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ABSTRACT: Enzymatic oxidative polymerization of 2,6-dimethylphenol has been carried out in an
aqueous organic solvent at room temperature under air. Laccase derived from Pycnoporus coccineous
and horseradish and soybean peroxidases were active for the polymerization, yielding polymeric materials
with molecular weights of several thousands. The product polymer was in all cases soluble in common
organic solvents. The polymerization behavior was dependent on the enzyme type. The effects of the
solvent composition have been systematically investigated with respect to the polymer yield and molecular
weight. The mixing ratio between the organic solvent and buffer affected the polymer yield, and the
highest yield was achieved in 60% buffer. Various water-miscible organic solvents such as acetone,
methanol, and 1,4-dioxane were available as components of the mixed solvent. In using laccase catalyst,
the acidic buffer afforded the polymer in high yields. NMR and matrix-assisted laser desorption/ionization
time of flight mass spectroscopic analyses showed that the present polymer was exclusively composed of
2,6-dimethyl-1,4-oxyphenylene units.

Introduction

Poly(2,6-dimethyl-1,4-oxyphenylene) (poly(phenylene
oxide), PPO) is widely used in high-performance engi-
neering plastics, since the polymer has excellent chemi-
cal and physical properties,1 e.g., a high glass transition
temperature (ca. 210 °C), and is mechanically tough.
PPO was first prepared from 2,6-dimethylphenol mono-
mer using a copper/amine catalyst system.2 Recently,
a PPO derivative was synthesized by polymerization of
a spiro compound involving elimination of formalde-
hyde.3
There has been much interest in polymerizations

catalyzed by enzymes (“enzymatic polymerizations”) as
a new methodology of polymer syntheses.4,5 Recently,
enzymatic synthesis of polyaromatics has been exten-
sively developed.6-17 Phenol and alkylphenols were
oxidatively polymerized by peroxidases in an aqueous
organic solvent to produce novel polymeric materials,
mainly consisting of a mixture of phenylene and ox-
yphenylene units.8-11 The resulting polymers exhibited
relatively high thermal stability. This process is ex-
pected to be an alternative for production of conven-
tional phenol resins (novolak and resol resins), which
involves the use of toxic formaldehyde. Bilirubin oxi-
dase induced regioselective polymerization of 1,5-dihy-
droxynaphthalene, yielding a poly(phenylene) insoluble
in common organic solvents.16 o-Phenylenediamine was
polymerized by peroxidase catalyst to give a soluble
polymer having an iminophenylene unit, which is hard
to synthesize by conventional oxidative polymeriza-
tions.17
Very recently, we have achieved enzymatic synthesis

of a PPO analogue, poly(2,6-dimethoxy-1,4-oxyphen-
ylene), by a laccase-catalyzed oxidative polymerization
of 3,5-dimethoxy-4-hydroxybenzoic acid,18 which is a
new type of enzymatic polymerization involving elimi-
nation of carbon dioxide and hydrogen from the mono-
mer. This study deals with another approach to an
enzymatic PPO synthesis, by oxidative polymerization
of 2,6-dimethylphenol (Scheme 1). The catalysts used
in this study were laccase derived from Pycnoporus
coccineous and horseradish and soybean peroxidases

(HRP and SBP, respectively). Relevant to this study,
the polymerization of this monomer catalyzed by HRP
in a mixture of 1,4-dioxane and buffer (85:15 vol %) was
briefly reported,6 in which the formation of oligomeric
compounds (molecular weight ) 400) was observed, but
the characterization of the oligomer was not well
performed.

Results and Discussion
Laccase-Catalyzed Polymerization. Laccase has

catalytic ability not only to degrade lignin in vivo but
also to polymerize lignin precursors.19 In our previous
communication, we reported that laccase was available
as a catalyst for the enzymatic oxidative polymerization
of phenol derivatives,18 in which a mixed solvent of
acetone and acetate buffer (pH 5) afforded the polymer
in good yields.
In this study, the laccase-catalyzed polymerization of

2,6-dimethylphenol was first performed in a mixture of
acetone and 0.1 M acetate buffer (pH 5, 40:60 vol %) at
room temperature for 24 h under air. The monomer
conversion was determined by HPLC to be 100%. The
polymeric materials were obtained by a reprecipitation
procedure (chloroform as solvent, methanol as nonsol-
vent) in 57% yield. The filtrate of the reprecipitation
contained 3,5,3′,5′-tetramethyl-4,4′-diphenoquinone (DPQ,
ca. 40% yield), which was confirmed by mass spectros-
copy (m/z ) 241). DPQ was produced by oxidative
coupling of two molecules at the 4 position of the
monomer during the polymerization. The molecular
weight of the polymer, determined by gel permeation
chromatography (GPC), was 2700; this value might be
somewhat larger than that of the total resulting poly-
mers due to the loss of methanol-soluble polymer parts
during the purification procedure. The monomer was
quantitatively recovered in the polymerization without
laccase (control experiment), indicating that the present
polymerization proceeded through enzymatic catalysis.
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The polymerization was performed in the 60% buffers
of different pH (Table 1). In using the buffer of pH 3,
the monomer was almost recovered (the conversion was
4%). Polymer formation was observed in the range of
pH from 4 to 5 (Table 1, entries 2, 3, and 7). Polymer
yield and molecular weight hardly changed. The present
laccase shows the highest activity in buffer of pH 4.5,
which is in agreement with the pH region showing high
activity for the present polymerization. In the aqueous
acetone containing buffers of pH more than 5.5, how-
ever, the polymer was not obtained (Table 1, entries 15-
17).
The effect of the buffer content was examined by using

acetone and the acetate buffer (pH 5.0). Monomer
conversion was high (>90%), except in the polymeriza-
tion using 20% buffer, whereas the polymer yield
strongly depended on the buffer content: there was a
maximum point at 60% buffer (Figure 1). A similar
behavior was observed in the peroxidase-catalyzed
polymerization of phenol in a mixed solvent of 1,4-
dioxane and phosphate buffer.11 The molecular weight
was almost constant.
Various water-miscible organic solvents, acetonitrile,

1,4-dioxane, ethanol, and methanol as well as acetone,
were usable for the present polymerization (Table 1,
entries 7 and 11-14). 1,4-Dioxane afforded the polymer

in the highest yield (61%, Table 1, entry 12). The nature
of the organic solvent had little effect on the molecular
weight. The product polymer was in all cases soluble
in common organic solvents.
Relationships between the monomer conversion and

the yield and molecular weight of the polymer in the
present polymerization are shown in Figure 2. The
monomer conversion and polymer yield gradually in-
creased as a function of polymerization time. The
molecular weight (peak-top value) increased with in-
creasing polymer yield. This polymerization behavior
is different from that when using a copper/amine
catalyst system: the molecular weight rapidly increased
at the end of the reaction (condensation-type polymer-
ization).20 This may be due to the formation of the
polymer precipitate during the reaction in the present
laccase-catalyzed polymerization.
Peroxidase-Catalyzed Polymerization. Until now,

horseradish and soybean peroxidases (HRP and SBP,
respectively) have been reported to be active for the
oxidative polymerization of phenol derivatives.6-15 In
this study, HRP was mainly used as catalyst. Polym-
erization results are summarized in Table 2.
The resulting polymer had the same structure as that

obtained when using laccase catalyst. Effects of buffer
pH on the polymerization have been investigated in 60%
buffer. The polymer yield was more than 30% in acidic
buffer (pH 5, Table 2, entry 3) as well as basic buffer

Table 1. Laccase-Catalyzed Polymerization of
2,6-Dimethylphenola

solvent

entry
buffer
pH

organic
solvent

buffer
content (%)

yieldb
(%) Mn

c Mw/Mn
c

1 3.0 acetone 60 0
2 4.0 acetone 60 53 3300 2.1
3 4.5 acetone 60 57 2900 2.0
4 5.0 acetone 20 0
5 5.0 acetone 40 3 3400 1.6
6 5.0 acetone 50 33 3000 1.7
7 5.0 acetone 60 57 2700 2.0
8 5.0 acetone 70 40 3000 2.3
9 5.0 acetone 80 29 2800 1.9
10 5.0 acetone 90 13 3300 2.3
11 5.0 acetonitrile 60 46 3700 2.2
12 5.0 1,4-dioxane 60 61 3000 1.9
13 5.0 ethanol 60 48 3300 1.8
14 5.0 methanol 60 23 3300 2.0
15 5.5 acetone 60 0
16 7.0 acetone 60 0
17 12.0 acetone 60 0
a Polymerization was performed at room temperature for 24 h

under air. b Methanol-insoluble part. c Determined by GPC using
the chloroform eluent, calibrated with polystyrene standards.

Figure 1. Effects of buffer content on the yield and molecular
weight of PPO in the laccase-catalyzed polymerization of 2,6-
dimethylphenol using a mixture of acetone and acetate buffer
(pH 5.0) as solvent.

Figure 2. Polymerization time versus the monomer conver-
sion (b), yield (2), and molecular weight (9) of the polymer in
the laccase-catalyzed oxidative polymerization of 2,6-dimeth-
ylphenol in a mixture of acetone and acetate buffer (pH 5.0,
40:60 vol %).

Table 2. Peroxidase-Catalyzed Polymerization of
2,6-Dimethylphenola

solvent

entry
buffer
pH

organic
solvent

buffer
content (%) catalyst

yieldb
(%) Mn

c Mw/Mn
c

1 3.0 acetone 60 HRP 0
2 5.0 acetone 40 HRP 2
3 5.0 acetone 60 HRP 33 3200 1.8
4 5.0 acetone 60 SBP 38 4500 1.8
5 5.0 acetone 80 HRP 13 6900 1.9
6 5.0 acetonitrile 60 HRP 2
7 5.0 1,4-dioxane 60 HRP 28 3500 1.5
8 5.0 ethanol 60 HRP 18 3700 1.7
9 5.0 methanol 60 HRP 25 2500 1.8
10 7.0 acetone 60 HRP 9 2900 1.3
11 8.0 acetone 60 HRP 6 2600 1.2
12 9.0 acetone 60 HRP 37 3400 1.5
13 11.0 acetone 60 HRP 20 2400 1.8

a Polymerization was performed using hydrogen peroxide as
oxidizing agent at room temperature for 24 h under air. b Metha-
nol-insoluble part. c Determined by GPC using the chloroform
eluent calibrated with polystyrene standards.
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(pH 9, Table 2, entry 12). This behavior is contrasted
with that of the HRP-catalyzed polymerization of phenol
in aqueous 1,4-dioxane: the highest yield was achieved
in the acetate buffer of pH 5, and the yield was greatly
decreased in alkaline buffer (pH 9-11).11

The mixing ratio of acetone and the acetate buffer (pH
5) affected the polymerization behaviors (Table 2,
entries 2, 3, and 5). Polymerization in 60% buffer
produced the polymer in the highest yield. A similar
behavior was observed in the laccase-catalyzed polym-
erization (Figure 1). The highest molecular weight
(6900) was achieved in the 80% buffer.
The polymerization was also carried out in a mixture

of various water-miscible organic solvents and the
acetate buffer (pH 5, Table 2, entries 3 and 6-9). In
all cases, the monomer conversion was very high
(>90%), yielding not only PPO but also DPQ. Besides
acetone, 1,4-dioxane, ethanol, and methanol were also
effective as components of the mixed solvent (Table 2,
entries 7-9); however, polymerization in the aqueous
acetonitrile produced the polymer in a very low yield
(Table 2, entry 6). In the polymerization catalyzed by
SBP in the aqueous acetone, the monomer was quan-
titatively consumed. The yield and molecular weight
of the polymer were larger than those obtained with
HRP under similar reaction conditions (Table 2, entries
3 and 4).
The structure and function of HRP were reported to

be affected by the composition of the aqueous organic
solvent.21,22 In this study, the enzyme type as well as
the solvent composition greatly affected the polymeri-
zation behavior, e.g., the polymerization results obtained
using HRP were different from those obtained using
SBP or laccase in the same solvent (Tables 1 and 2).
This may be due to the difference of the enzyme activity
in the aqueous organic solvent and/or of the reaction
mechanism. No clear relationship between the solvent
hydrophilicity and the polymerization behavior has so
far been observed.
Thermal properties of the polymer were evaluated by

using differential scanning calorimetry (DSC) and ther-
mogravimetry (TG). In the DSC measurement of the
polymer sample (entry 3 in Table 2) under nitrogen, the
glass transition temperature (Tg) was observed at 136
°C, which was lower than the literature value (ca. 210
°C).1 This may be because the present polymer had a
low molecular weight. TG analysis under nitrogen
showed that the temperature at 10 wt % loss was 360
°C, indicating that the enzymatically synthesized PPO
had a relatively high thermal stability.
Structural Analysis. The polymer structure was

analyzed by 1H and 13C NMR spectroscopy as well as
matrix-assisted laser desorption/ionization time of flight
mass spectroscopy (MALDI-TOF MS). The commer-
cially available PPO is synthesized by oxidative polym-
erization of 2,6-dimethylphenol using copper/amine
catalyst. This polymerization is known to involve
several side reactions, resulting in Mannish base and
DPQ incorporations into the polymer.23

In the 1H NMR spectrum, two large peaks at δ 6.5
and 2.1 ascribable to protons of PPO were observed.
Besides them, four small peaks were seen at δ 7.1, 6.4,
2.2, and 2.0 due to protons of the R,ω-terminal units
(for detailed assignment of peaks, see Experimental
Section).24 The 13C NMR spectrum exhibits five main
peaks ascribed to carbons of the 2,6-dimethyl-1,4-
oxyphenylene unit as well as eight small characteristic
peaks, which are well assigned to the terminal units.25

No additional peaks were detected in both 1H and 13C
NMR spectra.
MALDI-TOFMS has been successfully utilized for the

characterization of biomolecules.26 Recently, this method
has been applied to characterization of synthetic
polymers.27-29 In this study, we used MALDI-TOF MS
for characterization of the enzymatically synthesized
PPO. Figure 3 shows the mass spectrum of the PPO
sample (entry 3 in Table 2). The expected molecular
weight is given by 120n + 2, where n is the degree of
polymerization. The mass of the peak-top (1685) agreed
with the calculated molecular weight value of cations
(M + H)+ (n ) 14) and was somewhat smaller than that
determined by 1H NMR (Mn ) 2170). This may be
because the high molecular weight portion was partly
ionized under the measurement condition. The peak-
to-peak distance was 120, which is the molecular weight
of the PPO repeating unit. These spectral data indicate
that the present polymer was exclusively composed of
2,6-dimethyl-1,4-oxyphenylene units.

Conclusion

2,6-Dimethylphenol was oxidatively polymerized
through enzyme catalysis in a mixture of water-miscible
organic solvent and buffer to produce PPO with a
molecular weight of several thousands. Although the
molecular weight was not high, the product polymers
are readily soluble in common organic solvents and
hence will find useful applications, such as preparation
of macromonomers and block copolymers containing
PPO endblocks. Laccase from Pycnoporus coccineous
and horseradish and soybean peroxidases were active
for the present polymerization. The polymerization
behaviors were dependent on the enzyme type as well
as the solvent composition. In the laccase-catalyzed
polymerization, the use of acidic buffer (pH 4-5) af-
forded the polymer in high yields. The resulting poly-
mer was found to be exclusively composed of 2,6-
dimethyl-1,4-oxyphenylene units by NMR and MALDI-
TOF analyses. Further studies on the mechanism of
the present polymerization are now under way in our
laboratory.

Experimental Section

Materials. 2,6-Dimethylphenol was commercially available
and used as received. Laccase, HRP, and SBP were purchased
from Koken Co., Wako Pure Chemical CO., and Sigma,
respectively. These enzymes were used without further purifi-
cation.

Figure 3. Positive MALDI-TOF spectrum of PPO using
dithranol matrix (entry 3 in Table 2).
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Laccase-Catalyzed Polymerization. The following is a
typical procedure for the polymerization (entry 7 in Table 1).
2,6-Dimethylphenol (0.31 g, 2.5 mmol) was dissolved in a
mixture of acetone (10 mL) and acetate buffer (0.1 M, pH 5.0,
15 mL). The polymerization started upon the addition of
laccase solution (250 µL, 2.95 mg of protein). The reaction
mixture was vigorously stirred under air at room temperature
for 24 h. The solvent was evaporated under reduced pressure,
and the residue was washed successively with water and
methanol. The residue was dissolved in a small amount of
chloroform, and the solution was poured into a large amount
of methanol. The preciptiates formed were collected by
filtration, followed by drying in vacuo to give 0.17 g of the
polymer (yield 57%).
Peroxidase-Catalyzed Polymerization. The following

is a typical procedure for the polymerization (entry 3 in Table
2). Under air, 2,6-dimethylphenol (0.31 g, 2.5 mmol) and HRP
(10 mg) in a mixture of 10 mL of acetone and 15 mL of 0.1 M
acetate buffer (pH 5) were placed in a 50 mL flask. Hydrogen
peroxide (30% aqueous solution, 28 µL, 0.25 mmol) was added
to the mixture every 15 min for 10 times at room temperature.
After 24 h, the solvent in the reaction mixture was evaporated
under reduced pressure. The residue was washed successively
with water and methanol. After the reprecipitation procedure
(chloroform as solvent, methanol as nonsolvent), the polymeric
material was collected and dried in vacuo (yield 0.10 g, 33%):
1H NMR (CDCl3) δ 2.0 (Ha), 2.1 (Hc), 2.2 (He), 6.4 (Hb), 6.5 (Hd),
7.1 (Hf).

13C NMR (CDCl3) δ 16.6-16.8 (Ca), 114.1 (Cd), 114.5 (Ch), 124.4
(Cc), 125.0 (Cm), 129.0 (C1), 131.6 (Ck), 132.7 (Cg), 145.6 (Cf),
146.4 (Cb), 151.5 (Cj), 154.5 (Ce), 154.8 (Ci).

Measurements. GPC analysis was carried out using a
Toso SC8010 apparatus with a refractive index (RI) detector
under the following conditions: TSKgel, G2500HHR column,
and chloroform eluent at a flow rate of 1.0 mL/min. The
calibration curves for GPC analysis were obtained using
polystyrene standards. Monomer conversion was determined
by HPLC analysis using a Hitachi 655A-12 pump and a 655A
UV monitor under the following conditions: Toso ODS-120T
column and aqueous methanol eluent (water:methanol ) 33:
67 vol %) at a flow rate of 1.0 mL/min. Molecular weight of
DPQ was measured by using a Hitachi LC/MS M-1200H mass
spectrometer. 1H and 13C NMR spectra were recorded on a
400 MHz Bruker DPX400 spectrometer. Mass measurement
of polymers was carried out using a Bruker Protein TOF mass
spectrometer, equipped with a 337 nm nitrogen laser. Molec-
ular weights were recorded using dithranol as matrix in a

linear mode. Mass spectra were calibrated with substance P
before measurement. DSC measurement was made at a 10
°C/min heating rate under nitrogen using a Seiko SSC/5200
differential scanning calorimeter calibrated with an indium
reference standard. TG analysis was performed using a Seiko
SSC/5200 apparatus for thermogravimetry/differential thermal
analysis at a heating rate of 10 °C/min and a gas flow rate of
300 mL/min under nitrogen.
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