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Particles with Coordinated Patches or Windows from Oil-in-Water
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In this paper, we demonstrated a unique and simple method for fabricating colloidal particles of complex
structures using oil-in-water emulsion droplets as confined geometries. A variety of structural motifs
were produced using binary colloids of microspheres of polystyrene (PS) or silica and nanosized particles
as the second component. When PS or silica microspheres and PS macromolecules were dispersed in
oil-in-water emulsion droplets, particles with well-coordinated patches were obtained because the PS
macromolecules partially covered the microsphere clusters. When silica or gold nanoparticles were
dispersed together with the PS microspheres in oil-in-water emulsion droplets instead of PS macromol-
ecules, composite particles with patches were obtained. In this case, silica or gold shell structures with
well-coordinated windows were produced by selectively removing the large PS microspheres from the
organic-inorganic composite clusters.

Introduction haran et al. developed a convenient and robust method for
. . . preparing small clusters of microspheres from toluene-in-
The packings of microspheres have attracted great attention, ~tar emulsion droplets. In their process, polystyrene (PS)

in materials physics and chemistry for their potential ap- picrospheres encapsulated in toluene droplets were packed
plications as complex materials with desired functionalities. ;. cjusters during the slow evaporation of toluérihe
Over the past decades, various methodologies have beenqqyrations of the PS microsphere clusters were unique,
developed for fabricating the suprastructures of a large ninimizing the second moment of the particle mass distribu-
number of microspheres such as colloidal crystals and oy ton = 11, in whichn is the number of the constituent

complex surface patteri$ Recent development of colloidal  icrospheres. The second moment of the particle distribution
molecules or patchy particles, which are regularly structured ;o yefined as

aggregates of colloidal microspheres, has materialized two-

or three-dimensional complex colloidal structures with unique n

physicochemical properties or helped us to understand M= Ml — r0|I2

fundamental physics of complex colloiéi&loreover, com- i=

plex colloids have been proposed for various applications

such as photonic molecules for tight binding photon devices in Whichr; is the position of-th sphere and, is the center

and sensors and mirrorless microlastidRecently, Mano- ~ of mass of the cluster. By density gradient centrifugation,
the PS microsphere clusters could be fractionated success-
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5 New York University. constituent particles. More recently, we also reported a
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opportunity for developing colloidal nanotransistors to be centrifugation of patchy or composite particles, glycerol (99.5%)
addressed individually when they are registered in the lattice and Ficoll type 400 were purchased from MP Biomedicals and
by fluidic assembly. Furthermore, for colloids that have Sigma, respectively.

well-coordinated sites of directional interactions as molecules ~ Synthesis of Cross-Linked PS Microspheres Dispersed in
do, the colloidal clusters should be covered in part by a Toluene.Cross-linked sulfonated PS beads of 230 nm in diameter

partially encapsulating material with exposed patches in Vere prepared by emulsifier-free emulsion polymerization following
designed coordination the procedures in the previous repdriBhe PS beads were cross-

. . . . linked by copolymerization of styrene and DVB at 70 under

In this article, we demonstrated a unique and simple igorous stirring for 10 h using potassium persulfate as an initiator.
method for fabricating complex colloids with a variety of cross-linked sulfonated PS microspheres of 830 nm in diameter
structural motifs, which were essentially aggregates of PS were synthesized by the seed-growth method using the 230 nm PS
or silica microspheres and nanosized particles as the secondbeads as seed particles. Similarly, cross-linked amidine PS beads
component. Specifically, when PS or silica microspheres andof 400 nm in diameter were prepared by emulsifier-free emulsion
PS macromolecules were encapsulated in oil-in-water emul-copolymerization of styrene and DVB at 7€ under vigorous
sion droplets, complex colloidal clusters with well-coordi- Stirring for 16 h usingx,oc-azodiisobutyramidine dihydrochloride
nated patches were obtained by drying the emulsion droplets.2S an initiator. Cross-linked amidine PS microspheres of 800 nm
Similarly, composite clusters were prepared using inorganic in diameter were synthesized by t_he seed-growth method using the
silica or gold nanoparticles instead of the PS macromolecules.400 nm PS beads as seed partic les. Em.)ugh DVB was used to
In the latter case, the PS microspheres were burnt out at highZrevent the particles from being dlssplved in organic solvent such

! ’ ) - s toluene. For both the seed and final particles, the amounts of

temperature or etched out using reactive oxygen ions from pyg ysed to synthesize sulfonated and amidine PS particles were
the composite clusters, leaving behind inorganic silica or gold 5 and 1 wt %, respectively, relative to the amount of styrene. To
architectures with well-coordinated windows. When the disperse PS microspheres in toluene, the aqueous suspension of
emulsion droplets were polydisperse in size, the numbers ofthe PS microspheres was washed with ethanol after centrifugation
the PS microspheres encapsulated in the droplets wereat 3000 rpm. The PS microspheres in ethanol were then redispersed
nonuniform. Consequently, a variety of the binary colloidal 2again in toluene after several repeated centrifugations at 3000 rpm
clusters were obtained from a single experiment, which is in fresh toluene medium. Figure S.l of the Supporting Info.rnjation
very useful for understanding the feature of cluster formation. Shows the SEM images of cross-linked sulfonated or amidine PS
However, it is necessary for practical application to generate .m"i.ros'oheres that were synthesized by the seed-growth polymer-
monodisperse emulsion droplets and fractionate binary zation. — . ) o
clusters according to their structures, which was also S.urface MOd'.f'Ca.t'On of Silica MfcrOSpher.es' The silica
demonstrated in this work. The complex colloids with particles (1.5¢m in diameter) were redispersed in fresh ethanol by

. . . i . h centrifugation and redispersion followed by sonication. To disperse
coordinated patches have directional interactions that Al€sjlica particles in toluene, the surface of the particles were modified

essgntial for the second self-organization_ _Of the patchy \ith hydrophobic molecules, OTMOS. Silica dispersion in ethanol
particles for novel structurésThe hollow silica or gold (5.1 wt %, 2 mL) was mixed with ammonium hydroxide (0.175
architectures can be used as catalytic supports, filters, andmL) with vigorous stirring. The OTMOS in chloroform (10 vol %,

light diffusers for infrared wavelengths. 0.25 mL) was added to the mixture and the reaction proceeded for
2 h. Silica particles were then washed with fresh ethanol and finally
Experimental Section redispersed in toluene (2 mL) after centrifugation and redispersion.

Synthesis of Gold Nanopatrticles Dispersed in Toluenélhe

Materials. For cross-linked PS microspheres, styrene monomer 4 nm gold nanoparticles stabilized by dodecanethiol were synthe-
(99%), potassium persulfate (initiator, 98%), and sodium hydrogen sized by the standard two-phase metHod Chloroaurate ions were
carbonate (buffer, 99%) were purchased from Kanto Chemicals transferred from aqueous hydrogen tetrachloroaurate solution to
(Tokyo, Japan) and divinylbenzene (DVB, 80%) was obtained from toluene by a phase transfer reagent, tetraoctylammonium bromide.
Aldrich. Another initiator,a,o’-azodiisobutyramidine dihydrochlo- ~ Dodecanethiol and an excess of the aqueous reducing agent were
ride (98%, Fluka) was used for amidine PS particles. Silica micro- then added to the solution. After 12 h, two phases were separated
spheres of 1.am in diameter were purchased from Duke Scientific and washed with methanol using a membrane filter (molecular
Corp.(Cat No: 8150). Octadecyltrimethoxysilane (OTMOS, 90%), weight cutoff: 30 000 Dalton, Millipore Inc.) to remove any
ammonium hydroxide (28%), and chloroform (99.8%) were pur- unbound dodecanethiol and residual reducing agents. The obtained
chased from Aldrich for surface modification of the silica micro- hydrophobic gold nanoparticles were dried in convection oven at
spheres. PS homopolymeén(, = 9100 g/mol) was purchased from 60 °C and redispersed in toluene at desired concentration by
Aldrich. Colloidal silica of 30 nm in size dispersed in toluene was sonication. Figure S2 of the Supporting Information shows the TEM
purchased from FUSO Chemical Industries (Kyoto, Japan). For images of 4 nm gold nanoparticles.

colloidal gold, hydrogen tetrachloroaurate(lll) hydrate (99.999%),  Formation of Patchy or Composite Particles.The schematic
1-dodecanethiol (98%), and tetraoctylammonium bromide (98%)  of the preparation of patchy or composite particles is shown in
were purchased from Aldrich and sodium borohydride (reducing Figure 1. Here, PS or silica microspheres and nanosized second
agent, 98%) was obtained from Acros. Toluene (99.8%) and the components dispersed in the oil phase were mixed and emulsified
triblock copolymer of Pluronic F108 [(PEGY—(PPG)s—(PEG) 2
ich BASF ively, for generat-

were purchased from Aldrich and BASF, respectively, for generat- = ;%) | 0L T 3Ty S aiovey R Polym., Sci., Part 41992
ing toluene-in-water emulsion droplet€gution: toluene is toxic 30, 1463.
and should be handled with cajeFor the density gradient  (10) Brust, M.; Walker, M.; Bethel, D.; Schiffrin, D. J.; Whyman, R.

Chem. Soc., Chem. Commui994 7, 801.
(11) Brust, M.; Fink, J.; Bethell, D.; Schiffrin, D. J.; Kiely, Q. Chem.
(8) van Blaaderen, ANature 2006 439, 545. Soc., Chem. Commu995 16, 1655.
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PS polymers, silica, or gold Because of the nonuniform size distribution of the emulsion
nanoparticles droplets, the number of the encapsulated PS microspheres in the
toluene droplets was widespread. Consequently, the self-organized
binary clusters from a single experiment showed a full structural
, spectrum of composite or patchy particles.
For a demonstrative purpose, we also used monodisperse
emulsion droplets as confined geometries for producing composite
particles of PS microspheres and silica hanoparticles. To generate
monodisperse toluene droplets in water, we used a shearing
: g apparatus equipped with a Couette flow cell (PG398 type, TSR
Watel oy Co.), which was originally developed by Zerrouki ef-aln doing
\ this, first, the cross-linked amidine PS microspheres (5 wt %)
N ) together with silica nanoparticles (0.2 wt %) were redispersed under
Pluronic } sonication and stirring in toluene. The binary dispersion in toluene
F108 ' was then emulsified into an aqueous solution containing 1 wt %
- Pluronic F108 and 30 wt % polyvinylpyrrolidone (PVP K-90,
Sulfonated PS microspheres Aldrich) by progressive mixing. The content of the dispersed phase
i i i (polystyrene/silica/toluene) was 25 wt % with respect to the total
or Hyarophobic Silica microspheres amount of the dispersed and continuous phases. The PVP K-90
Figure 1. Schematic of the fabrication of patchy particles from oil-in-  \was added to increase the viscosity of the continuous aqueous phase.
water emulsions by evaporation-induced self-assembly of binary colloids. The crude toluene-in-water emulsion droplets were polydisperse,
and for unimodal size distribution, the crude emulsion was injected
in water and binary colloids were then self-organized spontaneously into a Couette flow cell at a rate of Qun/s and sheared at a strain
by slow evaporation of the oil-in-water droplets. During the rate of 4167.85s" between two concentric cylinders with a gap
evaporation of the oil phase, capillary forces caused the micro- distance of 10um. The sheared monodisperse toluene-in-water
spheres and nanosized second components to contact closely angmulsion droplets were heated at®Dfor 2.5 h to remove toluene
finally to rearrange the configurations of the microspheres after by evaporation, which induced the self-organization of PS micro-
the critical packing? The van der Waals force between the spheres and silica nanoparticles into composite particles. The
microspheres then cemented the configurations of the compositeComposite particles were washed twice by centrifugation at 4000
clusters. Complete evaporation of the oil phase produced small9 for 30 min and redispersion in aqueous Pluronic F108 solution
complex structures that were essentially binary colloidal aggregates(1 Wt %) to remove PVP K-90 from the aqueous suspension.
of microspheres and nanosized particles or macromolecules. Density Gradient Centrifugation of Patchy or Composite
Polymeric patchy particles were produced from toluene-in-water Particles. The density gradient centrifugation of patchy particles
emulsion droplets, which contained sulfonated PS or silica micro- composed of silica microspheres and PS homopolymers was
spheres and PS homopolymers. First, the PS homopolymers wergderformed using the linear density gradient of glyceroHB80%).
dissolved in toluene by mixing linear PS chains in toluene bath on A two-jar type gradient forming device was used to make linear
hot plate at 70C for 1 h. Next a 1 mLsuspension of 830 nm PS  gradient of glycerol inside a glass tube (50 mL). Next, 1.5 mL of
microspheres (1.8 wt %) in toluene was mixed with 1 mL of a PS a patchy particle suspension was loaded on the top level of the
homopolymer solution (0.4 wt %) in toluene. The mixture was gradient. Centrifugation was performed at mild condition (600 rpm
poured into 16 mL of distilled water with an emulsion stabilizer (1 for 15 min) to obtain the fractionated bands from the sample.
wt %, Pluronic F108) and emulsified by shearing at 8000 rpm for  Ultracentrifugation of the composite particles of PS microspheres
60 s. The resulting toluene-in-water emulsion droplets were about and silica nanoparticles in a linear density gradient medium of
5 um in average diameter with a polydisperse size distribution polysaccharide (Ficoll 400, Aldrich) was performed to fractionate
ranging from 1 to 1Qum. Patchy particles were formed by self- the composite particles according to the number of the PS
organization of the PS microspheres and PS homopolymers duringmicrospheres. A gradient-forming device was used to make 2.9
the slow evaporation of toluene from the emulsion droplets at 100 10.5 wt % linear density gradient of polysaccharide inside a glass
°C for 7 h. Similarly, we prepared patchy particles with silica tube (10 mL). Next, 0.3 mL of the particle dispersion was carefully
microspheres and PS homopolymers as follows. Silica microspheresoaded on the top part in the glass tube, which contained 11 mL of
in toluene (0.5 mL) were mixed with PS homopolymers dissolved the gradient solution. Finally, ultracentrifugation using a swing-
in toluene (1 wt %, 0.5 mL) and the mixture was emulsified with bucket rotor at an acceleration of 330@ravitational acceleration
7 mL of agueous Pluronic F108 solution (1 wt %) by homogenizing for 20 min fractionated the composite particles into a few bands.
at 8000 rpm for 40 s. The demulsification and self-organization of Composite particles in each band contained an equal number of
silica particles and PS polymers were performed by heating the the constituent PS microspheres. The fractionated composite
sample inside an oven at 8C for 3 h and subsequently at 8C particles were taken out from each band by a syringe with blunt
for 1 h. needle. These fractionated uniform clusters were washed by repeated
For patchy particles of PS microspheres and silica nanoparticles,centrifugation and redispersion several times to remove the gradient
830 nm PS microspheres and 30 nm silica nanoparticles weremaker of polysaccharide for clear SEM imaging without any
dispersed in toluene at concentrations of 0.9 and 0.2 wt %, contaminants.
respectively. The same weight fractions were used to generate Sample Characterization. Electron microscopic images were
composite particles of PS microspheres and Au nanoparticles usingtaken under the field emission scanning electron microscope (FE-
4 nm gold particles dispersed in toluene.
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Schnall-Levin, M.; Lauga, E.; Brenner, M. Rangmuir 2006 22, (b) Mabille, C.; Leal-Calderson, F.; Bibette, J.; SchmittBvrophys.
4547. Lett. 2003 61, 708.
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SEM, XL305FEG, Philips) or transmission electron microscope second component inside droplétsHowever, when a nanosized
(F20, Tecnai). The patchy or composite particles in aqueous second component is present in toluene droplets, the shape of binary
dispersion were separated from the dispersion medium by sedi-colloidal clusters depends on the contact angle because the curvature
mentation for several days to remove the supernatant containingof the toluene-water interface determines the surface curvature of
the excess amount of emulsion stabilizer, Pluronic F108, for clear the packed second component at the spaces between the PS
SEM observation. The patchy or composite particles were then microspheres. In this study, we compared Surface Evolver simula-
redispersed in fresh deionized water. The samples for SEM imagingtion results with experimental results for two different second
were prepared by drying these aqueous dispersions of patchy orcomponents, namely, silica nanoparticles and PS polymers, both
composite particles on a clean glass substrate at room temperatureof which modified the contact angle to different degrees. The contact
After the drying process, the substrate with samples was attachedangle was determined from the simulation results, which gave the
to an aluminum holder with carbon tape and coated with gold by best-fit morphologies as compared with the SEM images. The
sputtering for SEM imaging. The same drying procedures were resulting best-fit contact angles were 20 and® 4&th silica
performed for TEM imaging by using a TEM grid instead of a nanoparticles and PS polymers as second components, respectively.
glass substrate. The elemental compositions of the composite
particles were analyzed by energy dispersive spectroscopy (EDS) Results and Discussion
equipped with an environmental electron microscope (E-SEM, LEO ) ) )
1455VP). The samples for EDS were prepared by drying the particle ~ Patchy Particles.We prepared patchy particles using PS
dispersion on an aluminum holder without using carbon tape and homopolymer ., = 9100 g/mol) as a second component
glass substrate in order to detect carbon, oxygen, and silicon solelyin toluene droplets that contained 830 nm cross-linked PS
from the PS-silica composite particles. microspheres. Toluene containing binary colloids was emul-

Surface Evolver Simulation. Morphologies of patchy or com-  sified in water and self-organized by the slow evaporation
posite particles were predicted by Surface Evolver simulation, a of toluene. The colloidal PS microspheres were strongly
modeling program of quuid_interfaces shaped by various f_orcgs bound at the interface of water and toluene by surface
and constraints! The PS microspheres were modeled as liquid ongjon whereas the PS homopolymers were completely
droplets in WhI.Ch the 'surface. tension was an order of magnltude dissolved in toluene, which was a good solvent for PS
larger than the interfacial tension between toluene and Waldris

homopolymers. Therefore, as toluene was evaporated slowly,

high surface tension prevented the microspheres from deforming ) . .
during simulation. These PS microspheres were bound to the th€ colloidal particles were approaching together along the

interface of a toluene-in-water emulsion droplet. The contact angle interface and formed clusters when toluene was completely
at the microspheres bound to the toluemeter interface was fixed ~ removed. Meanwhile, the free polymers inside the toluene
at a constant value. During computation, the total surface energydroplets filled and were consolidated in the interstices
of the toluene-water interface, tolueremicrosphere contact between the PS microspheres. Because toluene was a good
surface, and watemicrosphere contact surface was minimized solvent for PS homopolymers, the radius of gyratiByg) of
together with the hardcore repulsion between the microspheres. Theps homopolymers of molecular weight, in toluene can

initial positions of the microspheres on the emulsion droplet were e estimated from the following relationship betweRn
used as an input parameter, and the volume of the droplet decreasegnd M. 15
w

slowly at a controlled rate during simulation. As the droplet volume

was decreased, the microspheres rearranged to a new equilibrium R,0M v

configuration that minimized the sum of the total surface energy W

and the hardcore I’epu|Sive pOter‘Itial. Hel’e, the drOp phase Containeq.lere' v (% 3/5) |S the Flory exponent for good Solvents
the initially nanosized second component such as polymer Chai”SThus, the radius of gyration of PS homopolymers used in
or nanoparticles in addition to much larger PS microspheres. our experiment was about 2.86 nm, implying that the

Therefore, the liquid volume of the droplet was not depleted olvmeric second component acted as organic nanoparticles
completely during iterative computation but continued to decrease p. y . P 9 P
dispersed in toluene.

until the volume reduced to some fixed value, which was related s . .
to the excluded volume of the nanosized second component. The Figure 2 shows the representative SEM images of PS

final interface shape predicted by Surface Evolver simulation Patchy particles fon = 1. In this case, only one patch was
provided an equilibrium configuration of patchy or composite formed ona PS microsphere and the resulting patchy particle
particles. Especially the configurational evolution of the micro- had either a symmetric shape (Figure 2a) or nonsymmetric
spheres in a shrinking emulsion droplet containing nanosized snowmanlike structures (parts b and c in Figure 2), the shapes
particles was represented effectively from the numerical evolution of which were similar to the colloidal snowman particles
of the secqnd momeqt as a function of the volume of the target synthesized by Okubo and his colleagieFhe structural
droplet during simulation. , _symmetry was dependent on the volume of the PS ho-
Wh(_en silica nano_pamcles or polymers are_dlspersed togetherV\_/lth mopolymers relative to the PS microsphere. The morphol-

PS microspheres in the toluene droplets in water, the emulsion _ . . . .

ogies of the patchy particles in Figure 2a were also

droplets behave in a slightly different way compared to pure . 14 .
toluene-in-water emulsion droplets, which do not contain a nano- predicted by Surface Evolvét:“In Surface Evolver simula-

sized second component. This is because the nanosized second
component inside toluene droplets may change the contact angle(l5)

(a) Berry G. CJ. Chem. Phys1966 44 (12) 4550. (b) Hennequin,
Y.; Evens, M.; Quezada Angulo, C. M.; van Duijneveldt, JJSChem.

of the toluene-water interface on the PS microspheres. According Phys.2005 123 054906.
to Surface Evolver simulation, the change of contact angle does (16) (a) Okubo, M.; Yamashita, T.; Minami, H.; Konishi, Eolloid Polym.
not affect the final morphologies of PS microclusters without any Sci. 1998 276, 887. (b) Okubo, M.; Wang, Z.; Ise, E.; Minami, H.

Colloid Polym. Sci.2001, 279 976. (c) Minami, H.; Wang, Z,;

Yamashita, T.; Okubo, MColloid Polym. Sci2003 281, 246. (d)

(14) (a) Brakke, K. AExp. Math.1992 1, 141. (b) http://www.susqu.edu/ Okubo, M.; Fujibayashi, T.; Yamada, M.; Minami, Bolloid Polym.
facstaff/b/brakke/evolver/. Sci. 2005 283 1041.
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. Predicted model by 3
PS patchy particle Surface Evolver Volume (r”)
5
6
12
25
=& initial position 1
o initial position2
20
Figure 2. Scanning electron micrographs of the PS patchy particles for |
= 1 generated from PS microspheres and PS homopolymers. Scale bar is E,\\s
1 um. g\

tion, the contact angle at the PS microspheres bound to the
toluene-water interface was fixed at 45As the amount of

the PS homopolymers in an emulsion droplet was increased h .

from 53 to 123, in which r was the radius of the PS 0 o N\ @ om0
microsphere, the morphologies of snowmanlike patchy
particles were quite similar to those of experimentally
observed patchy particles, as displayed in FigureQa

The structure evolution for the case nf= 2, shape-
anisotropic particles such as peanut-shaped and football-like (e)
structures were formed depending on the amount of the PSFigure 3. (a—d) Scanning electron micrographs of the PS patchy particles
homopolymers, as shown in images a and b of Figure 3,277 ° 2 Scelearis . (o) Suface Cuoner srulton forchnges i
The initial positions of the PS microspheres on the interface groplets as a function of the emulsion volumé for n = 2.
of an emulsion droplet also affected the final morphology
of the patchy particle. Far = 2, we observed three different  stryctured into dimers in line alignment regardless of the
structures as displayed in Figure-3th The two microspheres  jnitial configuration.
embedded in the patchy particle were separated and a Ags shown in Figure 4 fon = 3, trimer, tetramer, pentamer,
symmetrical football-like patchy particle as displayed in hexamer, and higher-order clusters of the PS microspheres
Figure 3b was created when the microspheres were posiyyere partially covered with PS homopolymers. For 5,
tioned on the opposite sides on the emulsion droplet. the PS microspheres were packed into a triangular dipyramid
However, V-shaped patchy particles as shown in images cas shown in the SEM images of Figure 4a. The minimal
and d of Figure 3 were formed when the two PS micro- second moment clusters of the PS microspheres, which had
spheres were located on the same hemisphere of an emulsiopeen formed in the absence of the nanosized second
droplet in the initial stage. This implies that the initial component in our previous study, were reproduced regardless
configuration of the microspheres influenced the structure of the presence of the linear homopolymers when the amount
of the patchy particle in addition to the volume of the PS of encapsulating polymer was sufficiently snfalls we shall
homopolymers contained in an emulsion droplet. In Figure see shortly, when a large amount of the nanoscale second
3e, the morphologies of the patchy particles were also component was included in toluene emulsion droplets, a
predicted by Surface Evolver by varying the initial positions small fraction of the composite particles was not structured
of two PS microspheres on the interface of the emulsion into the minimal second-moment configurations. In the final
droplet. In Figure 3e, the second moment of two micro- stage of the cluster formation, a capillary force at the
spheres bound to an emulsion droplet and the correspondingoluene-water interface pulled the PS homopolymers into
morphology were shown as a function of the emulsion the valleys between the large PS microspheres, as in Figure
volume {/g). As noted, the numerical simulation predicted 4a. All the edges of PS microspheres were not covered by
both the experimentally observed football-like and V-shape the PS homopolymers, as shown in the SEM images of
patchy particles. If the nanoscale second component of PSFigure 4a. When the size of the emulsion droplets was large
homopolymers was not included in the emulsion droplets, enough to contain a larger number of the PS microspheres
all of patchy particles with two microspheres would be and large volume of the PS homopolymers, the PS supraballs
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n PS patchy particle  n PS patchy particle

3
and
3rd
4th
sth
4

(b)

Patched PS supraballs
(©) 3

Figure 4. (a, b) Scanning electron micrographs of the PS patchy particles
generated using the PS microspheres and PS homopolymers. Scale bars
are 1um. (c) Scanning electron micrographs of the patched PS supraballs
when the volume of the PS homopolymers is greater MarScale bars

are 1um.

with surface patterns were generated as shown in Figure 4b.
Similar supraballs have been produced by stress-driven self-
assembly of Ag core and SiGhell’

As we discussed in our previous report, the packing
process of the microspheres were governed by capillary force
at interface® As toluene evaporated, the PS microspheres
were touching together, forming a critical packing, and they
were then rearranged rapidly as toluene evaporated fufther.
Suppose that the volume of the emulsion droplet at the
critical packing isV; in the absence of the PS homopolymers.
When the volume of the PS homopolymers in the emulsion (b)
droplet is larger tharV,, the critical packing of the PS Figure 5. (a) Test tube containing patchy particles of silica microclusters
microspheres is not achievable because the emulsion volumd/ia=Uated uih £ omopolymers sparated by densiy gracent e
cannot be smaller thavi; by evaporation. In this case, the scale bars are 16m.

PS microspheres were embedded in the PS homopolymer

balls and separated each other as shown in Figure 4c.Sometimes the surface pattern of the embedded PS micro-
spheres inside the patched PS supraballs were quite regular
(17) Li, C.; Zhang, X.; Cao, ZScience2005 309, 909. and ordered, as shown in Figure 4c.
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Figure 7. Experimentally observed structural evolution of the PS-silica
composite particles fan = 2 and 3 and the structures predicted by Surface
(b) Evolver. Scale bars are Am andr indicates the radius of the PS

Figure 6. (a) Scanning electron micrographs of the composite particles of Microsphere.

the PS microspheres and silica nanoparticles. (Scale bars qame)1(b) . . . .
High-magnification scanning electron micrographs of the composite particles 0and, we could produce all identical patch particles of dimers,

of the PS microspheres and silica nanoparticlesfer2. Scale bar is 200 trimers, and tetramers, as shown in Figure 5b. Dimers (
nm. 2) and tetramersn(= 4) are of practical significance as
Patchy particles of silica microspheres encapsulated with building blocks of novel colloidal photonic crystals with
PS homopolymers were also generated to demonstrate thatliamond lattice that possess full and robust photonic band
the density gradient centrifugation could fractionate the gaps. Recently, Manoharan et al. used a 10 mL test tube to
patchy particles according to the number of silica micro- fractionate colloidal clusters and obtained billionsx(110?
spheres. Because the contribution of the encapsulating PSo 1 x 10! or 0.1 to 10 mg) of all identical clusters from
homopolymers to the specific gravity of these patchy particles each band.In our work, we used 50 mL test tubes and
were relatively negligible compared to silica microspheres, produced patchy particles in macroscopic quantities from
we chose the silica microspheres/PS homopolymers aseach band up ton(= 5).
another model system for the density gradient centrifugation  Although higher-order patchy particles = 4) were
of the patchy particles. This is because the encapsulatingproduced, it was practically difficult to obtain all identical
PS homopolymer is light relative to silica microspheres. higher-order patchy particles because of the difficulty in
Thus, we applied a linear density gradient of glycerol, which taking out the samples from the bands in the bottom without
was used for the fractionation of silica microclusters in our disturbing the bands. Therefore, we carefully examined the
previous report.Figure 5a shows the fractionation result of structures of higher-order patchy particles through SEM and
the sample, which contains at least five separated bands fronfound some patchy particles with weird structures that did
the top. Thus, by taking out the patchy particles from each not minimize the second moments. These particles were
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Figure 8. Transmission electron micrographs of the composite particles of the PS microspheres and silica nanoparticlesdod 3. Scale bars are 500
nm.

marked with red circles in Figure S3b of the Supporting analysis provided clear evidence for the existence of the
Information. The fraction §) of patchy particles with elemental compositions such as carbon, oxygen, and silicon
nonminimal second-moment configurations was increased of the composite particles with patches.
gradually with the numbernj of the constituting micro- The configurations of the PS microspheres in the com-
spheres for 4< n < 12. For exampleg was about 10% for  posite particles were shown in Figure 6a. In the final stage
n =5 and 15% fom = 6. Overall, the number averaged of the evaporation-induced clustering, the toluene phase
fraction (p) of such patchy particles was about 25% for4  formed menisci around the valleys between the large
n<12. microspheres, and a capillary force pulled the small silica
The origin of the patchy particles with nonminimal second- nanoparticles into the valleys. The composite particles were
moment structure can be explained as follows. First, when not fully covered by silica nanoparticles forming coordinated
a large amount of PS homopolymers was present togetherpatches near the edges as shown in the highly magnified
with silica microspheres in toluene drops, the solvent toluene SEM image in Figure 6b.
would be evaporated completely before the silica micro-  puring the evaporation of toluene droplets, the emulsion
spheres could be packed into the spherical close packing.stabilizer (Pluronic F108) was adsorbed on the surface of
This was especially true if the initial arrangement of the ps microspheres, especially on the patches that were not
microspheres was far away from the spherical symmetric covered with silica nanoparticles in toluene droplet. Because
distribution. The spherical close packing is the essential stepthe cross-linked PS microspheres tended to swell in toluene,
for the rearrangement of the microspheres toward the further heating to remove the residual toluene inside micro-
minimal second moment structures. This was shown experi—spheres after clustering resulted in the penetration of
mentally and numerically for dimeric patchy particles in  hydrophobic block of Pluronic F108 inside the micro-
Figure 3. Second, the presence of PS homopolymers inducedphered Because our composite particles have patches of
the depletion interaction and aggregated the microspheresps that were not coated with silica nanoparticles, the
during evaporation of toluene, which was also responsible hydrophilic blocks of Pluronic F108 were permanently
for the formation of the patchy particles with weird structures. anchored only on the PS patches, causing the steric repulsion
Composite Particles.As shown in the TEM images of  petween the composite particles in aqueous dispersion.
Figure S4 in the Supporting Information, organo-silica Meanwhile, Pluronic F108 molecules that were adsorbed
nanoparticles dispersed in toluene were about 30 nm inphysically on the surface of silica-coated parts of the
diameter with narrow size distribution. These silica nano- composite particles were removed by the washing process.
particles dispersed in toluene were mixed with the crosslinked  As shown in Figure 7, the structure evolutions of the
830 nm PS microspheres and the mixture dispersion wascomposite dimers(= 2) and trimersif = 3) were predicted
emulsified into toluene droplets in water. Composite particles ,y, Syrface Evolver, in which the amount of the silica
of the PS microspheres and silica nanopa}rticles were formednanoparticles was changed as an adjustable parameter. The
after toluene was removed by evaporation. The elementalcontact angle between toluene and aqueous phase on the PS
compositions of the PSsilica composite particles were  mjcrospheres was fixed at 20n this calculation. As the
confirmed with energy-dispersive spectroscopy, as shown inamount of the silica nanoparticles was increased, the mor-
Figure S5a of the Supporting Information. From the spot phojogies of dimers and trimers were changed as noted in
analysis of the sample, the peaks in the EDS spectra forgigyre 7 and those predicted shapes coincided well with those
carbon, oxygen, and silicon from PS clusters and silica shells o the experimentally observed composite clusters. For the
of the composite particles can be clearly observed, as shownps_sijlica composite clusters, Surface Evolver simulation
in Figure S5a of the Supporting Information. However, when predicted the experimentally observed shapes successfully

EDS analysis was performed for the spot without samples, yith a lower contact angle at 2@han at 48 for the PS-
only aluminum, magnesium, and gold peaks were observed

_becguse of the aluminum ho_lde_r and go_ld coati_ng, as shown(ls) Kim, A. J.: Manoharan, V. N.: Crocker, J. ©.Am. Chem. S02005
in Figure S5b of the Supporting information. This controlled 127, 1592.
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Figure 9. (a) Scanning electron micrographs of the porous silica particles
produced by burning out the PS microspheres from the composite particles.
Scale bar is Ium. (b) Cagelike porous silica particles. Scale bars are 1
um. (c) Structural evolution of the porous silica flor= 3. Scale bars are
1um.
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the cagelike hollow polymeric particles produced by Zhang
and his colleague. These hollow silica architectures can
be used as catalytic supports, filters, and light diffusers for
infrared wavelength®. Figure 9c contains the structure
evolution of the silica skeleton far = 3 as the amount of
silica nanoparticles was increased in a toluene-in-water
droplet.

We also produced gotdPS composite particles by using
gold nanoparticles instead of the silica nanoparticles. As
expected, the outer edges of the-P81 composite particles
were not covered with the gold nanoparticles as shown in
Figure 10a. For gold shells with coordinated windows, we
tried to burn out the organic parts from the-P&J composite
particles, but the structures were destroyed, leaving the
crumbled aggregates of gold. This was because the melting
point of 4 nm gold nanoparticles is lower than 5002* In
this work, the PS microspheres were removed using oxygen-
reactive ion etching (RIE), which is a highly selective and
gentle method. Although RIE is a low-yield process and
requires additional equipment, it is much more effective for
obtaining hollow structures than calcination at high temper-
ature, which could destroy the metallic nanostructures. Figure
10b displays hollow gold structures prepared yRIE for
25 min. Such golédshell particles are potentially useful for
catalysts with highly efficient mass-transfer rates. The
effectiveness of the hollow gold architectures for this
application can be found more clearly from the aggregates
of PS and gold nanoparticles with unusual complexity for
largen, as shown in Figure S6 of the Supporting Information.
Also important to note is that these types of hollow
architectures can be produced using gold and metal oxide
nanopatrticles as shells and PS microspheres as sacrificial
templates to make the surface structures of the hollow
particles different in atomic level for catalysis applicatiéhs.

Thus far, we have demonstrated useful and facile method
for producing various types of patchy or composite particles
from polydisperse emulsion droplets in size. Obviously, the
encapsulated amount of the nanosized second component is
proportional to the size of emulsion droplets. Consequently,
various types of patchy or composite particles can be
produced in a single batch of the sample in this experimental
scheme. Indeed, we could observe most abundant structural
features of patchy or composite particles as a function of
the number 1f) of PS microspheres and the amount of
nanosized second component. For example, the SEM image

silica composite clusters. This low contact angle on the ps N Figure S7 of the Supporting Information shows the PS
microspheres reflected the high affinity between the hydro- Patchy particles of different numbers of PS microspheres with
phobic silica nanoparticles and the cross-linked hydrophobic Various amounts of PS homopolymers, which were produced
PS microspheres. The TEM images of Figure 8 showed thatfrom the same polydisperse toluene-in-water emulsion. Also,
our composite particles fon = 2 and 3 were partially Figure S8a shows the PSilica composite particles produced
covered with the silica nanoparticles and no silica shells were ffom polydisperse emulsion droplets. The variety of the
formed in the outer edges of the composite clusters. morphology of the composite clusters for a givenwas
Figure 9a shows the hollow silica particles that were caused by the nonuniformity of the initial droplet size, which

produced by burning out the PS microspheres from the

silica—PS composite clusters at 500 for 5 h. Because the ~ (19) ugie):'zt)dé)sei’?xéggi Liu, H. R.; Wang, M. Z; Zhang, Z. Chem.
outer edges of the microspheres were not covered with the2o) kiein, S. M.; Manoharan, V. N.; Pine, D. J.; Lange, FLEngmuir
silica nanoparticles, large well-coordinated windows were 2005 21, 6669. d Bl

formed after removal of the PS microspheres. Figure 9b (23 <ortie. M. B.Gold Buil. 2004 37, 12.

] - (22) Subramanian, V.; Wolf, E. E.; Kamat, P. ¥.Am Chem. So2004
shows the higher-order hollow silica clusters that resembled 126, 4943.
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Figure 10. Scanning electron micrographs of the composite particles of (a) the PS microspheres and gold nanoparticles and (b) porous gold particles
produced by etching out PS via RIE. Scale bars arenlin (a) and 500 nm in (b).

is proportional to the encapsulated volume of the nanosizedtween two concentric cylindef8.In addition, other useful
silica particles. In Figure S8a, we can also observe small methods using microfluidic devices, micropipette injection
spherical nanospheres, which were probably produced fromdevices, and electrospray were demonstrated for generating
toluene-in-water emulsion droplets without PS microspheres. monodisperse emulsion dropléidNevertheless, the number
Indeed, as shown in Figure S8b, various types of hollow of large microspheres will fluctuate following Poisson
clusters were produced together with small nanospheres madaelistribution even in these engineered systéhidowever,
of silica by heat treatment of the sample.
Composite Particles from Monodisperse Emulsion (23) (a) Yi, G.-R.; Manoharan, V. N.; Micheal, E.; Elsesser, M. T.; Yang,

Droplets. For practical lications. we hav naineer S.-M.; Pine, D.-JAdv. Mater.2004 16, 1205. (b) Yi, G.-R.; Thorsen,
oplets 0 p actical applicatio .S’ e have to enginee T.; Manoharan, V. N.; Hwang, M.-J.; Jeon, S.-J.; Pine, D. J.; Quake,
the emulsification system for uniform and pure clusters. S. R.; Yang, S-M.Adv. Mater. 2003 15, 1300. (c) Yi, G.-R.:

Recently, Zerrouki et al. synthesized large amount of silica Manoharan, V. N.; Klein, S.; Brzezinska, K. R.; Pine, D. J.; Lange,

: : : oo F. F.; Yang, S.-MAdv. Mater.2002 14, 1137. (d) Moon, J. H.; Yi,
colloidal clusters from relatively monodisperse oil-in-water G-R: Yang, S.-M.: Pine, D. J.. Park, S.-Bdy. Mater. 2004 16,

emulsion droplets by shearing polydisperse emulsions be- 605.
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structure of the binary clusters. We tried to fractionate the
composite particles generated from monodisperse emulsion
droplets according tm by density gradient centrifugation.
To do this, we followed the procedure reported by Mano-
haran et af. Figure 11a shows that the composite particles
of PS microspheres and silica nanoparticles were separated
successfully into three isolated bands in linear density
gradient centrifugation. As shown in the SEM images of
Figure 11a, secondn(= 2) and third-orderr{ = 3) clusters

of PS microspheres with silica nanoparticles were success-
fully fractionated by density gradient centrifugation. To
confirm the existence of silica nanopatrticles, we burnt out
the second-orden(= 2) composite clusters at 50C for 5

h, and the result is shown in Figure 11b. Indeed, the SEM
image shows the resultant silica structures with hollow
vacancies, which were left behind by thermally decomposed
PS microspheres.

Conclusions

We demonstrated a simple and unique method for prepar-
ing patchy or composite particles with coordinated patches
or windows from polydisperse oil-in-water emulsions, in
which PS or silica microspheres were dispersed together with
linear homopolymers or nanoparticles in oil droplets. Specif-
ically, in the presence of PS homopolymers, the clusters of
the PS microspheres were covered partially with the PS
homopolymers, leaving behind well-organized patches. Most
of the patchy particles fon < 4 had final configurations
that minimized the minimal second moments of the consti-
tuting microspheres. However, small fractions of the patchy
particles for 4< n < 12 had nonminimal second-moment
configurations due to the presence of the encapsulating PS
homopolymers. The fraction of such patchy particles was

Ei 11 (a) Testtub aini e varticles of PS mi h increased gradually with the number of the constituting
and slica nanoparticies separated by densiy aradient contiugation angMicrospheres. The addition of small organo-silica or gold
SEM images of composite particles extracted from the second and third Nanoparticles produced the organinorganic composite
bands. (b) SEM image of the silica structures that were left behind after c|ysters with coordinated patches. In the latter case, the
e PS micros ‘;,*;?’g;,;“?“e removed selectively from the second-ofder co | ctive removal of the PS microspheres from the composite
clusters produced the silica or gold shell particles with well-
the morphology of patchy or composite particles will be organized windows, which is of practical significance for
uniform for a fixed numben of large microspheres, because various applications. Binary clusters were also generated
the amount of nanosized second component is proportionalfrom monodisperse emulsion droplets using Couette-type
mainly to the volume of the emulsion droplet for a given  emulsifier and the resultant composite particles were frac-
The clusters can then be fractionated subsequently accordingionated to produce binary clusters with a uniform config-
to n by the well-known techniques, i.e., density gradient yration.
centrifugation or flow cytometr§2s
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