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Abstract

Changes to the molecular structure of liquid crystals can have a significant effect
upon their mesomorphism and ferroelectric properties. Most of the research in liquid
crystal for display applications concentrates on the design and synthesis of novel
mesogenic cores to which straight terminal alkyl or alkoxy chains are attached.
However, little is known about the effects upon the mesomorphism and ferroelectric
properties of varying the terminal chains. The compounds prepared in this work have
a common core — a 2,3-difluoroterphenyl unit with a nine-atom alkyl (nonyl) or
- alkoxy (octyloxy) chain at the 4-position, but with an unusual chain at the 4”-position.
In some cases the terminal chain contains hetero atoms such as silicon, oxygen,:
chlorine and bromine or has a bulky end group. In total 46 final materials were
synthesised in an attempt to uﬁglerstand the effect of an unusual terminal chains on
mesomorphism and for some of "t‘hese compounds the effect upon the switching times .
when added to a standard ferroéléctric mixture were investigated. It was found that
msst compounds containing a bulky end group only displayed a smectic C phase,
compounds with a halogen substituent as an end unit displayed a smectic A phase and
that increasing the chain flexibility by introducing an oxygen atom in the chain
reduces the melting and clearing‘jpoints. The electro-optical measurements carried out
on ferroelectric mixtures containing a bulky end group compound showed that shorter
switching times were produced than for the ferrpelectric mixture containing a straight
chain compound. It is suggested that a bulky end group diminishes the extent of inter-
layer mixing in the chiral smectic C phase and therefore the molecules move more

easily with ferroelectric switching.
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| 1 Introduction

1.1 History of liquid crystals

Liquid crystals have for a long time been the subject of scientific interest since they
constitufe a fourth state of matter in addition to the established states of solid, liquid, -
and gas. When Reinitzer! in 1888 and Lehman? in 1889 reported the first examples
of unusual‘melting behaviour of an ester of cholesterol, they knew that they had
discovered one of the most exciting properties arising from a wide family of synthetic

and natural compounds.

Since that time there has been intensive research in the study of the relationship
between molecular structure and mesomorphism, as well as in the applications for

such compounds’.

- A simple definition of mesogen or liquid crystal-forming material is that when a

liquid crystal melts from a solid it exhibits one or more thc:rmodynamically stable
intermediate states called mesophases, and it then finally becomes an isotropic liquid.
In the overall change from sélid to isotropic solid, there is a stepwise breakdown of
the meédgenic molecules’ o;dering, the molecules can rotate and oscillate rapidly
about one or more axes*; and there is a gradual collapse of their long range positional
ordering, and finally disruption in the shorf-range order but the orientational order
remains’, A liquid crystal mesophase could be defined as an elastic fluid-like

ordered state. There are only about defined 25 liquid crystal phases so far compared

to the 230 crystalline space groups.

Molecules in a liquid crystalline state are free to move around as in an isotropic
liquid, however they tend to orient in a preferred direction with one another, breaking
the isotropy of the physical properties 'of the system. Liquid crystals are anisotropic -
their physical properties are not identical in all directions, and the anisotropy of the
optical, electric, elastic and magnetic properties has led to the use of liquid crystal

materials in display devices and as sensors®’,



2

” These liquid crystalline phases are usually identified using an opticél polarising

G microScopé in conjunction with Differential Scanning Calorimetry (DSC) and X-ray

diffraction studies. ' .



1.2 Types of liquid crystal mesogens

There are two main families of liquid crystals: thermotropic® and lyotropic® liquid
crystals (figure 1.1). The thermotropic liquid crystals exhibit liquid crystalline
mesophases on melting from the crystal phase or cooling from the isotropic liquid,
whereas the lyotropic materials exhibit liquid crystalline mesophases when mixed

with a particular solvent. - -

Lydt;jopic liquid crystals are formed by amphiphilic mixtures and the mésophasés are
- thermodynamically stable at defined temperatures pressures and concentrations. ' The
types of mesophase depend upon their concentration and the degree of cﬁrvature
‘produc‘ed by the packing arrangements of the amphiphilic molecules. There are three
main types of lyotropic me's“ophase, namely lamellar, h¢xagonal and cubic phases,
~ with increasing curvatu;'e in their packing arrangements. The structure and properties

of liquid crystal polymers will not be discussed in this work.

oo Mesogens e
D |
Théﬁﬁotropic L leotropic
o
ln’o'lymel"s‘ e * Low molar mass
oo
Main chain . Sidechain  Calamitic Discotic

Figure 1.1 The different classes of liquid cryStals

Thermotropic mesogens exhibit liquid crystal mesophases on heating or cooling, and
the temperature range over which the mesophases are exhibited varies from material

. to material. When a material displays a mesophase both on cooling and heating the



mesophase is called an enantiotropic mesophase. However when the mésophase is
solely displayed on cooling from the isotropic liquid, and below the melting point of

thg ‘material, the phase is called a monotropic phase.

1.2.1 Thermotropic Liquid Crystals ' .
The thermotropic liquid crystal family can be divided into two groups: the low mass

1011 " The low mass materials can be further

materials and the polymeric materials
divided into the calamitic, discotic liquid crystals’?, phasmidic'®, biforked™ and
: board—iike molecules’. The liquid crystal polymers can be separated into the main
chain and side chain polymers (figure 1.2). The structure and properties of liquid

. crystal polymers will not be discussed in this work.

Thermotropic liquid crystals

Calamitic Liquid Crystals = Others
Nematics - ‘ S

cholesterics
smectics

Liquid cfystai polymers

Main chain

Side chain

Columnar Nematics

Figﬁre 1.2 The different types of thermotropic liquid crystals



1.2.2 Discotic liquid crystals

Discotic liquid crystal molecules are usually disc shaped'? molecules composed of a

core based on benzene, triphenylene'® or truxene'” to which several peripheral groups
aré attached. Discotic liquid crystals have two basic types of mesophase: columnar

and nematic. Columnar mesophase are polymorphic (similar to smectic phases). The
polymorphism occurs because of the different symmetry classes of the two-

dimensional lattice of the columns as follows :

| Sjmihetry groupvl o ‘ Molecular arréngement within the column
Hexagonal ‘ Ordered
Rectangular .. . = = . o ‘Disordered .
Oblique V

‘ ,1 2.3 Calamltlc llqmd crystals
The term calamitic means that the molecules are rod-hke molecules w1th a high

length to breadth ratio. Calamltlc liquid crystals'®'®

are the most common type of
thermotropic liquid crystals. The molecules are generally composed of a core unit
with two terminal alkyl or”__a}‘koxy chains and in some cases lateral substituents are
pfesent (figure 1.3)*°. The ﬁﬁaterial iﬁcorporates a rigid central core system, ‘which
maintains the rod-like shape of the molecule and encourages the ordering of the
“molecules ne‘cessary‘ to form mesophases ‘The type of rings, A and B, that can be
1ncorporated into this core system are varied, from aromatic rings (usually 1 4-
dlsubstltuted-phenyl rmgs) with or without heteroatoms, to alicyclic rings, e.g. trans-

cyclohexyl rings, bicyclo[2.2.2]-octanes and cyclobutyl rings (see figure 1.3).

The rings within the core may either be directly attached to each other or may have a
rigid linking group, C, which is usually an ester, ether or acetyleriic groups (see
ﬁgure41‘.3). These different” types of rings greatly affect both the mesomorphism and
the mesophase stability. ‘

Lateral substituentsm, M and N, may also affect both the mesomorphism and

mesophase stability (see figure 1.3). 'The most common lateral substituents used are



relatively small units such as F, Cl, NO2, CN and CH3. The head and tail groups, R
and R' are usually straight alkyl or alkoxy chains but they may also be branched22.
These terminal chains are flexible and generally help to reduce the melting point of
the material. The head and tail group may be directly linked to the core system or

they may also be linked through ether or ester linkages, X and Y.

Figure 1.3 The different types of calamitic liquid crystals

The melting process of a calamitic liquid crystal can be summarised as shown in
figure 1.4. Tgis the melting point of a non-mesogenic material, Ti and T4 are crystal-
to-liquid crystal mesophase transition temperatures i.e. temperatures, T2, T3 and T5
are transition temperatures between liquid crystal mesophases or between a liquid
crystal mesophase and the isotropic liquid and are reversible (indicated as half-

headed arrows).



- Smectic mesophase
layer ordering

- Isotropic liquid

Nematic mesophase
The molecules are orientationally
~ ordered

Figure 1.4 Melting process of a calamitic liquid crystal



1.3 The nematic and chiral nematic mesophases

2324 fiffers from the isotropic liquid by the presence of long

The nematic mesophase
range orientational ordering of the long molecular axis. However the nematic phase
is the least ordered of all the liquid crystal mesophases. The molecules align parallel,
or nearly parallel, to a preferred direction called the director, along which the -
molecules are preferably aligned but are randomly arranged in a head to tail manner
(figure 1.5). There is no long range positional ordering of the molecules, which are
free to rotate about their long molecular axes and, to some degree, about their short
molecular axes.
The degree of ahgnment along the director is called the order parameter, S wh1ch is
typically in the range 0.41t00.7 and is defined by

| 1s1 =1/2 (3cos’0 — 1)
where 9 is the ahgle betwee_n: the molecules’ long axis and the director. The nematic
phase also has a rotational sﬁ)fhmetry with respect to the director. There is only one

 type of nematic mesophase for achiral systems.

n director

Figure 1.5 Representation of the nematic phase

The eholesteric ‘mesop‘hase’, v‘vhlicmh was_first v‘obs‘erv,ed for chiral de’r‘ivative‘s2 of
cholesterol‘, should in fact be called the chiral nematic mesophase, N*\. ' it ‘is"rvxot only
exhibited by ehOIestefol derivatives but also by a wide range of ‘ non-steroid calamitic
liquid crystals. In this mesophase the molecules are still arranged in the same fashion
as in the nematie phase, however the introduction of chirality forces the director to
form an helical distortion (figure 1.6). This helical formation is commonly known as

a single-twist structure®. The helical structure has a temperature dependent pitch (the



pitch is deﬁned as the distance required to rotate the average direcﬁon of the
molecules through 360° - the full turn of the helix) and gives the material two unique
properties, namely form chirality and the ability to selectively reflect light. As the
molecules in the chiral nematic phase are rotationally and orientationally disordered
with respect to their short axes, the phase is uniaxial. However if their breadth is
increased, their rotation about their long molecular axis is restricted and therefore the

phase is biaxial. -

Helix axis

Figure 1.6 A representation of the chiral nemati¢ phase.

1.4 The smectic mesophases |

Smectic phases, are‘ more ordered than the nematic mesophase and can appear
directly on cooling from the isbtropic liquid or from the nematic mesophase. Smectic
phases have lamellar structures which enable varibus alignments within and between

the layers to occur and so smectic phases exhibit polymorphism. There are five

- smectic liquid crystal mesophases (in increasing order of stabilify: SmA, SmC, SmB,

Sml, SmF)? and six quasi-smectic disordered Crystals phases (crystal B, J, G, crystal
E, K, H) which are not'rergardevd as liquid crystals since they possess long range

positional order. The smectic mesophases are classified on the basis of the degree of

~ local pdsitiénal order and upon whether the molecules are tilted with respect to the

layer anmal. |



14.1 Non-tilted smectic mesophases

)

14.1.1 Smectic A phase

26,27,28

The smectic A phase is the least ordered smectic phase, where the molecules

are arranged in diffuse layers so that their long molecular axes are on average

p‘erpendicularl‘r‘ to the layer planes and give a one-dimensional density wave for the
centre of molécular mass (see figure 1.7). The molecules are subjected to rapid re-
orientational motion about their long molecular axes‘ as well as relaxations about their
short molecular axes. The molecules are arranged so that there is no translational
periodicity in the planes of the layers or betweén the layers and there is bnly short

range ordering®.

Figure 1.7 Representation of the smectic A phase

However, the smectic A phase is more complicated than this simple arrangement of
molecules in single orthogonal layers and there are four subclasses of the smectic A

phase.

The anAl phase has head-to-tail orientation (figure 1.8), the SmA; is a bilayer phase
with anti-ferroelectric ordéring (figure 1.8), the SmAy is a semi-bilayer phase with
partial molecuiar overlappiﬁg due to aésociations (ﬁgu;é 1.8), and the SmA is a phaée
with a modulated 6rdering:bf the molecules within the layefs giving a ribbon-like

structure (figure 1.9).
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Smectic A, | Smectic A, Smectic A4

Figure 1.8 Representation of the different types of smectic A phases
| “ Half layer shift in the bilayer

Figure 1.9 Representation of the smectic A phase -

1.4.1.2 Hexatic smectic B phase

As in the smectic A phase, the molecules in the hexatic smectic B phase are arranged
in layers so that their long axes are orthogonal to the layered planes. Locally the
moleculés are essentially hexagonally close packed and they are undergoing rapid re-
' orientational motion about tﬁeir lo£1g molecular axes as in the smectic\A phase. The

- hexagonal close-packing extends over a short distance (figure 1.10).



JLong Range Bond
Orientation Order

EV } Smectic
Short Range Layers
Out-of-Plane
Ordering

Short Range
In-Plane ‘
Positional Ordering Molecular
. Rotation

Figure 1.10 Representation of fhe hexatic smectic B phase A

1.4.1.3 Crystal B phase® ./
The crystal B phase has a similar structure to that of the hexatic smectic B phase, the

difference being the greater long-range translational order of the molecules in three

directions. ‘ : : .

1.4.1.4 Crystal E phase ;
The crystal E phase develops from a contraction of the hexagonal lattice of the crystal
B phase and the molecules have restricted rotation along their long molecular axes

and this phase is therefore biaxial.

1.4.2 Tilted smectic phases

* The tilted smectic phases are arguably the most interesting and fascinating of the
smectic phases both from the view of their academic interest and for their technical
" "applications. The smectic C phase in particular, in its different arrangements and its
chiral versions has recently triggered as much interest as the nematic phase did in the

early 1970’s for their use in solid state devices.

1.4.2.1 Smectic C phase*
In the smectic C phase, the molecules are arranged in diffused layers as in the smectic
A‘p'hase, but their long molecular axis is tilted from the layer normal through an

average temperature-dependent angle 6 (figure 1.1 1).

12



" ‘ Director

Tilt angle

Figure 1.11 Representatic;n of" ,.‘ﬂ.le tilted smectic C phase

"
The tilt angle, 6, varies with temperature, T, as described by equation 1.4.2.1 -

©@)r=0i(T.-T)* 1421
where 6 is a constant, T, is the SmA to SmC transition (Cu'rié'point), and a = 0.5 so
that the angle saturates as T decreases. The molecules have short range ordering
within and between the layers. , The order parameter of the smectic C phase, &, is not
as simple as the order parametér of the nematic phase (see section 1.3) since it has
two ‘components which reflect the magnitude of the tilt angle and its direction in
space y and is as follows®® (figure 1.12):

£=0e'

There have been a number of attempts to describe the structure of the smectic C
* phase and the mechanism and reason for its formation. The first model by
McMillan®! in 1973 was based on djpolar molecular interactions (figure 1.13). The
' rotation of the molecules about their long molecular axes is “frozen out” in the
nematic or in the smectic A phases at the transition to the smectic C. phase. The

dipole moments align creating a torque parallel to the layer planes, which forces the

molecules to tilt.

[
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Director

Figure 1.12 A diagram to illuéfrate the two component order parameter describing
the SmA/SmC transition.
F

The second model by Wulf *2 1975 was based purely on the steric factors on the
packing of zig-zag shaped molecules (figure 1.14). Neither of these models are fully
satisfactory or explain experimental observations, as the fonﬁaﬁon of the smectic C
phase was shown to be dependént on the number and length of the terminal aliphatic
chains®. -More complex models and theories based on induced-dipole-permanent-
dipole interactions have been'developed, howe{/er they became more abstract in
temis of the molécules that had been synthesised and characterised. These models
predicted several possible molecular arrangements for one layer to the next and, as
for the smectic A, the smectic C phase has four subclasses. The SmC or SmC; is a
conventional smectic C phase where the molecules have random head to tail
- orientations (figure 1.11), the SmC,; is a bilayer phase with antiferroelectric ordering
of the constituent molecules, the SmCq is a semi-bilayer phase with a partially formed
" ‘molecular associations (figure 1.15) and the SmC is a phase with modulated
antiferroelectric character of the molecules within the layers, giving a ribbon-like
structure (figure 1.15).

14
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Figure 1.13 McMillan’s model for the formation of the smectic C phase
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Flgure 1.14 Wulf's packmg model of hypothetlcal zig-zag shaped molecules to

 produce a smectic C phase

There are se\i"er‘al basic ‘'molecular features which are required for mesogenic
molecules to favour the formation of the smectic C ‘phase, and these include,
aromaticity in the central rigid core, long terminal aliphatic chains™, polarity in the
- central linkage, linearity of the central linkage, staggering of the aromatic units and

terminal dipolar functionalities in the core®.

16
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Bilayer
spacing

} Semi bilayer structure

* Smectic C, phase
Smectic C, phase

Smectic C

Figure 1.15 Bilayer structures c;f the smectic C phase :

1.4.2.2 S‘mectic ‘Calt bhase

In the smectic Car phase the molecules are arranged as in the smectic C phase with _
the major difference being that the tilt direction is rotated through 180° in successive |
layers (figure 1.16). The smectic Cyy is apparently more ordered than the smectic C
phase as it has enly been found below the smectic C phase on cooling. The chiral

version of the alternating-tilt smectic C phase can be exploited in display devices®,

Director

Disorded layers
e e

Tilt angle

Figure 1.16 Structure of the alternating-tilt smectic Cay phase



18
-1.4.2.3 Smectic I phase ; ‘
The smectic I°”°® phase is a tilted version of the hexatic smectic B phase with the tilt

towards ‘Vthe point of the apex of the hexagon (figure 1.17).

Long range bond
orientation order

Short range
out-of-plane
 order >
Tilt to apex of
"~ hexagonal
packing net

T Short-range
© in-plane ;-
positional order

Molecular
rotation

Figure 1.17. Structure of the smectic I phase.

1.4.2.4 Smectic F phase” v

As in the smectic I phase, the molecules of the smectic F phase are hexagonally close
packed with réspect tb the .d‘irector. The molecules have short range positioning |
‘within the layérs but the difference lies in the tilt direction, in the smectic F phase, the
fnoleculeé tilt towardé the side of the hexagon, in contrast to the smectic I phase (see

section 1.4.2.'3).

1.4.2.5 Crystal J, G, K, H phases®

Crystal J and G phases are tilted versions of the crystal B phase, and crystal K and H
* phases are tilted analogues of the_ c1:ystal E phase. The molecules in thg crystal J and
K phases tilt towards the apex of the distorted hexagonal lattice and for the crystals G
and H phases the molecules are tilted towards the edge of the distorted hexagonal
k‘lattice. In summary, the smgctic and quasi-smectic phases are represented in figure

1.18.
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Figure 1.18 Representation of the smectic and quasi-smectic phases
(courtesy of D. Parghi)



1.5 Physical properties of liquid crystals’

The main interest in the physical properties of liquid crystals arises because of the
anisotropic nature of the properties which are not identical in all directions. Each
mesophase has specific properties. These properties are particularly important for
USing that mesophase in distinctive applications. ~The main physical properties

relevant to the nematic and smectic C mesophases will be discussed here.

151 Physical properties of the nematic phase*’

- The nematic phase is characterised by long range orientational ordering of the long
molecular axis which tends to be parallel to the director. As a result of this ordermg
the nematic mesophase exhibits anisotropy in many of its properties which can be

- used for electro-optical apphcatmns. The properties mainly of concern for such

applications are viscosity, ref:ractive indices, dielectric constants and elastic

constants.

1.5.1.1 Viscosity _

For the nematic phase as.indeed for every liquid cfystalline mesophase the viscosity
is related to the order i.e. the order parameter. The nematic phase is the least ordered
of all liquid crystalline mesophases and therefore the least viscous or the most fluid-
like-phase. The nematic phase possesses three flow viscosities and a rotation
 viscosity namely, |

M1 where the director is perpendicular to the flow pattern but parallel to the
v veloc1ty gradient, |

12 where the director is parallel to the ﬂow pattern but perpendlcular to the

velocity gradient, ‘ ’ |
M3 where the d1rector is perpendlcular to both the ﬂow pattern and the veloc1ty
gradient. ‘ |
The rotational viscosity, Y1, is a very important property for the electro-optic
applicatjon of the nematic phzise and arises from the motion of the molecules from a

planar orientation to the homeotropic orientation.

20



1.5.1.2 Optical anisotropy; birefringence

Bir‘efring’ence(An) is a basic property of all liquid crystals and is intrinsic to their
geemetric anisotropy. The nematic phase is optically anisotropic. When a ray of
light enters the nematic material, it is split into two unequally: refracted rays in

mutually perpendicular planes. The two rays of polarised light are the ordinary ray

and the extraordinary ray. For the ordinary ray the electric vector is perpendicular to
. the optic axis. For the extraordinary ray the electric vector is parallel to the optic -
axis. If the direction of propagation is not parallel to the optical axis, then both rays

on travelling through the medium will experience different refractive indices and

_therefore have different velocities. The difference between these refractive indices at

their maximum value is the birefringence, i.e., the maximum value of the optical

anisotropy: An= n, —ng

The two refractlve indices are- temperature dependent and An decreases when the

21

nematrc mesophase transforms to the 1sotrop1c quuld state The blrefrmgence isa

very unportant property for drsplay apphcatlons and the appropriate value for An can

be desrgned by molecular engmeenng Materials contammg electron-rich mesogenic

cores and terminal chains give hlgh An values.

1.5.1.3 Dielectric anisotropy :

The nematlc phase is also electrically anisotropic and its perrmttmty (the measure of

its ab111ty to transmit an electric field) is not constant in all directions. The dielectric -

anisotropy Ae is the difference between the permittivity parallel to the molecular
director é,, and the permittivity perpendicular to the director ¢y, Ae = g — €1, When
- g€, the dielectric anisotropy is positive. The dielectric anisotropy is frequency and
temperature dependent and it decreases as the clearing point is approached, as is the
case for the optical anisotropy.§ The dielectric anisotropy plays a very important role
in twisted nematic display applications as it determines the threshold veltage required
for the mdlecular motion from the planar orientation to the homeotropic orientation

which destroys the wave-guide effect in the off-state.



1.5.1.4 Elastic constants
When a solid is torn or stressed in the limit of its elasticity, restoring forces act to

retain the original shape of the solid. For the case of a liquid crystalline mesophase

and in particular for the nematic mesophase, there are three possible deformations.

Though these elastic forces are not as great as for the case of a solid, they play a vital .

role for display applications. The elastic constants drive the relaxation e.g. the
motion from the homeotropic alignment of the molecules back to their planar
configuration in a twisted nematic display. There are three possible deformations:

splay, twist and bend (figure 1.19) and more important than the1r individual values is

the ratio of bénd/splay (k3s/’k11), which needs to be low for optimum électro-bptical '

;:haracteristics with typical values in the range 0.6 to 0.8. The values and ratio of the

elastic constants are more difficult to obtain by molecular engineering than are the

viscosities, and the optical and dielectric anisotropies.

Splay ky; : Twist ky, | Bend ks

Figufe 1.19 Represeritatiohé of elastic deformations for a nematic material
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1.6 Display devices using chiral nematic materials - twisted and

super-twisted nematic devices*

Al of the phys1cal properties descrlbed above especrally the property of

birefringence, can be exploited for the purposes of creatmg flat-panel dxsplays

Usually a thin film of a liquid crystal is placed between two plates of glass which °

have been treated with surface alignment materials. - These plates are manufactured

w1th transparent electrodes that make it possible to apply an electric field across

 small areas of the film of liquid erystal. Polarising filters are placed on one or both |

sides of the glass to polarise the light entering and leaving the cell. Usually the

g polansers are crossed, which means that light would not be able to pass through the . '

- , empty drsplay The liquid crystal however, will modify the polansatlon of the llght l

 insome way that is dependent on the electric field being applied to it. Therefore it is

444444

posslble to dynamically create Vreglons where light will get through and reg1ons where L :

it will not.

~ There are many issues that must be addressed when desngmng and analysing the
o performance ofa ﬂat—panel dlsplay, e.g., the amount of voltage necessary to turn ona

~ pixel in the display, the sw1tchmg times of the plxels, the brlghtness/darkness

response direction, the contrast of a hqurd crystal d1splay between its ‘on’ and ‘ofP ’,

 states.

o In a twisted nematic device, the molecules are sandwiched between two glass plates -

treated with surface alignment material so that they align parallel to the rubbed

+: direction and are inclined at a pre-tilt angle of 1-3° to the glass plates. The rubbed

_ directions are at right angles to each other so that the molecules perform a 90° twist

. across the cell (figure 1.20).

 In the twisted state (when no field is applied), the entering light‘ is polarised by the
first polariser. The polarisation of the light then twists with the director of the

- nematic“medium and its polarisation state is rotated through 90°. 1If the two

‘ polarisers are at right angles‘ to each other, light is transmitted and the cell appears
kb‘right. HoWever, when an electric field is ‘applied across the cell, the director will

want to align‘with the field (assuming that the material has a positive dielectric



anisotropy). Consequently the liquid crystal material will lose its twisted structure

and therefore the linearly polarised ]ight entering the liquid crystal material will not
have its polarisation state rotated through 90° so light cannot pass through the other
polariser and the cell appears dark. In some displays, the polarisers are parallel to
each other, thus reversing the contrast in tﬁé ‘6n’ and ‘off’ states. , ‘

This type of device has many limitations, such as a slow response and long relaxation

times and also the difference between its ‘on’ and ‘off’ voltages is too large to

addresg_ many jﬂiXels in a complex display. Furthermore, the effective viewing angle
of the display can be very small and the polarisers work best on light that is
propagating perpendicular to the display. When this type of device is used for
portabIe computers, the screen can only be clearly seen when the opefatbr is directly
in front of ‘it, and thérefo;e this iimits the application of these devices to small display

areas.

The probleni of a limited field of view was overcome when a gréater twist of 270° (or

210° to obtain greyscale) was introduced using a greater amount of chiral dopant in

the nematic mixture to give what are called super-twisted nematlc devxces Twisted .

and super-tw15ted hquld crystal devices offer numerous advantages over other

displays, for examples their low cost, their lightness, and their relatlvely high
resistance to shock. However, they also have a number of limitations, a major one

being their slow response time, which prevents their wider use, for example, in video

imaging flat display panels.
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Figure 1.20 Representation of a twisted nematic display

Transmitting state
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1.7 Characteristics and physical properties of Ferroelectric‘ 'Liquid
Crystals :

¥

1. 7 1 Ferroelectnclty
In 1975, Meyer et al. 2 using symmetry arguments demonstrated that chiral tilted

smectic phases were ferroelectric i.e. displayed a spontaneous polarisation.

When the molecules are achiral the environmental symmetry of the smectic C phase
consists of a centre of symmetry, a two-fold axis and a mirror plane containing the
molecular tilt and perpendiculair to the layers. The group symmetry of the plane is
Ca (figure 1.21).

When the molecules of the smectic C phaée are chiral the symmetry is reduced to a
two-fold axis* of rotation and the group symmetry is now Cy. The dipoles associated

with the environment about the chiral centres align because of molecular interactions,

and this results in a spontaneoﬁs polarisation, Ps, that develops along the C; axis of

the phase (figure 1.21).

However, in the bulk mesophase (not considering a single layer or a few layers) there -

is a shght and gradual change in the direction of the molecular tilt caused by the
molecular chirality, which describes a helix (ﬁgure 1.22). The pitch of the helix is

temperature dependent (as for chiral nematic N*).
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Centre of symmetry

Two-fold axis of rotation
Layer planes

Figure 1.21 Representation of the C2hsymmetry ofthe smectic C phase and (above)
of the C2 symmetry of the chiral smectic C phase (below).
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Figure 1.22 Representation of the helical structure of the chiral smectic C phase.

A single layer of SmC* material shows spontaneous polarisation in the absence of an
external electrical field, therefore it can be classified as ferroelectric and its
polarisation can be re-orientated by an applied field. In the bulk mesophase, the
molecular tilt spirals about an axis perpendicular to the layers, and the layer

polarisation also rotates relative to the helical ordering of the tilt and therefore is zero

28



for the bulk of the phase. The phase has therefore been described as being
helielectric*® or chiroelectric. In order for the bulk of mesophase to exhibit a

spontaneous polarisation, the helix needs to be unwound.

1.7.2 Surface Stabilised Ferroelectric Liquid Crystal Display

The Surface Stabilised Ferroelectric Liquid Crystal (SSFLC) display invented by
Clark and Lagerwall46 consists of a thin cell, with a spacing less than the pitch of the
helix. The chiral smectic C material is sandwiched between two glass sheets whose
surfacee have been treated so that the smectic layers lie perpendicular to the glass
surface (‘bookshelf geometry’)” *. The mode of operation of the SSFLC device is
~ based on the switching of the optlc axis of the molecules between two degenerate
states. As the molecules lie parallel to the glass plates the spontaneous polarisation

points either up or down. When an external DC field is apphed, the Ps direction can

be reversed to align with the field, and the change in the Ps direction causes the-

molecules to sw1tch from one tilted state to the other around a cone of angle 20.
Once the ferroelectrlc matenal has been switched by an appropriate external ﬁeld it
will retam its orientation until a field of opposite direction is applied, hence the name

bistable device.

" Figure 1.23 Representation of the switching mode of a typical SSFLC cell with its
molecules homogeneously aligned state a and state b*’.

Ideally, the smectic C layers are perpendicular to the plane of the cell in the so called

bookshelf configuration. The polarisers are crossed (90°) with one polanser parallel

to the optic axis of one bistable state* 8 (figure 1.24). When the molecular optical axis

is aligned parallel to the plane of polarisation, the light passes through the liquid

crystal material and is absorbed by the analyser and so the cell appears dark. On the
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other hand, when an external DC field is applied, the inversion of the direction of the
spontaneous polarisation occurs and forces the long molecular axis to rotate around
the smectic C cone (ideally 45°) with respect to the polarisers and in effect the
material becomes a half wave plate which rotates the plane of incident light through
90° and therefore the cell appears bright.

Non transmitting state Transmitting state

Figure 1.24 Representation of the dark and bright states ofa SSFLC cell.
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1.7.3 Physical properties of ferroelectric liquid crystal materials*’*3%

The physical properties of ferroelectric liquid which directly influence the
performance in a SSFLC cell are birefringence, tilt angle, spontaneous polarisation,
rotational viscosity and dielectric biaxiality.
The intensity of the light transmitted, I, through the cell is expressed as follows™®
N 1=1, sin’ 40 sin’ (rAnd)/A
where I, is the intensity of the incident light of wavelength A, An is the birefringence
of the medium and d is the cell gap. It follows that in order to obtain maximum
transmittance, the tilt angle 6 must be equal to 22.5 °. The cell gap, birefringence and
wavelength are related: |
at maximum transmittance, I = Io, @ = 22.5 °, and therefore sin? (rAnd)/A =1, .‘
and so (rAnd)/A = /2,
and And = A2,

As was the case for the tilt angle, the Ps is temperatlﬁe dependent as shown by the
equation below: - '
" Ps=Py(T-T)

where P, is a constant dependght upon the nature o.f each dopant, T, is the Curie point
(the SmA* to SmC* transition”. temperature), T is the actual temperature and P has a
value theoretically equal to 0.5. As the temperature decreaseé, the value of the Ps
increases to an almost constant value. - |

Goodby et al®! have shown that the sign of the spontaneous polarisation depends

upon the direction of the polarity of the two-fold axis and they have produced the

| following rules:

SedP(-)+I SolP(+¥)+I SodP(-)-I Sel P (+) -1
RedP(-)~1 RoIP(#)~1 RodP(-)+1 RelP(+)+]

Where S or R is the absolute configuration, o or ¢ is the parity, | or d is the screw
direction of the helix, P (+) or P () is the polarisation direction and — I or + I is the

inductive effect of the off-axis substituent at the chiral centre.
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The switching time 1 is expressed as follows™2,

T~ Yer/PSE
where Y. is the effective viscosity and E is the intensity of the applied electric field.
Yesr is related to 6 by the expression |

Yeft = Yo8in’0
where ¥, is the hypothetical rotational viscosity for a smectic C structure with a tilt
angle of 90° and therefore the switching time can be expressed as.

T~ Yosin?0/PsE

Therefore, short switching times can be obtained with é low rotational viscosity,
- applying a high electrical field and using a material with a high Ps. However,

épplying a high electrical field is not a suitable solution for several reasons, including

the possibility of conductivity problems shorting the cell and the dlsadvantage of

usmg high power supphes

1.7.3.1 Role of the dielectric biaxiality ‘

In the case of nematic devices, the dielectric anisotropy aldne &etermims the electro-
optic effect since it is related to the root mean sqﬁare (rms) of the AC field by AsE%.
In ferroelectric devices, the résponse is characterised by the Ps and the dielectric
anisotropy of the material, and when a field is applied the molecules experience a
dielectric force (AgE?) and a ferroelectric torciue proportional to PsE. At low fields
the ferroelectric torque prevails over the dielectric torque, but at high electric field
the dielectric torque dominates™. It follows that the value of Ps, Ae and E must be
. balanced appropriately to prevent any loss of contrast as the director will experlence

opp031te forces.

Ferroelectric liquid crystals lack full l’)iaxiality54 and - therefore the contrast in a
display is reduced. The chiral smectic C phase is biaxial and the physical properties
perpendicular to the director are different from those in directions parallel and

: perpendiéular to the plane of the tilt.

The optical biaxiality of the chiral smectic C phase is less important than the

dielectric biaxiality and the chiral smectic C can be considered optically uniaxial®’.
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By convention €3 is the permittivity in the long axis of the molecule, &, is in the
direction of the spontaneous polarisation and finally €, is perpendicular to €; and g,

(figure 1.25).

X

Figure 1.25 Dielectric permittivities of a moiecule in a SSFLC cell

The uniaxial dielectric anisotrbpy is Ae = g3 — €, the dielectric biaxiality is 56 = g —
€1, and 8¢ is large and often dominates As. The lafgest permittivity €; is usually
along the direction parallel to the direction of the Ps, and thus an effective way of
overcoming the lack of full bistability is to apply an AC ﬁeld The AC field only
couples to the dielectric tensor and not to the Ps as its frequency is too high to
stabilise the fully switched stailteés . The dielectric biaxiality also plays an important
role in the electro-optic DC switching of the ferroelectric liquid crystal material as

shown in the equation below for a material with a positive dielectric biaxiality’®,
[Vmin| o |(Ps d)/(8¢)]

* where Vmin is the voltage at which the minimum switching time is obtained. This
~ type of behaviour is usually seen only for materials with low Ps (<10 nC cm™)

because high Ps systems require a higher electric field, which would damage the

smectic layers’.



The switching time of a material can be expressed as a function of its rotational

viscosity, ¥, and its dielectric biaxialjty, de, as shown by the following expression,

T o y/8e.

i logt
Non-switching

increase Ps
decrease y

increase 8¢

logV

Figure 1.26 Method to reduce Vs and Tmin..

Figure 1.26 shows™*7 two possible methods to improve the devices’ performance;
Vmin is decreased by increasing the dielectric biaxiality while Tmin is lowered by
increasing the Ps or lowering the viscosity. As in practice the operating voltage of a

device is chosen according to the drive circuiﬁy, the Ps of the material is adjusted to
yield a suitable V. FLC materials operating in the TVmin mode require a low

viscosity and a high dielectric biaxiality. -
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1. 8 Ferroelectric Liquid crystal materials®****

Displays using ferroelectric smectic.C liquid crystals offer numerous advantages over
nematic based displays. Ferroelectric liquid crystal devices are faster switching than

nematic based displays devices, they can also provide higher resolution over a large

display area and a better viewing angle’®. However the physical criteria for a .

ferroelectric smectic C material to be suitable for display applications are harder to
satisfy than for nematic materials used in twisted or supertwisted devices. All the
phySieal requirements listed below have to be optimised”® although inevitably a less

ideal property has to be accepted.

.o A cooling phase sequence N* — SmA* — SmC* is required to obtain

optimum alignment.

o A wide SmC* range wrth no underlying ordered smectic phases to allow
use of the device over the normal ambient temperature range i.e.

“below room temperature to over 60 °C.

¢ A high spontaneous polansatlon The response time is determmed by the

‘ magmtude of the spontaneous polarisation of the materlal

- o The pltch of the hehx of the chiral nematic phase must be greater than four
times the cell gap to prevent the tendency to form a helical ch1ra1 smectic C |

| phase and to permit good ahgnment

| ‘o The pitch of the helix of the chiral smectic C phase must be greater than
" the cell gap so that it can be suppressed in order to get a spontaneous

polarlsanon

o An ‘optieal anisotropy of value 0.14 for a 2 pm cell such that maximum
- contrast and colour density are obtained.
e A low rotational uiscosity to obtain'fast sWitching times.

i . A high dielectric positive biaxiality to retain good alignment as it couples
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to an AC external field in the direction of the Ps.

Sy )
W

1 o Atilt angle of 22.5° to give optimum transmission.* "
¢ No absorption of visible light for optimum colour operation.
" o The material must be chemically and photochemically stable. -

1.8.1 The “all-chiral” approach

There are different approaches to the development of FLC materials. In principle, a

single eomponent system can be designed, however the properties required are so i
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numerous and variable that a single chiral component cannot meet them all, and

therefore mixtures of materials are used.

Furthermore, with all chiral materials the process is more expensive and the synthesis

of chiral materials is more complicated than the synthesis of achiral materials. ’The

chiral functionality is usually provided by the starting material and chiral materials

are 'oﬁen "eXpens‘iVe“ or if they are synthesised; they are harder to purify. It‘is :

important that the nature of the chlrahty is retained or inverted through the synthes1s

in a controlled way - the optlcal purity has to be unchanged. When an optical =

mverswn occurs in the synthesis (as for an Sn2 process) a 100% optlcal mverswn -

| should oceur, The enantlomenc excess of the product system has to be constant 1f

b the propertles of the mlxtures are to be reproducible. . Goodby and co—workers

w1tnessed that mesophase stablllty, and especially spontaneous polansatlon

i ‘ depended on the optlcal purlty of the material used This casts doubts on the

."reprodumblhty of measurements on chiral material mixtures over a penod of time

: when dlfferent sources of materlal and different synthetl_c routes are used.

oy

The method mostoﬁen chosen to produce ferroelectric mixtures is to use mixtures of

jachlral materlals doped w1th a chiral compound to provide the possibility of

| spontaneous polansatlon when the hehcal structure is suppressed. This method
‘oﬁ'ers the poss1b111ty of cuttmg costs and also minimises the nnportance of the chiral

: compound to sunply prov1dmg the spontaneous polansatlon in the mixture.



1.8.2 Ferroelectric liquid crystals mixtures
The chiral dopant does not need to be mesogenic, but it needs to have a very good

compatibility with the achiral host material and also to give a long helical pitch.

These requirements are more easily achieved when the chiral dopant has a structure

similar to tho structure of the constituents of the achiral host mixture, so that the
transition temperatures are not decreased too severely. The synthesis of the chiral
dopant should preferably not involve optical resolution (which is frequently an
inefficient and laborious process), both (R)- and (S)- enantiomeric forms should be
available if possible and the chiral dopant should be stable to racemisation. The
chiral dopant should have a high spontaneous polarisation, so that only a small
amount needs to be added, to minimise its effect on the mesophase stabilities of the

mixture,

A high spontaneous polarisation is obtained when the chiral centre is close to the
core so that the free rotation of the chiral centre is restncted and the direction of its

dipole 1s conﬁned The nature of the chiral centre also plays a vital role, and it

- should possess a hlgh degree of polarlty, this is best achieved when the chiral centre '
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possesses either a CN, F or Cl substituent. Typical chiral dopants® used in

ferroelectric mixtures are shown in figure 1.27.

. o |
. . 0 *
BESOF2N ‘ T | - 16897
Figure 1.27 Typical chiral dopants used in ferroelectric mixtures |
' For BESOFZN and IGS97 ‘:the spontan_eous poiarisation is amplified by the coupling

of the dipole of the cyano tnoiety with the dipole of the carbonyl group.

1.8.3 Achiral host materials
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Ferroelectric liquid crystals have the basic structure of the other calamitic liquid
crystals (see figure 1.28). The molecules are generally composed of a core unit with

two terminal (alkyl or alkoxy) chains and in some cases lateral substituents.

Figure 1.28 The general structure of calamitic ferroelectric liquid crystals

There has been extensive research into the design and synthesis of novel ferroelectric
host materials62 63,64and the quality of the host will depend upon several criteria such
as:

* A low melting point.

* A wide smectic C range.

* A low viscosity.

* A negative dielectric anisotropy.

A high dielectric biaxiality.

» A high chemical and photochemical stability.

Most ferroelectric host materials contain at least two rings and phenyl rings are most
common since they have a greater tendency to form smectic C phases than cyclohexyl
ringst or bicyclo[2,2,2]octyl rings (figure 1.29) however heterocyclic rings (figure

1.30) are also important components in some ferroelectric systems.

Figure 1.29 The order oftendency to form the smectic C phase

Figure 1.30 Types of heterocyclic rings used in ferroelectric host
materials

The ring systems might be linked directly 1.1 or by an ester group 1.2, but

compounds of type 1.1 tend to have high melting points and compounds of type 1.2



tend to have a high viscosity, both these properties being undesirable for compounds

used in mixtures (see figure 1.31).

L o)
ROCOOR' Ro—@—{
Alva
) 1.2

Frgme 1.31 Different types of smectogens

Compounds of the type 1.3 ¢an show smectic Car phases when the chain onthe e

‘ “phenyl ring is"’braneh’ed“; ‘(compounds of the typewl 4 tend to have a fairly low i

vrscosrty but thelr meltmg pomts are too hlgh Compounds 1.5 with 7 or more ‘
carbon atoms in the chain also grve a smectic C phase The phenyIpynmrdmesy
offer advantages over other systems in that they have low viscosities and low meltmg k‘
pomts bt their smectic C range is too narrow. The smectrc C range can be mcreased ,

by usmg two alkoxy ‘terminal chains but th1s causes an increase in v150051ty It

e therefore appears that in order to generate a smectic C phase with acceptable

propertles, aromat1c1ty is required in the central rigid core reglon Wlth drpolar o

k functlonahtres near one end and long termmal cham termmal

The best materlals are obtamed when no link i 1s used Wlthln the core, so that the

vrscosrty is not too great, and when three rmgs are present to prov1de wide smectic C

| ) stablllty. Based on these ideas, Gray et al.®*% have de_veloped achiral host materials
‘i for ferroeleetric systems using a terphényl core unit with one or more lateral fluoro
“ substrtuents to modlfy the core. The fluoro substituent was used to modify the
 transition temperatures and mesophase behavrour because of 1ts small size and its
| ‘hrgh electronegatlvrty Fluoro substitution usually reduces the meltmg point,

‘suppresses underlymg smectic phases and mtroduces the tendency for the molecules

to t11t When two fluoro substrtuents are in an ortho- relatlonshlp, the effect is even



greater; the 2,3- or 2’ ,3’-difluoroterphenyls (see figure 1.32) are no broader than the
mono-fluoro substltuted terphenyls, the ordered smectic phases are elnmnated the

dielectric anisotropy becomes negative and neither the melting point nor the v1scos;ty ,

R<o>m W, <°>R'Yb'

2,3 -Difluoroterphenyls 23 -Dlﬂuoroterphenyls

is affected.

Figure 1.32 o-Difluoro substituted terphenyls

The position of the orthof-diﬂuoro substituents has an effect on the mesophase‘ :
mesomorphism as weﬁ as -on the melting and clearing poixits. The - 2;,3"’-

diﬂ‘uoroterphenyls7°’71’72 have a lower melting point and lower smectic C mesophase :
‘ stablhty as well as a greater nematlc tendency than the 2,3-difluoroterphenyls. The ,

smectic C phase is enhanced when the difluoro substltuent is on an outer ring and '

gives the lateral dipole near one end of the molecule. Both cores show smectic C e

~phases when fairly long termmal chains are attached; the compounds have hxgh o
: nega‘nve dlelectrlc anlsotropres, ‘high clearing points and usually have the des1red ;

: coolmg phase sequence of N 2> SmA —> SmC

A simplistic view of how mesogenicity arises in molecules is that the core provides

- the anisotropy necessary to give mesomorphlc behaviour and the terminal chains

- serve to reduce the meltmg point so that mesophases can be observed Most hquld
crystal research has been concentrated on the design and synthe51s of novel cores
and the flexible part of the calam1t1c liquid crystal molecule has been alkoxy or alkyl

L termmal chains.

‘ ‘The effect of changmg the nature of the terminal chalns on the mesomorphlsm and
'transmon temperatures has only been studied in detail w1th respect to their Iength

Only recently have researchers started to study the influence of the cham structure on

: the mesophase morphology and transition temperature73 7. Kelly has studied the

effect of the posmon of a doubIe bond along a cham and Goulding and co-



a1

workers7§ have studied the effect of an oxygen atom at varying positiens along a

chain. Each of these investigations has shown that the length and the nature of the

terminal chain can influence the mesomorphic properties of the material.” Coates’”’®

~ studied the effect of a methyl-branching at various positions along the chain and
showed that the closer the branching point was to the core the more severely the S

mesophase stability is depressed.. The melting points of the materials were also

significantly reduced When the branching point was further away from the core, 1ts ‘k

effect on the mesophase stability was less, but the melting points were still reduced

- 1.9 Aims of'the“resear*ch_ |



Most of the research on liquid crystals has focussed on the synthesis of novel

mesogenic cores, which are attached to simple alkyl or alkoxy terminal chains. Very .

little is known about the influence of different types of terminal chains on a chosen

~core and much more information is needed in order to understand the effect of the
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terminal chains on the mesornorphology of mesogens and on the electro-optic effects o

in a typical SSFLC cell or other devices.

Gray™ suggested that terminal groups fill the space remaining when the mesogenic

cores in the liquid crystal phase are in close contact. The terminal chains can actas

spacers and regulate the intermolecular spacing, thus controlling the molecular forces

which cause the liquid crystalline state. From the hydrodynamic point of view, the

terminal chain determines the length of the molecule and thus the radius of gyration,

which is important for v1scosrty 'S. Kazuyuki and co-workers® synthesrsed ‘

ferroelectric materials containing siloxy chain end groups, because this group, whrch ‘

18 believed to be more ﬂexrble than an alkyl chain, decreases the viscosity and lowers

'meltmg points. .. Coles et al. 3 also synthe51sed a senes of  low molar mass - '

ferroelectric materials containing organosiloxane end groups and these matenals

' showed subzero crystalhsatron temperatures, short switching tlmes82 43 and hlgh tilt

| angles (see ﬁgure 1 33)
CH3,CH3
‘ CH3—S|-O Si—(CHz)n‘0_©“ —@"
CH3 CH3 T
.n=8and10 R= —CI)H-fCH-CHa and R=;—-CH-—,—CH2-CH3 :

-~ Fi igure 1. 33 A series of low molar mass ferroelectric matenals containing
Pty organosﬂoxane end groups synthesrsed by Coles and co-workers

‘The reason for the short sw1tch1ng tnnes of these compounds could elther be the

| nature of the srhcon-oxygen bonds Wthh allows easier rotatlon of the molecule and
i s0 the greater ﬂexrbrhty of the group reduces the v1s0051ty, or the bulkiness of the

g group, whrch mterferes w1th the mter-layer mlxmg and therefore allows faster

swrtchmg around the cone angle from one blstable state to the other.



In order to study whether and how the switching is affected by the nature of the end
group on the terminal chain, the synthesis of several series of compounds containing

different end groups of different sizes and polarity was planned.

For this research, a 2,3-difluoroterphenyl core was chosen because compounds ”

derived fron} this core have reasonably low melting points, low viscosities and, most
importantly wide smectic C ranges®. Many 2,3-difluoroterphenyls also show the
coolmg phase sequence N — SmA — SmC required for optimum alignment of the
materlal in a cell for electro-optical measurements, and host mixtures based on

difluoroterphenyls are the preferred materials used in the DERA ferroelectric

programme.

A nine-atom chai;i at the 4-position (figure 1.34) was chesen for compounds in this
work since it has been estabiiehed that a significant chain length is required for the
_mesogenic core to exhibit the smectic C phase. Compounds 1.6-1.9 have
approximately the same cham length at the 4-posmon and allow a study of the alkoxy

/ alkyl effect on mesomorphlsm and transmon temperatures

R FF
a0 O O O R cote—, )< ) O oR
1.6 18

E F
m oy~ O
1.9

Figure 1.34 Core systems used in this work

_The chain at the 4-position was fixed as an ectyloxy-or as a nonyl chain, and the
terminal chain at the 4”-position was varied. The chain at the 4”-position was altered
in several ways; examples were targeted which were branched, with or without

heteroatoms such as oxygen, silicon or halogens (chlorine or bromine).

A series of compounds containing a trimethylsilyl end group on a chain of varying

length was targeted. Analogues of this compound were synthesised: one containing
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no bulky end group, one where the 81]1con atom was replaced by a carbon atom, and '

finally one with a t—butyloxy end group (see figure 1.36).

Although the terms “terminal” and “end group” are sometimes used synonymously, . |

they are used with distinct meanings in the present case: ‘termmal’ chains are chams -

which lie along the long molecular axis and the end group is the regron at the end of -

the terminal chain (and they differ from lateral chams Whlch are attached

perpendlcular to the long molecular axis) (see figure 1.35).

Bulkyend group , \ ; ‘
| B F N  Lateral chain °

0

. Terminal chains

- Figure 1.35 Representatlon of a termmal cham with a bulky end group

| "The bulky end group 1s hkely to hmder the packmg of the molecules and therefore
- decrease the melting pomts and the mesophase stab1ht1es Because terphenyl core
| systems g1ve compounds w1th hlgh mesophase stablhtles a bulky end group may still

- provide compounds that exhlblt an enantiotropic smectlc C phase at reasonably hlgh

 temperatures. SRRt 2

g “‘The intention was to study the effect of the bulky end group on the meltmg pomt and
o mesophase morphology of the compounds and also o assess how these compounds

- affect the sw1tch1ng tunes of mixtures in which they are included. Other variations to

the end group which were planned mcluded a series of compounds with the same

' cham length but with varylng steric s1zes, a series of compounds contammg chloro

 end groups, and a series of compounds contalnmg varymg ethylenoxy units. The

complete set of compounds prepared in this work is summansed in ﬁgure 1.36 with

; the parent compounds §



o

R F

;"R O m §(§H2)40R'

e cH

R'= CH,CH;CH; ' R'= CHCH,CH; ' R'= CHZCHa

.. CH; CHj

CHa - ’ CH CHs

=CH,CCH; ' R'= CHCH = R'= CHC-CHy

CH3 ~ CHsCHs .CHscHs

. CHs - .

" R=CCHCHy . T ‘
_ CHs , o -
‘RO(CHz)nSKCHa)s (n= 2-6) h

F

'”r‘.RO(CHZCHzo),,CH3 (n=13)

R= C8H1}6 ‘ a‘nd 'R=CgHys (notall doinbinations of substituents were prepared)

Flgure 1 36 The range of compounds w1th different end groups prepared in this work
1.9.1 Blbhography Sectionl | “

1 F Remltzer, Montash 1888, 9, 421
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2.1 Techniques, methods of analysis and general procedures

A number of techniques have been used for the synthesis and characterisation of the

materials - reported in this thesis -and descriptions of these procedures and

speciﬁcations are given below. . .

2 1.1 Punficatlon and purlty of materlals : ‘ ‘
Smce 1mpur1t1es in liquid crystal matenals can drastlcally mﬂuence the1r

: mesomorphlc properties, the compounds were synthe51sed from starting matenals 2

which were as pure as possible. Unreacted material was frequently detected by th1n
layer chromatography and - GC | and subsequently removed by column

o chromatography on sﬂlca gel or by recrystalhsatron (see below)

2. 1 2 Punficatlon and drymg techmques of startmg materlals and solvents
Unless stated otherwrse in the text, startmg materials were obtained from Aldnch
| Avocado, Fluka or Lancaster Synthesrs The starting matenals were used w1thout
further punﬁcatlon All solvents were used as bought unless stated below.

o Dry tetrahydrofuran (THF) was obtalned by d1stlllat1on over sodium metal

- under adry mtrogen atmosphere usmg benzophenone as an indicator to detect

‘ the absence of m01sture

"(ii): | Dry dlchloromethane (DCM) was obtamed by dlstrllatron from calcium

e hydrlde under a dry mtrogen atmosphere
(iii) Drethyl ether was dried over sodium wire.

@iv) - Tetrakls(tnphenylphosphme)palladlum(O) was synthesised as described by

Coulsonl.

All apparatus used 'forair sensitive reactions or reagents was dried in an oven (250
°C), assembled whilst hot and allowed to cool whilst being purged with a constant

stream of dry nitrogen before use.



- 2.1.3 Purity of the compounds

i, 13.1 ngh Performance qullld Chromatography

The purity of all final compound was checked by GC, thin layer chromato graphy
and normal and reversed phase high performance liquid chromato graphy (HPLC)

1 using Merck M1crosorb C18 or Si columns and acetomtnle (May and Chromonorm) »

. as mobile phase ‘The purity of all intermediates was found to be greater than 98% -

5 unless stated otherwrse, and the purity of final compounds was found to be greater

‘C:than99%

‘ 2 1 3 2 Thm Layer Chromatography (TLC)

o The plates used were alum1n1um backed TLC plates coated with s1llca gel [Kreselgel '

,' - 60 F254] supphed by Merck (Darmstadt) If the products conta1ned conjugated'
‘% ,‘ reglons they were v1ewed usmg an ultravrolet lamp (7\. 254 and 365 nm) In other
s1tuat1ons, the plates were stamed w1th iodine. . - Fe
h 2 1 33 Gas quuld Chromatography (GLC) e R
GC analyses were performed usmg a Chrompack 9001 caplllary gas chromatographf i
. equlpped w1th a WCOT fused s1hca column (CP Sil 5 CB 0. 12 pam, 10 m long x 0.25 ‘

L mm mternal d1ameter), usmg mtrogen as the carner gas The purlty of all

S 1ntermed1ates was checked by gas chromatography (GC) [Chrompack 9001 capillary -
= ‘y'gas chromatograph equlpped witha WCOT fused sﬂrca (CP—S11 5CB 0 12 um 10m

| , long x 0. 25 mm mternal d1ameter)

Cr 2 4 Purlficatlon of products i ,

~ The pur1ﬁcat1on of the synthe51sed products was camed out by e1ther column
chromatography, d1stlllatlon and recrystalhsat1on or a combmatlon of these
g techmques as descnbed below | L R

o Column Chromatography ‘
S Gravrty column chromatography was camed out usmg Kieselgel 60 (230- 400

gmesh) silica gel obtamed from Merck (Darmstadt), the eluents were as

; | detailed i in the expenmental procedure
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- Distillation - . S
Many distillations were carried out using a standard distillation process and

. the temperatures and pressures are as quoted in the text. However, where

approximate boiling points are quoted the materials were purified by"“

- Kugelrohr distillation, using a Biichi GKR-51 apparatus.

L Percentage yields
CAll percentage yields quoted are after recrystalhsatlon

"

Conﬁrmatlon of the structures of intermediates and products was obtamed by the

following techniques.

2.1.5.1 'H Nuclear Magnetic Resonance Spectroscopy (lH NMR)
The structures of all compounds were confirmed by 'H NMR spectroscopy using a
JEOL Lambda 400 (400 MHz) or a JEOL JNM- GX27O (270 MHz) spectrometer as

stated in the experlmental procedure Tetramethylsilane (TMS) was used as the

1nterna1 standard for all samples and deuteriated chloroform (CDCl3) as the solvent

for all samples. .

k ~ The value, J, for the couphng constants were found to be 6.5-8.5 Hz in the aromatic

region, and are not reported in this work.

2152 Infrared (IR) Spectroscopy |
IR spectroscopy was carried out using either a Perkm—EImer 783 spectrophotometer

or a Perkin-Elmer 1000 Fourier transform (FT-IR) spectrophotometer.



2.1.5.3 Mass Spectrometry (MS) ,
The mass spectra of all compounds were obtained using a Finnigan-MAT 1020

GC/MS spectrometer. -

2.1.5.4 Optical Rotation
The optical activity of certain products was carried out using an Optical Activity Ltd.

AA-10 automatic polarimeter. -

2.1.6  Characterisation of Final Products
2.1.6.1 Optical Microscopy
All phase transitions were observed using an Olympus BH2 polarising microscope in

conJunctlon w1th a Mettler FP52 heatmg stage and FP5 control unit.

21 .6.2 Differential Scannmg Calonmetry (DSC)
DSC analyses were carried out on all the liquid crystalline materials using a Perkm-

Elmer 7 Senes / Unix DSC w1th a gold pan-mdlum standard (melting point onset
156. 547 °C, enthalpy AH (28 392 J g'l)

2.1.7 Nomenclature and Abl;i'eviations

Throughout tlus thesis the IUPAC system of nomenclature has been used asa gu1de ,

The meamngs of the abbreviations used are listed below:

mp = melting point
bp = boiling point
" Cr = crystal
I o= 1sotroplc llqu1d
N = nematic |
SmA = smectic A
SmC . o= smectic‘C
SmCy = smectic C alt
N* = chiral nematic

SmA* = chiral smectic A



| 1 H NMR nomenclature - .
b o= broad

= singlet

|    _“.  d = doublet

q ,g‘,_;é;fll‘;’, e = quartet

om0 = multiplt

I ‘ Solvent and éatalysfs el LR S A
CDCL; = deuterated chloroform

 DEAD = diethyl azodicarboxylate -
H ‘DCM T dichlorc}rhethane

DME = 12-dimethoxyethane

;‘  _  : DMSO‘ = _',dlmethylsulphox1de,
. THF = tethydrofuran

TBAB = tert-butylammomum bromlde

Ll TBME = i 'tert-butyl methyl ether e

’i

o : Terphenyl for ease terphenyl stands for [1 r 4’ 1”] terphenyls unless stated

S otherw1$e
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'  . 2.1.8 Source of materials e e
1 * The list of stamng materials supphed by Avocado Aldrich, Lancaster or. Fluka arej‘l et

- given below

Difluorobenzene (1), 2—methoxyethanol‘ (9), di(ethylene glycol) methyl ether (10) c

- tri(ethylene glycol) methyl vinyl ether (11), 4-brom0-4’-hydroxyblphenyl (12) 2-’

: : ,butoxyethanol (22), dl(ethylene glycol) butyl ether (23), hexan-1,6- d101 (28) 4~ e
- chlorobutan-1-0l = (36), 5-chloropentan-1—ol 37, 6-chlorohexan- -ol - (38),

B tnethylchlorosﬂane (60) 3,7-dimethyloctan-1 1-ol (65), octan-1 -ol (68) 3 7 7- '  :

i ;tﬂmethylhexanoylchlonde (124) 4- bromoblphenyl (125) chloromethyl ethyl ether'
T (141), ethyl (S)-(-)- lactate (143) | i



‘Reagents

la...BuLi, - 78 °C, THF; B(OMe);; aq HCI

1b..H,0,

Ic...1-bromooctane, K,CO;, butanone

Schemé 1 |

56



@ —_— CaH17HC‘©
OH )

i
a
e

-

l

FE F

1

Reagents i

" 2a..Buli,- 78 °C THF nonanal
-2b.. P205, Hz/Pd e : ' B
2c.. BuL1 - 78 °C THF; B(OMe)3, aq HCl |

,»_':Scheme 2
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Schemel e

| 2,3-Difluorophenylboronic acid (2)
Butyllithium (2.5 M in hexanes, 88 ml, 0.219 mol) was added dropwise to a stirred,

cooled (-78 °C) solution of compound 1 (25.0 g, 0.219 mol) in dry THF (400 ml) :

~ under a stream of dry nitrogen. The reaction mixture was maintained under these

73

 conditions for 2.5 h and then trimethylborate (45.5 g, 0.438 mol) was added dropwise

to the reaction mixture and left overnight to reach room temperature. The reaction
mixture was stirred for 1'h with 10% HCI (100 ml) at room temperature. The
produ‘ctv was extracted into ether (2 x 200 ml) and the combined ethereal extracts

were washed with water and dried (MgSOy), the solvent was removed under reduced

pressure to give wh1te crystals.

' Yield 31.1 g, 90%; mp 234-237 °C.’

: 1HNMR(270MHZ)E‘S(CDC13) 7. 10(1 H, dd J17.8),7.15 (1 H, t, J78), 750(1 H,
| br s), 7.65 (1 H t,J 7. 8), one proton 51gna1 was not detected. ‘ ‘

| vmax(KCI): 3700-3000, 1625, 1470, 1360, 1270, 1045, 900 cm™.

m/z: 158 (M), 140, 125, 114, - |

2,3-Difluorophenol 3) B <
- 10% Hydrogen perox1de (160 ml of 100 vol in 240 m] i m water) was added dropwise
toa solutlon of compound 2 (31.1 g, 0.202 mol) in ether (100 ml) and heated under
reflux overmght The ether layer was separated and the aqueous layer was washed
with ether ( 100 ml). The combined ethereal layers were washed with 10% sodium
hydrox1de solution and the separated aqueous layer was acidified with 36% HCI.
The product was extracted into ether (2 x 200 ml), and the combined ethereal layers
- were washed with brine, water and dried (MgSOy). The solvent was removed in
vacuo to give a white solid. |
Yield 25.4 g, 99%, mp 35-36 °C.
'H NMR (270 MHz) & (CDClg) 5.30 (1 H, s), 6.65-6.80 (2 H, m), 690 (1 H,dd,J
7.8).
Vmax(KCI): 3700-3000, 1625, 1540, 1515, 1490, 1475, 1350, 1310, 1250, 1190, 1020

em’,

m/z: 130 (M"), 110 and 101.



'1,2-Difluoro-3-octyloxybenzene (4)

Potassium carbonate (33.2 g, 0.240 mol) was added to a solution of compound 3

74

- (26.0 g, 0.200 mol) in butanone (200 ml). The mixture was left stirring at room |

“temperature and a solution of 1-bromooctane (37.6 g, 0.019 mol) in butanone (50 ml)

‘was added dropwise. The reaction mixture was heated under reflux for 44 h, filtered

. and the bufanone was removed from the filtrate under reduced pressure. The product =~

 was extracted into ether (2‘ X 150 ml) and the combined ethereal extracts were

washed successively with water, 5% sodium hydroxide, water, and dried (MgSOy).

The eolvent was fefnoved in vacuo and the residue was distilled under reduced

. pressure to glve a colourless 011 |

Yleld 24.8 g, 53%; bp 164- 166 °C at 18 mmHg

| lHNMR(27OMHZ)8(CDC13) 0.85(3H,t,7J6.2), 1.15- 135 (8 H, m), 145 (2H
| quintet, J 6.2), 1.80 (2 H, qumtet, J6.4),4.00 (2H,t,J6.4),6.75(2H, m), 6.95(1 H,

'v;'nax(KCI):k2950, 2880, 1‘63?5, 1525, 1490, 1480, 1325, 1300, 1265, 1090 cm”.

/s 242 (M), 171, 156 130. S

2,3-D1ﬂuoro-4-octyloxyphenylboromc acid (5)

s Quantmes compound 4 (24 0 g, 0.106 mol), butyllithium (2.5 M in hexanes 42.3 ml,

0.106 mol), trimethyl borate (21.9 g, 0.212 mol). The experimental procedure was as

described fof the preparation of compound 2. . . . ..~ ‘

Yield 30.2 g, 100%. |

o lHNMR(270 ‘MHz) é (CDCl5): 0.90 (3 H,t,J5.9), 1.25-1.35 (8 H, m), 1.45 (2 H,
| qumtet J5.9),1. 80 (2H, quintet, J62) 4.05(2H,t,J6.3),6.80 (1 H, m),780(1 H,

‘ m), the OH protons were not detected

Vmax(KCl) 3600-3100 2980, 2940, 2880, 1635, 1530 1475 1365 1310 1225, 1090

cm'l. :

m/z: 286 (M*) 271,258, 2"'4‘1(100%). S
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Scheme2 .

" (2,3-Difluorophenyl)nonan-1-ol (6) | : ’
Butyllithium (2.5 M in hexanes 52.5 ml 0.131 mol) was added dropw1se toa strrred

cooled (-78 °C) solution of compound 1 (12.0 g, 0.105 mol) in dry THF (400ml) "

- under a stream of dry nitrogen. " The reaction mixture was maintained under these

cor_lditions for 2.5 h and a solution of nonanal (149 g, 0.105 mol) in dry THF (50 ml)

was added dropwise at — 78 °C." The mixture was allowed to slowly reach room
temperature overnight Ammonium chloride solution (2M, 200 ml) was added and
 the “product was extracted into ether (2 x 150 ml), the combined ethereal extracts
~ were washed with water and dried (MgSOy). The solvent was removed in vacuo and
the residue was dlstllled under reduced pressure to give a colourless oil. s
Yield 19.5 g, 70%; bp 120-126 °C at 0.1 mmHg. | e

‘ lH NMR (270 MHz) & (CDCls): 0.85 (3 H, 1, J 5.7), 1.15-1.40 (12 H, m), 1.70-1.80
(2H,m),2.95(1 H, s),5.00 (1 H, t, J62),700—710(2H m), 7.12-7.20 (1 H, m)
Vmax(KCI): 3600-3100, 2940, 2860, 1630 1600, 1485 1270, 1210, 1060, 820 cm™
m/z: 256M) 238, 216, 203.

1 2-D1ﬂuoro-3-nonylbenzene a
Phosphorous pentoxrde (341 g, O 240 mol) was added to a stirred solutlon of

compound 6 (19. 5 g, 0.095 mol) in pentane (150 ml). The mixture was stirred at
room temperature overnight and the mixture was filtered. 5% Palladium-on-charcoal
(1.85 g) was added to the filtrate and the stirred mixture was hydrogenated at room
temperature overmght ‘The mixture was filtered and pentane was removed in vacuo
' and the product was distilled to give a colourless oil. ‘
Yield 12.1 g, 65%; bp 150-156 °C at 15 mmHg .
'H NMR (270 MHz) & (CDC13)' 0.90 3 H, t, J 6.1), 1.50-1.65 (12 H, m), 1.68 2 H,
~ quintet, J 6.3), 172(2H t, J63),691-701 (3 H, m).

vmax(KCl) 2980 2960, 2860 1630, 1600, 1490, 1285 1210, 1040 995, 825 780,

730 cm™!
- m/z: 240 (M”), 197,182,
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2,3-Difluoro-4-nonylphenylboronic acid 8
Butyllithium (2.5 M in hexanes, 20.0 ml, 0.050 mol) was added dropwise to a stirred,

- cooled (-78 °C) solution of _compound 7 (12.0 g, 0.050 mol) in dry THF (250 ml)

under a stream of dry nitrogen. The reaction mixture was maintained under these
“conditions for 2.5 h and then trimethyl borate (10.4 g, 0.100 mol) was added
dropwise and the reaction mixture was left overnight to reach room temperature.
| 'The reaction mixture was stirred for 1 h with 10% HCl (100 ml) at room
terﬁberature. ' The product was extracted into ether (2 x 200 ml) and the combined
ethereal extracts were washed with water and dried (MgSQOy); the solvent was
removed under reduced presssure to éive white crystals. .
Yield 14.2 g, 95% (mp not recorded).
lHNMR(270MHz)3(CDCl;;) 0.90 (3 H, t, 157) 1.25-1.35 (12 H, m), 1.60 (2 H,
m), 2.67 2 H, t,J 6.3), 700 7.05 (1 H, m), 7.35- 742(1 H, m) the OHprotonswere

not detected."

cm’,

m/z: 267,256, 213, 199, 184,

Vauwx(KCI): 3600-3100, 2960, 2940, 2850, 1640, 1460, 1435, 1250, 1220, 1135, 670
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Scheme3 ' o,

4-Bromo-4°-(1 4-dloxapentyl)blphenyl 13
Compound 12 (4.00 g, 0.016 mol) and compound 9 (1.22 g, 0.016 mol) were mrxed
in dry THF (75 ml) and left stirring at room temperature for 10 min; then a solution

of triphenylphosphine (4.20 g, 0.016 mol) and DEAD (2.80 g, 0.0161 mol) in dry

‘cold THF (60 ml) was added dropwise at room temperature over 10 min. The
reaction mixture was left stirring overnight. - The reaction product was extracted into
~ ether (2 x 200 ml), and the combined ethereal solutions were washed with water and

dried (MgSO4) The crude product was adsorbed onto silica gel and purified by

column chromatography [ethyl acetate-petroleum fractron (bp 40-60 °C), 1 :5]to grve )

whlte crystals

Yield 2.95 g, 60%; mp 102 103 °C. , ‘

- "HNMR (270 MHz) § (CDCls): 3.44 G H, 5), 3.76-3.82 (2 H, m), 4.13-4.19 2 H,
“m), 7.00 2 H, d), 7.37-7.56 (3 x 2 H, d). ‘
| vmax(KCl) 2880, 1610, 1465, 1305, 1090, 840, 515 cm'*

m/z: 308/306 (M*) 250/248 (100%), 152 139 |

‘ Compounds 14 and 15 were prepared followlng a similar procedure to that descnbed :

for the preparatlon of compound 13.

4-Bromo-4’ (14 7-tnoxaoctyl)blphenyl (14)

Quantities: ‘compound 10 (1.93 g, 0.016 mol), compound 12 (4.00 g, 0.016 mol)
triphenylpho'sphiue (4.19 g,0.016 mol) and DEAD (2.80 g, 0.016 mol).

Yield 3 90 g, 66%, mp 91- 92 °C (white powder)

'y NMR (270 MHz) ) (CDC13) 344 3 H,s), 3. 62-3.70 (2 H, m) 3.70-3.78 (2 H,
m), 3.80-3. 86 (2H, m),420—427(2H m), 7.04 2 H, d),740 759(3x2H d).
vmax(KCI) 2880, 1605 1460, 1305, 1080, 840, 500 cm™ ‘

| ‘m/z.,352/350 (M+), 250/248, 152, 139, 59 (100%).

4-Bromo-4’ (1 4 7 10- tetraoxaundecyl)blphenyl (15)
Quantities: compound 11 (5.27 g, 0. 032 mol), compound 12 (8. 00 g, 0.032 mol)

| ‘trlphenylphosphme (8.44 g,0.032 mol), and DEAD (5 60 g, 0.032 mol).
Yield 8.85 g 70%; mp 65- 66 °C (whlte powder)

s
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'H NMR (270 MHz) § (CDCL); 3.48 (3 H, s), 3.62-3.69 (2 H, m), 3.72-3.90 6 H, |

m), 3.95-4.20 (2 H, m), 4.24-4.31 2 H, m), 7.08 (2 H, d), 7.47-7.66 3 x 2 H, d).
vmax(KC1) 2880, 1605, 1460, 1300, 1100, 805, 510 cm™. -
m/z 396/394, 250/248, 152, 139, 103, 59 (100%).

2,3-Difluoro-4-octyloxy-4°’-(1,4-dioxapentyl)terphenyl (16) -

' Compound 13 (1.23 g, 4.0 mmol), an aqueous 2M-solution of sodium carbonate (40
ml) and tetrakls(tnphenylphosphme)palladmm(O) (0.12 g, 0.12 mmol) were mixed in
DME (60 ml) under dry nitrogen at room temperature and compound 5 (1 37 g, 4.8
mmol) was added. - The stirred reaction mixture was heated overnight under reflux
under dry nitrogen until g.l‘.c. and t.l.c. revealed a complete reaction. The product

was extracted into DCM (2 x 150 ml) and washed with brine, water and dried

(MgSO4) - The solvent Wés removed under reduced pressure and the residue was .

purified by column chromatography [diethyl ether-hexane, 3:1] and recrystallised
from acetonitrile-hexane ( 1 1) to give white crystals .

Yield 1.0 g, 50%. ‘

_ Transition temperatures (°C) Cr 133.8 SmC.158.5 SmA 165 3N 1789 L
~'HNMR (270 MHz) § (CDC13) 0.90 (3 H, t,J5.2), 1.20-1.53 (10 H, m), 1.85 2 H,
:qumtet J5.9),3.40 3 H, ), 3.57-3.63 (2 H, m), 4.08 2 H, , 1 6.3), 420 2 H, 1, 6.4),
6.76-6.84 (1 H, m), 7.00 (2 H, d), 7.08-7.18 (1 H, m), 7.52-7.58 2 x 2 H, ), 7.62 2
H,d). |

Ve (KCI): 2920, 1610, 1500, 1440, 1080, 800 e’

m/z: 468 (M), 356,298 (100%), 468, 410.

- Compounds 17, 18, 19, 20 and 21 wére preparéd following a similar procedure to

that described for the preparation of compound 16.
| 2,3-D1fluoro-4-octyloxy-4"-(1 4 7-tnoxaoctyl)terphenyl an

Quantltles compound 14 (140 g, 4.0 mmol), tetrakis(triphenylphosphine)-

palladlum(O) (0.12 g, 0.12 mmol), and compound 5 (1.34 g, 4.7 mmol).

Yield 1.2 g, 60% (white crystals). - ‘
 Transition temperatures (°C): Cr 120.5 SmC 130.5 SmA 1355 N 140.8 L

~'H NMR (270 MHz) & (CDCLy): 0.84-0.95 (3 H, m), 1.20-1.53 (10 H, m), 1.78-1.92
(2 H, m), 3.40 (3 H, 5), 3.57-3.63 (2 H, m), 3.72-3.78 (2 H, m), 3.90 2 H, t, ] 6.4),
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4.08 (2H,1,J6.4),4.20 2 H, 1, ] 6.4), 6.76-6.84 (1 H, m), 7.02 (2 H, d), 7.08-7.18 (1 .

H, m), 7.52-7.58 2 x 2 H, ), 7.62 (2 H, d).
Vmax(KCI): 2920, 1610, 1500, 1440, 1080, 800 cm™.
m/z: 512 (M), 400, 298 (100%), 269.

- 2,3-Difluoro-4-octyloxy-4°’~(1,4,7,10-tetraoxaundecyl)terphenyl (18)
“Quantities: compound 15 (1.58 g, 4.0 mmol), tetrakis(triphenylphosphine)-
palladlum(O) (0.12 g, 0.12 mmol), and compound 5(1.37g,4.8 mmol)

Yield 1.2 g, 58% (white powder). ‘
Transmon temperatures (°C) Cr 106.0 SmC 117.5 SmA 121 8§ N 1265 1.

'H NMR 8 (CDCL): 0.84-0.95 (3 H, m), 1.19-1.55 (10 H, m), 1.78-1.92 (2 H, m),
3.40 (3 H, s), 3.52-3.59 2 H, m), 3.64-3.72 (2 H, m), 3.73-3.80 (4 H, m), 3.90 (2 H,
tk 152),4.08 2 H,1,5.8), 420 2 H, 1, 1 5.9), 6.76-6.84 (1 H, m), 7.02 2 H, d), 7.08-
7.18 (1 H, m), 7.51- 7.57(2x2H,d),7.61 @K, d)

Vax(KCI) 2920, 1610, 1500 1440, 1080, 800 cm’”

m/z: 566 (M, 100%) 297, 251 147 103.

2,3-D1ﬂuoro-4-nonyl-4”-(l 4-dloxapentyl)terpheny] 19)
* Quantities: compound 13 (123 g, 4.0 mmol), tetrakis(triphenylpbosphine)-
- palladium(0) (0.12 g, 0.12 mmol), and compound 8 (1.37 g, 4.8 mmol). -

- Yield 0.96 g, 50% (white crystals).
Transition temperatures (°C): Cr 101.3 SmC 125.5 SmA 1549 N 1585 L.

'H NMR 8 (CDCly): 0.84-0.93 (3 H, m), 1.20-1.43 (12 H, m), 1.58-1.70 2 H, m)
265273 (2 H, m), 345 3 H, ), 3.75-3.82 (2 H, m), 4.14-4.22 2 H, m), 6.96-7.05
G H,m),7. 11-7 181 H, m), 7.53-7.68 3 x 2 H, d)

 Vma(KCI): 2925, 1620, 1455, 1250, 1125, 825 cm’

m/z: 466 (M, 100%), 408, 295, 266.

2,3-bifluoro-4—nonyl—45’-(1,4,7-trioxaoctyl)terphenyl (20)
Quantities: compound 14 (1.40 g, 4.0 mmol), tetrakis(triphenylphosphine)-

palladlum(O) (0.12 g, 0.12 mmol), and compound 8 (1. 37 g, 4.8 mmol).

" Yield 1.04 g, 52% (white powder). -
Transition temperatures (°C): Cr 84.8 SmC 102.9 SmA 107.6 N 115.0 I.



',,‘vmax(KcD 2920, 1605, 1430, 1252 1110, 805 om”
o mz 510(M‘“) 408, 295, 266 |

i ; -2,3-D1ﬂuoro-4-nonyl-4”-(1 4,7 10-tetraoxaundecyl)terphenyl (21) |
o i Quantltles compound 15 (1 58 g, 4 0 mmol) tetrak1s(tnphenylphosphme)palladmm L
(0) (0 12 g,O 12 mmol) and compound8(1 37g,48mmol) ‘ '

i ‘,Yleld 1 04 g, 50% (whlte crystals) ,
Transxtlon temperatu:res (°C) Cr 82 9 SmC 89 8 N 92.6 I

1H NMRS(CDC13) 0.83-0.93 (3 H m), 1.20-1.46 (12 H m) 157172 (2 H m) '
267(2HtJ58)340(3Hs),352360(2Hm)362370(6Hm)388(2Ht‘g'
| ‘7"';J59),419(2HtJ6O),695705(3H m),709719(1Hm),753768(3x2H_"

o ;kj'ﬁ,‘gvmax(KCl) 2925, 1605 1465 1252, 11oo 805 em’.
e *”m/z 554 (M* 100%) 408 295 266. o

i V'VIHNMRS(CDC13) 0.83-0.93 (3 H, m) 1.20- 145 (12H m), 157172 (2H m), .
2.67(2H,1,15.6), 340(3H s), 356362(2H m), 372378(2H m), 390(2H ,
EIE J59),420(2H t, J60),695 705 (3H m),711-718(1 H, m),752 7.68 (3x2H-[_f-”

it

o _" Compounds 24, and 25 were prepared followmg a sumlar procedure to that descnbed i

. for the preparatlon of compound 13.

! ; 4- Bromo-4’-(1 4- dloxaoctyl)blphenyl (24)
S Quantltles compound 22 (3 80 g, 0. 032 mol), compound 12 (8 OO g, 0 032 mol)
tnphenylphosphme (8 44 g, 0.032 mol), and DEAD (5 60 g, 0. 032 mol) | '

 Yield 7.82 g, 70%; mp 104-105 °C (whlte powder)
ey NMR (270 MHz) § (CDC13) 0.91-0.96 (3 H, m), 1.33-1. 44 (2 H,m), 1. 56 1.64 (2

- H m),354(2H t, J62),380(2H t, J64) 415(2H t, J60) 698(2H d) 7.37-
‘]753(3x2Hd) S . | S

vmaX(KCI) 2935, 1610 1460 1290 1190 820 500 cm™

s m/z 350/348(M*) 250/248 (100%), 139 110 |

4 Bromo-4’-(1 4 7-tnoxaundecyl)blphenyl (25)
Quantltles compound 23 (5 20 S 0.032 mol), compound 12 (8 00 g, 0.032 mol)
| trlphenylphosphme 8. 44 g, 0 032 mol) and DEAD (5 60 g, 0.032 mol).
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| Yield 8.17 g (65%), (the melting point was not recdrded); (white powder). | |

'H NMR (270 MHz) 5 (CDCL): 0.89-0.93 (3 H, m), 1.32-1.42 (CH,m), .57 (2 H,

- quintet, J 5.4),3.48 (2 H, 1,7 5.7), 3.61 -3.64 (2 H, m), 372374(2H m), 3.90 2 H,
t,J5.7),4.16 (2 H,1,76.1),6.98 2 H, d),738-754(3x2H d). L

Va(KC1): 2935, 1610, 1480, 1305, 820, 500 cm™. ‘

- m/z:394/392 (M), 250/248 (100%), 152, 139. -

o

- Compounds 26 and 27 were prepared followihg a similar procedure to that described

for the preparation of compound 16.
2,3-D1ﬂuoro-4-octyloxy—4"-(1 4- dloxaoctyl)terphenyl (26) -
Quantities: compound 24 (1 53 g, 4.0 mmol), tetrakis(triphenylphosphine)-
- palladium(0) (0.12 g, 0. 12 mmol), and compound 5 (1.37 g, 4.8 mmol).

Y1eld 1.34 g, 60% (wh1te powder) : ‘ :

" Transition temperatures (°C) Cr 108. 0 SmC 146.5 1.

| 'H NMR 8 (CDCls): 0.85-0.97 (6 H, m), 1.23-1.53 (12 H, m), 1.57-1.66 (2 H, m),
1.80-1.90 (2 H, quintet, J 5.2), 3.5 2 H, 1, J, 52),3.82(2H,1,75.4), 408 2H, 1,7

©59),4.17 @ H, 4,7 6.0), 6.78-6.85 (1 H, m), 7.00 (2H, d), 7.10-7.16 (1 H, m), 7.50-

756 2x2H, d),762(2H d).
vmax(KCl) 2980, 2880, 1640 1610, 1500, 1480, 1305, 1260, 1080, 800 em™.

m/z: 510 (M, 100%), 397, 298, 251, 57. -

2,3-D1ﬂuoro-4-octyloxy-4"-(1 4 7-tnoxaundecyl)terphenyl 27
B Quantities: compound . 25 (142 g, 3.5 . mmol), ten-akls(mphenylphosphlne)
palladium(0) (0.12 g, 0.12 mmol), and compound 5 (1.20 g, 4.2 mmol).

Yield 1.21 g, 63% (white powder).

 Transition temperatures (°C): Cr 72.8 SmC 119.5 L

'HNMR 5 (CDCl3): 0.85-0.97 (6 H, 'm), 1.23-1.53 (14 H, m), 1. 85 (2 H, quintet, J
6.2), 3.49 (2 H, 1, J 6.4), 3.63 2 H, 1, J 6.2), 3.72:3.77 2 H, m), 3.90 2 H, 1, J 6.4),
4.09 (2H,1,16.4),420 2 H,1,J6. 4),6.78-6.85 (1 H, m), 7.00 (2 H, d), 7.10-7.16 (1
H m),752 758(2x2H d),762(2H d).

vmax(KCl): 2960, 2880, 1650, 1620, 1500, 1480, 1300, 1260 1120, 1080, 800 cm™

" m/z: 554 (M, 100%), 323, 297, 89, 57.



Scheme 4 - g e

6-Bromohexan-1-ol (29)
Hydrobromic acid (48.5%, 36 ml, 0.221 mol), was added to a solution of compound

28 (25.0 g, 0.221 mol) in benzene (200 ml). The mixture was heated under reflux for

26 h and the water formed was removed using a Dean-Stark water separator.
" Benzene was removed in vacuo, the residue was dissolved in diethyl ether (300 ml),

washed with 6N sodium hydroxide solution (250 ml) and water (250 ml) The

etheral solution was then dried (MgSO,) and the solvent was removed in vacuo; the

residue was purified by column chromatography [DCM] to give a colourless oil.
Yield 19.9 g, 50%; bp 108-110 °C at 5 mmHg. |
1 H NMR (270 MH2) 8 (CDCLy): 1.35-1.52 (4 H, m), 1.60 (2 H, quintet, J 5.8), 1.80

(2H qumtet J60) 342(2H t, J58) 370(2H t, J60)theOHprotonwasnot'

detected. -
Vmax(KCl) 3600 2900, 2800 1440, 1280 1250, 720, 500 cm’!

m/z: 182/180(M*) 102/100 (100%).

| _4-Bromo;4’-(6-hydroxyh§§yloxy)biphenyl (30)

A solution of compound 29 (3.64 g, 0.020 mol) in butanone (80 ml) was added at

room temperature to a stirred mixture of compound 12 (5.00 g, 0.020 mol) and

potassium carbonate (5.50 g, 0.040 mol) in butanone (70 ml). The reaction mixture

was heated under reflux for 48 h. The potassium carbonate was filtered off and the

solvent was removed in vacuo, the re51due was dissolved in diethyl ether (250 ml)

and washed w1th water (2 x 150 ml) and dried (MgSOy). The solvent was removed

in vacuo and the crude solid was then recrystalhsed from ethanol to give white

- crystals. | |

Yield 3.60 g, 49%; mp 140—141 °C

'H NMR (270 MHz) 8-(CDCI3). 1.36-1.64 (6 H, m), 1.81 2 H, quintet, J 5.8), 2.81

(1H,5),3.52 (2H, 1,7 5.0),4.00 2 H, ,J 6.0), 6.95 (2 H, d), 7.38-7.56 (3 x 2 H, d).

| Vmax(KCD): 3360, 2980, 2890, 1610, 1489, 1390, 1260, 1080, 1005, 810, 500 cm.
m/z: 350/348 (M*),‘250/248 (100%), 244, 218, 192, 138, 114, 58 (100%).
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2,3-Difluoro-4-octyloxy-4’’-(6-hydroxyhexyloxy)terphenyl (31)
A solution of compound 30 (3.30 g, 9.5 mmol), a 2M-aqueous solution of sodium
carbonate (40ml) and tetrakis(triphenylphosphine)palladium(0) (0.28 g, 0.28 mmol)

were mixed in DME (60 ml) under dry nitrogen at room temperature and compound

5 (3.25 g, 11.4 mmol) was added. The stirred reaction mixture was heated under

reflux under dry nitrogen overnight until g;l.c. and t.l.c. revealed a complete reaction.
The product was extracted into DCM (2 x 150 ml) and washed with brine, water and

dried (MgSOy). The solvent was removed under reduced pressure and the residue

83

was purified by column chromatography [DCM-hexane, 1:1] and recrystalhsed from

ethanol-hexane (1:4) to give a white powder.

Y1e1d120g,30% | ‘ o A .

Transition temperatures (°C) Cr 158.3 SmC 168 9 SmA 179.5 N.185.0 L

'H NMR (270 MHz) & (CDC13): 090 3 H,t,J6.3),1.24 (1 H, s), 1.22-1.40 (16 H,

 m), 1.80-1.88 (4 H, m), 3.67 2 H, 1, 1 6.1), 402 @ H, 1,7 59), 408  H, 1, T 6.1),

6.78-6.83 (1 H, m),688(2H d), 7.08-7.13 (1 H, m), 7.52- 758(2x2H d), 7.67 2
H, d). o ) A

vmax(KCI) 3600-3300, 2930, 2850, 1600, 1495, 1390, 1300, 1250, 1070, 800 cm’
iz 510(M+) 493, 298, 87(100%)

4’?-(9,9-Dimethyl-1,8-dioxadecyl)-2,3-diﬂuoro—4-octyloxyterphenyl 32)
A solution of compouhd 31 (1.10 g, 2.1 mmol) in a minimum volume of DCM (100
ml of hexane was added to reduce the polarity of the solvent) was prepared and -
" butyl trichloroacetimidate (0. 91 g, 4.2 mmol), and a catalytic amount of boron
tnﬂuonde etherate (20 pl) were added at room temperature. The reaction mixture
was left stirring until g.l.c. and t.lc. analyses revealed a complete reaction. The
- solvent was removed - in - vacio " and the product was purified by column
chromatography [DCM] and recrystallised from ethanol to give a white powder.
Yield0.80 g, 67%.

Transmon temperatures (°C): Cr 99.1 SmCy; 119.8 SmC 151.8 1

'H NMR (270 Mhz) § (CDCL): 0.85-0.97 (3 H, m), 1.20 (9 H, s), 1.24-1.26 (16 H,
m), 1.77-1.90 (4 H, m), 3.35 2 H, t, J 5.6), 401 2 H, t, J 5.5), 4.08 2 H, t,-5.3),
6.78-6.85 (1H, m), 7.00 2 H, d), 7.10-7.16 (1 H, m), 7.52-7.66 (3 x 2 H, d).
Viax(KCI): 2980, 1640, 1500, 1480, 1300, 1080, 800 cm™.

m/z: 566 (M"), 423, 298, 83, 57.



Scheme 5 ' SR

4-Trimethylsilylbutan-1-ol (42)

A solution of compound 36 (15.9 g, 0.146 mol) and chlorotrimethylsilane (158 g,
0.146 mol) in benzene (80 ml) was cooled to 0 °C with a strong flow of ammonia
bubbling through for 1 h. The resulting ammonium chloride was filtered off and the
" solvent was removed in vacuo. The silyl ether (39) produced was used in the next
step without purification. | ‘

A solution of the silyl ether (16.3 g, 0.091 mol) in dry diethyl ether (IO(l ml) was
reacted with finely chipped lithium (1.66 g, 0.240 mol) under reflux for 1 h. . Dry
THF (l 00 ml) was added and the diethyl ether was distilled off and the reaction
mixture was then heated under reflux for 1 h. The reoction mixture was allowed to
cool to room temperature, ice was added to destroy unreacted lithium metal and the

product was extracted into diethyl ether (2 x 150 ml), washed with brine, water and

| drled (MgSO,).  The solvent was removed and the product was distilled under

~ reduced pressure to give a colourless oil.

Yield 13.4 g, 85%; bp 77-80 °C at 15 mmHg. -

'H NMR (270 MHz) & (CDC13) 0.05 (9 H, s), 0.48-0.52 (2 H, m), 1.50-1.58 (4 H,
’m),225(1 H,s), 3.51 (2H t,J65)

vmax(KCI): 3300, 2950, 1240, 1040, 850, 820, 760, 690 em™,

miz: 146 MY, 129,73, ok

Compounds 43 and 44 were prepared followmg a snmlar procedure to that described
for the preparation of compound 42. Compounds 40 and 41 were used in the next
step without purlﬁcatlon.

- 5-Trimethylsilylpentan-1-o0l (43) |

Quantities: compounds 37 (10.0 g, 0.088 mol), chlorotrimethylsilane (10.6 g, 0.098
mol), and lithium (1.14 g, 0.162 mol), -

Yield 6.80 g,72%; bp 82-86 °C at 15 mmHg (colourless oil).

H NMR (270 MHz) & (CDCl3): 0.08 (9 H, s), 0.42-0.53 (2 H, m), 1.23-1.42 (4 H,
 m), 1 43 1.57 (2 H, m), 3.57 (2 H, t, J 6.4), the OH proton was not detected.

- vmax(KCI) 3330, 2950, 1420, 1240, 1180 1040, 820, 750, 690 cm’!

m/z 160(M+), 143 (100%)
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6-Trimethylsilylhexan-1-ol (44)

Quantities: compound 38 (12.0 g, 0.088 mol), chlorotrimethylsilane (10.6 g, 0.098
" mol), and lithium (1.14 g, 0.162 mol) (colourless oil).

Yield 11.6 g, 76%; bp 96-98 °C at 15 mmHg o ,

'H NMR (270 MHz) 8 (CDCl;): 0.08 (9H s),042 0053 (2H m), 1.21-148 (6 H, .
- m), 1 43-1.57 (2H,m),3.57 2 H, t, J6. 3), the OH proton was not detected.
vmax(KCl) 3300, 2960, 1420, 1250, 1190, 1040, 850, 750, 690 cm™

m/z: 174 (M), 157, 101 (100%). -

4-Bromo-4’ [2- (tnmethylsnlyl)ethoxy]blphenyl 45)

A solution of tnphenylphosphme (5.55 g, 0.021 mol) and DEAD (3.72 g, 0.021mol)
in dry cold THF (100 ml) was added dropwise at room temperature over ten min to a
stirred solution of compound 12 (5.25 g, 0.021 mol) and compound 33 (2.50 g, 0.021
~ mol) in dry THF (75 ml)." The reaction mixture was left stirring overmght The

“reacton product was extracted into diethyl ether (2 X 200 ml), and the comblned

‘ ethereal solutions were washed with water and dried (MgSO4) The crude product

was adsorbed  onto silica gel and punﬁed by column chromatography [DCM-
petroleum fraction (bp 40—60 °0), 1 4] and recrystalhsed from hexane to give a white

A i

powder 3
‘Yleld 3.76 g, 51%, mp 120-121 °C.

'H NMR (270 MHz) & (CDC13) 0.09 (9 H,s),1.12(2H,t,7J 6.5), 4.09 (2 H,t,J6. 3),'
6.93(2H,d),7.38-7.55(3x2H, d).

Vmax(KC1): 2970, 1605, 1475, 1305, 1050, 965, 820 cm”.

m/z: 350/348 (M), 308/306, 307/305, 245 (100%), 101.

Compounds 46, 47, 48 and 49 were prepared following a similar procedure to that
- described for the preparation of compound 45. '
4-Bromof4’e[3-(tﬁmethylnilyl)propyloxy] biphenyl (46)
Quantities: triphenylphosphine (4.45 g, 0.019 mol), DEAD (3.72 g, 0.019 mol),
compound 12 (4.68 g, 0.019 mol), and compound 34 (2.50 g, 0.019 mol).
Yield 4.76 g, 70%; mp 119-120 °C (white powder). 5
'HNMR (270 MHz) § (CDCl;): 0.01 (OH,s)0.60(2H,t,76.2),1.70-1.82 2H, m),
3.90 2Ht, J ‘6.4), 6.90 2 H, d), 7.34-7.50 3 x 2 H, d). '
vmax(KCl): 2960, 1605, 1480, 1300, 815, 545 cm’.
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m/z: 364/362 (M), 250/248, 245 (100%), 165.

4- Bromo-4’ [4-(trimethylsilyl)butyloxy]biphenyl (47)

Quantities: triphenylphosphine (3.17 g 0. 012 mol) DEAD (2.11 g, 0.012 mol)
compound 12 (3.00 g, 0.012 mol), and compound 42 (1.67 g, 0.012 mol).

Yield 3.00 g, 65%; mp 122-123 °C (white powder).

H NMR (400 MHz) § (CDCL;): 0.01 (9 H, s), 0.54-0.58 (2 H, m), 1.44-1.52 (2 H,

m), 1.80 (2 H, quintet, J 7.2), 3.98 2 H, 1, J 9.3), 6.94 (2 H, d), 7.42-7.52 (3 x 2 H,

1 ‘

m/z: 378/376 (M), 308/306, 250/248, 226 (100%), 139, 73.

| o 4-Bromo-4’-[5-(trimethylsilyl)pentyloxy]biphenyl 48)

Quantities: triphenylphosprhine (4.22 g, 0.016 mol), DEAD (2.81 g, 0.016 mol),

. compound 12 (4 00 yg, 0 01‘6‘ mol), and compound 43 (2..‘58 g, 0.016 mol).

Yield 4.10 g, 65%; mp 129- 130 °C (white powder).

lHNMR(4OOMHz)8(CDCl3) 0.01 (9H,s),0.52(2H,t,J6.5),1.33-1.53 (4 H, m)

177(2H qumtet J4.2), 396(2H t,J42),694(2H d, J5.5),742-752(3x 2 H,

TR TR T | | | |

' vma(KCI): 2980, 2940, 2880, 1605, 1480, 1280, 1250, 1180, 1010, 880,850, 820,
500 cm™. e

- m/z:392/390 M, 307, 250/248, 211, 152 (100%), 73.

4-Bromo-4’ [6- (tnmethylsnlyl)hexyloxy]blphenyl 49)
- Quantities: tnphenylphosphme (3.17 g, 0.012 mol), DEAD (2.10 g, 0.012 mol),
,compound 12 (3.00 g, 0.012 mol), and compound 44 (2 10 g,0.012 mol)

Yield 3.33 g, 68%; mp 127-128 °C (white powder). . '
'H NMR (270 MHz) & (CDCL;): 0.15 (9 H, s), 0.47-0.53 (2 H, m), 1.24-1.53 (6 H,
7 m),' 1.81 (2 H, quintet, J 4.6), 4.02 (2 H, t,J5.5),696 (2H,d,), 742-7.52 3x 2 H,
d). :

500em?. .
m/z: 406/404 (M), 250248, 211, 152 (100%), 73.

vma(KC1): 2980, 2880, 1615, 1495, 1400, 1300, 1260, 1205, 870, 820, 810, 500 cm™

‘Vmax(KCl) 2980 2940 2880, 1605, 1480, 1310, 1280, 1250, 1180, 880, 850, 820,
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2,3-Difluoroe-4-octyloxy-4’’-[2-(trimethylsilyl)ethoxy]terphenyl (50)
Compound 45 (1.40 g, 4.0 mmol), an aqueous solution of 2M-sodium carbonate (40
ml) and tetrakis(triphénylphosplﬁne)pall;idimn(O) (0.12 g, 0.12 mmol) were mixed in

DME (50 ml) under dry nitrogen at room temperature and compound § (1.37 g, 4.8

mmol) was added. The stirred reaction mixture was heated overnight under reflux

“under dry nitrogen until g.l.c. and t.l.c. revealed a complete reaction. The product

wéé extracted into DCM (2 x 150 ml) and washed with brine, water and dried |

(MgS0O,). The solvent was removed "under reduced pressure and the residue was
purified by column chromatography [DCM-hexane, 1:4] and recrystallised “from
ethanol-hexane (1:10) to give a white powder.

| Yield1.12g,55%.

Transition temperatures (°C): Cr 72.8 SmC 119.1 N 130.7 L

~ '"HNMR (270 MHz) & (CDCLy): 0.00 (9 H, 5), 0.80 2 H, t,76.2),1.07 G H,t,J6.1),
'1.15-1.37 (10 H, m), 1.75 (2 H, quintet, J 6.2), 3.95-4.07 (4 H, m), 6.67-6.74 (1 H,
m), 6.87 (2 H, d), 7.00- 708 (1H, m),742-760(3x2H d).

vmax(KCI) 2920, 1610, 1500 1300, 1080, 800 cm

m/z 510(M+) 482 371, 255 247. '

Compounds 51, 52 53, 54 55, 56, 57, 58 and 59 were prepared following a similar
procedure as that descnbed for compound 50.

2,3-Difluoro-4-octyloxy-4’’-[3-(trimethylsilyl)propyloxy]terphenyl (51) '

“ Quantities: - 'compound 46 (145 g, 40 mmol), tetrakis(triphenylphosphine)-

palladium(O) (0.12 g, 0.12 mmol), and compound 5 (1. 34 g, 4.7 mmol).

Yield1.2 g, 60% (white powder). :

Transition temperatures (°C): Cr’ 95.0 SmC 1495 L

'H NMR (270 MHz) & (CDCL):0.00 (9 H, 5), 0.56-0.68 (2 H, t, J 5.8), 0.82-0.94 (3
H, m),1.20-1.55 (10 H, m), 1.72-1.90 (4 H, m), 3.95-4.00 (2 H, t,‘J 6.1),4.10 (2 H, t,
16.0), 6.78-6.89 (1 H, m), 6.97 (2 H, d), 7.11-7.21 (1 H, m), 7.48-7.68 (3 x 2 H, d).
Veud KCI): 2980, 2880, 1610, 1505, 1480, 1300, 1260, 1110, 1080, 840, 800 cm™.
m/z: 524 (M), 370, 298 (100%), 266, 73, 58. '
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2,3-Difluoro-4-octyloxy-4’’-[4-(trimethylsilyl)butyloxy]terphenyl (52)

Quantities: compound 47 (1.00 g, 2.6 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), énd compound 5 (0.91 g, 3.2 mmol).

Yield 0.81 g, 58% (white powder). -

Transition temperatures (°C): Cr 80.2 SmC 143.1 L

'H NMR (400 MHz) & (CDCL): 0.01 (9 H, s), 0.59 2 H, t, ] 8.5),0.89 3 H, , ] 7.1),
1.25-1.44 (8 H, m), 1.46-1.55 (4 H, m), 1.78-1.88 (4 H, m), 4.02 2 H, t, J 6.5), 4.09
(2H t,J 6.5), 6.83-6.89 (1 H, m), 7.02 (2 H, d), 7.12-7.18 (1 H, m), 7.54- 767(3x2
H, d).
vmax(KCD): 2980, 2880, 1500, 1470, 1300, 1260, 1080, 860, 840, 800 cm™.

m/z: 538 (M), 370, 355, 269, 73.

2,3-Diﬂuoro-4-octyloxy-4.’;-[5-(trimethylsilyl)pentyloxy]terphenyl (53)
Quantities: compound 48 (1.00 g, 2.5 mmol), tetrakis(triphenylphosphine)-
palladmm(O) 0.12 g, 0.12 mmol), and compound 5 (0 88 g, 3.1 mmol).

Yield 0.57 g, 65% (white powder).

Transition temperatures (°C): Cr 106.0 SmC 1594 1. _
'H NMR (400 MHz) & (CD;Ch): 0.01 9H,s),0.55(2H,t,J8.1),091 B3H,t,715.8),
 1‘.29-1.46 (10 H, m), 1.47-1.53 (4 H, m), 1.76-1.89 (4 H, m), 4.01 2 H, t, J 6.6), 4.09
(2H,t,7] 6.4), 6.82-6.89 (1 H, m), 6.98 (2 H, d), 7.14-7.20 (1 H, m), 7.54-7.66 (3 x 2
Hd). = |

vmax(KCI): 2920, 1610, 1500, 1440, 1080, 800 cm™.

m/z: 552 (M), 408, 370, 355, 298, 258.

2,3-Difluoro-4-octyloxy-4’’-[6-(trimethylsilyl)hexyloxy]terphenyl (54)

Quantities: compound 49 (1.00 g, 2.3 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), and compound 5 (0.84 g, 3.0 mmol).

Yield 0.75 g, 58% (white powder).

Transition temperatures (°C): Cr 93.6 SmC 156.6 L

'H NMR (270 MHz) & (CDCl;): 0.00 (9 H, s), 0.50 (2 H, t, J 7.8), 0.76 (3 H, t, J 6.5),
1.22-1.52 (16 H, m), 1.72-1.88 (4 H, m), 4.00 (2 H, t, J 6.3), 4.07 2 H, t, J 6.2), 6.80-
*6.88 (1 H, m), 6.96 (2 H, d), 7.06-7.14 (1 H, m), 7.52-7.68 (3 x 2 H, d).

vimax(KCI): 2980, 2880, 1610, 1500, 1470, 1300, 1260, 1080, 870, 840, 800 cm™.
m/z: 566 (M), 402, 355, 318, 298, 246. |
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2,3-Difluoro-4-nonyl-4’’-[2-(trimethylsilyl)ethoxy]terphenyl (55)

Quantities: compound 45 (0 50 g, 1. 4 mmol) tetrakls(tnphenylphosphme)-
palladlum(O) (0. 09 g, 0. 09 mmol), and compound 8 (0 50 g, 1.7 mmol).

Yield 0.35 g, 50% (white powder).

Transition temperatures (°C): Cr 47.2 SmC 78.6 N 95.3 1.

"H NMR (400 MHz) 8 (CDCls): 0.12 (9 H, 5), 0.60 (2 H, t, J 4.8), 0.87 (3 H, t, ] 7.0),
‘ 1'.16>(2H t,J7.0), 1.22-1.47 (10 H, m), 1.64 (2 H, quintet, J 6‘.9) 271 2H,t,716.3),
4.14 2 H, t, J63),698(2H d, J93) 700709(1H m) 7.14-723 (1 H, m) 7.52-
7.70 3x 2 H, d). ‘ ' ‘ :
vmax(KCI): 2980, 2940, 2890, 1605, 1470, 1250, 860, 810 cm™.

m/z: 508 (M"),481, 364, 294, 73.

2,3-Diﬂuoro'-4-nonyl-4”-[3-(trimethylsilyl)propyloxy]terphenyl (56)
kQuantitieS' compound 46 (1.00 g, 2.8 mmol), tctrakis(triphenylphosphine)-
‘ palladlum(O) 0.12 g, 0.12 mmol), and compound 8 (O 94 g, 3. 3 mmol)
~ Yield 0.82 g, 57% (white powder). L |

‘ Transmon temperatures (°C): Cr 801 SmC 1133 L

: 1HNMR(4OOMHz)5(CDC13) 0.00 (9 H, 5),0.60 (2 H, t, J 4.3), 084(3H t,J 7.0),
| 122134(12H m), 1.61 (2H quintet, J 7.4), 1.72-1.82 (2 H, m), 2.66 2 H, t, J
7.6), 3.93 (2H t, J69),692697(2H m),698 7.03 (1 H, m),710716(1 H, m),
7.52-7.57 (2x2 H, d), 7.61 2 H, d). - ‘
vmax(KCI) 2980, 2930, 2880, 1605, 1470, 1250 840, 800 cm™
m/z: 522(M*) 481, 408 364, 295 73.

‘ 2,3-Diﬂuoro‘-4-no‘nyl-4"-[4-(trimethylsilyl)butyloiy]terphenyl (57

| Quantities: compound 47 (0. 90 g, 2.4 mmol), tetrakis(tﬁphenylphosphirie)-
palladium(0) (0.12 g, 0.12 mmol) and compound 8 (O 82 g, 2.8 mmol).

Yield 0 64 g, 50%. ;

' Transmon temperatures (°C): Cr 54 2 SmC 1075 L

'H NMR (400 MHz) & (CDC13): 0.01(9H,s),0.59(2H,t,78.5),0.83(3H,t,J7.1),
1.25-1.44 (10 H, m), 1.46-1.55 (4 H, m), 1.78-1.88 (4 H, m), 2.67 2 H, t, J 7.6), 3.93
(2H,1,76.9), 6.92-6.97 (2 H, m), 6.98-7.03 (1 H, m), 7.10-7.16 (1 H, m), 7.52-7.57
(2x2H,d),7.61 2H,d). ‘
vmax(KCl1): 2980, 2890, 1500 1470, 1300 1260, 1080, 860, 840 800 cm’
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m/z: 536 (M), 408, 295, 266, 73.

2,3-Difluoro-4-nonyl-4>’-[5-(trimethylsilyl)pentyloxy]terphenyl (58)

Quantities: compound - 48 (0.50 g, 1.3 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.08 g 0.08 mmol), and compound 8 (0.44 g, 1.5 mmol).

Yield 0.41 g, 57%. | o |

Transition temperatures (°C): Cr 72.2 SmC 127.2 1

1HNMR (400 MHz) 3 (CDCl5): 0.02 (9 H, s), 0.50-0.57 (2 H, t, J 4.8), 0.87-0.90 (14
H, m), 1.22-1.45 (2 H, m), 147155(3H m), 1.65 (2 H, quintet, J 8.2), 182(2H o
quintet, J71) 2692 H,t, J82) 4002 H,t, J80) 6.95-7.03 (3H m) 7.12-7.18
(1Hm)752767(3x2H d). : e e i R
Vmax(KC1): 2930, 2850 1610, 1470, 1250 820 cm™

m/z: 550 (M"), 480, 407, 295,266, .

2;3-Diﬂuor044-nonyl-4”-[6-(trimethylsilyl)hexyloxy]terphenyl 59

- Quantities: compound 49 (1.00 g, 2.5 mmol), téi:rakis(triphenylphosphine)-

palladium(0) (0.12 g, 0.12 mmol), and compound 8 (O 84 g, 3.0 mmol).
\Y1e1d067g,48% ' RS B RS S SRR ‘
“Transmon temperatures (°C) Cr 57 6 SmC 123.0 L.

'HNMR (400 MHz) 8 (CDCLs): 0.00 (9 H, 5), 0.50 (2 H, t, J 5.8), 0.84 (3 H, 1, J 7.0),
1.20-1.52 (18 H, m), 1.63 (2 H, quintet, J 7.2), 1.72-1.82 (2 H, m), 2.66 2 H, t, J
‘ 75),393 (2H,t, J69),696(2H d), 7.00-7.05 (1 H, m), 7.13- 718(1 H, m), 7.52-

766 (3x 21, d).

Vi (KCD): 2960, 2880, 1610, 1490, 1470, 1260, 860, 840, 810 cm™
m/z: 564M) 408, 295,73.



Scheme 6

6-Triethylsilylhexan-1-ol (62)

A solution of compound 38 (15.0 g, 0.110 mol) and chlorotriethylsilane (60) (18.2 g,

0.121 mol) m benzene (120 ml) was cooled to 0 °C with a strong flow of ammonia
" bubbling through for 1 h." The resulting ammonium chloride was filtered off and the
solvent was removed in vacuo. The silyl ether (61) produced was used in the next
| step without purification. - ' ‘ ‘ & '

A solution of the silyl ether (61) (19.3 g, 0.065 mol) in dry diethyl ether (100 ml)
was reacted with finely chipped lithium (1.14 g, 0.162 mol) under reflux for 1 h. ny
THF (100 ml) was added and the diethyl ether was distilled off and the reaction
' mixture was ‘dien heated under reflux for 2 h. The reaction mixture was allowed to
cool to room temperature, 1ce was added to destroy unreacted lithium metal and the

vproduct was extracted into diethyl ether (2 x 150 ml), washed with brine, water and

dned (MgSQOy). . The solvent was removed and the product was dlStllled under

reduced pressure to give a colourless ol.

- Yield 10.1 g, 72%; bp 135-140 °C at 15 mmHg. - ,

"H NMR (270 MHz) & (CDCI;): 0.01 (9.H, s), 0.40-0.60 (6 H, m), 0.85-1.03 (11 H,
' m), 1.22-1.42 (6 H, m), 1.46-1.62 (2 H, m), 3.54-3.69 (2 H, m), the OH proton was
not detected. |

v (KCI): 3500, 2950, 1420, 1240, 1170, 1040, 850, 710, 680 e’
 m/z:216 (M), 199, 101.

4-Bromo—4’ [6-(tnethylsnlyl)hexyloxy]blphenyl 63)

| Quantltles tnphenylphosphme (6.34 g, 0.024 mol), DEAD (420 g, 0 024 mol),
. compound 12 (6 00 g, 0.024mol) and compound 62 (5.22 g, 0.024 mol).

A solution of tnphenylphosphme (6.34 g, 0.024 mol)and DEAD (4.20 g, 0.024 mol)
in dry cold THF (100 ml) was‘ added dropwise at room temperature over ten min to a
 stirred solution of compound 12 (6.00:g, 0.024mol) and compound 62 (5.22 g, 0.024
mol) in dry THF (100 ml).- The reaction mixture was left stirring overnight, The
reaction product was extracted into diethyl ether (2 x 250 ml), and the combined
“ethereal solutions were washed with water and dried (MgSO4). The purification of
this compou‘ndt ‘was unsuccessful, and the compound was used in the next step

without further purification. -
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2,3-Diﬂuoro-4-octyloxy-4"-[6—(triethylsilyl)hexyloxy]terphenyl (64)
Compound 63 (1.00 g, approximately 2.2 mmol), an aqueous solution of 2M-sodium

carbonate (40 ml) and tetrakis(triphenylphosphine)palladium(0) (0.12 g, 0.12 mmol)

were mixed in DME (50 ml) under ‘dry'nitrogen at room temperature and compound

5 (0.84 g, 3.0 mmol) was added. The stirred reaction mixture was heated overnight
under reflux and dry nitrogen until g.1.c. and t.1.c. revealed a complete reaction. The

product was extracted into DCM (2 x 150 ml) and washed with brine, water and

~ dried (MgSO4). The solvent was removed under reduced pressure and the residue

was puﬁﬁed by column chromatography [DCM-hexane, 1:8] and recrystallised from

ethanol-hexane (1:6) to give a white powder. |

Yield 0.5 o

Transmon temperatures (°C) Cr 54 4 SmC 1258 I.

: lHNMR (270 MHz) 8 (CDC13) 0.00 (9 H, t,J 7.1), 0.84-0.98 (6 H, m), 1.22-1. 53
(21 H, m),173 190(4H m),4.01 2H,t,754),4.10 (2 H, t,J54),678 686(1 H,

Hm),696(2H d),706 714(1 H, m),752 768(3x2H d).

vmax(KCI) 2980, 2960 2880 1500 1480, 1120, 1080, 810 cm™

m/z: 608 (M*) 495 298 73 ’
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4-Bromo-4’~(3,7-dimethyloctyloxy)biphenyl (66)

93

Compound 12 (2.50 g, 0.010 mol) and compound 65 (1.58 g, 0.010 mol) were mixed

in dry THF (50 ml) and left stirring at room temperature for 10 min; then a solution
of triphenylphosphine (2.60 g, 0.010 mol) and DEAD (1.75 g, 0.010 mol) in dry cold
THF (50 ml) was added dropwise at room temperature over 10 min. The reaction

mixture was left stirring overnight. The reaction product was extracted in ether (2 x

100 ml), and the combined ethereal solutions were washed with water and dried

(MgSOy). The crude product was adsorbed onto silica gel and purified by column

chromatography [ethyl acetate-petroleum fractlon (bp 40- 60 °C), 1:5] to glve a white

powder :

Yield 2.92 g, 75%; mp 101-102 °C.

. "HNMR (270 MHz) & (CDCl3): 0.85 (6 H, d,J6.5),0.95(3H,d,J6.3),1.12-1.40 (6
H, m), 1.47-1.74 (3 H, m), 1.78-1.89 (1 H, m),402 (2H t, J59),696 2 H, d),
7.37-1.543x2H,d). . ‘ ‘

vmax(KCI) 2940, 1610, 1460 1290, 1190, 820 500 cm™

m/z: 394/392 (M+4"), 250/24'08, 152, 101, 89 (100%).

47-(3,7-Dimethyloctyloxy)-2,3-difluoro-4-octyloxyterphenyl (67)

Compound 66 (0.80 g, 2.0 mrhol), an aqueous solution 2M-sodium carbonate (40 ml)
and tetrakis(triphenylphosphine)palladium(0) (0.12 g, 0.12 mmol) were mixed in
DME (60 ml) under dry nitrogen at room temperature and compound 5 (0.62 g, 2.2

mmol) was added The stirred reaction m1xture was heated overmght under reflux

under dry mtrogen until glc. and tlc. revealed a complete reaction. The product
was extracted into DCM (2 x 150 ml) and washed with brine, water and dried
g (MgSO4) 'The solvent was removed under reduced pressure and the residue was
punfied by ‘column chromatography [ether-hexane, 3:1] and recrystalhsed from
ethanol to give white crystals. ' |
Yield0.78 g,65%. . |
Transition temperatures (°C): Cr 82.5 SmC 1322 N 1380 L
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I NMR (270 MHz) 5 (CDCls): 0,84-0.92 (9 H, m), 0.96 (3 H, d, J 6.0), 1.10-1.42
(I8 H, m), 1.44-1.65 (4 H, m), 3.82 2 H, 1,1 5.4), 402 2 H, 1, 5.8), 6.78-6.85 (L H,
m), 7.00 (2 H, d), 7.10-7.16 (1 H, m), 752 7.66 (3 x 2 H, d).

vaad(KCI): 2980, 2880, 1610, 1505, 1480, 1305, 1260, 1200, 1080, 800 cm™.

m/z: 550 (M) (100%), 423, 393, 298, 57.

Compound 69 was prepared following"a‘.'similar procedure to that described for the
prepefation of compound 66. |

4-Bromo-4’-octyloxybiphenyl (69)

| Qua:itities-"compound 12 (2.50 g, 0.010 mol), compound 68 (1.30 g, 0.010 mol),
tnphenylphosphme (2.60 g, 0. 010 mol) and DEAD (1.75 g, 0.010 mol).

Yield 2.90 g, 80%; mp 128-129 °C (white powder).

I NMR (270 MHz) & (CDC): 0.89 (3 H, t, J 5.0), 1.22-1.52 (10 H, m), 1.61-1.71
(2 H, quintet, J 53), 404 @ H, t,J 53), 6.96 (2 H, d), 7.44 2 H, d), 7.51 2 H, d),
7.53 2 H, d).

Vmax(KCl) 2980, 1610, 1480 1370, 1300 1260, 1180, 1000 860, 810, 680 cm’!
m/z:262/360 (M), 250/248,101, 89, 57.

‘Ce‘mpound 70 and 71 were ;frepared foilo“dng a similar procedure to that deseribed
~ for the preparatlon of compound 67. | el '

- 2,3-Difluoro-4, 4”-dloctyloxyterphenyl (70) |
Quantities: compound 69 (1.00 g, 2.7 mmol), tetrakis(triphenylphosphine)-
" pallzidium(O) (O 12 g, 0.12 rrimol), and compound 5(0.90 g, 3.2 mmol).
Yield 1.12 g, 80% (white powder).
Transition temperatures (°C) Cr 1148 SmC 1758 N 178 1L
lH NMR (400 MHz) 6 (CDCly): 0. 80 0.98 (6 H, m), 1.19-1.57 (20 H, m), 1.83 (4 H,
~ quintet, J 7.2),4.00 2 H, 1,7 6.7),4.08 (2 H,1,J6.7), 6.76-6.86 (1 H, m), 6.98 (2 H,
d), 7.18- 728(1H m), 748 768(3x2H d.
vm,x(KCl) 2960 2860 1640 1610 1500, 1480, 1310, 1260, 1080, 800 cm!
m/z: 522(M"), 410, 298 (100%),143, 57.



2,3-Difluoro-4-nonyl-4"’-octyloxyterphenyl (71)

Quantities: compound 69 (1.00 g, .2.7 mmol), tetrakis(triphenylphosphine)-
pélladium(O) (0.12 g, 0.12 mmol), and compound 8 (0.90 g, 3.2 mmol). |
Yield 1.15 g, 83% (white powder). - SRR

Transition temperatures (°C): Cr 63.1 Cryst] 68.9 SmI 79. 6 SmC 90.2 SmA

1489 L. .
'H NMR (270 MHz) & (CDCls): 0.82-0.99 (6 H, m), 1.09-1.54 (22 H, m), 1.60 (2H,

qulntet J 6.9), 1.83 (2 H, quintet, J 6.9), 280(2H t,J6.9),4.08 2 H, t, J69) 6.93-

7.02 (3 H, m), 6.98 (1 H, m), 7.50-7.65 (3 x 2 H, d).
Vinax(KCI): 2980, 2960, 2870, 1605, 1460, 1290, 1260, 1180, 810 cm’™.
m/z: 520 (M, 100%),408, 391, 296.
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Scheme8 =~ o

6-Chlorohexyl tolﬁene;p-sulphonate (72)
A solution of compound 38 (25 0 g, 0.183 mol) in DCM (166 ml) and pyr1d1ne (33
ml) was cooled to =5 °C. Toluene-p-sulphonyl chloride (40. 1 g, 0.210 mol) was

slowly added to the stirred solution and left to react overnight. The reaction mixture

was treated with ice (80 g) and left stirring for 1 h. The organic layer was washed
w1th ice cold 2M-sulphunc acid and then dried (MgSO4) The solvent was removed
in vacuo and the residue was purified by column chromatography [DCM] to g1ve a
white powder 40.20 g, 85%, mp 27-28 °C. ‘

lHNMR (400 MHz) ) (CDCI3) 1.26-1.44 (4 H, m,), 1.62-1.78 (4 H, m), 2.45 (3 H,
‘s),349(2H t,J48),403 (2H t J50),734(2H d),779(2H d)

vmax(KCl) 2960, 2880 1610 1490, 1290, 1260, 820 cm™

1-Chloro-7 7-d1methyloctane (73)

The catalyst used in this reactron was prepared by addmg the followmg reagents to

dry THF (12.90 ml), under a stream of dry mtrogen in an ice bath to make a 0.IM~

solution of catalyst: hthlum bromide (0.112 g, 1.29 mmol), lithium thiophenolate
(1M in THF 1.29 ml, 1.29 mol) and copper(I) bromide dimethyl sulfide (0.27 g, 1.29
| mmol) The catalyst was then added to a solutlon of compound 72 (7.00 g, 0.025
mol) in dry THF (50 ml) the reaction mixture was left to stir for 15 min at room
. temperature. ' ter-Butylmagnesium chloride (1M in dry THF, 25.1 ml, 0.025 mol)
was added dropwise to the reaction mixture uncler a stream of dry nitrogen and the
| reaction mixture was left stirring overhight. The reaction mixture was then washed
with DCM and ‘cold water; the chlorinated layer was then dried (MgSO,). The
solvent ‘was removed in. ‘vacu(") “and the residue was purified by column
- chromatography [DCM] to glve a colourless 011
Yield 1.32 g, 30%. ‘
'H NMR 270 MHz) & (CDCl3): 0.86 (9 H, s), 1.14-1.18 2 H, mj, 1.20-1.38 (4 H,
m), 1.50 (2 H, quintet, J 7.5), 1.81 (2 H, quintet, J 7.1), 3.50 2 H, t, 7.1).
Only "H NMR analysis was carried out to characterise compound 73.
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4-Bromo-4’-(7,7-dimethyloctyloxy)biphenyl (74)
Potassium carbonate (0.56 g, 4.8 mmol) was added to a solution of compound 12
‘ (0.80 g, 3.2 mmol) in butanone (50 ml) with potassium iodide (0.1 g) as catalyst.

This mixture was left stirring at room temperature for 10 mm and a solution of

compound 73 (0.50 g, 2.8 mmol) in butanone (10 ml) was added dropwise. The
reaction miﬁdure was heated under reflux for 44 h. The mixture was filtered and
butanone was removed from the filtrate under reduced pressure. The producf was
'extraicted into ether (2 x 75 ml) and the combined ethereal extracts were washed

successively with water, 5% sodium hydroxide and water, and dried (MgSOq) . The
solvent was removed. in vacuo and the residue was purified by column
chromatography [DCM ] to give a white powder

Yield 0.80 g, 80%; mp 123-124 °C.

'H NMR (270 MHz) 8(CDC13) 0.86 (9 H, s), 1.14-1.18 (2 H, m,), 1.20-1.38 (4 H,
~m), 1.50 (2 H, quintet, J 7.5), 1.81 (2 H, quintet, J 7.1), 4.00 2 H, t,J 7.1), 6.96 2 H,
d), 7.41 (2H,d), 747 2 H, d), 7.52 (2 H, d).

Vel KCI): 2960, 2880, 1610, 1490, 1290, 1260, 820 cm’™.
m/z: 390/388 (M"), 250/248 (vl 00%), 141, 57.

4”-(7 7-Dlmethyloctyloxy)-2,3 dlﬂuoro-4-octyloxyterphenyl (75)

Compound 74 (0.40 g, 1.1 mmol) and a 2M-aqueous solution of sodium carbonate
(40 ml) and tetrakis(triphenylphosphine)palladium(0) (0.06 g, 0.06 mmol) were
rnixed in DME (60 ml) under dry nitrogen at room temperature to which compound 5
(0.37 g 1.3 mmol) was added. The stlrred reaction mixture was heated under reflux
under dry nitrogen overmght until g.l.c.and t.l.c. revealed a complete reaction. The
product was extracted into DCM (2 x 50 ml) and washed with brine, water and dried
(MgS0,). The solvent was removed under reduced pressure and the residue was
- purified by column chromatography [DCM-hexane 1 :5] and recrystalhsed from
hexane and a trace of ethanol to give white crystals

Yield 0.42 g, 70%. :

Transition temperatures (°C) Cr 97 3 SmC 160.1 I

H NMR (400 MHz) § (CDCl;): 0.86-0.92 (12 H, m), 1.15-1.21 2 H, m,), 1.29-1.37
(12 H, rn), 1.44-1.52 (4 H, m), 1.76-1.89 (4H,m), 3.99 (2 H t,J6.4),408 2H,t,J
~ 6.6), 6.78-6.84 (1 H, m), 6.99 (2 H, d), 7.10-7.16 (1 H, m), 754757(2x2H d),
7.62 (2 H, d).
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Viax(KCI): 2960, 2880, 1500, 1400, 1290, 1260, 1080, 800 cm™.
m/z: 550 (M), 438 (100%), 410, 298, 57.

4°-(1,7 -Dimethyloctyloxy)-z,3~diﬂuoro-4-honylterphenyl (76) :
Quantities:  compound 74 (040 g, 1.1 mmol), tetrakis(triphenylphosphine)-
paliadium(O) (0.06 g, 0.06 mmol); compodhd 8 (0.37 g, 1.3 mmol). The reaction
procedure was as described for the prepération of compound 75. .

Yield 0.39 g, 65% (white powder).

Transition temperatures (°C): Cr 60.4 SmC 126.5 I =

'"H NMR (400 MHz) & (CDCL): 0.87 (9 H, 5), 0.89 3 H, t, J 6.3), 1.15-1.37 (18'H,
m,) -1.50 (2 H, quintet, J 7.6), 1.65 (2 H, quintet, J 7.4), 1.82 (2 H, quintet, J 6.9),
2.69 (2 H,t,7.4),400 2 H, 1,7 6.3), 6.98-7.02 3 H, m), 7.12-7.16 (1 H, m), 7.57-
765(Gx2H,d). . , ‘

~ vmax(KC1): 2880, 2865, 1460, 1250, 820 em™,

m/z: 548 (M, 536, 408 (lOd%), 295,73.

98



Schemc9 R

-(4’-Bromobnphenyl—4—yl)hexyl toluene-p-sulphonate an

A solution of compound 30 (5 00 g, 0. 0143 mol) in DCM (166 ml) and pyndlne (33
ml) was cooled to -5 °C. Toluene-p-sulphonylchlonde (3.00 g, 0.0160 mol) was
slowly added to the stirred solution which was left to react overmght The reactlon
mlxture was treated with ice (10 @) and left stirring for 1 h. The reaction mlxture
was washed with ice cold sulphuric acid and water and the organic layer was then
driecl (MgSO4) The solvent was removed in vacuo and the residue was puriﬁed by
column chromatography [DCM] to glve a wh1te powder )
Yield 5.70 g, 80%. |

'H NMR (400 MHz) ] (CDC13) 1.35-1.48 (4 H m) 1.68 (2 H, quintet, J 6.2), 1.75
(2H qumtet J 5.8), 244(3H s),3.95(2H,t,J6.2),4.04 2 H, t,JSS),693 (2H
“d),733(2H d),740(2H d),748(2H d),752(2H d),779(2H d)

vmax(KCl) 2980, 1605, 1490 1300 1260 1080, 1000 1060 820, 680 cm™

4-Bromo-4’-[6- (cyciobutylmethOiy)hcxyloky]biphéhyl (78)

A solutlon of compound 77 (2 50 g, 5.0 mmol) i in DMSO (50 ml) was cooled to -5
°C and potassmm hydrox1de powder (Fluka, 1.03 g, 0.018 mol) was added and the
 mixture was stirred using a mechamca_] stirrer, a solution of cyclobutylmethanol
(0.80 g, 10.0 mmol) in DMSO (15 ml) was added dropwise. The reaction mixture
was kept at -5 °C for 1 h and then removed from the cooling bath for a further 2 h.
The prodlict was extracted in hexane ‘(150 ml) and washed with water in order to

| remoy;c all tféces of DMSO. Hexane was removed under reduced pressure and the

residue was purified by column chromatography [DCM-hexane, 1:6] to give a white

powder. |
 Yield 1.5 g, 75%; mp 101-102 °C.
'H NMR (400 MHz) 8 (CDCls): 1.37-1.96 (8 H, m), 2.00-2.11 (5 H, m), 2.56 (2 H,

m),329(2H d,J7.6),3.42(2H,t, J76),400(2H t,J35.7),6.95 (2 H, d), 7.40 (2

H, d), 7.46 2 H, d), 7.52 (2 H, d). |
Vaux(KC1): 2980, 2880, 1605, 1490, 820 cm™.
m/z: 418/416 (M), 348, 337, 250/248, 169.
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47°-[6-(Cyclobutylmethoxy)hexyloxy]-2,3-difluoro-4-octyloxyterphenyl (79)
Compound 78 (0.70 g, 1.7 mmol) and a 2M-aqueous solution of sodium carbonate
(40 ml) were mixed in DME (60 ml) and with tetrakis(triphenylphosphine)-

palladium(0) (0.12 g, 0.12 mmol) under dry nitrogen; to which ‘compound 5(0.58¢g,

2.0 mmol) was added. The stirred reaction mixture was heated under reflux
overnight. The product was extracted into DCM and washed with brine, water and

dried (MgSO4). - The solvent was removed under reduced pressure and the residue

100

was punﬁed by column chromatography [DCM-hexane, 1: 5] and recrystalhsed from

hexane to give white crystals.

Yield 0.70 g, 72%. ‘ ‘

Transition temperatures (°C) Cr 92 5 SmC 148 1.1

'H NMR (400 MHz) 8 (CDCly): 0.88 (3 H, t, J 7.1), 1.22-1.52 (14 H, m), 1.57 2 H,
quintet, J 7.1), 1.68-1.91 (sH m), 1.96-2.05 (2 H, m), 2.51 (1 H, ht, J 7.3), 3.36 (2
H,d,J7.3),3.38 2 H, 1,7 6.8),4.00 2 H, 1,1 6.2),4.07 2 H, 1, ] 6.2), 6.81-6.86 (1
‘H,m), 696 2 H, 4, J83), 7.137.18 (1 H, m), 7.53-7.57 (4 H, m), 7.61-7.64 Q H,
vmax(KCl): 2980, 2880, 1500,‘ 1470, 1310, 1260, 1120, 1080, 800 cm“.
m/z: ST8(M), 482,370, 298, 101 (100%). -
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Scheme 10

4-Bromo-4’-(6-bromohexyloxy)biphenyl (80)
A solution of triphenylphosphine (3. 46 g, 0.013 mol) and DEAD (2.30 g, 0.012 mol)
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in dry cold THF (100 ml) was added dropwrse over 10 min to a solutlon of

compound 12 (3.00 g, 0.012 mol) and compound 29 (2.20 g, 0.012 mol) in dry THF

(50 ml) stirring at room temperature. The reaction mixture was left stirring

| ovemight. The reaction product‘ was extracted into diethyl ether (2 x 200 ml), and

the combined ethereal solutions were washed with water and dried (MgSOy). The

crude product was adsorbed onto silica gel and purified by column chromatography

E [DCM-petroleum fraction (bp 40-60 °C), 1: 6] and recrystalhsed from ethanol to glve

white crystals. ~ ‘ ‘ | '

~Yield 3.25 g, 60%; mp 109- 110 °C. .
'"H NMR (270 MHz) § (CDCl3) 1.47-1.62 (4 H, m), 1.75-2.00 (4 H, m), 3 43 (2 H, t,
J76.3),4.00 2 H, t, J59),687 7.01 (2 H, d),737-757(3x2H d).

Vmax(KCI): 2980, 1605, 1480 1000, 810 cm™ .

L m/z: 414/412/410 (M), 334/:;32/330, 250/248, 57 (100%).

47-(6-Bromohexyloxy)-2,3-difluoro-4-octyloxyterphenyl (81)

Compound 80 (1.02 g, 2.5 mmol) and a 2M-aqueous solution of sodium carbonate

(40 ml) were mixed in DME (60 ml)'With tetrakis(triphenylphosphine)palladium(0)
(O 12 g, 0. 12 mmol) under dry mtrogen and compound 5 (0.85 g, 3.0 mmol) was

k added. The stirred reactlon mixture was heated under reﬂux overmght The product

was extracted 1nto DCM (100 ml) and washed with bnne and water and drred

‘(MgSO4) The solvent was removed under reduced pressure and the residue was |

punﬁed by column chromatography [DCM-hexane, 1:5] and recrystallised from
hexane to give a white powder
- Yield 0.80 g, 70%. .
Transition temperatures (°C) Cr 100. 7 SmA 117.8 L
"H NMR (400 MHz) & (CDCl3): 0.89 (3 H, t, J 6.8), 1.23-1.42 (8 H, m), 1.44-1.60 (6
H, m), 1.78-1.94 (6 H, m), 3.44 2 H, 1, 1 6.8), 4.02 2 H, t,16.7),4.09 2 H,1,J6.7),
1 6.78-6.84 (1 H, m) 6.98 2 H, d), 7.10-7.16 (1 H, m), 754757(2x2H d), 7.63 (2
H, d).
Vmax(KCl): 2970 2880, 1500, 1470, 1310 1260, 1080 800 cm™!



m/z: 5T4/572 (M), 460, 298, 269, 71.

2,3-Difluoro-4>’-[6- (3-methyloxetan-S-ylmethoxy)hexyloxy]-4 -octyloxyterphenyl
@82)

0 °C in an ice bath w1th a sodium hydroxide aqueous solution (50 ml of solution
prepared by mixing 50 g of sodium hydroxrde and 100 ml of water) and t-
b‘utylammom‘um‘ bromide (0.10 g used as phase transfer catalyst), to which a solution
of 3-thydr@yméthyl)-3-methyloxetane (0.50 g, 5.0 mmol) in hexane (70 ml) was
added dropwise over 1 h with vigorous mechanical stirring. The reaction mixture
was allowed to warm to roorrr temperature and left stirring for 2 h, then the reaction
mixture was.heated under reﬂux for 4 h. The organic layer was collected, dried
(MgSO4) and the solvent was removed in vacuo. The crude oil was purified by
column chromatography [DCM-petroleum fraction (bp 40-60 °C), 1: 5] to give a

white powder. - .

Yield 0.66 g, 66%.

Trans1t10n temperatures (°C) Cr 97 7 SmC 124 8§ N 1378 I ,
lHNMR(400 MHz)S(CDClg) 0.93 G H, 1,7 6.8), 1.22-1.42 (13 H, m), 1.43-1.57
(6 H, m), 177-190(4H m),347353 (4H,m),4.02(2H,t,J73),408 2H,t,J
7.3), 430 2H,t,J6.2), 4.52 2Ht]J 6.2), 6.77-6.85 (1 H, m), 6.97 (2 H, d), 7.10-
17.16 (1 H, m), 7.52- 759(2x2H d), 7.63 (2H d).

vmax(KCI) 2932, 2854, 1635, 1606, 1500, 1469, 1080, 800 cm™

m/z: 594 M, 410,297, 269, 55.

A solutron of compound 81 (O 70 g, 1.7 mmol) in dlethyl ether (50 ml) was cooled to

102



Scheme 11 ' S,

1-Bromo-4-propyloxybutane (87) ‘

A solution of compound 83 (10.0 g, 0.043 mol) in hexane (80 ml) was cooled at 0 °C.
w1th a sodium hydroxrde aqueous solutlon (150 ml of solution prepared by m1x1ng 75
g of sodium hydrox1de and 150 ml of water) and tert-butylammonium bromide (4
mol’ %, 035 g, 1 .7 mmol used as phase transfer catalyst), and a solution of
compound 84 (1.27 g, 0.022 mol) in hexane (70 ml) was added dropwise over 1 h
with vigorous mechanical stirring. The reaction mixture was allowed to warm to
room temperature and left stirring for 2 h, the reaction mixture was then heated under
reflux for 4 h. The organic léyer was collected and dried (MgSOy4) and the solvent
was removed in vacuo. The crude oil was purified by column chromatography
[DCM-petroleum ﬁactron (bp 40-60 °C), 1 5] to give a colourless oil.

. Yield 2.35g,61%. S : S

'H NMR (270 MHz) & (CDCl3) 0.93 3 H, t,74.9), 1.58 (2 H, sextet, J 4. 9) 1 66-
| 1.78 2 H, m), 1. 88-202(4H m), 3.35(2H,t,14.2), 3.40- 349(2H m) |

‘ vma(KCI): 2980, 2890, 1450 1260 1120 em™, c o

| m/z 137,79, 43 (100%).. - '

Compounds 88 and 89 were prepared following a sumlar procedure to that descnbed
for the preparatlon of compound 87.

" 1-Bromo-4- (1,2-dlmethylpropyloxy)butane (88)

Quant1t1es compound 83 (19.2 8 0.090 mol), compound 85 (3 93 g, 0 044 mol) and
tert-butylammomum bromide (0.68 g, 4.4 mmol).

Yield 4.46 g, 45% (colourless oil)."

1HNMR(2701\/IHz)8(CDC13) 0.86(3H,d,J7.3),0.89(3H,d,J7.3),1.06 3H,
d, J6.4), 1.60-1.75 @ H, m), 1.95-2.00 (3 H, m), 3.10 (1 H, quintet, J 6.4), 3.31 337
(1 H, m), 345 (2 H, 1,1 6.4), 3.49-3.55 (1 H, m). |

Vne(KCI): 2980, 2880, 1480, 1460, 1380, 1260, 1110 cm™,

m/z: 137, 71, 67, 56 (100%). “
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1-Bromo-4-(1,2,2-trimethylpropyloxy)butane (89)

Quantities: compound 83 (42.4 g, 0.196 mol), compound 86 (9.1 g, 0.090 mol) and
tért-butylammonium bromide (0.68 g, 4.4‘mmol).

Yield 7.40 g, 35% (colourless oil). - ‘ ‘
lHNMR(270 MHz) § (CDCl3): 085 (OH,s),1.10 3 H,d, J67) 1.63-1.74 2 H,
m), 1.81-1.98 2 H, m),3 10(1 H, q,J67),332(1 H,dt,J6.3),3.44 (1 H, dt, J 6.3),
- 350@2H,t,743). R :
vmax(KCI) 2980, 2890, 1495 1460, 1380 1260, 1110 em’?

iz 137, 109, 87, 69, 57 (100%).

4-Bromo-4’5(4-propyloxybufyloxy)biphenyl 90)

A solution of compound 12 (2.15 g, 0.011 ma) in butanone (80 ml) was added at
room temperature to a stirﬁug .mixtu\re of compound 87 (2.50 g, 0.010 mol) and
~ potassium carbonate (3.80 g, 0.020 mol) in butanone (70 ml) and the reaction
mixture was heated under reﬂux for 48 h. Potassium carbonate was filtered off and
the solvent was removed ir vacuo, the residue was dlssolved in dlethyl ether (250
- ml) and washed with water (2 x 150 ml) and dried (MgSO4). The solvent was
removed in vacuo and the re51due was purified by column chromatography [DCM-
! hexane, 1:8] and recrystalhsed from ethanol to give a white powder

_\Y1e1d245 g, 67%, mp 116-117 °C. _ ;

| 'H NMR (270 MHz) § (CDCl3): 0. 93 (3 HtJ 7 2), 1.59 (2 H, sextet, J 7.2), 1.73-

179 (2H, m), 1.85-1.92 2 H, m), 3.38 2 H, t, ] 6.4), 3.48 2 H, 1, J 6.4), 402 2 H,

t,J 6.4), 6.95 (2 H, d), 7.39 2 H, d), 7.46 2 H, d), 7.51 2 H, d).
Ve (KC1): 2980, 2880, 1610, 1495, 1260, 1120, 820, 500 cm™.
 m/z: 364/362 (M), 250/248 (100%), 168, 139, 115.

- Compounds 91 and 92 were prepared followiug a similar procedure to that described
for the preparation of compound 90.

| 4-Bromo-4’- [4-(1,2- dlmethylpropyloxy)butyloxy]blphenyl (91)

Quantities: compound 88 (1.20 g, 5.4 mmol), compound 12 (1.34 g, 5.4 mmol) and

potassium carbonate (2.24 g, 0.023 mol). | ”

Yield 1.25 g, 60%; mp 115-116 °C (white crystals).
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'H NMR (400 MHz) 5 (CDCls): 0.87 (6 H, ,J 6.5), 091 (3 H, d, 1 6.5), 1.66-1.81 (3
H, m), 1.82-1.97 (2 H, m), 3.12 (1 H, q, J 4.6), 3.34-3.45 (1 H, m), 3.52-3.63 (1 H,
m), 4.05 2 H, t, ] 6.4), 6.95 2 H, d), 7.40 2 H, ), 7.52 (2 H, d) 7.60 2 H, ).

Ve KCI): 2990, 2880, 1610, 1490, 1295, 1260, 1120, 1060, 820, 500 cm™.

m/z: 3921390 (M), 305, 263, 250/248 (100%), 152, 139.

4-Bromo-4’-[4-(1,2,2-trimethylpropyloxy)butyloxy]biphenyl (92)
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Quantltles compound 89 (2.00 g, 8.5 mmol), compound 12 (2.10 g, 8.5 mmol) and

potassium carbonate (3.51 g, 0.0254 mol)

Yield 2.24 g, 65%; mp 114- 115 °C (white powder).

'H NMR (400 MHz) 8 (CDCly): 0. 88 (O H, s), 1.05 3 H,d, J5.7), 1.73 (2 H,q,J
69),183 195(2H m),297(1H q,J57),331 (1H,dt,J6.2),3.64 (1 H, dt, J
1 6.2),403(2H,t,J6.4), 6.9‘6;(2 H,d),742(2H,d),747(2H,d) 7.52 2 H, d).
'\);nax(KCI): 2990, 2880, 1610, 1490, 1295, 1260, 1120, 1060, 820, 500 cm1

m/z: 406/404 (M), 305, 263: 247, 152 (100%), 85.



Scheme 12 = - e

2- (1-Methylpropyloxy)tetrahydrofuran (98)
Toluene-p-sulphonic acid (0.1 g) was added to a solution of compound 93 (14.3 g,
0.143 mol) and compound 94 (9.63 g, 0. 130 mol) in dry THF (100 ml) and left

stirring for % h at room temperature The reaction mixture was then heated under
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reﬂux for 1% h; the solution was cooled and neutralised with methanolic sodlum ,

methox1de The resultmg solid was ﬁltered off and THF was removed i vacuo from
the ﬁltrate The residue was distilled under reduced pressure to give a colourless 011
Yield 12. 5 8, 66.7%; bp 80 °C at 25 mmHg |

lHNMR(4OO MHz) 8(CDC13) 0. 85-1 07 @3 H m), 1.11 (1 5H,d,J6.2), 1. 17 (l 5
H,d, J6.2),1.36-1.58 (2 H, m), 1.77-2.07 (4 H, m), 3.56-3.69 (1 H, m), 3.81-3.95 (2
H, m), 5.19-5.28 (1 H, m). i

.. vmax(KCI): 2990, 2880, 1460, 1380, 1190, 1110, 920 cm™.

m/z: 128, 65, 58 (100%).

- Compounds 99, 100 and 101 were prepared following a similar procedure to that
descnbed for the preparatlon of compound 98. R

2- (2-Methylpropyloxy)tetrahydrofuran 99

Quantities: compound 93 (10.0 g, 0.143 mol), compound 95 (9.63 g, 0.130 mol) and

toluene-p-sulphomc acid (0.1 g).

Yield 11.9 g, 64% (colourless oil). |

'H NMR (400 MHz) § (CDCL): 0.8 (3 H, ,J 0.9), 0.90 (3 H, d, 1 0.90), 1.76-1.94
(4 H,m), 1952.05 (1 H 'm),‘s 14 (1 H, dd, J 7.6), 3.41 (1 H, dd, ] 7.6), 3.82-3.91 (2
H,m),509(1H,dd,J65).

v (KCI): 2990, 2880, 1460, 1380, 1340, 1190, 1110, 1080, 1040, 920 em”

m/z: 128, 65, 58 (100%).

2-(1,1.;Dimethylpropyloxy)tetrahydrofuran (100)

Quantities: ccmpcund 93 (10.0 g, 0.143 mol), compound 96 (11.4 g, 0.130 mol), and
toluene-p-sulphonic acid (0.1 g). | ‘

Yield 12.7 g, 62%. (colourless oil).
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'H NMR (400 MHz) § (CDCL): 0.87 3 H, t,J 7.1), 1.18 G H, 5), 1.20 3 H, 5), 1.52
H, q,J 7.1), 1.76-2.23 (4 H, m), 3.73-3.83 (1 H, m), 3.88-3.98 (1 H, m), 5.38 (1 H,
dd, J6.1). |

v max(KCI): 2990, 2980, 1480, 1380, 1190, 1040, 910 em™.

m/z: 158 (M), 141, 72 (100%).

2-(2, 2-dlmethylpropyloxy)tetrahydrofuran (101)
Quantltles compound 93 (5.43 g, 0.077 mol) compound 97 (5.70 g, 0. 065 mol) and

toluene-p-sulphomc acid (0.1 g).

: Yield 7.0 g, 67% (colourless 011)

1HNMR(400 MHz) 3 (CDC13) 0.89 OH, s), 1.76-2.23 (4 H, m), 299 (1 H,d,J
9.0),3.45 (1 H, d, ] 9.0), 381-391 2H, m) 5.04-5.11 (lH m).

Vimax(KC1): 2990, 1490, 1390 1100, 1050 ¢cm™ ‘

. m/z: 158 (M3, 142, 71 (100"%).

4-(1-Methylpropyloxy)butan-l-ol (102)

A solution of aluminium chlonde (18.7 g, 0. 140 mol) in dry diethyl ether (300 ml)

was cooled to 0 °C and 11thlum aluminium hydnde IM in diethyl ether (35.0 ml,
0.035 mol) was added and :?stizsred for 30 min. ' A solution of compound 98 (10.0 g,
0.070 mol) in dry diethyl ether (50 ml) was added over 30 min to the reaction
" mixture which was left stirring to reach room temperature. The reaction mixture was
then heated under reflux for 2 h, cooled in an ice bath and water was added to
| desu"oy any unreacted hydride; 10% aqueous sixlphuric acid was added until two
clear layers were obtamed The two layers were separated, the aqueous was washed
w1th d1ethyl ether (150 'ml) and the combined ethereal solutions were then dried
- (MgS04). The solvent was removed in vacuo and the residue obtained was distilled
to give a colourless oil. | | | |
Yleld 6.0 g, 60%; bp 208- 212 °C
lHNMR(4OOMHz)8(CDCl3) 0.83 (3H t,J8.0), 1.06 3 H, d, J64), 1.31-1.51 (2
H, m), 1.56-1.62 (4 H, m), 3.12 (1 H, s), 3.22-3.31 (1 H, m), 3.30-3.35 (1 H, m),
3.40-3.46 (1 H, m), 3.53-3.56 (2 H, m). |
Vmax(KCI): 3400, 2980, 1450, 1360, 1060 cm™.
m/z: 146 (M), 69, 57 (100%)).



Compounds 103, 104 and 105 were prepared following a similar procedure to that
described for the preparation of compound 102.

4-(2-Methylpropyloxy)butanol (103)

Quantities: compound 99 (10.0 g, 0.070), aluminium chloride (18 7 g, 0.1400 mol),
and 1M-11thlum aluminium hydride in diethyl ether (35.0 ml, 0.035 mol).

Yield 5.80 g, 58%; bp 206-209 °C (colourless oil).

'H NMR (400 MHz) 5(CDCl;): 0.89 (6 H, d, J 3.2), 1.64-1.69 (4 H, m), 1.81-1.91 (1
H, m), 3.14 (1 H,s),3.20 2 H, d, J 5.6), 345(2H t,J5.6),3.62 (2 H, t,156)
vmax(KC1): 3400, 3980, 1460, 1380, 1080 cm’!

m/z: 146 (M), 70, 56 (100%).

4-(1,1-Diméthylpropyloxy)butanol (104) .

~ Quantities: compound 100'(:10.0 g, 0.063 mol), aluminium chloride (16.9 g, 0.127
- mol), and IM-lithium aluminium hydride in diethyl ether (31 6 ml, 0.032 mol).

Yield 5.30 g, 53%; bp 214-218 °C (colourless oil).

'H NMR (400 MHz) 8(CDCls): 0.87 (3 H,t7T5.6), 1.15 (6 H, s), 1.50 (2 H, quintet, J
~ 5.6), 1.65-1 .68 (4 H, m), 3.35-3.38 3 H, m),360(2H m).

vmax(KCI) 3400, 2980, 1480 1380,1190, 1090 cm™

m/z: 160 (M') 143, 86 (100%)

4-(2,2-Dimethylpropyloxy)butanol (105)

Quantities: compound 101 (6.00 g, 0.038 mol), aluminium chloride (10.1 g, 0.076
mol), and 1M-lithium aluminium hydride in diethyl ether (19.0 ml, 1.9 mmol).

Yield 4.00 g, 66%; bp 200-205 °C (colourless oil).

'H NMR (400 MHz)  (CDCls): 0.91 (9 H, s), 1.62-1.74 (4 H, m), 2.82 (1 H, 5), 3.10
(2H,s),3.46 (2H,t,J5.6),3.65(2H,t,7J5.6).

vmax(KC1): 3400, 2980, 2890, 1490, 1380,1120, 1060 cm™

m/z: 160 (M") 143,102, 86.
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4-Bromo-4’-[4-(1-methylpropyloxy)butyloxy]biphenyl (106)

A solution of triphenylphosphine (3.46 g, 0.013 mol) and DEAD (2.30 g, 0.012 mol)
in dry cold THF (100 ml) was édded dropwise over ten min to a solution of
compound 12 (3.00 g, 0.012 mol) and compound 102 (1.76 g, 0.012 mol) in dry THF
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(75 ml) stirring at room temperature. The reaction mixture was left stirring

overnight. . The reaction ﬁroduct was extracted into diethyl ether (2 x 200 ml), and

the combined ethereal solutions were washed with water and dried (MgSO,). The

crude product was adsorbed onto silica gel and purified by column chromatography

[DCM-petroleum fraction (bp 40-60 °C), 1:3] and recrystallised from ethanol to give

white powder. .

~ Yield 2.80 g 60%; mp 112 113 °C

lH NMR (400 MHz) & (CDC13). 091 (3H,t, J 7.2),1.12(3H,d, J 5.6), 1.38-1.58 (2

H, vm) 1.71-1.78 (2 H, m), i;86-1.93 (2 H, m), 3.31 (1 H, sextet, J 6.4), 3.39-3.45 (1

~H , m), 3.52-3.57 (1 H, m), 4.02 2 H, t, J 6.4),6.94 (2H,d),7.39(2H,d), 7.46 2 H,
d),7.512H, d).. . R C |

vmax(KCl) 2980, 2880 1605 1490, 1120 820, 500 cm™

. m/z: 378/376 (M), 304, 250/248, 129, 57 (100%). -

Cémpounds 107 ‘108 and 109 weré prepared following a similar procedure to that
described for the preparation of compound 106.

‘4-Bromo-4’-[4 (2-methylpropyloxy)butyloxy]blphenyl (107)

Quantities: triphenylphosphine (3 46 g, 0.013 mol), DEAD (2.30 g, 0.013 mol),
compound 12 (3 00 g, 0.012 mol), and compound 103 (1.76 g, 0.012 mol).

© Yield 2.91 g, 62%; mp 115-116 °C (white powder).

'H NMR (400 MHz) & (CDCL3): 0.91 (6H,d,J7.0),1.72-1.93 (5 H, m), 3.18 (2 H, t,
J6.4),348 2 H, t,J64),403 (2H t, J64),696(2H d), 740 2 H, d), 7.46 2 H,
d), 7.52 2 H, d). L :

 Vmax(KCI): 2980, 2880, 1610 1495 1290, 1260, 1120, 1110 cm’!

 m/z: 378/376 (M), 305, 263,250/248 (100%), 152, 129,.



4-Bronio-4’f[4-(1,l-diinethylprqpyloxy)butyloxy]biphenyl (108)

Quantities: triphenylphosphine (3.46 g, 0;013 mol), DEAD (2.30 g, 0.013 mol),
- compound 12 (3.00 g, 0.012 mol), and COmpound 104 (1.76 g, 0.012 mol). |

Yleld 291 g, 62%; mp 112-1 13°C (wh1te powder)

'H NMR (400 MHz) 8 (CDCL): 0.91 (9 H, 5), 1.76 (2 H, quintet, J 5.6), 1.89 (2 H,

quintet, J 5.6), 3.07 2 H, 5), 3.48 (2 H, t, J 6.3), 4.03 2 H, t, J 6.4), 6.96 (2 H, d),
7412 H,d),7.47 2H, 4, 7.53 2 H,d).

Vamad KCI): 2980, 2880, 1610, 1490, 1400, 1300, 1260, 1120, 820, 500 e

m/z: 392/390 (M), 370, 305/303, 286, 250/248 (100%), 221, 219, 157.

4-Brbmo-4’-[4-(2J-dimeth)u'lpropyloxy)butyloxy]biphenyl 109)

Quantities: triphenylphosphine (3.14 g, 0.012 mol), DEAD (2.10 g, 0.012 mol),
compound 12 (3.00 g, 0.012 mol) and compound 105 (1.76 g, 0.012 mol).

‘Yleld 2.00g, 41%, mp 112—1 13°C (thte powder). - ‘

'H NMR (400 MHZ)S(CDCI:;) 0.87 (G H, t,J73), 1.13 (6 H, s), 149 2H,q,J

7.2), 1.71 (2H qu1ntet,J56) 1.89 (2 H, qumtet,J56),337(2H t, J64),402(2

" H,t,]6.4),696(2H,d), 741 (2H,d), 747 (2 H,d),7.51 2 H, d).
Viax(KCI): 2980, 2880, 1610 1495, 1290, 1260, 1120, 820, 500 cm’®
m/z 392/390(M*) 305/303, 265/263, 250/248 (100%), 151,139,
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Scheme 13 - s

2,3-Difluoro-4-octyloxy-4’’-(4-propyloxybutyloxy)terphenyl (110)
Cofnpound 90 (0.90 g, 2.5 mmol), and a 2M-aqueous solution of sodium carbonate

(40 ml), were mixed in TBME (60 ml), and tetrakis(triphenylphosphine)palladium(0)

(0.12 g, 0.12 mmol) under dry nitrogen and compound 5 (0.85 g, 3.0 mmol) were

added to the reaction mixture. The stirred reaction mixture was heated under reflux

overmght The product was extracted into DCM (100 ml) and washed with brine,
water and dried (MgSO4). The solvent was removed under reduced pressure and the
residue  was purified by column - chromatography [DCM-hexane, 1:5] 'and
recrystallised from hexane to give white powder. |

Yield 0.80 g, 60%. -

Transmon temperatures (°C) Cr 1045 SmC 1588 N 1623 1. :
~ '"HNMR (400 MHz) ) (CDC13). 0.87-0.96 (6 H, m), 1.23-1.37 (8 H, m), 1.47 (2 H,
quintet, J 6.8), 1.62 (2 H, sextet J7.2), 1.73- 194(6H m), 3.39 2 H, t, J 6.8), 3.49

(2H t, J66),404(2H t, J66) 408(2H t,J 6.8), 677684(1H m),696(2H

©d),7.10-7.17 (1 H, m), 7.51-7.57 2 x 2 H, d), 7.63 R H, d).
Va(KCI): 2980, 2960, 2880 1500, 1480, 1310, 1260, 1120, 1080, 800 cm™?
mz: 524(1\/r*) 465, 409, 297 (100%), 115. |

Compounds 111, 112, 113, 114, 115, 116, 117, 118, 119, and 120 were prepared

following a procedure similar to that described for the preparation of compound 110.
4"-[4-(1,2-Dimethylpropyloxy)butyloxy)]-2,3-diﬂuoro-4-octyloxyterphenyl (111)
QuantitieS' compound 91 (0.70 g, 18 mmol), tetrakis(triphenylphosphine)-
palladium(0) (O 12 ¢g,0.12 mmol), and compound 5(0.62 g, 2.1 mmol).
- Yield 0.52 g, 55% (white powder)." -
Transition temperatures (°C) Cr 84.5 SmC 142 8 L
'H NMR (400 MHz) & (CDCl;): 0.84- 0.94 (9 H, m), 1.08 (3 H, m), 1.22-1.50 (15 H,
| m), 1.65-1.96 (2 H, m), 3.14 (1 H, q, J 5.8), 3.36-3.46 (1 H, m), 3.56-3.66 (1 H, m),
4.04 (2H,t,J6.4),4.08 (2H,t,7J6.4),6.78-6.86 (1 H, m), 6.98 (2 H, d), 7.08-7.18 (1
H, m), 7.52-7.66 (3 x 2 H, d).
: vmax(KCI): 2980, 2960, 2880, 1500, 1480, 1310, 1260, lliO, 1080, 800 cm™.
m/z: 552 (M), 465, 410, 352, 298 (100%), 280, 251, 176, 143, 115, 73 (100%).
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2,3-Difluoro-4-octyloxy-4’’-[4-(1,2,2-trimethylpropyloxy)butyloxy]terphenyl
(112)

Quantities: compound 92 (0.60 g, 15 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), and compound § (0.52 g, 1.8 mmol).

Yield 0.55 g, 65% (white powder).

Transition ’temperatures (°C): Cr 88.7 SmC 1394 I

'H NMR (400 MHz) & (CDCls): 0.85-0.95 (12 H, m), 1.05 (3 H, d, J 6.7), 1.24-1.42
6 H, m), 1.44-1.53 (4 H, m), 1.73 (2 H, quintet, J 6.9), 1.80-1.97 (4 H, m), 2.98 (1
H, q,J6.1),3.32 (1 H, dt, J 6.3), 3.64 (1H,dt,J6.3),4.04(2H,t,76.7),4.08 2 H, ¢,
J6.7), 6.78-6.84 (1 H, m), 6:98 (2 H,d), 7.10-7.16 (1 H, m), 7.51-7.57 2 x 2 H, d),
7.63 2 H, d). | |
vmax(KCI) 2980, 2960, 2880 1500 1470 1500 1260, 1115, 1080, 820, 800 cm’!

m/z: 566 (M+), 465, 409, 298 (100%), 157.

2,3-D1ﬂuoro-4”-[4-(1-methylpropyloxy)butyloxy]-4-octyloxyterphenyl (113)
Quantities: compound 106 (0.60 g, 1.6 mmol), tetrakis(triphenylphosphine)-
~ palladium(0) (0.12 g, 0.12 rpmol), and compound 5 (0.52 g, 1.8 mmol).

Yield 0.49 g, 57% (white powder).

Transition temperatures (°C) Cr 99.7 SmC 155.5 L

'H NMR (400 MHz) & (CDCl3): 0. 87-0.94 (6H,m),1.13(3 H d,J6.1),1.29-1.35 (8
H, m), 1.40-1.60 (4 H, m), 1.75 (2 H, quintet, J 6.1), 1.81-1.93 (4 H, m), 3.31 (1 H,
sextet, J 6.1), 3.46 (1 H, dt,J 6.1),3.56 (1 H, dt,J 6.1), 4.04 2 H, t,J 6.5), 4.08 (2 H,
t, J6.5), 6.78-6.83 (1 H, m), 6.98 (2 H, d), 7.10-7.16 (1 H, m), 7.54-7.57 2x 2 H, d),
7.64 (2 H, d). ‘

vmax(KCI): 2980, 2880, 1610, 1500, 1480, 1310, 1260, 1080, 810, 800 cm™,

m/z: 538 (M), 465, 439, 409, 143 (100%).

2,3-Difluoro-4"-[4-(2-meihylpropyloxy)butyloxy]-4-octyloxyterphenyl (114)
Quantities: compound 107 (0.60 g, 1.5 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), axid compound 5 (0.52 g, 1.8 mmol).

Yield 0.55 g, 65% (white powder). - |
- Transition temperatures (°C): Cr 92.0 SmC 148.7 L ‘

'H NMR (400 MHz) & (CDCl5): 0.88 (3 H,d,J7.3),091 (6 H, d, J 6.4), 1.30-1.54 -
(10 H, m), 1.73-1.94 (7H, m), 3.20 2 H, d, J 6.8),3.49 (2 H,t,16.2),4.04 2 H, t,J
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6.9), 4.08 2 H, 1, J 6.6), 6.78-6.83 (1 H, m), 6.98 (2 H, d), 7.11-7.16 (1 H, m), 7.52-
7.58 2x2 H, d), 7.632 H, d). | «

Vmax(KCI): 2980, 2940, 2880, 1500, 1470, 1300, 1260, 1115, 1080, 820, 800 cm™.
m/z: 538 (M), 465, 297, 250, 129, 73 (100%), 57. '

4"-[4-(1,1LDimethylpropyloxy)butyloxy]-2;3—diﬂuoro-4-oetyloxyterphehyl (115)
Quantities: ‘compound 108 (0.70 g, 1.8 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), and compound 5 (0.67 g, 2.3 mol). |
Y1eld 0 55 g, 55% (wh1te powder)
Transmon temperatures (°C) Cr 826 SmC 138 2 L
lHNMR(400 MHz) 8 (CDC13) 084 0.92 (6 H, m) L 14 (6 H, s), 1.29-1. 35 (8 H,
vm),l44-1 56(4H m),171 (2H qumtet J61),180 193 (4H m) 3382 HtJ
63),403 (2H t, J60) 408 (2H t,J 6.0), 6.78-6.83 (1 H, m), 6.98 (2 H, d), 7.10-
T 16(1 H m),753 757(2x2H m), 763(2H .

| vmax(KCI) 2980 2860 1500 1470, 1300 1260, 1080 800 cm

m/z 552 (M’) 439 (100%), 409 143. ‘

| 4";[4e(2,2-Dimethylpropyioxy)butyloky]-2,3-difluoro-4-octylokyterphenyl (11‘6)
‘ QuantitieS' c'ompound‘ 109 (0. 68 g 1.7 mmol), tetrakis(triphenylphosphine)—
palladlum(O) (0.12 g, O 12 mmol) and compound 5 (0.60 g, 2.1 mmol).
Yield 0.64 g6 68% (thte powder). ‘
Transition temperatures (°C): Cr 87.6 SmC 148. 6 L.

| 'lHNMR(4OOMHz)6(CDC13) 0.87 BH, t,J6.9),0.91 O H, s), 1.29- 1.35 (8 H, m),

1.43- 152(2H m), 1.76 2 H, quintet, J 6.1), 184(2H quintet, J 6.5), 1.91 (2 H,

‘qulntet 765),3.072H,5),349 QH,t,J6.1),4.05 2 H t, J6.5),408 2H,t,J

. 65),678634 (1H, m),698 (2H d),710716(1 H, m), 7.52-7.59 (2 x 2 H, d),
762 QHd). | |

| vmax(KCI) 2970, 2880, 1610 1495, 1475, 1260, 1120, 810 cm’

m/z: 552 (M") 461 439 409, 143 (100%)

4”-[4 (l,2-Dlmethylpropyloxy)butyloxy]-2,3-d1ﬂuoro-4—nonylterphenyl 117)

- Quantltles compound 91 '(0.70 g, 18 mmol), tetrakls(tnphenylphosphlne)
palladlum(O) (0 12 g, 0.12 mmol), and compound 8 (0.67 g, 2.3 mol)

Yield 0.55 g, 55% (whlte powder). ‘
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Transition temperatureé (°C): Cr ‘55.2 SmC 1143 1.

'H NMR (400 MHz) & (CDCls): 0.90 (6 H, dd, J 6.5), 1.03-1.11 (3 H, m), 1.21-1.42
" (15H,m), 1.64 2 H, m), 1.71-1.79 3 H, d, J 6.3), 1.86-1.96 (2 H, m), 2.69 (2 H, t,J
7.6), 3.13 (1 H, quintet, J 5.8),3.41 (1 H, dt',..‘l 6.1),3.58 (1 H, dt,J6.1),4.04 2 H, 1,
J5.7), 6.97;7.02 (3H,m)7.11-7.16 (1 H, m), 7.52-7.67 3 x 2 H, d).

vﬁnax(KCl): 2980, 2960, 2860, 1610, 1490, 1470, 1260, 1120, 810 cm™.

m/z: 550 (M"), 463, 408, 295 (100%), 143. ‘

. 2,3-D1ﬂuoro—4"-[4-(l-methylpropyloxy)butyloxy]-4-nonylterphenyl (118) .
Quantltles compound 106 (0.50 g, 1.3 mmol), tetrakls(mphenylphosphme)-
palladlum(O) (O 12 g, 0. 12 mmol), and compound 8 (0.42 g, 1.5 mmol). :
Yield 0.46 g, 65% (white powder)

: Transmon temperatures (°C). Cr 66.1 SmC 119.0 L

' 1HNMR(4OOMHz)6(CDCl3) 0.86-0.94 (6 H, Iﬁ) 1.13 3 H, d, J64) 1.23-1.60

(14 H, m), 1.65 (2 H, qumtet J6. 4), 1. 76 (2 H, qumtet J 6 8),1.91 (2 H quintet, J

67),269(2H t, J75) 332(1H sextet,J60),341-347(1 H, m), 3.53-3.60 (1 H,

:’m) 404(2H t, J65),697702(3H m), 712717(1 H, m), 7.54-7.65 (3x2H,
d). | o | - ‘

vmax(KCl): 2980, 2880, 1610, 1500, 1380,’1260, 1180, 1100, 800 510 cm™.

m/z: 536 (M), 463, 408, 379, 295, 129, 71 (100%).

4”-]4-(1, 1-Dimethylprdpyloxy)bﬁtyloxy)]-2,3-diﬂuoro-4—nonylterphenyl (119)
Quantities: compound 108 (0.55 g 1.4 mmol), tetrakis(triphenylphosphine)-
- palladium(0) (0.12 g, 0.12 mmol), and compound 8 (0.48 g, 0.0017 mol). -

Yield 0.46 g, 60% (white powder).
- Transition temperatures (°C): Cr 54.7 SmC 105.7 L

'H NMR (400 MHz) & (CDCL): 0.86-0.90 (6 H, m), 1.14 (6 H, s), 1 23-142 (12 H,
- m), 1 49 (2 H, q,J 7.5), 1.66 (2 H, quintet, J 7.4), 1.72 (2 H, quintet, J 7.4), 1.89 (2
H, qumtet J74),269(2H t,77.6),3.38 2 H, t,63) 404 (2H,t,J6.3), 697702
(3H m), 7.12-7.17 (1 H, m) 7.54- 765(3x2H d).

_ ‘vmax(KCl) 2980, 2880, 1605, 1470, 1400, 1160 1020 805, 500 cm™
m/z: 550 (W), 463, 408 (100%), 295 57.



4"-[4-(2,2-D1methylpropyloxy)butyloxy]-2,3-dlﬂuoro-4-nonylterphenyl (120)

o Quantltles compound 109 - (0. 50 g, l 3 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.12 g, 0.12 mmol), and compound 8(0.42 g, 1.5 mmol).

Yield 0.46 g, 65% (white powder). .

Trarxsltlonrtemperatures (°C): Cr 54.3 SmC 116.4 I

'H NMR (400 MHz) 3 (CDCL): 0.81 (3 H, t, 1 6.7), 0.84 (9 H, s), 1.15-1.36 (14 H,

m), 1.57 (2 H, quintet, J 7.1), 1.69 (2 H, quintet, J 6.6), 1.83 (2 H, quintet, J 6.1),
262(2H,t,174),342QH,t, J6.1),398 2 H,1,762), 689694 G H, m),704-
7.10 (1 H, m), 7.47-7.57 3 x 2 H, d). ‘ S
Vea(KCI): 2980, 2970, 2880, 1610, 1495, 1475, 1260, 1120, 810 cm’®

m/z: 550 (M*), 462,407,295, 181,143, 73. |
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Scheme 14

3 7-Dlmethyloctan01c acid (122)
A'solution of chromium trioxide (55.5 g, O 555 mol) in water (68 ml) and 2M-
sulphuric acid (12 ml) was added dropwise to a solution of compound 121 (43.7 g,

0.308 mol) in acetone (100 ml), the temperature was maintained at 40-60 °C and the

reaction mixture was left stirring overnight. Acetone was carefully removed in

vacilo, the reaction mixture was diluted in water and washed with diethyl ether (2 x
200 ml). ‘The ethereal solution was washed with 10% sodium hydroxyde solution
(200 ml); and the aqueous phase_ was acidified with 36% HCI (200 ml) and washed
once more with diethyl ether (2 X 200 ml). The organic layer was dried (MgSOq4) and

the diethyl ether was removed in vacuo. The crude product was distilled to g1ve a

colourless oil.

~ Yield 13. 60g,28%,bp 139-141 °C at 15mmHg ‘
lHNMR(27OMHZ)8(CDC13) 0.86 (6 H,d,76.7),0.96 3 H, d, J68) 1.10-1.40
(6 H,m), 1.50 (1 H, m) 190-202(1H m),210-220(lH s),240250(2H m).

" Vma(KCI): 3300—2850 1710 1350 945 cm’?

‘m/z 172 M), 113,97, 87 (100%)

3 7-D1methyloctanoyl chloride (123)

. Compound 122 (13.6 g, 0.077 mol) was heated under reﬂux for 1 h with th10nyl
chloride (13.1 g, 0. 115 mol), the excess of thlonyl chloride was distilled off

Yield 13.4 g, 90%. ‘

No attempt was made to purify the crude oil and no analyses were carried out, the

product was used immediately.

4-Bromko-4’-(3,5,S-frimethylhexyl)biphenyl (126)

A solution of compound 125 (7.00 g, 0.030 mol), aluminium (4.40 g, 0.033 mol) and
compound 124 (3.90 g, 0.036 mol), in dry DCM was prepared at room temperature.
‘The stirring reactlon mixture was leﬂ to react at room temperature until g.l.c. and
tlc analyses revealed a complete reactlon the reaction mixture was then treated

. with triethylsilane (9.30 g, 0.080 mol) and left stlrrmg overnight. The reaction

product was extracted into DCM (2 x 100 ml) and the combined organic layers were.

washed with brine, water and dried (MgSOy). The product was adsorbed onto silica
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gel and purified by column chromatography [DCM] and recrystalhsed from ethanol
to yield a white powder. :

Yield 7.00 g, 66%; mp 93-94 °C.

1 H NMR (270 MHz) 8 (CDCl;): 0.46-0.55 (2 H, m), 0.86-0.97 (9 H, m), 0.99 (2 H,

d, J 6.2), 1.06-1.16 (1 H, m), 1.26-1.33 (1 H, m), 1.43-1.68 (2 H, m),250-272(2H,

m), 7.24 (2 H, d), 7.40-7.57 (3 x 2 H, d).
Vmax(KC1): 2940, 1480, 1070, 1000, 805, 650 cm™.
m/z: 360/358 (M"), 247/245, 165 57 (100%).

4- Bromo-4’-(3 7-d1methyloctyl)blphenyl 127

Quantities: Compound 123 (6.90 g, 0.036 mol), compound 125 (7.00 g, 0.0300 mol)
aluminium chloride (4.40 g 0.033 mol), and triethylsilane (9. 30 g, 0.080 mol).

Yield 6.75 g, 60%; mp 88- 89 °C (white powder).

! HNMR (270 MHz) 3 (CDC13): 0.87(6 H,d,J6.4),0.96 (3 H, d,J 6.5), 1.10-1.40
(6 H, m), 1.41-1.72 (4 H, m), 252-275(2H t,J 6.3), 724(2H d), 7.40-7.58 3x 2
H, d). | -

Vimae(KC1): 2980, 2940, 1490, 1470, 1080, 1000, 810, 500 cm™.

m/z: 374/372 Mh), 258, 259/248, 245, 165, 57 (100%).

2,3-Diﬂuoro-4—octyloxy-4"’-(3,5,5-t‘riméthylhexyl)terphenyl (128)

Compound 126 (1.00 g, 2.8 mmol), an aqueous solution of 2M-sodium carbonate (40
ml) and tetrakis(triphenylphosphine)palladium(0) (0.12 g, 0.12 mmol) were mixed in
TBME (60 ml) under dry nitrogen} at room temperature and compound 5 (1.00 g, 3.5
mmol) was added. The stirred reaction mixture was heated overnight under reflux

under dry nitrogen until g.l.c. and t.l.c. revealed a complete reaction. The product
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was extracted into DCM ‘(2 X 150 ml) and washed with brine, water and dried -

(MgSOq4). The solvent was removed under reduced pressure and the residue was
purified by column chromatography [DCM-hexane, 1:8] and recrystalhsed from
hexane to give a white powder.

Yield 1.02 g, 70%.

Transition temperatures (°C): Cr 55.4 SmC 104 5L

’ 1HNMR(4OOMHz)8(CDC13) 0.85- 097(14H m), 1. 00 (B H,d,J6.7),1.07-1.14

(1 H, m), 1.23-1.43 (8 H, m), 1.44-1.70 (4 H, m), 1.88 (2 H, quintet, J 6.5), 2.57-2.73
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QH, m),407 QH, t,J65), 6.78-6.85 (1 H, m), 6.97-7.03 (1 H, m) 7.25 (2 H, d), -
7.52-7.66 (3 x 2 H, d).
vimax(KCI): 2980, 2880, 1640, 1500, 1480, 1300, 1080, 800 cm!

mz: 520(M*) 408 (100), 295, 57..

Compounds 129, 130 and 131 were prepared following a similar procedure to that J

described for the preparation of compound 128. »

4"-(3,7-D1methyloctyl)-2,3-d1ﬂuoro-4-octyloxyterphenyl (129)

Quantities: compound 127 (1.00 g, 2.8 mmol), tetrakis(triphenylphosphine)-

* palladium(0) (0.12 g, 0.12 mmol), and compound 5 (1.00 g, 3.5 mmol).

Yield 1.12 g, 75% (white powder). .

- Transition temperatures (°C): Cr 82\.5 SmC‘ 1153 L )

'H NMR (400 MHz) 5 (C15C13): 0.82-0.92 (9 H, m), 0.95 3 H, d, J 5.9), 1.08-1.20 (2

. H, m) 1.22-1.42 (11 H, m), 1.43-1.59 (6 H, m),"1.62-1.72 (1 H, m),‘l 84 2 H
 quintet J 4.9), 2.52-2.74 (2 H, m), 4.08 2 H, t, J49),677 -6.87 (1 H, m), 7.08-7. 18

(1H,m),7.26 2H,d), 7. 50-7.59 (2x2H,d),7.65(2 H, d).

Vmax(KC1): 2920,‘2880, 1630, 1480, 1080, 800 cm””,

m/z: 534(M"), 422, 407, 295, 57. |

" 2,3-Difluoro-4-nonyl-4”-(3,5,5-trimethylhexyl)terphenyl (130)

Quantities: compound 126 (1.00 g, 2.8 mmol) tetrakis(triphenylphosphine)-
_palladium(0) (0.12 g, 0.12 mmol), and compound 8 (1.00 g, 3.5 mmol).

| Yiéld 1.00 g,‘70%y (white powdef). _ ‘

Transition temperatures (°C): Cr 53.7 SmC 62 71

'H NMR (400 MHz) § (CDCL): 0.87-0.94 (12 H, m), 1.00 (3 H, d, J 6.2), 1.08-1.14
(1 H, m), 1.27-1.35 (14 H, m), 1'43-1.59 (4 H, m), 2.57-2.72 (4 H, m), 6.97-7.02 (1
H, m), 7.07-7.17 (1 H, m), 7.27 (2 H, d), 7.53-7.68 3 x 2 H, d).

Veu(KCI): 2980, 2880, 1500, 1460, 1400, 1120, 800 e’

m/z: 518 (M), 391 (100%).

4"-(3,7-Dimethyloctyl)—2,3-diﬂuoro4-nohylterphenyl (131) _
Quantities: compound 127 (1.00 g, 2.8 mmol), tetrakis(triphenylphosphinc)-
palladium(0) (0.12 g, 0.12 mmol), and compound 8(1.00g,3.5 mmol) |

Yield 1.10 g, 70% (whlte powder)
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| Transitidn temperatures (°C): Cr 28.2 SmC 75.2 1. e
QIHNMR(4OOMHZ)8(CDC13) 0.86 9 H, 'm), 0.94 3 H, d, 7 5.7), 1.09- 120(2H i
| ’m),122 -1.42 (18 H, m), 1.43- 158(2H m), 1.62-1.72 (2 H, m), 2.58-2.74 (4 H, m),"[ |
6.77-6.87 (1 H, m),708718 (1H m) 727(2H d) 7.55 (2H d), 7.59 2 H, d), |
C166 (QH, ) A R T e e S
Viax(KC1): 2980, 2880 1500, 1080 900 soo cm’! ‘ o o
m/z: 532 (M+), 422,407,295, 57. |




Schelrle 15

4-Bromo-4’~(3-chloropropyl)biphenyl (135)
A solutlon of compound 125 3. 00 g 12 8 mmol), aluminium chloride (1.90 g, 0.014

mol) and compound 132 (2 00 g, 0.015 mol), m dry DCM (100 ml) was prepared at

room temperature. The strrred reaction mixture was left to react at room temperature

until g.l.c. and t.1.c. analyses revealed a complete reaction, the reaction mixture was

then treated with triethylsilane (3.60 g; 0.0307 mol) and left stirring overnight. The
reaction product was extracted in DCM (2 x 50 ml) and was washed with brine,

water and dried (MgSOa). The product was adsorbed onto silica gel and puriﬁed by

column chromatography [DCM] and recrystalhsed from ethanol to glve a white

powder.
Yield 2.57 g, 65%; mp 87- 88 °C.

120

H 51HNMR(270MHz)8(CDCl3) 212 2 H, quintet, J 6.2), 2.84 (2 H, 1, ] 6.0), 3.55

(2H,1,16.2),7.26 2 H, d), 7.40- 758(3x2H d).
Vu(KCI): 2940, 1480, 1000, 800 cm’”.
i m/z: 312/310/308 ™), ‘250/248, 245 (100%), 165, 139, 82.

Compounds 136 and 137 were prepared followmg a srrmlar procedure to that

: o described for the preparatlon of compound 135.

4-Bromo-4’-(d-chlorobutyl)biphenyl (136)

Quantities: Compound 133 (5.12 g, 0.036 mol), compound 125 (7.00 g, 0.030 mol),
‘ ‘alumlmum chlonde (4.40 g, 0.033 mol) and methylsrlane (8.35 g, 0.072 mol).

~ Yield 6.29 g 65%, mp 81-82 °C (white powder)

' H NMR (270 MHz) & (CDCl): 1.75-1.90 (4 H, m), 2.80 (2 H, , ] 6.0), 3.50-3.60 (2
: HtJ58),725(2H d), 7.40-7.58 (3 x 2 H, d). |

“vmax(KCI) 2940 1480, 1070 1000, 805, 650 cm™

m/z: 326/324/322 (M+) 250/248 245, 165.

4-B‘roino¥4"'-‘(5-chloroperityl)biphenyl (137)
Quantities: Compound 134 (5.61 g, 0.036 mol), compound 125 (7.00 g, 0.030 mol),
B alurmnrum chloride (4.40 g, 0.033 mol) and triethylsilane (8.35 g, 0.072 mol).

g Yleld 6. 56 g, 65% mp 77- 78 °C (whlte powder)



' H NMR (270 MHz) 8 (CDCl;): 1.52 (2 H, quintet, J 6.9), 1.68 (2 H, t, ] 6.8), 1.82

CHLI69282QHLI6H34 QHLI69,725 Q18,3875 (G x2
Hd). i ‘

e (KCI): 2940, 1480, 1070, 1000 805 650cm

m/z: 340/338/336 (M), 2501248, 245, 165 ‘

'4”-(3-Chloropropyl)-2,3 dlfluoro-4-octyloxyterphenyl (138)
Compound 135 (0 80 g, 2.6 mmol), an aqueous solution of 2M-sodium carbonate (40
‘ml) and tetrak1s(trlphenylphosphme)palladlum(O) (0.10 g, 0.10 mmol) were ‘mixed in
TBME (60 ml) under dry nitrogen at room temperature and compound 5 (0.92 g, 3.2
mmol)'was added. The stiri'ed reaction mixture was heated overnight under reflux
under dry nitrogen until g lc. and tle. revealed a complete reactlon The product
~ was extracted into DCM (2 x 150 ml) and washed with brine, water and dried
~ (MgSOqs). The solvent was removed under reduced pressure and the residue was
purified by column chromatography l[DCM-hexane, 1:8] and recrystollised from

-~ hexane to glve a wh1te powder

' Yield 0.80 g, 65%.

Transition temperatures (°C) Cr 102 0 SmA 1573 1L

TH NMR (270 MHz)S(CDClg) 0.89 (3 H,t,75.1),1.23-1.43 (2 H, m), 1.45-1.57 (8
H, m), 1. 85(2H quintet, J 7.2), 2. 14(2H quintet, J 7.2), 2.89 (2 H, t, J 6.2), 3.57 (2
- H,t, J62),409(2H t, J72)678687(1 H, m),710719(1 H, m), 7.28- 731 2
“H, d),755760(2x2H d),765(2H d. ‘

V(K C1): 2980, 2880, 1640, 1500, 1480, 1300, 1080, 800 cm™.

m/z: 472/470 (M"), 358, 295, 266.

Compounds 139 and 140 were prepared following a sumlar procedure as that
described for the preparatlon of compound 138.

4’-(4- Chlorobutyl)-2,3-d1ﬂuoro-4-octyloxyterphenyl (139)

Quantmes compound 136 (0.90 g, 2.8 mmol), tetrakis(triphenylphosphine)-
‘ palladxum(O) (0.12 g, 0.12 mmol), and compound 5(1.00 g, 3 5 mmol)

Yield 0.95 g, 70% (white powder). .

.- Transition temperatures (°C): Cr 71.0 SmA 1512 L
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'H NMR (270 MHz) 8 (CDCl;): 0.90 (3 H, t, J 5.1), 1.23-1.40 (12 H, m), 1.78-1.91
(4,m),2.70 2 H, 1,J6.1),3.58 2 H, 1,1 6.1), 4.07 2 H, 1, ] 7.1), 6.76-6.88 (1 H, m),
7.08-7.20 (1 H, m), 725 2 H, d), 7.55-7.60 2 x 2 H, d),766(2H d).
Vma(KCI): 2980, 2880, 1640, 1480, 1300, 1200, 1080, 800 cm’*
m/z: 486/484 (M), 372 (100%), 307, 265, 69,57.

4”-(5 Chloropentyl)-2,3-dlﬂuoro-4-octyloxyterphenyl (140)
Quantltles compound 137 (0.90 g, 2.8 mmol) tetrakls(tnphenylphosphme)palladmm
(0) (0.12 g, 0.12 mmol), and compound 5 (0 98 g,3.4 mmol)
Yield 0.98 g, 70% (white powder) ‘
Transition temperatures (°C): Cr 80.2 SmA 1549 L
H NMR (400 MHz) & (CDCl;): 083 3H,t, ] 5.1), 1.18-1.42 (8 H, m), 1.43-1.59 (4
'H, m), 1.68 (2 H, quintet, ] 7.2), 1.78-1.92 (4 H, m), 2.68 2 H, 1,1 6.2), 3.55 R H. t,
J6.2),4.08(2H,t,J7.2),6.78-6.87 (1 H, m), 7.10-7.19 (1 H, m), 7.28 (2 H, d), 7.52-
7.60 (2 x 2 H, d), 7.64 (2 H, d).
| :vmax(KCI) 2980, 2880, 1640, 1500, 1480, 1305, 1080 800 720 cm’!
L m/z 5007498 (I\/I+), 386 (100%), 295 69 57.



123
Scheme 16
2-Iodoethyl methyl ether (142) -

A solution of compound 141 (12 5 g, 0 132 mol) and sodlum iodide (22.5 g, O 150

' mol) m acetone (120 ml) was heated under reﬂux for 15 h. The sodium chlorlde

: : formed was filtered off and acetone was removed i in vacuo; the resrdue was dlssolved

in DCM (100 ml) and washed with water The solvent was then removed m vacuo i

| " o5 ‘Then residue was fractlonally dlStllled to glve a coIourless oil. St

 Yield 1125, §47%bp120-123°C. o
i 1HNMR(27OMHz)8(CDC13) 3 25 (2H,t,J48),3 40(3 H,s), 3. 66(2H t, J4 8) "

o , | Only the 1H NMR spectrum of compound 142 was recorded : e

S Ethyl 2- (4’-bromoblphenyl-4-0xy)propanoate (144) S
‘ , A solutlon of tnphenylphosphme (28.1 g, 0.100 mol) and DEAD (18 7¢ 0. 100 mol) E
2 | in dry cold THF (200 ml) was added dropw15e over ﬁﬁeen minutes to a solutlon of
e i‘:‘ compound 12 (24 8 g, O 100 mol) and compound 143 (11 8g,0. 100 mol) in dry THF
o ’i:’_ ‘(1 00 ml) st1rr1ng at room temperature The reacuon rmxture was left stlrrmg
L overmght The reactlon product was extracted into d1ethy1 ether (2x200ml), and
 the combmed ethereal soluhons were washed with water and dried (MgS0y). The
| ,_crude product was adsorbed onto sﬂrca gel and purified by column chromatography
o [DCM-petroleum fractlon (bp 40 60 °C) l: 3] and recrystalhsed from ethanol to y1e1d |
i_‘":;?‘”whltecrystals R T ' ‘
 Yield 26,5 g, 75%, mp S0-51°C. , e
. ‘,)‘,IHNMR(4OO‘MHz)8(CDC13) 1 26 (3 H t,J62), 1.63 (3 H d J64),423 (2H q, R
‘ pjfv? ,'162),476(1 H q,J64),694(2H d),736-756(3x2H .
o ‘ vmax(KCl) 3000 2980 1750 1610, 1490, 1280, 1200, 1060, 1180 820 500 cm
- [ym/z 350/348 (M+), 277/275 (100%), 249/247 168, 152 139 58.

n -(4’-Bromoblphenyl-4-oxy)propan- -ol (145) ‘
‘ 3k A solution of compound 144 (6 00 g, O 017 mol) in dry diethyl ether (75 ml) was
; ‘added dropw15e at room temperature to a solution of llthmm aluminium hydride
-(0.50 g, 0. 013 mol) in dry d1ethy1 ether (50 ml) ina three necked round bottom flask
_under dry mtrogen ‘When the addition was complete the reaction mixture was

heated under reﬂux for 1 h A rmxture of water 6 ml) and THF (15 ml) was added

il



to the reaction mixture when cooled to room temperature, to decompose any
unreacted lithium aluminium hydnde The reaction mixture was then filtered and
washed with dlethyl ether (2 x 200 ml), and the combined ethereal solutions were
washed with water and dried (MgSO4) The crude product was adsorbed onto s111ca

gel and punﬁed by column chromatography [DCM-petroleum fraction (bp 40-60 °C)

1:1] and recrystalhsed from ethanol to yield white crystals.
Yield 4.05 g, 75% (mp not recorded).
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1HNMR(27OMHz)8(CDC13) 1323 H, 4, 166) 2.06 (1 H, s), 3.69-3.85 2 H,

' m), 4.484.62 (1 H,m), 6.95-7.05 2 H, d),7.25-7.60 3 x 2 H, d).
Vmax(KCI): 3400, 3000, 2860, 1610, 1440, 1290, 1200, 1080, 1000, 820, 500 em”?
m/z: 308/306 (M), 265, 250/248 (100%), 139.

(R)-(+)-4-Bromo-4’-[2-(2;h1ethoxyethoxy1)-l-methylethoxy]biphenyl (146)

A solutiorr of compound 142 (1.30 g, 7.0 mmol) in DMSO (50 ml) was added
dropwise to a cooled of solution (-5 °C) compound 145 (2.00 g, 6.5 mrnol) and of
potassium hydroxide powder (Fluka, 1.03 g, 0. 018 mol) in DMSO (100 ml) and

S st1rred using a mechamcal sturer The reaction mixture was allowed to react at —5 °C

for 1 h and removed from the cooling bath to react for 2h at room temperature The
‘product was extracted into hexane (200 ml) and washed with water in order to
remove all trace of DMSO. Hexane was removed under reduced pressure and the
residue was punﬁed by column chromatography [DCM-hexane, 1: 8] to yleld a white
powder. i |

Yield 1.50 g, 75% (mp not recorded) ' . |

! H NMR (400 MHz) § (CDCls): 1.34 (3 H, d, J 5.6), 3.38 (3 H, ), 3.53-3.61 3 H,
m), 3.67-3.74 (3 H, m), 4.62 (1 H, sextet, J5.6),6.98 (2H, d), 7.41 2 H, d), 747 (2
“Hd),753(2H d). |

Ve (KCI): 2940, 1610, 1490, 820, 500 cm™,

m/z: 366/364 (M"), 250/248 133, 77.

[ap)?® =117

' (R)-(+)?2,3-Diﬂuoro-4"-[2-(2-meth0xyethoxy)—l-methylethoxy]-4-
- octyloxyterphenyl (147) ) |
'Compound 146 (0.80 g, 2.2 mmol) and a 2M-aqueous solution of sodium carbonate

(40 ml), were mixed in DME (60 ml), and tetrakis(triphenylphosphine)palladium(0)
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s

| (0. 12 g 0 12 mmol) under dry nltrogen and compound 5 (0.88 g, 3.1 mmol) was .

added to the reactlon mlxture The stured reactlon mixture was heated under reﬂux' " g

- overmght The product was extracted mto DCM (100 ml) and washed with brme g

. water and drled (MgSO4) The solvent was removed under reduced pressure and the S

res1due - was. punﬁed by column chromatography [DCM-hexane 15] and, e

: recrystalhsed from hexane to glve whlte powder
: fY1e1d057g,65% L S =
Transmon temperatures (°C) Cr 73 2 SmC* 90 0 N* 109 6 L

'_IHNMR(27OMHZ)6(CDC13) 0.90 3 H, t,J 6.0), 1.22-1.55 (13H m) 184(2H‘, o
Ll ‘m),340(3H ), 3.52:3.79 (6 H, m), 4.08 2 H, ¢, J 5.0), 4.54-4.69 (1 H, m), 677-’_,':
jie] 687 (L, m) 702(2H d) 708718(1H m),750760(2x2H d) 7.60- 767(2

"H,d). Sl e i
o Lv,mx(KCI) 2970, 2880, 1660 1605, 1605 1480 1360, 1115 1080, 810 cm’®
o 526(M+) 410 298 (100%), 269, 58.
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B (R)-(+)-4-Bromo-4’-(2-methoxy-1-methylethoxy)blphenyl (148)

e The reaction procedure was as descnbed for the preparatlon of compound 146 :
- Quantrtres compound 145 (1 11 & 6.0 mmol) methyl 1od1de (1.00 g, 7. 0 mmol) Sl
KOH powder (Fluka, 1. 34 g, 0 0240 mol) The product was adsorbed onto silica gel i ’, ?

: ethanol B B
- Y1e1d 1 54 g, 65% (wh1te powder) (mp not recorded)

 vam(KCI): 2880, 1605 1460, 1305, 1080, 840, 500 cm’
- mi: 322/320(M+) 250/248 (100%) 242 148,79, 57.

S (R)-(+)-2,3-Dlﬂuoro-4"-(2-methoxy-1-methylethoxy) 4-octyloxyterphenyl (149)

i A rmxture of compound 148 (0 70 g 2 2 mmol) in DME (60 ml) with an aqueous o
i ‘t‘ : solutron of sodlum carbonate 2M (40 ml) and tetralqs(mphenylphosphme)
L palladlum(O) (. 12 g, 0 12 mmol) under dry mtrogen was made to whrch compound - |

| : reﬂux overmght The product was extracted mto DCM (100 ml) and washed with

_‘ hexane 1 5] and recrystalhsed from hexane to grve whrte crystals ,‘
Y1eld O 74 g, 70% | : -

{ Transmon temperatures (°C) Cr 84 3 SmC* 90 0 N* 109. 6I -
i ~‘HNMR(27OMHz)6(CDCl3) 089(3H t,J58) 1.20-1.33 (8H m), 137(3 H

k ‘d J58),142157(2H m) 185(2H m),344(3H s),348364(2H m), 407(2

. Hy, JS8),453-464(1H m) 676686(1H m) 701 2H, d),708718(1H m),
| »751-758(2x2H d),762(2H d. | i

Vmax(KCI) 2980 2960 2880, 1500 1480 1120 1080 810 cm

o 482 o, 410 298 7.
& [oc ]2"”-107

g :f‘and purlﬁed by column chromatography [DCM-hexane 8: 1] and recrystalhsed from‘j‘j :

) ;V'.IHNMR (400 MHz) 8 (CDCL): 1.36 3 H, 4, J54),338 GH,s), 337378 (2 H, :
'm),460(1H sextet JS4),696(2H d),739(2H d) 745 (2 H, d), 751(2H d) 2

5 (O 74 g 2 6 mmol) was added The stirred reaction mrxture was heated under -

S bnne and water and drred (MgSO4) The solvent was removed under reduced

i pressure and the re31due was purlﬁed by column chromatography [srllca gel DCM-"’ '



23 Experimental discussion

This chapter discusses the experimental strategy both in term of the chosen synthetic ~

routes and the experimental techniques to obtain the compounds shown in figure 2.1. -

: Figure 2.1 General structures of the COmpounds prepared o

I The de51gn of the synthe51s of these compounds requrres a route for a core system .

A and spec1ﬁc ways of preparlng the varlety of bulky end group R’.- The dlscussmn

- '1n1t1ally deals ‘with the strategles for the synthesrs of the cores and then d1scusses ,

e g | each class of terrmnal groups separately

R
i

o 231 Discussion of the general synthesis route

231 1 Strategles for the synthesns of the cores

i ‘;The synthe51s of 2 3 d1ﬂuoroterphenyl compounds has been eased by the work of

Suzukl “and co-workers 'usmg the tetrak1s(tnphenylphosphme)pal1ad1um(0)

o 'catalysed couphng of arylboromc ac1ds with aryl halides. The boronic ac1d can be

o “ 'prepared separately, kept 1ndeﬁmte1y and used i in couplmg reactions under aqueous ‘

or non-aqueous cond1t10ns “The' boronic ac1d can be prepared safely at low

: temperature wrthout the risk of formmg benzyne o

:‘ “One v1ab1e synthetrc route for the 4 alkoxydlﬂuoroterphenyls with any type of
- targeted end group is shown in ﬁgure 2.2 as a disconnection pathway. The route to
‘the 4-a1ky1d1ﬂuoroterphenyls is 51m11ar to that shown in figure 2.2, but the route to

 the 4-alkyl-2 3- drﬂuorobenzeneboromc acid is shown in ﬁgure 2.3.
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| S : ‘Figure 2.3 The route to‘4-va1ky1f2,3-diﬂuorobenieneboronrc acid

i serres The route to the alkyl series, based on the altematrve strategy requlres the 4-

129 - -

i ‘An alternatlve pathway usrng a srmllar reactron is shown in ﬁgure 2 4 for the alkoxy S

| ‘:‘ f‘alkyl 2 3- dlﬂuorobenzeneboromc acrd shown in ﬁgure 2. 2 but is otherw1$e ldentrcal

- “'f':to the route shown in ﬁgure 2 3

o The route shown 1n ﬁgure 2. 2 was chosen rather than the alternatrve route glven in
i ﬁgure 2.4 for two reasons | ‘ '

- (a) the route shown in ﬁgure 2 2 has two steps less than the route shown in

ﬁgure 2.4, namely the 11thlat10n of 4-alky1/alkoxy-bromobenzenes and the

o / couplmg reaction to bromo 4—1odobenzene

'(b) a further factor ansmg from the use of the route shown in ﬁgure 2.2 is that

g 1f the termrnal chaln at the 4” posrtron contams functlonal groups that react
i "fk“w1th butylhthrum, then the route in ﬁgure 2.4 Would be unacceptable For
"example compounds 138- 140 have a chloro substituent in their termmal

gt J‘cham and therefore the targeted compound would not be obtalned

i
i
i
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o
@

F igure 2.4 An alterhati\'/e”rout‘e to the ‘synthesis of 4-a1kokydiﬂuoroterphenyl
compounds

A further p0551ble route shown in figure 2.5 for the synthe51s of 4-alkoxy-2,3-

| dlﬂuoroterphenyl cores would have improved the efficiency of production of the
final products by reducing the number of steps, as compounds Y and Z would only
have had to be synthe51sed once. The synthesis of the 4-alkyl-2,3-difluoroterphenyl
 cores is similar to the synthe51s shown in figure 2.5, except for the synthesis of the

2.3-difluorobenzeneboronic acid shown in figure 2.3.
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CompoundsY . ... CompoundsZ . . -
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Figure 2.5 A further poss1ble route to the synthe51s of the 4-alkoxy-2,3-
difluoroterphenyl cores

 The ﬁnal step of both these syntheses would involve a Mltsunobu (reaction for the

ethers or an aromatic acylatlon/reductlon for alkyl terminal groups. However,
compounds Y and compounds Z and their 4-alkyl analogues have a low solubility at
room temperature in THF (the solvent required for the Mitsunobu reaction) and in

DCM at room temperatﬁre (the solvent required for the acylation reaction) and so

this route is not feasible in practice.
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Therefore the route shown in figure 2.2 was chosen as it provided a viable pathway M

to the final products and it avoids the problems of the possible route shown in figure
2.4 and 2.5. ‘ |
An essential reaction in all of these routes to constructing the core unit, is the
coupling of aryl units, initiated by Suzuki and co-workers™* and further developéd
by Gray .’et al.™® for the synthesis liquid crystals. The palladium-catalysed cross-
coupling reaction was either carried out in DME or TBME, as recommended by
Gough’®, but no significant yield difference waé found. It was suggested'® that the
palladium catalyst might get oxidised quicker in DME than in TBME and would
therefore limit the yield, however no evidence was found to suppbrt this hypothesis.
The general method used y&as as described by Gray et al.”®. The substrate containing
the leaving group was édded to a mixture of the organic solvent and 2M aqueous
Na,CO; under a stream of dry nitrogen and then the palladium catalyst was added
followed by 15-20% excess of the boronic acid. No investigations were carried out
to optimise the yields as they were judged satlsfactory at 60-75% after column

‘chromatography and recrystalhsatlon '
The mechanism of the catalytlc cycle has been proposed” to be that shown in figure

2.6. :
PhsP |
\ / Oxidative addition
Phsp/ Uphs i
Ar—Ar ~.. | , B %
Product "+ - “
PPh3 - Ph3P Ar
. PhgP ( AT \ /
' \ e . ’ I+
, N : P
Pd\‘ .: [ .
/ \\ ; Ph3P
PhsP Ar
PPhs o Transmetallation " B(OH),

Reductive elimination

Figure 2.6 Proposed mechanism of the catalytlc cycle for the palladium cross-
coupling



2.3.2 Specific synthetic strategy for the terminal chains

2.3.2.1 Mitsunobu ether synthesis (Schemes 3 and 7)

Prior to the coupling reaction, a Mitsunobu reaction was carried out which involved
the synthesis of a phosphonium complex; triphenylphosphine and DEAD in dry TﬁF
were coeled in an ice bath. The solution of the complex was added to a stirred
" mixture of 4-bromo-4’-hydroxybiphenyl and the alcohol at room temperature The
reaction was always carried out in this fashion and no attempts were made to
nnprove on the yields as they were )udged satisfactory at 60-75% after column
chromatography and recrystallisaton. When the reaction was complete the reaction
product was extracted into ether with water and 20% sodium hydroxide to make the
sodium salt of any unreacted 4-bromo-4’-hydroxybiphenyl. However’ the sodium
salt of 4- bromo-4’-hydroxyb1phenyl remained water insoluble, therefore this process
was not carried out to separate the desired product from its starting material.

- The final products were tecrystallised from hexane-acetonitrile (8:1) because they

could not be recrystallised from ethanol as a gel was formed. Acetonitrile was added

to the hexane as required to increase the polarity.

" The proposed mechanism for the Mitsunobu’ reaction is as follows (figure 2.7):
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1) Formation of the quaternary phosphonium salt by addition of triphenylphosphine

to DEAD.
2) Protonation of the quaternary phosphonium salt.
3) Formation of an alkoxy-phosphonium salt.

4) Nucleophilic substitution (Sn2 type) to give triphenylphosphine oxide and the
. target ether. " | -
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»

/\ o @Pgs\aéH

© CoHs0-C-N=N-C-0CHs + PPha —_— cszo—p—N— =C-0C,Hs

o o ‘ ‘ 0 Oe
ArOH
R—=O_
H H >=pp PPh;
C,H50-C~N-N-C~0C;Hs + 0=PPh; + Ar—OR' <—— CoHs0~C~N ? ~C-0C,Hs
]
0 o) O HO

Figure 2.7 Mechanism for the formation of ethers by the Mitsunobu reaction

2.3.2.2 Synthesis of the tert-butyloxy end group (Scheme 4)"
Compound 29 was synthesised as described by Suk-ku Kang'®. The reaction was

1n1t1ally carried out in toluene to avoid the use of the carcmogemc solvent benzene,
however this attempt was unsuccessful The reactxon was then carried out in benzene
and was successful. It appears that benzene is an essential solvent for the success of

' this reaction and cannot be replaced, as is sometimes the case by toluene.

The yield for compound 31 was poor (30%) and it was the lowest yield by far for the
couphng of arylboromc acids with aryl halides. The reason for the low yield may be
due to the presence of the hydroxy group on the terminal chain, which in the basic
conditions that would give salt formation. The anionic/nucleophilic nature of this _

groﬁp may also interfere with the action of the catalyst.

The final step for the synthesns of compound 32 gave a reasonable yield and

111ustrates a useful way to synthes1se ethers by reaction of a trichloroacetimidate

derlvatlve of the form,
‘ "NH
ClC™ R
which was prepared by addition of a sodium alkoxide to trichloroacetonitrile in the
presence of a catalytic amount of boron trifluoride etherate. The trichloroacetimidate

reacted with an alcohol to give an ether. However, the reaction may go via the

"o
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formation of a carbocation, as the reaction is affected by the polarity of the solvent

(an apolar solvent is preferred Jackson et al.'*). The desired product is only obtained
if the carbon atom bonded to the oxygen atom in the acetimidate is a secondary or
tertiary carbon. If the carbon atom were primary, a rearrangement would occur to

give a more stable secondary or tertiary carbocation.

~This route was thought to be a possibility fqr obtaining the target compounds in

scheme 11 and 12, however it was not successful and was therefore abandoned.

2.3.2.3 Synthesis of the trimethylsilyl end group series (Schemes 5 and 6)

Initially the synthesis roﬁt_e for compound 54 was proposed as follows (figure 2.8):
F F

r

CgH470 O O O 0\_,\_—-|-L5 eq Trimethylsilane

Toluehe; 02
.y Karstedt's catalyst

Figuré 2.8 "Prop(')sed reaction pathway to synthesise compounds 54

However, this reaction was not successful and was therefore abandoned after two

attempts. __

As 2-trimethylsilylethanol and 3-trimethylsilylpropan-1-ol (compounds 33 and 34)
were coinmercially available from Aldrich, an alternative route to compound 54
could be used if the synthesis of the o,o-trimethylsilanols with different chain
lengthé could be achieved. The alcohols could then be linked to the phenol and this
would probably be easier and‘qui‘cker than rhaking several terphenyl alkene ethers.
Compounds 36, 37, and 38, when treated as described in scheme 5, gave their

corresponding silyl ethers'>. When their silyl ethers are treated with lithium in dry
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diethyl ether followed by dry THF, a rearrangement occurs. This molecular

rearrangement can occur in two different ways as follows'?,

, H : "
CI(CH,);0SiRy =~ —> Li CH—(CHps —H HO(CH,)sSiR;
' Intramolecular rearrangement "

®,0 |
L CHZ—(CH2)5—O-SIi-—

® o | + o .
CI(CH,)sOSMe; ———» i CHZ—(CH2)5—€JS|i—- _H HO(CH,)eSiMe;

Bimolecular rearrangement
This reactlon ‘was also ‘s’uccessful' (see scheme 6) and apnears to be a good way’ to
synthe51se any type of a co-trlalkylsﬂanols The aIcohoI was connected to the phenol

to glve the ether lmk as discussed in section2.3.2.1.

| 2 3.2.4 Synthesis of t-butyl end group (Scheme 8)

The synthes1s of compound 73 involved 1mt1a11y the reactlon of an excess of 1,6-
dlchlorohexane or 1,6-dibromohexane with tert-butylmagnesmrn bromlde in the
presence or absence of copper(I) bromide as catalyst. This reaction pathway was
nnsncceszul; but Burns ef al.'® propOSed a new catalyst Li,CuBr,SMe,SPh which is
prepared from a mixture of equal amounts of CuBr-SMe,, LiBr and LiSPh in THF at -
0 °C which is used in reaction with tosylates. The catalyst Li,CuBr,SMe,SPh is -
repoi'tedly highly efficient at coupling primary, secondary, tertiary, aryl, vinyl, and

‘ ‘ollylic Grignard reagents to pﬁmary tosylates and primary Grignards reagents to
secondary tosylates and mesylates. The order of reactivity of Grignard reagents
’towards tosylates and halides is as follow tosylate > iodo > bromo > chloro >>
fluoro. - These reactions only requlre one eqmvalent of the Grignard reagent, which
can improve on the select1v1ty of Grlgnard reagents when reacted with molecules
containing two different halides or two active sites. = As for compound 73, one
equivalent of t-butylmagnesium bromide with the catalyst in dry THF did not give a

" dimeric product containing two #-butyl groups. Compound 74 was obtained by
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reacting compound 73 with compound 12 in butanone in the presence of 1.5

equivalent of K,CO; as base and KI as catalyst to improve the reactivity of the

chloride fon exchanged by fodide (figure 2.9).

Wl—’ M B'O’f/j—
‘ K'I HO Br 74 | |

12

Figufe 2.9 Representétion of the propdsed mechanism

2.3.2.5 Synthesis of the Eyclobutyl end group (Scheme 9)
Compound 77 (the tosyl derivative of compound 30) was made following the method

described by Burns et al.*®and compound 78 was synthesised by a modified method
detailed by Telfort ef al.'” The tosylate is reacted with an alcohol in the very polar
solvent DMSO. Cyclobutylmethanol was added to a vigorously mechanically stirred
solution of compound 73 mixed with powéred potassium hydroxide (from Fluka:
' watér content 15%) in DMSO cooled at -5 °C. Potassium hydroxide iS highly
hygroscopic and the reaction yield is reduced by the presence of excessive moisture;
a mechanical stirrer was used because DMSO frgezes at 18.5 °C. The reaction

mixture was a thick paste which became dark brown. The reaction mechanism is as

follows:
<>—CH20'K+ ‘+ ‘ TSSCHz)GOBT —_— compound 78

2.3:2.6 Synthesis of the oxetane end group (Scheme 10)
Compound 82 is a methyl derivative of compound 79, but the synthesis of compound

82 involved a different synthetic pathway from that used for the synthesis of
" compound 79. The synthetic pathway for compound 82 had to be changed because
the oxetane ring would have been opened in the presence of a base and therefore the

oxetane unit had to be linked to the molecule in the last step of the synthesis'®.
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The ether linkage /_\

has to be the last step O<>LCH2—O—(CH2)6-R
to prevent ring-opening
of the oxetane .

- Compound 29 is bifunctional and was reacted with compound 12 to give compound
80 by a Mitsunobu reaction. Compound 80 was then coupled to the boronic acid
compound 5 to give compound 81. The final step involved the ‘reaction of compound
81 with 3-(hydroxymethyl)-3-methquxefane in a biphasic medium | [50% aq
NaOH/hexane (1:1)] with a phase transfer catalyst TBAB under reflux and viéorous

mechanical stirring. .
r

2.3.2.7 Synthesis of the branched end groups (Schemes 11, 12 and 13)
The synthesis of this varied series was | ;:hallenging because different synthetic
strategies had to be devised to synthesisé chains with identical length (i.e. having the

same spacer'between the ipesogcn and the bulky end group) and different steric sizes

. for the bulky end group. .

Several methodologies were used to synthesise this series. Firstly, a methodology

similar to the one used to synthesise compound 82 gave compounds 87, 88 and 89
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from the reaction of compound 83 and hydroxy coinpounds 84, 85 and 86

respectively (figure 2.10). Compounds 87, 88 and 89 were obtained in 35-61%

yields which are acceptable since all the starting materials are cheap. Compound 83 -

has two primary bromines which are two sites of equal reactivity and therefore a -

dimeric product could be obtained, although this was not detected.



BHCH)Br .+ ROH
83 84, 85, 86
| 84,87,90 R'=CH,CH,CH; l
CH3  Br(CH,)OR'
- CH3CH3 | |
| CHy - ,
86,89,92 R'= CHC CH3 HOBr
N I D

e 90,91,92

T

Figore 2.10 Synthetic pathway for the synthesis of compounds 87-89 and 90-92

L]
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The method was successful for obtaining ether links from primary. and secondary

| alcohols however it was unsuccessful for obtalmng ethers from tertiary alcohols
because elimination is usually the dominant process. Compounds 87, 88 and 89 were
' 'then reacted w1th compound 12 in butanone in the presence of potassium carbonate

as the base to give compounds 90, 91 and 92 respectlvely

In order to synthesise tertiary branched ethers a synthetic route using the method

described by Terfort et al.'” was designed as follows: 4-bromobutan-1-ol, obtained

.. by the ring opening of THF with HBr was difficult to purify as it decomposed on _

distillation even under reduced pressure; possibly reforming THF. When its tosylate

was ofépéfeo ‘and reacted with compound 96, the targetéd compound was not

“obtained possibly because elimination occurs.
‘< TRPER e el : ) ‘ R'OH ) ’
HO\/\/\BI' e s TSO\/\/\Br ——}e» R'O\/\/\ Br

The trichloroacetimidate method employed to synthesise compound 32 is only useful

| for tertiary alcohols, and therefore héd to be disregarded as a general route since the
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carbon atom forming the ether bndge to the 4-hydroxybutyl ethers needed to be )

primary, secondary or tertiary. -

An efﬁcient synthetic route for compounds of the general formula HO(CH2)4OR’ .

| 1nvolves the reactlon of compound 93 (which is commonly used for the protectlon of

.....

alcohols) with an alcohol to make 2-tetrahydrofurany1 ethers These ethers are rmg

" opened by a lithium alummlum hydrlde-alumlmum chloride complex to give ‘the
targeted compounds 1rrespect1ve of the nature of the starting alcohol (pnmary,
secondary or tertlary) as demonstrated with compounds 98, 99 100 and 101 as

shownbelow
R Ht
(/3’ / SR o <o (O
|"| o., H,\H . o” 9
S . 98, 99,100, 101 ..

The alcohol reacts wnh compound 93 in the presence of toluene-p-sulphomc acld to
| glve compounds 98, 99 100 and 101 via an oxygen—stablhsed cation. Compound 98
h possesses two ch1ra1 centres and therefore glves rise to d1astereo1somers Compound
94 isa racem1c mixture and contams a chlral centre thus a new stereogemc centre is

 created when compound 98 is formed. This glves a '"H NMR spectrum where the

protons of the methyl group linked dlrectly to the chiral centre, Ca, are spht giving

two s1gna1s of 1ntegrat10n of 1.5 proton as shown below:

o Compound 98: .
‘ CH;
C*
o~ oH \H\ZCH

Ca
'H NMR (400 MHz) 8 (CDCL): 0.85-1.07 3 H, m), 111 (15 H, d, J 6.2), 1.17 (1.5
' H,d,J62),1.36-1.58 2 H, m), 1.77-2.07 (4 H, m), 3.56-3.69 (1 H, m), 3.81-3.95 (2

H, m), 519-528 (1 H,m).

Compounds 99, 100 and 101 have one chlral centre, and therefore their

dd1astereotop1c protons are close to the chiral centre. Compounds 99 and 101 have

W



- some of the1r drastereotoplc protons close enough to the chiral centre for the1r :
chemical shifts to be srgmﬁcantly different, o

Compound 99:
H

iy i CH3 | IH NMR (400 MHZ) 8 (CDC13) O 88 (3 H, d J 0 9), O 90 (3 H’ -
”»d 1090), 1. 76 194(4H m), 1.95-2.05 (1 H, m), 3. l4(l H, dd J76),34l (1 H, :
‘de76)382391(2Hm),509(1Hde65) :
: C‘ompound 101: , G

. H . o

(Do ot

| "07I™CCH; -

07, O Gl : o
| , CHs 1H NMR (400 MHz)S(CDCIg) 089 (9H s) 176 223 (4H m) e

= {”299(1}1 d J90),345(1H d,19.0), 381-391(2H m),504511(lH m). -

However the drastereotoplc protons of compound 100 in the two methyl groups or

the methylene groups are too far from the ch1ral centre for the1r chemrcal shlfts to be

- fmgmﬁcantly drfferent

gt As stated prevrously, 2 3qd1hydrofuran is used as a denvatrsmg protectmg group for '

ek alcohols and the 2- tetrahydrofuranyl unit is stable to base, hydrogenatlon hydride

ions, oxidising agents and is relatlvely stable to nucleophlles and organometalhc o

reagents19 However 2-tetrahydrofuranyl ethers are unstable to aqueous acids and

G ‘Lew1s acldszo and they can be reduced w1th a lithium aluminium hydnde-alum1mum '

o chlorlde complex

'(‘:‘There are two possrble pathways for cleavage as shown below Route A has no '

- synthet1c value since 1t srmply regenerates the alcohol and THF whereas B gives

alkoxyalcohols by a nng opemng process

e OHOR' = () + HO-R

o)

~ HO(CH,)OR'

41



Corey et al 20 have ‘given explanatrons for the drrectron of the cleavage of

~ tetrahydropyranyl ethers and tetrahydrofuranyl ethers in terms of the electron-

donating effect and _steric effect of R’ The ‘Lewis acid (AICL) co-ordrnates .

preferably to the oxygen atom in the ring due to steric factors, and this favours route

B and gives hrgher yields of 4-hydroxybutyl ethers when R’ is tertrary Corey et ,:f, Cer

al® preferred to use boron tnﬂuorlde mstead of alumrmum chlorrde for prrmary R’

' For the example shown in scheme 12 only alumrmum chloride was used as a Levws i
acid and all the yrelds were srmllar regardless of the nature of the startmg alcohol. L b
No evidence ‘was found for sterrc factors mﬂuencmg the y1eld of 4-hydroxybutyl : H :
: g ethers and the R’ group had s1m11ar electron-donatmg effects. A possible explanatron " : ',' :

- for obtalmng srmllar yrelds regardless of the nature of R’ (figure 2.11), 1s that';f ‘

 aluminium chloride co-ordmates on the oxygen in the ring of the furan more"

120

- selectrvely than for the pyran Corey eta also stressed that therr y1elds were low

‘. when R’ was primary because of the relatrve hrgh solubllty of the 4-hydr0xybuty1 i

ethers i in water. The 4-hydroxybuty1 ethers prepared in th1s work were extracted four

. ‘umes (50 ml each) into drethyl ether from the aqueous layer This synthetrc Pathway 2%

‘ provrded an advantageous route to obtarn 4 hydroxybutyl ethers 1rrespect1ve of the

natureofR’ L
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. HO(CH2)4OR';, |
102, 103, 104, 105 -

©106,107,108,109

S0 94,98,102,106 R = CHCH,CH; -
| 95,99,103,107 R'= CH,CH
el S
el £ CH3 P
96 100, 104 108 R = CCHZCH3
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i F1gure 2 11 Synthenc pathway to obtam 4-hydroxybutyl ethers 1rrespect1ve of the
‘natureofR’“ o |



2.3.2 8 Synthesis of chloro end groups (Scheme 15) ‘ e
Direct aromatic Friedel-Crafts alkylatlons have intrinsic problems such as

~ polyalkylations, rearrangements and multiple alkylation. In addition, problems arise |
when the alkyl group is substituted with reactrve groups since further alkylat1ons are
pos51b1e The route to the compounds with the terminal chams contarmng a chloro e

subst1tuents proceeded by acylatlon followed by reduction of the carbonyl group®
* (figure 2.12). ‘

O 0]
ACl; § | ol -
Cl—(CH,), cl —m Cl—(CHy), @ > Cl—(CH,),—C=0 |(AICl,

o o 50
SE oY 7 o ./ AlCk
F ig‘ure 2.12 Reaction pathway for the synthesis of chloro end group o |

Tnethylsﬂane is the hydrlde source used to deoxygenate the carbonyl group which
| ”complexes with the alumrmum chlorlde present from the alkylation stage. This
‘method prov1ded an effective process for the acylation and reduction to give
alkylated aromatic products in high yield with chloroalkyl chains (> 70%). The
! .chloro substituents in the. terminal chain prevented the use of Wolff-Kishner
reduction. However the yields for the direct route were higher than those for the b
acylation and reduction of non-substituted alkyl groups obtained by Friedels Crafts |
alkylatron / Wolft- Kishner reductlon Another advantage of this method is that the

reaction is carried out in “one pot” at room temperature and the aryl ketone does not

need to be isolated prior to its reduction. -

In the first attempt at the synthesrs of compound 136, two equlvalents of aluminium

. chloride were used and the product obtamed was not the desired substance (figure

2.13).



v 2¢q. AICI3 ‘
24eq. HSiEt;,,
Br + CI(CHZ)5CCl “eq_"'S'Eti Br
O

1.1 eq. AICl, Compound X1
24 eq. HSiEt; '

or

136 .Cl
Figure 2.13 Products obteined with different equivalent of aluminium chloride
Cyclisation of the terminal chloroalkyl chain had occurred forming a stable six-
membered nng at the 3 4-p051t10ns m 65 % yield. The evidence to support the

structure of compound Xl 1s given below When 1. 1 equlvalent of aluminium

,‘chlonde were used, the de51red product was obtamed as shown by the analyses

below

‘Analyses of compound Xl

Yield 65%, mp 73-74 °C (white powder)

lH NMR (270 MHz) 5 (CDCly): 1.78-1.87 (4 H; m), 2.75-2.88 (4 H; m), 7.13 (1H,
s), 7.26 (2 H, d), 7.40 2 H, d), 7.50 (2 H, d).

m/z: 288/286 M, 100%), 260/258, 165, 152. |

~ Analyses of compound 136 -

Y1eld 6.29 g, 65%, mp 81-82 °C (whlte powder)

THNMR (270 MHz) & (CDCI3) 1.75-1 90 (4 H, m), 2.62-2.74 (2 H, t J 6.0), 3.50-
3.60 2 H,1,75.8),7.252H, d) 740758(3x2H d)

vma(KCI): 2940, 1480, 1070, 1000, 805, 650 cm™.

m/z: 326/324/322 (M), 250/248, 245, 165.

145
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2.3.2.9 Synthesns of the chiral ethylenoxy compounds (Schemes 16 and 17)

~ Compounds 147 and 149 were synthe51sed to study the influence on the mesophase' S
* behaviour of both a chiral centre and a methyl group close to the mesogemc core.
Attempts to synthes1se compound 146 by reactmg the tosyl derivative of compoun nd -
145 failed.’ Compounds 147 and 149 were made via a su'mlar route'” to the synthemsf " : |
of compound 78.+ Todo derivatives were used mstead of tosylates because the o
‘f‘reactlon was unsuccessful with tosylates (ﬁgure 2 14), but 1o explanatlon for thlS‘ : g

was found. 2- Iodoethyl methyl ether was made by reactmg compound 141 w1th

g sodlum 1od1de in acetone

CHgOCH;CH,Cl .. —— 3 CHOCH,CH,
3 41 i 142

(R) (+) 19

H OCHCHl  + HQ ",d . . B
C 3 22 . . ‘ l" ‘

142

—H CH2CHZOCH3 :

(R)-(+)

|  Figure 2.14 ‘kintejrmediates for the synthesis of compounds 147 and 149

[
I
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3.0 Results and discussion

3.1 Mesomorphic studies

"~ 3.1.1 The effecf of oxygen atoms at various positions nlong the terminal chain

In order to mvestlgate the effect of oxygen atoms m a terminal chain on melting

points and mesophase stabilities'3, a series of compounds w1th dlfferent cham

lengths and different numbers of oxygen atoms was prepared.

3.1.11 Non-chiral fefminal chains svith oxyge.n‘substituents

The trans1t10n temperatures and mesophase morphologles for the compounds

prepared are given in table 3.1. Compounds in table 3 1 contain dxfferent numbers of

ethyleneoxy units.

‘R L O " O(CHZCHZO),,CH3

16 R OC8H17H 1

-~ 17, R= OC8H17n 2.

18 R= OCaH17n 3

19 R= C9H19
20 R= C9H1g
21 R= CgH19

n=1
n=2
n=3

Table 3 ‘1 Transmon temperatures (°C) for compounds 16-21 and enthalples of

transitions (J g~ D)

148

Compounds R Cr - SmC SmA N I
16 |n=t| G | o * foin  joss iz
17 | n=2 'C’.‘H”O' o ;32;)95] '.‘1[%(.)1%]' ) 1[?55131. l[ggig].
18 | n=3| G0 |° prent oim T s pon
19 |n=t| GHs |* it O T Bin T bon
20 |n=2| oHy |’ ?;3?7] . 1{(())%] . 1[3712] ‘ 1[;562] .
21 |n=3| GHs |° ?223?4] ) 8[%.?7] T 9[?5:33] )
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For the dialkoxy series, compounds 16, 17 and 18 all exhibit a N—)S.mA-"—')SmC o

mesophase sequence (table 3.1) and the longer the chain length the lower are the

melting points, clearing points and all the phase transitions.

All the mesophases are significantly reduced when the chain length is increased from

5 to 8 atoms and the effects are of a lesser extent when the chain length is mcreased a

from 8 to 11 atoms. The smectic phases stabilities usually increase for materials

based on a difluoroterphenyl mesogenic core with straight terminal alkyl or alkoxy

‘chain when the chain length is increased. However, compounds in table 3.1 have

additional oxygen atoms present in the terminal chain. -

Compounds 26 and 27 (see table 3.2) are analogues of compounds 17 and 18
respectively where a tﬂethylene group has replaced one atom of oxygen at the 7 and
10 positions along the termlnal chain. Compound 26 has a chain length of eight
atoms and compound 27 has a chain length of eleven atoms. Compound 26 has a
higher melting and clearmg point than compound 27 and this relationship is similar
to that observed for cdmpounds in table 3.1, Corﬁpourids 26 and 27 show only a

smectic C phase and have lower melting points than the analogous compounds 17

and 18 (12.5 °C and 332°C respectively). 'Compound 26 has a higher clearing point' ’

than compound 17 and a lower melting point which shows that the mesophase
stability is reduced when the oxygen atom is present at the end of the terminal chain:
the introduction of the oxygen atom has depressed the stability of the smectic C

phase more than that of the smectic A or nematic phases.

FF
CgH470 O O O O(CHZCH;0),(CHZ)3CH3
26 n=1 |
27 n=2

Table 3.2 Transition temperatures (°C) for compounds 26 and 27 and enthaipies of
. transitions (J g")

Compounds | Cr SmC |
~ . |e 1080 ¢ 1465 e
26 | n=1 [33.4] [12.1]
_ o 728 o 119.5 °
27 | n=2 [424]  [13.1]
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Compound 27 has a lower melting point and clearing point than COmpound 18, ” and ‘

here it can be seen, as for compound 17, that the oxygen atom present at the end of

the terminal chain has revealed a smectic A and nematic phases and mdeed the *

stabilities of these two phases have been mcreased The oxygen atom appears to

favour the formation of smectlc A and nematrc phases, but depresses the stabrhty of -

the tilted smectic C phase.

Compounds 19, 20 and 21 are alkyl-alkoxy systems and all have lower melting and ,

‘clearing points than their respectiveanalogues —-'compounds 16, 17 and 18. These facaes

results are consistent wrth results for drﬂuoroterphenyls containing solely methylene e

groups within their termrnal chains ~ for which the dralkoxy systems have hlgher i

meltmg pomts and phase transmon temperatures and a greater smectlc C phase L

: stability than dlalkyl systems The mcreased smectlc C phase stabrllty of the :

" dralkoxy systems can be explamed by the presence of the two oxygen atoms as they

- increase the polarlsrbrhty of the core and 50 give a general increase in the

gt mesogen1c1ty and they increase the drpoles at the end of the core and SO glve greater ‘

-f R e e

S molecular trltmg

: R

The alkyl-alkoxy compounds also exhibit the same mesomorphrc characterlstlcs as
therr dlalkoxy analogues ie. when the cham length is “increased the transition

b ,k temperatures fall. Compound 21 (eleven atoms in its termmal chaln) is the only

compound of thrs serles whlch does not display a smectic A phase. This result is

unusual as the smectrc A phase is norrnally absent for short chams and enhanced by

o longer chams 38,
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Compound 110 is an analogue of compound 70 where a methylene group is replaced

by an oxygen atom at the 6 posxtlon in the terminal chain.

FR. F v ‘
70 ‘

Cr 1148 SmC 1758 N 178.1 I (°C)

- [42.6] - [149)  AHQ@gYH
RF | |
© CgH70 o s
o , \_\1

‘ g o)
Cr 1045 SmC 1588 N 1623 I °C) _\——
| [323] [132]*‘ AH(Jg'l) |

* AH (J g' ) values of I to SmC
Here the oxygenated derivative compound 110 has a lower melting and clearing
point than compound 70 and neither displays a smectic“A phase. The results for the
melting points of compounds 70 and 110 contrast with the results in table3 land 3.2
where the presence of the oxygen atom near the end of the chain increases the
melting pomts and favours the fonnatlon of the smectic A and nematic (compare
compounds 26 and 27 with compounds 17 and 18 respectlvely) For compound 110

the presence of the oxygen atom has decreased the meltmg pomt and all phase

stab1ht1es

The main determining factor for the effect of ‘oxygen atoms on the types of
- mesomorphism and the mesophase stabilities of ‘the compounds is probably the
position of the oxygen substltuent in the termmal chain. For the compounds in table
3.1, an oxygen atom is the penultlmate atom in the chain and its presence might
significantly affect the inter-digitation and the mixing of the terminal chains of the

molecules, and therefore their mesomorphism.



3.1.1.2 Chiral terminal chains with oxygen substituents
Compounds 147 and 149 are chiral derivatives of compounds 17 and 16 respectively
and they were synthesised to investigate the effects on the mesomorphism of

compounds 16 and 17 of the introduction of a methyl group close to the mesogenic

core. :

The résults in table 3.1 show that the longer the chain the lower the transition

temperatures; on the other hand, the results for compounds 147 and 149 show that

‘when a methyl group is introduced, the longer chain compound (see 147) gives~

higher transition temperatures. Compound 149 shows only a smectic C phase with a

very short mesogenic range. A methyl substituent decreases the mesophase, stability

especially when close to the core’. The mesophase stabilities of compounds 147 and
149 have been reduced by the introduction of the methyl group when compared to
those of compounds 17 and 16, but the mesophase stability of compound 149 has
been reduced more than that of compound 147. ThlS is contrary to the results i in table
3.1 which showed that compounds contalnmg shorter the chain have hlgher trans1t10n
temperatures than the compounds which contain longer chams

RPN B

C8H17of: O O O OCH,CH,OCH;
— 47 *) -
S (RI-+)
Cr 843 SmC* 90.0 N* 1096 I (°C) |
[38.5] [1.93] © [1.82] AH({Jg)
Y aYa W
49 )T/
(R)-(+)

Cr 732 SmC* 752 1 (°C).
494 T [(117] AH(Jg")
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3.1;2 Terminal chain with‘silicon substituents

Compounds were prepared with a bulky trimethylsilyl end group on the terminal
chain to study the effect of the group on melting points and on mesophase stabilities.
Two series of compounds were considered with silicon—containing alkoxy termmal

chams in conjunction with either an octyloxy or a nonyl terminal chain.

3.1.2. 1 Dlalkoxy systems with silicon substituents | |

‘The transition temperatures for the dlalkoxy series of compounds 50 54 (see table :
3.3) have several features to be noticed. Firstly, only compound 50 exhibits a

~ nematic phase and a smectic C phase. All the other compounds in this dialkoxy

series only show a smectlc C phase when the number of methylene groups is greater

than2

-Table 3.3 Transmon temperatures (°C) for compounds 50-54 and enthalples of

transitions (J g~ h

CaH17c; ‘ ' 6(CHz)nSi(CH3)3

50-54

Compounds | Cr SmC N I
50 [ n=2 e 728 e 1191 e 1307 e
Ik [24.9] [6.27] [2.21]
51 | n=3 e . 950 o 149.5 — — .
R U IR - [18.4] [17.8] ‘

52 | n=4 e 802 e 1431  — —_ .

| [18.6] [17.1]

83 | n=5|e¢ 1068 e 1594 — — .

: : [30.1] [16.4]

54 | n=6 e 936 e 1566 — — .
[18.4] [17.3]

There is a clear ‘odd-even’ effect for both the melting points and the transmon

temperatures from the smectic o phase.

values along an homologous series has been observed for many other systems with

* straight alkoxy terminal groups (see figure 3.1)%.

This phenomenon of an alternation in
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- The terminal entity in the chain lies
along the direction of the long molecular axis

1
Q\_3
2 ;
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‘ > (higher melting and clearing points)
Molecular axis
\ The terminal entity in the chain lies
-4 away from the direction of the long molecular axis
Molccular axis ~ (lower melting and clearing points)

Figure 3.1 Representation of the odd—even effect in an alkoxy system w1th an
unbranched terminal chain

The melting points an‘dﬁ clearing points for compounds with unbranched terminal

chains are higher when the number of atoms in the straight chain is odd, than when

the number of atoms m ."the chain is even. The ‘odd-even’ effect is explained by the
fact that when the number of atoms is odd the chain lies along the direction of the
long molecular axis as shown in figure 3.1. ‘On the other hand, results in table 3.3

show that when the number of oxygen, carbon and silicon atoms in the chain is even,

the meltmg and cleanng pomts are higher than when the number of atoms in the

chain is odd, (e.g. for compound 51, n = 3, there are six atoms in the chain with
dimethyl branchmg on the penultnnate silicon atom m the chain, see figure 3.2). For
the compounds which contain a bulky end group, the relationship of the end group to
the long axis can explaln the ‘odd-even’ effect, rather than the total number of atoms
in the chain as is the case for straight alkoxy chains. When the bulky end group lies
along the direction of the long molecular axis (see figure 3.3), the melting and

clearing points are higher, even though there is an even number of atoms along the

chain.



The odd-even effect for the dialkoxy series (50-54)

Position of the silicon atom in the terminal chain

Figure 3.2 Odd-even effect for the dialkoxy series of compounds 50-54

The structures shown in figure 3.3 were produced using Cerius2 (version 1.5), and
the preferred conformations were achieved by minimising the energy. The three
models for each compounds represent views along the three axes. They show that
the trimethylsilyl end group lies along the long molecular axis when the chain has
five methylene groups (even series) and away from the axis when the chain has four
methylene groups (odd series). When the trimethylsilyl group lies alongside the long
molecular axis (see compound 53 in figure 3.3a), the compound has a higher
mesophase stability than when the bulky trimethylsilyl end group lies across the

molecular long axis (see compound 52 in figure 3.3a and the representation in figure

3.4).
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@)

Compound 52 Compound 53

(©)

Compound 52 Compound 53

Figure 3.3 (a-c) Representations of preferred conformations for compounds 52 (four
methylene groups) and for compound 53 (five methylene groups) where the octyloxy
chain is omitted; view (a) with the fluoro-substituted ring horizontal, view (b) with
the fluoro-substituted ring vertical and view (c) looking along the terphenyl axis.
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In this series, compounds containing trimethylsilyl end groups with an even number

of atoms in the alkoxy cham may be better for use in ferroelectric host mixtures

because of their higher clearmg point (see figure 3.4).

1
\—\

5 The bulky end group with an odd number of

-
2 N

| 4S' —>  atoms in the chain gives lower melting and

" Molecular axis | | cleanng pomts

s
‘ ‘ ‘ ‘ ;—\_ The bulky end group w1th an even number of

~atoms in the chain gives hlgher melting and

Molecular ax1s ‘ -+ clearing points.

Figure 3.4 Representatlon of the odd—even effect for the silicon-containing alkoxy
system ook ‘ : - ' :

3.1.2.2 Alkyl-alkoxy systems with silicon substituents

An alkyl-alkoxy series of compounds analogous to the compounds in table 3.3 was
prepared to investigate ‘the dlfferences between alkoxy and alkyl terminal chains on
the mesomorphism and transition temperatures of compounds with a bulky end group

on their terminal chain (see table 3 4) “

As was the case for‘ compounds 50-54, compounds 55-59 show the odd-even effect
in melting point and in the transition from the smectic C phase (see figure 3. 5)
When the number of atoms along the cham is odd, the melting and clearing pomts
are lower. These results are similar to the pattern of alternating temperatures seen fo;
compounds 50-54 and the explanation for its occurrence is similar to that given in
' section 3.1.2.1. Only cornpound 55, with the shortest chain, displays the nematic
phase as well as the smectic C phase, and this is similar to the results for the dialkoxy
analogue, compound 50. Compounds 55-59 all have a lower phase stability than
their dialkoxy analogues and this is consistent with work by Hird et al.,’ which
‘shows that ‘diall(ox}y terphenyls have a higher mesophase stability than their alkoxy-
alkyl analogues. In the céses of the dialkoxy compounds reported here, the melting
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points and their smectic C stabilities are on average 25 and 35 °C higher than for the
alkyl-alkoxy compounds.

F F
C9H19~" —C_JZz-—-V Q(CH2)nSi(CH3)3

55-59

Table 3.4 Transition temperatures (°C) for compounds 55-59 and enthalpies
of transitions (J g~")

Compounds Cr SmC N I

55 n=2 - 472 78.6 . 95.3 .
[25.81 [7.271 [3.201

56 n=3 - 80.1 ° 113.3 — — .
[19-4] [16.71

57 n=4 - 542 * 107.5 — — .
[22-03 [12.4]

58 n=5 - 722 ° 127.2 — - *
[19-5] [14.01

59 n=6 < 576 ° 123.0 — — y
[15-9] [12.51

The odd-even effect for the

alkyl-alkoxy series (55-59)

Position of the silicon atom in the terminal chain

Figure 3.5 Odd-even effect for the alkyl-alkoxy series of compounds 55-59
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3.1.2.3 Dialkoxy systems with nine atom-chains but different end groups :
 Several eompounds related to compound 54 were prepared, whieh all have a
similar chain length but with different end groups. |
¢ Compound 70 has the same number of atoms along its terminal chain
(mne) but no bulky end group (only a stralght aIkoxy cham) |
¢ Compound 75 has the same chain length (nine) but the silicon atom present
" in the terminal chain for compound 54 has been replaced by a carbon
atom. ‘ \ ‘
¢ Compound 64 possesées a bulkier triethjd unit in platce of the trimethyl
bulky end group. , |
. Compound 67 is related to compound 75 in that it has the same number of

carbon atoms in the terminal chain but one methyl group is moved from the
“end of the cham to the fourth atom.

O O O(CH,);CH;

F
0
F

CaH170

O O O(CHz)GC(CH3)3

4‘ CsH17O O O O O(CHz)sSI(C2H5)3
E

-n

' CgH170 O O O OCH,CH,CH(CH,)3CH(CH3),
67 - CHs

The transition temperatures of compounds 54, 64, 67, 70 and 75 are given in table
3.5.



‘Table 3.5 Transition temperatures (°C) for compounds 54, 64, 67, 70 and 75 and
"  enthalpies of transitions (J g*) 5

-* AH value for the I to SmC transition

The companson of the values for compound 70 with those for compound 75 whxch
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Compounds | Cr SmC N I .
T R 93.6 e 1566 — — o]
54 * .
e | ps4y . 73] |
54.4 o 1258  —  —
.64 . |0 orro * | —
el psay 136 o
BREe 67 coole 825 -e::-1322 e 1380 e
[334] [10.4]* |
o o 1148 o 1758 o 1781 o
T 426 e 1491 |
i :75,‘f. je 973 e 1601 — — e .
[26.1] [17J ISR I

 contains a tert-butyl end group, shows that the bulky end group has reduced the ‘

| rneltmg pomt by 17. 5 °C and the clearing point by 18.0 °C.’ Compound 75 shows

only a smectic C phase “the smec’uc C phase has been suppressed but to a lesserk

extent than for the nemauc phase ;

As expected compounds 54 and 75 have lower meltmg pomts (21 2 and 17 5°C

respectlvely) and clearmg pomts (21 5 and 18. 0 °C respectlvely) than for compound :

k70 with an unbranched termmal cham ‘The transmon temperatures for compound 75

| and compound 54 are very snmlar and thls shows that the effect of replacmg the -
: SlllCOIl atom with carbon is very shght compound 75 has a hlgher melting point (3 7

°C) and clearlng pomt (3 5 °C) than compound 54, The effects observed are only'k

small and do not mdlcate that there is any appreclable dxfference between a carbon or

- sdlcon umt at the end ofa cham

Compound 64 shows only a smectlc C phase and 1t has a lower meltmg point and

‘ clearmg pomt than compound 54 whlch is con51stent w1th compound 64 having the

- bulklest end group

= _Compound 67 has a lower meltmg pomt and a much lower clearing point than
compound 75 (14 8 and 22.1 °C respectxvely), showmg that the methyl group on the
 fourth atom has a much greater effect on the depression of the clearing point than a

jtermmal methyl branchmg. This observation is in agreement with the previously



reported effects of chain branching in straight chain units. The current comparison

of bompounds 67 and 75 is effectively showing two different positions of methyl
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substitution in a chain ending in an isopropyl unit. Compound 75 only shows a

smectic C phase. . The methyl substituent at the fourth atom in the terminal chain
gives a compound which allows a nematic phase to exist whereas the bulkjer end

group in compound 75 is more conducive to the smectic C phase.

3.1.2.4 Alkyl-alkoxy systems with nine atoms-chains but different end groups

"The results for compounds 70 and 75 have been compared with those for compounds”

54 (see section 3.1.2.3) and for a similar comparison, analogues of compound 59

were prepared. ., . , ; O .
¢ Compound 7 1 has the same number of atoms along its terminal chain
* (nine), but no bulky end group (only a straight alkoxy cham)
¢ Compound 76 has the same chain length (nine) but the silicon atom present

~inthe termmal chain for compound 59 has been replaced by a carbon atom.

Cr 57.6 SmC 123.0 1 (°C)
AH [159]  [125] (g1

R YaW, O oCHgoH
Cr 63.1 Cryst) 68.9 Sml 79.6 SmC 90.2 SmA 148.9 I(°C)
AH [28.7) F[1\34; _ [152] CB1 [17.0] (g

Cr 604 SmC 1265 1 (°C)
[18.71  [166] (Jgl)
Compound 71 with tWo straight chain terminal groups shows a smectic A, a smectic
C a smectic I and a chtal J phase, whereas compounds 59 and 76 show only the
SmC phase. Both of the branched chain compounds (59 and 76) have e slightly

lower meltmg points (3.5 and 2.7 °C respectlvely) and rather more greatly depressed



clearing points (25.9 and 224 °C respectlvely) than the stralght cham analogue

compound 71.

L 4

The transition temperatures of compound 76 show that a fer#-butyl end group gives a
slightly higher melting point (2.8 °C) and clearing point (3.5 °C) than the silicon-
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containing compound 59. The differences between the transition temperatures for ”

the coinpounds with the tert-butyl and trimethylsilyl end groups is similar to that

discussed in section 3.1.2.3 for the dialkoxy series.

In conclusion, the bulky end groups in these series of compounds have several
effects on the overall mesomorphic properties of the compounds. The effects that

have been observed for the dialkoxy and alkyl-alkoxy series are:

¢ The bulky end group reduces the melting and the clearing pointvand'acts to
hinder the packing and the molecular association of the molecules.

¢ The bulkrer the end group the greater the effect on the meltmg pomt and on
the clearmg pomt Compound 64 has the bulkiest end group and shows the

lowest melting pomt and clearmg pomt in the dialkoxy series.

¢ The 11qu1d crystallme temperature range was not significantly affected by

the presence of the bulky end group. Compound 70 has 2 liquid crystal range
of 63.3 °C, compound 75 has a liquid crystal range of 62.8 °C and compound

54 has a 11qu1d crystal range of 63.0 °C
¢ Apart from compounds 50 and S5, the only mesophase displayed by the
materials reported, is the smectic C phase. This observation suggests that the
| bulky end group, because of its steric hindrance, depresses the mesophase
. stabilities but it suppresses the nematic and the smectic A phases more than
the smectic C phase: These ﬁndings support Wulf’s mode]' (see section
1.4.2.1) that the steric hindrance of the non-polar bulky end groups probably

causes the molecules to tilt.



3.1‘.3 t-Butyloxy end group
Compound 32 was prepared in order to compare the effect of an ether link to a

tertiary carbon with that to a tertiary silyl centre (see compound NG 109, reported by

N. Gough®). Compound NG 110 (also prepared by N. Gough®) has an even longer
bulky end group than for compound NG 109. Like most of the materials reported
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here contammg a bulky end group, compound 32 also shows a direct transition from

the 1sotrop1c liquid to the smectic C phase, but more interestingly, it also shows a

smectic Cqt phase at 119.8 °C. -

R F ‘
CeHro— ) )—Q )OCH0CEH )
32 ‘ | '
Cr 99.1 SmCalt 1198 SmC 1518 I (°C)
AH r [49.4] [l 17] d g-l)
GO~
NG 109 S |

Cr 1385 SmC 1613 SmA 170.0 N 1804 I (°C)

Cr 710 SmC 1370 SmA 1379 N 1406 1 °C)

Materials synthesised by Coles et al. 13,14 containing a siloxy end group have low
meltmg pomts, but compound NG 109 has higher melting and clearmg points than
- compound 32. Compounds NG 109 and NG 110 show nematic and smectic A
phases; this is uncharacteristic of the materials with a bulky end group which have
been prepared in this work, but the increased bulkiness of NG 110 compared to NG
109 causes lower transition ter‘nperétures‘throughout and this is consistent with
previous comments (see section 3.1.2.3). The results for NG 109 are quite

exceptional and it is possible that the compoun(*i‘ is unstable. The transition



temperatures for the related hydroxy compouhd (31) are Cr 1583 SmC 168.9
SmA 179.5 N 185.0 I (°C). - ‘ o

Compounds 54 and 75 (see section 3.1.2.3) showed the same mesomorphism i.e. a

164

direct isotropic liquid to smectic C phase transition and compound 75 has higher

transition temperatures than 54.

It appears unlikely that the oxygen-to-silicon bond plays an important role in

producing low melting materials, as compound NG 109 has a higher melting point

than compound 32. It is more likely that the major factor is the size of the end group

which causes a reductlon in the interchain interactions.

Coles et al.'>" found that compounds with a bulky siloxane end group were fast
sw1tchmg matenals, as the materials have a low v150051ty, the materials also show a
direct transition form the 1sotrop1c liquid to the chiral smectlc C phase There are
several alternative explanatlons as to why the compounds reported by Coles are fast

switching materlals Flrstly, Coles et al.®" showed that organosiloxane materials

have a low v1scosrty, by using the current pulse techmque they measured the |

prOJectlon viscosity, y, (t = v/Ps E) to be 0.5 Pa s compared to the projection
viscosity of the SCE13 mlxtures (based on fluoroterphenyls and fluorobiphenol
esters, Merck Poole, UK) of 0. 85 Pa s and this can be explained by the fact that the
oxygen to silicon bond is more ﬂex1ble than the carbon-carbon bond in alkyl chains;

15,16
and so decreases the

‘ the increased ﬂex1b111ty decreases the gyration radius
rotational viscosity. Secondly these organosnloxane liquid crystals contaln three
distinct parts compared to the usual two (the core and aliphatic reglons) Coles et
‘al. 13,14 showed by X-ray studles‘ that the siloxane units agglomerate to create a micro-
segregated region giving core; aliphatic, and silyloxy regions. This segregation of
" the molecules may lead to a lower viscosity and less entanglement and so results in
faster switchihg. Thirdly, because the silicon-oxygen bond has a lower rotational
energy barrier (see figure 3.6), it causes a reduction in the interchain interactions, and

enables the molecules to switch faster.

In figure 3.6, for (a), the non-bonded interactions between the eclipsing entities

destabilises the rotamer in the eclipsed conformation, giving it a higher energy. The -



rotation about the bond has an energy barrier to overcome; the same situation exists
for-(b). For (c) and (d), the rotation about the oxygen-carbon bond and oxygen-
silicon bond is easier because the methyl groups on the carbon (c) and silicon (d) are
eclipsed by the lone pairs on the oxygen atom, making the rotation energy barrier

smaller. Furthermore, the carbon-silicon (b) bond is longer than the carbon-carbon
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(), and this probably reduces the energy barrier for the rotation about this bond. In~ “

the case of the oxygen- silicon bond (d), a charge transfer occurs from the oxygen

lone pair to the silicon atom which shortens the covalent bond and also decreases the

" linearisation energy barrier'® and thus reduces the energy barrier about the bond.

The relative decreasing ease of rotation for (2)-(d) can reasonably be predicted as

follows (d) > (6)> (b) > @).

"X CHy o CHy
R-CH;$C-CHy R-CH,7Si—CHj
/" CHy . o CH3

@ , O
CH, CHy
R-04C-CHs = . R-=073i-CHy
[N o
CHs | CHs

© s @

Staggered - Eclipsed
* Newman projection of (a)

Figure 3.6 Rotation about (a) C-C, (b) C-Si, () O-C, (d) O-Si bonds and Newman
projection for case (a)



3.1.4 Effects of a four-membered ring end gi‘oup o

Compound 79 was prepared to study the effect of a cyclobutyl end group on the

mesomorphism of a difluoroterphenyl core and also to study its miscibility with a
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standard smectic C material (section 3.2). The cyclobutyl unit is similar to, but less

spatially demanding than, an isopropyl end group.

Compound 82 containing a methyl-substituted oxetane ‘ring as an end group was

prepafed for comparison with compound 79; the oxetane unit is similar to a #-butyl

group and has the unusual property of an oxygen atom as the outermost component

"ofthe chain. ..+

Cr 92.5 SmC 148.1 I CC)
AH [245] I LA I CF-S)

ey
o)) )-ocrno-cCo
" -

Cr 977 SmC 1248 N 1378 1 (0
" AH [14.5] ~[o. 13] [0.58] (g1

Compound 82 and compound 79 have similar melting points but compound 82
shows a nematic phase as well as the smectic C phase, whereas compound 79 only
shows a smectic C phase. The stablhty of the smectic C phase in compound 82 is
suppressed and the nematic phase is favoured by the presence of the oxygen atom

and the methyl substituent. This result was not expected as it was anticipated that the

branching substituent would suppress the nematic phase and the polar interactions .

" from the oxygen substituent would favour the formation of the smectic C phase.
However, the cyclobotyl end group favours the smectic C phase over the nematic
phase and therefore suggests that in this instance the tilted smectic C phase is
favoured by steric interactions which force the molecules to tilt as proposed by

Wullf’s model'® rather than by dipolar interactions, as proposed by McMillan* (see

section 3.1.2.4). Normally, the dipolar interactions which favour the smectic C phase



operate at a point away from the extremity of the molecule, whereas in compound 82

the dipoles are at the very end of the chain.
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These comparisons are inevitably incomplete and inconclusive because only one

homologue of each series is being compared. Other members of the series nﬂay have

the terminal ring system of the end group pointing along or across the molecular axis ~

"'3.1.5 Terminal chains with constant length but varying size of end groups

Two series of compounds,‘ 110-116 and 117-120 for the octyloxy and nonyl s‘ystem's‘

respectively, were prepared which had variations in branchmg near the end of a nine
atom chain (see also sectxon 3.1.2. 3) End groups of varying size were synthesised to
study the effect of bulkmess on the mesophase transitions and meltmg points (see
tables 3.6 and 3.8).. Compounds 110-116 and 117-120 dlffer in the presence and

position of various methyl groups in the chain at the 4°’-position.

T

| o  CHy CH o
oo [ ] » 3 CH3 3 .
R= —CH,CH;CH; —CHCH—CH, ——CHCCH3 , "‘CH2CHCH3
oMo 12 113
' o CH3 ‘ ‘ ‘ '<|:H3 "
R= —CHCH,CHj | —-—CCHZCHa‘  —CH,CCH,
: CH  CHs " CHj



' Table 3.6 Transition temperatures for compounds 110-116 (°C) and entha1p1es :

of transitions (J g™1)

Compounds | Cr SmC N I
410 e 1045 e 1588 e 1623 e
10 [32.3] [3a2p |
ETTRE A ?ng], * ,léi'g]a, T
112 ] ?18 534] ) 1[31%.2] R
13 |° ?39(')?5] L 1[5155'31] i

om0 ‘?124(.)5] o I[ﬁ'.;]‘-'— e
R
16 |° 2[317765] s l[ﬁft] B

* AH value for the I to SmC transition

~ Table 3.7 Molecular volumes and end group volumes of compounds 110-116 -

" Compounds ~ | Molecular volume /A | End group volume / A>

110 - | °54250+540 ). 69.15+3.10

11 S| 583.45£4.10 10620+ 135 -
112 | 597.20+£5.20 12470 £2.15
13 | 55410%3.15 88.10 £ 1.00
114 561.50 +3.20 88.70 £ 0.95
115 ‘ 582.40 £ 4.80 105.10 £2.80
116 - _584.9‘5i4.40’ 105.15+1.90

Compound 110 is the straight“chain reference compound for this study and is the

only material that displays a nematic phase and a smectic C phase All the other

compounds in the series only show the smectic C phase. The mesophase range is .

retamed when bulkmess is varied and branchmg by methyl groups in the cham

occurs at dlfferent posmons

The series 110, 113 and 114 shows the effect of moving a methy! substituent from
near the end posmon to a point closer to the mesogeme core. This sequence glves a

gradual decrease in clearmg and meltmg pomts
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Compounds 115 and 116 have two methyl groups attached to the same carbon atom ’
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but they differ in the posrtlon of attachment along the chain. " Compound 116 is a -

tert-butyl end group.. Compound 115 has a lower melting point and clearmg point -

than compound 116 (5 and 10.4 °C respectively). This difference conforms to the

effects seen for compounds 110, 113 and 114 on moving the substituent closer to the

core.

it

As with compounds 115 and 116, compound 111 has two methyl substituents, but the

“two methyl groups are not at the same posrtron m the cham Compound 111 has a

lower meltmg pomt and a lower clearmg pomt than compound 116 (3.1 and 5.8 °C :

respectlvely) but has a hlgher meltlng point and hlgher clearmg point than compound’ o

115 (1.9 and 4.6 °C respectlvely), once agam these effects are consrstent w1th those e

noted above.

Compound 112 has three methyl substrtuents present and is related to compounds L
‘111 and 116 in these cases the generahtles detected for mono- and dl-methyl '

substltutlon are not mamtamed Compound 112 has a hrgher melting point and a

lower clearmg pomt than compound 111 (4.2 and 3 4°C respectrvely) and it has a . "

v hlgher meltmg pomt and a lower clearmg pomt than compound 116 (1 1 and 9. 2 °C "

respecnvely) i e

- In general but w1th the excepnon of compound 112 the more methyl groups that are

e present and the closer they are to the core, the Iower are the mcltmg and clearing
% pomts As seen in thlS SCI’ICS, mtroducmg bulkmess supresses the nematrc phase and

| 'only the strarght cham compound 110 shows the nematlc phase.

CValues of the molecular and end group volumes (see table 3. 7) were determmed'

usmg the Cerlus (vers1on 1.5) software on a silicon graphrcs workstation. The -

steric volume of the end group was determmed as represented in figure 3.7; the -

* values in table 3.6 and 3. 7 show the relatlonshlp between the sterlc volume and the

T ‘_depress1on of clearmg pomts, the greater the - volume, then the hlgher is the

‘ depressron of clearmg pomts and meltmg points, with the exception of the melting
' point for compound 112. Th1s is shown by ﬁgures 3.8-3.10, the depreciation in the
| meltmg and clearmg pomts appears to be llnear The effect is better illustrated by

compounds 110, 112, 113 and 116 in figures 3.9 and 3.10, in this series the



substitution occurs at the same carbon centre (110, 113 and 116) and compound 112
has the same methyl substitution as compound 116 but one methyl substituent at the

7-position in the chain.

no m

End groups for compounds 110 and 111

The steric volume was calculated including the oxygen atom

Figure 3.7 Representation of end groups for the calculation of steric volumes

mp and cp vs end group volumes

¢ mp
mCp

Figure 3.8 Melting and clearing points vs end group volumes for
compounds 110-116

mp vs end group volumes

Figure 3.9 Melting points vs end group volumes for compounds
110,112,113 and 116
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Clearing points vs end group volumes

165

160

155

150 *cp
145 ;

140

135

60 70 80 90 100 110 120 130
End group volumes

°O

Figure 3.10 Clearing points vs end group volumes for compounds
110,112,113 and 116

The alkyl-alkoxy compounds in this series (see table 3.8) have lower melting and
clearing point than their dialkoxy analogues. They also only show the smectic C
phase, as do, their analogues given in table 3.6.

Compounds 119 and 120 have two methyl substituents on the same carbon atom but
they differ in the position of substitution in the chain. Both compounds have a
similar melting point but compound 119 with the substituents closer to the core has a

significantly lower clearing point than compound 120 (10.7 °C respectively).

Compound 117 has a lower melting point and clearing point than compound 118 and

this is consistent with the additional methyl substituent in compound 117.

F F
co%h19 \ /)— >4 /-0(CH 240R
ch3
= —QHCH-CHC‘j R= —CHCH2CH3
ch3 ch3
17 118
ch3 ch3
R =—CCH2CH3 R = —CH2CCH3
ch3 ch3

119 120
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Table 3.8 Transition temperatures for compounds 117-120 (°C) and enthalpiés
of transitions (J g

Compounds | Cr SmC 1
117 o 552 . 114.3 .
) - [20.6] [13.0] :
118 o  66.1 . 119.0 °
' [13.4] [13.8]
119 o 547 . 105.7 .
o - [31.6] [20.5] :
120 e 543 e 116.4 °
: - 144 [13.3]]

The transition temperatures for these two series of compounds allow the follbwing
conclusions to be made. |
¢ The alkyl-alkoxy series has lower melting and lower clearing pomts than
their dialkoxy analogues.
-4 The greater fhe steric volume the lower the melting and clearing point..
¢ The position of the substitution in the chain is important; the clearing point
is gféater when the branching is closer to the mesogenic core.

¢ The bulky end group suppresses the nemétic phase.

[
Al

3.1.6 Branched alkoxy-alkyl and dialkyl terminal chains
Compounds 128-131 were synthes1sed to mvestlgate the effects of bulky end groups

in conjunctlon with methy! branching in the chain for alkoxy-alkyl compounds (128
and 1'29) and dialkyl compounds (130 and 131) (see table 3.9). :

128 R=CgH70  R'= CH,CHCH,C(CHa)s

CHj
129 R= CgH17O R'= CH2?H(CH2)3CH(CH3)2
CH;
130 R=CgHsg  R'= CH,CHCH,C(CHy);
; CH3

131 R=CgHyg R'= CH,CH(CH2)3CH(CHg),
 CH,



~ Table 3.9 Transition temperature for compounds 128-131 (°C) and enthalpxes
of transitions (J g”))

Compounds Cr SmC 1
| ?15;‘0‘]‘ o »1[(:‘;';] -
129 N ?326?9] - "*’1[113'.2] =
10 e T ey
i . %183?3] ) 7[51'02.5] )

Once again, compounds in this series only show the smectic C phase; all the
examples have a methyl substituent at the 3-position in the chain, but compounds
128 and 130 have six atoms along the chain whereas compounds 129 and 131 have
eight atoms along the. chain. Compound 128 has a lower melting and clearing point
than compound 129 (271 and 11.1 °C respectively); these results might be explained
by the fact that compot{nd 128 possesses the shorter chain and the bulkier end group

(t-butyl compared to isopropy! for compound 129).

The compounds shown in table 3.9 have the same relatlonshlp of clearing points
(compounds 128 and 130 have lower clearmg points than compounds 129 and 131
respectively) but compound 130 has a hlgher melting pomt than 131, whereas
compound 128 has a Iower meltmg point than 129. The results for compounds 131
and for compound 129 anse from a combination of two factors and show that a

greater smectic C mesophase stablhty is achieved with longer chains and a less bulky

end group.
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3.1.7 Chloro end substituents
This alkoxy-alkyl series was prepared to study the influence of a chloro end group on
the terminal chain of various lengths. The terminal chain has 3 to 5 methylene -
groups. The transition temperatures given in table 3.10 show that in this series only
the smectic A phase is shown. . There appears to be ev1dence of an odd-even effect

where compounds 138 and 140 have higher melting pomts and clearmg points than™~

compound 139. The chloro substituent does not appear to alter the normal ‘odd-

even’ effect relationship.

R F

ey~
Y 1384140 ' L

Table 3. 10 Trans1t10n temperatures &) for compounds 138-140 and enthalples
of transitions (J g 1

Compounds Cr SmA I
138 n=3 | 1020 . o 1573 o
o _[4671 - iy
139 n=4 e 710 o 1512 e
[28.5] [10.2]
‘ ‘14(')‘ n=5 |e 802 e 1549 .
5 [33.0] [11.6]
R F

cnro g~

" MH6

Cr 935 SmC 1440 SmA 1480 N 159.0 |

R F

Catly0 < ) O(CHy)eBr

81

Cr 100.7 SmA 117.8 |



MHG6 is analogous” to compound 140, they both have a five-atom chain at the 4”°-

position, where the chloro spbstitutes a hydrogen atom. Compound MH6 exhibits a
N — SmA — SmC cooling phase sequence but the chloro substituent has reduced
the melting and clearing points by 13.1 and 4.1 °C respectively, and, more
remarkably compound 140 only shows a smectic A phase. The bromo compound 81,
which is s1m11ar to compound 140 but has one methylene unit more in its alkoxy

chain at the 4”-pos1tlon It also only shows a smectic A phase

" The effect of the chloro substituent on the mesophase morphology is signiﬁcant‘and.
appears to encourage an orthogonal arrangement of the molecules in the smectic
layers thus suppressmg the smectlc C and nematlc phases Introducmg a chloro or
bromo substltuent at the end ofa termmal chain glves a smectic A phase mducer and

therefore such compounds may be used in mixtures when the smectlc A phase is

requlred‘ e g
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3.1.8 Photomicrographs of the mesophases shown by bulky end group

compounds

Photograph 3.1 Typical smectic C phase focal-conics (compound 54).

Photograph 3.2 Focal-conics, smectic C phase compound 75.
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Photograph 3.3

Photograph 3.4

Photographs 3.3 and 3.4 show a typical schlieren 4-brush texture of the smectic C

phase (compound 53 and 57).



Photograph 3.5 Focal-conics region (right) and schlieren texture (left) compound 58.

The texture of the smectic C phase formed on cooling from the isotropic liquid was,
for most compounds, as batonnets blending into conic fans.
All the DSC traces of the compounds discussed in section 3.1.1-3.1.7 showed first

order transitions from | to SmC, | to SmA, SmA to SmC or N to SmA.
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3.2 Mixture studies on compounds containing a bulky end group
Two assessments of the miscibility of compounds with bulky end groups were
carried out. Firstly, a series of mixtures were prepared to assess whether compounds 3
containing bulky end groups are mlsc1ble with compounds w1th stralght alkyl chains; -
the mesophases and the transition temperatures produced in these mixtures are given |
_in tables 3.11-3. 13 for accurate composmons which are close to 20% by weight of
- each compound in the host. The host compound chosen for the mixture work was
MH 198, Wthh is typlcal of components in the d1ﬂuoroterphenyl ferroelectric host
systems produced at DERA (Malvem) All the compounds were found to be
_miscible with MH 198 whlch suggests that they are probably miscible w1th other

s1m1lar straight alkyl cham terphenyls ‘

CROF

e ) ) )

 MH 198 “
.. Cr.800 SmC 845 SmA 117.0 N 1315 | (C)
| R F S
CgH170 O | O O O(CH2)nSi(CH3)3
50-54 v

Table 3.11 Transition temperatures (°C) for mixtures of compounds 50-54 in
MH 198 (the change in transition temperatures from the value
for the host is given in parenthesis) :

Compound ‘ ‘ :

% in MH198 | <" SmC Smd N !
(n=2) 50 e 493 e 969 . e 115.7 o 1307 e .
18% (-30.7) (+12.4) (-1.3) - (-0.8)
(m=3) 51 |e 529 e 95.2 . 125.7 o 1323 o
19% (-27.1) - (+10.7) (+8.7) (+0.8)
(m=4) 52 |e 537 o 102.5 o 1265 e 1337 e
25% (-26.3) < (+18.0) (+9.5) (+2.2)
(n=5) 53 |e 557 o 1105 o 130.5 e 1351 o
25% T (-24.3) (+26.0) (+13.5) (+3.6)
(n=6) 54 |e 537 o 109.0 . 134.8 o 1383 e
33% . - (-26.3) (+24.5) ~ (+17.8) (+6.8)
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e ) ‘ Q )ocHusichy,

55-59

Table 3.12 Transition temperatures (°C) for mixtures of compounds 55-59in -+ .
MH 198 (the change in each transition temperature from the value for

the host is ngen in parenthe51s)

Compound . : ‘ : e
% in ME198 | SmC SmA . N !
{@=2) 55 e 479 e 900 e 1152 - e 1269 e -
19% - (-32.1) - (+5.5) (-1.8) (-4.6)
=3) 56 e 547 o« 923 e 1233 e 1286 o
20% ©(-25.3) (+7.8)  (+6.3) L (-2.9) '
(n=4) 57 o 532 e 910 e 1198 s 1291 e
16% - (-26.8) (#6.5) (+2.8) (24)
(Il=5) &8 e . '539 e 899 . 1269 = e - 130.7 [
19% (26.1) (+5.4) (+9.9) (-0.8)
(n=6) 59 o 549 e 906 ' e 1260 e 1300 e
20% . - C (25D (#6.1) - (#9.0) . (-13)

Tables 3 11-3 13 show that the meltmg pomts are down as expected 1n a mlxture
The transmon temperatures of smectic C and A phases are nearly always mcreased

and the transmon temperatures of the nematlc to 1sotroplc are unchanged

cattio— ) ) )ocHccHg,

c8H1700(CH2)600H2—<>
CgH17O—‘—HO(CH2)SOCH2—X<>
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Table 3.13 Transition temperatures (°C) for mixtures of compounds 75,76, 79, 82
. in MH198 (the change in each transition temperature from the value for
the host is given in parenthesis) .

;,Oilgll)\?fllnf% Cr SmC SmA N
75 e 533 e 988 . 132.2 e 1355 °
9% | (:26.7) (H143) (#152) 0 (H40)
76 . le 542 ... e  .87.0 e 1276 o 1305 o
20%" / (-25.8) (+2.5) ¢ (+10.6) (1.0
9 . o |e 556 . e 978 e 1239 . e 1340 e
20% 3 (-24.4) (+13.3) (6.9 . (+2.5)

i e 541 0 e 89.7 . 1178 ° e 1311 o
19% - (-25.9) (+5.2) (0.8) . (-0.4)

In the second aSsessruent of miscibility; eompounds 79 and 58 (with an octyloxy ahd
nonyl chain respectlvely) were mixed w1th compound MH 198 in all Proportlons
"and the transition temperatures are glven in tables 3.14 and 3.15. The bmary
m1s01b1hty dragrams are shown in ﬁgure 3.11 and 3 12 and these do not show any

discontinuity across the phase diagram. These compounds containing bulky end

groups in their terminal chains are miscible with similar compounds containing

straight terminal chains, and this suggests that the compounds with the bulky end
groups do not m1crosegrate on mixing with the straight chain analogues. This result

'is different from that reported by Coles and co-workers11 ! for siloxane end groups

Wthh nge mlcrosegrated regions.

- Although compounds“58 and 79 do not possess either a smectic A or a nematic
phase, the miscibility diagrams show that these compounds are quite supportlve of
the smectrc A and of the nematic phases in mixtures. The smectic A and the nematic
phase transmons do not drop to lower values but are maintained across the diagram

~until they are dommated by the smectic character of the additives.

o) ) )-oemnoon—C
N | |
"R F

eoe— )~ )~ ) OCHy)sSiCHol

58



Table 3.14 Transition teng'perature‘sk(°C) for mixtures of compound 79 and MH 198

% of 79

i MH 198 Cr -~ SmC SmA N I
10 e 533 e 915 . . . 1194 e 1318 o
20 e 526 . 97.8 e 123.9 e 1340 - o
30 e 539 . 104.5 o 126.1 > 135.2 .
40 e 529 ] 1143 J 130.7 o “‘137.5 o
50 e 536 . 1214 . 133.2 e 1392 o
60 e 595 e 1307 J 136.5 o 1416
70 e 650 . 136.7 J 138.6 . 142.6‘ .
80 e 799 o 1413 —_ — o 1446 o
90 o' 895 e 1451 — —_ o 1462 o
100 . 92§ . 1481  — — —_ - o

R T

. e

Table 3.15 Transition temperatures (°C) for miktﬁres of compound 58 and MH 198

wges | . SmC sma N I
10 |* 582 e 878 1244 - B11
20 |e 539 e+ 899  « 1269 « 1309 s
0 e 560 - 1006 - o5 — —
40 e 588 ° 107.5 ° 1304 —_ . °
S0 |e 628 . 1223 e 1320 — —
60 |e 642 o 1262 e 1324 — —
0 |e 668 e 1318 — — = —
50 e 680 s 1306 — — — —
90 o 668 o 129.8 —_ - —_— °

0 |e 722 e 1272 — —  — —
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Miscibility of compound 79 with MH 198

Figure 3.11 Binary phase diagram for mixtures of 79 and MH 198

Figure 3.12 Binary phase diagram for mixtures of58 and MH 198



3.3 Electro-optical studies of bulky end groups in a standard

mixture

3.3.1 Experimental techniques

Several of the compounds prepared were mixed in a standard ferroelectric mixture
used at DERA (Malvern) to determine the magnitude of their Ps, their tilt angle and
the switching times as a function of temperature. The Ps and tilt angle measurements
were carried out in 5 pm cells filled by capillary action as described below, and the
switching time measurements were carried out in 1.2 pm cells. The cells used were
provided by DERA Malvern and were coated with a parallel-rubbed polyimide
alignment layer. Figure 3.13 shows an exploded view ofa typical cell which consists

of three parts - ITO electrodes, glass substrates and spacers.

Figure 3.13 An exploded view ofa cell used for electro-optical studies.

The method used to fill the cell was to allow the material to flow into the cell at a
temperature approximately 10 °C above the clearing point in a vacuum oven. The 5
pm cells (for Ps and tilt angle measurements) were placed in a Linkam cell holder
(THMS/LCC) which provided a connection to electrodes for the application of an
electric field. The 1.2 pm cells (for the switching time studies) were filled and
coated with a conductive silver paste on top and bottom to provide a connection to
electrodes for the application of an electric field. The cell was placed directly in the
heating stage (THM®600) on a Zeiss microscope; the heating stage was controlled by

the Linkam TP6!1 temperature controller.

In order to align the materials homogeneously, the liquid crystal sample was cooled
from the isotropic liquid into the SmC phase via the N* and SmA* phases. Several

conditions were tried to obtain optimum alignment in the cells and the best procedure
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was as follows, a frequency of 200 Hz was applied and a voltage of +lO v (2 V um
for the 5 um cells and £8.5 V. pm ! for the 1.2 cells) with a coolmg rate of O 2 °C

min™.

Most of the compounds prepared did not dxsplay the desired cooling sequence to ,
 obtain good homogeneous ahgmnent and when the host was doped with the chir Al
dopant only the SmC* phase was dlsplayed For this reason, a standard host mixture -
: was used to provxde the desxred cooling sequence and the bulky end group' o
ferroelectric host compounds were added in the proportion shown below e -

The DFTImlxture is composed of the followmg compounds (% by weight): -

L ; CSmlx (Chlral Standard ‘mixture) DFTI mlxture with 2% by welght of BESOFZN

i : dopant was prepared, to whlch 25% by welght ofa bulky end group compound was
e added The ch1ral dopant BE80F2N was supphed by DERA (Malvern) '

5.

', BESBOF2N

o ‘The aim’of the elec'tro’—optic‘ study Was to compare the effect of a bulky end group on

the sw1tch1ng t1me of the standard CSmix mlxture Each rmxture tested contains

L 25% of a bulky end group matenal but only a few materlals were tested due to the
_ great dlfﬁculty in ahgmng the sample in the cells. The materials chosen for this
study are as follows, - ' ‘ | ‘

| o e Compound 53 whlch contams a bulky trlmethylsﬂyl end group.

| * Cornpound 54 which contains a bulky trimethylsilyl end group but with

"
,,,,,
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- one more methylene group in the chain than compound 53. E

- ¢ Compound 70 is the reference compound and has a straight alkoxy cham "

¢ Compound 75 is related to compound 54 but contains a carbon atom

in place of a silicon atom.

P A F : : : ‘
o C8H1700(CH2)5Si(CH3)3 S
53 | ‘
‘The CTMS5mix (Chiral trimethylsilyl pentamethylene mixture) contains
25% of compound 53. |

The CTMS6mix (Chlral tnmethylsﬂyl pentamethylene mxxture) contains
25% of compound 54.

e The CRefmlx (Chlral Reference mlxture) contams 25% of compound 70

R F
CaH1700(CHz)eC(CH3)3
‘The CTBu6mlx (Chlral tert-butyl hexamethylene mixture) contains 25% of

compound 75.



3.3.2 Procedures for Ps measurements - Triangular Wave Studies18

The Ps value was measured by the application of an AC driving voltage using a
triangular waveform to an aligned SmC* sample; this method is also known as
current reversal. Since the dipoles in the medium tend to align perpendicular to the
plane of the glass plates, it is possible to directly couple the Ps of the medium to the

applied electric field. In a ferroelectric phase, the molecules will rapidly reorient
themselves from one aligned state into another aligned state by switching around a
cone and so give rise to a brief pulse of current which is detected as a single peak.

This is shown in greater detail in figure 3.14

/I
Figure 3.14 Response to an applied triangular waveform driving voltage for
ferroelectric liquid crystals.

The total response observed from the triangular wave (current reversal) method is not
solely based on the rapid reorientation of the molecules, but the capacitance of the
cell and its resistance (due to ions within the cell) also contribute. The overall
response that is usually observed is a result of these elements, although the triangular
wave experiment decreases the influence ofthe capacitance (see figure 3.15). It must
also be noted that the area underneath the peak in the triangular wave measurement is
equivalent to twice the value of the Ps and in order to determine the value of Ps, it is
necessary to determine the area under the peak. For the purposes of this research,

this was carried out using a computer programme developed by M. Watson19, “Ps

and Optical Response”.
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capacitance

) typical resultant
Time signal

Figure 3.15 Components of the triangular waveform elements20.

3.3.3 Procedure for measuring Ps values2l
The cell was placed in the Linkam cell holder, and the cell holder was connected to
the electronic wave generator and inserted into the THM600 Linkam heating stage

on a Zeiss microscope. An AC driving voltage using a triangular waveform was

applied so that when the electrical field started to rise in the cell, at a certain point the

dipoles would align with the field and the aligned sample would switch. An

oscilloscope measured the resulting current, I, from the cell and showed a peak

(current pulse) which represents the spontaneous polarisation. The signal for the

peak was sent to a computer via an RS232 port, and by using the computer

programme, “Ps and Optical Response”, the spontaneous polarisation was

calculated18. The spontaneous polarisation reported is in nC cm . The typical field
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applied across the cell was 50 V at a frequency of 20 Hz, this was so that it was

possible to observe the sample switching.

The Ps values for all the samples were 2.0+0.2 nC cm™ when fully saturated and did
not vary for different materials. The presence or nature of the bulky end group did_~

not seem to affect the Ps of the ferroelectric mixture.

3.34 Tllt a“ng\le measuremehts | :

The tilt angles of the aligned samples were measured by ‘ap'plying a‘driving voltage
using a square wavefonn across the cell at the same voltage as for the Ps
measurements but at a much lower frequency, (typically 10 mHz) to determine the
“point of extmctlon ‘;(’)nce the switching had occurred, the sample was rotated
 through the mmlmum rangle in order to obtain optical extinction again. - This

measurement gave the cone angle 26, where 0 is the tilt angle.

As was the case for the Ps measurements, the txlt angles for all the mixtures at

various temperatures were sumlar 22. 5-23 5°.

3.3.5 Response time measurements

The mixture was placed in a 2 pym cell and the voltage applied was 10 V peak-to-
peak at a frequency of 100 Hz. A photodiode (RS303-674; 1 cm? active area, high
speed >50 ns) in an apparatus designed at DERA, Malvemn, detected the difference in
the transmission of light through the cell as the molecules changed their orientation
in response 1o the applied electric field. A green eye response filter (Coherent-
Faling, 26-7617-000, 17 .diameter, transmittance 400-700 nm, maximum
transmittance 539.5 nm) was used to remove any UV and IR radiations that may
have affected the results. The photodiode was linked to the oscilloscope and a signal
which represented the delayed switching of the molecules within the cell was
produced It was poss1ble to measure the response time in both directions and this is

reported as the rise time (0-90% transmission) and the fall time (100- 0%

transmission). The sw1tch1ng times were reported in pis.
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The rise times and fall times of CTMS6mix, CRefmix, CTBu6mix and CTMSSmix
were obtained by the method described above to study the effect of a bulky end
group on the switching times of the CSmix mixture (see table 3. 16 and 3.17 and
figures3 16 and 3. 17) ‘ o :

e
P

CRefmix is the mixture of compound 70 which does not have a bulky terminal group

chain and CTMS6mix which contains a trxmethylsﬂyl end group.

" The CRefmlx mlxture sw1tches slower than CTMS6m1x down to 30 °C into the
smectic C phase but is faster below that temperature The rlse and fall times run

parallel to each other for CTMS6m1x but for CRefmix the fall t1me is faster when

more than 25 °C into the smectic C phase.

CTBu6m1x contains a bulky end group where the silicon atom has been replaced by
a carbon atom CTBu6inix is faster than both CTMS6mix and CRefmix and its rise

and fall times run parallel down to 30 °C into the smectic C phase and then is faster

than its rise time.

CTMS5mix contains compound 53, with its terminal chain one methylene group
shorter than for eompo;}nd 54. This mixture is faster than CTMS6mix but is slower

than CTBu6mix; its fall time and rise times run parallel to each other as for

CTMS6mix.

Bulky end groups, (as judged from these 25% mixtures) seem to give faster
switching in TMS6mix, CTBu6émix and CTMS5mix; all of these mixtures are at
least for some temperatures, faster sw1tch1ng than CRefmii (sée tables‘3,1 6_3.1 9 and
figures 3.163.19). | Relmix (see 6



Table 3.16 Rise time and fall time values for CTMS6mix

Reduced Temperature* / °C | Rise Time/ps | Fall Time / us
5 © 420 . 440
10 448 492
15 504 556
20 572 664
25 692 810
30 860 960
35 1030 1310
40 1520 1770
5 2000 2520

50 2880 3490

55 4100 4600

760 5800 6200

- XTe-T)

‘Table 3.17 Rise time and fall time values for CRefmix

Reduced Temperature* / °C | Rise Time / ps | Fall Time / us -

5 444 448
10 520 532
15 590 596
20 694 690

- 25 790 720
30 870 750
35 920 780
40 1020 740
45 1080 790
150 1210 820
55 1230 1000
60 1290 1030

"(Te-T)
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Table 3.18 Rise time and fall time values for CTBu6mix

Reduced Temperature* /°C | Rise Time / ps | Fall Time / ps
5 424 416
10 480 460
15 500 480
20 560 520
25 612 560
30 660 660
35 750 680
20 840 704
“,45 940 820
250 1100 870
“f55 1130 890
H(Te-T)

Table 3.19 Rise time and fall time values for CTMSSmix

Reduced Temperature* / °C | Rise Time /ps | Fall Time / us
:5 380 380
10 420 480
15 520 580
20 600 660
25 680 760
30 740 840
35 780 880
40 880 940

- 45 940 980
150 1020 1040
55 1040 1080

*(To-T)
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Figure 3.16 Switching times for CTMSOmix
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Figure 3.17 Switching times for CRefmix
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Figure 3.19 Switching times for CTM S5mix



3.3.6 1/Vmin measurements

In order inprove the full bistability and eliminate crosstalk in conventional FLC
displays which subsequently reduce contrast, an AC field of high frequency can be

applied (see section 1.7.3.1) as it will couple to the dielectric tensor without coupling

195

to the Ps vector to maintain the transmission in the maximum or minimum desired

states.’

. The t/Vmin measurements were carried out at DERAZ (Malvern) using their

standard technique at the two different temperatures of 25 and 48 °C into the smectic
C phase. ;Usually measurements are carried out at 25 °C into the ‘smectic_C phase
and at 25 °C, but it was not possible to make the measurements at 25 °C in these
cases as the mixtures recrystalhsed at about 30 °C. The equipment used consisted of
a Nikon Optlphot polarlsmg mlcroscope, Mettler FP82 heating stage in con_]unctlon
with a FP8OHT temperature controller, a feedback function generator F6601A and
an in-house built photodiode assembly and an amplifier (x 10) wave form generator
(Wavetek - Generator 395) and a Gould oscil'loscope model 4072A. The
measurements were taken in a 1:100 duty cycle multiplexing waveform applied from
the arbitrary functiom generator, and the 1/V curves were obtained with ‘a
suﬁerimposed square Wave AC of 50 kHz frequency. The measurements were
started at a RMS of 5 V and continued at 2.5 V increments. When the onset of
defects was noticed, the measurements were stopped and the cell was realigned. The

cells used and alignment techniques used were identical to those used for the

switching studies.

' In this mode (see table 3.20 and 3.21 and figures 3.20 and 3.21), TMS6mix,
CTBu6mix both require a “lower voltage than CRefmix to achieve the same
switching speed i.e. mixtures containing a bulky end group compound are faster than
the mixture containing a straight chain compound and agree with the results for the
rise and fall time measurements (see section 3.3.5). The exception is CTMSS5mix
which is slower than CRefmix until the voltage reaches 12.5 volts at 48 °C into the
smectic C phase. The.se results are true for both at 25 and 48 °C into the chiral
smectic C phase. CTBu6émix is faster than TMS6mix which suggests the silicon
atom does not play a vital role in the faster switching of TMS6mix, CTBu6émix and



CTMS5mix mixtures. The T/Vmin measurements for CTMS5mix show that it is
not faster than TMS6mix and CTBu6mix, unlike the results of the switching studies

in section 3.3.5.

Table 3.20 Times (/is) for the switching vs voltage for TM S6mix, Crefmix,

Volt TMS6mix CRefmix CTBubmix CTMS5mix

5 67 132 114 155
7.5 39 59 51 51
10 24 43 32 35

12.5 16 29 24 30
15 12 23 19 20
17.5 11 19 14 14
20 9 17 9 12
22.5 9 15 9 10
25 9 12 7 9

x/Vmin (25 °C into SmC)

180
_ 160
# 1
)
S 120
-CTmS6mix
- CRefmix
CTBu6mix
-CTmS5mix
S 40
20
30
Voltage

Figure 3.20 Switching vs voltage measurements for TM S6mix, Crefmix,
CTBu6mix and CTMS5mix at 25 °C into the Smectic C* phase.
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Table 3.21 Times (fas) for the switching vs voltage (V) for TMSémix, Crefmix,
CTBu6mix and CTMS5mix 48 °C into the smectic C* phase
Volt CTmS6mix CRefmix CTBub6mix CTmS5mix

5 437
7.5 135
10 78
12.5 51
15 37
17.5 32
20 27
22.5 23
25 21

* Could not be determined

Figure 3.21 Switching times vs voltage measurements at 48 °C for TM S6mix,
CRefmix, CTBu6mix and CTM S5mix into the Smectic C phase.

798
323
130
65
44
36
28
24
22

407
230
140
52
37
30
25
21
19

T/Vmin (48 °C into SmC*)

*

*

91
63
45
36
30
25
22
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mCTmS6mix

-CRefmix
CTBu6MIX

mCTmS5mix

A turn around is not detected in figures 3.20 and 3.21 but the switching times appear

to have reached a minimum value.



All the measurements _reportéd above, were not obtained for neat materials, but only

for materials as a mixture in a host, and so the results should only be regarded

qualitatively. However, a conclusion that can be drawn from these results is that a

bulky end group clearly affects the switching times to give faster switching times ~

than for materials without a bulky group (see CRefmix). The reason for the faster

switching probably arises more from the steric effects on the interlayer mixing

process than from the intrinsic nature of the bulky end groups. Coles and co-workers -

found that the siloxane tails aggregate to form micro-regions and the organosiloxane
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‘materials have a low rotational viscosity (320 mPa s compared to 510 mPa s for the

SCE13 mixtures based on fluoroterphenyls and fluorobiphenyl esters, Merk Poole,

UK) giving short switching times (optical response of 16 s at 25 °C with 20 \'4

pm™). Coles and \co-y&'{brkers“'” proposed that the flexibility may be the reason for

. g ““. - *
the low viscosity of their materials and consequently the reason for their short

_ switching times. Their. materials have also high tilt angles which do not vary with.

temperature (36°C). .

All the results in this section suggest that the mixtures containing compounds with a
~ bulky end group have faster switching times than the non-bulky end group mixtures
and that, within the range of end groups considered here, the particular nature of the
bulky end group has no specific effect on the switching times other than its steric
hindrance. The switching process is probably enhanced because the terminal groups
with bulky ends do not intermix as effectively in the interlayer region and so the

molecules are able to switch faster from one bistable state to the other because the

" terminal groups do not need to be disentangled. The tilt angles of the mixtures were |

| ~ not affected by the nature of the bulky end grdups.



3.4 Conclusions

Several series of compounds based on a 2,3-difluoroterphenyl mesogenic core with a
stralght nine-atom chain at the 4-position (alkoxy and/or alkyl chain), and w1th an

atypical alkoxy or alkyl chain at the 4”-position were synthes1sed to study how the

unusual terminal groups influence the mesomorphology of the compounds. The

effects of the bulky end groups on the sw1tchmg times of a standard ferroelectnc

‘mixtures were also mvestlgated

When the chain contained a bulky end group, it was found to depress‘ the clearing |

~and melting points; the riematie and smectic A phases were depressed to the greatest
extent but the stablhty of the smectic C phase was less affected, and most of the
compounds only dlsplayed the smectic C phase. The direct isotropic to smectic C
phase usually gives hlgh tilt angle but the tilt angle of the materials synthes1sed in
this work were not meesured as they were difficult to align. These findings suggest
that the smectic C phase, in these compounds, is faveured by steric interactions at the
interlayer regions which encourage the molecules to vtilt, as proposed by Waulf*,
rather than by dipolar interactions as proposed by McMillan*, Bulky end groups can

- therefore be used to faYour the formation of the smectic C phase by a mesogenic

- core.,

Compounds containing a halogen atom as the end group only displayed a smectic A
phase which suggests that dipolar interactions at the interlayer regions favour the

straightening of the smectic layers thus suppressing the smectic C and nematic

phases. - Thus, introducing a chloro or bromo substituent at the end of a terminal

 chain gives a smectic A inducer.

Mixture studies were cerried out to test the zﬁiscii)ility of the corhpounds containing
‘bulky end groups, and these measurements showed that the materials are miscible
with paren‘t_ diﬂueroterphenyls systems containing straight terminal chains. The
coniplete miscibility of the straight and bulky chains indicates that there is no
evidence of any microsegregation caused by the bulky end groups. Coles et al.!'!*
found evidence of microsegregation, however it might be caused by the nature of the

siloxy end group rather than its shear bulkiness. The electro-optical measurements

-
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carried out in this work showed that mixtures containing compounds with bulky end
groups switch faster than the straight chain parent compound; this suggests that tl;e
steric hindrance at the end of the chain minimises the entanglement of the molecules
in the interlayer regions and therefore the molecules switch faster froni one bistablé
state to the other. The faster switch is not caused by micfosegregation as suggested ~

by Coles et al. -1 but by the bulkiness of the end group.
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