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Abstract: We developed a process to fabricate 150—700 nm monodisperse polymer particles with 100—
500 nm hollow cores. These hollow particles were fabricated via dispersion polymerization to synthesize
a polymer shell around monodisperse SiO, particles. The SiO; cores were then removed by HF etching to
produce monodisperse hollow polymeric particle shells. The hollow core size and the polymer shell thickness,
can be easily varied over significant size ranges. These hollow polymeric particles are sufficiently
monodisperse that upon centrifugation from ethanol they form well-ordered close-packed colloidal crystals
that diffract light. After the surfaces are functionalized with sulfonates, these particles self-assemble into
crystalline colloidal arrays in deionized water. This synthetic method can also be used to create monodisperse
particles with complex and unusual morphologies. For example, we synthesized hollow particles containing
two concentric-independent, spherical polymer shells, and hollow silica particles which contain a central
spherical silica core. In addition, these hollow spheres can be used as template microreactors. For example,
we were able to fabricate monodisperse polymer spheres containing high concentrations of magnetic

nanospheres formed by direct precipitation within the hollow cores.

Significant progress has been made in the design andTheir approach involved making a core particle from a car-

fabrication of hollow polymeric and ceramic colloidal particte’®

boxylated polymer and covering it with one or more outer shells.

The resulting monodisperse hollow nano- and meso-spherical Addition of base ionized the carboxylated core, which swelled
particles are of great technological importance because of theirthe core to produce hollow particles containing water and
potential utility for use as confined nano- and meso-reaction polyelectrolyte. Hollow polymer spheres were also produced
vessels, as drug carriers, and as protective shells. One of thddy McDonald et aP by encapsulating hydrocarbon solvents
earliest processes for making hollow latex particles was within polymer particles during an emulsion polymerization.

developed by Kowalski and colleagues at Rohm and M&%s.
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The hollow spheres were produced by removal of the hydro-
carbon in a vacuum.

Wong et alt! used a lysine-cysteine diblock copolypeptide
polymer as the framework for producing robust hollow spheres.
Gold nanopatrticles were used to bind to the cysteine hydro-
phobic blocks to form submicron aggregates. The aggregates
stabilized by the positively charged lysine block polymer have
gold nanoparticle aggregate interior shells organized around a
core filled with solvent. When negatively charged silica particles
were attached to lysine blocks, they formed a dense exterior
silica layer. In another approach, Liu et*alecently described
the synthesis of stable polymeric hollow particles (nanoballoons)
through a cross-linking polymerization of supermolecular as-
semblies of polymerizable liposomes. Additionally, Jiang ég al.
reported a lost-wax approach for colloid particle synthesis within
an inverse opal. They were able to synthesize both solid and
hollow colloid particles through a segel process by adjusting
the adhesion between the filling phase and the polymer wall.

Obviously, the simplest method to fabricate hollow particles
is to coat a sacrificial core particle with a shell, and then to
decompose or dissolve away the core. We previously used this
approach to incorporate CdS spheres within monodisperse silica
spheres during a microemulsion condensation of silica. We then

10.1021/ja049453k CCC: $27.50 © 2004 American Chemical Society
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used acid to dissolve away the CdS spheres, leaving monodis-{ A
perse hollow silica spher@s22

Hollow silica spheres have also been synthesized through the
seeded polymerization of tetraethoxysilane (TEOS) shells on
the surface of polystyrene particléd3or ZnS particle2* The
cores were then removed to produce hollow silica spheres. Yin
et all3 grew silica shells on polystyrene spheres containing
surface-bound magnetic particles. The magnetic particles were
then dissolved, and the polystyrene particles were calcined to
yield hollow spheres with templated interior walls.

Recently, a layer-by-layer self-assembly technique was
utilized by Caruso et &i-317 to coat submicron polymer
particles with nanoparticles. For example, nanoparticle shells
were deposited on negatively charged polymer particles. Posi-
tively (negatively) charged polyelectrolytes were attached to
these shells. This was followed by deposition of the oppositely .
charged nanoparticles. This layer-by-layer growth cycle was
repeated until the desired shell thickness was obtained. TheFgure 1. (A) Synthesis scheme for monodisperse hollow polymeric

| th db cinati di uti particles. (B)~300 nm silica particles with a polydispersity of 4%. (C)
polymer Ccr)lreé’vas dekl? Tlemove _ Iy caicination or aissolution gijica particles were coated with 48 nm polystyrene shells with a
to create the desire ollow particles.

polydispersity of 4%. (D) Hollow polymeric particles were produced by
Silica particles are often used as core particles because HFetching out the silica cores with HF.

can easily dissolve them. For example, gold nanoclusters were,

attached to functionalized silica particles, and reductive growth

and coalescence resulted in the formation of a gold layer around

hollow polymer particles. These hollow polymeric particles are
sufficiently monodisperse that they readily form colloidal

the silica particleé® Polymer shel-SiO; core particles can be
fabricated through the colloidal self-assembly of small polymer

crystals, upon centrifugation from ethanol, which show strong
Bragg diffraction.

spheres onto the larger silica core particle surfaces throughResults and Discussion

electrostatic interactions or by specific chemical or biochemical

interactionst—31726 These polymer shellSiO, core particles

Monodisperse Hollow Polymeric Particles and Close-
Packed Photonic Crystals.We chose Si@as the sacrificial

can also be fabricated by polymerizing the shell around the core . e material because monodisperse Siheres can be easily

particle during an emulsion or dispersion polymerization
reaction?”~29
Recently, a surface-confined living polymerization of vinyl

synthesized with the Stber process. The size of silica and the
monodispersity can be controlled by use of specific concentra-
tions of water and ammon#: 36 In addition, the Si@colloidal

monomers on silica surfaces was used to synthesize well-definedyaticle surfaces can be readily modified via commercially

polymer shel-SiO,-core particle$:3°-33 Removal of the Si@Q

available silating agents. A typical ‘$ter recipe utilizes a

cores produced hollow polymer particles. This process enablesyixiure of 25 mL of deionized water and 2 mL of ammonium

the synthesis of uniform polymer shells with predictable
thicknesses. By first coating gold particles with silica shells,
Kamata et al® used a similar technique to fabricate monodis-
perse hollow polymeric particles containing a free gold nano-
particle within the hollow core.

In the work here, we describe a process to fabricate-150
700 nm highly monodisperse polymer hollow particles with
monodisperse hollow cores in the 8800 nm size range.
These monodisperse polymer-shedliO, core particles were
produced by a dispersion polymerization reaction. The Sade

hydroxide (14 mol/L), which was poured into a mixture of 70
mL of ethanol and 6 mL of TEOS (tetraethyl orthosilicate,
Aldrich) under stirring. After 2 h~300 nm monodisperse silica
particles are formed, with relative standard deviations of 4%.
As outlined in Figure 1A, the resulting monodisperse SiO
spheres were then reacted with MPS (3-(trimethoxysilyl)propyl
methacrylate, Aldrich) to attach polymerizable vinyl groups onto
the silica surfaces. A polymer shell was attached to these
modified SiQ particles through the copolymerization of St
(styrene, Aldrich) and DVB (divinyl benzene, Aldrich) during

shells were removed by HF etching to produce monodispersea dispersion polymerization reaction. In one example, the
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surface-functionalized silica particles, dispersed in ethanol (250
mL, containirg 5 g of silica particles), were mixed with 0.6 g

of PVP (poly(vinylpyrrolidone), MW 360K, Aldrich), 0.2 g of
AIBN (2,2'-azobisisobutyronitrile, Aldrich), 2.0 g of St, and 2.0

g of DVB, and then heated to 60 °Crfd h under stirring. The
composite particles were collected by centrifugation and cleaned
by repeated centrifugation and ultrasonic dispersion in ethanol.
The Figure 1C TEM image shows the successful formation of
a uniform polymer shell on the Si@ore. The composite core
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25 25 these are the first colloidal crystals directly assembled from
n hollow polymer particles.
20 -|}J|'| 120 3 The wavelength diffracted by close-packed photonic crystals
' |'| ——| 300 nm silica “E assembled from the silica spheres, the ewieell composite
— i —|305/386 nmsilica@Pst | || § particles, and the hollow particles can be roughly predicted by
g 1 \".I | 396 nm hollow PSt 152 Bragg'’s law,mi = 2ndsin 6, wheremis the order of diffraction,
‘é’ |I g A is the diffracted wavelength in a vacuui,is the glancing
310 || 105 angle between the incident light propagation direction and the
c (I i . . . .
g |\ £ diffracting planes (the longest wavelength dlffracted will oceur
w 05k |\ 05 at 6 = 90° for the fcc 111 planes), and;1; is the spacing
A . ' between the diffracting planes. For a close-packed fcc colloidal
N j‘-'@k PN L array,d = 0.816D,, whereDy, is the particle diameter. Alsa,
D'%og 800 1000 1200 1400500 600 700 800 900 1000° is the refractive index of the system, which we approxinrate
Wavelength /nm ~ Y ¢ini, wheren; and¢; are the refractive indices and volume

Back na diffraction i N 4 extincti . fractions of the individual components.
Figure 2. Backscattering diffraction intensities and extinction spectra o . .
near-close-packed colloidal crystals assembled after centrifugation of an 1 N€ expected 1st order diffraction wavelengths are 700 nm

ethanol dispersion of silica particles, polystyrene sh8I0, core composite for the close-packed 300 nm silica particles in ethanol, 982 nm
particles, and the resulting hollow polystyrene shell particles. for the close-packed 300 nm silica particles with 48 nm
polystyrene shells, and 965 nm for the 396 nm diameter
shell particles are monodisperse4% polydispersity) with an  nolystyrene shells containing 300 nm ethanol cores. In contrast,
average diameter of 396 nm (Figure 1C). The ratio of the \ye see much longer wavelength diffraction in all cases (Figure
resulting core-shell particle diameteDcomposite t0 that of the 2y e see a 1st order diffraction at 922 nm for the 300 nm
silica core,Dsiica, follows stoichiometric expectations: silica spheres, which indicates a 32% increased lattice spacing,
a 1st order diffraction at 1317 nm for 396 nm polystyrene shell

Dcomposite_ (Wm/Pp) + (WypJ\3 silica core (34% expansion), and a 1st order diffraction at 1307

D o W/ ps nm for 396 nm hollow polystyrene particles (34% expansion).
The increased diffraction wavelengths probably result from
whereW,, is the weight fraction of styrene and divinylbenzene fepulsions between spheres, which cause the lattice to expand
monomer, Ws is the weight fraction of silica used in the after the centrifugation terminates and the system relaxes.
dispersion polymerization, ang, (1.05 g/cn) and ps (1.9 Control of Core Size and Shell Thickness of Hollow
g/cn¥)37 are the polymer and silica densities. Polymer Particles.Figure 3 shows the TEM images of a series

The monodisperse hollow polymeric particles were produced Of monodisperse, hollow polymer particles with outside diam-
by etching out the silica core with a 10% HF ethanol solution ©ters between 200 and 700 nm and with polymer shell
over 30 min. After cleaning the particles by repeated centrifuga- thicknesses between 20 and 90 nm, which were synthesized by
tion and ultrasonic dispersion in ethanol, we produced hollow Varying the silica core size, while keeping the monomer’silica
particles containing the ethanol solvent. The Figure 1D TEM Weight ratio at 0.9 and maintaining all other conditions constant.
image clearly shows that the hollow polymer particles are 1"€ Figure 3 TEM images show an approximately constant
monodisperse in both outer and inner diameter after the ethanolvalue of 0.4 for the ratio of the shell thickness to the interior
in the core evaporates. particle diameter.

Although our method of using a sacrificial core is similar to 1 1€S€ monodisperse hollow polymeric particles show strong
strategies reported in refs 5 and 15, our approach has theBragg diffraction after cerytnfugatpn from ethanol (Flgure 4),
advantage that it can be utilized to coat silica particles during €*cept for the 144 nm particles, which are the most polydisperse
a dispersion polymerization. This dispersion polymerization can N Size. As expected, as the particle size increases, the observed
utilize monomers, such as styrene, methyl methacrylate, anglst order B_ragg diffraction wavelength red-shifts from_800 t_o
vinyl acetate. In addition, our modification of the silica surface 1900 nm. Figure 4 also compares the observed Bragg diffraction
with MPS is much easier and simpler than attaching an initiator Wavelength to that expected for a perfect close-packed array

onto the silica surface to achieve a controlled living polymer- fOr these different hollow core particles. For the largest 683
ization. nm hollow particles, the observed lattice spacing is the same
as that expected for a close-packed array, while the smaller
from ethanol, they form near-close-packed arrays. As shown in dia_meter sphe_res show a diffraction wavelength indicating a
’ ; lattice expansion of 1640%. The largest spheres may have

Figure 2, a 1st order Bragg diffraction pé&lt 1307 nm and X . : .
a 2nd order Bragg diffraction peak at 655 nm were observed in lgl?) esg ?)(;;Eehdtly packed by the centrifugation that they remain

the transmission spectrum when the sample was normal to the . .
incident light. A 2nd order Bragg diffraction peak at 655 nm 1 he shell thickness of these hollow polymer particles can
and a 3rd order Bragg diffraction peak at 441 nm were observed also be controlled by altering the monomer/silica weight ratio,
in the back diffraction spectrum when both incident and while keeping other conditions constant. TEM images indicate
diffracted light were at normal incidence. To our knowledge, that at a high monomersilica ratio, giving thick shells, the

hollow polymeric particles are robust and maintain their

(37) Yamasaki, T.; Tsusui, Toppl. Phys. Lett1998 72, 1957-1959. spherical shape. However, at low monomer/silica rat/3.5),
(38) Liu, L.; Li, P.; Asher, SJ. Am. Chem. Sod.997, 119, 2729-2732. the resulting polymer shell is thin and flexible, and the hollow
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When these monodisperse hollow particles are centrifuged
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Figure 3. Fabrication of hollow polymer particles of different core size: (A) 683 nm hollow particles prepared from 499 nm silica cores. (B) 500 nm
hollow particles from 381 nm silica cores. (C) 320 nm hollow particles from 236 nm silica cores. (D) 265 nm hollow particles from 203 nm silica cores. (E)
209 nm hollow particles from 153 nm silica cores. (F) 144 nm hollow particles from 105 nm silica cores.
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Figure 4. Bragg diffraction of close-packed colloidal crystals centrifuged

from ethanol. The right-hand figure compares the observed 1st order |
diffraction (@) to that expected-f) for a close-packed array.

400

Figure 5. Deformation of 740 nm hollow polymeric particles with a 620
icl d def h h th | is hiahl nm inner core. (A) TEM image of hollow particles after the solvent is
particles tend to deform, even though the polymer Is highly removed. (B) AFM image measured in water. The AFM image was taken

cross-linked (44 mol % cross-linker). For example, the Figure after etching silica with HF, with the inner hollow core filled with water.
5A TEM image shows that 740 nm hollow particles with 60 (C) AFM image measured after the hollow particles were dried in air at
nm thick shells deform into a bowl-like shape room temperature for 1 h. (D) AFM image measured in water after the
. . L . deformed hollow particles were immersed in deionized water for 24 h.
We examined the origin of the hollow particle deformations
by AFM measurements of the particle topography. The Figure Aldrich) and 2 g of SSS(sodium styrene sulfonate, Poly-
5B AFM image of the particles in water after HF etching shows sciences). The resulting mixture was incubated in &®&%ater
that the hollow particles are still spherical. In contrast, the Figure bath for 3 h. The particles were then extensively purified by
5C AFM image shows that the hollow spheres collapse into repeated centrifugation and ultrasonic dispersion in water. The
bowl-like shapes after being dried by exposure to room- & potential of surface-charged hollow particles was measured
temperature air for 1 h. This deformation is irreversible; AFM to be—34 mV by light scattering, in comparison with7 mV
images of the dried particles immersed in deionized water for before modification. The total number of sulfonate groups per

24 h still show the bowl-like shape. particle was measured to be 2:5 1(°/particle by titration.
Sulfonate-Functionalized Hollow Polymeric Particles Self- However, this procedure functionalizes both the particle surface
Assemble into a Crystalline Colloidal Array. If these mono- and the hollow core.

disperse hollow particles are functionalized with sulfonates, they ~As expected, these particles self-assemble into a CCA in
will self-assemble into a crystalline colloidal array (CCA) in deionized water, as shown in the Figure 6 reflection and
deionized water. For example 5 mL ethanol dispersion  extinction spectra of a 36m thick CCA assembled in a quartz
containirg 2 g ofhollow polymer particles{340 nm outer and cell. The polymer content in the dispersion was measured to be
~220 nm inner diameter) was mixed with 45 mL of an aqueous 17 wt %, which corresponds to 23 vol % of hollow polymer
solution containing 0.3 g of APS (ammonium persulfate, particles. The predicted 1st order diffraction is 1131 nm, while

J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004 7943
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Figure 6. Reflection and extinction spectra of a CCA of sulfonated hollow polymeric particles (340 nm outer and 220 nm inner diameter) bakk 90
diffraction shows the 2nd order diffraction peak at 588 nm, while transmission spectroscopy shows the broad 1st order diffraction peak at 114& nm and t
2nd order diffraction peak at 561 nm.

Figure 7. Fabrication of particles with complex morphology203 nm MPS-modified silica particles A were first coated withv43 nm polymer shell to
give core-shell particles B £289 nm). Particles B were further coated with~d7 nm silica shell to produce particles €323 nm). Particles C were
further coated with an additionat42 nm polymer shell to produce composite particles~2@7 nm). Etching of composite particles D with HF yields
polymeric particles E with concentric shells. Calcinations of composite particles D yield silica particles F with an extra exterior silica shell.

the observed 1st order diffraction is 1147 nm, which is polystyrene sheltSiO, core particle (Figure 7B) with an
essentially identical to that observed. We see a surprisingly weakadditional silica shell by following the procedure of Tissot et
1st order diffraction and a stronger 2nd order diffraction in the al 23 The resulting particles (Figure 7C) were then coated with
transmission spectruf3® Part of the decreased diffraction  an additional polystyrene shell by dispersion polymerization to
efficiency from that of typical solid polystyrene colloids produce the composite particles shown in Figure 7D. Particles
1.6) is due to the decreased average refractive index of thesewith double concentric polystyrene shells (Figure 7E) were
particles; the average refractive index of these hollow particles produced by etching out the SiOwith HF. In contrast,

is calculated to be 1.52. The diffraction ef_ficiency is also ¢glcination of the Figure 7C or 7D composite particles at 500
decreased because of the small sample thickness. A furtherec for 5 h removed the polystyrene shells, resulting in the Figure
decrease in efficiency may also result from disorder in the 7¢ haricles that possess a silica shell surrounding a silica core.

i 39 . . . . .
lattice™ , , , We can also fabricate particles with multiple concentric polymer
Fabrication of Particles with Well-Defined Structures. The shells possessing different compositions in each shell.

strategies described above are used to produce hollow polymeric Utilizati f Holl Colloidal Particl Confined
particles that can be further processed to fabricate particles with fization ot Hollow Lofloidal Farticles as tonfine
Microreactors. Our monodisperse hollow polymeric particles

more complex morphologies. For example, we coated a ) )
have uniform hollow cores, which can be used as nanoscale
(39) Reese, C.; Asher, S. Colloid Interface Sci2002 248, 41—46. reactors to change the composition within the hollow core. For
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Figure 9. Surface-charged magnetic composite particles (25 wt %) self-
assemble into a CCA in deionized water. The transmission spectroscopy
of a CCA shows the 1st order diffraction peak at 1007 nm, while the
reflection diffraction spectrum shows a 2nd order diffraction peak at 511
example, we fabricated magnetic particles via hollow polymeric nm.

particles with a 280 nm outside and 200 nm inside diameter.
These hollow particles were dispersed in 2.5 M kRedid 1.25 quartz plates separated by a 8fh spacer. The 2nd order
M CoCl, aqueous solution. These particles were separated bydiffraction is not evident in the transmission spectra presumably
centrifugation and redispersed in toluene and then mixed with because of the high absorbance of the magnetic nanoparticles.
a solution & 5 M dimethylamine (Aldrich). Dimethylamine These hollow magnetic particles form magnetically controlled
diffused into the hollow cores of the particles and reduced the CCAs similar to those we demonstrated previously using other
pH, which precipitated out nanoscale magnetic cobalt ferrite synthetic method¥’-42 However, because these particles have
particles inside the hollow cores. By repeating this process a much larger loading, they have a larger magnetic susceptibility
multiple times, we fabricated composite particles with high than we could obtain using our previous approach. Thus, they
magnetic loading. For example, Figure 8 shows the TEM image will form a CCA and a polymerized crystalline colloidal array
of these magnetic composite particles after two precipitation (PCCA), which are much more responsive to magnetic fields.
cycles. The CoR®, weight fraction was measured to b7
wt %, which is much higher than that-6—15 wt %) in the
ferromagnetic composite particles we synthesized through In summary, a versatile procedure has been developed to
emulsion polymerizatiof®—42 synthesize monodisperse hollow polymer colloid particles that
If we functionalize the magnetic particles of Figure 8 with can self-assemble into a CCA. We demonstrate that the hollow
sulfonate groups, the resulting magnetic composite particles arecore size and the polymer shell thickness can be easily tuned
sufficiently monodisperse that they self-assemble into a CCA over a wide range. These hollow polymeric particles can act as
in deionized water. Figure 9 shows the transmission and template microreactors to confine the reaction inside the hollow
reflection diffraction spectrum of a CCA formed between two core to fabricate complex, functional composite particles.

Figure 8. TEM image of 280 nm polymeric particles with a 200 hollow
core filled with nanoscale-14 nm FeCoQ, particles (black dots inside
hollow particles).

Conclusions
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