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ABSTRACT: A poly(glycerol monomethacrylate) (PGMA)
macromolecular chain transfer agent has been utilized to
polymerize benzyl methacrylate (BzMA) via reversible
addition—fragmentation chain transfer (RAFT)-mediated
aqueous emulsion polymerization. This formulation leads to
the efficient formation of spherical diblock copolymer
nanoparticles at up to 50% solids. The degree of polymer-
ization (DP) of the core-forming PBzMA block has been
systematically varied to control the mean particle diameter
from 20 to 193 nm. Conversions of more than 99% were
achieved for PGMA;,—PBzMA,, within 6 h at 70 °C using
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macro-CTA/initiator molar ratios ranging from 3.0 to 10.0. DMF GPC analyses confirmed that relatively low polydispersities
(M,,/M, < 1.30) and high blocking efficiencies could be achieved. These spherical nanoparticles are stable to both freeze—thaw
cycles and the presence of added salt (up to 0.25 M MgSO,). Three sets of PGMA;,—PBzMA, spherical nanoparticles have been
used to prepare stable Pickering emulsions at various copolymer concentrations in four model oils: sunflower oil, n-dodecane, n-
hexane, and isopropyl myristate. A reduction in mean droplet diameter was observed via laser diffraction on increasing the
nanoparticle concentration. Finally, the cis diol functionality on the PGMA stabilizer chains has been exploited to demonstrate
the selective adsorption of PGMA;,—PBzMA |y, nanoparticles onto a micropatterned phenylboronic acid-functionalized planar
surface. Formation of a cyclic boronate ester at pH 10 causes strong selective binding of the nanoparticles via the cis-diol groups in
the PGMA stabilizer chains, as judged by AFM studies. Control experiments confirmed that minimal selective nanoparticle
binding occurred at pH 4, or if the PGMA;, stabilizer block was replaced with a poly(ethylene glycol) PEG,; stabilizer block.

B INTRODUCTION

Conventional aqueous emulsion polymerization requires a
water-immiscible monomer, a water-soluble initiator, surfactant
and water. Such environmentally-friendly formulations are
widely utilized for the industrial manufacture of many polymers
in latex form, since they offer a number of practical
advantages."> They are applicable to a wide range of vinyl
monomers, enable highly efficient polymerizations to be
conducted at high solids with relatively low solution viscosities,
and allow high molecular weights to be targeted. However, one
disadvantage of conventional emulsion polymerization is that
particle size is directly related to the surfactant concentration.
Thus nanosized latexes require relatively high surfactant
concentrations, which can be detrimental to the performance
of the final polymer product. For example, excess surfactant can
migrate within latex films, leading to reduced interfacial
adhesion and poor transparency.’
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In principle, controlled/“living” radical polymerization
techniques such as nitroxide-mediated polymerization
(NMP),** atom transfer radical polymerization (ATRP)® or
reversible addition—fragmentation chain transfer polymer-
ization (RAFT)’ offer several advantages over conventional
free radical polymerization. In particular, the recent develop-
ment of RAFT aqueous emulsion polymerization®® offers a
potential surfactant-free route for the efficient synthesis of
nanosized latexes. Early RAFT aqueous emulsion polymer-
izations involved the addition of a RAFT agent to a
conventional emulsion polymerization. Such formulations
suffered from many problems, including poor molecular weight
control, colloidal instability and substantially incomplete
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Figure 1. Synthesis of PGMAg,—PBzMA, diblock copolymer nanoparticles via RAFT aqueous emulsion polymerization. The spherical particle
diameter increases monotonically on increasing the target degree of polymerization of the core-forming PBzMA block.

monomer conversions.'® These problems were addressed, at
least in part, by developing a seeded RAFT emulsion
polymerization protocol.'' However, the initial latex seed was
not formed via RAFT polymerization, hence the final polymers
did not exhibit low polydispersities or exhibit controlled
molecular weights. Hawkett et al. developed the first successful
ab initio RAFT emulsion polymerization using a poly(acrylic
acid) macromolecular chain transfer agent (macro-CTA),
which was chain-extended using n-butyl acrylate to form stable
latex particles."”*™'* This formulation was further developed to
produce ABC triblock copolymers by the addition of styrene as
the third block."®

More recently, Charleux and co-workers developed robust
RAFT emulsion polymerization protocols in a series of
pioneerlrég studies. A range of hydrophilic stabilizer blocks
(acrylic,' methacrylic,” and acrylamidezo), hydrophobic
core- formmg blocks (n-butyl acrylate,* styrene 192122 methyl
methacrylate,”® and benz l methacrylate **) and RAFT agents
(both trithiocarbonates'®*° and dithiobenzoates'®) were
evaluated, and other parameters such as solution pH'®**
were studied in detail. Various formulations were optimized to
provide high final monomer conversions, narrow molecular
weight distributions and good control over the copolymer
morphology. The first example of RAFT emulsion polymer-
ization to yield nonspherical nano-objects involved a poly-
(acrylic acid-co-poly(ethylene oxide) methyl ether acrylate)
macro-CTA prepared using a trithiocarbonate RAFT agent.
This water-soluble precursor was chain-extended using styrene
to form a series of diblock copolymer nanoparticles.'®
Polymerization-induced self-assembly (PISA) led to the
formation of spheres, fibers or vesicles depending mainly on
the target degree of polymerization of the polystyrene block,
although other parameters such as the stirring speed, solutlon
pH and salt concentration were also shown to be important."”
Replacing this acrylic macro-CTA with the equivalent
methacrylic macro-CTA for the polymerization of styrene,
along with the construction of suitable phase diagrams, enabled
pure sphere, fiber or vesicle phases to be reproduc1b1y targeted
for a given steric stabilizer composition.”® A further refinement
was the development of a wholly aqueous one-pot formulation,
in which the synthesis of the macro-CTA precursor was
combined with that of the sterically-stabilized nanopar-
ticles.**"*® A comprehensive review article summarlzmg the
development of this field was published in 2012.° In most
literature examples of RAFT emulsion polymerization, the
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steric stabilizer contains (meth)acrylic acid comonomer and
therefore has appreciable anionic character. Indeed, we are
aware of just five reports describing the use of a non-ionic steric
stabilizer (typically a poly(ethylene oxide) macro-CTA).*>**~3

Notwithstanding the intensive research on RAFT emulsion
polymerization summarized above, the present work describes a
relatively rare example of a RAFT aqueous emulsion polymer-
ization formulation based on a non-ionic steric stabilizer block,
poly(glycerol monomethacrylate) (PGMA). Glycerol mono-
methacrylate (GMA) is a relatively expensive specialty
monomer, but we have recently reported its cost-effective
synthesis from glycidyl methacrylate, which is a cheap
commodity monomer. In the present work, two PGMA
macro-CTAs have been chain-extended using a water-
immiscible monomer, benzyl methacrylate (BzMA), via
RAFT aqueous emulsion polymerization, see Figure 1. The
effect of varying the target degree of polymerization of the core-
forming PBzMA block and the overall copolymer concentration
on the particle size, blocking efficiency and conversion has been
systematically investigated. Moreover, these new PGMA; —
PBzMA, nanoparticles are also assessed as putative Pickering
emulsifiers for four model oils. Finally, the dihydroxy
functionality of the PGMA stabilizer chains has been exploited
to control the surface adsorption of the PGMA;,—PBzMA
nanoparticles on a micropatterned planar substrate via
phenylboronic acid chemistry.>>°

B EXPERIMENTAL SECTION

Materials. Glycerol monomethacrylate (GMA) was donated by
GEO Specialty Chemicals (Hythe, U.K.) and used without further
purification. Benzyl methacrylate (BzMA), 4,4’-azobis(4-cyanopenta-
noic acid) (ACVA; 99%), n-dodecane, isopropyl myristate, sunflower
oil and 3-formylphenylboronic acid were purchased from Sigma-
Aldrich UK. and were used as received. 2-Cyano-2-propyl
dithiobenzoate (CPDB) was purchased from STREM Chemicals
Ltd. (Cambridge, U.K.) and was used as received. Dimethyl sulfoxide-
dg, dimethylformamide-d, and methanol-d, were purchased from Goss
Scientific Instruments Ltd. (Cheshire, U.K.). All other solvents were
purchased from Fisher Scientific (Loughborough, U.K.) and used as
received. Deionized water was used for all experiments.

Preparation of PGMA;; Macro-CTA. CPDB RAFT agent (1.650
g, 7.454 mmol), GMA (78.144 g, 488 mmol), and ACVA (0.3790 g,
1.352 mmol; CPDB/ACVA molar ratio = 5.0) were weighed into a
500 mL round-bottom flask and degassed with nitrogen for 15 min.
Ethanol (148 mL) was deoxygenated separately with nitrogen for 30
min prior to addition to the other reagents. The reaction solution was
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stirred and degassed in an ice bath for a further 30 min before placing
in an oil bath at 70 °C. The polymerization was allowed to proceed for
150 min, resulting in a monomer conversion of 68% as judged by 'H
NMR. The crude homopolymer was purified by precipitating into a
10-fold excess of dichloromethane from methanol. This purification
process was repeated twice to give a pure PGMA macro-CTA (53.14
g, < 1% monomer remaining). The mean degree of polymerization was
calculated to be 51 as judged by 'H NMR. DMF GPC analysis
indicated an M, of 15000 g mol™" and an M, /M, of 1.19 (vs a series
of near-monodisperse poly(methyl methacrylate) (PMMA) calibration
standards).

RAFT Aqueous Emulsion Polymerization of Benzyl Meth-
acrylate. A typical protocol for the synthesis of PGMA;,—PBzMA;,
diblock copolymer was as follows: PGMA;, macro-CTA (0.0696 g),
BzMA (0.4414 g, 2.505 mmol), ACVA (0.600 mg, 2.141 ymol; CTA/
ACVA molar ratio = 4.0) and water (4.58 g, 10% w/w) were weighed
into a 25 mL round-bottom flask and purged with nitrogen for 30 min,
prior to immersion in an oil bath set at 70 °C for 6 h. The resulting
copolymer was analyzed by DMF GPC (M, = 62 100 g mol™', M,,/M,
= 118 vs PMMA standards). '"H NMR spectroscopy analysis of a
freeze-dried sample dissolved in DMSO-d4 indicated less than 1%
residual BzZMA monomer. DLS studies of a 0.20% w/w copolymer
dispersion indicated an intensity-average particle diameter of 91 nm
(DLS polydispersity, PDI = 0.053).

Synthesis of Fluorescently-Labeled PGMA;,—PBzMA,,
Nanoparticles. An excess of methylamine solution (33 wt % in
absolute ethanol) was added to PGMA;,—PBzMA , (1.50 g)
synthesized via RAFT aqueous emulsion polymerization. After 10
min, this aqueous copolymer dispersion was reacted with rhodamine B
isothiocyanate (3.10 mg, 5.78 pmol) for 40 h at 20 °C with continuous
magnetic stirring. The resulting fluorescently-labeled nanoparticles
were purified by dialysis for 8 days with 2—5 water changes per day.
DLS studies of a 0.20% w/w copolymer dispersion indicated an
intensity-average particle diameter of 46 nm (PDI = 0.15). The
resulting copolymer was analyzed by DMF GPC (M, = 29200 g
mol™, M, /M, = 1.10 vs PMMA standards).

Preparation of Pickering Emulsions Using PGMA—-PBzMA
Latex Particles. Either sunflower oil, n-hexane, n-dodecane, or
isopropyl myristate (2.0 mL) was homogenized with 2.0 mL of a
0.0675—2.50% w/w aqueous PGMA,—PBzMA, copolymer dispersion
for 2 min using a IKA Ultra-Turrax T-18 homogenizer equipped with a
10 mm dispersing tool operating at 12 000 rpm.

Preparation of Surface-Aminated Silicon Wafers Using (N-
[2-(2-Nitrophenyl)propan-1-oxycarbonyl]-3-aminopropyl). All
glassware and substrates were cleaned by immersing them in “piranha”
solution (a 3:7 mixture of hydrogen peroxide and concentrated sulfuric
acid) for 2 h. (Caution! Piranha solution is an extremely strong
oxidizing agent which has been known to detonate spontaneously
upon contact with organic material). The glassware and the substrates
were washed with deionized water several times, then sonicated for 10
min and rinsed with deionized water. Glassware and substrates were
dried in a 120 °C oven for 1 h. The silicon wafers were submerged in a
1:1:S solution of ammonium hydroxide, 30% hydrogen peroxide and
deionized water (The Radio Cooperative America). The solution was
heated to 85 °C for 30 min and allowed to cool. Samples were rinsed
with deionized water, sonicated and dried in an oven before use.

Silicon wafers were immersed into a 1 mM solution of (N-[2-(2-
nitrophenyl)propan-1-oxycarbonyl]-3-aminopropyl)triethoxysilane
(NPPOC-=silane) in toluene for 48 h at 20 °C. The coated wafers
were rinsed with toluene, followed by ethanol, and dried under a
stream of nitrogen gas.

Photopatterning of NPPOC-Functionalized Surfaces. A He—
Cd laser (Kimmon IK3202R-D) with an UV emission wavelength of
325 nm was used to irradiate samples. The area illuminated by the
laser beam was 020 cm’ and the laser power was 11 mW.
Micropatterns were obtained by irradiation of NPPOC-coated silicon
wafers using an electron microscopy copper grid (Agar, Cambridge,
U.K.) as a convenient mask.

Selective Adsorption of Fluorescently-Labeled PGMA;,—
PBzMA,,, Nanoparticles onto Patterned NPPOC-Function-
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alized Silicon Wafers. Patterned NPPOC-functionalized silicon
wafers were immersed in a 20 mM ethanolic solution of 3-
formylphenylboronic acid for 2 h at 20 °C. The wafers were rinsed
with ethanol and dried using a nitrogen gas stream. The phenylboronic
acid-functionalized wafers were then immersed in a 0.01% w/w
aqueous dispersion of fluorescently-labeled PGMAy,—PBzMA
nanoparticles at either pH 4 or pH 10 for 2 h at 20 °C. Finally,
each wafer was rinsed with water several times and dried gently under
a nitrogen gas stream.

Copolymer Characterization. 'H NMR Spectroscopy. All 'H
NMR spectra were recorded using a 400 MHz Bruker Avance-400
spectrometer using d,-methanol, d,-dimethylformamide or d4-dimethyl
sulfoxide.

Gel Permeation Chromatography (GPC). The molecular weights
and polydispersities of the PGMA macro-CTA and PGMA—PBzMA
diblock copolymers were determined by DMF GPC at 60 °C. The
GPC set-up consisted of two Polymer Laboratories PL gel 5 ym Mixed
C columns connected in series to a Varian 390 LC multidetector suite
(refractive index detector) and a Varian 290 LC pump injection
module. The mobile phase was HPLC grade DMF containing 10
mmol LiBr with a flow rate of 1.0 mL min~". Copolymer solutions
(1.0% w/v) were prepared in DMF using DMSO as the flow rate
marker. Ten near-monodisperse PMMA standards (M, = 625 to
618 000 g mol™") were used for calibration. Data were analyzed using
Varian Cirrus GPC software (version 3.3).

Dynamic Light Scattering (DLS). The intensity-average hydro-
dynamic diameter of each batch of spherical diblock copolymer
nanoparticles was determined using a Malvern Zetasizer NanoZ$
instrument. Aqueous dispersions (0.20% w/w) were analyzed using
disposable plastic cuvettes and data were averaged over three
consecutive runs.

Transmission Electron Microscopy (TEM). Copper/palladium TEM
grids (Agar Scientific) were coated in-house to yield a thin film of
amorphous carbon. The grids were then subjected to a glow discharge
for 30 s to create a hydrophilic surface. Individual samples (0.20% w/w
aqueous dispersion, 10.0 L) were adsorbed onto the freshly-treated
grids for 1 min and then blotted with filter paper to remove excess
solution. To stain the colloidal aggregates, uranyl formate (9.0 4L of a
0.75% w/w solution) was absorbed onto the sample-loaded grid for 20
s and then carefully blotted to remove excess stain. The grids were
then dried using a vacuum hose. Imaging was performed using a
Philips CM100 instrument operating at 100 kV and equipped with a
Gatan 1 k CCD camera.

Optical Microscopy. Optical microscopy images were recorded
using a Motic DMBA300 digital biological microscope equipped with a
built-in camera and Motic Images Plus 2.0 ML software.

Laser Diffraction. A Malvern Mastersizer 2000 instrument
equipped with a small volume Hydro 2000SM sample dispersion
unit (ca. S0 mL), a HeNe laser operating at 633 nm, and a solid-state
blue laser operating at 466 nm was used to size each emulsion. The
stirring rate was adjusted to 1 000 rpm in order to avoid creaming of
the emulsion during analysis. After each measurement, the cell was
rinsed once with ethanol, followed by two rinses with distilled water;
the glass walls of the cell were carefully wiped with lens cleaning tissue
to avoid cross-contamination, and the laser was aligned centrally to the
detector prior to data acquisition.

Fluorescence Microscopy. A single droplet of a Pickering emulsion
was placed on a microscope slide and viewed using an Olympus
Upright Epifluorescence microscope equipped with a Hamamatsu
ORCA-ER monochrome camera and Volocity software.

Atomic Force Microscopy (AFM). AFM studies were carried out
using a Nanoscope IV Multimode Atomic Force Microscope (Veeco,
Santa Barbara, CA) with a “J” scanner (0—12S pm). Silicon probes
(Bruker, Germany) with average spring constants between 20 and 80
N m™ were used for tapping mode studies. Mean heights were
determined for micropatterned particles.
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Table 1. Solids Contents, Conversions, Number-Average Molecular Weights (M,), Polydispersities (M,,/M,) and Mean DLS
and TEM Diameters Obtained for PGMA;,—PBzMA, Diblock Copolymer Nanoparticles and the Corresponding PGMA;,

Macro-CTA?

particle diameter

target composition solids content (w/w %) conversion” (%) M, M, /M,° DLS (nm) TEM (nm)
1 Gy, 40 67 15000 1.19 N/A N/A
2 Gy —Bs, 10 >99 19700 119 28 (0.102) 20
3 Gg—Bos 10 >99 20900 123 30 (0.128) 23
4 Ge=B1oo 10 >99 26900 122 41 (0.146) 27
S Gy —Biys 10 >99 30400 121 53 (0.245) 35
6 Gg—=Byso 10 >99 34600 126 55 (0.116) 36
7 Gg,—Byss 10 >99 39 800 123 58 (0.061) 43
8 Gy 1—Bago 10 98 45600 126 64 (0.067) 44
9 Gy =Bsso 10 >99 51100 1.19 81 (0.101) 35
10 Gg=Bago 10 >99 62100 118 91 (0.053) 73
11 Ge=Buoo 10 >99 77100 121 113 (0.038) 82
12 Ge—Bago 10 >99 83 400 124 137 (0.021) 105
13 Ge1=B 1000 10 >99 116 800 126 230 (0.017) 193
14 Gy 1=Bsso 20 >99 52900 116 78 (0.121) 55
15 Gg1=Bsso 30 99 52700 113 76 (0.091) 47
16 Gg—Bsso 40 >99 52700 113 86 (0.038) 55
17 Gy 1=Bsso 50 >99 52600 1.16 97 (0.095) 57

“The numbers in brackets refer to the DLS polydispersity of the sample. (N.B. For the sake of brevity “G” denotes PGMA and “B” denotes PBzMA.)
“Monomer conversion determined by 'H NMR spectroscopy. ‘Determined by DMF GPC using a series of near-monodisperse poly(methyl

methacrylate) calibration standards.

B RESULTS AND DISCUSSION

PGMA has been previously deployed as a reactive steric
stabilizer for the synthesis of diblock copolymer nanoparticles
via RAFT aqueous dispersion polylnerization.36_38 In partic-
ular, a PGMA macro-CTA was chain-extended with a water-
miscible monomer, 2-hydroxypropyl methacrylate (HPMA).
The growing water-insoluble PHPMA block led to PISA, which
in turn produced a wide range of diblock copolymer
morphologies, including spheres, worms, jellyfish, octopi and
vesicles.” This system has been extensively studied to develop
several phase diagrams which allow a particular morphology to
be reproducibly targeted.*®

In the present work, a PGMA macro-CTA was synthesized
by RAFT solution polymerization of glycerol monomethacry-
late in ethanol at 70 °C. This PGMA; macro-CTA was then
chain-extended with BzMA via RAFT aqueous emulsion
polymerization, see Figure 1. A series of PGMAy,—PBzMA,
diblock copolymer nanoparticles with varying target PBzMA
DPs were targeted (x = 50—1000; see Table 1). All BzZMA
polymerizations proceeded to high conversions (>98% as
judged by "H NMR spectroscopy; assigned NMR spectra are
shown in the Supporting Information, see Figure S1).

The kinetics of the polymerization of BzMA at 70 °C was
monitored using 'H NMR spectroscopy for a target PGMAg,—
PBzMA,, diblock composition. Sampling involved dilution of
each extracted aliquot of reaction solution using d,-DMF, which
is a good solvent for both the PGMA and PBzMA blocks
(Figure 2). The effect of varying the PGMA;; macro-CTA/
ACVA molar ratio from 3.0 to 10.0 on the rate of
polymerization was also examined. As expected, the lowest
macro-CTA/ACVA molar ratio led to the fastest polymer-
ization, with >99% conversion being attained within 2 h. DMF
GPC analysis of the final reaction solution indicated an M, of
49 400 and an M,,/M, of 1.15, which suggests that reasonably
good control is still achievable under these suboptimal
conditions. Higher macro-CTA/ACVA molar ratios led to
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Figure 2. Kinetics of polymerization of BzMA at 70 °C prepared at
10% w/w solids with varying PGMA;, macro-CTA/ACVA molar
ratios of 3.0 (red O), 4.0 (black M), and 10.0 (blue A). The target
diblock copolymer composition in each case was PGMA;,—PBzMA,,

significantly slower polymerizations, but both reactions never-
theless reached more than 99% conversion within 6 h at 70 °C.
In each case, the final polydispersity of the PGMA;,—PBzMA,,
diblock copolymer chains was below 1.20.

DME GPC analysis also indicated high blocking efficiencies,
since there was minimal contamination of the diblock
copolymer chains with unreacted PGMA;; macro-CTA (see
Figure 3). A monotonic increase in diblock copolymer M, was
observed as higher PBzMA DPs were targeted. Remarkably,
polydispersities remained below 1.30 even when targeting
highly asymmetric diblock compositions such as PGMAy,—
PBzMA 4 (see Table 1). For this particular copolymer
composition, there is some apparent tailing to higher molecular
weight. Given that the BZMA monomer is unlikely to contain
dimethacrylate impurities, this may indicate some low level of
termination by combination for this methacrylic formulation.
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Figure 3. DMF GPC curves for PGMAg,—PBzMA, diblock
copolymers prepared at 10% w/w solids via RAFT aqueous emulsion
polymerization of BzMA at 70 °C, where x = 100, 200, 300, 400, 500,
or 1000. Molecular weight data are expressed relative to a series of
near-monodisperse poly(methyl methacrylate) calibration standards
(N.B. “G” denotes PGMA and “B” denotes PBzMA).

DLS was used to characterize dilute aqueous dispersions of
PGMA;,—PBzMA,, nanoparticles. For a fixed PGMAg, macro-
CTA, targeting higher PBzMA DPs proved to be a highly
convenient means of controlling the particle size (see Table 1
and Figure 4). For example, PGMA;,—PBzMA, self-assembled
to form spherical particles with a mean hydrodynamic diameter
of 28 nm, while PGMA,—PBzMA,yy, formed particles of
around 230 nm. A monotonic, relationship was observed
between the DLS diameter and the target DP of the core-
forming block over a wide particle size range. This

approximately linear correlation was also supported by TEM
studies (Figure 4c). Moreover, relatively narrow particle size
distributions were achieved in each case. This can be fitted to a
power law of the form d = kN“, where d is the core diameter, N
is the mean DP of the hydrophobic PBzMA block, k is a
constant that depends on the Flory—Huggins parameter and N
scales with an exponent a.** From this the PGMA—PBzMA
spherical particles have @ = 0.73 as measured by DLS and a =
0.78 as measured by TEM. This is consistent with the PGMA—
PHPMA spherical particles and suggests that the PBzMA
chains are neither fully stretched nor collapsed.*'

It is also worth emphasizing that these diblock copolymer
nanoparticles invariably possess a rather more well-defined
spherical morphology than the PGMA-PHPMA diblock
copolymer nanoparticles prepared via RAFT aqueous dis-
persion polymerization.*®*”** However, unlike the latter
formulation, it was not possible to access either worm or
vesicular morphologies, even though a wide range of diblock
compositions and copolymer concentrations were explored. In
view of the worm and vesicle morphologies observed in RAFT
aqueous emulsion golymerization studies reported by Charleux
and co-workers,' %% there seems to be no intrinsic reason for
the morphological limitations observed in the present study.
For highly asymmetric diblock copolymers such as PGMA;,—
PBzMA og, the elegant studies of diblock copolymer vesicles
conducted by Eisenberg’s group*’ suggest that the observed
spherical particles must represent a kinetically-trapped
morphology, rather than the equilibrium morphology. In the
case of RAFT aqueous dispersion polymerization, monomer
plasticization of the core-forming block is believed to be
important, if not essential, for mediating the evolution in block
copolymer morphology from spheres to worms to vesicles that
is observed when targeting asymmetric diblock copolymers.*®
For the present RAFT aqueous emulsion polymerization, it is
conceivable that diffusion of the water-immiscible BzMA
monomer through the aqueous phase occurs too slowly on
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Figure 4. PGMA;,—PBzMA, diblock copolymers prepared at 10% w/w solids via RAFT aqueous emulsion polymerization of BzZMA at 70 °C: (a)
TEM images showing well-defined spherical nanoparticles, (b) the corresponding DLS intensity-average size distributions, and (c) a plot of mean
particle diameter vs mean degree of polymerization of the PBzMA core-forming block (N.B. for the sake of brevity ‘G’ denotes PGMA and ‘B’

denotes PBzMA).
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Figure 5. PGMA;,—PBzMA,;, spherical nanoparticles prepared at either 10, 20, 30, 40 or 50% w/w solids via RAFT aqueous emulsion
polymerization of benzyl methacrylate using a PGMA;, macro-CTA at 70 °C: (a) DMF GPC curves obtained for PGMA;, macro-CTA and
PGMA;,—PBzMA,, diblock copolymers prepared at solids contents ranging from 10 to 50% w/w; (b) the corresponding DLS intensity-average size
distributions and polydispersities determined for these five dispersions; (c) representative TEM images obtained for the same set of five PGMAg,—
PBzMA,;, dispersions prepared at 10, 20, 30, 40, or 50% w/w solids; a reasonably well-defined spherical morphology is obtained in each case.

the time scale of the polymerization to provide sufficient
plasticization of the growing PBzMA blocks. However, such a
mass transport problem might also be expected for the styrene-
based formulations reported by Charleux and co-workers, yet
this is clearly not the case."”**** This fundamental aspect
clearly warrants further studies and serves to illustrate our
incomplete understanding of RAFT-mediated PISA formula-
tions.

Charleux and co-workers have recently reported that the
RAFT emulsion polymerization of styrene enables the synthesis
of diblock copolymer nanoparticles with worm-like and
vesicular morphologies, as well as the more common spherical
morphology.”>** For many formulations, utilizing a relatively
short stabilizer block and targeting a sufficiently high DP for the
core-forming block is sufficient to enable the particle
morphology to evolve from spherical particles to worm-like
micelles/rods to vesicles during polymerization.”® Similar
observations have been reported for RAFT aqueous dispersion
polymerizations based on various water-soluble stabilizer blocks
coupled with a PHPMA core-forming block.******#%*5 Eor
these latter formulations, it has been shown that the copolymer
concentration can also profoundly affect the particle morphol-
ogy, with copolymer nanoparticles prepared at relatively low
concentrations (e.g, 10% w/w solids) forming kinetically-
trapped spheres.*® Thus a series of PGMA,;—PBzMA, diblock
copolymers were synthesized via RAFT aqueous emulsion
polymerization at 20% w/w solids to explore the possibility of
accessing worm and vesicular morphologies. 'H NMR
spectroscopy studies confirmed that high BzMA conversions
(>99%) were obtained for all such syntheses (see Supporting
Information, Table S1). However, DLS and TEM studies
confirmed the presence of only spherical particles. PBzZMA has
been utilized as the core-forming block for RAFT dispersion
polymerizations conducted in alcohol*® and n-alkanes.*” In each

case the full range of copolymer morphologies (e.g., spheres,
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worms or vesicles) can be obtained. Hence the limitation to
spheres observed for the current RAFT aqueous emulsion
polymerization does not appear to be an intrinsic problem
associated with the selection of PBzMA as a core-forming
block.

In the literature, RAFT PISA syntheses conducted via
aqueous emulsion or aqueous dispersion polymerization are
typically performed at 10—30% solids.”>>>**>%37457%8 Hoy-
ever, commercial latexes are normally synthesized at up to 50%
solids using conventional free radical emulsion polymerization
under monomer-starved conditions.” In the present work, we
wished to examine whether our RAFT aqueous emulsion
polymerization formulation could be performed successfully
under such conditions. Thus, a series of PGMA;,—PBzMA,,
syntheses were set up at total solids contents varying from 10 to
50% w/w. More than 99% BzMA conversion was achieved in
each case, as judged by 'H NMR spectroscopy studies of the
final reaction solutions (see entries 14—17 in Table 1). DMF
GPC analyses (see Figure Sa) indicated high blocking
efficiencies and low final polydispersities (M,/M, < 1.20).
Moreover, almost identical PMMA-equivalent M, values of
approximately 52 000 were obtained in each case, as expected
for a fixed target diblock copolymer composition. TEM
analyses of this series of PGMA;,—PBzMA,, nanoparticles
confirmed that well-defined spherical nanoparticles were
obtained in each case. Mean number-average particle diameters
(with at least 100 particles being counted in each case) for
PGMA;,—PBzMA,;, diblock copolymers prepared at 10% and
50% were calculated to be 55 + 8 nm and 57 + 16 nm,
respectively. Thus, there is no significant variation in particle
size when conducting such syntheses at high solids. However,
DLS studies of the same series of nanoparticles indicated
modest size differences, with slightly larger apparent particle
diameters being obtained for polymerizations conducted in
more concentrated media (see Figure 5b). DLS reports an
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Table 2. DLS Particle Diameter (nm) Determined Before and After Either the Addition of 0.25 M MgSO, or a Single Freeze—
Thaw Cycle (at —21 °C)“

target composition particle diameter addition of 0.25 M MgSO, effect of one freeze—thaw cycle stabilizer content (w/w %) re (mg m?)

Gs1—Bioo 41 (0.146) 48 (0.137) 44 (0.167) 13.5 246
Gs1—Byss 58 (0.061) 67 (0.048) 60 (0.125) 212 222
Gs1—Bsso 81 (0.101) 89 (0.127) 83 (0.137) 159 1.99

“The numbers in brackets refer to the DLS polydispersity of the sample (N.B. For the sake of brevity “G” denotes PGMA and “B” denotes PBzMA).
bAdsorbed amount of PGMA; stabilizer (in mg) per unit surface area of nanoparticles.

intensity-average diameter, thus for particle size distributions of volume of sunflower oil at 12 000 rpm for 2 min to form a
finite width this technique is expected to oversize relative to the series of oil-in-water emulsions. Figure 6a shows laser
number-average diameter reported by TEM. In addition, the diffraction studies for the spherical sunflower oil droplets
solvated PGMA stabilizer chains will also increase the obtained at various copolymer concentrations. Despite the
hydrodynamic diameter detected by DLS but make a negligible relatively broad droplet size distribution, a gradual reduction in
contribution to the TEM diameter (since the stabilizer chains the mean emulsion droplet diameter is observed at higher
collapse under the ultrahigh vacuum conditions required for copolymer concentrations. This is confirmed by optical
electron microscopy). Thus, in principle the difference between microscopy images (see Figure S3 in the Supporting
the DLS and TEM diameters for a given sample of diblock Information) and similar effects have been observed for many
copolymer nanoparticles should provide an upper limit estimate types of Pickering emulsifiers reported by various research
for the stabilizer layer thickness.” However, the observed groups.>®~>* Allowing these emulsions to stand overnight at 20
apparent increase in DLS diameter for polymerizations °C led to creaming of the oil droplets. The underlying aqueous
conducted at higher solids may also indicate some incipient phase was weakly turbid rather than transparent, which
flocculation. This hypothesis is supported by the paste-like suggested that not all of the nanoparticles were adsorbed
consistency observed for dispersions prepared at 50% solids onto the oil droplets. Similar observations have been reported
(see Figure S2 in the Supporting Information). It seems likely for other latex-based Pickering emulsifiers.>>™’ In contrast,
that the PGMA stabilizer is unable to offset the ever-present Thompson et al. reported that PGMA-stabilized polystyrene
weak attractive interparticle interactions in this case. In latexes (prepared by conducting the aqueous emulsion
contrast, free-flowing fluids were obtained for sterically- polymerization of styrene in the presence of well-defined
stabilized diblock copolymer nanoparticles prepared at 10— PGMA;, macromonomers) adsorbed very efficiently onto
40% solids. various types of oil droplets.*® Given that the surface of the

The colloidal stabilities of three nanoparticle dispersions block copolymer nanoparticles utilized in the present work is
(PGMA,—PBzMA,,, PGMA;,—PBzMA,,; and PGMA,— also PGMA-rich, this discrepancy is perhaps surprising. One

PBzMA,,,) were assessed by (i) conducting a freeze—thaw explanation may be that the PGMA—PBzMA nanoparticles
cycle at —21 °C and (ii) addition of salt (0.25 M MgSO,). In used in the present work are significantly smaller than the ~90

such studies, DLS is an appropriate characterization technique nm diameter latexes utilized by Thompson et al.>® According to
for assessing any increase in the degree of flocculation, since Binks, smaller particles are much less strongly adsorbed than
this technique is very sensitive to a relatively small (apparent) larger particles when deployed as Pickering emulsifiers.>
increase in particle size. However, in each case only a minimal Moreover, given that the blocking efficiency of the PGMA,
increase (<10 nm) in the mean particle diameter was observed macro-CTA in the synthesis of the PGMA —PBzMA,;,
(see Table 2). Such observations provide good evidence for the nanoparticles is relatively high (>90%), then the surface
robust steric stabilization conferred by the highly hydrophilic concentration of the highly hydrophilic PGMA chains is likely
PGMA block. to be significantly higher than that of the PGMA-stabilized

Thompson et al. reported that PGMA-stabilized polystyrene polystyrene latexes previously reported by Thompson et al.>°
latexes of around ~90 nm diameter can be readily prepared by "H NMR analysis of the dried nanoparticles allowed the PGMA

conducting the aqueous emulsion polymerization of styrene in content of the particles to be calculated (13.5—-21.2% w/w).
the presence of a well-defined PGMA;, macromonomer Assuming that all the PGMA chains are located at the surface of
(previously prepared via ATRP using a tertiary amine- the nanoparticles, this corresponds to an absorbed amount, I,
functionalized ATRP initiator).’Although these latexes proved of 2.0—2.5 mg m 2 (see Table 2). This is a little higher than the
to be interesting Pickering emulsifiers (see below), such 1.8 mg m™> reported by Thompson et al. for a PGMA;,
syntheses suffered from substantially incomplete monomer macromonomer,”® which probably reflects the greater blocking
conversions (< 70%).*° Thus the RAFT aqueous emulsion efficiency of the PGMA;, macro-CTA compared to the
polymerization formulation reported in the present study macromonomer grafting efficiency. This higher surface
appears to be a superior route for the efficient preparation of concentration of PGMA chains is expected to lower the
well-defined PGMA-stabilized nanoparticles. particle contact angle (or particle wettability), which in turn

Three PGMA;,—PBzMA,, syntheses (x = 100, 175 or 250) should lead to weaker interfacial adsorption. Furthermore, DLS
were scaled up and the resulting spherical particles were characterization of the non-adsorbed PGMA;,—PBzMA,;,
evaluated as putative Pickering emulsifiers. An aqueous nanoparticles remaining in the underlying aqueous phase
dispersion of PGMA;,—PBzMA,;, diblock copolymer nano- indicated that significant flocculation had occurred during
particles prepared at 10% w/w solids (entry 9 in Table 1; mean high-shear homogenization. This problem has not been
TEM diameter = S5 nm) was serially diluted to prepare previously reported for latex-based Pickering emulsifiers®> >
dispersions ranging from 2.50 to 0.0675% w/w). A 2.0 mL and probably warrants further investigation. Unfortunately, this
aliquot of each dispersion was homogenized with an equal unexpected particle aggregation also prevented the adsorption
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Figure 6. (a) Concentration dependence of mean diameter of
sunflower oil droplets (as determined by laser diffraction) prepared
using PGMA;,—PBzMA, nanoparticles as the sole emulsifier, where x
=100, 175, or 250. Error bars represent the standard deviation of the
volume-average droplet diameters, rather than the experimental
uncertainty. (b) Representative optical microscopy images obtained
for oil-in-water Pickering emulsions prepared using PGMAg,—
PBzMA,5, nanoparticles as the sole emulsifier at 1.00% w/w using
either n-dodecane, n-hexane, sunflower oil, or isopropyl myristate as
the oil phase. Scale bar = 200 ym in each case. (c) Fluorescence
microscopy image of sunflower-in-water Pickering emulsion droplets
prepared using 0.50% w/w PGMAy,—PBzMA;, nanoparticles labeled
with rhodamine B isothiocyanate.

efficiency of the nanoparticles being determined by turbidim-
etry, as previously reported by Thompson et al. in the context
of cross-linked vesicle-based Pickering emulsifiers.*® Thus an
alternative approach was employed whereby, after creaming of
the emulsion droplets had occurred on standing, a known
amount of the underlying aqueous phase was dried at 70 °C for
2 days. The dry residues were then redissolved in a fixed known
volume of DMF, which is a good solvent for both the PGMA
and the PBzMA blocks. Molecular dissolution of the diblock
copolymer in this solvent eliminated the flocculation problem
and allowed the adsorption efficiency to be calculated via UV
spectroscopy. A linear calibration plot at 268 nm (correspond-
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ing to the aromatic benzyl chromophore in the PBzMA block)
was constructed to determine the amount of non-adsorbed
particles remaining in the aqueous phase (see Figure S4 in the
Supporting Information). This supernatant depletion assay was
used to assess the nanoparticle adsorption efficiency for
Pickering emulsions prepared using PGMA;,—PBzMA,;,
particles. A maximum adsorption efliciency of 80% was
calculated when emulsification was performed using a
copolymer concentration of 0.0675% w/w. A gradual reduction
in adsorption efliciency was observed with increasing nano-
particle concentration, with only 22% efficiency being obtained
for the highest nanoparticle concentration investigated in this
work (2.50% w/w).

The same emulsification protocol was also used to prepare
oil-in-water Pickering emulsions using either PGMAy,—
PBzMA,y, or PGMAg,—PBzMA,,s nanoparticles. Again, the
variation of droplet diameter with nanoparticle concentration
was determined by laser diffraction (Figure 6a). Finer droplets
were obtained when using higher nanoparticle concentrations,
up to a limiting copolymer concentration of around 1.50% w/
w. At lower nanoparticle concentrations, larger volume-average
droplet diameters were observed when using the smallest
nanoparticles (PGMA;,—PBzMA,(; 41 nm diameter as judged
by DLS). It has been previously shown that the energy of
detachment of a particle at the oil—water interface increases
with particle size.’” Thus, relatively small particles require
significantly less energy to be desorbed from the oil/water
interface, which results in larger, less stable Pickering emulsions
being obtained at lower copolymer concentrations.

The PGMA,—PBzMA,, nanoparticles were also utilized to
prepare Pickering emulsions using three additional model oils:
n-dodecane, n-hexane or isopropyl myristate. In each case,
stable oil-in-water Pickering emulsions were obtained. The
optical microscopy images shown in Figure 6b were recorded
when using a 1.0% w/w aqueous PGMA;,—PBzMA,;,
dispersion as a Pickering emulsifier. Fluorescence microscopy
studies of a Pickering emulsion prepared using 0.5% w/w
PGMA;,—PBzMA ), tagged with rhodamine B isothiocyanate
(see Experimental Section for further details) confirmed that
these fluorescently-labeled nanoparticles were indeed located at
the oil droplet surface, as expected (see Figure 6c).%°

Phenylboronic acid derivatives have been reported to form a
1:1 cyclic boronate ester complex with PGMA in aqueous
alkaline solution.>*** More specifically, this chemistry was
exploited to achieve pH-modulated binding of PGMA-
stabilized polystyrene latexes onto cellulose fibers.*® Latex
adsorption was observed at pH 10.5, with substantial
desorption occurring at pH 4 on washing with dilute acid.
This work was subsequently extended to demonstrate specific
binding of the same PGMA-stabilized latexes onto both planar
and colloidal silica substrates.>

In the present work, selective binding of PGMA;,—
PBzMA,,, nanoparticles onto a micropatterned planar silicon
wafer functionalized with phenylboronic acid groups was
examined (see Figure 7). This model surface was prepared by
exposing selected areas of NPPOC-treated silicon wafers to UV
irradiation at 325 nm wusing a patterned photomask, as
previously described by Leggett and co-workers.”" The exposed
primary amine surface groups were then reacted with excess 3-
formylphenzylboronic acid to form imine linkages via Schiff base
chemistry.®”®® Such phenylboronic acid-functionalized planar
silicon wafers were then immersed in a 0.01% w/w aqueous
dispersion of PGMAg,—PBzMA,, nanoparticles for 2 h 20 °C
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Figure 7. Schematic representation of a micropatterned NPPOC-functionalized planar silicon wafer prepared via UV irradiation (4 = 325 nm) using
a photomask. The exposed surface amine groups were reacted with excess 3-formylphenylboronic acid to enable the pH-modulated selective binding
of rhodamine B-labeled PGMA{,—PBzMA, nanoparticles to the planar silicon wafer.

at either pH 4 or pH 10, followed by imaging via atomic force
microscopy (AFM). Figure 8a depicts a friction force image
recorded for the micropatterned phenylboronic acid-function-
alized planar silicon wafer prior to exposure to PGMA;—
PBzMA,, nanoparticles. Minimal nanoparticle adsorption was
observed on the micropatterned silicon wafer at pH 4, because
this solution pH is below the pK, of approximately 8 for
phenylboronic acid (Figure 8b).* In contrast, selective
nanoparticle adsorption occurs at pH 10, see Figure 8c.
Surprisingly, extensive washing of this nanoparticle-coated
surface with a mildly acidic solution (pH 4) only led to partial
nanoparticle desorption (data not shown), whereas Pelton and
co-workers reported rather more efficient desorption for
PGMA-stabilized polystyrene latexes coated onto cellulose
fibers using the same phenylboronic acid chemistry.>® To
confirm that surface binding was indeed the result of the cis-
diol chemistry of the PGMA stabilizer chains, a control
experiment was conducted using poly(ethylene glycol);;5—
PBzMA,, spherical nanoparticles of 122 nm diameter prepared
via RAFT emulsion polymerization (see Supporting Informa-
tion for synthesis details). These latter nanoparticles possess no
cis-diol functionality and hence were unable to bind selectively
to the micropatterned surface at pH 10; see Figure 8d.
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B CONCLUSIONS

We report a rare example of a RAFT emulsion polymerization
formulation using a non-ionic block as the steric stabilizer. A
water-soluble PGMA macro-CTA is readily chain-extended
using BzZMA monomer to form a series of PGMA—PBzMA
diblock copolymer nanoparticles via polymerization-induced
self-assembly. However, unlike the well-documented RAFT
aqueous dispersion polymerization of 2-hydroxypropyl meth-
acrylate using a similar PGMA macro-CTA, only spherical
morphologies could be obtained, despite exploring a wide range
of formulations. The reason for this fundamental difference is
unclear at present. However, it does not seem to be an intrinsic
problem associated with the core-forming block, because a full
range of copolymer morphologies (spheres, worms and
vesicles) has been reported for PBzMA-based diblock
copolymer nanoparticles in both alcoholic media and n-alkanes.
Judicious variation of the PGMA;,—PBzMA, diblock compo-
sition enabled the mean diameter of the spherical particles to be
controlled over a relatively wide range, from 20 to ~200 nm as
judged by both DLS and TEM. Moreover, well-defined
spherical PGMA;,—PBzMA,;, particles can be efficiently
prepared at up to 50% solids in the absence of any surfactant,
with minimal differences in particle diameter, molecular weight,
polydispersity and blocking efficiency compared to nano-
particles synthesized at lower copolymer concentrations.
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Figure 8. Atomic force microscopy (AFM) images obtained for 46 nm diameter PGMAg;—PBzMA, o nanoparticles adsorbed from aqueous solution
at 20 °C onto a micropatterned phenylboronic acid-functionalized planar silicon wafer. (a) Friction force image recorded for the patterned NPPOC
silicon wafer prior to exposure to any nanoparticles. (b) Height image recorded at pH 4, confirming that minimal PGMA;,—PBzMA,, nanoparticle
binding occurs under these conditions. (c) Height image recorded for PGMAg,—PBzMA 4, nanoparticles at pH 10, showing selective nanoparticle
adsorption via complexation between the cis-diol groups on the PGMA stabilizer chains with the phenylboronic acid groups on the wafer surface. (d)
Height image recorded for the attempted selective adsorption of 122 nm diameter PEG,,;—PBzMA,,, nanoparticles at pH 10 onto the same
micropatterned planar silicon wafer. In this case selective adsorption cannot occur, since the latter nanoparticles lack the cis-diol functionality
required to bind to the wafer surface. The height images shown in (b)—(d) were obtained using tapping mode AFM. For the friction force image
shown in (a), a silicon nitride nanoprobe was utilized with a nominal spring constant of 0.12 N m™ and a tip radius of 20—60 nm.

Three examples of PGMAg,—PBzMA, diblock copolymer
nanoparticles (where x = 100, 175 or 250) were used to
prepare a series of Pickering emulsions for four model oils.
Polydisperse emulsion droplets with good long-term resistance
toward droplet coalescence were obtained in each case. A
monotonic reduction in the mean diameter of sunflower
droplets from 1100 to 50 ym was observed via laser diffraction
studies on increasing the PGMA; —PBzMA,, nanoparticle
concentration from 0.0675% to 2.50% w/w.

The cis-diol functionality on the PGMA stabilizer chain was
exploited to demonstrate pH-modulated binding of PGMA;,—
PBzMA,y, nanoparticles onto a model phenylboronic acid-
functionalized micropatterned planar substrate. Nanoparticle
adsorption occurred at pH 10, whereas little or no binding was
observed at pH 4. However, only partial nanoparticle
desorption was achieved on lowering the pH from 10 to 4.

B ASSOCIATED CONTENT

© Supporting Information

Assigned "H NMR spectra for the PGMA; macro-CTA and
PGMA;,—PBzMA |, digital photographs and TEM images of
PGMA;,—PBzMA,, prepared at 10% and 50% w/w solids,
summary of conversions, GPC data and particle size data for
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PGMA ;—PBzMA,, optical microscopy images of PGMA;,—
PBzMA,;,-stabilized Pickering emulsion droplets, and synthesis
details for the PEG,;3;—PBzMA,, nanoparticles. This material
is available free of charge via the Internet at http://pubs.acs.org.
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