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Inorganic nanostructures of various shapes and sizes, and
consisting of various metal, metal oxide, and semiconductor
materials, are finding increasing application in a diverse range
of fields, from optical physics to cancer therapy. For example,
the use of gold and silver nanoparticles,1 nanoshells,2 and
nanowires3 as substrates for surface-enhanced Raman spectros-
copy (SERS) in sensing and diagnostics4 is presently the subject
of intense research interest. Similarly, the preparation of
magnetic nanoparticles has enabled the development of new
agents for magnetic resonance imaging (MRI)5 and protein
separation.6

As new uses are found for inorganic nanoparticles, an enticing
prospect is the ability to combine different functions within a
single nanomaterial, giving rise to so-called “multimodal”
materials.7 A variety of strategies for fabricating such nano-
structures has appeared in the literature. These include com-
bining nanoparticles with functional small molecules (e.g.,
fluorophores or metal complexes8); the creation of nanoparticle
alloys, containing domains of different inorganic materials;9,10

and more elaborate processes to create multilayered composite
nanoparticles, e.g., consisting of multiple metallic domains
bound together by a silica or organic polymer matrix.11,12 In
general, these existing procedures often require multiple reaction
and/or purification steps, and moreover the resulting materials
are generally restricted to specific combinations of inorganic
nanoparticle types. Considerable opportunity therefore exists to
develop a convenient and general method for preparing multi-
modal nanoparticles that overcomes many of these limitations.

Herein, we describe a new synthetic method, based on
miniemulsion polymerization, for the preparation of composite
polymer-inorganic nanoparticles, which readily enables incor-
poration of two different populations of inorganic nanoparticles
within the same composite particle interior. While the incor-
poration of inorganic nanoparticles into miniemulsion polymer-
izations to give composite particles has previously been dem-
onstrated,13 not only do these reports typically present rather
poorly defined composite nanoparticles, but to the best of our
knowledge, there are no reports of composite miniemulsion
polymerization demonstrating coencapsulation of different
inorganic nanoparticles in a single polymerization step.

The present synthetic strategy is illustrated schematically in
Figure 1. We exemplify this approach by the coencapsulation
of MnFe2O4 and Au nanoparticles, which yields as its product
composite particles exhibiting both magnetic and surface

plasmon resonance characteristics. First, MnFe2O4 and Au
nanoparticles grafted with short polystyrene ligands are dis-
persed in the monomer, divinylbenzene. This monomer/nano-
particle solution is then emulsified with an aqueous solution of
surfactant (cetyltrimethylammonium bromide, CTAB), via ul-
trasonication, to generate an emulsion of submicrometer mono-
mer droplets containing the inorganic nanoparticles. The free
radical polymerization of these droplets (using 2,2′-azobis(2-
amidinopropane) dihydrochloride, or “V-50”, as initiator) yields
cross-linked poly(divinylbenzene) latex particles with inorganic
nanoparticles embedded in the interior.

Preliminary experiments were carried out to demonstrate that
the present synthetic approach produces well-defined composite
latex particles based on just a single type of inorganic nano-
particle. Particular note should be made of the importance of
the surface stabilizing group in successful composite latex
particle formation. Attempts to use inorganic nanoparticles
(either Au or MnFe2O4) stabilized by small organic ligandsssuch
as dodecyl or oleyl groups10,12,14sresulted in substantial nano-
particle aggregation upon redispersion in divinylbenzene mono-
mer and also significantly limited the level of nanoparticle
incorporation into composite latex particles (see Figure 2a). An
effective solution to this problem was to graft the inorganic
nanoparticles with short polystyrene ligands (Mn ∼ 3000-6000
g/mol; see Supporting Information for details), enabling the
inorganic material to be conveniently isolated in the form of a
dry film and readily redispersed in divinylbenzene monomer
for composite miniemulsion polymerization. Inspection by
transmission electron microscopy (TEM), exemplified in Figure
2b, verified that these polymer-grafted Au nanoparticles resulted
in well-defined composite latex particles, consisting of multiple
inorganic domains fully encapsulated by a spherical poly(divi-
nylbenzene) matrix. In both cases, the wt % of Au nanoparticle
in the starting polymerization mixture was 12%; however,
significant agglomeration and flocculation of the Au nanopar-
ticles were observed for oleylamine, resulting in a significantly
lower wt % in the actual polymeric composite. This is also in
agreement with the poorly defined nanostructures formed with
traditional, low molecular weight surfactants when compared
to the polymer grafted systems.

In order to generate multimodal composite particles, the same
procedure was employed for a mixture of MnFe2O4 and Au
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Figure 1. Schematic illustration of composite polymer-inorganic
particle formation by miniemulsion polymerization: (A) polystyrene-
grafted inorganic nanoparticles are dispersed in monomer (divinylben-
zene) and emulsified with aqueous surfactant solution (B) to form small,
uniform monomer droplets (C); free radical polymerization yields
composite polymer--inorganic latex particles (D).
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nanoparticles. A series of coencapsulation experiments were
carried out using MnFe2O4 particles with 11 nm average
diameter and four different populations of Au nanoparticles,
with average diameters ranging from 13 to 46 nm. TEM
analysis, as shown in Figure 3, clearly revealed the formation
of spherical composite latex particles encapsulating both
MnFe2O4 (smaller nanoparticles with lower TEM contrast) and
Au nanoparticles of various average sizes (larger nanoparticles
with higher TEM contrast).

The majority of composite latex particles contained both
inorganic nanoparticle types, with only small subpopulations
(less than 5%) of monomodal composite latex particles (contain-
ing only MnFe2O4 or Au nanoparticles). Only in the case of
coencapsulation using the largest Au nanoparticles (Figure 3d)
did the subpopulations of monomodal (MnFe2O4-containing)
(∼10-20%) appear. UV-vis spectroscopy of the multimodal
composite particles confirmed the incorporation of Au nanoparti-
clesswith their signature absorption maximum at ∼520 nm (see
Figure 4b)swhile the magnetism conferred by the incorporated
MnFe2O4 was evident from the ability to harvest the composite
particles using a simple bar magnet (Figure 4a). A UV-vis
spectrum obtained for the residual solution after magnetic

removal of composite latex particles revealed no significant
absorbance maximum at 520 nmsas is expected for a sample
in which the vast majority of latex particles incorporate both
types of nanoparticles, mixing of discrete nanocomposites
containing just MnFe2O4 or Au did not lead to the same results.
Importantly, comparison of the UV-vis spectrum for the
composite latex particles with that of the starting Au nanopar-
ticles showed only a small shift in the absorption maximum (to
540 nm). This clearly indicates the Au nanoparticles did not
undergo any significant aggregation during redispersion and
encapsulation, and they retained their surface plasmon resonance
properties.

Importantly, inspection by TEM confirmed that all inorganic
material was located inside composite latex particles, with no
observation of free (unencapsulated) manganese ferrite or gold
nanoparticles. Furthermore, it was apparent that the inorganic
nanoparticles were not exposed at the composite particle surface,
but rather they were protected by a thin layer of cross-linked
polymer (e.g., see Figure 3b). This protective polymer layer
has subsequently been shown to be impermeable to small
molecule etchants.15 In all four cases, the number-average
particle diameter measured for each composite latex (determined
from TEM particle sizing) was relatively consistent: 130 ( 20
nm for the latex using 13 nm Au nanoparticles; 140 ( 25 nm
for 18 nm Au nanoparticles; 175 ( 25 nm for 24 nm Au
nanoparticles; 220 ( 25 nm for 46 nm Au nanoparticles.
Interestingly, the dispersion of the inorganic nanoparticles within
the polymeric matrix was size dependent. For the small, 11 nm
MnFe2O4 nanoparticles, random dispersion throughout the
matrix was observed. In direct contrast, at comparable dimen-
sions (13 and 18 nm) the Au nanoparticles were observed to be
randomly distributed; however, on increasing to 24 nm and
finally 46 nm, aggregation of the Au was observed, and the
particle segregation that we observe at higher particle size ratios
(i.e., with larger Au particles) is consistent with theoretical
predictions.16

The composite nanoparticles obtained from miniemulsion
polymerization were stabilized by charged surface groups (from
the initiator, V-50, and surfactant, CTAB) and remained well-
dispersed in aqueous solution. However, these nanoparticles
were found to be unstable upon redispersion in organic solvent,
as shown in Figure 5 (left sample). A convenient strategy for
improving the stability of these composite nanoparticles was
therefore developed and involved the attachment of poly(eth-
ylene glycol) (PEG) chains to the nanoparticle surface using
thiol-ene chemistry and takes advantage of the orthogonal
nature of thiol-ene chemistry and the presence of residual
double bonds in the polymeric matrix. The thiol-ene approach
has recently emerged as a highly useful methodology for
synthesis and modification of polymers and other macromo-
lecular structures.17 In the present work, it was possible to

Figure 2. TEM images of composite poly(divinylbenzene)-Au latex
particles, based on Au nanoparticles with either (a) oleylamine or (b)
polystyrene thiol ligands as surface stabilizing groups. In both cases
the wt % of Au was 12%.

Figure 3. TEM images of multimodal composite poly(divinylbenzene)-
inorganic latex particles prepared by coencapsulation of MnFe2O4
nanoparticles (11 nm average diameter) and Au nanoparticles of average
diameter 13 (a), 18 (b), 24 (c), or 46 nm (d). In each case the wt %
loading of the MnFe2O4 was 10 wt % and the Au 19 wt %.

Figure 4. (a) Magnetic isolation of multimodal particles. (b) UV-vis
spectra of Au nanoparticles prior to encapsulation (s), multimodal
composite latex particles (- - -), and residual solution after magnetic
removal of multimodal particles (---).
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exploit residual vinyl (“ene”) groups present in the poly(divi-
nylbenzene) matrix of as-prepared composite nanoparticles
(Scheme 1).18 Addition of thiol-terminated PEG chains (Mn )
2000 g/mol), and V-50 as a free radical source, resulted in
successful attachment of PEG to the nanoparticle surface as
evidence by NMR, IR, and physical property differences.

These PEG-grafted composite nanoparticles were found to
be completely stable upon redispersion in a variety of solvents,
such as N,N-dimethylformamide, chloroform, water, and tet-
rahydrofuran (see Figure 5, right sample). Moreover, TEM
analysis showed that the composite latex particle structure
remains intact after redispersion in organic solvents due to the
highly cross-linked nature of the poly(divinylbenzene) matrix.15

In summary, the present synthetic method represents a
convenient and highly modular method for the preparation of
multimodal composite nanoparticles, consisting of a spherical,
cross-linked poly(divinylbenzene) matrix embedded with two
different types of inorganic core materials. Importantly, these
particles exhibit a combination of properties characteristic of
the incorporated inorganic materialsin this case, magnetism due
to MnFe2O4 nanoparticles and UV-vis absorption due to the
surface plasmon resonance of Au nanoparticles. To our knowl-
edge, this is the first report of miniemulsion polymerization used
to generate dual-core inorganic composite nanoparticles. It is
envisaged that this synthetic approach will provide a general
method for the preparation of multimodal polymer-inorganic

nanoparticles, using a variety of inorganic nanoparticle com-
binations.
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Figure 5. Photographs of composite latex particles redispersed in
tetrahydrofuran (left sample) and after attachment of poly(ethylene
glycol) (PEG) surface groups by thiol-ene chemistry and redispersion
in THF (right sample).

Scheme 1. Preparation of Multimodal Latex Particles by
Composite Miniemulsion Polymerization, Followed by

Attachment of Poly(ethylene glycol) (PEG) Chains to the
Surface of Composite Particles Using Thiol-Ene Chemistry
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