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Charged colloidal particles dispersed in water self-assemble into
“crystal” structure, when the electrostatic interparticle interaction
is sufficiently strong.1 These colloidal crystals have received
considerable attention as photonic crystals since their Bragg
wavelengths usually lie in the visible light regime. Thus, ingenious
crystallizations2-5 have been developed to date. Here, we report a
novel directed crystallization of dilute colloidal silica in coexistence
with pyridine (Py), under a temperature gradient. This method
enables the fabrication of well-oriented and large (1 mm× 10 mm
× ∼30 mm) single-domain crystals in a short time (<10 min).
Moreover, the crystals have sharp and deep transmission dips as
well as good spatial uniformity in the Bragg wavelengthλB

(∼0.1%).
Thus far, sophisticated crystallizations, including shear annealing3

and colloidal epitaxy,4 have provided thin (thicknesse0.1 mm)
single-domain crystals with excellent uniformities and controlled
orientations. Larger crystals (three-dimensional (3D), centimeter-
sized) have been obtained from colloidal silica under a pH gradient5

formed by the diffusion of Py or sodium carbonates; this is due to
an increase of particle charge number with increase of pH, which
results in charge-induced crystallization.6 At present, however, the
Bragg wavelengths of these 3D large crystals are more or less
nonuniform (maximum of∼10%). Thus, to date, it is still difficult
to fabricate large colloidal single-domain crystals with good optical
quality.

In ordinary crystalline materials, large single-crystals are pro-
duced by unidirectional solidification under a temperature gradient
(e.g., Bridgman method). Although temperatureT is a weak
parameter for colloidal interactions,1 it induces the crystallization
of colloids indirectly. It has been reported that hard-sphere colloids
exhibit thermally driven crystallization due to a gradient in the
particle volume fraction,φ, which is generated by a gradient ofT.7

For charged colloids, the gradients in electrostatic interaction
magnitude, induced byT, should result in directed crystallization.
An earlier study8 showed that a homogeneous silica colloid
containing Py crystallizes with increasingT and not solely by
increasing [Py]; this was attributed to an enhanced dissociation of
Py (Py+ H2O T PyH+ + OH-, where PyH+ denotes pyridinium
cation) at highT and/or a reduction in the permittivity of water
with increasingT. The crystallization was thermoreversible, and
the crystallization temperatureTC, which was tunable near the room
temperatureTR, was higher at lower [Py]. On the basis of this, here
we examine the directed crystallization of the Py/silica system under
a temperature gradient.

Aqueous colloidal silica (particle diameter) 110 nm;φ ) 0.035)
was purified as described elsewhere.5b TC was controlled by
changing [Py]; at [Py]) 27.5 and 35µM, TC ) 35 and 19°C,

respectively. Figure 1a illustrates the experimental setup. A colloid
sample was introduced into a quartz cell (inner dimensions) 1
mm × 10 mm× 44 mm; wall thickness) 1 mm). The open end
of the cell was sealed with plastic film, and the cell was placed
horizontally to minimize the disturbance caused by convection on
the crystal growth. Then, the other end of the cell was contacted
with a copper heater block maintained atT ) T0. All the
experiments were performed in a room thermostated atTR ≈
23 °C.

Figure 1b shows a typical crystallization process starting at time
t ) 0. We used a sample havingTC ) 19 °C (<TR) that had been
cooled to 5°C beforehand so that it took a disordered state;T0

was 40°C. The disordered region had an opaque appearance, while
the crystal region exhibited a uniform diffraction color. Within 10
min the crystal length was a few centimeters. The cell was then
separated from the heater block and equilibrated atTR. SinceTC <
TR, the crystal structure was maintained, which facilitated further
examinations. Figure 1c shows images of the crystal taken from
three different angles. The diffraction color clearly exhibited an
angular dependence, implying that the crystal was well oriented.
Furthermore, the crystal had good transparency.

The optical property of the crystal was examined in greater detail
by applying fiber-optic transmission spectrometry at various loca-
tions,x (Figure 1a); the measurements were performed in circular
areas with diameters of∼1 mm in a direction normal to the
horizontal cell surface. Figure 2a depicts the spectra measured atx
) 0-30 mm at 5-mm intervals (for the correspondence between
the color of the spectrum curves andx values, cf. Figure 2b). The
spectrum before the crystallization is shown in Figure 2a by the
dashed curve for comparison. Enlarged spectra around the dips are
shown in Figure 2a (inset). The crystal had sharp and deep dips at
λB ≈ 616 nm, despite having a thickness of 1 mm; the half-dip
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Figure 1. (a) Experimental setup; images of (b) crystallization process
and (c) the single-domain crystal taken from different angles.

Published on Web 02/22/2007

3044 9 J. AM. CHEM. SOC. 2007 , 129, 3044-3045 10.1021/ja0682327 CCC: $37.00 © 2007 American Chemical Society



width was 5.8 nm on average, and the minimum transmittance
reached nearly 0.005. These are comparable to the best results
reported for thin crystals.3 Furthermore, the crystal showed good
optical uniformity over the entire region. Figure 2b represents the
λB - x plot; the dashed vertical line represents the averagedλB

value. The variation ofλB with x was 0.8 nm (0.1% ofλB) in
standard deviation. Laser diffraction experiments suggested that the
present crystals had single-domain structures with normal or twin
body-centered-cubic lattice symmetries, whose (110) planes were
oriented parallel to the horizontal cell wall; details of the diffraction
experiments are provided in Section A of the Supporting Informa-
tion.

Charged colloids, as do hard-sphere colloids, may exhibit
thermally driven crystallization due to a gradient inφ.7 However,
this mechanism is inapplicable here sinceλB (and thus,φ) was
practically uniform. The crystallization mechanism was examined
by comparing the crystal growth curves with the time evolution of
temperature distributionT(x). Here, we used a sample withTC )
35 °C (>TR) and choseT0 ) 40, 50, and 60°C, whereby the growth
rates clearly exhibited a dependence onT0. Figure 3a shows the
growth curves for the threeT0’s; the bars represent the standard
deviations of three runs. The growth rate increased withT0, as
expected from the larger heat-conduction rate.T(x) was measured
using an array of thermocouples attached to the outer surface of

the cell at 7-mm intervals. Figure 3b represents the observedT(x)
at varioust for T0 ) 60 °C; profiles at otherT0’s are presented in
Section B of the Supporting Information.

By assuming instantaneous crystallization atT(x) ) TC, we
calculated the crystal length at varioust (Figure 3b); this is
represented by dashed curves in Figure 3a. They show close
agreement with the experiments for allT0, thereby suggesting that
the present growth is attributed to a combination of heat conduction
and thermally induced crystallization. We note that the thermal
conductivity of the cell wall (quartz, 1.38 W/(m°C)) is larger than
that of water (0.61 W/(m°C)), resulting in a lowerT for the sample
than that measured on the cell surface. The somewhat slower
observed growths att e 10 min might be due to this effect and/or
the induction period for the nucleation of the crystal. The higherT
on the cell surface might lead to formation of an oriented thin crystal
layer, which acts as a crystallization template. It is likely that a
combination of horizontal heat conduction in the colloid (the driving
force of crystallization) and the wall effect (regulation of orientation)
resulted in the well-oriented and large single-domain crystals.

Heat conduction is a diffusion of thermal energy, which is
mathematically equivalent to, but can be much faster than, mass
diffusion. Thus, the growth rate of the present crystallization could
be much larger than that due to Py diffusion at constantT (less
than a few mm/h).5a In the latter, the migration of particles during
the growth period due to gravity and gradient of chemical potential
may cause the nonuniformity inφ. The good uniformity attained
in the present crystallization appeared to rely on its much faster
growth rate. We expect the present method to be useful in
fabricating photonic materials.
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Figure 2. (a) Transmission spectra of the crystal at various locations (x )
0-30 mm; see text). Inset shows an enlarged view around the dips. (b)λB

- x plot.

Figure 3. (a) Observed (symbols) and theoretical (dashed curves) crystal
growths for T0 ) 40, 50, and 60°C (shown in blue, green, and red,
respectively). (b) Time evolution ofT(x) for T0 ) 60 °C. Locations of
crystallization fronts at varioust are represented by dashed vertical lines.
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