandgap. These bands correspond to the electronic transitions
shown in Fig. 5(B) noted as 2, 3 and 4. Further increase of the
potential to 1.40 V leads to gradual shifts of the bands at 410
and 900 nm to lower and higher energies, respectively
(Fig. 5(C)—transitions 4* and 2%*). It was also observed the
disappearance of the absorption at A,x=540nm. These
changes are consistent with the appearance of two new levels
more distant from the VB and CB than the respective polaronic
bands (compare Fig. 5(B) and (C)). During the reduction, a
general inverse behavior was observed. In the spectra collected
from 0.60 to —0.20 V (Fig. 4(f) and (g)), the appearance of the
band at 580 nm and the gradual shifts of the bands at 490 and
800—410 and 900 nm, indicates the modification of the
intermediate levels. Finally, comparing the spectrum of
pristine PPSA (Fig. 4(a)) with that obtained at the end of the
first scan (Fig. 4(g)), we can confirm the presence of semi-
oxidized species and thereby the partial reversibility of this
cycle.

Fig. 6 shows the set of absorption spectra obtained during
the second voltammetric scan. During the oxidation, the
spectra recorded from —0.2 to 0.80 V (Fig. 6(a) and (b))
present three bands at 410, 580 nm and A,.>900 nm,
indicating that polarons are the species responsible for the
electronic transitions. The spectra recorded after 1.00 V
(Fig. 6(c)) acquire similar characteristics to that registered at
1.20 V during the oxidation of the first scan, where bipolarons
are formed (Fig. 4(e)). During the reduction, the reappearance
of the band at 580 nm (Fig. 5(B)—transition 3) and the shifts of
the bands at 490 and 800-410 and >900 nm, respectively,
suggest the formation of polarons. The reversibility of the
second and subsequent cycles is in agreement with the
similarity of the spectra registered in the beginning and at the
end of each respective cycle (compare Fig. 6(a) and (e)).

An ‘in situ’ UV-vis experiment recorded in the potential
range from —0.20 to 0.80 V was useful to investigate the
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Fig. 6. Absorption spectra of a PPSA film registered during the second scan.

reversibility of the formation of polarons observed in the CV
experiment recorded in the potential range from —0.20 to
1.00 V (Fig. 3). The coincidence between the spectra registered
at the beginning and at the end of this cycle is in agreement
with the reversibility shown in the cyclic voltammetry.

3.4. ‘In situ’ Raman spectroscopy

In order to investigate the structural modifications that occur
during the electrochemical doping of the PPSA, we carried out
‘in sitt” Raman measurements of PPSA films deposited on Pt
electrodes by using excitation line at 632.8 nm in 0.2 M
LiClO4/ACN. Fig. 8 shows the Raman spectra of a PPSA film
recorded at different potentials during the first voltammetric
scan.

In the pristine form (Fig. 7(a)), PPSA exhibits four bands.
Those at 1088, 1230 and 1600 cm ™ " are clearly assigned to the
C-S, C-N and C-C aromatic bond stretching vibrations,
respectively. In addition, the band at 1181 cm ™' is attributed to
C-H in-plane bending of the aromatic rings.

The first changes observed during the oxidation of the PPSA
occur at 0.50 V. In the spectra recorded at 0.50 V (Fig. 7(b))
and 0.60 V (Fig. 7(c)), it was noted the appearance of bands at
1314 and 1359 cm™ !, which are inherently associated to the
presence of C-N" " (distinct conformations). The decrease of
the band at 1600 cm ™' together with the appearance of two
others at 1536 and 1583 cm ™' indicates the presence of
polarons. These bands were also observed at initial stages of
PANI oxidation, where polarons are found predominantly
[26-29]. These data agree with the appearance of a shoulder at
1152 cm ™" that is assigned to C-H in-plane bending
deformation of the semi-quinoid units. It is worth to note that
the band at 1088 cm ™~ ' does not change, indicating that the
sulfur atom has not been oxidized yet. Thereby, we conclude
that in the first oxidation stage, the N atom is the only
heteroatom to be oxidized.

When the potential reaches 0.70 V (Fig. 7(d)), several
alterations are observed. Comparing with the spectrum
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Fig. 7. Raman spectra of a PPSA film recorded at different potentials during the
first scan-potential range: —0.2-2.0 V (a) —0.20 V (b) 0.50 V (c) 0.60 V (d)
0.70V (e) 0.80 V (f) 0.90 V (g) 1.20 V (h) 0.20 V (i) —0.20 V.

collected at 0.60 V (Fig. 7(c)), it was noted the appearance of
bands at 693, 810, 877 and 1410 cmfl, which suggests the
presence of quinoid species [30]. In addition, the concomitant
decrease of the band at 1088 cm™! is observed, since
bipolarons (quinoids units) can be formed only after the
oxidation of the sulfur heteroatom. Finally, the change of the
C-S single bond character is corroborated by the appearance of
the band at 1200 cm ™!, attributed to C=S stretching [31].
From 0.80 V onwards (Fig. 7(e)—(g)), the intensity of the bands
corresponding to the bipolaronic structures increase markedly
and the spectra become more defined. It is important to note
that the bands at 1200 cm ™! (¥C=S) and 1230 cm ™! (vC=N),
observed at 0.70 V, become only one at 1215cm™ ' The
spectra registered after 0.80 V are very similar, independently
on the potential applied, this fact being coherent with the
resonant situation with the laser energy.

During the reduction, the main changes observed in the
spectra recorded at 0.20 V (Fig. 7(h)) and —0.20 V (Fig. 7(1)),
compared with that obtained at 1.20 V (Fig. 7(g)) are: the
decrease of the bands at 1410, 877, 810 and 693 cm ™! that are
related to the presence of quinoid units. The band at
1088 cm ™' remains unaltered during the reduction, indicating
that, once oxidized, the sulfur site is not reduced again. The
presence of bands assigned to oxidized units (semiquinoid
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Fig. 8. Raman spectra of a PPSA film recorded at different potential during the
first scan-potential range: —0.20-0.80 V (a) —0.20 V (b) 0.60 V (c) —0.20 V.

units) in the spectrum recorded at the end of this cycle
(Fig. 7(1)) confirms the partial reversibility of the first cycle.

The reversible formation of polarons in the first stage of the
oxidation of the PPSA shown by cyclic voltammetry (Fig. 3)
and UV-vis was confirmed through similarity of the Raman
spectra recorded at the beginning (Fig. 8(a)) and at the end
(Fig. 8(c)) of the first cycle in a experiment recorded in the
potential range from —0.20 to 0.80 V.

Analyzing the above data together with the cyclic
voltammetry and ‘in situ’ UV-vis measurements, we have
concluded that during the first cycle, the oxidation of PPSA
starts by the N atom and its respective polarons (I) are the only
oxidized species present (Scheme 2). This redox process is
reversible. When the oxidation proceeds, bipolarons (II) are
formed due to oxidation of the sulfur atom. During the
reduction, the bipolarons (II) are converted to polarons (III)
(Scheme 2).

A plausible explanation to understand why the N atom loses
its lone electron easier than the sulfur is based on the molecule
geometry. The X-rays data [11] of a molecule composed of two
monomeric units of the PPSA, shows that the lone electron pair
of the nitrogen is in an orbital at almost perpendicular position
in relation to the aromatic ring orbital, being more available to
be removed. This fact is not observed with the respective
orbital of the sulfur atom, which presents some delocalization
with the aromatic ring. This preference for the heteroatoms can
also be explained, taking into account that if the heteroatoms
lose electrons, its original hybridization sp® acquires a certain
sp” character, which increases the coplanarity and conse-
quently the delocalization of the electrons.

Analyzing the Raman spectra obtained during the second
scan (Fig. 9), it was observed that those recorded during the
oxidation at 1.20 V (Fig. 9(b)) and at 2.00 V (Fig. 9(c)) have

PPSA

A0k
H
oxidation-1st step
Xl +
HO-+O-
H
Polaron (1)

oxidation-2nd step

HO=O

Bipolaron (II)
reduction
+ .
A=
H
Polaron (ll1)

Scheme 2. Complete mechanism for the redox process of the PPSA during the
first scan.
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Fig. 9. Raman spectra of a PPSA film recorded during the second scan in the
potential range: —0.2-2.0 V (a) —0.20V (b) 1.20 V (c) 2.00 (d) 0.50 V (e)
—0.20 V.
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shown a slight increase of the bands related to the presence of
quinoid units (693, 810, 877 and 1410 cm_l). In addition, it
was verified that the bands at 1215 and 1490 cm ™' suffer
alterations as the oxidation proceeds. Since these bands are
related to the carbon-nitrogen bond, we can infer that the
formation of bipolarons is due to the oxidation of the nitrogen
site. The band at 1088 cm ™' remains unaffected, suggesting
that the C-S single bond character has not changed. During the
reduction, the changes display an inverse behavior to that
mentioned during the oxidation (Fig. 9(d) and (e)). These
results indicate that the transformation of bipolarons
to polarons occurs due to the reduction of the nitrogen.
The similarity between the spectra recorded at the beginning
(Fig. 9—spectrum a) and at the end (Fig. 10—spectrum e)
of the second scan confirms the reversibility of this cycle.
The subsequent cycles have shown the same behavior. Based
on these data and the CV and ‘in situ’ UV-vis, we have
concluded that in the second and subsequent cycles polarons
(III) are oxidized to bipolarons (II) and vice versa (Scheme 3),
mainly by oxidation of the N atom.

3.5. ‘In situ’ resistance measurements

In order to investigate the resistance changes that the
copolymer suffers during the electrochemical doping, ‘in situ’
resistance experiments of a PPSA film deposited on Au
electrode, using 0.2 M of LiClOy, in propylene carbonate as the
electrolytic solution, were carried out. The graphs in Fig. 10 are
in logarithm scale, plotting the resistance of the film (Ry) as a
function of the applied potential (E) recorded during the first
and second scan.
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Fig. 10. Graphs of log Ry versus E of PPSA film deposited on Au electrode in
0.2 M LiClO4/PC (v=0.001 V s~ ") (—) Current (- —-) log Ry.
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Scheme 3. Complete mechanism for the redox process of PPSA during the
second and subsequent cycles.

During the oxidation of the PPSA in the first scan
(Fig. 10(A)), it was observed that the resistance of the film
increases markedly up to 0.50 V. This behavior was attributed
to the increase of the contact resistance of the film-solution
produced by the polarization of the electrode. Between 0.50
and 0.75 V the resistance of the material increases less strongly
in spite of the appearance of the first anodic wave. Between
0.75 and 1.25 V the resistance of the film decreases markedly,
coinciding with the second anodic wave. During the reduction
process, the increase in the resistance occurs when the cathodic
wave appears.

During the second cycle (Fig. 10(B)), the decrease of the
resistance of the film starts from 0.80 V and coincides with the
increase of the anodic current. After 1.25 V, the value of R;
remains constant, increasing again when the cathodic process
emerges. All the subsequent cycles present similar features.

Considering that during the first scan, the oxidation of the
PPSA gives polarons and biporalons in the first and second
anodic waves, respectively; we can infer that bipolaronic
structures are the main conductive species for the reduction of
film resistance. This conclusion is corroborated by two further
observations: (a) the increase of the resistance during the
reduction in the first scan, where bipolarons are converted to
polarons and (b) in the subsequent cycle, the change of the
resistance coincides with the same species (bipolarons) were
also suggested as free charge carries by Temperini et al. in the
doped poly(diphenylamine) (PDPA), a polymer similar to
PANIL. In the case of PANI, polarons are responsible for the
high conductivity [32].

4. Conclusions

In this work we have investigated the electrochemical
behavior of a new copolymer of poly(aniline) and
poly(phenylene sulfide) in organic media by cyclic voltam-
metry associated with spectroscopic techniques (UV-vis and
Raman). We have shown that during the oxidation in the first
voltammetric scan, the N atom is the first site to be oxidized,
generating polarons. Further oxidation has led to the formation
of bipolarons by oxidation of the sulfur atom. The latter process
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is irreversible and the reduction of these bipolarons resulted in
polarons with different structure than the ones formed in the
first stage. In the second and subsequent scans, the redox
process becomes more reversible and polarons are oxidized to
bipolarons and vice-versa. The ‘in situ’ resistance measure-
ments have proved that bipolarons are the free charge carriers
in the doped PPSA, distinctly that it is observed with PANI.
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