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ABSTRACT: The intrinsic high diﬀusion rate of colloids at low
Péclet number results in an extremely fast crystallization process
and instant formation of colloidal crystals, even at an ultracentrifugal ﬁeld of extremely high intensity. By introducing a small
number of clusters in sedimention, it should be possible to slow
down the crystallization process, thus making the assembly order
tunable in preparative ultracentrifugation experiments. Here, we
used sodium dodecyl sulfate-stabilized polystyrene nanoparticles
(with a size dispersity of 1.07) dispersed in a solution of high ionic
strength. Sedimentation and assembly of these nanoparticles were
done using preparative ultracentrifugation at various angular
velocities. The sedimentation process was also analyzed in situ by analytical ultracentrifugation in real time. By creating as low
as 3% of clusters into these nearly uniformly sized polystyrene nanoparticle dispersions during the sedimentation process, the
superstructure order becomes easily tunable between glassy and crystalline. Theoretical calculations complemented the experiments
to explain the mechanism of cluster formation in sedimentation. This work provides a novel methodology to produce superstructures
with a tunable packing order for colloids at low Péclet number.
a4, which means that the possibility of forming a glassy
structure increases rapidly with particle size. Accordingly, the
tuning of the superstructure order was shown very successfully
for micrometer-sized colloids.10,12 However, for nanosized
colloids, fast sedimentation was tested as well and shown to be
completely unsuccessful to realize a glassy structure.13,14 As
shown in Figure 1A−C, only a crystalline structure was formed
even when Pe increased to 0.1 with a centrifugal ﬁeld as strong
as 153 900g (g is the acceleration of gravity). The reason is that
for monodisperse nanoparticles, the crystal nucleation and
growth rate are much faster than the sedimentation rate during
ultracentrifugation,15,16 which is demonstrated by a small Pe
value. In this paper, we show that the assembly order for
monodisperse colloidal particles, that is whether crystallization
occurs or not, can be simply controlled in a centrifugal ﬁeld.
The strategy used is the introduction of a tiny amount (as low
as 3%) of clusters during the sedimentation process. The
presence of this small amount of clusters slightly increases the
size dispersity of the nanoparticles in dispersion, which in turn
raises the crystal nucleation barrier signiﬁcantly.15 This leads to

1. INTRODUCTION
Colloidal particles are promising building blocks for the
fabrication of micro-, meso-, and macroscale materials with
controlled properties and functions.1,2 For example, colloidal
particle-based materials are widely used for carbon dioxide
capture,3 as catalyst supports4 and for fuel cell construction.5
Among these, the assembly of monodisperse colloidal
particles6,7 represents the simplest case. There are currently a
wide variety of bottom-up assembly methods available
including controlled evaporation, vertical deposition, spin
coating, and so on.7,8 Among these methods, sedimentationinduced assembly is a fast and versatile approach9,10 and the
superstructure order is well described by the Péclet number
(Pe):11 a low value of Pe leads to a crystalline structure, while a
high Pe value leads to a glassy one. In principle, the Péclet
number is the ratio of the initial rate of sedimentation
(Δρg*a2) and the crystallization rate (kT/a2), as described in
eq 1
Pe = Δρg *a 4 /kT

(1)

where Δρ is the density diﬀerence between the colloids and
the solvent, g* is the force due to the centrifugal ﬁeld, which
can be calculated from revolutions per minute (RPM) and the
distance from the rotation center to the center of the sample
(r) using g* = r × RPM2, and a is the particle radius. As usual,
k and T denote Boltzmann’s constant and temperature,
respectively. From eq 1, it is clear that Pe is proportional to
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Figure 1. Scanning electron microscopy (SEM) images of colloidal assembly structures after complete sedimentation of charge-stabilized PS
nanoparticles in water at (A) 12 000 (17 100g), (B) 24 000 (68 400g), and (C) 36 000 rpm (153 900g) and of sodium dodecyl sulfate (SDS)stabilized PS nanoparticles in pH 2 buﬀer at (D) 12 000 (17 100g), (E) 24 000 (68 400g), and (F) 36 000 (153 900g). The scale bar is 1 μm. The
insets are the magniﬁed views of nearly ﬂat areas for each image, for which the scale bar is 200 nm. From these images, a (fast) Fourier transform
(FFT) and a radial distribution function (RDF) can be calculated to analyze the ordering of the structure (see the Supporting Information (SI 4)).
For pure PS added to pH 2 buﬀer, immediately, visually observable precipitation occurs, and therefore follow-up centrifugation was omitted.

a delayed crystallization process,17 which makes it possible for
monodisperse colloids to form a glassy superstructure in a
strong centrifugal ﬁeld. The method provides a novel way to
control the assembly order for monodisperse nanoparticles.

2.2. Detailed Sample Preparation for SEM Characterization. For a typical preparative ultracentrifugation experiment, a PS suspension (1 vol %, 480 μL) was ﬁlled into a
centrifugal tube (5 mL, an open-top thin-wall polypropylene
tube). The tube was put into a swing-out rotor (Beckman SW
55 Ti) and then the rotor was put inside an ultracentrifuge (L70, Beckman instruments). After centrifugation at 20 °C for 22
min at 12 000 rpm (to realize complete sedimentation), the
supernatant was removed before the centrifuge tube was frozen
in liquid nitrogen. The frozen sample was connected to a freeze
dryer typically for 1−2 days to completely dry the sample.
After that, the dried sample was cut into pieces by a razor blade
before loading on a SEM stub for SEM characterization. Using
this procedure, the nanoparticle packing order inside the
sediment can be observed well. At least ﬁve images were taken
at random positions to obtain a representative picture of the
nanoparticle ordering. To conﬁrm that the nanoparticle
ordering so observed was indeed representative, this whole
experiment was repeated at least three times.

2. MATERIALS AND METHODS
2.1. Preparation of Sterically Stabilized Polystyrene
Nanoparticles. A 10 vol % stock polystyrene (PS) bead
suspension (radius ca. 50 nm) was bought from Sigma-Aldrich.
The suspension was puriﬁed by dialysis against Milli-Q water
for several days until the conductivity of the dialysis water did
not change. An appropriate amount of sodium dodecyl sulfate
(SDS) was dissolved in the PS suspension to obtain a ﬁnal
concentration of 0.8 mM. The suspension was then diluted 10
times by pH 2 buﬀer (0.08 M KCl and 0.02 M HCl mixture)
to make a 1 vol % PS suspension for further use.
To estimate the surface coverage, we use the data given by
Turner et al.18 obtained by neutron reﬂection (NR) and
infrared measurements over a range of SDS concentrations
using PS as a substrate in water. At a critical micelle
concentration (cmc) of 8 mM, the area per SDS was estimated
as 42 Å2. Moreover, the surface coverage was given as 4.0 μmol
m−2 at the cmc and 1.7 μmol m−2 at 0.8 mM. Hence, in our
case (0.8 mM SDS), the area per SDS is about (4.0/1.7)42 Å2
= 100 Å2 or ca. 1 SDS per 100 Å2 (a similar value results from
an estimate using the PS bead size and SDS concentration
assuming that all of the SDS molecules adsorb on the PS
surface).
The suspension was diluted to an appropriate concentration
for dynamic light scattering and ζ-potential measurements.
The ζ measurements were conducted using a Malvern
Zetasizer Nano ZSP. The conversion from electrophoretic
mobility to ζ-potential was done by employing the Henry
equation using the Smoluchowski approximation as appropriate for aqueous dispersions.19

3. RESULTS AND DISCUSSION
3.1. Characterization of Sterically Stabilized Colloids.
The dispersion of monodisperse polystyrene (PS) beads
(radius a ≅ 50 nm) was ﬁrst puriﬁed by dialysis and then
mixed with a small amount of sodium dodecyl sulfate (SDS)
(0.8 mM) to obtain sterically stabilized nanoparticles.18 The
driving force for the adsorption of SDS on the PS surface is
mainly hydrophobic attraction.20−22 The surface area per SDS
molecule on PS beads with a = 55 nm was measured by Piirma
and Chen21 to be 47 Å2 using soap titration. A similar value of
46 Å2 was obtained by Nodehi et al. for SDS on PS beads with
a = 48 nm23 using conductometric titrations. In our case, the
area per SDS is ca. 1 SDS per 100 Å2 as calculated above, a
value about twice that for the maximum coverage. Speaking of
the conformation of SDS on the PS surface, stretched-out
chains of SDS may be present in our case due to (1)
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Figure 2. Sedimentation coeﬃcient distribution using the c(s) model in the software Sedﬁt26 for SDS-stabilized PS nanoparticles in pH 2 buﬀer (A)
and for charge-stabilized PS nanoparticles in water (B) of 1 wt % and at 15 000 rpm (17 100g) by AUC. The inset ﬁgures zoom in the range from
500 to 700 Sv and show whether there is the presence of clusters. By the Gaussian ﬁtting (red dashed curves) of the cluster peaks, the amount of
the clusters was estimated to be 3%.

repulsion between the negatively charged PS nanoparticles, the
nanoparticles were dispersed in a high-ionic-strength buﬀer
(0.1 M). Thus, in this case, the PS nanoparticles were
stabilized by the surface-bound surfactants. DLS, very small
angle neutron scattering (VSANS) (for details of the VSANS
experiments, see SI 2) and analytical ultracentrifugation
(AUC) (see Figures S1−S4) all showed that no aggregates
were present in the dispersion. In this way, uniformly sized PS
nanoparticle dispersions sterically stabilized with SDS and
having a dispersity as low as 1.07 were prepared for further use
(for a detailed comparison of size and dispersity obtained by
diﬀerent techniques, see SI 3).
3.2. Preparative and Analytical Ultracentrifugation.
As can be seen from Figure 1A−C, charge-stabilized PS
nanoparticles were not sensitive to the angular velocity change
at all and only crystalline structures were formed. The reason is
that the Pe value is still as low as 0.1, even when the angular
velocity was increased to as high as 36 000 rpm (centrifugal
force g* ≈ 153 900g, as the distance from the rotation center to
the center of the sample is 105.5 mm using an SW 55 Ti
rotor). In contrast, SDS-stabilized PS nanoparticles assembled
into a crystalline structure at 12 000 rpm (g* ≈ 17 100g), while
they packed into a glassy structure at an angular velocity higher
than 24 000 rpm (g* ≥ 68 400g), as shown in Figure 1D−F. A
more quantitative analysis of the ordering of nanoparticles in

electrostatic repulsion between the negatively charged sulfate
group present both in SDS and on the PS particle surface and
(2) favorable interactions between the sulfate head group of
SDS and the aqueous solution and (3) entropy penalty,20,22
although hydrophobic interaction tends to push SDS lying ﬂat.
A molecular dynamic (MD) simulation20 indicates that for a
coverage of 0.01 Å−2 (or 0.48 mg m−2 ) as present
experimentally, the SDS molecules do stretch out on the
surface of PS beads. This is also consistent with small-angle Xray scattering (SAXS) data24 and neutron reﬂection (NR)
combined with attenuated total reﬂection infrared (ATR-IR)
data of SDS adsorbed on PS in water.18 Also, our dynamic light
scattering (DLS) data, indicating a change in the numberweighted average diameter from 87.4 to 88.7 nm upon SDS
adsorption (see Table S1), support a stretched-out conformation. Furthermore, SAXS showed an SDS shell of ca. 1
nm thickness on PS beads.24 This agrees well with a more
precise value of ca. 1.2 nm at a coverage of 0.01 Å−2, as
measured by neutron reﬂection.18 In our case, the SDS
adsorption was conﬁrmed by an increase of surface charge,
measured by ζ-potential experiments and the thickness was
estimated by DLS.25 As shown in Table S1 in the SI 1, after 0.8
mM SDS was added, the particle diameter increased by ca. 2
nm, indicating that an SDS layer with a thickness of ca. 1 nm is
present on the PS nanoparticles. To suppress the electrostatic
8754
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these images was made by calculating the associated fast
Fourier transform (FFT) and radial distribution function
(RDF), as discussed in detail in SI 4 (Figure S6A−F shows the
corresponding radial distribution functions (RDFs) and
Figures S6G−L represents the corresponding fast Fourier
transforms (FFTs)). Thus, for colloids assembled at the same
low Pe value, order control is easily realized for surfactantstabilized colloids by tuning the sedimentation rate, while for
charge-stabilized colloids, order control is not possible in the
same angular velocity range. Analytical ultracentrifugation
(AUC) employing Rayleigh interference optics was used to
monitor the sedimentation process to reveal the mechanism for
the assembly order control (we used the same initial volume
fraction in the AUC and PUC experiments so that any eﬀect
due to a diﬀerent volume fraction is ruled out). Figure 2A
shows the sedimentation coeﬃcient distribution of SDSstabilized PS nanoparticles at 15 000 rpm (g* ≈ 17 100g). It
shows pronounced “tailing” at a higher s value. Here, s is the
sedimentation coeﬃcient which is deﬁned as the ratio of a
particle’s sedimentation velocity to the applied acceleration
causing the sedimentation. The conventional unit is svedberg
(Sv) and 1 Sv is equal to 10−13 s. The tailing can be resolved
into three cluster peaks using the diﬀusion-corrected c(s)
model in the software Sedﬁt.26 These three cluster peaks are
identiﬁed as the dimer, linear trimer, and triangular trimer
peaks, respectively, according to their sedimentation coefﬁcients,27,28 as shown in Table 1. Moreover, by integration of
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where εr is the relative permittivity, ε0 is the vacuum
permittivity, a is the particle radius, Ψ0 is the surface potential
(approximated by the ζ-potential), κ is the reciprocal Debye
length, H is the interparticle distance, z is the valency, e is the
unit charge, A is the Hamaker constant, σ is the surfactant
density on the particle surface, and L is the surfactant chain
length.
For PS nanoparticles in water, κa = 5.2 and Ψ0 ≈ ζ = −40
mV, and in pH 2 buﬀer, κa = 45 and Ψ0 ≈ ζ = −5 mV. The
SDS chain length is ca. 1.2 nm34 and the surface coverage is ca.
1 SDS per nm2. The total interparticle potential Utot curves for
PS nanoparticles in water and in pH 2 buﬀer were plotted, as
shown in Figures 3A,B, respectively. The energy barrier for
coagulation of PS nanoparticles in water is ca. 40 kT, which
agrees with the excellent stability and absence of aggregation,
as indicated in Figure 2B. Conventional DLVO theory can
result in a potential curve with a maximum and a secondary
minimum. However, calculating the DLVO curve for PS
nanoparticles in pH 2 buﬀer resulted in a curve showing no
maximum and hence no barrier to agglomeration is present, as
shown in the red curve in Figure 3B. Adding SDS resulted in
steric stabilization with an energy barrier of ca. 6 kT, as
indicated by the black curve in Figure 3B. Thus, the dispersion
remains monodisperse without any external ﬁeld (Figure S1−
S4). However, in a strong centrifugal ﬁeld, a small number of
clusters were formed, as shown in Figure 2A. The contributing
force to overcome the barrier of 6 kT might arise from two
sources. First, the particle concentration increases gradually in
the sedimentation process, which also contributes to cluster
formation since the aggregation rate is proportional to particle
concentration.35 Still another force may come from hydrodynamic interaction. As Folkersma et al.36 and Xu et al.37
discussed, hydrodynamic attraction may appear when the
particle concentration increases and interparticle distance
becomes small. This hydrodynamic attraction can also lead
to the formation of clusters. We conclude that with these
attractive eﬀects, cluster formation is promoted. The proposed
mechanism is plotted schematically in Figure 3C. While
without cluster formation, a regular packing occurs (Figure
1A−D), forming a few percent (3%) clusters in an otherwise
narrow particle-size distribution (dispersity = 1.07) already

a

The details of the peak assignment are discussed in SI 5.

these peaks, the fraction of these clusters was calculated to
consist of 3% of the sedimenting particles. In comparison, as
shown in Figure 2B, the sedimentation coeﬃcient distribution
of charge-stabilized PS nanoparticles shows no tailing at a
higher s value and no cluster peaks can be observed using the
c(s) model. Overall, as VSANS experiments of the dispersion
showed no agglomeration before centrifugation (SI 2) and the
AUC experiments indicate the presence of clusters after
sedimentation, we conclude that the 3% clusters are most likely
formed during the sedimentation process and disturb the
crystallization process.15 In this way, superstructure order
control can be achieved by tuning the intensity of an
ultracentrifugal ﬁeld in the easily reachable range from about
17 000 to 154 000g.
3.3. Theoretical Calculations. The mechanism of cluster
formation was investigated by considering the interparticle
interactions in a centrifugal ﬁeld. The total interparticle
potential of the PS nanoparticles (Utot) consists of the
electrostatic repulsion (UR) and the van der Waals attraction
(UA), according to Derjaguin, Landau, Vervey, and Overbeek
(DLVO) theory,29 but here an additional repulsive steric
potential US due to the presence of surface-bound SDS chains
is also present. Therefore,
Utot = UR + UA + US

According to the DLVO theory,
approximated by eqs 3 and 4

(2)
30

(4)

US can be estimated by using the Alexander-de Gennes
polymer brush model,31−33 which is applicable when 0 < H <
2L, and given by eq 5
ÄÅ
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Table 1. Sedimentation Coeﬃcients (s Values) of the
Monomer and Three Diﬀerent Clusters, Obtained from
Figure 2Aa
cluster peak
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Figure 3. Proposed mechanism behind colloidal assembly order control in preparative ultracentrifugation. The total interparticle potential of SDSstabilized PS nanoparticles in water is shown in (A) and in pH 2 buﬀer in (B). A schematic of the mechanism is shown in (C). The red hairs on the
surface of particles indicate the surfactant SDS. The hairy structure of the SDS surfactant indicates the stretched-out conformation with the
negatively charged head group (dotted end) toward the aqueous phase. Under a suﬃciently high centrifugal force, a small number of clusters are
formed (highlighted by a gray shade inside the tube). These 3% clusters are formed to disturb the crystallization process and make the
superstructure order tunable with the angular velocity: for slow sedimentation, a crystalline structure is formed, while for fast sedimentation, a
glassy structure is formed.

was further veriﬁed by theoretical calculations. The presence of
this small amount of clusters slowed down the crystallization
rate15,41 to a level with which the sedimentation rate could
compete. In this way, the assembly structure can be simply
tuned by changing the angular velocity of preparative
ultracentrifugation experiments. Overall, this work provides
an easy and versatile approach to construct both crystalline and
glassy superstructures from uniformly sized colloids at a low
Péclet number, which have a wide application in areas, such as
quantum electronics,42 batteries,43 and photonic materials. The
use of surfactants similar to SDS with varying alkyl chain
lengths and the substitution of surfactants with various
polyelectrolytes may transform this approach into a general
strategy for the fabrication of materials with a tunable degree of
order. An especially intriguing next step may be the study of
photonic properties of these superstructures with diﬀerent
degrees of order, as both photonic crystals and glasses are
proven to be useful in manipulating light.13,28,44,45 A
relationship between diﬀerent degrees of order of materials
and photonic response may be established for tailor-made
photonic materials.

induces disorder in particle packings. For a volume fraction of
3%, the average line fraction of such clusters is about 0.031/3 ≅
0.3. If on a line of unit length, 0.3 is a cluster, the remainder of
0.7 must be occupied with regular particles. As clusters have
about the same size as the regular particles, this represents
about two particles. Hence, the centers of the clusters have a
distance of about 3 particle diameters from each other. From
hard sphere packings, it is known that the radial distribution
function (RDF) for relatively high density has leveled to about
its mean value for a distance corresponding to the fourth
coordination shell or after about three-particle diameters.38
Hence, the presence of 3% clusters is amply suﬃcient to
disturb the packing completely. Obviously, the purely geometric eﬀect is mitigated by the nonhard interactions, but the
order of magnitude remains the same.

4. CONCLUSIONS
The assembly of monodisperse colloids at a low Péclet number
to a disordered superstructure was shown to be hard in the
previous studies,14,39 especially nanoparticles, mainly due to
the intrinsic high diﬀusion rate of nanoparticles. This work
demonstrates that superstructure order from the assembly of
nanoparticles can be controlled in ultracentrifugation by simply
adjusting the angular velocity. This implies that both ordered
and disordered superstructures can be easily obtained by a fast
sedimentation method.40 The mechanism behind this is the
introduction of only a tiny amount of clusters (as low as 3%)
during the sedimentation, which was detected by the analytical
ultracentrifugation. The formation of clusters in sedimentation
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Forschungszentrum Jülich, D-85748 Garching, Germany
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c00143
Author Contributions

X.X. planned and performed the AUC and PUC experiments
under the supervision of G.d.W. and H.C. B.W. performed the
SANS experiments. X.X., G.d.W., and H.C. analyzed the data.
The manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version of
the manuscript.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors would like to acknowledge the ﬁnancial support
from the EU H2020-MSCA-ITN-2015 project “MULTIMAT”
(project number: 676045). The authors would also like to
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