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Catalyzed oxidative polymerization to form poly(2,6-dimethyl-1,4-
phenylene oxide) in water using water-soluble copper complex
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Abstract

Simply stirring 2,6-dimethylphenol with a small amount of copper complex catalyst in alkaline water provided a green way to prepare
poly(2,6-dimethyl-1,4-phenylene oxide) in water. We have searched for the optimum alkaline-resistant metal catalyst from a series of water-
soluble copper complexes. The formed polymer was easily separated as an off-white powder by filtration after salting out.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymerization reactions in water are green chemical reac-
tion processes which can be applied on a large scale [1e3].
Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is widely used
as a high-performance engineering plastic and it is prepared
both industrially and in the laboratory by the oxidative poly-
merization of 2,6-dimethylphenol (DMP) [4,5]. The polymer-
ization proceeds at room temperature, and it is an ideal atom
economical reaction that does not require any leaving groups
in producing the polymer. In spite of its importance from the
viewpoint of green chemistry, the only PPO preparation pro-
cesses and mechanism studies to this time have been restricted
to the oxidative polymerization of DMP using organic solvents
such as toluene and benzene in the presence of a copper-amine
catalyst under oxygen [6e11]. When an organic solvent is used
for the reaction, both a solvent recovery process and an anti-
explosive reactor are needed for industrial production. The
use of water as the solvent for the oxidative polymerization
to form PPO is the desired approach from a green chemical
process. There has been, however, no report in which water
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was used as a solvent for the polymerization of DMP, except
for a few studies using aqueouseorganic biphasic solvents
[12,13]. The oxidation of DMP in water is well known to
predominantly give 4-(3,5-dimethyl-4-oxo-2,5-cyclohexadi-
enylidene)-2,6-dimethyl-2,5-cyclohexadienone (DPQ) which
is formed by the CeC coupling of two monomeric phenols
[14,15]. Recently we succeeded in oxidatively polymerizing
DMP to form PPO in aqueous sodium hydroxide as the reac-
tion solvent with an excess of oxidant, theme by suppressing
DPQ formation [16e18]. The unresolved issue is that this
reaction is not catalytic and the use of an oxidant such as
potassium ferricyanide is not adequate from a green chemistry
viewpoint.

A copper-amine catalyst in aqueous sodium hydroxide is
known to form copper hydroxide by hydrolysis and the
catalyst becomes inactive. To form a high molecular weight
polymer by the oxidative polymerization in water using
copper-amine catalysts, the catalysts need to be stable in the
alkaline water and be regenerated with oxygen. To solve this
problem, we have searched for the optimum metal catalyst
from a series of water-soluble copper complexes and found that
strong chelate copper complexes are stable in alkaline water
and act as alkaline-resistant copper catalysts for oxidative
polymerization. Here we report the oxidative polymerization
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of DMP in water to form PPO using a water-soluble alkaline-
resistant copper catalyst (Scheme 1).

2. Experimental section

2.1. Oxidative polymerization of 2,6-dimethylphenol
(DMP) in water by a water-soluble catalyst

The following is a typical procedure for the polymerization
(entry 3, Table 1). The aqueous solution (50 mL) of the
complex of copper(II) dichloride dihydrate (0.85 g, 5 mmol)
with diethylenetriamine-N,N,N 0,N00,N00-pentaacetic acid (1.82 g,
5 mmol) was added to an aqueous solution (50 mL) of DMP
(6.10 g, 50 mmol), sodium hydroxide (2.00 g, 50 mmol), and
sodium n-dodecyl sulfate (1.45 g, 5 mmol) and then vigor-
ously stirred (stirring speed 3000 rpm) in oxygen at 50 �C
for 12 h. After salting out with the addition of sodium chloride
(5.80 g, 0.1 mol) or 1-dodecyl pyridinium chloride hydrate
(1.41 g, 5 mmol), the product was obtained by filtration (yield:
70%). 1H NMR: (500 MHz, CDCl3, TMS) d 6.44 (2H, s,
aromatic CeH), 2.09 (s, 6H, eCH3); 13C NMR: (125 MHz,
CDCl3, TMS) d 16.8, 114.5, 132.5, 145.4, 154.7; IR (KBr):
nCeOeC¼ 1186 cm�1. Mw¼ 8.1� 103, Mw/Mn¼ 2.0.

2.2. Thermal analyses

Thermal analyses of the polymer (entry 4, Table 2) were
performed over a temperature range from 0 to 600 �C for
the TG and from �100 to 350 �C for the DSC with a Seiko
DSC 5200 thermal analyzer at a heating rate of 10 �C/min
under nitrogen. DSC data are referred to the second heating
cycle of annealing.

OH + 1/2 n O2 n

Cu-catalyst, NaOH

water
O
n

+ n H2O

Scheme 1. Oxidative polymerization of 2,6-dimethylphenol in water by a

water-soluble catalyst.

Table 1

Oxidative polymerization of 2,6-dimethylphenol (DMP)a

Entry Ligand Yield

(%)

Mw (Mw/Mn)b

(�103) (e)

Residual Cuc

(contaminant)

1 EDTA 87 7.5 (2.7) 0.23

2 CyDTA 100 4.7 (1.8) 0.05

3 DTPA 70 8.1 (2.0) 0.12

4 EDTA-OH 37 3.3 (1.7) 1.60

5 TTHA 25 1.7 (1.1) 0.12

6 GEDTA 33 1.4 (1.4) 1.22

7 EDDP 42 1.4 (1.4) 0.84

a All of the polymerizations were carried out in water under oxygen at 50 �C;

reaction time of 12 h; DMP 0.5 mol L�1, sodium hydroxide 0.5 mol L�1, copper

catalyst 0.05 mol L�1, and sodium n-dodecyl sulfate 0.05 mol L�1.
b Determined by gel permeation chromatography relative to polystyrene

standards in chloroform.
c The residual copper in the formed PPO after salting out with sodium chlo-

ride was measured by inductively coupled plasma emission spectroscopy.
2.3. UVevis spectral detection of 4-(3,5-dimethyl-4-oxo-
2,5-cyclohexadienylidene)-2,6-dimethyl-2,5-
cyclohexadienone (DPQ)

A 1.2 mg sample of the filtered product was removed and
dissolved in toluene (10 mL). This toluene solution gave the
UVevis absorption with the maximum at 421 nm, which was
ascribed to DPQ. The molar extinction coefficient 3 was deter-
mined to be 54,000 M�1 cm�1 in toluene using pure DPQ. The
amount of formed DPQ is given as a percentage of the feed
amount of DMP. The amount of DPQ in the polymer formed
in entry 4, Table 2 was 0.5%.

2.4. Residual copper yields measurement

The residual copper yields in the formed PPO were mea-
sured by inductively coupled plasma emission spectroscopy
on a Varian VISTA-MPX by dissolving the polymer in 40%
sulfonic acid. The precipitated out polymer from water was
used to measure the residual copper yields without any copper
removal. Previous procedure for the oxidative polymerization
of DMP was carried out in toluene (100 mL) under oxygen at
room temperature; reaction time of 6 h. The reaction mixture
was poured into 5% HCl methanol solution to precipitate
the polymer; DMP 0.5 mol L�1, pyridine 5 mol L�1, copper(I)
chloride 0.05 mol L�1.

2.5. Oxygen uptake measurement

An aqueous solution (10 mL) of DMP (1.22 g, 10 mmol),
sodium hydroxide (0.40 g, 10 mmol), and sodium n-dodecyl sul-
fate (2.9 g, 10 mmol) was added to the sealed reaction vessel
which is connected to the empty sealed vessel with manostat.
Both bottles were filled with oxygen and the reaction was started
by adding the aqueous solution (10 mL) of the complex of
copper(II) dichloride dihydrate (0.17 g, 1 mmol) with diethylene-
triamine-N,N,N 0,N00,N00-pentaacetic acid (0.36 g, 1 mmol) by
additional funnel and polymerization proceeds at 50 �C for
24 h. Oxygen uptake was calculated by measuring the water
required to return the pressure of the empty vessel attached to
the reaction vessel to the atmospheric pressure using a manostat.

Table 2

Surfactant effect on oxidative polymerization of 2,6-dimethylphenol (DMP)a

Entry (CnH2nþOOSO3Na) Yield

(%)

Mw (Mw/Mn)b

(�103) (e)
Alkyl chain mol L�1

1 n¼ 12 0.05 70 8.1 (2.0)

2 n¼ 12 0.13 69 8.9 (2.1)

3 n¼ 12 0.25 98 9.3 (2.3)

4 n¼ 12 0.5 97 17 (2.6)

5 n¼ 12 1.0 97 16 (2.7)

6 n¼ 6 0.5 70 8.1 (2.0)

7 n¼ 16 0.5 95 9.6 (2.3)

a All of the polymerizations were carried out in water under oxygen

at 50 �C; reaction time of 12 h using CueDTPA 0.05 mol L�1; DMP

0.5 mol L�1, sodium hydroxide 0.5 mol L�1.
b Determined by gel permeation chromatography relative to polystyrene

standards in chloroform.
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2.6. Measurements

1H and 13C NMR spectra were recorded on a Jeol
JNM-LA500 spectrometer. Molecular weights of PPO were
determined by gel permeation chromatography (GPC) with a
Tosoh high sensitive GPC system HLC-8220GPC equipped
with UV-8220 TSK GEL using SuperHZ2000�2, Super-
HZ3000�1, and SuperHZM-M�1 as the columns, in which the
calibration curves were obtained using polystyrene standards.

3. Results and discussion

Copper(II) chloride with acetic acid substituted amine ligands,
such as ethylenediamine-N,N,N 0,N 0-tetraacetic acid (EDTA),
trans-1,2-diaminocyclohexane-N,N,N 0,N 0-tetraacetic acid (Cy-
DTA), and diethylenetriamine-N,N,N 0,N00,N00-pentaacetic acid
(DTPA), N-(2-hydroxyethyl)ethylenediamine-N 0,N 0,N 0-triacetic
acid (EDTA-OH), triethylenetetraamine-N,N,N 0,N00,N000,N000-
hexaacetic acid (TTHA), O,O 0-bis(2-aminoethyl)ethylene-
glycol-N,N,N 0,N 0-tetraacetic acid (GEDTA), and ethylene-
diamine-N,N 0-dipropionic acid dihydrochloride (EDDP) were
selected as catalysts (Scheme 2).

An admixture of DMP and a small amount of the catalyst
in alkaline water was vigorously stirred under oxygen with
a surfactant. The polymerization results are given in Table 1.
The reaction mixture became latex with the use of surfactant
but the polymer could be separated as an off-white powder
by a simple filtration after it has precipitated out. The oxida-
tion of DMP gave the polymer at a high pH (>13.5) and an
optimal temperature of 50 �C. DPQ formation is significantly
suppressed, under these conditions as we have previously re-
ported [17]. Recycling of the reaction solution is important.
However, the recovered alkaline water could not be used re-
peatedly without removing the salt which was added for pre-
cipitating out the polymer from the solution. The reaction
solution recycle will be further studied.

The catalysts CueEDTA, CyDTA, and DTPA gave a white
solid polymer in high yield and high molecular weight and
contained low residual copper. Other catalysts gave a gray
or light brown solid polymer in low yield and low molecular
weight and contained high residual copper. These results sug-
gest that the strong chelate systems in CueEDTA, CyDTA,
and DTPA, which have four or more carboxylic acids
per copper complex, stabilize the complex for the oxidative
polymerization in alkaline water. The surfactant conditions
were tuned to increase the molecular weight of the polymer.
A high molecular weight polymer (Mw¼ 1.7� 104) was
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Scheme 2. Acetic acid substituted amine ligands.
quantitatively obtained (97%) by the addition of 0.5 mol L�1

sodium n-dodecyl sulfate (Table 2, entry 4). The usage of
a large amount of additives such as surfactant is not adequate
from a green chemistry viewpoint. However, the former less
additive reaction which could form the high molecular weight
polymer would be studied by searching for the optimal surfac-
tant. The product was identified as PPO by 1H, 13C NMR, and
IR spectroscopies. The amount of DPQ in the polymer formed
in entry 4, Table 2 was 0.5% which was determined by UVe
vis absorption spectroscopy. The 10% thermal degradation
temperature and glass transition temperature of PPO (entry
4, Table 2) were determined to be 401 �C and 198 �C, respec-
tively, by TG and DSC and were comparable to those of the
commercial PPO.

n-Dodecyl pyridinium chloride and sodium chloride were
used to precipitate the polymer from the reaction mixture.
The previous procedure for the oxidative polymerization in
organic solvents was to precipitate the polymer from an
organic solvent solution by pouring into methanol. Residual
copper would be extremely deleterious to the properties in
use. The residual copper yields in the formed PPO by salting
out with sodium chloride and 1-dodecyl pyridinium chloride in
reaction using water as a solvent (entry 3, Table 1) and by the
previous procedure using toluene as a solvent were 0.12%,
0.12% and 1.10%, respectively. Salting out gave the lower
amount of residual copper in the formed polymer when com-
pared to the previous procedure using organic solvents. Previ-
ous procedure traps the copper inside the polymer during
precipitation. Salting out does not incorporate the copper cat-
alyst because the water-soluble catalyst prefers to remain in
the water solution.

The reaction time-course of the molecular weight profile of
the polymerization with regard to time was determined by
measuring the molecular weight of aliquots during the reaction
(Fig. 1). The molecular weight increased to a maximum and
became constant. Oxygen uptake during the reaction also
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Fig. 1. Reaction time-course of the molecular weight and oxygen uptake dur-

ing the reaction; B¼molecular weight, C¼ oxygen uptake. The polymeri-

zation was carried out in water under oxygen at 50 �C; reaction time of 24 h;

DMP 0.5 mol L�1, sodium hydroxide 0.5 mol L�1, sodium n-dodecyl sulfate

0.5 mol L�1, and CueDTPA 0.05 mol L�1.
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showed a similar curve and gave an amount of oxygen (ca.
60 mL, 25 mmol) which was required for 100% conversion.
These results indicate that the water-soluble catalyst was sta-
ble in the alkaline water and was regenerated with oxygen to
provide the polymer quantitatively.

Reactions with different catalyst concentrations were
carried out and catalyst efficiencies were calculated by the
following equation: catalyst efficiency¼ [DMP]� yield/[Cu
catalyst] (Fig. 2). Catalyst efficiencies reached their maximum
values at a copper catalyst concentration of 5 mmol L�1. The
usage of a small amount of catalyst is appropriate from a green
chemical viewpoint and changes the reaction greener.

4. Conclusion

We have succeeded in oxidatively polymerizing DMP in
water to form PPO using a water-soluble alkaline-resistant
copper catalyst. This oxidative polymerization in water by
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Fig. 2. Catalyst efficiency. Polymerizations were carried out using CueDTPA

as a catalyst under oxygen at 50 �C; reaction time of 12 h; DMP 0.5 mol L�1,

sodium hydroxide 0.5 mol L�1, and sodium n-dodecyl sulfate 0.05 mol L�1.
a water-soluble catalyst has the potential to be a green poly-
merization procedure.
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