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Extending atom transfer radical polymerization (ATRP)
to various aqueous dispersed media not only remains a
continuing challenge but also is economically and
environmentally important for commercial products.1-3

The first step at expanding the scope of ATRP in this
direction was taken when ATRP was conducted in an
emulsion system.4-6 However, continued research in the
field of aqueous biphasic ATRP and other controlled/
living radical polymerizations has resulted in the emer-
gence of miniemulsion as the preferred modus operandi
because the problem of mass transport of monomers
through the aqueous phase can be circumvented in a
miniemulsion process, thereby providing significantly
improved control over polymerization.7-9 Homopoly-
mers,10 block copolymers,11,12 and gradient copolymers13

have been successfully prepared in miniemulsion by
ATRP. Suspension polymerization is another aqueous
heterogeneous system that does not require mass trans-
fer and has also been reported to be successful for
ATRP.14-17

It is therefore surprising that microemulsion ATRP
has not yet been investigated, particularly since micro-
emulsion polymerization processes have been the sub-
ject of considerable research interest because of their
small latex size and complex structural behavior, re-
sulting in preparation of materials for a broad range of
hi-tech applications.18 These include cleaning formula-
tions, pharmaceutical formulations for improved drug
solubilization/delivery, coating formulations, and many
others.19 Because of the small particle size attained in
microemulsion systems, the products possess a signifi-
cantly large interfacial area which leads to an attractive
alternative to emulsion-based polymerization proce-
dures for the preparation of ion-containing mem-
branes.20 Moreover, microemulsion has found applica-
tion for synthesis of templates for the design of
mesoporous structures21 and opened up possibilities for
the preparation of inorganic nanomaterials.22

Unlike a regular emulsion polymerization, a micro-
emulsion polymerization system is a thermodynam-
ically stable, optically transparent or translucent,
isotropic dispersion of oil in water, containing domains
of nanometer dimensions, all stabilized by suitable
surfactants.23-25 The initial microemulsion polymeriza-
tion systems employed an aliphatic alcohol as a cosur-
factant.26,27 However, subsequently attention has been
focused on the kinetics and mechanisms of three-
component microemulsion polymerizations containing
only water, oil (monomer), and surfactant.28 Most stud-
ies have dealt with the polymerization of hydrophobic
monomers, where the initial oil-in-water microemulsion

can be polymerized, typically forming a stable latex
composed of polymer particles with particle size ranging
from 10 to 100 nm. Though small polymeric particles
were produced, the polymers usually displayed high
molecular weight and broad molecular weight distribu-
tion.

A micellar nucleation mechanism is generally ac-
cepted for polymerization of hydrophobic monomers in
a microemulsion process, which means the polymeriza-
tions are postulated to occur in monomer-swollen mi-
celles.29 Therefore, in microemulsion polymerization,
similar to miniemulsion, there are no large monomer
droplets (with the size of several micrometers) sus-
pended in the dispersed media prior to polymerization.
Since the monomer-solubilizing micelles behave as
nanoreactors during microemulsion polymerization and
the mass transfer can be essentially ignored, micro-
emulsion polymerization provides a feasible reaction
environment for a controlled/living radical polymeriza-
tion. Additionally, microemulsion was considered a
feasible medium for ATRP because there is no need for
catalyst transportation during the polymerization.

In this communication, we report the first results of
conducting an ATRP in a microemulsion. Both normal
and reverse ATRP30 were examined as initiating pro-
cedures for microemulsion ATRP. In addition, the newly
developed AGET technique12,31 was used to provide the
most convenient method to initiate an ATRP in a
microemulsion system.

To date, an ionic surfactant is usually selected for
conventional microemulsion polymerizations to provide
better colloidal stability. However, for ATRP in aqueous
dispersed media, nonionic surfactants proved to be the
best choice.1 Therefore, Brij 98 was used as the surfac-
tant in this study. As previously discussed, selection of
a hydrophobic ligand for formation of the catalyst
complex is crucial for a well-controlled ATRP in aqueous
dispersed media.1 Bis(2-pyridylmethyl)octadecylamine
(BPMODA) was selected as the ligand for this study
since it is sufficiently hydrophobic and therefore can
ensure that the catalyst remains inside the organic
phase, i.e., the prepolymeric particles.1 Methyl meth-
acrylate (MMA) was selected as monomer.

Table 1 lists the polymerizations that will be dis-
cussed below and provides the stoichiometry for each
of the examples in addition to the molecular weight and
molecular weight distribution of each polymer prepared.

The control reaction was a conventional radical po-
lymerization of MMA in a microemulsion system with
a water-soluble initiator 2,2′-azobis(2-amidinopropane)
dihydrochloride (V-50). The nucleation process started
5 min after the injection of the initiator solution, as
indicated by the appearance of a bluish color and
reduced transparency of the system. This is because of
an increase in the size of the disperse phase due to
micelle agglomeration as initiation progressed and the
higher refractive index of the polymer generated.32 The
final microlatex appeared as a translucent liquid with
size of the final particle ∼42 nm according to the
dynamic light scattering (DLS) measurement (Table 1).
The molecular weight distribution of the final polymer
was broad, as expected for a conventional radical
polymerization.* Corresponding author. E-mail: km3b@andrew.cmu.edu.

8131Macromolecules 2005, 38, 8131-8134

10.1021/ma051675v CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/08/2005



Initially a normal ATRP was attempted in micro-
emulsion prepared by emulsification of catalysts and
monomer and surfactant in aqueous suspending media
through magnetic stirring. The hydrodynamic diameter
(Dh) of initial micelles was around 10 nm according to
DLS measurements. After deoxygenating the formed
microemulsion, the alkyl halide initiator was added to
initiate the polymerization. After the injection of the
ATRP initiator, the system turned slightly translucent
from a transparent state, indicating a fast nucleation.
The nucleation period was short, since the particle size
approached the final value after 30 min.

Given the initial micelle size (d ) 10 nm), and
assuming the micelle volume was occupied by monomer
MMA (density ) 0.936 g/cm3), on average there were 5
× 10-21 mol × NA ) ∼3000 MMA molecules per micelle
before polymerization. According to the initial stoichi-
ometry, in each micelle there should be ∼15 Cu com-
plexes. For quantitative initiation, ∼15 ATRP initiators
should diffuse into each micelle generating polymer
chains with designed molecular weight Mn ∼ 20 000
g/mol. However, since the initial catalyst inside the
micelles was exclusively in the Cu(I) state, the polym-
erization could be initiated by atom transfer from any
entering ATRP initiator, leading to a single propagating
radical and a single Cu(II) complex in a micelle. If the
Cu(II) species stays in the micelle, it could deactivate
the growing radical and mediate controlled radical
polymerization. Subsequently, if more ATRP initiators
enter the micelle and join the polymerization, some
termination could occur, as in any ATRP, generating
excess Cu(II) species. However, since the Cu(II) complex
has much higher solubility in water than Cu(I) complex,
it could also diffuse out of the micelle.33 As discussed,
at the initial state only one single Cu(II) species was
generated; its escape from the micelle should lead to a
rapid conventional radical polymerization and consump-
tion of all MMA in this micelle (ca. 3000 monomer
molecules), resulting in a polymer with Mn ∼ 300 000
g/mol. Indeed, the polymers produced from normal
ATRP in microemulsion displayed two peaks in GPC
traces: one peak of Mn ∼ 25 000 g/mol with polydisper-
sity of 1.3 and the other peak of Mn ∼ 300 000 g/mol
with polydispersity of 1.7 (Figure 1).

Nevertheless, after nucleation all the polymerization
should occur only inside micelles/polymeric particles,
which resulted in a narrow distribution of particle size
from normal ATRP in microemulsion. According to DLS
analysis, the size of the final latex was ∼34 nm. As
measured from TEM images (Figure 2), the particle size
was slightly smaller (Table 1) because the vacuum

applied in TEM analysis results in particle shrinkage
due to removal of any attached water molecules.

Normal ATRP was not considered the preferred choice
for the initiation process for microemulsion. The rela-
tively long emulsification process (around 30 min) at
higher temperature (60 °C) leads to a partial loss of
catalysts. The easily oxidized catalyst requires an
extremely stringent deoxygenating process. Further-
more, the initial high ratio of [Cu(I)]/[Cu(II)] results in
inefficient deactivation and loss of control over polym-
erization. In contrast, a reverse ATRP is much easier
to perform in microemulsion. The Cu(II) complexes,
added as activator precursors, are not air-sensitive
which leads to a simpler emulsification process. After
addition and decomposition of the radical initiator V-50,
newly born Cu(I) activator complexes are formed by the
reaction of the initiating/propagating radicals and ex-
cess Cu(II) species. Cu(I) complexes are more hydro-
phobic than the Cu(II) complexes, and therefore they

Table 1

DLSd

no. process monomer
[M]0:[I]0:[cat.]0:[V-50]0:

[ascorbic acid]0
b [surf.]/[M]c Dh (nm) CV

TEM
D (nm) Mn (g/mol) PDI

1 conventional MMA 200:0:0:0.5:0 2.5 42 0.16 61 500 6.10
2 normal ATRP MMA 200:1:1:0:0 2.5 34 0.17 25 ( 4 bimodal
3 normal ATRP MMA 200:1:1:0:0 2 45 0.15 bimodal
4 reverse ATRP MMA 200:0:1:0.5:0 2.5 70 0.20 36 ( 15 41 000 1.61
5 AGET ATRP MMA 200:1:1:0:0.5 2.5 43 0.16 31 ( 3 30 000 1.28
6 AGET ATRP MMA 200:1:1:0:0.5 1.5 80 0.15 31 000 1.25
7 AGET ATRP styrene 200:1:1:0:0.5 2.5 38 0.16 17 800 1.33
a The reaction temperature was 65 °C for MMA and 80 °C for styrene. Polymer content (100% conversion) was set as 3%. b The ATRP

initiator was ethyl 2-bromoisobutyrate (EBiB). The catalyst was CuBr2/BPMODA, except for no. 2 and no. 3 (CuBr/BPMODA). c Weight
ratio of surfactant to monomer. d DLS measurement provides average hydrodynamic diameter, Dh, and size distribution index, CV
(coefficient of variation), which is obtained as follows: Dh ) ∑i)1

n Di/n; S ) [∑i)1
n (Di - Dh )2/(n - 1)]1/2; CV ) S/Dh , where Dh is the average

diameter, Di is the diameter of the particle i, n is the total number counted, and S is the particle size standard deviation.

Figure 1. Typical GPC traces of the polymers from conven-
tional radical polymerization, normal ATRP, reverse ATRP,
AGET ATRP of MMA in microemulsion.
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preferentially stay inside the microlatex. Because the
initial catalyst was in the Cu(II) state, the polymeriza-
tion cannot be initiated until the ratio of [Cu(I)]/[Cu-
(II)] increased to a sufficient value. This process ensures
the presence of deactivators and therefore a better
control.

In reverse ATRP the nucleation period was longer
than in a normal ATRP because of the slow decomposi-
tion of the conventional radical initiator V-50. At 65 °C,
the half-lifetime of V-50 is around 2 h. This slow
decomposition not only resulted in a larger particle size
(Dh ) 72 nm) and a broader particle size distribution
(as seen in Figure 2) but also led to slow initiation.
Consequentially, the molecular weight of the polymers
produced from reverse ATRP in microemulsion was
higher than theoretical values. Initiation efficiency for
V-50 was only around 55%. No bimodality in GPC traces
was observed in polymers prepared by reverse ATRP
in microemulsion, but the molecular weight distribution
was broader than in bulk ATRP.

The newly developed AGET ATRP was expected to
be the best choice for microemulsion because it can solve
problems arising from both normal ATRP and reverse
ATRP. In this new initiation technique, a reducing agent
is added to the ATRP system that contains deactivators,
Cu(II) complexes. Because no activators are used before
polymerization is initiated, the emulsification process
is easily performed. Ascorbic acid was selected as the
reducing agent because it is water-soluble. Therefore,
it can be completely dissolved in aqueous phase and
react with Cu(II) complexes either at the surface of the
monomer swollen micelles or in aqueous phase.12 On one
hand, the activation process is efficient since in AGET
ATRP all initiators are already present in the organic
phase, and fast redox reaction between the reducing
agent and Cu(II) is applied instead of the slow decom-
position of conventional radical initiators in a reverse
ATRP. On the other hand, the deactivation is also ef-
ficient because the initial catalyst is present in the de-
activating Cu(II) state. This provides efficient deactiva-
tion and consequently fine control over polymerization.

The final particle size in AGET ATRP was comparable
to that obtained in the control reaction or the normal
ATRP process, and the size distribution was very
narrow (Figure 2).

The final particle size was affected by the ratio of the
surfactant to the monomer. By decreasing surfactant
concentration (Table 1, no. 2 and no. 3, no. 5 and no. 6),
a stable microlatex was still obtained but with a larger
particle size.

Styrene is another monomer which has been success-
fully polymerized by ATRP in microemulsion (Table 1,
no. 7). The polymerization rate was slower as compared
with MMA using the same catalyst system. Neverthe-
less, a controlled polymerization was attained with the
final molecular weight Mn ) 17 800 g/mol and PDI )
1.33. The final product was a stable translucent micro-
latex with the Dh ) ∼38 nm.

Despite the difference among the initiation tech-
niques, ATRP in microemulsion resulted in the forma-
tion of translucent stable microlatexes with particle size
around 40 nm. The small particle size indicates a
relatively large surface area, which suggests that after
the polymerization has been terminated by exposure to
air the resulting Cu(II) complexes can be easily removed
by surface exchange treatments. Dowex MSC-1 ion-
exchange resin was used for an exemplary treatment,
and the resin was stirred together with the microlatex
after ATRP for 2 h. It was observed that the blue color
from the microemulsion, resulting from the presence of
Cu(II), almost completely disappeared. The microlatex
showed a similar stability and appearance to that from
a conventional microemulsion polymerization (Figure 3).

In conclusion, we have demonstrated that ATRP can
be successfully carried out in a microemulsion system
resulting in the preparation of stable translucent mic-
rolatexes. The polymerization of methyl methacrylate
and styrene was well controlled, resulting in small
particles with narrow particle size distribution. The
recently developed initiation technique, AGET ATRP,

Figure 2. Transmission electronic microscopic (TEM) images of the microlatex from normal ATRP (A), reverse ATRP (B), and
AGET ATRP (C).

Figure 3. Appearance of microlatex from ATRP in micro-
emulsion before (A) and after (B) treatment of ion-exchange
resins and the microlatex from conventional microemulsion
polymerization (C).
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was better than either normal ATRP or reverse ATRP
in microemulsion, not only because it is easily performed
but also because a better control was obtained over both
the polymerization and the particle size. This success
expands the scope of ATRP and other controlled radical
polymerization processes.
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