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Abstract

The primary study of this thesis is the response of the nematic director to pressure
driven flow. Dynamic flow experiments using optical conoscopy and pressure gradient
measurements are used to explore the physics behind the flow alignment seen to occur
for some nematic liquid crystals. New research into the techniques and methods for
aligning the director at a glass interface is also presented, the results of which are used
towards the latter end of this thesis in the production of a highly novel flow cell. A
bespoke technique for fabricating robust liquid crystal flow cells is also presented.

The observation of flow alignment for the nematic liquid crystal 5CB is detailed
for pressure driven flow via optical conoscopy when the director is initially aligned
planar homogeneously at 45° to the direction of flow. The results of this experiment
are compared to the theory of Ericksen and Leslie through a one dimensional dynamic
model that provides simulated director profiles and corresponding simulated conoscopic
images. Good agreement between the data and simulation is observed, whereby the
director is seen to rotate to become parallel to the flow direction whilst exhibiting no
net tilt distortion at all flow rates.

The presence of small surface pretilt from a rubbed planar aligning polyimide layer
and its effect on director rotation is also examined for cells that are rubbed in both the
parallel and anti-parallel directions. The result observed is a striking difference in the
mean director rotation when initially aligned close to normal to the direction of flow.
The results of these experiments are also compared to the theory of Ericksen and Leslie
through the one dimensional dynamic model. Good agreement is seen, highlighting the
dramatic effect that a small amount of surface pretilt can have on the overall director
orientation, whilst also demonstrating the need for caution when assuming that rubbed
conventional alignment techniques provide true planar orientation.

Two methods for producing intermediate or large pretilt angles at liquid crystal align-
ment surfaces are also examined. Here, two recipes involving the commercial polyimides
Nissan SE-1211, Nissan SE-130 and Nissan SE-4811 are experimentally investigated,
with results showing the ability to tune the director pretilt angle as a function of the
rubbing strength used to align the sample. The results also show an interesting depen-

dance on the material upon which the aligning layer is deposited for the recipe involving
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Nissan SE-1211. Here, vastly different pretilt angles are observed for cells constructed
with glass and indium tin oxide (ITO) layers.

Finally, the large pretilt angles produced from the recipes mentioned above are also
used to fabricate pressure driven flow cells exhibiting large pretilt angles on both sur-
faces, constraining the director to align in a splayed state. When aligned parallel to
the flow direction, experiments examining the valve-like nature of the director profile
suggest that a preferential flow direction exists in what here is termed the ‘diode cell’.
Measurements of the pressure gradient required to achieve a constant volumetric flow
rate through the cell are compared for flow in both directions relative to the splayed di-
rector profile. A striking difference is observed for flow ‘with’ the splay and ‘against’ the
splay, leading to the realisation of a cell exhibiting a preferential flow direction through
surface treatment. Again, results are compared to the theory of Ericksen and Leslie

through the one dimensional dynamic model, showing good agreement.
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CHAPTER 1

Introduction

When Austrian born botanist Friedrich Reinitzer made the extraordinary observation in
1888 that a substance closely related to cholesterol had two melting points, one assumes
he had no idea of the truly profound, awe-inspiring and beautiful branch of physics he
was about to fore-father. His observation of a sample’s transition from a solid crystal
to a cloudy liquid at 145.5 °C and from a cloudy liquid to a clear liquid at 178.5 °C
was without doubt, the first documented observation of the liquid crystalline phase of
matter [1, 2].

In today’s world, it’s almost hard to believe that shortly after the second world war,
scientific research in the field of liquid crystals slowed significantly due to the lack of a
clear technological application. Conversely, at the time of writing, the majority of small
to medium sized displays used worldwide are liquid crystal devices. With more liquid
crystal displays (LCDs) (be it pocket calculator or flat screen television) in existence
than there are people living on planet earth [3], it is of no surprise that the LCD industry
was worth more than 60 billion US dollars in 2006, with projections estimating three fold
increases in the coming years [3]. With the explosion of interest and research carried
out in the field of liquid crystals from the 1970s to present (see Figure 1.1), liquid
crystal displays are now not only desired for their low cost, low power consumption and
portability, but their attractiveness, ease of viewing and durability [4].

However, as is the case with any ‘state of the art’ technology, it is destined to be
quickly superseded by mankind’s desire for faster, smaller, more efficient and simply
better devices. With the new dawn in display screen technology arriving (OLEDs [5])
we still find use for liquid crystal phases in other areas of science, as was highlighted
recently at both the International Liquid Crystal Conference (ILCC 2010) in Krakéw
and the European Conference on Liquid Crystals (ECLC 2011) in Slovenia.

Recent work such as that of Fleury et al.[6] (the first winner of the Luckhurst Samul-
ski prize [7]) is an excellent example of just how diverse and varied liquid crystal research

can be. In their research, defect lines in nematic liquid crystal textures have been used
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Figure 1.1: A series of bar charts indicating the number of records on the Web of
Science database that include in the article title the keyword shown in the legend.
The lack of publications following World War II may be an artefact of the Web
of Science database catalogue for these years. In any case, this figure serves to

show the clear explosion in liquid crystal publication rates from 1970 onwards.

to build metallic microwires, which allow for highly accurate electrode connections to be
fabricated, down to the order of a few micrometers. This however, is just one example
of recent pioneering work in the field of liquid crystal science. Many other examples of
fascinating research in novel areas to liquid crystal scientists are being explored. These
include but are not limited to, research into the dynamic diffusion of smectic layers
[8], the production and mechanical properties of spider’s silk [9, 10], the use of liquid
crystalline systems to model biological materials and processes [11] and the dynamics
of fluid filaments, films, foams, bubbles and nematic shells [12—-14].

One particularly interesting area of research is involved with the striking similarity
that certain liquid crystalline phases can share with specific organic viruses. Interest
in this area has spanned the lifetime of liquid crystal research, originating with char-
acterisation of the Tobacco Mosaic virus in 1936 [15], through to cutting edge research
on molecular permeation through smectic layers in a suspensions of ‘rod like’ viruses
[16-18]. There is also an entirely new branch of soft matter photonics being developed,
based on nematic colloids [19], micro-lasers in liquid crystals [20-22] and optical trapping
[23, 24].

That being said, there is still a wealth of interest and diversity within liquid crystal

research, providing some of the most, in this author’s opinion, interesting and often
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visually stimulating results. This introduction will now go on to give a brief outline of

the content contained in the following chapters of this thesis.

1.1 Thesis outline

A general introduction to the liquid crystalline phase of matter is given in Chapter 2,
titled ‘The liquid crystalline phase of matter’.

Chapter 3, titled ‘Theory / Methods’ examines the underlying theory required to
understand the workings and output of the one dimensional model of nematic liquid
crystals dynamics that is used extensively throughout this thesis. This chapter also
examines the experimental methods (namely optical conoscopy and flow cell fabrication)
used in order to make measurements of nematic liquid crystals undergoing pressure
driven flow.

In Chapter 4, titled ‘Flow alignment ¢ = 45°, a brief history of relevant flow ex-
periments and processes is given before the results of a flow alignment experiment are
presented, whereby optical conoscopy is used to measure the mean azimuthal rotation
of the director when it is initially aligned at an azimuth of 45° to the flow direction.

In Chapter 5, titled ‘Uniform and splayed pretilt profiles’, the effect of surface pretilt
on flow is experimentally investigated, with particular reference to the role of the two
‘uniform’ and ‘splayed’ alignment states that appear to lead to strikingly different direc-
tor profiles when under flow. These experiments are conducted at an azimuthal angle
close to normal to the flow direction.

Chapter 6, titled ‘Producing intermediate surface pretilt’ examines experimental
techniques and recipes for producing much larger pretilt angles of the director at the
cell walls (as can be commercially desirable), presenting interesting experimental data
from two such recipes, here measured using a novel high-throughput technique.

Finally, Chapter 7 titled ‘Diode cell’ looks at the flow properties of a nematic liquid
crystal exhibiting the large surface pretilt angles created using the research carried out
in Chapter 6. Namely the idea of using a large pretilt angle in the ‘splayed’ state as a
valve, introducing the ‘diode’ cell.

Chapter 8 then provides a summary and conclusion of the thesis, followed by a list

of publications/presentations and bibliography.



CHAPTER 2

The Liquid Crystalline phase of

matter

As one may expect from the name, the liquid crystalline phase is a curious state of matter
that lies somewhere between the solid crystalline and the isotropic fluid phases. As such,
the liquid crystalline phase can exhibit extraordinary properties that belong to both the
solid crystalline and isotropic fluid states of matter individually. For example, a liquid
crystal can be shown to have the freedom to flow like any ordinary liquid (characteristic
of the fluid phase) but also have the ability to exhibit birefringence (a characteristic
of the solid crystalline phase). For such an exotic ‘fourth state of matter’, the term
mesophase or mesomorphic phase is coined, meaning, quite simply, intermediate phase
[25].

Crudely speaking, all mesophases can be said to fall into one of two sub categories,

1. Thermotropic liquid crystals - the liquid crystalline mesophase occurs within a

specific temperature range.

2. Lyotropic liquid crystals - the liquid crystalline mesophase occurs within a specific
concentration range when dissolved in a solvent solution. Interestingly, many
common materials show lyotropic behaviour, perhaps most importantly the bilayer
membranes of living cells, where theories developed for liquid crystal physics have
helped shed light on the effect of mitosis [26]. Perhaps less importantly, lyotropic

materials are also mass produced for products such as shampoo and ice cream [27].

Display devices, arguably the driving force behind the majority of liquid crystal
research, are constructed solely from the thermotropic class of liquid crystal, and will

therefore be the core study of this thesis.
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CsH, CN

Figure 2.1: The molecular structure of 5CB. With one long and 2 short axes,

5CB is a calamitic or ‘rod like’ material.

2.1 Thermotropic liquid crystals

As is often the case when an area of science unites Physics, Chemistry and Biology, a
multitude of classifications and labels are used to define subsets of materials. Liquid
crystal classification is no different, and as such, the thermotropic class of liquid crystals
can be further divided into the subdivisions of Calamitic, Discotic and Polymeric, where
the division is made solely on the physical nature of the molecule comprising the liquid

crystal phase.

e Calamitic liquid crystals are constructed from long, rod-like (uniaxial) molecules
(see Figure 2.1). They exhibit a principal axis of orientation whereby the long

molecular axes tend to align parallel to one another.

e Discotic liquid crystals are constructed from disc shaped molecules (one axis is
significantly shorter that the other two) and tend to align by stacking on top of

each other like coins.

e Polymeric liquid crystals are constructed from long chain polymer molecules.

By far the majority of liquid crystal display devices are constructed from calamitic
molecules, and through early work in the field, Friedel [28] was able to show that the
calamitic class of molecule can be further divided into three separate sets, Nematic,
Smectic and Cholesteric (see Figure 2.2). This time with the division made solely on

the degree of order exhibited by the molecules in the phase.

e Nematic phases posses three translational degrees of freedom whilst the molecular

centres are distributed at random and exhibit short range order.

e Smectic phases exhibit a positional order in at least one dimension, with the

molecular centres on average arranged in equidistant planes!.

e Cholesteric phases are very similar to those of the nematic class, but possess a
twist in the direction of the short-range order as a function of position in the

sample.

!There are many smectic phases, running from Sa, Sz, ...Sr, differing in molecular orientation and
layer spacing
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(c) Smectic A phase (d) Solid Crystalline

Figure 2.2: Figures (a - d) depict schematic representations of the isotropic fluid,
nematic, smectic and solid crystalline phases of matter. Each white rectangle
represents an anisotropic molecule of the medium. The red arrow in (b) defines

the average orientation of the molecules, known as the director.

This classification system for mesophases and their molecule type is summarised by

the flow chart in Figure 2.3.

2.2 Nematic liquid crystals

The main focus of the work in this thesis concerns the dynamic properties of nematic
liquid crystals. As such, the features and properties that are key to understanding the
nematic phase of thermotropic liquid crystals are summarised in the following para-
graphs.

Firstly, included below are the three essential features exhibited by nematic phases,

e Nematic molecules will align, on average, with their long axes parallel to each other.
Over macroscopic length scales, this alignment leads to a preferred direction in
space, represented by the director n. For almost all known thermotropic nematics,

there exists rotational symmetry about 7.
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Mesomorphic behaviour

Mesophase formation

Thermotropic Lyotropic
Calamitic Discotic Polymeric
Nematic Smectic ~ Cholesteric

Figure 2.3: A flow chart summarising the sub-divisions of mesophases and the

criteria upon which the subdivisions are made (grey boxes).

e There is no correlation between the molecular centres of mass (no positional order).

Hence the nematic phase is a fluid.

e There is no polarity associated with the uniaxial axis of symmetry (n = —n).

2.2.1 Nematic Order

The uniaxial, ‘rod like’ molecules of a nematic liquid crystal are defined to have an
ordinary axis (denoted by a subscript o) with a length scale on the order of 5 A, and an
extraordinary axis (denoted by a subscript e) with a length scale on the order of 20 A In
addition to the uniaxiality of nematics, as mentioned in Section 2.2, the nematic phase
also exhibits a degree of long-range orientational order. Over macroscopic length scales,
the orientation of individual molecules in a distribution will vary slightly, and impor-
tantly, this variation can be considered as time dependent, due to thermal fluctuations
in the environment.

As such, the orientational order of a macroscopic sample is quantified by the order
parameter, s, of the system, a quantity between s = 0 (random distribution of molecular
orientations) and s = 1 (all molecules parallel to the director)[4]. The value of a system’s

order parameter can be calculated from

/3,1
5= <2cos 60— 2> (2.2.1)

where 6 is the angle between the individual molecule and the director, and the
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brackets denote an average taken over all molecules of the sample. In practice, the value
of s is normally found to be around 0.3 or 0.4 at the clearing point, T, (the transition
temperature from the liquid crystal to isotropic fluid phase), and is found to be around

0.8 at much lower temperatures [25].

2.2.2 Optical Anisotropy

The uniaxial shape of the nematic phase results in the refractive index associated with
light polarised parallel to the director (n.) differing from that of light polarised per-
pendicular to the director (n,). This fundamental difference in the refractive indices is

termed the birefringence, and is defined as

An =ne —n, (2.2.2)

It is this birefringence that is exploited in all liquid crystal displays to produce
contrast between picture elements. The values of n, and n. will differ with incident
wavelength and also change as a function of temperature. For the liquid crystal 5CB at
25 °C and a wavelength of 633 nm, values of the refractive indices are close to n, = 1.531
and n. = 1.706 [29]. Simply, if one considers a nematic liquid crystal sample where the
temperature is being increased (and therefore through thermal fluctuations the order
parameter is decreasing) it is easy to see that An will also decrease, and above T, the

refractive index is clearly single valued.

2.2.3 Dielectric Anisotropy

In direct parallel with the optical anisotropy, the dielectric permittivities are also di-
rectionally dependent, in association with the ordinary and extraordinary axes of the

liquid crystal. The dielectric anisotropy is defined as,
A€ = €. — €. (2.2.3)

The value of Ae is responsible for dictating the reorientation of the director in re-
sponse to an applied field. In the case of positive dielectric anisotropy (e, > €,), the
director will align parallel to the applied field lines. In the case of negative dielectric
anisotropy (€. < €,) the director will tend to align perpendicular to the field lines. It is
this interaction between the reorientation of the director and the applied field, that is

used to switch picture elements on and off in liquid crystal displays.
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Figure 2.4: A schematic diagram of the elastic deformations that can be imposed
on a nematic liquid crystal via application of boundary conditions, (a) splay, (b)
twist and (c) bend. Each white rectangle represents a nematic liquid crystal
molecule. For the twist deformation (b), the director is rotating through 90°

from the bottom surface to the top surface.

2.2.4 Elastic Constants and Free Energy

Due to spatial variations in the director, a nematic liquid crystal will always exhibit
elastic free energy. When the director profile is confined between two aligning boundary
layers, the molecules will reorientate to minimise the free energy per unit volume. As

such, an appropriate free energy density wy is defined by Frank and Oseen.

1 1 1
wp = §k11 (V.n)* + 5’@2 (n.V. xn)” + §k33 In x V x n|? (2.2.4)

Here, the constants ki1, koo and k33 correspond to the elastic deformations of the
director field, splay, twist and bend, as are pictorially demonstrated in Figure 2.4. For
typical nematic liquid crystals, the elastic constants have values on the order of 10711 N,
which are obtained from experiments involving the competing effects of surface align-
ment and applied field alignment [25]. Typical values for the liquid crystal 5CB are
given as k13 = 0.62 x 107 N, kgy = 0.39 x 107 N and k33 = 0.82 x 10~ N [30]. In
the case of chiral nematics, a fourth term is added to the expression for the free energy

density,

1
5 (koo + ko4) V. (n.Vn — nV.n) (2.2.5)

The free energy density expression for a non-chiral nematic does not include this term
because the undistorted state is exactly the same as uniform alignment. The chirality
of the molecules in a chiral nematic sample introduces an extra twist term between the

intermolecular interactions.
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(c) Tilted

Figure 2.5: Figures (a - ¢) depict schematic representations of planar, vertical
and tilted alignment of the nematic director on a surface (black rectangle). Each

white rectangle represents a nematic liquid crystal molecule.

2.3 Surface alignment

For efficient operation of nearly all liquid crystal devices, a well ordered and uniformly
aligned mono-domain of the nematic director is required. In order to create uniform
areas of alignment, the director can be forced to exhibit a specific direction relative to
the cell wall by the application of a thin alignment layer, most commonly a spin-coated
polyimide layer.

Commonly required alignments are for the director to be planar homogeneous (par-
allel to the surface, at any azimuthal angle), vertical (parallel to the surface-normal, also
sometimes termed homeotropic alignment) and tilted alignment (any angle between pla-
nar and vertical). These alignment states are schematically depicted in Figure 2.5 (a),
(b) and (c). It is also not uncommon to promote different alignment of the director on
multiple surfaces of the same device. Such alignments can force large gradients in 7 in
a stable state, thus creating non-zero values of the free energy (equation 2.2.4). A much
more detailed examination of surface alignment techniques and methods is discussed in

Chapter 6.

2.4 Nematic viscosities

Unlike regular isotropic fluids, nematic liquid crystals also exhibit anisotropic viscosity.
That is, the viscosity (constant of proportionality between the applied sheer stress and
the induced velocity gradient) varies depending on the alignment of the director relative
to the flow direction. The first accurate determination of these anisotropic viscosities in
nematics was carried out by Professor Marian Miesowicz in the 1930s (originally pub-

lished in a small bulletin in German), but was not reported wide-spread until after the

10
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(b) n2

Figure 2.6: A schematic diagram representing the relationship between the flow
direction (red arrows) and the alignment of the director for the principal Miesowicz

viscosities, 71,12, 3.

war in 1946 [31]. In his experiments, Miesowicz was able to distinguish three principal
viscosity coefficients? (m,2,3), shown schematically in Figure 2.6 through the application
of a strong magnetic field used to align the director in different orientations relative to
the flow direction.

As is shown in Figure 2.6, the three principal Miesowicz viscosities correspond to

three orientations of the director relative to the flow direction?®,

1. n1 when n is parallel to v
2. mo when n is parallel to Vv

3. 3 when n is orthogonal to both v and Vv

It is worth noting that as quoted in Janik’s scientific appreciation of Miesowicz” work
on the anisotropic viscosities of liquid crystals, ‘...the accuracy of Miesowicz’ experiments
was so good that mo significant improvement has been reported until the present time.’
[33]. The results of this experiment are perhaps made even more significant when one
considers that during the 1930s it was a generally accepted paradigm that that the
properties of liquids were isotropic. As such, Miesowicz’ results were originally met with
some speculation from his contemporaries [33]. Values for the Miesowicz viscosities of
5CB near 25 °C are given as 1 = 0.0204 Pa s, 73 = 0.1052 Pa s,n3 = 0.0326 Pa s [30].

As will be expanded upon in the next chapter, consideration of the full viscous
stress tensor leads to the definition of not only the three principal Miesowicz viscosities
as detailed above, but rather five independent viscosity coefficients for nematics. These
viscosities cannot be related to the orientation of the director in a simple experimental

manner [30] as is shown in Figure 2.6 but rather occur in linear combinations, making

?For the liquid crystal PPA at 122° C (in the nematic phase)
3The notation adopted here is the notation used by Miesowicz, but some texts adopt the Helfrich
notation [32] which interchanges the above definitions of 7; and 7,.

11
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visualisation of nematic viscosities very difficult. As will be seen later, the five indepen-

dent nematic viscosities can be mathematically related to the Miesowicz viscosities.

12



CHAPTER 3

Theory / Methods

3.1 Introduction

In this chapter, the theoretical background and one dimensional computational model
(used to simulate the dynamic behaviour of nematic liquid crystals throughout this
thesis) is discussed. This will begin with a brief look at the underlying equations and
relations which ultimately lead to the one dimensional model and it’s application in this
research. The simulation of conoscopic figures based upon the director profiles obtained
from the one dimensional model are also discussed. Finally, this chapter will look at the
experimental methods for capturing conoscopic figures and the fabrication of bespoke
cells allowing pressure driven flow from a syringe drive.

It should be noted that this chapter aims to give an introduction to the highly
involved theoretical study of nematic liquid crystal dynamics, allowing insight into the
results recorded in the experimental chapters to follow. Where relevant, references are
provided to the original source material so that a deeper and fully exhaustive background

can be obtained if desired.

3.1.1 Background

At present (more than a century since the discovery of the liquid crystalline phase of
matter), when studying the visco-elastic behaviour of nematic liquid crystals, the theory
of Leslie and Ericksen is most frequently employed [34]. Along the road to arriving at
this generally accepted and widely used theory, many different and wonderful ideas have
been suggested regarding the nature and internal workings of nematic liquid crystals.
Below, a brief description of the main historical milestones which lead to this formulation
is given.

The first qualitative attempt at a descriptive model of liquid crystalline behaviour
was made by Bose in the early 1900s. As is detailed in reference [34], the core of his

theory was based on the idea that the liquid crystalline phase of matter existed as small

13
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domains (of dimensions in the micron range) within which the director was assumed to
remain constant. This idea was based on what was known at the time as swarm theory, a
concept which dominated the theoretical modelling of liquid crystals for several decades
[34].

The first quantitative theory however, was presented by Born in 1916, where the
existence of liquid crystalline phases was attributed to a permanent dipole attached to
the molecules in the liquid [34]. Oseen was later able to show through a series of articles
that Born’s dipolar theory was wrong, whilst simultaneously describing a theoretical
model for the static behaviour of liquid crystals which was essentially correct [34]. It
was Anzelius, Oseen’s student, who was then the first to publish an attempt at describing
the dynamic behaviour of nematic liquid crystals, although unfortunately it was deemed
to be incorrect, despite several of its founding ideas being proven in retrospect to be
sound [34].

In the 1950s, along with the development of the modern theory of rational me-
chanics, a correct version of Anzelius’s theory was finally established, resulting in the
Leslie-Ericksen theory as it is known today [34] which is the mainstay of the theoretical
description which follows in this chapter.

The following section goes on to introduce the Leslie-Ericksen theory in a form that
is widely used today, starting from the constitutive equations and the definition of the

dissipation function.

3.2 Constitutive equations and the Leslie viscosities

Constitutive equations, or constitutive relations (reference [30] page 142), are expres-
sions that provide a relationship between two physical quantities of a specific material
or substance. In general, the constitutive equations provide a relationship between the
response of a specific material and the forces applied to it. For the case of nemato-
dynamics, the constitutive relationship considered links the rate of viscous dissipation
(or, in an alternative but equivalent formulation, the stress tensor) and the motion of
the liquid crystal. It is important to note here that constitutive equations are used to
describe the mechanical properties particular to a given medium and will thus change
from one medium to another.

As is described by Stewart [30], the natural continuum variables to consider for
constitutive equations governing the dynamics of nematic liquid crystals are those of
the director, the local angular velocity of the director and the pressure-induced velocity
gradients within the medium. Analogously to the Frank equation which relates the free
energy density wy (equation 2.2.4), to gradients in n, one can relate the rate of viscous

dissipation to director rotations and spatial variations in the fluid velocity. Following

14
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from Leslie’s [35] formulation, this equation is obtained from a ‘rate of work hypothesis’,

which makes the following assumption;

“The rate at which forces and moments do work on a volume of nematic will
be absorbed into changes in the nematic energy (wy) or the kinetic energy,

or will be lost by means of viscous dissipation” [30].

As is the case for any classically based continuum theory (where isothermal conditions
are assumed, and therefore thermal effects are ignored), conservation laws of mass, linear
momentum and angular momentum must hold. Therefore, for a volume V' of nematic
liquid crystal bounded by the surface S, this rate of work postulate can mathematically

be described as

D 1
/,o(F-v+K-w) dV+/(t-v+l-w) ds = — (pv-v+u)f) dV+/DdV
v s Dt Jy\2 v

(3.2.1)
where p denotes the density, F is the external body force per unit mass, v is the velocity,
K is the external body moment per unit mass, w is the local angular velocity of the
director, t is the surface force per unit area, 1 is the surface moment per unit area and
D signifies the rate of viscous dissipation per unit volume (known as the dissipation
function).

Following from the rigorous derivation provided by Stewart [30], the dissipation func-
tion D (through the balance laws for mass, linear momentum and angular momentum)

can be expressed as'

D = o (niAijnj)2 + 2 (042 + Oég) NiAij’l’Lj + 014141']'14”
+ (a5 + ) niAijAjknk + (g —ag) N;N; > 0 (3.2.2)

where the coefficients a1, as, ..., ag are known as the Leslie viscosity coefficients, or the

Leslie viscosities, n; ; is the director, A is the rate of strain tensor given by

1
Aij = 2 (vij + v54) (3.2.3)

and NV; is the co-rotational time flux of the director given by

'For a rigorous analysis of equation 3.2.1 and a full derivation of the dissipation function (equation
3.2.2), the reader is directed to the Static and Dynamic Continuum Theory of Liquid Crystals by Iain W.
Stewart [30], which gives a comprehensive mathematical introduction to the dynamic theory of nematic
liquid crystals.

15
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where W;; is the vorticity tensor, given by

1

Wij = B (vij — vji) (3.2.5)

Importantly, there are, of course, many combinations in the constitutive relation
with regards to the continuum variables that result in the dissipation of energy under
flow. Thankfully, much like in the case of the Frank free energy relation, the consid-
eration of nematic constraints such as the equivalence of n and —n and the fact that
the constitutive relations must be invariant under reflections within planes containing
n (due to the symmetry of nematic liquid crystals), these combinations reduce to
just the six Leslie viscosities (in much the same way that the Frank free energy
reduces to the primary splay, twist and bend elastic constants).

As can be seen by the inequality shown in equation 3.2.2, D is always constrained
to be positive. This seems appropriate, as we expect any system to lose energy through

the viscous dissipation due to spatial variations in the velocity profile.

3.2.1 Comments and Constraints on the Leslie viscosities

In the previous section (3.2), six independent viscosity coefficients have been introduced
(a full description of which is provided in reference [30]), through the dissipation func-
tion, to exist for standard rod-like nematic liquid crystals. However, unlike the case of
the previously described Miesowicz viscosities (Figure 2.6), where only three viscosity
coefficients are considered (based on the alignment of the director with respect to the
shear flow), one cannot formulate an intuitive understanding of the relationship between
the director and the flow direction in order to gain an understanding of the six individual
Leslie viscositie’s contribution to a nematic liquid crystal under flow.

Thankfully, from a simple analysis of the terms comprising the dissipation function,
it is possible to gain substantial insight into the relative importance and physical contri-
bution from some of the Leslie viscosity coefficients. For example, equation 3.2.2 shows
that the only term containing the Leslie viscosity a4, does not contain any terms relating
to the director (n, N), but rather only contains the rate of strain tensor A. Therefore,
a4 is often considered to be the analogue of the isotropic viscosity coefficient, in that
it’s value is not affected by the relative director orientation. Similarly, the only terms in
equation 3.2.2 that contain the co-rotational time flux of the director IV, are terms solely
containing the Leslie viscosities ag and «aj3. Therefore, the Leslie viscosities associated
with the rotation of the director are predominantly s and as, where v1 = a3 — ag, and
is often termed the rotational or Tsvetkov’s viscosity coefficient [36]. The role of ay and
ag on director rotation will be expanded upon in later sections.

Much like the Frank elastic constants, the Leslie viscosities are phenomenological,
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Viscosity conversions

Leslie to Miesowicz Miesowicz to Leslie

a1 = 112 n = (012 +2a3+a4+a5)
ar =3 (m —m—m) m = 3 (—a2 + s + as)
az =5 (m —m+m) N3 = 304

ay = 213 N2 = a1

as =5 (1 + 3 — 413 — 1)
ag = a2 + a3+ as
Table 3.1: A table providing a summary of the relationships that link the Leslie

viscosities to the Miesowicz viscosities and vice versa.

meaning that their values are not derived from first principles. In fact, as the Leslie
viscosities do not correlate to simple physical geometries (as is the case for the Miesowicz
viscosity coefficients), they cannot be directly measured. Rather, combinations of the
Leslie viscosities are measured. Be this as it may, it can be shown that the values of the
Leslie viscosities are constrained by the second law of thermodynamics, which results
in a set of inequalities governing their sign. These inequalities [30] are defined below
for convenience, as some of them will be used later in further analysis of the dynamic

theory.

Nnm=az—az = 0 (3.2.6)

ar > 0 (3.2.7)

24+ a5 +ag > 0 (3.2.8)

201 + 3oy + 205 + 206 > 0 (3.2.9)
Ay 2oy + a5 +ag) > (aa+as+ 72)2 (3.2.10)

From these inequalities, it is important to note that the rotational viscosity ~; must
have a positive value, as must a4, the analogue of the isotropic viscosity coefficient.
For reference, the Miesowicz viscosity coefficients are related to the Leslie viscosity
coefficients and can be converted via the relations given in Table 3.1. Here it is plain to

see the somewhat complex relationships between the Miesowicz and Leslie viscosities.

3.2.2 The Parodi relation

In 1970, Parodi [37] proposed, through Onsager relations, that there are in fact only
five independent viscosity coefficients that need to be considered. This result often
leads to simplifications in the theoretical analysis which makes for far easier computation.

The relation,
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(z)Adv

Figure 3.1: Coordinate system used throughout this thesis. The tilt angle 6 is
defined to be measured from the z axis and the twist angle ¢ is defined to be the

angle between the projection of n on to the x — y plane and the x axis

ag — o5 = g + a3 = Y9 (3.2.11)

was verified by Currie [38] in 1974, and is a generally accepted addition to the Leslie-
Ericksen theory, which is sometimes termed the Leslie-Ericksen-Parodi (LEP) theory of

nematic liquid crystals.

3.3 Flow-alignment (“logs in rivers”)

As is carried through the rest of this thesis, the Euler angles 6 (z,t) and ¢ (z,t) are used
to specify the director n. Here, as is traditional in the Exeter group, the tilt angle 0 is
defined to be measured from the z axis and the twist angle ¢ is defined to be the angle
between the projection of n on to the z — y plane and the z axis. The flow direction
throughout this thesis is also defined to be in the positive x direction, with the gradient
in velocity in the z direction as also shown in Figure 3.1.

In this section, the theory of nematic liquid crystal flow-alignment is introduced.
That is, the response of the director n to a velocity gradient. However, to begin with,
it is pertinent to pose the question, “How do we intuitively expect the nematic director
to respond to a velocity field?”

In order to answer this question, a simplified picture of nematic liquid crystal
molecules under flow is introduced. This is done by firstly imagining that rather than
having molecules flowing in a well defined channel, we replace the channel walls with
river banks, and secondly by imagining that rather than having rod-like liquid crystalline
molecules, we replace them with wooden logs. If one pictures the flow of a nematic liquid
crystal as being directly analogous to the flow of logs in a river (Figure 3.2), a simple,
intuitive and useful picture can be formulated in the reader’s mind, which will help
during later stages in visualising the director’s response under complex flow geometries.

It is clear that the three Miesowicz viscosity geometries pictured in Figure 2.6 can
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Figure 3.2: ‘Timber being floated to Vancouver, Canada’. This photograph il-
lustrates how the idea of logs in a river can greatly aid the visualisation of nematic
flow-alignment. Here, individual logs are considered the analogue of calamitic lig-
uid crystal molecules, with one long and two short axes. The photograph is
licensed under the Creative Commons Attribution 2.0 Generic license and can be
found at http://en.wikipedia.org/wiki/File:Log_driving_in_Vancouver.jpg

equally be represented by wooden logs flowing in Figure 3.2. This could be achieved by
constraining the logs to have specific orientations with respect to the river velocity and
river velocity gradient. Here, the orientation shown in Figure 3.2 is equivalent to that
of n1, where n || v.

Perhaps intuitively one may expect the director, in response to flow, to azimuthally
align itself parallel to the flow direction, as is depicted in Figure 3.2. It seems natural
to assume that logs in a river will flow more easily in this orientation (¢ = 0°). As for
the zenithal orientation of the director, again, flow with the logs in planar alignment
(0 =90°) (as in Figure 3.2) naturally feels to be the orientation under which the logs
will flow most easily.

As we shall see in the next section, this simplified picture is not entirely incorrect,
particularly with respect to the preferred azimuthal orientation of ¢ = 0°, providing a
very intuitive picture to refer to when analysing more complex flow geometries. Perhaps
most interestingly, it will also be shown that for a certain class of liquid crystal, a tilt
angle of § = 90° is not the preferred orientation under flow, but that it is rather some
small angle away from planar, at which point, the net viscous torque on the nematic

molecules goes to zero.
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3.3.1 Simplified flow-alignment

In order to gain a basic understanding of the nematic director’s response to a flow field,
a highly simplified, and in some respects, unrealistic scenario is considered. In this
scenario, all effects of boundaries, external fields, director gradients and elastic energies
are ignored, leaving only the influence of a linear velocity gradient in z to be considered.

For such a simplified system, the Ericksen-Leslie dynamic equations reduce to two
equations, governing the time derivative of 6, <6? =df/ dt) and the time derivative of
0, (qﬁ =do/ dt) [30]. These equations describe the orientation of n for the simplest of

shear flow regimes, which apply strictly only under the conditions stated above. These

equations are given below (3.3.1 and 3.3.2).

716 k (azsin® 0 — ag cos® 0) cos ¢ (3.3.1)

y1sinf¢ = kascosfsin (3.3.2)

As explained by Stewart [30], it is natural to then proceed by seeking steady state
solutions to both equations 3.3.1 and 3.3.2. That is to ask, “what values of 0 and ¢ are
the steady values under shear flow?” This question is answered by setting 6 = qb =0,
i.e. solving both equations in the condition that the director has stopped rotating, or
achieved steady state alignment.

Therefore it is seen that for any values of the viscosities (bearing in mind the equiv-

alence of n and —n, there is always the steady state alignment provided by

0 =90°, ¢=090° (3.3.3)

These steady state alignment angles correspond to the director being planar (6 = 90°),
and lying normal to the flow direction (¢ = 90°), as depicted in Figure 3.3 (a). In-
tuitively, this stable alignment condition makes sense. If there is no component of the
director in the z direction, then there is no torque acting on the molecules, and therefore
there is no torque imbalance, leading to a steady state alignment angle. For a nematic
liquid crystal oriented normal to the flow and planar, there is no rotation of the director
caused by a shear flow.

However, it can be seen that if the Leslie viscosities ais and a3 are non-zero and have

the same sign, such that asas > 0, other possible steady state solutions are provided by

0=0, ¢=0° (3.3.4)

where the angle 6; is referred to as the Leslie angle or flow alignment angle, and is
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Figure 3.3: Visual schematic depictions of the steady state alignment angles
available to the director under a highly simplified shear flow. (a) shows the
alignment angles of § = 90° and ¢ = 90°, which are available for any values of
the Leslie viscosities. (b) shows the alignment angles of § = 6, and ¢ = 0°, which

are only available for flow-aligning liquid crystals (asas > 0).

calculated from equation 3.3.5, below.

assin?f = ascos?l
tan?0 = *
o3
6 = tan"!\/az/as3 (3.3.5)
0, = 90—-80 (3.3.6)

Note that the Leslie angle is conventionally defined as a deviation out of the x —y plane,
hence the inclusion of equation 3.3.6 to convert our angle into the conventional form.
Now it is seen that there is a second set of steady state alignment angles for the director.
These constrain the director to be aligned parallel to the direction of flow (¢ = 0°), but
crucially, not planar aligned (6 # 90°), but at some small angle (90 — ;) away from
planar, as is demonstrated in Figure 3.3 (b).

Importantly, if the values of ao and a3 differ in sign, the only steady state solutions
under flow are those given by equation 3.3.3. This follows from equation 3.3.5, where the
steady state alignment angle for § would involve the square-root of a negative number.

Therefore, two classes of liquid crystal can be defined.
o Flow-aligning liquid crystals; where asas > 0
e Non flow-aligning liquid crystals; where asag < 0

It follows that for flow-aligning liquid crystals, there are two further sub-categories which
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depend on the relative strengths of as and as, which comes from the thermodynamic

constraint that v; = a3 — as > 0, defined by,

Typel as < a3 <0 where 0°<6;,<45°, ¢=0° (3.3.7)

TypeIl a3 >as >0 where 45° <6, <90°, ¢=0° (3.3.8)

Here we see that for as < a3 < 0, the steady state Leslie angle will be valued somewhere
between 6§ = 90° and 6 = 45°, which is a relatively small angular deviation away from
planar alignment. Conversely, in the case of a3 < as > 0, the Leslie angle will be valued
between § = 45° and § = 0°, which is a relatively large distortion away from planar
alignment. It is purely this torque balance, created by the differing relative strengths of
ag and ag which create the steady state Leslie angle.

The values of the Leslie viscosity coefficients for three common nematic liquid crystals
are given in Table 3.2. It can be seen for the experimental viscosities given in Table 3.2,
that 5CB, MBBA and PAA are all Type I flow-aligning.

Leslie Viscosity (Pa.s)
Liquid Crystal | T °C o o) a3 y as Qg
5CB 25° | -0.0060 -0.0812 -0.0036 0.0652 0.0640 -0.0208
MBBA 25° | -0.0181 -0.1104 -0.0011 0.0826 0.0779 -0.0336
PAA 122° | 0.0043 -0.0069 -0.0002 0.0068 0.0047 -0.0023

Table 3.2: Values of the Leslie viscosities for the nematic phases of 5CB, MBBA
and PAA (taken from reference [30]). Note that all three nematic phases are

flow-aligning.

After this introduction to the theoretical background of nematic liquid crystal dy-
namics, this chapter will now go on to introduce and examine the workings of the one
dimensional model that is used to simulate director dynamics in liquid crystal cells

undergoing pressure driven flow in well defined flow channels.
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3.4 A 1-D numerical model of liquid crystal dynamics

This section introduces the one dimensional model of liquid crystal dynamics that is
used extensively in later chapters of this thesis. The rigorous and full details of the
model’s design and operation are provided by its creator, Stephen Cornford, in his
thesis “Recovery and analysis of director profiles in liquid crystal cells” [39] where a
substantial amount of effort has gone into creating the model and comparing its output
to other simulation packages available (such as DIMOS). As is described in reference
[39], although other computer programs that can model simple liquid crystal cells have
been used before in the Exeter group [40, 41], this model was created in order to compute
the dynamics of rather more complex situations including simulation of the flexo-electric
effect, ion motion in cells, use in optimisation problems and, most importantly in the
context of this thesis, the effects of pressure-driven flow upon director distortion.

This section aims to provide a brief introduction to the key equations of the model
which govern the dynamic behaviour that will be seen in later experimental chapters of
this thesis. In addition to that, this section also intends to give a brief introduction to
how the model is used in this thesis, including what difficulties have been overcome in

order for it to operate.

3.4.1 Assumptions

The dynamical behaviour of the liquid crystal described by this one dimensional model is
governed by the Leslie-Ericksen equations (as introduced earlier in this chapter). That
is to say, the model is derived from the continuum theory of nematic liquid crystals,
where the liquid crystal is described by a director field [39].

For a simple cell, the liquid crystal can be described by this director field n (z,t),
and a flow field u(z,¢). Given this assumption, the model is based upon a Cartesian
co-ordinate system that has been chosen so the cell walls (upper and lower) lie parallel
to the zy plane at z = 0 and z = d. As this is only a one dimensional simulation,
the cell is also assumed to be infinitely large in both the x and y directions so that
only variations in the director parallel to the z axis need to be considered [39]. As was
described at the start of Section 3.3 (Figure 3.1), the Euler angles 0 (z,t) and ¢ (z,t)
are used to specify the director n. As is traditional in the Exeter group, the tilt angle
0 is defined to be measured from the z axis and the twist angle ¢ is defined to be the

angle between the projection of n on to the z — y plane and the = axis, expressed as

n = (sin 6 cos ¢, sin # sin ¢, cos ) (3.4.1)

Another result of the one dimensional assumption is that only two variables u, and
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u, are needed to fully describe the nature of u. As is detailed in [39] the basis for this
assumption is made clear when u is taken to be defined by
u = (Ug, Uy, Us) (3.4.2)

As the flow is assumed to be incompressible, V - u = 0. If the flow field varies only in

z, this divergence equality reduces to

ou,
0z

=0 (3.4.3)

Since there is no flow through the top and bottom walls of the cell, u, (0) = u, (d) =0,
and therefore u, must equal zero, and hence there is only the requirement for two
variables u, and u, to fully describe u.

It is worth noting that as well as the director and flow fields described above, the
electric field E within the cell must be taken into account if simulations involving the
effects of an applied electric potential are also to be considered®. In such a case, the
electric displacement vector D, must be constant in a one dimensional system [39]. As
D is confined to be parallel to the z axis at the cell boundaries, it must therefore be
parallel to z at all points in the cell and hence only components of E parallel to the z

axis are considered in the simulation equations.

3.5 The Leslie-Ericksen equations

The time and space dependent behaviour of n and u can be found by solving the Leslie-
FEricksen equations. These equations boil down to four partial differential equations
in the variables ¢, ¢, u, and w,. Prior to examining these equations, some auxiliary

functions of # are defined for convenience [39]

0
0

a = (ozﬁ + a3 + 2aq cos? 9) sin? 6

b = (a5 — ag)cos? 6 + ay

(0) (3.5.1)
(0) (3.52)
() = azsin?0 — azcos®h (3.5.3)
() (3.5.4)
(0) (3.5.5)

o

g 0 = SiIl2 0 ((kzg — ]{?33) sin2 0+ kgg)
dg

do

/

g (0

3.5.1 Twist, ¢

The governing equation for the azimuthal angle ¢ is derived from [39] and [30],

2The model described here takes into account the possibility of an applied electric field through ITO
coated substrates, the flexoelectric effect or space charges.
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sin? 622 = g(0)

a2¢>+ L, 0000 1 Oty
dt

. ouy .
9219 (0) 5,9,  pcesin 20 (cos ¢§ —sin ¢ o > (3.5.6)

Boundary conditions and initial conditions for equation 3.5.6 must be provided, giving
$(z=0,t=0), ¢(2=d,t =0) and ¢ (z,t =0). That is, the initial azimuthal director
alignment has to be provided. Generally, when simulating the response of a cell, the
angles in the simulation will be those of the rubbing direction on the actual cell.

If a uniform (d¢/dz = 0), planar aligned (6 = 90°) sample were to be considered, it
is seen that all terms in equation 3.5.6 equal zero. That is to say, if a liquid crystal
sample were to be held planar, there would be no azimuthal distortion of the director
under flow (the same is also true for § = 0°). However, if there were to be a small
amount of tilt of the director introduced to the cell (6 # 90), the third term in equation
3.5.6,

1 . Ouy . Oug
5Q28in 20 (cos ¢E —ging o ) (3.5.7)

will no longer equal zero, and azimuthal rotation of the director will be simulated with
the onset of flow. This result is important, and ties in with the more qualitative expla-
nation of azimuthal rotation which is described later in Chapter 4.

Another important point to note about equation 3.5.6 is that in steady state, where
d¢/dt = 0, (ignoring the contribution from wu,) sin ¢ (Qu,/0z) in the final term must
also equal zero. Given that under flow Ju,/0z will not equal zero, then the value of
sin ¢ must equal zero, yielding steady state values of ¢ = 0°,180°, or the director lying
parallel to the x axis (flow direction). Therefore, considering the more involved equations
describing the dynamic behaviour of a nematic liquid crystal under pressure driven flow
between two parallel plates, the same steady state azimuthal alignment angles of the
director are recovered, as were seen earlier for the highly simplified case in the azimuthal

component of equation 3.3.4.

3.5.2 Tilt, 0

A similar governing equation for the zenithal (tilt) angle 6 is derived from [39] and [30],
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fylgf = (ki1 + (kss — k11) cos? 9) gzz
+ % (it — kgg) sin 20 (gif
+ %sin 20 ((es —ep) % - 606aE2> (3.5.8)

Again, boundary conditions for equation 3.5.8 must be provided, giving 8 (z = 0,¢ = 0),
0(z=d,t =0)and 0 (z,t = 0). That is, the initial tilt director alignment has to be pro-
vided, again, this is provided physically by the type of surface alignment layer that is
deposited on cell walls.

Here, in steady state and assuming a uniform alignment (06/0t =0), ¢(#) must

equal zero, which from equation 3.3.5 is shown to occur at the Leslie angle.

3.5.3 Flow field

The last two governing equations are those for the simulated flow field and are derived
from the linear momentum balance equations [39] where the pressure gradients G, and
G, are defined along the x and y axes respectively. These are given in 3.5.9 and 3.5.10
below.

It is worth noting that the only time derivatives contained in equations 3.5.9 and
3.5.10 are those of § and ¢. This dictates that if the director is not changing in time,
the flow fields are also time independent. Consequently, only boundary conditions for
u, and u, must be prescribed. As will also be discussed later, the classical non-slip
boundary condition stating that the fluid velocity at the cell walls is assumed to be zero

is appropriate [39, 42].

_ 9 1 2 Ou, 1 . duy 0 1 06
Gy = 7. ([ZCL(@) cos” ¢ + b(@)} 9 T Za(@) sm2¢§ c(0)cos (ba 502 sin ¢ sin 260 6t>
(3.5.9)

= 2 ([2a@sin Dy Lo ci06% ) ino? Lo cossin20?®
Gy = b ([2a(9)51n ¢+b(9)} 9z +4a(9)b1n2¢ % C(Q)blnqbat 2042(305(;5511129(%)

(3.5.10)

As a final note, as discussed earlier and shown in equations 3.5.6 and 3.5.8, the bound-

ary conditions for § and ¢ are known (from experiment) and are input into the one
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dimensional model used here. As is explained in [39], it is also reasonable to assume
that the director is fixed at the cell surfaces, in a regime known as strong anchoring.
An alternative regime could also be considered, weak anchoring (not used in this simu-
lation) whereby information regarding 6 and its derivative in z and ¢ and its derivative
in z would be required?.

Finally, this chapter will go on to introduce the experimental technique of conoscopy
as a means of extracting information about nematic liquid crystal alignment. Conoscopy
is used widely in later experimental chapters of this thesis and here, a computational
method of simulating conoscopic figures is introduced along with some characteristic

figures recorded in the experiments.

3Some relevant material is included in references [43] and [44].
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3.6 Conoscopy

Conoscopy, from the greek konos meaning cone, and skopeo meaning examine [45], has
long been used as a tool for studying the physical nature and alignment of geological
crystals and their birefringence. More recently, it has been used to explore liquid crystal
mono-domain alignment [46]. As will be seen later in the experimental chapters of this
thesis, conoscopy is also a relatively simple and powerful tool for gaining a large amount
of information about a liquid crystal director profile in a relatively quick manner. Not
withstanding it’s relative speed-of-use and ease of implementation, it does have certain
shortcomings when directly compared to more detailed and rigorous analysis methods
such as the Fully Leaky Guided Mode (FLGM) technique [47-51].

Optical conoscopy, as used in this work, gives a broad (lacking in fine detail) picture
of how the director behaves or reacts to an external perturbation such as an applied
pressure gradient inducing flow. As such, the aim of conoscopy is not to accurately
determine the director profile at a high spatial resolution, but rather to give a broad

overview of the alignment present within the cell.

3.6.1 Simulation

Conoscopic figures are generated when birefringent crystal samples are viewed between
crossed polarisers with highly convergent monochromatic light. Essentially, as is well
explained by Van Horn and Henning-Winter [46], when light rays pass through the
crystal, they are split into ordinary and extraordinary components which experience
different refractive indices and hence travel along different paths. For liquid crystal
mono-domains, these different paths are highly dependent on the degree of order ex-
hibited within the liquid crystal mono-domain and the wavelength of the incident light.
Although conoscopy can be carried out under white light (where coloured figures are
observed) here we examine director alignment with monochromatic light and simulate
conoscopic figures accordingly for a direct comparison. Depending on the phase differ-
ence between the ordinary and extraordinary components, light exiting the crystal may
have undergone polarisation conversion, resulting in some light in specific directions
passing the second, crossed, polariser. For light rays over a cone of angles, characteristic
figures are observed, depending on the alignment of the mono-domain that has been
traversed.

Figure 3.4 shows a schematic representation of the common conoscopic figures that
are observed for the primary alignment states of the director. For reference, conoscopic
figures are said to consist of dark isochromatic fringes, and extinction brushes or isogyres.
When the director is aligned parallel to the surface (planar, Figure 3.4 (a)) the conoscopic

figure observed is a set of conjugate hyperbolae, centred on a common locus [46]. Light
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that has travelled to the centre of the locus (if it is bright) will have passed along a
path where the relative phase difference between the ordinary and extraordinary light
is a maximum. For vertical director alignment (Figure 3.4 (b)), the conoscopic figure
consists of concentric circular fringes and a central extinction cross. Here, the centre of
the cross corresponds to minimum relative phase difference [46]. For a director profile
that is uniformly tilted (Figure 3.4 (c)), the conoscopic figure consists of a series of dark
fringes resulting from the birefringence encountered by light passing through the cell?.
This conoscopic figure is simulated for a large (& 45°) uniform tilt angle. For smaller
tilt angles, a displacement of the locus from the centre of the field of view is observed,
which, as will be seen later, can be used to estimate the tilt angle within the sample.

A modelling script was also developed by Stephen Cornford [39] in order to simulate
the conoscopic figures observed for birefringent media. As used widely in his thesis,
the Berreman [52] (or Jones) matrix methods were adapted to compute the conoscopic
figures, as has been reported previously in the literature [53, 54].

Briefly, a Cartesian coordinate system is defined for the computation of the cono-
scopic figure. Each point within that coordinate system (x,y) can be defined by a pair
of angles a and v such that [39],

tany = y/x (3.6.1)
sina = (2% + y2)% (3.6.2)

A ray of light that passes through the focus of the cone of light at an angle of
incidence «, strikes the cartesian coordinate system plane with a plane of incidence
at angle 1) to the figure’s x axis and at an angle 1)’ to the transmission angle of the
polariser.

For each ray in the cone of incident light, the coefficients E,, Esp, Eps, Epp are calcu-
lated, where Ej), is the complex, s-polarised component of the electric field transmitted
through the sample if the incoming ray were wholly p-polarised. From these, the inten-

sity at any point on the Cartesian coordinate system can be obtained [39] from,

I (o, ¥) = [(Epp — Eps) sin (¢) cos (¢') — Eps cos® ) + Egpsin’ ¢'|2 (3.6.3)

In order to compute the conoscopic figure, a set of points in the cartesian coordinate
plain (z,y) needs to be selected such that sina < sinNA, where NA is the numerical

aperture of the cone of light [39].

4The conoscopic images shown in Figure 3.4 are calculated from the uniaxial modelling script de-
scribed later
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Figure 3.4: Simulated conoscopic figures for the director profiles shown schemat-
ically on the left. (a) the double set of hyperbolae signalling planar alignment.
Note that this figure does not always need to have rotational symmerty, depend-
ing on the refractive indices and sample thickness. (b) The maltese cross from
vertical alignment of the director. (c) A series of dark fringes from a uniformly
tilted sample.

Figure 3.3 shows a table of simulated conoscopic figures from the computational
method described above. These figures are simulated for a typical nematic liquid crystal
with refractive indices of n, = 1.7 and n, = 1.5 in a cell approximately 100 pm thick.
The sequence of figures correspond to the liquid crystal uniform tilt angle 8 varying

along a row, whilst the azimuthal angle ¢ varies along a column.

Here as expected, for planar alignment (# = 90°), the conjugate set of hyperbolae

centred on a common locus is computed. This set of hyperbolae is rotated as a func-
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Table 3.3: A table showing characteristic conoscopic figures for varying values

of § and ¢ from the optical simulation package. Note that the polarisers are set
at ¢ +45°, otherwise some of the figures in the 8 > 0 column would appear nearly
or entirely black. This accounts for the rotation of the 8 = 0 figure, which would

be independent of ¢ if the polariser angle did not change.

tion of the azimuthal alignment, ¢ relative to the figure’s x axis. For pure vertical
alignment (6 = 0°), the concentric circular fringes and maltese cross are computed. As
stated earlier, for small uniform tilt angles away from either planar or vertical alignment
(0 = 85°,5°), the locus of the simulated conoscopic figure appears slightly displaced from
the centre of the field of view along a line parallel to the plane containing the director

azimuthal alignment angle ¢.

3.6.2 Experimental

Figure 3.5 is a schematic diagram of the experimental set up that constitutes the cono-
scope used for analysis in this thesis. Here it is seen that firstly, light from a Helium-Neon
laser (633 nm) is incident onto a rotating diffuser, acting as a scattering near point source
over the small area illuminated by the beam spot. As the diffuser is rotated, the array of
point sources varies, and when averaged over a single rotation of the diffuser, creates a

uniform cone of light, removing any speckle pattern from the laser and final conoscopic
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Rotating diffuser
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Figure 3.5: A schematic diagram of the conoscope used in this research. Based
on a designs from the literature [54, 55] and built by Cornford in reference [39].
Here, a collimated beam passes through the polariser, main assembly and sample,
before passing through the analyser and focussed on to the CCD to capture a
figure.

figures. The beam is then collimated before passing through the first polariser and into
the first microscope objective of the main assembly.

The main assembly consists of the sample and two Mitotouyo Plan-Apo 50x long
working distance microscope objectives. The first objective takes a parallel beam of light
about 3 mm in diameter, expands it, and focusses it on to the sample. The resulting
convergent beam has a numerical aperture of 0.55, and a working distance of 13 mm.
Having passed through the sample, the second objective collimates the beam before it
passes through the second polariser, also known as the analyser.

Finally, the beam passes through a correcting lens to correct for the change in focus
of the convergent beam that is generated by passing through the two thick glass plates
of the sample. When the outer part of the beam exiting the second objective is parallel,
the inner part is convergent (clearly visible as the beam is brighter in the centre than at
the edges). On going through the correcting lens, the beam is uniform in a single plane,
and that is the position where the CCD is placed [39], creating a conoscopic figure which
is captured from computer software for the camera used.

The following sub-sections will look at sample data images captured from the cono-
scope shown schematically in Figure 3.5. It will show (primarily for planar aligned
samples) how the conoscopic figures respond to variations in certain parameters of the
experimental setup, such as rotating the samples in the main assembly and rotating the
polariser and analyser whilst viewing the conoscopic figure. These figures are compared
to the computed figures from the optical simulation in order to confirm that the model
is behaving accurately in predicting the correct conoscopic figure. Whilst the main focus
of the work in this chapter, and in this thesis as a whole, is concerned with planar and
near-planar aligned samples, some vertically aligned samples are included here in order

to show the characteristic conoscopic figures that can be obtained.
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3.6.3 Planar alignment - rotating the cell

All planar conoscopic images included in the following sections are taken from the same
liquid crystal cell which is filled with 5CB sandwiched between two glass plates spaced
with un-stretched Parafilm (thickness of approximately 100 pm). The surface alignment
layer is a rubbed polyimide. For all simulation, refractive indices for 5CB at a wavelength
of 633 nm and 25 °C are used as n, = 1.531 and n, = 1.706 taken from reference [29].

Firstly, Figure 3.6 shows how the planar conoscopic figure responds when the cell
is physically rotated when in the conoscope. Here the polariser and analyser remain
crossed at 0° and 90° to the image’s = axis whilst the cell is rotated in increments of
approximately 5°. The rubbing direction is initially at 45° to the figure’s x axis (Figure
3.6 (a)). As the cell is rotated, the conjugate hyperbolae that make the conoscopic figure,
clearly rotate until the rubbing direction becomes parallel to the polariser direction. In
this position, the incident light sees only one refractive index of the liquid crystal,
resulting in no average polarisation conversion of the incident light. As such, all rays
arriving at the analyser are stopped and the field of view becomes completely dark
(Figure 3.6 (i)). The same effect is also seen when the rubbing direction is exactly
perpendicular to the polariser. If the cell were to be rotated through 360°, this field of
view will go dark four times in total, that is, whenever the director is parallel to either
the polariser or analyser.

Figure 3.7 now shows the simulated conoscopic figures for the same experimental
setup from which the conoscopic figures in Figure 3.6 were obtained. This has been
achieved by simulating the director profile to be aligned at varying azimuthal angles,
whilst maintaining the polariser and analyser at 0° and 90° degrees respectively. It is
clear that the uniaxial optics simulation provides very good agreement with the data
obtained from the actual conoscope. As the azimuthal alignment of the director is
changed, the field of view goes from showing the conjugate set of hyperbolae to going
completely dark when the director and polariser or analyser are parallel with one another
(Figure 3.7 (1)).

3.6.4 Planar alignment - rotating the polarisers

A second experiment was also carried out, in which the cell was maintained in the
same orientation (director at 45° to the image’s x axis) but now, the polariser and
analyser were rotated in 10° increments whilst always remaining at 90° to one another
(crossed). The conoscopic figures obtained can be seen in Figure 3.8, images (a) to
(j)- As expected, the conjugate hyperbolae which make up the conoscopic figure remain
undistorted, whilst the field of view gets darker before becoming completely black when

either the polariser or analyser are aligned parallel to the rubbing direction (f). As the
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Figure 3.6: Data conoscopic figures for a planar aligned cell. The polariser

and analyser remain crossed at 0° and 90° to the figure’s = axis whilst the cell
is rotated in increments of approximately 5° through images (a) to (r). When
the cell is rotated so that the rubbing direction becomes parallel to either the
polariser or analyser (image (i)), the field of view is shown to be completely dark.
This is due to the incident light experiencing only one of the refractive indices
of the liquid crystal, resulting in no polarisation conversion and all light being
blocked by the analyser.

polariser and analyser are rotated past being parallel to the rubbing direction, the field
of view becomes brighter again, returning to the initial conoscopic figure.

Figure 3.9 again shows the simulated conoscopic figures for the same experimental
set up, in which the alignment angle in the cell remains constant, and the polariser and
analyser are rotated in 10° increments whilst always remaining crossed to one another.
Here again, it is clear that the uniaxial optics simulation provides very good agreement
with the data obtained from the conoscope. As the polariser and analyser are rotated,
the field of view goes from showing the conjugate set of hyperbolae to appearing com-
pletely dark when the director and polariser or analyser are parallel with each other
(Figure 3.9 (f)).

3.6.5 Planar alignment - thickness variation

Figure 3.10 demonstrates how the planar alignment conoscopic figure varies as a function
of the cell thickness. The conoscopic figures in Figure 3.10 were achieved by tracking

across the cell in the x — y plane with each image (a) to (g) taken at a different point.
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Figure 3.7: Simulated conoscopic figures as the director azimuthal alignment is
rotated in increments of 5° from (a) to (r). These figures can be directly compared

to the data conoscopic figures shown in Figure 3.6 where a good agreement is seen.

Figure 3.8: Planar cell with the rubbing direction at at 45° to the x axis. The

polariser and analyser remain crossed to one another whilst they are rotated in

approximately 10° increments from (a) to (j)
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Figure 3.9: Simulated conoscopic figures whereby the polariser and analyser
remain crossed to one another and are rotated in increments of 10° from (a) to
(j). These figures can be directly compared to the data conoscopic figures shown

in Figure 3.8 whereby a good agreement is seen.

Here it is shown that the conjugate set of hyperbolae can move into and out of the centre
of the conoscopic figure. As the cell thickness increases (approximately 10 um), there
will be more fringes visible within the field of view. Conversely, as the cell thickness
decreases, there will be fewer fringes in the field of view. This effect of cell thickness
on fringe number is also true in the case of a vertically aligned sample (shown later
in Figure 3.11), where extra sets of concentric circular fringes can be seen as the cell
thickness increases. In Figure 3.10, the director is aligned at 45° to the figure’s x axis,
and most importantly, there is very little change in this angle of orientation as the
cell is moved around. This demonstrates that the rubbed polymer alignment layer has
produced spatially coherent director alignment over a relatively large area (millimetres)

of the cell.

3.6.6 Vertical alignment

Figure 3.11 shows captured conoscopic figures for a cell that has been aligned vertically
through a surface treatment of lecithin dissolved in ether®. Here it is shown that the
conoscopic figure consists of (as described earlier) concentric circular fringes and a central
extinction cross that is often referred to as the ‘classic’ maltese cross. Figure 3.11 (a)
and (b) show captured conoscopic figures for the same vertically aligned cell whereby
the polariser and analyser are crossed 0° and 90° to the x axis, and at 45° and 135°

to the x axis respectively. This difference in polariser/analyser alignment is shown by

5In order to achieve a good alignment layer, a small amount of lecithin is dissolved in the ether until
the solution becomes pale yellow in colour. The face is then coated by dragging a lens tissue soaked in
the solution across the glass surface.
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Figure 3.10: Conoscopic interference figure for a planar cell rubbed at 45° to

the figure’s x axis. Polariser and analyser are crossed and at 0° and 90° to the
figure’s x axis. Figures (a) through (g) show how the figure changes when moving
the cell approximately 5 mm in the x-direction due to a depth gradient across the

cell.

the rotation of the extinction cross through 45°. Figures 3.11 (c) and (d) show two
conoscopic figures (each captured from a different cell), in which a thickness gradient
exists. Much like in the case of the planar conoscopic figure example (Figure 3.10) the
number of concentric circular fringes visible at the edge of the field of view increases as
the cell becomes thicker (again, an increase on the order of 10 gum). This is visible when
looking at image (c) with just one set of fringes and image (d) which contains two sets

of fringes®.

3.6.7 Polarisers crossed and parallel

Finally, Figure 3.12 shows a comparison between planar aligned and vertically aligned
captured conoscopic figures viewed when the polariser and analyser are crossed to one
another (a) and (c) and also when the analyser has been rotated to become parallel to
the polariser (b) and (d). These figures were again captured as a test to see whether
the conoscope was working as expected. For both cases, the conoscopic figures captured
when the polariser and analyser are parallel to one another appear to be the inverse
of the figures where the polariser and analyser are crossed to one another. This is as

expected. When the analyser is rotated to be parallel to the polariser, any light that

5The slight displacement of the locus from the centre of the field of view in Figure 3.11 (c) and (d)
when compared with (a) and (b) suggests that the director may be slightly tilted away from vertical
alignment
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Figure 3.11: Data conoscopic figure captures of a a cell aligned vertically through
a surface treatment of lecithin dissolved in ether. Figures (a) and (b) show figures
where the crossed polarisers are at 0° and 45° to the z axis respectively. Figures
(c) and (d) depict a vertically aligned cell whereby (d) is captured in a slightly

thicker part of the cell, with more fringes visible around the maltese cross.

exits the cell polarised orthogonal to the analyser will be blocked, resulting in a dark
area on the conoscopic figure. When the analyser is rotated through 90° to be parallel
to the polariser, this same light will be passed by the analyser, resulting in a light area
on the conoscopic figure. This is shown by Figure 3.12 (b) now having a dark centre,
and most strikingly the inverse vertically aligned conoscopic figure whereby a light cross

is formed by four dark lobes.

3.7 Tracking conoscopic figure alignment

In order to accurately determine the alignment angle of the conjugate hyperbolae present
in the planar conoscopic figure, a computer minimisation routine was created to auto-
matically iterate down to the azimuthal alignment of the director (as shown in Figure
3.13). Before the automated routine can be run, the conoscopic figures must be lightly
processed in order for them to work with the computer program. This processing involves
cropping the images to be square, and smoothing the figures to remove any artefacts
that may give misleading results (simple gaussian smoothing in ImageJ (an image anal-
ysis software package) is suitable for this). Examples of an original simulated planar
conoscopic figure and the smoothed version can be seen for comparisson in Figure 3.13
(a) and (b).

In order to accurately determine the angle at which the hyperbolae are aligned,
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(c) (d)

Figure 3.12: A comparison between data conoscopic figures for a planar aligned
cell and a vertically aligned cell viewed when the polariser and analyser are crossed
to one another and also when they are parallel to one another. Images (a) and
(b) show a planar aligned cell viewed conoscopically between crossed and parallel
polarisers respectively. Images (c) and (d) show a vertically aligned cell viewed
conoscopically between crossed and parallel polarisers respectively. In both cases,

the conoscopic figures are essentially the inverse of the original.

the program plots an initial line running through the centre of the field of view at a
pre-defined angle (normally measured from the z axis of the figure). Two further test
lines are then plotted parallel and at a fixed distance to the initial line. The automated
routine then plots the values of the pixel intensities along these two test lines and plots
them as a function of position along the test line. Pairs of images can be seen in Figure
3.13 (c) to (j) in which the test lines plotted on the conoscopic figure (left column)
correspond to the pixel intensities as a function of position on the line (plotted in the
right column). The program then alters the angle at which the initial line is plotted
(each time re-plotting two new parallel test lines) and measuring the difference between
the pixel intensities for this given initial line. The automated routine varies the initial
line angle to iterate down to a line which best minimises the difference in sum of the
pixel intensities between the two test lines. At this point, the angle of the plotted line
defines the angle at which the conjugate hyperbolae of the conoscopic figure are aligned.

For example, Figure 3.13 (c) shows the initial line and the two test lines plotted
either side for the first iteration. It is clear by eye that the initial guess does not
minimise the difference in pixel intensities of the two lines, although this is confirmed
in (d) whereby the pixel intensities along the test lines in image (c) are plotted. It

is clearly visible that the data points and line do not overlap each other. The second
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iteration (images (e) and (f)) make the situation even worse, with a bigger difference
between the plotted pixel intensities. Accordingly, the third iteration moves the test
line in the opposite direction ((g) and (h)) and a smaller difference between the test
line pixel intensities is found. After the fourth iteration, the difference between the test
line pixel intensities is minimised ((i) and (j)) and the angle at which the test lines
are plotted over the conoscopic figure is returned by the program. In practice, this
process may take more than four iterations, but is a valuable tool in systematically
and automatically ascertaining the alignment angle of the conjugate hyperbolae of the
planar conoscopic figure.

As will be seen in later chapters, the fits between the plotted pixel intensities are
far worse when the automated routine is carried out on actual conoscopic figures as
opposed to here where the simulated noise-free figures provide easy minimisation and
near perfect evaluation of the alignment angle.

This chapter will now go on to discuss the cell fabrication methods developed during
this study in order to conduct the pressure driven flow experiments that will be detailed

in the following chapters.

3.8 Cell fabrication

In order to conduct dynamic pressure driven flow experiments, robust cells that allow
flow of a liquid crystal from a syringe drive must be fabricated. During the course of
this investigation, a set technique has been developed, refined and improved upon, to
become what is now a standard process for the production of pressure driven flow cells
within the group at Exeter.

Cells are generally constructed from a standard glass microscope slide that has been
cut in half to produce two approximately 3 cm by 2 cm plates. One of the plates is
drilled with holes by our workshop technicians to allow for the inlet/outlet pipes to be
attached. The plates are then cleaned (see below), before having a surface alignment

layer deposited, and rubbed if necessary.

3.8.1 Microscope slide preparation

1. All cleaning of microscope slides and cover slips is carried out in clean tents, where
fans perpetually circulate the air in the immediate environment. All processes are
also carried out wearing latex gloves to minimise contamination with skin grease

or other foreign bodies from the immediate environment.

2. Slides are removed from their sealed container and firstly cleaned rigorously with

a cotton bud soaked in acetone. Initially they are rubbed with firm pressure in
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Figure 3.13: (a) Original simulated conoscopic figure. (b) Original figure after
smoothing in ImageJ. Images (c) to (j) show pairs of images whereby the pixel
intensities plotted along the two lines either side of the central test line are plotted.
After three iterations, the difference between the left and right test lines has been
minimised resulting in determination of the azimuthal alignment angle of the

41

conoscopic figure.



CHAPTER 3. THEORY / METHODS

(a) (b) () (d) ()

Figure 3.14: (a) The glass slides are placed on a clean and flat surface ready
for cell construction. (b) Stretched strips of Parafilm are placed either side of the
inlet/outlet holes to define a flow channel. (c) The plates are sandwiched together
and the excess Parafilm is removed. The cell is then placed on a hot plate to bond
the Parafilm to the glass. (d) UV curing glue is introduced to seal the channel
ends and cured under a UV lamp. (e) Inlet and outlet pipes are attached to the
flow cell with an epoxy resin adhesive.

one direction and then rubbed again at 90° to the initial cleaning direction. This
technique is considered to be a mechanical cleaning process to get rid of any debris
or small particles that may be on the surface of the slide. The acetone also aids

in removing any grease or smudges that are present on the slides’.

3. Step 2 is then repeated with cotton buds soaked in isopropanol (IPA). This step
removes any residue left by the acetone on the surface of the slide. The slides are
then blasted with an inert dusting gas to remove any fibres that may have been

left by the cotton buds.

4. Finally, and most importantly, the slides are drag cleaned with lens tissue soaked
in IPA. The lens tissue is placed over the slide and pulled slowly (at approximately
the same rate that the IPA evaporates) across the slide with tweezers. This process
removes any smears or debris left by the previous stages. This step can be repeated

several times until the slide is free of any defects when examined by eye.

3.8.2 Cell construction

At this stage, aligning layers can be deposited onto the glass slides. Conventionally
this is done by spin coating a layer of polyimide in order to align the director, whereby
the particular composition of the polymer promotes a particular alignment. Once the
glass slides have been prepared with an alignment layer, they are ready to be brought

together to form a flow cell. Figure 3.14 shows a schematic diagram of this process.

1. Firstly, the slides are placed on a flat clean surface and arranged so that the top

plate can be placed on top of the bottom plate to create the initial alignment

"One must take care not to use the same end of the cotton bud twice as this can result in contami-
nation of the solvent reservoir

42



CHAPTER 3. THEORY / METHODS

conditions required.

2. Two thin strips of Parafilm are cut and stretched by hand to form the walls
of the flow channel. Prior to stretching, the Parafilm is approximately 120 pm
thick, once stretched, this is reduced to approximately 45 pym. These strips are
placed on either side of the inlet and outlet holes, defining a flow channel that is
approximately 3 mm in width. The two slides are then sandwiched together under

a moderate pressure. The surplus pieces of Parafilm are removed with a scalpel.

3. The cell is placed on a hot plate at approximately 60 °C, or until the Parafilm
becomes tacky and bonds the two glass plates together. During this time, a cotton
bud can be used to apply pressure to the Parafilm walls, flattening and aiding the

bonding process.

4. A UV curing glue (Norland optical adhesive) is applied by a cocktail stick to the
open ends of the flow channel. This then capillary fills into the cell. Great care
must be taken to apply only a very small amount of glue to the cell, as it can fill
too far up the flow channel and block either the inlet or outlet hole. The cell is
then placed under a UV lamp for approximately 15 minutes, or until the glue has

cured.

5. Finally, steel inlet (and outlet if necessary) tubes are glued to the cell with an
epoxy resin. To aid the bonding process, the bottom surface of the brass collar
surrounding the inlet/outlet tube can be roughened with a file or scalpel. The
advent of brass collars to secure the pipe to the cell at the inlet and outlet holes
has been a key development in fabricating robust and well sealed flow cells, as
shown in Figure 3.15. In some cases, the area of the glass cell around the inlet
hole can be masked off and roughened with an air sand blaster. This process can

aid the strength of the bonding between the collar and the glass.

A diagram showing a typical flow cell in relation to the syringe drive and conoscope
for the experiments described in the following chapters is given in Figure 3.16. The flow
cell is connected to a syringe pump and is placed at the convergent point of the cone of

light in the conoscope.
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Figure 3.15: (a) Shows a photograph of epoxy resin being applied to a collar
with a cocktail stick. (b) A schematic diagram of the collar on the pipe as it is
inserted into a slide. The collar and glue form a robust contact around the joint

ensuring there is no leakage.

Liquid crystal Syringe

Syringe pump@

Alignment layer

To CCD

Figure 3.16: A schematic representation of a flow cell in relation to the syringe

drive and convergent part of the conoscopic beam.
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Flow alignment (¢ = 45°)

4.1 Introduction

It is fair to say that the number of predictions, implications and questions that arise
from the analysis of any dynamic theory of liquid crystals seems to be almost endless.
This, along with the sheer amount of experiments that one could dream up to test these
predictions, makes the study of liquid crystal dynamics a vast and interesting area of
research. As such, in this chapter introductory experimental work carried out on the
pressure driven flow alignment of a nematic liquid crystal exhibiting planar homogeneous
alignment is presented.

In this study the director reorientation under pressure driven flow has been observed
primarily for an initial alignment condition of ¢g = 45° (the director is aligned at 45° to
the direction of flow through a rubbed polymer layer). The reorientation of the director
by the flow field is observed by means of optical conoscopy, and a comparison is made
between the rotation of the experimental figures and the rotation of simulated figures.
Simulated figures are constructed from director profiles calculated using the dynamic
theory of Ericksen, Leslie and Parodi as described in Section 3. An analysis of the 6
and ¢ director profiles as a function of position in z and flow rate will also be presented.
A good level of agreement between the one dimensional model and the experimental

results is shown.

4.2 Azimuthal alignment

When conducting any experiment that examines the behaviour of a nematic liquid crys-
tal (and liquid crystals in general), there is a vast range of initial director profiles that
can be chosen for a cell, with each one creating a distinct alignment state of the direc-
tor for the measurement of a particular property of that liquid crystal. For example,
much work has been carried out in the Exeter group on the dynamics of Hybrid Aligned

Nematic (HAN) cells [48, 56-59]. For HAN cells, the director is given planar align-
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ment on one surface (conventionally by a buffed polymer layer) and vertical alignment
(conventially from lecithin dissolved in ether) on the other. In HAN cells, the strength
of the bend and splay distortions result in a threshold-less response to applied electric
fields. This means that very small voltages will substantially distort the highly sensitive
director!.

When considering experiments involving the flow of a nematic liquid crystal, the
three principal orientations of the director that one may consider, are those of the
Miesowicz viscosities (shown schematically in Figure 2.6). Much like in the HAN cell, a
liquid crystal flow cell can also be designed to have different combinations of alignment on
the inner surfaces, with these different alignments allowing for examination of different
flow properties of the liquid crystal.

The primary focus of this chapter is the case of a flow cell exhibiting planar homo-
geneous alignment at an azimuthal angle of ¢g = 45° to the direction of flow. That is,
a cell where the director is initially aligned to be planar through the cell (6 = 90°) at
an angle of 45° to the flow direction on both the lower and upper cell walls. Following
from the theoretical analysis in Chapter 3, we know that the steady state alignment
angles for flow-aligning nematic liquid crystals are those of ¢ = 0° and 6 = ;. That is,
alignment with the long axis of the liquid crystal molecules parallel to the flow direction
and tilted up by a small angle out of the x — y plane. Therefore, a pertinent question is
to ask, how do we expect the director to achieve these steady state alignment angles if it
is originally aligned in a different geometry?

In order to answer this question, one may look at the work of Van Horn et al [60-62].
Here, common nematic liquid crystals such as 4-cyano-4’-n-pentylbiphenyl (5CB) and
N-(4-methoxybenzylidene)-4-butylaniline (MBBA) have been made to flow by means of
a shearing motion (with the liquid crystal sandwiched between two glass plates, where
one plate is sheared relative to the other). For both of these flow aligning nematic
liquid crystals, the director has been observed to distort away from the initial planar
homogeneous alignment condition of both ¢¢9 = 90° and ¢g = 45°, towards the steady
state azimuthal angle of ¢ = 0°. In the case where the director is initially aligned at
oo = 0° (parallel to the flow direction), there is no observed rotation of the director, as
it is already in the steady state condition [60]. Similarly, in terms of 6, the director is
seen to come to the steady state Leslie angle of approximately 9° out of the z — y plane
for 5CB and 8° out of the z — y plane for MBBA. This is seen to happen through the
depth of the cell. Importantly, the rate and manner in which the director distorts to
achieve the steady state azimuthal alignment angle of ¢ = 0° is also shown to depend on

the value of the initial alignment angle ¢g. This has been observed before, and will be

1The HAN cell is also of commercial interest as it is one of the stable states of the Zenithal Bistable
Device.
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discussed a little later in Section 4.2.2. The manner in which the director is suggested
to distort under pressure driven flow is the focus of the analysis in this chapter, and will
also be discussed in the following section in terms of simulation from the one dimensional

model.

4.2.1 Simulated pressure driven flow

For the case of pressure driven flow, Figure 4.1 shows the computed mean azimuthal
rotation of the director for the liquid crystal 5CB calculated by the dynamic one dimen-
sional model described in Chapter 3. In this figure, the mean value of the azimuthal
rotation is plotted as a function of the volumetric flow rate for a flow cell that is 50
pm thick with both surfaces initially aligned at the azimuthal angle (¢¢) indicated by
the 0 uL/h flow rate in Figure 4.1. As was discussed in Chapter 3, given a series of
pressure gradients, the one dimensional model computes a series of tilt, twist and ve-
locity profiles. The volumetric flow rates from simulation are calculated in turn from
these velocity profiles. This figure has been included to give a feel for the general trend
in the average director rotation for a flow aligning nematic liquid crystal, as has been
predicted by the theory of Ericksen and Leslie and Parodi.

To begin with, it is worth noting that Figure 4.1 shows very similar trends to those
experimentally measured by Van Horn et al, albeit for a shear flow regime. In Figure
4.1 we see the expected behaviour that all curves (regardless of the initial azimuthal
alignment) tend towards the steady state azimuthal angle of ¢ = 0° as the flow rate is
increased (or the rate of strain on the director in reference [60]).2

For flow in a cell that has an initial alignment of ¢g9 = 0°, parallel to the flow
direction (the black line), it is seen that there is no average rotation of the director.
This, as described above, is due to the fact that the director initially starts in the
steady state alignment angle of ¢ = 0°. This result has been experimentally measured
in reference [60] and also in this study. In this case, as there is no rotation in ¢, the
director will only undergo a 6 rotation. The details of which will be discussed in Section
4.3.

As the initial azimuthal alignment angle is increased, it is seen in Figure 4.1 that the
average azimuthal motion of the director tends to pull away from the initial alignment
angle and rotate towards the steady state angle of ¢ = 0° as the flow rate is increased.
This rotation is not seen to occur in a linear fashion, where the shape of the transient
portion of the curve changes as a function of the initial alignment angle. This response,

as will be discussed later, is due to the competing interaction between the viscous torque

2Note that here we are plotting the average azimuthal distortion, and as such, the curve will never
fully reach ¢ = 0° due to the thin layers at the surfaces of the cell retaining their initial alignment angle.
However, at very high flow rates, the vast majority of the cell has rotated towards ¢ = 0°.
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Figure 4.1: Computed mean azimuthal rotation of the director as a function
of the volumetric flow rate for varying values of ¢g. Curves are calculated for
a 50 pm thick, homogeneously aligned liquid crystal cell (6o = 90°) with initial
azimuthal alignment (¢o) ranging from 0 to 80°. The difference in distortion

profile from ¢g = 0° to ¢g = 89° is clear.

from flow and the elastic restoring torque created by the surface alignment layer at the

cell boundaries.

4.2.2 The Pieranski-Guyon instability

Perhaps most interestingly, as is discussed above, a distinct change in the shape of
the curve is seen as the initial azimuthal alignment angle is changed towards values
approaching normal to the flow direction (¢o9 = 90°).

This is best demonstrated in Figure 4.2, which shows a magnified version of Figure
4.1, with initial alignment angles ranging from ¢g = 89° to ¢9 = 89.999°. In this
figure it is shown that for an initial alignment of ¢9 = 89°, the director rotates, on
average, very little at the lowest flow rates, eventually distorting towards the steady
state alignment angle of ¢ = 0°. As the initial azimuthal alignment angle is increased to
values of ¢ = 89.99° and ¢g = 89.999°, this non-linear response is further exaggerated,
with a critical flow rate being required before any azimuthal rotation is observed at all
(in this case, this is shown by a sharp threshold behaviour in the ¢g = 89.999° line

at a volumetric flow rate of approximately 12 pL/h). This extraordinary effect, which
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Figure 4.2: The Pieranski-Guyon instability. Computed distortions are shown
(as in Figure 4.1) for varying values of ¢ close to 90°. As ¢y approaches 90°, the
Pieranski-Guyon instability is seen, whereby there is no azimuthal rotation of the
director at low flow rates. This instability is explained by the stable solutions to

the dynamic equations of ¢ = 90°,6 = 90°.

has been described as a ‘hydrodynamic analogue of the Freedericks transition’ was first
experimentally observed by Pawel Pieranski and Etienne Guyon in 1973 [63] and is often
referred to as the Pieranski-Guyon instability.

In their experiment, a sample of the nematic liquid crystal MBBA aligned at ¢g ~
90° (normal to the flow direction) was sheared between two glass plates whilst being
probed by a conoscopic beam (historically, most flow experiments in this field had been
conducted by shearing one of the bounding plates relative (and parallel) to the other,
creating a linear velocity distribution across the depth of the cell [60-62, 64-66]). In
their experiment, they observed a critical rate of shear, below which no rotation of
the conoscopic figure was observed. This result was explained by the symmetry of the
geometry, whereby, with the director aligned planar homogeneously and normal to the
flow direction, there is no hydrodynamic torque on the nematic molecules, resulting in
no distortion at low rates of shear [63]. As the shear rate is increased much further,
the conoscopic figure is observed to rotate (associated with azimuthal rotation of the
director) and also translate (associated with tilting of the director). These distortions

were seen to be stable at any given continuous shear rate.
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As explained by Pieranski, in order for the instability to exist, there needs to be a
small fluctuation of the director away from the planar homogeneous alignment condition.
This small displacement then creates a torque on the molecule under flow, bringing, as
described by Pieranski and Guyon in a later paper, the director into the flow line [67].
Their work then goes on to show that the critical velocity for the onset of distortion
can be further increased by the application of a magnetic field holding the director in
the initial ¢g = 90° state. As the strength of the magnetic field is increased, the rate
of shear needed for the director field to begin rotating is also increased. This is shown
to be consistent with the fact that the stabilising magnetic field is trying to keep the
director confined at ¢g = 90°. As is also remarked upon in the paper of 1974, for initial
alignment of exactly ¢o = 90°, two equivalent distortions symmetric with respect to the
x — z plane can take place, which leads to the formation of walls of opposite ¢ rotation
along the flow direction. For this reason, a small azimuthal angle is introduced so that
the director is not normal to flow, and is distorted only into one of the stable alignment

states [67].

4.3 Tilt alignment

As has already been described, flow aligning nematic liquid crystals have also been
theoretically predicted and experimentally observed to tilt towards the steady state
Leslie angle in the x — z plane, 6;, whose value is given by equation 3.3.5. As is described
in both Ian Stewart’s [30] and Pawel Pieranski’s [68] book, under shear flow, the director
will rotate to achieve the Leslie angle throughout the depth of the sample, with the
exception of two thin layers at the cell walls, where elastic forces will constrain the
director to maintain it’s original alignment, as is shown schematically in Figure 4.3 (a).
This response can be described as being due to the linear, non-symmetric about z = d/2
velocity distribution created by the shear flow technique. In this regime, the director
experiences the same velocity gradient at all points in z and hence forms a uniformly
tilted slab whose 6 value is ;.

In the case of Poiseuille or pressure driven flow (shown schematically in Figure 4.3
(b)), the symmetry of the velocity field about z = d/2 leads to a far different director
profile, whereby the director distorts to achieve the Leslie angle of opposite signs in both
halves of the cell. This is due to the fact that the value of the velocity gradient is no
longer constant as a function of cell depth, and changes sign about the cell midpoint.
In this case, the elastic constraints of the system force the director to remain planar at
the cell mid-plane so as to avoid a discontinuity in the tilt angle as a function of the cell
depth.

The important difference to note between the tilt profiles for shear driven and pres-
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(a) Shear driven flow (b) Pressure driven flow

Figure 4.3: Schematic diagram representing the director distorting towards the
Leslie angle under both sheared flow (a) and pressure driven flow (b). The sym-
metry of the velocity profile (shown in red) for pressure driven flow (b), results
in the symmetric about z = d/2 director tilt profile, where the director rotates to
achieve 6; in the bottom half of the cell and —6; in the top half.

sure driven flow is that for the case of shear driven flow, the magnitude of the average tilt
angle is non-zero, with the majority of the cell tilting towards 6;, whereas for pressure
driven flow, the magnitude of the average tilt angle is exactly zero. This result will be
important later when the conoscopic figure under flow is considered.

A recent study by Jewell et al [69] experimentally verified that the velocity profile
distribution under pressure driven flow is symmetric about the cell mid-plane, as is
schematically represented in Figure 4.3 (b). Figure 4.4 shows a plot from reference [69]
(reproduced with permission) whereby the velocity profiles as a function of volumetric
flow rate and cell depth are shown. These measurements were achieved by tracking the
movement of small particles introduced to the liquid crystal with a confocal microscope
focused at varying x — y planes of the sample when under flow.

It is clear from Figure 4.4 that the velocity profiles under pressure driven flow are
largely symmetric about the cell mid-plane, with the velocities approaching zero at the
cell walls, as is expected for the classical non-slip boundary condition of fluid dynam-
ics [42]. Again, very good agreement is seen between the simulated velocity profiles
(calculated using the one dimensional dynamic model described in Chapter 3) and the
measured value of the fluid velocity as a function of the cell depth. In this study (refer-
ence [69]) initial vertical alignment of the director throughout the cell was considered,
where a nucleated transition between the initial V-State (director vertical at the cell
mid-plane) and the H-State (director planar at the cell mid-plane) was seen to occur at
a critical flow rate.

This chapter will now go on to detail the experimental results and analysis of cono-
scopic images captured for a cell aligned initially planar homogeneously at ¢g = 45° and

made to flow through the application of a pressure gradient.
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Figure 4.4: Computed and measured velocity profiles as a function of cell depth,
recreated with permission from reference [69]. Here, the flow speeds of 1 pm
diameter beads distributed within the homeotropically aligned liquid crystal ZLI-
2806 (Merck) over a region of 160 ym x 160 pum are recorded at varying depths
(). Simulated curves for 5CB (a good approximation) are also shown. This
figure demonstrates the close to zero flow speeds at the glass plates for a cell

under pressure driven flow.

4.4 ¢y = 45° Experiment

For the experimental data that is presented in this chapter, prior to cell fabrication
(as detailed previously in Chapter 3), the glass slides were spin coated with the planar
aligning polyimide Optimer ALL1254 (JSR corporation) at 6000 rpm for 1 minute, before
being baked in an oven at 180 °C for 1 hour. After baking, the cells were rubbed using a
conventional rubbing machine, consisting of a translating stage and rotating drum upon
which a rubbing cloth is attached. Both slides were rubbed so as to align the director
at 45° to the flow direction throughout the depth of the cell. Caution must be taken
to ensure that during cell fabrication, both surfaces are rubbed in the correct direction,
in particular this is true when one is trying to align the director at an azimuthal angle
that is neither parallel or perpendicular to one side of the cell. In this experiment,
when rubbing the two plates, one must be rubbed at 45° to the flow direction and
one at 135° to the flow direction. This ensures that when one plate is turned over so

that the alignment layers form the inside walls of the cell, both surfaces are rubbed
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= W04

(a) (b) ()

Figure 4.5: (a) One glass slide is rubbed at 45° and the other is rubbed at 135°.
(b) When the inner surfaces are brought together to make a cell, both surfaces are
rubbed at 45° to the flow direction. (¢) A completed cell with inlet pipe attached

and rubbing direction indicated by the individual nematic molecules.

at 45° to the flow direction, as is shown schematically in Figures 4.5 (a) and (b). For
this experiment, the cell thickness was estimated (through comparison of captured and
simulated conoscopic figures) to be approximately 35 pum thick in the area of interest.
A schematic diagram of the flow cell used in this experiment is also shown in Figure 4.5
(c).

The flow cell is then connected to the syringe drive as detailed in Chapter 3, with
specific reference to Figure 3.16, and placed in the conoscope. The volumetric flow rate
of the syringe drive was increased from 0 puL/h to 55 pL/h in steps of 5 uL/h. After
each increase in the volumetric flow rate, the conoscopic figure was observed to rotate a
small amount before coming to a stable state whereby no further rotation was observed.
After approximately 5 minutes, a capture of the CCD image was made. This process
was then repeated up to a flow rate of 55 pL/h. The captured images can be seen in
Figure 4.6. Here it is seen that the 0 pL/h figure shows alignment at 45° to the flow
direction. As the flow rate is increased, the figure begins to distort and rotate, whilst
the dark fringes move inwards in the direction parallel to rubbing and move outwards
in the orthogonal direction.

Once the images are captured, the method described in Chapter 3 is used to extract
the angle of rotation of the conoscopic figure via an automated minimisation routine.
Briefly, the difference in pixel intensities along two lines plotted parallel to the initial
test line is minimised as a function of the angle of the initial test line. This process
can be repeated over many test lines for all of the conoscopic figures in the series. The
output of the minimisation routine can be seen in Figure 4.7, in this case, the iterations
are shown for the conoscopic figure at a flow rate of 50 uL/h (Figure 4.6 (k)). Figure 4.7
shows that the original test line is chosen (a), and then the next iteration is performed
(b) (in this case the difference between the two lines has increased). As a result, the
following iteration tries a test line at a much smaller angle, and the difference between
the two curves is significantly reduced (c). Figures 4.7 (d), (e) and (f) then go on to

show how through further iterations, the angle of rotation is converged upon. Figure
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Flow
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Figure 4.6: Experimental conoscopic interference figures for the cell rubbed
at ¢g = 45°. Here, the rotation of the conoscopic figure as a function of the
volumetric flow rate set by the syringe drive (shown in the individual figure cap-
tion) is observed. Figures (a), (f) and (k) also depict the azimuthal angle of the
conoscopic figure as measured relative to the flow direction from the automated
routine described by Figure 4.7. Figure (m) also shows the flow direction and

initial rubbing direction.

4.7 (g) shows lines drawn at the angles returned from the minimisation routine and (h)
shows them plotted on top of the experimental figures from Figure 4.6.

A plot of the rotation angle, ¢ (measured from the figure’s = axis, or the flow direc-
tion) as a function of the volumetric flow rate set at the syringe pump can be seen in
Figure 4.8 for the data set shown in Figure 4.6. The error bars in the data are calculated
from the standard deviation in the measurement of the rotation angle over several test
line parameters. Figure 4.8 also shows the simulated conoscopic figure rotation angle as
a function of the volumetric flow rate calculated from the model (red line). This mod-
elled response comes from the one dimensional model described in Section 3, whereby
the dynamic equations of Ericksen, Leslie and Parodi are solved for this system under
pressure driven flow. Figure 4.8 also shows the modelled response of the director at
z = d/2. That is, the rotation of the director at the mid-plane of the cell, the position
of maximum rotation.

These results will now be discussed and analysed in the following section.
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Figure 4.7: The automated tracking of conoscopic figure rotation. Here, the
initial guess (a) and subsequent iterations (b - f) of the azimuthal alignment are
shown, along with the pixel intensities of the test lines for the 50 pL/h flow
conoscopic figure taken from Figure 4.6. After five iterations, the best fit has
been achieved, measuring an angle of ¢ 2 13°. Figure (g) shows all of the angles
calculated from the automated fitting routine plotted in a line, (h) shows lines
drawn at the angles shown in (g) on top of the experimental conoscopic figures

from Figure 4.6.
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Figure 4.8: A plot of the conoscopic figure azimuthal angle v, as a function
of volumetric flow rate set at the syringe drive. Simulated conoscopic figure
rotation is also depicted by the solid red line (obtained using the same automated
routine). The simulated maximum azimuthal distortion at z = d/2 is also shown

as a function of the volumetric flow rate (dashed black line).

4.5 Analysis

It is shown in Figure 4.8 that there is good agreement between the rotation of the
experimental conoscopic figures and the rotation of the simulated conoscopic figures as
a function of the volumetric flow rate. The same non-linear shape to the curve is seen
for both data sets, with rotation occurring slowly at lower flow rates, before rotating
rapidly in the 5 - 35 pL/h region, before slowing down at the highest flow rates, as the
director rotates towards ¢ = 0°. The simulated conoscopic figures that produce the
modelled curve in Figure 4.8 can be seen along with the experimental conoscopic figures
in Figure 4.12, again, along with the calculated volumetric flow rate from the model.
The qualitative similarity between the experimental and simulated conoscopic figures
is clear. As the volumetric flow rate is increased, a rotation of the conoscopic figure is
seen, starting from an initial alignment of 45° and rotating at high flow rates to achieve
an angle that is approaching being parallel to the flow direction.

The one dimensional model used to simulate the director profile under flow also allows
us to probe the dynamics of the director orientation that leads to the conoscopic figures

seen here in both experiment and simulation. Firstly, as was discussed in Section 4.2.1,
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the dynamic model allows us to very quickly gauge the average azimuthal distortion
of the director as a function of the applied pressure gradient. This can be achieved
by simply calculating the mathematical mean of the azimuthal component of distortion
through the cell depth. Figure 4.9 (a) shows this calculated mean distortion for varying
values of ¢¢ (much like in Figure 4.1), with the exception that the alignment angle of
the simulated conoscopic figures (1) is also plotted (as measured using the automated
minimisation routine described previously). Evidently, for all three curves, the rotation
of the conoscopic figure matches closely the mathematical mean rotation of the director
in the cell, as we may well expect, given that the conoscopic technique provides an
average of director distortions through the depth of the cell. Therefore, considering the
mean distortion in the cell is a method of very quickly deducing how much the conoscopic
figure will rotate, without the need for going through the process of simulating many
conoscopic figures and measuring the rotation angle of each individually. Likewise, the
same can be said for the average tilt angle of the director, whereby the mean tilt angle
from simulation matches the tilt angle measured from the conoscopic figure.

Another important exercise when simulating the dynamic response of the director to
flow, is to ensure that the model has converged on the steady state solution. Essentially,
this means simulating a pressure gradient (and hence a flow rate) and ensuring that the
model has repeated enough iterations in order to converge on the steady state solution
whereby no further rotation of the director is observed. As a practical example, consider
that the director were to rotate from an angle of ¢ = 45° to ¢ = 35° due to the applied
velocity field. In order to do so, it will take a finite amount of time ¢, which is termed
here the steady state time ts5. If one were to take the value of ¢ at any value of ¢t < t4
then the incorrect value of ¢ for that pressure gradient would be measured. In general
terms, one needs to give the director enough time to achieve its steady state alignment
value. In order to ensure this happens in the model, a time factor x is used, whereby
the time allowed for the director to reach steady state is multiplied by yx. Figure 4.9
(b) shows this best. Here, the simulated mean azimuthal rotation as a function of
volumetric flow rate for different values of y is shown. For values of x = 0.1,x = 2 it
is seen that the model has not converged onto the steady state. This is shown by the
director rotating further as the time factor is increased. However, it is seen that there is
no further azimuthal rotation between values of y = 10 (black line) to x = 20 (symbols)
(easily seen in the magnified area of the graph). Therefore, a time factor of x = 10 is

sufficient for the model to reach the steady state alignment condition in this case.

4.5.1 Director profiles (¢, 0)

A plot of the simulated ¢ and 6 rotations can be seen in Figures 4.10 (a) and (b). Here,

director distortion in both ¢ and 6 as a function of the cell depth and the volumetric
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Figure 4.9: (a) A plot of the simulated mean azimuthal distortion of the direc-
tor in the cell (lines) and the rotation of the corresponding simulated conoscopic
figures (points). Here, the Pieranski-Guyon instability is also seen in the cono-
scopic figure rotation (red line and circles). (b) Model convergence. Computed
distortions are shown for varying values of the multiplication factor x (or time)
given for the model to reach steady state. Clearly, large changes are seen at low
time factors (essentially the director has not yet reached steady state). As the
time factor is increased, convergance is rapidly reached, where no change in the
mean azimuthal rotation is seen for factors of y = 10 and x = 20 (best shown in

the expanded section of the graph).

flow rate in the cell is shown. For these plots, each line indicates a separate flow rate
(or pressure gradient applied across the cell) with the plotted lines ranging from blue
to yellow, with blue being zero flow, and yellow being maximum flow, in this case
approximately 55 pL/h.

For the ¢ rotation profile, Figure 4.10(a), we see that in the initial zero flow state
(blue line), the director is aligned at 45° through the depth of the cell (as is prescribed
in order to reproduce the experimental rubbing conditions). As the pressure gradient
and subsequently the flow rate is increased (towards the yellow line), we see that the
director begins to rotate into the flow direction, which is indicated by the value of ¢
decreasing. This rotation is seen to occur symmetrically about the cell mid-plane, with
the director pinned at it’s initial alignment angle of 45° at the cell boundaries®. It is
also shown in 4.10(a) that the maximum rotation of the director occurs at the highest
flow rate at the cell mid-plane. This result is demonstrated by the yellow curve reaching

a minimum value of ¢ ~ 5° at z/d = 0.5. If one were to plot the value of ¢ at z/d = 0.5

3For this reason, the mean value of the azimuthal rotation will never fully reach 0°.
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for all flow rates, the dashed line shown in Figure 4.8 is recovered, namely, the maximum
rotation of the director at the cell mid-plane.

It is the average value of ¢ calculated from these curves that dictates the rotation
angle of the conoscopic figure when subjected to flow. Here, as is observed in experiment,
we expect the conoscopic figure to rotate, eventually achieving a small angular deviation
away from the z axis. For an intuitive understanding of what is happening, one can
consider that at each flow rate there is a competition between the elastic anchoring
forces at the cell boundaries, keeping the director at ¢ = 45°, and the torque provided
by flow, trying to rotate the director towards ¢ = 0°. As the flow rate is incrementally
increased, the torque on the molecules is also increased, resulting in a small rotation of
the director and a small rotation of the conoscopic figure. The conoscopic figure rotates
only a little, before reaching a steady state and becoming stationary. At this point,
the two competing forces are in balance and the director remains in this distorted state
until a further perturbation is applied. If the flow were to be stopped at any point (as
is discussed later in Section 4.6), the flow induced torque will go to zero, and the elastic
restoring force of the liquid crystal alignment layer will force the director to rotate back
to the initial alignment condition of ¢ = 45°. At extremely high flow rates, the director
throughout the whole cell will have rotated to an angle of ¢ = 0°, with the exception
of two very thin layers at the cell boundaries, resulting in an almost square response to
the ¢ rotation as a function of cell depth.

Figure 4.10(b) shows the tilt profile as a function of cell depth and volumetric flow
rate. Here we see, as was schematically shown in Figure 4.3, that the director has
rotated in opposite directions in the bottom and top halves of the cell, saturating at a
value close to the Leslie angle, as calculated from the Leslie viscosities given in table 3.2
of §; = 11.8°. This can be seen by the saturation in the bottom half of the cell at an
angle of approximately § = 79° and in the top half of the cell of § = 101°, both values
are 11° away from the planar alignment angle of § = 90° (the director is always planar
at z = d/2). This is best shown in Figure 4.11 where the tilt angle as a function of
volumetric flow rate is depicted for cell depths of z = d/4 (red line) and z = 3d/4 (blue
line). Here it is clear that the value of @ is tending toward the Leslie angle. It is also
noted that the mean value of 6 throughout the cell is 90° as shown by the black line in
Figure 4.11. It is this average of 8 = 90° that causes there to be no visible translation
of the conoscopic figure. In the experimental and simulated conoscopic figures of Figure
4.12, the centre of the conoscopic figure is always visible, which is not the case for flow
alignment observed under shear flow. This is because the average tilt angle through the
depth of the cell is not planar for shear driven flow (as shown schematically in Figure
4.3 (a)), but is in fact the Leslie angle, which results from the asymmetry of the velocity

gradient about z = d/2. For pressure driven flow, the symmetry of the tilt distortion

99



CHAPTER 4. FLOW ALIGNMENT (¢g = 45°)

about z = d/2 results in an average tilt angle of # = 90° and hence no translation of
the conoscopic figure. As stated, this result is expected when one looks at the simulated
velocity profile shown in Figure 4.10(c), where a symmetric about z = d/2 parabolic
velocity distribution is simulated. At the highest volumetric flow rate, the maximum

velocity at the cell mid-plane is shown to be approximately 500 ym/s (0.5 mm/s).

4.5.2 Torque balance

An understanding of the ¢ and 6 rotations shown in Figure 4.10 can be gained from
analysis of the torque balance equations introduced in Chapter 3. In order to do this,

one must consider the final term in the ¢ torque balance (Equation 3.5.6), shown below.

1 . Ouy . Oug
502 sin 20 (cos (ﬁg —sing 5% > (4.5.1)

This term is seen to be the only term that drives the director azimuthal rotation as a
result of the velocity gradients in the cell, that is to say, this term governs the azimuthal
rotation of the director induced by the flow. Firstly, if we consider the tilt profile shown
in Figure 4.10(b), under flow the director exhibits planar alignment (§ = 90°) at z = 0,

z =d/2 and z = d, and therefore from the final term in equation 3.5.6,

1 1
502 sin 26 = 502 sin(180) = 0 (4.5.2)

we see that the ¢ torque balance goes to zero at these points. Therefore, at the cell
boundaries and the cell mid-plane, there is no flow-induced torque creating a ¢ rotation
of the liquid crystal. However, at positions in the cell depth other than the boundaries
and cell mid-plane, the value of |sin 26| will have two maxima, one at z; and one at zs.
In this case, 0 < z; < d/2 and d/2 < z9 < d. If we now assume that 6 varies evenly
as a function of cell depth, the location of these maxima will be close to z; = d/4 and
z9 = 3d/4. That is to say that the maximum distortion in 6 will occur at approximately
one quarter and three quarters of the way through the cell. This is demonstrated in
Figure 4.10(b) where the director saturates at the Leslie angle at approximately these
depths?. This is also show in Figure 4.11 where the tilt angle as a function of flow rate
is shown for depths of z = d/4 (red line) and z = 3d/4 (blue line).

Therefore we can expect that ¢ will vary quickly in z from its strongly anchored
boundary condition at z = 0 to z = d/4 and again from its strongly anchored condition
at z = d to z = 3d/4. In both cases, ¢ will vary from ¢g (z = 0) to ¢1 (21) and ¢ (z = d)
to ¢2 (22) where ¢1 = ¢2. Now, as is shown above, there is no flow induced torque driving
the director distortion at z = d/2, and therefore only the elastic contribution needs to

be considered. As such, we would expect ¢ (z = d/2) = ¢1 = ¢9, that is, the value of

4The precise location of the maxima will depend on the various elastic and viscous coefficients
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Figure 4.10: Azimuthal ‘twist’ (a), zenith ‘tilt’ (b) and velocity profiles (c) as
a function of cell depth and volumetric flow rate (calculated from the simulated
pressure gradient). All three figures show curves at regular intervals from blue (no
flow) to yellow (maximum flow), going through orange. (a) Azimuthal rotation
is simulated to be symmetric about z = d/2 with the whole cell rotating towards
¢ = 0° apart from at the cell boundaries. (b) Tilt distortions are also seen to
be symmetric about z = d/2 as schematically shown in Figure 4.3 (b), with the
director saturating at the Leslie angle in the bottom and top halves of the cell.
(c) Simulated, symmetric about z = d/2, velocity profiles. For the maximum
volumetric flow rate, a fluid velocity of approximately 500 pm/s is shown at
z=d/2.
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Figure 4.11: A plot showing the simulated tilt angle at z = d/4 (red line) and
z = 3d/4 (blue line) approaching saturation at the Leslie angle (dashed lines) as
a function of the volumetric flow rate. The black line shows the mathematical

mean value of the tilt angle.

¢ at the mid-plane of the cell to equal the maximum distortion of ¢ at z = d/4 and
z = 3d/4, as is shown in 4.10(a).

Note that in a cell where the director is confined to be uniformly aligned at exactly
6 = 90° (the final term of the ¢ torque balance goes to zero), there would be no azimuthal
rotation of the director at all. This implies, as was suggested by the analysis of the
Pieranski-Guyon instability in Section 4.2.2, that there must be a small component of
the director out of the x — y plane in order for there to be any azimuthal rotation of the

director.

4.5.3 Experimentally varying ¢

As a small extension to this study, Figure 4.13 (a) shows further experimental data
detailing the angle of conoscopic figure rotation as a function of volumetric flow rate
for different flow cells. Here, the flow induced director distortion in cells rub aligned
(identically to that described in Section 4.4) at angles of ¢g ~ 90° and ¢y = 0° are
shown. As before, cells were constructed and conoscopic figures were taken at a series
of volumetric flow rates set by the syringe drive, allowing determination of the rotation
angle and hence the average azimuthal distortion of the director in the cell.

As expected, for the case where the director is initially aligned at ¢g ~ 90° (triangles),
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Figure 4.12: A comparison between the experimental and simulated conoscopic
figures. Experimental figures are shown in the column on the left and simulated
figures are shown in the column on the right. Both are shown for the volumetric

flow rate given in the individual figure caption.
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the average distortion of the director is seen to rotate into the flow direction towards
the steady state alignment angle of ¢ = 0°°. For the case where the director is initially
aligned at ¢y = 0° (circles), there is no observed rotation of the conoscopic figure (due
to the director starting in the steady state condition). These results agree well with the
theory described by Ericksen and Leslie as well as previous results obtained by Boudreau

et al [60] for shear driven flow of the liquid crystals 5CB and MBBA.

4.6 Terminating flow

As was mentioned in Section 4.5, when the flow is stopped, there is no longer any flow
induced torque acting on the director. As such, the competing torques are no longer
in balance, with the only component of torque coming from the elastic restoration of
the surface aligning layer. At the cell boundary, the director is strongly anchored to be
aligned at ¢ = 45°, but away from the cell boundaries, at high flow rates, the director is
rotated into the flow direction as shown in Figure 4.10(a). The resulting reaction when
the flow is terminated is for the director to rotate back to its initial alignment angle of
¢o = 45° under force from the elastic distortion created by the flow alignment. Figure
4.13 (b) shows a plot of the conoscopic figure rotation angle as a function of time, with
t = 0 being the moment that the flow is terminated®. Inherently, it is difficult to make
this measurement due to the conoscopic figure rotating back to it’s initial alignment
within approximately 15 seconds. Figure capture and storage was not possible on this
time scale. In order to take these measurements, a video of the rotation was captured,
whereby a cocktail stick was introduced into the field of view at the same time that the
flow was terminated. This way, when playing back the footage, t = 0 could be identified.

Figure 4.13 shows that within approximately 15 seconds, the director has rotated
back to the original alignment state, and we also observe that the conoscopic figure
has returned to its initial image. As mentioned in Pieranski’s paper of 1974 [67], the
result that the conoscopic figure returns to the initial state when the flow is stopped is
essential in describing the process which leads to the observed flow alignment. In this
case, it is clear that no permanent deformation of the aligning layer has occurred due

to the pressure induced flow in the cell.

®Note that for this data set (¢o ~ 89°) there is only a small indication of the Pieranski-Guyon
instability as shown in Figure 4.2. The lack of instability is likely due to the pretilt as is discussed later
in Section 4.7

SThe data for this plot is not taken from the same cell that the data from Figure 4.8 is taken, but
rather a new cell made much later on.
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Figure 4.13: (a) Data taken from cells fabricated in this study. For cells initially
rubbed at ¢g = 89°, ¢ = 45° and ¢y = 0° (the value of ¢ at 0 uL/h), rotation of
the conoscopic figure is observed. For the cell with initial alignment of ¢y = 0°,
no rotation of the conoscopic figure is observed. This is explained by the fact
that the director is initially in the steady state condition. (b) Relaxation of the
conoscopic figure. Flow is switched off (from a volumetric rate of 100 puL/h) and
the figure’s rotation angle 1 is plotted as a function of time. Time = 0 s indicates
the moment at which the pump is stopped. It is demonstrated that the figure
rotates back to the initial alignment of ¢y ~ 45° within approximately 20 seconds
of the pump being switched off. Note that the data is taken from a different cell
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than the one used to extract the data for Figure 4.8.
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4.7 Further simulation

The one dimensional model used for the simulation of the director distortion in this
chapter can also be used to easily simulate pressure driven flow under different director
alignment conditions. As a tool, it is extremely powerful and useful in enabling the
user to edit all of the parameters and subsequently simulate the corresponding director
dynamics under flow. As will be discussed much later in this Thesis (Chapter 6) the
application and control of surface pretilt of the director can be used to have desirable
effects on LCD response and dynamic behaviour, along with the methods and techniques
that can be used to produce such pretilt angles.

This section gives a brief introduction to the effect that pretilt can have on the flow
alignment of the director. Figure 4.14 depicts the same mean azimuthal distortion curve
shown for ¢ = 45° in Figure 4.13 (a), along with a series of other curves whereby the
director profile is not set to be uniformly aligned at 6 = 90° through the cell depth, but
is rather tilted in at both surfaces, so that a splayed, linearly varying director profile
(planar at z = d/2) is considered. As stated in the key, the value of the pretilt angle is
given here, from the surface, so that a value of 0° (black line) is planar, and a value of
10° (red line) has the director tilted away from each surface by 10°, to create a splay of
the director as schematically depicted in Figure 2.4 (a).

It is clear from Figure 4.14 that as the degree of pretilt is increased, the rate of
azimuthal rotation is also increased, with more distortion at lower flow rates. For the
case of 20° of pretilt of the director (grey line) a larger distortion is observed (shown
best in the magnified area of the graph). Here, it is clear that for the same volumetric
flow rate, the director has rotated far more away from the initial alignment angle. It is
also shown that at larger flow rates, the average azimuthal director rotation is larger in
the case of a larger pretilt angle.

This simulated response makes good quantitative sense if the argument behind flow
alignment suggested by Pieranski and Guyon [67] (Section 4.2.2) is considered. As the
initial director field is further tilted out of the x — y plane (a higher pretilt value), there
is already a larger component of the director tilted into the velocity gradient created by
the pressure driven flow. Therefore, the azimuthal torque on the director is much larger
for any given flow rate when larger pretilt angles are considered. This is demonstrated
by the curves in Figure 5.4 showing more rotation as the pretilt angle is increased.
Figure 5.4 (b) shows that just a small amount of pretilt will remove the threshold flow
rate needed in order to create the flow instability. This is demonstrated by there being
no sharp turning point in Figure 4.14 (b) for the curves that are simulated using a small
amount of pretilt.

The effect of pretilt angle on flow will be discussed at length in the next chapter,
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Figure 4.14: (a) A plot of the computed mean azimuthal rotation of the director
as a function of volumetric flow rate and pretilt angle for an azimuthal alignment
of ¢pg = 45°. The legend shows the amount of pretilt, in this case measured from
the surface, in the splayed geometry (the director is always planar at z = d/2).
As the amount of pretilt is increased, the transient portion of the curve steepens,
and much of the director rotation is achieved at lower flow rates. (b) The same
result is shown for the Pieranski-Guyon instability. Here, a pretilt angle of 1°
removes all trace of the threshold velocity. This result comes from the fact that
the initial azimuthal torque on the director is larger for a starting condition of
higher pretilt.

whereby different arrangements of pretilt can be shown to have a striking effect on the

overall director response to flow.

4.8 Conclusions

This chapter has looked at the pressure driven flow alignment of the liquid crystal 5CB
originally aligned planar homogeneously at an azimuthal angle of 45° to the direction
of flow. Conoscopy has been used to measure the average azimuthal alignment of the
sample as a function of the volumetric flow rate set at the syringe drive and has been
compared to simulation from the one dimensional dynamic model based on the theory
of Ericksen and Leslie.

Conoscopic figure rotation suggests that under flow, the director has rotated to
achieve an angle close to the direction of the flow, whilst conoscopic figure translation
suggests that the director has tilted to form a splayed director profile saturating at the

Leslie angle of opposite signs in both halves of the cell. This result is in good agreement
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with the simulation.

Flow alignment for samples aligned at both ¢g ~ 90° and ¢y ~ 0° have also been
observed to flow align, with the sample aligned at ¢g ~ 90° to the flow direction rotating
to come in line with the flow, and the sample aligned at ¢g ~ 0° showing no rotation
(due to the fact that it is already aligned parallel to the direction of flow).

The good agreement between simulation and data suggests that the quoted viscosity

coefficients (Table 3.2) for 5CB are reliable.
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Uniform and splayed pretilt
profiles

5.1 Introduction

As was shown in chapter 4, director reorientation under pressure driven flow has been
observed via optical conoscopy for the liquid crystal 5CB. In that case, the director
was originally oriented at 45° to the flow direction and promoted to have planar ho-
mogeneous alignment through the rubbed polyimide layer AL-1254 (JSR Corporation).
Other initial alignment geometries of the director were also considered, whereby the
azimuthal alignment angle (rubbing direction) was set to be at 0° (parallel) to the flow
direction and at ~ 90° (close to normal) to the flow direction.

In this chapter, the effect of the small degree of surface pretilt from the rubbed
polyimide layer will be examined in terms of how it affects the average response of the
director to flow. Again, optical conoscopy allows us to gain a broad and relatively quick
understanding of the average distortions that are taking place. For these experiments,
two situations will be considered; uniform and splayed alignment of the director, which
arise from the relative rubbing directions on the bounding surface of the cell. In this

study, these effects are examined at a high azimuthal angle of ¢g = 87°.

5.2 Uniform and splayed director profiles

As will be explained in much greater detail in Chapter 6 (which deals with the physical
mechanisms and recipes for producing surface pretilt of the director), when the surface
of a planar aligning polyimide is rubbed to promote a planar homogeneous alignment,
the shearing force of the rubbing cloth on the surface can permanently deform the
aligning layer, leaving a small inclination of the polymer molecules at the surface. As is
explained by Geary et al. [70], if the surface of a polymer is rubbed from left to right,
the molecules of the liquid crystal will then tend to align themselves with a slight tilt
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Figure 5.1: A schematic diagram depicting the uniform (a) and splayed (b)
alignments of the director created by varying the rubbing direction at the cell
boundaries (the rubbing direction is indicated by the black arrow). When both
surfaces are rubbed parallel, the splayed state is created. When both surfaces are

rubbed anti-parallel, the uniform state is created.

away from the surface at their right hand ends. This effect is pictorially demonstrated in
Figure 5.1, whereby the tendency for the liquid crystal molecules to exhibit a small degree
of tilt, dependent on the rubbing direction, can be used to create two individual static
alignment states, uniform (Figure 5.1 (a)) and splayed (Figure 5.1 (b)). The uniform
state is created by aligning the surfaces of the cell so that the rubbing directions are
anti-parallel to one another and the splayed state is created by aligning the surfaces so

that the rubbing directions are parallel to one another!.

5.3 Uniform tilt alignment

Generally, the small degree of pretilt that is generated from the rubbing of a planar
aligning polyimide layer is on the order of 2° to 4° tilted away from the surface. As
such (and as is described in Chapter 4) simulation of the average azimuthal distortion
under flow will provide a good and quick estimate to the response of the conoscopic
figure. Here, such simulations will be explored to highlight any interesting effects that

arise from the uniform pre-tilted alignment state under pressure driven flow.

5.3.1 Azimuthal rotation (uniform tilt alignment)

Figure 5.2 (a) shows simulated average azimuthal rotation as a function of the volumetric
flow rate and initial azimuthal alignment for a cell exhibiting uniform tilt alignment with

a value of § = 3° away from the surface. As is expected, for the case of ¢y = 0°, the

Tn Chapter 6, it will be seen how aligning a cell in the uniform state can be used in a novel technique
for measuring the value of the slab tilt angle.
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Figure 5.2: (a) A plot of the simulated azimuthal distortion of the director
as a function of the volumetric flow rate and initial azimuthal alignment ¢q.
All curves are simulated for the wuniform tilt alignment with a value of § = 3°.
As ¢ increases to values approaching normal to the flow direction, the average
azimuthal distortion flattens out. (b) Shows a magnified area of (a) with extra
simulated curves. It is seen that as the azimuthal alignment increases above (in
this case) ¢g = 87°, there is a turning point in the curve whereby the average
azimuthal distortion increases back towards 90°. The inset in figure (b) shows

more clearly the turning point for the ¢y = 88° curve.

director is already aligned parallel to the flow direction (in steady state), and as such,
there is no azimuthal rotation of the director observed (black line). As was seen with
the curves shown in Chapter 4, Figure 4.1, as the initial azimuthal alignment angle is
increased, a rotation of the mean azimuthal distortion is observed as the flow rate is
increased, whereby all curves are seen to tend towards the steady state alignment angle
of ¢ = 0°. As the initial azimuthal angle is increased to a value of ¢y = 88° a strikingly
different response is seen, whereby rather than distorting towards the steady state angle
of ¢ = 0°, the average azimuthal alignment goes through a small minimum before rising
again towards ¢ = 90°.

This is best shown in Figure 5.2 (b) which shows a zoom in of Figure 5.2 (a) with
extra curves at varying initial azimuthal alignment angles. Here it is seen that for
azimuthal angles above ¢y = 81°, the average response of the director is to go through
a small minimum before increasing towards ¢ = 90°. It is important to remember here
that Figure 5.2 is plotting the average azimuthal distortion as a function of the flow
rate.

In order to understand the nature and reason behind the minimum that is observed

71



CHAPTER 5. UNIFORM AND SPLAYED PRETILT PROFILES

140
|

120
|

100
|
\
/

@/ degrees

80

60

0.0 0.2 0.4 0.6 0.8 1.0

z/d

Figure 5.3: Simulated azimuthal director profile for a cell aligned at ¢y = 87°.
As shown before, blue indicates no flow, moving through to yellow at maximum
flow. It is clear that the director distorts in opposite directions about the cell
mid-plane. The magnitude of this distortion away from ¢y = 87° is seen to be
asymmetric at lower flow rates before becoming symmetric about z = d/2 at

higher flow rates.

in the average azimuthal rotation, Figure 5.3 shows the simulated azimuthal director
profile as a function of position in z and pressure gradient (again ranging from no flow
(blue) to maximum flow (yellow)) for a cell initially aligned at ¢y = 87° exhibiting the
uniform tilt profile at an angle of 3° away from the surface as simulated in Figure 5.2.

This figure demonstrates that the director is simulated to rotate in opposite direc-
tions about the cell mid-plane under flow. Crucially, at lower flow rates, this reversal
in rotation direction does not occur at exactly the cell mid-plane. This is demonstrated
in Figure 5.3 whereby at lower flow rates, more than half of the cell is rotating towards
¢ = 0°. This asymmetry in the magnitude of the azimuthal distortion results in the
average value (plotted in Figure 5.2) to dip towards the value of ¢ = 0°. As the flow
rate is increased, this asymmetry in the direction of director rotation reduces, with both
halves of the cell now rotating in opposite directions about the cell mid-plane (yellow
line). The symmetry of the distortion about z = d/2 at higher flow rates results in the
average azimuthal distortion increasing to come back towards ¢ = 90°. It is for this

reason that the small turning point observed in Figure 5.2 exists.
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In other words, the director can be thought of as azimuthally distorting in one
direction (here termed the negative direction, as ¢ is decreasing towards 0°) in more
than one half of the cell, while the remainder of the cell distorts azimuthally in the
opposite direction (here termed the positive direction, as ¢ is increasing towards 180°)
but by a lesser amount. This difference creates the small overall azimuthal distortion
in the negative direction. At increased flow rates this effect is reversed, with more than
half of the cell azimuthally distorting in the positive direction and the remainder of the
cell distorting in the negative direction, with the overall effect being an increase in the
average azimuthal distortion and the creation of the turning point seen in Figure 5.2.

An analysis and full discussion of this phenomenon and its effect will be given later

in the analysis of the simulated director profiles (Section 5.4.3).

5.4 Experiment

In order to experimentally probe the response shown above for the pressure driven flow
of 5CB in the uniformly tilted state, simulation of the optimal alignment conditions
were made in order to maximise the chance of observing the small azimuthal minimum
in the conoscopic figure’s rotation. As such, it was estimated that the rubbed polymer
alignment layer may give 2° pretilt away from the surface as a result of rubbing. In
this case, the strength of contact between the slide and the rubbing cloth was also
slightly increased in order to promote a slightly larger pretilt angle than might normally
be achieved. Figure 5.4(a) shows how the simulated response changes as a function
of initial azimuthal alignment ¢y for a cell exhibiting 2° pretilt in the uniform state.
It is clear that the optimal azimuthal alignment angle to use is that of ¢g = 87°, as
this produces the deepest minimum, ranging from ¢ = 87° to ¢ ~ 82.5° (blue line).
For higher values of ¢g, the depth of the minimum is considerably less. Figure 5.4(b)
shows the average azimuthal response for an initial azimuthal alignment of ¢g = 87°
with varying degrees of pretilt, ranging from 2° to 5° tilted away from the surface. It is
seen that a pretilt angle of 2° would also provide the deepest minimum in the average
response.

Following this analysis, a flow cell was fabricated, as described in Chapter 3, Section
3.8.2, using Optimer AL1254 (JSR corporation) as the alignment layer, rubbed at ¢¢ =
87° and assembled such that the rubbing directions are aligned anti-parallel to one
another. Figure 5.5 shows the experimental conoscopic figures as a function of the
volumetric flow rate set at the syringe drive (given in the caption of each individual
figure). Immediately it is evident that the conoscopic figures in this study vary from
those shown in Chapter 4. Considering just the static, non-flowing conoscopic figure

(Figure 5.5(a)), it is clear that the centre of the conoscopic figure is translated away
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Figure 5.4: (a) Shows how the average response varies as a function of the initial
azimuthal alignment angle ¢q for a cell exhibiting 2° pretilt in the uniform state.
The deepest minimum is seen for an azimuthal alignment angle of ¢g = 87°.
(b) Shows how the average response varies as a function of the tilt angle in the
uniform state for an initial azimuthal alignment of ¢¢ = 87°.

from the centre of the field of view. This is evident from the bottom black band of
the conoscopic figure only just being visible in the field of view. As will be discussed
later, this translation is due to the uniform tilt angle through the depth of the cell as
schematically shown in Figure 5.1(a). As the flow rate is increased, this translation of
the conoscopic figure is further exaggerated with the centre of the conoscopic figure no
longer being visible at the largest flow rates.

As is also shown by the red lines in Figures 5.5 (a), (h) and (m), the azimuthal
alignment of the conoscopic figure also goes through a small minimum (shown clearly
later in Figure 5.8) whereby it rotates a small amount in the clockwise direction as the
flow rate is increased to approximately 28uL/h before rotating back towards the initial
azimuthal alignment at approximately 48uL/h. These results will be discussed later in

the conclusions of the Chapter.

5.4.1 Estimating the pretilt angle

As is described by Van Horn and Henning Winter in their 2001 publication [46], an
estimate of the liquid crystal slab tilt angle can be made when the symmetrical centre
of the conoscopic figure is visible (as is the case here, as discussed above, for the static,
non-flowing conoscopic figure depicted in Figure 5.5(a)). Their novel method (which is

a substantial improvement and simplification on previous cumbersome techniques) uses
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(e) 16 puL/h

Rubbing

Flow

(k) 40 pL/h (1) 44 pL/h

Figure 5.5: Experimental conoscopic interference figures for the cell rubbed at
¢o = 87° in the anti-parallel (uniformly tilted) geometry. Here, a small rotation
minimum of the conoscopic figure as a function of the volumetric flow rate set by

the syringe drive (shown in the individual figure caption) is observed.

Mallard’s equation [46, 71] to calculate the angle between the surface normal and the ray

of light that forms the origin of the interference figure, ag, as is shown below (equation

5.4.1),

%NA = (n) sin (ap) (5.4.1)

where r is the distance between the centre of the field of view and the centre of the
conoscopic figure, R is the radius of the field of view, NA is the numerical aperture of
the objective lens and (n) is the mathematical average of the refractive index through
the sample. Once the angle ag has been calculated, the slab tilt angle 6 (measured
from the surface) can be determined from the appropriate phase difference equation for
uniaxial crystals [46]. For the case of a near planar aligned sample exhibiting only a

small pretilt angle, this equation takes the form?,

_ B —sin (2ayp)
0 = tan™! (3 e (2%)) (5.4.2)

2For an in depth and full analysis of this method for estimating uniaxial tilt angles from the conoscopic
figure, the reader is directed to the publication by Van Horn and Henning Winter titled Analysis of the
conoscopic measurement for uniazial liquid-crystal tilt angles [46]
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Figure 5.6: The 0 uL/h experimental conoscopic figure (image (a) in Figure
5.5). The radius of the field of view R and the distance from the centre of the
circle to the centre of the conoscopic figure r are shown. The ratio of these two
lengths can be used to estimate the tilt angle of the cell from equations 5.4.1 and
5.4.2. For this figure, the ratio r/R = 0.29, NA = 0.55 and (n) ~ 1.6, resulting

in a slab tilt angle of § ~ 3° away from the surface.

Figure 5.6 shows the static, non-flowing, conoscopic figure for the cell aligned at ¢g = 87°
with the uniform slab tilt angle produced from the anti-parallel rubbing directions. The
perimeter of the field of view, and the distances r and R are shown. In this case,
r/R =0.29, NA = 0.55 and (n) ~ 1.6. Following from equations 5.4.1 and 5.4.2, a value
of ag = 5.8° and 0 =~ 3° is obtained. Therefore, a rough estimate of the average pretilt
angle exhibited in the cell has been made, resulting in a value of 6 ~ 3° tilted away from
the aligning surfaces. As is also mentioned in the analysis by Van Horn and Henning
Winter, this technique can only be used to a first approximation for small tilt angles of
uniform director tilt profiles, whereby a primary source of error is the measurement of
r (which could yield results to within a fraction of a degree depending on the technique
and optical setup) [46]. In this case, it is suitable and provides a reliable estimate for

the uniform tilt angle present in the cell.

5.4.2 Conoscopic figure rotation

Figure 5.7 shows plots from the automated routine for measuring the azimuthal angle of
the conoscopic figure. Here, the azimuthal angle of the 20 puL/h figure is found (Figure
5.5 (f)). Again, it is clear that the difference between the pixel intensities for the two
test lines has been minimised at an angle of ¢ =~ 84° from the figure’s x axis.
Accordingly, a plot of the conoscopic figure rotation angle as a function of the vol-
umetric flow rate is shown in Figure 5.8, whereby the angles have been calculated for
every experimental conoscopic figure in the manner described above. Here, it is far easier
to see that the experimental conoscopic figures have rotated through a small minimum,
as was predicted by the one dimensional dynamic model. In this figure, the simulated

conoscopic figure rotation angle as a function of the simulated volumetric flow rate is
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Figure 5.7: The automated tracking of conoscopic figure rotation. Here, the
initial guess (a) and subsequent iterations (b - f) of the azimuthal alignment are
shown, along with the pixel intensities of the test lines for the 20 pL/h flow
conoscopic figure taken from Figure 5.5. After five iterations, the best fit has

been achieved, giving an angle of ¢ ~ 84°

also included (red line), along with the average azimuthal distortion as a function of the
simulated volumetric flow rate (black dashed line). In order to simulate these curves, a
uniform tilt angle of approximately 3° away from the surface was used, as calculated in
Section 5.4.1.

A comparison between the experimental and simulated conoscopic figures is shown
in Figure 5.9. Here, the qualitative similarity between the experimental and simulated

figures is clear.

5.4.3 Uniform director profiles (¢, 6)

A plot of the simulated ¢ and 6 rotations can be seen in Figures 5.10 (a) and (b). Here,
director distortions in both ¢ and 8 as a function of position in z and the volumetric
flow rate in the cell are shown. For these plots, each line indicates a separate flow rate
(or pressure gradient applied across the cell) with the plotted lines ranging from blue to
yellow, with blue being zero flow, and yellow being maximum flow.

As has already been discussed with reference to Figure 5.3, the director is seen to

distort in Figure 5.10 (a) in opposite directions in the bottom and top halves of the
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Figure 5.8: A plot of the conoscopic figure azimuthal angle v, as a function
of volumetric flow rate set at the syringe drive. Simulated conoscopic figure
rotation is also depicted by the solid red line (obtained using the same automated
routine). The simulated average azimuthal distortion is also shown as a function

of the volumetric flow rate (dashed black line).

cell. As was stated earlier, the director can be thought of as azimuthally distorting in
one direction (negatively) in more than one half of the cell, while the remainder of the
cell distorts azimuthally in the opposite direction (positively). This difference creates
the initial small overall azimuthal distortion in the negative direction as shown up to
a volumetric flow rate of approximately 28uL/h in Figure 5.8. Once the flow rate has
reached a critical value, this effect is weakened and ultimately reversed, with more than
half of the cell azimuthally distorting in the positive direction, with the overall effect
being an increase in the average azimuthal distortion and the creation of the turning
point and the rise of the curve back towards 90° in Figure 5.8.

The physical reason behind this response can be described by the same reasoning
suggested by Pieranski and Guyon [67], as discussed in Chapter 4 for the flow alignment
of 5CB initially aligned at 45° to the flow direction. Here, the director is initially rotated
by 3° away from normal to the flow direction (¢9 = 87°) and anchored at the surface,
with a tilt angle of 3 degrees (away from the surface). As such, in the lower half of the
cell, the flow induced torque on the director causes it to rotate clockwise towards ¢ = 0°,
as we expect from the steady state angles and the analysis provided in Chapter 4. Here,

the presence of the 3° pretilt angle serves to make this azimuthal distortion occur at
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function of position in z and volumetric flow rate (calculated from the simulated
pressure gradient). All three figures show curves at regular intervals from blue

(no flow) to yellow (maximum flow), going through orange.
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lower flow rates, as was explained by the simulation of the effect of surface pretilt on
azimuthal rotation in Chapter 4 Section 4.7. However, in the top half of the cell, the
director is also tilted by 3°, with its top end anchored at the cell boundary (i.e. not in
the splayed state simulated in Chapter 4 Section 4.7). In this case, the director can be
thought of as being aligned backwards into the flow by 3°. As such, the torque on the
director causes it to rotate anti-clockwise in order for it to reach steady state alignment
and become parallel to the flow direction at an angle of ¢ = 180° (an allowed steady
state alignment angle due to the equivalence of n and —n) [61]. This opposite rotation
of the director in the lower and upper halves of the cell results in the observation of no
net rotation of the conoscopic figure.

In terms of the tilt profile for this geometry, Figure 5.10 (b) shows the 6 distortion
as a function of both flow rate and position in z. As is simulated, for the static case
(blue line) the cell is aligned at 6y = 87° throughout the cell depth (a value of 3° tilted
away from the surface as estimated from the calculation in Section 5.4.1). Again, as
the flow rate is increased (towards the yellow line), the director is seen to rotate in the
bottom half of the cell to achieve the Leslie angle (6 begins to saturate at close to 11°
away from planar alignment (6p = 90°)). In the top half of the cell, the same response
is seen, but at a slower rate. For a given flow rate, the director has tilted less towards
the Leslie angle in the top half of the cell than in the bottom half of the cell. This
again is attributed to the initial alignment and surface anchoring conditions, whereby
the director in the top half of the cell must rotate more in an anti-clockwise direction
before achieving steady state. At the highest flow rates, the director is seen to come to
the Leslie angle in the bottom and top halves of the cell but crucially at the cell mid-
plane, the value of € is not 90° but is also tilted some way towards the Leslie angle. This
results in the observed translation of the centre of the conoscopic figure away from the
centre of the field of view. It is clear that the average tilt angle increases as a function
of flow rate, and therefore, the conoscopic figure is seen to translate further as the flow
rate is increased.

This chapter will now go on to look at the pressure driven flow response of the director
when aligned in the splayed tilt state (Figure 5.1 (b)) which may be easily fabricated
by aligning the glass plate boundaries of the cell so that their rubbing directions are

parallel to one another.

5.5 Splayed tilt alignment experiment

As a complementary experiment to that described in Section 5.4, a cell constructed in
the splayed tilted state (Figure 5.1 (b)) was also fabricated with an initial azimuthal
alignment angle of ¢y = 87° provided by the mechanical rubbing of the polyimide
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layer. This geometry creates a splay of the director aligned at an azimuthal angle
almost parallel to the y axis, but with a small inclination in to the flow direction. This
experiment serves to highlight the dramatic difference in the overall director profiles
achieved under flow for what is technically a small difference in the initial alignment
conditions produced from a rubbed polyimide layer.

As such (and as will be expanded upon in Chapter 7) this splayed geometry creates
an interesting situation whereby the liquid crystal can be flown in two directions upon
which it experiences different initial alignment conditions relative to the flow direction.
These two directions can be described ‘with’ the splay that is created (flow in the positive
x direction) and ‘against’ the created splay (flow in the negative = direction). As will
be seen later in this section, the results of these experiments closely resemble those
presented in Chapter 4, where the director was initially aligned at ¢9 = 45°. As a
result of this, the conoscopic figures presented here differ from those presented earlier
in this chapter (Section 5.4) for the uniformly tilted alignment condition. In essence,
this experiment shows no translation of the centre of the figure away from the field of
view, whilst as previously discovered, the conoscopic figure rotates about its centre. The
corresponding simulations are also made, using the same computational model described
in previous chapters. This gives some insight in to the possible director profiles created
under flow.

As before, the experimental conditions used here are identical to those described
earlier in this chapter, and also for the flow experiment (¢ = 45°) described in Chapter
4. The results of which are described in the next two sub sections, titled separately

‘With’ and ‘Against’ the splay.

5.5.1 ‘With’ the splay

Figure 5.11 shows the experimental conoscopic figures as a function of the volumetric
flow rate set at the syringe pump (with the flow rate shown in the individual figure
caption).

As seen before, here the conoscopic figure is seen to rotate into the flow direction as
the flow rate is increased. Starting with an initial alignment of close to ¢ = 87° (Figure
5.11 (a)) and rotating around to approximately ¢ = 37° (Figure 5.11 (k)). Similarly,
there is no observed translation of the centre of the conoscopic figure from the field of
view, suggesting that the average tilt angle within the cell has also been maintained at
6 = 90° (planar).

Simulated director profiles are shown in Figure 5.12. Here, the simulation confirms,
as expected, that the director has azimuthally distorted to align parallel to the flow
direction in the bulk of the sample. This is seen in Figure 5.12 (a) by the curves in

the central portion of the cell moving towards an azimuthal angle of ¢ = 0° as the flow
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Figure 5.11: Flow ‘with’ the splay. Experimental conoscopic interference figures
for the cell rubbed at ¢g = 87° in parallel directions in order to create a splayed
director geometry. Here, an overall rotation of the conoscopic figure is seen as
a function of the volumetric flow rate set by the syringe drive (shown in the

individual figure caption).

rate is increased. Here, it is also hinted at that the small degree of pretilt is causing
the director to rotate towards ¢ = 0° at a lower flow rate than would be experienced
if the director were aligned with no pretilt angle (heading towards the Pieranski-Guyon
instability described in Chapter 4 where the effect of pretilt is demonstrated in Figure
4.14). This is shown in Figure 5.12 (a) by the initially small change in ¢ as a function of
cell depth (the second blue line), followed by a much larger change (the third blue line)
before saturating at an angle almost parallel to the flow direction (yellow line). The
results of this sudden rotation are also seen in the average of the azimuthal rotation by
the conoscopic figures at lower flow rates (shown in Figures 5.11 (a) - (e)).

As seen before, the director is also simulated to have rotated to achieve the Leslie
angle of opposite signs in the top and bottom halves of the cell. This is shown by the
distortion of the curves depicted in Figure 5.12 (b). Much like those shown for the
¢o = 45° described in Chapter 4, the tilt angle of the director saturates (at the highest
flow rates) at angles approximately 11° away from the planar position (f = 90°) in the
top and bottom halves of the cell.

Figure 5.12 (c) also depicts simulated velocity profiles as a function of the cell depth
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Figure 5.12: Simulated azimuthal ‘twist’ (a), zenithal ‘tilt’ (b) and velocity
profiles (c) as a function of position in z and volumetric flow rate (calculated
from the simulated pressure gradient) for flow ‘with’ the splay. All three figures
show curves at regular intervals in the prescribed pressure gradient, from blue (no

flow) to yellow (maximum flow), going through orange.

and pressure gradient. Again, the typical parabolic flow profile is recovered, whereby
non-slip boundary conditions dictate that the velocity must go to zero at the cell walls.

A plot of the average rotation angle of the conoscopic figures as a function of the
volumetric flow rate (for both data and simulated figures) can be seen later on in Figure

5.15.

84



CHAPTER 5. UNIFORM AND SPLAYED PRETILT PROFILES

R R R

(a) 0 pL/h (c) 8 uL/h (d) 12 pL/h (e) 16 uL/h

y

& | €

(k) 40 pL/h

Figure 5.13: Flow ‘against’ the splay. Experimental conoscopic interference
figures for the cell rubbed at ¢y = 87° in parallel directions in order to create a
splayed director geometry. Here, an overall rotation of the conoscopic figure is
seen as a function of the volumetric flow rate set by the syringe drive (shown in
the individual figure caption).

5.5.2 ‘Against’ the splay

Figure 5.13 depicts the experimental conoscopic figures as a function of the volumetric
flow rate set at the syringe pump (shown in the individual figure captions) for flow
against the splay (in the negative z direction, from right to left as indicated by the
arrows)®. Here, the figures are seen to have an initial azimuthal alighment of close
to ¢p = 87° (Figure 5.13 (a)) and rotate around, through ¢ = 90°, to approximately
1 = 130° (Figure 5.13 (k)). Similarly, as for flow ‘with’ the splay, Figures 5.13 (a) to (k)
show that there is no observed translation of the centre of the conoscopic figure from
the field of view, suggesting that the average tilt angle within the cell has also been
maintained at § = 90° (planar).

Again, Figure 5.14 shows the appropriately simulated director profiles. Much like
for the case of flow ‘with’ the splay, Figure 5.14 (a) depicts the simulated twist profile as
a function of the cell depth. It is seen that the director rotates backwards through 90°

3The difference in the 0 puL/h capture between Figure 5.11 (a) and Figure 5.13 (a) is due to the
experimental difficulty in rotating the cell so that flow could be applied in the opposite direction. In
doing so, the area of the cell being sampled has changed, with variations in cell thickness causing the
dark fringes to move.

85



CHAPTER 5. UNIFORM AND SPLAYED PRETILT

@/ degrees

towards an angle of ¢ = 180°. Here, more pronounced, is the jump in azimuthal rotation
between the first two simulated pressure gradients (first two blue lines) resulting in a
‘kick’ of the azimuthal rotation of the director. This is clearly also seen in the captured
conoscopic figures where at low flow rates (Figure 5.13 (a) to (e)) the conoscopic figure
has barely rotated, until a sudden kick in the rotation at approximately 20 pL/h (Figure
5.13 (f)).

Figure 5.14 (b) also depicts the simulated director tilt profile. Again, it is seen that
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the director appears to achieve the Leslie angle of opposite signs in the top and bottom
halves of the cell (resulting in no translation of the centre of the figure from the field of
view). This is shown by the distortion of the curves depicted in Figure 5.14 (b). Again,
much like those shown for the ¢g = 45° case described in Chapter 4, the tilt angle of the
director saturates (at the highest flow rates) at angles approximately 11° away from the
planar position (# = 90°) in the top and bottom halves of the cell. Here however, the less
sensitive response at lower flow rates (described above) is also seen in the tilt profile. As
discussed in Chapter 4, it is not until the director rotates away from planar alignment
that there is significant torque on the molecules to begin the azimuthal rotation.

Figure 5.14 (c) also depicts the simulated velocity profiles, here negative, as the
pressure gradient has been prescribed to produce flow in the opposite direction to that
shown for flow ‘with’ the splay.

Figure 5.15 is a plot of the rotation angle of the conoscopic figures depicted in Figures
5.11 and 5.13 calculated from the automated tracking routine as previously described in
(Chapter 4) and Section 5.4.2 of this chapter. Included are simulated conoscopic figure
rotations calculated from the same one dimensional model as used in Chapter 4.

The response of the average azimuthal rotation for flow ‘with’ and ‘against’ the splay
is clear to see. As expected, it is quantitatively clear that for flow in both directions,
there is limited rotation at low flow rates, before the rate of change of rotation angle with
flow rate increases at higher flow rates. This is particularly clear in the flow ‘against’
curve where at low flow rates the figure barely rotates up to a flow rate of approximately
20 pnL/h before rapidly distorting, as is qualitatively clear from the data captures shown
in Figure 5.13.

5.6 Conclusions

In this chapter it has been demonstrated that for the pressure driven flow of the nematic
liquid crystal 5CB, the presence of a small degree of surface pretilt, which may lead to
different symmetries of the static director profile, can greatly affect the director profile
in the bulk of the sample when the initial azimuthal alignment is not normal to the flow
direction.

The same small degree of pretilt in the uniformly aligned state (Section 5.4) appears
to produce entirely opposite azimuthal distortions of the director about the cell mid-
plane. At low flow rates there is a small net rotation in one direction and at high flow
rates in the other. For the splayed state (Section 5.5), no net tilting of the director is
observed, yet a positive net azimuthal distortion is seen. In contrast, for the uniform
state, a net tilt distortion of the director is observed, but no net azimuthal distortion is

seen. This difference in director distortion results in completely distinct optical cono-
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Figure 5.15: A plot of the conoscopic figure azimuthal angle v, as a function
of the volumetric flow rate set at the syringe drive for flow ‘with’ and ‘against’
the splay. Simulated conoscopic figure rotation is also depicted by the solid lines

(obtained using the same automated routine).

scopic figures, whereby one (splayed state) shows a rotation and the other (uniform
state) shows a lateral translation and small rotation minimum.

It can be argued that, much like the findings of Horn et al. [61], these results highlight
the extreme sensitivity of the flowing director orientation to only a few degrees of surface
pretilt and importantly when using an aligning layer such as a rubbed polyimide, one

should take care in making the common assumption that the director is truly planar.
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CHAPTER 6

Producing intermediate surface

pretilt

As has been shown in Chapter 5, the bulk director profile under flow can be greatly
affected by the presence of a relatively small amount of pretilt of the director at the
boundary layer. For example, it has been seen that the starting director profile (made
different via the rubbing direction and hence direction of the pretilt) can lead to dra-
matically different director profiles when subjected to a pressure gradient. A seemingly
natural progression from this finding is then to ask, can we increase this effect by using
much larger initial pretilt angles?

As will be seen in Chapter 7, a large amount of pretilt can indeed be used to dra-
matically alter the effect of director orientation when subjected to a pressure gradient.
However, we shall also see in this chapter that the methods and techniques used to
obtain such high pretilt angles of the director are of great scientific interest with respect
to the creation of bi-stable display devices (described later) and appear to work with
varying levels of success.

Experimentally, two techniques are characterised for their ability to produce inter-
mediate pretilt angles for both of the liquid crystals 5CB and ZLI-2293 (Merck). Briefly,
these two methods involve, 1) the ‘over-baking’ (baking at temperatures much higher
than the manufacturer’s guidelines) and rubbing of polymer alignment layers convention-
ally used for vertical alignment, and 2) the doubling up of alignment layers by depositing
a planar aligning polyimide on top of a vertical aligning polyimide. Results from these
experiments suggest that the surface upon which the aligning layer is deposited plays
a crucial role in the production of these intermediate pretilt angles, and also that the
surface energy of the subsequent aligning layer gives little or no indication of the mag-
nitude of pretilt that will be produced. Some of the results presented in this chapter
concerning the second, double polyimide layer, recipe appear to be in contradiction with

some existing results from the relevant literature.
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6.1 Introduction

Liquid crystal displays have now been in use worldwide for nearly 30 years. Yet, which
came as both a surprise and curiosity, the mechanism responsible for liquid crystal
alignment on mechanically buffed polymer films is still poorly understood [72]. Since this
method of mechanical alignment plays a crucial role in the production of the majority
of these displays, it is interesting to try to understand the physical reason that lies
behind the observation that a nematic liquid crystal will tend to align itself on a rubbed
polymer film with the director parallel to the direction of rubbing.

Purely qualitatively, a simple consideration of the relevant length scales seems to
suggest that a conventional nematic liquid crystal molecule shouldn’t ‘see’ the grooves
and scratches created by a cotton or velvet cloth that has buffed the surface of a thin
polymer layer. The analogy of pencils being dropped onto a sheet of corrugated iron
is sometimes used to pictorially explain how a similarly relevant system can minimise
the available free energy and produce alignment of the director (the pencils) parallel
to the buffing induced grooves (corrugation in the iron). The length scales involved
in such an analogy are unrealistic. The typical dimensions of a nematic liquid crystal
molecule may be 10 x 10710 m (IOA), whereas the typical dimensions of rubbing cloth
fibres are 10 x 10~% m, or over 10 000 times larger than the grooves created by the cloth
on the polymer’s surface. This therefore seems to suggest that a nematic liquid crystal
molecule would not feel the effect of a grooved surface, or at least not notice the relative
orientation of the rubbing grooves themselves.

The first attempt to explain the observed “tendency of some nematic liquid crystals
to lie parallel to the direction of rubbing on a solid surface” was made by Berreman in
1972 [73], with further advances, adaptations and modifications having been made subse-
quently [74]. In his description, Berreman considers the elastic energies of a ‘grating-like
deformation of the surface’, whereby the rubbing cloth is assumed to leave small grooves
(or alternatively leave small threads) on the surface of the aligning layer, which can be
approximated by a sinusoidal wave of the form z ~ sin (¢z). His analysis goes on to
produce expressions for the energy density due to the elastic strain and the total energy
per unit area of the liquid crystal. For surface roughness in one direction, such as is
generated from rubbing the surface of a polymer, it is shown that director alignment
parallel to the grooves is energetically favourable (ergo, the director will tend to align
parallel to the rubbing direction). Interestingly, it is noted in reference [73] that for
a surface exhibiting equal roughness in both the x and y directions, an out of plane
alignment of the nematic molecules will minimise the elastic strain at the surface of the
aligning layer, and hence a vertical alignment of the director would be observed.

However, in 1987, Geary et al. [70] proposed and presented experimental evidence for
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another explanation to describe the mechanism of polymer alignment of nematic liquid
crystals. The hypothesis this time is that liquid crystal alignment is a consequence of the
reorientation of the aligning surface polymer chains caused by the rubbing cloth, rather
than through the minimisation of the liquid crystal’s free energy due to the surface

roughness. In Geary’s explanation, two core physical processes are considered,

1. The physical reorientation of the aligning layer’s polymer molecules by the rubbing

process.

2. The interaction of the newly oriented polymer molecules with the liquid crystal

molecules (in inducing alignment).

In this explanation, the surface shape explanation offered by Berreman in 1972 is
suggested to be unsuitable for two main reasons. Firstly, nematic liquid crystal align-
ment has been seen to occur under very light rubbing of polymer layers with a soft cloth
(conditions that would seem unlikely to produce substantial alteration of the polymer
surface) and secondly, different polymers are seen to differ strikingly in their ability to
align a liquid crystal, which may not be explicable if the surface relief of the different
aligning layers were to be identical. In the wealth of research that has been conducted
on this topic in the past years, current understanding is that the reorientation of the
polymer chains and subsequent alignment of the liquid crystal molecules is the dominant
mechanism behind rub-induced alignment, with the contribution from the micro-grooves
aiding this process [75].

Perhaps most importantly, Geary et al. offered some explanation as to the origin
of surface pretilt, which is more difficult to explain using the minimisation of energy
hypothesis of Berreman. That is, the often small degree of tilt of the director away from

the surface of the aligning material when rubbed with a cloth.

6.1.1 Small pretilt angles from a rubbed polyimide

Firstly, consider the length scales suggested earlier for both a liquid crystal molecule
(10A) and a typical rubbing fibre diameter (10 X 10_6m). When buffing an aligning
layer of polyimide that will typically be 200 A thick, the polymer layer can be said to
be sandwiched between two broad planes; that of the substrate and that of the moving
fibre’s contact area. As such, the polymer aligning layer experiences a shearing force, and
if strong enough, a permanent shearing deformation [70]. It is this residual inclination of
the elongation axis of the polymer at the surface of the alignment layer, Geary explains,
that provides a naturally intuitive explanation for the presence of small pretilt angles
from rubbed polyimide layers. This effect is demonstrated pictorially in Figure 6.1.
Importantly, Geary notes that if the surface is rubbed from left to right (as in Figure
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Figure 6.1: Mechanism of induced pretilt from buffed polymer layers suggested
by Geary [70]. Various stages of rubbing a polymer film are shown (the polymer
is depicted by the grey rectangle and the rubbing direction by the arrow). (a)
An unrubbed polyimide layer with an area marked by a red rectangle. (b) After
rubbing, a shearing deformation of the polymer is observed, suggesting polymer
molecule realignment, with an induced pretilt from the inclination of the molecules
at the surface. (c¢) If rubbed in the opposite direction, the amount of pretilt can

be reduced or even reversed (blue rectangle).

6.1 (b)), the molecules of the liquid crystal will tend to align themselves with a slight
tilt away from the surface at their right-hand ends, which is the same sense of tilt angle
created by the elongation of the polymer axis. Experimentally it has also been shown
that buffing the same surface in the opposite direction can reduce, and if strong enough,
reverse the direction of the previously induced pretilt. This effect comes about from the
reorientation of the polymer molecules, with original areas of tilt being replaced by new
areas of tilt of equal magnitude but opposite direction. These experimental results lend

more weight to Geary’s argument for the origin of rubbed polymer alignment.

6.2 Production and control of intermediate pretilt angles

For common nematic liquid crystals consisting of calamitic or ‘rod shaped’ molecules,
commercially available surface treatments (predominantly manufactured for industry)
tend to be restricted to vertical and ‘near to planar’ alignment of the director. However,
in the highly competitive and rapidly changing field of display devices, the ability to
produce intermediate pretilt angles of the director between vertical and planar is becom-
ing highly desirable. Although there is a vast amount of research in the field of surface
alignment and pretilt angle production [76-84], some of the more novel and interesting
techniques in existence for the mass production of large pretilt angles are presented be-
low. A brief discussion into why display systems exhibiting intermediate pretilt angles

could soon become commercially very lucrative is also given.

6.2.1 Nano domains of planar and vertical aligning layers

Perhaps the most frequently cited case, which is also the best representative of the
driving force behind intermediate pretilt angle production, is that of the no-bias-bend

(NBB) m-cell, as demonstrated by Yeung et al. [85, 86]. Here, nanoscale alignment
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surfaces have been shown to consistently produce pretilt angles of the director of over
45°. In this case, such high values of surface pretilt angle allow the formation of a stable
bend configuration of the director when no holding voltage is applied to the cell. This
type of stability leads to faster on-off response times and ultimately, improved displays.

For the NBB m-cell, intermediate pretilt angles of the director have been created
by the formation of a random distribution of nano-sized planar and vertical aligning
domains. The method of producing these domains involves dissolving both a vertical
and a planar aligning polyimide in a solvent and mixing the solution sufficiently. When
coated on to a glass surface, the difference in solubilities of the two polyimides ensures
that they evaporate at different rates, leading to the formation of random nano domains
of vertical and planar alignment areas [87].

Provided that these domains are small, liquid crystal molecules will realign to achieve
a uniform pretilt angle near the aligning surface via minimisation of the system’s elastic
energy. It has been shown that the resulting value of pretilt depends primarily on the
ratio of the areas of the planar and vertical domains, as well as the elastic properties
of the liquid crystal itself. This technique has been shown by Yeung et al. [87] to
produce good anchoring energies and robust thermal stability. It is also worth noting
that this technique of intermediate pretilt angle production is far more desirable than the
conventional SiO2 evaporation [88] method for it’s ease of use in both mass production
and large display panels, as it is fully compatible with existing manufacturing techniques.

Currently, bi-stability in liquid crystal displays is a subject of great interest, particu-
larly for application in the low power, portable displays market. Given that this method
readily allows robust pretilt angles of over 45°, switching between both a bend and splay
stable state is possible (this is due to a critical tilt angle (=~ 45°), at which the bend and
splay states have identical elastic deformation energies). A bistable bend-splay device
has already been constructed which exhibits large areas of bi-stability, and is likely to
be a serious contender for e-book and signage applications [87] in the not too distant

future.

6.2.2 Mixing polyimide solutions

Another similar and widely used technique for the production of intermediate pretilt
angles is one that again involves the mixing of a solution containing both planar and
vertical aligning polymers. This method has been successfully experimented with by
several authors [89-94] (some of which are briefly described below), but importantly,
the mechanism of pretilt generation in these methods is suggested to be different from
that presented by Yeung et al.

Vaughn et al. [90] have shown that sufficient mixing of the two polyamic acids RN-
1175 (75 wt %) and SE-1211 (25 wt %) can give variable pretilt angles as a function
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of the baking temperature for the liquid crystal 5CB. Samples in this case have been
baked at temperatures ranging from 230 °C to 290 °C for 50 minutes, and the degree of
measured pretilt has been shown to be tuneable from 60° to ~=80°.

Wu et al. [91] have also shown that with mixtures of the planar aligning polyimide
AL-1426B (from Daily Polymer Corporation) and the vertical aligning polyimide AL-
00010 (from Japan Synthetic Rubber Company), the degree of pretilt can be controlled
as a function of not only the mixture ratio or the baking temperature, but by the rubbing
strength as well. The important point to note here is that the mixing of the planar and
vertical aligning polymers carried out by Vaughn [90] and Wu [91] do not show phase
separation as is observed and accredited by Yeung et al. as the driving mechanism
behind creating nano-sized alignment domains, as is detailed in Section 6.2.1.

Ahn et al. have also demonstrated a novel photo-alignment method of controlling
the pretilt angle of the director, this time by using an organic/inorganic hybrid inter-
penetrating polymer network (IPN) [92]. In this example, the competition in alignment
direction of polyvinyl cinnamate (planar aligning) and polydimethylsiloxane (PDMS)
(verticalally aligning) has been shown to produce pretilt angles right through the range
of 0° to 90°. The pretilt angle for this recipe is controlled by varying the PDMS con-

centration of the alignment surface mixture.

6.2.3 POSS Nano-particle doped polyimides

Recently, a new method for the production of intermediate pretilt angles has been de-
veloped by Hwang et al. [95]. This technique involves the doping of planar aligning
polyimides with Polyhedral Oligomeric Silisequioxane (POSS) nano-particles, which on
their own can induce vertical alignment of the director. The idea here is that the effect
of both aligning surfaces being present in the cell can create an average tilted alignment
between planar and vertical.

It was first discovered that adding POSS nano-particles to the liquid crystal itself
created total vertical alignment of the director (termed nano-particle induced vertical
alignment (NIVA)) [96] in 2007. It was explained that this process produced vertical
alignment through adsorption of the particles to the inner cell walls, and that the ability
of the technique to produce vertical alignment depended critically on the concentration
of the POSS particles in the liquid crystal.

Due to the difficulties in achieving a uniform distribution of particles in a liquid
crystal sample (and the adverse effect of particle clusters on the LCD contrast), Hwang
et al. recently (2010) proposed a new method of doping the polyimide alignment layer
itself with POSS nano-particles, rather than the liquid crystal [95]. Their latest results
show a clear ability to control the pretilt angle through the range of 0° to 90° as a func-

tion of the POSS concentration. This response is attributed to the POSS nano-particle’s
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effect on lowering the surface energy of the layer as the concentration is increased (ul-
timately lowering the surface tension of the aligning layer) [95]. Again, this technique
is considered to be relatively simple and is already compatible with current fabrication
methods in the LCD industry, making it a viable contender for the mass production of

intermediate pretilt angles for use in low power, bistable displays.

6.2.4 Polymer stabilised alignment

Cheng et al. [97] have also demonstrated a method for the control of surface pretilt by
doping a liquid crystal sample with photo-curable monomers. Here, a holding voltage
is applied to the cell whilst UV light is incident. The resulting curing of the monomer
results in an induced tilt angle of the director in the cell. In this experiment, the degree
of pretilt has been shown to be controllable from 45° to 90° by varying the UV radiation

exposure time.

6.2.5 Grating alignment

Whilst rubbed polymer films can produce robust, inexpensive planar alignment of ne-
matic liquid crystals, the creation of static charge and dust particles, along with the
inaccurate control of macroscopic variables such as the rubbing strength, can lead to
a poor manufacture yield [98]. As such, much research has been carried out in the
field of grating alignment of liquid crystals, where alignment is currently thought to be
topological in nature. A distinct advantage of the grating alignment method is that
the surface profile can be finely controlled during the manufacture process, leading to
highly controllable and reproducible alignment properties in the liquid crystal. With
the theory of Berreman [73] concerning grating alignment of liquid crystals having been
discussed in Section 6.1, below are summarised some key experiments that look at the
behaviour of grating like deformations on the alignment of liquid crystals.

Initially, in 1978, Flanders [99] showed that a square-wave profile grating etched
into SiO9 with a pitch of 320 nm (much larger than a liquid crystal molecule) could be
used to effectively align MBBA with planar alignment of the director, parallel to the
direction of the grooves in the grating. More recently in 2003, micro-textured substrates
with alternating vertical and horizontal corrugations, were shown to create large pretilt
angles in the bulk of the sample. Here, the pretilt angle could be switched via altering
the period of the alternating corrugations on the surface [100].

Other research has focused on the production of a corrugated surface by means of
an atomic force microscope (AFM). Polymer surfaces can be patterned using an AFM
tip to create regions of alignment with very high spatial accuracy. Rastegar et al. have

shown that for alignment layers of thickness greater than 100 nm, an AFM tip could
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successfully realign the polymer molecules. For thin aligning layers of 5 - 20 nm, it was
shown that the polymer chains are strongly fixed to the surface of the substrate and are
not able to be aligned [101]. Perhaps most interestingly, Ruetschi [102] demonstrated
in 1994 that alignment of polymer molecules with an AFM tip can be used to tailor
refractive index patterns in the liquid crystal medium, leading to the creation of an

optical waveguide 6 ym wide and 5 mm long.

6.3 Two experimental recipes for the production of inter-

mediate pretilt

The following two subsections will examine the existing literature pertaining to the two
methods for producing intermediate pretilt angles that are experimentally addressed
in this chapter, namely, ‘over-baked’ and rubbed vertical polyimides, and bi-layers of

different aligning polyimides.

6.3.1 Rubbed vertical polyimides

Perhaps one of the more interesting methods for the production of intermediate pretilt
angles is that of using a vertically aligning polyimide and rubbing it to produce large
pretilt angles. Much of the research in this area has been carried out by Rosenblatt et al.
[103, 104] and utilises the idea that a polyimide layer that conventionally gives vertical
alignment, can be ‘over-baked’ (cured at a temperature far exceeding the manufacturer’s
guidelines) and then mechanically rubbed so as to reduce the vertical alignment and give
substantial pretilt angles.

The over-baking process is presumed to have several effects on the aligning layer,
most important of which is the production of two easy axes of orientation, one near
planar, and one near to vertical (this dual axis hypothesis is experimentally examined
in references [105] and [106]). As is explained in reference [104], this over-baking process
also weakens the polymer backbone, which helps to promote planar alignment, and
removes a fraction of the backbone side chains, weakening the vertical alignment. The
observation of a rubbing threshold, below which no distortion of the director away from
vertical occurs, has also been made for the conventionally vertical aligning polyimide
Nissan SE-1211. This threshold rubbing strength is shown to vary monotonically as
a function of the number of methylene units for the homologous liquid crystal series
alkylcyanobiphenyl (5CB, 6CB, 7CB and 8CB) [104]. Qualitatively, this suggests that
there is a rubbing strength that must be reached before the polymer layer will distort
alignment away from the vertical direction, and this rubbing strength is higher for

liquid crystals containing more methylene units. Pretilt angles varying from vertical to

96



CHAPTER 6. PRODUCING INTERMEDIATE SURFACE PRETILT

6o = 35° have been achieved [104].

Further experiments have also shown the existence of reverse tilt domains [103]. In
this study, liquid crystal cells were fabricated with the same over-baked Nissan SE-1211
recipe as described in reference [104] but importantly, were not rubbed. Under polarising
microscopy, domains of tilt angles have been observed, bounded by disclination lines
appearing as thin filament walls. This observation also suggests that the rubbing process
produces an overall global azimuthal alignment of the director, ensuring that the director

is tilted in the same direction over large areas of the substrate.

6.3.2 Bi-layer alignment surfaces

In 2007, Zheng et al. [107] published a novel method for achieving intermediate pretilt
angles by way of producing a bi-layer of planar aligning polyimide on top of a vertical
aligning polyimide layer. In their experiment, it is suggested that the surface free energy
of the alignment layer can be controlled by adjusting the thickness of the planar align-
ment layer. In their study, the thickness of the planar aligning polyimide is adjusted by
spin coating it at different speeds, ranging from 1600 rpm - 5000 rpm, in turn leading
to thicknesses of 3500 A to approximately 1500 A.

Below follows the experimental method with which the two previous alignment tech-
niques were implemented in this study, along with the results (sections 6.5.2 and 6.5.7)

and their analysis in section 6.6.

6.4 High throughput technique for rapid analysis of liquid

crystal devices

Many electro-optical devices are based on the response of nematic liquid crystals and
their subsequent alignment. As such, it is of great interest (particularly in the profes-
sional displays industry) to be able to rapidly and accurately characterise the degree of
alignment and in particular the amount of pretilt present in a fabricated device [108].

The rapid characterisation and analysis of literally hundreds of devices in parallel,
whilst varying only one parameter (rubbing strength, alignment layer thickness, etc),
or the simultaneous characterisation of multiple regions of the same device, allows for
very quick optimisation of displays. This has indeed already been demonstrated for
the fabrication of micro-structured surfaces which provide bistable alignment of a liquid
crystal [109] in certain geometries.

The displays group at Hewlett Packard Labs have invented such a system of high
throughput rapid characterisation, which allows for fast analysis of liquid crystal align-

ments in varied geometries. This technique has been utilised in this chapter for the
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analysis of different recipes for producing intermediate pretilt angles and what follows
below is an introduction to the way in which it works. Full details of the technique are

given in reference [108].

6.4.1 High throughput technique theory

As a caveat, this technique is only valid when the assumption that the liquid crystal
layer (often sandwiched between two glass plates) can be treated as a birefringent slab
of uniform tilt and azimuth alignment. Provided that this assumption holds true, the
high throughput technique works by taking a series of measurements of the optical
transmission (at normal incidence) through a liquid crystal cell at varying incident
polarisations.

Prior to the cell being filled, the liquid crystal is doped with an anisotropic dichroic
dye, whose molecules will tend to align parallel to the nematic director! (full experimen-
tal details are given in Sections 6.5.1 and 6.5.7). The defining quality of the dichroic dye
is that it absorbs light with polarisation parallel to it’s long axis, so immediately, one
can see how rotating the alignment of the incident polarisation will result in a maximum
in absorption (when aligned parallel to the director of the sample). This observation
allows determination of the liquid crystal azimuthal alignment angle.

The liquid crystal tilt angle is then determined by the strength of the absorption
from the dichroic dye. This measurement is made possible by the fact that the optical
absorption varies monotonically with the tilt of the director (assuming that alignment
is uniform across the slab).

In order to analyse a liquid crystal device in terms of a single tilt parameter and a
single azimuth alignment angle, the optical transmission for a slab of absorbing material
needs to be examined. Firstly, the transmitted optical intensity I, for an isotropic,

absorbing slab of material is considered, which is given by,

I =1Iyexp (_47rkd> (6.4.1)

A
where k is the imaginary part of the material’s refractive index, d is the thickness of
the slab, A is the wavelength of the incident light and [ is the incident optical intensity.
For a birefringent slab such as the liquid crystal sample, one must consider the
ordinary and extraordinary axes of the material. As such, the incident polarisation is

resolved into the two axes, now giving a transmitted intensity of

4rkod
A

I = Iysin® ¢exp <— (6.4.2)

Arkogd
>+I0c052¢exp <— T leff )

A

!Provided that sufficient alignment of the dye takes place, the alignment of the dye represents the
alignment of it’s liquid crystal host [108]
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Figure 6.2: Schematic diagram of the machine vision technique of measuring sur-
face pretilt. A polarised white back light is shone through the enclosure containing
the anti-parallel dye-doped cells, before passing into a camera and computer for

analysis.

where kg is the imaginary part of the ordinary refractive index, ¢ is the azimuthal
alignment angle and k.g is the effective imaginary part of the refractive index for the
extraordinary ray.

Leuder [110], defines the total effective refractive index as

N,
Ny = | ————— (6.4.3)
¢ <\/1+Asin29)

where ) )
N* — N,
A=|—_"0 6.4.4
(%) (644
and
N, = n, + ik, (6.4.5)
N, = ne + ike (6.4.6)

where n,, and n. are the real parts of the ordinary and extraordinary refractive index and
ko, and k. are the imaginary parts of the ordinary and extraordinary refractive index.
Now, @ is the tilt angle of the slab, measured from planar orientation, which can be

obtained by a numerical fit [108].
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6.5 Experiment

6.5.1 Over-baked Nissan SE-1211 recipe

3.2 cm by 2.5 cm glass slides with a conductive Indium Tin Oxide (ITO) coating on one
side were spin coated at 4000 RPM for 40 seconds with the vertical aligning polyimide
Nissan SE-1211. They were coated on either the plain glass side or on the ITO side.
This allowed for the production of complete cells with either ITO or plain glass on the
inner bounding surfaces.

After the Nissan SE-1211 aligning layer was deposited, the slides were pre-baked
at 95 °C for 1 minute on a hotplate, prior to being baked in an oven at 240 °C for
60 minutes. This baking temperature is far above the manufacturer’s guidelines of 180
°C for 50 minutes [103], hence the term ‘over-baked’ Nissan SE-1211. As suggested in
Section 6.3.1, it is this over-baking process that plays the important role in producing
pretilt angles away from what would conventionally be a vertical aligning surface.

On removal from the oven, the slides were rubbed via a moving stage passing under
a spinning drum with a rubbing cloth attached around the circumference as shown in
Figure 6.3. The rubbing system is set up so that the height of the stage can be varied
from a level where the slides are made to pass under the drum barely touching the surface
of the cloth, up to close contact between the slide and the cloth. It is important to note
here that several authors have tried to quantify the strength of rubbing when referring
to a rotating drum moving over the surface of a sample [90, 103, 104, 111]. In this case,
it is believed that the quantification of a rubbing strength parameter is dependent on too
many variables and will be very difficult to reproduce exactly on another experimental
setup. In these experiments, as we are showing only general trends in the degree of
pretilt as function of this rubbing strength, we define simply a rubbing height d, that
can vary from 3.8 mm (strongest contact with the slide) to 4.5 mm (weakest contact
with the slide). The experimental rubbing machine parameters are also shown in Figure
6.3.

After both the plain glass and ITO coated glass slides were rubbed at varying values
of d, liquid crystal cells were fabricated by aligning the top and bottom plates in an
anti-parallel geometry (with no twist gradient in z), creating a uniformly? tilted slab
of liquid crystal between the top and bottom surfaces. The cells were spaced with 5
pum beads dispersed in a UV curing glue (Norland optical adhesive 73). The cells were
then capillary filled in the isotropic phase with 5CB doped with 1% by weight of each of
G472, G241 and G232 dichroic dyes from Hayashibara for use in measuring the pretilt

angle as described in Section 6.4.

2Provided both surfaces have been treated identically, as will be discussed in the analysis (Section
6.6)
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Figure 6.3: A schematic representation of the experimental rubbing machine
set up. The moving carriage with sample attached are passed under the rotating
drum and rubbing cloth at varying strengths of contact. To vary the rubbing

strength, the carriage can be moved up or down.

6.5.2 Over-baked Nissan SE-1211 results

Figure 6.4 shows a plot of the measured pretilt angle as a function of both the rubbing
parameter, d, and the surface type upon which the Nissan SE-1211 is deposited (ITO
or glass). The first observation to make is that for both sets of data, the pretilt angle
(measured from the surface normal) increases as we increase the rubbing strength (a
decrease in d). Qualitatively, this suggests that the harder we rub the surface of the
over-baked vertical layer, the further the aligning molecules are distorted from their
original vertical state, becoming more planar.

For both surfaces there is the suggestion of a threshold, below which, any weaker
rubbing results in little or no deformation away from the minimum pretilt angle measured
(it is important to note here that a pretilt angle of 6y ~ 0° would be achieved just
by conventionally treated Nissan SE-1211, with no mechanical rubbing of the surface).
This threshold is shown by the saturation of the pretilt angle when the surface is rubbed
weakly (d = 4.4 mm and d = 4.5 mm for both glass and ITO coated glass) in Figure 6.4.
For Nissan SE-1211 spun onto the ITO coated glass surface, this value is approximately
5° (or 85° tilted away from the surface) and for the case of Nissan SE-211 coated onto
the glass surface, the value is slightly lower (approximately 20°, or 70° away from the
surface). This result is not wholly unexpected, and qualitatively it agrees very well
with the results obtained by Rosenblatt et al. [104], where a threshold rubbing strength
is observed before the onset of distortion of the director away from vertical alignment
(detailed in Section 6.3.1). The similarity of these results is considered here to be purely
qualitative, due to the ill-defined variable of a rubbing strength. However, the finding
does go some way in confirming the phenomenon of a threshold rubbing strength for
pretilt in over-baked Nissan SE-1211 aligning layers.

It is also shown in Figure 6.4 that the lowest value of the pretilt angle is not 0°

(particularly in the case of Nissan SE-1211 spun onto glass), which we would perhaps
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Figure 6.4: Measured pretilt angle as a function of the rubbing parameter for
the over-baked Nissan SE-1211 aligning layer. Results show a clear difference
for cells prepared with the aligning layer on ITO and glass. The error bars are
calculated from the standard deviation in the pretilt measurement across several

areas of the cell.

have expected from a conventionally treated Nissan SE-1211 polyimide alignment layer.
This result again occurs at the weakest rubbing strengths and suggests that the over-
baking process could be responsible for the small deviation of the director away from
vertical alignment. It is likely that this pretilt angle occurs in randomly oriented domains
as has been observed by Wang et al. [103], and in this case, the rubbing process gives
an overall azimuthal alignment direction as well as further increasing the deformation
of the director at the surface.

Perhaps the most interesting feature of Figure 6.4, is that the measured pretilt
angle is higher in the case of Nissan SE-1211 spun onto the plain glass surface than
for the Nissan SE-1211 spun onto the ITO coated glass surface, for all values of the
rubbing parameter. It is clear that the director is closer to vertical alignment for samples
prepared on ITO coated glass, rather than that of plain glass, for any given value of
the rubbing parameter. In the case of samples prepared on glass, the pretilt angle is
shown to be tuneable from approximately 20° to 60°, whereas for samples prepared on
ITO coated glass, the pretilt angle is tuned from approximately 5° to 35° for the same
values of the rubbing parameter. The error bars shown in Figure 6.4 are calculated from

the standard deviation in the pretilt measurement across several areas of the cell and
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give a measure of the magnitude of the spatial variability in pretilt produced by this
procedure. In both cases of glass and ITO coated glass, a surface profiling experiment
has shown that the thickness of the Nissan SE-1211 aligning layer is very similar (layer
thickness of approximately 170 nm on glass and 180 nm on ITO coated glass) at a spin
rate of 4000 rpm, shown in Figure 6.5. The aim of this measurement is to see whether
or not the surface upon which the polymer is deposited plays an important role in the
thickness of the aligning layer, and ultimately, whether it has an effect on the degree of
pretilt created. The result shown in Figure 6.5, indicating the similar thicknesses, goes
a long way to removing any doubt about the difference in pretilt measured for glass and
ITO coated glass being the result of a difference in the aligning layer thickness.

Figure 6.6 shows an optical photograph of over-baked Nissan SE-1211 cells fabricated
using this recipe. The cells (containing the dichroic dye) are placed on a polarised back
light and ordered with respect to surface type and rubbing parameter, with the cell’s
rubbing direction parallel to the light’s incident electric field. It is clear that as the
rubbing strength is increased, the cells become darker (as the dichroic dye is absorbing
more light), implying that the director is gradually tilting further away from vertical
alignment. As is also shown by the pretilt measurement of the camera kit in Figure
6.4, the glass cells in Figure 6.6 are darker than the I'TO coated glass cells, confirming
by eye, the existence of different pretilt responses for over-baked and rubbed Nissan
SE-1211 alignment layers coated on both glass and ITO coated glass.

Some preliminary experiments have also shown that a similar trend of stronger rub-
bing producing more planar alignment is also observed for over-baked Nissan SE-1211
cells filled with the liquid crystal ZLI-2293 (Merck).

6.5.3 Contact angles and surface energies

As a further investigation into the ability of over-baked Nissan SE-1211 layers to produce
intermediate pretilt angles, the surface energies of the alignment layer were measured as a
function of the rubbing parameter, where the alignment layers were prepared identically
to those described previously in Section 6.5.1.

The contact angle of a droplet (water, ethylene glycol and di-iodemethane) on a
surface and the subsequent surface energy of the aligning layer has long been a method
employed to obtain useful information about the alignment properties of that layer. This
method of measuring the surface energy, through the contact angle of a droplet on the
surface, is often used due to it’s speed and ease of implementation. However, whether or
not the surface energy of an aligning layer reveals any information about the ability of
the surface to promote vertical or planar alignment, seems to be unclear [112]. In some
systems, liquid crystal alignment does definitely appear to have a strong correlation to

the surface energy [95] of the alignment layer, in others, as we shall see here, the link is
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Figure 6.5: Surface profile of a scalpel scratch made in the Nissan SE-1211
aligning layer spun onto glass and ITO coated glass substrates as detailed in
Section 6.5.1 at a rate of 4000 rpm. This figure suggests that the depth of the
polyimide layer is very similar on both surfaces, approximately 170 nm on Glass

and 180 nm on ITO coated glass.

not so clear.
In this study, the substrates were spin coated and rubbed, but not made into com-

plete cells. They were left as free surfaces, in order to place a droplet of liquid on the
polymer layer and measure the contact angle created. Surfaces were again coated with
over-baked Nissan SE-1211 on either the plain glass side or the conductive ITO coated
glass side. This again allows us to see if there is any difference in the surface energy as
a function of both the surface that the polymer is coated on and the rubbing strength.

The contact angles were measured using a Cam 200 contact angle goniometer (KSV
Instruments) [113] by placing droplets of water, ethylene glycol and di-iodemethane onto
the coated and rubbed substrate. A digital camera was then used to capture images of
the drop a few seconds after it had been dispensed, allowing the contact angle between
the drop and the surface to be measured (via a computer spline fit to the drop’s surface),
as is shown in Figure 6.7. These contact angles were then used to calculate the Owens,

Wendt, Rabel and Kaelble (OWRK) surface energies [114].
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Glass

Increasing rubbing strength

Figure 6.6: A photograph of the over-baked Nissan SE-1211 cells. The cells on
the left have the aligning layer deposited on the glass side whilst the cells on the
right have the aligning layer deposited on the ITO side. The rubbing strength
increases from the bottom of the image to the top (ranging from 4.5 to 4.0).
Cells that have been rubbed harder are noticeably darker (more planar), with the
glass cells being darker than the ITO cells. The polarisation of the back light
is indicated by the red arrow (parallel to the rubbing direction). Pretilt angles
are measured from various areas within the cell and averaged to account for the

scratches and non-uniform appearance of some of the cells.
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Figure 6.7: Figures (a) to (d) show optical photographs of the droplet dispensing
technique. The droplet is formed at the end of the syringe (a), moved down to
contact the surface (b), pulled away (c) and then left to stabilise (d). Figure (e)

shows the fit and measurement of the contact angle made by the bespoke software.

6.5.4 OWRK surface energies

The Owens, Wendt, Rabel and Kaelble (OWRK) technique, is a method that resolves
the approximate surface energy of an aligning layer into contributions from both the
dispersive and dipole-hydrogen bonding forces of the droplet on the surface. It is noted
in reference [114] that this method is particularly applicable to the characterisation of

polymer surface energies, as are being examined in this chapter.

6.5.5 OWRK equation derivation

As is carried out in the experiment, the OWRK surface energy is calculated from the
contact angle 3 created by a liquid droplet upon the surface of a polymer. In this system,
each of the phases involved, the polymer (solid, s) and the droplet (liquid, /), can be
split (in the OWRK method) into both polar p, and disperse d, fractions. Therefore,

the surface energies of the solid and liquid phases respectively can be written as,

106



CHAPTER 6. PRODUCING INTERMEDIATE SURFACE PRETILT

oy =0} + of (6.5.1)
os = oP + o (6.5.2)

Where o denotes the surface energy, subscript letters represent the phase type (solid
s, or liquid 1) and superscript letters represent the fraction of the surface tension (polar

p, or disperse d). Owens and Wendt took the equation for the surface tension,

Vsl = 05+ 07 — 2 (\/Uglald + Wyé’a{’) (6.5.3)

and combined it with the Young equation,

0s = s + 01 cos (B) (6.5.4)

to yield (by substitution of equation 6.5.4 into equation 6.5.3),

os— (opcos (B)) =05+ 07 — 2 (y/aglald + \/O’?Uf) (6.5.5)

and rearranging for the familiar y = max + ¢ linear form,

(1 + cos ( \/a\/> \/‘ (6.5.6)

In this experiment, the contact angles created between droplets of water, ethylene
glycol, di-iodemethane and the polymer alignment layer are measured, and subsequently
converted into surface energies by calculation of the gradient of equation 6.5.6, where
explicitly, 8 is the contact angle between the droplet and the surface, o; is the total
surface tension of the liquid, ald is the disperse component of the liquid surface tension,
Uf is the polar component of the liquid surface tension, ¢¢ is the disperse component of
the polymer surface tension and % is the polar component of the surface. The test-liquid

surface tensions used for these calculations are given in Table 6.1.

Atcos(Bhor - Jor 6.5.7
2\/> \/:zd (657)

the gradient, /0% and y-intercept \/o? allow us to measure the polar and disperse

By plotting

components of the polymer’s surface energy, as is shown in Figure 6.8 for a glass surface

rubbed at d = 4.2 mm. The surface energy is shown to be approximately 40.6 mJ/m?.
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Figure 6.8: A linear fit to the data points gives the value of the gradient,
Vo? = 2.5, intercept, \/E = 5.9 and subsequently the polar, o? = 6.2 mJ/m?,
disperse, 0¢ = 34.4 mJ/m? and total, ¢! = 40.6 mJ/m? components of the
polymer surface energy. In this case, the surface energy is calculated for Nissan
SE-1211 coated on glass and rubbed at a value of d = 4.2 mm

6.5.6 Surface energy results

Figure 6.9 shows the contact angle § and surface free energies o for the over-baked
Nissan SE-1211 recipe. The contact angles are shown as a function of the rubbing
height and the test liquid used to make the droplet, along with the calculated OWRK
surface energies. Figure 6.9 (a) shows how the contact angles measured for over-baked
Nissan SE-1211 on the glass surface vary as a function of the rubbing parameter and test
drop (water, ethylene glycol and di-iodomethane). It is seen that the contact angles vary
very little across the majority of rubbing strengths, except for d = 4.0 mm (strongest
rubbing), here we see a rise in the contact angle which is most likely due to mechanical
damage of the aligning layer caused by the strong rubbing (sometimes scratches can
be seen in the aligning layer at particularly hard rubbing strengths). Figure 6.9 (c)
shows how the value of the surface energies also seem to vary little across the range
of rubbing strengths used for Nissan SE-1211 coated on the glass surface, except for at
d = 4.0 mm. This result is unsurprising due to the method of surface energy calculation,
described in Section 6.5.4. Figures 6.9 (b) and (d) depict the same information for the
Nissan SE-1211 on the ITO coated glass surface. Here we see a similar result as for the
Nissan SE-1211 on glass, with very little difference in the contact angles and surface

energies as a function of the rubbing strength, except for at d = 4.0 mm. Perhaps most
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importantly, the calculated surface energies differ very little between the glass surface
and the ITO coated glass surface with 64, = 39.9 £ 1.6 mJ/m2 and oo = 36.1 £1.3
mJ/m?, leading to the conclusion that the measured surface energies give little or no
information regarding the manner in which the surface treatment controls the degree of

pretilt exhibited in a cell.

Surface tension (mN/m) Water Ethylene Glycol Di-iodomethane

Total 72.8 48 50.8
Disperse 21.8 29 50.8
Polar 51 19 0

Table 6.1: OWRK test liquid parameters

6.5.7 Bi-layer polyimide recipe

ITO coated glass slides are spin coated (on the ITO coated side) with the vertical
aligning polyimide Nissan SE-4811 at 4000 rpm for 40 seconds. The samples are then
pre-baked on a hotplate at 100 °C for 10 minutes, before being baked in an oven at 210
°C for 40 minutes. After curing, a planar aligning layer of Nissan SE-130 is spin coated
on top of the vertical Nissan SE-4811 aligning layer, at spin rates that range from 3000
to 4000 rpm. The sample is then pre-baked on a hotplate at 100 °C for 10 minutes and
finally fully cured in an oven at 210 °C for 40 minutes. For these experiments, two slides
were not coated with the Nissan SE-130 layer, in order to build a control cell with just
a vertical Nissan SE-4811 surface alignment layer.

The slides are then rubbed at varying strengths (using the same rubbing parameter
d, as per the over-baked Nissan SE-1211 recipe) and constructed into liquid crystal
cells. The cells were again fabricated by aligning the top and bottom plates in an anti-
parallel geometry, spaced with 5 pum beads dispersed in a UV curing glue. The cells
were then capillary filled in the isotropic phase with ZLI-2293 (Merck) doped with the
same dichroic dyes as used before in Section 6.5.1. The high throughput camera kit

technique was then used to measure the degree of pretilt exhibited in each cell.

6.5.8 Bi-layer polyimide results

Figure 6.10 shows the measured pretilt angle for the double polyimide recipe as a func-
tion of both the rubbing strength and Nissan SE-130 (planar aligning) spin rate for
anti-parallel cells filled with ZLI-2293. Firstly, it is shown that for the control sample
(purple data point) for which no planar aligning layer was coated on top of the base
vertical layer, the measured value of the liquid crystal tilt angle is close to vertical (as we
would have expected from a conventional Nissan SE-4811 aligning layer) even though in

this case it has been rubbed moderately hard (d = 4.0 mm). This result is interesting in
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Figure 6.9: Contact angles and surface energies for droplets of water, ethylene

glycol and di-iodomethane as a function of the rubbing strength on over-baked

Nissan SE-1211 polyimide layers. (a,b) Contact angles on glass and ITO. (c,d)

Surface energies for glass and ITO.
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itself, as a layer of the over-baked vertical aligning Nissan SE-1211 has shown significant
distortion away from vertical alignment when rubbed at d = 4.0 mm as is shown in
Figure 6.4 for alignment on surfaces of glass and I'TO coated glass. This may lend some
strength to the argument that the over-baking process itself (for Nissan SE-1211) has
an effect on weakening the alignment axis of the polymer backbone.

For the sample where a layer of Nissan SE-130 is spun at 3500 rpm on top of the
already coated Nissan SE-4811 layer (black data points), there is a clearly linear trend in
the pretilt angle with respect to the rubbing strength. This trend is maintained over all
rubbing strengths used, and shows that the value of the pretilt angle can be varied from
approximately 3° to 24°. It is worth noting that although the samples in this experiment
are rubbed over a similar range of strengths as those in the over-baked Nissan SE-1211
experiment (Section 6.5.1), the range of pretilt angles achieved here are much smaller.
This difference could be due to the use of the liquid crystal ZLI-2293 as opposed to 5CB,
in addition to the difference in the recipes.

Figure 6.10 also shows pretilt angle measurements for Nissan SE-130 alignment layers
spun at rates of 3000 and 4000 rpm, which within error, give very similar pretilt values
of close to 10°. This leads to the conclusion that for this sample set, there is no real
trend in the pretilt angle as a function of the Nissan SE-130 alignment layer spin rate.
Zheng et al. [107] have shown that the degree of pretilt can be tuned all the way from
vertical to planar in samples filled with the liquid crystal E7 (main component 5CB),
where the Nissan SE-130 layer and it’s subsequent thickness is the controlling variable.
Here we have seen that the Nissan SE-130 aligning layer thickness has little measurable
effect on the degree of pretilt created.

In order to truly test the double polyimide recipe’s ability to produce intermediate
pretilt angles, further experiments were carried out using the liquid crystals 5CB and E7.
Our measurements on cells filled with 5CB and E7 showed by eye that alignment of the
liquid crystal was very near to, or was indeed vertical, for all Nissan SE-130 spin rates.
However it is worth noting that spin coating the Nissan SE-130 on top of the baked
Nissan SE-4811 almost always leads to a non-uniform coverage of the Nissan SE-4811
surface. This can be seen after the spinning process, where it appears that the Nissan
SE-130 layer forms droplets on the surface and there are only patches of coverage. Some
other preliminary experiments have shown that an oxygen plasma ash treatment (as is
standard in many semiconductor research facilities) of the baked Nissan SE-4811 layer
before applying the Nissan SE-130 layer can significantly reduce this effect, presumably
because the Nissan SE-130 is better able to wet the Nissan SE-4811 layer. For cells
where the Nissan SE-4811 layer is given the oxygen plasma ash treatment, we have seen
some moderate pretilt for the liquid crystal 5CB, with values of approximately 30°,

but still no clear trend with respect to the Nissan SE-130 spin rate (shown in Figure
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Figure 6.10: Measured pretilt angle as a function of the rubbing parameter d,

and Nissan SE-130 (planar aligning) spin rate.

6.11). Figure 6.11 also demonstrates the temporal robustness of the induced pretilt from
the double polyimide recipe. The black and red data points are taken 20 days apart
yet show very similar values of tilt angle (small discrepancies may appear from spatial
inhomogeneities in the pretilt angle and a small error in reproducing the measurement

from exactly the same area of the cell).

6.6 Analysis/Conclusions

In this chapter, two methods for varying the degree of surface pretilt exhibited at the
bounding surface of a liquid crystal cell have been characterised. The first recipe, over-
baked and rubbed Nissan SE-1211, has shown results that share a similar trend to that
of Rosenblatt et al. [103, 104], but here we observe that the surface upon which the
aligning polyimide is deposited plays a crucial role in the magnitude of the pretilt angle
measured. It has been shown in Figure 6.4 that the pretilt angles are consistently lower
for cells where the Nissan SE-1211 is coated onto the plain glass side rather than onto
the ITO coated glass side. The reason for this observation is still unclear, with surface
profiling experiments (Figure 6.5) showing that the polyimide layer thickness is similar
for both cases. One possible suggestion is that the conductive nature of the ITO surface
plays a role in removing static charge from the surface, or at least modifies the local

electric field, which is without doubt present in the rubbing process. For both surfaces,
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Figure 6.11: Measured pretilt angle as a function of the Nissan SE-130 spin
rate for cells filled with 5CB. The red data points show the same measurement
made 20 days after the original (black data points). Solid lines proide a guide for
the eye.

there is also a threshold for the onset of pretilt away from the vertical (or close to
vertical) starting condition, leading to the conclusion that the over-baking process itself
plays a role in tilting the director away from its initial vertical alignment, which is then
increased further by the rubbing of the alignment layer.

An analysis of the contact angles and surface energies for both the plain glass and
ITO coated glass surfaces as a function of the rubbing strength has also shown an
interesting result. It is seen that the rubbing strength has little or no measurable effect
on the surface energy of the aligning layer and subsequently that the surface energy
does not appear to be a good measure or indication of the alignment layer’s ability to
produce pretilt of the director in this case. This result is in contrast to other results
[95], where surface energy is suggested to be correlated with liquid crystal pretilt angle.

The second recipe, a bi-layer polyimide of Nissan SE-130 on top of Nissan SE-4811,
(following the work of Zheng et al. [107]) has shown that the pretilt angle can be varied
through a smaller range of angles (compared to the over-baked Nissan SE-1211 recipe)
as a function of the rubbing strength (for one spin rate) for cells filled with ZLI-2293
(Merck). Crucially, there was no observation of a reproducible trend in the pretilt angle
as a function of the Nissan SE130 spin rate, and subsequent layer thickness for either of

the liquid crystals 5CB and ZLI-2293. As was mentioned in Section 6.5.1, this may be
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due to the difficulty in reproducing the experimental rubbing conditions of Zheng et al.
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CHAPTER 7

Diode cell

7.1 Introduction

As has been seen in both Chapter 4 and Chapter 5, interesting and unique director
profiles can be observed when a nematic liquid crystal is made to flow through the
application of a pressure gradient. Under this flow, the director’s reorientation is greatly
influenced by the bounding layers and the alignment conditions prescribed through the
cell fabrication.

As was hinted at in Chapter 6 (where two separate recipes were used to promote
large pretilt angles of the director at the cell walls), this chapter goes on to look at
an interesting idea for an extremely novel flow cell design, whereby the nematic liquid
crystal itself is made to respond to flow like a valve or diode. The idea is that the
flow cell exhibits a preferential flow direction, dictated by an asymmetry in the pressure
head required to achieve the same volumetric rate in both directions through the flow
channel.

In this case, this is experimentally attempted by fabricating a flow cell in which a
large pretilt angle with a splayed geometry is created and aligned parallel to the flow

direction.

7.1.1 The idea

The impetus behind this experiment came from a conversation on flow channels where
the question was posed, ‘If a circular flow channel filled with a liquid crystal had a
preferential flow direction, could the liquid crystal be made to flow in that direction
through thermal fluctuations ‘kicking’ the molecules into action?’

The idea is perhaps best demonstrated in Figure 7.1, whereby one can intuitively
imagine that in order to achieve the same volumetric flow rate in both the ‘easy’ direction
(green arrow) and ‘hard’ direction (red arrow) through this channel via the application

of a pressure gradient, a larger pressure gradient will be required in the ‘hard’ direction.
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X

Figure 7.1: Schematic diagram of the idea behind the diode cell behaviour. A
splayed geometry is depicted with flow directions indicated as being ‘easy’ (the
green arrow) and ‘hard’ (the red arrow). In this case, the director is azimuthally

aligned to be parallel to the flow direction.

This ‘feels’ correct as it is already known that for flow in the ‘easy’ direction, the director
will reorient to achieve the Leslie angle of opposite sign in the top and bottom halves
of the cell, but what will happen when flow is constrained to be in the ‘hard’ direction?
Here, it also seems intuitive that the director will attempt to bend back on itself to
create a complex and highly distorted director profile (with the gradients in n changing
rapidly), forcing more of the liquid crystal to be in the vertical state, having a higher
viscosity.

This chapter will now go on to look at the experiments undertaken to try to measure
any difference in the pressure gradient required across a cell fabricated with a similar
director geometry as is schematically shown in Figure 7.1 in order to achieve the same
volumetric flow rate in both directions. This experimental section is followed by a short
section regarding the attempted simulation of such a cell, followed by a look at how the

experiment could be extended and improved upon.

7.2 Experimental setup

In order to physically observe the pressure gradient across the cell, an experimental
method had to be developed that would allow for the pressure head at both ends of the
cell to be measured whilst not inhibiting the connection to the syringe pump. It was
decided that the best way to do this would be to introduce two extra holes to the cell
at either end of the flow channel, in order to attach two more tubes (rising vertically)
allowing for measurement of the height that the liquid crystal would reach due to the
flow. Essentially, this turns the cell and tubing into a conventional manometer. The

next sections go on to describe the experimental apparatus designed and built to achieve
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this aim.

7.2.1 Cell clamp

Figure 7.2 shows photographs of the diode cell in a bespoke clamp made for this exper-
iment. The two aluminium plates of the clamp are screwed together with ten screws,
allowing for an even pressure to be applied across the whole of the glass cell walls.! Two
smaller manometer holes are also drilled into the top glass plate (see Figure 7.2(a)), just
inside the main inlet and outlet holes of the cell. These two holes form the means of
measuring the pressure gradient across the cell.? Polypropylene hose is attached and fed
directly upwards through another bespoke piece of apparatus which holds the manome-
ter tubes at a set distance apart, against a ruler (for measuring column height) as shown
in Figure 7.2(b).

In principle, the apparatus in Figure 7.2 alone could be used to make a measurement
of the pressure gradient across the cell when flown at a constant volumetric flow rate
in both directions. However, after many months of trying to get this system to work, it
was decided that a better way of enabling the flow of the liquid crystal in both directions
was needed. This decision was made as it was found that when removing the syringe
pump from one end of the device and attaching it to the other (in order to flow the
liquid crystal in the opposite direction), air bubbles would almost always be introduced
into the flow cell and surrounding tubing, as well as increasing the mechanical stress
on the inlet and outlet connections, which often resulted in failing seals and repetitive

leaking of liquid crystal at the cell.

7.2.2 Valve

Figure 7.3 shows a schematic diagram of the solution to this problem, whereby a valve
having six connections (which can be switched between two operational states) was
introduced. These two operational states of the valve can be seen in Figures 7.3 (a)
and (b) respectively. In switching the valve from the first state to the second state, the
direction of flow in the cell can be reversed, importantly, with no need to disconnect
the syringe pump or to change the outlet pipe of the whole system. This is shown in
Figure 7.3, whereby switching the valve between the two states results in the internal
connections (green arrows) shifting and producing flow in the reversed direction in the
cell (shown by the blue arrows in the schematic diagram above the photo of the valve

in (a) and (b)). Crucially, in both states the inlet and the outlet to the valve remain

' A viewing window is milled out of both sides of the clamp to allow for optical probing of the cell
under flow should it be required.

2Where the manometer tubes meet the cell, the brass connectors are bent through 90° so as to point
vertically upwards.
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Manometer

tubes
es Ruler

Inlet /Outle

Inlet /Outlet

i

(b) Cell clamp and manometer tubing

Figure 7.2: (a) Aluminium cell clamp. The flow cell is sandwiched between
the two aluminium plates with a viewing window milled out of the centre. (b)
The aluminium cell clamp in the experimental setup, with plastic tubing creating
a manometer for measuring the pressure difference across the length of the cell.
Plastic tubing is also used for the inlet and outlet of the cell which are connected

to the inlet and outlet of the flow-switch shown in Figure 7.3.
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Figure 7.3: (a) The valve in the first left-to-right state. (b) The valve in the
second right-to-left state. The green dashed arrows denote the inner connections
of the valve, the red arrows denote the external connections made with plastic
tubing, the black arrows denote the inlet/outlet connections and the blue arrow
shows the direction of flow in the cell. The important function of the valve is
that the inlet and outlet connections do not change position when the valve is
switched between the two states, meaning that the liquid crystal can be flown in

both directions without removing the cell from the setup.

unchanged, meaning that there is no need to disconnect the syringe pump or disrupt the
system in any way. The addition of the valve leads to a far more stable experimental

setup, whereby the direction of flow in the cell can be changed quickly and easily?.

7.2.3 Polystyrene housing

Ultimately, to test whether there is any valve-like behaviour from the large pretilt angle
and splay geometry in the cell (and also to rule out any valve-like behaviour caused by
the experimental set up), it is required that the cell is heated to the isotropic phase.
Once in this state (no longer liquid crystalline), there should be no asymmetry in the

pressure difference needed for a fixed volumetric flow rate to flow in either direction, i.e.

3Tt should be noted that as six new connections have also been introduced to the system, this
adds more possible sites for leakage or poor connections. This could easily lead to erroneous pressure
measurements.
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Figure 7.4: Schematic of the polystyrene housing used to enclose the experimen-
tal equipment. Approximately 2 inch thick polystyrene walls house the syringe
pump, flow-switch, cell and manometer tubing/rig. The brass plate at the bottom
of the enclosure has brass tubing coiled underneath it, through which hot water
is passed from a hot water bath. A remote thermocouple is used to measure the

air temperature inside the enclosure.

no valve-like behaviour (much like one would expect to see if flowing water through the
cell). In order to achieve this, the whole system must be heated to the isotropic phase
so that there is no phase boundary at any point within the setup. This means that a
housing had to be designed and built to enclose the cell, the valve, the syringe pump
and the outlet reservoir whilst maintaining all components at an elevated temperature
and allowing for physical reading of the liquid crystal column heights.

Figure 7.4 shows a schematic diagram of the final design of the housing. Approxi-
mately two inch thick polystyrene walls form an enclosure around the equipment, with
a large copper base plate placed on the bottom surface of the box. Copper tubing
connected to a hot water bath (maintained at a given temperature) is then connected
(ensuring a good thermal contact) and snaked along the underside of the copper base
plate within the housing. This allows for water of a given temperature to be circulated
through the tubing, raising the temperature of the copper base plate and ultimately the
air within the enclosure.

Figure 7.4 also shows the thermocouple which was used to measure the temperature

4

of the cell in the enclosure®. Figure 7.5 shows two photographs of the experiment in

4A standard mercury thermometer was also used to monitor the temperature of the hot water bath.
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Figure 7.5: (a) A photograph of the polystyrene enclosure used to house the ex-
perimental equipment. The copper plate at the bottom of the box can clearly
be seen. (b) Shows the polystyrene enclosure in the closed state. An extra
polystyrene box is added to the top of the main enclosure in order to keep the

manometer tubing within the enclosure.

the housing both open (a) and closed (b). Figure 7.5 (a) shows the syringe pump, cell
and valve within the housing. A small extra enclosure was designed and added to the
top of the housing to allow for the manometer tubes to project above the lid of the
housing. This small extra enclosure has a lid on a hinge, allowing for reading of the
column heights against the ruler without having to open the main enclosure and alter

the temperature of the experiment.
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7.2.4 Data acquisition

The basic procedure employed here for measuring the pressure gradient across the length
of the cell and determining whether or not the liquid crystal behaves likes a valve, is
achieved by first setting a constant volumetric flow rate at the syringe pump in one
direction through the cell. After a given time, the liquid crystal will have flowed up the
two vertical manometer tubes at both ends of the cell to a height h defined by

P = pgh (7.2.1)

where P is the pressure in the liquid crystal causing the flow at that point, p is the
density of the liquid crystal and g is acceleration due to gravity (g ~ 9.8 m/ 52). By
measuring the value of h in both columns (which will be different (h12)), the pressure

gradient across the length of the cell can be calculated through the change in pressure,

AP = (P1 — P2) = pg (h1 — h2) (7.2.2)

In order to acquire data to make this calculation, the column heights (the height that
the liquid crystal reaches in the manometer tube) of the left and right manometer tubes
are recorded as a function of time, commencing from when the flow is first switched
on. The resulting curves allow the point at which the column height has achieved
its equilibrium state to be identified, namely when the value of the column height is
invariant with time. Once the liquid crystal had reached it’s equilibrium height within
the manometer tubing, the valve can be switched so that the liquid crystal now flows in
the opposite direction through the cell at the same volumetric flow rate.

This process needs to be carried out over a range of flow rates in both directions
through the cell, and if done completely, a comparison of the pressure gradient required
to achieve the same volumetric flow rate in both directions through the cell can be
made. As stated earlier, for an isotropic liquid, there should be no difference in the
pressure head needed to achieve the same constant volumetric flow rate in both direc-
tions, whereas, for a liquid crystal under the right initial alignment conditions, this may

not be the case.

7.3 Results

What follows are the results from a series of experiments from a range of cells. The
results section has been split into three sub sections. These sections are entitled ‘First
diode behaviour’ (7.3.1), ‘Second diode behaviour’ (7.3.2) and ‘Isotropic phase’ (7.3.3).

‘First diode behaviour’ refers to the first constructed cell to show valve-like be-

haviour. ‘Second diode behaviour’ refers to a second cell constructed which again showed
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valve-like behaviour. ‘Isotropic phase’ refers to the experiment in which the second cell
to exhibit valve-like behaviour was heated to the isotropic phase to examine the effects

of phase change upon diode properties.

7.3.1 First diode behaviour

A cell was fabricated using the over-baked Nissan SE-1211 recipe described in Chapter
6. Here, the glass plates were rubbed parallel to the long side of the slide (the flow
direction) at a rubbing parameter value of 4.2 at the HP Labs rubbing machine in order
to achieve a pretilt angle of approximately 45° on glass as shown by Figure 6.4. The
slides were then fabricated into a parallel aligned cell in order to create a splayed director
geometry. This cell was then placed into the aluminium cell clamp and set up as shown
in the polystyrene enclosure for pressure measurements. For all data in this chapter,
left to right is considered the ‘easy’ direction and ‘right to left’ is considered the ‘hard’
direction.

A series of preliminary experiments were carried out to fully characterise the response
of the cell and also eliminate the possibility that if any diode behaviour were to be
observed, that it was not a result of the experimental set up. For example, it was
questioned as to whether or not kinks, bends and stresses on the network of tubing
connecting the valve to the cell could have an asymmetric effect on the column heights
and pressure gradient measured, or whether perhaps if the cell were to be positioned
lower than the valve, or if the main outlet to the whole system was moved, would the
same pressure heads still be measured? A selection of the graphs from these experiments
are shown in Figure 7.6 (a) to (d). Column heights are plotted here as a function of
flow rate and time since the flow was started. Here, rather than filling the cell to the
highest flow rate and only backing off the flow rate to the lowest value, the flow rate is
lowered and increased during the same data set to see how the column heights achieve
their equilibrium values.

For example, the data in graphs 7.6 (a) and (b) is taken when the cell is positioned
lower than the valve, and the data in graphs 7.6 (c) and (d) is taken when the cell is
positioned higher than the valve. It is clearly visible that for all three flow rates set at
the syringe pump, the equilibrium column heights are the same, resulting in the same
pressure gradient across the cell, regardless of the cell’s position relative to the valve.

Figure 7.7 shows the equilibrium column heights as a function of the volumetric flow
rate set at the syringe pump and the flow direction. Here it is clearly visible that for
all flow rates, flow in the ‘easy’ direction (left to right, red) results in a lower column
height difference than is measured for flow in the ‘hard’ direction (right to left, black).
Therefore, the pressure gradient across the cell is also measured to be different for flow

in the ‘easy’ and ‘hard’ directions. In Figure 7.7, multiple data points for the same
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Figure 7.6: A selection of graphs showing relative column heights for a range
of separate experiments conducted with the second diode cell. The grey shaded
regions are included to denote different flow rates. These experiments were carried
out under different conditions such as removing all kinks and bends in the tubing
around the cell and valve and also raising and lowering the cell with respect
to the valve. These variations were added to ensure that any asymmetry in
pressure difference under flow is due to the liquid crystal and not an effect of the
experimental apparatus. For all variations, consistent pressure differences were
measured. The pressure difference for both flow directions as a function of the
flow rate is plotted in Figure 7.7. Note the lack of data at a flow rate of 20 uL/h
for figure (b) is due to not physically being in the lab to make the measurement.
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Figure 7.7: A plot of the difference in column height for flow in both directions
as a function of the constant volumetric flow rate set at the syringe pump. For
this cell, Left to Right (red) is the ‘easy’ direction and Right to Left (black) is
the ‘hard’ direction. It is clearly visible that for all flow rates, a larger pressure is
needed to achieve the same volumetric flow rate when flowing against the splay in
the ‘hard’ direction than is needed for flow in the ‘easy’ direction. Here the error

bars are estimated from the difficulty in reading the measurement from the ruler.

flow rate and flow direction indicate the repeatability of the measurement under varying
experimental conditions (as described earlier). The legend included in Figure 7.7 labels
all data sets for flow from left to right and right to left and, as indicated, for the lowest
flow rate of 5 uL/h, a smaller diameter syringe had to be used. Another striking feature
of Figure 7.7 is the non-linear nature of the response for flow in both directions, which
will be discussed in more depth in a later section of this chapter.

After much repeated and sustained use of the diode cell from which the data points
in Figure 7.7 were obtained, the parafilm spacer defining the cell channel failed, in
conjunction with the development of a crack across the top face of the cell. This led to
an unfixable leak in the cell which meant that no further data could be obtained, with
particular reference to attempting to heat the system to the isotropic phase using the

polystyrene housing and water heater as suggested earlier as being the key experiment
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in confirming that any diode like behaviour is due to the liquid crystal alignment.
A second diode cell was then created, adhering to the same fabrication conditions
that are described for the cell above (rubbed at a rubbing parameter of 4.2 to produce

approximately 45°). The results from this cell are outlined in the next two sections.

7.3.2 Second diode

As stated above, a second diode cell was fabricated® and was set up the same way as the
previous cell in the aluminium cell clamp shown in Figure 7.2 and polystyrene housing
shown in Figure 7.5. Again, preliminary experiments were conducted to estimate the
column heights that would be measured when the syringe pump was set to different flow
rates. Figure 7.8 (a) to (d) show similar graphs to the previous cell in which the column
heights are again plotted as a function of time and the volumetric flow rate set at the
syringe pump. In particular, (c) and (d) show the columns reaching their equilibrium
values when the smaller syringe is used, allowing for flow at the lowest volumetric flow
rates.

With this cell, equilibrium column heights were measured by first filling the cell and
manometer tubing at a high flow rate, and then gradually reducing the flow rate and
allowing the column heights to come to their equilibrium values. Figure 7.9 shows the
experimental data for the complete set of volumetric flow rates in (a) the ‘easy’ direction
and (b) the ‘hard’ direction, whereby the cell has been filled at a high flow rate and
then sequentially dropped back in flow rate, tracking at the same time the height of
the liquid crystal in both the left and right hand columns. This experiment is done
in one flow direction at a time (i.e. the cell is filled and readings are taken with flow
set in the left to right direction. The flow is then stopped, the valve is moved to the
second position, the columns are allowed to return to their equilibrium positions (where
Ah = 0 mm) and the flow is then started again in the opposite direction). Here it is
shown that the cell was initially filled at a flow rate of 60 uL/h and sequentially dropped
by 10 uL/h allowing for the column heights to become stable with time for both flow
directions. This procedure resulted in manually reading the column heights every 30
minutes for a total of approximately 900 minutes. Again, this experiment was conducted
in the polystyrene housing described earlier, but at this stage, was only run at room
temperature (the water heater was not turned on). The effect of heating the system will
be discussed in the next section.

Figure 7.10 shows a plot of the differences in the column heights as a function of
the volumetric flow rate set at the syringe pump and the flow direction (taken from

Figure 7.9). Here, flow in the ‘easy’ direction (left to right) is plotted in red, and flow in

5Using the same rubbing conditions as the previous cell (rubbing parameter = 4.2).
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Figure 7.8: (a) to (d) depict typical (there are many) calibration graphs whereby
the range of column heights and flow rates are tested over several experiments.
Again, column heights are plotted as a function of time and volumetric flow rate
prescribed. These experiments allow the testing of different experimental set ups
(as described earlier), and in (¢) and (d) the use of the smaller diameter syringe

in order to flow at lower volumetric flow rates.
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Figure 7.9:

whereby the flow is originally set at a high rate to fill the manometer tubes and
then sequentially reduced, allowing the columns to reach their equilibrium values.
(a) Flow from left to right (the ‘easy’ direction) and (b) flow from right to left

(the ‘hard’ direction).
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Figure 7.10: This graph is the equivalent of Figure 7.7 for the new diode cell.
Here again, it is shown that for all pump rates, the column height difference, and
hence the pressure gradient across the cell required, is lower for flow in the ‘easy’
direction (left to right, red) than it is for flow in the ‘hard’ direction (right to left,
black). It is also seen that absolute values are comparable to the previous cell
(shown in Figure 7.7). Again, the error bars are estimated from the difficulty in

reading the column height from the ruler.

the ‘hard’ direction (right to left) is plotted in black. The different data sets shown in
Figure 7.10 correspond to repeated attempts at the experiment and some ‘spot checks’
whereby a particular flow rate and flow direction were tested again to determine if the
value of Ah initially measured was repeatable.

As can be seen, valve-like behaviour has been again recorded with a much larger
column height difference measured at all volumetric flow rates for flow in the ‘hard’
direction (black data sets). It is seen that Figure 7.10 closely resembles the results pre-
viously obtained for the previous diode cell in Figure 7.7, demonstrating reproducibility
of the experimental results under a slightly different method of data acquisition (filling
the manometer tubes at the beginning under a high flow rate, before gradually reducing
the flow rate). Likewise, the non-linear response of the pressure gradient as a function of
flow rate has again been measured. Using the smaller syringe has also allowed for some
data acquisition at the lowest flow rates, although due to experimental complications,

these were only obtained for flow in the ‘easy’ direction.
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As was set out earlier, a key test in determining whether or not any diode like
behaviour measured is caused by the large splay and dynamic reorientation of the liquid
crystal under flow in the ‘hard’ direction, is to heat the cell to the isotropic phase and
check flow in both directions. In the isotropic phase, it is expected that there should
be no difference experienced by the liquid crystal between the flow directions, and an
asymmetry in the pressure head required should not be present®. Up to this point, all
experiments in this Chapter have been conducted at room temperature. The next section
deals with using the polystyrene housing and water heater to raise the temperature
of the enclosure to above the nematic - isotropic phase barrier whilst simultaneously

attempting to measure the liquid crystal column heights for varying flow rates.

7.3.3 Isotropic phase

To begin with, all experimental data presented in this section is taken from the same
cell that is used in the previous Section (7.3.2) (the second cell to exhibit diode like
behaviour).

Due to unforeseen time constraints and equipment problems, there was a large gap of
several weeks between the data acquisition in Section 7.3.2 and the commencement of the
experiments described in the section involving heating the system to the isotropic phase.
As such, when returning to the experimental set up and apparatus, a quick calibration
experiment was conducted to ensure that the cell was still responding in the same way as
previously measured. Figure 7.11 shows the results of this check. A spot test was made
at a flow rate of 60 puL/h in the ‘easy’ (left to right) direction before being switched to
flow in the ‘hard’ (right to left) direction. Here it is shown that after approximately
180 minutes in the ‘easy’ direction the cell has reached an equilibrium value of Ah = 29
mm (compared to Ah = 27 mm from Figure 7.10), and after approximately another 200
minutes in the ‘hard’ direction, the cell has reached an equilibrium value of Ah = 42
mm (compared to Ah = 45 mm from Figure 7.10). So it is established that the cell
still responds in a similar manner to earlier”. With this result confirmed, experiments

involving the heating of the cell could now be undertaken.

7.3.4 Heating to 30 °C

Due to the delicate nature of the liquid crystal flow cells described in this thesis, their
tendency to fracture, and the length of time this experiment had been running, it is fair
to say that there was some apprehension when beginning the heating of the housing to

Tn_1 (approximately 35 °C for 5CB [115]). The reason for this was a concern over the

5This can not be guaranteed, as ‘pinning’ of the director at the surfaces may affect the flow
"A comparison of the individual left and right column heights at 60 pL/h shown in both Figures 7.11
and 7.9 also yields the same results.
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Figure 7.11: Due to the amount of time between the data shown in Figure 7.10
and the isotropic phase experiment, a quick calibration experiment was carried
out. This plot shows that the cell is still behaving in the same fashion as before,
with both the left and right column heights reaching the same values as previously
(Figure 7.10), with values of Ah reaching ~ 29 mm for left to right at 60 uL/h
and ~ 40 mm for right to left at 60 uL/h.

expansion of the cell due to the increased temperature, leading to increased stress and
as the cell is maintained in a clamp, this could cause it to crack or weaken. Also, the
raised temperature environment changes the mechanical properties of all components
of the experiment and could have any number of unknown effects on the equipment.
Another reason for conducting this preliminary experiment was in order to establish
how the polystyrene housing responds to the water heater, with particular respect to
how fast the box heats up, what temperature the water needs to achieve for the required
temperature in the box and how stably can the temperature in the box be maintained?

Thus, the first experiment conducted was to heat the cell only to 30 °C as a trial.
The results of this experiment are plotted in Figure 7.12. Here, Figure 7.12 (a) depicts
the column heights as before, whilst Figure 7.12 (b) gives the temperature of the water
in the heater (downwards blue triangle) and the air temperature of the box measured
next to the cell (upwards black triangle). The z axis (time) on both (a) and (b) are
identical, meaning that a direct comparison between the temperature of the enclosure

and the column height can be easily made by following a straight line vertically up or
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down to the other graph.

To begin with, as shown in Figure 7.12 (a), the syringe pump is set at a flow rate
of 60 pL/h, pumping from left to right through the cell. After 100 minutes, the heights
have reached their equilibrium values of 40 mm and 12 mm, creating a column height
difference of Ah = 28 mm (as expected from Figure 7.11). At this point, the water in
the heater is turned on to pump around the housing and is set to be at a temperature of
approximately 28 °C (see Figure 7.12 (b)). Here it is seen that the water temperature
quickly reaches the desired value of 30 °C (blue triangles), whereas the air temperature
in the box slowly increases over approximately 30 minutes (black triangles). After this
point, the temperature of the water from the heater had to be significantly reduced to
approximately 25 °C in order to maintain the air temperature in the box at approxi-
mately 30 °C. The reason for this, was the unforeseen heating caused by the syringe
drive. In the confined and enclosed space, the heat given off by the motor in the syringe
drive is enough to significantly heat the air in the enclosure. It was found that main-
taining the required air temperature within the enclosure involved a delicate balancing
raising or lowering the water temperature accordingly.

As is seen in Figure 7.12 (a), as the temperature of the air in the box begins to
increase, the height of liquid crystal in the column begins to decrease®. That is to
say that, the pressure head needed for the same volumetric flow rate has significantly
decreased due to the reduced viscosity of the liquid crystal at the higher temperature,
as will be discussed later. It can also be seen that this change in the column height
took nearly 450 minutes to stabilise at a new height difference of Ah = 17 mm. The
‘noisy’ nature of the left column height measurement between ¢ = 100 m and ¢ = 480 m
is probably due to the difficulty in physically making an accurate reading of the height
of the liquid crystal in the column. This is due to the fact that for this (and any
future) temperature controlled experiment, the polystyrene enclosure is fully sealed as
depicted in Figure 7.5 (b). To undertake a measurement, a flap near the top of the box
is opened, and using a torch, the column height is read against the ruler at the back
of the manometer tubing. Performing this measurement can be difficult, particularly
with the time constraint for not allowing the enclosure to significantly cool whilst a
measurement is being taken. It will also be seen that this measurement is made slightly
more difficult in the isotropic phase where it is very difficult to see the liquid crystal in

the manometer tubing.

8Note that there has been no change in the flow rate set at the syringe drive
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Figure 7.12: (a) depicts the relative column heights as a function of time and
volumetric flow rate when the temperature of the enclosure has been raised to
approximately 30 °C. (b) shows the temperature of the water from the heater
that is circulated around the bottom plate of the enclosure (blue triangles) and
the measured air temperature in the box from the thermocouple thermometer
(black triangles) as a function of time. Note that the z axis on both (a) and
(b) are identical so an easy comparison can be made between a specific time and

temperature or column height by drawing a vertical line between the two graphs.
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7.3.5 Isotropic experiment

After becoming familiar with the experimental method of heating the enclosure and
maintaining the temperature whilst taking readings from the manometer tubing, the
cell could now be heated to the isotropic phase and the experiment of Section 7.3.2
repeated.

Figure 7.13 (a) shows a plot, similar to that of Figure 7.12 (a) (where the enclosure
was heated to 30 °C) but this time the enclosure has been heated to 35 °C (above Tn_;
for 5CB) as is shown in Figure 7.13 (b) for flow in the ’easy’ (left to right) direction.
Again, the experiment begins by setting the syringe pump to 60 pL/h and allowing
the liquid crystal in the manometer columns to come to their equilibrium values. At
this point the water heater is switched on and the air temperature in the box begins to
increase. This temperature increase results in a drop of the column heights to a new
equilibrium value (approximately Ah = 18 mm in Figure 7.13 (a) at ¢ = 560 m). It
can be seen from 7.13 (b) that the system enters the isotropic phase at approximately
t = 250 m (which is also visually confirmed by the liquid crystal becoming clear).

Now that the system is completely in the isotropic phase (the liquid crystal in all
tubing, the cell and syringe, is visually confirmed to have become clear) the similar
experimental method of reducing the flow rate at the syringe pump and tracking the
column heights as a function of time is employed. Here, again, due to the experiment
taking almost 17 hours to run (with manual column height reading every 30 minutes)
and a finite amount of liquid crystal in the syringe, flow rates of 60 puL/h, 40 uL/h and
20 pL/h could be measured. Figure 7.13 (b) also confirms that the temperature within
the enclosure (black triangles) stayed above T_; for the duration of the experiment.

Figure 7.14 (a) shows the same plot for flow in the ‘hard’ (right to left) direction,
again where the flow has initially been started at 60 pL/h in the liquid crystalline phase.
After approximately 220 minutes the system enters the isotropic phase, as shown in
Figure 7.14 (b), upon which the column heights for flow at 60 uL/h begin to reduce.
Again, flow rates were then sequentially reduced through 40 pL/h and 20 pL/h until
all of the liquid crystal in the syringe had been used up. The noise associated with
the curves in Figure 7.14 (a) is again attributed to the physical difficulty in making
an accurate reading. Also, some small fluctuations in the air temperature of the box
are seen in Figure 7.14 (b) which are again due to the manual balancing act between
the water temperature and the heat given off by the syringe drive, mixed in with the
slight cooling of the system every time the lid is opened to read a measurement from
the manometer tubes.

Figure 7.15 collates all of the data taken from the second diode cell and plots the

column height difference as a function of the volumetric flow rate set at the syringe and
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Figure 7.13: (a) depicts the relative column heights as a function of time and
volumetric flow rate when the temperature of the enclosure has been raised to over
35 °C (Ty—y for 5CB). (b) shows the temperature of the water from the heater
that is circulated around the bottom plate of the enclosure (blue triangles) and the
measured air temperature in the box from the thermocouple thermometer (black
triangles) as a function of time. Temperatures above T_; are shaded in grey.
Note that the x axis on both (a) and (b) are identical so an easy comparison can
be made between a specific time and temperature or column height by drawing a

vertical line between the two graphs.
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Figure 7.14: (a) depicts the relative column heights as a function of time and

volumetric flow rate when the temperature of the enclosure has been raised to over

35 °C (TNfl for 5CB>

that is circulated around the bottom plate of the enclosure (blue triangles) and the
measured air temperature in the box from the thermocouple thermometer (black
triangles) as a function of time. Temperatures above T_; are shaded in grey.
Note that the x axis on both (a) and (b) are identical so an easy comparison can

be made between a specific time and temperature or column height by drawing a
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. (b) shows the temperature of the water from the heater

vertical line between the two graphs.
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Figure 7.15: A comparison between the column height differences measured
for flow in both the ‘easy’ and ‘hard’ directions in both the liquid crystalline and
isotropic phases. A clear reduction in the column height difference is seen to occur
at all flow rates in the isotropic phase, with a much smaller asymmetry in the
column height difference measured for the two flow directions. Again, the error
bars are only estimated from the difficulty in reading the column height from the

ruler.

the direction of flow through the cell. Flow in the ‘easy’ and ‘hard’ directions whilst in
the liquid crystalline phase are shown by the red and black data sets respectively (the
same data sets plotted in Figure 7.10). Flow in the ‘easy’ and ‘hard’ directions whilst
in the isotropic phase are shown by the blue and orange data sets respectively (with the
values of Ah taken from Figures 7.13 and 7.14). It is shown that in the isotropic phase,
the column height difference is much lower for flow in the liquid crystalline phase for
flow in both the ‘easy’ and ‘hard’ directions. The difference between the column heights
measured for flow in both directions is also much smaller, but still seems to be present
(the two orange data sets correspond to the original described above, and a repeat of

the isotropic experiment flown in the ‘hard’ direction).
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7.4 Director profiles

The premise of using the dynamic reorientation of the director as a means of creating
a flow cell that has a preferential flow direction is here envisioned by creating a large
pretilt angle on both surfaces so that the director profile forms a splay in z. Such
a director profile would be described as having a large pretilt at the cell walls, going
through planar at the cell mid-plane (if the value of the pretilt angle were to be identical
on both surfaces). However, another stable director profile that could be formed is that
of the bend state, whereby, the director has a large pretilt at the aligning surfaces, but
remains vertically aligned at the cell mid-plane.

As was touched upon briefly in Chapter 6, work by Yeung et al [85-87] on the
production of the no-bias-bend (NBB) m-cell and the bistable bend-splay device has
shown how the elastic deformation of energy of both the splayed and bend state can be
very similar, if not identical, for a pretilt angle of 45° [87]. Since in this chapter we are
fabricating cells with similarly large pretilt angles, it is relevant to determine whether or

not the diode cells have formed a static splay or bend geometry before the flow begins.

7.4.1 Fully Leaky Guided Modes

To begin with, it was desirable to accurately determine the director profile as a function
of the cell depth in order to help gain a high definition insight into the response and
behaviour of the cell once dynamic experiments were started. In order to do this, at-
tempts were made to characterise the director profile by use of the Fully Leaky Guided
Mode (FLGM) technique, which has been used extensively before at the University of
Exeter [47-51]. Briefly explained, guided modes through the cell are measured in re-
flection and transmission over a range of incident angles as a function of the incident
and detected polarisation. This results in an extremely large data set consisting of
R, Rsp, Rps, Rpp, T'ss, Tsp, Tps, Tpp where the first subscript denotes the incident polar-
isation and the second subscript denotes the detected polarisation. For example R,
corresponds to the reflected signal that was detected as p polarised when the incident
beam was initially s polarised, and in this case, polarisation conversion must have oc-
curred for there to be any signal detected. From such a large data set, a computational
fitting routine can be employed to (using the known parameters such as the elastic con-
stants and refractive indices) fit the director profile through the cell. With such a large
data set, any degeneracies in detected signals should be avoided.

Due to the extreme sensitivity of the FLGM technique to subtle variations in cell
thickness [27] (which are certainly present in a flow cell constructed from parafilm walls)
which are easily sampled by a slightly rastering beam spot (particularly at high incidence

angle) and non uniform director alignment (certainly present, as shown in Chapter 6
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for ‘over-baked’ Nissan SE-1211 and later on in this chapter) and the time involved
with highly accurate data acquisition and fitting routines, it was decided not to use this
approach but instead examine it using conoscopy. However, including a note on the
FLGM technique in this thesis is warranted due to the amount of time spent trying to
characterise potential ‘diode cells’.

Conoscopic figures from the experimental cell were compared to simulated figures
for both the bend and splay state in order to determine which was present in the diode

cell used. The details of this investigation follow.

7.4.2 Bend state (vertical at cell mid-plane)

Figure 7.16 (a) - (c) shows simulated conoscopic interference figures for the director
profiles schematically depicted beneath in (d) - (f). For a cell that is fully vertically
aligned (a), the conoscopic figure is the classic Maltese cross as is expected as described
earlier in this thesis. As the pretilt angle at the surface is moved towards planar, with
the director constrained to be vertical at the mid-plane, the bend state is observed (b),
where a complex and distorted conoscopic figure is simulated with distorted black lobes
appearing to spread vertically across the field of view. This figure is shown to distort
even more dramatically as the director is forced to be planar at the cell walls but remain
vertically aligned at the cell mid-plane (a highly unrealistic director profile) (c). Here
it is shown that for maintained vertical alignment at the cell mid-plane, very distinct

conoscopic figures are expected.

7.4.3 Splay state (planar at cell mid-plane)

Figure 7.17 (a) - (c) also shows simulated conoscopic interference figures for the director
profiles schematically depicted beneath in (d) - (f). Again, the simulated figures go from
vertical pretilt angles to planar pretilt angles but this time the cell is forced to remain
planar at the cell mid-plane. For the cell that is aligned vertically at the cell walls and
planar at the cell mid-plane (a) a broadly white and featureless figure is simulated, with
a slight darkening in the middle and the left and right hand edges. As the pretilt angle
is moved towards planar at the cell walls, the splayed director profile is observed (b)
(the desirable director profile for this experiment) where a dark area is observed in the
centre of the figure which appears to be two fringes from the top and bottom meeting
in the middle. Finally, as the pretilt angle reaches full planar alignment, the expected
conoscopic figure of a double set of hyperbolae is recovered.

Importantly, it is clear that the conoscopic figures from the two alignment states
should appear distinctly different, resulting in relatively simple classification of the di-

rector profile present in the diode cells used for flow experiments in this chapter.
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Figure 7.16: Figures (a) - (c¢) depict simulated conoscopic interference figures
where by the director profile varies as schematically depicted in (d)-(f) directly
below, respectively. Here, the pretilt angle varies from vertical to planar whilst

being constrained to remain vertical at the cell mid-plane.

7.4.4 Data

Figures 7.18 (a) and (b) show CCD captures from the conoscope for the diode cell used
in the diode flow experiments described in Section 7.3.2. Images (a) and (b) are taken
from different areas of the flow channel. Immediately it is clear that as the centre of
these conoscopic figures is translated away from the centre of the field of view, the cell
has a non-mirror symmetric director profile about the cell mid-plane, but crucially it
is also seen that the figures are made of two sets of fringes that appear to be distorted
(characteristic of the conoscopic figure for the splayed profile depicted in Figure 7.17
(©).

It is known from the experimental data in Chapter 6 that the pretilt angle of the
director should be of the order of 40° to 50° away from the surface, so by estimating an
asymmetric pretilt angle of 50° away from the surface on the bottom face and 40° away
from the surface on the top face (but still forming a splayed director profile), simulated
figures such as those shown in Figures 7.18 (c¢) and (d) are obtained. This seems to
suggest (by no means rigorously) that the actual director profile in the diode cells that

have been used are exhibiting a splay (where the director goes through planar alignment
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Figure 7.17: Figures (a) - (¢) depict simulated conoscopic interference figures
where by the director profile varies as schematically depicted in (d)-(f) directly
below, respectively. Here, the pretilt angle varies from vertical to planar whilst

being constrained to remain planar at the cell mid-plane.

at some point close to the cell mid-plane), with a slightly different value of pretilt angle
on each surface (although both are around 40° to 50°). The similarity between Figures
7.18 (a) and (c) (data and simulation) and Figures 7.18 (b) and (d) (data and model)
are clear, and also hint at the fact that the value of the pretilt angles obtained are not
uniform across the length of the flow channel.

This exercise is not intended to give a highly detailed analysis of the director profile
whereby the exact angle of the director as a function of cell depth can be determined
accurately. It is simply intended to provide some idea of the actual director profile (with
regards to splay and bend) that is actually exhibited in the cell in order to attempt some
simulation of the director profiles under flow using Ericksen-Leslie theory as described
and used in pervious chapters.

The final section of this chapter will now go on to make a comparison between the
data obtained and the predictions from the one dimensional model, allowing simulated

director profiles to be analysed.
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Figure 7.18: Figures (a) and (b) show conoscopic interference figures for different
areas of the second diode cell (used in Section 7.3.2). Figures (c) and (d) are
simulated conoscopic figures for pretilt angles of approximately 45° (splayed) on
each surface. In order to translate the centre of the interference figure, the pretilt

angle has to be slightly asymmetric about the cell mid-plane.

7.5 Simulation

7.5.1 Planar

Figure 7.19 shows the simulated director profiles for a cell that is initially aligned planar
and parallel to the flow direction. (a) the director tilt profiles as a function of volumetric
flow rate and flow direction, (b) the velocity profiles as a function of volumetric flow
rate and flow direction and (c) the pressure gradient as a function of the volumetric flow
rate (all figures show curves at regular pressure gradient intervals ranging from blue (no
flow) to yellow (maximum flow), going through orange). For the following graphs of
volumetric flow rate vs. pressure gradient, the volumetric flow rate has been plotted as
negative values for flow against the splay (‘hard’) and positive values for flow with the
splay (‘easy’). This enables an easy comparison between the difference in the pressure
gradient required to achieve the same volumetric flow rate (on either side of the y axis).

It is seen in Figure 7.19 (a) that as expected, for flow in both directions, the director
rotates to achieve the steady state Leslie angle of opposite sign in the bottom and top
halves of the cell. This is shown by the saturation of the tilt distortion at values of
approximately 79° and 101° (both approximately 11° away from planar) as has been
previously described in Chapter 4. Figure 7.19 (b) also shows the associated velocity
profiles for flow in both directions. Again, as expected, there is no difference in the

magnitude and shape of the velocity distribution for flow in either direction. Finally,
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Figure 7.19 (c) depicts the calculated volumetric flow rate for the pressure gradient
presented in the simulation. Here it is clear that for flow in both directions, the relation
between the pressure gradient and the volumetric flow rate is linear and identical. Of
course, this is exactly as expected. For a flow channel where the director is aligned
planar and parallel to the flow direction, there is no asymmetry to cause a difference in

the response of the cell to a change in the flow direction.

7.5.2 Vertical

Figure 7.20 shows similar graphs to those shown later in Figure 7.19 but here the sim-
ulation is made for a cell within which the director is aligned vertically.

Figure 7.20 (a) shows the director tilt profile as a function of flow rate and flow
direction. In the positive, or ‘easy’ flow direction (dashed lines), it is seen that the
director rotates into the flow in both the top and bottom halves of the cell, becoming
more planar, whilst always remaining vertically aligned at the cell mid-plane. This effect
has been discussed previously in Chapter 4 where work by Jewell [69] showed a nucleated
transition between the V-state (director vertical at the cell mid-plane) and the H-state
(director horizontal at the cell mid-plane). This transition is not seen in the simulation
but is known to exist in experiment. It is also shown in Figure 7.20 (a) that for flow in the
‘hard’ direction (solid lines), the same response is observed (as is expected for a cell where
the director is aligned vertically). Figure 7.20 (b) shows the associated velocity profiles
for these distortions (again, identical for flow in both directions, as expected). Figure
7.20 (c) shows the associated simulated pressure gradient as a function of the volumetric
flow rate through the cell. As expected, there is no difference in the pressure gradient
required to achieve a specific volumetric flow rate in either direction. However, there is
a non-linear response which can be explained by the large change in director orientation
from vertical to near planar at the lower pressure gradients. Once the majority of the
cell has switched to the planar state (H-State), a linear form is recovered. Again, Figure
7.20 shows, much like Figure 7.19, that for initial director profiles where there is no
asymmetry about the y — z plane, there is no difference in the pressure gradient needed
to achieve a specific volumetric flow rate. This is of course completely intuitive. In a
similar manner to an isotropic fluid, why would one expect any difference between the
pressure gradient needed to cause a specific flow rate when flowing a purely planar or
purely vertically aligned nematic liquid crystal in either direction? In the next section,

simulation regarding a splayed director alignment will be considered.
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Figure 7.19: Planar cell simulation with director profiles ranging from blue (no
flow) to yellow (maximum flow). (a) Shows the director tilt profile as a function
of volumetric flow rate and flow direction (dashed lines depict positive flow (in
the ‘easy’ direction if the system were splayed) and solid lines depict negative flow
(in the ‘hard’ direction if the system were splayed)). (b) Velocity profiles in the
cell, dashed lines are for flow in the ‘easy’ direction and solid lines are for flow in
the ‘hard’ direction. (c¢) A plot of the simulated volumetric flow rate obtained for

the pressure gradient described for this analysis.
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Figure 7.20: Vertically aligned cell simulation with director profiles ranging from
blue (no flow) to yellow (maximum flow). (a) Shows the director tilt profile as a
function of volumetric flow rate and flow direction (dashed lines depict positive
flow (in the ‘easy’ direction if the system were splayed) and solid lines depict
negative flow (in the ‘hard’ direction if the system were splayed)). (b) Velocity
profiles in the cell, dashed lines are for flow in the ‘easy’ direction and solid lines
are for flow in the ‘hard’ direction. (c) A plot of the simulated volumetric flow

rate obtained for the pressure gradient described for this analysis.
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7.5.3 Splayed

Figure 7.21 again shows (a) the director tilt profiles as a function of volumetric flow rate
and flow direction, (b) the velocity profiles as a function of volumetric flow rate and flow
direction and (c) the pressure gradient as a function of the volumetric flow rate for a flow
cell whereby the director is initially aligned in a splay (maintained horizontal at the cell
mid-plane with pretilt angle of 40° away from the surfaces). For these figures as before,
the dashed lines represent flow in the ‘easy’ direction, and the solid lines represent flow
in the ‘hard’ direction.

Immediately, an interesting response is observed. Figure 7.21 (a) shows that for
flow in the ‘easy’ direction, the director rotates away from the initially tilted alignment
condition at the cell boundary, towards the Leslie angle in the top and bottom quarters
of the cell. This is seen in the flattening of the dashed curves at values of £11° away
from 90° in both halves of the cell. It is clear that the director is saturating at the
Leslie angle (of opposite sign) in both the top and bottom halves of the cell (as also
shown in Figure 7.19). When the flow is simulated for the ‘hard’ direction against the
splay (solid lines in Figure 7.21 (a)) a completely different director profile is observed.
Now it is seen that the director initially rotates backwards almost 100°, through vertical
alignment, to come towards planar alignment in the bottom quarter of the cell. The
director then rotates rapidly back through planar alignment at the cell mid-plane, before
repeating the large rotation through vertical alignment in the top half of the cell and
finally returning to the initial tilted angle at the cell boundary. This is clearly a very
complicated distortion whereby the director ‘backbends’ on itself twice. This results
in four regions of the cell where the director rotates through a vertical position °. The
associated simulated velocity profiles shown in Figure 7.21 (b) confirm that the velocities
achieved for a given pressure gradient in the ‘easy’ direction (dashed lines) are much
higher than those achieved for the same pressure gradient in the ‘hard’ flow direction.
This can of course be attributed to the large distortion occurring in the director profile
when flowing in the ‘hard’ direction. Figure 7.21 (c¢) perhaps most strikingly shows the
difference in the pressure gradient required for the same volumetric flow rate when flown
in the ‘easy’ and ‘hard’ directions. Here it can be seen that for a volumetric flow rate of
20pL/h in the easy direction (positive flow rates) a pressure gradient of 10000 Pa m~!
is required. For the same volumetric flow rate in the hard direction, a pressure gradient

of almost 20000 Pa m™" is required.

90f course, much like the V and H-State reported by Jewell [69], it is likely that this system will
undergo a nucleated transition to a more energetically favourable director profile.
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Figure 7.21: Splayed diode cell simulation with director profiles ranging from
blue (no flow) to yellow (maximum flow). (a) Shows the director tilt profile as a
function of volumetric flow rate and flow direction (dashed lines depict positive
flow (in the ‘easy’ direction) and solid lines depict negative flow (in the ‘hard’
direction)). (b) Velocity profiles in the cell, dashed lines are for flow in the ‘easy’
direction and solid lines are for flow in the ‘hard’ direction. (c¢) A plot of the
simulated volumetric flow rate obtained for the pressure gradient described for
this analysis.
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7.5.4 Data and simulation

Figure 7.22 shows a plot of the simulated pressure gradient compared to the data ob-
tained from the experiments described in Section 7.3.2. Here, the data from Section
7.3.2 (originally shown as differences in the column height measured in mm) has been
converted to a pressure gradient across the length of the cell using equation 7.2.2 and
dividing the result by the distance between the two manometer tubes on the cell to give
Pa/m.'0

Figure 7.22 (a) shows the data from Figure 7.15 presented as a function of volumetric
flow rate, where flow against the splay, or in the ‘hard’ direction, is plotted with negative
flow rates. The simulated response is calculated for flow in a cell that has an initial
splayed director profile tilted at an angle of 50° away from the surface (going through
planar at z = d/2). It is seen that for flow in the ‘easy’ direction (positive flow rates),
some agreement is seen between the model and data, with a linear correlation between
the flow rate and the pressure gradient measured across the cell. At low flow rates, the
small non linearity in the data does not appear to agree with the simulation, although
as stated earlier, this response may be due to a calibration error when changing over to
the smaller syringe. Certainly, one would expect the pressure gradient to have a value
of 0 Pa/m when the flow rate is 0 p L/h. In general, the magnitude of the measured
pressure gradient as function of the volumetric flow appears to agree with the data from
the experiment. For flow in the ‘hard’ direction, good agreement between the model and
data is shown with a clear non linear correlation between the volumetric flow rate and
the pressure gradient across the cell. For flow in the ‘hard’ direction, a steep increase
in the pressure gradient is shown at low flow rates, before becoming less steep at higher
flow rates. Again, the magnitude of the measured pressure gradient as a function of the
volumetric flow appears to agree with the data from the experiment, with the added
agreement of the non linear shape to the response.

The dramatic reorientation of the director for flow in the ‘hard’ direction is shown in
the simulated director profile of Figure 7.22 (b) which show a very similar response to
the simulated curves first shown in Figure 7.21 (a) for a splayed geometry of 45°. Here,
Figure 7.22 (b) shows that for flow in the ‘hard’ direction (solid lines), the director
rotates back upon itself from its initial alignment, going through vertical orientation at
four points within the cell. As a function of the cell depth, beginning at z = 0, the
director rotates backwards through 0° (vertical) to a tilt angle of approximately —60°
at z = d/5, before rotating in the opposite direction, back through 0° to become planar
90° at the cell mid-plane (z = d/2). In the top half of the cell, the director completes

the same orientation as a function of cell depth, with the director going through vertical

%%alues of g = 9.8 m/s? and p = 1020 kg/m?> from Stewart [30] were used.
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Figure 7.22: (a) Shows the simulated pressure gradient as a function of the
volumetric flow rate (red lines) and the data obtained from experiment (circles).
The cell is simulated to have a tilt angle of 50° (measured from the surface) in a
splayed geometry. (b) The simulated director tilt profile for the simulates curves
shown in (a). Again, dashed lines depict positive flow (in the ‘easy’ direction)
and solid lines depict negative flow (in the ‘hard’ direction). Much like as is seen
in Figure 7.21 (a), the director is seen to achieve the Leslie angle for flow in the
positive direction, whilst performing a complex back bended profile for flow in

the negative direction.
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Figure 7.23: Here the pressure gradient as a function of volumetric flow rate
is plotted for flow in the isotropic phase. The simulated response is also plotted
(red lines) for flow in a cell where the director is aligned planar homogeneously,

as shown in Figure 7.19.

alignment again at two points in z before coming to its initial alignment angle at z = d.
For flow in the ‘easy’ direction (dashed lines), the director is seen to come to the Leslie
angle of opposite sign in the top and bottom halves of the cell, always remaining planar
at the cell mid-plane.

Figure 7.23 also shows a plot of the data taken from Section 7.3.5 Figure 7.15, for
flow during the isotropic phase. Here it is clear that the asymmetry between flow in
the positive and negative direction (which is shown previously for the liquid crystalline
phase in Figure 7.22 (a)) is no longer present. Along with the now symmetric response
for flow in both directions, the overall pressure gradient across the cell has dramatically
decreased. Here, a plot of the simulated pressure gradient for a planar aligned cell has
been included (red lines), showing a fairly good fit in terms of response and magnitude.

A further schematic representation of the director distortion in both the ‘easy’ and
‘hard’ directions is given in Figure 7.24. Here the flow in the ‘easy’ direction is shown
by the green arrow, whereby the director rotates to achieve the Leslie angle in the top
and bottom halves of the cell. For flow in the ‘hard’ direction (red arrow) the complex

back-bending is depicted.
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flow in the ‘easy’ direction (green arrow) whereby the director achieves the Leslie
angle in the majority of the cell. In the ‘hard’ direction (red arrow), the director
back bends upon itself to create a highly distorted director profile. Although not
shown in this figure due to space, under flow in the ‘hard’ direction, the director

goes through vertical alignment at four points in z.

7.6 Conclusions

In this chapter it has been experimentally shown that there may be a difference in the
pressure gradient required to achieve the same volumetric flow rate through a cell that
contains a nematic liquid crystal in a splayed geometry aligned azimuthally parallel to
the flow direction. As such, it suggests that under the right conditions, there can exist
some diode or ‘valve-like’ behaviour from the alignment of the liquid crystal itself.

It has been shown that for cells given the correct initial alignment conditions, a differ-
ence in the pressure gradient measured across the cell can be observed when prescribing
the same volumetric rate to flow in opposite directions. From these experiments it can
be seen that for flow in the ‘easy’ direction, an almost linear relationship is observed
between the volumetric flow rate and the pressure gradient, with the director simulated
to achieve the Leslie angle of opposite sign in the top bottom halves of the cell. For
flow in the ‘hard’ direction, a non-linear response is seen in the pressure gradient as a
function of the volumetric flow rate. For all flow rates, the pressure gradient required is
larger for flow in the ‘hard’ direction than for flow in the ‘easy’ direction. Both responses
also show fairly good agreement with the results from simulation.

As the system is heated to the isotropic phase, the magnitude of the pressure gradient
is seen to reduce (as expected for a system of lowered viscosity) and the difference in
these pressure gradients for flow in both directions has also decreased, but has critically
not gone to zero in every case. The response of the pressure gradient as a function of
the volumetric flow rate is also shown to be very similar to that simulated for a cell that
is initially aligned planar homogeneously.

Below are some possible improvements that could be made to the experimental design
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proposed in this chapter. A primary cause of concern is the rectangular cross-sectional
flow channels, which are used because they allow for relatively easy production of the
desired director profile by treatment of the aligning surfaces. If by some technique,
one were able to produce these splayed director profiles in a fine capillary or circular
cross-sectioned flow channel (director dynamics in capillaries has previously been a topic
of interest [116-118]), the ability for any azimuthal rotation of the director would be
removed by the symmetry of the channel. As such, some very preliminary simulation
has been tested for this study, examining flow in a capillary [119], with early results
suggesting that a similar director response is observed, where for flow in the ‘easy’
direction the director quickly achieves the Leslie angle and for flow in the ‘hard’ direction
a complex back bending of the director is observed. Of course, with such a capillary flow
channel, measuring the pressure gradient is also likely to be made a more difficult task
due to the size of the capillary and the geometry of the curved glass surfaces''. If one
wanted to image or probe the director’s response simultaneously with flow, this is also
likely to be more difficult. This could possibly be probed by use of optical conoscopy or
polarised light microscopy to gain information about average director distortion under
flow. In both of these cases, the effect of the curved glass capillary walls would have
to be taken into account, as well as the new difficulty introduced by imaging the much
smaller flow channel.

Finally, for this experiment it is advisable to reduce the number of connections and
tubes to the minimum necessary. The experiments described in this chapter have a total
of eleven connections (six at the valve, four at the cell and one at the syringe). It is
indeed very difficult to ensure that all of these connections are secure and not leaking
(particularly when the cell is in the closed polystyrene housing for the isotropic-phase

experiment).

11Some preliminary experiments into creating circular cross-sectional flow channels have also been
made as part of this study. This has involved the setting of electrical wire in Polydimethylsiloxane
(PDMS) (a silicon based organic polymer) and drawing it out to leave a smooth flow channel behind. A
common problem here is that the PDMS does not always cure hard and can expand and contract when
pressure is applied.
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Conclusions and summary

The content of this thesis has explored the effects of director reorientation in response
to pressure driven flow. This has been achieved through experiments which probe the
effect that different surface alignments have on the bulk response of the director. In
order to do this, several experimental techniques have been explored, including cono-
scopic analysis to measure average director profiles in both static and dynamic situa-
tions, a manometer method for measuring the pressure gradient across flow-cells, and
also machine-vision methods and techniques for analysing extreme surface alignment
conditions of high pretilt. Flow-cells that allow for pressure induced flow of nematic
liquid crystals from a syringe drive have also been designed, constructed and experi-
mentally measured (with surface alignments generally being planar and near-to-planar
with varying initial azimuthal alignment).

Chapter 4 examines the response of the director to pressure-driven flow when it is
initially aligned planar homogeneously at an angle of 45° to the flow direction (through
a rubbed polymer layer). In this chapter it is shown that as the flow rate is increased
from 0 pL/h to 50 uL/h, the average azimuthal response of the director is to rotate
to become aligned parallel to the flow direction, reaching an azimuthal angle of 11° to
the flow direction at 50 pL/h. At the cell mid-plane the director is simulated to have
rotated to achieve an azimuthal angle of 5° to the flow direction whilst remaining at
its initial alignment of 45° to the flow direction at the bounding surfaces. In terms of
the tilt rotation, the director is seen to exhibit no net tilt rotation but is simulated to
distort towards the Leslie angle (6; ~ 11°) of opposite sign in the top and bottom halves
of the cell. The results obtained from these experiments show a good agreement with
the predictions from the one-dimensional model based on Leslie-Ericksen theory. Other
experiments in Chapter 4 have also looked at the response of the director when it is
initially aligned planar homogeneously parallel to the flow direction and close to normal
to the flow direction. In the case where the liquid crystal is initially aligned parallel

to the flow direction, no rotation of the director is observed, with the average director
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alignment remaining at 0° to the flow direction at all flow rates. This observation
confirms the steady state azimuthal flow alignment angle of ¢ = 0° as predicted by
Leslie-Ericksen theory.

Chapter 5 probes the effect that creating a splayed and uniform director profile at an
initial azimuthal angle close to normal to the flow direction has on the average director
distortion under pressure-driven flow. Here, a small (measured at approximately 3°
away from the surface) angle of surface pretilt from the rubbed polyimide layer is used
to create two distinct static alignment states, uniform and splayed. Under flow, the
uniform state is observed to distort away from the initial alignment angle of ¢ = 87°
into a steady state director profile in which the director has twisted azimuthally in
opposite directions in the top and bottom halves of the cell. Crucially, this rotation
occurs at different rates and in opposite directions about z = d/2, creating a small
minimum in the average azimuthal rotation of the conoscopic figure. For the cell used
in Chapter 5, this is seen to occur at a flow rate of 27 uL/h where the average azimuthal
alignment of the director is at 84° to the flow direction. As the flow rate is increased
further, the average azimuthal distortion increases again reaching a value of ¢ = 87.5° at
a flow rate of 50 uL/h. Simultaneously, a net tilting of the director is observed, with the
centre of the conoscopic figure translating away from the centre of the field of view. For
cells exhibiting the splayed alignment, the director is seen (in bulk) to rotate to become
parallel to the direction of flow as seen in Chapter 4. For flow in the opposite direction,
a similar response is seen but is initially much less sensitive at low flow rates between 0
uL/h to 20 pL/h . This result is attributed to the role that surface anchoring plays in
the energetic requirement to distort the director from its initial alignment condition of
Po = 87°.

In chapter 6, the current techniques and methods for the production of large pretilt
angles from the literature are examined. Two individual recipes for the production
of large pretilt angles are then experimentally tested. These are termed over-baked
vertically aligning polyimides and bi-layer alignment surfaces. The ability for both
techniques to produce large pretilt angles are examined using a novel method involving
a nematic liquid crystal doped with a dichroic dye and ‘machine vision’. Results show
that the rubbed vertically aligning polyimide layer can produce pretilt angles ranging
from 20° + 4 to 60° £+ 5 (measured from the surface normal) on glass and from 4° + 1
to 35° +4 (measured from the surface normal) on ITO, depending on rubbing strength,
with the cause for the different response between glass and ITO being unclear. The
second, bi-layer alignment technique, showed a much smaller pretilt range of 3° + 3 to
24° £+ 1. Here no trend was observed with spin rate (and consequently layer thickness)
of the planar aligning polyimide. The new findings from these experiments suggest that

the surface upon which the over-baked vertically aligning polyimide is coated can play
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a large role in determining the range of pretilt angles available.

Finally in Chapter 7, the novel idea that a nematic liquid crystal aligned parallel to
the flow direction exhibiting a large splay of the director could act as a diode for flow
in opposite directions is examined. In these experiments, the large pretilt angles for the
splay are produced using the recipes researched in Chapter 6. The pressure gradient
across a cell under flow is measured as a function of the flow rate in both directions.
In order to achieve these measurements, a new flow cell allowing for manometer tubing
is designed and implemented. The results show that a small difference in the pressure
head required to achieve the same volumetric flow rate in both directions through the
cell is required. For flow in the liquid crystalline phase and in the ‘easy’ direction, a
pressure gradient of approximately 12500 Pam~! is required for a flow rate of 60 uL/h,
whereas for the same flow rate in the opposite, ‘hard’ direction, a pressure gradient of
approximately 22500 Pam™! is required. This trend is shown at all flow rates ranging
from 0 pL/h to 60 pL/h. Importantly, the pressure gradient response as a function of
flow rate is seen to be linear for flow in the ‘easy’ direction and non-linear for flow in
the ‘hard’ direction. Upon heating the system to the isotropic phase, the asymmetry
between the pressure gradient required for a given flow rate in both the ‘easy’ and ‘hard’
directions is not present. In the isotropic phase at a flow rate of 60 uL/h, the pressure
gradient required for flow in both the ‘easy’ and ‘hard’ directions is 9000 Pam~!. These
results show agreement with the predictions from the one-dimensional model based on
Leslie-Ericksen theory. The results of this chapter appear to suggest that a nematic

liquid crystal given the correct surface alignment, can act as a diode for flow.

8.0.1 Future work and thoughts

Improvements to the design and implementation of the ‘diode cell’ experiment described
in the final chapter of this thesis would be an excellent primary extension for future work.
As suggested at the end of Chapter 7, flow experiments in channels of varying cross
section are an interesting region of study. The symmetry provided by a flow channel
with a circular cross section, such as a fine glass capillary, would be a fantastic way to
probe nematic defects under flow. Such experiments would require control of surface
alignment within the capillary, the ability to optically probe the dynamic behaviour of
the director within the capillary and also, with particular reference to the ‘diode cell’,
the ability to measure the pressure gradient across the length of the capillary.

The flow of liquid crystals in channels that are bounded by surfaces providing grating
alignment of the director at the surface would also be an interesting area to study. Here,
the effects of the grating must also be considered in the velocity profile and subsequent
director distortion. If one could imagine an aligning surface made up of a chequerboard of

alignment states such as planar at varying azimuths, tilted and vertical, a highly novel
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and complex distortion of the director could be enforced. A natural extension from
this would be to then look at experiments probing the director response at junctions
within complex networks of flow channels, including corners and sharp bends, thus
incorporating biofluidics and lab-on-chip devices. The flow of liquid crystals containing
isotropic and colloidal liquid crystals (carbon nanotubes for example) is also an area of
much interest at present.

Another natural extension to the flow experiments that have been presented in this
thesis would be to apply an electric field across the cell whilst the liquid crystal is flowing.
This experimental set up would allow for the study of the competition between the flow
induced orientation of the director and the reorientation of the director caused by the
applied electric field!. This has recently been touched on by Jewell et al [69] for the V
to H-state transition. Perhaps the application of an electric field to the flowing director
of a negative dielectric anisotropy liquid crystal would reveal an interesting result. Here,
with the liquid crystal confined to remain planar homogeneously aligned (given that the
applied electric field is of sufficient strength) there would be no component of the director
experiencing a torque pulling it out of the x —y plane. As such, for any initial azimuthal
alignment there will be no rotation of the director. The electric field strength could then
be varied in order to allow the flow induced torque to pull the director out of planar
alignment so that it can reach the steady state alignment angles of (¢ = 0°,0 = ;). As
an extension of this, experiments investigating the effect that a specific director profile
(caused by flow) has upon the magnitude of the threshold voltage for the Freedericksz
transition could be conducted. This could involve the fabrication of a liquid crystal

display which switches under flow produced by a pressure gradient (a touch screen).

'For such experiments, flow cells made with glass containing an ITO coating would be required.
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Publications and Presentations

9.1

9.2

Publications

Conoscopic observation of director reorientation during Poiseuille flow of a nematic
liquid crystal. Holmes C J, Cornford S L, Sambles J R Applied Physics Letters 95
171114 (2009)

Small surface pre-tilt strikingly effects the director profile during Poiseuille flow of
a nematic liquid crystal. Holmes C J, Cornford S L, Sambles J R Physical Review
Letters 104 248301 (2010)

Characterizing two methods for achieving intermediate pretilt. Holmes, C J, Tap-
house T S, Sambles J R. Molecular Crystals and Liquid Crystals Proceedings of
the ECLC 2011

Poster Presentations

Conoscopic observation of director reorientation during Poiseuille flow of a nematic
liquid crystal. BLCS 2008, HP Labs Bristol

Flow of a nematic liquid crystal exhibiting high surface pretilt ILCC 2010, Krakow,
Poland

Characterizing two methods for achieving intermediate pretilt. ECLC 2011, Mari-

bor, Slovenia
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