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Abstract

The behavior of colloidal liquid crystals in confinement is addressed on the single particle level
using laser scanning confocal microscopy. We seek to disentangle how equilibrium director fields

are controlled by the complex interplay between confinement, elasticity and surface anchoring.

First, we study the nematic phase confined to wedge structured channels. Varying the
wedge opening angle leads to a splay to bend transition mediated by a defect in the bulk of
the wedge. Our results are in quantitative agreement with lattice Boltzmann simulations, and
we show that comparison between experiments and simulation yields a new method to obtain
the splay-to-bend elasticity ratios of colloidal and biological liquid crystals. Next, we extend
our study of the wedge structured channels to the cholesteric phase, and measure a splay to
twist transition with increasing wedge angle. We directly visualise the 3D nature of the twisted
state, and explain how the transition is intricately determined by the anchoring strength and
the splay, bend, and twist elasticities. Next, we investigate the effect of rectangular confinement
on the nematic phase. The rectangle aspect ratio is systematically varied and we observe five
distinct director fields. Comparison with computations of the Frank-Oseen energies yields the
extrapolation length, which we find to be of the order of the rod length. Next, we confine the
nematic phase to annular geometries of varying dimensions, and observe the novel director fields
that are adopted. We approach a level of confinement which is of the order of the particle size.
Interpreting our observations with Monte Carlo simulations, which take into account the finite
size of the particles, illuminates the applicability of continuum theories down to microscopic
lengthscales. We finish with a study of the isotropic-nematic interface in bulk and confinement.
We show that parallel anchoring occurs at the interface, and measure the width of the interface

to be of the order of the rod length.
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Chapter 1

Introduction

1.1 Liquid crystals

Liquid crystals are an array of phases that exist between the liquid and solid phase [1,2]. As the
name implies the properties are intermediate of a liquid and a crystal. A crystal has a regular
repeating pattern of molecules and is characterised by elasticity, whereas a liquid has no long
range molecular order, is able to flow, and is characterised by viscosity. A liquid crystal is able
to flow like a liquid, but molecular order exists in at least one dimension. Liquid crystals arise
due to the anisotropy of the particles: the particles have a direction. In reality this means the
particles are rod [3,4] or disk [5,6] shaped, or a variant of these two shapes, such as ‘banana’ [7,8]
and board-like [9,10] particles. In this thesis we focus on liquid crystals formed by rod-shaped

particles.

Several liquid crystalline phases exist with increasing order: nematic, smectic and colum-
nar, and in figure 1.1 we illustrate the ordering of some of the more common phases [11]. The
phases displayed vary from one liquid crystal to another, and it is not fully understood why differ-
ent liquid crystalline molecules exhibit different phases. The phase transitions from an isotropic
liquid to higher order liquid crystalline phases are triggered by decreasing the temperature, or
by increasing the concentration, and the respective liquid crystals are called thermotropic or
lyotropic. The lyotropic phase transitions from lower to higher symmetry are driven by an

entropy gain of the system, as explained by Onsager in 1949 [12].
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Figure 1.1: Schematic illustration of the order in the: (a) isotropic, (b) nematic, (c¢) smectic A, and (d)
smectic C phases.

The defining characteristic of the nematic phase is that all the particles are orientated along
a common axis, called the director, which at a given position, r, points in the direction of a unit
vector, n(r). Due to symmetry the states n and -n are indistinguishable. A uniformly aligned
nematic is strongly birefringent. The fluidity of the nematic phase comes from the ease with

which particles can slide along each other while maintaining their preferred axis of orientation.

The cholesteric phase is a chiral nematic phase in which the director rotates along an axis,
creating a helical distortion, as illustrated in figure 1.2(a). It is very similar in energy to the
nematic phase and liquid crystals will naturally adopt either a nematic or a cholesteric phase,
but not both. The twist may be left or right handed depending on the specific liquid crystal.
The phase is quantified by the cholesteric pitch, p, the distance over which the director, n,
rotates 360° [13]. We note that with n and -n being equivalent the period of repetition is half

the pitch. If we arbitrarily choose the helical axis to be the z-axis then n reads:

ng = cos(qoz + 6) ny = sin(qoz + 0) n, =0, (1.1)

where 6 is the angle between the rod and the z-axis, and p = 27 /qp. An optical property of
cholesterics is that the helical structure gives rise to Bragg reflections at wavelengths equal to
the pitch. Consequently, if the pitch is equal to a wavelength of light in the visible spectrum a
colour is observed [14,15]. Since the pitch is very sensitive to temperature, for thermotropic liquid
crystals, this property has been exploited to create liquid crystal thermometers and temperature

sensors [16,17].

Smectic phases are identified by the the molecules being arranged in layers in addition to
having a common director. Several smectic phases have been observed with varying degrees

of positional and orientational order [1,11]. In figure 1.1, we illustrate the smectic A phase
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Figure 1.2: (a) Schematic illustration of the twist of the cholesteric phase. (b) Angles and vectors
required to define the order parameter. The director, n, is taken to be pointing along the z-axis and we
define 6 as the angle between the z-axis and a unit vector, 1, along the molecular axis of the rod.

where the layers are perpendicular to the director, and the smectic C phase where the director
is tilted in each layer. The fluidity arises from the lateral forces between the molecules being
much greater than the interlayer forces enabling layers to slide over each other. Smectic phases

are much more viscous than nematic phases due to the greater order.

The columnar phase is characterised by the molecules arranging themselves into columns,
with no long range order existing along the columns. The columns are packed hexagonally or
rectangularly [18,19], and in some columnar phases the molecular axis is tilted relative to the

column axis [20,21].

1.1.1 Order parameter

It is essential to define a parameter to quantify the degree of ordering of the nematic phase to
distinguish it from the isotropic phase and to calculate how external factors influence the degree
of ordering. Firstly, the director n is taken to be pointing along the z-axis and we define 6
as the angle between the z-axis and a unit vector, 1, along the molecular axis of the rod, see
figure 1.2(b). The distribution of rods can then be described by the function £(#)dS?2, which gives
the probability of finding a rod in a small solid angle around (6, ¢). Thus the director n is given
by the angles where f(6) peaks. The function f is independent of ¢ as the nematic has complete

cylindrical symmetry about n. The simplest way of defining the degree of alignment is by using
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the second Legendre polynomial, first quantified by Tsvetkov [22]:
1 2
q =< Px(cosf) >= 5 < 3cos“f0—1>. (1.2)

The square brackets denote an ensemble average over f(). For a perfectly aligned nematic
phase ¢ = 1, while for an isotropic phase ¢ = 0. We note, that for lyotropic liquid crystals,
q = 1 will only occur at T'= 0K due to thermal fluctuations. Equation (1.2) assumes that the
liquid crystal consists of rigid rods which have complete cylindrical symmetry about 1. However,
since many liquid crystal molecules are flexible, a more complicated parameter has been defined

without assuming rigidity [23]. For the liquid crystals used in this thesis eq. (1.2) is sufficient.

1.1.2 Non-ideal director fields

The nematic director field can be easily distorted. The slightest external perturbation, for ex-
ample the presence of a micrometer sized particle, can trigger a significant distortion to the
director field [24]. The director field is also very sensitive to more substantial external factors
such as confining surfaces, shear forces, electric and magnetic fields. The result is that a perfect
undistorted nematic will very rarely exist, and much of the interest in liquid crystals is focused
on understanding these distortions. The director field can either change continuously, creat-
ing textures called deformations, or it can change suddenly creating disclinations/defects [1].
When nematics are viewed between crossed polarisers the deformations and defects result in the

characteristic threadlike (Schlieren) texture and single points, observed [25].

All continuous changes in n can be described by either one, or a combination of the splay,
bend and twist deformations, which are illustrated in figures 1.3(a) - (¢). The deformations
have an elastic energy cost F, that can be determined from the director n using the Frank-

Oseen energy [26,27]:

1 1 1
F, = §K1(div n) + §K2(n -curl n)? + §K3(n x curl n)?. (1.3)
The elastic constants K; with ¢ = 1, 2, 3 are associated with the splay, twist and bend defor-
mations, respectively, and indicate the respective energy costs for a given liquid crystal. These

values depend on the specific physical properties of the molecules, with typical values being of the

order K ~ 10713 —1071!N [28-31]. From the reported experimental values we see that the bend
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Figure 1.3: Top row, director field for three nematic deformations: (a) splay, (b) twist, and (c) bend.
Bottom row, director fields in the region of four disclinations of strength: (d) s = +1/2, (e) s = —1/2,
(f) s=+1, and (g) s = —1.

constant is typically larger than the splay and twist constants [1,11]. For a cholesteric phase the
natural preferred twist is taken into account by including ¢g in the K5 term; %K 5(n-curl n+qg)?.
Saddle-splay and splay-bend terms [27,32] can be added to eq. (1.3). The need for them has been
widely discussed, and they are often ignored, but it has been proposed that they are important
for liquid crystals adjacent to interfaces [33,34]. Equation (1.3) has been used extensively in
theoretical work on nematics [35-37]. In many calculations a one constant approximation is

used as eq. (1.3) is too complex to solve analytically [33,38].

Non-continuous variations in the director field occur as lines or points and four types are
illustrated in figures 1.3(d) - (g) [27,39]. Disclination planes are never observed as they are
unstable and will always be smeared out. Disclinations are labeled by their strength, s, which
is determined by considering how the director changes around the disclination. We define r as
the distance from the point of observation to the disclination, with ¢(r) the angle between r
and the z-axis and 6 the angle between n and the z-axis. If we make one full loop around the
disclination (A ¢ = 2m), the strength of the disclination is given by the rotation of the director;

A 0 = 27s.
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1.1.3 Anchoring

Anchoring is the phenomenon where surfaces disturb liquid crystal ordering by imposing a
preferred molecular orientation and a preferred degree of order [1,40]. The most common
types of anchoring are planar and perpendicular (homeotropic) ordering with respect to the
surface. The extrapolation length, &, identifies if nematic elasticity or surface anchoring, w, is

the dominating factor. It is defined as:

: (1.4)

where K is a specific or average elastic constant. The anchoring, w, is of the order of E,,/d?,
where F,,, is the interaction energy between one molecule and the surface, and d is a molecular
dimension [1]. Similarly, an elastic constant has units of energy per length and is of the order
E/d, where E is the interaction energy between molecules. Substituting into eq. (1.4) leads to

the following scaling estimate:

E

wn

E~d (1.5)

In the strong anchoring regime the surface dominates and elastic distortions are generated. It
occurs when FE,,,, > FE, and the extrapolation length becomes of the order of the molecular
dimension; £ < d. In contrast, in the weak anchoring limit the elasticity dominates and non-
ideal anchoring occurs at the surface. It happens for F,,, < E, and £ may become much greater

than the molecular dimensions.

Often the approximation F,, ~ FE = kT is used, enabling values of £, K, and w to be
obtained from a molecular dimension. For the colloidal rod fd, the approximation K =~ kT/d
with d being the rod length, generates an average elastic constant K of 4.7 x 10~ N. However
the measured experimental value is two orders of magnitude lower; Ky ~ 4.2 x 1073 N [31].
Implying that for fd the rod-rod interaction energy differs from the rod-wall interaction energy

and that the approximation should be used with caution.

!The exact K2 measurement depends on the nematic concentration and ionic strength.
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1.2 Colloids as model systems

Colloids are particles dispersed in a solvent with one length in the range of 1 nm to 1 pm [41,42].
There are numerous examples in everyday life, ranging from milk to fog: roughly speaking, milk
is a colloidal suspension of fat globules in water and fog is a suspension of liquid drops in air. The
key feature of colloidal particles is that they exhibit Brownian motion: the random collisions
of solvent particles with the colloidal particles leads to the characteristic erratic motion of the
colloids. Both molecules and colloids have an average translational kinetic energy of %k‘BT [43],
with kp the Boltzmann factor and T the temperature. This analogy can be carried further,
e.g. to the osmotic pressure exerted by a dilute suspension of colloids or by a dilute solution
of solute molecules [44]. These analogies allow colloids to be viewed as large atoms. However
single colloids are much more accessible than atoms as their size enables them to be directly
observed via various forms of microscopy. Their diffusion rates are significantly lower making
it possible to observe certain phenomena in greater detail [45,46]. Additionally, the strength of
colloidal interactions can be tuned, e.g. by adding a non-absorbing polymer which creates an

attractive force between the particles via a depletion interaction [47,48].

In this thesis we focus on the behaviour of rod shaped colloids. There are several synthetic
synthesis routes to produce colloidal rods that form liquid crystalline phases. Maeda observed
nematic and smectic phases for suspensions of S-FeOOH, selenium, and nickel dimethylglyoxime
rods [4]. Boehmite rod systems are well established in the literature and their phase behavior has
been explored in detail [49-51]. Recently a silica rod system has been produced [52] and current
experiments indicate it will be possible to produce phase separating samples. However these
synthetic routes come with one of both of the following disadvantages: high refractive index of the
suspensions making 3D visualisation difficult, and/or polydisperse suspensions. An alternative
to synthetic routes is to use a biological liquid crystal such as the rod-like tobacco mosaic virus
(TMV) [53] or fd virus [54]. Fd has attracted more attention than TMV, as its aspect ratio is
greater, and the synthesis of TMV is very involved and time consuming: tobacco plants must be
grown and then infected with the virus, and the virus is then obtained by extracting it from the
plants [55]. The key advantage of a virus system is the high monodispersity of the samples, as
viruses replicate by cloning [56]. This enables a direct comparison with theory and simulation
by avoiding the complication of polydispersity. The usual colloidal advantages are presented as

well: the viruses can be modified after they have been expressed [57]. For example, the polymer
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polyethylene glycol can be covalently bonded to the fd virus, changing the dimensions and also
sterically stabilising the virus [58]. Another example is that the fd virus can be fluorescently
labeled, and due to the size, this enables the viruses to be visualized using laser scanning confocal

microscopy.

Here we use the wild-type fd virus (referred to as fd) as a model rod like colloid. It is
a polyelectrolyte with a contour length of 0.88 pm and a diameter of 6.6 nm [59]. It consists
of a single strand of DNA, about which roughly 2700 copies of the major coat protein pVIII
are helically wrapped. Above pH 4 fd is negatively charged and interacts via a combination
of electrostatic repulsions and hard core interactions. At low virus concentrations the system
displays an isotropic phase. Upon increasing concentration the virus exhibits a cholesteric phase
and then higher order smectic and columnar phases [18]. A biphasic region occurs between
each of the phase transitions, where the virus will phase separate into the two phases. We note
that a cholesteric phase is very similar in energy to a nematic phase and in this thesis we will
often refer to the cholesteric as the nematic phase, which is common practice in the literature.
There are several variations of the fd virus that have a minor difference in their genetic code,
triggering a difference in one specific physical property such as; contour length, flexibility, or
charge [60,61]. This creates ideal model systems for testing theories on liquid crystals and allows
one to tune the bulk properties of the materials. In this thesis we will also use Y21M-fd (referred
to as Y21M). The only physical difference between fd and Y21M is a single amino acid of the
major coat protein pVIII. This gives rise to a difference in flexibility; fd is a semi-flexible rod
with a persistence length of 2.8+0.7 um, whereas Y21M is a rigid rod with a persistence length
of 9.9+1.6 um [62]. Due to their identical dimensions both rods have an aspect ratio of ~133,
which is compatible with Onsager theory (valid for aspect ratios 22100) [12]. In addition, the

fact that Y21M is a rigid rod, has allowed for the first quantitative test of Onsager theory [62]

2

2A detailed explanation of Onsager theory is given in chapter 7.
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1.3 Thesis outline

This thesis is focused on studying the behaviour of colloidal liquid crystals in confinement, on the
single particle level. In an effort to explore and understand the interplay between geometrical
boundary conditions and elastic distortions. As of yet, very little work has looked at lyotropic
liquid crystals in confinement. Thermotropic liquid crystals have been studied in confinement.
With recent examples being: confinement induced transitions of defects [63], nematics confined
to sinusoidal grooves [64], and the effect of shell confinement on smectic ordering [65]. However,
no studies have been carried out at the single particle level, presumably because the thermotropic

particle size is on the nanometer scale.

We begin in Chapter 2 by describing the fd virus suspensions, the soft lithography protocols,
and the microscope setup. Chapter 3 examines the nematic phase confined to wedges of varying
opening angle. A splay-bend transition occurs, mediated by a defect in the centre of the wedge.
The measurements are compared to Lattice Boltzmann simulations, enabling us to demonstrate
that the transition angle and position of the defect depends on the splay and bend elastic
constants. In Chapter 4 we extend the problem to the cholesteric phase by decreasing the pitch
of the system. A splay-twist transition is observed, and we directly visualise the 3D nature
of the problem. Chapters 5 and 6 present the nematic phase in rectangular and annular 2D
confinement, where the features become the order of the rod length. The rectangular confinement
results are compared to Frank-Oseen energy computations, enabling the extrapolation length to
be estimated. The annular confinement results are interpreted in light of recent Monte Carlo
simulations. We reach levels of confinement where the finite size of the rod length becomes
relevant which may imply a deviation from continuum theory. In Chapter 7 we demonstrate
that the isotropic-nematic can be observed at the single particle level. We discuss why reducing
the sample volume to the micrometer scale decreases phase separation times and we measure

the width of the interface. We finish with a summary of the main statements of this thesis.
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Chapter 2

Experimental system

Abstract

We outline the virus synthesis protocols and explain the soft lithography techniques, used to
fabricate micrometer scale structures. Laser scanning confocal microscopy is the main imaging
tool used in this thesis, and we discuss the optical set-up and its advantages. The image analysis

routines that identify the rod’s position and orientation are introduced as well.

11
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2.1 Virus sample preparation

The fd and Y21M viruses were grown by infecting a strain of E.Coli with the respective virus.
The standard protocol [66] is outlined in the appendix. The yield is approximately 50 mg of
virus per litre of infected bacteria. We dispersed the virus in 20 mM tris buffer at pH 8.15
with 100 mM NaCl and 15% EtOH. The ethanol was added to prevent the growth of bacteria.
The concentration of fd and Y21M samples were measured using UV spectrometry. The optical

densities are 3.84 cm™! and 3.63 cm™!, respectively, at 269 nm for a path length of 1 cm [62].

The viruses were fluorescently labeled with the ester Alexa-488 by mixing 1 mg of virus
with 1 mg of the dye [67]. The dye reacted with the free amine group on the virus surface
forming covalent bonds. The reaction was carried out in small volumes ~100 pm to ensure high
labeling, and excess dye was removed by centrifugation steps. There were approximately 300
dye molecules per virus, determined by absorbance spectroscopy. We found the phase behaviour
of the labeled and unlabeled viruses to be very similar [57]. We thus assume the interaction
potential is very similar, with phase behaviour being a sensitive test of interaction potential.
However we expect the flexibility and aspect ratio to change for the labeled virus, and this may
affect the subtle chiral interactions between the individual particles. An anti-bleaching solution
was added to the stock virus solution (2 mg/ml glucose oxidase, 0.35 mg/ml catalse, 30 mg/ml

glucose and 5% [-mercaptoethanol).

Microscope samples had a ratio of labeled to unlabeled rods of approximately 1:25000. If
the ratio was significantly greater than this, the whole sample would fluoresce, and we would
not be able to image individual rods. If the ratio was significantly less than this, there would

not be enough rods to see the subtleties of the director field.

We note that for both viruses we would observe dimers; double length particles containing
two phage genomes [68]. Approximately 5-10 % of the labeled particles would be dimers, and
we did not notice a difference between fd and Y21M. Polydispersity affects the phase behaviour
by increasing the width of the isotropic-nematic biphasic region [69]. In our system the polydis-
persity will not have a significant effect, as we do not have a range of lengths, we simply have

two lengths with 90-95 % of the particles being the same length.
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2.2 Soft lithography: producing structures on the ym scale

Over the past 20 years creating channels on the um scale has become inexpensive and quick
through the technology of soft lithography [70]. With 1-100 pm being the lengthscale of colloidal
particles and cells the soft matter and biological communities have made considerable use of this
technology [71-73]. Soft lithography is attractive due to the small volumes of reagents required
and also due to the minute physical size of the channels, which allows complex designs to be
fabricated on a single slide, creating the idea of ‘lab on a chip’ [74]. In our case as the length
of the fd virus is 0.88 um, soft lithography provides the ideal tool to create confining channels.
In addition, with the protocols being independent of the 2D design, only our imagination is the

limiter to the type of channels we can create.

Figure 2.2 shows a schematic diagram of the standard protocols used to make the channels.
In the initial steps photolithography was used to create an SU-8 structure on a chosen substrate
(silicon wafer or glass slide) [75]. Firstly, SU-8 2000 (Micro Chem) was spin coated onto a
substrate and then softbaked for 2 min 20 secs at 95°C, to remove the solvent and improve
SUS8-substrate adhesion. The wafer was then irradiated for 15 secs through a photomask with
UV light (130 mJem?) and then baked for a second time for 3 min 30 secs at 95°C. The SU-8 was
polymerized by the UV light and the second bake increased the polymerized regions stability. In
a developing step, the unexposed regions of SU-8 were washed away (the exposed polymerized
regions were insoluble). The SU-8 structure was then completed with a final hard bake step for
15 mins at 150°C, making the structure temperature stable. The type of SU-8 used, the exact
baking, irradiation and development times depended primarily on the height of the structures
(the greater the channel height, the longer the times), but also the complexity of the 2D shape.
The numbers given here, were used to make wedge structured channels 10 pm high. Once
the SU-8 structure was made, the channel could be made out of three materials as outlined

below [76,77].

SU-8: A device could be made directly onto a glass coverslip by following the protocol above.
A glass coverslip was used as the substrate and the resulting SU-8 structure directly formed the
channel walls. The channel was filled by pipetting a drop of the sample onto the structures,
and then immediately sealed by clamping a glass slide with a very thin coating (< 0.1 pum) of

PDMS. Finally, the edges of the glass slide would be sealed with wax to prevent leaking.
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Figure 2.1: Schematic diagram of the soft lithography techniques.
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Polydimethylsiloxane (PDMS): A silicon wafer was used as the substrate for the SU-8
structure. The resulting wafer was used as a mould to create a PDMS (Sylgard 184 silicon
elastomer kit, Dow Corning) slab with the opposite structure indented. The silicon wafer mould
could be used multiple times. Treating the PDMS slab and a glass coverslip with oxygen plasma,
and then gently pressing the two together, caused them to covalently bond, creating a channel.
The channels were designed so that they remained open, enabling them to be filled by capillary

action, and then sealed with UV glue (Norland optical adhesive 81).

UV glue: A PDMS structure was created as described above, and this was then used as a mould
for the UV glue (Norland optical adhesive 81). The UV glue was pipetted onto the PDMS and
then irradiated. The PDMS was subsequently pealed off and a glass coverslip was quickly placed
on top of the UV glue channel. The channel and glass coverslip were then immediately irradiated
to bind them together. The channels were designed so that they remained open, enabling them
to be filled by capillary action and subsequently sealed with UV glue. The irradiation times
depended on the height of the channels, but typically we irradiated for 55 secs at 130 mJcm?,

for a channel 10 pym high.

PDMS channels were the quickest and cheapest to make, but unfortunately PDMS is
permeable to air and solvents, causing samples to dry out in an hour. We used PDMS channels
for initial experiments. Making channels out of SU-8 or UV glue avoided this problem, as both
of the materials are impermeable to air; we were able to make channels, which would remain
airtight for a week. However UV glue and SU-8 are more expensive than PDMS (especially
SU-8). We note, that it was much easier to make fine structures in SU-8, due to the fewer steps

in the channel synthesis.

2.3 Confocal microscopy

In 1955 Minsky’s frustration at being unable to produce clear images of brain neural connec-
tions with a light microscope spurred him to build the first confocal microscope [78]. Confocal
microscopy has since become a popular tool especially for studying biological and colloidal sys-
tems [45,79]. In this thesis we used laser scanning confocal microscopy (LSCM) as our main
tool for observing the fd virus at the single particle level. Here we describe the optical set-up

and explain the advantages, using the reviews [80-82].
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Figure 2.2: (a) Schematic diagram of the optics of a confocal microscope. (b) Comparison of the radial
PSFs of light (blue) and confocal (red) microscopy. (¢) Radial PSFs for two points separated by the light
microscopy Rayleigh distance. The confocal has a much greater intensity drop, and thus lower Rayleigh
distance, giving rise to improved resolution. PSF plots in the axial direction show similar effects.

Figure 2.3(a) shows the optical paths of a confocal microscope. Light from a laser source is
focused by an objective lens onto a point in the sample via a dichroic mirror. The light from the
fluorescent sample is then focused onto a detector (usually a photo-multiplier tube) using the
same objective lens and dichroic mirror. A pinhole is placed before the detector. Importantly, its
at the conjugate focal plane to the imaged point. The pinhole ensures that any light originating
from points outside the focal point is blocked from the detector. A 2D image is then produced
by scanning the sample point by point. Changing the focal depth enables 3D images to be
produced. A laser is used as it enables deeper scanning due to the greater signal from more
intense light, but the confocal principle works with any light source. A spinning disk confocal is
analogous, but it scans many points at once by using two rotating Nipkow disks: one to generate
the multiple light sources and the other to form the respective pinholes. The greater number of

pinholes creates a huge increase in scanning speed.

Confocal microscopy has the advantage over standard transmission light microscopy of

a significant increase in contrast and a slight improvement in resolution. The advantages are
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explained by comparing the point-spread functions (PSF). The PSF can be viewed as the prob-
ability that a photon will reach a certain point in space (e.g. the detector) [80]. We define p and
&, as the optical coordinates in the focal plane and optical axis respectively, which are related

to the real distances r and z by:
p=r(2rNA/N) € = 2(2nNA%/n)),

where A is the wavelength of the light, n the refractive index of the medium, and NA the
numerical aperture of the objective. NA is defined as NA= nsin «, where « is the half-angle of
the maximum cone of light that can enter or exit the objective. High NA objectives are desirable

as more light is collected, giving a greater resolving power. The relevant PSFs are given by:

2J1(p)\*

p(p,0) = < ;(p)> PSF for a point in the focal plane (2.1)
sin(¢/4)\* . : :

p(0,¢) = I PSF for a point along the optical axis (2.2)

Here Ji is the first order Bessel function. Note that both equations are simply the square of the

PSF of a light microscope.

The Airy disk is the radius of an illuminated point on the sample, it is quantified by where
the PSF first drops to zero. In figure 2.3(b) we plot eq. (2.1) and the corresponding PSF for light
microscopy. We have plotted the radial PSF, but the same trends are seen axially. Comparison
of the PSFs reveals that the width of the PSF is less for a confocal microscope. Furthermore,
the outer maximum is significantly lower for a confocal microscope. Thus confocal microscopy

gives a greater contrast over light microscopy as each point is ‘tighter’ and contains more light.

The resolution is determined by the ability to distinguish between two points. This is
quantified by the Rayleigh criterion, which states that two points can be resolved if the intensity
drop between the maxima is 26%. In figure 2.3(c) we plot the light and confocal microscopy PSF
intensity profiles, for two objects separated by the distance corresponding to the light microscopy
Rayleigh criterion. The intensity drop is much greater for the confocal microscope, and thus
the confocal Rayleigh distance is less and the resolution of confocal microscopy is greater. The
radial resolution is 3.82 (in p) for light and 2.76 for confocal microscopy, and the axial resolution

is 13.12 (in &) for light and 9.53 for confocal microscopy. Finally, we stress that although there is



18 Experimental system

an increase in resolution the main advantage of the confocal microscope is the greater contrast.

We use the following confocal set-ups in this thesis, with high NA objectives and a 488nm
laser source: (1) Zeiss LSM 5 Exciter, (2) Leica inverted microscope with a Yokogawa CSU22

spinning disk unit, and (3) Nikon C1 confocal microscope.

2.4 Birefringence and polarized light microscopy

The birefringence of a virus sample was ingeniously shown by Bawden in 1936, when a a swim-
ming fish was used to orient the tobacco mosaic virus [3]. The birefringence of the nematic phase
comes from the ordering of the particles, and causes light to be transmitted when samples are
placed between crossed polarisers. In contrast, the absence of ordering in the isotropic phase
causes it to appear dark between crossed polarizers, but flow can align the particles, making

samples temporarily birefringent [83].

A polarization microscope is simply a light microscope equipped with two crossed polar-
izers, one placed before the light source, the other placed before the detector. It is used in
this thesis as a quick way to determine the phase of a sample and a guide to the concentration
of nematic samples. We note it was particularly useful for preparing samples at or near the

isotropic-nematic biphasic region.

2.5 Particle detection

In our work it is crucial to identify the single rods and accurately determine their position and
orientation. This enables us to obtain the vector fields of the director and measure the order
parameter. Due to the rods small size and aspect ratio of ~133, a pixel resolution of at least
200 nm was required to ensure the rods were represented by a sufficient number of pixels for the
anisotropy to be observed. In the majority of images a pixel size of 130 nm was used. A range
of scanning speeds were used from 0.03 seconds to 50 seconds, for an image of dimensions 512 x
512 pixels. For the greater scanning speeds the images are not snapshots and the rods appear

longer than they actually are due to the diffusion of the rods during image capture.

We use IDL (Interactive Data Language) to determine the rods centre of mass and ori-
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entation. We based our programs on the particle tracking routines by Crocker and Grier [84].
Initially, a bandpass was applied to smooth the image and then the rods were located by fitting
a 2D Gaussian to the raw data around the centre of the particle. From these fits the orientation
of the rod was obtained by finding the two perpendicular Gaussians with the greatest aspect

ratio. The method is illustrated in figure 2.5 and the resultant coordinates and rod angle are

plotted over the original image.

Figure 2.3: (a) Two-dimensional Gaussian fits along the long and short axis of the rod. Pixel size =
0.130um. (b) Raw microscope image. (¢) Raw microscope image with overlaid detected rods. Scale bar
=5 pm.
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Appendix: Virus synthesis

The synthesis involved growing a bacterial culture which was then infected with the virus.

During the synthesis it was vital that no contamination occurred. The lab was kept as
clean as possible and when handling sterilized equipment gloves were worn and care was taken
not to breathe heavily. All the tubes and flasks, which were sterilized, were firstly covered
with aluminum foil fixed to the tube/flask with sterilization sensitive adhesive tape and then
autoclaved. In the autoclave program the temperature rose to 120°C and then took about two
hours to cool down to 80°C, which was when the door could be opened and the tube/flask

removed.

Preparation

MEDIUM: To make the medium the following reagents and quantities were used:

Conc. 1.51 3l 61

Tryptone (Pancreatic digest of caesin) 10g/l1  15g 30g 60g
Yeast extract bg/l  7.5g 15g 30g

NaCl 10g/1  15g 30g 60g

The pH would be adjusted to 7.00 with 2M NaOH.

AGAR PLATES: To make the hard or soft agar plates, 15 g/L or 7 g/L of agar were added
to the medium. This mixture was autoclaved and then poured into a sterile petri dish. The
plates would be left to cool down overnight and then be checked for bacterial growth; if bacterial
growth occurred, the plate would be binned. The plates were stored in a refrigerator to prevent

bacterial growth and upside down to prevent condensation dripping on the agar.

XL1-blue BACTERIAL CULTURE PLATE and SOLUTION: Using an infection eye
the bacterial solution was carefully streaked onto an agar plate; three streaks on each plate. The
plates were incubated at 37°C for 1-2 hours. If separate colonies were formed the plate was a

success.

To make the solution one bacterial colony was added to a sterile tube containing 3 ml of

medium. This was done twice and the two tubes were incubated for 12-14 hours at 37°C. After
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this time the tubes became highly turbid: the clear brown medium solution became a cloudy

brown solution.

BASIC VIRUS SOLUTION: Using an existing virus solution ten dilutions were carried out,
with a factor of 10 per dilution step, by taking 0.1 ml on 1 ml each time. Soft agar was prepared
and kept liquid using a hot plate and 0.3 ml of the bacterial culture solution and 0.1ml of the
virus dispersion was added to the agar. The solution was mixed carefully so that air bubbles
did not form and then poured into a petri dish. This was repeated for each of the 10 dilutions.
Once the plates were set they were incubated for 12-16 hours at 37°C. The plates with clear
spots in the background of bacterial growth were kept. To make the virus solution a plaque was
stabbed with a sterilized pipette and this plaque was then released into 50 ml of medium, which
was incubated overnight for 16-18 hours at 37°C. If necessary, bacteria could be removed from

the virus solution by centrifugation at 5000 rpm for roughly 30 minutes.

Synthesis

Day 1: Eight 750 ml solutions of medium were prepared in 2 litre Erlenmeyer flasks. The flasks
were sterilized for 2 hours. After sterilization each flask was infected with 0.5 ml of the bacterial
suspension and then incubated for 3 hours. Then each of the Erlenmeyer flasks were infected
with 0.5 ml of the basic virus solution and incubated for about 14-16 hours. Note that in this

step is was important to work sterile.

Day 2: Firstly, the bacteria was removed by centrifugation for 30-60 minutes at 5000 rpm.
Then 120 g NaCl and 120 g polyethyleneglycol (MW 8000) were added to the combined 6 litres
of solution. The clear solution became turbid due to aggregation of the fd viruses from depletion
by the PEG; this was a sign of successful virus production. The virus was then separated from
the NaCl and polyethyleneglycol by centrifugation for 30 minutes at 5000 rpm. We would then
re-disperse the virus in as little deionized water as possible and store the virus in the refrigerator

to prevent the growth of bacteria.

Final Purification: The viruses produced from several one day cycles were centrifuged for 30-
60 minutes at 10000 rpm. The sediment was waste. The virus solution would then be centrifuged
for 8 to 16 hours to separate it from the remainder of the medium and polymer. The pellet

produced from the first cycle through the previous steps would normally have a black dirty spot



22 Experimental system

in the middle. We would re-disperse the pellet and then repeat the cycle untill a clean pellet
was produced. The fd would be re-dispersed and stored in; 85%; 100 mM NaCl and 20 mM Tris

at pH=8.2, and 15% Ethanol. The ethanol prevented the growth of bacteria.
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Chapter 3

Confinement induced splay to bend

transition of colloidal rods

Abstract

We study the nematic phase of rodlike fd and Y21M virus particles confined to channels with
wedge structured walls. Using laser scanning confocal microscopy we observe a splay-to-bend
transition at the single particle level as a function of the wedge opening angle. Lattice Boltzmann
simulations help reveal the underlying origin of the transition and its dependence on nematic
elasticity and wedge geometry. Our combined work provides a simple method to obtain the
splay-to-bend elasticity ratios of the virus and offers a way to control the position of defects

through the confining boundary conditions.

23
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3.1 Introduction

Packing and confinement problems emerge in fields ranging from biology to engineering. In
biological systems the organization of the cell is determined, among other things, by the packing
of fibril-like particles (actin filaments, DNA) [72,85]. An example of the subtlety of packing
phenomena is the plethora of liquid crystalline phases that can be found in arrangements of
anisotropic particles by increasing concentration [1,18]. Confinement of liquid crystals adds
to the complexity, since the interactions of the particles with the walls may lead to structures
that compete with those formed in the bulk [86,87]. Many of the next generation liquid crystal
display devices exploit this interplay by using structured or patterned surfaces as an essential
element of their design [88,89]. Very recently, the ordering at sawtoothed structures has been
studied theoretically within a Landau-De Gennes framework [90,91], with a focus on the wetting

behaviour.

In this chapter, in a combined experimental and theoretical effort, we show the rich phe-
nomenology that emerges when confining a nematic liquid crystal to a microfluidic channel with
a wedge structured wall. We seek to disentangle how the wedge geometry and elasticity of the
fd -virus’ nematic phase determine the adopted deformation in the wedge. We introduce a new
method for estimating elastic constants suitable to colloidal and biological systems, as an alter-
native to previous methods using magnetic fields [55] or light scattering [92]. Specifically, we

determine the transition from a splay to a bend director field, with increasing wedge angle.

The chapter is organized as follows; we begin by describing the interplay between the splay
and bend elasticities when confining the nematic phase of a liquid crystal to an isolated wedge
(section 3.2). We then introduce the experimental set-up (section 3.3) and present the results
(section 3.4). Experimentally, the geometry is more complex than that of an isolated wedge and
in the subsequent section we present the numerical part of the study which takes into account
the channel geometry (section 3.5). Finally we compare experimental and numerical results

(section 3.6) before discussing the implications of the work and concluding (section 3.7).
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Figure 3.1: Possible director fields of a nematic confined to a wedge. (a) An elastically undistorted
director field with an anchoring penalty at one wall. (b) A pure splay deformation. (c) A deformation
with both bend and splay contributions, which we refer to as the bend* configuration.

3.2 Elastic energy of an isolated wedge

A nematic liquid crystal phase confined to a wedge has to elastically distort the director field, n,
or pay an anchoring penalty, see figure 3.1. The liquid crystal will naturally adopt the director
field which is lowest in energy. Experimentally we observe strong anchoring, and for this case
with increasing wedge opening angle there will be a transition from a splay (figure 3.1(b)) to
a bend (figure 3.1(c)). Strictly speaking the director field in figure 3.1(c) has bend and splay
contributions. To highlight this we will refer to it as bend*. We evaluate the splay and bend*
energies for a wedge of opening angle, a, and find the splay-bend* transition angle using the

Frank-Oseen energy (eq. (1.3)):

F, = // (%(v ‘n)? + %(v X n)2> dzdy. (3.1)

A 2D evaluation is sufficient as the director has no component in the z-direction for both
deformations. We start by evaluating eq. (3.1) using a general expression for the director field
which applies to both splay and bend*, n = (cos 0(z,y),sin 0(z,y),0), with 0 the angle between

n and the z-axis:

Fe:%Kl//Vndr—i—Kg//Vxn
1 00
= —Kl// —sm9—+0089— dr+ Kg// cos@——i—sm&— dr
0y y
K
= 5//(v9)2dr, (3.2)



26 Confinement induced splay to bend transition of colloidal rods

where in the final step we have used the one constant approximation K = K; = Kj3. Minimising

this functional using calculus of variations yields the Laplace equation:

V20 = 0. (3.3)

By solving this equation an expression for §, and then n is found. A common technique for solving
a 2D Laplace equation is by conformal mapping [93]. This technique has been frequently used
for evaluating nematic director fields in confined geometries, including a wedge. For examples
see references [35,94,95]. Here, we simply state the result of Mottram [95], which is identical to

Barbero’s result [35]:

nm—2b 4 [(ycos(b) — xsin(b)
0 = tan~! b. 4
T—2 " (m cos(b) + ysin(b) * (34)

Where n = 0 or 1 for the bend* or splay deformations respectively, a is the opening angle of
the wedge, and b = (a — 7)/2 as shown in figure 3.1. The one constant approximation has been
used to derive the vector field in eq. (3.4) and we will now assume that the director field is valid
for all K; /K3 ratios. Using eq. (3.1) and eq. (3.4) we evaluate the elastic energies of the splay

and bend* deformations.

Splay Fs = -K; /(V-n)dedy

1 £+E Tmax 1 2
- K [ 2/ <—> rdrdd
2 g_% Tmin r

_ Lk <M> . (3.5)

Tmin and Tiee are introduced as the lower and upper cut-off radii of the wedge to avoid the

divergence of the integral.

Bend* fbl — (V-n)2
(a—m)?sin (§+0+ (% — 1) tan~t (S22l

rsin( g

)

a2742
ff = (Vxn)?

) (a— 7_‘_)2 cos <% + 6+ (% — 1) tan~! (;Tsfr(i?(%%)))) (3.6)
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K K
Which leads leads to: Fy, = 71 / fitdr + 73 / fidr
(a—7)?%. Tmaz
— (K1 + K 1 . 3.7
(K1 + K3) 1a n e (3.7)

Note that the integrals for the K; and K3 contributions to the bend* state are equal, eq. (3.6).
By equating the energies I and F we extract the transition angle between the two deformations
as a function of the elastic constant ratio, K;/Ksj:

K (a—m)

= 3.8
Kz  a?+ 2am — 72 (3:8)

We highlight that the transition is independent of the wedge height and length. Equation (3.8)
has physical positive solutions for a > 74.5°. In figure 3.2 we plot K3/K1, versus wedge opening
angle, a. As the elasticity ratio K3/K; increases, and the energy cost of the bend becomes
increasingly greater than the splay, we observe the splay-bend* transition shift to higher wedge
opening angles. K3 = Kj occurs for ¢ = 90° and this is expected due to the symmetry of

the problem: when the bend and splay have equal energy costs, the transition occurs midway

between 180° (a flat wall) and 0°.
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Figure 3.2: Plot of elasticity ratio, K3/K1, versus wedge opening angle, a (eq. (3.8))

In our experiments, we have a different geometry where the wedge is connected to a channel.
It turns out that the energy minimum of a wedge connected to a channel differs to that of an
isolated wedge. This will be discussed later, with the calculation of an isolated wedge providing

a useful starting point as to what to expect experimentally.

In the above method we have calculated the lowest energy director field n for a wedge, and
then used the expression for n to calculate the energies of the splay and bend* deformations.

An alternative method would have been to simply ‘guess’ expressions for the splay and bend*
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director fields in figure 3.1. This method yields a very similar result and is performed in the

appendix at the end of the chapter.

3.3 Experimental set-up and image analysis

We used the fd and Y21M viruses, which are excellent model liquid crystal systems, for both
static and dynamic behaviour, as described in chapter 1. The two viruses have a contour length
= 0.88 um, and a diameter = 6.6 nm. The only physical difference between the viruses is
a single amino acid in the major coat protein, which causes a difference in their flexibility,
with Y21M being rigid and fd semi-flexible [62]. We used the fd and Y21M viruses at nematic
concentrations of 24 mg/ml and 20 mg/ml respectively, prepared as described in chapter 2.
The two concentrations were 1 mg/ml above the isotropic-nematic biphasic region. Imaging of
the labeled particles was carried out with two setups: (1) a laser scanning confocal microscope
(LSCM); Zeiss LSM 5 Exciter, 63x 1.4 NA oil-immersion objective, and (2) a video fluorescence
microscope; Zeiss Axiovert, 100x PlanFluor NA 1.35 oil objective, equipped with a mercury

lamp and a high sensitivity electron-multiplying-CCD camera (Hamamatsu C9100).

Microfluidic channels were constructed out of UV glue (NOA 81) with a side wall structured
with wedges with a range of opening angles, see figure 3.3. The radius of curvature of the tip
of the wedge is smaller than 2.5 um and the walls are smooth on the colloidal lengthscale (~1
pm). The measurement range was 20-110° in steps of 5-10°. The height of the channels was
10 pm, which is smaller than the cholesteric pitch for both viruses [31], giving ‘pseudo 2D’
confinement. This was confirmed by three dimensional LSCM scans. Due to the thin samples
polarization microscopy was not possible. The height of the channels is characterized by h. and
hy (figure 3.3). We constructed channels with dimensions: h. = 500 pm and h,, = 75, 750 and
1125 pm. The larger wedges (hy,= 750 and 1125 pum) enabled detailed images of the splay and
bend* deformations to be obtained, and the small wedges (h,, = 75) enabled the director field

for the entire wedge to be visualized in one microscopy image.

The structured microfluidic channels were filled by capillary action. Directly before filling
the channels were plasma cleaned, which changes the hydrophilicity of the channels [96] and
offers a way to control the speed of filling. This enabled us to set the initial conditions of the

experiment due to the coupling between the nematic director and flow: low filling speeds created
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an initially disordered configuration due to the tumbling motion of the rods, while high filling
speeds resulted in the rods immediately adopting metastable aligned deformations, which only
slowly found the equilibrium state [97]. We filled the channels slowly and from a disordered

configuration the equilibrium was reached within a couple of hours.
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Figure 3.3: (a) Geometry of the microfluidic channel. (b) Light microscopy image of the tip of a wedge.
Scale bar = 40 pm.

To quantify the LSCM images we first identified each rod’s position and orientation, as
explained in chapter 2. Director fields were then obtained by dividing a series of LSCM images
into squares of a suitable area and then averaging the orientation of the rods in each square.
The average number of rods per square would always be greater than 50 rods and the standard
deviation in the orientation would always be less than 10%. The lapse time between images
was always longer than the typical self-diffusion time, ensuring the images were statistically

independent.

3.4 Results

Figures 3.4(a) and (b) display LSCM images of the fluorescently labeled fd virus in a splay and
a bend* deformation, respectively. The nematic deformations are clearly seen from movies in
which the rods move along the director lines. Plots of the particle trajectories obtained from
fluorescent microscopy, also show that the rods diffuse more strongly along the director lines,
as shown in figure 3.4(c) and (d). By tracking the particles close to the walls we verified that
no rods were sticking to the walls. In addition, for splay deformations, we calculated the order
parameter ¢ in piece-wise segments across the wedge, see the inset of figure 3.4(a). We found
that the order parameter would be in the range 0.7-0.9, and constant across the wedge, which is
an indication of strong planar anchoring. For bend* deformations the director lines are curved,
which makes it more difficult to select regions in which to calculate the order parameter ¢, but

we have no indication that ¢ is less than in the splay configurations.
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Figure 3.4: (a) and (b): LSCM microscopy pictures of the fd’s nematic phase in a splay (a) and a
bend* (b) deformation, obtained by overlaying 7 LSCM images. Only the fluorescent fd virus particles
are visible. The overlaid dashed lines are a guide to the eye of the director. Inset in (a): Plot of order
parameter versus segment angle for the movie corresponding to the image in (a). (c) and (d): Trajectories
of fluorescently labeled fd virus in a splay (c¢) and a bend* (d) deformation. Scale bar = 10 pm, and
wedge height h,, = 1125 pm, in all four images.

We observe splay deformations, accompanied by a defect in the bulk of the wedge, below
70°, and bend* deformations above 80°, for fd. Figure 3.5(a) shows fd’'s director fields for
hy = 1125 pm. Similarly, for Y21M we observe a splay-bend* transition around 90°. At 90° we
observe bend* or splay with a defect very close to the tip in roughly equal frequencies, indicating
that 90° is at the cusp of the transition. Figure 3.6 shows LSCM images alongside experimental

director fields for Y21M for h,, = 70 pym. The transitions for both viruses were observed for all

h,, values.

Figure 3.7(a) shows a LSCM image of an s = —1/2 defect and in figure 3.8(a) we plot the
relative position of the defect, defined as h =2z /hw, with z; the height of the defect with respect

to the tip, as a function of the opening angle a. It is not possible to map the defect for the
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Figure 3.5: Director field in the wedge for varying wedge angle 8 = 50° — 90°: (a) Director fields from
experiments with the fd virus, calculated by averaging over 10 images. h,, = 1125 ym and h, = 500 pm.
Scale bar = 50 pum. (b) Director field from lattice Boltzmann simulations. In both cases the transition
from a splay to a bend* configuration occurs between 70 — 80°.

larger channels with h,, = 750 and 1125 pm, as rather than a defect, multidomains (Schlieren
texture) are observed near the top of the wedge due to the lack of confinement. However, we do
observe the defect for angles close to the splay-bend* transition angle where the defect is close

to the tip of the wedge, and the confining side walls.

Comparing the transition angles for fd and Y21M to the indicative calculation presented
in section 3.2 we see that K;/Kj is greater for fd than Y21M, which is what we expect: with
increasing rod stiffness the energy cost of bending the director field increases, whereas we expect
rod stiffness to have a minimal effect on the cost of the splay due to the straight director
lines. However, figure 3.2 suggests that Ky > Kj for fd, and this would be slightly surprising
as all previous measurements have found K; < K3, with K; ~ K3 for semi-flexible rod-like
molecules [1,62,92]. The reason for this seemingly surprising result is that the calculations in
section 3.2 have been done for a large wedge without taking into account the channel. The
major effect of the channel is clearly illustrated by the presence of the s = —1/2 defect. To
describe the geometry correctly lattice Boltzmann simulations were performed, which we will

now discuss in section 3.5.
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Figure 3.6: (a)-(e) LSCM microscopy pictures of the Y21M virus in wedge channels of geometry; h,, = 70
pm and h. = 500 um. Each image is obtained by overlaying 7 LSCM images and only the fluorescent
Y21M particles are visible. The inset shows the corresponding director fields, calculated by averaging
over 12 images. The arrows highlight the s = —1/2 defect. Scale bar = 20 pm in both the LSCM images
and director fields.
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Figure 3.7: (a) Microscopy picture of a defect of strength s = —1/2, where the splay configuration meets
the bend configuration, obtained by overlaying 5 LSCM images. Only the fluorescent fd virus particles
are visible. Scale bar = 10 ym. (b) Director field from a simulation for a wedge angle of 70° showing the
corresponding defect. The inset shows a zoom of the defect.

3.5 Lattice Boltzmann simulations

The simulations were run by loannis Zacharoudiou supervised by Julia M. Yeomans, Ard Louis

and Dirk Aarts at the Rudolf Peierls Centre for Theoretical Physics, University of Ozford.

To elucidate our experimental observations numerical simulations were performed taking the
actual channel geometry into account !. The simulations were based on the Beris-Edwards [99]
model for liquid crystal hydrodynamics where the continuum equations of motion were written
in terms of a tensor order parameter Q.3 = q(3nang — dap3)/2. Its largest eigenvalue gives the
nematic degree of order ¢ and the corresponding eigenvector the director field n. The equilibrium
properties of the liquid crystal were described by the Landau-de Gennes free energy [1,100]. This
comprises a bulk term f, and an elastic term f.;:

1 8l v v
fo=Ao|5(1 = 3)Qas — 3QasQsrQva + 4 (Q2p)° |, (39)

'"Here we sketch out how the simulations were run. For the full details necessary to re-run the simulations the
reader is referred to [98].
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L
+75 Qs (92Q1) (95Qs0)- (3.10)

In eq. (3.9) v is a measure of the rod concentration, which sets the location of the first order
isotropic-nematic transition to v = 2.7 and the nematic degree of order, and A is a constant.
In eq. (3.10) the prefactors L, with n = 1,2 or 3 are linear combinations of the Frank elastic

constants, K, [101]:

9¢>
K, = T(QLI + Loy — ng) ,
9 2
K2 = %(2[;1 — ng) s
9 2
K; = %(QLl + Ly +2qL3) . (3.11)

The anchoring of the director on the walls was modeled by using a Rapini-Papoular-like surface
free energy density, fs = W*"(Qup —Qg 6)2’ where W*" denotes the uniform anchoring strength
and Qgﬁ = q(3ngn% — 0a8)/2 corresponds to the preferred director orientation n® imposed by
the walls. The equations of motion were solved using a hybrid lattice Boltzmann scheme [38].
Although only results in equilibrium are reported, solving the full hydrodynamic equations was

found to be an efficient way of accessing the free energy minimum.

Apart from reproducing the geometry of the microchannel, there are several conditions
that needed to be fulfilled in order to match the experimental conditions. First, the nematic
degree of order g was kept around 0.8 to match the ordering in the experiments. Second, the
starting configuration was matched by choosing an isotropic configuration in the wedge (¢ = 0),
and a nematic state with a horizontal director n in the channel above the wedge. Third, the
experimental situation was approached by using {x/hy, ~1/100. The nematic correlation length
& sets the lengthscale for the variations in the nematic degree of order ¢. Experimentally, &y
is of order of the rod dimensions, i.e. ~ pum. Strong planar surface anchoring was used, that
lead to perfect alignment of the rods with the surfaces, as in the experiments. Finally, a value

for K3/K; was inputted.

Numerically a splay-bend* transition is observed, with the angle of the transition being
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Figure 3.8: The relative position of the defect within the wedge h = z4/hy. (a) Experimental values
for both fd and Y21M. (b) and (c): Lattice Boltzmann simulations plotted as a function of the wedge
angle a, for varying: (b) elasticity ratio K3/K7, and (¢) channel geometries r,, = h./h,. The cross in
(¢c) denotes the position h = 0.667 at a = 60°, which is the position of the orthocentre of an equilateral
triangle and the expected position of the defect in the case of r,, — 0. We highlight that the fd and Y21M
defect transitions best match the simulations with elasticity ratios; K3/K; = 1 and K3/K, = 10 — 20
respectively.

determined by K3/K;. Figure 3.5(b) shows numerical director fields for K; = K3. The s =
—1/2 defect for splay deformations is also observed numerically, as shown in figure 3.7(b). In
figures 3.8(b) and (c) we plot the relative defect height for various K3/K; ratios, and channel

geometries 7y, = he/hy.

3.6 Discussion

We have clearly identified splay and bend* deformations for fd and Y21M. Figure 3.5 compares
the director fields obtained for fd in experiment, with the director fields of simulations, run with
K71 = K3, showing very good agreement. In particular, both sets of data display a splay-to-
bend* transition at opening angles ~70°. This gives us the confidence to use the simulations to

help demonstrate the mechanism behind the transition, and measure the K3/K; elasticity ratio.
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In the case of splay deformations, the inevitable frustration of the director field due to
the horizontal configuration in the main channel leads to a s = —1/2 defect in the wedge,
see figure 3.7. Figure 3.8 presents the relative position of the defect for; (a) experiments, (b)
simulations with different K3/K; ratios, and (c¢) simulations with different values of the ratio
of channel height to wedge length, r,, = h./hy. For small wedge angles the defect lies close
to the top of the wedge, and with increasing wedge angle the splay deformation becomes less
favourable, and the defect is pushed into the wedge by the dominance of the nematic order in the
microchannel. Experimentally an abrupt transition is observed just above 70° for fd and at 90°
for Y21M, for all wedge heights h,,. This corresponds to the splay to bend* transition: for higher
wedge angles the defect is no longer present and a bend* deformation is adopted. In figure 3.8(b)
as we numerically increase K3/K; the splay-bend* transition is shifted to higher opening angles.
In figure 3.8(c) we numerically vary the channel dimensions, r,, for K3 = Kj, and observe
very similar curves, which converge with increasing wedge angle. Thus our experimental and
numerical results show the transition is sharp and does not depend on the height of the wedge or
channel, r,,. Furthermore, our results illustrate that the position of the defect can be controlled

through the wedge angle and the elasticity of the system.

The transition occurs when the energy of the splay configuration plus the energy of the
defect becomes equal to the energy of the bend* configuration. The main channel maintains its
horizontal director field as we encounter the splay to bend* transition, thus the channel height h,.
does not have a significant effect. It is at first sight surprising that the location of the transition
is predominantly determined by the wedge angle a and is independent of the wedge height h,,.
However, this can be explained by noting that the energy of the defect (per unit length and
using the one elastic constant approximation) is given by E; = K {ed +71n (%)} [1], where
the first term is the contribution from the core of the defect and R is the distance to the walls
of the wedge. A lower cut-off r. is introduced, which is related to the size of the defect core
and can be approximated by the nematic correlation length 5. The second term in the defect
energy is proportional to the elastic constant K and depends logarithmically on the system size.
The same is true for the energies of the splay and bend* configurations [95]. Hence, given that
we may ignore the first term in the defect energy, the splay-bend* transition will be independent
of the size of the wedge. The energetic contribution of the defect core €; can be quantified by
the ratio of the nematic correlation length to the height of the wedge &n/hy. We expect that

experimentally £y is of order of the dimensions of the rods. Hence {x/h,, < 1 and ¢4 is indeed
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negligible. (We find numerically that the transition can be shifted to higher opening angles due
to the effect of the defect core energy, but this effect only becomes non-negligible for A, ~ 10
rod lengths.)

A different splay-bend* transition is observed for the fd and Y21M viruses. A bend*
deformation has curved director lines and with increasing rod flexibility the rods are able to
bend along the director lines, making it ‘easier’ to adopt the deformation and lowering the value
of K3. Thus the stiffer Y21M adopts the bend* deformation at a higher wedge angle due to a
greater K3 constant. As we approach the transition angle, for Y21M the defect accompanying
the splay deformation is much higher in the wedge compared to fd . We suggest this reduces
the curvature of the bend at the top of the wedge, and thus the respective energy cost. We
note that with the splay deformation’s director lines being straight no significant energy costs
are associated with differences in flexibility. Similarly, simulations show that increasing Ks3/K;
gives an increase in the angle of the splay-bend* transition. Comparison of the experimental

(figure 3.8(a)) and numerical (figure 3.8(b)) results enables us to estimate K3/K]j.

fd: Simulations show the splay-bend* transition occurs at 72° for K3/K; = 1 and at 82° for
K3/K; = 4. Moreover, for a fixed channel geometry the defect lies at a lower position in the
wedge for increasing K3/Kj. For K3/K; = 2 the transition shifts to 76° but the position of the
defect is lower than in the experiment. Thus, from the splay-bend* transition angle and the

defect height we estimate K3/K; ~ 1.

Y21M: Simulations show the transition occurs at 86° for K3/K; = 10, and shifts to 92° for
K3/K; = 20. Thus we estimate 10 < K3/K; < 20. We comment that the transition is more
abrupt for Y21M in contrast to the simulations. Currently we do not have an explanation for

this slight discrepancy.

3.7 Conclusion

To conclude, we have used laser scanning confocal microscopy to image the director field of
colloidal liquid crystalline virus suspensions on the single particle level. Thus it was possible
to directly observe the nematic ordering in a microchannel patterned with wedges of varying
opening angle. The complex interplay between confinement, elasticities and surface anchoring

led to a splay to bend* transition mediated by a defect in the centre of the wedge. Numerical



38 Confinement induced splay to bend transition of colloidal rods

results, in quantitative agreement with the experiments, enabled us to predict the position of
the defect as a function of opening angle and elasticity, and elucidate its role in the change of
director structure. We have shown that the rigid Y21M virus has an elasticity ratio, K3/Kj,
an order of magnitude greater than the more flexible fd virus. Our experiments have relevance
to novel energy saving, liquid crystal devices [102] which rely on defect motion and pinning to

create bistable director configurations.
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Appendix: Elastic energy of an isolated wedge: method 2

We analytically evaluate the elastic free energy of the splay and bend* deformations by guessing
expressions for the splay and bend* director fields in figures 3.1(b) and (c).

Splay: The splay deformation is described by n = £, which we substitute into eq. (3.1):

1

L / (V -n)?dzdy

1 %*% Tmaz
—Kl/ / <—> rdrdd

a
2

_ Kay, (”ﬂ) . (3.12)

2 T'min

Tmin and Tpq, are again introduced as the lower and upper cut-off radii of the wedge to avoid
the divergence of the integral.

Bend*: We assume that the bend* deformation is described by the hyperbolas [103]:
2 _ .2 2 (AN 2
y~ = —p° + tan 5) %5 (3.13)

where x = y = 0 defines the tip of the wedge, and p the point of intersection of the field lines

with the z-axis. The director field in cartesian coordinate reads:

z tan
n=(ngny) = |- Y (3) (3.14)
\/y2—|—x2tan % \/y + 22 tan* (%)
Using eq. (3.14) the K; and K3 terms in eq. (3.1) are evaluated and lead to:
= (V-n)?
B z?y? tan* (%)
\/y2 + 22 tan* (%)

Tmax -9 in(2

_ Kl / / gbrdrdd — K, 2T “,*;““ D o (r”m> , (3.15)

T Srmin 8sin“ a Tmax
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8 sin2 a Tmazx

G2 = lKg /’2’+2 /Tmaz Frdrdd — I, (27 — 2a)(2 + cos(2a)) + 3sin(2a) n <rmam> .
5 Tmin

(3.16)

Combining eq.’s (3.15) and (3.16) the total energy of the bend* configuration reads:

(K (27 — 2.+ sin(2a)) + Ki((27 — 2a)(2 + cos(2a)) + 3 sin(2a)) In (Fu ) (3.17)

G pr—
b 8sin?a
Equating G5 and Gy we find the transition angle between the two deformations as a function of

the elastic constant ratio, K;/K3:

K1 (2a —27)(2 + cos(2a)) — 3sin(2a) (3.18)
K3  —4a + 27 + 2acos(2a) + sin(2a) )

We note that the transition is independent of the wedge height, h,,, as we also found in sec-

tion 3.2.
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Figure 3.9: Plot of elasticity ratio, K1 /K3, versus wedge opening angle, a (eq.’s (3.18) and (3.8)). Inset
is a zoom for angles a=80-110°, with the dotted line highlighting the intersection of the two lines at
Kl - Kg, a = 90°.

Comparison of the two methods: By inspection the two methods find the same elastic
energy of the splay deformation, Fy = G4, but the bend* differs for the two methods F, # Gby.
In figure 3.9 we plot K /K3 versus wedge opening angle, a (eq.’s (3.18) and (3.8)). We see that

the two curves are in close agreement and intersect at K1 = K3 for a = 90°. The curves differ
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as they diverge at different angles; a =~ 71.0° for method 2, and a ~ 74.5° for method 1.
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Chapter 4

Effect of chirality on colloidal rods in

wedge structured confinement

Abstract

We study the cholesteric of rod-like fd virus particles confined to channels with wedge-structured
walls. Using laser scanning confocal microscopy we are able produce high resolution, 3D images
of the cholesteric phase enabling us to visualise the twist at the single particle level. We observe
a splay-to-twist transition as a function of the wedge opening angle, and interpret this in light

of the various energies at play.
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4.1 Introduction

Chirality occurs everywhere in the biological world [104] and liquid crystals are no different
with the occurrence of a chiral cholesteric phase. The study of the cholesteric phase is of
fundamental and technological importance. Fundamental, as the link between phase chirality
and the microscopic properties of the particles is not yet fully understood for certain liquid
crystals [105]. Technological, as the cholesteric phase of thermotropic liquid crystals can be
used for the optical filtering of light in liquid crystal displays [106, 107]. New liquid crystal
display technology is continuously emerging, a recent example being; cholesteric liquid crystal

displays have been constructed on flexible substrates [108].

The cholesteric differs from a nematic in that its lowest energy state has a non-zero twist
[2,109]. This is explained within continuum theory by two elastic terms: K; describes how the
energy of the phase is lowered by twisting, and the familiar twist elastic constant, Ko describes
how the energy can be raised by twisting distortions of the director [31,110]. The Frank-Oseen
free energy accounts for the cholesteric phase by the ¢g term: F, = %Kl (div n)? + %Kg(n-
curl n + qo)% + %Kg(n x curl n)?, where qq is related to the elastic constants and pitch, p, by

qo = —Ki/Ks = 271/p.

Here we used the fd virus as a model colloidal rod suspension. Fd’s cholesteric pitch has
been measured as a function of concentration, ionic strength and temperature [31], and as the
concentration is increased the pitch decreases. This enabled us to decrease the pitch of the
fd virus and extend our study of wedge structured microfluidic channels (chapter 3) to the
cholesteric phase. We confined fd’s cholesteric phase to wedge structured channels of varying
opening angle. The wedge geometry frustrates the cholesteric phase because it can not adopt
both an undistorted twist and its preferred anchoring at the side walls: there will be an anchoring
and /or elastic penalty. This means the cholesteric phase has three options, for the case of strong
planar anchoring: (1) the twist can be suppressed causing an elastic penalty (figure 4.1(a)), (2)
the twist can occur causing an anchoring penalty (figure 4.1(b)), or (3) the twist and planar
anchoring can occur via the director bending, causing an elastic penalty (figure 4.1(c)). The
option that is adopted is determined by the subtle interplay between anchoring strength and
all three elastic deformations: splay, twist and bend, and thus sheds light on the respective

energies. Furthermore, on moving away from the wedge tip, the distance between the side walls
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Figure 4.1: Three possible director fields for a cholesteric phase confined to a wedge. (a) The twist can
be suppressed, causing an elastic penalty. (b) The twist can occur, causing an anchoring penalty. (c) The
twist and planar anchoring can occur, via the director bending, causing an elastic penalty. The arrows
highlight the local director.

of the wedge continuously increases, making the wedge a detailed tool for studying the effect of

confinement on the cholesteric phase.

The chapter is organised as follows: we begin by explaining what is known about the
origin of the cholesteric phase (section 4.2), we then briefly mention the experimental set-up
(section 4.3), before presenting and discussing the results (section 4.4), we then finish with a

conclusion (section 4.5).

4.2 Background: origin of the cholesteric phase of virus suspen-

sions

Despite significant work, it is still not known what determines if a colloidal virus suspension
adopts a nematic or cholesteric phase. All the filamentous viruses have a chiral microscopic

structure, and you would expect this to be transferred to the macroscopic scale. However this
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is not the case. Some viruses do display a cholesteric phase (e.g. fd and Y21M), but some
are immune to the microscopic chirality and display an untwisted nematic phase (e.g. TMV
and pfl) [61,62,111]. It has been shown that screening the chiral structure of fd by grafting
an achiral polymer to the virus surface, surprisingly resulted in a cholesteric phase whose twist
varied with ionic strength [58]. Implying that the molecular interactions determining the phase

behaviour are very subtle [57].

The direction of the cholesteric twist and helix of the virus protein coat are not always
complementary; the M13 virus has a right handed helix but the cholesteric phase has a left
handed helix [110]. This led to the explanation that the cholesteric phase is formed from the
helical charge distribution on the virus surface. Another explanation has been put forward that
assumes viruses in solution form a helical structure and that mesoscopic interactions of these
helices trigger the formation of a macroscopic cholesteric helix [58]. Tomar et al. have suggested
that the helices are formed by interactions between positively charged major coat proteins and
negatively charged DNA, because the addition of metal ions, which disrupt the DNA-protein
interactions, changes the pitch of the cholesteric phase [111]. This helical suggestion is further
supported by a study of fd and Y21M [62], where it is ‘tentatively suggested’ that the tighter

pitch of the fd virus is related to the greater disorder in the viruses coat proteins.

4.3 Experimental

We used the fd virus and wedge structured channels as explained in chapter 3. We constructed
channels with the dimensions; d = 10 ym, h, = 500 pm, and h,, = 70 pm (illustrated in
figure 4.2), and used fd at a concentration [fd] = 105 mg/ml. This concentration was just below
the cholesteric-smectic phase boundary [112] and has a cholesteric pitch of p ~ 19 um. We note
that, Y21M has a pitch 1-2 orders of magnitude greater than fd for a given concentration. This
means that to observe the twist significantly larger channels would be required. This complicates
the problem because in our channels the top and bottom walls have a much greater area than
the side walls, and consequently the anchoring at the top and bottom walls dominates, causing
the twist axis to be parallel to the side walls. When one increases the depth of the channels and
thus the area of the side walls, the twist axis is no longer restricted to the axis parallel to the

side walls.
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Figure 4.2: Geometry of the microfluidic channel.

4.4 Results and discussion

In the main channel we always observe the cholesteric twist, and in the wedge we observe a
splay-twist transition, which is a function of the wedge opening angle. Figure 4.3 presents
LSCM images at different z positions for a wedge with an opening angle of 32°, and we observe
a twist in the channel and upper part of the wedge, and a splay in the lower half of the wedge.
Figure 4.4 similarly presents LSCM images at different z positions for a wedge with a greater
opening angle of 60°, and we observe a twist in the wedge, and a splay only in the tip of the
wedge. Due to the presence of the main channel when a splay is adopted, there is always a
splay-twist boundary present. The orientation of the rods at the splay-twist boundary changes
with z position. For example in figure 4.3 at z = 0.0 pm we see a splay-bend boundary with
a s = —1/2 defect, and at z = 4.5 ym we see an unsymmetrical boundary with defects at the
walls. For all wedge angles we observe parallel anchoring with the side walls for both splay and
twist deformations. In the main channel however we observe rods not anchoring parallel with

the walls, but the channel is not our current focus.

Overlaying a series of images taken at different heights in the sample is equivalent to looking
through the sample along the z-axis (we define the z-axis as the axis parallel to the side walls).
A nematic’s appearance does not depend on the axis it is viewed from, however, a cholesteric
appears disordered /isotropic when viewed along the twist axis, see figures 4.5(a) and (b). Thus
the splay twist boundary can be illustrated in 2D by overlaying the images of a z-stack. In
figure 4.5(c) we overlay the 30 images from the z-stack corresponding to figure 4.3. Using this
method we measure the height of the splay twist boundary by eye along the central axis of the
wedge. In figure 4.6(a) we plot the splay-twist boundary height against wedge opening angle.
The plot shows that for angles below 75° we observe a splay deformation accompanied by a
splay-twist boundary, that moves up the wedge with decreasing wedge angle. For angles > 75°

a twist is observed in the whole wedge.
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Figure 4.4: LSCM pictures at different z positions for a wedge with an opening angle of 60°. The
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Figure 4.5: (a) and (b) Sketches of the cholesteric and nematic phase respectively. (a) Illustration of
how the cholesteric phase appears disordered when viewed along the twist axis. (b) Ilustration of how
the appearance of the nematic does not change when the axis of view is changed. (c¢) Overlaid LSCM
picture of the 30 images from the z-stack corresponding to figure 4.3 (z-stack step = 0.37 pm). The
cholesteric phase appears disordered, enabling the splay-twist boundary to be visualized.
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Figure 4.6: (a) Plot of height of the splay-twist boundary versus wedge angle. Inset: sketch of parameters
used to define the wedge dimensions. (b) and (c) Plots of order parameter versus height in wedge.
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To further quantify the splay-twist boundary we calculate the order parameter across the
overlaid z-stacks. Calculating the order parameter from a z-stack will give low values for the
cholesteric, and high values for the splay, as illustrated in figure 4.5. For each wedge we analyse
10 z-stacks of 30 images, giving us sufficient rods to be able to accurately measure the change in
order parameter. The z-stacks are divided into rectangular segments from the tip of the wedge
to the main channel. The rectangles in the tip of the wedge have the smallest number of rods
due to the smaller area, but the minimum number of rods in these rectangles was still 80. In
figures 4.6(b) and (c) we plot the order parameter versus rectangle height for a range of wedge
angles. In figure 4.6(b), for angles 25-40°, we observe a drop in the order parameter from 0.8 to
0.2 as we move from the tip of the wedge to the main channel. This drop occurs closer to the
wedge tip as the opening angle increases, which is expected as the splay-twist boundary is closer
to the wedge tip. In figure 4.6(c) for angles 50-65°, we observe a very gradual drop in order
due to splay only occurring in the tip of the wedge. For 87° we observe low order parameters

throughout the wedge in agreement with the twist occurring throughout the wedge.

Splay-twist transition. When a twist occurs in the wedge, the fact parallel alignment also occurs
at the side walls, as opposed to non-planar anchoring. Implies that the elastic energy cost of
bending the director to align with the walls is less than the anchoring penalty. This is in-line

with all other chapters in this thesis where strong anchoring is observed for the fd virus.

We observe a splay in wedges with opening angles less than 75°. For these wedges the
energy cost of the splay must be less than the penalty that would occur if the director twisted
and bent to align parallel to the side walls. The elastic energy cost of the splay is complicated
and will have three contributions. Firstly, there will be a term for the energy cost of the splay
proportional to Kj. In chapter 3 we derived the energy for the 2D case (eq. (3.12)), and it
can trivially be extended to 3D by multiplying by the wedge depth. Secondly, there will be
a K; term describing the cost of suppressing the cholesteric twist. Thirdly, there will be a
term proportional to the elastic constants, K; and K3, describing the splay-twist boundary.
The elastic energy cost of the twist that bends to align parallel to the side walls, will have a
significant K3 contribution but will also have contributions from K; and K;. The anchoring
penalty that would occur if the phase twisted will be proportional to the area of the side walls

and the surface anchoring energy, w.

To try to understand the driver behind the splay-twist transition in figure 4.7(a) we plot
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Figure 4.7: (a) Plot of width of the splay-twist boundary versus wedge angle a. (b) Plot of splay area
versus wedge angle a.

the width of the splay-twist boundary, and in figure 4.7(b) we plot the total area of the splay. In
both plots upon increasing wedge opening angle we observe a slight increase and then a decrease.
Indicating that it is not simply the distance between the side walls that determines if a splay or

a twist is adopted, but both the distance between the side walls and the area of the wedge.

The splay-twist and the splay-bend (chapter 3) transitions occur at the same wedge angle.
This may be a coincidence, but it makes sense for the splay deformation to occur for a similar
range of wedge opening angles. The difference between the two transitions is that the splay-bend
transition is more sudden with the splay-bend boundary being pushed to the upper half of the

wedge immediately after the transition angle.

Twist in the main channel. In contrast to the wedge in the main channel we observe the
cholesteric twist and non planar anchoring at the side walls. Here the anchoring penalty is
proportional to ~ wx wall area, and the elastic penalty from suppressing the twist is proportional
to ~ K?/Kyx channel volume [113]. We note that the anchoring energy w will vary with the
specific angle of the director with the wall. The twist dominates over the anchoring penalty
due to the volume of the channel being significantly greater than the area of the side walls, this

effect must outweigh any differences in the elastic constants, K7 /K>, and w.
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4.5 Conclusion

We have measured a splay-twist transition and explained how the location and nature is deter-
mined by a subtle interplay of elasticity and anchoring strength. When the director twists in
the wedge, it additionally bends to align parallel to the side walls. Indicating that the elastic
bend penalty is lower than the anchoring penalty. Comparison with a theoretical analysis would

yield an expression involving the elastic constants and/or the extrapolation length.
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Chapter 5

Colloidal liquid crystals in rectangu-

lar confinement

Abstract

We investigate the director fields of rodlike viruses confined to shallow rectangular wells of vary-
ing aspect ratio. Laser scanning confocal microscopy is used to directly observe five distinct
director fields. Results are interpreted in light of the Frank-Oseen energies, enabling the ex-
trapolation length to be estimated. We measure an extrapolation length of the order of one rod

length, in agreement with the strong anchoring boundary conditions we typically observe.
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5.1 Introduction

Flat, portable, liquid crystal displays are taking a more prominent place in society. Over the
past fifty years there has been a constant stream of new technology entering the market, from
basic calculator screens to flexible tablet devices. It is well known that multistable liquid crystal
devices in which the liquid crystal can adopt several stable orientations significantly reduce
(and thus improve) power consumption [114,115]. A conventional liquid crystal display requires
a continuous voltage to each pixel to maintain the ‘on’ and ‘off’ states, whereas a bistable
liquid crystal display only requires a pulse voltage to switch between the states. The promise
of bistability has inspired a significant amount of work on finding novel geometries that induce
bistability, from arrays of posts to patterned surfaces [116-118]. Recently, square wells have been
shown to induce bistablity for thermotropic liquid crystals [119,120]. Consequently the director
profiles’ energies have been evaluated numerically within the Landau-de Gennes theory [121]

and also using the Frank-Oseen energy via conformal mapping [95].

Here, motivated by the recent interest, we study rodlike viruses confined to rectangles of
varying aspect ratio. We begin this chapter by introducing the Frank-Oseen free energy calcula-
tions (section 5.2) and the experimental system (section 5.3). The subsequent sections present
(section 5.4) and discuss (section 5.5) the observed director fields as a function of rectangle size

and aspect ratio. Finally we conclude by considering the implications of this work (section 5.6).

5.2 Elastic energy of a 2D rectangle

The calculations were performed by Alexander Lewis supervised by Apala Majumdar, Peter How-

ell, Stephen Peppin, and Dirk Aarts at the OCCAM, University of Oxford [122].

To illuminate our experimental results the energies of a nematic liquid crystal confined to a
shallow rectangular well of varying aspect ratio are computed. The energy of the well is consid-
ered using the Frank-Oseen energy: F, = 1K (div n)? + £ Ko(n - curl n)? + 3 K3(n x curl n)2.
The rectangular wells are modeled as 2D rectangles and strong anchoring is assumed, where the
director aligns parallel to the side walls. Using the one constant approximation finding stable
states of the director is equivalent to solving the Laplace equation, V20 = 0 (as was shown in

section 3.2). The angle, 0(x,y) gives the orientation of the director field at a specified point.
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From solving the Laplace equation an expression for é(z,y) is obtained, which depends on the
aspect ratio. From considering all combinations of strong anchoring boundary conditions three
director fields are possible, one diagonal and two U-shaped structures, which are shown in fig-
ure 5.1(a). We note that each of the director fields in figure 5.1(a) has a degenerate mirror

image.

The Frank-Oseen energies of the director fields are evaluated using £ = % [ [ |VO|2dxdy.
A consequence of the strong anchoring boundary conditions is that in the rectangle corners
defects are created. These are of strength +1 X % or —1 X %, if a splay or a bend deformation
is adopted, respectively. Point defects in two dimensions have an infinite Frank-Oseen energy.
Thus to enable the integrals to be evaluated, arcs of radius € are removed from the rectangle

corners. In figure 5.1(b) the relative energies of the three director fields are plotted against one

of the rectangle lengths [; with the other length set to one, /; = 1.

The diagonal director field has the lowest energy for all /; values. As the aspect ratio
increases, [; — 0 the energies of the D and Ul director fields converge, and similarly as the
aspect ratio increases for larger channels, I; — oo the energies of the D and U2 structures
converge. For [; < 1 the director field bends with the longest edge for U1, and the shortest edge

for U2. At l; = 1 there is a crossover and for [; > 1 the director field bends with the shortest
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Figure 5.1: (a) Possible director fields for nematics confined to rectangles with dimensions: I; = 0.5 and
l; = 1. (b) Plot of relative energies of the director fields in (a), versus rectangle length [;, with the other
length set to unity I; = 1 (e = 0.0001).
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edge for Ul, and the longest edge for U2. This explains why at [; = 1 the lines intersect, with

the bend with the shortest edge always higher in energy.

5.3 Experimental set-up

We used the fd and Y21M viruses at concentrations; cfg = 24 and 18 mg/ml, and cy21r = 20 and
13 mg/ml prepared as described in chapter 2. These concentrations are just above and below
the isotropic-nematic biphasic region. We chose the lowest possible nematic concentration, as
the lower the density of the nematic the lower the energy cost to re-arrange from one director
field to another. This means that the rods are less likely to get stuck in high energy metastable
states. Similarly, we chose the highest isotropic concentration possible to check if the confinement
induced a nematic phase. Imaging of the labeled viruses was achieved using the Leica inverted
microscope with the Yokogama CSU22 spinning disk unit and the Nikon C1 confocal microscope.
The confocal microscope enabled us to acquire high resolution images and the spinning disk

enabled us to follow the dynamics of the rods.

Soft lithography was used to create rectangular cells out of SU8 as described in chapter 2.
The aspect ratio of the rectangles is characterised by A = [;/1;, where [; is the shorter side and [;
the longer side, as illustrated in figure 5.2(a). We constructed rectangles of size I; = 2 to 50 pm
with A = 0.0545 to 1. The size enabled us to create ‘chips’ containing several hundred separate
rectangular cells, see figure 5.2(b). This has the obvious advantage of enabling us to observe
a large number of cells in one experiment. We used cell heights of 0.7, 2.5, 3, and 5 pm. The
aim was to create cells as thin as possible to approximate 2D confinement. However, the cells of
height 0.7 pm were very difficult to fill, thus we used 3 pum for the majority of experiments. We
found that for all heights the rods lay in the plane of the rectangle. Additionally, 3D z-scans
confirmed that the cholesteric twist was suppressed. Thus we are confident in assuming that all

heights used can be considered as pseudo 2D confinement.

Before filling the chips were plasma cleaned for 1 minute. This ensured they were contam-
ination free and hydrophilic. The chips were filled by pipetting a drop of the sample onto the
chip, with the droplet spreading out due to the chip hydrophilicity. This resulted in the droplet
‘hitting’ the different cells at slightly different speeds and angles, meaning the initial orientation

of the rods would vary from one cell to another. However, this variation was not significant as
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Figure 5.2: (a) Aspect ratio of rectangular cells; I; = shortest edge and [; = longest edge, with A = I, /1;.
(b) Microscope image of rectangular cells of varying size and aspect ratio. The area shown is ~ % of the
total chip area. Scale bar = 50 pm.

there was no pattern to the structures we saw, i.e. we did not see a given structure at the edge
of the chip where the lowest filling speeds would have occurred. In each chip approximately 40%
of the cells would be filled, with the remainder being partially filled or having deformed walls

(the remainder were ignored).

5.4 Results

In figure 5.3 we present microscope and analysed images for the following observed director
fields:

D Diagonal alignment with splay and bend deformations in opposite corners.

U U-shaped, bent alignment with splay and bend deformations in adjacent corners.

D* Diagonal alignment similar to D except one or both of the bend deformations is now a

splay creating a s = -1/2 defect.

U* U-shaped, bent alignment similar to U except one or both of the bend deformations is now

a splay creating a s = -1/2 defect.

L Alignment parallel to the longest edge, with perpendicular anchoring at the shortest edge.

The time between filling and observation on the microscope was roughly 20 minutes and in this

time a nematic director field would have been adopted for nematic concentrations above the
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Figure 5.3: Director fields observed in rectangular cells for fd and Y21M, which we label: D, U, D*
U*, and L. We deliberately choose rectangles with different dimensions to illustrate the range used. (a)
Sketch of the director field. D* and U* have defects highlighted with a red circle. (b) Four overlaid
spinning disk confocal images. Scale bar = 10 um. (¢) 1000 overlaid microscope images with an added
colour map. (d) Experimental director field calculated from a series of 1000 images.
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biphasic region. We followed the director fields over 24 hours and found no change in the initial
nematic director field. Thus in the initial twenty minutes the rods are able to find an energy
minimum and adopt a metastable director field. We carefully say metastable, as certain director
fields will be similar in energy, but have high energy barriers between them, with switching
requiring a significant rearrangement of the director field. Numerically two mechanisms where
the director changes from D to U have been studied for square chambers. In one, the defect
moves along one of the side walls [119], and in the second, the anchoring at one wall is weaker
than the remaining three, allowing the director field to change by non-planar anchoring occurring
at one wall [121]. With no change of director fields occurring, we were not able to observe a
switching process, but we suggest the former mechanism is more likely as we regularly observe

defects but rarely non-planar anchoring.

Due to the rods rapidly finding a stable director field, we were not able to check if filling
induced a certain director field (as we did for the wedges in chapter 3 and chapter 4). However,
when we filled the cells with the isotropic phase below the biphasic region, a nematic was not
induced and the sample remained isotropic. This implies that the filling (and confinement)
were not sufficient to induce a nematic, and gives us confidence that our results are not filling

dependent.

For the D and U director fields we do not distinguish between the degenerate mirror images.
We note that for the specific case of a square (A = 1) there are four degenerate U director fields.
For D* and U* the majority of director fields had one defect but we group the director fields

with one and two defects due to the low frequencies.

5.5 Discussion

In figure 5.4 we plot the phase space and in figure 5.5 we plot the director field frequencies against
rectangle aspect ratio, A\, and length, I;. 290 cells were analysed for Y21M and 57 cells were
analysed for fd . Significantly more cells were analysed for Y21M, but fd shows similar trends.
The immediate trend from figures 5.4 and 5.5 is that D is the dominant director field for both
viruses. Upon decreasing aspect ratio the frequency of D decreases with it becoming equally
frequent to director fields L and U for A < 0.2. U is the second most common director field

and with decreasing \ we see a gradual increase in frequency. The observation and frequency of
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these two director fields is in qualitative agreement with the theoretical analysis (section 5.2),
where D has the lowest energy with U and D converging for high aspect ratios A — 0. Director
fields D and U both have two splay and bend deformations, thus their energy difference arises
from the difference in the curvature of the director away from the corners. Intuitively D and
U should have equal energies at low aspect ratios: with decreasing aspect ratio, the director
becomes increasingly parallel to the longer side wall, /;, and once it has become parallel the
elastic energy cost does not vary with the relative position of the splay and bend deformations.
D and U have been observed for thermotropic liquid crystals confined to square wells: Yi et
al. used topological patterns to align the diagonal providing a method to switch between the
two degenerate D director fields [120], and Tsakonas et al. observed both D and U director
fields [119].

L, D*, and U* are the most striking director fields, and they have not been reported

before. We only observe L for narrow high aspect ratio rectangles, but for these highly confined
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rectangles it is a frequent structure. Throughout this thesis we nearly always observe strong
anchoring at walls, however at these dimensions we must reach the limit where the elastic penalty
equals the anchoring penalty. Director fields D* and U* are very similar to D and U with one or
both the bend deformations being replaced with a splay, creating a s = —1/2 defect. For fd we
have found K3/K; ~ 1 (chapter 3) meaning the splay and bend deformations have equal energy
costs. Thus we expect D* to be higher in energy than D, with the difference being the cost of
the s = —1/2 defect. For Y21M it is less clear, with K3/K; ~ 20 (chapter 3) there is an energy
gain from the system adopting the lower energy splay, but an energy cost from the s = —1/2
defect. The greater frequencies of D and U strongly imply that D* and U* are higher in energy.
We are wary from interpreting anything from the fact we don’t observe U* for fd , as this could

be because less rectangles were analysed than for Y21 M.

We note that the U2 director field where the bend occurs with the short side of the rectangle
(figure 5.1(a)), was not observed in our experiments. This is not surprising for high aspect ratios,
[; <0.5 (I; = 1), as U2 is very high in energy, but for 0.5 < [; < 1 (I; = 1), U2 is not significantly
greater in energy than D and Ul. Combined with the fact that D is the most dominant director
field, implies that the all director fields observed have energies between the Frank-Oseen energies

of D and U2, i.e. we are not observing high energy metastable states.

Anchoring strength. In figure 5.5 for Y21M we observe that the L state becomes equally frequent
to D and U at dimensions: A = 0.18 and /; = 3 and 5.5 pm respectively. By assuming that
the energies are equal when the director fields are equally frequent we are able to estimate the
anchoring strength, w, in terms of the average elastic constant, K. The energy cost of the director
field L does not have an elastic contribution. The anchoring penalty is proportional to the area

where perpendicular anchoring occurs:

Ep, = 2l;hw, (5.1)

with h being the depth of the rectangle well. The Frank-Oseen energy evaluation discussed in
section 5.2, leads to expressions for the energies of the director fields D and U, as a function of
the rectangle dimensions. Inputing the dimensions: /; = 3 and [; = 16.66 for the L-D crossover

and /; = 5.5 and [; = 30.55 for the L-U crossover we obtain:

Ep =172 K, Ey =19.6 K. (5.2)
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Where K is an average elastic constant, and a value of € has been used that is equivalent to the
rod diameter. Equating eq. (5.1) with eq. (5.2) we express the anchoring penalty, w, in terms

of K and obtain the extrapolation length £ (eq. (1.4)):

Ep =FEj, EU:EL

K
= — =1.05um & =1.68um (5.3)
w

The one elastic constant has been used to obtain the energies in eq. (5.2), which does not strictly
apply to Y21M, and we will discuss this below. The one constant approximation does apply to

fd and following an identical argument of equating expressions for Fp and Ej, we find:
¢ = 2.22um, (5.4)

for dimensions /; = 7.4 and [; = 16.88.

Both £ values are of the order of the rod length, which is what you would expect for a
colloidal liquid crystal system which displays strong anchoring [64,123,124]. The extrapolation
length £ is greater for fd than Y21M. & depends on the elastic constants K7 and K3, and the
anchoring penalty w. K3 will be greater for Y21M compared to fd (chapter 3). However it is not
clear if there will be a difference in K. The effect of rod flexibility on the anchoring strength
has not been fully studied, although it may be possible via several reported methods [125,126].
Physically, w is the interaction of a liquid crystal particle with the wall: ~ E,,, /LD, where E,,,
is the interaction energy between the wall and the rod, L the rod length, and D the effective
diameter. For the more flexible fd, D will be greater, and F,,,, will be greater due to the greater
entropy penalty from confinement by the wall. It is difficult to state with certainty what is the
dominant effect, but our measurements suggest that w is lower for fd, dominating any differences

in K, resulting in fd having a greater & value.

Use of the one constant approximation. To understand the effect of using the one constant
approximation for Y21M we measure the difference in 0 for the experimental and numerical
director fields. In figure 5.6(a) and (b) the experimental and theoretical director fields are
plotted, with the blank regions corresponding to regions where there were no fluorescently labeled
rods. In figure 5.6(c) a colour map illustrates the absolute difference in . In these three typical

examples we observe reasonable agreement between the director fields. Also this indicates that
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is is difficult to learn about the elastic constant ratio by simply examining the director fields.
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Figure 5.6: Comparison of experimental and numerical director fields for three typical rectangular cells.
(a) Director fields for Y21M. (b) Director fields predicted by the Frank-Oseen energy, within the one
constant approximation. (c) Colour map of the difference in 6 values between the experimental and
numerical director fields. Scale bar =5 pm.

5.6 Conclusion

We have used laser scanning confocal microscopy to image the director of rod-like viruses in
rectangular confinement. We observe five distinct director fields whose frequency varies with
rectangle aspect ratio and size. The same structures and similar trends are observed for both
fd and Y21M. The Frank-Oseen energy computations show that D is the lowest energy director
field with U converging for high aspect ratios, and the observed experimental frequencies are
in agreement. Additionally, we observed director field L in similar frequencies to D and U for
high aspect ratio rectangles. By assuming that for these rectangle dimensions the energy of L
is similar to that of D and U, the extrapolation length has been estimated and found to be of
the order of a rod length for both viruses. The low frequencies of U* and D* indicate that these
director fields are slightly higher in energy, with the difference being related to the energy cost of
defects of strength s = —1/2. Future theoretical work that calculates the Frank-Oseen energies

without the one constant approximation would enable a more accurate comparison for Y21 M.
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Chapter 6

Colloidal liquid crystals in annular con-

finement

Abstract

We investigate the director fields of rodlike viruses confined to shallow circular and annular
cells. Laser scanning confocal microscopy is used to directly observe the director fields. The
experimental observations are interpreted using Monte Carlo simulations of finite sized rods.
This work shows the nematic structures that emerge when confinement is on the length scale
of the particles and shines light on the applicability of continuum theories down to microscopic

lengthscales.

69
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6.1 Introduction

Confinement of nematic liquid crystals causes the director field to elastically distort and/or pay
an anchoring penalty. For the fd virus we have already seen examples of distorted director fields,
defects and non-planar anchoring, created when wall geometry and the nematic director are in-
compatible (Chapters 3-6). We have made successful comparisons between our experimental
results and the Frank-Oseen and Landau-de Gennes theories. Both these theories assume the
liquid crystal is a continuum, and ignore the particle dimensions [1,127]. At significantly con-
fined geometries, where the dimensions approach the rod length, we expect continuum theories
to no longer be accurate. Accessing this regime with thermotropic liquid crystals is an exper-
imental challenge. The lengthscale of thermotropic liquid crystals are of the order of nm [1]
and producing cells on the nm scale is now possible, but involved and expensive [128, 129].
We assume this is why there have been few studies of thermotropic liquid crystals in geome-
tries where the confinement is of the order of the particle size. In contrast, colloidal liquid
crystals rod lengths are on the um scale, and well established soft lithography protocols can
produce structures on the pm scale quickly and inexpensively [73] (chapter 2). Despite this
little work has been done on colloidal rods, although experiments have studied spherical colloids
in highly confined geometries [130,131]. Possibly, this is because polarized light microscopy, a
common technique for visualising the director, will not produce sufficient contrast on geometries
< 103um? [124]. Previous work on granular rods in circular chambers less than 10 rod lengths
in diameter, observed a switch from a bipolar structure to a uniform structure with increasing
density [132]. The experiments were compared to Frank-Oseen energy evaluations enabling the
elastic constant ratio to be estimated. Similarly, bipolar and uniform director fields have been
observed in nematic tactoids for several systems such as TMV, carbon nanotubes, and gibbsite
platelets [61,124,133]. However for these systems the tactoids dimensions were much greater

than the particle length.

Here we study colloidal rods confined to circular and annular cells. In moving from a
circular to an annular geometry the presence of the inner hole puts an additional anchoring
constraint on the system. That competes with the anchoring at the outer wall and the nematic
bulk order. For finite-sized particles, one expects that the size of the inner hole with respect to
the particle length becomes relevant. We access this regime by making the diameter of the cells

of the order of the rod length. This work shows the new nematic structures that emerge when
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confinement is on the length scale of the particles.

The chapter is organised as follows; we begin by presenting numerical results of Monte
Carlo simulations that take into account liquid crystal particle size (section 6.2), and then briefly
describe the experimental set-up (section 6.3). We then present and discuss the experimentally
observed director fields for circular and annular confinement (section 6.4), and finish with a

conclusion (section 6.5).

6.2 Monte Carlo simulations

The simulations were performed by loana C. Garlea and Pieter Mulder supervised by Bela M.
Mulder at the AMOLF.

The simulations modeled rigid hard spherocylinders with diameter D, which sets the length (D
= 1), and length L in the range 15-25 units. The particles were confined to thin geometries with
a height of 1 (the true 2D case), 3 or 6 units between the top and bottom walls. This limitation
on the height of the sample precluded the particles from rotating out of the plane and enforced
an effectively planar configuration of the particle axes, whilst not completely constraining the
in plane centre of mass for sample heights 3 and 6 units. The only interactions were steric:
particles were not allowed to overlap with each other, nor cross the confining walls. A standard

Monte Carlo algorithm [134,135] was used to sample the equilibrium configurations.

Simulations were run for an outer radius of 40 units. The rod length, inner radius and
the height of the sample were systematically varied. Note that the packing fraction was below
the bulk isotropic-nematic transition, indicating that ordering was boundary induced. For the
circular geometries (inner radius = 0) with increasing rod length there is a transition from
a bipolar pattern (figure 6.1(a)) to an almost homogeneous nematic state (figure 6.1(c)), via

intermediate states where the defects are ‘expelled’ from the circle (figure 6.1(b)).

For the annular geometries (inner radius > 0) equilibrium configurations were found with
n-fold symmetries consisting of well-ordered domains separated by disclination lines, as shown in
figure 6.1(d)-(f). To rationalize the observed patterns it is assumed that the packing of particles
around the smaller inner hole is the dominant factor. A simple geometric construction yields the

ratios between the inner diameter, d;, and the particle length, L, for which n co-planar particles



72 Colloidal liquid crystals in annular confinement

=

ST

N

Figure 6.1: Monte Carlo simulations for finite length rods in circular and annular confinement. (a) -
(¢) Snapshots of equilibrated suspensions of rods in circular cells. (d) - (f) Snapshots of equilibrated
suspensions or rods in annular cells. Chamber thickness = 6D. Rod colour corresponds to orientation.

tangent to the inner boundary can be fitted around the hole without overlapping:

L
dl(n) = tan( ) (61)

31

Remarkably, for the pure 2D systems where the height of the sample equals the particle diameter,
the formula above correctly predicts the observed number of domains. When the height increases
the number of domains observed falls behind the predicted number, the more strongly so for the
less dense systems. Note also, that the formula captures the fact that the degenerate case of
packing two particles around the hole is possible for any radius larger than d;(2) = 0, consistent

with the observation that the bipolar pattern is indeed observed for radii less than d;(3) = 379 L.

6.3 Experimental

We used the fd virus, which was prepared as described in chapter 2. The following nematic and
isotropic concentrations were used, which are above and below isotropic-nematic biphasic region:
[fd]nem = 23 mg/ml, and [fd];s, = 18 mg/ml. We chose the lowest possible nematic concentration

(similar to chapter 5), as the lower the density of the nematic the lower the energy cost to re-
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arrange from one director field to another. This means that the rods are less likely to get stuck
in high energy metastable director fields. Imaging of the labeled viruses was achieved using
the Leica inverted microscope with the Yokogama CSU22 spinning disk unit and the Nikon C1
confocal microscope. The confocal microscope enabled us to acquire high resolution images and

the spinning disk enabled us to follow the dynamics of the rods.

Soft lithography was used to create annular cells out of SU8 as described in chapter 2. The
cell shape is specified by the outer diameter, d, and inner diameter, d;, illustrated in figure 6.2.
We systematically controlled the annular shape, within the following ranges; 10 < d, < 70 um,
and 0 < d;/d, < 0.7, with d;/d, = 0 corresponding to a circle. Similar to chapter 5 the small
cell size enabled us to create ‘chips’ containing several hundred separate cells. We used a cell
thickness of 1 um for all experiments. We found that the rods lay in the plane of the cell and

3D z-scans confirmed that the cholesteric twist was suppressed.

do

Figure 6.2: Sketch of an annular cell. Parameters d, and d; correspond to the outer and inner diameter.

6.4 Results and discussion

In figure 6.3 we present microscope and analysed images, for the following observed director
fields:

U Director aligns with both inner and outer walls. No defects are observed.

Dy Two +1 x % defects at the outer wall. The defects are diametrically opposite.

D3 Three +1 x % defects spaced evenly at the outer wall.

S; One +1 x % defect at the outer wall.

Sy Two +1 x % defects at the outer wall. In contrast to Ds the defects are not diametrically

opposite.

N No elastic distortion of the director.
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Figure 6.3: Structures observed in circular and annular cells for fd , which we label: U, Dy, D3, Sy,
Sz, and N. (a) Sketch of the director field. (b) Four overlaid spinning disk confocal images. Scale bar =
5 pm. (c) 1000 overlaid microscope images with an added colour map. (d) Experimental director field
calculated from a series of 1000 images.
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Figure 6.4: Phase space for the director fields observed in annular cells (shown in figure 6.3). We plot
the ratio of the inner diameter to outer diameter, d;/d,, versus the outer diameter, d,. The circle size is
proportional to the number of director fields. The black circle is the number of cells with the specified
director field. The grey circle is the total number of cells investigated for the given cell dimensions.
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Figure 6.5: Plots of frequency versus: (a) ratio of inner to outer diameter, d;/d,, and (b) outer diameter,
d,, for the observed director profiles.

In total, 234 cells were analysed. The time between filling and observation on the microscope
was roughly 20 minutes and in this time a nematic director field would have been adopted for
nematic concentrations above the biphasic region. We followed the director fields over 24 hours
and found no change in the initial nematic director field. Due to the rods rapidly finding a stable
director field we were not able to check that filling did not induce a nematic director field (as
we did for the wedges in chapter 3 and chapter 4). However, when we filled the cells with the
isotropic phase below the biphasic region, a nematic was not induced and the sample remained
isotropic. This implies that the filling (and confinement) were not sufficient to induce a nematic,

and gives us confidence that our results are not filling dependent.

In figure 6.4 we plot the phase space for the director fields, and in figure 6.5 we plot the
frequencies against d;/d,, and d,. The clear pattern as we increase d;/d, and move from circular
to annular cells with increasing inner hole diameter is the following; Do is dominant for circular
cells, for intermediate values of d;/d, we see D3 and then S; become dominant, and finally for
the greatest d;/d, ratios, corresponding to thin annular cells U becomes dominant. The director
fields So and N are never the most frequent and decrease linearly with increasing d;/d,. Varying
the cell outer diameter d, has less of an effect on structure frequency compared to d;/d,. Dy has
the greatest frequency for all cell diameters d,, and has no dependence on d,. The frequency
of S; increases linearly with increasing d,. N only occurred for small diameters, dy < 10. U
occurs for intermediate d, values. Sy occurred over the full range of observed d, values, with its

frequency having no dependence on d,. D3 was was only observed for cells with d, < 50.
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For circular chambers Dy is the dominant director field for all cell diameters. For the
lowest diameters (d, < 10) N rapidly increases in frequency, and becomes approximately half
as frequent as Do. This is in agreement with the simulations where a transition from Dgy to
N is observed with increasing rod length. Increasing rod length for a fixed cell diameter is
equivalent to decreasing cell diameter size for a fixed rod length. This suggests that at d, ~ 10
we start to approach the crossover where the anchoring penalty of N becomes of the order of
the elastic energy cost for De. These observations complement previous work on tactoids and

circular confinement, where bipolar (D2) and uniform (N) director fields are observed [132,133].

The simulations predict the existence of higher order symmetric states for annular geome-
tries. Experimentally, as we increase the inner hole diameter we see Do decrease in frequency
and we clearly observe the D3 director field (albeit infrequently) and then observe U. D3 occurs
for values of d;/L = 2.5 — 7.5, which is greater than the d;/L = 0.58 seen for 2D simulations
(eq. (6.1)) for three fold symmetry. However, for the simulations with cells of a greater depth,
greater d;/L ratios are observed. We note that the three-fold symmetry of D3 is of an order that
lies between the two-fold symmetry of Dy and the infinite-fold symmetry of U, indicating that
D3 is a stable intermediate state between Do and U. We do not observe the higher symmertic
states in the experiments. In the simulations, as the n-fold symmetry of the director fields in-
creases, they become increasingly similar to the observed U director field. We suggest that the
confinement is not sufficient to induce these higher order symmetric states, and U is adopted
instead; as d; — d, the particles can align with both walls without the need to create a defect.
We believe that the difference between d; and d, would have to be less than the 4 pm, which was

the lowest difference used in these experiments, for the higher symmetry states to be observed.

Figure 6.6: Sketch of the the angle § between the two defects in the Sy director field.

We assume that the Sy state is a stable intermediate. Possibly, Ss is a precursor to the
Dy and D3 profiles. So was seen in the simulations as a precursor to D3, where the two de-
fects occurred at two vertices of an equilateral triangle. This observation roughly agrees with

experiment, where we found a wide distribution of angles /3 between the defects (illustrated in
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figure 6.6), with a mode at 140°. This experimental value is in reasonable agreement with 120°
which corresponds to the intermediate state observed in simulations. The other possibility is
that So is an intermediate for Do, intuitively having the defects diametrically opposite will be
lower in energy than bringing them closer together. Parallel arguments hold for S; which could
be an intermediate for both De and D3 (and also S2). S; is frequently observed implying it is
not significantly higher in energy than Ds. The energy difference between these two director

fields is the difference between a bend and a +1 x % defect.

6.5 Conclusion

We have shown for the first time the director fields that are observed in annular cells. We have
observed striking structures with three fold symmetry. For circular cells we have observed the
expected bipolar and uniform director fields giving us confidence in our results. Our experimental
observations are in agreement with Monte Carlo simulation and indicate that we have reached
a level of confinement where theoretically the rod length needs to be taken into account. Future
theoretical work, that could obtain expressions for the energies of the director fields, would

enable us to obtain values for the ratios of the elastic constants and anchoring penalty.

Acknowledgments

This work was a collaboration with Gijsje Koenderink’s and Bela Mulder’s groups at the
AMOLF. The experiments were undertaken with José Alvarado, supervised by Gijsje Koen-
derink. The simulations were performed by loana C. Garlea and Pieter Mulder supervised by

Bela M. Mulder.



Chapter 7

A study of the fd virus’ isotropic ne-
matic interface in bulk and confine-

ment

Abstract

We investigate the isotropic-nematic interface of the rodlike virus fd on the single particle level.
Phase separation takes a long time due to tactoids merging slowly with the interface. Phase
separation is considerably speeded up by moving from bulk to micrometer sized systems. Across
the interface we measure a sudden drop in the order parameter, which is a measure of the width
of the interface. We furthermore illustrate the possibilities of studying phase separation and

wetting behaviour in the presence of structured walls.
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7.1 Introduction

The isotropic nematic (IN) transition of rods was first theoretically explained in a seminal paper
by Onsager, with his famous entropy argument [12]. The transition arises from competition
between a packing entropy, which is maximised when the rods long axis are parallel and an
orientational entropy term which favours the isotropic phase. Onsager theory has been shown
to be correct for hard monodisperse rods, with an aspect ratio L/D greater than 100 [136].
Not many experimental systems fulfill these requirements. Consequently the theory has been
extended to take into account flexibility [137,138], polydispersity [139], and a range of aspect
ratios [140, 141]. Here we focus on studying the IN interface where its properties depend on
the complex interplay of anchoring strength, surface tension, and elasticity [142]. Additionally,
there is the potential to observe capillary waves, which have been studied theoretically in IN

systems [143,144].

Detailed theoretical investigations of the IN interface for hard rods have been undertaken
using density functional theory (DFT) [143,145-147]. This work has calculated the interfacial
tension and shown that it is minimised when the director is parallel to the interface. Also the
DFT calculations have shown that alignment is induced in the isotropic phase adjacent to the
interface. Monte Carlo simulations of the IN interface for hard rods revealed results in excellent
agreement with DFT, the only difference being that DFT overestimated the bulk coexistence
densities [148,149]. Additionally, Frank elastic and Landau de Gennes continuum theories have

been used to study fluctuating IN interfaces [150].

Experimental work lags behind the numerical work, but the IN phase separation has been
observed for several colloidal rod and platelet systems using polarization microscopy, with the
nematic phase clearly identifiable from its birefringence [50, 61, 151-153]. Additionally, light
scattering methods have enabled the IN interface to be studied for thermotropic liquid crystals,
enabling the anchoring energy [154] and surface tension [155] to be measured. Here we use
lyotropic rather than thermotropic liquid crystals as the greater particle size enables observation
at the single particle level. The capillary rise of the IN interface has been observed for gibbsite
platelets enabling the interfacial tension to be measured [153]. The interfacial tension has also
been measured by studying the director fields of gibbsite tactoids and was found to be two orders

of magnitude greater [156]. Currently there is no explanation for this difference.
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We will use the fd virus with its dimensions enabling single particle observation. The
fd virus’ IN phase behavior has been studied and the phase diagram has been produced as
a function of ionic strength and polymer concentration [157]. Interestingly, for certain high
polymer concentrations an isotropic smectic transition occurs [158]. The kinetics of fd's IN
phase separation have also been studied, using shear flow to stabilise the nematic phase of an
initially biphasic sample [159-161]. The sample concentration determined the phase separation
kinetics occuring after the shear flow was stopped, enabling the spinodal points to be determined

and the morphology of phase separation to be studied.

In this work we study the IN interface at the particle level. The chapter is organised
as follows; we begin by outlining Onsager theory (section 7.2), and then briefly describe the
experimental set-up (section 7.3). We then present and discuss the IN interface in bulk and

confinement (section 7.4), before concluding (section 7.5).

7.2 Theoretical background: Onsager theory

Here we sketch out Onsager theory for the IN transition of lyotropic hard rods, highlighting the
important equations and arguments'. We start by obtaining an equation for the free energy of
anisotropic particles, that applies to both the isotropic and nematic phases. We then show the
steps to obtain the isotropic nematic coexistence concentrations. Throughout we explain the

approximations and validity of Onsager theory.

We start with the Helmholtz free energy virial expansion for a non-ideal solution of spheres:

F

1
i = KB+ In(pA®) =1+ Bap+ S Bsp” + . (7.1)

Here, F' is the Helmholtz free energy, T" the temperature, p the number density, pg the reference

h
V2rmkT

wavelength, and Bs and Bjs the second and third virial coefficients respectively. The virial

chemical potential of the solute, N the number of moles, A = the de Broglie thermal

coeflicients depend on the pairwise interaction energies between particles, and take non-ideality

into account. The virial coefficients are related to the pairwise interaction energies, u;;, via

'For an indepth derivation the reader is referred to [162].
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the Mayer functions: ¢;; = exp(—wu;;3) — 1 [163]. The second virial coefficient depends on the

interactions between pairs of particles and reads:

1
B2 = —W//@jdndrg. (7'2)

We now switch the focus to rods. The difference between rods and spheres is that the orientation
must be taken into account. An orientation distribution function, f(£2), is defined, which gives
the probability of finding a rod with an orientation characterized by a solid angle 2. This
distribution function must be normalized, [ f(€)dQ = 1, and adhere to the symmetry properties
of the nematic phase; cylindrical symmetry around the nematic director (f(£2) does not depend
on the azimuthal angle) and inversion symmetry (6 and 6 — 7 are equivalent). In the isotropic
phase all orientations are equally probable, f;s,(£2) = 1/(47). In the nematic phase, this is not
the case and there is a corresponding entropy term, which is derived by considering particles

with different orientations, as belonging to different species:

Sy = —Nk / £(Q) In(4r f(Q))de. (7.3)

Additionally, as the particle interactions depend on the particle orientations, the virial coeffi-

cients include the orientation distribution functions:

B2 = —%///gbf(Ql)f(QQ)dQldQQdTlQ (74)

Equation (7.4) can be simplified with the integral of the Mayer function equaling the excluded
volume of two rods: [ ¢driz = —vezer(1,Q2). Assuming the rods are cylinders, vy & 2L%D |

siny |, and eq. (7.4) now reads:

Bs :L2D// | siny | £(Q1)f(92)dQ2dQs. (7.5)

Defining the concentration of rods as ¢ = %LQD%, and combining eqn’s (7.1), (7.3), and (7.4)
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enables us to write the Helmholtz free energy as:

kT +n(pA%) — 14 / F(9) In(dr £(2))d2

—i—c%//]sinfy\f(Ql)f(QQ)dﬁldQQ. (7.6)

The first integral takes into account the orientational entropy, which is maximized when the
rods are randomly distributed. The second integral takes the packing entropy into account,
which is maximized when the individual rods have as much space as possible to move in. At
low concentrations the orientational entropy is dominant and an isotropic phase forms, but at
a certain concentration the packing entropy becomes dominant and the entropy is maximized
by a nematic phase forming. The contribution of the particle interactions to the free energy is

driving the system towards a nematic phase.

In eq. (7.6) we have only included the second virial coefficient neglecting collisions involv-
ing three or more rods. Intuitively this approximation will become less accurate as the rod
concentration increases and multi-rod collisions get increasingly likely. The approximation only
holds if the virial series is rapidly convergent. It has been verified analytically that eq. (7.6) is
exact for L/D — oo [164], and Monte Carlo simulations show it is quantitatively accurate for

L/D > 100 [165].

For each concentration the system needs to be at a minimum of the Helmholtz free energy.
At certain concentrations the minimum is obtained by a state which is part isotropic and part
nematic, the so called biphasic/coexistence region. The aim is to find this region. There are
two possible methods: eq. (7.6) can be minimized and solved numerically, or a trial function can
be used and eq. (7.6) is solved by a variational method. The first method produces the most
accurate results, but the second method gives an analytic expression for the free energy. Here

we shall use a Gaussian distribution trial function, which was first suggested by Odijk [166] 2:

f) = Nexp(—%a92) 0<60<m/2

= Nexp(—%a(w —0)?) /2 <6 <m, (7.7)

with N being the normalization constant. For large o the distribution is strongly peaked and

« cosh(a cos 0)
47 sinh o

2Onsager used the trial function: f(0) =
more involved.

, which works equally well, however, the integrals are
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represents strongly ordered nematics. Using eq. (7.7) the energy, eq. (7.6) can be expressed in

terms of a:
F tant +Ina + — (7.8)
— = n . .
N > constan o Jra
Minimizing this expression with respect to « is simple and yields: a = 47%2. The order parameter
of the nematic phase can be calculated using the usual relation:
1 2 . 3
¢=3 f(0)(3cos*0 —1)sinfdf ~ 1 — —. (7.9)
@

Finally, by equating the chemical potentials and pressures of the isotropic and nematic phase a
first order IN transition is shown, with the following isotropic and nematic volume fractions at

coexistence:

L
b, — =3.45 ¢ =0 (I)"B =5.12 qn = 0.910. (7.10)

Slie

Recently the Y21M virus, a rigid rod with an aspect ratio of ~ 133, was shown to have IN
coexistence concentrations in agreement with Onsager theory [62]. It is the first experimental
system to be in quantitative agreement with Onsager theory, with all other systems deviating

due to polydispersity, aspect ratio and/or flexibility.

7.3 Experimental set-up

We used the fd virus, synthesised as described in chapter 2. The virus stock solution was
prepared in the biphasic region, for which we found crossed polarizers to be the most efficient
method (as opposed to UV-vis spectroscopy). Using crossed polarizers we diluted a nematic
sample dropwise until the birefringence disappeared and the sample was isotropic. The sample

was then brought into the biphasic region by adding a drop of concentrated nematic.

Two sample holders were used: (1) L-shaped cuvettes, and (2) rectangular UV channels
with a width = 65um and a height = 55um (fabricated as described in chapter 2). The sample
holders contained volumes of order cm?, and pm?, respectively. This enabled us to observe phase

separation in bulk and in confinement.
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Figure 7.1: Home built confocal microscope set-up. (a) Microscope in the horizontal (conventional)
position. (b) Microscope rotated onto its side. (¢) Objective position relative to the sample for the two
microscope positions.

Imaging of the labeled particles was carried out with a laser scanning confocal microscope
(LSCM): Zeiss LSM 5 Exciter, 63x 1.4 NA oil-immersion objective. We were able to rotate the
microscope onto its side, creating two objective positions relative to the sample, and enabling

observation of the zz and xy planes, as shown in figure 7.1.

7.4 Results and discussion

Bulk phase separation in L-shaped cuvettes. After two days a flat interface would be observed
by eye when the sample was viewed between crossed polarisers, as shown in figure 7.2(a). After
11 months (!) an interface on the single rod level could be observed. Figures 7.2(b) and (c)
show a LSCM image of the interface (zz plane), and a colour map analysis of 350 images: we
clearly observe a nematic and an isotropic phase. However, the interface is not flat and the rods
in the nematic phase are not aligned parallel to the interface as we would expect from theory
and simulations [143,146]. This indicates that the IN interface is not fully equilibrated. To
quantify these observations, we selected nine regions, 20 um wide, where the interface was flat
and measured the order parameter ¢ in rectangular segments across the zz plane (illustrated in
figure 7.2(e)). The rectangles were 10 pum high, and the minimum number of rods in a rectangle
was 75 rods, giving accurate statistics. Interestingly, we observed the number of labeled rods
decrease as we moved from the nematic phase across the interface to the isotropic phase. This
is expected due to the density difference between the phases. Figure 7.2(d) shows a typical plot
of order parameter ¢ against the z position in the sample, where we observe a drop in ¢ from
0.75 to 0.2. We would expect ¢ = 0 for the isotropic phase. Possibly, the interface induces

some order in the isotropic phase, this is seen in the simulations albeit to a lesser extent [143].
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Figure 7.2: (a) Photograph of an L-shaped cuvette between crossed polarisers. The IN interface is clearly
observed due to the nematic phase’s birefringence. (b) Microscope image of the IN interface, obtained
by overlaying 4 LSCM images. (c) A colour map of the series of 350 LSCM images corresponding to the
image in (b). The yellow dotted line highlights the IN interface. Scale bar = 25 um, in both (b) and (c).
(d) Plot of order parameter ¢ versus z position in the sample, for one of the nine selected flat regions of
the interface. (e) This panel illustrates how the order parameter was measured across the interface, by
dividing the image up into rectangles.
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Another explanation is that our tracking routine is for rods, but in the isotropic phase the rods
appear as circles or as rods with a range of aspect ratios. The tracking was thus not perfect for

the isotropic phase and may have induced some spurious ordering.

The width of the interface, w;,, was obtained by fitting the following hyperbolic tangent

expression:

q(z) = A+ Btanh < & > , (7.11)
Win,

where A and B are constants. This expression has been used frequently in theory and simulation

to describe the profile of the interface [143,148], and it follows from the van der Waals theory

for the density profile of a gas liquid interface [167,168]. From the hyperbolic tangent fits of

the nine regions we find the width of the interface to be, w;, = 2.6 £ 2.8 um. This value is

equivalent to two rod lengths, in agreement with the upper bound of the numerical work which

finds the width wy, to be in the range of 0.5 - 3 rod lengths [143,146, 148].

We suggest that the very long phase separation times occur because nematic tactoids get
stuck at the interface [124]. The final stages of phase separation involve nematic tactoids sinking
from the isotropic phase to the interface and isotropic tactoids rising to the interface from the
nematic phase. We observe that if the director of a nematic tactoid differs to the director of the
interface, the tactoid will not be able to merge with the interface. The tactoid must either rotate
and /or reorganise its director field. It is reasonable to assume that tactoids in the isotropic phase
will not have a preferred orientation, thus it is probable that a significant number of tactoids
will land on the interface with a director that differs to the interface . We believe that the long
reorganisation times of these tactoids is the reason for long interface equilibration times on the
single particle level. One way to test this idea would be to use a magnetic field to align the
nematic phase and tactoids. We were prevented from doing this as substantial magnetic fields
are required to align the nematic phase [169, 170]. Realistically this would involve a custom

set-up of a confocal microscope inside a magnet.

Phase separation times of 114+ months were a significant experimental obstacle. To avoid

this we moved to lower sample volumes to decrease phase separation times. Additionally to

3We note, that we have not assumed a certain director field for the tactoids. Previously bipolar tactoids have
been observed for fd [61] and TMV [53], but a detailed analysis of how the director field changes with the tactoid
size and shape has not been carried out, as it has been done for gibbsite platelets [83,124].
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Figure 7.3: (a) and (b) LSCM microscope images of the nematic and isotropic phase respectively. Scale
bar = 5 um. (c) Plot of order parameter g versus z position.

decrease phase separation times further, we moved the concentration of fd to the isotropic edge
of the biphasic region; after the biphasic fd stock had phase separated, part of the nematic phase
would be removed to create a 1:10 ratio of nematic to isotropic. The argument is that, the lower

the volume of nematic phase, the lower the number of tactoids getting stuck at the interface.

Phase separation in confinement. Phase separation occurred in 6 hours. We used the microscope
in the horizontal position and observed the zy plane. This has the disadvantage of not being
able to observe the IN interface in one microscope image (the xz or yz plane), but the advantage
of giving more statistics of the ordering at the interface. By moving the focus of the microscope
along the z-axis we observed a nematic and then an isotropic phase, see figure 7.3(a) and (b). We
observed parallel anchoring of the nematic phase at the interface, as expected from theoretical

work where the interfacial tension is minimised by parallel anchoring. To quantify the interface,
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the order parameter ¢ was calculated at 1 pm steps along the z-axis. In figure 7.3(c) we plot ¢
versus z position in the sample and observe a similar drop in ¢ to figure 7.2(c). From fitting the
hyperbolic tangent function (eq. (7.11)) we measure an interface width of w;, = 0.85 pum. This
is smaller than the previous measurement, which is expected as the system has now fully phase
separated. Additionally, it is one rod length which as stated earlier is what one expects from

the theory.

7.5 Conclusion and outlook

We have observed isotropic-nematic phase separation at the level of the individual rods in bulk
and confined micrometer sized systems. The long phase separation times makes the fd virus a
tough system to work with. In confinement the shorter phase separation times have enabled us
to measure the width of the IN interface for the first time, and observe planar anchoring at the

interface, in agreement with the theoretical work.

Finally, as an outlook in figure 7.4 we present preliminary experiments of biphasic fd
samples in channels where the top confining wall is structured with triangles, rectangles, or
sinusoidal waves. In figure 7.4(a) for a sinusoidal top wall we observe phase separation with an
additional nematic layer at the top of the channel. In figure 7.4(b) for a square structured top
wall we observe phase separation with no additional nematic layer. In figures 7.4(c) and (d)
the channels are filled with a concentration at the nematic border of the biphasic region and
a nematic phase is induced. Currently, we do not have an explanation for these observations,
but clearly there is an interplay between phase behaviour, elasticity and confinement. Recent
numerical work has modeled nematic liquid crystals at very similar ‘complicate surfaces’ using

a Landau de Gennes framework [90,91,171].
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gravity

Figure 7.4: Analysed microscope images of biphasic fd in channels with a structured top wall. The
rods in the original microscope images have been identified using IDL and lines haven been overlaid to
increase the clarity of the images. (a) Sinusoidal top wall, phase separation is observed and a nematic
layer is induced at the top. (b) Square structured top wall, phase separation is observed. (c¢) Triangular
structured top wall, phase separation is suppressed and a nematic is observed. (d) Square structured top
wall, phase separation is suppressed and a nematic is observed. Scale bar = 50 pm.



Summary

This thesis is on colloidal liquid crystals. Specifically, we have focused on examining the equi-
librium director fields of the fd virus, in confined geometries, in order to study the relationships
between confinement, elasticity and anchoring. Chapter 1 gives an introduction to liquid crys-
tals and explains why we chose the fd virus as our model system. Soft lithography can fabricate
structures on the micrometer scale, and laser scanning confocal microscopy enables observation

on the micrometer scale. These powerful techniques are discussed in chapter 2.

In chapter 3 we study the nematic phase of fd confined to wedge structured channels. Upon
increasing wedge opening angle we observe a splay to bend transition. We use two variants of
the fd virus with different flexibilities, with the transition shifting to a greater wedge opening
angle for the stiffer variant. Our results are interpreted using lattice Boltzmann simulations
enabling the K3/K; ratios to be determined. This chapter illustrates that the director field can
be engineered using geometry: a reoccurring result of this thesis. Chapter 4 continues the theme
of wedge structured confinement, extending the study to the cholesteric phase. Upon increasing
wedge angle a splay to twist transition is observed, accompanied by a splay-twist boundary. We
directly visualise the 3D nature of the problem, and explain how the transition arises due to
competition between the anchoring strength and all three of the elastic terms: splay, bend, and

twist.

Chapter 5 deals with the nematic phase confined to 2D rectangular cells. Five distinct
director fields are observed, whose frequency varies with the rectangle aspect ratio. Changing
the virus flexibility is found not to have a significant effect on the observed director fields, and
their frequency. Comparing the frequencies to computations of the Frank-Oseen energies enables

a measurement of the extrapolation length, which we find to be of the order of the rod length.

Liquid crystal continuum theories do not take into account the particle size. In chapter 6
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we address this issue, by examining the director fields in circular and annular geometries, whose
dimensions approach the particle size. For circular geometries, we measure a transition from a
bipolar to a uniform director field, upon decreasing radius. For annular geometries, as we increase
the diameter of the inner hole, we measure a transition from a bipolar to a bent rotationally
symmetric director field, via a range of director fields. These results are in qualitative agreement
with Monte Carlo simulations of finite sized rods. We hope that the current work wil inspire

the development of theories which can capture these director fields.

Chapter 7 is an exploratory chapter in which we observe the isotropic-nematic interface.
In bulk, long phase separation times occur due to tactoids merging slowly with the interface.
Decreased phase separation times occur in confinement with sample volumes on the micrometer
scale. We observe parallel anchoring at the interface, and measure the width of the interface to
be of the order of the rod length. As hinted to in chapter 7, we would like to investigate phase
separation at structured walls. This extends the work in this thesis by adding phase separation

to the interplay of confinement, anchoring and elasticity.
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