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Abstract Rate coefficients (k) in the
colloidal crystallization of monodi-
spersed silica spheres in the presence
of sodium chloride are studied in
microgravity achieved by parabolic
flights of an aircraft. Time-resolved
reflection spectroscopy is made with
a continuous circulating-type
stopped-flow cell system. The k
values decrease as the salt concen-
tration increases both at 0 and 1 G
and those in microgravity are
smaller than those in normal gravity
by 16% (maximum), especially in
water and in the presence of a small
amount of the salt lower than

2 x 107° mol/l. The rates in flight at

1 G are larger by 15% (maximum)
compared with those at 1 G on the
ground. The k values obtained at
0 G, 1 G in flight and 1 G on the
ground agree excellently with each
other for the suspensions with

3 x 107% and 4 x 107° mol/l sodium
chloride. Disappearance of the
downward diffusion of spheres and
no convection of the suspensions
are important for retardation in
microgravity.
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Introduction

The effect of microgravity on the physicochemical
properties of most colloidal dispersion systems has not
been discussed in detail hitherto. However, we should
note that the gravitational effect is significant for the
translational diffusion of colloidal particles larger than
0.1 um and with a density difference of the particles
against solvent (Ap) greater than 0.1. The Peclet number
(Pe) which is the ratio of the time of sedimentation of a
sphere in gravity against that of translational Brownian
diffusion, is one of the convenient parameters for
determining the gravitational effect compared with
Brownian diffusion [1-4].

Pe=rS/D, = (4mr*Apg)/(3ksT) , (1)

where r is the sphere radius, S and D; the sedimentation
and translational diffusion coefficients, g the gravita-
tional acceleration, kg the Boltzmann constant and 7 the

absolute temperature, respectively. When Ap values
are taken to be 0.1 and 1, for example, Pe values are
evaluated to be 107 (+ = 10 nm), 10™* (100 nm), 1
(1 pym), 10* (10 gm), and 107 (10 nm), 10~ (100 nm),
10 (1 um), 10° (10 um), respectively.

Microgravity has been achieved by several methods,
i.e., the free-fall experiments of a capsule through an
evacuated tube (time duration 3-10 s, quality of micro-
gravity about 107°-107* G), the parabolic flight of an
aircraft (20-30 s, about 0.01 G), shooting a rocket (10—
20 min, about 107 G), space shuttle flight (several days,
about 107> G) and space station experiments scheduled
in the near future (several years, about 107> G).

Some researchers have studied thermodynamics and
kinetics properties of colloidal dispersions in microgra-
vity [5]. Vanderhoff et al. [6] have succeeded in preparing
monodispersed polystyrene spheres 5—-18 pm in diameter
with narrower particle size distributions in microgravity
than those prepared in normal gravity. A series of
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polyacrylamide gels has been synthesized in microgravity
[7]. Quite recently Zhu et al. [8] reported the microgravity
effect on the morphology of colloidal crystals using the
space shuttle Columbia. Our group has made several
microgravity experiments on colloidal dispersion sys-
tems, such as colloidal crystallization kinetics of single-
and two-component spheres in exhaustively deionized
aqueous suspensions [9-12], polymerization Kkinetics
of the colloidal silica spheres formed [13], syntheses of
nylon vesicles and the rotational relaxation times of
anisotropic-shaped particles of tungstic acid colloids [14].

As far as we know, the sedimentation effect for
colloidal crystals in normal gravity was first discussed
quantitatively by Crandall and Williams [15] and later
by Furusawa and Tomotsu [16]. We have studied
microscopic and spectroscopic features of colloidal
gases, liquids and crystals in sedimentation equilibrium
[17-22]. Furthermore, sedimentation and diffusion equi-
libria of colloidal gases and crystals have been studied
[23, 24]. The elastic moduli of colloidal crystals are very
low, of the order of 1072-10° Pa, compared with those of
metals, 10'° (lead)-10"% Pa [15, 16, 18, 25, 26]. Thus, the
colloidal structure is distorted easily and even broken by
external fields such as a shearing force, an electric field,
an elevated pressure, a centrifugal field and even gravity.

Recently, we reported several kinetics studies on
colloidal crystallization in normal gravity by reflection
spectroscopy and also static and dynamic light scattering
measurements [25, 27-29]. Nucleation and crystal growth
processes have been analyzed using classical diffusion
theories. The nucleation rates increased sharply from
107 to 10° um™> s™! when the sphere concentration of
colloidal silica of 110-nm diameter increased from a
volume fraction, ¢, of 0.0005 to 0.0026, for example.
First and second crystal growth processes were analyzed.
The former rate was predominant at low sphere
concentrations and increased first and then decreased
after passing the maximum as the sphere concentration
increased. The latter step was significant at high sphere
concentrations and was attributed to the reorientation
of colloidal crystals formed in the first step toward the
more stable ones. The rate decreased sharply as the
sphere concentration increased.

We have performed microgravity experiments on the
kinetics analyses of nucleation and growth processes
in the colloidal crystallization of silica spheres by the
parabolic flights of an aircraft [11]. The crystal growth
rates of face-centered cubic lattices decreased in microg-
ravity (0 G) by 25-30% compared with those in normal
gravity (1 G). One of the main reasons for the retarda-
tion was attributed to the fact that the downward
diffusion of spheres, which may enhance the intersphere
collision, disappears at 0 G. The crystal growth rates in
colloidal alloy crystallization of binary mixtures of
monodispersed polystyrene and/or silica spheres having
different sizes and/or densities were also studied in

microgravity [12]. Microgravity enhanced the crystalli-
zation rates substantially up to 1.7 times compared with
those at 1 G. The disappearance of the segregation effect
in microgravity was the main cause for the enhancement.

We must pay great attention to the fact that
physicochemical properties of colloidal crystals are
surprisingly sensitive to the ionic concentration of the
suspension. The critical sphere concentration of melting,
¢., for example, increased sharply as the ionic concen-
tration increased. The ¢. values of the colloidal
suspensions coexisting without resins, with resins for
several hours and with resins more than 3 weeks were
0.005, 0.001-0.002 and 0.0001-0.0003, respectively [30].
Furthermore, the nucleation and crystallization rates
were influenced substantially by the presence of sodium
chloride [31]. The induction periods ranged from 0.2 to
1.3 s and increased as the salt concentration increased,
which showed that the nucleation rates decreased as
salt concentration increased. Furthermore, the crystal
growth rate decreased as the salt concentration in-
creased. In this work the microgravity effect on the
colloidal nucleation and crystallization has been studied
mainly in the presence of sodium chloride.

Experimental

Materials

Monodispersed colloidal silica spheres of CS-82 were kindly
donated by Catalysts & Chemicals Ind. Co. (Tokyo). The diameter
(d), standard deviation (0) from the mean diameter, polydispersity
index (0/d) and specific gravity were 103 nm, 13.2 nm, 0.13, and 2.2,
respectively. d and ¢ were determined using an electron microscope
(JEM-2000FX, JEOL, Tokyo). The charge density of the strongly
acidic groups was 0.38 uC/cm?, which was determined by the
conductometric titration on an (Wayne—Kerr, Bognor Regis, UK)
autobalance precision bridge, model B331, mark II (Bognor
Regis, UK) [32]. These sphere samples were purified carefully
several times using an ultrafiltration cell (model 202, membrane:
Diaflo XM, Amicon Co., Lexington, Mass., USA) and further
treated with a mixed bed of cation- and anion-exchange resins
[AG501-X8 (D), 20-50 mesh, Bio-Rad] for more than 4 years. The
sample suspensions were set in the cell about 4 h before the
microgravity measurements and were circulated at a flow rate of
3 ml/min in a flow-type cell. The water used for the preparation of
the sample suspensions was obtained from a Milli-Q water system
(Milli-RO Plus and Milli-Q plus, Millipore, Bedford, Mass., USA).
All the experiments were performed in an air-conditioned room at a
temperature around 25 °C.

Reflection spectroscopy

The cell system used, which was almost the same as one reported
previously [11], consisted of a quartz observation cell
(40 x 10 x 2 mm) and a peristaltic pump (7524-10, Masterflex,
I11., USA) connected by a PharMed tube with low gas permeabil-
ity. A column of cation- and anion-exchange resins was used only
as a reservoir without resins in this work. The pump circulates
the colloidal suspension first to the reservoir column, then to the
observation cell and finally back to the pump. The flow rate was
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usually 3 ml/min to avoid sphere sedimentation as previously
described, and the rate was increased to 9 ml/min before the
measurements were taken. A light beam from a halogen lamp (LA-
150SX, Hayashi, Tokyo) hits the cell wall through an Y-type
optical fiber cable and the reflection spectra are taken on a
photonic multichannel analyzer (PMA-50, Hamamatsu Photonics,
Hamamatsu). When the colloidal suspension is passed into the
narrow observation cell, the crystals are melted away by the shear
flow. After stopping the flow, crystallization starts. The crystal
growth process was followed from the growth of the Bragg
reflection peaks. Within 20 s in microgravity 200 time-resolved
reflection spectra were taken. The measurements started 0.5 s
before the circulation of the colloidal suspension was stopped.
Close-up observation of the flow cell was also made with a charge-
coupled-device camera (EM-102T, Elmo, Nagoya).

A Mitsubishi MU-300-type jet aircraft was used for the
microgravity experiments. Three types of measurements were made
for each flight:

1. On the ground at 1 G in a plane before flight.
2. During flight at 1 G to the test area.
3. In microgravity (0 G) during parabolic flights.

Measurements 1 and 2 were made to obtain reference data at 1 G
and to examine the slight vibrational effects of the airplane to the
kinetics parameters, respectively.

Determination of the nucleation
and crystal growth rates

Most kinetics measurements on the colloidal crystallization at
comparatively high sphere concentrations including this work have
not observed an induction period, after which the crystal growth
starts [33]. Thus, the nucleation rates in the classical theory were
not obtained for this study. The size of the colloidal single crystals
from the homogeneous nucleation, L, is estimated from the
intensity of the reflection peak, 7 [34];

T o NepystL? o LP (2)

where Nepys is the number of single crystals in the reflecting
volume, which is directly proportional to the number concentration
of crystals in the final stage of the crystallization process, being
equal to the total number of nuclei formed in the whole course of
crystallization. Thus, the rates of crystallization, v, should be
evaluated from the slope in the time dependencies of the cube root
of the peak intensities [11]. However, preliminary analyses of the
data, where the cube roots of the intensities are plotted against
time, gave large uncertainties. Thus, the rate coefficient, k, was
introduced instead of v in this work. The k values were obtained as
the reciprocal period where the initial linear line in the peak
intensities intersects two horizontal lines, which are drawn at the
peak intensities at t = 0 and 17.5 s, giving initial and final times at
t = t; and tg, respectively, i.e., k = 1/(t; — ;). In this work, the ¢
values, which correspond to the induction times for the crystalli-
zation, were very close to zero as described previously.

Results and discussion

Colloidal crystallization of the soft-sphere system in
aqueous suspensions has been explained successfully
based on the effective soft-sphere model [18, 35-41].
Tonic groups on the colloidal surfaces leave their
counterions in the suspension and these excess charges
accumulate near the surface forming an electrical double
layer. The double layer consists of two regions: an inner

region composed of adsorbed counterions (the Helm-
holtz layer) and a diffuse region containing the remain-
der of the excess counterions (Gouy—Chapman layer).
The counterions in the diffuse region are distributed
according to a balance between their thermal motion
and the forces of electrical attraction with the colloidal
spheres. The thickness of the electrical double layer is
approximated by the Debye screening length, Dy,
Dy = (4ne’n/ckgT)'? | (3)
where e is the electronic charge and ¢ is the dielectric
constant of the solvent. n is the total concentration of
free-state cations and anions in suspension and is given
by n = n. + ny + n,, where n. is the concentration
(number of ions per cubic centimeter) of diffusible
counterions, 7 is the concentration of foreign salt and n,
is the concentration of both H" and OH™ from the
dissociation of water. In order to estimate . the fraction
of free counterions (ff) must be known, since many
counterions are bound tightly with the ions on the
colloidal surface. Note that the maximum values of D,
both observed and calculated, are very long, about 1 um
in water.

According to the effective soft-sphere model crystal-
like ordering of the single-component spheres is formed
when the effective diameter (d.;) of the spheres
including D, is close to or larger than the intersphere
distance (D), i.e., doy [= sphere diameter (d) + 2 X
D] = D. At ¢ = 0.04 of CS-82 spheres in this work,
d.gr values were calculated to be 383, 369, 357, 347, and
337nm at 0, 1 x 107%,2x 107%, 3 x 107, 4 x 107°, and
5x 107° mol/l sodium chloride in suspension, respec-
tively. Here, § was assumed to be 0.1. The d s values
were larger than the intersphere distance, 272 nm,
which was calculated assuming the sphere distribution
of a simple cubic lattice. This supports the validity
of the effective soft-sphere model. The validity of the
effective soft-sphere model has been supported by the
systematic comparison of the d.q and D values hitherto
[18, 35-41].

Typical reflection spectra in the course of crystalliza-
tion of CS-82 spheres at ¢ = 0.04 and at a sodium
chloride concentration of 1x 107 mol/l in normal
gravity are shown in Fig. 1. The reflection peak assigned
to the primary Bragg reflection peak appeared at 603 nm.
The peak wavelength calculated from the sphere
concentration was 592 nm. As shown in the figure, the
background intensity decreased slightly in the course
of crystallization, which is ascribed to the fact that
the suspension becomes transparent due to the phase
transition to the crystal from the liquid.

The corresponding Bragg reflection spectra in
microgravity are shown in Fig. 2. The peak appeared
at 602 nm. The spectral patterns were quite similar to
each other in gravity and in microgravity.
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Fig. 1 Reflection spectra during the course of colloidal crystallization
of CS-82 spheres at 1 G on the ground at 25°C. ¢ = 0.04,
[NaCl] = 1 x 10° mol/l. Curve I: t = 0s, 2: 0.5s, 3: 1.55s, 4
54,5 108s,6:175s
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Fig. 2 Reflection spectra during the course of colloidal crystallization
of CS-82 spheresat 0 G at 25 °C. ¢ = 0.04,[NaCl] = 1 x 107 mol/l.
Curve I:'t = 0s,2:05s,3:1.5s,4:545,5108s,6:17.5s

The time dependencies of the peak wavelengths (4,)
are shown in Fig. 3. The 4, values at 0 and 1 G
remained constant over the course of crystallization
except for the sharp drop at the beginning of crystalli-
zation. Within a short period after stopping the
suspension flow the broad peak appeared first in a
higher wavelength region at about 620 nm. Then the
peak wavelengths decreased rapidly to about 600 nm.
This shift supports the fact that the metastable and
expanded structures are formed first and then the
crystals become stabler and denser.

The change in the reflection peak intensities during
colloidal crystallization is shown in Fig. 4. As is clear
from the figure, there were two steps in the crystal
growth processes. The fast step was completed within
a few seconds of stopping the flow. The second one
showed a slow and linear increase in intensity. As
discussed in detail recently [33], the first and the second

(nm)

ﬂ'P

600 [—

t (s)

Fig. 3 Time dependence of reflection peak wavelength during the
course of colloidal crystallization of CS-82 spheres at 25 °C.
¢ = 0.04, [NaCl] = 1 x 10°°mol/l, 0 G (solid curve)) 1 G on
the ground (broken curve)
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Fig. 4 Reflection intensities during the course of colloidal crystalliza-
tion of CS-82 spheres at 0 G (solid curve), 1 G on the ground (broken
curve) at 25 °C. ¢ = 0.04, [NaCl] = 1 x 107° mol/l

processes have been assigned to the crystal growth
step toward metastable crystals and their reorientation
toward stable ones matched with the neighboring
crystals and the cell wall, respectively. The second
process has often been observed for suspensions of
comparatively high sphere concentrations. It should be
noted here that in microgravity (solid curve in Fig. 4),
the peak intensities decreased abruptly at about
t = 18 s. This is due to the sharp decrease in the
strength of the light source when the microgravity
disappeared. Transfer of the heat generated from the
lamp surface by convection occurs suddenly at 1 G and
the temperature of the lamp drops. As is clear from these
curves, no significant difference in the time profile of the
peak intensity is observed between normal gravity and
microgravity. This suggests that the crystallization
mechanism does not change between 0 and 1 G. It
should be noted that the nucleation period was not
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Fig. 5 Apparent growth rates in the colloidal crystallization of CS-82
spheres as a function of NaCl concentration at 25 °C. ¢ = 0.04,0 G
(O), 1 G on the ground (x), 1 G in flight (A)

observable in this work. This is because the sphere
concentration was so high, ¢ = 0.04, and the nucleation
period is estimated to be very short, within the
experimental errors.

All the data of the crystallization rate coefficient, &,
are compiled as a function of salt concentration in
Fig. 5. The large symbols show the average values of the
repeated experiments. Clearly, the crystallization rates
decreased as the salt concentration increased. The main
causes for the retardation are ascribed to the thinning of
the electrical double layers and the decrease in the
electrostatic intersphere repulsive forces as discussed in a
previous article [31].

It is interesting to note that the k values at 0 G shown
by open circles in the figure were smaller by 16%
(maximum) than those at 1 G (crosses) especially at low
salt concentrations. The main causes of the retardation
are the lack of additional downward translational
movement of spheres by gravity and no convection of
the suspension at 0 G [11].

The elastic moduli of colloidal crystals are so small
that a small shear is enough to melt the crystals. In this
work the kinetics effects of small vibrations which are
generated by the aircraft engines were examined. The
growth rates in flight were larger than those on the
ground by about 15%. In a previous article on a
deionized suspension [11], the rate coeflicients in flight at

(nm)

620 |-

o) wo

Nimad
o (o %0
B

* o0 |
< 600

580 | \ |
0 1 2 3 4

10°/NaClJ (mol/L)

Fig. 6 Final peak wavelength in the colloidal crystallization of CS-82
spheres as a function of NaCl concentration at 25 °C. ¢ = 0.04,0 G
(0), 1 G on the ground (x), 1 G in flight (A)

sphere concentrations higher than 0.003 were also larger
than those on the ground. The vibrations may enhance
the translational diffusion of the colloidal spheres, and
hence the crystallization rate increases. It should be
mentioned here that the rate coefficients in the presence
of concentrations of sodium chloride higher than
3 x 107 mol/l were quite insensitive to the gravitational
forces and also to the salt concentration itself. The latter
observation has been reported in previous work [31].

The final reflection peak wavelengths are plotted as a
function of salt concentration in Fig. 6. No effects of
microgravity and vibration were observed. Furthermore,
the A, values were insensitive to the salt concentration
or increased only slightly as the salt concentration
increased.
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