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ABSTRACT: Water soluble 1,4,7-triazacyclononane
derivatives were synthesized as the model of the tyrosin-
ase binuclear active site and their copper (II) complexes
have been employed as a catalyst for the oxidative poly-
merization of 2,6-dimethylphenol using water as the sol-
vent. With this enzyme mimic catalytic system, the
polymer, poly(2,6-dimethyl-1,4-phenylene oxide), was suc-

cessfully obtained from the polymerization with suppres-
sion of the formation of the quinone by-product, 4-(3,5-
dimethyl-4-oxo-2,5-cyclohexadienylidene)-2,6-dimethyl-2,5-
cyclohexadien-one, during the polymerization process.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122: 2174–2180, 2011
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INTRODUCTION

Although the widespread use of synthetic polymers
affords many quality-of-life advantages, their manu-
facture poses major energy demands and waste
disposal problems.1 This investigation was aimed
to overcome some of these constraints in the pro-
duction of one of the well known engineering plas-
tics, poly(2,6-dimethyl-1,4-phenylene-oxide)(PPO), by
developing a new, environmental friendly ‘‘green’’
process. This new green process uses water as the
solvent, and takes advantage of metallo-complexes as
the catalyst, thus reducing the use of toxic volatile or-
ganic solvents and the need for huge antiexplosive
reactors in the manufacturing process. Traditionally,
PPO has been prepared both industrially and in the
laboratory by the oxidative polymerization of 2,6-
dimethylphenol (DMP), based on the procedures dis-
covered in 1959 by Hay and his GE group.2 The poly-
merization is carried out at pressure using organic
solvents like toluene under an oxygen atmosphere.

PPO synthesis in water is generally considered
to be very difficult as the oxidation of DMP in water
is known to predominantly give the by-product
4-(3,5-dimethyl-4-oxo-2,5-cyclohexadien-1-ylidene)-
2,6-dimethyl-2,5-cyclohexadienone (diphenoquinone,
DPQ). This by-product is formed by the CAC cou-
pling of two monomeric phenol units.3,4 Recently, we

have succeeded in synthesizing PPO in water with
suppression of the by-product DPQ using alkaline re-
sistant water soluble catalysts including a copper
complex of 1,4,7-tricarboxymethyl-1,4,7-triazacyclono-
nane.5–8 To form PPO by the oxidative polymeriza-
tion in alkaline water using copper amine catalysts,
the catalysts needs to be stable and have the attribute
of ready regeneration with oxygen. Although our ini-
tial studies with 1,4,7-tricarboxymethyl-1,4,7-triazacy-
clonone were encouraging, we have sought more
optimal metal catalysts. In this regard, our approach
has been motivated to take advantage of chemical
mimics of biological systems which also can undergo
oxidative processes.
Most chemical reactions in nature proceed in vivo

in aqueous media through catalysis by enzymes.9

The catalytic properties of enzymes are known to
depend on their three-dimensional structures. As-
sembly of the correct three-dimensional structure
permits the active site(s) of the enzyme to function
catalytically and control the structure and yield of
the product(s). For example, oxidative polymeriza-
tion is observed in nature as an important biosyn-
thetic process catalyzed by metalloenzymes, pro-
ceeding smoothly in air at room temperature in
aqueous media. Lignin, which composes 30% of
wood tissue, is produced by the oxidative polymer-
ization of coniferyl alcohol catalyzed by laccase, an
enzyme containing a copper ion at the reactive cen-
ter. The a-amino acid, tyrosine, can be oxidatively
polymerized by tyrosinase (a copper enzyme) to
melanin, the black pigment in animals. Recently, the
active sites and three-dimensional structures of
many enzymes have been investigated and enzyme
mimetics as metallo-complexes have been synthe-
sized.10 To produce PPO in water, the generation of
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appropriate chemical catalysts, which replicate these
enzyme active sites or act as enzyme mimetics, was
considered a key development. Recent studies on
copper-O2 chemistry have realized the prevalent for-
mation of the [(CuIII)2(l-O)2]

2þ and [(CuII)2(l-g
2 : g2-

O2)]
2þ core with a variety of peralkylated diamine or

triamine ligands.10–12 The active site of tyrosinase,
the enzyme for oxidative polymerization in nature,
has also recently been investigated. Its active site was
found to involve a dinuclear copper species which
was able to form a flexible bis-Cu(II) compound,
[(CuII)2(l-g

2 : g2-O2)]
2þ, as the structural core during

the catalysis, as evidenced by Sugiyama.10 (Fig. 1) To
mimic this biological system, we focused on selecting
macrocyclic structures which can form bis-metallo-
compound structures similar to the active site of
tyrosinase.

The mechanism for the formation of PPO remains
unresolved even after years of extensive research.13–15

However, it is believed that formation of a dinuclear
intermediate during the polymerization process is im-
portant.14,16 The use of bis-copper complexes as cata-
lysts for the polymerization of DMP has been pro-
posed to provide enhanced catalytic activity.15 This
improved catalytic activity was believed to occur due
to the ability of the complexes to easily form a dinu-
clear intermediate due to preorganization of the cop-
per complex. In our earlier studies, the 1,4,7-triazacy-
clononane [tacn (1)] was shown to be able to also
form a dinuclear copper complex, [(CuII)2(l-g

2 : g2-
O2)]

2þ core.12,16 (Fig. 1). Since tacn is able to form a
dinuclear copper complex site similar to that found
with the enzyme tyrosinase, its structural analogues
could have the potential to be used as biomimetic cat-
alysts for the oxidative polymerization of DMP. Vari-
ous bis-copper complexes have been investigated for
the oxidative polymerization of DMP in organic sol-
vents in the past.14,16,17 However, bis-copper com-
plexes of tacn have not been investigated for their
potential use as catalysts, in both organic solvent and
water, for the polymerization of DMP. We selected
the copper complexes of the acetate derivatives of
the bis-tacn ligand as a water soluble catalyst for the
oxidative polymerization of DMP in water.

Here, we report the oxidative polymerization of
DMP in alkaline water to form PPO using the water

soluble copper complexes of bis-tacn copper catalyst.
1,3-bis[4,7-bis(carboxymethyl)-1,4,7-triazacyclonon-
1-yl]propane [bis(tacnta) (5)] was synthesized as a
ligand and the polymerization of DMP to form PPO
carried out using the copper complex of bis(tacnta) 5
as a catalyst in alkaline water. The polymerization using
the copper complex of 1,4-bis(carboxymethyl)-1,4,7-tria-
zacyclononane [tacnda (9)] was also carried out.

EXPERIMENTAL

Materials

All reagents and materials were purchased from
Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, Australia)
and used without further purification.

Synthesis of 1,3-bis[4,7-bis(carboxymethyl)-1,4,7-
triazacyclonon-1-yl]propane [bis(tacnta) (5)]

Tacn was prepared following methods outline in the
literature.18–21 A solution of tacn 1 (3.15 g, 0.0244
mol), dimethylformamide dimethyl acetal (3.00 g,
0.0252 mol) and toluene (130 mL) was refluxed at
140

�
C overnight. Then toluene was removed on the

rotary evaporator to give 1,4,7-triazacyclo[5.2.1.04,10]-
decane 2 as a yellow oil. Yield: 89%. 1,3-Dibromo-
propane (2.19 g, 10.8 mmol) was added dropwise to
a stirred solution of 2 (3.0 g, 21.5 mmol) in dry ace-
tonitrile (20 mL) under nitrogen. The solution was
stirred overnight under nitrogen. A pale white pre-
cipitate of 1,10-(trimethylene)-bis(1-azoniatricy-
clo[2.2.2.11,4]decane) dibromide 3 was obtained
which was collected by filtration under vacuum,
washed with cold acetonitrile and air dried. Yield:
47%. The salt 3 (1.3 g, 2.7 mmol) was dissolved in
24% hydrobromic acid (50 mL), the solution was
refluxed at 140�C for 4 h then cooled to room tem-
perature. This solution was then cooled to 6�C in a
refrigerator to give a white precipitate of 1,2-
bis(1,4,7-triazacyclonon-1-yl)propane hexabromide 4.
The precipitate was collected under vacuum,
washed with acetonitrile (2 � 10 mL) and ether (2 �
25 mL), then dried under vacuum. Yield: 77%. At
last, bromoacetic acid (0.54 g, 3.89 mmol) was added
with stirring to a solution 4 (0.50 g, 0.64 mmol) in
water (4 mL) at 80�C. Sodium hydroxide pellets
were added till the pH was � 11. To maintain the
pH of solution at 11, 2M sodium hydroxide solution
was added intermittently. After stirring at 80�C for 3
days, the pH of the solution remained constant at
� 11 and the reaction was stopped. The yellow solu-
tion obtained contained the sodium salt of the ligand
bis(tacnta) 5, excess sodium hydroxide, sodium bro-
mide and sodium glycolate. IR, 1H-NMR, 13C-NMR,
and mass spectroscopic analyses were carried out on
a portion of the solution evaporated to dryness
and further dried over phosphorus pentoxide in a

Figure 1 Structural representation of: (a) active site of
tyrosinase and (b) dinuclear copper complex core formed
by tacn.
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vacuum oven for several days. Yield: 77%, 1H-NMR
(300 MHz, D2O, ppm): d 2.00 (2H, m,
NACH2ACH2ACH2AN), 3.00 (8H, s, tacn ACH2A),
3.11 (20H, m, tacn ACH2A and NACH2A
CH2ACH2AN), 3.57 (8H, s, acetate ACH2).

13C-NMR
(75 MHz, D2O, ppm): d 22.7 (NACH2ACH2A
CH2AN), 50.4 (NACH2ACH2ACH2AN), 50.9, 51.3,
54.6 (tacn ACH2A), 62.0 (acetate ACH2A), 179.5
(acetate ACO2). IR (KBr, cm�1): 3427sb [vOAH],
1589s [vC¼¼O]. Mass spectrum (ESI): m/z 597.1 (MANa
þ 2H)þ.

Synthesis of 1,4-bis(carboxymethyl)-1,4,7-
triazacyclononane [tacnda (9)]

A solution of bromoethylacetate (2.44 g, 14.6 mmol)
in acetonitrile (30 mL) was added to a solution of 2
(1.98 g, 14.2 mmol) and stirred overnight at room
temperature. The resulting white product 6 was col-
lected by flirtation, washed with ether and air dried.
Product 6 was then dissolved in water and heated
to reflux for 4 h. After removal of water and drying,
7 was obtained as a dark-orange oil. Yield: 96%. 7
(1.82 g, 7.5 mmol) was dissolved in acetonitrile and
solution of bromoethyleacetate (1.25 g, 7.5 mmol).
Sodium carbonate (7.95 g, 7.5 mmol) was added and
the mixture stirred overnight under reflux. The sus-
pension was filtered to remove the insoluble salts
and the solvent was removed from the filtrate under
reduced pressure to yield a brown oil 8. Yield: 86%.
This 8 (2.18 g, 6.6 mmol) was dissolved in aqurous
5M HCl (80 mL) and the solution refluxed for
2 days. The solution was reduced to dryness and
redissolved in water (50 mL). The water was then
removed and the residue taken up in 33% hydrobro-
mic acid (10 mL) and glacial acetic acid (5 mL). The
white precipitate that formed was filtrated, washed
with acetone and dried under nitrogen to yield
tacnda 9. Yield: 40%. 1H-NMR (300 MHz, D2O,
ppm): d 3.43 (4H, s, tacn ACH2A), 3.58 (8H, m, tacn
ACH2A), 4.03 (4H, s, acetate ACH2A). 13C-NMR (75
MHz, D2O, ppm): d 42.9, 50.36, 50.98 (tacn ACH2A)
56.46 (acetate ACH2A), 172 (acetate ACO2). IR (KBr,
cm�1): 1422s [vC¼¼O]. Mass spectrum (ESI): m/z 246
(MþH)þ.

Oxidative polymerization of 2,6-dimethylphenol
(DMP) using copper bis(tacnta) and tacnda catalyst

The following is a typical procedure for the poly-
merization. DMP (3.05 g, 25 mmol) and sodium n-
dodecyl sulfate (0.73 g, 2.5 mmol) were dissolved in
a solution of sodium hydroxide (1.00 g, 25 mmol) in
water (25 mL). A solution of bis(tacnta) or tacnda
copper complex, prepared in situ from the bis(tacnta)
5 or tacnda 6 (0.5 mmol, assuming quantitative
yield), water (25 mL) and copper (II) chloride dihy-

drate (0.085 g, 0.5 mmol) was added. The solution
was stirred with a mechanical stirrer (300 rpm) at
50�C under oxygen for 18 h. The product was salted
out by addition of 1-dodecylpyridinium chloride
hydrate (0.72 g, 2.5 mmol). The precipitate was col-
lected by filtration under vacuum, washed with
water, 10% HCl/methanol solution, methanol,
and dried under vacuum. Yield: 70% (using copper
bis(tacnta) catalyst), 99% (using copper tacnda
catalyst), 1H-NMR (CDCl3, 300 MHz): d 2.09 (s, 6H,
CH3), 6.47 (s, 2H, ArACH CH). 13C-NMR (CDCl3, 75
MHz): d 16.8 (ACH3), 114.8 (ArACH), 132.9
(ArACH), 145.8 (ArACH), 155.1 (ArACH). IR (KBr,
cm�1): 1188s [vCAOAC]. Mw ¼ 7.0 � 103, Mw/Mn ¼
2.0 (using copper bis(tacnta) catalyst), Mw ¼ 5.1 �
103, Mw/Mn ¼ 1.7 (using copper tacnda catalyst).

Oxidative polymerization of 2,6-dimethylphenol
(DMP) using copper ammonia catalyst

DMP (3.05 g, 25 mmol) was dissolved in water (25
mL) and, with oxygen bubbling through the solu-
tion, the surfactant sodium n-dodecyl sulfate (0.73 g,
2.5 mmol) was added. The solution was heated to
50�C and a dark blue solution of CuANH3, prepared
in situ from the ligand ammonia (25 mL) and copper
(II) chloride dihydrate (0.31 g, 1.82 mmol), was
added. The solution was stirred with a mechanical
stirrer (3000 rpm) at 50�C under oxygen for 18 h.
The procedure after this was the same as described
above for Cu-tacnta. Yield: 60%. 1H-NMR (CDCl3,
300 MHz): d 2.09 (s, 6H, CH3), 6.47 (s, 2H, ArACH
CH). 13C-NMR (CDCl3, 75 MHz): d 16.8 (ACH3),
114.8 (ArACH), 132.9 (ArACH), 145.8 (ArACH),
155.1 (ArACH). IR (KBr, cm�1): 1188s [vCAOAC]. Mw

¼ 4.3 � 103, Mw/Mn ¼ 1.5.

Detection of DPQ by UV-Visible spectroscopy

The presence of DPQ in PPO was determined by
analysis of a sample of the polymer in toluene using
Ultraviolet-Visible (UV-Vis) spectroscopy. About 1.3
mg of the polymer was dissolved in 10 mL of tolu-
ene and the absorption at 421 nm in the spectra indi-
cated the presence of DPQ. The molar extinction
coefficient e for a pure sample of DPQ (54,000 L
mol�1 cm�1) in toluene was used to determine the
percentage of DPQ in the polymer.6

Detection of the rate constant by UV-Vis
spectroscopy

The rate constant of the polymerization was deter-
mined by analysis of the reaction solution at 1, 2, 3,
6, 10, 15, 30, 45, 60, and 90 min using UV-Vis spec-
troscopy during the polymerization under oxygen at
50�C in water; DMP 0.25 mol L�1, sodium hydroxide
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0.25 mol L�1, sodium n-dodecyl sulfate 0.025 mol
L�1 and bis(tacnta) copper catalyst 0.0025 mol L�1.
The absorption at 562 nm from the copper (I) com-
plex of bis(tacnta) was measured at each time and
used for the second order rate equation to deter-
mined the rate constant of the reaction

Characterization

1H and 13C-NMR spectra were recorded on a Bruker
DPX-300 spectrometer. Infrared (IR) spectra were
recorded on a Perkin–Elmer Spectrum RX1 FTIR
spectrophotometer as KBr pellets. UV-Vis spectra
were recorded on a Cary 100Bio spectrophotometer
as water or toluene solutions. Electrospray (ESI)
mass spectroscopy was performed using a Waters
Australia Platform II Quadropole Mass Spectrometer
with an electrospray source. Molecular weights of
PPO were determined by GPC with a Tosoh high
performance GPC system equipped with UV-8320
TSK GEL using SuperHZ2000 � 2, SuperHZ3000 � 1
and SuperHZM �1 as the columns. Polystyrene
standards, TSK standard polystyrene purchased
from TOSOH, in chloroform were used to obtain cal-
ibration curves from the GPC. Thermal analysis of
an accurately weighed sample (5–10 mg) of the poly-
mer was performed using differential scanning calo-
rimetry (DSC), which was carried out over a temper-
ature range from 100 to 250�C with a TA DSC Q100
thermal analyzer at a heating rate of 10�C/min
under nitrogen.

RESULTS AND DISCUSSION

In this study, water soluble catalysts based on the
copper complexes of the bis(tacnta) 5 ligand and
tacnda 9 were used for the oxidative polymerization
in water of DMP. The bis(tacnta) 5 ligand was synthe-
sized by bridging two tacn 1 molecules with a propyl
linker and functionalized the four free NH group
with pendant acetate arms. Tacn 1 was prepared
following methods outline in the literature.18–21 The
synthesis of bis(tacnta) 5 was a four-step process.

First, tacn 1 was refluxed with dimethylformamide
dimethyl acetal in toluene to obtain the orthoamide
1,4,7-triazacyclo[5.2.1.04,10]decane 2 as an oil in 89%
yield.18–22 Next, this orthoamide was converted to
the bis(amidinium) salt, 1,10-(trimethylene)-bis(1-azo-
niatricyclo[2.2.2.11,4]decane) dibromide 3, using 1,3-
dibromopropane.20,23 This bis(amidinium) salt was
obtained in 47% yield. Thirdly, the orthoamide
bridge in this salt was cleaved by reaction with
hydrobromic acid to give 1,2-bis(1,4,7-triazacyclonon-
1-yl)propane hexabromide 4 in 77% yield.20,21 All
the products were characterized with 1H-NMR. In
the case of 1,2-bis(1,4,7-triazacyclonon-1-yl)propane
hexabromide the spectrum had signals at 1.91 and
3.08 ppm which were assignable to the methylene
protons in the propyl bridge. Signals for the methyl-
ene protons of the tacn ring were observed between
3.08 and 3.61 ppm. Finally, the ligand bis(tacnta) 5
was synthesized by reacting 4 with bromoacetic acid
in a sodium hydroxide solution for 3 days at 80�C to
install the four pendant acetate groups (Scheme 1).
The ligand 5 was characterized by recording the

1H-NMR and 13C-NMR spectra of a small portion of
the ligand solution that was evaporated to dryness.
The 1H-NMR spectrum for bis(tacnta) 5 showed sig-
nals at 2.66 and 3.31 ppm which corresponded to
protons on the methylene groups of the tacn ring
and the acetate pendant arm, respectively, and there
were also signals corresponding to the protons of
the bridging propyl unit at 2.00 and 3.11 ppm. In the
13C-NMR spectrum for the ligand 5, signals corre-
sponding to the methylene carbons of the tacn ring
were observed at 50.9, 51.3, and 54.6 ppm and addi-
tional signals at d 22.7 and 50.4 ppm observed for
the methylene carbons of the propyl bridge. The
methylene carbons on the acetate pendant arms and
the carboxyl groups of the acetate arms were
observed at d 62.0 and 179.5 ppm, respectively. In
the IR spectra of the ligands a peak was observed at
1589 cm�1 for bis(tacnta) 5 which is characteristic of
C¼¼O stretching. Analysis of mass spectroscopy data
for bis(tacnta) 5 revealed a peak at m/z 597 which
was attributed to the fragment [MANa þ 2H]þ,

Scheme 1 Synthesis of bis(tacnta).

OXIDATIVE POLYMERIZATION OF 2,6-DIMETHYLPHENOL IN WATER 2177

Journal of Applied Polymer Science DOI 10.1002/app



where M was the mass for the tetra sodium salt of
bis(tacnta). From these analyses, it was found that
the tri sodium salt of bis(tacnta) 5 was formed.

Solutions of the copper complexes of bis(tacnta) 5
were analyzed with UV-Vis spectroscopy. Infrared
spectra of the complexes were also recorded. For the
copper complexes of bis(tacnta) 5, d-d transitions
were observed at 664 nm. These transitions observed
were comparable to those found for similar com-
plexes in the literature.24 In the IR spectra of the
complexes the carbonyl stretching observed were
within the stretching range expected for acetate
groups (ACO2

�), that is, 1610–1550 cm�1.
Tacnda 9 was prepared by four steps from com-

pound 2. First, 2 was converted to salt 6 by stirring
in acetonitrile with ethyl-bromoacetate. The com-
pound 6 was refluxed in water to yield compound 7
in 96% yield. Next, the synthesis of 8 was carried
out in acetonitrile with ethylbromoacetate and so-
dium carbonate under reflux. The 8 was obtained as
brown oil in 86% yield. A last, 8 was refluxed in
HCl solution and taken up in HBr/glacial acetic acid
solution to yield compound tacnda 9 in 40% yield
(Scheme 2). The ligand tacnda 9 was characterized
by recording the 1H-NMR and 13C-NMR spectra.

The copper (II) chloride complex formed with the
synthesized bis(tacnta) 5 was used as a catalyst for
the oxidative polymerization of DMP in water
(Scheme 3). The complex was made in situ from cop-
per (II) chloride dihydrate for the polymerization.
An admixture of DMP and a small amount of the
catalyst in alkaline water was vigorously stirred
under oxygen with a surfactant (sodium n-dodecyl
sulfate). Polymerization reactions using copper am-
monia complex and the copper (II) chloride complex
formed with the synthesized tacnda 9 as a catalyst
was carried out as controls. The polymerization
results are given in Table I.

The powder was obtained from the polymerization
using bis(tacnta) copper catalyst in water after salting
out with 1-dodecylpyridinium chloride hydrate. The

powder was identified as PPO with 1H-NMR, 13C-
NMR, and IR spectroscopy and the molecular weight
of the PPO polymer was determined using gel per-
meation chromatography (GPC).
As evident from these results, the PPO was suc-

cessfully obtained from the polymerization in water
using the bis(tacnta) copper catalyst. The molecular
weight under aqueous condition was lower than the
PPO that can be obtained in organic solvents using
copper–pyridine complex as a catalyst (ca. > 3.0 �
104),2,25 however, it was slightly higher than the PPO
using copper ammonia complex. The polymerization
using a bis(tacnta) copper catalyst showed similar
results as the polymerization results tacnda copper
catalyst and as previous results using 1,4,7-tricarbox-
ymethyl-1,4,7-triazacyclononane.7 This result is of in-
terest that it is indicating that the mono tacn copper
complexes could be also forming the bis-copper com-
plexes during the polymerization reaction. The
results from different concentration of the catalyst in
Table I indicate that there is a suitable concentration
of catalyst to carried out this reaction to form high
yield and the molecular weight.
To investigate the properties of PPO upon heating,

the glass transition temperature (Tg) of the PPO
polymer was determined using differential scanning
calorimetry (DSC). The polymer synthesized using
the bis(tacnta) copper catalyst in alkaline water
was found to have a Tg value of 169�C. The glass
transition temperatures for PPO produced using the
bis(tacnta) copper catalyst was lower than that PPO
produced using copper–pyridine complex in organic
solvents (� 210�C).25 This was most likely due to the
lower molecular weight of the polymers.

Scheme 2 Synthesis of tacnda.

Scheme 3 Oxidative polymerization of DMP in alkaline
water using bis(tacnta) copper catalyst.
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The amount of DPQ in the polymers synthesized
was determined using UV-Vis spectroscopy. For the
polymers obtained using the bis(tacnta) copper cata-
lyst in alkaline water, complete suppression of DPQ
formation was observed within the limits of detec-
tion (Table I). It is known that the from the indus-
trial method of polymerization of DMP in organic
solvents using a copper–pyridine catalyst, less than
5% of DPQ is formed.2 There was also DPQ detected
in the polymer produced using copper ammonia as
catalyst in water. DPQ has been reported to compro-
mise properties of the polymer especially on process-
ing at high temperatures. The use of bis(tacnta) and
high pH environment (� 13–14) by sodium hydrox-
ide may have led to suppression of DPQ formation.

The molecular weight of the obtained PPO was
also monitored during the polymerization with the
bis(tacn) copper catalyst by taking small aliquots of
the reaction solution at 0, 3, 6, 18, 24, 48, and 72 h.
After immediate addition of acid to these aliquots to
terminate the reaction, these solutions were analyzed
by GPC to determine their molecular weight. Such
time-course reactions were carried out for polymer-

izations using the bis(tacnta) copper catalyst. The
results for these investigations are illustrated in Fig-
ure 2. From these studies, it is apparent that the mo-
lecular weight of PPO reached its maximum value at
around 6500 for polymerizations using the copper
complex of bis(tacnta) as a catalyst. The termination
of the polymerization when the average molecular
weight, Mw reached this value is most likely due to
the insolubility of the polymer in the water sol-
vent.8,26 The rate constant of the reaction was deter-
mined using the second order rate equation by meas-
uring the conversion of copper (II) complex to
copper (I) complex which is known as a rate-deter-
mining step of this polymerization. The conversion
of copper (II) to copper (I) was analyzed with UV-
Vis spectroscopy. It is known that the absorption of
copper (II) complex (664 nm for the copper (II) com-
plex of bis(tacnta)) decreases and the absorption of
the copper (I) complex (562 nm for the copper (I)
complex of bis(tacnta)) increases as a result of conver-
sion of copper (II) to copper (I). From the UV-Vis
results, the rate constant was determined as k ¼ 4.0
� 10�4 for the polymerization under oxygen at 50�C
in water; DMP 0.25 mol L�1, sodium hydroxide 0.25
mol L�1, sodium n-dodecyl sulfate 0.025 mol L�1,
and bis(tacnta) copper catalyst 0.0025 mol L�1.

CONCLUSION

In this study, the oxidative polymerization of DMP in
water to form PPO using a bis(tacn) copper catalyst
has been demonstrated. This oxidative polymeriza-
tion in water by with a water-soluble catalyst has the
potential to be a green polymerization procedure.

We thank Prof. Roy Jackson, Dr. Tony Patti, Dr. Warwick
Raverty, andMs Eva Campi for fruitful discussions.
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Figure 2 Reaction time-course of the molecular weight of
PPO during the polymerization reaction using bis(tacnta)
copper catalyst. The polymerization was carried out under ox-
ygen at 50�C in aqueous sodium hydroxide; DMP 0.5 mol
L�1, sodium hydroxide 0.5 mol L�1, sodium n-dodecyl sulfate
0.05 mol L�1, and bis(tacnta) copper catalyst 0.005 mol L�1.
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