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Encapsulation of Silver Nanoparticles into Polystyrene Microspheres
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Hydrogen reduction of a saturated silver(I) oxide solution at elevated temperatures in the presence
of ~200 nm polystyrene (PS) microspheres followed by acetone treatment lead to the encapsulation
of the resulting silver nanoparticles (Ag NPs) into the PS microspheres. Extinction spectra reveal an
expected red-shift of the characteristic plasmon resonance frequency of Ag—PS core—shell particles
due to the increase in the surrounding dielectric constant. The Ag—PS core—shell particles maintain

their stability when redispersed back into water.

Introduction

Inorganic—polymer hybrid nanocomposites have been
an important topic of current research. Inorganic—
polystyrene nanocomposites are particularly interesting
because polystyrene (PS) polymers can be synthesized to
form highly monodisperse spheres in the nanometer to
micrometer size range. There have been two approaches
used to synthesize inorganic—PS hybrid nanoparticles. One
approach involves coating PS spheres with an inorganic
layer prepared using various surface modification techni-
ques.' ™ Due to the difference in the dielectric properties
between the PS core and the inorganic shell, tunable
plasmonic properties were observed for Au- and Ag-coated
PS spheres.”’ The PS core—inorganic shell spheres can also
form highly ordered three-dimensional structures and were
investigated as photonic band gap materials, for example,
ZnS-coated polystyrene core—shell particles.' The second
approach involves encapsulating inorganic nanoparticles
with a thin dielectric layer of PS to form an inorganic core—
PS shell nanostructure. Emulsion polymerization in the
presence of inorganic nanoparticles is extensively used for
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preparing such inorganic—PS hybrid core—shell nano-
structures.'®”'* The PS layer surrounding the particles
imparts chemical resistance, preserving properties of the
encapsulated inorganic particles in aggressive environ-
ments. Recently, a new method has been reported which
involves swelling of the PS beads in the presence of toluene
followed by heat treatment, leading to the encapsulation of
iron oxides inside the polymer beads.'® Here, we report the
synthesis of Ag NPs in the presence of PS spheres. Silver
nanoparticles exhibit surface plasmons in the visible spec-
tral region owing to the favorable frequency dependence of
the real and imaginary parts of the metal dielectric func-
tion. Complete encapsulation of the Ag NPs within the PS
microspheres was achieved using acetone as a swelling
agent. The formation of the Ag—PS core—shell structure
was monitored using UV-extinction spectra because the
frequency and the strength of the plasmon resonance
depend on the shape, size, and surrounding dielectric
media.'®”'® Red-shifts of the plasmon resonance and
electron microscopy images confirmed the formation of
Ag—PS core—shell structures.

Experimental Section

Materials. Silver(I) oxide (Alfa Aesar, 99.998%), ultra-high-
purity hydrogen gas (Air Gas), polybead polystyrene micro-
spheres (~200 nm; Polysciences Inc.), and acetone (Fisher Scien-
tific) were used without further purification. Millipore pure water
(18 MQ) was used throughout the synthesis procedures.
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Synthesis of Silver—Polystyrene Core—Shell Nanoparticles.
A controlled and chemically clean synthesis of single-crystal Ag
nanoparticles in the size range 10—250 nm has been previously
reported.'®?° The synthetic procedure involves the reduction of an
aqueous saturated silver(I) oxide solution by an ultrapure hydrogen
gas atmosphere of 10 psi at a temperature of 70 °C. The hydrogen
gas reduces silver(I) oxide to form small Ag seeds followed by their
slow uniform growth along all crystallographic axes, resulting in a
narrow size distribution. This time-dependent reaction can be
terminated at any stage, yielding nanoparticles of controlled size
and desired plasmon resonance. A total of 3 h of hydrogen
reduction results in the formation of Ag particles in the size range
of 70—80 nm, as determined from transmission electron micro-
scope (TEM) images. The same synthetic procedure was used to
prepare Ag NPs in the presence of 0.5 mL of PS microspheres
(~200 nm). The reaction is terminated within the first 3 h of
reduction to ensure that the resulting Ag particle size would be
smaller than the size of the PS microspheres. The reaction solution
was centrifuged in glass tubes to remove unreacted silver(I) oxide
from the suspension. A certain amount of acetone was added to the
precipitate of the Ag NPs and the PS microspheres; for example, ca.
100 uL of acetone was added to a 2 mL centrifuged reaction
mixture. Further sonication of the precipitate with acetone resulted
in the formation and dispersion of the Ag—PS composite particles.
An instantaneous, distinct color change associated with the for-
mation of a core—shell hybrid nanostructure was observed.?!

Characterization. UV—vis absorption spectra were recorded
using a Shimadzu UV-2501PC spectrophotometer. The morpho-
logy of the hybrid nanoparticles was observed with a HITACHI
H7600 TEM using an acceleration voltage of 100 kV and a
HITACHI HD2000 scanning transmission electron microscope
(STEM) using 200 kV. TEM samples were prepared by evaporat-
ing a drop of a concentrated suspension on a carbon-stabilized
copper grid (Ted Pella Inc.).

Results and Discussion

Comparison of the growth of Ag NPs in the absence and
presence of PS microspheres was monitored by UV—visible
extinction spectroscopy, as presented in Figure 1. In the
early stages of the formation of Ag NPs in the absence
of polystyrene microspheres, the extinction spectrum
(Figure la) revealed the presence of a dipole plasmon
resonance at 430 nm attributed to the formation of small
Ag “seeds”. With the increase of the particle size, the dipole
resonance progressively red-shifted, rendering a green mud-
dy color to the colloidal suspension due to strong resonance
scattering of light. The frequency of the plasmon resonance
depends on the size of the particles and the surrounding
dielectric medium. For ca. 100 nm Ag NPs in water, the
dipole resonance was at 516 nm, and a new distinct reso-
nance band corresponding to the quadrupole mode
appeared in the spectrum at 425 nm. A similar trend was
observed when Ag NPs were synthesized in the presence of
PS microspheres. The dipole and quadrupole modes of the
plasmon resonance appeared somewhat broadened and
red-shifted (Figure 1b) to 532 and 440 nm, respectively, as
compared to the nanoparticles grown for the same duration
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Figure 1. Extinction spectra of Ag NPs as they grew in the absence
(a) and presence (b) of ~ 200 nm PS microspheres.

without the PS microspheres. The broadening and the shift
were attributed to the increase of the dielectric function of
the medium surrounding the Ag NPs due to the adsorption
of the NPs to the surface of the microspheres. Indeed,
electron microscopy (TEM) confirmed that Ag NPs were
attached to the PS microspheres (Figure 2).

It is known that the surface of the PS microspheres has
anionic charge due to the presence of the sulfate ester
groups. These anionic groups capture Ag™ ions produced
in the saturated silver(I) oxide solution at elevated tem-
peratures that are further reduced by the hydrogen gas to
Ag". These atoms are not strongly attached to the surface
of the PS sphere because of the low affinity of the ester
groups to the Ag metal. The weakly attached atoms under-
go surface diffusion until they coalesce with each other to
form a small seed on the surface of a PS sphere that further
grows to form a NP as the reduction proceeds. This process
is similar to the formation of islands during the vacuum
deposition of metals onto poorly wettable substrates where
metal atoms arriving at the substrate come together to form
an island that grows as more metal is evaporated.>? As the
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Figure 2. TEM images of Ag NPs adsorbed onto PS microspheres at low (a) and high magnifications (b).

Ag seeds grow in the course of the reduction, they remain
weakly attached to the surface of the polystyrene micro-
spheres. This process leads to the synthesis of only one or a
few Ag NPs per PS microsphere. Electron microscopy
images in Figure 2 appear somewhat misleading about
a true arrangement of the Ag NPs and the PS spheres
in solution because they reflect not only the adsorption
of Ag NPs onto PS spheres but also the aggregation
of particles that occurred during drying of the sample
for TEM measurements. Conceivably, using smaller PS
spheres will result in fewer Ag NPs per sphere. The images
also revealed that the hydrogen reduction conditions do
not compromise the integrity of the PS microspheres.

Centrifugation and redispersion of the PS microspheres
with attached Ag NPs in acetone resulted in a distinct color
change (Figure 3). The UV—vis extinction spectrum was
shifted further to the red spectral range compared to the
that of the suspension immediately after the reduction
reaction. The dipole and the quadrupole plasmon modes
in this case appeared at 654 and 488 nm, respectively. It
is well-known that the frequency and the strength of the
resonance depend upon the dielectric function of the
surrounding media; it shifts to the red spectral region and
increases in intensity with the increase of the dielectric
function according to the following expression for the small
particle limit:

&(w)
[e1(w) + 2€m]2 + ez(w)2

w
Oext(a)) = 9;83{2 V()

where 0e(w) is the extinction coefficient, &, is the
dielectric function of the surrounding medium, and &(w)
and &y(w) are real and imaginary parts of the dielectric
function of the metal, respectively.'® The observed red-
shifts and change of color were attributed to the change of
the dielectric function surrounding the silver nanoparti-
cles’! due to both the presence of acetone that has the
refractive index n = 1.36 and PS (n ~ 1.57). However,
it was concluded that the main contribution came from
the PS because the observed large red-shifts were not
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Figure 3. Extinction spectra of as-prepared Ag—PS microspheres
(black), Ag—PS microspheres dispersed in acetone (blue), and redispersed
back in water (red).

commensurate with a relatively small increase of the
refractive index from water to acetone. Electron micro-
scopy images revealed that the exposure of Ag NPs
adsorbed on PS microspheres to acetone led to complete
encapsulation of the NPs into a PS shell (Figure 4).

The exact mechanism for this encapsulation is not fully
understood at this time. It is know that PS microspheres
can be swollen when dispersed from water into “good”
solvents such as toluene or acetone and can form hollow
spheres with controllable surface holes when the solvents
are evaporated.'® This fact indicates that swelling of the PS
microspheres in acetone is an important step leading to the
encapsulation of Ag NPs reported in the current work.

The main question relates to the driving force that makes
the polymer wrap the Ag NPs or, in other words, makes the
NPs sink into the PS microspheres. In order for the NPs to
sink into the polymer spheres, the interaction between the
polymer chains and the metal surface must overcome
several factors. It should be stronger than the interaction
between the polymer chains themselves and stronger than
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Figure 4. Low- (a) and high-magnification (b) TEM and STEM (c) micrographs of Ag—PS core—shell particles.

solvation forces for the Ag NPs in acetone. The interaction
should surmount the increase of the surface free energy due
to the creation of the additional interface between the metal
and the polymer as well as due to an overall increase of
the external polymer surface area of the composite micro-
sphere. Also, the polymer chains in the immediate contact
with the metal NPs are compressed above the bulk density
of the polymer, and this compression produces an entro-
pically unfavorable state, resulting in an entropic rejection
force.”> In a relevant publication, vacuum deposition of
several nonmetals and metals, including silver, on PS films
at elevated temperatures (120 °C) led to the formation of
subsurface structures in which NPs were submersed into
the polymer film several depths below its surface.?* It was
proposed that the difference between the adhesion work
and cohesion work is the main reason that NPs sink into the
polymer films.?

Even though PS is not known to strongly interact with
silver under normal conditions, we speculate that, in the
case of Ag NPs and PS microspheres in acetone, relatively
strong interaction can be induced between PS and the metal
surface. Acetone acts as a plasticizer, and swelling of the
microspheres increases the flexibility of the polymer chains.
This swelling allows benzene rings to adapt a configuration
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most favorable to the interaction with the metal surface.
This interaction most likely is an induced dipole-induced
dipole attraction (London dispersion force) that is expected
to be substantial due to the delocalized nature of x
electrons in the benzene ring and free electrons in the metal.
Both electron systems are easily polarizable. The pre-
sence of acetone inside the (swollen) PS microspheres and
in the surrounding environment also reduces the surface
free energy of the polymer at both interfaces, thereby
further promoting the sinking of Ag NPs into the micro-
spheres.

A blue-shift of the extinction spectra was observed when
the core—shell Ag—PS microspheres were resuspended in
water. The dipole and the quadrupole modes shifted from
654 to 614 nm and from 488 to 473 nm, respectively. This
shift was attributed to the decrease of the effective dielectric
function of the medium surrounding the Ag NPs when the
microspheres were transferred from acetone (n = 1.36) to
water (n = 1.33).

Conclusions

Swelling of PS microspheres in acetone in the presence of
attached Ag NPs resulted in the formation of the Ag—PS
core—shell nanostructures. A large red-shift of the plasmon
resonance was observed in the extinction spectra, owing
to the complete encapsulation of the Ag NPs within the
PS microspheres. These core—shell structures maintain
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their integrity when resuspended in water. The core—shell
structures represent a new class of metal—polymer compo-
site materials that can be used for photonic and biomedical
applications exploiting optical properties of Ag NPs and
chemical properties of the polymer. In addition to protect-
ing Ag NPs in aggressive environments, the PS shell can be
used as a scaffold for introducing chemical functionalities.
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The described method is not limited to Ag NPs and PS and
can be extended to other NPs and polymers.
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