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’ INTRODUCTION

Microemulsions are transparent and thermodynamically
stable isotropic dispersions containing nanosized domains stabi-
lized by suitable surfactants.1 They are homogeneous and
isotropic at a macroscopic level and heterogeneous at molecular
and supramolecular length scales. Since the early 1980s, micro-
emulsion polymerization has developed rapidly as an important
methodology for polymer synthesis of latexes and nanostruc-
tured polymers.2 Both conventional free radical polymerization
and controlled/“living” radical polymerization (CLRP)3 in mi-
croemulsions have been extensively studied. CLRP techniques,
such as atom transfer radical polymerization (ATRP),4 nitroxide-
mediated radical polymerization (NMP),5 reversible addition�
fragmentation chain transfer (RAFT),6 and iodine-transfer poly-
merization (ITP)7 are powerful tools for the preparation of well-
defined functional polymers with controlled molecular weights
and narrow molecular weight distributions.

During the past decade, polymers with a variety of topologies
and well-defined chain-end functionalities have been successfully
prepared via CLRP techniques, either in bulk, solution, or
heterogeneousmedia,mostly in oil-in-water heterogeneous systems,
such as emulsions, miniemulsions, and microemulsions.1,3,4a,8,9

For instance, surface-functionalized nanostructured polymers,
such as latexes, gels, and molecular brushes, have been success-
fully synthesized viamicroemulsion ATRP.10However, onemain

drawback of microemulsion ATRP is that a high concentration of
transition-metal catalyst is generally required. These catalysts are
easily coprecipitated with the polymer andmay color the product
and even make the polymers toxic. In addition, conventional
microemulsion polymerization systems usually require a high
concentration of surfactant to stabilize a relatively low amount
of monomer. Therefore, postpolymerization purification of-
ten makes the work-up very tedious when trying to purify the
resultant polymers.2 In order to overcome this drawback,
ATRP in ionic liquid-based microemulsions has recently been
developed.10a

Ionic liquids (ILs) are organic salts with melting points at or
near room temperature. They have gained a great deal of both
academic and industrial attention because of their low volatility,
high stability, and high ion conductivity. IL-based microemul-
sions have recently attracted a great deal of interest because of
their unique features of both ILs and microemulsions.10 It has
been demonstrated that polymerizations, including free radical
and CLRP in IL-based microemulsions, exhibit behavior con-
sistent with that in “classic” water/oil microemulsions.10 For
example, ATRP in IL-based microemulsions produced polymer
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ABSTRACT: Sustainable atom transfer radical polymerization of methyl methacrylate
(MMA) with activators generated by electron transfer (AGET ATRP) was done using
microemulsion polymerization at the relatively low temperature of 30 �C. Ethyl 2-bromo-
isobutyrate (EBiB) was used as ATRP initiator, ascorbic acid (AA) was used as reducing agent,
and CuCl2/N-bis(2-pyridylmethyl)octylamine (BPMOA) was used as catalyst. Microemul-
sion AGET ATRP of MMA was well-controlled, producing poly(methyl methacrylate)
(PMMA) nanoparticles ∼5 nm in diameter and narrow molecular weight distributions
(Mw/Mn = 1.20�1.40). After the polymerization and isolation of PMMA, the mixture
containing catalysts and ILs was shown to be recoverable and recyclable. Upon replenish-
ment of initiator, reducing agent, and monomer (MMA), AGET ATRP of MMA produced
PMMA with reproducible molecular weights and narrow molecular weight distributions,
even in the fifth cycle. Thus, this process was demonstrated as being sustainable. Furthermore, use of a new surfactant IL
ligand, 3-{11-[(3-(bis(pyridin-2-ylmethyl)amino)propanoyl)oxy]undecyl}-1-methylimidazolium bromide (BPYP-[MIM]Br) or 3-
{11-[(3-(bis(pyridin-2-ylmethyl)amino)propanoyl)-oxy]undecyl}-1-methylimidazolium hexafluorophosphorate (BPYP-[MIM]PF6),
demonstrated rate-enhanced polymerization relative to the use of BPMOA as ligand, and good polydispersity (Mw/Mn = 1.20�1.50)
of the resultant PMMA was maintained.
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nanoparticles with narrow molecular weight distributions. After
the polymerization and isolation of resultant polymers, a mixture
containing catalyst, surfactant, and ILs can be recovered and
reused. However, the catalyst (such as Cu(I) complex) used for
normal ATRP is generally sensitive to air and humidity, which
requires an aerobic processing and therefore not suitable for
sustainable polymerizations. These limitations can be avoided by
using activators generated by electron transfer ATRP (AGET
ATRP) process, where the catalyst Cu(II) complex is not air-
sensitive.

Herein, we report the first example of AGET ATRP of methyl
methacrylate (MMA) in an IL-based microemulsion at 30 �C.
Microemulsion AGET ATRP produced PMMA nanoparticles
(∼5 nm) with controlled molecular weights and narrow molec-
ular weight distributions. Isolation of the resultant polymers and
further addition of monomer (containing initiator and reducing
agent) into the recovered IL mixture regenerates a microemul-
sion suitable for another polymerization cycle (Figure 1). In
order to increase the polymerization rate, surfactant IL catalyst
ligands, 3-{11-[(3-(bis(pyridin-2-ylmethyl)amino)propanoyl)-
oxy]undecyl}-1-methylimidazolium Br� (BPYP-[MIM]Br) and
3-{11-[(3-(bis(pyridin-2-ylmethyl)amino)propanoyl)oxy]undecyl}-
1-methylimidazolium PF6

� (BPYP-[MIM]PF6), were synthe-
sized and showed rate-enhanced polymerization.

’EXPERIMENTAL SECTION

Materials. Methyl methacrylate (MMA) (99%) was washed with
an aqueous solution of sodium hydroxide (NaOH) (5 wt %) three
times, followed by deionized water until neutralization, and then
dried over anhydrous magnesium sulfate, distilled under reduced
pressure, and stored at �18 �C. Copper(II) chloride dihydrate
(CuCl2) (99%), ascorbic acid (AA) (99%), n-butyl bromide, and
tetrahydrofuran (THF) were purchased from Shanghai Chemical
Reagents Co. (Shanghai, China) and used as received. Ethyl 2-bromo-
isobutyrate (EBiB) (98%), di(2-picolyl)amine (95%), 2-(chloromethyl)-
pyridine hydrochloride (97%), 1-octylamine (99%), 1-bromododecane

(99%), 11-bromo-1-undecanol (97%), sodium tetrafluoroborate
(NaBF4) (98%), potassium hexafluorophosphate (KPF6) (98%),
methylimidazole (99%), and 2,2-bipyridine (Bipy) (95%) were
purchased from Acros and used without further purification. N,N,N0 ,
N00 ,N00-Pentamethyldiethylenetriamine (PMDETA) (95%) was purchased
from Aldrich and used without further purification. 1-(2-Acryloyloxy-
undecyl)-3-methylimidazolium bromide (AMIBr) and surfactant 1-dode-
cyl-3-methylimidazolium bromide (DMIBr) were synthesized as reported
in the literature.11 Bis(2-pyridylmethyl)octylamine (BPMOA) was synthe-
sized as described earlier by Xia and Matyjaszewski.12

Synthesis of Ligand 3-{11-[(3-(Bis(pyridin-2-ylmethyl)-
amino)propanoyl)oxy]undecyl}-1-methylimidazolium Bro-
mide (BPYP-[MIM]Br) (Scheme 1). A mixture of AMIBr (3.75 g,
12 mmol) and di(2-picolyl)amine (2.40 g, 12 mmol) were dissolved in
10 mL of dry CH2Cl2 and stirred at 60 �C for 72 h.13 CH2Cl2 was
evaporated, and the resultant viscous liquid was washed with diethyl
ether and ethyl acetate twice and then dried in dynamic vacuum at room
temperature to yield a yellow liquid: 4.86 g (79% yield). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 10.51 (s, 1H), 8.49 (d, 2H), 7.69 (s, 1H),
7.64 (m, 2H), 7.48 (d, 2H), 7.34 (s, 1H), 7.14 (t, 2H), 4.30 (t, 2H), 4.11
(s, 4H), 3.99 (t, 2H), 3.82 (s, 3H), 2.92 (t, 2H), 2.54 (t, 2H), 1.92 (m,
6H), 1.27 (m, 12H).
Synthesis of Ligand 3-{11-[(3-(Bis(pyridin-2-ylmethyl)-

amino)propanoyl)oxy]undecyl}-1-methylimidazolium hex-
afluorophosphate (BPYP-[MIM]PF6) (Scheme 1). A solution of
BPYP-[MIM]Br (5.298 g, 11.5 mmol) in water was added into adequate
KPF6 (3.173 g, 17.25 mmol) and stirred at room temperature for 48 h.
The precipitate was washed with water and dried under vacuum at room
temperature to give a yellow liquid: 5.15 g (85% yield). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 8.64 (s, 1H), 8.49 (d, 2H), 7.68 (s, 1H),
7.65 (m, 2H), 7.47 (d, 2H), 7.22 (s, 1H), 7.15 (t, 2H), 4.13 (t, 2H), 4.01
(t, 2H), 3.91 (d, 4H), 3.84 (s, 3H), 2.93 (t, 2H), 2.55 (t, 2H), 1.82 (m,
6H), 1.27 (m, 12H).
AGET ATRP of MMA in IL-Based Microemulsion. A solution

containing surfactant 1-dodecyl-3-methylimidazolium bromide (DMIBr)
(0.6 g, 1.8 mmol) and [Bmim][BF4] (3.0 g, 13.7 mmol) was degassed by
three freeze�pump�thaw cycles in vacuo and then stirred under a
nitrogen atmosphere. A mixture of MMA (208 μL, 2.05 mmol), EBiB
(3.01 μL, 0.0205 mmol), CuCl2 (2.8 mg, 0.0205 mmol), and BPMOA
(12.4 mg, 0.041 mmol) was stirred at room temperature for 2 h and then
added to the DMIBr/[Bmim][BF4] solution. This mixture was stirred at
room temperature for 30 min to form a transparent solution (micro-
emulsion). AA (1.8 mg, 0.01 mmol) was then added. The microemul-
sion was then degassed with N2, and the polymerization was done at
30 �C under a nitrogen atmosphere. After the completion of the
polymerization, the reaction was stopped by immersing in an ice bath
and then drowning in methanol. The precipitated polymer was isolated
by filtration, washed with methanol, and dried in a vacuum at 60 �C.
After the evaporation of methanol and residue of unreacted MMA,
AGET ATRP of MMAwas carried out again in the recovered IL mixture
after addition of MMA, EBiB, and AA.
Chain Extension of PMMA Using PMMA as a Macro-

initiator. The PMMA sample (Mn,GPC = 4100 g/mol, Mw/Mn =
1.25) obtained via microemulsion AGET ATRP with the molar ratio
of [MMA]0/[EBiB]0/[CuCl2]0/[BPMOA]0/[AA]0 = 100/1/1/2/
0.5 was used as a macroinitiator for the chain extension reaction.
PMMAmacroinitiator (21.1 mg, 0.0051 mmol) was dissolved in 1 mL
of THF, and the AGET ATRP was conducted with the molar ratio
of [MMA]0/[PMMA]0/[CuCl2]0/[BPMOA]0/[AA]0 = 100/0.25/
1/2/0.5. The chain-extension reaction was carried out in THF
under stirring at 60 �C. The monomer conversion was 61% by
gravimetric calculation after 30 h. The Mn and Mw/Mn values were
determined by GPC with PMMA standards. (Mn,GPC = 14 600 g/mol,
Mw/Mn = 1.10).

Figure 1. The starting microemulsion containing monomer, initiator,
catalyst, surfactant, and [Bmim][BF4] (bottom left) undergoes AGET
ATRP to produce a suspension of polymer nanolatexes (bottom right);
drowning in MeOH to precipitate the polymer nanolatexes, filtration to
remove product, and evaporation leaves a micellar solution of surfactant
in [Bmim][BF4] (top center); addition of monomer, EBiB, and electron
transfer (reducing) agent AA regenerates the microemulsion (lower
left).
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Characterization. 1H NMR spectra were recorded on a UNITY
INOVA 400 MHz nuclear magnetic resonance instrument using CDCl3
as the solvent and tetramethylsilane (TMS) as an internal standard.
The number-average molecular weight (Mn) and molecular weight
distribution (Mw/Mn) of the resulting polymers were obtained by a
Waters 1515 gel permeation chromatograph (GPC) equipped with a
refractive index detector (Waters 2414). THF was used as the eluent
at a flow rate of 1.0 mL/min at 30 �C. Samples were injected using a
Waters 717 plus autosampler, and the column was calibrated with
polystyrene standards purchased from Waters. The residue copper
concentration in the resultant polymers was measured by inductively
coupled plasma (ICP) (Vista MPX). The polymer powder (50.0 mg)
was dissolved in nitric acid with heating and was then diluted
to 25 mL for ICP analysis. The dynamic light scattering (DLS)
measurements were performed using a high-performance particle
size HPPS 5001 autosizer (Malvern Instrument, U.K.). Transmission
electron microscopy (TEM) characterization was performed on a
JEOL JEM-2010 electron microscope operating at an acceleration
voltage of 200 kV.

’RESULTS AND DISCUSSION

Microemulsion AGET ATRP of MMA Using BPMOA/CuCl2
as the Catalyst. Microemulsion AGET ATRP of MMA was
conducted in a 1-butyl-3-methylimidazolium tetrafluoro-
borate ([Bmim][BF4])-based microemulsion stabilized by
1-dodecyl-3-methylimidazolium bromide (DMIBr) at 30 �C.
An [Bmim][BF4]/DMIBr/MMA ternary phase diagram is
illustrated in the Supporting Information (see Figure S1).
Samples within the one-phase microemulsion region were
transparent and stable.10a After the addition of reducing agent,
AA, the color of polymerization system changed from blue to
blue-green and then to green in a few minutes, indicating that
Cu(II) has been effectively reduced to Cu(I). No phase
separation was observed and all the IL-based microemulsions
kept essentially transparent throughout the polymerization, as
shown in Figure 1.

The effect of [MMA]0/[EBiB]0 on microemulsion AGET
ATRP of MMA was first studied, and the results are summarized
in Figure 2. It can be clearly seen that the molecular weight of
polymers increased with the feed ratio of [MMA]0/[EBiB]0,
while the molecular weight distributions (Mw/Mn) increased
simultaneously. Under the circumstance of [MMA]0/[EBiB]0
was 50:1, PMMA with narrow molecular weight distribu-
tions (Mw/Mn = 1.22) was obtained, while the initiator effi-
ciency of the polymerization was relatively low at 44%. When
[MMA]0/[EBiB]0 was increased to 100:1, well-defined poly-
mers with narrow molecular weight distribution (Mw/Mn =
1.27) at 64% conversion were obtained. However, as
[monomer]:[initiator] ratio increases further, the Ieff increases
to 0.73�0.79 and the Mw/Mn increased to 1.86, and then a

Scheme 1. Synthetic Route of Surfactant IL Ligands

Figure 2. Relationship of molecular weight from GPC results (Mn,GPC)
and theoretical molecular weight (Mn,th) under different molar feed
ratios of [monomer]0/[initiator]0. [MMA]0/[EBiB]0/[CuCl2]0/
[BPMOA]0/[AA]0 = x/1/1/2/0.5 (x = 50, 100, 200, 300, 400,
500). Polymerization temperature: 30 �C; time: 48 h; initiator
efficiency (Ieff) = Mn,th/Mn,GPC.
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bimodality in GPC traces was observed when the ratio of
[MMA]0/[EBiB]0 was 500:1. This bimodality is what one
usually observes in the free radical thermally initiated bulk
polymerization of MMA as a result of the so-called gel effect. In
this case the relative volume of [Bmim][BF4]/MMA is about
0.67/0.62. If the latex particles formed were monodisperse, we
would expect a very high viscosity, since the conversion/volume
ratio is very close to the hard-sphere glass boundary at 49 particle
(monomer) volume percent. The volume fraction of monomer
at this ratio is 47.7%, and the volume fraction of PMMA,
assuming complete conversion, would in excess of 50%, in the
glass domain. These results also indicate that microemulsion
AGET ATRP of MMA polymerization is an efficient and well-
controlled system at the relatively low feed ratio of
[MMA]0/[EBiB]0 = 100:1.
For an efficiently active microemulsion AGET ATRP, a

suitable ligand for the formation of catalyst complex is crucial
for maintaining an appropriate equilibrium of activator and
deactivator between the monomer oil-swollen micelles and the
IL pseudocontinuous phase. Here, the effect of ligands including
Bipy, PMDETA, and BPMOA on control over polymerization
was investigated, and the results of polymerizations are summar-
ized in Table 1. In the cases of two commercially available catalyst
ligands, Bipy and PMDETA, no polymerization was observed.
These results might be due to the high solubility of two catalyst
ligands (Bipy/Cu(II) and PMDETA/Cu(II) complexes) in
the [Bmim][BF4] continuous phase. However, in the case of
BPMOA, efficiently active polymerizations were obtained be-
cause the formed BPMOA/Cu(II) complex is nearly insoluble in
[Bmim][BF4] continuous phase. The reducing agent AA is
highly soluble in these IL-based microemulsion and reduces
the Cu(II) complexes either in the IL continuous phase or at the
interface of monomer oil/IL droplets.1,9b Upon the addition of
AA, a reversible equilibrium of the activator BPMOA/Cu(I) and
the deactivator BPMOA/Cu(II) in the monomer oil droplets is
established, which provides an efficiently active polymerization.

Figure 3A shows the kinetic plots of microemulsion AGET
ATRP of MMA with a molar ratio of [MMA]0/[EBiB]0/
[CuCl2]0/[BPMOA]0/[AA]0 = 100/1/1/2/0.5. The linearity
of the plot indicates that the polymerization is approximately first
order with respect to the monomer concentration. The slope of
the kinetic plots indicates that the number of active species was
constant, and the termination reactions could be neglected
throughout the polymerization process. The apparent rate con-
stant (kp

app) of polymerization catalyzed by BPMOA/CuCl2, as
determined from the kinetic slopes is 5.80� 10�6 s�1. Figure 3B
shows the evolution of the number-average molecular weight
(Mn,GPC) and molecular weight distribution (Mw/Mn) values
with monomer conversion in microemulsion AGET ATRP of
MMA at 30 �C. The linearity of the plot indicated that the
polymerization was approximately first order with respect to the
monomer concentration and that the number of active species
remained constant during the polymerization process, and the
molecular weight distributions kept narrow (Mw/Mn < 1.30)
even at high monomer conversion. These results indicated that
the AGETATRP ofMMA in IL-based microemulsions can be an
efficient radical polymerization process. However, the molecular
weights of PMMA produced by BPMOA/CuCl2 in IL-micro-
emulsion were higher than theoretical values, indicating low
initiator efficiency. Low initiation efficiency in IL-based micro-
emulsion polymerizations might be due to two factors: First, the
concentration of the deactivator was low in microemulsion,
increasing primary radical termination in the oil phase. Second,
the primary radicals might have diffused out of the oil droplets
and terminated in the IL continuous phase.10f These results are
similar to the low initiator efficiency (Mn,GPC > Mn,th) of CLRP
conducted in water�oil heterogeneous systems.14a,b,15However,
the increase in polydispersity with increasing monomer is
most likely a gel effect due to increasing suspension viscosity
as discussed above.
After the completion of polymerization, the reaction mixture

was poured into a large amount of methanol. The precipitated

Table 1. Effect of Ligands on AGET ATRP of MMA in IL-Based Microemulsionsa

entry ligand reaction time (h)

ligand solubility in

[Bmim][BF4] (wt %) conv (%) Mn,th (g/mol) Mn,GPC (g/mol) Mw/Mn

1 Bipy 72 miscible

2 PMDETA 72 22

3 BPMOA 48 2.5 75.9 7590 9890 1.30
a Polymerization conditions: [MMA]0/[EBiB]0/[CuCl2]0/[L]0/[AA]0 = 100/1/1/2/0.5; polymerization temperature: 30 �C.

Figure 3. (A) First-order rate plots and (B) dependence of Mn on the monomer conversion for the AGET ATRP of MMA conducted in
IL-microemulsion at 30 �C. Conditions: [MMA]0/[EBiB]0/[CuCl2]0/[BPMOA]0/[AA]0 = 100/1/1/2/0.5.
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PMMA was isolated by filtration and washed with methanol.
Since the surfactant DMIBr is miscible with [Bmim][BF4] and
methanol, it could be easily separated from the resultant poly-
mers. After the evaporation of methanol and residual of un-
reacted monomer in vacuum, the IL mixture (containing
surfactant and catalysts) was recovered. Addition of an appro-
priate amount of monomer (containing initiator and reducing
agent) into the recovered IL mixture regenerated a transparent
and stable microemulsion in which a second AGET ATRP cycle
could be carried out. Although no extra catalyst, ligand, or
surfactant was added, higher catalytic activity and similar control
over polymerization were observed under the same experimental
polymerization conditions. AGET ATRP of MMA in recovered
IL-based microemulsions produced PMMA with reproducible
molecular weights and narrow molecular weight distributions
(Figure 4), even in the fifth cycle (Table 2). The copper
residue concentration in the polymer produced was around
25 ppm determined by ICP-MS. DLS measurements show that
the size of produced PMMA latex was∼6.7 nm in diameter (see
Supporting Information, Figure S2), while TEM image shows
that the particle size was ∼5.9 nm. This small difference is due
to the small particle polydispersity and the tendency of DLS
measurements to exaggerate the contributions of the larger
particles to the average size (Figure 5). These results also indicate
that microemulsion polymerization at relatively low temperature
(30 �C) could capture diameters close to those of droplet
precursors.2a,b

Effect of Ligands on the Polymerization Rate of MMA.
Microemulsion AGET ATRP of MMA using BPMOA/CuCl2
complexes as catalyst ligands produced PMMA nanoparticles
with well to poorly controlled molecular weights and narrow
to broad molecular weight distributions. In addition, the

polymerization rate (kp
app = 5.80 � 10�6 s�1) of such a

microemulsion AGET ATRP needs to be improved. There-
fore, surfactant IL consisting of an imidazolium cation polar
group, a long carbon chain, and a di(2-picolyl)amine end
group were synthesized and used as catalyst ligands for AGET
ATRP. Scheme 1 shows the schematic synthesis of these
surfactant IL ligands. A polymerizable IL surfactant 1-(11-
acryloyloxyundecyl)-3-methylimidazolium bromide (AMIBr)
was first synthesized as reported in the literature.11 Michael
addition reaction of the acryloyloxy group with di(2-pico-
lyl)amine anchored the ligand onto the surfactant moiety and
produced the ligand BPYP-[MIM]Br which is also a surfac-
tant. Anion exchange of Br� to PF6

� yielded the surfactant
ligand BPYP-[MIM]PF6.
Figure 6A shows the kinetic plots of microemulsion

AGET ATRP of MMA using BPYP-[MIM]Br/CuCl2 or
BPYP-[MIM]PF6/CuCl2 complexes as catalyst. The linear-
ity of the plots indicates that both polymerizations are approxi-
mately first order with respect to the monomer concentration.
The semilogarithmic plots of conversion are linear, and the
molecular weights increase nearly linearly with conversion.
Reasonably narrow molecular weight distributions (Mw/Mn =
1.20�1.50) were also obtained narrow (Figure 6B). Similarly to
BPMOA/CuCl2, molecular weights of PMMA produced by
these surfactant IL ligand/CuCl2 were much higher than theo-
retical values, probably due to the low initiation efficiency in
IL-based microemulsion polymerizations.14c

It should be noted that the polymerization rate (kp
app) of

BPYP-[MIM]Br/CuCl2 and BPYP-[MIM]PF6/CuCl2 was cal-
culated to be 1.50 � 10�5 and 1.36 � 10�4 s�1, respectively.
Both are much higher than that of BPMOA/CuCl2 (kp

app =
5.80 � 10�6 s�1). Compared with BPMOA/CuCl2, which is
highly soluble in monomer and nearly insoluble in IL continuous
phase,10f BPYP-[MIM]Br/CuCl2 is a hydrophilic catalyst and
nearly insoluble in monomer droplets while miscible with the
[Bmim][BF4] continuous phase. BPYP-[MIM]Br formulated
from imidazole cations with appended carbon chains could act
as surfactants in conventional imidazolium-based ILs, facilitating
the emulsification of monomers within the IL continuous phases.
Compared with BPMOA/CuCl2 dissolved in monomer oil
droplets, BPYP-[MIM]Br/CuCl2 will distribute nearly homo-
geneously through the [Bmim][BF4] IL continuous phase. Only
a small fraction of the Cu(II) complex will reside in micellar
cores. Consequently, a relatively higher ratio of [ascorbic acid]0/
[Cu(II)]0 and lower concentrations of deactivator in the oil
droplets resulted in a lower rate of deactivation and thereby
resulted in a faster polymerization rate, slightly broader molec-
ular weight distribution, and lower initiator efficiency than these
of the BPMOA/CuCl2 complex.14d Furthermore, as a hydro-
phobic IL, BPYP-[MIM]PF6 is miscible with both monomer oil
and [Bmim][BF4]. The BPYP-[MIM]PF6/CuCl2 complex,
therefore, should be partly dissolved in both the monomer oil
droplets and IL continuous phase, as well as in the oil droplet/IL
interfacial layer. Addition of AA initiated polymerization quickly,
and a reversible equilibrium of the activator and the deactivator
was quickly established. The polymerization is faster and exhi-
bited more efficient activity.
Microemulsion AGET ATRP of MMA catalyzed by BPYP-

[MIM]Br is also recyclable (Table 3). A second AGET ATRP
cycle was carried out upon the addition of a proper amount of
monomer, initiator, and reducing agent. Higher catalytic activity
and similar control over polymerization were observed in the

Figure 4. Typical GPC traces of the PMMA prepared via AGET
ATRP in IL-based microemulsions using BPMOA/CuCl2 as catalyst
(as described in Table 2).

Table 2. AGET ATRP of MMA Conducted in IL-Based
Microemulsionsa

entry process conv (%) Mn,th (g/mol) Mn,GPC (g/mol) Mw/Mn

1 AGET ATRP 53.5 5350 7120 1.24

2 second cycle 61.4 6140 7920 1.38

3 third cycle 56.4 5640 8110 1.34

4 fourth cycle 60.8 6080 7380 1.30

5 fifth cycle 58.8 5880 7390 1.37
a Polymerization conditions: [MMA]0/[EBiB]0/[CuCl2]0/[BPMOA]0/
[AA]0 = 100/1/1/2/0.5; polymerization temperature: 30 �C; time:
40 h.
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subsequent cycles. AGET ATRP of MMA in recovered IL-based
microemulsions produced PMMA with reproducible molecular
weights and narrow molecular weight distributions (Mw/Mn =
1.20�1.50) (Figure 7). The copper residue concentration in the
resultant PMMA was around 21 ppm determined by ICP-MS.
Figure 8 shows the TEM image of PMMA latexes produced
via AGET ATRP in IL-based microemulsions using BPYP-
[MIM]Br/CuCl2 as the catalyst. PMMA latexes with an average
diameter of ∼4.2 nm and a narrow size distribution were
obtained. The results of DLS measurements (∼5.1 nm)
strongly support the TEM results (see Supporting Informa-
tion, Figure S3).
Analysis of Chain End and Chain Extension. Figure 9 shows

the 1H NMR spectroscopy of the PMMA prepared via micro-
emulsion AGET ATRP catalyzed by BPMOA/CuCl2. Signals at
4.10, 3.78, and 3.61 ppm were attributed to the protons of the
methylene protons of the ethyl ester unit in the initiator EBiB

(peak a), the methyl ester group at the chain end (peak b), and
the other methyl ester group in PMMA (peak c), respectively.
The chemical shift at δ = 4.10 (peak a) is attributed to the
initiator EBiB moieties attached to the polymer chain ends.
The peak c was associated with the methyl ester group at the
chain end, which deviated from the chemical shift (3.61 ppm,
peak b) of other methyl ester group in PMMA because of the
electron-attracting function of the ω-Cl.16 Here, chain exten-
sion reactions were conducted using the synthesized PMMA
(Mn,GPC = 4100 g/mol,Mw/Mn = 1.25) as a macroinitiator for
the chain-extension experiment. Chain extended PMMA with
Mn,GPC = 14 600 g/mol, Mw/Mn = 1.10 was produced as
evidenced by GPC, as shown in Figure 10. The success-
ful chain-extension reaction further verified the features of

Figure 6. (A) First-order rate plots and (B) dependence of Mn on the monomer conversion for the AGET ATRP of MMA conducted in
IL-microemulsion at 30 �C. Conditions: [MMA]0/[EBiB]0/[CuCl2]0/[BPYP-[MIM]Br]0 (or [BPYP-[MIM]PF6]0)/[AA]0 = 100/1/1/2/0.5.

Figure 5. TEM images of PMMA latexes prepared via AGET ATRP in IL-based microemulsions. Polymerization conditions:
[MMA]0/[EBiB]0/[CuCl2]0/[BPMOA]0/[AA]0 = 100/1/1/2/0.5. Polymerization temperature: 30 �C; time = 24 h.

Table 3. AGET ATRP of MMA Conducted in IL-Based
Microemulsionsa

entry process conv (%) Mn,th (g/mol) Mn,GPC (g/mol) Mw/Mn

1 AGET ATRP 78.6 7860 21 810 1.26

2 second cycle 78.3 7830 18 440 1.34

3 third cycle 80.1 8010 15 620 1.48

4 fourth cycle 75.2 7520 20 540 1.37
a Polymerization conditions: [MMA]0/[EBiB]0/[CuCl2]0/[BPYP-
[MIM]Br]0/[AA]0 = 100/1/1/2/0.5; polymerization temperature:
30 �C.

Figure 7. Typical GPC traces of PMMA synthesized via AGET ATRP
in a [Bmim][BF4]-based microemulsion using CuCl2/ BPYP-[MIM]Br
as catalyst (as described in Table 3).
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controlled/“living” free-radical polymerization of MMA in
microemulsion AGET ATRP.

’CONCLUSIONS

In summary, we have presented the first examples of micro-
emulsion AGET ATRP of MMA in oil/IL (MMA/[Bmim][BF4])
microemulsions initiated with EBiB/AA/CuCl2/ligand at low
temperature (30 �C). After the polymerization and isolation of
the PMMA, the mixture containing catalyst and ILs was recovered
and reused. Addition of monomer to the recovered IL mixtures
regenerated stable microemulsions that are ready for the next
polymerization cycle upon addition of initiator and reducing agent.
This process was demonstrated, thereby illustrating another exam-
ple of IL-based sustainability in polymer synthesis.10a Surfactant IL
catalyst ligands, BPYP-[MIM]Br, and BPYP-[MIM]PF6 show rate-
enhanced polymerization. The method reported here combines the
advantages of IL recycling and microemulsion polymerization. An
unexpected but very significant result is the very small particle size
ranges obtained (∼5 nm diameter) with narrow molecular weight
distributions (Mw/Mn = 1.20�1.50). The results of this study
suggest a feasible approach for the practical applications of AGET
ATRP in microemulsions and should be expected to promote the
widespread use of CLRP techniques.
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