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We have developed a new simple method to fabricate bulk amounts
of colloidal spheres with well defined cavities from monodisperse
emulsions. Herein, we describe the formation mechanism of “reac-
tive” silicon oil droplets that deform to reproducible shapes via
a polymerization-induced buckling instability. Owing to their unique
shape, the resulting particles can be successfully used as colloidal
building blocks in the assembly of composite clusters via “lock-and-
key” interactions.

Over the past dozen years there has been a significant effort to create
new assemblies of colloid crystals with increasingly complex struc-
tures. However, colloidal particles are typically spherical and thus
interact through highly symmetric potentials, which limits their self
assembly to a few simple crystal structures or to disordered aggre-
gates. By contrast, molecular self assembly, driven by highly direc-
tional interactions yields a much greater range of self assembled
structures, and thus greater functionality. Taking a cue from
molecular self assembly, a significant effort has emerged recently to
create colloidal particles with non-spherical shapes. To date, these
efforts have focused mainly on using clever physical strategies,"® or
by decorating surfaces with “sticky patches” of biological™® or
synthetic molecules.>'® These efforts have led to the fabrication
of remarkably complex three-dimensional structures, especially when
coupled with the depletion attraction, which provides a convenient
means to tune the attraction between colloidal particles."*** Making
anisotropic particles or assemblies has been vexed, however, by the
difficulty of producing highly monodisperse anisotropic particles in
the large quantities required for applications.'®

Herein we describe a simple, high yield, synthetic pathway to
fabricate monodisperse hybrid silica spheres with well defined cavities
in bulk quantities. In addition, the particle morphologies are repro-
ducible and tunable with precision, resulting in particles with a unique
shape that are particularly suitable to be used in the architecture of
larger composite clusters via depletion-driven lock and key interac-
tions.

The starting point of our method are monodisperse silicon oil
droplets nucleated via a base catalyzed hydrolysis and condensation
of 3-methacryloxypropyltrimethoxysilane (TPM). This emulsifica-
tion procedure was adapted from the method of Obey'” and consists
of a slow hydrolysis of alkoxysilanes to give metastable water-soluble
silanols which undergo a rapid condensation reaction when treated
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with a strong base. If a trialkoxysilane is used (here TPM), the
condensation products are branched three-dimensional silsesquiox-
anes (see Fig. 1) that precipitate out of solution when their equilib-
rium solubility has been reached.”® Above a pH of 9, the insoluble
siloxanols phase separate as monodisperse oil droplets that grow
without coalescing due to a strong negative surface charge that
develops from the dissociation of surface silanol groups. A typical
zeta potential for the resulting droplets, measured in an aqueous
solution of 10mM NaCl at pH of 9, is about —70mV. The exact
composition of the oil droplets is set by the solubility of each indi-
vidual oligomer produced during the course of the hydrolysis and
condensation reactions and it is a mixture of siloxanols with different
structures and molecular weights.’® The size of the droplets can be
roughly tuned during the nucleation step by adjusting the initial
concentration of hydrolyzed monomer and the amount of base used
to initiate the polycondensation.’” A more precise target size is easily
reached by growing freshly nucleated droplets with a continuous feed
of hydrolyzed monomer. A typical droplet growth rate is of the order
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Fig.1 Scheme illustrating the course of the hydrolysis and condensation
reactions for the three types of oils used in our experiments. Depending
on the number of methoxysilane moieties in the oil molecule the
condensation products might have linear (M-, D-) or branched (T-)
structures.
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of 0.4 um/h which is sufficiently slow to be accurately followed by
optical microscopy or light scattering. Monodisperse silicon oil
droplets are prepared by first hydrolyzing S mL of TPM in 100 mL of
deionized water under a vigorous stirring for 24 h. When all the oil is
solubilized, 15 mL of this solution are added to 30 mL of aqueous
NH; 0.4M. At this point the mixture rapidly turns turbid as the oil
droplets nucleate and grow to a size of about 0.5 um. The remaining
water solution of hydrolyzed TPM is added dropwise until the
droplets reach their target size. Their characterization was performed
on samples of typically 200 particles, using a Nikon inverted micro-
scope equipped with an 100x oil immersion objective. In the experi-
ments presented herein, we used droplets with an average diameter of
2.5 um and a typical polydispersity of =3.5%.

In the next step we create the cavities. Each TPM oligomer that
was formed during the condensation reaction carries methacrylate
groups that undergo polymerization in the presence of radicals. In
our system, the radicals are generated in situ by thermal decompo-
sition of a water soluble radical initiator (potassium persulfate, KPS)
which is added to the emulsion at room temperature, to a final
concentration of 0.45mM. At the polymerization temperature (75 °C)
the KPS decomposes, forming sulfate ion radicals that attack the free
TPM oligomers in equilibrium in the water phase. The resulting

Fig. 2 SEM images of hybrid silica particles prepared through poly-
merization-induced buckling of monodisperse TPM oil droplets. In
(A) the reaction mixture was imaged without purification to show the
presence of both polymerized droplets with single dimples and small
secondarily nucleated particles (arrows). In (B) the buckled droplets were
isolated from the small spheres by sedimentation and redispersion in pure
water. Scale bars are 2 um.

growing polymers aggregate into new particle nuclei (visible in
Fig. 2A) and, most importantly, grow rigid crosslinked shells around
the silicon oil droplets. The polymerization reaction continues sus-
tained by a net flow of low molecular weight oligomers that diffuse
from the droplets into the water phase until all the soluble species in
the droplets have been depleted. The droplets, consumed by the
polymerization reaction, deflate driving the shells to deform via
a buckling instability.” This mechanism is analogous to a seeded
growth emulsion polymerization®® where the micron-sized oil drop-
lets act simultaneously as seeds and as reservoirs of reactive species.

We followed the reaction by optical microscopy using a glass
capillary filled with oil droplets suspended in the reaction mixture,
glued to a heated microscope slide coated with indium tin oxide. The
imaging was performed using a 100x air objective to minimize
temperature gradients and a thermocouple attached to the capillary
with thermal-conductive paste was used to monitor the temperature
during the reaction. The experiments (see Fig. 3A) show that the
buckling occurs at the KPS decomposition temperature (between
75 and 80 °C), and that the droplets deformation occur for all the
droplets simultaneously regardless of their size. At the same
temperature, turbidity increases visibly due to the nucleation of
secondary particles that are too small to be resolved individually. This
is consistent with the hypothesis that the shell and the secondary
nucleated particles form immediately after the initial burst of radicals
that consumes the soluble oligomers in the water phase, whereas the
buckling occurs when low molecular weight oligomers diffuse by
osmotic pressure from the droplets to the water phase to restore the
equilibrium and sustain the polymerization. As the low molecular
weight oligomers are depleted from the droplets, their diffusion time
becomes slower because the osmotic driving force decreases and the
oil viscosity increases. This is captured in Fig. 3A that shows how the
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Fig. 3 In (A), snapshots showing a typical deformation dynamic for
TPM droplets during the radical polymerization. At the polymerization
temperature (75 °C) the droplets shells rapidly buckle forming small
dimples that deepens in time to reach their final morphology within 10 s.
Depending on the type of monomer used to form the oil droplets (B), the
resulting polymerized particles have different morphologies. Upon
polymerization, TPM droplets gives particles with smooth surfaces and
a single dimple (C). DPM droplets form particles with multiple dimples
(D) and MPM droplets shrink homogeneously to form small spherical
particles with rough surfaces (E). Scale bars are 3 um.
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initial buckling takes place within our shortest frame acquisition time
(270 ms), but it is followed by a slower evolution of the resulting
dimple that deepens in time to reach its final morphology after 10 s.
The complete polymerization of the droplets occurs during a longer
timescale in which the radicals generated in the water phase diffuse
into the viscous oil droplets. Typically we observe that a minimum of
2 h is necessary to fully harden the particles to the point that they can
be dried and imaged by electron microscopy. After polymerization
the density of TPM particles (measured with an Anton Paar density
meter, mod. DMA-4500M) increased from 1.045 g/em?® (density of
the monomer) to 1.228 g/em® (density of the fully polymerized
particles). This allows us to infer that the change in the droplet
volume is entirely dominated by the fraction of low molecular weight
oligomers that leave the droplets during polymerization. From EM
pictures of buckled droplets, this fraction was estimated to be of the
order of 20%.

If the mechanism that we propose is correct, we would expect that,
independently from the radical polymerization, other routes could
produce similar droplet deformations, provided that a permeable
shell is formed and a following controlled flux matter is established.
Thus we attempt to buckle unpolymerized droplets by first growing
a thin layer of silica on their surface by hydrolysis and condensation
of tetracthoxysilane® and then dialyzing the suspension to deplete
low molecular weight oligomers from the oil phase. Indeed this
produced buckled droplets similar to the polymerized TPM particles
of Fig. 3C but with a poor long term colloidal stability in water,
probably due to missing ionizable sulfate groups (introduced during
the radical polymerization), or to a slow decomposition of the inner
liquid core in time. Finally, removing the soluble low molecular
weight species by dialysis prior the formation of the droplet outer
shell (e.g. before initiating the radical polymerization), results in
perfectly spherical particles, further confirming the proposed
mechanism.

The stiffness of the shell plays a fundamental role on the final
particles morphology and it depends on the amount of self-cross
linking of the constituent polymer network. We have investigated the
effect of the cross linking density on the final particle morphology by
progressively replacing the three hydrolyzable methoxy groups in the
TPM molecule with non-reactive methyl groups. The resulting 3-
(methacryloxypropyl)methyldimethoxy silane (DPM) and 3-(meth-
acryloxypropyl)dimethylmethoxy silane (MPM) monomers (Fig. 1)
were then emulsified and polymerized as described earlier for TPM
and the morphology of the particles analyzed by microscopy (Fig. 3).
A decrease in the surface zeta potential from —74 mV to —38 mV,
measured on TPM and MPM emulsion droplets respectively,
confirms the presence of a reduced number of methoxy groups
available for hydrolysis and condensation. Because DPM and MPM
monomers can only form oligomers with respectively M-/D- and M-
structures (see Fig. 1), their ability to form cross links in the polymer
structure of the shell is significantly reduced and so is the shell
stiffness. For weakly cross-linked shells (MPM monomer, Fig. 3E)
the droplets shrink almost freely during the polymerization yielding
smaller spherical particles with a slightly corrugated surface. For
higher cross-linking densities (DPM and TPM monomers Fig. 3D
and 3C) the shells resist the droplets shrinkage and respond with
a deformation. More specifically, DPM droplets crumple and buckle
randomly whereas TPM droplets undergo a reproducible single
buckling deformation giving the spherical cavities visible in Fig. 2
and 3C.

The facts that the initial oil-in-water emulsion can be prepared in
bulk quantities by a robust and well-known nucleation and growth
mechanism, and that the following polymerization causes the buck-
ling of the oil droplets with 100% efficiency, ensure the high yield of
this method and allow an easy scale up. We proved this point by
preparing a 500 ml batch with 10% solids, which produced approxi-
mately 50 g of particles (~10"particles).

The reproducible and well-defined geometry of our buckled
droplets allows them to be used as elementary building blocks in
a lock-key assembly together with particles of complementary shape.
We used spheres of different sizes and compositions, serving as the
key particles, and the polymerized buckled droplets, serving as the
lock particles. Depletion interactions caused by a dissolved non-
adsorbing polymer were used to drive the assembly.'®

Key particles were fabricated using well know methods*?*** and
comprise spheres of poly(methyl methacrylate), polystyrene and silica
and ellipsoids of hematite (a-Fe,Os). All the particle used in the
experiments were dispersed in water at a pH of 9 to ensure enough
negative surface charge required for colloidal stability. A depletion
attraction between the particles is introduced by dissolving poly-
(ethylene oxide) (PEO) in a water mixture containing both lock and
key particles. By a proper adjustment of the concentration and size of
PEO, the strength of the depletion interaction can be adjusted to bind
exclusively lock-key pairs (see Fig. 4). In our experiments we used
PEO with a molecular weight of 600,000 and a concentration that
varied between 0.4 and 0.9 g/L. Occasionally pPNIPAM nanoparticles
with a radius of 65nm (measured at 25 °C) were used as depletant to
allow controlling the interaction using temperature.’® For this
experiment the lock particles were coated with a layer of poly-
acrylamide to avoid the adsorption of the depletant onto their
surface. The coating was performed by polymerizing at 75 °C, 80 mg
of N-isopropylacrylamide in 20 ml of an aqueous solution of KPS
[0.1% w/w] in the presence of lock particles (typically ¢, = 2% wiw).
Examples of lock-key assemblies are highlighted in Fig. 4. The

Fig. 4 (A) shows a microscopy picture of self-assembled lock-key pairs
from a lock : key ratio of 1 : 2 and (B-E) show time sequences of binding
events between locks and different complementary keys. Shape and
composition of the key particles are varied: magnetic hematite ellipsoids
in (B) and spheres of silica, PMMA and PS in (C), (D) and (E) respec-
tively. The scale bar is 5 um.
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binding is entirely determined by the lock and key complementary
geometry and does not depend on the surface chemistry of the
particles. Thus, keys having identical shapes but different composi-
tion are interchangeable. Another important consequence of the
absence of covalent bonds between lock and key is that they can be
used to make colloidal aggregates whose shape is flexible. For
example, if two locks with spherical cavities bind to a single spherical
key (see Fig. 4C), a flexible ball-and-socket joint forms. More details
on the lock and key interaction such as selectivity and reversibility are
presented elsewhere.'®

In conclusion, we have described how to fabricate particles with
well-defined cavities via a simple, high yield method, based on
a polymerization-induced buckling of monodisperse silicon oil
droplets. The resulting organo-silica particles can be mixed with
disparate types of colloids and reversibly assembled by depletion to
form flexible clusters whose shape and composition can be pro-
grammed.
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