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The method of density matching between the solid and liquid phases is often adopted to
effectively eliminate the effect of sedimentation of suspensions on dynamic behavior of a
colloidal system. Experiments on crystallization of charged colloidal microspheres with diameter of 98 nm dispersed in density-matched and -unmatched media (mixtures of H2 O
and D2 O in proper proportion) are compared to examine the influence of sedimentation.
Reflection spectra of colloidal suspensions were used to monitor the crystallization process.
Results showed that the crystal size of the density-unmatched (namely, in the presence of
sedimentation) sample grew faster than that of the density-matched (in the absence of sedimentation) case at the initial stage of the crystallization, and then the latter overtook and
outstripped the former. To explain these observations, we assume that in the settling of
crystals sedimentation facilitates result in more particles getting into the crystal structures.
However, as the crystals increase to varying sizes, the settling velocities become large and
hydrodynamic friction strips off some particles from the delicate crystal structures. Overall,
the sedimentation appears to accelerate the crystal size growth initially and then retard the
growth. In addition, the crystal structures formed under microgravity were more closely
packed than that in normal gravity.
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early years, Crandall and Williams studied the elastic
deformation of colloidal crystal caused by sedimentation and determined the relevant Young’s modulus [16].
And then the influences of sedimentation on the crystallization of colloidal particles have been reported in
many publications [17−36], including the effects of sedimentation, convection and static pressure derived from
gravity on the crystal nucleation and growth, critical
phenomena, distortion and collapse of structures, the
spatial distribution of aerosols, etc. With the development of space technology, scientists and engineers have
been able to further deepen their understanding of some
interesting colloid behavior that might appear only under zero gravity conditions. This situation impels us
to conduct experiments on colloidal crystallization under a microgravity environment to eliminate the effect
of the sedimentation and convection. Among these efforts, microgravity experiments of hard sphere colloidal
crystals were performed on the Space Shuttle Columbia.
Experiments of colloidal crystal nucleation and growth
were also conducted at the International Space Station
[19−21]. Under short-term conditions of low gravity,
meanwhile, the effects of gravity on the charged colloidal crystal growth were also examined through a series of experiments using parabolic flight or sounding
rocket [22−25].
Concerning microgravity experiments, a spacecraft

I. INTRODUCTION

Colloidal crystal is an ordered array of colloidal particles with micron or submicron size. It is analogous to a
standard crystal formed by atoms or molecules but the
repeating subunits are several orders larger. Therefore
colloidal crystals have lately been of great interest to scientists and engineers because they can serve as a model
system for studying the behavior of atom crystals on a
much larger scale [1−15]. Besides, one also expects to
better understand how colloid structures grow and behave with the aim of learning how to control colloidal
crystal growth to improve the development of novel materials with extraordinary properties [4, 12−15], such
as photonic crystal, pressure sensitive sensor, and so
on. However, the elastic moduli of colloidal crystals are
extremely low and thus even very weak external fields
may distort the structure of colloidal crystals. Therefore, in ground-based experiments, sedimentation and
convection introduced by gravity may hinder us from
being able to gain physical insight into the detailed dynamics characterizing colloidal crystallization. In the
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in orbit can provide a long-term and relatively stable
microgravity environment, but this approach is very
costly. On the other hand, parabolic flight and sounding
rocket flight provide an economical solution to shortterm low gravity environments but the stability of soobtained low-gravity level is rather limited.
An inexpensive approach for minimizing the effect of
sedimentation of suspensions on the dynamic behavior
of a colloidal system is the density matching method.
In this method, the solvent density is adjusted to match
the density of particles so as to make the buoyancy cancel the gravitational force on particles. This method
was adopted to effectively eliminate the effect of sedimentation to study the dynamic behavior of colloidal
systems [37−40]. Besides, when the temperature gradient on the experimental sample is carefully restricted
to a small range, the convection in the sample can also
be effectively suppressed. In this case, an equivalent
microgravity condition can be achieved and its microgravity level is quite stable for a long duration. The
advantage of a stable low gravity makes it possible for
us to study the time evolution of the mean crystal size
for long-duration crystallization with reasonable accuracy.
Okubo et al. conducted a series of experiments for
the colloidal crystallization of silica spheres in a shortterm (about 20 s) low gravity environment created by
parabolic flight and found that rates of nucleation and
crystal growth decrease in microgravity [22−25]. In this
work, we present our long-term observations that the
sedimentation influence on the crystallization process
of charged colloidal particles using the density matching
method.
II. EXPERIMENTS
A. Materials

The negatively charged polystyrene (PS) particles
used in this work were synthesized by an emulsion polymerization method [41]. Thereafter, purification of the
spheres was performed by filtration and followed by repeated washing with fresh distilled water in the centrifugation process. The latex was stored with resin
(AG501-X8(D), Bio-Rad Laboratories, USA) for further use. The mean diameter and polydispersity of
the particles determined by dynamic light scattering are
98 nm and 5%, respectively. The analytical charge density is 6.9 µC/cm2 according to conductometric titration. The suspensions used in this study were prepared by carefully mixing the as-prepared latex with
a certain amount of pure water or heavy water, and
then the mixtures were sonicated for several minutes
to attain homogeneous ones. The densities of H2 O,
PS particles, and D2 O are approximately 1.00, 1.05,
and 1.10 g/cm3 respectively, at room temperature (25
◦
C). The density of a 50%H2 O plus 50%D2 O mixture
as the liquid phase was just matched to the density of
DOI:10.1088/1674-0068/25/03/318-324
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FIG. 1 Reflection spectra in the course of crystallization of
sample at 25 ◦ C, Φ=0.6.

the PS particles. Therefore when the PS particles are
dispersed in 50%H2 O plus 50%D2 O mixture, sedimentation should be stopped. In this work, PS suspensions
in the solvent mixture with different particle volume
fractions (Φ=0.4 and 0.6) were placed in crystallization
cell, then the density-matched (almost no sedimentation
takes place or equivalent to the microgravity condition)
and density-unmatched (equivalent to the normal gravity condition or under the normal gravity’s acceleration)
experiments of charged colloidal particles are compared
to examine the influence of sedimentation on the crystallization process.
B. Reflection spectroscopy

The experimental setup used in this work is the
same as that described in our previous works [42−44].
This system included a suspension circulation system that consisted mainly of a crystallization cell,
a reflection spectrometer, a circulating pump, an
ion-exchange chamber, and a conductivity measurement unit. A fiberoptic spectrometer (Avaspec-2048,
Avantes, Netherlands) with a tungsten halogen light
source (Avalight-HAL, Avantes, Netherlands) and a bifurcated fiber optic cable were used to scan the light
intensity reflected from the crystallization cell over a
certain wavelength range. Data including the distribution of reflection intensity vs. wavelength were recorded
at the rate of four spectra per second. The peak reflection intensity increased and the peaks became sharper
with time after the shear flow stopped. For a typical
example, see Fig.1.
C. Analysis of the reflection spectroscopy

As discussed in Ref.[24], considering the reflection
spectroscopy of the sample, the peak intensity of reflection spectra I, is related to the size of the colloidal
single crystals L, and the number of single crystals in
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FIG. 2 (A) Cube roots of the reflection intensity in the course of crystallization of samples. (B) An enlarged view of the
first 6 s portion of the plot in (A).

the reflecting volume Ncryst , which is directly proportional to the number concentration of crystals in the
final stage of crystallization process, being equal to the
total number of nuclei which were formed in the whole
course of crystallization. The relationship between I
and L can be expressed by the following equation:
I ∝ Ncryst L3 ∝ L3
L∝I

1/3

(1)
(2)

Therefore, the crystallization evolution can be estimated from a series of peak reflection intensities of the
tested sample in time sequence.
In this study, each experimental observation of the
colloidal crystallization lasted 1200 s. To reduce random uncertainty on results of experimental measurements, for each mixing formula of solvent media, five
different samples were tested and for each sample ten
independent observational runs of recrystallization process were performed to yield an average result. The associated experimental standard deviation is estimated
to be 5%.
III. RESULTS AND DISCUSSION

The relatively stable microgravity environment created by the density-matching method provides a favorable condition for studying the effect of the sedimentation on the colloidal crystallization process.
DOI:10.1088/1674-0068/25/03/318-324

In the following we will use g≈0 (denoting under the
microgravity condition) and g≈1 (under normal gravity condition), to represent the density-matched and unmatched cases, respectively.
The plot of the cube roots of peak reflection intensity
(namely, the relative size, L, of the crystals according to
Eq.(2)) for the density-matched (g≈0) and -unmatched
(g≈1) suspensions vs. time t during the crystallization
is given in Fig.2. We took t=0 at the moment when
the peristaltic pump was stopped. The rate of crystal
growth is the rate at which the linear dimension of crystallites increases [45]. Therefore, this rate can also be
estimated from the slope of the curve of the cube root
of the peak intensity vs. time.
In Fig.2, we used the cube roots of peak-reflection
intensity for the density-matched medium. Figure 2
shows that the colloidal crystal growth has two distinct
stages: an initial fast growth followed by a slow growth.
Figure 2(B) is an enlarged view of the first 6-s portion of
the plot in Fig.2(A). Since the particle source is limited,
we can see the pattern of fast crystal growth initially,
followed by slow growth, and a final stage where crystal
size approaches a constant value. The changing tendency of reflection peak intensities over time is similar
to that of colloidal crystallization of silica spheres [24].
Comparing the data points for g≈0 and g≈1 cases,
it is clearly shown that at the beginning, the crystal
size for g≈1 grows faster than that for g≈0. Then,
crystal size growth for the g≈0 case became faster and
finally overtook and outstripped that of the g≈1 case.
c
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Our observation that at the beginning of the crystallization, the crystal growth rate for the g≈1 case is larger
than that for the g≈0 case, which coincides with the
finding of colloidal crystallization with silica spheres in
parabolic flight experiments [24]. Meanwhile, during
the middle stage of crystallization, the higher crystal
growth rate for the g≈0 case was also observed in the
experiments with latex particles using sounding rocket
[23]. The difference is that with the same particles in
the same experiment, we found a two-fold effect of gravity: acceleration and retarding of crystal growth.
Our explanation for this phenomenon is that the sedimentation plays different roles in different stages of the
crystal growth process. The settling velocity is an important factor. From the balance between gravitational
force, buoyancy, and viscous drag, we can obtain the
settling velocity v of an assumed spherical crystal with
a radius R, which can be approximated by
v=

2∆ρgR2
9η

(3)

where ∆ρ is the difference in density between crystal
and liquid phases, g is gravity’s acceleration with the
actual value of about 9.8 m/s2 , and η is the viscosity of
water. So the settling velocity increases in proportion
to the squared value of the crystal radius.
At early stage of the crystallization sequence, as crystals are growing, large crystals settle faster and may
capture more particles underneath during sedimentation than that by diffusion alone (without sedimentation). When crystal sizes increase further, the settling velocities are also increasing and hydrodynamic
friction may cause some particles to fall off from the
crystal structures because particles in the colloidal crystal phase are only weakly bonded. Therefore, roughly
speaking, with reference to the physical picture associated with the observation, the role of sedimentation
varies in the crystallization course for the g≈1 case: as
the crystal grows in size, sedimentation starts to accelerate the crystal growth for a short period and then retards further growth of the crystal. On the other hand,
for the g≈0 case, crystal growth relies only on particles’
diffusion and the crystal sizes grow at a steadier pace.
The differences in the crystal growth rates obtained from the experiments with density-matched and
density-unmatched media is confirmed only by the sedimentation, not any other factor, the density-unmatched
experiments of the suspension with solvent mixture
of 5%H2 O+95%D2 O were also performed. According to Eq.(3) and the densities of H2 O, PS particles and D2 O, the settling speed of a particle in
100%H2 O should be equal to its floating up speed
in 100%D2 O. Therefore, compared with the densitymatched (in 50%H2 O+50%D2 O) experiments of crystal size vs. time, the two density-unmatched (namely,
in 100%H2 O and 100%D2 O, respectively) experiments
should basically show similar behavior. Since the PS
particles were originally dispersed in H2 O, we lacked an
DOI:10.1088/1674-0068/25/03/318-324
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efficient way to use D2 O to replace all H2 O in the final
dispersion. Therefore we used the suspension with solvent mixture of 5%H2 O+95%D2 O, instead of 100%D2 O
solvent. We suppose that this 5% shortage of D2 O
should not yield significant difference in the experimental result.
From Fig.2, we can see that 100%H2 O and 95%D2 O
do basically share similar behavior in comparison
with the density-matched case, 50%H2 O+50%D2 O.
However, the difference between 95%D2 O and
50%H2 O+50%D2 O seems to be too distinguishable.
Apparently, this difference can not be simply interpreted as the cause of using a solvent mixture of
5%H2 O+95%D2 O as a substitute for a 100%D2 O
solvent.
In Fig.2(B), it can be seen that at t=0.25 s the crystal size grown in 95%D2 O solvent is obviously smaller
than that in 100%H2 O solvent. We suppose that it is
because the viscosities (η) of water and heavy water
are different. The viscosity of a mixture composed of
5%H2 O+95%D2 O is about 1.21 times larger than that
of 100%H2 O at 25 ◦ C. In this case, according to Eq.(3),
the downward settling speed of a large crystal in water is greater than its upward floating speed in heavy
water. In this case, when large crystals settle in water, they may capture particles underneath them. The
numbers of particles they capture should be more than
that they capture above them when they are floating up
in heavy water. Therefore, we can see that at the early
stage of the crystallization sequence, the size of crystals
grown in water is larger than that in heavy water, as
shown at t=0.25 s in Fig.2(B).
On the other hand, as discussed earlier, at the late
stage of the crystallization, with the crystal size growing, faster moving crystals (larger) may lose more particles than slower ones do. Therefore, the size of crystals
grown in water is smaller than that in heavy water because crystals move faster and thus lose more particles
in water. This should explain why 5%H2 O+95%D2 O is
above 100%H2 O when t>2.5 s for Φ=0.4 and t>3 s for
Φ=0.6, as shown in Fig.2.
As an alternative to the method of the cube roots of
peak-reflection intensity of Eq.(2), the Scherrer equation [36] is also quite often to be used to estimate the
average crystallite size. In this case, the average size of
crystals L is calculated by the relationship:
2πk
∆q(t)
kλL λS
=m
2n(λL − λS )

L=

(4)

where ∆q(t) is full width at half-maximum of the peak,
k=1.155 is the Scherrer constant for a crystal of cubic
shape. In addition, m, λ and n represent the degree of
Bragg’s reflection, the spectral peak wavelength, the refractive index, respectively. λL and λS mean the larger
and the smaller wavelength at the half-width of the reflection peaks in Fig.1. The crystal sizes calculated from
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FIG. 3 (A) Time development of the average crystallite dimensions for samples. The size of crystals were evaluated using
the Sherrer’s method. (B) An enlarged view of the first 5 s portion of the plot in (A).

the half-width method using Eqs. (1) and (2) are shown
in Fig.3 as a function of time. The range of growing
crystals size is from 10 µm to 45 µm for sample Φ=0.4,
and from 12 µm to 57 µm for sample Φ=0.6. As can be
seen from Fig.3, all the samples show fast and significant
increase in the early stage. The crystal size increased
linearly at the beginning of the crystal growth process.
Then, the average crystal size grows more slowly during
the main crystallization process, and the later ripening
stage. In addition, it is shown in Fig.3 (A) and (B) that
L for g≈0 grows slower than that for g≈1 at the beginning. But it grows faster for the g≈0 case and surpasses
that of the g≈1 case within 1 s. This result is consistent
with that shown in Fig.2 that is calculated Eq.(2).
In this study, we did not attempt to evaluate the
nucleation rates by measuring the induction period of
the crystallization as described in Ref.[24] because a
higher suspension concentration was used due to the
limited degree of deionization of the solution. A short
induction period makes accurate measurement difficult.
However, it can be seen from Fig.2 that crystal growth
behavior presented in this work is consistent with that
of Ref.[24] after induction period.
The interparticle distance D0 of colloidal crystals can
be obtained from Bragg’s diffraction condition by measuring the reflection spectrum:
8
m λ = D0 2 (ns 2 − na 2 cos2 θ)
(5)
3
where m, λ, ns , na and θ represent the degree of
2 2
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Bragg’s reflection, the spectral peak wavelength, the
refractive index of the sample, the refractive index
of air and the Bragg reflection angle, respectively.
In our case, m=2, θ=90◦ , ns (100%H2 O)=1.3331 and
ns (50%H2 O+50%D2 O)=1.3305. An example of the
time dependencies of the interparticle distance D0 is
shown in Fig.4. After stopping the shear flow in the
sample cell, value of D0 dropped drastically first and
then gently approached a constant value with time.
This behavior supports the assumption that metastable and expanded structures are formed first in the
crystallization process and then the crystal structures
become more stable and more closely packed. Figure 4 also shows that the interparticle distances of the
density-matched and -unmatched samples were quite
similar at the very initial stage of crystallization. However, the interparticle distance for the g≈0 case, was
smaller than that for the g≈1 case in the later stage
of crystal growth process. This experimental observation suggests that crystal structures formed under microgravity were more closely packed than that in gravity.
IV. CONCLUSION

In this work, we made several efforts aimed at examining the influence of sedimentation due to gravity on
the crystallization of charged colloidal particles. First,
the density-matching method was adopted to eliminate
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FIG. 4 Change in the interparticle distances over the course of the crystallization of samples. (a) Φ=0.4 and (b) Φ=0.6.

sedimentation and reduce the temperature gradient on
experimental samples as much as possible. Through
this approach, we achieved an equivalent, long-lasting
microgravity condition.
We used the reflection spectra of colloidal suspensions to monitor crystal growth. Comparing the data
obtained from the density-matched experiments (g≈0)
with those from the density-unmatched ones (g≈1), the
influence of sedimentation on crystallization were analyzed and discussed. Our experiments showed that: (i)
sedimentation appeared to accelerate the crystal size
growth initially and then retard the growth; (ii) crystal
structures formed under microgravity were more closely
packed than that in normal gravity.
We also offered a preliminary explanation for the
above findings. It is sedimentation that causes the additional collisions of particles and aggregates, resulting
in the increase of crystal growth rate. When crystals
grow further, however, their settling velocities become
large and hydrodynamic friction strips off particles from
their delicate crystal structures.
To confirm what we found in the density-matched and
-unmatched experiments is able to represent the behavior of colloidal crystal growth under g≈0 and g≈1 condition, experiment with PS particles dispersed in heavy
water was performed. A similar phenomenon was also
observed for the latter case.
Finally, our experimental observation suggests that
crystal structures formed under microgravity were more
closely packed than that in gravity. It implies that the
stable environment of g≈0 (no settling motion) is more
favorable for crystals to form more compact structures.
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