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Photoisomerising liquid crystals are added to smectic and chiral nematic 
systems. The consequences of dye addition to the phase sequence and 
switching properties of the host material are described. The effect of ultra 
violet illumination, causing a shape changing photoisomerisation of the dye 
molecules, on these mixtures is explored. 

The photoisomerisation of the azobenzene molecules, used as dyes, is to 
change the straight trans isomer that is very compatible with the liquid 
crystalline phase to the bent cis isomer that is less compatible. This conversion 
is caused by illumination by ultra violet, the reverse isomerisation can be 
caused thermally or by illumination by infra red wavelengths. 

Organosiloxane liquid crystals produce stable ferroelectric smectic C* liquid 
crystalline phases that have a tilt angle close to 45° and a high spontaneous 
polarisation. The effect of monomesogenic and bimesogenic dye addition was 
to add a smectic A phase to the sequence, which showed a large electroclinic, 
effect and aided the alignment of the ferroelectric phase. The bimesogenic dye 
acted as a template for the monomesogenic host molecules, inducing an 
anticlinic antiferroelectric arrangement. 

The effect of ultra violet illumination was to reversibly reduce the phase 
transition temperatures, the spontaneous polarisation and the tilt angle of the 
mixtures indicating a reduction in the order of the system. 

Azobenzene dyes were added to chiral nematic bimesogens mixtures with a 
high flexoelectric coefficient. The effect of ultra violet was to reduce the phase 
transition temperatures and the helical pitch. The response time and tilt angle 
were unchanged. The results indicate a reduction in the order parameter but no 
measurable change of the flexoelectric constants. 

The photoisomerising effects of a mixture with a large divergence in the tilt 
and pitch close to the chiral nematic - smectic A transition was also 
investigated. Similar results were obtained indicating a reduction in the order 
parameter but no measurable change in the flexoelectric coefficient. 

For all the systems studied the effect of photoisomerisation of the dye 
molecules caused a reversible reduction in the order of the mixture. 
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Chapter 1 Introduction 

Theraiotropic liquid crystalline materials form a range of phases that appear at 

temperatures between the solid and liquid phases, rather than a direct transition 

from the solid to the liquid. Often called mesophases, these phases are literally 

intermediate in character between the solid and liquid states. Calamitic 

thermotropic liquid crystals composed of rigid rod like molecules are discussed in 

this thesis. The order of the liquid crystalline materials can be positional or 

orientational and small changes in the molecular composition or shape can cause 

significant changes in the order which are readily observed by electro-optic 

measurements. 

Liquid crystals provide a wealth of novel properties to be investigated by new 

chemical synthesis, physical measurements and theoretical insight. For example, 

what is the effect of molecular composition and shape on the phases expressed? 

What happens as the molecules switch in electric or magnetic fields? How do the 

molecules interact with each other? What is the difference between the bulk liquid 

crystal and the structure present in thin cells? There is also much to be learnt about 

the molecular order of the phases and the changes that occur as one phase 

transforms into another. 

The nematic phase is the simplest and least ordered of the liquid crystalline phases, 

and if present, is the first to appear on cooling from the isotropic liquid. The 

molecules are ordered so that their long molecular axes are "on average"co-aligned. 

The average direction of alignment, shown in figure 1.1 is called the director. If the 

molecules making up the phase include a chiral component it is found that the 

director rotates helically in space as shown in figure 1.2. Although the director 

changes periodically there are no physical layers of molecules. Suitably aligned it is 

possible to demonstrate fiexoelectric switching in such materials. We have 

discovered new fiexoelectric chiral nematics which will be investigated in this 

thesis. 

The smectic A phase has a layered molecular packing with a two dimensional 

liquid like ordering, within the layers, as shown in figure 1.3. The molecules are 
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oriented, on average, parallel to the layer normal. The achiral smectic C phase is 

the same as the smectic A phase, except that the director makes an angle to the 

layer normal, figure 1.4. In the chiral, smectic C* phase, the angle changes helically 

from one layer to the next as shown in figure 1.5. Novel chiral liquid crystalline 

materials with smectic C* phases, with ferroelectric and antiferroelectric 

switching, and a smectic A* phase, with electroclinic switching, have been 

investigated herein. 

To measure the electro-optic properties of the smectic C* liquid crystals they are 

enclosed in a thin (-10pm) glass cell coated with an alignment layer that promotes 

alignment of the molecules parallel to the cell surface. The surface anchoring is 

great enough to unwind the helix and this arrangement is called a surface stabilised 

ferroelectric liquid cell.' This orientation has an optic axis, corresponding to the 

long molecular axis that is parallel to the cell surfaces. Coupling of the polarisation 

of the molecules and an applied electric field produces a rotation of this optic axis 

as shown in figure 1.6.into two stable states. For the anti ferroelectric phase there 

are three npossible states. Herein the spontaneous polarisation, tilt angle and 

response time are measured for new ferroelectric and antiferroelectric liquid 

crystals. 

The chiral smectic A* phase also exhibits a form of electro-optic switching^ called 

electroclinic switching first observed as a pretransitional effect close to the smectic 

A* - smectic C* phase transition. As we will show such switching can penetrate 

far into the smectic A* phase. The amplitude of this switching is smaller than that 

in the ferroelectric phase but it is linear with the applied electric field giving 

possible greyscale applications. 
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Figure 1.1 The nematic liquid crystal 

phase showing the average director n 

and the lack of positional order. 

Figure 1.2 The twisted nematic liquid 

crystal phase, N*, showing how the 

director n and the optic axis o change 

in space while there is no physical 

layering of the molecules. (Note n 

rotates around o.) 
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Figure 1.3 The smectic A liquid 

crystal phase with the average director 

n perpendicular to the layers. 
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Figure 1.4 The smectic C liquid 

crystal phase with the average director 

n at an angle to the layer normal z. 
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Figure 1.5 The chiral smectic C*phase showing the director n 

precessing around z from layer to layer. 
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(b) 

Figure 1.6 (a) Schematic diagram of the surface stabilised ferroelectric liquid 

crystal device (b) the tilt angle, 6, is the angle between the layer normal, n, and the 

molecular axis. 

Analyser 

Viewing 
directLCHi 

Polarizer 

Figure 1.7 Schematic arrangement of the uniformly lying helix texture, with chiral 

nematic helix and hence the optic axis parallel to the cell surfaces. 

The flexoelectric switching of chiral nematic liquid crystals can also be observed in 

planar aligned glass cells. The uniformly lying helix texture can be produced by 

shearing the cell while a small field is applied across it. As shown in figure 1.7 the 

optic axis is then perpendicular to the viewing direction. This optic axis can be 

rotated by coupling of the flexoelectric polarisation with an applied electric field. 

Dye guest host systems will be investigated herein by incorporating dye molecules 

into complimentary host structures to produce good miscibility and high dye 
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concentrations. The effect of dyes with different compositions and conformations 

will then be investigated. Photoisomerising dyes will be used, that change from a 

linear to a bent conformation upon illumination by ultra violet light. The effect on 

the macroscopic properties of a mixture when the shape of the dye is changed will 

then be investigated. 

Photochromic molecules have properties that are altered upon illumination by 

specific wavelengths. If a steric or shape change occurs this effect will be called 

photoisomerisation. In the azobenzene materials investigated in this thesis the 

effect of ultra violet illumination on the azo linkage is to change it from the cis to 

the trans isomer. This causes a change from a straight conformation to a bent 

conformation as shown in figure 1.8. This change is reversed either thermally or by 

illumination by infra-red illumination.^ Liquid crystalline systems are ideal vehicles 

for observation of the effects of these shape changes since small changes of their 

degree of order markedly affect their observable macroscopic electro-optic 

properties. 

N = N 

Ultra violet 
~31 Onm 

Infra red ~ 450 nm 
and heat 

N=N^ 

Figure 1.8 The straight trans isomer converts to the bent cis isomer under ultra 

violet illumination and is returned by heat and infra red illumination 

Although azobenzene mesogens can be synthesised that have limited liquid 

crystalline phases, these molecules will be used as dyes in hosts with a more stable 

phase over which measurements can be made. Photoisomerising effects will be 

investigated in ferroelectric and antiferroelectric smectic C* phases, electroclinic 

smectic A* phases and fiexoelectric chiral nematic phases. The purpose of this 

work is to investigate how the microscopic shape changes of even small dye 
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concentrations will cause a macroscopic change on the properties of the host 

material. 

The next chapter gives a short explanation of the phases studied, ferroelectric and 

antiferroelectric switching in smectic C* phases, electroclinic switching in chiral 

smectic A phases and flexoelectric switching in chiral nematic phases. It also 

includes a discussion of the order parameter in these phases and some of the work 

carried out on photoisomerising liquid crystal systems. Chapter three details the 

experimental procedures used to collect the data presented in the following 

chapters. 

Chapters four and five will compare the addition of a monomesogenic and a 

bimesogenic photoisomerising nitroazo dyes, respectively, to a ferroelectric 

organosiloxane host. Organosiloxane materials will be investigated because they 

produce rugged, fast switching ferroelectric smectic C* phases. Each mesogen is 

made up of two parts. A liquid crystalline mesogen attached by a hydro-carbon 

chain to siloxane core unit. The siloxane units are thought to microseparate'^ from 

the mesogens thereby producing rugged smectic phases. The chiral nature of the 

mesogen produces ferroelectric phases. Both dyes will have the same siloxane unit 

as the host material to encourage good miscibility. The monomesogenic dye has a 

single nitro azo mesogen attached to the siloxane core, while the bimesogenic has 

one at either end. The miscibility of the dye and host and the mesophase 

characteristics of the resulting mixtures will be investigated. 

Chapters six and seven will examine the effect of "photoisomerising" illumination, 

on the two orgaosiloxane systems, with ultra violet light. The effect of ultra violet 

illumination on the transition temperatures, spontaneous polarisation and tilt angles 

will give an indication of any change in the order parameter of the mesophase. 

Chapters eight and nine will describe flexoelectric chiral nematic materials. The 

bimesogenic host molecules^'^'^ have been designed to combine a pear and banana 

shape asymmetry and show a large flexoelectric coefficient. In chapter nine the 

mixtures of 80CB and a chiral agent will be used that have a smaller flexoelectric 

coefficient but because a smectic A phase is present below the chiral nematic phase 
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there is more of a variation of the properties with temperature. The changes in 

phase transition temperatures and helical pitch and response times for both 

flexoelectric mixtures with ultra violet illumination will be investigated to evaluate 

any changes in the order parameter or flexoelectric coefficient. 

The concluding chapter ten will discuss the new experimental data presented here 

concerning the dye guest host properties of new smectic and chiral nematic 

mixtures. The miscibility of dye and host molecules with a similar structure will be 

investigated. The consequences of the addition of dye on the phase characteristics 

and switching properties of the host will be detailed. The effect of ultra violet 

illumination on the photoisomerising dye molecules and consequently on the 

mixtures as a whole will be investigated. 
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Chapter 2 Background Theory and Considerations 

2.1 Introduction 

The liquid crystalline phases and switching behaviour to be examined in this thesis 

will be explained in this chapter. The electrical and optical measurements will be 

explained in principle in this chapter and practical considerations will be described 

in chapter 3. The effect of the order in a liquid crystal system on its physical 

properties will be discussed. In this thesis the order will be changed experimentally 

by incorporating a photoisomerising azo dye. The shape of these dyes can be 

changed by illumination with ultra violet light, converting a straight molecular 

configuration to a bent form. 

The materials that are to be investigated in this thesis exhibit liquid crystalline 

phases. For liquid crystalline materials a range of phases appear at temperatures 

between the solid and liquid phases, rather than there being a direct transition from 

solid to liquid. Often called mesophases these phases are literally, intermediate in 

character between the solid and liquid states. Liquid crystalline phases were first 

proposed by Freidrich Reinitzer' in 1888 when two different melting points were 

observed in a derivative of cholesterol. 

The molecules of a liquid possess no long range positional or orientational order. 

This random arrangement cancels out any microscopic anisotropy of the molecules 

producing a macroscopically isotropic medium. In contrast, the molecules of a solid 

are constrained in a three-dimensional lattice and can be macroscopically 

anisotropic. Liquid crystals form a range of mesophases with varying order 

intermediate between that of a solid and of a liquid. This can be positional or 

orientational order or a combination of the two. Positional order in one dimension 

is shown in the layered structure of smectic liquid crystals. Nematic liquid crystals 

show orientational order of the constituent molecules. 

2.2 Liquid Crystalline Phases 

Two main groups of liquid crystalline phases appear as the temperature of a 

material is varied. The nematic phase, denoted N, has the lowest order and, if 
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present, will appear at higher temperatures than the smectic phases. The nematic 

liquid crystals have no long-range positional order of their constituent molecules. 

However, the average direction of the molecules tends to be parallel to a common 

director n giving orientational order. The nematic material is uniaxially anisotropic 

along this director. For achiral molecules and racemic mixtures the form of nematic 

shown in figure 2.1 occurs. 

If the nematic material contains a chiral component it is found that the director 

rotates helically in space as shown in figure 2.2. This chiral nematic phase can also 

be called cholesteric as it was originally observed in derivatives of cholesterol and 

is denoted N*. Although the director changes periodically there are no physical 

layers of molecules. A more detailed description of the chiral nematic phase and 

flexoelectric switching will be given in section 2.7. 

n t 

I I 

n t / *i 

In M l M » 

_L o 

Figure 2.1 The nematic liquid crystal 

phase showing the average director n 

and the lack of positional order. 

Figure 2.2 The twisted nematic liquid 

crystal phase, N*, showing how the 

director n and the optic axis o changes 

in space while there is no physical 

layering of the molecules. 

Smectic liquid crystals, however, form layered structures. The most common phases, 

with the lowest symmetry, are smectic A and smectic C. In these structures the 

molecules are randomly arranged within the layers, each layer being analogous to a 

two dimensional liquid. The direction of the molecules in the smectic A phase tends 

towards that of the layer normal as shown in figure 2.3. The layer spacing is 
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consistent with the length of the molecules and the material is optically uniaxial in 

either direction parallel to the layer normal. 

In the smectic C phase the direction of the molecules tends to be tilted away from the 

layer normal as shown in figure 2.4 and consequently the layer spacing is less than the 

molecular length. If a chiral molecule is present in the mesophase the direction of tilt 

precesses from layer to layer as shown in figure 2.5. The switching in chiral smectic 

phases will be discussed further in sections 2.4, 2.5 and 2.6. 

n f U 

M l l M 

M M l < 

M I I I I 

nf f z 

i 

/ / / 

Figure 2.3 The smectic A liquid 

crystal phase with the average director 

n perpendicular to the layers. 

Figure 2.4 The smectic C liquid 

crystal phase with the average director 

n at an angle to the layer normal z. 

n / U 

4 M l I I 

i ^ V V V 

Figure 2.5 The chiral smectic C* 

phase showing the director n 

precessing from layer to layer 

There exist many more smectic phases with increasing order within the layer plane. 

For example in the smectic B, smectic I and smectic F phases there is hexagonal 

packing of the molecules in each layer, without any correlation between the layers. A 
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more detail description of the higher order smectic phases can be found in the book by 

Gray and Goodby/ The phases discussed above can be identified by their microscopic 

textures, which are described more fully in section 3.3. 

Much of the work for display applications has concentrated on twisted nematic 

structures with chiral aditives. In this thesis investigations of electro-optic effects in 

chiral nematic, smectic C* and smectic A* liquid crystals are investigated. An 

explanation of the theoretical characteristics of these phases is given in the next 

sections. 

2.3 Order of liquid crystalline phases 

So far the order of liquid crystalline phases has been discussed qualitatively in terms 

of the positional and orientational order present in the mesophase. A more quantitative 

order parameter can be defined, that has a maximum possible value of one in a 

perfectly ordered example of the phase and a minimum value of zero at temperatures 

above the transition to the isotropic phase. 

The nematic phase can be modelled as a collection of simple rods.^ For example the 

Maier-Saupe'^ theory is a molecular field approximation for which two symmetrical 

properties can be defined. There must be cylindrical symmetry about the director n 

and the directions n and - n are fully equivalent. The order parameter can be defined 

as a function of the angle, 8, of the molecular axes from the director. The function 

used in equation 2.1 is the statistical average of the second Legendre polynomial and 

is equal to one for a perfectly ordered nematic and to zero for randomly arranged rods. 

1 /« 2 , 
5"=—^3cos 6 - \ ) equation 2.1 

The order parameter can be directly related to experimentally deteraiinable properties 

of a nematic material^. For example the diamagnetic anisotropy, the optical anisotropy 

and from nuclear magnetic resonance measurements. The elastic constants, to be 

discussed further with respect to the flexoelectric chiral nematic switching are 

proportional to the square of the order parameter^. 
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As the nematic phase changes to the smectic A phase the orientational order of the 

molecules is unchanged. However the positional order is increased as the layers are 

fonned. The nematic to smectic A transition may theoretically be first or second 

order. If the transition is second order pretransitional effects will occur in the nematic 

phase just above the transition^. There is often a marked pretransitional effect in the 

elastic properties as the twist and bend elastic deformations present in the nematic 

phase do not exist in the smectic phase. 

The phase transition from the smectic A to smectic C* phase involves a change in the 

tilt of the molecules from the layer normal. The Landau theory^ of phase transitions 

for ferroelectric materials has the tilt angle as the primary order parameter. 

Minimisation of the free energy written as a function of the order parameter gives a 

relationship between the tilt angle, 9, and the temperature, T, equation 2.2 where Tc is 

the smectic A to smectic C* transition temperature and Ke is a constant. The mean 

field approximation predicts that the constant P has a value of 0.5 and it has been 

found experimentally to range from 0.35 to 0.5^. This relationship is analogous with 

the Bose condensation of superfluid helium. 

6) = equation 2.2 

The magnitude of the spontaneous polarisation in a ferroelectric smectic C* phase 

depends on the tilt angle^. As the tilt angle goes to zero the polarisation goes to zero. 

If the tilt angle is changed from positive to negative the sign of the polarisation is 

reserved so the polarisation can be described as an odd function of the tilt. For many 

materials, especially at low tilts this relationship is linear and the polarisation follows 

the same law as the tilt, equation 2.3. 

P = Kp(7^ -TY equation 2.3 

The change from a ferroelectric smectic C* phase to the isotropic phase is often first 

order causing a discontinuous change in the tilt angle and spontaneous polarisation at 

the phase transition. 
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2.4 The Ferroelectric Smectic C* phase 

The ferroelectric properties of materials with a smectic C* phase will be investigated 

in this thesis. They are of particular interest for display applications because of their 

fast switching times and bi-stable switching^^'^^'^^''^. For a dielectric material the 

relationship between the applied electric field and the electric polarisation is linear, 

but for a ferroelectric material hysteresis occurs as shown in figure 2.6. From this it 

can be seen that a ferroelectric material has a threshold voltage, before which it will 

not switch, and will have an electric dipole moment in the absence of an external 

electric field. However this cannot usually be observed macroscopically because of an 

accumulation of charge on the surface from the atmosphere. Ferroelectric materials 

can be identified from their hysteresis loops or from the presence of a single current 

pulse, as the dipoles re-orient, in an alternating current passed through the material 

illustrated in figure 2.7. 

electric 
p olarisation 

applied 
voltage 

Figure 2.6 Hysteresis of the electric polarisation of a ferroelectric material with the 

applied voltage. 
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Figure 2.7 Example of a single current pulse for the ferroelectric material Brl 1-Si3 

Symmetry can be used to identify the liquid crystalline phases that may exhibit 

ferroelectricity, and those that are incapable of producing a macroscopic polarisation. 

Von Neuman's principle states that the physical properties of a material, for example 

the polarisation, will include the symmetry characteristics of that material. The 

smectic C* phase is the least ordered mesophase capable of exhibiting ferroelectricity. 

The smectic I* and smectic F* phases, which possess hexagonal ordering within the 

smectic layers, can also be ferroelectric'"^. From the prediction by Meyer'® in 1975 the 

material DOBAMBC was shown to exhibit ferroelectricity in the smectic C* phase 

It can be shown that the achiral smectic C phase cannot generate a spontaneous 

polarisation because it posses too much symmetry. The symmetry of this phase 

consists of a centre of inversion; a mirror plane normal to the layers and a two fold 

rotation axis perpendicular to both the layer normal and the director. The chirality of 

the molecules in the smectic C* phase reduces this symmetry to just the two fold 

rotation axis as shown in figure 2.8 and there is the potential for a spontaneous 

polarisation parallel to this axis. To maximise this polarisation the liquid crystal 

molecules should have a large dipole moment perpendicular to the long molecular 

axis. 

Chapter 2 22 



n 

11 

Centre of Inversion x -> -x, y -> -y, z -> -z 

n = n' for achiral Smectic C n * n' for chiral Smectic C* 
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Mirror plane 

n = n' for achiral Smectic C n * n' for chiral Smectic C* 

' O / n' 

Two fold Rotation Axis 

n = n ' for achiral Smectic C and for Chiral Smectic C* 

Figure 2.8 For an achiral material the three symmetry operations leave the medium 

unchanged. For a chiral material only the two fold rotation leaves the material 

unchanged. 
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In the bulk smectic C* phase the spontaneous polarisation rotates from layer to layer 

with the director and is cancelled out over a macroscopic distance. This twisted phase 

should properly be called helielectric. However, as suggested by Clark and 

Lagerwall^^, if a sufficiently thin sample is prepared the surface interactions are 

enough to unwind the helix producing a surface stabilised ferroelectric liquid crystal 

(SSFLC) device. 

A schematic diagram, figure 2.9a, of the SSFLC device shows the bookshelf geometry 

with the smectic layers perpendicular to the cell surfaces. The anisotropy of the rod 

shaped molecules produces an optic axis parallel to the long axis of the molecule. The 

tilt angle, 6, is defined as the angle between this optic axis and the layer normal, 

figure 2.9b. If an electric field is applied, the molecules will switch through twice the 

tilt angle. To minimise the energy of the switch and maintain the optimum layer 

thickness the molecules rotate 180° around a cone within the layer. This switching is 

called Goldstone switching and causes a change from positive to negative 

spontaneous polarisation. 

(b) 

Figure 2.9 (a) Schematic diagram of the surface stabilised ferroelectric liquid crystal 

device (b) the tilt angle, 6, is the angle between the layer normal, n, and the molecular 

axis. 

The smectic C* phase often cools directly from the smectic A phase. Rather than 

breaking and reforming, the smectic layers can retain their spacing and tilt into 

chevrons'^ as shown in figure 2.10. This chevron structure produces characteristic 
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zigzag defects. However this has never been observed in the organosiloxane materials 

studied in this thesis so a perfect bookshelf geometry is assumed. 

Figure 2.10 Schematic diagram of the chevron structure of a surface stabilised 

ferroelectric cell cooled from the smectic A phase. 

A well aligned surface stabilised ferroelectric liquid crystal device acts as a uniform 

anisotropic material with a characteristic birefringence. The transmitted intensity 

through crossed polarisers for incident light of intensity, Iq, and wavelength, X, 

depends on the tilt angle, 9, the birefringence, An, and the cell thickness, d as shown 

in equation 2.4. 

r T • 2 i A n\ ' if ^ , 
I = IQ sm (40 jsm equation 2.4 

V A y 

The maximum transmission occurs when both terms are equal to one. The cell 

thickness and birefringence can be chosen to produce a peak in the visible spectrum. 

The first term is maximised when the angle is equal to 22.5° so many materials have 

been synthesised with tilt angles close to this value. Materials with a tilt angle close to 

45°, for example the organosiloxane materials studied in this thesis, can be used in 

displays with just one polariser'^. 

The characteristic response time of a material to an applied electric field can be 

defined in more than one way and measured via more than one physical property. The 

electrical and optical response times used in this thesis are explained in section 3.7. 

All the definitions of the response time have a similar dependence on the physical 

properties of the material. For a ferroelectric smectic C* material the response time, x, 

is dependent on the viscosity, y, the spontaneous polarisation, P, and the applied 
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electric field, E, as shown in equation 2.5^^. The viscosity is exponentially 

proportional to the temperature, T, via an activation energy. Ea, in an Arrhenius type 

law, equation 2.6. 

r equation 2.5 

y = equation 2.6 

Ferroelectric materials could be more useful than nematic materials for display 

applications because the coupling of the polarisation with an applied field results in a 

faster switching time and bistability. However it can be difficult to produce a grey 

scale in the SSFLC geometry. 

2.5 Antiferroelectric Smectic C* phase 

Some liquid crystals with a smectic C* phase exhibit an antiferroelectric phase either 

instead of or in addition to a ferroelectric phase. The antiferroelectric phase has three 

stable states which produce a DC threshold in the apparently ferroelectric switching. 

Chandani et al'^ were the first to recognise that tristable switching and a DC threshold 

were both caused by an antiferroelectric state. In the unperturbed, zero field 

antiferroelectric state the molecules in the smectic layers form a helicoidal pattern as 

in a ferroelectric phase. However the orientation of the dipole in each adjacent layer 

has the opposite sense as shown in figure 2.11. This is an exaggerated depiction as the 

pitch is much larger than the layer spacing^p/d«10^. In the surface stabilised 

situation the helix is unwound and the dipoles in adjacent layers cancel producing 

zero polarisation as shown in figure 2.12b. As an alternating current is applied the 

antiferroelectric structure is switched to the two extreme ferroelectric structures, as 

shown in figure 2.12. This produces a double hysteresis loop with a DC threshold as 

shown in figure 2.13 and a double pulse in the current passed through a cell, figure 

2J4. 

Antiferroelectric materials have applications in display devices. The double hysteresis 

loop and the use of a positive and negative driving voltage gives rise to a large 
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viewing a n g l e ' A contrast ratio of up to 30^" is possible and fast response times of 

50|j,s. However the presence of a pretransitional effect below the threshold voltage 

20 . 

may decrease the contrast &tio. 

Figure 2.11 Schematic diagram of the helicoidal antiferroelectric structure. The tilt 

precesses from layer to layer while the orientation of the dipole reverses from layer to 
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Figure 2.12 (a) ferroelectric state for positive electric field (b) zero field 

antiferroelectric state (c) ferroelectric state for negative electric field 

traiisniitte d 

intensity 

DC tiireshold 

/oltase 

Figure 2.13 Hysteresis loop for transmitted intensity against voltage showing the DC 
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Figure 2.14 Double current pulse peak in response to a triangular wave 

Other subphases of the smectic C* phase have been detected by differential scanning 

calorimetry. The relationship between the direction of tilt in these phases is more 

complex than for the ferroelectric and antiferroelectric. The phase designated smectic 
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C*y has been shown by conoscopy and by observations of its switching properties to 

be ferrielectric. 

2.6 ElectrocHnic Smectic A phase 

The chiral smectic A* phase also exhibits a form of electro-optic switching. This is 

called electroclinic switching and occurs predominantly at temperatures close to the 

smectic A* to smectic C* transition. It can also penetrate into the smectic C* phase, 

and was originally investigated as a pretransitional effect by Garoff and Meyer in 

1977^'. The electroclinic switching is dielectric in origin and an induced polarisation 

grows linearly with the applied field. There is a reduction in symmetry^^ of the chiral 

smectic A phase from the achiral version analogous to that which causes a 

spontaneous polarisation in the smectic C* phase. Because of this reduced symmetry, 

the application of an electric field perpendicular to the layer normal produces a tilt 

that is linear with the field. 

Whereas in the Goldstone mode the optic axis moves around a cone, in electroclinic 

switching there is a simple change of tilt. This is traditionally called soft mode in 

spectroscopy, and takes place at higher frequencies than Goldstone switching. Other 

materials that exhibit linear electro-optic effects include antiferroelectric liquid 

crystals at voltages below the transition to the ferroelectric state^^, the deformed helix 

mode in short pitch ferroelectrics^^ and the flexoelectric effect in chiral nematics. 

As the field is applied perpendicular to the optic axis, the induced tilt of this optic axis 

is also linear with the applied field. It can be shown that a small tilt angle, 9, of the 

optic axis is related, equation 2.5, to the applied electric field, E, by the electroclinic 

coefficient, e^. Where p is the dipole moment per unit volume per unit tilt and a is a 

constant and T is the temperature and To is the smectic A-smectic C* transition 

temperature. And the response time, t , is independent of the applied field but 

dependent on the viscosity, y, and the temperature as shown by equation 2.6. 

6=e E 6 = , ^—rE equation 2.5 
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a (r-r j 
equation 2.6 

The switching could be useful in applications because it is very fast and thresholdless 

and produces a grey scale. However the change of the tilt angle with temperature 

narrows its possible operating range. 

2.7 Flexoelectric Chiral Nematic phase 

Flexoelectric coupling can occur between an applied electric field and the molecular 

dipoles of nematic, chiral nematic and smectic phases. For the purpose of this thesis 

we will describe the flexoelectric effect in the chiral nematic phase. There is a linear 

coupling of an electric field with the splay and bend deformations resulting in the 

modulation of the optic axis. Meyer compared this coupling in strongly asymmetric 

nematic molecules to piezoelectricity in crystals^^. A flexoelectric-optic effect was 

first observed in chiral nematic material by Pat el and Meyer^ in 1987 and reported 

more fully by the Chalmers group^^ in 1994. 

First the chiral nematic phase will be explained in more detail. The director, n, 

changes helically with a characteristic pitch as shown in figure 2.15. An aligned chiral 

nematic has a uniaxial optic axis parallel to the helix axis. The dependence of the 

pitch upon temperature is not well understood. For many materials the pitch increases 

as the temperature is reduced, the strongest variation in pitch occurring in materials 

with a smectic A phase '̂® below the chiral nematic phase. 

Helix and 
optical axis 

n n* = cos 9, By = sin 6, n^ = 0 

Q = 2nz equation 2.7 

P 
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Figure 2.15 Schematic diagram of the hehx of a chiral nematic 

The appHcation of an electric, magnetic or shear field can cause three major 

deformations of the chiral nematic liquid crystal. Elastic deformations of the three 

main geometries, splay, twist and bend, dielectric coupling between the field and the 

dielectric anisotropy and flexoelectric coupling in the splay and bend modes. 

The splay, twist and bend elastic deformations are shown schematically in figure 2.16. 

Any deformation of a nematic can be reduced to a combination of these three 

deformations. In reality the distance over which significant variations occurs is of the 

order of 1 pm compared to the molecular dimension of 20 A so a continuum theory 

that disregards molecular detail can be used to describe the deformations.^^ 

n 

Uih f 
I H i t 

Figure 2.16 (a) splay (b) twist (c) bend deformations of a chiral nematic 

The fi-ee energy of a nematic can be expressed as the sum of the elastic energy of the 

splay, twist and bend distortions as described by equation 2.8^^. Where Ki, K2 and K3 

are the splay, twist and bend elastic constants and n is the director. 

Fe + ^ K ^ { n { V x i ^ f equation 2.8 

A molecule with a significant dielectric anisotropy will couple with an applied electric 

field. The dielectric anisotropy. As, is equal to the difference between the dielectric 
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constant parallel to and perpendicular from the molecular axis. The dielectric coupling 

is proportional to the square of the electric field, equation 2.9, and for materials with a 

positive dielectric anisotropy causes the molecules to line up with the applied electric 

field. 

8;r ^ 
equation 2.9 

An undisturbed chiral nematic is twisted. If the molecules have a large shape 

asymmetry and a molecular dipole, the application of an electric field will add a bend 

and splay deformation due the flexoelectric coupling. The effect of an electric field 

applied perpendicular to the helix axis is to induce a flexoelectric deformation that 

rotates the optic axis away from the helix axis. The director is rotated around an axis 

parallel to the applied electric field by an angle, 6, as shown in figure 2.17. A cut 

through the material at that angle shows an alternating bend and splay configuration 

shown in figure 2.18. 

axis 

axis J , optic 
axis 

Figure 2.17 Rotation of the optic axis around an axis parallel to the applied electric 

field 
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Figure 2.18 The slice (shown in red) taken at an angle parallel to the director shows 

alternate splay and bend deformations 

The free energy of the flexoelectric distortions depends upon the splay and bend 

flexoelectric coefficients, and Cb and is linear with the applied field as shown 

equation 2.10. 

Ff = -E[e^ M.V.M + n X V X equation 2.10 

The presence of molecule with either a pear or banana shape will enhance the splay 

and bend deformations^"* respectively as shown in figure 2.19. 

(a) (b) 

Af = 0 

(c) 
(d) 

Af = 0 

VrX 

Figure 2.19 (a) undisturbed banana shaped molecules (b) banana shaped molecules 

with a bent configuration and a net polarisation (c) undisturbed pear shaped 

molecules (d) pear shaped molecules with a splay configuration and a net polarisation 
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The sum of the free energies for the elastic deformations, the dielectric coupling and 

the flexoelectric coupling must be taken into account. The flexoelectric coupling is 

linear with the applied field, while the dielectric coupling is quadratic with field. 

Hence, the flexoelectric effect is dominant for low applied fields and the dielectric 

term can be ignored while describing the tilt angle. If the splay and bend elastic 

constants Ki and Kg are taken to be equal and the dielectric term ignored, minimising 

the free energy and assuming that the tilt angle is small gives the tilt angle, 9, of the 

optic axis. The average terms, e, for the splay and twist flexoelectric coefficients and, 

K, for the splay and twist elastic coefficients have been introduced. 

t a n 0 = — ^ equation 2.11 
2%%: 

For small angles this tilt angle is proportional to the applied electric field. Despite 

being a small angle approximation it has been fitted successfully to angles up to 32°^^. 

To maximise the tilt angle a flexoelectric material must have a large ratio of 

flexoelectric to elastic coefficients and a large pitch. The maximum pitch is 

constrained by the occurrence of a visible fingerprint texture. For a material with a 

constant pitch the angle is independent of temperature as both the flexoelectric 

coefficient and the elastic constant scale with the square of the order parameter. 

At high fields the dielectric effect becomes more significant and the relationship 

between the tilt angle and the applied electric field can become non linear. As the 

field increases the dielectric coupling becomes dominant and at a threshold voltage 

the twisted conformation is converted to the homeotropic texture with all the 

molecules parallel. This critical voltage depends upon the twist elastic constant, the 

pitch and the dielectric anisotropy as given by equation 2.11. 
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Z c = -
2 

V Ac y 
equation 2.11 

The response time, x, is related to the viscosity,y, as shown in equation 2.12. The 

response time is potentially very fast. To minimise the response time a material must 

have a short pitch, a low viscosity and a large elastic constant. As for the ferroelectric 

materials the viscosity has an Arrhenius temperature dependence as shown in equation 

2.13. 

2 y n 
T=—-— equation 2.12 

7 equation 2.13 

To measure the flexoelectric coupling in a chiral nematic material it must be in the 

uniformly lying helix texture. A cell with ITO electrodes provides an electric field 

across the cell and planar alignment. When cooled from the isotropic to the chiral 

nematic phase a material with a positive dielectric anisotropy will form a natural 

texture of a Grandjean or standing helix. This is shown schematically and as viewed 

perpendicular to the cell surface in figure 2.20 (a) with the optic axis perpendicular to 

the cell surface. When a small field is applied the helices start to tilt and a grid and 

stripe pattern may be observed, figure 2.20 (b). There may be a direct transition to the 

focal conic texture if this structure is not stable or the focal conic texture may appear 

without an increase in the voltage as this structure breaks down. The focal conic 

texture has random areas of helix as shown in figure 2.20 (c). If the focal conic texture 

is sheared, by application of a small pressure to the cell for example, the helices will 

align perpendicular to the cell surfaces producing the uniformly lying helix as shown 

in figure 2.20 (d). If the field is further increased the dielectric coupling will become 

great enough to force the molecules to align parallel to the field producing the 

homogeneous texture, figure 2.20 (e). The optical textures for these alignments are 

shown for the 7/11 bimesogen mixture in figure 2.21. 

Chapter 2 35 



The flexoelectric properties of tilt angle and response time can be measured in the 

uniformly lying helix texture as describe fully in chapter 3. 
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(a) Grandjean texture (b) Grid and Stripe texture 

\ \ \ 

(c) Focal Conic Texture (d) Uniformly Lying Helix 

(e) Homeotropic texture 

Figure 2.20 Schematic alignment of the chiral nematic effect observed in thin cells 

with planar alignment 
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(c) Focal Conic texture (d) Uniformly Lying Helix texture 

Figure 2.21 Textures of the chiral nematic mixture 7/11 bimesogen plus BDH1281 

observed in thin cells with planar alignment 
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There has been much interest in the flexoelectric effect in chiral nematic liquid 

crystals because of possible uses in display applications and optical switches and 

modulators. The switching has been found to be linear with the applied field and 

independent of temperature (as long as the pitch is constant). The thresholdless 

switching gives the possibility of greyscale applications. The response times are short, 

often of the order of microseconds to milliseconds. The chiral nematic molecules must 

have a strong electric dipole and an asymmetric shape to exhibit flexoelectric 

properties. A pear shaped molecule contributes to the splay deformation, while a 

banana shaped molecule contributes to the bend deformation. To exhibit a large 

polarisation the material will ideally have a short pitch, a high elastic constant and a 

small but positive dielectric anisotropy. Much work has been done to optimise these 

properties by engineering the shape of the molecules. The bimesogen 

materials^^'^®'^''^^ that will be studied in this thesis have been developed in house to 

attempt to combine the pear and banana shapes to produce large flexoelectric 

coefficients. 

2.8 Photoisomerisation 

Photoisomerising dye molecules will be added to liquid crystal systems in this thesis. 

A photochromic species can be defined as one that changes between two states having 

distinguishably different absorption spectra, such a change being induced in at least 

one direction by electromagnetic radiation/^ The photochromic changes that are of 

most interest in this thesis involve a steric, or shape change, of the molecule. This 

involves the reversible change fi-om one isomer to another of higher energy and will 

be called photoisomerising. The molecules will incorporate an azo linkage which 

photoisomerises fi-om the straight trans to the bent cis isomer when illuminated by 

ultra violet radiation in the region 290-350 nm as shown schematically in figure 2.22. 

The absorption maximum for the simple azobenzene molecule is ~310 mn and the 

addition to the benzene rings of extra groups causes a minor change of this range. 
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Ultra violet 
- 290 - 350nm .N=n. 

,N=N 

Infra red ~ 450 nm 
and heat 

Figure 2.22 The straight trans isomer converts to the bent cis isomer under ultra 

violet illumination and is returned by heat and longer wavelengths 

Liquid crystal systems incorporating photisomerising materials have been investigated 

to determine the effect of the steric change of the molecules and for potential 

applications in optically addressed devices^'^'^^ and as a method of aligmnent^^. The 

first record of such a phenomenon was the increase in pitch of a chiral nematic doped 

with azobenzene, which was photoisomerised from the trans to the cis isomer.^^ 

Liquid crystals have been used for electro-optic applications because small changes in 

the applied field result in large changes in the optical modulation properties of the 

liquid crystal. The aim of the use of photoisomerising materials is to modulate light 

with light. A short summary will be given of what has been done in several liquid 

crystalline phases and with a number of photoisomerising species. 

Initial investigation concentrated on materials having the nematic phase. The effect of 

ultra violet illumination on many photoisomerising liquid crystals is to suppress the 

phase transition temperatures. It is often possible to induce an isothermal 

transformation from the nematic phase to the isotropic phase. The presence of a 

soluble photoisomerising dye in the liquid crystal will cause the same effects in the 

properties of the host. A homogeneous monodomain alignment of the nematic phase 

has a high transmission when the director is at 45 ° to the axis of crossed polarisers. 

When in the isotropic phase the random structure reduces the transmission close to 

zero. Polymer liquid crystal phases often have a glass transition from the nematic 

phase to a glass phase in which the polymer backbone is frozen prohibiting molecular 

reorientation. If the transformation from nematic to isotropic can be made below the 
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glass transition temperature the random structure of the isotropic phase will be 

maintained after the ultra violet illumination is ceased/^ 

Photisomerising molecules can also be incorporated in the alignment materials to 

reorient the nematic liquid crystal at the cell surfaces/^ They can also be added as a 

dye to the bulk liquid crystal to again change the alignment upon ultra violet 

illumination/^ 

Re-writable storage devices have been investigated using smectic A liquid crystal 

polymers. Large area homeotropic mono-domains with a clear, non-scattering 

appearance and high transmittance can be prepared by applying a high frequency 

electric field. This texture is stable for a wide range of temperatures in the smectic 

phase. A contrasting scattering texture with a low transmittance can be produced by 

two methods. 

Local heating into the isotropic phase by a high power followed by rapid 

cooling back to the smectic phase produces an area with a scattering texture and low 

transmittance. The main problems with this technique are the high intensities 100 -

1000 W/cm^ required and the limit of spatial resolution of the laser. The 

photochromic transition from the smectic phase to the isotropic can be used in place 

of the laser heating. The advantages of using ultra violet illumination over laser 

heating are that a lower power is required and the ultra violet can be focussed with a 

better spatial resolution. 

Secondly, if an electric field, above a characteristic threshold voltage, is applied to a 

smectic A liquid crystal the electrohydrodynamic instabilities in the phase produce a 

scattering texture. When the field is removed a scattering texture remains as the phase 

relaxes in to a focal conic texture. The illumination of the sample with ultra violet 

light inducing the trans to cis isomerisation reduces the threshold voltage necessary to 

produce a scattering texture. 

Work has been done to control the spontaneous polarisation of the smectic C* phase. 

The illumination of the sample by ultra violet reduces the threshold voltage from one 
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polarisation state to the other and can produce a photo-induced flip in 

Antiferroelectric materials have also been used, also to reduce the threshold voltage 

for switching from one polarisation state to the other because the threshold is often 

sharper than for ferroelectric materials^ '̂ ^ 

Two studies'*^ '*̂  by the Chalmers and Tokyo Institute of Technology groups have been 

made of the effect of photoisomerisation of flexoelectric chiral nematic materials 

containing azo dyes. Both reports found an increase in the effective flexoelectric 

coefficient as would be suggested if there was an increase in the shape anisotropy of 

the dye molecules in the cis form. 

Other photoisomerising molecules have been investigated as dyes in liquid crystalline 

systems. These include Thionindigo/" Dithieylethene^' and Cinimate ester^^. 

Photoisomerising molecules containing an azo will be used as dyes in this work. The 

shape change of the dye will be investigated in ferroelectric, antiferroelectric, 

electroclinic and flexoelectric systems. 
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Chapter 3 Experimental Overview 

3.1 Introduction 

The experimental techniques used to investigate the liquid crystal systems 

presented in this thesis are described. Section 3.2 details the microscope set-up with 

which the electro-optic measurements were made, and by which the sample was 

illuminated with ultra violet light. The transition temperatures and phase sequence 

must be determined for all liquid crystals. Measurement of these temperatures and 

phases are described in section 3.3. For the ferroelectric and antiferroelectric 

materials the spontaneous polarisation, optical tilt angle and response time must be 

measured as detailed in sections 3.5, 3.6 and 3.7 respectively. For these 

measurements the liquid crystal is contained in a glass cell designed so an electric 

field can be applied across the liquid crystal as described in section 3.4. For the 

flexoelectric materials the tilt angle and response time are again measured. In 

addition to this, measurements of the helix pitch of flexoelectric liquid crystals are 

explained in section 3.8. 

3.2 Microscope Set up 

The experiment set up, centred around a microscope, is shown schematically in 

figure 3.1. The microscope' was used to observe the sample optically and as a way 

to illuminate the sample with ultra violet. The sample was placed in a Linkam^ 

hotstage, allowing temperature control between -200 and +600°C. This hot stage 

was mounted on the rotating stage of the microscope between a polariser and 

adjustable analyser allowing observation between crossed polarisers. The 

photodiode was used to monitor the intensity of light transmitted by the liquid 

crystal sample. 

Electrical contacts could be made to the surfaces of the cells containing the liquid 

crystalline materials as described in section 3.4. A signal generator^ and high 

voltage amplifier were used to apply square and triangular waveforms to the cell in 

the range 0-200Vp-p and 0-13MHz. A current to voltage amplifier translates the 

current through the cell to a voltage that can be displayed on the oscilloscope.^ The 
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driving waveform and the photodiode output or I-V voltage can be displayed on a 

digitising oscilloscope or transferred to a PC to analyse the data using HPVEE 

software/ 

The law of Mains for two polarisers was used to confirm that the photodiode 

response is linear with the intensity of incident light. The magnitude of light 

transmitted through a pair of polarisers depends on the angle between their axes as 

given in equation 3.1. The output voltage of the photodiode was measured as a 

function of the angle, 9, between the polariser and analyser as the analyser was 

rotated. The recorded intensity, I, follows the law of Malus as shown in figure 3.2. 

equation 3.1 

The sample was illuminated by ultra violet from a side arm mercury lamp.' The 

switching on and off of the ultra violet illumination was controlled by a manual 

shutter. The intensity could be varied from 5 mW/cm^ to 350 mW/cm^ by means of 

a ND6 and a ND25 neutral density filter. 
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Function 
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UV lamp 
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Rotating stage q 

Polariser 

Computer 

Figure 3.1 Electro-optic measurement - Schematic diagram of equipment 

centred around the optical microscope 

Chapter 3 46 



500 

450 

400 
s 
t"350 

' 2 

§ 

300 

250 

200 

150 

100 

50 

0.2 0.4 0.6 

sin~(9-9o) 

0.8 1.2 

Figure 3.2 Photodiode characteristics - Detected intensity against the angle 

between two polariser axes 

3.3 Phase characterisation 

The sequence of liquid crystalline phases and the temperatures of the transitions 

between phases must be determined. As even small amounts of impurities can 

change the transition temperatures, comparisons of reduced temperatures, defined 

as the temperature below the phase transition, are often made. The mesophase type 

is usually identified by optical microscopy and could be more accurately identified 

by x-ray scattering.^ Precise transition temperatures can be obtained fi"om 

differential scanning calorimetry and changes in the birefiingence of the material. 

These techniques are described in more detail below. 

When observed through crossed polarisers the birefringence and defect structure of 

each phase forms characteristic textures. Observation of the textures formed in the 

sample as it is cooled from the unifomi isotropic phase can be used to identify 

many of the phases present. A more detailed explanation of the textures of liquid 
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crystalline phases is given in the book by Gray and Goodby/ Two main 

orientations of the mesophases can be observed, homogeneous (or planar) with the 

optic axis perpendicular to the viewing direction and homeotropic with the optic 

axis parallel to the viewing direction. For the non chiral phases the optic axis is 

parallel to the director and for the chiral phases the optic axis is parallel to the helix 

axis. The sample can be viewed between a glass slide and cover slip to allow 

observation of both the homogeneous and homeotropic textures. 

The phases studied in this report include nematic phases which posses orientational 

order and smectic phases which posses both orientational and positional order. 

Chiral phases contain optically active isomers that add a twisted orientational order 

to the material and have extra optical properties. 

The isotropic, liquid phase is dark between crossed polarisers because there is no 

macroscopic ordering of the molecules to interact with the transmitted polarisation. 

If a nematic phase is present, it is the first to form. Spherical droplets of 

birefringent material emerge from the dark isotropic material indicating the fluidity 

of the nematic phase. Imperfections in the homogeneous director pattern give rise 

to a schlieren texture with 2 or 4 brushes as shown in figure 3.3a. The nematic 

phase is easily sheared to the homeotropic alignment which appears black between 

crossed polarisers. 

When the chiral nematic phase is viewed with the optic axis parallel to the viewing 

direction a grandjean texture (figure 3.3b) is observed, which can also exhibit oily 

streaks(figure 3.3b). A random mixed orientation of the helix axis produces the 

focal conic texture as shown in figure 3.3c and if the optic axis is constrained to lie 

perpendicular to the viewing direction the fingerprint texture is observed. These 

textures are discussed further with respect to fiexoelectric switching in chapter 2. 

The transition from the isotropic to smectic A phase often occurs by the growth of 

batonettes (figure3.3d) indicating the more crystalline nature of the phase. The 

focal conic structure (figure 3.3e) is present with homogeneous alignment but will 

easily shear to a dark homeotropic texture. 
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The smectic C* phase also has a focal conic texture with homogeneous alignment 

with the addition of striations across the fans (figure 3.3f). This can be sheared into 

a dark homeotropic texture. 
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Figure 3.3 Characteristic textures of phases 
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An optical method of measuring the transition temperatures is the thermo-optic 

analysis of the transmitted intensity between crossed polarisers. Each liquid 

crystalline phase has a different value of birefringence. This alters the intensity of 

light transmitted between crossed polarisers. A plot of the photodiode output 

against temperature as shown in figure 3.4 clearly shows the phase transitions. The 

transition temperatures can be measured to an accuracy of 1 °C. This method is 

particularly useful for smectic A to smectic C* transitions which can be difficult to 

observe optically if there is only a minor change in colour between the phases. To 

maximise the change in transmission between the smectic A and smectic C the 

sample can be rotated in the smectic A phase to its minimum intensity. At the 

transition to the smectic C phase the director tilts away from the polariser axis 

producing a large change in intensity. 

0U8 

I 
•g 

I 

SmC* 

Isotropic 

20 40 60 80 

Temperature (°C) 

100 120 

Figure 3.4 Thermo-optic analysis - Trace of photodiode output against temperature 

for the Brl 1-Si3 + 40% NAl 1-Si3 mixture described fully in chapter 4. 

Differential scanning calorimetry (DSC)^ can be used to accurately measure the 

transition temperatures and enthalpy changes of phase transitions. A standard mass 

of a known metal is heated at a controlled rate. The differential heat flow required 

to maintain the sample at the same temperature is assessed. Phase transitions appear 

as endotherms or exotherms in the trace as shown in figure 3.5 for Brl 1-Si3. 
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In principle, the smectic A to smectic C transition is second order so should have 

no latent heat of transition. In practise the transitions are often found to not be 

perfectly second order and will show a small peak when heated rapidly, for 

example 5°C/min. 
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Figure 3.5 Differential scanning calorimetry - Trace of normalised heat flow 

against temperature for the ferroelectric Brl 1-Si3 also described in chapter 4. 

3.4 Sample Cells 

Most of the electro-optic measurements were made in commercially made lucid 

cells/ As shown in figure 3.6 each cell is made of two glass plates separated by 

glass spacers of a nominal thickness of 5 or 1.5\xm. An electrically conductive 

indium tin oxide (ITO) electrode pattern was applied to each glass plate. This was 

then coated with a polyimide alignment layer rubbed anti-parallel on each face to 

promote planar alignment. Copper wires were indium soldered to the overlapping 

edges of the cell to allow electric connections. 
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Figure 3.6 Lucid Cell - plan view and side view of commercially made cell. 

The cell thickness can be measured accurately using a UV-visible spectrometer.'® 

The cell is masked so that a small area to be measured is left uncovered. The cell 

acts as an etalon producing the peaks and troughs of an interference pattern in the 

absorbance spectrum as shown in figure 3.7. The cell thickness, d, is related to the 

number of peaks, m, and the wavelengths of the first and last peaks, and X2 by 

equation 3.2. 

y ITT a =-
2 Aj — Aj 

equation 3.2 

The cells are capillary filled while heated on a hot plate to a temperature where the 

liquid crystal is in its isotropic phase. The ends of the cell are sealed with an ultra 

violet curing adhesive'' and the active area is covered while they are cured to 

prevent damage caused by the ultra violet. Cells made to other specifications; for 
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example larger cell gap, different alignment layers or wedge shaped were made by 

hand and are described in the appropriate sections. 
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3.5 Spontaneous polarisation 

The current pulse m e t h o d w i t h a triangular driving wave was used to measure 

the spontaneous polarisation of the ferroelectric and antiferroelectric samples. This 

method was chosen because the calculation of the area of the current pulse could be 

easily computerised.'"' Other methods to calculate the spontaneous polarisation in 

solid ferroelectrics and liquid crystals include the Sawyer-Tower'^'"' capacitance 

method and use of the pyroelectric effect.'^ The Sawyer-Tower or Diamont bridge 

method is commonly used and is found to be very accurate, but it produces 

hysteresis loops, the area of which must be measured to calculate the spontaneous 

polarisation and this is not easy to do computationally. 

In the current pulse method an alternating voltage is applied to the conducting 

plates of the cell while the current through the cell is measured. A current to 

voltage converter is used so that the current can be displayed as a voltage on a 

digitising oscilloscope. There are three main components'^ to the current through 

the cell shown in figure 3.8. The dielectric charging of the capacitor formed by the 
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cell plates, which decays exponentially after each voltage reversal. The polarisation 

reversal current, as the molecules switch around the cone. Finally the electrolytic or 

ionic current, caused by dissolved charged impurities moving in the applied field. 

The use of a triangular wave separates the polarisation reversal and ionic peaks and 

generates a flatter baseline than a square wave as shown in figure 3.8. Figure 3.9 

shows a typical current pulse trace for the material Brl l -Si3. 
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Figure 3.8 Components of current pulse measurement 

(a) square and triangular driving voltages 

(b) capacitive components (c) polarisation reversal 

(d) ionic component (e) current pulse responses 
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Figure 3.9 Example of the current pulse response for the ferroelectric material 

Brl 1 Si3 to a triangular waveform. 

3.6 Tilt Angle 

To measure the tilt angle the material must first be aligned. This means that as 

many of the molecules as possible must have the same orientation. An aligned 

sample can be recognised by the absence of defect patterns. Alignment layers on 

the glass cells can be used to aid alignment. For example polyimide, SiOx, and 

PVA are commonly used to produce planar alignment. For both the ferroelectric 

and flexoelectric work commercially made cells with anti-parallel rubbed surfaces 

of polyimide were used. 

For the ferroelectric materials the samples were held just below the isotropic 

transition while the amplitude and frequency of the applied ac field was altered 

until the liquid crystalline chevrons oscillated. The material was then cooled at 

rates of 0.1 to 0.5°C/min to align the sample. The flexoelectric materials were 

cooled into the chiral nematic phase. The magnitude of the applied filed was 

increased until the focal conic structure appeared. The cell was then sheared by 

unidirectional rubbing to produce the uniformly lying helix texture. 
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The tilt angle can be measured optically or by x-ray measurement of the smectic 

layer spacing. These two methods do not measure exactly the same properties of 

the molecules so will often give different values of the angle. The optical tilt is 

defined as the angle between the layer normal and the optic axis, while the x-ray 

measurement evaluates the mass axis of the molecules. These axes may not be 

equal, leading to the different observed values of the tilt angle. However both 

measurements will follow the same dependence on properties of the phase and the 

sample temperature. 

The tilt angles of the materials described in this these were measured optically. A 

square wave was applied to the sample causing the director to switch through twice 

the tilt angle. The sample is rotated between crossed polarisers. The transmitted 

intensity depends upon the orientation of the director with respect to the polariser 

and analyser. When the switching is equidistant from either side of a polariser the 

optical response is that shown in figure 14(a), with equal transmission at the 

switched positions and a dark spike as the molecules switch. The maximum change 

in transmission occurs when the director switches equidistantly about the 22.5° 

position. To find the intensity at the 22.5° position the sample is rotated 22.5° from 

position (a) as shown in figure 14(b). The mid-point of this switching is the 22.5° 

level. The sample is rotated so first the maximum and then the minimum switching 

are level with the 22.5° position as shown in figures 14(c) and (d). The angle 

between these two positions is equal to twice the tilt angle. 
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Figure 3.10 Description of tilt angle measurement 

(a) equidistant about polariser (b) switching about 22.5° 

(c) extremity of switch at 22.5° (d) other extremity of switch at 22.5° 
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3.7 Response time 

The response of a Uquid crystal to an applied electric field may be measured 

optically or electrically. The two methods may give slightly different magnitudes 

but have been shown to be equivalent for many liquid crystal systems. The optical 

method is the most commonly quoted. As for the measurement of tilt angle the 

liquid crystal must be prepared in a cell with its optic axis perpendicular to both the 

applied field and the observation direction. This is the planar texture for 

ferroelectric materials and the uniforaily lying helix for flexoelectric materials. 

To measure the optical response time a square wave is applied to the cell. The 

magnitude and fi-equency are altered to ensure complete switching. The sample is 

rotated so that it is switching symmetrically about an angle of 22.5° to one of the 

polarisers as shown in figure 3.10b. The optical response time is defined as the 10 

to 90% change in the optical transmission as shown in figure 3.11. This method is 

difficult to define for materials with a tilt angle greater than 22.5° because there is a 

peak in the trace immediately before the switch as shown in figure 3.12. This 

makes definition of the 10 to 90% measurement ambiguous. 

A square wave is also applied to the cell to measure the current response time. This 

is defined as the time between field reversal and the maximum of the resulting 

current peak as shown in figure 3.13. The current response time can be measured 

for materials with a tilt angle greater than 22.5° and in samples with poor aligmnent 

where the optical response cannot be measured. 
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Figure 3.11 Optical response time - defined as the 10 to 90% change in optical 

transmission. 
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Figure 3.12 Optical response for tilt greater than 22.5° - showing a large peak as 

the material switches 
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Figure 3.13 Current pulse response time - defined as the time between field 

reversal and the resulting current pulse. 

3.8 Pitch measurements 

All the methods for measuring the pitch of a chiral nematic material depend upon 

the periodicity of the helix. There are three main methods. Measurement of the 

distance between adjacent Grandjean disclinations in a cano wedge'measurement 

of the selective reflection of wavelengths close to the pitch length and observation 

of the diffraction pattern from a laser beam incident on the helix. 

A cano wedge is formed with planar alignment layers that quantise the standing 

helix structure as shown in figure 3.14. This produces a stepped texture with 

distinct disclination lines. The pitch, p, is related to the distance between 

disclination lines, 1, and the wedge angle, (|), as shown in equation 3.3. 

p = 2ltm(j) equati on 3.3 
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disclination 

Figure 3.14 The discrete number of turns of the standing helix in a cano wedge. 

The selective reflection from a Grandjean or standing helix texture was used to 

measure the pitch in this thesis. When a chiral nematic is illuminated with white 

light almost parallel to the pitch axis the wavelengths that are close to the pitch 

length are selectively reflected^^ as shown schematically in figure 3.15.The 

maximum reflected wavelength and bandwidth are defined in equations 3.4 and 3.5. 

The typical refractive index, n, is approximately equal to one for many liquid 

crystalline materials. 

equation 3.4 

<5A = A 
5n 

equation 3.5 

Figure 3.15 Schematic diagram of selective reflection of a wavelengths close to the 

pitch length, p. 

A wedge cell with anti-parallel rubbed planar alignment was used to achieve the 

standing helix or Grandjean texture. The pitch axis was then perpendicular to the 
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cell surfaces. Two spectrometers were used to measure the maximum reflected 

wavelength. In one case the sample was held in a Metier^" hotstage in an U V -

visible spectrometer.'°A spectrometer^' mounted above the objective of the 

microscope was also used to measure the wavelength at which maximum reflection 

occurred. It was also possible with this arrangement to illuminate the sample with 

ultra violet light while taking measurements. 

3.9 Conclusion of Chapter Three 

The microscope and associated equipment to make electro-optic observations of 

liquid crystalline materials and to enable ultra violet illumination have been 

described. Some common liquid crystalline phases and the methods of identifying 

them have been detailed. 

The glass sample cells and the methods of aligning smectic and chiral nematic 

materials have been described. The measurement of spontaneous polarisation, tilt 

angle and response time have been defined for smectic C* phases. In addition to 

these measurements the determination of the helix pitch was described for the 

chiral nematic phase. 
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Chapter 4 

Monomesogenic Azo dye added to a Ferroelectric 

Monomesogenic Organosiloxane Host 

4.1 Introduction 

The liquid crystalline mesogens investigated in this chapter all belong to a family of 

low molar mass organosiloxanes. These organosiloxane materials have been designed 

to create a compromise between the extremes of low molar mass liquid crystals and 

side chain polymer liquid crystals. Low molar mass ferroelectric liquid crystals 

have been synthesised with very fast response times but they do not produce rugged 

displays. At the opposite extreme the polymerisation of side chain polymer liquid 

crystal molecules stabilises the smectic layers, yielding a more rugged display, but as 

a consequence they have a much slower response time than low molar mass 

mesogens'^'^'^'^'^. 

The low molar mass organosiloxane materials studied here incorporate a molecular 

group that has been shown to produce a liquid crystalline phase and a siloxane unit 

that is commonly found in polymer materials. The liquid crystalline mesogenic 

moiety is attached to the siloxane unit via a flexible hydrocarbon chain, to allow a 

degree of independent movement, as shown schematically in figure 4.1(a). Each 

different part of the molecule has an affinity for the same part of the other molecules 

causing them to cluster together. In particular the siloxane core units are thought to 

agglomerate, shown schematically in figure 4.1 (b), forming a pseudo siloxane 

backbone.''^''" This backbone promotes the formation of smectic phases and produces 

more robust' ' phases than other low molar mass mesogens while allowing the 

functional part of the molecule to switch freely. Hence a combination of the rugged 

structure resembling that of polymers and the fast switching times of low molar mass 

mesogens is achieved. 

An organosiloxane molecule with a chiral end group hydrosilylated onto a three 

siloxane group by an eleven carbon alkyl chain that produces a wide ferroelectric 

phase is used as the host material'^. Dyes have been synthesis by Dr S.Perkins at 

Southampton University containing the same three silicone core as the host to attempt 
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to produce good miscibility and lessen the effect of the dye mesogen on the host's 

properties. 

Novel dyes with nitrostilbene and azobenzene moieties have recently been 

synthesised/^ The dye containing the azo moiety has been investigated in this work 

because of its photoisomerising effects^"^, which will be discussed in later chapters. 

The notation used to describe the organosiloxane materials includes the type of liquid 

crystalline mesogen, the length of the methylene spacer chain and the number of 

siloxane atoms in the siloxane core. For example the 2-Bromo-4-(l-

methylheptyloxy)benzoic acid 4'-(l l-{heptamethylsiloxyl}undecyloxy)biphenyl-4-yl 

ester mesogen, with an eleven methylene chain and three siloxane atoms is denoted 

Brll-Si3. 

(a) 

Siloxane moiety 

Carbon c lmi spacer 

Mesogemc moiety 

Figure 4.1 (a) schematic siloxane molecule (b) siloxane units agglomerate to form 

smectic phases 

4.2 Host and Dye Characteristics 

The ferroelectric bromine substituted mesogen 2-Bromo-4-(l-

methylheptyloxy)benzoic acid 4'-(l l-{heptamethylsiloxyl}undecyloxy)biphenyl-4-yl 

ester denoted Brl , with a three siloxane unit and a bromine substituted 

biphenylyl benzoate mesogenic unit is used as the host material in this study. The 

schematic molecular structure and phase transition temperatures are shown in figure 

4.2. The material has a broad smectic C* phase ranging over 42°C. Both the 
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spontaneous polarisation, with a maximum value of 90nC/cm^, measured by the 

current pulse technique, and the optical tilt angle, held at 44° are widely independent 

of temperature as shown in figures 4.5 and 4.8. The high tilt angle, close to 45°, and 

high spontaneous polarisation makes this material suitable for 45° tilt display 

applications requiring only one polariser. The absence of a smectic A or nematic 

phase in organosiloxane materials means that the alignment of the smectic C* phase is 

not straightforward. Slow cooling in the presence of an electric field produces 

tolerable alignment but this is not as good as that achieved in a phase with a smectic 

A* phase as shown in figure 4.19. 

Me Me Me 

I I 
Me Me Me 

Crystal - 46°C - Smectic C* - 88°C -Isotropic 

Figure 4.2 Schematic diagram and transition temperatures of ferroelectric host 

Brl 1-Si3 measured by optical microscopy. 

A liquid crystalline dye incorporating the same three-siloxane unit as the host material 

and a nitro-azo group has been synthesised by S. Perkins in an attempt to produce 

dyes that are miscible in the host material. The dye, a,co-bis(4-nitroazobenzene-4'-

oxyundecyl)hexamethylsiloxane, is denoted NAl 1-Si3. The schematic diagram of the 

dye molecule and phase transition temperatures are shown in figure 4.3. The dye has a 

smectic A phase over a 30°C range which also suggests that it should be highly 

miscible with a smectic C* host. Other dye moieties also show corresponding high 

solubility when attached to the same siloxane core." The effect of dye concentration 

on the spontaneous polarisation, the tilt angle, the response time and the phase 

sequence of a range of mixtures have been investigated and shown in this chapter. 

The photoisomerising effect of ultra violet illumination on Brl 1-Si3 and NA11-Si3 

mixtures will be examined in chapter six. 
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Figure 4.3 Schematic diagram and phase sequence of the photoisomerising dye 

NAl 1-Si3 measured by optical microscopy. 

4.2 Effect of dye addition 

4.2.1 Phase Characteristics 

An extensive range of mixtures have been made between the ferroelectric host Brl 1-

Si3 and the photoisomerising dye NAl 1-Si3 by heating the weighed mixtures to 

above both component's isotopic transition temperatures for up to 12 hours. Cells of 

5|_im thickness with anti-parallel rubbed polyimide alignment layers were used for all 

the observations and measurements described in this chapter. A phase diagram of the 

phase transition temperatures plotted against molar concentration is shown in figure 

4.4. The transition temperatures were measured by optical microscopy and the 

switching type determined by the response to a triangular waveform. 

Dye concentrations of up to 20% are shown not to greatly change the transition 

temperatures from that of the pure host material. Furthermore a smectic C* phase is 

present in mixtures with a dye concentration of up to 80%. For the concentration 

range between 25% and 80% both a smectic A* and a smectic C* phase are present. 

The presence of this smectic A* phase aids the alignment of the smectic C* phase and 

exhibits a marked electroclinic effect shown later in this chapter. 
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Figure 4.4 Phase diagram for molar concentration of dye addition against 

temperature measured by optical microscopy, where an asterisk denotes a mixture 

containing a chiral molecule. 

4.2.2 Spontaneous Polarisation 

The variation of the spontaneous polarisation, measured by the current pulse 

technique, with temperature for the range of mixtures possessing a smectic C* phase 

is shown in figure 4.5. These show that the spontaneous polarisation of the mixtures 

maintains the broad temperature independence of the host. Figure 4.6 shows that the 

maximum magnitude of the spontaneous polarisation scales linearly with 

concentration. 

While there is a sharp reduction of the spontaneous polarisation to zero for the 

mixtures with a smectic C* to isotropic transition, the change is seen to be more 

gradual once a smectic A* phase is present. The transition from a smectic C* to 

smectic A* phase can theoretically be second order and follow a Curie-Weiss 

dependence'^. The theoretical Curie-Weiss relationship between the spontaneous 
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polarisation and temperature is compared with the experimental results for dye 

concentrations of 40%, 50% and 60% in figure 4.7. The spontaneous polarisation, Ps, 

equation 4.1, is related to the sample temperature, T, by the constants, Kp, To and (3. 

The exponent P is equal to a half in a mean field approximation'® and the constant To 

is approximately equal to the smectic A* to smectic C* transition temperature. The 

constant kp used in figure 4.7 was calculated from the gradient of the graph of the 

spontaneous polarisation against the ratio of transition and sample temperatures given 

in equation 4.1. 

P, = k. equation 4.1 

pure Brl lSi3 

20 30 40 50 60 70 
temperature (°C) 

80 90 100 

Figure 4.5 Spontaneous polarisation against temperature for Brl 1 -Si3 and NAl 1 -Si3 

(molar dye concentration quoted) mixtures measured at 50Hz and 20Vp-p/)j.m. 
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Figure 4.6 The maximum value of the spontaneous polarisation as measured in figure 

4.5 as a function of dye molar % concentration 
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Figure 4.7 Curie Weiss fits of spontaneous polarisation data against temperature 

close to the smectic C*-smectic A* transition (molar dye concentration quoted). 
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4.2.3 Tilt angle 

Figures 4.8 and 4.9 show that the tilt angles of the mixtures are also reduced by 

increasing dye concentration, while maintaining a uniform value across the 

temperature range. However this does not have the same linear dependence on dye 

concentration as the spontaneous polarisation. For small dye concentrations, before a 

smectic A phase is induced the tilt angle is held close to 45°. It is then reduced for 

mixtures with a smectic A phase. 

For the pure ferroelectric material Brl 1-Si3 and after NA11-Si3 dye addition the ratio 

of the spontaneous polarisation to the tilt angle is constant across the main 

temperature range of the ferroelectric phase. This is shown for a range of dye 

concentration in figure 4.10. This shows that the magnitude of the spontaneous 

polarisation is proportional to the tilt angle, this association is further investigated in 

chapter 6 as the tilt angle and spontaneous polarisation are altered by 

photoisomerising ultra violet illumination. 

50 

45 
puie Brl 1-Si3 and 7% and 15% NAl 1-Si3 

25% NA11-Si3 

0%NA11-Si3 

50%NA11-Si3 

60% NAfl-Si 

70%NA11-Si3 

25 30 35 40 45 50 55 60 65 70 75 80 85 90 
temperature (°C) 

Figure 4.8 Optical tilt angle against temperature for the Brl 1-Si3 and NAl 1-Si3 

mixtures(molar dye concentration quoted). Measured by polarised microscopy at 120 

Hz, 40 Vp-p /pm. 
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Figure 4.9 The maximum value of the tilt angle as measured in figure 4.8 as a 

function of molar % dye concentration. 
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Figure 4.10 Ratio of spontaneous polarisation to tilt angle against temperature for a 

range of NA11-Si3 dye concentrations. 
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4.2.4 Response time 

Figure 4.11 shows that the current pulse response times are slightly decreased by the 

addition of the nitroazo dye. The response time, x, is exponentially related to the 

inverse of the sample temperature, T, by the activation energy, Ea, and the constants 

To and R as shown in equation 4.2. 

T = Tg exp^^ equation 4.2 

The linearity of the log of the response time with temperature is shown in figure 4.12. 

The gradient, of the best fit line, as shown in table 4.1, indicates a decrease in the 

activation energy, as the dye concentration is increased. There is a significant change 

in the gradient and hence the activation energy corresponding to the shift from a first 

order crystal to smectic C* transition to the second order smectic A* to smectic C* 

phase transition. 

Figures 4.13 and 4.14 show that the response time is inversely proportional to the 

applied field, E, for a constant polarisation, P, equation 4.3, at temperatures well 

below the transition for both the pure host and the 40% dye mixture. However this 

becomes less linear closer to the transition. The increase in the gradient as the 

temperature is increased indicates that the viscosity, y, is decreasing. 

Y 
equation 4.3 
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Figure 4.11 Current pulse response time against temperature for the Brl 1-Si3 and 

NAl 1-Si3 mixtures measured at 10 Hz, 10 Vpp/pm. 
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Figure 4.12 Ln(response time) against 1/temp for data presented in figure 4.10. 
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Concentration of NAl 1-

Si3 

Gradient of ln(response time) 

against temperature (J moF') 

0% (SmC*) 7700 ± 1 0 0 

7% (SmC*) 7500 ± 1 0 0 

15% (SmC*) 7200 ± 1 0 0 

25% (SmC*-SmA) 5000 ± 1 0 0 

40% (SmC*-SmA) 5800 ± 1 0 0 

50% (SmC*-SmA) 5300 ± 1 0 0 

60% (SmC*-SmA) 5700 ± 1 0 0 

70% (SmC*-SmA) 6500 ± 1 0 0 

Table 4.1 Gradient of the graph of ln(response time) against temperature 

corresponding to activation energies for the mixtures possessing a smectic C* phase. 

0.025 

% 0.01 

0 10 40 50 ^ 30 

applied field (Vp-p/pm) 

Figure 4.13 1/response time against voltage for pure Brl 1-Si3 measured at 35 Hz. 
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Figure 4.14 1/response time against applied voltage for Brl 1-Si3 + 40% NAl 1-Si3 

taken at35 Hz. 

4.2.5 Electroclinic Smectic A* Switching 

Electroclinic switching has been observed in the smectic A* phase of all of the 

mixtures with an isotropic to smectic A* to smectic C* phase sequence. As shown in 

figure 4.15 for the 40% NAl 1 -Si3 mixture the optical response of the electroclinic 

switching is linearly dependant on the applied field in the smectic A* phase. The 

optical hysteresis loops in figure 4.16 show the transition fi-om Goldstone switching 

with hysteresis to the linear electroclinic soft mode switching in the same mixture. 

Figure 4.17 shows the change in tilt angles for the 40%, 50% and 60% mixtures as 

they pass through the smectic C* - smectic A* transition. The magnitude and range of 

the electroclinic switching decreases as the concentration of dye increases. As 

described by equation 4.4 the electroclinic switching angle, 0, is linearly dependant on 

the applied field, E, where p and a are constants, T is the sample temperature and Tc 

is the smectic A* to smectic C* transition temperature. Figure 4.18 shows that the 

switching of the 40% dye mixture is linearly dependent on the applied electric field 

away from the smectic C* to smectic A* transition but becomes less linear close to 

Chapter 4 78 



the transition. Close to the smectic C*-smectic A* transition there is a coupling 

between the soft mode switching and the Goldstone switching in the ferroelectric 

phase'^ resulting in coupling that is not linear in this region. 

a{T-T,) 
E equation 4.4 
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Figure 4.15 Comparison of the applied waveform and transmitted switching intensity 

plotted against time for the 40 % molar dye concentration measured at 95 °C, 55Hz 

and 40 Vp-p/pm. 
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Figure 4.16 Optical hysteresis loops for the 40% dye concentration, measured at 

86°C to 95°C, where the smectic A* to smectic C* transition temperature occurs at 

92°C, taken at 55Hz and 40 Vp-p/pm. 
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Figure 4.17 Switching angle against temperature for the 40%, 50% and 60% 

mixtures measured at 120 Hz and 40 Vp_p/pm. 
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Figure 4.18 Plot of electroclinic tilt against applied voltage in the smectic A* phase 

of the 40% NAl 1-Si3 mixture measured at 35 Hz. The transition to smectic C* occurs 

at 82°C. 
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4.2.6 Improved Alignment 

The presence of the smectic A* phase at temperatures above the smectic C* phase 

aids alignment. Representative examples of alignment observed in the centre of the 

stable temperature range with and without a smectic A* phase are given in figure 

4.19. 

Figure 4.19 (a) poor alignment of Brl 1-Si3 host at 60°C (b) Br l 1-Si3 + 40% NAl 1-

Si3 at 60°C good alignment cooled from the smectic A* phase to the smectic C* 

phase at 0.1°C/min. 50 x magnification. 

4.3 Conclusion of Chapter Four 

In this chapter the properties of a ferroelectric organosiloxane host and a 

complementary azo dye were investigated. The organosiloxane materials are of great 

interest because they combine the ruggedness of polymers with the fast switching of 

low molar mass liquid crystals. The ferroelectric host material has a wide smectic C* 

phase with a temperature invariant spontaneous polarisation, close to 90 nC/cm^, and 

tilt angle close to 45°. This chapter presents the properties of a completely new set of 

organosiloxane materials. 

The nitroazo organosiloxane dye material was shown to be completely soluble in the 

ferroelectric host. This miscibility is attributed to the compatibility of the siloxane 

units of the dye and host materials. Concentrations of the dye up to 20% show only a 
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minor change in transition temperatures, spontaneous polarisation, tilt angle and 

response time compared to the host material. Dyed mixtures with a large dye 

concentration of up to 20% and a high polarisation (~90nCcm"^) and a tilt angle close 

to 45° are a possibility. This is a substantial dye concentration compared to what is 

possible using many non-liquid crystalline materials^". The 40% NAl 1-Si3 mixture 

has a broad smectic C* phase, greater than 70°C, that is wider than either the host or 

the dye material and more than adequate for many applications. It is also possible to 

add up to 80% dye without destroying the ferroelectric properties of the host. These 

very high dye concentrations prove to be useful when examining the photomechanical 

properties of the azo dyes. 

Both the spontaneous polarisation and the tilt angle scale with dye concentration. The 

reduction of the spontaneous polarisation scales linearly with dye concentration with 

dye concentration as would be expected as the fraction of chiral molecules is reduced. 

The optical tilt angle stays close to 45° for mixtures without a smectic A* phase but 

for dye concentrations above where this phase appears the tilt angle reduced as a 

linear function of the dye concentration. A material with a particular polarisation or 

tilt angle could be engineered by altering the dye concentration. For small 

concentrations, before a smectic A phase appears, the tilt angle is held close to 45°C 

so could be used for 90° switching applications. 

The mixtures with a smectic A* phase at temperatures above the smectic C* phase are 

of interest because of improved alignment in the smectic C* phase and a strong 

electroclinic effect in the smectic A* phase. Organosiloxane materials without a 

nematic or smectic A phase can be hard to align. It has been shown that the presence 

of a smectic A* phase above the smectic C* phase produces better aligned samples 

than the mixtures without this phase. 

The smectic A* phase also shows a significant electroclinic effect. The magnitude of 

switching angles (of up to 35°) and range (up to 7° C into the smectic A* phase) of 

this effect is greatest in the lowest concentrations in which a smectic A* phase is 

present and is reduced with increasing dye concentration. At temperatures away from 

the interference from the smectic C* phase the switching angle is linear with the 
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applied electric field giving rise to the possibility for high contrast grey scale 

applications. 

The use of dye and host materials with the same three siloxane unit produced systems 

enabling a large dye concentration, giving a range of controllable values for the 

spontaneous polarisation and tilt angle and, where a smectic A* phase is present, 

aiding the alignment of the phase. An interesting electroclinic region with a large soft 

mode switch exists in the smectic A* phases. 

The investigations carried out in this chapter will be advanced further in two 

directions. First the effect of a bimesogenic dye with the same three silicone core with 

a mesogenic unit attached, via the same eleven methylene spacer, at either end will be 

investigated. Secondly the photomechanical properties of the mixtures upon ultra 

violet illumination will be described. 
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Chapter 5 

Bimesogenic Azo Dye added to Monomesogenic 

Ferroelectric Organosiloxane Host 

5.1 Introduction 

This chapter is a continuation of the work on dye guest host mixtures of low molar 

mass organosiloxane liquid crystals from chapter four. In the previous work a 

monomesogenic nitroazo dye' was added to a ferroelectric monomesogenic host^. 

The monomesogenic molecules consist of a liquid crystalline mesogenic unit 

attached, via a hydrocarbon chain to a siloxane unit as depicted in figure 5.1(a). In 

this chapter a bimesogenic dye incorporating the same nitroazo mesogenic moieties 

is added to the monomesogenic host. In the bimesogenic molecule a mesogenic unit 

is attached, via hydrocarbon chains, to either end of the siloxane unit as shown 

schematically in figure 5.1(b). There are two main reasons for this investigation: to 

compare and contrast the results with those for the monomesogenic dye and to 

investigate the effect of the dye's bimesogenic conformation on the host's 

ferroelectric switching properties. 

It was shown in chapter four that a very high dye concentration was possible with a 

ferroelectric phase present at concentrations of up to 80%. The effect of 

monomesogenic dye addition on the ferroelectric host was to diminish the 

switching properties in proportion to the concentration of dye molecules phase 

without loosing the temperature independence of the host material. For a range of 

mixtures a smectic A* phase was present at temperatures above the smectic C* 

phase. This smectic A* phase exhibited substantial electroclinic switching and 

aided the alignment of the ferroelectric phase. 

The monomesogenic and bimesogenic molecules are denoted using the type of 

liquid crystalline mesogen, the length of the methylene spacer chain and the 

number of siloxane atoms in the siloxane core as described in chapter four. For 

example the 2-Bromo-4-(l-methylheptyloxy)benzoic acid 4'-[l 1-(1 l-{4'-[4-(l-

methylheptyloxy)benzoyloxy]biphenyl-4-

yloxy} undecylhexamethylsiloxane)undecyloxy]biphenyl-4-yl ester bimesogen. 
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with an eleven methylene chain and three siloxane atoms is denoted Brl 1 -Si3-

11 Br. 

The switching properties of a range of monomesogenic and bimesogenic chiral 

organosiloxane mesogens comprising of a chiral end group attached via a range of 

different length hydrocarbon chains to a variety of siloxane cores all having a 

smectic C* phase, has been carried out by the Southampton group.̂ '̂ '"^ Homologous 

series with fluorine, chlorine or bromine as the halogen in the chiral groups have 

been synthesised. The effect of the number of silicone atoms in the bimesogen 

compounds is of particular interest here. It has been found that for two or four 

silicone atoms the smectic C* phase exhibits ferroelectric switching while for three 

or five silicone atoms the switching is antiferroelectric. 

This tristable switching does not occur in the monomesogenic molecules or in the 

vinyl terminated precursers, so cannot be attributed to the chiral functional groups. 

The anticlinic arrangement that gives rise to the antiferroelectricity must come from 

the attachment of the two mesogens to the siloxane unit. This arrangement is shown 

schematically in figure 5.2. 

The hypothesis that the addition of a bimesogenic dye with three silicon atoms in 

the siloxane unit to a ferroelectric monomesogenic host could change the switching 

characteristics from bistable to tristable antiferroelectric will be investigated. 
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(a) 

(b) 

Siloxjuie moiety 

Carbon chain spacer 

Mesogeiiic mciety 

Figure 5.1 Schematic diagram of (a) monomesogenic and (b) bimesogenic 

organosiloxane 

Figure 5.2 Antichnic ordering of the mesogenic 

5.2 Dye and Host Characteristics 

A bimesogenic nitro-azo dye, a,co-bis(4-nitroazobenzene-4'-

oxyundecyl)hexamethylsiloxane, denoted NAl 1-Si3-1 INA shown schematically in 

figure 5.3, has been synthesised by S.PerkinsError! Bookmark not defined, at 

Southampton University with the same functional group as the monomesogenic dye 

NAl 1-Si3 studied in chapter four. It has a smectic A phase which, in addition to the 

presence of the three siloxane unit, should produced good miscibility with Brl 1-Si3. 
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Figure 5.3 Schematic diagram of the monomesogenic ferroelectric host Brl 1-Si3 

and the bimesogenic dye molecule NAl 1 -Si3-1 INA. The phase transition 

temperatures were measured by optical microscopy. 

5.3 Effect of bimesogenic dye addition 

5.3.1 Phase Characteristics 

A full range of mixtures have been made between the ferroelectric host Brl 1-Si3 

and the dye NAl 1-Si3-1 INA by heating the weighed mixtures to above both 

component's isotopic transition temperatures for up to 12 hours. Cells of 5pm 

thickness with anti-parallel rubbed polyimide alignment layers were used for all the 

observations and measurements described. A phase diagram of transition 

temperatures against molar concentration is shown in figure 5.4. The transition 

temperatures were measured by optical microscopy and the switching type 

determined by the response to a triangular waveform. Phases denoted with an 

asterisk include chiral molecules. For dye concentrations less than 15% the only 

effect of dye addition is a small increase in the temperature range of the smectic C* 

phase. For concentrations between 15% and 45% the smectic C* phase becomes 

antiferroelectric (smectic CA*) and a smectic A* phase is also present. The double 

current pulse peak, shown in figure 5.5, and double hysteresis loop, figure 5.6, 
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show that the material switches between three states in the antiferroelectric 

phase '̂®'̂ . The presence of a smectic A* phase improves the alignment of the 

smectic CA* phase. For dye concentrations greater than 45% the mixtures are all 

smectic A. 

U o 

. 60 
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SmA* 

SmA* 

SmC* 

20 40 60 80 

Molar Concentration % Dye Nal 1-Si3-1 INa 

100 

Figure 5.4 Phase diagram for dye addition against temperature measured by optical 

microscopy where the phases denoted by an asterisk contain a chiral molecule. 
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Figure 5.5 The antiferroelectric double current pulse for 30% NA11-Si3-11NA 

mixture at 60°C, 25 Hz and 8 Vp-p/pm 
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Figure 5.6 Double hysteresis loop for 30% NAl 1-Si3-1 INA mixture at 60°C, 25 

Hz and 8 Vp-p/pm 
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5.3.2 Spontaneous Polarisation 

Figure 5.7 shows that the spontaneous polarisation of the mixtures maintains the 

broad temperature independence of the host. The spontaneous polarisation was 

measured by the current pulse method in 5 pm cells. The maximum value of the 

spontaneous polarisation decreases linearly with dye concentration as shown in 

figure 5.8. 

It can be seen for the mixtures with a smectic A* phase above the smectic C* phase 

that the spontaneous polarisation reduces more gradually to zero close to the 

transition. The theoretical Curie-Weiss relationship between the spontaneous 

polarisation and temperature is plotted transition for dye concentrations of 40%, 

50% and 60% in figure 5.9.The spontaneous polarisation, Pg, equation 5.1, is 

related to the sample temperature, T, by the constants, Kp, To and (3. The exponent 

P is equal to a half in a mean field approximation^ and the constant To is 

approximately equal to the smectic A* to smectic C* transition temperature. The 

constant kp was calculated from the gradient of the graph of the spontaneous 

polarisation against the ration of transition and sample temperatures given in 

equation 5.1 and compared to the experimental dependence in figure 5.9. The fitted 

curves show that for the mixtures where a smectic A* phase is present the 

spontaneous polarisation follows the Curie Weiss dependence close to the smectic 

C* - smectic A* transition. 

V ^0 y 
equation 5.1 
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Figure 5.7 Spontaneous polarisation against temperature for the Br l l -S i3 and 

NAl 1-Si3-1 INA mixtures. Measured using the current pulse technique at 50 Hz, 

20Vp-p/pm. 
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Figure 5.8 The maximum value of the spontaneous polarisation as measured in 

figure 5.7 as a function of dye concentration. 
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Figure 5.9 Curie Weiss fits of spontaneous polarisation data against temperature 

close to the smectic C* - smectic A transition. 

5.3.3 Tilt Angle 

The optical tilt angles of the mixtures were measured by polarised microscopy in 

aligned cells as shown plotted against temperature in figure 5.10. These tilt angles 

maintain the broad temperature independence across the phase range of the host 

material. The magnitude of the maximum tilt angle is reduced by increased dye 

concentration as shown in figure 5.11. The tilt angle is held close to 45° for 

concentrations without a smectic A* phase, reducing linearly with concentration 

after the smectic A* phase is induced. 
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Figure 5.10 Tilt angle against sample temperature for the Br l 1-Si3 and NAl 1-Si3-

1INA mixtures. Measured by crossed polarisor microscopy at 120 Hz, 40 V/pm. 
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Figure 5.11 The maximum value of the tilt angle as measured in figure 5.10 as a 

function of dye concentration. 
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5.3.4 Response Time 

The response times, measured as the time between the reversal of a square wave 

and the resulting current maximum, as shown in figure 5.12, are slightly reduced 

with increasing dye concentration. The response time, x, is exponentially related to 

the inverse of the sample temperature, T, by the Ahhrenius relationship involving 

the activation energy, Ea, and the constants tq and R as shown in equation 5.2. 

T -XQ exp equation 5.2 

The linearity of the log of the response time with temperature is shown in figure 

5.13. Figure 5.14 shows that the response time of the 20% mixture is inversely 

proportional to the applied field, E, at temperatures well below the isotropic 

transition for a constant polarisation, P, as predicted by equation 5.3. However this 

becomes less linear closer to the transition. The increase in the gradient as the 

temperature is increased indicates that the viscosity, y, is decreasing. 

Y 
equation 5.3 
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Figure 5.12 Current pulse response time against reduced temperature for 

NAl 1-Si3-1 INA mixtures measured at lOHz 17 Vp-p/pm. 
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Figure 5.13 Ln(response time) against 1/temperature for the data presented in 

figure 5.12. 

Chapter 5 98 



0XM5 

i 0.03 

5(1025 

0.005 

10 ^ 30 

applied field (Vp-p/pm) 

40 50 

Figure 5.14 1/response time against voltage for Brl lSi3 + 20% NAl 1-Si3-1 INA 

5.3.5 Electroclinic Switching 

Figure 5.15 shows that a switching angle is observed well into the smectic A* 

phase of the 22% and 27% mixtures. Soft mode or electroclinic switching has been 

observed in chiral smectic A phases most commonly immediately above a smectic 

C* phase. Electroclinic switching is dielectric in origin and an induced polarisation 

grows linearly with the applied field^. Whereas in the Goldstone mode the optic 

axis moves around a cone, in electroclinic switching there is a simple change of tilt 

causing a linear change in the transmitted intensity. Observations of the switching, 

figure 5.16, show that the optical response in the smectic A* phase is linearly 

proportional to a triangular applied field indicating that soft mode electroclinic 

switching does occur. The transition from smectic CA* to smectic A* is determined 

by observing the change in the hysteresis loops from Goldstone to soft mode 

switching as the temperature is increased. A typical example for the 22% mixture is 

shown in figure 5.17. The electroclinic switching angle, 9, is linearly related to the 

applied field, E, equation 5.4, where p and a are constants, T is the sample 

temperature and Tc is the smectic A* to smectic C* transition temperature. This 

Chapter 5 99 



relationship holds well at temperatures well above the transition as shown in figure 

5.18 but becomes less linear close to the transition as the ferroelectric switching 

starts to interfere causing hysteresis. 

6 = e„E 6 = -
a{T-T,) 

E equation 5.4 

22%NA11-Si3-11NA 

27%NA11 

-10 ^ ^ -2 0 2 

temperature from SmC*-SmA* transition (°C) 

Figure 5.15 Switching occurs well into the smectic A phase for the 22% and 27% 

mixtures measured at 70V/pm at 100 Hz. 
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Figure 5.16 The relationship between the transmitted intensity and the applied 

triangular voltage for the 27 % mixture measured at 100 Hz and at 92C. 
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Figure 5.17 Hysteresis loop for the 27% mixture measured from 83 to 92 where the 

smectic A* to smectic C* transition occurs just above 89 °C, at 40 Vp-p/^m and 

200Hz. 
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Figure 5.18 Relationship between the tilt/switching angle and the applied electric 

field for the 27 % mixture measured at 100 Hz. 

5.4 Comparison of bimesogenic and monomesogenic dye addition 

As well as investigating the templating effect of the bimesogenic dye the effect of 

dye addition can be compared to the monomesogenic dye N A l 1 -Si3. Molar 

concentrations are compared. Figures 5.19 to 5.23 compare the transition 

temperatures, maximum spontaneous polarisation and tilt angle of the two dyes. 

A comparison of the phase diagrams, figure 5.19, shows that concentrations up to 

15% have a very similar effect on the phase range of the pure ferroelectric host. 

The bimesogenic dye induces a smectic A phase at approximately half the 

concentration of the monomesogenic dye. The monomesogenic dye maintains a 

ferroelectric phase for almost twice the dye concentration as the bimesogenic dye. 

It can be hypothesised that as each bimesogenic molecule has two mesogens it has 

twice the tendency to form smectic A phases than the monomesogenic dye. 
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A comparison of the maximum spontaneous polarisation against molar dye 

concentration, figure 5.20, shows that the polarisation decreases more rapidly for the 

bimesogenic dye. If the x-axis is changed so that the concentration of monomesogenic 

dye is compared to twice the concentration of bimesogenic dye the number of NAl 1 

mesogenic units is being equally compared. Figure 5,21 shows that the decrease is 

compatible for both the mono and the bimesogenic dyes and the NAl 1 mesogenic 

units dilute the switching response of the Brl 1 mesogenic units. 

The tilt angle of the bimesogenic dye also decreases more rapidly than that of the 

monomesogenic dye with increased concentration. The reduction does not follow the 

simple linear decrease of the polarisation as shown in figure 5.22, rather it has a 

strong dependence on the phase sequence of the mixtures. The tilt angle stays close to 

45° until the smectic A phase appears above the smectic C* and then decreases. Even 

when the bimesogenic dye concentration is doubled to compare the number of NAl 1 

units, figure 5.23, the reduction is greater than for the monomesogenic dye. 

-NAll-SiS 
-NA1I-Si3-1INA 

U 

1 
& 

(D 
H 

40 60 

molar dye concentration (% 

Figure 5.19 Comparison of the phase diagrams for NAl 1-Si3 and NA11-Si3-1 IN A 

against molar dye concentration 
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Figure 5.20 Maximum value of spontaneous polarisation plotted against molar dye 

concentration for the mono and bimesogenic dyes 
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Figure 5.21 Comparison of the maximum spontaneous polarisation plotted against 

dye concentration for NAl 1-Si3 and twice the dye concentration for NAl 1-Si3-1 INA 
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Figure 5.22 Maximum value of tilt angle plotted against molar dye concentration for 

the mono and bimesogenic dyes 
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Figure 5.23 Comparison of the tilt angle plotted against dye concentration for NAl 1-

Si3 and twice the dye concentration for NA11-Si3-1 INA 
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5.5 Conclusions of Chapter Five 

The results of mixing a novel bimesogenic organosiloxane dye with a 

monomesogenic ferroelectric host are discussed in this chapter. The bimesogenic 

organosiloxane dye was found to be completely miscible with the ferroelectric host. 

This miscibility was attributed to the presence in both the dye and host of a three 

siloxane unit. As with the monomesogenic dye in chapter four mixtures were 

produced with both a smectic C* and a smectic A* phase. Interestingly these 

mixtures exhibited antiferroelectric switching characteristics of the bimesogenic 

dye rather than of the rather than that of the ferroelectric monomesogenic host, 

confirmed by the double current pulse and the hysteresis loops. 

The presence of the smectic A* phase caused the dependence of the polarisation in 

the smectic C* to become Curie Weiss in nature and aided the alignment of the 

smectic C* phase. The smectic A* phase itself showed a substantial electroclinic 

switching effect. 

The effect of the bimesogenic dye addition was compared to that of the 

monomesogenic dye described fully in chapter four. It was found that the 

appearance of the smectic A phase and the disappearance of the smectic C* phase 

happened for the bimesogenic dye at approximately twice the molar concentration 

as the monomesogenic dye. These would be concentrations with roughly the same 

amount of NAl 1 mesogenic units. It was also found that linear reduction of the 

maximum value of spontaneous polarisation was twice as rapid for the bimesogenic 

dye as it was for the monomesogenic dye. 

This relationship does not hold for the tilt angle, which for both dyes is close to 45° 

in the phases without a smectic A* phase and then reduces with dye addition. The 

reduction of the tilt angle in the bimesogen dye is much greater than for the 

monomesogenic dye 
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Chapter 6 

Effect of Photoisomerisation by Uhra Violet light 

on the Monomesogenic Host and Monomesogenic Dye mixtures 

6.1 Introduction 

In this chapter the photoisomerising properties of the smectic organosiloxane liquid 

crystals mixtures will be investigated. In chapter four the properties of the system of a 

ferroelectric host and a photoisomerising nitroazo dye were investigated. The use of 

the same three siloxane unit for the dye and host material produced complete 

miscibility. It was found that the mixtures maintained ferroelectric characteristics up 

to 80% dye concentration. The tilt angle and spontaneous polarisation of the mixtures 

maintained the temperature independence of the host but decreased in magnitude as 

the dye concentration was increased. 

This chapter describes the effect of ultra violet illumination on the ferroelectric 

mixtures. As discussed in chapter two the trans-cis isomerisation by ultra violet 

illumination of the nitrobenzene group should induce a bend into the configuration of 

the dye.' This more bulky configuration could be expected to disrupt the liquid 

crystalline order^ and disrupt the phase characteristics and switching properties^''^'^. 

Changes in the phase transition temperatures, the spontaneous polarisation, the tilt 

angle and the response time will be monitored to assess any changes due to 

illumination by ultra violet light. 

6.2 Photoisomerisation of pure NAl 1 -Si3 

The nitro azo dye NAl 1-Si3^ synthesised by S. Perkins at Southampton University 

should exhibit two responses to ultra violet illumination. Ultra violet illumination 

should be absorbed by the compound at the frequency that causes a trans to cis 

isomerisation. Secondly the pure dye exhibits a smectic A phase. The phase transition 

temperatures of this phase should be reduced by ultra violet illumination as the 

resulting bent isomer should be less inclined to form the phase. 
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The absorption spectrum of NAl 1-Si3 was measured in a solution of lOOmg of dye 

per litre of optical DCM using a UV-Vis spectrometer. As shown in figure 6.1 the 

nitroazo dye absorbs ultra violet across the wavelength range of 350 to 450 nm, the 

energy range required to induce the trans to cis isomerisation. 

The isotropic to smectic A and smectic A to crystal transition temperatures of the dye 

were measured by optical microscopy. These transition temperatures, shown in figure 

6.2, are reduced by ultra violet illumination. 
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Figure 6.1 Absorption spectrum of the monomesogenic dye NA11-Si3 showing an 

absorbance peak between 350 and 450 nm. 
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Figure 6.2 The change in the isotropic to smectic A and smectic A to crystal 

transition temperatures of NAl 1-Si3 with ultra violet illumination. 

6.3 Photoisomerisation of mixtures 

6.3.1 Choice of mixtures 

The use of mixtures of the ferroelectric host, Brl 1-Si3^'^, and the nitro-azo dye, 

NAl 1-Si3, allowed a range of dye concentrations to be studied. Photoisomerising 

effects were investigated in two mixtures, one with an isotropic - smectic A* -

smectic C* -crystal phase sequence and one with just a smectic C* phase. The two 

concentrations are shown in figure 6.3, the 25% dye concentration with the phase 

sequence isotropic - 88°C -smectic C* - 40° - crystal and the 50% dye concentration 

with the phase sequence isotropic - 98°C - smectic A* - 78°C — smectic C* - 30°C -

crystal. The effect of UV illumination on the transition temperature, spontaneous 

polarisation and tilt angle of both the samples was reversible as shown later. 
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Figure 6.3 Phase diagram of NAl 1-Si3 dye addition against temperature showing the 

phase sequences of the two concentrations to be illuminated by ultra violet measured 

by optical microscopy. 

6.3.2 25%NA11-Si3 Isotropic-Smectic C*-Ciystal phase sequence 

The isotropic to smectic C* transition temperatures of the 25% dye mixture have been 

measured by observing the transmitted optical intensity through crossed polarisers 

against temperature. These transition temperatures are reduced by increased intensity 

of ultra violet illumination as shown in figure 6.4. There is a linear relationship 

between the ultra violet intensity and the reduction in the transition temperature. 

The magnitude of the spontaneous polarisation, measured by the current pulse 

technique, is isothermally decreased by ultra violet illumination as shown in figure 

6.5. The maximum magnitude of the spontaneous polarisation decreases linearly with 

ultra violet intensity as shown in figure 6.6. The tilt angle could not be measured 

accurately for this sample as ultra violet illumination disturbed the aligned smectic C* 

texture so is not discussed here. 
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The optical micrographs shown in figure 6.7 show how the application of ultra violet 

illumination affects the focal conic texture of the material. Figure 6.7(a) shows the 

smectic C* texture of the sample before illumination at 60°C. Figure 6.7(b) shows the 

same sample area illuminated by 290 mW/cm^of ultra violet. The birefringence has 

changed and a striped texture has appeared across the focal conic fans. A greater 

intensity of ultra violet illumination adds defects to the texture. For comparison, 

figure 6.7(c) shows the sample at 80°C without ultra violet illumination, with an 

equivalent lowered value of polarisation showing a similar birefringence. The change 

in birefringence indicates that the tilt of the system is changed leading to the change 

of spontaneous polarisation. 

There is no optical evidence of any phase separation between the host and dye 

materials upon application of ultra violet illumination. A biphasic region only appears 

at lower values of polarisation corresponding to those at higher temperatures in the 

mixture before illumination. In both cases this is very close to the smectic C* to 

isotropic transition. 
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Figure 6.4 Isotropic to smectic C* transition temperature of the 25% mixture plotted 

against ultra violet intensity. 

Chapter 6 112 



no uv 

70 mW/cni2 

140 mW/cm2 

290 mW/cm2 

430 mW/cni2 

20 30 40 50 60 70 
temperature (C) 

80 90 100 110 

Figure 6.5 Spontaneous polarisation of the 25% sample against sample temperature 

for a range of ultra violet intensities. 
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Figure 6.6 Maximum value of spontaneous polarisation plotted against ultra violet 

intensity for the 25% mixture. 

Chapter 6 113 



WW 

Figure 6.7 a) Smectic C* texture for no illumination at 60°C 

b) 286 mW/cm^ at 60°C c) no illumination at 80°C. 

6.3.3 50%NA11-Si3 Isotropic-Smectic A*-Smectic C*-Crystal phase sequence 

The isotropic to smectic A* and smectic A* to smectic C* transition temperatures of 

the 50% dye mixture were also measured by the change in transmitted intensity. The 

reduction in both these transition temperatures with ultra violet illumination is again 

linear with ultra violet intensity as shown in figure 6.8. 

Both the spontaneous polarisation and the optical tilt angle tilt angle are reduced by 

ultra violet illumination as shown in figures 6.9 and 6.10. At lower temperatures away 

from the smectic A* transition the polarisation and tilt angle are almost unchanged by 

ultra violet illumination. For the lower ultra violet intensities 70 and 140 mW/cm^ 

both the polarisation and the tilt angle reduce with a Curie Weiss like relationship 

with respect to temperature to zero. For the higher intensities of 290 and 430 mW/cm^ 

the relationship between the tilt or polarisation and the temperature is different. There 

is a substantial reduction at temperatures between 45 and 55°C and then a gentle 

reduction to zero. 

In order to demonstrate that the reduction in spontaneous polarisation is related to the 

primary order parameter, the tilt angle, and not, initially, due to microphase separation 

we consider the ratio of the spontaneous polarisation to the tilt. This ratio is consistent 

for all magnitudes of illumination as shown in figure 6.11. 
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From the sequence of textures and optical hysteresis loops, it is clear that the material 

is moving from a smectic C* phase to a smectic A* phase and that the electro-optic 

switching changes from ferroelectric to electroclinic. The optical micrographs and 

hysteresis loops of figure 6.12 show the changes in the 50% mixture upon UV 

illumination. The material changes from the smectic C* phase, figure 6.12(a), to a 

smectic C* phase with a striped appearance and a birefringence similar to that of the 

smectic A* material, figures 6.12(b) and 6.12(c). Upon further illumination this is 

transformed to the smectic A* phase, figure 6.12(d). 
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Figure 6.8 isotropic to smectic A* and smectic A* to smectic C* transition 

temperatures of the 50% mixture plotted against ultra violet intensity. 
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Figure 6.9 Spontaneous polarisation against temperature for the 50% mixture for a 

range of ultra violet intensities. 
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Figure 6.10 Tilt angle against temperature for the 50% mixture for the same range of 

ultra violet intensities. 
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Figure 6.11 Ratio of polarisation to tilt against temperature for a range of ultra violet 
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Figure 6.12 (a) Optical texture and hysteresis loop for no illumination at 35°C 
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Figure 6.12 (c) Optical texture and hysteresis loop for 290 mW/cm^ illumination at 

50°C. 
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Figure 6.12 (d) Optical texture and hysteresis loop for 290 mW/cm^ illumination at 

70°C 

6.3.4 Rate of response to ultra violet illumination 

The change in the magnitude of the spontaneous polarisation was used to investigate 

the speed of the response of the mixtures to ultra violet illumination. Figure 6.13 

shows that the change in spontaneous polarisation for the 25% mixture at 85°C and a 

range of ultra violet intensities is reversible. It was found for both mixtures that the 

rise and fall times of the polarisation were both close to 10 seconds at 85°C over a 

range of ultra violet intensities as shown in table 6.1, the rise time is slightly greater 

than the fall time 
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Figure 6.13 Scaled change in the spontaneous polarisation of Brll-Si3 and 25% 

NAl 1-Si3 due to ultra violet illumination. 

NA11-Si3 Ultra violet Intensity mW/cm^ 

Concentration 20 70 300 

25% fall time (s) 5 7 12 

25% rise time (s) 6 9 12 

50% fall time (s) 2 12 10 

50% rise time (s) 9 13 19 

Table 6.1 The time taken for the spontaneous polarisation to fall to a steady value 

after illumination with ultra violet and rise back to the original value after ultra violet 

was removed. 
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6.4 Conclusion of Chapter Six 

The complete miscibility of the dye and host materials including the same three-

siloxane unit allowed a study to be made on a range of azo dye concentrations. The 

effect of ultra violet illumination on the transition temperatures, the spontaneous 

polarisation and tilt angle of both the samples was reversible but some degradation of 

the alignment was observed. 

The 25% dye sample had a phase sequence isotropic-smectic C*-crystal. Illumination 

by ultra violet reduced the isotropic-smectic C* transition temperature linearly with 

ultra violet intensity. At a fixed temperature in the ferroelectric phase the spontaneous 

polarisation was reduced and the optical texture was modified. These changes indicate 

that the steric change in the dye molecules induces a change in the bulk host material. 

The 50% dye mixture had the phase sequence isotropic-smectic A*-smectic C*-

crystal with decreasing temperature. Both the isotropic-smectic A* and the smectic 

A*-smectic C* transition temperatures were reduced linearly with intensity of ultra 

violet illumination. The illumination of the sample by ultra violet reduced the 

magnitude of both the spontaneous polarisation and the tilt angle. The two variables 

are linked with respect to temperature. The microscopic textures and hysteresis loops 

show that illumination by ultra violet produces a phase maintaining the ferroelectric 

characteristics but with a change of birefringence. At higher ultra violet intensities the 

smectic C* phase was changed to the smectic A* phase with electroclinic rather than 

Goldstone switching. The reduction of the spontaneous polarisation and tilt angle and 

the isothermal phase change from the smectic C* to the isotropic are in good 

agreement with previous work^'*®'"'*^. These changes indicate that the change in 

shape of the dye molecules induces a change in the tilt, and subsequently the 

spontaneous polarisation and texture of the host material. 
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Chapter 7 

Effect of Photoisomerisation by Ultra Violet light on 

the Monomesogenic host and Bimesogenic Dye mixtures 

7.1 Introduction 

In this chapter the effect of ultra violet illumination on the mixtures of a 

ferroelectric host and a bimesogenic photoisomerising dye is examined and 

compared to that for the monomesogenic dye described in chapter six. It was shown 

in chapter five that the addition of the bimesogenic dye, NAl 1-Si3-1 INA, to the 

organosiloxane ferroelectric host, Brl l-SiS''^'^, produces both ferroelectric and 

antiferroelectric phases^. The miscibility of the organosiloxane host and dye allows 

a large range of dye concentrations to be examined. The effect of ultra violet 

illumination on both the ferroelectric and antiferroelectric phases has been 

investigated. A comparison has been made for the photoisomerisation of mixtures 

of the monomesogenic and bimesogenic dyes with similar transition temperatures 

and magnitudes of the spontaneous polarisation. 

7.2 Photoisomerisation of pure dyes NAl 1-Si3 and NAl 1-Si3-1 INA 

Both the monomesogenic dye NAl 1-Si3 and the bimesogenic dye NAl 1-Si3-1 INA 

have a smectic A phase. This smectic A phase exists at a much higher temperature 

for NAl 1-Si3-1 INA. The transition temperatures, measured by optical microscopy, 

of the smectic A phase are reduced by ultra violet illumination for both mixtures. 

As shown in figure 7.1 there is a much smaller reduction for the bimesogenic 

NAl 1-Si3-1 INA than for the monomesogenic dye. 

Figure 7.2 shows the absorption spectra of a sample of NAl 1-Si3-1 INA dissolved 

in DCM. The dye produced very similar spectra to that of NAl 1-Si3 shown in 

figure 6.1 and is shown to absorb ultra violet in the wavelength range of 350 to 450 

nm at which the trans to cis isomerisation of azobenzene occurs^. 
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Figure 7.1 Reduction of isotropic to smectic A and smectic A to crystal transition 

temperatures for the monomesogenic NAl 1-Si3 and the bimesogenic NAl 1-Si3-

1 INA measured by optical microscopy. 
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Figure 7.2 Absorption spectra of NAl 1-Si3 and NAl 1-Si3-1 INA dissolved in DCM. 
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7.3 Effect of Ultra Violet illumination on Bimesogen Mixtures 

The samples used for comparison were made by heating the weighed mixtures to 

above both component's isotopic transition temperatures for up to 12 hours. Cells 

of 5p,m thickness with anti-parallel rubbed polyimide alignment layers were used 

for all the observations and measurements described in this chapter. The effect of 

ultra violet illumination on the Brl l -Si3 and NAl 1-Si3-1 INA mixtures was to 

reduce the isotropic to smectic C* transition temperatures as shown for the 4% and 

8% mixtures in figures 7.6 and 7.7 respectively. The spontaneous polarisation, 

measured by the current pulse technique, was also reduced with ultra violet 

illumination while maintaining the temperature independence of the host as shown 

in figure 7.3 for 4% NAl 1-Si3-1 INA. 
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Figure 7.3 Spontaneous polarisation against temperature for the 4% NA11-Si3-

1 INA mixture with ultra violet illumination 
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7.4 Comparison of NAl 1-Si3-1 INA with NAl 1-Si3 mixtures 

7.4.1 Choice of mixtures 

Figure 7.4 compares the phase diagrams of the monomesogenic and bimesogenic 

dyes. It can be seen that for dye concentrations up to about 25% the transition 

temperatures for the two dyes are of a similar magnitude. After the smectic A phase 

forms the transition temperatures rise more for the bimesogenic dye than the 

monomesogenic homologue. Consequently mixtures with concentrations below 

those where a smectic A phase appears will be considered for comparison. Figure 

7.5 shows a comparison of the maximum value of the spontaneous polarisation for 

the two sets of mixtures. It was decided to make two sets of comparison between 

the mixtures having 7% NAl 1-Si3 and 4% NAl 1-Si3-1 INA and 15% NAl 1-Si3 to 

8% NAl 1-Si3-1 INA. For each comparison the concentration of monomesogenic 

dye is approximately double that of the bimesogenic dye. This results in an 

equivalent number of NAl 1 mesogens. 
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Figure 7.4 Comparison of phase diagrams against temperature of NAl 1-Si3 and 

NAl 1-Si3-1 IN A, transition temperatures measured by optical microscopy. 

% § 

1 
I 
0 
Oh 

1 o 
Ph 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

A • 
• NAU-Si3 

* . 

A NA11-Si3-11NA 

'• • 

• 

A 

• 

20 40 

molar dye concentration 

60 80 

Figure 7.5 Comparison of the maximum value of the spontaneous polarisation against 

molar dye concentration for NAl 1-Si3-1 INA 
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7.4.2 Change in Transition temperatures 

The isotropic to smectic C* transition temperatures were measured against ultra 

violet intensity for both the NA11-Si3 and NA11-Si3-1 INA mixtures. As shown in 

figure 7.6 the reduction in the transition temperatures was very similar for both the 

4% mixtures of NA11-Si3 and 7% mixture of NA11-Si3-1 INA. However the 

reduction for the 8 % NA11-Si3-1 INA was much greater than the 15% NAl 1-Si3 

mixture as shown in figure 7.7. 

7.4.3 Change in Spontaneous Polarisation 

The reduction in the spontaneous polarisation was measured for both the NAl 1-Si3 

and the NAl 1-Si3-1 INA mixtures and is shown in figures 7.8 and 7.9. The changes 

were measured 10°C below the isotropic to Smectic C* transition without ultra 

violet illumination. The reduction of the 7% NAl 1-Si3 and 4% NAl 1-Si3-1 INA is 

very similar. However this does not hold for the comparison between 8% NAl 1-

Si3-1 INA and 15% NAl 1-Si3, the reduction for the bimesogenic dye is much 

greater. 

7.4.4 Change in Rate of Change 

The rate of change of the spontaneous polarisation was used to measure the effect 

of ultra violet illumination on the dyed mixtures. Table 7.1 lists the times for the 

fall of the spontaneous polarisation to a stable value after ultra violet illumination, 

and the rise time back to the original value after illumination was removed. Both 

the rise and fall times of the spontaneous polarisation are short, of the order of ten 

seconds. For all mixtures the time taken for the spontaneous polarisation to relax 

back to the original value was slightly longer than the fall time due to ultra violet 

illumination. 
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Figure 7.6 Reduction of the Isotropic to Smectic C* transition temperature against 

ultra violet intensity for 7% NAl 1-Si3 and 4% NAl 1-Si3-1 INA. 
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Figure 7.7 Reduction of the Isotropic to Smectic C* transition temperature against 

ultra violet intensity for 15% NAl 1-Si3 and 8% NAl 1-Si3-1 INA. 
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Figure 7.8 Change in the spontaneous polarisation for ultra violet illumination for 
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Figure 7.9 Change in the spontaneous polarisation for ultra violet illumination for 

15% NAl 1-Si3 and 8% NAl 1-Si3-11. 

Chapter 7 130 



Dye Concentration Fall time (s) Rise time (s) 

5%NA11-Si3 5 10 

5 % N A l l - S i 3 - i m A 8 12.5 

10%NA11-Si3 10 12 

10%NA11-Si3-11NA 8 10 

Table 7.1 The time taken for the spontaneous polarisation to fall to a steady value 

after illumination with ultra violet and rise back to the original value after ultra 

violet was removed. 

7.5 Effect of ultra violet on antiferroelectric phases 

Figure 7.10 shows the hysteresis loops of transmitted intensity against applied 

voltage for the mixture of Brl 1-Si3 and 37% NAl 1-Si3-1 INA. The hysteresis loop 

before ultra violet illumination is clearly antiferroelectric with a double hysteresis. 

As the intensity is increased the antiferroelectric switching is reduced and becomes 

electroclinic in nature showing that increased illumination transforms the 

antiferroelectric smectic Ca* phase to the electroclinic smectic A* phase. 
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Figure 7.10 Hysteresis loops for the Brl 1-Si3 plus 37% N A l 1-Si3-1 INA with 

(a) no ultra violet (b) 5 mW/cm^ (c) 20 mW/cm^ (d) 70 mW/cm^ (e) 300 mW/cm^ 

measured at 10 Vp-p/pm and 5Hz 

7.6 Conclusion of Chapter Seven 

The bimesogenic dye N A l 1-Si3-1 INA has been shown to photoisomerise in the 

presence of ultra violet illumination by the reduction of the isotropic to smectic A 

and smectic A to crystal transition temperatures and by the absorption of ultra 

violet in the dark state. The effect of ultra violet illumination on the transition 

temperatures is smaller in magnitude than for the monomesogenic dye N A l 1-Si3. It 

can be hypothesised that the changes in transition temperatures are smaller because 

they occur at higher temperatures and the opposite thermal process ' from bent cis to 

the straight trans isomer is increased because of the increased temperature. 
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It has been shown that the effect of illuminating the mixtures by ultra violet 

illumination is to isothermally reduce the order of the phase. The phase transition 

temperatures are reduced, the spontaneous polarisation and tilt angle are reduced. It 

has been shown that the tristable switching of the antiferroelectric phase is 

maintained until the illumination is large enough to induce a transition to the 

smectic A phase. The reductions in the spontaneous polarisation and tilt angle agree 

with previous experimental observations® ' ®'®. 

Mixtures of Br l l -S i3 and the monomesogenic and bimesogenic nitro azo dyes have 

been compared with similar numbers of bimesogenic units. For the comparison 

between 7% NAl 1-Si3 and 4% N A l 1-Si3-1 INA the reduction in spontaneous 

polarisation and the isotropic to smectic C* transition temperatures were of a 

similar order of magnitude against ultra violet illumination. However this 

relationship does not hold true for the larger dye concentrations of 15% N A l 1-Si3 

and 8%NA11-Si3-1 INA. The reduction of the isotropic to smectic C* transition 

temperatures and the spontaneous polarisation is larger for the bimesogenic than 

the monomesogenic dye. This shows that for smaller dye concentrations the 

photochromic changes were proportional to the number of nitroazo mesogens 

present. For the larger dye concentrations the properties of the bulkier bimesogen 

caused a greater reduction than the more miscible monomesogen. 
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Chapter 8 

A Photochromic dye added to a 

Bimesogen Chiral Nematic Flexoelectric Mixture 

8.1 Introduction 

In addition to the work on dye guest host organosiloxane materials and their 

photochromic properties, described in the preceding chapters, bimesogenic 

flexoelectric chiral nematic systems have been investigated. Bimesogen molecules 

for chiral nematic systems have been developed in house to optimise the 

flexoelectric coefficients and to investigate the relationship between the molecular 

structure and the flexoelectric properties''^. Molecules have been designed to 

combine both a pear and a banana shape anisotropy, associated with the splay and 

bend deformations respectively as described in section 2.7. The miscibility of 

mixtures of bimesogen molecules and an azo dye with a similar structure will be 

investigated. The effect on the phase characteristics and flexoelectric properties of 

the mixtures due to a photoisomeric shape change of the dye caused by ultra violet 

illumination will also be studied. 

8.2 Flexoelectric Chiral Nematic Bimesogen Mixtures 

The bimesogen m a t e r i a l s t h a t will be studied in this chapter have been 

developed in an attempt to combine pear and banana shapes to produce large 

flexoelectric coefficients. A pear shaped molecule contributes to the splay 

deformation, while a banana shaped molecule contributes to the bend deformation^. 

The chiral nematic molecules must have a strong electric dipole and an asymmetric 

shape to exhibit flexoelectric properties. To exhibit a large polarisation the material 

will ideally have a short pitch, a high elastic constant and a small but positive 

dielectric anisotropy^'^. Studies of the homologous series of these molecules have 

shown that small changes in the shape of the molecules can cause large changes in 

the flexoelectric properties. Hence the shape change of bimesogenic dyes caused by 

photoisomerisation will be investigated. 
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The bimesogens, a,co-bis(2',4-difluorobiphenyl-4'-oxy)alkanes, to be used in this 

study were synthesised in house and are shown schematically in figure 8.1.^ For 

this study a 50:50 by mass mixture of bimesogens with chain length 7 and 11 

respectively was used. As the bimesogens are non-chiral the chiral agent BDH1281 

has been added to produce a chiral nematic phase. Samples were made by heating 

the weighed mixtures, to above all the component's isotopic transition temperatures 

for up to 12 hours. Cells of 5pm thickness with anti-parallel rubbed polyimide 

alignment layers were used for all the observations and measurements described in 

this chapter. 

The isotropic-chiral nematic transition temperature, measured by optical 

microscopy, of the mixture is 58°C. A chiral nematic to crystal transition has not 

been observed down to below -10°C. The unifonnly lying helix texture can be 

easily produced by simple shearing of the sample just above the voltage required to 

stimulate the focal conic texture. 

Figure 8.1 Schematic diagram of bi-mesogenic host molecule where n is the 

number of carbon atoms in the central chain 

Figures 8.2 and 8.3 show that the optical tilt angle is linearly proportional to the 

applied electric field at a constant temperature and for a constant field the tilt angle 

is almost independent of temperature. There is a small increase in the tilt angle as 

the temperature is reduced. The pitch, measured as the maximum transmitted 

wavelength in the standing helix texture as explained in section 3.9, also increases 

slightly with decreasing temperature as shown in figure 8.4. The response time 

varies with temperature with an exponential Arrhenius relationship as shown in 

figures 8.5 and 8.6. 

Chapter 8 136 



8 

§ 

4 6 8 10 

applied field (V/jnm) 

12 14 

Figure 8.2 The linear relationship between the optical tilt angle and the applied 
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Figure 8.5 The relationship between the response time of the 7/11 bimesogen 

mixture and the sample temperature measured at a range of voltages and 20Hz. 
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Figure 8.6 Linear relationship between the log of the response time and the inverse 

of the sample temperature measured at 20Hz. 

8.3 Addition of Nitroazo bimesogenic dye to 7/11 mixture 

A bimesogenic nitroazo dye has been designed and synthesised in house to have 

one mesogenic unit the same as the host material and the other unit containing a 

photoisomerising azo group. The dye, a-(2',4-dif[uorobiphenyl-4'-oxy)-a-(4-

nitroazobenzene-4'-oxy)nonane, has a nematic phase and is denoted NA as shown 

in figure 8.8. The photoisomerising properties of this dye are illustrated by the 

reduction of phase transition temperatures measured by optical microscopy upon 

ultra violet illumination. The isotropic to nematic transition is reduced from I I 8 to 

116°C and the nematic to crystal transition from 100 to 90°C for ultra violet 

illumination of 300 mW/cm^. Figure 8.9 shows the absorption spectrum of the dye 

with a peak between 350 and 450 nm characteristic of the trans to cis isomerisation 

o f an azo molecule. 
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Figure 8.8 Bimesogen dye, with one photoisomerising azo unit connected by a 

nine carbon chain to the same mesogen as the host material. Phase transition 

temperatures measured by optical microscopy. 
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Figure 8.9 Absorption spectrum of NA bimesogen azo dye. 

Mixtures have been made where this dye has been added in 5%, 10% and 20% 

concentrations by mass to the 7/11 bimesogen mixture. The addition of the dye has 

caused no significant changes to the flexoelectric properties of the mixtures. The 

isotropic to chiral nematic transition temperatures have not been significantly 

altered as shown in table 8.1. The pitch and tilt angles of the mixtures are slightly 

different, but that can be explained by the slightly different concentrations of the 

chiral agent. 
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Percentage dye concentration I-N* transition temperature 

(°C) 

0 58 

5 59 

10 61 

20 61 

Table 8.1 Transition temperatures of the mixtures of the 7/11 bimesogen host 

and NA bimesogen dye 

8.4 Effect on mixtures of ultra violet illumination 

As shown in figure 8.8 the isotropic to chiral nematic transition temperatures are 

reduced upon illumination with ultra violet. As the ultra violet intensity is increased 

the transition temperatures reach a threshold value. This threshold value decreases 

linearly with dye concentration as shown in figure 8.9. 
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Figure 8.8 The isotropic to chiral nematic transition temperature for the three dye 

concentrations measured by optical microscopy plotted against the intensity of ultra 

violet illumination. 
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Figure 8.9 Reduction in transition temperature against the intensity of ultra violet 

illumination. 

25 

The tilt angle, the response time and the pitch of the 5%, 10% and 20% dye 

mixtures have been measured before and after ultra violet illumination. The 

measurements are plotted against sample temperature and against reduced 

temperature, which is dependent on the ultra violet intensity in figures 8.10 to 8.15. 

For all three dye concentration no significant change in the tilt angle can be 

measured either at sample temperature, figure 8.10, or at reduced temperature, 

figure 8.11. The pitch is seen to decrease isothermally as shown in figure 8.12 

plotted against sample temperature. When plotted against reduced temperature the 

pitch is unchanged, figure 8.13. The response time is unchanged at sample 

temperature as shown in figure 8.14. When plotted against reduced temperature, 

figure 8.15, the response time is seen to increase for increasing ultra violet 

intensity. 
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Figure 8.10 Tilt angle against sample temperature(a)5%NA (b) l0% NA (c) 

20%NA measured at 20 Hz 
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Figure 8.14 Optical response time against sample temperature(a)5%NA (b) 10% 

N A (c) 20%NA measured at 50 Hz. 
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8.5 Conclusion on Chapter Eight 

The 50:50 7/11 bimesogen mixture plus 5% by mass BDH1281 chiral agent has 

strong flexoelectric properties. The mixture is flexoelectric over a wide working 

temperature range from 60°C to below -10°C and a pitch and tilt angle that are 

almost temperature invariant. The uniformly lying helix texture can be easily 

induced by shearing and tilt angles close to 20° can be obtained for applied fields of 

less than 20 V/p-m. The response times are short, of the order of ms. The addition of 

the photoisomerising nitro-azo dye in large concentrations o f up to 20% by mass 

did not unduly alter these properties. 

For all the concentrations of dye the effect of ultra violet illumination was to reduce 

the isotropic to chiral nematic transition temperature. For low illumination 

intensities the transition temperatures were reduced equally for all three dye 

concentrations. As the ultra violet intensity was increased the transition 

temperatures reached a minimum threshold. The magnitude of the reduction was 

directly proportional to the photoisomerising dye concentration. 

The reduction in the transition temperature suggests that the system has become 

less ordered due to the shape change of the photoisomerising dye molecules. A 

phase transition will occur as the order parameter changes from zero to a positive 

value. If the order is reduced isothemially the phase transition temperatures will 

also be reduced. Low ultra violet intensities may only be sufficient to 

photoisomerise a proportion of the dye molecules and hence an increase in intensity 

will cause an incremental decrease of the transition temperature. Hence the 

threshold transition temperature occurs for ultra violet intensities that 

photoisomerise all available molecules. 

In theory the tilt angle,^9, depends upon the applied field, E, the flexoelectric 

coefficient, e, the pitch, p, and the average elastic constant, K as described by 

equation 8.1. The elastic constant and flexoelectric coefficient both depend on the 

square of the order parameter so the tilt angle should be independent of changes to 
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the order parameter. However changes in the average flexoelectric coefficient 

should cause a change in the tilt angle. 

tan 0 = equation 8.1 

The effect of ultra violet illumination on the tilt angle of any of the three mixtures 

was not significant enough to show a change in the flexoelectric coefficient of the 

material. 

The helical pitch of the bimesogen mixtures has been shown to be dependant on the 

sample temperature. A reduction of the order parameter at a constant temperature 

would cause a small reduction in the pitch. The pitch of the mixtures is reduced by 

ultra violet illumination, at a constant sample temperature, for both the 5% and the 

10% dye mixtures. When these pitches are plotted against reduced temperature 

there is no change caused by ultra violet illumination. 

The reduction of the pitch with sample temperature indicates a reduction of the 

order parameter of the system. This reduction of the order parameter is 

commensurate with the reduction of the isotropic to chiral nematic transition 

temperatures shown by the in variance with ultra violet intensity when plotted 

against reduced temperature. 

The effect of ultra violet illumination of the response times of the mixtures was also 

investigated. As shown by equation 8.2 the response time,'^T, is inversely 

proportional to the average elastic constant K, and hence the square of the order 

parameter and via the viscosity, y, to the sample temperature, T. 

T = — ^ equation 8.2 y = 

Measured against the temperature of the sample the response times were 

unchanged. However at reduced temperatures, below the transition temperature for 

each ultra violet intensity, the response times were increased by ultra violet 
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illumination. This suggests that the response time of the chiral nematic materials is 

more strongly dependent on the sample temperature than on the order parameter. 

Small changes of the order parameter, as suggested by the reduced transition 

temperatures and the reduction of the helical pitch, may be masked by the strong 

dependence of the response time on the temperature. 

As a comparison to the investigation shown here, work has been done by Komitov 

et al'° on mixtures of short pitch cholesteric liquid crystals with azo dopants. The 

reduction in phase transition temperatures for these mixtures were much less than 

those shown in the bimesogen mixtures, indicating that the isothermal disorder 

caused by the photoisomerisation of the molecules was more significant in the 

bimesogen mixtures. A reduction in the pitch upon ultra violet illumination was 

also shown for the short pitch cholesteric materials but this could not be explained 

by the change in the order parameter as it could for the bimesogens. A change in 

the effective tilt angle of up to 5% was also observed which is much less than that 

observed for the bimesogen materials. 

In conclusion the effect of the microscopic photoisomerisation of the azo dye by 

ultra violet illumination is to cause a macroscopic change of the chiral nematic 

flexoelectric system. This is shown by the reduction of the transition temperatures 

and helical pitch. However no significant change in the flexoelectric coefficient can 

be observed in these mixtures. 

Further investigation of the effect of a photo-induced shape change of the dye 

molecules in a thermochromic chiral nematic system will be investigated in the 

next chapter. The variation with temperature of the tilt angle and pitch of such a 

system is greater and it is hoped that any change in the flexoelectric properties will 

be more easily observed. 
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Chapter 9 

A Photoisomerising dye added to a 

Thennochromic Flexoelectric Mixture 

9.1 Introduction 

The effects of ultra violet illumination on bimesogen flexoelectric mixtures 

containing a nitro azo dye were discussed in the previous chapter. The shape 

change of the dye did not produce significant changes in the flexoelectric properties 

of these bimesogen mixtures. The properties of a chiral system that has a pitch and 

tilt angle that change significantly across the nematic temperature range and shows 

flexoelectric switching will be discussed in this chapter. A material with such 

temperature dependence is called thermochromic and is commonly found in 

materials that have a smectic A phase at temperatures below the chiral nematic 

phase. The material to be investigated in this section is 8 0 C B to which the chiral 

agent BDH1281 and a nitro azo dye N3 were added to produce a chiral nematic 

photoisomerising system. 

9.2 Properties of 8 0 C B and BDH1281 mixture 

9.2.1 The Thermochromic Nematic 8 0 C B 

8 0 C B is a member of a series of 4 '-n-4alkoxy-4-cyanobyphenyl materials first 

synthesised by G.W.Gray' all having a positive dielectric anisotropy. The 

molecular structure of the series is shown schematically in figure 9.1. Molecules 

with a value of n between 5 and 7 only have a nematic phase whi le 8 0 C B has a 

smectic A phase present below the nematic phase. 

Figure 9.1 Schematic diagram of the molecular structure o f the nOCB series. 
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Experiments have shown a pre-transitional divergence of the bend and twist elastic 

constants of 8 0 C B just above the nematic to smectic A transition. In the nematic 

phase the splay, twist and bend deformations all exist while in the smectic A phase 

only the splay deformation is present. As the nematic is cooled to the smectic A 

phase, short range smectic like ordering appears causing a sharp divergence of the 

twist and bend elastic constants^. 

The twist and splay visco-elastic constants of the nOCB series have been measured 

by M Sefton^ using electric field dynamic light scattering. A sharp increase in the 

twist elastic constant was observed just above the nematic to smectic A transition. 

The bend and splay Frank constants of the nOCB series have been measured by 

Bradshaw"*. A divergence of the bend elastic constant occurred in 80CB. 

By equations 9.1 and 9.2 a sharp increase in the elastic constant, K, would cause an 

inverse decrease in the tilt angle and response time. However the exponential 

dependence of the viscosity, y, on the temperature will cause the response time to 

increase at lower temperatures. 

tan 6 = equation 9.1 K = 
2 

T = ^ equation 9.2 y = 

9.2.2 The effect of a chiral additive, BDH128, to the nematic 80CB. 

After the addition of 5% by mass of BDH128, a chiral additive, the mixture has the 

phase sequence Isotropic - 79°C - Chiral Nematic - 49°C - smectic A and exhibits 

a small flexoelectric switching. The characteristics of these flexoelectric properties 

will be shown with special interest in the area close to the nematic to smectic A 

transition. 

The dependence of the optical tilt angle on the sample temperature can be seen in 

figure 9.2. For much of the chiral nematic phase the tilt angle is independent of the 
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sample temperature while it is reduced to zero in a 10° C temperature range above 

the smectic A phase. The tilt angle depends linearly upon the applied field as 

shown in figure 9.3 for a range of sample temperatures. 

The response time is independent of the sample temperature across most of the 

chiral nematic phase increasing rapidly close to the cholesteric to smectic A 

transition. The response time increases slightly with the applied field. 

The pitch of 8 0 C B increases slowly as the temperature decreases across the phase, 

increasing more rapidly close to the smectic A transition as shown in figure 9.5. 

10 V/um 

14 V/um 

35 45 55 65 

temperature (°C) 

75 85 

Figure 9.2 The variation with temperature of the tilt angle of 8 0 C B + 5% 

BDH1281 across the nematic phase measured at 25 Hz. 
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6 8 10 

applied field (V/pm) 

12 14 16 

Figure 9.3 The linear dependence of the tilt angle on the field applied to 8 0 C B + 

5% BDH1281 measured at 25 Hz. 
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Figure 9.4 The variation of the response time with the sample temperature 

across the nematic phase measured at 6 Vp-p/pm and 20 Hz for to 8 0 C B + 5% 

BDH1281. 
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Figure 9.5 Pitch plotted against sample temperature as the maximum absorbed 

wavelength for 80CB + 5% BDH1281. 
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9.3 Addition of N3 to 8 0 C B mixture 

A small nitro-azo molecule was chosen, 3-Methylpentanoic acid 4'-

pentanoylazobenzene-4-yl ester, to be introduced as a dye into the 80CB and 

BDH1281 mixture. The molecular structure is shown in figure 9.6. This molecule 

has been shown previously to have photoisomerising effects^ and will be denoted 

N3. The dye, N3, has an isotropic to chiral nematic to smectic A to crystal phase 

sequence so should be miscible with a liquid crystal system. The effect of 

5 mW/cm^ of ultra violet illumination is to reduce the phase transition temperatures 

by 2-3°C. Figure 9.7 shows the absorption spectrum of the dye with a peak at 500 

nm characteristic of the cis trans isomerisation of and azo unit. As shown in table 

9.1 the effect of dye addition up to 20% only had a small effect on the transition 

temperatures of the 8 0 C B mixture. 

4- "9 

O — C — C H y C H C p H c 
II 2j 2 5 

O CH^ 

Isotropic - 101°C - Nematic* - 95°C - Smectic A* - 78°C - Crystal 

Figure 9.6 Schematic diagram and phase transition temperatures of the N3 

molecule measured by optical microscopy. 
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Figure 9.7 Absorption spectrum of NA bimesogen azo dye. 

Percentage dye 

concentration 

I-N* 

transition temperature (°C) 

N*-SmA 

Transition temperature 

(°C) 

0 79 49 

5 82 57 

10 79 44 

20 81 57 

Table 9.1 Transition temperatures of 8 0 C B + BDH1281 and N 3 mixtures. 

9.4 Effect of ultra violet illumination on the mixtures 

As discussed more fully in chapter eight the photoisomerisation of the azo dye can 

cause a macroscopic change in the flexoelectric chiral nematic system. This effect 

may be a change in the order parameter or in the flexoelectric coefficient. Changes 

in the phase transition temperatures, the tilt angle, the helical pitch and the response 

time will be measured to investigate the macroscopic changes of the system. 
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Figure 9.7 shows that both the isotropic to nematic and nematic to smectic A 

transition temperatures are reduced by ultra violet illumination. At large 

illumination intensity the transition temperature reaches an equilibrium minimum. 

A plot of the reduction in transition temperature against the dye concentration as 

shown in figure 9.8 shows that this reduction is proportional to the dye 

concentration. 

The effect of ultra violet illumination on the properties of tilt angle, response time 

and pitch will be investigated further for the 8 0 C B plus BDH1281 plus 5% N3 

mixture. The measurements are plotted against sample temperature and against 

reduced temperature which is dependent on the ultra violet intensity in figure 9.9 to 

9J4 . 

As shown in figures 9.9 and 9.10 no measurable change in the tilt angle can be 

determined either plotted against sample temperature or reduced temperature. The 

pitch is seen to decrease isothennally, shown in figure 9.11, plotted against sample 

temperature. When plotted against reduced temperature the pi tch is unchanged, 

figure 9.12. The response time is unchanged when measured against sample 

temperature as shown in figure 9.13. An increase is observed if the response time is 

plotted against reduced temperature as shown in figure 9.14. 
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Figure 9.7 Isotropic to nematic and nematic to smectic A transition temperatures 

for the 5%, 10% and 20% N3 mixtures illuminated by ultra violet measured by 

optical microscopy. 
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Figure 9.8 Maximum change in transition temperature plotted against dye 

concentration. 
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Figure 9.9 Tilt angle of the 5% N3 mixture plotted against sample temperature for 

ultra violet illumination. 
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Figure 9.10 Tilt angle of the 5% N3 mixture plotted against reduced temperature 

for ultra violet illumination. 
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Figure 9.11 Maximum absorbed wavelength for the 5% N3 mixture plotted against 

sample temperature for ultra violet illumination. 
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Figure 9.12 Maximum absorbed wavelength for the 5% N3 mixture plotted against 

reduced temperature for ultra violet illumination. 
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Figure 9.13 Response time of the 5% N3 mixture plotted against sample 

temperature for ultra violet illumination. 
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Figure 9.14 Response time of the 5% N3 mixture plotted against reduced 

temperature for ultra violet illumination. 

Chapter 9 164 



9.5 Conclusion of Chapter Nine 

The mixture of 8 0 C B and BDH1281 shows a small flexoelectric switch compared 

to the bimesogens studied in chapter 8. However the flexoelectric pitch and tilt 

angle change over a significant temperature range (~10°C) above the chiral nematic 

to smectic A phase transition as suggested by the pretransitional elastic coefficient 

changes. The N3 photoisomerising dye dissolves into the host in concentrations of 

up to 20% without adverse effect to the switching properties so useful 

measurements of the photoisomerising effect could be made. 

For all the concentrations of dye the effect of ultra violet illumination was to reduce 

the isotropic to chiral nematic, and the nematic to smectic A transition 

temperatures. The changes in the transition temperature were much larger than for 

the bimesogen mixtures, up to 40°C. For low illumination intensities the transition 

temperatures were reduced equally for all three dye concentrations. As the ultra 

violet intensity was increased the transition temperatures reached a minimum 

threshold. The magnitude of the reduction was directly proportional to the 

photoisomerising dye concentration. 

The reduction in the transition temperature suggests that the system has become 

less ordered due to the shape change of the photoisomerising dye molecules. Low 

ultra violet intensities may only be sufficient to photoisomerise a proportion of the 

dye molecules, so the threshold transition temperature occurs when all the 

molecules have the bent conformation. The large reduction o f the transition 

temperatures, due to ultra violet illumination, can be used to isothennally induce 

switching well below the transition to the smectic A phase. 

The tilt angle was not significantly changed by ultra violet illumination at 

temperatures well above the chiral nematic to smectic A transition. However in the 

temperature range close to the smectic A transition an isothermal increase in the tilt 

angle could be observed. The tilt angle, 9, depends^ upon the applied field, E, the 

flexoelectric coefficient, e, the pitch, p, and the average elastic constant, K as 

described by equation 9.3. The elastic constant and flexoelectric coefficient both 
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depend on the square of the order parameter so the tih angle should be independent 

of changes to the order parameter. However changes in the average flexoelectric 

coefficient should cause a change in the tilt angle. Hence the increase of the tilt 

angle suggests a small increase in the flexoelectric coefficient. 

tan B = — e q u a t i o n 9.3 

The pitch of the mixture is reduced by ultra violet illumination, at a fixed sample 

temperature. When the pitch is plotted against reduced temperature there is no 

change caused by ultra violet illumination. The helical pitch o f the bimesogen 

mixtures has been shown to depend on the sample temperature. A reduction of the 

order parameter at a constant temperature would cause a small reduction in the 

pitch. This reduction of the order parameter is commensurate with the reduction of 

the isotropic to chiral nematic transition temperatures shown b y the invariance with 

ultra violet intensity when plotted against reduced temperature. 

The relationship between the response time of the mixture plotted against sample 

temperature was unchanged by ultra violet illumination. However at reduced 

temperature below the transition temperature for each ultra violet intensity the 

response times were increased by ultra violet illumination. As shown by equation 

9.4 the response time, x, is inversely proportional' to the average elastic constant K, 

and hence the square of the order parameter and via the viscosity, y, to the sample 

temperature, T. 

T = — — equation 9.4 y = y 

The results suggest that the response time of the chiral nematic materials is more 

strongly dependent on the sample temperature than on the order parameter. 

The effect of the microscopic photoisomerisation of the azo dye by ultra violet 

illumination is to cause a macroscopic change of the chiral nematic flexoelectric 

system. The reduction of the order parameter is shown by the lowered transition 
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temps and helix pitch. The increase in the tilt angle close to the smectic A transition 

may show an increase in the flexoelectric coefficient but this cannot be observed 

into the bulk of the phase. 
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Chapter 10 Concluding Chapter 

The purpose of the work presented in this thesis is to describe the effect of the 

addition of photoisomerising azo dyes to liquid crystalline systems. The dyes have 

been designed to have similar structures to the host materials to ensure good 

miscibility and contain a photoisomerising azo unit. The first part of the work 

describes the significant transformations of the host liquid crystal systems due to 

the addition of the dyes. The effect of a photoisomerising shape change of the dye, 

caused by ultra violet illumination, on the macroscopic properties of the liquid 

crystalline mixtures makes up the second part of the work. 

Liquid crystalline materials exhibit phases with a degree of ordering greater than 

that of a liquid but less than that of a solid. This ordering can be described in terms 

of positional or orientational order as explained more fully in chapter 2. The 

materials discussed in this thesis fall into two categories. Smectic liquid crystals 

that have a layered position order and chiral nematic liquid crystals that have a 

spiral orientational order. The application of electrical fields to samples causes an 

orientational change that can be detected optically. 

The effect of the photoisomerisation of a molecule is to cause small conformational 

changes to its structure. In the case of the azobenzene molecules studied in this 

thesis this change is caused by excitation of the molecules b y ultra violet 

illumination. The change from the straight trans to the bent cis isomer coverts a 

molecule that is very compatible with the liquid crystalline phase to one that is 

much less compatible. The conformational changes of the dye molecules will alter 

the order of the liquid crystalline host altering its electro-optic properties. 

Liquid crystalline materials are ideal for the measurement of these small changes 

because they posses a molecular ordering that can be measured with a high 

accuracy and depends greatly on the molecular conformation of the constituents. 

The photoisomerising effects of dyes in two types of liquid crystal systems are 

investigated. First the ferroelectric, antiferroelectric and electroclinic switching of 

smectic organosiloxane materials are investigated. Secondly the linear switching 
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properties of bimesogen molecules specially designed to maximise the flexoelectric 

effect have been studied. Finally thermochromic chiral nematic materials which 

exhibit divergent properties close to the smectic A transition are also investigated. 

The properties of these phases and the switching that occurs within them are 

described theoretically in chapter two. The methods, based about a microscope, 

used to investigate these liquid crystalline phases are described in chapter three. 

Chapter four describes the mixtures made between a ferroelectric organosiloxane 

host Br l l -S i3 and a dye with a similar structure, NAl 1-Si3. The organosiloxane 

material forms a stable ferroelectric smectic C* phases with a high tilt angle, close 

to 45° and high spontaneous polarisation - 1 0 0 nC/cm^. The combination of a high 

spontaneous polarisation and tilt angle close to 45° makes this material particularly 

attractive for use in single polariser devices. The dye NAl 1-Si3 is designed to have 

a three siloxane core, the same as that of the host, and a photoisomerising nitro azo 

mesogen. The compatibility of the molecules gives exceptional miscibility of up to 

100%. This is much greater than that used in current dye guest host technology. 

For low dye concentrations, up to 20 %, the addition of the dye has only a small 

effect on the phase transition temperatures, the spontaneous polarisation, the tilt 

angle and the response times of the mixtures. For greater dye concentrations a 

smectic A* phase is produced at temperatures above the smectic C* phase. This 

phase exhibits a significant electroclinic effect and aids the alignment of the 

smectic C* phase. It is possible to add dye in concentration of up to 80% 

maintaining a ferroelectric smectic C* phase. The spontaneous polarisation and tilt 

angles of the mixtures maintain the temperature in variance o f the host material. 

This invariance is useful for display applications where a constant temperature is 

not guaranteed. Both the polarisation and tilt scale with dye concentration, although 

the tilt angle is held close to 45° for all the mixtures without a smectic A phase. 

Chapter five shows the effect of the addition of a bimesogenic dye. This dye 

comprises of two mesogens the same as those of the monomesogenic dye attached 

at either end of a three siloxane core unit. Again complete miscibility was achieved 

by the compatibility of the siloxane units of the dye and host materials. In the same 

way as for the monomesogenic dye the phase sequence, and transition temperatures 
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were hardly changed for low dye concentrations. As the bimesogenic dye 

concentration was increased a smectic A phase appeared above the smectic C* 

phase, again improving the ease of aligmnent of the smectic C * phase and 

exhibiting a substantial electroclinic effect. However at dye concentrations where 

the smectic A* phase appeared the smectic C* phase showed antiferroelectric 

switching. This switching is characteristic of the bimesogenic dye rather than of the 

ferroelectric monomesogenic host. 

It has been shown that the bimesogenic analogue of the ferroelectric host material, 

with two mesogens attached either end of the three siloxane core exhibits an 

antiferroelectric phase. The mesogens themselves do not produce the anticlinic 

ordering required for antiferroelectricity so the conformation caused by the three 

siloxane unit must be responsible. A tempi ating effect of the bimesogen molecules 

inducing an anticlinic arrangement for the ferroelectric host materials can be 

proposed. 

Chapters six and seven describe the effect of ultra violet illumination on the 

mixtures of Br l l -S i3 and N A l 1-Si3 and NA11-Si3-1 IN A. For both dyes the 

transition temperatures, tilt angle and spontaneous polarisation are reversibly 

decreased by ultra violet illumination. The reduction of the tilt angle can be 

measured electro-optically and a change in the birefringence is observed. No 

microseparation of the dye and host was observed. The spontaneous polarisation 

could be seen to couple linearly with the tilt angle in mixtures where a smectic A 

phase was present indicative of a second order transition. These changes indicate 

that the modification of the dye molecules causes a reduction in the ordering of the 

phase and hence a decrease in the tilt angle and polarisation. 

Chapter eight introduces the bimesogen chiral nematic mixtures which show a 

substantial flexoelectric switching with tilt angles of up to 15° for 10 V/pm. A 

photochromic dye incorporating both the mesogen from the bimesogen molecule 

and a nitroazo mesogen was added to the bimesogen mixtures in large 

concentrations of up to 20% without unduly effecting the flexoelectric properties. 
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The effect of ultra violet illumination was to reduce the isotropic to chiral nematic 

transition temperatures. The magnitude of the reduction was directly proportional 

to the concentration of the photoisomerising dye. The effect of ultra violet 

illumination on the tilt angle of any of the mixtures was not significant enough to 

show any change in the flexoelectric coefficient of the material. The pitch of the 

mixtures was reduced by ultra violet illumination, at a constant sample temperature. 

When these pitches are plotted against reduced temperature, below the transition 

temperature at each ultra violet intensity, it is found that the ultra violet 

illumination causes no change in the pitch. Measured against the temperature of the 

sample the response times were unchanged. However at reduced temperatures the 

response times were increased by ultra violet illumination. 

The reduction of the transition temperatures after ultra violet illumination indicates 

a reduction in the order of the system. The reduction of the helical pitch with 

sample temperature also indicates a reduction of the order parameter of the system. 

This reduction of the order parameter is commensurate with the reduction of the 

isotropic to chiral nematic transition temperatures shown by the invariance of the 

pitch with ultra violet intensity when plotted against reduced temperature. 

The invariance of the response time with sample temperature suggests that the 

response time of the bimesogen materials is more strongly dependent on the sample 

temperature than on the order parameter. Small changes of the order parameter, as 

suggested by the reduced transition temperatures and the reduction of the helical 

pitch, may be masked by the strong dependence of the response time on the sample 

temperature. 

Another chiral nematic flexoelectric system is investigated in chapter nine. The 

8 0 C B mixtures differ from the bimesogens by having a smectic A phase below the 

chiral nematic phase. The presence of the smectic A phase produces pretransitional 

effects in the tilt angle and pitch close to the chiral nematic smectic A transition. 

The changes in the phase transition temperatures were much greater for the 8 0 C B 

mixtures than the bimesogen mixtures. However similar small changes to those of 

the bimesogen mixtures were observed in the tilt angle, helix pitch and response 
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time. These again indicated a small reduction in the order but no observable change 

in the flexoelectric coefficient. 

Komitov et al have also made measurements of the effect of ultra violet 

illumination on flexoelectric systems containing azo dyes. The tilt angles of these 

dyes were very small (less than 3°) and although the percentage changes shown by 

ultra violet illumination were significant (fi-om 5 to 18%) the actual changes were 

less than 0.3°. If changes of this magnitude were to occur in the bimesogen 

flexoelectric materials where tilt angles of up to 15° for 10 V / p m can be observed 

they should be readily observable. 

Liquid crystalline materials are conventionally used to regulate light, stimulated by 

an external electric field. In the case of the photoisomerising mixtures, the incident 

light effects the state of the liquid crystal. This effect could b e used as a detector of 

ultra violet illumination. The change in the tilt angle or spontaneous polarisation of 

the ferroelectric materials depends upon the intensity of the illumination. The 

materials could also be used as a medium to control light with light. Existent 

photomodulating technologies combine a photodiode with a liquid crystalline pixel. 

The change in the birefringence irom the ferroelectric or chiral nematic state to the 

isotropic state caused by photoisomerisation could be used to modulate the light 

passing through the detector rather than using the signal from a photodiode as the 

stimulus. 

Further work may be done to confirm the effect that photoisomerisation of the 

molecules can cause in liquid crystalline systems. For the smectic organosiloxane 

compounds the reduction of the tilt angle caused by ultra violet illumination as 

observed optically could be confirmed by x-ray measurement of the smectic layer 

spacing. The pitch, and its dependence on the order parameter, of the smectic C* 

materials could be evaluated in thick homogeneously aligned cells. Other methods 

of evaluating the order parameter of a smectic liquid crystal including birefringence 

measurements, time resolved Raman and nuclear magnetic resonance could be 

evaluated. 
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For the chiral nematic flexoelectric switching, photoisomerising dye molecules 

with terminal units other than the nitro azo or a different bimesogen system 

altogether could be used. A molecule or mixture could be synthesised that 

contained a photoisomerising group and exhibited flexoelectric switching. 

The dye guest host properties of new smectic and chiral nematic mixtures have 

been shown. Very high dye concentrations have been shown to be possible without 

undue reduction of switching properties. The templating effect of a bimesogenic 

dye in a monomesogenic ferroelectric host has shown the change from ferroelectric 

switching in the pure host to antiferroelectric switching in a mixture. The 

photoisomerising effects of dye molecules have been shown to be useful in 

investigating the effect of molecular shape on the liquid crystalline order. The 

change from a linear arrangement to a bent conformation of the dye has shown a 

corresponding reduction in the phase transitions and switching properties of 

smectic C* mixtures. The reductions in the spontaneous polarisation and tilt angle 

have shown to be linked. A reduction in the order parameter of the chiral nematic 

flexoelectric mixtures has been shown, but more work is necessary to determine 

whether a shape change can alter the flexoelectric constants. These effects may also 

have possible commercial uses as detectors and optical modulators. 
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