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’ INTRODUCTION

Controlled/living radical polymerization (CLRP) has been
studied extensively over the past 15 years, and it is now possible
to prepare well-defined polymers with controlled molecular
weight, narrow molecular weight distribution, and complex archi-
tecture (such as block, graft, and star polymers) by free radical
means.1 A variety of CLRP techniques have been developed, most
notably nitroxide-mediated radical polymerization (NMP),2,3

atom transfer radical polymerization (ATRP),4,5 and reversible
addition�fragmentation chain transfer (RAFT) polymerization.6

These CLRP methods have been investigated mainly in homo-
geneous systems (bulk and solution polymerizations). In recent
years, much effort has been directed to apply to CLRP to aqueous
dispersed systems (suspension, emulsion, miniemulsion and
microemulsion polymerizations)7,8 due to environmental con-
cerns and industrialization. Moreover, we are interested in the
preparation of novel types of functional particles usingCLRP in an
aqueous dispersed systems.9�12

In a series of theoretical investigations on NMP and ATRP in
dispersed systems, we and others have reported that compart-
mentalization can significantly influence the polymerization
kinetics.13�27 The concept of compartmentalization comprises
two effects: the segregation effect and the confined space effect. In
dispersed systems, propagating radicals are segregated between
different particles/droplets, and consequently the termination rate
decreases if the system is sufficiently segregated (the segregation
effect). The rate of deactivation is enhanced by the confined space
effect, which states that two species react at a higher rate in a small
droplet/particle than in a large droplet/particle, under conditions
where the overall deactivator (nitroxide in NMP, Cu(II) complex
in ATRP) concentration in the dispersed phase is lower than that

in the specific droplet/particle where deactivation can occur. The
segregation effect leads to an increase in polymerization rate (Rp)
and livingness (end-functionality) but less control (broader
molecular weight distribution (MWD). The confined space effect
on deactivation leads to a reduction in Rp and improved control
due to an increase in the number of activation�deactivation cycles
experienced by a given polymer chain as it grows to a given degree
of polymerization. The confined space effect may also increase the
rate of geminate termination between the pair of radicals gener-
ated by spontaneous initiation of styrene as well as by organic
phase initiators generating radicals in pairs. In addition, compart-
mentalized systems may also be influenced by the so-called
fluctuation effect,17,27 which refers to an overall decrease in the
deactivation rate due to the fluctuation in the number of deacti-
vator species between different particles. As part of our previous
theoretical work on the confined space effect in NMP and ATRP,
we have reported that in the case of NMP of styrene using 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) at 125 �C, the confined
space effect is operative for droplet/particle diameters smaller
than 65 nm for an initial alkoxyamine concentration of 0.02 M.15

Microemulsion polymerization is the dispersed phase polym-
erization system that gives access to the smallest particles, often
as small as 10�20 nm diameters.28�30 A general microemulsion
polymerization system, which is composed of monomer, water, a
large amount of surfactant (and sometimes a cosurfactant), is
thermodynamically stable and consequently forms a stable emul-
sion spontaneously without external shear forces. Microemulsion
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ABSTRACT: Nitroxide-mediated radical polymerization (NMP) in micro-
emulsion (microemulsion NMP) of n-butyl acrylate (BA) has been carried
out at 100�CusingN-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
nitroxide (SG1), 2,20-azoisobutyronitrile (AIBN), and the cationic emulsifier
tetradecyltrimethylammonium bromide (TTAB). At [SG1]0/[AIBN]0 of
1.68 (molar ratio), the polymerization exhibited classical trend marks of a
controlled/living system with the molecular weight distribution (MWD)
shifting to higher molecular weights with increasing conversion and a linear
increase in number-average molecular weight (Mn) vs conversion. Bulk NMP
carried out under the same conditions (without water and TTAB) proceeded
at an extremely high rate without control/livingness. From these results, it is
concluded that the confined space effect (compartmentalization) operates in the microemulsion NMP; in other words, it is a useful
tool to prepare nanosized monomer-solubilized micelles for regulation and improvement of NMP.
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polymerization has recently been applied to RAFT,31�33

ATRP,34�36 and NMP.37,38 In microemulsion RAFT, the segre-
gation effect is operative on propagation radicals due to the
particle diameter being sufficiently small. However, the confined
space effect plays no role in RAFT polymerization under normal
conditions because the RAFT end group concentration is too
high.7,18 Matyjaszewski and co-workers successfully conducted
microemulsion ATRP,34,35 but the corresponding bulk polymer-
izations were not investigated thus making it difficult to draw
conclusions regarding compartmentalization effects. We also
carried out micromeulsion ATRP,39 but were unable to compare
the experimental data with theory due to exit of the control agent
(CuII). Microemulsion NMPs of styrene using tetradecyltri-
methylammonium bromide (TTAB) as cationic surfactant and
the three different nitroxides TEMPO, N-tert-butyl-N-[1-
diethlphosphono-(2,2-dimethylpropyl)] nitroxide (SG1), and
2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxy (TIPNO) at 125�C
were also reported.37,38 Rp was lower in microemulsion than
in bulk for all three nitroxides, and Mw/Mn was lower than in
bulk for SG1 and TIPNO. Cunningham and co-workers
reported that in the case of miniemulsion NMP of styrene using
TEMPO, Rp decreased and the livingness increased with decreas-
ing particle size.40

NMP of n-butyl acrylate (BA) is in general difficult due to the
high propagation rate coefficient of BA.41 This problem can be
overcome by use of strongly hindered nitroxides with high NMP
equilibrium constants,42�44 or alternatively, satisfactory results in
terms of control/livingness can be achieved by use of an initial
excess of free nitroxide.45�50 In the present contribution, micro-
emulsionNMP of BA has been carried out at 100 �Cusing TTAB
and SG1/2,2-azobis(isobutyronitrile) (AIBN) with a view to
reducing the required amount of excess SG1 by exploitation of
the confined space effect on deactivation.

’EXPERIMENTAL SECTION

Materials. BA was purified by distillation under reduced pressure in
a nitrogen atmosphere. 2,20-Azoisobutyronitrile (AIBN; Wako Pure
Chemicals, Japan) was purified by recrystallization. SG1 provided by
ARKEMA K. K. (Japan) and n-tetradecyltrimethylammonium bromide
(TTAB; Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan) was used as
received. Deionized water with a specific resistance of 18.2 MΩ cm was
obtained an Elix UV (Millipore Japan) purification system.
Microemulsion Polymerizations. Typical procedure of micro-

emulsion polymerization: a solution of SG1 (61 mg, 0.207 mmol), AIBN
(20mg, 0.122 mmol), and BA (6 g, 46.9 mmol) was added to an aqueous
solution of TTAB (15 g, in 99 g water). After being stirred for 30minwith
a magnetic stirrer at room temperature, the mixture became transparent
(microemulsion). Approximately 20 mL of the microemulsion was
charged in glass ampules and degassed using N2/vacuum cycles, after
which the ampules were sealed off. Microemulsion polymerization was
conducted at 100�C. The glass ampules were rapidly cooled in cool water
at appropriate time interval, and conversion was measured by gas
chromatography (GC-18A, Shimadzu Co., Kyoto, Japan) with helium
as carrier gas, using N,N-dimethylformamide (DMF) and toluene as
solvent and internal standard, respectively.
Bulk Polymerizations. Bulk polymerization of BA (6 g, 46.9

mmol) with SG1 (61 mg, 0.207 mmol) and AIBN (20 mg, 0.122 mmol)
was conducted at 100�C in the glass ampules after degassing using N2/
vacuum cycles. The conversion was measured in the same way as the
microemulsion polymerization.
Measurements. Number- and weight-average molecular weights

(Mn and Mw, respectively) and molecular weight distribution (MWD)

were analyzed by gel permeation chromatography (GPC) using two
styrene/divinylbenzene gel columns [TOSHO Corporation, TSKgel
GMHHR-H, 7.8 mm i.d.� 30 cm] using THF as eluent at 40�C at a flow
rate of 1.0 mL 3min�1 with refractive index detection (TOSOH RI-
8020/21). The columns were calibrated with PS standards (1.05 � 103

to 5.48 � 106 g/mol). Particle size distributions were measured by
dynamic light scattering (DLS-7000, Otsuka Electronics, Osaka Japan)
at the light scattering angle of 90� at 25�C after dilution with deionized
water. Number- and weight-average particle diameters (Dn and Dw,
respectively) were obtained using the Marquadt analysis routine.

’RESULTS AND DISCUSSION

It has been reported that bulk NMP of BA using SG1/AIBN
gives satisfactory control/livingness if a suitable excess amount of
free nitroxide is added ([SG1]0/[AIBN]0 molar ratios of
2�5).47,48 Bulk and microemulsion NMPs of BA were con-
ducted at [SG1]0/[AIBN]0 = 1.68 at 100 �Cwith the expectation
that control/livingness would not be obtained in the bulk system
due to insufficient excess of SG1.

Figure 1 shows conversion�time plots for the bulk and micro-
emulsionNMPs of BA. In the bulkNMP,Rp was very highwith the
conversion reaching as high as 80% in 10 min. The corresponding
microemulsion system, on the other hand, was much slower,
reaching 80% conversion in 22 h. Before polymerization, the
microemulsion was transparent and the micelle size was about 1
to 2 nm.As the polymerization proceeded, the appearance changed
to translucent or turbid and the Dn values above 12% conversion
were fairly large (62 to 91 nm; discussed later).

Figure 2 showsMWDs for the bulk and microemulsion NMPs
of BA. In the bulk NMP,MWDwas very broad, withMw/Mn was
21.0 at 65% conversion, clearly revealing that the polymerization
proceeded without control. On the other hand, in the micro-
emulsion NMP, the MWD shifted to higher molecular weight
side with increasing conversion, indicating controlled/living
character.

Figure 3 showsMn andMw/Mn as a function of the conversion
for the microemulsion NMP. The theoretical Mn (Mn,th) was
calculated from the ratio of consumed monomer to radical
generated from; Mn,th = ([BA]0RMBA)/2f[AIBN], whereRis
BA conversion, MBA is the molar mass of BA, and 2f[AIBN] is
the total concentration of radicals generated by AIBN (f is the
initiator efficiency). In this case, f was set at 0.57.48,51 Mn fitted
Mn,th very well and Mw/Mn was relatively low (Mw/Mn =
1.6�2.0) indicating well-controlled polymerization. On the basis

Figure 1. Conversion�time plots for (triangles) bulk and (circles)
microemulsion NMPs of BA using SG1 at 100�C: [AIBN]0 = 18.6
mmol/L-monomer; [SG1]0/[AIBN]0 = 1.68, molar ratio. The lines are
guides to the eye only. The numbers are particle diameter (nm).
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of the above data, it is apparent that the polymerization proceeds
very differently in microemulsion compared to bulk, consistent
with the confined space effect being operative.

In order to further study how the confined space effect can be
exploited to improve the level of control/livingness in micro-
emulsion NMP (Figure 4), additional polymerizations were
carried out in both bulk and microemulsion at [SG1]0/[AIBN]0
= 1.60, 1.76, and 1.92 at constant [AIBN]0. In all cases, the bulk
NMPs proceeded without control/livingness; the Rp values were
very high and the MWDs were broad, similar to when
[SG1]0/[AIBN]0 = 1.68 (Figures 1 and 2). In the microemulsion
NMPs,Rp decreasedwith the slight increases in [SG1]0/[AIBN]0,
the conversions reaching 80% in 22 h, 62% in 28 h and 60% in 36 h
at [SG1]0/[AIBN]0 ratios of 1.68, 1.76, and 1.92, respectively.

Parts a and b of Figure 5 show, respectively, Dn� and
Dw�conversion plots at the various [SG1]0/[AIBN]0 ratios. In
all cases, Dn and Dw increased markedly in the initial stage of the
polymerization (conversion <10%), and subsequently increased
moderately during the remainder of the polymerization. At final
conversions, the particle size distributions were narrow in all
[SG1]0/[AIBN]0 ratios (see Figure 6). At the [SG1]0/[AIBN]0
ratio of 1.60 (which gave the highest Rp), the measuredDn values
were in 20�26 nm and the system remained transparent
throughout the polymerization. At the [SG1]0/[AIBN]0 ratios
of 1.68, 1.76, and 1.92, the microemulsion systems became
translucent or turbid, with the Dn values of 91, 133, and
184 nm, respectively, at approximately 60% conversion. Thus,

there was a clear trend of the particle size increasing with
increasing SG1 concentration (i.e., decreasing Rp). The initial
number of micelles is very large, and only a fraction of these
micelles becomes nucleated and turns into polymer particles. In
fact, some of the initial micelles may not contain any initiator/
nitroxide. Monomer will diffuse from non-nucleated micelles (all
micelles are swollen with monomer) to nucleated micelles
(polymer particles), thus accounting for the increase in particle
size with conversion. The extent of swelling of nucleated micelles
is further increased when the polymerization proceeds by a
controlled/living mechanism (i.e., NMP) due to the phenom-
enon known as superswelling.52 The large number of oligomers
formed inNMP at low conversion act as effective swelling agents;
the swelling ability of oligomers is much higher than that of high
molecular weight polymer.53,54 In addition, the lower Rp at high
[SG1]0/[AIBN]0 allows more time for monomer diffusion to
occur between non-nucleated micelles and polymer particles.

Figure 5c shows the number of polymer particles (Np) at
several conversions at the various [SG1]0/[AIBN]0 ratios. In all
cases, the numbers of polymer particles immediately increased at
the initial stage of the polymerizations, and then the values were
maintained similarly, indicating that the number of polymer
particles were fixed in the initial stage of the polymerizations.
The increasing of [SG1]0/[AIBN]0 ratio increases the deactiva-
tion rate, resulting in delay in the propagation of polymer chains,
therefore, the larger number of oligomer chains, of which degree
of polymerization (DP) does not attain the critical DP (DPcr)
inhibiting the escape to the aqueousmedium, seems to be formed
in the initial stage. It cannot be neglected that the escaping
radicals enter the other monomer-solubilizing micelles
(particles) containing oligomer chain(s), of which DP has
already attained the DPcr, resulting in a decrease in the Np. In
our previous articles, the microemulsion NMP of styrene was
carried out at two [SG1]0/[AIBN]0 ratios (1.23 and 1.80).37,55

Similarly in case of the styrene systems, the particle size was
larger in the high [SG1]0/[AIBN]0 ratio (1.8) than the low one
(1.23). In addition,Np in the microemulsionNMP of styrene was
fixed in the initial stage of the polymerization. Therefore,
relationships between the [SG1]0/[AIBN]0 ratio and the particle
size in both monomers were similar.

Figures 7 and 8 show, respectively, MWDs andMn (andMw/
Mn) as functions of conversion for the microemulsion NMPwith
[SG1]0/[AIBN]0 (molar ratio) = 1.60, 1.68, 1.76, and 1.92. At
the [SG1]0/[AIBN]0 ratio of 1.60 (Figures 7a and 8a), the

Figure 3. Mn andMw/Mn vs conversion plots for microemulsion NMP
of BA using SG1 at 100 �C: [AIBN]0 = 18.6 mmol/L-monomer;
[SG1]0/[AIBN]0 = 1.68, molar ratio. The straight line is the Mn,th.

Figure 4. Conversion�time plots for microemulsion NMPs of BA
using SG1 at 100�C: [AIBN]0 = 18.6 mmol/L-monomer; [SG1]0/
[AIBN]0 (molar ratio) = 1.60 (circles); 1.68 (squares); 1.76 (dia-
monds); 1.92 (triangles).

Figure 2. Molecular weight distributions (MWDs) at various conver-
sions for (a) bulk (conversions: 16, 65%) and (b) microemulsion
(conversions: 12, 38, 46, 59, 80%) NMPs of BA using SG1 at 100 �C:
[AIBN]0 = 18.6mmol/L-monomer; [SG1]0/[AIBN]0 = 1.68,molar ratio.
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MWDs were very broad and did not shift to a higher molecular
weight with increasing conversion. The values of Mn decreased
with increasing conversion (from 120 000 to 27 000) and
the Mw/Mn values were very high (4.5�8.1), clearly indicating
that control/livingness was not obtained. However, at
[SG1]0/[AIBN]0 ratios of 1.68 (Figure 7b), 1.76 (Figure 7c),
and 1.92 (Figure 7d), the MWDs did shift to higher molecular
weight with increasing conversion, although in all cases the small
tailing at the lowmolecular weight side was observed, which seem
to be caused by the termination reaction during the polymeriza-
tion. Mn increased linearly with conversion (Figure 8b) and the
Mw/Mn values were much lower (1.5�2.0) (Figure 8c). In the
corresponding homogeneous bulk system, such a charactor
of controlled/living manner was not observed at these
[SG1]0/[AIBN]0 ratios. These results are consistent with the
confined space effect operating on the deactivation reaction in
the microemulsion systems, leading to better control over the
MWD as well as a reduction in Rp.

In the microemulsion NMPs, it was found that a relatively
small change in [SG1]0/[AIBN]0 ratios from 1.60 to 1.68 had a

dramatic effect on both Rp and MWD. In general, in CLRP in
aqueous dispersed systems it is important to consider the
partitioning of control agent between monomer and aqueous
phases. For example, in ATRP system, 90% CuBr2 (control
agent) partitioned to the aqueous phase, resulting in the difficulty
of MWD control.56 However, because only 1% of TEMPO in
NMP system partitioned to the aqueous phase57 and the parti-
tion of SG1 seems to be at a similar level,58 it must be not
important for MWD control in microemulsion NMP with SG1.
Depending on the value of f, there exist a critical ratio of
[SG1]0/[AIBN]0 that gives perfect stoichiometric balance
(1:1) between the total number of radicals generated from AIBN
and the total number of SGI radicals. Any change in
[SG1]0/[AIBN]0 that leads to crossing of this critical ratio will
have a very strong effect on the polymerization. The value of f in
the present system is not known with accuracy. However,
assuming that the NMPs in Figure 8b proceed according to the
ideal NMP mechanism with regards to the number of polymer
chains, f can be estimated to be close to 0.57. However, it has

Figure 5. (a) Dn, (b) Dw, and (c) Np versus conversion for microemulsion NMPs of BA using SG1 at 100 �C: [AIBN]0 = 18.6 mmol/L-monomer;
[SG1]0/[AIBN]0 (molar ratio) = 1.60 (circles); 1.68 (squares); 1.76 (diamonds); 1.92 (triangles). The lines are guides to the eye only.

Figure 6. Particle size distributions (number distribution) for micro-
emulsion NMPs of BA using SG1 at 100 �C: [AIBN]0 = 18.6 mmol/L-
monomer; [SG1]0/[AIBN]0 (molar ratio) = (a) 1.60; (b) 1.68; (c) 1.76;
(d) 1.92. Conversions (%): (a) 74; (b) 59; (c) 62; (c) 79.

Figure 7. MWDs at various conversions for microemulsion NMPs of
BA using SG1 at 100�C: [AIBN]0 = 18.6 mmol/L-monomer;
[SG1]0/[AIBN]0 (molar ratio) = (a) 1.60, (b) 1.68, (c) 1.76, and
(d) 1.92.
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previously been shown38 that f can be somewhat lower in
microemulsion systems than homogeneous systems due to
geminate termination of initiator radicals, i.e. the confined space
effect acting on the initiator radicals generated in pairs. The
excess SG1 required to achieve controlled/living character in
microemulsion is clearly much lower than for the corresponding
bulk system, consistent with the confined space effect operating
in the microemulsion system. It is believed that the confined
space effect operates in two distinct ways in the present case: (i)
It increases the rate of deactivation, and (ii) it increases the rate of
geminate termination of initiator radicals. The latter effect also
has a beneficial influence on the control over the polymerization,
since a lower f leads to a greater excess of SG1.

’CONCLUSIONS

Microemulsion NMP of BA has been carried out using
cationic emulsifier TTAB and nitroxide SG1 at 100�C. At a
[SG1]0/[AIBN]0 ratio of 1.68, the polymerization rate was low,
MWD shifted to higher molecular weight with increasing con-
version, and Mn increased linearly with the conversion close to
Mn,th consistent with a controlled/living process, although, the
MWDwas relatively broad withMw/Mn = 1.5�2 throughout the
polymerization. In the corresponding bulk NMP, the polymer-
ization rate was extremely high and the MWD revealed no signs
of control/livingness. From these results, it is concluded that the
superior performance of the microemulsion NMP is caused by
the confined space effect: (i) increasing the rate of deactivation
and (ii) increasing the rate of geminate termination of initiator
radicals (leading to a greater excess of SG1). In a following paper,
we will discuss the confined space effect especially in the initial
stage of the microemulsion NMP of BA, in which the size of
monomer-solubilizingmicelles was approximately 2 nm, in compar-
ison with miniemulsion NMP (droplet/particle size was approxi-
mately 60 nm throughout the polymerization). The chain extension
test of PBA obtained in the initial stages of the microemulsion and
miniemulsionNMPswill also be attempted in bulkNMPof styrene.
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