
Colloidal Superballs



Cover: Painting by Fabrizio Carcano, mixed media on flax paper.
Cover design: Andrea Gorlani

Printed by: Proefschriftmaken.nl || Printyourthesis.com

ISBN 978-90-8891-427-0
Subject headings: superballs/colloidal cubes/hematite/silica/cubic crystals/phase
behavior/iron pyrophosphate/pytosterol.



Colloidal Superballs

Colloïdale superballen

(met een samenvatting in het Nederlands)

Superpalle colloidali

(con un riassunto in italiano)

Proefschrift

ter verkrijging van de graad van doctor aan de

Universiteit Utrecht op gezag van de rector magnificus,

prof. dr. G. J. van der Zwaan, ingevolge het besluit van het

college voor promoties in het openbaar te verdedigen

op maandag 11 juni 2012 des middags te 2.30 uur

door

Laura Rossi

geboren op 26 september 1983 te Pavia, Italië



Promotoren: Prof. dr. A. P. Philipse

Prof. dr. W. T. M. Irvine

Co-promotor: Dr. K. P. Velikov

The research described in this thesis was a collaboration with Unilever R&D
Vlaardingen and was financially supported by Senter Novem through Food &

Nutrition Delta program grants number FND07002 and FND0642300.



List of publications

This thesis is partly based on the following publications:

• S. Sacanna, L. Rossi and D. J. Pine, Magnetic click colloidal assem-
bly, Journal of the American Chemical Society, 134, 6112-6115 (2012).
(Chapter 8)
• L. Rossi, S. Sacanna, W. T. M. Irvine, P. M. Chaikin, D. J. Pine and A.
P. Philipse, Cubic crystals from cubic colloids, Soft Matter, 7, 4139-4142
(2011). (Chapter 5)
• L. Rossi, S. Sacanna and K. P. Velikov, Cholesteric colloidal liquid crystals
from phytosterol rod-like particles, Soft Matter, 7, 64-67 (2011). (Chap-
ter 12)
• L. Rossi, J. W. M. Seijen ten Hoorn, S. M. Melnikov and K. P. Velikov, Col-
loidal phytosterols: synthesis, characterization and bioaccessibility, Soft
Matter, 6, 928-936 (2010). (Chapter 11)

Manuscripts in preparation:

• L. Rossi, S. Sacanna, W. T. M. Irvine, P. M. Chaikin, D. J. Pine and A.
P. Philipse, Shape-sensitive crystallization in superball-polymer mixtures.
(Chapter 6)
• L. Rossi, S. Sacanna, M. J. Dekkers, A. P. Philipse and W. T. M. Irvine,
Magnetic properties of hematite superballs. (Chapter 7)

Other papers by the author:

• J. M. Meijer, F. Hagemans, L. Rossi, D. V. Byelov, S. I. R. Castillo, A.
Snigirev, I. Snigireva, A. P. Philipse and A. V. Petukhov Self-assembly
of colloidal cubes using vertical deposition, accepted for publication in
Langmuir (2012).
• A. V. Kyrylyuk, M. A. van de Haar, L. Rossi, A. Wouterse and A. P.
Philipse, Isochoric ideality in jammed random packings of non-spherical
granular matter, Soft Matter, 7, 1671-1674 (2011).
• S. Sacanna, W. T. M. Irvine, L. Rossi and D. J. Pine, Lock and key
colloids through polymerization-induced buckling of monodisperse silicon
oil droplets, Soft Matter, 7, 1631-1634 (2011).
• S. Sacanna, L. Rossi and A. P. Philipse, Oil-in-water emulsification in-
duced by ellipsoidal hematite colloids: evidence for hydrolysis mediated
self-assembly, Langmuir, 23(20), 9974-9982 (2007).

v



vi List of publications

• S. Sacanna, L. Rossi, A. Wouterse and A. P. Philipse, Observation of
a shape-dependent density maximum in random packings and glasses of
colloidal silica ellipsoids, Journal of Physics: Condensed Matter, 19(37),
376108-376124 (2007).
• S. Sacanna, L. Rossi, B. W. M. Kuipers and A. P. Philipse, Fluorescent
monodisperse silica ellipsoids for rotational diffusion studies, Langmuir,
22(4), 1822-1827 (2007).



Contents

List of publications v

Chapter 1 Introduction 1

Part 1 Colloidal model systems 21

Chapter 2 Hematite colloids 23

Chapter 3 Silica colloids 35

Chapter 4 Micron-size colloids with centered and shifted
magnetic dipoles

49

Part 2 Non-magnetic colloids 63

Chapter 5 Simple cubic crystals 65

Chapter 6 Depletion stabilized crystal phases of colloidal su-
perballs

79

Part 3 Magnetic colloids 97

Chapter 7 Dipolar structures of cubes and ellipsoids 99

Chapter 8 Self-assembly of colloids with magnetic patches 117

Part 4 Food-related colloids 127

Chapter 9 Iron(III) pyrophosphate colloids 129

Chapter 10 Synthesis of iron(III) pyrophosphate inside hollow
silica colloids

141

vii



viii Contents

Chapter 11 Colloidal phytosterols: synthesis, characterization
and bioaccessibility

153

Chapter 12 Cholesteric liquid crystals from phytosterol col-
loids

173

Bibliography 183

Summary 191

Samenvatting in het Nederlands 195

Riassunto in Italiano 201

Acknowledgements 203

Curriculum Vitae 209



1
Introduction

1



2 1. Introduction

1.1. Colloidal particles

The research presented in this thesis deals with various aspects of the syn-
thesis and phase behavior of colloidal particles. The etymology of the word
colloid is the Greek word “κoλλα” (glue). This terminology was first used
by Thomas Graham (1805-1869) in his experiments on diffusion phenomena
of different substances through membranes. He distinguished colloids from
molecules based on their relatively slow diffusion and inability to permeate
parchment membranes, which resulted in sticky layers of particles attached
on one side of the membrane [1].

Nowadays, according to the International Union of Pure and Applied Chem-
istry (IUPAC) the term colloidal refers to:

“..a state of subdivision, implying that the molecules or polymolecular parti-
cles dispersed in a medium have at least in one direction a dimension roughly
between 1 nm and 1µm, or that in a system discontinuities are found at dis-
tances of that order.”

Consistent with the above definition, colloids are commonly defined as objects
having dimensions with a size in the range of 1 nm to 1 µm. However, these
size limits are somewhat arbitrary and sometimes colloids are more gener-
ally defined as any object small enough to exhibit significant thermal motion.
Colloidal systems are usually two-phase systems of two immiscible phases
which can be of any nature: liquid-liquid, solid-liquid, gas-liquid, liquid-gas
etc. When solid particles are dispersed in a solvent they are referred to as a
suspension (alternatively the term dispersion will be used in this thesis), while
liquid droplets dispersed in a solvent are referred as emulsions [2].

Although many people are not aware of it, colloids are surrounding us in
our everyday life and can be found everywhere in nature. Colloids are the
proteins suspended in our milk, the erythrocytes of our blood, the air bubbles
in foams and whipped cream, the ink of our toners, the droplets of the fog in
the Po valley, among others.

Colloids are not only important because of their abundance. They can also
be used as models for the study of atomic and molecular systems. Their size
is crucial at this point: colloids are in fact small enough to exhibit significant
Brownian motion, which is the random thermal movement of the particles
due to fluctuations of the pressure in the solvent [3]. The Scottish botanist
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Robert Brown (1773-1858) was the first who noticed the random motion
of powdered inorganic materials using a single-lens microscope [4], a motion
that was later named after him as Brownian motion. Brownian motion essen-
tially refers to the thermal motion that is also typical of atoms and molecules.
The advantage of colloidal particles is that they are bigger than molecules,
therefore their movement is considerably slower and can be easily visualized
with, for instance, a light microscope. Due to their characteristic Brown-
ian movements, colloidal particles are often referred as Brownian particles.
The analogies are such that, under certain conditions, colloidal particles can
exhibit the same phase behavior as atomic and molecular systems forming
crystal, liquid and gas phases. Colloids are, however, advantageous because
they often show these phase transitions in experimentally more accessible
time-scales [5]. A natural example of such a self-assembled state is the opal
gemstone. It consists of regular arrays of small spherical silica particles that
diffract the incident light, generating the rainbow-like colors typical of these
beautiful stones. Similar synthetic structures can be prepared in the labo-
ratory [6] and used for the fabrication of materials such as sensors [7] and
optical devices like photonic crystals [8].

Colloids as model systems
Colloidal particles are defined, as discussed above, by their size, and the fact
that they exhibit Brownian motion. However, these two characteristics are
not enough to make colloids optimal model systems to mimic the behavior of
atoms and molecules. Colloids can be used as “big atoms” or “big molecules”
if they possess uniform physico-chemical properties, ideally having the same
size, shape and internal structure. Since in nature, monodisperse1 systems
are rare, colloid chemists have put much effort in the synthesis of colloidal
particles. One of the first reported syntheses of colloidal particles dates back
to 1847, when the Italian chemist Francesco Selmi (1817-1881) studied the
preparation of what he called pseudosolutions of, for instance, the pigment
Prussian Blue (iron(III) ferrocyanide) [9]. He reported on a synthesis based
on mixing a solution of potassium ferrocyanide and iron(III) chloride, a syn-
thesis that is also employed in Section 10.A.1 of this thesis, 165 years later.

1To identify how “similar” the size of our colloids is, we will use the term polydispersity. We refer to
polydispersity as a measure of the distribution of sizes in a given sample defined as σ/L̄, where σ is
the standard deviation and L̄ is the average value obtained from a statistical value of measurements.
We call monodisperse anything that falls in between 0% and 5% polydispersity.
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Since then, a great amount of work has been done on colloidal synthesis [10].
We are now able to prepare colloids of different sizes and materials (inorganic
or polymeric) [11, 12], various shapes (from the well know spheres to letter-
shaped colloids) [13] and specific surface compositions (Janus and patchy
colloids) [14,15]. Despite the techniques available nowadays, the preparation
of large amount of uniform anisotropic colloids necessary for applications is
still challenging.

1.2. Colloidal interactions

1.2.1. Van der Waals and Double Layer Interactions
When we refer to colloidal dispersions, we usually refer to stable dispersions.
Colloidal dispersions are considered stable if the suspended particles remain
well dispersed. When the colloids in a stable dispersion approach each other
due to Brownian movements, they feel repulsion forces that prevent aggre-
gation. In the same way, if the concentration of the stable colloids increases,
for instance when the particles sediment by exposure to gravitational or cen-
trifugal forces, they are still able to disperse as single particles, even if this
requires application of external forces like, for instance, shear flows or ultra-
sound waves.

When the dispersion is unstable, particles approaching due to Brownian
movements stick to each other forming large fractal clusters which cannot
be redispersed even with the help of strong external forces. The big clusters,
sometimes visible with the naked eye, are called flocs, and the process is called
flocculation or coagulation. The attractive forces acting on the colloids at
short distances are the Van der Waals forces, which are essentially attractive
forces that arise between atoms and molecules at very close distances due to
cooperative oscillations of electron clouds [16]. Since colloids are basically
collections of atoms, when two colloids are in close proximity, the atoms
constituting the colloids interact resulting in an effective attraction.

Most of the colloidal dispersions described in this thesis would be unstable
if there were no electrical double-layer repulsions between the particles. The
Van der Waals forces can in fact be screened, for instance when the surface
of the particles is charged. When a colloidal particle is charged, the ions in
solution bearing an opposite charge will be attracted by the particles, while
ions bearing the same charge will be repelled. This process results in an
inhomogeneous distribution of ions close to the colloid surface called a double
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Figure 1.1. Schematic
illustration of two possible
ways to screen Van der
Waals interactions. A
Similarly charged colloids
are surrounded by a cloud
of counterions that inter-
act preventing coalescence
of the colloids. B When
polymer coils are anchored
on the surface of two
colloidal particles, they
create a physical barrier
preventing colloidal

aggregation.

layer, with a thickness depending on the concentration of ions in solution,
usually referred to as the Debye screening length, κ−1. When two similarly
charged colloids approach each other (see Figure 1.1), their double layers
overlap and a repulsive pair potential develops [17]. The thickness of this
double-layer can be tuned by varying the amount of electrolyte in the solution,
effectively tuning the range of repulsion between colloidal particles. In the
work of Chapter 8 of this thesis, for instance, we make use of this electrolyte
effect. In Figure 8.2 we show that we can influence the self-assembly of
colloidal structure by changing the distance of interaction by dispersing the
particles in solutions with varying ionic strength.

The total colloidal interaction energy is given by a sum of Van der Waals
attractions and double-layer repulsions and is called the DLVO potential [18],
named after Derjaguin and Landau who reported about this work in 1941
and Verwey and Overbeek that independently arrived at the same conclusions
in 1948. Extensive descriptions of these interactions can be easily found in
commonly available textbooks [2, 17–19].

1.2.2. Polymeric interactions
Polymer chains are often important to control colloidal interactions. Depend-
ing on the polymer-particle interactions, different scenarios are possible. In
this introduction, we will briefly review two specific cases: when the polymer
bound irreversibly to the colloid surface and when the polymer does not inter-
act with the colloid surface. When polymers are anchored onto the surface
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of colloidal particles, they can provide stability against aggregation. Alter-
natively, when they are dispersed in a medium containing soluble polymers
that do not interact with the colloids, attractive forces called depletion forces
arise, causing (controlled) particle aggregation. Here we refer also to more
extensive descriptions and derivations in various textbooks [2, 17,20].

Stabilization
In addition to charges, another way to screen Van der Waals interactions be-
tween colloidal particles consists in anchoring polymer chains to the surface of
the colloids, effectively creating a physical barrier that prevents the surfaces
to approach each other too close [17] (see Figure 1.1). When two polymer-
stabilized colloidal particles move toward each other, at close distances the
chains will start to overlap, increasing the osmotic pressure between the two
colloids and resulting in a net repulsion. It is important that the particles
are dispersed in a “good solvent” for the polymer chains, so that they can be
completely swollen. In this case the total interaction potential is the sum of
the Van der Waals attractions and the repulsion caused by the overlapping
polymer chains.

Depletion interactions
When the colloids are dispersed in a medium containing polymers with radius
of gyration Rg that do not interact with the colloids, then at sufficiently
high polymer concentration, the particles experience a net attraction. This
attraction can be explained as follows. Colloids are surrounded by a region
called the depletion layer which is completely depleted of polymers, with a
thickness D in the order of the radius of gyration Rg of the depletant [17].
If the center of mass of the polymers approaches the colloids closer than a
distance D then the polymer coils must alter their configuration, a process
which is energetically unfavorable. When the depletion layers of two different
colloids start to overlap, the particles experience the net attraction that is
often referred to as the depletion force [19, 20].

This force can be explained from both a mechanical and a thermodynamic
point of view. Colloidal particles immersed in a solution containing a non-
adsorbing polymer, experience an osmotic pressure acting normal to their
surface, but because it is the same pressure over the whole particle surface
the net effect of the pressure is zero. When the depletion layers of two colloids
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Figure 1.2. Schematic
representation of the
effect that non-adsorbing
polymers have on colloidal
particles when they are
dispersed in the same
solution. For isolated par-
ticles the osmotic pressure
exerted by the polymer is
isotropic and no net effect
is visible. When two col-
loids approach each other,
the absence of polymers in
the region between the two
colloids creates an osmotic
pressure imbalance that
forces the particles

together.

overlap, the polymer coils become excluded from the volume between the two
particles creating an osmotic pressure imbalance that causes attraction (see
Figure 1.2). Another way to see this effect from a thermodynamic point of
view is that, when the two depletion layers overlap, the total volume available
depleted of polymer decreases while the total volume available to the polymers
increases resulting in a net decrease of the free energy of the polymer.

It is important for the work described in this thesis to notice that when
considering spherical colloids, the depletion attraction is an isotropic force:
when two colloids approach each other, they experience the same attraction
force independently of the orientation of the particles. The treatment of
depletion forces becomes more complicated and interesting when applied to
rough particles [21,22] and anisotropic colloids [23–26]. We will see in Chap-
ter 6 how the depletion effect can be amplified to the point in which we can
precisely control the particle phase behavior.

1.2.3. Magnetic interactions
A very interesting branch of colloid science deals with magnetic colloids, which
have been studied in our laboratory extensively [27–31]. Synthesis methods
for the preparation of magnetic colloidal particles can be found in the literature
[32–37] and, depending on the material, magnetic colloids are already used
for several applications. Magnetic particles can be found, for instance, in inks
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[38] or as contrast enhancing agents for MRI (magnetic resonance imaging)
[39–41]. Magnetic colloids are not only important for their applications, but
they can also serve as model systems for the study of dipolar hard spheres [42].

The intrinsic magnetism of a material originates from the spins and orbital
angular momenta of the electrons in the atoms. A solid can be considered
as an assembly of atoms, therefore the magnetic properties of a solid can be
seen as the sum of all the magnetic contribution of the atoms constituting
the material [43].

There is a contribution of the atoms that gives rise to a phenomenon
called diamagnetism, which is common to all substances. It is always present
because it is caused by all the electrons in the atoms, the valence electrons
and the core electrons. When a field is applied, a change in the orbital motion
of electrons is induced, thereby producing a magnetic field that opposes the
external field (following Lenz’s law) [44]. It is a weak magnetism and its
effect is usually dominated by the presence of magnetic atoms.

When the atoms constituting a material have a permanent non-zero mag-
netic moment, we can distinguish two different scenarios [43, 44]: one in
which the atomic moments are uncorrelated, as for the case of paramag-
netism, and one in which the atomic moments are correlated, as for the case
of ferromagnetism, antiferromagnetism, ferrimagnetism and canted antifer-
romagnetism. Figure 1.3 shows a schematic illustration of the internal atomic
moments arrangements for different forms of magnetism.

Paramagnetism is the state in which the atomic moments are uncorrelated.
At room temperature, due to thermal movements, the spins take random
orientations, but upon application of a magnetic field the average orientation
of the moments changes as to produce a weak induced magnetization parallel
to the applied field. It is important to notice that this behavior happens only
when the atoms constituting the solid maintain their magnetic moments. For
instance, in the case of H2 molecules, although the individual hydrogen atoms
have a net spin of 1/2, the molecular ground state has zero spin and it does
not have any magnetic moment [43]. Paramagnetic solids are attracted to
either pole of a permanent magnet.

A familiar form of magnetism is the one present in metallic iron, called
ferromagnetism. In this case the magnetic moments in the crystal are all
correlated in the sense that they are aligned parallel to each other, resulting
in a macroscopic magnetization of the solid. Above a certain temperature Tc
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PARAMAGNETISM FERROMAGNETISM ANTIFERROMAGNETISM FERRIMAGNETISM
CANTED

ANTIFERROMAGNETISM

Figure 1.3. Schematic view representing the arrangements of atomic mo-
ments in solids for different kind of magnetism.

called the Curie temperature [44], which is material-dependent, the dipolar
ordering inside the material is lost and the material becomes a paramagnet.

There are certain solids in which the long-range ordering of the atomic mo-
ments does not lead to a net magnetization. In this case the orientation of the
moments on neighboring sites is opposite (see Figure 1.3) and constitute a so-
called antiferromagnet. Also in this case above a certain material-dependent
temperature, the antiparallel alignment is lost and the material becomes a
paramagnet.

It is possible to have antiferromagnetic ordering between moments of dif-
ferent magnitude, such that a net magnetization remains. This behavior gives
rise to ferrimagnetism. A well-known example of a ferrimagnetic material, also
extensively studied in our laboratory [27–31], is magnetite (Fe3O4). Another
way to obtain a non-zero net magnetization in an antiferromagnetic ordering
is represented by the canted antiferromagnetism [44]. The effect originates
in the crystal structure that enables spin-orbit coupling causing the canting
of the moments, effectively resulting in a total net magnetization. Canted
antiferromagnetism is typical of a common material, hematite (α-Fe2O3),
which will be extensively used in Part 3 of this thesis in the form of colloidal
hematite particles.

Magnetic domains
Not all ferromagnetic, ferrimagnetic and canted antiferromagnetic materials
show a net magnetization below the Curie temperature. Sometimes it is
necessary to first magnetize the material by placing it in an external magnetic
field. The necessity to magnetize certain materials is caused by the presence
of magnetic domains, i.e. regions in which the atomic moments are ordered
along a preferential direction [43, 44]. When there is no correlation between
different magnetic domains, the resulting net magnetization of the material is
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zero. If an external magnetic field is applied, then the domains align inducing
a total net magnetization; when it is removed it might take some time for the
domains to relax to a random orientation, with a time scale that depends on
the material. Also the size of the magnetic domains is material-dependent and
can be in the order of nanometers (∼ 10 nm for magnetite) or micrometers
(∼ 10 µm for hematite [45]) with important consequences for the preparation
of magnetic colloidal particles. In fact, we will see in Chapter 2 that we can
prepare hematite particles with size range between ∼ 1 µm and ∼ 2 µm still
bearing a permanent dipole moment, while for magnetite this limit is around
10 nm. We will then be able to study for the first time large dipolar hematite
particles using an optical microscope, focusing on the dynamics of structure
formation (Chapter 7).

1.3. Phase behavior of colloidal dispersions

Self-assembly of colloidal particles into highly organized structures is one of
the most fascinating aspects of colloid science. Due to the analogies between
colloids and atomic systems, the self-assembly of colloids can be compared
to phase behavior at the atomic and molecular level. Colloids can sometimes
also be used to prepare rare structures (Chapter 5) or crystals that do not
have an atomic counterpart [46]. Below are listed some of the advantages
for studying phase behavior using colloidal particles:

• the self-assembly time is usually slower than at the atomic level, which is
advantageous to experimentally monitor phase-transitions,
• the phase changes can be easily imaged, and very often it can be done at
a single-particle level,
• the shape, size and surface properties of colloids can be tuned, allowing
adjustment of the inter-particle interactions,
• colloids may be used to prepare crystal phases that are rare or even absent
in the atomic world.

The most studied phase changes in colloidal dispersions are those observed
for colloidal spheres. Following an increase in the volume fraction, spheres
can undergo a transition between gas, liquid, crystal and glass phases [47].
Different phase behaviors that resemble the atomic ionic structures can also
be formed. In this case the size and the surface charge of the particles can
influence the crystallization behavior of the colloids [46].
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If the shape of the colloids is changed from isotropic to anisotropic (less
symmetric) such as the rod-like shape, then in addition to the ordering of
particle positions (positional order), there can also be an arrangement in
particle orientations (rotational order). For instance rod-like particles and
also platelets can show phases that are in between the crystal and the liquid
phase called liquid crystals (for a detailed review on the topic see Ref. [48]).

In this thesis, we study the phase behavior of attractive colloidal super-
balls (Chapter 6) and of rod-like particles synthesized using a chiral molecule,
phytosterol (Chapter 12).

1.4. Particle shape

Parts 1, 2 and 3 of this thesis deal with different aspects of a specific class
of colloids with shapes that, at first sight, resemble ellipsoids and cubes. For
both ellipsoids and cubes, synthesis methods and applications have been re-
ported. In the case of ellipsoids, for instance, experimental techniques are
available that basically consist in linearly deforming polymeric spheres to ob-
tain ellipsoids with different aspect ratios [49]. These particles are subse-
quently applied for specific experiments [50, 51]. In the case of colloidal
cubic-like particles, nanometer sized crystals are available from different inor-
ganic materials [52–56] and also bigger micrometer sized silver halide colloids
have been investigated in the past [11, 57].

An important difference between the colloidal particles in this thesis and
particles available in the literature so far, is that the shapes of our colloids
are better represented by superellipsoids and superballs rather than ellipsoids
and cubes. Colloidal superellipsoids and superballs represent a new class of
colloidal particles that so far has been studied only theoretically and by means
of computer simulations [58–60] due to the lack of a suitable experimental
model system. In view of the important effect of particle shape on colloidal
phase-behavior (see Chapters 5 and 6), we will analyze the shape of our col-
loids in more detail below.

Superballs
Cubes are three-dimensional objects constituted by six square faces, which
bound together to form sharp edges and vertices. If we take a closer look
at the electron microscope images of our colloidal particles (for instance see
Figures 2.2a, 3.4, 5.1 and 6.1), we see that these particles have a shape
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that is similar to a cube except for the edges that are clearly rounded. From
the theoretical work on colloidal superballs reported by Torquato and col-
leagues [58, 60], we have observed the similarities between their models and
our colloids so we developed a procedure to fit the particle shape of our
“cubes” to the superball shape.

The contour of a superball is mathematically represented by the formula
[58]:

(x)m + (y)m + (z)m = 1, (1.1)

where x , y , and z are Cartesian coordinates and m is the shape parameter,
which indicates the extent of deformation. Figure 1.4 shows computer gen-
erated models of colloidal superballs with different shape parameters. It is
possible to recognize two special cases, which are represented by the sphere
for m = 2 and the perfect cube for m = ∞. All the intermediate shape

m=2.0 m=2.5 m=3.5 m=5.0 m=!

Figure 1.4. Computer generated models of superball shapes with repre-
sentative shape parameters m. The two special cases are denoted with
m = 2 for the sphere and m =∞ for the cubes.

parameters (m > 2) correspond to particles having a shape that interpolates
between the sphere and the cube. Shape parameters smaller than 2, produce
particles with convex sides [60].

To determine the parameters that uniquely characterize the shape of our
synthetic particles, we took as a starting point transmission electron mi-
croscopy (TEM) images, such as the ones shown in Figure 6.1. We then
used a standard algorithm to find the edges of the particle, and subsequently
fitted the edges with equation:
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(x
a

)m
+
(y
b

)m
= 1, (1.2)

where a and b are the semi-axes of the particles. This equation differs from
Equation 1.1 because the analysis is done on TEM images, which are essen-
tially two-dimensional projections of the superballs (see Figure 1.5) and also
because the equation should account for deviations in the particle aspect ratio
(a/b) that, by definition, is 1 for a superball.

�x

a

�m

+
�y

a

�m

+
�z

a

�m

= 1
�x

a

�m

+
�y

a

�m

= 1

Figure 1.5. Computer generated 3D model of a superball with shape
parameter m = 3.8 and its correspondent planar cross section. The
formulas represent respectively the 3D surface of the superball and the
contour of the corresponding superellipse.

A typical fit is shown in Figure 1.6A, while Figure 1.6B shows a plot of the
results obtained by fitting an ensemble of images (∼ 80), indicating a mean
value m of about 3.9 and polydispersity in the aspect ratio of a few percent.
The average value of m obtained can therefore be used to characterize the
roundness of the shape and consequently how much the shape deviates from
the cubic shape.
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Figure 1.6. ATEM image of a superball with our fit to it highlighted
in red. B Fitting to a collection of images indicates a mean value of
m ∼ 3.88 and polydispersity in the aspect ratio of a few percent.

Superellipsoids
Prolate ellipsoids (also called prolate spheroids) are obtained by an affine de-
formation of a sphere, for instance a linear extension along one direction. If
we take a closer look at the TEM images of our ellipsoidal particles (see for
instance Figures 2.2A and 3.5A,D), we see that their shape slightly deviates
from the ellipsoidal. In this case the shape is better represented by a superel-
lipsoid. The contour of a superellipsoid is mathematically represented by the
following formula:

[(x
a

)2
+
(y
b

)2]m
2

+
(z
c

)m
= 1, (1.3)

where x , y , and z are Cartesian coordinates, a, b and c are the ellipsoids semi-
axis and m is the shape parameter, which indicates the extend of deformation.
In our case a=b, therefore the two-dimensional projection of our superballs
can be either a superellipse or a circle as shown in Figure 1.7.

For the shape analysis, also in this case we used TEM images of single
particles. We then employed the same algorithm used for the superballs to
find the edges of the particle. The shape was then fitted using Equation 1.2.
It is particularly important for the analysis of the superellipsoids to account
for deviations in aspect ratio which in this case is always larger than 1.
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Figure 1.7. Computer generated 3D model of a superellipsoid with shape
parameter m = 3 and aspect ratio 2 (a = b = 1, c = 2) and its cor-
responding planar cross sections from two points of view. The formulas
represent, respectively, the 3D surface of the superball and the contour
of the corresponding superellipses.

A B

Figure 1.8. A TEM image of a superellipsoids (m = 2.5) with our fit
highlighted in red. B Close-up of an ellipsoid edge, with its corresponding
fit line.
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A typical fit is shown in Figure 1.8A, while panel B of the same figure
shows a close-up of the fitting line for one ellipsoid, emphasizing the precision
of the fit.

Although we have just shown that colloids described in this thesis are ac-
tually superellipsoids and superballs, we will throughout the thesis also refer
to them as ellipsoid- and cubic-like.

1.5. Colloids and food

Colloidal particles are not only important for fundamental studies, but they
are also applied in various common products like foods, cosmetics, paints and
drugs. More specifically, for the work described in Part 4 of this thesis we are
interested in colloidal delivery systems, intended for the design of advanced
materials for the preparations of novel functional foods. There are various
reasons why colloids might be advantageous additives to food products [61].
For instance, they can be used for efficient delivery of micronutrients and
nutraceuticals [62], and at the same time they can be helpful to increase the
product viscosity without further addition of gelatin or other polymers. For
emulsions-based products, colloidal particles are important because they can
improve stabilization by adsorbing on the oil-water interface, effectively pro-
longing the shelf life of the product. There are cases in which micronutrients
and nutraceuticals have an undesired flavor and adding them in their soluble
form would modify too much the original taste of the product [63–65]. Sub-
stituting the soluble form with insoluble colloidal particles can help overcome
the problem (we will confront a similar problem in Chapter 9). Colloidal par-
ticles are also helpful for the control of the color or turbidity of foods [66],
properties that can be tuned by changing the size of the particles and hence
their light scattering properties.

Bioavailability is also a common issue that scientists often have to face
during the process of food-fortification. Sometimes it is necessary to improve
the bioavailability of a substance by chemical modification, reduction of size
or reduction of crystallinity and changing the polymorphic form (see Chap-
ter 11) in order to improve the dissolution/digestion rate. Last but not least,
the colloidal particles that are added to foods need to be stable in the final
product. In many cases, scientists are challenged to address more than one
issue at the same time to be able to design useful colloidal system for food
applications. Although our natural food products frequently already contain
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colloids in various forms (emulsions, foams, proteins dispersions etc.), col-
loidal delivery systems are still facing the requirements for novel processing,
and addition of colloidal particles to food still have to be proven safe before
use [61].

1.6. Explanation of the thesis content

The starting point of the thesis work was the study of food-related colloids
reported in Part 4. We started by investigating the synthesis of colloidal phy-
tosterols, known for their cholesterol-lowering effects during digestion (Chap-
ter 11). During the course of the experiments we noticed that phytosterol
colloids exhibit an interesting phase behavior when they are stored at higher
concentrations. The study of the phase behavior of these particles resulted
in the work reported in Chapter 12.

The other food-related colloid we studied at the beginning of this thesis
work is colloidal iron pyrophosphate, the synthesis and characterization of
which is described in Chapter 9. We found that controlling the size and
shape of iron pyrophosphate particles was difficult, which is why we decided
to attempt precipitating iron pyrophosphate inside porous silica shells. An
additional advantage of the porous silica shells is their potential to control
the release of the iron pyrophosphate in time. For this purpose we developed
silica shells of different sizes and shapes, starting with hematite precursors
as explained in Chapters 2 and 3. Probably due to their larger size, the
porous silica “cubes” and “ellipsoids” appeared to be less suitable than the
small spindle-like particles, for the preparation of iron pyrophosphate colloids
(Chapter 10).

The silica cubes, however, appeared to be very interesting in view of their
phase behavior, in particular with respect to the intriguing effect of particle
shape, as reported in Chapters 5 and 6.

Hematite is a widely applied material [67], also in colloid science, and gen-
erally is only weakly magnetic. To our surprise we observed dipolar structure
formation of hematite cubes that manifest fairly high permanent dipole mo-
ments. The results of the study on dipolar structures formed by magnetic
hematite colloids are reported in Chapter 7.

We further utilized the magnetic hematite cubes by incorporating them into
spheres to obtain dipolar spheres with permanent magnetic dipoles. Dipolar
sphere are very interesting systems, for instance, for the study of the phase
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behavior of dipolar fluids, and to date could only be prepared using magnetic
nanoparticles. We employ our micrometer sized permanently magnetized col-
loids for the preparation of dipolar spheres with centered and shifted dipoles
(spheres with magnetic patches) as explained in Chapters 4 and 8.

1.7. Outline of the thesis

This thesis is organized in four parts as follows.
Part 1 focuses on the synthetic aspects of the colloidal model systems that

will be used throughout the work described in this thesis. In Chapter 2 we
describe synthetic procedures for the preparation of polycrystalline hematite
superballs and superellipsoids. The internal structure of the particles is also
investigated and will be used later to understand the magnetic properties of
colloidal hematite. The same hematite particles are used as templates for
the preparation of silica hollow superballs and superellipsoids as described in
Chapter 3. The particles are coated with a layer of silica that is porous
and permits the dissolution of the internal hematite cores by acidic treat-
ment. The technique is convenient to obtain lighter micron sized superballs
and superellipsoids useful for the study of anisotropic shape interactions. In
Chapter 4, we employ the hematite colloids that possess a permanent dipole
moment and therefore behave as micro-magnets, in order to prepare spheri-
cal colloids with centered and shifted magnetic dipoles. To this purpose, the
magnetic hematite is encapsulated just below the surface of polymer droplets
that can be subsequently polymerized. When the polymer droplet is small,
they can be coated with silica to obtain centered dipolar spheres.

In Part 2 we focus our attention on non-magnetic silica superballs and
particularly how the superball shape influences the phase behavior of the col-
loidal particles. In Chapter 5 we show that silica superballs with relatively
high shape parameters (m) readily crystallize into the rare simple cubic crystal
structure when they are dispersed in the presence of small non-adsorbing de-
pletants. In Chapter 6, we extend the study to superballs with different shape
parameters (m) focusing on their interaction to non-adsorbing polymers of
various sizes. The result of this work is presented in the first experimental
phase diagram of colloidal superballs in the presence of depletants.
Part 3 deals with the study of magnetic colloids. In Chapter 7 we fo-

cus our attention in the magnetic behavior of dipolar hematite superballs and
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superellipsoids under different conditions. We studied the structure forma-
tion at low and high particle concentrations, in the Earth’s magnetic field as
well as an externally applied magnetic field. To perform the experiment we
devised a magnetic set-up that allows precise control on the direction and
strength of the applied field. Using this magnetic set-up, we have developed
a technique that allows cancellation of any residual magnetic fields in the en-
vironment to ensure that dipolar structure formation can really be studied in
zero field. In Chapter 8 we study the self-assembly behavior of colloids with
magnetic-patches (spheres with shifted dipoles). The self-assembly of the
patchy colloids can be tuned by changing the size of the polymer particles,
the salt concentration in solution and by application of an external field.

In Part 4, we explore the preparation and behavior of food-grade colloids
specifically designed for application as food-additives. In Chapter 9 we study
the synthesis of colloidal pyrophosphates nanoparticles as possible additives
for iron-fortification in food. Because of the novelty of the material, we have
performed extensive characterization of the physico-chemical properties of
the nanoparticles. In Chapter 10 we focus our attention on the control of
the shape and size of the colloidal pyrophosphate. We employ the porous
hollow silica colloids prepared in Chapter 3 as templates for the synthesis of
pyrophosphate in their inner hollow part. In Chapter 11 we develop another
kind of colloidal particles using phytosterol molecules. The particles are syn-
thesized, characterized and preliminary in vitro experiments are performed to
study their capability to lower the adsorption of cholesterol during digestion.
Because the synthetic method used for the particle synthesis produces phy-
tosterol particles with a characteristic rod-like shape, in Chapter 12 we study
their phase behavior at different concentrations. We show that at certain con-
centrations the particles self-assemble to form a cholesteric liquid crystalline
phase.
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Colloidal model systems





2
Hematite colloids

Abstract

This chapter provides a detailed description of the synthesis of
colloidal hematite particles with a variety of sizes and shapes,
used for the experiments discussed in this thesis. Slow dissolu-
tion of the hematite colloids in acidic environment reveals the
internal structure of the particles, which is studied by scanning
and transmission electron microscopy.
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2.1. Introduction

The development of a model system of monodisperse colloids is usually a
demanding process. As mentioned in the previous chapter, despite the large
amount of synthetic methods available nowadays, colloid scientists are still
challenged by the preparation of non-spherical particles that are monodis-
perse in size and shape and that can also be prepared in high yields. There
are different approaches to the preparation of anisotropic colloids that mostly
depend on the properties of the material used for the synthesis. For instance,
the shape control of polymer latices to form colloids such as symmetric and
asymmetric dumbbells, is based on the control of the phase separation of
polymer seeds swollen with a monomer that separates out of the host seeds
forming a protrusion. [68, 69]. For inorganic monocrystalline particles, dif-
ferent shapes (different crystalline structures) are achieved depending on the
environment where they grow. Since the anisotropic shape is achieved by dif-
ferent growth rate of different crystal facets [70], the shape can be controlled
by adsorption of additives, which inhibit or accelerate the growth of a certain
crystal facet. The same principle holds for polycrystalline particles consisting
of subcrystals of a definite crystal orientation, because the single subcrystals
grow epitaxially on the crystal lattices of the substrate.

The ellipsoidal and cubic hematite particles studied in this thesis belong to
this latter case in which particles are composed of smaller crystalline units.
Sugimoto et al. showed how hematite particles can be prepared as cubes,
peanuts, ellipsoids [71] and platelets [72] among the other shapes that can be
found in literature [73]. Earlier works, specifically dedicated to the description
of ellipsoidal and in particular cubic particles can be found in literature [74–76].
However, reproducing the work found in [74–76] is challenging due to the
lack of experimental details in the synthetic procedures. The aim of the work
reported in this chapter is to present a clear and detailed procedure that can
be easily reproduced. The hematite particles presented here will be applied in
later chapters: as templates for the preparation of uniform anisotropic silica
colloidal particles (Chapter 3), as magnetic parts of more complex dipolar
structures (Chapter 4) and to study the dynamics of dipolar structures such
as chains and rings (Chapter 7).

This chapter is organized as follows. Section 2.2 reports a detailed descrip-
tion of the preparation of hematite cubes, spindles and ellipsoidal particles.
The second part of this chapter (Section 2.4) deals with problematic issues
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encountered during the synthesis procedure with focus on the reproducibility
of the shape and size of the colloids. Finally, a brief study on the internal
structure of the hematite particles is presented in Section 2.4.2.

2.2. Synthesis methods

2.2.1. Cubes
Hematite cubes were prepared from condensed ferric hydroxide gel employing
a procedure based on Ref. [71]. In a typical reaction a sodium hydroxide
(NaOH) solution (21.6 g NaOH pellets in 100 mL Millipore water) was dripped
over 5 minutes in an iron chloride hexahydrate (FeCl3·6H2O) solution (54 g
in 100 mL Millipore water) in a 200 mL Pyrex bottle under vigorous magnetic
stirring. During the addition of the NaOH solution, which is already warm, the
temperature of the mixture rises even further, sometimes reaching 65-70 ◦C.
The resulting dark brown hot gel was stirred for another 5 minutes until
the precursor material formed was finely divided and uniformly distributed.
After removing the magnetic stirrer, the mixture was hermetically closed and
placed in a preheated oven at 100 ◦C, where it was left undisturbed for 8
days. Finally, the particles were washed by repeated centrifugation (Beckman
Coulter Allegra™ X-12R Centrifuge) and dispersed in Millipore water.

2.2.2. Ellipsoids
Small ellipsoids. The detailed synthesis procedure for the preparation of
nanometer-size spindle-like hematite seed particles can be found in Ref. [77].
For the work described in this thesis the same particle dispersions as in
Ref. [77] were used.

Big ellipsoids. Micrometer-size hematite ellipsoids were prepared via a re-
action very similar to the one described in Section 2.2.1 for the cubes, and
also based on Ref. [71]. In a typical reaction a NaOH solution (20 g NaOH
pellets in 90 mL Millipore water) was dripped over 5 minutes in an iron oxide
solution (32.44 g anhydrous FeCl3 in 100 mL Millipore water) in a 200 mL
Pyrex bottle under vigorous magnetic stirring. Also in this case, during the
addition of the NaOH solution, which is already warm, the temperature of
the mixture rises, sometimes up to 65-70 ◦C. After NaOH addition, a 10 mL
aqueous solution containing 0.35 g of potassium sulfate (K2SO4) or alter-
natively 0.285 g of sodium sulfate (Na2SO4) was added and mixed carefully
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Figure 2.1. Transmission electron micrographs of: A distorted and poly-
disperse hematite cubes of about 300 nm size synthesized using FeCl3.
B Akaganèite rods occasionally found as a side product of the synthesis.
Scale bar: 500 nm.

until homogeneously distributed. After removing the magnetic stirrer, the
reaction mixture was then placed in a preheated oven at 100 ◦C for 8 days.
The particles were finally washed by repeated centrifugation and dispersed in
Millipore water.

2.3. Characterization

Microscopy. Particle size and shape were studied by transmission (TEM,
Philips TECNAI12) and scanning (SEM, Philips XLFEG30) electron microscopy.
TEM samples were prepared by drying drops of diluted particle dispersions on
polymer coated copper grids. SEM samples were prepared in the same way
and sputter-coated with platinum prior to imaging.

X-ray Diffraction (XRD). XRD measurements were performed on dried
hematite at room temperature on a Bruker-AXS D8 advance powder diffrac-
tometer, using Co Kα1,2 radiation (λ = 1.79026 Å). Peak positions were
compared to the International Centre for Diffraction Data (ICDD) database.

2.4. Results and Discussion

2.4.1. Particle synthesis
The syntheses described above yield particles with different sizes and shapes
as shown in Figure 2.2. With the exception of the hematite spindles (small
ellipsoidal particles), which can be prepared in a reasonably controlled way
without many complications, the synthesis of the cubes (and to a lesser extend
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Figure 2.2. Transmission electron micrographs of hematite particles with
different shapes synthesized as described in the text: (A) ellipsoids, (B)
spindle-like and (C) cubic particles. (D) X-ray (powder) diffraction pat-
tern of the hematite cubes shown in (C). The peaks positions confirm
that the particles are made of hematite. X-ray analysis (not shown here)
of hematite ellipsoids and spindles are identical to the one shown here for
the cubes.

also big ellipsoids) is delicate, and there are numerous variables to consider in
order to make it effective. We will now discuss the most important aspects
to keep under control during the synthesis and the aspects that, although
not easily controllable, have a clear influence on the reaction results for the
synthesis of the hematite cubes.

The iron source, which is usually a salt, seems to be a rather impor-
tant factor to determine the final particle size. Using the hydrated chloride
FeCl3·6H2O promotes the formation of big cubes with sizes ranging from
900 nm to about 1300 nm; using as iron source an equimolar amount of
anhydrous FeCl3 induces the formation of smaller particles with a typical size
of about 500 nm which are much more polydisperse in shape and occasion-
ally with a distorted cubic shape as shown in panel (A) of Figure 2.1. We
believe that the size effect caused by the iron source might be due to the
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different hygroscopicity of the two salts, which determines the total amount
of water absorbed during storage of the bottles. FeCl3 anhydrous is much
more hygroscopic, hence on average absorbs more water which alters the to-
tal weight when preparing the starting solutions. In a nutshell, having stored
the bottles in the same environment, FeCl3 contains more absorbed water
than FeCl3·6H2O and as a consequence, a lower total amount of iron in the
reaction mixture. More research is currently going to unravel the influence of
the starting concentration of iron in the reaction mixture [78].

Sometimes a secondary product in the form of rod-like particles can be
found. These rod-like particles, shown in Figure 2.1B are made of akaganèite,
an iron(III) oxide-hydroxide with formula β-FeOOH, which is known to be
a precursor of the hematite in this synthesis [74]. Finding the precursor
rods in the sample means that the reaction is not complete and that not all
rods have transformed to hematite yet. The presence of the rods can be
immediately detected during purification even without electron microscopy
analysis due to their slower sedimentation rate, set by the small size and
elongated shape, and their typical ocher color. During sedimentation, due to
gravity or centrifugation, alongside a dark-red sediment typical of hematite
particles, akaganèite manifest itself as a supernatant containing ocher colored
particles which sediment much slower and, if in high concentration, make the
dispersion viscous. These akaganèite rod-like particles can be easily removed
by repeatedly removing the ocher supernatant until a clear one is observed.
Another crucial detail to consider is related to the aging time of the reaction
in the oven. During this time it seems that a movement of the reaction
mixture results in the formation of dispersions with high size polydispersity.
Also in this case more experiments are currently been carried out [78].

2.4.2. Internal structure of hematite particles
Understanding the particle composition and internal structure is essential to
understand their physical properties. Techniques such as X-ray diffraction
(XRD) are important since they can help us reveal the composition of our
particles. Figure 2.2D shows the powder XRD pattern of hematite cubes.
The peak positions confirm that the particles are made of an iron(III) oxide,
more precisely α-Fe2O3 which is known as hematite. The XRD measurements
on ellipsoidal and spindle-like particles (respectively Figure 2.2 panel A and
B) are not shown here and are identical to the measurement reported for the
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hematite cubes, showing that the composition is independent of the particle
size, shape and synthesis method.

The characterization of the particle internal structure can be challenging
when dealing with big particles. If the particle dimension is sufficiently small
(<100 nm), the internal structure can be directly imaged by high-resolution
electron microscopy [28]. If the particle size is about a micron or larger, the
internal structure cannot be inspected using electron microscopy techniques
due to the large contrast given by the thickness of the particle. The difference
between electron microscopy images of large and small particles can be already
seen in Figure 2.2 in which it is possible to distinguish the single building blocks
of a hematite spindle (panel B), but not of the larger cubes and ellipsoids. In
previous work the internal structure of large pseudocubic hematite particles
[79] and more recently of large peanut-like hematite [80] was analyzed by high
transmission electron microscopy (TEM) by first cutting thin slices of single
particles which were then imaged by TEM. With this method the particles
need to be first embedded in a matrix which then is cut in thin sections
together with the particles; subsequently the matrix is dissolved and the thin
particle portions can be imaged with TEM. This cutting process is laborious
and the thin sections show artifacts such as cracks and strain fields. In
addition, for the highly symmetric hematite cubes, it is hard to identify the
original position of the sections in the particles.

In this work we used a different approach to determine the particle internal
structure, which consists in slowly dissolving the particles by aging the disper-
sion in hydrochloric acid (see Chapter 3 for details on the hematite dissolu-
tion). This process reveals the internal structure of the particle by gradually
removing its building blocks. The process was followed in time by transmission
and scanning electron microscopy (TEM and SEM) as shown in Figures 2.3
and 2.4. The images show that the particles are made of smaller nanometer-
size needle-like building blocks. The particles do not dissolve uniformly from
the outside inwards, but they lose their building blocks in preferential direc-
tions. This behavior is somewhat surprising. According to the Gibbs-Kelvin
equation [81], in fact, when an amorphous anisometric particle dissolves, one
would expect the highest dissolution rate at the highest radius of curvature.
The hematite particles, which are made of monocrystalline subunits, start
to dissolve at regions where the curvature is low (Fig. 2.3), mimicking the
behavior of monocrystalline particles. We believe that this process is a direct
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consequence of the internal morphology of the ellipsoids which, based on the
work of Sugimoto [11], could be explained as follows.

The hematite cubes and ellipsoids are polycrystals consisting of smaller
elongated subcrystals which grow epitaxially on the crystal lattices of the
nuclei, in the same fashion as the polynuclear-layer epitaxial growth of single-
crystal particles [11]. The formation of boundaries between the subcrystals
can be explained by the presence of chlorine ions on the side faces of the
particles preventing the fusion between the subunits [11]. Due to the crys-
talline nature of the subcrystals we expect dissolution at the subunit level to
happen in a non-uniform manner, along the sides of the rod-like subunits. If
we assume the dissolution is diffusion limited and happens from the outside
inwards, the subunits that are more easily attacked by the acid are the ones
with more surface available. It is clear that the particles start dissolving on a
plane perpendicular to the c-axis of the particle, although at the moment the
reason of this behavior is not fully comprehended. The ellipsoidal hematite
in Figure 2.3 shows a preferential orientation of the internal needles parallel
to the long particle axis. Towards the outside of the particle it seems that
the needles prefer a configuration perpendicular to the particles surface. The
hematite cubes in Figure 2.4 show a similar behavior as the ellipsoids. The
internal needles are aligned along an axis, which correspond approximately to
one of the internal diagonal of the cubes. Also in this case the surface needles
seem to be all aligned perpendicular to the particle surface.

2.5. Conclusion

In this chapter we have investigated the synthesis of colloidal hematite par-
ticles of various sizes and shapes. The main conclusion is that by keeping
constant certain synthesis parameters, such as the nature of the iron salt
source and the aging of the reaction at high temperatures, the procedures
reproducibly yield particles with the desired size and shape. Slowly dissolv-
ing the particles in acidic environment reveals their internal structure, which
can be easily imaged and studied via electron microscopy techniques. The
particles described here are used for further experiments as reported in the
following chapters of this thesis.
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Figure 2.3. Transmission (left) and Scanning (right) Electron Microscope
(TEM and SEM) pictures of hematite ellipsoidal particles slowly dissolving
(from top to bottom) in the presence of acid, revealing their internal
structure. As mentioned in the text, the smaller rod-like building blocks
preferentially align parallel to the long axis of the ellipsoid. Scale bars: in
all panels 500 nm.



32 2. Hematite colloids

Figure 2.4. Transmission (left) and Scanning (right) Electron Microscope
(TEM and SEM) pictures of hematite cubic particles slowly dissolving
(from top to bottom) in the presence of acid, revealing their internal
structure. As mentioned in the text, the smaller rod-like building blocks
preferentially align parallel to the direction of the longest diagonal axis.
Scale bars: in all panels 500 nm.
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Appendix 2.A. Preparation of akaganèite rods

In section 2.4.1 we have discussed how akaganèite (β-FeOOH) rods are some-
times found as side product at the end of the hematite synthesis. The aka-
ganèite rods are known to be the precursors of the hematite in this specific
procedure and they are present in samples when not all the rods are converted
to hematite [82]. We have found that when the hematite reaction is stopped
after 48 hours, the dispersion only contains akaganèite nano rods as the ones
shown in Figure 2.1. For clarity we report below the synthesis procedure for
the preparation of the colloidal rods.

2.A.1. Synthesis procedure
The preparation of the akaganèite rods consists in slowly dripping a sodium
hydroxide solution (21.6 g NaOH pellets in 100 mL water) into an iron chloride
hexahydrate (FeCl3·6H2O) solution (54 g in 100 mL water) contained in a
200 mL Pyrex bottle under vigorous magnetic stirring. The resulting gel
was then placed in a laboratory oven preheated at 100 ◦C where it was left
undisturbed for 48 hours. After synthesis the precipitate was quenched to
room temperature in a water bath and purified by repeated centrifugation and
dispersion of the sediments in Millipore water (Beckman Coulter Allegra™ X-
12R Centrifuge). The particle dispersion was then dialyzed against Millipore
water until the conductivity of the supernatant reached the constant value of
3.5 µS/cm. The final dispersion can be stored in water or in ethanol.
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Silica colloids

Abstract

Silica colloids of different shapes were synthesized using hema-
tite colloids prepared in Chapter 2 as templates. The general
synthetic method described in this chapter consists of growing
a silica shell on the hematite particles using the well-known
Stöber method, after which the hematite surface is treated
with a polymeric steric stabilizer. Next, the internal hematite
is etched away by acidic treatment, mediated by the silica shell
porosity, yielding hollow silica shells that retain the original
hematite shape.
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3.1. Introduction

In Chapter 2 we focused on the synthesis of hematite particles of different
sizes and shapes. In addition to the shape anisotropy, these hematite colloids
carry a permanent magnetic dipole moment. These dipolar particles behave
like small, thermally agitated non-spherical magnets forming head-to-tail con-
figurations such as rings and chains, which are typically found in dipolar fluids.
Details on the magnetic properties of these particles can be found in Part 3
of this thesis. In order to simplify the system such that particles only inter-
act via their anisotropic shape, the dipole moment needs to be eliminated.
A simple way to ‘demagnetize’ the particles is to use the hematite colloids
as template for the growth of an amorphous non-magnetic material. Next,
the hematite templates can be removed leaving behind the outer shell of the
non-magnetic material that retains the original hematite shape. In the work
presented in this thesis, hematite colloids are coated with amorphous silica.
Silica is a common material and it is frequently used for the preparation of
colloidal (composite) particles [77, 83–85]. It allows for a broad variety of
surface modifications [86–88] and can be index matched [86]. The synthesis
of silica is also very versatile and may occur in basic environment (the original
Stöber method [89]) as well as acidic environment [90]. It is also possible
to prepare fluorescently labelled silica [91, 92], an essential feature for many
imaging techniques.

This chapter describes the synthesis of silica cubes and ellipsoids using
hematite templates prepared as described in Chapter 2. Section 3.2 gives
a general description of the coating procedure, while Sections 3.3 and 3.4
provide a detailed description of the procedures used for the synthesis of
silica cubes and ellipsoids, respectively. The appendix shows how a slight
modification of the synthesis procedure leads to the formation of rattle-like
particles.

3.2. Silica coating procedure

Every type of colloidal particle, as we shall see later, has its own optimal silica
coating procedure, depending on particle composition, size and shape. The
general method, based on Ref. [93], from which these detailed procedures
derive, is described below.
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3.2.1. Hematite stabilization
Prior to the silica coating, the hematite particles were functionalized by ad-
sorbing poly(vinylpyrrolidone) (PVP) on their surface to improve particle sta-
bility during transfer from water to ethanol in which the classical Stöber
synthesis [89] is performed. PVP is an amphiphilic, nonionic polymer that
easily adsorbs on the surface of different materials including metals and metal
oxides; it is also used for the stabilization of colloidal particles in different sol-
vents [94–97]. For the functionalization with PVP, the particles are dispersed
in a solution of water containing an excess amount of PVP to ensure that
all surfaces are coated completely and uniformly (precise amounts of PVP
necessary for each system of particles will be given in the next sections).
The hematite particles are then sonicated for about 2 hours and mechanically
stirred for an additional time, usually about 16 hours. After this time the
particles are purified from non-adsorbed PVP molecules by repeated centrifu-
gation steps and redispersion of sediments in pure ethanol. Next, particles
are concentrated to the desired volume and stored in a closed bottle, in which
they can maintain their colloidal stability for years.

3.2.2. Silica coating
The silica coating is performed using the setup depicted in Figure 3.1. The
setup consists of a round-bottom flask which is connected to a mechanical
stirrer, a peristaltic pump for the addition of tetraethyl orthosilicate (TEOS,
used as received) and a temperature-controlled ultrasonic bath. The reaction
is performed in ethanol containing a small amount of water to promote the
hydrolysis of the TEOS and a base to catalyze the reaction [93]. Ultrason-
ication and mechanical stirring are applied throughout the whole procedure
to prevent the formation of aggregates; the hematite dispersion is added to
the reaction mixture while undergoing sonication and stirring. The TEOS
is dripped into the reaction mixture using a peristaltic pump over 3-5 hours
which, with its low and constant flow, helps keeping the total TEOS con-
centration in the reaction mixture constant. Another strategy to prevent the
formation of secondary nucleation is to dilute the TEOS in ethanol (usu-
ally 50 %v) before the addition step. The amount of TEOS necessary for the
growth of silica shells depends on the total particle surface and can be varied
by adjusting particle concentration or total amount of TEOS added.

It is also possible to add TEOS periodically in a discontinuous way by
incorporating it in fractions of 1-2 mL with a pipette in regular intervals



38 3. Silica colloids

Figure 3.1. Experimental setup used for the silica coating procedure de-
scribed in section 3.2.2.

of time. If this addition is slow enough, the method is equivalent to the
continuous addition method described above.

3.2.3. Fluorescent labeling
To coat the hematite particles with a fluorescent silica shell, a dye is in-
corporated into the TEOS/ethanol solution that is subsequently fed to the
reaction mixture. The dye molecules (usually rhodamine- or fluorescein-
isothiocyanate) first need to react with a coupling agent, in our case 3-
aminopropyltriethoxy-silane (APS), which acts as a bridge between dye and
silica molecules. The reaction between TEOS and the coupled dye molecules
produces a silica network with covalently bound dye molecules. The prepa-
ration of the dye solution is standard for all the silica coating procedures de-
scribed in this thesis: 0.01428 mmol rhodamine-B isothiocyanate (or fluorescein-
isothiocyanate) and 3.61 mmol APS were mixed with 10 mL ethanol. This
dye stock solution was stirred overnight in the dark and stored afterwards
in a refrigerator (4 ◦C). Since the incorporation of the dye molecule might
slightly destabilize the particles, immediately after the addition of the dye-
TEOS-ethanol mixture, an extra growing step with pure TEOS (or solution
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of TEOS-ethanol) is performed, which promotes the incorporation of unre-
acted dye molecules in the silica matrix. In case the final dispersion shows
signs of particle aggregation, some PVP can be added which will almost in-
stantaneously adsorb on the silica surface and stabilize the particles.

3.2.4. Hematite dissolution
Once the silica shell is grown on the hematite particles, it is straightforward
to obtain pure silica shells by dissolving the internal hematite core. This
approach is possible since the silica synthesized as described here is highly
porous, making it permeable to small ions and solvent molecules. Dissolution
of the hematite cores is obtained by aging the particles in hydrochloric acid
(HCl) solutions (usually 5 M), with dissolution times dependent on the silica
thickness, particle size and concentration and acid concentration.

3.3. Cubes

The silica cubes used for this thesis work were synthesized as follows unless
stated otherwise. A mixture of 913 mL absolute ethanol, 66 mL Millipore wa-
ter, 10 mL tetramethylammonium hydroxide (TMAH, 1 %wt in water) and
9.41 g of PVP-stabilized hematite cubes (synthesized as described in Sec-
tion 2.2.1, particle concentration of 13.22 %wt in ethanol, with cubes size of
1136 nm) was mechanically stirred and sonicated in a 2 L round bottom flask
kept at a constant temperature of 20 ◦C. The silica deposition was started
by adding a mixture of 5 mL tetraethyl orthosilicate (TEOS), 4 mL of dye
solution (prepared as described in Section 3.2.3) and 1 mL ethanol to the
flask in portions of 2 mL every 15 minutes, followed by 2 mL portions of a
mixture of 5 mL TEOS and 5 mL ethanol. Next, a solution of 20 g PVP
in 200 mL ethanol was added in one portion to the flask to prevent particle
aggregation. Finally, the flask was sonicated for at least two more hours
and stirred overnight. To remove any unreacted TEOS or dye molecules the
dispersion was washed several times with ethanol via centrifugation (Beck-
man Coulter Allegra™ X-12R Centrifuge). After centrifugal transfer of the
silica-coated particles to water, the hematite cores were dissolved by adding
hydrochloric acid (37 %wt) to a final concentration of 5 M. The complete
hematite dissolution, taking typically 6 hours, then manifests itself by a color
change from the red hematite to bright yellow iron chloride solution. The
dispersion was then washed several times, first with water and finally with
ethanol. The particles were stored in ethanol for as long as needed.
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3.4. Ellipsoids

Silica ellipsoidal particles were prepared following the general silica coating
procedure described above; in general it is comparable to the preparation of
the silica cubes of section 3.3. Two different synthesis procedures associated
with two different ellipsoidal sizes are reported. Unless stated otherwise, the
silica ellipsoids used for the work described in this thesis are synthesized as
follows.

Small ellipsoids. Silica ellipsoids of about 900 nm in length were prepared via
several silica growing steps, starting with nanometer-size spindles prepared in
Section 2.2.2. For the growth of the first silica shell, 132 mL Millipore wa-
ter, 20 mL of 1 %wt TMAH solution in water, and 13 g of PVP-stabilized
hematite dispersion (3.5 %wt) were added to 1810 mL of ethanol in a 3 L
round-bottom flask. Then a solution obtained by mixing 27 mL TEOS, 8 mL
of the fluorescein-APS mixture (prepared as described in 3.2.3) and 3 mL of
ethanol was added to the reaction mixture drop by drop using a peristaltic
pump over 3.5 hours. Immediately after that, a solution containing 5 mL
TEOS and 2 mL ethanol was added to the reaction mixture using a peri-
staltic pump at the same addition speed. During the whole addition time the
reaction mixture was mechanically stirred and sonicated in a temperature-
controlled (20 ◦C) water bath. After the final addition, a solution of 20 g
PVP in 200 mL ethanol was added to suppress particle aggregation. The
flask containing the reaction mixture was sonicated for at least two more
hours and then stirred overnight. The particles were purified from unreacted
TEOS and dye molecules by centrifugation and redispersion in ethanol, in
which they were stored.

To dissolve the internal hematite cores, the particles where first centrifuged
and then dispersed in a concentrated solution of hydrochloric acid (about 5
M), and they were stored until a clear bright yellow solution (due to dissolved
iron) appeared. The particles were then washed several times first with water
and next with ethanol. The hollow particles obtained could be used as seeds
for the growth of more silica layers. The growth of the second, third and
fourth layer was carried out exactly as the first layer with the only modifi-
cation that a higher amount of base (40 mL) of 1 %wt TMAH solution in
water was used, and the amount of water added was adjusted accordingly.
The next 15 layers were grown without addition of dye molecules by adding
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only the TEOS ethanol mixture described above.

Big ellipsoids. The micrometer-size hematite ellipsoids prepared in Section
2.2.2 were coated with silica. The reaction mixture consisted of a solution
of 890 mL ethanol, 66 mL Millipore water, 15 mL TMAH 1 %wt solution in
water and 15 g ellipsoidal hematite dispersion in ethanol (9 %wt). The silica
shell was grown by adding a solution of 40 mL TEOS and 9.5 mL ethanol,
drop by drop with a peristaltic pump during 5 hours. At the end of the ad-
dition a solution of 20 g PVP in 200 mL ethanol was added to the reaction
mixture. The flask was kept under sonication for an additional two hours and
under mechanical stirring overnight. The particles were purified from unre-
acted molecules by repeated centrifugation and dispersion in ethanol. Hollow
silica ellipsoids were prepared by adding hydrochloric acid to a dispersion of
particles in water, after already 1 hour the typical yellow color of the iron
solution was visible and the particles were purified from the acid by repeated
centrifugation and dispersion in ethanol.

3.5. Spheres

Silica spheres were synthesized following the classical Stöber procedure [89] as
follows. The reaction was performed in a 2 L round-bottom flask containing
883 mL ethanol and 80 mL ammonia (28-30 %wt in water) under mechanical
stirring. The nucleation and growth started just after the addition of 25 mL of
TEOS; after only a few minutes the solution became turbid. The dispersion
was kept under stirring overnight and then purified by repeated centrifugation
and dispersion in ethanol. The particles obtained with this procedure are
shown in Figure 3.2.

3.6. Characterization

Electron Microscopy. Particle morphologies were studied by transmission
(TEM, Philips TECNAI12) and scanning (SEM, Philips XLFEG30) electron
microscopy. TEM samples were prepared by drying drops of diluted particle
dispersions on polymer coated copper grids. SEM samples were prepared in
the same way and sputter-coated with platinum prior to imaging.

Optical Microscopy. Particle dispersions were imaged with a Nikon Eclipse
Ti inverse optical microscope, equipped with a 100× Nikon oil objective and a
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Figure 3.2. Transmission electron microscope image of the silica spheres
prepared as described in section 3.5. Scale bar: 500 nm.

Lumenera INFINITYX camera. Dispersions were kept in flat optical VitroCom
capillaries, sealed to a microscopy slide with epoxy glue.

3.7. Results and discussion

The method described in this chapter for the preparation of silica colloids of
different sizes and shapes is based on the well-known Stöber method [89].
The hematite particles, which are used as seeds, need to have their surface
functionalized with PVP, not only to give extra particle stabilization in the
synthesis environment, but also to promote full and uniform silica coverage of
the particle surface. The importance of the functionalization is also demon-
strated by Graf et al. in [93] where particles of different materials were coated
with a layer of silica. For the silica coating of small ellipsoidal particles, the
PVP adsorbed on the surface of the particles is not sufficient to provide com-
plete particle stability and it is therefore crucial to use an ultrasonic bath,
as illustrated in the setup of Figure 3.1, to prevent the formation of small
clusters of particles during the coating process. Although this setup is also
used for the synthesis of the big ellipsoids and the cubic-like particles, a uni-
form growth of silica without major aggregation problems can be carried out
without the use of sonication.
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Figure 3.3. Scanning electron microscope (SEM) micrographs of silica
cubes showing the effect of TEOS addition speed. Smooth silica surfaces
as in panel A are obtained when the TEOS is added to the reaction
mixture in a constant and slow (dropwise) flow using a peristaltic pump.
The roughness of the silica surface visible in panel B arises in part of
the sample (about 50%) when the TEOS is added at fixed intervals in
portions of 2 mL every 15 minutes. Scale bar: 500 nm.

Another critical aspect when performing the silica coating procedure is the
speed at which TEOS (the silica precursor) is added to the reaction mixture.
There are two possible ways to add the TEOS in the reaction mixture as
described in Section 3.2.2: a continuous drop-wise slow addition with the aid
of a peristaltic pump, which helps keeping the TEOS concentration low and
constant, and a batch-wise, manual addition. In the latter case it is harder to
keep the TEOS total concentration constant and if the discontinuous addition
is carried out too fast, some secondary nucleation may occur in addition to
particles having rough surfaces. Figure 3.3 shows a comparison between the
smooth surface of a particle synthesized using continuous TEOS addition
(panel A) and a rough surface of a particle synthesized using discontinuous
TEOS addition (panel B). This surface roughness, when present, is found on
about 50 % of the particles in the sample. The preparation of particles with
rough surfaces was not investigated any further.

In order to obtain pure silica particles, the hematite cores need to be etched
away by aging them with a concentrated solution of hydrochloric acid (HCl).
Typical TEM images of cubic-like silica colloids before and after the hematite
dissolution are shown in Figure 3.4. The speed of dissolution depends on
different factors such as particle concentration, silica thickness and hematite
size. For example it often happens, especially when working with large cubic
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Figure 3.4. Transmission electron microscope (TEM) images showing
in panel A hematite cubes coated with a silica layer of about 100 nm
thickness as described in section 3.3. Panel B shows the same particles
in which the hematite cores have been removed and only the silica shells
are visible. Scale bar: 1 µm.

particles, that the dissolution stops after a few hours (with times depending on
the silica thickness). This happens when the particle concentration is too high
and already after partial dissolution the ionic concentration in solution rises
(from both the hydrochloric acid and from the dissolved hematite) to the sat-
uration point. After reaching the saturation concentration the hematite can-
not dissolve anymore and the semi-dissolved particles should be sedimented
and dispersed in a freshly prepared hydrochloric acid solution in water to con-
tinue the process. The size of the particles is also important to determine
the dissolution rate: hematite spindles (see Figure 3.5 panel C) can dissolve
completely in 15-20 minutes, while for large particles the dissolution can last
a few hours, provided the process does not stop as a result of supersaturation.
When the particles are stored in the acidic solution they tend to form large
aggregates (sometimes visible with the naked eye) and sediment very fast,
due to the high ionic strength. Despite this brief instability that the silica col-
loids experience during the dissolution treatment, the resulting hollow silica
particles can easily be restabilized by repeated washing (sedimentation and
redispersion) first in water and then in ethanol without addition of stabilizer.

The silica shell thickness not only determines the dissolution speed (the
thinner the shell the faster the hematite dissolves), but also sets the strength
of the particle structure. Figure 3.5 shows micrometer-size silica hollow el-
lipsoids with two different silica thicknesses. In panel A the silica thickness



3.7. Results and discussion 45

A B

C D

Figure 3.5. Transmission electron microscope (TEM) images showing
silica ellipsoids of different sizes. Panel A shows a micrometer-size el-
lipsoidal silica particle with thickness large enough (> 60 nm) to retain
the hematite original shape, in contrast with the image in panel (B) in
which similar particles with a thinner silica shell are not strong enough
to retain the template shape and collapse upon drying. Panels C and D
show nanometer-size silica spindles after 1 and 19 silica coating steps,
respectively. Scale bars: 500 nm.

is about 60 nm and provides sufficient strength to retain the shape of the
hematite template. For similar particles in panel B the silica thickness is less
than 50 nm, which is insufficient to maintain the shape of the template, pro-
ducing deformation and collapse of the structure. The collapse only happens
upon drying of the silica dispersion in air, as indicated by optical microscope
imaging of the sample in dispersion. Clearly this limit of about 50 nm only
holds for very large ellipsoidal particles: for nanometer-sized spindle-like silica
shells similar to the ones reproduced in panel C of Figure 3.5 already a 10 nm
thick silica shell is sufficiently strong to retain the original hematite template
shape.
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Hollow silica and silica coated hematite particles can be dispersed in both
ethanol and water without loosing short-term particle stability, for instance
we will see in Chapter 5 experiments performed on stable aqueous dispersions
of silica cubes. The long-term stability of the particles dispersed in aqueous
solutions, however, is affected by the significant solubility of silica in water,
which may bring about a slight decrease in size and increased surface rough-
ness, but also particle aggregation due to soluble silica that may precipitate in
the contact region of two touching cubes. To avoid these possible scenarios
all particle used in this thesis were dispersed and stored in ethanol after syn-
thesis, where they were stable for years, and only transferred to water when
necessary prior to experiments.

3.8. Conclusion

This chapter describes the successful preparation of hollow silica particles of
different shapes using hematite particles as template. The high yield and
monodispersity of the starting seeds lead to the preparation of large amounts
of highly monodisperse silica particles such as (but not limited to) cubes and
ellipsoids. Depending on the speed of addition of the silica precursor, particles
can be prepared with smooth or rough surfaces, a crucial aspect to control
when using depletion forces [21]. The dissolution of the internal hematite core
is carried out under acidic conditions: this allows to dissolve the hematite core
leaving undisturbed the silica shells, which retain the initial hematite shape
when their thickness is large enough relative to the overall particle size. The
dissolution of the internal hematite core can be performed as a result of the
intrinsic silica porosity, which permits the acid to diffuse in and the iron ions
to diffuse out. This essential property is relevant for applications such as the
one described in Chapter 10 in which the particles are used as porous nano
“reactors” for the synthesis of iron pyrophosphate.
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Appendix 3.A. Preparation of rattle particles

Rattle particles (sometimes also referred as ‘yolk-shell’ particles) are particles
made of a shell containing a core still able to diffuse. There are many different
techniques for the preparation of spherical-like rattles [98–101], but only a few
describing the preparation of non-spherical rattles [102, 103]. This appendix
describes a method for the preparation of rattle particles with a cubic-like
shape, which can also be applied for the synthesis of ellipsoidal-like rattles.
Such particles could find application as (drug) delivery systems when the
void is loaded with a functional material as shown, for instance, in Refs.
[99, 103] (Chapter 10 of this thesis describes how inorganic substances can
be loaded inside the silica shells under discussion). Particles containing a
movable core inside a non-spherical cage might be interesting for diffusion
coefficient measurements of nanometer-size particles inside a cage. In fact,
they provide an interesting model system for studying confined diffusion with
dynamic light scattering (since the silica cage can be optically matched) as a
follow up of earlier work on tracer diffusion in porous glass media [104–106].

The synthesis method is relatively straightforward and consists in partial
dissolution of the hematite internal cores in acidic environment as described
in Section 3.2.4. The time of dissolution is variable, and depends of factors
such as particle and acid concentration, and clearly the desired final size
of the movable core. The most reliable way to dissolve particles down to
a desired size is to monitor the dissolution in time by optical microscopy.
When the optimal size is reached, the dissolution can be stopped by rapidly
centrifuging the particles. The sediments can then be dispersed in water or
ethanol depending on the application. Figure 3.6 shows how the particles
look like under an optical microscope during dissolution. Figure 3.7 shows
transmission electron microscope images of the particles in the final stage.
The elongated shape (bow-tie shape) of the hematite cores is a consequence
of their polycrystalline internal structure as explained in Section 2.4.2. At
longer dissolution times the two lobes of the dissolving hematite can separate,
producing cubic cages with double movable cores. In Figure 3.7(A) one can
notice the presence of two silica cubes containing a double core.
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Figure 3.6. Optical microscope image of rattle particles with internal
hematite cores visible as darker spots. The shape of the internal hematite
depends on the orientation of the particles. Scale bar: 5 µm.

A B

Figure 3.7. Transmission electron microscope (TEM) images of rattle
particles. The internal hematite cores have partially been dissolved, yield-
ing silica cages containing a freely movable hematite core, as indicated
by optical microscope imaging of the sample. Scale bars: panel A 1 µm,
panel B 250 nm.
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Micron-size colloids with centered and shifted

magnetic dipoles

Abstract

In this chapter we report on the first experimental realization
of Brownian dipolar spheres that are large enough to be stud-
ied by optical microscopy. The preparation method of the
dipolar spheres is convenient and produces particles in high
yield. The procedure consists in embedding hematite cubes
and ellipsoidal magnetic particles inside 3-methacryloxypropyl
trimethoxysilane oil droplets that can be subsequently poly-
merized producing micron-size spheres with off-centered mag-
netic dipoles. When the encapsulation of the hematite in
a small polymer sphere is followed by the growth of a silica
layer on the polymerized particle surface, spheres with cen-
tered dipoles are obtained. Colloidal spheres with well-defined
cavities can be prepared by dissolving the hematite magnets
previously embedded in the polymer particle.

49
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4.1. Introduction

As already mentioned in the introduction of this thesis and in previous chap-
ters, shape anisotropic colloids are interesting because of their potential to
built new and complex structures [12,107]. In this thesis we have investigated,
for instance, in Chapter 2 the preparation of shape anisotropic magnetic col-
loids such as cubes and ellipsoids (also named suberballs and superellipsoids,
respectively), and in Chapter 3 the same particles were used as templates for
the growth of anisotropic silica colloids without a magnetic moment. The
aim of the work reported in this chapter is to utilize the magnetic hematite
particles prepared as described in Chapter 2 for the preparation of spherical
particles which will be able to self-assemble through directional magnetic in-
teractions (as shown in Chapter 8), as a mean for the preparation of new and
complex structures.

It is known from molecular self-assembly that directional site-specific in-
teractions are needed for the formation of a wide range of self-assembled
structures with different functionalities. To date, there have been many at-
tempts to prepare colloidal systems that will mimic molecular interactions,
some of them relying solely on the complex particle shape [15, 26, 108–110]
and some based on partial surface modifications, the so-called “Janus” and
patchy particles [111, 112]. Dipolar interactions are also highly directional
interactions and it is nowadays well-known that colloidal particles with a per-
manent dipole moment can spontaneously form interesting structures such as
rings, lines and bundles [29,113]. However, these experimental studies could
only be performed on nanometer size colloids using cryo-transmission electron
microscopy techniques for imaging, meaning that the structures usually were
investigated in a frozen (glassyfied) state. Direct imaging of formation and
dynamics of these dipolar structures has not been performed yet for the lack
of a suitable colloidal model system. Macroscopic particles mimicking the
behavior of colloids with a permanent moment are shown in Figure 4.1 where
permanent magnets are embedded in glass marbles. Inspired by these models
we developed a new colloidal model system consisting of polymeric or silica
spheres in which colloidal micro-magnets are embedded to form centered and
off-centered dipolar spheres.

In this chapter we describe a convenient method to synthesize with a high
yield, colloidal spheres with permanent dipole moments. The spheres are large
enough to be studied with an optical microscope and yet sufficiently small
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BA

Figure 4.1. Macroscopic models of dipolar spheres consisting of glass
marbles (radius 1 cm) with an embedded magnet. In this specific case,
the anisotropic attraction is strong enough to cause the formation of
chains at low density (A) whereas it is to weak to orient the dipoles
in denser packings (B). In the sediment of Figure (B) the marbles are
immersed in toluene, an index matching solvent for silica, which makes
the glass transparent and allows observing the dipolar distribution more

clearly.

to exhibit thermal motion. We achieve the task by embedding the magnetic
hematite prepared as described in Chapter 2 inside polymer spheres of different
sizes. The hematite can be embedded in the center or just below the surface of
the polymer sphere. In the first case the polymer spheres present a permanent
(centered) dipole moment resulting in the first experimental realization of
Brownian dipolar spheres big enough to be seen by optical microscopy (see for
example Figure 4.5). In the second case, the particles can be seen as spheres
with a magnetic patch or as a dipolar spheres with an off-centered dipole (see
Chapter 8). Furthermore, the particles can be used for the preparation of
even more complex shape anisotropic particles: by chemical etching of the
hematite embedded in the TPM polymer, it is possible to obtain spherical
particles with cavities on their surface.

This chapter is organized as follows. Section 4.2 describes the encapsula-
tion of the magnetic hematite in the TPM spheres, as well as the preparation
method of the polymer particles with well-defined cavities. The techniques
used for the characterization and imaging of the particles are described in
Section 4.3. Section 4.4 contains the experimental results and Section 4.5
summarizes our main conclusions.
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4.2. Synthesis methods

4.2.1. Magnetic cores
The magnetic cores used for the preparation of the dipolar spheres described
in this chapter are hematite cubic and ellipsoidal particles (also referred to,
respectively, as superballs and superellipsoids). The preparation procedure of
both cubes and ellipsoids is discussed in Chapter 2 where detailed synthetic
procedures can be found in Sections 2.2.1 and 2.2.2, respectively.

4.2.2. Off-centered dipolar spheres
To embed the micro-magnets (cubes or ellipsoids) into larger spherical par-
ticles 3-methacryloxypropyl trimethoxysilane (TPM) was nucleated on the
hematite particles as follows. First, the TPM was hydrolyzed by vigorously
mixing 5 mL TPM and 100 mL Millipore water until all the TPM was hy-
drolyzed and a clear solution was formed (usually 5 to 7 hours). The nucle-
ation reaction was started by injecting with a pipette 0.75 mL ammonia (NH3,
37 %wt) into a 30 mL aqueous dispersion of hematite (final concentration
≈ 10 %wt) containing a total of 15 mL hydrolyzed TPM, while kept under
vigorous magnetic stirring. The reaction was sampled every 15 minutes and
the particle growth was monitored with optical microscopy. To increase the
size of the TPM droplets, the reaction was fed with more hydrolyzed TPM
until the particles reached the desired size. The particles were then polymer-
ized by adding 0.5 mg of 2,2′-azobisisobutyronitrile (AIBN) to the dispersion
preheated at 80 ◦C and kept at this temperature for 3 hours. Occasionally
the dispersion was carefully agitated to reduce the sedimentation of particles.
The dispersion was then cooled down to room temperature, and the particles
were washed and separated from secondary nucleated particles by sedimenta-
tion and finally resuspended in Millipore water. The purification process was
repeated until a clear supernatant was found.

4.2.3. Centered dipolar spheres
The first step in the preparation of spheres with centered dipoles consists in
encapsulating the hematite (cubes or ellipsoids) in small TPM spheres; the
procedure was therefore based on the synthesis of the off-centered dipolar
spheres described in Section 4.2.2. The smaller TPM spheres were obtained
by nucleating a smaller amount of TPM on the hematite as follows. With a
pipette 0.75 mL ammonia (NH3, 37 %wt) was injected into a to a 30 mL
aqueous dispersion of hematite (final concentration ≈ 10 %wt) containing
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a total of 2 mL hydrolyzed TPM, under vigorous magnetic stirring. Also
in this case adding more or less hydrolyzed TPM allowed varying the size
of the polymeric shells. The polymerization of the core-shell particles was
performed as described in Section 4.2.2. The particles were then coated with
a layer of silica, adding 110 mL EtOH, 3.25 mL Millipore water and 4.25 mL
ammonia (37 %wt in water) in a 250 mL round bottom flask. Next, 5 mL
aqueous dispersion of TPM coated particles (concentration ≈ 30 %wt) was
added to the mechanically stirred solution. With a peristaltic pump, a solution
made of 3 mL EtOH and 3 mL tetraethyl orthosilicate (TEOS) was dripped
into the reaction mixture at a speed of 1 drop every few seconds. After
the synthesis the particles were purified from TEOS unreacted molecules and
secondary nucleation (when present) by sedimentation and redispersion of the
sediments in Millipore water until a clear supernatant was found.

4.2.4. Spherical particles with cavities
For the preparation of spherical polymer particles with well-defined cavities
the hematite ellipsoids or cubes needed to be encapsulated in a polymerized
TPM sphere as explained in Section 4.2.2. To create the cavities the hematite
“patches” were dissolved by aging the particles in a 5 M solution of hydrochlo-
ric acid (HCl) in water until the solution became yellow and the typical red
color of the dispersion disappeared; both observations indicate the complete
dissolution of the encapsulated hematite to iron chloride. The particles were
then purified from the iron ions by repeated sedimentation and redispersion
in Millipore water until the supernatant looked clear.

4.3. Characterization

Light microscopy. Particle dispersions were imaged with a Nikon Eclipse
Ti inverse optical microscope, equipped with a 100× Nikon oil objective and
a Lumenera INFINITYX camera. Alternatively a Nikon inverse optical mi-
croscope, equipped with a 100× Nikon oil objective and a CoolSNAP EZ
Photometrics CCD camera was used. Dispersions were kept in flat optical
VitroCom capillaries, sealed to a microscopy slide with epoxy glue.

Electron microscopy. Particle size and shape were studied by transmission
(TEM, Philips TECNAI12) and scanning (SEM, Philips XLFEG30 and Phe-
nom G2 desktop SEM) electron microscopy. TEM samples were prepared by
drying drops of diluted particle dispersions on polymer coated copper grids.
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SEM samples were prepared in the same way and sputter-coated with plat-
inum prior to imaging.

X-Ray Diffraction (XRD). XRD measurements were performed on dried
hematite at room temperature on a Bruker-AXS D8 advance powder diffrac-
tometer, using Co Kα1,2 radiation (λ = 1.79026 Å). Peak positions were
compared with the International Centre for Diffraction Data (ICDD) data-
base.

Zeta-potential. Zeta-potential (ζ-potential) measurements were performed
on diluted aqueous dispersions of silica colloids using a Malvern Zetasizer
Nano NS at 25 ◦C.

4.4. Results and Discussion

4.4.1. Off-centered dipolar spheres
The procedure used for the preparation of the off-centered dipolar spheres
is based on the synthesis mechanism found in reference [114] The mag-
netic particles can be encapsulated into polymerizable oil droplets because
the hematite, which is dispersed in the water phase, acts as a nucleation site
for the formation of an oil droplet. During the phase transfer from water
to oil, the hematite particles are trapped at the interface by surface tension,
thus producing a spherical droplet with surface inhomogeneities that can be
seen as magnetic patches (see Chapter 8) or, alternatively, as dipole moments
shifted from the center position.

A schematic illustration of the synthesis procedure can be found in Fig-
ure 4.2A. The oil droplet nucleating on the micro-magnets, is composed of
oligomers of different structures and molecular weights, which are produced
during the hydrolysis and condensation reaction occurring when a base (in our
case ammonia) is added to the hydrolyzed solution of 3-methacryloxypropyl-
trimethoxysilane (TPM, see Figure 4.3). Coalescence of the droplets is pre-
cluded due to strong surface charge arising from the dissociation of the silanol
groups in basic environment. Typical ζ-potential values of the droplets ob-
tained when dispersed in the reaction mixture at pH of 9 are about -70 mV.
As mentioned in the synthesis procedure in Section 4.2.2, the size of these
droplets can be easily increased by continuous feeding of hydrolyzed TPM
in the reaction mixture. Since the droplet size is dependent on the initial
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Figure 4.2. A. Schematic diagram showing the synthetic steps involved in
the preparation of particles with an off-centered dipole. First, monodis-
persed hematite cubes are encapsulated into polymerizable oil droplets
via a seeded dispersion polymerization. Next, the droplets are grown to
the target size and polymerized. B, C, D. Encapsulation and growth can
be conveniently followed by optical microscopy. In the pictures different
stages during this process are shown. E. False-color SEM image show-
ing the bare micro-magnets. F. Scanning electron microscope image of
the final spherical particles with an off-centered dipole. The hematite
magnetic cubes are visible as bright spots.

concentration of the hematite in dispersion, the droplet growth can be easily
monitored by optical microscopy until the desired size in reached. Panels B,
C and D of Figure 4.2 show optical microscope images of spheres with shifted
dipoles taken at different intervals of time during particle growth after being
purified from secondary nucleation.

When the desired size is reached, the particles are polymerized by addition
of a water insoluble radical initiator (2,2’-azo-bis-isobutyronitrile, AIBN). The
initiator dissolves in the oil droplets, and decomposes fast at high tempera-
tures (in our work we use 80 ◦C) initiating the radical polymerization of the
TPM acryl group. In order to fully harden the particles a minimum of 3 hours
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Figure 4.3. Chemical formula of 3-methacryloxypropyl-trimethoxysilane.
The three methoxysilane moieties can form silica-like 3D-branched
oligomers when undergo hydrolysis and condensation. The double bond
of the acryloyl group allows radical polymerization of the molecule.

of polymerization is necessary, at which point the particles can be dried and
imaged by scanning or transmission electron microscopy as shown in panels
E and F of Figure 4.2.

A large amount of secondary nucleation in the form of spherical particles
with diameter smaller than 200 nm is usually found at the end of the synthesis
procedure. Secondary nucleated particles can be easily separated from the
prepared colloids by sedimentation due to the large size difference.

The possibility of fine-tuning the size of the particles is essential for the
preparation of spheres with increasingly shifted dipole moments from the cen-
tered position. Chapter 8 describes in details the effect of the internal position
of the dipole moment on the particle properties and their self-assembly be-
havior.

4.4.2. Centered dipolar spheres
A schematic representation of the procedure used for the preparation of par-
ticles with centered dipoles is shown in Figure 4.4A. The synthesis is divided
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in two main steps: first the hematite magnets (cubes or ellipsoids) are encap-
sulated into a small TPM sphere as described in Section 4.2.3, subsequently
one or more silica layers are grown on the surface of TPM-hematite compos-
ite particles. The TPM sphere should be big enough to give the particle an
overall spherical shape, but at the same time should be as small as possible
to minimize the distance of the dipole from the centered position. The total
amount of TPM needed to reach the desired particle size depends on particle
concentration, size and shape. Optimal results are obtained when the particle
size is monitored throughout the synthesis by light microscopy. The polymer-
ized particles are then coated with one or more silica layers. Silica is a well
known and commonly used material in colloid science, for instance we have
seen in Chapter 3 that silica can be grown on hematite particles to form silica
particles of different sizes and shapes when the template is removed. The sil-
ica surface can be modified (see Chapter 3) and can be easily index matched,
an essential property for the application of dipolar spheres. The silica coat-
ing procedure is described in Section 4.2.3 and is based on the well-known
Stöber method [89], which in this case is carried out in the presence of the
TPM-coated hematite that acts as nucleation sites for the silica. If the silica
precursor (tetraethyl orthosilicate, TEOS) is added too fast, then secondary
nucleation can be found in the reaction mixture in the form of silica spheres
of about 200 nm in diameter that can be easily removed by sedimentation
(centrifugation or in the gravitational filed) due to the difference in size with
the dipolar particles. It is possible that, in certain occasions, the secondary
nucleated particles attach to the particle surface inducing the formation of
dipolar particles with a rough surface. It is therefore important to minimize
this effect by reducing or suppressing the formation of secondary nucleation
during particle synthesis by slowing down the addition of the TEOS/EtOH
solution in the reaction mixture.

Depending on the thickness of the silica grown on the TPM-hematite par-
ticle surface, the dipolar interaction between the particles decreases due to
the increased distance between the hematite dipoles situated in the particle
center. Figure 4.5 shows an optical microscope image of a chain of dipolar
spheres formed in a 2D system aligned parallel to an applied weak external
magnetic field. In this specific case the particles can still experience each
other dipole moment.
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Figure 4.4. A. Schematic diagram showing the synthetic steps involved in
the preparation of particles with a centered dipole. First, monodispersed
hematite cubes are encapsulated into small polymerizable oil droplets
via a seeded dispersion polymerization. After polymerization, a silica
layer of tunable thickness is grown on the particle surface. B, C, D.
Transmission electron microscopy pictures of the different stages of the
synthesis. Scale bar: 2µm.

A B

Figure 4.5. A. Light microscope image of particles with centered dipole
forming a dipolar chain induced by an applied weak horizontal external
magnetic field, indicating that the particles can still feel the dipolar inter-
action despite the presence of an outer silica shell. Scale bar: 4 µm. B.
Schematic model of the chain of panel A.

4.4.3. Spherical particles with well-defined cavities
Spherical particles with well-defined cavities can be easily prepared following
the procedure described in Section 4.2.4. The synthesis consists in encapsu-
lating hematite cubes or ellipsoids into a TPM sphere as shown schematically
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in Figure 4.2 and subsequently removing the hematite by chemical etching
in HCl. The dissolution process is the same as the one described in Sec-
tion 3.2.4 for the preparation of hollow silica cubes and ellipsoids. Figure 4.6
shows TEM and SEM images of particles with double cavities obtained by dis-
solving TPM encapsulated hematite ellipsoids. Panel A of Figure 4.6 shows
the original particles before chemical etching. It is clear from the images that
the TPM matrix is strong enough to retain the spherical shape despite the
presence of a gap that runs through the whole particle length. Figure 4.7
shows what happens when the same chemical etching process is applied to
particles with encapsulated hematite cubes. In this case, a single cavity with
the shape of a cube is formed on the surface of each TPM sphere.

2 µm2 µm

Chemical
etching

A B

C D E

Figure 4.6. A. Scanning electron microscope (SEM) picture of the en-
capsulated hematite ellipsoids. The inset shows a model of the same
particles. B. The same particles after chemical etching. Two cavities
form at the position where the ellipsoids extremities are located close
to the sphere surface. C, E. Transmission electron microscope images
(TEM) of the etched particles. The dotted shape in C indicates the orig-
inal position of the hematite ellipsoid inside the TPM sphere. D. High
resolution SEM image of the same sample.
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Chemical
etching

A B

Figure 4.7. Scanning electron microscope (SEM) images of the encap-
sulated hematite cubes before (A) and after (B) chemical etching. The
cavity formed by the dissolution of the cubic inclusion leaves a well-defined
cubic cavity. The scale bar is 500 nm for both pictures.

4.5. Conclusion

In this chapter we have seen how to prepare dipolar spherical particles with
centered and shifted dipole moments. The synthesis consists in encapsulat-
ing magnetic hematite cubic or ellipsoidal particles (the micro-magnets) into
polymerizable oil droplets. During the transfer from water to oil, the hematite
particles are trapped at the droplet interface producing particles with shifted
dipoles. Increasing the size of the polymer droplets allows the preparation of
particles with increasingly shifted dipole moments. When the hematite mag-
nets are encapsulated in a very small polymer sphere and subsequently coated
with one or more silica layers, spheres with a permanent centered dipole are
obtained.

Polymer particles with well-defined cavities are prepared by chemical etch-
ing of the hematite cubes and ellipsoids embedded in the polymer spheres.
The etching of particles containing a single hematite ellipsoid yields spheri-
cal TPM particles with a double spherical cavity on the surface. When the
hematite contained in the TPM-hematite composite particles is chemically
etched away with hydrochloric acid, then TPM spheres with a single cubic
cavity are obtained.
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5
Simple cubic crystals

Abstract

This chapter reports on the crystallization behavior of col-
loidal cubes by means of tunable depletion interactions. The
colloidal system consists of micron-sized cubic particles pre-
pared as described in Chapter 3 mixed with non-adsorbing
water-soluble polymers as depletion agents. Under certain
conditions the cubes self-organize into crystals with a sim-
ple cubic symmetry. The dynamic of crystal nucleation and
growth is investigated monitoring the samples in time by opti-
cal microscopy. Furthermore, by using temperature sensitive
microgel particles as depletant it is possible to fine tune de-
pletion interactions as to induce crystal melting. Assisting
crystallization with an alternating electric field improves the
uniformity of the cubic pattern allowing the preparation of
macroscopic crystals that show visible Bragg colors.
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5.1. Introduction

The relation between particle shape and crystal symmetry and structure re-
mains a fundamental issue in condensed matter science. The simplest and
most symmetric crystal is cubic and its natural building block is the cube.
Simple cubic crystals are quite rare: the lethally toxic α-emitter Polonium is
the only element which forms a simple cubic (SC) structure [115, 116]. In
this chapter we present the first observations by optical microscopy of simple
cubic crystals, close-packed colloidal structures, that have self-assembled in
aqueous dispersions of novel hollow silica cubes. There are important reasons
to investigate the uncommon simple cubic structure employing colloids rather
than atoms. SC-crystals of colloidal cubes may fill space, in marked contrast
to the very open atomic SC-patterns.

On the other hand cubic particles can fill space with non-registered planes
which lack shear rigidity, sliding phases, and also constitute a promising ex-
perimental system for theories [58,60,117–119] of cube fluids. In our system
cubic crystal nucleation and growth, directly observed with an optical micro-
scope, is driven by anisotropic depletion forces that cannot be generated in
conventional sphere fluids. This allows additional control of the condensed
phase where for example decreasing the size of the depletant locks neighboring
sliding planes in registry and produces a true simple cubic crystal.

5.2. Experimental

5.2.1. Colloidal cubes
Particle synthesis is performed as described in Sections 2.2.1 and 3.3. The
resulting hollow particles can be seen in Figure 5.1. The cubic-like particles
have a total length of 1338 nm and a polydispersity of 3%. The particle shape
can be modeled with that of a superball with shape parameter m of 3.5 (for
details on superballs and particle shape refer to Section 1.4).

5.2.2. Sample preparation
Depletant solutions. Poly(ethylene oxide) (PEO) samples were prepared
using PEO molecules with molar mass of 6x105 g/mol (PEO 600k) corre-
sponding to a radius of gyration Rg of 57 nm [120]. Polymer stock solutions
of 2 g/L were prepared dissolving PEO in 10 mM aqueous sodium chloride
(NaCl). The solution was freshly prepared before the experiments and never
used if older than one week.



5.2. Experimental 67

Figure 5.1. Transmission electron micrograph (TEM) image of hollow
silica cubes prepared as described in Sections 2.2.1 and 3.3. The particles
have a total length of 1338 nm and a silica shell thickness of about
100 nm. Cubes are very uniform in shape and size, with a typical size
polydispersity of 3%. The shape of the particle can be fitted with a
superball with shape parameter m≈3.5 (see Ref. [59] and section 1.4).
Scale bar: 1µm.

Poly(N-isopropylacrylamide) (pNIPAM) microgel particles with a radius of
65 nm were prepared following Reference [121]. The particles were stored
in Millipore water and salt was added during sample preparation. The total
measured mass concentration of the particles in the stock dispersion was 1.22
%wt.

Typical depletant number densities used in the experiments are 8.1·1020

molecules/m3 for PEO polymers and 6.9·1020 particles/m3 for pNipam par-
ticles.

Superball-depletant mixtures. The samples were prepared by first transfer-
ring the silica cubes from ethanol, where they are usually stored, to water via
centrifugation and redispersion. The pH of the water was increase up to 9 by
addition of a few microliters of tetramethylammonium hydroxide (TMAH) 1
%wt (usually 20 to 30 µL TMAH to 1 mL water). The sample was inspected
by optical microscopy and, if the dispersion appeared stable, the particles
were sedimented and dispersed in 1 mL aqueous solution 10 mM NaCl, at
pH 9, containing different depletant of PEO or pNIPAM. In the samples pre-
pared with PEO, to prevent PEO adsorption on the surface of the particles,
Pluronics r○ F 127 was added to the sample to reach a final Pluronics r○ F 127
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concentration of 500 µg/mL. The samples were filled into flat VitroCom
optical capillaries (0.1 mm x 2 mm x 4 cm) and sealed with UV sensitive
epoxy glue onto microscope slides. The samples were allowed to equilibrate
for about 20 minutes prior to imaging.

5.2.3. Optical microscopy analysis
The cube dispersions were imaged on a single-particle level with a Nikon in-
verse optical microscope, equipped with a 100x Nikon oil objective and a Cool-
SNAP EZ Photometrics CCD camera. Dispersions were kept in flat optical
VitroCom capillaries, sealed to a microscopy slide with epoxy glue. The crys-
tal melting experiments were performed by gluing capillaries on microscope
slides coated with a thin layer of indium tin oxide, heated to the desired tem-
perature by an electrical resistance. Electric field experiments were performed
by introducing two parallel platinum electrodes in the capillaries at a distance
of about 2 mm. A typical alternating-current electric potential of 6 V at 35
KHz was applied for several hours.

5.2.4. Characterization
Electron microscopy. The size and shape of the silica superballs were an-
alyzed using Transmission Electron Microscopy (TEM) pictures taken with
a Philips TECNAI12 electron microscope typically operating at 120 kV. The
samples were prepared via drying a drop of diluted particle dispersion in ethanol
on top of polymer coated copper grids.

Zeta-potential. Zeta-potential measurements were performed on diluted
aqueous dispersions of silica colloids at pH = 9 using a Malvern Zetasizer
Nano NS at 25 ◦C.

5.3. Results and Discussion

Essential for time- and space-resolved imaging is that cubes are large enough
for optical microscopy but still small enough to exhibit Brownian motion such
that equilibrium thermodynamics of the cubes is probed on the time scale (typ-
ically minutes to hours) of optical microscopy. We synthesized micron-sized
hollow cubic colloids suitable for such studies in three steps. First, iron-oxide
template cubes are prepared following [71] and are subsequently covered with
an amorphous silica shell to form what will become the hollow cube. Finally
the iron oxide templates are dissolved by hydrochloric acid to iron chloride
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that diffuses away through the nano-porous silica shell (see Chapters 2.2.1
and 3.3 for synthesis details). The synthesis yields particles with uniform size
and shape with a typical side of 1338 nm and polydispersity of 3 %. The shape
of our particles is actually well approximated by a superball, which contour
can be represented by the formula:

(x)m + (y)m + (z)m = 1, (5.1)

a shape that smoothly interpolates between a cube and a sphere by varying
a single parameter m that characterizes the roundness of the corners (see
section 1.4 for details).

While the hollow cubes are stable in water over a wide pH range, our
experiments were performed on aqueous dispersions at pH=9 to increase the
repulsion between the silica cubes and the glass wall of the capillaries used
for the microscopy experiments. All aqueous cube dispersions discussed here
contain 10 mM NaCl, which reduces the Debye length to κ−1 = 3 nm; this
is small enough for interacting colloids to fully experience their anisotropic
shape.

Despite the anisotropic shape of the colloids, we never observed crystal-
lization of the silica cubes studied in this chapter dispersed in pure 10 mM
NaCl aqueous solutions. However, when a non-adsorbing polymer is added,
within minutes simple cubic crystals nucleate that subsequently grow via co-
alescence with other nuclei to beautiful cubic mosaics as can be seen in Fig-
ures 5.2, 5.3 and 5.4. Responsible for this crystal formation is the depletion
effect of the polymers that drives cube faces together. When colloids are dis-
persed in the presence of a non-adsorbing polymer each particle is surrounded
by an exclusion zone depleted of polymers with a thickness D in the order of
the radius of gyration of the polymer Rg. When the surface of two particles
approach to a distance closer than 2D the two exclusion zones overlap by ∆V

resulting in an osmotic pressure imbalance that drives the cubes together as
illustrated in Figure 5.2A.
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Figure 5.2. A, Schematic illustration of the depletion effect responsible
for the self-assembly of colloidal cubes to crystals with a simple cubic
symmetry. The osmotic pressure exerted by the polymer when two cubes
approach each other closer than 2D drives the particles together. For
more information on depletion forces see Chapter 1. B Hollow silica
cubes crystallized into close packed, simple cubic (SC) arrays. Surpris-
ingly, cubes in a second layer (B, right) fit precisely on top of cubes from
the first layer (B, left), for reasons explained in the text. C, particle
tracking (right) of confocal images of cubes labelled with rhodamine-B
isothyocyanate (left) clearly confirms the SC order in crystallites sepa-
rated by grain boundaries. Cubes with the same (false) color differ in
orientation as indicated by the color scale in the insert. Scale bars are

10 µm.
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Figure 5.3. A Optical microscope pictures showing crystallites of silica
cubic colloids assembled in the presence of 0.8 g/L of poly(ethylene oxide)
with molecular weight of 600,000 taken after 4 days from the sample
preparation. The irregular shape of the crystals is due to the coalescence
of smaller units to form larger structures as shown in the pictures of panel
B. Following this mechanism, the crystals grow even further as shown in
panel C for an 8 days old sample. The crystals do not grow indefinitely
because of the tendency of the polymer to adsorb on the surface of
the particles in time and consequently suppressing depletion interactions.
Scale bar: 20µm.
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The contact attraction energy between two cubes due to a number density n
of the depletant can be estimated from:

U(n) ≈ −∆V nkbT, (5.2)

where, for two cubes, the overlap volume ∆V is approximated by:

∆V ≈ (L− 2δ + 2D)22D, (5.3)

where L is the total length of the cubes side and (L−2δ) is the length of the
flat faces (see Figure 5.2) such that δ is a measure of the roundness of the
cubes. The depleting polymers force the cubes together into close-packed
structures that maximize the overlap volume mentioned above. Surprisingly,
this close-packing occurs in the form of a simple cubic lattice. It should
be noted that cubes may form close-packed mosaics that are not simple
cubic: linear rows of touching cubes centred on a straight line fill a 2D-plane
but the rows may be shifted along their main axis over arbitrary distances
without changing the close-packing condition. Similarly, if such close-packed
2D-planes are stacked to a 3D-structure, the planes may also be randomly
translated (and rotated) without changing the packing fraction (see Chapter 6
for details). Nevertheless, Figure 5.2 clearly illustrates the marked preference
of cubes to form simple cubic structures in which particles are quite precisely
in register, in the plane as well as in 3D.

Experiments were performed by allowing the cubes to sediment in a cap-
illary. The sediments were then imaged from below with an inverse optical
microscope. Due to their small gravitational height [122] (∼300 nm) the
cubes assemble in a quasi-2D fashion growing only 2 or 3 particles in height.
Larger gravitational heights can be reached by dispersing the particles in a
density matching solvent (for instance a mixture of ethanol and bromoform)
to retard sedimentation for the assembly of 3D crystals.

The preference to form SC crystals is an unexpected consequence of the
shape of the cubes that have slightly rounded corners (Figure 5.1). When
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Figure 5.4. A, colloidal silica cubes self-assemble in water to crystalline
mosaics of almost macroscopic dimensions (scale bar is 20 µm) when
pNIPAM particles (see text) are added as depletant. Here crystallization
is assisted by an alternating electric field (20V at 50kHz), with direction
as indicated, which improves the uniformity of the cubic pattern. The
capillary used for optical microscopy (0.1 mm x 2 mm x 5 cm) (B) shows
a uniform crystallization over the whole sample as manifested by the
visible Bragg diffraction colors. C, portion of a crystal prepared using
poly-ethyleneoxide as depletant and (D) its Fourier transform averaged
over several snapshots of the same crystal, showing the intensity spots
expected for simple cubic order.

four cube corners meet, they form a pore with a radius of about 160 nm,
which is large enough to accommodate depletant polymers. Thus there is a
free-energy penalty for a cube to cover such a pore, because when the cube



74 5. Simple cubic crystals

shifts its position to be precisely on top of a neighbour the volume accessible
for polymers increases. We demonstrate this preference for the silica cubes to
form simple cubic crystals in dispersion using two different kind of depletants
with radius smaller than the size of the pore: poly(ethylene oxide) (PEO) with
molecular weight of 600,000 which correspond to a radius of 57 nm [120] (see
Figure 5.2B) and poly(N-isopropylacrylamide) (pNIPAM) microgel particles
with a radius of 65 nm (see Figures 5.2C and 5.4). The size of cubic crystals,
as shown in Figure 5.2B, is limited in the presence of PEO depletant because
of this polymer tendency to adsorb on silica surfaces [123], which at some
point terminates cubic crystal growth. pNIPAM particles do not interact with
the silica surface and, indeed, allow self-assembly of cubes to large uniform
mosaics (Figure 5.4) with cubic order persisting over macroscopic distances
as confirmed by the Bragg colors visible over the whole capillary as seen in
Figure 5.4. We also found that crystallization of the particles in an alternating
electric field results in almost defect-free SC crystals (Figure 5.4). Another
important feature of pNIPAM microgel particles as depletant is that both for-
mation and melting of SC crystals can be monitored in time in one and the
same cube fluid. On increase of the water temperature to about 40 ◦C, the
pNIPAM micro-gel particles shrink [121] decreasing the ∆V term in Equa-
tion 5.3 and, consequently, weakening the depletion attraction sufficiently for
crystals to gradually melt, as illustrated in Figure 5.5.

Particle tracking
Our cubic particles can be easily dyed (in this case with rhodamine, see sec-
tion 3.2.2) to facilitate imaging and particle tracking for quantitative studies
of phase behavior, structure formation and dynamics. Figure 5.2C shows a
confocal microscope image of a single layer of dyed cubes resting on a glass
slide. Using an algorithm based on circular Hough transforms, each cube
can be easily identified and its orientation (Figure 5.2C) determined either
by comparison with a template or by identifying its nearest neighbors. The
quality of confocal microscopy images can be further improved by dispersing
rhodamine-labelled silica cubes in an index matching solvent such as dimethyl
sulfoxide allowing the imaging of 3D crystals.

To track the cubic particles, we make use of the fact that their edges have
thickness and therefore overlap with a circle. We first filter the image using a
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Figure 5.5. Demonstration of the reversibility of cube crystallization:
upon increasing the water temperature as indicated in the text, cubic
crystals gradually melt to an unbounded state, whereas the simple cu-
bic structures re-appear upon cooling to the initial temperature. This
remarkable temperature effect is due the shrinkage of the depleting mi-
crogel (pNIPAM) particles with increasing temperature, as illustrated by
the cartoon. Typical snapshots are shown from an optical microscopy

movie.

bandpass filter (Figure 5.6A), followed by a sequence of Hough circle trans-
forms to determine the centers and radii of the cubes (Figure 5.6B). The
orientation of each cube can be determined either by considering a region
around the center of each cube and comparing it to rotated templates by
subtraction, or by triangulation. Figure 5.6D shows cubes whose orientation
was determined by triangulation as follows: we computed the nearest neigh-
bors of each cube by Delaunay triangulation and subsequently selected the 4
nearest neighbors these are shown in Figure 5.6C. From these, the tetratic
order parameter was computed as

ψ4 =
1

4

4∑

i=1

expi4θ, (5.4)
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A B
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Figure 5.6. Overview of the four steps involved in the particle tracking:
after the image is filtered (A) the centers of the particles are located
using Hough circle transforms (B), subsequently four nearest neighbors
are assigned to each particle (C) and then the orientation of each cube
is determined (D).

where θ is the angle of each bond. The orientation of the cube is then given
by the angle:

φ = 1/4 arg(ψ4). (5.5)

5.4. Conclusions and Outlook

In conclusion, we report the first optical microscopy imaging of the nucle-
ation, growth and melting of simple close-packed cubic crystals in colloidal
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fluids of specially designed hollow silica cubes. Depleting polymers drive the
crystallization, for sufficiently small depletant molecules, to a precise face-to-
face packing of the cubes as the peculiar consequence of rounded cube edges.
Our system provides a new tool for space-and-time resolved studies of simple
cubic structures, for example, on defect dynamics in 2-D SC lattices [124]
near or far away from the melting point, set by temperature and pNIPAM
concentration. In addition, the cubes offer unique possibilities to study on
a microscopic scale the mechanism of formation [125] and melting [126] of
SC crystals in two dimensions, which is not possible for cubic crystals from
(magnetic) nanocubes [127, 128]. Extensive close-packed SC mosaics are
also interesting for ceramic membrane layers with controlled density and pore
diameters (set here by four adjacent cubes). An interesting further option is
to load the porous silica cubes with in situ precipitated functional substances
to achieve mosaics of controlled-release or catalytic active cubes.
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6
Depletion stabilized crystal phases of colloidal

superballs

Abstract

In this chapter we present a new way of using depletion forces
to stabilize crystal structures formed by colloidal silica super-
balls with different shape parameters. With direct particle
imaging, we show that a small deviation in the particle shape
significantly changes the phase behavior, giving rise to sur-
prisingly different crystalline structures such as simple cubic
and hexagonal lattices, as well as mixed and intermediate
structures. Furthermore, using polymers of different sizes,
it is possible to stabilize different crystalline structures for the
same particle shape. The experiments are performed by direct
imaging of the particles using an optical microscope, allowing
studying the particle dynamics. The experimental data are
collected and presented in the first phase diagram of colloidal
superballs in the presence of depletants.
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6.1. Introduction

In the last decades, soft matter and material science started focusing on the
preparation of new complex materials [107] composed of building blocks that
allow for highly directional interactions. Examples are clusters of spheres
[108–110, 130, 131], particles with chemically of physically modified surfaces
[111, 132, 133] and faceted geometrical shapes made via lithographic tech-
niques [13, 23, 134]. In the preparation of such colloids, it is a challenge to
achieve the high yields required for applications.

In this chapter we describe the preparation of colloidal silica superballs
of different shape parameters that, combined with depletion forces, produce
different crystalline structures. The structures formed, such as simple cubic,
random shifted cubic, hexagonal and mixed phases manifest shape-dependent
interactions arising when a depletant is added to the system. Depletion forces
are convenient to tune attractions between colloidal particles. If applied to
anisotropic colloids, depletion induces attractions that are highly directional
(see Chapter 5) and that can experimentally be tuned by changing particle
shape and depletant size. The silica colloids used for the work presented in this
chapter, are prepared in high yields as described in Chapter 3. Their shape can
be fitted by a superball (see equation 1.1), a shape that can interpolate from
a sphere (m = 2) to a cube (m = ∞) by changing the shape parameter m
(for details see Section 1.4). In addition to the shape parameter m, the other
relevant parameter is the radius of gyration (Rg) of the depleting polymer.

We show that the combination of the polymer size, Rg, and particle shape,
m, uniquely determines the crystalline structures of the superballs. Superballs
with high m values behave as the particles studied in Chapter 5. Lowering
the value of the shape parameter of the superball gradually changes the shape
from cubic-like to spherical (m = 2). Particles with low m values (but larger
than 2) mimic the behavior of a dispersion of spheres. A similar effect can
be obtained by increasing the size of the depletant. If a large depletant is
used, the shape anisotropy of the particle is smoothed out, and the superballs
behave comparable to spheres.

This chapter is organized as follows. Section 6.2 describes experimental
procedures and characterization techniques. Section 6.3.1 briefly outlines the
depletion forces involved in the experiments on superballs with different shape
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parameters, as described in Section 6.3.2. The phase diagram of colloidal su-
perballs in the presence of depletant is presented in Section 6.3.3. Section 6.4
summarizes the conclusions of this chapter.

6.2. Experimental

6.2.1. Colloidal superballs
Four different samples of colloidal superballs were used for the work described
in this chapter, coded SBA, SBB, SBC and SBD (see Table 6.1). Samples
SBA, SBB and SBC were prepared following the protocol described in Sec-
tion 3.3 of this thesis, with the exception of sample SBC for which TEOS
was added continuously using a peristaltic pump (see Section 3.2.2). Silica
spheres with a bare surfactant-free particle surface (sample SBD, superballs
with m = 2) were purchased from Bangs Laboratoires, Inc.™. The silica su-
perballs have a low polydispersity, which on average is about 3 %, and com-
parable sizes (Table 6.1). Typical TEM images of the samples are shown in
Figure 6.1. Despite the synthesis of the three batches was performed using
the same starting hematite cores, the particles prepared have different shape
parameters, as shown in Table 6.1.

Table 6.1. Sizes (L) and shape parameters (m) of the colloidal superballs.

Sample
name

SBA SBB SBC SBD

Size L (nm) 1274 1271 1340 1740
Shape pa-
rameter m

3.8 3.5 3.0 2.0

6.2.2. Depletant solutions
Poly(ethylene oxide). Poly(ethylene oxide) (PEO) with two different molar
masses were used as depletants for the experiments described in this work,
namely 6x105 g/mol (PEO 600k) and 7x106 g/mol (PEO 7M), correspond-
ing to a radius of gyration Rg of 57 nm and 210 nm, respectively [120].
Polymer stock solutions of 2 g/L were prepared dissolving PEO in 10 mM
aqueous sodium chloride (NaCl). The solutions were freshly prepared before
the experiments.
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m=3.8

m=3.0

m=3.5

m=2.0

Figure 6.1. Transmission electron microscope (TEM) pictures of the sil-
ica superballs with different shape parameters m. The measured average
polydispersity on the particle size is on average 3%. Scale bar: 1 µm.

Xanthan. Xanthan is a wormlike double-helical polysacharide with a diame-
ter of ca. 2.2 nm and a persistence length of 120 nm. The xanthan stock
solution with a final concentration of 1 g/L was prepared dissolving xanthan
powder (Sigma Aldrich) in water containing 10 mM sodium chloride (NaCl)
and 2 mM sodium azide (NaN3), the latter to prevent bacterial growth. The
solution was heated to 85 ◦C using an oil bath under mechanical stirring and
then slowly cooled for about 15 hours [135]. The xanthan batch used in this
thesis has a weight-average molar mass M of 3x106 g/mol (specification of
manufacturer), contour length Lc of about 1.5 µm and radius of gyration Rg
of 329 nm (see Table 6.2) calculated according to [136].

pNIPAM. Poly(N-isopropylacrylamide) (pNIPAM) microgel particles with a
radius of gyration of 65 nm were prepared following ref. [121]. The particles
were stored in Millipore water and salt was added during sample preparation
as described in Section 6.2.3. The total measured mass concentration of the
particles in the stock dispersion was 1.22 %wt.
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Akaganèite rods. β-FeOOH (Akaganèite) rods were prepared as described
in Appendix 2.A. The particles were stored in ethanol with a particle concen-
tration of about 13 %wt. The average length of the rod-like particles was
estimated to be 140 nm with a length polydispersity of about 30 %.

Table 6.2. Gyration radii (Rg) of depletants and typical depletant number
densities used for the experiments, where n∗d is the depletant overlap
density defined as n∗d = 3/(4πR3

g).

Depletant name Peo600k pNIPAM Rods Peo7M Xanthan

Rg (nm) 57 65 70 210 329

nd (m−3) 0.62n∗d 0.79n∗d - 1.32n∗d 5.97n∗d

6.2.3. Sample preparation
Before addition of depletants, the silica superballs, usually stored in ethanol,
were sedimented using a microcentrifuge (Microfuge r○ 16 Centrifuge, typical
working speed: 1200 rpm for about 20 minutes) and dispersed in water at pH 9
(the pH was reached by adding 20 to 30 µL tetramethylammonium hydroxide
1 %wt to 1 mL water). If the dispersion appeared stable when investigated
by optical microscopy, the particles were sedimented and dispersed in 1 mL
aqueous solution with 10 mM NaCl, at pH 9, containing different depletant
concentrations. In the samples containing PEO depletant, to prevent PEO
adsorption on the surface of the particles, Pluronics r○ F 127 was added to the
sample to reach a final Pluronics r○ F 127 concentration of 500 µg/mL. The
particles were dispersed very well and occasionally briefly sonicated. The sam-
ples were filled into flat VitroCom optical capillaries (0.1 mm x 2 mm x 5 cm)
and sealed with UV sensitive epoxy glue onto microscope slides. The samples
were allowed to equilibrate for about 20 minutes prior to imaging.

6.2.4. Characterization
Electron microscopy. Size and shape of silica superballs were analyzed using
Transmission Electron Microscopy (TEM) pictures taken with a Philips TEC-
NAI12 electron microscope typically operating at 120 kV. The samples were
prepared via drying a drop of diluted particle dispersion in ethanol on top of
polymer coated copper grids.
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Optical microscopy. The phase behavior of the colloidal superballs was fol-
lowed in time using a Nikon Eclipse Ti inverse optical microscope, equipped
with a 100× Nikon oil objective and a Lumenera INFINITYX camera.

6.3. Results and discussion

6.3.1. Depletion potential for superballs
Depletion interactions in a dispersion of colloidal particles arise when the
colloids are dispersed together with a smaller non-adsorbing colloid or macro-
molecule, called depletant (see Section 1.2.2). At the origin of these short-
range attractive forces is the entropy associated with the center of mass of
the depletants. In fact, the center of the depletants cannot enter the so-
called exclusion layer, with thickness D, originated around the larger colloidal
particles. The thickness D is of the order of the radius of gyration Rg of the
depletant. When the surface of two larger colloids come closer than 2D, their
exclusion layers overlap and the volume available to the depletants increases
with ∆V , which correspond to the volume of the overlapping regions. The
increase in the volume available to the depletant produces an increase in the
entropy of the depletants, which lowers the total free energy of the system
by:

∆Fn ≈ ∆V nkbT, (6.1)

where n is the number density of the depletant, kb is Boltzmann’s constant
and T is the temperature. Equation 6.1 estimates the magnitude of the
contact attraction energy between two particles that, as already mentioned
in Chapter 5, depends on the size of the depletants and the total overlap
volume. Strong depletion effects can be reached also when shape anisotropic
objects such as rods are used as depletion agents [25, 137,138].

In the case of spheres with radius a at a center-to-center separation r , the
overlap volume ∆V is given by [20]:

∆Vsph =
4

3
π(a +D)3

(
1−

3r

4(a +D)
+

r3

16(a +D)3

)
(6.2)
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The attractive force generated by depletion of polymers (or smaller colloids)
between two spheres is independent of the particle orientation because of the
isometry of the sphere shape.

Predicting depletion interactions for shape anisotropic particles is more
complicated; when particles approach each other from different directions,
they generate different overlap volumes, which correspond to different at-
traction strengths. On the other hand, the advantage of working with shape
anisotropic particles is that it is often possible to fine tune the interactions
such that only a specific orientation gives rise to strong attractive forces,
effectively introducing directionality in the interaction [26]. In the case of
cubic like particles (superballs) we have argued in Chapter 5 that the total
attraction energy between two flat faces of a superball is approximately:

U(n) ≈ −(L− 2δ + 2D)22DnkbT, (6.3)

a value that corresponds to the maximum attraction energy between two
particles lying face-to-face. In Equation 6.3 L is the total length of a cube
side, (L − 2δ) is the length of the flat part of a cube face such that δ is a
measure of the roundedness of the cubes (see Figure 5.2 for a description of
the symbols), D is the thickness of the exclusion layer, n the number density
of the depletant, kb the Boltzmann’s constant and T the temperature. For
the depletant concentrations used in Chapter 5, the strength of interaction
between the particles other than the face-to-face configuration is too low to
induce particle attraction.

To better interpret the results we introduce the size ratio q defined as
follows:

q =
2Rg
L
. (6.4)

The size ratio q is effectively the ratio between the size of the depletant
and the size of the superballs, and it is used to make the phase diagram
size-independent (see Figure 6.3).
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6.3.2. Superballs with different shape parameters
The experiments reported in this chapter are performed employing four dif-
ferent colloidal systems, whose shape can be described as superballs with
different shape parameters (m), see Table 6.1. The particle shape is fitted
as described in Section 1.4, and the data collected for different superballs are
plotted in Figure 6.2. An average of 80 to 100 particles were fitted for each
sample and the average m values calculated for the individual samples are indi-
cated as lines interpolating the y -axis in the corresponding values. The cloud
of data regarding the superballs with highest m (purple points in Figure 6.2,
sample SBA) is very dense indicating that particles are almost monodisperse in
shape. The clouds of data points spread out more with decreasing the shape
parameter, which is apparently related to the mechanism of silica growth on
the surface of the superball. The plot in panel B of Figure 6.2 shows for sam-
ple SBC a clear relation between particle size and shape. The graph shows
that for small particle size the sample is monodisperse in shape until a critical
particle length is reached (Lc , in this case corresponding to 1.26 µm) after
which the shape polydispersity increases. When the particles grow larger than
the critical length, the shape becomes again monodisperse. The critical par-
ticle length depends on the size and shape of the starting hematite seeds, and
will therefore be unique for different samples. More experiments are currently
being carried out to understand how the silica growth process, and hence the
particle size, influences the shape polydispersity of colloidal superballs.

Despite the polydispersity of samples SBB and SBC, the position of the
data points clearly demonstrate that the three superball samples have signif-
icantly different shape parameters.

6.3.3. Stabilization of different crystals phases
The colloid-polymer phase diagram of Figure 6.3 represents data collected
for colloidal superballs with various shape parameters dispersed in solution
containing different depletants as described in Section 6.2.3. Typical optical
microscope pictures of the samples observed are displayed in the graphical
table of Figure 6.4, the same data are also collected schematically in Ta-
ble 6.3. Distinct regions can be distinguished in the phase diagram, indicated
by different colors for clarity. These regions, corresponding to different crys-
talline structures, can be identified as: simple cubic (SC), random shifted
cubic (RSC), hexagonal (HEX) and mixed (MX) phases. The meaning of
the terminology we use here is as follows. In the SC phase the particles are
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Figure 6.2. (A) The points of this graph represent the shape parame-
ters m of the silica superballs measured by fitting the shape of 80-100
particles. Different colors correspond to different samples as indicated in
the color legend. The average values are indicated with the horizontal
lines interpolating the y -axis in their corresponding mean values. (B) For
sample SBC the shape parameter (m) of the particle is plotted against
the particle size (L). A sharp transition is visible around a critical value
Lc = 1.26 which shows a rapid decay in shape polydispersity after the
transition.

forced to a face-to-face configuration, as seen in Chapter 5. The RSC phase
comprises ordered rows of superballs that are free to shift with respect to
each other; thus the rows have long-range order while there is no clear long-
range order perpendicular to these rows. In the HEX phase each superball is
surrounded by 6 neighbors. MX indicates phases in which particles crystallize
in two different fashions within the same sample. In our experiments we can
distinguish two of these MX phases: one in which the SC phase coexists with
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the HEX phase and the other one in which the RSC phase coexists with the
HEX phase.

Even though the data used to built the phase diagram of Figure 6.3 were
collected in quasi 2 dimensional samples, the same particle ordering can be
identified if the samples are analyzed up to the third particle level in the crystal
thickness, which is the maximum resolution in depth of the light microscope
used. In Figure 6.5 we give examples of the 3 dimensional behavior, showing
images of the second layer of crystallites superimposed on images of the first
layer of exactly the same crystallites. More details about crystal growth in
3D will be given in following sections.

Simple cubic phase. The phase diagram of Figure 6.3 shows SC phases, as
expected from the experiments described in Chapter 5, at high m values and
small q values (small depletant sizes). The superballs forming this phase have
a marked cubic shape (see Figure 6.1, m = 3.8) that induces the particles
to a face-to-face configuration. As already mentioned before, the majority of
the clusters were studied as monolayers (2D crystals) and should better be re-
ferred to as square lattices. However, we have already seen in Chapter 5 that
an increase in the overall superballs concentration leads to the formation of
3D crystals composed of many particle layers, effectively producing SC crys-
tals. For simplicity we will avoid the distinction between 2 and 3 dimensional
crystals and will refer to both cases as SC.

To be able to form SC lattices two conditions must be met: the superballs
must have m > 2, which qualitatively means that the particles should re-
semble more a cube than a sphere and, secondly, Rg should be small enough
for the depletant to easily fit in the gap formed when four cubes meet (see
Figure 5.2). When the depletant can enter the gap formed between the
cuboids, it exerts osmotic pressure on the cuboids’ internal edges keeping
them in position, exactly on the face of a neighboring cube. In the limit of
m = ∞ (Figure 1.4) the superballs are represented by a perfect cube with
sharp edges. In this case we believe that the preferred face-to-face config-
uration of the particles is lost, although we cannot prove it experimentally.
However, recent computer simulations on sharp hard cubes (without deple-
tant), show that the cubes still form simple cubic crystals that are stabilized
by a surprisingly high amount of vacancies [139].
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Figure 6.3. Phase diagram of colloid-depletant mixtures with different
depletant-colloid size ratios q = 2Rg/L and different superball shape
parameters m. On the bottom right of the phase diagram we see the
presence of a simple cubic (SC) phase represented by the orange data
points. Moving towards higher q values we find RSC structures, repre-
sented in the phase diagram with the black point. On the left side of
the phase diagram we can see the red data points representing the HEX
phase. HEX phases are found for spheres (m=2) and for higher m values
for large size ratios. The dotted line denotes the MX crystal structures
and lies exactly in between the pure phases. The blue points indicate
MX phases formed by RSC and HEX crystallites, while the purple points
indicate MX phases formed by SC and HEX crystallites.
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BA

C D

Figure 6.5. Representative images showing that the ordering within crys-
tallites in 3D is comparable to that of the same particles in 2D. In panel A
we see that the particles (sample SBA) in the second layer (shown in the
inset) of a SC lattice are in register with the particles in the first layer,
indicating that the face-to-face preferential arrangement is retained also
for 3D samples. Panel B shows that for RSC crystallites the face to
face alignment is lost also between particles in the first and second layer
(sample SBA). In this case the second layer can freely diffuse on top of
the first layer. The HEX crystallite in panel C shows a second layer in
which the particles are hexagonally arranged (sample SBB). The second
layer of the MP of panel D shows a hexagonal crystallite forming on top
of a square lattice (sample SBC).

Random shifted cubic phase. The phase diagram of Figure 6.3 shows RSC
structures for high values of m and intermediate q values. A schematic rep-
resentation of the RSC structure is depicted in the left panel of Figure 6.6.
Ordered rows of cuboids, in Figure 6.6 represented by the vertical rows, are
free to shift with respect to each other without following any order. For com-
parison, the figure shows the schematic representation of an ordered shifted
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Random Shifted Cubic Ordered Shifted Cubic

Figure 6.6. Schematic illustrations of the random shifted cubic (RSC)
phase in comparison with an ordered shifted cubic (OSC) phase. Al-
though in both cases the ordered rows of particles are free to move with
respect to each other, in the RSC phase they are free to move without
constrictions, while in the OSC phase illustrated in here, they are only
allowed to shift a distance equal to half of the particle size.

cubic (OSC) structure. In this case the ordered rows of cuboids are shifted
by a distance equal to half of their size, the result is an ordered structure in
which order is maintained in the direction perpendicular to the rows of cubes
and each cuboid is surrounded by 6 neighbors. Using a depletant with a size
that exceeds the gap formed when four superballs meet, Rg > δ, means that
the cuboids do not experience any osmotic pressure on their edges to keep
them in position; the cuboids are then free to move.

From image analysis of RSC structures it is clear that the face-to-face pref-
erential alignment is lost. The particles thermal motion within the crystallites
is more pronounced compared to the SC case, probably as a consequence of
the small movements of complete rows. We have observed that when a single
particle is located on the side of a longer row of cuboids, the particle is free
to diffuse through the whole length of the row. In this case the superballs
have orientational order, but no positional order.

Analysis of the particles in the second layer suggests that the behavior of
the cuboids in two- and three-dimensions is comparable. In fact we see, as
shown in Figure 6.5B, that crystallites in the second layer do not necessarily
have the same orientation as the particles in the layer below. Furthermore,
single particles and small crystallites in the second layer can be seen freely
diffusing on top of a larger crystal when the sample is followed in time.

Hexagonal phase. The left side of the phase digram of Figure 6.3 shows
data points representing the HEX phase. Crystallization of the particles in
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a hexagonal fashion is an indication that the particles mimic the behavior of
spheres. We can indeed notice that the region is situated at low m values
for spheres (m = 2) and for superballs with a less pronounced cubic shape.
In case of crystallization of spheres in 2D, the size ratio q does not influence
the crystal structure of the crystallites, which will always have HEX arrange-
ment. For m > 2 we get HEX structures only when q is large enough: in the
experimental phase diagram of Figure 6.3, we find for m = 3 the HEX phase
for q > 0.3 and for more cubic-like superballs with m = 3.5 we observe a
HEX phase for q = 0.5. We have also observed under the microscope that
the superballs are attracted to the glass wall by depletion forces, and that
they preferentially orient with the flat face parallel to the wall, also assisted
by gravity. The silica particles can then arrange in a configuration that has
positional order, every particle is surrounded by 6 neighbors, but without pref-
erential orientation of superballs within the crystal.

Mixed phases. In the phase diagram of Figure 6.3, we can identify a re-
gion representing mixed crystal structures. As mentioned before, we can
distinguish two different kind of MPs: HEM coexisting with RSC and HEX
coexisting with SC. With the exception of superballs with m = 2 (the spheres)
that can only form a HEX phase, we can see formation of mixed structures
for all three superball shapes studied in this chapter: m = 3.0, m = 3.5 and
m = 3.8. Therefore, we can exclude that the presence of the MX phase is
caused by shape polydispersity of the sample, which is present especially in
particles with m = 3.0 (see plot of Figure 6.2). Furthermore, we noticed
that during the nucleation of the crystallites, there are no visible signs of
particle segregation in the sample, and the speed of nucleation and growth
of the crystallites is comparable to the formation of the other phases. We
can therefore conclude that particles crystallize in these MX configurations
when the energy of formation of the two different phases is comparable and
the superballs will not adopt a preferential arrangement. However, we did not
monitor the sample for a time long enough to notice any rearrangement of
the sample to one preferred crystal structure.
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Table 6.3. List of the different crystalline phases found from different
colloid-depletant mixtures. The corresponding visual table is depicted in

Figure 6.4.

SBD m=2.0 SBC m=3.0 SBB m=3.5 SBA m=3.8

Xanthan Rg=329
nm

- Hex Hex RSC/Hex

Peo7M
Rg=210 nm

Hex Hex RSC/Hex RSC

Rods Rg=70 nm - SC/Hex - -

pNIPAM
Rg=65 nm

- - - SC

Peo600k
Rg=57 nm

Hex SC/Hex SC SC

6.4. Conclusions

In this chapter we report on the first study of phase behavior of colloidal silica
superballs in the presence of depletants. We show that silica superballs can
be prepared with different shape parameters, and large enough to perform
optical microscope imaging, allowing in situ study of the phase behavior of
the particles. The data are collected in the first experimental phase diagram
for colloidal superballs. We show that a small change in the shape of the
silica superballs dramatically influences the crystallization behavior to find
various crystalline structures such as: simple cubic, random shifted cubic and
hexagonal crystals as well as mixed phases. Using polymers of different sizes,
we can stabilize different crystalline structures for the same superball shape.
In addition, 3D crystals can be formed by increasing the starting concentration
of superballs in the sample, showing that the particle interact in the same way
as in the 2D case.
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Magnetic colloids





7
Dipolar structures of cubes and ellipsoids

Abstract

In this chapter we study the dipolar structures formed by the
hematite ellipsoids and cubes prepared as described in Chap-
ter 2. The particles are large enough to be imaged by optical
microscopy, but still sufficiently small to exhibit significant
thermal motion, making them a unique system for the study
of the dynamics of dipolar structures in two-dimensions. The
particles possess a dipole moment, large enough to align them
in magnetic fields as weak as that of the Earth. Using the par-
ticles as “probes”, we can accurately measure the total mag-
netic field in the microscope sample chamber, which can be
consequently cancelled using a custom made magnetic setup,
allowing the study of zero-field structure formation. Taking
this as starting point, we can apply a range of magnetic fields
and analyze the structure to probe the magnetic properties of
the individual particles and their interactions.
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7.1. Introduction

Dipolar colloids self-assemble into a variety of structures if their dipole mo-
ment is large enough to overcome the thermal energy. Such structures (rings,
linear and branched chains) have already been observed for iron [113] and
magnetite [29] spherical nanoparticles. Details on the dipolar attraction en-
ergy between the nanoparticles were obtained from analysis of the morphology
and chain length distribution of these structures in the absence of an external
magnetic field [140]. However, these studies were performed on transmis-
sion electron microscopy images of vitrified samples, and therefore not much
is known yet about the dynamics of formation and time-evolution of dipolar
structures.

In this chapter we use the hematite ellipsoids and cubes prepared as de-
scribed in Chapter 2 to develop a new method for the study and analysis
of dipolar structures in applied and zero-field. The analysis is performed on
micron-sized colloidal particles that can be imaged with an optical micro-
scope, and that still exhibit significant thermal motion, allowing the study of
both static as well as dynamic properties of the structures.

For this purpose we developed a magnetic setup that allows a precise con-
trol of an applied magnetic field in three dimensions. The magnetic setup
is also employed to nullify the Earth’s magnetic field in the surroundings of
the sample. In fact, the hematite particles bear a large permanent dipole
moment and tend to align with the Earth’s magnetic field. Employing the
magnetic setup to control the applied field, we can use the chains formed by
the hematite particles as sensitive “probes” to effectively cancel the Earth’s
field. Preliminary experiments show that the hematite cubes and ellipsoids
are very suitable for the study of the dynamics of dipolar structures in applied
and zero-filed.

In Section 7.2 we summarize the preparation methods of the colloidal sys-
tems (7.2.1) and the techniques used to characterize them (7.2.2). In Sec-
tion 7.2.3 we describe how to prepare samples for optical microscopy. The
magnetic setup and its characteristics are described in Section 7.2.4. The
particle tracking procedure is reported in Section 7.2.5 and subsequently we
describe how to employ the data obtained from the tracking of chains to
precisely cancel the Earth’s magnetic field in Section 7.2.6. After the results
and discussion of Section 7.3, which also comprises some first experiments on
field-induced structures, we end in Section 7.4 with conclusions and outlooks.
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7.2. Experimental

7.2.1. Particle synthesis
Hematite cubes. For the experiments described in this chapter, we have used
two different samples of hematite cubes with an average size of 1136 nm and
1223 nm. We will refer to these samples as the small and the large cubes
respectively. Both samples were prepared following the recipe described in
Section 2.2.1 with slight deviations: for the preparation of the small cubes, we
used 21.6 g of NaOH pellets and 54 g of FeCl3·6H2O, and for the preparation
of the large cubes we used 24 g of NaOH pellets and 54 g of FeCl3·6H2O.

In order to decrease the contact attraction between the cubes they were
coated with a layer of silica exactly as described in Section 3.3. For the small
cubes only one silica growth step was performed, while for the large cubes
two silica-coating steps were carried out.

Table 7.1 summarizes the characteristics of the cubes prepared as described
above.

Hematite ellipsoids. Ellipsoidal hematite particles were prepared as described
in Section 2.2.2 of this thesis. Also in this case the particles were coated with
a layer of silica exactly as described in Section 3.3.

Table 7.1. Size of the magnetic cubes and ellipsoids used for the experi-
ments described in this chapter. The polydispersity is about 3% for the
small cubes, 5% for the large cubes and 7% for the ellipsoids.

small cubes large cubes ellipsoids
Size hematite

1136 1223
1645

core (nm) 1042
Total size

1274 1582
1703

with silica 1072
(nm)

7.2.2. Characterization
Electron Microscopy. Particle size distributions (Table 7.1) were determined
using Transmission Electron Microscopy (TEM) pictures taken with a Philips
TECNAI12 electron microscope typically operating at 120 kV. The samples
were prepared drying a drop of diluted particle dispersion in ethanol (or water)
on top of polymer coated copper grids. The number-averaged particle size
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and standard deviation was calculated for every sample measuring typically
100-200 particles.

Optical microscopy. The magnetic structures were studied using a Nikon
Eclipse Ti inverse optical microscope, equipped with a 100x Nikon oil ob-
jective and a Lumenera INFINITYX camera or alternatively a CoolSNAP EZ
Photometrics CCD camera. Dispersions were kept in flat optical VitroCom
capillaries (typical dimensions 0.1 mm x 2 mm x 4 cm), sealed to a microscopy
slide with epoxy glue. The microscope slides were then placed in the center
of the magnetic setup situated around the objective of the inverted light
microscope, as shown in Figure 7.1B.

7.2.3. Sample preparation for optical microscopy
Hematite particles were stored and imaged in water while silica-coated hematite
particles were stored and imaged in ethanol, as silica tends to dissolve in time
when stored in water. To prevent particles to stick to the glass walls, we
increased the surface charge of glass and particles by adding about 20 to
30 µL tetramethylammonium hydroxide 1 %wt (in water or ethanol) to 1 mL
dispersions. The sample containing depletant was prepared using PEO 600k
as described in Section 6.2.3.

7.2.4. Magnetic field control
To study magnetic structures formed by cubes and ellipsoids in zero and
applied field, precise control of the applied magnetic field is required, both in
magnitude and in direction. For this purpose we built a set-up using 3 sets
of orthogonally oriented Helmholtz coils, as shown in Figure 7.1. The plastic
support was 3D-printed to allow precise positioning of the set-up inside the
optical path of our inverted optical microscope, and the coils were manually
winded. The setup was designed to be screwed together with the microscope
objective such that the eye of the objective, and therefore the part of the
sample that is imaged, is always in the center of the magnetic set-up where
magnetic fields are uniform. The current applied to each set of Helmholtz
coils was precisely controlled electronically and a maximum of about 3 A could
be independently applied to each separate couple of coils. The maximum
magnetic field that can be generated by this magnetic setup is about 18 mT
in the z-direction and 1.3 mT in the x- and y -direction.
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Before imaging the particles were exposed for a short time to a strong field
(18 mT) in the z-direction, which uniformly distributes particles throughout
the sample. After removal of the z field we can then observe self-assembly
of the colloids. This process was repeated every time new settings (different
field directions or intensities) were applied to the dispersion.

7.2.5. Analysis of magnetic structures
Our cubic particles can be tracked to perform quantitative studies on dipolar
structures. Since we are dealing with cubic-like particles, it is not possible
to use the tracking programs that are commonly available for well-defined
spheres. Here single cubes or ellipsoids, isolated or part of a chain or structure,
are identified using a circular Hough transform. This recognition procedure
is possible because the edges of the particles imaged by optical microscopy
are hazy and their central part is brighter due to light reflection by hematite;
it is therefore possible to overlap the shape of the particles with a circle.
Figure 7.2A shows part of a typical image used for the tracking of small cubes
in the presence of the Earth’s magnetic field, while panel B of the same figure
shows the image after identification of the program using the circular Hough
transform, in which every particle is pinpointed by a yellow circle. At this stage
the software caches information on the radius and position of each particle.
The information is used in the third step to identify particles close enough
to be part of the same cluster. This process is illustrated by Figure 7.2C,
in which the chains are indicated in red. The tracking procedure is repeated
for all the frames in a movie of over 600 frames (the intervals between the
frames changes depending on the information needed) and the information
on the length and angle of each chain is extracted in the form of an angular
histogram. Examples of angular histograms obtained by tracking chains of
small cubes at different applied magnetic fields, can be seen in Figure 7.6. The
data regarding the position of every single particle in each frame is collected
and stored during this tracking procedure, and can be used in a later stage to
obtain information on the strength of the bond angle between each particle,
for instance by looking at their fluctuations within the chain [141].

For the data analysis, it is important that the tracking procedure is reliable
and reproducible over the whole course of the movie, that can take from a few
minutes to a few hours. During the time interval of analysis we found that
sometimes changes in the imaging occur such as variation in light and focus
depth but also drift of the sample. Our tracking procedure is very reliable
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Figure 7.1. A, custom-made magnetic setup used to control the mag-
netic field during optical microscopy experiments. The three sets of coils
used to control the magnetic field in the x-, y - and z-directions are
indicated by the arrows. B, the magnetic setup is situated around the
objective of the inverted optical microscope and is screwed at the bottom
of the objective. This configuration ensures not only the reproducibility
of the measurements, but also that the sample (as indicated by the big
arrow) is always in the center of the setup, where the magnetic fields are
uniform.
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A B C

Figure 7.2. A, original optical microscopy image used for tracking. B, the
center and the radius of every particle are recognized using a Hough circle
transform. C, using the data collected in step B the software recognizes
the particles that are close enough to be part of a chain and identifies
each chain (in red). The whole tracking process is repeated for a large
number of frames (more than 600) to account for fluctuations, and the
final direction of each chain is averaged over all the frames.

and monitors the positions of particles and chains in long movies even if the
conditions change.

7.2.6. Procedure for canceling the Earth’s magnetic field
Canceling the Earth’s magnetic field accurately and reproducibly is not trivial.
Every microscopy set-up is different and located at different orientation with
respect to the Earth’s field lines; in addition there might be other elements in
the surroundings of the microscope that produce a magnetic field, effectively
disturbing the measurements. Because the Earth’s field is very weak (typi-
cally between 0.02 mT and 0.06 mT) and easily influenced by, for instance,
electronics in the surrounding, applying a Gaussmeter probe is not an option.
We have developed a technique to precisely cancel the Earth’s magnetic field
(or any other residual field) using our colloidal particle as “probes” for the
determination of the strength and direction of the magnetic field lines.

When our hematite particles are exposed to a weak external magnetic field,
like that of the Earth, they form chains that align parallel to the field lines.
We therefore consider a general scenario, represented in Figure 7.3A. When
the applied field is zero, the chains align parallel to the Earth’s field, which is
at an angle θ with the applied field (Figure 7.3A). To generalize the procedure
we assume the angle θ is unknown.
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Figure 7.3. Schematic representation of the vectors involved in the mea-
surement of direction and magnitude of the Earth’s magnetic field.

If we consider as reference frame the plane formed by the applied field and
its perpendicular direction, then by definition −π2 < θ < +π

2 . The Earth’s
field vector ~b can therefore be written as:

~b =

(
~bcosθ
~bsinθ

)
(7.1)

When the applied field is not zero, the chain of particles align in a direction
that is the sum of the applied field ~B and the Earth’s field as shown in
Figure 7.3B. The total field that the particles experience is:

total f ield =

(
~B + ~bcosθ
~bsinθ

)
(7.2)

Because we know the direction and magnitude of the applied field ~B the
angle φ can be written as:

tanφ =
~bsinθ

~B + ~bcosθ
(7.3)
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The angle θ can be experimentally measured and the field applied ~B is
known, this equation can therefore be solved for ~b, a vector that represent
both magnitude and direction of the Earth’s field.

7.3. Results and discussion

The arrangement of the cubes and ellipsoids in an external field clearly differs
from the arrangement of particles in zero-field (see Figures 7.4 and 7.5).
When colloids with a magnetic dipole moment (at low concentration) are
exposed to an external field, they tend to align and form chains along the
direction of the applied field. If the particles are not exposed to an external
magnetic field, structure formation can only be driven by magnetic dipolar
interactions. Thus, the hematite ellipsoids and cubes prepared as described
in Section 7.2.1 possess a significant permanent magnetic moment and they
respond to the presence of surprisingly weak magnetic fields, even as weak
as the Earth’s field. It is therefore necessary, in order to study the structure
formation of our colloids in zero-field, to eliminate the effect of any external
field in the environment. For this reason we designed the magnetic setup,
shown in Figure 7.1, that enables us to apply and precisely control a magnetic
field in three dimensions. Any residual magnetic fields (included the Earth’s
field) can be canceled using the procedure described in Section 7.2.6.

Since the interaction between single particles is apparently very large, we
occasionally observed the formation of small aggregates (two or three par-
ticles) that are difficult to redisperse without using an ultrasonic bath. In
order to slightly decrease the magnetic interaction between single particles
we have grown a silica layer around the colloids. Silica is an amorphous,
non-magnetic material that increases the minimal distance between hematite
cores sufficiently to prevent particle aggregation.

Typical optical microscope images taken in zero-field are shown in Fig-
ure 7.4B,C for ellipsoids and D,E for cubes. In Figure 7.4 it is especially
interesting to notice the effect of particle shape. It turns out that ellipsoidal
particles form rings with shapes comparable to the ones formed by nanoparti-
cles [29]. For cubic colloids, however, the shape of the particles clearly affects
the shape and dynamics of the rings. For instance Figure 7.4D shows a frame
of a longer movie with a ring structure that resembles more a rectangular than
a circular shape. Throughout the movie the particles are constantly rearrang-
ing due to Brownian motion and the shape fluctuates between the circular
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A B C

D E

Figure 7.4. A Silica-coated magnetic ellipsoids align in the Earth’s mag-
netic field with the short axis parallel to the direction of the field. B and
C Bare magnetic ellipsoids form typical magnetic structures in zero field.
D and E Silica-coated small cubes also form rings and chains when the
Earth’s field is cancelled. In D we clearly see how the shape of the par-
ticles influences the shape of the dipolar ring, which varies from circular
to almost rectangular. Scale bars are 5 µm

and rectangular, clearly showing that the shape has a marked effect on the
zero-field structures.

The dipolar structures formed by hematite cubes and ellipsoids form flexible
but quite strong bonds: single particles are rarely seen even at low particle
concentrations. Furthermore, while monitoring the dipolar structures in time
we almost never observed single particles being released from clusters indi-
cating a relatively strong binding energy that should at least be several kbT .

When an external magnetic field is applied, rings and network structures
open up to form straight chains that align in the direction of the applied field.
Figure 7.4A shows one of these lines for silica-coated ellipsoidal particles.
From the image it is clear that the ellipsoids align with the short axis parallel to
the direction of the magnetic field, showing that the direction of the internal
dipole moment of the particles is along the short axis. Also the zero-field
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structures formed by cubic particles alter their configuration upon application
of an external magnetic field, eventually forming chains that align along the
direction of the applied field (see Figure 7.5A). In the case of colloidal cubes
(we did not yet perform the same experiments on ellipsoids), an increase in
the strength of the applied magnetic field causes an additional rearrangement
of the chains that organize in the kinked structures shown in Figure 7.5B.
The “kinking” effect is observed for large and small colloids and the effect
can be quantified by looking at the angle histograms collected in Figure 7.6
for small silica-coated hematite cubes. In zero external field, the particles
form linear chains that align with the Earth’s magnetic field (0.04 mT). In
the presence of an external field the histograms start to show two different
preferred orientations already at a field strength that is about three times
that of the Earth (0.13 mT in the x-direction). In this specific case the
effect of the kinking is so weak that it is hard to observe without the help
of data analysis. At larger applied fields the kinking effect gets stronger and
the chains look like the ones shown in Figure 7.5B. From the data analysis
shown in Figure 7.6 it seems that one orientation is preferred over the other
one, especially at higher applied fields (see Figure 7.6 at x = 0.30 mT). This
effect could be an artifact that results from the small field of view of the
microscopy, which limits the analysis to of only few chains per frame.

Although the origin of this kinking effect is yet unclear (and subject of
future studies), we can exclude that it results from the cube shape because
we have observed a similar kinking in samples of (centered) dipolar spheres
(see Chapter 4) when exposed to high magnetic fields. If the particle con-
centration, and therefore the chain concentration, increases, the chains start
to interact with each other and assemble into “bundle” structures as shown in
Figure 7.5C. Despite the denser structure of the bundles, it is still possible to
recognize the kinked arrangement of the chains when exposed to high fields.

Chains and ring-like structures are formed when the concentration of the
particles in the sample is not too high and chains do not experience the
presence of other chains. Upon increase of the particle concentration inter-
connected strings of particles form. When the concentration is increased even
further, very large crystalline structures can be imaged as shown in Figure 7.7.
The optical microscopy samples cannot be illuminated by transmitted light
because at this high particle density the light cannot pass through the sample.
It is however possible to look at the sample in reflection mode by switching
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Figure 7.5. Silica-coated small dipolar cubes form chains that align paral-
lel to a weak applied magnetic field when a weak field (A). If we increase
the magnetic field strength the chains rearrange to form kinked structures
(B). The average orientation of these kinked strings is still parallel to the
direction of the applied magnetic field. When a strong field is applied
for a long time in a sample with higher particle concentration, the chains
assemble into bundles that still retain visible kinked features (C). Scale
bars: 10 µm for A,B and 15 µm for C.

.

on a Hg lamp in the microscope that is located on the same side as the
microscope objective. The images of the dense crystals shown in Figure 7.7
are taken in reflection mode and the particles are seen as bright lighter spots,
opposite to the background that is dark because does it not reflect the light.
The single particles in the large crystals are still in thermal motion and show
interesting dynamics such as fluctuations in and out of of the plane. It is also
possible to follow in time the dynamics of the crystal vacancies, which are
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Field x=0.17mT y=0 z=0 Field x=0.22mT y=0 z=0

Field x=0.30mT y=0 z=0 Field x=0.22mT y=0.20mT z=0

Field x=0.13mT y=0 z=0Field x=0 y=0 z=0

Figure 7.6. Angle histograms showing the preferential orientation of
chains formed by small cubes in different strength of applied magnetic
fields, as indicated above. When the histogram shows two preferential
orientations the chains start to manifest kinked structures (see text). Ev-
ery histogram is measured over typically 600 frames to ensure statistical
significance.
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A

B
Figure 7.7. Light microscope images of small magnetic silica-coated
cubes self-assembled into large crystals. The sample is illuminated from
the bottom with a mercury lamp and the light is reflected by the particles.
The insert of A shows the Bragg colors originating by the assembly of
the same particles at the bottom of a glass bottle. The insert of B shows
a magnification of the image. The images are taken using A 100× and
B 60× objective. Scalebars: 25 µm for A and 40 µm for B.
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visible in the image as dark spots. The cubes can, in fact, move on the plane
to fill the neighboring vacancies with a motion that resembles the “sliding
puzzle” game.

There are several ways to increase the particle concentration in situ. (i.e.
inside the capillary). Tilting the samples (for example in the capillary) at a
small angle creates a gravitational field gradient that concentrates the parti-
cles in a defined region. Alternatively, a non-uniform magnetic field can be
applied, for instance by placing a small magnet on the side of the sample.

An interesting way to increase the concentration of the hematite particles
in a very localized way is by creating a thermal gradient by illuminating the
sample with the UV light source of the microscope. The particles situated
in the region illuminated by UV light absorb the light and heat up very fast.
During this process, the particles transfer some heat to the solvent, which sets
up convection flows typical of thermal gradients in liquids. As a consequence
of this convection, the particles rapidly accumulate in the center of the field of
view forming large crystals. A typical example of a crystal formed by thermal
gradients is shown in Figure 7.7A. The insert of the figure shows the same
particles that upon sedimentation order at the bottom of the glass vial, as
indicated by the visible Bragg colors that can be clearly distinguished from the
typical rust brown color of hematite. When the colloidal particles are imaged
with an optical microscope equipped with a color camera, it is possible to
see the dark-red color reflected by the single hematite particles, as shown in
Figure 7.4D,E and Figure 8.4 of the next chapter.

For the ellipsoids the direction of the dipole moment is known and, as shown
in Figure 7.4A, is located along the short axis of the ellipsoid. The magnetic
cubes have a higher degree of symmetry and their orientation cannot be
easily distinguished in the optical microscopy pictures. Origin and orientation
of the magnetic moment in the cubes are yet unknown and will be addressed
in future work. However, we can exclude that the dipole moment is directed
perpendicular to the face of the cubes, based on experimental observations.
Figure 7.8 shows two images of the same silica-coated large magnetic cubes
dispersed in water (panel A) and dispersed in water in the presence of depleting
polymer (panel B). We know that in B the particles self-assemble in a face-to-
face configuration (refer to Chapter 5 for more information), which is visible
from the straight strings formed and the sharp 90 degrees corners (indicated in
the figure by the arrows). Furthermore, the denser ordered structure in 7.8B
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A

B

Figure 7.8. Difference between the self-assembly configuration of small
magnetic silica-coated cubes dispersed in water A and in the presence
of depletant B. In panel A the orientation of the single cubes cannot be
clearly distinguished, but it is in clear contrast with the particles in panel B
that are arranged in a face-to-face configuration (refer to Chapter 5
for details on depletion forces and cubes). The arrows indicate regions
where differences in configuration are easier to identify. The structures of
higher density regions indicate a distorted square arrangement for panel A
and a perfect square arrangement for panel B. The configuration of the
particles in panel A shows that the dipole moment of the particles is not
perpendicular to the cubes face.
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shows a clear square lattice arrangement, typical of cubic-like particles in the
presence of depletant (Chapter 5). This behavior clearly differs from particles
dispersed in water as shown in A. In this case the cubes are not arranged in a
face-to-face configuration as indicated by the arrows. In the ordered region
at the bottom of the image we can recognize a distorted square arrangement
of the cubes, which is also highlighted by the larger spacing visible between
the particles. Because we know that depletion forces drive the face-to-face
configuration, we can exclude the presence of a dipole moment perpendicular
to the cubes face.

7.4. Conclusions and outlooks

In summary, we have shown that we can synthesize hematite cubes and el-
lipsoids that are large enough for single-particle optical imaging and that are
magnetic enough to form dipolar structures such as rings, chains and large
crystals. At the same time, the particles are still small enough to exhibit
Brownian motion and, consequently, self-assembly in a dispersion. We have
built a setup that allows nullifying the effect of the Earth’s magnetic field (or
any magnetic stray field). Moreover, the setup provides precise control of an
applied magnetic field in 3D. Optical microscopy on hematite cubes shows
that upon increasing the external field, the dipolar chains undergo a surprising
transition from a straight to a kinked arrangement. We have also developed
a reliable tracking procedure to analyze dipolar structures in time on a single
particle level.

In a follow-up study we will investigate the origin and orientation of the
significant dipole moment in the hematite cubes, as well as the formation of
kinked dipolar structures.
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8
Self-assembly of colloids with magnetic patches

Abstract

In this chapter we present a new class of spherical colloids
that reversibly self-assemble into well-defined non-linear struc-
tures by virtue of “magnetic patches”. This assembly is driven
by tunable magnetostatic binding forces that originate from
microscopic permanent magnets embedded underneath the
surface of the particles. The resulting clusters form spon-
taneously in the absence of external magnetizing fields, and
their geometry is determined by the interplay between mag-
netic, steric and electrical double layer interactions. Imposing
an external magnetic field enables the clusters to unbind or
change their geometry allowing, in principle, the creation of
materials with a reconfigurable structural arrangement.

117
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8.1. Introduction

The self-assembly of colloidal matter into target functional materials is of
both practical and fundamental interest. In principle, increasingly complex
superstructures can be created from elementary building blocks via a cascade
of sequential interactions [142]. Instructions for assembly can be coded in
the particle interaction landscape by altering the shape of the building blocks
[26, 109] and tuning strength and nature of the forces acting between them
[46, 132, 143, 144]. In particular, when building blocks interact by means of
discrete binding sites on their surface a “colloidal valence” emerges enabling
the formation of stoichiometric assemblies [145] typical of atomic systems.
Surprisingly, this idea has been explored almost exclusively using chemical
surface patches [132,146–148].

There is an important reason to investigate the magnetic self-assembly
of colloidal superstructures: unlike charge-driven and chemical interactions,
magnetic forces are not screened in solution and are virtually independent
of changes in experimental conditions such as temperature, pH or solvent
composition, introducing a significant experimental design freedom.

To date, however, examples of colloidal self-assembly involving magnetic
forces are either limited to simple linear dipolar structures or rely on the in-
duced magnetization of paramagnetic particles exposed to external magnetic
fields [109, 144, 149]. Designing a rational assembly mechanism based on
magnetostatic interactions requires particles with localized and well-calibrated
magnetic dipole moments. The resulting magnetic forces should be strong
enough to bind particles together only when the magnetic patches are in
close proximity but not sufficient to cause magnetic flocculation. We demon-
strate that such a magnetic binding mechanism can be realized using the
composite hematite-polymer colloids as prepared in Chapter 4. Furthermore,
we demonstrate that like colloidal magnetic toys, these spheres magnetically
“click” forming directional bonds by means of their magnetic patches.

This chapter is organized as follows. In Section 8.2 we summarize the
experimental procedure used for the particle synthesis (8.2.1), the techniques
used for characterization (8.2.2) and sample analysis in a controlled magnetic
field (8.2.3). Section 8.3 describes in details the results obtained and gives
an explanation of the observations in terms of magnetic, electric and steric
interactions. The conclusions are given in Section 8.4.



8.2. Experimental 119

8.2. Experimental

8.2.1. Synthesis
The synthesis protocol for the preparation of the colloids with the magnetic
patches can be found in Section 4.2.2 of Chapter 4 of this thesis. The
synthesis consists in encapsulating hematite cubes (prepared as described
in Chapter 2) just below the surface of polymerizable silicon oil droplets.
Figure 4.2A shows a schematic illustration of the synthesis procedure. Panels
C and D of the same figure show colloids of different sizes presenting a single
magnetic patch.

Multiple patches were introduced by letting coalesce droplets containing
single cubes prior polymerization. However, the result consists of a polydis-
perse mixture of particles with random numbers of patches.

8.2.2. Characterization
Light microscopy. Particle dispersions were imaged with a Nikon TE-2000U
inverted optical microscope, equipped with a 100x Nikon oil objective and a
Lumenera INFINITYX camera or, alternatively, a CoolSNAP EZ Photometrics
CCD camera. The assembly experiments were performed confining the parti-
cle suspensions in sealed borosilicate glass capillary (0.1 mm x 2 mm x 4 cm,
VitroCom) and sealed with UV sensitive epoxy glue onto microscope slides.

Zeta-Potential. Zeta-potential (ζ-potential) measurements were performed
on diluted dispersions of particles using a Malvern Zetasizer Nano NS at
25 ◦C.

8.2.3. Magnetic field control
To precisely control the magnetic field applied to our sample, we built a
cluster of three pairs of orthogonally oriented Helmholtz coils, similar to the
one used in Chapter 7, as shown in Figure 8.1. This set-up was then mounted
on a Nikon TE-2000U inverted optical microscope and connected to three
different power supplies to independently drive each pair of coils. The sample
was positioned at the center of the cluster (on the x-y plane) and observed
along the z direction in transmission mode. This geometry allowed us to
impose an external magnetic field at any three-dimensional orientation up
to a field strength of 200 Gauss (20 mT). In our experiments we used this
set-up to either impose a well-defined magnetizing field, or to create a zero
field environment by canceling out the earth magnetic field or other external
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fields present in the environment (refer to Chapter 7 for details on the field-
canceling procedure).

Y

X

Z
TOP VIEW

X

Y

2cm

sample

Figure 8.1. Magnetic setup used for the control of the magnetic field
during optical microscopy analysis. The three sets of coil enable the
control of the magnetic field in the three directions x, y, z. The magnetic
setup was used either to impose a known magnetic field in a specific
direction or to cancel the earth magnetic field (or any residual external
magnetic field) creating a localized zero field environment.

8.3. Results and discussion

8.3.1. Synthesis
The preparation of colloids with magnetic patches basically consists in en-
capsulating the hematite cubes, prepared as described in Chapter 2, inside
silicon oil droplets in a controlled way. Monodisperse particles are obtained
by using the hematite cubes (in water) as nucleation sites for the formation
of the oil droplets, thus producing particles with a single magnetic inclusion.
Furthermore, the droplets can be uniformly grown to the desired size by a
continuous feed of monomer (see Section 4.2.2 of this thesis for details). A
key feature of this encapsulation mechanism is that during the phase transfer
from water to oil, the cubes are trapped at the interface by surface tension,
thus leaving one face of the cube exposed to the water phase. We will refer
to this surface inhomogeneity as “magnetic patch” or, as we did in Chap-
ter 4, as a “shifted dipole”. The nucleation and growth mechanism enables us
to control the size of the droplet with high accuracy producing monodisperse
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droplets (polydispersity < 5%) that can not be usually prepared with common
homogenization methods.

8.3.2. Self-assembly of colloids with magnetic patches
At low ionic strength, the attractive magnetic term is offset by the long
range repulsion of the electric double layer. The result is a suspension of
particles behaving as purely repulsive colloids so the particles exist as singlets,
as illustrated in Figure 8.2B. The particles charge, however, can be partially
screened by adding salt to the colloidal suspensions. This effectively activates
the magnetic patches promoting the formation of magnetic bonds between
interacting particles. Such a binding mechanism is illustrated by the time-lapse
image sequences of panels A, B and C of Figure 8.4 showing the formation
of monodisperse clusters.
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Figure 8.2. When suspended in deionized water the magnetic patchy par-
ticles are purely repulsive and only singlets are observed. However, if the
Debye screening length is reduced below 6 nm by means of added salt
(here 1.5 mM NaCl), the patches become "sticky" and particle clusters
start forming.
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Because the particles can form magnetic bonds only when their patches
are in a close proximity, steric constrains dictate the number of particles in
a cluster and therefore the cluster shape. We can define a steric hinderance
parameter s=Ac/Ap as the ratio between the total particle surface area Ac
and the active magnetic patch area Ap. For s >28 only two patches can come
close enough to interact, thus only dimers are formed (Figures 8.4A and 8.3).
When s falls in between 19 and 26, however, there is enough room to accom-
modate a third particle and establish a stable three-body interaction. At these
values of s trimers self-assemble with yields as high as 80% (Figures 8.4B and
8.3). For a smaller value of s, selectivity drops significantly and only mixtures
of different type of clusters form, as shown in Figure 8.3. This is partially due
to the small gravitational height of the colloids used in our experiment, which
confine them in a quasi-2D system. Colloids with multiple magnetic patches, 3

s [Ac/Ap]

11 19 28

mixtures

6

Supplementary Figure 2: Particles with a single magnetic patch may form dimers, trimers or

a mixture of larger clusters depending upon their steric hinderance parameter s (see main text).

We performed assembly experiments on four different batches of particles with s= 6, 11,19 and 28.

Each batch was prepared from the same micro-magnets by varying the amount of TPM added.
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Supplementary Figure 3: A. (Side view) Magnetic substrates were prepared by electro-

statically trapping negatively charged micro-magnets on positively charged glass slides that

were previously cleaned by oxygen plasma etching and functionalized by silanization using 3-

aminopropyltriethoxysilane. The slides with the attached magnets were then spin-coated with a

layer of polystyrene (MW=2,000,000 from Pressure Chemical) to obtain flat and homogeneous

surfaces. B. (Top view) The binding experiments were performed by simply flowing suspensions

of patchy magnetic colloids on top of the substrates (see Movie 1).

Figure 8.3. Particles with a single magnetic patch may form dimers,
trimers or a mixture of larger clusters depending upon their steric hin-
derance parameter s=Ac/Ap where Ac is total particle surface area and
Ap is the active magnetic patch area. We performed assembly experi-
ments on four different batches of particles with s= 6, 11,19 and 28.
Each batch was prepared from the same micro-magnets by varying the
amount of TPM added.

and thus higher valence, enable the assembly of more complex stoichiometric
aggregates. In Figure 8.4C, for example, a divalent particle embedding two
micro-magnets, is mixed with two monovalent particles to form a water-like
colloidal molecule.

The absence of chemical bonds at the magnetic junctions allows the parti-
cles to reversibly unbind the assemblies or to reconfigure them into different
structural arrangements. In Figure 8.4D an homogeneous magnetic field is
applied to force the clusters to reorganize themselves into linear chains of
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Figure 8.4. A, B. By varying their steric hinderance parameter s, particles
with a single magnetic patch (monovalent) can selectively form dimers
or trimers depending on their steric hinderance parameter s. C. Time
sequence showing the self-assembly of a colloidal molecule by means of
directional magnetic bonds between a divalent and two monovalent parti-
cles. C. When an external magnetic field is imposed, the clusters can be
forced to rearrange into long linear structures or, at high particle volume
fractions, into layered packings.

particles, while a weaker field gradient packs them into a dense layered sed-
iment. Moreover, applied external fields can also regulate the binding and
unbinding of particles as demonstrated in Figure 8.5. In the absence of ap-
plied fields, particles self-assemble into clusters (in the left panel of Figure 8.5,
planar trimers are shown) driven by magnetostatic interactions between their
patches. When a strong magnetizing field is rapidly applied perpendicular to
the field of view, the clusters unbind as a result of the repulsion between adja-
cent parallel induced dipoles (see the right panel of Figure 8.5). Alternatively,
particle assemblies can be reversibly unbound by adjusting the salt concen-
tration in the system, which effective changes their binding energy (see Fig-
ure 8.2B).

Using the synthesis procedure described in Section 4.2.2, we can also pre-
pare spherical colloids with a single ellipsoidal magnetic patch. The self-
assembly mechanism is comparable to the one seen for the particles with a
cubic magnetic patch. Figure 8.6 shows examples of clusters of two, three
and five magnetic patchy particles with ellipsoidal inclusion.
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⊗
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Figure 8.5. Clusters formed at high salt concentration in zero-field, can
be disassembled by imposing an external magnetizing field. Here planar
trimers diffusing on a glass slide are quickly magnetized perpendicular
to the substrate. The resulting induced dipole-dipole interactions are
repulsive, causing the clusters to unbind.

Figure 8.6. Clusters formed using spherical particles with a single ellip-
soidal magnetic patch. From left to right: a dimer, a trimer and a
five-particle zipper structure.

8.4. Conclusions

In conclusion, we have described a novel recognition and binding mechanism
between colloidal particles, based on simple magnetostatic interactions. This
has been demonstrated by means of specially designed composite colloidal
spheres with embedded uniform micro-magnets. These magnets are located
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underneath the surface of the particles, generating localized permanent mag-
netic dipoles (magnetic patches). The resulting building blocks can be syn-
thesized in bulk amounts with a new and simple technique that enable us to
control both the size of the particle as well as the size of the magnetic patch.
In the absence of external fields, the particles can self-organize into well-
defined clusters. This same mechanism of recognition and binding that we
have demonstrated between colloidal particles in suspension, could be easily
adapted to bind particles on magnetically patterned surfaces (Sacanna et al.,
submitted). This is of potential interest for drug delivery application where
a particle with its cargo of active material has to be delivered to a specific
location.
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9
Iron(III) pyrophosphate colloids

Abstract

This chapter reports on the synthesis of a novel system of col-
loidal particles with potential for application as food additive in
iron fortified products. A convenient synthetic method yields
stable colloids of nanometer size with a distinctive white color,
a unique characteristic for iron-containing colloids. Physi-
cal properties of the colloids were investigated using differ-
ent techniques, to assess particle surface charge, density, re-
fractive index, internal structure, elemental composition and
magnetic properties.
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9.1. Introduction

The increasing knowledge of the relationship between food ingredients and
their impact on human health is the origin of the growing demand for func-
tional foods. Important mineral micronutrients such as calcium, iron and
zinc, just to mention a few, are not produced by the body and have to be
introduced through a healthy and assorted diet or via food supplements. In
particular, iron deficiency is very common, not only in the developing world,
but also in industrialized countries and it is the main cause of anemia [151].
In addition, consumers tend to prefer addressing common health problems
such as mineral deficiency, obesity, diabetes and cardiovascular health using
food products rather than drugs.

The major issue is that delivery of iron in food products or supplements can
be very problematic. Water-soluble iron salts (e.g. ferrous sulfate) are easily
formulated and absorbed (good bioaccessibility), but often produce substan-
tial changes in the color and taste of foods. On the other hand, insoluble (or
poorly water-soluble) compounds (e.g. ferric pyrophosphate), which generally
cause less sensory change and are more stable in food, are not well absorbed
(low bioavailability) [152].

Decreasing the size of insoluble iron containing compounds such as iron(III)
pyrophosphate (ferric pyrophosphate, hereafter FePP) [153] or iron phos-
phate [154,155] to nanometer-size colloidal particles can significantly increase
the iron absorption without giving rise to organoleptic changes in the prod-
uct [61]. The high bioavailability and absorption of FePP nanoparticles was
demonstrated by Sakaguchi et al. in a study on rats [156].

This chapter describes a study on the preparation of colloidal FePP parti-
cles of nanometer size, with a focus on their physico-chemical properties, as
possible candidates for iron delivery systems. Section 9.2 describes how sta-
ble dispersions are prepared via a convenient chemical precipitation reaction
from iron chloride and sodium pyrophosphate salts, followed by a description
of the techniques used for characterization. All the results are collected and
interpreted in section 9.3. Section 9.4 summarizes the main conclusions.
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9.2. Materials and methods

9.2.1. General procedure for particle preparation
Colloidal pyrophosphate particles were prepared using a simple precipitation
reaction, mixing sodium pyrophosphate decahydrate and iron chloride hex-
ahydrate solutions (respectively Na4P2O7·10H2O and FeCl3·6H2O). The net
precipitation reaction is:

4FeCl3(aq) + 3Na4P2O7(aq) −→ Fe4(P2O7)3(s) + 12NaCl(aq). (9.1)

The reactions were performed at room temperature mixing stoichiometric
ratios of reactants (4 : 3). In a typical reaction 20 mL of FeCl3 0.067 M was
dripped over 5 minutes via a separatory funnel into 20 mL of Na4P2O7 0.05 M
diluted with 50 mL water under magnetic stirring. Due to the tendency of
the pyrophosphate anions to slowly hydrolyze to inorganic phosphate when
stored in water [157], freshly prepared solutions were used for every synthesis.

For particles prepared with an excess of iron, 25 mL of FeCl3 0.067 M were
dripped over 5 minutes using a separatory funnel into 15 mL of Na4P2O7

0.05 M diluted with 50 mL water under magnetic stirring.
The synthesis of particles with an excess of pyrophosphate ions was per-

formed dripping 15 mL of FeCl3 0.067 M over 5 minutes into 25 mL of
Na4P2O7 0.05 M diluted with 50 mL water.

9.2.2. Characterization
Microscopy. Particle morphologies were studied by transmission electron
microscopy (TEM, Philips TECNAI12) usually operating at 120 kV. Sam-
ples were prepared by drying drops of diluted particle dispersions on polymer
coated copper grids.

X-ray Diffraction (XRD). XRD measurements were performed on dried
FePP colloids at room temperature on a Bruker-AXS D8 advance powder
diffractometer, using Co Kα1,2 radiation (λ = 1.79026 Å).

Energy Dispersive X-ray spectroscopy (EDX). EDX analysis was performed
using a Scanning Electron Microscope (SEM) equipped with an EDX system
(SEM-EDX). The measurements were performed on a thick particle sediment
which was prepared by drying a concentrated dispersion on a polymer coated
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copped grid.

Zeta-Potential. Zeta-potential (ζ-potential) measurements were performed
on diluted aqueous dispersion of pyrophosphate colloids using a Malvern Ze-
tasizer Nano NS at 25 ◦C.

Magnetization Measurements. Magnetization curves were obtained us-
ing an alternating gradient magnetometer (AGM, MicroMag 2900, Princeton
Measurements Corp. [158]) operating at room temperature. Calibration was
performed with an yttrium iron garnet sphere calibration sample purchased
from the National Institute of Standards and Technology (NIST). Measure-
ments were performed on a small amount of powder obtained by drying an
aqueous iron pyrophosphate dispersion.

Mass Density Measurement. The mass density of pyrophosphate colloids
ρp was determined measuring the density of pyrophosphate dispersions ρdisp
at different particle concentrations c , using the following relation:

ρdisp = ρsolv + c

(
1−

ρsolv
ρp

)
, (9.2)

where c is in expressed in mass per volume and ρsolv is the mass density of
the solvent used, in this case water. The dispersion densities were measured
using an Anton-Paar (DMA-5000) density meter at T = 20.000 ◦C.

Refractive Index Measurement. An estimate of the refractive index value
of pyrophosphate particles was made using the Avogadro-Biot-Beer-Landolt-
Christiansen-Wintgen empirical formula [159]:

nt = ϕwnw + ϕpnp, (9.3)

where ϕw and ϕp are the volume fractions of the dispersant (water) and
the particles; nt , nw and np are the refractive indices of the total dispersion,
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the dispersant (water) and the particles, respectively. The refractive indices
of dispersions were measured using an Abbe refractometer (Carl Zeiss Jena)
at λ = 589 nm (sodium D-line). Measurement were performed at room
temperature T = 20 ◦C.

9.3. Results and Discussion

9.3.1. Particle preparation and stability
Figure 9.1A shows a typical TEM image of colloidal FePP particles prepared
as described in section 9.2.1 using stoichiometric ratios of iron and pyrophos-
phate ions (hereafter referred as standard synthesis). The sample was dialyzed
against Millipore water for one week and the reservoir water was replaced ev-
ery day. To preserve the particle stability, dialysis was performed only after
one centrifugation step and dispersion of the sediments in water. The extra
sedimentation step was introduced after experimental observations showed
particle aggregation if dialysis was conducted immediately after precipitation.
The result was a white stable dispersion which is presented in the insert of
Figure 9.1A. No significant differences were found in particle morphology
when the synthesis was performed using an excess of iron (see Figure 9.1B),
although the color of the dispersion changed from milky white to pale yellow,
which is a strong indication of the excess iron present since yellow/red is the
typical color of iron-containing particles and solutions.

The scenario drastically changed when the particles were precipitated us-
ing an excess of phyrophosphate. In this case, immediately after mixing the
two starting solutions, only a small amount of sediment (compared to the
other synthesis procedures) was formed, which disappeared after few min-
utes. This behavior might be explained by the formation of a soluble iron(III)-
pyrophosphate complex which is known to form in the presence of an excess
of pyrophosphate ions [160]: first the FePP colloidal particles precipitate and
then they dissolve by complexation of the excess pyrophosphate ions present
in solutions. The formation of the iron complex is the reason why we stopped
investigating the precipitation of iron in excess pyrophosphate.

An important factor to consider when dealing with products intended as
food supplements is their stability at different values of pH. To assess this
stability problem, a batch of particles synthesized via the standard method was
sedimented and redispersed in solutions at various pH values. The particles
were stable in acidic solutions pH ≤ 7 and dissolved when dispersed in basic
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BA

Figure 9.1. Iron pyrophosphate colloidal particles prepared using stoichio-
metric ratios (A) of reactants and with an excess of iron ions (B). The
insert of panel A shows the white particle dispersion. Scale bars are

500 nm.

solutions above pH 7. The standard synthesis induced the formation of a
stable dispersion because the final pH of the dispersion was found to be
around 5, which is a value that falls outside the pH range of dissolution.

The stability of the dispersion is due to charges on the particle surface.
ζ-potential measurements performed on aqueous dispersions purified by cen-
trifugation and subsequent dialysis against Millipore water indicate a negative
potential of about -50 mV. On the other hand, measurements on stable par-
ticles dispersed in acidic aqueous solutions (pH 2-3) gave a positive value of
about +17 mV. An interesting aspect is that, while the particles changed the
sign of the surface charges, hence passing through the point-of-zero-charge,
no signs of flocculation were visible.

9.3.2. Particle characterization
Exploration of a new colloidal system comprises study of its physical proper-
ties. The composition and internal structure of the FePP particles studied
in this chapter was investigated via SEM-EDX and XRD analysis. The first
measurement was performed on a dried thick particle sediment, yielding an
average value of elemental composition of the whole sediment. Due to the
sample preparation technique, the sediments present a rough surface, and for
this reason the measurement cannot be considered quantitative. However,
the data collected and showed in Figure 9.2a clearly indicate the presence of
oxygen, phosphorus and iron in the sample with element ratios that are very
close to the calculated values based on the chemical formula Fe4(P2O7)3.
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Figure 9.2. SEM-EDX (A) and powder-XRD (B) measurements per-
formed on dried particle sediments. The average particle composition
indicates the presence of oxygen, phosphorus and iron in ratios similar to
the calculated ones (panel A). The absence of sharp peaks in the XRD
diffraction pattern of panel B is a sign of the amorphous nature of the
FePP particles.

Both measured and calculated values are listed in the table showed in Fig-
ure 9.2A. The slight excess of oxygen atoms may be due to water molecules
still present in the sample.

The internal particle structure was studied by powder-XRD analysis on
dried particle sediments. As indicated by the lack of sharp peaks in the XRD
diffraction data shown in Figure 9.2B, the FePP colloids prepared with the
method described in this chapter do not show any sign of internal crystalline
structure; apparently they are completely amorphous.

A very interesting aspect to be considered when working with iron-containing
particles is their magnetic properties, i.e. how the material reacts to an ex-
ternal magnetic field. In Chapter 7 we have studied the behavior of dipolar
hematite (α-Fe2O3) colloids. The AGM measurement performed on a small
amount of dried FePP particles is shown in Figure 9.3A. The particles were
dried on small (∼ 3 x 3 mm) thin glass slides of known weight. After drying,
the powder deposited on the glass piece was sealed using adhesive tape. The
magnetic measurement was performed on the sealed sample, therefore a blank
sample of glass and tape was measured in order to eliminate their contribu-
tion. Figure 9.3A shows three curves, corresponding to the raw measurements
(empty circles), the blank (black line) and the corrected measurement (filled
squares). The black line shows negative susceptibility typical of diamagnetic
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Figure 9.3. AGM magnetization measurements (A) performed on a dried
sample of FePP colloids. The empty circles correspond to the sample
measured in a cell made of glass and adhesive tape, indicating a param-
agnetic behavior. A blank (black line) of the glass and tape is measured,
showing a weak diamagnetic behavior. The filled squares correspond to
the sample in which the diamagnetic contribution of the cell has been re-
moved. Panel B shows that FePP particles sedimenting near a magnetic
field tend to collect in the region with the highest field gradient.

materials (see Section 1.2.3 for information of magnetic propertied of mate-
rials). All the curves pass from the axes origin (zero magnetization) meaning
that the materials do not exhibit hysteresis, that is, there is no remanent
magnetism in FePP.

The FePP curve (empty circles) in Figure 9.3A shows positive suscepti-
bility, where the intensity of magnetization (M) is directly proportional to
the intensity of the applied magnetic field (H). This behavior is typical of
paramagnetic materials as explained in the introduction of this thesis (Sec-
tion 1.2.3). The final curve (filled squares) in Figure 9.3A is FePP curve
normalized for the diamagnetic contribution given by glass and tape, as a
result the material shows a slightly higher susceptibility. An additional exper-
imental observation of this paramagnetic effect can be seen in Figure 9.3B
in which a small amount of aqueous particle dispersion was placed on a glass
microscope slide located on the surface of a think circular magnet. As visi-
ble from the picture, most of the FePP colloids diffused towards the higher
field line concentration in the center of the magnetic section, showing that
the FePP colloids are indeed magnetic. Although magnetic characterization
of mixed metal pyrophosphates are available in literature [161–163], up to
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A B

Figure 9.4. Density (A) and refractive index (B) measurement plots. In
panel A the density of four dispersions with different particle concen-
trations are plotted against the product of the density times the mass
fraction of the relative dispersions. The point are fitted with a straight
line and the particle density is calculated using equation 9.2. In panel
B the refractive index of the same dispersions are plotted agains the
dispersion mass fractions. The line represents a linear fit of the data

points.

date we have not found magnetization measurements and characterization of
amorphous FePP materials.

In order to better characterize the FePP colloids, density and refractive
index measurements were performed. For both measurements four stock dis-
persions with different particle weight concentrations were prepared, namely
2.09 %wt, 8.24 %wt, 9.91 %wt and 12.12 %wt. The density of the stock
dispersions are plotted in Figure 9.4A against their product with the relative
mass fractions. The points can be fitted with a line of equation:

y = 0.99818 + x0.63169. (9.4)

where 0.99818 is the point of interception of the plotted line with the y axis,
and correspond to the density of the solvent, in this case water. Equalizing
the experimental equation above with the theoretical one (Equation 9.2) we
are left with the simple equation:
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0.63169 = 1−
(
ρsol
ρp

)
, (9.5)

that can be solved for ρp giving a particle density of 2.71 g cm−3.
Refractive indices of the stock dispersion are plotted in Figure 9.4B against

the relative mass fractions. Assuming a linear relation between particle con-
centration in dispersions and relative refractive indices we can plot a line and
extrapolate the value for xd=1 (all the dispersion is made of particles) and we
can find a value for the refractive index of FePP particles of np(xd=1)≈1.4523
Due to interaction of solvent molecules with the surface of the colloids it is
known that the relation between the particle concentration in dispersions and
relative refractive indices is only linear for sufficiently low particle concentra-
tions. To overcome this issue we have tried to apply the empirical formula
shown in equation 9.3 for the four stock dispersions, with volume fractions
calculated from the mass fractions using the dispersion and particle densi-
ties measured before. The values obtained for the different stock dispersions
(listed from low to high mass fractions) are: 1.72, 1.61, 1.64, 1.64. The
values obtained are reasonably comparable, especially for the three most con-
centrated samples. The data obtained with the empirical formula are larger
than the ones obtained assuming a linear relation between particle concentra-
tion and total refractive index. Because of the procedure used, the refractive
index data obtained are not precise, but they give the first indication to date
of the refractive index value for colloidal FePP.

9.4. Conclusion

In conclusion, this chapter explores the preparation and characterization of
a novel FePP colloidal system. The particles are prepared via chemical pre-
cipitation from iron and pyrophosphate salts in aqueous environment. The
synthesis can only be performed from stoichiometric ratios of the reactants
or in excess of iron ions. Using an excess of pyrophosphate induces the
formation of an iron-pyrophosphate complex, which is soluble in water. To
explore this novel colloidal system, basic characterization experiments were
carried out such as X-ray diffraction and elemental analysis, zeta potential,
magnetization, mass density and refractive index measurement. The particles
obtained with this procedure are white, small, amorphous and biocompatible,



Acknowledgements 139

all properties that indicate a high potential for FePP colloids as food additive
for iron fortified products. The first characterization of the magnetic proper-
ties of amorphous pyrophosphate opens the possibility for the preparation of a
white magnetic responsive material. The control of the size and shape of the
colloidal particles is not possible with this synthetic method, in the following
chapter we will explore a novel technique for the preparation of FePP colloids.
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10
Synthesis of iron(III) pyrophosphate inside hollow

silica colloids

Abstract

In this chapter we present a method for the precipitation of
iron(III) pyrophosphate inside hollow silica particles. Taking
advantage of the porosity of the silica shells (prepared as de-
scribed in Chapter 3) we were able to load the silica parti-
cles with iron pyrophosphate to completely fill their internal
cavities. In contrast to the precipitation method studied in
Chapter 9, we can now control the particle size and shape by
using the silica internal cavity as template. Furthermore, we
explore a generalized synthetic procedure for the preparation
of other colloidal particles.
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10.1. Introduction

In the previous chapter we have developed a convenient procedure for the
preparation of iron pyrophosphate colloids as a first step towards possible ap-
plication as iron fortification in foods [153]. With the precipitation method
described in Section 9.2.1, however, we were not able to control the parti-
cle size and shape by varying synthesis parameters such as concentrations,
temperature, addition speed, among others.

In Chapter 3 we have explored in detail the preparation of porous silica
shells. Briefly, the procedure consists in growing a silica layer on hematite
particles and subsequently dissolving the internal hematite core by aging the
particles in concentrated acid. Owing to the silica shell porosity, the acid can
diffuse through the shell and dissolve the hematite into iron ions that can
subsequently diffuse out through the pores of the shell. The preparation of
silica shells is therefore possible thanks to the shell porosity, which allows ions
to diffuse in and out.

The experience gained during the preparation of silica shells motivated us
to use these porous silica shells as nanometer-scale ‘reactors’ in a sort of
inverse process, in which ions diffuse inside the shell, and react to fill again
the internal particle cavity. The ions (Fe 3+) are inserted inside the porous
shells by dispersing them in a concentrated solution, the difference in osmotic
pressure then promotes the movement of the ions from the outside solution
to the internal cavity. The iron is subsequently trapped inside the shells by
drying. When the silica particles are dispersed in a solution of the other
reagent ((P2O7)

4 – ), these ions diffuse inside promoting the precipitation of
the particles.

The synthetic procedure described in this chapter, is particularly suitable
for the preparation of colloidal particles conventionally synthesized with a
precipitation method, which consists in mixing two solutions that immediately
react to form an insoluble precipitate. These precipitation reactions, as for
the case of the iron pyrophosphate, often do not allow control over particle
size and shape and typically yield nanometer size particles with undefined
shape similar to the one depicted in Figure 9.1. The technique described in
this chapter may therefore be of potential interest for the controlled synthesis
of colloidal particles.
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This chapter is organized as follows. Section 10.2 is a description of the
synthetic procedures used for the synthesis of the iron pyrophosphate parti-
cles, and includes a summary of the preparation procedure of the silica shells
previously encountered in Chapter 3. The results obtained are discussed in
Section 10.3 in which a generalized procedure for application of this synthetic
technique is explored (Section 10.3.3). Conclusions and outlooks are summa-
rized in Section 10.4. In the Appendix we describe preliminary experiments in
which we extend the procedure of Section 10.3.3 to the synthesis of iron(III)
ferrocyanide and cobalt ferrite.

10.2. Experimental

10.2.1. Hollow silica colloids
Hollow silica shells were prepared as described in chapter 3. Figure 10.1 shows
Transmission Electron Microscope (TEM) pictures of silica shells of different
sizes and shapes.

200 nm

A B C

1 µm 2 µm

Figure 10.1. Transmission Electron Microscope pictures of three different
silica shells prepared as described in chapter 3. Panel A shows ellipsoidal
silica shells with an average length of about 300 nm, B shows cubic-like
shells with a size of about 500 nm and C shows the same particles with
a size of about 1.3 µm.

10.2.2. Synthesis of iron pyrophosphate inside porous silica shells
For the synthesis of iron pyrophosphate inside silica shell, solutions with sto-
ichiometric concentrations of iron chloride and sodium pyrophosphate were
used. The net precipitation reaction (Equation 9.1) can be found in Sec-
tion 9.2.1. In a typical reaction, silica spindles, shown in panel A of Fig-
ure 10.1, were sedimented via centrifugation (Beckman Coulter Allegra™ X-
12R Centrifuge) and dispersed in a 0.27 M iron chloride hexahydrate (FeCl3·6H2O)
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solution, were they were left for about one hour. Next, the particles were cen-
trifuged and the supernatant was carefully removed. To minimize the pres-
ence of iron solutions outside the shells, the inner walls of centrifuge flask
were carefully cleaned with a tissue. The sediments were then dried under a
weak nitrogen flux and subsequently dispersed in a 0.2 M sodium pyrophos-
phate decahydrate (Na4P2O7·10H2O) solution were they were kept for about
20 minutes. During this time the sample was sonicated to promote rediper-
sion of the sediments in solution. The particles were finally centrifuged and
dispersed in water a few times to remove unreacted pyrophosphate molecules
and secondary nucleated particles. To promote the dispersion of the particles
in water, ultrasonication was applied. In case of visible aggregation of the par-
ticles, about 2 mg of poly(vinylpyrrolidone) (PVP, Mwt = 10 kg/mol) were
added to the dispersion. In this case the particles were washed afterwards to
remove unadsorbed PVP molecules. The particles were finally dispersed and
stored in water. Fresh reagent solutions were prepared prior to every synthesis
and reaction was performed at room temperature.

10.3. Results and discussion

10.3.1. Silica hollow colloids for internal precipitation of FePP
The preparation of silica hollow colloids that are used in this Chapter is exten-
sively described in chapter 3. Briefly, the silica is first deposited on hematite
particles, which act as templates, and subsequently the hematite is dissolved
to yield silica particles with the shape of the starting hematite. This lat-
ter step is possible because the silica prepared with the method described
in Chapter 3, yields highly porous silica shells. When acid is added to the
hematite-silica dispersion it can diffuse inside the shell and dissolve the inner
hematite, which decomposes into ions that are free to diffuse outside owing
to the porosity of the shells. The silica porosity is therefore the key feature
allowing the use of the silica hollow particles as nano-sized “reactors”: it per-
mits the passage of ions from the outside environment to the inside of the
shells, while maintaining the particle rigidity.

In order to employ silica shells for the synthesis of FePP, the reactants
need to be trapped inside the shells in the same way as the reactants in
a laboratory are sealed inside a glass bottle without reacting outside. To
achieve this, we make use of the porosity of the silica shells and let the
ions diffuse inside when the particles are moved from pure solvent (in our
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case water) to a concentrated solution of ions. Diffusion of the ions on the
inside of the nanoreactors occurs spontaneously due to a difference in osmotic
pressure caused by the ions on the outer environment; if the silica shell is
strong enough ions move inside to equilibrate the osmotic pressure imbalance
created by the ionic strength difference between the outside and the inside of
the shell. The diffusion time of the ions inside the nanoreactors depends on
the silica shell thickness and can therefore be estimated by the dissolution time
of the hematite during the silica shells synthesis as described in section 3.2.4.
The ions are subsequently kept inside the silica shells by a drying process as
described in the previous section. Once the first reagent (the FeCl3·6H2O) is
trapped inside the nanoreactor, then a solution containing the second reagent
(in this case Na4P2O7·10H2O) can be added and the particles precipitate only
when they encounter the first reagent, which is when the pyrophosphate ions
diffuse inside the shells.

10.3.2. Iron pyrophosphate precipitation inside porous ellipsoidal silica
shells

The precipitation of iron pyrophosphate (FePP) occurs when a solution of
iron chloride (FeCl3) and a solution of sodium pyrophosphate (Na4P2O7) are
mixed together. Chapter 9 provides a description of the synthetic procedure
which yields the particles shown in Figure 9.1. Figure 10.2 shows the same
reaction performed inside spindle-like silica shells. Panel A shows the starting
silica-coated hematite that are used for preparing the silica hollow shells shown
in panel B. Panels C and D show the same particles after precipitation of
FePP, in which we can clearly observe a darker FePP precipitate inside each
particles. Performing the synthesis with solution containing 4 times less ions,
results in partially filled silica shells as shown in Figure 10.3. This allows
choosing the amount of material contained, with a maximum loading capacity
which is set by the internal volume of the cavity.

After precipitation has occurred, it is important not to keep the loaded
particles too long in the Na4P2O7 solution since, as we have seen in Chap-
ter 9, an excess of pyrophosphate ions in solution increases the pH enough to
promote the slow dissolution of FePP particles. The final color of the FePP
dispersion is pale yellow suggesting particles containing an excess of iron (see
Section 9.3.1 for details on FePP particles prepared with an excess of iron).
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A B

C D

300 nm300 nm

500 nm 500 nm

Figure 10.2. A, TEM picture showing ellipsoidal nanoreactors before the
hematite dissolution for the preparation of hollow silica shells as illustrated
in panel B. Figures C and D shows the same particles after precipitation
of iron pyrophosphate occurred. The inset of panel D shows the FePP
particles prepared with the precipitation method described in Chapter 9
of this thesis.

10.3.3. Generalization of the synthesis procedure
The need to control the particle size and shape during the preparation of
FePP colloids has lead to the synthetic procedure described in the previous
sections of this chapter. The basic idea is to confine the precipitation of
particles inside nano-sized “reactors” in a simple and controlled way. We will
explore how to apply this procedure to other colloids usually prepared via a
conventional precipitation method.

A schematic representation of the general synthesis procedure is described
in Figure 10.4 and can be divide into 6 main steps. In the first step, the
nanoreactors are dispersed into a solution of the first reagent and let equi-
librate to ensure complete diffusion of the solute through the shells of the
particles. The dispersion is then centrifuged and the supernatant is carefully
removed as shown in steps 2 and 3. The sediment of particles containing the
first solution is then dried under a weak nitrogen flux until the sediments are
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300 nm 200 nm

A B

Figure 10.3. Transmission electron microscope pictures of partially filled
silica shells prepared using iron and pyrophosphate solutions with low
concentrations (see text for details). The sample shows that some of
the silica shells are completely filled, some are partially filled and some

are empty.

completely dried also on the inside; upon drying the solute precipitate inside
the nanoreactors (step 4). In step 5 the dried sediments containing the first
reagent, are redispersed in the solution of the second reagent. The solution
diffuses fast into the nanoreactors where the reaction occurs when the two
components meet each other. Finally, in the last step, the nanoreactors are
purified by particles, which eventually nucleate on the outside of the shells,
by continuous centrifugation and redispersion in a proper solvent, which will
depend on the properties of the material precipitated. In the appendix of this
chapter we show applications of this generalized method for the preparation
of other colloidal particles.

10.4. Conclusions and outlooks

In this chapter we have shown that we can control the precipitation of FePP
colloids inside nanometer-size hollow silica shells prepared as described in
Chapter 3. The synthesis is performed by first trapping the FeCl3·6H2O
inside the silica shells by a drying process and subsequently adding a solution
of Na4P2O7·10H2O to promote the precipitation of the FePP. The particle
size and shape is set by the size and shape of the internal cavity of the
silica particles. A generalized synthetic procedure is presented for possible
application in synthesis of other colloidal systems that are usually prepared
with a conventional precipitation procedure in a bulk solution. The appendix
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Figure 10.4. Schematic illustration of the generalized procedure for the
controlled synthesis of colloidal particles inside porous hollow silica shells.

describes preliminary work done on the synthesis of other colloidal particles
inside silica hollow shells.
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Appendix 10.A. Generalized procedure for the synthesis of colloids in-
side porous hollow silica shells

In this appendix we report the work performed on the preparation of iron(III)
ferrocyanide and cobalt ferrite using the generalized procedure described in
Section 10.3.3 of this chapter.

10.A.1. Synthesis of iron(III) ferrocyanide.
For the synthesis of iron(III) ferrocyanide (also known as Prussian blue) using
nanoreactors we used a precipitation reaction between potassium ferrocyanide
trihydrate (K4Fe(CN)6·3H2O) and iron chloride hexahydrate (FeCl3·6H2O).
The net precipitation reaction is:

3K4Fe(CN)6(aq) + 4FeCl3(aq) −→ Fe4[Fe(CN6)]3(s) + 12KCl(aq).

(10.1)
Silica spindles were sedimented via centrifugation (Beckman Coulter Allegra™

X-12R Centrifuge) and dispersed in a 0.3 M solution of potassium ferro-
cyanide were they were left for about 1 hour. Subsequently the particles were
sedimented, the supernatant was removed and the inner walls of the glass
centrifuge bottle were carefully dried using a tissue. The sediments are slowly
dried under a weak nitrogen flux. Thereafter, a 0.3 M solution of FeCl3·6H2O
was added to the sediments, which turned immediately a dark blue color typi-
cal of Prussian blue. The sediments were dispersed by sonication and particle
stability was enhanced by adding a small amount (about 2 mg) of PVP to the
blue dispersion. The particles were sedimented and dispersed in water sev-
eral times to remove unreacted FeCl3(aq) and unadsorbed PVP molecules,
and Prussian blue particles which were precipitated outside the nanoreactors.
Fresh solutions were prepared prior to every synthesis and the reaction was
performed at room temperature.

The synthesis of iron(III) ferrocyanide is a reaction between potassium
ferrocyanide K4Fe(CN)6 and iron chloride FeCl3. As shown in Figure 10.5
the particles are not completely filled although all of them contain material
in the form of a cubic-like particle or small needles. The shape of the internal
particles suggests the precipitated material is in a crystalline form. Despite
the particle are not completely loaded, the dispersion has an intense blue
color, which is the typical color of Prussian blue.
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A B C

500 nm 200 nm 200 nm

Figure 10.5. TEM pictures showing ellipsoidal silica shells after precipita-
tion of Prussian blue particles before sample purification. Even though all
of the particles in the sample contain some precipitate (A) they are not
completely filled like in the case of iron pyrophosphate. In panel B the
precipitate has a cubic-like shape, while in C small needle-like particles
are present in the cavity.

10.A.2. Synthesis of cobalt ferrite.
The synthesis of cobalt ferrite using nanoreactors was performed by precip-
itation of a solution of cobalt chloride hexahydrate (CoCl2·6H2O) and iron
chloride hexahydrate (FeCl3·6H2O) in the presence of concentrated sodium
hydroxide (NaOH) [37]. The net precipitation reaction is:

CoCl2(aq)+ 2FeCl3(aq)+ 8NaOH(aq) −→ CoFe2O4(s)+ 8NaCl(aq)+ 4H2O.

(10.2)
The iron and cobalt salts solutions were prepared by dissolving 9.6 g CoCl2·6H2O
in a solution of 2 mL hydrochloric acid (HCl) in 4 mL water and 21.6 g of
FeCl3·6H2O in 40 mL water. The two solutions were separately warmed up
to 50 ◦C and mixed together. After that, the warm solution was added to a
sample of silica ellipsoids which was previously sedimented by centrifugation
(Beckman Coulter Allegra™ X-12R Centrifuge). The particles were dispersed
in the warm solution (with the aid of ultrasonication) and left undisturbed for
about 1 hour. After this time the particles were centrifuged, the supernatant
was removed and the inner walls of the centrifuge flask were carefully dried
with a tissue. A weak nitrogen flux was applied to slowly dry the sediments
and was kept going while the NaOH solution was being prepared by dissolv-
ing 8 g of NaOH pellets in 50 mL water and subsequently warmed up to
100 ◦C. The warm basic solution was added to the dry sediments that turned
all black after a few seconds. The sediments were dispersed by sonicating
for a few minutes and then centrifuged and dispersed first in water, then in
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ethanol. When the particles were dispersed in ethanol about 2 mg of PVP
were added to improve the overall stability. After PVP addition the particles
were sedimented and dispersed in fresh ethanol a few more times to remove
unadsorbed PVP molecules and cobalt ferrite particles precipitated outside
the nanoreactors. Fresh solutions were prepared prior to every synthesis.

The precipitation of cobalt ferrite happens when an aqueous solution con-
taining cobalt chloride CoCl2 and iron chloride FeCl3 is mixed with a concen-
trated hot solution of sodium hydroxide NaOH. When the precipitation occurs
using a spindle shaped silica nanoreactor, the particles obtained are shown in
Figure 10.6. The difference between these images and the ones discussed
before (see Figures 10.5 and 10.2) is that in this case the silica nanoreactor
dissolved during synthesis. The silica shell is not visible throughout the sam-
ple and the precipitated cobalt ferrite has a spindle-like shape similar to the
starting hematite used for the synthesis of the nanoreactors (see panel B of
Figure 2.2). Since the cobalt ferrite clearly retains the internal shape of the
nanoreactors, the dissolution of the shell happens after the precipitation of
cobalt ferrite and it is probably due to the presence of a hot concentrated
solution of base, in which silica is known to dissolve. Even when the particles
are left for only a couple of minutes in the NaOH solution, we did not see
changes and the silica shells dissolved.

A B

100 nm 500 nm

Figure 10.6. TEM pictures showing ellipsoidal nanoreactors after precip-
itation of cobalt ferrite particles. From the pictures it is possible to see
that the silica shells of the nanoreactors dissolved after precipitation of
the particles in the cavity.
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11
Colloidal phytosterols: synthesis, characterization

and bioaccessibility

Abstract

In this chapter we describe the synthesis of phytosterol colloids
using a simple food grade method based on antisolvent precip-
itation in the presence of a non-ionic surfactant. The resulting
colloidal particles have a rod-like shape with some degree of
crystallinity. The colloidal dispersions display good stability
assured by surface charge, due to the presence of water and
hydroxyl groups on the particle surface, and by steric stabi-
lization, due to the presence of a non-ionic stabilizer. In vitro
bioaccessibility experiments demonstrated that colloidal phy-
tosterol can be effectively solubilized in model dietary mixed
micelles and the micellar cholesterol concentration can be ef-
fectively reduced by 47 % within two hours.

153
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11.1. Introduction

Bioaccessibility and bioavailability are rapidly growing areas of research in the
field of foods and drugs formulation [164–166]. The solubility and mem-
brane permeability of bioactive molecules are often major factors determining
bioavailability upon oral administration [167, 168]. The low absorption rate
of poorly water soluble ingredients is generally attributed to the slow disso-
lution and solubilization in the gastrointestinal fluids. Several approaches are
commonly used to improve the bioaccessibility and bioavailability of bioactive
ingredients. Among others, it is possible to chemically modify the molecules,
reduce the crystallinity of the material or change its polymorphic form [61,
169–176]. For colloidal delivery systems the small particle or droplet size
leads to an increase of the specific surface area available for dissolution or
solubilization [171], respectively, and for (lipase) enzyme activity during (lipid)
digestion [177].

Phytosterols (PSs) are a group of plant sterols that have chemical struc-
tures similar to cholesterol (CH) [178,179]. Due to their structural similarity
but different biochemistry, PSs have been identified as a natural alternative
to synthetic drugs and have been utilized in various food products to reduce
the total blood plasma CH and low-density lipoprotein (LDL) cholesterol lev-
els [179, 180]. Although not completely understood, it has been established
that one of the main contributions to the overall CH-lowering mechanism is
the displacement of CH by the PSs in the dietary mixed micelles (DMMs) dur-
ing food digestion [181–183]. From a physico-chemical point of view, DMMs
are the most appropriate site for intervention with PSs because they mediate
CH transport. Despite their potential as CH-lowering agents, addition of PSs
in food products proved to be relatively hard due to their very low solubility in
water [184] and limited solubility in common dietary oils such as long chain tri-
acylglycerides, which leads to recrystallization with possible adverse changes
in product texture. More importantly, it has been long known that crystalline
PSs are not absorbed efficiently in the intestine and therefore resulted in low
bioaccessibility. In the first clinical trials in the early 1950’s [185] attempts
were made to reduce serum CH level of patients suffering from hypercholes-
terolemia by diets containing dosages of isolated crystalline PSs of up to 50
g day−1 in order to get a medically significant CH-lowering effect [185,186].

In this chapter, we report the synthesis of stable PS colloidal particles using
a simple and scalable food grade method. Changes in size, morphology and
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surface charge of the PS colloids are investigated as a function of different
reaction conditions. Moreover, by means of in vitro bioaccessibility experi-
ments, we show that PS colloidal particles are effective in solubilization and
replacement of CH in model DMMs.

11.2. Materials and methods

11.2.1. Materials
Phytosterol powder was obtained from Acros Organics: total sterol concen-
tration > 95 %. Typical composition: β-sitosterol: 75 to 80%, β-sitostanol:
10-14%, campesterol: 6-10 %, campestanol: < 2 %, others: < 3% (loss on
drying ∼ 3.5 %wt). Polyoxyethylene sorbitan monooleate (Tween r○ 80) was
obtained from Merck Schuchardt no. 822187. Ethanol used for synthesis
(Royal Nedalco) was of analytical reagent quality. Deionized water purified
by a Millipore purification system (MILLIPORE Synergy 185) was used in all
reactions. All chemicals were used as received. The following reagents were
used for preparation of mixed bile micelles for the in vitro solubilization exper-
iment: cholesterol from lanolin (Fluka 26740), glyceril monooleate (Danisco
Dimodan U/J distilled monoglycerides), sodium glycocholate (Sigma G7132),
sodium glycodeoxycholate (Sigma G9910), sodium glycochenodeoxycholate
(Fluka 50534), sodium oleate (Sigma G7132), sodium taurocholate (Sigma
T4009), sodium taurodeoxycholate (Sigma T08750), sodium taurochenodeoxy-
cholate (Sigma T6260), soy lecithin (Degussa Epikuron 200).

11.2.2. Synthesis of PS colloids
The general method used to prepare PS colloidal particles is based on an
anti-solvent precipitation process. In an initial step PSs are dissolved in a
suitable organic solvent (organic phase). In a second step, particle precipi-
tation is induced by mixing this solution with another solvent in which PSs
are not soluble and which is miscible with the organic phase. In this study,
the organic phase, consisting of 40 g of ethanol with variable concentrations
of PSs and Tween r○ 80, was quickly injected with a 50 mL syringe with-
out needle in the antisolvent (aqueous) phase consisting of 360 g of water
or water-ethanol mixture under vigorous stirring (using a Silverson L4RT-A
stirrer usually working at 3000-4000 rpm). The dispersions were then puri-
fied and concentrated by centrifugation (Beckman Coulter Avanti™ J-20 XP,
JA-10) or by solvent evaporation using a rotary evaporator (BUCHI, R-114).
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11.2.3. Characterization
Electron microscopy. The particle size and morphology was investigated by
transmission electron microscopy (TEM) using a Philips TECNAI-20 oper-
ating at 200 kV. TEM samples were prepared by drying a drop of diluted
dispersion on a carbon-coated copper grid. In order to minimize drying ef-
fects, some samples were first glassified by a rapid temperature quench in
liquid nitrogen and then freeze-dried under vacuum.

Particle size analysis. Particle size measurements were performed at 25 ◦C
using a dynamic light scattering particle size analyzer (Zetasizer Nano ZS,
Malvern Instruments Ltd.). All measurements were performed on diluted
dust-free dispersions in water or water-ethanol mixture (reaction conditions)
using disposable cuvettes (DYS0012). Due to very high size polydispersity
the change of particle size was followed only qualitatively.

The mean particle size of particles in dispersion can be calculated using the
Stokes-Einstein equation, which for spheres of radius r is given by:

D0 =
kbT

6πηr
, (11.1)

where D0 is the translational diffusion coefficient, η is the viscosity of the
medium in which the particles are dispersed, kb is Boltzmann’s constant and
T is the absolute temperature. For a dispersion of rod-like particles, the
translational diffusion coefficient of the particle can be represented by a linear
combination of the diffusion coefficient parallel D‖ and perpendicular D⊥ to
the rod’s long axis [187],

D0 =
1

3
D‖ +

2

3
D⊥, (11.2)

For very diluted dispersions, particle interactions are negligible and the overall
expression for the diffusion coefficient of rod-like particles can be written,
according to the corrections proposed by Tirado et al. [188], as:
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D0 =
kbT

6πηL̃
, (11.3)

with

L̃ = L

[
ln

(
L

D

)
+ 0.316 + 0.5825

D

L
+ 0.050

(
D

L

)2
]−1

, (11.4)

where L̃ represents an effective average particle length and L and D, respec-
tively, the length and diameter of the rod. For rod-like particles with large
aspect ratio, the last three terms within square brackets in equation 11.4 can
be neglected [187]. Although in our case it is not possible to obtain precise
information about the absolute length (L) and diameter (D) due to high par-
ticle polydispersity, equation 11.4 can be used as a good quantitative indicator
to monitor the changes in particle size. L̃ increases monotonically with the
particle length L for aspect ratios L/D >1.

Alternatively, measurements of particles length and diameter were per-
formed by analyzing single particles in several TEM images similar to the
ones in Figure 11.1A,B using an image analysis software.

Zeta-potential. Zeta-potentials of the PS colloids were measured using
a Zetasizer Nano ZS (Malvern Instruments Ltd.) which measures the dis-
tribution of the electrophoretic mobility and then convert the data to Zeta-
potentials using Smoluchowski or Hückel theory depending on the conductivity
of the sample measured. The samples were measured at different pH values
at a temperature of 25 ◦C and the point of zero charge (hereafter P.Z.C.) was
determined. All measurements were performed in disposable sizing cuvettes
on diluted dust free dispersions in water or in a mixture of water-ethanol cor-
responding to the reaction mixture.

X-Ray diffraction. XRD measurements were performed at room temper-
ature on a Bruker-Nonius D8 Discover powder X- ray diffractometer, using
Copper Kα radiations (λ = 0.15418 nm). The measurements were performed
on pure PS powder (as purchased) and on a dried colloidal dispersion.
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11.2.4. In vitro solubilization experiment.
To measure the in vitro bioaccessibility, colloidal dispersions containing 0.8 %wt
PSs and 0.38 %wt Tween r○ 80 were mixed with dietary mixed micelles
(DMMs). The DMMs contained 8.0 mM sodium oleate, 4.0 mM soy lecithin,
4.0 mM monooleate, 5.1 mM sodium glycocholate, 3.4 mM sodium gly-
codeoxycholate, 5.1 mM sodium glycochenodeoxycholate, 2.6 mM sodium
taurocholate, 1.6 mM sodium taurodeoxycholate and 2.6 mM sodium tau-
rochenodeoxycholate in 0.05 mM phosphate buffer (pH 7.4). The CH/DMMs
contained additionally 2.0 mM cholesterol. The DMMs were prepared by
dissolution of all ingredients in chloroform-methanol (ratio 2 : 1), and the
solvents were evaporated in a vacuum oven overnight. The dry film obtained
was dispersed in the phosphate buffer, by sonicating the sample for 30 min.
Equal volumes (0.6 ml) of the colloidal PSs dispersion and the DMM phase
were mixed in 1.5 ml Eppendorf tubes with screw caps, placed horizontally
in a shaking water bath (New Brunswick Scientific Gyrotory water bath) at
37 ◦C and rocking speed 5 (30 oscillations/min) for 0.5, 1, 2 and 24 h.
Extracts for gas chromatography (GC) analysis were obtained by filtration
through a 0.1 mm polytetrafluoroethylene (PTFE) filter and were frozen at
a temperature of - 20 ◦C. The sterols concentration in the filtrated samples
were determined by GC using a Hewlett-Packard 6890 gas chromatograph
equipped with a 5 m x 0.25 mm DB-SHT column, flame ionization detec-
tor, and a cool-on-column injector. Briefly, the extracts were lyophilized and
derivatized with bis(trimethylsilyl)trifluoroacetamide (BSTFA), internal stan-
dards, C25-alkane and C30-alkane, were added, suspended in hexane, and
injected into the GC. The oven temperature was held at 60 ◦C for 1 minute,
increased to 380 ◦C at a rate of 20 ◦C/min, and remained for 5 min. The
detector temperature was set at 390 ◦C. The carrier gas (helium) flow rate
was 2 mL/min.

11.3. Results and discussion

11.3.1. Particle synthesis
The procedure developed for the synthesis of PS colloidal particles is a one-
step process based on antisolvent precipitation. This synthesis route was first
employed by Fessi et al. [189] and subsequently widely used, for instance,
in pharmaceutical industries to prepare colloidal particles of water-insoluble
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drugs [190–193]. Recently the same method was also used to prepare choles-
terol particles [194–197]. The precipitation of the particles is caused by a
change in the solvent quality of the fluid phase, in which the material to be
precipitated is initially present, by mixing it with a second fluid phase (usu-
ally water) which is miscible with the organic phase but which is not a good
solvent for the dissolved material. In order to provide additional stabilization
against aggregation, a non-ionic surfactant, Tween r○ 80, was used as a food
grade stabilizer dissolved in the organic phase (ethanol). In a typical experi-
ment, different amounts of Tween r○ 80 were added to 40 g of a PS solution
in ethanol (1.06 %wt, hereafter referred as PS stock solution). This solution
was then injected in 360 g of water or water-ethanol mixture under vigorous
stirring at room temperature. After precipitation the dispersion was kept un-
der stirring for additional 2-3 minutes. The particles were then purified by
centrifugation and redispersion in Millipore water (at 6238g for up to 16 h) to
eliminate ethanol and excess surfactant. Alternatively, purification was also
done by evaporation of the ethanol using a rotary evaporator under decreased
pressure. In this case the ethanol was easily removed without modifying the
overall chemical composition.

A critical parameter to consider during particle synthesis is the rate of
particle formation in comparison to the time necessary to achieve homoge-
neous mixing determined by the stirring rate [190,191,198]. For instance the
stirring rate was used as a variable for tuning particle dimensions by Zhang
et al. [192]. During precipitation by mixing two liquid flows, it is desired to
have intensive and rapid mixing so that the system is homogeneous before
particle growth begins. Turbulent mixing is often required to achieve this ex-
perimentally [198]. In our setup, using a mechanical stirrer, mixing conditions
were kept constant for all syntheses and the effect on particle size and size
distribution was not investigated.

11.3.2. Particle morphology
The particle morphology and size were characterized by X-ray, light scatter-
ing and electron microscopy techniques. The colloidal suspensions obtained
contain relatively well-defined but rather polydisperse rod-shaped particles,
as evidenced from the transmission electron microscopy observations (Fig-
ure 11.1A, B). The same structure was also present in the freeze-dried sam-
ples, which should better represent the original particle morphology in dis-
persion (Figure 11.1B). PSs were also found to form rod-like crystals when
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crystallized from oil solutions [199] and both rod-like and plate-like crystals
when crystallized from organic solvents such as hexane [200]. Depending on
the synthesis parameters, the average particle aspect ratio L/D varied be-
tween 3 and 4. The average particle length (L) typically varied from 500 nm
to 3 µm. Due to the high polydispersity the aspect ratio of individual particles
was found to vary between about 3 and 20. Particle edges look somewhat
rounded and it seems there is not much internal structure. In most of the
samples additional structures were observed such as darker spots in the TEM
micrographs (see panel a of Figure 11.1). The origin of these structures is
not known, but they are probably formed from other components present in
the initial PS powder used for the synthesis. The particle size was found to
depend on the initial PS concentration, stabilizer concentration, and on the
composition of the antisolvent water-ethanol phase.

To obtain information about the internal structure of the PS particles,
XRD measurements were performed on the PS powder and on colloidal par-
ticles in a dried state (Figure 11.1). Both samples showed some degree of
crystallinity although for the colloidal particles there is a clear change in the
diffraction pattern suggesting a possible change in the elementary unit cell.
It also appears that the colloidal PSs have lower degree of crystallinity, a
factor that may have a positive influence on the rate of solubilization. Pre-
vious studies have indicated the presence of the three different crystal forms
of pure β-sitosterol at room temperature: anhydrous crystals, monohydrated
crystals, and hemihydrated crystals, which form when monohydrated crystals
are partly dehydrated [199]. Anhydrous [201] and monohydrated [202] sterol
crystal structures were first determined for CH. Recently Argay et al. [203]
and Kawachi et al. [200] have published the crystal structures of β-sitosterol
monohydrate (PS·H2O) and hemihydrate (PS·0.5H2O), respectively. A care-
ful analysis of the XRD patterns indicates that the dry colloidal particles
appear to have a peak featuring both the monohydrate and hemihydrated
crystal forms. The overall crystal structure of this mixture of PSs appears
different from the crystal polymorphic forms of pure β-sitosterol [199,200].

11.3.3. Zeta-potential measurements
The surface charge is a fundamental parameter used to characterize colloidal
particles and it is often important to understand the nature of the particle
stability (whether it is due to steric or electrostatic repulsions). The elec-
trophoretic mobility of particles at different pHs was measured in water (at
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A B

C D

Figure 11.1. TEM micrographs of rod-like particles. A Air-dried sample
of PS particles synthesized by precipitation of 40 g ethanolic solution
containing 1.06 %wt PSs and 0.275 %wt Tween r○ 80 into 360 g wa-
ter under vigorous stirring. Particles were purified by centrifugation. B
Freeze-dried sample of PS particles synthesized by precipitation of 40 g
ethanolic solution containing 1.06 %wt PSs and 0.5 %wt Tween r○ 80
into 360 g water under vigorous stirring. Particles were purified by evap-
oration of the organic solvent. Scale bars: 1 µm. C,D TEM micrographs
of microscopic PS particles crystallized from pure ethanol solution.

pH∼6) where the particles have a large negative zeta potential of typically
-40 mV (Figure 11.2B). In the conversion of mobilities to zeta-potentials,
we assumed that the particles are uniformly charged and nonconductive, and
are treated as spheres. In this approximation the absolute value of the zeta-
potential may change by a factor of 0.8 to 1.5 depending on the particle
orientation [204]. The negative surface charge could be due to the hydroxyl
groups and water molecules present on the crystal surface. Similar surface
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A B

C D

E F

Figure 11.2. A X-Ray diffraction pattern for pure PS powder (solid line)
and the corresponding dried colloidal particles (dotted line). The pure PSs
are present as monohydrates. The characteristic pattern of the colloidal
particles indicates the presence of some hemihydrated crystal features
but suggests a less crystalline structure than the PS powder. B Surface
potential of PS colloidal particles measured at different pH values. No
significant difference was observed for particles stabilized with different
amounts of Tween r○ 80. The main particle size L̃ is investigated as a
function of the PS concentration in the organic phase C, of the stabilizer
concentration in the organic phase D, and of the antisolvent composition
(ethanol/water ratio) E. Panel F shows the particle size distribution of
the particles used for the in vitro bioaccessibility experiment.
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properties were found in the case of CH [197,205]. Contributions to the neg-
ative surface charge could also be made by naturally present minor contam-
inants of organic molecules that have ionizable groups (e.g. organic acids).
Before measurements, the particles were left in solutions at different pHs for
one day to allow for equilibration. The pH values were measured immediately
before the zeta potential determination. The isoelectric point was found in
between pH 1.7 and 2.7. The low isoelectric point implies that the particles
are stable in acidic and in neutral conditions relevant for food applications.
Despite the presence of a steric stabilizer, at the isoelectric point PS particle
suspensions coagulated indicating that the stabilization mechanism is mainly
an electrical double layer repulsion. This was qualitatively confirmed by the
particle instability at high salt concentration (0.5 M NaCl).

11.3.4. Influence of PS concentration in the organic phase
The effect of the PS concentration on the particle dimensions was studied
by varying the PSs concentration in the organic phase at constant stabilizer
concentration (Tween r○ 80) of 0.2 %wt. Results are shown in Figure 11.2C
and clearly show an increase in particle dimensions corresponding to an in-
crease in the PS concentration, as defined by the average effective particle
length L̃ in Equation 11.4. By increasing the quantity of PSs during particle
preparation, the PS/Tween r○ 80 weight ratio increases and the same quan-
tity of surfactant is used to stabilize a higher quantity of precipitated PSs,
resulting in larger average particle dimensions.

11.3.5. Influence of stabilizer concentration
The concentration of stabilizer has a clear influence on the final particle aver-
age size and colloidal stability. When PSs were crystallized from pure ethanol
solution, the formation of large crystals was observed (Figure 11.2D). The
influence of the Tween r○ 80 concentration on particle size was studied by
varying the stabilizer concentration at constant PS concentration.

Due to very high polydispersity the change of particle size was followed
only qualitatively. The results obtained are shown in Figure 11.2D, where
the average particle effective length L̃ (see equation 11.4) is plotted as a
function of the stabilizer concentration dissolved in the organic phase during
particle preparation. Below a critical surfactant/sterol molar ratio (< 0.15,
represented in Figure 11.2D by the first point of the plot) large, non-stable
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aggregates were formed. Such strong aggregation indicates that surface cov-
erage with surfactant is not sufficient to provide stabilization. Upon increas-
ing the surfactant concentration smaller particles were obtained. Finally, a
plateau region was reached where the average effective particle length no
longer changed with surfactant concentration. In fact, further increase of
the surfactant concentration is expected to fully solubilize the sterol in a mi-
cellar phase, however this was not investigated. It has been experimentally
demonstrated that placement of the stabilizer in the organic phase results in
smaller particle sizes [191]. When placed in the ethanolic phase, the surfac-
tant molecules are more available to precipitating phytosterol particles upon
mixing with water since they do not need to diffuse across the temporarily
formed interface during the mixing of the ethanolic phase with the aqueous
phase. Furthermore, the stabilizer diffuses throughout a smaller volume of
the organic phase as compared to aqueous phase, which exceeded the organic
phase volume. This reduction of the diffusion time of the surfactant to the
newly formed phytosterol surface leads to more rapid stabilization against
coagulation.

11.3.6. Influence of the antisolvent phase composition
Changing the nature of the antisolvent phase, for example by replacing water
with a mixture of water and ethanol, allowed us to vary the size of the particles
keeping PSs and stabilizer concentrations constant. Figure 11.2E shows the
change in the average particle effective length L̃ as a function of the ethanol
concentration in the antisolvent mixture. By increasing the amount of ethanol
in the aqueous phase, bigger particles were obtained until a maximum was
reached. A further increase in the ethanol concentration, and thus increasing
the similarity between polarity of solvent and antisolvent phase, resulted in
a decrease of particles size. As already observed, the lower the dielectric
constant of the solvent the larger the final colloidal particles [206]. Previously
it has been shown that very similar solvents (similar dielectric constants) lead
to higher diffusion rate and consequently to smaller particles [206,207]. The
increase in the particle dimensions by increasing the proportion of ethanol in
the antisolvent phase can be explained in terms of supersaturation [208]. In a
mixture where the solubility of the PSs slightly increases, the supersaturation
is smaller and fewer nuclei are formed. If the total amount of PSs is kept
constant, it will precipitate on those fewer nuclei resulting in final bigger
particles. When the solubility of the PSs increases too much, however, part
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of the PSs dissolves in the solution and the resulting particles will be smaller
because less PS precipitates.

11.3.7. Solubilization kinetics
The mechanism by which PSs interfere with CH absorption is not fully elu-
cidated, but based on CH’s absorption stages distinct effects are being iden-
tified [169, 209]. In spite of the specific mechanism, however, formulated
PSs need to be in a form that can effectively interact both with dietary and
biliary CH. From the physico-chemical point of view, both co-crystallization
and the competitive solubilization of CH and PSs in the dietary mixed mi-
celles (DMMs), are taking place in the gastrointestinal tract. The dynamic
competition between CH and PS molecules for the limited solubilization ca-
pacity in the DMM phase during lipid digestion in the human gut is one of the
main contributions to the overall mechanism of action of PSs in the blood
CH lowering process [169,209]. The composition and volume of the micellar
phase are determined in a complex way by the presence of various amphiphilic
molecules (e.g. fatty acids, mono-acylglycerides) and more polar solvents
such as di-acylglycerides that are produced during the lipid digestion. The
CH-lowering effect of PSs has, for the most part, been studied with PSs
incorporated in high-fat products, and there have only been a few studies
testing the effect of low-fat products enriched with PSs. In some studies the
solubility of the PSs is increased by decreasing the crystal size [210, 211], or
by using an emulsifying agent [211]. Ostlund et al. showed that sitostanol,
incorporated in lecithin vesicles, reduced CH absorption more effectively than
sitostanol powder (reductions were by 36 % and 1 % respectively) [170].
Recently a similar cholesterol lowering effect was demonstrated with PSs in-
corporated in vesicles. Mel’nikov et al. [183] showed that only 0.5 mM of
sitosterol is soluble in 18 mM mixed micellar phase in 3 h, and after 24 h
saturation is reached at 0.7 mM of sitosterol.

The aim of this in vitro bioaccessibility experiment is to determine the
kinetics of solubilization of PSs from a colloidal dispersion in a model DMM
phase. With decreasing particle size, which increases the total surface area
available for solubilization, the transfer is expected to be faster. This DMM
phase was designed to mimic a fed state based on a previous work [183]. The
DMM phase consists of 10 mM of bile salts, 4 mM of free fatty acids (FAs),
2 mM of mono-acylglyceride (MAG) and 2 mM of phospholipids (PLs). The
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rate of solubilization was measured for 0.8% wt PS colloidal particles with an
average particle size of about 0.16 mm (see Figure 11.2F).

The colloidal particles used in the solubilization experiment were prepared
by precipitation of 40 g ethanolic solution containing 1.06 %wt PSs and
0.5 %wt Tween r○ 80 in 360 g water and were purified by evaporation of
the organic phase to keep sterol and surfactant concentration constant. As
reference, a 0.8 %wt PS dispersion was prepared using an Ultra Turrax, which
resulted in an average particle size of about 100 mm (see Figure 11.2F).
In both cases, the final dispersions contained 0.38 %wt Tween r○ 80. Two
types of DMM phases were used, one without CH and the second loaded
with 1 mM of CH, which is close to the saturation limit [212]. The PS
dispersions were mixed with the DMM phase, using a shaking water bath at
37 ◦C and a frequency of 30 oscillations per minute, mimicking the peristaltic
movement in the human gut. The DMM phase was extracted from the bulk
by filtration through a 0.1 mm PTFE filter. The filtered DMM contained
micelles (typically smaller than 10 nm) [212], and vesicles that were extruded
through the filter. Due to the large polydispersity, however, we cannot exclude
that some very small colloidal PS particles have passed through the filter. The
concentrations of CH and PSs in the extracted DMM phases are analyzed by
gas chromatography.

Figure 11.3A shows that in case of large PS particles about 6 %wt of PSs
(0.06 mM) is taken up into the DMM phase and after 24 h the amount is
doubled to the still relatively low value of 11 %wt. Figure 11.3B shows that
in the case of colloidal particles 9 % PSs is steadily solubilized into the DMM
phase and after 24 h nearly 40 % of the PSs (0.37 mM) are solubilized. In the
experimental set-up we mixed 0.6 ml 0.8 % PSs with 0.6 ml 2 mM CH in DMM
phase. The total PS concentration is 10 mM and the total CH concentration
is 1 mM, therefore we would expect more PSs than CH to be present in the
DMM phase providing that they have very similar affinity for solubilization. It
is noticeable that the amount of PSs solubilized in the DMMs is more in the
case of colloidal particles for the same incubation time. For example, after
two hours 8 % more PSs are solubilized when delivered in a colloidal form.
Figure 11.4A shows solubilization kinetics results for large PS particles in the
CH-containing DMM phase. The same trend was observed: about 7 % of
PSs (0.07 mM) were rapidly solubilized in the CH/DMM phase, but after
24 h the amount has increased only to 28 %. The total sterol concentration
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Figure 11.3. Sterol concentrations in filtered DMM phase after mixing
with a suspension of (A) large and (B) colloidal PS particles.

(e.g. CH plus PSs) in the CH/DMM phase is constant at 0.97 mM, and after
24 h, 22 % of CH is replaced by PSs. Notably, in this case after two hours
only 9 % CH is displaced by the PSs in the DMM phase. Figure11.4B shows
the same trend for colloidal PSs solubilized into the CH/DMM phase in time:
about 11 % of PSs are taken up rapidly into the CH/DMM phase and after 24
h the amount is higher at 41 %. It is important to notice that in the case of
colloidal particles the reduction of CH is much faster. After two hours about
47 % CH is replaced in the case of colloidal particles, whereas in the case of
large PS particles only 9 % reduction is observed. Interestingly, in the case of
colloidal particles after 24 h there is no equal molar distribution of CH and PSs
in the final DMM phase. Considering the fact that PS concentration is higher
than CH it is expected that PS concentration in the DMM phase is higher.
In addition, the total sterol concentration (CH + PS) has decreased from
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Figure 11.4. Sterol concentrations in filtered DMM phase after mixing a
CH-containing DMM phase with suspension of (A) large and (B) small
colloidal particles.

1 mM to 0.55 mM. The fact that the total sterol concentration decreased
is unexpected and may be related to the fact that the PSs in the colloidal
phase are not in the most stable thermodynamic form. This result is different
from previous observations by Mel’nikov et al. where an equal molar ratio of
CH and PS was reached after 24 h [183]. In their experimental set up PS
powder was freshly recrystallized from a chloroform solution, and may provide
different crystal morphology than in the process of the large PS dispersion,
used in this study.

The mechanism of solubilization of PSs in DMMs is schematically presented
in Figure 11.5. This general mechanism of solubilization can be described with
five steps. First, micelles diffuse through the bulk solution to the surface of
the PS crystal. Second, the micelles are adsorbed on the surface. Third, they
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react to form a mixed micelle containing both the initial micellar composition
and the PS solubilized molecules. Fourth, the micelle is desorbed, and fifth, it
diffuses away. The micelles containing PS molecules quickly equilibrate with
other micelles free of PSs. In the case of solubilization of very insoluble solids,
mixed micelle desorption and diffusion [steps (4) to (5)] are assumed to be
rate limiting [213]. This mechanism of solubilization was initially proposed for
the solubilization of fatty acids in pure detergent solutions, where the solubi-
lization rate is controlled by mixed micelle desorption and diffusion [213]. The
proposed mechanism for solubilization of PS in a DMM dispersion saturated
or containing CH is shown in Figure 11.5B. The process is very similar to that
in Figure 11.5A. For example, steps (1) and (5) are similar to steps (1) and
(5) in Figure 11.5A; all refer to mixed micelle diffusion. Steps (2) and (4) in
Figure 11.5B are essentially the reverse and forward reactions of step (4) in
Figure 11.5A. However, step (3) is different. Before, it described detaching
PS from the solid surface; now it represents exchange of PS for CH. In this
step, probably the effect of co-crystallization of PS and CH could also start
to play a role. For example, this could cause a change of the initial PS crys-
tal to a more stable polymorphic PS-CH mixed crystal or solid solution. CH
was found to form mixed crystals with β-sitosterol from melts and solutions
in alcohol in a wide range of CH and β-sitosterol concentrations. In the fi-
nal sixth step, micelle exchange, PS and CH concentrations in the micelles
equilibrate. Following the approach of Ariyaprakaia and Dungan [214], we
can assume that the solubilization process is driven by the approach to the
ultimate concentration of PSs in the DMM phase at equilibrium, cpsm , with
the kinetics characterized by a mass transfer coefficient kef f , so the rate of
solubilization can be written as [213]:

dm(i)

dt
= kef f S

(i)(c − c(i)
m ), (11.5)

where, dm(i)/dt is the rate of PS transfer from particles of size i, S(i) is the
surface area of particle i, and c is the aqueous PS concentration at time t.
The concentration c is very low and can be neglected. From this equation
it is clear that the increase of the surface area in the case of colloidal PSs
accelerates the solubilization process. The value of kef f is determined by
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Figure 11.5. Schematic mechanism of PS solubilization (A) in DMMs
and (B) in DMMs containing solubilized CH. In the case of solubilization
of low soluble solids, mixed micelle desorption and diffusion [steps (4) to
(5)] are assumed to be rate limiting. The second mechanism in the case
of CH-DMM involves exchange of PS molecules for CH molecules.

the specific mechanism(s) controlling the solubilization process such as dif-
fusion of molecules or micelles through the aqueous phase, or uptake rates
of molecules by micelles in the bulk water. Because we have limited points
for the solubilization kinetics curve we will not attempt to draw quantitative
conclusions about the specific rate limiting stage. This in vitro bioaccessi-
bility clearly indicates that reduction of particle size of PSs is beneficial for
effective replacement of CH in DMMs, however further research is required
to understand in detail the role of particle size, surface properties, stabilizer
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concentration, and morphology (e.g. crystalline vs. amorphous) in the solu-
bilization process.

11.4. Conclusion

In this chapter, we report the synthesis of phytosterol colloidal particles us-
ing a simple scalable food grade method, employing a low-energy bottom-up
approach based on antisolvent precipitation in the presence of a food-grade
stabilizer. The colloidal particles do not display visible sedimentation over
very long times (several weeks) in pure water. The excellent colloidal stability
is assured by both surface charge, due to the presence of polar groups on
the crystal surface, and steric stabilization due to the presence of a non-ionic
stabilizer. In vitro bioaccessibility experiments with a model of dietary mixed
micelles with and without CH demonstrated that (i) PSs can be effectively
solubilized and (ii) micellar CH concentration can be effectively reduced by
47 % within two hours. This in vitro result clearly indicates that reduction
of particle size of PSs is beneficial for effective replacement of CH in model
dietary mixed micelles. Further research is required to understand in detail
the role of particle size, shape, composition and surface properties on bioac-
cessibility.
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12
Cholesteric liquid crystals from phytosterol colloids

Abstract

In this chapter we describe the first observation of a cholesteric
liquid crystal phase in a suspension of rod-like phytosterol par-
ticles. Based on the data collected and on previous work, we
provide an explanation of the origin of this phenomenon that
we attribute to a chiral distribution of surface charges of the
rods.

173
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12.1. Introduction

Shape anisotropic (disc-like or rod-like) colloidal particles have drawn the at-
tention of scientists for many centuries, starting with the use of natural clay
particles [216]. The particular interest in their phase behavior started al-
ready with the work of Onsager who theoretically predicted the occurrence of
entropically driven phase transition in suspensions of disc-like particles that
leads to the formation of liquid crystal (LC) phases [217]. Nowadays, avail-
able synthetic methods readily provide a vast amount of (organic and inor-
ganic) colloids with an anisotropic shape [107, 218], which indeed in many
cases give rise to the formation of various LC phases [219–221]. Interest-
ingly, anisotropic colloids can also form a cholesteric (or chiral nematic) LC
phase [222–225], initially thought to be an exclusive property of molecular
LC phases, typically composed of molecules containing a chiral center. In
this case the chiral center gives rise to intermolecular forces that favor align-
ment between molecules at a slight angle to one another in different layers
resulting in a long-range chiral order [226]. Surprisingly, chiral colloidal LC
phases have been observed only in the case of shape-anisotropic particles
from self-assemblies of large biopolymers (e.g. cellulose [227], chitin [228])
and macromolecules (e.g. viruses [229]) and not in low molecular weight
organic compounds. Although much research has been done in relation to
cholesteric colloidal LCs, the connection between molecular and macroscopic
chirality is still not well understood [222–225, 230]. Here we report the first
observation of a cholesteric LC phase in a colloidal suspension of rod-like
particles from phytosterols (PSs): a low molecular weight organic molecule.
Phytosterols are a group of plant-derived sterols that have structures similar
to that of cholesterol (see Figure 12.1) [179]. Due to their different bio-
chemistry, phytosterols are used as an efficient cholesterol-lowering agent in
various food products [179,181].

12.2. Materials and Methods

12.2.1. Materials
Phytosterols (mixture with ca. 10 % campesterol, ca. 75 % b-sitosterol,
see also Figure 12.1) were obtained from Acros Organics. Polyoxyethylene
sorbitan monooleate (Tween r○ 80) was obtained from MERK. Ethanol used
for synthesis (Royal Nedalco) was of analytical reagent quality. Deionized
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water purified by a Millipore purification system (MILLIPORE Synergy 185)
was used in all reactions. All chemicals were used as received.

12.2.2. Particle synthesis
Colloidal particles were synthesized as described in [215] and Chapter 11.
Briefly, phytosterol was dissolved in ethanol and particle precipitation was
induced by rapid mixing of this solution with water. The organic phase used in
most experiments consisted of 40 g of ethanol with a variable amount of sterol
and stabilizers. The ethanolic solution was quickly injected, with a 50 mL
syringe without needle, in the aqueous phase consisting of 360 g of water
or water-ethanol mixture under vigorous stirring (using Silverson L4RT-A
stirrer usually operating at 3000-4000 rpm). After particles precipitation the
dispersion was kept under stirring for additional 2-3 minutes. The dispersions
were then purified and concentrated by solvent evaporation using a rotavapor
(BUCHI, R-114).

12.2.3. Characterization
Optical microscopy. The concentrated dispersions were studied in flat optical
capillaries (VitroCom) with internal dimensions of
200 mm x 4 mm x 8 cm sealed with an epoxy glue to prevent solvent evapora-
tion. The samples were left undisturbed on a marble table in a dark thermo-
static room and were investigated with a Nikon LV100 polarizing microscope,
equipped with a QImaging MicroPublisher 5 megapixel CCD camera.

Electron microscopy. The particle size and morphology were investigated
by transmission electron microscopy (TEM) using a Philips TECNAI 20 op-
erating at 200 kV. TEM samples were prepared by drying a drop of diluted
dispersion on carbon-coated copper grids. In order to minimize drying effects,
few TEM samples were first rapidly gassified by a fast temperature quench in
liquid nitrogen and then freeze-dried under vacuum.

12.3. Results and Discussion

12.3.1. Sterol colloidal rods
The procedure developed for the synthesis of phytosterol colloidal particles is
based on anti-solvent precipitation [189] as described in Chapter 11. Trans-
mission electron microscopy (TEM) pictures in Figure 12.2 show an example
of sterol particles. They clearly have a rod-like shape with aspect ratios L/D
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Figure 12.1. Chemical structure of two phytosterols: campesterol, and
β-sitosterol.

(with L and D the particles length and diameter) varying between 3 and 20,
with typical value of L of 500 nm-3 µm (see Chapter 11). Phytosterols are
known to form rod- and plate-like crystals of hemi- and monohydrates when
crystallized from oil solutions [199] or organic solvents in the presence of wa-
ter [200]. Our rod-like particles were stabilized against aggregation using a
non-ionic surfactant polyoxyethylene sorbitan mono-oleate (Tween r○ 80). A
large negative ζ-potential, typically in the order of - 40 mV, was found which
accounts for the long-term particle stability observed in pure water. The neg-
ative surface charge is due to the polar hydroxyl groups both from phytosterols
and water molecules present at the crystal surface. Similar surface proper-
ties were found in the case of cholesterol particles [197, 205]. The surface
charge was found to play an important role and despite the presence of the
stabilizer, at the isoelectric point (IEP ≈ 2.5, see Figure 11.2B) phytosterol
particle suspensions aggregate.

12.3.2. Chiral nematic phases
Strong flow-birefringence in the phytosterol colloidal dispersion was observed
already at relatively low concentration (≥ 0.7 %wt). The beginning of phase
separation was observed at concentration ≥ 3.5 %wt (Fig. 12.3A). The ap-
pearance of an LC phase at this concentration is consistent with the behavior
of other charged rod-like particles of similar aspect ratio such as microcrys-
talline cellulose [231] and chitin [232]. When further concentrated inside
flat capillaries, they separated into an isotropic (upper) phase and a highly
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Figure 12.2. Typical TEM micrographs showing rod-like phytosterol col-
loidal particles. The sample shown in panel A was freeze-dried before
imaging, whereas the sample in panel B was dried in air.

birefringent (lower) phase (see Figure 12.3). The gravitational settling is
negligible in the time scale on which the phase separation occurs (about 12
hours). Depending on the particle concentration, the birefringent phase grows
in time fed by tactoids separating from the isotropic upper phase. The vol-
ume of the LC phase increases with the increase of particle concentration.
The coalescence of tactoids at the interface is clearly visible in Figure 12.4.
Remarkably, after leaving the capillaries undisturbed for several days, large
domains with a characteristic fingerprints patterns grow in the birefringent
phase (see Figure 12.4). Identical patterns are sometimes visible also in
larger tactoids within the isotropic phase as shown in Figure 12.3B and 12.4
(inset). Extinction and illumination areas (the visible black and white lines)
alternate which is caused by the regular change of the direction of nematic
layers of rods. These structures are characteristic for cholesteric [222–225],
smectic [233], and buckled nematic liquid crystal phases [234]. In the smectic
liquid crystalline phases the pitch size is on the order of the rod length [235].



178 12. Cholesteric

Sterol conc. %wt BA

C

0.5 mm

0.1 mm

19.2 8.9 3.8

Figure 12.3. A shows capillaries containing dispersions of sterol rod-like
particles at increasing volume fraction. B shows a detail of tactoids
separating out of the isotropic phase and falling into the birefringent
phase coalescing at the interface C. The pictures are taken between cross
polarizers to reveal the birefringent liquid crystal phase.

!
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Figure 12.4. Optical micrographs (taken between crossed polarizers)
showing the characteristic fingerprint patterns of cholesteric LC phase
of a concentrated sample of sterol colloidal particles. The arrow high-
lights a tactoid coalescing at the interface. The inset (top right) shows
other tactoids falling down from the isotropic phase.
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In our experiments the pitch size is constant for all the samples in bulk and
in the tactoids and it is 15 µm in the case of pure water (no added salt),
a distance much larger than the average particle length (2 µm). The large
pitch size compared to particle length is consistent with the presence of a
cholesteric phase. Buckled nematic liquid crystals with a stripe pattern which
resembles the cholesteric phase are found, for instance, when samples are
exposed to an external field [236] or in nematic gels [234], however, both
systems are entirely different from the one discussed here. The cholesteric
LC phase persists despite the presence of a neutral surfactant layer adsorbed
on the particles surface pointing to modulated long range electrostatic repul-
sions. Similar behavior was observed in PEG-coated rod-like fd virus [225].
Despite of its importance, the link between chirality at the molecular scale
and the macroscopic chiral structure in the case of colloidal LC phases is not
yet well established. Straley [237] has proposed the first model of the origin
of intermolecular twist, consisting of two screw-like molecules with excluded-
volume interactions ‘cork-screw’. The formation of cholesteric LCs can be
attributed to the formation of screw like (twisted) particles. This model has
been used to explain the formation of cholesteric LCs phase in cellulose mi-
crofibrils [238]. The presence of such a chiral twist along the microfibrils was
later demonstrated using TEM and atomic force microscopy (AFM) [239].
Screw-like packing is typical for many steroidal molecules and has been found
to cause self-assembly of helical ribbons in complex mixtures of cholesterol,
non-ionic surfactants, and lipids [240, 241]. In our study, however, we have
not found the formation of ribbon-like or other more complex structures, as
concluded from TEM observations (Figure 12.2). In addition, we did not
observe the presence of any additional fine structure in the rod-like particles
indicating that this model is not applicable in our case.

In order to explain the formation of cholesteric colloidal liquid crystal from
low molecular weight organic molecules, we will consider in more detail the
crystal structure of the phytosterol rod-like particles. XRD measurements per-
formed on dried colloidal dispersions indicated that the dry colloidal particles
appear to have features of hemihydrated crystalline form (see Figure 11.2A).
The structure of anhydrous [201] and monohydrated [202] sterol crystals
was first established for cholesterol. Only very recently the crystal structures
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were reported for β-sitosterol hemihydrate [200] and monohydrate [203]. Al-
though the crystal structures of both hemihydrate and monohydrate are dif-
ferent, they have a common feature in which sterol molecules form bilayers
of thickness 3.4-3.6 nm. The hydroxyl groups and the water molecules are
hydrogen-bonded to form a sheet at the bilayer interface (see Figure 12.5).
In all sterol structures the steroid planes appear almost but not parallel, as
determined for β-sitosterol crystals [200]. Such structure could allow cre-
ation of periodic distribution of hydroxyl groups on the surface of the rod
like particles. This is equivalent to the creation of patchy rod-like particles
with chiral distribution of alternating polar and apolar stripes, which can pro-
mote chiral distribution of surface charge. Phytosterol particles are negatively
charged [215] due to partial deprotonation of OH groups and water molecules
on the particle surface, as observed in the case of cholesterol [242]. Such
surface charge heterogeneities or domains may arise from the competition of
electrostatic forces with segregating forces such as steric, van der Waals, and
hydrogen bonding interactions [230,243].

Based on the above considerations, we surmise that the crystal symmetry
of both hemi- and monohydrate sterol crystals could induce helicity in the
distribution of polar groups and ions on the surface of the rod-like particles.
The phytosterol rod-like particles appear as chiral objects with a helical charge
distribution on the particles surface (i.e. “molecularly patchy particles”); the
subsequent formation of a cholesteric phase can therefore be attributed to
its chirality. Orts et al. proposed a similar model for cellulose LCs, where
inhomogeneous distribution of surface charge can cause the formation of
chiral colloidal LCs [238,244–246]. The same mechanism has been discussed
in relation to fd virus [225] and chitin [244] particles. The most recent and
advanced theories of cholesteric assemblies of DNA modeled as charged rods
also predict cholesteric phase existence that coincides with the domain of
strong biaxial correlations between nearest-neighbour molecules [247]. The
theory interprets the cholesteric organization as the result of the competition
of steric and electrostatic repulsion between charged helices. It also suggests
that the macroscopic properties of the cholesteric phase are affected by the
pattern of ion adsorption. The same mechanism, supported by coarse-grained
modeling, was established for cholesteric phase from charged filamentous virus
M13 [222]. The formation of a cholesteric LC is explained as the result of
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Figure 12.5. A schematic view of the β-sitosterol hemihydrate crystal
structure indicating the hydrogen bonding (left) and their bonding dis-
tance (right) [200]. The recurring areas rich in OH-groups and water
molecules are separated by a distance of ∼ 3.6 nm.

the competition between contributions of opposite handedness, deriving from
best packing of viral particles and electrostatic interparticle repulsions.

12.4. Conclusions

In conclusion, we report the first observation of chiral colloidal crystals of
rod-like particles from phytosterols. Based on the shape and crystal struc-
ture of the particles, we attribute this phenomenon to chiral distribution of
the phytosterol and water molecules on the surface of neighboring rods. It
seems likely that the helicity of the sterol molecules is preserved during the
precipitation and the particles have chiral distribution of surface charge, which
contributes to the formation of cholesteric colloidal LC phases. Such LCs can
be used as an environmentally friendly and low-cost model system to study
phase behavior of shape-anisotropic particles. Colloidal LCs from phytos-
terol colloids may find application in displays as biodegradable environmentally
friendly materials with lower density than rod-like particles from inorganic ma-
terials [220]. In addition, phytosterol particles and have better (chemical and
microbial) stability in comparison to protein/polypeptide based rod-like parti-
cles. Importantly, sterols allow several chemical modifications, which can be
used to design particles with tunable chiral molecular patches, which can help
to establish in detail the mechanism of formation of cholesteric LC phases
and reveal the role of molecular chirality.
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Summary

Colloidal dispersions consist of small particles (the colloids) suspended in a
medium. Due to their small size (from a few nanometers to a few micrometer)
colloids exhibit Brownian motion, which is the thermal random movement also
displayed by atoms and molecules. For this reason, colloidal spheres have been
used for decades as models for atomic and molecular systems. Moreover,
for applications, spheres are also gaining momentum in the manufacture of
smart materials. Useful as colloidal spheres are, they lack the directionality
of chemical bonds. To mimic this directionality, substantial efforts are now
made to synthesize new colloidal systems with specific directional interactions.
There are several ways to achieve directionality, for instance by decorating the
surface of the particles using specific chemical or physical patches. In this
work we mainly focus on preparing shape anisotropic colloids and particles
with magnetic surface patches.

We investigated specifically the synthesis and phase behavior of colloidal
superballs. At first sight superballs resemble cubes with rounded edges. How-
ever, superballs are well-defined geometrical shapes, with a contour repre-
sented by the formula (x)m + (y)m + (z)m = 1, where x , y , and z are
Cartesian coordinates and m is the shape parameter quantifying the extent
of deformation and defining the shape of the particles. There are two special
cases for the superball shape: the sphere for m = 2 and the perfect cube
for m = ∞. Intermediate shape parameters (m>2) correspond to particles
having a shape which interpolates between the sphere and the cube.

This thesis focuses on the synthesis and phase behavior of anisotropic
colloids and it is divided in four main parts.

The first part deals with the synthesis of the colloidal model systems. We
start with a description of the synthesis of (magnetic) hematite colloids with a
variety of sizes and shapes and we show how to achieve reproducible synthesis
procedures (Chapter 2).

The hematite colloids are subsequently used as templates for the prepara-
tion of hollow silica colloids (Chapter 3). A silica shell can be grown on the
hematite particles treated with a polymeric steric stabilizer. Subsequent dis-
solution of the internal hematite by acid, mediated by the silica shell porosity,
yields hollow silica shells, which retain the original hematite shape. High yield
of monodisperse silica particles such as cubes and ellipsoids can be obtained.
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When dissolution is stopped before all hematite is dissolved, rattle-like silica
particles with a movable internal hematite core are prepared.

The hematite cubes and ellipsoids can also be used for the preparation
of Brownian dipolar spheres. Magnetic hematite cubes and ellipsoids are
embedded inside 3-methacryloxypropyl trimethoxysilane oil droplets that sub-
sequently can be polymerized producing micron-size spheres with off-centered
magnetic dipoles. To prepare spheres with centered dipoles hematite mag-
nets are first encapsulated in a small polymer sphere and subsequently coated
with silica (Chapter 4). Colloidal spheres with well-defined cavities can be
prepared by dissolving in acidic environment the hematite magnets embedded
in the polymer particles.

In the second part of the thesis we focus on the phase behavior of silica
cubes (superballs) in the presence of polymers. When non-adsorbing polymers
are added to a dispersion of colloids, the phase behavior of this dispersion
is altered due to a purely entropic effect caused by the polymer molecules
making the colloids attractive. We find that depleting polymers drive the
crystallization, for sufficiently small depletant molecules, to a precise face-
to-face packing of the cubes, into simple cubic crystals (Chapter 5). The
dynamics of crystal nucleation, growth and melting are studied by imaging
the samples in time by optical microscopy.

Changing the shape of the colloidal superballs (from spheres to particles
with a more distinct cubic shape) and the size of the depleting polymers, allows
controlling the phase behavior of (non-magnetic) colloidal silica superballs
(Chapter 6). Direct particle imaging shows that a small deviation in the
particle shape drastically changes the phase behavior. We find surprisingly
different crystalline structures such as simple cubic and hexagonal lattices,
as well as mixed and intermediate structures. Furthermore, using polymers
of different sizes, it is possible to stabilize different crystalline structures for
the same particle shape. A phase diagram is presented, demonstrating that
depletion forces can be used as a new tool to stabilize crystal structures
formed by colloidal silica superballs with different shape parameters.

The third part of the thesis deals with the study of magnetic superballs and
superellipsoids prepared as described in Chapter 2. The particles are, quite
surprisingly for hematite, magnetic enough to form dipolar structures such
as rings, chains and large crystals. At the same time, the colloids are large
enough for single-particle optical imaging, but still small enough to exhibit



Summary 193

Brownian motion. For this reason they can display self-assembly in dispersion.
These characteristics make these colloids unique for the study of the dynamics
of dipolar structures in two-dimensions.

For this study we have built a magnetic setup that allows to accurately
nullify the effect of the Earth’s magnetic field and that provides precise control
of an applied magnetic field in 3D. Optical microscopy on hematite cubes in
this setup shows that upon increasing the external field, the dipolar chains
undergo a surprising transition from a straight to a kinked arrangement. We
have also developed a reliable tracking procedure to analyze dipolar structures
in time on a single particle level (Chapter 7).

The same magnetic hematite colloids encapsulated in polymer spheres as
described in Chapter 4 are used as building blocks for the self-assembly of
well-defined non-linear structures by virtue of “magnetic patches” (Chap-
ter 8). The composite hematite-polymer particles can be seen as spheres
with magnetic patches, with an assembly driven by tunable magnetostatic
binding forces originating from the hematite embedded underneath the sur-
face of the particles. The spheres with magnetic patches self-assembled in
the absence of external magnetizing fields to form clusters, with a geome-
try determined by an interplay between magnetic, steric and electrical double
layer interactions.

Colloidal particles are not only important for fundamental studies, but they
are also applied, among many others, in products like foods, cosmetics, paints
and drugs. The last part of this thesis deals with the preparation and charac-
terization of colloids designed for the development of novel functional foods.
In this respect, we explored the preparation of iron(III) pyrophosphate (FePP)
biocompatible colloids for possible application as iron-delivery systems (Chap-
ter 9). The synthesis is performed via chemical precipitation of stoichiometric
ratios of iron and pyrophosphate salts in aqueous solutions. The facile method
yields stable colloids of nanometer size with a distinctive white color, a unique
characteristic for iron-containing colloids. Physical properties of the colloids
were investigated using different techniques, such as X-ray diffraction and
elemental analysis, zeta potential, magnetization, mass density and refractive
index measurement.

Since control of the size and shape of the colloids is not possible using the
precipitation method described in Chapter 9, we explored a novel technique
for the preparation of FePP particles (Chapter 10) inside hollow silica shells
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synthesized as described in Chapter 3. We benefit here from the silica porosity
that allows exchange of iron and pyrophosphate ions from the outside to
the inside of the silica shells. In this case the particle size and shape is
set by the size and shape of the internal cavity of the silica particles. A
generalized procedure for the application of the same synthesis technique
to other materials such as iron(III) ferrocyanide and cobalt ferrite is also
considered.

Phytosterols (PSs) are a group of plant sterols that have chemical struc-
tures similar to cholesterol. Due to their structural similarity but different
biochemistry, PSs have been identified as a natural alternative to synthetic
drugs and have been utilized in various food products to reduce the total
blood plasma cholesterol level. To improve the cholesterol-lowering effects
of phytosterol, we investigate the preparation of PS colloids as possible food
additives (Chapter 11). The colloids are prepared using a simple food grade
method based on antisolvent precipitation in the presence of a food-grade
non-ionic surfactant. The resulting colloids have a rod-like shape and dis-
play good stability assured by surface charge and steric stabilization. We
furthermore performed in vitro bioaccessibility experiments to demonstrate
that colloidal phytosterol can be effectively solubilized in model dietary mixed
micelles and that the micellar cholesterol concentration can be reduced in the
presence of PS colloids.

Anisotropic colloids are particularly interesting as models for molecular sys-
tems. Rod-like particles show interesting phase behavior that comprises also
a liquid crystal phase. In the last chapter of the thesis (Chapter 12) we in-
vestigate the phase behavior of the phytosterol rod-like particles prepared as
described in Chapter 11. We observed for the first time a cholesteric liquid
crystalline phase in a suspension of PS colloids, a phase that appears to be the
consequence of a chiral distribution of charges on the surface of the particles.
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Colloïdale dispersies bestaan uit kleine deeltjes (colloïden) die in een medium
gesuspendeerd zijn. Door hun kleine formaat (variërend van enkele nano-
meters tot enkele micrometers) vertonen colloïden Brownse beweging, de
willekeurige warmtebeweging waaraan ook atomen en moleculen onderhevig
zijn. Vanwege deze overeenkomst zijn bolvormige colloïden tientallen jaren
lang als modelsysteem voor atomaire en moleculaire systemen gebruikt. Bo-
vendien zijn ze in opkomst als bouwstenen voor het maken van zogenoemde
“slimme materialen”. Hoe nuttig bolvormige colloïden ook zijn, hun interacties
missen de gerichtheid die chemische bindingen wel bezitten. Veel onderzoek
is er tegenwoordig op gericht om nieuwe colloïdale systemen te ontwikkelen
die wel gerichte interacties hebben. Dit kan op verschillende manieren gedaan
worden; een voorbeeld hiervan is het decoreren van het oppervlak van deeltjes
met specifieke chemische of fysieke plekken. In dit proefschrift richten we ons
op de bereiding van colloïden die anisotroop zijn in vorm en de bereiding van
deeltjes met magnetische plakkers op het oppervlak.

We hebben ons met name gericht op de synthese en het fasegedrag van col-
loïdale superballen. Op het eerste gezicht lijken superballen op kubussen met
afgeronde randen. Toch zijn superballen goedgedefinieerde
geometrische vormen, met een vorm die gevat kan worden in de formule
(x)m + (y)m + (z)m = 1, waarbij x , y en z Cartesische coördinaten zijn
en m de parameter die de mate van vervorming bepaalt en zo de vorm van de
deeltjes definieert. Er zijn twee gevallen waarin superballen een speciale vorm
aannemen: voor m = 2 zijn ze bolvorming en voor m = ∞ zijn het perfecte
kubussen. Voor waarden van de vormparameter die tussen deze twee extre-
men in liggen (m > 2) hebben deeltjes een vorm die tussen een kubus en een
bol in ligt.

Dit proefschrift richt zich op de synthese en het fasegedrag van anisotrope
colloïden en is verdeeld in vier delen.

In het eerste deel wordt de synthese van de colloïdale modelsystemen be-
sproken. We beginnen met een beschrijving van de synthese van (magneti-
sche) hematietcolloïden met een serie verschillende groottes en vormen en we
laten zien hoe reproduceerbare syntheseprocedures kunnen worden ontwikkeld
(hoofdstuk 2).
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De hematietcolloïden worden vervolgens gebruikt als sjablonen voor de be-
reiding van holle silicacolloïden (hoofdstuk 3). Een silicaschil kan om de he-
matietdeeltjes gegroeid worden als deze zijn behandeld met een polymeer als
sterische stabilisator. Het oplossen van de hematietkern met zuur, mogelijk
gemaakt door de porositeit van de silicaschil, resulteert in holle silicaschillen,
die de oorspronkelijke vorm van het hematiet behouden. Zo kan een hoge
opbrengst van monodisperse silicadeeltjes in de vorm van bijvoorbeeld kubus-
sen of ellipsoïden worden verkregen. Als het oplossen wordt gestopt voordat
alle hematiet is opgelost worden silica kubussen verkregen met daarin een
beweegbare hematietkern.

Hematietkubussen en -ellipsoïden kunnen ook worden gebruikt voor de be-
reiding van Brownse dipolaire bollen. Magnetische hematietkubussen en -
ellipsoïden worden in oliedruppels van 3-methacryloxypropyl trimethoxysilane
gebracht die vervolgens kunnen worden gepolymeriseerd om micrometer grote
bollen te produceren met gedecentreerde magnetische dipolen. Om bollen
met gecentreerde dipolen te bereiden worden hematietmagneetjes eerst inge-
kapseld in een klein polymeerbolletje en vervolgens gecoat met silica (hoofd-
stuk 4). Colloïdale bollen met goedgedefinieerde holtes kunnen worden bereid
door de hematietmagneetjes in de polymeerdeeltjes in een zure omgeving op
te lossen.

In het tweede deel van dit proefschrift richten we ons op het fasegedrag
van silicakubussen (superballen) in het bijzijn van polymeren. Wanneer niet
adsorberende polymeren worden toegevoegd aan een dispersie van colloden,
wordt het fasegedrag van deze dispersie veranderd door een door de poly-
meren veroorzaakt, puur entropisch effect dat de colloïden een onderlinge
aantrekkingskracht geeft. We vinden dat bij het gebruik van voldoende kleine
depleterende moleculen, deze een vlak-aan-vlak kristallisatie van de kubussen
veroorzaken, waardoor deze simpel kubische kristallen vormen (hoofdstuk 5).
De dynamica van kristalnucleatie, -groei en -smelten worden bestudeerd door
monsters in de tijd met optische microscopie te observeren.

Het veranderen van de vorm van colloïdale superballen (van bollen naar
deeltjes met een meer kubische vorm) en de grootte van de depleterende po-
lymeren maakt het mogelijk het fasegedrag van (niet-magnetisch) colloïdaal
silica te beïnvloeden (hoofdstuk 6). Directe observatie van deeltjes toont
aan dat kleine veranderingen in de vorm van deeltjes dramatische effecten
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hebben op het fasegedrag. We vinden opvallend verschillende kristalstructu-
ren, waaronder simpel kubische en hexagonale roosters, maar ook gemixte en
overgangsstructuren. Bovendien is het mogelijk om bij onveranderde deel-
tjesvorm verschillende kristalstructuren te stabiliseren door het gebruik van
polymeren van verschillende grootte. Een fasediagram wordt gegeven, waarin
wordt aangetoond dat de depletie interactie kan worden ingezet als een nieuwe
manier om kristalstructuren van colloïdale silica superballen met verschillende
vormparameters te stabiliseren.

Het derde deel van het proefschrift behandelt studies van magnetische su-
perballen en superellipsoïden zoals bereid in hoofdstuk 2. Verrassend genoeg
voor hematiet, zijn de deeltjes magnetisch genoeg om dipolaire structuren
te vormen, zoals ringen, ketens en grote kristallen. Daarbij zijn de colloïden
groot genoeg voor optische detectie van enkele deeltjes, maar klein genoeg
om Brownse beweging te vertonen, waardoor ze zelfassemblage vertonen in
dispersie. Deze eigenschappen maken deze colloïden uniek voor het bestude-
ren van de dynamica van dipolaire structuren in twee dimensies.

Voor deze studie hebben we een magnetische opstelling gebouwd die het
mogelijk maakt om het effect van het aardmagnetisch veld nauwkeurig te
neutraliseren en die precieze controle geeft over een aangelegd magnetisch
veld in drie dimensies. Optische microscopie aan hematietkubussen in deze
opstelling toont aan dat een toename in het externe veld leidt tot een verras-
sende overgang van een rechte naar een geknikte ordening in dipolaire ketens.
We hebben ook een betrouwbare traceermethode ontwikkeld om dipolaire
structuren op het niveau van enkele deeltjes over tijd te kunnen analyseren
(hoofdstuk 7).

De magnetische hematietcolloïden ingekapseld in polymeerbollen die al in
hoofdstuk 4 beschreven zijn, worden gebruikt als bouwstenen voor de zelfas-
semblage van goedgedefinieerde niet-lineaire structuren dankzij “magnetische
plakkers” (hoofdstuk 8). De hematiet-polymeer composietdeeltjes kunnen
worden gezien als bollen met magnetische vlakken, met een assemblage die
gedreven wordt door stuurbare magnetische krachten die voortkomen uit het
hematiet dat onder het oppervlak van de deeltjes verankerd ligt. In afwe-
zigheid van externe magneet velden zelfassembleerden de bollen met magne-
tische plakkers tot clusters met een geometrie die bepaald wordt door een
samenspel van magnetische, sterische en elektrische dubbellaag interacties.
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Colloïdale deeltjes zijn niet alleen van belang voor fundamentele studies,
maar ze worden onder anderen ook toegepast in producten zoals voedings-
middelen, cosmetica, verf en medicijnen. Het laatste deel van dit proefschrift
behandelt de bereiding en karakterisering van colloïden die zijn ontworpen voor
de ontwikkeling van nieuwe functionele voedingsmiddelen. Met dit doel heb-
ben we de synthese van ijzer (III) pyrofosfaat (FePP) biocompatibele colloïden
verkend voor mogelijke toepassing als ijzerleveringssysteem (hoofdstuk 9). De
synthese wordt uitgevoerd via chemische precipitatie van stoichiometrische
verhoudingen van ijzer- en pyrofosfaatzouten in waterige oplossing. Deze
eenvoudige methode resulteert in stabiele colloïden van enkele nanometers
groot met een karakteristieke witte kleur, een unieke eigenschap voor ijzer-
houdende colloïden. Fysische eigenschappen van de colloïden werden onder-
zocht met verschillende technieken, zoals röntgendiffractie en elementanalyse,
zetapotentiaal-, magnetisatie- en brekingsindexmetingen.

Aangezien controle over de grootte en vorm van de colloïden niet mogelijk is
met de precipitatiemethode beschreven in hoofdstuk 9, hebben we een nieuwe
techniek onderzocht voor de bereiding van FePP deeltjes (hoofdstuk 10) bin-
nenin holle silicaschillen die bereid waren zoals beschreven in hoofdstuk 3.
Hierbij hebben we profijt van de porositeit van de silica, die overdracht van
ijzer en pyrofosfaat van buiten naar binnenin de silicaschillen mogelijk maakt.
In dit geval wordt de deeltjesgrootte en -vorm bepaald door de holte in de
silicadeeltjes. Een algemene procedure voor het toepassen van dezelfde syn-
thesetechniek op andere materialen zoals ijzer(III)-hexacyanoferraat(II) en ko-
baltferriet wordt ook besproken.

Phytosterolen (PSs) zijn een groep van plantensterolen die een chemische
structuur hebben die vergelijkbaar is met cholesterol. Door hun structurele
overeenkomst, maar andere biochemie, worden PSs gezien als een natuur-
lijk alternatief voor synthetische medicijnen en worden ze gebruikt in ver-
schillende voedingsmiddelen om het cholesterolgehalte in het bloedplasma te
verlagen. Om de cholesterolverlagende effecten van phytosterol te verbe-
teren, onderzoeken we de bereiding van PS colloïden als voedseladditieven
(hoofdstuk 11). De colloïden worden bereid via een eenvoudige voedselveilige
methode gebaseerd op precipitatie met een antisolvent in de aanwezigheid
van een voedselveilige niet-ionogene oppervlakteactieve stof. De resulterende
colloïden hebben een staafachtige vorm en een goede stabiliteit, verzekerd
door oppervlaktelading en sterische stabilisatie. We hebben bovendien in vitro
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biotoegankelijkheidsexperimenten uitgevoerd om aan te tonen dat colloïdaal
phytosterol eenvoudig oplosbaar gemaakt kan worden in een modelsysteem
van voedingseigen gemengde micellen en dat de micellaire cholesterolconcen-
tratie verminderd kan worden in de aanwezigheid van PS colloïden.

Anisotrope colloïden zijn in het bijzonder interessant als modellen voor mo-
leculaire systemen. Staafachtige deeltjes vertonen interessant fasegedrag dat
ook een vloeibare-kristalfase omvat. In het laatste hoofdstuk van dit proef-
schrift (hoofdstuk 12) onderzoeken we het fasegedrag van de staafachtige
phytosteroldeeltjes die bereid zijn zoals beschreven in hoofdstuk 11. Wij heb-
ben voor het eerst een cholesterische vloeibaar kristallijne fase geobserveerd
in een suspensie van PS colloïden. Het vormen van deze fase lijkt het gevolg
te zijn van een chirale verdeling van lading op het oppervlak van de deeltjes.
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Riassunto in Italiano

Qualsiasi particella solida, liquida o gassosa che abbia dimensioni comprese
tra qualche nanometro e qualche micrometro è considerata un colloide. Le
particelle colloidali si trovano normalmente sotto forma di dispersione in una
fase continua la quale può essere anch’essa solida, liquida o gassosa. Nel
caso in cui la dispersione sia composta di un liquido in una fase liquida si
parla di emulsione e nel caso in cui particelle solide o liquide siano disperse
in aria di aerosol. Non tutti sono pienamente consapevoli, ma i colloidi sono
praticamente onnipresenti nelle nostre vite quotidiane in natura e non solo. Ad
esempio sono colloidi le proteine sospese in acqua che formano il latte, i globuli
rossi che circolano nel nostro sangue, le bollicine di aria che rendono spumosa
la panna montata, le goccioline di olio della maionese (se non impazzisce),
l’inchiostro nelle cartucce delle stampanti, ma anche le piccole goccioline che
formano la fitta nebbia della val padana.

La caratteristica più tipica dei colloidi è che possiedono una energia ter-
mica, proporzionale alla temperatura del corpo, proprio come quella che pos-
siedono anche atomi e molecole. I colloidi sono quindi in perenne agitazione
e il risultato è che attraverso l’obiettivo di un microscopio ottico si vedono
queste particelle muoversi in traiettorie puramente casuali, seppur composte
di materiali inorganici. Grazie a questo movimento detto moto browniano,
da Robert Brown, il botanico che per primo notò il movimento erratico di
particelle inorganiche, i colloidi sotto specifiche condizioni riescono a esibire
gli stessi cambiamenti di fase dei sistemi atomici e molecolari formando fasi
cristalline, liquide e gassose. Un esempio naturale di questo fenomeno di
“auto-assemblaggio” è rappresentato dagli opali, che consistono di particelle
sferiche di silice disposte in maniera estremamente organizzata e che quindi
riflettono la luce generando i colori tipici di queste bellissime pietre. La possi-
bilità di auto-assemblaggio è la caratteristica fondamentale che permette l’uso
di particelle colloidali come modelli per lo studio di processi atomici e mole-
colari, con la differenza che i colloidi sono più grandi e quindi più facilmente
osservabili in laboratorio.

I passaggi di fase più studiati in campo colloidale sono quelli riguardanti
le sfere colloidali. Gli atomi e le molecole in natura sono però raramente
sferici e sono normalmente sottoposti a interazioni specifiche dettate dalla
loro forma oppure da diverse caratteristiche chimico-fisiche delle diverse parti

201



202 Riassunto in Italiano

molecolari. Per questo motivo la sintesi di colloidi anisotropi sia nella forma
sia nelle caratteristiche chimico-fisiche della loro superficie è molto importante
e sta prendendo sempre più piede nel campo di ricerca colloidale. In questa
tesi ci siamo occupati dello studio di colloidi anisotropi.

Nella prima parte di questa tesi abbiamo descritto metodi per la sintesi di
vari tipi di colloidi. In particolare abbiamo considerato la sintesi di colloidi
anisotropi che hanno un forma che richiama quella di cubi con angoli smus-
sati. La forma geometrica che meglio rappresenta questi cubetti è quella
delle superpalle. Queste superpalle colloidali sono state preparate partendo
da un materiale molto comune, l’ematite. L’ematite è un materiale magne-
tico e quindi queste particelle si comportano come dei piccoli magneti che si
attraggono e vogliono formare catene. Questo fenomeno è stato studiato in
dettaglio nella terza parte della tesi. Quando questi magnetini sono inseriti
in piccole sferette di lattice, allora le interazioni diventano più complesse e,
a seconda della posizione del magnete all’interno della sfera, i colloidi for-
mano strutture più complesse. La formazione di queste strutture è anch’essa
descritta nella terza parte della tesi.

Per eliminare le interazioni magnetiche abbiamo preparato delle superpalle
colloidali di silice (vetro) porosa usando le superpalle di ematite come stam-
pini. Le superpalle di silice ci permettono di studiare il loro diagramma di
fase considerando solamente le interazioni riguardanti la loro forma. Questi
esperimenti sono descritti nella seconda parte della tesi.

Nella quarta e ultima parte della tesi ci siamo occupati della sintesi di
colloidi come possibili additivi nutrizionali per cibi. In particolare abbiamo
preparato colloidi di pirofosfato ferrico come additivi contenenti ferro alta-
mente assorbibile dal corpo umano e con il vantaggio di non modificare gusto
o consistenza del cibo a cui sono aggiunti. Ci siamo anche occupati di collodi
composti da steroli vegetali, il cosiddetto “colesterolo buono”. È risaputo che
la presenza di steroli vegetali aiuta ad abbassare l’assorbimento del coleste-
rolo, anche se, purtroppo, solo in maniera limitata. Gli studi preliminari in
vitro di assorbimento di colesterolo alla presenza di steroli vegetali colloidali
mostrano un radicale rallentamento dell’assorbimento del colesterolo totale.

In conclusione, in questa tesi abbiamo descritto la sintesi di particelle col-
loidali anisotrope e il loro utilizzo, sia per studi fondamentali di cambiamenti
di fase e interazioni magnetiche, sia per applicazioni pratiche come additivi
per cibi.
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