Macromolecules 2005, 38, 7867—7871 7867

Preparation of Cross-Linked Polystyrene
Hollow Nanospheres via Surface-Initiated
Atom Transfer Radical Polymerizations

G. D. Fu, Zhenhua Shang, Liang Hong,
E. T. Kang,* and K. G. Neoh

Department of Chemical & Biomolecular Engineering,
National University of Singapore, Kent Ridge,
Singapore 119260

Received April 30, 2005
Revised Manuscript Received July 3, 2005

Introduction

Hollow micro- and nanospheres are potentially useful
as encapsulation agents for controlled release of drugs,1=3
catalyst,* paints,* and enzymes,? as transducers for
electronics,? and as absorption materials for sound.? To
meet the requirements for encapsulation, various hollow
spheres of carbon,%” polymers,®® metal,!%!! and inor-
ganic materials!:12714 have been prepared using poly-
meric or inorganic spherical particles as the templates.

Polymeric hollow spheres have been prepared by
removal of the hydrocarbon solvent encapsulated in the
core of polymer particles from emulsion polymeriza-
tion,1»"17 by self-assembly of rod—coil block copoly-
mers,!8 from micelle formation of block copolymers,19—21
and via the lost-wax method.?2 Recent development in
surface-initiated controlled/living polymerizations pro-
vides a means for preparing inorganic/organic core—
shell hybrids with well-defined shell structure and
thickness.?3727 Nearly monodispersed hollow spheres of
150 nm to 4 um in size with controllable shell thickness
were prepared from removal of the core templates of the
core—shell composites.28~3! Accordingly, the preparation
of cross-linked and solvent-resistant polymer hollow
nanospheres should be of interest.

It is well know that polystyrene (PS) and poly(methyl
methacrylate) (PMMA) have significantly different pho-
tochemical properties.?2 Under ultraviolet (UV) irradia-
tion, PMMA (as a positive photoresist) will degrade via
chain scission,?373% while PS (as a negative photoresist)
will undergo cross-linking under proper conditions.36
Well-defined nanoscopic templates have been prepared
by UV treatment of PS—PMMA block copolymers.37
Even though cross-linked hollow nanospheres have been
prepared by chemical cross-linking!?20:31 and UV-
induced cross-linking,?! the preparation of hollow nano-
spheres via surface-initiated living radical polymeriza-
tion and UV-induced cross-linking remains attractive
because of the well-controlled core void and well-defined
shell thickness achievable, in addition to the simplicity
of the UV-induced cross-linking process.

In the present work, hollow nanospheres with cross-
linked PS shell were prepared, as illustrated in Scheme
1. Initially, the atom transfer radical polymerization
(ATRP) initiators were immobilized onto the surface of
Si0, nanoparticles of about 25 nm in diameter. Silica
nanoparticles with surface-grafted block copolymer of
styrene and methyl methacrylate (SiOs-g-PS-6-PMMA)
were prepared via surface-initiated ATRP of styrene and
subsequently ATRP of methyl methacrylate. The nano-
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composites were cast into films of about 3 um in
thickness. Exposure to UV (1 = 254 nm) resulted in
cross-linking of the PS shell and decomposition of the
PMMA outer layer. The sacrificial PMMA outer shell
prevented interparticle cross-linking and agglomeration
of the PS nanospheres. After removal of the SiOs core
by HF etching, well-defined hollow nanospheres with
cross-linked PS shell of about 20—60 nm in thickness
and void cores of about 20—30 nm in diameter were
obtained. The core—shell structures of SiO2-g-PS and
Si09-g-PS-b-PMMA, and of the cross-linked PS hollow
nanospheres, were characterized by X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy
(TEM), and energy-dispersive X-ray (EDX) analysis. The
cleaved PS and PS-6-PMMA from the silica surfaces
were characterized by gel-permeation chromatography
(GPC) and 'H NMR spectroscopy.

Results and Discussion

Initially, the ATRP initiator, trichloro(4-chlorometh-
ylphenyl)silane, was immobilized on the silica particles
of about 25 nm in diameter through the reaction of the
chlorosilyl group with the silanol group. A transmission
electron microscopy (TEM) image of the initiator-im-
mobilized silica nanoparticles is shown in Figure 1a. The
field emission scanning electron microscopy (FESEM)
image of the sample (inset of Figure 1a) shows that the
surface-modified nanoparticles remain unagglomerated.
Figure 2a shows the X-ray photoelectron spectroscopy
(XPS) wide scan spectrum of the initiator-immobilized
silica nanoparticles. The peak component at the binding
energy (BE) of about 200 eV, attributable to the covalent
Cl 2p species, indicates that the benzyl chloride initia-
tors have been successfully immobilized on the silica
surface. The relative amount of benzyl chloride on the
surface of silica particles was revealed by energy-
dispersive X-ray (EDX) analysis (Figure 3a). The signals
at 2.65 and 0.25 keV are attributable to chlorine and
carbon, respectively. The chlorine concentration of about
1.28 wt % is in reasonable agreement with that of 1.44
wt % obtained from elemental analysis. The correspond-
ing surface benzyl chloride initiator content of about 2.4
initiators/nm? (based on the Cl concentration of 1.44 wt
%) is comparable to the reported silane initiator density
of 2.6 initiators/nm? for the silica particle surface.2?

The silica-graft-polystyrene hybrid (SiOs-g-PS) was
prepared via surface-initiated ATRP of styrene from the
initiator-immobilized silica nanoparticles, using CuCl/
N,N,N',N'" ,N"-pentamethyldiethylenetriamine (PMDE-
TA) as the catalyst system. Figure 1b shows the TEM
micrograph of the SiOs-g-PS2 nanoparticles described
in Table 1. A basically core—shell structure (dark-
colored core for SiOy and light-colored shell for PS) was
obtained. The composition of the core—shell structure
was also confirmed by XPS analysis. The appearance
of a strong C 1s peak component and the disappearance
of Si 2p species in the XPS wide scan spectrum of Figure
2b are consistent with the presence of a SiOg-g-PS core—
shell structure, with a shell thickness greater than the
sampling depth of the XPS technique (about 7.5 nm in
an organic matrix®®). The thickness of the PS shell can
be adjusted by changing the polymerization time.11:23
The shell thicknesses of the SiOs-g-PS nanospheres
corresponding to different reaction time are summarized
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Scheme 1. Schematic Illustration of the Process for the Preparation of Cross-Linked Polystyrene (PS) Hollow
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@ THF = tetrahydrofuran, ATRP = atom transfer radical polymerization, MMA = methyl methacrylate, PMMA = poly(methyl

methacrylate), HF = hydrofluoric acid, and EtsN = triethylamine.

in Table 1. As the polymerization time is increased from
1.5 to 6.0 h, the thickness of the PS shell increases
correspondingly from 21 to 46 nm. The gel permeation
chromatograph (GPC) results of PS cleaved from the
Si092-g-PS nanoparticles indicate that, with the increase
in polymerization time from 1.5 to 6 h, the number-
average molecular weight (M),) increases from 1.4 x 104
to 5.4 x 10* g/mol, while the polydispersity index
remains at around 1.2.

Surface-initiated atom transfer block copolymeriza-
tion of MMA from the SiO2-g-PS nanospheres, using
CuBr/PMDETA as the catalyst system, gave rise to the
Si02-g-PS-b-PMMA nanospheres. The halide exchange
reaction can give rise to a fast initiation and improve
the control of ATRP.3° The TEM image of the resulting
nanospheres reveals an increase in particle size and
shell thickness of the SiOs-g-PS-6-PMMA nanospheres,
in comparison with the starting SiO2-g-PS nanospheres,
consistent with the addition of an additional PMMA
shell. Furthermore, the appearance of an O 1s peak
component at the BE of about 532 eV (Figure 2¢), and
a marked increase in C content and decrease in Si
content in the EDX spectrum (Figure 3b), are consistent
with the presence of a PMMA graft layer on the Si-g-
PS nanospheres. The successful preparation of SiOg-g-
PS-6-PMMA nanospheres was also confirmed by H
NMR spectroscopy and GPC results of the PS-6-PMMA
block copolymers cleaved from the silica surface (Table
1). In comparison with the 'TH NMR spectrum of the PS
chains cleaved from the silica surface, the appearance
of chemical shifts at 0.9—0.11 and 3.6 ppm (attributable
to C—CH3 and O—CHj3 groups, respectively, of the
PMMA block) in the 'H NMR spectrum of the cleaved
PS-6-PMMA copolymers confirms the successful prepa-
ration of the SiOy-g-PS-6-PMMA nanospheres.

UV exposure of the SiOg-g-PS-6-PMMA nanospheres
decomposes the PMMA outer shell and cross-linked the
PS shell. Subsequent HF etching removes the SiOs core.
The TEM image in Figure 1c (from SiOy-g-PS-6-PMMAS3
in Table 1) clearly reveals the hollow structure of the
nanospheres with a shell thickness of about 40 nm. The
presence of a cross-linked shell has given rise to a well-
preserved nanospherical structure in THF (a good
solvent for PS). Comparing to their precursor nano-
spheres (SiOg-g-PS-6-PMMAS3 in Table 1), the shell
thickness of the hollow spheres has decreased from

about 51 nm to about 41 nm after the UV treatment.
The UV-treated film of SiO2-g-PS nanoparticles without
the PMMA outer shell cannot be redispersed into THF,
indicating that the SiOs-g-PS nanoparticles have un-
dergone interparticle cross-linking in the absence of the
sacrificial PMMA outer shell. Thus, the decomposition
of a thin PMMA outer shell has effectively prevented
cross-linking among the PS nanoparticles. The almost
complete disappearance of the Si and oxygen signals and
the predominance of carbon signal in the EDX results
of Figure 3c are consistent with the formation of PS
hollow nanospheres. The PS hollow nanospheres of
different shell thicknesses prepared from different SiO9-
g-PS-b-PMMA particles are summarized in Table 1.
With the M, of PS increases from 1.4 x 10*to 5.4 x 104
g/mol, the shell thickness of the hollow nanospheres
increases correspondingly from 18 to 41 nm.

Conclusions

Cross-linked PS hollow naospheres can be prepared
by UV treatment of the SiOg-g-PS-6-PMMA core—shell
hybrids and HF etching of the SiOs cores. The surface-
initiated ATRP’s allow the preparation of well-defined
PS and PS-6-PMMA shell structures. The cross-linked
PS hollow nanospheres remain unagglomerated and
stable in organic solvents, such as THF. The shell
thickness of SiOg-g-PS-6-PMMA can be readily tuned
by controlling the PMMA and PS chain lengths during
the ATRP process. The present solvent-resistant PS
hollow nanospheres are potentially useful in applica-
tions such as controlled release and enzyme immobiliza-
tion and as nanoreactors.

Experimental Section

Initiator Immobilization on Silica Particles. Dried SiO,
particles (2.0 g) of sizes in the range 20—30 nm, 3.0 g (9.5
mmol) of trichloro(4-chloromethylphenyl)silane (97%), and 20
mL of absolutely dried THF were introduced into a two-necked
flask. Triethylamine (1.2 mL, 8.6 mmol) in THF (5.0 mL) was
added dropwise, with stirring, under an argon environment.
The reaction mixture was left to stand for 8 h and then exposed
to air for another 18 h. After five cycles of ethanol and THF
rinsing, and separation by centrifugation, about 1.8 g of white
initiator-immobilized SiO; particles was obtained. The chloride
concentration was about 1.44 wt %, as determined from
elemental analysis. This chlorine concentration corresponded
to about 2.4 benzyl chloride initiators per nm? of the particle
surface.
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Figure 1. Transmission electron microscopy (TEM) micro-
graphs (a) of the initiator-immobilized silica nanoparticles, (b)
silica-graft-polystyrene nanospheres (SiOz-g-PS2 in Table 1;
surface-initiated atom transfer radical polymerization (ATRP)
conditions: [styrene]:[initiator]:[CuCl]:[PMDETA] = 800:1:1:
1; polymerization time = 3 h), and (c¢) cross-linked polystyrene
(PS) hollow nanospheres obtained via UV treatment and HF
etching of the silica-graft-polystyrene-block-poly(methyl meth-
acrylate) nanospheres (SiO2-g-PS-6-PMMAS3 in Table 1, pre-
pared from the corresponding SiOg-g-PS nanospheres, using
the active PS chain ends as the macroinitiators under other-
wise the same conditions as those used for the initial surface-
initiated ATRP of styrene). The field emission scanning
electron microscopy (FESEM) image in the inset of (a) shows
that the initiator-immobilized silica nanoparticles remain
segregated.

Surface-Initiated ATRP. About 0.1 g of the initiator-
immobilized silica particles, 4 mL (0.035 mol) of styrene (99%),
4 mL of dry DMF, and 4 mg (0.04 mmol) of CuCl (99%) were
introduced into a dry Pyrex test tube. After purging with argon
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Figure 2. X-ray photoelectron spectroscopy (XPS) wide-scan
spectra of the (a) initiator-immobilized silica particles, (b)
silica-graft-polystyrene nanospheres (SiOs-g-PS3 in Table 1;
surface-initiated atom transfer radical polymerization (ATRP)
conditions: [styrene]:[initiator]:[CuCl]:[PMDETA] = 800:1:1:
1; polymerization time = 6 h), and (¢) silica-graft-polystyrene-
block-poly(methyl methacrylate) nanospheres (SiOz-g-PS-b-
PMMAS in Table 1, prepared from the corresponding SiOs-g-
PS nanospheres, using the active PS chain ends as the
macroinitiators under otherwise the same conditions as those
used for the initial surface-initiated ATRP of styrene).

for 20 min, about 10 uL (0.04 mmol) of N,N,N'.N'"N"-
pentamethyldiethylenetriamine (PMDETA, 99%) was added,
and the tube was sealed with a rubber stop. Thus, the molar
ratio of [styrene]:[initiator]:[CuCl]:[PMDETA] was 800:1:1:1.
Surface-initiated ATRP was carried out under continuous
stirring at 110 °C. The reaction was allowed to proceed for
1.5, 3.0, and 6.0 h. At the end of each reaction, the reaction
mixture was dilute with 30 mL of THF and precipitated in
200 mL of methanol. The product was redispersed in 40 mL
of THF and centrifuged to remove the PS homopolymer. The
process was repeated twice. The surface-initiated atom trans-
fer block copolymerization of MMA was carried out using the
same procedure as that used for styrene polymerization, except
the SiOs-g-PS nanoparticles (0.2 g) was used as the macroini-
tiators instead. The ATRP was allowed to proceed for 2 h to
give rise to the SiOs-g-PS-b-PMMA nanospheres. Cleavage of
the PS and PS-6-PMMA graft chains from the respective SiOs-
g-PS and SiOs-g-PS-6-PMMA nanoparticle surfaces was
achieved by dispersing 0.2 g of the respective nanoparticles
in 2 mL of 10% HF for 2 h. About 10 mL of THF was then
added to dissolve the PS homopolymer or the PS-6-PMMA
copolymer. The polymer or copolymer was recovered by
precipitation in 50 mL of methanol.

Formation of the Hollow Silica Nanospheres. The SiOg-
g-PS-b-PMMA nanospheres dispersed in THF (0.02 g/mL) were
deposited onto a clean Si(100) substrate surface. The film with
a thickness of about 3 um was irradiated at a distance of about
5 cm for 15 min with an 800 W mercury UV lamp having a
maximum emission at 254 nm. Then, the film was immersed
into 10% HF at room temperature for 2 h to dissolve the SiOs
cores. The film was subsequently redispersed into THF,
followed by washing and centrifugation with THF for another
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Table 1. Molecular Weights and Shell Thickness of the Polystyrene Nanospheres
polymerization mol wt® particle shell shell
sample time (h) (g/mol) PDI« size? (nm) thickness? (nm) thickness® (nm)
Si0g-g-PS1° 1.5 1.4 x 10* 1.24 64 21
Si0Og-g-PS20b 3.0 3.1 x 104 1.28 100 37
Si0s-g-PS3 6.0 5.4 x 10* 1.23 142 46
Si09-g-PS-b-PMMA1¢ 2.0 2.9 x 10* 1.32 81 27 18
Si092-g-PS-b-PMMA2¢ 2.0 4.8 x 10* 1.34 123 44 24
Si092-g-PS-b-PMMA3¢ 2.0 6.7 x 10* 1.33 161 51 41

@ Number-average molecular weight (M) and polydispersity (PDI = M/M,, where My, is weight-average molecular weight) of the
cleaved polystyrene (PS) and polystyrene-block-poly(methyl methacrylate) (PS-6-PMMA) chains from SiOs nanoparticles. ® The molar
ratio of [styrene]:[initiator]:[CuCl]:[PMDETA] = 800:1:1:1 for the surface-initiated atom transfer radical polymerization (ATRP) of styrene.
The amount of initiators on the SiOg surface was determined from the element analysis results. PMDETA = N,N,N' N" ,N"-
pentamethyldiethylenetriamine. ¢ The block copolymer was prepared from the corresponding SiO2-g-PS nanospheres, using the active PS
chain ends as the macroinitiators under otherwise the same conditions as those used for the initial surface-initiated ATRP of styrene.
Si0y-g-PS = silica-graft-polystyrene and SiO2-g-PS-b-PMMA = silica-graft-polystyrene-block-poly(methyl methacrylae). ¢ Average particle
size and shell thickness of the nanospheres, determined from TEM images, before UV treatment. ¢ Average shell thickness of the hollow
nanospheres, determined from TEM images, after UV treatment and HF etching.
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Figure 3. Energy-dispersive X-ray (EDX) analysis spectra of
the (a) initiator-immobilized silica nanoparticles, (b) silica-
graft-polystyrene-block- poly(methyl methacrylate) nanopar-
ticles (SiOg2-g-PS-6-PMMAS3 in Table 1, prepared from the
corresponding SiOs-g-PS nanospheres, using the active PS
chain ends as the macroinitiators and surface-initiated ATRP
conditions of [MMA]:[macroinitiator]:[CuCl]:[PMDETA] ~ 800:
1:1:1 for 2 h), and (c) cross-linked polystyrene (PS) hollow
nanospheres obtained from UV treatment and HF etching of
the SiOs-g-PS-b-PMMAS nanoparticles.

two times to obtain the cross-linked PS hollow nanospheres.
About 0.06 g of unagglomerated nanospheres was obtained.

Characterization. Gel permeation chromatography (GPC)
was performed on an HP 1100 HPLC, equipped with a HP
1047A refractive index detector and a PLgel MIXED-C 300 x
7.5 mm column (packed with 5 um particles of different pore
size). The column packing allowed the separation of polymers

over a wide molecular weight range of 200—3 000 000. THF
was used as the eluent at a flow rate of 1 mL/min at 35 °C.
Polystyrene standards were used as the references. XPS
measurements were carried out on a Kratos AXIS HSi
spectrometer (Kratos Analytical Ltd., Manchester, England)
with a monochromatized Al Ko X-ray source (1486.6 eV
photons). A JEOL 2010 TEM was used to characterize the
morphology of the nanoparticles. Field emission scanning
electron microscopy (FESEM) measurements were carried out
on a JEOL JSM-6700 FESEM. Energy-dispersive X-ray (EDX)
analysis spectra of the samples were obtained on a JEOL
JSM5600LYV scanning electron microscope. 'H NMR spectra
were measured on a Bruker ARX 300 MHz spectrometer, using
CDClI; as the solvent. Elemental analyses were carried out on
a Perkin-Elmer model 2400 elemental analyzer. The Cl content
was determined by the Schoniger combustion method.*
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