Elastic Properties and Phases

of Bent Core Liquid Crystal

A thesis submitted to The University of Manchester
for the degree of Doctor of Philosophy

in the Faculty of Science and Engineering

2016

Harry Liu
University of Manchester

School of Physics and Astronomy



Table of Contents

DIECIATATION ...ttt bbbttt 8
(00010 o] 01 SRS TR U ST TT PP TPPR 9
ACKNOWIBAGEIMENT ... bbbttt b b n e n e neene s 10

Chapter 1 Introduction

[T oTo [0 o1 o] o ST PP 11
Calamitic lQUIT CIYSTAl ..o 12
Basic phases formed by calamitic MOIECUIES ...........ccooiiiiiiii e 13

(08 1T 12O SPSSSSN 14
Bent COre HQUIA CrYSTAIS ......coviiieiiie ettt ettt te e ras 16
OPLICS OF lIQUIA CIYSTAIS. ..ot 17
R L= T T g ot SR 17
POIAriSING MICIOSCOPY ...cuviivieiiiiieite sttt e steste ettt s e e s te et et e sbeesaesbesreesbesbe e st e sbeeteetesteenaesreaneenee e 19
Optical properties Of Chiral NEMALICS...........coiiiiiiiee s 20
Basic construction and geometry of liquid Crystal deVICES ...........cccviiiirerieiieiiis e 22
T [T ol V251 =1 ol PSSR 22
Twisted Nematic (TN) aligNMENT........ccviiiiecc et reer e re e e 24
INEErAIQITAEd CRIIS ......eeieeeee e 25
ST 4]00F  SSSSSPR 26
OULIINE OF TNESIS. ...ttt bbbt e s e st s b et st e e et e e ereans 27
Chapter 2: Physical properties of nematic iquid CrystalS ............ccoooreriieiiiniireeeeeia 27
Chapter 3: Experimental techniques in investigating liquid crystal materials ............ccccoooeieiiinnns 27
Chapter 4: Investigation of unusual elastic properties in bent core liquid crystal...........c..ccccoeevenene 27
Chapter 5: Filament structure in mixture of bent core and calamitic liquid crystals..............c..c....... 28
Chapter 6: Unusual Flexoelectric SWItChING .........ooviiiiiiiiiiieeeee e 28
Chapter 7: SUMMary and fULUIE WOTKS..........ccveiiiieii ittt st st sreste et 28
RETEIBINCES ...ttt et b bRt e st ettt e Rt e Rt e b e R e b bt ettt eneereens 29

Chapter 2 Physical properties of nematic liquid crystals

00 141 T ) o USSP 31
(@00 01 (T a1V 10T 011 1o PSSR 31
Free energy of nematic liquid CrYStalS..........cciiiiiiiiiiiece e 31
Energy due to electromagnetic field in nematic liquid Crystals............ccocooeiiiiiiiiniiic 33
FreederiCKSZ TranSItIONS. ......viiiiiieie ettt e s e se et e e testestesae e e eneene e 34
Flexoelectric effects in [iquid CryStalS..........cooviieiiiiec e 37
Flexoelectricity in ChIral NEMALICS...........coveiiiiiiie e 38



T IR Tor= V(=] 1o S SS 40
SUMIMEBEY ..ottt ettt ekt b e e bt e e he e e a b e o2 bt o ke e eb £ e eh e e eh b e eh b e eh b e e R be e be e eb e e ebe e eab e e mbeebeeabeenbeesbeesenas 41
L 1=] 1] OSSP STS 42
Chapter 3 Experimental techniques in investigating liquid crystal
materials

[T goTo [0 o1 o] o SO RTPP P TTRR 43
Measuring elastic constants of nematic liquid Crystals ...........cccooeiiiiiiiie i 43
Capacitance - Voltage fitting method to find splay and bend elastic constants ...........cc.ccccceveveenene 44
Measuring twWist €lastiC CONSTANL...........ccviiieieiece e srens 48
Measuring K, using Twisted Nematic (TN) CellS .........ccooveieiiiiiiiee e 48
Measuring K, using interdigitated Cell ..o 50
Small Angle X-ray SCatteriNg (SAXS).. .o 53
SUIMIMATY .ottt e r et E et e R e R e e e e R e e R e R AR e e s R e e R e e Re e R e e R e e e e eR e eb e r e e b e e s renneeneenne e 55
RETEIBINCES ...ttt b bt bbbt bt R e e bbbt bbbt b neens 56

Chapter 4 Investigation of unusual elastic properties in bent core
liquid crystal

100 141 T ) o USSP 57
Bent core liquid CryStal PrOPEITIES. .........ooviiiieieisie e 58
Bent core lHQUid Crystal PhaseS ........ucviiiiieie et 58
Dark ConglomMErate PRASE ........c.couiiiiiiiiiiie ettt sttt te s e besre et e ste e e e tesraeseenras 59

N T g g L ol o g SRS 60
Elastic Constants in Bent Liquid Crystalline SYStEMS .........ccooviiiiiiiiiiiececeee s 61
Mixtures of Oxadiazole and calamitic liquid CrystalS..........cccocviiveieiiiiie i 61
Mixture of Dopant 1 and SCB ..........cciiiiiie s 62
Mixture of Dopant 1 and ZLI 1132 ........ccooiiiieiiieie e 64
Mixture of DOPaNt 2 aN0 BCB ........cvoiiiiiieie et be et ns 66
The Pure Oxadiazole COMPOUNG..........ccooiiiiiiiii ettt sre e e 67
o ol ot g3 = £ SR 69
Yoo 11 T T ST S 70
Elastic constants of a thiadiazole COMPOUN.............cccveviiicie i 72
Studies of the Thiadiazole compound in @ TN Cell ......ccoiiiiiiiiiiie s 74
SUIMIMATY .tttk bbb e e s e Rt e R e e e R e e R e AR e SR e e R R e e Rt e he e R e e R e e e e nR e eb e e nbeebeanrenneeneenne e 76
RETEIBINCE ...t ettt E b bRt R e bbbt bttt reans 77



Chapter 5 Investigating the filament structure in mixture of bent core
and calamitic liquid crystals

[T oTo [0 o! o] o SO SUTP P PTTPRP 81
Phase ODSEIVALION ..ottt ettt ettt e te et et e ste s e naeene e e 81
Optical observation of filameNnt PRASES ..........ccooiiiiiiice e 81
DSC investigation of phase tranSitioN .........cccccv i s 85
LC= ] B Tl o] (0] o1 (LTSRS 86
DIEIECHIC INVESTIGALIONS .......cviiiieei ettt b b sn e n e eneas 87
SAXS investigation Of the fIlAMENTS .........cov i e 90
Mixture’s periodic structure behaviour on heating .........cccevveviiiiie i 90
Mixture’s periodic structure behaviour 0N COOIING .......coviveiiiiiii s 93
Time dependence of the filament SIFUCTUE ... 95
Mixture’s periodic structure behaviour on subsequent heating..........cc.ccovvvvveveiiiie v 96
T4 0 Y RS SSPR 97
L 1=] 1] =PRSS 98

Chapter 6 Unusual Flexoelectric Switching

[T oo [0 o{ o] o OSSR PP 100
FIEXO0EIECITC SWITCRING. ... iiiciiiicc e et te et e besteesaesreenaenre s 100
OPLICAL OBSEIVALION. ...t ene s 102
Time Resolved RAmMan SCAEIING ........cciverieieeie ettt sttt e steenaesbesne e e 105
SUMIMIEEY .ttt itit ittt ste e st e st e s e e s e e beesbeeeReesEaeesbeeabe e Ee e s eeeeseeeneeanteebeenbeenbeenneeaneeenteenreens 108
] 1=] 1] 1= LTSRS 109

Chapter 7 Summary and future works

T Yoo [0 o{ o] o SO RUTPUTP PRSP 110
Elastic properties in bent core liquid CryStalS..........cooiviiiiiiieie e 110
FUINEr INVESTIGATIONS ......coueiiiitisiiie ettt 112
New double liquid CryStal GEIS ..o 112
FUMhEr INVESIGALIONS ......ueiieieciie ettt e tesbe s e s beare e tesreeeenrs 113
Unusual flexoelectric switching in dimeric chiral NEMALICS.............coiiiriiiiciee e 114
FUINEr INVESTIGATIONS .......cviiiiiiiiee et 114
(073 Tod 11K o] o TSSOSO PTPRPRSPRON 114
RETEIBNCES ... bbbttt b bbbttt b bt bbb b b e neere s 116



Tables and Figures

Figure 1 The structure of a calamitic liquid crystal molecules 5CB. .........cccccovviviveicve v 12
Figure 2 Nematic liquid crystal phase with orientation order but no positional order, the director n is
SNOWN DY TNE GITOW. ...viiieii ettt et e b et et e st e sae et e s beensesbessaesaesreeneenreas 13
Figure 3 (Left) Smectic A phase where the molecules lie parallel to the layer normal (Right) Smectic
C phase where the molecules are tilted with respect to the layer normal.............cccocoeiviiiiiiiiieenne 14
Figure 4 (a) The chiral nematic phase, seen from side with the helical axis in the azimuthal direction z.
(b) The same chiral nematic phase, with the helical axis through the page. (c) The smectic C phase,
with the director rotating as it recesses from one layer to the next. (z represents the helical axis)....... 16
Figure 5 A bent core molecule with an 0Xadiazole COre. ........cccovvviiieie i 16
Figure 6 Definition of polar orientation for different geometries; (a) molecule with polar order
pointing to the left of the page, (b) molecule with polar order pointing out of the page, (c) molecule

with polar order pointing iNt0 the PAGE. ...veve e 17
Figure 7 light propagating at 45° t0 the direCtor (Y aXis).......cccvevereeiieiiiecie e 18
Figure 8 Polarising microscope setup with transmission and reflection modes.............cccocevivvriennene 20
Figure 9 Nematic slices of a chiral nematic liquid crystal, with n initially y axis and Ap the angle of

director of the SecoNd SIICE t0 the ¥ AXIS.......c.ccueiiiieiiiii e 21
Figure 10 Experimental cell used to study liquid crystalline materials.............cccoooviininicniicnee, 23
Figure 11 Homeotropic aligned calamitic molecules lying perpendicular on glass substrate............... 24
Figure 12 The perpendicular alignment between the top and bottom glass substrate causes a twist in

the nematic structure of the liQUId CrYStal ...........ccccveiiiiiii e 25

Figure 13 (Top) A side on view of an IPS cell where the black regions are the negative electrodes, red
regions are the positive electrodes (the electric fields are as shown), and E is the overall electric field.
(Bottom) a top down view of the IPS cell where the interdigitated electrodes can be seen.................. 26
Figure 14 The three types of distortions (left) splay, (middle) twist, and (right) bend. ........................ 32
Figure 15 A perpendicular electric field through the page is applied to a planar aligned nematic cell.34
Figure 16 bend molecules with polar ordering inducing an electric polarisation in the same direction.

............................................................................................................................................................... 38
Figure 17 The ULH structure of chiral nematic liquid crystal in a homeotropic cell with the optical
axisS alonNg the NELICAI AXIS.........iiviiiiiiis bbb 38
Figure 18 ULH structure under electric rotates the optical axisby anangle W. ..o 39
Figure 19 The relative dielectric constant of 5CB (molecular structure shown in chapter 1) at room
temperature as a function of different VOItAgES .........covieriiiiieie e 45
Figure 20 Measured K, and K5 values for 5CB using fitting method compared to results from Bunning
Y= 1) PSS 47
Figure 21 Measured K; and K5 values for 5CB using capacitance voltage fitting compared to results
from Cui and Kelly using light SCAttering [6].........veuererieiiiiee et 47
Figure 22 The transmitted intensity of 5CB ina TN cell with increase in applied voltage. ................. 49
Figure 23 K, measured 5CB from a TN cell compared to a previous study of 5CB [9]......c..ccccvenee.e. 50
Figure 24 Transmitted intensity with increasing voltage application for 5CB at room temperature in
IPS CRIL bbbt bbbttt b bbbt 51
Figure 25 K, Measured K, using IPS cells threshold voltage compared to Coles and Sefton using light
o L 0T ST OSPSTN 52
Figure 26 (left) nematic liquid crystal ordering, (right) and the corresponding x-ray diffraction......... 53
Figure 27 SAXS image of a bulk sample of mixture of bent core and calamitic liquid crystals........... 54
Figure 28 The peak from the integrated signal from sliver behenate. ............ccccooiiiiiiiiiii 54
Figure 29 Sponge like saddle splay structure which exists in layers in the DC phase [40]. ................. 59



Figure 30 A cartoon of a biaxial nematic phase with orientation along both vertical and horizontal axis.

Figure 31 Molecular structure of the oxadiazole bent core compound (left) dopant 1 (right) dopant 261
Figure 32 Mixtures 1 and 2 elastic constants compared with pure 5CB (a) splay elastic constant (b)

bend elastic constant and (C) twist elastiC CONSLANT. ...........ceeiiiiiriiieie e 63
Figure 33 Mixtures of dopant 1 with ZL11132 as host (a) splay elastic constant (b) bend elastic
constant and (C) tWiSt €laStiC CONSTANT ..........coiiiii et 65
Figure 34 Mixtures of dopant 2 with 5CB as host (a) splay elastic constant (b) bend elastic constant
and (C) tWISE €lASTIC CONSTANT. ........euiiiiitiitiitet ettt 66
Figure 35 Molecular structure of four oxadiazole base molecules with different terminal chain length
553 SO PE PSR P TSPPR PRSP 68

Figure 36 Elastic constant of compound 1(open squares), compound 2(open circles), compound
3(open triangle), and compound 4 (open star) and a) is the measured K, b) is the measured K3, €) is

the MEASUIEA K5 [B8]. .. veeieiieeieiie ittt ettt ettt ettt ettt et st sb et et e s besae et e steeneesbestaesaesreenaenrens 69
Figure 37 (left) Experimentally determined of compound 4 (left) compared with calculation (right)
15533 SRS STTSUSRSRIN 71
Figure 38 Calculations of elastic constants for different conformations of oxadiazole compound more
elongated (left) less elongated (Fight) [14]. ..oooveeieiie e 71
Figure 39 Thiadiazole bent core molecule. The phase transitions of the thiadiazole compound
determined on heating via a DSC at a scan rate of 200C/Min [66]. ........c.cccevvvriveveiieneve e 72

Figure 40 Points represent the experimentally determined elastic constants of the thiadiazole
compound as a function of order parameter. Lines represent the calculated behaviour of the elastic

constants of the thiadiazole COMPOUNG..........cueiiiie et 73
Figure 41 The domains of thiadiazole based compound in TN cell. An applied voltage creates extra
QL0 L =Tt £ PP S 74

Figure 42 (Left)Transmitted intensity from the thiadiazole compound ina TN cell where 1, is the
initial threshold and V7 is the threshold due to the Fréedericksz transition. (Right) the highlighted

g=To Lo AT oI (o (=00 (=] UL S SST 75
Figure 43 The threshold voltage calculated from measure elastic constant compared to the Vth ........ 75
Figure 44 molecular structure of bent core compound (left), 5CB (right). ......cccoevvieviiiiiece, 81

Figure 45 (a) a nematic filament phase at room temperature (b) the background nematic transitions
into an isotropic phase, while the filament remains unchanged forming an isotropic filament phase at
50°C (c) a pure isotropic phase at 80°C (d) pure isotropic phase at 80°C (e) A nematic phase occurs at
50.3°C however the filament that grows in is difficult to get nematic phase below ~5°C the transition

(f) nematic filament phase where filament grows throughout the sample............cccooviveviiiiiiicec, 82
Figure 46 (left) The mixture quenched from isotropic phase. (right) The mixture cooled at 2°C/min
FrOM ISOIFOPIC PRASE ...ttt te et e st e st e et e s be e s e besbeesaesreenaenreas 83

Figure 47 (left) DSC of the mixture at heating rate of 2°C/min (Right) DSC on heating at 20°C/min .85
Figure 48 A bottle of the mixture upright (left) and upside down (middle) at room temperature. (right)

SEM of the mixture with 1600 X MagnifiCation. .........cccoviiiiiiie e 86
Figure 49 Dielectric constant vs Voltage vs Temperature of mixture on heating...........ccccceeevevevennene. 88
Figure 50 Dielectric constant vs Voltage vs Temperature on COOlING........c.cocovvvviinieniniiieeere e 88
Figure 51 The dielectric constant at 0.05V temperature dependence in two different cell geometries,
planar and NOMEOLIOPIC. ....c.viivieie ettt e e s te e et e ste et e sbeeneesteaneenee e 89
Figure 52 X-ray pattern of mixture 2 at room temperature before any heating or cooling is performed

o I eTR= 0 T o] PSS 90
Figure 53 The integrated x-ray pattern vs temperature vs distance on heating. ..........cc.ccocevvveivinnne. 91
Figure 54 Temperature dependence of the peak positions the transition into the isotropic — filament
phase occurs at ~37.19°C according t0 DSC. ......c.oiioiiie et 92
Figure 55 x-ray image on cooling from the iSOtropiC region...........cccoeiviieiiii e 93
Figure 56 peak A split into two peaks labelled A" and A"’ while peak B remains unchanged.............. 94

5



Figure 57 the temperature dependence of the peak positions on cooling..........ccccvvvvieveiveieieseennn, 94
Figure 58 Time dependence OF PEAK A......c.oo it 95
Figure 59 Temperature dependence of peak A on subsequent heating runs, black circle represent a
stable region which displays DC phase PrOperties. .......ccooveiiieeerieiieit e nee s 96
Figure 60 (left) ULH texture with the optical axis parallel to the polariser. (Right) USH texture with
the optical axis perpendicular to the plane of the cell at magnificent 50X.........cccccceevviiveiciicieennnn, 101
Figure 61 (left) The measured transmission using a 250 ps response time photodiode under 100 Vrms
voltage. (right) The measured transmission using a 5 ps response time photodiode under 100 Vrms

L0 ] L o =TS 102
Figure 62 Transmitted intensity of the IPS cell rotating between crossed polarisers............cccceevenene 103
Figure 63 (left) IPS cell parallel to the polarisers (right) IPS cell perpendicular to the polariser. The
orange arrows points to the dark regions of the electrodes and the red arrows points to the birefringent

=101 T0] 0TSSP U S P R UUP PP PTPPPPPPRON 103
Figure 64 The intensity response of the USH device from a modulated square wave at 100Vrms and
standard square waves at different VOItAgES. ........coveiiiiiieiice e 104
Figure 65 Photodiode response from the USH device using bi-polar pulses. .........ccccooieiiiiinnne 104
Figure 66 Setup of the electro-0ptic QUIPMENL. .........ooiiiiiiee e 106
Figure 67 (left) Raman spectrum of 5CB from a non-chopped source [12] (right) Raman spectrum of
5CB from @ CNOPPEA SOUITE. ......viiiiiitiitiiteie ettt bbbttt bbb e neene s 106
Figure 68 Raman spectrum of USH device with Chopped SOUICE...........ccceeiiiiinincieceeeee 107
Figure 69 Raman spectrum of the USH device with chopped source and florescence............c.cccce..... 107

Table 1 Nematic to isotropic transition temperatures of the mixtures measured using DSC. Mixture 2
contains a filament growth which complicates the transition temperatures and which is discussed
FUther Tater iN the tNESIS. .....iviiee e te e besraesaesreeraenee s 62



Elastic Properties and Phases of Bent Core Liquid Crystal
Harry Liu
The University of Manchester
Thesis for the degree of Doctor of Philosophy
2016
Abstract

The recent interest in bent core liquid crystal has shown many unique physical properties, such the
anomalous behaviour of the elastic constants (Splay K, Twist K,, and Bend K3). In bent core liquid
crystals it is observed that K; < K; contrary to what is observed in conventional calamitic liquid
crystals. In this thesis we aim to understand how including an intrinsic bend affect liquid crystalline
systems.

Mixtures of oxadiazole based bent core and calamitic liquid crystals were studied. Generally a stable
nematic phase at room temperature can be achieved, however one unique phase was observed in one
mixture which is studied in detail later. The mixture all show similar effects with increases in bent
core dopant significantly lower values of K5 and K,. These results are expected as the lowering of K;
IS seen in many other studies, however generalising K, is more difficult due lack of studies of the K.
The physical properties of four oxadiazole based bent-core liquid crystals were also examined. The
materials are chosen to study the effects of terminal chain length, substitution with fluorine, and
swapping alkoxy to alkyl. Changes in the terminal chain length and fluoro-substitution have been
found to have little influence on the elastic constants at equivalent reduced temperatures. However,
the material with an alkyl terminal chain exhibits much reduced elastic constants than the alkoxy
terminal chain compounds. Importantly, using molecular field theory and atomistic modelling, the
calculated elastic constants are in excellent agreement with the experimental values pointing to the
importance of the bend angle. The elasticity in the nematic phase formed from bent-core molecules is
not strongly influenced by changes to the terminal chains or the presence of fluorine.

The elastic properties of a bent-core thiadiazole nematic liquid crystal are also investigated. The
elastic constants across the whole nematic range were studied. It was found that the thaidiazole bent
core materials exhibited elastic properties similar to calamitic liquid crystals (K; > K;). Such
behaviour is analogous to calamitic liquid crystals but is in contrast to all other bent-core nematic
materials reported to date. Such a result questions some of the current explanations for the elastic
behaviour of bent-core materials. Using molecular field theory and atomistic modelling the different
elastic behaviour predicted is again in excellent agreement with experimental results. The bend angle
is again shown to be an important part in determining the physical properties of bent-core nematic
liquid crystals.

In a mixture from an oxadiazole dopant and calamitic host liquid crystal, it was found that a filament
structure appears in the nematic phase. The filaments appear to interfere with the measurements for
elastic constants. In order to understand the filament structure many methods were used including
SAXS, dielectric permittivity, and DSC. It was found that the mixture had formed a gel — like phase.
The gel is composed of a liquid crystal network and a liquid crystal background, not seen before in
any gel system. Due to the liquid crystalline properties both the network and the background can be
aligned and manipulated. The new gel phase can possess many new unique properties which warrant
further studies understand further into how fundamentally the phase is forming.
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Chapter 1 Introduction

Introduction

Matter can exist in many states, the most basic of which are the gas, liquid, and crystal states. In
the liquid state, the molecules are in a state of complete disorder, whereas in the crystal state the
molecules have complete positional and orientation order. A new state of matter was first discovered
in 1888 by Friedrich Reinitzer, when he observed that a cholesterol derivative, found in plants, had
two melting points [1]. The two melting points indicate that there is another state in-between the
liquid and solid state, the intermediate state was later named the liquid crystal state, opening the way
to a whole new area of research. The liquid crystal state is a state of matter existing below the
temperature range of the liquid phase, and above the temperature range of the crystal phase. Liquid
crystalline materials exhibit the properties of both the liquid and crystal states, where molecules have

some order, but maintain the diffuseness associated with liquids.

Liquid crystals have risen to prominence with their application in display devices. Liquid crystal
displays are relatively cheap, simple, and thin making them the ideal candidate for a range of displays.
The most common display made from liquid crystals is the Liquid Crystal Display (LCD) television;
almost every household has a LCD TV. There are several limitations with LCD technology; however,
such as slow switching speed and ambient light dependency; in order to overcome these difficulties, a
large level of research currently exists. The liquid crystal state is also extremely sensitive to
temperature changes; at higher temperatures there are more molecular movements, which reduce the
order in the liquid crystal phase. Small changes in the phase order can influence bulk properties of the
material, such as changing the colour exhibited by the liquid crystal. Due to the sensitivity of the
liquid crystal state to temperature changes, liquid crystals have also found many applications in
temperature sensing. The temperature dependent colour changes in liquid crystals was utilised in
mood rings and other novelty products. The sensitivity to temperature can also produce a map of
different temperature regions; this is especially useful in applications such as monitoring complex
electrical circuits. Regions with shorts or bad connections will have higher temperatures, and can be
seen without the need to check each individual component [2, 3]. Liquid crystals also possess many
optical properties making them ideal for manipulation of light, such as waveguides [4, 5], optical
attenuators [6], shutters [7], and many more. The other major use for liquid crystals is in soaps and
detergents, and they dominate the market for liquid crystals, ton for ton outselling the liquid crystals

sold for displays and other uses. There are also other unique liquid crystals such as Kevlar, a synthetic
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fibre made from liquid crystals. Kevlar is made from a nematic solution, due to the long polymer
molecules, they are ordered in the solution to form a nematic phase. The synthetic fibres are then spun
from the liquid crystal solution to give highly oriented fibres. Kevlar has extremely high tensile
strength, and when spun into ropes have found a wide range of uses, from protective armour to bike
tires. Liquid crystal materials’ many interesting unique properties have led to the prominent use of

liquid crystals for many aspects of industry, science, and everyday life.

With the prominent use of liquid crystal based materials throughout everyday life, there has been
intense research in liquid crystals to improve their current function and to find new uses. The ongoing
research has led to the discovery of new liquid crystal phases formed by complex molecules such as
bent core molecules, explained later in this chapter. This thesis aims to investigate the new unique
behaviour from introducing bend into common liquid crystal phases, and attempts to understand the
physics behind these behaviours. This chapter will aim to introduce some basic concepts of liquid

crystals, which will be built upon when investigating the bent core liquid crystals.

Calamitic liquid crystal

There are many types of molecules that can form liquid crystalline phases and they all share one
common attribute, the anisotropy of the molecular shape. The anisotropy of the molecule promotes
certain orientations and positions, creating the order that differentiates this phase from the liquid

phase.

\ _ .
CsHiy %\\ . //_) W\ z::> C=
W /Y W\ I

Figure 1 The structure of a calamitic liquid crystal molecules 5CB.

The most common type of liquid crystal molecule is the calamitic liquid crystal, shown in Figure
1, which is typically a long rod-like molecule. Calamitic liquid crystal molecules generally have a
rigid core to maintain the anisotropic shape and often have flexible side chains. The side chains exists
to encourage more disorder in the material to prevent crystal formation [8]. Figure 1 shows the
molecular structure of a 5CB molecule, a room temperature liquid crystal discovered in 1973 [9], and

were among the first commercially viable liquid crystals.
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Basic phases formed by calamitic molecules

Liquid crystal phases can form in two ways, thermotropic and lyotropic. Thermotropic liquid
crystal phases are dependent on temperature and are split further into two groups, enantiotropic and
monotropic. Enantiotropic liquid crystals exhibit liquid crystal phases on both heating and cooling,
while monotropic liquid crystal phases can be observed on cooling below the melting point of the
material. These phases are metastable and will revert to a crystalline state over time. Most of the

liquid crystal phases studied in this thesis is thermotropic and enantiotropic in nature.

Lyotropic liquid crystal phases are dependent on the concentration of the liquid crystal molecules
in a solvent. Once above a certain threshold, the bulk material exhibits a liquid crystal phase.
Lyotropic liquid crystals are very common in everyday life, with most detergents composed of

molecules that can form lyotropic liquid crystals.

The simplest liquid crystal phase exhibited by calamitic molecules is the nematic phase,
commonly denoted by the symbol N, shown in Figure 2. In the N phase, the molecules are distributed
randomly similar to liquids but with the molecular long axis pointing in one common direction,
referred to as the director, and denoted by the symbol 7, thus 7 is an average of the molecular long
axis in space and time. It is important to note that, due to the lack of physical polarity in the

phase, i = — 7.

=2

Figure 2 Nematic liquid crystal phase with orientation order but no positional order, the director n is shown by the

arrow.

Although locally there are more variations in the orientation of the molecular long axis, but when

averaged over long distances the orientation of the molecules is along i. To specify the amount of
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orientation order within a liquid crystal phase it is helpful to define an order parameter. The most

useful way is to find the average of the second Legendre polynomial,
3 2 1
S = (P,(cosa)) = (Ecos a— 5)’
Where «a is the angle between the molecular long axis and the director.

S can take values between 1 and 0, 1 defines complete order such as solids and O defines complete

disorder such as liquids. Liquid crystals typically have S values between 0.3, and 0.8.

There are also more ordered liquid crystalline phases, where there exists both structural and
orientation order such as the smectic phases. In the smectic A (SmA) phase, the molecules are
oriented in layers with the molecular long axis parallel to the layer normal as shown in Figure 3
(Left). The order within the layers only exists over a few molecular centres [10] thus there is no
periodic structure within each layer. In reality the actual layers are not well defined, and is more
accurately described as a density wave[11]. There are also further variations in the smectic phases,
such as the smectic C (SmC) phase, where the director is tilted with respect to the layer normal shown

in Figure 3 (right).

i

Figure 3 (Left) Smectic A phase where the molecules lie parallel to the layer normal (Right) Smectic C phase where

the molecules are tilted with respect to the layer normal.

There are many other smectic phases where there also exists positional order within the layers,

such as the smectic B (SmB) phase, where the molecules arrange themselves in a hexagonal order
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within each layer [10, 12]. The more ordered a phase is, the closer it is to exhibiting properties similar

to a crystal phase, whereas a less ordered phase such as the N is similar to the liquid state.

Chirality

Further changes to the molecular orientation can exist with chirality. A chiral object is defined to
be distinguishable from its mirror image, and the classic example are the human hands. Usually
chirality is composed of liquid crystal molecules that have an intrinsic chirality within the molecular
structure, causing a bulk chirality throughout the material. Chirality can also be induced by
introducing chiral dopants to a system with an achiral liquid crystal host, and note the dopants do not
necessarily need to be liquid crystal themselves. Introducing chirality in liquid crystal systems can

cause a dramatic change in its properties, and the chiral phases are typically denoted with *.

For nematic phases with chirality (N*) the structure is shown in Figure 4(a, b). The molecules
form a helical structure with the helix axis perpendicular to the molecular long axis[13]. The director
therefore follows a continuous twist along the helical axis, and the distance over which the director is
rotated by 360°is called the pitch length p. However, we note that the structure actually repeats every
180° due to 71 = —7. In chiral nematics can be made from equal amounts of both left and right
handed molecules, such systems are referred to as racemic systems. In racemic systems, the mixture is
innately mixed and the system has infinite pitch, thus the phase can no longer be described as a chiral
nematic phase. In some situations, racemic mixtures are made from achiral molecules which give rise
to different domains of handedness; these are separated by defects where the director is undefined and
separate the different handedness of chirality. This latter case is an unusual situation but can form in

bent core systems.
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(b)
(a) (c)

- v

Figure 4 (a) The chiral nematic phase, seen from side with the helical axis in the azimuthal direction z. (b) The same
chiral nematic phase, with the helical axis through the page. (c) The smectic C phase, with the director rotating as it

recesses from one layer to the next. (z represents the helical axis)

Smectic phases can also exhibit chirality; however, any deviation of the director within the layers
will be incompatible with the layer structure, so the director can only rotate in between layers. In the
case of a smectic C* phase, the resultant structure is shown in Figure 4(c) where there is a conical
rotation of the director. If we consider a similar approach for smectic A* phases, then it is obvious

there is no change in the structure since the structure is degenerate about the helical axis.

Bent core liquid crystals

Calamitic liquid crystal was the focus of early research, because any deviations from the rod-like
shape were considered to destroy the liquid crystallinity of the material. Thus molecules which break
the shape symmetry like board shapes or bent shaped molecules, were not considered to be good
candidates to exhibit liquid crystal behaviour. Even though the first bent core liquid crystal material
was created in 1929 [14], it’s properties were not properly investigated until much more recently. It
was not until the polar switching properties [15] were discovered in 1991 that bent core liquid crystals
became a popular area of research. Bent core liquid crystals, similar to calamitic liquid crystal, have a

rigid core with the bend in the core with flexible side chain as shown in Figure 5.

Rigid core with a bend in the centre

Figure 5 A bent core molecule with an oxadiazole core.
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Due to the anisotropy in the short axis and the long axis of the molecules, there are many phases
formed by the bent core molecules that are biaxial; this is where the molecules have an orientation
order for the long axis and the short axis. This is different than in conventional calamitic liquid
crystals, where the phases seen are usually uniaxial. In this case, there in only one axis, the long axis,

the orientation order exists.

Figure 6 Definition of polar orientation for different geometries; (a) molecule with polar order pointing to the left of

the page, (b) molecule with polar order pointing out of the page, (c) molecule with polar order pointing into the page.

The anisotropy in the short axis induces the polar ordering shown in Figure 6. The polar order is
an important property in the bent core liquid crystal phases and is differentiated from the conventional

phases discussed previously. The more complex phases will be explored in chapter 4.

Optics of liquid crystals

Birefringence

Due to the anisotropic nature of liquid crystal phases, the properties exhibited are also anisotropic.
A prominent property of anisotropic materials is birefringence. Birefringence in crystals causes a
well-known phenomenon called double refraction; this is where an incident beam is split, each with
distinct polarisation and each traveling along different paths. This results in two images being
observed. Birefringence is an important property that liquid crystals possess, and the phenomenon is

observed during liquid crystal formation through cross polarising microscopy.

In cross polarising microscopy, a liquid crystal material is placed between crossed linear
polarisers and observed with a microscope setup. The linearly polarised light ( upon entering the
material) is split into two orthogonal components, the ordinary ray, which follows the Snell’s law, and
the extraordinary ray, which only follows Snell’s law when light travels along the optic axis of the

material. For anisotropic materials the refractive index experienced by the ordinary ray n, is different
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than the refractive index experienced by the extraordinary ray n,. Each component of light is slowed

by a different amount depending on the refractive index that they experienced.

Ey d

Figure 7 light propagating at 45° to the director (y axis).

Consider an incident light travelling through a nematic liquid crystal material, with the incident
light polarised at 45° to the director parallel to the y axis shown in Figure 7. The components of the
electric field as it enters the materials, where the frequencies are the same, but each possess a different

wavelength and velocity. Thus the electric field can be expressed as

Ei(z,t) = Eycos(wt) = Ey cos(n, kyz — wt),

E, (z,t) = Ey cos(wt) = E cos(njkoz — wt).

Where E, is the amplitude, ny,n, is the refractive index parallel and perpendicular to the

molecular long axis, w is the angular frequency, k, is the wavenumber, and z distance travelled.

The amplitudes of the two components are the same since the light is polarised at 45 to the
director. The polarisation emerging from the liquid crystal materials can be found by simply

substituting z = d where d is the thickness of the material.

Ex(z,t) = Eycos(n, kyd — wt),

E,(z,t) = Egcos(n kod — wt) = Eg cos(n, kod — wt + Ank,d),

where An = n, — n, is defined as the birefringence.
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The phase difference between the beam components is [16]:

2mAnd
Ap ===,
0

Where A, is the vacuum wavelength of the incident light.

When components of the incident beam recombine, the polarisation is changed. Generally, the
combined light is elliptically polarised however there are special cases such as when the phase

difference between each component is a multiple integer of the wavelength. In the case of:
miy, = And.

There is no change in the polarisation with respect to the incident light. Since the second polarizer is
perpendicular to the incident light when the components recombine, minimum transmission occurs. If

the difference in retardation is a half integer multiple of the wavelength:
(m +3)Ao = And,

The change in polarisation would mean that the outgoing light would have the polarization rotated by
90°and that means that it is parallel to the second polarizer and passes through unhindered; in this

case we observe the maximum intensity for the outgoing beam.

Polarising microscopy

A polarising microscope, shown in Figure 8, is simply a microscope setup with a linear polarizer
perpendicular to a second polarizer called an analyser. The analyser is placed perpendicularly to the
polarizer, this means that any isotropic material, such as air, in between the polarisers would result in
minimum light transmitted. This is only true if the polarizer and the analyser are perpendicular to each
other; if an arbitrary angle exist between the polarizer and analyser then the transmitted intensity
obeys Malus’s Law, which is 1(8) = I, cos?(8), when 8 = 90° then I = 0. The microscope has two
modes, a reflection mode and a transmission mode. For the most of the work in this thesis, the
transmission mode is used. There is also a camera which can take images in situ monitoring any
texture change, and due to the temperature sensitivity of liquid crystal materials a heating stage, this is

used to control the temperature of the sample.
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Figure 8 Polarising microscope setup with transmission and reflection modes

Using a crossed polarising microscope, only those properties which change the polarisation of
light can be observed, making it a powerful tool for studying liquid crystalline systems, due to the
inherit birefringence of the liquid crystal. Depending on the orientation of the liquid crystal director,
different textures can be observed. From those textures, the average director profile can be assessed
and the basic structure of the liquid crystal can be probed by observing the texture. Any isotropic
material would not alter the polarisation. As a result, the texture observed in isotropic systems would
be dark since no light can be transmitted. This is also the case for birefringent materials with optical
axes parallel to the incoming beam; along its optical axis, the birefringent material is isotropic. For
example in nematic phases the optical axis is along its director, and thus if place in a crossed
polarising microscope with the director orientated normal to the polarisers, no light would be

transmitted.

Optical properties of chiral nematics

Introducing chirality to nematics produces some unique optical properties when light is
propagating along the helical-axis of the chiral-nematic liquid crystal. In the case where the pitch of
the chiral nematic is much larger than the wavelength of the incoming light, the light can travel the
distance of several wavelengths while experiencing very little director changes. This special case can
be simplified to light propagating through infinitesimal slices of nematics with slight changes in 7
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between each slice. The plane of these slices is perpendicular to the helical axis and the light

propagation shown in Figure 9.

AF

L J

y
q

Figure 9 Nematic slices of a chiral nematic liquid crystal, with 7 initially y axis and AB the angle of director of the

second slice to the y axis.

Consider an incident light polarised parallel to y axis, it will propagate through the first slice
without any changes in polarisation. Since the director of the second slice is oriented at AB, there must
be two components of the electric field, one perpendicular to director, E, cos(AB), and the other

parallel, E, sin(AB). So the components emerging from the second slice are
Ei(z,t) = Eysin(AB) cos(n kod — wt),
Ey(z,t) = Eg cos(AB) cos(n kod — wt + Ankyd).

Therefore, the emerging light is polarised elliptically, with 8 being the angle between the angle of

the semi — major and x axis where

1 _1 [2EgxEqgy cos AP
S = -tan 1<—x2y . .
on_EOy

Applying the limits p > 1, and Ank,d < 1,  can be approximated to be
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1. 4 —AB
B = > tan (—tan(2A8)) = {E —Ap

2

Since g is the angle between the semi — major axis and the x axis, and Ag is small, the first result

would mean that the resultant polarisation is nearly parallel to the x axis. This results does not make

sense since the incident light is polarised along the y axis. This means that the only real result is g -

AP where the emerging ligh is near parallel to the y axis. As a result, the light emerging from the
infinitesimal nematic slice has its director rotated slightly and since Ank,d is extremely small the
light is still linearly polarised. The overall effect is that of an optical rotator, with the linear
polarisation rotating with the director. This is called a waveguide regime for propagation and is
commonly used in display devices where it is required to rotate the polarisation by 90° or 270°

causing the light to emerge with polarisation perpendicular to the incoming light [2].

For short pitch lengths the optical response is much more complicated, however due to the
periodic nature of the phase, a special case arises when the wavelength of incident light A, = np. The
special case is also the condition for Bragg’s law; this causes the complete reflection of one
handedness of circular polarisation of that wavelength, and is commonly referred to as Bragg
reflection[17].

Basic construction and geometry of liquid

crystal devices

In the discussion so far, liquid crystal directors have been assumed to be perfectly uniform. In
reality this is rarely the case without a surface treatment or external fields. In order to utilize their
potential, liquid crystalline materials need to be confined, and using surface treatments on the

boundaries of the liquid crystal, its properties can then be manipulated.

Liquid crystal cell

The most common way to confine and manipulate liquid crystal is by using a liquid crystal cell. A
basic cell schematic is shown in Figure 10. The cell is composed of several layers. First the glass
substrate forms a basis for everything to be built upon, it is transparent so that any optical change can

be observed. Then a layer of Indium Tin Oxide (ITO) is used as electrode to apply an electric field
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across the cell, which is transparent as well. Finally, a layer of alignment is used to influence the

director orientation.

- Indium Tin
Aligning
Oxide Glass
Liquid crystal sample polymer |- i —
layer Conducting substrate

Layer

Figure 10 Experimental cell used to study liquid crystalline materials.

The two most common and simplest orientations of molecules are the planar and homeotropic
alignment, which are induced from the alignment layer. Planar alignment is where the molecule’s
long axis lies in the plane of the cell. To achieve planar alignment, a thin layer of polymers like
polyvinyl alcohol (PVA) or polyimide materials are deposited onto the glass substrates. The
alignment layer then needs to be rubbed; the rubbing process causes microgrooves to form along the
rubbing direction [18]. The typical way to create the grooves is to rub with a velvet cloth. One of the
reasons why rubbing works for aligning liquid crystals is that the micro-grooves are rubbed into the
alignment layer and this causes the molecules to lie in parallel to the grooves[19-22]. The influence
from the alignment layer deteriorates with increase the cell gap, and at distances above 50um, the

alignment layer has little to no effect on the director orientation[23, 24].

To achieve homeotropic alignment, hydrophobic or hydrophilic materials such as lecithin [25] are
used. The material is usually dispersed in water then the solution is evaporated. The process causes
the alignment molecules to lie with its molecular long axis perpendicular to the surface as shown in
Figure 11. The structure formed by the alignment layer then forces the liquid crystal molecules lie

perpendicularly to the glass surface.
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Figure 11 Homeotropic aligned calamitic molecules lying perpendicular on glass substrate.

Indium Tin Oxide (ITO) is a transparent conducting material that is most commonly applied to

the glass substrates, to act as electrodes, allowing observations of electric field effects in situ.

The thickness of the liquid crystal layer in the cell can be set from the cell gap. The cell gap in
turn is determined from spacers, which are either dispersed throughout the cell or just at the periphery
of the cell. The spacers are made from hard materials typically silicon or Mylar so that the cell gap is
not easily distorted. Spacers dispersed throughout the cell could distort the local director field around

the spacer and could be detrimental in certain situations.

There are some limitations with this simple device geometry. Firstly, the alignment only causes a
uniform director field throughout the cell; any other complex director field is unable to be achieved
with this simple construction. Secondly, the electrodes can only produce electric fields perpendicular
to the cell plane, and are unable to produce any field in the plane of the cell. More complex

arrangements of the cell will be explored in the next section.

Twisted Nematic (TN) alignment

In addition to the two most common alignment geometries, the planar and homeotropic, there are
many other types of alignments which create a complex director field for a range of purposes. One
such alignment is the Twisted Nematic (TN) alignment. In the TN cells, the alignment direction on

each of the glass substrates is at 90° to each other as shown in Figure 12.
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ﬁfﬂf Rubbing direction

Figure 12 The perpendicular alignment between the top and bottom glass substrate causes a twist in the nematic

structure of the liquid crystal

Near the surfaces, the alignment layer forces the liquid crystal molecules to align along the
rubbing direction, therefore rotating the director by 90° through the cell from one substrate to
another. Thus, in TN cells there is an intrinsic twist deformation occurring throughout the cell. As

discussed earlier, when the condition p > 4, is met, the liquid crystal acts as a polarisation rotator. In
a twisted nematic cell, thep = % > Ao, conditions enables any liquid crystal to act as rotator. When

TN cells are placed in between crossed polarisers, there is a maximum transmission when the
alignment direction is either perpendicular or parallel to the polarisers. The maximum transmission
state is in contrast to the planar cells where this would produce a dark state where no light is
transmitted. Interestingly there is no dark state for the TN cells in between cross polarisers and
minimum transmission occurs when the TN alignment is 45° to the polariser direction. These cells
are commonly used in display devices, since TN cell would be in a transmission mode without any
electric field application. TN cells are commonly used in “passive” displays [26] as they require little
power to operate and useful for devices which run on battery to reduce the need to frequently change

the battery.

Interdigitated cells

One way to obtain electric fields within the plane of the cell is to use interdigitated cells referred
to as In-Plane Switching (IPS) cells. In IPS cells, the electrodes the red and black regions seen in

Figure 13, are etched into an interdigitating pattern shown in Figure 13 (Bottom).
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Figure 13 (Top) A side on view of an IPS cell where the black regions are the negative electrodes, red regions are the
positive electrodes (the electric fields are as shown), and E is the overall electric field. (Bottom) a top down view of the

IPS cell where the interdigitated electrodes can be seen.

In this way an electric field E, shown in Figure 13, can be produced in the plane of the cell. The
electric field strength is dependent on the electrode gap and the electrode width. The major drawback
to IPS geometry is the non-uniformity of the field induced shown by the field line in Figure 13 (Top).
Since the electrodes cannot be extended in height to infinity, there exists a non-uniform field
produced from the edges of the electrode. The non-uniform field leads to a higher electric field region
near the electrode edges. The non-uniform field also complicates any effect from the liquid crystal,

but these cells are simple to construct and uniform over large regions.

Summary

In this chapter we have discussed some basic concepts of liquid crystals. Many important
fundamental properties, like birefringence and chirality are introduced. Basic investigation techniques
have been discussed which will be employed later to understand more complex properties of liquid
crystals. In the future chapters, investigations based on the fundamentals presented here are built upon

to develop an understanding of the behaviour of complex liquid crystals such as bent core liquid
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crystals. The next chapter will explore in detail the properties which arise from the nematic phase of

the liquid crystal.

Outline of thesis

Chapter 2: Physical properties of nematic liquid crystals

To understand how introducing intrinsic bend into liquid crystal phases will affect the phase, first the
properties of a conventional liquid crystal must first be understood. The theory of elasticity will be
introduced in this chapter. How distortions to the director within the nematic phase will affect the
liquid crystal systems. Then, the effect of electromagnetic fields on the director will also be examined.

Finally, flexoelectric effect will also be theoretically explored and its electro-optic effects.
Chapter 3: Experimental techniques in investigating liquid crystal materials

In this chapter several techniques to measure the properties of liquid crystals will be explored.
Experiments will be conducted by finding the elastic constants of liquid crystals and tested on
calamitic liquid crystal 5CB. X-ray diffraction is also used when investigating the structure of liquid

crystals; this will also be explored and some fitting processes are developed.
Chapter 4: Investigation of unusual elastic properties in bent core liquid crystal

Many bent core liquid crystals have shown unique properties even in the nematic phase. This suggests
that introducing bend into liquid crystal phases can alter their phase significantly. There are
anomalous elasticity behaviours seen in bent core liquid crystals. The elastic constant in mixtures of
bent core and calamitic liquid crystal is also measured and the anomalous behaviour is seen to
increase with increasing bent core dopant. The elastic constants in a series of oxadiazole based liquid
crystal and thaidiazole based liquid crystal is measured and the anomalous behaviour is only seen in
oxadiazole materials. Theoretical calculations are performed and compared with experimental data,

origin of the anomalous behaviour is discussed.
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Chapter 5: Investigating the filament structure in mixture of bent core and

calamitic liquid crystals

A unique filament structure is seen in one of the mixtures of bent core and calamitic liquid crystals
studied in chapter 4. The structure is investigated with several techniques. Polarising microscopy is
used to explore the nature of the phase and shows that it differs from the nematic phase. X-ray
diffraction was performed to analyse the structure of the phase. The dielectric properties will also be

analysed and the nature of the filament is discussed.

Chapter 6: Unusual Flexoelectric Switching

Introducing bend in even the simplest liquid crystal phase, the nematic phase, has already shown to
significantly alter the phase. Introducing the bend into a chiral nematic phase can show as the
flexoelectric effect, which has been speculated to be great in bent molecules. The flexoelectric effect
studied in a few mixtures of dimers and calamitic liquid crystals have shown to produce an unusual
switching mechanism from an electric field. The unusual switching effect of some mixtures is

explored and attempt to resolve the origin of such effects.

Chapter 7: Summary and future works

Introducing bend into liquid crystal phases have been shown to alter even the simplest nematic phase.
Here we will review and summarize the work, how bend changes the phases and discuss any future

work possible to further our understanding of these systems.
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Chapter 2 Physical properties of nematic

liquid crystals

Introduction

Since this thesis focuses on the nematic phase of bent core liquid crystals, a basic understanding
of the physical properties of nematics must be developed. In chapter 1, some fundamentals of liquid
crystals were discussed. Within a nematic liquid crystal, the molecules on average point along +ii in a
uniaxial system. Nematic liquid crystals in the presence of limiting surfaces and external fields will
result in some form of distortion in the director field which may permeate throughout the material.
One way of understanding the changes to the director is to use continuum theory, starting with

examining the free energy of a nematic liquid crystal system.

Continuum theory

Free energy of nematic liquid crystals

As seen commonly in nature, any system will adopt the configuration that has the lowest free
energy. By determining the free energy of nematic liquid crystals, the conditions for which the free
energy is minimised will be the configuration the system adopts. This process was originally explored
in papers by Frank [1], Oseen [2], and Zocher [3]. The detailed mathematical processes are given by
those papers and repeated in many text books on liquid crystal such as “Physics of Liquid Crystal” By
P. G. de Gennes and J. Prost [4], but here we follow the approach found in “Introduction to Liquid
Crystal: Chemistry and Physics” by P. J. Collings and M. Hird [5]. There are three components of the
director and three physical dimensions in the reference frame; together, this makes a vast number of

combinations of configurations possible. However, there are certain limits on the possible distortions:

e There can be no term for which 7 and —# give different energy values.

e There can be no linear terms of variation of the director except for within chiral
systems; in chiral systems one linear term is allowed.

e The configuration has to obey Stoke’s theorem where the divergence integrated over

the volume must be equivalent to the surface integral.
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The restriction to the configurations reduces the free energy per unit volume to three terms:

Ry =2K [V A +1K[0 - (7 x D) + 217 x (7 x ), i

Here K,, K,, K5 are analogous to the spring constant in classical mechanics, and are referred to as
elastic constants in liquid crystal systems. Their corresponding factors describe the types of distortion
possible for the director to make, in a nematic liquid crystal. The elastic constants’ specific value
describes the susceptibility to each distortion, the larger the value to more resistant to the distortion.
The exact meaning of the corresponding factors can be found by considering the director along the z-
axis. Therefore the first derivative of n, with x,y,z is zero at this point, and evaluating each

derivative gives:
2
- =[(5), (),
[A- (VX A)]? = [(%)yz - (%)x,zr, 2.2

[A X (Vx 7)]? = (%)ZW + (%)Zx,y'

The distortions possible are shown in Figure 14. They have been named splay, twist, and bend. Thus

K; is the splay elastic constant, K, is the twist elastic constant, and K is the bend elastic constant.

=
-
g
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Figure 14 The three types of distortions (left) splay, (middle) twist, and (right) bend.
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The splay distortion describes the tilt of a director’s long axis away from the z axis, as shown in
Figure 14 (left). The twist deformation is the gradual rotation of the long axis of the director with
respect to the same short axis direction as shown in Figure 14 (middle). Bend is the deformation

where there is a tilt of the director’s short axis away from x axes as shown in Figure 14 (right).

Energy due to electromagnetic field in nematic liquid crystals

External fields are often used to manipulate liquid crystals. Understanding how electromagnetic
fields interact with liquid crystals is important since most liquid crystals molecules contain a
permanent dipole, commonly along the molecular long axis. When the dipole is placed in an electric
field, the dipole will try to align parallel to the electric field to minimise the free energy. To find the

energy due to an electric field, we follow the process in [5].

If we consider the effect of E on a nematic director 7 and then the electric displacement D induced is:
D = ¢E, if E is parallel to A
D =¢,E, if E is perpendicular to A

where ¢ is the dielectric constant of the material, and ¢, €, describes the components of the dielectric

constant parallel and perpendicular to the director respectively. If E makes an arbitrary angle with 1,

then the electric displacement D becomes

Often in nematic liquid crystals the dielectric anisotropy is positive Ae > 0; thus the free energy of the

system is found to be:

F=F— /D -dE=F—1e B2 —10e(n-E)".

The term %EJ_EZ is independent of 72 and may be omitted for the rest of the discussion. The term

-\ 2
of interest is the last term%As(ﬁ . E) , describing the energy induced by an electric field within a
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nematic liquid crystal. We note that for 7 parallel, the energy due to an electric field Eis 0 as

expected.

Similarly, an expression for energy from an applied magnetic field can be derived. For magnetic

fields, the effects are derived from the molecular structure of the liquid crystal, which commonly are

aromatic and diamagnetic. If a magnetic field His perpendicular to the plane of a benzene ring (a
common component of calamitic liquid crystals), then the current will be induced in the ring and
produce an opposing magnetic field. Similar to the case in electric fields, the ring prefers to align
itself parallel to the magnetic field. Through a similar mathematical process, the energy from a

magnetic field can be found to be:
1 A —\ 2
EAx(n . H) .

Analogous to the term for the energy from an electric field, when the director is parallel to the

magnetic field the energy is 0 as expected.

Fréedericksz Transitions

In most real life situations liquid crystal experiencing external forces will be confined in a cell
device as discussed in chapter 1. Thus the limiting surface will affect how the bulk liquid crystal is
reacts to the external field. Now consider an electric field that is applied in the plane of a cell to the

liquid crystal within a cell.

A

Figure 15 A perpendicular electric field through the page is applied to a planar aligned nematic cell.

Let us consider the geometry shown in Figure 15 where the liquid crystal has a positive dielectric

anisotropy. Initially fi is constrained to point along the x-axis, and an electric field Eis applied
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perpendicularly to 7 along the z axis into the page. We define an angle @ as the angle between the

director and the x-axis [5].

To simplify the situation let us assume that the anchoring energy from the alignment layer is

infinite so that 71 is constrained to the x-axis then at the boundaries ® = 0, @ would increase along z
until it reaches a maximum at z = g, where d is the cell gap, and then begins to decrease until z = d,
where @ = 0. We can calculate the elastic energy associated with the distortion since

n, = cos[O(2)], and n, = sin[0(z)].

Each of the free energy component from equation 2. 2 the derivatives are calculated to be

[Ax (Vx7A)]=0.

Clearly only the twist deformation exists, this is expected as the electric field would only rotate
the director causing only the twist deformation to occur if a sufficient field is applied. Now consider
the total energy of the system. The energy per unit volume of the total system is the sum of the energy

from electric field and the elastic energy. Equation 2. 1 becomes
1 de\? 1 .
F=-K, (—Z) - ESOASEZ sin? @,
where g, = 8.854 x 10712 Fm™1 is the permittivity of free space.

Minimum energy of F is the most favoured state, and since @ is a function only dependent on z, we
need to find the function @ (z) which yields a minimum energy. Since the variation is only in z we

need only to consider the free energy per unit area
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_df1 de\? 1 s . o
Fp= |, [EKZ (E) > €odeE? sin 0] dz .

To minimise F,, variational calculus is employed, by using the Euler-Lagrange equation. This will

yield a ©(z) function with minimum energy

d?e 2 .
K2;+ eAeE*sin® cos © = 0.

2

2.3

Making equation 2. 3 dimensionless would simplify it by making it easier to understand. This is

accomplished by substituting

¢ = 2, and £ = K
goAcE?

into equations 2.3. The latter can also be made dimensionless with

$a = %-
The simplified equation of 2. 3 has the form

deQ . _ 2.4
de—cz+sm00059 =0.

It is not difficult to obtain a numerical solution to equation 2. 4 by using appropriate values of ¢,

and guessing a value % at ¢ = 0. When going through the numerical procedures, it is quickly realised

that if &; > % then 8(¢) = 0 everywhere. This means that below certain electric field strengths, no

distortion takes place, known as the Fréedericksz threshold. It is then possible find a solution in terms

of elliptic integrals and can find the threshold field as

e
|
Qll

gode’

36



For different orientations of the electric field with respect to the director, the threshold electric
field needed to reorient liquid crystal molecules depends on different elastic constants. For planar

aligned cells with electric field perpendicular to the plane of the cell the threshold, the field becomes

E; = g /EKZE, for homeotropic aligned cell and electric field in the plane of the cell then the threshold
0
field becomes E, = = |25,
d | €0de

Flexoelectric effects in liquid crystals

In most calamitic liquid crystal phases there is degeneracy about the molecular long axis. If a
transverse dipole exists, then introducing an electric field will break the degeneracy due to the
induced polarization; this in turn will give rise to many structures that can affect the properties of the
phase. In liquid crystals, elastic strain coupled with electric polarization can lead to other deformed
structures. Similarly, a deformed structure can lead to a permanent polarization. Originally predicted
by Meyer et al [6], this phenomenon is now commonly accepted as flexoelectricity [7]. The
flexoelectric effect is highly dependent on molecular shape and transverse dipole, thus can be
particularly strong in bent core liquid crystals. Similarly, there also may be a strong flexoelectric
effect in tear shaped molecules with a longitudinal dipole. Using Meyer notation, the flexoelectric

polarization is defined to be:

Priexo = €1 (V- M)A + e3(V x A1) X A, 2.5

where e;, and e; are the splay and bend flexoelectric coefficients respectively.

In many cases the flexoelectric contribution to free energy can be ignored either due to the
flexoelectric coefficient being too small or the effect is outweighed by the dielectric polarization
effect. However in some circumstances the inclusion of the flexoelectric free energy contribution is

important to describe the complete electric field induced distortion in liquid crystals [8, 9].
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Electnic Polansateon

Figure 16 bend molecules with polar ordering inducing an electric polarisation in the same direction.

Flexoelectricity is an example of the electromechanical properties of liquid crystals [10]. Since
bent core liquid crystals have an innate polarity due to their molecular shape, this is expected to
promote flexoelectricity in molecules that have a strong transverse dipole as shown in Figure 16. It is
easy to see that with polar ordering there would be a spontaneous electric polarisation due to the
alignment of the dipoles. The reverse is also true to electric field applications as it would induce

ordering in the material due to the coupling of molecular shape and dipole.

Flexoelectricity in chiral nematics

The flexoelectric effect is observed as an electro-optic effect in chiral nematic liquid crystals.
When a chiral nematic is placed in a homeotropic cell like those discussed in chapter 1. The chiral

nematic exists in a structure shown in Figure 17.

.‘— "

/' Optical axis

Glass substrate

v
&

Director

Figure 17 The ULH structure of chiral nematic liquid crystal in a homeotropic cell with the optical axis along the

helical axis.

The structure, referred as the Uniform Lying Helix (ULH), is incompatible with the planar
boundary conditions and is splayed and bent in the regions near the boundaries [11]. Thus according

to equation 2. 5, the flexoelectric polarisation can arise in those regions and interact with the electric
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field. The ULH orientation is not the preferred orientation for chiral nematic liquid crystals in
conventional cells. Many methods have been explored to achieve ULH, cycling temperature under
voltage application[12-14], periodic boundary conditions[15], and tri-electrode cells[16]. In this
geometry when a field is applied perpendicular to the cell plane, due to the flexoelectric deformation
near the surface regions, the optical axis does not coincide with the initial orientation of the helix but

forms an angle ¥ shown in Figure 18. This was first observed by Patel and Meyer [17].

Hedix anks/Dptical s Helix axs  Dptical axis

Figure 18 ULH structure under electric rotates the optical axis by an angle ¥.

The free energy of the system in an electric field is the combination of elastic, dielectric, and

flexoelectric contribution.
F=Fv_ﬁfl€x0'ﬁ_ﬁ.g 2.6

The first term is simply the free energy due to elastic properties, the second describes the flexoelectric
coupling between strain and polarisation, and the last term is the free energy from the dielectric
response. Since dielectric contribution is much larger than flexoelectric contributions in most cases,
the flexoelectric effect is only prominent in materials with low Ae where dielectric response is small.
To see the consequence of the flexoelectric effect, equation 2. 6 is simplified by assuming that Ae >
0, thus K = K; = K3, and e = e; = e3. For director components parallel to the cell plane, x, y-plane,

and n, = cos ¢, n,, = sin g, the free energy now becomes:

1 e\ 1 2m 0¢\2 do 1
F=>K(==) 5K (———) — eE —— + — AE? sin?
2 (ay) —27%\p ox € 8y+8n S ¢
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The first two terms are the energy from the elastic properties, and the last term is the flexoelectric

response. Upon minimising the free energy, this results in ‘;—;’: = 2?” and ‘;—;’j = % If the rotated helical

axis is represented by the wave vector k, then|k|cosW = 2?" and |k|sin® = % and the rotation

angle is given by:

epE
tan(¥) = Py

What is observed as a consequence of the flexoelectric effect is the tilt of the optical axis
perpendicular to the electric field and in the plane of the cell by angle ¥ as observed. In situations
where the splay and bend elastic constant, and flexoelectric coefficient are not equal, the equation

becomes [18],

(e; —e3)pE

tan(‘{’) = m

Raman Scattering

When a light source is incident on a material, most of the scattering that occurs is elastic, where
there is no energy transfer. This is commonly called Rayleigh scattering. However there are many
inelastic scattering modes in which energy is transferred to the molecules [19]. One of the inelastic
scattering modes is Raman scattering. Raman scattering is an interaction between the photons of an
incident beam and the phonons of the molecular resonance vibrations and rotations. The molecules
can absorb the resonance energy from the incident photon, called Stokes Raman scattering, resulting
in a lowering of the reemitted photon energy. The molecule can also transfer the resonance energy to
the incident photon, called anti — Stokes Raman scattering, resulting in an increase in the remitted
photon energy. The Raman scattering modes causes the remitted light to have a shift in wavelength
with respect to the incident beam, and thus Raman scattering is a powerful diagnostic tool for
identifying chemical species [20]. The intensity of the scattering is dependent on the polarisation of
the incident light and the director. This property of the Raman scattering can be utilised in creating a
director profile for the nematic liquid crystal, and will be used in chapter 5 for trying to understand the

director profile while undergoing electric field induced switching.
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Summary

In this chapter the physical properties of nematic liquid crystals have been reviewed. Minimising
the free energy derives the expressions for the three eigen-distortions possible in nematic liquid
crystal. Then how the elasticity influences the liquid crystals response to external fields resulting in
the Fréedericksz transition was overviewed. Flexoelectricity in chiral nematics is also discussed due
to the unique electro-optic effect it produces. Raman scattering and how it can be used in analysing
director profile was also briefly discussed. Now that basic properties of nematic liquid crystals are

understood, the methods used to find these physical properties can be explored.
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Chapter 3 Experimental techniques In

Investigating liquid crystal materials

Introduction

In chapter 2 the responses of an electric field for the nematic liquid crystals were discussed. In
particular, the importance of the Fréedericksz transition in electro-optic responses was detailed. In
order to understand how including bend into the bulk nematic structure will affect the fundamental
properties of liquid crystals, its conventional behaviour needs to be examined. Most liquid-crystal-
based display devices rely on the electro-optic responses; understanding the Fréedericksz transition is
not only important for understanding its fundamental properties, but also for practical device
development. In this chapter the measurement techniques relevant to determining the fundamental
properties, such as elastic constants, will be explored. Small angle x-ray scattering (SAXS) can reveal
details of the molecular orientation of liquid crystals, will be a powerful tool in understanding how
phases are altered with the inclusion of bend. A method to analyse the SAXS pattern will be
discussed. Many of these methods will be utilised in measuring properties of bent core nematic

systems.

Measuring elastic constants of nematic

liquid crystals

There are many techniques that measure elastic constants of liquid crystals. Since the
Fréedericksz transition is dependent on the elastic constant, this is a popular approach to measuring
the elastic constants relying on determining the threshold voltage of the nematic liquid crystal.
Depending on the geometry of the nematic phase, only one elastic constant can be determined from
the Fréedericksz threshold. A capacitance — voltage [1] fitting method can be employed to find both
the splay and bend elastic constants in a planar cell. The twist elastic constant is more difficult to find
and two methods, an In-Plane Switching (IPS) cell [2] and a Twisted Nematic (TN) cell [3], of
measuring the twist elastic constant will be explored; both methods are utilised in later chapters in

exploring the properties of bent core liquid crystals.
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Capacitance - Voltage fitting method to find splay and bend elastic constants

Consider the cell geometry described in chapter 1 with planar alignment and the electric field
applied perpendicularly to the cell, the structure of the cell in this case is very similar to a parallel

plate capacitor. The capacitance of a parallel plate capacitor is

C — EOETA 3 1

where ¢, is the dielectric permittivity of free space, ¢, is the relative dielectric permittivity, A is the
active area, and d is the distance between the parallel plates. The only term of interest is &,., as this is
the relative dielectric constant of the medium between the electrodes. Since the medium is liquid
crystalline, and is thus anisotropic, the relative dielectric constant is dependent on the orientation of
the director. By analysing the director’s orientation under the influence of an electric field, as

described in chapter 2, the elastic properties can be determined.

In the initial state of a planar aligned cell, the director is lying parallel to the plane of the cell and
perpendicular to the applied field, in this case €, = €, . If a voltage greater than the threshold voltage
is applied to the cell, then the ¢, will increase, if Ae > 0, since the director will try to align parallel to
the electric field. The director can be considered to be completely constrained at the boundaries for
the condition of infinite anchoring; making it is impossible to completely align the director throughout
the cell. Thus with increase to high field strengths there is a limit to the maximum &,., an asymptote

of 5".

To determine &,., the other terms in equation 3. 1lalso need to be accurately measured. Measuring
the active area and the cell gap may introduce many other sources of error, however by comparing the
capacitance of a filled cell with that of an empty cell the other terms can be eliminated. The

capacitance of an empty cell is defined to be

A
Cempty = E(jT
3.2
The other terms can be eliminated by simply dividing the equation 3. 2 by equation 3. 1 € = &
empty

The capacitance is measured from a bridge circuit; the equipment consists of an Agilent Precision

LCR Meter E4980A which measures the dielectric permittivity across the frequency range 20 Hz — 2
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MHz using a 0.05 V. probe voltage, where necessary in the presence of an AC electric voltage of up

to 20V. The typical relative dielectric constant response to an applied voltage is shown in Figure 19.

18+

16 -
14 L]
12

10

0 2 4 6 8 10 12 14 16
Voltage (V, )

Figure 19 The relative dielectric constant of 5CB (molecular structure shown in chapter 1) at room temperature as a

function of different voltages

Initially from Figure 19 the dielectric permittivity perpendicular (¢,) can be determined as the
value that is initially measure at V.., = 0 which remain constant below threshold voltage. In chapter

2 the threshold voltage V, was found to be

Ky
gode’

VtzEtdzﬂ

3.3

At voltages where V <V, then the dielectric permittivity is in-between the parallel (¢;) and
perpendicular components g, > &, > ¢, , in this region there should exist some combination of
perpendicular and parallel component of the dielectric constants, this should give a curve that

gradually approaches the asymptote of ;. Thus ¢, can be approximated from the value at high
voltages. The full curve is actually dependent on % so using the previously obtained K; from the
1

threshold voltage it is possible to find K5 from equation [4]

vV _ — . /2, Fg
/VtKI—Zn Y1+ ysin®Pp) 2 ] (Wlﬂdw, 3.4
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where Fi () = 1+ ksin2¢y,, F;(0) =1 —sin2¢y, , E,(p) = 1 +ysin2yy,, k= (K3/K;) — 1,
Yy = (g /eL) —1andy,, is the director angle in the centre of the liquid crystal layer in case of
planar alignment. The curve is dependent on different elastic constants and that depends on the
geometry of the cell and orientation of liquid crystal. In a planar cell geometry with positive dielectric

material the splay elastic constants, K; and the bend elastic constant K5 are calculated.

The data can be fitted using a computer program, the program used in this thesis was written by P.
Brimecombe (University of Manchester). By using nonlinear fitting, the data can be fit to obtain
values for the elastic constants. This is done by creating a dummy set of data from the equations
describing the threshold, and the gradient to the asymptote. Then nonlinear fitting will attempt to find

the values of the variables: ¢, g, Ky, K3 which will give the dummy data closest to the actual data.

Another important aspect of the fitting process is to be able to accurately determine K, since K;
is dependent on K;. To be able to determine an accurate K;, a clear threshold voltage must be
obtained. In order to get a good fitting, more data needs to be recorded around the threshold voltage.
By using a logarithmic scale to determine the voltage intervals measured, we can ensure more data is
taken in the regions close to the Fréedericksz transition to give a reliable fitting. The expected result
would be a sudden and sharp increase of the dielectric constant at the threshold voltage. However,
what is often seen is a smooth transitional increase in the dielectric constant; this is because there is a
slight molecular shift so that the director is not perfectly aligned parallel to the glass surface called a
pre-tilt. The pre-tilt means that there is no perfectly sharp Fréedericksz transition at the threshold
voltage. Using this fitting method gives an error of 5% for K; and 8% for K3, this is because K; only
depends on the threshold voltage while K5 depends on the gradient and K; giving it a larger error. The

dielectric anisotropy can also be fit with an absolute uncertainty of 5%.

Before investigating complex liquid crystal such as bent core liquid crystals, it is important to
understand how conventional calamitic materials behave. A common liquid crystal is 5CB, discussed
in chapter 1. 5CB exhibits only a nematic phase at room temperature making it very easy to work
with. Using the capacitance method discussed and fitting the resultant curve K; and K; can be
determined. In Figure 20 the elastic constants of 5CB are plotted together with data taken from

Bunning et al [5].

46



K, Measured

K, Measured

K, from Bunning et el
3

K, from Bunning et el

<
4 > o

=z
S A % v
~ 5
X ; ; iA§
4 A
LI
3 L
A
5] (]
T T T T T T T T
16 14 12 -10 8 6 4 2 0
T-T(K)

Figure 20 Measured K, and K3 values for 5CB using fitting method compared to results from Bunning et al [5]

The elastic constants were obtained using the Fréedericksz transition with magnetic field in
Bunning et al and they fitted the threshold and the entire curve in a similar fashion to what was
described in this section. Bunning et al measured the entire nematic range of 5CB. The measurements
| carried out were only above room temperature. Both measurements are in excellent agreement with
each other, since the experiments utilised similar methods, one with an electric field and the other

magnetic field, the data is expected to be in excellent agreement.
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Figure 21 Measured K, and K3 values for 5CB using capacitance voltage fitting compared to results from Cui and

Kelly using light scattering [6].

Figure 21 shows the capacitance voltage fitted elastic constants with data obtained using a light
scattering technique to measure K; (circle), and K5(square) of 5CB. In Figure 21 there is a discrepancy
between the elastic constant measured to the values from Cui et al. Since the light scattering method

of measuring elastic constant is dependent on different parameters, the errors involved are distinct and
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there is a discrepancy in the absolute values between the methods. The temperature dependence in the
data is still very similar for both measurement methods, thus the relative error for both methods are

good and in agreement.

The capacitance voltage fitting method in determining splay and bend elastic constants is
consistent, and reliably gives the temperature dependence when compared to other methods. In this
study, the calamitic liquid crystal properties will first be determined by using the capacitance voltage
fitting methods and then compare them to the values in bent core liquid crystal giving an accurate

comparison.

Measuring twist elastic constant

The methods discussed here can only provide measurements of K; and K5. The reason of that is
that K, is difficult to measure, mainly due to the difficulty in producing a planar field. In-Plane
Switching (IPS) cells can be used to achieve an in-plane field, however it is non-uniform. Another
way to overcome this difficulty is to use Twisted Nematic (TN) cells; the Fréedericksz transition in
this geometry is dependent on all three elastic constants. Since K; and K5 are simple to determine
using the capacitance-voltage fitting method, this implies that K, can be determined. IPS and TN
methods will be explored in this section in order to find the viability of using such methods in

determining the twist elastic constant in bent core liquid crystals.

Measuring K, using Twisted Nematic (TN) cells

In chapter 1, the geometry of TN cells was discussed, where the alignment direction on the two
glass substrates is perpendicular to each other. The difference in alignment induces an intrinsic twist
to the liquid crystal layer between the glass substrates causing the director to rotate by 90°. By
minimising the free energy of the TN cell, a modified threshold voltage for a TN cell configuration
can be obtained [3, 7, 8]. The threshold voltage V2" in a TN cell is dependent on all three elastic
constants. Using TN cell to measure K, method can be used since K; and K3 can be measured in the

capacitance voltage fitting method.

1
(K3—21<2)]E

s
= Gk

TN
Vin

3.5

The experimental setup consists of measuring the transmission of a light source through a TN cell

between cross polarisers under different voltage applications. An in-house built photodiode is used to
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measure the transmitted intensity through the cell. A sine wave of 1 kHz is applied from an Agilent
33220A waveform generator, and the photodiode signal was measured using an Agilent 34410A

multi-meter.

In a cell that is twisted by 90°, there is no orientation of the director that produces a dark state. As
discussed in chapter 1, the TN cell rotates the polarisation of any linearly polarised light by 90°. If the
alignment direction is initially parallel or perpendicular to the polariser then there is maximum
transmission. If the alignment direction is 45, then there is minimum transmission. The Fréedericksz
transition is found by finding the voltage for which there is a change in the transmission, indicating

the change in the director due to an applied voltage.

Intensity (Arb)

Voltage (V)

Figure 22 The transmitted intensity of 5CB in a TN cell with increase in applied voltage.

A typical voltage response from a TN cell filled with 5CB is shown in Figure 22. At high
voltages, where the directors are mostly aligned parallel to the electric field, the transmission is at a
minimum as expected. Due to some residual background light the intensity does not reach zero. The
variation of intensity results from changes to the different wavelengths of the transmitted light. The
different transmitted wavelengths are due to the birefringence of the liquid crystal between the cross
polarisers. As discussed in chapter 1, the maximum transmitted intensity occurs for wavelengths that
follow the relation mA, = And. Therefore, as the voltage increases the birefringence changes, thus
changing the wavelengths of the transmitted intensity. The photodiode sensitivity is different for
different wavelengths, so it apparently decreases in intensity at 0.76V and 1.36V and increases at
0.99V and 2.12V. There changes are attributed the sensitivity of the photodiode.
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Ideally the intensity would behave as the inverse of Figure 19, where the intensity would start at
the maximum transmission and suddenly decrease at the threshold voltage, and then gradually
decrease until it reaches minimum transmission. The important factor would be that for the voltage at
which the intensity changes from the initial value, the threshold voltage is irrespective of the
subsequent curve. Using TN cells to calculate K, also requires K; and K5 which are obtained from the
capacitance — voltage fitting methods, however this would introduce new sources of error and is

dependent on those values.
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Figure 23 K, measured 5CB from a TN cell compared to a previous study of 5CB [9].

In Figure 23, the resultant K, is shown as determined using equation 3. 5. They are in good
agreement with the data obtained by Coles et al [9] in which a light scattering technique was used to
determine the twist elastic constants. The uncertainty in K, is calculated from the propagating
uncertainties of the elastic constants, dielectric anisotropy, and threshold voltage. It is found to be
~15.7%. Measuring the threshold voltage of liquid crystal in a TN cells is a viable way of measuring
the twist elastic constant. Many of the bent core liquid crystals have negative dielectric anisotropy so
this method is unable to be used to measure those materials, thus perfecting this method, such as by

using filters to produce a better curve, was not prioritised.

Measuring K, using interdigitated cell

Another way to measure K, is to use an IPS cell. IPS cells have interdigitated electrodes to
produce an overall in-plane field, however, locally there is strong nonlinearity in the electric field
produced. Using the in-plane field to induce a twist distortion, it can also be induced into an aligned
liquid crystal; this interaction is simply the Fréedericksz transition. The threshold voltage from the
IPS cells is calculated to be [2]

50



7l K, 3.6

where [ is the electrode gap, and d is the cell gap.

The experimental setup that uses planar alignment, and an aligned cell, with the alignment in the
plane parallel to the electrodes, is perpendicular to the electric field. The cell is oriented so that it is
initially in the dark state when the alignment direction is parallel or perpendicular to the polarisers. In
this position, any twisting of the director would produce more transmitted intensity due to the
birefringence altering the incoming polarisation.

The response from 5CB in an in-plane cell can be seen in Figure 24. In contrast to the behaviour
of the cells used in previous sections, the electric field produced by IPS is independent of a liquid
crystal normal. Therefore, the threshold in IPS is not governed by the voltage, but by its electric field
[2]. Initially the cell is in the dark state and the transmitted intensity is ~400 (this is the background
noise). As mentioned earlier, in a planar cell the non-sharp Fréedericksz transition is due to the pre-tilt

in the alignment, however, in this case the non-sharp Fréedericksz transition is due to a non-uniform
field.
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Figure 24 Transmitted intensity with increasing voltage application for 5CB at room temperature in IPS cell.

Equation 3.6 for a Fréedericksz threshold in IPS cells only takes into account of the field strength
in between the electrodes where there exists a relatively uniform field. The non-uniform field means
that the Fréedericksz transition occurs at different regions between the two electrodes on increasing

voltages, this is shown in Figure 24 as a smooth transition. We tested whether extrapolating from the
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linear portion of the graph to the baseline is a good estimate of what would be seen from the uniform

field. Using this method gives large absolute uncertainties in the measured K.

The error in the threshold voltage can be calculated by examining the difference in the electric
field strength between the non-uniform region and the uniform region. Using IPS as a method to
measure K, gives absolute error ~33% which is much larger when compared to other methods like

using TN cells.
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Figure 25 K, Measured K, using IPS cells threshold voltage compared to Coles and Sefton using light scattering [9]

The temperature dependence of K, of 5CB is shown in Figure 25. Using IPS to measure the
temperature dependence of K, the resulting data is in good agreement with the data obtained from
Coles and Sefton [9]. The uncertainty associated with using IPS cells to measure K, is very large. This
is mainly due to the inhomogeneous field applied. The replicated behaviour means that the relative
error at different temperatures and using the same method is very good. Even for distinct materials
will demonstrate good understanding the changes between materials so long as the same method is
used. Using IPS methods to determine absolute values is less accurate. In this study, we are
investigating the influence of introducing intrinsic bend into liquid crystal IPS cells; this can be a
powerful tool for understanding these effects. In bent core liquid crystals, the simple geometry of the

cell is also advantageous in reducing external influences which complicates the experimental process.
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Small Angle X-ray Scattering (SAXS)

X-rays are able to interact with the electron densities within molecular units. This makes it a
powerful tool to probe any short range periodic ordering such as those seen in smectic phases. Using

the Bragg equation, the scattering distance can reveal periodic lengths within the molecular structure:

nA = 2Dsin(y),

where A is the wavelength of the incoming beam, D is the periodic spacing, and y is the scattering

angle.

For the nematic phase the molecules are oriented in a specific order which results in a slight molecular
periodicity along the direction perpendicular to the director, and somewhat less so in the direction
parallel to the director. In the nematic phase the x-ray diffraction exhibits both small and wide angle

peaks shown in Figure 26.

Figure 26 (left) nematic liquid crystal ordering, (right) and the corresponding x-ray diffraction.

Detailed analysis of x-ray diffraction patterns is explored in Leadbetter et al [10] which details
finding periodic structures and finding the order parameter. The angular distribution can be used to
determine order parameters and the radial distribution can give the size of the periodicity of the short
range order. SAXS is a powerful tool in analysing any periodic structures such as smectic phases. The
SAXS pattern is also dependent on the sample preparation, in an aligned sample the position of the
scattering can also reveal the direction of the structure, as seen in Figure 26(right) where scattering

pattern shows a vertically aligned nematic phase seen in Figure 26(left). In powder or bulk samples,

53



however, the scattering pattern is isotropic due to random orientations of molecules but the periodic

spacing are consistent thus producing an image of a ring shown in Figure 27.

Figure 27 SAXS image of a bulk sample of mixture of bent core and calamitic liquid crystals.

In this thesis only the radial distribution is utilised for finding periodic structures in the bent core
liquid crystals. To analyse the x-ray signal, first a calibration of the X-ray is required. Silver behenate
is a silver salt of long-chain fatty acids, and is usually used since its periodic spacing is well defined
in other methods to be 48.68 A [11-14]. Powder sample’s x-ray scattering gives a symmetric image,
as is the case for silver behenate; the intensity can be integrated over all angles adding all the radial
contributions to create a stronger signal. The integrated signal from silver behenate measured at
ESRF, Grenoble, is shown in Figure 28.
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Figure 28 The peak from the integrated signal from sliver behenate.
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The peak produced from integrating the signal is asymmetric [14], which can be attributed to
severe axial divergence. Thus the fitting of the peak needs to be asymmetric also, such as a split

pseudo-Voigt function

4 (“ G) ) +a-m (=) e—(4”;f?)<x—xc>2)'

where w is the full width half maximum (FWHM), x. is the peak centre, u is the amount of

Lorentzian content in the function, A is the height of the peak.

The split pseudo-Voigt function is a simple addition of Gaussian and Lorentzian functions, with
different a parameter left of the peak centre and right of the peak centre. The Gaussian and Lorentzian
functions are constrained to have the same height, and same FWHM to obtain a peak function.
Only u, the lorentzian content of the function is changed on either side of the peak centre. As seen in
Figure 28 as the red line, the pseudo-Voigt function is a good fit for the sliver behenate and will be

used in analysing the peaks from other liquid crystalline sources.

Summary

Various methods to measure the splay bend and twist elastic constants have been discussed in this
chapter. Splay and bend elastic constants can be measured using the capacitance response to the
applied voltage. The difficulty in measuring twist elastic constant is overcome by utilising two cell
geometries using, a TN cell or an IPS cell. To measure flexoelectric coefficients, an electro-optic
effect in the analysis method of X-ray images for fitting an integrated intensity from an x-ray image
have also been explained. Many methods for measuring constants that define the physical properties
of liquid crystal were discussed in this chapter. The methods discussed in this chapter will be used to
measure the properties of bent ore materials in later chapters. SAXS will be used to understand new

structures formed in mixtures of bent core and calamitic liquid crystals.
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Chapter 4 Investigating elastic properties

of bent core mixtures and compounds

Introduction

Bent core liquid crystals have been a research topic of great interest recently. Introducing a
relatively small change to the molecular structure, such as inducing a bend at the core, has produced
some rather unique behaviours, even in the simplest nematic phase. In many studies, the nematic
phase of bent core liquid crystals have indicated bi-axiality [1, 2], unusual Kerr effect [3], and electro-
convection [4]. Another of these unique behaviours is the anomalous elastic behaviour, where the
splay elastic constant K, is greater than the bend elastic constant Ks [5-12]. This is contrary to
conventional calamitic liquid crystals. In this chapter, the origin of the anomalous behaviour will be

investigated using the methods discussed in Chapter 3.

First an introduction of some of the unique phases that bent core liquid crystals exhibit is given,
and then a view of the existing research on the unusual elastic constant behaviour in bent core liquid
crystals will be developed. Bent core liquid crystals are difficult to study due to their negative
dielectric anisotropy, and high nematic temperature range. Due to the difficulty in measuring elastic
constants, there are limited reports of the elastic properties of pure bent core materials. There are
however several studies relating to mixtures of bent core and calamitic liquid crystals; consequently,
these mixtures were initially investigated. The influence of introducing dopants with intrinsic bend
into a calamitic liquid crystal systems can be assessed relatively simply due to well-understood

properties of the hosts such as 5CB.

Even though pure bent core liquid crystals are difficult to measure, there are some methods that
can be used to investigate the systems. A series of oxadiazole-based bent core compounds with
varying terminal chain lengths are investigated with the aim of understanding the effect of further
molecular shape changes on the elastic constants. Calculations that include information relating to
conformations of the molecules can also be used to predict the elastic behaviour. Thus, calculations
considered in conjunction with experimental results, allows an understanding of the effect of

introducing bend in the system on the elastic behaviour.
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In the final part of the chapter, measurements of the elastic constants in a thaidiazole bent core
compound are reported. This bent core compound is of particular interest because the elastic
properties seen are similar to those in calamitic nematic liquid crystals. By comparing the structural
differences between oxadiazole and the thiadiazole compounds, and considering the calculations of
the elastic constants, a consideration of whether the behaviour is unique to this particular bent core
compound or a more general property arising from the bent core structure, or indeed other factors, can

be made.

The splay and bend elastic constants of the thaidiazole and oxadiazole compounds in this study
were measured by S. Kaur (University of Manchester) and A. Ferrarini (University of Padua)
performed the calculations on the compounds. My contribution was to measure the elastic constants of
the mixtures, investigating appropriate methods to measure the twist and measuring the twist elastic
constants in the pure and mixtures of bent core materials. The difficulty in measuring the twist elastic
constant means that there are almost no other such measurements in bent-core materials. Measuring
the twist elastic constant is vital for providing a complete picture of the bent core behaviour. The
results of this work have already been published in two papers in the Journal of Material Chemistry
[13, 14]

Bent core liquid crystal properties

Bent core liquid crystal phases

As briefly introduced in chapter 1, bent core liquid crystals are commonly composed of long
molecules which, rather than being rod-like, are bent at the core with a particular bend angle
depending on the molecular structure. The bend breaks the symmetry of the system and can introduce
polar ordering in conventional liquid crystal phases, such as the polar ordered smectic phases [15-24].
Even in nematic phases, polar ordering can potentially manifest with bi-axiality [25-27] (noting that
bi-axiality in nematic phases is hotly debated). While the main focus of this study is within the
nematic phase of the bent core liquid crystals, the behaviour of the nematic phase can be heavily
influenced by the phase below its temperature range. The structure of underlying phase may disallow
particular kinds of behaviour, e.g. smectic phases are unable to sustain twist or bend distortions,
causing the twist and bend elastic constants to diverge near the nematic to smectic phase transition,
referred to as pre-transitional divergence. In addition to conventional smectic phases, bent core liquid
crystals can form a variety of other phases with higher order than the nematic phase, known as the

“B” phases. These are reviewed in the paper by Takazoe and Takanishi [28]; of these only the Dark
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Conglomerate (DC) phase is relevant to this study. Thus an overview of the DC formed by bent core

liquid crystals used in this study is required to gain a full picture of the behaviour of elastic constants.

Dark Conglomerate Phase

As previously mentioned with phenomena such as pre-transitional divergence due to underlying
smectic phases, it is important to understand some of the unique phases seen in bent core liquid
crystals. A phase that is seen in a bent core liquid crystal in this study is the DC phase, occurring

below the temperature range of the nematic phase.

The DC phase appears as an isotropic phase, thus the texture through cross polarised microscopy
is a completely dark texture. However by slightly uncrossing the polarisers, domains can be seen in
the texture which contain opposite-handed-chirality [29-33]. The macroscopic chirality is seen even in
cases where the molecules are achiral [34, 35]. Freeze Fracture Microscopy is a method imaging
involving quenching a liquid crystalline phase to very low temperature, where the speed of the
cooling can preserve and 'freeze in' the liquid crystal structure in the solid phase. Then, using various
imaging techniques such as Transmission Electron Microscope (TEM), Scanning Electron
Microscope (SEM), and Atomic Force Microscope (AFM), the structure can be seen. Such imaging
studies, in conjunction with x-ray studies [36-39], has revealed a sponge like saddle-splay layered
structure such as that shown in Figure 29. The dimensions of this structure are sub-optical, explaining

why it appears optically isotropic rather than birefringent.

Figure 29 Sponge like saddle splay structure which exists in layers in the DC phase [40].

Recently there have been further studies into the structural deformations of DC phase under electric
fields. Behaviour such as the coalescence of chiral domain under electric fields [40] and electrically
tunable refractive index in the DC phase [41] occur while retaining the DC structure. While
understanding of the structure is growing, currently, this is still a relatively poorly understood phase.
Relevant to the discussion of the elastic constants, it has been suggested that the saddle-splay structure

can occur if the splay-bend elastic constant becomes very small [13].
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Nematic Phases

Much of the discussion of the nematic phases assumes uniaxial order, i.e. there is only orientation
ordering of one axis of the nematic phase. It was theorized in 1970 that a biaxial nematic phase can
exist, where there is orientation ordering along two orthogonal axes while still having no positional
order [25] shown schematically in Figure 30. It has been suggested that bent core nematic liquid

crystals have the potential to display biaxial properties [1, 2].

Figure 30 A cartoon of a biaxial nematic phase with orientation along both vertical and horizontal axis.

However, as already mentioned, the evidence for biaxial properties observed in nematic phases
has been hotly contested. Studies have shown that cybotactic SmC clusters can display similar
properties to those expected in a biaxial nematic phase [42]. Cybotactic clusters are small clusters of
molecules with smectic ordering within a nematic phase. Cybotactic clusters only appear locally and
can give the appearance of biaxial and polar ordering while maintaining a macroscopic nematic phase.
Cybotactic clusters would normally be associated with critical divergence of the elastic constants in
the nematic phase, emphasising the importance of understanding the elastic behaviour in such

systems.

Recently, significant experimental and simulation work has been carried out to determine the
elastic constants in nematic phases of pure bent-core liquid crystals and also in several mixtures of
bent-core and calamitic materials [5-12, 43]. In almost all cases of pure bent core nematic phases
there is an anomalous behaviour of the splay and bend elastic constants, where K; < K;, contrasting
what is commonly seen in the nematic phase of calamitic materials where K5 > K;. In mixtures of
bent core and calamitic liquid crystals the studies have shown decreasing K5 with increasing
concentration of bent core dopant, while K; showed relatively small changes compared to K;.

However there are few pure bent-core compounds reported to show calamitic-like behaviour i.e. K3 >
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K; [44]. It was proposed by Majumdar et al. in 2011 that cybotactic clusters caused the lowering of
K, and K; relative to K; [5]. However, another explanation for this phenomenon proposed by
Sathyanarayana et al. [6], was to consider that coupling of the bent molecular shape with the bend
distortions of the director causes K; < K;. Very few of studies of elastic behaviour consider the twist
elastic constant due to difficulties in manipulating the compounds and in measuring the twist elastic
constant; indeed, apart from this work, in the few studies that exist, only the elastic constant for a
single temperature is reported. This chapter first describes investigations of mixtures of bent-core and
calamitic liquid crystals, giving an insight into how introducing bend into the system can influence the

elastic properties. The later part of the chapter describes measurements of pure bent-core materials.
Elastic Constants in Bent Liquid Crystalline Systems

Mixtures of Oxadiazole and calamitic liquid crystals

As mentioned before, bent core compounds commonly have relatively high nematic temperature
ranges and often have negative dielectric anisotropy making them difficult to work with. By mixing
bent core compounds with calamitic liquid crystals in room temperature nematic phases, accessible
nematic temperature ranges are obtained in systems with positive dielectric anisotropy. The mixtures
can give insight into the effect of introducing bend into a nematic liquid crystal system. In other
studies, an increase of K; as well as a decrease in K5 are reported with increases in bent core dopant
concentration [45]. In some mixtures the temperature dependence of K; and K5 begins to exhibit
contrasting behaviours at lower temperatures due to the appearance of cybotactic clusters at lower

temperature; this causes K5 to increase rapidly and K; to decrease rapidly [46].
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Figure 31 Molecular structure of the oxadiazole bent core compound (left) dopant 1 (right) dopant 2

In this study two bent core dopants were used in creating the mixtures. Dopant 1 was an
oxadiazole compound with a dark conglomerate lying below the nematic phase, shown in Figure 31
(left). Dopant 2 is also an oxadiazole compound with only a nematic phase, shown in Figure 3 (right).
Dopant 1 has a much higher nematic temperature range than dopant 2, thus mixtures made with
dopant 2 have lower nematic temperature ranges than the mixtures with dopant 1. In all, 6 mixtures
were made, shown in Table 1. All the mixtures exhibit only a nematic phase at room temperature

except for mixture 2 which exhibits a unique phase that is discussed further, later in this thesis.
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Mixture Host Dopant Nematic to Isotropic (Heating) Isotropic
to Nematic
(Cooling)
1 5CB - 95% Dopantl — 5% 37.5°C 39.9°C
2 5CB -90% Dopantl — 10% | Initial Heating: Subsequent 51.7°C
37.2°C Heating: 41.1°C
3 ZL11132 - 95% | Dopantl — 5% 75.6°C 75.3°C
4 ZL11132 - 90% | Dopantl — 10% 82.1°C 80.7°C
5 5CB - 95% Dopant2 — 5% 37.4°C 37.3°C
6 5CB - 90% Dopant2 — 10% 38.3°C 38.2°C

Table 1 Nematic to isotropic transition temperatures of the mixtures measured using DSC. Mixture 2 contains a

filament growth which complicates the transition temperatures and which is discussed further later in the thesis.

The mixtures were made by measuring the appropriate weight percentages for each material then
dissolving them using dichloromethane as a solvent, agitated in a sonic bath at room temperature for 1
hour. The solutions were then heated to 60° until all the dichloromethane had evaporated, leaving the
liquid crystal mixture remaining. All the mixtures were checked using polarizing optical microscopy
and Raman spectroscopy to ensure there was no phase separation. All the mixtures made exhibited
only a nematic phase which existed from room temperature to the isotropic transition temperature
range, with the exception of mixture 2. The temperature of the transition to isotropic is shown is
shown in Table 1. The transition temperatures are measured from Differential Scanning Calorimetry
(DSC). DSC is a method to analyse phase transitions by measuring the heat flow to the material
compared to a reference sample. Depending on more or less heat flowed the transition is exothermic
or endothermic and from the peak the transition temperature can be determined, and due to the wide
peaks that exist for the transitions of the mixture the peak centre is taken as the transition
temperatures. The unique phase seen for Mixture 2 has transition temperature sensitive to thermal
history, with the initial transition on heating differing from the transition determined in subsequent
heating runs. The discrepancy is attributed to a growth of a filament structure observed in the nematic
of the mixture 2.

Mixture of Dopant 1 and 5CB

It is important to first briefly discuss the filament structure seen in the mixture, which will be
investigated fully in chapter 5. The filament growth also eventually occurs in Mixture 1 but the

process is much slower (~1 — 2 days) thus the measurements can be made within a stable, filament-
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free nematic phase. For mixture 2, where there are significant filaments, a nematic-only phase can be
achieved by melting the filaments at high temperature ~80°C then cooling to room temperature, with
filaments forming on a much longer time scale (~0.5 hr) than the measurements (~5 minutes per
temperature). To measure the splay and bend elastic constants, an Agilent Precision LCR Meter
E4980A was used to determine the capacitance as a function of voltage, utilising the capacitance —
voltage fitting method discussed in chapter 3. The twist elastic constant was measured using an IPS
cell with planar alignment perpendicular to the electric field. As was explained in chapter 3, an in-
house built photodiode measured the light transmission through the cell, while an AC voltage was
applied from an Agilent 33220A waveform generator. The photodiode intensity was monitored using
an Agilent 34410A multi-meter and the optical Fréedericksz transition used to determine the twist

elastic constant.

55+ 74
(a) = 0% ( T
% o
5.0 ¢ ’ : ié% o b? % % A 10%
454 ¢ ¢ B % % %
s ¥ 5 : ;
40+ s ¥ _ i
Z s Z ;1
<35 %; < 4 i} ' ;
30 5, o §;
& 3+ i
254 +
o e
2,0 . . . . . : 2 . . . . .
-12 -10 -8 -6 -4 -2 0 -12 -10 -8 -6 -4 -2 0
T-T,(K) T-T,(K)

7 ()

0%

A 10%

Figure 32 Mixtures 1 and 2 elastic constants compared with pure 5CB (a) splay elastic constant (b) bend elastic

constant and (c) twist elastic constant.

Figure 32 presents the temperature dependence of all three elastic constants as a function of
temperature below the nematic to isotropic transition temperature (Tni) for Mixtures 1 and 2. In all

cases, the elastic constants are behaving as expected, increasing with decreasing temperature. Figure
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32(a) indicates that the inclusion of dopant 1 in the 5CB host seems to have very little effect on the
splay elastic constant. Even with 10wt% of dopant 1, there is no significant change in K;. Surprisingly
K5 also shows relatively small changes due to inclusion of bent core dopants. There is a slight
decrease in K5 of ~0.5pN for 5wt% of dopant, shown in Figure 32(b); however there is no further
significant decrease in K5 on increasing the amount of dopant 1 to 10wt%. For K,, Figure 32(c) shows
a significant decrease with the inclusion of the bent core dopant 1, decreasing by ~3.5pN. This change
is much more significant than that seen in the other elastic constants. For the 10wt% of dopant 1 there
is little further change close to Tni, however at ~3K below the transition temperature significant
divergence of K, occurs. Such divergence is more commonly seen in K5 in calamitic nematic phases
on approaching a smectic phase transition, as pretransitional divergence. In the case of mixture 2 it is
most likely that the divergence of K, is associated with the filament growth. The filament structure
either doesn’t support the twist deformation or its growth alters the nematic phase so significantly that

the usual Fréedericksz transition no longer applies fully.

To summarise, increases in dopant 1 concentration have relatively small effect on the splay and
bend elastic constants. The lowering of K, is significant not only in terms of its magnitude but also is
not seen in other similar mixture studies. Importantly, Mixture 1 also shows a consistent, significantly
lower K,, even though there is no filament growth observed. The lowering of K, is greater than K;.
This is surprising since the expected effect of including bent core dopants is to lower K5. The
divergence of K, is difficult to assess due to the unique nature of a phase with filament growth, but we
can see the absolute value is initially very similar to the mixture 1, suggesting that lowering K, is
repeatable. Therefore, it is difficult to generalise whether this phenomenon occurs for all bent core
compounds. The presence of the filament structure also makes it difficult to generalise the results
from mixture 1 and 2, however some further insight can be gained by considering these data in

conjunction with results from the other mixtures.

Mixture of Dopant 1 and ZL1 1132

Initially, we speculated that the filament structure in Mixture 2 may be phase separation, resulting
from the great discrepancy between the nematic phase temperatures of the host 5CB (Tn=34.5°C) and
the bent core dopant 1 (Tn=215°C). Consequently, a nematic host with a much higher nematic range,
ZL1 1132 (Tn = 71.2°C) was chosen for additional mixtures. Interestingly, there was no significant

filament growth at any temperature in the nematic range of these mixtures.
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Figure 33 Mixtures of dopant 1 with ZL11132 as host (a) splay elastic constant (b) bend elastic constant and (c) twist

elastic constant

Mixtures 3 and 4 behave much more predictability due to the lack of filaments in these mixtures.
Figure 33(a) shows that K;does not change much due to the addition of 5wt% bent core dopant.
However on increasing dopant 1 to 10wt%, a slight decrease of ~0.5pN in K, is observed. The
changes observed are very small and consistent with observations in mixtures 1 and 2. For K3, shown
in Figure 33(b), there is a significant decrease of ~2pN after adding 5wt% bent core dopant and there
is a decrease of a further ~2pN with 10wt% dopant. These changes are very significant compared to
those seen in K;. The decrease in K5 is expected, and is similar to that seen in other studies of bent
core mixtures where the bend elastic constant significantly reduces with increasing bent core dopant
concentration [47-49] Figure 33(c) also shows that K, is also significantly influenced; on including
5wit% of dopant 1 a change of ~3pN is observed and a further decrease of ~1.5pN occurs with 10wt%
of dopant 1. Such large changes in K, are consistent with observations in Mixtures 1 and 2. The

change in elastic behaviour in mixtures 3 and 4 is much more significant than in mixtures 1 and 2.

To summarise, K5 reduces significantly; a ~20% decrease occurs with 10wt% of dopant 1, while
K; shows only 5% change for the same dopant concentration. Again, the most significant change is in

K,, with a ~50% decrease at 10wt% dopant concentration, much more significant than the variation in
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K5 . Indeed, while K; and K5 behave largely as expected, it is K, that has the most significant
decrease. While K5 has been the focus of many of the studies of anomalous elastic behaviour in
mixtures, this significant behaviour of K, has not been reported previously, indicating a significant
gap in the literature with respect to understanding the elastic behaviour of mixtures of bent-core

materials.

Mixture of Dopant 2 and 5CB

The suggestion that the filaments observed in mixtures 1 and 2 were due to discrepancies between
the nematic ranges, of the host and dopant materials, led to the use of dopant 2 (Tn=159°C) with its
much lower nematic temperature range. It is noteworthy that even lower nematic ranges would be
desirable, but high temperature nematic phases are a feature of bent-core compounds. Interestingly,

the filament growth is not seen with dopant 2 in mixtures at either concentration.
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Figure 34 Mixtures of dopant 2 with 5CB as host (a) splay elastic constant (b) bend elastic constant and (c) twist

elastic constant

Figure 34 shows the elastic properties of mixtures 5 and 6, which include dopant 2. Figure 34 (a)
shows that K; does not change on inclusion of 5wt% dopant, and only when the dopant concentration

is increased to 10wt% is a decrease of ~0.5pN observed. For K3, shown in Figure 34 (b), there is
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again no change on adding 5wt%, similar to the effect seen in K. A significant change arises from
adding 10wt% of dopant 2, however, leading to a significant decrease of ~2pN. This is much greater
than the effect seen for K shown in Figure 34 (a). For K,, shown in Figure 34(c), there is a
significant decrease of ~2pN even at 5wt%, unlike K4 and K3, and there is very little further change
with 10wt% of dopant 2. The behaviour seen in the previous mixtures was largely repeated for these
mixtures with changes in K5 (~20%), much more significant compared to K (~8%). Again, a much

more significant reduction in K, (~33%) is observed than in the other elastic constants.

Gruler [50] has suggested that the magnitude of the elastic constant can be influenced by the
molecular shape, with a reduction in bend for bent molecules reported in many studies. In the mixture
the elastic constant behaviour seems to be very consistent over different hosts and dopants lowering
both K5 and K, which decreases K, much more significantly. Although mixture 2 contains a filament
growth, which limits the measureable temperature range of nematics, the elastic constants still behave
similarly to the other mixtures. The consistency, despite the filament growth, means that it is likely
that the filaments do not significantly affect the measurements of the nematic phase at low voltages,
with the exception of the divergence of K,. The results do suggest that the discrepancy in the nematic
range between the host and dopant may be the cause of filament growth. With both measure taken to

decrease the decrease discrepancy succeeded in removing the filament structure.

The mixtures measured have shown very similar behaviour as seen in other studies with mixtures
of bent core and calamitic liquid crystals [47-49]. Specifically, increasing bent core dopants decreases
the K5 while K; remains relatively unchanged. There are no comparable studies of the influence on
the twist elastic constant. It is clear from this study, however that for each of the different
combinations of bent core dopant and hosts, there is a significant reduction of K, with increasing bent
core dopant. Qualitatively, this behaviour is similar to that seen in K3, but quantitatively large effects
are seen in K,. It is reasonable to generalise that the inclusion of intrinsic bend into liquid crystalline

systems decreases both the K5 and K, with K, decreasing much more significantly than K;.

The Pure Oxadiazole Compound

The molecular shape is an important factor in determining the elasticity even in calamitic
materials. Structural factors such as molecular length have been investigated in various studies of
calamitic nematic liquid crystals [51-54]. There are many ways in which the molecular length can
change, at one end [53-56] and both ends [51, 52] of the long molecular chain and molecules with the
variable central group [57]. It is generally found that increasing terminal lengths increases the elastic

constants.
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In this study the changes to the terminal chain length are analysed for their effect on the elastic
constants. In order to investigate the effect of terminal chains on elasticity, the elastic constants of a
series of oxadiazole compounds with different terminal chain lengths were measured. The molecular
structure and phase transitions are shown in Figure 35. The compound 1 — 4 decrease in terminal
chain lengths, compound 2 also includes fluorination, and compound 4 has replaced an alkoxy with an
alkyl lateral chain making it asymmetric. Compound 4 was also used in the previous mixtures studies
as dopant 1. This study was performed in collaboration with Sarabjot Kaur, who measured the splay
and bend elastic constant values for these materials and Alberta Ferrarini who performed the
theoretical calculations on the materials. My contribution in this study was to measure the twist elastic
constant, so far very few studies on bent core liquid crystals have been looked at due to the difficulty
in measuring it. The results of this study have been already published in [13]. The elastic constants of
the mixture is measured using the same setup as in the section 3.1, with capacitance — voltage fitting

to obtain K5 and K, and K, was measured using an IPS cell used.
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Figure 35 Molecular structure of four oxadiazole base molecules with different terminal chain length [58].

This series of oxadiazole liquid crystal all have a bend angle of 143°, determined from Raman and
X-ray scattering[59], negative dielectric anisotropy, and high nematic temperatures, again making it
difficult to measure the properties of the nematic phase. Homemade homeotropic cell had to be
constructed to measure the splay and bend constants of these materials. Homeotropic alignment was
achieved using trichloro-octadecyl silane in heptane for the complete nematic range of compounds 2
and 4, for limited range of temperatures compounds 1 and 3. Compound 1 and 2 have an underlying
smectic C phase, while compound 3 have an unidentified smectic phase below the nematic phase
referred to as smectic X in Figure 35. Compound 4 has a DC phase below the nematic phase,

compound 4 have shown many unique properties in previous studies [58, 60, 61].
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Elastic constants

The capacitance-voltage fitting method is used on homeotropic cells to obtain K5 and K, ; the
threshold voltage determines K5, while the whole curve analysis determines K;. The twist elastic
constant was measured using an IPS cell, with the measurement differing from the previous
measurement, as the alignment of the director is perpendicular to the interdigitated electrodes, as
opposed to parallel in previous setups due to the negative dielectric anisotropy. In this configuration
the liquid crystal director is orientated parallel to the electric field; this in turn causes the twist of the

director towards a direction perpendicular to the electric field, due to the negative dielectric

anisotropy.
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Figure 36 Elastic constant of compound 1(open squares), compound 2(open circles), compound 3(open triangle), and

compound 4 (open star) and a) is the measured K, b) is the measured K3, c) is the measured K, [58].

Figure 36 shows that all the oxadiazole compounds exhibit the anomalous behaviour where K5 <
K;. Compounds 2 and 3 could not be measure accurately across the full range of the nematic phase
due to deteriorating alignment. The temperature dependence of K; is as expected for all compounds

increasing with decreasing temperature. For K3, compounds 1-3 behave as expected with increasing
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values on decreasing the temperature. However, for compound 4, while K5 behaves largely similarly
to the other compounds, a slight decrease is observed below T — Tni = —45°C. The decrease in K5 with
decreasing temperature is actually seen in several other studies regarding mixtures [43, 62, 63]. It is
proposed in those studies that the decrease in K5 is attributed to the coupling of the bent shape with
the bend distortion becoming stronger at lower temperatures. In the mixtures, higher bent core dopant
concentrations begin to lower K5 deep in the nematic phase. Although there exists a smectic C phase
below the nematic range in compound 1 and 2, no obvious divergence is seen in any of the elastic
constants (it would be expected particularly in the bend constant). Similar to the behaviour seen in
mixtures, K, again has very low values < 1pN, and although K is generally lower than K; and K3, K,
has been consistently very low throughout our studies into liquid crystalline systems with intrinsic

bend. With many studies focusing on K5 this unique behaviour of K, has largely been missed.

It is clear that there is no significant change in the behaviour any of the three elastic constants on
decreasing the length of the side chains compound 1-3. Compound 4 however has consistently shown
much lower elastic constants, reduced by a factor of ~ 75% across all three elastic constants in
comparison to the other compounds. The main structural change is the removal of the oxygen in one
of the side chains. Oxygen has a very strong dipole associated with the molecule so removal of a
strong dipole might cause significant changes in the elastic properties because of the influence on the
intermolecular interactions. However, the inclusion of fluorine, which also induces a large dipole,
does not produce similar behaviour. The conformations adopted by the alkoxy chain are different

from alkyl chains. Thus the origin of this behaviour may be conformational in nature.

Modelling

Atomistic modelling was performed by Ferrarini et al [14]. The atomistic calculations are based
on mean field theory, which predicts the dependence of the elastic constants on the order parameter.
In the calculations, the elastic constants were derived from the molecular shape, since many
conformations exist for a particular molecular shape. The elastic properties for each conformation are

calculated and a weighted averaged with respect to the probability of each conformation is employed.
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Figure 37 (left) Experimentally determined of compound 4 (left) compared with calculation (right) [58]

Figure 37 shows the experimental and calculated values for splay and bend elastic constants for
compound 4. The calculated data are ~3pN larger than the values obtained experimentally, however
the temperature dependence is in excellent agreement, even showing that at ~ -55°C (S=0.63) the bend
elastic constant begins to decrease with decreasing temperature. A detailed look at each conformation

can reveal details in the exact origin of the anomalous  behaviour.

Figure 38 Calculations of elastic constants for different conformations of oxadiazole compound more elongated (left)
less elongated (right) [14].

The calculations of the different conformations show that the more elongated conformations are
closer in shape to calamitic molecules, shown in Figure 38 (left). Here the behaviour of K5 > K, often
seen in conventional calamitic materials, is recovered. The less elongated conformation in Figure 38
(right) is closer in shape to that expected in bent core molecules, and in this situation the anomalous
behaviour K5 < K; is seen. This further confirms the importance of the bend angle in determining the
elastic constants. The sensitivity of K5 to the bend angle has been confirmed by calculations
performed for nematic systems as a function of the bend angle, especially in the range around 150°.

The lateral chains of the molecule are claimed by some to have a key influence on the elastic
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properties of bent core liquid crystals [44] but the calculations show a more complex scenario. The
lateral chains may instead be of great importance in the stability of the nematic phase [64], and only

directly influence the elastic properties depending on the conformations adopted.

Indeed, since the calculations consider the conformation of the molecules, the shape of the
molecule is shown to be especially important for determining the elastic properties of a bent core
liquid crystal. We can conclude that the anomalous behaviour seen in most bent core liquid crystals
where K3 < Kj; this is purely due to the coupling of the bent molecular shape and the bend

deformation.

Elastic constants of a thiadiazole compound

Although many bent core liquid crystals have the unusual elastic behaviour, recent results on a
bent-core thiadiazole material, shown in Figure 39, showed K; > K, at a single temperature that is

analogous to the behaviour found in calamitic nematics [65].
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Figure 39 Thiadiazole bent core molecule. The phase transitions of the thiadiazole compound determined on heating
via a DSC at a scan rate of 10°C/min [66].

Although a vast majority of bent core liquid crystals have shown the property where K3 < K, the
behaviour seen in the thiadiazole materials suggests that these properties are not universal for all bent
core liquid crystals. The study of oxadiazole compounds in the previous section, in conjunction with
the calculations, showed the importance of the bend angle. In fact in the calculations for sufficiently
elongated conformations recovered the calamitic behaviour of K; > K, . The thaidiazole compound has
a bend angle of 164°, which is larger than that of the oxadiazole compounds (143°). In an attempt to
confirm the cause of the anomalous behaviour, the temperature dependence of the elastic constants of
the same thiadiazole materials used in [65], provided by J. Seltmann and M. Lehmann is measured
and compared to those calculated from the atomistic modelling performed by Ferrarini [14]. This
study was again in collaboration with Sarabjot Kaur, who measured the splay and bend elastic

constant values for the thaidiazole compound and Alberta Ferrarini who again performed the
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theoretical calculations on the materials. My contribution was to again measure the twist elastic

constant. The results of this study have been already published in [14].

Another property of the thiadiazole compound is that it is a dual frequency material. Dual
frequency materials display both Ae < 0 and Ae > 0 at different applied frequencies. This property
overcomes some of the problems with measuring elastic constants experienced in bent core liquid
crystals with Ae < 0. The splay and bend elastic constants were measured using the capacitance —
voltage fitting method explained in chapter 3. Due to being a dual frequency material, the
measurements were only performed for the region where the material is Ae > 0; hence a
homogeneously aligned sample is used. The orientation order parameter, S, can be deduced from the
refractive index data following the well-known Haller method [67]. In these data, an order parameter

is used rather than temperature to directly compare experimental data with the theoretical predictions.
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Figure 40 Points represent the experimentally determined elastic constants of the thiadiazole compound as a function

of order parameter. Lines represent the calculated behaviour of the elastic constants of the thiadiazole compound.

Figure 40 shows the behaviour of the elastic constants, represented as points, as a function of the
order parameter S. It is clear to see that K5 > K; as seen in calamitic systems such as 5CB, measured
in chapter 3. All of the elastic constants increase with increasing order parameter (decreasing
temperature). Such behaviour is expected since as a system becomes more highly ordered, increased

energy is needed to cause distortions.

A study performed by Salamon et al [65] on the same material using magnetic field Fréedericksz
measurements also reports, K;=10 pN, K;=5.4 pN and K,=2.2 pN at a single temperature of T-Tni= -

24 K. From Figure 40 (considering the order parameter at the equivalent temperature), K5, K; and K,
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at T-Tni= -24 K are seen to be 11.7+1.0pN, 6.9+0.4pN and 3.7+1.9pN respectively. The values are in

excellent agreement within error.

Again, the calculations performed agree well with the experimental results, being only slightly
lower in absolute values and with the temperature dependence reproduced extremely well. We do not
expect the calculations and experimental results to agree exactly as the calculations are necessarily
simplified. The strength of the calculation is nevertheless seen as the results reproduce the elastic
behaviour as a function of temperature very well. Again this points to the importance of the molecular
shape, in particular the bend angle, on the elastic properties of the nematic liquid crystal. In cases
where the bend angle is sufficiently large, the elastic properties are not influenced sufficiently to

reduce K3 to below Kj;.

Here the low values of K, and the temperature dependence is again replicated well in the
calculations, pointing to the importance of the bend angle not only on K3 but K,. In this thaidiazole
bent core compound, with a relatively large bend angle, bigger K, values are seen compared to the
oxadiazole compounds. Thus this suggests both K3, K, are strongly influenced by the bend angle. The
low K, is observed for several bent core compounds and mixtures and, importantly, is also seen in the

calculations. It is fair to extend this behaviour to all sufficiently bent liquid crystal systems.

Studies of the Thiadiazole compound in a TN cell

Initially, it was thought that a TN cell would be a convenient way of measuring the twist constant
in the thiadiazole material since the compound can have positive dielectric anisotropy. However the

results were both complicated and interesting with the appearance of domains, shown in Figure 41.

Pale defects

Figure 41 The domains of thiadiazole based compound in TN cell. An applied voltage creates extra pale defects
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These domains seem to be different domains of chiral handedness, though unfortunately the check
for chirality could not be made before the materials degraded. What is of interest are the pale defects
separating the domains. On application of an electric field (Figure 41 (B)) extra (pale) defects
nucleate from the original (dark) defects. These extra defects do not appear to be related to the
Fréedericksz transition and appear before the Fréedericksz threshold voltage. Under higher applied
voltages, as shown in Figure 41(C) when the threshold is exceeded, the entire cell darkens,
presumably due to the tilting of the director.
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Figure 42 (Left)Transmitted intensity from the thiadiazole compound in a TN cell where Vi is the initial threshold
and Vr is the threshold due to the Fréedericksz transition. (Right) the highlighted region in more detail.

In Figure 42 (left) the Fréedericksz transition seen in the transmitted intensity is shown, in the
highlighted region there is a small decrease and increase in intensity before the actual Fréedericksz
transition (V) corresponding to the appearance of the extra defects in Figure 41 (B). This initial
threshold is consistent over the whole nematic temperature range and is shown in more detailed

measurements in Figure 42(right).
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Figure 43 The threshold voltage calculated from measure elastic constant compared to the Vin
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If the threshold voltage is calculated from the measured elastic constants and compared to the
initial threshold seen in Figure 43, it is clear that the initial threshold occurs before the Fréedericksz
transition. This is very unusual since in chapter 2 we saw that the threshold is the minimum field
strength needed to cause any elastic distortions. The creation of the extra defects must be occurring
from other electric field induced phenomenon such as flexoelectricity. Unfortunately, the thiadiazole
material is light-sensitive and this sample eventually degraded. As we were unable to obtain any more
of this material, no further investigations could be performed. Nonetheless, it would seem to be very

interesting to propose measurements of the flexoelectric constants in this material.

Summary

In this chapter the elastic properties of pure bent core compounds and mixtures of bent core
materials with calamitic hosts was examined. Mixtures of the oxadiazole materials with calamitic
liquid crystals showed a lowering of both K5 and K, with increasing oxadiazole dopant concentration.
The observation of the reduction in K, the phenomenon is seen to be much more significant than the
lowering of K5 for same concentration of dopant. One mixture in particular is unique, with a
significant filament growth that hindered the elastic constant study, but which is investigated further

in chapter 5.

It was found that the bend angle of the bent core compound is extremely important in dictating the
bend and twist elastic properties of the nematic liquid crystals. With a bend angle of ~160°, such as in
the thiadiazole compound, the closer shape to calamitic molecules results in similar behaviour, i.e. the
bend elastic constant is larger than the splay elastic constant. A smaller bend angle of ~140°, as seen
in the oxadiazole compounds, results in the bend elastic constant being smaller than the splay elastic
constant. A critical angle of ~150° is suggested, where the bend and splay elastic constants would be

expected to be equal.

The other structural changes studied in this section are terminal chain lengths, fluorination, and
changing one terminal chain from alkoxy to alkyl. Most of these changes the to the molecular
structure seem to have little effect on the elastic constants, and the most significant effect comes from
changing one terminal chain from alkoxy to alkyl which significantly lowers the all elastic constants.
In fact, in that particular oxadiazole compound with one alkyl chain has shown many unique

properties such as a DC phase.
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Chapter 5 Investigating  Filament
Structure In Mixture of Bent Core and

Calamitic liquid crystals

Introduction

In chapter 4, when measuring the elastic properties of a mixture composed of 10% oxadiazole
compound 4 as the dopant 1 and with 90% 5CB as the host, difficulties in measurements arose from
the growth of a filament structure. The filaments seem to not directly affect the nematic phase as
birefringence of the nematic phase can still be seen in background, and can be shown to switch
although under much higher voltage. The filaments also manifest other unique properties such as the
different transition temperatures on initial heating and subsequent heating, and time dependence of the
filament formation. This chapter’s aim is to investigate whether the filament structure is some form of
phase separation and crystallisation of the bent core dopant or some form of hybrid phase of the two
compounds. The phase transitions will be analysed by polarising microscopy and DSC. Then the
dielectric properties will be examined. Finally, SAXS will be performed on a bulk sample of the

mixture to find any periodicities within the structure of the filaments.

Phase observation

Optical observation of filament phases

The mixture is composed of two components 5CB and an oxadiazole compound shown in
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Figure 44 molecular structure of bent core compound (left), 5CB (right).

The phases the mixture exhibits are complicated as the system is not a uniform continuous phase.
There are two elements to the phase, the filament structure and the background nematic phase. The

filaments are attribute to a phase separation of the bent core dopant compound In Figure 45 (a) the
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filaments exhibited are the orange fan like structures spiralling out from nucleation points, while the
background nematic is shown as the green background surrounding the structure. In this state the

“phase” is referred to as the nematic — filament phase.

Figure 45 (a) a nematic filament phase at room temperature (b) the background nematic transitions into an isotropic
phase, while the filament remains unchanged forming an isotropic filament phase at 50°C (c) a pure isotropic phase
at 80°C (d) pure isotropic phase at 80°C (e) A nematic phase occurs at 50.3°C however the filament that grows in is
difficult to get nematic phase below ~5°C the transition (f) nematic filament phase where filament grows throughout

the sample

Initially after filling, the cell the mixture is in a nematic phase and covered with filament (nematic
— filament phase) at room temperature as shown in Figure 45 (a). Upon heating, the nematic phase in
the background transitions into an isotropic phase, while the filament remains unchanged forming an
isotropic — filament phase at 37.2°C as shown in Figure 45 (b). Finally, a complete isotropic phase
occurs at 80°C as shown in Figure 45 (d) and (e). The melting of the filaments is not seen clearly in
the DSC and the DSC signal is dependent on the heating rate, thus the DSC is unable to measure the
transition of the isotropic-filament phase to the complete isotropic phase. On cooling, a nematic phase
occurs at 51.7°C however the nematic phase is unstable. Filaments quickly grow in and a nematic
phase below ~5°C the transition is difficult to obtain, as shown in Figure 45 (e). Eventually a filament
grows throughout the sample giving the final nematic — filament state shown in Figure 45 (f). The
other property that makes mixture-2 unique is that on subsequent heating, the transition temperature
of the nematic-filament to isotropic-filament changes as shown in Table 1. When the mixture enters
the unstable nematic phase, filament growth exists but is slower than those seen at lower
temperatures. If this is left at the same temperature, the filament will continue to grow throughout the
mixture. The filament growth in the mixture affects the dielectric properties and the response of the

nematic phase to electric field.
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Upon heating to 38.7°C the background nematic phase undergoes a phase transition to the isotropic
phase while the filament structure remains unchanged, referred to as the isotropic — filament phase
shown in Figure 45 (b). Finally upon heating to relatively high temperatures the filament structure
melts slowly over a temperature range from 65.7°C — 72.2°C culminating into the pure isotropic phase

shown in Figure 45 (c).

The mixture displays different phases on cooling than on heating. There is no filament structure
forming in the isotropic phase. Instead the mixture cools from an isotropic phase into a nematic phase,
with filaments forming in the nematic phase as shown in Figure 45 (e). What is interesting to note is
that the filaments cannot form in the isotropic phase and can only form in the nematic phase. The
filament growth is slow and is dependent on time and the growth speed is dependent on the
temperature, at lower temperatures the filament growth is relatively faster with filaments formed
through the system in ~1 minute. Once the filament dominates the mixture, the system returns to the

initial nematic — filament phase seen in Figure 45 (f).

The difference between the nematic — filament phase textures seen in Figure 45 (f) and Figure 45
(@) is the cooling rate. Figure 45(a) shows a system that is quenched from the isotropic phase whereas
the in Figure 45(f) the system is cooled slowly at a rate of 2°C/min. Uniquely, when the mixture is
cooled slowly like in Figure 45 (f) the filament growth is aligned with the nematic phase and the
alignment layer, the texture observed is relatively uniform and has dark states when parallel or
perpendicular to the polarisers. The same effect can be seen in a cell with homeotropic alignment as
shown in Figure 46 (left). This is similar to the quenched system with branched out filament structure
from several nucleation points. Figure 46 (right) cooled at 2°C/min giving a relatively uniform dark

texture indicating that the alignment are perpendicular to the plane of the cell.

Figure 46 (left) The mixture quenched from isotropic phase. (right) The mixture cooled at 2°C/min from isotropic
phase

This ability to align the filaments is a result of the filament dependency on the nematic phase. In

the nematic phase, the mixture is influenced by the alignment layer with a slow enough cooling rate
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the filament growth can follow the alignment. At faster cooling rates, the growth is fast enough to not

be completely influenced by the alignment of the nematic phase.

There also exists a difference in phase transition temperatures on initial heating and the
immediate subsequent heating which is unexpected. On initial heating, with a well-established
filament structure, the transition from nematic to isotropic — filament phase is found to be 37.7°C.
After a subsequent heating run, and after the system has cooled from a pure isotropic phase, the
nematic to isotropic — filament phase transition is higher 42.8°C. When the mixture is left for ~24
hours, however, the mixture reverts back to the initial system. The discrepancy in the heating runs
suggests that the phase is altered in some way in the initial system and the immediate subsequent
system. The most obvious difference between the two systems is the amount of time for which the
filaments have grown. It is sensible to speculate that the filaments are composed mainly of the bent
core dopant; this means for a system that has just cooled from an isotropic phase, there is still a large
amount of bent core compounds within the mixture that has not had time to form into the filaments
yet. Therefore, the mixture, in the immediate subsequent systems, has higher bent core content than
the initial system. Since the nematic phase of the pure bent core compound is much higher than the
nematic temperature of 5CB, with higher bent core content leads to higher nematic to isotropic

transition temperatures.

Of all the mixtures made only this one has shown significant changes to the nematic from adding
small amount of bent core dopant. One reason could be great discrepancy in nematic temperature
ranges, which in the other mixtures was avoided and could have also avoided the filament growths.
The bent core compound has a DC phase below the nematic temperature range, the DC phase is still
relative not well understood, and underlying phases can have effects on the nematic phase. From
Raman scattering the mixture seem well mixed not showing any obvious phase separation, however

there is an obvious phase separation occurring.

Optical observations of the filament structure in the mixture have revealed many interesting
features of the filaments in the mixture. Firstly, the mixture seems to be composed of two
components, the filament structure and the background nematic phase. The filament structure
possesses many unique properties too. The filament growth is time dependent, attributed to the bent
core dopants, and only grows in the nematic phase. Due to these properties the background nematic
phase’s exact content percentages is different depending on the amount of time given for the filament
formation. The phases the mixture displays have already shown to be extremely complex and DSC

will be used to investigate the phase in more detail.
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DSC investigation of phase transition

The DSC was performed at a rate of 2°C/min from room temperature to 100°C as shown in
Figure 47(left). Again the obvious discrepancy in the initial heating run and immediate subsequent

heating run is seen.
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Figure 47 (left) DSC of the mixture at heating rate of 2°C/min (Right) DSC on heating at 20°C/min

During the initial heating, shown in Figure 47 (left) run 1 gives a background transition of
38.7°C, and on the subsequent cooling run 43.1°C. The second heating run gives a background
transition onset of 41.2°C and the subsequent cooling run gives an onset of 42.9°C. There is clear
discrepancy between the heating run 1 and run 2 phase transitions, the origin seems to be the amount
of filaments established in the system. There is no discrepancy seen in the cooling runs as there are no

filament formations in either system thus displaying similar properties.

The melting of the filaments is observed from 65.7°C to 72.2°C optically, this melting is not
clearly seen in the DSC slight indication are shown in Figure 47 (left) of a very small wide peak near
65°C. The peak does not change in intensity with increased sample size or amount. However there is a
significant change when changing the heating rate to 20°C/min, as shown in Figure 47 (right). The
peak becomes much more prominent with increased heating rates. The phase transition, which is
sensitive to heating rates, is typically seen in dynamic phase transitions such as gel transitions,

suggesting that the system is a gel or gel-like system.

The DSC confirms what was seen optically in the phase transitions and suggests that a gel system
is what is formed from the mixture. This is in fact confirmed optically with two relative independent
systems co-existing, the background nematic and the filament structure. In the next section, we will

investigate whether the mixture is a gel.
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Gel-like properties

The mixture has shown to have unique properties not seen in conventional liquid crystal phases.
These properties are, however, quite common in gel materials. Gels in general are a 3D network with
a continuous phase mixed in between the network. Chemical and physical organogels are formed
through self-assembly of the molecules into 3D networks mixed with solvents to make a gel.
Chemical gels are self-assembled through chemical bonding using covalent bonds, whereas physical
gels self-assemble through physical processes such as hydrogen bonding [1-5], lipophilic [6], dipole-
dipole [7], and donor-acceptor interactions [8]. Liquid crystals have been shown to be able to form
gels through doping a liquid crystal with a self-assembling of gelators, forming a self-assembled 3D
structure with a liquid crystal acting as the continuous phase. The self-assembling of a liquid crystal
phase forming a 3D structure added to organic solvent also enabled liquid crystal gel formation [9-
12].

There have been recent studies showing other complex liquid crystal phases displaying gelation
abilities in organic solvents, with smectic liquid crystal phases forming self-assembled 3-D structures
to form gels [7]. There are also disc-like liquid crystal compounds forming gels with 3-D structures
showing columnar ordering [13-15]. A helical-nano-filament phase (B4) can also form a gel with the
3-D structure showing similar x-ray patterns as the pure B4 phase x-ray pattern [16], and in the same

study, a DC phase was found not able to form gels with solvents.

The mixture is actually a soft malleable material but it does not flow or possess any of the typical
liquid crystal properties. Yet the nematic phase can be observed in the background while the system
shows more mechanical properties seen in solid or more ordered liquid crystal phases. This is
consistent and expected if the mixture has formed a gel where the 3D network gives the system a
mechanical stability while maintaining a more fluid phase. In Figure 48 (left and middle) the mixture

can be shown to hold its own weight another common property of the gel.

Figure 48 A bottle of the mixture upright (left) and upside down (middle) at room temperature. (right) SEM of the
mixture with 1600 X magnification.
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Utilising a Scanning Electron Microscope (SEM) the 3D network formed by the filaments
structure can be imaged as shown in Figure 48 (right). Figure 48 (right) is similar to other organogel
networks imaged with SEM. The filament network can be attributed to that of a gel 3D network. In
this gel system has already been shown to be unique and different from the conventional gel networks.
Firstly, both the filament network and the background phase are both made from liquid crystalline
materials; previous liquid crystal gels only have the liquid crystal forming one component of the gel.
In fact, very few gels form from only two components. Secondly the filament network can be aligned,
something previously not capable in any gel system. The filament formation mechanism is still not

clear and need further investigations

The evidence seems to suggest that the mixture is a gel material and potentially a completely new
system with liquid crystal components forming both the elements of the gel, with anisotropy in both
the network and the background nematic adding another dimension in which the gel can be
manipulated. To investigate this material further, the dielectric properties will be studied. The
dielectric properties the mixture exhibited were only studied with relation to the nematic phase in
chapter 4. The dielectric properties of the filaments with the nematic phase were not investigated in

any detail.

Dielectric investigations

Similar to the dielectric measurements made in chapter 4, a device was constructed with 2 glass
substrates to contain a liquid crystal layer 5 um thick. An Indium-Tin-Oxide transparent electrode
area that measures 30 mm? and indium is used to attach the wires to the electrode surfaces. The
electrical properties of the devices were calibrated using air as a standard reference for all of the
temperatures studied, and the devices were capillary-filled at 100°C. The devices were held in a
Linkam THMS600 hot stage equipped with a TMS 93 controller which allowed temperature control
of the samples with a relative accuracy of £0.1°C. The apparatus includes an Agilent Precision LCR
Meter E4980A which measures the dielectric permittivity across the frequency range 20 Hz — 2 MHz

using a 0.05 V4 probe voltage, where necessary in the presence of an AC electric field of up to 10 V.
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Figure 49 Dielectric constant vs Voltage vs Temperature of mixture on heating

From Figure 49 for the isotropic — filament and the pure isotropic phase there is no change in the
dielectric constant with increasing voltage application. The filaments have no dielectric response
meaning any response observed should purely arise from the background nematic phase. The
responses seen at the lower temperatures in the nematic — filament phase are suppressed with respect
to the pure 5CB response with a threshold voltage increased from 0.7V to ~3V. There is little

response in the isotropic-filament phase; however there is temperature dependence in the isotropic
phase decreasing uniformly with increasing temperature.
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Figure 50 Dielectric constant vs Voltage vs Temperature on cooling
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The same effects are seen on cooling the mixture as shown in Figure 50 the isotropic range there
has no effect from the electric field. There is the temperature dependence with the isotropic phase
again of increasing uniformly with decreasing temperature. Upon entering the non-stable narrow
nematic range where there is a typical nematic response to electric fields, the values of the dielectric
constants go from the perpendicular and parallel dielectric constants. This indicates that the director is
reorienting in the electric field. The nematic phase exhibited is unstable and quickly the mixture is
dominated by the filament growths. Once the filaments have grown, the reaction to electric fields of
the nematic phase is supressed, again similar to the effects on the heating. The dielectric constant in
the presence of the well-established filaments has also increased from the value at unstable nematic

phase.

The filaments seem to have no influence on the dielectric properties. When the mixture enters the
isotropic — filament phase, the mixture behaves similar to the complete isotropic phase under presence
of an electric field. There is temperature dependence in the isotropic phase that is not seen in the
filaments phase. Since the effects of electric field are suppressed in the nematic — filament phase, two

cell geometries are used to observed the effect of reorienting the mixture.
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Figure 51 The dielectric constant at 0.05V temperature dependence in two different cell geometries, planar and

homeotropic.

In Figure 51 the dielectric constant responses to temperature are what is typically seen in nematic
phase at high and low voltage application, i.e. homeotropic and planar alignments of the molecules.
The dielectric constant converging ~45°C at the transition temperature of the background nematic to
the value at the filament and isotropic phases which is very similar in two different cells. The
homogenous aligned cell can be considered as the €, , and homeotropic aligned cell can be consider as
the g,. This means the background nematic phase can be aligned and the network has little effect on

the alignment of the nematic phase. To further investigate the structure of the filament growth, small
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angle x-ray scattering (SAXS) was employed to look for any periodic structures within the filament

network.

SAXS investigation of the filaments

SAXS can be used to probe the periodicity within the filaments network and reveal any periodic
structure in which the molecules are arranged in. In the pure samples of similar oxadiazole bent core
compounds, there is a DC phase at the temperature ranges below the nematic phase. The DC phase
under SAXS investigations have shown a layer spacing of 3.7nm which increases with decreasing
temperature [17]. By using SAXS, any periodic structures like layer spacing can be probed in the

filament structure, and compared with the known periodic structure of the pure material.

SAXS experiments were conducted using a bulk sample of the mixture contained within a
homemade Kapton packet. The temperature of the device was controlled using a Linkam heating stage
with an absolute accuracy of +1°C and a relative accuracy of +0.1°C. The X-ray scattering was
conducted at ESRF synchrotron, Grenoble, France. An X-ray beam win an energy of 12KeV, make it
sensitive to features from 1.5nm to 9nm, and a beam size of 0.2 x 0.2 mm. Typically a short
accumulation time was used ~3 seconds. By analysing the radial distribution of the scattering pattern
of silver behenate, which has well defined peaks for which the spacing is known, the spacing of the

mixture can be found.
Mixture’s periodic structure behaviour on heating

The typical image obtained from SAXS on the mixture at initially before any heating or cooling
is shown in Figure 52. Since a bulk sample was measured, there is no expected angular dependence in
the scattering pattern. Due to short accumulation time there is insufficient signal to noise to be able
see scattering from liquid — like phases, such as the nematic phase, therefore the nematic 5CB

scattering is not present in Figure 52.
Peak A
Peak B

Kapton

Figure 52 X-ray pattern of mixture 2 at room temperature before any heating or cooling is performed on the sample.
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The middle ring (peak B) is thin, indicating a well-defined periodic structure. The inner-most
(peak A) is a more diffuse ring that is less defined and has a larger spacing than peak B. The furthest
ring from the centre is a diffuse ring originating from the Kapton packet label as Kapton in Figure 52.

Thus this Kapton signal is unrelated to the mixture and is omitted from the rest of the discussions.

Peaks A and B are both attributed to the filament structure. These peaks also display the same
temperature dependence as seen optically and with DSC. Both peaks exist to well beyond the
temperature range of the nematic — filament phase of the mixture, into the isotropic — filament phase,
and thus are not caused from the nematic phase, and the diffuse outer peak exists beyond 100°C. To
analyse these rings in more detail the image is integrated over all angles, and the fitting methods

discussed chapter 3 will be employed to find the ring attributes. Signals from the nematic phase are

not seen in the current setup.

=
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Isotropic phase transition
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Figure 53 The integrated x-ray pattern vs temperature vs distance on heating.

In Figure 53, the most prominent feature is the significant long range scattering signal, the signal
can be attributed to the filament structure, from the behaviour of this signal with temperature. The
long range scattered signal disappears at the same temperature as peak A and peak B at the
temperatures where the filament network is melted. The exact nature of the signal could not be further

investigated with the current setup, but warrant further SAXS studies.
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Figure 54 Temperature dependence of the peak positions the transition into the isotropic — filament phase occurs at
~37.19°C according to DSC.

Upon heating, at a rate of 2°C/min, the periodicity of peak A and peak B does not have any
significant changes as shown in Figure 54. Peak A shows the trend, seen in the pure bent core
compound, of increasing periodicity with decreasing temperature. Peak A decreases very slightly
from a periodicity of 3.43nm to 3.30nm, and peak B decreases very slightly from a periodicity of
2.17nm to 2.14nm. From optical and DSC analysis, the mixture enters the isotropic-filament phase at
~38°C. Peaks A and B shows no significant change at that temperature range. Thus peaks A and B are
both attributed to the filament structure, this is consistent with what is seen optically as the filaments
does not show any significant change even across phase transitions of the background nematic. Both
the layer spacing has shown a very small decrease with increase in temperature, similar to the pure

bent core compound which shows a decrease of layer spacing with increase in temperature [17].

The system was initially suspected to be crystallization of the dopant, however the periodicities
seen are different to the periodicities of the crystal phase of the dopant. In fact the periodicity of
3.4nm exhibited by Peak A that is similar to what is observed in the SAXS performed on the DC
phase in the pure sample with the layer spacing of 3.7nm[17]. Peak A structure must be derived from
a bent core molecule to bent core molecule periodic structure, since the molecular length of the bent
core molecule is ~3.9nm. Peak B, with a corresponding periodicity of 2.2nm, is similar to the

molecular length of 5CB of ~1.8nm [18] this peak is derived from a 5CB to 5CB molecular spacing.
The periodic structure of 5CB is ~% of the periodicity of the bent core molecule, this could be due to

the 5CB forming a similar structure to the pure dopant structure with two 5CB structures forming with

one bent core molecule structure.

Since peaks A and B are both attributed to the filament structure, this suggests that within the
filaments there is 5CB content forming a periodic structure to fit with the structure from bent core

molecules. The 5CB content remains even beyond the normal isotropic temperature range of 5CB
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which is incredibly unusual. It is interesting to note that for peak A, the fitting from the split pseudo-
Voigt is not as good as the fitting for peak B suggests that peak A is more complicated. This indicates
that the periodicity is not well-defined and can be attributed to the presence of the 5CB, which may
not exactly match the periodicity of the bent core compound. While the cooling of mixtures behave
differently than heating runs, during optical and DSC observations, there may be significant

differences in periodicity in the cooling runs also.
Mixture’s periodic structure behaviour on cooling

Upon cooling at the same rate of 2°C/min, the mixtures exhibit a transition temperature similar to
what was seen optically and through DSC. Initially, in the nematic phase, the scattering image shows

a split of peak A into 2 rings, while peak B remains relatively unchanged as shown in Figure 55.

Figure 55 x-ray image on cooling from the isotropic region

Upon integrating the intensity of the image shown in Figure 55, the double ring occurs near
3.7nm and has shifted significantly from the original peak A. To differentiate it from the initial peak
A, these peaks have been named A’ and A”. These peaks are close to each other and are convoluting
each other in the fitting process, so analysis on these peaks using the same split pseudo-Viogt function
used previously is not possible. A simple Lorentz function was employed and only fit the data around
the peak centres. A good fit can be obtained for the peak centre, but with unreliable FWHM and
amplitude.
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Figure 56 peak A split into two peaks labelled A’ and A" while peak B remains unchanged.

From the fitting in Figure 56 peak B is present again at 2.2nm with very little change due to
temperature. Peaks A" and A", also remain constant at 3.85nm and 4.54nm, respectively, with changes
in temperature. Peak A’ of 3.85nm is of closer in size to the molecular length of bent core compound
of 3.9nm is mostly likely a shifted peak A and originates from the bent core compound. For peak
A", there are no single molecules with molecular lengths in the mixtures to which this spacing can be
attributed to.
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Figure 57 the temperature dependence of the peak positions on cooling

From Figure 57 the temperature dependence of the peak positions are shown. There is very little
temperature dependence in the peak positions. Peak A" comes into existence at the same temperature
as the other periodicities, however the resultant peak is weak and convoluted, so analysis of this peak

position is not possible until T — T; = —7K and not completely well defined untilT — T; = —12K.
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Peak A’ can be derived from a coupled molecular structure of 5CB. 5CB is known to often form
dimers in the nematic phase [18-20]. Commonly 5CB dimers form in an anti-parallel configuration
giving a spacing ~1.4 times the molecular length. I speculate that this structure, however, may support
an end-to-end configuration [21] of the 5CB dimer. The end-to-end dimer size is similar to the
periodicity of A", and so it is possible that within the filaments, 5CB is also forming dimers to co-

exist with other spacing.

The peak A" is not seen in the initial SAXS shown in Figure 52. This means that peak A" must
be eventually destroyed as the filament formation is stabilized over time. The peaks A" and A" must

merge with time to recover the initial values.
Time dependence of the filament structure

The mixture has repeatedly shown it has a very time dependent growth associated with the
filament network. To check the time dependence of the filament structure, a sample is left a room
temperature over several hours, periodically placed back on SAXS setup to measure how the peaks
have changed. There was no obvious change to peak B as expected, however peak A seems to be very

sensitive to time.
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Figure 58 Time dependence of peak A

From Figure 58 peaks A’ and A’ quickly converge into one peak in ~1 hr. The periodicity
decreases from 3.95nm to 3.68nm in ~5 hours at room temperature. This is a significant shift in the
periodic structure of the filaments and much closer to the initial values seen. This would explain why
the system never recovers to the initial layer spacing in peak A as not enough time have been given to

the system to recover, and further confirms the time dependence of the filament formation.

This means that, although optically the filament phase is stable, there is still some dynamic
process happening, this in fact is consistent with the discrepancy in the transition temperature between

the initial heating and subsequent heating. The exact process cannot be revealed in this experiment;
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however it is likely to be a process which incorporates more bent core dopant content into the filament
structure judging from the discrepancy of transition temperature. From the existence of 5CB dimers
initially in system leads me to believe initially that the filament structure phase is similar to that of
nematic, or is surrounded by a nematic — like phase. As the bent core content in the filaments is
increased over time the phase of the filament structure changes, with the relative stability of peak B
can infer that the phase change “freezes” the 5CB within its structure. This process can in turn leading

to the alignment of the filaments seen with slow cooling and quenching.
Mixture’s periodic structure behaviour on subsequent heating

There are already differences seen in systems with well-established filaments and initial
filaments in transition temperature differences, periodicity differences. There are also exists a region
shift of the peak A position similar to that of the DC phase is shown by the black circled region in
Figure 59.
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Figure 59 Temperature dependence of peak A on subsequent heating runs, black circle represent a stable region
which displays DC phase properties.

The two subsequent heating’s initial periodicity is dependent on how long the sample remained
at a particular temperature giving the difference seen in Figure 59 on the initial position. The two
heating runs also have different heating rates as heat 3 has a continuous heating rate while heat 2 has a
static stop at every temperature. The static measurements give more time for the time dependent
system to react to the changes in temperature, giving the slight discrepancy seen between the two
heating runs. In the two subsequent heating runs there is a region of ~5°C range just below the
isotropic phase transition where there is stabilization of the periodic structure from 3.32 nm to 3.27
nm. This stabilization in periodic structure appears to be a phase transition in material and the x-ray

pattern becomes broad and diffuse similar to those observed in the DC phase of the pure material.
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This would be not seen optically due to the DC phase being an isotropic phase. There was however no

indication of this phase transition in the DSC with, but warrants further investigations.

Summary

Initially what appears to be a phase separation and crystallization of the dopant from the host, is
actually a much more complicated system. There is phase separation but the phase is not crystal and
likely to be liquid crystalline in nature, possibly the DC phase. There are two further separate
phenomena occurring in this mixture. Firstly, the gel formation. The filament network is different
phase separated from the nematic phase and self-assembled into a 3D network seen as the filament
structure. This causes a gel to form from the network and the nematic. The exact nature of the
filament phase is unknown at the moment but it contains some periodic structure. A filament phase
has been observed in several other materials in the same family of oxadiazole bent core liquid crystals
and most exhibit both a DC phase and a filament phase suggesting that these phases could be linked in
some way [22]. To the author’s knowledge this is the first case where a gel was formed with liquid

crystal based 3D network and with a liquid crystal phase acting as the continuous phase in between.

The second phenomenon occurring in this mixture is the incorporation of the 5CB into the 3D gel
network for from the bent core dopant. From the SAXS studies 5CB content is always included in the
filament structure and is supported by the fact the filament is only formed in the nematic phase of the
mixture. 5CB is necessary for the filament structure which is the reason the filament can be aligned as

the nematic 5CB can be aligned and thus influences the growth of the filaments when formed slowly.

Liquid crystal gels have been shown to exhibit fast switching in twisted nematic cell [11], have
light scattering and transmission modes switchable with electric field, and have the potential to be
used in flexible liquid crystal displays [23]. This unique ‘double’ liquid crystal gel, where the gelator
and the host both are liquid crystalline, can be manipulated independently. Further studies into these

materials may yield many unique properties yet to be observed.

There are unique properties associated with this double liquid crystal gel such as the ability to
align the gel network, incorporation of host into the network, and maintaining 5CB periodic structure
well beyond within isotropic temperature. The filaments network has already shown ability to
suppress the dielectric response in the current alignment, it is possible that bi-stability can be achieved
in certain orientations of the network. Unique the DC-like phases seen in the SAXS experiment, the
extremely large long distance scattering which is dependent on the filament network, all warrant

further studies into this unigque system.
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Chapter 6  Unusual Flexoelectric

Switching

Introduction

Recently, there have been developments of display devices utilising the flexoelectro-optic effect,
as described in chapter 2, can create fast switching displays. The flexoelectro-optic effect is a
naturally fast-switching mechanism seen in short-pitch chiral nematics, and sub millisecond switching
has been shown to be possible [1-3]. Bent core molecules have been postulated to have prominent
flexoelectric co-efficients [4]. Recent studies into oxadiazole bent core liquid crystals have measured
the flexoelectric coefficient through the entire nematic range [5]. The flexoelectric coefficient was
found to be ~3 times larger than those seen in calamitic liquid crystal, suggesting bent systems can
exhibit larger flexoelectric effects. Dimeric liquid crystals have shown the capability of forming
extremely bent systems and can form new bent phases, the twist bend phase [6]. Mixing calamitic
liquid crystals and dimers, with a strong chiral dopant, created suitable materials to be used in a
flexoelectric display device that exhibited unusual switching behaviour when switching. Under AC
voltage, between two states, the intensity exhibited does not reduce the value at zero field at any

point. This chapter aims to investigate the cause of the unusual switching behaviour

Flexoelectric switching

As discussed in chapter 2, a chiral nematic phase can manifest the flexoelectric effect during a
tilt of the optical axis. This can occur in two geometries, a Uniform Lying Helix (ULH) where the
optical axis is in the plane of the cell and in Uniform Standing Helix (USH) where the optical axis is
perpendicular to the plane of the cell. The difficulty with the ULH mode is with achieving a stable
alignment of the optic axis. Chiral nematic (N*) liquid crystals generally do not spontaneously align
to the ULH configuration in conventional cells. The periodic structure of the chiral nematic phase
does not match the anchoring conditions imposed by the rubbed polyimide or homeotropic surfactants
[7]. An alignment can be achieved by cooling to the N* phase in the presence of an electric field
perpendicular to the plane of a planar cell. The helix of the N* phase, through the cooling process,
will orient itself parallel to the cell’s plane. To achieve a uniform orientation of the helix in the plane

of the cell, a gentle shearing of the cell is performed as described by Rudquist et al [8]. However the
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alignment is not completely uniform and small domains arise from different alignments as shown in
Figure 60 (left). The alignment is also unstable and reverts to a USH structure once the electric field is

removed.

Figure 60 (left) ULH texture with the optical axis parallel to the polariser. (Right) USH texture with the optical axis
perpendicular to the plane of the cell at magnificent 50x.

In ULH systems, the optical axis lies in the plane of the cell, to obtain the dark state needed. The
optical axis must be oriented parallel or perpendicular to the polarisers in order to switch. We see in
Figure 60 (left) that a completely uniform texture is extremely difficult to obtain. This process is not

ideal for making display devices [9].

A major advantage of the USH mode is that the alignment is trivial. The USH structure is the
lowest energy configuration when using rubbed polyimide alignment layers. A comparison of

flexoelectro-optic switching in both the ULH and USH modes revealed that the tilt angles:

(e; —e3)pE

tan(‘{’) = m

are comparable for the two modes [9]. The actual tilt angle required is dependent on a number of
factors such as the flexo-elastic ratio, birefringence, and cell thickness [10]. Another significant
benefit of USH is the off state, since light is travelling along the optical axis the system exhibits no
birefringence, thus a good dark texture can be achieved for short pitches (typically less than 200 nm)
[7]. In order to obtain the required switching, a field needs to be applied in the plane of the cell,
perpendicular to the optical axis, again an IPS cell can be utilised to achieve this. A similar setup is

demonstrated in chapter 3 is used.

The intensity is measured using an in-house built photodiode. An AC square voltage of 100 Vs Was
applied from an Agilent 33220A waveform generator, the photodiode output was measured from a

Tektronix 2024C oscilloscope. The expected behaviour is that the USH device under a square voltage
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application would have an optical axis that would tilt back and forth, tilting through the ground state.
This would result in a delayed square wave like response; when there is a positive voltage, there
would be a rapid rise in intensity until it reaches maximum that would be maintained until a change in
polarity of the voltage occurs. When the voltage changes there will be a rapid decay of transmitted

intensity to the minimum transmission and then rapidly increase again to a maximum intensity.

When analysing the system, the unusual switching is apparent in Figure 61 (left) where the
intensity never reaches a minimum at any point. The obvious cause of transmitted intensity never
reaching minimum is that the photodiode is not fast enough to detect the sudden change in intensity,
since a square wave is used to drive the system there is a discontinuity in the voltage application. By
using a relatively faster photodiode, more of the switching can be detected, however there was no

significant difference between the 5us response time photodiode, Figure 61 (right), and the 250 us

response time photodiode, Figure 61 (left).
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Figure 61 (left) The measured transmission using a 250 us response time photodiode under 100 Vrms voltage. (right)

The measured transmission using a 5 us response time photodiode under 100 Vrms voltage.

The non-zero switching is unlikely to be due to the photodiode response and it is more likely that it is
a property of the switching mechanism itself. In order to investigate further, a detailed optical analysis

of the switching processes will performed.

Optical observation

Since the switching is expected to consist of tilting of the optical axis back and forth
perpendicular to the electric field, the resulting texture should consist of a uniform uniaxial system
aligned parallel to the electric field. The origin of the unusual switching mechanism must be within
the switching processes itself, any a deviation from a uniaxial texture could indicate a non-standard

switching mechanism in this device.
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The system is behaving like a uniaxial system when it should be rotating the cell between cross

polarisers and the intensity relations.

= Experimental Data
Theoretical fitting

Nomalised Intensity
o o o
T i P

o
N
1

00 T T T T T T T T T T T T T 1
100 120 140 160 180 200 220 240

Angle(deg)

Figure 62 Transmitted intensity of the IPS cell rotating between crossed polarisers.

Fitting the data in Figure 62 to a uniaxial system rotating under cross polarisers shows an
excellent fit, and thus the unusual switching is unlikely to be an unusual switch process such as

distortions in the helix. Electrodes

Birefringent regions
Figure 63 (left) IPS cell parallel to the polarisers (right) IPS cell perpendicular to the polariser. The orange arrows

points to the dark regions of the electrodes and the red arrows points to the birefringent regions.

There is only a slight deviation from the expected texture in the dark state where there is
birefringence near the electrodes as shown in Figure 63. The region near the electrodes has a much
more inhomogeneous electric field relative to the centre in between the electrodes; such complex
components are unsurprising. The lack of unusual texture in between the electrodes suggests that the
switching behaviour is as expected throughout the majority of the cell and the origin of the unusual

switching must be derived from other aspects, possibly the inhomogeneous area of the electric field.
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There is also a physical discontinuity of the director field at the electrodes surface which can greatly

influence the flexoelectric response.

We analyse if the unusual switching is due to changes in the electric field, such as a square wave

modulated with another square wave with amplitudes alternating between 120V to 80V.
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Figure 64 The intensity response of the USH device from a modulated square wave at 100Vms and standard square
waves at different voltages.

Figure 64 shows a modulated square wave alternating between 120V and 80V and the
corresponding intensity response in the pink. The intensity response from the modulated wave
alternated, between the values shown, to an unmodulated square wave at 120V and 80V. This shows
that there is no complex switching due to the changing of the field strengths. However, the complex
switching may be attributed to the changing of polarity of the field seen in the square wave. By
analysing the system with a bipolar pulse the sensitivity to any polarity of the field may be found. If
the source of the unusual switching is due to the polarity change, then the response from different

polarity pulses should result in different transmitted intensity.
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Figure 65 Photodiode response from the USH device using bi-polar pulses.
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Figure 65 shows the response from a bi-polar pulse, here the usual response is seen, where the
intensity drops to zero at zero electric field, with no significant difference between the two polarities

seen; this suggests that polarity does not play a part in the unusual switching.

The experiments performed in this section only looks at the system over a large area and shows
that the response to electric field is as expected. The only unusual aspect seen so far is in the small
regions near the electrodes showing birefringence in the dark state. To analyse fully how the director

is behaving near the electrode, Raman spectroscopy can be employed to investigate the regions.

Time Resolved Raman scattering

Raman spectroscopy is a powerful tool to analyse the director profile in small regions and has
been used to map the director profile even in complex systems such as around colloids [11]. This is
done by analysing the Raman scattering that is polarised along the molecular long axis; thus by
scanning through a material, the director in the material can be found. Raman utilises the inelastic
scattering of the photons due to the molecular vibrational modes, thus the signals are commonly
extremely weak and need to be collected over a specific time period. Rotating a sample between cross
polarisers, the Raman signal is strongest when the molecular vibrational mode is parallel to the
analyser, and simply comparing the intensities at different angles, the alignment of the molecules can
be inferred. Using this simple technique, the director profile near the electrodes can be analysed for
director formations, and possibly the cause of the unusual switching mechanism. The time dependent
nature of the Raman signal poses a difficulty in measuring a dynamic system during the switching
process. Therefore, a time resolved Raman technique is proposed to obtain a Raman signal for only
static portions of the switching process, at the final tilt angle. A Renishaw 1000 Raman spectrometer
with a solid state laser with a maximum output power of 50mW at 515.4nm was used in the

experiment.

A Raman signal is taken over a period of time; however, the switching process is dynamic.
Initially, upon field application, the molecules will be reorienting themselves until they reach their
final position. The Raman signal taken during the switching process will be composed of the dynamic
reorientation and the final static position. Only the final static orientation is of interest as it can reveal
the orientation of the director. By simply eliminating the light source with a mechanical chopper
during the dynamic portions of the switching process, only the signal from the static portions of the
switching process will be accumulated. Due to the chopper having a physical start up time to get to

the required frequency, the waveform applied is triggered from the light source.
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Figure 66 Setup of the electro-optic equipment.

The experimental setup is shown in Figure 66. The experimental setup is operating in parallel
with the Raman spectrometer, with the chopper is set to cut of 70% of the light at the same frequency
of the output square wave. The waveform generator is triggered from a photodiode to detect when
light is present to produce the square wave that’s needed. The end result is that the static switching,

from the Raman signal, is observed and collected.
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Figure 67 (left) Raman spectrum of 5CB from a non-chopped source [12] (right) Raman spectrum of 5CB from a

chopped source.

Figure 67 (left) shows the signal from 5CB using an un-chopped light source, the signal

strength is strong compared to a low background noise. The spectrum obtained from a chopped source
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has a much reduced signal strength but displays the phenyl stretching mode clearly with the same
Raman shift of 1606cm™. This method can be used on the dimeric mixture during switching in order
to analyse the molecular alignment near the electrodes. This is done by rotating the sample and
finding the orientations with maximum Raman signal. This indicates that the molecular alignment is
parallel to the orientation.
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Figure 68 Raman spectrum of USH device with chopped source

Figure 68 shows the Raman spectrum of the USH device signal, however it is in the presence of
a strong background, and difficulties quickly arose as the material exhibited fluorescence and the

background grew stronger and overcame the signal from the device as shown in Figure 69.
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Figure 69 Raman spectrum of the USH device with chopped source and florescence

The sudden increase in fluorescence is quick, ~10-20 minutes, and as a result, there weren’t
enough measurements made to make any analysis of the director profile. Fluorescence is the
absorption and re-emission of light, by using different wavelength light sources. The absorption and,

in turn, the re-emission can be reduced allowing enough time to collect a series of Raman spectrums.
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Summary

The USH system studied in this chapter appears to display unusual switching under square
electric fields, however many aspects of the switching seem to be behaving as expected. The
switching directions seem to obey the back and forth tilting of the optical axis and the response to
changing electric field strengths and polarity also exhibits the expected behaviour. There are however
small complex regions near the electrodes during the switching, these regions are likely to be the

cause of the unusual switching.

Attempts to analyse the exact structure with time resolved Raman spectroscopy was not
successful due to the high amount of fluorescence. This may be overcome by using different
wavelength light sources, which is an avenue that we lacked time to pursue, but warrants further

investigation.
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Chapter 7 Summary and Future Work

Introduction

The recent interest in bent core liquid crystals has led to discovery of many unusual behaviours,
such as an apparent biaxial nematic phase [1, 2], large Kerr effect [3], large flexoelectricity [4, 5] and
unusual elastic properties [6-10]. It is apparent from the current research that liquid crystalline system
which contains an intrinsic bend in the bent core liquid crystals which is the primary cause of the
many unique behaviours. This thesis investigated further liquid crystalline systems with intrinsic
bend, and the effect of introducing the intrinsic bend to conventional liquid crystalline systems. It is
found that the bend angle of molecules with intrinsic bend has a significant effect on the physical
properties, resulting in the anomalous elastic behaviour [11, 12]. Interestingly anomalous behaviour
occurs as a natural consequence of the natural conformation of the molecule with intrinsic bend.
Further complex systems were investigated by introducing intrinsic bend into conventional liquid
crystalline systems resulting in mixtures. The mixtures had the predicted result of altering the elastic
behaviour the anomalous behaviour. However there was also a unique mixture which were
unpredicted and found to form a new phase, which led to further studies suggesting that it is a new
unique gel phase. Prominent flexoelectric properties was postulated [13] and seen in some bent core
liquid crystals [4, 5]. Large flexoelectric effect are of particular interest in developing display devices
due to the relatively fast switching speeds. Some mixtures with intrinsic bend however showed an
unusual switching. Investigations into the unusual switching were attempted, but was ultimately
hindered by the fluorescence of the mixture. Overall it is found that molecules and liquid crystalline
systems with intrinsic bend can be altered from systems without intrinsic bend. The differences range
from minor alterations to the physical properties to forming completely new phases.

Elastic properties in bent core liquid

crystals

The elasticity dictates how liquid crystals respond to external fields, which is important factor in
practical devices and in understanding the physical properties. The splay and bend elastic constants
are investigated using the well-known method of fitting capacitance and voltage. The difficulty came
in measuring the twist elastic constant, this was overcome in this thesis by utilising an In-Plane

Switching (IPS) cell, combined with an extrapolation method to find the threshold voltage. This
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proved to replicate results well in conventional calamitic liquid crystals, but is associated with large
errors. Using these methods, the elastic properties of complex bent core liquid crystal compounds and

mixtures of bent core and calamitic liquid crystal was then examined.

The bend elastic constant, in pure bent core compounds, was commonly greater than the splay
elastic constant, contrary to calamitic liquid crystals [6-10]. Some bent core compounds exhibited
elastic properties similar to calamitic liquid crystals [11, 14]. In order to understand this disparity, first
the elastic constants of mixtures of oxadiazole bent core liquid crystals and calamitic liquid crystals
were found. The bent elastic constant and the twist elastic constant have shown drastic reductions in
values throughout the nematic temperature range which increases with dopant concentration. The
splay elastic constant showed consistently small changes relative to the other elastic constants even
with increasing dopant concentration. The K5 results confirms what has been seen in other studies
which suggests the bent core liquid crystals heavily influence the K5 values, while there is a lack
information for the K, value due to the difficulty in measurement techniques. Surprisingly in the
mixtures K, values also showed significant decreases with increases in dopant concentration, often
greater changes that those seen in K. In fact in mixtures of 5CB and a oxadiazole compound, the
5wt% inclusion of bent core compound resulted in a change of ~3.5pN or ~80% reduction in K,. This
revealed a previously unseen and unpredicted property of the intrinsic bend angle heavily influencing

the twist deformation also.

For further investigation a series of oxadiazole and thiadiazole based bent core liquid crystal were
measured in conjunctions with atomistic calculations, performed by A. Ferrarini. The experimental
results obtained were in collaboration with S. Kaur, who measured the bend and splay elastic
constants, results published in [11, 12]. The atomistic calculations were based solely on the molecular
conformations that the molecules adopted. The experimental results were in excellent agreement with
atomistic calculations indicating the importance of the bend angle. The bend angle of the bent core
compound is extremely important for dictating the bend and twist elastic properties in the nematic
phase. A bend angle ~160°, like those seen in the thiadiazole compound, is large and closer in shape
to calamitic molecules thus displays the property where the bend elastic constant is larger than the
splay elastic constant. The bend angle of ~140°, like those seen in the oxadiazole compound is small,
displays the property of the bend elastic constant, and is smaller than the splay elastic constant.
Inclusions of intrinsic bend into a liquid crystal system also dramatically reduced the twist elastic
constant in almost all cases. The twist elastic constant reduces as the temperature increases; this is
expected behaviour as the nematic phase is approaching isotropic phase where there are no elastic
properties. The values of the K, for series of oxadiazole compounds T — Ty; = —8°C is <1.5pN. This

is very low compared to those seen in 5CB which shows K, of 5pN.
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The other structural changes we studied included terminal chain lengths, fluorination of terminal
chains, and changing one terminal chain from alkoxy to alkyl. Most of these changes to the molecular
shape seem to have little effect on the elastic constants; the most significant effect comes from
changing one terminal chain from alkoxy to alkyl which significantly lowers the all elastic constants,

however this is expected from the strong dipole associated with the oxygen.

In all the unique behaviour of bent core liquid crystal seems to be heavily influenced by only the
bend angle, where the size will determine the properties the nematic phase displays. This can be may

prove useful in the future in designing liquid crystal with certain physical properties.

Further investigations

The changing of one terminal chain from alkoxy to alkyl appears induce the greatest change in
elastic properties. One clear difference is the asymmetry caused by changing one of the terminal
chains from alkoxy to alkyl. In particular the oxadiazole compound with the asymmetric molecular
structure displayed the most drastic difference to conventional liquid crystals, such as displaying a DC
phase. Investigating different asymmetric bent core compounds may produce similar significant
changes to the physical properties. The nature of such asymmetry also needs further investigation,
such as physical asymmetric molecules, hockey shaped molecules, warrants further investigations into

these asymmetric compounds.

New double liquid crystal gels

A new phase was formed from a mixture of 10% a bent core oxadiazole compound with 5CB as
host. Through optical observations, differential scanning calorimetry, and Small Angle X-ray
Scattering (SAXS), it was determined that the phase was a double liquid crystal gel phase. The double
liquid gel is unique due to a liquid crystal phase based network with another liquid crystal phase
acting as the continuous phase in between. The system is further complicated by two separate
phenomena occurring in this mixture. Firstly, the gel formation is a phase separation, of elements
from the mixtures from the nematic phase, self-assembled into a 3D network seen as a filament
structure. This causes a gel to form from the network and the nematic phase. The filament formation
can only form in the nematic phase, which is an extremely time-dependent process. The dependence
of the filaments on the nematic phase can also lead to some unique properties such as the ability to

align the filaments. The exact nature of the filament phase is unknown at the moment but it contains
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some periodic structure seen in the SAXS pattern but could be linked to a Dark Conglomerate (DC)

phase.

The second phenomenon occurring in this mixture is the incorporation of the 5CB into the 3D gel
network to from the bent core dopant. From the SAXS studies, 5CB content is always included in the
filament structure and is supported by the fact the filament is only formed in the nematic phase of the
mixture. 5CB is necessary for the filament structure which is the reason the filament can be aligned in
the same way the nematic 5CB can be aligned, and thus influences the growth of the filaments when

formed slowly.
Further investigations

In SAXS studies of the double liquid crystal gel, there exists significant long range scattering.
This is heavily linked to the filament structure in the phase, mostly likely due to the filament to
filament interactions. Investigations into the long range scattering by adjusting the SAXS setup can
reveal more of how the filaments are interacting with each other and any orientation preference it may

have with and without alignment.

The exact phase of the 3D network which is phase separating in the mixture is also unknown.
The phase of the 3D network is similar to a filament phase seen in other oxadiazole bent core
compounds, and could be linked in some way. There is a brief region where the periodicity observed
is very similar to the spacing seen in DC phases (seen at high temperatures) in subsequent heating
runs of the mixture, suggesting a possible DC phase in the 3D network. The exact mechanism by
which some host material is incorporated in the network has never been seen before and requires
detailed studies into the system. The periodic structure seen in 3D network matching relatively well
seems to suggest that the molecule shape is an important factor the incorporation process. Using 8CB
as the host may lead to understanding how the molecular shape is important in the mechanism if a

similar gel phase forms.

There may also be application potential for the new double liquid crystal gel. Liquid crystal gels
in twisted nematic cells have been shown to exhibit fast switching [15], have light scattering and
transmission modes that are switchable with electric fields and have the potential to be used in
flexible liquid crystal displays [16]. There is potential for non-conventional applications such as new
battery devices using highly anisotropic ion conduction in liquid crystal materials [17]. Liquid crystal
gels can also be used as bioactive membranes [18, 19], which may be used for drug delivery or tissue-
healing applications. Self-assembled structures may also function as templates for the formation of
nano — meter scale conduits and networks [20]. This unique ‘double’ liquid crystal gel, where the

gelator and the host are both liquid crystalline, can be manipulated independently and have the ability

113



to align the gel network. Further studies into these materials may yield many unique properties yet to

be observed.

Unusual flexoelectric switching in dimeric

chiral nematics

Highly chiral dimeric mixtures in a Uniform Standing Helix (USH) system seem to display
unusual switching under square electric fields, where the intensity never reduces to zero during any
part of the switching process. Many aspects of the switching behave as expected. After examining the
optical behaviour, the switching directions seem to obey the back and forth tilting of the optical axis.
The response to a modulated square wave showed that changing electric field strength also exhibits
the expected behaviour. In bipolar pulses the response to different polarities was the same and did not
change depending on polarity of the field applied. There are however small complex regions near the
electrodes during the switching; these regions are likely to be the cause of the unusual switching. The
physical discontinuity of the director profile and the non-uniform electric field near the electrodes can

form complex surfaces which may influence the flexoelectric properties of the mixture.

Further investigations

Raman spectroscopy can reveal the director profile in small areas, attempts to analyse the exact
structure with time resolved Raman spectroscopy was not successful due to the high amount of
fluorescence. The time resolved method was successful in measuring the final position within the
dynamic switching process. The fluorescence may be overcome by using different wavelength light
sources, then the exact director profile in the complex regions near the electrodes can then be analysed

to see if it can cause the unusual switching.

Conclusion

It is seen that introducing bend into liquid crystal systems influences greatly the phase and can
form new bent phases. This thesis mainly focuses on the simplest nematic phase, and even in this
phase there are drastic changes to the properties from bent influences. Thus the bend deformation
intrinsic to the molecule or system has a great effect in a wide range of liquid crystalline phases, even
in the nematic phase. The unusual elastic property exhibited by many of the bent core liquids is found
to be strongly influenced by the bend angle of the intrinsic bend in the system. Seen from mixtures the
changes seen in the elastic properties are related to the intrinsic bend content, such as bend core

dopants. What is not seen in a lot of current research is the drastic lowering of the twist elastic
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constant, due to the difficulty of measurement there was few reports on the low values of twist elastic
constant seen. In studies performed in this thesis, the drastically low values of twist elastic constant

were repeatedly seen in mixture and pure compound alike.

New phases can be formed from mixing oxadiazole bent core compound with 5CB, which was
found to be a double liquid crystal gel phase. The double liquid crystal gel has two phenomena of
incorporation of host into rigid structure, and liquid crystalline properties of the structure. The exact
nature of how the gel is formed and the resultant properties from the changes are still unknown and

require additional research.

In further complex systems such as in USH and the corresponding flexoelectric effects. It is seen
to produce further unique properties such as, the unusual switching. It is likely that the non-uniformity
of the field with the discontinuity of the director profile in conjunction with the inclusion of intrinsic
bend have caused complex molecular orientations to occur in the edge regions, and these region in
turn influence the bulk orientation as a whole. However this could not be confirmed due to the
material fluorescence, but the effect of introducing intrinsic bend again have a great effect on a
previously known liquid crystal phenomena.

In conclusion the inclusion of intrinsic bend into liquid crystalline systems can have a dramatic
effect on almost all liquid crystal phases. The parameter which dictates the differences seem to
defined by the bend angle. However in more complex systems the introduction of intrinsic bend can
further complicate the liquid crystal phase, with new molecular orientations formed at edge regions of
electrodes, which can influence the bulk properties. Thus the introduction of bend can alter
conventional understood liquid crystals and give rise to new effects and materials, and there is still
much that needs to be understood in these bent systems. With further studies introducing bend to ever
more complex system can reveal even more on how liquid crystal systems are responding to intrinsic
bend.
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