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Abstract

The workin this thesis can beivided into three areas: chirality anusture of
dopants, host dependency and investigation of reaction pathways in the search for

chiral induction.

The Ofemwertsedi sclinationd method first
determine the helical twisting power (HTP) of a selection of timraterials
dissolved in achiral nematic liquid crystal hm$E7, PCH7, BLO36 and ZLI1559.

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

commercial liquid crystal chiral dopants and thalidomide.

One of the most notadloutcomes is that the overall shape of the molecular
structure of a chiral dopant dictates the magnitude of HTP values, whereby a
propellarlike molecular shape consistently provides high HTP values.
Additionally, the technique used was found to be vensgive 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 combinafibnsi and dopant.

It had been reported in the literature that the Mitsunobu reaction can, for racemic
secondary alcohols, give noacemic products, a remarkable result that implies
that mirror symmetry can be broken on a macroscopic scale. The éffacions
different reaction conditions upon the optical purity eh&thylheptyl esters was
studied. The resulting materials wexealysedvia the reversdwist disclination
method and occasionally the Mitsunobu reaction was found to produce a product
tha was indeed optically active. Without exception, the Steglich reaction was only

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

The background to this thesis is concerned with chirality and broken symmetries at
the molecular level. In the gas phade 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 resulthiral
ensembles, for example helical macrostructtnesthe researclpresented, the
transmission of information imparted from a chiral dopant to giasd phases,

known as nematic liquid crystals, is investigated. The transmission takes the form
of the creation of a helical structure, where the helical handednessaittkhof

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 deviee those that are used in liquid
crystal dsplays, where the orientational directions of the liquid crystal on the
upper and lower surfaces are orthogonal to one arfotlrer an achiral material,

this gives a quarter helical structure of the nematic phase, where tharidéd

and righthandedhelical structures have the same energy. Disclination lines, which
occur in the regions where domains of opposing handedness meet, can therefore be
observed by optical microscopydowever, the addition of a chiral dopant breaks

the energetic degeneracitbe 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 hefiX.

Investigation of these disclination lines allow a multitude of moleculzpegties
to be investigated, from sensing chirality to determining enantiopufiityis
method also provides sensitivities on the order of milligrams of dopant per
kilogram of host liquid crystal, thereby making measurements at the extremes of

1



enantiopurly 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 pharmeuticals’
1.1 Chemical Isomers

The dopants used in this work are optically active and therefore have at least two
different structural forms, or isomet&he dopants used are carbon based, with
multiple carbon atoms in their chemical structures. For thelsisifuationof 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 nemati¢*fiost.

Isomerscan be divided into two groupstructural isomers which can be
subdivided intafunctionaland positionalisomers andstereoisomerswhich can
be divided intogeometricisomers anaptical isomers® This thesis will focus on

optical isomers and their gperties.



Isomers

Compounds with the same molecular formulae, but differing in one or
more of their physical or chemical properties

Alkanes
C1,C2 Cs 1 isomer
Cy 2 isomers
Cg 18 isomers
Cis 4,347 isomers
Cso 4,111,846,763 isomers
Isomers
Structural Isomers Stereoisomers
Functional Group Positional cis/trans isomers Optical
Isomers Isomers geometrical Isomers Isomers

Figure 1.1: Relationship betweechemical structure and isomers.

1.2 Symmetry and Molecular Structure

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

considered: its constitution, configuration, chirality and conftion®

A The constitution of a compound speci fi e
and the types of bonds used for direct interatomic bonding.

A Configuration can be described by two
configuration spedies 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 bondshimta given structure.

A - The conformations that a molecule may
arrangements of atoms that may arise by rotation about single bonds within the

structure.



A Chirality, which wil!l botiong] is & propesty e d
associated with thregimensional 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 threlgmensional spae; however, it must be remembered
that the dynamics of molecular movement can have a major influence on the

structure, with many conformations being possible.

1.3 Molecular Chirality

In the early nineteenth century Biot, discovered that certain biologibatances

cause a rotation of plasmlarized lightj.e they are optically activE.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
undestood. 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 Fresnebut forward a transverse wave theory of light that accounted for
several of the phenomena associated with peniarized light?He showed that
linearly polarized light could be resolved into two circularly polarized components
that rotate in oppositeirgctions (a rightircularly polarized and a lettircularly
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 opftical rotation of plangolarized 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 particudastitution of the refracting
4
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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 sense$. This concept was foreign to chemistry aghimgy was
known about the geometrical arrangement of molecules in matter, even though
helices were recognised to exist in natueey, snail shells and whirlpools.
However, in the case of quartz crystals Fresnel's idea turned out to be correct, but
this dhed 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'8twren

the two brms 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 moleculeddowever, the opposite rotations of plam&arized 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 asymmetnichiral, a term first used by Kelvin

in a series of lectures at John Hopkins UniverSity.

However, twenty years bef orwntKkefffand n f i r st
Le Bel, both published papers proposing a tetrahedral arrangement of atoms

bonded to carbon as the basis for molecular chirlit{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 corelation with the observed optical activity data available at the time, was

5



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 fundameat 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 wobrought forth again, out of the stereom
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® However, in 1878 wat 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 fouifterent atoms at the corners of a tetrahedron with a
beam of incident light. The theories of BdfrQseerf’ and Gray' suggested that

the rotations of plane polarized light given by molecules that were mirror images
of one another would be equal, bupopite, 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 polarizatioection, 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 bromochlomftumethane. 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 b&éamarrows on

6



the atoms show the direction and strength of the induced dipoles associated with
each individual atom (assumingHkCis zero). The total induced dipole associated
with the whole molecule is different for each polarization direction (of thw lig
wave), as shown by the calculated values that are given in unit® 8feliye, for

field strength of 1 electrostatic ufiftThe resulting difference in the refractive

index of the two &ves produces optical rotation.

Left circulary
polarized light

Right circulary
polarized light

"<«— Induced
dipoles

(a) (b)
Figure 1.2 Interaction between a chiral molecule and (a) aHaftd circularly
polarized light ray and (b) a rightand circularly polarized light ray that constitute
together plane polarized light. The total dipole of (a) is 5.32 and of (I98s 4.

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 rigahd leftcircularly polarized light in the
wavelength rgion where the absorption occurfédhis effect, which came to be
known as "circular dichroism”, was soon understood to arise in a similar way to
the optical rotation of planpolarized light given by some asymmetric materials.

If a material is chiral,ti 6 s t h e a @ dghttircutafly polagided light,
which are themselves chiral, that it absorbs will be different. This difference (left
minus rightcircularly polarized rays) acts as a measure of circular dichi8ism.

Due to their common origs, circular dichroism and optical rotatory power offer
7



similar information about the structure of a material. Circular dichroism, however,
Is concentrated more on the light absorbing entitieshe chromophores, within

a molecular structure.

The clasification 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 #®/mmetricor chiral in nature, and the atom at

the centre ishe location of thestereogenic centr®The twemirror image forms

that may exist are known a&nantiomerswith each one giving an equal, but
opposite rotation of plangolarized light. A 5660 % mixture of the two
enantiomers is known as a racemic migtand is optically inactive. However, if

one enantiomer is in excess, known asei@ntiomeric excess ee(more details

in section 1.4)then the mixture will be optically active. Each enantiomer is
usually labelled according to the absolute configoraof its stereogenic centre.

The labelling system most commonly used was first introduced by Cahn, Ingold,
and Prelog in the 1950%3%° The system operates by first prioritising each atom
(or group) that is attached to the asymmetric carbon atomrnmstef atomic
number (called theriority 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 (cabegtjuence

rule). If a clockwise direction is transcribed then the stereogenic centre is
classified askectusor Right (R). If, however, an anticlockwise path is taken then

the chiral centre is classified as beBigisteror Left (S), see Figurg.3.



Absolute Spatial Configuration -R and S

A

A
View View
D#' - > OR D—f, =-—§
7 7
B
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(o]
B

View stereogenic (chiral) centre and place the lowest priority group,
in this case, D, to the rear.

Conversion Rule
The groups A, B, C, D are arranged in ascending atomic number (1 to 4) with the groupof the lowest

value pointing back into the plane of the page. The priority count will then be either clockwise, rectus, or
anticlockwise, sinister, when viewed from the opposite side to D.

Mirror

A1 A1
M Plane M
: Stereogenic Centre
I
1
BICYNAB(@) (2)BNEATC(3)
- I -—
D (4) ! D (4)
I
(R) | (S)
Clockwise order Counter-clockwise
- Rectus order - Sinister
(a)
OH 1 Group Priority: An ordering of functional groups based on
their atomic number (heaviest isotope first:
3 HaC S I>Br>Cl>S0,R>S0OR>SR>8H>F>0COR>0R>0H>
34 H\‘ COOH 2 NO; > NO > NHCOR > NR, > NHR > NH; > CX3 (X = halogen) >
COX > CO;R > CO;H > CONH, > COR > CR;0H >
R-lactic Acid CH(OH)R > CH;OH > C=CR > C=CH > C(R)=CR; > C¢Hs > CH, >

Priority 1 CR3 > CHR; > CH;R > CHs > D > H > electron pair.

Priority 2
Equal NH,C*HCOOH

C"H(CH3)CoHs

=

-~ Me Et /o
16 /> Priority 1° @ @) s

Priority 2 (1) NHy' - COOH (3

Priority 4

In

numbers are
atomic numbers

B

(b)
Figure 1.3: The Cahn, Ingold, and Prelog labelling system for stereogenic centres.
(a) The priority and sequence rules, (b) examples the rules appRdddtic acid
and 5, 3S-isolucine??°

The directions of rotation of plarmolarized light given by either enantiomer is
classified as being either positive (+) in the case ofoakelise rotation, or

negative ) in the case of an anticlockwise rotation. No obvious coroslat

9



however, exists between the configurations of enantiomers, or betwe&h dinel (

(S designation and the direction of rotatfdn.

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

diastereomec. This is illustrated in Figuré.4, giving aldotetrose as an example.

CHO CHO CHO CHO
H——=OH  HO=—=H HO=—H H=—=OH
H—=OH HO$H H;FOH HO:l:H

CH,OH CH,OH CH,OH CH,OH

SR RS RR SS

Figure 1.4: Diastereoisomersf aldotetrose.

A molecule which has two asymmetric centres that havdg ¢onfiguration,

i.e., one chiral centre is labelled a$),( whereas the other iR), is the
diastereoisomenf a molecule that has aRR,® configuration. Similarly, a
molecule with an$,3 configuration is the diastereocisomer of a molecule with an
(R,9 configuration. A molecule with anR(§ configuration, however, is the
enantiomer of another with a8,f configuration, this relationship is also true for
molecules with $,§ and R,R configurations. Classical theory dictates that the
physical properties of enantiomers are the same, whereas those of

diastereoisomers may differ.

Molecules that have mirra@ymmetry and contain two identical, but oppositely
labelled stereogenic centres are +obiral. They are termethesocompounds.
They possess an additional plane of symmetry and are found to be optically
inactive. An example of ameso compound ihese2,3-dibromobutane) is

illustrated in Figurel 5.

10



Br Br Br Br
Me“‘/\‘\ {\”“ Me Me“‘} Kl' Me

H H H H

stereogenic centres meso-form
Mirror Plane - therefore Achiral
Figure 1.5: Structure of a mesoompound (mes@,3-dibromobutane) showing
the mirror plane.

Another interesting situation arises when a molecule that does not possess an
asymmetic 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 adeft
right-handed helial structure). The structure of helicene is illustrated in Figure

1.628

Helicene has an extra symmetry element in comparison to an asymmetric carbon
atom, a simple twdold axis of rotation, and so is considered as dissymmetric and
not asymmetric. Thushe 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 madéecan only be chiral if it lacks an axis of
improper rotation (9, 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’ Therefore, a chiral molecule or objetiMiously cannot possess a mirror
plane or a centre of inversion, but can exhibit rotational symmetrydai€) as in

the case of helicend 2?8
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o1

Mirror Plane

Twofold axis
of Symmetry
Enantiomers

Figure 1.6: Helicene, achiral dissymmetric molecule, with a twold axis of
rotation®®

Helicene

There are aumber of symmetry operations involving structures with stereogenic
centres and which may or may nothéit optical activity. Figurel.7 shows a
number of compounds based on a cyclobutane scaffold that are attached to the
2-position of butyl aliphatic chas. The 2butyl chains are chiral and thus the
symmetry operations for the various susbtitutions of the cyclobutane motif can be
explored as show in the figurg.7. Achiral, and hence neoptically active
compounds are obtained where there is a mirrarepla 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 asltivaxes

are chiral. This type of study allows for the analysis ofs)etry operations that

produce chiral compounds and those that do not as shown in Tabf#1

12



Achiral Systems

CH CH
o H Heoo H,C, HeC, <O

CZH5’ o5 H:~‘;§/(:;2H5 CZHS—'IC’HH .“‘\C2H5

NP ~C—CHj

~«CH
He..c CZHS/C\H °

HeC” CoMb
Mirror Plane Centre of Symmetry Alternating Axis of Rotation
Hj
but Chiral

Two-fold Axis of Rotation

Figure 1.7: Using similar molecular constitutions, symmetry operations are
shown to affect the formation of chiral or achiral compounds.

Improper . . , -
Term Rotational Axis Rotational Axis  Optical Activity
. May or may not be .
Symmetric Present Inactive
present
. : May or may not be .
Dissymmetric Absent Usually active
present
Asymmetric Absent Absent Usually active

Table 11: Symmetry operations in relation to tliermation of symmetric,
dissymmetric and asymmetric materiafs’

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 tetreedral compounds and therefore have the ability to display
optical activity”® see Figurel.8. In certain instances a chiral nitrogen or sulphur
atom may also be used, wittome pair of electrons taking the place of an atom or

group in the asymmetric sicture®
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) g
PhHC”  Mye CoHs” e ©i\ji‘H

(S) (S) (R)

Single enantiomers of a small number of organosilica compounds,
with a silica atom at the stereogenic center have been isolated.

OO CH,C(CHj),Ph
| ..Ph

H S

"Ge 7N
e Me~  “CPh,

(R) (S)
Tetraorganotin compounds with a stereogenic geranium and tin atom have been obtained as
single enantiomers by resolution, asymmetric synthesis, or for the materials
shown above, by chiral chromatographic separation of enantiomers
on cellulose acetate.

Figure 1.8: Optically active materials with asymmetric atoms, which are not
carbon®

1.4 Chirality and Enantiomeric Excess

In this discussion it has so far been presumed that the molecules in each example
are of me handj.e. they are defined as rightanded R) or lefthanded § by
application of Cahn, Ingold, Prelog rufé$® However, this is often not the case

and the majority of chiral materials are composed of a unequal mixture of
left-handed and rightarded molecules (enantiomers). The proportion of
left-handed to righhanded enantiomers in a given mixture is called the
enantiomeric exces®4. The percentage enantiomeric excess is be defined in

equation (1§

no. of moles of enantiomer A — no. of moles of enantiomer B
% ee = (1)
no. of moles of both enantiomers

14



Formaterials that possess one chiral centre with spatial configurB)ion ) the

enantiomeric excess is given by equation (2):

R]-[S S1-[R
ee = —[] 5] x 100 or—[] ail. x 100 (2)
[R]+[S] [R] + [S]
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 reagent® chiral gas chromatography, chiral high pressure liquid
chromatography, or polamnetry. 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 throudtetuse 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 isated through an angke, which is
determinedria the rotation of a polarizer (analyzer) at the exit pbthe cell, as
shown in Figurel.9. The optical rotatiom is standardised by the concentration,

the length of the tube, the wavelength of the light, and the temperaihiehithe
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%e simply because i too difficult to obtain materials with

15



absolute optical purity. Thus, optical purity values given for commercial products

are often not very accurate or useff.

Light
source Optical rotation o depends on:
, . length [and concentration ¢
‘ Unpolarized
e light Clockwise rotation is given the label (+) or d
% Anticlockwise rotation is given the label (-) or /

Optically active sample
Concentration €

Rotation o is proportional to ¢/ Analyzer K

Rotation o =kc/ where k is a constant Viewer

If c is in gm/ml and [is in decimeters then k =[a] which is called the specific rotation

[ T - temperature 25° {558
o = Q o o =+ .
[a] expressed as A-wavelongth 9 [o] p
cxf D - wavelength of sodium light - 589 nm

Figure 1.9: The structure of a polarimeter and the relations between the optical
rotation and the specific rotatigh.

1.5 Chirality in Anisotropic Soft Materials

The types of molecules that form calamitic liiystalline phases usually
possess an extended it structure®®® Chirality can be built into the
mesogenic system by theclaosion 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 thelawular structuré® The
effects of chirality in mesogenic systems willdiscussed in greater detaildain

this Section. However, the properties that occur as a result of chirality can be
quantified in terms of the pitch length of optically activeagds, the thermal
stability of liquid-crystalline phases that are known to depend on a high degree of

molecular chirality for their existences.g, blue phasé$ and Twist Grain
16
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Boundary phase and the value of the spontaneous polarization in

ferrodectric phase&?

In order to induce a high level of chirality into the system the enantiomeric excess
(ed must be high, that is to say that the minority enantiomer must be present only
in very small amounts. This can be accomplished using synthetiesramd
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 itséif’

For example, the dipoles associated with, and the size and steric shape of the
substituents located at the stereogenic centre, can hgeefiects on the chirality

of the systeni’*?In some cases, a large resultant dipole can enhance the HTP, as
can a bulky group associated with the stereogenic c&nfitee second effect is
thought to be due to a restriction in rotational freedom ostaeeogenic centre
about the long axi§' 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 locttéd &ore
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 (seFigurel.10.%°
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Figure 1.10: Rotationally trapped stereogenic centre in a typicallikad chiral
mesogert’

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 examplethe spontaneous

. . . 46 .
polarization of a SmC* phase, see Sectiof)) s well”®> These pmts are
summarised in Figure. 11
Size of the lateral Strong donor and
groups affects the acceptor effects
rotational freedom can increase the
of the chiral centre lateral interactions
and hence the
dipole
Coupling of the chiral
The length of the aliphatic centre to the polar
chain and the nature linking group X
Ofstt?snlg?l;ggf egcrtotL:wF;Y increases the chirality @
type of phase formed of the system through >

rotational hindrance

Rotational trapment

A B /\* increases the chirality
- (B8 </

The length of the core effects
the chirality of the system,
longer cores tend to favour
higher degrees of chirality.

Increasing the length
of the terminal chain
increases the steric hindrance
and interferes with the
free rotation of the
chiral centre

Spatial configuration, induction effects, and
spacer length with respect to the chiral centre
determine helical twist

Figure 1.11: Chirality in rodshaped molecules of calamitic liquid crystals. Figure
reproduced, with permission of the author, from reference 47
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1.6 Anisotropic Phases

1.6.1 The Nematic Phase

The nematic phase is the least ordered of the commonly obsersegdirases and

can be described as a edienensional elastic flui® 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 directort (see figure 1.2).***° |n 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 hadiootl and mirror symmetry

relative to A, and the directionfiand-f are equivalent=°

The degree to which the long axes of the molecules within the ngphatse are

aligned with the director, averaged over time and space, is given by equation (4).

S=1/2<3cos20-1> (4)
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Figure 1.12: A diagrammatic representation of the nematic phase.

In equation (4) is the angle betweehe 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 calculatdélall the long molecular axes of the
molecules are perfectly aligned along the direthenS = 1, and if there is no
orientational order (isotropic liquid), th&= 0. The value of the order parameter

for nematic phases is typically between 0.4 and 0.7.

1.6.2 The Chiral Nematic Phase

In the chiral nematic phase the local ordering of thesttwent 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 plash
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gives rise to a helical macrostructure (see Figut8)1*’ 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®3édefined as the pitch lergtp.
However, since as the directiofisand-f are equivalent the helical structure of
the chiral nematic phase repeats every’180d the periodicity of the structure
corresponds to p/2. KEe director can rotate to form a leftr righthanded helix

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

Helical Axis

Spiraling
Orientational
Ordering of
Molecules
Molecules
Half Pitch
Length

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

The pitch length of the helix is temparee dependent, and it usually decreases
with increasing temperature and varies from about 0.1%ifb almost infinity?’
The displacement angle is the angle between the directors of adjacent molecules

along the helical axis, and as the mesophaseatetighe 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 aisrA&gihase is
approached the pitch rapidly unwinds and becomes almost infinite in Bngth.
However, exceptions do occur and the pitch length of the chiral nematic phase of
choleseryl-2-(2-ethoxyethoxy)ethyl carbonate has been showmdmeasewith

increasing temperaturg.

O
/\O/\/O\/\O)ko

Figure 1.14: The structure of cholesteryl ethyl carbonte.

The chiral nematic phase is often referred to as the cholesteric phase for historical
reasons, as the first compounds known to poskesgliase were derivatives of
cholesterol, and it was once thought that this mesophase was different to the
nematic phase. However, other steroids and many-stavoidal chiral
compounds also exhibit the chiral nematic phase, and ZSah@ved that the
addition of a chiral dopant to a nematic material leads to the formation of the chiral
nematic phase. Leclert al.>® have sbwn that a racemic mixture of){ and

(+)-4 §2-methylhexyl)biphenyé-carboxylic acid exhibits the nematic phase,
whereas optidly 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 reasonalitename 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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1.7 Determination of Helical Pitch Length

The helical pitch length of a chiral liquid crystal, provided it is in the micron
regime, can be detmined as a function of temperature by measuring the distance
between dechiralisation lines in the polarizing microscope using a microfurnace to
control the temperatur8.In this situation is important to remember observed
optical repeat distance is hétiie 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.

However, the most common way of determining thehpiemgth and hence the
helical twisting power of a chiral material, be it liquadystalline 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 Grandjaan Wedge
method®® Typically such studies are done at room temperature so that

comparisons can be made between materials.

The definition of the helical twisting power (HTB)s given by the equation (5):
b= #4CreeP 5)

where ¢, is the weight concentration of chiral dopant anddefines its

enantiopurity,ee Depending on the material concerned, the sigwotan be

either positive (righthandedhelix) or negative (lefhanded helix). Two pure

enantiomers of the same material should have the same magnitége lmit

opposite sign&>>°
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1.7.1 The Grandjean-Cano Wedge Metlod of Determining Helical Pitch

In the chiral nematic phase the adjacent mdéschave a very small tendency to
twist with respect to one another as they pack side by’ittds packing cannot
be satisfied over all space, and so the system becomes frustrated, with the

consequence that defects are formed.

In the chiral nematic pls& 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 alkicapproximately a micron in length.

In order to measure pitch lengths over a wider length scale the Graijean
Wedge was developédlin this method the chiral nematic liquid crystal is placed

in the gap between two glass surfaces which are pinoad ahe edge and have a
spacer of known thickness at the other edge, thereby giving a wedge opening

between the glass pieceseof f ew degr e e si5fotlanemptyeed. Fi gur e

(04
/ »-
[ glass W

Figure 1.15: Unfilled GrandjealcCano Wedge where the angl e
degrees in size.

The surfaces of the glass have to be coated to give a planar arrangement of the
molecules. Usually a ruleld polymer of nylon is used to give such an alignment so

that the phase forms a helical macrostiteperpendicular 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 netraphase 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, atiwlst, one and a half twigtc as

shown in the cell in Figure.16, and n a photomicrograph in Figurel¥. The

distance between the disclination lingsis measured, and the distance multiplied

by tanU gives an integmgthpmultiplied by
2dt anpU = (6)

Disclinations

180°

Figure 1.16: The GrandjeaiCano Wedge showing the disclination lines and
multiples of the halpitch perpendicular to the aligning surface.
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Figure 1.17: Dechiralisation lines formed in a Grandje@ano Wedgédor a
nematic phase (x100).

It should be noted, however, that although the Grandpzaro 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 Fon)nstane,in a Cano
wedge cell with an opening angle of31% the pitch length is Inm, then the
measurementwould require at least 10 kg of nematic host and the

GrandjearCano wedgevould need tde approximatel20 nf.**

1.7.2 The TN-Polarimeter

A new techniquefor 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 displ4ys$*Accurately constructed twisted
nematic (TN) cells are readily alable 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 buffet Theinner 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 thethelhematic phase
spontaneously forms a quartelix on passing from one surface to the other, as
shown in Figure 1.8 In this arrangement the plane of plane polarized light is
rotated through 90°when it traverses the helical structdfé\s noted peviously,

for the 90°orientation of the two glass surfaces, two degenerate helical domains,
associated with leftand righthanded quarter helices, are formed. The two
domains are separated by disclination line defects, which can be observed by
transmittel polarizedlight optical mcroscopy, as shown in Figurel8.

= ¢ White Light—- 5
- <— Polarizer

Polarized Light—»

AllG

Glass
Left-Hand \J / Right-Hand Coft-Hand /o e ot
: : Achiral E7*
Helix Helix Twist Nematic
== ‘ Mixture
@ ? 1 «—. Disclination |
: : R “ Line
Rotation of Rotation of i \ < A
Plane of Plane of Spacers '
Polarization Polarization 3 .
i Left-Hand
1 | Achiral 4 s
Spacers—» [T~ Liquid 5 T B S
AT AT Crystal nght-_Hand :
eg E7 . Twist

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 Eshowing the disclination lines and polystyrene
spacers (x100).

If an achiral mixture of a  target  dopant, such as

4 -fg-methylbutyl}4-cyanobiphenyl (racemic CB15), solvated in a commercial
liquid crystal mixture, for example E7, is placed into a eional twisted
nematic cell, then twist domains of opposite handedness are formed. However, if
the dopant is chiral, e.g., commercially available
S4 -f§-methylbutyl}4-cyanobiphenyl (CB15, Merck), one domainmvill

predominate, see Figurel® (bottom richt).*>
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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 dapant w
stabilise and become pinned by the spacers in the cell which are used to maintain
the distance of the ceflap, whereas those for a chiral mixture will rapidly
coalesce and disappear, see Figurg9las a whole. Furthermore, although not
discussed herethe rate that the disclinations disappear is also related to the

concentration, HTP and enantiomeric excess of the dépant.

Cool

Reverse
+—— Twist
Domains

Figure 1.19: The formation of disclination loops pinned to the spacers produced
when a doped chiral nematic phase forms orirmgdrom 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 energlgalance between the two
domains, resulting in a bowing of the cisation lines, see FigureZ0. Equating
the energy imbalance of the two domains with the energy per unit length of the
disclination results in a simple relationship between the pitadf the chiral
nematic liquid crystal and the radius of curvature of theRifie®*
P=2R (6)
28



/.

Spacers

y

Figure 1.20: Curved disclination lines for a doped chiral nematic phase of weak
HTP or low dopant concentrations (x100).

Using this metbd 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 mixtdre (mg), which
corresponds to 5 x T0mg of the dopat, is required to fill the celi,e. orders of

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

1.8 Types of Materials used in Pitch Measurements

1.8.1 Nematic Hosts

Since the discovery of liquid crystals a wide variety of materialse Hzeen
synthesised and characterised, many of these for potential use in display
devices*° 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

physica properties including viscosity, dielectric anisotropy and the temperature
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range of the nematic phaSeNematic hosts can be either a single component
system or, more commonly, possess multiple components. Formulation of
mixtures allows physical propegs to be tuned to fit device specifications, such as
wide nematic phase range or low threshold volfidetypical single component
nematic host that has been used in experiments designed to measure the chiral
induction properties of dopant materials isCHY, which is a
4-cyan@henylcyclohexandased liquid crystal, with the structure shown

Figure 121.°7

For a target material that has a high helical twisting power, or has a high
enantiomeric excess, quantitative measurements oédltan be made dow
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

alsobe achieved by the same method.

S eras

PCH7

Figure 1.21: Chemical structure of 4gentylcyclohexy4-cyanobenzene, PCH7,
Phase transitions: Cryst 30 N 60 € Iso Li§.

In the case of multiple components nematic hoshds/mheeremployed as the host

in the measurement of the properties of dopant/host mixturéee eutectic
mixture E7, which was designed by E. P. Raynes, was the first commercially
useful nematic host mixtuf&.1t has a wider nematic temperature range in
comparisonto PCH7%" 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 aterphenylliquid crystal(5CT), as shown in Figure.22.°°
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O WaWalhe

5CT 8%

Figure 1.22: The Chemical structures of E7, Phase transitions: €193 60 €
Iso Liq.>°

Of course, E7 and PCH7 are just two examples of nematicdajy&dalline hosts

and in practice many different host systems can, and have, been used in
experimentslesigned to measure the chiral induction properties of a given dopant
material. However, for practical reasons, materials that exhibit aremmerature

nematic phase are commonly used.

1.8.2 Dopant Types

As noted previously, when a guest chiral materialedghe dopant, is introduced

into a nematic host, the interaction between the dopant and nematic host results in
a phenomena called the helical twiThe strength of this effect induced by the
dopant in the nematic host is expressed as the helicdingvigower, given in

equation (7):

b= lee PQ7)
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where b is helical 1 wPiissthe ihatiagl pifclolengtin t he un
microns (em), C is the concentr ageeion of

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

Through his 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 paranters 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
technique’. The shortcomings for this method are that it reggia relatively large

amount of material and it does not work particularly well when the pitch length is
shorter than 100 nHonever, Usingntiyeeapproacih afn 1 mm.

Raynes,>%!

pitch | engths from about 10@& em to
much smaller quantity of the dopant is required. For instance, when measuring a
high helical twisting power dopant it only requires*fg of the dopant, whereas
several mg are required for testing a lower helical twisting power dopant. In
addition, n order to fill a TN cell, approximate-B) mg of the nematic host is
required, whereas at least 200 mg of the dopant is needed using the
GrandjearCano technique. The differencetive required amount of substarice

the measurement dhe pitchstens 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 longtre distancédetween 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 whid 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 oalstip 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
homdogous series shown in Figute23 reveals that the molecular struct is an
important factor in determining the handedness of the helical structure of the
phase""* Generally, as the atom count (n) by which the chiral centre is removed
from the core it changes parity from odd (0) to even (e), and as a consequence the
handedness of the helix also alternates from left to righitaerversa Similarly, if

the absolute spatial configuration of the stereogenic centre is inveztéom (R)

to (9, the handedness of the helix also inverts. Therefore, the twist senge of th
helix is dependent on both the absolute spatial configura®por((S), and the
position of the chiral centre within the structure of the compound relative to the

rigid central core.

Gray and McDonnelt stated that the relationship between molecstaucture

and the handedness of the helical structure of the chiral nematic phase often
conforms to the following rules: Sol Sed, Rod Rel, wh&@K (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 | describes
the handedness of the helical structure. Figug3 shows, with the aid o&
spacefilling molecular model, the effect of chain parity on the spatial positioning

of the chral 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 sensaipon 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 leel of a single molecule to the macroscopic helical structure
i.e. through many thousands of molecules. The Gray and McDlomubes work

very well for simple compounds that only have a single chiral centre and exhibit
the chiral nematic phase. However, floore complex molecules and more highly
ordered phase types, this empirical structure relationship does not necessarily

work.

Me
Figure 1.23: Chemical structure of a chiral liquid crystal where the parity is varied
as a funton 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. TaBldlustrates

this effect in the series o8)-4-alkyl-4 @yanobiphenyls! 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 relally simple materials that have only

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

structure of te compound under investigation.
Me H

n

n Parity  Pitch Lengthih)  Twist Sense
1 e 0.15 d
2 0 0.30 I
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 ph&sanore sensitive

to the presence of chiral materials tle@ealculations show. This means any chiral
materials, even those perhaps considered racemates fr@apmint of view,

could produce a measurable effect in an achiral nematic host. Trdefjrdaion 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.

1.8.3 Dopants Contaning a Single Stereogenic Centre

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. Bbaenic functionalization is one of the masfficient

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 ifR)-2-octanol with a premesogenidragment, as shown

inFigurel.24 i mproved the HTIPB W& admenswedim 0. 8 ¢
the hest material MBBA’?

OH

T~ T

/O@N@MZN

Figure 1.24:(R-2-oct anol ( HYTifunetionalized bysa tiquid crystal
group (HTP. = 19.4 &m
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The same principle can also be appfiedchiral amines, see Figute25”>When
a mesogeic group is attached tdr)-1-phenylethanamine, the HTP value was
found to increadse f4rdarien meaaured il the host

4-pentyt4'-cyanobiphenylCB15

o
NH, Coltro O O O \
/K@ N

Figure 1.25: Rotational trapping of the stereage 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 thet sieccessful methods for

preparing dopants with very large HTP values. For example, the ruthenium
diketonate complex, shown in Figue26 has a bipyridyl mesogenic group, the

HTP value in the host MBBA achieves a vdryar ge val u®® of 180
Furthermore, a relatewligonal bipyrimidalcopper(ll) compkx using ligand A

(see figure 1.27 for the structure of the ligargiyes similarly high HTP values

( 9 8 ) gvhith were attributed to the propeHite shape of theomplex®

\
—N N/ O

@)
O“"'\Ru//o
\&‘O/ \O7j/

Figure 1.26: Chemical structure of ruthenium complex with a reported helical
twisting power of 180 em
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Ligand A

Figure 1.27: Chemical structure dfigand A used to form a trigonal bipynidal
copper complexvith highHT P of™* 98 & m

1.8.4 Dopants Containing Axial Chirality

When thereareno 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
( U, U ;tdirdaryi3-éigxolan4,5dimethanol)’® As shown in Figurel.28 the
material has €symmetry and therefore is chiral and will introduce a helical twist

in nematic host.

Ar_ Ar
O OH
-
Cz </ O)”" OH
Ar Ar
TADDOL

Ar = 2-naphthalene
Figure 1.28:Chemi cal structure of TADD®L with a

TheHTP valuemeasured for TADDOLs (Figure29 in5CBi s 4 8, &vhich m

is remarkably largé® Even when different substitutes such as phenghghthyl,

2-naphthyl and 4biphenyl are used to replacepfienanthrylgroups, the HTP

values are still above 1@0 . It seems the influence of steric factors on the HTP

value is not due to the materi al bei ng ¢

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

Ar Ar

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
EelkemaandcFer i nga who wused 3, 306disubstituted
complexed together bitydrogen bonding, see Figute3Q’""® They observed

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

Figure 1.30:Amplification of the HTP via complexation with the dopaht.

When the hydroxyl grqes in TADDOL are replaced with methoxy groups the
HTP value dr ops 7ftheeby déntbistrating thad Bydragen
bonding can serve to increase the HTP v&liwhen a siloxane bridge is used to
replace the methoxy group, a closed ring is forngaira similar to the hyagen
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bonding case, see Figute31l Obviously, the siloxane bridge in this material is

more rigid than the hydrogen bonding in TADDOL (ca. 110 kJhals. 27

kimol , but the HTP value f alllThesildkaremat i cal
bridge therefore weakens the chiral induction power even more than methoxy

substitution in derivatives of TADDOI(®

Ar_ Ar Ph Ph Ph Ph

><Oj%O>H ><Oj%0/ ><O O}3i<
o //'/(O\H o /,,/(o\ o . o\H
A" Ar Ph Ph Ph Ph
(a) (b) (c)
Figure 1.31: Chemical structure of chiral dopants (a), (b) and (c) with reported

HTPvaluesof 00, 55, X nd 23 &e&m

The above case shows there is no immediately obvious explanation for the
unpredictable results on substitution in
bond (chemical bond) is far stronger than hydrogen bonding which should
improvethe 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.

Theabs | ut e ¢ onf o-bimphthyl based mdterialseelfigure 1.32)

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

crystal. When using two methoxy substnts i n t he 2, 2N posit
1 ,-dindphthyl, compound\, therefore, the HTP value is relatively low at 1.5

emdue to it st-opént i bgongoaf digqmatsion wher
twisting can occu? When two hydroxyl groups wer e
posi t i o-bimaphthyi, coinpodniil, the hydrogen bonding forms a weak

sevenme mber ed ring, resulting in am increas

3 2 “tlnroducing a methylene unit connecting the two oxygen aioonsases
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the HTPis increase f u r t h é'rwhithds p®i&blyeratated to a decrease in
the interannular twisting. Moreover, when increasing the number of methylene
units between the two oxygen atoms, the HTP values actually decreases slightly.
For example, when there is adbicarbon linker present, compouByq the HTP

val ue i'snd& Gucarbon linker, compounH, has a HTP value of 79

e rit. The reason for the decrease in HTP value with increased number of
methylene units in the linking chain, is because as the aumbreases 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 GC linking units are still over two times the value foeth

hydrogenrbonded materials. See Figur&2for the various comparisod$®°

O o
OMe

“H
oyt ooy
A B
HTP = 1.5 pm™" HTP = 32 um™’
oL o .o
O> 03 Oj
C D E
HTP = 85 um™’ HTP = 80 um™’ HTP = 79 um™’
Figure 1.32: Chemi c al struct ul) evaluesafardsomel T P (em

2 ,-@iNps u b s t -binaphthgl dystdm&1° Nj

The structures covered so far range from simple chiral molecules to large
metallomesogen complexes to two molecules bound throughcowaient
interactions to enhance the helical twisting power. It is possible to obtain values of
HTP ranging fTtoom onveeart. t%Msathirakdwpants induce

helix formation into a nematic host, it is also possible to use a nematic host to
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0 s e n s e 0 symrhetry, @rnfdarmatjon, 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?®® there is still no kear 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 systerfis®
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1.9 Sensng Chirality, Determining Enantiopurity and Assigning

Spatial Configuration in Other Liquid Crystal Systems

1.9.1 Chiral Smectic C* and Ferroelectric Liquid Crystals

In the smectic C phase achiral, filce molecules are arranged in weakly
organised layers, wher the molecules are tilted on average at a
temperaturel e pendent angl e (d) w¥Thisthephasp e ct

has Gn symmetry, as shown in Figuie33*

Local Structure of the
Smectic C Phase

| Centre of
Inversion

Soft Weakly
Coupled Layers

Mirror
Plane

Molecules /

Aliphatic Chains Two-fold
Axis of Rotation

Structure of the
Condensed Mesophase Local Symmetry - Can

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 twold axis of rotation perpendicular to the tilt, (drawing
reproduced from reference 91 with the permission of the author.

When the smectic C phasef@emed from the smectic A phase upon cooling, the
temperature dependence of the tilt angle approximately takes the form:

(d) ToFe-Td) ®)

where s(d)he tilt ang.loésaaeonstahtgimihesmecticur e

A to smectic C transition temperature, T is the temperaturdJéasmadn exponent
42
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which is usually set equal to 0.5 howewgpically the experimental value of the

exponent is found to be less than %%

The molecules within the layers are locally hexagonally gbassked; but the
ordering is only short range, extending over distances obaippately 1525 A%

Over lage distances the molecules are randomly packed, and in any one domain
the molecules are tilted roughly in the same direction in, atwiclea, the layers

(see Figurel.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 phasghe smectic C* phase

has similar optical activity properties and also possesses a helical distrdfutson
molecules” This helical structure is manifested in a rotation of the molecular tilt
with respect to an axis that is perpendicular to therlpianes, as shown in Figure
1.34 Crucially, this rotation occurs in the same direction for a chiral nagte
which results in the formation of a helical molecular arrangemniehe helix can

be either righthanded or lethanded depending on the chirality (absolute spatial
configuration) of the constituent molecules. The pitch of the helix for most C*
phass 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 abnetenth to onehundredth 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 smecpbaSes are
compared? For an achiral smectC phase, as shown in Figur&3 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& shown in Figurgé.35 However,

when this phase contains chiral molecules, the number of symmetry elements is
reduced to a singltwofold 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. @he result of the packing of the polar regions of the
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molecules in these phasesjuires that a spontaneous polarization (Ps) act along
the G twofold axis normal to the tilt direction, as predicted by Méy&ased on

this information alone, it would seem that the smectic C* phase should exhibit a
bulk spontaneous polarization. Fuegtmore, as the smectic C* phase does not
have a welorganized 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* phaseroelectric 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, wtherhelix makes

one full 360°turn, the polarization is averaged to zero. Therefore, the phase
becomes nopolar in the bulk and is best described not as ferroelectric but instead

as helielectric®
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Figure 1.35: The structure of the chiral smectic Ghase (left), where the local
symmetry (right) is shown by a twlold 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 fglass o
sufficiently short distance, the helix becomes unwolinWith 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 fieldto 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 wile formed, as shown in Figuie36 Depending on the
direction of the fi&d, 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 tHigure 1.36 Switching between the two state
occursvia reversal 6 the electric field and through an angle of twice the tilt
angle?®® 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 suck stabilized ferroelectric liquid crystal displays
(SSFLCD)% 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 switihprocess 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 d@hing 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 configuraoor ©).*% Thirdly, the

angle of the switching, which can be determined by exmerincan 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 earliehifal
nematic materials. Figurg.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
McDonnelf* to those of the spontaneous polarization for ferroelectric liquid

crystalst?10t

47



Optic Axis

J
Polarization P
X (Tilt Angle)
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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.

BN

Ps(-) G| e P5(4)

- N

Figure 1.37:The relationship betwedhe spontaneous polarization direction (C
axis in Figure 32) and molecular tilt. The molecule (grey block) in the figure is
tilting away from the observer and the choice of polarizatioecton is either to

the rightPq+) or tothe left P§-) in the phne of the page.
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Inductive Spatial Spacer Rot" of Plane Helix Ps

Effect Config. Parity Polarized Light Direction Direction

+ S e d LH Psf)
+ R o] d LH Psf)
+ R e I RH Ps(+)
+ S o] I RH Ps(+)
a S e I RH Ps(+)
- R o] I RH Ps(+)
a R e d LH Psf)
-1 S o d LH Psf)

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 tootkeuar

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

of the helical suprastructure, and the direction of the spontaneous

polarization®%0*

In terms of detection of chirality, determination of the spatial configuraand

the ability to determine enantiopurity the following study on ferroelectric liquid
crystals is worthwhile describing. o@pound X shown in Table.4 was
synthesised from commercially availablg){ (S- and racemic dctanol R
represents -inethytheptyl in the structure in Table 1.4jhe phase transition
temperatures, the magnitude of the spontaneous polarization, and the
enantiopurities of the three materials are given in the t&bt&It is interesting to

note that the phase transition tergtures 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 respondi.e. the racemate also possesseakbn symmetry, and therefore was

not truly racemic and behaved as adetectric, as shown in Figure38 The
conclusion was that the racemate as sold commercially was not recemic at all, but
had a slight imbalance in the relative proportions of thetemars.
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R = %fH?S)_ K 39.2 (SmCA* 32.0) SmC* 79.6 TGBA 80.7 Iso Liqg

CgHi3 Ps +, Ps 99 nCcm'Z, 9 =2355ee =0.92

0”3(R) K 37.0 SmC* 79.2 SmCa* 79.7 TGBA 81.9 Iso Lig
* -
CeHi;  PS - Ps92nCcm?, 0=36.5°ee = 0.88
C(';';}s)_ K 35.7 SmC 81.0 SmA 87.5 Iso Liq
Ps +, 0 = 22°
CeH13

Table 1.4 Phase transitions, spontaneous polarization directions, and
enantiopurities of R)-, 9- and racemic and
4-(1-methylheptyloxycarbonyl)phenyl

4'-[11-(2-cyclopentylacetoxy)undecyloxy]biphergicarbocylate (X).10%1%3

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 shogether in Figurd.39 Fa the
spontaneous pol ari zadalolne doh er avcael nuaet ef ocro u
determined because the enantiopurity was very low, whereas slight differences
were observed for the two enantiomers. For the tilt angle measurements the two
enantiomers exbhited very similar result®nly because a threshold was reached
where switching could not be obtainddhe outcome from these results is that the
differences in enantiopurities were detectable but not-defihed enough for
actual determination. Thus fderroelectric liquid crystals, chirality was easily
detectable, the absolute spatial configuration could be determined, but the

enantiopurity could not be measured.
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~95% transmission

v||1|-|i||v|i||-|'-||

Optical Response
(transmission)
10v um-" parallel alignment

Figure 1.38: The optical response to a DC electrical field for racemic
4-(1-methylhepyloxycarbonyl)phenyl
4'-[11-(2cyclopentylacetoxy)undecyloxy]biphergdcarboxylate, showing the
hysteresis for the polarization (tilt angle). The response is ferroelectric and the
materials is not racemic, i.e. chirality has been deteéffed.

51



o

R

CgHys

—

100 v R
l\.\ —S

B
Ps/nCcm-2 R

s o p,
01 \"\:‘\-
'k.‘\
.
i ™
%.'-

Difference in Ps Values -\P
2 Due to optical purity “

60 50 40 30 20 10 0 @)
Reduced Temperature (Tc-T)F C

—s—R-
——-
] _:4Racemic
Tit Angle 6 /
354 ‘;‘—I—m—‘—l.—l_:\.
l\}.
309
Racemate __
25 .
"y
o~ 204
Cell with a 1.5 um spacing Difference in Tilt Angle Values
Parallel rubbed polyimide alignment 1541
Top > 90% transmission 5 5 5 5 % A 1 ()
Bottom < 5% transmission Reduced Temperature (Tc-T)/°C

Figure 1.39: The measurement of the spontaneous polarization (fCand the
tilt angle (€) for (R)-, (- and racemic 41-methylheptyloxycarbonyl)phenyl
4'-[11-(2cyclopentylacetoxy)undecyloxy]bipherfdcarboxylate. The data is not
separated enough for deterntina of enantiopurity®®

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

For the smectic A phase, the #likk molecules are arranged in weak layers so that
their long axes are on average perpendicular to the fiégmees, see Figute40®*

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 %ayers.
Therefore, there is only short range ordering extending over a f@ecufar
centres at mos{~1525 A). 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 bseahe layers are so diffuse that on a
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macroscopic scale they are almost 4earstent. 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 tlez Epacing on average
slightly shorter than the molecular length. Typically, the moleculestiléed
anywhere up to about 4¥6°from the layer normal. However, as the tilting is
random across the bulk of the phase, the mesophase is also uniaxiak &g ha

symmetry'®

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 loamgge periodic order. However,
because of the molecular chirality, the environmental symmetry is reduced to
Dp.1% 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 axesof the molecules will tilt with respect to the layer planes, giving an
apparent smectic C* structurif®. At a constant temperature, the tilt angle, for
relatively low applied fields, varies linearly with the field, but at higher fields the
relationship lecomes no#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 Walbal to determine

enantiopurirties as follog*%
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Figure 1.40: The structure of the smectic A phase showing the molecules as
rods.

The compound in Figurd.4l, in its chiral form, was shown to exhibit an
electroclinic  effect, which was quite pronounced, and relatively
temperaturendependent lose to the SmA*SmC* transition. Therefore its
racemic form was deemed a useful host, which could be doped with
pharmaceuticals such as naproxed aseudoephedrine (low Figuie4l), and

then the electroclinic response for the combined mixtures couttebsured®

SmC 24 SmA 33 Iso Liq (racemate)

LSO oo

(S)-Naproxen (S,S)-Pseudoephedrine

Figure 1.41:A high tilt fAelectroclinicd host ac
used in the experimental studies to create chiral mixtures for which the
electroclinic response (switching angle) couldvimasured®
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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 varyiegvalues (0.25, 0.50, 0.75) were prepared by mixing
with its own racemic mixture. Each of these materials as we)asaproxen and

the racemate were then doped at 1% by weight it@c¢hiral host (top of Figure

1.41), via serial dilution.

Device cells, similar to those of SSFLCDs, were used and tha slgnal 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 respectto the polarizer, see Figufie42 In this geometry, thgariation in
intensity of transmitted light with small changes in orientation of the optic axis (+/
0.1y was determined. This variation was claimed to be related to the enantiopurity.
Thus this method was the same as with ferroelectric switching exeghe 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 maximumilt angle, as shown in Figue39

Transmission

T 1
0 45 90

0 /° from vertical

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

(d), given as degrees from vertical (deg)
(POL) and analyzer (ANA) for a uniformly aligned SmA* LC cell (after Wadba

al.)106
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Thus, the switching angleas 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 respd$ewas 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 signallefl.4 for
naproxen (100% 8@, or aboutkight times larger than the maximum signal obtained
with naproxen in the conventional host.pdontantly, as shown in Figue43 the
response is relatively temperature independent. These experiments showed that
the ee value of an unknown sample of naprogould be determined by usitig

method with an error of ¥3% ee The amount of analyte in the probe beam in
these experiments is approximatelyd&ogram and smallesamples sizes were

envisioned.

1.2

0.8

Al 0.4

0 -
25 27 29 31 33

PG ——
Figure 1.43: Chiral signal 1 (given as the difference between two voltage
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% eej(), 50% ee k), 25% e ), 0% © ) (baseline)*®
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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 atermal would

have such a level of enantiopurity. The value might be high for naproxen but not
for other materials that would need a 106%wvalue to standardise the results.
Furthermore, as shown in the studiesivapter4.8, derivatives prepared from
racemic 2octanol are invariably not racemic, and so there would be a contribution
from the host. Thus in determinationesto +/ 5% and the uncertainty of the 100%
value of the chiral dopant and the 0% value for the host, the overall uncertainty

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

1.9.3 Contact Preparations In Determining Spatial Configuration

Another way of determining the spatial configuration of a chiral liquid crystal is to
do a contact preparation with a material of kndwalical 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 €.

The contact preparations arengrated 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 capilfaaction 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 agbinate. Alternatively the
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boundary might show a continuous texture, with only the birefringence

appreciably changing. Figuie44shows a schematic of these two possibilities.

Achiral
Mesophase

Boundary Continuous

Miscibility

Contact Contact
Boundary Boundary
Opposite Same

Twist Sense Twist Sense

Figure 1.44: Two possible outcomes from a contact preparation between two
materals that possess a helical macrostructure.

Figurel.45shows results that map onto Figdrd4for thechiral nematic phase.
Figure 1.45 (left) shows the result from two nematogenic materials of opposite
helical twist sense. The contact area runningigiy to bottom left has the texture

of an achiral nematic phases.the helices are unwound, and therefore the regions
either side of the nematic line must have opeasvists. Conversely, Figude45
(right) shows continuity across the contact boupdaccompanied 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 helal structures of opposite twist senadereas, 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 configurion of the test compound may be determiffedowever, 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 experants.

A similar picture can be drawn from the chiral smectic C* phase. In this case the
texture is different, and instead o$ehlierena focatconic texture is sought in the
preparation. Focatonics are decorated with pitch lines in the chiral vamatib

the phasé**®’ For a standaiidest 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 shownrfthe two materials in Figure46

; S F b s 4 ST A7 4 "'.‘. N
Figure 1.46: The contad¢ region between two atal 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 principlesfthe Gray McDonnell rule€,developed for chiral

nematic phases, to smectic C* phases (as described previously in Section 1.8.1),

59



the spatial configuration of the test material can be derived from the known

configuration of the standard.

Contact prepatens 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* sbuld not be precluded. Figute47shows a contact between

two ferroelectric liquidcrystals in a bookshelligned 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 angletHe standard is dark to a positive
upper plate then it will have a Ps(+) definition, and as a consegubactest
material will be Ps{. Applying the same rules as ohapter4, the absolute
configuration can be determined along with the helical tsgsse. Again though,

even the relative enantiopurity cannot be detemined.

Figure 1.47: The contact region between two ichl smectic C* materials of
opposite spontaneous polarization direction. Along the boundary in the SSFLC
cell, the two structures agpensate 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 parization direction. However, the helical pitch length, HEP,

and the optical purity canot be determined using the methods discussed in this

section.
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Chapter 2. Aims

The aims of this project are to evaluate chirality in terms of the helical twisting
power of diral dopants in nematic hosig|a 6 t h e -twistvdisdirate®n line

me t h*8° @lthough itis a very important property of chiral materials, there is

no welldeveloped 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
Canowedge method® however this method typically requires large quantities of
materials which are not always avaia'®® Other methodologies have been tested

1 and as sensors for spatial configuratitirfor

for use as chirality detectot$
example ferroelectric and electroclinic liquid crystals devit®3hese devices
detect chirality to a low limit, but canh determine the enantiopurity. However,
they also have high degrees of uncertainty, which make them of little use in

guantitative applications, and they remain only of qualitative use.

In this work, the HTP of different kinds of chiral dopant, ancotihiral materials

wi || be investigated using the Oreverse
primarily involve studying mixtures of these chiral materials in a nematic host via

the use of TN cells in order to investigate the disclination linemdd.

Furthermore, different nematic hosts will alse 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 thesections that follow.
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2.1Liquid Crystal Materials

2.1.1 Oxazolinebased Dopants

The first study wi || be to test 0t he r €
standard materials available in York. The experiments will be used to examine if
there is any forthcoman relationships between the HTP values of the dopants

tested.

The oxazolinebased 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™*%The HTP values of three éfent chiral oxazolindased 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

oxazolinebased dopants.

F\___/F _
4119

AE 8

F F
= @)
CgH190 \ :/>—_<\ l
N N

AE 14

O
N
H

AGML 74

Figure 2.1 The structure of chiral oxazolifeased material AE8, AE14 and
AGNL74.

C4Hg

/C\_ C H 3

3C H
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2.1.2 High HTP value dopants

There are a number of high HTP value dopants that have been synthesised and
reported’? The majority of the high HTP value dopants in theréiture are not

liquid crystalline, and many are metal complexes or TADEgaked 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 22).**>Each enantiomer will basedin the prepaation of mixtures and

wilbes ubj ect ed -twstdisclinationinemeehsea@édé of anal ysi s
measured HTP values compared with literature values. With aid of molecular
modelling, their grossonformations will be analysed and compared with those of

other high HTP dopants in order to explore the factors that can enhance HTP.

o ()
o—\‘\_
0
0

S1011

O

@)
o
0)

R1011
Figure 2.2: The structure of enantiomerd011 and S1011.

2.1.3 Difluorobiphenylcyclohexanebased chiral dopants

trans-4-cyclohexyl(2,3difluorobiphenyl) (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 anisdifdpyFour
structurally similar cyclohexyl(2;8ifluorobiphenyl}based chiral dopants will be
evaluated; the role of functional groups at the setereogenic centres in influencing

the HTP values will be discussed.

F F
O ol
e Yo Yy
YCeHys
E

RAL1568
FF
O
C6H13
RAL1569 F
F FNC
\_/ =
— /
C4Hg vl \ / @)
RAL1636
FF
@)
PO
O_\\CH
RAL1608 6113

Figure 2.3: The structure of thediflourobiphenylcyclohexandased chiral
dopants
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2.2Non-Liquid  Crystalline Materials and Materials with

Complex Structures

2.2.1 Pharmaceuticals

Dueto the high ensitivity of the TN reversawist disclination method it can also

be used to sense the chirality of Amuid crystal materials, provided they exhibit
sufficient solubility in a nematic host. This has potential in quality control of
pharmaceuticals whemne enantiomer is desired and one is not. As such the most
notorious drug safety issue of the last centtftythe two enantiomers of
thalidomide, see Figure 2.4, will be evaluated, and their HTP values measured. By
doing so, it is predicted that differees in optical purity can be discerned, raising

the possibility of determining enantiopurity.

O @)
NH NH
O (@)
(R)-Thalidomide (S)-Thalidomide

Figure 2.4.The enantiomers dfhalidomide.
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2.2.2 Sugars and Sugar Based Supermolecular Liquid Crystals.

D-glucopyranoside as aawogenic functionalized supermolecular liquid crystal,

Ad(see Figure 2.5), will -wistdisclingtieine nvesti g
me t h'8 dride. fusion of mesogenic groups ontmglucopyranoside has

previously been shown to give a large insean HTP valuesHowever, the
sensitivity of the 6reverse twist disclirt

subjected to further scrutiny.

<>)*
NCO(HZC)m\H/O

O

A4

Figure 2.5.The structure of the super molecular liquid cryst/>*

223 I nvestigation of Synthetic-twksat hways

di sclination | ine met hod=o

It had been suggested that ferroelectric behaviour had been observed in an
apparently racemic materigf'% Materials of similar structure will be
synthesise@nd the presence of chirality evaluated. The target molecules will be
preparedvia Mitsunobd?? and Steglictf® esterification reactions separately, and
under different conditions and reagents, because it is at these steps that variation in
enantiopuritywas expected to have occurred. The target molecules will also be
synthesised from racemicdttanol and chiral -Bctanol (Figure 2.6) The HTP

values of all the target materials will be evaluatdd 6t he -twistver s e
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di scl i nat i éanorddrtodetermineavhether dyinmetry breaking on the

macroscopic scale can occur during the Mitsunobu or Steglich reactions.

O
O~ 4
CnHan+1 O‘®_< CeHis

o

CH;

Figure 2.6: The structure of target moleculeliesynthesized, n=10, 11.
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Chapter 3. Experimental

3.1 Synthetic Work

3.1.1 Starting Materials, Reagents and Solvents

Unless otherwise noted, all of the starting materials and reagents were obtained
from Fluorochem, Sigmaldrich, Apollo Scientific or AlfaAesar and used
without purification. All solvents were obtained from Fashwith the exception of
anhydrous THF, which was purchased from Sigildrich, and used without
purification.

The coupling agent N-(3-DimethylaminopropyBNNgthylcarbodiimide
hydrochloride (EDAC) was purchased from Carbo8ymaind used without

purification

3.1.2 Thin Layer Chromatography and Column Chromatography

Where possible, the progress of chemical reactions was assessed by thin layer
chromatography using suitable solvent system. Silica coated aluminum plates

(Kieselgel 60 F254) were purchased from Merck and were visualized under UV

light (254 nm or 365 nm) or by oxidation with agueous potassium permanganate

solution. In all cases, separations achiewad column chromatography were

carried out using silica gel (Fluka,-203 0 mes hH2003 c¢gnmparticl e

When required, increased flow rates were achisieethe use of flash techniques.

3.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

Proton and cadn NMR spectra were recorded on a JEOL ECX d@raker

spectrometer operating at a frequency of 400 M 6r 100.5 MHz ¥C). The
69



residual protic solvent was used as an internal standard in all cases and chemical
shifts are quoted in ppidl). Abbreviatons used to denote the multiplicity of the

peaks observed are defined below.

si singlet dd7 doublet of doublets

di doublet dddi doublet of doublet of doublets
t1 triplet dti doublet of tiplets

g1 quartet tt1 triplet of triplets

quinti quintet ttt 1 triple, triple triplet

sexi sext m 1 multiplet

septi septet

3.1.4 Mass Spectrometry (MS)

Mass spectra were recorded on a Waters GCT premieAdil&nt 7890A GC
spectrometer (EI) or on a BrukermicrOTOF MSilent series 1200LC

spectrometer (E$I

3.1.5 Infrared Spectroscopy (FFIR)

Infrared spectroscopy was performed using a Shimadzu IR pr24dtigybich was

equipped with a Specac diamond ATR IR insert.

3.1.6 High-Performance Liquid Chromatography (HPLC)

High performance liquid chromatography was perfamesing a Shimadzu
Prominence modular system, using a-2@A liquid chromatograph, a SI2OA

autosampler, a CTQ0A column oven, a SR@0A dual wavelength UWis
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detector, a CBIM2OA communications bus and an Alltech C18 columgniSpore
size, 10 x 250 mm). The detector was set at two appropriate wavelengths, which
were determined from data collected from solution base&évid\spectroscopy

experiments for each material.

3.1.7 Polarised Optical Microscopy (POM)

Thermal polarized opticahicroscopy (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-XL digital camera was
used to capture photomicrograpigl the photos vere taken under Infinity X

Capture software.

3.1.8 Differential Scanning Calorimetry (DSC)

Differential Scanning Thermograms were recorded using a Mettler DSG&i22
operating with the Stasoftware. In each case a scan rate of 10 € tnias used.
The resilts obtained were normalized in relation to an indium standard (onset =

156.55 +0.2 €, gH = 28.45 +0.40 J §).
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3.2 Synthetic Discussion

Due to the nature of the investigations described in Chapter 7 a number of different
synthetic methodologies were ds@® prepare different batches of compouhtls
and12. In general, these methods can be distinguished based upon two factors: (i)
the coupling reaction used in order to introduce tmeethylheptyl unit into the
molecular architecture; and (ii) the profagtgroup 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 comptamds
12, the synthetic procedure required the prejamaof the biphenybased
intermediates 2 and 4 (see Scheme 3.1). First, O-alkylation of
4'-hydroxybipheny4-carbonitrile  with tbromoundecane or -iromodecane
introduced the long aliphatic chain to give biphenyl compouhdand 3
respectivelyin >90 % yeld. Then, hydrolysis of the nitrile group with sulphuric
acid afforded the desired carboxylic acRisnd 4 in good £80 %) yield after
crystallization from ethanol/THF/diethyl ether (10:1:1).
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b
C11H23—OCOOH
2
C
3

a: 1-bromoundecane, K,CO3, butanone
b: MeCOOH, H2804, Hzo b

c¢: 1-bromodecane, K,CO3, butanone
C10H21—OCOOH

4

Scheme 3L: Preparationsfocarboxylic acid® and4.

Next, compound® and4 were used in the preparation of compouhtisand12.
As mentioned previously a number of different synthetic methodologies were used
to prepare these two compounds. These different routes, and therdiffatches

of compoundd1 and12 prepared, are detailed in the sections that follow.
3.2.1 The Preparation of Compounds 1l1a and 11b

The first two batches of compoudd that were synthesized were prepared by two
different methods. However, the first step ie fireparation of bothlaand1lb
involved the reduction of commercially availableo@anone with sodium
borohydride (Scheme 2). This reaction, conducted using methanol as the solvent,
afforded the product,-8ctanol, as a colourless oil in quantitativelg. This batch

of 2-octanol 6) is referred taas Oct-2 in Chapter 7. The red arrows in Scheme 2
show the methodology used in order to prepare compdliad Firstly,

4-hydroxybenzoic acid was protected with methyl chloroformate to give
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carboxylic acid in 93 % vyield after crystallization from ethanol. Then, alcdhol
(Oct-1 which was prepared by Dr Stephen Cowlinga the reduction of
2-octanone with sodium borohydridevas reacted witl6 under Mitsunobu
reaction conditions, using DIAD as the couplingaiy to afford ester. In this

step it was important that the reagents were added slowly at 0 € and that the
reaction was allowed to warm to room temperature as a slightly different
procedure was employed to investigate the impact of reaction conditiotie
properties of different batches of compourdd. Pleasingly, subsequent
deprotection of the methyl ester group using ammonia gave the desired §dnenol
in quantitative yield, ready to be coupled with carboxylic &i®cheme 2).
Finally, the couphg reaction between phen8h and carboxylic aci®, using
EDAC, a catalytic amount of DMAP, and DCM as the solvent furnished

compoundlla

The first step in the preparation of compoutih involved the reaction of
4-hydroxybenzoic acid with benzylbrode using aqueous potassium hydroxide
and ethanol as the solvent system. This procedure afforded the carboxyditmacid
excellent (95 %) yield after crystallization from ethanol. The resulting benzyl
protected acid was then reacted with compodndOct-1) in a Steglich
esterification using EDAC as the coupling agemd a catalytic amount of DMAP,

to provide the ester0. Deprotection of the benzyl groug breatment with 10 %
palladiumon-carbon furnished the desired phergi). Finally, the Steglich

esteification of 8b with the carboxylic aci@ gavellb.

74



H3C™ CeHis
HO@—COOH NaBH, HO@—COOH
MeOH
NaOH, J BnBr,
EtOH
MeOCOCI, H,0 o 0
e O
HsCOCOO COOH 5 HOOC@,O
6 9
DIAD, PPhs, THF EDAC, DMAP,
0°C to RT DCM, RT
: oy O
H3COCOO©—< CHs HaC }—@—o
0— 0
7 CeH13 CeH1s 10
| NHs(aq), EtOH H,, Pd/C
0

0
HO@—{ CH HOAQ—'{ CHs
o< 0—

8a CeH1s 8b CeH13

EDAC, DMAP,
DCM, RT

O
11a (from 8a), 11b (from 8b) CeH1s

Scheme 2: Preparation of compounddaandl1b.

3.2.2 The Preparation of Compounds 11c and 11d

In order to further investigate the process of preparing compaindnd o
examine the reproducibility of the properties of compolihdith respect to the

synthetic procedure used in its preparation, another four batches of conifound
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were synthesised using the methodology presented in cR8nThese batches

of compoundL1differ in the methodology used to prepare the protected &stérs
The source of -&ctanol, the conditions used for the coupling reaction used to
preparer/c-f, and the yields associated with these reactions are shown ir8Tiable
Once7c-f were obtaind, deprotection of the carbamate protecting group using
aqueous ammonia in ethanol afforded the corresponding a8@§) (n
guantitative yield. These acids were then coupled with comp@utal give

compounddic-f in good yield between 75% to 920

H3COCOOOCOOH o
oH 6 mcocoo@—/{ CHs
=

P
HyC™ CgH
3 o3 DIAD, PPhs, THF 7ouf CeH1s
Oct-1 or Oct-2 conditions c-
NHaaq), EtOH
THF
0
HO@—/( CH,
o<
8cf  CeHiz
C11H230COOH EDAC, DMAP,
DCM, RT

o
o@—/{ CHs

11c-f O_<

CeH13

Scheme 3: Preparation of compouridcif.
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Alcohol Yield
Compound Mitsunobu Conditions
Used (%)

DIAD added dropwise at O € and reactior
7c Oct-1 48
allowed to warm to room temperature

DIAD added dropwie at 0 € and reaction

7d Oct-2 46
allowed to warm to room temperature

Te Oct-1 DIAD added dropwise at 25 € 55

i Oct-2 DIAD added dropwise at 25 € 57

Table 3.1: Details of the Mitsunobu reactions used in the synthesis of compounds
7c-Tf.

3.2.3 The Preparation of Compound 12

In order to further investigate the impact of the Mitsunobu reaction on the potential
enantiomeric excess of liquiztystalline products, different batches of compound
12 were prepared using different coupling reagents. Again, botii @otlOct-2

were used, and the reactions were carried out using the j@orytted phend,

the synthesis ofvhich is detailed in Scheme23.The synthetic pathways to ester
12 are shown in Scheme43Generally, the key Mitsunobu reaction of alcobol

with caboxylic acid9 afforded the desired esters0&f) in good to excellent
yields (7590 %).The chemical structures of the coupling agents used in are shown
at the bottom of Scheng4 and full details of the yields of the coupling reactions
are given in Tale 3.2. Deprotection ofl0af usng hydrogen and 10 %
palladiumon-carbon afforded the carboxylic aci@a-f in quantitative yields.
Compoundsa-f were then coupled with compouddising EDAC and a catalytic

quantity of DMAP in DCM, affording compound£a-f in high (> 75 %) yields.
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OH
H

Hsc/\CeHm
5

Oct-1 or Oct-2

Reagents, PBU3, HOOC‘@*O/_Q

THF, 0°Ctort
9

o
avavad
10a-f CeH13

Ha, Pd/C, THF

0
HO@—/{ CHs

@)
8a-f  CgHys

EDAC, DMAP,
C11H23OCOOH S

4

0
o@—{ CHs
12 0—

CeH13

Reagents Used = ADDP - Oct-1 = 12a
= ADDP - Oct-2 =12b
= TMAD - Oct-1 =12¢
= TMAD - Oct-2 = 12d
= CI-Azo - Oct-1 = 12e
= Cl-Azo - Oct-2 = 12f

Coupling Agents Used:

0 0 o
S R X n_o_ca
N N/,N N N N/,NTN\ CI3C/\O N° T ~_-CCl3
o) | o) o)
ADDP TMAD Cl-Azo

Scheme3.4: The synthetic methodology used to prepare different batches of
compoundL2.
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Coupling Agent

Compound Alcohol Used Yield (%)
Used
10a ADDP Oct-1 49
10b ADDP Oct-2 52
10c TMAD Oa-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.

3.3TN Cells and Preparation of Mixtures

All of the TN cells used in this thesis were supplied\WAT throughthe Military
University of Technology in Warsaw, Poland. The cells were stated as being 14.4
em thick but were checked, and Uded as
cell is shown in Figure 3. A TN cell is constructed from two pieces giéss,

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 iglrotate
90 degres 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
placedbetween the two glass plates. Fortunately for this work, these spacers often
help toad as archoring points for the disclinatilimes 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.
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Figure 3.1: Cartoon @piction 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 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 larglerlsetween 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 naxtitte

high accuracy.

Specifically, by weighing out around 1 mg of a given dopant into a small vial, then

di ssolving into 1 ml of DCM it was possilb
the dopant into E7 host with high accuracy. The host/doparttasoixture 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
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