
Oxford Colloid Group
University of Oxford

April 2021

PhD thesis

Carla Fernández-Rico

Colloidal SU-8 rods and banana-shaped 
particles: synthesis and liquid crystal 

self-assembly





Colloidal SU-8 rods and

banana-shaped particles: synthesis

and liquid crystal self-assembly

Carla Fernández-Rico

Lincoln College

University of Oxford

Supervisor: Prof. Roel P. A. Dullens

A thesis submitted for the degree of

Doctor of Philosophy

Trinity Term 2021





Abstract

In this thesis, we describe the development of two novel model systems of anisotropic colloidal

particles and study their self-assembly into colloidal liquid crystal phases with confocal mi-

croscopy. In particular, we develop a system of colloidal rod-like and banana-shaped particles

made of a polymeric material called SU-8. First, we describe the synthesis of colloidal SU-8

rods with tunable dimensions by using sonication. This simple yet, crucial step allows us to

bring the SU-8 rod system – which had been limited to the granular scale – into the colloidal

domain. Crucially, these rods can be fluorescently labelled and are stable in both aqueous and

non-aqueous solvents. Also, their refractive index and density mismatch with the solvent can

be carefully controlled. As a result, the liquid crystal behaviour exhibited by the rods can be

controlled and addressed in three dimensions using confocal microscopy whilst tuning the effect

of gravity. Next, we describe the synthesis of colloidal SU-8 bananas by heating the originally

straight SU-8 rods. Importantly, we demonstrate that the curvature of the bananas can be

controlled by tuning the rigidity of the rods. This has an enormous impact on the liquid crystal

phases the colloidal bananas exhibit with respect to the colloidal rods, as the particles are now

biaxial. Using confocal microscopy, we next address the liquid crystal phase behaviour of the

colloidal bananas, and how it is affected by curvature, at the single-particle level. We find a

library of exotic liquid crystal phases, including polar and antipolar smectic phases and even the

elusive long-predicted splay-bend nematic phase. We then exploit the inherent polydispersity

of the colloidal bananas to demonstrate that a hierarchical structure called the vortex phase

can be assembled from polydisperse building blocks interacting via simple entropic interactions.

We uncover the formation mechanism and the underlying geometrical principles dictating the

structure of this hierarchical phase by systematically changing the curvature of the constituent

bananas and characterising the resulting structures with confocal microscopy. Finally, we de-

scribe the fabrication of rough SU-8 rods and bananas with tunable asperity density via the

nanoprecipitation of SU-8 nanospheres. With these newly developed rough particles, we provide

two colloidal model systems for addressing surface-roughness related phenomena in materials

composed of anisotropic particles.
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Chapter 1

General introduction

Among the different states in which matter can exist, the solid, liquid and gas phases are

probably the most familiar. A classic example is water, which is solid below 0◦C, liquid between

0◦C and 100◦C and gas above 100◦C. When matter is composed of building blocks that can be

approximated by a collection of spherical particles, only solid, liquid and gas phases are typically

found [1, 2]. The distinction between these states can be made by considering the degree and

type of ordering shown by the constituent building blocks in each phase [1,2]. Crystalline solids

are, for instance, highly ordered phases showing long-range positional order. The fixed periodic

arrangement of the building blocks makes crystalline solids hard to deform and also anisotropic,

meaning that their physical properties vary with direction [3]. This structural periodicity also

enables crystals to interact with certain wavelengths of light [3] and exhibit a range of beautiful

optical properties, such as colouration due to Bragg diffraction, as shown in Figure 1.1A.

On the contrary, liquids and gases are disordered phases where the constituent building

blocks do not show any positional order, in the case of gases, or only short-range positional order,

in the case of liquids. In particular, the disordered structure of liquids results in materials that

are easy to deform and that have isotropic optical and mechanical properties (see Figure 1.1C).

When matter is composed of anisotropically shaped building blocks, such as rod-like particles,

additional states of matter between the liquid and crystalline states arise. These states are

called liquid crystal phases and originate from the additional orientational degrees of freedom

that anisotropic building blocks have. As a result, liquid crystal phases possess orientational but

not (long-range) positional order and therefore show properties that are intermediate between

those of liquids and crystals (see Figure 1.1B).
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2 General introduction

A B C

Figure 1.1: (A) Photograph of a crystalline opal stone showing iridescent colours [2]. (B) Polarised
microscopy image of the Schlieren texture of nematic liquid crystal phase showing birefringence and
fluidity [4]. (C) Photograph of the liquid water-air interface showing fluidity but no optical properties [5].

1.1 Liquid crystals

Liquid crystals are a fascinating state of matter that we encounter in our everyday life. For

example, the cell membranes in our bodies are in a liquid crystalline state – and so are the

functional materials used in displays of TVs and computers [2, 4, 6]. The reason this state

of matter is a cornerstone of both living and technological materials is inherent to its unique

properties: it shows order in a preferred direction, like a solid, but it also flows, like a liquid

[2, 4, 6]. This means that liquid crystals exhibit a range of anisotropic physical properties, such

as direction-dependant optical and mechanical responses, and that at the same time, they can

be easily deformed and also respond to external stimuli, such as electric fields.

Among other factors, the shape of the liquid crystal-forming building blocks, which are

typically elongated molecules, has an enormous impact on the way they arrange into different

phases [1]. While simple rod-like molecules just form a handful of liquid crystal phases [2, 4],

banana-shaped molecules form more than fifty [7, 8]. These ‘banana phases’ were discovered

almost 30 years ago and have since then initiated a true ‘banana-mania’ in the field of liquid

crystals [7–10]. The fact that even a small molecular curvature results in a new library of banana

phases is not only fundamentally fascinating, but also of industrial interest, as they can switch

their orientation under electric fields at ultra-fast speeds, making them ideal candidates for new

highly-responsive displays.

A detailed characterisation of the inner structure of liquid crystal materials is essential to

understand the relationship between the shape of the constituent microscopic building blocks

and the final symmetry, and hence properties, of the phase. The most common techniques to

characterise the structure of liquid crystal phases are based on birefringence and X-ray diffraction
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[2, 4, 9]. These methods have been extremely useful for characterising different liquid crystal

phases and have also offered great insight into their optical properties [2, 4, 9]. However, these

measurements provide indirect information of the structure where single-particle details of the

phases are just not available. Such levels of resolution can be especially relevant for unveiling

the specific arrangement of molecules in long-debated, and even elusive phases such as the

biaxial nematic [11,12] and splay-bend nematic phases [13,14], but also to engineer novel liquid

crystal phases with pre-designed structure. Achieving single-particle resolution imaging of liquid

crystals is, however, not an easy task: molecular systems are very small and move very fast

and, as such, their direct imaging is extremely challenging even when using the most advanced

microscopes.

1.2 Colloidal model systems

Colloidal suspensions consist of particles with a size ranging from 10 nm to 10 µm dispersed in

a molecular solvent (see Figure 1.2A) [15]. While natural colloids can be found in paint, milk or

even in our blood [15], colloidal particles can be also synthetically produced in a well-controlled

manner and can be used as model systems for studying atomic and molecular matter [16, 17].

This is because colloidal particles are small enough to exhibit Brownian motion – a random

motion arising due to collisions with the solvent molecules (see Figure 1.2A and B) – which

allows them to explore the available phase space in a similar way to atomic and molecular

systems [16–18]. As a result, colloids form equilibrium phases analogous to those seen in atomic

and molecular matter, such as crystals or liquid crystals (see Figure 1.2C).

Colloid

A B C

Figure 1.2: (A) Schematic representation of a colloidal suspension. The solvent molecules (black)
undergo thermal motion (gray arrows) and collide with the colloidal particles (orange) giving rise to the
Brownian motion of the particles. (B) Optical microscopy image of a colloidal suspension of polystyrene
spheres in water. The orange line represents the random motion of a particle over time. (C) Scanning
electron microscopy image of a colloidal crystal. Scales bars are (A) 150 nm, (B) 10 µm and (C) 2 µm.
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The great strength of colloids is that, unlike atoms and molecules, they are large enough

to be directly seen and followed with an optical microscope. Therefore, the microscopic details

of their assembly into a wide variety of phases can be directly observed at the single-particle

level [18,19]. These systems have been very useful to address a range of long-standing questions

in condensed-matter physics, such as the granularity of matter – with Perrin’s and Einstein’s

work [20,21] – or the largely debated crystallisation of colloidal spheres, in the absence of particle

attractions, in hard spheres systems [22–24]. Furthermore, their shape and types of interactions

can be also tuned and the resulting effects on structure and dynamics can be systematically

studied with an optical microscope [25–27]. Their ability to spontaneously form ordered phases

at the scale of visible wavelengths also makes colloids useful building blocks for optical materials

such as photonic crystals [19,28]. All of these features not only distinguish colloids as excellent

and versatile model systems to address a host of fundamental processes, such as phase transitions

[24,29], interfacial phenomena [30,31] and defect formation processes [32,33], but also as unique

building blocks to fabricate functional materials with engineered internal structure [17,34].

1.3 Colloidal liquid crystals

In recent decades, a tremendous experimental effort in colloid science has produced a palette of

colloidal systems with anisotropic shapes, leading to liquid crystal behaviour. Some of the most

representative examples include colloidal Gibbsite platelets [35], silica rods [36], fd -viruses [37]

and PMMA ellipsoids [38] (see Fig. 1.3). The combination of an exquisite control over the mor-

phology of anisotropic colloids, their direct visualisation with optical microscopy, and their com-

mon comparison with computer simulations, has provided a deep understanding of the relation-

ship between a particle’s shape and the final structure of the liquid crystals formed [35–39]. This

has two main implications. First, it prompts the continuous development of novel anisotropic

colloids with pre-designed shape to self-assemble liquid crystals with engineered structure and

properties. Secondly, it motivates research to move beyond the mere optical observation of col-

loidal liquid crystals and towards the quantitative investigation of their structure and dynamics

in three-dimensions (3D). Confocal microscopy has proven to be an excellent tool to obtain 3D

information of colloidal systems at a single-particle level [40, 41]. Nevertheless, confocal mi-

croscopy places severe requirements on the particles to be used and, as we will discuss Chapter

3, these are typically not satisfied in many of the existing anisotropic colloidal systems.
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B C DA

Figure 1.3: Representative examples of colloidal liquid crystals formed by (A) Gibbsite platelets (photo-
graph of nematic phases using polarised light [35]), (B) fd -viruses (optical microscopy image of a smectic
phase [37]), (C) PMMA ellipsoids (confocal microscopy of a nematic phase [38]) and (D) silica rods (con-
focal microscopy of a smectic phase [36]). All insets show SEM images of the constituent colloids. Scale
bars are (A) 1 cm, (B,C) 10 µm, (D) 5 µm, and 500 nm for all insets.

1.4 Scope of the thesis

In this thesis, we describe the development of two novel model systems of anisotropic col-

loidal particles and study their self-assembly into colloidal liquid crystal phases with confocal

microscopy. In particular, we develop a system of colloidal rods and bananas – with tunable di-

mensions and curvature – made of a polymeric material called SU-8. Using confocal microscopy

and image analysis techniques, we study the impact of the particle shape on the structure and

dynamics of different types of colloidal liquid crystals at the single-particle level.

This thesis is organized as follows. First of all, in Chapter 2, we present the basic concepts

related to liquid crystals and the experimental techniques used to study them at the colloidal

scale. This chapter begins with a description of the main liquid crystal phases formed by rod-

like and banana-shaped particles. The physics of colloidal systems and their self-assembly into

ordered phases are next discussed. Finally, the features of colloidal SU-8 systems are presented,

alongside the working principles of confocal microscopy and image analysis techniques used.

In Chapter 3, the synthesis of colloidal SU-8 rods using sonication is described. Firstly,

we discuss the high-shear based method used to fabricate long SU-8 rods, and then, the use of

sonication to bring these into the colloidal domain. Next, the liquid crystal phase behaviour of

the colloidal rods in water is addressed using confocal microscopy. In particular, we demonstrate

that this system can be imaged in three-dimensions whilst carefully controlling the effect of

gravity, as the refractive index and density mismatch between the particles and the solvent can

be independently tuned. Finally, we show preliminary experiments on the behaviour of colloidal

SU-8 rods in the presence of different external fields and added polymer.
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Chapter 4 describes the development of colloidal SU-8 bananas with tuneable curvature.

These are a unique addition to the existing library of anisotropic colloidal building blocks, as

smoothly-curved rods were simply absent in the palette of colloidal model systems. Detailed

studies of the synthesis mechanism, based on a temperature-driven buckling of straight SU-8

rods, is first discussed. Next, a full characterization of the dimensions and curvature of these

particles is given. This chapter ends with an outlook showing the potential of these particles for

studying, at the single-particle level, exotic liquid crystals, biofilms and other materials formed

by curved, elongated building blocks.

In Chapter 5, particle-resolved confocal studies of the phase behaviour of differently curved

bananas are presented. In particular, we systematically address the impact of curvature on the

structure of the self-assembled liquid crystal phases using three differently curved systems of

bananas. This results in a wide range of exotic phases such as biaxial nematic phases and

polar/antipolar smectic phases. Particular focus is given to the phase behaviour exhibited by

slightly curved rods, as they show the elusive splay-bend nematic phase. This represents the

first experimental observation of this type of nematic phase, more than four decades after its

first theoretical prediction.

Next, in Chapter 6, we exploit the inherent polydispersity of the colloidal bananas to

assemble a hierarchical structure, termed the vortex phase, via the assembly of the particles

into concentric structures, termed colloidal vortices. The impact of curvature and opening angle

of the bananas on the formation mechanism of the vortex phase is firstly discussed. This includes

the preparation of mixtures of differently curved bananas and the visualization of the formation

of the colloidal vortices and vortex phase using confocal microscopy. This chapter ends with the

characterisation of the structure and dynamics of the vortex phase.

Finally, in Chapter 7, the fabrication of rough colloidal SU-8 rods and bananas is described.

We discuss how the nanoprecipitation of SU-8 in water is exploited to decorate the surface of

our colloidal particles with SU-8 nanospheres. The tunability of the lobes’ dimensions and

lobe density is next demonstrated. With these newly-developed rough particles, we provide a

colloidal model system that allows for studies addressing the impact of surface roughness on the

mechanical, wetting and self-assembly properties of materials composed of anisotropic particles.



Chapter 2

Theoretical background and

experimental methods

ABSTRACT

In this chapter, we introduce the basic concepts related to liquid crystals, starting with a brief

historical background and then moving on to introducing the physics of liquid crystals. First,

we discuss the symmetry of the main liquid crystal phases formed by rod-shaped and banana-

shaped particles and also the key parameters driving their phase behaviour. We also introduce

the main order parameter used to quantify liquid crystal ordering, as well as the basic elastic

deformations liquid crystals can undergo. Next, the physics of colloidal particles and, in partic-

ular, of anisotropic particles is briefly discussed. We then describe the key features of our newly

develop systems of colloidal SU-8 rods and bananas, and explain the principles of confocal laser

scanning microscopy, which is the main experimental technique used to characterise our colloidal

liquid crystals at the single-particle level. Finally, we discuss the typical image analysis routines

used for extracting quantitative data from confocal images of our colloidal liquid crystals.
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8 Theoretical background and experimental methods

2.1 Liquid crystals

Liquid crystals were discovered back in 1888, when the botanist Friedrich Reinitzer observed that

an organic cholesterol derivative had two melting points [42]. First, the organic material melted

from a crystalline state into a cloudy liquid and then, at higher temperature, into a clear liquid.

Intrigued by this behaviour, Reinitzer wrote a letter to the physicist Otto Lehmann, who a few

years earlier had constructed a heating stage for his polarizing optical microscope [2]. Lehmann

studied Renitzer’s material and observed that the cloudy liquid phase, while still flowing, also

refracted light in a similar way to a crystal [43]. These revolutionary observations opened the

field of liquid crystals [2,44]. The interest in this kind of materials continued to grow thanks to

Daniel Vörlander, who in the early 1900s synthesized many new liquid crystalline substances and

identified what molecular features give rise to liquid crystallinity [45,46]. Experimental work on

the physical properties of liquid crystals was then supported by the theoretical work of Pierre

de Gennes [1], Carl Oseen [47], and F. Charles Frank [48] among others, during the second half

the nineteenth century. Since then, great progress has been made on explaining the structural

order in liquid crystals, their behaviour under electric fields and their elastic properties [2,4,49].

Traditionally, liquid crystals were limited to rod-like building blocks. Vörlander himself

reported in 1926, that non-linear molecules were unfavourable for forming liquid crystal materials

[50]. Over the years, however, both experimentalist and theoreticians realised that many other

shapes can also exhibit liquid crystal phases, and in fact, that these can show unexpected and

remarkable physical properties such as supramolecular chirality and/or polarity [8–10]. This is

the case with some plate-like [51], dimers [52], and banana-shaped molecules [53], and it is one

of the reasons as to why liquid crystal research continues to be as active as ever [7–9,54].

A general classification of different liquid crystal phases can be obtained in terms of phase

symmetry, which is based on the degree of translational and orientational order shown by the

liquid crystal-forming building blocks [1,55]. Since the shape of these building blocks has a strong

impact on the way they arrange into different phases, in the following two sections we summarise

the main liquid crystal phases exhibited by rod-like particles and banana-shaped particles, as

these are the two liquid crystal systems investigated in this thesis. Note that from a symmetry

prospective, we refer to the liquid crystal-forming building blocks – which are typically elongated

molecules, polymers or colloids – simply as particles.
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2.1.1 Rod-like liquid crystals

In systems formed by rod-like particles, four major types of phases can be distinguished based on

their orientational and positional order [1, 2]. These are the isotropic (I), nematic (N), smectic

(Sm) and crystalline (C) phases, whose structural arrangement is shown in Figure 2.1. In the

fully liquid or isotropic phase, particles do not exhibit positional nor orientational order. In other

words, particles do not show any translational symmetry nor a preferential average orientation,

which can be respectively characterised by the random distribution of both centre of mass (CM)

and the long axis orientation û of the particles in the phase (Figure 2.1A) [1,2]. In the nematic

phase particles point on average in the same direction, which is typically characterised by the

unit vector n̂ called the director (see Figure 2.1B). At the same time, the centres of mass of

the particles are still distributed randomly, i.e. there is no positional order. In the smectic

phase, the orientational order shown in the nematic phase is accompanied by positional order

in one dimension; particles form layers (see Figure 2.1C). However, particles within the layers

are still distributed in a liquid-like manner. The fashion in which particles are organized inside

these layers determines the exact type of the smectic phase. As many as twelve variations have

been identified but only the most common smectic phase, the smectic-A, where particles are

oriented parallel to the layer normal, is shown in Figure 2.1C [1, 2]. In the fully crystalline

phase, particles show both long-range positional and orientational order in all three-dimensions

(see Figure 2.1D). Note that there are other liquid crystal phases, such as columnar phases

(Co) and cholesteric phases (N*), which are not discussed here but also show intriguing and

well-defined liquid crystal ordering (see books [2, 44] for extended details).

(A) Isotropic (B) Nematic (C) Smectic (D) Crystal

CM

Liquid crystal phases

Figure 2.1: Schematic representation of the arrangement of rod-like particles in (A) the isotropic
phase (no positional nor orientational order), liquid crystal phases comprising the (B) nematic and (C)
smectic phases (no (fully) positional but orientational order) and the (D) crystal phase (positional and
orientational order). The red dots represent the centre of mass (CM) of the particles, û their orientation
and n̂ the nematic director of the phase.
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2.1.2 Banana-shaped liquid crystals

Banana-shaped particles exhibit a much richer liquid crystalline phase behaviour than rod-like

particles, with more than fifty different liquid crystal phases [7–9]. Here, we only discuss some

of most representative nematic and smectic phases shown by banana-shaped particles, which are

shown in Figure 2.2. The increased structural complexity of ‘banana’ liquid crystal phases arises

from the loss of symmetry along the long axis of the particles [8, 10]: banana-shaped particles

are biaxial and their long and short axis orientations are described by the orientation vector û

and the polar vector p̂, respectively (see inset Figure 2.2A). The additional degrees of freedom

associated to the orientation of the banana-shaped particles results in the formation of not only

the conventional uniaxial nematic phases, with only one common direction of alignment, but

also in biaxial nematic phases (Nb), where particles align along two orthogonal directions, as

shown in Figure 2.2A. Note that when the p̂ vectors show alignment in the same direction,

the phase exhibit polar order (see e.g. Nb(P ) in Figure 2.2A) [8]. Nematic phases formed by

banana-shaped particles can also exhibit periodic modulations of the nematic director in space,

n̂(y), in two- and three-dimensions, and give rise to phases known as the nematic splay-bend

(NSB), shown in Figure 2.2A, and nematic twist bend phases (NTB) [13,14]. A detailed discus-

sion of these phases will presented in Chapter 4.

CM

Nb Nb(P) SmPNSB
SmAP SmTAP

(A) Nematics (B) Smectics

Figure 2.2: Schematic representation of the arrangement of banana-shaped particles in (A) nematic and
(B) smectic phases. The nematic phases include: the biaxial (Nb), the biaxial with polar order (Nb(P)
and the splay-bend nematic phase (NSB). The smectic phases include: the antipolar (SmAP ), polar
(SmP ) and anti-polar tilted (SmTAP ) smectic phase. The red dot represent the centre of mass (CM) of
the particles, û the orientation of the long axis and p̂ of the short axis, and n̂ the nematic director of the
phase, which can also vary in space n̂(y).
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In smectic phases formed by banana-shaped particles, the loss of axial symmetry also

translates into many multiple ways of arranging the particles into layers [8–10]. Some of the

most common banana smectic phases are shown in Figure 2.2B, which includes the antipolar

smectic phase (SmAP ), where the polar order in adjacent layers is opposite, the polar smectic

phase (SmP ), where neighbouring layers have polar order in the same direction, and the tilted

smectic phases (SmTP/A), with also polar or anti-polar order. Note that the geometrical features

of the particles, such as their opening angle – which is a measure of the curvature of the particles

– or their aspect ratio, have a huge impact on the phases they form (see reviews in [9, 10,56]).

From a symmetry point of view, the most striking discovery in banana-shaped liquid crys-

tals is that chiral phases, such as the twist-bend nematic [14,57] and chiral smectic phase [7], can

be spontaneously formed by achiral banana particles. This is both fundamentally and technolog-

ical relevant, as it was thought that macroscopic chirality could only arise from chiral building

blocks and also, because chiral molecules are very commonly used in liquid crystal displays but

are relatively expensive to synthesise [11]. From a microscopic point of view, i.e. when the

electronic properties of the molecules are considered, the biaxial shape of the particles leads

to a net dipolar moment along the short axis of the particles. This promotes the formation of

structural arrangements with specific interactions between the individual dipolar moments. The

resulting coupling between the electronic properties of the banana molecules and the structure of

the phase leads to fascinating phenomena not seen in conventional liquid crystals. This includes

spontaneous polarisation and flexoelectricty [53]. For instance, in ferroelectric smectic phases of

banana particles, there is a spontaneous electric polarisation of the phase – meaning that it is

induced in the absence of an electric field –, whose direction can be reversed at extremely fast

speeds upon applying an external electric field. This remarkable feature promises applications

of these banana phases in new generations of optoelectronical devices [8, 10].

2.1.3 Thermotropic and lyotropic liquid crystals

For a given system of liquid crystal-forming building blocks, their phase behaviour can depend

on either the temperature of the system or on the concentration of the particles in the dispersion

[2,6] (see Figure2.3A). Based on the parameter inducing the phase transitions between different

states, liquid crystalline materials can be classified into two distinct types: the thermotropic and

lyotropic liquid crystals [2, 6]. Thermotropic liquid crystals are usually composed of molecules

and the various phase transitions are controlled by varying the temperature of the system. These
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(Lyotropics) Packing Fraction
Temperature (Thermotropics)

(A) (B)

Figure 2.3: (A) Schematic representation the phase behaviour of liquid crystals as a function to tem-
perature and packing fraction. In thermotropic liquid crystals, as the temperature increases, the system
transitions from the ordered crystalline phase to the disordered liquid phase. On the contrary, lyotropic
liquid crystals increase their degree of ordering by increasing the concentration of the constituent parti-
cles. (B) Orientation of rod-like particles û in a nematic phase with nematic director n̂. θ is the angle
between the orientation of the particles and the nematic director.

are the liquid crystals discovered back in 1888 by Reinitzer and Lehman [43], and are nowadays

at the heart of technological materials finding a widespread use in optoelectronic applications [2].

It is important to note that the physical properties of thermotropic liquid crystals depend both

on the arrangement of the molecules in the phase and also on the electronic structure of the

molecules [2].

The ordering in lyotropic liquid crystals, which can1 be composed of colloidal particles

and hence also called colloidal liquid crystals, is controlled by the concentration of the particles

in the dispersion (see Figure 2.3A). Colloidal liquid crystals were first reported in the 1925

by Zöcher [58], and their properties do not depend as much on the microscopic details of the

particles but on their structural arrangement in the phase [59]. In this thesis, we shall restrict

ourselves to colloidal liquid crystals as our building blocks are in the colloidal domain, but it

must be noted that research done with them here is driven by the aim of gaining fundamental

understanding of thermotropic liquid crystals.

2.1.4 Orientational order parameter for nematic liquid crystals

The degree of orientational order exhibited by a liquid crystal phase is typically quantified

by using orientational order parameters [4, 49, 60, 61]. There are multiple ways of defining

orientational order parameters depending on, for instance, the symmetry of the liquid crystal

phase or on whether it is a local or a global measurement of orientation [14, 62, 63]. A second

rank tensor is typically used to characterise the orientational order of the rod-like particles in a

1Note that lyotropic liquid crystals can also be composed of amphifilic molecules, and their phase behaviour
depend both on the concentration and temperature of the system.
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nematic phase [49,60]. However, when the nematic phase is uniaxial (see Figure 2.3B), a scalar

order parameter can be used to characterise the degree of alignment of the particles along n̂.

This order parameter is known as the global nematic order parameter, S2, and is defined by

S2 =

〈
d cos2(θ)− 1

d− 1

〉
, (2.1)

where θ is the angle between the orientation of the rods û and the director n̂ [4, 49, 60, 61] (see

Figure 2.3B) and d the dimension of space. The order parameter S2 can take values ranging from

−1/2, in the case all particles are perpendicular to the director, to 1, in the case all particles

are parallel to the director, i.e. a nematic phase. In the isotropic phase, S2 is approximately 0.

2.1.5 Deformations in nematic liquid crystals

A uniaxial nematic phase typically finds its most stable state when the average orientation of

the particles is characterised by a uniform director field, n̂, i.e. when the orientation of the

director does not vary is space (see example in Figure 2.3B) [2,60]. However, there are multiple

situations where liquid crystals are constrained to adopt configurations in which the director field

is not uniform [2,60]. For instance, chemically treated sample cells force liquid crystal molecules

to orient parallel to their surfaces [2, 60]. This leads to the deformation of liquid crystals in

space as their molecules have to satisfy the alignment constrains to all of the surfaces [64].

Similar behaviour occurs in the presence of external electric and magnetic fields [2, 60]. The

resulting change of the orientation of the director field, n̂(r), can be either continuous, creating

deformations, or it can change abruptly, creating disinclinations or defects [2, 65].

There are three main types of deformations that can occur in a liquid crystal upon applying

an external force. These are the splay, twist and bend deformations (see Figure 2.4) and were first

(A) Splay (B) Twist (C) Bend

Figure 2.4: Schematic representation of the (A) splay, (B) twist and (C) deformations in nematic liquid
crystals. Note that the dots in (B) represent particles pointing out of the plane.
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formulated by Oseen and Frank in their famous theory on the elasticity of liquid crystals [47,48].

All these three distortions have an associated energy cost, which is typically characterised by an

elastic constant [47,48]. Combinations of the splay, twist and bend deformations are also possible,

but they are typically associated with a higher energetic penalty, which makes complex nematic

phases energetically unfavourable and hence unstable [2]. However, in the last forty years,

scientists realised that liquid crystal molecules with complex shapes could stabilise complex

non-uniform nematic director fields in the absence of external forces [8, 13, 53, 66]. An example

relevant for this thesis, is the work pioneered by Meyer [66] and Dozov [13], who postulated that

a system of banana-shaped particles could spontaneously form nematic phases with splay-bend

or twist-bend deformations due to the bent geometrical features of the particles.

2.2 Physics of colloidal particles

2.2.1 Brownian motion

When colloidal particles are dispersed in a solvent, the molecules of the solvent constantly

collide with the surface of the particles due to thermal agitation. This results in a random

walk of the colloidal particles, which allows them to continuously sample the available phase

space [16–18]. Also known as Brownian motion, this phenomenon was first discovered in 1827 by

Robert Brown, who studied the movement of pollen grains in water using a optical microscope.

A theoretical explanation of Brownian motion was provided few decades after by Albert Einstein

[21], who used statistical mechanics tools, such as the Boltzmann distribution, to describe the

random motion of colloidal particles and their distribution in gravitational fields. In 1909,

Jean Perrin provided the experimental confirmation of Einstein’s theory, as he was able to

measure the Boltzmann’s constant and Avogadro’s number from a set of beautiful experiments

using colloidal particles and an optical microscope [20]. This work had an enormous impact

at the time, as it proved the actual granularity of matter and hence the definitive existence

of atoms and molecules. Not surprisingly, Perrin and Einstein received a Nobel Price in 1926

for their work on ‘the discontinuity of matter’. The work of Perrin and Einstein also laid the

foundations for the ‘Colloids as big atoms’ paradigm [16, 18], as they showed that colloids can

also explore configurational space and reach equilibrium distributions in an analogous way to

atoms and molecules, and as such, their phase behaviour can be studied using the same statistical

mechanical framework.
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As first formulated by Einstein, the dynamics of a Brownian particle can be characterised

using the mean squared displacement (MSD), which measures the typical area 〈∆r2〉, explored

by the particle over a time lag τ . For a free diffusive Brownian particle its MSD is given by

〈∆r2(τ)〉 = 2dDτ, with D =
kBT

ξ
, (2.2)

where d is the dimension of space, D is the diffusion coefficient, kBT is the thermal energy

with kB the Boltzmann’s constant and T the temperature of the system, and ξ is the friction

coefficient of the particle in the fluid [21]. For a colloidal sphere of diameter a, the friction

coefficient is given by the Stokes’ formula ξ=3πηa, where η is the viscosity of the solvent, giving

rise to famous the Stokes-Einstein formula describing the diffusion coefficient of a sphere [16].

When considering an anisotropic shape, such as a colloidal rod, the expression of the friction

coefficient is no longer a linear expression but a tensor, as now it depends on the longitudinal or

transverse direction with respect to the long axis of the rod [60, 67]. As a result, the diffusion

coefficient of a colloidal rod, or in a more general sense, of any anisotropic particle, is also

extended to a diffusion tensor with various degrees of complexity depending on the symmetry

of the particle [60,68–72].

The characteristic time scale of Brownian motion is given by the Brownian time, τB, which

is the time taken for a particle to move a distance equal to its own diameter [15]. In three

dimensions this time is given by

τB =
a2

6D
. (2.3)

Because the typical length scale associated to colloids is on the order of few micrometers, the

resulting Brownian time of colloidal particles is on the order of few seconds [16, 17]. These

relatively large time and length scales makes colloids very useful experimental systems to be

studied with optical microscopy, as they can be resolved in real space and time at the single-

particle level [16].

Another relevant phenomenon occurring in colloidal suspensions is the sedimentation of

colloidal particles due to the earth’s gravitational field [16]. Sedimentation occurs when the mass

density of the particles is larger than that of the dispersing solvent. Similarly to gas molecules,

colloids also show a barometric height distribution in which the number density of the particles,
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n, as a function of height, z, is characterised by an exponential distribution [73],

n(z) = n(0) exp−(
z

Lg
), with Lg =

kBT

∆mg
. (2.4)

Here, the decay length of the exponential distribution is called the gravitational length, Lg, which

quantifies the effect of gravity in the system. In other words, it gives a measure for the height

to which a particle is lifted due to its thermal energy kBT in the presence of a gravitational

field [16]. Note that ∆m is the buoyant mass of the colloid particles and g the gravitational

acceleration constant. The effect of gravity in colloidal systems is therefore strongly dependent

on the mass density mismatch between the particles and the solvent, and on the size of the

particles. While for some colloidal suspensions the gravitational height can be several kms, for

some others it can be on the order of the particle size or even smaller [16]. For instance, colloidal

systems with a small Lg can be very useful for studying systems in two dimensions [29], but can

also lead to kinetic arrested phases if the system is studied in three-dimensions [15].

2.2.2 Colloidal interactions

In colloidal suspensions, particles can interact with one another via a range of attractive and

repulsive forces [60]. The origin of these forces depends on many factors including the material

they are made of, the nature of the solvent, the presence of salt or polymer in solution and the

use of external fields [16]. Inter-particle interactions are usually described by a pair potential,

U(r), which is the interaction energy of two particles as a function of their relative position,

r. One of the most relevant pair potentials in colloid science is the Derjaguin-Landau-Verwey-

Overbeek (DLVO) potential, which describes the stability of slightly charged colloidal particles

in suspension [15] (see Figure 2.5A and Equation 2.5). The potential energy of this interaction

consist of an attractive part, Uatt(r) and a repulsive part, Urep(r), whose competition dictates

the stability of the suspension. The DLVO potential is written as:

UDLV O(r) = Uatt(r) + Urep(r) ∝ −
1

r
+ exp (− r

κ
), (2.5)

where κ−1, is the Debye length and characterises the decay of the Urep(r) [15]. The attractive

part of the DLVO potential, originates from the Van der Waals (dispersion) forces acting between

the molecules constituting the colloidal particles. These attractive forces play an important role
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Figure 2.5: Schematic representation of the interaction potential energy U , as a function of the inter-
particle distance r, in a system of (A) slightly charged spheres and (B) hard spheres. a is the diameter
of the colloidal particle.

at short inter-particle distances (see 1/r dependence in Equation 2.5), as the interaction between

the millions of molecules forming the colloidal particles can lead to the irreversible aggregation

of the particles [60]. Van der Waals attractions are, however, usually opposed by repulsive

electrostatic forces. Colloidal particles typically carry charged surface groups which become

ionised when suspended in water [15]. The charge of the particles is typically screened by the

counter-ions present in the dispersion medium, which form an electric double-layer around the

colloidal particles. As a result, the surface charge decays exponentially with a typical length scale

characterised by the Debye length κ−1 (see Equation 2.5). Since κ−1 depends on the amount of

ions present in the system [15, 60], the strength and range of the repulsive electrostatic forces,

and hence its competition with the constant attractive Van der Waals forces, can be controlled

via tuning the salt concentration in solution [15,60].

The interactions between colloidal particles can be also tuned such that, for instance,

they resemble to what are so-called hard or excluded volume interactions [74]. In hard particle

systems, the potential energy between two particles is considered infinite if they overlap and

zero otherwise (see Equation 2.6 and Figure 2.5B). This is experimentally achieved by screening

the charges of the particles [40, 75] or by grafting onto the particles’s surface a polymer layer,

whose chains are much shorter than the typical size of the particles [24, 76]. This gives rise

to short-range repulsive interactions, which allows the particles to come into close proximity

without compromising their stability [77].

UHS(r) =


∞ if r ≤ a

0 if r > a

, (2.6)
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Finally, it is important to mention that nowadays colloidal interactions can be also engi-

neered such that they are directional. This means that particles can experience forces in specific

parts of their surface and hence interact with an orientational dependence [78, 79]. Directional

interactions are typically achieved by coating specific parts of the particles with attractive or

repulsive functionalities, such as DNA-strands or hydrophobic molecules [78–81].

2.3 Self-assembly and entropy-driven phase transitions

Self-assembly of colloidal systems is the process by which colloidal particles – continuously

jiggling around in suspension due to thermal energy – self-organise into structures with a higher

degree of order than that of the initial state [19]. This includes the self-assembly of, for instance,

colloidal crystals [24, 82] and liquid crystals [27, 83], but also the formation of non-close-packed

structures, such as colloidal molecules [84, 85] and open crystalline structures [25, 80]. The

structural complexity of self-assembled structures depends mainly on the type of inter-particle

interactions and the shape of the particles. In the context of self-assembly of liquid crystals,

it is particularly relevant to examine the simplest case, where colloidal rods interact via hard

interactions. Lars Onsager was the first to theoretically study this system and realise that a

system of hard rods could transition from an isotropic to a nematic phase at a remarkably

low packing fraction of rods [86]. Onsager’s theory, which was published in 1949, represented a

hallmark in the field of condensed matter physics, and also in the liquid crystal community [2,60].

For the first time, it was shown that phase transitions from a disordered state to an ordered

state could be explained in the absence of inter-particle attractions, and that only particle shape

anisotropy was enough to explain liquid crystal ordering. To fully appreciate the importance of

Onsager’s findings and how it relates to colloidal liquid crystals, it is worth revisiting a few key

concepts of (statistical) thermodynamics.

From a thermodynamic perspective, colloidal particles are statistical systems that find

their equilibrium state by minimising their free energy F = U - TS, where U is the internal

energy, T is the temperature and S is the entropy of the system [17, 60]. In hard-core systems,

the interaction potential is infinite if two particles overlap and zero elsewhere (see Equation 2.6).

As a consequence, the Boltzmann weight of a configuration of hard spheres is either zero, in the

case of overlap, or unity otherwise. In other words, the only relevant configurations are the ones

without particle-particle overlaps, and all of them are equally probable. As a result, the internal
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energy does not play any role in the free energy minimisation of the system2. This implies

that the phase behaviour of hard systems is essentially dominated by entropy, and perhaps

surprisingly, that entropy is maximised by the organisation of hard particles into ordered phases

at increasing packing fraction. The fact that these type of phase transitions could occur in the

absence of particle interactions was a topic of a huge debate 70 years ago, however, after several

crucial pieces of work on hard spheres [23,24] and hard rods [86], they are now widely accepted

and carefully examined both experimentally and with computer simulations.

The crucial idea required to understand entropy-driven phase transitions relies on the

microscopic definition of entropy, which instead of being linked to the idea of disorder, is con-

nected to the number of configurational states available in the system. As first postulated by

Boltzmann, Gibbs and Planck, the more microstates accessible are to a system, the larger the

entropy [19, 87, 88]. The relation between entropy, phase behaviour and particle shape is best

illustrated by a system of hard rods. Onsager proposed that the isotropic-nematic transition

occurring in a system of hard rods could be understood as the result of a competition between

the orientational entropy and the translational entropy of the rods [86, 89]. When the particle

concentration increases, the rods align because despite losing orientational entropy, they increase

the available space per particle – or translational entropy – by aligning. As a result of this or-

dering, the total entropy, i.e. the total number of configurational states, of the system increases

and hence drives the phase transition from a disordered to an orientationally ordered phase.

Comprehensive derivations of Onsager’s theory can be found in [60,90,91].

(A) (B)
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Figure 2.6: (A) Phase diagram of hard spherocylinders of length L and diameter D (see inset) as a
function of the packing fraction , ϕ and aspect ratio L/D [92]. Isotropic liquid, nematic, smectic and
crystal (ABC and AAA) phases are found. The shaded areas denotes biphasic coexistence regions. (B)
Phase diagram hard spherocylinders, boomerangs and smoothly curved spherocylinders with L/D= 10
and opening angle of 150◦ as a function of packing fraction [14].

2Note that the internal energy also contains kinetic part, Uk, which is constant and therefore does not affect
the phase behaviour of the system.
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The experimental confirmation of Onsager’s theory came in 1992 with a colloidal system

hard-like boehmite rods [93], which upon increasing the particle concentration, exhibited nematic

phases. Computer simulations have further shown that not only nematic phases, but also smectic

and crystalline phases can occur in systems of hard spherocylinders [92] (see Fig. 2.6A). These

findings have been also experimentally confirmed with colloidal liquid crystals composed of

Gibbsite platelets [35], silica rods [83] and SU-8 rods [27]. More recently, the research has

moved towards the investigation hard systems with more complex shapes as they have proven

to form remarkably complex structures, such as quasi-crystals [94] or exotic liquid crystals [14].

This is nicely illustrated by the work of Damascenco et. al [95], who carefully studied the impact

of shape in systems of hard polyhedra and revealed the formation of more than twenty different

liquid crystal phases. Another example includes the work of Chiappini et al. [14], who studied

the phase behaviour of slightly bent rods with both a sharp kink and a smooth curvature (see

Figure 2.6B), and revealed the stability of splay-bend and twist-bend nematic phases [14]. Both

examples showcase the fact that complex phases can arise from building blocks that simply

interact via ‘their shape’.

It is not surprising that computational work usually precedes experiments; this is due to the

fact that fabricating complex particles at the colloidal scale is not an easy task. In this thesis, we

contribute to the field of colloid science and liquid crystals by developing two novel model system

of colloidal rods and bananas, whose assembly can be experimentally studied at the single-

particle level. These systems can be used to compare the resulting self-assembled structures

to computer simulations and vice-versa, and also to create new self-assembled structures with

pre-designed internal structural complexity.

2.4 Experimental methods

2.4.1 Colloidal model systems

Our newly developed model systems consist of colloidal SU-8 rods and bananas, whose structure

and dynamics can be imaged at the single-particle level with confocal microscopy, as shown in

Figure 2.7. A full discussion of the synthesis details of these two systems, as well as their

potential for studying liquid crystals is given in Chapter 3 and 4. Here, we summarise the main

properties of the colloidal SU-8 particles, the material properties of SU-8 and the previous work

related to the bulk fabrication of non-Brownian SU-8 rods [96, 97]. Firstly, the dimensions of
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A B C D

Figure 2.7: Scanning electron microscopy images and confocal microscopy images of the (A-B) colloidal
SU-8 rods and (C-D) bananas, respectively. Note that in the confocal microscopy images the particles
have been fluorescently dyed. Scale bars are 5µm.

our colloidal SU-8 particles can be tuned with lengths ranging from 4 to 15 µm and diameters

from 0.4 to 1.2 µm. In the case of the bananas, their curvature can be continuously tuned from

0.25µm−1 to zero. In addition, both systems can be easily fluorescently dyed and are stable

in aqueous and organic solvents. By varying the composition of the organic solvent mixture,

the difference in refractive index and mass density between the particles and the solvent can be

independently controlled. This enables the use of confocal microscopy for imaging dense phases

of colloidal rods and bananas in three-dimensions, whilst controlling of the effect of gravity -

which is important for the dynamics of colloidal suspensions and hence liquid crystal formation.

SU-8 photoresist as a material

SU-8 is UV-curable, epoxy-based photo-resist commonly used in photolithographic processes

[98, 99] (see Figure 2.8A). The main of components of SU-8 photoresist are (i) SU-8 oligomers,

with an average number of eight epoxy groups, (ii) an organic solvent (γ-butyrolactone, GBL)

and (iii) a salt-based photo-acid generator (triarylsulfonium salt), as schematically shown in

Figure 2.8B and C. There is a wide range of commercially available formulations of SU-8 in

which the content and type of solvent varies, resulting in varying viscosity values [98, 100]. In

this thesis, we use SU-8 50 form Microchem [101], which consists of 63% of SU-8 oligomers and

27% of GBL using triarylsulfonium hexafluoroantimonate salt.

Upon UV-exposure, the cross-linking of SU-8 takes place via a cationic polymerisation

reaction [100, 102], as schematically shown in Figure 2.8D. Firstly, the photo-acid generator is

decomposed into a strong acid upon UV-exposure (see Figure 2.8D(i)). This acid initiates the

cationic polymerisation reaction by ring-opening the epoxy groups, which subsequently undergo

cross-linking with other epoxy groups [102, 103], as shown in Figure 2.8D(ii). A post-exposure
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Figure 2.8: (A) Photograph of the SU-8 photo-resist showing its characteristic high viscosity [101].
(B,C) Schematic representation of the three main components of SU-8 photoresists: (i) SU-8 oligomers,
(ii) the solvent and (iii) the photo-initiator. (D) Scheme of the photo cross-linking reaction of SU-8. (i)
The photo-acid generator is activated upon UV-exposure. (ii) The polymerisation starts when the acid
protonates the epoxy groups. The activated oligomers then react with neutral epoxy groups [102].

thermal treatment is typically conducted to increase the mobility of the photo-acid and SU-8

oligomers, and hence accelerate the polymerisation rate [102,104,105]. Due to the large number

of epoxy functionalities per oligomer, UV-cured SU-8 photo-resists possess a high degree of cross-

linking. This results in highly stable mechanical and chemical structures with a typical Young’s

modulus of E≈4GPa and a glass transition temperature of Tg ≈200◦ [98,100]. Importantly, when

fully cross-linked, SU-8 photoresists have a mass density of ρSU8=1.2g/mL and refractive index

nSU8 ≈ 1.6 [98, 100]. The value of these bulk properties makes SU-8 a good material candidate

for fabricating colloidal model particles, as they can be matched with the mass density and

refractive index of common solvents used in colloid science [106].

Bulk synthesis of SU-8 microparticles

SU-8 photo-resists are traditionally used in lithographic processes where SU-8 acts as negative

resist [98,102]. In these processes, micro-fabricated masks are used to selectively expose parts of

SU-8 to UV-light: the exposed parts become cross-linked and hence solid, while the unexposed

parts remain soluble and can be washed away during the development. This technique allows

to produce micron-sized features in SU-8 films, which find common applications in the field of

microfluidics [98, 102]. Photolithography of SU-8 has also been exploited to fabricate colloidal
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(1) (2)

(3)

(4)(5)

Figure 2.9: Schematic representation of the stages involved in the SU-8 microrod formation mechanism.
(1) Emulsification of the polymer droplets. (2) Elongation of the liquid droplets under shear flow and
simultaneous transferring of the GBL into the dispersion media. (3) Solidification of the SU-8 cylinders.
(4) Break-up of the long and solid cylinders into shorter pieces under hear shear. (5) Photo cross-linking
of the microrods via illumination with UV-light.

SU-8 particles with various shapes, including spirals [107], discs [108] and rod-like shapes [109].

However, the 2D nature of this procedure limits the possibilities to obtain high particle yields,

which are required to prepare dense colloidal suspensions, and also, it only produces particles

with high aspect ratio when their diameter is on the order of tens of micrometers [100,107–109].

An alternative route to obtain SU-8 microparticles was firstly explored by Alargova et al.

in 2004, who showed that long SU-8 rods could be obtained in bulk via shearing an emulsion of

SU-8 droplets in a highly viscous medium [96,97]. This method consists of five main steps which

are schematically shown in Figure 2.9. First, a small amount of concentrated SU-8 solution

in γ-butyrolactone (GBL) is added to a viscous organic liquid medium (such as glycerol or its

mixtures with alcohols) that is being subjected to high-shear flow. The insolubility of SU-8 in

the dispersion media and the high-shear rates facilitate the formation of an emulsion of micron-

sized polymer solution droplets (see Figure 2.9, step 1). Under high shear, these droplets are

deformed into long cylinders (see Figure 2.9, step 2). At the same time, the solvent diffuses out

of the sheared polymer droplets leaving the solid polymer behind. The latter process is assisted

by the fact that the solvent for the SU-8, GBL, is soluble in the dispersion media. When the

transfer of GBL into glycerol has been (partially) completed, the long, thin liquid cylinders

solidify and any recovery of the initial spherical shape is prevented (see Figure 2.9, step 3). As a

result, the solid character of the cylinders leads to the breaking of the long cylinders into shorter

rod-like particles under high shear (see Figure 2.9, step 4) [97]. The breaking-up of the cylinders

is confirmed by SEM analysis, where it is shown that most of the rods have straight edges and
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just a very few of them have hemispherical ends. This feature that would not be possible if every

drop would deform and solidify into a single-particle [96,97]. In the last step, the SU-8 rods are

typically cross-linked by means of UV-illumination (see Figure 2.9, step 5), which results into

chemically extremely stable polymer particles.

This method allows to produce SU-8 rods with tunable dimensions ranging from diameters

between 0.5 and 1.5 µm and lengths between 20 µm and 200 µm, resulting in aspect ratios

ranging from 25 to 125. Alargova et. al demonstrated that key parameter controlling both the

rod formation and their dimensions is the shear stress, τ [96,97]. The shear stress is defined as

the product of the media viscosity µo and the shear rate G:

τ = µoG . (2.7)

Here, the shear flow produced in the reaction vessel is simply modelled as the flow induced

in the gap between two concentric cylinders [96, 97]. There are other parameters, such as the

concentration of SU-8 in GBL, which also play a role on the synthesis of SU-8 rods. For instance,

a minimum concentration of SU-8 in GBL is required for the formation of rods. This is related

to the viscosity of the SU-8 droplets, which needs to be high enough to enable their deformation

into long cylinders under the shear flow. Other experiments showed the versatility of the method

by producing microrods using mixtures of polymers, including SU-8 mixed with polystyrene [97].

While Alargova’s results have provided an experimental system of rods with a host of ap-

plications [96,110], the large dimensions of the produced particles prevents the rods to undergo

Brownian motion. As a consequence, the long SU-8 rods can not be used as colloidal model

systems to study liquid crystal behaviour. However, in Chapter 3 and 5 of this thesis, we intro-

duce the development of a system of colloidal SU-8 rods and bananas by modifying Alargova’s

original protocol via using sonication and heat. With our newly developed systems, we are able

to investigate the assembly of colloidal liquid crystal phases with confocal microscopy.

2.4.2 Confocal laser scanning microscopy

Developed by Marvin Minsky in 1957 [111], confocal laser scanning microscopy (CLSM) is an

imaging technique frequently used in colloid science to obtain three-dimensional (3D) infor-

mation in real space on the structure and dynamics colloidal dispersions with single-particle

resolution [40,106,112]. When conventional optical microscopy is used to image optically dense
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Figure 2.10: (A) Schematic illustration of the operating principle of a confocal microscope. Laser light
(green lines) is first passed through a source pinhole aperture. This allows only a small central portion
of the light pass through the aperture. The light is then focused by the objective lens into a small area
on the sample. The fluorescent light originating from the focal plane, depicted as the red dashed lines,
is focused at the detector pinhole by the collector lens and reaches the PMT detector. The out-of-focus
fluorescent light, depicted as dotted red lines, is prevented from reaching the detector by the detector
pinhole. (B) Example of xy, yz, xz views obtained from confocal imaging a sample of colloidal SU-8 rods
in the nematic phase, and the resulting 3D snapshot. Scale bar is 5 µm.

systems, such as dense colloidal suspensions, the light coming from planes that are not in focus

contribute to the image formation, resulting into blurry images [106]. Confocal microscopy,

circumvents this problem by using pinhole apertures in the optical imaging set-up, as schemat-

ically shown in Figure 2.10A. Firstly, the excitation light is restricted to that of a diffraction

limited point by placing a pinhole in front of the laser light. Secondly, any out-of-focus light

is rejected by placing a pinhole aperture in front of the detector at the conjugate focal plane.

This allows to obtain two-dimensional (2D) optical cross-section images of dense systems with a

significantly higher contrast than using optical microscopy [106]. The extension to 3D imaging

is subsequently achieved by acquiring 2D-cross section images at different heights in the sample

(see Figure 2.10B). In the work described in this thesis, we typically use a confocal microscope

consisting of a 12 kHz resonant scanner head (Thorlabs) and a 532 nm laser, coupled to an

Olympus IX73 inverted microscope equipped with a 60× (NA = 1.42) oil immersion objective

(Olympus). This results in an approximate resolution of 250 nm in xy and 400 nm in z and a

scanning speed of approximately 30 frames per second for a 512×512 pixel field of view.

Colloidal particles are very suitable for CSLM studies mainly because of three particular

features [106,113]. Firstly, micron-sized colloidal particles can be made fluorescent by incorporat-

ing fluorescent dyes, such as FITC or RITC, during their synthesis [75]. In fact, 3D quantitative
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studies on the structure and dynamics are further facilitated by using particles with core-shell

morphology [40, 112], as they ensure the spacing between the fluorescent signals to be equal or

larger than the optical resolution of the microscope. Secondly, the refractive index of the parti-

cles can be readily matched with the refractive index of the solvent. When colloidal particles are

optically matched with the solvent, the scattering of light is strongly suppressed [106, 113]. As

a result, the excitation light can penetrate deep into the bulk of the sample, and similarly, the

emitted fluorescent light can reach the PMT from deep within sample. Thirdly, the resolution

and typical speed at which the confocal operates falls within the colloidal domain – with typical

length scales of microns and time scales of seconds (see Section 2.2.1)– and as a result, the

particles can be tracked in 3D and in real time [106,113].

The combination of confocal microscopy and colloidal model systems has enabled for further

quantitative 3D studies of fundamental condensed matter phenomena, such as nucleation and

growth of colloidal crystals [106,112]. However, most advances in understanding the properties

of colloidal materials by CLSM have been made for systems of spherical particles. Only few

anisotropic experimental systems have been used in confocal microscopy studies. These include

PMMA ellipsoids, [114,115], silica rods [116,117] and fd-virus particles [64].

Sample cells for confocal microscopy

To study the colloidal liquid crystals formed by our colloidal rods and bananas, we prepare dense

particle suspensions in either rectangular VitroCom capillaries (0.1 mm × 0.2 mm × 5 cm) or

home-made sample cells. Home-made sample cells are prepared by UV-gluing rectangular #1

cover slips (Menzel-Gläser) onto a microscope slide, creating a small horizontal channel. A

third rectangular microscope #1 coverslip is then UV-glued on the top of the channel. These

samples are filled, via capillary forces, with colloidal SU-8 particle dispersions with a typical

initial packing fraction, φ0, in the range of 0.10 − 0.20 and subsequently sealed using epoxy

glue. At these low packing fractions the system is in the isotropic phase where the particles can

freely rotate and translate, thereby minimizing kinetic arrest and also flow alignment effects.

After filling the sample cells, the colloidal particles typically sediment, over the course of a day,

towards the bottom of the sample cell where the packing fraction gradually increases.
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Figure 2.11: Schematic illustration of (A) the equilibration and (B) the imaging of the sample cell used
for the study of the phase behaviour of the colloidal bananas with confocal microscopy. φ0 is the initial
volume fraction of the colloidal dispersion. (C) Side-view of the capillary illustrating the two packing
fraction gradients, one in the x−direction (φx) and the other in z (φz), established in the sample cell.

Samples are typically equilibrated for at least two weeks before imaging. A small tilt

(2 − 3◦) is used during the equilibration to induce a small packing fraction gradient along the

channel, i.e. along the x−axis (see Fig. 2.11A). This enables us to access to the concentration-

dependent phase behaviour of the system using a single sample (see Figure 2.11B). At the same

time, a second gradient in the packing fraction is established in the vertical direction, z, as the

colloidal particles sediment over time (see Figure 2.11C).

The solvent in which the particles are dispersed determines, among other aspects, the

dimensionality of our confocal microscopy imaging of the system. If particles are dispersed in

water, the large refractive index mismatch, between the particles (nSU8 ∼1.6) and the solvent

(nH2O ∼1.33) only allows for imaging the system in two dimensions. This is due to large light

scattering effects, which originate from within the sample. In this case, the imaging is typically

done relatively close to the bottom wall of the sample cell, where light scattering is minimised.

To address the three-dimensional nature of the phases formed by our colloidal particles, we

need to use solvents that closely match the refractive index of SU-8. There are solvents, such as

carbon disulfide (nCS2 ∼1.63), which have a very similar refractive index to SU-8, however, these

are often highly volatile and hazardous solvents. Instead, we typically use tetralin (ntet = 1.54),

as it allows us to image approximately 30 − 40 µm deep into the bulk of the sample and also

keep the colloidal suspensions for long periods of time.

We use the dispersants OLOA 1200 or OLOA 11000 (4-5wt%) to stabilize the particles in

organic solvents. OLOA is a propietary polyisobutylene succinic anhydride (PIBSA) stabiliser

with two effects: it adsorbs onto the particles to form a steric brush layer [118], and it also forms

charged micelles in solution which can act as a screening agent and undergo charge exchange with

the surface. Previous work using particles made of TPM [119], PMMA and polystyrene [120] all

show that concentrations of OLOA between 4-5wt%, lead to a screened Yukawa potential [15].
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2.4.3 Image analysis

SEM images

Prior to studying the self-assembly of colloidal SU-8 rods and bananas into liquid crystalline

phases, we first determine the average dimensions of the particles. To this end, we use custom-

written image analysis routines in Mathematica to determine the length, diameter and curvature

of the rods and bananas from scanning electron microscopy (SEM) images (see Figure 2.12).

SEM images typically are taken with a JSM-6010LV electron microscope working at 15 kV.

Samples are prepared by depositing a droplet of aqueous particle dispersion onto a 1 cm2 silicon

wafer. The solvent is then evaporated using a heat lamp. Prior to the imaging, a thin layer of

palladium is deposited on the sample using a Quorum Sputter Coater. Note that we typically

take low magnification images (1000×) of diluted samples to maximise inter-particle distances

and facilitate the particle-resolved image analysis procedure (see Figure 2.12C1 and D1).

Our image analysis routine of SEM images consists of multiple steps, as shown in Figure

2.12. First, we binarise the SEM images with a locally adaptive threshold using the ‘LocalAdap-

tiveBinarize’ built-in function (see Figure 2.12C2 and D2). This reduces the effect of intensity

LB

DB
αR

LR
DR

a bA B

C2C1 C3 C4

D2D1 D3 D4

Figure 2.12: Step-wise image analysis procedure to extract the length, diameter and curvature of
colloidal rods and banana from scanning electron microscopy (SEM) images. (A,B) Schematic of the
typical dimensions of the rods and bananas. (C1,D1) Original SEM images, (C2,D2) binarised images and
(C3,D3) segmented images, where the different colours represent different particles. (C4) Rods enclosed
by minimal bounding boxes (red). (D4) original image overlaid with the skeletons of the bananas (thin
coloured lines), the end points (red dots) and the fitting circles (in white). Scale bars are 5 µm.
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variations in the images. Next, we segment the binarized images using the ‘MorphologicalCom-

ponents’ function, which results in images where the different colours correspond to different

particles (see Fig. 2.12C3 and D3). At this point, we use an upper and lower bound on the pixel

count based on a histogram of all the detected particles to discriminate very big or small parti-

cles. Next, to determine the length, LR, and diameter, DR of the rod-like particles (see Figure

2.12A), we use the ‘MinimalBoundingBox’ function which find the best fit for a box enclosing a

rectangular particle as shown in Figure 2.12C4. From the dimensions of this box we extract the

particle length (long side of the box) and the particle diameter (short side of the box).

To determine the length of the banana-shaped particles LB, we first determine the radius

of curvature RB and the opening angle of the particles α which is calculated as LB = αRB (see

Figure 2.12B). To this end, we first skeletonize the segmented images using the ‘Skeletonize’ built-

in function to obtain the backbones of the particles (see coloured skeletons in Figure 2.12D4).

Then, we fit circles to the backbone pixels using a custom-written algorithm that minimises the

distance between the circles and the pixels of the particles (see Figure white circles in 2.12D4).

The radius of the fitting circle R is taken to be the radius of curvature of the particle. Note

that in this thesis we also refer to the particle curvature using κ, which is simply the inverse

of R. Finally, we find the coordinates of the end points of the particles (see red dots in Figure

2.12D4) and compute the opening angle, α, using the coordinates of the center of curvature

(see Figure 2.12). The diameter of the particles was calculated using the area of the bananas,

which is extracted as the pixel count of the (non-skeletonised) segmented images and its already

calculated length. Note that we approximate the area of a banana to be the same as that of a

rectangle with AB ≈ LBDB.

Confocal images

Structural studies of the colloidal liquid crystal phases formed by our colloidal rods and bananas

are performed by analysing confocal microscopy images of the different phases. Similarly to the

analysis of the SEM images, we use custom-written routines in Mathematica to extract single-

particle features, such as particle positions and orientation (see Figure 2.13A and B), from the

microscopy images. In Chapters 3 and 5, we provide a detailed description of the analysis

procedure, however, here we summarise the main steps used, which are shown in Figure 2.13.

The initial steps of the analysis of confocal images include binarisation and segmentation steps

(not shown here), as described for SEM images. For both the rods and bananas, the position of
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Figure 2.13: Step-wise image analysis procedure to extract the position and orientation of colloidal rods
and bananas from confocal microscopy images. (A,B) Schematic of the centre of mass and orientation of
the particles. (C1,D1) Original confocal images overlaid with (C2,D2) the centre of mass, (C3) the fitting
ellipsoids, (D3) polar vectors and (D4) orientation vectors. In (C4) rods are coloured according to their
orientation as indicated in the legend.

the particles is given by their centre of mass, which is calculated from the pixel coordinates of

each particle using the ‘Centroid’ function (see Figure 2.13C2 and D2). The orientation of the

rods and the bananas is next calculated in slightly different ways. For the rods, the orientation

of the particles, û (see Figure 2.13A), is calculated by fitting ellipsoids to the particles and then

measuring their orientation with respect to the horizontal axis (see Figure 2.13C3). In the case

of the bananas, the particle orientation in two dimensions is characterised by the polar vector

p̂, which is associated to the short axis of the banana, and the orientation vector û which is

associated to the long axis of the banana (see Figure 2.13B). The polar vector, is calculated

using the average vector originating from all the vectors starting from the centre of curvature

and ending at the backbone of the banana (see Figure 2.13D3). The orientation vector, û, is

then simply calculated by rotating the polar vector by π/2 (see Figure 2.13D4). Note that this

analysis is valid in two-dimensions and as long as the imaging plane is parallel to the long axis

of the bananas.
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Chapter 3

Synthesis of colloidal SU-8 rods

using sonication

ABSTRACT

In this chapter, we describe the bulk synthesis of fluorescent colloidal SU-8 polymer rods with

tuneable dimensions. The colloidal SU-8 rods are prepared by first shearing an emulsion of

SU-8 polymer droplets and then exposing the resulting non-Brownian rods to ultrasonic waves,

which breaks them into colloidal rods with typical lengths of 4–10 µm. The rods are stable in

both aqueous and apolar solvents, and by varying the composition of apolar solvent mixtures

both the difference in refractive index and mass density between particles and solvent can be

independently controlled. As a result, these colloidal SU-8 rods can be used in both three

dimensional confocal microscopy and optical trapping experiments whilst carefully tuning the

effect of gravity.

31
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3.1 Introduction

Colloidal dispersions of rod-like particles are widely accepted as convenient model systems to

study the phase behaviour of liquid-crystal (LC) forming systems [25]. This is due to the fact that

colloidal rods exhibit analogous phase behaviour to that of elongated molecules, while they can be

directly observed by optical microscopy [25,59]. Almost 70 years ago, Onsager already predicted

that a system of hard rods undergoes an entropy-driven isotropic-nematic phase transition at a

remarkably low packing fraction [86]. Since then, a great deal of theoretical and experimental

work has been done on identifying and studying the key parameters influencing the LC phase

behaviour of rods, see e.g. [59, 92, 121–124]. Computer simulations have shown that systems of

hard (sphero)cylinders can also exhibit smectic, columnar and crystalline phases depending on

their volume fraction, aspect ratio and size polydispersity [92, 121–123]. Experimentally, much

insight has been gained by studying colloidal rod-like model systems such as TMV and fd-virus

particles [124–126], PMMA ellipsoids [115,127], boehmite rods [93] and silica rods [36,83].

Detailed insight into the three-dimensional (3D) structure and dynamics of dense colloidal

phases at the particle level can be obtained using 3D confocal microscopy [40, 41, 106]. This

technique has also been applied to study dense suspensions of rods including, fd-virus particles

[64, 128], PMMA ellipsoids [114, 129] and silica rods [36, 116]. Using fd-virus particles, for

example, the director field of colloidal liquid crystals in wedge-shaped confinement was measured

by adding fluorescent fd-virus particles in a host suspension of non-fluorescent fd-virus particles

[64]. Confocal microscopy was also used to study at the single-particle level the structure

of sediments of PMMA ellipsoids [114, 129], the phase behaviour of silica rods external fields

[36,116,130] and the structure of sedimentation-diffusion equilibria in mixtures of silica spheres

and rods [63].

Confocal microscopy, however, does put severe constraints on the colloidal model system

to be used. Firstly, the refractive index of the particles needs to be matched to that of the

dispersing solvent (∆n ≈ 0) in order to minimize scattering effects when imaging deep into the

bulk of concentrated samples. Secondly, it is beneficial to be able to tune the effect of gravity

by adjusting the mass density difference between the particles and the solvent, ∆ρ. In this way,

for instance, fluctuating interfaces [30], sedimentation-diffusion equilibria (∆ρ > 0) [131] or the

3D structure of crystalline phases (∆ρ ∼ 0) [132, 133] can be monitored over time using the
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same colloidal particles. For rods specifically, the small dimensions of the fd-viruses and the

high mass density of silica rods make tuning the effect of gravity in these systems cumbersome.

While this is possible for PMMA ellipsoids, they are typically produced in low yields and deviate

from the ideal rod-like shape, as a result of which smectic, columnar or crystalline phases have

not been observed in concentrated suspensions of these ellipsoids [114].

Here, we describe the bulk synthesis of fluorescent colloidal SU-8 polymer rods with tune-

able length and diameter that are stable in both aqueous and apolar solvent mixtures. By

varying the composition of the solvent mixture, both the difference in refractive index and mass

density between the particles and the solvent can be independently controlled. This enables

the use of colloidal SU-8 rods in both 3D confocal microscopy (∆n ≈ 0) and optical trapping

(∆n 6= 0) experiments, and even in experiments combining both techniques. Crucially, the

effect of gravity can be carefully tuned in all of these experiments via ∆ρ. We demonstrate

this by imaging the liquid crystalline phases and the isotropic-nematic interface formed by the

colloidal SU-8 rods using confocal microscopy in various solvent mixtures. In addition, we show

the optical trapping of a single SU-8 rods in water and the simultaneous optical manipulation

and confocal imaging of multiple rods in the isotropic phase. Finally, we present preliminary

results on the funcionalisation of SU-8 rods with magnetic nanoparticles and their behaviour in

the presence of external electric and magnetic fields.

3.2 Experimental methods

3.2.1 Materials

SU-8 50 (Microchem), gamma-butyrolactone (GBL, ≥ 99%, Sigma-Aldrich), glycerol (≥ 99%,

Sigma-Aldrich), ethylene glycol (≥ 99%, Sigma-Aldrich), tetralin (≥ 99%, Sigma-Aldrich), Car-

bon disulfide (≥ 99%, Sigma-Aldrich), PEG-PPG-PEG pluronic F-108 (Sigma-Aldrich), OLOA

11000 (Azelis) and cyanine-3 and BDP fluorescent dyes (Lumiprobe) are used as received. Deion-

ized water obtained directly from a purification system (Direct-Q 3 UV, Millipore) is used for

all the experiments conducted in aqueous media.
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3.2.2 Synthesis of colloidal SU-8 rods

The synthesis of our colloidal SU-8 polymer rods is adapted from the method described by

Alargova et al. [96, 97]. The experimental set-up we typically use is shown in Figure 3.1A

and consists of three main parts: the homogeniser mixer, the impeller and the reaction vessel

containing the viscous media. In typical synthesis, a 250 mL beaker with an inner diameter of 5

cm is filled with 110 mL of glycerol. A mixer (Heidolph RZR 2021) equipped with a half-moon

impeller with a diameter of 3.5 cm is then introduced into the glycerol such that the impeller is

located approximately 1 cm above the bottom wall of the beaker (see Figure 3.1B). Next, the

homogenisation process at 1500 rpm – corresponding to a shear stress of 518 Pa – is started

(see Figure 3.1C). Note that the impeller should be placed in the centre of the beaker, in order

to produce a relatively uniform shear flow during the homogenisation. Approximately 0.1 g of

SU-8 50 viscous photoresin (Michrochem) is dropped from a spatula into the gap between the

inner wall of the beaker and the impeller, resulting in a turbid dispersion. As shown in [96,97],

the shear stress can be varied in order to tune the resulting dimensions of the rods. It is also

important to note, that a minimum shear rate, whose value depend on the viscosity of the media

used, is needed for emulsify the injected SU-8 droplet [96,97].

mixer

impeller

reaction

vessel

A B

C

Figure 3.1: (A) Image of the experimental set-up used for the synthesis of colloidal SU-8 rods, which
consists of a high-speed mixer, an impeller and a reaction vessel. Magnified images of the reaction
vessel (B) before and (C) during the homogenization of the dispersion media at 1500 rpm. Image of
the experimental set-up where the three main elements are highlighted: the mixer, impeller and reaction
vessel.
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For the synthesis of fluorescent SU-8 rods a fluorescent dye is simply mixed with the SU-8

50 at a mass ratio of 10 mg dye/ g SU-8 50. The high-shear mixing of the glycerol and the SU-8

50 is continued for 10 min. The resulting non-Brownian SU-8 rod-like particles in glycerol are

directly exposed to sonication (VWR ultrasonic cleaner, 45 kHz, 80 W) for 1 to 3 hours in order

to break to them into smaller colloidal rods. These colloidal SU-8 rods are subsequently photo-

crosslinked by exposing them to UV-light with a wavelength of 365 nm (Spectroline 14A/FB) for

30 min. To remove the glycerol, the colloidal SU-8 rods are washed by repeated centrifugation

and redispersion cycles at 3000 g for 40 minutes using water containing 0.5 wt% Pluronic F-108.

Any large or irregularly shaped rods are easily removed by sedimentation in water under gravity

for an hour. Very small rods are removed by centrifuging three times at 3000 g for 15 minutes.

Long and thick rods are typically removed by spinning at 600 g for 15 min. Finally, the resulting

colloidal SU-8 rods are kept in water containing 0.5 wt% Pluronic F-108.

3.2.3 Size characterization of colloidal SU-8 rods

The size distributions of the colloidal SU-8 rods is determined by measuring the length and

diameter of at least 200 rods from scanning electron microscopy (SEM) images of dilute suspen-

sions of rods using custom-written image analysis software in Mathematica described in Section

2.4.3. Note that the polydispersity of the rods is defined as σi = δi/〈i〉, where 〈i〉 is the mean

value of the length L or the diameter D and δi is its standard deviation.

3.2.4 Refractive index and mass density determination of colloidal SU-8 rods

The refractive index of the colloidal SU-8 rods is determined by dispersing the particles in

mixtures of decalin (DEC, n = 1.481) and carbon disulfide (CS2, n = 1.627) of different com-

positions (see Table 3.1) [133–135]. Inspection of the optical transparency of particle dispersions

using bright field microscopy allows us to determine whether the refractive index of the parti-

cles is higher or lower than that of the solvent mixture. When particles appear completely

transparent, their refractive index is considered to be the same as that of the solvent mixture.

Table 3.1: Refractive indices of the solvent mixtures of decalin (DEC, n = 1.481) and carbon disulfide
(CS2, n = 1.627) as a function of the solvent composition in v/v%.

DEC:CS2 (v/v%) 1:4 1:6 1:8 1:10 1:12 1:14

refractive index 1.598 1.606 1.611 1.614 1.616 1.617
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The mass density of the colloidal SU-8 rods is determined by dispersing them in carefully

prepared mixtures of decalin (ρ = 0.896 g/mL) and tricholoethylene (TCE, ρ = 1.460 g/mL) at

different compositions (see Table 3.2) [36,133–135]. The dispersions are subsequently centrifuged

at 8000 g for 10 min. The mass density of the rods is equal to that of the solvent by identifying

the transition point between sedimentation and creaming of the rods.

Table 3.2: Densities of the solvent mixtures of decalin (DEC, ρ = 0.896 g/mL) and tricholoethylene
(TCE, ρ = 1.460 g/mL) as a function of the solvent composition in v/v%.

DEC:TCE (v/v%) 1:1.4 1:1.6 1:1.8 1:2.0 1:2.2 1:2.4 1:2.6

densities (g/mL) 1.225 1.243 1.259 1.272 1.284 1.294 1.303

3.2.5 Solvent transfer from aqueous to non-aqueous solvents

Because SU-8 is a hydrophobic polymer, the synthesized rods have a tendency to aggregate in

aqueous media [96]. As a result some aggregates can be observed in an aqueous dispersions

of colloidal SU-8 rods 7 days after sample preparation. To stabilise the rods in water, two

surfactants are used: the anionic surfactant sodium dodecyl sulfate (SDS) at a mass fraction of

0.2 wt% and the non-ionic surfactant, Pluronic F-108 at a mass fraction of 0.5 wt%.

When particles are transferred from an aqueous medium to a low dielectric non-aqueous

medium, a step-wise solvent transfer procedure via an intermediate solvent is performed [120,

133]. Directly transferring the rods from water to organic media results in the formation of an

oil-water emulsion and irreversible particle aggregation. We also note that particles that are not

sufficiently crosslinked during the UV-exposure step tend to aggregate in non-aqueous solvents.

Therefore, fully cross-linked rods in water are successfully dispersed in non aqueous solvents by

transferring them from H2O containing 0.5 wt % Pluronic to a 50:50 (v/v) H2O:isopropanol,

then to pure isopropanol (step repeated at least 3 times to remove all the water), then to

50:50 (v/v) isopropanol:organic, and finally into the 100% organic medium typically containing

1 wt % of OLOA 1200 [120, 133] or OLOA 11000 dispersant. Isopropanol (IPA) is chosen as

the intermediary solvent as it is miscible with both water and low dielectric solvents. The

transfer procedure involved the sedimentation of the particles by centrifugation, removing the

supernatant and replacing it by the new solvent mixture. Particles are then redispersed in the

new solvent by sonication and vortexing.
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3.2.6 Confocal imaging of colloidal SU-8 rods

Confocal microscopy images are obtained using 12 kHz resonant scanner head (Thorlabs) coupled

to an Olympus IX73 inverted microscope using 60× (NA = 1.42) and 100× (NA = 1.40) oil

immersion objectives (Olympus). Images with 16-bit pixel-depth are acquired using either 488

nm or 532 nm laser sources depending on the dye used. When the refractive index mismatch

between the particles and the solvent is relatively large (∆n > 0.1) imaging is done close to the

wall. For small refractive index mismatches, 3D image stacks are obtained using typical xyz

dimensions of 160× 160× 170 pixels.

Samples of the colloidal SU-8 rods at a given volume fraction are typically prepared by

filling home-made sample cells as described in Section 2.4.2. For the imaging of the isotropic-

nematic interface, the sample was equilibrated and imaged in a vertical configuration.

3.3 Results and discussion

3.3.1 Synthesis of colloidal SU-8 rods

To synthesize the fluorescent colloidal SU-8 polymer rods, we adapt the procedure for the fabri-

cation of non-Brownian SU-8 rods described in [96,97]. In that work, ten to a hundred microns

long SU-8 rods were obtained by vigorously shearing an emulsion of SU-8 polymer droplets in

a viscous medium. Here, we use sonication to break the non-Brownian SU-8 rods into smaller

colloidal SU-8 rods, as shown schematically in Figure 3.2A. This simple, yet crucial step opens

up the use of SU-8 rods in the colloidal domain. To enable the imaging of the colloidal SU-8

polymer rods with 3D confocal microscopy, we incorporate a fluorescent dye (e.g. RITC) in

the initial SU-8 photoresin, which results in uniformly labelled and highly fluorescent colloidal

SU-8 rods (see Section 3.2.2). Finally, UV-light exposure is used to cross-link the colloidal SU-8

rods, which yields chemically highly stable particles that can be dispersed in both aqueous and

non-aqueous solvents.

Figures 3.2B and C show typical scanning electron microscopy images of the colloidal SU-

8 polymer rods obtained after sonication. First of all, the dimensions of the rods are clearly

within the colloidal domain with an average length of L ≈ 4.5 µm, diameter of D ≈ 0.5 µm
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Figure 3.2: (A) Schematic representation of the synthesis of the colloidal SU-8 polymer rods. Under
high-shear flow, a macroscopic droplet of SU-8 polymer solution in glycerol is emulsified into smaller
droplets that are subsequently elongated into cylinders of tens of micrometres long. Subsequent exposure
to sonication breaks the long SU-8 rods into shorter colloidal SU-8 rods. Finally, exposing the rods to
UV-light photo-crosslinks the SU-8 and yields chemically highly stable colloidal SU-8 rods. Scanning
electron microscopy (SEM) images (B,C) and an optical microscopy image (D) of the colloidal SU-8 rods
obtained at a shear stress of 518 Pa after a sonication time of 3 hours. Scale bars are (B) 2 µm, (C) 10
µm and (D) 20 µm.

and hence an aspect ratio of L/D ≈ 9. While the rods are rather polydisperse, cycles of

sedimentation and centrifugation in water can be used to reduce their size polydispersity down

to approximately 20% in length, 15 % in diameter and 20 % in aspect ratio (see Appendix

A.2 for sorting experiments). Shape-wise, the obtained rods have an almost ideal cylindrical

shape with flat ends, which is due to the sonication-induced breakage of the brittle SU-8 rods

that are obtained after the shearing process. Figure 3.2D shows an optical microscopy image of

an aqueous dispersion of colloidal SU-8 rods, where the random positions and orientations are

reminiscent of the translational and rotational Brownian motion exhibited by the colloidal rods.

The dependence of the average length, diameter and aspect ratio of the SU-8 rods on the

sonication time is shown in Figure 3.3. Importantly, there is a clear decrease in the average rod

length, especially during the first hour of sonication, while the rod diameter remains roughly

constant. However, the rod diameter can be independently tuned from 0.4 up to 1 µm during

the first step of the synthesis where increasing the applied shear stress leads to thinner rods, as

shown in Figure 3.4 and [96, 97]. The aspect ratio of the colloidal SU-8 rods can thus be fully

tuned by the duration of the sonication. Interestingly, the change in the distributions in Figure

3.3d–f shows that the length reduction during sonication is mainly driven by the breakage of
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Figure 3.3: Representative SEM images of the SU-8 rods (A) before and after (B) 30 and (C) 180
minutes of sonication. Scale bars are 20 µm. (D-F) Length, diameter and aspect ratio distributions of
the SU-8 rods at 0, 30 and 180 min of sonication. (G-H) Evolution of the average length, diameter and
aspect ratio of SU-8 rods as a function of the sonication time. Inset: log-log plot of length as a function
of the sonication time. Error bars represent the standard deviation of the average value.

the initially long rods into shorter rods due to the violent hydrodynamic shear flows produced

around the collapsing cavitation bubbles created in the dispersion during sonication [136, 137].

Indeed, the peaks of the length and aspect ratio distributions shift towards smaller values and

the tails of both distributions are greatly reduced. This is also reflected by the decrease of the

standard deviation in the mean values, represented by the error bars in Figure 3.3g–i. We note

that the sonication time required for the rods to reach their final average length depends on

the sonication parameters: increasing the power or decreasing the sonication frequency leads

to faster rod-breakage [136, 137] (see Figure A.2 in the Appendix for sonication experiments).

While the dimensions of the colloidal SU-8 rods synthesized in this paper are optimized for their

study with 3D confocal microscopy, we anticipate that the minimum rod-dimensions could be

further reduced by increasing the shear stress applied during the first step of the synthesis or

decreasing the SU-8 polymer concentration of the initial SU-8 solution as discussed in [97].
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Figure 3.4: Size distributions of the (A) length, (B) diameter and (C) aspect ratio of the colloidal SU-8
rods obtained after 90 min of sonication. SEM images of the colloidal SU-8 rods obtained using (D) pure
glycerol (and viscosity µA) at 1800 rpm, (E) pure glycerol at 1000 rpm and (F) a mixture of 80% glycerol
and 20% ethylene glycol (µB) at 1000 rpm. Scale bars are 5 µm.

3.3.2 Liquid crystal phase behaviour of colloidal SU-8 rods

Stable aqueous dispersions of colloidal SU-8 rods in water are obtained by adding small amounts

of ionic (SDS) or non-ionic (Pluronic F-108) surfactants. The resulting colloidal stability is

further confirmed by the observed self-assembly of the colloidal SU-8 rods in water into various

liquid crystalline phases, as shown in Figure 3.5. In order to form these phases, we slightly

tilt the sample, thereby inducing a packing fraction gradient. At low packing fractions, the

rods exhibit no translational or orientational ordering, reminiscent of the isotropic phase, while

at higher packing fractions the rods orient in the same direction corresponding to nematic

ordering (Figure 3.5B). At even higher packing fractions, the rods self-assemble into a smectic-

like structure (Figure 3.5C). This may seem surprising as the typical rod-length polydispersity

of the SU-8 rods ∼ 30 % is above the terminal polydispersity of 18%, where the smectic phase

is predicted to no longer be stable for a system of hard spherocylinders [123]. However, a

rod-length count performed in the smectic-like phase shows that the local length-polydispersity

has significantly decreased to about 20% due to fractionation [138, 139], which facilitates the

formation of a smectic-like phase like the one shown in Figure 3.5c.

To observe the structure and dynamics of the colloidal SU-8 rods using 3D confocal mi-

croscopy, the refractive index of the particles and the solvent mixture should be closely matched

(∆n ≈ 0), while ideally the degree of mass density matching, ∆ρ, is carefully controllable. By
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Figure 3.5: (A-C) Confocal microscopy images of a tilted sample containing an aqueous dispersion of
fluorescent SU-8 rods with L = 5.3 µm (σL = 29.1%), D = 0.62 µm (σD = 16.1%), L/D = 8.8 (σD/L =
29.5%): (A) isotropic, (B) nematic and (C) smectic-like ordering upon increasing volume fraction. (D)
3D confocal image (20× 20× 17 µm3) of the nematic phase of fluorescent colloidal SU-8 rods in tetralin
(Lg ≈ 2µm). (E) 3D confocal image (50 µm3) of the nematic phase of a 1:50 mixture of fluorescent and
non-fluorescent colloidal SU-8 rods in a 1:11 mixture of TCE:CS2 (Lg ≈ 200 µm). The side and bottom
panels show the xy and xz cross-sections, respectively. (F) Confocal image of an isotropic-nematic
interface of a 1:30 mixture of fluorescent and non-fluorescent colloidal SU-8 rods in a 1:4 DEC:CS2

(Lg ≈ 6 µm). Scale bars are 10 µm.

identifying the maximum optical transparency and the transition point between sedimentation

and creaming, the refractive index and mass density of the colloidal SU-8 rods are found to

be n = 1.614 and ρ ≈ 1.28 g/mL (see Section 3.2.4). Conveniently, with these values, various

mixtures of common organic solvents (see Table 3.3) can be used to independently, and hence

simultaneously or not, match the refractive index and the mass density of the colloidal SU-8

rods. This allows the effect of gravity, as quantified by the gravitational length of the rods, Lg

=kBT/Vp∆ρg, to be systematically varied from ∼ 1 µm up to ∼ 200 µm in nearly refractive

index matched dispersions. Here, kBT is the thermal energy, Vp is the volume of the rods and

g is the acceleration due to gravity.

The controllability of gravity in our colloidal SU-8 rod system is demonstrated in Figures

3.5D–F, where 3D confocal microscopy images of rods with different gravitational lengths are

shown. Figure 3.5d shows a 3D image of the fluorescent rods in the nematic phase in tetralin
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Table 3.3: Characteristics of typical solvent mixtures that can be used to tune the refractive index
and mass density mismatch (∆n, ∆ρ) between the particles and the solvent. The fraction of tetralin
(TET), carbon disulfide (CS2), tricholoroethylene (TCE) and tethrachloroethylene (PERC) is given in
v/v% ratios. The dimensions of the rod used to calculate Lg are L = 5 µm and D = 0.5 µm.

Solvent TET CS2 TCE PERC ∆n ∆ρ (g/mL) Lg (µm)

1 1 0 0 0 0.073 0.314 1.4
2 1 5 0 0 0.001 0.067 6.3
3 1 0 1.6 0 0.112 0.012 34.3
4 1 0 0 0.9 0.089 0.005 82.8
5 0 11 1 0 -0.001 0.002 233.0

(solvent 1, Table I), which demonstrates the imaging of all the particles at the single-particle

level, where particle coordinates and orientations may potentially be extracted using existing

images processing algorithms, as described in [116]. Next, in Figure 3.5e the composition of

the solvent is such that both ∆n and ∆ρ are very close to zero. Here, a 3D snapshot of

the nematic phase formed in a 1:50 mixture of fluorescent and non-fluorescent colloidal SU-8

rods in solvent 5 is shown (note that Lg � field of view). Since refractive index matching

was almost perfect (∆n ≈ 0), imaging of the rods was easily achieved 50 µm deep into the

sample without significant loss of fluorescence intensity. Next, the mass density mismatch is

increased to induce a sedimentation-diffusion equilibrium in which the Lg of the rods is tuned

such that the isotropic-nematic interface can be directly observed as shown in Figure 3.5f. From

a corresponding 3D confocal z-stack, we estimated the isotropic-nematic transition to occur at

an approximate volume fraction of 0.25 (see Figure A.5 in the Appendix). While this value only

resents a rough estimate, it is comparable to earlier reports [83], and is also consistent with the

value reported for hard sphero-cylinders at the appropriate aspect ratio [92].

3.3.3 Further applications of the colloidal SU-8 rods

The versatility of our colloidal SU-8 rods warrants further applications in a wider range of

experiments. The independent tunability of the refractive index and mass density mismatch

facilitates, for example, the optical manipulation of the rods with, again, controllable effects of

gravity. Figure 3.6A shows the dynamic manipulation of a colloidal SU-8 rod in water using

two different optical traps acting on either end of the rod, which can, for example, be used

to measure the friction coefficient of a rod as a function of its distance to the surface [99].

In Figure 3.6B, we show preliminary results on the simultaneous confocal imaging and optical
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Figure 3.6: (A) In-plane optical manipulation of a single SU-8 rod in water using two optical traps.
(B) Simultaneous optical manipulation and confocal imaging of a collection of colloidal SU-8 rods in
tetralin using three independent optical traps. The optical axis of the traps is perpendicular to the image
plane, which is 10 µm above the sample wall. (C) Confocal images of the isotropic-nematic interface at
decreasing density mismatch from left to right. (E) Fluorescence microscopy images showing the effect
of a 1 kHz AC electric field (E ∼ 0.01V/µm) in a dilute dispersion of colloidal SU-8 rods. (f) Bright field
image of magnetic rods aligning with an external magnetic field, B̂. The inset shows TEM of SU-8 rods
functionalised with magnetite nanoparticles. (G) Depletion effect in aqueous systems of colloidal rods.
Scale bars are (A) 2 µm and (B-G) 20 µm. Scale bars in insets are (F) 500 nm and (G) 5 µm.

manipulation of a collection of SU-8 rods in the isotropic phase. This is achieved by choosing an

organic solvent (solvent 1, Table I) with a refractive index mismatch small enough to image tens

of micrometres deep into the sample, but still large enough to use holographic optical tweezers

to manipulate the particles [140]. Interestingly, the three optical traps clearly induce local

orientational (nematic) ordering, with the rods aligning along the optical axis [141], at higher
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packing fractions than that of the background isotropic phase. This effect may be exploited to

systematically study the nucleation of nematic droplets (tactoids) in the isotropic phase [142].

We also prepare samples with progressively larger gravitational length, and qualitatively address

the impact on the isotropic-nematic interface. We observe that this interface becomes less well-

defined as the system approaches density matching (see Figure 3.6C). Note that overall packing

fraction of rods is roughly constant. Quantitative analysis of these experiments may lead to

a measurement of the interfacial tension of the system [143–145]. In addition, we note that

manipulating the isotropic-nematic interface using optical tweezers, in principle, also allows for

a measurement of the interfacial tension or the study of the pinch-off of tactoids from the bulk

nematic phase, as was shown for the colloidal liquid-gas interface [31]. Furthermore, we show

that the colloidal SU-8 rods can also be aligned using external electric fields, see Figure 3.6E,

as was also done for silica rods [36]. Also, we note that the composition, and hence the optical

and chemical properties, of the colloidal SU-8 rods can be readily varied by incorporating other

polymers and/or nanoparticles as reported in [97,146]. In particular, the incorporation of silver

or magnetic nanoparticles would make the rods conductive and/or magnetic (see example Figure

3.6F) which could be then used, for example, in sensoring applications [147,148] or studies of self-

assembly in the presence of external magnetic fields [130]. We also qualitative study the optical

properties of our colloidal rods with polarised optical microscopy, and find that liquid crystalline

phases show some structural birefringence, and also, that rods in the isotropic phase act as little

waveguides (see Figure A.6 in the Appendix for birefringent measurements). Finally, we show

that the inter-particle interactions of the colloidal SU-8 can be readily tuned, as shown in Figure

3.6G, where the presence of non-adsorbing polymer leads to the formation of depletion-induced

liquid crystalline tactoids [26,149,150].

3.4 Conclusions

In summary, we have shown the successful bulk synthesis of colloidal SU-8 polymer rods with

tunable dimensions that are stable in aqueous and apolar solvents. Dense suspensions of the

SU-8 rods exhibit the classic range of colloidal liquid crystalline phases including nematic and

smectic-ish phases. By changing the composition of the solvent mixtures used, both the refrac-

tive index and mass density mismatch between the particles and the solvent can be independently

controlled. This enables the use of the SU-8 rods in confocal microscopy and optical trapping
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experiments while tuning the effect of gravity. As a result, both bulk liquid crystal phases and

also isotropic-nematic interfaces can be studied at the single-particle level with different gravi-

tational lengths. In addition, we demonstrate that the SU-8 rods can be externally manipulated

by using optical tweezers, electric and magnetic fields. In general, the dimensions, composition,

stability and tunability of this novel system, as well as the ease of synthesis, combined with the

wealth of knowhow available for tuning interparticle interactions in colloidal systems, promise a

wide range of applications of colloidal SU-8 rods in condensed matter experiments.
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Chapter 4

Synthesis of colloidal SU-8 banana-shaped

particles

ABSTRACT

In this chapter, we develop a strategy to produce colloidal banana-shaped particles in bulk.

Our method is based on the buckling of initially straight SU-8 polymer rods by applying heat.

Crucially, both the dimensions and curvature of the resulting ‘colloidal bananas’ can be precisely

controlled by tuning the initial rigidity of the rods before the heating step. This is achieved by

controlling the cross-linking density of the rods using UV-light. In fact, by controlling the

interplay between the rigidity of the rods and the interfacial forces that arise during the heating,

allows us to not only produce bananas, but also other particle shapes including colloidal SU-8

spheres and spherocylinders. We demonstrate the potential of our new colloidal bananas by

directly visualising complex polar smectic phases, liquid crystal defects and depletion-induced

banana clusters using confocal microscopy.

47
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4.1 Introduction

Introducing curvature to rod-like microscopic building blocks has an enormous impact on their

functionality and self-assembly [17,25]. In the biological world, for instance, curved rod-shaped

bacteria outperform their straight counterparts in surface-colonization and swimming efficiency,

which makes them ubiquitous in marine environments [151,152]. Also, many cellular functions,

such as cell division or endocytosis, rely on the ability of ‘banana-shaped’ proteins to generate

curvature in cell membranes [153,154].

Curvature is also of key importance at the molecular scale, where, for example, bent-core

molecules exhibit liquid crystalline phases never seen before in rod-like liquid crystals [8]. In fact,

over the past two decades, more than fifty new banana-shaped liquid crystalline phases have been

reported depending primarily on the molecular curvature [7,8,10]. These include chiral nematic

and polar or antipolar smectic phases, which are promising candidates for display technologies

[7, 8, 10]. While most of these molecular liquid crystal phases are typically characterised using

birefringence or X-ray diffraction techniques [7, 8, 10], their structure and dynamics are not

accessible at the molecular level. This prompts the need for a colloidal analogue, where this

information is readily available using optical microscopy. However, despite the abundance of

liquid crystal-forming colloidal particles such as rods, boomerangs or platelets [27,35,155], there

is no system of smoothly curved colloidal rods available. As such, the rich liquid crystal phase

behaviour of banana-shaped particles has yet to be experimentally uncovered at the single-

particle level.

In this Chapter, we develop a powerful method to produce, in bulk, fluorescent curved

colloidal rods – colloidal bananas – with tuneable dimensions and curvature. Our method relies

on the temperature-driven buckling of initially straight SU-8 rods into colloidal bananas. The

extent of the shape deformation, and hence the final curvature of the particles, is controlled by

the rigidity of the SU-8 rods during the heating. In fact, this subtle balance results not only

in colloidal bananas, but in an entire family of colloidal SU-8 particles with different shapes,

including spheres and sphero-cylinders. The exciting potential of our colloidal model bananas is

illustrated by the direct observation of exotic liquid crystalline structures such as polar smectic

phases, liquid crystal defects and depletion-induced banana clusters, all of them resolved at the

single-particle level using confocal microscopy.
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4.2 Experimental methods

4.2.1 Synthesis of colloidal SU-8 banana-shaped particles

The synthesis of our colloidal SU-8 banana-shaped particles starts with the preparation of long

straight SU-8 rods following the slightly modified method first described by Alargova et al. [96,97]

described in Section 3.3.2. The main difference is that for the preparation of colloidal bananas,

the long SU-8 rods obtained after the high-shear flow process are not sonicated but firstly

exposed to UV-light and then heated in a 95◦C oven. To this end, we typically transfer the

SU-8 rods to multiple 15 mL glass vials with an inner diameter of 2 cm and expose them, in

glycerol, to low-intensity UV-light using a fluorescent lamp (L36W/835, Osram, see next sub-

section for specifications of the lamp), placed at approximately 120 cm away from the vials, for a

typical UV-exposure times of 45 min (see Figure 4.1A) . The partially cross-linked rods are then

heated, in glycerol, in a 95◦C pre-heated oven for typically 30 min to induce the particle shape

deformations. After the heating, the particles are fully cross-linked via 30 min UV-light exposure

using a UV-bench lamp (Analytik Jena 15W/365nm), which is placed at approximately 5 cm

away from the vials. To remove the glycerol, the particles are washed by repeated centrifugation

and redispersion cycles at 3000 g for 15 minutes using water containing 0.5 wt% Pluronic F-108

(Sigma Aldrich). Cycles of centrifugation are also used to remove large particles. Finally, the

resulting colloidal SU-8 particles are kept in water containing 0.5 wt% Pluronic F-108.

Characterisation of the UV-exposure of the SU-8 rods

During the second step of the synthesis of banana-shaped particles, the SU-8 rods are exposed

to UV-light using a fluorescent lamp consisting of two 36-watt bulbs (Osram L36W/835 lamp).

In order to characterise the main features of this lamp, we first consider its spectral power

distribution, which is shown in Figure 4.1B. From this spectrum, we calculate the power of the

Osram lamp in the range 350–370 nm, corresponding to the range of wavelengths where SU-8

absorbs, to be 0.19 watt per fluorescent bulb. This value is obtained by calculating the integral

of the spectrum between 350 and 370 nm and then dividing this by the total integral over all

wavelengths, while assuming an efficiency of 30%, which is typical for fluorescent lights. Finally,
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Figure 4.1: (A) Schematic of the experimental set-up used for the UV-exposure of the SU-8 rods after
their synthesis. (B) Spectral power distribution of the L36W/835 Osram fluorescent lamp.

we approximate the irradiance to be 4.2 µW/cm2 at the plane of the samples (see Figure 4.1A)

taking into account that (i) the sample was 120 cm away from the light source and (ii) the light

was emitted over a hemisphere due to the reflective cover behind the bulbs.

Infrared spectroscopy

Infrared spectroscopy (IR) spectra of the SU-8 rods –prior the heating– are recorded at differ-

ent UV-exposure times using a Perkin Elmer FT-IR Frontier Spectrometer in attenuated total

reflectance mode. The measurements are performed on powders obtained by evaporating the

solvent of the colloidal dispersion by air-exposure. To prevent UV cross-linking of the SU-8

during drying, samples are covered with aluminium foil all the time.

4.2.2 Size characterization of colloidal SU-8 banana-shaped particles

The size distributions of the colloidal SU-8 particles are determined by measuring the length,

diameter and curvature of at least 200 particles from scanning electron microscopy (SEM) images

using custom-written image analysis software in Mathematica as described in Section 2.4.3. In

brief, the particle curvature, κ, is found by calculating the inverse of the radius, R, of the circle

fitting the long axis of the banana (see schematic in Figure 2.12B). The opening angle of the

particles, ψ is defined as the angle subtended by the particle from the centre of curvature.
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4.2.3 Confocal imaging and polarised optical microscopy

Confocal microscopy images with a 16-bit pixel depth are acquired using a 12 kHz resonant

scanner head (Thorlabs) and a 532 nm laser, coupled to an Olympus IX73 inverted microscope

equipped with a 60× (NA = 1.42) oil immersion objective (Olympus). Dense particle suspen-

sions of the colloidal bananas are prepared by filling either rectangular VitroCom capillaries

(0.1 mm × 0.2 mm × 5 cm) with aqueous dispersions of colloidal SU-8 bananas, as described

in Section 2.4.2.

The visualization of the temperature-driven shape deformations is performed in epoxy glue-

sealed rectangular glass capillaries coupled to a custom-made heating stage. This consisted of a

peltier element (RS components) attached to the glass capillaries with thermal conductive paste.

A thermocouple is then attached to the capillary to monitor the temperature in the capillary

during the heating. Note that the same custom-made heating stage is also used to image the

deformation of the rods in a bright field microscopy mode.

Polarised optical microscopy (POM) imaging of the liquid crystals formed by our colloidal

bananas is typically conducted by preparing thin samples of colloidal bananas in water, which

are subsequently imaged using an Olympus IX73 inverted microscope equipped with pair of

cross-polarisers (Thorlabs).

4.2.4 Colloidal clusters

The depletion-induced clusters are studied by preparing mixtures of colloidal bananas and xan-

than gum (Mw = 4.5 · 106 g/mol, Sigma-Aldrich) in water. First, we prepare a polymer

stock solution containing 2 mg/mL xanthan in water. We typically use gentle magnetic stirring

overnight to ensure a complete dissolution of the xanthan in water. A given volume of polymer

solution is then added to a dilute aqueous dispersion of colloidal SU-8 banana-shaped parti-

cles to reach a final polymer concentration of 1 mg/mL. The mixture is homogenized using a

micro-pipette and loaded into rectangular VitroCom capillaries. The ends of the capillaries are

sealed with epoxy glue onto a microscope slide and left equilibrating for at least 2 hours prior

to imaging with optical or confocal microscopy, if particles are fluorescent.
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4.3 Results and discussion

4.3.1 Synthesis of colloidal SU-8 banana-shaped particles

Our method to produce colloidal SU-8 banana-shaped particles consists of three main steps,

which are illustrated in Figure 4.2A: (I) the synthesis of rods, (II) the UV-exposure and (III)

the heating. In the first step, polydisperse straight SU-8 rods (L ∼ 20 µm, see Fig. 1B) are

synthesised by vigorously shearing an emulsion of SU-8 droplets in a viscous medium [96, 97].

During the second step, the resulting rods are partially cross-linked via the ring-opening reaction

of the epoxy groups under low-intensity UV-light. The degree of cross-linking in the rods is

controlled by the UV-exposure time, tUV, as confirmed by the IR spectra shown in Figure 4.3A,

where the peak corresponding to the epoxy groups clearly decreases with increasing exposure

time (see Figure 4.3B). In the third step, the deformation into banana-shaped particles is induced

by heating the rods in a 95◦C oven after UV-exposure, resulting in smoothly curved polydisperse

colloidal bananas (see Figure 4.2C and D, tUV = 45 min). Finally, the particles are fully cross-

linked via high intensity UV-light exposure, yielding highly stable particles that can be dispersed

in both aqueous and non-aqueous solvents.

B C D

A
(I) Rod

Synthesis (III) Heating

(II) UV-Exposure (IV) UV-Fixation

Figure 4.2: Synthesis of colloidal SU-8 banana-shaped particles. (A) Schematic showing the
synthesis of SU-8 banana-shaped particles. In the first step, straight SU-8 rods are synthesised by shearing
an emulsion of SU-8 droplets [96,97]. In the second step, the rods are partially cross-linked via exposure
to UV-light. In the third step, the partially cross-linked rods are heated to induce a shape deformation
into banana-shaped particles, before they are UV-cured in the fourth step. Scanning electron microscopy
images of (B) the rods obtained after the synthesis with no heating and (C) the colloidal SU-8 bananas
(tUV = 45 min) obtained with heating. (D) Confocal microscopy image of the fluorescent colloidal SU-8
bananas. Scale bars are 10 µm.
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Figure 4.3: Evolution of infrared (IR) spectra of rods with UV-exposure time. (A) Evolution
of the IR spectra of the rods with UV-exposure time. All the spectra are normalized to the peak at 1500
cm−1. The dotted line indicates the 915 cm−1 epoxy peak. (B) Evolution of the epoxy peak intensity at
915 cm−1 with UV-exposure time.

The formation of banana-shaped particles is controlled by the interplay between the cross-

linking density of the SU-8 rods, tuned by the UV-exposure time, and the interfacial forces

induced during the heating step [156,157]. The cross-linking density of SU-8 dictates its rigidity

and glass transition temperature, and both increase with longer UV-exposures [105,158]. In our

experiments, we can actually observe three distinct thermoelastic responses depending on the

UV-exposure time. At short exposure times (tUV=1 min, Figure 4.4A), i.e. low cross-linking

densities, the heating of the rods results in the rounding of their sharp edges (see Figure 4.4C),

suggesting that the rods are heated to a temperature above their glass transition temperature.

The interfacial forces associated with the hemispherical particle ends drive the collapse of the

rods into spheres, rather than bananas, in order to minimise their surface energy [156,157,159].

This collapse takes place via a sphero-cylindrical intermediate state, as shown by the snapshots

taken during heating in Figure 4.4A and as similary seen in [156]. From the corresponding

scanning electron microscopy (SEM) images, shown in Figure 4.4C, we find that the particle

length decreases, and the diameter increases (see Figure 4.4F), but that the particle volume

remains constant during heating.

At intermediate exposure times (tUV=25 min, Figure 4.4B), the heating of the rods still

results in the formation of round edges (see Figure 4.4D), which leads to an initial decrease of the

rod length and an increase of the rod diameter (Figure 4.4F). However, the increased cross-linking

density of the rods, i.e. the higher rigidity, leads to the formation of banana-shaped particles

via buckling, as directly visualised during the heating process using confocal microscopy (see

Figure 4.4B). The buckling clearly manifests itself by the appearance of curvature after heating

for 20 min, where the particle length and diameter no longer change significantly (see Fig. 4.4F).
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  tUV=25min
  tUV=120min

Figure 4.4: Particle shape deformations during heating. (A) Bright field and (B) confocal
microscopy snapshots of the deformation of an SU-8 rod during heating at 95◦C using a heating stage,
for (A) tUV = 1 min and (B) tUV = 25 min. Representative SEM images of the shape evolution of the
SU-8 polymer rods during heating in a 95◦C oven for (C) tUV = 1 min, (D) tUV = 25 min and (E)
tUV = 120 min. (F) Evolution of the dimensions and curvature of the originally straight SU-8 polymer
rods during heating in a 95◦C oven for tUV = 1 min (circles), tUV = 25 min (triangles) and tUV = 120 min
(squares). Error bars represent the standard deviation of the mean value. Scale bars are (A-B) 10 µm
and (C-E) 5 µm.

At large exposure times (tUV=120 min, Figure 4.4E), i.e. high cross-linking densities, no

rounding of the edges is observed, suggesting that the rods are heated to temperatures below

their glass transition temperature. Consequently, no shape deformation is observed and the

length, diameter and curvature are all constant during the heating (see Figure 4.4F). Finally, in
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Figure 4.5: Effect of heating in experiments in the absence of UV-light exposure. In (A)
rods are exposed to UV-light, which after tUV=1, 5, 15 and 120 min and heating, they become (A2)
spheres, (A3) spherocylinders, (A4) bananas and (A5). In (b), the time has between the synthesis and
the heating has taken place, i.e. 1, 5, 15 and 120 min, but the have not been exposed to UV-light. As a
result, spheres are always obtained after heating (B2 −B5). Scale bars are 5µm.

Figure 4.5 we show the results when carrying out the same experiments in the dark, i.e. when no

cross-linking takes place. We observe that instead of obtaining spheres, spherocylinders, bananas

and straight rods after the heating at increasing tUV (see Fig. 4.5A), spheres are always obtained

in the absence of UV-exposure (see Fig. 4.5B). These results confirm the key importance of the

cross-linking degree of the rods in determining the particle shape after obtained the heating.

4.3.2 Morphological state diagram

The ability to systematically control the final particle shape of our new colloidal SU-8 particles

using both –UV-exposure and heating time– is summarised in the morphological state diagram

shown in Figure 4.6A. This includes SU-8 spheres, sphero-cylinders, bananas and rods (see

Figure A.9 in the Appendix for confocal images of all the differently shaped SU-8 particles).
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Importantly, within the banana regime, we show that both the dimensions and curvature of the

resulting banana-shaped particles can be carefully controlled by tuning the UV-exposure time at

constant heating time. This is clearly observed in the SEM images presented in Figure 4.6C-E,

where the bananas obtained using UV-exposure times of tUV=15, 25 and 45 min, respectively,

are shown for a fixed heating time of 30 min. From these images, we find that with longer UV-

exposure times, the particle length L (see inset Fig. 4.6D), increases from 8 µm to 14 µm, while

the diameter and curvature decrease from 1 µm to 0.7 µm and from 0.25 µm−1 to 0.07 µm−1,

respectively (see Fig. 4.6B). This corroborates the fact that the rigidity of the rods increases

and thus the extent of buckling decreases with UV-exposure time. Inherent to the polydisperse

nature of the initial SU-8 rods, the resulting colloidal bananas are also polydisperse in length,

diameter and curvature, with typical polydispersities of 30%, 20% and 30%, respectively. These

banana-shaped particles are a unique and exciting addition to the existing library of colloidal

building blocks, in particular, as it opens up the route towards experimentally uncovering the

rich self-assembly behavior predicted for banana-shaped particles at the particle level.
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Figure 4.6: Tuning particle shape and controlling the curvature and dimensions of banana-
shaped particles. (A) Morphological state diagram of the SU-8 polymer particles as a function of
UV-exposure and heating time with a heating temperature of 95◦C, where S,B,R and Sc denote the
sphere, banana, rod and sphero-cylinder regimes, respectively. (B) Length, diameter and curvature of
the SU-8 particles after heating for 30 min, see dashed line in (A), in a 95◦C oven for tUV= 5, 15, 25, 45,
90 and 120 min. Error bars represent the standard deviation of the mean value and the different colors
of the symbols correspond to the different regimes in (A). (C-E) SEM images of banana-shaped particles
with decreasing curvature obtained when tUV= 15, 25 and 45 min. Scale bars are 5 µm.
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4.3.3 Applications of the colloidal SU-8 bananas

To illustrate the potential of our new colloidal model system, the self-organisation of differently-

curved bananas into colloidal liquid crystalline phases is explored by preparing concentrated

samples of fluorescently labelled particles. In Figure 4.7 we show confocal microscopy images

of the resulting structures obtained using (A) highly curved bananas (κ = 0.25 µm−1) and (B)

bananas with a relatively low curvature (κ = 0.07 µm−1). While isotropic ordering is observed

for the high curvatures (see Figure 4.6A), polar smectic-like ordering is observed for bananas

with lower curvature (see Figure 4.6B). To the best of our knowledge, this is the first exper-

imental observation of banana-shaped colloidal liquid crystals with single-particle resolution.

Since the smooth curvature of banana-shaped particles has been predicted to promote bend

deformations in concentrated samples [13, 14], our particles should allow us to experimentally

probe the existence of the elusive splay-bend nematic phase [13, 14], and the observation of the

chiral twist-bend nematic phase [14, 57] at the colloidal length scale. Since these particles can

A B

C D E

+1

+1/2

-1/2

Figure 4.7: Self-assembly of banana-shaped particles. Confocal microscopy images of concentrated
samples of banana-shaped particles in the (A) isotropic phase (κ = 0.25 µm−1) and the (B) smectic phase
(κ = 0.07 µm−1). (C) Various topological defects observed in liquid crystals formed by colloidal bananas
with κ = 0.07 µm−1. (D) Polarized optical microscopy image showing both the structure and birefringence
in banana-shaped liquid crystals. (E) Banana clusters obtained using depletion interactions in a mixture
of bananas and polymer. Scale bars are (A-D) 10 µm and (E) 20 µm.
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be density and refractive index matched with mixtures of organic solvents [27], it will be also

possible to observe the three dimensional structure of these complex phases. In addition, we

can directly visualise the structure of different types of topological defects in banana-shaped

liquid crystals (see Figure 4.6C), enabling us to elucidate, for instance, how they interact with

each other and with their surrounding liquid crystalline structure [160, 161]. In fact, as shown

in Figure 4.6D, we can also visualise the birefringent signal exhibited by the sample using po-

larized optical microscopy while simultaneously observing the underlying structural details of

defects found in banana-shaped liquid crystals [160, 161] (see Figure A.7 in the Appendix for

more birefringent measurements). Finally, we show that dynamic clusters of banana-shaped par-

ticles can be assembled via depletion interactions (see Figure 4.6E). This will allow us to study

structural rearrangements and the population of different energy states in anisotropic colloidal

clusters [162], which resemble the structures exhibited by banana-shaped bacteria when forming

biofilms [163,164].

4.4 Conclusions

In summary, we have introduced a new bulk strategy to produce colloidal SU-8 banana-shaped

particles with tunable dimensions and curvature. These particles are an new addition to the

existing library of anisotropic colloidal shapes, and promise a range of opportunities for studying

– at the single-particle level – systems formed by microscopic banana-shaped building blocks.

This includes, for instance, detailed studies of the assembly of banana-shaped liquid crystals and

how their phase behaviour is affected the by particle curvature. The colloidal bananas could be

also used to mimic structural aspects of some biological systems, such as proteins or bacteria,

allowing to address, for example, their interaction with lipid vesicles, and the subsequent de-

formation of the vesicle’s membrane [165, 166], or the visualisation of the structural details of

biofilm-resembling structures [163]. Furthermore, the shape tunability of this system and the

already established methods to control inter-particle interactions [25], promises the design of

novel structural self-assembled materials with pre-engineered optical and mechanical properties.
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Chapter 5

Phase behaviour of colloidal SU-8

banana-shaped particles

ABSTRACT

In this chapter, we study the liquid crystalline phase behaviour of colloidal banana-shaped

particles with different curvatures using confocal microscopy. In particular, we measure the dis-

tribution of the particle orientations and positions for three differently curved colloidal bananas

at various packing fractions. We find that while highly curved bananas only form isotropic

phases, less curved bananas exhibit very rich phase behaviour including biaxial nematic, polar

and antipolar smectic-like phases. Crucially, we also find that slightly bent bananas exhibit the

elusive splay-bend nematic phase, whose very existence is thus finally experimentally established

more than four decades after its first theoretical prediction. These results demonstrate the po-

tential of the colloidal bananas for unveiling the structural details of banana-shaped molecular

liquid crystals.

59
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5.1 Introduction

The shape of liquid crystal-forming molecules plays a crucial role on the final symmetry of

their condensed phases [11, 167]. Compared to the conventional liquid crystal (LC) phases

shown by rod-like molecules, including nematic (N), smectic (Sm) and columnar (C) phases,

molecules with a bend in their structure show a remarkable richer phase behaviour with more

than fifty different liquid crystal phases [7, 8, 10]. These biaxial molecules, which are known as

banana-shaped molecules, have generated a lot of interest in the last 20 years since they exhibit

exotic liquid crystalline phases with distinctive features such as supramolecular chirality and

polarity [7,8,10]. Banana-shaped liquid crystals are not only attractive from a technological point

of view, promising faster switchability speeds in LC displays [8], but also from a fundamental

prospective, as they are ideal systems to study, for instance, the spontaneous chiral symmetry

breaking in systems of achiral molecules [13,168–170].

Over the past two decades, the vast majority of reported banana-shaped liquid crystal

phases are smectic (Sm) phases, as the curved shape of the constituting molecules promotes their

locking into smectic layers [7, 8, 10]. The large stability of Sm phases has also been observed in

experiments of colloidal ‘boomerang-like’ particles [155], and in computer simulations of similarly

shaped particles [14]. The rather uncommon observation of nematic phases in banana-shaped

systems [171, 172] has been the subject of intense research for the past 20 years, not least

because of their potential to form chiral and biaxial nematic phases [11,14,170,173]. Examples

of chiral and biaxial nematic phases are the twist-bend (NTB) and the splay-bend (NSB) nematic

phases, respectively, in both of which the particle orientation is modulated in space. While in

the NTB phase the particles exhibit a periodic twist in space resulting in a chiral phase, the

NSB phase exhibits periodic splay and bend modulations of the particle orientation in a single

plane, therefore showing biaxiality but not chirality [13].

The NTB and NSB phases were postulated over forty years ago by Meyer [66], and later

independently by Dozov [13], who suggested that bend deformations in the orientation field of

banana-shaped particles should be accompanied either by twist or splay deformations to fill 3D

space. While the NTB phase has been observed in thermotropic liquid crystals (see e.g. [57,

174,175]) the very existence of the NSB phase is still to be confirmed experimentally. Recently,

computer simulations suggested that theNSB phase can be found in systems of hard boomerangs,
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i.e. rod-like particles with a sharp kink, if the Sm phase is destabilised by polydispersity in the

particle length or by smooth curvature in the particle shape [14]. Experimentally studying the

impact of polydispersity and curvature on the microscopic structure of banana-shaped systems

is thus crucial for a deeper understanding of the formation and properties of these phases.

However, banana-shaped liquid crystals are typically characterised using birefringence and X-

ray diffraction techniques, where direct information about structural details is not available at

the molecular scale.

Here, we use our recently developed colloidal bananas (see Chapter 4) to study the phase be-

haviour of banana-shaped liquid crystals at the single-particle level. Using confocal microscopy,

we elucidate the phase behaviour of three differently curved banana-shaped particles at different

packing fractions. While isotropic phases are mostly found for highly curved bananas, very rich

phase behaviour, including biaxial nematic, and polar and antipolar smectic-like structures, is

observed for less curved bananas. Crucially, we find that the least curved bananas exhibit the

elusive splay-bend nematic phase, whose very existence is thus finally experimentally established

more than four decades after its first theoretical prediction.

5.2 Experimental methods

5.2.1 Differently curved colloidal SU-8 bananas

The three average particle curvatures used in this Chapter are 0.25µm−1, 0.10µm−1 and 0.07µm−1

(see Figure 5.1). Upon decreasing curvature the corresponding lengths of the colloidal bananas

sightly decrease with values of 8, 11 and 14 µm, while their diameter is roughly constant at 0.8

µm. It is important to note that our bananas are polydisperse in both dimensions and curvature,

with polydispersity values of 30%, 20% and 30% in length, diameter and curvature, respectively

(see Table 5.1).

Table 5.1: Mean length (L), diameter (D), aspect ratio (L/D), curvature (κ), opening angle (ψ), and
polydispersity (%) of the different batches of SU-8 banana-shaped particles used. The polydispersity (%)
of the particles is defined as σi = δi/〈i〉, where δi is the standard deviation of the mean value 〈i〉.

Batch number (min) L (µm) D (µm) L/D κ (µm−1) ψ (◦)

1 8.1 (30.2%) 0.94 (16.9%) 9.5 (25.9%) 0.25 (29.8%) 113.4 (12.7%)
2 10.9 (31.7%) 0.80 (19.7%) 14.3 (27.5%) 0.10 (29.5%) 148.3 (11.5%)
3 14.0 (30.4%) 0.74 (19.3%) 19.1 (26.7%) 0.07 (28.4%) 151.0 (8.5%)
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Figure 5.1: (A-B) Scanning electron microscopy images of the three differently curved bananas used

in this work. Distributions of the (D) length, (E) diameter and (F) curvature of the three batches of

particles used: (blue) batch 1, (orange) batch 2 and (green) batch 3. Scale bars are 5 µm.

5.2.2 Confocal imaging of dense suspensions of colloidal SU-8 bananas

Confocal microscopy images with a 16-bit pixel depth are acquired using a 12 kHz resonant

scanner head (Thorlabs) and a 532 nm laser, coupled to an Olympus IX73 inverted microscope

equipped with a 60× (NA = 1.42) oil immersion objective (Olympus) (see Section 2.4.2).

Dense particle suspensions of the colloidal bananas are prepared by filling home-made

sample cells as described in Section 2.4.2. As a recap, all samples are let to equilibrate for

roughly two weeks while slightly tilted at a small angle (2 − 3◦) in order to induce a weak

gradient in packing fraction (see Figure 5.2A). This enables us to access to the concentration-

dependent phase behaviour of the system using a single sample (see Figure 5.2B). At the same

time, a second gradient in the packing fraction is established in the vertical direction, z, as the

colloidal particles sediment over time (see Figure 5.2C). While the equilibrated samples have

a typical thickness of ∼ 50 µm, we image the system relatively close to the bottom wall to

which the bananas align (see Figure 5.2D), as this facilitates the quantitative two-dimensional

structural analysis at the particle level. As such, we use the packing fraction gradient in the

x−direction to quantitatively study the phase behaviour of the colloidal bananas.
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Figure 5.2: Schematic illustration of (A) the equilibration and (B) the imaging of the sample cell used
for the study of the phase behaviour of the colloidal bananas with confocal microscopy. φ0 is the initial
packing fraction of the colloidal dispersion. (C) Side-view of the capillary illustrating the two packing
fraction gradients, one in the x−direction (φx) and the other in z (φz), established in the sample cell.
(D) Schematic of a typical confocal image of the bananas close to the wall, illustrating how the bananas
align to it. Note that in this configuration, the polar orientation, p̂, and the long axis orientation, û, of
the banana-shaped particles are always orthogonal to each other.

5.2.3 Analysis of the positions and orientations of the colloidal SU-8 bananas

The positions and orientations of the banana-shaped particles are determined from the confocal

microscopy images using the custom-written image analysis routine in Mathematica introduced

in Section 2.4.4. In this work, our image analysis routine consists of multiple steps, as shown in

Figure 5.3. First, we binarize the confocal microscopy images with a locally adaptive threshold

using the ‘LocalAdaptiveBinarize’ built-in function to reduce the effect of intensity variations in

the image (see Figure 5.3B). Next, we segment the binarized image using the ‘Morphological-

Components’ built-in function (see Figure 5.3C). From the segmented images, we can calculate

the position and orientation of the corresponding particles, but also other characteristic parame-

ters such as their curvature or length. This is useful to determine, for instance, local fractionation

in the particle curvature or length in a specific region of our field of view.

To calculate the curvature of the banana-shaped particles, we first skeletonize the seg-

mented image using the ‘Skeletonize’ built-in function to obtain the backbones of the particles.

Then, we fit circles to the backbone pixels using a custom-written algorithm that minimizes the

distance between the circles and the pixels of the particles (see Figure 5.3D). The curvature of

the particles, κ, is calculated as the inverse of the fitting radius, R. The length of the particles,

L, is obtained by first finding the coordinates of the end points of the particles (see Figure 5.3E)

and then computing the opening angle, α, of each particle using the coordinates of the center

of curvature. The particle length is then given by L = αR.
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Figure 5.3: Step-wise image analysis procedure to extract the curvature, length, postion and orientation
of each colloidal banana from confocal microscopy images. (A) Original confocal image, (B) binarized
image, (C) segmented image, where the different colors represent different bananas. Segmented image
overlaid with (D) the fitting circles, (E) the end points of the particles, (F) the centers of mass, (G)
the polar orientation vectors and (J) long axis orientation vectors. In (H, K) the bananas are colored
according to their polar orientation and their long axis orientation, respectively, as given by the color
codes in I and L. The scale bar is 10 µm
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To determine the positions of the particles, we calculate their centre of mass using the pixel

coordinates of each banana (see Figure 5.3F). The orientation of the banana-shaped particles,

in two dimensions, is characterised by the polar vector p̂, which is associated to the short axis

of the banana (see Figure 5.3G), and the orientation vector û which is associated to the long

axis of the banana (see Figure 5.3J). The polar vector, is calculated using the average vector

originating from all the vectors starting from the centre of curvature and ending at the backbone

of the banana (see Figure 5.3G). The orientation vector is then simply calculated by rotating the

polar vector by π/2 (see Figure 5.3J). Note that we characterise the orientation of these vectors

by the angle, θ they form with respect to the horizontal axis, x. A periodic colour map is used

to colour the bananas according to their polar, θ, and long axis orientations, θû, as shown in

Figure 5.3H, I, K and L. Note that θ is defined to vary between 0 and 2π and θû between 0

and π. Finally, it is important to note that this analysis is valid as long as the imaging plane is

parallel to the long axis of the bananas.

The packing fraction of the samples is determined from the confocal images using φ =

NAb/A, where N is the total number of particles in the field of view of area A, and Ab is the

cross-sectional area of a banana-shaped particle, given by Ab = LD. Here, L and D are the

mean length and diameter of the particles as obtained from the SEM images (see Section 5.2.1).

5.2.4 Identifying the splay-bend nematic phase

While in a standard nematic phase, particles are aligned along a nematic director n̂ [2], in a

spatially modulated nematic phase, like the splay-bend nematic phase (NSB), the orientation

of the particles varies in space. As a result, the NSB is characterised by a nematic director

field n̂(r) [13, 14] (see Figure 5.4). The splay-bend nematic phase is also characterised by its

biaxiality, meaning that both the polar and long axes of the constituent particles are oriented

along two mutually orthogonal nematic directors (in Figure 5.4 these are the x and y axes).

This type of order forces the nematic director field to be confined to a plane, for example the xy

plane, as also shown in Figure 5.4. If we define the y-axis to be parallel to the nematic director,

the theoretical expression of the nematic director field of a splay-bend nematic phase [13] is

given by:

n̂(y) =

{
sin

(
θ0 sin

(
2π

p
y

))
, cos

(
θ0 sin

(
2π

p
y

))}
, (5.1)
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where θ0 and p are the amplitude and pitch-length of the modulation, respectively [13] (see

Figure 5.4). In terms of positional order, a weak, if not absent spacial modulation of the particles

positions is expected in the splay-bend nematic phase [14]. This is a typical characteristic for

nematic phases [2], which distinguishes smectic (with positional order) from nematic phases.

Figure 5.4: Schematic of the splay-bend nematic phase, in the xy-plane, and its corresponding nematic
director field, n̂(y), along the nematic director n̂, with amplitude θ0 and pitch-length p.

Since a unique order parameter to identify the nematic splay-bend phase does not exist in

literature, we measure the spatial modulation of (i) the particles positions ρ(y), to distinguish

nematic from smectic phases, and (ii) the nematic director field n̂(y) along the nematic director

of the phase n̂, to distinguish the splay-bend nematic ordering from other nematic phases. First

we determine the center of mass positions and the particle orientations ûi of all the particles

as explained in Section 5.2.3 and shown in Figure 5.5A and B, respectively. Next, we calculate

the nematic director n̂, which is defined as the average orientation of all the particles, is by

diagonalising the nematic order parameter tensor [14,60]

Qαβ =
1

N

N∑
i=1

[
3

2
ûiαûiβ −

δαβ
2

]
, (5.2)

where ûiα is the α-th component of the unit vector describing the orientation of the long axis of a

banana-shaped particle i, N is the number of particles and δαβ the Kronecker delta. The global

nematic order parameter (NOP) or S2 (see Section 2.1.4) is defined as the largest eigenvalue of

Qαβ and the corresponding eigenvector is the nematic director n̂.
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Figure 5.5: (A) Center of mass positions of all the bananas. (B) Bananas coloured according to the
particle orientation (see white arrows and inset). (C) Modulation of the density, ρ(y) (blue line) and
the nematic director field, n̂(y) (white arrows) along the nematic director, n̂ for bananas with average
curvature of κ = 0.07 µm−1 and φ = 0.67. Note that the y-axis is parallel to n̂. Scale bars are 10 µm.

After aligning the y-axis to n̂, we then divide the image into bins that are perpendicular to

the y-axis and calculate the main local particle orientation and the local number density in each

bin (see Figure 5.5C). From these we extract the number density profile and the nematic director

field n̂(y) along the nematic director n̂ , which are shown as the blue line and the white arrows

in Figure 5.5C, respectively. If no significant density modulations are found and the director

field follows the theoretical expression of n̂(y) (see equation 5.1), the phase is considered to be

a splay-bend nematic phase.

As an additional characterisation, we calculate the typical nematic and smectic order pa-

rameters used for rod-like systems [14, 117]. As introduced at the beginning of this section,

the global nematic order parameter (NOP) is calculated as the largest eigenvalue of Qαβ (see

Equation 5.2). The global smectic order parameter (SmOP) is calculated using [14,117]

SmOP = maxl|
N∑
j=1

e2πirjn/l|, (5.3)

where the value of l ∈ R that maximized the above expression is identified as the layer spacing.

5.3 Results and discussion

5.3.1 Phase behaviour of differently curved colloidal bananas

We study the phase behaviour of banana-shaped particles, and how this is affected by curvature,

by preparing concentrated samples of three differently-curved colloidal bananas and imaging

them using confocal microscopy. Whilst the three-dimensional samples are typically ∼ 50 µm
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Figure 5.6: Phase behaviour of banana-shaped colloidal particles with different curvatures.
Confocal microscopy images of colloidal bananas with an average curvature of (A1-A4) κ = 0.25 µm−1

and packing fractions φ = 0.12, 0.26, 0.61 and 0.84, respectively; (B1-B4) κ = 0.10 µm−1 and φ =
0.27, 0.63, 0.79 and 0.82, respectively; and (C1-C4) κ = 0.07 µm−1 and φ = 0.29, 0.60, 0.67 and 0.79,
respectively. The top-right overlays on the images show the bananas coloured according to their polar
orientation as defined in panel A5 and the legend in panel A1. Panels A5 - C5 show the polar angle
distributions of the corresponding confocal microscopy images. Scale bars are 10 µm.

thick, we image the system relatively close to the bottom wall of the sample container to which

the bananas align, as this facilitates a quantitative two-dimensional structural analysis at the

particle level (see Section 5.2.4). In Figure 5.6, we present confocal microscopy images of the

structures formed by the three differently curved colloidal bananas at different packing fractions

φ. The most curved bananas (κ = 0.25 µm−1) only display isotropic phases (I) at all packing

fractions, as shown in Fig.5.6A (see Fig. A.10 in the Appendix for confocal images of the system

at all packing fractions studied). Although small smectic domains are observed at high packing

fractions, the combination of polydispersity and small opening angles of these bananas suppresses

the formation of any ordering at larger length scales. This is corroborated by the flat distribution

of polar orientation θ (see inset in Fig. 5.6A5) of the bananas, p(θ), in Fig. 5.6A5, and the lack

of orientational correlations over space in the overlays in Fig. 4A1-A4, where the bananas are

coloured according to their polar orientation. Note that due to the alignment of the bananas to

the wall, the orientation of the long axis is directly related to the polar orientation via a π/2

rotation.
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The bananas with intermediate curvature, κ = 0.10 µm−1, also exhibit isotropic ordering at

low packing fractions (Fig. 5.6B1), but self-assemble into biaxial nematic and polar and antipolar

smectic-like phases at higher packing fractions as shown in Fig. 5.6B2-B4 (see Fig. A.11 in the

Appendix for images at all packing fractions). The onset of orientational ordering in the nematic

and smectic phases manifests itself as the emergence of peaks in p(θ) above φ = 0.63, as shown

in Fig. 5.6B5. The biaxial nature of this ordering is inherent to the orthogonality between

the long and polar axes of the bananas due to their alignment to the wall. In particular, the

biaxial nematic phase (Nb) observed at φ = 0.63 (Fig. 5.6B2) is characterized by two peaks

in p(θ), which correspond to the two polar orientations the bananas show in this phase. At

higher packing fractions, φ = 0.79 (Fig. 5.6B3), the emergence of smectic domains, with some

local polar smectic ordering, is observed [176]. Note that the polydomain structure at this

packing fraction results in a single broad peak in p(θ). Antipolar smectic ordering is observed

at φ = 0.82 (Fig. 5.6B4), which leads to a double peak in p(θ) due to the neighbouring layers

exhibiting alternating polar orientation, as is also evident from the overlay in Fig. 5.6B4.

Even richer phase behaviour is observed for the least curved bananas (κ = 0.07µm−1),

as shown in Fig.5.6C (see Fig. A.12 in the Appendix for images at all packing fractions). As

expected, the isotropic phase is observed at low packing fractions. Upon increasing packing

fraction, the system starts to exhibit biaxial nematic ordering (Fig. 5.6C2 and 5.6C3), as is evi-

dent from the development of peaks in p(θ) (Fig. 5.6C5), and eventually forms layered antipolar

smectic structures at φ = 0.79 (Fig. 5.6C4). Most interestingly, however, the biaxial nematic

phase of bananas with this curvature (Fig. 5.6C3) clearly exhibits a strong spatial modulation of

the particle orientations, which is reminiscent of the elusive biaxial splay-bend nematic phase.

5.3.2 Splay-bend nematic phase in colloidal bananas

To distinguish the splay-bend nematic phase from the biaxial nematic and smectic phases,

we measure the spatial modulation of the positional and orientational order of the particles

along the nematic director n̂ (see Section 5.2.4). To this end, we determine the center of

mass positions and the particle orientations ûi (see inset Fig. 5.7A1) of all the particles as

presented in Fig. 5.7A1 and 5.7A2, respectively, for the least curved bananas at φ = 0.67 shown

in Fig. 5.6C3. From these, we extract the number density profile and the nematic director

field along the nematic director n̂, which are shown as the blue line and the white arrows in

Fig. 5.7A3, respectively. Note that the y−axis is defined to be parallel to n̂. In Fig. 5.7B
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Figure 5.7: Observation of the splay-bend nematic phase. (A1) Center of mass positions of
all the bananas. (A2) Bananas colored according to the particle orientation as indicated by the white
arrows. (A3) The density profile ρ(y) (blue line) and nematic director field n̂(y) (white arrows) along
the nematic director, n̂, of the system shown in Fig. 4C3. Note that the y-axis is parallel to n̂. (B)
Confocal microscopy images of the colloidal bananas with curvature κ = 0.07 µm−1 for packing fractions
φ = 0.6, 0.64, 0.67, 0.70 and 0.79 with ρ(y) and n̂(y) overlaid. (C) Modulation of the x- and y-components
of the measured nematic director field along n̂. The solids lines are fits according to the theoretical
expression for n̂(y) (see main text). (D) Pitch-length (in units of the particle length L) and amplitude θ0
as a function of the packing fraction. (E) Global nematic (NOP) and smectic (SmOP) parameters as a
function of the packing fraction. (F) 3D confocal microscopy image (70× 70× 15 µm3) of the splay-bend
nematic phase. Scale bars are 10 µm.
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we present these measurements for the five highest packing fractions (φ = 0.60 − 0.79) for the

bananas with the lowest curvature (κ = 0.07 µm−1). Firstly, we observe that the number density

profiles are mostly flat, characteristic for nematic phases, except for the highest packing fraction

(φ = 0.79), where clear peaks develop due to the organisation of the bananas into smectic

layers. Consistently, the global smectic order parameter only increases at φ = 0.79, as shown in

Fig. 5.7E, confirming the smectic nature of this phase. Secondly, we observe a clear modulation

of the nematic director field, n̂(y), for all five packing fractions as is evident from the periodic

fluctuations in the orientations of the white arrows in Fig. 5B.

A detailed characterisation of the measured n̂(y) is shown in Fig. 5.7C, where the spatial

modulations of its components parallel (ny) and perpendicular (nx) to the nematic director are

shown for all five packing fractions. To unambiguously identify the splay-bend nature of these

phases, we fit the measured nematic director field with the theoretical expression for the director

field of a splay-bend nematic phase [13], given by n̂(y) =
{

sin
(
θ0 sin

(
2π
p y
))

, cos
(
θ0 sin

(
2π
p y
))}

,

where θ0 and p are the amplitude and pitch-length of the modulation, respectively (see Section

5.2.4) [13]. As shown in Fig. 5.7C, we find that our experimental data for nx and ny are remark-

ably well described by the expression for n̂(y) for all packing fractions in the range φ = 0.60−0.79,

confirming the splay-bend nature of the director field. However, for φ < 0.67, the amplitude

θ0 and pitch-length p, obtained from these fits, increase with increasing φ (see Fig. 5.7D), in

contrast to what is expected for the splay-bend nematic phase [14]. Only for φ ≥ 0.67, θ0 and

p are directly proportional to each other and decrease with increasing φ (see Fig. 5.7D), in

agreement with computer simulations of the splay-bend nematic phase [14], suggesting that the

splay-bend nematic phase forms at φ ≥ 0.67. This is corroborated by the decrease in the global

nematic order parameter at φ = 0.67, consistent with the onset of significant splay-bend mod-

ulations of the particle orientations, resulting in a decrease of the global alignment of particles

(see Fig. 5.7E). For our least curved colloidal bananas (κ = 0.07 µm−1) it is thus clear that

they undergo a transition from the biaxial nematic phase to the modulated splay-bend nematic

phase at φ ≈ 0.67, before going into the smectic phase at φ ' 0.79. As far as we are aware, this

is the first experimental observation of the splay-bend nematic phase, which was predicted in

1976 [66]. Finally, we demonstrate the 3D nature of the splay-bend nematic phase in Fig. 5.7F,

where a 3D confocal microscopy image shows the splay-bend deformations up to fifteen particle

diameters into the bulk of our sample (see Fig.A.13 in the Appendix for confocal images at

different heights).
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5.3.3 Experimental phase diagram

From our experimental results the following picture of the phase behaviour for our differently

curved colloidal bananas emerges. For the most curved bananas (κ = 0.25 µm−1) only the

isotropic phase is observed, for the bananas with intermediate curvature (κ = 0.10 µm−1) a

phase sequence of I-Nb-Sm is found and the least curved bananas (κ = 0.07 µm−1) exhibit

a I-Nb-NSB-Sm phase sequence as a function of the packing fraction (see Figure 5.8). While

our results for the least curved bananas are largely consistent with the phase behaviour found

in computer simulations of similar banana-shaped particles [14], we do not observe the twist-

bend nematic phase, which is predicted to occur between the nematic and splay-bend nematic

phases [14]. We attribute the absence of the NTB phase in the experimental phase behaviour to

a combination of the effect of gravity and the presence of a flat bottom wall in our sample cell.

An external field like a gravitational or electric field may transform the NTB phase into a NSB

phase in the case the nematic director is perpendicular to the external field [175]. In addition,

the presence of a flat wall favors biaxial order, and hence the NSB rather than the NTB phase

may form close to the wall. The direct observation of the colloidal analogue of the NTB phase

therefore still remains an exciting experimental challenge.
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Figure 5.8: Experimental phase diagram for banana-shaped particles with average curvatures of (A)
κ = 0.25 µm−1, showing isotropic phases (I), (B) κ = 0.10 µm−1, showing I, biaxial nematic (Nb) and
smectic (Sm) phases , and (C) κ = 0.07 µm−1, showing I, Nb, splay-bend nematic NSB , and Sm phases
at increasing packing fraction φ.
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5.4 Conclusions

In summary, we have experimentally established the phase behaviour of three differently curved

colloidal banana-shaped particles at the particle level. A range of exotic liquid crystalline struc-

tures including biaxial, splay-bend nematic phases and polar and antipolar smectic-like phases

have been observed depending on the particle curvature. The experimental observation of the

splay-bend nematic phase in the system of slightly bent bananas confirms the importance of a

smooth particle curvature and polydispersity for the stability of this phase [14], and it also sug-

gests that the typical sharp kink and purity of bent-core molecules could be one of the reasons

as to why this phase has not yet been observed in molecular systems.
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Chapter 6

Hierarchical self-assembly of polydisperse

colloidal bananas a into vortex phase

ABSTRACT

Hierarchically self-assembled materials – structures with order at multiple length scales – are

ubiquitous in nature and found at all length scales. Examples range from collagen structures

in human bones to engineered photonic materials. These structures usually assemble from

monodisperse microsocopic building blocks that interact via complex directional interactions.

In this chapter, we show that polydisperse colloidal bananas can, in fact, self-assemble into a

complex hierarchical structure, called the vortex phase, only due to entropic interactions and

polydispersity in the particle curvature. Using confocal microscopy, we uncover the formation

mechanism of the vortex phase and characterise its exotic structure and dynamics at the single-

particle level. These results open up new avenues towards rationally exploiting the often unde-

sired polydispersity of colloidal building blocks for programming entropy-driven self-assembly of

hierarchical materials.
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6.1 Introduction

Self-assembly of microscopic building blocks is a powerful route for preparing materials with

pre-designed structure and engineered properties [17,25,177–181]. Nature provides a fascinating

range of self-assembled architectures offering insight into how structural organisation can emerge

at different length scales [182–187]. In the biological world, for instance, TMV coat proteins self-

organise into sophisticated capsids around viral RNA strands [185, 188]. In molecular systems,

lipid molecules form a range of self-assembled structures such as cell membranes [189, 190]. At

the colloidal scale, a rich variety of crystals with remarkable optical properties, such as opal and

other gemstones, also assemble from a range of colloidal constituents [28,34,186,191,192]. The

structural complexity of self-assembled materials is typically dictated by the type of interactions

between the constituent building blocks and their shape [17,179,180]. Colloids are ideal systems

to independently study the role of these key parameters, as their shape and interactions can be

systematically tuned and rationally designed [17,28,193–195].

In colloidal systems interacting solely via excluded volume interactions, the shape of the

particles can already lead to the assembly of complex structures [94, 95, 196,197]. For instance,

binary colloidal crystals [196] are obtained from spherical particles, complex dodecagonal qua-

sicrystals are formed by tetrahedrons [94], and exotic banana-shaped liquid crystals are assem-

bled from colloidal bananas [197]. Introducing complex interactions between the colloidal build-

ing blocks - on the top of their shape - leads to their assembly into hierarchical materials with

structural order at multiple length scales [179, 198–200]. Examples include colloidal diamond

structures assembled by patchy tetrahedrons functionalised with DNA strands [34] and superlat-

tice structures formed by octapod-like particles functionalised with hydrophobic molecules [201].

The successful hierarchical self-assembly of these structures not only relies on the directionality

of the particle interactions, but also on the uniformity in size of the constituent building blocks,

as polydispersity typically disrupts ordering via the formation of defects [82,202].

In this Chapter, however, we show that a colloidal suspension of polydisperse banana-

shaped particles interacting only via simple excluded volume interactions [197] self-assembles

into remarkably ordered concentric structures, which we term colloidal vortices. At high packing

fractions, these structures form a hierarchical material, which we term the vortex phase. Using

confocal microscopy, we uncover the formation mechanism of this tightly packed phase and

characterise its exotic structure and dynamics at the single particle level.
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6.2 Experimental methods

6.2.1 Size distributions of banana-shaped particles

In this work, we use two main populations of colloidal bananas (A and B) with a similar mean

length L and diameter D, but a different mean radius of curvature R, and opening angle α. The

corresponding radius of curvature, length and opening angle distributions are shown in Fig. 6.1,

and the mean values and polydispersities are summarised in Table 6.1.

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Radius of curvature (mm)

 Population B (xB=1)

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4
 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Radius of curvature (mm)

 Population A (xB=0)

0 60 120 180 240 300 360
0.0

0.1

0.2

0.3

0.4

0.5

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Opening angle (°)

0 60 120 180 240 300 360
0.0

0.1

0.2

0.3

0.4

0.5

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Opening angle (°)

3 6 9 12 15 18
0.0

0.1

0.2

0.3

0.4

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Length (mm)

3 6 9 12 15 18
0.0

0.1

0.2

0.3

0.4

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Length (mm)

A1 B1 C1

A2 B2 C2

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4
 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Radius of curvature (mm)

 Population A (xB=0)

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4
 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Radius of curvature (mm)

 Population A (xB=0)

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4

 

 

R
e
la

ti
v
e
 F

re
q
u
e
n
c
y

Radius of curvature (mm)

 Population B (xB=1)

5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4

 

 

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Radius of curvature (mm)

 Population B (xB=1)

Figure 6.1: Histograms of the radius of curvature, length and opening angle of (A1-C1) bananas in
population A and (A2-C2) bananas of population B.

Table 6.1: Mean length (L), diameter (D), radius of curvature (R), opening angle (α), and polydispersity
(%) of the SU-8 banana-shaped particles in populations A and B. The polydispersity (%) is defined as
σi = δi/〈i〉, where δi is the standard deviation of the mean value 〈i〉.

Population L (µm) D (µm) R (µm) α (◦)

Pop A 12.0 (40.7%) 0.85 (16.7%) 6.1 (44.4%) 140 (54.2%)
Pop B 11.7 (37.2%) 0.79 (18.4%) 12.9 (40.5%) 70 (48.0%)

6.2.2 Sample preparation and confocal imaging

Confocal microscopy images with a 16-bit pixel depth are acquired using a 12 kHz resonant

scanner head (Thorlabs) and a 532 nm laser, coupled to an Olympus IX73 inverted microscope

equipped with a 60× (NA = 1.42) oil immersion objective (Olympus).

To study the assembly of polydisperse bananas into a vortex phase, we prepare thin samples

of dense particle suspensions by filling home-made sample cells (see Section 2.4.2) with colloidal

suspensions with an initial volume fraction of φ ≈ 0.1. Next, we let the colloidal bananas

sediment towards the bottom of the sample cell, where they form a two dimensional monolayer
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Figure 6.2: (A-F) Confocal microscopy images of the vortex phase at different imaging depths, z, with
respect to the bottom of the sample cell. (G-H) 3D snapshots of the confocal images of the sediment at
two different prespectives. Scale bars are 4 µm for (A-F).

with just few particles above it where the imaging is done (see Fig. 6.2). For the phase behaviour

studies, a small tilt angle a small angle (2 − 3◦) is used during the equilibration of the sample

to induce a packing fraction gradient in the same sample (see Section 2.4.2).

The gravitational length (Lg) of our colloidal bananas in water is Lg ≈ 0.22µm. We have

used L=12.0 µm and D=0.85µm as the average dimensions of the particles (see Table 6.1). Note

that the value of Lg is an approximation as the bananas are very polydisperse in size.

6.2.3 Image analysis of confocal images

Position and orientation of the bananas

The positions and orientation of the colloidal bananas from confocal images are obtained using

similar Mathematica routines to those described in Section 2.4.3. In particular, we determine

the positions of the particles in two different manners: (i) using their centre of mass, which

is measured from the pixel coordinates of the skeletons of each banana (see Fig. 6.3B), by

using their centre of curvature, which is obtained from the coordinates of the centres of the

fitting circles (see Fig. 6.3C). We characterise the orientation of the colloidal bananas, in two

dimensions, using the polar vector, p̂, which is associated to the short axis of the bananas, as

illustrated in Fig. 6.3D. Note that in two dimensions the orientation vector, which is related to

the long axis of the bananas is related to the short axis by a π/2 rotation.
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Figure 6.3: Image analysis steps to determine the position and orientation of the colloidal bananas from
confocal images. (A) Original confocal image, segmented image (where the different colours represent
different bananas) overlaid with the (B) centres of mass, (C) fitting circles and centres of curvature and
(D) the polar orientation vectors of the colloidal bananas in a colloidal vortex. The scale bar is 5 µm.

Vortex identification and size

To identify the assembly of the bananas into vortices we use the centre of curvature coordinates

of the particles, as they are very close together when bananas self-assemble into a vortex. This

is shown in Fig. 6.4A1 for a single vortex and Fig. 6.4A2 for many vortices. Then, we apply the

’FindCluster’ built-in cluster algorithm with the ’Agglomerate’ method to these coordinates,

in order to group them into different clusters (see Fig. 6.4B1−2 where the different colours

represent different clusters). Note that our cluster method is based on distance minimisation of

the considered points. Next, we select the clusters with a number of constituent particles larger

than 4, and consider them as vortices. From the identified vortices, we can measure a range

of features, such as their centre of mass, which we calculate using the median of the centre of

curvature coordinates of the constituent bananas, and the number of particles per vortex.

Finally, we determine the size of the vortices, RV , by measuring the average distance

between the centre of the vortex and the centre of mass of the bananas located at the outer edge

of the vortices (see Fig. 6.4D1−2). Note that when samples show mixtures of liquid crystalline

ordering and vortices, we use a more sophisticated cluster algorithm which also considers the

orientation of the particles: we distinguish nematic domains from vortices as nematic domains

show a global nematic director [197] and vortices do not.

Dynamics of the colloidal vortices

To characterise the dynamics of the vortices we track the centre of mass of the vortices over

time using confocal microscopy (see Figure 6.5A). To this end, we use a custom-written image
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Figure 6.4: Step-wise image analysis procedure to detect the assembly of bananas into vortices. (A1−2)
Skeletons of the bananas and their centre of curvature. (B1−2) Bananas coloured according to their
cluster index. (C1−2) Bananas coloured according to their cluster index and overlaid with the centres of
mass of the vortices (yellow dots). (D1−2) Bananas coloured according to their curvature. The radius of
the vortices is indicated as RV . Scale bars are 5 µm.

analysis routine in Mathematica based on the Crocker and Grier algorithm [203]. From the

vortex trajectories (see Figure 6.5B) we calculate their mean square displacement (MSD), and

then extract approximate coefficients of diffusion [21]. To qualitatively characterise the dynamics

of single bananas in a vortex, we track their centres of mass and polar orientations over time.

We typically record time series of the vortices for 2 hours with an acquisition rate of 1 frame

every 30 seconds.

BA

Figure 6.5: (A) Snapshot of colloidal vortex overlaid with the trajectory of its centre of mass over the
course of 1.7 hours. (B) Trajectory of the centre of mass of the vortex. The scale bar is 5µm.

Packing fraction

The packing fraction, φ of the samples is calculated from binarised images as φ=Nb/N , where

Nb is the number of bright pixels corresponding to the colloidal bananas and N is the total

number of pixels in the field of view.
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6.3 Results and discussion

6.3.1 Vortex phase from polydisperse bananas

In Figure 6.6 we present confocal microscopy images of polydisperse SU-8 colloidal bananas

in water [197] with a radius of curvature R, length L and opening angle α (see schematic in

Fig. 6.6A) at low and high packing fractions φ. These images are taken close to the bottom

wall of the sample container, where the particles have sedimented into monolayer with only

few particles above it (see Fig. 6.2). Whilst at low φ the bananas form an isotropic phase (see

Fig. 6.6B), at high φ bananas self-assemble into a vortex phase (see Fig. 6.6C). This phase
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Figure 6.6: Colloidal vortices from polydisperse banana-shaped particles. (A) Schematic showing the
formation of colloidal vortices from polydisperse banana-shaped particles with a radius of curvature R,
length L, opening angle α and packing fraction φ. Confocal microscopy images of (B) a dilute sample
(φ=0.05) and (C) a concentrated sample of polydisperse bananas (φ=0.70) showing the hierarchical
assembly of colloidal vortices. (D) Zoom of a single colloidal vortex. The inset shows the orientational
field (white arrows) of the long axes of the bananas. (E-G) Image of a colloidal vortex where the bananas
are coloured according to their (E) radius of curvature (F) opening angle and (G) length as indicated in
the legend bars in each panel. Scale bars are 10 µm for (B,C) and 5 µm for (D).
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colloidal bananas and their radial position in a vortex. (D) Confocal microscopy image of a single vortex,
where its size RV is indicated by the white arrow. The scale bar is 5 µm.

has a quasi two-dimensional nature and a two-level hierarchical structure where the individual

bananas first self-organise into colloidal vortices (Fig. 6.6D), which then further assemble into

a colloidal vortex phase (Fig. 6.6C). Note that our colloidal vortex phase shows a structural

resemblance to vortex matter seen in liquid crystals [204,205] and magnetic materials [206,207]

(see the vortex-like orientational field formed by the long axes of the bananas in the inset of

Fig.1D), but it does not have rotational flow properties.

As seen in Fig. 6.6D, colloidal bananas within a vortex show concentric assembly where

the radius of curvature of the particles increases with their radial position from the centre of the

vortex. This is quantified in Fig. 6.7A and is also evident from Fig. 6.6E, where the particles

are coloured according to their radius of curvature. A strong radial dependence is also observed

in the opening angle (see Fig. 6.6F and Fig. 6.7B), as bananas with a high α tend to be located

closer to the centre of the vortex, however, no substantial relation is found between the particle

length and the radial position, as shown in Fig. 6.6G and Fig. 6.7C.

6.3.2 Role of curvature and opening angle

To unravel the effect of curvature and opening angle on the structural formation of the colloidal

vortices and the vortex phase, we prepare mixtures of two populations of polydisperse bananas

with similar average lengths (L≈12µm) but significantly different curvatures and opening angles,

as shown in the schematics in Fig. 6.8. Then, we systematically change the compositions of the

mixtures in order to carefully tune their distributions of R and α. Population A has a mean

radius of curvature of RA=6.1 µm with a mean opening angle of αA=140◦ and population B

has RB=12.9 µm with αB=70◦ (see the distributions in Fig. 6.8F, G and Section 6.2.1). Note

that the polydispersities in curvature, opening angle and lenght are, respectively, σR ≈ 40%,
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Figure 6.8: Role of curvature and opening angle in the formation of vortex phases. (A1-E1)
Confocal microscopy images of mixtures of polydisperse bananas at a packing fraction φ ≈ 0.7 with a
number fraction xB=0, 0.35, 0.65, 0.85 and 1, respectively. (A2-E2) Bananas coloured according to their
radius of curvature R. (A3-E3) Bananas coloured according to their opening angle α being larger (white)
or smaller (orange) than 180◦. (F) and (G) show the distributions of the radius of curvature and opening
angle of the original populations. (H) Mean vortex radius RV , mean R of all bananas and (I) percentage
of bananas with α >180◦ as a function of the mixture number fraction xB . Scale bars are 15 µm.

σα ≈ 50% and σL ≈ 40% for both populations. In Fig. 6.8A1 to E1 we show confocal images of

mixtures at similar overall packing fractions of φ ≈ 0.7, but different compositions, expressed

as the number fractions of bananas from population B, xB. Notably, we observe that while

vortex phases form at low xB (Fig. 6.8A1 and B1), mixtures of vortices and liquid crystalline

(LC) order form at intermediate xB (Fig. 6.8C1 and D1) and only liquid crystalline structures,

in this case the splay-bend nematic phase [197], form as xB approaches unity (Fig. 6.8E1).

We next address the role of the particle curvature on the structural formation of these

phases by measuring the overall curvature distributions of the bananas in all the mixtures
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and by characterising their local arrangement via colouring the bananas according to their

curvature (see Fig. 6.8A2-E2). Firstly, we observe the characteristic assembly of the bananas

into curvature sorted concentric structures in those samples with xB=0-0.85 (see Fig. 6.8A2

and D2). Interestingly, we find that the size of the vortices, RV , increases from 7.1µm to

17.2µm as xB increases from 0 to 0.85, as shown in Fig. 6.8H (see Section 6.2.3 for details of

RV measurements). This is consistent with the fact that the fraction of bananas with large

average radii of curvature (RB), and hence those that are typically located at the outer part

of the vortices delineating their size, also increases with xB. Accordingly, we find that RV is

roughly proportional to the mean curvature of all the bananas in the mixture, R, especially at

low xB (see Fig. 6.8H). However, the discrepancy between RV and R increases at higher xB

as RV seems to be highly sensitive to the fraction of particles with large radius of curvature.

Remarkably, the size polydispersity of the vortices (∼15%) is approximately 60% lower than

that of the individual bananas (∼40%), which is inherent to the single vortices being able to

accommodate multiple particle curvatures. Similar size polydispersity reductions have been seen

in other polydisperse systems as a result of self-assembly processes, see e.g. [208, 209]. We also

note that high xB (see Fig. 6.8D2 and E2), where the bananas mostly self-assemble into a splay-

bend nematic phase [197], the particles with larger radius of curvature tend to be located in the

inflexion point between neighbouring layers of the LC phase.

While polydispersity in the radii of curvature is clearly at the heart of the assembly of

the vortices and their size, it does not fully explain the transition between the vortex and the

liquid crystalline phase at increasing xB. To this end, we consider the role of the opening angle

in this transition by measuring the opening angle distributions of the bananas at all xB, and

characterising the fraction of bananas with high opening angles, which we consider to be α >180◦,

i.e. of bananas taking up more than half of a full circle. Next, we produce binarised images

according to high or low α, as shown in Fig. 6.8A3 to E3. From these images we observe that

bananas with high α are predominantly found at the centre of each vortex, and crucially, that

no vortices are formed around bananas with α <180◦. This clearly suggests that the presence

of bananas with high opening angles is key for the formation of the vortices. We measure the

percentage of bananas with high α, at all compositions (see Fig. 6.8I), and find that it decreases

from 25% to 0% as xB approaches unity. When this percentage is smaller than 10%, the system

transitions from a vortex phase to a mixture of vortices and LC ordering.
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Combining our results on the role of curvature and opening angle, we conclude that vortex

phases form when there is a large range of radius of curvatures with a polydispersity of ∼40%

–allowing for the radial concentric ordering according to R– and a minimum of 10% of bananas

with high opening angles and small radius of curvature –which act as the nuclei of the vortices.

Note that at high xB, i.e. in the absence of bananas with high opening angle but still with

a large curvature polydispersity, the system does not longer find the most efficient packing by

forming vortices, which can be also seen as +1 defects [210], but via the formation of ±1/2

defects in a liquid crystalline environment, as shown in Fig. A.14 in the Appendix.

6.3.3 Formation of the vortex phase and phase behaviour of polydisperse

bananas

Next, we follow the formation dynamics of the colloidal vortices in real time using confocal

microscopy. We prepare samples of bananas at a composition of xB=0.35 (where the vortex phase

forms) that sediment towards the bottom of the sample cell, forming a quasi-2D monolayer (see

Fig. 6.2, which we image over time as shown in Fig. 6.9A and B. The formation of the colloidal

vortices is a complex and dynamic process where bananas with different curvatures constantly

try to form different concentric configurations in order to optimise their packing [87, 88, 211]

t=1min t=9min t=18min t=28minA

t=2h t=8h t=20ht=16hB

t=12min

t=78.7min t=97 mint=40min t=48min t=64.2 min

Figure 6.9: Formation of colloidal vortices and vortex phase. Confocal images of (A) the
formation of a single colloidal vortex and (B) the hierarchical self-assembly of vortices into the vortex
phase at different times, t, after the sample preparation at xB=0.35. Scale bars are (A,B) 10 µm.
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as the particle concentration increases with time (see Fig. 6.9A). The out-of-plane motion of

the bananas is crucial for allowing the particles to reconfigure and find the right curvature that

match the one of the already formed vortex (see typical Lg values in the section 6.2.2). As the

packing fraction increases, new vortices continue to form and simultaneously self-assemble into

the vortex phase (see Fig. 6.9B). We observe that the typical time scale associated with the

formation of single vortices is on the order of few hours, whereas their hierarchical self-assembly

into a vortex phase takes place over tens of hours, clearly showing the two-step hierarchical

nature of the formation of a vortex phase.

To systematically study the phase behaviour of the colloidal vortices as a function of the

packing fraction φ, we prepare concentrated samples at a fixed composition of xB=0.35 and

equilibrate them using a small tilt angle to induce a gradient in φ and hence access multiple

packing fractions using a single sample. In Fig. 6.10C, we show confocal microscopy images of

the system at different φ, where the bananas are coloured according to their curvature. While
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Figure 6.10: Phase behaviour of polydisperse colloidal bananas. (A) Confocal images coloured
according to curvature at packing fractions raging from φ=0.28-0.75. (B) Fraction of bananas in vortices
as function of φ. (C) Number of vortices, Nv and number of bananas per vortex, NB/V as function of φ.
(D) Average inner and outer radius of curvature of the vortices as function of φ. Scale bars are 20 µm.
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the bananas show isotropic ordering (I) at low packing fractions (see Fig.6.9A1−2), above φ=0.28

they start to locally self-assemble into colloidal vortices exhibiting isotropic-vortex coexistence

(I − V ), as shown in Fig. 6.9A3−5. Around φ=0.59, the majority of the bananas self-assemble

into vortices, forming the vortex phase (V ) (see Fig. 6.9A6−8). This is corroborated by the

increase of the fraction of bananas in vortices as a function of φ (see Fig. 6.10B), clearly showing

the two main phases observed in this system. To further characterise these, we quantify the

number of vortices, NV , number of bananas per vortex NB/V and their radii, RV , as a function

of the packing fraction, as shown in Fig. 6.10B,C and D (see analysis in Section 6.2.3). In the

coexistence region (φ≈0.28-0.59), the number of vortices increases proportionally with φ, while

the number of bananas per vortex plateaus (see Fig. 6.10C), which suggests that bananas self-

assemble into vortices but still have space to reconfigure. We also measure an initial increase

of the size of the vortices with φ, followed by a slight decrease, as the vortices are simply being

compressed by the increasing density of vortices in the sample. In the vortex phase (φ > 0.59),

most of the bananas are forming vortices and these just grow in size with increasing φ. This

is shown by the roughly constant number of vortices (NV≈40) and the increase of number of

bananas per vortex up to NB/V≈20 (see Fig. 6.10C) and vortex size up to 12 µm (see Fig. 6.10D)

as φ reaches 0.75.

6.3.4 Structure and dynamics of the vortex phase

Finally, we characterise the structure and dynamics of the vortex phase at the vortex and single-

particle level as shown in Fig. 6.11. Firstly, we demonstrate that vortex phases form over large

length scales as shown in the large field of view confocal microscopy image in Fig. 6.11A. From
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Figure 6.11: Structural characterisation of the colloidal vortex phase. (A) Large field of view
confocal microscopy image of the vortex phase and (B) its corresponding voronoi plot where cells are
coloured according to the number of neighbouring particles. Inset of (B) shows the histogram of the
number of neighbouring vortices in the voronoid construction. (C) Pair distribution function g(r) of the
vortex phase. The scale bar is 25 µm
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this image, we calculate the voronoi construction (see Fig. 6.11B), and the radial distribution

function, g(r) (see Fig. 6.11C) of the vortex phase using the centre of mass coordinates of the

constituent vortices. The appearance of the g(r) is characteristic of that of a liquid-like structure

with short-range correlations only, which is consistent with the absence of significant long-range

ordering of the vortices shown by voronoi plot and a broad distribution of nearest neighbours

(see inset Fig. 6.11B). We also note that the liquid-like structure of the vortex phase is consistent

with the fact that the vortices are polydisperse in size (∼15%) [212].

Lastly, we characterise the dynamics of the vortex phase by taking snapshots of its struc-

ture over time. Fig. 6.12A shows an average image of the vortex phase over 60 minutes and

qualitatively reveals that the vortices are not very mobile in the vortex phase as their structure

can still be fairly well resolved after a relatively long time. This is quantified by tracking the

centre of mass of a single vortex in the vortex phase (see Fig. 6.12B1 and Section 6.2.3), from

which we extract an approximate diffusion coefficient of DV∼0.3 nm2/s. The small DV value

is not surprising as vortices are large and complex ‘compound particles’ moving in a highly

packed environment (φ∼0.7). Also, we note that the measured mean square displacement (see

Fig. 6.12C) appears sub-diffusive at larger lag times, which could suggest a glassy nature of

the vortex phase [77]. Interestingly, we find that while individual bananas are radially con-

fined in the vortices, these are actually mobile in the azimuthal direction as inferred from the

large span of coloured the arrows representing the orientation of the short axis of the bananas

(see Fig. 6.12B2). In other words, this qualitatively confirms that the assembly of the colloidal

A

0°180°
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90°B2

~𝜏
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Figure 6.12: Dynamical characterisation of the colloidal vortex phase. (A) Time average of
confocal snapshots taken over 60 minutes. (B1) Tracking of the centre of mass of a single vortex in the
vortex phase and (B2) tracking of the short axis orientation (coloured arrows) of a single single banana
in a vortex. (C1) MSD plot as a function of the lag time τ , of the vortices with a linear fit up to 120
seconds. (C2) Log-log of MSD plot shown in C1. The slope of the red triangle is one. Scale bars are (A)
10 µm and (B) 5 µm.
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bananas into vortices at high packing fractions is driven by entropy as the bananas seem to

maximise their azimuthal degrees of freedom at the expense of their radial free volume [86,211].

6.4 Conclusions

In summary, we have shown that polydisperse colloidal bananas interacting only via simple

excluded volume interactions can lead to the hierachical self-assembly of banana particles into

colloidal vortices which then further assemble into a vortex phase with liquid-like structure.

We demonstrate that both the size and number of vortices can be controlled by tuning the

geometrical features of the constituent colloidal bananas, such as its curvature and opening

angle. These results provide a stimulating example as to how polydispersity can be actually

crucial for generating ordering across multiple length scales. As such, with our results we

open new avenues towards rationally exploiting the often undesired polydispersity of colloidal

building blocks for programming entropy-driven self-assembly of novel functional materials with

pre-designed structure. In addition, we foresee many opportunities for further studies including,

for instance, the extension of the vortex phase into the third dimension, the effect of the particle

size distributions on the structure of the phases and the nucleation of vortices using spherical

particles. All of these studies will provide further insight into the self-assembly of complex

structures at the colloidal scale.
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Chapter 7

Synthesis of rough colloidal SU-8 rods and

bananas via nanoprecipitation

ABSTRACT

Surface roughness plays an important role in determining the mechanical properties, wettability

and self-assembly in colloidal systems. In this chapter, we describe the development of a simple

and fast method to produce rough colloidal SU-8 rods, bananas and spheres, via the nanoprecip-

itation of SU-8 in water. During this process, SU-8 nanospheres are absorbed onto the surface

of the colloidal SU-8 particles and then cross-linked using UV-light. The size of the spherical

asperities and the asperity density is controlled by the concentration of SU-8 used during the

nanoprecipitation reaction. Fluorescent labelling of the rough SU-8 colloidal particles allows for

their confocal imaging and demonstrates their stability at high packing fractions. With these

newly developed rough particles, we provide a colloidal model system that allows for studies

addressing the impact of surface roughness on materials composed of anisotropic particles.

91
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7.1 Introduction

Controlling the surface roughness of colloidal particles is a powerful tool for designing materials

with engineered rheological, wetting and self-assembly properties [213]. For instance, dense

suspensions of rough colloidal spheres show shear thickening, i.e. a viscosity increase upon

increasing shear rate, at lower shear rates than suspensions of colloidal spheres with a smooth

surface [214, 215]. This mechanical effect is explained in terms of inter-particle frictional forces

[215] and finds applications in shock-absorbing materials [216]. Surface roughness also plays an

important role in the wetting behaviour of colloidal particles at liquid-liquid interfaces [217].

This is particularly important for Pickering emulsions, in which droplets of water-in-oil (w/o) or

oil-in-water (o/w) are stabilised by particles adsorbed at the oil-water interface. Interestingly, it

has been shown that using rough particles, as opposed to smooth ones, increases the stability of

Pickering emulsions [218] and also allows to stabilise o/w and w/o emulsions without changing

their chemical properties [217].

Another fascinating example of the impact of surface roughness at the colloidal scale is

the directed self-assembly processes via depletion interactions [219]. The presence of surface

asperities with a typical size larger than that of the depletant reduces the depletion attraction

between particles [220] or parts of the particles [219], leading, for example, to the selective

formation of clusters depending on the particle roughness [219]. To date, most of the studies

addressing the relationship between microscopic surface roughness and macroscopic properties of

soft matter systems have been performed with colloidal spheres [213,221]. However, the impact

of surface roughness on materials formed by anisotropic colloidal particles, and therefore the

interplay between surface roughness and shape, remains unexplored due to the lack of rough

anisotropic colloidal particles.

In this Chapter, we develop a simple, fast and scalable method to produce rough colloidal

SU-8 rods and banana-shaped particles with tunable asperity size and asperity density. Using

the nanoprecipitation of SU-8 – a photoresist consisting of an epoxy-based oligomer, a solvent,

and a photoacid initiator – we coat the surface of colloidal SU-8 particles [27, 197] with SU-

8 nanospheres. The resulting spherical asperities are subsequently cross-linked onto the SU-8

colloidal particles using UV-light exposure. We characterise the morphology of the resulting

rough colloidal particles using scanning electron microscopy and show that they form stable
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suspensions which can be imaged at the single-particle level with confocal microscopy. With our

work, we provide a colloidal model system that can be used to address surface roughness related

phenomena in materials formed by anisotropic colloidal particles.

7.2 Experimental methods

7.2.1 Synthesis of ‘bare’ colloidal SU-8 particles

The syntheses of colloidal SU-8 rods, spheres and bananas are described in [27] and [197], and

Chapter 3 and 4. The key steps of both procedures are briefly recapped here. For the synthesis

of the colloidal SU-8 rods, approximately 0.1g of SU-8 50 is injected into 110mL of glycerol,

which is subsequently mixed under high-shear at 1500rpm for 10 min. The resulting long SU-8

rods are then exposed to sonication (VWR ultrasonic cleaner, 45 kHz, 80 W) for 3 hours to

break them into smaller colloidal rods [27]. These rods are subsequently photo-crosslinked by

exposing them to UV-light (365nm, Spectroline 14A/FB) for 30 min. Finally, to remove the

glycerol, the colloidal SU-8 rods are washed by repeated centrifugation and redispersion cycles

using water containing 0.5 wt% Pluronic F-108.

For the synthesis of colloidal SU-8 spheres and bananas, the long SU-8 rods obtained after

the high-shear mixing are heated, instead of sonicated, in a pre-heated oven at 95◦C for 30 min,

which induces a shape deformation [197]. While colloidal SU-8 spheres are obtained when the

rods are heated directly after their synthesis, the colloidal bananas are obtained when the rods

are partially cross-linked with weak UV-light [197] during 45 minutes prior to the heating stage.

After 30 min at 95◦C, the resulting SU-8 particles are fully cross-linked with strong UV-light

exposure for 30 min and cleaned in a similar fashion as described for the colloidal SU-8 rods.

7.2.2 Synthesis of SU-8 nanoparticles via nanoprecipitation

SU-8 nanopsheres are produced via the nanoprecipitation of SU-8 in water. In a typical synthesis,

100µL of a solution of SU-8 50 with concentrations ranging from 0.5-10 wt% of SU-8 in GBL

is added to 5 mL of water. After the addition of the SU-8 solution, SU-8 nanoparticles are

immediately formed and the resulting dispersion is subsequently hand-shaken for 4-6 seconds.

Next, 1 mL of Pluronic F-108 5wt% in water is added to avoid coalescence of the formed spheres.
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The resulting SU-8 nanoparticles are then exposed to UV-light for 30 minutes and kept in water

containing 1 wt% Pluronic F-108. For the synthesis of fluorescent SU-8 nanospheres, Cy3 (the

fluorescent dye) was simply mixed with the SU-8 50 at a mass ratio of 10 mg dye/g SU-8 50.

7.2.3 Synthesis of rough colloidal SU-8 particles

The synthesis of rough colloidal SU-8 particles is based on the adsorption of the nanoprecipitated

SU-8 nanospheres onto larger SU-8 colloidal particles via physisorption. To synthesise rough

particles, we follow the same protocol as described in section 7.2.2 but now the water phase

contains colloidal SU-8 particles, i.e. rods, spheres or bananas. In a typical reaction, the

SU-8 particles are dispersed in 5 mL of pure water at an approximate particle concentration

of 0.02 v/v%. Note that prior to this, the surfactant, which is typically present in particle

suspensions in water, is removed via centrifugation and redispersion cycles in pure water. Next,

we add 100 µL of a SU-8 solution with concentration ranging from 0.5-10wt% of SU-8 50 in

GBL to the aqueous dispersion of colloidal SU-8 particles. After hand-shaking the mixture

for 4-6 seconds, 1 mL of 5wt% Pluronics F-108 in water is added. The resulting dispersion is

subsequently sonicated and vortexed for ten seconds. The sample is subsequently UV-cured

for 30 min to cross-link the SU-8 spherical asperities onto the surface of the colloidal particles.

Finally, the bulk nanoparticles that did not adsorb onto the SU-8 colloidal particles are removed

by means of centrifugation and redispersion cycles in water containing 1wt% of Pluronic F-108.

7.2.4 Scanning electron microscopy and particle dimensions

The size distributions the colloidal SU-8 particles are determined from scanning electron mi-

croscopy (SEM) images by measuring the length and diameter of at least 400 particles the

custom-written image analysis routines in Mathematica described in Section 2.4.3. The dimen-

sions of the SU-8 asperities are determined by measuring the asperity diameter of at least 100

rough particles from SEM images using ImageJ. The polydispersity (%) of the particles is defined

as σi = δi/〈i〉, where δi is the standard deviation and 〈i〉 the mean value.



Results and discussion 95

7.2.5 Confocal imaging of dense samples of rough colloidal SU-8 particles

For the confocal imaging of dense suspensions of rough colloidal SU-8 particles, we fill rectangular

VitroCom capillaries (0.1mm×0.2 mm×5 cm) with aqueous particle dispersions with an initial

particle concentration of approximately 0.20 v/v% and subsequently sealed them using epoxy

glue. After filling the sample cells, the colloidal particles slowly sediment towards the bottom

of the sample cell, where the imaging is performed. Confocal microscopy images with a 16-

bit pixel depth were acquired using a 12 kHz resonant scanner head (Thorlabs) and a 532nm

laser, coupled to an Olympus IX73 inverted microscope equipped with a 60× (NA = 1.42) oil

immersion objective (Olympus).

7.3 Results and discussion

In this work, we exploit the nanoprecipitation method to rapidly produce rough colloidal SU-8

particles (rods, spheres and bananas) via the adsorption of SU-8 spheres onto the surface of

the larger SU-8 colloidal particles. As an example, we show SEM images of the resulting rough

SU-8 rods in Figure 1. We will describe our findings using rough colloidal SU-8 rods, but the

same methods are used to fabricate rough colloidal SU-8 bananas and spheres. Firstly, we will

study the typical dimensions of the SU-8 nanospheres obtained via nanoprecipitation. Next,

we will describe how nanoprecipitation is used to produce rough colloidal SU-8 particles with

tunable asperity size and asperity density. Finally, we will present confocal images of dense

suspesions of rough rods and bananas and discuss their potential as colloidal model systems of

rough anisotropic particles.

A B

Figure 7.1: (A,B) Scanning electron microscopy images of the rough SU-8 colloidal rods obtain via the
nanoprecipitation of SU-8 in water. Scale bars are 1 µm.
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7.3.1 Synthesis of SU-8 nanospheres via nanoprecipitation

Nanoprecipitation is a simple and scalable method used for producing polymeric nanoparticles

in an extremely fast fashion [222–225]. This method requires three main ingredients, a polymer,

an organic solvent and an aqueous solvent. The polymer is typically dissolved in the organic

solvent, resulting in a polymer solution. It is essential that the organic and aqueous solvents

are miscible with each other and that the polymer is insoluble in water. When these pre-

requisites are satisfied, the mixing of the polymer solution and the aqueous phase results in the

instantaneous formation of polymer nanoparticles. This immediate process stems from the rapid

mixing of the organic and aqueous solvent, which leads to the instantaneous precipitation of the

water-insoluble polymer and hence the formation of polymer nanoparticles in water [226]. The

resulting dispersion is typically stabilised by the presence of a surfactant in the aqueous phase.

In our nanoprecipitation experiments, SU-8 is the polymer and GBL is the organic solvent.

In particular, we study the effect of the SU-8 concentration, [SU-8], on the diameter of the

resulting SU-8 nanospheres, as this determines the dimensions of the asperities of the result-

ing rough particles. Figure 7.2 shows SEM images of the SU-8 nanospheres obtained in water

using SU-8 concentrations ranging from 0.5wt% to 10wt%. From these images, we measure
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Figure 7.2: SEM images of the SU-8 nanospheres obtained at (A) 0.5, (B) 1.25, (C) 2.5, (D) 5 and (E)
10 wt% of SU-8 polymer solutions in GBL. Insets show the size distributions of each sample. (F) Mean
diameter of the SU-8 nanospheres (DNS) as a function of the concentration of SU-8 in GBL. Error bars
are the standard deviation of the size distributions. Scale bars are 1 µm.
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the diameter of the nanospheres and extract the size distributions and mean diameter (DNS)

at each SU-8 concentration, as shown in the insets of Figure 7.2A-E and the plot in Figure

7.2F, respectively. We observe that the mean diameter of the SU-8 nanospheres increases with

increasing SU-8 concentration, from a mean diameter of 109nm for [SU-8]=0.5 wt% to 330nm

for [SU-8]=10wt%. Similar trends are reported for the nanopreciptation in water of other hy-

drophobic polymers [227, 228]. We note that while the size distributions are relatively narrow

at low SU-8 concentrations with typical polydispersity values around 25%, they become skewed

towards larger particles diameters as the SU-8 concentration increases. We attribute this effect

to the coalescence of multiple nanoparticles during the nanoprecipitation at high SU-8 concen-

trations [223,227,228].

7.3.2 Synthesis of rough colloidal SU-8 rods

Next, we synthesise rough colloidal SU-8 particles by exploiting the nanoprecipitation of SU-8

in water in the presence of colloidal SU-8 particles. As shown in the schematic in Figure 7.3A,

the coating procedure consists of two key steps. In the first step, small SU-8 nanospheres are

synthesised and physisorbed onto the surface of the larger colloidal rods dispersed in the aqueous

SU-8 
nanoprecipitation

UV-exposure
+ size sorting

A

B C D E

Figure 7.3: (A) Schematic showing the synthesis of rough colloidal SU-8 rods. In the first step, the
SU-8 rods are coated with SU-8 nanoparticles formed during the nanoprecipitation of SU-8. In the second
step, the adsorbed SU-8 nanospheres are cross-linked to the surface of the rods via UV-light exposure.
Finally, the rough rods are separated from the unabsorbed SU-8 nanoparticles via centrifugation. SEM
images of (B) the bare SU-8 rods, (C,D) rough rods. (E) Confocal microscopy image of a rough SU-8
rods with the body (red) and asperities (green) labelled with two fluorescent dyes. Scale bars are 2 µm
for (B,C) and 1 µm for (D,E).
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phase presumably via Van der Waals interactions. The resulting rough rods are stabilised using

Pluronic F-108, a water soluble surfactant. In the second step, the adsorbed spherical asperities

are cross-linked to the surface of the rod particles via UV-light exposure, as SU-8 is a photo-

sensitive material. Finally, the remaining unabsorbed SU-8 nanospheres dispersed in water are

removed via centrifugation and redispersion cycles. Figure 7.3B-D show SEM images of the

rough rods obtained after the coating procedure. Figure 2E confirms the composite nature of

the particles by labelling the spherical asperities and colloidal rods with different fluorescent

dyes and imaging them with confocal microscopy.

We note that it is particularly important to ensure that the surface of the SU-8 rods is

completely surfactant-free when performing the nanoprecipitation step. The presence of surfac-

tant on the surface of the rods dramatically reduces the physisorption of the SU-8 nanospheres

onto the surface of the rods. This is demonstrated in Figure 7.4A, where no asperities are visible

on the surface of the rods as 0.5wt% of Pluronic was present during the nanoprecipitation step.

We speculate that this is due to steric repulsions mediated by the surfactant molecules which

adsorb onto the surface of the rods and/or nanoprecipitated particles [229]. Finally, we also

address the role of the UV-light exposure, i.e. cross-linking, on the mechanical stability of the

spherical asperities adsorbed to the surface of the rods. To this end, we subjected cross-linked

and uncross-linked rough rods to sonication and vortex mixing for 20 minutes. The SEM im-

ages shown in Figure 7.4B and C reveal that a significant part of the adsorbed nanospheres of

the uncross-linked rough rods is lost after sonication and vortex mixing (see Figure 7.4B). This

suggests that, despite the fact we start with cross-linked SU-8 rods [27], these still have some

A B C

Figure 7.4: (A) Bare SU-8 rods obtained after the nanoprecipitation step in the presence of 0.5 wt%
Pluronic in water. (B) Uncross-linked and (C) Cross-linked SU-8 rough obtained after 20 minutes of
sonication and vortex mixing. For all samples, a concentration of SU-8 of 1.25wt% was used in the
nanoprecipitation step. Scale bars are 1 µm.
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residual epoxy groups on their surface, which enable their chemical bonding with the adsorbed

SU-8 nanospheres upon UV-exposure. The cross-linking of the rough rods is therefore necessary

to ensure proper linkage between the asperities and the rods (see Figure 7.4C), which is of crucial

importance for applications where the particles are subjected to moderately large forces, such

as in rheology experiments.

7.3.3 Tunability of the asperity size and asperity density

Next, we study the effect of the SU-8 concentration on the size of the asperities and asperity

density on the rods. We start with an aqueous dispersion of colloidal rods with typical dimensions

of 0.4 µm in diameter and 6 µm in length. To induce the nanoprecipitation of SU-8 nanospheres,

we add a SU-8 solution with SU-8 concentrations ranging from 0.5 to 10wt% as previously

reported in section 7.3.1 and shown in Figure 7.2. By analysing SEM images as the ones shown

in the insets of Figure 7.5, we measure both the size and the number of spherical asperities

per rod at each SU-8 concentration. As shown in Figure 7.5G, the average asperity diameter

increases with increasing SU-8 concentration, which is consistent with Figure 7.2, though we

note that it differs from the average diameter of the nanoprecipitated spheres (see the grey line),

especially at high SU-8 concentrations. This disparity is presumably due to the fact that large

nanoparticles are less likely to adsorb onto the surface of the rods.

We also characterise both the number density of asperities (ρA) and surface coverage (θ)

of the rods. These two parameters are calculated as ρA = NA/Arod and θ = ρAAA, where NA is

the number of asperities, Arod is the average area of the cylindrical rods and AA is the average

cross-sectional area of the asperities. In our calculations, we use that AA=π(DA/2)2. Note that

we measure the size and number of asperities from a half of the rod surface using SEM images

and assume that is the same for the other half when calculating ρA and θ. The plot shown

in Figure 7.5H shows the evolution of the asperity number density and surface coverage with

SU-8 concentration. Starting from bare rods, we observe that the asperity number density first

increases from 4 to 20 asperities/µm2 for 0.5<[SU-8]<1.25wt% and then gradually decreases to 5

asperities/µm2 upon increasing concentration of SU-8. On the other hand, the surface coverage

increases from 2% to 20% between SU-8 concentrations of 0.5 and 1.25wt% and above 1.25wt%

the surface coverage remains roughly constant as the average asperity diameter increases with

increasing [SU-8]. From both the asperity number density measurements and the SEM images
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Figure 7.5: SEM images of rough SU-8 colloidal rods obtained at (A) 0, (B) 0.5, (C) 1.25, (D) 2.5, (E) 5
and (F) 10 wt% of SU-8 in GBL. Insets show SEM images of single rough rods. (G) Mean diameter of the
asperities (blue) and SU-8 nanospheres (grey) as a function of [SU-8]. (H) Asperity number density (blue)
and surface coverage (yellow) on the rods as a function of [SU-8]. (I) Percentage of SU-8 nanospheres
with a diameter larger than D∗

S=80nm as a function of [SU-8]. Error bars are the standard deviations.
Scale bars are 1 µm.

shown in Figure 7.5A-F, we can infer that the most dense and homogeneous coating is obtained

in the SU-8 concentration range of 1.25-2.5wt%.

Finally, we discuss the separation of the rough rods from the unadsorbed SU-8 nanospheres

via centrifugation. In general, it is easy to separate small spheres from larger rod-like particles

via centrifugation because they sediment at different velocities [230]. However, as the diameter of

the nanoprecipitated spheres increases, their separation from the rods becomes more challenging.

By equating the sedimentation velocities of rods [231] and spheres, we find that D∗
S , the diameter

of a sphere sedimenting at the same speed as a rod with diameter Drod and length Lrod, is given

by D∗
S =

√
3
2Drod

[
ln
(
Lrod
Drod

)
+ c
]1/2

. Note that c accounts for end-effects in the sedimentation

of cylindrical rods with aspect ratio between 2 and 30 [232]. In our system, we typically use

rods with average dimensions of Lrod = 6µm and Drod = 0.4µm, which corresponds to c=0.312,
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a small value compared to that of the logarithmic term, and a D∗
S = 800nm. This suggests that

unadsorbed SU-8 nanospheres with DNS > 800nm are not easily separated from the rough SU-8

rods. This is indeed confirmed by the SEM images shown in Figure 7.5E and F, where not only

rough rods but also SU-8 nanospheres with DNS > 800nm are observed. On the other hand,

Figure 7.5B-D show samples of mainly rough rods, consistent with the fact that the diameters of

the nanoprecipitated SU-8 nanospheres for [SU-8]<5wt% were smaller than 800nm (see Figure

7.2). In Figure 7.5I we quantify this effect by showing the percentage of nanoparticles with

a diameter larger than 800nm obtained during the nanoprecipitation of SU-8 nanospheres (see

Figure 7.2). Indeed, only for SU-8 concentrations larger than 5wt% there is a significant fraction

of particles with a diameter larger than 800nm, which makes their separation from the rough

rods via centrifugation very cumbersome. However, an easier separation of the rough rods and

the unadsorbed nanospheres obtained for [SU-8]>5wt% should be facilitated by using rods with

a larger diameter [27], or by adding salt or polymers [233].

7.3.4 Beyond colloidal rods: rough colloidal SU-8 bananas and spheres

We can directly apply the coating method described for the colloidal SU-8 rods (see Section

7.3.2), to the recently developed library of SU-8 colloidal particles, including colloidal bananas

and spheres [197]. This is indeed confirmed by the SEM images shown in Figure 7.6, where both

A B C

D E F

Figure 7.6: SEM images of rough colloidal SU-8 bananas and spheres obtained using 2.5wt% [SU8].
Scale bars are 5 µm for (A), 2 µm for (B-D) and 1 µm for (E,F)
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rough colloidal SU-8 bananas and spheres are obtained via the nanoprecipitation of SU-8 in

water. The rough bananas are particularly interesting as they provide a colloidal model system

where the interplay between surface roughness phenomena and shape anisotropy can be studied

as a function of the particle curvature.

7.3.5 Confocal microscopy imaging of concentrated samples of rough colloidal

SU-8 particles

To enable the imaging of suspensions of rough colloidal SU-8 particles using confocal microscopy,

we label both the asperities and the body of the colloidal SU-8 particles with a fluorescent dye.

In Figure 7.7, we show confocal microscopy images of dense samples of rough and fluorescent

SU-8 rods and bananas, where nematic ordering is observed for the rough rods (see Figure

7.7A) and an isotropic structure is observed for the rough bananas (see Figure 7.7B). The fact

that they show similar phase behaviour as that of the corresponding to smooth particles (see

Chapter 4 and 5) [27, 197] illustrates the stability of our newly developed rough colloidal SU-8

particles. Also, it facilitates further studies to address the impact of surface roughness on both

the structure and timescales involved in the formation of orientally ordered phases of rough

particles, such as the formation of nematic glasses [234,235].

A B

Figure 7.7: Confocal microscopy images of (A) a nematic phase of rough colloidal SU-8 rods and (B)
an dense isotropic phase of rough bananas. The insets a show zoom of the confocal image and SEM
images of the corresponding particles, where their surface roughness can be clearly observed. Scale bars
are 5 µm for the main panels and 1 µm for the insets.
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7.4 Conclusions

In summary, we have successfully developed a method for the rapid fabrication of rough anisotropic

colloidal SU-8 particles, including rough colloidal rods and bananas, with tuneable asperity size

and asperity density. The ease of synthesis combined with the stability and tunability of the

colloidal SU-8 system [27,197] creates a range of unique possibilities to address surface roughness

related phenomena in colloidal systems of anisotropic particles. These features are particularly

interesting for exploring the role of surface roughness in the rheological properties of liquid crys-

talline materials, which already show substantially different behaviour than spherical particles

due to their characteristic flow-alignment [236]. Also, the characterisation of the structure and

dynamics of these ‘rough’ liquid crystalline phases, might lead to a deeper understanding of

the formation of nematic glasses [234, 235]. Moreover, direct imaging of suspensions of fluores-

cently labelled rough particles under shear could be used to elucidate the role of inter-particle

friction during shear thickening, which for rods, is observed at much lower volume fractions

than for spheres [237], and is associated with complex fluctuations in orientational order [238].

Controlling the surface roughness of the colloidal SU-8 rods could be also used to study the

effect of roughness on the depletion-driven formation of nematic tactoids [149] and on their per-

formance as foam-stabilisers [110], where anisotropic particles have already shown outstanding

stability efficiencies [110, 239]. Finally, the rough colloidal bananas promise an even richer be-

haviour as they will allow addressing the effect of particle cuvature on the rheological, wetting

or self-assembly properties of rough anisotropic particles.
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Appendix

A1. Effect of sonication parameters in the synthesis of colloidal SU-8 rods

We quantify the effect of the sonication power and frequency of the ultrasonic bath on the effi-

ciency of the sonication-induced breakage of the SU-8 rods. As shown in Figure A.1, similar final

rod-lengths are achieved at shorter sonication times using higher powers or lower frequencies.

The observed very weak dependence of the terminal rod-length on the sonication parameters

has also been previously reported for carbon nanotubes and silver nanowires [137].
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Figure A.1: (A) Evolution of the average length of the SU-8 rods as a function of the sonication time
at a frequency of 37 kHz for different powers: 320 W (orange circles), 224 W (blue squares) and 160 W
(green triangles). (B) Evolution of the average length of the SU-8 rods as a function of the sonication
time at a sonication power of 320 W and a frequency of 37 kHz (orange circles) and 80 kHz (blue squares).
An Elmasonic P30H Ultrasonic Cleaner was used for these specific experiments.

We also find that the volume of sonicated sample, thickness of the glass vessel and the

position of the vessel relative to the transducer in the ultrasonic bath also affect the time at

which the final rod-length is reached. A qualitative summary of our observations is given in

Table 1. In our experiments, we typically use a sonication frequency of 45 kHz at a power of 80

W. Experiments are performed at a fixed volume (100 mL of glycerol containing the rods), using

the same container (250 mL glass beaker) placed approximately 5 cm from the transducer.

105
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Table 1: Qualitative summary of the effect of experimental parameters on the sonication time required

to reach terminal SU-8 rod-size.

Parameter If the parameter increases

Volume of the sonicated sample Sonication time increases
Thickness of the glass vessel Sonication time increases
Distance vessel-transducer Sonication time increases

A2. Sorting of the colloidal SU-8 rods

The synthesised colloidal SU-8 rods have typical polydispersities of ∼ 40% in length, ∼ 30% in

diameter and ∼ 30% in aspect ratio (when 100% glycerol as a dispersion media and 1500 rpm

are used). However, cycles of centrifugation and redispersion in water (containing surfactant)

can be used to reduce the size polydispersity to 20% in length and 15% in diameter. Figure

A.2 shows the dependence of the average rod length, diameter and aspect ratio collected in the

supernatant for different centrifugation time and speed combinations.

A  

(e)  

B
 

C

D
 

E
 

F

Figure A.2: Dependence of the average length, diameter and aspect ratio of the colloidal SU-8 rods in

the supernatant after centrifugation at different speeds for (A-C) 10 min and (D-F) 60 min.
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The optimal time-speed combination for the centrifugation-redispersion cycles will depend

on the size of the original rods. For colloidal SU-8 rods synthesised at a shear stress of 518 Pa

using 100% glycerol, the optimal time-speed combination is found to be 15 min at 600g. This

combination results in a sufficiently high yield, while significantly reducing the polydispersities

of the rods in the supernatant to σL ≈ 25 %, σD ≈ 15 % and σL/D ≈ 30 %. The process is

repeated at least 6 times by re-dispersing the particles in the sediment to maximize the yield.

SEM images of the particles collected from the supernatant and those from the sediment are

shown in Figure A.3, where a clear size difference is observed. The corresponding size distribu-

tions are plotted in Figure A.4. While the aspect ratio distribution does not significantly change,

the length and diameter distributions of the rods from the supernatant are much narrower after

the sorting procedure. As expected, longer and thicker rods are found in the sediment. The

rods from the supernatant are typically used for further experiments.

A B C

Figure A.3: Scanning electron microscopy (SEM) images of the (A) unsorted rods, (B) rods from the

supernatant and (C) rods from the sediment after repeated cycles of centrifugation and re-dispersion at

600g for 15 min. Scale bars are 10 µm.

Table 2: Mean length (L), diameter (D), aspect ratio (L/D) and respective polydispersities (σL, σD,

σD/L) of the SU-8 rods before and after the sorting procedure. The polydispersity (%) of the rods was

defined as σi = δi/〈i〉.

Sample ID L (µm) σL (%) D (µm) σD (%) L/D σD/L (%)

Unsorted rods 4.6 47.8 0.57 30.9 8.1 29.9
Supernatant 4.2 25.2 0.52 16.9 7.9 28.1

Sediment 6.4 39.2 0.70 32.1 8.2 31.1
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Figure A.4: Length, diameter and aspect ratio distributions of the (A1−3) unsorted rods, (B1−3)

supernatant and (C1−3) sediment of repeated centrifugation cycles at 600g for 15 min.

A3. Estimation of the isotropic-nematic phase transition point

To estimate the volume fraction at which the isotropic-nematic phase transition observed in

Figure 3.6f occurs, we analyse a 3D confocal z-stack (157.8×157.8×8 µm3) across the isotropic-

nematic interface of the same sample, from which we determine the number density and nematic

order parameter profiles, as shown in Figure A.5. The number density profile is obtained from

the positions of the detected fluorescent particles by binning the data in 8 vertical bins with a

well-defined volume of 157.8×19.7×8 µm3. Using the number ratio between fluorescent and non-

fluorescent rods (1:30) and the average particle dimensions measured from SEM (L = 5.0 µm,

D = 0.65 µm, L/D = 7.7), we obtain the volume fraction profile across the isotropic-nematic

interface. From the orientations of the rods, we calculate the in-plane (2D) nematic order

parameter S2 (see Section 2.1.4) per bin according to

S2 = 〈2 cos2(θ)〉 − 1 , (1)

where θ is the angle between the orientation of the rods and the director, defined as the mean

orientation of the rods in each bin. This allows us to locate the position of the isotropic-nematic

phase transition, which we estimate to occur at an approximate volume fraction of 0.25.
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We emphasize that this value is a rough estimate, because (i) we assume there is no

fractionation, (ii) we use the average dimension of the rods as measured from the SEM images

which might differ from the dimensions of the rods in solution. Nevertheless, this value is

comparable to the value reported in the work of Kuijk et al. [83], and is also consistent with

the value reported for hard sphero-cylinders at the appropriate aspect ratio (about 0.3 for

aspect ratio of 7.7 [92]). Note, however, that we do not quantitatively confirm that our particle

interactions are indeed hard-core like. We expect that higher resolution 3D-confocal z-stacks

with refined particle tracking methods will allow us to obtain more precise measurements for

the location of the isotropic-nematic transition.
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Figure A.5: Plot of the volume fraction and nematic order parameter S2 profiles as a function of the

sample height, y, in a system of colloidal SU-8 rods under a gravity.

A4. Birefringence of in systems of colloidal SU-8 particles

In this section, we qualitatively study the birefringence exhibited by the liquid crystal phases

formed by our colloidal SU-8 rods and bananas. Birefringence is the optical property of a

material having a refractive index that depends on the polarization and propagation direction

of light [2, 240]. Liquid crystals are birefringent materials because light travels at different ve-

locities when it propagates parallel or perpendicular to the nematic director of the phase [2,240].
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A1 A2 B1 B2

Figure A.6: Optical microscopy images of SU-8 rods sample dispersed in water (A1 and B1) in bright
field and (A2 and B2) between crossed polarisers in the (A) isotropic phase and (B) nematic phase. Bright
spots are observed when rods are oriented vertically. The scale bars are 20 µm.

To study the birefringence of our colloidal liquid crystals, we use polarised optical mi-

croscopy (POM). This a frequently used technique to characterise the anisotropic optical prop-

erties of liquid crystals, as they typically transform linearly polarised light into elliptically po-

larised light, allowing for the formation of beautiful images when using crossed polarisers [2,240].

Firstly, we find that the nematic phases formed by our colloidal rods show a weak, yet observ-

able birefringent signal (see Figure A.6B2). A stronger birefringent signal might be achieved

using thinner samples [2, 240]. We also note that when an isotropic phase of rods is imaged

between crossed polarisers, bright spots appear when rods orient vertically to the imaging plane

(see Figure A.6A2). This effect could be related to the fact that SU-8 rods can act as optical

waveguides [241], which depolarise light as it travels through the rods.

Similar results are observed for samples of colloidal SU-8 bananas. This is shown in Figure

A.7, where polarised optical microscopy images of colloidal bananas at different packing fractions

are presented. At low packing fractions (see Fig. A.7A-B), we again observe the appearance of

bright spots, which arise from the bananas standing vertically. At intermediate and high packing

fractions (see Fig. A.7C-H), bananas self-assemble into liquid crystal phases, and as a result,

a beautiful and pronounced structural birefringent signal is exhibited. Note that in this case,

we image a very thin sample consisting of quasi two-dimensional monolayer. This could explain

the stronger birefringent signal compared to the rods [2]. Finally, in Figure A.8, we show POM

images of the rotation of the birefringent signal exhibited by banana-shaped liquid crystals

according to the rotation of the crossed polarisers.
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A B C D

E F G H

Figure A.7: Polarised optical microscopy images of a system of colloidal SU-8 bananas in water at
increasing packing fractions from A to H. Bright spots are observed when bananas orient vertically.
Birefringence is observed when bananas form liquid crystal phases (D-H) The scale bar is 20 µm.

BA

Figure A.8: Polarised optical microscopy images of defects in banana-shaped liquid crystals (A) prior
to and (B) after a 45◦ rotation of the polarisers. The scale bar is 10 µm.

A5. Confocal images of colloidal SU-8 particles with different shapes

Figure A.9 shows confocal microscopy images of concentrated samples of colloidal SU-8 particles

with different shapes obtained after 30 minutes of heating at increasing UV-exposure time.
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D E

A B C

F

Figure A.9: Confocal microscopy images of concentrated samples of fluorescent SU-8 (A) spheres, (B)
sphero-cylinders, (C-E) banana-shaped particles with decreasing curvature and (F) straight rods obtained
after 30 min of heating 95◦C for tUV =1, 5, 15, 25, 45 and 120 min, respectively. Scale bars are 10 µm.

A6. Confocal images of colloidal bananas with different curvatures

In this section, we present the confocal images for the three differently curved bananas discussed

in Chapter 5 at multiple packing fractions, φ.

A B C D

E F G H0.61                                      0.67                                       0.76                                    0.84                                                     

0.12                                      0.26                                       0.41                                    0.47

Figure A.10: Confocal microscopy images of colloidal bananas with an average curvature of κ =
0.25 µm−1 and packing fractions φ = 0.12, 0.26, 0.41, 0.47, 0.61, 0.67, 0.76 and 0.84. Scale bars are 10 µm.
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A B C D0.27                                    0.38                                      0.57                                    0.61                                       

0.63                                      0.67                                    0.79                                  0.82                                                     E F G                          H

Figure A.11: Confocal microscopy images of colloidal bananas with an average curvature of κ =
0.10 µm−1 and packing fractions φ = 0.27, 0.38, 0.57, 0.61, 0.63, 0.67, 0.79 and 0.82. Scale bars are 10 µm.

A B C D

E F G                          H0.64                        0.67                             0.70                                 0.79                                                     

0.29                                0.40                             0.49                                  0.60                                                     

Figure A.12: Confocal microscopy images of colloidal bananas with an average curvature of κ =
0.07 µm−1 and packing fractions φ = 0.29, 0.40, 0.49, 0.60, 0.64, 0.67, 0.70 and 0.79. Scale bars are 10 µm.

A7. Confocal microscopy images of the splay-bend nematic phase at different

z−positions

In Figure A.13 shows confocal microsocopy images at different imaging depths of the splay-

bend nematic phase formed by colloidal bananas with an average curvature of 0.07 µm−1. The

particles are dispersed in tetralin containing 4wt% of OLOA 11000.



114 Appendix

A B C D

E F

Z=3um Z=8um Z=13um Z=18um

Z=24um Z=29um Z=34um Z=39umG H

Figure A.13: Confocal images of the splay-bend nematic (A, B, C), nematic (D, E, F) and isotropic
(G, H) phases at different imaging depths with respect to the bottom of the sample cell: (A) 3 µm, (B)
8 µm, (C) 13 µm, (D) 18 µm, (E) 24 µm, (F) 29 µm, (G) 34 µm and (H) 39 µm for bananas with the
lowest curvature κ = 0.07 µm−1. Scale bars are 10 µm.

A8. Structural defects in systems of polydisperse bananas with low curvature

At high number fraction of bananas from population B, xB, i.e. in the absence of bananas with

high opening angle but still with a large curvature polydispersity, the system does not longer

find the most efficient packing by forming vortices, but via the formation of ±1/2 defects in the

liquid crystalline environment as shown in Fig. A.14.

Figure A.14: Structural ±1/2 defects observed in samples with xB=1. Scale bars are 15µm.
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