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Core-Shell Nanostructures

Facile Fabrication of Inorganic-Polymer Core-
Shell Nanostructures by a One-Step Vapor
Deposition Polymerization**

Jyongsik Jang* and Byungkwon Lim

The enhanced stability and tunable surface properties derived
from the selective polymer coating of inorganic colloids have
expedited the development of a variety of methods to
fabricate inorganic-polymer core-shell nanostructures.! To
date, the preparation of polymer-coated inorganic nano-
particles has largely depended upon the solution-based
approaches, which include emulsion or dispersion polymer-
ization™ and adsorption of polymers onto the inorganic
particles.’! However, these methods have often been limited
by the large particle—particle aggregations, the formation of
the isolated polymer particles from the inorganic colloids, or
the requirement for the complicated multistep procedure.
Therefore, it is desirable to develop a simple and reliable
method to fabricate inorganic colloid-polymer nanoparticles
with the well-defined core-shell morphology. Vapor deposi-
tion techniques can provide the creation of a smoother and
more uniform polymer layer by the consecutive polymer-
ization of vaporized monomer under a vacuum onto the
desired surface. While vapor deposition polymerization
(VDP) has been performed on the metal and semiconductor
with macroscopically flat surfaces by radiation-induced
polymerization,® considerably less attention has been paid
to the coating of inorganic colloids with polymers. Herein we
report a facile route for the fabrication of various inorganic
colloid-vinyl polymer core-shell nanostructures by one-step
VDP. Having demonstrated the feasibility of the above
approach, we were prompted to apply it to encapsulate
silica and titania nanoparticles with poly(methyl methacry-
late) (PMMA) and polydivinylbenzene (PDVB).

Spherical silica colloids of two different sizes (200 and
25 nm) and irregularly shaped titania nanoparticles were used
as the cores and pretreated with a silane coupling agent to
improve the chemical affinity of the inorganic particle
surfaces towards organic monomers. The surface-modified
inorganic colloids were encapsulated with two vinyl polymers;
PMMA as an optically transparent material, and PDVB as a
carbon precursor. The overall synthetic procedure is repre-
sented in Scheme 1. The reactor containing the inorganic
nanoparticles and a solid initiator was evacuated at room
temperature until the pressure inside reached about 10~ Torr,
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Scheme 1. lllustration of the VDP for the encapsulation of the inorganic
nanoparticles.

which put the system under a static vacuum. Then, liquid
monomer was introduced into the reactor by injection. The
monomers were partially vaporized as soon as they were
injected inside the reactor at room temperature and com-
pletely vaporized by heating the reactor at 70°C. Polymer-
ization was initiated by thermal decomposition of a radical
initiator and the inorganic particles were stirred with a
magnetic to prevent the formation of particle—particle
aggregations.

In the case of 200 nm sized silica colloid-PMMA nano-
composites, FTIR spectrum indicated PMMA C—H stretching
bands at 2957 cm™" and 3000 cm™' and a carbonyl stretching
band at 1737 cm™" as well as the characteristic peaks of silica
at 3400, 1630, 1100, 956, and 474 cm'. The C=C stretching
band at 1620 cm™' from the MMA monomer disappeared
after polymerization. An X-ray photoelectron spectroscopy
(XPS) study showed the C 1s peak at 284 eV and O 1s peak at
533 eV with a shoulder at 531 eV. The XPS spectrum of the
pure silica particles showed the O 1s peak of the symmetrical
shape near at 533 eV with no shoulder peak. Therefore, XPS
confirmed the presence of carbon and oxygen atoms origi-
nating from PMMA. Thermogravimetric analysis (TGA)
showed that PMMA decomposed completely below 500°C.
These results demonstrate the successful polymerization of
methyl methacrylate (MMA) and also the availability of a
radical initiator for the initiation of the VDP.!

A scanning electron microscopy (SEM) image shows
200 nm spherical silica particles (Figure 1a). PMMA-coated
silica nanoparticles obtained with an MM A/silica weight ratio
of 0.25 are shown in Figure 1b. These nanoparticles have a
morphology similar to silica particles, thus indicating uniform
PMMA layers on the silica particle surfaces. In transmission
electron microscopy (TEM) images, the PMMA-coated silica
particles have a uniform and remarkably thin PMMA layer
(shell thickness 8 nm) on their outer surface (Figure 1c¢ and
1d). In addition, we did not observe the polymer particle that
had not encapsulated the inorganic particle in TEM inves-
tigation. The formation of the highly uniform PMMA layer
and the absence of polymer particles might result from the
nature of the VDP and the high specific surface area of
inorganic nanoparticles to be encapsulated. The inorganic
nanoparticles provide the considerably large surfaces even
with a small number of particles compared to semiconductor
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the reaction time, the initiators, and the reaction
temperature. In the control of the thickness of the
polymer, we selected the loading amount of the
monomer as a control parameter and fixed other
reaction parameters to simplify the reaction
system such as the reaction time of 24 h and the
reaction temperature of 70°C. The shell thickness could be
tuned by varying the MM A/silica weight ratio. As the MMA/
silica weight ratio increased, the polymer shell thickness
increased gradually. The PMMA shell thickness of about
25 nm was obtained with an MMA/silica weight ratio of 0.75
(Figure 1e) and increased up to about 39 nm at the weight
ratio of 1.5 (Figure 1f). VDP provided a uniform PMMA
shell regardless of the increment in shell thickness.

The VDP method was also applied to encapsulate
colloidal silica less than 50 nm. It was found that the
aggregation of particles during the polymerization often
occurred with higher quantities of monomer, without stirring
the inorganic particles, especially in the coating of nano-
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Figure 1. SEM images of a) 200 nm silica particles as synthesized and
b) silica particles coated with PMMA. TEM images of c) 200 nm silica
particle and d—f) silica—PMMA core—shell nanoparticles with the vari-
ous shell thickness (MMA/silica weight ratio of 0.25 in d), 0.75 in €),
and 1.5 in f).
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particles less than 50 nm compared to that of relatively large
nanoparticles of 200 nm in diameter. However, the particle—
particle aggregations were remarkably reduced by stirring the
nanoparticles during polymerization and by using the appro-
priate choice of synthetic conditions. Stirring of the particles
decreases the contact time between the neighboring particles
so that it effectively prevents the formation of the polymer
layer connecting the inorganic particles. Figure 2a and b

5 nm

Figure 2. TEM images of a) 25 nm silica particle and b) PMMA-coated
silica particle with the shell thickness of about 2.5 nm.

represent the highly magnified TEM images of 25 nm silica
colloids before and after the deposition of PMMA with an
MMA/silica weight ratio of 0.75 at 70°C. Figure 2b shows the
outer shell of the particle brighter than the dark inner core,
which confirms the silica-PMMA core-shell nanostructure.
The shell thickness of PMMA was about 2.5 nm. Our results
show that the core—shell morphology can be obtained with the
silica particles as small as 25 nm.

Titania is well-known for its use in optical and photo-
catalytic applications. In our experiment, titania nanoparticles
of irregular shapes were encapsulated with a PMMA shell to
improve their stability and dispersibility for a variety of
applications. The representative TEM micrograph of titania—
PMMA nanoparticles (MMA/titania weight ratio of 1.5;
Figure 3) proved that 200 nm titania nanoparticles were

50 nm

Figure 3. TEM image of titania—PMMA core-shell nanoparticle. The
titania nanoparticle was completely encapsulated with the PMMA
layer.

successfully coated with a PMMA shell, and the shell had
the same morphology as that of the titania nanoparticles. The
shell thickness ranged from 10 to 20 nm. This result suggests
that VDP is also available for the encapsulation of the
irregularly shaped inorganic particles as well as spherical
silica particles.
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PDVB is a typical crosslinked polymer and can be used as
a carbon precursor. Figure 4a presents the TEM image of the
silica—carbon core-shell nanoparticle with a shell thickness of
about 15 nm, which was prepared by the carbonization of the

50 nm
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Figure 4. a) TEM image of silica-carbon core-shell nanoparticle and

b) CLSM fluorescence image of pyrene-encapsulated hollow carbon
nanoparticle. Green emission results from pyrene. The emission in
region A originates from pyrene inside the carbon capsule and that in
region B from pyrene adsorbed on the outer surface of carbon capsule.

silica-PDVB core-shell nanoparticle. Carbon nanocapsules
were obtained by HF etching of the silica core. TGA of the
carbon capsules confirmed that the residual amount of sample
was less than 5 wt % under an oxygen flow and confirmed the
successful removal of the silica. This fact also implies that the
wall of carbon capsule is porous and permeable towards small
molecules.” The carbon capsule was used as a host container
for the encapsulation of pyrene, a photochromic dye material.
The confocal-laser scanning microscope (CLSM) image of
pyrene-embedded carbon capsule dispersed in water showed
a green emission resulting from the pyrene molecules
(Figure 4b). It is noticeable that the pyrene emission could
be divided into two, that is, one originating from pyrene
molecules inside the carbon capsule (labeled A in Figure 4b),
and the other with a donut shape originating from pyrene
molecules adsorbed on the outer surface of the carbon
capsule (labeled B in Figure 4b). The diameter of the
emission from the region A was about 200 nm, which was in
good agreement with the size of the capsule core. When the
CLSM observation was performed in benzene instead of
water, the pyrene emission was no longer concentrated in the
carbon capsule, but displayed from the entire benzene media.
This is because hydrophobic pyrene tends to locate at the
hydrophobic interior of the carbon capsule in water, but the
encapsulated pyrene is released from the carbon capsule in
hydrophobic benzene. This result indicates the potential of
the carbon capsule as the container for storage and release of
organic guest molecules in a different environment.

In summary we have demonstrated the VDP methodology
as a new strategy to fabricate various inorganic colloid—vinyl
polymer core—shell nanostructures. This conceptually new
and simple process has allowed the formation of highly
uniform PMMA shells on silica and titania nanoparticle
surfaces. The shell thickness could be controlled from about
2.5 to 40 nm by changing the monomer/inorganic particle
weight ratio. In addition, carbon capsules derived from the
silica-PDVB nanoparticles realized the encapsulation and
selective release property of pyrene in a different environ-
ment and can be applied as a novel nanohybrid material in
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optical and electronic devices. This novel approach might be
expanded to allow the preparation of the various core-shell
structures, which include metallic, inorganic, and polymeric
materials.

Experimental Section

Uniform silica spheres of about 200 nm were synthesized according to
the method of Stober et al.®! Ludox TM-40 solution (Aldrich) was
used as a source of 25 nm silica nanoparticle. Titanium dioxide (Junsei
Chemical) was chosen as 200 nm titania nanoparticles. Silica and
titania nanoparticles (2 g) were treated with chlorodimethylvinylsi-
lane (CDVS, 0.2 mL) in a mixture solution of ethanol (75 mL) and
water (15 mL) overnight, and then dried at 50°C. A reactor was
designed for VDP by connecting two modified round bottom flasks as
reaction chambers. The total volume of the reactor was about 200 mL.
0.3 g of CDVS-treated inorganic particle and 0.01 g of a radical
initiator was added to the one chamber of the reactor. 2,2'-azobis-[2-
(2-imidazolin-2-yl)-propane] dihydrochloride or 2,2-azobisisobutyr-
onitrile (AIBN) was used as a radical initiator. The reactor was
evacuated to about 107! torr at room temperature, and then the
vacuum valve was closed to obtain the system in a static vacuum.
Liquid monomer was introduced into the other chamber of the
reactor by injection (0.075-0.6 mL). The monomer was completely
vaporized by heating at 70°C. The vapor deposition polymerization
proceeded with magnetic stirring of the inorganic particles in an
atmosphere of the monomer vapor for 24 h. After the polymerization,
the residual monomer vapor was removed from the reactor by venting
and the final product of inorganic-polymer core-shell nanoparticle
was obtained.

The silica-PDVB core-shell nanoparticles were carbonized
under N, gas flow. The sample was heated up to 900°C at a heating
rate of 3°C min~!, held at that temperature for 5 h, and then cooled to
room temperature. Carbon capsule was prepared by removal of the
silica core with HF solution. To obtain pyrene-embedded carbon
nanocapsule, pyrene (1 mg) in THF (1 mL) was introduced into the
mixture of carbon nanocapsule (2 mg) in water (10 mL), and then
vigorously stirred for 30 min. TEM and SEM images were taken by a
JEOL 2010 high-resolution microscope and a JEOL 6700F field
emission scanning electron microscope, respectively. Fluorescence
image of pyrene—carbon nanoparticle was obtained by using a Carl
Zeiss LSM510 confocal laser scanning microscope. XPS spectra were
recorded using Kratos Model AXIS-HS system. An Alg, X-ray
source was operated at a power of 100 W (10 mA and 10 kV). Infrared
spectra were recorded on a Bomem MB 100 Fourier Transform
Infrared (FTIR) Spectrometer with a transmission technique.
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