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Chapter 1
Introduction

1.1 Self-assembly

Self-assembly is “the autonomous organization” to achieve order from a disordered

system at various length scales without external assistance[1]. Self-assembly is partic-

ularly useful because it allows the aggregation of structures too small to be manipu-

lated individually (or manipulated conveniently) into the ordered arrays or patterns

that often give functions to materials [2].

Self-assembly is not limited to molecules. There are three size ranges of compo-

nents for which self-assembly is important: the molecular scale, nanoscale including

colloids, nanowires and nanospheres, and related structures, and meso- to macro-

scopic objects with dimensions from microns to centimeters [3]. Two main kinds of

self-assembly can be recognized, namely static and dynamic. Static self-assembly in-

volves systems that are at global or local equilibrium and do not dissipate energy.

In static self-assembly, once the ordered structure is formed, it is stable. In dynamic

self-assembly, the interactions responsible for the formation of structures or patterns

between components only occur if the system is dissipating energy. From a thermo-

dynamic point of view, dynamic self-assembly is a non-equilibrium process, whereas

static self-assembly is a spontaneous process that leads towards equilibrium [1].

Self-assembly techniques are mainly based on energy minimization, and only static

self-assembly will be studied in this thesis. The term driving forces is used in litera-
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2 INTRODUCTION

ture to describe the force field that directs the parts in a self-assembly process. The

most common methods that are used to exploit self-assembly are depicted in Fig. 1.1.

In most cases, these methods do not exist independently but coordinate with each

other to achieve multicomponent and hierarchical self-assembly. In this thesis the ap-

proaches used are marked in red and underlined in Fig. 1.1, and the outcome of the

combination of several strategies will be presented. For instance, building blocks with

di↵erent length scales from molecules to colloids with di↵erent geometries are intro-

duced. More importantly, the combination of molecular and colloidal self-assembly

results in a hierarchical co-assembly between molecules and colloids. Depending on

the features of building blocks, hydrogen bonding and electrostatic interactions can

account for molecular assembly. The assembly strategies like magnetic field, con-

finement, surface tension and depletion interactions can be employed for colloidal

assembly.

Figure 1.1. The common self-assembly strategies used in the literature to direct col-
loidal assembly towards equilibrium. The approaches used in this thesis are marked
in red and underlined.
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1.2 Magnetic assembly

Magnetic assembly o↵ers an e↵ective, safe, and convenient manufacturing approach

[4]. It has significant advantages over other methods. One advantage is that mag-

netic forces in liquids can act at a much longer range than surface tension and van

der Waals interactions. Another advantage is that magnetic forces can exploit highly

non-linear behavior of magnetic materials to allow switching between attractive and

repulsive forces [5–8]. Since the discovery of magnetotactic bacteria which self-steers

with extreme e�ciency using only the earth’s magnetic field [9], magnetic manipu-

lation of small-scale parts is an extensively used approach. Magnetic assembly has

lots of applications such as magnetic fluids used as sealants or lubricants; materials

for biological and biomedical applications (labeling and sorting of biological species,

biomedical imaging, site-specific drug delivery, magnetocytolysis, hyperthermia treat-

ment); photonic colloidal crystals that responsive to magnetic fields. Recently 3D

magnetic printing has been invented where magnetic assembly is used to mold 3D

printed materials into customized devices and products [10].

Materials can be classified into diamagnetic, paramagnetic, ferromagnetic, fer-

rimagnetic, and antiferromagnetic, according to the arrangement of their magnetic

dipoles in the absence and presence of an external magnetic field [11]. Fig. 1.2 shows

schematic diagrams of these five di↵erent situations.

Diamagnetic. If a material does not have magnetic permanent atomic dipoles

in the absence of an external field and has weak induced dipoles in the presence of

a magnetic field, the material is referred to as diamagnetic. The magnetization of a

diamagnet responds in the opposite direction to the external field. Paramagnetic.

If a material has randomly oriented atomic dipoles that can be aligned in an external

magnetic field, it is paramagnetic. The magnetization of a paramagnet responds in

the same direction as the external field. The magnetic interactions of paramagnet or

diamagnet are very weak. Ferromagnetic. For a ferromagnetic material, the mag-

netic dipoles always exist in the absence and presence of an external field and exhibit

long-range order. Macroscopically, such a material displays a permanent magnetic

moment. Ferrimagnetic. In a ferrimagnetic material there are always weaker mag-

netic dipoles aligned antiparallel to the adjacent, stronger dipoles in the absence of

an external magnetic field. For instance, magnetite (Fe3O4) has two sublattices of the
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Figure 1.2. Schematic illustrating the arrangements of magnetic dipoles for five dif-
ferent types of magnetism in the absence or presence of an external magnetic field
(H ) [11].

magnetic dipoles which are not equivalent, and therefore, they do not cancel each

other. Antiferromagnetic. For an antiferromagnetic material, the adjacent dipoles

are antiparallel in the absence of an external field and cancel each other. In general,

the so-called magnetic materials contain either a ferromagnetic or a ferrimagnetic

component.

Superparamagnetic. Magnetism is highly volume dependent because this prop-

erty arises from the collective interaction of atomic magnetic dipoles [11]. When the

size of a ferro- or ferrimagnet decreases to a certain critical value (D
cr

), the particles

change from a state with multiple magnetic domains to one with a single domain (see

Fig. 1.3). If the size continues to decrease (D
sp

), the thermal energy becomes com-

parable with that required for dipole to flip directions, leading to the randomization

of the magnetic dipoles in a short period of time. The process of thermal flip of the

whole dipole of the particle is known as Néel relaxation. When the time scale of Néel

relaxation, ⌧
N

, is much smaller than the time scale of the magnetic measurements,

the particles are referred to as superparamagnetic. The observed magnetization is

zero in absence of applied field due to rapid rotation of the single magnetic domain

of the particles. In the presence of an applied field, the particles are revealed to have
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a large magnetic moment which is of the order of 104–105 times the atomic mag-

netic moment, and the magnetization curve is without hysteresis. The single domain

nanoparticles can behave e↵ectively as superparamagnetic particles when prepared in

liquid suspension as a ferrofluid. In this case, the rotation of the whole particle can be

done by the Brownian motion of the nanoparticles in solution. Depending on particle

size and solvent viscosity, the Brownian relaxation can be fast, below the time scale

of magnetization measurements [12].

Figure 1.3. Schematic indicating the di↵erent behavior of magnetic particles depend-
ing on particle size D.

Magnetic colloids involve synthesis of nanoscale colloidal particles (metals, metal

alloys, metal oxides, ferrites) [13, 14] and mesoscale composite particles (polymer-

based composite particles, silica based composite particles) [15, 16]. In Part I of

this thesis, composite colloids containing many superparamagnetic nanoparticles in a

non-magnetic matrix (silica or polystyrene) are used. The magnetic nanoparticles are

separated such that the composite colloids have a superparamagnetic response. Oth-

erwise, the close contact between nanoparticles might induce ferromagnetic behavior.

Not only the synthesis of novel magnetic colloids is interesting, but also the fixation of

magnetic self-assemblied structures [17, 18]. Bottom-up synthetic techniques provide

versatility to study new responsive self-assembled colloidal structures.
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1.3 Confinement assembly

The confinements for self-assembly of colloidal particles can be divided into two cat-

egories: hard confinement and soft confinement. If the confining boundary is a hard

surface, the shape of the confining geometry is always fixed, such as in the case of

ultra-fine glass capillaries [19], geometrical grooves [20], lithographic patterns [21],

and so on. This kind of confinement is termed hard confinement. In contrast to hard

confinement, soft confinement refers to the confinement when the confining geome-

try is not fixed but deformable, such as emulsion droplets [22–24], flat liquid/liquid

interfaces [13], and one-dimensional molecular tubes [25, 26]. Examples are shown in

Fig. 1.4 with representative images adapted from each reference.

Soft confinements o↵er opportunities to resolve and track the self-assembly of the

colloids under microscopy in situ and in real time. Therefore, the dynamics of self-

assembled colloidal structures inside soft confinements can be recorded. Dimensional

range from nano-scale to micro-scale can be established by using soft confinements.

1.4 Scope of this thesis

The work presented in this thesis focuses on the self-assembly of colloids in “soft

confinement”. Studied are colloids with anisotropic geometries, their mixtures with

spherical colloids (Chapter 3), and colloids with functionalities such as a magnetic

core (Chapters 4 and 6). “Soft” confinement is provided by one-dimensional thermo-

responsive molecular microtubes (Chapters 2, 3, 4, and 5) and two-dimensional fluid-

fluid interfaces (Chapter 6). Part I is entirely devoted to this topic and begins with

Chapter 2, which describes the synthesis of two di↵erent types of tubular supramolec-

ular assemblies, consisting of lipids or surfactant/cyclodextrin complexes. This is

a prelude to the studies of colloids confined in surfactant/cyclodextrin microtubes

in Chapters 3–5. In addition, we explore the magnetic birefringence of the surfac-

tant/cyclodextrin microtubes and vesicles under a magnetic field of 2 T. It is impor-

tant not only to develop novel supramolecular assembly systems suitable for lower

field applications, but also to clarify that their magnetic response under common

magnetic fields (used in Chapters 4 and 5) can be neglected.

In Chapter 3, cubic and rod-like colloids and their binary mixtures with simple
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Figure 1.4. (a) 216 nm sized supraparticle with anti-Mackay rhombicosidodecahe-
dral structure made by evaporating the solvent in suspended emulsion droplets with
nanoparticles. Adapted with permission from ref. 22. Copyright 2015 Nature Pub-
lishing Group. (b) Superparamagnetic nanocubes confined at the diethylene glycol–
air interface in the presence of a magnetizing field, self-assembly into higher-order
helical structures upon solvent evaporation. Adapted with permission from ref. 13.
Copyright 2014 AAAS. (c) left: silver nanoparticles packed into helical structures
when confined in self-assembled cylindrical domains (40 nm in diameter) of a block
copolymer. Adapted with permission from ref. 26. Copyright 2014 Wiley-VCH; right:
spontaneously self-assembly of submicron-sized colloids into complex chain structures
during the formation of the surfactant/cyclodextrin microtubes. Adapted with per-
mission from ref. 25. Copyright 2013 Wiley-VCH.

spheres are introduced into surfactant/cyclodextrin microtubes through a reversible

co-assembly strategy. The generality of this method is further explored in Chapter

4, where it is shown that reconfigurable colloidal assembly in those microtubes can

be established with magnetic colloids. Chapter 4 discusses the magnetic responses of

the colloidal chains with di↵erent geometrical configurations in a relatively homoge-

neous magnetic field. To explore the potential applications of surfactant/cyclodextrin

microtubes as carriers of magnetic colloids for magnetic hyperthermia, Chapter 5

demonstrates that the controlled release of magnetic colloids from those microtubu-

lar confinements can be realized upon application of an external alternating magnetic

field. Chapter 6 ends Part I by showing that a stripe phase of magnetic colloids con-
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fined at flat oil-water interface can be obtained by tailoring repulsive magnetic dipole

interactions and attractive depletion interactions. This is the first time that depletion

interactions are employed to direct colloidal assembly at fluid interfaces.

The magnetic colloids that we investigate in Part I are superparamagnetic mi-

crobeads from commercial suppliers. In Part II of this thesis the attention is turned

to the synthesis of novel magnetic colloids with anisotropies of either shapes or dipole

distributions. Although their self-assembly is not discussed at length in this thesis, it

supplements Part I extending the topic to self-assembly of magnetic anisotropic col-

loids in those studied “soft” confinements. Colloidal hematite cubes are used as pre-

cursors in Part II. In Chapter 7, acid etching method is used to obtain bowtie-shaped

bare hematite particles from hematite cubes, which are utilized as templates to make

silica composite particles with various possibilities of surface modifications. Chapter

8 presents the seed emulsion polymerization method to make magnetic spheres with

permanent dipoles from hematite cubes. This knowledge is applied to colloidal syn-

thesis in Chapter 9, where the o↵-centered magnetic dipole spheres with partially

encapsulated by a cross-linked polymer shell are used as seeds to make magnetic

dumbbell particles.



Part I

Colloids in confinement
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Chapter 2
Microtubes, vesicles, and lamellas

Molecular assembly o↵ers rich diversity and versatile tools to form ordered struc-

tures such as tubes, vesicles, and lamellas. In this chapter, we will mainly focus on

two aqueous molecular systems based on di↵erent mechanisms. One is host-guest as-

sembly of surfactant/�-cyclodextrin dominated by hydrogen bonding. Another one

is lipid tube assembly relying on hydrophilic and hydrophobic interactions. Features

such as the tube diameter and thermal response will be discussed for each system.

We conclude that surfactant/�-cyclodextrin molecular assembly is a promising con-

finement template for colloidal assembly and this will be studied extensively in the

following chapters of this thesis. With special focus on magnetic assembly in this

thesis, therefore the magnetic birefringence measurement is used for in situ monitor-

ing the magnetic response of diamagnetic surfactant/�-cyclodextrin assemblies in a

homogeneous field of 2 T.

11
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2.1 Introduction

Colloidal particles may be considered as the indispensable building blocks for func-

tional materials, just like atoms are the bricks of molecules, macromolecules, and crys-

tals [21, 27, 28]. Colloidal assembly provides precise control over the microstructure

and properties of the final material [29, 30]. It can be classified into either one-, two-,

or three-dimensional assemblies. The phenomenology of ordered phases and phase

transformations in systems with low dimensionality is surprisingly rich [19]. Both

templated and template-free methods have been reported to produce 1D assemblies

[31].

Template-free assembly requires the intrinsic anisotropy of colloids for self-

assembly into 1D structures, which often needs bottom-up synthetic techniques [32].

Here we mainly focus on template-assisted assembly. In the early 1980s, carbon nano-

tubes were found to encapsulate C60 [33]. The ensuing research has addressed the

development of more templates, such as lithographic micro-channels, finely pulled

glass micro-capillaries and others [19, 20, 34]. The colloidal microstructures obtained

via those “hard” physical templates are di�cult to scale-up, and the process is not

reversible. More importantly, colloids confined in those templates are not dynamic,

being arrested by their rigid confinement.

There is clearly a need to develop a more flexible template for one-dimensional

colloidal assembly. This template, which is main topic of this chapter, consists of so-

called molecular tubes, recently also reported in refs. 25, 35 for assembly of colloids

in tubes. As colloidal assembly templates, their inner diameter can vary from molec-

ular to micron scale, which provides versatility for colloids of di↵erent sizes. Among

those molecular tubes, the stimuli-responsive tubes are particularly interesting and

promising for colloidal assembly yielding smart materials.

As reported in literature, two main types of temperature responsive molecular

microtubes can be distinguished [25, 35]. One is lipid tubes held together by hy-

drophobic and hydrophilic interactions [35, 36]. The second type relies on host-guest

interactions, and the underlying hydrogen bonding, that accounts for the formation of

cyclodextrin microtubes, is more directional and produces sti↵er tubes. The combina-

tion of colloidal assembly and molecular assembly is complicated by the mechanism or

trigger for incorporating colloids inside molecular tubes. Besides that, tube formation



2.2. EXPERIMENTAL 13

requires highly ordered molecular packing and anisotropic intermolecular interactions.

In this chapter, we will briefly introduce two reported representative molecular

tubes as colloidal assembly templates. Their synthesis and respective structured fea-

tures will be presented. In Chapters 3, 4, and 5, extensively use is made of cyclodextrin

microtubes. However, lipid tubes are also discussed here, for comparison and highlight

the advantages of cyclodextrin microtubes. With special focus on magnetic assembly,

the magnetic response of cyclodextrin supramolecular assemblies is examined by the

magnetic birefringence measurement.

2.2 Experimental

2.2.1 Materials

Sodium dodecyl sulfate (SDS, with a purity of �99%) and sodium dodecyl benzene

sulfonate (SDBS, ⇠80%) were purchased from Sigma-Aldrich and used as received.

Ethanolamine (EA, redistilled, 99.5%) and 12-hydroxystearic acid (HSA, 99%) were

bought from Sigma-Aldrich. �-cyclodextrin (�-CD) was bought from Sigma-Aldrich

with water content of 14%. The water was removed by placing the �-CD under a

heat lamp for approximately 10 min, during which the weight of �-CD was checked

to ensure a complete drying process.

2.2.2 Cyclodextrin supramolecular assemblies

The cyclodextrin supramolecular assemblies with di↵erent anionic surfactants were

synthesized as described in refs. 37, 38. Desired amounts of SDS and �-CD were

weighed on a 5 digit-analytical balance with accuracy of 0.01 mg and put into a

vessel. Required amount of water was then added to give a mixture with di↵erent

total mass concentrations of SDS and �-CD and a constant molar ratio between SDS

and �-CD of 1:2. The mixture was heated to 60 �C, yielding a transparent solution.

Cooling to room temperature resulted in a viscous and turbid suspension, which was

left to equilibrate for at least 24 h.

To prepare dyed samples, 1 mL of cyclodextrin supramolecular suspension was

first heated to 60 �C to disassemble the structures. Then 1-2 drops of a solution of

Nile red in acetone (1 mg/mL) was added and the acetone was given 1-2 min to
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evaporate. The sample was shaken by hand until the Nile red was homogeneously

dispersed, after which the sample was cooled down rapidly by immersing the sample

vial in water of 20 �C. The sample finally looked pink.

2.2.3 Lipid tubes

Briefly, microtubules were prepared by heating 5 g of 12-hydroxystearic acid at 80 �C

in 95 mL of an aqueous 1 M ethanolamine solution. After mixing for 30 min, the

dispersion was cooled to room temperature, which was left to equilibrate for at least

24 h.

2.2.4 Microscopy

Before imaging, samples were usually placed in glass capillaries (Vitrocom, 0.1 ⇥ 2

⇥ 50 mm3), sealed by UV-curable epoxy glue.

Samples were imaged with a Nikon inversed optical microscope equipped with an

oil immersion 100⇥ Nikon objective (Nikon Plan Apc, numerical aperture (NA) of

1.4). Images were taken with a Lumenera InfinityX CCD camera. The thermal be-

havior of the samples was investigated using a Linkam THMS600 microscope heating

stage.

Fluorescent images were taken with a Nikon TE 2000U confocal laser scanning

microscope (CLSM) equipped with a Nikon C1 scanning head in combination with a

HeNe laser (543.5 nm, Melles Griot) and an oil immersion lens (100⇥).

2.2.5 Magnetic birefringence measurement

To explore the magnetic response of surfactant/cyclodextrin assemblies, we used a

magnetic birefringence setup where the sample cell was placed inside a 2 T mag-

net (Fig. 2.1). Light of a HeNe laser (1.5 mW, 632.8 nm) was focussed on the cell,

which contained an aqueous suspension of SDS/2�-CD vesicles or microtubes. The

birefringence was measured over a time interval of 4 min. At certain time points,

magnetic field sweeps were performed where the magnetic field was reduced to zero

and subsequently brought back to 2 T.
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Figure 2.1. Experimental setup with di↵erent sample cells for surfactant/cyclodextrin
samples highlighted in the dashed circle. The magnetic field (B) lines are indicated
by the arrow pointing right. The drawing of the setup is adapted from ref. 39: the
birefringence is detected using a standard polarization modulation technique, using
a photo-elastic modulator and crossed polarizers.

The direct measurement gives the dependences of retardation on time and mag-

netic field. To calculate the relative birefringence, we use the equation shown here:

�n =
��

360d
(2.1)

where �n means birefringence, � represents retardation (�), � is the laser wavelength

632.8 nm and d is the optical path length which is dependent on the cell parameter,

as indicated in Fig. 2.1: For the sample of vesicles, 5 mm path length is used; 2 mm

path length is used for microtubes.).
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2.3 Results and discussion

2.3.1 Cyclodextrin-based host-guest supramolecular assem-

blies

Cyclodextrins (CD) are a family of cyclic oligosaccharides with a hydrophilic outer

surface (with abundant hydrogen bond sites) and a hydrophobic central cavity (capa-

ble of including a variety of guests). Due to the chain formation of the glucopyranose

units, the cyclodextrins are shaped like a truncated cone rather than perfect cylinders.

The aqueous solubility of the cyclodextrins is limited resulting in precipitation of solid

cyclodextrin complexes from water, because there is strong intermolecular hydrogen

bonding in the crystal state. The addition of ionic surfactants(IS) to the aqueous sys-

tem results in dramatic improvement of aqueous solubility for cyclodextrins, because

the IS/CD complexes are fully hydrophilic. In addition, the electrostatic repulsions

imposed by the ionic headgroups from surfactants can mediate the strong hydrogen

bonding. The co-existence of the electrostatic repulsions and hydrogen bonding can

further direct the IS/CD complexes to self-assemble into ordered structures at mi-

crometer length scale. The related self-assembly strategy is explained in Fig. 2.2. The

hydrophobic aliphatic chain length of an sodium dodecyl sulfate (SDS) molecule is

roughly 14.3 Å, twice of the height of the truncated cone that is the cyclodextrin

molecule. In aqueous solution at 60 �C , �-cyclodextrin (�-CD) can spontaneously

form an inclusion complex with SDS in a 2:1 ratio, where one SDS aliphatic chain is

embedded into two �-CD cavities. The complex is termed as SDS/2�-CD. These com-

plexes in turn assemble into channel-type bilayers, forming a set of di↵erent structures

depending on the overall concentrations of SDS/2�-CD.

In Fig. 2.2, the overall concentrations of SDS/2�-CD complexes in water can be

categorized into three main regions corresponding to di↵erent dominant self-assembled

structures. Specifically, in the highest concentration range, between 25 wt% and 50

wt%, the lamella structures are dominant. If more water is added to dilute the system,

the structures transform into microtubes (6 wt% to 25 wt%). After further dilution,

vesicles are obtained. For more detailed analysis of the three di↵erent structures and

discussion about the self-assembled mechanisms, see refs. 37, 38. In light of those

studies, channel-type bilayer membranes (thickness of 4 nm) of SDS/2�-CD laterally
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Figure 2.2. The self-assembly strategy of ionic surfactants and cyclodextrin into well-
defined di↵erent supramolecular assemblies depending on the overall concentrations
in water. The surfactant sodium dodecyl sulfate and conical �-CD can form 1:2 com-
plexes in water which further self-assemble into three di↵erent phases such as lamellae
and microtubes as shown here in the optical microscopy images. Scale bars: 10 µm.

expand into the lamellar structures in region I, extend in one direction and scroll

up in the perpendicular direction to form coaxial hollow tubes consisting of multiple

bilayers in region II, and close up along two in-plane axis to generate vesicles in

region III. SDS/2�-CD self-assembly is dominated by hydrogen bonding mediated by

the electrostatic interactions. Moreover, the substitution of SDS by other types of

ionic surfactants can also yield similar structures.

The diameters of SDS/2�-CD microtubes can be tuned by varying the overall

concentrations in water, as shown in Fig. 2.3. We chose three di↵erent concentrations:

7 wt%, 10 wt%, and 15 wt%. The typical confocal laser scanning microscopy images

are on the top row, and the related Gaussian distributions of the tube diameters as

collected from those fluorescent images are on the bottom row in Fig. 2.3. On the

whole, those uniform tubes pervade the image without bending, which indicates the

formation of rigid structures. The 7 wt% SDS/2�-CD microtubes exhibit diameters

around 1004 nm with a standard deviation of 12%. As the concentration increases,

the microtube diameter shrinks to 884 nm (22%). The diameter of 504 nm (20%) is
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obtained when the microtubes suspension is concentrated to 15 wt%. The trend is

clear that the lower the concentration, the larger the diameter. Meanwhile, as the

inner diameters become larger, the thickness of tube walls decreases. The tube walls

are made up from multiple bilayers of SDS/2�-CD complexes with a thick water layer

in between. When they are diluted, there are much fewer layers in the solution; the

thickness of the tube walls decreases dramatically and the inner diameters increase.

This is consistent with the previous study of ref. 38, which reports that the 5 wt%

SDS/2�-CD vesicular membranes have basically one bilayer structure.

Figure 2.3. Confocal laser scanning microscopy images and the related Gaussian diam-
eter distributions of the SDS/2�-CD microtubes with di↵erent overall concentrations
in water: (a) 7 wt%; (b) 10 wt% ; (c) 15 wt%. Scale bars: 10 µm.

With another anionic surfactant of sodium dodecyl benzene sulfonate (SDBS),

similar tubular structures are formed at concentrations around 10 wt%. As the con-

centration is increased, the tube inner diameter decreases. As can be seen from Fig.

2.4, 7 wt% SDBS/2�-CD microtubes have a much smaller aspect ratio due to in-

creased tube diameters and much shorter lengths compared to 7 wt% SDS/2�-CD.

When the concentration is increased to 15 wt%, it crosses over the maximum concen-

tration of microtubes region and ends up with a mixture of microtubes and lamellae.

The IS/CD microtube diameters are tunable by either changing the overall con-
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Figure 2.4. Optical microscopy images of SDBS/2�-CD microtubes with di↵erent
overall concentrations in water: (a) 7 wt%; (b) 10 wt% ; (c) 15 wt%. Scale bars: 10
µm.

centrations or using di↵erent surfactants. It provides a versatile molecular assembled

template for colloidal assembly.

2.3.2 Magnetic birefringence of surfactant/cyclodextrin mi-

crotubes and vesicles

Magnetism is a universal property of materials which arises from angular momentum

of an electron and nucleus. Any material in principle can react to magnetic fields.

However, diamagnetism is often neglected for its extremely low diamagnetic suscep-

tibility [40]. Christianen et al. found that the magnetic alignment of poly(ethylene

glycol)-b-polystyrene block-copolymer, which is perpendicular to the external field,

could induce the deformation of the stomatocyte-shaped supramolecular assemblies

[41] in a field of 20 T. As a result, the loaded platinum nanoparticles are released when

deformation causes opening of the valves. Inspired by that, it would be very inter-

esting to develop other supramolecular assemblies responsive at much lower fields for

potential applications in drug delivery and magnetic resonance imaging. In fact, there

are many other types of diamagnetic supramolecular assemblies reported including

liquid crystal polymers, organic fibers, and so on [41–44, 44–48].

The principle used to orient and deform organic nanostructures is as follows. As

building blocks for supramolecular assemblies, those molecules are usually anisotropic

in shape, leading to a magnetic response that is also anisotropic. Therefore, they have

a preferential orientation in a magnetic field. As the magnetic energy is much smaller

than the thermal energy and hence the alignment is largely randomized by thermal

motion [49, 50]. However, when these molecules self-assemble into supramolecular
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structures, the total diamagnetic anisotropy can be enhanced dramatically.

Magnetic orientation of supramolecular aggregates in solution results in a dif-

ference in the refractive index for light polarized parallel and perpendicular with

respect to the magnetic field. This magnetic birefringence has been frequently mea-

sured to determine the degree of alignment of various aggregates in magnetic fields

[39, 51]. Consequently, the magnetic response of cyclodextrin supramolecular assem-

blies can be investigated by magnetic birefringence measurements. Although the field

strength used here is not as strong as 20 T, the results may indicate if the surfac-

tant/cyclodextrin assemblies are magnetic responsive. It is important not only to

develop novel supramolecular assembly systems suitable for lower field applications,

but also to clarify that their magnetic response from microtubes under common mag-

netic fields (used in Chapters 4 and 5) can be neglected.

Fig. 2.5 shows the magnetic birefringence of 4.5 wt% SDS/2�-CD vesicles in a

magnetic field up to 2 T. It clearly shows an increase of the birefringence if a magnetic

field of 2 T is applied in Fig. 2.5a. If the magnetic field is switched o↵, the birefringence

drops down to its original value. Several sweeps were performed to show that the

process is reversible. The related birefringence as a function of the field strength is

plotted in Fig. 2.5b. The increase of birefringence is continuous with the increase of

field strength. It has not been observed for other types of molecular assemblies that

can show any response to a homogeneous field of 2 T.

The original value of the birefringence for 4.5 wt% SDS/2�-CD vesicles is not zero.

This could be caused by either the o↵set of the setup or the residual birefringence in

the sample due to the presence of a small amount of anisotropic cluster structures.

It is worth noting that the birefringence at 2 T increases by 183% compared to the

original value. The corresponding birefringence for up and down sweeps are not the

same at the same field strength. It preliminarily indicates that the supramolecular

SDS/2�-CD assemblies are magnetic responsive, although the structure possesses a

weak magnetic birefringence.

The birefringence of 10 wt% SDS/2�-CD microtubes is also evaluated and ex-

hibited in Fig. 2.6. The microtubes with strong shape anisotropy show a very large

birefringence in a zero field compared to vesicles discussed above, as shown in Fig.

2.6a. The birefringence decreases as time goes in a zero field, which becomes relatively

stable after 15 min. After that, the magnetic field of 2 T was applied and several on
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Figure 2.5. In situ birefringence measurement on 4.5 wt% SDS/2�-CD vesicles in a
magnetic field up to 2T. (a) Several magnetic field sweeps were performed, which are
plotted against time; (b) Birefringence as a function of the field strength B (T) for
both up (indicated by “1”) and down (implied by “2”) sweeps.

and o↵ sweeps were performed. We pay more attention to the changes in the dashed

box, where we also plot the birefringence as a function of the field strength displayed

in Fig. 2.6b. As the field is switched o↵, the birefringence increases, whereas it de-

creases as field is applied. The amplitudes of the increase and decrease are roughly

the same, which are 5% and 7% respectively.

The increase of the birefringence as the field is switched o↵ further implies that

the decreased birefringence as the field is on does not come from the equilibrium of

the sample. Moreover, the time window for the process of switching on and o↵ the
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Figure 2.6. Magnetic birefringence of 10 wt% SDS/2�-CD microtubes. (a) The bire-
fringence drops down as time goes. It becomes relatively stable after roughly 15 min.
Several on and o↵ sweeps were performed. The process in the dashed box is monitored
as a function of field strength (b).

field is less than 0.5 min. So the measured changes of the samples must come from

the own structures of SDS/2�-CD microtubes.

2.3.3 Lipid tubes

Lipids are the basic building blocks of biological membranes. Lipid tubes consist of

membranes (bilayers) that may be packed in a concentric fashion with a cylindrical

curvature. Generally, the tubes are made of bilayer ribbons that are rolled up. Among
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them, it is known that 12-hydroxystearic acid (HSA) coupled via ion pairing with a

counterion, such as ethanolamine (EA), self-assembles into supramolecular multilayer

tubes that exhibit a peculiar temperature tunable diameter variation [36], as shown

in Fig. 2.7.

Figure 2.7. Schematic representation of the variation of the diameter of lipid tubes
based on ethanolamine and 12-hydroxy stearic acid on temperature.

When the temperature is increased above the threshold temperature, the diameter

of HSA lipid tubes starts to increase. After the diameter achieves a maximum, it

decreases again as the temperature increases further. When the temperature is higher

than the melting temperature, the tube structure vanishes.

Tubes were formed by using 5 wt% of HSA in 1 M ethanolamine aqueous so-

lution. Fig. 2.8 records the variations of the lipid tube diameters as a function of

temperature. The tube diameter starts to increase dramatically at the temperature

of 45.9 �C from 571 nm to 1317 nm at 46.3 �C. When the temperature increases to

50.9 �C, the diameter reaches the maximum value of 3332 nm, approximately 6 times

larger than the original value. Afterwards, it decreases as the temperature increases

to even higher values. When the temperature reaches the melting point, the tubular

structures vanish. The process is reversible upon cooling down the system.

The temperature dependence of tube diameters is a useful feature. For instance, if

colloids are confined in these tubes, temperature change can trigger the in situ change

of colloidal conformation due to the enlargement or shrinkage of the tube diameters.

The lipid tube system is less viscous than SDS/2�-CD microtube system and there

is more free space outside the lipid tubes; The latter may complicate the confinement
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Figure 2.8. Optical microscopy images of 5 wt% HSA lipid tubes recorded as a function
of temperature (in �C), as indicated in each micrograph. The diameter of the same
microtube is tracked and pointed out by the black lines. Scale bars: 10 µm.

assembly of colloids inside tubes. Our preliminary results show that the majority of

colloids stay outside lipid tubes, leaving most of the tubes empty. One of the reasons

could be the fact that lipid tubes are not forming a space-filling structure.

2.4 Conclusions

In this chapter, we have investigated two tube systems that are formed by totally

di↵erent mechanisms. The SDS/2�-CD microtubes are exclusively driven by hydro-

gen bonding. The lipid tubes, in contrast, rely on the hydrophobic e↵ect, which is

relatively weak and nondirectional. Both molecular assembly strategies are thermo-

responsive and the lipid tubes possess a temperature dependent diameter change.
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As a molecular confinement template for colloidal assembly, SDS/2�-CD microtubes

are a more crowded system that seems more suitable than lipid tubes. Therefore,

the SDS/2�-CD microtubes will be the main focus for the study of 1D confinement

assembly of colloidal particles in the following chapters.

In addition, our first exploration of magnetic birefringence of supramolec-

ular SDS/2�-CD vesicles and microtubes indicates that surfactant/cyclodextrin

supramolecular assemblies have a weak response in a field of 2 T, which holds signif-

icant potential to develop novel supramolecular assembly system responsive at lower

fields than 20 T.
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Chapter 3
Self-organization of anisotropic and

binary colloids in microtubes

Anisotropic and binary colloids self-assemble into a variety of novel supracolloidal

structures within the thermo-switchable confinement of molecular microtubes, achiev-

ing structuring at multiple length scales and dimensionalities. The multistage self-

assembly strategy involving hard colloidal particles and a soft supramolecular tem-

plate is generic for colloids with di↵erent geometries and their binary mixtures. The

colloidal architectures can be controlled by colloid shape and concentration. Colloidal

cubes align in chains with face-to-face arrangement, whereas rod-like colloids predom-

inantly self-organize in end-to-end configurations with their long axis parallel with the

long axis of the microtubes. The 1D microconfinement imposed on binary mixtures

of anisotropic and isotropic colloids further increases the diversity of colloid-in-tube

structures. In cube-sphere mixtures cubes may act as additional confiners, locking

in colloidal sphere chains, while a colloidal Morse code is generated where rods and

spheres alternate in the case of rod-sphere mixtures. The versatile confined colloidal

superstructures including their thermo-responsive assembly and disassembly are rel-

evant for the development of stimulus-responsive materials where controlled release

and encapsulation are desired.
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3.1 Introduction

The construction of self-assembled smart materials is rapidly developing by the design

of new colloidal building blocks with increasingly complex geometries and tailored

functionalities [52–57]. Hierarchical, bottom-up self-organization processes of nano

and micro scale building blocks are widely encountered in nature [58] and constitute

an important design route for stimulus-responsive materials. Our laboratory recently

introduced the hierarchical self-assembly of colloidal spheres inside molecular micro-

tubes into a library of ordered structures, including double and triple helices [25].

Here, we demonstrate that a rich variety of novel supracolloidal structures emerges

from the self-organization of various shape-anisotropic colloids and binary mixtures

of isotropic and anisotropic colloids in 1D microconfinement. The versatility of the

thermo-switchable self-assembly strategy is highlighted by the use of a broad vari-

ety of colloids with di↵erent geometries, materials and sizes as well as their binary

mixtures.

The engineering of anisotropic colloidal building blocks has taken a flight over

the last decade, yielding a diverse colloidal toolbox that opens up new pathways

for the fabrication of advanced functional materials [52–57, 59–74]. The continuing

sophistication of colloid complexity to direct hierarchical self-organization is not re-

stricted to the design of colloid shape alone, but also includes further functional-

ization by chemical anisotropy [59–62], which provides site-specific interactions such

as in Janus or surface-patterned particles. Alternatively, external electric [63, 64]

or magnetic fields [65–68], or polymer-induced depletion interactions [69–71] may

be applied to steer multistage self-assembly of anisotropic colloids. Here we exploit

the use of microconfinement, based on molecular self-assembly, as a directing agent

for the self-organization of ordered structures from anisotropic building blocks. As-

sembly of anisotropic building blocks induced by one-dimensional confinement was

investigated previously at the molecular scale, where ellipsoidal C70 fullerenes [75]

and cube-shaped H8Si8O12 [33] were encapsulated in carbon nanotubes, but is largely

unexploited in colloidal systems.

Self-assembly from mixtures of two distinct isotropic building blocks has yielded

binary crystals which can act as a model system for atomic crystals [76] or dis-

play interesting optoelectrical properties [77]. Self-organizing systems containing both
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anisotropic and isotropic building blocks have been investigated to some extent in

bulk, [78–82] not in confinement. In this study, we additionally investigate the hierar-

chical assembly of binary mixtures from anisotropic and isotropic colloids in the con-

finement of molecular microtubes. Such intricate self-assembled structures may prove

helpful in the development of novel technology for stimulus-responsive information-

bearing materials.

3.2 Experimental

3.2.1 Preparation of the microtubes

The method to prepare microtubes with a total concentration of SDS (sodium dodecyl

sulfate) and �-CD (�-cyclodextrin) of 10 wt% and a molar ratio between SDS and �-

CD of 1:2 is provided in details in subsection 2.2.2 of Chapter 2. The final microtube

suspension looked viscous and turbid.

3.2.2 Mixing colloids with microtubes

Aqueous suspensions of colloids were centrifuged (2-3000 rpm for 15 min), followed

by removal of the supernatant water. Microtube stock suspension (typically, 1 g)

was added to the centrifuge tube to give a final mixture containing colloids (2–30

wt%). Exact colloid concentrations of specific experiments can be found in the figure

captions. The sample was heated to ⇠ 60 �C to melt the microtubes and was sonicated

to disperse the particles. Then the centrifuge tube was cooled to room temperature.

Upon cooling, the sample was gently rotated to avoid sedimentation of the particles.

3.2.3 Colloids

The co-assembly of anisotropic colloids and binary colloid mixtures with �-CD/SDS

microtubes was studied. RITC-dyed colloidal silica cubes [72] with various edge

lengths (1.66 µm, 1.30 µm, 1.04 µm, and 802 nm) were used. Furthermore, FITC-dyed

silica rods [73, 74] with the dimension of 2.86 by 0.51 µm were employed. Stöber silica

spheres (diameter of 508 nm) were mixed with cubes or rods to study binary colloid

mixtures in the cylindrical confinement of microtubes. The size polydispersity was
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5% for the various colloidal dispersions studied and < 10% for the silica rods, both

in length and diameter.

3.2.4 Microscopy

Before imaging, microtube/colloid mixtures were usually placed in glass capillaries

(Vitrocom, 0.1 ⇥ 2 ⇥ 50 mm3), which were sealed by UV-curing epoxy glue. Samples

that were imaged by laser scanning confocal microscopy (LSCM) were dyed by adding

a solution of Nile Red in acetone (1 mg/mL) to the microtubes. Acetone evaporated

upon heating of the sample. Samples were imaged with a Nikon TE 2000U laser

scanning confocal microscope equipped with a Nikon C1 scanning head in combination

with an Ar-ion laser (488 nm, Spectra Physics), a HeNe laser (543.5 nm, Melles Griot)

and an oil immersion lens (100⇥ Nikon Plan Apc, NA 1.4). In addition, samples

were imaged with a Nikon inverse optical microscope equipped with an oil immersion

100⇥ Nikon objective. Images were taken with a Lumenera InfinityX CCD camera.

The thermal behavior of the samples was investigated using a Linkam THMS600

microscope heating stage.

3.3 Results and Discussion

3.3.1 Colloidal cubes in 1D microconfinement

The e↵ects of molecular self-assembly and tubular confinement on the assembly of

anisotropic building blocks were investigated employing cubic particles. The hier-

archical self-organization process of colloids in molecularly assembled microtubes is

schematically outlined in Fig. 3.1 for colloidal cubes. During the formation of the mi-

crotubes upon cooling isotropic mixtures containing 10 wt% sodium dodecyl sulphate

(SDS) and �-cyclodextrin (�-CD) with a molar ratio of 1:2, the colloids co-assemble

within the ⇠1 µm-sized microtube pores. Cubes with edge lengths nearly equalling

the microtube diameter (⇠1.04 µm) predominantly organize inside the microtubes

(Fig. 3.2a). Apparently, the microtubes can adjust their diameter locally, which en-

ables them to accommodate cubes with edge lengths slightly larger than the average

tube diameter. They display a striking preference for assembly in colloidal chains with
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the cubes favouring a face-to-face arrangement. Apart from chains of cubes, some sin-

gular particles are encountered as well. Once the microtubes have formed, the cubes

are fixed and unable to move within the microtube network.

Figure 3.1. Schematic representation of the self-assembly of SDS/2�-CD (sodium
dodecyl sulfate/-cyclodextrin) inclusion complexes into microtubes, in which cubes
arrange into chains.

The 1D chains of face-to-face aligned cubes have various lengths. Control over

the chain length of the supracolloidal cube structures was demonstrated by the in-

corporation of di↵erent amounts of cubes. Fig. 3.2 shows that also the chain length

distribution can be manipulated by varying the concentration of colloidal cubes. With

increasing concentration, the amount of single cubes decreased and the chain length

increased.

3.3.2 Rod-like colloids in 1D microconfinement

Furthermore, fluorescently labelled rod-like silica colloids[9] were mixed with SDS and

�-CD to study their co-assembly with microtubes (Fig. 3.3). Since the rods are longer

and their widths are smaller than the tube diameter, the only way for them to be

incorporated in the tubes is with their long axis parallel with the tube walls. This

is demonstrated in Fig. 3.3a-d for rods with respective lengths of 2.86 by 0.51 µm.

The majority of the rods organize in straight supracolloidal chains with an end-to-

end configuration. Therefore, rods may act as directional tracers for the microtubes.

Alternatively, since rods have some lateral freedom within the pores they may increase

their packing fraction by assembling in tilted chains (Fig. 3.3d), where rods make an

angle with the long axis of the microtubes. Due to geometrical restrictions, flipping

of rods around their long axis was not observed regardless of their size.
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Figure 3.2. Control over chain length distribution by varying the concentration of
colloidal cubes. LSCM images showing the co-assembly of colloidal cubes with cubic
edge lengths of 1.04 µm and microtubes as tuned by the incorporation of (a) 28
wt%, (b) 14 wt% and (c) 6 wt% cubes, respectively. (d) Corresponding chain length
distributions of cubic particles as determined from > 500 chains. Scale bars are 10
µm.

In addition, the length distribution of rod chains could be tuned by rod concen-

tration as shown in Fig. 3.4. With increasing colloid concentration, longer chains were

encountered and the average chain length increased.

3.3.3 Binary colloid mixtures in 1D microconfinement

In a number of studies the potential of self-assembled materials from mixtures of

anisotropic and isotropic building blocks has been recognized, but the e↵ect of confine-

ment was not investigated thus far. Therefore, we use binary mixtures of anisotropic

and isotropic building blocks and investigate their assembly in cylindrical confine-

ment, as shown in Fig. 3.5 for cube-sphere and rod-sphere mixtures. When both

cubes and spheres are incorporated in microtubes, colloidal structures emerge where

cubes and spheres alternate and display a rich variety of binary architectures (Figs.

3.5a and 3.6). Since the cubes cannot move within the microtubes, the spheres may

be trapped in a state of ultimate confinement as they not only experience the confine-
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Figure 3.3. Confinement-induced self-organization of colloidal rods in microtubes.
Silica rods with respective lengths of 2.86 by 0.51 µm (L/D = 5.8, 29 wt%). Scale
bars are 5 µm.

ment of the microtube walls, but are additionally locked in by the immobilized cubes

which act as additional confiners. We identify a number of similarities and di↵erences

with respect to assembly of only one type of colloid.

When a number of cubes form a chain without any spheres in between, they still

prefer a face-to-face arrangement similar to assembly without spheres. As expected

from the sphere size (D = 508 nm) with respect to tube diameter, sphere structures

with zigzag and helical configurations are observed. However, cubes and spheres mu-

tually influence the eventual structures they form. For instance, spheres can assemble

side by side in the proximity of a cube and display a square-like arrangement, usually

locked in between two cubes. This configuration is not encountered in the absence

of cubes and can be related to a slight increase in pore size induced by the cubes

as their edge lengths are slightly larger than the mean pore size. Additionally, cubes

with a tilted orientation were also only observed in cube-sphere mixtures, not with-

out spheres. Interestingly, whenever cubes are tilted at least one up till four spheres

are located close to the faces of the cubes. In this way, the spheres force the cube

to rotate and adopt a tilted orientation, thereby realizing a binary structure with a

high packing e�ciency. Despite the large diversity of supracolloidal binary structures
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Figure 3.4. Control over chain length distribution by varying the concentration of
colloidal rods. LSCM images showing the co-assembly of colloidal rods of 2.86 by
0.51 µm and microtubes as tuned by the incorporation of (a) 8 wt%, (b) 4 wt%
and (c) 2 wt% rods, respectively. (d) Corresponding rod chain length distributions as
determined from > 500 chains. Scale bars are 10 µm.

within one sample, the colloid arrangements could be controlled to some extent by

cube-sphere ratio and colloid concentration (see Fig. 3.6). Binary structures shifted

from sphere- to cube-dominated with increasing cube-sphere ratio, although similar

structural elements were encountered in all samples.

The co-assembly of rods and spheres, as shown in Figs. 3.5b and 3.7 generates

a so-called colloidal Morse code, since a variety of binary colloidal structures are

incorporated within the microtubes. Typically, spheres assemble in zigzag structures

until a rod is encountered. The number of spheres between the rods varies. Rods either

display a straight configuration, where the long axis of the rod aligns parallel with the

long axis of the microtube, or a tilted configuration. Although rods cannot flip, they

can act as a colloidal switch: straight and tilted configurations are interchangeable

as the rod-sphere structures are subject to Brownian motion within the confinement

of the cylinder. In other words, the spheres smoothly transmit their dynamic zigzag

structure to the rods and determine the configuration of the rods. Since the sphere

diameter matches the rod thickness, the rod ends take a position at the ends of the

zigzag sphere structure where logically, in the absence of rods, a sphere would be
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Figure 3.5. Colloid-in-tube co-assembly employing binary mixtures from anisotropic
and isotropic colloids, demonstrated by LSCM images and accompanying sketches.
(a) Cylindrically confined cube-sphere mixtures (13 and 8.7 wt%, respectively) yield a
variety of binary colloidal architectures. Cubes (d = 1.04 µm) do not move within the
microtubes and act as additional confiners, locking in sphere structures (diameter D
= 508 nm), see also Fig. 3.6. (b) Rod-sphere mixtures (24 and 11 wt%, respectively)
confined in the microtubes generate a so-called colloidal Morse code, where colloidal
rods with dimensions of 2.86 by 0.51 µm either display a straight or tilted orientation
and alternate with zigzag structures from colloidal spheres (D = 508 nm), see also
Fig. 3.7. Scale bar is 10 µm.

located.

3.3.4 Thermo-switchability and co-assembly mechanism

The colloid-in-tube co-assembly can also be controlled externally as it is switchable

with temperature (Fig. 3.8). Upon heating, the microtubes melt and the colloids

are not confined within the microtubes anymore and move randomly throughout

the sample in an isotropic state. The melting process is followed in time for rods

in Fig. 3.8. The transition from the ordered to the isotropic state is especially clear

for the rods, as it is marked by a randomization of the direction of the rods. Upon

cooling, the microtubes and colloidal structures they enclose reassemble (Fig. 3.8b).
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Figure 3.6. Colloid-in-tube co-assembly employing binary mixtures from colloidal
cubes (d = 1.04 µm) and spheres (D = 508 nm) yield a diversity of binary colloidal
structures as shown by LSCM images. Structures can be controlled to some extent by
colloid concentration and cube-sphere ratio as demonstrated for (a, b) 10 wt% cubes
and 12 wt% spheres and (c, d) 17 wt% cubes and 5 wt% spheres, respectively. Scale
bars are 10 µm.

Hence, the colloid-in-tube co-assembly is fully reversible with temperature, which

may be valuable for controlled release and encapsulation applications. In addition,

if a chemical reaction or another fixating step like use of an external field and/or

temperature [32, 83, 84] are used the presented 1D structures could also be made

permanent at elevated temperatures.

The whole set of data presented here and in the previous work [25] suggests that

there is a mechanism promoting formation of close-packed structures. Colloidal par-

ticles are forced to enter the microtubes simply because there is very little space

available outside the microtubes, which form a space-filling structure. The particle

distribution inside each microtube can be considered inhomogeneous, where signifi-

cant empty spaces and close-packed arrangements of colloids alternate. For example,

helical structures formed by spheres [25] can be solely explained by the need to achieve

the most e�cient space filling [85]. In Fig. 3.2 one observes only face-to-face configura-

tion of cubes, which yield the closest-packed structure. However, addition of spheres,

which can profit from the creation of additional pockets by turning the cubes by 45°,
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Figure 3.7. (a,b) Colloid-in-tube co-assembly employing binary mixtures from col-
loidal rods (2.86 by 0.51 µm, 24 wt%) and spheres (D = 508 nm, 11 wt%) which
generate a so-called colloidal Morse code as shown by optical microscopy images.
Scale bars are 10 µm.

induces new configurations presented in Fig. 3.5a. This result can again be understood

by the tendency towards close-packed structures. Similar conclusions can be drawn by

observing the structures formed by rods and their mixtures with spheres. Space-filling

mechanism for colloids self-assembled into cyclodextrin microtubes is consistent with

the results described in subsection 2.3.3, where lipid tube system with much more

free space outside of tubes leaves the majority of colloids unconfined.

It has been demonstrated that the tendency towards close-packed structures is

generic and does not depend on the chemical nature of the particles and the details

of their surface structure. Colloidal chains are absent in both the pure aqueous col-

loidal dispersions and at elevated temperatures in the presence of SDS and �-CD in

the isotropic state and only start appearing during the formation of the microtubes.

Some generic attraction between colloids can be induced by a depletion e↵ect caused

by (complexes of) SDS and �-CD molecules. Their influence could be enhanced in

1D structures since the entropy loss by the colloids attaching to a chain is smaller

than in 3D. The kinetics and dynamics of the co-assembly process, involving both

the microtube formation and the supracolloidal structure generation, very likely con-

tribute to the inhomogeneous distribution of the particles between the microtubes.

Further experimental and theoretical investigations are needed to clarify the exact

mechanistic details of the multistage co-assembly process.
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Figure 3.8. Thermo-reversibility rod-in-tube co-assembly, as displayed by LSCM im-
age sequences. Colloidal chain formation from cubes during final stages of the cooling
process. (a) Disassembly of microtubes and the release of incorporated, aligned rod
chains reaching an isotropic state with random orientations of rods (2.86 by 0.51 µm,
29 wt%) at elevated temperatures and (b) their reassembly upon cooling.

3.4 Conclusions

In conclusion, we have shown the hierarchical self-assembly of shape-anisotropic col-

loids and their binary mixtures with isotropic colloids in the confinement of molecu-

lar microtubes. The thermo-switchable co-assembly of cyclodextrin-surfactant micro-

tubes and colloids is generic for colloids with di↵erent geometries and binary colloid

mixtures. Supracolloidal structures could be controlled by colloid shape and concen-

tration. Cubes predominantly align in chains with face-to-face arrangement, whereas

rod-like colloids are unable to rotate freely and are forced to arrange with their long

axis parallel with the long axis of the microtubes. In addition, we have introduced the

self-organization of binary mixtures of anisotropic and isotropic colloids in confine-

ment, further increasing the diversity of colloid-in-tube structures. In the co-assembly

of cube-sphere mixtures, cubes may act as additional confiners, locking in colloidal

sphere chains. When both rods and spheres are embedded in the micropores, a so-

called switchable colloidal Morse code is generated where rods and spheres alternate.

The microconfinement of supracolloidal structures including their thermo-responsive

assembly and disassembly, all of which can be monitored in situ, are relevant for
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applications in controlled release and encapsulation. Moreover, the robustness of the

multistage co-assembly approach involving the self-organization of supracolloidal ar-

chitectures inside a soft supramolecular template, yielding structuring at multiple

length scales, may prove much more versatile than the work presented here. Although

the self-assembly mechanism has not been fully elucidated yet, the surprising versa-

tility provides some insightful self-assembly design rules from which more controlled

particle systems may evolve so that stimulus-responsive and information-bearing ma-

terials can be developed.
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Chapter 4
Field-induced assembly of

superparamagnetic colloidal spheres

confined in thermo-reversible

microtubes

Structural transformations of superparamagnetic colloids confined within self-

assembled microtubes are studied in this chapter by systematically varying tube-

colloid size ratios and external magnetic field directions. A magnetic field parallel

to microtubes may stretch non-linear chains like zigzag chains into linear chains.

Non-parallel fields induce new structures including repulsive chains of single colloids,

kinked chains and repulsive dimers, which are not observed for unconfined magnetic

colloids in bulk. Formed colloidal structures are confirmed with model calculations

which account for tube-colloid size ratio e↵ects and their reconfigurability with field

direction. Furthermore, structures are formed that allow controllable switching be-

tween a helical and non-helical state. All observed field-induced transformations in

microtubes are reversible provided the microtubes are not completely filled with col-

loids. In addition, we demonstrate magnetic field-responsive 2D crystallization by

extending control over colloidal configurations in single microtubes to multiple well-

aligned microtubes.
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4.1 Introduction

Magnetic colloidal assembly attracts interest because of potential applications for

bioimaging, biosensing, photonic crystals, separation, and drug delivery [87–92]. Re-

cently non-linear magnetic assembly was reported for new types of magnetic colloids

with uneven distributions of dipoles [15, 16, 65, 66, 93–96]. Examples of these col-

loids are asymmetric dumbbells with a magnetic “waist”, and paramagnetic colloidal

peanuts; both types of non-spherical colloids may form chiral structures and zigzag

chains in a homogeneous external magnetic field [65, 93, 96]. Interestingly, also col-

loidal spheres may assemble into zigzag or zipper chains in an external field, provided

the magnetic dipole distribution inside the spheres is anisotropic. This magnetic

anisotropy is found in Janus colloids and in spheres with an o↵-centered magnetic

cubes [15, 66, 94].

The studies quoted above rely on developments in colloid synthesis to achieve non-

linear magnetic assembly. There clearly remains a need for an e�cient method to tune

magnetic assembly without putting e↵orts into often laborious synthesis methods.

The aim of this chapter is to report such a method based on the confinement of

magnetizable spheres in thermo-reversible microtubes.

These microtubes self-assemble in a solution of sodium dodecyl sulfate (SDS) and

cyclodextrin and may incorporate non-magnetic colloids as reported in refs. 25, 37, 86

and also in previous Chapter 3. In comparison with our previous work we gain addi-

tional control over colloidal interactions and configurations which are switchable by a

magnetic field and its orientations. The tubes (with or without incorporated colloids)

reversibly melt and re-assemble upon heating and subsequent cooling of the aqueous

solution. Such a dynamic, thermo-reversible tubular confinement of colloids clearly

di↵ers from static confinements such as carbon nanotubes, rigid channels, porous

membranes, optical tweezer trappings, and block copolymer cylinder [20, 97–103].

The possibility to melt and to form confining microtubes at will gives an additional

parameter to tune magnetic colloid structures, in addition to the orientation of an

external magnetic field and the ratio of colloid to tube diameter. It is also important

that tube and colloids can be monitored in aqueous solution with optical microscopy

such that structure formation and dissolution can be imaged in situ on single-particle

level.
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In this chapter, we investigate structure transformations of superparamagnetic col-

loids confined within microtubes upon applying a magnetic field, thereby examining

the interplay between magnetic interactions and tubular confinement. We system-

atically vary tube-colloid size ratios and directions of external magnetic field. This

strategy allows for the formation of a range of novel magnetic field-induced recon-

figurable colloidal structures. A theoretical model is presented in the Appendix that

accounts for the experimentally observed attractive and repulsive colloidal configu-

rations in parallel and perpendicular magnetic fields. In addition, the co-assembly

of microtubes and magnetic colloidal chains, induced by applying a magnetic field

before tube formation, is tracked by optical microscopy in situ. We anticipate that

our study will further assist the development of advanced functional materials relying

on controlled magnetic colloidal assembly.

4.2 Experimental

4.2.1 Magnetic colloids

The typical morphology of superparamagnetic colloids used in this work is illus-

trated in Fig. 4.1. The core of the colloid contains well-separated superparamagnetic

nanoparticles (NPs) of typical sizes between 5 and 15 nm inside a nonmagnetic ma-

terial used in the synthesis or stabilization of the NPs. The core is surrounded by

a shell of non-magnetic material (here silica or polystyrene). The surface of the col-

loid may have functionalization specific for each application. Detailed properties of

superparamagnetic colloids are given in Table 4.1.

Dynabeads (Life Technologies) with radius 1.05 µm were in stock concentration

of 10 mg/mL. The smaller superparamagnetic particles (SiO2-MAG-S2560, 583 nm

in diameter and PS-MAG-S1984-1, 506 nm in diameter, microParticles GmbH, Ger-

many) were supplied in stock concentration of 25 mg/mL in water. In what fol-

lows the medium-size silica spheres will be denoted as “M-silica spheres” and the

smallest polystyrene particles as “S-polystyrene spheres”. The magnetization data of

Dynabeads is given by the supplier; for M-silica spheres and S-polystyrene spheres,

the magnetization curves of the dried particle powders were measured by ourselves

at room temperature on a Micromag 2900 alternating gradient magnetometer from
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Figure 4.1. Cartoon showing the typical structure of superparamagnetic colloids com-
posed of a core containing magnetic nano-particles and a functionalized shell.

Table 4.1. Properties of superparamagnetic colloids used in this work

Colloids type Code
Diameters

(nm)

Magnetization

at 50 mT

(emu/g)

Functionality �

1)

Dynabeads Dynabeads 1050 12 Carboxyl 6939

SiO2-MAG-S2560 M-silica spheres 583 8 Plain 520

PS-MAG-S1984-1 S-polystyrene spheres 506 20 Plain 2157

1) magnetic coupling parameter defined in equation 4.2 in the Appendix, the value of which presented is calculated

at the field strength of 0.05 T.

Princeton Measurement Corporation.

4.2.2 Co-assembly of the superparamagnetic colloids and mi-

crotubes

An aqueous suspension of superparamagnetic colloids was centrifuged at 1800 rpm for

15 min, followed by removal of the supernatant water. Typically, 0.1 g of microtube

suspension (10wt% SDS/2�-CD in water, see also subsection 3.2.1) was added to the

centrifuge tube to give a final microtube/colloid mixture containing 5 wt% superpara-

magnetic colloids. The sample was heated to 60 �C to melt the microtubes and was

sonicated to disperse the particles. Then the sample was cooled to room temperature.

Upon cooling, the sample was gently rotated to avoid sedimentation of the particles.
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4.2.3 In situ microscopy of magnetic field-induced colloidal

assembly

The response of magnetic colloids inside microtubes was investigated by using a mag-

net (NdFeB Magnet, 20 ⇥ 20 ⇥ 10 mm3, N42, 1.33 T), as illustrated in Fig. 4.2.

The magnetic field strength when placing the magnet 1 cm away from the sample is

roughly 50 mT as measured by a Gaussmeter, and corresponding magnetizations for

each type of superparamagnetic colloids are listed in Table 4.1. The microtube/colloid

mixture was usually placed in glass capillaries (Vitrocom, 0.1 ⇥ 2 ⇥ 50 mm3), with

both ends sealed by UV-curing epoxy glue. The magnet was moved around the sam-

ple in the sample stage plane from parallel position to perpendicular position, as

indicated in Fig. 4.2. In the parallel (perpendicular) position the magnetic field di-

rection is parallel (perpendicular) to the long axis of the microtubes. As can be seen

in Fig. 2.2a, microtubes orient in di↵erent directions. For imaging one patch of par-

allel orientated microtubes was selected. The magnet was placed at parallel position

at the beginning and then moved to perpendicular position. The structure transfor-

mations were monitored by a Nikon inversed optical microscope equipped with an

oil immersion 100⇥ Nikon objective (numerical aperture is 1.4). Images were taken

with a Lumenera InfinityX CCD camera. The thermal behavior of the samples was

investigated using a Linkam THMS600 microscope heating stage.

Figure 4.2. Schematic diagram of experimental setup for observation of the magnetic
response of superparamagnetic colloids inside microtubes.
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4.3 Results and Discussion

4.3.1 Magnetic response of tube-confined chain configura-

tions

Since there is no exchange of colloids after complete colloid-in-tube assembly, each

microtube can be regarded as an independent subsystem with its own colloidal chain

configurations. Single chains, zigzag chains, zipper chains and helical chains can be

obtained by tuning tube-colloid size ratios, similar to those observed in ref. 25. More

importantly, these structures are dynamic, which allows us to further tune them by an

external magnetic field. In what follows, a “parallel field” always denotes a magnetic

field that is parallel to the microtube’s long axis. Similarly, a “perpendicular field”

is always oriented perpendicular to the tube’s long axis, see also Fig. 4.2. The e↵ect

of a perpendicular field on tube-confined, fully magnetized spheres is calculated in

the Appendix; these calculations will be used later to underpin observed structural

transitions.

4.3.1.1 Single chains

Fig. 4.3 shows optical microscopy images of structure transformations in magnetic

field of a typical colloidal single chain composed of Dynabeads. The tube-colloid size

ratio for Dynabeads inside microtubes is about 1.0, therefore single chains of Dyn-

abeads are found throughout the sample volume, with schematic structure shown in

Fig. 4.3a. Fig. 4.3(b-i) illustrate the continuous variations of structures by applying

perpendicular and parallel fields. In Fig. 4.3b, colloids tend to close packing in zero

field. If a perpendicular magnetic field is applied, neighbouring colloids repel each

other immediately with maximum contact repulsion of � which decribes the dipole

coupling parameter as defined in the Appendix. It can be observed that the distance

between colloids at both ends of the chain is larger than that between colloids in the

middle part of the chain in Fig. 4.3(c-e). Because of the confinement e↵ect of micro-

tubes, colloids that are close to the end of the chain have more free space available

and detach first. Then all space available in the microtubes is equally divided between

neighbouring colloids to minimize the repulsion energy. Finally, upon application of

a perpendicular magnetic field, colloids in the single chain transform from a close
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packing state to a repulsive state, where individual colloids detach and arrange.

Once a parallel magnetic field is applied by rotating the former perpendicular mag-

netic field, the dipole moments of superparamagnetic colloids all change direction and

align with the long axis of the microtubes. Hence, the interactions between the colloids

become attractive (maximum attraction of �2� referring to Fig. 4.13 in Appendix).

It is oberved that the neighbouring colloids form close packed chains, as shown in Fig.

4.3(f-i). It is worth noting that these transformation images are taken with intervals

of seconds which are indicated in the figure caption. The transition agrees with the

model in the Appendix for a tube-colloid diameter ratio close to unity. Magnetic re-

sponse of colloids of single chains in multiple well-aligned neighbouring tubes will be

discussed in subsection 4.3.3.

Figure 4.3. Schematic image of single chain pattern (a) and optical microscope images
of structure transformations of a colloidal single chain composed of superparamagnetic
Dynabeads in zero-field (b) and in perpendicular (c-e) and parallel magnetic fields
(f-i).
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4.3.1.2 Zigzag chains

To explore the magnetic response of chain configurations more complex than single

chains, tube-colloid size ratios are tuned by incorporating smaller colloids into the

same microtubes. Colloid-in-tube assembly from smaller spheres (M-silica spheres)

with diameters of 583 nm displays mainly zigzag chain configurations, as shown in Fig.

4.4b. Fig. 4.4a shows the schematic zigzag configuration. When a parallel magnetic

field is applied, part of the zigzag chain is firstly stretched into a single chain, and

then the whole zigzag chain is completely stretched into a straight single chain (Fig.

4.4(c-e)). After removal of the magnetic field, colloids are subject to Brownian motion

and re-assemble back into a zigzag chain configuration(Fig. 4.4(f-h)), accomplishing

a reversible and magnetically switchable transformation from zigzag chains to single

straight chains.

After zigzag chains are stretched into single chains (Fig. 4.5a) by a parallel field,

the magnetic response of the stretched single chain upon rotating field from parallel

to perpendicular step by step is illustrated in Fig. 4.5(b-d). In Fig. 4.5b, single chains

become kinked chains when slowly rotating the magnetic field away from parallel

position. Upon further rotation, kinked pieces become even shorter, as indicated in

Fig. 4.5(c-d), and end up with tilted dimers under a perpendicular magnetic field

(Fig. 4.5e).

Rotations of dipole moments of superparamagnetic colloids are not restricted and

their preferential orientations are always parallel to the external magnetic field. Once

zigzag chains are imposed by a parallel magnetic field, all the dipole moments in

zigzag chains align along microtubes. Note that the angle between each dipole and the

line connecting adjacent dipoles is appropriate to allow superparamagnetic colloids

in zigzag configurations to become attractive in parallel field as indicated in Fig.

4.13 in the Appendix. The size ratio between M-silica spheres and microtubes is

around 1.52, which determines the attractive interaction of �1.19�. Therefore, zigzag

chains are able to be stretched into single chains with head-to-tail attractive colloids.

Upon slowly rotating parallel magnetic field to perpendicular direction, attractive

chains of colloids cannot rotate as a whole due to the confinement imposed by the

microtubes. Instead they transform into kinked chains. The length of kinked pieces

is controlled by magnetic directions. In a perpendicular field, they reduce to tilted
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Figure 4.4. Schematic image of zigzag chain pattern (a) and optical microscope images
of structure transformations of zigzag chain in zero-field (b) composed of superpara-
magnetic M-silica spheres with a diameter of 583 nm in a parallel field (c-e) and
without magnetic field (f-h).

dimers. Configurations may vary depending on colloid concentration per microtube.

4.3.1.3 From zipper chains to repulsive dimers

Colloidal configurations in microtubes are very sensitive to tube-colloid size ratio. If it

is increased to around 1.8 by using smaller colloids than those in zigzag chains, config-

urations like zipper chains or even helical chains could form [85]. Fig. 4.6 shows opti-

cal microscopy pictures of structure transformations of zipper chains of S-polystyrene

spheres with diameter of 506 nm (size ratio is around 1.75) under a magnetic field.

Upon application of a magnetic field, the configurational response of the colloids is

di↵erent from the case of zigzag chains. Fig. 4.6c indicates that a parallel magnetic
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Figure 4.5. Optical microscope images of structure transformations of a colloidal single
chain stretched from zigzag chain composed of superparamagnetic M-silica spheres
with a diameter of 583 nm in magnetic field with di↵erent directions.

field does not stretch a zipper chain into a straight single chain. Upon rotating the

magnetic field from parallel to perpendicular, superparamagnetic colloids in the zip-

per chain assemble into repulsive dimers, as shown in Fig. 4.6(d-e). Upon rotating

the magnetic field back to parallel, these repulsive dimers arrange into a single chain

(Fig. 4.6(f-i)). After removal of the magnetic field, single chains relax and re-assemble

back into zipper chains (Fig. 4.6(j-l)).

In a zigzag chain, every colloid only has two contact colloids, and the interactions

between these colloids are attractive in a parallel field. However, in a zipper chain,

there are four contact colloids for one targeted colloid (Fig. 4.6m). In a parallel field,

two of these contact colloids on the same side of targeted colloid impose strongest at-

tractive interactions (�2�). The other two adjacent colloids (indicated by blue colors
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Figure 4.6. Schematic image of zipper pattern (a) and optical microscope images of
structure transformations of zipper chain composed of S-polystyrene spheres with a
diameter of 506 nm in a parallel field (c, f-i), perpendicular field (d-e) and without
field (j-l). Illustration of dipole interactions in parallel and perpendicular field (m).

in Fig. 4.6m) exert a weaker attraction force (�0.31� in Fig. 4.13) to the targeted

colloids. The weaker attraction force cannot overcome the strongest attraction, as a

result, the zipper chains cannot be stretched into single chains in a parallel field.

Starting from zipper configuration, we can employ a magnetic field to get new

assembled structures like repulsive dimers upon application of a perpendicular field.

Fig. 4.6(d-e) shows these adjacent colloids re-assemble into dimers in a perpendic-

ular field. As shown in the Appendix, for tube-colloid size ratio larger than 1.58,

the interactions between two colloids become attractive (�0.67� for S-polystyrene

spheres) in a perpendicular field, see Figs. 4.12 and 4.13. Fig. 4.6m also illustrates

the dipole directions of four contact colloids with targeted colloids in a perdicular
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field. The two colloids on the same side of targeted colloids has the strongest repul-

sive interactions; the other two contact colloids impose an attaction force to targeted

colloid. The outcome of both repulsive and attraction interactions lead to formation

of repulsive dimers in microtubes. Because molecular SDS/2�-CD microtubes are

soft confinement template, they could apparently be deformed somewhat to allow for

nearly perpendicular orientation of the dimers in the microtubes. When applying a

parallel magnetic field to these repulsive dimers, colloids assemble into single chain

configurations. This is because repulsive dimers have more space than colloids in ini-

tial zipper chains, and they can re-orient themselves with confinement to keep their

dipole moment along the magnetic field. The head-to-tail dipole configuration is en-

ergetically favorable. However, the configuration of side-by-side two parallel dipoles

is energetically unfavorable [104]. After removal of the magnetic field, colloids are

subject to thermal motion and re-assemble back to zipper chain configurations.

4.3.1.4 Reconfigurable helical chains

In our previous work [25] we have shown that helical colloidal structures may be

formed by confining isotropic spheres in tubular confinement at specific tube-colloid

size ratios. Here we demonstrate that by using magnetic spheres helical structures

may be formed that can be switched ‘on’ and ‘o↵’ from a helical to a non-helical state

depending on the application of a magnetic field. Fig. 4.7 displays optical microscopy

images of structure transformations of a colloidal helical chain (a) composed of S-

polystyrene spheres with a diameter of 506 nm in a perpendicular field (c-f) and

parallel field (g-i) and zero field (b, j-k). For S-polystyrene spheres, the tube-colloid

size ratio is around 1.75, typical chain configurations are zipper chains. However,

due to polydispersity in diameters of S-polystyrene spheres (3.8%) and microtubes

(22%), the tube-colloid size ratio has a quite wide propagating polydispersity which

results in the range of 1.3 - 2.2. As simulated by Pickett et al. [85] for close-packed

cylindrically confined hard spheres, when the tube-colloid size ratio is larger than

1.866, helical chains could be obtained. Although the helical chains are not dominant

configurations for S-polystyrene spheres, in this work we mainly focus on colloids in

subsystem of only one microtube. Therefore we could use helical chains made of S-

polystyrene spheres to study the e↵ect of size ratio on magnetic response of di↵erent

chain configurations.
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Figure 4.7. Optical microscope images of structure transformations of a colloidal
helical chain composed of superparamagneitc colloids with a diameter of 506 nm
under di↵erent magnetic conditions at di↵erent times.

Upon application of a perpendicular magnetic field, helical chains melt in time,

as indicated in Fig. 4.7(c-f). Colloids at the end of the chain where they have more

free space start to detach first, resulting in zigzag configuration in Fig. 4.7(c-d).

Sequentially, the melting extends to the other end of the chain (f). Upon changing the

direction of the applied magnetic field from perpendicular to parallel, a single chain

of attractively interacting colloids is obtained as shown in Fig. 4.7i. After removal of

the magnetic field, colloids relax and re-assemble into a helical configuration.

Fig. 4.7a shows the schematic image of a helical chain in zero field. In this case the

dipole moments of magnetic colloids cannot be regarded in the same plane. So once

applying a magnetic field, the dipole interactions become more complicated than that

for the planar arrangements discussed above such as single chains, zigzag chains and
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zipper chains. In the Appendix, we only take planar arrangements into account. For

the 3D structures such as helices a more complicated model is needed that is subject

of future work.

4.3.2 Comparison of magnetic behavior of magnetic colloids

in microtubes and in bulk

In the previous subsection, the focus was on magnetized spheres confined in tubes.

Now we will compare these confined spheres to spheres free in solution. Fig. 4.8 com-

pares field-induced structures of confined magnetic spheres (panels a-c) to structures

formed by Dynabeads in an unconfined bulk solution (panels d-f).

Figure 4.8. Comparisons of magnetic response of superparamagnetic colloids inside
microtubes (for example, zigzag chain formation) and the response of unconfined
Dynabeads in either parallel magnetic field or perpendicular field.



4.3. RESULTS AND DISCUSSION 55

When free, unconfined spheres are magnetized, they form chains that weakly at-

tract each other [105] such that they eventually form sheets [106, 107] (Fig. 4.8e).

This sheet formation is prohibited by tube-confinement of chains because the already

weak interchain attraction is further reduced by the tubes. This situation resembles

that of dipolar magnetite chains incorporated in magnetotactic bacteria, an incor-

poration that also prohibits aggregation of magnetic chains, as discussed in detail

in ref. 105. Here we also investigate the e↵ect of magnetic field directions: magnetic

chains and sheets rotate as a whole to keep the head-to-tail configuration, as can be

seen in Fig. 4.8(e, f) for unconfined Dynabeads. However, confined magnetic chains

cannot follow the magnetic field rotation because the confining rigid tubes form a

densely packed highly viscous structure. This shows that microtubes are rigid and

that they cannot be reoriented. The magnetic response of colloids in bulk matches

other studies in literature. Faraudo et al. [108, 109] have recently reported that the

superparamagnetic particles can form single chains in a very short time after the ap-

plication of the gradient magnetic field. When the magnetic field is kept for a longer

time, magnetic chains drift until they come across another chain to form bundles. If

the direction of the magnetic field is changed, these magnetic bundles rotate to keep

head-to-tail configuration parallel to the field.

4.3.3 Magnetic response of colloids confined in parallel

neighbouring tubes

So far we have only considered colloid confinement in a single tube; we now explore

the interesting structures in neighbouring parallel tubes in which spheres from di↵er-

ent tubes have a strong dipole interaction. The magnetic responses of Dynabeads in

two and three neighbouring chains are shown in, respectively, Fig. 4.9(a-c) and Fig.

4.9(d-f). In the absence of a magnetic field, Dynabeads from di↵erent chains form a

triangular lattice in 2D plane Fig. 4.9(a, d). When applying a perpendicular magnetic

field to microtubes, Dynabeads in one microtube repel each other, as discussed in 3.1.

However, interactions between colloids from di↵erent microtubes are attractive. The

combination of these e↵ects results in a square lattice arrangement of colloids in a 2D

plane (Fig. 4.9(b,e)). In other words, square lattice is more stable in perpendicular

field. In a unit of square lattice, colloids from the same microtubes are repulsive with
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each other, but the colloids from di↵erent microtubes are attractive. Both repulsive

and attractive forces stabilize the square lattice. The co-existence of repulsive and

attractive interactions is ascribed to the confinement e↵ect from microtubes. The

spacing between repulsive colloids may vary depending on the particle concentration

in the microtubes. At the same time, these square lattices can reversibly transform

back to triangular lattices by tuning the direction of the magnetic field from per-

pendicular to parallel (Fig. 4.9(c, f)), as illustrated in Fig. 4.9g. In this way parallel

attractions are optimized while lateral repulsions are reduced.

Figure 4.9. Optical microscope images of magnetic response of superparamagnetic
colloids (Dynabeads) in neighbouring well-aligned double microtubes (a-c) and triple
microtubes (d-f) under either a parallel magnetic field or a perpendicular one. The
cartoon in (g) illustrates the reversible transition from the triangular lattice in parallel
field to the square lattice in perpendicular field.
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4.3.4 Magnetic response of chains with di↵erent volume frac-

tions of superparamagnetic colloids inside microtubes

The above cases are studied for the case that the subsystems of microtubes are not

completely filled with colloids. So these have space available for self-di↵usion and re-

spond to an applied magnetic field. However, when microtubes are completely filled

with colloids, these colloid configurations cannot make any detectable changes. The

di↵erences of magnetic response of colloids in di↵erent microtubes with various vol-

ume fractions of colloids are shown in Fig. 4.10. The colloids in a single, zigzag and

zipper chain configuration that cannot respond to a magnetic field due to a high

volume fraction of colloids in the microtubes are shown in left parts in Fig. 4.10(a-

i). Colloidal configurations that can respond to a magnetic field are shown in right

parts and are typically found in microtubes with a lower colloid concentration. For

the magnetic colloids in completely filled microtubes, although the induced magnetic

dipole interactions are same, they cannot make any movement [104]. This is simply

because particle concentration is too high in the same microtube such that the parti-

cles do not have space to move. For lower particle concentration, colloids from single

chains (Fig. 4.10b) and zipper chains (Fig. 4.10h) form repulsive singles and dimers

in a perpendicular field. Colloids in zigzag chains (Fig. 4.10e) become attractive and

form single chains in a parallel magnetic field.

Figure 4.10. Optical microscope images of di↵erent magnetic response of single chains
(a-c), zigzag chains (d-f) and zipper chains (g-i) with di↵erent volume fractions under
either parallel field or perpendicular field.
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4.3.5 Application of magnetic field before microtubes forma-

tion

Up to now we have studied in this chapter the assembled structures inside microtubes

upon applying a magnetic field. Let us now discuss how the system responds to a

thermal treatment since the microtubes are temperature-sensitive. It is possible to

apply a magnetic field before formation of microtubes. We start with the structures

of the Dynabeads inside the microtubes at room temperature and with the magnetic

field along the long axis of the microtubes in the optical microscopy image domain

(Fig. 4.11A). As the temperature is increased, the tubes start to melt and some of the

Dynabeads are released from the microtubes. Because the magnetic field is applied,

the colloids form chains after melting of the microtubes, as shown in Fig. 4.11B. At

45 �C, the microtubes disappear and the solution becomes isotropic, during which the

viscosity decreases dramatically from a very viscous state (can be distinguished by

naked eye) to a low-viscosity fluid like water. In Fig. 4.11(C, D), it can be seen clearly

that as the Dynabeads chains are kept at the high temperature for a longer time, the

length of the Dynebead chains can be extended further. At that point, the sample

is cooled down at the fastest speed (5 �C/min); then the long Dynabeads chains fall

apart into shorter pieces which could still be incorporated into the microtubes. And

finally the structure ends up with relatively longer chains in the microtubes than the

starting state, see Fig. 4.11F.

The magnetic behavior of Dynabeads before microtubes formation is the same

as of superparamagnetic colloids suspensions under magnetic fields in bulk. Here we

tried to cool down the system before the formation of bundles of Dynabeads chains,

even though the bundles of two chains could also be seen in Fig. 4.11D. In addition,

long chains cannot be incorporated into the microtubes. Instead, they break apart

into smaller chains by self-assembly force exerted by the forming of microtubes during

the cooling process.

4.4 Conclusions

We have studied the reversible magnetic response of superparamagnetic colloids con-

fined in self-assembled microtubes and identified new morphologies including zigzag
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Figure 4.11. Optical microscope images of melting and cooling processes of magnetic
colloids (Dynabeads) inside the microtubes in a magnetic field parallel to the micro-
tubes.

chains, zipper chains, helical chains, field-induced kinked chains and repulsive dimers.

Straight chains can be transformed into a repulsive chain of separate colloids upon

application of a perpendicular magnetic field. Zigzag chains can be stretched directly

by a parallel magnetic field into linear chain configurations, which is not the case

for zipper and helical chains. The latter can only be stretched in a parallel field af-

ter applying a perpendicular field. Stretched single chains may form kinked chains

in a rotating magnetic field. In a perpendicular field, these chains may transform

into repulsive dimers, as is also the case for zipper chains. All observed field-induced

transformations in confinement clearly di↵er from those in a bulk suspension of the

magnetizable colloids. To have tunable structures, the microtubes should not be com-

pletely filled with magnetic colloids. The colloidal configurations observed under the
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application of a parallel or perpendicular magnetic field are underpinned by model cal-

culations which confirm that tube-colloid size ratio strongly influences the magnetic

interactions between colloids in 1D confinement.

We have extended one microtube system to multiple well-aligned microtubes sys-

tem to achieve magnetic field tunable 2D crystallization. We have also exploited the

thermo-reversibility of microtube self-assembly to steer the assembly of magnetic col-

loidal chains: when applying a magnetic field before formation of microtubes, the

assembly of microtubes tears apart magnetic chains into shorter fragments to have

them incorporated inside, which is studied in situ under optical microscopy.

In this chapter we have demonstrated additional control over colloidal structures

by facile, reconfigurable self-assembly. This is achieved in a thermo-reversible ma-

trix of confining microtubes self-organized from readily available molecular species.

Colloidal configurations can be tuned by colloid concentration, tube-colloid size ratio

and the application of magnetic fields with di↵erent directions. The combination of

confinement and the magnetic field response of the colloids results in novel structures

that can deliberately be switched ‘on’ and ‘o↵’. For instance, magnetic spheres may

assemble into reversible helical structures that can be activated or deactivated to a

non-helical state depending on the application of a magnetic field. Externally con-

trolled formation and disruption of targeted colloidal configurations may open new

directions for data storage applications.
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Appendix 4.A. E↵ect of tube-colloid size ratio on

magnetic interactions of tube-confined superpara-

magnetic spheres

Consider two magnetisable spheres with diameter � that are permanently magnetized

by an external magnetic field ~H; the spheres are confined in a tube with diameter D

and the field is perpendicular to the tube (Fig. 4.12). We seek the interaction energy

for the two spheres at contact, as a function of the tube diameter D or - more precisely

- as a function of the ratio D/�.

Figure 4.12. Magnetic spheres are magnetized to full saturation by a permanent mag-
netic field ~H perpendicular to a tube that confines the spheres. When the tube diam-
eter D equals twice the orange sphere radius �, the two spheres are in the head-to-tail
configuration (A) with maximal attraction. Upon decreasing the tube diameter the
attraction decreases (B) until maximal repulsion is reached when D=� (C).

The interaction energy between two permanent dipoles with equal magnetic mo-

ments µ at a center-to-center distance r is:

V (~r, or)

kT
= �(

�

r
)3[µ̂1 · µ̂2 � 3(µ̂1 · r̂)(µ̂2 · r̂)] (4.1)

Here

� =
µ0µ

2

4⇡kT�3
(4.2)

is the dipolar coupling parameter, comprising the thermal energy kT and the magnetic
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vacuum permeability µ0. The values of � for superparamagnetic colloids used in this

study are listed in Table 4.1. In (4.1) “or” represents the orientations of the two

dipoles specified by the unit vectors µ̂1 and µ̂2 ; r̂ is the unit vector of the center-to-

center vector ~r. For magnetic moments that are always parallel as in Fig. 4.12, the

interaction (4.1) simplifies to

V (~r, ✓)

kT
= �(

�

r
)3(1� 3cos2✓) (4.3)

where ✓ is the angle between ~µ and ~r (Fig. 4.12). On inspection of Fig. 4.12B we

realize that

cos✓ =
D � �

�
(4.4)

such that the interaction at contact (r=�) becomes:

V

kT
= �[1� 3(

D

�
� 1)2]; 1  D

�
 2 (4.5)

This is the contact interaction as function of the tube-sphere ratio D/� . From (4.5)

we find the maximal attraction

V

kT
= �2�, for

D

�
= 2 (4.6)

and the maximal contact repulsion when the tube tightly confines the spheres:

V

kT
= �, for

D

�
= 1 (4.7)

From (4.5) one also easily verifies when the contact interaction is zero (Fig. 4.13):

V

kT
= 0, for

D

�
= 1 +

r
1

3
⇡ 1.58 (4.8)

Note that for a large coupling constant � >> 1, the two spheres will jump into

contact when the tube diameter increases, or spring apart when the tube decreases,

upon passing D/�= 1.58. Note also that the reversible work 4V needed to “squeeze

the tube from D = 2� to a diameter D = � is:

4V

kT
=

V (�)

kT
� V (2�)

kT
= 3� (4.9)
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This implies that for � >> 1 repulsive spheres exert a considerable expansive force

on the tube wall.

The smaller magnetic spheres used here have diameters of 506 nm (S-polystyrene

spheres) and 583 nm (M-silica spheres); for a tube with D = 884 nm this implies D/�

= 1.75 and D/� = 1.52. The contact interactions in a perpendicular field are:

V

kT
= �0.67�, for

D

�
= 1.75

V

kT
= 0.20�, for

D

�
= 1.52

Thus for the larger spheres we are close to the zero point of the interaction po-

tentials in a perpendicular field, shown by a solid line in Fig. 4.13.

In a parallel field, the magnetic interaction energy can be examined in the same

manner as for a perpendicular field. We only need to change the angle ✓ between ~µ

and ~r into 90°�✓. Then the equations 4.3 and 4.5 can be rewritten as follows:

V (~r, ✓)

kT
= �(

�

r
)3(1� 3sin2✓) (4.10)

V

kT
= �[�2 + 3(

D

�
� 1)2]; 1  D

�
 2 (4.11)

Fig. 4.13 also shows the sketch of the magnetic contact energy in a parallel field,

indicated by a dash line. From (4.11) we find the maximal attraction

V

kT
= �2�, for

D

�
= 1 (4.12)

and the maximal contact repulsion when the tube tightly confines the spheres:

V

kT
= �, for

D

�
= 2 (4.13)

From (4.11) one also easily verifies when the contact interaction is zero (Fig. 4.13):

V

kT
= 0, for

D

�
= 1 +

r
2

3
⇡ 1.82 (4.14)

The smaller magnetic spheres used here have diameters of 506 nm (S-polystyrene

spheres) and 583 nm (M-silica spheres); for a tube with D = 884 nm this implies D/�
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= 1.75 and D/� = 1.52. The interactions in a parallel field are:

V

kT
= �0.31�, for

D

�
= 1.75

V

kT
= �1.19�, for

D

�
= 1.52

Figure 4.13. Sketch of the magnetic contact interaction from equations 4.5 and 4.11;
the interaction is zero at D/�=1.58 and 1.82. In a perpendicular field (solid line), at
larger D/�, the spheres attract whereas below this zero point the spheres repel. In a
parallel field (dotted line), at larger D/�, the spheres repel whereas below this zero
point the spheres attract.



Chapter 5
Magnetically triggered colloid release

from thermo-responsive molecular

microtubes

Magnetic microbeads can be released from thermo-sensitive microtubes by applying

an alternating magnetic field, a result that is clear both from optical microscopy

as well as visual observations. Supramolecular microtubes of sodium dodecyl sulfate

and cyclodextrin were loaded with magnetic microbeads, whose linear confinement

revealed the orientations of the microtubes observed by optical microscopy. In an

alternating external magnetic field of 200 Oe at 110 kHz, the tubes heated up to an

extent that scaled with the concentration of the microbeads. At the melting tempera-

ture of the tubes, the beads were released and sedimented to the bottom, resulting in

two macroscopically distinct phases. Upon cooling, microtubes formed again by self-

assembly. Our system is a novel example of magnetically controlled release, where the

reversible self-assembly or melting of microtubes results in, respectively, the encap-

sulation or release of incorporated particles.

65
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5.1 Introduction

Supramolecular hollow tubes that respond to external stimuli have potential applica-

tions in drug delivery [111–115] and as templates for colloidal assembly into elongated

and helical structures [25, 26, 86, 110, 116]. One example consists of aqueous mi-

crotubes made from complexes of �-cyclodextrin with hydrophilic ionic surfactants.

These tubes are mainly held together by hydrogen bonds [37, 117, 118], and because

of the thermal sensitivity of hydrogen bonds, the microtubes melt above a transition

temperature. The strength and directionality of hydrogen bonds results in tubes that

are relatively rigid [37], with well-defined diameters, producing sti↵ hydrogels [117].

Similar supramolecular tubes can also be obtained from aqueous lipids, on the basis

of the hydrophobic interactions between the amphiphilic molecules in water [36, 119].

For self-assembled tubes with a well-defined melting point, temperature is a control

parameter for the release of their contents, which can for instance be colloids of dif-

ferent materials, sizes, and shapes [25, 86]. So far, the thermo-responsiveness of the

microtubes has been studied using heat produced outside the tubes by a conven-

tional, external heating source [118]. Here we will demonstrate that the incorporation

of magnetic colloids inside the microtubes makes it possible to trigger the melting of

the tubes upon application of a remote alternating magnetic field.

In the previous chapter, we have shown that magnetic beads can be confined into

supramolecular microtubes of sodium dodecyl sulfate and �-cyclodextrin [110]. In a

static magnetic field, particles that were initially randomly spaced at low concentra-

tion now assembled into dense chains within the tubular confinement, with the 3D

arrangement of the beads depending on the mismatch between the diameters of the

beads and the tubes. A static field had, however, no e↵ect on the orientation of the

tubes, which could not be reoriented or broken, even in saturating magnetic fields.

This illustrated the sti↵ness and strength of the supramolecular assembly. Here, we

will see that in contrast to a static field, an alternating magnetic field can have a

much larger e↵ect, as it can be used to heat up the sample.

In biomedicine, magnetic heating is studied as one of the methods to achieve

hyperthermia, raising the local temperature above that of the human body [120].

It holds great potential in applications of heat induced drug release, drug delivery,

and cancer therapy [121–124]. Magnetic hyperthermia relies on the capability of the
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magnetic moment of magnetic nanoparticles (MNPs) to couple to an alternating

magnetic field (AMF) and on the subsequent dissipation of the absorbed energy by

its release as heat. Heat dissipation by the MNPs occurs via Néel relaxation (the

internal flip of the magnetic moment of the nanoparticles) or Brownian relaxation (the

physical rotation of the nanoparticles in the liquid medium). Reducing nanoparticle

mobility can suppress the Brownian mechanism and lead to a loss of the heating

e↵ect, when MNPs are suspended in liquid media with a high viscosity. However,

superparamagnetic nanoparticles can still undergo Néel relaxation and thus generate

heat, even when completely immobilized [125]. This is also the case for MNPs inside

superparamagnetic microbeads (SMPs), such as solid mesoporous silica beads that

were developed as a multifunctional agent for drug targeting, controlled release, and

magnetic hyperthermia [126].

In this chapter, we use SMPs to study their magnetically triggered release from mi-

crotubes consisting of self-assembled molecular complexes of sodium dodecyl sulfate

and �-cyclodextrin. The starting temperature and magnetic colloid concentrations

are varied to study their influences on colloid-in-tube structure changes in an alter-

nating magnetic field. Magnetic microbeads are used, rather than separate magnetic

nanoparticles, to facilitate the observation of triggered release by optical microscopy

and to the naked eye.

5.2 Experimental

5.2.1 Magnetic colloids

The superparamagnetic particles (SMPs) were SiO2-MAG-S2560 beads with a di-

ameter of 580 ± 18 nm (electron microscopy), obtained from Microparticles GmbH

(Germany) at a stock concentration of 25 mg/mL in water. The iron content of the

beads was not specified precisely by the supplier; we verified it to be 22 mass % from

analysis by inductively coupled plasma-optical emission spectrometry (ICP) using an

OPTIMA 2100DV from Perkin Elmer operated at 238.2 and 239.6 nm. Prior to anal-

ysis, the iron oxide in 50 µL was digested in 1 mL of concentrated HCl, which was

then diluted in 100 mL of water, filtering out the undissolved silica.
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5.2.2 Self-assembly procedures

Colloid-in-tube assembly was realized following the method described in Chapters 3

and 4. Typically, 0.5 g of dyed microtube suspension was added to a centrifuge tube to

give a final microtube/colloid mixture containing 7-20 mass % of superparamagnetic

colloids. The sample was heated to 60 �C to melt the microtubes and was sonicated to

disperse the particles. Then the sample was rapidly cooled down to room temperature

in a sonication bath of 20 �C. The sample was stored under the gentle rotation of a tube

roller to avoid sedimentation of the particles. The resulting colloid-in-tube structures

were imaged after 24 h of equilibration.

5.2.3 Microscopy

Transmission electron microscopy images were obtained on a Philips Tecnai 12 mi-

croscope operating at 120 kV.

Fluorescent images of the dyed tubes were made on a Leica TCS SP2 laser scanning

confocal microscope operated at 543.5 nm (HeNe laser, Melles Griot), using an oil

immersion lens (100⇥, Leica TCS inverted microscope, numerical aperture (NA) of

1.4). Before imaging, microtubes or microtube/colloid mixtures were usually placed in

flat glass capillaries (Vitrocom, 0.1 ⇥ 2 ⇥ 50 mm3) which were sealed using UV-curing

epoxy glue.

5.2.4 Magnetic characterization and heating

Magnetization curves were measured at room temperature on a Vibrating Sample

Magnetometer (VSM, MicroSense EZ9). The curves were fitted in terms of the mag-

netic dipole moment distribution of nanoparticles present inside the microbeads; this

was done using the MINORIM inversion method [127], on the basis of S = 8 subsets

and N = 40 discrete values of the e↵ective magnetic dipole moment, taking 500 kA/m

as the cuto↵ high field.

The magnetic heating capacity of SMPs inside microtubes was studied with a

Magnetherm 1.5 setup from Nanotherics provided with a homebuilt thermostatic

sample holder, see Fig. 5.1. The mean magnetic field inside the coil was measured

with a secondary coil having two turns and a cross-sectional value close to that of the
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Figure 5.1. Schematic of the hyperthermia setup. An alternating magnetic field is
applied to the sample using a water-cooled induction coil, and the temperature of the
sample is determined using a fiber-optical temperature probe. The heat of the coil
itself is removed by thermostatic reflux water flowing inside the sample chamber. A
picture of the sample chamber is shown on the left. The setup ensures that the heat
measured by the temperature probe is solely from the magnetic sample.

sample holder (6.2 mm diameter). The center of the sample (0.5 mL) was positioned

so that it was at the maximum magnetic field. The temperature of the coils was

controlled through a closed circuit of water maintained at 16 �C with a cryo-static

bath. The temperature of SMPs inside microtubes was measured with a Neoptix fiber-

optical thermometer. The starting temperature of the sample was controlled using a

separate closed water circuit and stabilized before each measurement.

5.3 Results

First the initial structure with colloids in supramolecular tubes is characterized, after

which their magnetic heating and the ensuing release of colloids are presented.

5.3.1 Initial microtubes

Transmission electron micrographs (TEM) of our microparticles are shown in Fig.

5.2a, and microtubes with 10 mass % of SDS/2�-CD complexes and 10 mass % of

our magnetic microbeads are shown by confocal laser scanning microscopy (CLSM)

in Fig. 5.2b. The chain-like structures of superparamagnetic microscopheres in Fig.
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Figure 5.2. (a) Electron micrographs of the superparamagnetic microbeads. (b) CLSM
picture of 10 mass % of SDS/2�-CD microtubes dyed with Nile red loaded with 10
mass % of microbeads.

5.2b indicate that they are encapsulated by the microtubes, which pervade the image.

Under our conditions, the tubes are known to consist of multiply curved SDS/�-CD

bilayers with in-plane order and diameters around 0.9 µm [110]. The linear structure

of the microtubes is in line with their high sti↵ness [37].

For magnetic hyperthermia, two essential properties of the system are the amount

and the size distribution of the magnetic nanoparticles inside the silica beads [125].

These were determined from the magnetization curve in Fig. 5.3a. The lack of hystere-

sis agrees with the presence of superparamagnetic nanoparticles, and the saturation

magnetization of 0.022 Am2 per gram of beads agrees with the amount of iron from

ICP analysis and the presence of magnetite (Fe3O4) and maghemite (�-Fe2O3), both

with a bulk magnetization of ⇠0.1 Am2/g. Curve analysis via the MINORIM method

[127, 128], which makes no a priori assumption about shape or monomodality of the

distribution of the magnetic dipole moment, indicates that the distribution is approx-

imately log-normal. On the basis of the bulk magnetization of magnetite (480 kA/m),

the e↵ective magnetic size distribution centres at about 13 nm, close to optimal for

heating magnetite at a frequency of 110 kHz [129].



5.3. RESULTS 71

Figure 5.3. (a) Magnetization curve of the sample in Fig. 5.2b, with microbeads insides
microtubes. The magnetization is given per mass of microbeads. (b) Magnetization-
weighted distribution of the e↵ective magnetic size of the magnetite nanoparticles
inside the microbeads, calculated by fitting the magnetization curve using MINORIM
[127, 128]. The dipole moment of a nanoparticles is given by m = M

s

(⇡/6)d3
eff

, where
M

s

= 480 kA/m is the bulk magnetization of magnetite and d
eff

is the e↵ective
magnetic size.

5.3.2 Magnetic heating

A typical magnetic heating experiment with our samples is shown in Fig. 5.4a. Ap-

pearances of di↵erent samples with di↵erent concentrations of SMPs in the microtubes

after measurement are shown in Fig. 5.4b-e. Upon turning on an alternating mag-

netic field with an amplitude of 200 Oe (16 kA/m) at a cycle frequency of 110 kHz,

the sample temperature increased above its initial value, which happened only when

magnetic beads were present in the sample (Fig. 5.4a). The specific adsorption rate,
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SAR (W/g), was calculated as follows:

SAR = (C
water

/c
Fe

)(�T/�t) (5.1)

where C
water

is the specific heat capacity of water (in J·K�1g�1), c
Fe

is the mass

fraction of iron atoms, and �T/�t is the temperature rise per unit time (in K·s�1).

Figure 5.4. (a) Magnetic heating at di↵erent concentrations of SMPs (mass %) in an
alternating field of 200 Oe (16 kA/m) at 110 kHz. (b-e) Photographies of samples (1
cm full width) with the indicated mass concentrations of SMPs after being removed
from the alternating field.

The more SMPs were present, the more the temperature increased, by up to 10 �C

for 20 mass % of SMPs. As expected, the slope�T/�t in the first 60 to 100 s indicates

the same SAR in all cases: 11.0 ± 0.9 W/g
Fe

(see Table 5.1). The samples remained

homogeneous to the naked eye, except for the most concentrated sample, with 20 mass



5.3. RESULTS 73

Table 5.1. Calculation of SAR values from magnetic heating at 200 Oe and 110 kHz

Beads Initial slope c[Fe] �T
max

SAR

mass % �T/�t ( �C/s) (g/kg) (± 0.2)( �C) (W/g[Fe])

7 0.035 14.4 4.2 10.1

10 0.053 20.0 5.4 11.1

15 0.073 28.7 8.2 10.7

20 0.106 36.7 10.5 12.2

Average 11.0±0.9

% SMPs, see Fig. 5.4e. In that case, the melting point of the microtubes was reached

(40 �C), and sedimentation of the microbeads caused a decrease in magnetic content

and heating rate at the location probed by the temperature sensor. The temperature

probe itself was 1 mm in diameter, such that the measured temperature is an average

of the system, inside and outside the tubes, on the length scale of the probe.

5.3.3 Magnetic release

The e↵ect of magnetic melting of the microtubes is examined more in detail in Fig.

5.5, for 10 mass % of SMPs and a higher initial temperature of 37 �C. Within a few

minutes of magnetic heating at 110 kHz and 200 Oe, the temperature rose by 6 �C,

approximately the same temperature rise as found for a lower initial temperature of

30 �C in Fig. 5.4a. However, whereas heating from 30 to 36 �C did not cause phase

separation (Fig. 5.4c and Fig. 5.5a), heating from 37 to 43 �C caused the dark colloidal

beads to sediment, leaving a transparent supernatant (Fig. 5.5b). The temperature

of 43 �C is well above the melting temperature of SDS/2�-CD microtubes, which is

at about 40 �C.

After the magnetic heating experiment, samples were taken at three heights in

the flask: in the light yellow top phase, in the middle, and in the dense brown bottom

phase. In the top phase, there were only empty microtubes without SMPs inside

(Fig. 5.5c), in contrast to the initial colloid-in-tube structures shown in Fig. 5.3b.

At the bottom, no microtubes were present but the released SMPs were found. The

structures in the middle zone were intermediate between those seen at the top and

at the bottom, see Fig. 5.5d.
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Figure 5.5. Macroscopic appearance of samples with 10 mass % of magnetic colloids
after magnetic heating by 6 �C. (a) No phase separation is observed upon heating
from 30 to 36 �C; (b) upon heating from 37 to 43 �C, phase separation does occur.
(c)-(e) CLSM images of samples taken at di↵erent heights in the bottle shown in
(b). On the left the SDS/�-CD microtubes are imaged in fluorescent mode, and on
the right colloids are imaged in di↵erential interference contrast (DIC) mode. (c) top
phase with colloid-free microtubes; (d) middle zone with a mixture of mainly empty
microtubes and released SMPs; (e) bottom phase with released SMPs and the linear
strands of colloids may indicate the presence of microtubes.

5.4 Discussion

The scheme in Fig. 5.6 summarizes the three stages of our experiments: the initial

tubes filled with microbeads, the molten state which allows sedimentation of the

beads, and the final state after cooling down, when the tubes have reformed but the

beads are at the bottom. On this basis, the mechanism of magnetically triggered
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release will be discussed.

Figure 5.6. Schematic mechanism of magnetic triggered release of superparamagnetic
microbeads from molecular SDS/2�-CD microtubes upon application of an alternat-
ing magnetic field.

Before application of a magnetic field, the magnetic microbeads are in chain-like

structures inside microtubes. From comparison with empty microtubes, it seems that

the presence of the beads has had no e↵ect on the formation of the microtubes. The

tubes are so rigid that when they have formed, a saturating magnetic field does not

alter their random orientations, despite an interaction of thousands of kT per bead

with the external field.

When the alternating magnetic field is switched on, the magnetic colloids are

heated up. At su�ciently high temperature, hydrogen bonding is no longer e↵ective

in maintaining cohesion of the tubular microstructure [25]. The microtubes disinte-

grate into an isotropic solution of complexes of SDS and �-CD, releasing the confined

colloids. The initial linear assemblies of beads may have facilitated the magnetic

heating, as suggested by recent theoretical and experimental work [130, 131]: the

increased concentration of particles and magnetic coupling in 1D structures may ef-

fectively enhance the anisotropy constant and the e↵ective friction experienced upon

Néel relaxation.

Because the magnetic microbeads have a high buoyant mass, they start to sedi-

ment towards the bottom as soon as they are released from confinement, above the

melting temperature of the microtubes. Once the alternating field is switched o↵, the

microbeads no longer provide heat to the sample and temperature decreases sharply.

The microtubes start to form again by self-assembly, but the sedimented particles no

longer come back into microtubes. The end result is separation of the sample into a

top phase with microtubes but without beads and a bottom phase with most of the

beads.
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For future study, our system o↵ers an interesting opportunity to study local heat-

ing around magnetic microbeads. As long as microtubes are present, they confine the

beads in linear structures, which disappear when the tubes melt. In situ microscopy

at low microbead concentrations would show small linear assemblies of beads, and

their orientations would reveal whether microtubes are present or whether they have

disappeared or been changed due to a local melting event.

5.5 Conclusions

In conclusion, thermo-responsive molecular SDS/2�-CD microtubes can be made to

melt using heat produced by magnetic colloids inside the tubes, under the remote ef-

fect of an external alternating magnetic field. This is verified here using microbeads,

whose release is unambiguously demonstrated by the fact that they sediment as soon

as the tubes have disappeared. When the temperature returns below the melting

point, the tubes are formed back. Our results show that under our experimental

conditions, with a sample vial constituting a closed system, the supramolecular mi-

crotubes act as thermo-reversible containers that can be opened by selective heating

of their magnetic contents. Our magnetic colloids in tubes may serve as a conve-

nient test system for the in situ study of local magnetic heating under an optical

microscope. The reversibility of remote control of microtube formation and melting,

together with the release of incorporated particles, makes it an interesting example

of controlled release.
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Chapter 6
Observation of depletion induced

crystallization of magnetic colloids at

an oil-water interface

Depletion attractions are introduced for the first time as a competing force against

long range magnetic repulsion to direct colloidal assembly at an oil-water interface.

Di↵erent types of depletants and their concentrations were optimized to achieve long

range depletion interactions at an hexane-water interface that harbors hydrophilic

submicron-sized magnetic silica colloids. When using PEO as depletant, depletion

induced crystallization of magnetic colloids at the hexane-water interface happened

in one minute after adding colloidal suspension to the interface. These close packed

crystals melted by applying an external magnetic field perpendicular to the interface

and transformed into a repulsive triangular lattice. A reversible self-assembly process

is established by switching on and o↵ the external magnetic field. Upon decreasing

the magnetic field strength, there was a stripe phase forming at relatively high surface

density due to the softening of the magnetic repulsion by depletion attraction at close

distance.
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6.1 Introduction

It is well-known that the addition of non-adsorbing polymers to a colloidal dispersion

may induce a phase separation. The theory of the so-called depletion interaction

was first developed by Asakura and Oosawa in 1954 [132] and the model was later

extended by Vrij in 1976 [133]. The stability of colloid and polymer mixtures have

since been the subject of many experimental and theoretical studies, also in relation

to the various industrial and biological applications of colloid-polymer mixture. In

addition, depletion interaction forms a valuable tool in colloidal self-assembly, which

allows for the tuning of both the strength and the range of the interaction potential

by varying the concentration and the size of the polymer depletant, respectively [134].

Depletion interactions have been extensively studied for various bulk and quasi-two-

dimensional systems both theoretically [135, 136] and experimentally [69, 137–139].

However, to the best of our knowledge, no work has been performed on systems, in

which a depletion interaction is induced between colloids adsorbed to a liquid-liquid

interface.

Liquid-liquid interfaces allow colloidal self-assembly to be strictly two-dimensional

since adsorption of colloids is usually irreversible. Current interfacial colloidal self-

assembly relies on van der Waals forces [140], capillary interactions[141–143], mag-

netic dipole interactions [144, 145] or electrostatic interactions [146–148]. These in-

teractions, however, are generally di�cult to control in terms of tuning both their

strength and range. We therefore initiate here depletion interactions as a novel route

to interfacial self-assembly, exploiting the quick precise tunability of the depletion

potential. The presence of a liquid-liquid interface severely complicates the geometry

of the depletion layers, but in any case a depletion attractions can be expected as the

depletion layers of the colloids at the liquid-liquid interface overlap.

In addition to the potential of depletion e↵ects to induce crystallization of col-

loids at the liquid-liquid interface, other interactions may further diversify structure

formations at the interface. In particular, a combination of depletion attraction with

the long-ranged repulsive magnetic dipole interaction may allow the formation of a

shoulder in the interaction potential, as further explained in section 6.2. Interesting

phases have recently been observed in computer simulations with square shoulder

interaction potentials [149] and shoulder-shaped interaction potentials [150]. In these
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simulations, the formation of patterns resulted from the minimization of shoulder

overlaps. In addition, these phases have been observed experimentally in quasi-two-

dimensional systems where the colloids have some freedom of motion perpendicular

to the plane. Either magnetic repulsive or electric dipole interactions can be core-

softened by varying the degree of confinement to form a shoulder-shaped interaction

potential [7, 151].

In this chapter, we design and systematically study an experimental model system

to demonstrate the feasibility of using depletion interaction to induce two-dimensional

crystallization, here for superparamagnetic colloids at the hexane-water interface in a

homebuilt fluid cell. A theoretical model based on the well-known Asakura-Oosawa-

Vrij model is introduced to quantify the depletion attraction between adsorbed col-

loids at the liquid-liquid interfaces. In addition, the dipolar repulsion between super-

paramagnetic spheres trapped at the hexane-water interface is induced by a per-

pendicular field and softened by depletion attractions to have a shoulder potential

profile. The resulting phases are analyzed using particle tracking and compared to

earlier theoretical and experimental work.

6.2 Theory

First we review the Asakura-Oosawa-Vrij (AOV) model for the depletion interaction

in colloid and polymer mixtures in bulk. Next we extend the AOV model in subsec-

tion 6.2.2 to colloids irreversibly adsorbed at a liquid-liquid interface. In the reminder

of section 6.2 we investigate consequences of additional, field-induced magnetic inter-

actions between the colloids.

6.2.1 Depletion interaction for colloids in the bulk

The addition of non-adsorbing polymers to a colloidal dispersion results in an at-

traction between the colloids, known as depletion interaction. This attraction results

from the presence of a depletion layer around the colloids, which originates from the

loss of conformational entropy of the polymers close to the surface of the colloids.

The overlap of these depletion layers results in an imbalance of the osmotic pres-

sure, which results in an attractive force that pushes the colloids together [134]. A
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schematic illustration of the depletion interaction between two spherical colloids is

depicted in Fig. 6.1.

R
�

r

V ov

Rg

Figure 6.1. Schematic illustration of the depletion interaction between two spherical
colloids of radius R and interparticle distance r. The colloids are surrounded by a
depletion layer of thickness � as indicated by the dashed lines resulting from the
addition of non-adsorbing polymers with radius of gyration Rg. The overlap volume
of the depletion layers, Vov, is represented in gray.

The depletion interaction between two spherical colloids can be calculated using

the AOV expression [134]:

udepl(r) =

8
>>><

>>>:

1 r < 2R

�⇧V ov 2R  r  2(R + �)

0 r > 2(R + �)

(6.1)

where R is the radius of the colloids, r is the interparticle distance between the

colloids, � is the thickness of the depletion layers, ⇧ is the osmotic pressure of the

polymer solution, and Vov is the overlap volume of the depletion layers. Note that

the AOV model assumes that the colloids are impenetrable hard spheres that cannot

overlap, resulting in an infinite repulsion for center-to-center distances r < 2R. The

osmotic pressure of the polymer solution, ⇧ , depends on the polymer concentration.

For diluted and ideal non-interacting polymers in solution the pressure is predicted
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to be [134]:

⇧ =
c

c*
kBT

vcq3
(6.2)

where kB = 1.38 · 10�23 J/K is Boltzmann’s constant, T is the temperature, c is

the weight concentration of the polymer in the solution, c⇤ is the overlap weight

concentration of the polymer in the solution, vc =
4
3
⇡R3 is the volume of the colloids,

and q is the size ratio defined as q = Rg

R

, where Rg is the radius of gyration of the

polymer. Note that, while equation 6.2 is analogous to ⇧ = npkBT where np is the

number density of the polymer in solution, it is more convenient to define the osmotic

pressure in terms of c

c

⇤ . The overlap concentration of the polymer, c⇤, is defined as

[134]:

c⇤ =
3Mw

4⇡R3
gNA

(6.3)

where Mw is the molecular weight of the polymer and NA = 6.022 · 1023 mol�1 is

Avogadro’s constant. The overlap volume of the depletion layers as a function of r is

calculated as follows [134]:

V ov =
4⇡

3
(R + �)3

"
1� 3

4

r

R + �
+

1

16

✓
r

R + �

◆3
#

(6.4)

It is assumed that the thickness of the depletion layer of the colloids is equal to the

radius of gyration of the polymer so that � = Rg. Equations 6.1, 6.2, and 6.4 can then

be combined to:

udepl(r) =

8
>>>><

>>>>:

1 r < 2R

� c

c

⇤
3kBT
4⇡

⇣
R+Rg

Rg

⌘3 
1� 3

4
r

R+Rg
+ 1

16

⇣
r

R+Rg

⌘3�
2R  r  2(R +Rg)

0 r > 2(R +Rg)

(6.5)
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6.2.2 Depletion interaction for colloids at the liquid-liquid

interface

We now modify the AOV model based on the following assumptions (see also Fig.

6.2) to account for the depletion interaction in the presence of a liquid-liquid interface

on which the colloids are adsorbed.

1. The colloids have an equal but arbitrary contact angle ✓ with the liquid-liquid

interface.

2. The non-adsorbing polymers are only present in one of the liquid phases and do

not adsorb to the liquid-liquid interface. As the polymer is unable to adsorb to

the liquid-liquid interface, an additional depletion layer of thickness � is present

near the liquid-liquid interface due to the loss of conformational entropy of the

polymers close to the liquid-liquid interface.

3. The osmotic pressure in the liquid phase containing the polymers is equal to

the bulk osmotic pressure described by equation 6.2.

4. The thickness of the depletion layers are equal to the radius of gyration of the

polymer: � = Rg.

The overlap volume is now determined by the thickness of the depletion layers of

the colloids and the thickness of the depletion layer near the liquid-liquid interface.

This reduces the overlap volume depending on the values for R, �, and ✓. A schematic

illustration of the depletion interaction between two spherical colloids adsorbed to a

liquid-liquid interface is depicted in Fig. 6.2. Equation 6.1 can be modified to calculate

the depletion interaction between colloids adsorbed to a liquid-liquid interface.

udepl, inf(r) =

8
>>><

>>>:

1 r < 2R

� c

c

⇤
3kBT
4⇡R3

g
V ov, inf 2R  r  2(R + �)

0 r > 2(R + �)

(6.6)

where the label ‘inf’ indicates that the colloids are adsorbed to a liquid-liquid interface.

An expression to calculate the overlap volume of colloids adsorbed to a liquid-liquid

interface, Vov, inf, is derived in Appendix 6.A. A comparison between the overlap vol-
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Figure 6.2. Schematic illustration of the depletion interaction between two spheri-
cal colloids of radius R and interparticle distance r that are adsorbed to a liquid-
liquid interface with contact angle ✓. The colloids are surrounded by a depletion layer
of thickness � as indicated by the dashed lines resulting from the addition of non-
adsorbing polymers with radius of gyration Rg to one of the liquid phases. In addition,
a depletion layer of thickness � is present near the liquid-liquid interface as indicated
by the dotted horizontal line. The overlap volume of the depletion layers, Vov, inf, is
represented in gray.

ume for bulk colloids from equation 6.4 and the smaller value for adsorbed colloids is

shown in Fig. 6.26.

6.2.3 Magnetic dipole interactions of superparamagnetic col-

loids

Superparamagnetic particles have a permanent magnetic dipole moment that is free

to rotate. This occurs for small enough particles of a ferri- or ferromagnetic material so

that a single magnetic domain results. The orientation of the magnetic dipole moment

is random in the absence of an external magnetic field so that the net magnetization

is zero. In an external magnetic field, however, the alignment of the magnetic dipole

moments causes a net magnetization. The degree of alignment depends on the mate-

rial, the size of the particles, and the strength of the external magnetic field. The net

magnetization initially increases linearly with the external magnetic field strength.

All the magnetic dipole moments are aligned in the external magnetic field at the

saturation magnetization so that an increase of the external magnetic field strength
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no longer increases the net magnetization.

When these superparamagnetic nanoparticles form the core of a submicron- or

micron-sized core-shell colloid, the magnetic dipole moments of the particles in the

core add up to magnetic dipole moment of the core-shell colloid. Since the nanoparti-

cles are separated from each other, the larger core-shell colloid can then be considered

superparamagnetic as a whole. This is illustrated in Fig. 6.3.

Increasing external magnetic field strength

Figure 6.3. Schematic illustration of the alignment of superparamagnetic particles
inside a larger core-shell colloid. The net magnetization is zero in the absence of an
external magnetic field. The net magnetization increases upon increasing the strength
of the external magnetic field until all particles are aligned in the external magnetic
field.

The magnetic dipole moment of the colloids in an external magnetic field of an

arbitrary strength can be determined by the magnetization curve using:

µ = M ·m (6.7)

where M is the magnetization per mass (unit Am2/kg) and m is the mass of the

colloid. The magnetic dipole interaction between two magnetic dipole moments can

then be calculated as:

umag(r) =
µ0µ

2

4⇡r3
[sin ✓A sin ✓B cos(�A � �B)� 2 cos ✓A cos ✓B] (6.8)

where µ0 = 4⇡ · 10�7 N/A2 is the permeability of vacuum, µ is the magnetic dipole

moment of the colloids, r is the interparticle distance between the colloids, ✓A and

✓B are the in-plane angles and �A and �B are the out-of-plane angles of the magnetic

dipole moments of colloid A and B respectively as depicted in Fig. 6.4.

It can be shown that ✓A = ✓B = 90° and �A = �B can account for two col-
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✓A ✓B

r
�A,�B

Figure 6.4. Orientations of the magnetic dipole moments of colloids and A and B
described by the in-plane angles ✓A and ✓B, the out-of-plane angles �A and �B and
the interparticle distance r.

loids absorbed to a liquid-liquid interface in an external perpendicular magnetic field.

Equation 6.8 then simplifies to the dipole repulsion:

umag(r) =
µ0µ

2

4⇡r3
(6.9)

6.2.4 Calculation of the interaction potential

In the AOV model and the modified AOV model to account for the presence of a

liquid-liquid interface, as described in subsection 6.2.1 and 6.2.2 respectively, it is

assumed that the colloids are hard spheres. The colloids to be used throughout this

chapter, however, are silica colloids that are charge stabilized. A significant double-

layer repulsion is therefore expected between the colloids both in the bulk and at a

liquid-liquid interface. While in the bulk the double-layer interaction can be described

using the screened coulomb interaction [152], no models seem to have been developed

to describe the double-layer repulsion of colloids at liquid-liquid interfaces. Modeling

the colloids as hard spheres would result in an overestimate in the calculation of the

depletion interaction as the overlap volume is larger for smaller interparticle distances.

To circumvent this problem, we define the e↵ective hard sphere radius of the colloids,

Re↵ hs, as half the lattice spacing to be measured in the two-dimensional colloidal

crystals in subsection 6.4.4. This radius is then determined by a competition between

the screened double-layer repulsion and depletion attraction. It is assumed that the

van der Waals forces between the colloids can be neglected as the colloids are charge

stabilized. In addition, it is assumed that there are negligible capillary interactions

between the colloids at the liquid-liquid interface. The net interaction is then the
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sum of the double-layer repulsion, the depletion interaction and the magnetic dipole

interaction:

u(r) = uel, inf(r) + udepl, inf(r) + umag(r) (6.10)

6.3 Experimental

6.3.1 Materials

Sodium chloride (ACS reagent), hexane (�96%) and ethanol (ACS ISO reagent) were

obtained from Emsure. Polyethylene oxide (Mw = 7000 kg/mol) was purchased from

Aldrich. Pluronic F-127 and dextran (Mw = 2000 kg/mol) were obtained from Sigma.

Methanol (absolute, �99.9%) was obtained from Biosolve. Isopropanol (�99.5%) and

1-butanol (99%) were purchased from Acros. All chemicals were used without further

purification. Superparamagnetic silica colloids with a specified diameter of 0.51±0.03

µm and an iron oxide content of >30 wt% were purchased from Microparticles GmbH

(SiO2-MAG-S2560). Water used in all experiments was purified by filtration through

Millipore filters (18.2 M⌦·cm at 25 �C).

6.3.2 Preparation of the spreading dispersion

The following procedure was used to remove the permanent colloidal aggregates and

to disperse the superparamagnetic colloids in a suitable spreading solvent. 100 µL

of the supplied colloidal dispersion containing 25 mg/mL superparamagnetic colloids

was transferred to a centrifuge tube and filled to its maximum volume of 6 mL with

ethanol. It was then centrifuged at 1000 rpm for 1 minute after which the supernatant

was collected. The centrifuge tube was then refilled with ethanol and the sediment was

redispersed using ultrasonication. This step was repeated several times. The collected

supernatants were transferred to a glass bottle and left to sediment by gravity for

6 hours after which the supernatant was collected and the sediment was discarded.

This step was repeated until no aggregates of more than 5 colloids were observed. The

resulting spreading dispersion was then concentrated by gravitational sedimentation.

Finally, the water content of the spreading dispersion was reduced by removing the

supernatant after sedimentation by gravity overnight and replenishing the spreading
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dispersion with ethanol. The spreading dispersion was ultrasonicated for 5 minutes

prior to every use.

Ethanol was determined to be the most suitable solvent for the spreading disper-

sion. An overview of the results obtained by using di↵erent solvents for the spreading

dispersion is given in Appendix 6.B.

6.3.3 Characterization of the superparamagnetic colloids

The superparamagnetic colloids were imaged using transmission electron microscopy

(TEM) on a Philips TECNAI 12 operating at 120 kV. The TEM samples were pre-

pared by drying a droplet of the colloids dispersed in ethanol on polymer coated

copper grids using a heat lamp. The average diameter of the colloids and the poly-

dispersity were determined using iTEM.

A Eclipse Ti inverse optical microscope equipped with a Nikon 100⇥ oil objective

and a Lumenera INFINITYX camera was used to image the colloidal dispersion. Vit-

roCom optical capillaries (0.05 ⇥ 1 ⇥ 40 mm3) were filled with the colloids dispersed

in ethanol, which were sealed and glued onto microscope slides using UV sensitive

epoxy glue (Norland Optical Adhesive 81).

The magnetization curve of the superparamagnetic colloids was measured using a

vibrating sample magnetometer (VSM, MicroSense EZ9). The magnetization M (in

Am2/kg) was obtained by dividing the magnetic moment of the sample by the solid

mass content of composite particles in the liquid sample cell.

The apparent zeta potential of the colloids in water was determined using a

Malvern Zetasizer Nano ZS using laser Doppler electrophoresis at room temperature.

6.3.4 Experimental setup to image the colloids at the oil-

water interface

A schematic representation of the experimental setup used to image the colloids at the

hexane-water interface is depicted in Fig. 6.5. A homebuilt fluid cell was constructed

based on the earlier report [153]. The fluid cell consisted of a glass outer ring mounted

on a 150 µm thick glass base to ensure high quality images could be taken. The base

was reinforced with 1 mm thick glass around the outer ring to mount the fluid cell on

a microscope. The inner ring was made of aluminum and contained a teflon insert.
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The contact line of the oil-water interface was pinned between the aluminum ring

and the teflon insert so that the shape of the meniscus of the oil-water interface could

be varied by the addition or removal of either the oil or aqueous phase. The inner

aluminum ring rested on four feet which lifted it by 0.5 mm in order to allow the flow

of aqueous phase from the outside to the inside of the inner ring and vice versa. Four

arms on the aluminum inner ring kept it centered inside the fluid cell. A cap covered

the fluid cell to prevent evaporation.

Water
Hexane

Teflon insert

Aluminum inner ring
Neodymium magnet Objective

Cap

Figure 6.5. Schematic representation of the experimental setup that was used to image
the superparamagnetic colloids on the hexane-water interface. The setup consisted of
a fluid cell mounted on an inverted optical microscope (only the objective is partially
shown here) and two neodymium cuboid magnets used to induce an external perpen-
dicular magnetic field. The arms and feet keeping the inner aluminum ring with the
teflon insert centered and elevated respectively are omitted for clarity.

An external perpendicular magnetic field was induced by placing two neodymium

cuboid magnets (NdFeB Magnet, N42, 1.33 T, 2 cm ⇥ 2 cm ⇥ 1 cm) equidistant

from the area being imaged on either side of the fluid cell as depicted in Fig. 6.5. Two

magnets were used so that the height mismatch between the center of the magnets

and the interface did not result in a canted external magnetic field. The strength of

the external perpendicular magnetic field was varied by increasing or decreasing the

distance between the magnets and the interface being imaged. Here the distances were

determined carefully using a ruler. The measurement of the external perpendicular

magnetic field strength as a function of the distance between the magnets and the

interface is described in Appendix 6.C.

The colloids at the hexane-water interface were imaged using a Nikon Eclipse Ti

inverted optical microscope equipped with Nikon 60⇥ air objective with a working

distance of 1.3 mm and a Lumenera INFINITYX camera placed on an air-inflated

support to minimize vibrations. The space between the objective and the bottom of
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the fluid cell is about 1 to 2 mm as depicted in Fig. 6.5. The resolution of the images

is 49.4 nm/pixel with the 1.5⇥ intermediate magnification of the microscope enabled

so that the colloids were approximately 12 pixels in diameter in the images. The use

of a 100⇥ oil objective would improve the quality of the images significantly but these

objectives could not be used due to their insu�cient working distance.

6.3.5 Preparation of the aqueous polymer solutions

The polyethylene oxide stock solutions were prepared by dissolving either 6.16, 18.5,

30.4 or 61.6 mg of polyethylene oxide (Mw = 7000 kg/mol) in 20 g Millipore wa-

ter containing 10 mM NaCl at 70 �C under mechanical stirring for 7 hours. These

polyethylene oxide stock solutions correspond to c = 1c⇤, 3c⇤, 5c⇤ and 10c⇤ respec-

tively as calculated using equation 6.3. The radius of gyration was reported to be 210

nm for this molecular weight [154]. The Pluronic F-127 stock solution was prepared

by dissolving 100 mg Pluronic F-127 in 20 g Millipore water. It was ultrasonicated

for 1 hour to ensure complete dissolution. The polyethylene oxide stock solution was

used as the aqueous phase in the experiments in the absence of Pluronic F-127. The

aqueous polymer solutions were prepared by adding 200 µL of the Pluronic F-127

stock solution to 20 mL of the polyethylene oxide stock solutions. The aqueous phase

for the blank experiments were prepared both with and without the addition of 200

µL of the Pluronic F-127 stock solution to 20 mL of a 10 mM NaCl solution. Here

10 mM NaCl is used to reduce the Debye length of the aqueous phase to �1 = 3.0

nm so that the charged colloids may come in close contact with each other which

facilitates the depletion interaction. The role of Pluronic F127 to be present in the

aqueous phase will become clear in subsection 6.4.3.

6.3.6 Preparation of the oil-water interface with adsorbed

colloids

The hexane-water interfaces were prepared by first transferring 1.8 mL of the aqueous

phase to the fluid cell. 0.8 mL hexane was then added on top of the aqueous phase

inside the aluminum ring with the teflon insert. The superparamagnetic colloids were

then spread on the hexane-water interface by carefully injecting 10 µL of the spreading

dispersion (approximately 2 wt%) slightly above the hexane-water interface using a
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pipette. A schematic representation of the procedure is depicted in Fig. 6.6. Finally,

0.4 mL of the aqueous phase was removed using a pipette from outside the aluminum

ring so that the hexane-water interface was not disturbed. This allowed the hexane-

water interface to be within the working distance of the objective. This procedure

was found to be easier in use compared the addition of only 1.4 mL of the aqueous

phase without the removal of 0.4 mL as the hexane-water interface was less likely

to make contact with the glass bottom of the fluid cell during the spreading of the

colloids. Finally, external magnetic fields were not applied within 30 min after the

spreading of the colloids as this was found to result in the formation of permanent

three-dimensional aggregates at the hexane-water interface. The colloids that do not

adsorb to the hexane-water interface during spreading sediment to the bottom of

the fluid cell. Applying an external magnetic field within 30 min resulted in these

colloids to be drawn to the hexane-water interface due to an attractive magnetic

dipole interaction with the colloids that did adsorb to the hexane-water interface.

Polyethylene oxide,

Pluronic F-127,

and NaCl in

water

Hexane

Colloids in spreading

dispersion

A B

C D

Figure 6.6. Schematic representation of the preparation of the hexane-water interface
with adsorbed colloids. (A) An aqueous solution of polyethylene oxide, Pluronic F-
127 and NaCl is first transferred to the fluid cell. (B) Hexane is then added. (C) The
superparagnetic colloids in the spreading dispersion are then injected slightly above
the hexane-water interface. (D) A colloidal monolayer is formed within seconds.

In this chapter we have focused on using polyethylene oxide (Mw = 7000 kg/mol,

Rg = 210 nm) as the depletant. The results obtained by using smaller polymer de-
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pletants are briefly discussed in Appendix 6.D.

6.3.7 Characterization of the colloidal structures at the oil-

water interface

Unfortunately, the automated particle tracking software originally developed by

Hough et al. [155] (provided by Chris [156]) was not able to determine the posi-

tions of the colloids due to insu�cient contrast of the optical microscopy images. The

positions of the up to about 1000 colloids in the microscopy images were determined

manually instead using the computer program ScanIt. Here the positions of the center

pixel of the colloids were selected. The surface coverage, defined as the fraction of the

oil-water interface covered by the colloids, was calculated as follows:

� =
⇡NR2

A
, (6.11)

where N is the number of colloids with average radius R in an optical microscopy

image with area A. The radial distribution function was calculated as follows:

g(r) =
1

N⇢

1

2⇡rc

NX

i=1

iX
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(6.12)

where r is the radius of the ring of interest with thickness c, N is the number of

particles being summed, ⇢ is the surface density (defined as ⇢ = N

A

) and ~ri and ~rj

are the locations of particles i 6= j. Here the number of particles within a range of

� c

2
< r  c

2
are counted for every particle in the optical microscopy images. The

number of neighboring particles n was determined for every particle as follows:

ni =
X

j 6=i

f(~ri, ~rj) with f(~ri, ~rj) =

8
<

:
1 |~ri � ~rj|  ↵

0 |~ri � ~rj| > ↵
(6.13)

where ↵ is cuto↵ distance for neighboring particles defined as the interparticle distance

of the first minimum in the radial distribution function. The lattice parameters of the

two-dimensional colloidal crystals were determined by measuring the center-to-center

distance of rows of about 10 particles and dividing this distance by the amount of
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particles in this row. The lattice parameter is then the average of a large number of

measurements.

6.4 Results and discussion

6.4.1 Characterization of the superparamagnetic colloids

A representative transmission electron microscopy (TEM) image of the superpara-

magnetic colloids is shown in Fig. 6.7A. From the TEM images the average diameter

of the colloids was determined to be 592 nm with a polydispersity of 2.8%. A represen-

tative optical microscopy (OM) image of the colloids dispersed in ethanol is depicted

in Fig. 6.7B. All colloids are found to be separate particles. The method described in

subsection 6.3.2 removes the permanent colloidal aggregates e↵ectively. Note that the

superparamagnetic colloids do not form structures under the influence of the Earth’s

magnetic field. The colloids are stable in ethanol as no aggregates are observed over

time periods of approximately 8 hours without the application of ultrasonication.

A B

Figure 6.7. Representative (A) TEM and (B) OM images of the superparamagnetic
colloids. Scale bars: 1 (A) and 10 (B) µm.

The magnetization curve of the superparamagnetic colloids is depicted in 6.8.

From the absence of hysteresis in the magnetization curve it can be concluded that

the colloids are indeed superparamagnetic. It can be seen that the magnetization of

the superparamagnetic colloids increases linearly in external magnetic fields up to

approximately 5 kA/m, conveniently the range used throughout this thesis.
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Figure 6.8. Magnetization curve of the superparamagnetic colloids. The magnetization
in low external magnetic field strengths is magnified for clarity.

The average mass of the colloids is 2.89 · 10�16 kg, where the volume of colloids

is calculated from the measured average diameter and the density of 2500 kg/cm3 is

estimated from the specification that the colloids contained 30 wt% iron oxide and the

density of amorphous silica and magnetite [157]. Possibly the density of the materials

of which the colloids are made of di↵er from those reported in the literature so that

the actual mass of the colloids di↵ers from the calculated mass. The magnetic dipole

moment of the colloids at an arbitrary external magnetic field strength is determined

using equation 6.7, Fig. 6.8 and the average mass of the colloids.

The apparent zeta potential of the colloids in water is determined to be �45 mV

which indicates a good stability of the colloidal dispersion. The superparamagnetic

colloids readily form straight colloidal chains upon the application of an external

magnetic field both in aqueous solutions of 10 mM NaCl (�1 = 3.0 nm) and at the

hexane-water interface where the aqueous phase contains 10 mM NaCl. The super-

paramagnetic colloids in the chains become single particles again once the external

magnetic field is removed. No permanent colloidal aggregates were formed in this

process. 10 mM NaCl is a suitable salt concentration, at which to perform all exper-

iments.
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6.4.2 Introduction to depletion interaction of colloids at the

oil-water interface in the absence of surfactant

A blank experiment is first performed by spreading the superparamagnetic colloids

onto a hexane-water interface where the aqueous phase only contains 10 mM NaCl.

The result is depicted in Fig. 6.9. The colloids display vigorous Brownian motion and

do not form any structures over long time periods of hours after spreading and the

system remains in fluid phase. Although there seems to be an attraction between the

colloids, as evidenced by the formation of dimerized colloids on a small time scale of

seconds, this attraction must be smaller than the average Brownian motion energy of

1 kBT and is negligible. There are no significant attractions such as capillary or van

der Waals interactions in this system. The colloids strongly repel each other upon

application of an external perpendicular magnetic field of 5.5 mT, indicated by their

large interparticle distances. The colloids return to their initial fluid phase, where no

structures are formed over long time periods after the external perpendicular magnetic

field is removed.
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Figure 6.9. Representative images of the superparamagnetic colloids at the hexane-
water interface where 10 mM NaCl is present in the aqueous phase: (A) after spread-
ing, (B) upon application of an external perpendicular magnetic field of 5.5 mT and
(C) hours after the external perpendicular field is removed. Scale bars: 5 µm.

Two-dimensional colloidal crystals with a triangular lattice are observed at the

hexane-water interface, directly after spreading the superparamagnetic colloids onto

a hexane-water interface with the presence of 10 mM NaCl and c = 10c⇤ polyethylene

oxide (PEO) dissolved in the aqueous phase as depicted in Fig. 6.10. Curiously, none

of the colloids display Brownian motion, as a result, the colloidal structures at the

hexane-water interface do not change in time (Fig. 6.10A). An external perpendicular

magnetic field of 5.5 mT, which induces a magnetic repulsion of 93 kBT at contact,
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is not able to melt the two-dimensional colloidal crystals at the hexane-water inter-

face completely. Instead, a single neodymium magnet is placed on top the fluid cell

to induce a much stronger external perpendicular magnetic field of 50 mT, which

induces a magnetic repulsion of approximately 5000 kBT at contact. As a result, the

two-dimensional colloidal crystals are broken up within minutes (Fig. 6.10B). Two-

dimensional colloidal crystals reform back at the hexane-water interface one hour

after the external perpendicular magnetic field is removed (Fig. 6.10C).
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Figure 6.10. Representative images of the superparamagnetic colloids at the hexane-
water interface where 10 mM NaCl and c = 10c⇤ polyethylene oxide is dissolved in
the aqueous phase: (A) after spreading, (B) directly after the external perpendicular
magnetic field of 50 mT is applied and (C) one hour after the external perpendicular
field is removed. The distortion of the shape of the colloidal structures is ascribed to
the presence of a slight flow at the hexane-water interface. Scale bars: 5 µm.

By comparing the results shown in Figs. 6.9 and 6.10, it preliminarily indicates

the presence of an attractive force between the colloids at the oil-water interface in

the presence of PEO. However, the formed crystals do not melt completely even when

the magnetic repulsive interactions are in the order of thousands kBT at contact. It

seems there are some structural restrictions. The next subsection will resolve this

problem and verify that the colloidal crystallization at the hexane-water interface is

induced by the depletion interactions.

6.4.3 Influence of the surfactant on the depletion induced

colloidal assembly at the oil-water interface

A second blank experiment was performed by spreading the superparamagnetic col-

loids onto a hexane-water interface with 10 mM NaCl and 50 µg/mL Pluronic F-127

dissolved in the aqueous phase as depicted in Fig. 6.11. This surfactant is a triblock
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copolymer featuring a block of polypropylene oxide in the middle with blocks of

polyethylene oxide on its sides and is known to adsorb to hexane-water interfaces

[158]. The system and the behavior of the colloids at the hexane-water interface are

found to be analogous to the case, where only 10 mM NaCl is dissolved in the aque-

ous phase. The colloids do not form any structures over long periods of hours as

the system remains in a fluid phase. The colloids only dimerized on a small time

scale of seconds which indicates a small attraction between the colloids that can be

neglected. The colloids strongly repel each other under the influence of an external

magnetic field of 5.5 mT and return to their initial fluid phase after the external

perpendicular magnetic field is removed.

By comparing Fig. 6.9 and Fig. 6.11, it can be seen that the surface coverage of

the colloids at the hexane-water interface decreases upon the addition of 50 µg/mL

Pluronic F-127 to the aqueous phase. This is because the adsorption of Pluronic

F-127 to the hexane-water interface lowers the interfacial tension [158]. This possi-

bly restricts the spreading or anchoring of the superparamagnetic colloids onto the

hexane-water interface, where it is already occupied with Pluronic F-127. The impor-

tant point here is that the addition of 50 µg/mL Pluronic F-127 does not a↵ect the

interactions between the colloids in the absence of PEO polymers.
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Figure 6.11. Representative images of superparamagnetic colloids at the hexane-water
interface where 10 mM NaCl and 50 µg/mL Pluronic F-127 was dissolved in the
aqueous phase: (A) directly after spreading, (B) under the influence of an external
perpendicular magnetic field of 5.5 mT and (C) hours after the external perpendicular
field was removed. Scale bars: 5 µm.

Large two-dimensional colloidal crystals with a triangular lattice are observed at

the hexane-water interface directly after spreading the superparamagnetic colloids

onto a hexane-water interface with 10 mM NaCl, c = 10c⇤ polyethylene oxide, and

50 µg/mL Pluronic F-127 dissolved in the aqueous phase as depicted in Fig. 6.12A.
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Compared to the crystal formation in Fig. 6.10A, here the crystals do not have many

open structures and are more close packed. The two-dimensional colloidal crystals

melt within seconds upon application of an external perpendicular magnetic field of

5.5 mT. Clearly, there are no structural restrictions to the crystals. And the repulsive

magnetic dipole interactions are dominant over the attraction between the colloids, as

evidenced by their large interparticle distances. The large two-dimensional colloidal

crystals reform within minutes after the external perpendicular magnetic field is re-

moved. The process is much faster than the system without surfactant present, for

reasons discussed below.
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Figure 6.12. Representative images of the superparamagnetic colloids at the hexane-
water interface where 10 mM NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL
Pluronic F-127 was dissolved in the aqueous phase: (A) after spreading, (B) under
the influence of an external perpendicular magnetic field of 5.5 mT and (C) minutes
after the external perpendicular field was removed. Scale bars: 5 µm.

Fig. 6.13 schematically illustrates that the addition of surfactant to the aqueous

polymer phase resolve the problem of the restriction in the motion of the colloids

at the hexane-water interface. In the absence of surfactant, the large polyethylene

oxide polymers tend to adsorb to the hexane-water interface. PEO polymer used here

(Mw of 7000 kg/mol) have gyration radius of 210 nm. The adsorption to the interface

and their large size block the movement of the colloids (Fig. 6.13A). Polyethylene

oxide is known to form films at the water-air interface [159], but such studies are

not found for hexane-water or related oil-water interfaces. In Fig. 6.10C, the added

polyethylene oxide polymer does induce crystallization of the colloids at the hexane-

water interface, but the timescale of hours or even days is highly inconvenient to

study the self-assembly for these systems. In addition, polyethylene oxide is known to

adsorb to silica surfaces so that the crystallization might result from polymer bridging

e↵ect [160, 161].
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To exclude the unwanted e↵ects of PEO on the colloidal assembly at the hexane-

water interface, surfactant is proposed to be added. The addition of a surfactant to

the aqueous phase containing NaCl and PEO results in the colloids having Brow-

nian motion on the hexane-water interface, whereas the movements of colloids are

restricted with only salt and PEO present. One can expect that the Pluronic F-127

surfactant displaces the large PEO polymers from the hexane-water interface, so that

the colloids are now free to move on the hexane-water interface (Fig. 6.13B). In ad-

dition, Pluronic F-127 (much smaller size than PEO used here) is known to adsorb

on silica surfaces, which prevents the adsorption of polyethylene oxide to the colloids

[162]; bridging e↵ects between the colloids can therefore be excluded. Compared to

the blank experimental results, schematically shown in Fig. 6.13B, one can there-

fore conclude that the attractions present between the colloids at the hexane-water

interface are induced by the depletion interaction. We have already discussed the

necessity of adding surfactant to the aqueous phase, so surfactant Pluronic F-127 is

always added in the following sections of this chapter.

Hexane

Water

Hexane

Water

Hexane

Water

A B C

Figure 6.13. Schematic illustration of the superparamagnetic colloids at the hexane-
water interface with (A) only polyethylene oxide, (B) both polyethylene oxide and
Pluronic F-127 and (C) only Pluronic F-127 dissolved in the aqueous phase.

The time dependence of the crystallization of the superparamagnetic colloids and

the melting of the resultant two-dimensional colloidal crystals at the hexane-water

interface are depicted in Fig. 6.14. It can be seen that the size of the two-dimensional

crystals increased very quickly in time after the external perpendicular magnetic field

is removed. The two-dimensional colloidal crystals consist of an average of approx-

imately 50 colloids after just 3 min, which melt within seconds upon application of

an external perpendicular magnetic field of 5.5 mT. This system is fully reversible as

the cycles can be repeated.
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Figure 6.14. The crystallization of the superparamagnetic colloids and the melting of
the resulting two-dimensional colloidal crystals at the hexane-water interface where
10 mM NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL Pluronic F-127 was dissolved
in the aqueous phase. The external perpendicular magnetic field was removed at t = 0
s, which initiated the crystallization, and re-applied at t = 184 s to melt the two-
dimensional colloidal crystals. (A) t = 0 s, (B) t = 10 s, (C) t = 30 s, (D) t = 60 s,
(E) t = 100 s, (F) t = 184 s, (G) t = 185 s and (H) t = 186 s. Scale bars: 5 µm.
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6.4.4 Influence of the polymer depletant concentrations

The concentration of polyethylene oxide in the aqueous phase is varied to study the

influence on the formation of two-dimensional colloidal crystals at the hexane-water

interface. Polyethylene oxide concentrations of c = 10c⇤ in the aqueous phase are

found to be able to introduce a strong depletion interaction between the colloids, while

no significant attraction is present between the colloids in the absence of polyethylene

oxide as described in subsection 6.4.3. The concentration of polyethylene oxide is

therefore varied in the range of 0 < c < 10c⇤.

Representative images of the colloidal structures formed at the hexane-water in-

terface with 10 mM NaCl, 50 µg/mL Pluronic F-127, and various concentrations

of polyethylene oxide dissolved in the aqueous phase are depicted in Fig. 6.15. No

two-dimensional colloidal crystals are observed to form at the hexane-water interface,

when c = c⇤ PEO is added. Instead, the colloids remain in the fluid phase with-

out the presence of a significant attraction between them, similar to the case where

polyethylene oxide is absent as seen in subsection 6.4.3.

A B C

Figure 6.15. Representative images of the colloidal structures formed at the hexane-
water interface where 10 mM NaCl, 50 µg/mL Pluronic F-127 and various concen-
trations of polyethylene oxide was dissolved in the aqueous phase: (A) c = c⇤, (B)
c = 3c⇤ and (C) c = 5c⇤. Scale bars: 5 µm.

Two-dimensional colloidal crystals are observed to form at hexane-water inter-

faces, with PEO concentration c � 3c⇤. The two-dimensional colloidal crystals are

found to co-exist with the fluid phase at PEO concentration of c = 3c⇤. The colloids

continuously attach and detach from the edges of the crystals in the order of sec-

onds. A series of images of the same position on the hexane-water interface in time

are depicted in Fig. 6.16. The presence of the co-existing phases indicate that the

attraction between the colloids is relatively weak, as thermal fluctuations are able



6.4. RESULTS AND DISCUSSION 103

to overcome the attraction between the colloids. In contrast, virtually no singular

colloids are observed at the hexane-water interface, where c = 5c⇤ polyethylene oxide

is dissolved in the aqueous phase. Here the colloids are not able to detach from the

two-dimensional colloidal crystals, indicating the presence of a stronger attraction.

Note that the systems depicted in each of the images in Fig. 6.15 are in equilibrium

as the configuration of the system does not change over long time periods of hours.

t = 0 s t = 1 s t = 2 s t = 3 s t = 4 s

t = 5 s t = 6 s t = 7 s t = 8 s t = 9 s

Figure 6.16. Series of images in time illustrating the co-existing two-dimensional col-
loidal crystals with the fluid phase at the hexane-water interface where 10 mM NaCl,
50 µg/mL Pluronic F/127 and c = 3c⇤ polyethylene oxide was dissolved in the aqueous
phase. The interval between the images is 1 second. Scale bars: 3 µm.

6.4.5 Interaction potentials calculated for di↵erent depletant

concentrations

The measured values of the lattice parameter of the two-dimensional colloidal crystals

at the hexane-water interface, where 10 mM NaCl, 50 µg/mL Pluronic F-127 and

various concentrations of polyethylene oxide are dissolved in the aqueous phase, are

shown in Table 6.1. It can be seen that the lattice parameter decreases for increasing

concentrations of polyethylene oxide in the aqueous phase. This is ascribed to the

stronger depletion interaction at a higher polyethylene oxide concentrations which

pushes the colloids together more closely. The diameter of the colloids is determined

to be 592 nm as described in subsection 6.4.1. From Table 6.1, it can be seen that the

spacing between the colloids in the two-dimensional colloidal crystals is approximately

100 nm depending on the concentration of polyethylene oxide in the aqueous phase.

The large spacing between the colloids at ‘contact’ indicates a significant double-

layer repulsion between the colloids at the hexane-water interface. If the size of the
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depletant polymer is smaller than half of the minimum spacing between particles, the

deleption interaction simply does not work, as we found by replacing PEO depletant

by dextran (with gyration radius of 38 nm), which is explained in Appendix 6.D.

Table 6.1. The measured values of the lattice parameter of the two-dimensional col-
loidal crystals and the potential well depths of the calculated interaction potentials
between the colloids at the hexane-water interface where 10 mM NaCl, 50 µg/mL
Pluronic F-127 and various concentrations of polyethylene oxide was dissolved in the
aqueous phase.

Polyethylene oxide Lattice parameter Potential well depth

concentration (c/c⇤) (nm) (kBT )

1 - -

3 690 -1.78

5 685 -3.06

10 679 -6.36

We assume that the contact angle of the silica colloids at the hexane-water in-

terface is ✓ = 65°, which is reported for silica colloids at the octane-water interface

[147]. Deviations in the contact angle caused by the di↵erence of the type of oil used,

the presence of salt, PEO, and Pluronic F-127 in the aqueous phase and the possible

di↵erence in the chemical properties of the colloids are ignored here. The interaction

potential is calculated as described in section 6.2 with the lattice parameter given in

Table 6.1, and the e↵ective hard sphere diameter is introduced to model the double-

layer repulsion.

The depths of the potential well in the calculated interaction potentials between

the colloids at the various polyethylene oxide concentrations in the aqueous phase are

shown in Table 6.1. A potential well depth of -1.78 kBT may induce crystallization

to some degree as the majority of the colloids at the hexane-water interface do not

have this thermal energy of 1 kBT . At any time, there are some colloids that do

have this thermal energy which are then able to escape from the potential well depth

which explains the rapid detaching of the colloids from the two-dimensional colloidal

crystals. It seems very unlikely that any colloid at any given time is able to escape

from a potential well depth of -3.06 kBT as only seldom colloids can have the ther-
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mal energy of 1 kBT at any time so that the crystallization can be expected to be

almost irreversible. Theoretical calculations of the model matches the experimental

observations.

6.4.6 Structure transformations by balancing the attractive

and repulsive interactions

Until now, we have only considered the system in either the absence of an external

perpendicular magnetic field or under the influence of a strong external perpendic-

ular magnetic field where the colloids formed two-dimensional colloidal crystals and

fluid phases respectively. The strength of the external perpendicular magnetic field

is varied between these two limits at fixed concentrations of 10 mM NaCl, c = 10c⇤

polyethylene oxide and 50 µg/mL Pluronic F-127 dissolved in the aqueous phase

in this subsection to study the structure transformations of the superparamagnetic

colloids at the hexane-water interface.

Starting from a strong external perpendicular magnetic field, the strength of the

external perpendicular magnetic field is decreased in small steps. The same area on

the hexane-water interface is imaged, as depicted in Fig. 6.17. The calculated inter-

action potentials as a function of the interparticle distance, as described in section

6.2, are displayed as an inset within the corresponding images. The colloids on the

hexane-water interface remain in the fluid phase under the influence of relatively

strong external perpendicular magnetic fields as seen in Fig. 6.17A and B. Here the

induced repulsive magnetic dipole interactions are stronger than the attractive deple-

tion interactions. The calculated interaction potentials are repulsive for every inter-

particle distance which supports the formation of fluid phases. The colloids on the

hexane-water interface formed small and short-lived structures upon a decrease of the

external perpendicular magnetic field strength as seen in Fig. 6.17C. Here the inter-

action potential features a potential well and a small energy barrier, that is about 2

kBT , which supports the presence of a small attraction between the colloids and the

formation of small colloidal structures.

A further decrease of the external perpendicular magnetic field strength increased

the size of the colloidal structures at the hexane-water interface as seen in Fig. 6.17D,

E, and F. The depth of the potential well in the interaction potential increases and
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Figure 6.17. Colloidal structures formed at the hexane-water interface where 10 mM
NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL Pluronic F-127 were dissolved in
the aqueous phase at the same position (� = 19%). The strength of the external
perpendicular magnetic field was lowered in steps: (A) 2.64 mT, (B) 2.16 mT, (C)
1.76 mT, (D) 1.46 mT, (E) 1.23 mT and (F) 1.06 mT. The calculated interaction
potentials are depicted as an inset within the corresponding images. Scale bars: 5 µm.

the height of the barrier decreases, which allows for the formation of two-dimensional

colloidal crystals with increasing sizes.
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6.4.7 Influence of the surface density on the structure evo-

lutions of stripe phase

In this following subsection, the external perpendicular magnetic field strength is kept

fixed at 2.43 mT to form a shoulder in the calculated interaction potential, while the

surface density is varied as depicted in Fig. 6.18. The radial distribution functions,

as described in subsection 6.3.7, are depicted as an inset within the corresponding

images. The calculated interaction potential corresponding to these images is depicted

in Fig. 6.20.

Note that the various surface densities may occur at di↵erent regions on the same

hexane-water interface, because our experimental setup is not able to compress and

decompress the monolayers at the hexane-water interface. The colloids form a fluid

phase at the hexane-water interface at relatively low surface densities, at and below

22%, as the majority of the colloids are singular particles as seen in Fig. 6.18A, B and

C. The absence of colloidal aggregates proves that the interaction potential is truly

repulsive for every interparticle distance.

The colloids form short chain-like structures, which co-exist with singular parti-

cles at a surface density of 27%, as seen in Fig. 6.18D. The length of the chain-like

structures increases as surface densities are increased. And the amount of singular

particles decreases, as shown in Fig. 6.18E and F. The phases observed in Fig. 6.18E

and F are referred to as the stripe phase [149, 150]. The chain-like structures rapidly

and continuously assemble and disassemble in the order of seconds. Note that the

systems in Fig. 6.18 are in equilibrium as the phases do not change in time.

Clear peaks in the radial distribution functions are observed around r = d for all

surface densities depicted in Fig. 6.18. These peaks purely result from the presence of

small permanent colloidal aggregates at the hexane-water interface at surface densities

of 12 and 17% as the interaction potential is purely repulsive and the colloids have

plenty space to disperse. The intensity of the peaks around r = d increase as the

surface density increase. It indicates that the average amount of neighboring colloids

increase as a result of the spacial confinement of the colloids at the hexane-water

interface. Curiously, the radial distribution functions feature a minimum around r =

1.5d and a second peak around r = 2d for all surface densities depicted in Fig. 6.18.

This is ascribed to the presence of a shoulder in the interaction potential. All colloids
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Figure 6.18. Colloidal structures formed at the hexane-water interface where 10 mM
NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL Pluronic F-127 was dissolved in
the aqueous phase under the influence of an external perpendicular magnetic field of
2.43 mT so that a shoulder in the interaction potential was formed at various surface
densities: (A) 12%, (B) 17%, (C) 22%, (D) 27%, (E) 32% and (F) 36 %. The radial
distribution functions are depicted as an inset within the corresponding images. The
corresponding calculated interaction potential is depicted in Fig. 6.20. Scale bars: 5
µm.

repel each other as the interaction potential is purely repulsive resulting in a peak

around r = 2d. The formation of chain-like structures upon an increase of the surface

density results in a more intense peak r = d while the peak at r = 2d results from

of next nearest neighbors in the chain-like structures and colloids in di↵erent chains.

The positions of the maxima and minima in the radial distribution functions in the
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inset of Fig. 6.18E and F match those of the stripe phases reported in the literature

[150]. This confirms that the stripe phase is indeed observed experimentally.

The distribution of the amount of neighboring colloids, calculated as described

in subsection 6.3.7, for every surface density depicted in Fig. 6.18 is shown in Fig.

6.19. It can be seen that the average amount of neighboring colloids increases for

increasing surface densities. Curiously, at surface densities of 32 and 36%, where the

stripe phase is observed, approximately 8% of the colloids are still singular particles.

This can be ascribed to the vigorous Brownian motion of the colloids at the hexane-

water interface, which allows colloids to ‘escape’ from their stripes and lose their

neighboring colloids. In addition, this explains why the amount of colloids having

only 1 neighboring colloids is relatively high: around 30%. Around 40% of the colloids

have 2 neighboring colloids and around 22% of the colloids have 3 or more neighboring

colloids which form ‘crosslinks’ between the stripes.

12% 17% 22% 27% 32% 36%
0

20

40

60

80

100

Surface density (%)

P
ro
b
ab

il
it
y
(%

)

0 Neighbors
1 Neighbor
2 Neighbors
3 Neighbors
4 Neighbors

Figure 6.19. Probability distribution of the colloids having a certain number of neigh-
boring colloids at the various surface densities in depicted Fig. 6.18.

The formation of the stripe phase resulted from the presence of a shoulder in

the interaction potential. In this system, the minimization of energy required the

minimization of shoulder overlaps. It is illustrative to translate the shoulder in the

interaction potential to a physical shoulder imagined around the colloids that is re-

ferred to as a soft corona [149]. In the shoulder-shaped interaction potential, depicted

in Fig. 6.20, it can be seen that the interaction energy for two colloids with over-

lapping shoulders is approximately 5 kBT . At interparticle distances of r = 2d the

energy is approximately half that of a shoulder overlap. We can therefore define this

distance as the distance where the soft coronas begin to overlap for illustrative pur-
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poses. Thus, we assume that � = 2R where � is the radius of the soft corona and R

is the radius of the colloid. Note that the extent of the overlap of the soft coronas is

irrelevant in this illustration.
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Figure 6.20. Calculated interaction potentials for the formation of the stripe phase
where the external perpendicular magnetic field strength was tuned to form a shoulder
in the interaction potential. Note that the interaction potential used in Fig. 6.18 is
represented in green while the interaction potentials represented in red and blue were
the upper and lower limit where the stripe phase was observed.

The overlap of the soft coronas for two di↵erent configurations, the triangular lat-

tice and the idealized stripe phase, are illustrated in Fig. 6.21 for a surface density of

32%, corresponding to the surface density observed in Fig. 6.18E. Here the interparti-

cle distance between adjacent particles in the stripes is taken to be the e↵ective hard

sphere diameter measured in subsection 6.4.5. It can be seen that, if the colloids are

arranged in a triangular lattice, the soft coronas of the colloids would overlap with

the soft coronas of its six nearest neighbours. In contrast, if the colloids are arranged

in the stripe phase, the soft coronas of the colloids would overlap with only two other

soft coronas. Note that there are no overlaps of the soft coronas of colloids that are

located in di↵erent stripes. This illustrates that the stripe phase is the ground state

of the system at � = 32% and using � = 2R as the number of soft corona overlaps is

minimal for this configuration.

A phase diagram showing the phases that are observed at the various surface

densities and external perpendicular magnetic field strengths is depicted in Fig. 6.22.



6.4. RESULTS AND DISCUSSION 111

A B

Figure 6.21. Illustration of the origin of the stripe phase. The shoulder in the interac-
tion potential is represented as a soft corona. In a triangular lattice at � = 32% the
soft coronas of each colloid overlaps with six other soft coronas. In the stripe phase,
the soft coronas of each colloid only overlaps with two other soft coronas. The stripe
phase is the most stable configuration as a result of the minimization of overlapping
soft coronas in the system. Note that the extent of the overlap is irrelevant in this
illustration.

This diagram summarizes the results described in this subsection. In the limit of

a strong external perpendicular magnetic field the colloids form fluid phases at the

hexane-water interface at every surface density while two-dimensional colloidal crys-

tals formed in the absence of an external magnetic field. The phases formed at inter-

mediate external magnetic field strengths, however, depended on the surface density of

the colloids on the hexane-water interface. When the external magnetic field strength

corresponds to the formation of a shoulder in the interaction potential, the stripe

phase only forms above a threshold of approximately 30% surface density. The for-

mation of fluid phases at lower surfaces densities again proves that the true interaction

potential was purely repulsive.

In the phase diagram depicted in Fig. 6.22 it can be seen that the formation of the

stripe phase is possible in the range of external perpendicular magnetic field strengths

of 2.34 to 2.64 mT as long as the surface density is approximately 30% or larger in

our experimental model system. The interaction potentials for the observed upper

and lower limit of the magnetic field strength are depicted in Fig. 6.20. Our results

match those of earlier experimental work [7, 151], where a gradual transition from

the fluid phase to the stripe phase is also observed. In all experimental systems, the

length of the stripes increases for increasing surface densities. The dimerized phase

observed in the simulations [149, 150] is not observed experimentally neither in this



112 DEPLETION INDUCED CRYSTALLIZATION OF MAGNETIC COLLOIDS AT INTERFACE

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
0.5

1

1.5

2

2.5

3

3.5

4

4.5

� (%)

B
(m

T
)

fluid phase
Stripe phase
Crystalline phase
Mixed phases

Figure 6.22. The phase diagram of the colloidal phases formed at the hexane-water
interface at various surface densities � and external perpendicular magnetic field
strengths B.

work nor reported work in refs. 7, 151. Possible reasons include that these phases are

not stable enough to obtain experimentally. In the simulations, however, the system

can be artificially cooled down to approach the ground state of the system. The

Brownian motion of the colloids might prevent this state from being reached as the

weak dimerized colloids break up easily. Compared to that, the stripe phase might be

more stable so that it can be observed experimentally.

6.5 Conclusions and outlook

An experimental model system to utilize depletion interaction for the self-assembly of

colloids at the oil-water interface has been developed and verified. Two-dimensional

colloidal crystals are observed at the hexane-water interface directly after the spread-

ing of the superparamagnetic colloids onto the interface. The colloidal crystals can

melt upon application of an external perpendicular magnetic field, which reform

within minutes after the removal of the field, showing that the colloidal crystallization

at the oil-water interface is fully reversible. The strength of the depletion interaction

at the hexane-water interface is tunable by varying the depletant concentration in

the aqueous phase. A clear transition from the absence of significant attractions to a
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weak attraction (crystals co-exist with the fluid phase) to a strong attraction (colloids

are not able to detach from the crystals) is observed. A gradual transition from the

fluid phase to increasingly larger two-dimensional colloidal crystals is observed upon

decreasing the external perpendicular magnetic field strength. In addition, the stripe

phase is observed at surface density above approximately 30%, when the strength of

the field is tuned such that a shoulder in the interaction potential forms. The the-

oretical model that is developed here based on the Asakura-Oosawa-Vrij model to

account for the reduction in the overlap volume of the depletion layers of the colloids

at the oil-water interface matches the experimental observations.

This work sheds new light on the utilization of depletion interaction to direct the

colloidal self-assembly at the oil-water interface. The width of the shoulder in the

interaction potential can be tuned by altering the ratio between the radius of the

colloid and the radius of gyration of the polymer depletant, potentially allowing the

formation of novel structures experimentally. While the influence of the size of the

shoulder in the interaction potential on the formation of quasicrystals has been studied

by computer simulations [163], such studies have not been performed experimentally.

These quasi-crystals might exist in the experimental model system developed in this

chapter, at even higher surface densities.
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Appendix 6.A. Derivation of the overlap volume of

colloids at liquid-liquid interfaces

Let the area of an arbitrary horizontal cross section of the depletion layers of the

colloids at the liquid-liquid interface be 2A as depicted in Fig. 6.23A. The area of half

of the horizontal cross section of the overlap of the depletion layers is then a circular

segment with area A as depicted in Fig. 6.23B.

2A
l1

l2

rh

A

A B

Figure 6.23. (A) Arbitrary horizontal cross section of the depletion layers of colloids at
the liquid-liquid interface with area 2A. (B) Circular segment with area A represents
half of the horizontal cross section of the overlap of the depletion layers.

The area of the circular segment in Fig. 6.23B is equal to the area of the cir-

cular sector minus the area of the triangular portion with height l2andbasel1 : A =

2⇡r2h
arctan

⇣
l1
l2

⌘

2⇡
� 2 · 1

2
l1l2 = r2h arctan

⇣
l1
l2

⌘
� l1l2(6.14)The circular segment is visual-

ized in the three-dimensional representation of the overlap of the depletion layers as

depicted in Fig. 6.24.

The parameters to describe the circular segment, l1, l2 and rh, can now be rewritten

using the parameters introduced in Fig. 6.24:

l1 =
p
r2v � x2 (6.15)

l2 =
q
r21 � r2v (6.16)

rh =
q
r21 � x2 (6.17)



6.5. CONCLUSIONS AND OUTLOOK 115

A

xx = �rv x = 0 x = rv

l1 rv
rh

l2r1

Figure 6.24. Three-dimensional representation of the circular segment in the overlap
of the depletion layers.

so that equation 6.14 can be rewritten as follows:

A = (r21 � x2) arctan

 s
r2v � x2

r21 � r2v

!
�
p
r2v � x2

q
r21 � r2v (6.18)

The overlap volume of the depletion layers is then 2A integrated from x = �rv to

x = �b:

Vov, inf = 2

�bZ

�rv

 
(r21 � x2) arctan

 s
r2v � x2

r21 � r2v

!
�
p
r2v � x2

q
r21 � r2v

!
dx (6.19)

We now wish to rewrite equation 6.19 in terms of R, �, ✓ and r, where R is the radius

of the colloids, � is the thickness of the depletion layers, ✓ is contact angle, and r is

the interparticle center-to-center distance. From Fig. 6.25 we can deduce the following

relations:

r1 = R + � (6.20)

rv =

r
(R + �)2 � r2

4
(6.21)

b = � �R cos✓ (6.22)

Here b describes the situation whether the centers of the colloids locate in the depletion
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Figure 6.25. Illustration of the geometry of the depletion layers of the colloids at the
liquid-liquid interface in terms of R, �, ✓, r and b. The polymer depletants are not
drawn for clarity.

layer or not. If b > 0, it means the thickness of the depletion layer is larger than the

vertical distance between the center of the colloid to the interface, as shown in Fig.

6.25. Substitution of equations 6.20-22 in equation 6.19 yields:

Vov, inf = 2

R cos✓��Z

�
q

(R+�)2� r2

4

((R + �)2 � x2) arctan

0

@

q
(R + �)2 � r

2

4
� x2

r

2

1

A

� r

2

r
(R + �)2 � r2

4
� x2 dx

(6.23)

An analytical expression of Vov, inf in terms of R, �, ✓ and r could not be obtained

due to the complexity of equation 6.23. Instead, the integral was solved numerically

with R = 592 nm, � = Rg = 210 nm and ✓ = 65° for 2R  r  2(R+�). The calculated

overlap volume of the depletion layers for colloids in bulk and at the hexane-water

interface is plotted as a function of r in Fig. 6.26. It can be seen that the overlap

volume of the depletion layers at the hexane-water interface is approximately one

third of the overlap volume of the depletion layers in the bulk.
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Figure 6.26. The calculated overlap volume of the depletion layers for colloids in bulk
and at the hexane-water interface as a function of the interparticle distance r.

Appendix 6.B. Influence of the solvent for the

spreading dispersion

Di↵erent solvents are used for the spreading dispersion to adsorb the superpara-

magnetic colloids to the hexane-water interface as described in subsection 6.3.6. The

challenge is to obtain a high enough surface density which allows the formation of

the stripe phase as described in subsection 6.4.7. The influence of the solvent of the

spreading dispersion on the adsorption of the colloids to the hexane-water interface,

where 10 mM NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL Pluronic F-127 are

dissolved in the aqueous phase, is briefly discussed in this section.

Colloids are frequently delivered to the oil-water interface using an isopropanol-

water mixture. A representative image of the colloids adsorbed to the hexane-water

interface using a 50/50 v./v.% isopropanol-water mixture as the solvent in the spread-

ing dispersion is depicted in Fig. 6.27A. Spots with a diameter of approximately 100

µm with a high surface density are typically observed while the majority of the inter-

face is virtually bare. The size of spots increases which decreasing the surface density

of the colloids upon the melting of the two-dimensional colloidal crystals. The stripe

phase could therefore only be formed for short time periods as it requires a surface

coverage of at least approximately 30%. Spreading the colloids with methanol as the

solvent in the spreading dispersion results in a su�ciently high and homogeneous sur-
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face density suitable for the formation of the stripe phase as depicted in Fig. 6.27B.

Large bubbles are however found at the hexane-water interface as shown in the in-

set of the image. Spreading the colloids with ethanol as the solvent in the spreading

dispersion has a similar result: a su�ciently high and homogeneous surface density

suitable for the formation of the stripe phase without the formation of bubbles as

depicted in Fig. 6.27C. Spreading the colloids with 1-butanol as the solvent in the

spreading dispersion results in a su�ciently high and homogeneous surface density

suitable for the formation of the stripe phase as depicted in Fig. 6.27D. However,

large dark aggregates are observed at the hexane-water interface.

A B

C D

Figure 6.27. Representative images of the superparamagnetic colloids at the hexane-
water interface where 10 mM NaCl, c = 10c⇤ polyethylene oxide and 50 µg/mL
Pluronic F-127 was dissolved in the aqueous phase using di↵erent solvents for the
spreading dispersion: (A) 50/50 v.% isopropanol-water mixture, (B) methanol, (C)
ethanol and (D) 1-butanol. The bubbles seen in (B) are shown as an inset for clarity.
Scale bars: 50 µm (A-C) and 20 µm (D).

Increasing the concentration of colloids in the 50/50 v./v.% isopropanol-water

mixture does not result in a significant increase of the surface density of colloids at
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the hexane-water interface. Instead, the colloids sink through the interface. Upon the

injection of the spreading dispersion to the hexane-water interface, the spreading dis-

persion does not spread well over the hexane-water interface. Instead, small droplets

form which popp once they had reached a size of approximately 1 mm in diameter.

For pure alcohols it is always the case that the spreading dispersion spread well over

the hexane-water interface presumably, which might be due to their lower interfacial

tensions with the aqueous phase and hexane phase of the interface which results in a

high and homogeneous surface coverage [158, 164].

The reason for the formation of bubbles at the hexane-water interface when us-

ing methanol might be the fact that methanol is immiscible with hexane, and the

injection of the particles to the interface is always slightly above the interface. As to

the spreading solvent of 1-butanol, we have found that the particles cannot withstand

good stability in time in the bulk solution, which might the reason for the aggregation

problem when they are injected to the interface.

Ethanol is used as the solvent in the spreading dispersion throughout this chapter

as it is considered to be the most suitable solvent for the spreading dispersion.

Appendix 6.C. Measurement of the external per-

pendicular magnetic field strength

The strength of the external perpendicular magnetic field induced by the two

neodymium magnets was measured using a LakeShore 421 Gaussmeter using the

setup depicted in Fig. 6.28. Here the height mismatch of 7 mm between the center

of the magnets and the center of the probe corresponded to the height mismatch

between the center of the magnets and the hexane-water interface in the experimen-

tal setup described in subsection 6.3.4. The magnetic field strength was measured

with intervals of �d = 2.5 mm. The strength of the external perpendicular magnetic

field as a function of the horizontal center-to-center distance d between the magnets

and the probe is depicted in Fig. 6.29. The H-field was related to the B-field using

B = µ0H.
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Figure 6.28. Schematic illustration of the setup used to measure the strength of the
external perpendicular magnetic field.
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Figure 6.29. Strength of the external perpendicular magnetic field as a function of
the center-to-center distance d between the magnets and the probe as shown in Fig.
6.28.

Appendix 6.D. Depletion interaction at the oil-

water interface using smaller polymer depletants

The dextran stock solution was prepared by dissolving 0.87 g of dextran (Mw = 2000

kg/mol) in 20 g Millipore water containing 10 mM NaCl using a tabletop shaker. The

concentration of the stock solution corresponds to c = 3c⇤. Note that no Pluronic F-

127 is added to the aqueous phase as the colloids have vigorous Brownian motion on

the hexane-water interface even when the dextran is added. A representative image

of the results obtained by spreading the superparamagnetic colloids onto a hexane-

water interface where 10 mM NaCl and c = 3c⇤ dextran are dissolved in the aqueous

phase is depicted in Fig. 6.30A. Here the colloids are spread using a 50/50 v./v.%

isopropanol-water mixture as the solvent in the spreading dispersion. No colloidal

structures except for singular particles are observed at the hexane-water interface

over a few hours.

The absence of the formation of two-dimensional colloidal crystals at the hexane-
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Figure 6.30. (A) Representative image of the superparamagnetic colloids at the
hexane-water interface where 10 mM NaCl and c = 3c⇤ dextran was dissolved in
the aqueous phase 4 hours after the spreading of the colloids. (B) Schematic illus-
tration of the superparamagnetic colloids at the hexane-water interface with dextran
dissolved in the aqueous phase. It can be seen that the depletion layers of the colloids
do not overlap so that no depletion interaction between the colloids results.

water interface using dextran as the depletant can be acribed to the strong electrical

double-layer repulsion between the colloids at the hexane-water interface. The colloids

are approximately 100 nm apart as measured in subsection 6.4.5. Here the depletion

layers of the colloids do not overlap as the minimal spacing between the colloids is

larger than twice the radius of gyration of the dextran polymers, which is Rg = 38

nm [165], as depicted in Fig. 6.30B. The overlap volume is therefore Vov, inf = 0 which

does not result in a depletion interaction between the colloids as seen in equation 6.6.

While it may be possible to screen the electrical double-layer repulsion to facilitate

the depletion interaction using dextran by increasing the concentration of NaCl in

the aqueous phase, which is beyong the scope of this work.
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Part II

Novel magnetic colloids
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Chapter 7
Magnetic bowtie-shaped silica colloids

In this chapter we investigate the preparation of bowtie-shaped colloidal particles

composed of various materials. Monodisperse hematite colloidal cubes of about one

micron in size were synthesized via a gel-sol method in large quantity. These cubes

were then controllably etched with acid to obtain bowtie-shaped bare hematite par-

ticles via a top-down strategy. The classical Stöber silica coating method was applied

to obtain a silica coating on these bowtie-shaped templates. The reaction conditions

of the Stöber silica coating process were systematically varied to get silica coated

bowties. Subsequent dissolution of the template hematite cores resulted in hollow

bowtie-shaped silica particles. Alternatively, under protection of the silica coating,

hematite cores were reduced to maghemite in hydrogen, which yields bowtie-shaped

maghemite particles with significantly increased magnetization. To redisperse the as-

reduced particles in water, a subsequent etching process of silica in hot water was con-

ducted. Magnetic responsive chain formations of the resultant silica coated bowties

are obtained.

125
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7.1 Introduction

Anisotropic colloids are of great interest in materials science. They can be used as

building blocks for self-assembly, to form complex structures with interesting prop-

erties. It is not surprising that over the past decade, colloidal self-assembly has been

one of the major driving themes in materials science and that a substantial amount of

work has been devoted to engineering colloidal building blocks with unusual shapes

and functionalities. Recently, a wide variety of colloids with di↵erent shapes has been

obtained using various synthesis strategies [54]. Among these, template-assisted syn-

thesis can be regarded as a relatively facile method to produce monodisperse colloidal

particles in large quantities. Template-assisted synthesis is done by first synthesiz-

ing anisotropic template particles, such as spindles, peanut-shaped particles or cubes

[72, 93, 166, 167]. These particles can be used as a template, by growing a shell around

those particles, with a shape set by the templates. Then the core can be removed,

resulting in hollow anisotropic particles that can be used for further studies. There is

a need to find new anisotropic template particles.

Recently, a new method has been reported to synthesize anisotropic template

particles via a top-down strategy, employing controllable acid etching, in which the

starting colloids were etched with directional preference. This way, colloids with in-

teresting shapes can be obtained [168]. For instance, hematite nanoparticles can be

controllably etched with oxalic acid to produce nanodiscs with a relatively uniform

size distribution. Phosphate ions were used as capping agent, which allowed the etch-

ing to proceed favorably along one particular direction, leading to hematite nanodiscs

with tens of nanometers thickness. Besides, micron-sized hematite cubes can be con-

trollably etched with hydrochloride acid. Depending on the size of the cubes and the

duration time of the etching, hematite particles with sandglass-like or disc-like mor-

phologies can be obtained. However, these sandglass-like particles transformed into

cone-like particles with the middle connecting part broken apart as the etching time

was increased [169].

Rossi [162] performed an acid etching method to probe the internal structures

of micron-sized hematite cubes synthesized by the Sugimoto method [170, 171]. The

resulting particles look somewhat similar to the sandglass-like particles. However,

when the etching proceeded, the middle connecting parts were kept intact. Therefore,
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etching time is a control parameter to obtain di↵erent bowtie-shaped particles with

di↵erent sizes of lobes. Furthermore, these bowtie-shaped colloids look like peanut-

shaped particles [93, 172], but they have a di↵erent curvature, and, more importantly,

the size can be tuned, whereas these peanut-shaped particles can, to the best of our

knowledge, not be synthesized at sizes lower than about two micron. Because the size

and shape of the bowtie-shaped particles can be tuned, these particles are promising

to use as a template, in order to obtain di↵erent anisotropic particles that can be

used for self-assembly studies.

This chapter focuses on template-assisted synthesis using bowtie-shaped hematite

particles. Specifically, acid concentration and amount, together with etching time,

were tuned to obtain well-defined bowtie-shaped template colloids. The Stöber silica

coating method was applied on the resultant bowtie-shaped colloids. The amount

of silica precursor and the starting time of sonication in the coating reaction were

systematically varied to find a general silica coating method for the synthesis of silica-

coated bowtie-shaped particles with an intact middle part. Moreover, as hematite

cubes are permanently magnetic, magnetic properties of the etched colloids were also

studied and compared with the initial hematite cubes. Reduction in hydrogen was

investigated to increase the magnetization of the silica-coated bowtie-shaped particles

by conversion of the hematite core to the more magnetic maghemite.

7.2 Experimental

7.2.1 Materials

Iron(III) chloride hexahydrate (FeCl3·6H2O, ACS reagent, 98%) was purchased from

Sigma Aldrich and an unopened one was used in the synthesis of hematite cubes.

Polyvinylpyrrolidone (PVP, 40 kg/mol) and hydrochloric acid (ACS reagent, 37

wt%) were purchased from Sigma Aldrich. Sodium hydroxide (pellets, �99%) and

ethanol (EtOH, ACS ISO reagent) were obtained from Emsure. Tetraethyl orthosil-

icate (TEOS) (�99%) and tetramethylammonium hydroxide (TMAH, 25 wt% in

water) were bought from Aldrich. All chemicals were used without further purifica-

tion. Water used in all experiments was purified by filtration through Millipore filters

(18.2 M⌦·cm at 25 °C).
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7.2.2 Colloidal hematite cubes

Hematite (↵-Fe2O3) cubes were first prepared from condensed ferric hydroxide gel

following the method developed in ref. 72. Typically 100 mL of aqueous 5.0 M

NaOH solution was quickly added under stirring to 100 mL aqueous solution of 2.0

M FeCl3·6H2O. The resulting homogenous gel was stirred for another 15 min and

left undisturbed in a closed Pyrex bottle at 100 �C for 8 days. Next, the particles

were washed by centrifugation and dispersed in Millipore water for the etching step.

The solid content of the cube dispersion was calculated to be 49 mg/mL, by drying

1 mL of cube dispersion under a lamp and weighing the solid residue. The sizes of

the final hematite cubes prepared here were controlled by adding di↵erent amounts

of FeCl3·6H2O, according to ref. 173.

7.2.3 Bowtie-shaped hematite colloidal particles

In a typical etching process, 40 mL of concentrated HCl solution (37 wt%) was mixed

with 20 mL as-prepared hematite cubes (49 mg/mL) dispersions in Millipore water.

Then the mixture was put on an orbital shaker to guarantee a homogeneous etching

process. After etching for a certain time, the mixture was quickly centrifuged for 5 min

at 1500 rpm. The etching time was counted from the addition of acid to cubes to re-

moval of the supernatant. The sediment was then washed more than three times with

Millipore water, until the pH was ⇠5 as measured with pH paper. Finally, the product

was redispersed in Millipore water, coded as EC-Am-n, where m means di↵erent acid

concentrations: if it is value of 2, it means volume ratio between concentrated HCl

solution and cube dispersion is 2; n represents etching time such as 0.5 h, 1 h or 1.5

h.

7.2.4 Silica coating of bowtie-shaped particles

The silica coating reaction, using the Stöber method, was performed in ethanol con-

taining a small amount of water to promote the hydrolysis of the TEOS and the

ammonia hydroxide to catalyze the reaction. TEOS was dropped into the reaction

mixture using a peristaltic pump, which helps keeping the total TEOS concentration

in the reaction mixture constant. To prevent the formation of aggregates, ultrasonica-
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tion and mechanical stirring are applied throughout the whole procedure. It is worth

to note that the starting time of sonication is crucial for bowtie-shaped colloids, be-

cause excessive sonication time may result in separated ‘wings’ of the particles, by

breaking the middle part of the bowtie-shaped colloids.

To prepare the silica coated bowties, polyvinyl pyrrolidone (PVP) was used to sta-

bilize the bowtie-shaped particles. First PVP adsorbed hematite cubes were made,

which underwent the above etching process to get PVP stabilized bowtie-shaped par-

ticles. In principle, one can directly stabilize the hematite bowties with PVP molecules

after etching. But considering the di�culty of calculating the surface area of bowties

with irregular shapes to get proper amount of PVP needed and easy breaking of the

middle parts of bowties during many washing steps, the way proposed here seems

more e�cient. The amount of PVP can be calculated to provide the cubic colloids

with about 60 PVP molecules per nm2 surface. Typically, 20 g PVP (M
w

= 40 kg/mol)

was dissolved in 200 mL water by ultrasonication of the solution for 15 min. Subse-

quently, the as-prepared PVP solution and the hematite cubes suspension (20 mL

of 50 mg/mL) were mixed under mechanical stirring. To guarantee that the adsorp-

tion was complete, the reaction mixture was mechanically stirred for 24 h at room

temperature and underwent sonication for at least 3 h right after mixing. Finally,

the PVP-stabilized cubic colloids were washed at least 3 times with Millipore water

to remove the non-absorbent excess PVP molecules. The as-prepared PVP stabi-

lized cubes were etched with the procedure mentioned above, approximately 100 mg

bowtie-shaped particles were obtained for EC-A2-0.5h series etched from about 1 g

hematite cubes. Prior to silica coating, the washed bowtie dispersions in water were

redispersed via centrifugation in ethanol for 3 times.

In a typical silica coating process, the as-prepared PVP-stabilized bowtie-shaped

colloids in ethanol were redispersed in a flask which contains a mixture of 913 mL

absolute ethanol, 66 mL water and 10 mL TMAH (1 wt% in water). The silica depo-

sition was started by adding a mixture of TEOS and absolute ethanol to the flask by

a peristaltic pump. The amount of TEOS is determined by the amount of particles,

which also determines the starting time of sonication. The experimental conditions

for di↵erent batches of bowtie-shaped colloids are summarized in Table 7.1. The start-

ing time of sonication was counted right after adding the last drop of the mixture of

TEOS and absolute ethanol.
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Table 7.1. Overview of di↵erent silica coating reactions.

Silica

coating

batch

Bowtie

colloids

batch

Hematite

cube

sizes

(nm)

TEOS:EtOH

(mL)

Start

sonication

(min)

Thickness of

silica coating

(nm)

Si@BT5 EC-A2-0.5 1100 0.125:1.25 - -

Si@BT6 EC-A2-0.5 990 0.3:3 - -

Si@BT13 EC-A2-1 990 0.3:3 - -

Si@BTa1 EC-A2-1 990 0.3:3 10 50

7.2.5 Reduction process

The reduction process was performed under mixed gas flow of hydrogen and nitrogen

(4% : 96 %) with a flow rate of 100 mL/min with Micromeritics ASAP2920, equipped

with a TCD detector for H2 reduction. Temperature was programed from room tem-

perature to 450 �C with a ramping of 5 �C/min and maintained for 5 h. Afterwards,

the temperature was reduced to room temperature in the same gas flow.

7.2.6 Heating the particles in water

The as-reduced bowties were redispersed in water by sonication for 30 min. The

dispersion was added to a three-neck flask and refluxed at 100 �C for 2 h. The reduced

bowties were isolated by centrifugation and washed by water for several times. The

size selection was done by centrifugation at 2000 rpm for 2 min and the non-dispersible

aggregates were discarded.

7.2.7 Microscopy

Particle shape was 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.

The magnetic response of bowtie-shaped particles was monitored by a Nikon inversed

optical microscope equipped with an oil immersion 100⇥ Nikon objective (numerical

aperture is 1.4). NdFeB Magnet was used (N42, 1.33 T). Images were taken with a
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Lumenera InfinityX CCD camera.

7.2.8 X-ray Di↵raction (XRD)

XRD measurements were performed on dried particles at room temperature on a

Bruker-AXS D2 powder di↵ractometer, using Co K↵ radiation (� = 1.78897 Å). Peak

positions were compared to the International Centre for Di↵raction Data (ICDD)

database.

7.3 Results and Discussion

7.3.1 E↵ect of acid concentration and etching duration time

on geometries of bowtie-shaped particles

A top-down method–acid etching of hematite cubes is used to prepare bowtie-shaped

particles in this chapter. Tunable morphologies of bowtie-shaped hematite particles

can be prepared by controlling acid concentration and etching duration time. The

starting colloidal cube dispersion always has solid concentration around 50 mg/mL.

The results for colloidal cubes with size around 982 nm are shown in Fig. 7.1. We

can see that the EC-A2 samples conditions for preparation of bowtie-shaped particles

are optimal. For EC-A1, the etching goes very slowly. After one hour, EC-A1-1 still

maintains cube geometry. However, if adding 3 times volume of hydrochloride acid

(37 wt%), it is observed that the particles became rod-like particles only after half

an hour, see EC-A3-05. Obviously, the robust acid etching of hematite cubes has

preferential etching direction. Even though the lobes of EC-A3-05 become so small,

the middle part still remains intact which also occurs to EC-A2-1 and EC-A2-15. As

time goes by, the lobes become smaller and smaller. These observations can all be

ascribed to the inner structures of our starting hematite cubes, which contain bundles

of elongated subcrystals.

The sizes of bowtie-shaped particles can be controlled by tuning the sizes of

hematite cubes. Fig. 7.2 shows the bowtie-shaped particles etched from di↵erent sizes

of hematite cubes. The sizes are indicated in each picture. The acid volumes used here

were all two times of the volume of particle dispersions, and duration time for etching
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Figure 7.1. TEM pictures of hematite cubes with same size (982 ± 25 nm) etched by
di↵erent HCl concentrations for 0.5 h, 1 h, 1.5 h and 2 h. The number after “A” in
the code of each sample represents the HCl concentrations: if it is value of 2, it means
volume ratio between concentrated HCl solution and cube dispersion is 2.

was varied for 0.5 h and 1 h respectively. We can get di↵erent sizes of bowtie-shaped

hematite particles ranging from 602 nm to 1128 nm.

7.3.2 Starting time for sonication during the silica growth

step

The silica coating plays multiple important roles in this work. First, it preserves

the bowtie morphologies in later reduction process. Second, the silica layer acts as a

spacer that separates the magnetic bowties by certain distance and limits their mutual

magnetic attraction, therefore preventing the colloidal dispersion from aggregation.

Finally, the silica layer is the ease of establishing electrostatic interactions among

the bowties, which is crucial for self-assembly study. Sonication is a crucial step in

growing silica layer on hematite cores, as it prevents both deposition of the secondary
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Figure 7.2. TEM pictures of hematite cubes with di↵erent sizes etched for 0.5 h or 1
h under the condition that the volume of concentrated HCl is twice of the volume of
the cubes dispersions.

silica nuclei on the surface of particles as well as particle sedimentation. However,

for bowtie-shaped particles, sonication may break the middle parts. Therefore proper

control of the starting time of sonication is essential during the silica coating process:

it must start before the deposition of secondary silica nuclei on particle surfaces but

after the first silica growth around the core particles.

Fig. 7.3 exhibits the silica growth on bowtie-shaped hematite particles. Si@BT5

had 0.125 mL TEOS added at the beginning, and we found after 60 min, there was no

clear silica growth on the particles. However, if 0.3 mL added, Si@BT6 had obvious

silica growth out of the rough surface only after 25 min. We applied the recipe of

0.3 mL TEOS to more etched bowtie particles Si@BT13, and similar silica growth

rate was found. For the rest of silica coating recipe we used 10 min instead of 25 min

as waiting time after adding the last drop of silica precursor. Because the bowtie-

shaped particle surface is very loose and rough, once we see the silica layer outside, it

indicates that the silica has already deposited inside the porous structures. The silica
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growth inside these porous structures can be revealed by etching the cores, as will be

shown in the following subsection.

Figure 7.3. TEM pictures that monitor silica growth on the surface of bowtie-shaped
colloids. Si@BT5 and Si@BT6 are used to show the e↵ect of silica precursor amount
on silica growth rate, which is 0.125 mL and 0.3 mL TEOS; Si@BT6 and Si@BT13 are
displayed to show that the same silica precursor works well for di↵erent geometries
of bowtie-shaped colloids.

7.3.3 Preparation of hollow silica bowtie-shaped particles

After the silica-coated bowtie-shaped particles were prepared, we can easily get hollow

ones by etching the cores with hydrochloride acid overnight to ensure a complete

etching of the cores. The electron microscopy images of the resulting particles are

shown in Fig. 7.4. After adding concentrated hydrochloride acid (37 wt%) for reacting

overnight, the final dispersion of washed hollow bowties was clearly white in contrast

to the orange color of the initial suspensions of bare hematite bowties. Fig. 7.4c,d

shows the TEM pictures of hollow particles under large and small magnifications

compared to particles with hematite cores embedded (Fig. 7.4b). We also look at

the morphologies of particles before and after silica coating using SEM as displayed

in the insets of Fig. 7.4a,b. Clearly seen are the inner structure of hematite cubes,

comprising bundles of elongated subcrystals. The surface is not as smooth as that



7.3. RESULTS AND DISCUSSION 135

of hematite cubes. After growing silica coating on these particles, the silica layer

smoothens the particle surface. Because of the porous structures, multiple layers of

silica coating were obtained, which makes it di�cult to reveal that those particles are

hollow under tranmission electron microscope.

Figure 7.4. TEM pictures of bowtie-shaped hematite particles(a), silica-coated ones(b)
and hollow silica bowtie-shaped particles(c,d). Insets in (a) and (b) are corresponding
SEM pictures with scale bars of 200 nm.

7.3.4 Reduction of silica-coated hematite bowtie-shaped par-

ticles into maghemite

The magnetic response of the silica-coated bowtie-shaped particles mixed with Dyn-

abeads was studied by optical microscopy. Superparamagnetic colloids (Dynabeads)

were used as reference for the direction of the external magnetic field. Fig. 7.5A-C

shows the magnetic response in the magnetic field whose direction is indicated by

the arrow in the inset of each picture. The rotational motion of each particle in the

external magnetic field is illustrated in the red box of each image. We can clearly

see that the particles can still rotate, meaning that the induced magnetic torque is

not strong enough to overcome the thermal motion. By looking more carefully, it was

found that the particle could only rotate in the direction perpendicular to the field



136 MAGNETIC BOWTIE-SHAPED SILICA COLLOIDS

whereas the motion in the parallel direction was locked. Fig. 7.5F schematically shows

the magnetic alignment of silica-coated bowtie-shaped particles in the magnetic field,

which has its short axis parallel to the magnetic field. After removal of the magnetic

field, the particle freely moved in all directions shown in Fig. 7.5D,E.

Figure 7.5. Optical microscope pictures (A-E) of silica-coated bowtie-shaped particles
and Dynabeads (used as indicator of magnetic field directions). Schematic illustration
of alignment of bowtie in external magnetic field (F).

To increase the magnetic interactions between bowtie-shaped particles, hydrogen

gas was used to reduce hematite to other types of magnetic minerals [174]. After re-

duction in a gas mixture of hydrogen and nitrogen (4% : 96%) at 450 �C for 5 h, the

orange powder of silica-coated hematite particles became brown powder, which indi-

cates that the cores of bowtie particles are not hematite anymore. Fig. 7.6 shows the

XRD pattern of reduced hematite bowtie particles coded Si@BTa1-Re1, in compari-

son with bowtie-shaped hematite particles. After reduction the corresponding peaks

of hematite disappear, the peaks referring to maghemite arise. There is also a clear

peak for amorphous silica around 28�, referring to multiple silica layers. The reduction

process is only introduced here to enhance the magnetization of the bowtie-shaped

particles, as to the e↵ect of the silica coating thickness, temperature, and reduction

time on the reduced products, a more comprehensive study is needed.

Hematite cubes with a size of about 1 micron can form kinked chains in the earth
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Figure 7.6. XRD patttern of reduced hematite bowtie-shaped particles coated with
silica (c) compared with hematite particles (a).

magnetic field, see also subsection 8.3.5. For bowtie-shaped particles, the magnetic

dipole moment in one particle becomes weaker after etching away the materials. Silica

coatings even further weaken the magnetic interactions by increasing the distance

between magnetic dipoles. Fig. 7.7a shows the magnetization curve of hematite cubes

and etched bowtie-shaped particles at room temperature. At zero field, the mass

magnetizations of both types of particles are only 0.25 emu/g. Although the value

is comparable for the same material after etching step, the bowtie-shaped particles

have much weaker magnetic interactions for less volume, such that they do not form

chain-like structures in the external field.

Figure 7.7. Mass magnetization curves of bare hematite cubes (HC), bowtie-shaped
hematite particles (EC-HC-0.5 and EC-HC-1), and silica coated reduced bowties
(Si@BTa1-Re1) as a function of the applied field strength.



138 MAGNETIC BOWTIE-SHAPED SILICA COLLOIDS

We also look at the magnetization curve after reduction for the brown powder, as

indicated in Fig. 7.7b. We found the zero-field mass magnetization is about 5 emu/g,

which is 20 times stronger than original particles. And there is a clear saturated

magnetization which is about 20 emu/g.

The morphology and dispersibility of the as-reduced bowties and the ones after

reflux are imaged by TEM and optical microscopy, as shown in Fig. 7.8. The bowties

after reduction aggregated vigorously in water (Fig. 7.8c). This can be ascribed to

two facts. There is much stronger remnant magnetization in zero field after reduction

from hematite to maghemite. Second, the reduction proceeds at a high temperature

of 450 �C, as a result, the remaining silanol groups after the growth of silica layer

continue to condense. There are not su�cient electrostatic repulsion between particles

to overcome the magnetic dipole-dipole interactions. This issue can be conveniently

addressed by heating the bowties in water with reflux, during which more silanol

groups were created on the particle surface by etching of the silica layer with water.

However, the etching rate of the silica layer of bowtie was inhomogeneous, indicated

in Fig. 7.8d,e. It seems the bigger the curvature of the surface, the faster the etching

rate is. In despite of that, the chain formation of bowties was found in the presence

of the external field with their long axis orientating parallel to the field. With the

remnant magnetization in zero-field, the dipole-dipole interactions between bowties

are strong enough to keep chain formation intact, but more flexible. As shown in Fig.

7.8f, the straight chain started bending very quickly after switching o↵ the magnetic

field.

7.4 Conclusions

Bowtie-shaped colloids of di↵erent materials were made for the first time by top-

down and template-assisted synthetic methods. Owing to the typical polycrystalline

structures of hematite cubes, the colloids with bowtie shapes were preserved. The

morphologies of bowtie-shaped hematite particles can be tuned by varying acid con-

centration and etching time. Growth of silica coating on these bowtie-shaped tem-

plates was monitored to prevent the middle parts broken from sonication and promote

a homogeneous silica coating as well. Waiting times of 10 min after adding 0.3 mL

TEOS before sonication appears to keep middle parts intact. The hollow silica bowtie-
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Figure 7.8. (a-c) The shapes and the dispersibility of reduced maghemite bowties
in water in the absence of an external field: TEM images that reveal the core-shell
structures with di↵erent magnifications are shown in (a-b); the optical microscopy
image shows the aggregation of the as-reduced particles redispersed in water (c). (d-f)
The morphologies and magnetic response of the maghemite bowties after reflux: TEM
images show that the silica coating around the middle part of bowtie disappears (d-e);
the optical microscopy images indicate a straight chain formation in the presence of
an external field. The orientation of the bowtie is explained by the cartoon. After
switching o↵ the field, the bowties remain in a flexible chain conformation. Scale bars
are indicated for each image.

shaped particles were made from complete etching of hematite cores after growing

silica. The dipole moments of silica coated hematite bowtie-shaped colloids are not

strong enough to induce magnetic chain formation in an external field. Reduction

of these hematite cores in hydrogen significantly increased the magnetic moment of

the core; the resulting silica bowties containing maghemite exhibited a strong field-

induced chain formation after more silanol groups were produced by silica etching.
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Chapter 8
Magnetic dipolar spheres

A method is reported to synthesize micron-sized magnetic dipolar spheres with either

centered or o↵-centered permanent dipole moment based on seeded emulsion poly-

merization mechanism. Firstly micron-sized hematite cubes were prepared via the

gel-sol method, that served as seed particles. Cross-linkable 3-(trimethoxysilyl)propyl

methacrylate (TPM) oil was introduced for the encapsulation of hematite cubes. We

found that the thickness of the TPM encapsulations of the hematite cubes was tun-

able precisely in a single step. O↵-centered magnetic dipolar composite spheres can be

made followed by the polymerization of the TPM shell. In addition, silica coating was

applied to reduce the o↵-centered positioning of the dipole moment in order to make

centered dipolar spheres. A smoother coating of silica is obtained by using ultrasoni-

cation and adding polyvinylpyrrolidone (PVP) which provides additional stability to

the seeds during the coating step. Gravitational sedimentation was used to purify the

dispersion of dipolar spheres. The self-assembly of these colloids in the bulk and at

the oil-water interface is briefly discussed.

141
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8.1 Introduction

Much attention has been paid to magnetic core-shell colloids because of the possibility

to guide and to manipulate their self-assembly processes using external magnetic

fields [175]. In particular, the resulting periodic structures are promising materials

for applications such as photonic crystals [176].

While several strategies are available for the preparation of magnetic core-shell

colloids, most syntheses involve the formation of clusters of superparamagnetic mag-

netite nanoparticles which are subsequently coated with a layer of non-magnetic ma-

terial such as silica or polymers [177]. These types of magnetic core-shell colloids are

superparamagnetic and do not have a net magnetic dipole moment in the absence

of an applied external magnetic field. Until then, these structures had only been ob-

served using transmission electron microscopy [178, 179]. The first spherical micron-

sized magnetic colloids with a fixed magnetic dipole moment, referred to as dipolar

spheres, were realized by encapsulating hematite cubes with 3-(trimethoxysilyl)propyl

methacrylate (TPM) [15, 162, 180, 181]. The positioning of the dipole moment on

the dipolar spheres is tunable. Refs. 15, 181 have studied magnetic assembly of those

dipolar spheres with shifted magnetic patches in bulk. Novel self-assembled structures

including dimers, trimers, rings and light activated crystals instead of simple linear

chains are found. All the self-assembly processes of dipolar spheres can be studied in

situ using optical microscopy. Therefore it would be interesting to use those dipolar

spheres including the dipolar spheres with centered dipole moment to study their

self-assembly in “soft” confinements. The encapsulation of the hematite cubes with

TPM to get o↵-centered dipolar spheres was described in refs. 15, 162, however the

recipe for making precise thickness of the TPM shell was not given. Moreover, the

subsequent silica coating of the TPM-encapsulated hematite cubes is found to be

very di�cult to reproduce in order to prepare magnetic dipolar spheres with centered

dipole moment.

To make centered magnetic dipolar spheres, the first TPM layer should be con-

trolled not too thick, which may be not su�cient to make particles stable in the

subsequent silica coating process. In addition, the hematite cores are anchored steri-

cally by TPM polymer without chemical bonding in between. The polymer shell may

be separated easily from the core by some external mechanical forces such as sonica-
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tion, which is often used in silica coating process. Therefore there is a need to find an

e�cient way to stabilize the particles during silica coating and preserve the core-shell

structures.

Therefore this chapter is devoted to present an improved and more reproducible

recipe for the synthesis of dipolar spheres with centered magnetic cores. Along with

that, a fixed recipe to get dipolar spheres with precise shifted magnetic patches will

be investigated. Here we show that the hematite cubes can be encapsulated with

TPM with a precise thickness in a single step. A subsequent smooth silica coating

can be obtained by additionally stabilizing the TPM coated colloids, and meanwhile

the core-shell structures can be preserved. The morphologies of the dipolar spheres are

characterized using transmission electron microscopy. The self-assembled structures

of these colloids in the bulk and at the oil-water interface, as observed using optical

microscopy, are briefly discussed.

8.2 Experimental

8.2.1 Overview of the synthesis procedure

The dipolar spheres are produced using a synthesis procedure that consists of three

steps. A schematic overview of the synthesis procedure is depicted in Fig. 8.1.

Hematite cubes are synthesized using a gel-sol method in the first step [182]. The

hematite cubes are then used as seeds in the second step where they are encapsulated

with TPM to produce a round but asymmetric sphere around the hematite cube. The

resulting colloids are then coated with a layer of silica in the third step, resulting in

spherical colloids in which the magnetic hematite cube core is approximately centered

[162, 180].

8.2.2 Materials

Iron(III) chloride hexahydrate (ACS reagent, 98%) and polyvinylpyrrolidone (40

kg/mol) were purchased from Sigma Aldrich. Sodium hydroxide (pellets, �99%) and

ethanol (ACS ISO reagent) were obtained from Emsure. 3-(Trimethoxysilyl)propyl

methacrylate (TPM) (98%) and tetraethyl orthosilicate (TEOS) (�99%) were ob-

tained from Aldrich. Ammonia (28-30 wt%) and azobisisobutyronitrile (AIBN) (98%)
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TPM
encapsulation Silica coating

Figure 8.1. Schematic overview of the three steps in the synthesis method used to
produce the dipolar spheres: the synthesis of hematite cubes, the encapsulation of the
hematite cubes with TPM and the silica coating of the TPM-encapsulated hematite
cubes.

were purchased from Acros. Pluronic F-127 was obtained from Sigma. Methanol (ab-

solute, �99.9%) was obtained from Biosolve. All chemicals were used without further

purification. Water used in all experiments was purified by filtration through Millipore

filters (18.2 M⌦·cm at 25 °C).

8.2.3 Synthesis of hematite cubes

Three batches of hematite cubes were prepared. The experimental conditions were

chosen such that hematite cubes with edge lengths of approximately 1 µm would

result by choosing the appropriate parameters according to ref. 173. The first batch

was prepared as follows: a 4.9 M sodium hydroxide solution was prepared by dissolving

19.60 g of sodium hydroxide in 100 mL of Millipore water using a volumetric flask.

The solution was cooled down to room temperature prior to filling it to 100 mL.

49.67 g of iron(III) chloride hexahydrate was transferred from a previously unopened

container to a 250 mL Pyrex bottle and 100 mL Millipore water was added. This

solution was ultrasonicated for 35 min in order to dissolve the iron(III) chloride.

The sodium hydroxide solution was then gradually added to the iron(III) solution

in approximately 18 seconds under vigorous magnetic stirring. The stirring bar was

removed after additional 10 min of stirring to ensure homogeneity and the Pyrex

bottles containing the gel were transferred to a preheated oven at 100 °C for a period

of 8 days to age. The gels were left undisturbed during this time. After this ageing

period, the bottles were allowed to cool down to room temperature. The resulting sols

were centrifuged and washed six times until the supernatant had reached a steady

pH of about 3 to 4 as measured with pH paper.

The second and third batch were made using the same procedure, except that
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19.61 g of sodium hydroxide for both batches and 49.43 and 49.45 g of iron(III)

chloride hexahydrate was used for batch II and III respectively. The addition time

was 25 seconds for batch II and 33 seconds for batch III.

8.2.4 Encapsulation of hematite cubes with TPM

The hematite cubes were encapsulated with TPM using the following procedure.

TPM was first hydrolyzed by vigorously mixing 1 mL TPM and 19 mL Millipore

water using a vortex mixer and leaving it on a roller mixer overnight. Then, 10 mL

of hematite cubes dispersed in Millipore water (batch I, 2.8 wt%) and between 0.8

and 1.8 mL hydrolyzed TPM were mixed in a 100 mL round bottom flask under

ultrasonication and vigorous stirring. The condensation of the hydrolyzed TPM was

initiated by the injection of 0.25 mL ammonia using a syringe immediately after

the ultrasonication was turned o↵. The colloids must be carefully handled from this

point as the hematite cubes are only trapped in their TPM encapsulation by the

surface tension. Improper care or the use of ultrasonication may result in the loss

of the TPM encapsulations. 0.1 mL of AIBN in methanol (5 g/L) and 1 mL of an

aqueous Pluronic F-127 solution (10 g/L) were added to the reaction 3 min after the

injection of ammonia. Both solutions were ultrasonicated prior to addition to ensure

complete dissolution. The dispersion was then transferred to a vial and placed in an

oil bath preheated at 80 °C and kept at this temperature for 3.5 h under slow stirring.

The samples were carefully shaken by hand every 20 min in order to redisperse the

sedimented TPM-encapsulated hematite cubes. The samples were then cooled down

to room temperature and washed three times with Millipore water by gravitational

sedimentation. A magnet was placed below the vial to increase the sedimentation

speed.

8.2.5 Silica coating of TPM-encapsulated hematite cubes

The TPM-encapsulated hematite cubes were then coated with a layer of silica us-

ing the following procedure. First, 15 mL of an aqueous PVP solution (35 g/L) was

added to a 5 mL aqueous dispersion of TPM-encapsulated hematite cubes (2.0 wt%).

The aqueous PVP solution was ultrasonicated until the PVP was completely dissolved

prior to the addition. The mixture was stirred by leaving it on a roller mixer overnight,
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after which the excess PVP was washed away by washing the now with PVP adsorbed

TPM-encapsulated hematite cubes three times with ethanol by graviational sedimen-

tation. A magnet was placed below the vial to increase the sedimentation speed. The

sediments were redispersed by shaking the vials carefully by hand. Then, 100 mL of

ethanol containing the PVP adsorbed TPM-encapsulated hematite cubes, 10 mL of

Millipore water and 1 mL of ammonia were transferred to a 250 mL round bottom

flask and mixed under mechanical stirring. A solution of 1 mL of TEOS in 1 mL of

ethanol was then added dropwise using a peristaltic pump over the course of about

15 min. A pipet was mounted at the end of the tube to reduce the droplet size to

create a more continues flow of TEOS to the reaction. Ultrasonication was initiated

15 min after the addition of the TEOS solution was completed. The ultrasonication

was turned o↵ after 5 h while the stirring was continued overnight. The resulting sil-

ica coated TPM-encapsulated hematite cubes were washed four times with Millipore

water by gravitational sedimentation. A magnet was placed below the vial to increase

the sedimentation speed.

8.2.6 Purification of dipolar spheres

To purify the suspension and to reduce the number of larger aggregates, the following

procedure was used. An aqueous dispersion of dipolar spheres (0.5 wt%) was trans-

ferred to a large centrifuge tube to fill it to its maximum volume of 15 mL. The

dipolar spheres were then allowed to sediment by gravity for 2 h, after which the

middle part of the dispersion was collected and stored aside as depicted in Fig. 8.2.

This procedure was repeated with the remaining part of the suspension. Finally all

the collected dispersions were added together and concentrated by gravitational sed-

imentation. The fractions of singular, dimer, trimer, etc. particles was determined by

counting and categorizing the particles from a large amount of microscopy pictures

of random positions.

8.2.7 Characterization of dipolar spheres

The weight percentage of the colloidal dispersions were determined by drying an

amount of the colloidal dispersions on an aluminum dish and weighing the residue

on an analytical balance. The colloids were imaged using transmission electron mi-
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2 h

Figure 8.2. Procedure used to purify the dipolar spheres. The highlighted volume was
collected after allowing the dispersion to sediment by gravity for 2 h.

croscopy (TEM) on a Philips TECNAI 12 operating at 120 kV. TEM samples were

prepared by drying a droplet of the aqueous colloidal dispersion of interest on poly-

mer coated copper grids using a heat lamp. The average size and the polydispersity

in the size of the colloids were determined using iTEM by measuring the size of at

least 100 colloids.

A Nikon Eclipse Ti inverse optical microscope equipped with a Nikon 100x oil

objective and a Lumenera INFINITYX camera was used to image the structure for-

mations of the hematite cubes and the dipolar spheres. VitroCom optical capillaries

(0.05 ⇥ 1 ⇥ 40 mm) were filled with the colloids dispersed in ethanol, which were

sealed and glued onto microscope slides using UV sensitive epoxy glue (Norland Opti-

cal Adhesive 81). The surface charge of the colloids and the capillaries were increased

by the addition of 1 v.% of ammonia to the colloidal dispersions to prevent the colloids

from sticking to the capillaries.

8.3 Results and discussion

8.3.1 Synthesis of hematite cubes

About 14 g of hematite cubes were obtained in each of the three batches synthesized

which indicates that the conversion of iron(III) chloride is nearly 100%. Representative

TEM images of the three batches are depicted in Fig. 8.3. The average edge length

and the polydispersity in the edge length of the hematite cubes in the three batches

are shown in Table 8.1.

While the three batches of the hematite cubes were synthesized using the same

procedure with only minor deviations in the addition time and the amounts of iron(III)
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A B C

Figure 8.3. Representative TEM images of the hematite cubes synthesized in the three
batches: (A) batch I, (B) batch II and (C) batch III. Scale bars: 2 µm.

Table 8.1. Average edge length and the polydispersity in the edge length of the
hematite cubes synthesized in the three batches.

Batch Average edge length (nm) Polydispersity in the edge length (%)

I 1286 6.0

II 1151 6.0

III 1060 5.2

chloride and sodium hydroxide added, their edge lengths di↵ered significantly. This is

in agreement with earlier reports where the exact size of the resulting hematite cubes

is described to be di�cult to reproduce [173]. The size of the resulting hematite cubes

can be tuned by varying the concentration of excess ferric ions (F3+
x

) [183]. These are

the ions that do not precipitate due to an imbalance in the amounts of Fe3+ and OH-:

[Fe3+x ] = [Fe3+total]�
1

3
[OH�

total] (8.1)

The size of the resulting hematite cubes increases upon increasing the concentra-

tion of the excess ferric ions in the solution. In addition, the time over which the

NaOH solution is added influences the size of the resulting hematite cubes: smaller

hematite cubes result if the NaOH solution is added more quickly, which is attributed

to the local pH increase during the addition of the NaOH solution which enhances

the formation of nucleates.

Hematite cubes with sizes in a wide range can be obtained using this method. The

cubic shape of the hematite cubes is clearly seen in Fig. 8.3, as most colloids lay flat
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on the grids during imaging.

The polydispersity in the edge length of the hematite cubes obtained in the three

batches is in agreement with previous reports [173, 183]. As the magnetic dipole

interaction energy at contact is proportional to d3, where d is the edge length of

the hematite cube, the magnetic dipole interactions are stronger for larger hematite

cubes. The largest batch of hematite cubes is therefore selected to produce the dipolar

spheres with using the two consecutive steps.

8.3.2 Encapsulation of hematite cubes with TPM

While in previous work [162, 180] the size of the TPM encapsulations could be mon-

itored using optical microscopy and feeding the reaction with additional hydrolyzed

TPM until the TPM encapsulations reached the desired size. A di↵erent route was

selected in this chapter, as the thickness of the TPM encapsulations could not be

determined accurately using optical microscopy. Instead, the amount of hydrolyzed

TPM present in the reaction before nucleation was varied without the addition of

additional hydrolyzed TPM after the nucleation. This simplified the synthesis greatly

once the amount of hydrolyzed TPM required to reach the ideal size of the TPM

encapsulations was determined. In addition, the resulting thickness of the TPM en-

capsulations obtained in the syntheses was more reproducible.

Hematite cubes with TPM encapsulations of various sizes were prepared by vary-

ing the amount of hydrolyzed TPM in the reaction while leaving all other parameters

unchanged. Representative TEM images of the particles obtained are depicted in Fig.

8.4. The average diameter, the polydispersity in the diameter and the average thick-

ness of the TPM encapsulations of the particles are shown in Table 8.2. Note that

the determined thickness of the TPM encapsulations are an average as the hematite

cubes are o↵-centered in the TPM encapsulations.

From Fig. 8.4A it is apparent that 0.8 mL of hydrolyzed TPM is not su�cient

to produce spherical TPM encapsulations as only the faces of the hematite cubes

were covered with thin layer of TPM and the particles remain cubic in shape. The

TPM encapsulations seen in Fig. 8.4B appear to be round, but some corners of the

hematite cubes are seen protruding through the TPM encapsulation. Here the TPM

encapsulations are not large enough to fully cover the hematite cubes. The particles
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A B

C D

Figure 8.4. Representative TEM images of TPM-encapsulated hematite cubes pre-
pared by varying the amount of hydrolyzed TPM in the reaction: (A) 0.8 mL, (B)
1.3 mL, (C) 1.6 mL and (D) 1.8 mL. Scale bars: 1 µm.

in Fig. 8.4C better approach a spherical shape. The corners of the hematite cubes

do not protrude through the TPM encapsulation. The o↵-centered positioning of the

hematite cube can clearly be seen for these particles. In Fig. 8.4D a thick and spher-

ical encapsulation of TPM is seen. But the hematite cube core becomes increasingly

o↵-centered compared to Fig. 8.4C. The trade-o↵ is clearly revealed in Fig. 8.4: thin

TPM encapsulations does not result in spherical particles while thick TPM encapsu-

lations result in particles with an increasingly o↵-centered magnetic dipole moment.

To produce dipolar spheres with an approximately centered magnetic dipole moment,

the particles should be spherical while minimizing the o↵-centered positioning of the

hematite cube core. The particles depicted in Fig. 8.4C, prepared using 1.6 mL of

hydrolyzed TPM in the reaction, are therefore determined to be the optimal seed

particles to produce the dipolar spheres as they are spherical but the hematite cube

core is not too o↵-centered.

Particles in which the TPM encapsulation contained multiple hematite cube
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Table 8.2. Average diameter, the polydispersity in the diameter and the average
thickness of the TPM encapsulations of the particles shown in Fig. 8.4.

Amount of Average Polydispersity Average thickness of the

hydrolyzed TPM (mL) diameter (nm) in the diameter (%) TPM encapsulation (nm)

0.8 - - -

1.3 1533 4.5 124

1.6 1584 4.8 149

1.8 1622 5.1 168

Note: The diameter of the particles prepared using 0.8 mL of hydrolyzed TPM in the reaction could

not be measured as the TPM encapsulations were not spherical.

cores were occasionally observed. These particles are referred to as dimers, trimers,

tetramers, etc. A dimer particle is depicted in Fig. 8.5. As these n-mer particles were

already observed directly after the nucleation of TPM, as imaged using optical mi-

croscopy, it is evident that these particles form during the nucleation of TPM. The

large hematite cubes have strong magnetic dipole interactions so that they, even un-

der vigorous stirring and ultrasonication, might form small clusters. These clusters

were then encapsulated by a single TPM droplet during the nucleation of TPM. These

particles were removed at a later stage after the silica coating was applied.

Figure 8.5. TEM image of a dimer particle consisting of two hematite cubes encap-
sulated by TPM. Scale bar: 1 µm.

Apparently the synthesis of TPM dipolar spheres with hematite cubes embedded

is a typical seeded emulsion polymerization procedure, but it is di↵erent from other

reported methods. In general, the seeds comprise of inorganic particles functionalized
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with a coupling agent on which the organic material can anchor and grow [184, 185].

Here the encapsulation of TPM oligomer occurs on bare hematite surface, which does

not need a surface modification. It may be ascribed to the fast condensation reaction

of TPM oil in the presence of ammonia hydroxide, which enhances the hydrophobicity

of the oil phase dramatically. We also notice that the encapsulation of hematite cubes

is not complete, leaving one cube face at the oil-water interface given that the oil

amount is su�cient to cover the whole surface. It is determined by the contact angle

of particles at the oil-water interface. And the results shown here are in agreement

with previous work describing that bare hematite cubes lie flat at the decane-water

interface in the preparation of Pickering emulsions [186].

8.3.3 Silica coating of TPM-encapsulated hematite cubes

The TPM-encapsulated hematite cubes were successfully coated with a layer of silica

to obtain dipolar spheres with an approximately centered magnetic dipole moment. A

smooth and uniform silica coating was not obtained without the use of ultrasonication

and the adsorption of polyvinylpyrrolidone (PVP) to the seeds as depicted in Fig. 8.6.

In Fig. 8.6A, the resulting silica coating was very rough with protrusions with a radius

of about 100 nm present on the surface. These protrusions are secondary nuclei that

are fused to the surface of the silica coating and consequently are grown into the

coating. The uptake of secondary nuclei is attributed to lack of stability of the seed

particles during the silica coating.

A B C

Figure 8.6. Representative TEM images of the particles without the adsorption of
PVP to the seed particles where ultrasonication was initiated at di↵erent moments
during the reaction: (A) no ultrasonication, (B) ultrasonication from the start of
the reaction and (C) ultrasonication initiated 15 min after the dropwise addition of
TEOS was completed. Scale bars: 1 µm.
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Ultrasonication is generally applied during silica coatings to prevent the forma-

tion of aggregates during the reaction [162, 183]. The application of ultrasonication

throughout the silica coating of the TPM-encapsulated hematite cubes, however, re-

sulted in the loss of the TPM encapsulations as depicted in Fig. 8.6B. Here the

hematite cubes were shaken out of their TPM encapsulations, as the hematite cubes

are only trapped inside the TPM encapsulations by the surface tension. Silica coated

hematite cubes were obtained, as indicated by the edges that with lower contrast

which is a layer of a material of a smaller density. Interestingly, the obtained silica

coating was very smooth without secondary nuclei fused and grown into the coating.

It can be concluded that the use of ultrasonication results in a smoother coating.

While in the Stöber method the silica coating is grown over a time period of

hours, the initial growth is relatively fast as the concentration of the reactant is

at its highest at the start of the reaction. Therefore it can be hypothesized that a

thin layer of silica, capable of keeping the hematite cube and the TPM encapsulation

together under ultrasonication, would have been grown quickly. The particles obtained

without the adsorption of PVP to the seeds and initiating ultrasonication 15 min after

the dropwise addition of TEOS was completed are depicted in Fig. 8.6C. Indeed, a

smoother coating was obtained compared to Fig. 8.6A where no ultrasonication was

used. Some protrusions were still observed on the surface, however, which can be

ascribed to secondary nuclei fused and grown in the growing silica coating up the

moment ultrasonication is initiated.

The particles obtained by initiating ultrasonication 15 min after the dropwise

addition of TEOS was completed and adsorbing PVP to the seeds are depicted in

Fig. 8.7. As seen in Fig. 8.7, a smooth coating of silica was observed with only minor

imperfections present on the surface of the particles. The adsorption of PVP to the

surface of the seed particles greatly improves the smoothness of the coating. The

enhancement in the surface smoothness can be ascribed to the adsorbed PVP as

it provides additional steric stabilization of the seed particles, thus preventing any

secondary nuclei from depositing on the surface of the particles. The average diameter,

the polydispersity in the diameter and the average thickness of the silica coating of

the particles are shown in Table 8.3.

A silica coating with an average thickness of 67 nm means that two hematite

cube cores cannot, on average, come closer than 134 nm. As a result, the van der
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Figure 8.7. Representative TEM image of silica-coated TPM-encapsulated hematite
cubes. Ultrasonication was initiated 15 min after the addition of TEOS was completed
and the seeds were additionally stabilized by the adsorption of PVP to the seed
particles. Scale bar: 1 µm.

Table 8.3. Average diameter, polydispersity in the diameter and the thickness of the
silica coating of the particles shown in Fig. 8.7.

Average Polydispersity Average thickness of the

diameter (nm) in the diameter (%) silica coating (nm)

1719 4.5 67

Waals interaction between two hematite cube cores can be ignored. As one face of

the hematite cube originally protrudes from the TPM encapsulation, the o↵-centered

positioning of the magnetic core is equal to the average thickness of the TPM encap-

sulation, which is 149 nm for these particles as shown in Table 8.2. The o↵-centered

positioning of the hematite cube core in the dipolar spheres can be seen in Fig. 8.7.

8.3.4 Purification of dipolar spheres

Finally, the dipolar spheres were isolated from the heavier n-mer particles by grav-

itational sedimentation. The distribution of singular, dimer, trimer, etc. particles in

the colloidal dispersion before and after the purification step are shown in Fig. 8.8.

Virtually no particles that consisted of three or more hematite cubes in a single TPM

encapsulation were observed after the purification step. The amount of dimer parti-

cles is reduced by a factor 7 so that over 99% of the particles are singular particles
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after the purification step. This purity is deemed su�cient to study the self-assembly

of dipolar spheres.

Singulars Dimers Trimers Tetramers

93.9%

5.3%
0.6% 0.2%

99.2%

0.8% 0% 0%

F
ra
ct
io
n

Before purfication
After purification

Figure 8.8. Distribution of singular, dimer, trimer and tetramer particles in the col-
loidal dispersion before and after the purification step of the dipolar spheres using
gravitational sedimentation.

8.3.5 Self-assembly of hematite cubes and dipolar spheres in

the bulk

Images of the structures formed by the self-assembly of hematite cubes and dipolar

spheres under the influence of the Earth’s magnetic field are depicted in Fig. 8.9A and

B respectively. The hematite cubes formed straight kinked chains while the dipolar

spheres formed more flexible chains and even circular chains. From Fig. 8.9B, it can

be concluded that the dipolar spheres with centered dipole moment are successfully

prepared as the resulting chains are straight in contrast to the so-called zipper chains

observed for dipolar spheres with a significantly shifted magnetic dipole moment [162].

When aligned in chains, such as shown in Fig. 8.9, the magnetic dipole interaction

energy at contact is umag, min = �114 kBT and umag, min = �48 kBT between the

hematite cubes and the dipolar spheres respectively. The derivation of the magnetic

dipole interaction energy is given in Appendix 8.A.
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A B

Bearth Bearth

Figure 8.9. Structures formed by the self-assembly of (A) hematite cubes and (B)
dipolar spheres under the influence of the Earth’s magnetic field. Scale bars: 5 µm.

8.3.6 Self-assembly of the dipolar spheres at an oil-water in-

terface

The self-assembly of the dipolar spheres confined at an flat oil-water interface was

briefly discussed. The spreading dispersion was prepared by washing the aqueous

dispersion of dipolar spheres three times with ethanol by gravitational sedimentation.

A magnet was placed at the bottom of the vial to increase the sedimentation speed.

Monolayers were formed by injecting 10 µL of the spreading dispersion containing

approximately 1 wt% dipolar spheres slightly above the hexane-water interface. The

setup used here is described in subsection 6.3.4. The dipolar spheres formed dipolar

chains at the hexane-water interface similar to those observed in the bulk described

above. The dipolar chains, however, remained intact under the influence of the applied

external perpendicular magnetic field as depicted in Fig. 8.10. It is assumed that the

magnetic dipoles of the dipolar spheres align in the field direction, then the magnetic

dipole interaction energy between the dipolar spheres can be calculated to be of the

order of 11 kBT using the average measured interparticle distance of approximately

2200 nm and equation 8.2.

The inability of the dipolar chains to melt under the influence of an external

perpendicular magnetic field indicates the presence of an attraction that is at least

as strong as the repulsive magnetic dipole interactions between the dipolar spheres.

The interparticle distances were larger than the diameter of the dipolar spheres. It is

obvious that the colloids are not physically attached to each other. The strong attrac-
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B

Figure 8.10. Representative image of the dipolar spheres at the hexane-water interface
under the influence of an external perpendicular magnetic field of 5.5 mT. Scale bar:
5 µm.

tion present between the dipolar spheres might be ascribed to capillary interactions

resulting from the surface roughness of the colloids. Inhomogeneities on the surface

of colloids are known to result in contact line undulations which distort the interface

around the colloids. Overlap of these distortions is favorable as it reduces the total

area of the interface [187].

8.4 Conclusions

This chapter describes the synthesis, characterization and self-assembly of dipolar

spheres. Large hematite cubes with an edge length of 1.3 µm were first synthesized

using a gel-sol method. These colloids were then encapsulated with TPM. To make

centered dipolar spheres, the ideal amount of TPM was determined to produce parti-

cles in which the TPM encapsulation was spherical but the magnetic hematite cube

core was not too o↵-centered. In the silica coating process, the use of ultrasonication

was an e↵ective method to prevent the uptake of secondary nuclei on the particle

surface but resulted in the loss of the TPM encapsulations. Initiating ultrasonication

15 min after the addition of tetraethyl orthosilicate(TEOS) was completed helped

obtaining a smoother coating but some nucleates were still seen protruding from

the surface. The adsorption of polyvinylpyrrolidone (PVP) polymer to the surface of

the TPM-encapsulated hematite cubes was found additionally to stabilize the seed

particles and prevent the uptake of nucleates. Finally, dipolar spheres with average
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diameter of 1.7 µm and a polydispersity of 5% with a smooth silica coating and

an approximately centered magnetic hematite cube core were obtained. Along with

that, the o↵-centered dipolar spheres can be made via a single step with a precise

and reproducible control over the shell thickness. The amount of dimers, trimers, etc.

particles that formed during the TPM encapsulation step can be e↵ectively removed

by allowing the dispersion to sediment by gravity for a time period and collecting

the middle part of the dispersion. The self-assembled straight chain structures of

the dipolar spheres confirm that dipolar spheres with centered dipole moment are

successfully prepared. Here a smoother silica is obtained than previously reported

[162, 180]. Those particles might induce very large capillary interactions at the oil-

water interface, resulting in an intact status even upon application of an external

magnetic field.
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Appendix 8.A. Magnetic dipole interactions of

hematite cubes

The magnetic dipole moment of hematite cubes can be calculated using µ = M ·m
where M is the magnetization per mass (unit Am2/kg) and m is the mass of the

colloid. According to the magnetization measurement of hematite cubes in Chapter

7, the zero-field mass magnetization of hematite cubes is 0.26 emu/g (Am2/kg). The

volume of hematite cubes with an edge length of 1286 nm and a shape parameter of

3.5 is V = 1.63⇥ 10�18 m3. The density is about 5.26 g/cm3. Here we have assumed

that the volume of the magnetic domain is equal to the volume of the hematite cubes.

The magnetic dipole moment of the hematite cubes is then µ = 2.23⇥ 10�15 Am2.

The magnetic dipole interaction energy between two magnetic dipole moments is

given by:

umag =
µ0µ

2

4⇡r3
[sin ✓A sin ✓B cos(�A � �B)� 2 cos ✓A cos ✓B] (8.2)

where µ0 = 4⇡ · 10�7 N/A2 is the permeability of vacuum, µ is the magnetic dipole

moment of the colloids, r is the interparticle distance between the colloids, ✓A and

✓B are the in-plane angles and �A and �B are the out-of-plane angles of the magnetic

dipole moments of colloid A and B respectively as depicted in Fig. 8.11.

✓A ✓B
r

�A,�B

Figure 8.11. Orientations of the magnetic dipole moments of colloids and A and B
described by the in-plane angles ✓A and ✓B, the out-of-plane angles �A and �B and
the interparticle distance r.

The magnetic dipole interaction energy is minimized for the so-called head-to-tail

configuration where ✓A = ✓B = 0. r then equals the edge length and the diameter for

bare hematite cubes and dipolar spheres receptively assuming that the colloids come

in close contact. This results in umag, min = �114 kBT and umag, min = �48 kBT for

bare hematite cubes and dipolar spheres respectively.



160 MAGNETIC DIPOLAR SPHERES



Chapter 9
Magnetic dumbbells

A two-step scheme to develop magnetic dumbbells is explored in this chapter. The

o↵-centered dipolar spheres explored in Chapter 8 were used as seed particles in a

seeded emulsion polymerization process. For the first step of forming a dumbbell

shaped particle, the preparation parameters such as the ratio between surfactant

and monomer were varied. The second step of fixation of the dumbbells required the

polymerization of oil component by adding UV initiator. The morphologies of the

final particles were examined by transmission electron microscope.

161
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9.1 Introduction

Since colloids can be treated as building blocks analogue to atoms [27], the term

“colloidal molecules” [188] has been introduced, which designates a rapidly increasing

number of research activities. The methods reported to synthesize those colloidal

molecules can be categorized into confinement-assisted synthesis [21, 189], external

field-induced synthesis [190], and chemically synthetic techniques [24, 56, 57, 184, 191–

196]. The former two methods depend on the self-assembly of spherical or anisotropic

colloids in emulsion droplets or lithographic confinements. Compared to that, chemical

synthetic techniques have remarkably high yields and more diversity. For instance,

organic-inorganic hybrid colloidal molecules can be prepared by using seeded emulsion

polymerization [65, 184, 185]. Chemically anisotropic colloids can be easily developed

by changing the monomer compositions in swelling and phase separation method,

which provides directional interactions between colloids [197].

Colloids with directional interactions can assemble in a more precise way to create

colloidal molecules with well-defined bond angles. An e↵ective processing route is to

apply an external magnetic field to colloids that contain magnetic materials. This way,

very long polymeric assemblies can be created and this strategy leads to rapid assem-

bly. The magnetic field directed assembly has been limited to one-dimensional and

uniform structures. Recently Zerrouki and coworkers [65] have reported the prepa-

ration of chiral colloidal chains by employing magnetic dumbbells, which were syn-

thesized via evaporation of the oil droplet containing silica particles and magnetic

nanoparticles. The resultant colloids require a complex separation procedure to ob-

tain a monodisperse system.

Another method reported is based on seeded emulsion polymerization, which uses

chemically modified magnetic nanoparticles as seeds in polystyrene emulsion polymer-

ization reaction [16, 185]. However, the size ratio of the magnetic dumbbells made

from this method is di�cult to tune. Methods to synthesize magnetic dumbbells are

anyhow rare, which promotes us to find more e↵ective methods to synthesize magnetic

dumbbells with facile control of the size ratios.

In this chapter we explore a new method to prepare magnetic dumbbells based on

seeded emulsion polymerization. The magnetic spheres [15] with cross-linked polymer

partially covered on hematite cubes are served as seeds in a polystyrene emulsion
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polymerization reactions.

9.2 Experimental

9.2.1 Materials

Styrene, glycidyl methacrylate (GMA), sodium dodecyl sulfate (SDS), potassium per-

sulphate (KPS), ammonia (28-30 wt%), azobisisobutyronitrile (AIBN) (98%), 2,2-

dimethyl-2-hydroxy acetophenone (Darocur 1173, used as radical photoinitiator),

Pluronic® F-127 (F127) and 3-(trimethoxysilyl)propyl methacrylate (TPM) (98%)

were supplied by Sigma-Aldrich. Methanol (absolute, �99.9%) was obtained from

Biosolve. All chemicals were used as received without any further purification. Wa-

ter used in all experiments was purified by filtration through Millipore filters (18.2

M⌦·cm at 25 °C). The formulations of all the chemical solutions used in this chapter

are listed in Table 9.1.

Table 9.1. Formulations of chemical solutions used in this chapter.

Solution Concentration Solute Solvent

AIBN in MeOH (AIBN I) 5 mg/mL 0.016 g 3 mL

F127 in water 1 wt% 0.085g 8.56 g

SDS in water 10 mg/mL 0.1 g 10 mL

9.2.2 Synthesis of o↵-centered cross-linked TPM spherical

colloids with embedded hematite cubes

The method described in Chapter 8 about encapsulation of hematite tubes with TPM

was employed here as well. The modified recipe used here is as follows: TPM was first

hydrolyzed by vigorously mixing 1 mL TPM in water with the final concentration

of 5 wt% by using a vortex mixer (2000 rpm) and leaving it on a roller mixer for

roughly 6–7 h until there were no TPM oil droplets in the solution. 10 mL of hematite

cubes dispersion (2.44 wt% in water, 1128 nm in edge length with polydispersity of

3 %) were added in a 100 mL round bottom flask under ultrasonication and vigorous

stirring. After 5 min, 5 mL hydrolyzed TPM solution was added to the hematite cubes
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dispersion. After 10 min, 0.3 mL ammonia was injected by a syringe immediately after

the ultrasonication was turned o↵. 0.1 mL AIBN I solution and 1 mL F127 solution

were added to the reaction 3 min after the injection of ammonia. The dispersion was

then transferred to a vial and placed in an oil bath preheated at 80�C and kept at

this temperature for 3.5 h under slow stirring. The samples were carefully shaken by

hand every 20 min in order to redisperse the sedimented particles back to solution.

The sample were then cooled down to room temperature and washed three times

with Millipore water by gravitational sedimentation. The final product was coded as

TPM@HCl (0.6 wt % in water).

9.2.3 Synthesis of magnetic dumbbells

The schematic synthesis procedure for magnetic dumbbells is explained in Fig. 9.1. 2

mL colloids (0.6 wt% in water) produced as described in section 9.2.2 was mixed with

an aqueous emulsion of styrene and GMA monomers in 10 mg/mL SDS solutions.

The detailed formulations for step one in each experiment are listed in Table 9.2. The

morphologies of the colloids after mixing were monitored after di↵erent time intervals

under an inverted optical microscope (Nikon Eclipse Ti equipped with a Nikon 100⇥
oil objective, NA = 1.4 and 60⇥ air objective and a Lumrnera INFINITYX camera).

The colloids having dumbbell shapes (after step one) underwent the second step of

polymerization by adding initiators in order to cross-link the new lobe. The related

formulations studied in this chapter are presented in Table 9.3. Particle shape was

studied by transmission electron microscopy(TEM, Philips TECNAI12).

Figure 9.1. Schematic synthesis procedure for preparation of magnetic dumbbells
using TPM spheres encapsulated hematite cubes inside as seeds.
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Table 9.2. Formulations for step one in the synthesis procedure of the magnetic dumb-
bells.

Seed particles Emulsions

TPM@HCl Concentration Styrene(µL) GMA (µL) SDS (µL)

Pe1 2 mL 0.6 wt% 100 0 100

Pe2 2 mL 0.6 wt% 100 0 300

Pe3 2 mL 0.6 wt% 100 0 100

Pe4 2 mL 0.6 wt% 200 0 200

Pe5 2 mL 0.6 wt% 300 0 300

Pe21 2 mL 0.6 wt% 100 0 100

Pe22 2 mL 0.6 wt% 50 50 100

Table 9.3. Formulations for step two in the synthesis procedure of the magnetic dumb-
bells.

Step one Initiator
Conditions

Code Volume 1173

Pe21C1 Pe21-20h 0.1 mL 5 µL UV/40 min

Pe22C2 Pe22-20h 0.1 mL 5 µL UV/10 min

Pe22C3 Pe22-48h 1 mL 100 µL UV/10 min

9.3 Results and Discussion

9.3.1 Formation of a dumbbell

According to the schematic synthetic procedure in Fig. 9.1, after mixing the seed

particles with the emulsions of styrene or GMA monomers in water, an asymmetric

shapes were formed. The corresponding experimental results for step one are shown

in Fig. 9.2. For comparison, the optical microscopy images of seed particles are shown

in Fig. 9.2a,b. Both in-plane and perpendicular fields were applied to those parti-

cles. After mixing for 24 h at room temperature, the dumbbell shaped colloids were

produced, as shown in Fig. 9.2c. In parallel fields, the seed spherical TPM parti-

cles with hematite cubes embedded, formed a chain in the field direction because of

magnetic dipole-dipole interactions. Similarly, the dumbbells can also form complex

chains in the field direction as shown in Fig. 9.2c. In the perpendicular fields, the

particles repelled each other. These observations indicate that magnetic dumbbells



166 MAGNETIC DUMBBELLS

can be produced and the lobe sizes are quite monodisperse after step one.

Figure 9.2. Optical microscopy images of TPM spherical colloids embedded with
hematite cubes (a, b) and magnetic dumbbells of Pe1 after 24 h at room temperature
(c, d) in both parallel and perpendicular fields. Field directions are indicated and
scale bars are 10 µm.

It is interesting to see that the first step works in such a simple way. The first

results we showed above were the dumbbells after mixing 24 h. To investigate the

shape of the colloids at an earlier stage in step one, another sample was monitored

after 3 h and 10 h respectively, which is illustrated in Fig. 9.3a,b. After 3 h, seed

particles with lobes were observed. The size is much smaller than those after 10 h.

The average size of the lobes are listed in Fig. 9.3f. For the same formulation, in the

course of time, the lobe size increases dramatically. The formulations of the emulsion

component were also varied. For instance, in Fig. 9.3c, after 15 h, the lobe size for

sample Pe2-15h with 3 times surfactant solution added is smaller than Pe3-10h. If the

surfactant solution amount is increased as well as the monomer amount, the lobe sizes

for samples of Pe4-14h and Pe5-14h are still as small as for the Pe3-10h, but larger

than Pe2-15h. It can be anticipated that the more surfactant is added, the smaller

the lobe size is. At the same concentration of surfactant, adding more monomers can

increase the lobe sizes.

The mechanism for the formation of dumbbells is discussed briefly as follows.
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Figure 9.3. Optical microscopy images of the samples after step one: mixing the seed
particles with di↵erent formulations of emulsions in Table 9.2. The mixing time is indi-
cated in each picture coded as N h, N represents how many hours. The quantitatively
measured lobe sizes are listed in Fig. 9.3f. Scale bars are 10 µm.

As explored in Chapter 8, the isotropic dipole spheres with TPM oil encapsulated

hematite cubes have anisotropic surface chemistry. Specifically, the hematite cubes

are not enveloped by TPM oil completely, leaving one cube face at the water-oil

interface. Similar results or mechanism are also found by Lu et al. [185], who used

magnetic spherical iron oxide nanoparticles as seeds. In this case, the encapsulation of

the nanoparticles can be tuned by varying the amount of the emulsion phase added.

Lu et al. [185] found that other non-spherical nanoparticles can also be encapsulated

with di↵erent encapsulation extents. And the TPM oil component can be further

cross-linked by radical polymerizations.

After the addition of the emulsions of styrene or GMA monomers to those seed
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particles with isotropic shape but anisotropic surface chemistry, dumbbell shapes

are restored. The cross-linking density of the TPM oil component on seed particles

is crucial. For the extreme case of the uncross-linked TPM oil, the added styrene

or GMA emulsion would not end up as dumbbells but as spheres. For the study

presented here, the cross-linking density of TPM oil on seed particles is guaranteed

to be maximum by feeding the reaction with excess polymerization initiators for a

su�cient polymerization time. It is also useful to find out the contact of the additional

lobe to the seed particles. After a relatively short mixing time, for instance 3 h, we

found that the lobe connects to the polymer component of the seeds (Fig. 9.3a).

However the contacts move to the uncoated part of hematite cubes on seed particles

after much longer mixing time (Fig. 9.3b). Admittedly, the optical microscopy images

are not clear enough to point out the exact contact. So in the next subsection we will

address the fixation of the dumbbell shape and try to image them under electron

microscopy.

9.3.2 Fixation of a dumbbell

The fixation of the dumbbell shape was realized by adding initiators for free radical

polymerization to cross-link the lobes. Here we only present preliminary results by

using photopolymerization initiators of Duracure 1173. Upon UV excitation, the poly-

merization of the monomers can finish in several minutes depending on the thickness

and transparency of the samples, which is much faster than thermal initiated poly-

merization. The optical microscopy images of the samples with di↵erent monomer

compositions before and after UV irradiation are shown in Fig. 9.4. Pe21 sample

had only styrene as monomer and Pe22 sample replaced some styrene with GMA

monomer. Both of them had the same amount of monomers. After UV irradiation for

10 min, it was found that the lobes with only styrene sample shrinked, whereas the

addition of GMA monomer kept the lobe size more or less the same.

The transmission electron microscopy images of dumbbell particles after polymer-

ization are shown in Fig. 9.5. From Fig. 9.5a,b, it further followed that the lobes

contracted for only styrene present in emulsion formulations. In addition, we can

clearly see that the contacts between the additional lobe and the seed particles were

at uncovered cube sides on seed particles instead of the polymer component. Un-
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Figure 9.4. Optical microscopy images of Pe21 and Pe22 samples with di↵erent
monomer compositions before and after UV excitation. Scale bars are 10 µm.

til now, we have demonstrated that the scheme proposed for developing magnetic

dumbbell particles in this chapter is feasible. In Fig. 9.5c, the large portion of Pe22

sample can also be polymerized by UV polymerization. For future use of those mag-

netic dumbbell particles as colloidal model system, thermal initiated polymerization

should be explored in order to scale up the production of the particles.

9.4 Conclusions and Outlook

We have demonstrated that magnetic dumbbell particles can be produced by the

method of mixing styrene or GMA monomers in water emulsions with the o↵-centered

dipolar spheres (Chapter 8) followed by a free radical polymerization step. The for-

mation of the magnetic dumbbells is straightforward and the additional lobe size is

tunable by changing the mixing time and the surfactant or monomer amounts. The

more surfactant added, the smaller lobe size is. The fixation of the dumbbell shapes

after first step was realized by adding photoinitiators, which preserved the dumbbell

shape under electron microscope. The mechanism of formation of the magnetic dumb-

bells after the first step is briefly discussed. It can be concluded that the cross-linking
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Figure 9.5. Transmission electron microscopy images of the UV polymerized dumbbell
particles with di↵erent monocompositions. The images shown in (a), (b), and (c) share
the same scale bars of 2 µm; The scale bars for the pictures in the red dashed box
are 200 nm.

density of polymer part on seed particles is crucial to form dumbbells. The connec-

tion part between the lobes and seeds is located on the side where the uncovered cube

faces on the seed particles are.
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Summary

The central theme in this thesis is the e↵ect of the soft confinements consisting of

molecular microtubes and fluid interfaces, on the self-assembly of colloids. We have

specially focused on the synthesis of magnetic colloids and the magnetic responses

of self-assembled structures including supramolecular assemblies themselves, colloidal

chains in molecular microtubes, and colloidal aggregates at the flat oil-water interface.

A homogeneous field and an alternating magnetic field are applied. Finally we propose

several synthetic methods to obtain magnetic colloidal model systems for the future

study of magnetic anisotropic colloids in soft confinements.

Part I of this thesis is entirely devoted to the self-assembly of colloids in con-

finement. In Chapter 2, we briefly introduce two molecular assembled microtube

systems, which are formed by totally di↵erent mechanisms, to point out the require-

ments for confinements of colloidal assembly. Sodium dodecyl sulfate (SDS)/2 beta-

cyclodextrin (�-CD) microtubes result from hydrogen bonding, whereas the lipid

tubes rely on the hydrophobic e↵ect, which is relatively weak and nondirectional.

Both molecular assembly stategies are thermo-reponsive. It turns out that SDS/2�-

CD microtubes are a more crowded system than lipid tubes, which makes cyclodextrin

microtubes more suitable as soft confinement for colloidal assembly. Therefore, the

SDS/2�-CD microtubes are chosen for the study of 1D confinement assembly of col-

loidal particles in the following chapters of Part I.

To explore magnetic responses of self-assembled structures, we briefly discussed

the magnetic birefringence measurement of supramolecular SDS/2�-CD vesicles and

microtubes. The preliminary results indicate that surfactant/cyclodextrin supramoel-

cular assemblies have only a weak magnetic response, excluding the e↵ects of mag-

189
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netic response of the colloidal self-assembled structures inside them in the following

chapters.

In Chapter 3, we investigate the hierarchical self-assembly of shape-anisotropic

colloids and their binary mixtures with isotropic colloids in the confinement of

SDS/2�-CD molecular microtubes (Chapter 2). The thermo-switchable co-assembly

of microtubes and colloids is generic for colloids with di↵erent geometries and bi-

nary colloid mixtures. Supracolloidal structures could be controlled by colloid shape

and concentration. Cubes predominantly align in chains via face-to-face arrangement,

whereas rod-like colloids are unable to rotate freely and are forced to arrange with

their long axis parallel to the long axis of the microtubes. In the co-assembly of cube-

sphere mixtures, cubes may act as additional confiners, locking in colloidal sphere

chains. When both rods and spheres are embedded in the micropores, a so-called

switchable colloidal Morse code is generated where rods and spheres alternate.

In Chapter 4, we have studied reconfigurable magnetic assembly of confined

dynamic non-linear magnetic chains, including zigzag chains, zipper chains and helical

chains, together with single chains. We obtain new field-induced structures, such as

repulsive single colloids, kinked chains, and repulsive dimers. All these structures

can reassemble back after removal of magnetic field, and they are markedly di↵erent

from colloids in bulk. By applying a magnetic field before formation of microtubes,

the assembly of microtubes tears apart magnetic chains into shorter pieces that are

incorporated inside.

The experimental system studied in Chapter 4 is subject to an alternating mag-

netic field in Chapter 5. It is shown that thermo-responsive molecular SDS/2�-CD

microtubes can melt using heat produced by magnetic colloids inside the tubes, under

the remote e↵ect of an external alternating magnetic field. The release of microbeads is

unambiguously demonstrated by the fact that they sediment as soon as the tubes have

disappeared. When the temperature returns below the melting point, the tubes form

back. Our results show that under our experimental conditions, with a sample vial

constituting a closed system, the supramolecular microtubes act as thermo-reversible

containers that can be opened by selective heating of their magnetic contents. Our

magnetic colloids in tubes may serve as a convenient test system for the in situ study

of local magnetic heating under an optical microscope. The reversibility of remote

control of microtube formation and melting, together with the release of incorporated
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particles, makes it an interesting example of controlled release.

Besides the extensive usage of molecular microtubes, a two-dimensional soft tem-

plate in the form of a flat fluid interface is applied in Chapter 6. The colloidal crys-

tallization of the magnetic microspheres at the oil-water interface is fully reversible.

The strengths of the depletion attraction and magnetic repulsion between colloids are

tunable via non-adsorbed polymer and a field perpendicular to the liquid/liquid inter-

face, which results in di↵erent structures. Most interestingly, stripe chain formation is

observed at surface coverages above approximately 30% when the magnetic repulsion

is tuned such that a shoulder in the interaction potential is formed. A theoretical

model developed based on the Asakura-Oosawa-Vrij model, which accounts for the

reduction in the overlap volume of the depletion layers of the colloids at the oil-water

interface, matches the experimental observations. This work sheds new light on the

utilization of depletion interaction to direct colloidal self-assembly at the oil-water

interface.

Part II deals with the preparation of anisotropic magnetic colloids using di↵erent

synthetic methods. Colloidal hematite cubes are used as precursors. Chapter 7 re-

ports a top-down method to make bowtie-shaped magnetic composite silica particles.

Owing to the typical polycrystalline structure of hematite cubes, the colloids with

bowtie shapes are obtained upon acid etching. Growth of a silica coating on these

bowtie-shaped templates is monitored to prevent the middle parts from breaking dur-

ing sonication and to promote a smooth silica coating. The dipole moments of silica

coated hematite bowtie-shaped colloids are not strong enough to form magnetic chains

in an external field. However, reduction of hematite in hydrogen at 450 �C significantly

increases magnetization, and the resulting silica bowties containing maghemite ex-

hibits a strong field-induced chain formation after more silanol groups are produced

by silica etching.

Chapter 8 reports the synthesis, characterization, and self-assembly of dipolar

spheres. The dipolar spheres are produced by encapsulation of hematite cubes with

cross-linkable 3-(trimethoxysilyl)propyl methacrylate (TPM) oil in a single step. The

optimal amount of TPM is determined to produce particles in which the TPM encap-

sulation is spherical but the magnetic hematite cube core is not too o↵-centered. The

o↵-centerness can be even weakened by an additional silica coating step. Initiating

ultrasonication 15 min after the addition of TEOS and addition of polyvinylpyrroli-
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done (PVP) polymers as steric stabilizer guarantee a smoother silica coating. The

self-assembled structures of the dipolar spheres confirm that the o↵-centerness of the

magnetic dipole moment of the dipolar spheres can be neglected. Those particles ex-

hibited strong capillary interactions at the oil-water interface, una↵ected by external

magnetic field.

The final Chapter 9 demonstrates that magnetic dumbbell particles can be pro-

duced by the method of mixing styrene or glycidyl methacrylate (GMA) monomers

in water emulsions with the o↵-centered dipolar spheres (synthesized in Chapter

8) followed by a free radical polymerization step. The formation of the magnetic

dumbbells is straightforward and the size of the additional lobe is tunable by chang-

ing the mixing time and the surfactant or monomer amounts. The fixation of the

dumbbell shapes after the first reaction step is realized by adding photo initiators,

which preserves the dumbbell shape under the electron microscope. The mechanism

of formation of the magnetic dumbbells after the first step is briefly discussed. It can

be concluded that the cross-linking density of polymer shell on the seed particles is

crucial to form dumbbells. The connection between the lobes and the seeds is located

on the side where the uncovered cube faces on the seed particles are.



Samenvatting in het Nederlands

Het e↵ect van opsluiting op de zelfassemblage van microscopisch kleine deeltjes, zoge-

naamde collöıden, in microbuisjes en op grensvlakken staat centraal in dit proefschrift.

Hierbij ligt de focus op het synthetiseren van magnetische collöıden en de magnetis-

che respons van de zelfgeassembleerde structuren zoals de microbuisjes zelf, de ketens

van opgesloten collöıden binnenin deze microbuisjes en collöıdale aggregaten op olie-

water grensvlakken. Het gedrag van deze structuren wordt onder zowel homogene als

alternerende externe magnetische velden bestudeerd. Ten slotte worden verscheidene

synthetische routes voor het verkrijgen van modelsystemen gëıntroduceerd waarmee

het gedrag van opgesloten anisotropische magnetische collöıden bestudeerd kan wor-

den.

Deel I van dit proefschrift is geheel gewijd aan de zelfassemblage van collöıden

in opsluiting. In Hoofdstuk 2 worden twee typen thermoresponsieve microbuisjes

gëıntroduceerd. Het eerste type bestaat uit natriumdodecylsulfaat (SDS) en 2 beta-

cyclodextrine (2�-CD) eenheden welke door de aanwezigheid van waterstofbruggen

zelfassembleren tot microbuisjes. Het tweede type microbuisje is een gevoeg van de

aanwezigheid van hydrofobe interacties tussen de lipide eenheden. Hierbij zijn de hy-

drofobe interacties relatief zwakker en minder directionaal dan de waterstofbruggen

aanwezig tussen de eenheden waaruit het eerste type microbuisje bestaat. Uit de ver-

schillen tussen deze twee typen microbuisjes wordt duidelijk aan welke eisen een mod-

elsysteem voor de zelfassemblage in opsluiting moet voldoen. Door de moge-lijkheid

van een hogere concentratie van de SDS/2�-CD microbuisjes dan van de microbuisjes

gemaakt uit lipiden zijn de eerstgenoende microbuisjes geschikter voor het bestuderen

van de e↵ecten van de opsluiting van collöıden. Met dit type microbuisje wordt de op-
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sluiting van collöıden in de microbuisjes bestudeerd in het vervolg van dit proefschrift.

Daarnaast komen de magnetische eigenschappen van de SDS/2�-CD microbuisjes en

vesikels aan bod. Uit de resultaten blijkt dat deze zelfgeassembleerde microbuisjes

een zwakke magnetische respons hebben.

In Hoofdstuk 3 worden de hiërarchische zelfassemblage van vorm-anisotrope

collöıden en hun mengsels met bolvormige collöıden binnenin de SDS/2�-CD mi-

crobuisjes besproken. De thermische schakelbaarheid van deze zelfgeassembleerde

microbuisjes met opgesloten collöıden is algemeen en onafhankelijk van de vorm

en grootte van de opgesloten collöıden. Verschillende structuren worden gevormd

afhankelijk van de vorm en de concentratie van de collöıden. Kubusvormige collöıden

vormen vooral ketens waarin de vlakken van de kubusjes met elkaar in contact staan.

Doordat cilindervormige collöıden zich niet vrij kunnen oriëinteren binnenin de mi-

crobuisjes zijn deze georiënteerd met hun lange as parallel aan de lange as van

de microbuisjes. In mengsels van bolvormige en kubusvormige collöıden zorgen de

kubusvormige collöıden voor een additionele opsluiting van bolvormige collöıden waar-

door deze ketens vormen. In mengsels van bolvormige en cilindervormige collöıden on-

staat een zogenaamde schakelbare collöıdale morsecode waarin de binnenin microbuis-

jes opgesloten bolvormige en cilindervormige collöıden elkaar willekeurig opvolgen.

In Hoofdstuk 4 wordt de herconfigureerbare zelfassemblage van magnetische

bolvormige collöıden opgesloten binnenin de microbuisjes bestudeerd. Onder andere

zigzaggende, ritsende en helische ketens samen met enkele ketens worden gevormd

afhankelijk van de sterkte en de richting van het externe magnetische veld. Ook nieuwe

structuren zoals repulsieve enkele ketens, geknikte ketens en repulsieve dimeren wor-

den gevormd onder invoed van een extern magnetisch veld. Na het verwijderen van het

externe magnetische veld keren deze structuren terug naar hun grondtoestand. Deze

in de microbuisjes gevormde structuren verschillen sterk van die van vrije collöıden

in oplossing. Wanneer een extern magnetisch veld wordt aangelegd voordat de mi-

crobuisjes gevormd zijn, worden de door het magnetische veld uitgelijnde ketens van

collöıden uiteengetrokken en in kortere stukken opgesloten in de microbuisjes.

In Hoofdstuk 5 wordt dit modelsysteem bestudeerd onder invloed van een al-

ternerend magnetisch veld. De magnetische collöıden opgesloten binnenin de mi-

crobuisjes en warmen op onder de invloed van een extern alternerend magnetisch veld

waardoor de microbuisjes smelten en uiteenvallen in hun eenheden. Het vrijkomen van
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de collöıden uit de microbuisjes is duidelijk te zien doordat de vrijgekomen collöıden

onmiddelijk sedimenteren na het smelten van de microbuisjes. De microbuisjes kun-

nen weer gevormd worden wanneer het systeem wordt afkoeld tot onder het smeltpunt

van de microbuisjes. Uit deze experimenten blijkt dat de microbuisjes gebruikt kun-

nen worden als thermisch schakelbare containers welke geopend kunnen worden door

het selectief verwarmen van de opgesloten collöıden. Dit modelsysteem is geschikt als

een gemakkelijke manier om de lokale magnetische opwarming in situ onder de mi-

croscoop te bestuderen. Door de reversibiliteit van het op afstand te laten vormen en

smelten van de microbuisjes, samen met het vrijkomen van de opgesloten collöıden,

maakt dit modelsysteem een veel belovende optie voor gecontroleerde afgifte.

Naast het gebruik van microbuisjes als sjabloon voor de zelfassemblage van

collöıden is een olie-water grensvlak ingezet als sjabloon voor het maken van struc-

turen van magnetische collöıden in Hoofdstuk 6. Deze schakelbare structuren zijn

en gevolg van de aanwezigheid van een depletie attractie en een magnetische re-

pulsie tussen de collöıden. De sterktes van deze interacties kunnen worden afgestemd

door de concentratie van het niet-adsorberende polymeer en de sterkte van het ex-

terne magnetische veld aan te passen waardoor verschillende structuren ontstaan.

Vooral de vorming van een dicht netwerk van ketens is interessant. Deze fase wordt

alleen waargenomen wanneer de magnetische collöıden ongeveer boven 30% van het

grensvlak bedekken en het externe magnetische veld zo is afgesteld dat het interactie

potentiaal schoudervormig is. Om dit te verklaren is een theoretisch model ontwikkeld

gebasseerd op het Asakura-Oosawa-Vrij model voor depletie attractie om zo rekening

te houden met de verlaging van het overlap volume van de depletie lagen doordat

deze deels geblokkeerd zijn door de aanwezigheid van het grensvlak. Het ontwikkelde

theoretische model komt overeen met de experimentele observaties. In de toekomst

zou depletie attractie verder gebruikt kunnen worden om collöıdale zelfassemblage te

sturen op grensvlakken.

In Deel II van dit proefschrift worden nieuwe synthetische routes voor de berei-

ding van anisotropische magnetische collöıden beschreven. De bouwstenen voor deze

collöıden zijn hematiet kubussen. In Hoofdstuk 7 wordt een methode beschreven

voor het produceren van vlindervormige, samengestelde magnetische silica deeltjes.

Deze vlindervormige collöıden ontstaan wanneer een hematiet kubus geëtst wordt met

een zuur. De vlindervorm is een gevolg van de interne polykristallijne structuur van
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de hematiet kubussen. Het aanbrengen van de silica coating wordt nauwkeurig in de

gaten gehouden om te voorkomen dat de geëtste hematiet kubussen in tweeën breken

tijdens het toepassen van ultrasonicatie en om een zo e↵en mogelijke silica coating te

verkrijgen. Na het etsen en het aanbrengen van de silica coating is het magnetische

dipoolmoment van de vlindervormige collöıden niet groot genoeg meer om ze uit te

lijnen in ketens onder de invloed van een extern magnetisch veld. Het magnetische

dipoolmoment wordt vergroot door het hematiet te reduceren tot maghemiet met

waterstof bij 450 �C. De resulterende collöıden lijnen gemakkelijk uit in ketens onder

de invloed van een extern magnetisch veld nadat meer silanol groepen gevormd zijn

door het etsen van de silica coating.

In Hoofdstuk 8 wordt de synthese, karakterisatie en zelfassemblage van dipolaire

bollen beschreven. Deze dipolaire bollen worden bereid door hematiet kubussen te en-

capsuleren met 3-(trimethoxysilyl)propyl methacrylate (TPM) olie totdat ze gevan-

gen zitten in een klein oliedruppeltje. Hierbij is de optimale hoeveelheid TPM olie

bepaald zodat het oliedruppeltje zo rond mogelijk is zonder dat de hematiet kubus zich

te asymmetrisch in het oliedruppeltje bevindt. Vervolgens wordt het deeltje gecoat

met een laagje silica om zo het e↵ect van de assymetrische magnetische kern verder

tegen te gaan. Voorafgaand aan de silica coating wordt het deeltje geadsorbeerd met

polyvinylpyrrolidone (PVP) polymeren waardoor in combinatie met het toepassen

van ultrasonicatie 15 minuten na de start van de reactie een gladdere coating wordt

gegarandeerd. Uit de structuur van de zelfgeassembleerde dipolaire bollen blijkt dat

de assymmetrie van de magnetische kern in de dipolaire bollen verwaarloosd kan wor-

den. Deze collöıden vertonen een sterke capillaire interactie op het olie-water grensvlak

waar de magnetische repulsie tussen de deeltjes niet sterk genoeg is om deze interactie

tegen te gaan.

Ten slotte wordt in Hoofdstuk 9 gedemonstreerd dat magnetische haltervormige

deeltjes gemaakt kunnen worden door het toevoegen van styreen of glycidylmethacry-

laat (GMA) monomeren aan de dipolaire bollen met een assymmetrische magnetische

kern, beschreven in Hoofdstuk 8, gevolgd door polymerisatie van de monomeren.

Het produceren van deze magnetische haltervormige deeltjes is relatief eenvoudig en

de grootte van de uitstulping kan worden bijgesteld door het vaiëren van de mengtijd

en de hoe-veelheden van het monomeer en de oppervlakte-actieve stof. Wanneer de

gewenste grootte behaald is kan de structuur worden gefixeerd door een polymerisatie
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zodat de deeltjes ook met een elektronenmicroscoop bekeken kunnen worden. Het

mechanisme van de vorming van deze magnetische haltervormige deeltjes wordt kort

beschreven. Bij de vorming van deze deeltjes is de dichtheid van de crosslinks in

het polymeer van cruciaal belang is. De bollen van deze haltervormige deeltjes zijn

verbonden aan de kant waar het hematiet kubusje uitsteekt.
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