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ABSTRACT: A biomimetic route for synthesis of a con-
ducting molecular complex between polyalkoxyanilines and a
polyelectrolyte, poly (sodium 4-styrenesulfonate) (SPS) is pre-
sented. Horseradish peroxidase (HRP) was used to catalyze
the polymerization of alkoxyanilines. A few of water-soluble
ring-substituted polyalkoxyanilines have been enzymatically
synthesized with variation of groups, such as ortho-methoxy,
meta-methoxy, ortho-ethoxy, and meta-ethoxy to form polyal-
koxyanilines/SPS complexes. The presence of alkoxy substitu-
ents affects the polymerization reactions. These enzymatic oxi-

dation reactions occur in a different potential range to that
observed for the chemical polymerization. Similar electro-
chemical and optical properties were obtained for every pair
of ortho- and meta-alkoxy substituted polyanilines. For com-
paring, polyalkoxyanilines were also prepared by chemical
polymerization in the presence of SPS. � 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 103: 3724–3729, 2007

Key words: enzymatic polymerization; polyalkoxyanilines;
conducting polymers; horseradish peroxidase

INTRODUCTION

The development of new and efficient catalysts plays a
central role in chemical research. Polymerization cata-
lyzed by an enzyme is a new methodology for polymer
synthesis.1 Polymers with well-defined structures can
be prepared by enzyme-catalyzed process in an envi-
ronmentally benign process that has attracted much
attention in recent years.2,3 Furthermore, enzymatic
polymerization enabled the production of polymers
having complicated structures, which would have
otherwise been difficult to synthesize. The key for en-
zymatic polymerization to proceed lies in the natures
of the monomer and the enzyme. The monomer has to
be recognized and activated by the enzyme.

Peroxidase-catalyzed synthesis of polyphenol and
polyaromatics involves a reaction mechanism that re-
sults in a direct ring-to-ring coupling of phenol and
aniline monomers.4 Dordick and coworkers reported
the enzymatic synthesis of polyphenols using horse-
radish peroxidase (HRP) for the first time.5 Also ani-
line monomers have been enzymatically polymerized
to yield a wide range of soluble polyanilines.6 Since
then, a variety of modified enzymatic reactions have
been investigated to optimize these reactions for
polyphenol and polyaromatic synthesis.7–9 Samuel-
son and coworkers reported a new conducting

water-soluble complex with applying template tech-
niques.10 Laccase-catalyzed synthesis of conducting
polyaniline was also introduced in the presence of
SPS.11 Palm tree peroxidase have used for the syn-
thesis of polyaniline (PANI) in the presence of tem-
plate,12 and Ma et al. synthesized polyaniline nano-
wire by using fully stretched DNA as growing tem-
plates and HRP as a catalyst.13 The enzymatic
polymerization of some aniline derivative14 and pyr-
role15 were recently reported by using HRP as a cat-
alyst, in our lab.

Polyaniline is a conducting polymer that presents
good stability and interesting electrochemical and opti-
cal properties.16 However, high-conductivity and good
processability are not readily compatible. Thus, recent
researches on conducting polymers have targeted im-
proving processability of these polymers by the poly-
merization of ring-substituted aniline monomers. PANI
derivatives present similar physical properties as the
parent PANI, but show an improved solubility. Lack
of solubility for polyaniline may be attributed to the
stiffness of its main chain because of the existence of a
strongly conjugated p electron system. Flexible groups
induce distortions in the polymer chain and the pre-
sence of polar group increased the polarity of the poly-
mer chain which result better solubility.17

Previously, Shan and coworkers polymerized ami-
nophenols, methoxy anilines, and 1-naphthyl amine
via the catalysis of horseradish peroxidase in diox-
ane by using hydrogen peroxide as the oxidant.2 To
study the influence of alkoxy groups at the ortho
and meta positions on the polymerization and prop-
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erties of the resulting polymers, here we wish to
report the preparation of alkoxy ring-substituted poly-
aniline by enzymatic oxidation. SPS as a template and
HRP as a catalyst were used for synthesis of water-
soluble, conducting poly(o-anisidine) (POA), poly
(o-phenetidine) (POP), poly(m-anisidine) (PMA), and
poly(m-phenetidine) (PMP). Results of enzymatic poly-
merization with chemical polymerization of alkoxyani-
lines are compared in the presence of SPS.

EXPERIMENTAL

Materials

Poly(sodium 4-styrene sulfonate) (MW of 70,000),
was purchased from Aldrich Chemical (Milwaukee,
WI) and was used without any further purifica-
tion. Horseradish peroxidase (EC 1.11.1.7) (about
170 units/mg), hydrogen peroxide (30 wt %), ammo-
nium persulfate, and alkoxyanilines were obtained
from Merck.

Polymerization reactions

The enzymatic polymerizations of o-anisidine, m-
anisidine, o-phenetidine, and m-phenetidine were
carried out in 0.1M sodium phosphate buffer at pH
4 at room temperature. An equimolar amount of
each monomer and template (12 mM) were used.
Typically, 0.0371 g (12 mM) SPS and 20.8 mL (12 mM)
o-anisidine were added to 15 mL buffer solution
under constant stirring, followed by the addition of
catalytic amount of the enzyme (2 mg HRP). To initi-
ate the reaction, a stoichiometrtic amount of diluted
hydrogen peroxide (0.02M) was added dropwise
under vigorous stirring over a period of 2 h. The
reaction was then left to stir 2 h at room temperature
at least. The dark violet resulted solution was trans-
ferred to individual regenerated cellulose tube and
was dialyzed (cut off molecular 3000) for 20 h. All
the other monomers were polymerized in the same
manner. The final solutions of the meta isomers were
purple brown. The UV-vis spectrum of the samples
diluted with buffer solution (1:10 V/V) for ortho iso-
mers and (1:1 V/V) for meta isomers were then
measured. The unreacted monomers concentrations
in the dialysis solutions were determined by meas-
uring their lmax absorbance in 1M HCl. On the basis
of the concentration of unreacted o-anisidine and
m-anisidine, the percentage yields of polymers were
calculated to be about 80 and 10%, respectively.

Polyalkoxyanilines were also synthesized by chem-
ical oxidation using ammonium persulfate in 0.1M
HCl aqueous solution. In a 100 mL flask, 6 mmol
SPS (based on monomer repeat unit) and equimolar
amounts of each monomer were dissolved in 15 mL
HCl and the solution was cooled to below 58C by

using an ice bath. A prechilled solution of 0.06 mol
of ammonium persulfate in 15 mL 0.1M HCl was
added dropwise under vigorous stirring. The result-
ing solution was left in the ice bath for 1.5 h. The
final solutions were dark green for ortho and purple
brown for meta isomers. These solutions were then
dialyzed for 20 h. The UV-vis spectrum of the poly-
mers were obtained with dilution (1 : 100 V/V) for
ortho and (1 : 10 V/V) for meta isomers. The yield of
chemical polymerization based on unreacted o-anisi-
dine and m-anisidine in the dialysis solutions were
calculated to be over 90 and about 15%, respectively.

Analytical techniques

FTIR measurements were carried out on a BRUKER
IFS 66/S FTIR spectrometer in the form of dried poly-
alkoxyanilines/SPS complexes using KBr pellets.
UV-vis spectra were obtained using a Shimadzu UV-
1601PC spectrophotometer. The cyclic voltametry
(CV) measurements were performed using a Met-
rohm Polarograph model 746 VA trace analyzer.
Cyclic voltammograms were recorded at room tem-
perature by employing a three-electrode cell with
platinum as an auxiliary electrode, an Ag/AgCl elec-
trode as the reference electrode, and a Pt foil (1 cm2

surface area) as the working electrode. The cyclic
voltammograms were obtained in 1.0M HCl electro-
lyte in polymers solutions and scanned between 0
and 1.0 V at scan rate of 100 mV/s.

RESULTS AND DISCUSSION

Aniline derivatives possess different oxidation po-
tentials than aniline. The oxidation potentials of
aniline derivatives correlate with their protonation,
which takes place in the first step of the oxidative
polymerization. Earlier studies on the alkyl ring-sub-
stituted PANIs have shown that the substituted poly-
mers have lower intrinsic oxidation state i.e., lower
imine/amine ratio than their unsubstituted emeral-
dine counter part.18 The steric hindrance and elec-
tronic effects of the substituents play an important
role in this kind of polymerization.19 The electron-
donor properties of alkoxyanilines depend on the
localization of electron density on the nitrogen atom
of the electroactive amino group. Koval’chuk et al.
have shown the potential of the first oxidation of the
isomeric anisidins,20 which can be ordered according
to the values of the first oxidation potential:

m-anisidine > p-anisidine > o-anisidine
Different results in enzymatic polymerization of

ortho- and meta-isomers of alkoxyanilines are obtained
in this work. The polyalkoxyanilines/SPS complexes
were conveniently soluble in water. Thus, homoge-
neous solutions are obtained after synthesis and dial-
ysis of these complexes. The solutions remain stable
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for a long period of time and no precipitate observed
at the 1:1M ratio of polyalkoxyanilines to SPS. The
polymerization also performed at a higher molar ra-
tio up to 4:1 of polyalkoxyanilines to SPS and no
precipitate was observed after several months. It is
therefore derived that the synthesized polymer has
good solubility in water.

To optimize the reaction condition, the enzymatic
polymerization of o-anisidine was typically carried
out at different pH ranging from 3 to 7. The absorp-
tion spectra of the POA/SPS complex in this pH
range are indicated in Figure 1. From the figure, it is
clear that the best results were obtained at pH 4. As
the pKa of o-anisidine is 4.52, a pH of 4 is sufficient
to provide the necessary cationic charges. Thus, it is
expected that as the pH of the solution increases, the
degree of protonation is justified by decreasing and
probably the degree of branching increases. This
judgment is the intensities of the bands at 760 and
580 nm, and production of a new peak at 520 nm
emerged, which the latter is assigned to the forma-

tion of branched polymer. In general, the presence of
multiple branch in the polymer structures were indi-
cated by appearance of an absorption band at �500
nm regions.6

Figure 2 shows the absorption spectra of aqueous
solutions of polyalkoxyanilines/SPS complexes at
pH 4. As can be seen, the polymerization of ortho
isomers gives relatively high yields, while for meta
isomers, the yields are low. Three strong bands at
320, 560, and 735 nm in the spectra of ortho isomers
and two weak bands at 520 and 730 nm for meta iso-
mers were observed. These UV-vis spectra were
completely different with that obtained from chemi-
cally synthesized polyalkoxyanilines. The results of
enzymatic polymerization of alkoxyanilines with
chemical polymerization of o-anisidine in the pres-
ence of SPS were compared in Figure 3. This figure
shows the UV-vis spectra of POA/SPS complex
synthesized by enzymatic [Fig. 3(a)] and chemical
[Fig. 3(b)] methods. Three strong bands were ob-
served at 340, 420, and 790 nm for chemically syn-
thesized POA/SPS complex, and obviously the re-
sults of these two methods were completely differ-
ent. Our earlier works have shown that the results of
enzymatic polymerization of alkyl substituted ani-
line14,21 and N-alkyl substituted aniline22 were in
good agreement with the chemically synthesized
polymers. However the changes observed here are
probably because of the different interaction of
enzyme and chemical oxidants with alkoxy-substi-
tuted anilines and also difference in the potential of
oxidation of enzyme and chemical oxidants.

The polyalkoxyanilines/SPS complexes produced
at pH 4.0 were studied in detail. The shifts in UV-
vis spectra of these complexes with varying pH were
considered. For ortho-isomers, when the pH of the
solution increased, great changes were observed,
while for meta-isomers, no considerable changes
were seen. The shift in UV-vis spectra of POA/SPS
complex was typically shown in Figure 4. As the pH

Figure 3 UV-vis spectra of (a) enzymatic and (b) chemical
synthesis of POA/SPS complex.

Figure 1 UV-vis spectra of POA/SPS complex obtained
by enzymatic polymerization at different pH (a) 3, (b) 4,
(c) 6, and (d) 7.

Figure 2 UV-vis spectra of enzymatic synthesis polyalko-
xyanilines/SPS complexes.
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is increased from 4 to 12, the bands at 745 and 570
nm gradually disappear with the emergence of a
new peak at 480 nm, and at the same time, the band
at 320 nm increased. At pH 4, the color of solution is
dark violet and as the pH increased with addition of
1N NaOH, the color has changed to blue at pH 8
and purple at pH 12. At pH 12, the POA/SPS com-
plex is completely dedoped and the absorption spec-
trum is comparable to chemically synthesized POA/
SPS base complex. This process shows reversible
reduction/oxidation behavior in the absorption spec-
tra. When the pH of the solution is decreased from
12 to 4 by using HCl, a reverse process was ob-
served, and the solution color changed from purple
to violet. Figure 5 proves that this process is com-
pletely reversible. This pH-induced redox reversibi-
lity demonstrates that the electroactive poly (o-ani-
sidine) was enzymatically synthesized.7 The same
results were obtained for POP/SPS complex, but for
PMA/SPS and PMP/SPS complexes, we did not see
considerable change and redox reversibility.

The FTIR spectra of SPS and polyalkoxyanilines/
SPS complexes are presented in Figure 6. In FTIR

spectra of ortho isomers, some characteristic bands
for polyaniline derivatives are observed. The peak at
1600 cm�1 is assigned to ring stretched of quinoid
form and other peak at 1502 cm�1 is assigned to the
benzenoid ring.23,24 A weak peak at 1408 cm�1 is
attributed to the C��N stretching vibration in qui-
noid imine units.25 The band at 1290 cm�1 can be
assigned to C��N stretching vibrations of the groups
with partially double bond order.26 Two other peaks
at 835 and 758 cm�1 are related to the C��H out-of-
plane bending of 1, 2, 4-trisubstituted benzene ring.
In the FTIR spectra of the meta isomers, some weak
peaks characteristic of polyalkoxyanilines are seen.
These results confirm the UV-vis spectra and show
that the position of substitutions is very important in
the polymerization. For a pair of ortho- and meta-
substituted isomers, the ortho-substituted aniline
always gives a higher polymerization yield. These
observations indicate that polyalkoxyanilines/SPS
complexes result mainly from head-to-tail coupling
and enzymatic polymerization of alkoxyanilines pro-
ceeds via formation of �� C��N¼¼C�� and ��C��
NH��C�� bonds.

The FTIR spectra of poly(o-anisidine) obtained by
enzymatic and chemical polymerizations in the pres-
ence of SPS were shown in Figures 7(a) and 7(b),
respectively. Enzymatic polymerization of o-alkoxya-
nilines yields violet solutions, whereas chemical po-
lymerization yields green solutions. As it can be
seen, these two spectra show some differences to
each other. Looking at the band ratio between the

Figure 6 FTIR spectra of (a) SPS (b) POA/SPS (c) POP/
SPS (d) PMA/SPS, and (e) PMP/SPS complexes.

Figure 5 Absorption spectra of enzymatically synthesized
POA/SPS during titration with HCl in the pH range of 12–4.

Figure 4 Absorption spectra of enzymatically synthesized
POA/SPS during titration with NaOH in the pH range of 4–12.
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quinoid and benzenoid bands in the FTIR spectra, it
shows that the relative intensity of quinoid (1600 cm�1)
to benzenoid (1502 cm�1) bands is greater for enzy-
matic polymerization. We can estimate that in the
case of enzymatic oxidation, we have higher qui-
noimine structure in the polymer chain relative to
chemical oxidation. These observations confirmed
the results obtained by UV-vis spectra.

The electrochemical nature of ortho-substituted PANIs
in the complexes synthesized by different methods was

measured by cyclic voltammetry, and all of them
were electroactive. Earlier studies on PANIs have
shown that the cyclic voltammograms of the sub-
stituted polyanilines exhibit two oxidation peaks.27

Figure 8 shows the cyclic voltammograms of enzy-
matically prepared POA/SPS [Fig. 8(a)] and POP/
SPS [Fig. 8(b)] complexes. Two anodic and two
cathodic peaks were observed at these voltammo-
grams. The anodic peak current (Epa) values of
POA/SPS, POP/SPS, PMA/SPS, and PMP/SPS com-
plexes at a scan rate of 100 mV/s are shown in Table I.
As it is evident, the values of Epa show a positive
shift from POA to PMA. These results are in agree-
ment with the earlier works, although in enzyma-
tic method, the second anodic peak is very weak.20

Figure 9 indicates the voltammograms of poly(o-
alkoxyanilines) obtained by chemical polymerization
in the presence of SPS. Two anodic signals are
observed at 0.29 and 0.46 V for POA/SPS complex
[Fig. 9(a)] and at 0.31 and 0.45 V for POP/SPS com-
plex [Fig. 9(b)]. However, the oxidation potentials
are dependent upon the nature of the substituents.
Electron-donating substituents lower the potential of
oxidation and thus are confirmatory of more easily
oxidized species. In contrast, we have seen a positive
shift to lower potential for the first anodic peaks when
compared with unsubstituted polyanilines. It seems that

Figure 8 Cyclic voltammograms of enzymatically synthe-
sized (a) POA/SPS and (b) POP/SPS complexes obtained
at 100 mV/s.

TABLE I
Cyclic Voltammetry Data for Polyalkoxyanilines/SPS
Complexes in 1.0M HCL at a Scan Rate of 100 mV/s

Polyalkoxyanilines/SPS

Anodic peaks
(V vs Ag/AgCl)

Epa1 Epa2

POA/SPS 0.30 0.72
POP/SPS 0.34 0.68
PMA/SPS 0.46 –
PMP/SPS 0.47 –

Figure 9 Cyclic voltammograms of chemically synthesized
(a) POA/SPS and (b) POP/SPS complexes obtained at
100 mV/s.

Figure 7 FTIR spectra of POA/SPS complex synthesized
by (a) enzymatic and (b) chemical polymerization.
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the presence of bulky substituents can induce some
nonplanar conformations and result in higher oxidation
potentials. However, for the second anodic peaks, con-
tribution of the electron-donating of alkoxy groups
become more important and leads to the negative shift
for the second oxidation peak. For poly(m-alkoxyani-
lines) obtained by enzymatic and chemical oxidation,
we did not get convenient cyclic voltammograms that
confirm other results.

CONCLUSIONS

Methoxy and ethoxy mono-substituted polyaniline
have been synthesized in ambient condition at pH 4
by enzymatic polymerization in the presence of a
template. The electroactive complexes were charac-
terized by spectroscopy. The presence of alkoxy sub-
stituents affects the polymerization reactions. It has
been observed that the size and position of the sub-
stituent have strong effect on the polymerization
yields. Similar results were obtained for every pair
of ortho- and meta-alkoxy substituted polyanilines.
We compared the enzymatic oxidation of alkoxyani-
lines with chemical oxidation. The results of enzy-
matic polymerization are different from chemical po-
lymerization. These differences are probably due to
different interaction of enzyme and chemical oxi-
dants with monomers. The FTIR spectroscopic inves-
tigations are consistent with the UV-vis spectroscopy
and cyclic voltammetry results.
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