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Abstract: We fabricated polymeric hollow spheres having macropores, which combine the advantageous properties
of porous materials and hollow spheres. To fabricate such spheres, a polystyrene/methylmethacrylate solution was
dispersed in water by vigorously stirring and then the suspension was quenched using liquid nitrogen. Water and
methyl methacrylate present in the quenched suspension were readily sublimated by freeze-drying. Conclusively, the
hollow-sphere structure and the macropores of its shell were created by the processes of liquid nitrogen-quenching and
sublimation of methyl methacrylate domains within the shell, respectively.
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Introduction

Porous materials'® have attracted much attention because
of their unique advantageous properties such as high surface-
to-volume ratio and low dielectric constant. These properties
have been exploited in applications such as membranes and
catalytic supporting materials.”' To date, most microporous
materials have been made from inorganic materials. Recently,
however, microporous materials based on organic polymers
have been intensively studied as candidate materials for
components of microelectronic devices.'"'> Hollow micro-
spheres'*'® have generated particular interest because of
their potential applications such as low-density capsules for
controlled release of drugs, dyes, and inks, development of
artificial cells, protection proteins, enzymes and DNA, as
well as catalyst. Here we describe the preparation of poly-
meric hollow spheres with macropores. These hollow parti-
cles combine the advantageous properties of porous materials
with those of hollow spheres.

Experimental

When a room temperature droplet of polystyrene/methyl-
methacrylate (PS/MMA =60:40 wt/wt%; M, of PS=
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100,000; Aldrich Chem. Co.) solution is dropped into liquid
nitrogen, the liquid nitrogen boils vigorously generating a
strong convective flow that causes the droplet to spin around
and around on the surface of the liquid nitrogen. This spin-
ning motion causes the droplet to maintain a spherical shape
during freezing. Finally, the frozen particle settles into the
liquid nitrogen (see Figure 1 for a schematic of the freezing
process). The frozen structure is maintained provided the
temperature is below the freezing point of the solvent.

Resullts and Discussion

In the experiments reported here, the shape of the quen-
ched structure was maintained because the temperature of

Figure 1. Schematic illustration of the process by which spherical
particles form on immersion of a droplet of polymer solution in
liquid nitrogen (LN,). The polymer solution droplet spins on the
surface of the LN, to form a spherical shape and then sinks into
the LN,.
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liquid nitrogen is much lower than the freezing point of
MMA (-48°C). To remove the MMA from the frozen particle
by sublimation, the particle was placed under vacuum for 1
day while maintaining the temperature as low as possible.
During sublimation the temperature should ideally be kept
below -48 °C; however, in the present experiments the tem-
perature increased at a rate of approximately 30°C/hr from
-196 to 25 °C due to shortcomings of the experimental setup.
This problem did not seriously affect the experimental
results because MMA sublimates enough fast before melting.
Inspection of the structure after freeze-drying revealed that
the spherical structure produced by the freezing process was

maintained during freeze-drying. The spherical shape of the
freeze-dried particle indicates that the MMA solvent subli-
mated rather than melted during the freeze drying process,
because if MMA had melted it would have readily dissolved
the PS and consequently destroyed the spherical shape.
Figure 2(a) shows a cross-sectional scanning electron
microscopy (SEM) image of the resulting sphere. From this
image, it is clear that the interior of the sphere is empty.
MMA can easily penetrate through spaces among polymer
chains and disentangle and consequently expand the polymer
occupying volume because MMA is a good solvent. When
the PS/MMA solution droplet is dropped into liquid nitro-
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Figure 2. SEM images of a sphere with macropores obtained from quenching followed by freeze-drying of the solvent. (a) SEM cross-
sectional image of a sphere. (b) Schematic illustration of the generation of a hollow sphere. First, PS is dissolved in MMA, expanding its
volume. Then, the PS/MMA solution droplet is quenched from its surface. Finally, a hollow sphere is obtained due to the vitrification
and contraction of PS. (¢), (d), (e) SEM images of the inner wall-surface, the cross-section, and the outer wall-surface of the shell of the
resulting sphere, respectively. Scale bars, 500 um (a), 10 um (c), (d), (e).
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gen, this droplet begins to freeze from its surface, leading to
vitrification of the polymer (PS) because the corresponding
temperature is below the glass transition temperature (7, =
100°C) of PS. Accordingly, PS is solidified from the surface
of the corresponding sphere and is contracted again toward
the solidified wall (shell) as schematically shown in Figure
2(b). Therefore a hollow sphere is obtained.

Figures 2(c), (d), and (e) show three SEM images of the
hollow sphere: the inner surface of the shell, a cross-section
of the shell, and the outer surface of the shell. All regions
show macropores (1~4 pm), which correspond to the volumes
occupied by MMA in the original frozen structure. In addi-
tion, the spherical shape of the macropores indicates that
MMA is frozen into spheres within the PS matrix, which is
the most stable form from the viewpoint of surface energy.
The pores of the outer shell-surface (Figure 2(e)) are smaller
than those of the cross-section and the inner shell-surface
(Figures 2(c) and (d)) because the outer shell-surface is pre-
ferentially frozen, which cause the morphology of the outer
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shell to be quenched readily and the time it takes for MMA
to freeze increases on going from the outer shell-region to
the inner shell-region. Accordingly, the MMA near the inner
surface of the shell aggregates into larger domains. Figure
2(d) clearly shows that the pores are isolated from each
other (i.e., they are closed pores rather than open pores).

In addition to the millimeter-sized particles described
above, we also successfully fabricated micron-sized hollow
spheres with sub-micropores. Polymeric solution droplets
with sizes on the order of micrometers were obtained by
using a PSMMA solution (0.5 mL) dispersed in water (4 mL)
by vigorous stirring. In the resulting emulsion, the hydro-
phobic polymer solution forms spherical shapes in water to
minimize its surface energy.

The suspension of PS/MMA solution dispersed in water
was then dropped into liquid nitrogen in order to quench the
structure and morphology. The quenched suspension was
then immediately placed under vacuum for 1 day while
maintaining the temperature as low as possible.

Figure 3 SEM images of micron-sized hollow spheres with macropores. (a), (c) SEM images of the resulting spheres whose diameters
are approximately 150 and 10 um, respectively. (b), (d) SEM images of broken spheres. (e), (f) SEM images of the inner wall-surface
and the outer wall-surface of the shell of the broken sphere, respectively. Scale bars, 50 ym (a), (b), 2 um (c), 5 um (d), and 1 um (e), (f).
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SEM images of the resulting structures and morphologies
are shown in Figure 3. Figures 3(a) and (c) show that the
resulting structures are spherical in shape and have dimensions
on the order of micrometers (10~150 ym). In addition, it is
clear from these images that the outer surfaces of the parti-
cles are covered in numerous pores. Figures 3(b) and (d)
show broken structures with sizes similar to those of the
particles shown in Figures 3(a) and (c), respectively. The
images of the broken particles make it clear that the parti-
cles are hollow. This hollow spherical structure forms by the
mechanism described above. Figures 3(e) and (f) show
magnified SEM images of the outer and inner surfaces of the
shell of a broken particle, respectively. These images show
that all of the regions have closed spherical pores whose
sizes are sub-micrometer.

From a thermodynamic viewpoint, the condition for mis-
cibility can be expressed as:"

AGmix = AHmix - TASmix <0

where AG,,, is the free energy of mixing, AH,, is the
enthalpy of mixing and AS,,;, is the entropy of mixing. It can
be stated that AG,,;, < 0 is a necessary but not sufficient con-
dition for miscibility. Generally, the phase diagram of poly-
mer-solvent mixtures is similar to that shown in Figure 4. In
a PS/MMA mixture, PS and MMA are miscible and form a
single phase at room temperature but are immiscible and
separate into two phases at low temperatures (-196°C). The
separation into two phases at low temperature occurs
because in this regime the entropy term is small and conse-
quently AG,,, becomes positive. In addition, when the PS/
MMA mixture is quenched in liquid nitrogen, the MMA
undergoes nucleation and growth. This leads to a sea-island
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Figure 4 Typical phase diagram of PS/MMA mixture with mole
fraction of PS (X,,) versus temperature.
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(PS phase-MMA phase) morphology in which the domain
size of the islands (MMA) is related to the quenching rate
because the quenching rate influences the growth time of
the island phase. The suspending time required to com-
pletely freeze a sphere increases considerably with increasing
sphere volume because the thermal conductivity of PS is
very low; hence, the growth time of the island phase differs
considerably between the micron-sized and millimeter-sized
spheres. As a result, the size of the pores in the micron-sized
hollow spheres (Figure 3) is smaller than that in the milli-
meter-sized hollow spheres (Figure 2). Moreover, it is well
known that the morphology of the hollow sphere (e.g., sea-
island vs. co-continuous) can be easily controlled by changing
the quenching rate and the concentration of the polymer
solution. This creates the possibility of preparing hollow
spheres with a morphology suited to a particular application.

Conclusions

We successfully fabricated polymeric hollow spheres with
macropores, which can be used in drug delivery systems,
catalytic supporting materials, and so on. For drug delivery
systems in a particular, the present work could be extended
to create hollow spheres with macropores based on biocom-
patible and biodegradable polymers such as poly(lactide),
poly(glycolide), and poly(lactide-co-glycolide) instead of
PS.20’21
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