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Abstract—The pyrrole electrochemical polymerization in the presence of salt and acid forms of f lexible-chain
sulfoacid polyelectrolytes is studied comparatively. Electrochemical and spectral methods of the synthesis
control showed the polypyrrole electrosynthesis in the presence of polyelectrolytes to occur more rapidly and
with lesser monomer concentration than in inorganic-anion-containing aqueous solutions. With the using of
the polyelectrolytes’ Н+-form, the pyrrole polymerization rate was shown to exceed that in the Na+-salt solu-
tions. Electrochemical, spectroelectrochemical properties in visible and near-IR spectral regions, and mor-
phology of the obtained hybrid polypyrrole films were also studied.
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INTRODUCTION
Polypyrrole (PP) is one of the most thoroughly

studied conducting polymers, thanks to high conduc-
tivity and stability of its conducting form. It possesses
a unique combination of physico-chemical, electro-
chemical, and optical characteristics that make the PP
perspective for using in chemical and biological sen-
sors, as electrode material in batteries, capacitors, and
electrochromic devices, as corrosion-protection
materials, “artificial muscles,” etc. [1].

The principal methods of the PP synthesis are the
pyrrole chemical and electrochemical polymerization.
The conducting-polymer-film electrochemical syn-
thesis is convenient because oxidant-free uniform
films are formed on metal and optically transparent
substrates possessing a conducting layer. By varying of
charge consumed in the electrochemical synthesis,
one can easily control their thickness and morphology.
Thus, the electrochemical polymerization procedure
solves both problems of the polymer synthesis and its
depositing as thin film onto conducting substrates.

The PP synthesis is affected by its realization
mode, as well as composition of the electropolymer-
ization medium (solvent, supporting electrolyte,
monomer concentration, and pH) [2]. PP can be elec-
trochemically prepared both in organic and aqueou
solutions. The PP electrosynthesis in aqueous solu-

tions was reported to give films with larger porosity
[3]; in addition, the pyrrole electropolymerization
with the potential cycling onsets at less positive poten-
tials than in acetonitrile [3] and occurs at a faster rate
[4]. When having used bulky polymer anions we
observed an increase in the PP synthesis rate [5]. The
anions are suggested to adsorb easier at the electrode
surface, and this accelerates the electropolymerization
first stage. In addition, the bulky organic anions
increase the PP film stability and thermal stability [5].
The polymer anion is included to the polymer film
and cannot be removed from it during the dedoping
[6, 7].

It is the salt forms of polyelectrolytes, such as poly-
vinylsulfonate [7], polystyrenesulfonate [5–9], as well
as the poly-2-acrylamide-2-methyl-1-propanesulfon-
ate acid form that were predominantly used in the pyr-
role electropolymerization [10]. Moreover, the differ-
ences in the PP synthesis character in the presence of
different (acid or salt) polyelectrolyte forms were men-
tioned only once in literature [6]. It should be noted that
the majority of the studies was carried out at rather large
monomer concentrations (0.1–0.05 М). It is but works
[11, 12] in which the effect of monomer concentration
on the pyrrole polymerization during the PP elec-
trosynthesis in aqueous solutions of inorganic cations
was studied.

Thus, the studies carried out so far are mainly
restricted to mere statement of the fact that the PP
electrosynthesis can be carried out in the presence of
polyelectrolytes; yet, no effect of the polyelectrolyte

1 This paper is dedicated to the 80th anniversary of Professor
V.V. Malev who has made a considerable contribution into mod-
ern directions of electrochemistry.
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Table 1. The synthesis solutions pH values and electrochemical parameters observed in different pyrrole electropolymer-
ization modes. EPD is the monomer oxidation onset potential in the PD mode first cycle; TPS is the induction period dura-
tion during the PS; ЕGS is the GS-mode synthesis potential

pH EPD, V ЕGS, V TPS, s

PSSA 2.3 0.65 0.64 43

PSSNa 4.1 0.69 0.65 67

PAMPSA 2.4 0.66 0.65 48

PAMPSNa 4.2 0.71 0.65 112

PAMPSNa 5.5 0.76 0.77 160

H2SO4 1.9 0.7 0.71 300

Na2SO4 5.5 0.8 Growth 820

Pyrrole/Na2SO4 = 0.05 М/0.1 M 6.0 0.76 0.6 121
chemical structure and its counterion nature on the
PP film synthesis and properties has been analyzed.

In this work, we carried out a comparative study of
the pyrrole electrochemical polymerization from
aqueous solutions of f lexible-chain polysulfoacid
electrolytes of different structure. We also studied the
effects of the polyelectrolyte’s compensating counte-
rion nature on the PP electrochemical synthesis and
properties. The PP electrosynthesis was studied by the
in situ spectroscopy in UV-, visible, and NIR spectral
regions, with the simultaneous control of the electro-
chemical parameters of the synthesis. The PP-film
spectroelectrochemical properties were studied by
example of the films deposited in the presence of poly-
electrolytes.

EXPERIMENTAL
Polypyrrole was prepared by the pyrrole electro-

chemical polymerization in aqueous solutions of sul-
foacid polyelectrolytes: poly-2-acrylamido-2-methyl-
1-propanesulfonic acid (PAMPSA), polystyrenesul-
fonic acid (PSSA) and their salts. We used aqueous
solution of PAMPSA (Aldrich, 15%, Mw ≈ 2 × 106). Its
sodium salt (PAMPSNa) was prepared by the polyacid
neutralization with NaOH equimolar aqueous solu-
tion. We also used aqueous solution of the PSSA
sodium salt, PSSNa (Aldrich, 25%, Mw ≈ 1 × 106).
PSSNa was converted to Н+-form by the using of an
ion-exchange column filled with a КU-2-8 cationite.
All polyelectrolytes were purified by dialysis with
respect to water by using a ZelluTrans cellulose mem-
brane, MWCO 8000–10000.

Pyrrole was distilled in argon atmosphere; it was
always used as fresh-distilled. The polyelectrolyte
solutions of required concentration were prepared the
day prior to the synthesis. Pyrrole was dissolved at
intense 2-h-long agitation.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
The pH values of the reaction solutions (Table 1)
were measured by an OP-208/1 рН-meter (Radelkis).
Pyrrole was polymerized in a three-electrode cell, with
platinum foil as counterelectrode and a saturated sil-
ver/silver chloride reference electrode. All potentials
in the paper are given against this reference electrode.

PP films were electrochemically deposited in
potentiostatic (0.65 V), galvanostatic (100 μА/сm2),
or potentiodynamic (over a –0.8 to 0.8 V range, at a
potential scan rate of 50 mV/s) mode onto a SnO2-
glass-electrode with a surface area of 2 сm2. The pyr-
role/sulfoacid-group ratio was steadily maintained
equal to one pyrrole molecule per two polyelectrolyte
sulfoacid groups. The pyrrole concentration varied
from 0.0025 to 0.015 М. For comparison, we also
polymerized pyrrole electrochemically in the 0.01 М
pyrrole + 0.02 М sulfuric acid/sodium sulfate and
0.05 М pyrrole + 0.1 М sodium sulfate aqueous solu-
tions. The charge consumed in the PP-film synthesis
was 50 mC/сm2. The synthesized films were washed
with distilled water and dried in air. Thickness of the
PP films prepared in the presence of polyelectrolytes and
in inorganic electrolytes was 140 ± 10 and 80 ± 10 nm,
respectively. The film thickness was measured with a
МII-4 interferometer (LOMO).

In the course of pyrrole polymerization, optical
absorption spectra were registered simultaneously.
The electrochemical synthesis parameters were set
and registered using a НА-501G potentiostat/galva-
nostat (Hokuto Denko, Ltd.) and a Nicolet 2090 dig-
ital storage oscilloscope (Nicolet, Inc.). The optical-
absorption spectra registration over the 350–950 nm
range during the PP synthesis, as well as the follow-up
spectroelectrochemical film studies in 0.1 М NaClO4
aqueous solution, were performed using an Avantes
2048 single-beam scanning high-speed spectropho-
tometer. Electronic absorption spectra in near
5  No. 11  2019
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Fig. 1. Kinetic curves for the charge and current (а)
recorded during the PP potentiostatic synthesis (0.65 V)
and for the potential (b) during the galvanostatic PP syn-
thesis in the PAMPSA aqueous solutions with the pyrrole
different concentrations: (1) 0.015, (2) 0.01, (3) 0.005,
(4) 0.0025 М. The pyrrole/sulfoacid-group molar ratio
was 1 : 2 mol/g-equivalent.
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Fig. 2. Cyclic voltammograms recorded during the PP
potentiodynamic synthesis in the PSSA aqueous solution.
Potential scan rate is 50 mV/s.
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UV-Vis-NIR regions were recorded using a Shimadzu
UV-3101PC double-beam spectrophotometer.

The PP films deposited in the galvanostatic mode
in the presence of different electrolytes were studied by
the atomic force microscopy (AFM) method. Аn
Enviroscope AFM-microscope with a Nanoscope V
controller (Bruker) functioned in semi-contact mode.
The film roughness estimate was taken as a root-
mean-square deviation for the surface-profile irregu-
larities over a (5 × 5 μm) frame. The frames were taken
in the films’ different areas and averaged.

RESULTS AND DISCUSSION
Electrochemical Polymerization

The literature data mainly relate to the pyrrole
electropolymerization performed at rather high con-
centrations of both pyrrole and electrolyte, including
polyelectrolytes [5–10]. To elucidate the polyelectro-
lyte role in the PP synthesis, we studied effect of the
monomer concentration on the synthesis rate and
character at a constant monomer/sulfoacid-group
mole ratio (1/2). In Fig. 1а we show that at the pyrrole
concentration (0.015 М) lower than that in works
RUSSIAN JOURNAL
[5‒10] (0.1–0.05 М) the PP potentiostatic synthesis
(PS) in the presence of PAMPSA appears rather fast;
moreover, it is autocatalytic in its nature. When the
monomer concentration drops down to 0.005 М the
electropolymerization current decreased significantly.
In the case of galvanostatic synthesis (GS) (Fig. 1b) at
the monomer concentrations of 0.015 and 0.01 М the
polymerization occurred at the same potential; when
the concentration decreased down to 0.005 М the syn-
thesis potential begins growing in due course, and this
results in the obtained polymer overoxidation. On this
reason, we used the pyrrole concentration equal to
0.01 М in our subsequent studies.

To elucidate the influence of the chemical struc-
ture of polyacid and its counterion, we carried out the
PP electrochemical syntheses in aqueous solutions of
flexible-chain polyacids: PSSA and PAMPSA, as well
as their Na+-salts; for comparison, the syntheses were
also carried out in H2SO4 and Na2SO4 solutions. In
Fig. 2 we show cyclic voltammograms recorded during
the PP synthesis in the presence of PSSA in potentio-
dynamic mode (PD) over the potential range from
‒0.8 to 0.8 V. Their shape is characteristic of the PP
potentiodynamic synthesis in aqueous medium [3]; it
is practically independent of the polyacid chemical
structure. Table 1 shows that the monomer oxidation
onset potentials determined from the potentiody-
namic-synthesis first cycle are practically identical for
the syntheses in the presence of PAMPSA and PSSA;
in the presence of their salts, the potentials are slightly
higher, however.

For PS, we see (Fig. 3а) that the duration of the
pyrrole-polymerization induction period (calculated
from kinetic curves of the charge variation, Fig. 3а),
which corresponds to the radical-cation dimerization
stage [12], depends on the chemical structure of both
polyelectrolyte and its counterion (Table 1). When the
polymer acids are used, the pyrrole electrochemical
 OF ELECTROCHEMISTRY  Vol. 55  No. 11  2019
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Fig. 3. Kinetic curves for the charge (а) and current (b)
during the PP potentiostatic synthesis. (0.65 V) and for the
potential (c) during the PP galvanostatic synthesis
(100 μА/сm2) in the PSSA (1), PSSNa (1*), PAMPSA
(2), PAMPSNa (2*), H2SO4 (3), Na2SO4 (3*), and
Na2SO4 (0.1 М) (4).
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polymerization begins earlier (Fig. 3b, curves 1, 2) and
proceeds faster than in the presence of their salts
(Fig. 3b, curves 1*, 2*). At that, in the presence of
PSSA the PP synthesis in PS mode proceeds at a
higher current than in the presence of PAMPSA
(Fig. 3b, curves 1, 2). The longest induction period
was observed in the presence of the PAMPSNa
(Fig. 3а). During the GS (Fig. 3c), pyrrole is polymer-
ized at the same potential in the presence of both
PSSA and PAMPSA and their salts.

The increase in the pyrrole oxidation potential and
the induction period duration for the PP electrosyn-
thesis in the polyelectrolytes’ salt forms, that is, in the
high-pH-media, correlates with the data of work [13]
demonstrated the role of H+ ion and pyrrole protona-
tion in its polymerization process. Indeed, at larger
degree of PAMPSA neutralization (up to pH 5.5) the
potentiostatic synthesis proceeds still slower; the gal-
vanostatic one, at a higher potential (Table 1).

It should be noted that the PP synthesis is slowed
down significantly when the pyrrole electropolymer-
ization occurs in sulfuric acid at similar conditions and
concentrations (Figs. 3а, 3b). Yet, the monomer oxi-
dation potential remained nearly the same as it is in
the polyelectrolytes; the PS induction period
increased by a factor of 2–6. The GS potential in sul-
furic acid is somewhat higher than in the polyelectro-
lytes. The pyrrole PS polymerization in the presence
of Na2SO4 at the same reactants’ concentrations is
autocatalytic as well, but proceeds much slower and
has much longer induction period than in the polymer
electrolytes and sulfuric acid (Table 1). In GS mode
we observed potential growth (Fig. 3c); the monomer
oxidation potential in the first cycle of potentiody-
namic synthesis in the presence of Na2SO4 (0.8 V) is
higher than that measured in the presence of the poly-
electrolytes (Table 1). With the increasing of the
monomer and Na2SO4 concentration by a factor of 5
the monomer oxidation potential decreased, and the
PP potentiostatic electrosynthesis proceeds at a higher
rate; the galvanostatic one, at a lower potential.

Thus, by using polymeric electrolytes for the pyr-
role polymerization, we accelerated the electrochemi-
cal synthesis; moreover, the application of polymeric
electrolytes allows using reactants in lower concentra-
tions. In addition, thus obtained PP films are highly
uniform and well adhesive to substrates. It is essential
to note that PP films prepared in H2SO4 and Na2SO4
are less uniform; they were exfoliated from electrodes
after spectroelectrochemical measurements con-
nected with changes in the film volume upon the
potential variation.

To summarize our data on the synthesis of conduct-
ing polymers (polyaniline and poly-3,4-etylenedioxy-
thiophene (PEDOT)) in polyelectrolytes [14, 15]
allows concluding that the using polyelectrolytes in
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
the pyrrole electropolymerization for the purpose of
PP synthesis also promotes local ordering of positively
charged radical-cations near the negatively charged
sulfoacid groups. This accelerates the polymerization
and allows obtaining high-quality films under the con-
ditions described.

In Fig. 4, we give optical absorption spectra
recorded in the course of the PP films galvanostatic
synthesis. For salt forms of the polyelectrolytes,
H2SO4, and Na2SO4 (0.1 M), we observed the optical
5  No. 11  2019
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Fig. 4. Electronic absorption spectra of PP films formed at
the working electrode during the PP galvanostatic synthe-
sis (100 μА/сm2) in the PAMPSNa (а) and PAMPSA (b)
aqueous solutions.

0

0.6
0.5
0.4
0.3
0.2
0.1

0.7
(b)

950450 550 650 750 850350
Wavelength, nm

0

0.6
0.5
0.4
0.3
0.2

0.1

0.7 (а)

950550 650 750 850450350
Wavelength, nm

A
bs

or
ba

nc
e,

 a
.u

.
A

bs
or

ba
nc

e,
 a

.u
.

absorption monotonic growth with a well pronounced
maximum at 730 nm; this wavelength corresponds to
the PP bipolaron form [16, 17] (Fig. 4а). For acidic
forms of the polyelectrolytes, we observed a wider
absorption band extended toward NIR spectral region
(Fig. 4b). Moreover, PP films synthesized in the pres-
RUSSIAN JOURNAL

Fig. 5. Optical absorption spectra in UV-, vis-, and near
IR-regions of PP films synthesized in the presence of
PSSA (1), PSSNa (1*), PAMPSA (2), PAMPSNa (2*),
and H2SO4 (3).

0

0.5

0.4

0.3

0.2

0.1

0.6

0.7

12

3

1*
2*

1580580 780 980 1180 1380380
Wavelength, nm

A
bs

or
ba

nc
e,

 a
.u

.

ence of acid forms demonstrated a better pronounced
absorption growth near 500 nm, which corresponds to
PP radical-cations [17]. When the polymerization
proceeds in the presence of the polyelectrolyte salt
form, this absorption band is likely to shift toward
short-wave spectral region. A shift of the radical-cat-
ion absorption toward 400 nm with the increasing of
the synthesis-solution pH was also observed in work
[13], along with a decrease in the PP film conductivity.

In Fig. 5 we give optical absorption spectra for dry
PP films synthesized in GS mode. It should be noted
that under the same conditions and the same charge
consumed in the film deposition (50 mC/cm2) the
films obtained in sulfuric acid are thinner and
absorbed less light. This may evidence a lesser PP yield
under the above-discussed conditions. We see that the
using the polyelectrolytes in their acid forms leads to
the formation of wide absorption band extended
toward NIR spectral region, which points to the fact
that the films are fully oxidized (to their bipolaron
form) [17]. In the spectra of PP films prepared in the
presence of the polyelectrolytes’ salt forms and H2SO4
the absorption bands are shifted toward a short-wave
spectral region; also, their IR-absorption dropped
down. A decrease in the bipolaron form content in the
PP can lead to a decrease in the film conductivity.

Spectroelectrochemistry

Thus obtained hybrid polypyrrole films were char-
acterized in a monomer-free NaClO4 aqueous solu-
tion. Prior to spectroelectrochemical measurements, the
PP films were continuously cycled in 0.1 М NaClO4
aqueous solution over the potential range from –0.6 to
0.6 V, up to formation of a stable cyclic voltammo-
gram. In Fig. 6, we give a cyclic voltammogram char-
acteristic of the entire PP films under study.
 OF ELECTROCHEMISTRY  Vol. 55  No. 11  2019

Fig. 6. Cyclic voltammograms of PP film synthesized in
the presence of PSSA, recorded in 0.1 М NaClO4 aqueous
solution at potential scan rate of 50 mV/s.
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Fig. 7. Electronic absorption spectra of the PP―PSSA (а)
and PP―PSSNa (b) films at different fixed potentials in
0.1 М NaClO4 aqueous solution.
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Table 2. Positions of the absorption band maxima of the PP
reduced form and the isosbestic points corresponding to
transformations of the reduced form to polaron one (i.p.1)
and of the polaron form to the bipolaron one (i.p.2)

Polyelectrolyte PP reduced form, 
nm i.p.1, nm i.p.2, nm

PSSA 404 474 590

PSSNa 397 467 555

PAMPSA 404 495 582

PAMPSNa 394 476 516

H2SO4 375 466 480

Na2SO4 (0.1 М) 360 458 466
The effect of the synthesis-medium pH, hence, the
polyelectrolyte-counterion nature manifests itself also
in the spectroelectrochemical properties of the
obtained PP films. In Fig. 7, we present spectra of PP
films synthesized in the presence of the PSSA acid and
salt forms recorded at different constant potential val-
ues. It should be noted that the spectra shape is char-
acteristic of PP films prepared in inorganic electro-
lytes [17]. At lower potentials we observed a band near
400 nm, which is due to π–π*-transitions and charac-
terizes a PP reduced form. With the increasing of
potential (that is, during film oxidation) the band
intensity decreased; at the same time, a new weak
band appears near 500 nm, which is ascribed to radi-
cal-cations (the polarons), and the absorption near
800 nm (the bipolaron form) [16, 17] strengthens. The
polaron absorption is poorly pronounced in the case of
PP prepared with the polyelectrolytes’ acid form.
When, however, the polyelectrolyte is used in its salt
form no such band can be observed; however, here all
PP films demonstrate isobestic points that evidence
that the reduced form transforms into the polaron one
(i.p.1); the polaron form, into bipolaron one (i.p.2).
The absence of any visible polaron absorption peak is
likely to be caused by its shift toward short-wave part
of the spectrum [17]. Indeed, we see from Table 2 that
for PP films deposited in the presence of sodium forms
the reduced-form absorption maximums are shifted to
the short-wave region by 9–10 nm; the isosbestic
points, by 20–30 nm. Similar differences manifested
themselves for the PP films obtained in the presence of
PAMPSA and PAMPSNa. A better pronounced peak
of radical-cation absorption of PP films synthesized in
the presence of the polyelectrolytes’ acid forms can be
due to the presence in the film bulk of isolated regions
with different degree of protonation because of the
presence of trapped polyacid molecules therein. Their
protons are not able to exchange with the electrolyte
during the doping/dedoping cycles. However, this
supposition requires further experimental verification
by using structural methods (e.g., in situ Raman spec-
troscopy). Moreover, it was often reported on the het-
erogeneous structure of conducting polymers, PP, in
particular. The very presence of differently conducting
regions in PP films was shown [18] by using conduc-
tive-AFM method, the difference in the conductivity
being caused by differences in the doping level.

Morphology

The obtained PP films were characterized by the
atomic-force microscopy method (Fig. 8). However,
no significant differences in surface morphology were
observed. The film surface shows regular globular
structure that is characteristic of PP [6, 18]. PP films
obtained in the presence of the polyelectrolyte acid
forms are somewhat more rough than those deposited
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
from salt-form solutions. This may be due to faster
synthesis reaction in the first case as compared with
the second one.
5  No. 11  2019
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Fig. 8. AFM-image of PP film obtained in the presence of
PSSA (а); the roughness table for PP obtained in different
electrolytes (b).
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CONCLUSIONS

To summarize, we performed comparative study on
the pyrrole electrochemical polymerization in the
presence of salt and acid forms of f lexible-chain sul-
foacid polyelectrolytes. By using electrochemical
methods combined with the process monitoring by
means of in situ UV-, Vis-, and NIR-spectroscopy the
polymer electrolyte application in the pyrrole electro-
chemical polymerization was shown to accelerate the
synthesis. In addition, lower reactant concentrations,
as compared with the electrosynthesis in the electro-
lytes with inorganic anions, can be used. It was shown
that in the presence of the polyelectrolytes’ acid forms
the PP films are deposited at higher rates, their sur-
faces are rougher, and their spectroelectrochemical
properties are characteristic of PP films prepared in
inorganic-anion-containing electrolytes. Spectra of
PP films synthesized in the presence of the polyelec-
trolytes’ acid forms demonstrated a better pronounced
peak of the radical-cation absorption near 500 nm,
RUSSIAN JOURNAL
which can be connected with the presence in the film
bulk of isolated regions containing trapped polyacid
molecules whose protons are not able leaving the films
during the doping/dedoping cycles. However, this
supposition requires additional experimental verifica-
tion; it will be an object of further studies.
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