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Abstract 

The work in this thesis can be divided into three areas: chirality and structure of 

dopants, host dependency and investigation of reaction pathways in the search for 

chiral induction. 

 

The óreverse-twist disclinationô method first reported by Raynes was used to 

determine the helical twisting power (HTP) of a selection of chiral materials 

dissolved in achiral nematic liquid crystal hosts: E7, PCH7, BL036 and ZLI559. 

The chiral materials studied include oxazoline and lactate derived chiral dopants, 

commercial liquid crystal chiral dopants and thalidomide.  

 

One of the most notable outcomes is that the overall shape of the molecular 

structure of a chiral dopant dictates the magnitude of HTP values, whereby a 

propellar-like molecular shape consistently provides high HTP values. 

Additionally, the technique used was found to be very sensitive to differences in 

the optical purity of the dopant. Host dependency was found for all chiral dopants 

suggesting that HTP should not be considered as an intrinsic property of a chiral 

material but rather a property that results from a combination of host and dopant.  

 

It had been reported in the literature that the Mitsunobu reaction can, for racemic 

secondary alcohols, give non-racemic products, a remarkable result that implies 

that mirror symmetry can be broken on a macroscopic scale. The effect of various 

different reaction conditions upon the optical purity of 1-methylheptyl esters was 

studied. The resulting materials were analysed via the reverse-twist disclination 

method and occasionally the Mitsunobu reaction was found to produce a product 

that was indeed optically active. Without exception, the Steglich reaction was only 

found to preserve mirror symmetry and produce non-chiral products.  
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 Introduction  Chapter 1.

The background to this thesis is concerned with chirality and broken symmetries at 

the molecular level. In the gas phase the bulk properties are dependent on 

molecular structure, whereas in condensed phases there can be transmission of 

chiral information from one molecule to the next, which may result in chiral 

ensembles, for example helical macrostructures.
1
 In the research presented, the 

transmission of information imparted from a chiral dopant to quasi-liquid phases, 

known as nematic liquid crystals, is investigated. The transmission takes the form 

of the creation of a helical structure, where the helical handedness and the pitch of 

the helix are related to the chemical structure of the dopant. 

 

The basis of the majority of the experimental work in this thesis is therefore quite 

simple. It involves using a twisted nematic device, i.e. those that are used in liquid 

crystal displays, where the orientational directions of the liquid crystal on the 

upper and lower surfaces are orthogonal to one another.
2,3

 For an achiral material, 

this gives a quarter helical structure of the nematic phase, where the left-handed 

and right-handed helical structures have the same energy. Disclination lines, which 

occur in the regions where domains of opposing handedness meet, can therefore be 

observed by optical microscopy.
4
 However, the addition of a chiral dopant breaks 

the energetic degeneracy of the two helical states and causes the disclination lines 

to bend. In this case, the radius of curvature of the disclination line is directly 

related to the pitch of the helix.
5,6

 

 

Investigation of these disclination lines allow a multitude of molecular properties 

to be investigated, from sensing chirality to determining enantiopurity.
6
 This 

method also provides sensitivities on the order of milligrams of dopant per 

kilogram of host liquid crystal, thereby making measurements at the extremes of 
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enantiopurity from racemic to optically pure forms of the dopant possible. Such 

work may be of fundamental relevance as, for example, a method for determining 

spatial configuration, or of practical/commercial importance as a tool for 

determining the purity of pharmaceuticals.
7
 

 Chemical Isomers 1.1

The dopants used in this work are optically active and therefore have at least two 

different structural forms, or isomers.
8
 The dopants used are carbon based, with 

multiple carbon atoms in their chemical structures. For the simple situation of a 

hydrocarbon with four carbon atoms, there are at least two bonded arrangements 

of the atoms thereby giving two isomers. Increasing the number of carbon atoms in 

the hydrocarbon quickly increases the number of isomers. For example, for a 

hydrocarbon with 30 carbon atoms there are over four billion isomers (see Figure 

1.1). Some of the isomers will be chiral and, in a mixture with a nematic liquid 

crystal, these chiral isomers will have different influences on the nematic host.
9,10

  

 

Isomers can be divided into two groups; structural isomers, which can be 

subdivided into functional and positional isomers, and stereoisomers, which can 

be divided into geometric isomers and optical isomers.
8
 This thesis will focus on 

optical isomers and their properties. 
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Figure 1.1: Relationship between chemical structure and isomers. 

 Symmetry and Molecular Structure 1.2

In order to define the shape and structure of a molecule four factors need to be 

considered; its constitution, configuration, chirality and conformation.
8
  

 

Å The constitution of a compound specifies the atoms that are present in a molecule, 

and the types of bonds used for direct interatomic bonding.  

Å Configuration can be described by two terms, relative and absolute. Relative 

configuration specifies the relative spatial arrangements of the bonds and atoms 

that make up the molecule, ignoring the spatial arrangements that may occur on 

rotation about single bonds. Absolute configuration specifies the actual spatial 

arrangement of atoms and bonds within a given structure.  

Å The conformations that a molecule may possess describe the different spatial 

arrangements of atoms that may arise by rotation about single bonds within the 

structure.  
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Å Chirality, which will be discussed in more detail in later sections, is a property 

associated with three-dimensional forms that are not superimposable with respect 

to their mirror images. 

 

Constitution, configuration and chirality are static properties, which specify the 

shape of a molecule in three-dimensional space; however, it must be remembered 

that the dynamics of molecular movement can have a major influence on the 

structure, with many conformations being possible.  

 

 Molecular Chirality  1.3

In the early nineteenth century Biot, discovered that certain biological substances 

cause a rotation of plane-polarized light, i.e they are optically active.
11

 At this time 

the cause of such behaviour could not be defined in chemical terms because the 

shape, structure and physical properties of molecules themselves were not 

understood. Biot's discovery raised two important questions, firstly, what was the 

physical nature of light, which makes the phenomenon of optical activity possible, 

and secondly, why do some materials show this property whereas others do not? 

 

In 1822 Fresnel put forward a transverse wave theory of light that accounted for 

several of the phenomena associated with plane-polarized light.
12 

He showed that 

linearly polarized light could be resolved into two circularly polarized components 

that rotate in opposite directions (a right-circularly polarized and a left-circularly 

polarized ray), and that the direction of linear polarization rotates if the two 

circularly-polarized rays travel through a medium at different velocities. Fresnel 

suggested that the concept of optical rotation of plane-polarized light was 

equivalent to "circular double refraction"; a theory that forms the basis of more 

complex understandings of this effect. Fresnel later reasoned that certain 

substances are optically active due to a particular constitution of the refracting 
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medium or of its constituent molecules. He suggested that a helical arrangement of 

the molecules in a medium could present contrasting properties for opposing 

helical twist senses.
13

 This concept was foreign to chemistry as nothing was 

known about the geometrical arrangement of molecules in matter, even though 

helices were recognised to exist in nature, e.g., snail shells and whirlpools. 

However, in the case of quartz crystals Fresnel's idea turned out to be correct, but 

this shed little light on the concept of molecular optical activity (in the liquid or 

gaseous phases). 

 

The first step in the understanding of optical activity in discrete molecules was 

taken when Pasteur discovered that for some substances, the occurrence of 

dissymmetric crystals was correlated with the existence of optical rotatory power 

in solution. His studies of sodium ammonium tartrate led to the discovery that two 

crystal forms occur in this material, which are mirror images of each other.
14

 When 

the two forms were separated and dissolved in a solvent, each gave a rotation of 

plane polarized light, but in opposite directions. From this discovery Pasteur 

concluded that the similarity of the two crystal forms implied a similarity of the 

constituent molecules. However, the opposite rotations of plane-polarized light 

observed, when each form was dissolved in a solvent, indicated that the molecules 

were not identical, but were mirror images of each other. The constituent 

molecules were therefore termed asymmetric, or chiral, a term first used by Kelvin 

in a series of lectures at John Hopkins University.
15

 

 

However, twenty years before Kelvin first coined the word óchiralô van't Hoff, and 

Le Bel, both published papers proposing a tetrahedral arrangement of atoms 

bonded to carbon as the basis for molecular chirality.
16,17 

They argued that such a 

structure would be asymmetric if the four atoms attached to carbon were different, 

and would be symmetric if any two were identical. This theory, although giving an 

exact correlation with the observed optical activity data available at the time, was 



6 

 

not immediately accepted, and indeed became the subject of some ridicule, with a 

particularly scathing attack coming from Kolbe. In this attack he stated that there 

was a fundamental lack of general and chemical knowledge which led to, quote 

"the spread of the weed of the apparently scholarly and clever, but actually trivial 

and stupid, natural philosophy, which was displaced fifty years ago by exact 

natural science, but which is now brought forth again, out of the store-room 

harbouring the errors of the human mind, by pseudo scientists who try to smuggle 

it, like a fashionably dressed and freshly rouged prostitute, into good society, 

where it does not belong".
18  

However, in 1878 van't Hoff was appointed as a 

Professor at the University of Amsterdam, and in 1901 he received the Nobel Prize 

for his work on the structure of carbon containing compounds. 

 

A greater understanding of the exact mechanism of the optical rotatory power of 

chiral organic molecules was now being sought by a number of scientists. The 

reasons why an asymmetric tetrahedral molecule should be optically active 

required a mathematical treatment of an extremely complex physical problem, 

namely the interaction of four different atoms at the corners of a tetrahedron with a 

beam of incident light. The theories of Born,
19

 Oseen,
20

 and Gray
21 

suggested that 

the rotations of plane polarized light given by molecules that were mirror images 

of one another would be equal, but opposite, and that the rotation would be zero if 

the molecule were symmetric. The theories were based on the idea that the sum of 

the induced dipoles in asymmetric molecules, in the presence of circularly 

polarized light, were dependent on the polarization direction, and this would be the 

case even after these induced dipoles are averaged over all random orientations of 

the molecules in a liquid or a gas. This is illustrated in Figure 2 for one of the 

simplest optically active organic materials bromochlorofluoromethane. In Figure 

1.2 the molecule is imagined to be located inside each of the circularly polarized 

light beams shown above it. The atoms are polarized at some instant in time by the 

electric field of the light wave, shown by the arrows in each beam. The arrows on 
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the atoms show the direction and strength of the induced dipoles associated with 

each individual atom (assuming C-H is zero). The total induced dipole associated 

with the whole molecule is different for each polarization direction (of the light 

wave), as shown by the calculated values that are given in units of 10
-6

 Debye, for 

field strength of 1 electrostatic unit.
22

 The resulting difference in the refractive 

index of the two waves produces optical rotation. 

 

 

               (a)                (b) 

Figure 1.2: Interaction between a chiral molecule and (a) a left-hand circularly 

polarized light ray and (b) a right-hand circularly polarized light ray that constitute 

together plane polarized light. The total dipole of (a) is 5.32 and of (b) is 4.98. 

 

An important discovery by Cotton in 1895 found that optically active compounds 

of tartaric acid that contained copper and chromium (which gave them colour) 

showed an unequal absorption of right- and left-circularly polarized light in the 

wavelength region where the absorption occurred.
23

 This effect, which came to be 

known as "circular dichroism", was soon understood to arise in a similar way to 

the optical rotation of plane-polarized light given by some asymmetric materials. 

If a material is chiral, itôs the amount of left- and right-circularly polarized light, 

which are themselves chiral, that it absorbs will be different. This difference (left- 

minus right-circularly polarized rays) acts as a measure of circular dichroism.
24

 

Due to their common origins, circular dichroism and optical rotatory power offer 
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similar information about the structure of a material. Circular dichroism, however, 

is concentrated more on the light absorbing entities, i.e. the chromophores, within 

a molecular structure. 

 

The classification of molecules that are optically active needs a number of terms. 

Firstly, any molecule that possesses a tetrahedral carbon atom with four different 

groups attached to it is said to be asymmetric, or chiral in nature, and the atom at 

the centre is the location of the stereogenic centre.
8
 The two-mirror image forms 

that may exist are known as enantiomers, with each one giving an equal, but 

opposite rotation of plane-polarized light. A 50-50 % mixture of the two 

enantiomers is known as a racemic mixture and is optically inactive. However, if 

one enantiomer is in excess, known as the enantiomeric excess or ee (more details 

in section 1.4), then the mixture will be optically active. Each enantiomer is 

usually labelled according to the absolute configuration of its stereogenic centre. 

The labelling system most commonly used was first introduced by Cahn, Ingold, 

and Prelog in the 1950's.
25,26

 The system operates by first prioritising each atom 

(or group) that is attached to the asymmetric carbon atom in terms of atomic 

number (called the priority rule). The tetrahedron is then viewed with the lowest 

priority group (or atom) set to the rear. A path is then traced between the remaining 

three groups (or atoms) from the highest to the lowest priority (called the sequence 

rule). If a clockwise direction is transcribed then the stereogenic centre is 

classified as Rectus or Right (R). If, however, an anticlockwise path is taken then 

the chiral centre is classified as being Sinister or Left (S), see Figure 1.3.  
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(a) 

 

(b) 

Figure 1.3: The Cahn, Ingold, and Prelog labelling system for stereogenic centres. 

(a) The priority and sequence rules, (b) examples the rules applied to R-lactic acid 

and 2S, 3S-isolucine.
25,26

 

 

The directions of rotation of plane-polarized light given by either enantiomer is 

classified as being either positive (+) in the case of a clockwise rotation, or 

negative (
_
) in the case of an anticlockwise rotation. No obvious correlation, 
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however, exists between the configurations of enantiomers, or between the (R) and 

(S) designation and the direction of rotation.
27

 

 

If a molecule has two or more chiral centres, then the material may be 

diastereomeric. This is illustrated in Figure 1.4, giving aldotetrose as an example. 

 

 

Figure 1.4: Diastereoisomers of aldotetrose. 

 

A molecule which has two asymmetric centres that have an (R,S) configuration, 

i.e., one chiral centre is labelled as (S), whereas the other is (R), is the 

diastereoisomer of a molecule that has an (R,R) configuration. Similarly, a 

molecule with an (S,S) configuration is the diastereoisomer of a molecule with an 

(R,S) configuration. A molecule with an (R,S) configuration, however, is the 

enantiomer of another with an (S,R) configuration, this relationship is also true for 

molecules with (S,S) and (R,R) configurations. Classical theory dictates that the 

physical properties of enantiomers are the same, whereas those of 

diastereoisomers may differ.
8
  

 

Molecules that have mirror symmetry and contain two identical, but oppositely 

labelled stereogenic centres are non-chiral. They are termed meso compounds. 

They possess an additional plane of symmetry and are found to be optically 

inactive. An example of a meso compound (meso-2,3-dibromobutane) is 

illustrated in Figure 1.5. 
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Figure 1.5: Structure of a meso-compound (meso-2,3-dibromobutane) showing 

the mirror plane. 

 

Another interesting situation arises when a molecule that does not possess an 

asymmetric carbon atom is optically active. An example of this is helicene, which 

is optically active because it does not have a mirror plane as a consequence of its 

helical structure (the rings are twisted out of plane giving rise to a left- or 

right-handed helical structure). The structure of helicene is illustrated in Figure 

1.6.
28

  

 

Helicene has an extra symmetry element in comparison to an asymmetric carbon 

atom, a simple two-fold axis of rotation, and so is considered as dissymmetric and 

not asymmetric. Thus, the maximum symmetry element allowable for chirality is a 

rotational axis; if, however, mirror symmetry is introduced then the system 

becomes achiral. In fact, a more general way to classify chirality in relation to 

symmetry elements can be made; a molecule can only be chiral if it lacks an axis of 

improper rotation (Sn), i.e. an axis that leaves a given object unchanged upon 

rotation about an followed by reflection in a plane perpendicular to the axis of 

rotation.
1
 Therefore, a chiral molecule or object obviously cannot possess a mirror 

plane or a centre of inversion, but can exhibit rotational symmetry (a Cn axis) as in 

the case of helicene.
1,8,27,28
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Figure 1.6: Helicene, a chiral dissymmetric molecule, with a two-fold axis of 

rotation.
28

 

 

There are a number of symmetry operations involving structures with stereogenic 

centres and which may or may not exhibit optical activity. Figure 1.7 shows a 

number of compounds based on a cyclobutane scaffold that are attached to the 

2-position of butyl aliphatic chains. The 2-butyl chains are chiral and thus the 

symmetry operations for the various susbtitutions of the cyclobutane motif can be 

explored as show in the figure 1.7. Achiral, and hence non-optically active 

compounds are obtained where there is a mirror plane, a centre of inversion, or an 

improper axis of rotation, as shown in the upper part of the figure. However, as 

with helicene, materials that have simple axes of rotation, such as two-fold axes 

are chiral. This type of study allows for the analysis of symmetry operations that 

produce chiral compounds and those that do not as shown in Table 1.1.
1,8,27
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Figure 1.7: Using similar molecular constitutions, symmetry operations are 

shown to affect the formation of chiral or achiral compounds. 

 

Term 
Improper 

Rotational Axis 
Rotational Axis Optical Activity 

Symmetric Present 
May or may not be 

present 
Inactive 

Dissymmetric Absent 
May or may not be 

present 
Usually active 

Asymmetric Absent Absent Usually active 

Table 1.1: Symmetry operations in relation to the formation of symmetric, 

dissymmetric and asymmetric materials.
1,8,27

. 

 

At this stage it should be mentioned that carbon is not the only atom that can be a 

stereogenic centre. Silicon and germanium, from the same group in the periodic 

table, also form tetrahedral compounds and therefore have the ability to display 

optical activity,
29

 see Figure 1.8. In certain instances a chiral nitrogen or sulphur 

atom may also be used, with a lone pair of electrons taking the place of an atom or 

group in the asymmetric structure.
30
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Figure 1.8: Optically active materials with asymmetric atoms, which are not 

carbon.
28

 

 

 Chirality and Enantiomeric Excess 1.4

In this discussion it has so far been presumed that the molecules in each example 

are of one hand, i.e. they are defined as right-handed (R) or left-handed (S) by 

application of Cahn, Ingold, Prelog rules.
25,26

 However, this is often not the case 

and the majority of chiral materials are composed of a unequal mixture of 

left-handed and right-handed molecules (enantiomers). The proportion of 

left-handed to right-handed enantiomers in a given mixture is called the 

enantiomeric excess (ee). The percentage enantiomeric excess is be defined in 

equation (1).
8,31
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For materials that possess one chiral centre with spatial configuration (R) or (S) the 

enantiomeric excess is given by equation (2): 

 

 

The optical purity (OP) can therefore be calculated in accordance with equation 

(3): 

 

OP = 100*(specific rotation of sample)/(specific rotation of pure enantiomer)(3) 

 

Experimental measurements of enantiopurity can be achieved using NMR with 

chiral shift reagents,
32

 chiral gas chromatography, chiral high pressure liquid 

chromatography, or polarimetry. However, these methods are not generally 

applicable to all varieties of materials and their accuracies are often no better than 

+/- 2%.  

 

Probably the most common way of determining the optical purity, and hence the 

enantiomeric excess, is through the use of polarimetry. This technique involves 

passing monochromatic plane polarized light, usually produced by a sodium lamp, 

through a cylinder, 10 cm long, of a mixture of a specimen material in a suitable 

solvent. The plane of the polarized light is rotated through an angle a, which is 

determined via the rotation of a polarizer (analyzer) at the exit port of the cell, as 

shown in Figure 1.9. The optical rotation a is standardised by the concentration, 

the length of the tube, the wavelength of the light, and the temperature at which the 

measurement is conducted. This gives the specific rotation, which is a standard for 

any particular chiral material. 

 

However, what is not often realised is that specific rotations for various materials 

are not actually 100% ee, simply because it is too difficult to obtain materials with 
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absolute optical purity. Thus, optical purity values given for commercial products 

are often not very accurate or useful.
7,31

  

 

Figure 1.9: The structure of a polarimeter and the relations between the optical 

rotation and the specific rotation.
28

 

 

 Chirality in Anisotropic Soft Materials  1.5

The types of molecules that form calamitic liquid-crystalline phases usually 

possess an extended rod-like structure.
33-35

 Chirality can be built into the 

mesogenic system by the inclusion of an asymmetric carbon atom. This 

functionality may be incorporated into any part of the molecule, but because of 

synthetic considerations it is most often placed in either one, or both of the 

terminal aliphatic chains that are often part of the molecular structure.
36

 The 

effects of chirality in mesogenic systems will be discussed in greater detail later in 

this Section. However, the properties that occur as a result of chirality can be 

quantified in terms of the pitch length of optically active phases, the thermal 

stability of liquid-crystalline phases that are known to depend on a high degree of 

molecular chirality for their existence, e.g., blue phases
37

 and Twist Grain 
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Boundary phases,
38-41

 and the value of the spontaneous polarization in 

ferroelectric phases.
42

  

 

In order to induce a high level of chirality into the system the enantiomeric excess 

(ee) must be high, that is to say that the minority enantiomer must be present only 

in very small amounts. This can be accomplished using synthetic routes and 

reagents to specifically achieve this purpose, or by utilising biological materials 

with high optical purity. The position of the stereogenic centre within the 

molecular structure in relation to the core of the mesogen also has a major effect on 

the degree of chirality induced into the system, as do the substituents located at the 

stereogenic centre itself.
1,27

  

 

For example, the dipoles associated with, and the size and steric shape of the 

substituents located at the stereogenic centre, can have huge effects on the chirality 

of the system.
27,42

 In some cases, a large resultant dipole can enhance the HTP, as 

can a bulky group associated with the stereogenic centre.
43

 The second effect is 

thought to be due to a restriction in rotational freedom of the stereogenic centre 

about the long axis.
44

 Thereby increasing polarity and steric interactive effects. 

This effect can also be observed if the chiral group is placed very close to the core 

structure, or in some instances when lateral substituents located at the core 

structure are extended in length. In at least one example the linking group 

associated with the chiral moiety was selected so that it would hydrogen bond with 

a lateral group attached to the core, thereby reducing the rotational freedom of the 

chiral centre completely (see Figure 1.10).
45
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Figure 1.10: Rotationally trapped stereogenic centre in a typical rod-like chiral 

mesogen.
45

 

 

Rotational freedom can also be reduced by extending the terminal aliphatic chain 

on the peripheral side of the stereogenic centre, although it must be remembered 

that this may also cause a dilution effect (for example, on the spontaneous 

polarization of a SmC* phase, see Section 1.9) as well.
46

 These points are 

summarised in Figure 1.11. 

 

 

Figure 1.11: Chirality in rod-shaped molecules of calamitic liquid crystals. Figure 

reproduced, with permission of the author, from reference 47.  
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 Anisotropic Phases 1.6

 The Nematic Phase 1.6.1

The nematic phase is the least ordered of the commonly observed mesophases and 

can be described as a one-dimensional elastic fluid.
35

 The molecules are not 

positionally ordered but as they diffuse throughout the sample the long axes of the 

rod-shaped molecules tend to align statistically parallel to a preferred direction, 

known as the director, n̂ (see figure 1.12).
48,49

  In the bulk nematic phase there 

are as many molecules pointing in one direction relative to the director as there are 

in the opposite direction, the phase therefore has rotational and mirror symmetry 

relative to n̂, and the directions n̂and - n̂ are equivalent.
1,50

 

 

The degree to which the long axes of the molecules within the nematic phase are 

aligned with the director, averaged over time and space, is given by equation (4). 
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Figure 1.12: A diagrammatic representation of the nematic phase. 

 

In equation (4) ɗ is the angle between the long axis of an individual molecule and 

the director, and the angular brackets indicate that an average value of a large 

number of molecules has been calculated.
51

 If all the long molecular axes of the 

molecules are perfectly aligned along the director then S = 1, and if there is no 

orientational order (isotropic liquid), then S = 0.  The value of the order parameter 

for nematic phases is typically between 0.4 and 0.7.   

 

 The Chiral Nematic Phase 1.6.2

In the chiral nematic phase the local ordering of the constituent molecules is 

similar to that of the nematic phase, and the molecules still align their long 

molecular axes statistically parallel to the director, however, the molecular 

chirality causes a gradual rotation of the director throughout the bulk phase which 
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gives rise to a helical macrostructure (see Figure 1.13).
1,27

 The helical axis is at a 

right angle to the orientation of the molecules and the local director, and the 

distance in which the director rotates through 360
o
 is defined as the pitch length, p. 

However, since as the directions n̂ and - n̂ are equivalent the helical structure of 

the chiral nematic phase repeats every 180
o
, and the periodicity of the structure 

corresponds to p/2.  The director can rotate to form a left- or right-handed helix 

and as in the nematic phase there is no positional ordering of the molecules. 

 

 

Figure 1.13: A diagrammatic representation of the chiral nematic phase.
1 

 

The pitch length of the helix is temperature dependent, and it usually decreases 

with increasing temperature and varies from about 0.1 x 10
-6

 m to almost infinity.
27

 

The displacement angle is the angle between the directors of adjacent molecules 

along the helical axis, and as the mesophase is heated the displacement angle 
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widens as the molecules have more thermal energy, and consequently the pitch 

length shortens.  As the mesophase is cooled the displacement angle narrows and 

this lengthens the pitch of the helix, and as the transition to a smectic A* phase is 

approached the pitch rapidly unwinds and becomes almost infinite in length.
52

 

However, exceptions do occur and the pitch length of the chiral nematic phase of 

cholesteryl-2-(2-ethoxyethoxy)ethyl carbonate has been shown to increase with 

increasing temperature.
53

 

 

 

Figure 1.14: The structure of cholesteryl ethyl carbonate.
53

  

 

The chiral nematic phase is often referred to as the cholesteric phase for historical 

reasons, as the first compounds known to possess this phase were derivatives of 

cholesterol, and it was once thought that this mesophase was different to the 

nematic phase.  However, other steroids and many non-steroidal chiral 

compounds also exhibit the chiral nematic phase, and Saeva
54

 showed that the 

addition of a chiral dopant to a nematic material leads to the formation of the chiral 

nematic phase.  Leclerq et al.
55

 have shown that a racemic mixture of (
_
)- and 

(+)-4ô-(2-methylhexyl)biphenyl-4-carboxylic acid exhibits the nematic phase, 

whereas optically active mixtures exhibit chiral nematic phases, and as the excess 

of one of the enantiomers is further increased there is a continuous enhancement of 

the optical properties which characterise the chiral nematic phase.  It therefore 

seems more reasonable to name the phase the chiral nematic phase, as it is now 

known that it is the chiral version of the nematic phase. 
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 Determination of Helical Pitch Length 1.7

The helical pitch length of a chiral liquid crystal, provided it is in the micron 

regime, can be determined as a function of temperature by measuring the distance 

between dechiralisation lines in the polarizing microscope using a microfurnace to 

control the temperature.
56

 In this situation is important to remember observed 

optical repeat distance is half the pitch length for a chiral nematic phase, but either 

half or the full pitch for a chiral smectic phase depending on the surface alignment 

treatment used and the direction of the alignment buffing.
57

  

 

However, the most common way of determining the pitch length and hence the 

helical twisting power of a chiral material, be it liquid-crystalline or not, is to 

dissolve the material in a suitable liquid crystal host, and determine the pitch as a 

function of temperature and concentration using the Grandjean-Cano Wedge 

method.
58

 Typically such studies are done at room temperature so that 

comparisons can be made between materials.  

 

The definition of the helical twisting power (HTP) ɓ is given by the equation (5): 

 

ɓ= 1/ P*C*ee                          (5) 

 

where cw is the weight concentration of chiral dopant and r defines its 

enantiopurity, ee. Depending on the material concerned, the sign of bM can be 

either positive (right-handed helix) or negative (left-handed helix). Two pure 

enantiomers of the same material should have the same magnitude of bM, but 

opposite signs.
4,5,59
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 The Grandjean-Cano Wedge Method of Determining Helical Pitch 1.7.1

In the chiral nematic phase the adjacent molecules have a very small tendency to 

twist with respect to one another as they pack side by side.
60

 This packing cannot 

be satisfied over all space, and so the system becomes frustrated, with the 

consequence that defects are formed. 

 

In the chiral nematic phase the formation of the helix can only be satisfied in one 

direction, and because the pitch is often quite small it cannot be easily evaluated by 

microscopy, unless as stated above, the helix lies parallel to the specimen substrate 

and is greater than about approximately a micron in length.  

 

In order to measure pitch lengths over a wider length scale the Grandjean-Cano 

Wedge was developed.
58

 In this method the chiral nematic liquid crystal is placed 

in the gap between two glass surfaces which are pinned along one edge and have a 

spacer of known thickness at the other edge, thereby giving a wedge opening 

between the glass pieces of a few degrees (Ŭ), see Figure 1.15, for an empty cell. 

 

 

Figure 1.15: Unfilled Grandjean-Cano Wedge where the angle Ŭ is only a few 

degrees in size. 

 

The surfaces of the glass have to be coated to give a planar arrangement of the 

molecules. Usually a rubbed polymer of nylon is used to give such an alignment so 

that the phase forms a helical macrostructure perpendicular to the glass. 
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The material to be investigated is then dissolved in an achiral liquid crystal host. 

Typically materials that exhibit a nematic phase at room temperature, such as E7, 

are used as the host. The weight percentage, and hence the molar proportion, is 

measured, and the mixture is inserted into the wedge cell. Disclination lines are 

formed between the regions of half a twist, a full twist, one and a half twist etc. as 

shown in the cell in Figure 1.16, and in a photomicrograph in Figure 1.17. The 

distance between the disclination lines, d, is measured, and the distance multiplied 

by tanŬ gives an integer multiplied by the half pitch length, p. 

2d tan Ŭ = p            (6) 

 

 

Figure 1.16: The Grandjean-Cano Wedge showing the disclination lines and 

multiples of the half-pitch perpendicular to the aligning surface. 
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Figure 1.17: Dechiralisation lines formed in a Grandjean-Cano Wedge for a 

nematic phase (x100). 

 

It should be noted, however, that although the Grandjean-Cano wedge is an 

effective method for the measurement of a range of pitch lengths, it is impractical 

to use this method to measure long pitch lengths (>1 mm). For instance, in a Cano 

wedge cell with an opening angle of 15з, if the pitch length is 1 mm, then the 

measurement would require at least 10 kg of nematic host and the 

Grandjean-Cano wedge would need to be approximately 20 m
2
.
4,61 

 

 The TN-Polarimeter 1.7.2

A new technique for the accurate measurement of very long pitches of chiral 

nematic liquid crystals has been reported recently, which employs the use of 

twisted nematic cells found in watch displays.
4,5,61

 Accurately constructed twisted 

nematic (TN) cells are readily available from LCD device manufacturers, and the 

ones used in the study were obtained from Merck. TN cells are generally 

constructed from ITO coated glass where the inner surfaces of the cells are coated 

with polyimide, which is unidirectionally buffed.
2,3

 The inner buffed surfaces are 

arranged so that the buffed directions are perpendicular to one another and, 

crucially, particles to control the cell spacing are also included prior to assembly. 
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When an achiral liquid crystal mixture is introduced into the cell the nematic phase 

spontaneously forms a quarter-helix on passing from one surface to the other, as 

shown in Figure 1.18. In this arrangement the plane of plane polarized light is 

rotated through 90° when it traverses the helical structure.
2,62

 As noted previously, 

for the 90° orientation of the two glass surfaces, two degenerate helical domains, 

associated with left- and right-handed quarter helices, are formed. The two 

domains are separated by disclination line defects, which can be observed by 

transmitted polarized-light optical microscopy, as shown in Figure 1.18. 

 

 

Figure 1.18: A TN device filled with an achiral liquid crystal showing degenerate 

twists to the left and the right separated by disclination lines (left). A 

photomicrograph (right) of the cell showing the disclination lines and polystyrene 

spacers (x100).
6
  

 

If an achiral mixture of a target dopant, such as 

4ǋ-(2-methylbutyl)-4-cyanobiphenyl (racemic CB15), solvated in a commercial 

liquid crystal mixture, for example E7, is placed into a conventional twisted 

nematic cell, then twist domains of opposite handedness are formed. However, if 

the dopant is chiral, e.g., commercially available 

S-4ǋ-(2-methylbutyl)-4-cyanobiphenyl (CB15, Merck), one domain will 

predominate, see Figure 1.19 (bottom right).
4,5
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If the twisted nematic cell is heated so that the mixture forms a liquid, and is then 

cooled back into the nematic phase, then disclination lines will form rapidly. As 

the mixture is cooled to room temperature the domains for the achiral dopant will 

stabilise and become pinned by the spacers in the cell which are used to maintain 

the distance of the cell-gap, whereas those for a chiral mixture will rapidly 

coalesce and disappear, see Figure 1.19 as a whole. Furthermore, although not 

discussed here, the rate that the disclinations disappear is also related to the 

concentration, HTP and enantiomeric excess of the dopant.
63

 

 

 
Figure 1.19: The formation of disclination loops pinned to the spacers produced 

when a doped chiral nematic phase forms on cooling from the isotropic liquid 

(x100). 

 

For smaller concentrations, HTP or enantiomeric excess of the dopant, the 

chirality is too weak to induce a single domain. However although it is weak, the 

chirality is still strong enough to induce a slight energy imbalance between the two 

domains, resulting in a bowing of the disclination lines, see Figure 1.20. Equating 

the energy imbalance of the two domains with the energy per unit length of the 

disclination results in a simple relationship between the pitch P of the chiral 

nematic liquid crystal and the radius of curvature of the line R:
4,5,61

 

P = 2R                      (6) 



29 

 

 

Figure 1.20: Curved disclination lines for a doped chiral nematic phase of weak 

HTP or low dopant concentrations (x100). 

  

Using this method it is possible to measure pitch lengths in excess of 10 mm, 

corresponding to less than 0.001 wt% of a nominally optically pure chiral dopant. 

Moreover, only a small amount of the host/dopant mixture (º 5 mg), which 

corresponds to 5 x 10
-5
 mg of the dopant, is required to fill the cell, i.e. orders of 

magnitude less than required by conventional, and less sensitive, methods. 

 

 Types of Materials used in Pitch Measurements 1.8

 Nematic Hosts  1.8.1

Since the discovery of liquid crystals a wide variety of materials have been 

synthesised and characterised, many of these for potential use in display 

devices.
64,65

 Nematic liquid crystals are the most important type of materials for 

displays, and in order to be useful they must possess certain values of a variety of 

physical properties including viscosity, dielectric anisotropy and the temperature 

Spacers
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range of the nematic phase.
65

 Nematic hosts can be either a single component 

system or, more commonly, possess multiple components. Formulation of 

mixtures allows physical properties to be tuned to fit device specifications, such as 

wide nematic phase range or low threshold voltage.
66

 A typical single component 

nematic host that has been used in experiments designed to measure the chiral 

induction properties of dopant materials is PCH7, which is a 

4-cyanophenylcyclohexane-based liquid crystal, with the structure shown in 

Figure 1.21.
67

  

 

For a target material that has a high helical twisting power, or has a high 

enantiomeric excess, quantitative measurements of the ee can be made at low 

concentrations of the target in the host liquid crystal using the standardised value 

of the HTP of the nominally optically pure chiral material and measurement of the 

pitch. Similarly, quantitative measurements of targets of low optical purity can 

also be achieved by the same method. 

 

 

Figure 1.21: Chemical structure of 4'-pentylcyclohexyl-4-cyanobenzene, PCH7, 

Phase transitions: Cryst 30 N 60 °C Iso Liq.
67

  

 

In the case of multiple components nematic host, E7 has been employed as the host 

in the measurement of the properties of dopant/host mixtures.  The eutectic 

mixture E7, which was designed by E. P. Raynes, was the first commercially 

useful nematic host mixture.
68

 It has a wider nematic temperature range in 

comparison to PCH7.
67

 This is because it is the eutectic mixture of four 

components, three of them are based on biphenyl liquid crystal, while the fourth 

one is based on terphenyl liquid crystal (5CT), as shown in Figure 1.22.
69
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Figure 1.22: The Chemical structures of E7, Phase transitions: Cryst -10 N 60 °C 

Iso Liq.
69

  

 

Of course, E7 and PCH7 are just two examples of nematic liquid-crystalline hosts 

and in practice many different host systems can, and have, been used in 

experiments designed to measure the chiral induction properties of a given dopant 

material. However, for practical reasons, materials that exhibit a room-temperature 

nematic phase are commonly used.  

 

 Dopant Types 1.8.2

As noted previously, when a guest chiral material, called the dopant, is introduced 

into a nematic host, the interaction between the dopant and nematic host results in 

a phenomena called the helical twist.
70

 The strength of this effect induced by the 

dopant in the nematic host is expressed as the helical twisting power, given in 

equation (7):  

 

ɓ= 1/ PCee    (7) 
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where ɓ is helical twisting power the unit is ɛm
-1

, P is the helical pitch length in  

microns (ɛm), C is the concentration of the dopant (percentage by weight), and ee 

is the enantiomeric excess (optical purity) of the dopant. 

 

Through this equation, the helical twisting power is related to the pitch length, 

concentration and the optical purity of the dopant. As the concentration is an 

inherent property of the dopant itself, the pitch length and the enantiomeric excess 

are the only parameters that can be explored experimentally.  

 

As noted previously, there are many methods for measuring the pitch length of 

helical liquid crystals, the most common method being the Grandjean-Cano 

technique.
5 
The shortcomings for this method are that it requires a relatively large 

amount of material and it does not work particularly well when the pitch length is 

shorter than 100 ɛm or longer than 1mm.
61

 However, using the approach of 

Raynes,
4,5,61

 pitch lengths from about 100 ɛm to 2000 ɛm can be measured, and a 

much smaller quantity of the dopant is required. For instance, when measuring a 

high helical twisting power dopant it only requires 10
-3

 mg of the dopant, whereas 

several mg are required for testing a lower helical twisting power dopant. In 

addition, in order to fill a TN cell, approximate 5-10 mg of the nematic host is 

required, whereas at least 200 mg of the dopant is needed using the 

Grandjean-Cano technique. The difference in the required amount of substance for 

the measurement of the pitch stems from two factors. Firstly, the reverse twist 

disclination line method is extremely sensitive as even a small bowing of this 

disclination lines can easily be detected. Conversely, with a Cano wedge cell, as 

the pitch of the helix becomes longer, the distance between dechiralization lines 

increases and hence for very long pitch lengths the physical dimensions of the 

Cano wedge cell prohibit measurement of the pitch. Secondly, a small amount of 

material is required in order to fill a TN cell in comparison with that required to fill 
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a typical Cano wedge cell and, hence, the reverse twist disclination line method 

requires less of a given mixture and therefore less of the chiral dopant is required.   

 

In terms of molecular structure, there is often no obvious relationship between an 

enantiomer itself and the helical twisting power. However, a detailed examination 

of chiral nematics that have only one chiral centre, as exemplified by the typical 

homologous series shown in Figure 1.23, reveals that the molecular structure is an 

important factor in determining the handedness of the helical structure of the 

phase.
1,71

 Generally, as the atom count (n) by which the chiral centre is removed 

from the core it changes parity from odd (o) to even (e), and as a consequence the 

handedness of the helix also alternates from left to right or vice versa. Similarly, if 

the absolute spatial configuration of the stereogenic centre is inverted, i.e. from (R) 

to (S), the handedness of the helix also inverts. Therefore, the twist sense of the 

helix is dependent on both the absolute spatial configuration (R) or (S), and the 

position of the chiral centre within the structure of the compound relative to the 

rigid central core. 

 

Gray and McDonnell
71

 stated that the relationship between molecular structure 

and the handedness of the helical structure of the chiral nematic phase often 

conforms to the following rules: Sol Sed, Rod Rel, where (S) or (R) is the absolute 

spatial configuration of the chiral centre, e or o is the odd or even parity for the 

atom count which the chiral centre is removed from the core, and d or l describes 

the handedness of the helical structure. Figure 1.23 shows, with the aid of a 

space-filling molecular model, the effect of chain parity on the spatial positioning 

of the chiral centre. It was observed that as the aliphatic chain is extended between 

the chiral unit and the core, the substituent at the stereogenic centre moves back 

and forth with changing parity in this series. This strong dependence of the helical 

twist sense upon the structure of the mesogen strongly suggests that the helical 

twist sense is related in some way to the packing of the molecules in the chiral 
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nematic phase. Furthermore, it indicates that chiral information is transferred and 

amplified from the level of a single molecule to the macroscopic helical structure 

i.e. through many thousands of molecules. The Gray and McDonnell rules work 

very well for simple compounds that only have a single chiral centre and exhibit 

the chiral nematic phase. However, for more complex molecules and more highly 

ordered phase types, this empirical structure relationship does not necessarily 

work. 

 

 
Figure 1.23: Chemical structure of a chiral liquid crystal where the parity is varied 

as a function of the methylene unit parity n.  

 

Generally, it is found that the pitch of the helix decreases when the chiral centre is 

brought closer to the rigid core of the molecular framework. Table 1.2 illustrates 

this effect in the series of (S)-4-alkyl-4ô-cyanobiphenyls.
71

 As the chiral centre is 

moved towards the aromatic core of the material, its rotational freedom decreases, 

and its effect upon neighbouring molecules increases, which results in a shortening 

of the helical pitch length. Therefore, for relatively simple materials that have only 

one chiral centre, the pitch of the helix can often be predicted from the molecular 

structure of the compound under investigation. 

 

n Parity Pitch Length (m) Twist Sense 

1 e 0.15 d 

2 o 0.30 l 

3 e 0.40 d 

Table 1.2: Pitch length and twist sense depends on different chain number (n) and 

parity.  
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Although the equation for the helical twisting power expresses the chirality in 

terms of the enantiomeric excess, in reality, the nematic phase is far more sensitive 

to the presence of chiral materials than ee calculations show. This means any chiral 

materials, even those perhaps considered racemates from an ee point of view, 

could produce a measurable effect in an achiral nematic host. Thus, by definition a 

chiral dopant does not necessarily require a stereogenic centre. The chiral 

configuration can also correlate with the nematic host. According to the definition 

of chirality, dopants can be grouped into the following two classes. 

 

 Dopants Containing a Single Stereogenic Centre 1.8.3

Dopants with higher or lower helical twisting power are often useful for 

commercial and research purposes, so that people can design the dopant according 

to their requirements. Mesogenic functionalization is one of the most efficient 

ways for improving the helical twisting power value, while at the same time 

increasing the solubility in a nematic host. This method targets the incorporation 

of a stereogenic centre into an achiral material to give a material that is likely to 

exhibit a liquid crystal phase. For instance, the replacement of the hydroxyl group 

next to the chiral centre in (R)-2-octanol with a pro-mesogenic fragment, as shown 

in Figure 1.24, improved the HTP value from 0.8 ɛm
-1

 to 19.4 ɛm
-1

, as measured in 

the host material MBBA.
72 

 

 

Figure 1.24: (R)-2-octanol (HTP = 0.8 ɛm
-1

) is functionalized by a liquid crystal 

group (HTP = 19.4 ɛm
-1

).
72
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The same principle can also be applied for chiral amines, see Figure 1.25.
73

 When 

a mesogenic group is attached to (R)-1-phenylethanamine, the HTP value was 

found to increase from near 0 ɛm
-1

 to 43.2ɛm
-1

 when measured in the host 

4-pentyl-4'-cyanobiphenyl, CB15.  

 

Figure 1.25: Rotational trapping of the stereogenic centre give a high HTP value.  

 

Mesogenic functionalization of chiral materials is often the easiest approach for 

attaining target HTP values. Based on this principle, using a metallomesogen for 

the core to give axial chirality has become one of the most successful methods for 

preparing dopants with very large HTP values. For example, the ruthenium 

diketonate complex, shown in Figure 1.26, has a bipyridyl mesogenic group, the 

HTP value in the host MBBA achieves a very large value of 180 ɛm
-1

.
74

 

Furthermore, a related trigonal bipyrimidal copper (II) complex using ligand A 

(see figure 1.27 for the structure of the ligand), gives similarly high HTP values 

(98 ɛm
-1

) which were attributed to the propeller-like shape of the complex
75

 

 

 
Figure 1.26: Chemical structure of ruthenium complex with a reported helical 

twisting power of 180 ɛm
-1
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Figure 1.27: Chemical structure of Ligand A used to form a trigonal bipyrimidal 

copper complex.with high HTP of 98 ɛm
-1

 

 

 Dopants Containing Axial Chirality  1.8.4

When there are no stereogenic centres present in a dopant, chirality can still arise 

from structural configuration (dissymmetry) and this form of chirality can also 

influence the nematic host. In fact, the HTP values for dopants with chiral 

dissymmetries have, to date, achieved higher values than for any other materials. 

The largest measured HTP was found for a dopant based on TADDOL 

(Ŭ,Ŭ,Ŭô,Ŭô,-tetraaryl-3-dioxolan-4,5-dimethanol).
76

 As shown in Figure 1.28, the 

material has C2 symmetry and therefore is chiral and will introduce a helical twist 

in nematic host.  

 

Figure 1.28: Chemical structure of TADDOL with a reported HTP of 405 ɛm
-1
 

  

The HTP value measured for TADDOLs (Figure 1.29) in 5CB is 405 ɛm
-1

, which 

is remarkably large.
76

 Even when different substitutes such as phenyl, 1-naphthyl, 

2-naphthyl and 4-biphenyl are used to replace 9-phenanthryl groups, the HTP 

values are still above 100 ɛm
-1

. It seems the influence of steric factors on the HTP 

value is not due to the material being ómesogenô like. Hydrogen bonding is the 

main reason that makes TADDOL based compounds have such high HTP values. 
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There are two hydroxyl groups at the end of TADDOLs. The hydrogen bonding 

gives a seven-membered ring, which becomes firmer than an open ring. It 

therefore makes sense, when using metal complex as the stereogenic core, that the 

HTP value would be increased significantly.  

  

 

Figure 1.29: Hydrogen boding of TADDOLs and its 

conformational/configurational structure 

 

Hydrogen bonding does not only affect such structures as TADDOL. Hydrogen 

bonding could also complex with an external molecule, as demonstrated by 

Eelkema and Feringa who used 3,3ôdisubstituted biphenols and amino alcohols 

complexed together by hydrogen bonding, see Figure 1.30.
77,78

 They observed 

amplified helical twisting power compared to that of the uncomplexed materials.  

 

 

Figure 1.30: Amplification of the HTP via complexation with the dopant.
77

 

 

When the hydroxyl groups in TADDOL are replaced with methoxy groups the 

HTP value drops from 100 to 55 ɛm
-1

, thereby demonstrating that hydrogen 

bonding can serve to increase the HTP value.
76

 When a siloxane bridge is used to 

replace the methoxy group, a closed ring is formed again, similar to the hydrogen 
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bonding case, see Figure 1.31. Obviously, the siloxane bridge in this material is 

more rigid than the hydrogen bonding in TADDOL (ca. 110 kJ·mol
-1

 vs. 27 

kJ·mol
-1
), but the HTP value falls dramatically from 100 to 23 ɛm

-1
. The siloxane 

bridge therefore weakens the chiral induction power even more than methoxy 

substitution in derivatives of TADDOL.
76

  

 

 

Figure 1.31: Chemical structure of chiral dopants (a), (b) and (c) with reported 

HTP values of 100, 55, and 23 ɛm
-1

.
76

 

 

The above case shows there is no immediately obvious explanation for the 

unpredictable results on substitution in TADDOL. The silicon oxygen óbridgeô 

bond (chemical bond) is far stronger than hydrogen bonding which should 

improve the HTP value in the ring system. The order of improving HTP should be 

bridge bond > hydrogen bond > open ring. Although this order does not apply in 

the TADDOL system, for the similar binaphthyl system, the order of bonding 

works as expected.
72

   

 

The absolute conformation of 1,1ô-binaphthyl based materials (see figure 1.32), 

either in cisoid or transoid conformation, can introduce a helix in a nematic liquid 

crystal. When using two methoxy substitutents in the 2,2ǋ positions of 

1,1ǋ-binaphthyl, compound A, therefore, the HTP value is relatively low at 1.5 

ɛm
-1

 due to it still being a ñquasi-open-ringò conformation where interannular 

twisting can occur.
79

 When two hydroxyl groups were deployed in the 2,2ǋ 

positions of 1,1ǋ-binaphthyl, compound B, the hydrogen bonding forms a weak 

seven-membered ring, resulting in an increase of the HTP value from 1.5 ɛm
-1

 to 

32 ɛm
-1

. Introducing a methylene unit connecting the two oxygen atoms increases 
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the HTP is increased further to 85 ɛm
-1

, which is probably related to a decrease in 

the interannular twisting.
80

 Moreover, when increasing the number of methylene 

units between the two oxygen atoms, the HTP values actually decreases slightly. 

For example, when there is a three-carbon linker present, compound D, the HTP 

value is 80 ɛm
-1

, and a four-carbon linker, compound E, has a HTP value of 79 

ɛm
-1

. The reason for the decrease in HTP value with increased number of 

methylene units in the linking chain, is because as the number increases the ring 

becomes larger and more flexible, hence, the rigidity is decreased and the 

interannular twisting becomes easier. Despite the small decrease, the HTP values 

for materials with C-C linking units are still over two times the value for the 

hydrogen-bonded materials. See Figure 1.32 for the various comparisons.
79,80

 

 

 
Figure 1.32: Chemical structures and HTP (ɛm

-1
) values for some 

2,2ǋ-disubstituted 1,1ǋ-binaphthyl systems.
79,80

  

 

The structures covered so far range from simple chiral molecules to large 

metallomesogen complexes to two molecules bound through non-covalent 

interactions to enhance the helical twisting power. It is possible to obtain values of 

HTP ranging from nearly 0 ɛm
-1

 to over 400 ɛm
-1

.
72,81

 As chiral dopants induce 

helix formation into a nematic host, it is also possible to use a nematic host to 
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ósenseô chirality, symmetry, conformation, and correlation (with other molecules) 

and so on, given the extreme sensitivity with which chirality influences the 

nematic host. However, although a large number of theoretical studies have been 

performed,
82-86

 there is still no clear and comprehensive theory to explain how 

dopants influence the host, why chemical structure with slight difference could 

make magnitudes of difference in HTP value and why the same dopants behave 

very differently in different host systems.
87,88
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 Sensing Chirality, Determining Enantiopurity and Assigning 1.9

Spatial Configuration in Other Liquid Crystal Systems 

 Chiral Smectic C* and Ferroelectric Liquid Crystals 1.9.1

In the smectic C phase achiral, rod-like molecules are arranged in weakly 

organised layers, where the molecules are tilted on average at a 

temperature-dependent angle (ɗ) with respect to the layer planes.
89

 Thus the phase 

has C2h symmetry, as shown in Figure 1.33.
90

 

 

 

Figure 1.33: The structure of the achiral smectic C phase (left), where the local 

symmetry (right) is shown by a mirror plane perpendicular to the layers, a centre of 

inversion, and a two-fold axis of rotation perpendicular to the tilt, (drawing 

reproduced from reference 91 with the permission of the author. 

 

When the smectic C phase is formed from the smectic A phase upon cooling, the 

temperature dependence of the tilt angle approximately takes the form:   

(ɗ)T = (ɗ)0(TC - T)
Ŭ                   

(8) 

 

where (ɗ)T is the tilt angle at temperature T ÁC, (ɗ)0 is a constant, TC is the smectic 

A to smectic C transition temperature, T is the temperature and Ŭ is an exponent 
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which is usually set equal to 0.5 however, typically the experimental value of the 

exponent is found to be less than 0.5.
92,93

  

 

The molecules within the layers are locally hexagonally close-packed; but the 

ordering is only short range, extending over distances of approximately 15
_ 
25 Å.

94 

Over large distances the molecules are randomly packed, and in any one domain 

the molecules are tilted roughly in the same direction in, and between, the layers 

(see Figure 1.33 left). Thus, the tilt between successive layers extends over 

relatively long distances.  

 

When chiral materials are introduced into the smectic C phase it becomes optically 

active in a way similar to that of the chiral nematic phase, i.e. the smectic C* phase 

has similar optical activity properties and also possesses a helical distribution of its 

molecules.
95

 This helical structure is manifested in a rotation of the molecular tilt 

with respect to an axis that is perpendicular to the layer planes, as shown in Figure 

1.34. Crucially, this rotation occurs in the same direction for a chiral material, 

which results in the formation of a helical molecular arrangement.
1
 The helix can 

be either right-handed or left-handed depending on the chirality (absolute spatial 

configuration) of the constituent molecules. The pitch of the helix for most C* 

phases is commonly greater than one micrometer in length, showing that one pitch 

of the helix is composed of thousands of smectic layers. The angle by which the 

molecules are rotated from one layer to the next is therefore very small; typically 

on the scale of one-tenth to one-hundredth of a degree.  
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Figure 1.34: The helical macrostructre of the smectic C* phase, showing the 

direction of the spontaneous polarization (for details see later). 

 

If the environmental symmetries for the achiral and chiral smectic C phases are 

compared.
96

 For an achiral smectic C phase, as shown in Figure 1.33, the space or 

environmental symmetry elements are: a mirror plane perpendicular to the planes 

of the layers and containing the long axes of the molecules, a twofold axis of 

rotation normal to the mirror plane and parallel to the layers, and a centre of 

inversion. Thus, the symmetry is classed as C2h, as shown in Figure 1.35. However, 

when this phase contains chiral molecules, the number of symmetry elements is 

reduced to a single twofold axis parallel to the layer planes and normal to the 

vertical planes that contain the long axes of the molecules; consequently the phase 

has a reduced symmetry of C2. The result of the packing of the polar regions of the 
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molecules in these phases requires that a spontaneous polarization (Ps) act along 

the C2 twofold axis normal to the tilt direction, as predicted by Meyer.
97

 Based on 

this information alone, it would seem that the smectic C* phase should exhibit a 

bulk spontaneous polarization. Furthermore, as the smectic C* phase does not 

have a well-organized or rigid structure, it should be possible to reverse the 

direction of the spontaneous polarization by applying a field of known polarity, 

thereby rendering the smectic C* phase ferroelectric. However, as discussed 

previously, the smectic C* phase exhibits a helical structure and therefore the 

spontaneous polarization direction, which is tied to the tilt orientational ordering, 

is itself spiralling in a direction normal to the layers. Thus, when the helix makes 

one full 360° turn, the polarization is averaged to zero. Therefore, the phase 

becomes non-polar in the bulk and is best described not as ferroelectric but instead 

as helielectric.
98
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Figure 1.35: The structure of the chiral smectic C* phase (left), where the local 

symmetry (right) is shown by a two-fold axis of rotation perpendicular to the tilt, 

(drawing reproduced from reference 91 with permission of the author) 

 

When sandwiched between ITO coated glass, for separations of the glass of 

sufficiently short distance, the helix becomes unwound.
99

 With a suitable 

directionally rubbed alignment coating, the layers of the phase can be forced to be 

perpendicular to the substrates, this is called bookshelf geometry. Applying a DC 

electric field to the device, the spontaneous polarization will follow the direction 

of the field. For large enough fields the reorientation of the molecules is achieved 

and two stable states will be formed, as shown in Figure 1.36. Depending on the 

direction of the field, and the stereochemistry of the molecules, one orientation of 

the tilt director will be to the left of the rub direction of the alignment, the other 

will be to the right, as shown in the figure 1.36. Switching between the two state 

occurs via reversal of the electric field and through an angle of twice the tilt 

angle.
90,99

 The polarization reversal, and hence the tilt angle, pass through a 

hysteresis loop in the process as shown. This is effectively a ferroelectric response, 
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and forms the basis for surface stabilized ferroelectric liquid crystal displays 

(SSFLCD).
99

 The specific details of ferroelectric, and arguments related to their 

classification, are beyond the scope of this thesis and will not be discussed further. 

However, as noted above the switching process is dependent on the liquid crystal 

having broken symmetry and therefore chiral. Thus, the response to an electric 

field indicates that a materials is chiral, therefore it is a test for the presence of 

chirality. Secondly the direction of the switching is dependent on the absolute 

configuration of the stereogenic centre(s) of the smectic C materials, thus the 

switching can be used to determine spatial configuration (R or S).
42

 Thirdly, the 

angle of the switching, which can be determined by experiment can also be 

influenced by the enantiopurity. These experimental results are dependent on the 

relationship between the direction of the spontaneous polarization relative to the 

orientation of the tilt and to the Sed/Rol relationships discussed earlier for chiral 

nematic materials. Figure 1.37 shows the link between tilt orientation and the 

direction of the spontaneous polarization. The orientation of the spontaneous 

polarization in a device of course depends on the direction of the applied field. 

Table 1.3 shows the relationship between the chiral nematic rules of Gray and 

McDonnell
71

 to those of the spontaneous polarization for ferroelectric liquid 

crystals.
100,101
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Figure 1.36: DC electric switching via a hysteresis loop for ferroelectric liquid 

crystals sandwiched between ITO coated glass. The two extreme switched states 

are shown with their spontaneous polarizations pointing into the glass substrates, 

left of figure pointing down, right of figure pointing up. 

 

 

Figure 1.37: The relationship between the spontaneous polarization direction (C2 

axis in Figure 32) and molecular tilt. The molecule (grey block) in the figure is 

tilting away from the observer and the choice of polarization direction is either to 

the right Ps(+) or to the left Ps(
_
) in the plane of the page. 
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Inductive 

Effect 

Spatial 

Config. 

Spacer 

Parity 

Rot
n
 of Plane 

Polarized Light 

Helix 

Direction 

Ps 

Direction 

+I S e d LH Ps(-) 

+I R o d LH Ps(-) 

+I R e l RH Ps(+) 

+I S o l RH Ps(+) 

_
I S e l RH Ps(+) 

_
I R o l RH Ps(+) 

_
I R e d LH Ps(-) 

_
I S o d LH Ps(-) 

Table 1.3. The relationship between the inductive effect at the stereogenic centre, 

the absolute spatial configuration at the stereogenic centre, the parity of the 

methylene spacer (odd or even) linking the stereogenic centre to the molecular 

core, the rotation of plane polarized light through the bulk phase, the handedness 

of the helical suprastructure, and the direction of the spontaneous 

polarization.
100,101

 

 

In terms of detection of chirality, determination of the spatial configuration, and 

the ability to determine enantiopurity the following study on ferroelectric liquid 

crystals is worthwhile describing. Compound X shown in Table 1.4 was 

synthesised from commercially available (R)-, (S)- and racemic 2-octanol (R 

represents 1-methylheptyl in the structure in Table 1.4). The phase transition 

temperatures, the magnitude of the spontaneous polarization, and the 

enantiopurities of the three materials are given in the table.
102,103

 It is interesting to 

note that the phase transition temperatures and the phase (type) sequences are 

dependent on the enantiopurity. Now when the three materials were subjected to 

electrical field studies in planar aligned cells, surprisingly the racemate was found 

to respond, i.e. the racemate also possessed broken symmetry, and therefore was 

not truly racemic and behaved as a ferroelectric, as shown in Figure 1.38. The 

conclusion was that the racemate as sold commercially was not recemic at all, but 

had a slight imbalance in the relative proportions of the enantiomers. 
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Table 1.4. Phase transitions, spontaneous polarization directions, and 

enantiopurities of (R)-, (S)- and racemic and 

4-(1-methylheptyloxycarbonyl)phenyl 

4'-[11-(2-cyclopentylacetoxy)undecyloxy]biphenyl-4-carboxylate (X).
102,103

 

 

From the electroopic responses for the three materials (including the racemate), 

the spontaneous polarizations and the tilt angles of the smectic C* phases were 

measured as a function of temperature, as shown together in Figure 1.39. For the 

spontaneous polarization the value for the ñso-calledò racemate could not be 

determined because the enantiopurity was very low, whereas slight differences 

were observed for the two enantiomers. For the tilt angle measurements the two 

enantiomers exhibited very similar results, only because a threshold was reached 

where switching could not be obtained. The outcome from these results is that the 

differences in enantiopurities were detectable but not well-defined enough for 

actual determination. Thus for ferroelectric liquid crystals, chirality was easily 

detectable, the absolute spatial configuration could be determined, but the 

enantiopurity could not be measured.  
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Figure 1.38: The optical response to a DC electrical field for racemic 

4-(1-methylheptyloxycarbonyl)phenyl 

4'-[11-(2cyclopentylacetoxy)undecyloxy]biphenyl-4-carboxylate, showing the 

hysteresis for the polarization (tilt angle). The response is ferroelectric and the 

materials is not racemic, i.e. chirality has been detected.
102
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Figure 1.39: The measurement of the spontaneous polarization (nCcm
-2

) and the 

tilt angle (°C) for (R)-, (S)- and racemic 4-(1-methylheptyloxycarbonyl)phenyl 

4'-[11-(2cyclopentylacetoxy)undecyloxy]biphenyl-4-carboxylate. The data is not 

separated enough for determination of enantiopurity.
103 

 

 Structures of the Achiral and Chiral Smectic A and A* Phases 1.9.2

For the smectic A phase, the rod-like molecules are arranged in weak layers so that 

their long axes are on average perpendicular to the layer planes, see Figure 1.40.
94

 

The molecules rapidly rotate about their long and short axes, and they are arranged 

so that there is no positional ordering in the planes or between the layers.
89

 

Therefore, there is only short range ordering extending over a few molecular 

centres at most (~15
_
25 Å). Perpendicular to the layers the molecules are 

essentially arranged in a one dimensional density wave, therefore, the layers must 

be considered as being diffuse. As a consequence, the concept of a lamellar 

mesophase is somewhat misleading because the layers are so diffuse that on a 
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macroscopic scale they are almost non-existent. In reality, the molecules are 

arranged within the layers in such a way that they are randomly tilted at slight 

angles with respect to the layer normal. This makes the layer spacing on average 

slightly shorter than the molecular length. Typically, the molecules are tilted 

anywhere up to about 14
_
15° from the layer normal. However, as the tilting is 

random across the bulk of the phase, the mesophase is also uniaxial, and has DÐh 

symmetry.
104

 

 

The structure of the smectic A* phase when it is composed of chiral molecules 

remains the same as that for the achiral phase. The molecules are arranged in 

diffuse disordered layers, and there is no long-range periodic order. However, 

because of the molecular chirality, the environmental symmetry is reduced to 

DÐ.
104

 As a consequence, when an electric field is applied to a chiral smectic A* 

phase there will be a coupling of the electroclinic susceptibility to the field and the 

long axes of the molecules will tilt with respect to the layer planes, giving an 

apparent smectic C* structuring.
105

 At a constant temperature, the tilt angle, for 

relatively low applied fields, varies linearly with the field, but at higher fields the 

relationship becomes non-linear. Overall this electrooptic phenomenon is called 

the electroclinic effect, and the region where there is a linear relationship is used in 

device applications. This effect was also used by Walba et al to determine 

enantiopurirties as follows.
106
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Figure 1.40:  The structure of the smectic A phase showing the molecules as 

rods. 

 

The compound in Figure 1.41, in its chiral form, was shown to exhibit an 

electroclinic effect, which was quite pronounced, and relatively 

temperature-independent close to the SmA*ïSmC* transition. Therefore its 

racemic form was deemed a useful host, which could be doped with 

pharmaceuticals such as naproxen and pseudoephedrine (low Figure 1.41), and 

then the electroclinic response for the combined mixtures could be measured.
106

 

 

Figure 1.41: A high tilt ñelectroclinicò host achiral liquid crystal (top), test drugs 

used in the experimental studies to create chiral mixtures for which the 

electroclinic response (switching angle) could be measured.
106
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To give accurate measurements the electroclinic switching angle was required to 

be constant over a wide temperature range. So to demonstrate the method, three 

naproxen samples of varying ee values (0.25, 0.50, 0.75) were prepared by mixing 

with its own racemic mixture. Each of these materials as well as (S)-naproxen and 

the racemate were then doped at 1% by weight into the achiral host (top of Figure 

1.41), via serial dilution.  

 

Device cells, similar to those of SSFLCDs, were used and the chiral signal from 

the response from a square wave was recorded. As with ferroelectric devices, each 

cell was oriented with the rubbing direction (optic axis with no applied field) at 45° 

with respect to the polarizer, see Figure 1.42. In this geometry, the variation in 

intensity of transmitted light with small changes in orientation of the optic axis (+/- 

0.1°) was determined. This variation was claimed to be related to the enantiopurity. 

Thus this method was the same as with ferroelectric switching except that the tilt 

angle variation with field was more sensitive because of the coupling to the 

electroclinic effect, whereas for ferroelectric switching the tilt was saturated to 

give the maximum tilt angle, as shown in Figure 1.39. 

 

 

Figure 1.42:  Plot of transmitted light intensity (I) versus optic axis orientation 

(ɗ), given as degrees from vertical (deg), when observed between crossed polarizer 

(POL) and analyzer (ANA) for a uniformly aligned SmA* LC cell (after Walba et 

al.)
106
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Thus, the switching angle was measured as a function of the maximum light 

intensity through the device (determined by a photomultiplier) as a function of 

constant field and temperature for the various mixtures of defined enantiopurity. 

The maximum range for the optic signal response (DI) was said to be related to the 

enantiopurity, i.e., it was proposed that the electrooptic response and tilt were 

sensitive to enantiopurity.  

 

It was found that chirally doped host shows a large chiral signal of DI ~ 1.4 for 

naproxen (100% ee), or about eight times larger than the maximum signal obtained 

with naproxen in the conventional host. Importantly, as shown in Figure 1.43, the 

response is relatively temperature independent. These experiments showed that 

the ee value of an unknown sample of naproxen could be determined by using the 

method with an error of +/
_
5% ee. The amount of analyte in the probe beam in 

these experiments is approximately 15 picogram, and smaller samples sizes were 

envisioned. 

 

 
Figure 1.43: 

readings on a photomultiplier) as a function of temperature for samples of 

naproxen of various ee values of naproxen in the host; from top to bottom: 100% 

ee (X), 75% ee (¡), 50% ee (Á), 25% ee (ß), 0% (ö) (baseline). 
106 
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Although the authors were confident in their projections, this method shares some 

of the problems experienced with other methods. There is an assumption that 

naproxen had an enantiopurity of 100%. It is unlikely that any one material would 

have such a level of enantiopurity. The value might be high for naproxen but not 

for other materials that would need a 100% ee value to standardise the results. 

Furthermore, as shown in the studies in chapter 4.8, derivatives prepared from 

racemic 2-octanol are invariably not racemic, and so there would be a contribution 

from the host. Thus in determination of ee to +/
_
 5% and the uncertainty of the 100% 

value of the chiral dopant and the 0% value for the host, the overall uncertainty 

places this method lower than that of chiral GC/LC or NMR methods. 

 

 

 

 Contact Preparations In Determining Spatial Configuration 1.9.3

Another way of determining the spatial configuration of a chiral liquid crystal is to 

do a contact preparation with a material of known helical twist sense and also 

known spatial configuration. The material used may be a liquid crystal or a dopant 

in a liquid crystal host. The type of mesophase, which the studies performed in, 

may be nematic or smectic C*.
27

 

 

The contact preparations are generated by putting a standard material with the 

substance for study on a microscope slide, and placing a coverslip over them. The 

materials are heated until in their liquid states, and the two liquids are allowed to 

meet by flowing together under capillary action to give a sharp contact region. 

 

When viewing the contact region in the microscope two possibilities emerge. One 

where there is a clear boundary separating the two materials, and where the 

boundary texture starts to approximate that of an achiral phase. Alternatively the 
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boundary might show a continuous texture, with only the birefringence 

appreciably changing. Figure 1.44 shows a schematic of these two possibilities. 

 

Figure 1.44: Two possible outcomes from a contact preparation between two 

materials that possess a helical macrostructure.  

 

Figure 1.45 shows results that map onto Figure 1.44 for the chiral nematic phase. 

Figure 1.45 (left) shows the result from two nematogenic materials of opposite 

helical twist sense. The contact area running top right to bottom left has the texture 

of an achiral nematic phase, i.e. the helices are unwound, and therefore the regions 

either side of the nematic line must have opposite twists. Conversely, Figure 1.45 

(right) shows continuity across the contact boundary, accompanied with a change 

in birefringence. For this result the two materials have the same twist sense. 

 

 

Figure 1.45: The contact regions between two chiral nematic materials, left the 

two materials have helicial structures of opposite twist sense, whereas, right, the 

two materials have the same helical twist sense (x100). 
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Knowing the spatial configuration of the standard material, and applying the Gray 

and McDonnell rules to both the standard and the target material, the absolute 

spatial configuration of the test compound may be determined.
71

 However, this 

technique does not give any information on helical pitch length except that it is 

continually changing across the preparation. Information on enantiopurity is also 

not available from such experiments. 

 

A similar picture can be drawn from the chiral smectic C* phase. In this case the 

texture is different, and instead of a schlieren a focal-conic texture is sought in the 

preparation. Focal-conics are decorated with pitch lines in the chiral variation of 

the phase.
94,107

 For a standardïtest material interface if the two have opposite 

twists the helices will unwind in the region of the boundary and the pitch lines will 

disappear, as shown for the two materials in Figure 1.46. 

 

 

Figure 1.46: The contact region between two chiral smectic C* materials of 

opposite twist sense. Along the boundary between the two the helical structures 

compensate for each other, and the pitch disappears giving a normal smectic C 

phase (x100). 

 

Applying the same principles for the Gray McDonnell rules,
71

 developed for chiral 

nematic phases, to smectic C* phases (as described previously in Section 1.8.1), 
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the spatial configuration of the test material can be derived from the known 

configuration of the standard. 

 

Contact preparations can also be made in display devices, in particular those based 

on ferroelectric liquid crystals such as the smectic C* phase, but others such as 

smectics I* and F* should not be precluded. Figure 1.47 shows a contact between 

two ferroelectric liquid crystals in a bookshelf-aligned cell. The two compounds 

have opposite spontaneous polarization directions, so when the DC field is 

inverted the light areas become dark and the dark areas become light, the angle 

between the two being twice the tilt angle. If the standard is dark to a positive 

upper plate then it will have a Ps(+) definition, and as a consequence the test 

material will be Ps(
_
). Applying the same rules as in chapter 4, the absolute 

configuration can be determined along with the helical twist sense. Again though, 

even the relative enantiopurity cannot be detemined. 

 

 

Figure 1.47: The contact region between two chiral smectic C* materials of 

opposite spontaneous polarization direction. Along the boundary in the SSFLC 

cell, the two structures compensate for each other, and the phase becomes achiral 

and none ferroelectric (x100). 
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Overall this section shows that liquid crystal methods can be used to detect 

chirality, determine absolute spatial configuration, helical twist sense, and 

spontaneous polarization direction. However, the helical pitch length, the HTP, 

and the optical purity cannot be determined using the methods discussed in this 

section. 
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 Aims Chapter 2.

The aims of this project are to evaluate chirality in terms of the helical twisting 

power of chiral dopants in nematic hosts via óthe reverse-twist disclination line 

methodô.
4,5,61

  Although it is a very important property of chiral materials, there is 

no well-developed principle to explain and predict the value of the Helical 

Twisting Power (HTP) of materials, either qualitatively or quantitatively. As 

discussed in the introduction, the HTP of a given material can be measured by the 

Cano-wedge method,
58

 however this method typically requires large quantities of 

materials which are not always available.
108

 Other methodologies have been tested 

for use as chirality detectors,
109-111

 and as sensors for spatial configuration,
112

 for 

example ferroelectric and electroclinic liquid crystals devices.
106

 These devices 

detect chirality to a low limit, but cannot determine the enantiopurity. However, 

they also have high degrees of uncertainty, which make them of little use in 

quantitative applications, and they remain only of qualitative use.    

 

In this work, the HTP of different kinds of chiral dopant, and other chiral materials 

will be investigated using the óreverse twist disclination line methodô. This will 

primarily involve studying mixtures of these chiral materials in a nematic host via 

the use of TN cells in order to investigate the disclination lines formed. 

Furthermore, different nematic hosts will also be employed so as to understand 

how the interaction between the various host/dopant combinations studied affect 

the measured HTP values. A more detailed overview of the aims of this work are 

given in the sections that follow.  
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 Liquid Crystal Materials  2.1

 Oxazoline-based Dopants 2.1.1

The first study will be to test óthe reverse twist disclination methodô out on 

standard materials available in York. The experiments will be used to examine if 

there is any forthcoming relationships between the HTP values of the dopants 

tested.  

 

The oxazoline-based dopants to be tested, shown in Figure 2.1, have been found to 

exhibit blue phases and TGB phases when mixed with an achiral nematic 

host.
113,114

 The HTP values of three different chiral oxazoline-based materials will 

be investigated. The difference in molecular structure will be used to speculate as 

to how structural factors might influence the measured HTP values of the 

oxazoline-based dopants. 

 

 

Figure 2.1: The structure of chiral oxazoline-based material AE8, AE14 and 

AGNL74.  
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 High HTP value dopants  2.1.2

There are a number of high HTP value dopants that have been synthesised and 

reported.
72

 The majority of the high HTP value dopants in the literature are not 

liquid crystalline, and many are metal complexes or TADDOL-based materials 

and hence their solubilities in nematic hosts are generally poor. R1011 and S1011 

are a pair of high HTP dopants that are commercially available from Merck 

(Figure 2.2).
115

 Each enantiomer will be used in the preparation of mixtures and 

will be subjected to the óreverse-twist disclination line methodô of analysis and the 

measured HTP values compared with literature values. With aid of molecular 

modelling, their gross conformations will be analysed and compared with those of 

other high HTP dopants in order to explore the factors that can enhance HTP. 

 

 

Figure 2.2: The structure of enantiomers R1011 and S1011. 

 

 Difl uorobiphenylcyclohexane-based chiral dopants 2.1.3

trans-4-cyclohexyl(2,3-difluorobiphenyl) (CDFBP) based host materials and 

chiral dopants, see Figure 2.3, are very valuable commercial materials for 
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ferroelectric liquid crystal displays, with the mesogenic core unit conferring both 

low birefringence and moderate negative value of dielectric anisotropy.
116-119

 Four 

structurally similar cyclohexyl(2,3-difluorobiphenyl)-based chiral dopants will be 

evaluated; the role of functional groups at the setereogenic centres in influencing 

the HTP values will be discussed.  

 

 

Figure 2.3: The structure of the diflourobiphenylcyclohexane-based chiral 

dopants  
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 Non-Liquid Crystalline Materials and Materials with 2.2

Complex Structures 

 Pharmaceuticals 2.2.1

Due to the high sensitivity of the TN reverse-twist disclination method it can also 

be used to sense the chirality of non-liquid crystal materials, provided they exhibit 

sufficient solubility in a nematic host. This has potential in quality control of 

pharmaceuticals where one enantiomer is desired and one is not. As such the most 

notorious drug safety issue of the last century,
120

 the two enantiomers of 

thalidomide, see Figure 2.4, will be evaluated, and their HTP values measured. By 

doing so, it is predicted that differences in optical purity can be discerned, raising 

the possibility of determining enantiopurity.  

 

 

Figure 2.4. The enantiomers of Thalidomide.  
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 Sugars and Sugar Based Supermolecular Liquid Crystals.  2.2.2

D-glucopyranoside as a mesogenic functionalized supermolecular liquid crystal, 

A4 (see Figure 2.5), will also be investigated by the óreverse-twist disclination line 

methodô.
121

 The fusion of mesogenic groups onto D-glucopyranoside has 

previously been shown to give a large increase in HTP values. However, the 

sensitivity of the óreverse twist disclination line methodô will allow this claim to be 

subjected to further scrutiny.  

 

 

Figure 2.5. The structure of the super molecular liquid crystal A4.
121

  

 

 Investigation of Synthetic Pathways using the óthe reverse-twist 2.2.3

disclination line methodô  

It had been suggested that ferroelectric behaviour had been observed in an 

apparently racemic material.
102,103

 Materials of similar structure will be 

synthesised and the presence of chirality evaluated. The target molecules will be 

prepared via Mitsunobu
122

 and Steglich
123

 esterification reactions separately, and 

under different conditions and reagents, because it is at these steps that variation in 

enantiopurity was expected to have occurred. The target molecules will also be 

synthesised from racemic 2-octanol and chiral 2-octanol (Figure 2.6). The HTP 

values of all the target materials will be evaluated via óthe reverse-twist 
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disclination line methodô in order to determine whether symmetry breaking on the 

macroscopic scale can occur during the Mitsunobu or Steglich reactions.   

 

 

 

Figure 2.6: The structure of target molecule to be synthesized, n=10, 11. 
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 Experimental Chapter 3.

 Synthetic Work  3.1

 Starting Materials, Reagents and Solvents 3.1.1

Unless otherwise noted, all of the starting materials and reagents were obtained 

from Fluorochem, Sigma-Aldrich, Apollo Scientific or AlfaAesar and used 

without purification. All solvents were obtained from Fisher, with the exception of 

anhydrous THF, which was purchased from Sigma-Aldrich, and used without 

purification.  

The coupling agent N-(3-Dimethylaminopropyl)-Nǋ-ethylcarbodiimide 

hydrochloride (EDAC) was purchased from CarboSynth and used without 

purification. 

 

 Thin Layer Chromatography and Column Chromatography 3.1.2

Where possible, the progress of chemical reactions was assessed by thin layer 

chromatography using a suitable solvent system. Silica coated aluminum plates 

(Kieselgel 60 F-254) were purchased from Merck and were visualized under UV 

light (254 nm or 365 nm) or by oxidation with aqueous potassium permanganate 

solution. In all cases, separations achieved via column chromatography were 

carried out using silica gel (Fluka, 70-230 mesh, 63 ɛm ï 200 ɛm particle size). 

When required, increased flow rates were achieved via the use of flash techniques.  

 

 Nuclear Magnetic Resonance (NMR) Spectroscopy  3.1.3

Proton and carbon NMR spectra were recorded on a JEOL ECX or a Bruker 

spectrometer operating at a frequency of 400 MHz (
1
H) or 100.5 MHz (

13
C). The 
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residual protic solvent was used as an internal standard in all cases and chemical 

shifts are quoted in ppm (ŭ). Abbreviations used to denote the multiplicity of the 

peaks observed are defined below.  

 

s ï singlet 

d ï doublet 

t ï triplet 

q ï quartet  

quint ï quintet 

sex ï sext 

sept ï septet 

 

 

 

 

 

 

 

dd ï doublet of doublets 

ddd ï doublet of doublet of doublets 

dt ï doublet of triplets 

tt ï triplet of triplets 

ttt ï triple, triple triplet 

m ï multiplet 

 

 

 Mass Spectrometry (MS) 3.1.4

Mass spectra were recorded on a Waters GCT premier MS-Agilent 7890A GC 

spectrometer (EI) or on a BrukermicrOTOF MS-Agilent series 1200LC 

spectrometer (ESI). 

 

 Infrared Spectroscopy (FT-IR)  3.1.5

Infrared spectroscopy was performed using a Shimadzu IR prestige-21 which was 

equipped with a Specac diamond ATR IR insert. 

 

 High-Performance Liquid Chromatography (HPLC) 3.1.6

High performance liquid chromatography was performed using a Shimadzu 

Prominence modular system, using a LC-20A liquid chromatograph, a SIL-20A 

autosampler, a CTO-20A column oven, a SPO-20A dual wavelength UV-Vis 
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detector, a CBM-20A communications bus and an Alltech C18 column (5 ɛm pore 

size, 10 x 250 mm). The detector was set at two appropriate wavelengths, which 

were determined from data collected from solution based UV-Vis spectroscopy 

experiments for each material.  

 

 Polarised Optical Microscopy (POM) 3.1.7

Thermal polarized optical microscopy (x100 magnification) was performed using 

a Zeiss Axioskop 40 Pol microscope and a Metter FP82HT furnace, which was 

controlled by a Mettler FP90 control unit. An Infinity X-21 digital camera was 

used to capture photomicrographs. All the photos were taken under Infinity X 

Capture software.  

 

 Differential Scanning Calorimetry (DSC) 3.1.8

Differential Scanning Thermograms were recorded using a Mettler DSC822
e 
unit 

operating with the Star
e
 software. In each case a scan rate of 10 °C min

-1 
was used. 

The results obtained were normalized in relation to an indium standard (onset = 

156.55 ± 0.2 °C, ȹH = 28.45 ± 0.40 J g
-1

).  
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 Synthetic Discussion 3.2

Due to the nature of the investigations described in Chapter 7 a number of different 

synthetic methodologies were used to prepare different batches of compounds 11 

and 12. In general, these methods can be distinguished based upon two factors: (i) 

the coupling reaction used in order to introduce the 1-methylheptyl unit into the 

molecular architecture; and (ii) the protecting group used to protect the phenolic 

intermediate. These methods will be discussed in more details later in this Section.     

 

Regardless of the method used to prepare different batches of compounds 11 and 

12, the synthetic procedure required the preparation of the biphenyl-based 

intermediates 2 and 4 (see Scheme 3.1). First, O-alkylation of 

4'-hydroxybiphenyl-4-carbonitrile with 1-bromoundecane or 1-bromodecane 

introduced the long aliphatic chain to give biphenyl compounds 1 and 3 

respectively in >90 % yield. Then, hydrolysis of the nitrile group with sulphuric 

acid afforded the desired carboxylic acids 2 and 4 in good (>80 %) yield after 

crystallization from ethanol/THF/diethyl ether (10:1:1). 
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Scheme 3.1: Preparations of carboxylic acids 2 and 4. 

 

Next, compounds 2 and 4 were used in the preparation of compounds 11 and 12. 

As mentioned previously a number of different synthetic methodologies were used 

to prepare these two compounds. These different routes, and the different batches 

of compounds 11 and 12 prepared, are detailed in the sections that follow. 

 The Preparation of Compounds 11a and 11b 3.2.1

The first two batches of compound 11 that were synthesized were prepared by two 

different methods. However, the first step in the preparation of both 11a and 11b 

involved the reduction of commercially available 2-octanone with sodium 

borohydride (Scheme 2). This reaction, conducted using methanol as the solvent, 

afforded the product, 2-octanol, as a colourless oil in quantitative yield. This batch 

of 2-octanol (5) is referred to as Oct-2 in Chapter 7. The red arrows in Scheme 2 

show the methodology used in order to prepare compound 11a. Firstly, 

4-hydroxybenzoic acid was protected with methyl chloroformate to give 
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carboxylic acid 6 in 93 % yield after crystallization from ethanol. Then, alcohol 5 

(Oct-1 which was prepared by Dr Stephen Cowling via the reduction of 

2-octanone with sodium borohydride) was reacted with 6 under Mitsunobu 

reaction conditions, using DIAD as the coupling agent, to afford ester 7. In this 

step it was important that the reagents were added slowly at 0 ºC and that the 

reaction was allowed to warm to room temperature as a slightly different 

procedure was employed to investigate the impact of reaction conditions on the 

properties of different batches of compound 11. Pleasingly, subsequent 

deprotection of the methyl ester group using ammonia gave the desired phenol 8a 

in quantitative yield, ready to be coupled with carboxylic acid 2 (Scheme 3.2). 

Finally, the coupling reaction between phenol 8a and carboxylic acid 2, using 

EDAC, a catalytic amount of DMAP, and DCM as the solvent furnished 

compound 11a.  

 

The first step in the preparation of compound 11b involved the reaction of 

4-hydroxybenzoic acid with benzylbromide using aqueous potassium hydroxide 

and ethanol as the solvent system. This procedure afforded the carboxylic acid 9 in 

excellent (95 %) yield after crystallization from ethanol. The resulting benzyl 

protected acid was then reacted with compound 5 (Oct-1) in a Steglich 

esterification using EDAC as the coupling agent and a catalytic amount of DMAP, 

to provide the ester 10. Deprotection of the benzyl group by treatment with 10 % 

palladium-on-carbon furnished the desired phenol 8b. Finally, the Steglich 

esterification of 8b with the carboxylic acid 2 gave 11b.  
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Scheme 3.2: Preparation of compounds 11a and 11b.  

 

 The Preparation of Compounds 11c and 11d 3.2.2

In order to further investigate the process of preparing compound 11, and to 

examine the reproducibility of the properties of compound 11 with respect to the 

synthetic procedure used in its preparation, another four batches of compound 11 
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were synthesised using the methodology presented in Scheme 3.3. These batches 

of compound 11 differ in the methodology used to prepare the protected esters 7c-f. 

The source of 2-octanol, the conditions used for the coupling reaction used to 

prepare 7c-f, and the yields associated with these reactions are shown in Table 3.1. 

Once 7c-f were obtained, deprotection of the carbamate protecting group using 

aqueous ammonia in ethanol afforded the corresponding acids (8c-f) in 

quantitative yield. These acids were then coupled with compound 2 to give 

compounds 11c-f in good yield (between 75% to 92%).   

 

 

Scheme 3.3: Preparation of compound 11c ïf. 
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Compound 
Alcohol 

Used 
Mitsunobu Conditions 

Yield 

(%) 

7c Oct-1 
DIAD added dropwise at 0 °C and reaction 

allowed to warm to room temperature 
48  

7d Oct-2 
DIAD added dropwise at 0 °C and reaction 

allowed to warm to room temperature 
46  

7e Oct-1 DIAD added dropwise at 25 °C 55 

7f Oct-2 DIAD added dropwise at 25 °C 57  

Table 3.1: Details of the Mitsunobu reactions used in the synthesis of compounds 

7c-7f. 

 

 The Preparation of Compound 12  3.2.3

In order to further investigate the impact of the Mitsunobu reaction on the potential 

enantiomeric excess of liquid-crystalline products, different batches of compound 

12 were prepared using different coupling reagents. Again, both Oct-1 and Oct-2 

were used, and the reactions were carried out using the benzyl-protected phenol 9, 

the synthesis of which is detailed in Scheme 3.2. The synthetic pathways to ester 

12 are shown in Scheme 3.4 Generally, the key Mitsunobu reaction of alcohol 5 

with carboxylic acid 9 afforded the desired esters (10a-f) in good to excellent 

yields (75-90 %).The chemical structures of the coupling agents used in are shown 

at the bottom of Scheme 3.4 and full details of the yields of the coupling reactions 

are given in Table 3.2. Deprotection of 10a-f using hydrogen and 10 % 

palladium-on-carbon afforded the carboxylic acids 8a-f in quantitative yields. 

Compounds 8a-f were then coupled with compound 4 using EDAC and a catalytic 

quantity of DMAP in DCM, affording compounds 12a-f in high (> 75 %) yields.  
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Scheme 3.4: The synthetic methodology used to prepare different batches of 

compound 12. 
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Compound 
Coupling Agent 

Used 
Alcohol Used Yield (%) 

10a ADDP Oct-1 49 

10b ADDP Oct-2 52 

10c TMAD Oct-1 41 

10d TMAD Oct-2 31 

10e Cl-Azo Oct-1 81 

10f Cl-Azo Oct-2 62 

Table 3.2: Details of the Mitsunobu reactions used in the synthesis of compounds 

10a-10f. 

 

 TN Cells and Preparation of Mixtures 3.3

All of the TN cells used in this thesis were supplied by AWAT through the Military 

University of Technology in Warsaw, Poland. The cells were stated as being 14.4 

ɛm thick but were checked, and used as supplied. The general structure of a TN 

cell is shown in Figure 3.1. A TN cell is constructed from two pieces of glass, 

which are held together by optical glue. The inner surface of both pieces of glass 

are coated by a polymer, which is treated so as to give homogeneous alignment of 

a nematic liquid crystal. The alignment direction of the top piece of glass is rotated 

90 degrees relative to the lower piece, giving a twist in the director field of a 

nematic liquid crystal. To ensure a uniform thickness a number of spacers are 

placed between the two glass plates. Fortunately for this work, these spacers often 

help to act as archoring points for the disclination lines in the nematic phase when 

the cell is filled. The small holes either side of the cell are to allow filling with a 

target material and the escape of air from the cell during filling. 

 

 



80 

 

 

Figure 3.1: Cartoon depiction of the general structure of a TN cell. 

 

Of the mixtures to be prepared, the majority are only required in very low 

concentration. For instance, if 5 mg total weight of a mixture is required at dopant 

concentration of 0.012 %, then only 0.0006 mg, or 600 ng of dopant are required. 

It is impossible weight in such small amounts without specialist equipment for 

weighing and dispensing small quantities of material. Thus, the best solution for 

preparing mixtures was that mixtures be prepared on larger scale between 50 mg to 

200 mg, depending on the minimum concentration required for a given experiment. 

By weighing out small quantities of the dopants and accurately diluting them to 

give a stock solution, it was possible to prepare low concentration mixtures with 

high accuracy. 

 

Specifically, by weighing out around 1 mg of a given dopant into a small vial, then 

dissolving into 1 ml of DCM it was possible to use a microsyringe (1 ɛl) to transfer 

the dopant into E7 host with high accuracy. The host/dopant solution mixture was 

dissolved into 2 ml of DCM to ensure that the dopant and E7 host were all 

dissolved in one homogenous phase. The vial was placed into an ultrasonic water 




















































































































































































































































































































































