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Hollow capsules are both technologically and scientifically
interesting. “Smart” nano- and microcontainers could lead new §
catalysts, structures for the controlled release of chemicals, and
materials that may even mimic some properties of living célls.
The synthesis of coreshell particles and capsules is a rapidly
evolving area for these and other applicatiéris. this context,
several groups have synthesized and analyzed the permeation of
polymeric hollow capsules using a combination of electrostatic or oy
hydrogen bonded layer-by-layer self-assembly, colloid templating, Figure 1. (a) Polarized optical microscope image of 0.02% v/v of
and sacrificial core etchiny:4 Significant efforts are similarly =~ carboxylated latex colloids in 20 mM Zn(OAcand 0.1 M TAA dispersed
focused on the synthesis of inorganic mesoporous materials with in the hexagonal liquid crystal. (b) SAXS spectra of the same mixture.
1-50 nm diameter pores, the ideal size for controlling macromol- Scheme 1. Mesostructured Hollow Microspheres Formation
ecule transport and adsorptidmong the numerous approaches pygcess
for obtaining these mesostructured materials, lyotropic liquid crystal hydrophobe
templating emerges for its simplicifyThis approach uses the self-
assembled structure formed by the mixture of an amphiphilic
molecule (e.g., a nonionic surfactant) with water to template the
formation of a mineral phase. Within the self-assembled structure,
there exist chemically and spatially distinct environments with
characteristic dimensions of—~20 nm that serve to define the
morphology of the mineral phase. Mesostructured semiconductors,
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including ZnS, oxides, and metals, have been successfully templated v

in hexagonal and lamellar lyotropic liquid crystéisHere we

present a “double direct templating” approach to obtain hollow ZnS > g -,
microspheres perforated with a periodic array of uniform pores and SiO, or latex core etching mic’f‘g!‘;}"“ar;"-.

demonstrate the entrapment of Au nanoparticles within these
microspheres. In double direct templating, a lyotropic liquid crystal to the theoretical ratio of 1/3:2 for the 100, 110, and 200 planes.
templates the mineralization of ZnS on the surface of a silica or A 100 plane spacing of 7.5 nm is obtained, similar to that observed
polystyrene colloidal template. Removal of the templates results by other group$? suggesting that the liquid crystal order of this
in a periodically mesostructured ZnS hollow capsule. phase is not disrupted with the introduction of ZnS precursors and
We prepared a 50% w/w mixture of a nonionic surfactant (Brij97) colloidal microspheres.
and an aqueous solution containing a suspension of colloids and  Figure 2a presents a transmission electron microscopy (TEM)
the precursors for ZnS, zinc acetate, and thioacetamide (TAA). image of a hexagonally templated ZnS hollow microsphere after
Upon mixing, a hexagonal lyotropic liquid crystal is formed. This etching the latex colloid with an organic solvent. The ZnS shell is
hexagonal phase serves to both spatially define the formation of ~15 nm thick, and the hexagonally templated mesopore structure
ZnS and prevent aggregation of the colloids. The slow release of is apparent. Although the ZnS appeared to have cracked during
sulfide ions from the hydrolysis of the thioacetamide induces over etching of the colloid, perhaps due to swelling of the colloid prior
a few days the heterogeneous nucleation of ZnS on the surface ofto dissolution, the templated mesostructure and overall shape were
the colloids (Scheme E)Although ZnS deposition is not surface  preserved. These capsules were conclusively identified as spherical
activated, heterogeneous nucleation is sufficiently favored to result by tilting in the electron microscope. The hexagonal pore structure
in the formation of a ZnS shell. Some smal%0 nm) ZnS particles can generally be observed (Figure 2b), although some regions do
are also formed, but these are easily removed during workup.  not appear as ordered as others, in part, because the electron beam
Figure 1a presents a polarized optical microscope image of theis passing through both sides of the shell, and thus the observed
hexagonal liquid crystal phase containing the colloids and the ZnS structure is the convolution of both walls of the capsule. A Fourier
precursors. The image displays the expected fan texture for thetransform image analysis of a small region of the shell (inset Figure
hexagonal phase. The optical microscope images also did not show2b) gives six bright equally spaced spots corresponding to a 2D
any signs of colloid aggregation. Figure 1b presents small-angle hexagonal array with a 6.4 nm center to center distance, matching
X-ray scattering spectra (SAXS) collected from a similar liquid the dimensions and symmetry of the lyotropic liquid crystal
crystal mixture. Three peaks are clearly visibleatlues of 0.96, template. The dark spots on the surface of the hollow microsphere
1.68, and 1.94 nmi, a ratio of 1:1.75:2.02, in excellent agreement (Figure 2a) are small clusters of physically adsorbed ZnS.
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Figure 2.  TEM micrographs of hollow mesoporous ZnS shells (a) after

etching of the polystyrene colloidal template, (b) higher magnification image
and FFT of the region marked in the white square of (a), (c) after etching
of the Au nanopatrticle (visible in lower right of white square) containing

silica colloidal template, and (d) higher magnification of the white square
in (c).

Cracking of the shell wall by swelling of the latex colloid during
dissolution can be addressed by employing a different core material.

Silica colloids represent an attractive alternative because they can

be chemically etched without swelling. In addition, a wide variety
of materials can be encapsulated in silica, including metal nano-
particles, quantum dots, enzymes, and celldws, it should be

possible to trap a species inside the silica, grow a mesostructured

shell around the colloid, and finally dissolve the silica, resulting in

a caged speci€d As an example, we formed a mesostructured ZnS
shell around silica colloids containing small numbers of gold

nanoparticles. After etching the silica with ethanolic HF, a caged
Au nanoparticle was obtained (dark feature in Figure 2c,d). The
mesopores enabled the removal of silica, but were too small for
the Au nanoparticle to escape, leaving the gold nanoparticle within
the ZnS shell. As an indication of the robust nature of the capsule,
it was not cracked by capillary forces upon drying when the sample
was prepared for electron microscopy.

Careful examination of Figure 2d shows a series of stripes with
periodicities similar to the hexagonal phase of the surfactant
employed, indicating templating of the growth of the ZnS by the
liquid crystal. In this case, it appears the cylindrical micelles making
up the liquid crystal tend to lie on the surface of the silica colloid.
This is suggested by TEM images of the early stages in the
formation of ZnS clusters (see Supporting Information) and other
works2¢10 Multiple reports on surfactant self-assembly and min-
eralization on surfaces have shown that numerous factors affect
the final mineralized structure, including substrate surface chemistry
and topology, growth kinetics, and condensation of the inorganic
network and interactions with the surfactant template.

Our results demonstrate the formation of a mesostructured hollow
ZnS microsphere through double direct templating. This process
takes place at room temperature, employing a hexagonal lyotropic
liquid crystal as a soft template for the mesostructure and a colloidal

template for the hollow morphology. The regular controlled pore
structure of the shell wall opens the possibility for the encapsulation
of nanopatrticles, polymers, and biological macromolecules. Small
chemical species can diffuse rapidly through the shell wall, while
the larger species originally sequestered in the colloidal template
remain entrapped. We have demonstrated this concept using Au
nanoparticles and are currently working on the entrapment of more
sophisticated compounds. Also, we speculate that this approach for
patterning the surface of a colloid in the nanometer scale may be
a starting point for obtaining novel “patchy” microspheres with
interesting self-assembly propertiés.

Acknowledgment. This material is based in part upon work
supported by the U.S. DOE, Division of Materials Sciences
DEFG02-91ER45439, through the Frederick Seitz Materials Re-
search Laboratory at UIUC, and by the NSF NSEC DMR-0117792
at UIUC. Research for this publication was carried out in part in
the Center for Microanalysis of Materials, UIUC, which is partially
supported by the U.S. DOE under Grant DEFG02-91-ER45439.

Supporting Information Available: Experimental procedures and
TEM images of ZnS on silica colloids. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Caruso, F.; Caruso, R. A.; Mwald, H.Sciencel998 282, 1111. (b)
Noireaux, V.; Libchaber, AProc. Natl. Acad. Sci. U.S.AR004 101,
17669.

(2) (@) Lu, Y. F.;Fan, H. Y.; Stump, A.; Ward, T. L.; Rieker, T.; Brinker, C.
J. Nature 1999 398 223. (b) Dinsmore, A. D.; Hsu, M. F.; Nikolaides,
M. G.; Marquez, M.; Bausch, A. R.; Weitz, D. /AScience2002 298,
1006. (c) Fowler, C. E.; Kushalani, D.; Mann, Shem. Commur2001,
2028.

(3) (a) Kamata, K.; Lu, Y.; Xia, YJ. Am. Chem. So003 125, 2384 and
references therein. (b) Dhas, N. A.; Suslick, K.J5.Am. Chem. Soc.
2005 127, 2368. (c) Nayak, S.; Lyon, L. AAngew. ChemInt. Ed.2004
43, 6706. (d) Park, M. K.; Xia, C. J.; Advincula, R. C.; Schutz, P.; Caruso,
F. Langmuir2001, 17, 7670.

(4) (a) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Davis, S. A.; Mohwald,
H. Angew. Chem., Int. EA998 37, 2202. (b) Dahne, L.; Leporatti, S.;
Donath, E.; Mohwald, HJ. Am. Chem. So2001, 123 5431. (c) Antipov,

A.; Shchukin, D.; Fedutik, Y.; Zanaveskina, |.; Klechkovskaya, V.;
Sukhorukov, G.; Mohwald, HVlacromol. Rapid Commui2003 24, 274.
(d) Koslovskaya, V.; Ok, S.; Sousa, A.; Libera, M.; Sukhishvili, S. A.
Macromolecule2003 36, 8590.

(5) (a) Huo, Q. S.; Margolese, D. I.; Ciesla, U.; Feng, P. Y.; Gier, T. E;
Sieger, P.; Leon, R.; Petroff, P. M.; SthuF.; Stucky, G. DNature
1994 368 317. (b) Stein, AAdv. Mater. 2003 15, 763. (c) Soler-lllia,

G. J. de A. A.; Sanchez, C.; Lebeau, B.; PatarinCdem. Re. 2002
102 4093 and references therein. (d) Lu, Q. Y.; Gao, F.; Komarneni, S.;
Mallouk, T. E.J. Am. ChemSoc.2004 126, 8650.

(6) (a) Attard, G. S.; Glyde, J. C.; Goltner, C. Bature1995 378 366. (b)
Braun, P. V.; Osenar, P.; Stupp, SNature1996 380, 325. (c) Braun,
P.V.; Osenar, P.; Tohver, V.; Kennedy, S. B.; Stupp, S. Am. Chem.
Soc.1999 121, 7302.

(7) (a) Goltner, C. G.; Antonietti, MAdv. Mater. 1997, 9, 431. (b) Attard,

G. S.; Bartlett, P. N.; Coleman, N. R. B.; Elliott, J. M.; Owen, J. R.;
Wang, J. H.Sciencel997, 278 838. (c) Dellinger, T. M.; Braun, P. V.
Chem. Mater2004 16, 2201. (d) Yamauchi, Y.; Momma, T.; Yokoshima,
T.; Kuroda, K.; Osaka, TJ. Mater. Chem.2005 20, 1987.

(8) Wilhelmy, D. M.; Matijevic, E.J. Chem. SacFaraday Trans1984 80,
563

(9) (a) Livage, JC.R. Acad. Sci. Parid996 322, 417. (b) Mulvaney, P.;
Liz-Marzan, L. M.; Giersig, M.; Ung, T.J. Mater. Chem200Q 10, 1259.

(10) (a) Sokolov, I.; Yang, H.; Ozin, G. A.; Henderson, G./Al. Mater.

19979, 917. (b) Sadasivan, S.; Fowler, C. E.; Khushalani, D.; Mann, S.

Angew. Chem., Int. EQR002 41, 2151.

(11) (a) Mansky, P.; Liu, Y.; Russell, T. P.; Hawker Sciencel997, 275,
1458. (b) Patrick, H. N.; Warr, G. G.; Manne, S.; Aksay, |.LAangmuir
1997, 13, 4349. (c) Koganti, V. R.; Rankin, S. H. Phys. Chem. B005
109, 3279.

(12) (a) Jackson, A. M.; Myerson, J. W.; Stellacci, Nriat. Mater.2004 3,
330. (b) Zhang, Z. L.; Glotzer, S. lano Lett.2004 4, 1407.

JA054927G

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16357



