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Introduction

For many years, researchers of materials have been
keenly interested in porous materials with three-dimen-
sional periodicity for their potential applications in
photonic crystals,® chemical sensors,? catalysts,® and
membranes.* For example, periodic porous structures with
feature dimensions on the order of a fraction of an optical
wavelength have photonic band gap properties. In addi-
tion, macroporous structures enhance mass transport and
efficiency of catalysts. Increasing attention in these areas
has driven extensive research toward the synthesis of novel
materials. Two different fabrication techniques have been
demonstrated experimentally: microlithography® and
colloidal self-assembly.f Colloidal assemblies are a typical
bottom-up approach, wherein monodisperse particles are
used as building blocks, and convective assemblies during
evaporation of asolvent induce ordered arrays of particles,
resulting in coexisting randomly stacked hexagonal close-
packed (hcp) or face-centered cubic (fcc) lattices.” Gener-
ally, colloidal crystals have been used as templates to form
organic, inorganic, or metallic porous structures depending
on the nature of the applications.®~*! Unlike lithography-
based techniques that have shown mostly two-dimensional
features, a colloidal self-assembly approach can produce
complex and regular three-dimensional structures includ-
ing channel-like,*? spherical,*® ellipsoidal,'* and rectan-
gular shapes as well as more complex forms such as star-
shaped assemblies.’®> Such shape-controlled colloidal
crystals are of critical importance for practical use of bulk
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Figure 1. Schematic diagram for fabrication of the CyICC (A)
and inverted structures from the CylCC template (B).
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Figure 2. (a) Optical microscope image of colloidal assemblies
inside a 50 um diameter silica microcapillary. (b) Optical
microscope image of colloidal assemblies inside a 65 um diameter
polymeric microcapillary.

colloidal crystals. Here, we present a facile route for the
fabrication of cylindrical colloidal crystals (CylCCs) by
self-assembly inside a microcapillary and their inverted
replica with ordered macropores by using the colloidal
crystals as templates. Our strategy for the fabrication of
CylICCs commenced with filling a microcapillary with an
aqueous dispersion containing monodisperse colloidal
particles, as shown in Figure 1A. Capillary forces then
drove the aqueous colloidal dispersion to penetrate into
amicrocapillary tube. The particles subsequently arranged
into a hexagonally ordered array of cylindrical shape as
water was removed slowly by evaporation inside the
microcapillary. The CylCCs were used as templates for
the fabrication of ordered macroporous cylinders (Figure
1B).

Experimental Section

Monodisperse submicron-sized polystyrene (PS) beads (250
and 500 nm in diameter) were prepared by emulsifier-free
emulsion polymerization using a styrene monomer (styrene, 98%,
Showa), 2,2'-azo-bis-isobutyrylnitrile (AIBN, 98%, Junsei Chemi-
cal), and divinylbenzene (DVB, 80%, Aldrich). Micron-sized PS
spheres (1 and 3 um indiameter) were purchased from Interfacial
Dynamics. Monodisperse silica spheres (700 nm in diameter)
were synthesized by the Stéber—Fink—Bohn method.'6 Fused
silica (10, 50, and 100 um in diameter) and poly(methyl
methacrylate) (PMMA) microcapillaries (65 and 125 um in
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Figure 3. SEM images of CylCCs of PS particles for various ratios of capillary to particle diameter: (a) 50 #um/0.6 um, (b) 10 um/1
um, and (c) 10 um/3 um. The inset of panel a shows the colloidal assemblies inside the CyICC. (d) SEM image of a CyICC of silica
particles. The ratio of capillary to particle diameter is 65 um/0.7 um.

diameter) were purchased from Polymicro Technologies and
Paradigm Optics, respectively. Photochemically curable poly-
urethane (PU) prepolymer (NOA60) was purchased from Norland,
and nanometer-sized silica particles (Ludox, HS-40) were
purchased from Aldrich. The aqueous colloid, HS-40, had a mean
particle size of 30 nm at 40 wt % solid fraction. Images of the
colloidal dispersions inside the microcapillaries were taken using
an optical microscope (Nikon, TE2000). Images of the prepared
colloidal crystals and their inverted structures were taken by
scanning electron microscopy (SEM) (Philips XL30). The samples
for SEM were coated with Au to make them conductive. An
acceleration voltage of 3—5 kV was typically used. Particle size
and size distribution were measured by photon correlation
spectroscopy (Brookhaven with BI200SM goniometer) or directly
from the SEM images.

Results and Discussion

The aqueous dispersion of monodisperse particles was
injected by soaking a microcapillary in silica or a PS
colloidal dispersion (1—10 wt %). To control the direction
of water evaporation, we immersed one end of the capillary
tube in the colloidal dispersion for several minutes until
evaporation-induced colloidal crystallization started from
the other end. Then, as the colloidal crystallization
proceeded, the length of the colloidal dispersion column
was shortened due to evaporation through the open end.
Finally, colloidal assemblies of cylindrical shape were
obtained inside the capillaries after drying for 4—6 h. Free-
standing CyICCs of polymer latex and silica were prepared
by using silica and polymeric microcapillaries, respec-
tively. Then, the silica and polymeric capillaries were
removed selectively by etching with diluted hydrofluoric
(HF) acid and by calcinations at 500 °C for 3 h, respectively.
(Caution: HF solution is extremely hazardous; use only
with adequate ventilation and wear protective clothing
and safety goggles.)
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The colloidal particles were not adsorbed on the tube
wall during colloidal crystallization inside the capillary,
unlike the previous evaporation-induced colloidal deposi-
tion.'” Theoretically, in an evaporation-induced colloidal
self-assembly, the thickness (or the number of layers) of
deposited colloidal crystals on a substrate is proportional
to the meniscus height. Meanwhile, the meniscus height
increases with Bond number (B, = pgr?/o), which is the
ratio of gravity (g) to surface tension (o) contribution.*®
Here, p is the density and r is the capillary radius.
Therefore, a smaller capillary radius or higher surface
tension yields a proportionally shallower meniscus, that
is, fewer deposited colloidal crystal layers. Under these
conditions, a hollow cylinder colloidal crystal is not likely
to form on avery narrow microcapillary wall. For the case
of a polymeric microcapillary tube, the meniscus height
is indiscernibly much smaller because of the poor wet-
tability of the aqueous colloidal dispersion on the polymer.
This can be seen from Figure 2a,b, which shows the shapes
of menisci formed on the silica and polymeric microcap-
illaries, respectively. Moreover, our aqueous colloidal
suspension has a larger surface tension than the ethanol—
water mixture of a previous report,*” which also lowers
the meniscus height. Consequently, our colloidal crystal
assembled from a colloidal suspension inside a micro-
capillary did not possess a hollow core but was homoge-
neous in structure. The scanning electron micrographs
reproduced in Figure 3 show CyICCs after the microcap-
illaries were decorticated. The length and diameter of the
CyICC can be controlled by changing the particle con-
centration and the diameter of the microcapillary. Figure
3a shows a CyICC, where the PS beads were arranged
into an fcc lattice throughout the capillary without forming
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Figure 4. (a) SEM image of an ordered macroporous cylinder of polyurethane substrate and (b) surface morphology. Silica particles
of 0.7 um in diameter and a silica capillary of 100 um in diameter were used to fabricate the colloidal crystal template. (c) SEM
image of an ordered macroporous cylinder of silica substrate and (d) surface morphology. PS beads of 0.25 um in diameter and a
PMMA capillary of 125 um in diameter were used for the colloidal crystal template.

a hollow core. This is clearly seen from the inset of Figure
3a. As noted from Figure 3c, colloidal crystals assembled
inside a capillary exhibited helically ordered arrays, when
the capillary was comparable to the particles in size.1%20
This structural deviation from usual colloidal self-as-
semblies of fcc or hcp symmetry was induced by particle
packing on the nonplanar surface.?! It can be noted from
the SEM images that the colloidal crystal of cylindrical
shape was a single crystal when the sacrificial micro-
capillary was comparable in size to the building block
spheres. However, when the microcapillary was much
larger than the spheres, the crystal grain boundaries were
observed. We also successfully fabricated self-organized
CylCCswithsilicabeads (0.7 um in diameter) using PMMA
microcapillaries (65 um in diameter), as shown in the SEM
image of Figure 3d.

As we noted previously, colloidal crystals have been
used as templates for macroporous structures of tailored
materials. In the present study, ordered macroporous
cylinders were produced by using colloidal crystals as
templates, which were assembled inside the microcapil-
laries. The PU prepolymer (NOA60) was infiltrated into
a microcapillary containing colloidal crystals and then
photopolymerization proceeded to capture the preformed
structure of CylCC. Figure 4a,b shows SEM images of the
polymeric inverted replica after the silica beads and
microcapillaries were removed by HF etching.

Ordered macroporous cylinders of an inorganic sub-
strate have also been fabricated as shown in Figure 4c,d.
The process involves mixing nanometer-sized silica par-
ticles (Ludox, HS-40) into a submicrometer-sized PS
colloidal dispersion. The concentrations of PS beads and
silica nanoparticles in water were 10 vol %, and the
mixture was prepared with the same volume ratio. Then,
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the mixture dispersion was infiltrated into a PMMA
microcapillary. The ultrafine silica particles were con-
solidated at the interstices between the larger PS beads
that were undergoing self-organization during evaporation
of water. By using silica nanoparticles instead of a sol—
gel synthetic route from silica precursors, we could
minimize vacancies, which are common defects in colloidal
crystals.?? Furthermore, the volume shrinkage of the
consolidated silica nanoparticles during heat treatment
was about ~6%, which was less than that of silica gel.
Therefore, the present method provided enhanced thermal
stability.?® Eventually, the polymeric colloidal crystal
template and microcapillary were removed by thermal
decomposition leaving behind silica inverted CylCC with
ordered macropores. The inverted silica CylCC also
exhibited a hexagonal arrangement of air voids with
interconnected windows, which is clearly seen from Figure
4d.

Conclusions

In conclusion, polymeric and inorganic CylCCs were
obtained by using different types of particles and micro-
capillaries. Further, the shaped colloidal crystals were
used as templates for inorganic and polymeric inverted
replicas of the CylCCs. These cylinders with ordered
macropores can be applied to photonic devices such as a
fiber Bragg grating?* for optical communications and as
supporting materials for catalysis, separation, and chro-
matography.
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