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Noble-metal coated polymer composite microspheres and nanoshells
have attracted intense interest due to applications in electronics,
photonics, medical imaging, drug delivery, and catalysis.1 The light
scattering characteristics of large noble metal nanoparticles (NPs) (<140
nm) enables their use as fluorescent analogues.2 By incorporating such
NPs exhibiting preferential scattering characteristics on a polymeric
bead surface, such as polystyrene (PS), the composite microsphere
can be used as a scattering contrast agent for medical imaging, for
optical encoding of biomolecules for sensors and immunoassays, and
other optical and electronic devices.3

Recent efforts have focused on fabricating such metal-coated
polymer composite microspheres. In-situ metal reduction on polymer
beads has been reported,4,5 which usually results in irregular and low
metal coverage. Alternatively, techniques for attaching metal NPs to
functionalized polymer microspheres have been proposed.6 Unfortu-
nately metal surface coverage less than 30% is usually reported. Other
methods, such as metal NP infiltration and layer-by-layer (LbL)
assembly have been utilized.7-11 The LbL technique results in uniform
metal layers, but at the expense of time-consuming sequential
deposition cycles. These assemblies may also be unstable in solutions
with different pH or ionic-strength.10,11 The above considerations fuel
the demand for more facile methods for incorporation of robust metal
NP coatings onto polymeric substrates.

Here, we report a solvent-controlled swelling and heterocoagulation
method for preparation of highly scattering metal NP-coated PS latex
beads. Metal NPs with different sizes (30, 60, and 80 nm), chemistries
(Au and Ag), and shapes (sphere and cube) were successfully coated
on unfunctionalized PS beads by the simple addition and removal of
a solvent in aqueous cosuspension. The metal coverage, morphology,
and optical characteristics were controllable by the organic solvent
concentration and the NP concentration, chemistry, shape, and size.
This methodology overcomes above-mentioned limitations of previous
techniques for preparation of metal-coated dielectrics.

Starting with an aqueous dispersion of PS beads (10 µm diameter) and
poly(vinyl pyrrolidone) (PVP)-capped metal (Au or Ag) NPs, homoge-
neous and dense metal coatings were obtained by the controlled addition
and removal of 50 vol % tetrahydrofuran (THF). The resulting composite
beads were stable with no loss of the NP coating during long-term (6
months) deionized water storage. Complete and close-packed metal
coatings were obtained with smaller and spherical AuNPs, whereas
coverage was less complete with larger spheres or cubic NPs.

Figures 1a and 1b show SEM (top) and dark field images (bottom)
of the 30 nm AuNPs-coated PS beads. Metal surface coverage
increased up to 89% as NP concentration increased (Figure 1b). Dark

field microscopy demonstrated that brighter images resulted from the
enhanced scattering characteristics of beads with higher metal surface
coverage (Figure 1a,b). Atomic force microscopy indicated that the
AuNP coating consisted of 1 to ∼3 dense NP layers (see Supporting
Information).

Low metal surface coverage (<30%) is commonly reported for direct
adsorption of metal NPs from aqueous media.12 Electrostatic repulsion
of the NPs has proven to be the major difficulty in producing dense
coatings.7 The dense coating obtained by the current THF-water
technique appears to result from a judicious choice of NP capping
agent and the organic solvent added. In our system, the NPs are not
charged, but rather are stabilized by the neutral PVP polymer layer.
THF drives the swelling of PS and simultaneously induces heteroag-
gregation of the PVP-NPs and PS particles.11 The metal capping
polymer, PVP, is readily soluble in water but almost insoluble in
THF.13 Hence, the effectiveness of PVP as a polymeric stabilizer is
diminished as the composition of THF “nonsolvent” increases. In
addition, the PS beads swell reversibly up to 1.5 times their original
size by adding 50 vol % THF to water (Supporting Information).
During THF removal, NPs adsorbed to the PS bead surface become
more compacted as the bead shrinks, leading to increased surface
coverage.

In the absence of PS beads, the addition of 50 vol % THF caused the
AuNP plasmon peak in the solution to become increasingly red-shifted,
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Figure 1. SEM (top) and dark field images (bottom) of 10 µm PS beads
covered with metal NPs: (a) 30 nm AuNPs (n ) the ratio of the number of
metal NPs to PS particles ) 2.5 × 105), (b) 30 nm AuNPs (n ) 9.8 × 105),
(c) 80 nm AuNPs (n ) 1.0 × 105), (d) 80 nm AuNPs (n ) 4.0 × 105), (e) 60
nm AgNCs (n ) 1.0 × 109), (f) 60 nm AgNCs (n ) 3.5 × 109).
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broadened, and decreased in intensity, indicating aggregation of AuNPs.
In contrast, in the presence of PS beads the plasmon peak shows no red-
shifting (Supporting Information). Successive decreases in plasmon peak
intensity were observed after 1 and 3 h, and a clear supernatant solution
with no detectable plasmon peak was obtained after 6 h, indicating
essentially complete incorporation of AuNPs onto the PS.

Together with the SEM evidence (Figure 1), these results suggest
that the AuNPs aggregate on the surface of the swollen PS beads,
rather than in solution. At lower THF fractions AuNPs were too stable,
leading to low surface coverage. In fact, no deposition of AuNPs was
observed for THF fractions less than 25 vol % after 24 h. This trend
did not change significantly over the ratio of NP to PS particles
investigated here. THF concentration not only influences NP stability
and surface coverage, but also the coating morphology. THF composi-
tions above 50 vol % lead to highly irregular metal coatings, probably
caused by direct AuNP aggregation occurring prior to heteroaggre-
gation with the PS beads.

Once AuNPs were incorporated onto the PS bead surface they did not
readily detach after applying sonication, washing with water or THF-water
solution, or storing in deionized water for 6 months. These results suggest
a strong anchoring of metal NPs on the bead surface that is probably
mediated by entanglement of the PVP (from the AuNP surface treatment)
with glassy PS, during the cycle of PS swelling and shrinking.15

Larger size AuNPs (80 nm) and silver nanocubes (AgNCs, 60 nm)
were also successfully deposited on PS beads. Surface coverage was
controllable in these cases too, indicated by an increase from 27% to
63% (AuNPs, Figure 1c,d) and from 16% to 82% (AgNCs, Figure
1e,f) as NP concentration was increased. Even at the lower surface
coverage, bright images of 80 nm AuNP and 60 nm AgNC-coated
PS beads were observed in dark field microscopy due to the highly
scattering nature of larger AuNPs and cubic AgNCs.

UV-vis absorption spectra from single beads are shown in Figure
2. For the 30 nm AuNP-coated PS bead, the plasmon resonance peak
was red-shifted from 580 to 680 nm, the scattering intensity increased,
and significant broadening of the plasmon resonance was observed as
metal surface coverage increased (curves a-c, along solid line). Surface
plasmon coupling and electron-phonon interactions between ag-
gregated NPs are responsible for the broadening of the surface plasmon
resonance. The spectra (curve c) of 30 nm Au-coated beads with the
highest coverage show the same plasmon resonance wavelength as
complete Au shells.5,8 For the PS bead coated with 80 nm AuNPs, an
absorption spectrum with one peak (∼548 nm) was observed for the
lowest metal coverage (curve d). As metal surface coverage increased,
a broad plasmon peak appeared at longer wavelengths (700-750 nm)

due to aggregated AuNPs (shown in Figure 1d), and intensity continued
to increase with surface coverage (curves d-f, along dotted line). For
the 60 nm AgNC-coated PS bead, the plasmon resonance peak
appeared at about 420 nm (curve g). For higher Ag coverage, a
significant increase in the scattering intensity, and a broadening of the
plasmon resonance were observed, and are assumed to be related to
plasmon coupling due to aggregation of AgNCs on the bead surface,
shown in Figure 1f. (curves g-i, along dash-dot line).

In conclusion, metal (Au or Ag)-coated PS latex beads have been
prepared by a simple solvent (THF)-controlled swelling and hetero-
aggregation technique. Different sizes, chemistries, and shapes of metal
NPs can be coated densely on commercially available PS beads. The
resulting composite beads were stable without loss of the metal coating
during long-term water storage. The morphology and coverage of the
metal coating on the beads, and thus optical properties, were control-
lable by adjusting the solvent and NP concentrations and the metal
NP chemistry, shape, and size.
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Figure 2. UV-vis spectra of single PS beads coated by metal NPs with
different levels of metal coverage. Curves a-c (along the solid line): coated
by 30 nm AuNPs. Curves d-f (along the dotted line): coated by 80 nm AuNPs.
Curves g-i (along the dash-dot line): coated by 60 nm AgNCs. Metal surface
coverage increases along each line. The spectra b, c, d, f, g, and i correspond
to the beads in Figure 1 panels a, b, c, d, e, and f, respectively. (Spectra were
obtained by subtracting that of a bare PS bead to see altered optical properties
of the PS beads by metal coating.)
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