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Figure 5: SEM images taken in area A in Figure 1 for a) 1:1 unstretched, b) 2:1, c) 3:1 and d) 4:1
aspect ratio ellipsoids showing good orientational, but not translational, order. The electric field
direction is approximately vertical in the plane of the page.
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couple to dielectric and metallic materials. Second,
electric fields can be readily modulated on-chip to
control suspension structure dynamically. Finally, in

addition to the magnitude and direction of the field,

interactions can depend strongly on the frequency of

the applied field. For example, the preferred orienta-

tion of ellipsoidal particles relative to an ac electric field

can depend on the frequency.17 Alternating current

electric fields have been used to align titania

ellipsoids17 and to create crystals of micrometer-scale

dumbbells.18

Here, we describe the formation of large crystals of
optical scale dumbbells by electric field assisted self-
assembly and characterize their structure and photonic
properties. We demonstrate that dumbbell crystals
display both the structural color associatedwith photo-
nic crystals and the birefringence and field-addressa-
bility of liquid crystals. Furthermore, we perform
numerical simulations of self-assembly that highlight
the critical importance of external fields in crystallizing
even simple anisotropic particles.

RESULTS AND DISCUSSION

We synthesize large quantities of monodisperse
polymer dumbbells at optical length scales using a
recently described process.3 Briefly, we start with a
suspension of monodisperse polystyrene spheres and
swell them with a mixture of styrene and trimethox-
ysilylpropylacrylate. Upon polymerization, these parti-
cles develop a spherical core-shell structure and form
dumbbells after another swelling and polymerization
step. The relative sizes of the two lobes can be con-
trolled by varying the amount of monomer used in
each step.19 The particles we use here have two lobes
of the same size, with a diameter of 267( 5 nm and an
overall length of 422( 7 nm, giving them a length-to-
diameter ratio, R, of 1.58.

While these dumbbells readily crystallize in confined
films,3 they resist crystallization in the bulk. As the film
thickness increases, dumbbells form ordered mono-
layers laying down, ordered monolayers standing up,
as shown in Figure 1a, and three variations of ordered
bilayers (down/down, down/up, and up/up).3 How-
ever, when these dumbbells are dried into thicker
films, they pack randomly, as shown in Figure 1b. These
observations are at odds with numerical simulations

Figure 1. Dumbbells crystallize in confinement, but not in
the bulk. (a) SEM image of dry dumbbells cast into thin films
by vertical deposition. Dumbbells form ordered mono- and
bilayers.3 (b) SEM image of dumbbells cast into an amor-
phous thick film. The fields of view in (a) and (b) are 7.6 μm
across.

Figure 2. Aqueous suspensions of dumbbells display reversible crystallization in ac electric fields. Aqueous suspension of
dumbbells at volume fraction φ = 0.13. Top row: Snapshots showing the onset of crystallization in an aqueous suspension of
dumbbells in an ac electricfield. Thedark stripe across thebottomof the frame is a gold electrode. The sample is imaged through
crossed polarizers. Bottom row: Snapshots showing the rapid loss of structural color and birefringence when the electric field is
turned off. The whole process can be seen in Supplementary Movie 1. The field of view in each image is 1.4 mm across.
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