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Enzymatic Template Polymerization of Phenol in the Presence
of Water-soluble Polymers in an Aqueous Medium
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ABSTRACT:

The enzymatic polymerization of phenol was investigated by using water-soluble polymers (WSPs)

as template in an aqueous medium. The addition of PEG, one of WSPs, produced a miscible complex of polyphenol and

PEG as precipitates in high yields. CD measurement verified the formation of a phenol-PEG complex by hydrogen

bonding interaction. The presence of PEG in an aqueous medium greatly improved the regioselectivity of the polymer-
ization, yielding a polyphenol with the phenylene unit content higher than 90%. The amount of PEG strongly affected
the polyphenol yield. The unit molar ratio of polyphenol and PEG was ca. 1:1. The FT IR, DSC, and XRD analyses
exhibited the formation of the miscible complex of polyphenol and PEG by hydrogen bonding interaction.
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Polymerization of a monomer in the presence of a
preformed macromolecule is usually defined as tem-
plate polymerization.! The presence of the template
can influence the polymerization rate of the monomer
with respect to the blank polymerization and also
properties of the final product such as molecular
weight and stereoregularity. Template polymerization
leads to formation of polymer—polymer complexes
stabilized via noncovalent binding forces like electro-
static interactions, hydrogen bonds, hydrophobic in-
teractions, and stereocomplexation.2 It is accepted that
template polymerization proceeds according to two
different mechanisms, zip and pick-up mechanisms.!
Usually, when the monomers are connected with the
template by strong forces such as hydrogen and elec-
trostatic bonds, the polymerization starts through a zip
mechanism.!2 However, strict control of the free radi-
cal polymerization by using the template has not suc-
cessfully been achieved even in the case of a linear
template polymer with a narrow molecular weight dis-
tribution. This is probably because the free radical
polymerization is randomly initiated in the template.

Recently, enzymatic syntheses of phenolic poly-
mers have received much attention as an alternative
process for preparing conventional phenolic resins
without the use of toxic formaldehyde, a monomer
for production of conventional phenolic resins (phe-
nol—formaldehyde resins).? So far, a new class of use-
ful and high-performance polyphenols have been pre-
pared by utilizing characteristic catalysis of enzymes,
most of which can not be obtained by conventional
chemical methods.* In the enzymatic oxidative poly-

merization of phenol derivatives, however, control
of the coupling selectivity (regioselectivity) is often
very difficult, since the reaction proceeds via coupling
of free radical intermediates. From phenol, the sim-
plest and most important phenolic compound in indus-
trial fields, a soluble polyphenol consisting of a mix-
ture of phenylene and oxyphenylene units was syn-
thesized in a mixture of methanol and phosphate buf-
fer (Scheme 1).° The regioselectivity depended on the
mixed ratio of methanol and the buffer to form the
polyphenol in the range of the phenylene content from
40 to 70%. However, the regioselective synthesis of
poly(phenylene) or poly(oxyphenylene) from phenol
has not been achieved yet.

For the development of an environmentally benign
process of polymer production, the use of organic sol-
vents is not preferred. However, the enzymatic poly-
merization of phenol scarcely proceeds in a buffer;
the monomer was quantitatively converted to the pol-
yphenol in a mixture of water-miscible organic sol-
vent and buffer.> The polymerization of phenol and
m-substituted phenols in the presence of cyclodextrin
derivatives in a buffer was reported.® The addition of
cyclodextrin induced the polymerization in the aque-
ous medium to produce soluble polyphenols in high
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yields. However, a relatively much amount of cyclo-
dextrin was required for the efficient production of
the polyphenol. In the product polymer, a small
amount of cyclodextrin was contained.

Recently, poly(sodium 4-styrene sulfonate) (PSS)’
and poly(ethylene glycol) (PEG)® were reported to
act as template in the enzymatic polymerization of
phenol in water, yielding a complex of the polyphenol
and the template polymer. When PEG was used as
template, the regioselectivity greatly improved to give
the polymer mainly consisting of the phenylene unit.®°
This study deals with the enzymatic template poly-
merization of phenol using water-soluble polymers
(WSPs) in a buffer and properties of the product poly-
mers (Scheme 2).

EXPERIMENTAL

Materials

Horseradish peroxidase (HRP), phenol and PEG
were purchased from Wako Pure Chemical Industries,
Ltd. and used without further purification. Poly(N-
vinylpyrrolidone) (PVP) and poly(vinyl methyl ether)
(PVME) were obtained from Tokyo Kasei Kogyo Co.,
Ltd. Poly(2-ethyl-2-oxazoline) (PEOZ) was purchased
from Aldrich. Poly(2-methyl-2-oxazoline) (PMOZ)
was prepared according to the literature.® Poly(vinyl
alcohol) (PVA, degree of saponification: 88%) was
kindly donated by Kuraray Co., Ltd. Other reagents
and solvents were commercially available and were
used as received.

Synthesis of Polyphenol

A typical run was as follows (entry 1 in Table I).
Phenol (0.47g, 5.0mmol) and PEG (0.47g, 10.7
mmol of monomer unit) were dissolved in 0.1 M phos-
phate buffer (pH 7.0) (20mL). Then, the solution of
HRP (2.0mg, 440 units) in 0.1 M phosphate buffer
(5mL) was added. To this solution, 3.4 mL of 5% hy-
drogen peroxide (5.6 mmol) was added dropwise for
2h. The mixture was stirred at room temperature
under air. After 1h, the precipitated polymeric mate-
rials were collected by centrifugation and washed with
water repeatedly, followed by drying in vacuo to give
the polymer.
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'H NMR (DMSO-ds): 6 3.3-3.6 (m, CH,CH,O0),
6.6-7.4 (br, Ar), 9.2-9.6 (br, ArOH).

13C NMR (DMSO-dg): § 70 (C-C-0), 110-120
(Ar), 127-135 (Ar), 155-165 (Ar).

FT IR (KBr): 3289 (v O-H), 1587, 1489, 1448 (v
C=C of Ar), 1206 (v C(Ar)-O-H), 1098cm~"! (v
CH,-O-CH>).

Measurements

Size exclusion chromatographic (SEC) analysis was
carried out by using a Tosoh GPC-8020 apparatus
equipped with refractive index (RI) and UV detectors
under the following conditions: TSKgel «-3000 and
a-M columns and DMF containing 0.10 M LiCl eluent
at a flow rate of 1.00 mL/min at 60 °C. The calibration
curves were obtained using polystyrene as standard.
NMR spectra were recorded on a Bruker DPX400
spectrometer. FT IR measurements were carried out
with a PerkinElmer Spectrum One. DSC analysis
was performed using a Seiko SSC5200-DSC220 appa-
ratus at a heating rate of 10 °C/min in a nitrogen flow
rate of 30 mL/min. Circular dichroism (CD) spectra
were recorded on a Jasco J-820 spectropolarimeter
at 25°C in a nitrogen flow rate of 5 mL/min. X-ray
diffraction (XRD) measurements were carried out
with a Rigaku X-ray diffractometer RINT 2500 with
Cu Ko radiation at 50kV/300mA. The diffracto-
grams were scanned in a 26 range of 10-40° at a rate
of 2°/min.

RESULTS AND DISCUSSION

Enzymatic Polymerization of Phenol in the Presence
of Water-soluble Polymers

At first, we carried out the HRP-catalyzed polymer-
ization of phenol in a phosphate buffer (pH 7) in the
presence of various water-soluble polymers (WSPs)
such as PEG, poly(vinyl methyl ether) (PVME),
poly(vinyl alcohol) (PVA), poly(N-vinylpyrrolidone)
(PVP), poly(2-methyl-2-oxazoline) (PMOZ), poly(2-
ethyl-2-oxazoline) (PEOZ), and poly(sodium 4-sty-
rene sulfonate) (PSS) at room temperature under air
(Table I). The polymerization started by the addition
of hydrogen peroxide as an oxidizing agent. In most
cases, powdery precipitates were formed during the
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Table I. Polymerization of phenol with WSP*
Molecular weight Yield Composition ratio

Entry WSP of WSP® (x 1(%3) (%)° My (Polyghenol:WSP)"‘ Ph/Ox"
1 PEG 0.4 (9) 85 1600 1:0.59 89/11
2 PEG 2 (45) 94 2300 1:1.00 88/12
3 PVME 46 (790) _e — — —
4 PVA 91 (2000) _h — — —
5 PVP 40 (360) —2 — — —
6 PMOZ 0.9 (9) 78 1300 1:0.54 74/26
7 PEOZ 5 (50) 91 1600 1:1.02 72/28
8 PSS 70 (340) 70 2700 1:0.03 34/76
9 — — <3 — — —

#Polymerization of phenol (0.47 g, 5.0 mmol) using HRP catalyst (2.0 mg) in the presence of WSP (0.47 g)
in 0.1 M phosphate buffer (pH 7.0) at room temperature under air. ®In parentheses, degree of polymerization

of WSP. “Yield of polyphenol based on the phenol part in the complex product, determined by '"H NMR

spectroscopy using acetone as the internal standard. YDetermined by SEC using DMF as eluent with poly-
styrene standards. °Molar ratio of monomer unit between polyphenol and WSP determined by 'H NMR
spectroscopy using acetone as the internal standard. "Unit ratio of phenylene/oxyphenylene (Ph/Ox) deter-

mined by titration of hydroxyl group. #Gelation took place by mixing of phenol and the template polymer.

"Yield of polyphenol could not be determined because of the insolubility of the product in any solvents.

polymerization, which were collected by centrifuga-
tion after the polymerization. The unit ratio of phenyl-
ene/oxyphenylene (Ph/Ox) was determined by titra-
tion of the phenolic hydroxy group in the polymer.'”

In the absence of WSP (entry 9), the polymer yield
was very low. On the other hand, the polymer was ob-
tained in high yields by the addition of PEG, PMOZ,
PEOZ, and PSS. '"H NMR analysis showed that the
product was a complex of the phenolic polymer and
a WSP. Among them, PEG enormously improved
the regioselectivity to give the polymer mainly con-
sisting of phenylene unit. The regioselectivity of the
polymers obtained by using poly(2-oxazoline) deriva-
tives as template was somewhat lower than that by
PEG. In contrast, the ratio of the oxyphenylene unit
was larger than that of the phenylene unit when PPS
was used as template. These data suggest that the
structure of the template polymer strongly affected
the regioselectivity.

In the presence of PVA, the polymeric precipitates
were also formed; however, the product was not solu-
ble in any solvents. In the case of PVP or PVME, ge-
lation immediately took place by mixing of phenol
and the template polymer, probably due to the strong
interaction between the phenol monomer and these
polymers. These data clearly show that PEG was the
most effective template for the regioselective synthe-
sis of soluble polyphenols. Thus, we used PEG for
the following experiment.

Role of PEG

On the basis of the above results, we focused on the
role of PEG in the oxidative polymerization of phenol
in an aqueous medium. The change of CD spectra of
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phenol was observed in the presence and absence of
PEG (M, =2 x 10*) in phosphate buffer (pH 7.0).
The CD spectrum of phenol exhibited two negative
bands at about 225 and 270nm. By adding PEG to
the buffer containing phenol, the molar ellipticity of
the negative CD band at 270 nm decreased. A similar
behavior was not observed in the PEG solution of dif-
ferent concentration without phenol. These data sug-
gest the formation of a phenol-PEG complex and
the overall lowering of the m — 7" energy transition
(Figure 1).!! This energy transition is most likely low-
ered by non-bonded electrons of the ether groups of
PEG withdrawing electrons from the molecular orbi-
tals of phenol by the hydrogen bonding interaction.
The molar ellipticity of the CD band at 270 nm de-
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Figure 1. CD spectra of phenol and phenol-PEG (M, =

2 x 10*) complexes with different weight ratio of PEG to phenol
amount in phosphate buffer (pH 7.0). The numbers of legend in
the figure are weight ratios of PEG to phenol.
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Table II. Polymerization of phenol with different PEG amount and molecular weight*

Molecular . .. .
Entry  weight of PEG l:;? ?;j)ld M,S (ggizgﬁiﬁnpgg’ Ph/Ox
(x10%)

1 2 0.1 (0.45) 44 2800 1:1.02 93/7

2 2 0.2 (0.91) 83 2300 1:1.02 95/5
3 20 0.1 (0.45) 23 3700 1:1.04 85/15
4 20 0.2 (0.91) 40 3500 1:1.02 83/17
5 20 0.3 (1.4) 59 3700 1:1.06 82/18
6 20 0.4 (1.8) 9% 3800 1:1.03 84/16
7 20 0.5 (2.3) 93 3700 1:1.05 82/18
8 20 0.7 (3.6) 93 3700 1:1.00 80,20

9 0.2 047 2.2) <3 - — —

10 0.3 047 2.2) 27 1600 1:0.53 92/8
11 0.4 0.47 (2.2) 85 1600 1:0.59 89/11
12 1 047 2.2) 94 2000 1:0.80 88,12
13 2 047 2.2) 94 2300 1:1.00 88,12
14 6 047 2.2) 92 2200 1:1.03 88,12
15 20 0.47 2.2) 93 3700 1:1.05 82/18
16 100 0.47 (2.2) 53 3700 1:1.07 80,20
17 200 0.47 (2.2) 40 3800 1:1.09 77/23

18 300 047 2.2) <2 — — —

#Polymerization of phenol (0.47 g, 5.0 mmol) using HRP catalyst (2.0 mg) in the presence of PEG in 0.1 M
phosphate buffer (pH 7.0) at room temperature under air. ®In parentheses, molar ratio of monomer unit of

PEG for phenol. “Yield of polyphenol based on the phenol part in the complex product, determined by

'"H NMR spectroscopy using acetone as the internal standard. YDetermined by SEC using DMF as eluent

with polystyrene standards. *“Molar ratio of monomer unit between polyphenol and PEG determined by

'"H NMR spectroscopy using acetone as the internal standard. "Unit ratio of phenylene/oxyphenylene
(Ph/Ox) determined by titration of hydroxyl group.

creased with increasing the weight ratio of PEG to
phenol, suggesting the hydrogen bonding interaction
of PEG with the hydroxyl group of phenol through a
zip mechanism."? The formation of the phenol-PEG
complex was previously confirmed by UV spectrome-
ter by us; change of the specific peak intensity around
270nm was observed by the addition of PEG to the
buffer containing phenol.®

Template Polymerization of Phenol in the Presence of
PEG

Polymerization results with using PEGs of different
molecular weight are summarized in Table II. The
PEG amount greatly affected the reaction behaviors.
Figure 2 showed the effect of PEG (M, =2 x 10%)
amount on the yield and regioselectivity of the poly-
mer. The polymer yield was low in the presence of
PEG with amount less than 0.3g for 0.47g of the
phenol monomer. When using more than 0.4g of
PEG, on the other hand, the polymer was obtained
almost quantitatively. The high yield in using an ex-
cess of PEG in the molar basis is probably because
the phenol-PEG complex is formed efficiently. In all
cases, the unit molar ratio of polyphenol and PEG
was ca. 1:1.

In addition, the molecular weight of PEG affected
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Figure 2. Effect of PEG (M, = 2 x 10*) amount on polymer
yield and structure.

the yield and regioselectivity of the polymer (entries
9-18). In the range of the PEG molecular weight from
4 x 10? to 2 x 10, the yield was very high. On the
other hand, the yield decreased enormously in the
presence of PEG with molecular weight below 3 x
10% and above 1 x 10°. The low yield in using low-
molecular-weight PEG is probably because the phe-
nol-PEG complex is not formed adequately. The ge-
lation and/or large increase of the solution viscosity
were observed by the addition of PEG of high-molec-
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Figure 3. MALDI-TOF MS spectra of polyphenol complex
with PEG (M, = 4 x 10).

ular-weight to phenol, which prevents the efficient
polymer production.

The molecular weight of the resulting polyphenol
was estimated by SEC with UV detector (340 nm),
in which only the polyphenol was detected.®® The mo-
lecular weight of the polyphenol was in the range
from 1600 to 3800. The molecular weight of the poly-
phenol depended on that of PEG. This may be due to
the interaction ability of phenol and/or the resulting
polymer to PEG. In addition, the polymer formation
from phenol in the present reaction system was con-
firmed by matrix-assisted laser desorption/ioniza-
tion—time-of-flight mass spectroscopy (MALDI-TOF
MS) (Figure 3). In the case of PEG with molecular
weight of 4 x 10? (entry 11), the peaks of polyphenol
with degree of polymerization up to 22 were detected.
The peak separation corresponded to the mass of the
phenylene or oxyphenylene repeating unit, 92 m/z.

Properties of Polyphenol Complexes with PEG

The complex formation between the resulting poly-
phenol and PEG by hydrogen bonding interaction was
confirmed by FT IR (Figure 4). For the polyphenol
synthesized in an aqueous methanol without PEG,
two peaks centered at 3366 cm~! and 3524 cm™! were
observed: the former due to the self-associated phe-
nolic O—H groups and the latter due to the non-associ-
ated free hydroxyl groups. In the case of the polyphe-
nol complex with PEG synthesized in a phosphate
buffer in the presence of PEG, a peak at 3366cm™!
due to self-associated phenolic O-H group was shifted
to 3289cm~!, ascribed to phenolic O-H hydrogen-
bonding with PEG.!?

The DSC analysis of the present complex verified
the miscibility between the polyphenol and PEG. In
the DSC chart of the complex (Figure 5), no melting
point due to PEG was observed. A single glass transi-
tion temperature was seen at 43 °C, lower than that of
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Figure 4. FT IR spectra of (A) a polyphenol synthesized in a
mixture of methanol and buffer in the absence of PEG, and (B)
polyphenol complex with PEG synthesized in phosphate buffer
in the presence of PEG.
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Figure 5. DSC thermograms (second heating) of (A) PEG
(M, =2 x 10%), (B) a polyphenol synthesized in a mixture of
methanol and buffer in the absence of PEG, and (C) polyphenol
complex with PEG synthesized in phosphate buffer in the pres-
ence of PEG.

the polyphenol synthesized in an aqueous methanol
without PEG (61°C).8* These data clearly indicate
that there exists rather strong intermolecular interac-
tion between both polymers in the complexes,'® and
they are fully miscible with each other in a homogene-
ous amorphous phase. Moreover, the glass transition
temperature slightly increased as the molecular weight
of the PEG template decreased, i.e., the phenylene
unit content of the polyphenol increased (Figure 6).
Crystallographic analysis was carried out using X-
ray diffraction (XRD) for elucidating the change of
crystallinity between PEG and the polyphenol com-
plex with PEG (data not shown). The diffraction trace
of PEG showed the clear crystalline diffraction peaks
at 260 = 10-40°. For the complex, on the other hand,
the crystalline diffraction peaks of PEG disappeared

Polym. J., Vol. 36, No. 12, 2004
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Figure 6. Effect of molecular weight of PEG on glass transi-
tion temperature (7) and structure of polymer.

and the broad scattering appeared at 260 = 21°. These
data clearly support that the polyphenol synthesized in
a buffer with PEG was a miscible complex of poly-
phenol and PEG possessing a homogeneous amor-
phous phase.

CONCLUSIONS

The HRP-catalyzed polymerization of phenol effi-
ciently proceeded in water in the presence of some
WSPs to form a complex of the product phenolic
polymer with WSP. Among them, the polymer yield
was the highest when using PEG as template. The ad-
dition of PEG enormously improved the regioselectiv-
ity to give the polymer mainly consisting of phenylene
unit. The hydrogen bonding interaction of the present
complex was confirmed by the FT IR, DSC, and XRD
analyses. The present study clearly shows that the car-
bon—carbon coupling between phenolic radical inter-
mediates regioselectively takes place in the presence
of PEG, PMOZ or PEOZ in an aqueous medium. Fur-
thermore, an environmentally benign system of the
polyphenol production without use of organic solvents
has been developed by the addition of these WSPs as
template. Further studies on the synthesis of function-
al polyphenols by the enzymatic template polymeriza-
tion are under way in our laboratory.
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