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A B S T R A C T

We investigated the crystallization process of colloidal suspensions in capillary tubes with different curvature
radius. The evolution of structural parameters during crystallization such as crystallinity, average crystallites
size and number of crystallites were determined by the reflection spectrum combined with a specially developed
data-handling method. We found that the wall curvature has a significant effect on fluctuation, thus the stability
of the structural parameters during crystallization process, and with the decrease of the curvature, this effect
quickly weakens. In addition, our experiments showed the concentration has little influence on crystal stability.

1. Introduction

Homogeneous crystallization has been studied more widely than
heterogeneous crystallization although, in many cases, the latter not
only is inevitable to take place but also often plays a more dominant
role [1–5]. In fact, one can also use heterogeneous crystallization to
produce desired products. Up to now, how to understand and control
the heterogeneous crystallization process is still a challenging task. In
this respect, colloidal crystals have wide potential applications such as

photonic band gap materials [6–8], optical filters [9–11], sensors
[12–14] and also colloids are an excellent model system for atoms
[15–17], thus to get information from colloidal heterogeneous crys-
tallization has attracted one's attention. In general, heterogeneous nu-
cleation can be realized by seeds or container walls [18–22]. Among the
various factors affecting heterogeneous crystallization, the curvature of
walls may induce geometrical frustration and non-uniform stress in
crystals, hence the final crystals formed on curved walls may exhibit
unusual crystallization process and configuration [23,24].
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Sandomirski et al. [25] investigated the heterogeneous crystal-
lization of colloidal spheres near cylindrical and spherical seeds from
particle-level information obtained by confocal microscopy and com-
puter simulations, with cylinder radius up to 546 times particle radius
and sphere radius up to 1370 times particle radius. The results showed
that the crystallites growth rate increased with the decrease of curva-
ture, and curved walls of cylindrical and spherical seeds led to distor-
tions and accumulating elastic stress as the crystallites grow. Computer
simulations also showed that crystal growth on curved space has elastic
instabilities driven by curvature induced stress [26], and crystals grown
preferentially in regions of low curvature and the lattice frustration
produced in regions of high curvature for a wall with sinusoidal surface
[27]. In order to further understand the influence of curved walls on the
crystallization kinetics, it would be desirable to obtain the information
about how the relevant structural parameters evolve with time during
crystal growth.

In this study, we investigated the crystallization process in the
suspension of charged colloidal particles in tubes with different cur-
vature radius. The evolution of structural parameters including crys-
tallinity, average crystallites size and number of crystallites, etc. during
crystallization were monitored by a reflection spectrum combined with
a specially developed data-handling method in a non-invasive, real-
time and in-situ manner. Our observations showed that fluctuations of
these structural parameters increase with curvature during crystal-
lization but little dependence with concentration of suspensions.

2. Materials and methods

2.1. Materials

The negatively charged polystyrene particles with sulfonic groups
on their surface were purchased from Huge Biotechnology (Shanghai,
China). The received particles were purified and filtrated again by re-
peated washing with ultrapure water (UPRLC5DRO UPW system,
Relatec, China) in the centrifugation process, and then stored with ion-
exchange resin (Amberlite IRN-150, EMD Millipore Corporation,
Germany) for further deionization. The mean diameter and poly-
dispersity of the particles determined by dynamic light scattering
(Brookhaven Instruments Corporation, USA) are 85 nm and 4 %, re-
spectively. The sample suspensions (volume fraction: Φ=0.5 %, 1 %
and 2 %) were prepared by carefully mixing the as-prepared suspension
with a certain amount of ultrapure water. The densities of water and
polystyrene colloidal particles are 1 g/cm3 and 1.05 g/cm3, respec-
tively. The roughly matched density and small size of 85 nm particles
ensure that the precipitation effect can be ignored. Experiments were
made at 25 ± 2 °C in an air-conditional room.

2.2. Experiments

The experimental setup used, which was the same that described in
our previous paper [28,29], consists of a reflection spectrometer, a
crystallization cell, a peristaltic pump and an ion-exchange chamber as
shown in Fig. 1. A light beam from a tungsten halogen light source
(Avalight-HAL, Avantes, Netherlands) hits the cell wall through a Y-
type optical fiber cable and the reflection spectra at the angle of 180°
are taken on a optical spectrometer (Avaspec-2048, Avantes, Nether-
lands). The wavelength range of the spectral measurement is
400 nm–1100 nm. The beam size for the reflection spectrum is about
1mm and the penetration depth of the focus beam is basically near the
wall unless special measures are taken. To check whether there is any
temperature change of sample due to possible heating effect of the light
beam, we placed a temperature detector at the optical fiber head and
found that the variation range of its temperature around the average
value<0.5 °C within two hours, thus confirming that the heating effect
on the sample can be ignored. The peristaltic pump can circulate col-
loidal suspension through the ion-exchange chamber to deionize the

suspension continuously. To investigate the effect of curved walls on
crystallization, the crystallization cell consists of four capillary tubes
with different curvature radius (r=0.25mm, 0.5mm, 1mm, 2mm)
and an additional square tube with 1mm side width. When the colloidal
suspension is passed into the narrow crystallization cell, the crystals are
melted away by applying a shear flow. After stopping the flow, the
crystallization process can be recorded by tracing the reflection in-
tensity changes.

3. Results and discussion

The structural parameters during crystal growth are analyzed from
the measured reflection spectra at different time. A typical change of
the reflection spectra for colloidal suspension with Φ=0.5 % in a tube
is shown in Fig. 2. The reflection peak intensity increased rapidly with
time in the crystallization process, indicating the increase of crystal
size. Based on the spectra, we can determine the crystal structures from
the wavelengths of reflection peaks originating from different crystal
planes [29,30]. Since the wave vectors ( = = °( )( )q θsin , 180πn

λ
θ4
2 )

corresponding to these peaks are 16.23, 28.09, 32.45 μm−1, and the
ratio is 2 / 6 / 8 , the corresponding crystal planes are (110) plane,
(211) plane, (220) plane and the crystal structure is body centered
cubic (bcc). From analyzing reflection spectra at different time, it can
be concluded that the crystal structure maintained unchanged in the
crystallization process. The primary peak wavelength λ, which is re-
lated to the value of the nearest-neighbor interparticle distance D based
on Eq. (1) where n is the refractive index, decreased at the beginning of
crystallization and then maintained constant. The shift of the primary
peak wavelength indicates that the crystals become more stable and
compact during crystallization.

=D λ n0.6124 / (1)

To further quantitatively understand the crystallization process of
colloidal suspension on curved walls, some important parameters such
as crystallinity X(t), average crystallites size L(t) and number of crys-
tallites Nc(t) are used to study the crystallization kinetics, which can be
evaluated as follows [31]:

(2) The crystallinity X(t) represents the fraction of the sample which
has become crystalline from liquid, it can be used as an indicator to
show the degree of crystallization. X(t)= 0 means the sample is in
liquid state and there is no crystalline state, and X(t)= 1 means all
the liquid part has been transformed into crystalline state. X(t) is
calculated from the reflection peak area A(t) by

=X t cA t( ) ( ) (2)

where c is the normalization factor, which is based on the max-
imum value of the primary peak area during crystallization.

(3) The average crystallites size L(t) can be calculated from the full
width at half maximum of the primary peak (FWHM) by

=L t πK q t( ) 2 /Δ ( ) (3)

where K=1.15 is the Scherrer constant for crystallites, Δq(t) is the
full width at half maximum primary peak.

(4) The number of crystallites Nc(t) is estimated by

=N t X t L t( ) ( )/ ( )c
3 (4)

The influences of the curved walls and particle concentration on the
crystallization process in the tube are systematically studied in the
Sections 3.1 and 3.2.

3.1. Crystallization process on the curved walls

For the same colloidal suspension with Φ=0.5 %, four different
curvature tubes (r=0.25mm, 0.5 mm, 1mm, 2mm) were used for
investigating the influence of tube curvature on crystallization. The
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variations of structural parameters X(t), L(t) and Nc(t) in these tubes are
shown in Fig. 3. From these trends we can see that there are large
differences in crystallization kinetics in the tube with different curva-
tures, which are described as follows:

(I) The crystallinity X(t) represents the fraction of the sample which
has become crystalline from liquid. For the tube of r=0.25mm, X
(t) increased from 0 to 0.9 at the beginning of crystallization,
which means the samples almost become crystals from liquid. And
then X(t) decreased and showed great fluctuations between 0.4
and 1, indicating that the crystals are very unstable in the tube of
r=0.25mm and the transformation between the ordered phase
and the disordered phase kept taking place. For the tubes of
r=0.5mm and r=1mm, the crystallinity also showed the similar
changing tendency, that is, X(t) increased first and then showed
fluctuation. But the degree of fluctuation for different curvature
tubes is different. The results of Fig. 3 showed that the larger the
radius of the tube, the less the degree of fluctuation. For the tube of
r=2mm, X(t) increased from 0 to 1 and there is no fluctuation,
indicating that the crystals are stable in the tube of r=2mm, si-
milar to that in the square tube (namely, an infinite radius of
curvature). In order to quantitatively describe the degree of fluc-
tuation of structural parameters, we calculated the coefficient of
variation of the structural parameters, which is defined as the ratio
of the standard deviation to the mean. The mean, standard

deviation and coefficient of variation of structural parameters
were presented in Table 1. For four different curvature tubes of
r=0.25mm, 0.5mm, 1mm and 2mm, the coefficients of varia-
tion of the crystallinity are 0.22, 0.08, 0.04, 0.008, further in-
dicating that the degree of fluctuation showed considerable var-
iation in different curved tubes.

(II) The average crystallites size L(t) grew dramatically from the be-
ginning of crystallization and then maintained fluctuation when
tube radius is relatively small, but the degree of the average
crystallites size fluctuation is less than that of crystallinity fluc-
tuation. Besides, the average crystallites size increased with in-
creasing the tube radius. The average crystallites size were 24 μm,
26 μm, 32 μm and 39 μm in the tubes of r=0.25mm, 0.5mm,
1mm and 2mm. The coefficients of variation of the crystallites
size were 0.06, 0.03, 0.028 and 0.03 in the tubes of r=0.25mm,
0.5mm, 1mm and 2mm, respectively.

(III) The number of crystallites Nc(t) also showed different degrees of
fluctuation in the four different tubes and roughly decreased with
increasing the tube radius, which were 4.32*1013 m−3,
4.7*1013 m−3, 2.6*1013 m−3 and 1.6*1013 m−3 in the tubes of
r=0.25mm, 0.5 mm, 1mm and 2mm. The coefficients of varia-
tion were 0.19, 0.11, 0.12 and 0.1 in the tubes of r=0.25mm,
0.5mm, 1mm and 2mm, respectively.

The structure fluctuation of colloidal crystals in four curved tubes

Fig. 1. Schematic representation of the measuring apparatus.

Fig. 2. Time-dependent reflection spectra (A) and the primary peak wavelength (B) in the crystallization of colloidal suspension with Φ=0.5 % in a tube (the spectra
were shifted for clarity).
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showed great differences. To understand such structure fluctuations
with tube curvatures, as a comparison, we also examined the

crystallization process in a square tube with a width of 1mm. As shown
in Fig. 4, the structure parameters X(t), L(t) and Nc(t) of colloidal sus-
pension in the crystallization process in the square tube presented dif-
ferent fluctuation behavior with that in tube of r=0.5mm. We can see
that the X(t), L(t) and Nc(t) all maintained constant in the late stage of
crystallization, indicating that the crystals in the square tube (flat sur-
face) is stable, and therefore confirm that the structure fluctuation in
the tube is associated with the curvature of the tube.

In presence of a wall during nucleation, the most closely packed
crystal plane (e.g., (111) plane for fcc and (110) plane for bcc) will tend
to be parallel to the wall [32]. In curved tube, crystal nucleus are more
likely to form on the smooth curved wall due to the lower nucleation
free energy barrier [21]. Although the wall favor crystallization, the
curvature of the tube leads to curved crystal planes and hence results in
a mismatch between the thermodynamically favored and curved wall-
induced crystal structure, which leads to elastic distortions in the
growing crystallite [24–26].

Fig. 3. The changing tendency of structural parameters X(t), L(t) and Nc(t) of colloidal suspension in the crystallization process with Φ=0.5 % in the tubes with
different curvature (r=0.25mm, 0.5 mm, 1mm, 2mm for A–D, respectively).

Table 1
The mean, standard deviation and coefficient of variation of structural para-
meters (crystallinity, crystallites size and crystallites number).

r (mm) 0.25 0.5 1 2

Mean of crystallinity 0.611 0.8 0.91 0.96
SD of crystallinity 0.137 0.063 0.038 0.008
CV of crystallinity 0.22 0.08 0.04 0.008
Mean of crystallites size (μm) 24 26 32 39
SD of crystallites size (μm) 1.53 0.78 0.89 1.16
CV of crystallites size 0.06 0.03 0.028 0.03
Mean of crystallites number (*1013 m−3) 4.32 4.7 2.6 1.6
SD of crystallites number (*1013 m−3) 0.83 0.48 0.31 0.16
CV of crystallites number 0.19 0.11 0.12 0.1

SD: Standard Deviation; CV: Coefficient of Variation.
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The stability of wall-induced crystallite is mainly determined by the
competition between the elastic energy penalty and the interfacial en-
ergy [33]. The crystallite detached from the curved wall once the elastic
energy penalty reaches the interfacial energy. On the contrary, the
crystallite can maintain stable state if the elastic energy penalty does
not reach the interfacial energy. For colloidal system, elasticity theory
predicts for the elastic stress [33,34]

=
+

E L
r L

F
96 ( )e

5

2 (5)

where E is the bulk modulus of the crystallite, L is the crystallite size
and r is the wall curvature radius. The interfacial energy is presented as:

=
πL γF

4
Δi

2

(6)

where Δγ is the difference in interfacial tensions. For the case of flat
walls where → ∞r , Fe=0 so that there is no curved wall-induced

distortions, and crystallite of any size can remain stable. For smaller
wall curvature radius r, the stable crystallite L should also be smaller to
ensure that the elastic energy penalty does not reach the interfacial
energy, according to Eqs. (5) and (6). Therefore, the crystallite is easier
to detach from the wall and the crystallite size is smaller for smaller r.
When the stress induced by curvature was released through detach-
ment, the crystallite can grow again on the curved wall due to the lower
nucleation free energy barrier, so that the growth and detachment of
the crystallite on the curved wall occur alternately and continuously,
resulting in fluctuations in X(t) and other parameters. Such a model can
qualitatively describe the mechanics of fluctuations in this study.

3.2. Crystallization process with different concentration on the curved walls

The crystallization process of colloidal suspension showed great
differences in curved tubes with different curvature, especially for the
tubes of r=2mm and r=0.25mm. In this section, we investigated the
effect of concentration on the crystallization of colloidal suspension in
the tubes of r=2mm and r=0.25mm. The crystal structures for
concentration of Φ=0.5 %, 1% and 2% are all bcc.

For the tube of r=2mm, the changing tendency of structural
parameters X(t), L(t) and Nc(t) in the crystallization process with dif-
ferent concentration (Φ=0.5 %, 1% and 2%) are showed in Fig. 5. We
have discussed the variations of structural parameters X(t), L(t) and Nc

(t) for the concentration of Φ=0.5 % in the 3.1 section. By Comparing
the crystallization process of three kinds of concentration (Φ=0.5 %, 1
% and 2 %), we found that structural parameters X(t), L(t) and Nc(t) all
showed similar variation tendency for suspensions with three different
concentrations. The crystallinity X(t) increased from 0 to 1 and main-
tained almost unchanged with no fluctuation, which means the crys-
tallites have stable state. The average crystallites size L(t), which in-
creased first and maintained almost constant, were 39 μm, 21 μm and
9 μm for suspensions Φ=0.5 %, 1 % and 2 %. The number of crys-
tallites Nc(t), which maintained almost constant, were 1.6*1013 m−3,
10.4*1013 m−3 and 133*1013m−3 for suspensions Φ=0.5 %, 1 % and
2 %.

Similarly, for the tube of r=0.25mm, the variations of structural
parameters X(t), L(t) and Nc(t) in the crystallization process with dif-
ferent concentration (Φ=0.5 %, 1% and 2%) are presented in Fig. 6.
From these trends we can see that the whole crystallization process also
seems to have similar changing tendency. Both the crystallinity X(t) and
the average crystallites size L(t) increased firstly at the beginning of
crystallization and then fluctuated largely, the number of crystallites Nc

(t) also shown fluctuation in the crystallization process. As the con-
centration increases, the average crystallites size L(t) decreased and the
number of crystallites Nc(t) increased.

The structural parameters during crystallization process showed
similarity, especially for fluctuation behavior, for different concentra-
tion in the tubes of r=2mm and 0.25mm, indicating that the

Fig. 4. The changing tendency of structural parameters X(t), L(t) and Nc(t) of
colloidal suspension in the crystallization process with Φ=0.5 % in a square
tube with a width of 1mm.

Fig. 5. The changing tendency of structural parameters X(t), L(t) and Nc(t) of colloidal suspension in the crystallization process in the tube of r=2mm with different
concentration (Φ=0.5 %, 1 % and 2 % for A–C, respectively).
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concentration has almost no effect on the stability of the crystallites.
The fluctuation behavior of the structural parameters is due to the
change in crystal state, which resulted from the accumulated elastic
stress in curved crystal planes. With the increase of concentration, a
combination of increasing crystallites number and decreasing crystal-
lites size leads to little effect of concentration on crystal state.

4. Conclusion

In this study, by means of the reflection spectrum combined with a
specially developed data-handling method, we carried out real-time in-
situ experimental observation on the evolution process of a set of
parameters characterizing the crystallization in capillary tubes with
different curvature radius. These parameters include the crystallinity,
the average crystallites size and the number of the crystallites. We
found that the tube curvature has effect on the fluctuation amplitude,
thus the stability of the structural parameters during crystallization
process, directing the effect rooted in the crystallization kinetics. The
larger the curvature, the more obvious the effect is. When the curvature
radius of the tube reaches 2mm or larger, this effect becomes almost
negligible. The structural instability caused by surface curvature can
qualitatively be explained by the competition between the elastic en-
ergy penalty and the interfacial energy. It is also found that the increase
of concentration has little effect on the stability of the crystallites except
making the decrease of the average crystallites size and the increase of
the number of crystallites.

The assembly of colloidal building-blocks is an ascendant approach
in recent years for the fabrication of a wide variety of functional ma-
terials, such as photonic crystals, with designed shapes and large areas.
We hope that our work could provide reference: when designing and
preparing colloidal crystal materials, attention should be paid to the
problem that large curvature surface may cause structural defects.
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