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Electrochemical Polymerization of Methylene Green
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The electrochemical polymerization of methylene green has
been carried out using cyclic voltammetry. The electrolytic so-
lution consisted of 4 x 10 mol/L methylene green, 0.1 mol/L
NaNO, and 1 x 102 mol/L sodium tetraborate with pH 11.0.
The temperature for polymerization is controlled at 60°C. The
scan potential is set between — 0.2 and 1.2 V (vs. Ag/AgCl
with saturated KCI solution) . There are an anodic peak and a
cathodic peak on the cyclic voltammogram of poly (methylene
green) at pH<3.8. Both peak potentials shift towards nega-
tive potentials with increasing pH value, and their peak cur-
rents decrease with increasing pH value. Poly(methylene
green) has a good electrochemical activity and stability in
aqueous solutions with pH < 3.8. The UV-Visible spectrum
and FTIR spectrum of poly ( methylene green) are different
from those of methylene green.
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spectrum

Introduction

After doping, polyacetylene was converted from in-
sulator into conductor.' This discovery has revealed a
new research field of conducting polymers. Since then,
some organic polymers, such as polypyrrole,?® polyani-
line,* and polythiophene,Setc , have been proven to be
interconvertible between insulator and conductor through
doping and dedoping. ' The conducting polymers have
been attracting significant interest in research areas such
as chemistry, physics and bioelectrochemistry due to
their high conductivity, high redox reversibility, fast
change in film color with potential’ and strong tensible
strength.® Therefore, there are possible applications in
the electrodes of battery, electrochromic devices, elec-
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tronic devices and immobilization of enzymes.%!!

The conducting polymer possessing different proper-
ties is very important for various purposes of application.
For example, the conducting polymers used for fabricat-
ing biosensors require the good redox reversibility in an
approximate neutral solution. Thus, the synthesis of a
new type of conducting polymer is very significant.
Cyclic voltammetry has become a very popular technique
for initial electrochemical studies of new system. We
have used cyclic voltammetry to look for the electrochem-
ical polymerization from over eighty monomers. Among
them, we found that several new monomers including
methylene green can be polymerized. The structure of
methylene green is similar to that of methylene blue;
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The electrochemical polymerization of methylene
blue has been reported. 2 Poly( methylene blue) can be
used as a biomaterial due to its bicelectrochemical activi-
ty'? and has a good reversibility in the pH region between
2.0 and 8.0." Recently, Karyakin et al. reported that
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azines including methylene blue, methylene green, tolu-
idine blue, thionine, brilliant cresyl blue, meldola
blue, oxazine 170 and neutral red could be polymerized
electrochemically,* but no experimental results about
the electrochemical polymerization of methylene green
were presented in their paper. We also found that neu-
tral red could be polymerized electrochemically in the
aqueous acidic and basic solutions, but its polymer had
a little electrochemical activity. In this paper, we report
the conditions of the electrochemical polymerization of
methylene green, UV-Visible spectrum, FTIR spectrum
and electrochemical properties of poly ( methylene
green) .

Experimental
Chemicals and polymerization

The chemicals used were all of reagent grade. Dou-
bly distilled water was used to prepare solutions. The pH
values of the solutions were determined using a PXD-12
pH meter.

The electrolysis cell for the electrochemical poly-
merization of methylene green consisted of two platinum
foils and a reference electrode. The area of the working
electrode was 4 x 4 mm’. Potentials given here were re-
ferred to the Ag/AgCl electrode with saturated KCl solu-
tion. The electrolysis was performed using cyclic voltam-
metry in the potential region between — 0.2 and 1.2 V.
Cyclic voltammetry was carried out using an HPD-1 A
potentiostat-galvanostat. A YEW 3086 X-Y recorder was
used to record the cyclic voltammograms. The scan rate

was 80 mV/s. The temperature for electrolysis was set at
60°C.

Measurement of spectra and equipment

The measurement of the UV-Visible spectrum of
poly(methylene green) film polymerized on platinum de-
posited on quartz glass was carried out using an MPS
2000 spectrometer. FTIR spectra of methylene green and
poly(methylene green) were measured on pressed pellets
with KBr using an IFS66 V instrument.

Results and discussion
Film growth of poly( methylene green)

Fig.1 shows the electrolytic process of methylene

green during repeated potential cycles. The electrolytic
solution for the electrolysis consisted of 4 x 10 mol/L
methylene green and 0.1 mol/L NaNO, with pH 11.0.
Two anodic peaks near 0 and 0.12 V, and a cathodic
peak at — 0.09 V appear on the cyclic voltammograms
in Fig. 1. As the scan potential passes the anodic peak
potential, the oxidation current decreases quickly with
increasing potential, and then increases again at 0.75 V
for the first cycle (curve 1). Also the oxidation current
at 1.2 V decreases with the number of potential cycles.
The anodic peak current near 0 V increases first and
then decreases with increasing the number of potential
cycles (curves 3 and 4) in Fig.1. The former is caused
by the scan potential direction for the first cycle, which
will be explained in the following experiment. The latter
is due to the formation of the polymer on the platinum
electrode. The conductivity of the polymer is rather low-
er than that of platinum. However, the anodic peak at
0.12 V in curve 1 disappears after the first cycle. This
is caused by formation of poly(methylene green). After
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Fig. 1 Film growth of poly(methylene green) during electrol-
ysis of the solution consisting of 4 x 103 mol/L
methylene green and 0. 1 mol/L NaNO; with pH
11.0, scan rate 80 mV/s, at 60°C. Curves: (1) the
first scan, (2) the second scan, (3) the third scan,
(4) the fiftieth scan.
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fifty cycles, a blue film was found at the working elec-
trode, which is poly(methylene green).

Fig. 2 shows the electrolytic process of methylene
green. The electrolytic conditions were the same as those
shown in Fig. 1, but the electrolytic solution contained
1 x 102 mol/L sodium tetraborate. The difference be-
tween Fig. 1 and Fig. 2 is that a pair of redox peaks
around 0 V disappear in Fig. 2, and the current at 0.75
V is larger in Fig. 2 than in Fig. 1. Also a blue film
was formed after fifty cycles, but this film is much thick-
er than that obtained in the absence of sodium tetrabo-
rate, which indicates that the polymerization rate of
methylene green is faster in the presence of sodium te-
traborate than in the absence of sodium tetraborate. This
is caused by adsorption of methylene green on the plat-
which inhibited the electrochemical
polymerization of methylene green. Thus, to prove this

inum electrode,

suggestion, a separate experiment for electrolysis of
methylene green was carried out in the absence of sodi-
um tetraborate. The scan potential region was set be-
tween —0.2 V and 0.5 V, where there were still two
anodic peaks around 0 and 0.12 V and a cathodic peak
at —0.09 V in the cyclic voltammograms (the inset in
Fig.1). The i-E curve in the inset in Fig. 1 is very
similar to that in Fig.1. This indicates that two anodic
peaks and a cathodic peak on curve 1 in Fig. 1 are

caused by the redox of methylene green itself. After
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Fig. 2 Film growth of poly( methylene green) during electrol-
ysis of the solution consisting of 4 x 10° mol/L
methylene green, 0.1 mol/L NaNQ; and 1 x 107
mol/L Na,B,0; with pH 11.0, scan rate 80 mV/s,
at 60°C . Curves: (1) the first scan, (2) the second
scan, (3) the fiftieth scan.

electrolysis, no polymer film was formed in this potential
region, only an electrochemical redox of methylene green
took place in the potential range between — 0.2 and 0.5
V, which is very similar to the electrochemical redox of
methylene blue at the same potential range.'? It is clear
that sodium tetraborate plays an important role in remov-
ing adsorption of methylene green on the platinum elec-
trode. As a result, the presence of sodium tetraborate
promotes the electrochemical polymerization of methylene
green.

A remaining question is that why the anodic peak
current near O V increases first and then decreases with
increasing the number of potential cycles in Fig.1. This
experimental result is dependent on the scan potential
direction at the first cycle. We have proved that the an-
odic oxidation current near O V for the first cycle is much
larger at the potential scan from 0 V to negative poten-
tials and then on scan reversal than at the potential scan
from 0 V to positive potentials. This is because when the
potential was first scanned from 0 V to negative poten-
tials, methylene green was reduced first. Thus, the con-
centration of the reduced methylene green at the elec-
trode surface was increased, which led to the increase in
the anodic peak current near O V for the first cycle com-
pared with the first cycle in Fig.1, and then the anodic
peak current decreased with increasing the number of po-
tential cycles. The cyclic voltammogram for the electrol-
ysis of methylene green in this case is omitted here.

Now, we can explain why the anodic peak current
near 0 V increases first and then decreases with the
number of potential cycles in Fig.1. This is because the
concentration of the reduced methylene green at the elec-
trode surface was increased after the first reverse scan
from 1.210 —0.2 V. As a result, the anodic peak cur-
rent of the second scan (curve 2) is much higher than
that of the first scan (curve 1) in Fig.1.

The effects of temperature, pH value and potential
on the electrochemical polymerization of methylene green
have been examined in our experiments. The electro-
chemical polymerization rate increased with increasing
temperature from 20 to 60°C, and with increasing pH
value from 6.0 to 11.0. Over pH 11.0, the solubility of
methylene green decreased. Thus, this is not favorable
for polymerization. Methylene green could not be poly-
merized below 0.6 V, and its polymerization rate in-
creased with increasing potential from 0.6 to 1.2 V.
Therefore, poly(methylene green) film used for the fol-
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lowing experiments was obtained in the solution consist-
ing of 4 x 10® mol/L methylene green, 0.1 mol/L
NaNO; and 1 x 10 mol/L sodium tetraborate with pH
11.0; the temperature and potential region for electroly-
sis were controlled at 60°C and —0.2t0 1.2 V, respec-
tively.

The structure of methylene green is similar to that
of methylene blue. A suggestion for the electrochemical
polymerization of methylene blue was carried out via cou-
pling of phenyl rings followed by coupling of phenyl ring
and -N(CH; ), ,™ or via coupling between two -N(CH; ),
groups.!® Therefore, the polymerization of methylene
green is also very complicated.

UV-Visible spectra

Curves 1 and 2 in Fig. 3 show the UV-Visible
spectra of methylene green dissolved in the solution of
NaNO; and Na,B,0;, and dried poly(methylene green)
film, respectively. There are three peaks at 247. 8,
288.9 and 595.6 nm with a shoulder peak at 645.9 nm
in curve 1 for the solution of methylene green and three
peaks at 247.8, 280.0 and 590.0 nm in curve 2 for
poly(methylene green) . In fact, the peak at 247.8 nm
is very small and almost disappears in curve 2. This re-
sult is similar to polymerization of methylene blue. There
are two peaks at 245 and 292 nm for methylene blue,
but the peak at 245 nm disappears after polymeriza-
tion. 3 The aqueous solution of methylene green is blue,
which is caused by chromophores and auxochromes in
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Fig. 3 UV-Visible spectra. Curves: (1) methylene green
solution, (2) poly(methylene green) polymerized on
platinum deposited on quartz glass.

methylene green. After polymerization, only a broad
band at 590 nm appears in curve 2, which may be
caused by the change of auxochromes in poly(methylene
green) . The difference between curves 1 and 2 indicates
that methylene green is polymerized after the electroly-
sis.

FTIR spectra

Curves 1 and 2 in Fig. 4 show the FTIR spectra of
methylene green and poly ( methylene green). Both of
FTIR spectra are very complicated. For simplicity, we
only discuss the main difference between curve 1 and
curve 2. After polymerization, a broad band at 3434
cm is very strong with respect to other peaks in curve
2. The retention of a strong OH stretch region in the
polymer suggests that water is still contained in the poly-
mer, and the internal hydrogen bond in the polymer was
enhanced. The peaks at 1354 (s), 1291 (s), 1241
(w) and 1215 (w) cm™ disappear in curve 2 compared
with curve 1. This phenomenon is usually observed in
some polymers, since vibrational models could be re-
duced after polymerization; a very strong peak at 1600
em™ (curve 1) attributable to stretching vibration of C =
C in aromatic rings is split into two weak peaks at 1628
and 1603 cm™ in curve 2; and new small peaks at 1161

and 930 cm™ appear in curve 2.
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Fig. 4 FTIR spectra. Curves; (1) methylene green, (2)
poly(methylene green) .

The IR spectrum of methylene blue at wavenumber
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greater than 3100 cm™ shows a broad band between 3400
and 3500 cm,’ which is caused by water. The struc-
ture of methylene green is similar to that of methylene
blue. Thus the broad band at 3508 em™ in curve 1 is al-
so attributed to water. However, after polymerization,
this band becomes very strong, and the peaks at 2972,
2928 and 2894 cm’! attributable to stretching vibration of
C—H in -CH; groups become more prominent in curve 2
compared with curve 1. This difference may be caused
by the formation of polymer chains, which leads to that
these vibration models predominate over the vibration
models of aromatic rings in poly ( methylene green). In
fact, the IR spectra of methylene green and poly(methy-
lene green) are very complicated as mentioned above,
but the difference between them, especially the peaks in
curve 2 less than in curve 1 at the wavenumber less than
1600 cm!, indicates that methylene green is polymerized
after electrolysis.

Electrochemical properties of poly ( methylene green )

Curves 1 and 2 in Fig. 5 show the cyclic voltammo-
grams of poly (methylene green) in the solution of 0.3
mol/L H,S0, and 0.5 mol/L Na,SO;, and in the solu-
tion of 0.2 mol/L H,S0, and 0.5 mol/L Na,SO,, re-

spectively. Curves 3, 4, 5, 6 and 7 show the cyclic
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voltammograms of poly(methylene green) in 0.5 mol/L
Na, SO, with pH 1.0, 2.0, 3.0, 3.6 and 4.0, respec-
tively. Both of the anodic and cathodic peak potentials
change hardly from curve 1 to curve 3. However, the
shift of the anodic peak from 0.33 t0 0.23 V, and the
shift of the cathodic peak from 0.18 to —0.063 V were
observed as the pH value increased from 1.0 (curve 3)
t0 3.6 (curve 6), respectively. This indicates that the
redox of poly(methylene green) is related to the concen-
tration of protons. This behavior is similar to that of
polyaniline.® From Fig. 5, we can see that their peak
currents decrease with increasing pH value. This means
that the electrochemical activity of poly(methylene green)
decreases with increasing pH value.

The cyclic voltammograms of poly(methylene
green) at pH 3.6 (curve 6) and pH 4.0 (curve 7) are
a little different from other curves. In the curves 6 and
7, the anodic current increases markedly at about 0.6
V, and the cathodic current also increases rapidly at
about — 0.2 V. The former may be caused by the
overoxidation of poly(methylene green) at higher pH val-
ues; the latter may be ascribed to the decrease in the ac-
tivity of poly ( methylene green) at higher pH values,
which leads to the reduction of protons at the polymer
electrode. This means that a usable potential range for
poly(methylene green) is between 0.55 and 0.18 V.
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Fig. 5 Cyclic voltammograms of poly(methylene green) polymerized on platinum foil, in the solution of 0.5 mol/L Na,SOy at various pH
values, scan rate 80 mV/s, at 25°C. Curves: (1) 0.3 mol/L H,S0, and 0.5 mol/L Na,SO,, (2) 0.2 mol/L H,S0, and 0.5
mol/L N&,S0,, (3) pH 1.0, (4) pH 2.0, (5) pH 3.0, (6) pH 3.6, (7) pH 4.0.

Fig. 6 shows the cyclic voltammograms of poly-

(methylene green) in the solution of 0.3 mol/L H,SO,
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and 0.5 mol/L Na,SOy at various scan rates. Fig. 7
shows the cyclic voltammograms of poly ( methylene
green) in 0.5 mol/L Na,SO, solution with pH 3. 8.
Their peak currents in both plots increase with the scan
rate, and the both peak potentials change a little as the
scan rate increases from 25 to 600 mV/s. This means
that poly (methylene green) has a good electrochemical
reversibility .
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Fig. 6 Cyclic voltammograms of poly(methylene green) poly-
merized on platinum foil, in the solution of 0.3 mol/
L H;SO, and 0.5 mol/L NgSO, at various scan
rates. Curves; (1) 25, (2) 50, (3) 100, (4) 200,
(5) 400, (6) 600 mV/s, at 25C.

In both plots, there are still a sharp anodic peak
and a sharp cathodic peak at 600 mV/s. This proves
that the electrochemical reaction is controlled by mass
transfer at such a high scan rate. This result is support-
ed by the plots of both peak currents i, versus "2 based
on the results from Fig. 6 and Fig. 7, since the plots
2 are all straight lines.

This is a characteristic property of mass transfer con-

(omitted here) of ip versus v

trolled process, and indicates that poly(methylene
green) has a good ability of the fast charge transfer. The
result from Fig. 7 also proves that poly(methylene
green) has a good electrochemical activity at pH 3.8.
Curves 1 and 3 in Fig. 8 show the cyclic voltam-
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Fig. 7 Cyclic voltammograms of poly(methylene green) poly-
merized on platinum foil, in the solution of 0.5 mol/
L N&,SO, with pH 3.8 at various scan rates. Curves:
(1) 25, (2) 50, (3) 100, (4) 200, (5) 400, (6)
600 mV/s, at 25C.

.mograms of poly(methylene green) in the solution of 0.3

mol/L H;S0, and 0.5 mol/L NaySO, at the first cycle
and fifiieth cycle, respectively. Curves 1 and 3 in Fig.
9 show the cyclic voltammograms of poly(methylene
green) in 0.5 mol/L Na,SO, solution with pH 3.6 at
the first cycle and fiftieth cycle. From Fig. 8 and Fig.
9, we can see that both peak currents change a little af-

ter fifty cycles. Thus, poly(methylene green) has a
good stability .

Conclusion

The electrochemical polymerization of methylene
green is significantly affected by many factors, such as
pH value and the composition of the electrolytic solu-
tion, temperature and potential. An optimum condition
for the electrochemical polymerization of methylene green
is that pH value , temperature and scan potential were
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moving adsorption of methylene green on the platinum
150l electrode and promoting polymerization of methylene
1?2 green. Poly(methylene green) has a high electrochemi-
100 - cal activity and a good stability at pH<3.8. However,
the polymerization mechanism of methylene green and
50 the structure of poly(methylene green) are rather com-
plicated. Thus, the further study for the polymerization
:f; U . mechanism and the structure of poly( methylene green)
< is required.
-50 -
References
-100 -
1 Maricq, M. M.; Waugh, J. S.; MacDiarmid, A. G.;
1501 Shirakawa, H.; Heeger, A. G. J. Am. Chem. Soc.
200 L 1978, 100, 7729.
025 0 025 050 0.75 2 L, Y.F.; Qan, R. Y. Symth. Met. 1989, 28, c127.
E(V, vs. Ag/AgCl) 3 Raymond, D. E.; Harison, D. J. J. Electroanal.
Chem. 1993, 355, 115.

Fig. 8 Cyclic voltammograms of poly(methylene green) poly- 4 MacDiarmid, A. G.; Chiang, J. C.; Halpen, M.;
merized on platinum foil, in the solution of 0.3 mol/ Huang, W. S.; Mu, S. L.; Somasiri, N. L. D.; Wu,
L H,S0, and 0.5 mol/L Na;SO;, scan rate 80 mV/ W. G.; Yaniger, S. I. Mol. Cryst. Lig. Cryst. 1985,
s. Curves; (1) first scan, (2) second scan, (3) 121, 173.
fiftieth scan. 5 Huang, W. S.; Humphrey, B. D.; MacDiarmid, A. G.

J. Chem. Soc., Faraday Trans. I, 1986, 82, 2385.
6 Tourllion, G.; Gamier, F. J. Phys. Chem. 1983, 87,
2289.
7 Yoshikawa, K.; Yoshioka, K.; Kitani, A.; Sasaki, K.
257 J. Electroanal. Chem. 1988, 270, 421.
8 Shi, G. Q.; Jin, S.; Xue, Q.; Li, C. Science, 1995,
< O 267, 994.
= 9 Wang, B. C.; Li, C. Z.; Wang, F. S. J. Power
25 Sources , 1988, 24, 115.
10 Karg, S.; Scott, J. C.; Salem, J. R.; Angelopoulos, M.
-0t Synth. Mes. 1996, 80, 11.
1 2 11 Mu, S. L.; Xue, H. G.; Qian, B. D. J. Electroanal.
7050 025 0 025 050 Chem. 191, 304, 7. _
E(V, vs. Ag/AgCl) 12 Karyakin, A. A.; Strakhova, A. K.; Karyakina, E. E.;
: Varfolomeyev, S. D.; Yatsimirsky, A.K. Bioelectrochem .

Fig. 9 Cyclic voltammograms of poly(methylene green) paly- Bioenerg. 1993, 32, 35.
merized on platinﬁm foil, in the solution of 0.5 mol/ 13 Liu, J. C.5 Mu, S. L. Synth. Met. 1999, 107, 159.

L Na,S0, with pH 3.6, scan rate 80 mV/s. Curves; 14 Karyakin, A. A.; Kayakin, E. E.; Schmidt, H. L.
(1) first scan, (2) second scan, (3) fiftieth scan. Eleciroanalysis , 1999, 11, 149.
15 Simons, W.W. Standard Infrared Grating Spectra, Sadtler

controlled at 11.0, 60°C and - 0.2 to 1.2 V, respec-
tively. Sodium tetraborate plays an important role in re-

Research Laboratories, INC.,
1980, Vol. 31—32, 20253K.

Philadelphia, U.S.A.,

(E0101111 JIANG, X.H.; DONG, L.J.)



