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Chapter 2

Exploiting Anisotropic Par-
ticles to Assemble Colloidal
Molecules
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Abstract

Colloidal molecules with anisotropic shapes and interactions are powerful model
systems for deciphering the behavior of real molecules and building units for creat-
ing materials with designed properties. While many strategies for their assembly
have been developed, they typically yield a broad distribution or are limited to a
specific type. We hypothesize that the shape and relative sizes of colloidal particles
can be exploited to efficiently direct their assembly into colloidal molecules of de-
sired valence. We exploit electrostatic self-assembly of negatively charged spheres
made from either polystyrene or silica onto positively charged hematite cubes. We
thoroughly analyze the role of the shape and size ratio of particles on the clus-
ter size and yield of colloidal molecules. Using a combination of experiments and
simulations, we demonstrate that cubic particle shape is crucial to generate high
yields of distinct colloidal molecules over a wide variety of size ratios. We find that
electrostatic repulsion between the satellite spheres is important to leverage the
templating effect of the cubes, leading the spheres to preferentially assemble on
the facets rather than the edges and corners of the cube. The six-fold symmetry of
cubes favors the assembly of molecules with six, four, and two satellite spheres at
appropriate size ratios and interaction strength. Furthermore, we reveal that our
protocol is not affected by the specific choice of the material of the colloidal parti-
cles. Finally, we show that the permanent magnetic dipole moment of the hematite
cubes can be utilized to separate colloidal molecules from non-assembled satellite
particles. Our simple and effective strategy might be extended to other templating
particle shapes, thereby greatly expanding the library of colloidal molecules that
can be achieved with high yield and purity.

This chapter is based on:

Yogesh Shelke, Susana Maŕın-Aguilar, Fabrizio Camerin, Marjolein Dijkstra, and
Daniela J Kraft. Exploiting anisotropic particle shape to electrostatically assemble
colloidal molecules with high yield and purity. Journal of Colloid and Interface
Science, 629:322–333, 2022.
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2.1 Introduction

Colloidal molecules are clusters of colloidal particles with features that resemble
those of real molecules. Their anisotropy in terms of shape and interactions is
strikingly similar to that of their molecular analogues. This makes them powerful
model systems for unraveling the behavior of real molecules,[1, 2] for designing
building units to create structures with desired properties,[3, 4] and for serving as
a versatile basis for creating active particles with a more complex motion behavior
than has been observed for simple spheres.[5–8]

Various methods for the production of colloidal molecules with different shapes,
sizes, and functionalities have been developed in the past years, employing for
example synthetic strategies such as nucleation and growth,[9] seeded emulsion
polymerization,[10] physical vapor deposition,[11] emulsion-based clustering,[12,
13], colloidal fusion,[14] and self-assembly approaches.[15, 16] While bottom-up
synthetic routes have the advantage of producing large quantities of uniform col-
loidal molecules, the obtained shape and interaction complexity is often limited. In
contrast, self-assembly strategies typically provide access to more complex particle
shapes and interactions. Assembly can be driven by a manifold of approaches rang-
ing from the hybridization of surface-bound[17] or surface-mobile DNA linkers,[18]
hydrophobic[19] and depletion interactions,[20] to the assembly driven by opposite
charges.[21–25] On the other hand, they also require strategies to limit the assem-
bly to finite-sized clusters with a predetermined valence,[26–29] a mechanism to
achieve a uniform arrangement of the constituent particles in the clusters, and
separation of the resultant colloidal molecules by their size or type.

A straightforward self-assembly approach for producing colloidal molecules
from binary mixtures of colloidal spheres is hetero-aggregation through electro-
static interactions.[17, 22–24, 30] In this procedure, two particle species with op-
posite surface charge are selected and mixed such that they aggregate in solution.
This aggregation process can be considered irreversible, meaning that when the
particles are linked they fluctuate at most near their contact position. To limit the
growth of the resulting structures, core particles of type A are typically used in
the presence of an excess of satellite particles of type B. Upon assembly, the excess
type B colloids saturate the surface of the less frequent type A particles, thereby
halting the electrostatically driven aggregation and yielding finite-sized clusters.
These so-called colloidal molecules can be characterized by the coordination num-
ber N of B-type particles that are attached on a single A-type particle as ABN

complexes.

For spheres, the number of attached particles N , and thus the size and shape
of the resulting colloidal molecule, depends largely on their size ratio of the two
types of spheres.[21, 31, 32] While the geometry in principle sets the maximum
cluster size,[31] in experiments typically a wider range of cluster types is obtained.
The reason for this is that the assembly is a random sequential aggregation process
and immobility of the outer particles after adhesion to the core particle prevents
optimization of space and hence reaching the maximum number of outer particles
bound to the core.[30, 33] As a result, the yield for a specific valence is typically low,
except for AB4 clusters assembled at a critical size ratio αc = 2.41 and AB2 clusters
for α ≥ 6.46.[30] In contrast, if polyhedral metal-organic framework particles were
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Materials and Methods

used as the center of the cluster, it was found that their geometry in principle
sets the cluster size.[24] For sufficiently high number ratios, the polyhedral shape
allows for adsorption of one sphere per facet if the adsorbing spheres are neither
too large nor too small. However, how the size ratio is connected to the successful
assembly of highly coordinated clusters and thus whether this strategy is robust
to polydispersity was not investigated. In addition, other electrostatic effects such
as repulsion between the outer particles might influence the outcome.

For hetero-coagulation of oppositely charged spheres, it is known that electro-
static interactions can play a role in determining the cluster size. Depending on the
screening length of the solvent and the charges of both particles, clusters may have
a higher or lower coordination number.[22] Self-assembly again occurs via random
sequential aggregation with particle immobility after adhesion, implying that no
optimization of the sphere configuration is possible after adhesion and hence that
the yield of a given type of colloidal molecule is limited as well. Although strate-
gies using density gradient centrifugation[34] and fluorescence-activated cell sort-
ing instruments[35] are available, selective separation of a single colloidal molecule
type is often time-consuming and challenging.

Using a combination of experiments and simulations, we here demonstrate that
a non-spherical particle shape, a cube, can significantly enhance the formation of
colloidal molecules of a specific type for a wide range of size ratios. Specifically,
using electrostatically driven hetero-coagulation of negatively charged spheres (B)
and positively charged cubic core particles (A), we show that the cubic shape
favors the self-assembly of colloidal molecules with AB2 and AB6 across a wide
range of size ratios for different materials of spheres. We furthermore demonstrate
that AB4-type colloidal molecules can be obtained by confining the assembly to
quasi-2D by sedimentation, using satellite particles of a high density material. The
size ratio of the particles together with the non-spherical particle shape limits the
maximum number of bound particles and can be used to produce large quantities
of either of these favored species over a wide range. Using numeric simulations, we
find that electrostatic repulsion between the bound spheres plays a crucial role in
the cluster formation, by favoring aggregation on the facet of the cubic core over
adsorption to the edges and corners of the cube. Clusters assembled from hematite
cubes and polystyrene spheres can be further stabilized by fusing the polystyrene
satellites using Tetrahydrofuran (THF) as plasticizer.[36] Finally, we demonstrate
that the permanent magnetic dipole of the employed hematite cubes can be used
to straightforwardly separate colloidal molecules from the excess spheres through
a magnetic field.

2.2 Materials and Methods

2.2.1 Experimental Section

Materials

Polystyrene spheres with 2.00±0.05 µm diameter and 5 wt/v% were purchased
from Sigma-Aldrich. Polystyrene spheres with 4.55±0.05 µm diameter and 10
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wt/v% were purchased from Microparticles GmbH. Polystyrene spheres of diame-
ter 1.00±0.05 µm were synthesized by surfactant free emulsion polymerization.[37]
Silica spheres of diameter 0.97±0.05 µm, 2.06±0.05 µm and 4.62±0.05 µm size with
5 wt/v% were purchased from Microparticles GmbH. Sodium hydroxide (NaOH,
99.5% from Acros Organics), tetrahydrofuran (THF, 99.9% from Honeywell Re-
search Chemicals), and Iron(III) Chloride Hexahydrate (FeCl3· 6H2O) (ACS, 97.0-
102.0% from Alfa-Aeser) were used as received. Milli-Q (Millipore Gradient A10)
water with resistivity 18.2 MΩ·cm was used for all experiments.

Synthesis of Hematite Cubes

The hematite cubes were synthesized using the procedure described by Sugimoto
et al.[38] In a typical synthesis that yielded 0.83±0.03 µm hematite cubes, 100 ml
2M FeCl3· 6H2O was prepared in a 500 ml pyrex bottle. Next, 100 ml of a 5M
NaOH solution was added in 20 seconds while stirring. Then, the mixture was kept
stirring for another 10 minutes and subsequently placed and kept undisturbed in a
preheated oven at 100 ◦C for 8 days. After that, the resulting cubes were washed
several times using centrifugation and re-dispersion in Mill-Q water. Finally, the
particles were first washed with ethanol and then with water to remove unreacted
chemicals by repeated centrifugation at 5000 rpm for 10 min (Beckman Coulter,
Avanti J-15R) and re-dispersion by sonication (Elma, Elmasonic P) for 15 min at
20 ◦C temperature and 37 MHz frequency. A similar procedure and concentration
were used for synthesizing 1.08±0.04 µm hematite cubes except that the 100 ml
of 5M NaOH solution was added in 40 seconds while stirring. The cube’s size
was determined by measuring the side to side length of at least 100 particles from
scanning electron microscopy (SEM) using ImageJ. For imaging, a 50 µl suspension
of hematite cubes of concentration of 0.05 wt/v% was spread and dried on a glass
substrate at room temperature. After sputter coating the substrate with a 5 nm
Pt/Pd layer (Cressington 208HR sputter coater), the sample was imaged using
scanning electron microscopy (SEM) (Thermo-Fisher ApreoSEM).

Particle Zeta Potential Measurement using Dynamic Light Scat-
tering

Zeta potential was measured using a Malvern Zetasizer nano ZSP equipped with
a He-Ne gas laser with a wavelength of 632.8 nm. A dilute dispersion with a
concentration of 0.005 wt/v% of each cubic and spherical particles was prepared
in Mill-Q water and sonicated for at least 10 minutes at 20 ◦C temperature and
37 MHz frequency. Then, the suspension of particles was placed in the sample
holder and allowed to equilibrate at 25 ◦C temperature, before the zeta potential
was measured. For each particle, the reported zeta potential is an average of three
separate measurements.

Sample Preparation for Self Assembly and Microscopy Imaging

First, the concentration of particles was adjusted to 4.55× 109 particles ml−1 (for
1.00±0.05 µm, 0.97±0.05 µm, 2.00±0.05 µm, and 2.06 ±0.05 µm spheres), 1.13×
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109 particles ml−1 (for 4.55±0.05 µm, and 4.62 ±0.05 µm spheres) and 4.55× 107

particles ml−1 (for 0.83±0.03 µm, and 1.08±0.04 µm cubes). Before assembly, the
particle dispersions were sonicated for at least 15 min at 20 ◦C temperature and
37 MHz frequency to break up any aggregates. We mixed 200 µl of cubic particles
with 200 µl spherical particles. We used a particle number ratio of spheres to
cubes of 100:1 for the preparation of AB6 and AB4 valence colloidal molecules,
and 25:1 for the preparation of AB2 valence colloidal molecules. The assembled
colloidal molecules were imaged using a custom-made sample holder equipped
with a standard round glass coverslip on bottom and top. The prepared colloidal
molecules were imaged using a Nikon TI-E A1 inverted bright field microscope
using a 100x Oil objective (N.A 1.4) equipped with a Prime BSI Express camera
(Teledyne Photometrics).

Preparation of Fused Colloidal Molecules

Colloidal molecules were separated from the excess spheres using a handheld mag-
net. Separated polystyrene-hematite colloidal molecules were fused as per the
procedure described by Hueckel et al.[36] For this, 1 ml of 10 v/v% THF solu-
tion in Milli-Q water was prepared, and 50 µl of the separated colloidal molecules
dispersion were added to the THF solution. In THF solution, the solid polymer
spheres flow, fuse and stick to the cubes. We allowed the fused colloidal molecules
to settle under gravity, before removing the supernatant and replacing it with
Milli-Q water to quench the process and re-solidify the spheres. The polystyrene
spheres became firmly attached to the cubes through this procedure. For imaging,
20 µl of fused colloidal molecules were dried on a glass substrate at ambient tem-
perature. Then, the substrate with dried colloidal molecules was sputter-coated
with a 5nm platinum layer (Cressington 208HR sputter-coater) and imaged using
scanning electron microscopy (SEM) (Thermo-Fisher ApreoSEM).

2.2.2 Numerical Section

Monte Carlo Simulations

To shed light on the self-assembly process of satellite spheres onto cubes, we per-
formed NV T Monte Carlo simulations. We fixed a cube with side length σc in
the center of the simulation box and started our simulations by randomly placing
N spheres of size σs in the simulation box, thereby avoiding any overlap between
the spheres and the cube. We varied the size ratio α = σs/σc from 1.0 to 5.6. We
set the number of spheres N equal to either 25 or 100, so that the ratio between
the number of spheres and cubes matched that in the experiments. To account
for the homogeneous surface charge of the cubes, we tessellated the cube surface
with spherical beads of size σ. We used σ as our unit of length in the simula-
tions and fixed the side of the cube σc = 5σ. To describe the electrostatic and
excluded-volume interactions between the hematite cores and the satellite spheres
in the experiments, we described the interactions between the spherical beads
composing the cube and the satellite spheres by a hard-sphere (HS) and attractive
screened Coulomb potential[39] UY,cs(rij) so that the total interaction potential
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Ucs(rij) reads

βUcs(rij) =

{
∞ rij ≤ σcs

βUY,cs(rij) rij > σcs,
(2.1)

where β = 1/kBT with kB the Boltzmann constant and T the temperature, σcs =
(σs + σ)/2, rij denotes the center-of-mass distance between bead i and satellite
particle j, and

βUY,cs(rij) = −ϵcs
exp[−κσcs(rij/σcs − 1)]

rij/σcs
, (2.2)

where the dimensionless prefactor ϵcs describes the interaction strength and κ the
inverse screening length. The satellite spheres repel each other via a HS potential
and a screened Coulomb repulsion UY,s(rij), and the total interaction potential
Uss(rij) reads

βUss(rij) =

{
∞ rij ≤ σs

βUY,s(rij) rij > σs,
(2.3)

with

βUY,s(rij) = ϵs
exp[−κσs(rij/σs − 1)]

rij/σs
. (2.4)

As the experiments were performed in water, we set the inverse Debye screening
length to κ = 0.1 nm−1, which corresponds to about 20σ−1. By increasing κ,
we observe only minor effects in the cluster size distribution, as shown in Figure
2.10. We fixed the interaction strengths ϵs = 10 and 10 ≤ ϵcs ≤ 100. We show
the the average cluster size for ϵcs = 15. The resulting interaction potentials are
extremely short-ranged and steep, and hence the effect on the assembly is that in
the case that a sphere interacts with a cube, the sphere remains attached and only
slightly fluctuates around their initial contact point. To study the self-assembly
process, we performed Monte Carlo simulations for each size ratio for 106 Monte
Carlo steps starting from 100 to 1000 different initial configurations.

Parking Problem

We compared our particle clusters as obtained from Monte Carlo simulations with
two different implementations of the “random parking” algorithm.[40] The random
parking problem addresses the question of how many particles can be parked onto
the surface of a central particle in case the sites are randomly chosen and the
particles are non-overlapping. The random parking algorithm has been applied
for parking spheres on a sphere.[30, 40]

Here, we examined the random parking of spheres onto the surface of a cube.
We considered two different implementations of the random parking algorithm.
In the first case, N spherical particles diffuse in the simulation box and a sphere
is considered as “parked” onto the cube once the minimum distance condition
between a sphere and a cube is satisfied. The minimum distance between the
surface of a cube with side length σc and the center of a sphere with diameter σs
is equal to σs/2. To this end, we employed the Oriented Cuboid Sphere Intersection
(OCSI) algorithm to detect overlap between cuboids and spheres.[41] We refer to
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this implementation of the random parking algorithm as the parking problem based
on random adsorption of satellite spheres onto a cube. The second implementation
provides a simpler approach to the problem. We randomly selected a point on the
surface of the cube and in case the no-overlap condition is satisfied, we placed a
particle of diameter σs at that position. This second implementation is referred
to as the parking algorithm based on selecting a random site on the surface of the
cube. In both cases, we ignored the screened Coulomb interactions between the
particles and only considered excluded-volume interactions. We investigated the
particle clusters using the two different implementations of the random parking
algorithm for the same range of size ratios α as in the Monte Carlo simulations.

2.3 Results and Discussion

2.3.1 Assembly and Purification Strategy for Colloidal Clus-
ters

To assemble colloidal molecules, we follow a procedure based on hetero-coagulation
of oppositely charged colloids into small clusters. Upon mixing two species that
attract each other, finite sized clusters are being formed if one species is used in
excess of the other.[22, 30, 33, 42] The particles that are being used in excess
assemble on the second particle type until it is fully covered. This approach is
not restricted to colloids interacting through electrostatic interactions, but it has
also been shown for spheres modified with complementary DNA strands.[17, 18, 30]
Here, we use cubic particles made from hematite as the core particles of the cluster
because they feature two crucial advantages: (1) their non-spherical, cubic shape
can be exploited as a mean to control the number of bound satellite particles
and thus the shape of the resulting colloidal molecules, and (2) their permanent
magnetic dipole moment can be used to separate the colloidal molecules from other
particles after assembly.

An overview of the general procedure for preparing and isolating colloidal
molecules is shown in Figure 2.1. In a typical experiment, we mixed positively
charged cubes that were dispersed in water with an excess number (25:1 or 100:1,
see Methods) of negatively charged spheres, either made from polystyrene or silica,
of various sizes (see Table 2.1) and allowed them to self-assemble for 15 minutes.
A schematic of the process is depicted in Figure 2.1a and bright-field microscopy
images of the initial particle dispersions are shown in panels a’ and a”. We found
that longer assembly times did not significantly affect the number of bound satel-
lite spheres. The excess of negatively charged spheres leads to quick saturation
of the cubic core particles and hence formation of finite size clusters, the colloidal
molecules.[17, 30] In each colloidal molecule a cube is surrounded by N spher-
ical particles, see Figure 2.1b and b’. The net charge of the resulting colloidal
molecule is negative as multiple negatively charged spheres adhere to a single pos-
itively charged cube, see Table 2.1, thereby overcompensating its charge. Their
negative charge stabilizes the clusters against further aggregation, although this
is much less pronounced than for clusters assembled in non-aqueous media.[22]
The assembled colloidal molecules can therefore be characterized by the number
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Exploiting Anisotropic Particles to Assemble Colloidal
Molecules

Figure 2.1: Schematic illustrating the process of assembly and separa-
tion of colloidal molecules prepared from a binary mixture of negatively
charged spheres and positively charged cubes. (a) A mixture of positively
charged cubes (depicted in red, and shown in a bright-field microscopy image in
panel a’)) and an excess number of negatively charged spheres (depicted in grey,
and shown in the bright-field microscopy image in panel a”)). (b) Spontaneously
self-assembled colloidal molecules driven by electrostatic attractions between cubes
and spheres. The excess number of spheres leads to saturation of the cube surface
and hence finite size clusters. The cubic shape and size ratio of the cubes and
spheres determine the cluster size. An example of the assembled clusters and the
large excess amount of spheres is shown in panel (b’). (c) The permanent magnetic
dipole of the cubic particles allows separation of colloidal molecules from unbound
spheres with a magnet, yielding (d, d’) isolated colloidal molecules after removal
of suspended excess spheres.
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of adsorbed spheres N . The positions of the spheres on the cube particles are
static due to the strong attraction between the particles.

The permanent magnetic dipole of the hematite cores allows us to selectively
isolate colloidal molecules with a magnetic field created using a handheld magnet,
see Figure 2.1c. Under the influence of the magnetic field, the colloidal molecules
migrate towards the magnet, leaving behind a large number of excess spheres sus-
pended in the upper layers of the fluid (see also discussion in Section 2.3). These
could be removed by extracting the supernatant using a micropipette, and refill-
ing the sample to its initial volume with Milli-Q water. To remove as many free
spheres as possible, the same procedure was repeated three times, yielding high
concentrations of colloidal molecules, see Figure 2.1d and d’. The self-assembly
experiments were carried out at a low particle solid content such that we could
easily follow the progress while also ensuring proper mixing between the two par-
ticle species. Assembly at a higher solid content should in principle be feasible as
well, if proper mixing can be ensured and if a large number ratio between spheres
and cubes is maintained to guide the self-assembly.

2.3.2 Geometric Effects in Determining the Cluster Size of
Electrostatically Assembled Colloidal Molecules

The organizational principle in hetero-coagulation-type assembly of colloidal clus-
ters is the geometry of the constituents and, potentially, electrostatic effects. Con-
sidering geometry only, the size ratio α between the satellite particles and the core
has been found to determine their maximum number, for clusters made from two
species of spheres.[30, 31] In addition, electrostatic repulsion between the satel-
lite particles may lower their geometrically determined maximum number.[22] The
shape of the central particle may further limit the number of adsorbed spheres.[24]

To test the effects of electrostatic interactions and shape of the central core,
we exploited the predictive power of numerical simulations to investigate their
combined influence on the size and yield of the assembled clusters for different
size ratios. We run Monte Carlo simulations in which a repulsive and an attrac-
tive Yukawa pair potential account for the screened Coulomb interactions between
spherical satellite particles of diameter σs, and between the latter and the cubic
core with edge length σc, respectively. As all experiments were performed in aque-
ous environments, we set the Debye screening length to 0.1 nm−1. The resulting
Yukawa potential is thus extremely short-ranged and steep for both the attractive
and repulsive interactions. We performed Monte Carlo simulations for different
initial configurations in the presence of an excess of colloidal spheres. We provide
more details on the numerical simulations in the Methods section.

We then determined the number of satellite spheres N adsorbed onto a cen-
tral cubic particle for varying size ratios α = σs/σc. In Figure 2.2, we plot the
probability, i.e. the normalized yield, of clusters with N satellite spheres adsorbed
onto the surface of a cube as a function of size ratio α. It emerges immediately
that for 1.2 ≲ α ≲ 2 the cubic shape of the central core is the limiting factor for
the number of bound satellite particles, allowing for only one particle per facet to
be bound resulting into six-satellite-particle clusters. This is very different from
the behavior that would be observed when satellite spheres are adsorbed onto the
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Figure 2.2: Normalized yield of clusters with N adsorbed satellite spheres as a
function of size ratio α = σs/σc as obtained from Monte Carlo simulations with a
repulsive screened Coulomb potential between the satellite spheres with diameter
σs and an attractive screened Coulomb potential between the satellite spheres and
the central cube with an edge length σc.

surface of a spherical central colloid, as was demonstrated in previous work.[30]
In the case of adsorption onto a sphere, the range in which six-satellite-particle
clusters are observed is much narrower and the corresponding maximum theoreti-
cal yield is 30% lower. The robustness of the resulting colloidal molecules towards
variation in the size ratio also explains why colloidal molecules based on templat-
ing polyhedral particles could be achieved without an extensive search for optimal
size ratios.[24]

In the case of adsorption onto a cube, the available space for binding a second
sphere to a facet is greatly reduced when a sphere is already attached to that facet.
For α ≲ 1.2, the anisotropic shape of the central particle has no or little effect
on the number and organization of bound particles.[36] For α ≳ 2, the percentage
of clusters with less than six satellite particles gradually increases with α, as the
adsorption of spheres on an adjacent facet becomes increasingly restricted. It
appears that the highest yield for clusters with four satellite particles is reached
for α = 2.48, which is slightly higher than for the adsorption onto a sphere, where
the highest yield was found for α = 2.41 for tetrahedrally arranged particles. For
an even higher size ratio, the number of satellite particles is further reduced up to
α ≈ 4 for which their size is such that at most two particles can be bounded.

We experimentally tested these predictions by assembling colloidal clusters
from hematite cubes with edge lengths 0.83±0.03 µm (HC1) and 1.08±0.04 µm
(HC2), and spheres made of either polystyrene or silica, with various sizes. In
particular, we chose polystyrene spheres (PS) with a diameter of 1.00±0.05 µm
(PS1), 2.00±0.05 µm (PS2) and 4.55±0.05 µm (PS3), and silica spheres (Sil) with
size 0.97±0.05 µm (Sil1), 2.06±0.05 µm (Sil2) and 4.62±0.05 µm (Sil3). The size
and charge of the various satellite and core particles used in this study are listed in
Table 2.1. The use of both polystyrene and silica spheres of similar sizes allows us
to demonstrate the method’s generality and identify the impact of electrostatic and
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gravitational effects on the cluster size distribution. After assembly, we measured
the cluster size distribution by manually counting 100-130 clusters from at least
two distinct microscope images or videos of magnetically separated clusters. We
excluded unbound spheres and non-specific aggregates of the same type of particle.
Videos were used to analyze three-dimensional clusters from small spheres and
cubes (α =1.20). Still images were instead used for colloidal molecules made from
larger spheres because they could be more easily distinguishable.

AB6-configuration clusters are indeed found for size ratios α = 1.20 (for
polystyrene spheres) and α = 1.16 (for silica spheres), for which representative
bright-field microscopy images together with a schematic drawing can be found
in Figure 2.3a, e, i and m. Additionally, we show a representative configuration
from Monte Carlo simulations for the same size ratios in Figure 2.3q. Most impor-
tantly, such clusters constitute the most dominant fraction of clusters as compared
to other configurations, as shown by the cluster size distribution reported in Fig-
ure 2.4a and b for polystyrene and silica spheres, respectively. Consistently, at a
comparable size ratio, this is also the most dominant fraction of clusters found in
simulations, as reported in Figure 2.4c. The yield of 0.64 and 0.82 for PS and sil-
ica, respectively, at this size ratio is similar and higher than the maximum yield of
about 0.7 that was found previously for AB6 sphere-sphere clusters at the optimal
size ratio, at which also AB5 and AB7 were found.[30] We notice that this yield
was only determined theoretically, and a presumably lower value can be expected
for experimentally obtained sphere-sphere clusters. We further note that our ex-
perimentally chosen size ratio was not optimized for yield, although it is close to
the geometrically expected size ratio for a maximum yield.

By increasing the size ratio, the number of spheres bound per cube decreases,
as expected. At α = 1.85 and α = 1.90, clusters with a predominantly AB5 and
AB4 geometry were observed for polystyrene and silica spheres, respectively. At
this size ratio, a higher yield of AB4 of about 0.6 is achieved for silica spheres,
with such clusters typically having all particles arranged in a plane. Clusters from

Table 2.1: Colloidal particles used in the experiments and their materials, no-
tation, size and standard deviation, zeta potential and standard deviation of the
zeta potential as measured by dynamic light scattering. For spheres, the diameter
is reported as their size; for hematite cubes, the edge length is reported.

Material Notation
Size
(µm)

Zeta
Potential (mV)

Standard
Deviation (mV)

Polystyrene
Spheres (PS)

PS1 1.00±0.05 -38 5.2
PS2 2.00±0.05 -47 2.0
PS3 4.55±0.05 -45 3.2

Silica
Spheres (Sil)

Sil1 0.97±0.05 -45 8.9
Sil2 2.06±0.05 -57 1.1
Sil3 4.62±0.05 -79 4.6

Hematite
Cubes (HC)

HC1 0.83±0.03 31 1.8
HC2 1.08±0.04 27 3.3
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𝛂≈1.2 𝛂≈1.9 𝛂≈2.4 𝛂≈5.5

Figure 2.3: Electrostatically assembled colloidal molecules made from
cubes and spheres for different size ratios α. (a-d) and (i-l) rows show
schematic depictions of the bright-field microscopy images of colloidal molecules
prepared from (e-h) polystyrene spheres and hematite cubes, and (m-p) silica
spheres and hematite cubes. For α > 1, a maximum of six spheres can be bound
to the central cube as shown for (e) α = 1.2 and (m) α = 1.16, and slightly
larger size ratios (f) α = 1.85 and (n) α = 1.90. For α ≳ 2.40, the number
of bound particles decreases further, as experiments with (g) α = 2.40 and (o)
α = 2.48 demonstrate. For α ≳ 4, only two spheres can be bound per cube,
see (h) α = 5.48, and (p) α = 5.56. Scale bar is 2 µm. (q-t) Representative
snapshots of colloidal molecules obtained from Monte Carlo simulations for size
ratios α = 1.20, 1.90, 2.40, and 5.50.

both types of particles have a broader distribution, meaning that at this size ratio
the transition from AB6 to AB2 is still ongoing. From the schematic drawing
shown in Figure 2.3b and the representative image from Monte Carlo simulations
in Figure 2.3r it becomes apparent that indeed the packing on the surface of the
cube becomes tight at this size ratio. Close-ups of bright-field microscopy images
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of the corresponding clusters are shown in Figure 2.3f and n, for polystyrene and
silica spheres, respectively.

For slightly larger polystyrene spheres with a size ratio α = 2.40, we find
predominantly, i.e. in 78% of all cases, clusters with AB4 geometry (Figure 2.3c
and g, and Figure 2.4a), while 21% of the clusters feature three spheres. This size
ratio is still below the one at which the transition AB2 would be expected. From
the bright-field images (Figure 2.3g) and simulation snapshot (Figure 2.3s) it is
visible that the four outer spheres typically do not lie in the same plane, but feature
three particles in the same plane and one particle above. At a similar, although
slightly higher, size ratio of α = 2.48, clusters containing silica particles already
feature mostly AB3-type clusters, that is 67%. In contrast to the polystyrene-based
clusters, the three spheres and cube are arranged in a plane, see Figure 2.3k, and
o.

Finally, at an even higher size ratio, we find almost exclusively AB2 clusters
for both polystyrene (α = 5.48) and silica spheres (α = 5.56), with a yield of
0.96 for PS and 0.80 for silica based clusters, as shown in Figure 2.4. A schematic
drawing and corresponding bright-field microscopy images of the resulting clusters,
illustrating the exclusion of a third particle from the surface of the cube, can be
found in Figure 2.3d, h, l, and p. Accordingly, in simulations, at α = 5.40 we only
find clusters like the one shown in Figure 2.3t, as demonstrated by the normalized
frequency reported in Figure 2.4c.

Comparing the cluster size distributions shown in Figure 2.4a and b, we find
that at similar size ratios, polystyrene based clusters have a slightly larger cluster
size, i.e. more particles are bound to the surface of the cube. This becomes even
clearer in Figure 2.4d, where the average cluster size for both polystyrene and
silica spheres is shown. Again, on average the cluster size of polystyrene-hematite
colloidal molecules is slightly larger than that of silica-hematite ones. In addition,
for a similar size ratio, we noticed a wider cluster size distribution in polystyrene
based colloidal molecules. The consistently larger size of the assembled colloidal
molecules obtained from using polystyrene spheres can be understood from the
combined effect of electrostatic repulsion and gravitational confinement to quasi-
2D. Silica particles are more negatively charged than polystyrene particles of the
same size, as demonstrated by the zeta potential measurements displayed in Ta-
ble 2.1. A stronger repulsion implies that fewer silica particles can be accommo-
dated on the cube’s surface, equivalent to an effectively larger size. Electrostatic
repulsion between the outer spheres have also been found to play a role in ex-
periments and simulations on sphere-sphere clusters in a non-aqueous solvent.[22]
There, it was demonstrated that the cluster size of colloidal molecules is dependent
on the size ratio, charge, and density of the particles, and in particular that an
increase in particle charge implies a decrease in the average size of the colloidal
molecules. However, we expect that the impact of the different zeta potential val-
ues on the cluster size in our case is still small compared to the geometric effects
imposed by the size ratio of the cube and sphere, and the anisotropic shape of the
cube. Secondly, the higher density of silica leads to a lower gravitational height
compared to that of polystyrene spheres, whose density is close to that of the
surrounding medium. While this effect is negligible for small silica spheres, it is
clearly visible for larger ones, where quasi-2D clusters are being formed. At size

26



Exploiting Anisotropic Particles to Assemble Colloidal
Molecules

1 2 3 4 5 6 7

Cluster size (N)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

F
re

qu
en

cy
Æ = 1.20
Æ = 1.85
Æ = 2.40
Æ = 5.48

1 2 3 4 5 6 7

Cluster size (N)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

F
re

qu
en

cy

Æ = 1.16
Æ = 1.90
Æ = 2.48
Æ = 5.56

1 2 3 4 5 6 7

Cluster size (N)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

F
re

qu
en

cy

Æ = 1.16
Æ = 1.90
Æ = 2.40
Æ = 5.56

1 2 3 4 5 6

Size ratio (Æ)

2

3

4

5

6

7

A
ve

ra
ge

C
lu

st
er

S
iz

e

Simulations
PS-HC
Silica-HC

Silica-HCPS-HC

Simulations

Figure 2.4: Cluster size distributions of colloidal molecules assembled
from hematite cubes and (a) polystyrene or (b) silica spheres and (c) cluster size
distributions for different values of the size ratio α obtained from Monte Carlo sim-
ulations. (d) Average cluster size of colloidal molecules assembled from polystyrene
spheres and hematite cubes (PS-HC), silica spheres and hematite cubes (Silica-
HC), and from Monte Carlo simulations as a function of size ratio α. The error
bars represent standard deviation. Symbols and colors in (a)-(c) indicate different
size ratios. The error bars represent the mean absolute deviation around average
cluster size. Data in (c-d) correspond to ϵcs = 15.

ratios that should still allow binding of six spheres to the cube, often only four are
being found. This implies that despite tumbling the sample during assembly which
should enable 3D clusters, the clusters reorganize with spheres breaking off due to
the quasi-2D confinement in the sample holder. The uniformity of the assembled
colloidal molecules exemplifies that gravitational confinement can be used as an
additional strategy to assemble AB4 clusters instead of AB6 with a rather uniform
shape.

When comparing the size distribution of binary clusters assembled from spheres
and cubes with those made previously from spheres only, we find that the yields
for a specific ABN are higher than what has been achieved for spheres,[17, 22, 30]
with the exception of AB4 at the very specific size ratio α = 2.41, which consti-
tutes a special case. In addition, the highest yield for AB4 type colloidal molecules
with a cube at the center is slightly shifted to higher α,[30] just like other specific
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cluster sizes. This is a direct consequence of the faceting of the cubic template.

We also note that for all size ratios, we consistently find smaller yields and
slightly wider distributions of the most likely cluster size in experiments compared
to the ones predicted by Monte Carlo simulations, see Figure 2.4. We hypothesize
that this discrepancy stems from a combination of the polydispersity in particle size
and shape in the experiments for both satellite and core particles. Furthermore,
the experimental cluster size distributions were obtained after magnetic separation
of the colloidal molecules, a procedure that might break off some of the adsorbed
spheres. This is corroborated by the fact that we never observed larger cluster
sizes in experiments than those theoretically predicted by simulations. It is worth
noting that on average, the sizes of the experimentally and numerically observed
clusters are always comparable, with a remarkably good agreement in particular
for AB6 and AB2 clusters. Such comparison is reported in Figure 2.4d.

Finally, to obtain a deeper understanding on the assembly mechanism and on
the obtained cluster size distributions, it is interesting to compare our outcomes to
what was previously found for sphere-sphere clusters, assembled from two different
species of spheres, one of which is in excess with respect to the other. In particular,
it was shown that the resulting cluster size distributions agree well with those
found for the “random parking” problem. Therein, no interaction potential is
taken into account and spheres are simply parked onto the surface of the central
colloid (see Methods), given that they stick randomly and irreversibly on each other
surfaces.[30] We thus investigate whether this also holds in the case of a cubic core
particle. To this end, we determined the cluster size distributions and averaged
cluster size by implementing two versions of the random parking algorithm. We
first employed a random parking algorithm based on random adsorption of satellite
spheres onto a cube. As shown in Figure 2.5-2.7, we clearly observe that the
number of spheres attached to a cube is higher than observed in experiments and
Monte Carlo simulations, presented earlier in this section. Analyzing the resulting
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Figure 2.5: Average cluster size as a function of size ratio α as obtained from
the random parking algorithm based on random adsorption of spheres onto the
surface of a cube.
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Figure 2.6: Cluster size distributions as obtained from the random parking
algorithm based on random adsorption of spheres onto the surface of a cube for
different size ratios α.

clusters as obtained from the random adsorption parking algorithm, we observe a
tendency of satellite particles to be located on the edges and corners of the cubes
rather than the faces, leading to more free space for other satellite particles to be
bound and thus to higher averaged numbers of bound spheres. In Figure 2.7, we
show typical configurations of the resulting clusters.

We additionally employed a much simpler random parking algorithm based
on selecting a random site on the surface of a cube. Remarkably, we find that
the cluster size distribution and average cluster size obtained with this approach
matches very well with the ones obtained from experiments and Monte Carlo
simulations, as shown in Figure 2.8 and 2.9. As the probability to select a random
site on one of the faces of the cube is much higher than on one of the edges
or corners of the cube, this finding confirms again the preference of the satellite
spheres to be located on the faces of the cube.

The different cluster size distributions as obtained from the random parking
algorithm based on random site selection or random adsorption can be explained
as follows. In the case of random adsorption, the adsorption site is determined by
the minimal center-to-surface distance of the satellite sphere and the cubic core,

Figure 2.7: Typical configurations as obtained from the random parking al-
gorithm based on random adsorption of spheres onto the surface of a cube for
different size ratios α = 1.2, 2.4 and 5.4.
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Figure 2.8: Average cluster size as a function of size ratio α as obtained from the
random parking algorithm based on selecting a random site for spheres attached
to the surface of a cube.

resulting into a cuboidal surface for the center of masses of the bound satellite
spheres. Hence, the preference to stick to the corners and edges of the cube is
much higher for random adsorption than in the case of selecting a random site on
the surface of a cube, leading to significantly different cluster size distributions.

Here, we analyze the effect of changing the inverse Debye screening length
κ from 20σ−1 (0.1 nm−1), the one reported in the result section, to 10σ−1 and
50σ−1, corresponding approximately to 0.05 nm−1 and 0.3 nm−1 respectively. This
is shown in Figure 2.10 in terms of the average cluster size distribution. We can
observe that changing the electrolyte concentration has only minor effects on the
overall distribution. At longer screening lengths, κ=10 σ−1, the average cluster
size is slightly shifted towards larger values at intermediate size ratios. While at
short screening lengths the opposite effect is observed.

We conclude that the six-fold symmetry of the cubic core favors the assembly
of colloidal molecules with six, four, and two satellite spheres in symmetric ar-
rangements. The templating effect of the symmetry of the core structure onto the
surrounding particle arrangement has previously been seen in colloidal assembly
on metal-organic framework particles[24] and levitating droplets.[43] In our case,
the effect of the anisotropic particle shape and symmetry can only be leveraged
if the interactions between the cube and sphere are attractive and if the interac-
tions between the adsorbing spheres are repulsive, and neither are extreme. While
we here employed interaction potentials that model the electrostatic interactions
between the experimentally employed particles, we expect that a similar strategy
to assembly colloidal molecules in high yields and specific symmetries can be ob-
tained with other interaction potentials as well, such as depletion-induced[20] or
hydrophobic interaction.[19, 44]
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Figure 2.9: Cluster size distributions as obtained from the random parking
algorithm based on selecting a random site for spheres attached to the surface of
a cube for different size ratios α.
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Figure 2.10: Average cluster size distribution as a function of the sphere-to-
cube size ratio α for different values of the inverse Debye screening length κ at
fixed ϵcs = 15.
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2.3.3 Magnetic Separation of Colloidal Molecules and Fu-
sion of the Adsorbed Spheres

The permanent magnetic dipole moment of the central cube allows us to separate
the colloidal molecules after their assembly from the unbound spheres. Easy iso-
lation of the colloidal molecules is useful for any further experimental studies that
rely on high concentrations and purity of large quantities. We demonstrate the
principle for all samples investigated here, that is, both for different size ratios and
sphere types.

Figure 2.11 shows representative light microscopy images of separated col-
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10µm
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c d

b

Figure 2.11: Bright-field microscopy images of magnetically sepa-
rated colloidal molecules assembled from polystyrene (PS) and hematite
cubes (HC) using different size ratios α: (a) α=1.20 assembled from PS1
and HC1, (b) α=1.85 (PS2 and HC2), (c) α=2.40 (PS2 and HC1), and (d) α=5.48
(PS3 and HC1).
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Figure 2.12: Bright-field microscopy images of colloidal molecules as-
sembled from silica spheres (Sil) and hematite cubes (HC) using differ-
ent size ratios α: (a) α = 1.16 (assembled from Sil1 and HC1), (b) α =1.90 (Sil2
and HC2), (c) α =2.48 (Sil2 and HC1), and (d) α =5.56 (Sil3 an HC1).

loidal molecules obtained from different mixtures of polystyrene and hematite col-
loids. From the large field-of-view images it is evident how high yields of colloidal
molecules can be obtained in this way. Such images were used to obtain the cluster
size distributions reported in Figure 2.4. For example, as discussed above, for α =
1.20 shown in Figure 2.11a, most colloidal molecules feature one sphere attached
to each of the six faces of the cube, resulting in high yields of AB6-type colloidal
molecules. With increasing size ratio from Figure 2.11a to d, the number of bound
spheres decreases. At size ratios far from the critical ones identified above, that
is Figure 2.11b and c, the assembled colloidal molecules feature a wider range of
number of bound particles. For α = 5.48, only AB2 colloidal molecules are seen,
with occasionally single spheres or cubes from a broken cluster.
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To demonstrate the generality of the method, we also separated colloidal
molecules fabricated from silica spheres and hematite cubes. The representative
light microscopy images of separated Sil-HC colloidal molecules obtained for the
four size ratios discussed above are shown in Figure 2.12a-d. The respective size
distributions are shown in Figure 2.4b. Again, the number of bound spheres per
cube clearly reduces with increasing size ratio. In addition, the larger size and
higher density of the silica spheres that was employed in the experiments leads
to a large fraction of quasi-2D colloidal molecules, which increases with the size
of the silica spheres. For this reason, AB3 and AB4-type clusters prepared from
silica spheres, as shown in Figure 2.12b and c, have a different geometry than those
assembled from polystyrene, see Figure 2.11b and c.

2.3.4 Dried Colloidal Molecules

A closer inspection of the sphere arrangement on the cubes is in principle possible
by drying the colloidal molecules at room temperature to be able to image them
using electron microscopy. However, solvent evaporation induced capillary forces
disengaged the particles from the cubes, as shown in Figure 2.13a and 2.14. That
clusters were so easily broken also may point out that some clusters might have
broken during the magnetic separation. To address this issue, we used a previously
described technique for merging colloidal molecules by the addition of a plasticizer,
THF.[36] The results for representative fused AB6 and AB7 colloidal molecules
are presented in Figure 2.13b and c, and were captured using a scanning electron
microscope. It is worth noting that, as also observed in simulations, not all spheres
are perfectly centered on the cube face and that in the AB6 cluster, each face of
the cube has only one sphere attached.

Figure 2.13: Scanning electron microscopy images of colloidal
molecules assembled from polystyrene spheres and hematite cubes. (a)
Dried, unfused colloidal molecules, (b,c) Fused colloidal molecule with six and
seven bound spheres, respectively.

Being comprised of both magnetic and non-magnetic particles and not being
dependent on particular material properties other than surface charge, the here
presented colloidal molecules are particularly interesting for creating colloidal crys-
tals with optical and mechanical properties that can be designed through the size
ratio and particle material, and be tuned in situ through an external magnetic
field.
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Figure 2.14: Scanning electron microscopy image of dried-disengaged colloidal
molecules assembled from polystyrene spheres and hematite cubes.

2.4 Conclusions

In our work, we investigated the electrostatically-driven self-assembly of colloidal
molecules, determining that simple ingredients such as particle shape and size
ratio between colloidal particles are crucial for the clever control of their valence.
Using positively charged colloidal cubes and negatively charged spheres in the
assembly, we found that the six-fold geometry of the cube can provide AB6, AB4,
and AB2-type colloidal molecules in high yields. By complementing experiments
with Monte Carlo simulations, we determined the range of size ratios between
spheres and cubes for obtaining each colloidal molecule type, and we identified that
electrostatic repulsion between the spheres is important to leverage the templating
effect of the colloidal cube. At the same time, we assessed how such interactions
allow the absorption of the spheres to be preferentially directed to the faces of the
cube, thus discouraging the formation of irregular and asymmetric clusters due to
the presence of satellite particles on the edges of the core. For this reason, we are
able to describe the assembly process of colloidal molecules by a simple parking
algorithm in which the adsorption points on the surface of the cube are selected
randomly.

The protocol for assembling colloidal molecules we presented is innovative in
several respects. First of all, the control of the valence is simply achieved via geo-
metrical factors. In fact, with a single templating shape, it is sufficient to choose
the appropriate size of core and satellite particles for obtaining a desired coordi-
nation number. Compared with the use of a sphere as the central particle,[22, 30]
we can achieve both greater selectivity in the type of molecule obtained as well
as a higher yield, besides obtaining additional control over the relative position
of absorption. Secondly, the presented process is mediated only by electrostatic
interactions. Other procedures for obtaining colloidal molecules with different co-

35



Conclusions

ordination numbers typically require complex functionalization through DNA,[30]
colloidal fusion.[14] In the latter case, for instance, the size ratio has never been
used as a control parameter.[24] Exploiting electrostatic interactions for the as-
sembly further makes our protocol highly versatile in terms of the choice of the
material of the starting building blocks. In fact, we showed that similar colloidal
molecules were obtained from polystyrene and silica particles at the same size
ratios, matching the average cluster size prediction of Monte Carlo simulations.
Finally, by choosing the material of the central core to be hematite, we took
advantage of its magnetic properties to separate colloidal molecules from excess
spherical particles,[45] thus allowing us to further increase the overall purity. For
this reason, we could envision this method to be further exploited for the large-
scale fabrication of such colloidal molecules. In contrast, the purification step in
other assemblies typically involves multiple sedimentation-redispersion processes
by in density gradient centrifugation[34] or fluorescence-activated cell sorting.[35]

We believe that the simplicity and robustness of our approach can be straight-
forwardly applied to other template geometries beyond the cube, and therefore may
be used to assemble colloidal molecules with a manifold of different shapes.[27] The
electrostatic assembly method implies that colloids from various materials may be
employed and combined into colloidal molecules. Potentially, the shape-based
strategy might be extended to other driving mechanisms for self-assembly, such as
depletion-induced[20] or hydrophobic interaction.[19, 44] The high yields obtained
through this particle-shape driven method pave the way for using these particles
in further self-assembly experiments towards novel materials[25, 46] or as model
systems for real molecules.[47]
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