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By Daniel Jackson

A rich variety of symmetric and non-symmetric liquid crystal dimers have been synthesised
and studied in order to investigate their structure property relations; in particular their
flexoelectric properties.

The project is introduced in Chapters 1 and 2 where Chapter 1 gives a brief general
background to liquid crystals and liquid crystal synthesis, and Chapter 2 gives a more detailed
background to the flexoelectric effect.

The research can be broadly divided into two parts. Chapters 3 and 4 focus on seven
conventional non-symmetric liquid crystal dimer series containing two mesogenic groups
ether linked through a flexible spacer. These non-symmetric dimers all contain a
cyanobiphenyl mesogenic group at one end and either a poly-fluorinated biphenyl or a
phenyl-cyclohexyl-alkane mesogenic group at the other. Almost all these materials possess
nematic phases (and in one series a smectic phase) and show strong flexoelectric coupling to
an applied field with some experiments yielding very large values for the flexoelastic ratio.
Chapter 5 focuses on two series of bent core liquid crystal dimers, where the long chain
spacer is divided by a catecho! or resorcinol based disruptor group. The disruptor is located in
the centre of the molecule and symmetric cyanobiphenyl mesogenic groups are at each end.
These materials show a curious odd-even effect in the nematic-isotropic transition
temperatures which is further investigated in Chapter 6 by reducing the symmetry of the
compounds and studying the changes in the transitional properties. This was achieved in one
series by changing the relative position of the catechol linking group along the spacer chain
or, in a different series, by altering one of the mesogenic end groups to a di-fluorinated
bipheny! (a mesogenic moiety studied in Chapter 3).

The liquid crystal properties were investigated by optical microscopy, differential scanning
calorimetry and deuterium NMR spectroscopy. The flexoelastic ratios were determined from

the dependence of the tilt in the optic axis on an applied electric field.
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1. An introduction to liquid crystals

1.1. Liquids that are crystalline or crystals that flow?

We live in a world where liquid crystal based technologies have become an integral part
of human life. They have spawned highly profitable markets not only in display
applications but also in pigments, dyes and paints, colour changing thermometers and
optical wave guiding in telecoms, the result of which can be seen in the plethora of
different devices used in every day life. Yet to say that liquid crystals are a fundamental
part of human life would be no exaggeration. They are present in biological cell
membranes as a solution of phospholipids in water and without these liquid crystal
phases, some of the complex essential biological functions would not occur thus we, and
all other life on Earth, would not exist.

Liquid crystals can be broadly placed into two classes, thermotropics and lyotropics.
Thermotropic liquid crystal phases respond to changes in temperature and are primarily
seen in the wide variety of display devices currently on the market. Since these
technologies are both popular and easily obtainable, thermotropics are often inaccurately
perceived as the most commonly encountered type of liquid crystal.

Lyotropic liquid crystal phases are generated from dissolution of amphiphilic molecules
in a solvent (which is normally water) and are dependent on changes both in temperature
and concentration. These lyotropic phases are formed when surfactants are used, for
example, they form in the residue of soap and water in soap dishes and it is these types of
liquid crystal which are found in cells and so are essential to life. This Thesis will be
concerned exclusively with thermotropic liquid crystals and specifically, to their potential
use in novel display devices.

Liquid crystals were first observed in 1850 when myelin was mixed with water. Myelin
comes from the sleeve that protects nerve cells and forms a lyotropic liquid crystal phase;
however their significance was overlooked and so the discovery of liquid crystals is
normally attributed to Friedrich Reinitzer in 1888." When, examining cholesteryl
benzoate, he noted that it had two melting points. The first was at 145.5 °C, melting from
a solid to a cloudy liquid and the second at 178.5 °C where the cloudy liquid cleared.

After satisfying himself that the material was pure, Reinitzer enlisted the help of Otto



Lehmann, a professor of natural philosophy in Germany. Lehmann had constructed a
polarising microscope with a heating stage of reliable accuracy with which he could
observe these materials under controlled conditions. He first referred to these materials as
‘soft crystals’ and then ‘crystalline solids’ but after examining many other similar
samples, he became convinced that the opaque phase he was observing was a
homogenous phase of matter which shared some of the properties of both liquids and

crystals hence he christened them ‘liquid crystals”.!

1.1.1. What are liquid crystals?

It is important to note that when we consider ‘liquid crystals’ we are actually considering
a large group of materials which all exhibit a liquid crystal phase at a given temperature,
pressure and/or concentration.

For centuries man has been aware, if only on a practical level, of the three common states
of matter: solid, liquid and gas. Exploration of the physical behaviour of these states has
shown that the physical form of any pure material can be controlled by temperature and
pressure. However, liquid crystals represent a fourth and very different physical state
exhibiting certain properties of both the solid and liquid phases.

At the molecular level, particles in a crystal are fixed on a lattice and have long range
orientational and translational order. Orientational order can only exist if the particles are
anisotropic (literally meaning ‘not the same in every direction’) which means we can
consider such particles to be primarily a rod or disk but there are variations (sometimes
quite extensive) on that basic shape. In the crystal, particles may possess a number of
properties related to the orientationally ordered anisotropic constituents, but cannot flow
like a fluid. In a liquid, particles have only short range translational or orientational order
and are continually flowing and tumbling. In this state any bulk property relating to the
anisotropy of the particles is lost and so the liquid can be described as isotropic.

If the crystalline and liquid states of matter can be thought of as two extremes of
translational and orientational order, liquid crystal phases occupy a position somewhere
between these two extremes (hence the term ‘mesophase’).

However to best understand why liquid crystalline phases form we first must look at how

we describe other changes of state in relation to the moleular interaction. Regardless of



how chemists and physists choose to name and describe the nature of the forces which
hold molecules together, they are all types of intermolecular force. These forces exist in a
variety of forms but chiefly depend on the size (and sometimes the direction) of the
attraction (or repulsion). When the distance over which the force is experienced is taken
into consideration this gives an energy potential which describes the energetic stability of
a molecule (or atom) as it approaches another. At long range the force is relatively small
and attractive and at very short range the force is large and repulsive. There is a region
where the distance is close enough for the attractive forces to be significant but far
enough away for the repulsive forces to be sufficiently small to allow an energy stability

well. This can be described in a Lennard-Jones (LJ) potential (sece Figure 1.1 and

Equation 1).?

U(r)

©
—

Figure 1.1 Lennard-Jones potential plot where the potential energy, U(r) is plotted against distance (r) to
hard sphere radius. r is the separation distance of the two atomic or molecular centres, ¢ describes the depth
of the energy stability well at the equilibrum bond length and o is the hard shell limit of the two atoms
corresponding to U(r) = 0 for the smallest value of'r.

The potential energy is given as

U(r) = 4s [f-) _ —(—U—) , (1
Ia v

where 1, € and ¢ are defined in Figure 1.1. The nature of the molecular interactions will
depend on the size of the energy well e. An increase in thermal energy in the system will
eventually act to overcome this attractive force between molecules, breaking up a lattice
in a crystal or causing the particles in a liquid to escape as a gas.

[f we describe this thermal energy as kgT, then crudely we could say that when & > kgT,
the material will be a solid. When & = kgT then the material would be liquid and in the

case when € < kgT the material would be gaseous.



To apply this to the case of liquid crystals we must take into consideration the anisotropy
of the moleules when considering the LJ potential. Until ry is reached, the closer the
molecules get, the larger the attractive forces between them. Therefore the orientation of
one molecule to the next becomes critical to minimise the potential energy. If the
situations where cylindrically symmetric molecules are (a) parallel and (b) perpendicular
are considered (see Figure 1.2), the LJ potential diagrams would show that the aligned
state is more energetically favourable.

(a) (b)

u(r)

Figure 1.2 Sketch of potential curve for anisotropic molecules (a) parallel and (b) perpendicular.

Thus changes in both the orientation of the molecules and the translational position will
result in different liquid crystalline phases. As noted already, when the thermal energy is
large enough to overcome all energic penalties associated with destroying the
orientational order, the liquid becomes isotropic.

If we take the approximation that € = kgT, we can see that only relatively small energies
would be needed to alter the liquid crystal phase or indeed to turn the material isotropic in
comparison to melting or boiling the material. It is therefore not hard to see that only
subtle changes in the molecular design (and hence intermolecular forces) can radically
change the properties of the liquid crystal. The temperature range where the phase is
liquid crystalline can be defined as lying between two distinct points. The first is the
temperature at which the thermal energy overcomes the intermolecular forces holding the
crystal together and the second corresponds to the energy that causes the orientional order
in the liquid crystal to break down.

Finally, it should also be noted that if the energy of fusion (to melt the sample) is also
large enough to scramble any orientational order, the material will melt into an isotropic
phase regardless of the molecule being anisotropic in shape (although in some cases if the

material is supercooled below the melting point, a phase can be observed). In these cases



the liquid crystal phase is said to be monotropic. When the liquid crystal phase persists

above the melting point the phase is described as enantiotropic.

1.1.2. Ordering in liquid crystals
If the existence of order within a liquid crystal defines the phase, it is important to be able
to quantify and thus measure the degree of order within the phase. The orientational order
parameter, S (see Equation 2), is commonly used as a measure of order of liquid crystals.
This is related to the orientational ordering of the molecules in relation to the direction in

which they are on average pointing, which is called the director, n.

Figure 1.3 An ideal liquid crystal molecule — a rigid and cylindrically symmetric shape (shown in green)
at an angle, 8, to the director n.

The degree of order is taken as the average of a function of the angular deviation (0) of
the mesogen molecular axis from the director (see Figure 1.3) and is normally expressed

as the average of the second Legendre polynomial;

3cos’ 9 -1
§={F (cos (9)> S\ /s )
where S is the order parameter, Pz(cosﬁ)* is the second Legendre function.
The limiting value for S is zero for an isotropic liquid and S =1 for a perfectly aligned
liquid crystal (e.g. aligned by an external field) or a crystalline solid. The order of a liquid

crystal falls between these two extremes in the range 0.3 <S <0.8 however, at the

" Note this is the function for rods. The function for disc-like mesogens, where the director is perpendicular
to the long axis, uses sin @ instead of cos 6.



transition to an isotropic phase there is a discontinuous jump to S = 0 corresponding to a
first order transition. The order can be determined by measuring one of a number of

macroscopic properties including the optical birefringence, nuclear magnetic resonance

and Raman scattering. Additional order parameters can be defined (e.g. <P4 cos@>)

however, these order parameters are harder to measure than S and consequently more
seldom used. Since, a rod or disc has a plane of symmetry perpendicular to the director;
any property of the molecule made at an angle 6 to the director will be identical to that at

(m — 0). Thus it is true that for any Legendre polynomial (P )
P, (cos®) = ()" P, (cos(r - 0)). 3)

Thus for odd functions the equation is equal and opposite in sign meaning that, when an
average ensemble is taken, the number of molecules at 6 will cancel those at (r — 0) of
which there will be the same number. As such the odd Legendre polynomials are not

relevant as they average to zero.

1.1.3. Liquid crystal phases

Thermotropic liquid crystals exhibit a wide range of different phases. These phases are
defined by the degree and type of orientational order (which defines the phase as liquid
crystalline) as well as translational order and position (which defines the smectic phases
apart from the nematic phase). As the phase changes to the next, the properties of the
material also change, sometimes radically. This is often best illustrated by polarisation
microscopy, observing the change in optical texture of the liquid crystal viewed through
crossed-polarisers as it forms a different phase. There are at least a dozen different types
of thermotropic phase and, to qualify as a thermotropic liquid crystal, it is by no means
necessary that a material should exhibit all possible thermotropic liquid crystal phases,
indeed no such material is currently known. However, it is common for a material to
exhibit two or three phases although this does depend on the molecular building blocks
used to construct the molecules as to what phases are stabilised (see Section 1.2.1). The

phases encountered in this Thesis will now be briefly discussed.

1.1.3.1. Nematic (uniaxial) phase
The liquid crystal phase which is the simplest and most disordered is the nematic phase



denoted by the letter N. Nematic literally is Greek for ‘thread-like’ and the phase is so
called because when it is viewed through a crossed polarising microscope there are often
dark lines observed which resemble threads. These are defects in the orientational
organisation of the director and are called disclinations. These disclinations can be
regarded as rapid changes in the director over a small area in the sample and the darkness
corresponds to where the director is parallel to one set of cross polarisers in the
microscope. If we regard the director changing in either a circular fashion or a parabolic

fashion, we obtain the patterns typically seen in the nematic (Figure 1.4).

Fropt _—
polariser

'\ Back /

polariser

Disclinations 7

Director —

Figure 1.4 Two or four stranded crosses normally referred to as two or four brush defects forming as a
result of rapid director change. This often occurs most readily close to the nematic-isotropic transition.

This characteristic pattern is referred to as a schlieren texture (see Figure 1.5).

Figure 1.5 (left) Showing a highly ordered arrangement of rods which would give rise to a nematic phase.
(right) an example of a nematic phase seen under a cross-polarising microscope; a characteristic schlieren
texture exhibiting a variety of two and four brush defects.



For the sake of simplicity it is convenient to describe the nematic in terms of cylindrically
symmetric rods which point approximately in one direction which we would call the
director (see Figure 1.5). The reality is of course that real molecules are not cylindrically
symmetric. Many deviate from this ideal to a considerable extent, so to define the director
by the direction in which non-uniform molecules point would be ambiguous, if not
impossible. Therefore it is better to describe the director based on properties related to the
symmetry of the phase and so, for a uniaxial nematic, the phase has a symmetry (which in
this case is cylindrically symmetric) about the director. So, if a tensorial property (one
which operates on a vector) of the phase is considered, it will have a symmetry axis
which will point in a given direction, and thus the director can be defined by this.
Although the nematic has orientational order there is no long range translational order
and hence nematics characteristically have an order parameter of S ~ 0.3 at the N-I
transition.

Being the least ordered, nematics often flow freely and normally have a lower viscosity
compared with other phases. However, viscosity in liquid crystals is not just related to

ease of flow but this will be covered more fully in Section 1.2.4.

1.1.3.2. Smectic phases
The next degree of order seen in liquid crystals is where the molecules, whilst still

approximately orientated parallel to the director, arrange themselves into layers which are
perpendicular to the director. The name smectic meaning ‘soap’ was given to the phase
because the mechanical properties of these phases were, to early researchers, reminiscent
of soaps (It is perhaps ironic that the name ‘smectic’ is not given to any phases in
lyotropics which are the type of liquid crystal phases soap scum actually forms!).

The smectic phases represent the next level of ordering in the liquid crystal where
orientational order is still essential but translational order is now also present, thus

defining the difference between nematic and smectic phases. This translational order can

. cos2mz 3)
d

where 1 is the degree of translational order, (as with S, 7 = 1 for perfect order and t =0 in

also be quantified as



an isotropic liquid), z is the position along the layer normal and d is the thickness of the
layer.

There are a wide range of different types of smectic phase designated by a letter A-I
which relates not to their degree of order but rather the order in which they were
identified as a discrete phase. This process of identification is not always trivial,
especially if the optical texture seen by microscopy is ambiguous. These undetermined
phases are often labelled smectic X.

The two examples described here are the smectic A, SmA, and smectic C, Sm¢, phases as

they are the only examples of smectics relevant to this Thesis.

Figure 1.6 (left) Showing an arrangement of rods in layers which occurs in a smectic A phase. (right) An
example of a smectic A phase seen under a cross-polarising microscope with its characteristic focal conic

texture.

The smectic A phase is the most disordered of the smectic phases and is simply a layered
form of the nematic. The translational position of any molecule within a layer bears no
relation to the translational position of any molecule in any other layer or within the same
layer. The director points along the layer normal as shown in Figure 1.6. The two and
four brush disclinations of the nematic are lost and the characteristic texture given by
smectic A phases is the focal conic. Smectic phases are generally much more viscous
then nematics and even smectic A phases tend to take minutes to flow compared with
normal nematics which take a fraction of a second. As a result in many cases after

alignment of the smectic phase using, for example, an electric field, the smectic phase
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will retain (remember) its aligned structure after the field has been turned off. This
memory property has been used in data storage devices .’

Smectic C phases are very similar to their smectic A counterparts except that the director
within each layer is tilted with respect to the layer normal (Figure 1.7).

The tilt is the defining characteristic of the smectic C and can be monitored up to the
phase change as temperature increases. The nature of the change with temperature
depends on the phase which follows. When a smectic C is followed by a nematic, the
transition is first order. Therefore there is little change in the tilt angle with temperature
and a discontinuous transition at the phase change. Where the smectic C moves to a
smectic A, the transition is second order and the change in temperature causes a

continuous change in the tilt angle up to the phase change.

Figure 1.7 (left) Showing an arrangement of rods tilted in layers characteristic of a smectic C phase. (right)
an example of the optical texture from a smectic C phase seen under a cross-polarising microscope showing
both a schlieren texture and a broken focal conic texture.'

When a smectic C forms from a smectic A phase, the optical texture tends to show a
broken focal conic texture which can then give rise to a schlieren texture entirely
composed of four brush defects. This is normally easily identifiable, however, in cases
where the smectic C phase forms directly after the nematic, idenitification can sometimes
be less trivial and the precise temperature of transition, ambiguous. In these situations
homeotropically aligned cells can be used to identify the transition since these align the
layer normal to the surface normal. The homeotropically aligned smectic C phase is

birefringent (scatters light) allowing a texture to be observed in contrast to the nemtic,
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which, under these conditions, does not. This obvious change in appearance allows

straighforward assignment of the transition temperature of the phase.”

1.1.3.3. Chiral nematic phase
The effect of chirality on nematic phases is profound. There are two ways of introducing

chirality into a liquid crystal sample. The first strategy employed was to build the
chirality into the molecular structure of the rod. The first examples of this were the
cholesteryl based liquid crystals first identified by Reinitzer in 1888 (cholesteryl units
have many chiral centres) and, as such, these types of molecular subunits were often the
chiral building block of choice (although there can be problems with chemical stability).
The effect of chirality in nematics was so closely associated with cholesteryls that the
phase was, in the past, commonly called a ‘cholesteric phase’. This was misleading as
any chiral molecule which can form a nematic phase has the potential to form a chiral
phase and are thus described more generally as forming a chiral nematic phase (N*) with

a characteristic finger print optical texture (see Figure 1.8).

-,
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Figure 1.8 An example of the optical texture from a chiral nematic phase seen under a cross-polarising
microscope.'

The effect of chirality on the nematic phase is very small, but over large distances
(distances in nm compared with molecular dimensions in A) the chiral environment
causes the director to be rotationally offset by a small angle moving through the sample.
The result is that, from a microscopic property, a macroscopic helical structure is formed
by the director. The helix axis remains perpendicular to the director as it rotates through

the sample. The pitch length of the helix (the distance travelled along the helix for the
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director to rotate through 360°) is related closely to the temperature of the sample, the
degree of chirality and the twist elastic energy of the sample (see Section 1.2.2 for
explanation of elastic energy). Different microscopic enantiomeric handedness within the
chiral molecules will generate a corresponding left or right handed macroscopic helix.
Making materials which are both liquid crystalline and chiral can be both synthetically
difficult and expensive. However, it is possible to generate a chiral nematic phase using
only 1-2 w/w% of a chiral dopant. This, the second method of forming chiral nematics,
does not require the dopant to be liquid crystalline (so long as it is soluble in the nematic
host) and is thought to provide an asymmetric environment which causes the non-chiral
molecules to form a helical structure.
Understanding the helical structure of the chiral nematic can be difficult. A common
solution is to either, trace the edge of the changing director to generate a helix, or, to take
slices through the helix showing the director change (see Figure 1.9). The former can be
misleading in that it begs the nonsensical question ‘what is in the middle?’, where as the
latter can provide the idea of the helix being a layered structure. For practical purposes
the helical rotation of the director is shown to be much more rapid than is actually the
case. However, so long as these limitations are borne in mind, they are useful to generate
a pictorial handle with which to understand various concepts relating to helical twisting
in the director.
The periodic structure of the helix interacts with light, reflecting light beams of a
wavelength which are determined by Bragg’s law

A =2n(P)cosH, “)
where A is the wavelength, n an integer number, P is the pitch of the helix (sometimes
given as Z) and 0 is the angle the light makes with the helix.
If the sample is aligned so that the helix axis is parallel to the propagation of the light and
if the pitch is of the same order as visible light, then colours are selectively reflected
back. The pitch is temperature dependent and as such this property has given rise to
colour changing thermometers, temperature sensitive inks’ and paints (commercial car
paints where the chiral nematic is polymerised causing the colour to change with viewing
angle rather than on heating®) and is occasionally used in pigments by nature (e.g. the

rose chafer beetle produces a lustrous green colour from the chiral nematic phase of the



chitin found in its outer shell”-®).
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Figure 1.9 (left) Showing left (red) and right (yellow) handed helices. (right) Showing slices through the
helix where the director would be pointing. It should be noted that this representation shows the director
rotation occurring rapidly which is not the case in real systems where the rotation is only very slight
moving along the helix axis.

Helical twisting in the nematic is essential to nearly all modern display devices since the
helix is able to rotate plane polarised light as it travels down the symmetry axis for the
refractive index of the helix (often the helix axis itself). This helical twisting can
sometimes be generated by simply pinning the director between two plates of glass and
physically twisting the plates (often used in twisted nematic displays), or employing the
use of chiral nematics (e.g. super twisted nematic displayed). For a fuller description of

the use of chiral nematics in display devices see Section 1.3.

1.1.3.4. Nematic (biaxial) phase
The term ‘uniaxial’ comes from the field of optics and describes a system where plane

polarised light can only travel along one axis without the state of plane polarisation being
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