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Recent advances in colloidal hanocomposite
design via heterogeneous polymerization

Stuart C. Thickett 2 * and Guo Hui Teo

The design and synthesis of composite nanoparticles consisting of a polymeric phase and an inorganic/

organic phase has enjoyed a period of extensive development in recent times due to numerous advances

in heterogeneous polymerization. In this review, we look at several key advances that have shaped this

field in the past decade. Specifically, advances in encapsulation technologies via emulsion and miniemulsion
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polymerization are considered, in addition to the advent of polymerization-induced self-assembly (PISA)
that has afforded morphological control of such composites. The use of nanomaterials as particle
(Pickering-type) stabilizers is also discussed as a method of generating composite nanoparticles in one step.
Specific applications of these nanocomposites in terms of materials properties are also highlighted.

Introduction

The history of polymer composites and their applications
spans several decades, driven by the desire to create materials
that have a specific function or property. Examples include the
enhancement of mechanical or thermal properties relative to
the neat polymer," sensing applications,” catalytic activity,
response to an applied magnetic field,* or superior perform-
ance as a surface coating.”® Numerous methods exist to
prepare polymer composite materials, such as solution blend-
ing or melt processing, however these methods are relatively
irreproducible and are often characterized by aggregation or
phase separation of the organic/inorganic phase.”

An alternative method towards the preparation of compo-
site materials is to prepare them on the nanoscale as a hybrid
colloid or “latex”. Colloidal nanocomposites, as they will be
referred to in this review, represent a class of nanomaterials
that have been the subject of extensive research interest in
both academia and industry.®® Specifically, they utilize one of
the major heterogeneous polymerization methods (such as
miniemulsion,'®"* emulsion'*'* and dispersion polymeriz-
ation">'®), where an organic monomer is polymerized, most
typically in water or an alcohol in the presence of a stabilizer,
yielding polymer particles typically below 1000 nm in dia-
meter. The production of composite particles is achieved typi-
cally through two main approaches: (i) the inclusion of pre-
formed organic or inorganic nanoparticles into the polymeriz-
ation, or (ii) the use of a precursor or auxiliary co-monomer to
promote composite formation as a second step. The range of
materials combined with the polymeric phase is highly
diverse, including metal (or semi-metal) oxide
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nanoparticles,'””>*  colloidal semiconductors (“quantum
dots”,>>” as well as two-dimensional platelet materials such
as clays,”®* graphene,®” graphene oxide®®** and reduced
graphene oxide.*>** Both approaches towards colloidal nano-
composite synthesis have advantages and drawbacks (as an
example, the use of pre-formed nanoparticles requires control
of surface chemistry to ensure effective encapsulation), and are
often more suited to a particular type of heterogeneous
polymerization mechanism. Significant advances in control-
ling polymerization, such as the advent of reversible de-
activation radical polymerization (RDRP) in dispersed
systems,”>*® has recently enabled morphological control in
nanocomposite design not previously possible.

In this review, we consider recent advances in the prepa-
ration of nanocomposite materials, specifically by hetero-
geneous polymerization methods. We largely restrict discus-
sion to advances made in the past decade (2010 onwards),
however where relevant, key works prior to this are included
for completeness. Arguably one of the most significant
advances in polymer nanoparticle synthesis in recent times,
polymerization-induced self-assembly (PISA), is also reviewed
in the context of nanocomposite synthesis. The review is struc-
tured on the basis of polymerization mechanism, and
naturally there are areas where overlap occurs (e.g. emulsion
polymerization and polymerization-induced self-assembly). We
focus on achievements with respect to controlling the resulting
particle morphology of the colloidal nanocomposite, by
addressing the following questions: (i) How can efficient and
effective nanoparticle encapsulation be achieved in hetero-
geneous polymerization? and (ii) What methods enable the
formation of “armoured” (ie. polymeric core/nanoparticle
shell) structures? Examples of the use of these nano-
composites in various materials science applications are also
highlighted.

Miniemulsion polymerization

Miniemulsion polymerization has been arguably the method
of choice in the preparation of colloidal nanocomposites,
based on the array of examples in the
literature.'”*°>* One of the major advantages of miniemulsion
polymerization is the particle formation mechanism, which
relies on the direct polymerization of a fine dispersion of
monomer droplets, typically produced by ultrasound or the
application of high energy emulsification (Fig. 1). This ideal-
ized mechanism results in a 1-to-1 “copy” of the monomer
droplet distribution being converted into the final distribution
of polymer particles, however in reality significant deviations
from this can occur due to phenomena such as Ostwald ripen-
ing.>® Miniemulsion polymerization is also a particularly
appealing method for generating hollow particles or polymer
capsules for specific applications such as encapsulation and
release.'® For the production of composite nanoparticles, the
effective dispersion of another material (e.g an inorganic
nanoparticle such as silica, titania, iron oxide, etc.) in the

extensive
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Fig.1 Schematic of the miniemulsion polymerization process.
Reproduced with permission from ref. 10. Copyright 2009, John Wiley
and Sons.

monomer phase prior to emulsification can result in “loaded”
droplets that can achieve the desired morphology.

In this section we discuss recent advances in miniemulsion
polymerization for composite design based around two main
thematic areas - the use of pre-formed composite materials
(i.e. nanoparticles), and the use of inorganic precursors and/or
auxillary monomers that facilitate the formation of a compo-
site material post-polymerization. Emerging research areas
and applications are also highlighted.

Morphological control with pre-formed particles — armoured
or encapsulated?

Morphological control of composite particles is particularly
important with a view towards the final application of the
material. For example, the full encapsulation of an inorganic
nanoparticle (e.g. a pigment) within the polymer phase is
desirable for film-forming systems, as this ensures an homo-
geneous distribution of the material throughout the resultant
polymer matrix.>® Alternatively, ‘armoured’ particles (such as
those prepared by Pickering stabilization) may be the desired
morphology for materials with functional surfaces® or film-
forming systems with targeted mechanical properties.*'

When considering the batch miniemulsion polymerization
of a vinyl monomer with pre-formed inorganic nanomaterial
dispersed within, the final particle morphology at the con-
clusion of polymerization is influenced by both reaction kine-
tics and the thermodynamics of the system. Asua developed a
morphological map for predicting the equilibrium particle
morphology (Fig. 2),%” which is related to the various values of
the interfacial tension between the polymeric (P), inorganic (I)
and aqueous (W) phases respectively. Depending on the rela-
tive values of the interfacial tension between the three phases,
the resultant morphology can be encapsulated, “armoured”,
hemispherical/Janus, or no encapsulation (with respect to the
inorganic phase relative within the polymer phase). Reported
values of interfacial tensions for various materials are scarce
and so as a result one of the most powerful aspects of this
morphological map is to understand key trends in influencing
morphology by changing, for example, initiator type,
monomer type, surfactant (if employed), and the role of
surface modification of the inorganic nanomaterial. The utility
of this morphology map was recently demonstrated by Aguirre
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Fig. 2 Morphological map describing the thermodynamically favoured
morphologies for composite particles based on the interfacial tensions
between the polymeric (P), inorganic nanoparticle (I) and water (W)
phase. Examples of modified (a) and unmodified (b) silica nanoparticles
with respect to polystyrene-silica composites are shown. Reproduced
with permission from ref. 57. Copyright 2014, John Wiley and Sons.

et al.,”>® where the morphology of acrylic/ceria nanoparticles
changed from encapsulated to hemispherical upon the
addition of a polymeric hydrophobe.

Surface modification of the inorganic material is particu-
larly relevant as it represents a convenient method to improve
the dispersibility of the material in the monomer phase, e.g.
the surface modification of bare silica nanoparticles with a
relevant hydrophobic or functional silane. Surface modifi-
cation reduces the I-P interfacial tension while increasing the
I-W interfacial tension, resulting in an associated shift from
an armoured morphology (i.e. silica nanoparticles at the inter-
face of the polymer particle) to an encapsulated morphology
(see insets of Fig. 2). The role and relevance of surface modifi-
cation with respect to nanocomposite design is discussed in
the context of specific examples below.

Silica. Arguably the most studied class of nanoparticles in
the context of hybrid polymer-inorganic material synthesis,
either via miniemulsion polymerization or other means, is
silica (SiO,). Silica nanoparticles are conveniently synthesized
by simple methods (such as Stober synthesis®®) on a large
scale and are commercially available in a wide range of
differing particle sizes. Importantly, the surface of silica nano-
particles can be readily functionalized or modified. The appli-
cation of silica nanoparticles is diverse, spanning areas such
as controlled release and energy storage.>**°

2908 | Polym. Chem., 2019, 10, 2906-2924
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The ready surface modification of silica nanoparticles
(through functionalization of surface silanol groups) enables
them to be rendered hydrophobic (and hence dispersible in
the droplet phase) and/or polymerizable for effective dis-
persion in the polymeric matrix via surface cross-linking. The
diversity of approaches here is numerous, with one of the most
popular routes being the use of polymerizable silanes such as
(3-trimethoxysilyl)propyl methacrylate (MPS).°’"®> Bourgeat-
Lami et al.®® has shown the importance of MPS modification
in effective dispersion of silica into the monomer phase (in
their case, a MMA/BA mixture), with raw (unmodified) silica
nanoparticles undergoing significant agglomeration when dis-
persed in MMA; MPS-functionalized silica was able to be effec-
tively dispersed with narrow particle size distribution. The
choice of monomer is also relevant when dispersing MPS-
modified silica (e.g. agglomeration was shown to occur upon
dispersion in BA, but not in a MMA/BA mixture), in addition
to solids content. Through the use of cryo-TEM, the distri-
bution of MPS-silica nanoparticles within monomer droplets
was studied, revealing a strongly heterogeneous distribution
that was replicated in the resultant polymer latex. Further rele-
vant to the morphology of the resulting composite, the MPS-
silica particles were shown to be localized at the monomer/
water interface (Fig. 3), suggesting a particle stabilizer
(Pickering) type effect.

Fig. 3 Cryo-TEM images of miniemulsion droplets consisting of MPS-
modified silica nanoparticles (10% w/w) dispersed into a 50/50 w/w
mixture of MMA/BA, prior to ultrasonication with water. Reprinted with
permission from E. Bourgeat-Lami, G. A. Farzi, L. David, J. L. Putaux and
T. F. L. McKenna, Langmuir, 2012, 28, 6021-6031. Copyright 2012
American Chemical Society.

This journal is © The Royal Society of Chemistry 2019
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Both Mirmohseni et al.”” and Sanei et al.”® used alternative
surface modification methods to incorporate silica nano-
particles into MMA/BA/MAA copolymer latexes prepared by
miniemulsion polymerization. Mirmohseni used methylene
diphenyl diisocyanate (MDI) to modify silica particles dis-
persed in toluene, followed by addition of 2-hydroxyethyl
methacrylate (HEMA) to give methacrylic functionalities at the
silica particle surface. Sanei directly reacted surface silanol
groups with glycidyl methacrylate under acidic conditions,
reporting 92% encapsulation efficiency of the modified silica
following miniemulsion polymerization (at an initial loading
of 5% w/w modified silica). These formulations were film
forming and when cast as a film, greatly improved scratch re-
sistance was reported upon inclusion of the modified silica
phase compared to the neat polymer.

Whereas hydrophobic modification enables silica nano-
particles to be encapsulated via miniemulsion polymerization,
particles with an armoured morphology can potentially be pre-
pared using hydrophilic silica as particle stabilizer. Using a
commercially available silica sol with glycerol surface, Zhang
et al. recently prepared composite nanoparticles consisting of
a polystyrene or poly(styrene-co-butyl acrylate) core and a shell
of silica nanoparticles.® A raspberry-type morphology was
observed with silica nanoparticles adsorbing at the particle
interface, and it was shown that the choice of surfactant was
critical to promote the desired morphology. When a cationic
surfactant (CTAB) was used to prepare the miniemulsions,
silica adsorption was observed, but not when the anionic sur-
factant sodium dodecyl sulfate (SDS) was employed. No silica
adsorption at the polymer particle interface was observed
when the glycerol functionality was absent (Fig. 4), similar to
previous work by Schmid et al. in composite preparation via
emulsion polymerization.”*”?

Iron oxide. The preparation of composite polymer nano-
particles with incorporate iron oxide (specifically magnetite)
has been extensively studied in miniemulsion polymerization,
due the ability to readily prepare particles that exhibit a
response to an applied magnetic field. Applications of such
response include magnetic affinity separation, as well as appli-
cations in magnetic resonance imaging (MRI) and
hyperthermia.

The most common method of encapsulation of magnetite
nanoparticles is to render the surface of the nanoparticles
hydrophobic (via attachment of an appropriate surface modi-
fiers) in order to facilitate their dispersion in the monomer
phase. For this purpose, oleic acid (OA) is one of the most
common surface modifiers.”*®* In order to increase the
loading of magnetite, Landfester’s group has pioneered pro-
cesses based on multiple miniemulsions.** *® As an example,
OA-coated magnetite was first dispersed in octane and then
miniemulsified into droplets stabilized by SDS. The octane
was allowed to evaporate, followed by mixing this dispersion
with another miniemulsion of St droplets and subsequent
polymerization. This “ad-miniemulsion” process has also been
used to facilitate clay platelet encapsulation®” as well as
carbon black®® and pigment particles.*

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Polystyrene particles with a shell of glycerol-functionalized silica
nanoparticles prepared by miniemulsion polymerization. Figures (A)—(C)
represent particles prepared with increasing amounts of the cationic
surfactant CTAB. Figure (D) is the equivalent synthesis in the presence of
silica nanoparticles without glycerol functionality at the surface.
Reproduced with permission from ref. 69. Copyright 2013, Taylor and
Francis.

The major drawback of the above-mentioned approach is
the use of multiple steps to prepare the composite particles.
Recently, Ramos and Forcada®® have demonstrated a single-
step method of magnetite encapsulation into polystyrene
nanoparticles prepared by miniemulsion polymerization. In
their work, OA-coated iron oxide nanoparticles were directly
dispersed into a styrene/HD mixture at a weight fraction of
40% w/w. This oil phase was miniemulsified with an aqueous
dispersion of initiator (KPS), and in some instances a water-
soluble crosslinker/stabilizer ([2-(methacryloyloxy)ethyl] phos-
phate, BMEP) and stabilizers (SDS or dextran) in varying quan-
tities. It was shown that a mixed stabilizer system (OA plus 2%
w/w BMEP) was advantageous towards ensuring a high
amount of “loaded” polymer particles (>90% of particles con-
taining iron oxide), with dextran ensuring small final particle
size and narrow particle size distribution. In a similar vein,
van Berkel et al. also demonstrated the importance of the
“right stabilizer” for nanoparticle encapsulation in mini-
emulsion polymerization.'"*® They used short polystyrene oli-
gomers to functionalize metal nanoparticles for excellent dis-
persion into emulsified divinylbenzene droplets prior to
polymerization, with the loading of the metal nanoparticles as
high as 33% w/w relative to monomer.

Clay platelets. Clay platelets have been extensively utilized in
the design of polymer composites, primarily due to the excel-
lent gas barrier properties and improved hardness/scratch re-
sistance conferred on the resulting material.’**> When fully
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exfoliated, clays are essentially 2D nanomaterials with lateral
dimensions ranging from ~25 nm through to several hundred
nanometres. As clay platelets can be readily dispersed in
water,” surface modification is required for encapsulation in
miniemulsion systems. They can also act as Pickering stabil-
izers to generate armoured particles by the miniemulsion
polymerization of monomers as shown by
Bon et al.,>®** as well as inverse miniemulsion polymerization
by the group of van Herk®® in addition to emulsion polymeriz-
ation™°° (discussed in the following section).

An example of the role that clay type and method of modifi-
cation has with respect to particle morphology was demon-
strated by Zengeni et al** Using an ad-miniemulsion
approach, small LAPONITE® clay platelets (size 25-40 nm)
and larger montmorillonite (MMT) platelets (ranging from
50-500 nm) were first modified with the non-reactive CTAB or
the polymerizable surfactant vinylbenzyldodecyltrimethyl-
ammonium chloride (VBDAC), followed by mixing with a
styrene (St) miniemulsion and subsequent polymerization.
The effect on morphology was significant — for the smaller
LAPONITE® clay platelets, modification with VBDAC resulted
in encapsulation and dispersion within the PSt particle; use of
CTAB as modifier resulted in an armoured morphology. The
encapsulated PS/LAPONITE® system gave a 13 °C increase in
T, relative to the neat polymer at a LAPONITE® loading of
50% w/w, whereas the change to T, was negligible in the case
of armoured particles. The larger MMT platelets gave
armoured or “sandwich”-type morphologies in both cases.

Clay platelets have seen application as Pickering stabilizers
in film-forming systems for specific applications prepared by
both  miniemulsion and emulsion  polymerization.
Chakrabarty et al. utilized LAPONITE® RDS clay as a Pickering
stabilizer for the RAFT-mediated miniemulsion polymerization
of 2,2,3,3,3-pentafluoropropyl acrylate, MMA and BA in order
to prepare low surface energy surface coatings.*® In order to
make LAPONITE® sufficiently hydrophobic to act as a
Pickering stabilizer, a cationic RAFT agent S-1-dodecyl-S’-
(methylbenzyl triethylammonium bromide) trithiocarbonate
was first mixed with an aqueous dispersion of LAPONITE® in
order to promote electrostatic attraction between the two. The
role of the charged RAFT agent was significant on polymeriz-
ation kinetics, with a ten-fold increase in reaction rate com-
pared to the corresponding neutral RAFT agent. LAPONITE®
loadings of up to 40% w/w were possible, with morphological
analysis by TEM clearly showing armoured spherical nano-
particles approximately 200 nm in diameter. When cast as
films, a high static water contact angle (102.4°) was observed.
Bonnefond et al.® also demonstrated the preparation of com-
posite films with greatly reduced water vapour transmission
when montmorillonite platelets were used as stabilizers for
the preparation of styrene-co-butyl acrylate latexes.

Graphene oxide. The past decade has seen significant
activity in the design of polymer—-graphene composite
materials through the use of graphene oxide (GO) as a precur-
sor material, followed by reduction (chemical or otherwise)
back to a graphene-like material.**3%3%97"9% GO, the oxidation

various
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and exfoliation product of graphite, is readily produced on a
large scale, and significantly is amphiphilic in nature'°®'*
with the ability to act as a Pickering stabilizer."*>'®* The
amphiphilic nature of GO is dependent on the lateral dimen-
sions of the GO sheets, level of oxidation, and pH of the dis-
persed phase,'**'°®> which enables convenient tuning of emul-
sion stability.

GO sheets of varying size have been used as Pickering-type
stabilizers for the miniemulsion polymerization of various
monomers. Song et al'®® performed the miniemulsion
polymerization of styrene (St) in the presence of GO sheets of a
variety of sizes, whereby armoured particles were formed in
the presence of small (~300 nm) sheets, and alternatively PSt
particles decorating the surface of large GO sheets (of the
order of several microns). The miniemulsion polymerization of
MMA has also been reported'®” where stable miniemulsions
were only formed above 4% w/w of GO sheets relative to the
monomer. The resulting composite had a greater Young’s
modulus than PMMA, at the expense of increased brittleness.

Demonstrating the influence of surface modification with
regards to composite particle morphology, Etmimi et al. used
a reactive surfactant (2-acrylamido-2-methyl-1-propanesulfonic
acid, AMPS)*® or RAFT agent (dodecyl isobutyric acid trithio-
carbonate)®® to modify GO sheets prior to the miniemulsion
polymerization of styrene/n-butyl acrylate and styrene respect-
ively. 80% w/w of AMPS (relative to GO) was used, and the
miniemulsion was stabilized by SDBS. The modified sheets
were observed to be “stacked” within the particle interior;
RAFT modified GO sheets also provided moderate control of
the resulting MWD of the polymer (P values ranging from
1.26-1.62). As composite materials, an enhancement in both
thermal stability as well as storage and loss moduli was
observed relative to the neat polymer when the GO loading was
>3% w/w with respect to the polymer.

The group of Pentzer has investigated the preparation of
modified GO nanosheets via numerous functionalization
methods, often with a view towards the synthesis of armoured
particles with reactive surfaces.'®®*'? Exploiting the reactivity
of GO sheets towards nitriles'®>'*? through reaction with
surface hydroxyl groups, both small molecule and polymeric
functionalization with accompanying partial reduction of GO
has been reported. The reaction of GO with acrylonitrile in
aqueous systems results in the formation of acrylate groups on
the surface of the material;'®® this acrylate-functionalized GO
was then further modified with thiol-terminated polymers via
base-catalysed thiol-ene “click” chemistry. A particularly
elegant example of monofacial and bifacial functionalization
of GO was demonstrated with these materials by using acry-
late-functional GO as a Pickering stabilizer for the preparation
of a toluene-in-water miniemulsion, followed by different
thiol-ene reactions in the two phases (e.g. reaction with thiol-
terminated polystyrene in the toluene phase, and thiol-termi-
nated poly(acrylic acid) in the aqueous phase. These Janus GO
sheets were shown to greatly reduce the interfacial tension
compared to monofunctional or nonfunctional GO. The use of
allyl isocyanate to functionalize GO has also been reported,

This journal is © The Royal Society of Chemistry 2019
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with the resultant nanosheets used to stabilize polythioether
nanoparticles prepared by photoinitiated thiol-yne mini-
emulsion polymerization."" GO functionalization with alkyl-
amines of differing chain length has enabled the Pickering
stabilization of non-aqueous miniemulsion systems,''* such
as dodecane-in-DMF (and vice versa). These all-oil-based
systems open the pathway to heterogeneous polymerization of
water-sensitive reagents such as methacrylates with pendant
isocyanate groups, or interfacial step-growth polymerization.

Work by the group of Zetterlund and the authors of this
manuscript has exploited the inherent surface activity of GO
nanosheets for the miniemulsion polymerization of various
vinyl monomers in the absence of additional surfactant
(Fig. 5).">'"*7118 Using very small GO sheets (~30 nm in dia-
meter, derived from graphite nanofibres), the successful mini-
emulsion homopolymerization of styrene and various metha-
crylates has been reported, in addition to film-forming
systems (e.g. the copolymerization of styrene with BA™®). In
these systems, “armoured” particles (consisting of a shell of
GO sheets) were observed by TEM and SEM analysis. Using
cross-linkers such as divinyl benzene (DVB) and ethylene
glycol dimethacrylate (EGDMA) and a high loading of non-
solvent (hexadecane, typically 50 w/w%),*>'**> hollow capsules
stabilized with GO sheets were also prepared by this approach.
These capsules were shown to have relatively high surface area
(~250 m* ¢') and an accessible internal void volume via
surface mesoporosity, raising the possibility of applications in
catalysis and encapsulation. The electrically insulating nature
of GO has led us in recent times to explore the preparation of
composite films prepared by the above-mentioned mini-
emulsion approach, followed by thermal reduction to poten-
tially yield electrically conducting films.

Titanium dioxide. Titania (TiO,) nanoparticles find appli-
cation in numerous polymer composites, particularly films
and surface coatings, due to its high refractive index and
effective use as a pigment. A semi-conductor, titania also is
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Polymerization
_
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used heavily in photocatalysis, particularly in aqueous systems
where environmental pollutants undergo photodegradation.'*’

Without surface modification, the effective dispersion of
titania into the monomer phase for miniemulsion polymeriz-
ation is not possible. The group of El-Aasser'?°**? first demon-
strated the effective surface modification of P25 (a mixture of
~70% anatase with minor rutile and amorphous components,
however the composition can vary) with the commercial stabil-
izer OLOA370 (polybutylene succinimide diethyl triamine),
which was then used in the miniemulsion polymerization of
styrene. At a loading of 5% w/w (relative to the monomer
phase), the encapsulation of modified titania was as high as
92%; the polymer particle size was typically much larger in the
presence of modified titania compared to the neat particles.
More recently, Li et al.'*® has used sodium stearate to render
the surface of 10 nm anatase particles hydrophobic, for dis-
persion into a MMA-BA-AA mixture for the preparation of
hybrid latexes by miniemulsion. The authors claimed a multi-
layer structure with a hydrophobized titania core embedded
within a (meth)acrylic polymer phase, with un-modified
(hydrophilic) titania present at the particle surface, formed
potentially via physi- or chemisorption from the continuous
phase.

Titania nanoparticles have also been used as Pickering
stabilizers in miniemulsion polymerization. Chen et al.>* used
unmodified titania as a Pickering stabilizer to prepare hollow
capsules by miniemulsion polymerization, with the capsules
ranging from 10 to 50 pm in diameter. Gonzélez et al.® used
nanoparticles that were surface modified with acetylacetone
and para-benzenesulfonic acid as Pickering stabilizers, as
these nanoparticles were shown to have close to ideal wettabil-
ity characteristics with respect to the oil/water interface. At a
loading of 5-20% w/w with respect to the monomer phase, a
mixture of MMA, BA and octadecyl acrylate (the octadecyl acry-
late also acting as a hydrophobe) was polymerized to yield
armoured particles that decreased in average size (from over

Fig. 5 Miniemulsion polymerization of styrene stabilized solely by GO nanosheets. Left: schematic of the process. Right: SEM images of the result-
ing particles at 19% (A, B), 47% (C, D) and 90% (E, F) conversion of monomer. Scale bars = 500 nm for A—D, 2000 nm for E-F. GO loading was 7.5%
w/w relative to the monomer. Adapted and reproduced with permission from ref. 113. Copyright 2013, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2019
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1 micron to 370 nm) upon increasing the loading of titania.
The composite particles formed films at room temperature
with increased opacity at higher titania loadings. The films
were shown to exhibit a self-cleaning property, with the degra-
dation of Rhodamine B demonstrated upon exposure to UV
light. The group of Du has also shown the importance of
surface modification of titania with respect to effective
Pickering miniemulsion formation.***™2¢

Emerging areas. Several emerging topics have become more
prevalent in recent years with respect to colloidal nano-
composites by miniemulsion polymerization. Inspired by the
use of silver nanoparticles in applications such as wound
healing and antimicrobial coatings, Mamaghani et al. recently
demonstrated the incorporation of unmodified colloidal nano-
silver into poly(methyl methacrylate-co-butyl acrylate-co-acrylic
acid) latexes prepared by miniemulsion polymerization."”’
This was achieved by dispersing silver nanoparticles in an
aqueous solution of various emulsifiers and stabilizers (poly
(vinylpyrrolidone), Kenon40 and cetyl alcohol) prior to ultra-
sonication in the presence of the monomer mixture. The
resulting composite particles were shown to possess antibac-
terial activity towards Gram-positive and Gram-negative bac-
teria, with a greater region of inhibition than was achieved by
simple mixing of the neat latex and silver nanoparticles.

There has been a significant drive recently towards the use
of renewable resources (i.e. not derived from petroleum feed-
stocks) in polymer chemistry as well as in the preparation of
composite materials. This is reflected in recent work utilizing
materials derived from biomass in the preparation of compo-
sites via miniemulsion polymerization.""*® Jairam et al. used
lignin derived from biorefinery waste to prepare clay (sapo-
nite)-lignin hybrids that were incorporated into a styrene-
butyl acrylate miniemulsion system, stabilized by Triton
TX-405."*® The resultant latex was used to create composite
films that exhibited >40% reduction in oxygen permeability
and a 14-fold increase in tensile strength compared to the neat
polymer. The use of cellulose-derived materials such as cell-
ulose nanocrystals (CNCs) or nanofibers (CNFs) have attracted
significant research interest; in particular they have relevance
as bio-based Pickering stabilizers.'**"**> Errezma et al. recently
incorporated cellulose nanofibers into particles of poly(butyl
methacrylate) prepared by miniemulsion polymerization,
using a preformed cationic copolymer to drive electrostatic
incorporation of the negatively charged CNFs to the particle
surface. At a loading of 8% w/w CNFs relative to polymer, a
200-fold increase in stiffness and 13-fold increase in tensile
strength was observed. The group of Cranston has also demon-
strated the successful miniemulsion polymerization of MMA
using a mixture of CNCs and oppositely charged ionic surfac-
tant as a mixed surfactant system,"*” in addition to a mixture
of CNCs with methylcellulose.'*

Composite particles via inorganic precursors

An alternative to pre-formed inorganic nanoparticles in mini-
emulsion polymerization is the use of precursors or auxillary
monomers that enable the in situ formation of the composite
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material within the resulting polymer nanoparticle. By this
method, the issue of effective encapsulation is removed,
although phase separation at the nanoscale can still result in
the formation of different final particle morphologies. The
most common demonstration of this approach is the use of
commercially available alkoxysilanes such as tetraethyl-
orthosilicate (TEOS) that will undergo hydrolysis and conden-
sation to form silica, typically via base catalysis. Polymerizable
silanes such as MPS (often used for surface modification as
discussed in the preceding section) are also attractive given
that they readily copolymerize into styrenic, acrylic or
methacrylic formulations, enabling subsequent reaction of the
pendant trialkoxysilane.'?*7'3¢

The use of MPS as a functional comonomer in mini-
emulsion polymerization has been demonstrated by several
groups.””” ™! Droplet nucleation is advantageous when
working with monomers such as MPS, as the premature hydro-
lysis and condensation of alkoxysilyl groups that can occur is
suppressed.’*>'** Due to differences in interfacial tension, the
particle interface in such systems is enriched with reactive
alkoxysilyl groups that can be functionalized or coated with a
silica shell via the controlled hydrolysis and condensation of
TEOS at the particle surface. An analogous approach has also
been used in emulsion polymerization systems,'**'** where
subsequent removal of the polymeric core enables the for-
mation of hollow capsules.

Recent examples in the use of silica precursors in mini-
emulsion polymerization have involved the formation of non-
spherical particle morphologies, producing “lobed” particles
or raspberry-like structures. Zhang et al.®® prepared composite
nanoparticles via the miniemulsion polymerization of MMA
and MPS (mass ratio of MMA:MPS = 10), with TEOS also
present in the dispersed phase (MMA:TEOS = 2) prior to
emulsification with an homogenizer. Following a brief interval
of polymerization at 75 °C for 30 min, ammonia was added to
the continuous phase to promote the hydrolysis and conden-
sation of TEOS domains to form silica. The success of this
approach is driven by the phase separation of TEOS domains
to the droplet interface upon polymerization. A similar
approach was used by Yang et al.'*> where the miniemulsion
polymerization of styrene, divinylbenzene (DVB), MPS and
TEOS (in a mass ratio of 7:1:3:30) was performed using a
redox initiation pair, where one component (cumene hydro-
peroxide) was dissolved in the oil phase and the other (tetra-
ethylenepentamine) in the aqueous phase, in order to ensure
radical generation at the droplet interface. Following polymer-
ization, the addition of base enabled silica domains to be
formed at the particle interface, achieving raspberry-like par-
ticles approximately 200 nm in diameter. Zhang et al.'*® also
reported the synthesis of raspberry-like particles by first hydro-
lysing MPS in a pH 4 aqueous medium, followed by mixing
with styrene and subsequent ultrasonication. Prior to polymer-
ization, a basic dispersion of 50 nm diameter silica nano-
particles was added, which underwent condensation with the
silanol groups at the droplet interface, generating the targeted
raspberry morphology.

This journal is © The Royal Society of Chemistry 2019
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The use of silica precursors can also be used to prepare tar-
geted Janus-type colloidal nanocomposites, typically driven by
phase separation within the nanoparticle during hydrolysis
and condensation of the alkoxysilane. Zhang et al. performed
the miniemulsion polymerization of St, MPS and TEOS stabil-
ized by SDS,"*” whereby after a short interval of polymerization
under neutral conditions, the pH of the continuous was
adjusted to 9.0 to promote TEOS hydrolysis and condensation.
As the TEOS is immiscible with the formed PSt domains, the
increase in pH resulted in the TEOS “lobe” being converted
into a silica nanodomain within the particle structure, as con-
firmed by electron microscopy. A similar approach was used by
Han et al."*® to prepare PSt/silica/ZnO Janus nanocomposites,
where hydrophobic ZnO nanoparticles were first dispersed
into a St/TEOS mixture followed by miniemulsification,
polymerization and silica formation.

The use of inorganic precursors is not solely confined to
the in situ generation of silica. Other examples include the use
of titania precursors (e.g. tetra n-butyl titanate, TBT). Wu
et al.'*® reported a one-step method for the formation of poly-
styrene/titania nanoparticles via miniemulsion polymerization
through the use of TBT loaded into the pre-formed monomer
droplets. In this work, acetylacetone was added to the styrene/
hexadecane phase to act as a chelating agent for the added
TBT. Nanophase separation during polymerization was
observed by TEM, with 60-80% of the total titania content
found by XPS to be at the polymer particle interface.

Emulsion polymerization

Emulsion polymerization is unquestionably the most common
method for the preparation of aqueous dispersions of poly-
meric nanoparticles on an industrial scale. Mechanistically
distinct from miniemulsion polymerization, emulsion
polymerization does not require high shear/ultrasound or the
addition of ultrahydrophobes, and can be routinely performed
in the absence of added surfactant. Droplet nucleation in
emulsion polymerization is typically negligible, with the result-
ing particle phase formed either via micellar or homogeneous
nucleation (Fig. 6).">°'>® While experimentally simple to
perform, these particle formation mechanisms have made the
formation of encapsulated composite materials particularly
challenging until recent times. In this section, we review key
advances in emulsion polymerization composite synthesis, in
particular where reversible deactivation radical polymerization
(RDRP) techniques are used to facilitate effective encapsula-
tion. The use of nanoparticles as particle-based surfactants
(i.e. Pickering emulsion polymerization) is also an active
research area for the design of polymer composites in the
absence of surfactant, described below.

Pickering emulsion polymerization

The use of particles as colloidal stabilizers has been known for
over a century.">*'*” The resulting emulsion, often referred to as
a “Pickering emulsion,” thus represents a convenient route
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Fig. 6 Mechanistic overview of ab initio emulsion polymerization in the
presence of surfactant. Reproduced from S. C. Thickett and R. G. Gilbert,

Polymer, 2007, 48, 6965-6991, available under a CC BY-NC-ND 3.0
Creative Commons licence.

towards colloidal nanocomposite synthesis. Advantageously,
Pickering-type systems do not require the addition of low mole-
cular weight surfactants that can have potentially deleterious
effects in the final product (e.g. a composite film). Particle stabil-
izers have seen extensive use in both miniemulsion (as detailed
in the preceding section) and emulsion polymerization.'>®

As miniemulsion polymerization relies on droplet nuclea-
tion, the mechanism of particle formation with Pickering
stabilizers occurs via the adsorption of nanoparticles at the
droplet/water interface. The story is not so clear in the case of
emulsion polymerization. Compared to the kinetics and
mechanism of “traditional” (e.g. surfactant-stabilized or surfac-
tant-free) emulsion polymerization that are arguably well
understood,*"*119716! there remain unanswered questions
regarding particle formation and growth kinetics in Pickering
emulsion polymerization systems. In particular, interfacial pro-
cesses (such as radical entry'®® and exit into and out of a
polymer particle) are likely to be influenced by the presence of
Pickering stabilizers at the particle interface; furthermore, the
particle nucleation process'® in such systems is dependent on
numerous factors discussed below.

Numerous groups have shown that successful particle for-
mation in Pickering emulsion polymerization, achieving an
armoured morphology with high coverage of stabilizer par-
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ticles, is reliant on several factors. Arguably the most impor-
tant parameter is the chemical nature of the monomer/
polymer itself, which influences successful particle adsorption
at the interface. Siilica nanoparticles have been shown to
absorb to the surface of MMA-based latexes, but not more
hydrophobic styrene or butyl methacrylate latexes.'®® Percy
et al.'®**'® showed that 4-vinylpyridine (4VP) as co-monomer
enabled the surfactant-free emulsion polymerization of
various monomers in the presence of silica nanoparticles; the
acid-base interaction between 4VP and silica promoted par-
ticle adsorption and composite formation. A similar effect was
observed in the emulsion polymerization of MMA with 1-vinyli-
midazole (10% w/w relative to MMA) in the presence of silica
nanoparticles.'®® PEG-based auxiliary co-monomers are also
often used to promote silica nanoparticle adsorption™® and
clay platelet adsorption®'®” in emulsion polymerization,
exploiting the strong interaction between PEG chains and
these nanomaterials. Hydrophilic monomers such as
methacrylic acid have also been used in small amounts to
promote clay adsorption to the surface of styrene-BA
latexes.'®® Particle adsorption is often dependent on the pH
and/or ionic strength of the continuous phase, as this influ-
ences the zeta potential as well as any barrier towards adsorp-
tion of the nanoparticle at the polymer interface.

To address these mechanistic questions, detailed kinetic
experiments regarding Pickering emulsion polymerization
stabilized by LAPONITE® clay platelets'®® and silica nano-
particles’’® have been reported recently. Brunier et al.'®
studied the ab initio and seeded emulsion polymerization
experiments using LAPONITE® RDS clay as stabilizer. In
seeded experiments, the polymerization rate (and hence
average number of radicals per particle) was shown to be inde-
pendent of the initial clay concentration. Ab initio experiments
showed that an increase in the initial clay concentration
resulted in increased polymerization rate and a greater number
of (smaller) nucleated polymer particles, suggesting an impor-
tant role of the clay in stabilizing newly nucleated particles.
Modelling of the resultant particle size distributions enabled
the radical capture efficiency to be determined; importantly, no
hindrance to radical capture due to the presence of clay was
observed. Lotierzo and Bon'”® investigated the Pickering mini-
emulsion polymerization of MMA in the presence of silica nano-
particles (Ludox TM-40), presenting several key insights. They
demonstrated that the adhesion of silica nanoparticles to emul-
sified MMA droplets was not spontaneous, likely due to an
electrostatic barrier to adsorption.'”! The mechanism for silica
particles ultimately attaching to the interface of a polymer par-
ticle was attributed to a heterocoagulation mechanism,"**!
involving an aqueous phase oligomeric radical growing on the
surface of a silica particle. Similar to the results from Brunier
et al. with LAPONITE® RDS, the polymerization rate increased
with increasing the initial concentration of silica, with a greater
number of nucleated polymer particles forming upon increas-
ing the concentration of Pickering stabilizer.

“Armoured” particles prepared by Pickering emulsion
polymerization have found unique materials applications. A
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recent example was presented by Delafresnaye et al.,, who
described the preparation of vinylidene chloride (VDC)-based
copolymer particles stabilized by clay platelets.*’ PVDC has
excellent barrier properties (e.g. low oxygen and water per-
meability) but suffers from processability issues due to its
high crystallinity; exfoliated clay platelets also improve barrier
properties when present in polymer films. In their work,
LAPONITE® S482 clay platelets (1-15% w/w with respect to
monomer) were used as Pickering stabilizers of the emulsion
polymerization of VDC and methyl acrylate (MA), with MA
present from 7 to 17% w/w (total monomer) to ensure that the
latex was film-forming. High resolution TEM revealed the tar-
geted armoured particle morphology (Fig. 7, top), with the
resulting films exhibiting a honeycomb-like structure due to
the confinement of clay platelets within the particle inter-
stices. It was shown that if the VDC content was too high
(>87% w/w), the composite films were hard and brittle and
cracked easily, whereas optimization of the particle compo-
sition gave optically transparent, continuous films at room
temperature (Fig. 7, bottom).

Encapsulation using living oligomers

The encapsulation of organic or inorganic materials via emul-
sion polymerization was, for a long time, a challenging ques-
tion that proved difficult to address. “Armoured” particles (or

Fig. 7 Poly(VDC-co-MA) latexes prepared by Pickering emulsion
polymerization with LAPONITE® S482 Clay platelets. Top: TEM and
HR-TEM images of 90/10 VDC/MA polymer particles demonstrating clay
platelets at the particle interface. Bottom: TEM images and optical
photographs of poly(VDC-co-MA)/LAPONITE® nanoparticles (10% w/w
LAPONITE® relative to monomer) and their resulting films. When the
MA content was 15% (A) a transparent uniform film formed, whereas at
10% MA (B) the sample was opaque, brittle and cracked easily.
Reproduced from ref. 31 with permission from The Royal Society of
Chemistry, copyright 2017.
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coagulation) would often result when unmodified nano-
materials were used,”®'”> while the surface modification/
hydrophobization approach so readily used in miniemulsion
systems is not suitable in emulsion polymerization, given the
differences in particle formation mechanism (ie. droplet
nucleation vs. micellar or homogeneous nucleation).

The successful implementation of RDRP methods in emul-
sion polymerization in the early 2000’s has since paved the
way for the encapsulation of nanomaterials via the use of
amphiphilic living oligomers."”*®" This has been achieved
mostly via RAFT emulsion polymerization (often referred to as
RAFT-assisted encapsulating emulsion polymerization, or
REEP), however examples using NMP'®>'®* and ATRP'®*'%’
have also been demonstrated. The range of nanomaterials that
have been encapsulated is remarkably diverse, including
sﬂica’183,188 titania,173,179 174,178,189
dots,'”®> carbon nanotubes,”®'”” graphene oxide,"®° layered
double hydroxides'®*>'®° and ceria.?*'*"'*> While naturally
there are differences in the design of the oligomeric species
used, the generic mechanism is the same; an amphiphilic oli-
gomer (e.g. a copolymer of n-butyl acrylate and acrylic acid)
bearing a RAFT end-group undergoes physisorption to the
surface of the nanomaterial dispersed in water, followed by
starved-feed RAFT emulsion polymerization. Chain extension
of the living oligomers results in particle formation occurring
around the nanomaterial, providing effective encapsulation
even for materials with high aspect ratios. This process is sche-
matically depicted in Fig. 8.

The living oligomers used for successful encapsulation by
emulsion polymerization share several common character-
istics. Most notably they are amphiphilic in nature and are pre-
pared as random copolymers of hydrophilic and hydrophobic
units. A blocky structure is less desirable, as self-assembly can
occur in the aqueous phase that may lead to secondary nuclea-
tion. The oligomers must also strongly interact with the
surface of the nanoparticle, which is readily verified by adsorp-
tion isotherm studies. Insufficient surface interaction, or simi-
larly excess oligomer to coat the nanoparticle surface, will
again result in oligomers being present in the aqueous phase
that can mediate new particle formation. The oligomers also
need to be of sufficiently high molecular weight to provide col-
loidal stability for the resulting latex.

The group of Heuts'® has recently produced a simple
mathematical model to describe the amount of oligomer
required to effectively stabilize clay (Gibbsite) platelets and
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ultimately the final composite latex after starved-feed emulsion
polymerization. A particular focus of this work was to deter-
mine conditions where both the inorganic filler content and
the total polymer solids content were maximized without com-
promising colloidal stability. In order to achieve very high
filler loadings (e.g. 40% w/w clay relative to polymer) and high
total solids content, an additional feed of oligomer was
required later in the reaction, deliberately delayed in order to
avoid secondary nucleation early in the reaction profile. Using
this strategy, fully encapsulated Gibbsite up to a loading of
20% w/w was achieved within an MMA/BA latex (Fig. 9), with
multiple platelets per particle at higher loadings.

Some of the most recent work using the REEP approach has
involved the encapsulation of layered double hydroxides
(LDHs),"®>"° which are clays of tuneable composition that
find use in fire-retardant materials and mechanical reinforce-
ment. The role of the nature of the oligomer and the resulting
particle morphology is exemplified. RAFT co-oligomers of
acrylic acid and BA (either 15 or 35 total repeat units) were first
adsorbed onto the surface of LDH platelets, followed by the
starved feed emulsion polymerization of an 80:20 mixture of
MMA :BA at an LDH loading of 16% w/w. The shorter oligo-

Fig. 9 Poly(MMA-co-BA) latexes prepared by starved feed emulsion
polymerization in the presence of Gibbsite platelets initially stabilized by
(BA4-co-AA8 oligomers. Shown are TEM images of nanoparticles pre-
pared at a) 3% (b) 7% (c) 10% (d) 20% and (e) 35% w/w Gibbsite relative
to the polymer phase. Samples (c)—(e) were prepared with an additional
feed of oligomers during polymerization to impart sufficient colloidal
stability. Reproduced with permission from ref. 180. Copyright 2017,
John Wiley and Sons.

starved-feed conventional

adsorption emulsion polymerisation
B T
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Fig. 8 Schematic process for the encapsulation of inorganic nanoparticles (depicted here for Gibbsite platelets) with living oligomers, prior to
starved feed emulsion polymerization. Reproduced from ref. 184 with permission from The Royal Society of Chemistry, copyright 2016.
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mers resulted in full encapsulation of the LDH platelets,
whereas the longer oligomers gave nanoparticles with a sand-
wich-type structure. Highlighting the role of the RAFT end
group and effective chain extension, the equivalent oligomers
with the thiocarbonylthio group removed resulted in the pro-
duction of armoured particles. When cast as nanocomposite
films, highly different mechanical properties were observed;
full encapsulation of LDH platelets gave significant mechani-
cal reinforcement relative to the soft polymer matrix. By con-
trast, the armoured morphology gave a large rubber modulus
plateau up to very high temperatures due to the LDH platelets
exclusively residing at the particle interface, resulting in a
highly percolated network.

Polymerization-induced self-assembly
(PISA)

Over the past decade, the method coined polymerization-
induced self-assembly (PISA) has been an area of intense
research interest toward the design of block copolymer nano-
particles of various morphologies at high solids.">*™'%” PISA
utilizes the ability to readily prepare block copolymers via one
of the major RDRP methods (e.g. RAFT, ATRP and NMP)
however the synthetic process is no longer performed in a
medium that solubilizes all blocks; in a PISA system, the first
block is solvophilic while the second (and subsequent blocks)
are solvophobic, resulting in in situ assembly (Fig. 10). PISA
systems are typically performed as either dispersion or emul-
sion polymerizations (depending on the monomer solubility
in the reaction medium), whereby an increase in the degree of
polymerization (DP) of the solvophobic block changes the
block copolymer architecture in a continuous fashion, driving

self-assembly and the resulting particle morphology.
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Fig. 10 Schematic overview of the PISA process for the formation of
diblock copolymer nanoparticles of varying morphology. Reproduced
from S. L. Canning, G. N. Smith and S. P. Armes, Macromolecules, 2016,
49, 1985-2001, published under a Creative Commons Attribution
(CC-BY) Licence.
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Arguably the most important advantages of the PISA
process are predictive morphology control and the retention of
“livingness” of a growing polymer chain. The block copolymers
prepared by the PISA method self-assemble into nano-
structures that are well predicted by the self-assembly of
amphiphilic molecules, such as spheres, cylinders/rods, vesi-
cles and lamellae."”®"® The well-documented morphological
evolution in PISA systems (from high curvature to low curva-
ture structures) enables predictive phase diagrams to be pre-
pared based on copolymer composition, solvent and solids
content, amongst other factors.’’°%® The PISA process has
been extensively reviewed elsewhere;*®'%>19%2% for the scope
of this review we address what we believe is an emerging
research area, namely colloidal nanocomposites via the PISA
process. To our knowledge, the direct preparation of hybrid
nanoparticles via the PISA method is particularly small - the
use of a methacrylic-functional polyhedral oligomeric silses-
quioxane (POSS) derivative as a macroRAFT agent for the dis-
persion polymerization of styrene in n-octane is held up as an
example.”’* PISA as an encapsulation methodology or struc-
ture-directing method for the preparation of nanocomposites
is significantly more common and discussed below.

PISA-based scaffolds for nanocomposite synthesis

One method where colloidal nanocomposites of various mor-
phologies can be prepared is via the PISA process as a “colloidal
scaffold” amenable to further functionalization. In this
approach, block copolymer nanoparticles of targeted mor-
phology are first prepared whereby the solvophilic (or interfacial
block) can, for example, act as a chelating agent,>'*'* provide
electrostatic attraction, or act as a reactive precursor for inter-
facial sol-gel synthesis.*'® This two-step approach (particle syn-
thesis followed by functionalization) allows for precise morpho-
logical control (e.g. vesicles or fibres) prior to any modification
steps that may compromise the targeted morphology.

Examples of this approach were reported by the groups of
Davis and Boyer, who used RAFT dispersion polymerization in
methanol to prepare block copolymer nanoparticles where
both iron oxide and gold nanoparticles could be nucleated
and stabilized at the particle interface.*'"*'* Triblock copoly-
mers were prepared using an oligo (ethylene glycol) methacry-
late (OEGMA)-based macroRAFT agent, where chain extension
was first performed in solution either with MAA (in methanol)
or 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA) (in
toluene), followed by PISA of St in methanol. In both cases the
[St]: [macroRAFT] ratio in the PISA step was particularly high
(5000), analogous to the “monomer flooded” PISA approach of
Pan’s group.?'**'® In both cases, triblock copolymers of com-
position OEGMA-b-MAA-b-St or OEGMA-h-DMAEMA-)-St were
formed with moderate dispersity (1.28-1.72 and 1.30-1.45
respectively) that self-assembled into spheres, worms and vesi-
cles as a function of the DP of the St block. MAA-functional
particles were dialyzed against water and the pendant car-
boxylic acid groups were used to complex a 1:2 mixture of
Fe(n): Fe(m) salts that were precipitated with excess base to
form nanoparticles 7-10 nm in diameter. An analogous
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Fig. 11 TEM images and optical micrographs of poly(OEGMA-b-
DMAEMA-b-St) vesicles prepared by the PISA in methanol, before and
after complexation of the tertiary amine groups with chloroauric acid
and subsequent reduction with NaBH,; to form gold nanoparticles.
Reprinted with permission from R. Bleach, B. Karagoz, S. M. Prakash,
T. P. Davis and C. Boyer, ACS Macro Lett., 2014, 3, 591-596. Copyright
2014 American Chemical Society.

approach was used with DMAEMA-functionalized nano-
particles, used to complex chloroauric acid before chemical
reduction to yield stable Au nanoparticles of similar diameter
(Fig. 11). Polymeric spheres, rods and vesicles were all able to
be decorated via this approach, importantly resulting in no
loss of colloidal stability or affecting the particle size/mor-
phology of the polymer scaffolds. The iron oxide nanoparticle-
functional scaffolds were shown to be effective MRI relaxation
agents, with the micellar morphology shown to be the most
effective in this context.

The decoration of polymeric nanofibres prepared by RAFT
emulsion polymerization with pre-formed iron oxide nano-
particles was recently reported by Nguyen et al® In their
approach, a symmetric RAFT agent was used to prepare an AA-
b-BA-b-St triblock copolymer in 1,4-dioxane (relative M, =
20 kDa, D = 1.20) that served as a polymeric stabilizer for the
emulsion polymerization of styrene in water, with
[St]: [triblock] ratios varying from 660 to 2220. Moderate to
high conversions (>82%) were reported in all cases, with
spheres, fibres, platelets and vesicular structures reported. The
targeted fibrous structure, carrying an inherent negative
charge from the presence of AA groups at the surface (zeta
potential = =50 mV at pH 7.5) was blended with a 4% w/w dis-
persion of pre-formed iron oxide particles (particle size
25 nm); the positive surface charge on the iron oxide was used
to create a composite via electrostatic attraction. The resulting
composite was ~51% w/w iron oxide, with the resulting fibres
aligning under an applied external magnetic field.

Our contribution to this area has involved the synthesis of
polymer/silica colloidal nanocomposites of various mor-
phologies via the combination of PISA and sol-gel chem-
istry.”™® A reactive alkoxysilane-based methacrylate (MPS) was
used as the solvophilic block for the RAFT dispersion polymer-
ization of benzyl methacrylate (BzMA) in ethanol; the resulting
particles (spheres and vesicles) were used as scaffolds to direct
the base-catalyzed condensation of a silica precursor (TEOS) at
the particle interface. Silica shells of uniform thickness
(~40 nm) were formed at the particle surface by feeding in the
TEOS precursor slowly to minimize secondary nucleation with
preservation of the initial particle morphology. Typical of
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RAFT dispersion polymerization systems, the degree of
polymerization of the solvophilic block played a key role in
directing particle morphology - transitions from spheres
through to vesicles were observed when the MPS block was
relatively short (40 units), whereas spherical nanoparticles
were exclusively observed when the MPS stabilizer was 65 units
in length, preventing effective particle rearrangement.'*®

In situ encapsulation during the PISA process

The ability of the PISA process to readily prepare polymeric vesi-
cles (also referred to as ‘polymersomes’) at high solids has been
exploited in the past few years to investigate the loading of
vesicles with inorganic nanoparticles and proteins. The use of
vesicles is particularly appealing in the context of microencap-
sulation for various chemical or biomedical applications,*'¢>"?
in particular if the payload encapsulated within the vesicle can
be readily released via disruption of the vesicle membrane.

The group of Armes has made significant advances in
understanding the mechanism of encapsulation and release of
silica nanoparticles from polymeric vesicles in aqueous
solution.?*°**> Diblock copolymer vesicles were prepared by
the RAFT aqueous dispersion polymerization of 2-hydroxypro-
pyl methacrylate (HPMA), using a glycerol monomethacrylate
(GMA) macroRAFT agent. The unusual properties of HPMA,
namely the monomer being water soluble but the resultant
polymer being insoluble, enables a dispersion polymerization
mechanism to be employed. A typical diblock composition to
yield a vesicular structure was GMAsg-b-HPMA, 5, prepared at
relatively low dispersity (circa 1.12). The loading of 18 nm
silica nanoparticles into these vesicles was first achieved by
performing the PISA process in the presence of the silica dis-
persion, at silica loadings up to 35% w/w, followed by multiple
centrifugation cycles to remove non-encapsulated silica.>*?
Disk centrifuge photosedimentometry (DCP) was used to
demonstrate a loading of over 100 silica nanoparticles per
vesicle at the highest silica loading, with loading efficiencies
(by TGA) of approximately 10%. As the HPMA block is thermo-
responsive, time-resolved SAXS and TEM were used to demon-
strate a vesicle-to-sphere morphology transition (and accompa-
nying release of silica nanoparticles) upon cooling the loaded
vesicles from 30 °C to 0 °C; the transition was deemed com-
plete in approximately 12 minutes. A similar encapsulation
and release mechanism was demonstrated for polymeric vesi-
cles loaded with bovine serum albumin (BSA). A subsequent
paper from the group showed that vesicles with a high initial
silica loading dissociate via a “membrane perforation” mecha-
nism as studied by time-resolved SAXS, as opposed to the
vesicle-to-sphere morphology change at lower loadings.>*!

In addition to thermally driven morphological changes to
drive payload release, Armes’ group has utilized dynamic
covalent chemistry to release silica nanoparticles from the
interior of a polymer vesicle via an order-order transition.*°
3-Aminophenylboronic acid (APBA) was added to GMA-b-
HPMA vesicles described above at pH 10, which drove a small
but significant increase in the volume fraction of the stabilizer
block via the formation of borate ester groups through reaction
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with the cis-diol groups of GMA.*** The addition of ABPA
resulted in vesicle rearrangement into polymeric worms
whereby the silica payload was released (Fig. 12); the rate of
rearrangement could be tuned by adjusting the ABPA concen-
tration of the pH of the aqueous medium. Importantly, this
methodology enables the release of encapsulated nano-
particles from vesicles where a thermoresponsive transition
would not be possible, such as thick-walled vesicles.>*****

A further approach towards the realization of silica-loaded
vesicles has been reported by the group of Li Zhang, whereby
aqueous RAFT dispersion polymerization was performed using
photoinitiation using 405 nm light.>***?” A PEG-based
macroRAFT agent was used to mediate the chain extension of
HPMA in water at solids content of 10% w/w, using the water
soluble  photoinitiator =~ sodium  phenyl-2,4,6-trimethyl-
benzoylphosphinate (SPTP). A clear advantage of this
photoPISA approach is the rapid reaction times-compared to
thermal initiation; the preparation of vesicles of composition

(b) 20-
Before release
376.5 nm (0.07)
After release
154 75.0 nm (0.13)
S
§' 10
7]
c
]
£
5
Silica
nanoparticles
0 T

10 100 1000
DLS Diameter (nm)

Fig. 12 Encapsulation and release from polymeric vesicles via order-
order transitions. TEM images (a) and DLS distributions (b) of GMA-b-
HPMA vesicles prepared by PISA loaded with silica nanoparticles. The
addition of ABPA induces a vesicle-to-worm transition and subsequent
release of the encapsulated silica. Reproduced from R. Deng,
M. J. Derry, C. J. Mable, Y. Ning and S. P. Armes, J. Am. Chem. Soc.,
2017, 139, 7616-7623, published under a Creative Commons Attribution
(CC-BY) Licence.
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PEG;,3-b-HPMA,,, was shown to be complete after only
15 minutes of irradiation, with the polymer exhibiting low dis-
persity (P = 1.27). This compared to >2 h to reach full conver-
sion using thermal initiation. PhotoPISA in the presence of a
commercial aqueous dispersion of silica nanoparticles
(LUDOX AM) at 30% w/w resulted in silica loaded vesicles
whereby TEM analysis revealed silica particles in the vesicle
interior as well as the walls of the membrane. Polymer vesicles
that were able to disassemble were also prepared by the
photoPISA of a 9:1 mol : mol mixture of HPMA and DMAEMA
in water, yielding vesicles that dissociated upon bubbling CO,
into the reaction mixture, increasing the hydrophilicity of the
core-forming block and driving disassembly.>*°

PISA from nanoparticle surfaces

Examples of polymer-silica colloidal nanocomposites have
been prepared using polymerization-induced self-assembly
(PISA) directly from the surface of a silica nanoparticle. The
group of Benicewicz>*®??° has recently used surface-initiated
PISA to create polymer-silica nanoparticle strings and vesicles.
Their approach used silica nanoparticles of diameter ~15 nm
functionalized with the RAFT agent 2-cyano-2-propyl benzo-
dithioate (CPDB) in order to grow chains of poly(2-hydro-
xyethyl methacrylate) poly(HEMA) with DP = 190 followed by
removal of the RAFT end-group; the purpose of this step was to
provide a layer of solvophilic polymer grafted to the surface to
provide colloidal stability in methanol. A second round of
RAFT surface modification was followed by the RAFT dis-
persion polymerization of BzMA in methanol, forming a
“mixed brush” surface of solvophilic and solvophobic homo-
polymers. Similar to a classical PISA experiment, the solution
moved from transparent to turbid and ultimately milky-white
in appearance with increasing fractional conversion of BzMA,
coupled with an increase in hydrodynamic diameter by DLS
(from 28 nm to over 200 nm). TEM analysis revealed the for-
mation of short strings of nanoparticles, driven by mixing of
the grafted solvophobic brushes. Analogous experiments with
poly(HPMA) as the stabilizer block, followed by the surface
initiated dispersion polymerization of BzMA in ethanol
resulted in the formation of single-walled hybrid vesicles.

Another approach demonstrating surface-initiated PISA was
reported by the group of Bourgeat-Lami,'®* where NMP was
used to mediate the emulsion copolymerization of butyl meth-
acrylate and styrene. In this work, a macroalkoxyamine was
first prepared (poly(OEGMA ,-co-St;), M, = 11.7 kDa, D = 1.11)
and then added to an acidified aqueous dispersion of silica
nanoparticles (diameter 136 nm), enabling physisorption of
the macroalkoxyamine at the silica nanoparticle interface.
Subsequent emulsion polymerization of a BMA/St mixture
resulted in composite particles of varying morphology; these
included core-shell and “half-capped” spheres, tadpole-like
and snowman-vesicles that formed at different pH of the con-
tinuous phase. A strong dependence on the size of the silica
nanoparticles was also reported; when much smaller silica
nanoparticles (~30 nm diameter) were used, “armoured”
fibres and vesicles were instead formed.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of design considerations in preparing colloidal nhanocomposites of specific morphology by the techniques discussed in this

article

Target

morphology Miniemulsion polymerization Emulsion polymerization Polymerization-induced self-assembly

Encapsulated Surface modification of (in)organic Amphiphilic living oligomer needed for In situ encapsulation of nanoparticles
phase typically required for dispersal in  stabilization of (in)organic phase and is possible but encapsulation
monomer phase particle nucleation and growth efficiency can be low
Hollow particles or capsules are High aspect ratio and anisotropic materials ~ Higher order morphologies (rods,
possible can be encapsulated worms, vesicles) are readily accessed
Need to consider interfacial tension Scalable approach compared to
terms to achieve target miniemulsion

“Armoured” Surface modification of (in)organic Complete mechanism of particle formation  PISA nanoparticles can be used as a

phase not essential, but particles need
to wet droplet interface

Droplet nucleation simplifies particle
design

is still emerging

Particle adsorption at latex interface is
highly system dependent, often many

reactive scaffold for surface
modification

Surface modification is independent
of polymer nanoparticle morphology

“bare” particles

Conclusions and outlook

The past decade has seen extensive development in colloidal
nanocomposite synthesis through a variety of heterogeneous
polymerization methods. Major shortcomings have been over-
come, such as the ability to encapsulate unmodified (in)
organic nanoparticles via emulsion polymerization via the
“REEP” approach, through the use of living amphiphilic oligo-
mers to adsorb to the surface of the encapsulation target. This
has, in our opinion, tipped the balance away from mini-
emulsion polymerization as the method of choice for particle
encapsulation, given that potentially laborious and/or ineffi-
cient surface modification of the nanomaterial is required for
miniemulsion polymerization. The applicability of emulsion
polymerization on an industrial and commercial scale makes
this method even more attractive. The use of miniemulsion
polymerization naturally retains some technical advantages, in
particular the design of hollow particles and polymeric capsules
with an encapsulated payload, and the relative simplicity of
droplet nucleation. Table 1 summarizes some of the key design
considerations of the approaches discussed in this article with
respect to armoured or encapsulated morphologies.

The advent of PISA, particularly all-aqueous PISA, has revo-
lutionized the ability to prepare polymeric nanoparticles of
diverse morphologies at high solids. “Non-traditional” mor-
phologies such as worms/rods and vesicles have potential
application in numerous settings, such as novel materials for
encapsulation and release as highlighted in this article. The
in situ encapsulation within the interior of polymeric vesicles
is remarkably simple to perform, and has provided exciting
developments into the mechanism of payload release when a
vesicle undergoes dissociation. This method suffers from a
potentially large fraction of unencapsulated nanoparticles, in
addition to distribution of encapsulated nanoparticles per
vesicle that is not readily controlled. We anticipate that the
ability to address these issues will be areas of active research
in coming years.

Pickering miniemulsion and emulsion polymerization have
also seen extensive development in recent years, both from a

This journal is © The Royal Society of Chemistry 2019

mechanistic and applied perspective. The appeal of particle-
based stabilizers is immediate, as it circumvents the need for
low molecular weight surfactants which is particularly appeal-
ing for film-forming latexes. The resulting “armoured” or rasp-
berry-type morphology sees numerous applications in the
context of reactive surface coatings or materials with unique
mechanical response.

adsorbed at the monomer droplet/polymer particle interface

Ensuring that nanoparticles are

often requires fine control of the monomer composition,
including the use of auxillary comonomers, and control of the
pH and ionic strength of the continuous phase. The knowl-
edge that has been developed in this area in recent times will
further enable the design of well-controlled nanomaterials for
specific applications.

In conclusion, this is an exciting time to be working in the
area of colloidal nanocomposites. The underlying knowledge
with respect to encapsulation as well as particle-based stabiliz-
ation in heterogeneous polymerization has grown extensively,
and this knowledge will undoubtedly feed further developments
in materials applications such as surface coatings with tailored
function. We envisage the use of bio-based and naturally derived
materials in colloidal nanocomposite preparation to grow signifi-
cantly, given the social and economic drivers for sustainability
in chemistry and materials science. The potential for appli-
cations in other areas such as catalysis and nanomedicine,
amongst others, will ensure that colloidal nanocomposites
remain an active area of research for many years to come.

Abbreviations

4VP 4-Vinylpyridine
AA Acrylic acid
APBA 3-Aminophenylboronic acid

ATRP Atom transfer radical polymerization
BA n-Butyl acrylate

BMEP [2-(Methacryloyloxy)ethyl] phosphate
BzMA Benzyl methacrylate
CNC Cellulose nanocrystal
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CNF
CTAB

D
DMAEMA
DP

DVB
EGDMA
GMA
GO
HEMA
HPMA
LDH
MA
MDI
MMA
MMT
M,

MPS
NMP
OA
OEGMA
PEG
PISA
RAFT
RDRP
REEP

SDBS
SDS
SEM
St
TBT
TEM
TEOS
Tg
VBDAC

VDC

Cellulose nanofibre
Cetyltrimethylammonium bromide

Dispersity

2-(N,N-Dimethylamino)ethyl methacrylate
Degree of polymerization

Divinylbenzene

Ethylene glycol dimethacrylate

Glycerol monomethacrylate

Graphene oxide

2-Hydroxyethyl methacrylate

2-Hydroxypropyl methacrylate

Layered double hydroxide

Methyl acrylate

Methylene diphenyl diisocyanate

Methyl methacrylate

Montmorillonite

Number average molar mass
3-(Trimethoxysilyl)propyl methacrylate
Nitroxide mediated polymerization

Oleic acid

Oligo(ethylene glycol) methacrylate
Polyethylene glycol

Polymerization-induced self-assembly
Reversible addition fragmentation chain transfer
Reversible deactivation radical polymerization
RAFT-assisted encapsulating emulsion
polymerization

Sodium dodecyl benzenesulfonate

Sodium dodecyl sulfate

Scanning electron microscopy

Styrene

Tetra n-butyltitanate

Transmission electron microscopy
Tetraethylorthosilicate

Glass transition temperature
Vinylbenzyldodecyltrimethylammonium chloride
Vinylidene chloride
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