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Nucleation and growth processes

in the colloidal crystallization of silica spheres
in the presence of sodium chloride

as studied by reflection spectroscopy

Abstract Time-resolved reflection
spectroscopic measurements are
made for the kinetic analyses of the
nucleation and growth processes of
soft-type colloidal crystals of silica
spheres (110 nm in diameter) in the
presence of sodium chloride. Fast-
scanning reflection spectra are taken
using a continuous circulating-type
stopped-flow cell system. The cell
system is composed of a peristaltic
pump and a quartz flow cell, which
are connected with a PharMed tube
in a closed circuit. The volume
fraction of the spheres is 0.028.
Induction periods range from 0.2 to
1.3 s and increase as salt concentra-
tion increases. Nucleation rates are
1 x 10* to 7 x 10* spheres/mm?’s

anddecrease as salt concentration
increases. The crystallization process
has been observed from the sharp-
ening and the increase in intensity of
the reflection peaks. The crystal
growth rate in the absence of salt is
23 um/s, and decreases as salt con-
centration increases. The importance
of electrostatic intersphere repulsion
through the electrical double layers
and the cooperative and synchro-
nous fluctuation of colloidal spheres
in the crystallization processes is
supported.
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Introduction

Keen attention has been paid to the structural and
dynamic properties of colloidal crystals [1-13]. Suspen-
sions showing crystal-like structures are ideal for model
studies of crystals. Furthermore, crystallization or
melting phase transition phenomena occur sharply.
The mechanism of colloidal crystal growth has been
studied by several researchers hitherto for the two
groups of colloidal crystals, i.e., diluted and deionized
aqueous suspensions (“‘soft” crystal) [14-20] and con-
centrated suspensions in refractive-index-matched or-
ganic solvents (‘““hard” crystal) [21-29]. We must pay
great attention to the complete deionization of the
suspension especially for aqueous systems. The critical
sphere concentration of melting is quite sensitive to the
degree of deionization and increases sharply for suspen-

sions contaminated with ionic impurities. When the
sample suspensions are deionized with resins for more
than 3 weeks, the critical concentration of melting
becomes quite low and ranges from 0.0001 to 0.0003 as
we have reported recently [30].

We have observed the crystallization processes of
colloidal crystallization in exhaustively deionized and
highly diluted aqueous suspensions from the sharpening
of the reflection peak in the reflection spectra [15, 19].
The crystallization process was unexpectedly fast. In our
previous papers [31-33], we studied colloidal crystalli-
zation kinetically in deionized suspensions and in
organic solvents by reflection spectroscopy and dynamic
light-scattering techniques. Quite recently a kinetic study
on colloidal crystallization has been made in microgra-
vity and the elongation of the induction periods
corresponding to nucleation times and the lowering of
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crystal growth rates have been observed [34]. In this
report, colloidal crystallization kinetics has been studied
for salt-containing dispersions using a cell system
composed of a peristaltic pump and a quartz flow cell
connected with a PharMed tube in a closed circuit. The
effects of salt on the spectroscopic properties [35-38],
phase diagrams [39] and other physico-chemical prop-
erties [40-51] have been studied previously.

Experimental
Materials

Colloidal silica spheres (CS-91) were a gift from Catalyst
& Chemicals Ind. (Tokyo). The diameter (d,), the
standard deviation (0) from the mean diameter, and
the polydispersity index (J/dy) were 110 nm, 4.5 nm, and
0.041, respectively. The values of dy and o6 were
determined by electron microscopy. The charge density
of the spheres was determined to be 0.48 uC/cm?® for
strongly acidic groups by conductometric titration with
a Horiba model DS-14 conductivity meter. The sphere
sample was carefully purified several times using an
ultrafiltration cell (model 202, membrane: Diaflo-
XM300, Amicon). Then the sample was treated on a
mixed bed of cation- and anion-exchange resins [Bio-
Rad, AG501-X8(D), 20-50 mesh] for more than 2 years
before use, since newly produced silica spheres always
released a considerable amount of alkali ions from the
sphere surfaces for a long time. The water used for
purification and for suspension preparation was purified
by a Milli-Q reagent grade system (Milli-ROS5 plus and
Milli-Q plus, Millipore, Bedford, Mass).

Reflection spectroscopy

The cell system for the reflection spectrum measure-
ments consists of a quartz observation cell
(40 x 10 x 2 mm), a column of cation- and anion-
exchange resins (Bio-Rad), and a peristaltic pump
(Masterflex 7524-10, Illinois). The pump pumps the
colloidal suspensions to the observation flow cell. The
flow rate was 9 ml/min before the start of the measure-
ment. A light beam from a halogen lamp (Hayashi LA-
150SX, Tokyo) hits the cell wall using a Y-type optical
fiber cable and the reflected light is measured on a
photo-multichannel analyzer system (PMA-50, Hama-
matsu Photonics, Hamamatsu). Spectra (100-250) were
taken in scanning times from 5 s to 8 min. Experimental
errors in the measurements are estimated to be rather
large at 10%. This is due to the fact that the
concentration of sodium chloride in the observation
cell6system was kept extremely low, of the order of
107" M.

The size of the colloidal single crystals from homo-
geneous nucleation, L, may be estimated by Scherrer’s
equation from the half-width of the reflection spectra
[52-54]:

LonAg™' | (1)

where n is the number of the order in the Bragg
equation, ¢ is the scattering vector, and Ag denotes
q1 — ¢s, with ¢ and ¢ referring to the largest and
smallest wavelengths corresponding to the half-width of
the reflection peak. It should be noted here that Eq. (1) is
derivable by assuming a powder-like random distri-
bution of a large number of colloidal crystals in the
reflection volume. However, this assumption is difficult
to accept for colloidal crystals, since the most dense
planes of the colloidal single crystals tend to orient
parallel to the cell plane.

On the other hand, the peak intensity, I, of the
reflection spectra is approximated by Eq. (2) [54],

1 o¢ NepyseL? o< I, (2)

where N is the number of single crystals in the
reflecting volume, which is directly proportional to the
number concentration of crystals in the final stages of
the crystallization process, being equal to the total
number of nuclei which were formed in the whole course
of crystallization.

Results and discussion
Time-resolved reflection spectra

Typical reflection spectra in the course of crystallization
are shown in Fig. | in the presence of sodium chloride
(5 x 107° M) at a volume fraction ¢ = 0.028. The spectra
were taken every 500 ms. The reflection peak became
sharp with time in the course of crystallization, and this
corresponds to an increase in crystal size. The back-
ground intensity decreased slightly in the course of
crystallization, though this is not clear in Fig. 1. This
decrease is ascribed to the decrease in the multiple
scattering of the suspension. The reflection spectra
sharpened further and their intensities increased when
the measurements were made for long periods (470 s).

An example of the time dependencies of the peak
wavelengths (/) is shown in Fig. 2. A short period after
stopping the suspension flow the broad peak appeared
first in a higher wavelength region. The peaks then
sharpened and their wavelengths decreased. This sup-
ports the fact that metastable and expanded structures
are formed first and then the crystals become more
stable and more dense.

Figure 3 shows the A, values as a function of salt
concentration. Though the experimental errors were
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Fig. 1 Reflection spectra in the course of crystallization of CS-91
spheres in the presence of sodium chloride at 25 °C. Volume fraction
¢ =0.028, [NaCl] = 5 x 107 M. Curve I: 0 s after stopping the flow,
2:05s,3:158,4:155s,525s,6:25s,7:35s,8:45s

730 T

(nm)

720 — —

Ap

710 — —

? )

Fig. 2 Peak wavelengths in the course of colloidal crystallization of
CS-91 spheres in the presence of sodium chloride at 25 °C. ¢ =0.028,
[NaCl]=5x 10°* M

rather large, the peak wavelength decreased as the
concentration of sodium chloride increased. This ten-
dency is explained by the salt effect of thinning the
electrical double layers surrounding the colloidal
spheres. The region where simple ions distribute is
called the electrical double layer. The thickness of the
electrical double layer is approximated by the Debye
screening length, /py given by Eq. (3).

Ipy = (4ne*n/ckgT) ™'/ 3)

where, ¢ is the electronic charge and ¢ is the dielectric
constant of the solvent. n is the concentration of
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Fig. 3 Equilibrium peak wavelengths in the course of crystallization
of CS-91 spheres at 25 °C. ¢ =0.028, [NaCl]=5 x 107 M

“diffusible” or “free-state” cations and anions in
suspension. Thus, 7 is the sum of the concentration of
diffusible counterions (n.), foreign salt (ng), and both
H" and OH™ from the dissociation of water (n,), i.e.
n=n;, + ny, + n,. In this work n, was taken to be
2x 1077 (mol/l) x Ny x 107 cm™, where N, is Avo-
gadro’s number. In order to estimate r., the fraction of
free counterions () must be known. Values of § have
been determined for many kinds of colloidal spheres of
various sizes and charge densities [55-58]. The total
stoichiometric number of charges on a sphere is the
only factor needed to determine f5. § for CS91 spheres
was estimated to be 0.1. The estimated /py values were
153 nm, 125 nm, and 108 nm for the colloidal crystals
containing 0 uM, 2 uM, and 4 uM sodium chloride,
respectively. The effective diameters, l.g=dy, + 2/py,
of CS91 spheres are estimated to be 417 nm, 359 nm,
and 326 nm, respectively. On the other hand, the mean
nearest neighbor intersphere distance, /[y, is 328 nm
irrespective of salt concentration. Following the effec-
tive soft-sphere model, when Iy > [y, crystal-like
ordering should occur. Comparing the [ values with
ly, the relation Il > [y always holds, though /.
decreases as the salt concentration increases. It should
be noted that the relationship between /A, and the
nearest neighbor intersphere distance observed, /, is
given by Eq. (4) [35].

I =0.45957,, (4)

Thus, our calculation supports the validity of the idea
of the effective soft-sphere model and also the
tendency of A, to decrease with increasing salt
concentration.

An example trace of the intensities of the reflection
peaks in the course of colloidal crystallization is shown
in Fig. 4: the S-shaped characteristic is clear. A short
induction period (#;) was also observed in the salt-
containing system. These features are the same as those
of the deionized systems.

at 25 °C in water
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Fig. 4 Reflection peak intensities in the course of colloidal crystal-
lization of CS-91 spheres in the presence of sodium chloride at 25 °C
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Fig. 5 Induction periods in the colloidal crystallization of CS-91
spheres at 25 °C. ¢ =0.028

Nucleation process

Figure 5 shows the induction time () observed in this
work. £ ranged from 0.2 to 1.3 s and increased as the
concentration of sodium chloride increased.

Most kinetic measurements on colloidal crystalliza-
tion, including this work, have observed an induction
period, after which crystal growth started especially in
dilute suspensions. This observation suggests that the
kinetics of colloidal crystallization is explainable by
classical diffusive crystallization theory including nucle-
ation and crystal growth processes.

The number of nuclei that germinate per unit time,
the nucleation rate, v,, is given by

Uy = Np/ti (5)

where N, is the total number of nuclei which are formed
during the nucleation process and #; is the induction
period. Here, we assume that the number of nuclei
equals the number of single crystals formed. The number
of sphere particles per mean size of single crystal, N, for
a cubic lattice is given by

Ne =203 /P | (6)

where L and / are the mean size of single crystals formed
and the closest intersphere distance, respectively. The
total number of colloidal spheres (Nt) in a unit volume
is ¢/[(4/3)n(dy/2)’]. Then vy is given by Eq. (7)

vn = N1 /Neti = $1 /[(4v/2/3)n(do/2)* L] . (7)
The [ value is given by Eq. (8)
1 =0.904dy¢p~'/3 . (8)

The mean size of single crystals formed was estimated by
close-up photographs to be 40 um irrespective of salt
concentration. v, values were thus estimated to be
69 000, 59 000, 57 000, and 12 000 spheres/mm3s at
[NaCl]=0, 0.5, 2, and 5 uM, respectively. Though the
experimental errors were rather large, v, decreased as
the salt concentration increased. The electrostatic inter-
sphere repulsion must decrease when salt is added in
suspension. The apparent attraction between spheres,
which is induced by the difference between the repulsive
forces in the nuclei and liquid regions as will be
discussed later, should then decrease. Thus, a decrease
in nucleation rate should result.

It should be mentioned here that the size of single
crystals is polydisperse as has been observed previously
[35]. Therefore, the clear-cut separation of the nucle-
ation step from the crystallization process will be
difficult, and the nucleation reaction may remain even
in the crystal growth period. It should also be mentioned
that Ostwald ripening of the crystals, i.e., further growth
of large crystals and disappearance of small ones, was
not observed for our colloidal crystallization systems.

Crystal growth process

The crystal sizes determined from the half-width method
using Eq. (1) are shown in Fig. 6 as a function of time.
Clearly, after the induction period crystal size increased
linearly at the beginning of the crystal growth process.
The crystal growth rate was evaluated from the slope.
Figure 7 shows a typical example of the cube root of the
reflection peak intensities given in Fig. 4 against time
plots. Crystal sizes were also estimated using Eq. (2) and
the final average size of the single crystals formed.

According to Wilson [59] and Frenkel [60], the crystal
growth rate of a crystal, v, is given by

v = [l — exp(~Au/kT)] - 9)

Here, Ap is the chemical potential difference between the
crystal and liquid phases and is given by Eq. (10)

A:u = Heryst — Miig - (10)
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Fig. 6 Crystal size estimated from the half-width method in the
course of crystallization of CS-91 spheres at 25°C. ¢=0.028,
[NaCl]=5x 10°* M
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Fig. 7 Cube roots of the reflection intensity in the course of
crystallization of CS-91 spheres at 25°C. ¢=0.028, [NaCl]=
5x10°M

Ap >0 means that crystallization will proceed. We
should note that Eq. (11) holds [61].

A:u/kBT: ln(d)/(bc) =0, (11>

where ¢ is the relative super-saturation given by
(¢ — ¢.)/¢.. From Egs. (9) and (11), Eq. (12) is derived

v = Ux[l —exp(—0a)] , (12)

Equation (12) is further simplified as
D= Voo — Voo e/ - (13)

Figure 8 shows the salt effect on the crystal growth
rates evaluated from the half-width and the cube root
methods. Clearly, the rates decreased as the concentra-
tion of sodium chloride increased. The main causes for
the retardation effect by the salt is ascribed to the
thinning of the electrical double layers and the decrease

30— =

>
B
3
20— 0 -
> (@]
X e}
100 X X .
(o]
| \
0 2 4 6
10° [NaCl] ™)

Fig. 8 Crystal growth rates, v, as a function of reciprocal sphere
concentration estimated from the half-width (O) and peak intensity
methods (X) at 25 °C. ¢=0.028

of electrostatic intersphere repulsive forces. The impor-
tance of the thinning effect of the electrical double layers
is, therefore, clear for the experimental results for the
decrease in the nucleation and crystal growth processes
as discussed in the previous section.

Importance of intersphere repulsion
and the synchronous fluctuation
of colloidal spheres in crystallization

The critical concentration of melting (¢.) of the colloidal
crystals in the exhaustively deionized state is very low
(volume fraction around 0.0002 in most cases) as
described in the Introduction. However, the effective
concentration of spheres including the expanded electri-
cal double layers is substantially higher even close to a
volume fraction of 0.74 corresponding to close packing.
Each sphere in the colloidal crystals interacts very
strongly and furthermore in a cooperative manner
through the electrical double layers by electrostatic
repulsion. Recently, Schatzel and Ackerson [27] pro-
posed the importance of the dynamic phase transition by
density fluctuation in colloidal crystallization. It should
be noted that the synchronous fluctuation of colloidal
spheres in the crystal cages plays an important role in
colloidal crystallization. The importance of the dynamic
phase transition has been reported for other crystals
such as metals [62] and polymers [63].

Many researchers including Hachisu et al. have
clarified the importance of the electrostatic repulsive
forces between spheres in colloidal crystal systems [64,
65]. The intersphere repulsion should also exist in the
course of crystallization including nucleation and
growth. The electric double layers for the colloidal
crystals are more expanded compared with those of
colloidal liquids [37, 66]. This situation means that the
microscopic intersphere repulsion forces in the colloidal
crystals are weak though very slightly compared with
those of colloidal liquids. Therefore, there should be an
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“apparent” intersphere “attraction” in the course of the
nucleation and growth processes in the phase transition
from liquids to crystals. In other words, the slight
difference in the repulsive forces in the crystals and the
liquids leads to apparent attraction between spheres in
the nucleus regions. This apparent attraction in colloidal
crystallization processes must be one of the main reasons
why the kinetic and morphological properties of colloi-
dal crystals are so similar to those of other crystal
systems such as metals, protein crystals, and minerals.
Among the many crystal systems, crystallization of fused
metals will be one of the best systems to mimic colloidal

crystals. It should also be mentioned that only inter-
sphere repulsion exists in the course of colloidal
crystallization, and there are actually never any attrac-
tive forces. The authors believe strongly that the origin
of the synchronous fluctuation of colloidal spheres in the
course and/or in the completed crystallization is the
repulsive interaction itself.
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