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ABSTRACT: It was recently reported that copper catalysts
used in atom transfer radical polymerization (ATRP) can
combine with anionic surfactants used in emulsion polymer-
ization to form ion pairs. The ion pairs predominately reside at
the surface of the monomer droplets, but they can also migrate
inside the droplets and induce a controlled polymerization.
This concept was applied to activator regenerated by electron
transfer (ARGET) ATRP, with ascorbic acid as reducing agent.
ATRP of n-butyl acrylate (BA) and n-butyl methacrylate
(BMA) was carried out in miniemulsion using CuII/tris(2-
pyridylmethyl)amine (TPMA) as catalyst, with several anionic
surfactants forming the reactive ion-pair complexes. The
amount and structure of surfactant controlled both the
polymerization rate and the final particle size. Well-controlled polymers were prepared with catalyst loadings as low as 50
ppm, leaving only 300 ppb of Cu in the precipitated polymer. Efficient chain extension of a poly(BMA)-Br macroinitiator
confirmed high retention of chain-end functionality. This procedure was exploited to prepare polymers with complex
architectures such as block copolymers, star polymers, and molecular brushes.

1. INTRODUCTION

Reversible-deactivation radical polymerizations (RDRPs) in
heterogeneous media are characterized by good heat transfer,
low environmental impact, low viscosity, and low toxicity,1

which are important advantages for commercial applications.2

Moreover, polymerization in dispersed media, including
microemulsion, miniemulsion, emulsion, and dispersion, can
be used to prepare nanoparticles with various morphologies
(e.g. core−shell, microcapsules and multilayered particles) for
specific applications in biomedical, pharmaceutical, drug
delivery, or diagnostic areas.1,3−6

RDRPs provide well-defined polymers with low dispersity
(Đ), limited amount of radical termination, and predetermined
architecture and molecular weight (MW).7−9 The most often
used RDRP methods are atom transfer radical polymerization
(ATRP), reversible addition−fragmentation chain-transfer
(RAFT) polymerization, and nitroxide-mediated polymeriza-
tion (NMP), which have been successfully developed in both
homogeneous and heterogeneous media.9−15 Moreover,
heterogeneous systems additionally limit radical termination
through radical segregation and compartmentalization.16−18

Despite the benefits offered by dispersed media, the vast

majority of RDRPs are still performed in homogeneous
systems.
A promising technique for heterogeneous polymerization is

ATRP, which is based on radical generation by an active
catalyst, generally a copper−amine complex in its lower
oxidation state, i.e., CuIL+ (Scheme 1).19 The CuIL+ complex
activates an alkyl halide initiator (R−X) or dormant chain end
(Pn−X), forming a propagating radical and a higher oxidation
state deactivator complex X−CuIIL+. A small fraction of chains
is active at one time and initiation can be fast; therefore, all
chains grow homogeneously and termination reactions are
minimized.20
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Scheme 1. Mechanism of ATRP
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During the past decade, catalyst loading was reduced by the
development of “low-ppm” ATRP techniques. These methods
comprise activators regenerated by electron transfer (ARGET)
ATRP,21,22 initiators for continuous activator regeneration
(ICAR) ATRP,23 supplemental activator and reducing agent
(SARA) ATRP,24−28 electrochemically mediated ATRP
(eATRP),29−33 photoATRP,34,35 and mechanoATRP.36,37

Nevertheless, for some applications, residual catalyst should
be removed, using column filtration, electrodeposition, or more
complex methods, depending on the desired degree of
purity.38−43

The biphasic nature of heterogeneous polymerizations can
simplify catalyst removal. Indeed, in miniemulsion systems, the
large surface area of the organic/water interface helps mass
transport of the catalyst from the polymer particles to the
aqueous phase, if a sufficiently hydrophilic catalyst is used. The
catalyst, however, should be also sufficiently hydrophobic to
enter the hydrophobic monomer droplets, where it starts and
controls the miniemulsion polymerization.1,44

In this context, we recently developed a novel catalytic
system for eATRP, based on a strongly hydrophilic complex,
Br−CuIITPMA+. Despite its insoluble nature in n-butyl acrylate
(BA), the catalyst enters hydrophobic BA droplets when
combined with an anionic surfactant, sodium dodecyl sulfate
(SDS).45 The interaction between catalyst and SDS formed
neutral ion pairs, Br−CuIITPMA+/DS−, that resided either at
the surface or inside the BA droplets. This concept could be
considered as a paradigm shift for miniemulsion ATRP, which
previously required very hydrophobic catalysts that were
predominately confined to the organic phase.46−50 With the
Br−CuIITPMA+/SDS system, only ∼1% of the catalyst was
inside the hydrophobic droplets as ion pairs, 95% was bound at
the monomer/water interface, and ∼4% was in the aqueous
phase. Therefore, such a combination of ion-pair and interfacial
catalysis (cf. Scheme 2) allowed for the successful eATRP of
BA. Relevant for industrial application, ≤1% of total Cu was
detected inside the final latex after centrifugation.
In the present work, the concept of ion-pair and interfacial

catalysis was exploited in miniemulsion ARGET ATRP of BA
and n-butyl methacrylate (BMA), with ascorbic acid (AsAc) as
reducing agent (Scheme 2). Several hydrophilic ligands and
anionic surfactants were evaluated (Scheme 3). The effect of
SDS concentration on particles size, polymerization kinetics,
and degree of control was studied, providing some mechanistic
insights. Cu concentration was reduced to minimize contam-
ination in the final product. Both low and high degrees of
polymerization (200−1200) were targeted. The livingness of
the process was confirmed by chain-extending a poly(n-butyl

methacrylate)−Br macroinitiator (PBMA-MI) with both acrylic
and methacrylic monomers, confirming the high retention of
chain-end functionality. Synthesis of polymers with complex
architecture, such as stars and brushes, was successful.51

2. RESULTS AND DISCUSSION
Effect of Ligand Structure on Miniemulsion ATRP of

BA. Different copper complexes were tested in ARGET ATRP
with 20 vol % BA in water, using ultrasonication to form a
miniemulsion with the composition reported in Table 1. NaBr

Scheme 2. Mechanism of Ion-Pair and Interfacial Catalysis in ARGET ATRP in Miniemulsion with Ascorbic Acid as Reducing
Agent

Scheme 3. Chemical Structures of Copper Ligands,
Surfactants, and Initiators Used in This Work
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(0.1 M) was added to increase the stability of the Br−CuIIL+

deactivator, which could otherwise dissociate to CuIIL2+ + Br−

in aqueous media.52,53 The appropriate amount of AsAc was
injected dropwise during the first 3 min of the reaction,
considering that reduction of all CuII requires [AsAc]/[CuII] =
0.5.46

The Cu complexes with pyridinic ligands, Br−CuIITPMA+

and Br−CuII(TPMA*2)+, provided well-controlled PBA with Đ
≈ 1.2 and experimental MW (Mn,app) close to theoretical values
(Table 2, entries 1−3). The obtained latex was stable for several
months, and particle size varied less than 15% before and after
polymerizations, as measured by dynamic light scattering
(DLS). Comparable results were obtained using either NaBr
or Et4NBr as a source of Br− to stabilize Br−CuIITPMA+

(Table 2, entry 1 vs 2). Et4NBr, however, formed larger
monomer droplets, indicating that Et4N

+ can slightly destabilize
latex formation.
The polymerization rates were almost the same with

Br−CuIITPMA+ and Br−CuII(TPMA*2)+, despite the much
higher redox activity of the latter catalyst. On the other hand,
the interactions between SDS and either Br−CuII(TPMA*2)+

or Br−CuIITPMA+ were similar.45 This indicates that the
intrinsic catalyst activity, catalyst interaction with the surfactant,
and the partitioning of the catalyst between the organic and
aqueous phases are all important parameters.
Me6TREN and PMDETA were also tested as ligands under

otherwise identical conditions. These aliphatic-amine ligands

led to 6−9 times faster polymerizations than with TPMA, but
poorly controlled (Table 2, entries 3 and 4). Similar poor
control was previously observed in eATRP with Me6TREN and
attributed to a much weaker interaction between SDS and
Br−CuIIMe6TREN

+ than with Br−CuIITPMA+. Moreover,
previous electrochemical studies showed that the interaction
between Cu/Me6TREN and SDS was stronger for CuI than
CuII species. Abundant CuIMe6TREN

+/DS− explains the faster
polymerization, while scarce Br−CuIIMe6TREN

+/DS− suggests
that insufficient deactivator was present at the polymerization
loci.45 In fact, GPC traces revealed a sharp peak followed by a
broad signal at high MWs, indicating the presence of droplets
with very low deactivator concentration (Figure S1).
Under homogeneous conditions, CuI/Me6TREN

+ is 1 order
of magnitude more reactive than CuI/TPMA+. Therefore, in
miniemulsion the following strategies were attempted to slow
down the reaction and improve control with CuIMe6TREN

+:
(i) reduce catalyst and/or ascorbic acid loadings, (ii) use of
NaCl instead of NaBr, and (iii) replace the EBiB initiator by
MBP, with a secondary less reactive alkyl structure.54

Nevertheless, all polymerizations were fast and polymers with
high Đ were obtained (Table S1).
The CuIPMDETA+ catalyst is much less active than either

CuIMe6TREN
+ or CuITPMA+.55,56 Therefore, the poor control

observed with Br−CuIIPMDETA+ suggests that the interaction
of this complex with SDS is very weak. In conclusion, pyridinic
ligands, such as TPMA, are better suited for miniemulsion
ARGET ATRP due to the specific interactions between catalyst
and surfactant, which enable both CuI and CuII species to enter
the hydrophobic droplets and tune the polymerization process.

Effect of Structure and Amount of Surfactant on
Miniemulsion ATRP of BA. Several anionic surfactants were
evaluated to form ion-pair complexes (Scheme 3): SDS, sodium
dodecylbenzenesulfonate (SDBS), and sodium dodecanoate
(SDA).
SDBS provided a fast polymerization (Table 2, entry 6, and

Figure S2), reaching 84% conversion in 3 h, but polymers with
Đ = 1.32, higher than with SDS under identical conditions,
were obtained. The higher polymerization rate and the
decreased control may be caused by a weaker interaction
between Br−CuIITPMA+ and SDBS, leading to a lower amount
of the CuII species inside the droplets.
SDA alone could not stabilize the BA miniemulsion;

therefore, a combination of SDS and SDA was tested (4.6 wt
% SDS + 0.5 wt % SDA relative to BA, Table 2, entry 7, and
Figure S2). The obtained miniemulsion was stable, but particle
size increased to ca. 270 nm (almost twice larger than with
other surfactants). Polymerization was slightly faster than with
SDS alone, yielding polymers with Đ = 1.25 and suggesting the

Table 1. Composition of Organic and Aqueous Phases in a
Typical Miniemulsion ARGET ATRPa

component weight (g) comments

organic phase
monomer 1.79 20 vol % (18 wt %)
R−Xb,c 0.0098 (EBiB), 0.0109 (EBPA) [monomer]/[R−X] =

280/1
hexadecane 0.19 10.8 wt % to monomer
aqueous phase
water 8 deionized water
SDSc 0.082 4.6 wt % to monomer
NaBr 0.103 [NaBr] = 0.1 Md

CuIIBr2 2.2 × 10−3 1 mMd

TPMAc 2.4 × 10−3 1.1 mMd

AsAc varied cf. Tables 2−5
aConditions: T = 65 °C, Vtot = 10 mL. The miniemulsion was
prepared by ultrasonication as described in the Supporting
Information. b[R−X] was varied to target different degrees of
polymerization (DPs). cChemical structures of surfactants, initiators,
and ligands are presented in Scheme 3. dWith respect to the total
volume.

Table 2. Effect of Various Ligand−Surfactant Combinations in ARGET ATRP Miniemulsion Polymerization of BAa

entry ligand surfactant t (h) conv (%) kp
app b (h−1) Mn,app (×10

−3) Mn,th (×10
−3) Đ dZ

c (nm)

1 TPMA SDS 6 66 0.25 30.9 24.4 1.17 117 ± 2
2 TPMAd SDS 5 70 0.31 24.1 25.5 1.14 152 ± 1
3 TPMA*2 SDS 3 40 0.21 10.0 14.5 1.24 114 ± 1
4 PMDETA SDS 2 79 1.42 38.5 28.8 5.02 161 ± 1
5 Me6TREN SDS 1.1 89 2.21 32.4 32.2 2.65 152 ± 2
6 TPMA SDBS 3 84 0.63 29.8 30.4 1.32 153 ± 1
7 TPMA SDS + SDAe 5 74 0.31 27.4 27.0 1.25 273 ± 3

aGeneral conditions as in Table 1. [AsAc]/[CuII] = 0.5, AsAc injected dropwise at t = 0 h. bThe slope of the ln([M]0/[M]) vs time plot. cZ-average
particles diameter, measured by DLS. dEt4NBr replaced NaBr. e[SDS] = 4.6 wt % and [SDA] = 0.5 wt % relative to BA.
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presence of a different CuI/CuII ratio. SDA seemed to slightly
destabilize the system, while SDS ensured the effective
interaction with the Cu complex. Therefore, SDA can be
used in combination with SDS to tune the particle size but
preserving most of the polymerization control and the latex
stability.
Finally, the amount of SDS was varied to change latex

properties and polymerization kinetics (Table 3 and Figure 1).

By lowering [SDS], kp
app decreased and first-order kinetics

deviated from linearity. A controlled polymerization was even
obtained with [SDS] as low as 1.15 wt % relative to monomer,
which is below the critical micellar concentration (cmc) of the
surfactant in the polymerization media (cmc = 8.9 mM for SDS
in water + 0.1 M NaBr, T = 65 °C, which corresponds to 1.46
wt % relative to BA).45 Reducing [SDS] resulted in decreased
control because less ion pairs were formed and less catalyst was
bound to the surface of the droplets. Polymerization rate
decreased because the droplets size increased, lowering the
overall interfacial area, which slowed down the kinetics of mass
transport. Nevertheless, the process remained controlled (Đ =
1.1−1.3) and the final latexes were stable, meaning that the
amount of SDS can be varied to tune particles dimensions.

Effect of Catalyst Loading on Miniemulsion ARGET
ATRP of BA and BMA. The Br−CuIITPMA+ loading was
reduced from 719, to 360, and to 144 ppm in a miniemulsion
ARGET ATRP of BA and resulted in maintaining comparable
polymerization rates (Table 4 and Figure S4). However, the
dispersity increased with decreasing catalyst loading, in
agreement with eq 1:7,57

= +
−

−
−+

⎛
⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟Đ

k

k p
1

[R X]

[X Cu L ]
2

1p

deact
II

(1)

where kp is the propagation rate constant, kdeact is the
deactivation rate constant, and p is conversion.
Control over BA polymerization was lost when 144 ppm of

catalyst were used, which resulted in polymers with Đ = 1.65.
Conversely, 360 ppm of catalyst ensured a well-controlled
polymerization, even if, based on previous analysis, less than 10
ppm of copper species were present inside the monomer
droplets under these conditions.45

Table 3. ARGET ATRP Miniemulsion Polymerization of BA with Different Amounts of SDSa

entry [SDS] (wt % rel to BA) t (h) conv (%) kp
app b (h−1) Mn,app (×10

−3) Mn,th (×10
−3) Đ dZ

c (nm)

1 9.2 4 81 0.50 30.2 29.4 1.12 106 ± 2
2 4.6 6 66 0.25 30.9 24.4 1.17 117 ± 2
3 2.3 13 74 0.12 30.2 26.7 1.30 161 ± 1
4 1.15 20 74 0.16 35.2 27.2 1.32 207 ± 2

aGeneral conditions as in Table 1. [AsAc]/[CuII] = 0.5, AsAc injected dropwise at t = 0 h. bThe linear slope of the ln([M]0/[M]) vs time in the first
10 h of polymerization. cZ-average particle diameter measured by DLS.

Figure 1. ARGET miniemulsion ATRP of BA with different amounts
of SDS (Table 3). (A) Semilogarithmic kinetic plot and (B) MW and
Đ evolution vs conversion. [AsAc]/[CuII] = 0.5 added dropwise at t =
0 h. Other conditions as in Table 1.

Table 4. ARGET ATRP Miniemulsion Polymerization of BA and BMA with Different Catalyst Loadings and Targeted DPa

entry [Br−CuIITPMA+] (ppm) target DP t (h) conv (%) kp
app b (h−1) Mn,app (×10

−3) Mn,th (×10
−3) Đ dZ

c (nm)

monomer = BA, R−X = EBiBd

1 719 280 6 66 0.25 24.4 30.9 1.17 117 ± 2
2 360 280 4 70 0.34 25.6 34.1 1.24 126 ± 2
3 144 280 4 71 0.31 26.1 36.7 1.65 121 ± 1
4 719 1000 20 71 0.07 91.6 101.8 1.25 126 ± 1

monomer = BMA, R−X = EBPAe

5 800 280 1 82 1.60 36.3 32.9 1.26 135 ± 2
6 200 280 2 90 1.05 36.3 36.1 1.33 132 ± 3
7 50 280 2 77 0.72 31.6 30.9 1.31 139 ± 3
8 800 600 2.5 82 0.52 70.0 70.2 1.20 138 ± 2
9 800 1200 4 76 0.38 118.6 129.3 1.42 131 ± 2
10f 800 280 6 92 0.35 34.5 36.9 1.18 193 ± 1

aGeneral conditions as in Table 1. bThe slope of the ln([M]0/[M]) vs time plot. cZ-average particles diameter by DLS before polymerization.
d[AsAc]/[CuII] = 0.5, AsAc injected dropwise at t = 0 h. e[AsAc]/[CuII] = 0.4 injected dropwise every 30 min, unless otherwise noted.
fBr−CuIIBPMODA*+ was used as catalyst; [AsAc]/[CuII] = 0.5 injected at t = 0 h.
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ARGET ATRP of BMA was similar to BA polymerization. In
fact, Br−CuIITPMA+ is poorly soluble in either BA or BMA
(Figure S5), and therefore it entered monomer droplets only
when paired with SDS.
ARGET ATRP of BMA required careful selection of the

initiator: tertiary alkyl halides, such as EBiB, are less efficient
initiators for methacrylates due to the penultimate unit effect.58

Indeed, with EBiB polymerization was slow resulting in
polymers with Đ = 1.35 (Figure S6). Instead, ethyl 2-
bromophenylacetate (EBPA), which is much more reactive
than EBiB,59,60 provided a well-controlled process, reaching
34% conversion in 2 h and polymers with Đ = 1.13 (Table S2).
Polymerization stopped after 2 h, suggesting that the initial

addition of AsAc ([AsAc]/[Br−CuIITPMA+] = 0.5) did not
provide continuous regeneration of the active catalyst. Hence,
the feeding of AsAc was optimized as described in the
Supporting Information (Table S2 and Figure S8); a fast and
well-controlled polymerization was obtained by simply injecting
0.4 equivalents of AsAc with respect to initial Br−CuIITPMA+,
at t = 0 h and then subsequently every 30 min. 82% conversion
in 1 h and polymers with Đ = 1.26 were obtained, with good
agreement between experimental and theoretical MWs (Table
4, entry 5, and Figure 2).

Catalyst loading was successfully reduced from 800 to 50
ppm in ARGET ATRP of BMA (Table 4, entries 5−7).
Polymerization rate (Rp) decreased with decreasing amount of
Cu, exhibiting a good proportionality between Rp and the
square root of [Br−CuIITPMA+], as predicted from eq 2:61

= = =
‐•

+
R k k k

k
k

[M] [M][P ] [M]
[AsAc][Br Cu L ]

2p p
app

p p
red

II

t

(2)

where kred is the reduction rate constant of Br−CuIITPMA+ and
kt is the termination rate constant. 50 ppm of Br−CuIITPMA+,
corresponding to 6.25 × 10−5 M, provided 77% conversion in 2
h with a final polymer with Đ = 1.31. However, Đ was higher
during the first hour due to the slow ATRP deactivation with

very low catalyst loadings (Figure 2). The much lower
propagation rate constant, kp, of BMA than of BA permitted
good control and low dispersity with few ppm of catalyst (cf. eq
1).62

Interestingly, the polymerization rate of BMA varied with
initial [CuII], while the polymerization rate of BA did not. This
is likely due to the different extent of radical termination in the
two systems. The BMA system, with high ATRP activity and
lower kp, was characterized by higher radical concentration,
which increased the extent of radical termination. Therefore, a
large portion of CuI catalyst was regenerated, and the kinetics
agreed with eq 2. In the BA system, on the contrary, radical
concentration was lower and termination was almost negligible.
In this case, addition of AsAc established a fixed [CuI]/[CuII]
ratio, so that the kinetics did not depend on [CuII]. (Note that
a constant [AsAc]/[CuII] was used in each case.)
ICP-MS measurements of the precipitated PBMA revealed

residual copper contents as low as 4.5, 1.6, and 0.3 ppm, with
initial catalyst loadings of respectively 800, 200, and 50 ppm
(over the total amount of monomer). Less than 1% of the
initial copper content remained in the final polymer after
precipitation. Metal contamination in the ppb range makes the
polymer suitable for some applications without any purification
procedure.63

For comparison, ARGET ATRP of BMA in miniemulsion
was carried out with a traditionally used hydrophobic complex
(Table 4, entry 10, and Figure S7), namely BPMODA*, which
was specifically designed to form a highly active and
hydrophobic copper catalyst.49 BPMODA* was prepared as
described in the Supporting Information. Under the same
conditions used for Cu/TPMA, Cu/BPMODA* gave well-
controlled polymers, but particles size was 80% larger,
suggesting potential destabilization of the droplets’ surface.43

Starting from 800 ppm of Br−CuIIBPMODA*+, ICP-MS
measurements determined 45 ppm of residual copper in the
precipitated polymer, 10 times higher than with
Br−CuIITPMA+/SDS.

Effect of Targeted DP on Miniemulsion ATRP of BA
and BMA. Higher degrees of polymerization were targeted by
lowering initiator concentration. PBA with DP > 700, Đ = 1.25,
and good agreement between theoretical and experimental
MWs was obtained. Polymerization rate decreased for lower
[R−X], as expected from eq 2, due to lower amount of
generated radicals (Table 4, entry 4).61

High-MW PBMA was obtained when targeting DP = 600
and 1200 (Table 4, entries 8 and 9). Once again, polymer-
ization rates were proportional to [R−X]. By switching from
targeted DP = 280 to 600, Đ diminished from 1.25 to 1.20, in
agreement with eq 1. However, Đ increased to 1.42 for DP =
1200 (Figure 3A), possibly due to the high viscosity in the
polymerizing droplets. An increase of viscosity, besides slowing
down termination events, can hamper radical deactivation by
the small amount of CuII present inside the droplets. High
viscosity can be related to the “autoacceleration” of the
polymerization after 2 h (Figure 3A), which was concomitant
with the increase in dispersity (Figure 3B).

Chain Extension Experiments. To test chain-end fidelity
of the obtained polymers, a PBMA-MI was prepared by
miniemulsion ARGET ATRP with Br−CuIITPMA+/SDS (see
details in the Supporting Information). After purification, the
macroinitiator had Mn,app = 4000 and Đ = 1.31 (Figure S10).
Chain extension polymerizations were performed with both BA
(Table 5, entry 1) and tert-butyl methacrylate (tBMA, Table 5,

Figure 2. Miniemulsion ARGET ATRP of BMA with various catalyst
loadings. (A) Semilogarithmic kinetic plot and (B) MW and Đ
evolution vs monomer conversion. [AsAc]/[CuII] = 0.4, injected
dropwise every 30 min. Other reaction conditions are listed in Table 1.
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entry 2). Figures 4A and 4B show a clean shift of MWs in both
cases, with monomodal MW distributions, confirming the high
retention of chain-end functionality in the first block. The
second block was also well-controlled, with Đ2 = 1.34 for tBMA
and Đ2 = 1.15 for BA, calculated as Đ − 1 = w1

2(Đ1 − 1) +
w2

2(Đ2 − 1), where w1 and w2 are the weight fractions of the
first and second block, respectively.64 Thus, PBMA-MI was
successfully chain-extended with both methacrylates and
acrylates. High chain-end fidelity, indicating well-controlled
polymerizations, motivated the synthesis of more complex
structures by miniemulsion ARGET ATRP, such as star and
brush-like polymers.
Synthesis of Polymer Stars. PBA and PBMA stars were

prepared by grafting from a β-cyclodextrin core that was
functionalized with 14 ATRP initiators (β-CD-Br14).

65 The
structure of β-CD-Br14 is illustrated in Scheme 3, while its
synthesis is described in the Supporting Information. A clean
shift of MW was observed in the GPC traces during the
“grafting from” polymerizations with both BA and BMA
(Figure 4C,D). PBA star polymers were well-defined (Table 5,
entry 3), with Mn,app < Mn,th, since the hydrodynamic volume of
a star polymer is lower than its linear analogue with the same

MW.65 The formation of the PBMA star polymer was less
controlled (Table 5, entry 4).

Synthesis of Polymer Brushes. Molecular brushes were
successfully prepared in a miniemulsion by grafting BA from a
poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) (PBiBM100)
macroinitiator, comprising a methacrylate backbone function-
alized with ca. 100 α-bromoisobutyrate initiating sites. The
structure of PBiBM100 is illustrated in Scheme 3. Successful
synthesis of molecular brushes requires minimal termination to
avoid coupling between the multifunctional macromolecules.
Indeed, direct injection of AsAc at the beginning of the reaction
produced too many radicals and resulted in coupled chains, i.e.,
gelation (Figure S11A). Therefore, the concentration of radicals
was lowered by (i) decreasing SDS concentration (cf. Table 3)
and (ii) gradually feeding AsAc to the reaction in order to
slowly reduce CuII to the activator CuI state (Table 5, entries 5

Figure 3. Miniemulsion ARGET of BMA with different target D with
different target DPs (280, 600 and 1200). (A) Kinetic plot and (B)
MW and Đ vs monomer conversion. [AsAc]/[CuII] = 0.5. Other
reaction conditions listed in Table 1.

Table 5. Preparation of Polymers with Complex Structures by ARGET ATRP in Miniemulsiona

entry initiator polymer t (h) conv (%) kp
app b (h−1) Mn,app (×10

−3) Mn,th (×10
−3) Đ dZ

c (nm)

1d PBMA-Br PBMA-block-PBA 2 30 0.20 13.0 11.7 1.10 118 ± 1
2e PBMA-Br PBMA-block-PtBMA 1 30 0.35 16.1 12.6 1.19 119 ± 1
3e β-CD-Br14 β-CD-star-PBA 2 73 0.70 47.7 65.7 1.39 118 ± 2
4e β-CD-Br14 β-CD-star-PBMA 2 76 0.95 82.2 78.1 1.54 138 ± 2
5f PBiBM100 PBiBM100-graf t-PBA 4 94 0.44 357 125 1.29 194 ± 2
6f PBiBM100 PBiBM100-graf t-PBA 7 57 0.15 775 347 1.28 155 ± 1

aGeneral conditions: monomer 20 vol % in H2O + 0.1 M NaBr, T = 65 °C; Vtot = 10 mL, [CuIIBr2/TPMA] = 1 mM, [SDS] = 4.6 wt %,
[hexadecane] = 10.8 wt % relative to monomer. bThe slope of the ln([M]0/[M]) vs time plot. cZ-average particle diameter by DLS before
polymerization. dAsAc feeding rate = 3 μmol/h. eAsAc feeding rate = 2 μmol/h. fAsAc feeding rate = 50 nmol/h and [SDS] = 2.3 wt % relative to
monomer.

Figure 4. GPC traces of polymers with different architectures,
prepared by ARGET miniemulsion ATRP. Chain extensions of
PBMA-MI with (A) tBMA and (B) BA; multiarm star polymers from
β-CD-Br14 macroinitiator and (C) BA or (D) BMA; PBA molecular
brushes with DP target (E) 25 and (F) 100. Detailed conditions are
listed in Table 5.
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and 6). Slightly larger particles were obtained according to
DLS, as expected from the lower CSDS, but the final
miniemulsion was stable and no gelation was observed.
Molecular brushes with side-chain length of DP = 24 and 57
were prepared. In both cases, radical termination by coupling
was minimal, according to the low intensity of high MW
shoulders in the GPC traces (Figure 4E,F). Again, Mn,app was
lower than Mn,th due to the very compact nature of molecular
brushes.

3. CONCLUSION
The interaction between hydrophilic catalysts and SDS
provided ion-pair and interfacial catalysts suitable for controlled
ARGET ATRP of BA, BMA, and tBMA in a miniemulsion
polymerization. The setup was simple, with the use of
commercially available reagents to prepare in situ a
Br−CuIITPMA+/DS− ion-pair complex, followed by reduction
with ascorbic acid to activate the polymerization.
The final latexes contained very low amount of residual

copper, possibly avoiding the need for any further purification.
Indeed, the hydrophilic Br−CuIITPMA+ complex migrated to
the aqueous phase when crashing the miniemulsion by dilution.
Low dispersity PBMA was obtained by lowering Cu loading to
50 ppm, which resulted in 300 ppb Cu in the final latex.
Residual copper content was 10 times lower than when using
traditional hydrophobic complexes.
High degrees of polymerization were successfully targeted

with both BA and BMA. Moreover, chain extension of a PBMA
macroinitiator showed excellent retention of chain-end
functionality. Monomodal block copolymers PBMA-block-
PBA and PBMA-block-PtBMA with Đ < 1.2 were formed in
few hours. Well-defined star and brush polymers were also
prepared, showing minimal radical termination by coupling.
Compared to traditional superhydrophobic catalysts, mini-

emulsion ATRP by interfacial and ion-pair catalysis employs
commercially available reagents, readily affording polymers with
high purity. The hydrophilic ion-pair catalysts can also
potentially be used with water-soluble or amphiphilic initiating
systems, opening new avenues for controlled polymerizations in
dispersed media that are currently being investigated.
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