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Manipulation of the structure and composition of
macromolecules at the nanometer level provides new
possibilities in the application for nanomaterials.23 In
particular, micro- and nanometer-sized hollow particles
have been the subject of intense interest in their
potential application for capsules.* Recently, synthetic
approaches with self-assembly and templating strate-
gies have been employed for the preparation of hollow
spheres.>® A self-assembling process is a powerful tool
for the construction of a unique macromolecular archi-
tecture.” In fact, being placed into a selective solvent
for one of the blocks, amphiphilic block copolymers can
self-assemble into polymer micelles and/or vesicles with
nanometer-sized dimensions.® Recently, several groups
reported a new method of construction of nanometer
sized particle by cross-linking of the shell of polymer
micelles.®~11

We have also succeeded in preparing shell cross-
linked micelles (SCM) from diblock coplolymers of
polysilanes and poly(methacrylic acid).? In the system,
the polysilane core is surrounded by the partially cross-
linked shell of poly(methacrylic acid). Since the polysi-
lane core part can undergo photochemical degradation,’3
it is expected to provide hollow sphere particles (hollow
shell cross-linked micelles, HSCM) by a photochemical
process. Herein we report synthesis of nanometer-sized
hollow particles derived from polysilane shell cross-
linked micelles and demonstrate that the hollow par-
ticles can undergo reversible uptake of guest molecules.
During our study, Wooley's group has reported hollow
particles, which were called nanocages, prepared by
ozonolysis of shell cross-linked micelles with poly-
(isoprene)-b-poly(acrylic acid).’* Our system can be
generated photochemically and should provide an im-
portant technique for the further application of nano-
engineering.

Poly(1,1-dimethyl-2,2-dihexyldisilene)-b-poly(methacryl-
ic acid) (PMHS-b-PMAA) was prepared by the sequen-
tial anionic polymerization of masked disilenes!® and
trimethylsilyl methacrylate, followed by hydrolysis of
the trimethylsilyl protecting group (M, = 9.6 x 108, M,/
M, = 1.3). The composition of PMHS to PMAA, esti-
mated by 'H NMR of the block copolymer in D,0O, was
1/10. Thus, the average chemical formula of the copoly-
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Figure 1. Schematic illustration of the synthetic pathway for
hollow square particles derived from polysilane shell cross-
linked micelles templates.

mer was estimated to be (MHS)q-b-(MAA)g9, which was
evidently self-assembled in water to form polymer
micelles. The formation of near-monodisperse micelles,
with an intensity-averaged micelle diameter of 170 nm
in water (0.2 g L™1, 25 °C), was demonstrated by
dynamic light scattering (DLS) studies. At this point, a
rather unusually large micelle diameter of 170 nm in
water should be referred. Even if the methacrylic acid
units are fully stretched, the block polymer could not
possibly give a spherical micelle with a diameter of 170
nm. The unusually large size of the micelles may not
be explained by a simple core—shell structure of con-
ventional micelles. Efficient packing of the rigid-rod
blocks of polysilane segments should form a core domain
for the polymer micelles, which could result in ordered
and stable aggregates with an unusually large size.'®
At this stage, the possibility that the polymer forms
vesicles instead of micelles cannot be excluded, but the
formation of spherical SCMs (vide infra) supports the
formation of micelles.

Then the carboxylic acid on the poly(methacrylic acid)
segment of the block copolymer was subjected to the
shell cross-linking reactions with 1,10-diaza-4,7-dioxa-
decane and l-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride as schematically illustrated in
Figure 1.

Finally, the polysilane core part within the shell cross-
linked micelles was photodegradated (bleaching) by UV
irradiation (=280 nm) and dialysis against water pro-
duced nanometer-sized hollow particles.”® In UV
absorption spectra, a continuous blue shift in the
absorption maximum was observed during photoirra-
diation (see Supporting Information), which suggests
that the chain scission process of the polysilane core part
within the shell cross-linked micelles did occur upon
exposure.
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Figure 2. AFM image of (a) hollow particles on Pyrex glass plate with operating in the contact mode, (b) vertical profile of the
hollow particle shown in part (a), and (c) in the tapping mode under THF wet conditions.

Some spectroscopic studies supported the formation
of nanometer-sized hollow sphere particles derived from
the shell cross-linked micelle templates.'® Dynamic light
scattering (DLS) studies indicated that the average
hydrodynamic diameter (Dp) for the hollow particles in
water was measured as about 650 nm, which was much
larger than the Dy of the template shell cross-linked
micelles (170 nm). The significant extent of this expan-
sion can be explained by the swelling of the hydrophilic
cross-linked poly(methacrylic acid) layer resulted in
removal of the hydrophobic core. However, the diameter
of the hollow particle decreased to 220 nm again in THF
because of contraction of the cross-linked poly(methacryl-
ic acid) layer under the conditions.

Images of atomic force microscopy (AFM) gave further
information about the size and three-dimensional shapes
of the nanometer-sized particles. Figure 2 shows AFM
images of hollow particles on a Pyrex glass plate
operating in the contact or tapping mode.?° Shell cross-
linked micelles appeared as clear spherical particles of
about 100 nm diameter in the dry state, indicating that
polysilane parts are locked into the core. However, after
removal of the core within the shell cross-linked mi-
celles, bagel (or liposome)-like objects with diameters

of about 100 nm were observed as shown in Figure 2a.
In vertical profiles it appears to be concave shaped,
although the shells collapsed into a highly flattened
form, which agrees well with their hollow-core nature
(Figure 2b). The thickness of the shell is consistent with
the calculated length of the cross-linked layer (ca. 30
nm). The tapping mode AFM images show clearly hollow
nanospheres with diameters of about 200 nm when
under the wet conditions, because the particles should
be swollen to some extent under the conditions (Figure
2c).

The present system is expected to undergo encapsula-
tion of guest molecules. Indeed, the following experi-
ments indicate the encapsulation of 5,6-carboxyfluores-
cein (CF) into nanometer-sized hollow particles. A
solution of the hollow shell cross-linked micelles (3 mg)
and excess 5,6-carboxyfluoresce (CF) in water (10 mL)
was stirred at room temperature for 4 days. After
separating the complexes with CF from free dye by gel
permeation chromatography with water as an eluent,
fluorescence spectra of the complex were measured (3
mg/10 mL) as shown in Figure 3. Figure 3 also contains
similar spectra for the SCM. The emission maximum
of the entrapped dye into the shell cross-linked micelles
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Figure 3. Fluorescence emission spectra of 5,6-carboxyfluo-
rescein (excited at 492 nm) in hollow nanoparticles and shell
cross-linked micelles in water.

is observed at 528 nm. On the contrary, a significant
shift in absorption maximum is observed for the dye
solubilized in the hollow particles at 518 nm, the same
wavelength as that of the free dye in aqueous solution.
This suggests that the dye in the hollow particles
localized in an internal aqueous volume rather than in
the hydrophobic domains. After dialysis against water
for several days, the absorption at 518 nm disappeared
gradually, indicating release of the dye (see Supporting
Information).
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