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Abstract. Colloidal crystals are the suspensions in which colloidal particles distribute
regularly as atoms and molecules do in metals and protein crystals. Giant colloidal
crystalsinvented by the authorsemit brilliant iridescent light by the Bragg diffraction and
arequitebeautiful. Inthisarticlerecent worksin our laboratory on the spectroscopic study
of the crystallization kinetics, structural and dynamic properties and the electro-optic
effectsof giant colloidal crystals have been discussed. Formation of giant colloidal single
crystals is due to the electrostatic intersphere “repulsion” and to the highly expanded
electrical doublelayerssurrounding colloidal spheres. Spectroscopic measurements, e.g.,
transmitted light spectrum, reflection spectrum and static and dynamic light scattering
reveals the importance of the electrical double layers for colloidal crystallization. The
substantial acceleration effect of microgravity inthealloy crystallization supportsthat the
colloidal crystallization takes place by the condition whether the maximum packing
density is achieved or not for a given ratio of the sphere sizes including surrounding
electrical double layers.

1. Introduction

Colloidal suspensionsdisplay extraordinary structuresin particledistributions, “gas”,
“liquid” and “crystal” structures, especially in deionized suspensions (PIERANSKI, 1983;
OKUBO, 1988, 1993a; OTTEWILL, 1989; RUSSEL et al., 1989). Suspensions showing crystal
structures are named as colloidal crystals and are ideal for model studies of metals and
protein crystals, sincethe colloidal structuresare analyzed much conveniently with optical
techniques and even with the naked eye. A study of the colloidal crystalsisalso helpful in
understanding the fundamental properties of states of substances, phase transition, and
el ectrostaticinteractions of macroionic systems. Two essentially important factors causing
thecolloidal crystal sarethe Brownian movement of spheresand an el ectrostaticintersphere
repulsion accompanied with the expanded electrical double layers around the spheres
especially in the deionized state.

It should be mentioned here that |se et al. has proposed the interparticle “attraction”
(not “repulsion”) astheimportant interaction for colloidal crystallization for more than ten
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years (OkUBO, 1988). However, their idea is completely wrong and must be discarded.
Quite recently, they withdrew their idea in their own paper, and supported “repulsion”,
including the Alder transition and Y ukawa potential instead (SHINOHARA et al., 2001).

The thickness of the electrical double layersis approximated by the Debye screening
length, I

loy = (4rEPn/ekgT) V2,

where e is the electronic charge, € is the dielectric constant of the solvent, kg is the
Boltzmann constant, T isthe absolutetemperature and nisthe concentration of “ diffusible ”
or “free-state” cations and anions in suspension. Thus,n is the sum of the concentrations
of diffusible counterions, foreign salt and both H* and OH~ from the dissociation of water.
Note that the maximum value of |, observed for the exhaustively deionized suspension
isca. 1 uminwater, whichisestimated by takingn=2 x 107 (mol dm=3) x N, (Avogadro’s
number) x 10~ cm3, and large compared with the size of the typical colloidal particles.
Colloidal crystallization is nicely explained with the effective soft-sphere model. The
effective diameter, d;, of spheresincludes|yy, and isgiven by the diameter plustwicethe
Debye length. When d; is shorter than the observed intersphere distance, I, a gas-like
distribution is observed. When dy; is comparable to, or a bit shorter than the intersphere
distance, the distribution of spheresis usually liquid. When dy; is close to, or larger than
the observed intersphere distance, crystal ordering is formed. This effective soft-sphere
model was supported by systematic comparison between d; and | values (OkuBO, 1988,
1993a).

2. Giant Colloidal Crystals

The iridescent colors and single crystals are most beautiful and attractive. Colloidal
crystals are surrounded by grain boundaries and are quite similar to metals. Theiridescent
colors are ascribed to the Bragg diffraction of visible light by the lattice planes of the
colloidal crystals. Lattice spacing of the colloidal crystalsis several thousandslarger than
that of metals and isin the range of light wavelengths. Very little work has been reported
on the morphology, e.g., shape and size, of the colloidal single crystals, since the size of
the crystalsisvery small, in the order of several hundred micrometers even for the largest
ones. The main reason for the scarcity of the work isthe fact that it had been very difficult
to obtain completely deionized suspensions, which contain the charges from the particles
and their counterions. In order to obtain the completely deionized suspension, highly
effective mixed beds of cation- and anion-exchange resins such as Bio-Rad resins have to
coexist in suspension for a long time, more than 3 years. From our experiences, the
deionization process of suspension with resins is unexpectedly slow. This may be due to
thefact that the deionization reaction takes place between solid (colloidal particles) —solid
(resins) phases via liquid medium (water). It is interesting to note that the colloidal
crystallization takes place at the very low particle concentrations for the deionized
suspension. Spectroscopi ¢ studiesof the deionized suspensionsin non-aqueous mediahave
been studied (PUSEY and VAN MEGEN, 1986; OKuBO, 1990a, 1992a, 1994a; OkuBO et al .,
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Fig. 1. A close-up photograph of the colloidal single crystals of silica spheres (103 nm in diameter) in aplate
cell. ¢=0.000952. With ion-exchange resins, 7 days after suspension preparation, 40 min after inverted
mixing. Exposure = 2's, iris = 22 (taken from OkuBO, 1994c).

2002). However, critical concentrations of melting are high compared with those in
agueous systems, and single crystals in non-aqueous media are very small in most cases.

About ten years ago, Okubo succeeded to have very large single crystals, 2-8 mmin
sizein atest tube of 13 mm in outside diameter (OkuBO, 1992a, 1993b, 19944, b). Figure
1 shows a close-up photograph of single crystals appearing in an aqueous dispersion of
silica spheres, 103 nm in diameter. The cell used was a quartz glass optical cell for
fluorescence measurements, 10 mm in width, 10 mm in depth and 70 mm in height. In the
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bottom of the cell, the resins coexist, although a view of the bottom of the cell is omitted
here. The photograph wastaken 7 days after suspension preparation, and 40 h after inverted
mixing. The stock suspension of spheres was deionized with Bio-Rad resins more than 3
years. The sphereconcentration was0.000952 in volumefraction. Under these experimental
conditions, only avery few nuclei are formed and large single crystals are formed. There
are two kinds of single crystals observable in the photograph. Block-like crystals are
formed by the homogeneous nucleation mechanism in the bulk phasefar from the cell wall.
Pillar-like crystals grow by the heterogeneous nucleation mechanism along the cell wall.
The colors of the crystals changed as the angle of the light source and/or camera changed,
which is clearly due to the change in the Bragg diffraction wavel ength. Size of the single
crystalsisvery largeat the sphere concentration slightly higher thenthecritical concentration
of melting (OkuBo, 19944, b).

3. Principle of Transmitted-Light and Reflection Spectroscopy

Transmitted-light and reflection spectrophotometry is quite effectivein analyzing the
lattice structure of colloidal crystals, sincethe Bragg diffraction wavelength locatesin the
range of visible wavelength (OkuBo, 19864, b, c). When the scattering angle (26) is 180°
for the transmitted light spectrum measurements, the absorption peak wavelength A, is
given by:

Amax/Ns = 2dsing = 2d
where d denotes the Bragg length and n; is the refractive index of the sample suspension.
For both face-centered (fcc) and body-centered (bcc) cubiclattices, the nearest-neighbored
intersphere distance (l; or |, respectively) is given for the transmitted-light by:
Il (=1,) = (3/2)Y2d = 0.6124(A /N9
For the reflection spectroscopy, theinterparticle distancefor the plate cell isgiven by:

It (=1o) = (3/8)Y2 X [A (N2 — N, 7005°6) Y7

wheren, designatestherefractiveindex of air. The nearest-neighbored interspheredistance
(I or 1,), the Bragg distance (d; or dy,) and the lattice constant (a; or a,) are given as:

(14/0.707) = 3¥2d; = &
(1,/0.866) = 3Y2d, = a,,

Subscripts f and b denote the fcc and bece lattices, respectively. From these equations the
ratio di/d, (or a;/ay) is derived as:

di/d, = I4/1, = 1.0284.
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Thefcc lattice structure is more stable than the bcc, and the former is formed favorably at
high sphere concentration, at low suspension temperature and at low salt concentration.
When two lattices coexist, reflection pattern is a double peak, with adifference of 1.03 in
the ratio of the wavelengths of the two peaks.

4. Elastic Properties of Colloidal Crystals

Elastic moduli of colloidal crystalsare very small, of the order 102—10° Pa, whereas
those of metals are in the range of 101°-10% Pa. Thus, acolloidal crystal is distorted very
easily by weak external field, such as gravitational field, shearing forces, an elevated
pressure, an electric field, centrifugal compression, and so on. From the concentration
dependenceof theinterspheredistance, |, inthe bottom layer, the static el astic modulus can
bedetermined at sedimentation equilibrium using ultramicroscopic technique. Furthermore,
from the height dependence of the intersphere distance at a sedimentation equilibrium,
elastic moduli were determined (OkuBO, 1989) from the reflection spectroscopy by:

I - Im = (pefngDm%/G)(h - hm)v

where h and h,, are the heights of the horizontal planes examined and the horizontal
midplane of the colloidal suspension in the cell, respectively, p; is the effective density
given by the specific gravity of the spheres minus that of solvent, g, is the gravitational
constant, and G the rigidity. The elastic properties are summarized as follows (OKUBO,
1987, 1988, 1989, 1990a; OkuBO and IsHIKI, 2001). Firstly, logG increased linearly with
a slope of unity, aslogN (sphere concentration, number per unit volume) increased. This
relationship holds since the rigidity of colloidal crystal is given by the force constant
divided by theintersphere distance (1), and then given by the number density, N timeskgT
and divided by the square of the thermal fluctuation parameter, g:

G O/l O (kgT/<&>)/l O NkgT/g

Secondly, the elastic moduli were larger than those of colloidal liquid when comparison
was made at the same sphere concentration. Thirdly, rigidity of colloidal crystalsincreased
sharply as the deionization of the suspension proceeded.

Colloidal crystalsinarotating disk are also compressed in acentrifugal field (OkuBo,
1990b). Beautiful color bands appeared under the centrifugal field. The elastic moduli at
various sphere concentrations have been measured from the change in the reflection peak
wavelengths in the centrifugal equilibrium.

5. Structural Relaxation Time

Structural relaxation time (1) of colloidal crystal was observed, for the first time, by
the spectrophotometric and conductance stopped-flow techniquesfor thedeionized spheres
(35to 2950 nm in diameter) (OKUBO, 19974, b). Two kinds of T values, fast (1;) and slow
steps, are observed. The former is given by the simple relation:
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T = nlG,

where n is the viscosity and G denotes the rigidity of latex suspension. The 7; values
decreased as sphere concentration increased. Theoretical valuesfor t;, cal culated using the
translational diffusion constants of the spheres evaluated by the Einstein-Stokes equation,
agreed nicely with the observed t1; values. Theresults support strongly that the el ectrostatic
intersphere repulsion is essential to explain the dynamic properties of colloidal crystal.

6. Melting Temperature and Refractive Index

The melting temperature, T,,, of colloidal crystals has been measured by the reflection
spectroscopy as a function of sphere concentration. T,, increased substantially as the
deionization process of the suspension proceeded. The most reliable valuesof T,,, observed
for the completely deionized suspensions are successfully analyzed with the theory of
Williams et al. (WiLLIAMS et al., 1976; OKkuBO, 1991, 1992b), and values of the heat and
entropy of melting were obtained. T,,, values are consistent with the theory of Robbins et
al., whichtreatstherepulsive Y ukawapotential between colloidal spheres(RoBBINSet al.,
1988). Refractive indices of colloidal crystals and liquids were measured using a laser
differential refractometer (OkuBo, 1990c).

7. Static and Dynamic Light-Scattering

Static (SLS) and dynamic light-scattering (DLS) measurements were made for
colloidal crystals, liquids and gases in the exhaustively deionized suspension (OKUBO et
al., 1995, 1996; OkuBo and KIRIYAMA, 1997; OKkuBO, 1997c).

Figure 2 showsthe typical examples of SLSintensity, I(q) and the effective diffusion
coefficients, Dy from DLS measurements as a function of a scattering vector, g. Circles
and crosses indicate the data for the suspensions with and without resins coexisted. The
suspensions are crystal and liquid, respectively. Surprisingly, very sharp peaks appeared
for the crystals. The measurements have been made at intervals of half the degree!
However, thisinterval was not always narrow enough for the determination of the reliable
values of peak scattering vector, g,,. The nearest-neighbored interparticle distances of
colloidal crystals and liquids estimated from the peaks in the structure factor §q) curves,
| ns @greed excellently with the effective diameters of spheres (dy;) including the electrical
double layers in the effective soft-sphere model and also with the mean intersphere
distances, |, calculated from the sphere concentration (I,ps = dets = 1g). Three and two
dynamic processes have been extracted separately from time profiles of autocorrelation
function of colloidal crystalsand liquids, respectively. Decay curves of colloidal gasesare
characterized by asingle translational diffusion coefficient, D,. D, of the gasesis always
lower than the calculation from the Stokes-Einstein equation with the true diameter of
spheres, and increasesasionic concentrationincreases. Theseexperimental resultsemphasize
the important role of the expanded electrical double layers on the diffusive properties for
colloidal crystals, liquids and gases.
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Fig. 2. Scattering intensity and diffusion coefficient asafunction of scattering vector at 24°C, @= 0.0049, with
resins for 7 days (O), without resins (x) (taken from OkuBO et al., 1996).
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8. Electro-Optics of Colloidal Crystals

Electro-optic effects such as Pockels and Kerr effects, where the change of refractive
index of substances is induced by an applied electric field, have been extensively
investigated recently. We studied a new-type of electro-optic device using the colloidal
crystal systems(OKuUBO, 1997c, 1999; STOIMENOVA and OKUBO, 1995, 1999; STOIMENOVA
et al., 1996). Since colloidal spheres are charged negatively and the expanded electrical
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Fig. 3. Electric light-scattering measurements of colloidal crystals of silica spheres (103 nm in diameter) at
25°C.f=5.5Hz, E=40V, ¢=0.007 (taken from OKUBO et al., 1996).
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double layers of the spheres are very soft, crystal lattice changes easily by the external
electric fields (sine- and square-wave). The changes of the lattice spacing results in the
electro-optic effects, because the Bragg distance is just in the range of light wavelength.
We clarified several kinds of electro-optic effects using reflection spectroscopy. First, the
peak wavelength shifted to longer and shorter wavel engths depending on the polarity of the
electric fields. Second, waveforms in the intensity of the reflected light showed a
significant phase differencefrom the applied field. Thisdifferencewassignificant for high
field strengthsand/or low frequencies. Third, amplitudes(a. c. component) intheresponsive
waveformswere large for the high electric field and/or low frequencies. Fourth, even out-
side area from the electrodes in between, strong signals were observed. This support
strongly that the shear waves are induced by the applied electric field, like phonon. Fifth,
harmonics especially the second-order harmonicswas observed in high frequency and low
electric field strength. Sixth, the standing waves and the characteristic frequencies were
observed for colloidal crystal (STOIMENOVA et al., 1996). Seventh, the resonance effect
remained even after the applied a. c. field was off. Figure 3 demonstrates the effect
measured by the electric light-scattering technique (STOIMENOVA et al., 1996).

(arbitrary)

960 980 1000 1020
Wavelength ~ (nm)
Fig. 4. Reflection spectrainthe courseof crystallization of colloidal silicaspheres(110 nmindiameter) at 24°C,

¢@=0.00179, 17 days after suspension preparation with the resins. Curve 1: 5 s after mixing; 2: 15 s; 3: 20
s; 4: 25 s; 5: 600 s (taken from OkuBO and OKADA, 1997).
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Fig. 5. Rate coefficients of colloidal crystallization plotted as a function of 1/¢for silica spheres (110 nmin
diameter) at 0G (O) and 1G (x) at 25°C, for fcc lattice (taken from OkuBo and ISHIKI, 1999).

9. Nucleation and Crystal Growth Processes

Colloidal crystallization hasbeen analyzed from DL S measurements, from sharpening
in the reflection peak, and from increase in the reflection peak intensity (OkuBo, 1997c;
OkuBo and OKADA, 1997; OkuBO et al., 1997). Typical reflection spectrain the course of
crystallization are shown in Fig. 4. The induction periods were observed. During the
induction periodsthe nucleation processisin progress. Kineticsof colloidal crystallization
was the same as that of the classical diffusive crystallization theory including nucleation
and crystal growth processes. The nucleation rates of colloidal crystallization were
measured. The crystal growth rate of acrystal, vis given by:

V=V, -V, @/p

where v, @, and @are the maximum crystallization rate, critical sphere concentration of
melting in volume fraction and sphere concentration, respectively. Kinetic analyses of
colloidal crystallization in a sinusoidal electric field have been discussed by reflection
spectroscopy (OkuBO and IsHIKI, 1999, 2000).

10. Colloidal Crystallization in Microgravity

Gravitational field is strong enough to change the structural and dynamic properties
of colloidal crystals, including colloidal crystallization rates. The authors studied the
colloidal crystallizationinamicrogravity achieved by the parabolic flights of ajet-aircraft.
The stopped-flow cell system used for the reflection spectrum measurements.
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Fig. 6. Rate coefficient ratios (kys/k, ) Of colloidal alloy crystallization as afunction of sphere volume fraction
() in the polystyrene spheres (109 nm in diameter) + silica spheres (110 nm) at 25°C, total sphere
concentration = 0.005 (taken from OKUBO et al., 2000).

The growth rates of crystallization decreased by 25% in microgravity compared with
normal gravity as shown by Fig. 5 (OkuBo et al., 1999; TSUCHIDA et al., 2000). One of the
main causes for the retardation in microgravity is elimination of the downward diffusion
of spheres, which enhances the inter-sphere collisions. No convection of the suspensions
in microgravity was also or much more important than the elimination effect. The rates of
colloidal alloy crystallization with the binary mixtures of different size or densities of
spheres increased substantially in microgravity up to about 1.7 fold as shown in Fig. 6
(OkuBO et al., 2000). The segregation effect is important in normal gravity for binary
mixtures of colloid and powder science, i.e., large (or light) spheres are segregated upward
and small (or heavy) ones downward. In microgravity such segregation should disappear
and the homogeneous mixing should take place favorably, which leads fast alloy
crystallization. It should be mentioned here that colloidal crystallization takes place by the
packing model, i.e., alloy structure is determined by the condition whether the maximum
packing density is achieved or not for a given ratio of the sphere sizes including
surrounding electrical double layers.
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