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Abstract

This thesis reports the synthesis, transition teatpees and structure-property relationships of
a variety of thiophene-containing azobenzene esters/ed from either 3-(2-thienyl)acrylic
acid Series | IV, VI, VIII , X andXIll') or 3-(3-thienyl)acrylic acidKeries Il, V, VII, IX, XI
andXIIl ) and appropriate fluoro- and non-fluoro-substidut@zophenols’, for potential use in
photoresponsive applications. For comparative @ep, the non-heterocyclic cinnamate
counterpartsSeries lll) were also prepared and are reported. All onelifathand thirty final
esters are mesomorphic, exhibiting the nematicepbhbme.

The mesomorphic properties are dependent upon idpodgition of the terminal thiophene
moiety. In general 3-thienyl-substitution givesertimally more stable compounds than 2-
thienyl-substitution.

Influence of mono-Series 1V, V, VI andVIl) and di- Series VIII, IX, X, XI, XIl andXIlll )
lateral fluoro-substitution on mesomorphic propestiis investigated in detail. Lateral
fluorination lowers mesophase thermal stability asextent is dependent upon the number and
disposition of the lateral fluoro-substituents. -I&teral fluorination across the long molecular
axis is more detrimental to mesophase thermallgyathian along the long molecular axis.

UV-Vis steady state photoresponsive studieSenes |show thatrans-cisphotoisomerisation
may be induced at 367 nm, with the reveasisetransisomerisation process occurring 434 nm.
Similar behaviour is also seen f®eries IV, VII, VIII , X andXIl .

The influence of modifying or changing terminal gps on mesomorphic and photoresponsive
properties is established. Replacing the acrgiereofSeries Iwith more flexible homologous
alkyl esters of varying chain lengtlBdries XIV), in general, lowers mesophase thermal
stability, mesophase range and alters the photonsgpvity. Replacement of the terminal
alkoxy-group ofSeries landIl with either a cyclohexylSeries XV) or a non-linear 2-thienyl
moiety Series XVI) increases the mesophase thermal stability, viiéhrton-linear 2-thienyl
compounds$eries XVI) having the greatest thermal stability of all caumpds.

The diversity of the azobenzene core and thiopmoiety for future materials is reported in
brief, with some showing interesting potential gitesponsive phases other than the nematic
phase.
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HOW TO USE THIS THESIS

This thesis is deigned for use by both undergratuand experienced researchers in the areas
of liquid crystals and materials chemistry. Tostleffect, it has been divided into relevant

sections for ease of use.

1. INTRODUCTION

This section gives an overview of the area of tlegrapic low molecular mass liquid crystals,
particularly for those to whom this subject is nelivcovers a brief history, a short explanation
of types with guidance of key references for furtlesearch and development of liquid crystals.
The aims show the step-wise research plan usedrdar do gain an in-depth structure
relationship between the molecular architecture rmegogenic properties of novel thiophene-

based liquid crystals containing an azo moiety.

2. EXPERIMENTAL

A synthetic overview is provided to explain theigatle behind techniques used, followed by
complete experimental details and compound datidexperimental procedures are written in
full to ensure repeatability. Compounds are numthexequentially excluding those available

commercially.

3. RESULTS AND DISCUSSION

This section is designed for those with experigndauid crystals, though it does lend itself to
those who are gaining knowledge in this topicn@iiudes details such as transition temperature
plots, structure-property relationships, X-Ray &sisl data, Photoresponsive studies, and

photographic evidence of phase types.

4, FUTURE WORK
This section attempts to show the versatility @ ¢iginal architecture. Preliminary comments

and spectroscopic data from compounds that have $gehesised, but not fully investigated,



is shown in an attempt to gain further informatiisom modification of the original core

molecule.



REAGENTS AND SOLVENTS

Diethyl ether was dried over sodium wire. Acetare dichloromethane were dried over
granular anhydrous calcium chloride. Ethanol, ¢oki and hexane were dried over 4 A
molecular sieves. Tetrahydrofuran was dried bijuxeWith sodium metal and benzophenone
(until dryness was indicated by a royal blue cdloulCommercial starting materials were
obtained from either Fisher Scientific (Acros Cheahs) or Aldrich Chemical Company

Limited.

Structural information of intermediate compoundsl goducts was obtained by infra-red
spectroscopy (Perkin-Elmer FT 1605 and Spectrum Jfiled with a UATR]
spectrophotometers) and nuclear magnetic resorsaeagroscopy (JEOL FX60Q 270 MHz and
ECX400 400 MHz spectrometer). Ultra-violet spestipy for cis-trans isomerisation was
measured using an Agilent 8345 photodiode array MiB/spectrophotometer. Transition
temperatures were measured using both Olympus Bid2/&ckers microscopes, fitted with a
Linkam THMS 600 hot stage and control system andewsonfirmed by thermal analysis
initially using a Perkin EImer DSC 7 differentiatasining calorimeter (DSC), followed by a
Perkin Elmer Diamond DSC for the majority of themmmounds at a rate of PC min’. The
DSC internal accuracy was checked using both indimeh magnesium standards. Images of
textures were captured using a Pixelink PC 700 caraad Capture software. Mass Spectra
were performed by the Chemistry Department at tméveysity of York, York, England.
Elemental analysis was performed by the microamalyspartments of both the University of
Nottingham and London Metropolitan University. R analysis was performed by the
University of York and The Risg National Laboratomgoskilde, Denmark. Progress of
reactions was monitored by thin layer chromatogyafdiiC) using silica coated glass plates
(silica 60 A, 250um layer thickness). Where appropriate, column clatography was

performed using silica gel (silica 60 A, 220-240sime
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1 INTRODUCTION

It is commonly known that there are three statemafter: solid; liquid and; gas. Crystalline
solids possess 3-D order and at their melting dos# order converting in to a 0-ordered liquid
state. Conversely, on cooling a 0-ordered liqéédes 3-D order is regained and the crystalline

solid reforms.

However, there is a class of compounds which direwtither convert to an isotropic liquid
upon heating nor revert to a crystalline solid oolimg. Instead they exist in a state of matter
that is intermediate between solid and liquid, pesig characteristics of both and some quite
unique. Compounds exhibiting this phenomenon arendd liquid crystals mesogens
mesogenicor mesomorphicand the intermediate state of matter is termelgeeitheliquid

crystalline phaseor mesophase
11 HISTORICAL BACKGROUND

The first recorded observation of a liquid crystellstate was by F. Reinitzen 1888, who
noticed unusual melting behaviour on heating ctysibicholesteryl benzoaté)( At 145.5°C,
cholesteryl benzoate melted not in to a clear ticas expected but gave a blue, opaque, turbid
liquid, which persisted over a 38 temperature range, before clarifying at 17&5 In 1889,
Reinitzer informed O. Lehmafrof his observations, who subsequently viewed aptarof

cholesteryl benzoate through a specially constdugtéarising light microscope.

O
C\
O M

Lehmann reported that the cloudy blue fluid wafatt a new state of matter occurring between

the liquid and solid states of matter, and intradlithe new termfliessende krystalleand



flussige krystallemeaning ‘flowing crystals’. The birth of liquidystals had started and soon

after, Gattermann and Ritscikeund more compounds exhibiting similar behaviour.

Synthetic activity dominated the early part of theentieth Century and through extensive
structure-property investigations Vorlantiérset out criteria defining molecular structure with
the occurrence of a liquid crystallinitye., the basic structure of a compound exhibiting liquid
crystallinity must be linear and rod-like. In atioi, during this period many theoretical
investigations were also undertaken. In 1908, Bmsulated th&warm theory (the nematic
phase was caused by a swarm of molecules) and adteanative, theContinuum theory
proposed by Zochéfthe nematic phase being thought to be a contincausing the molecules
to constantly change direction in the mesophasefh Bieories were later refined (the Swarm

theory by Ornstein and Ké&sind the Continuum theory by Os8en

By 1922 Friedef defined three different types of liquid crystadlistate and introduced the
generic termmesophase(derived from the Greek wordsiesqg meaning intermediate and
phasis meaning phase) to describe them. Thessophases were named nematic, smectic and
cholesteric (a description of these phases is datem, section 1.4.2, p. 9-16). It is important to
note Friedel did not realise the existence of satlegories of the smectic phase, however he did
foresee their layered structures. Also, that ir&t feported discovery of the smectic phase
should be attributed to Meyer and Dahtéif1902) whilst investigating the melting behaviour
of ethyl p-azoxybenzoate. Friedel's work also disprovedniibeh regarded notion postulated
earlier by Tammarii and Nernst that the liquid crystalline state was nothing autolloidal
suspension and not a new state that was distinot the crystalline state and the isotropic

liquid.

During the 1930’s to the end of the Second WorldrWiguid crystal research became
understandably stagnant. Thereafter, liquid clystaearch emerged slowly and regained

impetus in 1957 when Brown and SHawublished a major review on liquid crystals. Tisis

2



now accepted as a major contributor to the creadimh launch of the renowned International
Liquid Crystal Conferences (ILCCs), which are nogidhbiannually. During this time, Maier
and Saup® published theoretical papers referring the stmecand properties of the nematic
state with respect to temperature. Later Grayestigated relationships between molecular
structure and mesomorphism, culminating in the ipatibn of the very notable and invaluable
book titled, “Molecular Structure and the Properties of LiquicCrystals”. The early 1970s
saw the emergence of the Twisted Nematic (TN) Rigply Schadt and Helfri¢hand coupled
with the synthesis of stable 4’-alkyl- and 4-alkedgyanobiphenyls by Grast al*® for use in
such displays, led to huge academic and commertiedest in the field of liquid crystals.
Liquid Crystal Displays (LCDs) had emerged and rthveirsatility was evident for all to see:
lightweight; portable; flat panel and; low powensamption. The need for faster displays soon
led to the development of the Ferroelectric LiqQigstal (FLC) display device by Clark and
Lagerwall®, which is based on the chiral smectic C phasedaJoLCDs are everywhere and
are fast replacing Cathode Ray Tube (CRT) devicBschnology has progressed rapidly and
large area flat-panel LCDs, which were once a nreadity, are now common in many

households.

It is always important to remember that the sucoelsdiquid crystals is due its multi-
disciplinary nature where collaborations betweeenaists, physicists, mathematicians and
biologists are an absolute necessity. This mdaatstihe future of liquid crystals is how quite
diverse, stemming from potential applications inngetherapy to artificial muscles to
nanoparticles as highlighted in December 2005 atRbyal Society meeting entitletNew

Directions in Liquid Crystaré®.



1.2 CLASSIFICATION AND MOLECULAR STRUCTURE OF LIQUI D
CRYSTALS

121 CLASSIFICATION

Liquid crystalline compounds may be classified adocw to how they are produced. If, a
compound exhibits an intermediate state of matterspphase) due to the action of heat, then it
is termed ahermotropicliquid crystal. Mesophases that are observed botheating and on
cooling above the melting point are termedantiotropic whereas those observed on
supercooling below the melting point are termeahotropic Alternatively, if, a mesophase is
formed due to action of solvent, usually water aadcentration dependant, then the compound

is termed dyotropic liquid crystal.

Unfortunately, the term lyotropic and thermotropice ambiguous because lyotropic liquid
crystals are affected by temperature and thermiotiauid crystals are affected by the action
of solvents. To this end, a more definitive clasation based on molecular structure is used
classifying liquid crystals as eitheamphiphilic or non-amphiphilic.  Amphiphilic liquid
crystals are those containing both lipophilic (digiking’) and hydrophilic (‘water-liking’)
groups at different places within the same molectileir presence allows solubility in both
water and hydrocarbon-based solvents. Non-amghupiojuid crystals are compounds that are
either non-polar or only slightly polar in charactnd are essentially hydrophobic. The
mesophases formed during heating and/or cooling de@endent on the arrangement of
individual molecules and not multi-molecular aggeg as found in amphiphilic systems. The
work reported herein strictly deals with temperatimduced, non-amphiphilic liquid crystals

and thus amphiphilic liquid crystals and/or lyofiop will not be discussed further.



1.2.2 MOLECULAR STRUCTURE

Stemming from the earlier work of Vorlan&2and Gray®, the vast majority of low molar
mass, non-amphiphilic, thermotropic liquid crystat®mprise an elongated, lath-like,

geometrically anisotropic structure ternedamitic (Figure 1).

Figure 1 Representation of the component structure ofssidal calamitic liquid crystal

A andB are terminal groups (usually alkoxy or alkyl) athése may be used to extend the
linearity of the molecule along the long axis. Tkeetangles represent rigid, highly polarisable
groups, which are normally aromatic (or more spedlify benzenoid) in characterX is the

central linking group, which provides the rigiditythe system and allows conjugation between
the polarisable groups, if so desireld.andL’ represent lateral groups, which may or may not
be present as they tend to increase the molecrdadth of the molecule but are beneficial for
lowering the melting point and enhancing certairsophase types. The influence of each of

the four components on liquid crystallinity will loescussed in section 1.6., p.21.

Many other structures have now been reafi$éds shown irFigure 2. The most notable of
which are probably theliscotics first reported by Chandrasekffarpossessing a disc-like
geometry. Bent core structures are currently ggira lot of interest because they exhibit B
phases and may show a biaxial nematic phaddowever, in the scope of this thesis discotic

liquid crystals and bent core structures exhibitihghases will not be covered in any detalil.
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1.3 MESOPHASE FORMATION

In 1933 Bernal and Crowfodtexamined several liquid crystalline compounds gisiaray
crystallography and concluded the existence of types of crystal latticelayer lattice and;
non-layer lattice (Figure 3). Due to the geometrical anisotropy of the indiidl calamitic
molecules, anisotropy of intermolecular cohesiveds is also feasible. In fact, mesophase
formation (as depicted irFigure 3) is due to the gradual breakdown of anisotropic
intermolecular forces holding together calamiticlecales in either a layer crystal lattice or
non-layer crystal lattice. There are two typesirdérmolecular cohesive forces: i) lateral
(forces holding molecules side-on) and; ii) terrhiffarces holding the molecule end-on).

Lateral forces are stronger than terminal forcesngirise to anisotropy of intermolecular

forces.
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Figure 3 Diagrammatic representation of molecular re-areamgnts occurring from

heating a crystalline solid composed of either tage non-layer- lattice

On heating a calamitic liquid crystal possessirgyar crystal lattice to a temperature, T1, the
terminal forces weaken whilst the lateral forcamam intact. The resultant structure resembles
the smectic state in which the molecules are cedfiim weak layer planes. On heating to a

higher temperature, T2, two possibilities may oc@ither i) the lateral forces may weaken to



such an extent that the molecules slide out of ltlyer to give rise to the nematic state.
Thereafter, heating to a higher temperature, T8 résidual lateral and terminal forces break
completely, giving rise to the isotropic liquid (@eorder), or; ii) the smectic phase may pass
directly to the isotropic liquid on heating to agher temperature, T4. The calamitic liquid
crystal on heating may also convert to the nemstiite at a temperature, T5, which then

clarifies in to the isotropic liquid at T3.

A non-layer crystal lattice initially was thoughamable of giving rise to a nematic phase only
on heating to a temperature, T6, and then cleaoinige isotropic liquid at a higher temperature,
T3. However, it has been shown that certain 4kytabnd 4-n-alkoxy-4’-cyanobiphenyfyK
and M series) possess a non-layer crystal lattizegive rise to a smectic phase (e.g. i
which the d-spacing is approximately 1.4 times darthan the molecular length. An inter-

digitated molecular arrangement forms.

1.4 OPTICAL CHARACTERISATION AND MESOPHASE TYPES

141 OPTICAL CHARACTERISATION

As stated earlier, in 1922 Frietfeidentified three types of mesophase; nematic, §mand
cholesteric. To date many more phase types hase 8scovered which are variants of the
three generic types. The identification of thebage types has been elucidated using a variety
of techniques ranging from X-ray diffraction, caitoetry to neutron scattering. However,
polarising optical light microscopy is probably thienplest and most widely used method for
the initial identification and study of mesophasddquid crystals give characteristmmptical
textures(or patterns) when a small sample of mesomorpimegpound sandwiched between two
glass slides is viewed through a polarising opfiicgit microscope at varying temperatures. A
knowledge of the pre-alignment of the molecules the glass substrate aids textural
determination. The two most common alignmentsharaeotropicandhomogeneos (Figure

4). When viewed between crossed polarisers, the bwoopEc alignment appears optically

8



extinct, i.e, dark, because the molecules have their long atesnged approximately
perpendicular to the support surface and paratlethe optic axis. In the homogeneous
alignment the molecules have their long axis pelrath the glass surface and when viewed

between crossed polarisers, a bright field is oleskr

0000000 S §§

OO
Homeotropic Homogeneous
Figure 4 Homeotropic and homeogenous molecular alignments.

1.4.2 MESOPHASE TYPES

1.4.2.1 NEMATIC PHASE (N)

The term nematic arises from the Greek woeinatos thread-like, due to its characteristic
thread-like optical texturerigure 5 shows the generalised molecular organisation withe
nematic phase, in which the rod-like moleculesraligproximately parallel with respect to
each other along a direction defined by the dimre¢to The molecules are free to rotate in any
direction, possess long range orientational oradeérzbro positional order. The nematic phase

bears similarities to the isotropic liquid and asdsto befluid-like.

\
0
OQ

8§ 00 S=Y,{3c0s’6-1}
00

Figure 5 Idealised structure of the nematic phase

A
n

The degree of alignment of molecules with respecthe director, f, is termed the order

parameter, S, whekeis the angle between the long axis of each ofrttizidual molecules and



the director. The typical value for the order paeter, S, is in the region of 0.4-0.7

(temperature dependant).

The nematic phase can be identified easily on ogdifom the isotropic liquid as it forms
highly coloured droplets (nematic droplets) whiatalesce into a predominantly thread- or

marble-like texture.

1.4.2.2 CHIRAL NEMATIC PHASE (N*)

The introduction of a chiral centre in a nematicleoale introduces optical activity and gives
rise to cholesteric behaviour (the term cholestisrigsed because this phase was first detected
in derivatives of cholesterol). The chiral nemgiltase (N*) can be regarded as a “layered”
nematic state in which the director in a given 8eyof molecules is slightly skewed either
clockwise or anticlockwise with respect to the dicg in adjacent “layers”Higure 6). The

distance for one complete revolution (0-366 termed theitch and is temperature dependent.

360°
~——
p—
— P
B ———
—_—
B ——
f | B ———
pitch 0°
2
— =Director
Figure 6 Diagrammatic representation of the chiral nematiase.

The chiral nematic and nematic phases are simiee®: they rarely exist together except in
the unusual case of helical twist inversforddition of a chiral component to a nematic phase
converts the nematic phase into a chiral nematasg@hmixing two chiral nematic materials of
opposite sense gives rise to a nematic phase and-thy diffraction patterns for both phases

are similar.
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The chiral nematic phase exhibits two differentuess, which are dependant on the alignment

of the helices on the supporting surface with resfmethe optical axisHigure 7):

I. the pseudo focal-conic or undisturbed texture- Bmnupon cooling from the
isotropic liquid. This is a birefringent, opticalinactive texture. The helices lie

perpendicular to the incident light;

ii. the Grandjean (planar or disturbed) texture in Whie helices are aligned parallel
to the light path, this texture has a brightly eokxl background with ‘flowing

streams’ and arises from shearing the focal-canitute.

Optical axis

= =_ ' MW

== M

Grandjean Pseudo focal-conic

Figure 7 Helical orientation for the Grandjean and pseuws@l-conic textures

1.4.2.3 SMECTIC PHASE (S) AND SMECTIC POLYMORPHISM

The term smectic phase was derived from the Gremkl smectosfor ‘soap-like’, because it
was first observed in alkaline soaps. The smettase differs from both the nematic and chiral
nematic phases because the molecules occur irslayer possess positional and orientational
order. The molecules may align either perpendici@ay, Figure 8) or inclined é.g, Figure

9) with respect to the layers.

Although Friede’ recognised the existence of a smectic phase,chedtirealise the existence

of polymorphs (different smectic phase types). the scope of this thesis smectic
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polymorphism will be described in brief detail onlyhe reader is directed to the book ‘Smectic
Liquid Crystals’, by Gray and Goodby for a fullezcaunt of smectic phas@s The different
polymorphs arise from the amount and type of ovdérin (and between) the layers. Sackman
and Demu¥ initially classified several smectic polymorphsdatesignated them using coded
lettering SmA, SmB, etc. So far twelve differentextic phases are known and may be placed
in order of appearance on cooling from the isotolguid (thermodynamic sequence of

phases).

Iso liquid — N, SmA, D, SmC, SmB, Sml, CrB, SmFJQCrG, CrE, CrK, CrH - Crystal

Decrease in temperature

The smectic liquid crystal phases (SmA, SmB, Sm@l &d SmF) possess short range order
whereas the smectic crystal phases (CrB, CrJ, Crg, CrK, CrH) possess long range order

through several layers thus tending towards 3-@ioathd crystallinity.

1.4.2.3.1 The Smectic A Phase (SmA)

This is the least ordered of all the smectic polgphs and X-ray diffraction patterfisshow
that the molecules are arranged with their moleciadiag axis perpendicular with respect to
diffuse layer planés (Figure 8). There is zero positional order withinegrer and the molecules
are free to rotate about their long axis. Thetdagacing (d) within this polymorph is equal to

the molecular length ().

Diffuse layer plane—

Calamitic molecule— “Y“Y“v““.‘}‘.

(CXCXCITCD

Figure 8 Idealised structure of a smectic A, SmA, phase. (ayers are much softarot
shown).

Layer spacing, d=

O Molecular length, |
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1.4.2.3.2 The Smectic C Phase (SmC)

The smectic C phase consists of a layered strudturghich the molecules are tilted with
respect to the layer plangSigure 9). X-Ray studie¥ reveal the layer spacing (d) is less than
the molecular length (I). The tilt angl@, of the molecules with respect to the diffuse faye

normal, is temperature dependent.

T T v s,
(L
Calamitic molecule—s— L[L]L[@
i

Diffuse Layer Plane

O Molecular length, |

Figure 9 Idealised structure of the smectic C phase (rayerk are muclsofter than
shown)

1.4.2.4 THE CHIRAL SMECTIC C PHASE (SmC*)

As well as the chiral nematic phase there are ndifigrent types of chiral smectic liquid
crystal phases (SmC*, SmI* and SmF*) and the cpoerding crystal smectic phases (J*, G*,
K* and H*). The most commonly encountered chirakstic phases are the tilted phases, with
the most commonly exhibited (and most importanthdpehe chiral smectic C phase. This is
partly because it is the least ordered and leasbus within this category and can be employed
in the ferroelectric display devitebut the helix must be unwound (see later). Tlaeeeother
chiral mesophases that are of smectic type (e@BA*) but these are not discussed in the

scope of this thesis and the reader is directedfémences 33 and 34.

The chiral smectic C (SmC*) phase is the chiral@nge of the SmC phase (above). As with

the SmC phase, the structure is lamellar and tHeaules within the diffuse layers are tilted at

a temperature dependant anglefrom the layer normal (ideally around 25

13



The SmC* phase is essentially the same as itsad@uunterpart, except that chirality causes a
slight and gradual change in the direction of tledetular tilt (with zero change in the tilt angle

with respect to the layer normal). The tilt difentchanges from layer to layer to describe a

helix (Figure 10).

Vabutububabebababaind -
/’ \\
“ ’/ \
/s \\\
L’ ___________________ Ry
\ Spiralling
o N polarisation
S N direction
/7 \
’ \;
//----- —
l’ \\
. 4 \
11, a pitch A —7 N
length \ Chiral
molecules
Molecular
_\ / layers

Figure 10 Helielectric structure of the SmC* phase.

The helix in the SmC* phase is temperature dependath high temperatures creating a small
tilt angle and long pitch length, whereas tempeaeatueates a larger tilt angle and thus a shorter

pitch (this being the opposite effect to the chimammatic phase).

The space symmetry of the achiral SmC phase caedreto consist of a centre of inversion, a
mirror plane and a two-fold axis of symmetry paetatb the layer planes. However, when the
phase is chiral, the symmetry is reduced to soteltwo-fold axis of rotation. With the

molecules still undergoing rapid re-orientation {iaghe achiral homologue) the result of the
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reduction of symmetry creates non-equivalence éndipole moment along the C2 axis. This
non-equivalence creates a spontaneous polarisalomy the C2 axis (the direction of which
changes with the changing tilt direction within thelix). However, due to the helix the

spontaneous polarisation is reduced to zero thrmutgthe medium and is said to be ‘heli-

electric’ (Figure 10).

1.4.25FERRIELECTRIC AND ANTIFERROELECTRIC CHIRAL SMECTICC PHASE
TYPES

In 1989 Chandanet al***® reported two new sub-classes of the SmC* ferrotephase.
These were namely the antiferroelectric chiral dioeé€ phase (SmG) and the ferrielectric
(SMC*.,) phases. As with the ferroelectric SmC* phase nioéecules of the antiferroelectric
phase have a tilted lamellar structure, except tinattilt direction alternates from successive
layers to give a zigzag structure, resulting inpantaneous polarisation of zerBigure 11).
The ferrielectric chiral smectic C phase also hasaklernating tilted structure, however, the
alternation is not symmetrical and more layerstéted in one direction than the other. The

spontaneous polarisation of the ferroelectric phaskependant on the degree of alternation of

tilt directions Figure 11).

0 G
Q) GO

i QN

SmC* SmC* SmC*
ferroelectric ferrielectric antiferroelectri

Figure 11 Structures of the ferro-, ferri- and antiferro-¢tec phase types in their
simplified unwound helical states.
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The antiferroelectric phase is the subject of musearch interest because upon application of
an electric field, it can convert to a ferroelectsiate, which can then be switched to a second
ferro-electric state. Removal of the field comeletresults in reversion to antiferro-electric
molecular phase orderingigure 12). This phenomenon is known as ‘tri-state’ switgfit and

occurs at a defined electric field with a sharpeshiold which differs from the ferroelectric

switching.
WD G GO
) — QUL = (k)
D @ GO
Figure 12 Antiferroelectric tristate switching

16



15 ELECTRO-OPTIC APPLICATIONS OF LIQUID CRYSTALS: TN A ND SSFLC
DISPLAYS

1.5.1 THE TWISTED NEMATIC DEVICE’

Based on re-orientation of nematic molecules inghesence of an applied field, the twisted
nematic deviceKigure 13) consists of a nematic material (of positive diie anisotropy),
laminated between two glass slides. The nematitenmah is homogeneously aligned and
twisted through 90by the action of alignment layers coated on thesiirsurfaces of the glass
substrates which are rubbed af @@th respect to each other. Rubbing is problecahtiecause

it creates dust, debris and surface charge, wbttsl to defects.

alignment layers

polarising films

Q90000 OOOOO
232232 \/ 0 0~n0 ~

DO ITO OOOO O OO O E

'off' state (V = 0) ‘on’ state (W= 0)

Figure 13 A typical liquid crystal display cell and the ‘0find ‘on’ states of the twisted
nematic liquid crystal display.

The ‘nematic glass sandwich’ is bound by a setra$ésed polarisers. In the ‘off’ statiee(, no

electric field passing through the device), lighteging the first polariser is wave guided by the
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nematic material through 90and passes through the second polariser (‘croggddrespect to
the first polariser). In this situation a brighlél of view is observed. In the ‘on’ state the
molecules align perpendicular with respect to tlesg substrates (homeotropic) and parallel
with respect to the field and therefore light paggihrough the first polariser is unable to pass
through the second polariser. In this situatiodagk field of view is observed. Due to the
elastic properties of the materials, the molecules relagkito the homogenous alignment on

removal of the electric field.

1.5.2 FERROELECTRICITY AND THE SURFACE STABILISED FERROEICTRIC
LIQUID CRYSTAL (SSFLC) DISPLAY

The term ferroelectric refers to any system whiobsgsses either a permanent or spontaneous

|37

polarised state. Meyeat al®’ postulated prerequisites for the existence ofofectricity in

liquid crystals which matched those ascribed tocthieal SmC phase.e.:

R there must be a laminar or layer-like structure;
ii. the molecules should be chiral;
iii. the molecules should be tilted arrangement withageisto the layers;

iv. the molecules should contain a strong transversaei

A single layer of a chiral smectic C phase is tetectric’. Clark and Lagerwafldiscovered in
the 1980 that the helix of the SmC* phase coulditbgound or suppressed by using a cell gap
that was less than the helical pitch and in by gao, the dipole moments would align in the
same direction, giving rise to a spontaneous ompaently polarised stated,, ferroelectric).

This discovery allowed the development of the SSEIiSplay Figure 14)

In the SSFLC display, the molecules align paraltelthe surfaces in what is termed the
‘bookshelf geometry’ within the confines of a thglass cell (1-2um), which causes the helix to
unwind (or be suppressed) due to strong boundaicg$o(surface stabilisation). The direction

of polarisation with the molecules in this geomesrperpendicular to the glass plates and upon

18



the application of a small DC potential acrossyitedes, a change in polarisation direction can
be induced. When the voltage is removed the doeatif polarisation remains the same and

thus the ferroelectric device can be termed ‘blstab

The optimum tilt angle for the ferroelectric devise22.5° so as the angle of the molecular
switching as they undergo directional change fram orientation to another is ideally 45
The SSFLC is an important commercial display aspamed to the TNE because it confers

the following advantages.

i. a faster switching speed (in the order of microedsa@ompared to milliseconds);
il. a bistable state that is capable of being retaomea long term basis;

iii. a high brightness: contrast ratio, enabling udevatambient light levels.
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top polariser
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applied DC
voltage

0, tilt angl
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polariser

reversal of polarity of
the applied DC field, inverts
the spontaneous polarisation

molecules no longer
parallel to top polariser layers

) applied DC
voltage

@

Layer Norma
6, tilt angle

dipoles

Figure 14 Optical transmission in the SSFLC display. The ¢efi demonstrating light
transmission and the bottom cell light extinction.
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1.6 THE RELATIONSHIP BETWEEN MOLECULAR STRUCTURE AND LI QUID
CRYSTALLINE BEHAVIOUR

In the design of new liquid crystalline compounitiss imperative to have an understanding of
the relationship between molecular structure andsoplease properties. As mentioned
previously (section 1.3, p.7), anisotropy of molacshape and anisotropy of internal forces are

the two main components governing the formatiothefmotropic mesophases.

Calamitic liquid crystals are, in general, composafd rigid, polarisable aromatic units,
connected to each other by a central linking gromproduction of terminal groups can provide
necessary elongation, with the possibility of idwoing lateral groups (which are mainly
present on the rigid polarisable aromatic groupgy.careful manipulation of these groups the
mesophase thermal stability (temperature of trexmgiof nematic to isotropic ), smectic to
nematic (E.) or smectic to isotropic @), may be increased, reduced or eliminated all

together.

The anisotropy of molecular polarisabilitgd), defined as the difference in polarisability of

molecular long axis with respect to that of therslaxis, has been identified as an important
parameter in determining the stability of the mdsme. In general, an increaseé\instabilises

a particular mesophase and a decreade ilowers the mesophase thermal stability. The reade
is directed to the work of Grdy Collings and Hird® and Toyn& for a comprehensive

assessment and evaluation of molecular structuterssophase behaviour.

1.6.1 INFLUENCE OF TERMINAL GROUPS

Terminal groups generally serve to extend molecldagth and linearity of the molecule.
Alkyl- and alkoxy-groups are usually employed ané #hought to stabilise the molecular

orientation necessary for liquid crystal phase gatien. The influence of varying the type of
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terminal group with respect to the mesophase thHestaility, was investigated by Grast

al.**2 who proposed the following group efficiency ordter Ty..

Ph > NHCOCH> CN > OCH> NG,> Cl > Br > N(CH), > CH;>F > H
Group Efficiency Order

Replacement of a terminal hydrogen by one of tlevalyroups is seen to be more beneficial to

the overall mesophase thermal stability.

1.6.1.1 HOMOLOGATION

The effect of molecular structure on mesophase gutigs is usually best investigated by
successively increasing the length of the termaikyl- or alkoxy-chaini.e, homologation.

Transition temperatures show regular trends aketigth of either the terminal alkyl- or alkoxy-
groups is extended in a homologous series. Theseld are clearly observed by plotting
transition temperatures against the number of cadioms in the terminal alkyl- or alkoxy-

chain figure 15).

320
3004 = °©
280
260 ., (cl.p.)
240 -
TI°’C 220
SmA
200
180 c
160 .

140 (m.p.)

120\\\\\\
0 1 2 3 4 5 6

T T 1
7 8 9 10 11 12 13 14

Number of carbon atoms, n, in the alkoxy chain

Figure 15 Plot of transition temperatures for an homologossries of 4a-
alkoxybiphenyl-4-carboxylic acidS)*.
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From such a plot, several conclusions can be iederr

i. there is no correlation between melting point ardyth of alkoxy chain;

ii. nematic to isotropic liquid (N-I) transition tempéures generally fall with
increasing chain length;

iii. when both smectic and nematic properties occurgetryy homologues show the
nematic phase alone. The smectic phase usualiyéar the higher homologues.
For homologues > 10 nematic properties completetyirdsh and are superseded
by smectic properties;

iv. the points for the N-I transitions for the odd nwardd homologues are represented
by a smooth curve (the same applies for the evembated homologues), but the
odd members lie below that of the even as the evembers are more thermally

stable. This is termed tloeld-evenreffect.

Ro ------------ > (Long axis)
—
1

"X (Short axis)

This effect may be explained by considering the Inemof C-C bonds directed along the long
molecular axis with respect to the proportion diedcalong the short axis. For compounds with
a terminal alkoxy-chain, the points for the N-Irts@tion temperatures for even-n homologues
lie on a smooth curve above that of the odd odawmdiogues. This can be seen to be the
effect of having more C-C bonds directed alongltimg molecular axis as than across it. Thus
the anisotropy of molecular polarisability, is greater and the mesophase thermal stability is
enhanced. The case is reversed for alkyl termimalins,i.e., the points for the odd-n

homologues are higher than those for the even-rolagues.
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1.6.2 INFLUENCE OF CENTRAL LINKING GROUPS

The central linking group is very important becaulseives the entire structure rigidity,
linearity and provides a means of extending thgummiion between the aromatic fragments.
There are a variety of small groups that may beleyeg, for example: ester (-GOor —Q.C-);
dimethylene (-CHCH,-); azo (-N=N-) etc. The most commonly used afehspridised groups
due to their flat, planar geometry, allowing clgsacking of the molecule and permitting
conjugation between the aromatic moieties. Whéthgpridised groups are used, conjugation
between the rings is prevented and thus mesoplaisiitg is reduced. However, Gray and
McDonnelf® have reported materials with low melting pointsd ahigh clearing points

comprising sphybridised dimethylene central linking groups.

1.6.3 INFLUENCE OF LATERAL SUBSTITUENTS

Tending to be small groups.g, F, Cl, CN, NQ, CH; or CR) lateral substituents are units that
are attached off the linear axis of a molecule dllgwon the side of an aromatic core, though
they have also been incorporated in alicyclic megeand terminal alkyl chains), broadening the

molecule and as a result, lowering mesophase isyabil

Laterally substituted liquid crystalline materiatdearly deviate from the rod-like non-
amphiphilic structure, disrupting molecular packiagd decreasing liquid crystal phase
stability. Though this is nearly always the cébe, disrupting effect can be used to attain far
more subtle effects, with the possibility of thesrdption to molecular packing being
advantageous to the mesomorphic and physical piegéf® required for some very useful

materials utilised in applicatioffs™.

Lateral substitution can have an important effecboth nematic and smectic systems, usually

disruption to lamellar packing (required for smeqthases) results in a reduction of smectic
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phase stability, whilst allowing retention of themmatic phase. Smectic phase stability can,
however, be stabilised by increasing the abilitypack in a lamellar arrangement through
polarity (packing being reduced by increasing sigeencouraged by polarity). Any depression
of nematic phase stability () by lateral substitution can be seen to be diyqatbportional to

the size of the substituent irrespective of sulstit polarity.

It is possible for the molecule itself to shiele tateral substituent either partially or, in some
cases, completely. For example, in 6-n-alkoxy-Bdgno-2-naphthoic acid9)¢* the halogen
substituent (X) is shielded by the molecular sttt Introduction of either a chloro- or bromo-
substituent can be accommodated, and actuallyasessthermal stability compared to the non-
halogenated parent analogue. However, introduaifaime very much larger iodo-substituent

decreases thermal stability.

shielded
N '
molecular RO OlH—0 (X,
breadth 4 ) Q ’
O—HIMo Q OR (9
\ shielded

/
X
\-4

\
/.

The fluoro-substituent is the most commonly useeré substituent due to its relatively small
size (1.42A compared to hydrogeri,.2 A). In general only the fluoro substituent is small
enough to preserve reasonable liquid crystallinis such, it has been the focus of much
research in establishing structure property refatigps, to attain subtle changes in melting

point, transition temperatures, mesophase morpli@nd physical properties of systems.
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1.6.3.1 LATERAL FLUORINATION

Fluorine is the most electronegative element inkbgodic Table and gives rise to a moderately
polar lateral C-F bond when directed across thg lmolecular axis. This polarity allows the
design of mesogenic materials with a posffia negativé® dielectric anisotropy. The chloro-
substituent has a greater dipole, however, itelasge results in low liquid crystal mesophase
stability and materials with high viscosities (t#re of little use in applications, which require

low viscosities).

Early examples of lateral fluorinated liquid crystavere reported in 1954 by Grayal® using
fluoro-substituted 4-n-alkoxybenzoic acidqd). The acids dimerise to give mesogenic materials
displaying the SmC and N phases. Compared to @henp non-fluorinated counterpadtQOf,
broadening the molecule by lateral fluoro subgtituresulted in the depression of the nematic
phase stability (by approximately 26) and the removal of the smectic phase. The &serén
melting point was rather unusual and it has siremnkestablished that, commonly, a reduction

in melting point with lateral substitution is obged.

OIH-Q
CgH170 ( / OGgH17 € 101.0 SmC 108.0 N 147.0C
O—HI"Oo (10)
OI'H-Q
CgHy70 / / OCgHy7 C117.0 N 120.59C
O-HIO (11)

F

The additional increase in molecular breadth gaimech lateral fluorination also gives low
Ks3/K11 (splay and bend elastic constants) and the pplafithe fluoro substituent, enhances
the dielectric anisotropyAg), both are important properties of liquid crystahterials used in

displays.
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1.6.3.1.1 The Effect of Number and Position of Lateral Flusthstituents

The influence of a lateral fluoro substituent orygibal properties of various systems (such as
melting point, mesophase morphology and transitomperatures) can be greatly dependant on
the number of and location of lateral fluoro suigtints within the core. The reader is directed

to a recent review by Hirdon this topic.

Esters €.g, 12-15 are commonly used as linking groups in liquidstay compounds, as they
extend the molecular length whilst enhancing thinsability anisotropy and are relatively
easy to synthesise. Therefore, lateral fluorimatias been extensively studied in liquid
crystalline esters and good examples of the etfedbcation and number of lateral fluorination
are available. The examples belaswy, 12-15 show compounds which display a SmC phase

inferred by the alkoxy group (due to the laterdhpeability aiding molecular tilting).

O
C8H17O‘©_<
OOOCSH” C 63.0 SMC 74.0 N 91.0°C

(12
O F
C8H17O‘®_<
(@) OCgH17 C 48.0 (SmC 19.0) N 65.0°C
F 13
O
CaH170
o OCgH17 C 63.5 SmC 70.0 N 75.5C
(14
(@) F
Cano—@—{
o) OCgH17 C 56.5 (SMC 55.0) SmA 78.0C
(15

Lateral fluorination can take place on either ameo edge’ fneta to the ester group amitho-
to the ether linkagel@ and15), or an ‘inner edge’ {(3), ortho- to the ester group andeta to
the ether linkage). Compared with the non-fludedahomologuel(?), lateral fluorination on

an ‘inner edge’ 13), reduces the SmC phase by %5 the nematic phase stability\(J by 26
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°C and melting point by 1Z. ‘Outer edge’ lateral fluorination is seen tdisit a ‘space fill’
effect, resulting in an increase in lateral molacdbrces of attraction, therefore upholding the
transition temperatures. ‘Outer edge’ substitufihand15) tends to be effective for smectic
phases generation and compouhd) has a similar melting point to the parent commb(?)
with the smectic phase being reduced only BZ 4but the T is 15.5°C lower. ‘Outer edge’
fluorination can also change the morphology of sheectic phase. For compountb) the
smectic phase has a greater thermal stability tfsanon fluorinated parentl®) and a SmA

dominates over a SmC phase.

Increasing the number of lateral fluoro-substitgasithin a system yields compoundsg, 16)
with higher polarity, higher melting points and lemiiquid crystal phase thermal stabilities,

than for those of the mono-fluorinated homologueg,(14).

O
CgH170
o) OCgH;7 C 37.0 SmC 49.0 N 57.5°C

(16)

The least detrimental difluoro-substitution witlspect to mesomorphic properties is with the
fluorine atoms next to each other on the same afidee aromatic coreoftho-difluorination).

This positioning has the effect of minimising theletular breadth, whilst upholding transition
temperatures and aids in keeping viscosities IoWhe combined lateral dipoles also confer

strong negative dielectric anisotropy, useful ia thrroelectric display.

Biphenyl and terphenyl cores offer a further insigitio the effect of location and number of
lateral fluorination as the terphenyl system, intipalar, offers a great prospect for liquid
crystal phase generation (due to its increasedtiemy breadth ratio and anisotropy of

polarisability).
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CsHyy O O O OCgH17 C 194.5B 211.0 SmA 221.5C

17

F
C5H110C8H17 C 47.0 (J 40.0) Sml 53.5 SmC 116.5 SmA 130.0 NAL6%C
(18
F
CanOCeHn C 69.0 G 83.0 B 100.5 SmC 124.5 SmA 158.0 N 168 |

19

F
c&-,HlloogH17 C 102.0 (Sml 99.5) SmC 137.5 N 160%C!
(20
E
CsHy 1 O O O OCgH17 C 69.0 (K 25.0 J 43.5) SmC 119.5 N 158C!I
(21)

Terphenyls have 12 possible positions that canragtwdate fluorination, therefore allowing
the generation of 6 possible mono-fluorinated commgs, each capable of displaying different
mesomorphic and physical behaviour. Similar to ftnerinated esters1@-15) there are two
types of fluorination within this type of systemnier-core 18-21) and outer-core2 and23).

In general inner-core lateral fluorination disrugisle to side packing, severely depresses
smectic phase stability and promotes the generatibrthe nematic phase. Inner-core
fluorination also causes interannular twisting ggedhan that of hydrogen at the appropriate
inter-ring junction, reducing the molecular polahgity, lowering smectic mesophase phase

stability and enhancing generation of the nemdtasp.

F
CsHigp O O O OCgH;7  G156.5 SmA 185.59C
F

(22)

CsHyp O O O OCgHi7  C 146.0 B 158.0 SmA 195.0C

(23
Outer-core substitution2 and 23) in general, gives different mesomorphism and siteon

temperatures to inner-core substitution. Thisuis t the polar fluoro-substituent filling vacant
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space on the edge of the core and strengthenieigllatermolecular forces of attraction, hence
leading to smectic phase generation. Unlike immoee substitution20 and 21) there is no
interannular twisting, and the polarisability atiepy will be high, supporting high transition

temperatures.

Increasing the number of lateral fluoro-substitgesithin a terphenyl system, as with the ester
systems yields compounds with higher polarity, bigimelting points and lower liquid crystal

phase thermal stabilities than those of the monorifhated homologues. As with the mono-
fluorinated homologues, the mesomorphic and phiypicgerties are dependant the location of

fluorination. Againortho-difluoro-substitution is least detrimental to me®wphic properties.

F F
C5H110C8H17 C 48.5 SMC 95.0 N 141.9C

(29
F F
CsHy g O O O OCgH17 C 39.5 SmC 144.0 SmA 148.0 N 159%C!
(29
F F
CsHy g O O O OCgH17 C 89.0 SmC 155.5 SmA 165.0 N 166 2T
(26)

There are two types afrtho-difluorination.
i. ortho-difluorination of the inner core (inner ringl4);

il. ortho-difluorination of the outer cor@b and26).

Inner coreortho-difluorination @4) is most detrimental to mesophase stability duehi
additive effect of interannular twisting. Outer eartho-difluorination @5 and 26) is least
detrimental when it is at a position furthest frolne alkoxy group Z6), as this retains the

greatest anisotropy of polarisability.
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(27)

F
CeHyp O O O OCgH13 C 77.0 SmC 87.5 SmA 136.0 N 14290
E

F
CsHir O O O OCgH13 C51.0N117.09C
F

(29)

Across axis difluorination7 and28), as expected, decreases the thermal stabilisystems
(more so than mono-fluorination artho-difluoro-substitution), as it confers a signifitan
increase in molecular breadth. The Inner core saciaxis difluorination 47) is the most

detrimental to mesophase stability (particularlytfee smectic phase).
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1.7 PHOTORESPONSIVE LIQUID CRYSTALS

Although liquid crystal devices, such as those noaed earlier (Section 1.5, p. 17) are used in
‘cutting-edge’ technology, an essential part of thesign is reliant on processes developed

nearly half a century ago.

An important aspect of all liquid crystal devicesthe alignment layer, which dictates the
alignment of the liquid crystalline molecules a¢ $urface. Rubbed polymez.¢, polyimide)
film covered substrate surfaces are the most widegd aligning layers for obtaining a planar
or tilted alignmen¥, however, this technique has certain disadvantagédschanical defects
and surface charges are generated during the gilpbotess and, in the case of ferroelectric

liquid crystal device this can have a detrimentdat on the quality of the device.

A well studied aligning method and an alternatiee ‘tubbing’ is the photoalignment or
photoregulation method, which can provide photowmdnbf the liquid crystal alignment
involving alteration of the orientational directiof low-mass liquid crystals under the control
of photochromic units using polarised ligh’. Non-contact methods can eliminate most of the
problems associated with rubbing and invariablytamndouble bonds, such as azobenzenes,

which can be isomerised by light.

Azobenzene was discovered by P. GfieBs 1858 and subsequently its ability to undecgo
trans-photoisomerisation was reported by G. Haffleln 1937. Azobenzene=.(j, 29
interconvert betweetrans (E) and cis- (Z) states upon irradiation at specific wavelengths

(Figure 16).
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-------- " 350 400 450 500
Y (29) Y Wavelength (nm)
Figure 16 A diagrammatic representation af-trans (29) isomerisation of azobenzenes

and the corresponding UV spectra showing a decifasiesorbance at 360 nm
and an increase at 452 nm as isomerisation occurs.
For example photoresponsive azobenzemeg, (29) and derivatives thereof, have gained
considerable interest in the last two decades Isecafithe potential use in other applications,

such as photoinduced surface alignrfiediata storagé®and liquid crystal elastoméfs

Early work on photoregulatidh®®focused on the disruption of an already presesoplease by

a chromophore (already dissolved in the mesophaségrgoing a shape change during
irradiation with correct wavelength of polariseghii. This photoisomerisation causes a phase
transition of the liquid crystal medium, enablingitehing from one orientational state to

another and resembling the operating principaheftivisted nematic display.

Upon irradiation at an appropriate wavelength, anakne undergodsans-cisisomerisation
followed by rapid thermal relaxation, until the dip moment of the double bond is
perpendicular to the direction of polarised incidiéght, resulting in co-operative alignment of
the chromophore and mesogen. Longer irradiatioedi results in a process termegtical
pumping to occur, whereby, the concentration of the Istsblecis-form increased. Theis
form possesses a small cavity and has a greateityafbr the surface of a cell than th@ns-

form (Figure 17). The combination of these two effects causesaligpment of the mesogens
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to become parallel to the cell wall and was usedGilybonset al’® to construct the first

photoaligned cell.

U /‘r/—' 7€ O
o B ==
f— (&P N — cis- azobenzene

S

<10 mins 75> >10mins \“8
J I =

5Q

-
trans- azobenzene-! OO OOO \_\Q)
? <D
Mesogen
Figure 17 A diagrammatic representation of the operatingngipal of the first

photoaligned display

Another example of photoalignment based on azoleszeas researched by Ichimetaal®

Rather than using the photochromic molecule agpantoit was chemi- or physi-sorbed on to a
surface. The ‘tethered’ azobenzene could be sedtdly the correct wavelength of polarised
light and induce a change in the ordering of messgdwo examples of this induced change of

alignment are shown iRigure 18.

LS
P> & IRRE

(> ) C) (e } ¥
b) o/O/o & g

RN — = *3‘7

Figure 18 The effect of irradiating a chromophore-coatedfasig with a) linearly
polarised light (out-of-plane reorientation) and dt)anglng the polarisation
direction of the incident light (in-plane reorietibm) >*
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Firstly, the induced ordering change was shownadrgm homeotropic to planar alignment,
this being termed ‘out of plane reorientation wsthitching times and surface interaction being
dependant on the type of azobenzene. Secondhsutiace was capable of inducing an in-
plane reorientation of the mesogen. The doubledboh the azobenzene only stopping
isomerising when it is perpendicular to the poktien of the incident light, implying that by
rotating the polarisation of the incident lightprientation of the azobenzenes at the surface will
take place and thus the mesogenic molecule wilbiol the new order, creating a controllable

in-plane movement.

The ability to switch the orientation of the mesogeesulted in these types of surfaces being
termed ‘command surfaces’ and as has been demimuktide ‘command surface effect’,
provides an effective way to control alignment msugly. Photoregulation of alignment for
liquid crystal commercial applications is still its infancy, but nevertheless is very important
and rapidly expanding, as the need for highly respe (fast) and stable materials will always

be paramount.
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1.8 AIMS AND OBJECTIVES

The primary aim of this research concentrates endésign, synthesis and evaluation of the
mesomorphic properties of novel thiophene-basedidigrystals containing an azo -N=N-
moiety, in order to develop an in-depth understagdbetween molecular architecture and
mesogenic behaviouFigure 19. Such materials may be potentially useful inli@ptions
such as photo-induced surface alignment or datag#o However, it must be stressed that the

main aim is synthesis and mesomorphic charactinisahd not applications.

Q
— )
X—QI\TN@O S

Figure 19 Diagram of the core structure whose architectutebsivaried (X, Y and Z) in
an attempt to understand structure-property relahigps.

Nottingham Trent has a long history in the syntheinon-linear or bent-shaped liquid crystals
based on thiophene, a 5-membered heterocycle norgaulfur™’® Thiophene is said to be

excessive because it contains 6 electrons deledatiger 5 nucleiRigure 20).

L one pair of electrons
delocalised within the

@ / T system

N

\ Lone pair of electrons

in spf hybrid orbital
contained in the plane
of the ring

Figure 20 Diagrammatical representation of the orbital gancy for thiophene
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Thiophene readily undergoes electrophilic substitutat thea-positions (C-2 and C-5) in
preference to th@-positions (C-3 and C-4). The-disubstitution pattern gives an exocyclic
bond angle of 148 which is intermediate to the substitution andtas1,4-phenylene (18D
and 1,3-phenylene (120(Figure 21). Utilisation of thiophene is unusual becausepiles
being non-linear, 2,5-thiophene containing compeusiill retain liquid crystallinit{*"". An
excellent review on thiophene based liquid crysteds just appeared in the literature. The

reader’s attention is drawn to reference 78.

3 QO
Y

1,4-phenylene, 2,5-thienyl, 1,3-phenylene,
180° 148° 120°
Figure 21 Bond angles associated with substitution of beezend thiophene

At the onset of this work, Nabeshinet al”® reported photoresponsive behaviour in a
thiophene-based azobenzene, which validated oaoff concept’. However, to the best our
knowledge, there have been no further reports atopbsponsive thiophene-based low molar

liquid crystals, thus maintaining the uniquenegs$ movelty of this project.

In order to achieve our major aim of developingimtepth structure-property relationship
within liquid crystals comprising suitably substéd thiophene and a photoresponsive azo

linkage, the following investigations were envisdige

i. the influence of altering the right-hand terminadigposed aromatic ring,

which may be either 2-Sgries ) or 3-thienyl Geries Il) or 4-phenylene

(Series Ill) Eigure 22) with respect to mesomorphic properties;

37



0

(Series ) (Series 1) (Series III)

Figure 22: Types of right-hand terminally disposed aromatiougps used to investigate

their effect on mesomorphic properties.
ii. the influence of introducing either one or two fateluoro-substituents to the

centrally-dispose@romatic ring on mesophase thermal stabikigiyre 23). It
is envisaged that lateral fluorination will lower.pmy suppress smectic phase
formation and enhance nematic phase formationThis is very valuable
because it may lead to commercially important lewyperature
photoresponsive nematogens. Thus the synthegiseafbers ofSeries IV -

XIII was envisaged,

3 2 >_\_
”NOO \ Ar
an2n+1o—QN 16
F
Series _fuoro-substituent A=
VI 2- 2-thienyl
v 3- 2-thienyl
VI 2,3- 2-thienyl
Xl 3,5- 2-thienyl
X 2,6- 2-thienyl
VII 2- 3-thienyl
\% 3- 3-thienyl
IX 2,3- 3-thienyl
Xl 3,5- 3-thienyl
Xl 2,6- 3-thienyl
Figure 23 Diagram of the core structure and proposed positairiateral fluorination on

the centrally dispose@romatic ring to investigate the effect on messphspe
and thermal stability.
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iii the influence of replacing the acrylic linka¢®,CCH=CH-) with its saturated
counterparts (-6C(CH,),-) on mesophase stabilitiFigure 24, Series XIV). It

is envisaged that introducing a flexible linkerMawer m.p.

n
C-H O—< >—N
715 Series XIV:

where n = 1-4
Figure 24 Proposed structure to investigate the effecepfacing the acrylic ester with a

series of aliphatic esters on mesophase and plsptameive properties.

iv. the influence of replacing the left-hand terminallgposed alkoxy-chain with a

second non-linear aromatic moiety (2-thierfyeries XVI) or a saturated ring

system (cyclohexylSeries XV) on mesomorphic propertieSigure 25).

o
\ ,,N‘O’(}_\—Ar Series XVI
1 7—< —N
S

Ar = 2-thienyl, or
3-thienyl

O]
O_Q //N4®70>_\_Ar Series XV
N

Diagram of the structures whose architecturdtesed from the core structure
by substituting the left hand terminally disposdkiory-group with either a
thiophene ring or a cycloalkyl- in an attempt tedstigate their the effect on

mesophase properties.

Figure 25
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EXPERIMENTAL




2 EXPERIMENTAL '

2.1 SYNTHETIC OVERVIEW

2.1.1 SERIES |, I, IV-XIll, SCHEME 1

The synthesis of members (n=1 to 10) of a variétthimphene-containing azobenzene esters
[Series | I, IV-XIIl ] and their non-heterocyclic counterparefies 1ll] is generalised in

Scheme 1(p. 60).

Commercial 4-nitrophenol was alkylated with apprajgr 1-bromoalkanes to yield a series of 4-
n-alkoxy-nitrobenzené$® (30 a-). This is an example of the Williamson ether Bgsis,

where the phenolic proton of 4-nitrophenol is sufintly acidic to be removed by the relatively
weak base potassium carbonate. The resultant pigen@nion then participates in a
nucleophilic substitution reaction with the 1-brafi@ne to yield the desired 4-n-

alkoxynitrobenzenes3Q a-j) in moderate yields (55%).

Room temperature catalytic hydrogenation (10% Pdi€C)either atmospheric or reduced
pressure of an ethanolic solution of compourdfsd-)) gave the desired 4-n-alkoxyaniliné (
a-j) in good yields (75-82%). The higher homologuesenisolated as their hydrochloride salt,

whereas the lower homologues were purified by vacdistillation.

Diazotisation (conc. HCI/NaN£ of the corresponding 4-n-alkoxyanilinexl(a-j) followed by
treatment with a solution of phenol in 4M sodiundigxide furnished the appropriate 4-(4-n-
alkoxyphenylazo)-phenol82-37 a-). Thepara-isomer (45%) was predominantly formed and
since purity is essential, the compounds were oigely purified by flash column

chromatography followed by repeated recrystalisgtusually from hexane.

T A detailed experimental is not provided for eautiividual homologue of compoun®6-40 a-j Only salient
features are reported which provide evidence ofatbk undertaken.
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The final estersj.e, members ofSeries | I, IV-XIIl , were prepared using the DCC
esterificatioi* procedure because it is a room temperature, higldiyg, ‘one-pot’ reaction.

As shown in the mechanism Kigure 26, the DCC acts as a dehydrating agent and converts
two carboxylic acid molecules into the correspogdamhydride. Dicyclohexylurea is formed
as a by-product, which precipitates as a whitedsiobm the reaction and can be isolated by
filtration. The purpose of adding a catalytic ambwf DMAP is to further activate the
anhydride towards nucleophilic attack. The DMAHRnbines with the anhydride to form a
highly reactive acylpyridinium intermediate, whishthen attacked by the nucleophilic oxygen
atom of the ‘azophenol’. The desired ester is fEnand the DMAP is released as a good

leaving group and also functions as a catalyst.

i

O i STH

carboxylic acid dicyclohexylcarbodiimide anhydride dicyclohexyl urea (DCU)

(DCC)
A = '

' N—CH; <---"5
E 4-N,N-dimethylaminopyridine :
! (DMAP) :
3 Qe My azophena H |
1 O ! ' !
! % N ? 3 azopheno o I\ ? 3 :
L. + N—CHy, ——— o + >— N—CH;
R™OOH K \ — R™ 0 { o \— :
1 carboxylate anion acyl pyridinium X
. © intermediate ,
R—O :
IO ’
+ N—CHg -----------commmmmnn 4

R Sor \ 7

ester DMAP

Figure 26 The mechanism of ester formation with DCC actomtind DMAP catalysis.

41



2.1.2 SERIES XIV, SCHEME 2

Series XIV,i.e, compoundss1-55 were synthesised according to Scheme 2, p. 64e T
purpose of these compounds was to investigateffibet ef replacing the acrylic linkage (O-
CH=CH-) with its corresponding saturated countdgpae., (-O,C-(CH,),-) where n= 1-4, on
mesophase properties. It was envisaged that theased flexibility would lower m.p. whilst

maintaining liquid crystallinity.

4-(4-n-Heptyloxyphenylazo)phenol (0.259) was efitsti with the appropriate commercially

available 3-(2-thienyl)alkane carboxylic acid téoafl members oSeries XIV.

2.1.3 SERIES XV, SCHEME 3

Following on from this, an investigation into th&eet of replacing the left hand terminal
alkoxy-chain with a cycloalkyl-groupSgries XV) was undertaken to investigate the effect on

mesophase properties.

Compounds58 and 59 were realised as shown iBcheme 3(p. 68). Commercial 4-
cyclohexylacetophenone was converted into an oXimg@5) using hydroxylamine
hydrochloride. This oxime was then rearrangedrt@miné® (56) with pyridine and HCI and
subsequently purified by Claisen distillation. §himine was diazotised and treated with phenol
in 4M sodium hydroxide producing the correspondamp-phenol §7) followed by DCC
esterification with 3,2- and 3,3- thienyl acrylicids to yield desired esterSdries XV, 58 and

59).

2.1.4 SERIES XVI, SCHEME 4 and 5

Initial attempts to prepare compou6fl (Series XVI) to investigate the effect of replacing the

left-hand terminally-disposed alkoxy-chain with acend non-linear aromatic moiety on
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mesophase properties, utilised the Gomberg-Bachmamolytic-aryl couplind*® strategy as
shown inScheme 4 However, purification problems were encountevedy early into the
synthetic pathway and this strategy was soon almatddn favour of the Suzuki-Yanagi-
coupling methodolody (Scheme 5p. 78). The Gomberg-Bachmann reaction was trsobhe
due to the formation of many side-products and isomers. The mechanisriigure 27)

involves free-radical coupling, which is difficuti control.

o
OH N, . .
ON—Ar-N=N X — ON—Ar-N=N — O,N-Ar* 4+ HO

O,N—Ar ’ ON—Ar

OZN\
Ar . H
U’\ /N02 + - & @ + @S S D + OZN—AI‘.
S Ar S/ ! / ke g

-Hzo Sx </
Major Minor Minor Major
Product Product Product Product

Figure 27 Schematic representation of the Gomberg-Bachmeaatiori*

Consequently, Suzuki couplifigpf commercial 4-bromonitrobenzendth thiophene-2-boronic
acid was envisagedS¢heme %, which yielded isomerically pure 3-(2-thienylyabenzene
(60). Atmospheric hydrogenation of an ethanolic solutiof compound60 yielded the
corresponding anilines() which was diazotised and converted to its phéd@)l Finally, DCC
esterification of §2) with 3,2- and 3-(3-thienyl) acrylic acid gave thesired ester$8 and64),

i.e., Series XVI.

The mechanism of the Suzuki coupling is yet to begetely rationalised, however there are
two notable suggestions of how the coupling proseddrstly Thompsontel.®® suggested that
a reactive intermediate arylboronate dianion (&gcét the arylpalladium bromide complex (b)

to form a complex diarylpalladium complex (c) dgrireaction Figure 28).
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o PPhy PPhy
O ' ' ! - Ar—Ar
Ar-BZe T Br-Pd—Ar —> Ar-Pd—Ar' —>
o] ! |

PPh, PPh,
©) (b) (©)
Figure 28 Suggested mechanism for the Suzuki couffing

Martin and Yan{f proposed the catalytic cycle showrFigure 29.

Ar-Ar' Ar-X
Pd (0)
(/ (a)
Ar-Pd-Ar' Ar-Pd-X

@
Na
o (b)
B(OH
(OH)4 ©
S)
OH S)

ArB(OH), —— > ArB(OH)s

Figure 29 Martin and Yang proposed catalytic cycle of theukiizeaction™.

The catalytic route represents the oxidative aolditf palladium(0) complex (step a), followed
by displacement of the halide ion from Ar-Pd-X basbk (step b) to give the organopalladium
hydroxide Ar-Pd-OH complex. This complex then tsasith the alkylboronic acid to give the
biaryl palladium complex (step c). Reductive efiation of Ar-Pd-Ar’ (step d) yields the

desired biaryl and the regenerated Pd(0) catalyst.
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2.2 SYNTHETIC PROCEDURES

2.2.1 4-n-ALKOXYNITROBENZENES @0 a-) - GENERAL METHOD#!

A vigorously stirred mixture of 4-nitrophenol (0.42l), the appropriate n-alkyl bromide (0.84
mol), dry acetone (30 ml) and anhydrous potassiarbanate (116 g, 0.84 mol) was heated
under reflux for 24 h. Thereafter, the reactiorswaoled, potassium salts filtered, washed with
acetone and the filtrate was evaporated to dryn&hs. resultant crude residue was purified by
either vacuum distillation or by recrystallisatiftom ethanol: n=130 g and n=2 80 b) were
supplied commercially; n=30 ¢, 92-94°C @ 0.45 mm Hg, (56%); n=8Q d), 123-125°C @

0.5 mm Hg, (65%); n=530 &, 142-144C @ 0.5 mm Hg, (70%); n=80Q f), 160-162C @ 0.5
mm Hg, (46%); n=730 g, 200-202°C @ 0.6 mm Hg, (50%); =80 H), 208-210°C @ 0.45
mm Hg, (62%); n=930 i), 218-220°C @ 1 mm Hg, (70%); n=1(B0 j), 234-236°C @ 1 mm

Hg, (69%).

The following spectroscopic data for the heptyl@aalogue 30 ¢ is representative for the
remaining series.

Vmax (thin film)/ cmi* 3086w (ArHy,), 2931, 2858w (aliph C-i), 1607, 1513s (C=§), 1468s,
1341s (C-He) 1259-1115s (C-6), 845s (C-He 2 adjacent H)py (270 MHz; CDC}; Me,Si)
0.9 (3H, t, CH, J=6.94 Hz), 1.36 (8H, m, GH 1.81 (2H, quint, CHCH2-CH,-0), 4.03 (2H, t,
-CH,CH,0Ar), 6.92 (2H, d, ArH, J=9.16 Hz), 8.16 (2H, d,HArJ=9.16 Hz);6c (67.9 MHz:
CDCl3; Me,Si) 13.86 (CH) 22.43, 25.44, 28.79, 29.94, 31.35 ({;H68.76 (CH-O), 114.23

(ArC), 125.7 (ArC) 141.07 (ArgNO,), 163.57 (ArG-O).
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2.2.2 4-n-ALKOXYANILINES (31la-)) - GENERAL METHOD®%#!

Commercial palladium on charcoal (10 % Pd/C) (@B%vas carefully added to a solution of
the appropriate 4-n-alkoxynitrobenzer8 (@-) (26 mmol) dissolved in absolute ethanol (100
ml). The mixture was fitted to an atmospheric hyggmator and stirred continuously until the
theoretical volume of hydrogen had been consumétiereafter, the reaction mixture was
filtered through ‘Celite’, washed well with ethanahd the filtrate was evaporated to dryriass
vacua The crude residue was purified by vacuum disifa n=1 @1 g and n=2 81 b) were
supplied commercially; n=3( ¢, 205-208°C @ 4 mm Hg, (69 %); n=8{ d), 118-120°C @

1 mm Hg, (72 %); n=531 6, 120-122°C @ 0.5 mm Hg, (73 %); n=81 f), 138-139°C @ 0.5
mm Hg, (70 %); n=731 g, 167-169°C @ 0.6 mm Hg, (68 %); =81 h), 9 (31 i) and 10 81

i), were isolated as the hydrochloride salt, witlds (77 %), (75 %) and (72 %), respectively.

The following spectroscopic data for the heptylompalogue 1 ¢ is representative for the
remaining series.

Vimax (thin film)/ cm* 3086w (ArH,), 2931, 2858w (aliph C-4), 1607, 1513s (C=§) 1468,
1341s (C-Hep, 1259-1115s (C-Q), 845s (C-Her p.p.d);d1 (270 MHz; CDC}; Me,Si) 0.8 (3H,
t, CHy), 1.36 (8H, m, Ch), 1.66 (2H, quint, CHCH,-O), 3.85 (2H, t, -CHCH,0Ar), 6.56 (2H,
d, ArH), 6.67 (2H, d, ArH)3¢c (67.9 MHz: CDCJ; Me,Si) 14.08 (CH), 22.64 26.02, 29.23,
29.94, 31.84 (Ch), 68.64 (CH-0), 115.59 (ArC), 116.44 (ArC), 141.07 (As®IH,), 152.56

(ArCq-0).
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2.2.3 4-(4-n-ALKOXYPHENYLAZO)PHENOLS 82 a-j) and 4-(4-n-
ALKOXYPHENYLAZO)-FLUOROPHENOLS 3-37 a-) — GENERAL METHOD
FOR DIAZOTISATION AND COUPLING

A cooled (0°C) solution of sodium nitrite (1.0 g, 15 mmol) irater (50 ml) was added to a
cooled solution/suspension of the appropriate #oxganiline @1 a-) (15 mmol) in
HCl/water (5.4 ml: 27 ml). The reaction mixture svaaintained at 6C for 2 h to ensure
successful diazotisation. Thereafter, a mixturgfloforo) phenol (1.4 g, 15 mmol), sodium
hydroxide (1.8 g, 45 mmol) and water (40 ml) wadext] dropwise, with stirring to the above
diazonium solution ensuring that the reaction tenajpee did not exceed®. After stirring for

2 h, the ensuing orange precipitate was filteredc(Ber) and transferred into a separating
funnel containing DCM (100 ml). The organic layeas extracted, washed with water (50 ml)

and dried (MgSQ). The crude residue was purified by flash colwwhromatography on silica

gel (DCM), followed by repeated recrystallisatidrexane) of the desired fraction to afford a
series 4-(4-n-alkoxyphenylazo)phendd? (@-j) and 4-(4-n-alkoxyphenylazo)fluorophenoB3{

37 a-j) as orange solids (38 — 44%)

4-(4-n-Alkoxyphenylazo)phend32 a-)
m.p.s: n=1382 g, 140-141°C; n=2 32 b), 130-130.7C; n=3 82 0; n=4 32 d), 110-111.5C:

n=5 (32 &, 96.7-97.7°C; n=6 @2 f), 105.3-105.8C; n=7 2 g, 103.9-104.3C; n=8 B2 h),
105.3-105.8C; n=9 @2 i), 105-105.4C; n=10 82 j), 100.7-101.3C.

The following spectroscopic data for 4-(4-n-hepxylphenylazo)phenol3@ g is representative
for the remaining members of the non-fluorinate@d-4alkoxyphenylazo)phenols.

Vmax (KBr)/ cmi* 3320sb (O-K), 3039w (Ar-H), 2953, 2934, 2857w (Cd), 1597, 1498s
(C=Cy), 1472s (C-H), 1244, 1105m (C-), 842s (C-He; 2 adjacent H)5, (270 MHz; CDCY;
Me,Si) 0.89 (3H, t, Ch), 1.32 (8H, m, Ch), 1.81 (2H, quint, CHCH,-O), 4.02 (2H, t, -
CH,CH,0Ar), 5.4 (1H, s, -OH), 6.95 (2H, d, ArH), 7.0 (2#, ArH), 7.8 (2H,d, ArH, 7.83 (2H,
d, ArH); oc (67.9 MHz: CDC}; Me,Si) 14.08, 22.61, 25.98, 29.06, 29.2 (BEH,-O), 31.8

(CHy), 68.35 (CH-0), 114.7 (ArC), 115.76 (ArC), 124.35 (ArC), 123 6ArC), 146.75 (ArG),
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158.86 (An-OH), 161.27 (A6-OR); CHN Found: C, 72.93; H, 7.66; N, 8.94 %. Ecjed: C,

73.05; H, 7.74; N, 8.97 %; TLC (DCM), one spot, Bf15.

3-Fluoro-4-(4-n-alkoxyphenylazo)pheng83 a-j)

m.p.s: n=1383 g, 141.5-143.4C; n=2 @3 b), 144.7-145.2C; n=3 33 ¢ 124.3-125.TC; n=4
(33 d), 105-105.7°C: n=5 @3 &, 107-107.4°C; n=6 @3 f), 108.0-108.4C; n=7 @3 g, 97.7-
98.0°C; n=8 33 H), 104.2-104.8C; n=9 @3 i), 115.2-115.5°C; n=10 @3 j), 102.9-103.8C.
The following spectroscopic data for 3-fluoro-4f(4eptyloxyphenylazo)phenol38 ¢ is
representative for the remaining members of thisrfhated series.

Vimax (KBP)/ cmit 3404 s.b (O-K)), 3074w (Ar-Hy), 2998, 2949, 2848w (C4j, 1601, 1497s
(C=Cy), 1266, 1113m (C-8), 837s (C-He;, 2 adjacent H)dy (270 MHz; CDCY; Me,Si) 0.92
(3H, t, CH), 1.41 (8H, m, CRCH,CH,), 1.81 (2H, quint, CHCH,-O), 4.01 (2H, t, -
CH,CH,0Ar), 5.7 (1H, s, OH), 6.4 (1H, d, ArH), 6.66 (1H, ArH), 6.98 (2H,d, ArH), 7.68
(1H, t, ArH), 7.88 (2H, d, ArH)$c (67.9 MHz: CDC}; Me,Si) 14.07 (CH), 22.65, 26.0, 29.18,
29.2, 31.8 (Ch), 68.41 (CH-0), 103.9 (ArC,2e=22.8 Hz), 111.7 (ArC*)c=3 Hz), 114.72
(ArC), 119 (ArC), 124.79 (ArC), 135.3 (AeC°Jce=6.7 Hz), 147.12 (Arg), 158.86 (ArG-OH,
Je=11.4 Hz), 158.99 & 162.78 (Ar-BJer=257 Hz), 161.62 (ArgOR); CHN: Expected: C,
69.07; H, 7.02; N, 8.48 %. Found: C, 69.14; H, 71888.48 %; m.p. 98C. TLC (DCM), one

spot, Rf; 0.16.

2-Fluoro-4-(4-n-alkoxyphenylazo)phend8t a-j)
m.p.s: n=1384 g, 132.6-133.6C; n=2 34 b), 128.8-129.3C; n=3 384 ¢ 119.1-119.6C; n=4

(34 d), 90.8-91.5C: n=5 34 ¢, 88-88.2°C; n=6 34 f), 96.4-97.4C; n=7 34 9, 92.1-92.6°C;
n=8 34 h), 98.7-98.9C; n=9 @34 i), 99.9-101.5C; n=10 B34 j), 98.1-98.6C.

The following spectroscopic data for 2-fluoro-4f(deptyloxyphenylazo)phenol34 9 is
representative for the remaining members of thigrihated series.

Vimax (KBr)/ cm’: 3404s,b (O-H)), 3074w (Ar-Hy), 2998, 2949, 2848w (C4j, 1601, 1497s

(C=C.,) 1266, 1113m (C-Q), 837s (C-Her, 2 adjacent H)§; (270 MHz; CDCY; Me,Si) 0.92
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(3H, t, CHy), 1.41 (2H, sext, C¥CH,CH,-), 1.81 (2H, quint,_CHCH,-O), 4.01 (2H, t, -

CH,CH,0Ar), 5.53 (1H, s, OH), 6.96 (2H, d, ArH), 7.08 (1H1ArH), 7.63 (1H, d, ArH), 7.67
(1H, d, ArH), 7.85 (2H, d, ArH)$c (67.9 MHz: CDC); Me,Si) 14.07 (CH), 22.65, 26.0, 29.18,
29.2, 31.8 (CH), 68.41 (CH-O), 107.7 (ArC%=18.68Hz), 114.72 (ArC), 117.03 (ArC,
%Je=2.1 Hz), 122.1 (ArC'J=3.1 Hz), 124.6 (ArC), 145.7 (AEOH, “Jc=14.5 Hz), 146.5
(ArCq), 146.8 (ArG, *Jc=5.19 Hz), 149.61+153.14 ( Ar-E]l.=240 Hz), 161.55 (ArGOH);

); CHN: Expected: C, 65.5; H, 6.36; N, 8.04 %; Fdug, 65.7; H, 6.42 ; N, 7.9 %; TLC

(DCM), one spot, Rf; 0.22.

2,3-Difluoro-4-(4-n-alkoxyphenylazo)phengBba-j)
m.p.s: n=185 g% n=2 B35 b), 146.2-147°C; n=3 @5 ¢ 121.6-122.4C; n=4 @5 d), 118-119

°C: n=5 @5 &, 129.4-130.4C; n=6 @5 f), 117.3-117.6C; n=7 @5 g, 101-102°C; n=8 @5 h),
99.9-101°C; n=9 @5 i), 103.6-104.5C; n=10 @5 j), 106.7-107.2C.

The following spectroscopic data for 2,3-difluorg4n-heptyloxyphenylazo)phenaBf g is
representative for the remaining members of thisrfhated series.

Vimax (KBr)/ cm™: 3392s,b (O-K), 3070w (Ar-H,), 2992, 2949, 2846w (C4), 1600, 1491s
(C=Cy), 1244, 1105m (C-G), 830s (C-He; 2 adjacent H)5, (270 MHz; CDCY; Me,Si) 0.87
(3H, t, CH), 1.29 (8H, m, Ch), 1.79 (2H, quint, CHCH,-0), 4.01 (2H, t, CHCH,0Ar), 6.0
(1H, s, OH), 6.79 (1H, t, ArH), 6.96 (2H, d, ArHj},49 (1H, t, ArH), 7.87 (2H, d, ArH)c
(67.9 MHz: CDC}; Me,Si) 14.06 (CH), 22.63, 26, 29.16, 29.2, 31.74 (§H68.44 (CH-O),
111.8 (ArG, “3=3.1 Hz), 112.15 (Arg “J=3.1 Hz), 114.75 (ArC), 124.8 (ArC), 135.67
(ArCo, “Jc=5.2 Hz), 138.56-142.3 (At "Jc=240 Hz,%Jc=13.5 Hz), 146.74 (Arg), 146.9
(ArCq-OH), 147-150.89 (Ar-FiJe=261 Hz,’Jr=11.4 Hz), 162.5 (Arg-OR); CHN: Expected:
C, 65.5; H, 6.36; N, 8.04 %; Found: C, 65.7; H,26;4\, 7.9 %; TLC (DCM), one spot, Rf;

0.25.

8 not determined
49



2,6-Difluoro-4-(4-n-alkoxyphenylazo)phendB6 a-j)

m.p.s: =186 8% n=2 (36 b), 142.9-143.8C; n=3 @6 9% n=4 (36 d), 111.4-112C: n=5 @6
€), 124.7-125.4C; n=6 @6 f), 112.1-112.6'C; n=7 @6 ¢, 95.8-96.0°C; n=8 @6 h), 105.9-
106.4°C; n=9 (6 i), 104.2-104.8C; n=10 86 j), 96-97°C.

The following spectroscopic data for 2,6-difluorg4n-heptyloxyphenylazo)phendB§ g is
representative for the remaining members of thisrihated series.

Vmax (KBr)/ cm™: 3320s,b (O-K), 3039w (Ar-H), 2953, 2934, 2857w (C 1597, 1498s
(C=Cy), 1472s (C-H), 1244, 1105m (C-Q), 842s (C-Her , 2 adjacent H)py (270 MHz;
CDCl;; Me,Si) 0.88 (3H, t, Ch), 1.29 (8H, m, Ch), 1.82 (2H, quint, CHCH,-O), 4.03 (2H, t,
-CH,CH,0Ar), 5.47 (1H, s, -OH), 6.96 (2H, d, Ard=8.8 Hz) 7.52 (2H, d, ArH), 7.84 (2H, d,
ArH, J=8.8 Hz);5c (67.9 MHz: CDCY; Me,Si) 14.07, 22.65, 31.8 (GHCH,-O), 68.41 (ChH
0), 106.4 (ArCJc=23.9 Hz), 114.88 (ArC) 124.96 (ArC), 134.62 (AtCler=21.5 Hz) 145.22
(ArCq, *Jce=7.3 Hz), 146.37 (Arg), 149.97 & 153.6 (Ar-F1Jer=240 Hz,%)=5.7 Hz), 162.51
(ArCo-OR); CHN: Expected: C, 65.5; H, 6.36; N, 8.04 %ufd: C, 65.61; H, 6.4; N, 7.94 %);

TLC (DCM), one spot, Rf; 0.12.

3,5-Difluoro-4-(4-n-alkoxyphenylazo)phen¢8&’ a-j)

m.p.s: n=187 g% n=2 37 b), 149-149.5C; n=3 @7 ¢ 116.8-117.8C; n=4 @7 d), 120-121
°C: n=5 @7 @, 107.2-108.°C; n=6 @7 f), 116.6-114.4C; n=7 B7 g, 98.4-99.0°C; n=8 37

h), 98.3-99.2C; n=9 37 i), 103.6-104.6C; n=10 87 j), 105.0-105.4C.

The following spectroscopic data for 3,5-difluorg4n-heptyloxyphenylazo)phenaB{ g is

representative for the remaining members of thisrfhated series.

Vmax (KBR)/cm™: 3534s,b (O-K), 3074w (Ar-Hy), 2953, 2934, 2857s (Cshl 1597, 1498s
(C=C,), 1472s (C-H), 1244, 1105s/m (C-§), 842s (C-Hes, 2 adjacent H) cih & (270 MHz;

CDClz;; Me,Si) 0.88 (3H, t, CH), 1.33 (8H, m, CH), 1.82 (2H, quint, CHCH,-O), 4.02 (2H, t,
-CH,CH,0Ar), 6.29 (1H, s, -OH), 6.48 (2H, d, ArH), 6.97H2d, ArH), 7.89 (2H, d, ArH)dc

(67.9 MHz: CDC}; Me,Si) 14.09 (1, Ch), 22.64, 25.98, 29.14, 29.21, 31.8 (,H68.41 (CH-

8 not determined
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0), 100.25 (ArC?J=24.9 Hz), 114.7 (ArC & Arg), 124.57 (ArC), 147.6 (Arg), 155.84-
158.35 (Ar-F,"Jc=253 Hz,%Jc=8.6 Hz), 157.26 (Arg-OH, %J=14.4 Hz), 161.99 (8, Arg
OH); CHN: Expected: C, 66.28; H, 6.67; N, 7.73 %uRd: C, 66.18; H 6.77; N, 7.68 %; TLC

(DCM), one spot, Rf; 0.14.

2.2.4 GENERAL METHOD FOR ESTERIFICATIONSERIES | — XII1)®

A mixture of the appropriate acid [either 3-(2-thyBacrylic acid or 3-(3-thienyl)acrylic acid or
transcinnamic acid] (2.22 mmol), the appropriate ‘azepdl’ (32-37 (2.02 mmol),
dicyclohexylcarbodiimide (2.22 mmol), dimethylampywsidine (0.2 mmol) and dry Gi€l, (20
ml) was stirred at room temperature overnight. &€hsuing white precipitate was isolated by
Buchner filtration and discarded, whilst the fitbavas evaporated to dryndasvacuo The
resultant crude residue was purified by column efatmgraphy on silica gel eluting with
dichloromethane, followed by repeated recrystaltsafrom toluene until constant transition
temperatures were achieved to give the desiredseste orange crystals. Yields of the thrice
recrystallised esters were very consistent, beimghe range of (55-60 %). The transition
temperatures for members 8ries|-XIIl are listed inTables 2-14 respectivelyof the results

and discussion section.

3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxyphergddphenyl esterESeries 1), (38 a-j)

The following spectroscopic data for  3-thiophenkagrylic acid  4-(4-n-
heptyloxyphenylazo)phenyl est&8(g is representative for the remaining memberSaries |
Vmax (KBr)/ cms 3092.5w (Ar-H,), 2937, 2855w (C-K), 1730s (C=Q), 1630s (alkene
C=Cyy), 1602, 1498s (C=§), 1256, 1112s (C-§), 843s (C-Her, 2 adjacent H) (270 MHz;
CDClz; Me,Si) 0.9 (3H, t, CH), 1.32 (8H, m, -(Ch)4+), 1.84 (2H, quint, CHCH,-O), 4.03
(2H, t, CH-0), 6.43 (1H, d, CHCH-O, J=16 Hz), 7.0 (2H,d, ArH), 7.1 (1H, m, Afkb,
J=4.1Hz), 7.31 (2H, d ArH), 7.32 (1H, d, Afkb), J=3.2 Hz), 7.43 (1H, d, Afkho, J=5.1 Hz),

7.9 (2H, d, ArH), 7.91(2H, d, ArH), 7.92 (1H, d, EBH-O, J=16 Hz)3c (67.9 MHz: CDC;
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Me,Si) 14.08, 22.61, 25.99, 29.06, 29.21 (&EH,-O), 31.78 (CH), 68.39 (CH-O), 114.67
(Ar-C), 115.62 (CHCH-0), 122.14 (ArC), 123.69 (ArC), 124.76 (ArC)28129 (ArGrna),
129.31 (ArGrag), 131. (ArGmo), 139.23 (CH=CHO), 139.29 (ArGmo), 146.8 (ArQ),
150.38 (ArG), 152.29 (ArQ), 161.75 (ArG-O), 164.96 (CG); CHN Expected: C, 69.62; H,
6.29; N, 6.24 %; Found: C, 69.64; H, 6.24; N, 6284HRMS (ESCI) 449.1893 (M+H); TLC

(DCM), one spot, Rf; 0.9.

3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxyphergdd-2-fluorophenyl estergSeries VI),

(42a-)).

The following spectroscopic data for 3-thiophenk&grylic acid 4-(4-n-butyloxyphenylazo)-2-
fluorophenyl ester42 d) is representative for the remaining memberSexies VI.

Vmax (KBr)/cm™: 3092w (Ar-Hy), 2920, 2851w (C-K), 1735s (C=Q), 1620s (alkene C=§),
1601, 1498s (C=§), 1255, 1121s (C-§), 838s (C-He , 2 adjacent H)5, (270 MHz; CDC};
Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, Ck¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0AT), 6.4 (1H, d_CHCH-0, J=15 Hz), 7.0 (2H, d, ArH), 7.09 (3H, m, A&
ArHhiop), 7.34 (1H, d, Arko J=4.0 Hz), 7.45 (1H, d, Ari,q J=6.0 Hz), 7.8 (1H, t, ArH),
7.93 (2H, d, ArH), 8.0 (1H, d, CH=GB, J=15 Hz);5c (67.9 MHz: CDC}; Me,Si) 14.07,
22.65, 31.8 (CHCH,-0), 68.41 (CHO), 110.7 (ArC,%Jc=22.8 Hz), 114.76 (ArC), 115.2
(CH,=CH,-0), 117.65 (ArC,"Jo=3.1 Hz), 118.22 (ArC), 125.13 (ArC), 128.34 ( Avif),
129.53 (ArGraig), 131.9 (ArGr)), 138.5 (ArQ, %Jk=7.27Hz), 139.14 (ArGrnq), 139.68
(CH=CH-0), 147.1 (ArQ), 152.9 (ArQ, *J=11.4 Hz), 157.87+161.68 (Ar-E)c=258 Hz),
162.14 (ArG-0), 164.49 (CQ. Cy3H,FN,OsS expected: C, 65.08; H, 4.99; F, 4.48; N, 6.60
%; found: C, 64.99; H, 4.95; N, 6.61 %; HRMS (ES@I25.1335 (M+H); Heptyloxy
homologue 42 ¢, CsH»7FN,OsS expected C, 66.93; H, 5.83; N, 6.0 %; found: €98; H,

5.78; N, 5.91 %; TLC (DCM), one spot, Rf; 0.85.
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3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxypherzté-3-fluorophenyl esteréSeries 1V), (41
a-j).

The following spectroscopic data for 3-thiophenkagrylic acid 3-fluoro-4-(4-n-
butyloxyphenylazo)-3-fluorophenyl estetl(d) is representative for the remaining members of
Series IV.

Vimax (KBr)/ cm™ 3061w (Ar-H,), 2927, 2858w (C-K), 1735s (C=Q), 1623s (alkene C=§),
1596, 1493s (C=§), 1268-1122s (C-§), 878s (C-He, 2 adjacent H)$y (270 MHz; CDC};
Me,Si) 0.92 (3H, t, Ch), 1.41 (2H, sext, CK¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0Ar), 6.46(1H, d,_ Ch=CH,-O, J=16.0 Hz), 7.0 (2H, d, ArH), 7.08 (1H, t,
ArHrhio, J=3.7 Hz), 7.36 (2H, m, Atk & Ar-H), 7.45 (1H, d, Ar-H), 7.72 (2H, m, ArH &
Ar-H), 7.89 (2H, d, ArH), 7.9 (1H, d, CH=GB, J=16.0 Hz)3c (67.9 MHz: CDC}; Me;Si)
14.07, 22.65, 31.8_(GHCH,-0), 68.41 (CH-O), 108.9 (ArC%Je=19.7 Hz), 114.64 (ArC),
114.77 (CH=CH,-0), 120.64 (ArC“J=3.1 Hz), 123.86 (ArC), 125.01 (Ar-C), 125.18
(ArCrrnio), 127.28 (ArGrnio)), 129.38 (ArGrio)) ,139.15 (ArGyrnio), 139.6 (ArG, %Jo=13.5
Hz), 139.89 (CH=CHO, J=15.6 Hz), 146.51 (A, 151.3 (ArGQ, *J= 5.2 Hz),
152.74+156.44 (Ar-FiJo=250 Hz), 162.14 (Arg0O), 164.37 (CQ); CyHaFN;O:S expected
C, 65.08; H, 4.99; F, 4.48; N, 6.60 %; Found: C,085H, 4.94; N, 6.66 %; HRMS (ESCI)
425.1326 (M+H); Heptyloxy homologudX ¢, C,sH.-FN,OsS expected C, 66.93; H, 5.83; N,

6.0 %; found: C, 67.0; H, 5.9; N, 5.85 %; TLC (DCMe spot, Rf; 0.88.

3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxyphergdd-2,3-difluorophenyl este(Series VIII),

(43 aj).

The following spectroscopic data for 3-thiophenk&grylic acid 4-(4-n-butyloxyphenylazo)-
2,3-difluorophenyl ested@ d) is representative for the remaining memberSaries VIII.

Vimax (KBr)/ cm™ 3071w (Ar-H,), 2928, 2859w (C-K), 1739s (C=Q), 1621s (alkene C=§),
1598, 1496s (C=§), 1259, 1115s (C-§), 853s (C-Hes, 2 adjacent H)oy (270 MHz; CDC};
Me,Si) 0.92 (3H, t, Ch), 1.41 (2H, sext, C¥CH,CH,-), 1.81 (2H, quint,_ CHCH,-0), 4.01
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(2H, t, -CHCH,0Ar), 6.42 (1H, d, CH=CH,-O J= 16.0 Hz), 7.0 (2H, d, ArH), 7.09 (2H, m,
ArH & ArH i), 7.35 (1H, d, Arlhig J=3.5 Hz), 7.45 (1H, d, Afhi) J=5.0 Hz), 7.55 (1H, t,
ArH), 7.93 (2H, d, ArH), 8.1 (1H, d, CH=CGHD, J= 16.0 Hz)p. (67.9 MHz: CDC}; Me,Si)
14.07, 22.65, 31.8 (CHCH,-0), 68.41 (CHO0), 111.7 (ArC%J.=4.16Hz), 114 (CHCH-0),
114.8 (ArC), 118.03 (ArCJc=4.16Hz), 125.4 (ArC), 128.34 (Affop), 129.76 (ArGryi),
132.17 (ArGrhigy), 139 (ArGyrnio)), 139.7 (ArGQ, 2Je=5.2Hz), 140.3 (CH=CHD), 140.5 (ArG,
?Je=14.5 Hz), 140.67-145.97 (Ar-F)c=252.0 Hz,%J=12.5 Hz), 146.92 (ArQ), 147 &
150.87 (Ar-F,"Jc;=257.0 Hz,Jr=11.4 Hz), 162.47 (Arg0O), 163.57 (CQ); CHzF:No0sS
expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 %;rféolC, 62.39; H, 4.49; N, 6.35 %; HRMS
(ESCI) 443.1232 (M+H); Heptyloxy homologué3( g, CsHoeFN-OsS expected C, 64.45; H,

5.41; N, 5.78 %; found: C, 64.52; H, 5.35; N, 5%6TLC (DCM), one spot, Rf; 0.85.

3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxyphergdd-3,5-difluorophenyl estelSeries Xll),
(45 a-j).

The following spectroscopic data for 3-thiophenkagrylic acid 4-(4-n-butyloxyphenylazo)-
3,5-difluorophenyl estedb d) is representative for the remaining memberSaies XII.

Vimax (KBr)/cm™ 3123w (Ar-H,), 2950, 2853w (C-k), 1734s (C=Q), 1616s (alkene C=(),
1597, 1502s (C=§), 1255, 1122s (C-§), 834s (C-He , 2 adjacent H)5, (270 MHz; CDC};
Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, Ck¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0Ar), 6.52 (1H, d,_CHCH-O J= 16.0 Hz), 7.0 (2H, d, ArH), 7.05 (2H, d,
ArH), 7.1 (1H, t, Arbmiq, J=5.64Hz), 7.34 (2H, d, Ak, J=3.5Hz), 7.47 (1H, d, Arfq,
J=5.0 Hz), 7.49 (1H, d, At 7.88 (2H, d, ArH), 7.89 (1H, d, CH=GB, J= 16.0 Hz)dc
(67.9 MHz: CDC}; Me,Si) 14.07, 22.65, 31.8 (GHCH,-O), 68.41 (CH-O), 106.47 (ArC
2J=23.9 Hz), 113.75 (CHCH,-0), 114.83 (ArC), 124.06 (Arg), 125.3 (ArC), 128.34
(ArCrrhioy), 129.8 (ArGrrio)), 132.2 (ArGrhip), 139.04 (ArGyrniop), 140.53 (CH=CHO), 146.26
(ArCo), 150.36 (ArQ, *Jr=7.3 Hz), 153.65 & 157.42 (Ar-FJ.=251.2 Hz,%)=5.2 Hz),
162.52 (ArG-0), 163.07 (CQ. C3H20FN,OsS expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 %;
Found: C, 61; H, 4.34; N, 6.18 %; HRMS (ESCI) 4238 (M+H); Heptyloxy homologue4b
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0), CeHaeFN-OsS expected C, 64.45; H, 5.41; N, 5.78 %; found64£53; H, 5.4; N, 5.75 %;

TLC (DCM), one spot, Rf; 0.85.

3-(Thiophen-2-yl)-acrylic acid 4-(4-n-alkoxyphergdg-2,6-difluorophenyl esteréSeries X)
(44 a-).

The following spectroscopic data for 3-thiophenkagrylic acid 4-(4-n-butyloxyphenylazo)-
2,6-difluorophenyl estedd d) is representative for the remaining memberSearies X

Vimax (KBP)/ cm®: 3092w (Ar-Hy,), 2937, 2865w (C-K), 1730s (C=Q), 1630s (alkene C=§),
1602, 1498s (C=§), 1256, 1125s (C-§), 842s (C-He, 2 adjacent H)3, (270 MHz; CDC};
Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, CK¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0Ar), 6.38 (1H, d,_CHCH-O, J= 16.0 Hz), 6.94 (2H, d, ArH), 6.97 (2H,d,
ArH), 7.09 (1H, t, Arbmg J=5.6 Hz), 7.35 (1H, d, Anjrko J=4.7 Hz), 7.45 (1H, d, Atiq,
J=4.7 HZ), 7.89 (2H, d, ArH, J=8.9 Hz), 7.97 (1HQH=CHO, J= 16.0 Hz)p¢ (67.9 MHz:
CDCl;; Me,Si) 14.07, 22.65, 31.8 (GHCH,-0), 68.41 (CH-0), 106.7 (ArC%Jc=28.0 Hz &
J=3.1 Hz), 114.7 (9, ArC & 17, CFHCH-0), 125.04 (ArC & ArG), 128.38 (ArGi),
129.77 ( ArGrigy), 132.19 (ArGrnio)), 139 (ArGoprnio)), 140.1 (CH=CHO), 147.6 (ArG), 150.8
(ArCq, *Jo=13.5Hz), 154.0 & 157.74 (13, Ar-EJe=258Hz,J=7.26Hz), 162.52 (Arg-O),
164.1 (CQ). CyHooFN,O3S expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 &ynd: C, 62.35;
H, 447, N, 6.28 %; HRMS (ESCI) 443.1235 (M+H); Hgpxy homologue 44 @),
CaeH26F2N-O3S expected C, 64.45; H, 5.41; N, 5.78 %; foundd4£41; H, 5.4; N, 5.74 %; TLC

(DCM), one spot, Rf; 0.89.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergddphenyl ester&Series 11), (39 a-j).

The following spectroscopic data for  3-thiophenk&grylic acid  4-(4-n-
heptyloxyphenylazo)phenyl este89( g is representative for the remaining memberSerfies
.

Vimax (KBr)/ cm? 3092.5w (Ar-H), 2937, 2855w (C-K), 1730s (C=Q), 1630s (alkene

C=Cy), 1602, 1498s (C=§), 1256, 1125s (C-&), 843s (C-He;, 2 adjacent H)jy (270 MHz;
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CDClz; Me,Si) 0.92 (3H, t, Ch), 1.35 (8H, m, -(ChH)4-), 1.82 (2H, quint, CHCH,-0O), 4.04
(2H, t, CH-O), 6.46 (1H, d, CHCH-O, J=16.0 Hz)7.0 (2H, d, ArH) 7.33 (2H, d ArH), 7.38
(2H, m, ArHrig), 7.59 (1H, t, Arkhyep, J=2.1 Hz), 7.87 (1H, d, CH=GB, J=15.8 Hz), 7.91
(2H, d, ArH), 7.3 (2H, d, ArH)pc (67.9 MHz: CDC}; Me,Si) 14.06, 22.61, 25.7, 29.06, 29.15
(CH,-CH,-0), 31.58 (CH), 68.33 (CH-O), 114.7 (ArC), 116.62 (CH#CH,-0), 122.17 (ArC),
123.69 (ArC), 124.77 (ArC), 125.15 (AiGo), 127.26(20, ArGng), 129.14 (22, Ar-Gri),
137.31 (ArGyri), 140.29 (CH=CHO), 146.76 (ArQ), 150.35 (ArG), 152.27 (ArG), 161.75
(ArCqo-0), 164.36 (CQ. CeH2sN,O3S expected: C, 69.62; H, 6.29; N, 6.24 %; Foun@9362;

H, 6.29; N, 6.24 %; HRMS (ESCI) 449.1901 (M+H); T(DCM), one spot, Rf; 0.88.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergdg-2-fluorophenyl esterSeries VII), (47
a-j).

The following spectroscopic data for 3-thiophenkagrylic acid 2-fluoro-4-(4-n-
butyloxyphenylazo)-phenyl este4q d) is representative for the remaining memberSerfies
VIl .

Vmax (KBr)/cm™: 3092w (Ar-Hy), 2937, 2855w (C-k), 1730s (C=Q), 1630s (alkene C=§),
1602, 1498s (C=§), 1256, 1125s (C-§), 843s (C-He, 2 adjacent H)3, (270 MHz; CDC};
Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, Ck¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0Ar), 6.4 (1H, d,_ CHCH-0, J=16.0 Hz), 7.0 (2H, d, ArH), 7.04 (1H, nTH),
7.15 (1H, d, ArH), 7.36 (2H, m, Atirho), 7.59 (1H, m, Arktng), 7.8 (1H, d, ArH), 7.86 (1H,
d, CH=CHO, J=16.0 Hz), 7.93 (2H, d, ArH}: (67.9 MHz: CDC}; Me,Si) 14.07, 22.65, 31.8
(CH,-CH,-0), 68.41 (CHO), 110.7 (ArC,2%J=23.9 Hz), 114.72 (9, ArC), 116.17 (19,
CH=CH-0), 117.65 (Ar-H,"J=3.1 Hz), 118.16 (ArC), 125.12 (ArC & Afq), 127.34
(ArCrhioy), 129.34 ArGroio)), 137.2 (ArGyrniar), 138.5 (ArG, 2Je=7.3 Hz),140.7 (CH=CHO),
147.06 (ArG), 152.9 (ArGQ, 2J=11.4 Hz), 157.86+161.67 (Ar-FJ=258.0 Hz), 162.11
(ArCqo-0), 164.84 (CGQ); CyH2FN,OsS expected C, 65.08; H, 4.99; F, 4.48; N, 6.60 %;.

Found: C, 65.12; H, 4.96; N, 6.64%; HRMS (ESCI) 4323 (M+H); Heptyloxy homologue
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(47 9, CeH27FN,OsS expected C, 66.93; H, 5.83; N, 6.0 %; found: €86H, 5.79; N, 5.9 %;

TLC (DCM), one spot, Rf; 0.84.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergdd-3-fluorophenyl ester(Series V) (46 a-
-

The following spectroscopic data for 3-thiophenk&grylic acid 4-(4-n-butyloxyphenylazo)-3-
fluorophenyl ester46 d) is representative for the remaining memberSearies V.

Vmax (KBr)/ cm™: 3093w (C-Hy), 2919, 2857w (aliph C-i) 1736s (C=Q), 1630s (alkene
C=Cyy), 1595, 1493s (C=§), 1298, 1121s (C-§), 838s (C-Her, 2 adjacent H) (270 MHz;
CDCl;; Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, CKCH,CH,-), 1.81 (2H, quint, CHCH,-0O),
4.01 (2H, t, -CHCH,0Ar), 6.46 (1H, d, CHCH-O J=15.8 Hz), 7.0 (2H,d, ArH), 7.04 (3H, m,
ArH & ArH (trig)), 7.36 (1H, t, Arbnigd=1.9 Hz), 7.72 (2H, m, ArH), 7.87 (1H, d, CH=a}
J=15.8Hz), 7.9 (2H, d, ArHY%c (67.9 MHz: CDC}; Me,Si) 14.07, 22.65, 31.8 (GHCH,-O),
68.41 (CH-O), 108.9 (ArC2Jo=19.72Hz), 114.77 (ArC), 115.62 (GH-O, J=16.0 Hz),
120.68 (ArC,"Jc=3.1 Hz), 123.87 (ArC), 125.01 (ArC), 125.18 (AWifs)), 127.28 (ArGryi)),
129.38 (ArGrnio)), 137.25 (ArGyrhiog), 139.6 (ArG, 2Je=14.5 Hz), 140.94 (CH=CHO, J=16.2
Hz), 146.51 (ArGQ), 151.3 (ArQ, *Joi= 5.2 Hz), 152.74+156.44 (Ar-E)e=251.0 Hz), 162.14
(ArCqo-0), 164.37 (CQ. GCyHFN,OsS expected C, 65.08; H, 4.99; F, 4.48; N, 6.60 %;.
Found: C, 65.11; H, 4.9; N, 6.59 %; HRMS (ESCI) 4332 (M+H); Heptyloxy homologue
(46 9, CeH7FN,OsS expected C, 66.93; H, 5.83; N, 5.78 %; founds&97; H, 5.82; N, 5.93

%; TLC (DCM), one spot, Rf; 0.91.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergdd-2,3-difluorophenyl esteriSeries 1X),
(48 a-j).

The following spectroscopic data for 3-thiophenk&grylic acid 4-(4-n-butyloxyphenylazo)-
2,3-difluorophenyl ested d) is representative for the remaining memberSeries 1X
Vmax(KBr)/ cmi*: 3091w (Ar-Hy), 2953, 2857w (C-K), 1733s (C=Q), 1629s (alkene C=§),

1601, 1498s (C=§), 1257,1118s (C-§J), 841s (C-H, 2 adjacent H)dy (270 MHz; CDC};
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Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, CK¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0AYr), 6.46 (1H, d, CHCH-O J=15.8 Hz), 7.0 (2H,d, ArH), 7.06 (1H, m, ArH
7.36 (2H, m, Arhhnigp), 7.59 (2H, m, Arkti & ArH), 7.89 (1H, d, CH=CHO, J=15.8 Hz),
7.93 (2H, d, ArH)3¢ (67.9 MHz: CDC); Me,Si) 14.07, 22.65, 31.8 (GHCH,-O), 68.41 (CH-
0), 111.7 (ArG, “J=4.15 Hz), 114.7 (ArC), 116.62 (GI€H-O), 118 (ArQ, “Jr=4.15 Hz),
125.15 (ArGrhigy), 125.4 (ArC), 127.34 (ArGho), 129.64 (ArGrigy), 137.12 (ArGrhio)), 139.75
(ArCq, 2Jo=5.2 Hz), 140.6 (ArG, 2Jo=10.4 Hz), 140.7 (CH=CHD), 141.36-146 (Ar-F,
Jcr=238.8 HzJe=12.5 Hz), 146.9 (Arg), 147.1-150.89 (Ar-F.Je;=249.0 Hz,Jc=11.4 Hz),
162.5 (ArG-O), 163.97 (CQ); CyHaoF2NOsS expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 %;
Found: C, 62.36; H, 4.58; N, 6.35 %; HRMS (ESCIB4231 (M+H); Heptyloxy homologue
(48 g), CyeH26F2N2OsS expected C, 64.45; H, 5.41; N, 5.78 %; found6£47; H, 5.41; N, 5.75

%; TLC (DCM), one spot, Rf; 0.85.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergdg-3,5-difluorophenyl este(Series XIlil),

(50 a-j).

The following spectroscopic data for 3-thiophen-3-yl-acrylicdadi(4-n-butyloxyphenylazo)-
3,5-difluorophenyl estei5Q d) is representative for the remaining memberSeries XIII.

Vmax (KBF)/ cm®: 3102w (Ar-Hy,), 2927, 2856w (C-k) 1742s (C=Q), 1629s (alkene C=§)
1599, 1498s (C=g), 1251, 1115s (C-§), 872 (C-He:, 2 adjacent H)§, (270 MHz; CDC};
Me,Si) 0.92 (3H, t, CH), 1.41 (2H, sext, CK¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0Ar), 6.52 (1H, d, CHCH-O J=15.8 Hz), 7.0 (2H, d, ArH), 7.37 (2H, m,
ArHrhio), 7.57 (2H, ArH), 7.59 (1H, m, Arilio)). 7.88 (2H, d, ArH), 7.89 (1H, d, CH=GB,
J=15.8 Hz):5c (67.9 MHz: CDC}; Me,Si) 14.07, 22.65, 31.8 (GHCH,-O), 68.41 (CH-O),
106.6 (ArC%Jc=23.9 Hz), 114.8 (ArC & CHCH-O), 124.05 (ArQ), 125.16 (ArGey), 125.2
(ArC), 127.31 (ArGrmi)), 129.67 (ArGinop), 137.14 (ArGria), 141.59 (CH=CHO), 150.33
(ArCq), 150.33 (ArG, %Jc=5.19 Hz), 153.64+157.42 (Ar-El;=246 Hz,’J=5.2 Hz), 162.51
(ArCq-0), 163.44 (CO. CyHuoFN,05S expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 %;
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Found: C, 62.41; H, 4.52; N, 6.27 %; HRMS (ESCIB4240 (M+H); Heptyloxy homologue
(50 g, CyeH26F2N2O5S expected C, 64.45; H, 5.41; N, 5.78 %; found6£51; H, 5.41; N, 5.8

%; TLC (DCM), one spot, Rf; 0.87.

3-(Thiophen-3-yl)-acrylic acid 4-(4-n-alkoxyphergdd-2,6-difluorophenyl esterESeries Xl),
(49 a-j).

The following spectroscopic data for 3-thiophenk&grylic acid 4-(4-n-butyloxyphenylazo)-
2,6-difluorophenyl ested@ d) is representative for the remaining members oeSXI .

Vimax (KBr)/ cm™ 3093w (Ar-H,), 2937, 2865w (C-K), 1730s (C=Q), 1630s (alkene C=§),
1602, 1498s (C=§), 1256, 1125s (C-§), 843s (C-He, 2 adjacent H)oy (270 MHz; CDC};
Me,Si) 0.92 (3H, t, Ch), 1.41 (2H, sext, CK¥CH,CH,-), 1.81 (2H, quint, CHCH,-O), 4.01
(2H, t, -CHCH,0AT), 6.4 (1H, d_CHCH-0, J=16.0 Hz), 6.94 (2H, d, ArH), 7.0 (2H, dH),
7.09 (1H, d, Arbing, J=5.6 Hz), 7.35 (1H, d, Atklo, J=3.7 Hz), 7.62 (1H, m, Ankky), 7.88
(1H, d, CH=CHO, J=16.0 Hz), 7.93 (2H, d, ArHj; (67.9 MHz: CDC}; Me,Si) 14.07, 22.65,
31.8 (CH-CH,-0), 68.41 (CH-O), 106.7 (ArC3J=27.8 Hz), 114.8 (ArC), 115.85 (GITH-
0), 125.13 (ArC), 125.21 (Ario)), 127.5 (ArGraiop), 129.38 (ArQ), 129.8 (ArGra)), 137.2
(ArCorhio)), 140.25 (CH=CHD), 147.69 (ArG), 150.9 (ArG, *J=13.4 Hz), 154.68+157.32,
(Ar-F, 'Jc=252.7 Hz, &3)=7.7 Hz), 162.63 (Arg0), 1634.14 (CQ. CodHoFN,0:S
expected C, 62.43; H, 4.56; F, 8.59; N, 6.33 %;reolC, 62.39; H, 4.46; N, 6.3 %; HRMS
(ESCI) 443.1232 (M+H); Heptyloxy homologué9( g, C,sHoeFN-O3S expected C, 64.45; H,

5.41; N, 5.78 %; found: C, 64.41; H, 5.4; N, 5.74PhC (DCM), one spot, Rf; 0.90.

4-(4-n-Alkoxyphenylazo)phenyl cinnama8eries 1), (40 a-j).

The following spectroscopic data for 4-(4-n-hepkyiohenylazo)phenyl cinnamatd( g is
representative for the remaining memberSefies 111
Vmax (KBr)/em™ 3094 w (Ar-H,), 2937, 2855w (C-K), 1730s (C=Q), 1630s (alkene C=§),

1602, 1498s (C=§), 1256, 1125s (C-§), 843s (C-Her, 2 adjacent H)$y (270 MHz; CDC;
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Me,Si) 0.92 (3H, t, CH), 1.35 (8H, m, -(CH,-, 1.82 (2H, quint, CHCH,-O), 4.04 (2H, t,
CH,-0), 6.46 (1H, d, CHCH-0O, J=15.8 Hz), 7.0 (2H, d, ArH), 7.33 (2H, dH), 7.44 (3H, m,
2H, ArH), 7.61 (2H, t, ArH), 7.87 (1H, d, CH=G8, J=15.8 Hz), 7.91 (2H, d, ArH), 7.3 (2H, d,
ArH); oc (67.9 MHz: CDCY; MesSi) 14.06, 22.61, 25.7, 29.06, 29.15 (&IEH,-O), 31.58
(CHy), 68.33 (CH-O), 114.7 (ArC), 117.02 (CHCH-0), 122.16 (ArC), 123.69 (ArC), 124.75
(ArC), 128.34 (ArC), 129.01 (ArC), 130.8 (ArC), 187 (ArCy), 146.73 (ArQ), 146.95
(CH=CH-O), 150.37 (ArQ), 152.23 (ArQ), 161.74 (ArG-0), 165.11 (CQ). CuHzoN,Os
expected C, 75.99; H, 6.83; N, 6.33 %; Found C965H, 6.76; N, 6.25 %; HRMS (ESCI)

423.2327 (M+H); TLC (DCM), one spot, Rf; 0.85.
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HO@NOZ

i CnH2n+1Br, K2C03
acteone, reflux

CnH2n+104<;>7No2 (30 a-j, where n = 1-10)

ii. 10% Pd/C, H
EtOH, rt

CnH2n+1O@NH2 (31 a-j, where n =1 -10)

iii. a. NaNG,, HCI, 0-5°C
b. GHs_F,OH, NaOH
0-%C, where x = 0,1,2

a b
CnhHon+10 N\\

N OH where: a,b,c,d =H and n = 1-18% a-));
d —‘— c a- =F and n =1-13B(a-));
F b-=F and n = 1-1®4(a-j);
) a,b- =F and n = 1-13b(a-));
V. ArCHchC()zH, DCC, b,c_ =F andn= l_m(a_j);
DMAP, CHClIj rt a,d-=F and n=1-1I(a-)

CH O N 2 b OR
nF12n+1 N
O
7
F

Where: Ar = 2-thienyl and a,b,c,d = H (n = 1-10) [Serieq38 a-))];
== (n=1-10) [Serieb/, (41 a-))];
H (n=1-10) [Serie¥l, (42 a-)];
afr- (n=1-10) [SerieVIll , (43 a-))];
b7~ (n = 1-10) [SerieX, (44 a-))];
az (n=1-10) [SerieXll, (45 a-))].
Where: Ar = 3-thienyl and a,b,c,d = H (n = 1-10) [Serils (39 a-))];
== (n=1-10) [Serie¥, (46 a-)];
H (n=1-10) [Serie¥ll, (47 a-)];
afdl (n =1-10) [SerieBX, (48 a-))];
b7~ (n=1-10) [SerieXl, (49 a-)];
a7~ (n =1-10) [SerieXlll , (50 a-))];
Where: Ar =phenyl and a,b,c,d =H (n=1-10) [Serids, (40 a-})].

Scheme 1. Generalised pathway for the synthesis of a vamétfiuoro- and non-fluoro-
substituted azobenzene-containing estgesi€s I-XIlI ).
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2.2.5 THIOPHEN-2-YL-ACETIC, -PROPANOIC, -BUTYRIC and -PEMNOIC ACID 4-
(4-n-HEPTYLOXPHENYLAZO)PHENYL ESTERSSeries XIV), (51-54)

The desired esters were prepared using a simiteregdure as described earlier in section 2.2.4
(p. 21), 2-(2-Thienyl)acetic acid, 3-(2-thienyl)pamnoic acid, 4-(2-thienyl)butyric acid and 5-
(2-thienyl)pentanoic acid were used instead of -8{@nyl)acrylic acid. The transition

temperatures are listed Table 200f the results and discussion section.

3-(2-Thienyl)acetic acid 4-(4-n-heptyloxyphenylagbgnyl estef51)

Quantities: 2-(2-thienyl)acetic acid (0.11 g, 0.&al), 4-(4-n-heptyloxyphenylazo)phend2
0) (0.25 g, 0.8 mmol), DCC (0.2 g, 0.97 mmol), DMAR03 g, 0.25 mmol). Yield, 0.11 g, 31
%).

Vimax (KBr)/ cm?: 3072.5w (Ar-Hy), 2921, 2858w (C-K), 1759s (C=Q), 1602, 1583, 1492s
(C=C.y), 1246-1133s (C-Q), 841s (2 adjacent HJj, (400 MHz; CDC}); 0.88 (3H, t, CH),
1.32 (8H, m, CH), 1.81 (6H, m, CHCH,), 4.02 (2H, t, CHO), 4.11 (2H, s, CHCO,), 7.0
(2H, d, ArH), 7.06 (1H, d, Arhe, J=5.0 Hz), 7.25 (2H, d, ArH), 7.26 (1H, d, Afkd;, J=5.0
Hz), 7.28 (1H, d, Arigne, J=5.0 Hz), 7.89 (2H, d, ArH), 7.91 (2H, d, ArH) (100 MHz
CDCly) 14.1, 22.6, 26, 29.03, 31.7 (9H35.6 (CH-CO,), 68.35 (CH-0), 114.7 (ArC), 121.9
(ArC), 123.65 (ArC), 124.8 (ArC), 125.42 (AfGo)), 127 (ArGrniop), 127.24 (ArGrniop), 134.1
(ArCoprhia)), 146.68 (ArG), 146.69 (ArG), 150.48 (ArQ), 151.97 (ArG-0), 161.79 (ArG-O),
168.64 (CQ); CxsHogN,OsSExpected: C, 68.78; H, 6.46; N 6.42 %; Found: C988H, 6.71;

N, 6.46 %; TLC (DCM), one spot, Rf; 0.75.

3-(2-Thienyl)propanoic acid 4-(4-n-heptyloxyphemglpphenyl estef52)
Quantities: 3-(2-thienyl)propanoic acid (0.13 ¢8 @amol), 4-(4-n-heptyloxyphenylazo)phenol
(319 (0.25 g, 0.8 mmol), DCC (0.2 g, 0.97 mmol), DMARRO3 g, 0.25 mmol). Yield, 0.21 g,

(58 %).
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Vmax (KBP)/ cmis 3073.5w (Ar-Hy), 2939, 2934, 2858w (C4j, 1759s (C=Q), 1603, 1582,
1493s (C=G,), 1259-1335s (C-(), 845s (2 adjacent HJy (400 MHz; CDC)) 0.9 (3H, t,
CHs), 1.4 (10H, m, CH), 1.81 (2H, quin, (CHx-CH,), 2.98 (2H, t, CHCH,-C0O;), 3.33 (2H, t,
CH,-CH,-CO), 4.02 (2H, t, CHHO), 6.92 (1H, d, Arldg J=5.0 Hz), 6.97 (1H, m, At
J=3.4 Hz), 7.0 (2H, d, ArH), 7.18 (2H, d, ArH), 8.11H, d, ArHryq, J=5.2 Hz), 7.89 (2H, d,
ArH), 7.91 (2H, d, ArH)5¢c (100 MHz; CDC}) 14.1 (CH), 22.6, 24.25, 26, 25.1, 29.03 (§H
31.7 (CH), 35.5 (CH-CH,-CO,), 68.35 (CH-0), 114.7 (ArC), 122 (ArC), 123.66 (ArC),
123.77 (ArGrn), 124.7 (ArC), 124.7 (ArGno), 127.1 (ArGrg), 142.46 (ArGrni), 146.7
(ArCq), 150.41 (ArG), 151.96 (ArQ), 161.76 (ArG-O), 170.65 (C@); CoeHaN.0sS
Expected: C, 69.3; H, 6.71; N, 6.22 %; Found: C17H, 6.4; N, 6.0 %; TLC (DCM), one spot,

Rf; 0.77.

4-(2-Thienyl)butyric acid 4-(4-n-heptyloxyphenylrpbenyl este(53)

Quantities: 4-(2-thienyl)butyric acid (0.14 g, Gr8nol), 4-(4-n-heptyloxyphenylazo)phen8i(
g) (0.25 g, 0.8 mmol), DCC (0.2 g, 0.97 mmol), DMAR03 g, 0.25 mmol). Yield, 0.18 g, (49
%).

Vimax (KBF)/ cm™: 3072.5w (Ar-Hy), 2955, 2921, 2858w (C<J, 1759s (C=Q), 1602, 1583,
1492s (C=G,), 1246-1332s (C-E), 841s (2 adjacent Hjy (400 MHz; CDC})) 0.89 (3H, t,
CHsy), 1.32 (6H, m, (CHy-CH,) 1.51 (2H, quin, Ck) 1.81 (2H, quin, Ch) 2.15 (2H, CH)),
2.65 (2H, t, CH0), 2.98 (2H, t, Ch), 4.04 (2H, t, CHCO,), 6.84 (1H, d, Arltnic}, J=3.68Hz),
6.95 (1H, t, Artrno, J=5.0 Hz), 6.99 (2H, d, ArH), 7.14 (1H, d, Afkb;, J=5.04Hz), 7.2 (2H,
d, ArH), 7.87 (2H, d, ArH), 7.9 (2H, d, ArH}c (100 MHz: CDCY); 14.1 (CH), 22.6, 24.25,
26, 29.0-29.15, 31.1 (G 31.75 (CH & CH»CO,), 68.35 (CH-0), 114.8 (ArC), 122.07
(ArC), 123.4 (ArGrg), 123.64 (ArC), 124.26 (ArGug & ArC), 126.7 (ArGryq), 143.7
(ArCo), 146.7 (ArGmi), 150.36 (ArG), 152.04 (ArG), 161.75 (ArG-0), 171.47 (CQ);
C»7H3,N,05S Expected: C, 69.8; H, 6.94; N, 6.03 %; Found: C989H, 6.97; N, 5.89 %; TLC

(DCM), one spot, Rf; 0.96.
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5-(2-Thienyl)pentanoic acid 4-(4-n-heptyloxyphenglaphenyl este(54)

Quantities: 5-(2-thienyl)pentanoic acid (0.15 8 émol), 4-(4-n-heptyloxyphenylazo)phenol
(32 g (0.25 g, 0.8 mmol), DCC (0.2 g, 0.8 mmol), DMA®(3 g, 0.25 mmol). Yield, 0.18 g,
(47 %).

Vmax (KBP)/ cmis 3072.7w (Ar-Hy), 2955, 2940, 2862w (C43, 1759s (C=Q), 1607, 1583,
1492s (C=G,), 1260-1125s (C-§), 842s (2 adjacent Hjy (400 MHz; CDC})) 0.88 (3H, t,
CHs), 1.32 (8H, m, Ch) 1.81 (6H, m, CHCH,) 2.61 (2H, t, CH) 2.9 (2H, t, CH-0,) 4.02
(2H, t, CH-0) 6.8 (1H, d, Arkhne, J=4.2 Hz) 6.91 (1H, d, Anrk, J=5.3 Hz) 7.0 (2H, d,
ArH) 7.09 (1H, d, Arbinig, J=5.0 Hz) 7.35 (2H, d, ArH) 7.87 (2H, d, ArH) 7B(2H, d, ArH);
dc (100 MHz; CDCY); 14.1 (CH) 22.6, 24.25, 26, 29.0-29.5, 31.1, 31.7 (CB#.2 (CH-CO,)
68.35 (CH-O) 114.8 (ArC) 122.08 (ArC) 123.1 (Affso) 123.64 (ArC) 124.26 (Arhio))
124.7 (ArC) 126.7 (ArGno) 144.7 (ArG) 146.7 (ArGyrmio) 150.34 (ArQ) 150.08 (ArQ)
161.74 (ArG-0O) 171.69 (-C@); CgH34N,OsS Expected: C, 70.26; H, 7.16; N 5.85 %; Found:

C, 70.14; H, 7.24; N, 5.8 %; TLC (DCM), one spot, R81.
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i. C7H15B|', K20()3
acteone, reflux

C7H1504©— NO, (309

ii. 10% Pd/C, B
EtOH, rt

C7H15O@ NH, (319

iii. a. NaNQ, HCI, 0-5°C
b. GHs.FOH, NaOH
0-5C, where F=0,1,2

NOOH (329

iv. Ar-(CH),-CO,H, DCC,
DMAP, CHCI, rt

o) S
CH o—< >—N\ N 0
77115 \N4©70>\(CH2)n \

Series XIV
wheren=1 (51)
2%2
3%3)
4 (54)

Scheme 2. Generalised pathway for the synthesis of non-flwgrostituted, azobenzene-
containing esters with varying n-alkyl spacgefies XIV).
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2.2.6 4-CYCLOHEXYLACETOPHENONE OXIME §5) &

A mixture of 4-cyclohexylacetophenone (8.8 g, 43at)hydroxylamine hydrochloride (8.3 g,
0.12 mol), ethanol (20 ml) and pyridine (60 ml) wesated under reflux for 3 h. The reaction
was cooled and most of the solvent mixture was wethin vacuo The residue was poured
into water and the resultant white/yellow precitéltered off, washed with water and dried in
a vacuum desiccator before purification by rectiistion with ethanol to afford the desired

oxime 65), 7.86 g (83 %), pale yellow crystals, m.p. 11615-4°C (Lit. 117°C™)

2.2.7 CYCLOHEXYANILINE (56) &

Phosphorous pentoxide (9.46 g, 47 mmol) was cdyefatlded to a suspension of 4-
cyclohexylacetophenone oximg5j (7.3 g, 33 mmol) in dry toluene (190 ml). Thextare was
heated under reflux for 15 minutes before beingemand then added to a mixture of conc.
hydrochloric acid (12.3 ml) and ethanol (67 ml) drehted under reflux for a further 4 hours.
The reaction mixture was cooled, the solvent remdawe vacuo and the resulting residue
basified with 2M-aqueous sodium hydroxide. The pouond was extracted with diethyl ether
(3 x 100 ml), washed with water, dried (Mgg@nd the solvent removeéd vacuo The crude
residue was vacuum distilled to yield the desireiliree (56), 3.1 g (54 %), as a pale yellow

liquid which solidified on standing, m.p. 53-85 (Lit. 53-56°C™)

2.2.8 4-(4-CYCLOHEXYLPHENYLAZO)PHENOL b7)

4-(4-Cyclohexylphenylazo)phenob?) was prepared using a similar procedure as destrib
earlier in section 2.2.3 (p. 47), but instead usiyglohexylaniline %6) (1.3 g, 7.5 mmol),

phenol (0.7 g, 7.5 mmol). Yield, 1.25 g (60 ¥)p. 186.3-186.6C.

Vmax (KBF)/ cmi: 3412m (OH), 3031w (Ar-Hy), 2920, 2848w (aliph C-&), 1591, 1498s
(C=C,,) 1237-1098s (C-Q)), 843s (2 adjacent Hyy (400 MHz; CDCY) 1.38 (5H, m, cyclo-H)

1.86 (5H, m, cyclo-H) 2.56 (1H, t, cyclo-H) 6.9 (2H, ArH) 7.32 (2H, d, ArH) 7.8 (2H, d,
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ArH) 7.84 (2H, d, ArH);5c(100 MHz: CDC}); 26.1 (cyc-C) 26.8 (cyc-C) 34.3 (cyc-C) 44.52
(cyc-C) 115.8 (ArC) 122.56 (ArC) 124.76 (ArC) 126.6ArC) 147.17 (ArG) 150.96 (ArG)

158.06 (ArC-OH); TLC (DCM), one spot, Rf; 0.21.

2.2.9 3-THIOPHEN-2-YL-ACRYLIC AND 3-THIOPHEN-3-YL-ACRYLIC ACID 4-(4-
CYCLOHEXYLPHENYLAZO)PHENYL ESTERS %8 and59) [Series XM

The desired esters were prepared using a simiteedure as described earlier in section 2.2.4
(p.51). The transition temperatures are listedidbles 21and 22 of the results and discussion
section. A mixture of 3-(2- or 3-thienylacrylic id¢ (0.23 g, 1.36 mmol), 4-(4-
cyclohexylphenylazo)phengb?) (0.38 g, 1.36 mmol), DCC (0.31 g, 1.5 mmol), DMARO3

g, 0.2 mmol) and dry DCM (20 ml) was stirred atmotemperature overnight. The ensuing
white precipitate was isolated by Buchner filtratiand discarded, whilst the filtrate was
evaporated to dryness vacuo The resultant crude residue was purified by molu
chromatography on silica gel eluting with DCM, tolled by repeated recrystallisation from

toluene.

The following spectroscopic data is for 3-(2-thibagrylic acid 4-(4-cyclohexylphenylazo)-
phenyl esterg8), (Series XV).

Vimax (KBr)/ cm™; 3057w (C-Hy), 2923, 2848w (aliph C-), 1724s (C=Q), 1618s (alkene
C=Cyy), 1590, 1492s (C=§), 1281-1127s (C-), 835s (2 adjacent HJj; (400 MHz; CDC})
1.18 (10H, m, cyc-Ch), 2.56 (1H, t, cyc. CH, J=6.84Hz), 6.4 (1H_d,€FH, J=15.6 Hz), 7.08
(1H, t, ArHmyiop, J=3.7 Hz), 7.31 (2H, d, ArH), 7.33 (2H, d, ArH)34 (1H, d, Arbkye), 7.43
(1H, d, ArHmyo, J=5.0 Hz), 7.83 (2H, d, ArH), 7.94 (2H, d, ArH),96 (1H, d, CH=CH
J=16.04Hz): (100 MHz: CDC}); 26.07 (CH), 26.78, 34.28, 44.58 (g§H115.68 (CHCH),
122.29 (ArC), 123.02 (ArC), 124.02 (ArC), 127.62Q), 128.4 (ArGrmig), 129.45 (ArGro)),

131.9 (ArGragp), 139.35 (ArGyrng), 139.35 (CH=CH 150.44 (ArQ), 151 (ArG), 151.74
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(ArCq), 152.65 (Ar@-0), 165.06 (-CQ); CsH.4N0O,S Expected: C, 72.1; H, 5.81; N 6.73 %;

Found: C, 72.2; H, 5.91; N, 6.81 %; TLC (DCM), apot, Rf; 0.84.

The following spectroscopic data is for 3-(3-thigagrylic acid 4-(4-cyclohexylphenylazo)-
phenyl esterg9), (Series XV).

Vimax (KBr)/ cm™: 3098w (Ar-H,), 2922, 2849w (aliph C-&), 1732s (C=Q), 1627s (alkene
C=Cyy), 1590, 1492s (C=§), 1277-1129s (C-), 859s (2 adjacent Hyy (400 MHz; CDCY),
1.18 (10H, m, cyclo-Ch), 2.56 (1H, t, cyclo-CH, J=6.84 Hz), 6.45 (1IHGH=CH, J=15.6 Hz),
7.31 (2H, d, ArH), 7.33 (2H, d, ArH), 7.34 (1H, AH mnip), 7.39 (1H, d, Arkdig, J=5.0 Hz),
7.61 (1H, s, Arktg), 7.83 (2H, d, ArH), 7.94 (2H, d, ArH), 7.96 (18, CH=CH J=16.0 Hz);
dc (100 MHz: CDCY}); 26.07 (CH), 26.78, 34.28, 44.58, 116.68 ETHH), 122.3 (ArC), 123
(ArC), 124.02 (ArC), 125.26 (ArGio)), 127.4 (ArCre), 127.62 (ArC), 129.28 (ArG),
137.41 (ArGymmiop), 140.45 (CH=CH, 150.43 (ArQ), 151.05 (ArQ), 151.76 (ArGQ), 152.7
(ArCq-0), 165.5 (-CQ); CosH24N,0,S Expected: C, 72.1; H, 5.81; N 6.73 %; Found: Z;,H,

5.73; N, 6.61 %; TLC (DCM), one spot, Rf; 0.8.
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l i. NHo(OH).HCI, EtOH,A

NOH
OO
CH3

l ii. HCI, Pyridine,A

iii. a. NaNO,, HCI, 0-8C
b. GHsOH, NaOH
0-5C

N@OH (57)

iv. ArCH=CHCO,H, DCC,
DMAP, CHCl,, 1t

Series XV
where Ar= 3,2-thienyl%8)
3,3-thienyl (59)

Scheme 3. Generalised pathway for the synthesis of cyclohghghyl azobenzene-
containing thienyl esterSéries X\V).



2.2.10 2-(4-NITROPHENYL)THIOPHENE 60): Gomberg Reactidfi®®

iso-Amyl nitrite (70 ml, 0.53 mol) was added to a r&tt suspension of 4-nitroaniline (78 g,
0.54 mol) in thiophene (400 ml, 5.1 mol). After 2inutes, the reaction initiated with vigorous
effervescence and exotherm, which was controlleddnling the reaction mixture with an ice
bath. The mixture was then allowed to reflux fon.3 The dark red mixture was cooled and
concentratedn vacuo The resulting precipitate was filtered off, weshwell with light
petroleum ether (b.p. 60-8C) and allowed to air-dry. The crude material vpasified by
column chromatography, eluting with dichloromethaf@lowed by a second column
chromatography, eluting with 1:1 dichlorometharightl petroleum ether (b.p. 60-80 oC) to
furnish the desired 2-(4-nitrophenyl)thiophe€)( 28.5 g, (26 %), m.p. 13& (Lit. 137-138
°Cc®), as pale yellow crystals.

Vmax (KBr)/ cm: 3103w (C=G), 2855w (C-Hy), 1592, 1501s (C=¢, 1507, 1338, 1106s
(N=0,), 1420s (C-H), 842s (2 adjacent HJ, (400 MHz; CDCY) 7.7 (1H, t, ArHrg, J=3.7
Hz), 7.36 (1H, d, Arlyi;, J=4.9 Hz), 7.39 (1H, d, Ao, J=3.7 Hz), 7.67 (2H, d, ArH), 8.15
(2H, d, ArH); 8c (100 MHz: CDCY); 124.36 (ArC), 125.67 (ArG), 125.98 (ArC), 127.64
(ArCrrniop), 128.64 (ArGro) 140.53 (ArGrno). 141.55 (ArQ), 146.59 (ArG-NOy);
C10H/NO,S : Expected: C, 58.52; H, 3.44; N, 6.82 %; Foudd58.49; H, 3.35; N, 6.67 %;

TLC (DCM), one spot, Rf; 0.95.

70



NHzO N02

l i @ , 1Iso-Amyl nitrite,

S

S

(60)

ii. 10% Pd/C, B
EtOH, rt

iii. a. NaNQ,, HCI, 0-5°C
b. GHsOH, NaOH
0-5C

[ Ng
OOy

' iv. ArCH=CHCOH, DCC,
v DMAP, CHCl,, rt

OOy S

- ----

Series XVI
where Ar= 3,2-thienyl
3,3-thienyl

Scheme 4 Attempted synthetic pathway leadingSeries XVI. (n.b. only compoundé()
was prepared).
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2.2.11 2-(4-NITROPHENYL)THIOPHENK®60). Suzuki coupling, Method 1

A mixture of 1-bromo-4-nitrobenzene (15.2 g, 75 MimBd(PPk), (0.76 g, 0.66 mmol, 1.3
mol%), 2M-aqueous sodium carbongd® ml) and toluene (75 ml) under a nitrogen atrhesg
was heated under reflux for 30 minutes. The meiuas removed from the heat, a solution of
thiophene-2-boronic acid (10.2 g, 80 mmol) in ethgB80 ml) was added and reaction mixture
was heated under continuous reflux for 5 days. r@dfeer, the reaction was cooled, filtered
through a glass wool plug and extracted into diegittyer (150 ml). The two layers were passed
through ‘Celite’ and the ethereal layer washed withier (150 ml), dried (MgS{(p and the
diethyl ether removednh vacuo The resultant residue by purified by sublimatigi® °C,
10mm/Hg) and recrystallisation with ethanol to faimthe desired 2-(4-nitrophenyl)thiophene

(60), 6.15 g (41 %), m.p. (138-13@ (Lit. 137-138°C*®as pale yellow crystals.

Vmax(KBr)/ cm™; 3103w (C=G), 2855w (C-H), 1592 & 1501s (C=§), 1507, 1338 & 1106s
(N=0Osy), 1420s (C-H.y), 842s (2 adjacent Hy;; (400 MHz; CDCY), 7.7 (1H, t, ArHrhig), J=3.7
Hz), 7.36 (1H, d, Arldyio;, J=4.9 Hz), 7.39 (1H, d, Ak, J=3.7 Hz), 7.67 (2H, d, ArH), 8.15
(2H, d, ArH); 8¢ (100 MHz: CDCY); 124.36 (ArC) 125.67 (ArGh), 125.98 (ArC), 127.64
(ArCrrniop), 128.64 (ArGrnioy), 140.53 (ArGyrnia)), 141.55 (ArG), 146.59 (ArG-NO,);

C10H;NO;: Expected: C, 58.52; H, 3.44; N, 6.82 %; Found5>&5; H, 3.37; N, 6.67 %; MS:

[M+H]" M/Z=206; Exact Mass: 205; TLC (DCM), one spot, RO5.
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2.2.12 2-(4-NITROPHENYL)THIOPHENE §0): Suzuki Coupling, Method 2

Sodium hydride [50% dispersion in oil] (3.2 g, 68rnol) was added, portionwise, to dry
methanol (30ml) and the resultant mixture stirrédr@om temperature for 30 minutes. 4-
Bromonitrobenzene (4.6 g, 22.8 mmol) was added he tesultant grey sodium

methoxide/methanol mixture and heated under reflitix stirring for 30 minutes.

A mixture of thiophene-2-boronic acid (3.22 g. 2mghol) dissolved in dry methanol (5ml) and
Pd(PPHh), (0.76 g, 0.66 mmol, 1.3 mol%) was added in ong¢i@oto the mixture whilst under

reflux and the reaction was monitored by TLC. ARé hours the reaction was ‘hot-filtered’ to
remove a yellow suspension and the resultant bifitvate cooled to room temperature, from
which yellow crystals emerged. The crystals wemated and sublimed to yield starting
material (first 2 crops) and then the pure prodtatowing 2 crops), 2.1 g (46 %), m.p. 138-

139°C, (Lit. 137-138°C™) as pale yellow crystals.

Vmax (KBr)/ cm™: 3103w (C=G) 2855w (C-H) 1592, 1501s (C=§, 1507, 1338, 1106s
(N=0,), 1420s (C-H), 842s (2 adjacent HJ;, (400 MHz; CDCY); 7.7 (1H, t, Arkrg, J=3.7
Hz), 7.36 (1H, d, Arlyi, J=4.9 Hz), 7.39 (1H, d, Ao, J=3.7 Hz), 7.67 (2H, d, ArH), 8.15
(2H, d, ArH); 8c (100 MHz: CDCY); 124.36 (ArC), 125.67 (ArG), 125.98 (ArC), 127.64
(ArCprniop), 128.64 (ArGmig), 140.53 (ArGrmo), 141.55 (ArG), 146.59 (ApC-NO);
C1eH12N,OS: Expected: C, 58.5; H, 3.4; N, 6.82 %; Found5849; H, 3.36; N, 6.7%; MS:

[M+H]* M/Z=206; Exact Mass: 205; TLC (DCM), one spot, &B5.
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2.2.13 4-(2-THIENYL) ANILINE (61)

Commercial palladium on charcoal (10 % Pd/C) (@B%as carefully added to a solution of 2-
(4-nitrophenylthiophene6Q) (5 g, 24.4 mmol) dissolved in absolute ethan&0(Inl). The
mixture was fitted to an atmospheric hydrogenatat stirred continuously until the theoretical
volume of hydrogen had been consumed. Thered#fiemeaction mixture was filtered through
‘Celite’, washed well with ethanol, and the filieaivas evaporated to dryndasvacuo The
resulting beige solid was recrystallised twice withanol to afford the desired 4-(2-
thienyl)aniline 61),4 g (94 %), m.p. 75-7&, as white crystals.

Vmax (KBr)/ cm™: 3441, 3358m (N-K), 3097w (Ar-H,), 2864w (C-H), 1793, 1757w (N-kk),
1616, 1501s (C=g), 1429s (C-kky), 1291s (N-He), 816s (2 adjacent H)y (400 MHz;
CDCly); 6.68 (2H, d, ArH), 7.03 (1H, t, Afie, J=3.7 Hz), 7.16 (2H, m, Atilg)), 7.43 (2H,
d, ArH); 8¢ (100 MHz: CDCY); 115.4 (ArC), 121.36 (ArGo), 123.18 (ArGro), 125.25
(ArCo), 127.25 (ArC), 127.92 (Ar&o), 145.11 (ArGro), 146.1 (ArG-NH,); CiHoNS
Expected: C, 68.53; H, 5.18; N, 7.99 %; Found: 816; H, 5.29; N, 7.64 %; MS: [M+H]

M/Z= 176; Exact Mass: 175; TLC (DCM), one spot, B5.

2.2.14 4-(4-THIOPHEN-2-YL-PHENYLAZO)PHENOL - GENERAL METHD FOR
DIAZOTISATION AND COUPLING (62

To a cooled (&C) solution of sodium nitrite (3.33 g, 0.05 mol)virater (50 ml) was added to a
cooled solution/suspension of 4-(2-thienyl)anil(g&) (8.8 g, 0.05 mol) in HCI / water (18 ml:
90 ml). The reaction mixture was maintained 8Edor 2 h to ensure successful diazotisation.
Thereafter, a mixture of phenol (4.67 g, 0.05 mabdium hydroxide (6 g, 0.15 mol) and water
(50 ml) was added, dropwise, with stirring to thmwe diazonium solution ensuring that the
reaction temperature did not exceedG After stirring for 2 h, the ensuing yellow/beig
precipitate was filtered {@hner) and allowed to air-dry, whereupon the sohdnged to a

forest greencolour. The crude product was mixed with DCM ailita gel (40 g) and the
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slurry poured onto a pre-packed column. The cmetgdue was purified by flash column
chromatography on silica gel (100 % DCM, slowly pad up to 2 % ethanol/DCM), followed
by repeated recrystallisation (hexane) of the dddiraction to yield the desired 4-(4-thiophen-
2-yl-phenylazo)phenok@), 5.6 g (40 %), m.p. 20%, as bronze crystals.

Vmax (KBP)/ cm’: 3066wb (OHy), 3055w (Ar-H), 2092, 2864w (C-§), 1244-1101s (C-§),
845s (2 adjacent Hpy (400 MHz; CDCY); 2.99 (1H, s, -OH), 6.88 (2H, d, ArH), 7.04 (1H,
ArH rhioj, J=3.46Hz), 7.27 (1H, d, Atikigj, J=5.2 Hz), 7.34 (1H, d, Arrkyj, J=3.4 Hz), 7.66
(2H, d, ArH), 7.8 (2H, d, ArH), 7.83 (2H, d, ArHj: (100 MHz: CDC}); 115.69 (ArC), 123.04
(ArC), 123.76 (ArGrq), 124.87 (ArC), 125.55 (ArGo), 126.2 (ArC), 128.16 (ArGo),
136.06 & 146.75 (ArQ), 143.44 (ArGrmio)), 146.37 (ArG), 151.67 (ArG), 160 (ArGy-OH);
C1eH12N,O: Expected: C, 68.55; H, 4.31; N, 9.99 %; Found6&43; H, 4.41; N, 9.75 %; MS:

[M+H] " M/Z=281.2, Exact Mass: 280; TLC (DCM), one spdt, BR19.

2.2.15 3-THIOPHEN-2-YL-ACRYLIC ACID and 3-THIOPHEN-3-YL-ARYLIC ACID 4-
(4-THIOPHEN-2-YL-PHENYLAZO)-PHENYL ESTERS - GENERAWMETHOD
FOR ESTERIFICATION 63 and64), (SERIES XVI)

A mixture of 3-(2 or 3-thienyl)acrylic acid, (0.28 1.36 mmol), 4-(4-thiophen-2-yl-phenylazo)-
phenol 62) (0.38g, 1.36 mmol), DCC (0.31 g, 1.5 mmol), DMA®R03 g, 0.2 mmol) and dry
DCM (20 ml) was stirred at room temperature ovdrhigThe ensuing white precipitate was
isolated by Bichner filtration and discarded, whilse filtrate was evaporated to drynéss
vacuo The resultant crude residue was purified by molchromatography on silica gel eluting
with DCM, followed by repeated recrystallisatiowrr toluene to afford6@) and 64), (Series

XVI).

3-Thiophen-2-yl-acrylic acid 4-(4-thiophen-2-yl-ptyazo)-phenyéster 63)

Yield, 0.25 g (44 %); m.p. 290-29C, as orange crystals.

Vmax (KBr)/cm™: 3067w (Ar-H), 2937, 2865w (aliph C-), 1732s (C=Q), 1628s (alkene
C=Cy), 1588, 1488s (C=§), 1300-1129s (C-6), 820s (2 adjacent Hy (400 MHz; CDCY);
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6.4 (1H, d, CH=CHO J=15.6 Hz), 7.11 (2H, m, AfHi)), 7.35 (3H, m, ArH, Arktne, and
ArHrhiop), 7.44 (2H, m, Arktno and ArH), 7.76 (2H, d, ArH), 7.94 (2H, d, ArH),98. (2H, d,
ArH), 7.99 (1H, d,_CHCH-O, J=16.0 Hz)3: (100 MHz: CDCY); 115.68 (CH=CHCO),
122.36 (ArC), 123.7 (ArC), 124.19 (ArC & Affao), 126 (ArCpmg), 126.45 (ArC), 129.48
(ArCprhio) & ArCirnigy), 129.48 (ArGrmiop), 131.92 (ArGrnioy), 137.04 (ArG), 139.34 (ArGyrnio),
139.46 (O-CH=CH 143.54 (ArGnc), 150.4 (ArQ), 151.687 (ArG), 152.92 (ArG-0),
165.01 (-CQ); CoeH1N,0,S, Expected: C, 66.32; H, 3.87; N, 6.73 %; Founds@&13; H, 4.01;

N, 6.7 %; TLC (DCM), one spot, Rf; 0.77.

3-Thiophen-3-yl-acrylic acid 4-(4-thiophen-2-yl-pty¢azo)-phenyl estd64)

Yield, 0.28 g (49 %); m.p. 217-22€, as orange crystals.

Vmax (KBr)/cm™: 3067w (Ar-H), 2937, 2865w (aliph C-f), 1732s (C=Q), 1628s (alkene
C=Cy), 1588, 1488s (C=§), 1300-1129s (C-6), 820s (2 adjacent Hyy (400 MHz; CDCY);
6.46 (1H, d, CH=CHCO J=16.1 Hz), 7.12 (1H, t, Aftq, J=4.1 Hz), 7.32 (2H, m, ArH), 7.38
(3H, m, 2 ArHrig) & ArH), 7.43 (1H, d, ArHrmiep), 7.6 (1H, s, Arkthie)), 7.76 (2H, d, ArH),

7.89(1H, d,_ CHCH-CO, J=16.0 Hz), 7.94 (2H, d, ArH) 7.98 (2H, AfH); 5c (100 MHz:

CDCly); 116.65 (CH=CH,-CO,), 122.37 (ArC), 123.72 (ArC), 124.17 (ArC & AfGo),

125.26 (ArGrniop), 126 (ArClnip), 126.44 (ArC), 127.4 (Arfhio), 128.42 (ArGrnig), 129.29
(ArCrhio), 137.03 (ArGrniap), 137.4 (ArG), 140.49 (CHCH-O), 143.54 (ArGnis), 150.4
(ArCq) 151.68 (ArG), 152.93 (ArG-0), 165.04 (-CQ); CxH16N,0.S; Expected: C, 66.32; H,

3.87; N, 6.73 %; Found: C, 66.47; H, 3.79; N, 86,7/TLC (DCM), one spot, Rf; 0.75.
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l i. @\B(OH)Z 2M NayCO;z(5q)0r NaH,
Toluene Pd[P(Phj]4, EtOH, reflux

@—QNOZ (60)
S

ii. 10% Pd/C, H
EtOH, rt

@—QNHZ (61)
S

iii. a. NaNQy, HCI, 0-5°C
b. GHsOH, NaOH
0-5C

Q_QN\\NAQOH 62

iv. ArCH=CHCO,H, DCC,
DMAP, CHCl, rt

Series XVI
where Ar= 3,2-thienyl§3)
3,3-thienyl (64)

Scheme 5 Generalised pathway for the synthesis of 3-(2- tignyl)acrylic acid 4-(4-
thiophen-2-yl-phenylazo)-phenyl este@efies XVI).
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RESULTS AND DISCUSSION




3 RESULTS AND DISCUSSION

This chapter reports and discusses the mesomodgaltécof a variety of thiophene-containing
azobenzene liquid crystal$éries I-11], their non-heterocyclic counterparisg., cinnamates
[Series 1ll] and their fluorinated counterpartSdries 1V-XIll ], with respect to the molecular
structure. The photoresponsive behaviour of 3i@niyl compounds38 g,and41-45 g along
with X-ray crystallographic data of representatbaenpounds frongeries I, 1l andlll is also

reported and discussed accordingly. Herein, thépter shows:

i) thiophene-containing azobenzenes are viable liguistals;

ii) the disposition of the thiophene ring is importimmtmesophase stability ;

i) the number and disposition of lateral fluoro-substits effects mesophase thermal
stability;

iv) thiophene-containing azobenzenes are photoresgonsiv

V) replacing the acrylic linkage with its saturated umrparts affects the

photoresponsitivity of the molecule.

3.1 RESULTS

Ten members, n=1-10, ofS¢ries I-XIllI] were prepared and their mesomorphic data is
represented both in tabuldrable 1[Series [; Table 2[Series II]; Table 3[Series Ill]; Table
4 [Series IV]; Table 5[Series VI; Table 6[Series VIII]; Table 7[Series X; Table 8[Series
XIl']; Table 9[Series VII]; Table 10[Series VII]; Table 11[Series IX]; Table 12[Series X]||
and;Table 13[Series XlII)] and graphical formatRlot 1 [Series [; Plot 2 [Series II]; Plot 3
[Series 1l1]; Plot 4 [Series 1V]; Plot 5[Series VI; Plot 6 [Series VIII]; Plot 7 [Series X; Plot
8 [Series Xll]; Plot 9 [Series VII]; Plot 10[Series VII]; Plot 11 [Series 1X]; Plot 12 [Series

X1] and;Plot 13[Series XIII].
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The mesomorphic data of the derivativeeries XIV, 51-54 Series XV, 58, 59; Series XVI,

63, 64) of the parent is represented in tabular form&tahles 20to 22.

X-ray crystallographic data f@eries | 38 g Series ll, 39 g Series IV, 41 ¢ Series VI, 47 ¢
Series X 44 ¢ Series Xll, 45 cand Series XllI, 50 cis discussed in section 3.3, p. 114 and

represented in tabular formatTiable 17

UV-Vis steady-state photoresponsive studies andopinoluced liquid crystal transitions for
Series | 38 g Series 1V, 41 g Series V|, 42g Series VI, 43g Series X 44gandSeries XI|,

45 gare described in section 3.4, p. 123.
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Table 1; Transition temperature8Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)phenyl esté38 a-j) [Series I]
O H
\! /
c—C S
/ N\
Cotanss0—( ) !
n-alkyl c-C C-N N-I I-N N-C Taa - Ten®
147.8 161.7 235.7 233.4 105.6
CHs 1.1 20.1 1.3 1.3 28.2 4.0
178.2 235.1 233 124
CoHs 38.1 1.7 1.9 26.6 56.9
150.3 216.3 215.2 111
CeHy 57.8 16 14 31 66.0
159.2 215.7 214.3 130.1
CaHo 41.4 2.0 2.0 36.3 26.5
133.5 201.4 200.5 108.2
CsHuy 34.5 1.6 1.7 30.2 67.9
136 197.8 195.8 109.9
CeHus 36.5 1.8 1.8 32.9 618
115.75 124.3 187.1 186.2 96.8
CrHas 5.0 44.6 1.6 1.7 30.3 628
118.7 183.7 182.4 98.9
CaHar 34 1.7 1.6 30.1 65.0
130.3 176.1 175.2 113.5
CoHa 56.2 15 15 455 45.8
112.3 172.4 171.3 89.6
CroHar 41.0 1.7 1.6 34.0 60.1
Average 202.1 61.7

*Phase range = clearing poing(JT— m.p. ()

T/°C 150

250 ~

225+

200

175

125

100 ~

75 A

C recrystallisation

Plot 1:

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Transition temperature plot for the members of anblogous series of 3-
thiophen-2-yl-acrylic acid 4-(4-n-alkoxyphenylazbgmyl esters(38 a-j)
[Series 1]

80



Table 2: Transition temperaturesQ@) for an homologous series 3-thiophen-3-yl-acrylic
acid 4-(4-n-alkoxyphenylazo)phenyl esté39 a-j) [Series 1]

(@] H
e
N )-8 o3
an2n+1o@N H
nalkyl | c-C C-N N-I I-N N-C Ty~ Ton®

1645 | 2349 | 2338 | 1193

CH, ) 51.9 1.8 1.8 48.2 704
- 1611 | 2432 | 2406 125

CoHs 37.1 28 31 T 821
156.2 226 2247 | 1201

CeHy - 3091 1.9 1.9 277 69.8
1058 | 1544 | 2246 | 2229 | 1225

CaHy 9.7 42.3 26 3.0 333 702
136.4 210 2087 | 109.3

CoHuy - 36.2 23 24 216 736
935 134 204 2015 | 105.3

CeHis | 101 | 353 25 25 T 70.0
1216 | 1335 | 1959 | 1945 | 106.6

CHis | 547 | 352 1.8 21 28.6 62.4
126.6 101 190 96.3

CeHy7 ) 38.1 2.0 2.1 225 64.4
1377 | 1834 | 1821 | 1157

CoHa - 62.9 1.6 1.8 31.4 45.7
1101 | 1233 | 1807 | 1792 | o97.6

CiHar | yg5 | 202 1.8 1.8 338 574

Average 2094 66.6

*Phase range = clearing point(JT— m.p. (T.n), T Overlap of 2 phases

250 . I
225 T - []
200 "
" . (clp)
175- N -
T/ OC 150 (m_p_)
125+
100 | /\/\’\/\/\
C
recrystallisation
75 -
50 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Number of carbon atoms, n, in the alkoxy chain

Plot 2: Transition temperature plot for the members of leenologous series of 3-
thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylazbymyl esters (39 a-j)
[Series Il]
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Table 3: Transition temperature$Q) for a homologous series of 3-phenylacrylic akid
(4-alkoxyphenylazo)phenyl estg@0 a-j) [Series 1l1]

(@] H
A\ /
o-c.
//N%: :Fo /C%: :>
CnH2n+1O@N H
nalkyl | c-C C-N N-I I-N N-C | Tou- Tost
1201 | 1465 | 2424 | 2406 | 1058
CH; 44 28.7 1.3 1.3 23 95.9
1617 | 2465 | 2442 | 1302
CoHs 34.4 1.8 1.9 311 B4.8
93 1405 | 2257 | 2238 | 1092
CeHy 9.2 33.4 1.6 16 29.1 85.2
1395 | 2235 | 2217 | 1051
CaHy 34.6 1.7 17 302 84
983 | 1218 209 208 95.2
CoHuy 3.0 30 15 15 27 87.2
1132 | 1189 | 204.9 204 94.5
CeHus 57 35.7 1.6 1.6 315 85.7
117.3 195 1936 | 947
CrHus 36.9 15 15 325 i
1183 | 1908 | 1897 | 934
CeHy7 41.9 15 1.6 34 725
1172 194 1926 | 921
CoHa 32.4 1.4 14 378 6.8
116.3 189 188 91.4
CroHay 36.6 1.7 1.6 333 2.7
Average 2121 82.3

*Phase range = clearing point(J— m.p. (o)
250

225+ . .

2007 - . . @©p

175

T/°C 150 -
125

100

75 c recrystalisation

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Plot 3: Transition temperature plot for the members of llkenologous series of 3-
phenylacrylic acid 4-(4-n-alkoxyphenylazo)phenytiees(40 a-j) [Series III]
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Table 4: Transition temperature8Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-3'-fluorophenyl esté4s a-j) [Series 1V]

R _Q_H
G
N o Cc\ |
CrHan+10 N H
I

n-alkyl c-C C-N N- I-N N-C T = Tl
CH 140.3 169.4 215.4 214.5 119.8 46.0
3 15.3 30.3 1.6 1.5 41.3
CH 147 216 214.4 130.3 69.0
2 31.6 1.7 1.6 43.0
CH 134.6 197.9 195.5 82.3 63.3
E 335 1.5 1.6 33.9
CH 129.4 196.5 195.9 113 67.1
479 72.2 35 3.9 78.4
cH 135.4 186 185.3 104 50.6
Gl 57.9 2.2 25 53.2
CH 121.6 183.3 182.6 103.7 61.7
6 13 25.6 1.8 2.0 33.3
CH 114.9 175.6 174.8 94.6 60.7
715 12.7 0.7 0.6 11.9
C.H 115.6 167 168.5 88.4 51.4
8 28.4 1.3 1.1 27.9
CH 1145 164.1 163.5 100.8 49.6
19 55.6 1.5 1.4 40.4
cH 96.7 163.3 162.6 75.0 66.6
100721 31.4 1.6 1.6 28.0
Average 190.7 58.6

*Phase range = clearing poing(JT— m.p. ()

250
225
200
175+
T/ °C 150 -
125+

100

75 C

recrystallisation

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Plot 4: Transition temperature plot for the members of anblogous series of 3-
thiophen-2-yl-acrylic acid 4-(4-n-alkoxyphenylazgi}fluorophenyl esterg41
a-j) [Series IV].
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Table 5: Transition temperature$Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2'-fluorophenyl esté4g a-j) [Series VI]
Q. H
& S
//N%: E%o /c@
CnH2n+1O@N H
F
n-alky! c-C C-N N-I I-N N-C Taa - Ten®
CHs 177.4 215.9 2145 112.9
36.7 15 1.5 31.8 38.5
C.H 181.5 220 218.6 133.6
2 44.0 2.1 2.1 41.7 38.5
C.H 160.3 200 198.4 117.4
s 39.3 1.8 1.8 35.6 39.7
C.H 143.1 199 196.5 117.4
4% 38.5 2.1 2.0 31.3 55.9
C.H 126.7 187.1 185.8 100
s 51.3 2.9 3.3 45.1 60.4
C.H 125.9 181.1 180.4 114.8
61713 42.0 1.6 1.8 33.3 55.2
C.H 139.8 172.2 171.2 91.7
s 12.6 1.0 0.6 11.9 324
C.H 112.8 169.3 168.6 97.5
g 57.2 1.9 1.8 50.3 56.5
CoH 118.2 162.5 162 95.4
19 65.8 2.3 2.3 63.5 44.3
C.H 114.4 159.6 158.9 94.7
10721 40.2 2.1 2.0 37.8 45.2
Average 186.7 46.6

*Phase range = clearing point(J— m.p. ()

Plot 5:

T/°C 150 1

250

225

200 ~ . .

175

125

100 ~

recrystallisation

75 A C

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Transition temperature plot for the members of andlogous series of 3-
thiophen-2-yl-acrylic acid 4-(4-n-alkoxyphenylaz}luorophenyl esterg42
a-j) [Series VI]
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Table 6: Transition temperature8Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2’,3’-difluorophenydters(43 a-j) [Series VIII]

(@] H
\ /
CcC—-C
/ )
N el /c@
CoHon0— ) H
FF

n-alkyl Cc-C C-N N-1 I-N N-C Togg e e
CH 147.1 215.8 213.5 97.2
s 30.6 1.2 1.4 27.2 68.7

CH 158 221.7 219.6 114.5

215 29.9 1.2 1.3 26.1 63.7
CH 144.9 201.1 200.5 133

s 35.6 1.7 1.6 31.1 56.2
CH 140.1 199.7 198.1 86.5

4% 34.6 2.0 1.8 38.5 59.6
CH 143.3 186.8 186.1 70

st 44.6 1.9 2.0 28.1 435
CH 117.3 182.7 182.1 96.2

6113 36.7 1.7 1.7 29.0 65.4
CH 116.4 173 172.5 70.6

7S 35.3 1.8 1.8 33.2 56.6
C.H 125.6 171.1 170 771

i 48.5 2.3 1.9 44 455
CH 115.5 161.6 160.8 89.7

19 55.1 1.4 1.5 44.0 46.1

cH 113 160.9 160.1 86.7

10721 53.0 1.6 1.7 35.1 47.9

Average 185.5 55.3

*Phase range = clearing poing(JT— m.p. ()
250
225~
200 - -

175 ., - ©lp)

T/°C 150 -

100

75 -
c recrystalisation

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain
Plot 6: Transition temperature plot for the members of andlogous series of 3-

thiophen-2-yl-acrylic acid 4-(4-n-alkoxyphenylaz?)3’-difluorophenyl esters
(43 a-j) [Series VIII].
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Table 7; Transition temperature$Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2',6’-difluorophenydters(44 a-j) [Series X]
FO H
\ /
L& S
N o /c@
CnH2n+10@N H
F
n-alky! c-C C-N N-I I-N N-C Tra -Ten®
157.5 193.5 191.0 115.0
CHs 29.7 1.9 1.9 28.9 36.0
181.3 204.4 202.6 155.1
CoHs 36.4 25 25 353 231
159.6 183.7 182.9 143.9
CsHy 34.2 2.3 2.2 33.5 24.1
146.8 150.1 181.9 181 123
CaHo 8.2 28.1 2.9 2.5 29.27 31.8
137 171 170.3 101.8
CsHuy 35.2 2.8 2.8 30.0 34.0
106 172 171.3 90.3
CoHas 28.4 2.1 2.1 29.4 50.0
140.3 157.1 156 88.5
CrHas 50.0 2.1 23 413 16.8
115.3 152.5 151.2 88.4
CeHy7 44.2 22 22 41.8 3r.2
123 147.3 146.1 93.6
CoHig 47.3 2.0 2.0 43.3 24.3
133.6 138.5 137.5 106.9
CroHar 52.2 1.9 2.3 40.6 4.9
Average 170.6 28.2

*Phase range = clearing poing(JT— m.p. ()

T/°C

250

225~

200

175+

150

125+

100

75 A

c recrystalisation

Plot 7:

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Transition temperature plot for the members of andlogous series of 3-
thiophen-2-yl-acrylic acid 4-(4-n-alkoxyphenylaz#)6’-difluorophenyl esters
(44 a-j) [Series X]
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Table 8: Transition temperature8Q) for a homologous series of 3-thiophen-2-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-3',5'-difluorophenydters(45 a-j) [Series XlI]

F o H
N\ /
/C*C\
\
N o /c@
CrHan+10 N H
F
n-alkyl | C-C C-N N-I I-N N-C Tos- Toa?
1754 190 187 128
CH, 38.2 0.8 0.9 352 14.6
1494 | 2051 | 2035 | 1402
CoHs 35.9 1.3 1.2 30.7 55.7
1397 | 1864 | 1852 125
CsHy 41.3 1.8 18 40 46.7
1406 | 1869 | 1852 | 127.8
CaHy 49.5 2 2 47.7 46.2
127 175.5 175 117.8
CoHuy 56.8 2.2 2.2 55.8 48.5
1239 | 1658 | 1653 | 996
CeHas 36 3.2 3.2 46.2 41.9
1008 | 1639 | 1631 | 782
CrHus 272 1.6 1.6 28.6 63.1
1117 161 1602 | 943
CeHy7 46.7 1.8 2 411 49.3
96.7 1529 | 1515 | 636
CoHao 36.9 1.7 17 35.7 56.2
875 154 152.9 79
CioHay 316 18 1.8 29.2 66.5
Average 174.2 48.9

*Phase range = clearing poing(JT— m.p. ()
250
225+
200 -
175

T/°C 150
125

100

75 C

recrystallisation
50 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Plot 8: Transition temperature plot for the members of andlogous series of 3-
thiophen-2-yl-acrylic  acid  4-(4-n-alkoxyphenylaZ®)5’-difluorophenyl
ester$45 a-j) [Series XlI].
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Table 9: Transition temperature8Q) for a homologous series of 3-thiophen-3-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-3'-fluorophenyl estété a-j) [Series V]

) O\\c cH
,,NOO/ \E:@S
CnH2n+1O@N H
n-alkyl Cc-C C-N N-I I-N N-C T = Tl
CH 169.4 215.4 214.5 119.8
8 43.6 1.4 1.3 38.9 46.0
CH 134.3 150.6 223.6 220.9 128
2 5.5 34.7 2.0 2.0 33.0 73.0
CH 134.7 203.5 202.2 97.8
s 33.3 1.9 1.9 26.7 68.8
CH 110.4 119.1 201.2 200.1 96.2
479 6.7 30.2 2.1 2.2 31.7 82.1
cH 114 192.6 192.1 85.3
e 34.8 1.8 1.8 27.3 78.6
CH 115.1 187.5 187.3 99.3
6 13 37.6 1.9 1.9 30.3 72.4
CH 99.8 177.9 170 76.9
75 34.3 1.7 1.7 23.7 78.1
C.H 105.8 174.5 173.5 77.8
g 30.3 1.2 1.4 19.3 68.7
CH 99 167.7 167 69.7
18 34.6 1.5 1.5 31.7 68.7
cH 101.5 163.7 163.1 76.7
100721 30.3 1.6 1.6 27.1 62.2
Average 190.8 69.9

*Phase range = clearing poing(JT— m.p. ()
250

225

200 ' .

175

T/°C 150

125+

100

75 A

c

50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

recrystallisation

Number of carbon atoms, n, in the alkkoxy chain

Plot 9: Transition temperature plot for the members of andlogous series of 3-
thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylazZ&}luorophenyl esterg46
a-j) [Series V]
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Table 10: Transition temperature$Q) for a homologous series of 3-thiophen-3-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2'-fluorophenyl estétg a-j) [Series VII]
Sy
N 3 \E:@S
CnH2n+1O@N Ho
F
n-alkyl Cc-C C-N N-I I-N N-C Thna - Ten™®
CH, 183 213.7 212.9 133.7
38.5 1.5 1.5 33.3 30.7
C.H 1954 221.8 219.8 152.4
2105 40.7 2.3 2.1 37.5 26.4
C.H 175.3 201.5 200 150.7
s 40.7 2.1 2.0 39.1 26.2
CaHs 152.8 200 199 120.5
294 1.1 1.9 28.6 47.2
CeHy 135.2 187 186.6 107.7
42.9 24 2.3 38.3 51.8
CeHis 129.7 183.5 183.1 121.6
30.4 2.2 2.1 28.0 53.8
CHye 134.7 167.5 168 94.9
52.1 2.1 1.9 29.7 32.8
CeHys 126.6 170 169.3 87.5
50.5 2.1 2 37.3 43.4
CoHio 129 162.5 161.8 97.1
48.0 2.1 2.1 56.0 335
C.H 114.8 159.3 159 94
10772 374 1.9 1.9 35.7 44.5
Average 186.7 39.0

*Phase range = clearing poing(JT— m.p. ()

T/°C

Plot 10:

250

225+

200

175+

150

125

100

75 A

50

1 2 3

4

6

8

10

Number of carbon atoms, n, in the alkoxy chain

Transition temperature plot for the members of anblogous series of 3-
thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylazzi}fluorophenyl esterg47

a-j) [Series VII].
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Table 11: Transition temperature$Q) for a homologous series of 3-thiophen-3-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2’,3’-difluorophenydters(48 a-j) [Series 1X]
%o-d
,,NQO/ :\c@s
CnH2n+1O@N H
F_F
n-alky! c-C C-N N-I I-N N-C Taa - Ten®
CH 147.1 215.8 2135 97.2
3 345 1.5 1.4 29.1 68.7
C.H 139.6 157 224.5 222.2 127.7
2 4.7 34.3 2.3 2.3 32.8 67.5
C.H 145 203.1 202 130.2
e 29.7 1.9 1.9 28.7 58.1
C.H 126.1 200.2 199.2 80.5
4% 40.2 2.3 2.3 30.0 74.1
C.H 123 188.9 188 72.2
s 37.4 2.0 2.0 23.5 65.9
C.H 132 185.5 184.2 103.2
61713 44.9 2.1 2.1 41.6 53.5
C.H 121.3 174.3 173.3 82.1
s 37.8 1.6 1.8 38.9 53
C.H 128.4 172.2 171.4 90
g 395 1.6 1.6 53.5 43.8
CoH 120.1 161.3 160.2 78.2
19 49.2 2.2 2.0 44.8 41.2
C.H 111 158.6 158 84.5
10721 59.2 1.8 1.8 39.7 47.6
Average 188.4 57.3
*Phase range = clearing point(J — m.p. ()
250
225 7 [ I
200 | - .
. . (cl.p)
175 . .
T/°C 150 | N
125 (m.p.)
100 A
75
C recrystallisation
50 T T T T T T T T T 1

Plot 11:

0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Transition temperature plot for the members of andlogous series of 3-
thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylaz)3'-difluorophenyl esters

(48 a-j) [Series IX]
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Table 12: Transition temperature$Q) for a homologous series of 3-thiophen-3-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-2’,6’-difluorophenydters(49 a-j) [Series XI]

"R
>
N Jd :c@
CnH2n+1O@N H
F

n-alkyl Cc-C C-N N-I I-N N-C Tne - Ten®
CH 177.2 189.5 188.4 128.2
3 321 2.0 2.0 31.6 12.3
C.H 175.5 198.2 199.8 1994 189.4
25 6.8 45.0 T 2.8 42 1.6
C.H 171.3 175.7 174.5 159.1
s 324 T 2.2 35.6 4.4
C.H 156.1 175.0 174.0 130.9
e 37.3 2.6 2.7 34.5 18.9
CH 137.5 143.0 162.0 161.0 113.0
> 5.2 42.6 2.2 2.3 42.1 19
CH 133.4 160.2 159.0 99.4
61713 325 2.8 3.0 49.2 70.8
C-H 134.9 149.0 148.0 82.0
s 35.1 1.7 1.7 30.3 14.1
C.H 126.0 146.2 145.3 95.1
8ty 37.7 24 25 354 20.2
CoH 135.6 138.6 138.0 107.2
19 36.6 2.0 2.0 334 3.0
C..H 131.6 136.1 135.2 106.2
1ot 52.1 1.6 2.3 39.6 4.5
Average 164.9 16.9
*Phase range = clearing poink(J— m.p. (&), t Overlap of 2 phases
250
225
200
175+
T/°C 150
125
100
75
50 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Number of carbon atoms, n, in the alkoxy chain
Plot 12: Transition temperature plot for the members of andlogous series of 3-

thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylaz)6é’-difluorophenyl esters
(49 a-j) [Series XI}
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Table 13: Transition temperature$Q) for a homologous series of 3-thiophen-3-yl-acryl
acid 4-(4-n-alkoxyphenylazo)-3',5'-difluorophenydters(50 a-j) [Series XIlII]

R o H
/C*C\\ 74 S
N o} /c@
CnH2n+1OQN H
F
n-alkyl c-C C-N N-I I-N N-C TER
CH 167.7 201.7 200.5 121.3
3 41.3 1.3 0.6 35.0 34.0
CH 148.3 210.1 208.3 133.3
2 34.9 2.1 1.9 31.8 61.8
CH 136.9 192.1 190.8 108.3
st 34.5 2.0 1.5 31.4 55.2
CH 129.4 191.8 190.6 111.5
479 435 2.6 2.6 32.4 62.4
CH 118 179.5 178.8 86.1
Gl 31.6 2.2 2.0 27.4 61.5
CH 112 173.5 172.7 92.4
6 13 36 1.9 1.9 22.3 61.5
CH 108.8 167.4 166.7 88.3
715 35.1 1.9 1.9 41 58.6
CH 99.3 164.7 163.8 96.3
g 39.7 2.2 2.3 34.1 65.4
CH 99.1 156.2 155.5 77
19 30.1 1.9 1.9 31 57.1
cH 87.3 151.7 150.7 78
100721 29.4 1.7 1.9 29.4 64.4
Average 178.9 58.9

* Phase range = clearing poin{(J— m.p. ()

250 ~
225+
200 .
175
T/°C 150
125

100 ~

75 - c

recrystallisation
50 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Number of carbon atoms, n, in the alkoxy chain

Plot 13: Transition temperature plot for the members of mdlogous series of 3-
thiophen-3-yl-acrylic acid 4-(4-n-alkoxyphenylaz®)5’-difluorophenyl esters
(50 a-j) [Series XIII].
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3.1.1 TRANSITION TEMPERATURE PLOTS — OVERVIEW

As evidenced by the graphical plots, the odd-evéaceis clearly observed for all seriese(,
Series I-XIII'). Observation of the odd-even effect is a vergdgmdication of the purity of the
compounds because it is only observed in very pomgoounds. The data points correlating the
N-I transition temperatures lie on two smooth cerwdich show an alternating odd-n and even-
n effect, with the even numbered homologues (n& B8, 8, 10) lying uppermost. As mentioned
in section 1.6.1.1, p. 22, the odd-even effect barexplained in terms of difference in the
magnitude of the anisotropy of the intermoleculalagsability, Aa, between adjacent pairs of
homologuesAa is the difference in molecular polarisability adptine long molecular axis with
respect to the molecular polarisability along thers molecular axis. Thus, for even alkoxy
homologues, more C-C bonds lie on the long axia tha short axis and the magnitude of the
anisotropy of molecular polarisatioda, increases. Consequently the mesophase thermal

stability also increases.
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3.2 STRUCTURE-PROPERTY RELATIONSHIPS

3.2.1 INFLUENCE OF ALTERING THE NATURE AND DISPOSITION OFHE RIGHT-
HAND TERMINAL AROMATIC GROUP OF THE ESTER

The influence of altering the nature and positibthe right-hand terminally disposed aromatic
moiety on mesophase type, thermal stability ands@heange is summarised by the data
displayed inTable 14 Irrespective of the terminal aromatic moietyta® homologues exhibit
the nematic phase. A nematic thermal stabilityeorchay be expressed (shown below)
demonstrating that replacement of a terminal phewjkty Series Ill) with either a 3-thienyl-
(Series Il) or 2-thienyl- moiety $eries ) reduces the average clearing point. oy 2.7°C or

10°C, respectively.

Q
CnhH2n+10 / \ N\\ K
E N 0] Ar
n=1-10
Average Average
Ar = o 0 Phase type
TN—Ia C TN—I - TC-N: C
?Sz?l'ee;‘{' 202.1 61.7 N
3-Thienyl
(Series ) 209.4 66.6 N
Phenyl
(Seriesill ) 2121 82.3 N

Table 14 Average ., (clearing point), T, — Tc.n (phase range) and phase type for
n = 1-10 homologues &eries I-llI

(Serieslll )  (Seriesll) (Seriesl)

The above nematic mesophase stability order mayela¢ed to differences in linearity and
subsequent packing of the molecules in the cristiadte. As expecteBerieslll , which serves
as our control, gives best thermal stability duédalassical calamitic molecular architecture.
The inherent molecular structure and chemistnhafpghene gives a non-linear structure which

reduces the efficiency of packing and thus loweesaphase thermal stability of members of
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Series | and Il . Interestingly, it appears that the packing éficy and intermolecular
attractions are stronger for 3-thiengdefies Il) than 2-thienyl $eriesl), possibly implying a

less strained system.

Likewise, the average phase rangg(Tc.n) shows a similar stability order: phengddries 111)
> 3-thienyl Series 1) > 2-thienyl Geries ). In this instance, the change from phenyl tbegit

3-thienyl or 2-thienyl lowers the phase range by’ 26 or 20.6°C, respectively.

Nabeshimaet al” have reported the n = 4-7 alkyl-substituted ansegof Series |
Comparison of the influence of alkyl- versus alk@gyminal chain on mesomorphic properties
is summarised imMable 15 Replacement of a methylene unit, SHvith an oxygen atom
increases mesophase thermal stability due to mesoneday of the lone pair of electrons on
the oxygen atom with the azobenzene central cocegasing the molecular polarisability along

the long axis of the molecule.

@)
n=1-10
R = C-N,°C N-I, °C | Phase range;C
C,H,O- 159.2 215.7 56.5
C,Ho 112.0 171.0 59.0
CsHy,0- 133.0 201.4 67.9
CsHys- 113.0 165.0 5.02
CeH130- 136.0 197.8 61.8
CeHis 114.0 157.0 43.0
C;H150- 124.7 187.1 62.4
CHis 110.0 134.0 24.0

* Phase range = clearing point,(J— m.p. ()

Table 15 Mesomorphic properties of the n = 4-7 homologoes8-thiophen-2-yl acrylic
acid 4-(4-n-alkoxyphenylazo)phenyl est€geries ) (top line) and 3-thiophen-
2-yl acrylic acid 4-(4-n-alkylphenylazo)phenyl! asfé(bottom line in italics).
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3.2.2 INFLUENCE OF INTRODUCING LATERAL FLUORO-SUBSTITUEN(S)

The influence of introducing lateral fluoro-substiht(s) on mesophase type, thermal stability

and phase range is summarisedable 16

@]
o 9
L1 10 N—QO Ar
i
Position of Average Average
Ar = Series
fluorine(s) Tna, °C Trna—Ten,’C
2-Thienyl [ - 202.1 61.7
2-Thienyl v a- 190.7 58.6
2-Thienyl Vi b- 186.7 46.6
2-Thienyl VIII a-, b- 185.5 55.3
2-Thienyl X b-, c- 170.6 28.2
2-Thienyl Xl a-, d- 174.2 48.9
3-Thienyl Il - 209.4 66.6
3-Thienyl Vv a- 190.8 69.9
3-Thienyl VI b- 186.7 39.0
3-Thienyl IX a-, b- 188.4 57.3
3-Thienyl Xl b-, c- 164.9 16.9
3-Thienyl Xl a-, d- 178.9 58.9
Phenyl m - 212.1 82.3

Table 16. Average . (clearing point), T, — Tc.n (phase range) and phase type for
homologues n = 1-10 &eries | Il , IV-XII

It is well now known that the influence of latefalorination on mesophase thermal stabifity

mesophase range and mesophase type is dependensuipile interplay of several factors,

namely: number of lateral fluoro-substituents; dspon of lateral fluoro-substituents;
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association and dissociation of polarity along acdoss the molecular long axis, and; steric
crowding. Thus, a clear-cut rationale cannot abvdye deduced but instead tentative
assumptions are inferred. To extract and ratispathe data listed iTable 16 in to a
meaningful structure-property relationship, it esbto initially review compounds derived from
3-(2-thienyl)acrylic acid $eries | IV, VI, VIII , X andXIl ), followed by compounds derived
from the isomeric 3-(3-thienyl)acrylic aci®éries I, V, VII, IX, Xl andXlll ) and finally,
express an overall mesophase thermal stabilityrdodehe complete series of compounids,

Series | I, IV-XIII .
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3.2.2.1 INFLUENCE OF LATERAL FLUORINATION OF ACRYLATES DERYED FROM
3-(2-THIENYL)ACRYLIC ACID (Series | IV, VI, VIII , X AND XII')

The influence of lateral fluorination on the averagesophase thermal stabilityy(J may be

expressed by the stability order shown below.

an2n+1o©—N=N——OZCCH:CH—Q

Wheren=1-10

Series | v VI VI XII
Ave. Ty, °C  202.1 190.7 186.7 185.5 174.2 170.6
Difference
in Ty, °C | 114 || a0 |12 || 14l 35 |
Cummulative | 15.7 |
differences?C | 16.6 |

| 28.0 |

| 315 |

Decreasing average mesophase stability, T

Comparison with parent non-fluorinated analogugsries t average T, 202.1°C), reveals
inclusion of either a mono- or di-fluoro-substitti@h decreases the average mesophase thermal
stability. Interestingly, 3-fluoro-substitutioséries IV: average ., 190.7°C) provides most
stable fluorinated compounds whereas 2,6-difluatossitution Series X average {,, 170.6

°C) reveals the least thermally stable series. #sBxXis substitution appears to be more
detrimental to mesophase thermal stability tham@lihe same molecular axis. This may be
further exemplified by the flow chart overleaf whishows changes in magnitude of the

average clearing point based on the number andstgm of fluoro-substituents.
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Series |
-31.5°C 202.1°C -27.9°C
-14.1°cl l -11.4°C
F F F F
-16.1°C @ @ -16.6°C
= Series VI Series IV =
186.7°C 190.7°C
Series X Series XlI
170.6°C -1.20C -16.6°C | -5.2°C 174.2°C
FYF
Series VIII
185.5°C

Compared with the non-fluorinated parent compouBeries I: average T, 202.1°C),
introduction of a mono-fluoro-substituent either amouter edge(Series VI ortho- to the -
O.C-, linkage andneta-to the azo-linkage) or anner edgeSerieslV : ortho- to the —N=N-,
linkage andmeta-to the —QC-linkage) lowers the thermal stability by 15@ and 11.4°C,
respectively. The lateral fluoro-substituent irses molecular breadth and its disposition does
not seem to be too significant as only a minoredé@hce in mesophase thermal stability between
the two mono-fluoro-substituted isomers is detedted Series VI (average T, 186.7°C) and

Series IV (average ., 190.8°C).

However, the influence of introducing a secondridtéuoro-substituent on mesophase thermal
stability is dependent upon the initial dispositminthe first fluoro-substituent and its inclusion
thereafterj.e., either on the same sidedriesVIll ) or across the molecular long ax@&eties X

or SeriesXIl'). Introduction of a second fluoro-substituentossrthe molecular axis iBeries

VI (average T, 186.7°C) to generateSeries X (average ., 170.6°C) lowers thermal
stability by 16.1°C. A similar trend is observed when a second aeaass fluoro-substituent is

introduced inSeries 1V (average T, 190.7°C) generatingSeriesXIl (average T, 174.2°C)
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revealing a decrease in thermal stability of 186 The drop in thermal stability by a
magnitude of approximately 18C (average of 16.1 and 16°€) merely reflects a further
increase in lateral broadening and interannulastimg. The latter will be evident at either end

of the phenyl ring since one end is attached td\HNand the other to -C-.

The introduction of a second fluoro-substituenttbe same side of the molecular long axis
(adjacent to initial fluoro-substituent)e., Series VIII, slightly decreases mesophase thermal
stability. A progressive increase in lateral fination does not lower mesophase thermal
stability markedly, as demonstrated by going frothez Series 1V or SeriesVI to SeriesVIII .
Introduction of a second lateral substituenSties VI (average T, 186.7°C) to giveSeries
VIIl (average {,, 185.5°C) nominally decreases thermal stability by ¥@ However,
inclusion of a second lateral substituenSties|V (average 1, 190.8°C) to give Serie¥Il|
(average 1., 185.5°C) decreases thermal stability by 3@ suggesting a reduction of polar

electronic effects or detrimental conformationaleying of the molecule.

The influence of lateral fluorination on the averamesophase range \(FTc.n) Mmay be

expressed by the stability order shown below.
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an2n+1o©—N=N——OZCCH:CH—Q

Wheren=1-10

Series I v VI XII

Ave. Ty-Ten, °C 61.7 58.6 55.3 48.9 46.6 28.2
Difference

inTyTeoc L3831 Il 33l eall 23| 183
Cummulative 6.4 |

15.1 |
335 |

|

differences®C | 128 |
|
|

Decreasing average mesophase rangeTE,

Comparison with parent non-fluorinated homologuSerigs t average {,-Tcn, 61.7 °C),
reveals inclusion of either a mono- or di-fluordsstituent(s) decreases the average mesophase
range. Interestingly, 3-fluoro-substitutioBefrieslV : average {.-Tc.n, 58.6°C) provides most
stable fluorinated compounds whereas 2,6-difluatostitution Series X: average W.-Tc,
28.2°C) reveals the smallest mesophase range for thesseDuter edge substitution appears to
be more detrimental to mesophase range than irdgw substitution. This may be further
exemplified by the flow chart below which shows ges in magnitude of the average phase

range based on the number and disposition of flsalstituents.
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Series |
(0]
-33.5°C 61.7°C -12.8°C
-15.1°cl l -3.1°C
F F F F
= Series VI Series IV F
46.6°C 58.6°C
Series X Series XlI
28.2°C +8.7°C -6.4°C | -3.3°C 48.9°C
FYy F
Series VI
55.3°C

Compared with the non-fluorinated parent compouseries t average T,-Tc.n, 61.7°C),
introduction of a mono-fluoro-substituent either amouter edge(Series VI ortho- to the -
O.C-, linkage andneta-to the azo-linkage) or anner edgeSeries IV: ortho- to the —N=N-,
linkage andmeta-to the —QC-linkage) lowers the mesophase range by £6..lnd 3.1°C,
respectively. The lateral fluoro-substituent magrease molecular breadth, but the disposition
with regards to the neighbouring groups seems tthéenost significant factor for mesophase
range in this series. Addition of a second fluanbstituent to the most stable mono-fluorinated
series Heries 1IV) on the same side ofthe molecular axis to giv&eries VIIl, to give a
difluorinated speciesSgries VIII) is far less detrimental to mesophase range thanom

fluorination on arouter edggSeries VI).

The influence of introducing a second lateral fassubstituent on mesophase rangg {Tc.n)

is dependent upon the initial disposition of thestfifluoro-substituent. As with mesophase
thermal stability (T.), introduction of a second fluoro-substituent asrthe molecular axis in
Series IV (average {,-Tc.n, 58.6°C) to generat&eries Xll (average {.-Tc.n, 48.9°C) lowers
thermal stability by 9.7C. However, with both fluoro-substituents on theer edge, the

102



mesophase range is still higher by Z23than that of the mono-fluorinat&ekries VI (average

Taa-Tea, 46.6°C).

The introduction of a second fluoro-substituenttbe same side of the molecular long axis
(adjacent to initial fluoro-substituent)e., Series IV, only slightly decreases or even enhances
mesophase range. A progressive increase in lafkratination does not always lower
mesophase thermal stability significantly, as destrated by going fronseries VI to Series
VIII . Introduction of a second lateral substituenSesies IV (average {-Tc.n, 58.6°C) to
give Series VIII (average T,-Tc.n, 55.3°C) nominally lowers thermal stability by 3°&.
Inclusion of a second lateral substituent, howet®Series VI (average {-Tc.n, 46.6°C) to

give Series VIII (average T.-Tc.n, 55.3°C) enhances thermal stability by 8G.

103



3.2.3 INFLUENCE OF LATERAL FLUORINATION OF ACRYLATES DERYED FROM
3-(3-THIENYL)ACRYLIC ACID (SERIES 1, V, VII, IX, XI AND X1l )

The mesophase stability order, shown below, fogrestierived from 3-(3-thienyl)acrylic acid

(Series 11, V, VI, IX, XI andXIlll ) is noticeably different from the order shown by

CnH2n+104©7N=N——OZCCH=CH—C

Wheren=1-10

F F F F F F
_ F F
Series 1 V IX VIl Xl Xl
Ave. Ty, °C  209.4 190.8 188.4 186.7 178.9 164.9
Difference
in Ty, °C | 186 || 24 || 17 || 7.8 | | 14.0 |

Cummulative
differences®C

| 21.0 |

| 22.7 |
| 30.5
|

445

their isomeric counterparts derived from 3-(2-tlyigacrylic acid,i.e., (Series | IV, VI, VIII ,

X and XIIl'), implying a strong dependency of both the digpmsiof the terminal thienyl

moiety and fluoro-substituent.

As shown by the flowchart overleaf, which maps thiguence of increasing the number of
lateral fluoro-substituents on mesophase thermabilgy, inclusion of a mono-fluoro-
substituent on an inner edg8efies \, average [, 190.8°C) decreases thermal stability by
18.6 °C, whereas on an outer edgee(ies VII, average T, 186.7°C) thermal stability
decreases by 22°C. The magnitude of decrease in thermal stahiditynore than for their
iIsomeric counterparts derived from 3-(2-thienylydicracid, i.e., SerieslV andVI. There is a
nominal difference of 4.2C in thermal stability betweeSeriesV and VIl . Inclusion of a

second fluoro-substituent on the same side of thkegular axis inSeriesV or VII to give
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Series 1X exemplifies a ‘space-fill effect’ where little ange in thermal stability is observed
betweenSeries VandIX (2.4°C). An enhancement of thermal stability by 1C7is detected
when a second fluoro-substituent adjacent to tiseifi introduced irseriesVIl . There appears

to be a synergistic effect between the fluoro-gtiestt and the ester linkage.

0
I
—§-N=N©—o—c-§—
Series |l
[0}
-44.5C 209.4°C -30.5°C
-22.7°cl j -18.6°C
F F F F
-25.9°C @ @ -10.4°C
= Series VII Series V =
186.7°C 190.8°C
Series Xl Series XllI
164.9°C +1.7°C -21.0°C| -2.4°C 178.9°C
F F
Series IX
188.4°C

Once again, across-axis difluoro-substitution igemetrimental to mesophase thermal stability
than along the long molecular axis. Again, 2,6udifo-substitution $eries X|, average .,
164.9 °C) affords the least thermally stable series and4s’C less stable than its 3,5-
disubstituted isomeric counterpaBeties XllIl, average {;, 178.9°C). This is a more severe
decrease than observed for the isomeric across@spounds derived from the 3-(2-
thienyl)acrylyl moiety as shown overleaf, where thé-disubstituted series is 36 less stable
than its 3,5-disubstituted isomeric counterpaser{es XIll , average {;, 178.9 °C). A

dependency on the disposition of the two lateredsszaxis fluoro-substituents is evident.
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SeriesXlll
ave Ty., 178.9°C

N )
N :
N Fi
SeriesXl|

ave TN-| , 164.9°C

/ )
-14°C
SeriesXl|
ave Ty, 174.5°C
-3.5°C
rTTTTT 0 /\
! Fi Q
(Y7 s
N )
4N !
i
SeriesX

ave TN-|’ 170.6°C

Alternatively, the influence of the dispositiontbe terminal thiophene in the isomeric across-

axis difluoro-substituted compounds may be invegtid as summarised below.

________

SeriesXlll
ave Ty., 178.9°C

________

SeriesXl|
ave Ty., 164.9°C

________

SeriesXll
ave Ty, 174.2°C

________

SeriesX
ave TN-l’ 170.6 °C

When the fluoro-substituents are located onirarer edge the 3-(3-thienyl)acrylyl-derived

compounds $eries XllI, average {,, 178.9°C) are 4.8°C more stable than the 3-(2-

thienyl)acrylyl counterpartsSeries Xll, average ¥, 174.2°C). However, the opposite is

observed for the outer fluoro-substituents and-8i@nyl)acrylyl-derived compoundsSéries

XlI, average {., 164.9°C) are 5.7°C less stable than the 3-(2-thienyl)acrylyl coupdets
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(SeriesX, average T, 170.6°C). The disposition of the thiophene ring doey pla important
role in mesophase thermal stability, either shov@nigancement or destabilisation.
The influence of lateral fluorination on the averagesophase rangen(FTc.n) for this set of

homologues, may again be expressed by the statitigr shown below.

CnH2n+104©7N=N——OZCCH=CH—C

where n=1-10
F F F F F F

. F F
Series \% I Xl IX VI Xl
Ty Ten °C - 69.9 66.6 58.9 57.3 39.0 16.9
Difference
inTyTe,°C L33 Il 77 |l 16 |l 183[ 222
Cummulative 11 |

differences?C 126 |

|
|
| 30.9
|

53.0

Comparison with parent non-fluorinated analoguSsries Il: average W{,-Tc., 66.6C),
reveals inclusion of either a mono- or di-fluordsstituent(s) in these series does not always
decreases the average mesophase rangerl¢ly). Interestingly, 3-fluoro-substitutiorbéries

V: average {.,-Tcn, 69.9°C) provides most stable compounds of all, whereésd@luoro-
substitution Series XL average {,-Tc.n, 16.9°C) reveals the smallest mesophase range- (T
Tcn) Of all the series.Outer edgesubstitution appears to be more detrimental tooplegse
range thaninner edgesubstitution and may be further exemplified by flesv chart below
which shows changes in magnitude of the mesophasger based on the number and

disposition of fluoro-substituents.
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Series |l
-49.7°C 66.6°C -7.7°C
-27.6°C l l +3.3°C
F F F F
= Series VII Series V F
39.0°C 69.9°C
Series Xl Series Xll|
16.9°C +18.3°C -9.C | -12.6°C 58.9°C
FYF
Series IX
57.3°C

Compared with the non-fluorinated parent compouderies Il: average {,-Tcn, 66.6°C),
introduction of a mono-fluoro-substituent either amouter edge(SeriesVIl : ortho- to the -
O.C-, linkage andneta-to the azo-linkage) is extremely detrimental te thesophase range,
lowering the range by 27.%. Substitution on amner edge(Series V. ortho- to the —N=N-,
linkage andmeta-to the —QC-linkage) enhances the mesophase range b§C3.3The lateral
fluoro-substituent may increase molecular brea@bpearing in this case, reliant on the
disposition with regards to the neighbouring groapd seems to be the most significant factor
for mesophase range in this series. Addition oé@sd fluoro- to the most stable fluorinated
series Heries \j along the molecular axis to givBeries IX is far less detrimental to

mesophase range than a mono-fluoro-substituerraitharouter edggSeries VII).

The influence of introducing a second lateral fausubstituent on the mesophase range is
dependent upon the initial disposition of the fifetoro-substituent. As with mesophase
thermal stability (T.), introduction of a second fluoro-substituent asrthe molecular axis in
SeriesV (average T,-Tc.n, 69.9°C) to generat&eriesXlll (average T-Tc.n, 58.9°C) lowers

mesophase range by €. However, with both fluoro-substituents on thaer edge, the
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mesophase range is still higher by 1%&han that of the mono-fluorinat&ries VIl (average

Taa-Tea, 39.0°C).

As is the case for the 3,2-thienyl homologues, ittr@duction of a second fluoro-substituent on
the same side of the molecular long aixés, Series IX, decreases mesophase range of the
parent homologueSeries Il). A progressive increase in lateral fluorinatiagain lowers
mesophase range (demonstrated by going 8emnes Vto Series IX). Introduction of a second
lateral substituent t8eries V(average {.,-Tcn, 69.9°C) to giveSeriesIX (average T-Ten,
57.3°C), however, lowers mesophase range by approxima@f more than the 3,2-thienyl
homologug(12.6°C compared to 3.3C). However, inclusion of a second lateral substit to
Series VIl (average {,-Tc.n, 39.0°C) to giveSeries IX (average T,-Tc.n, 57.3°C) enhances
the mesophase range by %Afore than the 3,2- thienyl homologue (183compared to 8.7
°C), suggesting a greater enhancement of polarrefécteffects or that better conformational

ordering of the molecule is attainable due to tispakition of the thiophene.
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3.2.4 SUMMARY OF OVERALL THERMAL STABILITY

CnH2nt10 N=N—_A |-o,ccH=cH—{ B | Most

thermally
Where| A and = stable
M esophase thermal

Stability °C
(Series II, 209.4)

(Series | 202.1) / \
S
(Series V, 190.8) —
(Series 1V, 190.7) /QS /Q

(Series IX, 188.4)

(Series VI, 186.7)
(Series VII, 186.7)

(Series VIiI, 185.5)

(Series XIlI, 178.9)

(Series XllI, 174.2)

(Series X 170.6)

(Series X|, 164.9) ]

isNsheneysisledeisle

Least
thermally
stable

Figure 30: Summary of average mesophase thermal stabilitynfembers (n=1-10) of
Series I, Il andIV-XIII .
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The thermal stability order shown iRigure 30, based on the averagey,T transition

temperatures for members (n=1-10) of series derfvech 2- and 3- terminally disposed

thiophene reveals:

In non-fluorinated systems, 3-thienyl substitutisnmore stable than 2-thienyl
substitution.

For mono-fluoro substitution, ayuter edge ¢rtho- to the ester linkage, -O-, and
meta to the azo linkage, -N=N-) disposition of the dio substituent is more
detrimental to the thermal stability thamer edgedisposition ¢rtho- to the azo
linkage, -N=N-, andneta to the ester linkage, J0-) regardless of 2- or 3-thienyl
attachment, e.g., bo®eries VI (outer edge, 2-thienyl) an&eriesVIl (outeredge,
3-thienyl) are less stable than thiginer edge isomeric counterpa®eries 1V and
Series V.

For a fixed position of the fluoro-substituent, heit inner or outer edge, the
disposition of thienyl ring has little or no infloee on the average thermal stability,
e.g., bothSeries VI and VIl have the same thermal stability (186Q) and the
thermal stability ofSeries IVandV differs by just 0.FC.

Difluoro-substitution across the moleculgeties X— XIll ) is more detrimental to
the thermal stability than difluoro-substitutionoaf the molecular axisSeries
VIII'). Similar to mono-fluoro substitution, inner amdter effects are noted,
whereby an outer disposition is more detrimentamsophase thermal stability

than an inner disposition of the two across-axierth substituents.
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CoHane10 N=N—_A |}—o,ccH=cH—{ B |
Where = and =
Mesophase Range, °C  F
(Series V, 69.9) S

(Series 1, 66.6)

)

(Series | 61.7)

(Series XIllI, 58.9)

(Series 1V, 58.6)

Shejslels

T
T

(Series IX, 57.3)

s

T
T

(Series VIII, 55.3)

(Series XIl, 48.9)

(Series VI, 46.6)

(Series VI, 39.0)

8

(Series X 28.2)

=~
wm,
_—

(Series X, 16.9) S

IsWsNsReheys
n

Figure 31:
(n=1-10) ofSeries I, Il, andIV-XIII .
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The stability order for mesophase range showkigare 31 reveals:

Interestingly, a mono lateral fluoro-substituentdted on annner edgegives the
broadest mesophase rangelies V), better than its non-fluorinated counterpart
(Series II).

Inner edgedi-lateral across-axis fluoro substitueBe(ies XllIl) gives the broadest
mesophase range compared with any other mono-flapiti systems, except for
Series V. Interestingly, the mesophase rang&efies XlII, when compared with
its isomeric counterpargeries XIl, is higher by a magnitude of 2Q inferring a
strong dependency on the disposition of the thieing.

Outer edgemono- Series VIandVIl) or di-lateral across-axis fluoro substitution

(Series XandXl) gives the lowest mesophase range.
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3.3 X-RAY STUDIES

Single crystal X-ray diffraction analyses were kngerformed by Dr F. Krebs of the Risg
National Laboratory, Denmark and Dr A. Whitwood tife University of York, on the
propyloxy-homologues ofSeries 1, I, IV, VII, X, XII and XIll . Figure 22 displays

diagrammatic representations (in order of meltimgnpp with the most stable first) of the
molecules obtained from X-ray crystallographic ddiaterpreted by The Cambridge

Crystallographic Data Centriglercury package).

Series VII (m.p. 175.3C)
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Series X (m.p. 159.6C)
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Series Il (m.p. 156.2C)
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Series | (m.p. 150.3C)
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.'3. :._8 O’—M—“—:?: ;: »am—od-08

Series Xl (m.p.139.7°C)
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Series XIIl (m.p. 136.9°C)
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Series IV (m.p. 134.6C)

Figure 32 Structural representations of the propyloxy-hamgaoks of Seriek I, 1V,
VII, X, X1l andXIIl listed in order of thermal stability (interpreteg Dhe
Cambridge Crystallographic Data Centvisrcury package)
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—NI/N = C-0/C=0
Distglr:clz\le/Nt;aTween DUSEEE M= I e Torsion angle
Packing of . . between alignment with g
Propyloxy homologue M.p. molecule within unit neighbouring neighbourin respect to of Aromatics
of (°C) molecules in unit 9 rnng espect 1 across azo
cell molecules in unit neighbouring :
cell o linkage ()
A cell molecule in unit cell
Series VII 175.3 Head to Tall 13.624 13.594 Over alkoxy- grouip 9.02
Series X 159.6 Head to Tall 9.976 10.275 Over Alkene 1.15
Series Il 156.2 Head to Tall 7.976 8.525 Over N=N 1.72
Series | 150.3 Head to Tall 9.368 7.774 Over N=N 12.29
Series XII 139.9 Head to Tail 4.024 11.948 Over fluorinated 24.76
aromatic ring
Series XIII 136.9 Head to Tail 6.237 5.653 Over fluorinated 9.91
aromatic ring
Series IV 134.6 Head to Tall 13.115 11.421 Over N=N 8.94

Table 17 Preliminary data obtained from Mercury X-ray ajssd software
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From the structures shown Figure 32 and the data listed iffable 17, the following

tentative relationships may be inferred.

Vi.

X-Ray analysis confirms that proposed structures emrrect and that all
compounds exhibit rans-configuration of the acrylic and azo groups.

Linearity of the molecule could be a dominant factt the propyloxy- chain is
aligned along the long molecular axis, then melfoints appear to be higher
than the homologues with the propyloxy chain aremhgn a direction
approximately parallel to the long molecular ax@eriesVIl , X, I, | andXIl

are higher melting thaKlll andlV). Melting points are also enhanced by the
3-thienyl disposition in this situation.

The direction of the propyloxy- terminal group witlegards to the long
molecular axis appears lead to a greater increasmeiting point than the
disposition of the terminal thiophene ring.

Melting points appear to be enhanced when withuariihe substituent on the
outer edge(metato the —N=N- linkage $eries VIl and X]) much more than
when the fluorine substituent is on timmer edge(Series XIl, XIII , V), with
non-fluorination being intermediate of the twefies landll ).

It appears that having difluoro-substitution onimmer edgeortho to the —N=N-
linkage [Series Xl andXIlll ]) enhances the melting point as apposed to mono-
substitution $eries 1V). The opposite appears true tuter edggmetato the —
N=N- linkage, ortho to the ester group) fluoro substituted compourssiés

VII compared t&eries X).

It must stressed that other factors such as paekirgngements, direction of the dipole from

the thiophene within a unit cell and torsion angléthin a molecule may also play a role in

the melting points compounds. However, withoutaarin depth study, it is not possible to

draw direct correlation on these factors.
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3.4 PHOTORESPONSIVE STUDIES

Photoresponsive investigations were undertakerherflioro- and non-fluoro- homologues

of the 3-(thiophen-2-yl)acrylic acid 4-(4-n- hemtyyphenylazo)phenyl esterSdriesl, 1V,

VII, VIII , X andXIl i.e., compound$8 g 41 g 42 g 43 g 44 gand45 grespectively.

The UV-Vis absorption spectr&iure 33 a-f) were measured in spectroscopic grade THF

solutions using a diode array spectrophotometeiléAp8453e UV-Vis Spectrophotometer).

Light sources of 367 nm and 434 nm caudingo Z- andZ- to E- photoisomerisation were

obtained by irradiation from a Hg-Xe lamp (Supees@03S, San-ei Electric MFG Co.)

passed through an interference filter of the regliwavelength onto a quartz cuvette filled

with the required sample. Sampling was takenvat $iecond intervals (over a period of 40

seconds), followed by a final irradiation for fim@nutes.

Freshsample
5secs
10secs
15secs
20secs
25secs
30secs
35secs
40secs

5min 40secs

-1
14 O\\C_C:”
/77N
12 | C7H15O_©_N H
38¢g
1 |
0.8
Abs
0.6
0.4 n-TC
0.2 T
O T T ~ T T
280 330 380 430 480
nm
Figure 33 a
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Figure 33 b

Freshsanmple
5secs
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15secs
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5min40secs

Freshsample
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10secs
15secs
20secs
25secs
30secs
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40secs
5min40secs

14 - Q _C:”
7N
N o] ,c—@
C7H150_©_N H
12 F
429
Abs
n-TiC
0.2 T
"
0 T T T T T T T T T T T —;.—L\' T — — T
280 330 380 430 480 530
nm

Figure 33 ¢
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14 T[[ N O\/E:—(E\C_@ 5secs
Tt ‘ £ 10secs
C7H15O—©—N H 15secs
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25
439 s0ecs
14 35secs
5mins 35secs
0.8
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0.6 -
0.4 n-TC
0.2 A I
0 T T T T T T T T T T T LI T 1 1 1 1 1
260 310 360 410 460 510 560
nm
Figure 33 d
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14 4 /C—Ci SrSEeScssawe
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35secs
40secs
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Figure 33 e
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Fresh Sample
5secs
10secs
15secs
20secs
25secs
30secs
35secs
40secs
5mins 40secs

Abs

Figure 33 f
Figure 33 a-f: Absorption spectra of compound38(g, 41 g 42 g 43 g 44 gand45 ¢

showing e and n- 1 absorptions when UV irradiated at 367 nm
corresponding to thigans to cis(E-2) configuration of the azo moiety
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Isobestic Points 3. of Hypsochromic
Concentration in THF A . i i

Compound . max LOGEmay (nm) shift A and increase in fbs) of

(mol dm™®) (nm) Hyperchromic effect

n-m* n-m* (nm)
Series |, 38 g 499 x 10° 352 4.386 323 420 318 427 to 446 rii).0234)
Series 1V, 41 g 3.09 x 10° 357 4.570 327 421 319 436 to 441 1#).0188)
Series VI, 42 g 3.44x 10 342 4.546 320 416 320 434 to443 nm (+0.0288)
Series VIII, 43 g 2.89x 10 342 4.521 327 420 320 430 to 437 1#).0067)
Series X, 44 g 4.35x 10 354 4.495 326 424 321 434 to 441 1§#).0182)
Series XlI, 45 g 2.85x 1C° 335 4.552 323 419 322 No chan@e).005)
Table 18 Data from samples in THF irradiated at 367 nmnghg shifts in the spectra that possibly correspiartdans-cisisomerisation of the N=N

central linking group.
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From theFigure 33 a-f and Table 18 it would appear that irradiation of the samplés a

367nm, causes a hypsochromic shift and a hypocbreffiect on therer* (335-352 nm)

band. At the same time, a small bathochromic shift hyperchromic effect of the 1

(427-446 nm) absorption band is observed. TworcgEdestic points at approximately 327

nm and 420 nm were also observed and the phot@eragpeared to reach a photostationary

staté* (after 5 minutes).

The samples previously irradiated at 367 nm weea firadiated at 434 nm. The resulting

spectra are shown Figure 34 a-f The data from the experiment is displayed@amble 19

5min40secs at 365

14 i\
C—C 5secs
)-8
12 4 T-TC C7H 150 N H 20secs
25secs
38 g 30secs
. [ o
_ 5min40secs
0.8 -
Abs
0.6 -
0.4 -
n-TiC
0.2 l
0 T T T T T \7\ \7\7-_\?“\“7‘.7\“ = T T T T 71
280 330 380 430 480 530 580
nm
Figure 34 a
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Figure 34 ¢
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Figure 34 a-f

Absorption spectra of compound8(g, 41 9,42 9,43 9,44 9,489
showingreT* and n-1t* absorptions when irradiated with visible light484
nm, possibly corresponding to this-trans{Z-E) configuration of the azo
moiety.
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Isobestic S
Concentration in THF Amax Points » of Bat h(.)fc romic 5 s A
Compound ) LOQgEmax shift SN
(mol dm®) (nm) (nm) (nm) Hypochromic shift
T-T* n-m*
449
Series 1,38 g 4.995 x 10 338 4.28 325 417 338
-0.0175
441
Series IV, 41 g 3.09 x 10° 319 4.51 329 | 422 343
-0.014
445
Series VI, 429 3.44 x 10 323 4.59 326 417 340
(-0.0122)
: 442
Series VI, 43 2.80 x 10° 320 4.49 328 418 328
g -0.0138
: 443
Series X, 44 g 4.35x 10° 321 4.43 327 | 423 334
-0.022
436
Series XlI, 45 g 2.85x 10° 336 4.54 323 411 336 0.01
Table 19: Data from samples in THF irradiated at 434 nm shgwhifts in the spectra that possibly correspinzs-transisomerisation of

the N=N central linking group.
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FromFigure 34 a-f a bathochromic shift and hypochromic effect iglemt for all compounds.
This suggests a possible reversibléo E- photoisomerisation and could infer that the matsri

analysed argphoto-switchable

The observed interchange between B#Z)- isomers of thiophene-based compounds initiated
in the presence of UV lighte., photoisomerisation, emphasises the applicatofitthis type of

thiophene-based compound for use in photo-assisigace regulation.
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3.5 THE INFLUENCE OF ALTERING THE LEFT AND RIGHT TERMIN  ALLY
DISPOSED GROUPS

3.5.1 INFLUENCE OF REPLACING THE RIGHT-HAND TERMINAL ACRYIC ESTER
WITH ALKYL ESTERS OF VARYING CHAIN LENGTH [Series XIV]

The influence of altering the nature of the rightttd terminal group by replacement of the
acrylic bond with a range of alkyl spaced thierstiees on mesophase type, thermal stability and
phase range is summarised by the data display@dbie 20 Even with the change of the

terminal ester moiety, all the homologues stillibitthe nematic phase alone.

0
— N o
Series XIV
Phase range
C-N N-I .
R= a a N--lcN
(*C) (*C) .
(°C)
-CH=CH-
124.3 187.1 62.8
(389
-CH,- ] ] ]
(51)
(CHo)er 113.6 (106.7) 6.9
(52
(CHo)e- 94.4 (72.3) 22.1
(53
-(CH,)
- 99.0 (63.0) 36.0

Table 20. Average . (clearing point), 1., — Tc.n (phase range) and phase type for a
range of alkyl length terminally disposed group$ (lhomologous compound
38 gis included for comparative purposes)
From the table above, it is possible to note thi#th ¥he replacement of the acrylic bond from
the homologousSeries | mesophase thermal stability and mesophase rargdoaered

considerably. Itis also of interest that the dirgnsaturated homologue and its further extended

counterpart both exhibit only a monotropic pha#tealso worth noting that by shortening the
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ester chain length by one carbon (compared wittstrées |homologue), liquid crystallinity is
lost. Whilst studying the compounds above some profotnadopesponsive behaviour was

noted (See section 4, Optical textures).
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3.5.2 INFLUENCE OF REPLACING THE LEFT-HAND TERMINAL ALKOX-GROUP
WITH EITHER A 2-THIENYL- OR CYCLOHEXYL-GROUP AND THE EFFECT
UPON MESOPHASE RANGE AND MESOPHASE THERMAL STABILYT(58 and

63)

The influence of altering the nature of the lefttlaterminally disposed alkoxy- group on
mesophase phase range, type and thermal stabibtynimarised by the data displayed able
21. Replacement of the left hand terminal alkoxy rhoief Series | with cyclohexyl- or 2-

thienyl- moiety has varied effects on the thermraperties of the molecule.

Phase range
C-N - (TasTen)
R = q . N-1- 1 C-N
(O (C) o
(C)
<:> 164.4 225.0 60.6
(58)
B
< 207.1 299.3 92.2
(63

Table 21 Average T (clearing point), T, — Te.y (Phase range) and phase type for a
range of varied left-hand terminally disposed gsoup

Table 21 shows that replacing the alkoxy group with a thiepe ring stabilises the mesophase

thermal stability and mesophase range in compariso8eries | by 97.2°C and 30.5°C

respectively. This is possibly due to the increas®lecular polarisability from the dipole of a

second thiophene entity whilst attaining a highrdegf rigidity and linearity. This assumption

is reinforced if the stability is compared with ttveo alkyl spaced relatives (see future work,

chapter 6, p. 147), which one would expect to reageeater flexibility.

Replacement of the alkoxy- moiety by a cycloalkydup also increases the mesophase thermal
stability by 22.9°C, again reinforcing the inference that increasgidity, increases the thermal

stability. However, there is a marginal decreas@ésophase range of -0@.
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3.5.3 INFLUENCE OF REPLACING THE LEFT-HAND TERMINAL ALKOX GROUP
WITH EITHER A 2-THIENYL- OR CYCLOHEXYL- GROUP, AS WLL AS,
ALTERING THE DISPOSITION OF THE RIGHT-HAND TERMINALTHIOPHENE
RING (59 and64)

The influence of altering the nature of the lefitiderminal alkoxy- group and the disposition

of the right hand terminal aromatic group of theeesn mesophase thermal stability and phase

range is summarised by the data displayetiable 22 Replacement of the left hand terminal

alkoxy moiety with a cyclohexyl- or thiophene whitdtering the disposition of the right hand

terminated thiophene to 3-thienyl allows;

[ comparisons to the effect of altering the righttl alkoxy terminal group o&eries Il
and;

ii comparisons of altering the disposition of tight hand terminated thiophene group on

the compound iffable 21

o
R N
O
=
Phase range
C-N N-I (Tas-Ten)
R = - - N-=lcN
(°C) (°C) 0
(C)
<:> 169.3 223.6 54.3
(59
B
< 215.8 303.7 87.9
(64

Table 22 Average . (clearing point), T., — Tc.n (Phase range) and phase type for a
range of varied left and right-hand terminally 2thyl disposed groups

The data inTable 22 interestingly shows that the disposition of thephene ring, in this
series, has a far lesser effect on mesophase thstatdlity of the 3,2- counterparts, than for
their alkoxy homologuesSgries Il). For the cyclohexyl- derivative, the 2-thienykassis the
more stable isomer with a thermal stability of just°C higher than that of the 3-thienyl ester.
The reverse is the case with the thiophene terngralp where the 3,3-isomer is just 3@

higher than that of the 3,2- isomer.
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4 OPTICAL TEXTURES

All the homologues, n=1-10, o6pries I-XIII] are liquid crystalline. All exhibit the nematic
phase alone on heating from the crystalline satid an cooling from the isotropic liquidg.,
enantiotropic nematic liquid crystals. The nematiase is detected easily on cooling from the
isotropic liquid. The appearance of tiny, highlglaured (birefringent), spherical droplets
emanating from the isotropic liquid (optically extt, dark background, LHS of Plate 1) marks
the onset of the nematic phase (RHSR¥ate 1). The droplets tend to coalesce as the
temperature decreases to form a classical thre@8ellieren) texture of a nematic phase

exhibiting 2- and 4-point brush defecBdte 2.

Plate 1 Appearance ohematic droplets from the isotropic liquid and treset of the
classical threaded texture of the nematic phase.
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Plate 2 Classical threaded or Schlieren texture of the ierphase

Homologues oferies X1V, in which the acrylic moiety has been replaceasaturated alkane
[with the exception of n=1]), show the same texdues the parent compound. However,
interestingly, at a fixed temperature just below ttlearing point the N-I transition may be
effect by light. Thus, as the light intensity icieased, the nematic phase appears to become
brighter exhibiting increased Brownian motidtidtes 3 a-¢ and then becomes optically extinct
as it transforms in to the isotropic liquidPlétes 3 d-¢. Photo-induced N-I transition occurs
very quickly, within seconds, and the isotropiculd) remains until the light intensity is

decreased or switched off.
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Plate 3 a Nematictexture, just below the clearing point at low lighiensity

Plate 3b Increase in light intensity gives brilliant birefgence and the texture appears to
shimmer.
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Plate 3 ¢ The nematic phase begins to extinguish into ipitro

Plate 3d Nematic phase rapidly extinguishes into the igptréiquid from top left.
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Plate 3e The edge of the ‘hole created by illumination.

Plates 3 a-eThe nematic phase 8kries XIV (53, where n=3) upon increasing illumination at
constant temperature just below the clearing point.

Another interesting optical feature was shown bg thentyl’ homologue ofSeries XIV.

Similar photoresponsive behaviour at constant teatpee was noted but this time a

homogeneoud(ates 4 a-P to homeotropic alignmenP(ate 4 c-g change occurred.

142



Plate 4 a Nematic phase at low illumination (homogeneous)

Plate 4 b Light intensity is increased and the phase steektinguish
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Plate 4 ¢ The homogeneous alignment tending to homeotrdigicraent

Plate 4 d The alignment change is followed by the samplagdo the isotropic liquid
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Plate 4 e The edge of the ‘hole’ slowly starts to revert frtm isotropic liquid back to the
nematic phase.

Plates 4 a-e The nematic phase ofSeries XIV (54, where n=4) exhibiting subtle
homogeneous to homeotropic change of alignmentnduisothermal photo-
induced N-I transition.

The plates above show the photoresponsitivity ohmound 81) to intense multi-spectrum

light. The sample displays a classical nematicel@alescing from nematic drople®ate 4

a), just below the clearing point. As the lightansity is increased, the nematic phase rapidly

starts to extinguishPlate 4 . However, before going to the isotropic liqual,change of

alignment in the nematic phase can be seen tmagetirough the field of view from the top

right (Plate 4 9. This is quickly extinguished as the phase dodke isotropic liquidRlate 4

d). This time the ‘hole’ created slowly reverts kdo the nematic phase as the illumination is

decreasedHlate 4 ¢.

Plates 3 a-eand4 a-edemonstrate how manipulation of a core molecutelead to a change in
chemo-physical properties. The two compounds shalove display photoresponsitivity to a
broad spectrum light source whereas, the parentpconds $eries I-XIll) appear to be

wavelength specific (367 nm ftrans-cisand 434 nm focis-transisomerisation).
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5 CONCLUSIONS

From the results and elucidated structure propetgtionship study, several conclusions may

be drawn.

Vi.

Vil.

viii.

Thiophene azo-esterSéries |, II, IV-XIIl ) are nematogenic.

X-Ray crystallography of single crystals showed tha& proposed structures were
correct with both the azo and the acrylic grouptheE-conformation.

Linearity plays a key role in the mesophase therstability of the compounds.
This is demonstrated by the mesophase thermallistadrider of theSeries I-1lI
compounds (phenyl > 3-thienyl > 2-thienyl) and alsahe melting points when
viewed in respect of X-ray analysis.

For mono-fluorination, the mesophase thermal stgbitas greatest when the
fluoro-substituent was in asrtho position with respect to the —N=N- linkager(er
edge, independent of the disposition of the termihéphene.

For difluoro-substitution, mesophase stability isager when fluorination is along
the molecular axis as opposed to across the aitts agross axis fluorination being
more detrimental to the mesophase thermal stabilitgn it ismetato the —N=N-
linkage andortho to the ester groum(teredgg. This was also the case for mono
fluorine-substitution.

UV photoresponsive studies showed tE&f- isomerisation occurred in solution
(THF) at 364 nm, with revers&E isomerisation indicated at 434 nm, showing the
applicability of thiophene based compounds for prestponsive applications.
Removal of the acrylic bond from the parent compgbuesulted in lowering of
mesophase thermal stability, possibly as a reguduction in rigidity and hence
linearity (Series XIV).

Replacement of the terminal alkoxy-group with anteal thiophene greatly
increases the mesophase thermal stability, possibla result of both increased

rigidity and also an increase it (Series XV).
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FUTURE WORK




5 FUTURE WORK

The wealth of chemistry is enormous in the scopamyf structure-property relationship study.
For example, at the time of completing this redegm@liminary work was initiated on several
structures Figure 35 that could have potential for use as; i) photpoesive chiral nematic
liquid crystals®®®* ii) materials that could increase the opticabatiopy® % iii) materials with
potential for use in nonlinear optical applicatiohs® and photoresponsive polymers®* for

use in data storage, holograpfyphotoalignment (recently in ferroelectric systéffis®j and

photo-switching % *%
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Figure 35 Diagrammatic representation of envisaged strustdioe further study arising from an azobenzene ,cbesed on previously
synthesised compounds whose structure-propertyaethip have been elucidated
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APPENDIX 1: COPY OF ABSTRACT OF PAPER AWAITING ACCE PTANCE
FOR PUBLICATION TO LIQUID CRYSTALS
Structure-Property investigation of 2- and 3-thienyacrylates bearing laterally fluorinated
azobenzene moieties
A. S. Mathar(f and D. Chambers-Asmfn

®Department of Chemistry, University of York, Hesfian, York. England YO10 5DD.
®Division of Chemistry, Nottingham Trent Universitypttingham, England NG11 8NS.
Abstract

The synthesis, transition temperatures and strecpuroperty relationships of a variety of
thiophene-containing azobenzene esters derived éitmr 3-(2-thienyl)acrylic acid (Serids
IV, VI, VIII, X and XIl) or 3-(3-thienylhacrylic acid (Seriel, V, VII IX, XI andXIIl ) and
appropriate fluoro- and non-fluoro-substituted ‘g@enols’ are reported. For comparative
purposes, the non-heterocyclic counterparts, ceanamates (SerieBl ) were also prepared
and are reported.

All seventy final esters are mesomorphic, exhipitihe nematic phase alone. Their
mesomorphic properties are dependent upon the sitspo of the terminal thiophene moiety.
In general 3-thienyl-sustitution gives thermally reostable compounds than 2-thienyl-
substitution.

Influence of mono- (Serid¥, V, VI and VIl) and di- (Serie/Ill, 1X, X, XI, XIl and XIII ')
lateral fluoro-substitution on mesomorphic propestiis investigated in detail. Lateral
fluorination lowers mesophase thermal stability d@tsdextent is dependent upon the number
and disposition of the lateral fluoro-substituentdi-lateral fluorination across the long
molecular axis is more detrimental to mesophasenibk stability than along the long

molecular axis.
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