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ABSTRACT: The electrochemical polymerization of azure
A has been carried out using repeated potential cycling. The
scan potential is set between �0.2 and 1.3 V (vs. Ag/AgCl).
The electrolytic solution consisted of 5 mmol dm�3 azure A
and 0.5 mol dm�3 Na2SO4 with pH 6.0. The temperature for
polymerization was controlled at 50°C. An anodic peak and
a cathodic peak appear at 0.38 and 0.23 V, respectively, on
the cyclic voltammogram of poly(azure A) in 0.5 mol dm�3

Na2SO4 solution of pH 1.0. Their peak potentials shift to-
ward the negative direction as pH value increases from 1.0

to 4.0. Poly(azure A) has good electrochemical activity and
stability in the aqueous solution at the above pH range. The
UV-visible spectrum and FTIR spectrum of poly(azure A)
are different from those of azure A. The FTIR spectrum of
poly(azure A) indicates that no anions were doped into the
oxidation form of poly(azure A). © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 88: 1218–1224, 2003
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INTRODUCTION

After doping, polyacetylene was converted from insu-
lator into conductor.1 This discovery has revealed a
new and vastly important research field for chemists
as well as physicists and also plays an important role
in looking for synthesis of new materials. Since the
discovery of conducting polyacetylene at the end of
1970s, many conducting polymers, such as polyani-
line,2–4 polypyrrole,5–7 polythiophene,8,9 and poly(p-
phenylene),10 have been synthesized. For a polymer to
be able to conduct electric current, it must consist
alternately of single and double bonds between the
carbon atoms, and it must also be doped.11 This is a
basic principle for synthesis of new conducting poly-
mers. Conducting polymers and semiconductive poly-
mers have important practical applications in elec-
trode of batteries,12,13 electrochromic devices,14 con-
version of light to electricity,15 immobilization of
enzymes,16,17 and light-emitting diodes.18,19 The vari-
ous purposes of application need conducting poly-
mers possessed of different properties. Thus, the syn-
thesis of a new type of conducting polymer is very
significant. Some of the indicators and dyes have the
structure with alternate single and double bonds be-
tween the carbon atoms and can be oxidized or re-
duced. This means that some of them may be poly-

merized electrochemically. Cyclic voltammetry has
become a very popular technique for initial electro-
chemical studies of new systems. Therefore, we used
repeated potential cycling to study the electrochemical
polymerization of a series of indicators and dyes. The
advantage for this method is quick to verify whether
or not the electrochemical polymerization of a mono-
mer takes place. Among the indicators and dyes under
investigation, azure A was found to be polymerized
electrochemically.

In fact, Schlereth and Karyakin20 have reported that
azure A can be polymerized electrochemically in the
solution consisting of azure A, borax, and NaNO3,
since its structure is analogous to those of methylene
blue and azure B (Scheme 1).

Methylene blue21–23 and azure B24,25 can be poly-
merized electrochemically. Poly(methylene blue)22

and poly(azure B)24 have good electrochemical activ-
ity in the pH range of 2–8 and 2–11, respectively, so
they can be used for immobilization of enzymes21,25

and catalysts. However, no study deals with the de-
tailed conditions of the electrochemical polymeriza-
tion of azure A, film growth, and the electrochemical
properties of poly(azure A). In this study, we report
the conditions of the electrochemical polymerization
of azure A and the electrochemical properties as well
as the UV-visible and FTIR spectra of poly(azure A).

EXPERIMENTAL

Azure A and other chemicals used in this work were
all of reagent grade. Doubly distilled water was used
to prepare solutions. The pH values of the solutions
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were determined using PXD-12 meter. The electrolysis
cell consisted of two platinum foils and a reference
electrode. The area of the working electrode was 4 � 4
mm2. Potentials given here are referred to the Ag/
AgCl electrode with the saturated KCl solution.

A HPD-1A potentiostat–galvanostat was used for
cyclic voltammetry. The scan rate was set at 60 mV s�1

for all experiments, except the experiment for the scan
rate dependence of cyclic voltammogram. A YEW
Model 3036 X-Y recorder was used to record the cyclic
voltammograms.

The electrolytic solution consisted of 5 mmol dm�3

azure A and 0.5 mol dm�3 Na2SO4 solution. The pH
values of the electrolytic solution used were controlled
between 1.0 and 12.0. The electrolysis of azure A was
performed using repeated potential cycling at each pH
unit interval from the above pH range. The sweeping
potential range was set between �0.2 and 1.3 V. The
temperature for electrolysis was controlled at 50°C
because of the solubility of azure A and the polymer-
ization rate. We found that the polymerization rate of
azure A is rather slow at temperature lower than 30°C.

The measurement of the UV-visible spectra of
poly(azure A) film polymerized on platinum depos-
ited on quartz glass was carried out using an UV-2501
PC spectrometer. FTIR spectra of azure A and poly(a-
zure A) were measured on pressed pellets with KBr
using a Nicolet 740 FTIR spectrometer.

RESULTS AND DISCUSSION

Electrochemical polymerization of azure A

Figure 1 shows the cyclic voltammograms during elec-
trolysis of azure A solution with pH 1.0. There are two
anodic peaks at 0.25 and 0.45 V and two cathodic
peaks at 0.14 and 0.41 V for the first cycle (curve 1) and
second cycle (curve 2). The anodic current increases
quickly beginning at 1 V, and a shoulder peak occurs
at 1.2 V. As the electrolysis proceeds, an anodic peak
and a cathodic peak occur at 0.35 and 0.15 V for the
10th cycle, respectively. Their peak currents are much
higher at the 10th cycle than at the 1st cycle. After
electrolysis, a deep-blue film was formed on the work-
ing electrode, which is poly(azure A).

Figure 2 shows the cyclic voltammograms for the
electrolysis of the above solution, but with a pH of 6.0.

The cyclic voltammograms in Figure 2 are similar in
shapes to those in Figure 1. The difference between
Figures 1 and 2 is that a prominently anodic peak
appears at 1.08 V on curve 1 in Figure 2 for the first
cycle. Two anodic peaks shift to 0.03 and 0.31 V, two
cathodic peaks shift to �0.10 and 0.23 V on curve 1 in
Figure 2. It is clear that the shift of the peak potentials
is caused by the pH value of the electrolytic solution,
which affects the redox potential of azure A. The
currents of the anodic and cathodic peaks increase first
from the 1st cycle to the 10th cycle, and then decrease
slowly from the 10th cycle to the 20th cycle. This is
caused by the film conductivity. After electrolysis, a
deep-blue film was found in the working electrode.

To prove the attribution of the two pairs of redox
peaks at a lower potential range, a separate experi-
ment for the electrolysis of the same solution was
performed between �0.20 and 0.50 V. The result is
shown in the inset in Figure 2. It is clear that there are
also two anodic peaks at 0.03 and 0.31 V, and two

Scheme 1

Figure 1 Cyclic voltammograms for electrolysis of the so-
lution consisting of 5 mmol dm�3 azure A and 0.5 mol dm�3

Na2SO4 with pH 1.0. Curves: (1) 1st cycle, (2) 2nd cycle, (3)
10th cycle, (4) 20th cycle.
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cathodic peaks at �0.10 and 0.23 V. Their peak poten-
tials and peak currents are almost independent of the
number of potential cycles. Thus, the two pairs of
redox peaks on curve 1 in Figure 2 in the lower po-
tential range are caused by the redox of azure A itself.

Figure 3 shows the cyclic voltammograms for the
electrolysis of the same solution as shown in Figure 1,
but with a pH of 12.0. Its cyclic voltammograms are
much different in shapes from those in Figures 1 and
2. This is caused by pH value of the electrolytic solu-
tion. But after electrolysis, a deep-blue film was also
formed on the working electrode.

Figure 4 is the cyclic voltammograms of poly(azure
A) films in 0.5 mol dm�3 Na2SO4 solution of pH 1.0.
The 12 pieces of poly(azure A) films were synthesized
under each pH value in pH range of 1.0 to 12.0, which
is correspondent with the number of curves in Figure
4. Each piece of poly(azure A) film used in this exper-
iment was obtained using repeated potential cycling
for 20 cycles. From Figure 4 we can see that the ca-
thodic peak potential of poly(azure A) is affected by
the pH value of the electrolytic solution for preparing
poly(azure A). And from the areas of cyclic voltam-
mograms, the electrochemical activity of poly(azure
A) prepared at pH 6.0 (curve 6), that is, the redox
charge of poly(azure A), is the largest among the
samples. Therefore, poly(azure A) used following ex-
periments was prepared in the above electrolytic so-
lution of pH 6.0.

Recently, we found that azure A also can be poly-
merized in the solution of pH �1. pH range for poly-

merization of methylene blue,22 azure B,24 and azure
A are 6.0 to 12.0, 2.0 to 11.0, and �1 to 12.0. It is clear
that this difference is related to their molecular struc-
ture. The pH range for polymerization of this kind of
compounds decreases with increasing number of H in
the group of (CH3)2N—.

Electrochemical properties of poly(azure A)

Curves 1–4 in Figure 5 are the cyclic voltammograms
of poly(azure A) in 0.5 mol dm�3 Na2SO4 solutions
with pH 1.0, 2.0, 3.0, and 4.0, respectively. An anodic
peak and a cathodic peak appear at 0.38 and at 0.23 V,
respectively, on curve 1. Their peak potentials shift
toward more negative potentials with increasing pH
value. This indicates that the redox of poly(azure A) is
related to the concentration of protons. This behavior
is similar to that of polyaniline.26 Their peak currents
decrease a little with increasing pH value, that is, the
electrochemical activity of poly(azure A) is slightly
affected by pH value in the pH range of 1.0–4.0. This
property is much different from that of polyaniline.26

Poly(methylene blue) has an electrochemical activ-
ity in the pH range of 2.0–8.0,22 and poly(azure B) has
an electrochemical activity in the pH range of 2.0–
11.0.24 It is clear that the pH range of poly(azure A) for
its electrochemical activity decreases compared with
poly(methylene blue) and poly(azure B). This is also
related to the structure of the monomers as mentioned
above.

Figure 3 Cyclic voltammograms for electrolysis of the so-
lution consisting of 5 mmol dm�3 azure A and 0.5 mol dm�3

Na2SO4 with pH 12.0. Curves: (1) 1st cycle, (2) 2nd cycle, (3)
10th cycle, (4) 20th cycle.

Figure 2 Cyclic voltammograms for electrolysis of the so-
lution consisting of 5 mmol dm�3 azure A and 0.5 mol dm�3

Na2SO4 with pH 6.0. Curves: (1) 1st cycle, (2) 2nd cycle, (3)
10th cycle, (4) 20th cycle.
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Figure 6(a,b) shows the effect of the potential scan
rate on the cyclic voltammograms of poly(azure A) in
0.5 mol dm�3 solution with pH 1.0 and 3.0, respec-
tively. Their peak currents in both plots increase with
increasing scan rate, and both anodic peak and ca-
thodic peak potentials shift slightly toward the more
positive and negative potentials, respectively, as the
scan rate increases from 25 to 600 mV s�1. This may be
caused by low conductivity of poly(azure A).

In both plots, there are still a sharp anodic peak and
a sharp cathodic peak at 600 mV s�1. This indicates

that the electrochemical reaction is still controlled by
mass transfer at such a high scan rate.

Based on the relationship between the scan rate �
and anodic peak current, both plots of ipa versus �1/2

Figure 4 Cyclic voltammograms of poly(azure A) films in 0.5 mol dm�3 Na2SO4 solution of pH 1.0. The films were
synthesized at different pH values. The number of curves in plots is corresponding to pH value of the electrolytic solution.

Figure 5 Effect of pH value on the cyclic voltammograms
of poly(azure A) in 0.5 mol dm�3 Na2SO4 solution. Curves:
(1) pH 1.0, (2) pH 2.0, (3) pH 3.0, (4) pH 4.0.

Figure 6 Effect of potential scan rate on the cyclic voltam-
mograms of poly(azure A) in 0.5 mol dm�3 Na2SO4 solution:
(a) pH 1.0, (b) pH 3.0. Curves: (1) 25, (2) 50, (3) 100, (4) 200,
(5) 400, (6) 600 mV s�1.
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are all straight lines (Fig. 7). Lines 1 and 2 represent
the experimental results obtained from the solutions
of pH 1.0 and 3.0 (Fig. 6), respectively. This again
identifies that the electrode reaction of poly(azure A)
is controlled by mass transfer and poly(azure A) still
has a good ability of the charge transfer at pH 3.0.

Figure 8(a,b) shows the cyclic voltammograms of
poly(azure A) in 0.5 mol dm�3 Na2SO4 solutions of pH
1.0 and 4.0, respectively. Curves 1 and 2 in both plots
are the first and fiftieth cycles. It is clear that the i–E
curves of the first and fiftieth cycles are almost over-
lapped. Thus, poly(azure A) has good stability in the
aqueous solution.

UV-visible spectra

Curves 1 and 2 in Figure 9 show the UV-visible spectra
of the solution containing azure A and 0.5 mol dm�3

Na2SO4 with pH 6.0 and poly(azure A) film, respec-
tively. There are two absorption peaks at 285 and 602
nm on curve 1. After polymerization, the sharp peak at
285 nm almost disappears on curve 2; only a broad
band at 600 nm remains on curve 2. The difference
between two spectrum lines indicates that azure A
was polymerized.

Also, a pronounced peak around 290 nm occurs in
UV-visible spectra of methylene blue in 0.5 mol dm�3

sodium tetraborate and 0.5 mol dm�3 KCl with pH
9.1922 and in 0.05 mol dm�3 phosphate buffer with pH
7.5.23 After polymerization, this peak becomes very
small.22 So the change in the UV-visible spectra of
azure A before and after polymerization is very simi-
lar to that of methylene blue. This is because the
structure of azure A is analogous to that of methylene
blue.

FTIR spectra

Table I shows the wave number of absorption peaks
for the FTIR spectra of azure A and poly(azure A). The
FTIR spectrum of poly(azure A) synthesized here is
different from that synthesized electrochemically in

Figure 7 Plot for ipa versus �1/2, Curves: (1) pH 1.0, (2) pH
3.0. Based on the data shown in Figure 6

Figure 8 Stability of poly(azure A) in 0.5 mol dm�3 Na2SO4:
(a) pH 1.0, (b) pH 4.0. Curves: (1) 1st cycle, (2) 50th cycle.

Figure 9 UV-visible spectra. Curves: (1) azure A in 0.5 mol
dm�3 Na2SO4 with pH 6.0, (2) poly(azure A).

TABLE I
Wave Number (cm�1) of FTIR Spectra

for Azure A and Poly(azure A)

Azure A Poly(azure A)

3,429 (s) 3,436 (s)
2,922 (m) 2,922 (m)
2,852 (m) 2,852 (m)
1,591 (s) 1,619 (m)
1,471 (s) 1,480 (m)
1,379 (s) 1,386 (s)
1,309 (s)
1,224 (s)
1,126 (s) 1,126 (s)

809 (m)
767 (w) 767 (m)
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the solution containing azure A, borax, and sodium
nitrate with pH 9.1,20 in which a peak at 1,603 cm�1 is
the strongest relative to other peaks and the peaks at
1,329 (m) and 1,231 (w) cm�1 occur in IR spectrum of
poly(azure A). However, the relative intensity of the
peak at 1,619 cm�1 is not the strongest among all
peaks (curve 2 in Fig. 10), and no peaks at 1,329 and
1,231 cm�1 occur in the FTIR spectrum of poly(azure
A) synthesized here.

The spectrum lines 1 and 2 in Figure 10 show the
FTIR spectra of azure A and poly(azure A), respec-
tively. The peak at 3,429 cm�1 on spectrum 1 is attrib-
uted to the stretching vibration of N—H in —NH2
group of azure A. The peaks at 2,922 and 2,852 cm�1

on spectrum 1 are attributed the asymmetrical and
symmetrical vibrations of C—H bonds in two —CH3
groups. Comparison of spectrums 2 and 1 shows that
no changes are observed between the two spectrum
lines at wave number greater than 2,000 cm�1. This
indicates that the —NH2 and —CH3 groups of azure A
were not changed after polymerization.

The peaks at 1,591 and 1,471 cm�1 on spectrum 1 are
attributed to the stretching vibrations of C�C in aro-
matic rings. They also occur on spectrum 2, but their
peak positions shift to 1,619 and 1,480 cm�1, respec-
tively. The peak at 1,379 cm�1 (s) on spectrum 1 is
attributed to the asymmetric CH3 bending vibration in
dimethyl groups.27 This peak also occurs on spectrum
2; only its position shifts to 1,386 cm�1 (s). This again
proves that —CH3 groups was not altered after poly-
merization. Two peaks at 1,309 (s) and 1,224 cm�1

attributable to in-plane C—H bending vibrations for
aromatic rings28 occur on spectrum 1, and the peak at
809 cm�1 attributable to out-of-plane C—H bending
vibration for aromatic rings28 occurs on spectrum 1.
However, these three peaks almost disappear on spec-
trum 2. This indicates that the aromatic C—H bending
vibration in azure A is strongly affected by polymer-
ization, which is similar to that of azure B.24 Since the
structure of azure A is analogous to that of azure B. It
is clear that the IR absorption peak number of poly(a-
zure A) is less than that of azure A. This is a charac-
teristic of polymerization of a monomer.

The above FTIR spectra provide a piece of informa-
tion that only the vibration models of aromatic rings
were changed after polymerization. So we assume that
the polymerization of azure A is carried out through
the coupling of aromatic rings to form the chain.

The question for the FTIR spectrum of poly(azure
A) is that there is no absorption peak of SO4

2� ions on
spectrum 2. This peak should occur at 1,080–1,130
cm�1 on IR spectrum of poly(azure A). Because the
polymerization of azure A was carried out in the
solution of Na2SO4, the anion SO4

2� should be doped
into poly(azure A) during the polymerization process
of azure A. The IR spectrum of polyaniline at the
oxidation form has a very strong absorption peak of
doped cations, such as BF4

� and NO3
� ions.29 However,

no absorption peak of SO4
2� ions occurs on spectrum 2.

This indicates that SO4
2� ions were not doped into

poly(azure A). For a conducting polymer, it must be
doped as mentioned previously. This gives us the

Figure 10 FTIR spectra. Spectrum lines: (1) azure A, (2) poly(azure A).
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information that the conductivity of poly(azure A)
should be low. The conductivity of poly(azure A) was
measured using a four-probe technique to be 2.1
� 10�6 S cm�1. So its conductivity is really very low.
The relationship between the conductivity and IR
spectrum of poly(azure A) confirms a basic principle
for preparing a conducting polymer that doping is a
necessary condition for the conducting polymer.

CONCLUSIONS

A blue poly(azure A) film has been synthesized by the
electrochemical polymerization of azure A. However,
the pH value for polymerization of azure A is lower
than those of methylene blue and azure B. This is
related to their molecular structures. The polymeriza-
tion rate of azure A and the electrochemical properties
of poly(azure A) are affected by the pH value of the
electrolytic solution and temperature. Poly(azure A)
has good electrochemical activity and stability in the
pH range of 1.0–4.0. This pH range is also smaller
than those of poly(methylene blue) and poly(azure B).
This is also caused by the structure of the monomers.
Based on the FTIR spectra of azure A and poly(azure
A), a polymerization mechanism of azure A is pre-
sented in the article, but it is only an assumption.
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