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ABSTRACT: Patterned “bead in pore” composite film with
hemispherical or mushroomlike TiO, microparticles lying
in the holes of a honeycomblike polystyrene matrix has been
fabricated by a template-free bottom-up approach from a
homogeneous solution of TiCl,/polystyrene/ CHCI; using
the breath figures method. It is a very simple way to prepare
hemispherical or mushroomlike TiO, microparticles and to
get the hexagonally nonclose-packed arrays of asymmetrical
particles with or without polymer matrix, which have
potential applications in photonics.

icroparticles are of considerable interest because of their
Mextensive applications in optics," controlled release,” bio-
medical fields,” and so on. These applications depend on the
chemical and physical properties of the particles, such as wett-
ability, size, and shape, which are also important for their self-
assembly.* Recently, there has been great interest in the synthesis of
colloidal particles with specific asymmetric structures and their
assembly, since such systems are valuable in the creation of complex
structures through anisotropic interactions,” which have unique
photonic properties.® Hemispherical and mushroomlike microparti-
cles are typical asymmetrical particles that have promising applica-
tions in photonics’ and other fields.® Because of the minimization of
interfacial tension energy, microparticles tend to adopt the spherical
shape via a nucleation growth manner.” Asymmetrical structures are
rarely prepared by a self-growth process, especially hemispherical
and mushroomlike structures. Complicated methods such as
seeding polymerization'® and microfluidics'' are commonly used
to prepare polymeric particles with hemispherical or mushroomlike
shapes. These methods, however, are not applicable for the inor-
ganic particles, which need more complicated procedures and
rigorous conditions.'> Compared to the more easily obtained asym-
metrical polymeric particles, inorganic particles with high refractive
index have more outstanding properties for application in a special
area."” Therefore, it is important to find an easy and versatile
method to prepare asymmetrical inorganic particles.

Patternin% of microparticles is another important issue for their
applications.” Template-assisted self-assembly’ was an effective
way to construct colloid aggregates with complex and controllable
architectures in the holes of the template.'* However, formation of
this “bead-in-pore” morphology needs at least two steps: fabrication
of the template and assembly of the colloids. In addition, most
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colloids used in self-assembly are spherical particles. It is difficult for
asymmetrical particles to assemble into well-defined, complex
supra-particular structures, because the “hard” asymmetrical parti-
cles are unstable in water due to the lack of electrostatic or steric
stabilization effects.'”> Computational studies demonstrate that
ordered morphologies should be experimentally accessible for
asymmetrical structures.'® However, to achieve these goals remains
challenging.

Herein we report a very simple and template-free bottom-up
approach to fabricate a patterned “bead-in-pore” composite film
with hemispherical or mushroomlike TiO, filling in the holes of
honeycomblike polystyrene (PS) matrix from a homogeneous
solution of TiCl,/PS/CHCI, by the breath figures (BFs) method."”
Water droplet arrays condensed on the solution surface acted as the
“microreactors” for the hydrolysis of TiCl, and at the same time PS
self-organized around the arrays of “microreactors” to form an
ordered porous matrix. The in situ formed hydrolyzing product
took a hemispherical or mushroomlike shape after solidification,
depending on the concentration of the precursor in the solution;
thus, inorganic/polymer composite patterned film with one particle
in one hole was obtained. The asymmetrically shaped TiO, particles
and the porous polymer film can be obtained by selectively removing
the counterpart from the composite film. More interestingly,
hexagonally nonclose-packed arrays analogous to that of the insect
compound eyes can be formed by peeling the hemispherical particles
off the composite film with an adhesive tape.

Figure 1a shows a typical morphology of the resultant film from
evaporation of TiCl,/PS/CHCI, solution (PS, 1wt %, TiCl,, 0.2%
v/v) cast on glass. A highly ordered topology with particles trapped
in the holes of the porous film can be observed. The holes and
particles are arranged hexagonally with few defects. The average
diameter of the pores is about 1.9 «m, while the size of the particles
inside is a little smaller. Gaps between particles and holes can be
observed. This ordered film is strongly iridescent. Perception of the
color shifts from green through purple to yellow by varying the
angle of observation of the obtained surface. When a laser with a
beam diameter of 1 mm was irradiated on the film, the diffraction
image projected on a screen showed a hexagonal diffraction pattern
(inset of Figure la), demonstrating a long range of ordered
structure on the film. SEM image of the cross section
(Figure 1b) shows that the film has a single-layer porous structure
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Figure 1. SEM images of (a) top and (b) cross section of the ordered
composite film, (c) the hexagonally nonclose-packed hemispherical
particles array adhered to the adhesive tape, (d) the hemispherical
particles array on glass after removal of PS by calcination. Inset in (a) is
the diffraction pattern of the film irradiated by a laser pointer. Inset in (b)
is the magnified hemispherical particle with a scale bar of 1 «m. Insets in
(c) and (d) are the schemes of the particle arrays.

on the surface, and more interestingly, the particle in the hole is
hemispheric. Peeling the hemispherical particles off the composite
film with an adhesive tape, we can get hexagonally nonclose-packed
arrays of the hemispherical particles (Figure 1c). Because the
particles adhere to the adhesive layer with different depth, depend-
ing on the force employed on each of the particles during peeling,
the perimeters of the particles exhibited are not uniform. This
morphology is analogous to the compound eyes of insects, which
has aroused great research interest in photonics.*

On the other hand, after calcining the composite film on glass at
450 °C, an ordered array of hemispherical particles with flat faces
exposed can be obtained on glass, with a little change of the
arrangement in the porous polymer matrix (Figure 1d). It has been
demonstrated that, compared to the spherical colloids consisting of
photonic crystals, the asymmetrical building blocks can lift the
symmetry-induced degeneracy of photonic bands, leading to
complete photonic band gaps in face-centered cubic and other
simple lattices,'® which would provide enhanced light control."?

More interestingly, the shape of the particles can be easily tuned by
adjusting the concentration of TiCl, and PS. When the concentra-
tion of PS was fixed at 1 wt %, large-scale ordered structures could be
obtained with the TiCl, concentration in the range 0.2—0.4% (v/v).
When the TiCl, concentration was <0.3% (v/v), hemispherical
particles were obtained (Figure 1), whereas in the range 0.3—0.4%
(v/v), the resultant particles were mushroomlike (Figure 2). In
addition, the size of the mushroomlike particles decreased with in-
creasing TiCl, concentration. It was difficult to get an ordered struc-
ture when the concentration of TiCl, was > 0.4% (v/v). On the other
hand, when PS concentration was 0.7 wt % and TiCl, concentration
was 0.2% (v/v), we could get particles with concave surfaces, the
dimple particles (Figure S1, Supporting Information (SI))

The hexagonal pattern is typical of BFs phenomena.”’ However,
different from traditional BFs methods in which high relative
humidity (RH) or the moist flow is necessary for the formation
of ordered structure, the regular pattern in our system was obtained
ata RH of 20—50%. The low RH preparation and the novel “particle
in hole” pattern can be ascribed to the composition of the beginning
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Figure 2. SEM images of the obtained composite film from the TiCl,/
PS/CHClI, solution with different concentrations of TiCly: (a) 0.3% v/v
and (b) 0.4% v/v. (PS, 1 wt %, RH, 30%) Insets in (a) and (b) are the
magnified mushroomlike particles, respectively. Scale bar = 0.5 ym.
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Figure 3. Scheme of formation of the highly ordered asymmetrical
inorganic particle/polymer composite films by BFs method.

solution, which contains polymer and strong hydrolyzable precursor
as well. Several phenomena take place simultaneously during solvent
evaporation of the precursor/polymer solution, including conden-
sation and arrangement of water droplets, hydrolysis of TiCl, when
coming into contact with water, and self-assembly of polymer
around the liquid arrays,”® as schematically shown in Figure 3.
When the TiCl,/PS/CHCI,; solution is cast on glass slide, the
volatile CHCl; evaporates quickly (Figure 3a). Because of the
evaporative cooling effect, water droplets are condensed on the
cold solution surface (Figure 3b).”* Meanwhile TiCl, begins to
hydrolyze in the presence of water. The hydrolysis product is more
likely the intermediate salt of Ti(OH),Cl,—, due to the limited
amount of water and reaction time (discussed in detail later).*' The
intermediate product will diffuse in the water droplets because of
its higher affinity with water. As a result, inorganic sol droplets are
formed instead of the pure water droplets in traditional BFs methods.
The sol droplets float on the solution and arrange hexagonally to ob-
tain the lowest free energy. Meanwhile, the polymer chains assemble
around the droplets (Figure 3c). After complete evaporation of
CHCl;, sol-droplet arrays are immobilized in polymer matrix
(Figure 3d). In traditional BFs process, the later evaporation of
water droplets left behind empty holes in the film, whereas in our
case, the droplets are “reservoirs” of the hydrolysis product of TiCl,.

3737 dx.doi.org/10.1021/ja1106767 |J. Am. Chem. Soc. 2011, 133, 3736-3739



Journal of the American Chemical Society

COMMUNICATION

Further evaporation of water in the sol droplets will result in
condensation of the sol, leading to formation of inorganic particles
in the hole. Because the sol-droplet arrays float on the surface of the
polymer matrix (see SEM images in Figure 1b), it is more likely that
the projecting part of the droplet in the air shrinks gradually with the
three-phase contact line fixed at the air—sol—polymer matrix
(Figure 3e), similar to sessile water drop evaporation on solid
surface.” Further loss of water will lead the condensed sol droplets
to become gel-like and finally to form the solid particles (Figure 3f).
The final shape of the particle depends on the concentration of
hydrolysis product in the sol droplet. For medium concentration, the
solidified product takes the shape of the cavity of the matrix.
However, if more or less TiCl, is involved, the resultant particle will
have a papilla or concave shape compared with the hemisphere, and
thus, mushroomlike or dimple particles are formed. For the mush-
roomlike particles, we find that the size of the pore is nearly the same
as the diameter of the papilla. During the evaporation process, more
than half of the sol droplet sinks in the polymer solution and is
surrounded by the aggregated polymer. It is commonly regarded that
evaporation of the water happens after evaporation of the solvent.
While the polymer may not be totally solidified during water
evaporation, the size of the three-phase contact line can change. If
there is a convex above the three-phase contact line when the sol
changes to gel-like, the two sides of the sol droplet that lie above and
below the three-phase contact line can contract, respectively,
accompanied with a little shrinking of the three-phase contact line,
forming the mushroomlike particles. We prepare the dimple particles
from the solution with 0.7 wt % PS, 0.2% TiCl, (v/v). Compared
with the solution for the hemispherical particles that has 1 wt % PS,
0.2% TiCl, (v/v), lower polymer concentration in the BFs method
would induce larger water droplets.® The concentration of hydro-
lysis product in the sol droplets from 0.7 wt % PS solution would be
smaller than that from 1 wt % PS solution when other conditions are
identical, and the obtained particles would have a concave surface.
Therefore, ordered arrays of different asymmetrical microparticles
can be produced from a very simple evaporation process.

The composition of particles in the composite film is compli-
cated, since hydrolysis of TiCl, is a step-by-step process.** Hydro-
lyzation will give rise to substitution of CI by OH and
formation of HCl and Ti(OH),Cl,—, (n = 12,34, SI). This
hydrolysis can be completed rapidly when enough water is involved
at high temperature, otherwise intermediate product is formed.”
During the evaporation process, the condensed water was scanty
and the temperature was relatively low, as a result, the hydrolysis did
not proceed completely. XPS investigation demonstrated that the
Cl/Timolar ratio of the freshly prepared composite film (Figure 1a)
was about 1.3, indicating the hydrolysis yield was the mixture of
Ti(OH),Cl, and Ti(OH);Cl. When the freshly prepared compo-
site film was subjected to water, the particles could be washed away,
leaving behind the highly ordered porous PS films (Figure S2, SI).
The aqueous suspension with dispersed particles had a strong UV
absorbance starting at 350 nm (Figure S3, SI). Drying the aqueous
suspension left a bulk aggregate instead of hemispherical particles,
indicating again that the freshly prepared hemisphere in the
composite film was intermediate salts which could continue hydro-
lysis in water. This continual hydrolysis also could be completed
slowly when the composite film was kept in ambient conditions.
The intermediate product combined with vapor phase H,O, and
hydrolysis was continued; finally the intermediate product con-
verted to TiO,, and the steady, ordered TiO,/PS composite film
was achieved (Table S1, SI). The intermediate product can be
transformed to anatase TiO, by calcining the composite film at

Figure 4. SEM images of (a) hemispherical and (b) mushroomlike TiO,
microparticles after calcination of the composite film at 450 °C for 3 h.

Figure 5. SEM images of the as-formed composite films obtained at RH
of (a) 20%, (b) 30%, (c) 50%, and (d) 70%.

450 °C for 3 h (Figure 4). XRD investigation proves the particles are
amorphous before calcination but anatase after (Figure S4a, SI).
XPS spectra show the calcined sample has a peak at 458.7 eV, which
corresponds to 2ps/, of Ti in TiO, (Figure S4b, SI), while the
freshly prepared hemispherical particles in the composite film have a
peak at 460.1 eV, characteristic of the hydroxyl chloride
intermediates.”® The Ti 2ps/, peak had little change when the
composite films were obtained from the TiCl,/PS/CHCI; solution
with different TiCl, concentrations. When other conditions were
identical, the Ti 2p3/, binding energy increased with increasing
TiCl, concentration, because more Cl was left in the particles. So
the mushroomlike particles have a higher Ti 2p;,, binding energy
than hemispherical particles before calcination, but after calcination,
the particles are anatase TiO, without any chloride, and Ti in both
kinds of particles has the same binding energy (Figure S4c, SI).
The size of the particles can be easily tuned by changing the
evaporation conditions. Figure 5 shows the dependence of the
morphology on the RH. The SEM images show that the pore size of
the film increases with RH. When the solution is 1 wt % PS, 0.2%
TiCl, (v/v), the average diameters of the pores are about 0.6, 1.1,
and 1.9 um at RH of 20, 30, and 50%, respectively. The particle size
also increases with increasing RH. The pores and particles are not
monodisperse but have narrow polydispersity.”® The size distribu-
tion of the calcined hemispherical particles in Figure 1d is shown in
Figure SS (SI). The pores are arranged less regularly at RH of 70%
and are filled with tabletlike particles (Figure Sd and Figure S6a,
(SI)). This irregular order at high RH is mainly due to coagulation of
the rapidly condensing droplets, leading to a dramatic increase of the
droplet size and size distribution.”® The concentration of the
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hydrolysis product in the droplet is relatively low, leading to the
formation of wafery tablets.

The facts that ordered BFs structure can be obtained at low RH
and show a dependence on TiCl, concentration clearly demonstrate
that adding TiCl, in the solution assists the formation of an ordered
structure. The reason may be that hygroscopic TiCl, promotes the
growth of the water droplets at low RH and the resultant sol droplets
are large enough for ordered arrangement as the template.”” When
the TiCl, concentration is <0.2% (v/v), the promotion is not
enough, and the ordered structure cannot be obtained. TiCl,
concentration >0.3% (v/v) may induce more nucleation of the
condensed water, and many more, but smaller, pores and particles are
formed. When too much TiCl, (>04% (v/v)) is involved, the
hydrolysis product coalesces together and prohibits formation of
the ordered structure. Transference and hydrolysis of the precursor at
the water/solution interface may also form a protective layer to
stabilize the droplets from coalescence. In control experiments, flat PS
film was obtained by casting the PS/CHCI; solution under the same
condition (20—50% RH), while porous PS film with big and irregular
holes was formed at higher RH (Figure S6b,c (SI)). Therefore, two
benefits can be expected by adding the precursor in the solution: the
strong water-absorbent property of TiCl, promotes formation of
droplet arrays at low RH; the as-formed sol templates are easy to
prevent from coagulating. Thus, polymers without special architecture
or composition can be used. In our system, hydrolysis of TiCl, is
confined in the droplet arrays, leaving the particles to take the shape of
the cavity of the pore. Previously reported polymer/precursor system
only had honeycomblike films with inorganic nanoparticles enriched
on the wall of the pore by BFs method."*** Our result is also different
from that reported by Jiang et al. where only spherical microspheres
were obtained when the precursor was hydrolyzed in the spherical
pores of polymer film.*> Herein we show for the first time the
fabrication of asymmetrical inorganic particles lying in the hole of
honeycomblike polymer film by a bottom-up approach. It is a very
simple way to prepare hemispherical and mushroomlike TiO,
microparticles, and realize the patterned structure of nonspherical
particles. It is versatile so asymmetrical particles also can be produced
when PS is substituted by other polymers such as poly(ethyl o
cyanoacrylate) and polycarbonate (Figure S7, (SI)).

In conclusion, we have described a simple bottom-up approach to
fabricate ordered composite film with hemispherical or mushroomlike
TiO, particles lying in the holes of honeycomblike PS film from the
TiCl,/PS/CHCI; solution via BFs method. By separating the organic
or inorganic components of the composite film, honeycomblike PS
film and TiO, microparticles can be obtained, respectively, and
hexagonal nonclose-packed TiO, hemisphere arrays will be formed
by peeling the particles off the film with an adhesive trap. This method
is versatile: other polymers also can be employed, and other hemi-
spherical or mushroomlike particles may be obtained by using
corresponding precursors. This method opens a new way to fabricate
asymmetrical inorganic particles and their ordered arrays, which may
find applications in photonic crystal, biomedicine, catalysis, and so on.
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