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ABSTRACT: Well-defined poly(methyl methacrylate)
(PMMA) with an �-isobutyronitrile group and an �-bromine
atom as the end groups was synthesized by the microemul-
sion polymerization of methyl methacrylate (MMA) at 70°C
with a 2,2�-azobisisobutyronitrile/CuBr2/2,2�-bipyridine
system. The conversion of the polymerization reached
81.9%. The viscosity-average molecular weight of PMMA
was high (380,000), and the polydispersity index was 1.58.
The polymerization of MMA exhibited some controlled rad-
ical polymerization characteristics. The mechanism of con-

trolled polymerization was studied. The presence of hydrogen
and bromine atoms as end groups of the obtained PMMA was
determined by 1H-NMR spectroscopy. The shape and size of
the final polymer particles were analyzed by scanning probe
microscopy, and the diameters of the obtained particles were
usually in the range of 60–100 nm. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 3670–3676, 2006
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INTRODUCTION

Since Szwarc1 first reported anionic living polymer-
ization, which realized truly living polymerization
(without chain transfer and chain termination), much
effort has been expended to find a living radical po-
lymerization system2,3 because radical polymerization
plays a significant role in industrial processes. In re-
cent years, several methods, such as nitroxide-medi-
ated stable free-radical polymerization,2,4 atom trans-
fer radical polymerization (ATRP),3,5–8,10,11–15 and re-
versible addition–fragmentation chain transfer,9 have
been developed for the living radical polymerization
process.

ATRP is a versatile technique for the synthesis of
well-defined polymers with various architectures
(e.g., block, graft, and star polymers)5,16,17 and narrow
molecular weight distributions. However, ATRP has
two major problems in the initiation system: the halide
species RX is usually toxic, and the catalyst is easily
oxidized by the oxygen in air. To overcome these

drawbacks, so-called reverse ATRP has been explored.
In this process, a conventional radical initiator and a
higher oxidation state transition-metal catalyst com-
plex are used instead of the organic halide initiator RX
and the lower oxidation state catalyst complex.

Although many studies have been reported about
reverse ATRP,15,18 most of the polymerizations have
been confined to bulk or solution polymerization. Few
well-defined polymers have been synthesized with
emulsions or microemulsions. In this article, we report
the synthesis of well-defined poly(methyl methacry-
late) (PMMA) in a microemulsion, with �-bromine
atom end groups and a high molecular weight, with
the initiation system 2,2�-azobisisobutyronitrile
(AIBN)/CuBr2/2,2�-bipyridine (bpy). The particles of
the resultant PMMA were global, and the diameters of
the particles were usually in the range of 60–100 nm.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA) was purchased from
Chengdu Kelong Chemical Reagent Factory
(Chengdu, China) and was distilled under reduced
pressure before use. CuBr2, chloroform, and n-hexanol
all came from Chengdu Kelong Chemical Reagent
Factory and were used directly. AIBN (analytical re-
agent) was obtained from Beijing Chemical Reagent
Factory (Beijing, China) and was recrystallized from
methanol before use. Hydroquinone (analytical re-
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agent) was purchased from Chengdu Reagent Factory
(Chengdu, China). Sodium lauryl sulfate (SLS) was
purchased from Chengdu Kelong Chemical Reagent
Factory and was used directly. bpy (analytical re-
agent) came from Beijing Shiying Chemical Reagent
Factory (Beijing, China) and was used directly. Deion-
ized water was used for all experiments.

Normal polymerization of MMA in a
microemulsion

A 500-mL flask equipped with a magnetic stirrer was
charged with deionized water, MMA, SLS, AIBN, and
n-hexanol [MMA/SLS/AIBN/n-hexanol � 387/54/
1/28 (molar ratio)] and stirred for 1 h at room tem-
perature; then, the flask was immersed in a water bath

at 70°C. The reaction was carried out with stirring for
50 min. Samples were taken periodically via a syringe
to monitor the conversion and molecular weight.

Reverse ATRP of MMA in a microemulsion

Reverse ATRP research can be found in articles, but
many reverse ATRPs are carried out in bulk or solu-
tion systems. For example, Liu and Hu12 used AIBN as
an initiator and 1,10-phenanthroline as a ligand
([AIBN] � 0.047M, [CuCl2] � 0.094M, [phen] �
0.188M, [MMA] � 9.04M, acetonitrile � solvent, tem-
perature � 70°C) and realized the reverse ATRP of
MMA. The molecular weight of MMA increased lin-
early with an increase in the conversion; the final
conversion was close to 100%, and the molecular
weight was close to 10,000.

A 500-mL flask equipped with a magnetic stirrer
was charged with MMA, CuBr2, bpy, and n-hexanol
[MMA/CuBr2/bpy/n-hexanol � 387/1/2/28 (molar
ratio)] and deoxygenated by vacuum/nitrogen cycles
before the reaction, and the monomer solution was
stirred at 60°C for 1 h. A 250-mL flask was charged
with 200 mL of deionized water, SLS, and AIBN (SLS/
AIBN � 54/1) and deoxygenated three times. At room
temperature and under a nitrogen atmosphere, the
surfactant solution was stirred for 0.5 h and added to
the monomer solution under nitrogen, and then the
flask was immersed in a water bath at 70°C. The
reaction was carried out with stirring and under ni-
trogen for 3 h. Samples were taken periodically via a
syringe to monitor the conversion and molecular
weight.

Figure 1 Dependence of the conversion of MMA on the reaction time at 70°C without a catalyst [CuBr2/bpy; MMA/AIBN
� 387/1 (molar ratio].

Figure 2 Dependence of M� of PMMA on the reaction time
without a catalyst [CuBr2/bpy; MMA/AIBN � 387/1 (mo-
lar ratio)].
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Measurements

The conversion of the polymers was measured by a
weighting method. The viscosity-average molecular
weight (M�) of the polymers was determined at 30°C
with an Ubbelohde viscometer with CHCl3 as a sol-
vent and was calculated with the equation19 [�]
� KM�

�, where [�] is the intrinsic viscosity, K is 0.0043
mL/g, and � is 0.80. The molecular weight distribu-
tions of the polymer samples were measured at 35°C
by gel permeation chromatography (GPC) on a Waters
2410 instrument with tetrahydrofuran as the solvent
(1.0 mL/min), with calibration with polystyrene stan-
dards, and with Waters Millennium 32 as the data-
processing software. An ultraviolet–visible (UV–vis)

light photometer was used to measure the absorbance
of the CuBr2/bpy complex. 1H-NMR spectra were
taken at 25°C on a Brucker ARX400 (400 MHz) spec-
trometer in CDCl3 with tetramethylsilane as an inter-
nal reference. The shape and size of the final polymer
particles were analyzed with an SPA 400 scanning
probe microscope from Seiko Instruments, Inc.

RESULTS AND DISCUSSION

Polymerization of MMA in a microemulsion

First, the normal microemulsion polymerization of
MMA initiated with AIBN was carried out at 70°C
[MMA/SLS/AIBN/n-hexanol � 387/54/1/28 (molar
ratio)]. The results are shown in Figures 1 and 2.
Figure 1 shows that the conversion of MMA quickly
reached 85.9% within 10 min once the polymerization
began. Then, the conversion increased slowly from
85.9 to 96.9% within 50 min. Figure 2 shows the rela-
tion between M� and the reaction time; with an in-
crease in the reaction time, M� of PMMA increased
quickly within 30 min, reaching 369,490, and then M�

increased less in the rest of the time. The results
agreed well with the kinetic of radical polymerization.
On the basis of the kinetics of radical polymerization,
we know that the chain propagating activation energy
was low, so the rate of chain growth was fast, and the
molecular weight quickly propagated in a few min-
utes. With the propagation of the radical chain, the
particle size increased, and the propagating center
was wrapped further; the new radical entering the
micelle could not react with it, and then the new
radical became a new propagating center and propa-
gated continually. Therefore, the average molecular

Figure 3 Dependence of the conversion of MMA on the time at 70°C with a catalyst [CuBr2/bpy; MMA/AIBN/CuBr2/bpy
� 387/1/1/2 (molar ratio)].

Figure 4 Dependence of M� of PMMA on the conversion
with a catalyst [CuBr2/bpy; MMA/AIBN/CuBr2/bpy
� 387/1/1/2 (molar ratio)].
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weight increased slowly in the rest of the time of
polymerization.

The whole process was obviously uncontrolled. The
molecular weight distribution of the resultant polymer
was measured by GPC, and the polydispersity index
was 1.90.

The reverse ATRP of MMA in a microemulsion with
the AIBN/CuBr2/bpy system (MMA/AIBN/CuBr2/
bpy � 387/1/1/2) was carried out at 70°C, and the
results are shown in Figures 3 and 4. Figure 3 shows
that the conversion of MMA increased slowly with
increasing time, in comparison with Figure 1. Figure 3
also shows that the conversion reached only 35.8%
within 10 min and 61.1% within 60 min. After 180 min

of polymerization, the conversion reached 80.9%. The
reason is that the concentration of the growing species
was controlled (to form a dormant species with the
CuBr2/bpy complex), and the rate of polymerization
slowed down in comparison with Figure 1. Figure 4
shows the relationship between M� and the conver-
sion for the reverse ATRP of MMA when the AIBN/
CuBr2/bpy molar ratio was 1 : 1 : 2. Figure 4 shows
that M� increased uncontrollably with an increase in
the conversion before 133,392, and then M� increased
linearly (from 133,392 to 381,850) with an increase in
the conversion; this is quite different from the situa-
tion in Figure 2. The reason might be that the micro-
emulsion system was multiphase in comparison with

Figure 5 Absorbance of CuBr2/bpy complex solutions. Lines A–D are the absorbance of CuBr2/bpy complex solutions of
known concentrations; line E is the absorbance of the pending solution in a water phase.

Figure 6 Dependence of the absorbance on the concentration of the CuBr2/bpy complex solution.
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the bulk system. When the reaction began, time was
needed for the CuBr2/bpy complex to react with a
radical to form a dormant species. During this process,
the polymerization was uncontrolled. When atom
transfer equilibrium was established in the polymer-
ization process, the concentration of the propagating
radical was kept at a constant level, so the process was
a controlled polymerization. In our designed experi-
ment (see the next section), the ATRP process in a
microemulsion could be clearly observed. The molec-
ular weight distribution of the resultant PMMA was
also measured by GPC. The polydispersity index was
1.58.

Controlled polymerization mechanism

As we know, in ATRP, there are two reversible dy-
namic equilibriums: the complex equilibrium of
CuBr2/bpy and the active/reactive equilibrium of the
radical. The controlled polymerization mechanism of
ATRP in a microemulsion is more complicated than
that in bulk because the microemulsion system is mul-
tiphase in comparison with the bulk system. CuBr2 is
easily dissolved in a water phase, and bpy is easily
dissolved in an oil phase. Only CuBr2 complexes with
bpy, and then the CuBr2/bpy complex reacts with the
radical, so the concentration of the radical can be
controlled. The radical polymerization is controlled by
the control of the concentration of the radical. We do
not clearly know whether bpy moves from the oil
phase to the water phase and then complexes with
CuBr2 or CuBr2 moves from the water phase to the oil
phase and then complexes with bpy, but we can mea-
sure the ratio of the complex in the oil phase with our
designed experiment. Because only the complexes en-
ter the oil phase, they can react with the radical and
reach the active/reactive equilibrium to control the
concentration of the radical. Therefore, the ratio of the
complex presents the efficiency of the catalyst (CuBr2/
bpy).

Figure 5 shows the absorbance of CuBr2/bpy com-
plex solutions measured with a UV–vis light photom-
eter. The real line is the absorbance of a CuBr2/bpy
complex solution of a known concentration, and the
broken line is the absorbance of the pending solution
in a water phase, which was charged with water,

Figure 7 Dependence of the ratio of the complex in the oil
phase on the time.

Figure 8 1H-NMR spectrum (CDCl3, 400 MHz) of PMMA (weight-average molecular weight/number-average molecular
weight � 1.58) synthesized with the AIBN/CuBr2/bpy system in a microemulsion.
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MMA, CuBr2, bpy, SLS, and n-hexanol and stirred for
a definite time at 70°C in a water bath. Figure 6 shows
the linear correlation of the absorbance with the con-
centration of a CuBr2/bpy complex solution. From
Figures 5 and 6, we can obtain the ratio of the CuBr2/
bpy complex between the water phase and oil phase.
Figure 7 shows the changing correlation of the ratio of
the complex in the oil phase with the time. The ratio of
the complex in the oil phase reached only 11.2% after
10 min of reaction, and the ratio reached 44.1% after 90
min of reaction; then, the ratio remained stable with
increasing time. However, the ratio was still low; im-
proving it requires research.

End-group analysis

An end-group analysis of the resultant PMMA was
carried out with 1H-NMR spectroscopy. Figure 8
shows a representative 1H-NMR spectrum of well-
defined PMMA. The spectrum is the same as that
reported by Chen and Qiu.20 The signals at 0.84–1.21,
1.81–1.90, and 3.60 ppm were assigned to the protons
of the methyl groups (peak a) ofOC(CH3)(COOCH3),
methylene groups (peak b) of OCH2O, and methoxy
groups (peak c) of OC(CH3)(COOCH3), respectively.
These results suggested that the chains of PMMA had
only methyl groups and methylene groups. The signal
at 1.44 ppm [peak a(�)] was for the methyl groups,
and the signal at 1.54 ppm [peak b(�)] was for the

methylene protons. This indicated that one end group
of the PMMA chain was an �-isobutyronitrile group
[OC(CN)(CH3)2]. In particular, the signal at 3.79 ppm
[peak c(�)] was for the protons of the methoxy group,
that at 2.50 ppm [peak b(�)] was for the methylene
protons, and that at 2.07 ppm [peak a(�)] exhibited the
characteristic chemical shifts of the terminal MMA
unit capped with an �-end bromine. Thus, an �-end
bromine atom end group was just another end group.

Scanning probe microscopy analysis of resultant
PMMA particles

Scanning probe microscopy analysis tends to observe
the shape and measure the size of final polymer par-
ticles. Figure 9 presents a three-dimensional image of
the final polymer particles. It shows that plenty of
PMMA latex particles were packed together, but the
shapes of the particles were well kept. Figure 9 also
shows that the diameters of the particles had a narrow
distribution.

Therefore, the polymers produced with the initia-
tion system were well defined, having not only a high
molecular weight but also precise end groups, that is,
�-isobutyronitrile groups and �-bromine atoms. The
shapes of the final polymer particles were global, and
the diameters of the particles were 60–100 nm.

CONCLUSIONS

A reverse ATRP was performed with the AIBN/
CuBr2/bpy system for the controlled radical polymer-
ization of MMA in a microemulsion at 70°C. A well-
defined PMMA with a high molecular weight (up to
380,000) was obtained with this system. The controlled
mechanism was studied. The 1H-NMR spectra re-
vealed the presence of an �-end bromine atom end
group from the catalyst. The final polymer could be
used as a macroinitiator to initiate chain-extension
polymerization via the conventional ATRP process. A
scanning probe microscopy image showed that the
shapes of the final polymer particles were global and
that the diameters of the particles were 60–100 nm.
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