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The success of “bottom up” approaches to building functional m Fe;0, CNC
devices and materials often hinges on the availability of suitable SiO;
building blockst3 Much effort has therefore focused on the @ " Polystyrene
preparation of monodisperse colloidal particles with complex
structures, with compositional/morphological control being achieved tc
through various means such as colloidal chemistry, mechanical A B D
stretching, swelling and phase separation, and space-confined @ -—0 _F©_F©
assemblyt. In typical syntheses, the particles produced show little
deviation from isotropy in terms of composition and surface g e 1. Synthesis scheme for FR/@SIO@PS composite colloids
properties. The creation of monodisperse colloids with strongly through seeded emulsion polymerization. The morphologies of the final
anisotropic surface properties, chemical compositions, and physicalproducts are controlled by (A) interfacial tension, (B) crosslinking, and (C)
properties will greatly increase the possibilities for fine-tuning Single and (D) separated steps of swelling and phase separation.
interparticle interactions and eventually the structure and functional-
ity of particle ensemble3.

In this paper, we report a unified set of emulsion polymerization
processes for the synthesis of a series of spherical and nonspherical
magnetite-polystyrene (Fg0,—PS) composite colloids with the
superparamagnetic cores concentrically or eccentrically positioned
inside polystyrene shells (Figure 1). The uniform size, anisotropic
structure/shape, and the potential for magnetic control suggest these
colloids for a range of applications, for example, as active
components in sensors and actuators, microelectromechanical
systems, and photonic device#n particular, these patrticles are
ideal candidates for constructing three-dimensional colloidal pho-
tonic crystals with complete and magnetically tunable bandgaps.

The magnetic cores of our structures are;@ze colloidal
nanocrystal clusters (CNCs) that can be synthesized with tunable
sizes from~30 to ~180 nm using a high-temperature hydrolysis
process. Since each of them is composed of many small primary
nanocrystals, the CNCs retain superparamagnetic behavior at room
temperature while possessing higher saturation magnetization than
individual nanodots. After coating a transition layer of silica through
a modified Stber proces§,the particle surfaces were further Figure 2. TEM images of a series of EB.@SiQ@PS composite colloids
functionalized with a monolayer of coupling agent [3-(methacry- ‘é‘gﬂr‘eﬁgfzg:ﬁx ;}g’g”{gf@h&a&%i&Od:rgiigise;‘:ggis‘?n('gog)mseri;::iig; of
loyloxy)propylltrimethoxysilane (MPS) through the Slloxane.llnk- ccﬁloids prod%ced ingone—step emulsi%n polymerization.(A) ;Nithofl)t and (B)
age'® Each MPS molecule contains a=C double bond which  with DVB as crosslinker; (C) Ellipsoids formed by swelling and phase
copolymerizes with monomers upon initiation, promoting the separation in one-step emulsion polymerization; (D) Doublets produced by
polymer growth on the particle surface. separated steps of swelling and phase separation. All scale bars are

Monodisperse RO,@Si0@PS core-shell spherical colloids 400 "™
were produced through one-step emulsion polymerization of styrenethe surface area as a result of interfacial tension, leading to
using MPS grafted RE©®,@Si0; as seeds and sodium dodecyl asymmetric distribution of polymer around the seeds. Modification
sulfate as a surfactant. Figure 2A shows a typical TEM image of with MPS provides the silica surfaces considerable compatibility
the resulting colloids with clearly distinguishable three-layer with the swollen polymer shell so that the final products still
structures including a @, core, a silica layer, and a polystyrene maintain an overall spherical shape with the major part of the
shell. Interestingly, each E®,@SiO, core is eccentrically posi- inorganic core engulfed in the polymer phase.
tioned inside the polystyrene sphere. The formation of such eccentric  Besides the interfacial tension, the degree of contraction also
structure is due to the interfacial tension between the hydrophilic depends on the viscosity of the monomer-swollen shell polyfers.
seed particle and the hydrophobic monofiekt the initial stage The viscosity of linear polymer is relatively low so that its
of polymerization, a thin layer of polystyrene shell is deposited in contraction leads to the eccentric location of core particles after
the form of small particles on the silica surface through copolym- the completion of polymerization. A high viscosity of the monomer-
erization with the surface double bonds. After absorbing hydro- swollen shell, achieved by introducing a crosslinker-divinylbenzene
phobic monomers, the polystyrene shell tends to contract and reducgDVB) during the polymerization, limits the degree of contraction
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Figure 3. TEM images of self-assembled chainlike structures of (A)
concentric and (B) eccentric spherical colloids under an external magnetic
field. Both scale bars are 400 nm.

and leads to the formation of a concentric ceséell structure of
Fe;0,@SiG@PS (Figure 2B).

The spherical symmetry of the external interface can be broken
as a result of phase separation when the monomer concentration i
increased, forming ellipsoidal colloids with the magnetic core
eccentrically located at one end. Figure 2C shows a TEM image
of uniform ellipsoids synthesized using 50% more monomers than
the case in Figure 2B. Considerable effects of swelling and phase
separation are responsible for the ellipsoidal shape of the colloids.
At the early stage of polymerization, the particles have the spherical
and concentric morphology similar to that in Figure 2B. As the
thickness of shell polymer increases, more excessive styrene
monomers are absorbed in the crosslinked polymer networks. In
the final stage, the elastic stress driven by the entropy change of

S

The combination of anisotropic shape/structure and magnetic
properties make these composite colloids new types of building
blocks for constructing secondary structures with interesting and
possibly tunable configurations. As a simple demonstration, we
show in Figure 3 that the composite spheres with concentric and
eccentric superparamagnetic cores display distinct assembly be-
haviors when they are subjected to an external magnetic field: the
concentric composite particles form simple linear chains which are
expected for building blocks with simple isotropic configurations,
while more complicated zigzag chains have been observed when
the eccentric composite particles were assembled under similar
conditions. The zigzag configuration is the direct result of the
eccentric structure of the composite particles: the strong magnetic
dipole interactions pull the magnetic cores in the neighboring
colloids to the closest positions.

In summary, we have demonstrated the synthesis of a family of
composite colloids with superparamagnetic cores concentrically or
eccentrically located in the polystyrene shells. The uniform size,
complex shapes and structures, and superparamagnetic properties
make these colloidal particles ideal building blocks for the
fabrication of novel functional devices and materials.
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