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Abstract This paper presents a detailed study of the influence
of various parameters on refrigerated centrifugation (RC) of
polymer colloidal crystals self-assembly. Refrigerated centrifugation could accuracy control the centrifugal temperature.
Specifically, an experimental design using poly(styrene-methyl methacrylate-acrylic acid) (P(St-MMA-AA)) nanospheres
was implemented to optimize the RC procedure by varying
some parameters such as colloidal concentration, rotational
velocity, and centrifugal temperature. The obtained colloidal
crystals were characterized with respect to their morphology,
periodicity, reflectance spectroscopy, and 3D surface roughness. The optimum conditions for RC fell in a narrow
window, with which we obtained nearly perfect, crackfree, centimeter-sized, self-supporting, face-centered cubic colloidal crystals. The results demonstrate that the
obtained P(St-MMA-AA) process parameters could be
used as an operating template for other colloidal selfassemblies via refrigerated centrifugation.
Keywords Refrigerated centrifugation . Colloidal
self-assembly . SEM . FFT . Reflectance spectroscopy .
Surface topographies
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Introduction
Colloidal crystals (CCs), which are periodic dielectric arrangements of colloidal nanospheres, have been extensively
studied over the last few years in the fields of photonic devices
[1], full color displays [2], and chemical sensors [3] because of
their unique optical properties (e.g., photonic band gap and
color structure) [4, 5].
To date, various methods have been used for the assembly
of CCs such as evaporation-induced self-assembly, spin coating, dip-drawing, electrophoresis, and centrifugation [6–8].
Among them, centrifugation is a popular approach that has
been intensively explored because it is versatile, fast [9, 10],
and it also features few defect structures that give rise to periodic 3D nanosphere arrays, allowing it to produce high quality
CCs [11]. Centrifugation is associated with many material and
process parameters which must be controlled in order to obtain a uniform CCs. The concentration of the colloidal dispersion, colloidal density, the solvent used, the centrifugal time,
the rotational velocity, and centrifugal temperature are all to be
taken into consideration. The large number of parameters indicates the need for process optimization [12]. For example,
Nagayama [13] and his colleagues observed the growth process of CCs under the action of centrifugal forces, using
monodispersed silica or polystyrene latex spheres, and revealed that the centrifugation process was driven by capillary
forces induced by water evaporation. Spaepen et al. [14] reported the controlled growth of face-centered cubic (FCC) and
monodispersed silica CCs by centrifugation. Wu et al. used
the centrifugation method to fabricate freestanding silica CCs
by using the liquid/liquid interfaces of three immiscible
phases [15]. The resulting CCs were not only crack-free, but
also robust and flexible, and could be easily transferred onto
various planar and curved substrates. Asher and co-workers
have developed methods to prepare a hydrogel network
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around the CCs, which permanently locks in the ordering [16].
They quantitatively examined the relative diffraction intensities of this obtained FCC CCs, aided by calculations based upon a simple but flexible model of light
scattering [17, 18].
To the best of our knowledge, no work has been conducted
on the self-assembly of CCs assisted by RC, which is an
efficient approach to accurately control the centrifugal temperature. In this work, we present our study on the self-assembly
of P(St-MMA-AA) CCs by RC, with the aim of developing
model system to study the influence of various parameters on
the RC process. Through the optimization of different RC
parameters, including colloidal concentration, rotational velocity, and centrifugal temperature, it was possible to quickly
fabricate crack-free, multilayered P(St-MMA-AA) CCs with
ordered arrays. Such an easy method for the self-assembly
of nearly perfect, FCC structured, polymer CCs could have
wide applications in many fields, such as optical devices
and catalyst supports.

Experimental section
Materials
All chemicals were purchased from the Xilong Chemical
Industry Group. Styrene (St), methyl methacrylate (MMA),
and acrylic acid (AA) were purified before using and stored
at 4 °C. Ammonium peroxodisulfate (APS), sodium dodecyl
benzene sulfonate (SDBS), and ammonium bicarbonate were
used as received. Ultrapure water was purified by a MilliQ
system to a specific resistivity of ~18.2 MΩ cm.
Self-assembly of P(St-MMA-AA) CCs via centrifugal
refrigeration
The monodispersed negatively charged P(St-MMA-AA)
nanospheres, with a hard PS core and an elastomeric
PMMA/PAA shell, were synthesized by modified batch emulsion polymerization [19]. The resulting nanospheres were
used directly without further purification. TEM images and
experimental details are shown in Fig. S1, (Supporting
Information). The average P(St-MMA-AA) nanosphere size
as measured by dynamic light scattering (DLS) were found to
be 270 ± 5 nm. Fourier transform infrared (FT-IR) spectroscopy of the nanospheres shows the hydrogen bonds of the
carboxyl groups (See Fig. S2, Supporting Information).
Suspensions of P(St-MMA-AA) nanospheres were used for
the self-assembly of CCs using a refrigerated centrifuge
(TG20KR-D, Dong Wang instrument Co, Changsha,
China). The centrifuge was accelerated to the maximum
available rotational velocity of 14,000 rpm (corresponding
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to an acceleration of 20,150 g) in 14 s and decelerated and
stopped within 15 s.
Typically, 2 mL aqueous suspension of colloidal polymer
nanospheres was charge into a 10 mL polypropylene centrifuge tube (diameter = 15 mm). The centrifuge tube was tilted
from the rotational plane, and the side wall of the container
became the substrate onto which grains grow. The angle between the side wall of the rotational plane in the tilted setting,
and the side wall of the centrifuge tube was ~35°.
Before this optimization, several screening experiments
were performed to understand the role of different centrifugal
parameters on the self-assembly of CCs. On the basis of
screening experiments, it was concluded that the colloidal
concentration, rotational velocity, centrifugal temperature
were the most important operational variables influencing
the self-assembly of the final CCs. Thus four colloidal concentrations (10.00, 5.00, 2.50, 1.25 wt%) and five rotational
velocities (2000, 3000, 4000, 5000, 6000, and 7000 rpm) were
tested. The centrifuge temperature was varied as 4, 10,
15, and 20 °C. After centrifugation, the remnant solvent
was removed, and the centrifuge tube was dried for ca.
24 h in a desiccator at 20 °C and 60% RH. Finally, the
freestanding polymer CCs were carefully removed from
the centrifuge tube, making sure that the test samples
were taken far from the edges and cell walls of the tube
to avoid boundary effects.
Characterization
The freestanding CCs were transferred to a double-sided adhesive tape and sputter coated with gold after drying. The
morphology of the top surfaces and the cross-section of the
CCs was characterized using a scanning electron microscope
(SEM), Helios Nanolab 600i (FEI, America), operating at an
accelerating voltage of 15 kV. Fourier transform infrared (FTIR, VERTEX-70, Bruker) spectroscopy of the samples was
measured from 4000 to 500 cm−1. The reflectance spectroscopy of the CCs was measured using a MAYA2000 Pro, Ocean
Optics, where both the incident and reflective angles were
fixed at 0° (wavelength range, 400–800 nm). Generally, the
optical probe collects the reflection signals from a circular
region with a diameter of about 5 mm. Furthermore, the surface topography was measured by optical (Talysurf CCI MP)
method. Height resolution was 0.01 nm.

Results and discussion
Influence of colloidal concentration
Figure 1 presents a series of SEM images of samples centrifuged using different colloidal concentrations (along with the
corresponding reciprocal space fast Fourier transforms (FFT)

Author's personal copy
Colloid Polym Sci (2017) 295:1655–1662

1657

Fig. 1 SEM images (with
corresponding FFTs) for CCs
self-assembled at 5000 rpm/4 °C
using colloidal emulsions of
different concentrations: a 10.00,
b 5.00, c 2.50, and d 1.25 wt%

to help quantify the order within the system) [20]. For a
10.00 wt% colloidal concentration (Fig. 1a), the reciprocal
space FFT images reveal a diffuse ring, indicating that the
nanospheres arranged loosely and randomly without a high
degree of order. For the lower colloidal concentration of
5.00 wt% (Fig. 1b), the particles began to show a certain order
due to capillary effects [21]. By decreasing the colloidal concentration to 2.5 wt%, a perfect hexagonally ordered structure
formed (Fig. 1c) [22]. However, when the emulsion concentration was further reduced to 1.25 wt%, cracks and dislocations appeared again. From the observations, it appears that
the nanospheres maximize their packing efficiency by arranging into ordered structures (10.00~2.50 wt%), the evolution of
which is highly apparent in both the reciprocal space and the
real space images (Fig. 1).
The three-dimensional ordered structures can be further
confirmed with the reflectance spectroscopy results of the
RC self-assembled CCs (Fig. 2) [23]. The linear relationship
between emulsion concentration and reflectance is shown in
Fig. 2 at the top-left corner, where it can be observed that as
the colloidal concentration decreased the reflectance peak redshifted from a wavelength of 612 to 617 nm. However, the
reflectance in the stop band increased from 48 to 84%, for a
10.00 and 2.50 wt% colloidal concentration, respectively, with
a slight decrease thereafter. The maximum reflectance peak
was observed at ~617 nm, with a reflectance of 84%,

which corresponded to CCs made with the 2.50 wt%
colloidal concentration.
For samples where the same rotational velocity and
centrifugal speed were used, the capillary force was the
main driving force for the self-assembly process of the
CCs. Commensurately, the equilibrium structures were
determined by a resultant potential energy minimum
from a combination of interparticle collisions, dispersive forces, and electrostatic forces, etc. [24]. The

Fig. 2 Reflectance spectra of CCs self-assembled at 5000 rpm/4 °C using
colloidal emulsions of different concentrations
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nanospheres in the CCs were retained by surface tensions at the solvent-surface interface, and they interacted with
each other through screened Coulomb interactions [25]. Thus,
the order of the spherical CCs can be successfully modeled
and analytically studied in the frame of the simplest electrostatic energy equation [26],
N

1
r
j>i ij

U¼ ∑

ð1Þ

where U is the electrostatic energy, rij is the distance between
the ith and jth latex sphere, and N is the total number of
nanospheres. The self-assembly of CCs is described by the
conditional minimization of the electrostatic energy (1) with
respect to the coordinates of the particles [27]. Therefore, the
ordered array of the real CCs should correspond to one of the
numerous deep local energy minima. In our case, as the colloidal concentration decreased to 2.50 wt%, the value of N and
the energy between the colloidal nanospheres also decreased,
allowing U to match with the centrifugal force, and thus, nearly perfect hexagonally ordered CCs formed. When the colloidal concentration decreased to 1.25 wt%, N decreased, the
electrostatic forces also decreased, which could not strive for
balance with centrifugal force, so the quality of the CCs turned
poor. When colloidal concentration decreased to 1.25 wt%,
the centrifugal force surpasses the Brownian motion or interparticle electrostatic repulsion. Thus, the resultant
self-assembled crystals are considerably less ordered,
and they exhibit poor assembly efficiency in particularly
on the surface [28].
Influence of rotational velocity
As it is known that CCs also benefit from the rotational velocity of the RC [29], experiments were conducted with RC rotational velocities of 2000, 3000, 4000, 5000, 6000, and
7000 rpm. Fig. 3 shows the SEM images of CCs obtained
with the aforementioned rotation velocities, with their corresponding FFT images at the right-top corner. Many cracks
occurred in the CCs obtained with weak rotation velocities
(Fig. 3a, b). However, as the rotation velocity increased to
5000 rpm, an FCC structure was observed (Fig. 3c, d).
Further increases in the rotational velocity, above 5000 rpm,
did not form the FCC structure (Fig. 3e, f). The reflectance
spectroscopy of these samples (along with the linear relationship between rotational velocity and reflectance) also confirm
this result (Fig. 4). As the rotational velocity increased from
2000 to 5000 rpm, the reflectance in the stop band increased
from 61 to 88%, respectively. When the rotational velocity
was above 5000 rpm, the reflectance peak blueshifted from
621 to 617 nm, and the reflectance decreased from 88 to
44% for a 7000 rpm rotational velocity. The maximum

reflectance peak was observed at ~621 nm, with a reflectance of 88%, for CCs obtained with a rotational
velocity of 5000 rpm.
The final structure of the CCs should be a balanced result of
the competition between two opposing processes, namely,
disordered and ordered arrays. As the centrifugal field should
accelerate the assembly of colloidal nanospheres, in the case
of rapid depositions, the colloidal nanospheres should rapidly
and independently array at each site of the interface with little
time for the alignment of individual grains. In this study, when
the RC process was carried out with a 5000 rpm rotational
velocity (Fig. 3d), the newly trapped particles had sufficient
time to rearrange into the most energetically favorable hexagonal configuration, effectively minimizing the formation of
grain boundaries. The competitive interactions (exceeding
Fig. 3e or matching Fig. 3d) between the centrifugal force
and electrostatic repulsions may drive the growth of upper
particles to the bottom, leading to the formation of CCs.
When the rotational velocity was higher than 5000 rpm, it
placed an excess centrifugal force on the nanospheres, flattening them against each other and blueshifting their reflectance
peak as their interstices shrank [30].
Influence of centrifugal temperature
To verify our understanding of the influence of the centrifugal
temperature on the surface morphology, the reflectance and
3D surface roughness of the CCs self-assembled with different
temperature were compared. However, in this work, we focused mainly on optimization of the centrifugal temperature to
find the regime of FCC CCs formation. Fig. 5 shows the SEM
images of CCs self-assembled at centrifuge temperatures of 4,
10, 15, and 20 °C. At all of the tested temperatures, the shell
material was above its glass transition temperature (−15 °C),
and because the PS core was cross-linked, the core structure
remained intact [31], and a perfect FCC ordered structure
formed (Fig. 5). Figure 6 presents the reflectance spectroscopy
(along with the linear relationship between centrifugal temperature and reflectance of the CCs) as the temperature increased.
As the centrifugal temperature rose from 4 to 10 °C, the reflectance dropped from 94 to 61%, respectively. However, the
reflectance increased from 60 to 90% as the temperature increased from 10 to 20 °C, respectively. The maximum reflectance peak was observed at ~621 nm, with a reflectance of 94%, for CCs obtained with a 4 °C centrifugal
temperature. The centrifugal temperature has an important influence on the resultant CCs reflectance spectra
[32]. Notably, the centrifugal temperature affects the resultant CCs structure by changing the stick-slip mode of
the colloidal dispersion in the centrifugation, which
mainly depends on a competition between the pinning force
(interparticle electrostatic repulsion) and the depinning force
(centrifugal force) [33].
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Fig. 3 SEM images (with
corresponding FFTs) of CCs selfassembled using a 2.50 wt% of
colloidal emulsion/centrifugal
temperature of 4 °C with different
RC rotational velocities of a
2000, b 3000, c 4000, d 5000, e
6000, and f 7000 rpm

A possible explanation of this observation is given by considering variations in the viscosity of the solvent. In this case,
the main solvent was water. The viscosity of the solvent varied
with different temperatures; for example, at 4, 10, 15, and
20 °C, the solvent viscosities were 1.5188 × 10 −3 ,
1.3097 × 10−3, 1.1447 × 10−3, and 1.0087 × 10−3 Pa s, respectively [34]. Lower temperatures result in the viscosity increasing. When the centrifugal temperature was 4 °C, the viscosity and mobility of the colloidal emulsion were affected by the interactions between the colloidal nanospheres.
When the RC temperature increased to 10 °C, the viscosity of the water quickly decreased, and the balance
was broken. Further temperature increases, from 10 to
20 °C, led to faster moving nanospheres and a decrease

in the viscosity of the solution, which resulted in an
interaction decrease, and a new balance that caused the
periodicity to increase.
Furthermore, the nanospheres consisted of a hydrophobic PS and a hydrophilic PMMA/PAA shell, and the temperature plays on important role on its shell coil elasticity.
The fully dense FCC structure of the as prepared CCs
could be attributed to the elastomeric deformation of the
PMMA/PAA shell and the hydrogen bond action among
carboxyl groups of the surface of the nanospheres, contributing to ensure sufficient strength of the dehydrated CCs
for transferability [22].
It was found by Perfetti et al. [35] temperature is a significant parameter influence surface roughness during sprayed
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Fig. 4 Reflectance spectra of CCs self-assembled using a 2.50 wt% of
colloidal emulsion centrifugal temperature of 4 °C with different
rotational velocities

Fig. 6 Reflectance spectra of P(St-MMA-AA) CCs self-assembled using
2.50 wt% of colloidal emulsions 5000 rpm RC with different centrifugal
temperatures

coating. Here, the response variable of roughness was determined using Talysurf CCI MP and from visual observation of
RC CCs surface, such as the existence of cracks and feature.
Surface characterization was obtained using quantitative parameters [height, functional, spatial, hybrid, functional (volume), and feature parameters], according with ISO 25178,
provided by the Talysurf CCI MP (Fig. 7). The attempt was

done to obtain very similar conditions of measurement of the
same surface (light intensity, table leveling, the number of
measuring points, etc.) for better comparison of results. The
surface roughness is characterized by Sq parameter (standard
deviation of height) and skewness Ssk. Figure 7a, b show that
for the surface of CCs formed at 4 °C with Sq = 302 nm and
Ssk =0.097, 20 °C with Sq = 377 nm and Ssk =0.554. Figure 7

Fig. 5 SEM images (with
corresponding FFTs) of CCs selfassembled using a 2.50 wt%
colloidal emulsion via RC with
5000 rpm and different
centrifugal temperatures.
Centrifugal temperature: a 4, b
10, c 15, d 20 °C
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Fig. 7 A representative 3D
surface topography images of the
CCs self-assembled using a
2.50 wt% colloidal emulsion via
RC with 5000 rpm and different
centrifugal temperatures.
Centrifugal temperature: a 4 and
b 20 °C

shows that with an increase in temperature, the film are getting
rougher. The roughness of the surface is seen to depend on the
centrifugal temperature. Thus the most suitable RC temperature is 4 °C.
The ordered array of the obtained CCs was undoubtedly
improved when the centrifugal parameters were optimized.
Fig. S3a shows a photo of the CCs prepared by RC, using
the following parameters: an emulsion concentration of
2.50 wt%, a rotational velocity of 5000 rpm, and a centrifugal temperature of 4 °C. The CCs were ca. 1 × 1 × 1 cm3,
and could be modulated with the size of the centrifuge
tube. The orange colored structure arose from the colloidal
array’s light diffraction/reflectance, indicating long-range
ordering of the nanospheres (Fig. S3b, S3c). Figure S3d
also shows the reflectance peak of this optimum sample
at ~621 nm, with a reflectance of 94%.

Conclusions
This work demonstrates the influence of different parameters
on the self-assembly of FCC colloidal crystals via refrigerated
centrifugation. The results show that the periodicity of P(StMMA-AA) CCs depends on the colloidal concentration, rotational velocity of the RC, as well as centrifugal temperature.
For P(St-MMA-AA) nanospheres with a diameter of 270 nm,
the optimal colloidal concentration, the optimal rotational velocity, and the optimal centrifugation temperature were
2.50 wt%, 5000 rpm, and 4 °C, respectively. The reflectance
of CCs obtained using the optimal condition was 94% at
~621 nm. The detailed study of the P(St-MMA-AA) colloidal
self-assembly varying different process parameters improved
our understanding of the RC technique. The results aim to
show an operating template for colloidal self-assembly via
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refrigerated centrifugation that can expand the application of
CCs in photonic devices, responsive sensors, and catalytic
supports.
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