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ABSTRACT: Densely grafted polymer/inorganic nanoparticle
hybrids were synthesized via a surface-initiated activator regen-
erated by electron transfer (SI-ARGET) atom transfer radical
polymerization (ATRP) of n-butyl acrylate (BA) under ion-pair
and interfacial catalysis in miniemulsion (hydrodynamic diameters
from 105 to 128 nm) with ascorbic acid (AsAc) as the reducing
agent. The use of a single-catalyst system in dispersed media
allowed the preparation of hybrid materials using a very low
catalyst loading (as low as 100 ppm of [Br-CuII(L)]+ relative to
monomer) and obtaining high monomer conversion (up to 70%)
without macroscopic gelation. The resulting polymers exhibited narrow molecular weight distributions (Đ ≤ 1.31), and the polymer-
grafted nanoparticles showed excellent size uniformity. Dispersions in organic solvents (e.g., tetrahydrofuran) were stable without any
particle aggregations. Subsequent chain extension of the particle brushes with tert-butyl acrylate (tBA) proved the livingness of the
polymerization and high retention of chain-end fidelity. The developed miniemulsion SI-ARGET ATRP technique with interfacial
and ion-pair catalysis offers numerous advantages for the preparation of nanoparticle brushes over the traditional hydrophobic ATRP
process. These include a high monomer conversion, high grafting density, better control over polymerization rate, high chain-end
livingness, and the use of a very low amount of copper catalyst.

■ INTRODUCTION
Recent advances in macromolecular chemistry enable the
preparation of well-defined organic−inorganic hybrid materi-
als.1−5 These materials are mostly surface-modified silica
nanoparticles (NPs) with tethered organic polymers, forming
silica−polymer core/shell nanohybrids.6−10 Control over the
(co)polymer brushes (monomer types,11,12 brush length,13

dispersity,14−16 compositions,17 etc.) attached to the inorganic
particle surface results in precisely controlled nanocomposite
materials. They display self-organized,18,19 nanostructured
morphologies20−22 with properties suitable for use in a variety
of electrical,23,24 biomedical,25,26 optical,27,28 or mechanical
applications.29,30 With the elaborate design, particle brushes
can have excellent thermal stability, rigidity, physical, and
chemical resistance.3,7

The preparation of dense layers of “monodisperse” polymer
chains attached to an inorganic surface requires well-controlled
synthetic “grafting from” methods.3,31 In particular, surface-
initiated atom transfer radical polymerization (SI-ATRP),32−34

one of the most versatile reversible-deactivation radical
polymerization (RDRP) processes,35−37 has been extensively
applied to “grafting from” procedures. SI-ATRP enables the
preparation of nano-sized core−shell hybrid silica NPs with a
controlled thickness of the tethered polymeric shell,

predetermined molecular weight (MW), and degree of
polymerization (DP) of the tethered chains, low dispersity
(Đ = Mw/Mn), and high grafting density (σ, chains nm−2).6,38

The development of the activator regeneration by electron
transfer (ARGET) ATRP technique has enabled the reduction
of the copper concentration to ppm levels.39,40 This method is
based on the regeneration of an activator with a reducing agent
such as ascorbic acid (AsAc),41 hydrazine,42,43 glucose,39

amines,44,45 phenols,46 tin(II) 2-ethylhexanoate,39 or metal
(alloys) such as Ag47,48 and eutectic gallium indium
(EGaIn).49 The diminishing of the Cu catalyst loading in the
polymerization process50,51 is crucial since even low metal
contamination can have a negative impact on the optical,
photothermal, or dielectric properties of hybrid materials.32,38

One of the biggest challenges in the synthesis of densely
grafted polymer brushes from NPs is to avoid macroscopic
gelation caused by intermolecular brush coupling. Therefore,
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such reactions are typically conducted in the presence of an
unbound “sacrificial” initiator,52 over long polymerization
time,34 at high dilution,53 and under high pressure54 or
stopped at low monomer conversions.16,38 Moreover, these
procedures may require an additional purification process to
remove linear polymer, unreacted monomer, solvent, and
significant amounts of the metal catalyst. An alternative
approach to suppress cross-coupling, and thus macroscopic
gelation, is to create physical boundaries and force polymer-
ization inside a miniemulsion with very small compartments
where polymerization occurs directly in separate droplets.55,56

This approach was adopted for the synthesis of hybrid
materials via activators generated by electron transfer
(AGET) ATRP of n-butyl acrylate (BA) from surface-modified
silica NPs in a heterogeneous miniemulsion system.57

However, the need for large amounts of Cu catalyst, typically
in the range of thousands of ppm, hinders the practical use of
AGET ATRP since it might require tedious and expensive
purification.58,59 Therefore, we developed a unique single-
catalyst system for low-ppm ATRP based on a hydrophilic
complex , [Br−CuI I(TPMA)]+ (TPMA = tr i s(2-
pyridylmethyl)amine).60,61 The cationic copper catalyst
complex [Br−CuII(TPMA)]+/anionic surfactant (sodium
dodecyl sulfate, SDS) system generated neutral ion pair,
[Br−CuII(TPMA)]+/[DS]− (DS = dodecyl sulfate), which
predominantly placed the catalyst not only at the interfaces but
also inside the hydrophobic monomer droplets, thus allowing a
well-controlled polymerization. This method could be relevant
for industrial applications since 95% of the catalyst was bound
at the water/oil interface, whereas only ∼1% was inside
droplets as ion pairs and ∼4% was in the aqueous phase.61

The potential advantage of applying a single-catalyst
miniemulsion SI-ARGET ATRP to a particle brush system is
the possibility to prepare hybrid materials for specialized
applications such as optical devices with minimal catalyst
contamination. Moreover, the reduced reaction temperature
and high monomer conversion make particle brush synthesis
more practical. Herein, we present a highly efficient
miniemulsion SI-ARGET ATRP technique. The well-defined
poly(n-butyl acrylate) (PBA) and poly(n-butyl acrylate)-block-
poly(tert-butyl acrylate) (PBA-b-PtBA) brushes were grafted
from the surface of silica NPs via ion pair and interfacial
catalysis at low catalyst concentration using AsAc as the
reducing agent (Scheme 1). The effect of AsAc and Cu
concentration on the polymerization process was investigated.
Ultrasonication used to form a miniemulsion led to the
formation of hydroxyl radicals initiating new polymer chains.
The use of methyl benzoylformate (MBF) as a hydroxyl radical

scavenger suppressed the formation of the linear polymers,
provided particle brushes with high monomer conversion,
enhanced control over polymerization rate, and high chain-end
fidelity.

■ RESULTS AND DISCUSSION
The hydrophilic copper catalyst was tested at varying
concentrations in SI-ARGET ATRP with 22 vol % BA,
hexadecane, surface-modified silica NPs (SiO2−Br) in the
organic phase, and the anionic surfactant SDS in aqueous
media. Ultrasonication was used to form a miniemulsion with
the typical composition reported in Table 1 and additional

experimental data in Table 2. Bare silica NPs with an average
diameter Dcore ∼ 15.8 nm were modified by tethering 3-
(chlorodimethylsilyl)propyl α-bromoisobutyrate initiators to
their surface.38 The accessible initiator densities of the
functionalized nanoparticles in this work were around 0.75
nm−2.18 Since [Br−CuII(TPMA)]+ could easily dissociate to
[CuII(TPMA)]2+ and Br− in the aqueous phase, NaBr (0.1 M)
was added to the reaction medium to suppress this
process.62,63 The appropriate amount of AsAc was injected
dropwise during the polymerization, considering that efficient
reduction of CuII required a ratio of [AsAc]/[CuIIBr2] = 1.5
(Table S1; additional experimental data in the Supporting
Information). After the polymerizations were completed, the
silica cores were etched with hydrofluoric acid to prepare
untethered polymer chains for size-exclusion chromatography

Scheme 1. Proposed Mechanism of Miniemulsion SI-ARGET ATRP Triggered by Ascorbic Acid under Ion-Pair and Interfacial
Catalysis Conditions

Table 1. Compositions of Organic and Aqueous Phases in a
Typical Miniemulsion SI-ARGET ATRPa

component weight (g) comments

Organic Phase
monomer (BA) 3.13 22 vol %
SiO2−Br 0.105 [BA]0/[SiO2−Br]0 = 1100:1
hexadecane
(HD)

0.338 10.8 wt % to monomer

Aqueous Phase
water 11.9 18.2 MΩ·cm ultrapure water
SDS 0.194 6.2 wt % to monomer
NaBr 0.164 [NaBr]0 = 0.1 M
CuIIBr2

b 4.1 × 10−3 750 ppm compared to monomer
TPMAb 0.0106 [CuIIBr2]0/[TPMA]0 = 1:2
AsAcb 1.6 × 10−3 slow feeding at 0.5 equiv (to CuIIBr2) per

hour
aPolymerization conditions: T = 65 °C, t = 3 h. The miniemulsion
was prepared by probe ultrasonication as described in the Supporting
Information. bValues vary according to different reaction entries.
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(SEC) measurements. Additionally, purified particle brush
products were characterized by thermogravimetric analysis
(TGA), dynamic light scattering (DLS), and transmission
electron microscopy (TEM).
Characterization of Miniemulsion Droplets. In a model

heterogeneous miniemulsion system composed of monomer,
water, catalyst, and surfactant, emulsion droplets with a
hydrodynamic diameter of ca. 118 nm (measured by DLS;
Figure S1a) were formed, comparable to typical miniemulsion
droplets with a diameter of ca. 100 nm.60,61 The fraction of
silica NPs inside each droplet (NSiOd2/MD) was determined by
comparing the total number of silica NPs (NSiOd2

) in the oil
phase to the total number of miniemulsion droplets in
dispersed media (NMD), according to the detailed procedure
described (Supporting Information, eq S2). The average
number of silica NPs inside each miniemulsion droplet
(NSiOd2/MD) was estimated to be around 5, which could be
observed as 6−7 in typical droplets by TEM analysis (Figure
S1b).
Effect of the AsAc Amount and Its Feeding Procedure

on Miniemulsion SI-ARGET ATRP of BA Grafting from
Silica NPs. Ascorbic acid is a strong reducing agent that
rapidly converts CuII to CuI species.64 The fast reduction
process diminishes the deactivator [Br−CuII(TPMA)]+
concentration, decreasing control over polymerization. There-
fore, an appropriate selection of the AsAc concentration and
feeding rate is crucial for ARGET ATRP. The effect of the
AsAc concentration and feeding on the polymerization of BA
was investigated (Table S1). The ratio of [AsAc]/
[CuIIBr2(TPMA)] was varied from 0.5, 1.0, to 1.5 in total by
slow feeding via a syringe pump. In addition, an alternative
feeding procedure was also investigated by injecting 0.5 equiv
AsAc every hour. No measurable effect of the AsAc addition on
the micellization of SDS was observed across the tested
concentration range. Similar to our previous studies,61 the
faster reduction rate provided faster polymerization (Table S1,
entries 1−3). This is attributed to the faster regeneration of the
activators and higher concentration of the radical species
([Pn•]).65 Since the rate of polymerization (Rp) is proportional
to [Pn

•] and to the square root of [CuIIBr2(TPMA)], it can be
tuned by choosing the appropriate concentration of AsAc (eq
1).66

R k M k M k M

k
k

P

AsAc Cu Br (TPMA)

n

t

p p
app

p p

red
II

2

= [ ] = [ ][ ] = [ ]

[ ][ ]

•

(1)

where [M] is the monomer concentration, kp is the
propagation rate constant, kred is the reduction rate constant
of [CuIIBr2(TPMA)], and kt is the termination rate constant.
Despite the continuous addition of AsAc, the low overall

AsAc concentration (total ratio of [AsAc]/[CuIIBr2(TPMA)]
= 0.5, Table S1, entry 1) did not provide efficient regeneration
of the activator. This resulted in a slow polymerization (kpapp =
0.025 h−1), together with a broad dispersity (Đ = 1.70) and
low particle brush grafting density (σ ≈ 0.11 nm−2), indicating
poor control over the polymerization. A slow polymerization
(kpapp = 0.050 h−1) was also observed by initially injecting 0.5
equiv of AsAc (with respect to initial [Br−CuII(TPMA)]+
concentration) at t = 0 h and then subsequently every 1 h
(Table S1, entry 4). Nevertheless, due to the sufficient amount
of total AsAc added (1.5 equiv to initial [Br−CuII(TPMA)]+
concentration), particle brushes with good polymerization
control were achieved with low dispersity (Đ = 1.20) and
higher grafting density (σ ≈ 0.56 nm−2). Rapid and well-
controlled polymerizations were observed by continuous
injection of 0.33−0.50 equiv of AsAc vs [Br−CuII(TPMA)]+
per hour (Table S1, entries 2 and 3). Particle brushes with
narrow molecular weight distributions (Đ < 1.20) and high
grafting densities (σ > 0.75 nm−2) were obtained with good
agreement between experimental and theoretical MWs,
demonstrating excellent control over polymerization.
In a single-catalyst miniemulsion SI-ARGET ATRP,

interparticle brush termination reactions are confined within
individual droplets, thus avoiding macroscopic gelation.
Therefore, high conversion polymerizations under these
conditions are possible, even up to 70% monomer conversion
with low dispersity (Đ = 1.20; Table S1, entry 4). The
presented method creates the possibility of successful
polymerization at a lower temperature (65 °C) and in a
much shorter time (3 h) as compared to the previously
reported miniemulsion SI-AGET ATRP system (80 °C, 6−20
h).57 No macroscopic gelation (caused by interparticle brush
coupling) was observed, as confirmed by GPC traces of the
PBA brush layer etched from silica (Figure S2). Moreover, all

Table 2. Miniemulsion ARGET ATRP of BA Grafting from Silica NPs with Different Copper Loadingsa

entry [CuIIBr2]0 (ppm) kpapp (h−1)b conv. (%)b Mn,th (×103)c Mn,app (×103)d Đd dZ‑ave (nm)e f ino (%)
f σ (nm−2)g

1 1100 0.221 48 68.5 51.6 1.17 105 ± 1 6.5 0.97
2 750 0.228 50 70.1 48.0 1.29 128 ± 1 6.3 1.07
3 400 0.213 47 66.8 53.5 1.31 117 ± 1 7.6 0.79
4 100 0.205 46 65.0 50.3 1.26 113 ± 1 8.2 0.78
5 75 0.079 21 30.0 23.8 1.58 112 ± 1 21.9 0.52
6 50 0.072 19 27.5 25.6 1.90 121 ± 1 22.0 0.48
7 10 0.066 18 25.6 71.1 2.07 124 ± 1 15.1 0.28
8 1 0.065 18 25.3 204.0 2.30 124 ± 1 8.7 0.18
9 0.01 0.052 14 20.7 705.6 1.86 118 ± 1 6.2 0.07

aGeneral reaction conditions: SI-ARGET ATRP of BA 3.5 mL (22% vol) in H2O, [BA]0/[SiO2−Br, ≈0.75 Br/nm2]0/[CuIIBr2]0/[TPMA]0 =
1100:1:x:2x, [HD]0 = 10.8 wt % relative to BA, [NaBr]0 = 0.1 M, [SDS]0 = 6.2 wt % relative to BA, [AsAc]/[CuIIBr2]0 = 1.5 (AsAc injected using
syringe pump, rate = 0.5 equiv h−1), the miniemulsion was prepared by ultrasonication; T = 65 °C, t = 3 h. bThe slope of the ln([M]0/[M]) vs time
plot, calculated from monomer conversion, which was measured by 1H NMR. cMn,th = ([M]0/[I]0) × conversion × Mmonomer + Minitiator.

dApparent
Mn and Đ were determined from polymer chains cleaved from silica NPs by hydrofluoric acid (HF) etching using tetrahydrofuran (THF) gel
permeation chromatography (GPC) with polystyrene standards. eZ-average miniemulsion droplet diameter (dZ‑ave) measured by DLS during
polymerization. fInorganic fraction was determined by TGA. gGrafting density (σ) was calculated from eq S1.
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precipitated PBA-grafted particle brushes were well redispersed
in tetrahydrofuran, showing evenly distributed hybrid silica
NPs in TEM. Therefore, ion-pair and interfacial catalysis
miniemulsion media facilitated a faster polymerization and
prevented macroscopic gelation.
Effect of Catalyst Loadings on Single-Catalyst

Miniemulsion SI-ARGET ATRP of BA. The hydrophilicity
of the catalyst and the nature of the anionic surfactant greatly
affect the ATRP in dispersed media. Since the activator
complex, ion pair ([CuI(TPMA)]+/[DS]−), or the neutral
complex Br−CuI(TPMA) may enter the organic phase at
concentrations that are only slightly higher than [Br−
CuII(TPMA)]+/[DS]− concentration,60 it is crucial to optimize
the Cu catalyst concentration to achieve good control over the
polymerization. The [Br−CuII(TPMA)]+ deactivator loadings
varied from 1100 to 750, 400, and 100 ppm (Table 2, entries
1−4) in a miniemulsion SI-ARGET ATRP of BA grafting from
silica NPs and resulted in good control of polymerization with
narrow distributions (Đ from 1.17 to 1.31). Using only 100
ppm of [Br−CuII(TPMA)]+ in miniemulsion (Table 2, entry
4), we achieved a similar level of control to AGET ATRP with
a significantly higher amount of Cu (∼2,000 to 4,000 ppm).57

This represents a 20- to 40-fold decrease in total Cu catalyst
concentration.
Control over the polymerization was lost when 75 ppm or

lower Cu loadings were used (Table 2, entries 5−9). This was
indicated by the increasing dispersity (1.58 ≤ Đ ≤ 2.30) and
the decreasing grafting densities (0.52 nm−2 ≥ σ ≥ 0.07 nm−2,
Figure 1), meaning insufficient initiation. In our previous work,

we studied the tuning dispersities and grafting densities of
particle brushes by varying Cu catalyst concentration in SI-
ARGET ATRP in an organic solvent.16 The lowest catalyst
amount to maintain good polymerization control was 25 ppm.
Below this threshold value, particle brushes with increased Đ
and decreased grafting densities were formed. Considering that
in the miniemulsion system, the BA monomer with hexadecane
composed of the oil phase accounting for ca. 24.7 vol %, 100
ppm Cu can be considered as a low threshold value for this
system. The ∼25 vol %, fourfold Cu also proved the
homogeneity of the miniemulsion system, as well as the high
transportation and catalytic efficiency, thanks to the interfacial
and ion-pair catalysis. For all subsequent miniemulsion SI-
ARGET ATRP, 750 ppm Cu catalyst was used, which provided
sufficient initiation and good polymerization control.
Direct TEM visualization of the core−shell hybrid nano-

particles (750 ppm of the catalyst; Table 2, entry 2) provided
additional evidence for an aggregation-free controlled mini-
emulsion ARGET ATRP. The soft PBA chains formed a shell
with uniform size and were clearly distinguished from the rigid
silica cores (Figure S3a). Additionally, the uniform size
distribution of PBA-grafted SiO2 NPs was observed with no
obvious aggregations by DLS (Figure S3b). In contrast, the use
of 0.01 ppm of Cu catalyst resulted in uncontrolled
polymerization. TEM imaging revealed the existence of a
fraction of particle aggregates with string-like structures formed
by the attraction between bare NP surfaces (Figures S3c),
which was further confirmed by the uneven size distribution of
the particle brushes (Figures S3d).

Effect of Hydroxyl Radicals Generated by Ultra-
sonication. Grafting density denotes the number of chains
grafted from the surface (per square nanometers).67 In SI-
ATRP, the fast initiation by surface-anchored initiators and
high livingness of chain ends leads to uniform chain growth,
thus a high grafting density. Kinetic studies were performed to
determine the brush growth during miniemulsion SI-ARGET
ATRP (Table S2, entry 1). While the linear polymerization
rate in 3 h indicated that the polymerization proceeded at a
steady rate (Figure 2a), the molecular weight (of brush cleaved
from silica) as the function of monomer conversion showed a
slowing and curved increase (Figure 2b). The nonlinear chain
growth at a constant polymerization rate could be attributed to
the formation of new polymer chains. Contamination with
linear polymers might limit some applications of particle
brushes.5,68 Therefore, the origin of linear polymers was further
investigated.

Figure 1. Single-catalyst miniemulsion SI-ARGET ATRP of BA
grafting from silica NPs with various catalyst loadings. Grafting
densities (σ) vs Cu catalyst concentrations (compared to monomer
concentration) (red, limited polymerization control; blue, good
polymerization control). Reaction conditions are listed in Table 2.

Figure 2. Effect of hydroxyl radicals generated by ultrasonication on miniemulsion SI-ARGET ATRP. (a) Kinetic plots. (b) Evolution of molecular
weight (Mn, filled icons) and dispersity (Đ, empty icons) of the polymers (after using HF to cleave the silica) as a function of monomer conversion
in SI-ARGET ATRP. The black dash line denotes the theoretical Mn. The reaction condition (Table S2, entry 1) is the same as Table 2, entry 2.
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We hypothesized that the new polymer chains formed as a
result of ultrasonication that was used to form the
miniemulsion.69 Ultrasonication in water has already been
proven to introduce hydroxyl radicals, which could initiate a
reversible addition−fragmentation chain transfer (RAFT)
polymerization.70 In addition to functioning as initiators,
hydroxyl radicals have been shown to reduce CuII complexes,
thus triggering ATRP in aqueous media.71

To confirm that ultrasonication had no effect on SiO2−Br,
monomer, or solvent (anisole) in a homogeneous SI-ARGET
ATRP, control experiments were carried out using intentional
ultrasonication on SiO2−Br dissolved in anisole and SiO2−Br
in monomer, respectively (Table S3). Compared with the
conditions where ultrasonication was not applied, no obvious
increase in grafting density was observed in both experiments.
Considering that hydroxyl radicals could initiate linear
polymers, another control experiment was performed in
which the SiO2−Br initiator was excluded without changing
the other components of the miniemulsion. After 22 h, the
monomer conversion was 20% (Figure S4a,b), and GPC
measurements showed polymer elution with broad distribu-
tions (Đ = 1.89) as a sign of ATRP with low initiator

concentrations (Figure S4c).72 The generation of hydroxyl
radicals by ultrasonication was proposed.
Pyruvic acid and its derivatives (e.g., sodium pyruvate, ethyl

pyruvate) have been shown to scavenge reactive oxygen species
(ROS), such as superoxide anion radicals, hydrogen peroxide,
and hydroxyl radicals.73 Presumably, in miniemulsion polymer-
ization, hydroxyl radicals generated in water by ultrasonication
can be transported into oil droplets. These hydroxyl radicals
then initiate new polymer chains along with SiO2−Br initiating
particle brushes. Since pyruvic acid (and pyruvate derivatives)
mainly function in the aqueous phase,74 we use methyl
benzoylformate (MBF), which not only has a similar molecular
scaffold but is also miscible with monomer and hexadecane in
the oil phase.75 In a subsequent control experiment, MBF was
added into the oil phase (with BA and HD, but still excluding
SiO2−Br initiator). Despite using ultrasound to generate the
miniemulsion and running the reaction for 22 h, no monomer
conversion was observed.
Miniemulsion SI-ARGET ATRP of BA was then repeated

with MBF addition (Table S2, entry 2). In the presence of
MBF (0.2 M), a much slower polymerization (kpapp = 0.060
h−1) was observed (Figure 3a) compared to conditions without
MBF (kpapp = 0.174 h−1). The decreased polymerization rate

Figure 3. Miniemulsion SI-ARGET ATRP after adding MBF as a hydroxyl radical scavenger. (a) Kinetic plots. (b) Evolution of molecular weight
(Mn, filled icons) and dispersity (Đ, empty icons) of the polymers (after using HF to cleave the silica) as a function of monomer conversion in the
SI-ARGET ATRP. The black dash line denotes the theoretical Mn. The reaction condition is listed in Table S2, entry 2.

Figure 4. Schematic illustration of the effect of hydroxyl radicals generated by ultrasonication on miniemulsion SI-ARGET ATRP. (a) Hydroxyl
radicals functioned as initiators together with SiO2−Br, leading to mixed linear polymers and particle brushes. (b) Without SiO2−Br, hydroxyl
radicals as the sole initiators led to the formation of linear polymers with broad distributions. (c) Upon MBF addition, hydroxyl radicals were
scavenged, and the generation of new polymer chains was significantly suppressed. (d) MBF addition contributed to relatively pure particle brushes
initiated by SiO2−Br.
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indicated that MBF effectively scavenged hydroxyl radicals,
thus lowering the concentration of propagating radicals. To
achieve higher monomer conversion, the polymerization time
was increased to 10 h. A steady increase in the linear growth of
Mn as a function of monomer conversion was observed (Figure
3b). Well-controlled polymerization was maintained (Đ =
1.19) at 45% monomer conversion. Furthermore, the grafting
density was significantly reduced from 0.96 to 0.86 using 750
ppm of Cu catalyst. Overall, in the miniemulsion SI-ARGET
ATRP, the slower polymerization, the linear dependence of Mn
on conversion, and the lower grafting density indicated that the
formation of linear polymers was effectively suppressed by
MBF addition.
The effect of hydroxyl radicals on the miniemulsion SI-

ARGET ATRP is shown in Figure 4. Hydroxyl radicals were
first generated during the ultrasonication for homogenizing
miniemulsion. The majority of radicals recombined to form
hydrogen peroxide (H2O2). Upon degassing with nitrogen and
heating, H2O2 underwent decomposition into hydroxyl
radicals, functioning as initiators together with SiO2−Br,
leading to mixed linear polymers and particle brushes (Figure
4a). Without SiO2−Br, hydroxyl radicals acted as the sole
initiators, leading to uncontrolled polymerization with broad
distributions (Figure 4b). In turn, adding MBF, a hydroxyl
radical scavenger, inhibited the uncontrolled polymerization
(Figure 4c). Consequently, relatively pure particle brushes
could be obtained after the addition of MBF (Figure 4d).
Chain Extension of SiO2-g-PBA Brushes. Chain

extension of the SiO2-g-PBA−Br macroinitiator was success-
fully performed using tert-butyl acrylate monomer (tBA, Table
S4, entry 2). The PBA-b-PtBA brush growth was studied by
cleavage from silica and subsequent GPC analysis (Figures 5a
and S5). Controlled polymerization was obtained with a steady
increase in the MW shift and low Đ, confirming the high
retention of chain-end functionality in the first PBA block by
miniemulsion SI-ARGET ATRP. Macromolecular brushes
were formed with a slightly higher grafting density of 0.92
nm−2. This plausibly originated from the hindered dormant
polymeric brushes with inaccessible bromides buried inside the
propagating chains,76 thus lowering Mn and influencing the
calculation outcome of grafting density. Nevertheless, the
grafting density value was similar to previously reported values
for polyacrylates-grafted SiO2 particle brush systems.38

DLS indicated the shift in the number-based size
distributions of SiO2-g-PBA-b-PtBA compared with that of

the SiO2-g-PBA−Br macroinitiator (Figure 5b,c). The number-
average hydrodynamic diameters were ⟨DH⟩ = 121 nm and
⟨DH⟩ = 97 nm, respectively. They shared similarly narrow size
distributions with no detectable aggregation (Figure S6),
which further supported the fact that the uniform increase in
the total hybrid nanoparticle sizes resulted from a well-
controlled surface-initiated polymerization. TEM images
confirmed the successful grafting of PtBA from the macro-
initiator. Silica nanoparticles were evenly distributed among
the grafted polymer brushes with increasing intervals after
chain extension. The random sampling of next-nearest particle
spacings based on TEM images for both SiO2-g-PBA and SiO2-
g-PBA-b-PtBA yielded (number average) distances of 41.6 ±
6.9 and 60.1 ± 11.5 nm, respectively (Table S5). To deduce
the structure of brush particles, the brush height h = (⟨DH⟩ −
Dcore)/2 was correlated with the total degree of polymerization
of grafted chains. The analysis revealed h ∼ N0.64, which
indicated “polymer in a good solvent” condition (Table S6).
This was indeed consistent with the expected brush
architecture that, for both brush particle systems, was expected
to be in the semidilute regime.13,77,78 Hence, the analysis of
brush systems confirmed that the brush structure followed the
predicted trends for brush particles with the prescribed
architecture (σ, N).

■ CONCLUSIONS
Well-defined, densely grafted particle brushes were synthesized
from 15.8 nm silica nanoparticles via a miniemulsion SI-
ARGET ATRP triggered by ascorbic acid under interfacial and
ion-pair catalysis conditions. In comparison to previous SI-
AGET ATRP in miniemulsion, this single-catalyst system in
dispersed media allowed the preparation of hybrid materials at
ca. 20-fold lower catalyst concentration, i.e., ∼100 ppm of [Br−
CuII(TPMA)]+ in the reaction mixture. The grafting-from
polymerization at 65 °C resulted in a high monomer
conversion (up to 70%), high grafting densities (ca. 0.8 chains
nm−2), and low dispersity (Đ ≤ 1.3). Importantly, no
macroscopic gelation was observed. Kinetic studies showed a
nonlinear molecular weight increase as a function of monomer
conversion. This was attributed to the formation of linear
polymers initiated by the hydroxyl radicals generated by
ultrasonication. After the addition of methyl benzoylformate,
the generation of new polymer chains was suppressed, and
relatively pure particle brushes were obtained. This system
allowed for chain extension of the grafted PBA brushes with a

Figure 5. Chain extension of tBA from SiO2-g-PBA−Br macroinitiator using miniemulsion SI-ARGET ATRP with MBF as a hydroxyl radical
scavenger. (a) GPC analysis of the chain extension from the macroinitiators. Reaction conditions are listed in Table S4. TEM images of monolayer
films of (b) SiO2-g-PBA (green) and (c) SiO2-g-PBA-b-PtBA (blue) nanoparticle brushes (scale bar: 100 nm). Inset: DLS hydrodynamic size
distributions by number (in THF).
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second PtBA block, indicating the high chain-end livingness.
Hydrodynamic size distributions by DLS and direct visual-
ization by TEM both illustrated polymer-grafted nanoparticles
with high size uniformity, providing additional evidence for the
formation of well-defined hybrids. Moreover, the increasing
distance between silica nanoparticles observed in TEM also
proved the successful grafting of a second block. Dispersions of
particle brushes were stable without indication of any
nanoparticle aggregation. The interfacial and ion-pair catalysis
system offers numerous advantages in the preparation of
polymer tethered nanoparticles compared to traditional
hydrophobic SI-ARGET ATRP. The polymerizations were
carried out using commercially available reagents. High
grafting density and better polymerization control were
achieved despite the use of a low amount of copper catalyst.
Since 95% of the catalyst was bound at the water/oil interface
and could be easily removed, we envision that this method may
find application in large-scale particle brush fabrication.
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