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ABSTRACT: A simple and modular synthetic approach, based
on miniemulsion polymerization, has been developed for the
fabrication of composite polymer–metal nanoparticle materials. The procedure produces well-defined composite structures consisting of gold, silver, or MnFe2O4 nanoparticles
(10 nm in diameter) encapsulated within larger spherical
nanoparticles of poly(divinylbenzene) (100 nm in diameter).
This methodology readily permits the incorporation of multiple metal domains into a single polymeric particle, while
still preserving the useful optical and magnetic properties of
the metal nanoparticles. The morphology of the composite
particles is retained upon increasing the inorganic content

INTRODUCTION Metallic nanostructures are presently finding
application across a broad range of scientific disciplines
because of their remarkable optical, electronic, and catalytic
properties.1 Among these structures, gold, silver, and magnetic
nanoparticles are particularly well studied and have already
shown promise for use in a range of device applications2 and
in medical diagnosis and treatment.3 However, the practical
use of metal nanoparticles is strongly governed by their sensitivity to environmental factors such as solvent composition,
salt concentration, and temperature. As such, there is a continuing need for reliable methods to modify and deliver metal
particles with improved solvent affinity, stability against aggregation, and tailorable functionality. This is commonly achieved
by preparing composite nanoparticles, which combine metallic
and nonmetallic (e.g., polymeric4) components.

A survey of the literature reveals a variety of methods for
generating composite nanoparticles, each with particular
advantages and limitations. A straightforward and widely
used approach has been to attach ligands (either small molecules or polymers) to the nanoparticle surface. For gold and
silver particles in particular, a vast number of nanoparticle–
ligand systems has been reported, based on various groups
that are capable of binding to metal surfaces: amines,5,6
thiols,7 disulfides,8,9 thioethers,10,11 thioesters,12 thiocarbonates,12 and thiocarbamates.13 Commonly, these ligands are
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incorporated during the metal nanoparticle synthesis or at
the surface of preformed nanoparticles by ligand exchange.14
Although the simplicity of this approach is highly appealing,
the ligated metal nanoparticles may remain susceptible to
ligand displacement and other reactions with solvated species (e.g., etchants). Also, by definition, this approach is limited to producing functionalized nanostructures containing
only a single metal nanoparticle domain—a feature that may
not be optimal for certain applications, such as sensing
based on surface enhanced Raman spectroscopy (SERS) or
for multimodal, dual functional materials.15
A more robust protecting layer may be created by silica coating of inorganic nanoparticles using either seeded-growth16
or microemulsion methods.17 A particular advantage of this
approach is that, in addition to its stabilizing function, the
silica shell of these composite nanoparticles is also highly
amenable to attachment of surface functional groups through
siloxy coupling reactions.18 However, these procedures are
typically time consuming and require careful control over
pH, solvent composition, and concentration of silica precursors at each stage of the process, to obtain the desired composite nanoparticle product. Depending on the thickness of
the crosslinked silica shell, these core–shell nanostructures
can be porous, allowing infiltration by small molecules, or
for thicker systems can provide structural isolation.19
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In contrast to the ligation and silica coating approaches in
which the metal nanoparticle core acts as a template for the
composite nanoparticle structure, a nonmetallic particle can
also act as a template for incorporation of metallic domains.
Straightforward examples include the attachment of metal
nanoparticles to the surface or pores of a solid polymer or
silica seed particle—either by adsorption of preformed metal
particles20 or by in situ reduction of a metal salt.21 In a
related strategy, Ye and Crooks has demonstrated that welldefined nanoparticles can be incorporated into the internal
free volume of dendrimers by in situ reduction of ions chelated within the dendrimer.22
A promising alternative to solid template approaches is the
formation of composite nanoparticles in solution through
self-assembly or dispersion processes. Several recent reports
have described composite nanoparticles driven by coassembly of amphiphilic block copolymers into micelles or
vesicles.23 Taton and coworkers have further demonstrated
that block copolymer self-assembly, followed by chemical
crosslinking, yields composite nanoparticles that are dispersible in a variety of solvent media and impermeable to metal
etching agents.24–26
Another dispersion-based approach for composite nanoparticle formation is miniemulsion polymerization.27,28 An emulsion, consisting of water and immiscible monomer droplets
containing the inorganic material, is polymerized to yield
polymer–inorganic composite nanoparticles. This simple
method, which uses predominantly commercially available
reagents, is appealing when compared with block copolymer
self-assembly methods. Various literature reports describe
the use of miniemulsion polymerization to prepare composite particles based on titania,29–31 calcium carbonate,32 magnetite,33–37 carbon black,38 alumina,39 silica,40,41 zinc oxide,42
and yttrium oxysulfide.43 However, in these cases, the composite particles formed were subject to a variety of challenges: low inorganic content, inhomogeneous distribution of
inorganic material, incomplete encapsulation of inorganic
material, and large populations of pure (noncomposite) polymer particles. Moreover, to our knowledge, there have been
no literature reports of successful miniemulsion polymerization incorporating gold or silver nanoparticles—both important materials for use in emerging nanoparticle applications.
This work aims to develop a versatile synthetic platform that
combines many of the desired features for composite nanoparticles and overcomes the aforementioned challenges to
give a methodology that is robust, reliable, and scalable;
requires only a limited number of steps with little or no purification; and allows facile tailoring of composite functionality and properties. In a previous Communication,44 we
reported the initial development of a new synthetic procedure for composite nanoparticles, based on miniemulsion polymerization, which is depicted schematically in Figure 1.
First, metal nanoparticles are prepared and grafted with
short, hydrophobic polymer chains, which render the nanoparticles dispersible in organic solvents. The grafted metal
particles are then dispersed in a suitable monomer for miniemulsion polymerization, and the nanoparticle/monomer
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FIGURE 1 Schematic description of composite nanoparticle
synthesis: (a) polystyrene-grafted gold nanoparticles are dispersed in monomer (divinylbenzene) and emulsified with aqueous surfactant solution (b) to form small, uniform monomer
droplets (c), which are then polymerized to yield composite
polymer–gold nanoparticles (d); hydrophilic polymer chains
(poly(ethylene glycol)) are grafted to the surface of composite
nanoparticles by thiol-ene chemistry (e).

mixture is emulsified with an aqueous solution of surfactant
and free radical initiator. Polymerization within the miniemulsion droplets yields composite nanostructures comprising metal domains encapsulated within larger polymer
nanoparticles.
A key criterion for tailoring composite nanoparticles to a
wide range of applications is the ability to conveniently modify all aspects of their structure from the size, shape, and nature of the inorganic building block to the surface chemistry
of the polymeric nanoparticle. To this end, this synthetic
strategy uses thiol-ene chemistry, which has emerged as a
powerful tool for the modification of polymeric and dendritic
materials45 because of its high efficiency, tolerance of functional groups, and mild conditions.46 In this work, the efficacy of thiol-ene chemistry for the functionalization of composite nanoparticles is exploited for surface grafting of
hydrophilic polymer chains—as illustrated in Figure 1.
This modular synthetic approach—combining miniemulsion
polymerization with thiol-ene chemistry—allows a wide variety of composite nanoparticles consisting of multiple inorganic nanoparticle cores, within a crosslinked polymer matrix, surrounded by a diffuse polymeric corona to be
prepared. The particles are highly impermeable to external
chemical species, are stable against aggregation, and can be
dispersed in a wide range of solvents. This method is simple,
scalable, and uses reagents that are generally commercially
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available. Moreover, it involves only a limited number of synthetic steps, relatively short reaction times, and facile purification steps.
EXPERIMENTAL

Materials
All chemicals were purchased from Sigma–Aldrich and used
as received, unless otherwise noted. HAuCl43H2O was purchased from Strem Chemicals. 2,20 -Azobis-isobutyronitrile
(AIBN, Sigma–Aldrich) was recrystallized from methanol
before use. Divinylbenzene (Sigma-Aldrich, 80%, mixture of
isomers) was percolated through basic alumina before use.
Thiol-terminated poly(ethylene glycol) (Mn ¼ 2000) was purchased from Polymer Source. Silver nitrate was purchased
from Fisher Chemical and used as received. Milli-Q grade
water was used unless otherwise specified.
Characterization
Nuclear magnetic resonance (NMR) spectroscopy was carried
out using a Bruker 500 MHz spectrometer with the residual
solvent signal as an internal reference. UV–visible spectra
were obtained using a Jasco V-530 spectrophotometer. Gel
permeation chromatography (GPC) was performed with THF
as solvent, on a Waters chromatograph equipped with four
5-lm Waters columns (300 mm  7.7 mm) connected in series with increasing pore size (100, 1000, 10,000, and
1,000,000 Å). Waters 410 differential refractometer index
(DRI) and 996 photodiode array detectors were used. The
molecular weights of the polymers were calculated relative
to linear polystyrene standards.
Nanoparticle samples for transmission electron microscopy
(TEM) were diluted by 1/100 with water and 5 lL was deposited on a carbon-coated TEM grid. TEM investigations
were conducted using an FEI-T20 instrument, operating at
200 kV, with Scion Image software used for image analysis.
Dynamic light scattering (DLS) measurements were carried
out on a Brookhaven BI-9000AT Digital Autocorrelator
(Holtsville, NY, USA), equipped with an Avalanche photodiode
detector and a MG vertically polarized 35 mV Helium-Neon
633 nm laser, and operated by the 9KDLSW control program.
Nanoparticle samples were diluted by 1/100 with water and
analyzed at a temperature of 25  C and a fixed scattering
angle of 90 .
Thermogravimetric analysis (TGA) was performed using a
Mettler TGA 851e instrument under air over a temperature
range of 25–800  C at a heating rate of 10  C per min.
Gold Nanoparticle Synthesis
Gold nanoparticles were prepared in aqueous solution by citrate reduction.47 HAuCl43H2O (0.277 g, 0.82 mmol) was
dissolved in 800 mL of boiling water, followed by addition of
a solution of sodium citrate dihydrate (1.36 g, 4.6 mmol, dissolved in 68 mL of water). The resulting mixture was boiled
for 30 min over which time an intense ruby red color developed. The resulting gold nanoparticles were found to be
13 nm in average diameter by TEM analysis.
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Hydrophobic gold nanoparticles were prepared as described
in the literature.25,48 HAuCl43H2O (0.25 g, 0.74 mmol) and
oleylamine (2.0 g, 7.4 mmol) were dissolved in 25 mL benzene in a 50 mL round-bottom flask charged with a stirring
bar. The flask was sealed with a rubber septum and the
mixture sparged with argon for 10 min, before heating at
100  C for 80 min during which time the solution developed
a dark purple color.
Silver Nanoparticle Synthesis
Silver nanoparticles were prepared in aqueous solution by
borohydride reduction, using a slight modification of the
method of Hao et al.49 Silver nitrate aqueous solution
(0.1 M, 1.2 mL) and sodium citrate aqueous solution (0.2 M,
1.5 mL) were added to 600 mL of water and heated to
60  C. Sodium borohydride aqueous solution (1 M, 0.6 mL)
was added, immediately resulting in an intense yelloworange color, and the solution was heated at 60  C for two
additional hours. The formation of silver nanoparticles with
an average diameter of 15 nm was confirmed by TEM.
Gold Nanorod Synthesis
Gold nanorods were prepared using the method of Zijlstra
et al.50 Briefly, hydrogen tetrachloroaurate aqueous solution
(25 mM, 4 mL) and silver nitrate aqueous solution (6 mM, 4
mL) were added to 200 mL of 0.1 M cetyltrimethylammonium bromide (CTAB) aqueous solution. Ascorbic acid solution (0.1 M, 1.2 mL) was added, followed 10 s later by the
addition of sodium borohydride solution (1.6 mM, 80 lL)
with vigorous stirring. TEM confirmed the formation of gold
nanorods with average length 33 nm and aspect ratio 4–5,
together with a minor population (5%) of spherical gold
nanoparticles.
Polymer Ligand Synthesis
Polymeric thiol ligands were prepared by RAFT polymerization followed by aminolysis to convert the dithioester end
group to a thiol. The RAFT agent, methyl 2-phenyl-2-(phenylcarbonothioylthio)acetate, was prepared as described in the
literature.51 For polymerization, RAFT agent (0.40 g, 1.3
mmol), styrene (7.0 g, 67 mmol), AIBN (0.022 g, 0.13 mmol),
and a magnetic stir-bar were added to a 25 mL round-bottom flask, which was then sealed with a rubber septum. The
reaction mixture was sparged with argon for 25 min and
then heated, with stirring, at 110  C for 80 h. The resulting
polystyrene was precipitated into cold methanol and dried
under vacuum to give 4.9 g (82% recovered yield) of pink
powder. Number average molecular weight of Mn ¼ 3900
kDa and polydispersity index of 1.11 were determined by
GPC.
The dithioester end group of the RAFT polymer was converted to a thiol by aminolysis.52 The polymer (4.5 g, 1.3
mmol) was dissolved in 50 mL THF in a 250 mL threenecked round-bottom flask. The polymer solution was
subjected to three freeze–pump–thaw cycles. Hexylamine
(0.39 g, 3.9 mmol) was mixed with 1 mL THF and injected
into the polymer solution via an argon-purged syringe, and
the solution was stirred under an argon atmosphere at room
temperature for 20 h. The aminolyzed polymer was collected
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by precipitation into cold methanol and dried under vacuum
to give 4.1 g (92% recovered yield) of white powder. GPC
analysis confirmed the absence of any disulfide formation.
Polymer Grafting to Gold Nanoparticles
Grafting of polystyrene thiol ligands to aqueous gold nanoparticles was carried out to render dispersibility in organic
media. The method used was a modification of the procedure
reported by Merican et al.53 In a typical preparation, 100 mL
of aqueous gold nanoparticles were concentrated into
3 mL of aqueous solution by centrifugation (20 min at
13,000g) followed by removal of supernatant liquid. Polystyrene-thiol (5 mg) was dissolved in 3 mL of THF and mixed
with aqueous gold nanoparticle solution in a 20 mL glass
vial. Chloroform (3 mL) was then added to induce phase
separation of organic and aqueous solvents. The purple colored organic layer containing the polymer-grafted gold nanoparticles was extracted, and the nanoparticles isolated from
ungrafted polymer by centrifugation (20 min at 15,000g).
Residual solvent was evaporated under vacuum to give polymer-grafted gold nanoparticles (determined to be 17 wt %
polymer by TGA) in the form of a thin solid film.
The procedure for grafting polystyrene-thiol to silver nanoparticles was identical to that for gold nanoparticles, with
the exception that the THF/water mixture containing nanoparticles and polystyrene thiol was adjusted to pH 2 by
dropwise addition of 1 M HCl.
For polymer grafting to gold nanorods, the as-prepared
nanorod solution (200 mL) was first cooled in an ice bath
and centrifuged (10 min at 2000g) to remove crystallized
CTAB surfactant. Polystyrene-thiol (6 mg) was dissolved in
200 mL of inhibitor-free THF and mixed with the aqueous
gold nanorod solution in a 500 mL separatory funnel. Chloroform (50 mL) and brine (10 mL) were then added to
induce phase separation of organic and aqueous solvents.
The purple colored organic layer containing polymer-grafted
gold nanorods was isolated and solvent removed under vacuum. Finally, the polymer-grafted nanorods were redispersed
in 9 mL of THF, isolated from ungrafted polymer by centrifugation (10 min at 15,000g), and dried under vacuum.
Composite Nanoparticle Synthesis
Composite polymer–gold nanoparticles were synthesized by
miniemulsion polymerization. In a typical experiment,
7.5 mg of 2,20 -azobis-(2-amidinopropane)dihydrochloride
(V-50) and 1.3 mg of CTAB were dissolved in 2 mL of water
in a 10 mL round-bottom flask charged with a stirring bar.
Polymer-grafted gold nanoparticles (9 mg) were dispersed in
55 mg of divinylbenzene, and this mixture was emulsified by
stirring with the aqueous solution for 30 min. The emulsion was then sonicated for 15 min over an ice-water bath,
using a Fisher Scientific Model 500 Ultrasonic Dismembrator
at 25% output power. Finally, the reaction vessel was sealed
with a rubber septum, and purged with argon for 10 min,
before heating at 50  C, with stirring, for 4 h. Typically, a
small proportion of composite nanoparticles (<2% of the
total solid content) was observed to form aggregates on the
magnetic stir-bar and reaction vessel surface. Such aggre-
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gates were identified to be coagulated composite polymer–
gold particles (as opposed to unencapsulated gold particle
aggregates—an important distinction) and were readily
removed by mild centrifugation (2 min at 50g) if necessary.
Final conversion of divinylbenzene monomer was determined by gravimetry to be 100%. Composite nanoparticles
were stored as prepared (dispersed in aqueous solution) and
were found to be stable—with minimal coagulation or sedimentation—for a period of at least several months.
Cyanide Etching Experiments
Citrate-stabilized gold nanoparticles prepared as earlier were
diluted with water to a concentration of 57 mg (0.29 mmol)
Au per liter, and 1 mL of this solution was added to a plastic
cuvette. Potassium cyanide aqueous solution (0.29 M, 10 lL)
was added to give 10 molar equivalents of cyanide to gold.
The intensity of the UV–visible absorbance maximum at 520
nm (due to the gold nanoparticle surface plasmon resonance) was monitored as a function of time.
Composite nanoparticles prepared as earlier were diluted by
a factor of 1/300 with water to give a gold concentration
of 31 mg (0.16 mmol) Au per liter. A 1 mL volume of diluted
nanoparticle solution was added to a plastic cuvette, followed by 55 lL of 0.29 M potassium cyanide solution to
give 100 molar equivalents of cyanide to gold. In a separate
experiment, 1 mL of diluted nanoparticle solution was mixed
with 1 mL of THF in a quartz cuvette, followed by addition
of 55 lL of 0.29 M potassium cyanide solution to give 100
equivalents of cyanide to gold. In both cases, the intensity of
the UV–visible absorbance maximum at 550 nm was monitored as a function of time.
Surface Functionalization of Composite Particles
Poly(ethylene glycol) (PEG) chains were grafted to the surface of the composite nanoparticles using thiol-ene chemistry
as follows. Poly(divinylbenzene)-gold composite nanoparticles as described earlier (0.5 mL) was combined with
20 mg of thiol-terminated PEG (Mn ¼ 2000 kDa) and 5 mL
of V-50 aqueous solution (2 mM) in a 25 mL round-bottom
flask. The reaction mixture was purged with an argon stream
for 20 min, before heating at 50  C, with stirring, for 24 h.
The resulting 5.5 mL nanoparticle dispersion was concentrated to 0.5 mL using membrane filtration, then 5 mL of
D2O was added, and the dispersion concentrated to 0.5 mL
once again. This process was repeated several times to
remove ungrafted PEG and replace the water with D2O for
NMR analysis.
RESULTS AND DISCUSSION

The desire to develop a broad composite nanoparticle platform for a variety of applications suggested miniemulsion
polymerization as a viable strategy for nanoparticle formation because of its robustness and synthetic simplicity. Initially, it was necessary to address the challenges observed in
previous miniemulsion polymer encapsulation procedures—
in particular, the issues of low incorporation of inorganic
material and inhomogeneous distribution of the inorganic
nanoparticles within the polymer matrix. Gold nanoparticles
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(average diameter 13 nm) were chosen as a model inorganic
for this work, in view of their broad potential for use in device applications and simplified visualization by TEM.2 Previous composite miniemulsion polymerizations reported in the
literature have typically been carried out on a scale that
required an inorganic component of the order of 1 g. In
contrast to the inorganic nanoparticles used in these prior
studies—e.g., titania,30,31 magnetite, and34–37 silica40,41—
which are readily purchased or prepared in multi-gram
amounts, gold nanoparticles are typically prepared on a scale
of 10 mg per 100 mL of solvent.47 This is a likely reason
why miniemulsion composite polymers encapsulating gold
nanoparticles have not yet been reported.
In this work, preliminary experiments used a miniemulsion
polymerization system similar to established literature procedures,32,54 containing a cationic surfactant (CTAB) and initiator (V-50) with styrene as monomer (see Supporting Information). To facilitate the synthesis of composite
nanoparticles using a minimized amount of gold nanoparticles (10 mg), the miniemulsion system was scaled down
to a total volume of 2 mL (cf. typical volumes of 100
mL30,34,43). It is noted, however, that through the course of
this work miniemulsion synthesis was successfully carried
out on various scales from 1 to 20 mL in total volume. In
traditional miniemulsion formulations, the monomer content
is typically in the range of 10–20 wt % of the total emulsion.
However, even after significantly scaling down the volume of
the present emulsion system, it was found that the amount
of gold relative to polymer in the resulting composite particles was unacceptably low, unless the monomer content in
the formulation was reduced to the range of 1–5 wt %.
Under these conditions of extremely low monomer content,
a new challenge was encountered in that the styrene monomer was sufficiently water-soluble that the miniemulsion
droplets were degraded by monomer dissolution before the
completion of polymerization (see Supporting Information).
An obvious solution to this problem was to use a monomer
with lower water solubility than styrene. In this case,
divinylbenzene (1/10th the water solubility of styrene55)
was chosen with an added benefit being the crosslinking
leading to improved particle morphology/stability and
allowed postpolymerization thiol-ene nanoparticle functionalization via unreacted alkene units (see below and Supporting
Information).
Importance of Polymer Grafting
A critical issue in composite miniemulsion polymerization is
the successful dispersion of the inorganic material in the
monomer emulsion droplets, as the quality of dispersion
affects both the maximum obtainable inorganic content and
the desired homogeneous distribution of inorganic material
among the resulting particles. Typically, the dispersibility of
inorganic nanoparticles is enhanced through the attachment
of hydrophobic ligands,34,36,37,39,41 and for the present case
of gold, a variety of procedures have been developed for synthesis of hydrophobic nanoparticles,5,9,11,25,48,56 a small number of which give particularly well-defined particles, with
low size polydispersity.25,48,57 These procedures typically use
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FIGURE 2 Representative transmission electron micrograph
from synthesis of composite polymer–gold nanoparticles using
oleylamine-stabilized gold nanoparticles. Inset at top right
shows both gold nanoparticle aggregation and incomplete
encapsulation by polymer.

a nonpolymeric surface stabilizing group—typically a longchain alkyl amine or thiol. Initial attempts were made to
incorporate gold nanoparticles of this type (with average diameter 13 nm, stabilized by oleylamine25,48) into divinylbenzene miniemulsion polymerizations. Here, it was found
that only a relatively small amount of gold could be successfully solubilized in divinylbenzene (1 mg of gold in 55 mg
of divinylbenzene) and, while some composite nanoparticles
were successfully formed, the gold content was minimal, and
the incorporated gold nanoparticles were poorly distributed—resulting in gold aggregates and a majority of empty
polymeric nanoparticles (see Fig. 2). Furthermore, Figure 2
shows that in some cases the gold nanoparticles were
expelled toward the surface of the composite nanoparticles,
leading to only partial encapsulation.
The earlier results are consistent with literature reports
describing poor dispersion of gold nanoparticles in polymer
matrices.58 To overcome this difficulty, the small molecule
hydrophobic units were replaced with polymer chains that
were attached to the surface of nanoparticles58,59 via a polymer ‘‘grafting-to’’ approach, using thiol-terminated polystyrene chains. This strategy was found to yield gold nanoparticles that could be conveniently isolated as a dry film and
easily redispersed in a range of organic solvents, including
divinylbenzene for miniemulsion polymerization. Compared
with the oleylamine-stabilized gold nanoparticles described
earlier, polystyrene-grafted nanoparticles were soluble in
divinylbenzene up to considerably higher concentrations (as
much as 20–30 mg gold in 55 mg of divinylbenzene). More
importantly, the grafted gold particles were also found to be
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Composite Nanoparticle Product
The size and morphology of the composite nanoparticles
were investigated in detail by TEM. A representative image
is presented in Figure 3 and shows the as-prepared composite nanoparticles, which have an average diameter of approximately 102 nm and a size polydispersity index of 1.2 (determined from analysis of 1000þ nanostructures)—in good
agreement with results from DLS measurements. The encapsulated gold nanoparticles are clearly evident as well-defined
spherical domains of high TEM contrast (black), distributed
within the lower contrast poly(divinylbenzene) domains
(gray). These findings are similar to the published results for
the encapsulation of TiO2 using miniemulsion where the
larger the size of composite particles the higher the number
of encapsulated Au nanoparticles.29,31

FIGURE 3 Representative transmission electron micrograph of
composite polymer–gold nanoparticles, showing 13 nm gold
nanoparticles (black domains) encapsulated within larger,
spherical poly(divinylbenzene) nanoparticles (gray domains).
Inset at top left shows enlarged image of a single composite
particle.

significantly more compatible with the polymer matrix (see
Fig. 3). It should be noted that the present gold nanoparticle
grafting and encapsulation methods were found to be successful using polystyrene thiols of various molecular weights,
between Mn ¼ 1900 and 50,000 Da. However, for consistency, all results presented here were obtained using the
same polystyrene thiol, with Mn ¼ 3900 Da.
To investigate the external nanoenvironment and related surface chemistry of the gold nanoparticles within the composite structure, UV–visible spectroscopy was used to monitor
the nature of the surface plasmon resonance of the gold
nanoparticles (see Supporting Information for full spectra).
The absorption spectrum of the starting citrate-stabilized
gold nanoparticles in water exhibited a maximum at 520 nm,
characteristic of gold nanoparticles in this size range (13 nm
diameter). Grafting of thiol-terminated polystyrene chains to
the gold nanoparticle surface resulted in a slight red-shift in
the surface plasmon resonance to 530 nm, and a further
small red-shift (to 540 nm) was observed after encapsulation of the gold nanoparticles by miniemulsion polymerization, consistent with the changes in the local environment at
the metal nanoparticle surface. Importantly, the absence of
any considerable red-shift or broadening of the surface plasmon resonance confirmed that the gold nanoparticles did
not undergo aggregation upon phase-transfer to organic solvent or during attachment of the thiol-terminated polystyrene ligands (also verified by TEM) and remained well
stabilized within the miniemulsion droplets/polymerized
composite nanoparticles.
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TEM showed that the number of gold nanoparticles in each
composite nanostructure varied considerably and was
approximately proportional to the overall composite nanoparticle size. Importantly, for 13 nm gold nanoparticles, multiple gold domains could be readily incorporated into a single composite nanoparticle, and the average number of
encapsulated gold nanoparticles per latex particle was determined from TEM analysis to be 4.5 (with a range of 0–20
Au nanoparticles per composite nanoparticle—see Fig. 4).
Further experiments were carried out to investigate the
effect that changing the gold nanoparticle size had on the
composite particles formed. Here, it was observed that, for a
given mass fraction of encapsulated gold nanoparticles, the
average diameter of the resulting composite nanoparticles
remained consistent (100 nm). However, increasing the diameter of the gold nanoparticles (between 13 and 46 nm)
resulted in a decrease in the average number of encapsulated gold nanoparticles per composite particle—see Supporting Information for further details.
It is worth noting that in traditional miniemulsion formulations it is customary to include a highly water-insoluble costabilizer (or ‘‘hydrophobe’’)—e.g., hexadecane, hexadecyl alcohol, or a polymeric species—which partitions into the
monomer droplets of the emulsion and minimizes their

FIGURE 4 Histogram showing the relative populations of composite nanoparticles containing different numbers of encapsulated 13-nm gold nanoparticles (compiled from TEM analysis
of several hundred composite nanoparticles).
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destabilization by Ostwald ripening.27 It was found that no
such additive was necessary in the present composite emulsion system: the hydrophobic polymer-grafted gold nanoparticles appeared to fulfill the function of a costabilizer, though
theory suggests that the performance of hexadecane may be
superior.28
Two features of critical interest in any new particle encapsulation methodology are the incidence of ‘‘empty’’ particles (in
the present context, those encapsulating zero gold domains),
as well as the existence of unencapsulated inorganic nanoparticles. As mentioned earlier, these two problems have
been prevalent in many previous literature examples of
composite nanoparticles formed by miniemulsion polymerization.30,32,37,38,41,43
First, for the present system, TEM imaging of as-prepared
composite nanoparticles—i.e., without purification of any
sort (Fig. 3)—confirmed that the fraction of empty nanoparticles was 10%. Not only is this an unusually low population of empty nanoparticles for a composite miniemulsion
system but also it compares favorably with the results from
various other reported nanoparticle encapsulation methodologies in which centrifugation procedures to remove empty
particles are often a mandatory requirement.23,43 Second,
TEM imaging (Fig. 3) showed no evidence of unencapsulated
gold nanoparticles with all gold nanoparticles were strictly
located in the interior of latex particles, such that these composite nanoparticles had a clearly visible shell of poly(divinylbenzene), 10–20 nm in thickness surrounding a composite core.

FIGURE 5 Change in the relative UV-visible absorbance maximum after exposure to excess potassium cyanide for citratestabilized gold nanoparticles (
; 10 equiv of cyanide;

kmax ¼ 520 nm) and composite polymer–gold nanoparticles
(
; 100 equiv of cyanide; kmax ¼ 550 nm) in water,
and for composite nanoparticles in 50/50 THF/water
(
; 100 equiv. of cyanide; kmax ¼ 550 nm)

the diffusion of small ions (such as CN)—in contrast to
other encapsulation methods—such as silica coating.19

Cyanide Etching Experiments
Additional proof that gold nanoparticles were completely
encapsulated by the polymer matrix was provided by treatment with a cyanide etching agent.23,60 Particles were mixed
with a large excess of potassium cyanide solution, and the
UV–visible absorbance maximum corresponding to the gold
nanoparticle surface plasmon resonance was monitored over
time. Control experiments revealed that exposure of unmodified citrate-stabilized gold nanoparticles to 10 molar equivalents of cyanide resulted in immediate and complete etching
of gold, as shown in Figure 5. In contrast, the addition of
100 M equivalents of cyanide to composite nanoparticles in
aqueous solution resulted in no significant etching of gold
over a period of several hours, confirming that the gold
domains were not exposed at the composite nanoparticle
surface.

Redispersion in Organic Solvent
In addition to etch resistance, it was found that the highly
crosslinked polymer shell of the particles was able to withstand changes in the nature of the solvent. Composite nanoparticles were isolated by centrifugation (10 min at 9000g)
and redispersed in THF and chloroform (both good solvents
for a variety of organic polymers, which readily dissolve
composite nanoparticles consisting of linear polymer chains).
Examination of these samples by TEM revealed composite
nanoparticles that were indistinguishable from the starting
particles (shown previously in Fig. 3), suggesting that while
these crosslinked particles may be swollen by organic solvents, the highly robust core–shell structure is not deformed
or degraded. It is noted that the as-prepared composite
nanoparticles did not remain stably dispersed in organic solvent (due to desorption of surfactant molecules)—aggregating and sedimenting out of solution over a period of minutes
or hours. This problem is readily addressed by surface grafting of polymer chains for steric stabilization, as discussed
later.

Further etching experiments were conducted in the presence
of organic solvent, as previous reports have shown that solvent-swelling of composite nanoparticles can render them
permeable to small molecule etchants.23,26 As shown in Figure 5, even in a 50/50 mixture of THF and water, the etching
of gold from the composite nanoparticles by 100M equivalents of cyanide is an extremely slow process. These results
strongly suggest that the nonpolar crosslinked poly(divinylbenzene) matrix retains a dense network structure (despite
swelling with organic solvent) that is highly impervious to

Varying Gold Content of Composite Nanoparticles
The effect of increasing the gold loading of the composite latex particles on particle size and morphology was also examined. The formulation described earlier gives an expected
gold content of 12 wt % in the final composite nanoparticles. Two further miniemulsion formulations were prepared,
where the mass of added gold nanoparticles was increased
two- and three-fold, to give composite nanoparticles with
expected gold content of 23 and 33 wt %, respectively.
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FIGURE 7 Transmission electron micrographs of composite
polymer–gold nanoparticles prepared with gold content of (a)
23 wt % and (b) 33 wt %.

FIGURE 6 Thermogravimetric analysis (TGA) of pure poly(divinylbenzene) particles (
), and composite poly(divinylben-

zene)-gold nanoparticles with predicted gold loadings of
12 wt % ( ), 23 wt % ( ), and 33 wt % ( ).

The composite nanoparticles, prepared with three different
gold loadings, were freeze-dried to isolate the composite
materials and subjected to TGA. Figure 6 compares TGA data
for the composite nanoparticles with those for a control
sample: poly(divinylbenzene) nanoparticles prepared using
the same miniemulsion procedure but without added gold
nanoparticles. Upon heating from 25 to 800  C in air, it was
observed that the majority of polymer mass loss occurs
between 400 and 600  C (the small mass loss at lower temperatures is attributed to residual initiator and surfactant
molecules in the dried sample) leading to complete mass
loss in the case of the control sample. For the composite
nanoparticle samples, the mass fraction remaining at the end
of the measurement corresponds to the gold content of the
composite nanoparticles, giving measured values of 12, 24,
and 33 wt % gold—in good agreement with the values
expected based on the mass of added gold nanoparticles.
Representative electron micrographs of the composite nanoparticles prepared with gold content of 23 and 33 wt % are
presented in Figure 7. From TEM, it was clear that increasing
the gold content in the miniemulsion formulation resulted in
the formation of composite nanoparticles containing a
greater number of gold nanoparticles (in the range of 20–
100 nanoparticles encapsulated in a single latex particle)
than had been previously observed. Furthermore, the number of empty latex particles was drastically decreased. Interestingly, the increase in gold loading also caused a small but
appreciable increase in the size of composite latex particles,
giving an average particle diameter of 121 nm for 23 wt %
gold and 144 nm for 33 wt % gold. Figure 7 also shows that
when the gold content was increased to 33 wt %, the shape
of some larger latex particles began to deviate from the
strictly spherical shape observed at lower gold loading,
resulting in some irregular geometries. Nevertheless, it is
noteworthy that even for gold content in excess of 30 wt %,
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the present methodology consistently generates well-defined
core–shell composite nanostructures.
Controlling Composite Nanoparticle Size
Control over nanoparticle size in miniemulsion polymerization systems is conveniently afforded by changing the
amount of added surfactant, with decreasing surfactant concentration giving rise to increasing particle diameter.32 The
ability to tune the size of composite polymer–gold nanoparticles was probed by varying the amount of added surfactant
(CTAB) used in the miniemulsion preparation with the gold
content being held constant at 12 wt %. The results are
illustrated by the representative TEM images in Figures 8
and 9. As shown in Figure 8(a), decreasing the surfactant
concentration from 1.7 mM of CTAB to 0.57 mM (a factor of
1/3) gave an appreciable increase in nanoparticle average diameter to 134 nm (compared with the average diameter of
102 nm observed earlier). This was accompanied by a clear
increase in the number of encapsulated gold nanoparticles
per composite nanostructure, which is explained by the fact
that an increase in the size of composite particles means a
decrease in their number, so that, on average, each composite particle accommodates a greater number of gold
nanoparticles.
Decreasing the surfactant concentration to 0.17 mM (a factor
of 1/10) [Fig. 8(b)] gave a further increase in particle size

FIGURE 8 Transmission electron micrographs illustrating the
effect on composite nanoparticle formation of decreasing the
CTAB surfactant concentration to (a) 0.57 mM, and (b) 0.17
mM.
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albeit with the addition of a purification step for higher surfactant concentrations.

FIGURE 9 Transmission electron micrographs illustrating the
effect on composite nanoparticle formation of increasing the
CTAB surfactant concentration to 17 mM, both before (a) and after (b) centrifugation to remove empty polymeric nanoparticles.

(average diameter of 215 nm), along with the appearance of
a small population of empty nanoparticles. It is not surprising to observe the formation of empty particles at very low
surfactant concentrations, where the number of emulsion
droplets becomes too low to capture all the radicals formed
in the aqueous phase—permitting the formation of new particles by homogeneous nucleation.28
Of particular interest in these experiments with varying surfactant was the core–shell nature of the composite particles,
which became increasingly pronounced at lower surfactant
concentrations. This is most evident in the case of 0.17 mM
CTAB, where the gold nanoparticles are seen to be concentrated in the core region and surrounded by a 60 nm thick
shell of poly(divinylbenzene). This well-defined core–shell
structure is thought to be the result of preferential growth
of poly(divinylbenzene) chains at the particle-water interface—an effect which has previously been exploited for the
formation of hollow poly(divinylbenzene) particles by emulsion and suspension polymerization.61
The preparation of smaller composite particles was then investigated by increasing the surfactant concentration to 17 mM
(a factor of 10). TEM imaging [see Fig. 9(a)] reveals that composite particle formation was overwhelmed by the formation
of smaller, empty poly(divinylbenzene) nanoparticles with a
degree of Au nanoparticle aggregation as well. At high surfactant concentration, the presence of micelles supports the
nucleation of new polymer particles outside the starting
monomer droplets, and excess surfactant stabilizes the large
surface area generated by the newly formed particles.
As shown in Figure 9(b), the minor population of gold-containing latex particles was readily isolated from the small
empty particles by a simple centrifugation (5 min at 9000g)
with the average diameter of 67 nm for the composite nanoparticles generated under these conditions being significantly
smaller than in earlier cases. Additionally, the removal of a
significant amount of poly(divinylbenzene) in the form of
empty particles resulted in composite nanoparticles with a
thinner polymer shell and a higher gold to polymer ratio.
Clearly, high surfactant concentration offers composite nanoparticles with significantly different size and composition—
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Surface Modification of Composite Nanoparticles
using Thiol-ene Chemistry
To provide a synthetic platform for a diverse range of nanoparticle applications, it is crucial to develop a strategy for
tailoring particle surface functionality—preferably one that is
simple and efficient. In this case, thiol-ene chemistry is an
ideal choice, as poly(divinylbenzene) particles are known to
contain a significant fraction of unreacted vinyl ‘‘ene’’
groups62 (estimated at 50%63). A thiol-terminated poly(ethylene glycol) (PEG, Mn ¼ 2000) was chosen to demonstrate
the thiol-ene reaction with composite nanoparticles, as it
was anticipated that surface-grafted PEG chains would act as
a steric stabilizer for the composite nanoparticles, enabling
the materials to be dispersed in a variety of different
solvents.
NMR analysis of the composite nanoparticles after thiol-ene
reaction confirmed the successful attachment of PEG by the
appearance of a signal from the methylene protons of PEG
(see Supporting Information) and as noted in our previous
work,44 successful PEG grafting was clearly apparent in their
changed solvent properties. PEG-functionalized composite
nanoparticles were isolated by centrifugation (10 min at
9000g) and redispersed in THF, as shown in Figure 10, and
the same process was also carried out to replace THF with a
variety of other organic solvents such as chloroform, N,Ndimethylformamide, and dimethylsulfoxide. PEG-functionalized composite nanoparticles could also be isolated from
organic solvents and successfully redispersed in water. In
contrast to the original composite particles without PEGgrafting (i.e., surfactant-stabilized), which underwent rapid
aggregation in organic solvents (see Fig. 10), the PEG-functionalized particles remained stable and well-dispersed in a
variety of organic solvents for a period of at least several
months. The dispersibility properties of the composite

FIGURE 10 Photographs of purified composite nanoparticles
redispersed in THF and left to stand for 24 h (left), and following attachment of PEG surface groups by thiol-ene chemistry,
redispersion in THF and left to stand for 24 h (right).
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full details in reference 44), with successful encapsulation
being observed for 10 wt % MnFe2O4 (11 nm diameter) and
a variety of Au nanoparticles with sizes ranging from 13 to
46 nm (19 wt %).

FIGURE 11 Transmission electron micrographs of composite
nanoparticles after redispersion in tetrahydrofuran (a), and
after thiol-ene attachment of PEG and redispersion in chloroform (b).

nanoparticles after grafting appear to be dictated by the
solubility of the PEG chains.
Similar to earlier observations for unfunctionalized composite nanoparticles, TEM revealed no dissolution or degradation of PEG-grafted composite nanostructures, either during
the thiol-ene reaction or after redispersing in organic solvents (due to their robust crosslinked nature)—TEM images
of redispersed composite nanoparticles were indistinguishable from those of the original aqueous composite nanoparticles [see Fig. 11(b)].
Finally, while the thiol-ene approach demonstrated here for
surface-modification makes use of unreacted vinyl groups inherent to the poly(divinylbenzene) matrix, the present miniemulsion polymerization methodology is also well-suited for
installing a variety of other reactive groups at the particle
surface through the simple addition of comonomers. This
strategy has been investigated for incorporation of styrenic
monomers such as vinylbenzyl chloride and vinylbenzyl azide—intended to provide pendant reactive sites for surfacemodification by nucleophilic substitution and 1,3-dipolar
addition (alkyne-azide ‘‘click’’ chemistry), respectively. In
these examples, the comonomer is mixed with divinylbenzene before the dissolution of inorganic nanoparticles, and it
has been found that up to 50 wt % of comonomer (relative
to total monomer mass) may be incorporated without causing significant changes in the nature of the composite nanoparticles produced. Further experiments to confirm the efficacy of surface modification using these comonomerfunctionalized particles are currently underway.64
Variability in the Shape and Nature of the
Inorganic Component
A notable advantage of the present synthetic methodology
over previous composite miniemulsion polymerization formulations is that it is modular in nature, therefore opening up
the possibility of incorporating a variety of different inorganic
nanostructures. This opens up the scope of the procedure to
encapsulating other metals/inorganics, nonspherical nanostructures, and combinations thereof. In demonstrating this
capability, initial experiments were performed with a mixture
of gold and MnFe2O4 nanoparticles [see Fig. 12(a,b)], and
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Broadening the scope of the procedure, silver nanoparticles
and gold nanorods were then investigated. For the silver
nanoparticles (average diameter 15 nm), it was found that
polymer-grafting and miniemulsion polymerization procedures identical to those described previously for gold nanoparticles could be utilized, although it was observed that
grafting of thiol-terminated polystyrene to silver nanoparticles was most successful when conducted at pH 2. The
miniemulsion procedure produced a composite nanoparticle
dispersion that was yellow-brown in color, arising from the
surface plasmon resonance of the silver nanoparticles (with
a UV-visible absorbance maximum at 390 nm). TEM examination, represented in Figure 12(c), revealed composite poly
(divinylbenzene)-silver nanoparticles whose structure was
analogous to that seen earlier for gold nanoparticles: an
outer shell of poly(divinylbenzene), 10–20 nm in thickness,
with silver nanoparticles located in the composite nanoparticle interior. As in previous cases, the metal nanoparticles
were well distributed, with very few empty latex particles
and no observation of unencapsulated silver nanoparticles.
In changing the shape of the inorganic component, the same
method developed in this work for grafting of polystyrene
thiol to gold nanoparticles, using a 50/50 THF/water medium, was found to be equally effective for grafting to CTABstabilized gold nanorods. Encapsulation of polymer-grafted
gold nanorods resulted in the familiar core–shell composite

FIGURE 12 Transmission electron micrograph of composite
polymer-MnFe2O4 nanoparticles (a), hybrid polymer–gold–
MnFe2O4 nanoparticles (b), composite polymer–silver nanoparticles (c), and composite polymer–gold nanorods (d).
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nanoparticle structure, as shown by TEM in Figure 12(d).
Importantly, these results for nanoparticles of different
shapes and compositions, coupled with the ability to combine different inorganic nanostructures in a single composite
nanoparticle, suggests that the success of the present synthetic approach is independent of the size, shape, and chemical composition of the encapsulated nanoparticle and can be
successfully applied to mixtures of different nanostructures.
This demonstrates the platform nature of the procedure and
the potential for applying this simple modular approach to
the preparation of a wide range of useful composite
nanostructures.
CONCLUSIONS

This work represents a robust and versatile platform technology for the synthesis of composite polymer–inorganic
nanoparticles by miniemulsion polymerization. This method
is modular in nature, yielding crosslinked composite nanoparticles that are resilient to dissolution in organic solvent
and which fully encapsulate the inorganic domains within
the nanoparticle interior. Significantly, this approach permits
the incorporation of multiple inorganic domains of the same
or different structure within a single composite nanoparticle
and at the same time achieve high loadings. The combination
of high loadings and localization may be of particular advantage in applications where the proximity of the inorganic
domains is critical, for example, the fabrication of ‘‘hot-spots’’
for SERS. To further broaden the applicability of these systems, thiol-ene chemistry was exploited for facile surface
functionalization of the composite nanoparticles with the
attachment of PEG chains providing steric stabilization and
enabling these materials to be successfully dispersed in a
wide variety of solvents. It is envisioned that the procedure
developed here will provide a general platform for creating a
host of new functional polymer–inorganic nanostructures
with the simple nature of the procedures enabling a wide
range of applications.
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